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Preface

Biomass conversion to value-added chemicals and fuels via green catalytic routes 
continues to be the most sought-after research topic worldwide. In this regard, an 
array of homogeneous catalysts such as mineral acids, ionic liquids, deep eutectic 
solvents, heterogeneous catalysts such as zeolites, metal oxides, metal-organic 
framework, noble metal catalysts, and a combination thereof have been employed 
and found useful. However, the successful commercialization of these catalytic 
materials is still a challenging task due to recyclability and scalability issues. 
Moreover, recent research is focused on developing green and eco-friendly catalytic 
materials for the production of clean energy and environmental sustainability. 
However, most of the data is scattered and presented in experimental articles, 
whereas a theoretical insight into the catalytic reaction mechanism and catalyst sup-
port interaction is missing. Therefore, it is of utmost importance to develop mecha-
nistic insight into the product-selective catalytic processes for biomass and 
biomass-derived feedstock conversion. Accordingly, volume I of the book focuses 
on recent advances in catalytic materials and processes for biomass conversion and 
green chemistry.

Overall, volume I of the book consists of 27 chapters covering all the aspects of 
biomass conversion technologies and green chemistry that include high- and low- 
temperature processes for biomass conversion, bio-catalytic and chemo-catalytic 
routes for value-added chemicals production from biomass-derived platform chemi-
cals, production of biopolymers, biochar production, and emerging technologies 
such as photocatalysis and biohydrometallurgy. Although an application-oriented 
approach towards understanding biomass conversion catalysis has been employed, 
the mechanistic and fundamental aspects of catalytic materials in hydrogenation, 
oxidation, dehydration, carbonylation, and esterification/etherification and other 
pertinent reactions have been discussed extensively. We understand that this book 
will serve as ready reference material on recent advances in biomass conversion and 
biofuels production technologies using green catalytic processes for young research-
ers and prominent scientists and academicians worldwide from chemical engineer-
ing, chemistry, biochemistry, biotechnology, mechanical engineering, and 
interdisciplinary areas of research.
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Thermochemical Conversion of Biomass 
and Upgrading of Bio-Products to Produce 
Fuels and Chemicals

Hessam Jahangiri, João Santos, Andreas Hornung, and Miloud Ouadi

Abstract The considerable growth in energy demands and limited fossil fuel 
sources, together with environmental concerns, have forced the study of renewable, 
green and sustainable energy sources. Biomass and its residues can be transformed 
into valued chemicals and fuels with several thermal conversion processes, which 
are combustion, gasification and pyrolysis. Combustion is a chemical process that 
involves the rapid reaction of substances with oxygen, producing heat. Gasification 
produces synthesis gas at high temperatures (800–1200 °C)  to generate heat and 
power. Pyrolysis has been applied for many years for charcoal formation, while 
intermediate and fast pyrolysis processes have become of significant interest in 
recent years. The reason for this interest is that these processes provide different 
bio-products (bio-oil, synthesis gas and biochar), which can be applied directly in 
various applications or as a sustainable energy carrier. The present chapter covers an 
overview of the fundamentals of slow, intermediate and fast pyrolysis, followed by 
the properties and applicability of the pyrolysis products. This study also identifies 
the features and advantages of the thermo-catalytic reforming (TCR) process in 
comparison with other technologies. This report presents a comprehensive literature 
review of bio-oil production and upgrading methods. In addition, the most common 
catalysts and supports for different upgrading methods are introduced. Finally, the 
current pathways for 2-methylfuran (2-MF) formation and the selection of xylose-
rich biomass are discussed.
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Abbreviations

Al Aluminium
APR Aqueous phase reforming
BFB Bubbling fluidized bed
C Atomic carbon
C2H2 Acetylene
C2H4 Ethylene
C2H6 Ethane
C3H6 Propylene
C3H8 Propane
CaO Calcium oxide
CeO2 Cerium dioxide
CFB Circulating fluidized bed
CH3OH Methanol
CH4 Methane
CHP Combined heat and power
CO Carbon monoxide
Co Cobalt
CO2 Carbon dioxide
Cu Copper
Ga Gallium
H Atomic hydrogen
H2 Hydrogen
H2O Water or water vapour
HC Hydrocarbon
HDO Hydrodeoxygenation
HHV Higher heating value
K2O Potassium oxide
KOH Potassium hydroxide
M Monomer
MCM Mobil Composition of Matter
MF Methylfuran
MgO Magnesium oxide
MnO Manganese(II) oxide
Mo Molybdenum
Mtoe Millions of tonnes of oil equivalent
MW Molecular weight
MWth Megawatts thermal
N2 Nitrogen
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N2O Nitrous oxide
Na2CO3 Sodium carbonate
NaOH Sodium hydroxide
Ni Nickel
NO Nitric oxide
NO2 Nitrogen dioxide
NOx Nitrogen oxides
O Atomic oxygen
O2 Oxygen
O3 Ozone
OECD Organisation for Economic Co-operation and Development
OH Hydroxyl radicals
OHS Oat hulls
PAH Polycyclic aromatic hydrocarbons
PCB Polychlorinated biphenyls
Pd Palladium
PFD Process flow diagram
PPM Parts per million
Pt Platinum
S Seconds
SAPO Silicoaluminophosphate
SB Sugarcane bagasse
SBA Santa Barbara Amorphous
SG Second generation
SiO2 Silica
SO2 Sulphur dioxide
TCR Thermo-catalytic reforming
TiO2 Titanium dioxide
UK United Kingdom
UO2 Uranium dioxide
USA United States of America
Zn Zinc
ZrO2 Zirconia
ZSM Zeolite Socony Mobil

1  Introduction

One of the main segments of renewable resources is bioresources. The fossil fuel- 
based energy transition to sustainable alternatives to meet the growing need for 
fuels, chemicals and energy is a significant challenge facing industrial growth. The 
energy consumption of the world since the 1990s and also predicted demands for 
future decades are shown in Fig. 1. This figure represents that the world’s energy 
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consumption has increased considerably from the 1990s towards the 2020s and also 
that it will increase significantly further in future. Much of the world’s energy con-
sumption occurs between non-OECD nations (outside the Organisation for 
Economic Co-operation and Development) due to expanding population and strong 
economic growth. Nowadays, sustainable biomass feedstock development for the 
production of biochemicals and biofuels is significantly considered around the 
world with extensive work being conducted to convert scientific and academic 
improvements into profitable reality [1–3].

The word biofuel refers to any solid, gas or liquid fuels that are produced from 
plant materials, wastes and residues which can replace petroleum fuels. The most 
suitable alternative for petroleum-based fuels are biofuels, which can be used for 
transport and do not face the limitations of fossil fuels [4]. The increase in energy 
consumption over the past decades, the significant growth in energy demands in the 
future and limited sources of fossil fuels have all enforced scientists and researchers 
to study more about sustainable sources of energy.

Another motivation and incentive for scientists to explore renewable and green 
sources of energy were environmental concerns and global climate change issues. 
The most well-known reason for the phenomenon of global warming is the effect of 
greenhouse gases. “Greenhouse gas” refers to the atmospheric gases which emit and 
absorb radiation at particular wavelengths in the thermal infrared radiation spec-
trum transmitted by the surface of the earth, clouds and the atmosphere itself.
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Fig. 1 Energy consumption of the world between 1990 and 2040 [3]
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Carbon dioxide (CO2), nitrous oxide (N2O), water vapour (H2O), methane (CH4) 
and ozone (O3) are the main greenhouse gases in the atmosphere [5]. These green-
house gases trap the heat of emitted atmospheric radiation within the surface- 
troposphere process. This fact is named “the effects of greenhouse” [5, 6]. The 
evidence of ice core data and in situ measurements proved that the concentration of 
greenhouse gases such as CH4, CO2 and N2O has considerably increased during the 
last centuries and caused an increment of global temperature [7].

To decrease the emission of greenhouse gases and hence decrease global tem-
peratures, it is required to change the energy sources that are used by industries into 
renewable and green sources. It has been reported by the International Energy 
Agency that 60% of all greenhouse gas emissions and 69% of all CO2 emissions are 
correlated with energy [8]. Fossil fuel combustion for producing energy increases 
the concentration of carbon dioxide, which is the primary source of pollution. 
Today, the main location for production of crude oil is in the Middle East, with 
about 32% of the world’s proven oil reserves [9]. Furthermore, Norway and the UK 
are the first and second largest liquid producers in Europe, respectively [9]. Table 1 
shows the top 10 producers of world crude oil. Therefore, development of renew-
able transport fuels (bio-oils) is an important topic to be discussed in order to reduce 
pollution and enhance energy security for consumers of crude oil.

2  Renewable Resources

In 2018, it was reported by the Department of Energy and Climate Change in the 
UK that one of the most profound sources of emissions of greenhouse gases is from 
the transport sector. It was estimated that 33% of CO2 emission was from the trans-
port sector [10]. However, biofuels are non-toxic and biodegradable and can prevent 

Table 1 Top 10 producers of world oil [9]

Producers
Energy
(Mtoe)

Total oil
(%)

Venezuela 144 3.3
Kuwait 160 3.7
United Arab Emirates 160 3.7
Iran 168 3.9
Iraq 175 4.0
China 215 5.0
Canada 221 5.1
Russia 533 12.3
United States 567 13.1
Saudi Arabia 572 13.2
Others 1416 32.7
World 4331 100

Thermochemical Conversion of Biomass and Upgrading of Bio-Products to Produce…
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the emissions of carbon compared to fossil fuels. Moreover, their sustainability and 
renewability should also be highlighted. Biodegradable biofuels prevent under-
ground water and soil pollution and therefore provide a lower level of environmen-
tal risk compared to non-renewable fuels [11].

Biofuels can be applied in different types of vehicles from trucks to airplanes 
with the requirements in engine modifications or the infrastructure of fuel distribu-
tion. The application of biofuels can lead to a considerable reduction in CO2 emis-
sions of 50–80% in comparison with fossil fuels [12]. Biofuels have three forms: 
solid, gas and liquid. The liquid biofuel can be a replacement for the present fossil 
diesel or petrol.

3  Biofuel Classes

Biofuels are characterized into two main classes. The first is “primary biofuels”, and 
the second is “secondary biofuels”. The traditional form of producing biofuels for 
generating heat and electricity is from “primary biofuels”, which is utilized through 
direct combustion of natural materials. This kind of biofuel is not an appropriate 
energy source for large-scale industrial processes due to its environmental risks, low 
efficiency and toxicity [13].

“Secondary biofuels” are the other class of biofuels, which are obtained through 
biomass processing and produced in the form of gas (biogas or synthesis gas), 
liquid (bio- liquid) and solid charcoal (biochar) which are used as transport fuels or 
for other industrial applications. The second class of biofuel itself is also catego-
rized into three groups according to their processing technology and their feedstock, 
known as the first, second and third generations of biofuels [14]. In the next section, 
first, second and third generations of biofuels will be explained.

3.1  First Generation

First-generation biofuels are mostly obtained from sugars, oil-rich food crops or 
starch which includes oils (biodiesel) and alcohols (bioethanol) [13, 15, 16]. The 
required technology for the production of first-generation biofuels is known and has 
been subjected to considerable process development. Furthermore, the production 
of these types of biofuels is simple on a commercial scale. One of the most crucial 
challenges in this generation of biofuels is the research on the cost optimization for 
processes where their products are intended to compete with their non-renewable 
competitors [15].

Another critical problem associated with this type of biofuel is the rivalry 
between fuel and food production from edible crops [17, 18]. This is the most 
important criticism for the use of first-generation biofuels and has caused consider-
able increases in the prices of food in many countries that produce biofuels [19, 20]. 

H. Jahangiri et al.



7

Aside from the competition between food and fuel, another main concern regarding 
first generation of biofuels is deforestation. For example, massive tracts of peatland 
and rainforest have been cleared all for the plantation of palm oil [21]. Therefore, 
first generation of biofuels is the least favoured source of energy, due to disagree-
ments regarding the final greenhouse gas emissions, energy balance and doubtful 
social sustainability [14, 16, 22].

3.2  Second Generation

Second-generation biofuels (biofuel SG or biofuel 2.0) are obtained from non- food 
biomass such as lignocellulosic feedstock materials like straw, cereal, residues and 
forests. Therefore cellulose is the primary component of the biomass feedstock for 
second-generation biofuels which are also known as cellulosic fuels [23, 24]. Since 
the second generation of biomass feedstock does not require the use of agricultural 
land, the issue of fuel versus food is undebatable [25, 26]. The major advantages of 
second-generation biofuels over first generation biofuels are as follows [27, 28]:

• An abundant and wide range of feedstocks can be processed.
• They are more efficient and need less farmland.
• They have a better environmental performance.
• They have lower costs.

3.3  Third Generation

Third-generation biofuels are formed from microalgae and microbes as alternative 
energy resources [14, 29]. However, cellulose fermentation is defined as a third- 
generation biofuel process which is used to produce bioethanol [30]. Microalgae are 
unicellular or multi-cellular photosynthetic microorganisms. Microalgae can con-
vert sunlight and CO2 into lipids, carbohydrates and a large amount of proteins. 
Also, it removes phosphorus and nitrogen from wastewater and fertilizer, resulting 
in pollution reduction [31, 32]. There are several processes for the conversion of 
algae into biofuels such as liquefaction, pyrolysis, gasification, anaerobic digestion, 
extraction, fermentation and transesterification [16, 33–35].

Second-generation biofuels have some drawbacks, such as their pre-treatment 
requirement and the need for facilities on a large scale with complex processes and 
relatively low production yields. These reasons have prevented the full commercial-
ization of second- generation biofuels [36, 37]. However, third-generation biofuels 
to some extent do not need as sophisticated methods of production, large-scale 
facilities and high amounts of energy. Therefore, third generation can be considered 
a viable source of renewable energy depending on its final end use [25].

Thermochemical Conversion of Biomass and Upgrading of Bio-Products to Produce…
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4  Biomass Conversion Methods

There are a couple of methods of converting biomass into useful chemicals and 
energy carriers. Figure 2 shows the primary conversion methods that are currently 
used for the production of transport fuels and chemicals.

4.1  Combustion

Combustion is an exothermic reaction between an oxidant and fuel which produces 
flue gas, ash and heat. Combustion happens at high temperatures (850–1000 °C). 
The combustion of biomass is a complicated process containing homogenous and 
heterogeneous reactions. Drying, devolatilization, gasification and char combustion 
are the main steps when heating biomass. Several pre-treatment steps are needed to 
meet combustion requirements such as sizing and drying the biomass. Excess air 
ratio and temperature are the essential parameters in the combustion process [38, 
39]. The most efficient reactor for high moisture and ash content materials is the 
fluidized bed combustor since it could reach complete thermal oxidation [40, 41]. 
The main disadvantage of combustion is the production of a massive amount of flue 
gases and bottom ashes [42].

Methanol 
Synthesis

Bio-oil Upgrading & 
Fischer-Tropsch

Fuels & 
Chemicals 

Refining and Blending 

Transport Fuel 

Combustion & Gasification Pyrolysis  

Thermo-Chemical

Lignocellulosic Biomass

Bio-oil & 
Synthesis Gas

Fig. 2 Thermochemical procedures for conversion of lignocellulosic biomass into fuels and 
chemicals
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4.2  Gasification

Biomass partial combustion at a high temperature (800–1200 °C) with a low oxygen 
level produces combustible gases that mainly consist of CO, CO2, N2, H2O, H2 and 
CH4 [43, 44]. This gas mixture is called “synthesis gas” or “syngas” which has sev-
eral applications in furnace oil, direct heat, internal combustion engines and methanol 
production in an economically beneficial way [43]. Furthermore, Fischer-Tropsch 
synthesis process can convert syngas into liquid hydrocarbons [45–47]. The three 
main gasification reactors are fixed bed gasifier (updraft and downdraft) [48, 
49], fluidized bed gasifier and entrained flow gasifier [50, 51]. The reactor configu-
rations are shown in Fig. 3.

Fixed bed gasifiers are generally suitable for small-scale power generations 
(<20 MWth for updraft gasifiers and <5 MWth for downdraft gasifiers). Downdraft 
fixed bed gasifiers produce comparatively clean gas with a low level of tars, while 
updraft gasifiers produce very dirty gas with a high level of tars [51, 52].

In a fluidized bed gasifier, the feedstock can be processed with either a bed of 
sand or a mixture of inorganic materials (alkali metals and dolomite) with char. The 
fluidized bed gasifier has a high tolerance to different sizes of particles compared 
with fixed bed gasifiers [53]. In regard to entrained flow gasifier, the reaction hap-
pens at high temperature (>1000  °C) in the presence of suspended particles. 
Entrained flow gasifier produces gas with high quality and low level of tars, and also 
it is usually aimed for large-scale power plant (>100 MWth) [52].

The chemistry of gasification is complicated. The reaction steps can be defined 
as follows [52]:

• Drying: The moisture content of the material is decreased in this stage, and it 
varies between 5% and 35% at 100 °C temperature.

• Devolatilization (pyrolysis): Thermal decomposition happens in the absence of 
oxygen in this step. This step produces pyrolysis vapours (non-condensable and 
condensable) and biochar. The condensable vapour fraction creates liquid tars.

Fig. 3 Downdraft and updraft fixed bed, fluidized bed and entrained flow gasifiers. (Reproduced 
with permission from [49, 50], Copyright © 2000 and 2016, Elsevier)
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• Oxidation: In this step, the reaction takes place between organic vapours, solid 
carbonized material and oxidizing agent, producing CO2. The H2 is oxidized to 
form water. Furthermore, partial carbon oxidation might happen if O2 is in sub- 
stoichiometric quantities and produces CO.

• Reduction: In this stage, the reduction process happens to remove oxygen from 
the produced gases to form combustible gases at a high temperature 
(800–1200 °C). The main reactions are water gas reaction, Boudouard reaction, 
water gas shift reaction and methanation reaction.

4.3  Pyrolysis

Biomass pyrolysis is biomass decomposition through heating in the absence of 
oxygen. Pyrolysis is an endothermic process. It occurs in a temperature range from 
200 °C to 800 °C in comparison with gasification, which is from 800 °C to 1200 °C 
[54]. Pyrolysis is the first phase of both combustion and gasification. Pyrolysis is 
divided into different categories which are fast, intermediate, slow and torrefaction 
[55, 56]. Residence time is an essential factor in biomass pyrolysis.

Torrefaction and slow pyrolysis have hours and days solid residence times. 
Intermediate pyrolysis has minutes solid residence time, while biomass fast pyroly-
sis has a very short solid/vapour residence time, which is around 2 s [57]. The char-
acteristics of the main three groups are presented in Table 2. Figure 4 shows the 
different products of biomass pyrolysis with different methods (mass balance). This 
figure shows that longer residence time reactions (slow pyrolysis and torrefaction) 
favour charcoal production, while shorter residence time reactions (intermediate 
and fast) favour liquid and gas production. Fast pyrolysis reaction yields the maxi-
mum amount of liquid (75%) and the least char content (12%) in comparison with 
other biomass pyrolysis reactions [57, 58].

Common pyrolysis reactors are bubbling fluidized bed (BFB), circulating fluid-
ized bed (CFB), cyclone (vortex), rotating cone, ablative, screw and auger or kiln, 
which are shown in Fig. 5. The fluidized bed pyrolysers deliver high heat transfer 
rates by applying solid-gas heat transfer mediums. However, the maximum particle 
size for fluidized beds should be less than 6 mm [52]. In a cyclone pyrolyser, the 
material particles are entrained in a hot inert vapour (gas or steam) flow and then 
move into the reactor to be melted on the heated reactor wall. One of the issues with 
cyclone pyrolyser is scale-up [59].

The rotating cone reactor pyrolyses the material on a high-speed rotating cone 
with the presence of hot sand (capable of having fast heating rates). The ablative 
pyrolyser presses the biomass against a hot surface, making fast biomass disintegra-
tion. The ablative system can process small-size materials, and the heat supply is 
problematic [52, 57]. The auger (kiln) or screw reactor transfers the biomass parti-
cles using a conveyer or screw system. The screw system can pyrolyse different 
sizes of materials. Furthermore, it is reported that the vacuum reactor can be used as 
a pyrolyser but has slower heating rates in comparison with other reactors, and the 
process is costly and complicated [52, 57].
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Table 2 Characteristics of 
slow, intermediate and fast 
pyrolysis [52, 57]

Process Conditions

Slow Solid residence time (h/days), 
~290–400 °C

Intermediate Solid residence time (min), ~400 °C
Fast Solid residence time (s), ~500 °C
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Fig. 4 Different products 
from biomass pyrolysis. 
(Reproduced with 
permission from [57], 
Copyright © 2012, 
Elsevier)

5  Fundamentals of Slow, Intermediate and Fast Pyrolysis

Typically, slow pyrolysis is a batch system despite the existence of a few works 
using the continuous process [60, 61]. It involves slow heating rates, low tempera-
tures (normally below 300 °C) and long residence time, and the biochar is the pri-
mary bio-product [62]. The majority of the slow pyrolysis works are oriented for 
biochar formation and utilization; however, the liquids and gases can also be used 
as a fuel at the production site [63]. In addition, the high amount of acetic acid and 
other acid compounds in the oil make this pyrolysis liquid suitable for pesticide 
applications [64]. This process can tolerate water present in the biomass, which has 
a straight effect on biochar properties, promoting the formation of activated carbon 
[65]. For biochar production, moisture content between 15% and 20% is the usual 
range [62]. The feedstock particle size can differ from wood logs to pellets. Wood is 
the most common biomass for slow pyrolysis, and this process can work with rice 
straw, palm, bamboo, sugarcane bagasse and nutshells [66, 67].

Carbonization is the oldest method for biomass processing and consequent char 
production, where the solid residue is the desirable product [65]. Slow pyrolysis 
products without condensation of the vapours can be utilized to deliver heat to the 
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system [68]. Torrefaction is another approach to apply slow pyrolysis, operating 
with mild temperatures (225–300 °C) to improve the biomass fuel properties and 
the respective calorific value [69]. During torrefaction, surplus, volatiles and mois-
ture are extracted from the biomass, while the main compounds (cellulose, hemicel-
lulose and lignin) are partially degraded, originating the organic volatiles [70]. The 
final material is solid called “torrefied” biomass, and it is easier to be stored and 
transported due to the reduction of volume and weight, improving the energy den-
sity per unit volume [71]. Torrefied feedstock needs less power to be ground, and its 

Fig. 5 Different kinds of pyrolysers. (Reproduced with permission from [59], Copyright © 2019, 
Elsevier)
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hydrophobic features make this solid residue more resistant in terms of water 
absorption [69, 70]. Torrefaction is also considered as a biomass pre-treatment for 
pelletization, combustion, pyrolysis and gasification, originating a syngas with 
lower tar content and making these thermochemical processes more efficient and 
more comfortable to operate [71].

Intermediate pyrolysis works with the modest heating rates (100–500 °C/min), 
gentle temperatures (about 400 °C), the vapour residence time in seconds, the solid 
residence time in minutes and effective cooling system for the organic gases to 
reduce thermal post-degradation. Moderately, intermediate pyrolysis produces 
equal yields of gas, solids and liquids. Intermediate pyrolysis can produce energy 
vectors with enhanced physicochemical properties which depend on process param-
eters and feedstock [72, 73]. In comparison with other pyrolysis technologies, this 
procedure is capable of pyrolysing fine particles (from chopping, shredding and 
grinding) and also bulky feedstocks (briquettes, pellets and chips) [73]. Furthermore, 
intermediate pyrolysis can convert a diverse range of feedstocks (such as sewage 
sludge, algae, grass, food and market waste, agricultural waste, industrial and forest 
residues, de-inking sludge, digestate and others) into valuable products [54, 74].

Fast pyrolysis is a continuous process, and it requires a short vapour residence 
time and high heating rate (up to 1000 °C/s), which produces a high amount of liq-
uids (on a dry basis, 75 wt%) [73, 75]. However, woody biomass fast pyrolysis liq-
uid is a mixture of bio-oil and aqueous phase, which cannot be separated easily. Fast 
pyrolysis bio-oil has a low calorific value (17 MJ/kg) and high water (25 wt%), 
oxygen (38  wt%) and viscosity (40–100  mm2/s) [57]. During fast pyrolysis, the 
organic material degrades very fast, forming char and pyrolysis gases, which are 
condensed, generating the bio-oil and non-condensable gaseous compounds consid-
ered as remaining products [76]. The aim of fast pyrolysis is to avoid extra breaking 
of the pyrolysis products into non-condensable elements to maximize the liquid 
yields (the desirable product) controlling the following process conditions [57, 
77, 78]:

• Very high heating rate is up to 1000 °C to raise the heat transfer on the feedstock 
particles.

• The reaction temperature is about 500 °C and vapour temperature between 400 
and 450 °C. These conditions maximize the yield of bio-oil at the expense of 
permanent gases and char.

• Short solid and vapour residence times are usually less than 2 s to reduce second-
ary reactions.

• Fine biomass particle size is normally less than 3 mm to guarantee quick reac-
tions, higher thermal conductivity and heat transfer in fluidized bed reactors.

• Feed moisture content is below 10 wt% to decrease the water in the bio-oil.
• High condensation efficiency is needed for organic gases to reduce thermal post- 

degradation and increase bio-oil formation and collection.
• Quick extraction of the biochar is required to reduce vapour cracking.

Theoretically, fast pyrolysis is able to convert any kind of biomass. However, this 
process has only shown consistent and reasonable results using woody feedstocks 
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[76]. The feedstock composition and the process parameters influence the type of 
pyrolysis chemical mechanisms in the reactor, but the reactions taking place are a 
combination of depolymerization, rearrangement, breaking and dehydration [78]. 
Bio-oil production through fast pyrolysis has some benefits such as high thermal 
efficiency, atmospheric pressure conditions and the simplicity of the operation [79]. 
This pyrolytic liquid can be applied as an energy vector or for production of chemi-
cal compounds [80]. The secondary products of fast pyrolysis (solid residue and gas 
fraction) are also considered to be valuable materials for heat and power genera-
tion [80].

5.1  Comparison Between Slow, Intermediate 
and Fast Pyrolysis

Products from the intermediate process present different properties compared to the 
slow and fast pyrolyses. Intermediate and slow pyrolyses are the most appropriate 
methods to produce biochar, while intermediate pyrolysis provides shorter solid 
residence times [73]. Additionally, slow pyrolysis is a restricted method mainly 
applied for the formation of char, and it is hardly seen to produce bio- oil [75].

The main difference between intermediate and fast pyrolysis technologies is the 
solid residence times which produce a dissimilar heat transfer to the materials. 
Intermediate pyrolysis enhances the components’ thermal cracking and conducts a 
superior control of the chemical reactions, thus improving the physicochemical 
properties of biofuel [81]. Intermediate pyrolysis bio-oil showed a low level of tars, 
ashes and viscosity, and it led to a more natural separation between the aqueous 
phase and organic phase, which is in contrast with fast pyrolysis bio-oil [75, 82].

Another limitation of fast pyrolysis is the processing of different feedstocks, 
which need to have low water contents and fine particle sizes when processed by a 
fluidized bed reactor [83]. This process requires extra filters and post-cyclones to 
extract the dust and char present in the pyrolysis gases. Furthermore, fast pyrolysis 
is only well succeeded in converting woody feedstocks, and normally the bio-oil 
produced is rich in ashes, water, tars and acids [54, 84].

The benefits of mixing biochar with fresh biomass were proven via intermediate 
pyrolysis. The extended residence time of the solid residue has a catalytic effect in 
the bio-oil quality, increasing the calorific value, producing lighter organic com-
pounds (mostly aromatics such as toluene, benzene and ethylbenzene and olefins) 
and reducing the moisture content and viscosity [74, 83]. Intermediate pyrolysis 
biochar, bio-oil and gas have suitable physical and chemical properties which can 
be applied as energy vectors.

The biochar can be applied as a solid fuel in combustion and gasification plants 
to produce power and heat [75]. It can also be an optimum soil fertilizer/conditioner 
(depending on feedstock), which can sequester carbon from the soil [85]. The bio- 
oil showed a low level of water, oxygen, viscosity and tar, hence a suitable fuel to 
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combust in engines, boilers and other power and heat plants [86]. The upgraded 
intermediate pyrolysis bio-oil can be blended with diesel and gasoline and used as a 
transportation fuel in engines [87]. The gas phase showed a low ash content and a 
suitable calorific value, which can be utilized in combined heat and power (CHP) 
processes [85].

5.2  Pyrolysis Products

The three main products from the pyrolytic process of biomass are biochar, bio-oil 
and permanent gas fraction. Their properties and yields are influenced mainly by 
biomass composition and pyrolysis conditions.

5.2.1  Biochar

Biochar is an aromatic polycyclic carbon and solid residue formed after the pyroly-
sis conversion of carbonaceous biomass characterized by a high proportion of car-
bon, low volatility and small amounts of hydrogen and oxygen [81]. However, 
thermo-catalytic reforming (TCR) biochar is free of polycyclic aromatic hydrocar-
bons (PAHs) and polychlorinated biphenyls (PCBs), and it contains a low level of 
dioxins, hence a reliable and valid carbon source in terms of safety, health and 
environmental concerns [88]. TCR technology is discussed in details in the next 
section (Sect. 6).

Usually, char is extracted from the gas fraction in the cyclone step, and it con-
tains most of the inorganic material existing in the original feed. The physical and 
chemical features of the biochar are affected by the pyrolysis parameters and feed-
stock composition. Process conditions can vary, and thus the higher heating value 
(HHV) can be between 20 and 36 MJ/kg and the carbon amount between 53 and 
96 wt% [89]. Additionally, during pyrolysis, the biochar production may range from 
10 to 40 wt% depending on the conditions of the process. In terms of physical prop-
erties, the temperature can increase the surface area between 100 and 500 m2/g due 
to the formation of a microporous structure [90]. Below 400 °C, there is an incom-
plete elimination of biomass volatiles, and consequently, the alteration of the char 
surface area is insignificant. From 400 to 900 °C, the surface area of the biochar 
starts to increase gradually [89].

Biochar has the capacity to retain water in different soils (up to 25% in compari-
son with no added biochar) and to provide carbon, nitrogen and inorganics for agri-
cultural fields, improving the quality of the crops [91]. Moreover, it is extremely 
stable when introduced in the soil environment, and it can perform carbon seques-
tration due to its rounded structures [92]. For those reasons, biochar is considered to 
be an optimum fertilizer and soil amendment being utilized for hundreds of years as 
an eco-friendly solution to improve and remediate the quality of the soils [93].

Thermochemical Conversion of Biomass and Upgrading of Bio-Products to Produce…



16

Energy production is also one of the ways to valorize the biochar from pyrolysis. 
It can be a solid fuel for combustion, fulfilling the heating necessities for pyrolysis.
Biochar can also be gasified to produce syngas/hydrogen [94, 95]. Some works 
explored the biochar microscopic surface area for the elimination of contaminants 
in gas and water by the adsorption of metal ions from water and the removal of SO2 
or NOx present in the gas [96, 97]. Additionally, biochar can be used as a catalyst in 
relation to its inorganic compositions and surface properties [98].

5.2.2  Bio-oil

Bio-oil is a dark brown organic liquid produced from the pyrolytic conversion of 
biomass, and it is the most interesting energy vector in the pyrolysis process [89]. 
This oil is formed through a quick condensation of the organic vapours, and it 
results in the thermal breaking and depolymerization of lignin, hemicellulose and 
cellulose [99]. Bio-oil is composed of water, nitrogen and hundreds of chemical 
species such as esters, alkenes, aldehydes, ethers, ketones, acids, furans, alcohols, 
sugars, phenols and other oxygenated compounds, making this pyrolysis product 
reactive and thermodynamically unstable [100, 101]. For that reason, it is essential 
to upgrade the bio-oil for fuel engine applications.

Viscosity is a relevant requirement for the pyrolysis oil, impacting the pumping 
performance of the engine. According to some studies, the viscosity of the oil should 
be no more than 20 mm2/s at 40 °C [102]. The bio-oil properties are affected by 
some processing conditions such as solid residence time, heating rate, temperature, 
kind of biomass and particle size of the feed. Some secondary pyrolysis reactions 
produce water, which is present in the bio-oil composition, creating two fractions (a 
mixture of the organic phase and aqueous phase). The aqueous phase is a combina-
tion of water-soluble compounds (mostly phenol, acetic acid and hydroxyl acetone) 
and due to its limited chemical properties (such as heating value) cannot be applied 
as a fuel vector [103].

It is reported that catalytic reforming implementation in intermediate pyrolysis 
process can separate the organic phase from the aqueous phase and also improve the 
heating value of biofuel in pyrolysis [104]. A catalytic treatment via reforming, 
which promotes water gas shift reactions, helps to valorize the aqueous phase, pro-
ducing green hydrogen [105]. The organic fraction can be exploited as a fuel 
(directly or upgraded to improve the oil quality) or for the production of chemical 
compounds. Generation of heat and power through gas turbines/engines, furnaces, 
combustors and boilers is one of the applications for the organic phase of the bio-oil 
without catalytic conversion which has shown success [106, 107].

For transportation purposes, the pyrolysis oil can be treated via either the upgrad-
ing processes (such as hydrodeoxygenation (HDO), emulsification, hydrocracking 
and catalytic esterification) or mixing with gasoline and diesel to be used in engines 
[94]. Valuable chemicals can also be extracted in the organic phase to be applied in 
flavouring additives, pharmaceutical compounds, preservatives, fertilizing materials 
and resin components [80, 108].
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5.2.3  Biogas

Biogas and/or syngas produced in pyrolysis is the consequence of the degradation 
and cracking of big particles from the original biomass. It is mostly composed of 
CO, CO2, H2, CH4 and other light hydrocarbons such as C2H6, C3H8 and C3H6 [109]. 
If the condensation process is not efficient, the pyrolytic gas can contain some vola-
tiles such as xylenes, benzene, acetaldehyde, pentane and toluene [76].

The composition of the pyrolysis gas is influenced by the reactor parameters, the 
chemical structure and the particle size of the materials. Cellulose and hemicellu-
lose decomposition enhances the production of CO and CO2 because of thermal 
cracking of carboxyl and carbonyl groups [110]. The reforming of aromatics and 
methoxy groups present in the lignin produces a gas rich in CH4 and H2 [111]. Light 
hydrocarbons result in the degradation of methylene and ethylene bonds [112]. The 
water content in the biomass is another factor affecting the syngas yield [113]. The 
particle size of the material also influences the composition and yield of the gaseous 
product. Bigger particle size inhibits the cracking reactions of hydrocarbons and 
volatiles, producing less CO and H2 and subsequently more CO2 and light hydrocar-
bons [114]. Additionally, larger particles have a negative impact on the heating rate 
of biomass, decreasing the gas yield for higher biochar production [89].

In terms of temperature, when there is an increment, the thermal cracking, devol-
atilization and degradation of biomass are stimulated. Concurrently, secondary 
reactions such as dehydrogenation, decarboxylation, deoxygenation and decarbon-
ylation favour the production of volatiles [115]. As a consequence, the pyrolysis 
vapour is richer in H2 and CO, but it contains less CO2 and hydrocarbon gases. The 
combustible gases of the pyrolytic gas (CO, H2, CH4 and other hydrocarbon gases) 
can be combusted as a fuel in industrial facilities, generating heat and power [94]. If 
the syngas contains a high level of H2, it can be used for fuel cell applications. 
However, high H2 yields are not normally obtained via fast or slow pyrolysis, unlike 
the intermediate and TCR technologies [116, 117].

5.3  Biomass Thermal Decomposition

Pyrolysis thermal mechanisms for the conversion of biomass can be designated in a 
simultaneous combination of fragmentation, isomerization, condensation, dehydra-
tion, rearrangement, aromatization, cracking, depolymerization and char formation 
[78, 118]. The components of biomass (lignin, hemicellulose, cellulose, water, inor-
ganics and extractives) and the reactor factors have a significant influence in the 
pyrolysis reactions. Figure 6 shows the chemical composition of biomass.

The pyrolysis reactions can be classified as primary and secondary. 
Depolymerization, fragmentation and charring (char formation) are part of the pri-
mary reactions (Fig.  7) [55]. Depolymerization is the prevailing mechanism of 
pyrolysis, and it implies the breaking of the monomer’s bonds, producing volatiles 
and gases [98, 102]. Fragmentation is responsible for the formation of 
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incondensable vapours and short-chain compounds due to the linkage disintegration 
between the monomers and polymer [119]. Charring reactions cause the condensa-
tion of benzene rings during the pyrolytic process, stimulating the production of 
char [120].

The components obtained during primary reactions are not chemically stable, 
and for that reason, they suffer recombination and cracking reactions (secondary 
reactions). During recombination reactions, heavier elements are produced or 
placed on biochar surface, while lighter elements are formed by the cracking of 
primary compounds [121]. Additionally, the biochar formed can also promote sec-
ondary reactions. Morf et  al. [119] showed that the secondary reactions are the 
dominant reactions, affecting the properties and the quality of the pyrolysis products.

Under 500 °C, the main reactions occurring in pyrolysis are mostly decarbonyl-
ation, depolymerization, dehydration and decarboxylation [122]. The biomass 
structure is not significantly changed until 200  °C [102]. The production of C2 
hydrocarbons and CH4 is attributed to the rupture of the alkyl components in the 
C-H bonds [89]. Between 250 and 500  °C, the decomposition of hemicellulose 
(220–350  °C) and cellulose (315–400  °C) occurs, where the depolymerization 
activity is quite intense, achieving the best bio-oil yield from 400 to 500 °C [111]. 
The main reactions are dehydrogenation, fragmentation and aromatization when the 
temperature is above 500 °C [77]. Above 550 °C, more gas is formed due to the 
fragmentation process, and close to 600 °C, there are more aromatic rings in the 
biochar, demonstrating the existence of aromatization reactions [111]. The most 
stable compound is lignin, but it is the hardest biomass element to be degraded. Its 
chemical decomposition occurs from 160 to 900  °C; however, the most relevant 
weight loss is between 350 and 600 °C [123].

Lignin contributes to a larger formation of biochar, while a higher percentage of 
cellulose and hemicellulose in the biomass produces more bio-oil [124]. Biomass 
rich in lignin has a negative impact on bio-oil quality, causing high viscosity, low 
stability, high average molecular weight and worse combustion performance [125]. 

Fig. 6 Biomass compounds: (a) cellulose, (b) hemicellulose and (c) lignin. (Reproduced with 
permission from [81], Copyright © 2017, Elsevier)
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On the other hand, a higher proportion of cellulose and hemicellulose benefits 
pyrolysis oil properties, making it more suitable as a fuel due to the presence of 
arabinose, galactose, mannose, xylose and glucose in their composition. The bio-
mass extractives are the non-structural elements (sugars, fatty acids, proteins, phe-
nolics, resin oils and sterols) that can be removed with solvents such as hexane, 
ethanol, benzene, toluene and water [126]. Wood extractives lead to a loss of bio-oil 
formation and levoglucosan production, and its extraction can cause a reduction of 
64% and 34% in oxygen and hydrogen present in the biochar, respectively [127].

Inorganic compounds are converted to ash after thermal reaction, and they pro-
mote biomass degradation, charring, water reactions, non-condensable vapour pro-
duction and a decrease of bio-oil yields [128]. Ash composition and content can 
influence the chemical properties and the distribution of the pyrolytic products 
[125]. Alkali metals can affect the thermal degradation reactions of pyrolysis, creat-
ing macro- polymer substances through the disintegration of monomers (ring break-
ing) [128].

6  Pyroformer and Thermo-Catalytic Reforming (TCR)

6.1  Pyroformer

Pyroformer is an intermediate pyrolysis system which is patented by Hornung and 
Apfelbacher (Fig. 8). This system was one of the first intermediate pyrolysis reac-
tors after the Haloclean rotary kiln system (cycled-spheres reactor) [73]. Pyroformer 

Fig. 7 Pyrolysis primary reactions (MW, molecular weight; M, monomer). (Reproduced with 
permission from [55], Copyright © 2014, Elsevier)
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is essentially an auger screw reactor inclosing a carbon steel compartment (horizon-
tal position), including two co-axial rotating screws [73]. This reactor operates at a 
pressure of up to 1 MPa, its heating system is external through heating bands, and 
the design is appropriate to process high ash content biomass and to maximize the 
contact time between organic vapours and pyrolysis biochar [74].

Throughout the process, the internal screw transports a mix of fresh feedstock 
and recycled char fraction along the reactor, which is heated at standard pyrolysis 
temperatures [129]. The external screw carries the biochar back to the inlet zone, 
increasing the heat transfer of the feedstock [75]. The biochar layer in the reactor 
controls the heating rate and protects the feed from extremely high temperatures, 
thus avoiding fast pyrolysis reactions [73]. Biomass is transformed into char, 
vapours and volatile gases. The remaining biochar (that is not recycled in the reac-
tor) exits to the solid drop-out pipe of the Pyroformer, and the pyrolysis gas phase 
moves through the gas outlet pipe [74].

The novelty of this system is the effect of biochar recycling which creates an 
additional catalytic impact in the system. This catalytic impact improved the bio-oil 
quality in comparison with fast pyrolysis bio-oil due to oil formation with lower 
molecular weight, less water content and less heavy tar formation, and also applying 
biochar increased gas fuel yields (H2 and CO), thus generating a considerably higher 
heating value biofuels [130].

6.2  Thermo-Catalytic Reforming (TCR)

TCR innovation is about combining the intermediate pyrolysis (which was devel-
oped from the Pyroformer process) with post-catalytic reforming (treatment). TCR 
was designed and developed by Fraunhofer UMSICHT to produce valuable chemi-
cal and biofuels from waste materials [72]. TCR process flow diagram (PFD) is 

Fig. 8 Pyroformer reactor system. (Reproduced with permission from [74], Copyright © 2013, 
Elsevier)
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represented in Fig. 9. TCR procedure has two crucial stages which are (1) interme-
diate pyrolysis at mild temperatures in which biomass thermal heating happens in 
the absence of oxygen and (2) reforming step at raised temperatures in which vapour 
catalytic cracking occurs to improve the formation of organic vapours and syngas 
with superior physicochemical properties [129].

In the TCR technology, the intermediate pyrolysis step happens at 400–500 °C in 
an auger reactor with solid residence times between 5 and 10 min [133]. Biochar is 
being formed during the intermediate pyrolysis of biomass in the auger reactor, and 
then it is collected in the reforming section (fixed bed reactor). The reforming treat-
ment is executed between produced vapours and biochar, thus generating a catalytic 
effect in all products and enhancing their physicochemical properties [134].

The post-reformer temperature is between 500 and 700  °C [135]. The higher 
temperature of post-reformer produces a higher yield of syngas. The upgraded 
vapours are then condensed and generate three different products which are syngas 
fraction (27–44  wt%), a bio-oil fraction (6–11  wt%) and an aqueous phase 
(21–26  wt%). The significant compounds of syngas are H2 and methane [134]. 
During the reforming step, different kinds of chemical reactions take place, which 
are as follows [72]:

 1. C + H2O ↔ H2 + CO (Water gas reaction).
 2. CO + H2O ↔ CO2 + H2 (Water gas shift reaction).
 3. CH4 + H2O ↔ CO + 3H2 (Steam reforming reaction).
 4. C + 2H2 ↔ CH4 (Hydrogasification reaction).
 5. CO2 + C ↔ 2CO (Boudouard reaction).
 6. C + ½O2 ↔ CO (Partial oxidation reaction).

Fig. 9 TCR process flow diagram (PFD). (Reproduced with permission from [131], Copyright © 
2020, Elsevier)
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During the experiment, the solid fraction (char) remains in the post-reformer and is 
only extracted intermittently throughout the process. To guarantee an efficient sepa-
ration between the organic liquid component and the gas fraction, TCR has a cool-
ing system working with temperatures from −3 to +10 °C to cool down the vapours 
from the post-reformer. Before being routed to an exhaust system, the gas phase 
goes directly to a gas analyser and calorimeter to quantify its composition and the 
HHV [136]. To avoid the contamination of the gas analyser from aerosols and other 
impurities, the plant is installed with active carbon bag filter and with gas wash 
bottles containing biodiesel, isopropanol, acetone and wool [72].

In addition to agricultural, organic and industrial wastes with a high water and 
ash contents (low ash melting points as well), the TCR process is also able to con-
vert plastic residues [137]. Technically, TCR can convert feedstocks with moisture 
content up to 20%, which is beneficial in terms of energy consumption as it can be 
used for avoiding the drying step [138].

TCR products can be used in diverse applications from different areas. The gas 
fraction can generate heat and power through CHP, bio-oil can be blended with 
diesel and gasoline to be applied in engines, and char can be involved in combustion 
or gasification processes and as fertilizer or soil conditioner [138]. TCR is a safe 
technology operating without the utilization of externally sourced solvents, cata-
lysts or any chemical product, and it works at atmospheric pressure [139]. Its flexi-
bility in terms of plant control provides a large variety of value-added products such 
as an improved quality bio-oil that is simple to transport and store, stable and 
energy-dense biochar with similar features to anthracitic coal and syngas rich in H2 
[72, 140]. Another advantage of this process is the efficient design, which can con-
vert most of the introduced energy from the original biomass [139].

6.2.1  Comparison Between TCR and Other Technologies

Table 3 shows the characteristics of the bio-oil produced from a woody biomass fast 
pyrolysis and TCR. The bio-oil of fast pyrolysis has many disadvantages, which are 
as follows [82, 141, 142]:

• A high oxygen content with a complicated mixture of compounds.
• A high acid number.
• It is strongly corrosive.
• It has low higher heating value.
• It has poor chemical stability, and its phase can be changed with time.

Therefore, fast pyrolysis bio-oil should be upgraded in different ways such as 
catalytic cracking and hydrotreatment to produce valued chemicals and transport 
fuels. The role of catalysis and different methods for bio-oil upgrading will be illus-
trated in detail in the next section (Sect. 7).

TCR technology can produce TCR oil with superior physicochemical fuel prop-
erties in comparison with the bio-oil of fast pyrolysis. TCR oil is low in acidity 
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(9.3–30.1 mg KOH/g) and low in oxygen content (11.4–17.9 wt%) and has a higher 
heating value (32.8–35.5 MJ/kg), which is in contrast with bio-oil properties of fast 
pyrolysis (Table 3). TCR crude bio-oil phase separates easily from the water phase 
and has a very high calorific value which is totally miscible with conventional fossil 
fuels and crude oil [75, 82].

There is no need for extensive pre-treatment steps or expensive precious metals 
or zeolite catalysts to be added into the reactor [131, 132]. TCR process is well 
compatible with all range of waste organic feedstocks, which are high in moisture 
and ash contents, such as paper sludge, sewage sludge, municipal solid waste, 
anaerobic digestate and others [135, 143]. Additionally, TCR produces a notable 
amount of green H2 which can be separated and purified for hydrotreatment of the 
bio-oil and crude oil in a petroleum refinery [140].

Another reason which makes TCR process economically attractive for bio-oil 
production is that TCR system has been designed to process the biomass in one 
single step and there are no additional feeds required (feedstock goes in, and phase- 
separated products come out) even at small scales. This process is cheaper than 
reactors with multiple feeds and processing steps to upgrade the bio-oil.

In the reforming section, the char catalyses the cracking of heavy oxygenated 
compounds present in the vapour phase and promotes reforming to synthesis gas 
and condensable organic vapours, leading to a lower molecular weight, non- 
corrosive, less viscous (easier to pump) and significantly deoxygenated oil fraction, 
thus avoiding the problems associated with fast pyrolysis oil [82, 141, 142].

TCR biochar is an excellent fuel source for gasification as it produces a tar-free 
synthesis gas that could be used as a further source for hydrogen production. The 
key advantage of utilizing this approach is that it reduces demand for externally 
sourced H2 for refining, which further increases the process economics and 

Table 3 Bio-oil properties from woody biomass pyrolysis

Properties Fast pyrolysis [57, 82, 144] TCR [145, 146]

Mass balance

Bio-oil (wt%) 60 7.0
Water content (wt%) 15 14
Gas (wt%) 13 58
Char (wt%) 12 21
Bio-oil

Moisture content (wt%) 15–30 6–8.4
Acid number (mg KOH/g) 88–126 9.3–30.1
Viscosity (mm2/s) 40–100 12.1–36.5
HHV (MJ/kg) 16–19 32.8–35.5
Bio-oil elemental analysis

C (wt%) 54–58 72.2–78.6
H (wt%) 5.5–7.0 7.0–7.4
N (wt%) 0–0.2 2.2–2.6
O (wt%) 35–40 11.4–17.9
Ash (wt%) 0–0.2 0–0.05
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sustainability credentials. In addition, the hydrogen yields can be maximized by 
injection of steam (which can be TCR aqueous phase) into the TCR system, which 
promotes a water gas shift reaction [129, 140]. This is in contrast to fast pyrolysis 
that needs an outside source of H2 to improve the bio-oil properties [147].

The Van Krevelen diagram represents the O/C and H/C ratios for varied tech-
nologies (Fig. 10). The O/C and H/C of bio-oil from the TCR of woody biomass 
were 0.19 and 1.27, respectively [145, 146]. However, the bio-oil from fast pyroly-
sis of woody biomass has considerably higher values of O/C (0.56) and H/C (1.56) 
than TCR results [57, 82]. Additionally, the O/C and H/C of hydrotreated bio-oils 
from fast pyrolysis of woody biomass over Ni-based catalysts are slightly different 
from the TCR values [148]. Therefore, TCR displayed significant enhancement of 
bio-oil properties and stability characteristics.

7  Upgrading of Bio-oil

Fast pyrolysis bio-oils have a lot of drawbacks such as thermal instability, high 
oxygen content and high viscosity and corrosiveness. Therefore, fast pyrolysis bio- 
oil upgrading should be performed to decrease the oxygen content and acidity 
before its application [57, 80]. There are different methods to upgrade bio-oil, 
which are emulsification, filtration, polar solvent, catalytic and TCR cracking, 
hydrotreatment, aqueous phase processing, esterification, transesterification and 
ketonization.
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Fig. 10 Diagram of Van 
Krevelen for bio-oil from 
the TCR of woody biomass 
[145, 146], fast pyrolysis 
of woody biomass [57, 82] 
and hydrotreated bio-oil 
from woody biomass fast 
pyrolysis over nickel-based 
catalysts [148]
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7.1  Emulsification

The most straightforward pathway to upgrade bio-oil is to mix it with diesel directly 
to be used as a transport fuel. Generally, fast pyrolysis bio-oils are immiscible with 
hydrocarbons, but the aid of a surfactant can emulsify them. It is reported that emul-
sified bio-oil with different ratios of diesel (25, 50 and 75 wt%) provides a more 
stable bio-oil than the original [106, 149]. The use of emulsions for a long term will 
affect a stainless steel engine and its sub-assemblies because of the corrosiveness of 
the emulsified bio-oil. Furthermore, other disadvantages of this method are the sur-
factant costs and the high energy requirement [57].

7.2  Filtration

Hot vapour filtration is reported as an appropriate method to decrease the alkali 
content to less than 10 ppm and ash content of bio-oil lower than 0.01 wt%. This 
filtration provides higher bio-oil quality with lower biochar. Biochar is an active 
catalyst, and it cracks the vapours and decreases the yield up to 20%. There is not 
much information about the performance of hot vapour filters, although it should be 
similar to that of hot gas filters for a gasification reaction [150]. Furthermore, filtra-
tion of a liquid which has a very small particle size (below 5μm) is not easy because 
of its physical and chemical nature [150].

7.3  Polar Solvent

Polar solvents are useful for homogenizing and reducing the bio-oil viscosity for 
many years. Methanol has displayed a huge effect on bio-oil stability. Furthermore, 
Diebold and Czernik [151] tested different additives, ethanol, acetone and metha-
nol. All these additives reduced the ageing rate of bio-oil. Moreover, it is reported 
that the viscosity of bio-oil was decreased significantly by adding 10 wt% of metha-
nol to bio-oil, which was the best additive [151].

7.4  Catalytic Cracking

A catalytic pyrolysis reaction can produce fuel-ranged hydrocarbons in a single step 
from the biomass [152]. Zeolites or silica can be added to the biomass fast pyrolysis 
reaction to convert vapours of pyrolysis into aromatic hydrocarbons in a single step 
[153–155]. Zeolite catalysts are the most popular for upgrading bio-oil through 
catalytic pyrolysis, and these include HZSM-5, zeolite beta, SAPO-34, zeolite Y, 
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ZSM-5 and mordenite [89]. The zeolite pore size affects the formation of aromatics 
and coke, and larger pores are related to higher yields of coke [156]. Another rele-
vant factor is the acidity of the zeolite, where lower acidity levels produce more 
coke and fewer aromatics [157].

HZSM-5 and ZSM-5 zeolite catalysts are the most tested in catalytic pyrolysis. 
ZSM-5 has less selectivity, acidity and thermochemical stability than HZSM-5. 
Therefore, HZSM-5 is a more attractive catalyst for aromatics production, and it 
promotes catalytic reactions in the biomass such as aromatization, decarbonylation, 
cracking, isomerization, decarboxylation, cyclization, oligomerization, deoxygen-
ation and alkylation [89, 158]. HZSM-5 was tested in a pyrolysis fixed bed reactor 
for converting microalgae, and the produced bio-oil presented a lower oxygen con-
tent (19.6 wt%) and a higher calorific value (32.6 MJ/kg) compared to no catalytic 
treatment at the same conditions [159]. Zhang et al. [160] and Stephanidis et al. 
[161] used the same zeolite to pyrolyse corncobs and beech wood respectively, and 
the bio-oil in both studies showed a higher calorific value (30–35 MJ/kg) and aro-
matics content and a decrement of oxygenated compounds.

Some works have experimented ZSM-5 catalyst in a pyrolysis fixed bed reactor 
using glucose, rice husks, maple wood and furans as feedstock [156, 162]. The gen-
eral results were a substantial reduction in the yield and oxygen content of the bio- 
oil. The chemical structure of ZSM-5 was also altered by adding some metals such 
as Zn, Ni, Mo, Ga, Co, Pd and Pt. This modification influenced the alkylation and 
cyclization reactions, increasing the zeolite acidity and the aromatics yields, espe-
cially using Ga metal [163, 164]. Zeolite catalysts favour the production of coke 
which is deposited on the surface of catalyst filling the respective pores. 
Consequently, the catalyst is deactivated, reducing its durability, and the formed 
coke also absorbs the bio-oil organics, resulting in lower quality and quantity, thus 
increasing the cost of the process [89].

Mesoporous catalysts, including Al-SBA-15, MCM-41 and Al-MCM-41, are 
also an option for catalytic pyrolysis of materials. The last works developed in a 
circulating fluid bed reactor demonstrated the effect of mesoporous catalysts in the 
pyrolysis oil composition, increasing the phenolics content and reducing the con-
centration of acids (carboxylic acid) and carbonyls [165]. Moreover, an increment 
of the silica/alumina ratio in this kind of catalyst led to an increase of the organics 
and aromatics in the bio-oil but a lower liquid production [166]. The use of meso-
porous catalysts shows a clear indication of upgrading treatment; however, the 
deoxygenation process is incomplete [165].

Some works investigated the application of mineral catalysts such as MgO, dolo-
mite, SiO2, CaO, limestone and K2O through pyrolysis of cellulose, pine sawdust, 
lignin and poplar wood using a fixed bed reactor at 500 °C [167, 168]. CaO and 
MgO (basic oxides) inhibited the production of tar and phenolics in the bio-oil, 
while coke and gaseous products presented higher levels [168]. Alternatively, the 
use of acid oxides indicated more tar formation. In another research, Na2CO3 cata-
lyst produced a very unstable bio-oil, but the application of Pt enhanced the quality 
and the stability of the same pyrolysis oil [157].
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7.5  TCR Cracking

Ex situ and in situ catalytic pyrolysis (Fig. 11) are used to upgrade and develop the 
properties of the bio-oil. In comparison with the in situ process, ex situ technology 
is more efficient in eliminating oxygen from the pyrolysis bio-oil due to the lower 
homogeneity of the applied catalyst [157]. Additionally, the ex situ process has a 
higher selectivity and flexibility to produce more specific compounds, because the 
catalyst is placed in an external reactor, and thus the final products can be easily 
produced [169]. However, the main inconveniences of this route are the quick cata-
lyst deactivation and the high cost of the technology, particularly for industrial 
units [170].

During the in situ process (Fig. 11), the catalyst is introduced into the reactor to 
favour thermal cracking reactions and to convert heavy components present in the 
bio-oil to lighter ones [171]. However, a higher cracking rate requires more catalyst, 
and a consequence is the extra production of coke [167]. In situ pyrolysis can 
improve the formation of aromatics and low molecular weight compounds in the 
bio-oil [169]. However, this integrated catalytic system is limited and less flexible 
owing to the use of a single reactor operating at the same parameters for the pyro-
lytic and catalytic reactions [172]. The main challenge of in situ catalytic pyrolysis 
is to find a robust, active and stable catalyst that is easy to regenerate and can resist 
the reactor’s mechanical environment and enhance the quality of the bio-oil by 
reducing its oxygen and coke content [173].

TCR technology is able to minimize some negative aspects of the current in situ 
and ex situ catalytic routes such as coke formation, limitation/flexibility of the pro-
cess, selection of a proper catalyst and the economic viability for larger plants. The 
biomass conversion occurs in the intermediate pyrolysis reactor, and then vapours 
undergo the catalytic treatment in a different reactor (called the reforming unit). The 
catalyst is the biochar generated in the previous step (auger intermediate pyrolysis 

Biomass
feedstock

Pyrolysis
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Fig. 11 In situ and ex situ catalytic pyrolysis. (Reproduced with permission from [174], Copyright 
© 2017, Elsevier)
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reactor) which is constantly produced throughout the process, thus avoiding the 
concern of selecting an adequate catalyst that is easy to regenerate.

Biochar formed via TCR can be considered as an inexpensive sacrificial catalyst. 
It has excellent chemical and morphologic characteristics such as structure, surface 
area and high active sites, making this carbonized solid catalytically active in con-
verting organic vapours to high-quality pyrolysis liquids [139, 145]. It has been 
proven that upgrading treatment of the volatiles before their condensation is pres-
ently the most efficient way to minimize the amount of water and oxygen in the 
pyrolysis liquid, which leads to a higher calorific value bio-oil composed of low 
molecular weight elements [81].

7.6  Hydrotreatment

Hydrotreatment reaction removes O2 as water and CO2 by a catalytic reaction with 
H2. Active catalysts for a hydrotreatment reaction are Co–Mo and Ni–Mo supported 
on Al2O3 and zeolites. Pindoria et al. tested hydrotreatment upgrading in a two-step 
reactor. In the first step, hydrocracking was performed without catalysts, and in the 
second step, zeolite catalytic hydrotreatment was operated with the same pressure 
(4  MPa) but lower temperatures (300–400  °C) in comparison with the first step 
[175]. The experiment showed that the zeolite catalyst becomes deactivated during 
the reaction not because of the carbon content but because of volatile component 
embodiments which block the zeolite active sites. The hydrotreatment process 
formed a lot of water and some impure bio-oils [175]. Furthermore, this process 
needs superior techniques and complicated equipment and has a high cost [82].

7.7  Aqueous Phase Processing

Aqueous phase reforming (APR) of materials such as glucose, glycerol and sorbitol 
can produce light alkanes and hydrogen in a single reaction vessel. Alkane produc-
tion is performed with a bifunctional reaction pathway which forms hydrogen and 
CO2 at low temperatures (150–265 °C) on an active metal catalyst such as Pd or Pt 
and then dehydration of sorbitol over a solid acid catalyst (alumina and silica). 
These steps are followed on the metal catalyst by hydrogenation of the dehydrated 
reaction intermediates. The produced hydrogen converts sorbitol into an alkane, 
CO2 and H2O. A large bio-oil fraction is water- soluble, and the aqueous phase con-
tains mainly oxygenated hydrocarbons [176–178].
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7.8  Esterification and Transesterification

Highly acidic biomass oils need an initial acid esterification stage to change acid 
into esters in the presence of acid catalysts and alcohol. The main factors in an 
esterification reaction are temperature, alcohol types such as methanol or ethanol, 
reaction time, the alcohol/oil molar ratio and homogenous or heterogeneous acid 
catalysts [179]. Most active heterogeneous catalysts for esterification reaction are 
sulphated zirconia [180], tungstated zirconia [181], acidic resins [182], zeolites 
[183] and 12-tungstophosphoric acid on SBA-15 (heteropoly acids) [184]. Catalytic 
success was limited to ester lower than C10 in either alcohols or carboxylic 
acids [185].

However, long-chain fatty acids are an alternative fuel with the superiorities of 
being non-toxic, renewable and having low emissions and a biodegradable profile. 
Vegetable oil transesterification with CH3OH in the presence of an appropriate cata-
lyst is the most common process for the production of biodiesel. It involves the 
alcoholysis of triglycerides in the presence of a catalyst to form fatty acid methyl 
esters (FAME). However, FAME  needs further upgrading to be used as a 
fuel [190]. Homogenous basic catalysts such as KOH and NaOH are the most com-
mon catalysts for the transesterification process [186, 187]. Furthermore, a calcium- 
based catalyst supported on MgO seems to be a reliable catalyst for the reaction of 
transesterification due to its low cost and high activity [188, 189].

7.9  Ketonization

Ketonization (ketonic decarboxylation) reaction transforms two molecules of a car-
boxylic acid into water, carbon dioxide and ketone [191, 192]. More stable products 
are formed by the ketonization reaction with higher energy content. The catalytic 
ketonization reaction is a promising process to upgrade the free fatty acids because 
it removes oxygen and carboxylic acid in the reaction. Then long-chain ketones can 
be transported to the refinery station for isomerization and hydrocracking to pro-
duce diesel-ranged fuels [190]. This reaction is a reliable reaction for upgrading the 
carboxylic acid, which is derived from biomass fast pyrolysis to produce transport-
able fuels [193, 194].

Furthermore, over 70% of fast pyrolysis bio-oil contains mostly carboxylic acid, 
carboxylic esters, alcohol and ethers [195]. The large volume of carboxylic acids in 
the bio-oil causes corrosion during storage and transport [150]. Thus, an essential 
step for upgrading bio-oil is acid removal. Therefore, the ketonization reaction is a 
suitable method not only for removing the oxygen and carboxylic acid content of 
bio-oil but also for producing C-C bonds between low molecule weights of acids. 
Then, ketone products can simply couple with other products of bio-oil with hydro-
genation or aldol condensation to make longer chain molecules which form the 
fuel-ranged hydrocarbons [192, 196, 197].
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Amphoteric metal oxide catalysts such as ZrO2 [198, 199], MnO [200, 201], 
CeO2 [202, 203] and UO2 [204, 205] are the most active catalysts for the ketoniza-
tion reaction. The basic and acidic characteristics of catalysts play a significant part 
in the ketonization reaction. Different characterizations showed that CeO2, TiO2, 
ZrO2 and MnO have both acidic and basic properties which confirmed the ampho-
teric characteristics of these metal oxides [206–209]. In the metal oxide catalysts 
generally, metal cations are Lewis acid sites, but oxygen anions are Lewis base sites.

Pham et al. reported that oxygen anions must perform as Brønsted basic sites 
instead of Lewis basic sites for surface carboxylate formation in the ketonization 
reaction. It is stated that the adjacent Lewis acid (stabilizes and activates another 
carboxylic acid) and presence of Brønsted basic (carboxylates formation) on most 
oxide catalysts are the keys for the ketonization reaction [210].

There are substantially fewer studies about ketonization of carboxylic acid over 
zeolite catalysts in comparison with metal oxide catalysts. The following catalysts 
were tested in the ketonization reaction which are HZSM-35, HZSM-34, HZSM-11, 
HZSM-5, zeolite beta, erionite and mordenite. It was found that HZSM-5, HZSM-11 
and zeolite beta are the most active zeolite catalysts in comparison with other zeo-
lites for acetic acid conversion into acetone [211, 212].

8  Current State of the Art for Furfural 
and 2-Methylfuran Production

Furfural is an essential oxygenated compound having C=O and C=C bonds with the 
high stability of the C=C bond due to its location inside a one five-member ring and 
six electrons [213]. Furfural can be produced from renewable biomass and agricul-
tural wastes rich in xylose (such as sugarcane bagasse, oat hulls and corncobs), and 
it can be applied for the formation of essential non-petroleum-derived chemicals 
(such as 2-methylfuran (2-MF) and furfuryl alcohol), competing with crude 
oil [214].

This compound can also be used in many industrial processes such as pharma-
ceutical, plastics, oil refining and agrochemical industries where it is transformed 
into perfume intermediates, chemical solvents, medicine compounds and pesticides 
[215]. Furfural is obtained through the following steps: production of pentose such 
as xylose, submitting the hemicellulose material to hydrolysis and the final conver-
sion into furfural by acid-catalysed dehydration of pentose (Fig. 12) [216].

Presently, furfural production is an energy-intensive process due to long side 
reactions which causes a decrease of furfural yield because of extensive residence 
times and the necessity for substantial waste disposal. The need for high-pressure 
steam to heat the reaction is also a drawback in this process [216]. Concentrated 
sulphuric acid, which is particularly corrosive and extremely toxic, is used as a cata-
lyst. This brings serious issues compared to homogeneous catalytic reactions such 
as problematic separation and reprocessing of the product contamination and 
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mineral acid [217]. For these reasons, enhancements to the chemical technology 
behind the furfural production are necessary to improve the sustainability of furan-
based chemical productions.

Irradiation of microwave is suggested as an alternative technique to improve the 
dehydration process for furfural production. This process offers fast and efficient 
heating which promotes better reaction rates and avoids the production of certain 
by-products and so results in higher furfural yields [218, 219]. Heterogeneous cata-
lytic conversion using solid catalysts has taken a relevant role in converting pentose 
into furfural due to its high selectivity and high reaction. Moreover, it can be recy-
cled easily, offering more environmentally attractive properties for practical opera-
tions [220].

Humins, solid carbonaceous species, are the undesired co-product obtained dur-
ing the production of furfural from xylose. Humin is responsible for the low furfural 
yields (between 45% and 50%) using an industrial batch process [221]. In the last 
few years, some works have shown different ways to achieve better furfural yields 
by inhibiting the humin production. One technique is to apply organic solvents 
(methyl isobutyl ketone and ethyl acetate) to absorb furfural from the aqueous frac-
tion [222]. Supercritical CO2 has also been used to extract furfural [223]. However, 
due to furfural’s affinity to polymerize in storage, it is not a suitable option as a fuel 
candidate [224].

The option of transforming furfural to 2-MF is mentioned in several current 
works because of its high calorific value and high octane number, making 2-MF a 
promising biofuel [95, 225]. To produce 2-MF first, it is necessary to convert furfu-
ral to furfuryl alcohol (2-furanmethanol) through hydrogenation and then apply 
HDO in the intermediate furfuryl alcohol to get the desired product 2-MF as shown 
in Fig. 13 [226, 227].

Developing a new way to produce 2-MF from biomass-derived chemicals is 
extremely desirable, not only from the perspective of the green sustainable chemis-
try but also to mitigate the fossil energy crisis by using a large number of biomass 
resources available efficiently [226]. All these reasons can boost furfural production 
through the TCR process, followed by an HDO treatment, to achieve the desired 
formation of 2-MF. Compared to hydrocarbons, 2-MF has a better combustion effi-
ciency (caused by its oxygen atom) and higher octane number [220]. Therefore, 
2-MF can be mixed with gasoline to be applied as fuel for vehicles [228].

Fig. 12 The reaction mechanism of pentosan acidic degradation to furfural. (Reproduced with 
permission from [213], Copyright © 2005, Elsevier)
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HDO works in the presence of a catalyst under H2 pressure, and it is classified to 
be the most efficient way to upgrade pyrolysis bio-oil [229]. This process converts 
aldehydes, oxygenated and unsaturated elements, into hydrocarbons because HDO 
selectivity cleaves the C-O/C=O bonds (carbonyl group) of the oxygenated com-
pounds and at the same time preserving the C-C/C=C bonds [224, 230]. This step is 
quite relevant to improve the oil properties for fuel applications removing aromatics 
from the bio-oil and subsequently to increase the affinity between temperature and 
viscosity [58, 100].

HDO can be divided into two different classes, high and atmospheric pressure. 
The first one applies high H2 pressure to hydrogenate aromatic rings, reducing the 
oxygen content present in acids, phenols, esters and aldehydes [231]. There are 
several reactions that take place during this method according to the bio-oil chemi-
cal composition, including dehydration, hydrogenation, hydrocracking, decarbox-
ylation and hydrogenolysis [232]. Atmospheric H2 pressure has similar conditions 
compared to high pressure; however, it differs in the type of catalyst, operating 
conditions (mainly pressure) and in the role of H2 on the upgrading reaction [233]. 
The scientific community has used HDO atmospheric pressure in industrial scales 
for lignin compounds to minimize the operation cost [232].

One of the main difficulties of HDO is to have low consumption of H2 with an 
efficient deoxygenation process [231]. In terms of H2 consumption, HDO can be 
defined in two categories: in situ H2 source and ex situ H2 source. In situ H2 source 
uses the same autoclave for H2 production and to treat the pyrolysis oil, avoiding 
issues with H2 storage and transportation [233]. On the other hand, ex situ H2 source 
requires industrial H2 from water electrolysis or fossil fuels as an H2 donor, making 
this process less desired [234]. This method also needs high H2 pressures (up to 
30 MPa) to solubilize H2 in the liquid fraction to reduce the oxygen amount of the 
pyrolysis oil [235].

It has also been reported the use of external H2 during the hydrogenation of fur-
fural to 2-MF adding various noble metal and bimetallic catalysts [226]. This situa-
tion can lead to a number of obstacles connected to hydrogen utilization, such as the 
cost to compress, storage and transport (especially in isolated locations), the reactor 
design, issues related to solubility and dilution of hydrogen, which increase the cost 
and complexity of the process [215, 236]. A different way to provide hydrogen to 
convert furfural to 2-MF may be the catalytic transfer hydrogenation, where the H2 
molecule is replaced for the hydrogen donor. In this process, alcohols are a good 

Fig. 13 Hydrogenation and HDO of furfural to 2-methylfuran. (Reproduced with permission from 
[220], Copyright © 2014, Elsevier)
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option as hydrogen donors because they are not corrosive, and they may be obtained 
from ethanol or butanol using biomass as a substrate [237, 238].

The biggest challenge of having a competent and reasonable HDO is the selec-
tion of the catalyst which should be efficient, economical and environmentally 
friendly. The catalyst stability may be an issue to convert furfural into 2-MF due to 
the high temperatures, which increases the energy cost and the coke production as 
well [220]. The deactivation catalysts during the 2-MF production through furfural 
hydrogenation is the main issue of the process because of the production of unde-
sired co-products (furan, tetrahydrofuran and C-4 compounds) [239]. Additionally, 
this method of conversion is quite exothermic (142 kJ/mol), causing difficulties in 
terms of temperature control [240].

Chromium-based catalysts were described as efficient for 2-MF production, 
while their toxicity makes them less attractive [224]. Molybdenum carbide has a 
high selectivity to convert furfural into 2-MF, but it presents very acidic features, 
stimulating the polymerization of furfural and creating an unstable environment for 
the HDO process [241]. Although precious metals such as ruthenium and palladium 
showed a good furfural conversion yield, they are extremely expensive, easily deac-
tivated, hard to regenerate and not economically viable [215]. Mesoporous silica 
catalysts contain large surface areas, and they can convert 82% of furfural; never-
theless, the process is extremely slow (more than 25 h), and it leads to the formation 
and deposit of carbon in the catalyst substrate, which leads to catalyst deactivation 
and consequent reduction of HDO reactions between the surface and the prod-
uct [220].

Copper-based catalysts are mentioned as the most promising option to convert 
furfural into 2-MF [226, 242]. Recently, the combination between Cu and Zn or Cu 
and Mn as a catalyst showed strong stability and efficiency in 2-MF production by 
HDO. The good interaction among these two groups of metals brings the production 
of mixed oxide phases and, consequently, a breakage of the C-O bond [228, 239]. 
Moreover, the combination between manganese/zinc Cu-based catalysts and Al2O3 
and SiO2 supports increases the selectivity and activity of the HDO process [239]. 
Both catalytic supports are cheap, practical to be used in industry, and they promote 
the interaction and dispersion of copper, improving the catalytic performance [226].

8.1  Xylose-Rich Biomass

One of the most accessible and inexpensive green resources for the biofuel produc-
tion and bioenergy area is lignocellulosic agricultural wastes [243]. Present 
approaches to exploit biomass such as pure cellulose extraction or combustion to 
produce electricity are damaging the environment and not profitable for the industry 
[244]. Therefore, thermochemical processes become more prevalent for converting 
biomass into valued products and thus establishing a different pathway for the 
application of lignocellulosic residues regarding profitability and sustainability [81].
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Lignocellulosic materials are commonly composed of lignin (10–25%), hemicel-
lulose (20–40%) and cellulose (40–60%). Hemicellulose biomass is getting more 
appreciation because of its high xylan content. This xylan content is mainly formed 
by xylose which is an interesting chemical in the biofuel industry [244]. According 
to the previous section, furfural can be obtained using lignocellulosic feedstocks 
containing a high level of xylose. Furfural has an annual production of 250,000 
tonnes, and the present method to extract this chemical compound from xylose 
sources is the acid-catalysed dehydration [245]. Oat hulls (OHS) and sugarcane 
bagasse (SB) have been recognized as one of the most promising xylose-rich bio-
mass for furfural production [220].

Presently, oat is one of the main produced cereals around the world, and its hull, 
which is a residue from the process of oat milling, has a high potential as a renew-
able biomass source because of its availability. OHS is a suitable feedstock to pro-
duce gaseous and liquid fuels through advanced thermochemical processes 
(gasification and pyrolysis) [246].

OHS is generally formed from lignin (17–20%), hemicellulose (32–35%) and 
cellulose (35–45%) [247]. OHS has a low ash content (4.5–5.5%), and also it does 
not require to be milled when treated because of its particle size and homogenous 
morphological structure [247]. Due to the high amount of hemicellulose, oat hulls 
are a good source of furfural and xylose (pentose sugars) [248]. However, some 
kinetic parameters of oat hulls need to be understood to develop this process [246].

Nowadays, OHS is mostly used to produce energy from combustion because of 
its HHV (16 MJ/kg) [249]. This residue shows a practical nutritive value and is 
applied in the human and animal food industry [246]. Furthermore, it is reported 
that OHS can be used for ethanol production through chemical hydrolysis [247]. 
Therefore, OHS can be considered as a renewable resource for biofuel production 
due to its potential and availability [249].

Sugarcane is the most prominent farming harvest in the world. Bagasse can be 
obtained from sugarcane milling to extract its juice for production of sugar or etha-
nol, which is the main residue of sugarcane [250]. The raw SB is made in many 
countries, and its production is more significant and efficient in sub-tropical and 
tropical climates [251]. Brazil and India are the leading SB producers in the world, 
and this industry represents a relevant role for the energy needs in developing coun-
tries [252]. Normally, 1000  kg of fresh sugarcane can generate 280  kg of dry 
bagasse, 110 kg of sugar and 45 kg of molasses [250]. For ethanol production, cane 
straw and bagasse residues represent around 35% of the total sugarcane weight [253].

SB has a lamella structure, and it is formed from lignin (20–25%), hemicellulose 
(20–30%), cellulose (40–50%) and low ash content (1.5–3%) [250]. Presently, more 
than 500 sugarcane species are cultivated in Brazil, and 20 new species have been 
created every single year [253]. However, the chemical compositions of the differ-
ent SB species do not diverge significantly from the main compounds [253]. The 
cellulose elements of SB have crystalline and amorphous structures that require to 
be submitted to thermochemical and physical treatments to reach to the polysac-
charides components [252]. In order to increase the SB particle surface area, milling 
is a suitable physical approach. Thermochemical treatments are ammonia, alkaline 
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hydroxide, steam explosion and acid reagents, which convert the crystalline struc-
ture of SB into polysaccharide elements [254–256]. The results of these thermo-
chemical processes on the chemical structure of the SB can be analysed via enzyme 
digestion, electron miscopy and X-ray diffraction [252].

Presently, SB can be utilized in many applications such as cancer treatment, 
animal feed, and production of furfural, sugar, pulp and ethanol [252, 253]. 
Furthermore, SB is a suitable feedstock to be applied as a renewable resource due to 
its low cost and high availability [252, 257]. SB is mostly used for power and heat 
generation through combustion route, which is not energy efficient [250, 253]. 
However, SB can be applied for the production of biofuel through advanced thermo-
chemical processes due to its high caloric value and availability, thus making this 
material a valuable feedstock for pyrolysis technology [250].

9  Conclusion

Renewable and sustainable energy sources have received attention because of the 
increase in demand for fossil fuels and concerns regarding climate change. Biofuels 
are characterized into “primary biofuels” and “secondary biofuels”. The traditional 
form of biofuel for heat and electricity generation is categorized in “primary biofu-
els”. The second class of biofuels is characterized into first, second and third gen-
erations. First-generation biofuels are mainly produced from sugar, food crops and 
starch. Second-generation biofuels are formed from non-food biomass, and third-
generation biofuels are made from microbes and microalgae. Pyrolysis is an 
advanced thermal conversion method for converting biomass into useful chemicals 
and energy carriers. Pyrolysis methods can be divided into three primary types 
which are fast, intermediate and slow pyrolysis. Slow pyrolysis is suitable for bio-
char formation and utilization. The main difference between slow, intermediate and 
fast pyrolysis methods is the solid residence times that cause a different heat transfer 
to the material.

TCR is a novel technology that combines the intermediate pyrolysis with post-
catalytic treatment (catalytic reforming) in a single-step upgrading. In the reforming 
stage, vapour catalytic cracking happens to encourage the formation of syngas and 
organic vapours with lower molecular weight compounds. TCR bio-oil has superior 
physicochemical fuel characteristics in comparison with other technologies. TCR 
bio-oil of woody biomass is low in oxygen content (11.4–17.9 wt%), low in viscos-
ity (12.1–36.5 mm2/s) and low in acidity (9.3–30.1 mg KOH/g) and has a very high 
heating value (32.8–35.5 MJ/kg) compared to bio-oil of fast pyrolysis.  TCR bio-oil 
can be separated simply from the water phase and is totally miscible with conven-
tional fossil fuels. There is no need for using expensive catalysts such as zeolite or/
and precious metal oxide catalysts in this process. TCR technology is well compat-
ible with different ranges of feedstocks that are high in ash and moisture contents. 
Furthermore, TCR produces a significant amount of green H2 for hydrotreatment of 
bio-oil and can be maximized by injection of steam into the system that promotes a 
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water gas shift reaction. However, fast pyrolysis needs an outside source of H2 to 
improve the bio-oil properties.

In this chapter, different methods such as zeolite cracking, hydrotreatment, ester-
ification, transesterification, ketonization and others were discussed in detail to 
upgrade bio-oil. 2-Methylfuran (2-MF) can be one of the promising fuels to be used 
in engines. Furfural can be converted into 2-MF through hydrogenation and HDO 
reactions. Copper-based catalysts have been reported as one of the most promising 
options to convert furfural into 2-MF in terms of stability and efficiency. However, 
this process is not profitable or efficient due to the high cost of solvents, catalysts 
and outside sources of hydrogen. These facts can encourage 2-MF production using 
TCR process, which may be a more economically viable process and thus has 
started to attract more attention as an alternative process route. Overall, this report 
showed different potentials for converting wastes into sustainable fuels and useful 
energy vectors.
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Abstract Energy demand growth along with intensified global efforts to promote 
circular economy for solving environmental problems while obtaining high value- 
added products has increased the interest for valorization of the residual biomass 
that is abundantly generated in agriculture and various industries. This chapter is an 
overall contribution aiming to emphasize and clarify some theoretical and practical 
aspects on the biochemical conversion of biomass into fuel gases (biomethane and 
biohydrogen) and other valuable by-products. The residual biomass is very diverse, 
but the quality of the substrate and the biochemical technology, as well as the pro-
cessing parameters, determine the type and composition of the conversion products. 
Hence, particular attention is given to substrate evaluation and pretreatment tech-
niques for increasing the conversion yields and the process economic viability. The 
metabolic pathways of microbial processes and the technological parameters are 
analysed and discussed for both biomethane and biohydrogen. Some current and 
innovative methods of biogas upgrading with a focus on the market applications of 
the biochemical conversion to fuel gases are comprehensively approached. Also, the 
chapter presents an overview on the technological possibilities and economic ben-
efits of using by-products as green fertilizers for agriculture, briefly mentioning 
some other ways for waste recovery to value-added products. In addition to analys-
ing current achievements in this field of research, the chapter aims to identify gaps 
and bring to light some issues that need to be studied in greater depth so as to make 
the biochemical conversion processes of biomass feasible and widely applicable in 
industry.
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1  Introduction

Limited conventional fuel reserves, but also the increasing greenhouse gas emis-
sions leading to extreme climatic phenomena, have urged the concerns of scientists 
and energy project developers around the world in implementing solutions for tran-
sition from fossil-based resources to zero-carbon renewable fuels [1]. A report 
released by the World Energy Council in 2019 stated that technological innovations, 
climate change and more tense geopolitics have become fundamental drivers to 
reshape the world of energy; thus, the use of sustainable bioenergy is expected to 
increase by one-third in 2040 from today’s levels [2].

Worldwide, there is a steady increase in the interest of the public and private 
environment in developing projects aimed at capitalizing residual biomass for the 
production of green energy and value-added by-products [3]. Residual biomass, 
also named ‘waste biomass’, is addressed to biomass that is not produced for its 
direct use, for example, as energy source, but is a waste product generated in other 
agricultural or technological processes. Residual biomass may include landscape 
biomass (agricultural and forestry), animal manure, biodegradable fraction of 
municipal waste [4] and algal biomass remaining after oil extraction [5–7].

Using waste biomass as raw material for new technological processes has become 
a requirement much promoted by energy and environmental policies over the past 
decade within the concept of circular bioeconomy, offering important advantages 
for sustainability, such as no additional land required to produce biomass; waste 
reduction for new production chains, thus contributing to a closed-loop resource 
use; avoidance of GHG emissions from residual biomass if left to rot on the ground; 
etc. [3, 4].

There are several approaches used for biomass conversion to produce bioenergy, 
which may be classified into the following two major categories: thermochemical 
conversion (combustion for heat or electricity, pyrolysis to bio-oil and charcoal, 
catalytic liquefaction to marketable liquids and gasification to syngas) and bio-
chemical conversion to produce biogas, biohydrogen, bioethanol and biodiesel [8, 
9]. Regarding biochemical conversion, it includes three types of different processes, 
which are anaerobic digestion, alcoholic fermentation and photobiological reac-
tions, all of them involving microorganisms or enzymes to transform biopolymers 
in gaseous or liquid biofuels [10]. Besides enzymes which are biological catalysts 
aimed to lower the activation energy for biochemical reactions, some researches 
have also proved that mineral catalysts such as zeolites added to the fermentation 
mass in anaerobic digestion processes can facilitate microbial fermentation and 
increase the biomass to biomethane conversion yields. More specifically, zeolites 
can help the anaerobic digestion processes by adsorbing ammonia and other toxi-
cants in the system, thus shortening the duration of the lag phase of microbial 
growth and accelerating methane production [11, 12].

With attention focused exclusively on the biochemical conversion processes, this 
chapter aims to examine and discuss currently applied technologies and recent 
research trends for the residual biomass recovery to fuel gas (biomethane and 
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biohydrogen) and valuable by-products through biochemical processes catalysed by 
specific enzymes and microorganisms.

Hence, the main scope of the contribution is to provide insight into the theoreti-
cal and practical aspects on the effective biochemical conversion of various organic 
substrates via two different biochemical pathways: anaerobic digestion (AD) and 
dark fermentation (DF). Both biochemical routes are catalysed by enzymes and 
coenzymes which are responsible for the decomposition of organic compounds with 
complex structures to compounds with smaller molecules that generate fermenta-
tion gases. Anaerobic digestion and dark fermentation processes are very similar in 
terms of degradation steps, but each has its own specificity which makes biomass 
conversion switching towards biogas or biohydrogen. In this chapter, biomass bio-
chemical conversion processes are presented and analysed, with emphasis on the 
operational and process parameters that have to be considered for effective and 
economically viable biotechnological conversion. Given that microbial processes 
generate both useful products to be used in various applications and some unwanted 
chemicals, including hydrogen sulphide, ammonia, siloxanes, volatile organic com-
pounds, etc., which are corrosive or harmful, an important topic discussed in the 
chapter concerns the processes of gas stream cleaning and upgrading.

Green chemistry is an economic direction that has got increasing attention in 
recent years. By-products resulting from biochemical conversion processes of resid-
ual biomass are actually raw materials for many industries. Also, another important 
aim of this chapter is to bring attention to the main directions for the use of second-
ary products as organic fertilizing materials, as well as for the synthesis of interme-
diates for the chemical industry, composite and adsorbent materials, algal biomass 
growth for biofuel industry, etc. Finally, some gaps and issues that need to be pros-
pected in depth are emphasized to make these processes economically and com-
mercially viable. Further exploration on the biomass to biogas and biohydrogen 
processing techniques is needed to expand these technologies on a large scale and 
replace the available non-renewable energy resources that are exhausted at a much 
faster rate than they are generated.

2  Potential Substrates for Biochemical Conversion 
to Fuel Gas

Resources that are generally used as substrates in biochemical processes for energy 
production include energy crops, agro-industrial residues and by-products, ligno-
cellulosic products, algae and other aquatic plants or organic-loaded wastewaters, 
such as municipal sewage sludge, residual waters from zootechnical industry and 
animal excreta, etc. [13]. On the other hand, the trend in energy production is 
increasingly focusing on waste recovery, which means a broader approach in energy 
production is emerging, which does no longer consider singular issues, but a com-
bination of factors sourcing political, environmental, economic and social policies.
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Some of the conventional substrates for energy production, particularly energy 
crops, have been the subject of controversies like the ‘food-versus-fuel debate’, 
discussing about the pressure that fuel crops pose on agricultural land use, which 
may have caused increased prices on edibles, feed and fibres [14]. Consequently, in 
2018, the EU Parliament stepped in to settle the conflict by releasing a new directive 
which promoted the use of renewable sources for energy production. By different 
provisions, this directive reinforced the sustainability criteria of bioenergy which 
includes the indirect land use change caused by biofuel production from agricultural 
crops [15]. Research in this field is meant to develop technologies that provide the 
best opportunities for answering strategic requirements at local, regional and global 
levels, focusing on waste recovery strategies.

Moreover, according to a report released by the World Bank in 2018, the annual 
production of residues is assumed to rise by 70%, reaching 3.40 billion tonnes in 
2050 [16], which is mainly influenced by expected rapid population growth around 
the world, from 7.7 billion at the end of 2019 to over 9.1 billion in 2050 [17, 18]. In 
other words, world population growth causes higher demand for edibles and other 
basic commodities, which will lead in turn to the amplification of agro-industrial 
activities [19] and to an alarming increase in the volume of agricultural residues and 
food industry waste and wastewaters. On the other side, the amount of municipal 
waste is expected to go up with increasing population density. Broadly speaking, the 
share of organic residuals in the amount of municipal waste is about 64%, but this 
could withstand important differences at regional level, depending on several fea-
tures, such as geographical position and climate, standard of living, education, and 
local waste management policies [16]. Waste must be therefore managed in a sus-
tainable way, with priority on recycling and advanced processing to obtain reusable 
products, as provided within a circular economy [20].

Waste biomass or organic residuals could be used as valuable renewable raw 
materials in the manufacturing of several products (biofuels, polymers and chemi-
cals, building products, resins, enzymes, etc.). Unfortunately, only a low volume of 
organic waste is currently directed to become a feedstock in electricity generation 
processes or towards obtaining value-added products [19, 21], although conven-
tional technologies have greatly improved and novel processes have also been 
developed [22]. Anaerobic digestion (AD) is one of the most promising waste man-
agement technologies, as it can provide both garbage sanitation and energy genera-
tion in the form of biogas. At present, biogas production units bring high economic 
benefits at industrial scale [23], promoting pollution reduction and local develop-
ment. Not yet established extensively, dark fermentation (DF) is another waste-to- 
energy emerging process, used for biohydrogen production from substrates such as 
crop and farm residuals, industrial organic waste and wastewaters, sewage sludge, 
etc. [24].

Crop residues, which are primarily lignocellulosic materials, are among the most 
widespread biomass wastes. This type of vegetal waste is considered as plentiful, 
easily available resource, and many research activities have been directed towards 
increasing the possible use of lignocellulosic biomass in biomethane and biohydro-
gen production. Despite its abundance, lignocellulosic biomass, including some 
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agricultural waste, forestry residuals and energy crops, have a lower biodegradabil-
ity compared to other sorts of biomass, explained by the high content of recalcitrant 
biopolymer structures in their composition. Progress is being made to enhance bio-
degradability of cellulose, hemicellulose and lignin structures in lingo-cellulosic 
biomass, but some efforts should still be done for their efficient conversion to fuel 
gas [25]. For instance, after crop harvesting, large quantities of residuals that are not 
adequate for animal feed can be biochemically converted to produce second- 
generation liquid biofuels, biomethane and biohydrogen, thus significantly contrib-
uting to social and environmental sustainability [22]. At present, about 5% of 
residues coming from the main agricultural crops are used for biogas production, 
but this share is assumed to increase to 25% by 2030 and to 50% by 2050 [26]. The 
range of suitable substrates for biogas production expands continuously as addi-
tional materials are tested for their biochemical methane potential and substrate 
pretreatment strategies are being developed. For example, Córdoba et al. fermented 
spent sawdust from mushroom cultivation and obtained a biogas potential of about 
200 mL/gVS biogas, at a rough biomethane concentration of 70%, showing that 
although the value is not high compared to other feedstock materials, Gymnopilus 
pampeanus has the ability to improve the biodegradation of sawdust [27].

Huge quantities of residual biomass are also generated by the livestock industry. 
Studies have shown that the manure of about 25 billion animal units from farming 
worldwide, mainly referring to those from piggeries, dairy farms and poultry farms, 
could be collected and used to obtain substantial quantities of biomethane in anaer-
obic digestion processes. This could be translated by up to 370 billion m3 fuel gas 
or 3800 TWh energy produced globally [26].

Food waste is another potential substrate for fuel gas production. It is perma-
nently generated in the domestic and industrial sectors, being commonly unavoid-
able, responsible for financial loss and requiring immediate disposal. The World 
Biogas Association estimates that one-third of the food quantity being produced 
annually becomes unsuitable for human consumption or for animal feeding and it is 
directly dumped to landfill [28]. Due to its high humidity (70–90%) and the wide 
organic fraction content, food waste is considered a suitable substrate for biometh-
ane or biohydrogen production in fermentation processes which successfully serve 
for energy and nutrient recovery. Thereby, one tonne of wet food waste used as 
substrate in anaerobic digestion could generate 150–180 m3 biogas, while the total 
amount of residuals coming from the food industry would provide up to 100 bil-
lion m3 pure biomethane or 1100 TWh energy in the form of heat and electricity 
[26]. Moreover, several strategies for increasing biomethane production from biode-
gradable municipal wastes have been developed in numerous experimental studies, 
either by optimization of process factors or by using additives, such as Fe3O4 
nanoparticles or urea-capped Fe3O4 nanoparticles [29, 30]. Research results are 
encouraging since optimal fermentation conditions could provide efficient biocon-
version of waste, meaning that higher biomethane production, better nutrient recov-
ery and shorter fermentation durations would be obtained.

Moreover, the annual volume of sewage sludge is expected to increase in line 
with the demographic growth and level of urbanization [31]. A proper stabilization 
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of sewage sludge may be done through biochemical conversion in anaerobic digest-
ers, by which the organic component diminishes its biological activity, pathogens 
and weed seeds, as well as its unpleasant odour. About 300 TWh energy could be 
obtained if wastewater treatment plants would collect the sewage sludge of each 
household and couple the purification stages to fermentative processes. Additionally, 
algae seem to gain increasing interest for valorization in biofuel production; taking 
into account their high productivities and implementing economically viable tech-
nologies using algal biomass are a burning issue [32]. Macroalgae and microalgae 
are considered renewable and inexpensive feedstock for third-generation biofuels 
[7, 33].

Biogas-obtaining substrates have various advantages with minimum preliminary 
processing requirements if recovered by anaerobic digestion (high moisture, high 
buffering capacity, rich microbial flora) [34]. The biochemical methane potential 
(BMP) of some common substrates for anaerobic digestion is presented in Table 1.

Biohydrogen may be theoretically produced by dark fermentation from any 
organic substrate that is rich in proteins, fats and carbohydrates. Nevertheless, for 
biohydrogen fermentative processes, carbohydrate-rich organic matter has proved 
to give the largest production. Energy crops rich in sugars (e.g. sugar beet and cane) 
and grains that are rich in starch (e.g. wheat and corn) are some of the most suitable 
feedstocks for biohydrogen production. However, exploiting crops for hydrogen 
production falls in the same food-versus-fuel controversy as in the case of biogas 
production. In this view, using residues from harvesting and processing of 
carbohydrate- rich crops not intended for food industry is a better solution, more 
economically viable and environmentally sustainable. Carbohydrates from waste 
materials are thus key substrates for dark fermentation [34]. Simple sugars provide 
short fermentation time, while for more complex sugars, pretreatment strategies for 
hydrolysis of carbohydrate polymers (cellulose and hemicellulose, strongly bonded 
to lignin) into monosaccharides are required. Substrates rich in complex sugars 
have shown encouraging results for biohydrogen production, making agriculture 

Table 1 BMP of several organic materials

Substrate
BMP (mL CH4/g vs. 
substrate) Reference

Cow manure 530 Lee et al. [35]
Biological sludge and sewage 
sludge

212–221 Nielfa et al. [36]

Sunflower oil cake 227 Raposo et al. [37]
Rice straw 300–380 Lei et al. [38] and Zhang and 

Zhang [39]
Potato waste 148–237 Achinas et al. [40] and Dima et al. 

[41]
Waste glycerol+glucose 100–300a Sawasdee et al. [42]
Algal biomass 188–335 Mussgnug et al. [43]

aResults expressed in mL CH4/g COD substrate
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and forestry residuals a zero cost potential feedstock for hydrogen production, 
although careful calculation of energy input required along with the pretreatment 
method should be made [44]. Crude glycerol, which is a co-product in the produc-
tion process of biodiesel, could also be used to obtain hydrogen with a potential 
growth of biodiesel production economics.

Other complex waste and wastewaters, including solid residuals from food 
industry and agro-based industries; domestic organic wastes; wastewaters from the 
juice, dairy and meat industries; oil-based industry residuals, etc., have also been 
studied in fermentative hydrogen production processes. These types of feedstock 
have lower conversion efficiencies compared to carbohydrate-based waste since 
they contain proteins and fats [34]. Table  2 shows some results on biohydrogen 
production in batch tests using different types of feedstock.

In both biohydrogen and biogas production processes, the quality of the substrate 
has a great impact upon the process performance. Various other factors such as 
feedstock pretreatment strategies, bacterial consortia, technological parameters, etc. 
may influence the results regarding fuel gas outcome; therefore, plant operators 
should correlate the substrate selection with the specific characteristics of the tech-
nology to be used.

3  Overview on Pretreatment Strategies to Improve 
Conversion Yields

Biochemical conversion of complex biomass to fuel gas typically encounters diffi-
culties in breaking down the rigid chains of biopolymers which are hard to access or 
even inaccessible to microorganisms if not made available by pretreatments [54]. In 
anaerobic digestion processes with biogas production, it has been found that 

Table 2 Biochemical hydrogen potential (BHP) of several organic materials

Substrate
BHP (mL H2/g vs. 
substrate) Reference

Glucose 200 Riazi and Chiaramonti [45]
Sucrose 58.9–157.1a Dellosso Penteado et al. [46] and 

Pecorini et al. [47]
Food waste 25.0–101.6 Alibardi and Cossu [48] and De 

Gioannis [49]
Organic waste mixtures 78–135 Alibardi and Cossu [50]
Corn stalk waste with 
acidification

149.7 Zhang et al. [51]

Wheat straw 68.1 Fan et al. [52]
Apple and potato processing 
wastewaters

0.7–2.8b Van Ginkel et al. [53]

aResults originally expressed in moles H2/moles substrate and recalculated in mL H2/g substrate
bResults expressed in L H2/L wastewater
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hydrolysis of biopolymers is a rate-determining step. Some studies have shown that 
methanogenesis can also be considered a process stage that may control the decom-
position rate at certain ratios between the microorganisms responsible for hydroly-
sis and methanogenesis, respectively [55].

Lignocellulosic biomass that represents a huge amount of renewable biore-
sources available worldwide contains much lignin which is the biopolymer respon-
sible for impairing cellulose and hemicellulose hydrolysis [56, 57]. Lignin is 
embedding cellulose and hemicellulose in the cell to sustain its structure, but in 
microbial decomposition processes lignin blocks the microbial attack in the hydro-
lysis stage [58]. A very eloquent schematic representation of the biopolymers chains 
that make up the structure of lignocellulosic biomass is made by Hernández-Beltrán 
et al. and adapted in Fig. 1.

Algal biomass is currently considered a very promising feedstock for food tech-
nology and pharmaceuticals, but increasingly special attention is granted for the 
algal-based renewable fuel production [60]. Microalgal cell walls are composed of 
macromolecules with low biodegradability or low bioavailability that are hardly 
accessible to fermentative microorganisms. Macroalgae cell walls are composed of 
proteins and carbohydrates with complex structures that have high chemical and 
mechanical resistance, which impede the access of bacteria for the biochemical 
decay of the biopolymers [61].

Pretreatment techniques are mandatory biorefining steps for lignocellulosic and 
algal biomass solubilization [62]. Pretreatment helps to reduce the crystallinity of 
cellulose, increases its porosity and improves the liquefaction, thus facilitating the 
biopolymer release [63]. It was demonstrated that biomass pretreatment may 
enhance the hydrolysis rate up to tenfold [64]. Also, pretreatment has great benefit 

Fig. 1 Biopolymers in lignocellulosic materials and process steps (adapted from [59])
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for increasing the efficiency of the bioconversion process; research and develop-
ment may diminish the overall process cost [65]. In deciding for a pretreatment step, 
it is important that it can justify its impact on the residual biomass processing cost, 
capital costs, biomass feedstock costs and operating costs [56]. The pretreatment 
method should be selective, efficient but also economical so as not to exceed 40% 
of the overall cost of processing [66]. Prior to the biomass pretreatment step, the 
mechanical processing and preconditioning like shredding, grinding, chipping, 
blending, etc. should be avoided if possible, since this would add significant costs to 
the whole biorefining process [67].

In the last decade, extensive research has been undertaken throughout the world 
for developing various reliable and cost-effective pretreatment techniques for deg-
radation of lignin from residual biomass and for improving process efficiency in 
algal biomass recovery to produce renewable liquid and gaseous fuels. In scientific 
papers, numerous classifications of the pretreatment techniques have been pre-
sented, including mechanical, thermal, chemical and biological techniques and 
combinations thereof such as physico-chemical, bio-physico-chemical, mecano-
chemical and thermo-chemical, addressed and adapted to different types of sub-
strates [58]. However, all these pretreatment methods may be broadly grouped into 
three classes—physical, chemical and biological methods—with the mention that 
the physical pretreatment techniques are the most diverse, including mechanical, 
thermal, electrical pretreatment, irradiation, etc. [68]. Figure 2 shows a centraliza-
tion of the biomass pretreatment methods for anaerobic fermentation processes with 
the production of fuel gas and fermented residual material.

In the industrial practice, some combinations of the mentioned techniques have 
become more efficient and advantageous options in terms of bioconversion effi-
ciency and costs throughout the bioprocessing chain. Even a combination of three 
pretreatments (e.g. mechanical, thermal and chemical pretreatment) can be efficient 
while contributes to the cost optimization and to the improvement of the energy bal-
ance of the technological pretreatment stage [69].

Physical pretreatment aims at reducing the biomass particle size by applying an 
external physical force and may include various techniques such as mechanical 
beating, sonication, milling, cavitation, extruding, microwave irradiation, deflaking, 
dispersing, refining, etc. [70]. The physical pretreatment methods are fairly eco- 
friendly, and in general they do not produce toxic compounds, but the major disad-
vantage is that they are high-energy consumption options [71].

Chemical pretreatments (acidic, alkaline, oxidative, ionic liquids, organosolv 
process, deep eutectic solvents, etc.) result in the disruption of the inter- and intra-
molecular forces and chemical bonds that hold together the biomass components 
[58, 71]. Although chemical pretreatment methods have proven effective in acceler-
ating the hydrolysis step, they are less applied since they may increase the risk of 
inhibition of microbial activity due to the effect of some compounds with toxic 
effect. In addition, chemical pretreatment often generates environmentally harmful 
chemicals, such as aldehydes, phenolic acids, furfural, etc. [64, 72]. Moreover, 
chemical treatment can result in losses of organic matter causing decrease in the 
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biogas potential of the biomass substrate. For all these reasons, chemical pretreat-
ment is a less popular option [73].

While the conventional physical and chemical pretreatment methods require 
expensive materials and devices and imply a high energy consumption, the biologi-
cal pretreatments are less energy consuming and less polluting and have low dis-
posal costs. They involve microorganisms with cellulolytic and hemicellulolytic 
abilities which contain degrading enzymes and produce the biomass biopolymer 
decomposition [64]. Biological enzymatic pretreatment methods operate with mild 
conditions, and even if these methods lead to a lower methane yield in anaerobic 
digesters compared to the thermal methods, they have lower energy requirements 
[74]. In recent years, biological pretreatment methods have become increasingly 
used and common due to many advantages compared to non-biological methods, 
mainly related to an enhanced total biogas and methane yield. However, the poten-
tial of these techniques is far from being sufficiently explored and exploited [75]. 
The effectiveness of the biological pretreatment methods is negatively affected by 
the microbial growth rate which is fairly slow [76].

It is unanimously accepted that each pretreatment option has its specific advan-
tages and disadvantages, but a cost-effective pretreatment method that should be 
also environmentally friendly to completely decompose the recalcitrant compounds 
from biomass for fuel gases and other value-added products is not yet decided. 

Fig. 2 Pretreatment methods to enhance biomass conversion to fuel gas
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Furthermore, the mechanisms of the processes in each technique are not yet well 
discovered so that an optimization of the operational and technological conditions 
is possible [71]. Hence, further research for the development of advanced residual 
biomass pretreatment technologies with adequate reaction mechanism control, also 
fitted to the particularities of various biomass and for minimal costs, are still 
needed [65].

4  Biochemical Routes and Metabolic Pathways

Residual biomass generated abundantly from numerous economic sectors is a very 
valuable resource through the organics content that can be recovered by bioconver-
sion into fuel gases and a mineralized product much attractive for crop eco- 
fertilization. Anaerobic fermentative bioprocesses such as anaerobic digestion with 
biomethane generation and dark fermentation with biohydrogen production have 
attracted increased interest in the research environment in the current context of the 
need to replace conventional fuels with green fuels produced mainly from munici-
pal, agro-industrial wastes and crop residuals [77].

The biological methanation involves methanogens that use carbon dioxide, 
hydrogen and other simple precursors (acetate, methylamine, formate, etc.) resulted 
as metabolism products from biochemical decomposition of complex biopolymers, 
followed by the conversion of simple molecules into methane and other gases [78]. 
A schematic representation of degradation steps involved in fermentative biomass 
breakdown for biogas and biohydrogen production by anaerobic digestion and dark 
fermentation respectively is shown in Fig. 3.

Besides biomethane that has been largely exploited, biohydrogen produced from 
carbohydrate-rich substrates through biological processes using microorganisms is 
believed to be another key energy carrier for the future [79].

Anaerobic conversion of the organics-loaded substrate to produce fuel gases 
takes place on very diverse and complex biochemical pathways, specific to micro-
bial metabolism, involving a wide spectrum of fermentative microbial species (bac-
teria and fungi) through the enzymes they produce. The various microbial species 
require specific environment conditions in terms of acidity, temperature and nutrient 
concentrations that would ensure optimum growth [80].

Under metabolic interaction the fermentative microorganisms work together to 
decompose the organic matter to the final metabolic products.

The full mechanism of methanogenesis is particularly complex, as some aspects 
of biochemical pathways have not been elucidated so far. The biochemical pro-
cesses go successively through the following four biochemical transformation steps: 
hydrolysis of complex biopolymers; acidogenesis to organic acids, aldehydes and 
alcohols; acetogenesis involving the formation of acetate, CO2 and H2; and metha-
nogenesis which is the final stage of conversion having methane as product of inter-
est, along with other gases [90, 81].

Biochemical Conversion of Residual Biomass: An Approach to Fuel Gas and Green…



60

Hydrolysis is a slow step that limits the speed of the overall process, when 
enzymes (exo-enzymes) secreted by groups of aerobic or optionally anaerobic 
microorganisms attack the complex molecules of the organic matter (cellulose, 
starch, pectin, hemicelluloses, proteins and fats) and convert them into soluble com-
pounds with simpler molecules (cellobiose, sucrose, maltose, xylobiose, fatty acids, 
amino acids and peptides, nitrogenous bases, etc.) [82]. The hydrolytic microorgan-
isms are more resistant than other species; they can easily adapt to different acidities 
of the environment and cope much better with sharp variations in environmental 
conditions, but they are also not very sensitive to various harmful compounds from 
the fermentation medium [83].

Acidogenesis, in which hydrolysis products are transformed into simple organic 
acids (formic, acetic, propionic, butyric, valerianic, lactic, malic, etc.), alcohols 
(methyl, ethyl, propyl, butanediol, etc.) and numerous gases (carbon dioxide, hydro-
gen, ammonia, hydrogen sulphide). Acidogenesis runs much faster than the other 
anaerobic digestion stages, but the accumulation of fatty acids in the fermentation 
slurry is considered one of the major causes responsible for the failure of the digester 
before the methane production start [54, 84].

Acetogenesis, where fatty acids are converted into acetate, hydrogen, bicarbon-
ates, formic acid and methanol. During acetogenesis, hydrogen is also produced, 
but it is rapidly consumed by hydrogenotrophic methanogens [54, 85]. Acetate may 
be produced also in acidogenesis stage from glycerol and from long- chain fatty acid 
oxidation [84].

Fig. 3 Biodegradation steps for biomass breakdown to biogas and biohydrogen
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Methanogenesis, the final stage of the anaerobic digestion process, where ca. 2/3 
of the biomethane is produced by acetoclastic methanogenesis starting from acetic 
acid but the remaining 1/3 of the biomethane is produced from hydrogen and CO2 
by hydrogenotrophic methanogenesis. Biochemical pathway studies showed that 
methanogenesis from methanol, methylamines and formate also occurs [86]. Some 
other gases besides methane and carbon dioxide, which resulted during the second 
stage of the fermentation process (hydrogen sulphide and ammonia), may be found 
in the biogas mixture. It was proved that methanogenic species represent microbial 
groups most sensitive to the environment conditions (acidity, temperature, inhibi-
tors) in anaerobic digestion. Also, they have a significantly slower regeneration time 
of 5–16 days compared to acidogenic bacteria which have a regeneration time of 
less than 36 h [87]. The main chemical reactions describing the biochemical steps 
and the enzymes involved in the metabolic reactions are briefly presented in Table 3.

In anaerobic fermentative processes for biomethane, various microbial consor-
tiums must co-exist in the fermentation mass in a proper biochemical balance, 
although they disturb each other in terms of optimal growth conditions. Methanogens 
may become inactive or even die if the environment conditions in the fermentation 
reactor are not appropriate or constant. When any process unbalance occurs, the 
acidogenic bacteria start growing fast and make the volatile fatty acids increase 
sharply, automatically leading to slowing down or even stopping biogas produc-
tion [91].

Due to the complex and interactive dynamics of the different microbial groups in 
anaerobic digestion, with a disproportionate quantity of various microbial groups 
that have a direct influence on the overall process reaction rate, the anaerobic diges-
tion for producing biomethane is a very much unstable biochemical process, with 
the risk of process failure in case of any slight variations of the environmental 
parameters [81].

Hydrogen may be regarded as one of the most interesting fuels of the future since 
hydrogen combustion is an eco-friendly energy generation process as it releases 
only water vapours. Currently, hydrogen is produced largely by chemical processes 
from natural gases, hydrocarbons or coal and also by water electrolysis, but only a 
small part is generated from biomass, as seen in Fig. 4. The main beneficiaries of 
hydrogen synthesis are chemical industries, mostly for producing fertilizers and 
petroleum derivatives [34].

However, using non-renewable sources to obtain hydrogen is not a very attractive 
option in terms of environmental impact; sustainability of hydrogen production and 
storage still remains an important challenge. As a cleaner solution, biochemical 
hydrogen synthesis has been adopted to minimize CO2 emissions. Biological pro-
cesses for producing hydrogen are less energy consuming and have a great potential 
to be implemented as a more advantageous alternative to regular methods. Moreover, 
they could use low value feedstock, such as waste biomass and other industrial or 
municipal organic residuals [24].

Biological pathways to produce biohydrogen can use both autotrophic and het-
erotrophic microorganisms. The process is catalysed by anaerobic bacteria and/or 
algae, and it runs in aqueous environment at normal temperature and pressure 
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conditions. At sites where large amounts of residual biomass are available, small- 
scale installations for hydrogen production are efficient solutions for waste treat-
ment, while eliminating transportation costs associated to their disposal [24, 92]. 
Conversion processes could be though classified in various ways, depending on 
particularities, but the two major options for producing biohydrogen are the light- 
independent (in darkness) and the light-dependent processes. The main processes 
by which biohydrogen can be biochemically generated are shown in Fig.  4. All 
these biological pathways are alternative options for producing renewable fuel gas, 
and their development could lead to important benefits in the renewable energy 
production landscape.

Among biochemical conversion processes to biohydrogen, dark fermentation is 
extensively used for various organic waste and algal biomass recovery. Given its 
higher production rates and with the advantage to possibly treat large amounts of 
organic wastes, dark fermentation is the most promising and the most studied tech-
nology for hydrogen gas production [93].

In dark fermentation that takes place in anoxic conditions, biohydrogen is gener-
ated as a metabolic product from the activity of heterotrophic anaerobic bacteria 
whose growth implies oxidative degradation of the organic substrates. Figure  1 
shows schematically the pathways of biomass conversion into biohydrogen by dark 
fermentation. There is a strong similarity between the stages of anaerobic digestion 
and dark fermentation as both are anaerobic fermentation processes. Dark fermenta-
tion is related to anaerobic digestion, with the mention that the common process 
stages are limited to hydrolysis, acidogenesis and acetogenesis. After these stages, 
the biochemical processes of producing biomethane, respectively biohydrogen, are 
conducted to different pathways; differences that induce the shift of biochemical 
reactions towards the production of either biomethane or biohydrogen lay in the 
operating conditions. In dark fermentation, the growth of methanogens must be 
inhibited, and several strategies as operating at low hydraulic retention time or at pH 
lower than 6.5 could be employed, as well as the inoculum pretreatment or use of 
selected bacteria strains, etc. [94].

Degradation products from substrate decay ensure the metabolic energy required 
for bacterial growth, as well as the necessary building blocks. During this process, 
electrons are generated and tend to be protonated for fulfilling the electrical stability 
of the environment; therefore, molecular hydrogen is formed.

Depending on the temperature regime, different fermentative microorganisms 
(e.g. Enterobacter sp., Clostridium sp.) participate in the biohydrogen production. 

43%
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Fig. 4 Sources of hydrogen and main applications

Biochemical Conversion of Residual Biomass: An Approach to Fuel Gas and Green…



64

Other microbial species also produce hydrogen but on low amounts that are consid-
ered unsuitable for high-scale dark fermentation units (Vibrionaceae sp., 
Veillonellaceae sp., etc.). As seen in Fig. 5, glucose was taken as example for carbo-
hydrate compounds. By strictly anaerobic bacterial fermentation, 4 moles of biohy-
drogen are generated by 1 mole of glucose in processes where the acetic acid is the 
end-product. In case of butyrate as end-product, 2 additional moles of biohydrogen 
are generated by other bacteria species. Fermentation of carbohydrates leads mainly 
to acetic and butyric acids in addition to biohydrogen [95].

Besides this theoretical potential, in practice, the fermentation pathways, sub-
strate type and end-products are significantly influencing the hydrogen production; 
therefore, the process parameters involved in the metabolic balance must be strictly 
monitored and adjusted. High yields of biohydrogen can be obtained if residual 
biomass is rich in sugars; this type of biomass is the most recommended organic 
substrate for dark fermentation; therefore, the process viability can be improved if 

Fig. 5 Hydrogen production biochemical pathways (adapted after [24, 92])
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available, inexpensive, high-carbohydrate content and easily biodegradable fermen-
tation materials are used [96].

Apart from dark fermentation, some other biochemical processes for biomass-to- 
biohydrogen conversion are used at smaller extent, as shown in Fig. 5. Biophotolysis 
of water is a technique in which green algae and cyanobacteria decompose water 
into hydrogen and oxygen. Within the direct biophotolysis, H2-producing green 
algae generate hydrogen gas mostly with the aid of hydrogenase enzyme (e.g. 
Chlamydomonas reinhardtii, Platymonas subcordiformis, Chlorella fusca, etc.), 
under anaerobic conditions. But there are also some other types of algae (e.g. 
Dunaliella salina) that do not use hydrogenase enzyme for biophotolysis [97]. By 
biophotolysis, cyanobacteria, which are photoautotrophic microorganisms and con-
tain photosynthetic pigments, use hydrogenase enzyme as well as nitrogenase 
enzyme to produce biohydrogen. Some examples of such cyanophytes include 
Calothrix sp., Oscillatoria sp., Anabaena sp., etc., from which Anabaena variabilis 
has recently got increased attention due to its high hydrogen production potential.

Under nitrogen-deficient conditions, biohydrogen is produced by photosynthetic 
bacteria from reduced organic acids, catalysed by nitrogenase enzyme, and using 
light energy. The potential of photoheterotrophic bacteria to use light energy in 
decomposing organic compounds for hydrogen production has also been investi-
gated [34].

In hybrid systems using fermentative and photosynthetic bacteria, the anaerobic 
fermentation of the substrate produces low molecular weight intermediates that are 
then submitted to photosynthetic bacterial attack in a photo-bioreactor. In the case 
of glucose, after the first stage of the process (dark fermentation), the metabolite 
product of the bacteria is acetic acid which is further reacted to carbon dioxide and 
hydrogen. In total, 12 moles of biohydrogen are theoretically expected, as seen in 
Fig. 5—Hybrid systems (a).

Bioelectrochemical bioreactor-assisted conversion is another type of hybrid sys-
tem in which microbial fuel cells generate electrons and protons during organic 
matter decomposition by bacteria. The electrolyte carries the protons towards the 
cathode, while electrons travel towards the cathode via a circuit, generating electri-
cal current, and oxygen reacts to electrons and protons forming reduced compounds. 
In a bioelectrochemical microbial reactor, in order to decompose acetate, a theoreti-
cal voltage of 0.11 V was applied to eliminate oxygen and evolve hydrogen. Even 
though the real necessary voltage was found higher (0.25  V) to counter system 
resistance, this voltage is significantly lower than what is required for water elec-
trolysis with hydrogen production in alkaline media (1.8–2 V) [92, 98].

5  Conversion Technological Parameters

The proper running of the fuel gas production processes in both anaerobic digestion 
and dark fermentation processes relies on the system capability to prove suitable 
environmental conditions for specific microbial communities’ growth. This is a very 
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important aspect as major disturbances in the microbial equilibria generally lead to 
ceased gas production and consequently to important financial loses for industrial 
plants. There are various factors affecting the performance of biomethane and bio-
hydrogen obtaining processes, but most commonly, they are classified as related 
either to the fermentation substrate characteristics or to process/operational condi-
tions. Figure 6 shows the factors with major influence on anaerobic digestion and 
dark fermentation processes.

Metabolic pathways of anaerobic digestion and dark fermentation are very simi-
lar processes in terms of degradation steps, but each has its own specificity which 
makes biomass conversion switching towards biogas or biohydrogen. Hence, a 
comparative discussion of optimal factors in anaerobic digestion and dark fermenta-
tion is made below.

Among the requisite characteristics of the organic substrate for obtaining high 
biomethane yields in the anaerobic digestion processes, the proper carbon-to- 
nitrogen (C/N) ratio of the feedstock must be carefully controlled. A ratio from 20 
to 30 is generally considered optimal, as the consumption of organic carbon by 
bacteria is much faster than that of nitrogen. On the other hand, good results have 
also been obtained for other C/N ratios, associated to the biodegradability of the 
carbon source, which make substrate biodegradability another important character-
istic of the feedstock [25]. As for dark fermentation to produce biohydrogen, organic 
matter with C/N ratio higher than 30 has been associated with increased production 
[25]. Also, in both processes, proper gas yields were observed when good-quality 
inoculum with high specific bacteria load was used [47, 91]. Moreover, the 
inoculum-to- substrate ratio adjustment is essential for process kinetics optimization 
taking into consideration the nature of both substrate and inoculum [99].

The buffering capacity of the environment, as sum of buffer capacities of the 
feedstock materials and inoculum, should be also carefully adjusted for the deed 
that degradation reactions during the fermentation result in different acidity species 
and subsequently to a drop in pH values or very basic fermentation mass. Drastic 
changes in the pH lead to unwanted degradation products and poor gas production 
yields. For example, lignocellulosic materials are characterized by high carbon-to- 
nitrogen ratios and low buffering capacities, unlike animal manure or sewage sludge 
which have in reverse low C/N ratios and high buffer capacities. For a good conver-
sion to fuel gas, mixtures of several feedstock materials to balance the physico- 
chemical properties of substrate are recommended [100].

Fig. 6 Factors affecting biomass conversion into fuel gas in fermentative processes
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Employed to adjust the properties of the substrate and fulfil the requirements of 
an efficient bioconversion in anaerobic digestion processes, co-digestion of organic 
materials has also proven a good strategy. Co-digestion can enhance the digester’s 
performance by its influence on the cumulative biogas/biomethane production, lag 
phase time length and production rate.

Some inhibitions may occur in the fermentative processes due to unappropriate 
nutrients necessary for metabolic growth of useful microflora. For instance, Fe, Ni 
and Co are essential nutrients for high conversion of acetate into methane by aceto-
clastic bacteria. Fe and Ni microelements were similarly reported to enhance biohy-
drogen production. Light and heavy metal ions, phenolic compounds, ammonia and 
other metabolites or toxic compounds brought within the substrate may negatively 
affect the biogas and biohydrogen productions alike, depending on their concentra-
tion [24, 87].

Thermal regime is particularly a relevant factor highly altering the fuel gas pro-
duction in anaerobic digestion and dark fermentation processes. Generally, higher 
temperatures have been associated with increased fuel generation, but in such case 
the biochemical processes may become more prone to imbalances at even small 
variations of environmental conditions within the digester. Increasing temperature 
is reflected in higher costs for heating and requires more careful process monitoring 
and control. Fermentation can take place at various temperature ranges, convention-
ally classified in several categories. Most fermentative processes are developed at 
ambient (15–27 °C) temperatures, at mesophilic (30–45 °C) temperatures or moder-
ate thermophilic (50–60 °C) temperatures. Cryophilic (<10 °C), extreme thermo-
philic (65–80 °C) and hyperthermophilic (>80 °C) conditions are scarcely used [44, 
87, 95]. It has been noticed that to a certain level, temperature augmentation 
improves the reactions kinetics, but the optimal digestion temperature for each proj-
ect should be set for every specific configuration as it may vary with the composi-
tion of raw materials, reactor type, bacterial specificity from inoculum, etc. [44]. 
Thus, even though the fermentation at higher temperatures is typically more effi-
cient than at lower temperatures, a temperature range that simultaneously preserves 
the advantages of fast microbial multiplication and high process efficiency should 
be pursued.

The optimal pH for methanogenesis under anaerobic digestion should range 
between 6 and 7.5, while the dark fermentation requires optimal pH values from 5.5 
to 6.0; for this low pH, repression of methanogenic microorganisms is promoted 
while indirectly increasing H2 production [34].

Organic loading in the digester is a good indicator of nutrient level availability 
for consumption by microorganisms, and it is also directly linked to the reactor 
performance. The operator responsible for the biomethane/biohydrogen production 
facility should have minimal information on the biodegradability of the substrates 
so as not to overload the system nor to operate the reactor at under-capacity. For 
continuous systems, the organic loading rate, which may be defined as the mass of 
volatile solids entering the digestion tank in unit time, should take into account the 
limits of the reactor. For example, a sudden increase in the organic loading rate may 
cause a fast release of volatile organic acids, which accumulate, leading to 
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acidification in the fermentation medium and causing process imbalance. For undis-
turbed fermentation and optimum production of fuel gas, it is necessary that con-
stant organic loadings should be provided [87].

The fermentation time (in batch operation) and the hydraulic retention time (in 
continuous operation) are process parameters with decisive influence on the produc-
tion yield. Thus, under batch operation mode, the biogas production in anaerobic 
digesters is ceasing when the substrate has been exhausted. The complete fermenta-
tion process could last from several days to weeks or months depending on the fer-
mentation temperature [101].

For biohydrogen, the duration of dark fermentation in batch regime is usually 
short, of about 2–3 days on average, but some experimental results indicate good 
hydrogen yields at hydraulic retention time shorter than 14 h [102–105]. In select-
ing the hydraulic retention time lengths for continuous processes, several factors 
should be considered. The optimal period for mesophilic anaerobic digesters is 
between 10 and 20 days of fermentation, but this could depend on the reactor design 
or particularly on the substrate biodegradability [106]. For example, a short hydrau-
lic retention time, usually less than 3 days, may induce reduction of the methano-
gens which are slowly growing and promote acidogenic bacteria growth, thus 
favouring the hydrogen production. On the other hand, a too high feeding rate would 
lead to poor hydrolysis of the substrate [94, 107].

The influence of homogenization on the fermentation outcome has been studied 
at a larger extent for anaerobic digestion than for dark fermentation. Mechanical 
stirring inside the reactor can improve the availability of microorganisms in the 
substrate by increasing their contact with the substrate. Homogenization could be 
also ensured by feedstock hydrodynamics as well as by the gas flowing inside the 
reactor, in connexion to the hydraulic retention time [108]. In case of mass mixing, 
the hydraulic retention time is reduced, and reactions in the fermenter are fostered.

On the other side, the need for mixing should be well assessed since excessive 
mixing increases the energy consumption, but mass agitation may negatively influ-
ence the balance of microorganisms, with effect on the fuel gas production. Besides 
ensuring the substrate homogenization within the reactor, mass mixing is also use-
ful for balancing the temperature and for preventing scum, sediment or any inactive 
areas to be developed. Slight mixing can ensure the homogeneous concentration of 
nutrients and metabolic products of microorganisms [87].

Pressure influence on biomethane/biohydrogen production has not been largely 
investigated, neither explained from a biochemical perspective. The pressure effect 
is supposed to be associated to various syntrophic phenomena between microbial 
species like acetogens and methanogens and usually held responsible for hydrogen 
exchange between species [109]. Some experiments demonstrated that by increas-
ing the hydrostatic pressure inside the reactor, the methanogenesis was negatively 
affected [91].

Regarding dark fermentation processes in continuous biohydrogen synthesis, the 
biochemical pathways were found sensitive to hydrogen concentration increments 
which switched the metabolic pathways towards the formation of other chemical 
products such as ethanol, butanol, propanone, lactate, etc. System response to the 
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hydrogen concentration decreases with increasing temperature [81]. The study of 
pressure influence on fermentative processes requires in-depth analysis and could 
be a prospective research topic.

6  Biogas Upgrading Methods

Methane is the component of biogas that decides its energy value; methane concen-
tration in biogas varies between 50% and 70%. The second major component found 
in high concentration in biogas is carbon dioxide which accounts the non- 
combustible share of biogas. Except for methane, the other biogas components con-
tained in minor amounts (water, nitrogen, oxygen, hydrogen sulphide, ammonia, 
siloxanes, volatile organic compounds, etc.) are practically unwanted components, 
that may cause damage in various ways and have to be removed through cleaning 
and upgrading processes, with the main scope to protect the metallic parts and raise 
the calorific power of biogas [110].

Among the compounds to be removed from biogas so as to allow the use of bio-
methane in combustion and transport processes is hydrogen sulphide, which is pro-
duced from sulphate reduction and is found in biogas in concentrations up to 
4000 ppmv. Hydrogen sulphide is corrosive to engines, pipes, gas storage tanks, 
compressors, etc. but is also an inhibitor for catalytic reforming. Moreover, it is well 
known that sulphur dioxide is generated by burning H2S, which is a pollutant for the 
environment. Hence, the many potential problems that sulphur hydrogen can cause 
require its removal from biogas through an upgrade process before its use as a fuel 
[111]. Biogas produced from wastewaters can contain siloxanes formed from the 
organic silicon compounds which arrive in sewage sludge due to the various uses of 
silicon-containing compounds in households and industries [112]. Even if they are 
found in low concentrations of up to 10.6 ppmv [112], the presence of siloxanes in 
biogas is associated with serious problems since silicone oxides may generate sticky 
residues by combustion. This unwanted residue can be deposited in the engines and 
valves causing severe malfunction [110]. Biogas upgrading is aiming at obtaining 
purified biogas, namely, biomethane, which is very close to natural gas standards 
after removing carbon dioxide and other impurities such as water, hydrogen sul-
phide, siloxanes, etc. [113].

At present, the technologies for biogas upgrading are very diverse and very effi-
cient; the choice of the most optimal process takes into account the application for 
which the biomethane will be used. There are big differences between the quality 
requirements of biogas for stationary CHP engines, where the concentrations of 
water vapour and hydrogen sulphide in biogas must not exceed 1000 ppmv, while in 
biogas for transport and biogas injected into the gas grid, carbon dioxide and other 
impurities must be removed so as to upgrade the biogas to >95% methane, accord-
ing to specific national standards [1].

Several conventional and commercially available technologies for biogas physi-
cal upgrading are currently used for various applications, water scrubbing, organic 
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solvent scrubbing, pressure swing adsorption and membrane-based upgrading, 
while other emerging technologies (for instance, cryogenic methods) for biogas 
upgrading are still under developing stage [111]. Also, some chemical methods for 
converting CO2 into valuable products are successfully applied: amine chemical 
scrubbing, methanation reaction and methanol and syngas synthesis are used as 
biogas upgrading via CO2 removal and CO2 utilization technologies [111, 114, 115].

Besides the conventional technologies, the biological biogas upgrading method 
has been researched and developed as an alternative to the currently available tech-
nologies. According to Bassani, this newly developed method involves hydrogeno-
trophic methanogens to react CO2 from biogas and H2 from external source, thus 
producing additional CH4 through biochemical pathways. Table 4 summarizes the 
main features of each of the conventional biogas upgrading methods widely applied 
commercially. The emerging technologies which proved good results in removing 
contaminants like CO2, H2S and siloxanes but still need more in-depth research 
before being implemented on the market are briefly presented in Table 5.

The techniques presented in Tableq 4 and Table 5 are suitable for removing vari-
ous unwanted components from biogas, but a single method cannot ensure the com-
plex purification to biomethane; in general, it is recommended that two or more 
processes be combined to achieve the effective removal of biogas’ unwanted com-
ponents. The choice between one conventional/emerging biogas upgrading technol-
ogy and another is specific to each case and depends on the biogas’ quality 
requirements for the given application, but all the mentioned upgrading technolo-
gies have different advantages and disadvantages [1].

Carbon dioxide removal from biogas can be achieved by water or organic solvent 
scrubbing and also by separation by various means (with membranes, pressure, 
cryogenic, adsorption, etc.). Water scrubbing is most commonly used for removing 
CO2 but also for H2S, although some organic absorbents (i.e. polyethylene glycol- 
based solvents) can retain CO2 more efficiently [117]. Nevertheless, in order to 
avoid solvent deterioration due to H2S contaminant in the biogas stream, a complete 
H2S removal using activated carbon should be applied prior to organic scrubbing. In 
case the recovery of H2S from the solvent is not achieved, the capacity of the solvent 
for CO2 absorption will be greatly diminished [128].

Hydrogen sulphide removal from gas streams can be done through many tech-
nologies, but selecting the best one has to take into account several factors such as 
the composition of the gas and its final use, H2S concentration and the absolute 
quantity of H2S to be removed, variability and volume of the gas to be treated, etc. 
[129]. Among the traditional methods for removing H2S from biogas, the followings 
dominate the market: adsorption on activated carbon, molecular sieves, iron and 
zinc oxides, alkaline solids, water or solvent scrubbing and membrane purification.

In the past year, increased attention has been paid to the biotechnological meth-
ods (air/oxygen dosing to biogas reactor, biofilters) that have proved the same or 
even higher efficiency in H2S removal than the physical-chemical methods [121, 
129]. The biological methods are innovative alternatives still under development. 
Yet, many large-scale biogas facilities are equipped with H2S removal units which 
operate on the principle of biological H2S oxidation by aerobic bacteria [110].
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Table 4 Commercially available biogas upgrading technologies

Method 
type

Upgrading 
technology Principle CH4 purity [%] Reference

Physical 
methods

Water physical 
scrubbing

Biogas stream flows through a 
counter flow water in a column. 
CO2’s higher solubility in water 
makes the water absorb CO2, thus 
enriching the CH4 content of 
biogas. The method required 
biogas drying and water 
regeneration to remove CO2 by 
desorption

96–98 Adnan et al. 
[114], Bauer 
et al. [116] 
and Munoz 
et al. [117]

Organic 
solvent 
scrubbing

The same as in the case of water 
scrubbing, except for the use of 
organic solvents (e.g. 
polyethylene glycol) instead of 
water. Cooling and heating of the 
solvent are needed during the 
procedure

96–98 Adnan et al. 
[114] and 
Bassani [115]

Pressure swing 
adsorption

A water solution of amines (a 
mixture of monoethanolamine or 
di-methyl ethanol amine DEA and 
piperazine) binds with CO2 
molecules in the biogas; then, the 
amine solution is regenerated by a 
stripper that releases CO2 into the 
atmosphere

>99 Adnan et al. 
[114], An 
et al. [118], 
Augelleti et al. 
[119] and 
Bassani [115]

Membrane 
separation

Dry or wet separation of biogas 
components using selective 
membranes (organic polymer 
polyimide; inorganic zeolites, 
silica; activated carbon 
membranes, metallic-based 
materials; mixed polymer-
ceramic, polymer-carbon, etc.) as 
a permeable material for CH4, N2, 
H2S, CO2, H2O

92–96 Bassani [115], 
Bassani [111], 
Bauer et al. 
[116], 
Harasimowicz 
et al. [120] 
and Khan 
et al. [121]

Chemical 
methods

Amine or 
alkali/salt 
chemical 
scrubbing

Biogas-liquid mass transfer 
principle in a countercurrent flow, 
using absorbents such as mono-, 
di-, triethanolamine, methyl 
diethanolamine with a stripper 
piperazine or alkali aqueous 
solutions

99.9 Andriani et al. 
[122] and 
Munoz et al. 
[117]

Methanation 
(Sabatier 
reaction)

Reaction of CO2 with H2 for 
producing CH4 and H20 (Sabatier 
reaction), on selective catalysts 
(nickel or heterogeneous 
catalysts: copper-, iron-, zinc- or 
ceria-based oxides), at 
temperatures of ~500 °C and 
pressure of 5–10 MPa

Adnan et al. 
[114], 
Klankermayer 
et al. [123], 
Sun et al. 
[124] and 
Wang et al. [9]
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Siloxanes are completely synthetic organic compounds included in cosmetics, 
deodorants, shampoos, soaps, food additives, drugs and anti-foam products [112]. 
They are generally found in significant concentrations of up to 400 mg/m3 in biogas 
derived from municipal waste [130, 131]. Siloxanes must be removed from the bio-
gas stream, as by burning they are oxidized to microcrystalline silicon oxide that 
can deposit in the combustion chamber causing severe damages to engines [112]. 
The most common and effective techniques for removing siloxanes from biogas are 
physical processes such as absorption/adsorption or condensation [1, 132].

7  By-product Management Options 
and Advanced Processing

Biogas is the main product with economic value resulting from the recovery of 
residual biomass by anaerobic fermentation, but a valuable by-product is also the 
liquid material left in the digester. It is rich in trace elements and basic nutrients for 

Table 5 Emerging technologies for biogas upgrading

Method 
type

Upgrading 
technology Principle

CH4 
purity 
[%] Reference

Physical 
method

Cryogenic 
separation

Progressive decrease in biogas 
temperature followed by biogas 
compressing and then separating 
liquefied CH4 from the rest of gases 
(CO2 and other components such as 
H2O, H2S, halogens, etc.) that are 
gradually removed

98.5 Angelidaki 
et al. [110], 
Munoz et al. 
[117], 
Grande and 
Blom [11]

Biological 
method

Hydrogen- 
assisted 
methanogenesis

Bioconversion of CO2 to CH4 with the 
use of external H2 (preferably 
produced from water electrolysis) 
through two different metabolic 
pathways:
(a) Directly, involving 
hydrogenotrophic methanogenic 
archaea (most frequently 
Methanobacterium and 
Methanothermobacter species), based 
on the eq. (1):
4H2 + CO2 → CH4 + H2O
ΔGo = −130.7 KJ/mol (1)
(b) Indirectly, involving 
homoacetogenic bacteria that convert 
CO2 to acetate, followed by acetoclastic 
methanogens to produce CH4 from 
acetic acid, as in eqs. (2) and (3):
4H2 + 2CO2 → CH3COOH + 2H2O
ΔGo = −104.5 KJ/mol (2)
CH3COOH→ CH4 + CO2

ΔGo = −31.0 KJ/mol (3)

98–
100

Angelidaki 
et al. [110], 
Kougias et al. 
[125], 
Kougias et al. 
[113], 
Agneessens 
et al. [126], 
Mulat et al. 
[127] and 
Bassani et al. 
[115]
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plant growth (N, P, K) and can be used in agriculture due to its excellent qualities 
for soil fertilization. Digestate proves improved fertilizer efficiency compared to 
raw animal manure, because it has a more homogeneous texture and has a better 
ability to release nutrients, a better carbon/nitrogen ratio and much lower odours 
[133]. Other more in-depth studies that have compared the fertilizing performance 
of digestate and some types of manure have shown that digestate is better suited for 
clay soils and high levels of organic matter, while pig and cattle manure are more 
suitable for sandy soils with lower content of organic compounds [134]. It can be 
estimated that for every 1  tonne of organic waste treated by anaerobic digestion, 
around 400 kg of liquid digestate and 300–400 kg of fibre digestate can be gener-
ated [77]. Digestate management is a complex task that involves adequate solutions 
for storage, processing, transportation and utilization and should be economical and 
in compliance with environmental protection measures [135].

Despite the many advantages that this by-product can bring to agriculture or 
other sectors through bioprocessing, there are also many challenges that, if not well 
managed, can make the investment in the biogas plant unprofitable. Since digestate 
contains >90% water, it requires large space for storage, and such auxiliary facilities 
significantly augment the cost of the anaerobic digestion plant. Digestate processing 
to volume reduction and nutrient concentration involves drying, evaporation and 
retention of other pollutants (ammonia) or contaminants (heavy metals, organic pol-
lutants, pathogens, etc.), but some of these techniques require high energy or reagent 
consumption, some generate residual products, etc. [135]. If used directly as a soil 
fertilizer, the digestate is discharged from the digester and transported outside the 
facility by gas pipelines or with the help of special tanks [133], but the cost of trans-
portation is an important issue to be assessed in planning a viable biogas plant.

Before making the decision on the best management option for recovering the 
digestate effectively and economically, it is mandatory to know its physico- chemical 
characteristics as the quality of the digestate is taken into account in the decision of 
supply to end users [135]. The application of digestate to arable lands is limited on 
the one hand by the maximum level of nitrogen allowed to be supplied to the land, 
which, in most of the EU member states, is 170 kg nitrogen/hectare/year, as stipu-
lated by Directive 91/676/EEC [136]. On the other hand, many countries have 
adopted national and local regulations regarding the quality parameters of the diges-
tate resulting from the anaerobic digestion of the sewage sludge which is known to 
contain heavy metals. Regulations encourage decentralized anaerobic digestion and 
allow land application of the digestate only for on-farm product [137].

Use of digestate in agricultural farms for soil fertilization cannot cover the need 
to manage the entire amount of digestate generated in huge quantities from tens of 
thousands of large-scale biogas plants operating worldwide. The biggest biogas 
plants of a size greater than 20 MW being constructed at the moment generate over 
400,000 t/year digestate [138].

Although valuable, such increasingly generated anaerobic digestion by-product 
raises concerns about transportation costs, emissions of pollutant gases over long- 
term storage but also in terms of the large amount of nitrogen content that limits the 
digestate use exclusively for agricultural crops [139, 140].
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More recent research has been directed towards testing and implementing alter-
native ways of digestate recovery to minimize the impact on the environment and 
add value to the technological solution of the residual biomass energy recovery. 
Also, digestate management aims to open new business opportunities for the manu-
facture and sale of products based on digestate and thus reduce the operating costs 
of biogas plants [137].

The recovery of valuable components from the digestate can be achieved by 
processing it through various mechanical, physical, chemical, biological or com-
bined techniques [141]. Digestate management strategies are expected to be focused 
on biorefinery processes to produce marketable materials. Thus, as alternatives for 
digestate recovery, some scientists have developed optimized procedures to trans-
form solid digestate into high-quality compost [142, 143]. Use of solid digestate for 
vermiculture is another option for its efficient capitalization [144]. Other studies 
tested and implemented methods for making solid fuels after drying and pelletizing 
solid fraction of the digestate [145], or it can be just dried and incinerated for energy 
recovery [137]. Incineration is a proper management way for reducing the volume 
and the polluting organic matter content in digestate; some elements (P, K, Ca) 
which are collected in the bottom ash could be recovered to be used for soil fertiliza-
tion [146]. Biochar that can be obtained from pyrolysis of digestate is not only a 
valuable adsorbent material; some researchers proved that biochar can enhance the 
anaerobic digestion performance, since it can act as an adsorbent for the process 
inhibitory compounds and stand for microbial growth or electric conductor allow-
ing electron transfer. Also, they proved that biochar is an effective adsorbent to be 
used for upgrading biogas [147]. Other studies regarding digestate processing aimed 
at producing bio-oil to be used as fuel for engines [148, 149]. Digestate can be used 
for industrial purposes to produce composite materials and as building mate-
rial [138].

The liquid phase resulted after filtration of the digestate is rich in ammonium 
nitrogen, carrying ca. 70–80% of the total NH4

+-N [146]. Therefore, the liquid 
digestate may have various beneficiaries to exploit its nutrient-rich composition. It 
is mainly used for agriculture or can be recirculated to the digester instead of pro-
cess water for diluting the biomass feedstock and supplying fermentative microbi-
ota. Another option for liquid digestate management is to utilize nutrients, such as 
nitrogen and phosphorus, and organic matter for cultivating mixotrophic microal-
gae, thus enhancing the biomass productivity in bioreactors and supply feedstock 
for the biorefinery industries [137, 150]. Digestate use as a carbon source in micro-
bial fuel cell reactors has gained popularity in the last decade [151, 152]. Figure 7 
displays the main management options of the advanced recovery of the by-products 
resulting from the biomass residues’ anaerobic bioconversion within the concept of 
circular bioeconomy.

Catalytical conversion of anaerobically digested biomass takes place in catalytic 
reactors that produce pyrolysis gaseous mixtures which could be used as feedstocks 
in the production of chemicals/source of hydrogen/running of gas turbines for gen-
eration of power. Advanced techniques of catalytical biomass conversion through 
supercritical water gasification has been investigated by Güngören Madenoğlu for 
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different reaction temperatures and alkali catalysts (KOH, NaOH, LiOH and K2CO3) 
to produce methane, hydrogen and aqueous products (aliphatic hydrocarbons, phe-
nol, substituted phenols, N-heterocyclic, substituted N-heterocyclics and substi-
tuted benzene) that can be used for various chemical synthesis [153].

Related studies revealed that some metallic catalysts (e.g. Ru/C) may result in 
high methane production, while alkali catalysts (NaOH, K2CO3, etc.) may acceler-
ate hydrogen production [154, 155].

Compared to thermochemical conversion, the biochemical conversion is much 
slower and does not require much external energy, but the reaction pathways involve 
biocatalysts to convert the organic components into intermediates and final prod-
ucts. Biomass conversion into biochar, bio-oils and gaseous intermediates by ther-
mochemical methods requires heat and/or various catalysts [156].

In dark fermentation, hydrogen yields are influenced by the metabolic pathways 
that are followed; a large part of the organic fraction fed in the bioreactor remains in 
the liquid phase at the end of the conversion process, in the form of alcohols, fatty 
acid unfermented material and other by-products. Under optimal fermentation con-
ditions, the organic matter found in the effluent is about 60–70% from the organic 

Fig. 7 Digestate management options for the materials’ advanced recovery
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matter fed into the bioreactor [93]. For increasing the energetic yields, one approach 
is to couple dark fermentation with other processes from which a second useable 
form of energy can be obtained. The remaining organic matter from dark fermenta-
tion could be thus reused either to produce biomethane or to recover additional 
biohydrogen by photo-fermentation or in a modified microbial fuel cell [93, 96]. 
Advanced fuel gas recovery could be carried out in a two-stage process as seen 
in Fig. 8.

Integrated technologies offer several advantages such as higher net energy recov-
ery and better waste stabilization. The two (multi-)step processes are promising 
technologies, but their practical applicability is fairly narrow, and further research is 
still required in order to enhance their viability.

8  Future Prospects and Innovative Research Directions

Numerous social, economic and environmental reasons have increasingly driven 
interest in bioenergy production worldwide, but in the last decade vast research 
work has been reported on anaerobic digestion and dark fermentation processes as 
well. Important advances have been made in several research directions, but there 

Fig. 8 Two-stage integrated systems for biohydrogen and biomethane recovery by anaerobic 
digestion (1); additional hydrogen recovery by photo-fermentation (2); additional hydrogen recov-
ery in a microbial fuel cell (3) (adapted after [96])
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are still many aspects that should be closely investigated for further improvements 
of fuel gas production [14, 157]. In Fig.  9, important research directions which 
require further prospects and some innovative developing optimization strategies 
for biomethane/biohydrogen production processes are summarized.

The biogas production technologies have reached a technological maturity level 
which makes them feasible for large-scale application; the future goals of research 
in the field should be more focused on controlling biochemical process stability, 
increasing feedstock availability and lowering production costs, as well as on biogas 
upgrading to make it suitable as transport fuel [158].

Compared to anaerobic digestion which has been more widely investigated, dark 
fermentation is still a rather immature practice, not sufficiently developed to be 
commercially available. The main challenge in dark fermentation is that the conver-
sion efficiency of the process as a whole is still low in comparison to theoretical 
data. Since about 67–85% of the substrate leaves the reactor before being decom-
posed, many efforts still need to be made to increase the conversion efficiency of the 
substrate and thus the production of biohydrogen [34]. Scaling-up the biohydrogen 
production systems and developing continuous pilot-scale or industrial-scale biore-
actors are currently still a challenge. Improvement of dark fermentation energetic 
yields requires a deeper knowledge of microorganisms’ biology and interactions, 
selection of appropriate substrates and pretreatment strategies. Also, further 

Fig. 9 Research directions for advances in biochemical conversion to fuel gas and by-products
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investigations regarding possible joinder of dark fermentation with other waste-to-
energy management options, such as anaerobic digestion, are required in order to 
get a better substrate conversion [96].

In both cases, the metabolic engineering of microbial strains emerges as an inno-
vative new research direction. For instance, developing thermophilic bacteria strains 
able to ferment lignocellulosic or other heavily biodegradable biomass, also able to 
withstand environmental conditions’ sharp variations during fermentation stages, 
and have a better behaviour against competing species could be a good approach to 
increase fuel gas production in fermentative processes. Moreover, gene encoding 
could be used to develop microorganisms which selectively follow biochemical 
pathways in order to obtain higher production yields and a cleaner gas requiring less 
purification or upgrading [157].

The development of some new degradation biocatalysts such as different types of 
enzymes with broader spectrum of applications and more effective in the hydrolysis 
of biopolymers should be explored in further research. Thus, enzyme-producing 
microorganisms could be successfully used to increase the biochemical process per-
formance, being able to act as microbial catalysts of biochemical reactions. The 
type and characteristics, but also the amount of biocatalysts, may highly influence 
the fermentation process stability and the conversion rates, which make the cost of 
their production to be considered evenly [40]. On the other hand, prior or along with 
developing advanced biocatalysts, a higher comprehension of biochemical pro-
cesses that affect anaerobic digestion and dark fermentation should be followed. A 
deeper understanding of microorganisms’ interactions among each other and with 
their environment, for example, by molecular analysis, enables the development of 
a knowledge-based process control which uses reproducible forecasts on how the 
fermentation systems reacts to varying external influences for process optimiza-
tion [159].

Pushing forward the existing technology for obtaining fuel gas is also an impor-
tant challenge, being correlated to the need of improving bioreactor designs, reduc-
ing the hydraulic retention time without affecting the gas production rate, enhancing 
gas storage volume, etc. [160]. Moreover, advances in the fermentation process 
monitoring and control are still to be made. The existing limitations in bioprocesses 
monitoring are considered one of the major challenges opposing progress in the fuel 
gas production field.

Developing new monitoring techniques and equipment or improving the existent 
ones (such as biosensors, optical sensors, immunosensors, etc.) could lead to ade-
quate operation of bioreactors and higher production yields along with higher finan-
cial gain and process sustainability [161]. Additionally, developing integrated or 
multi-stage processes is a promising possibility for obtaining enhanced conversion 
yields of organic matter to fuel gas. An example of such a system is the coupling of 
dark fermentation with biomethane production in anaerobic digesters, providing a 
better use of the discharged substrate [93, 96].

The need to obtain pure gases represents another challenge of the bioconversion 
processes, as either high financial investments in maintaining optimum operational 
conditions or enhanced upgrading techniques for gas purification and elimination of 
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trace gases are required. Regarding the latter, various techniques for gas upgrading 
have been employed, whether physico-chemical, biological or combined tech-
niques, but there are still some inconveniences that need to be surpassed. For 
instance, membranes employed in gas separation are costly and fragile, while cata-
lysts in chemical hydrogenation process are easily degenerated and need periodical 
replacement [110].

Other exploitable directions could be the reduction of handling cost associated to 
the fermentation effluent and mitigation of its potentially hazardous influence on the 
environment. In this purpose, several approaches could bring proper results: 
advanced separation of useful chemicals, low-energy-consuming concentration 
techniques for further use as fertilizer, improved recovery techniques for water sav-
ings, etc. [162].

Further expectations in the fuel gas production using anaerobic digestion and 
dark fermentation processes rest also on engineering and scientific advances in the 
sector of feedstock supply. Although fermentation can be conducted on a wide vari-
ety of possible substrates out of which organic wastes are preferred, ensuring con-
tinuous feedstock to the processes may be sometimes a challenge for constant fuel 
gas production. Catch crops, which are plants not intended for food but grown inter-
cropped with food crops, contributing to the enrichment of the soil, have been previ-
ously investigated for bioethanol productions; their degradation to biohydrogen and 
biogas should also be considered. The selection of new substrates and their subse-
quent processing to make them suitable for fuel gas production should take into 
account some criteria such as availability, biodegradability, cost (of production/pro-
cessing/transportation), chemical composition and contaminants, etc. [157, 163]. 
Developing effective pretreatment techniques of lignocellulosic biomass which is 
recalcitrant to degradation is also a key point in widening substrates choices for 
biomass-to-fuel gas conversion processes [40].

To summarize, there are still multiple directions for possible improvements of 
anaerobic digestion and dark fermentation to be approached towards increasing 
global process efficiency, so as to bring important contribution to developing sus-
tainable bio-based fuel gas industry while supporting the circular economy.

9  Conclusions

Residual biomass is an inexhaustible energy resource derived from human, animal 
and plant waste. It contains organic matter that stores the energy produced in plants 
by photosynthesis, energy that is transferred through the food chain to animals and 
human beings and finally to their waste. Energy recovery from residual biomass 
may partially replace fossil fuels but also help in maintaining environmental bal-
ance by reducing greenhouse gas emissions and soil and water pollution.

Biomass biochemical conversion technologies can provide environment-friendly 
option for producing gaseous and liquid fuels with the help of specific enzymes as 
biological catalysts to break down biopolymers from biodegradable waste into 
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various intermediates and final products. Although the biochemical conversion is 
much slower than thermochemical conversion, it is the most suitable and economi-
cal option for treating wet waste since not much external energy is required. There 
are two different approaches for the biochemical conversion processes to fuel gases 
(anaerobic digestion, dark fermentation), but the process parameters are those which 
decide the biochemical conversion pathway and implicitly the metabolism prod-
ucts; nevertheless, for a better recovery of the organic matter, the two processes can 
be integrated in the same project.

During the last decade, important advances have been made in the research of 
enzymatically catalysed bioconversion processes for the production of biomethane 
and biohydrogen so that currently these technologies are already commercial. 
However, there are still many aspects to be further investigated in more detail such 
as biomass pretreatment, biochemical process stability and microbial metabolism 
knowledge, optimal process parameters, shortening of fermentation time, gas puri-
fication, by-product reuse options, etc., so as to increase the organic fraction recov-
ery to valuable products and make the investment more feasible.
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Abstract The production of polymers in the present society has relied heavily on 
fossil resources. It is not impossible to imagine the world without plastic-based 
materials. The production of plastic globally has surpassed 8300 million metric tons 
that utilized around 7% of fossil fuels. The limited availability of fossil-based 
sources has driven the research and development to find out alternative sources for 
the synthesis of polymers. In this regard lignocellulosic biomass is an interesting 
feedstock for the synthesis of polymers. However, the overall production cost of the 
as-synthesized sustainable polymers is the major obstacle that needs to be addressed. 
This chapter described the sustainable bio-catalytic pathways for the production of 
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1  Introduction

With increasing global energy demand and ecological concerns related to the con-
sumption of fossil-based feedstocks, there is a need to develop alternative fuels 
from sustainable, non-food resources. The effective utilization of abundantly avail-
able, inexpensive residues of agricultural and forest biomass to produce liquid fuels 
and biogenic materials can play a crucial role in addressing this concern [1]. The 
production of polymers heavily depends upon non-renewable feedstocks. However, 
due to the finite nature of fossil-based feedstocks, it is necessary to find alternative 
sustainable feedstocks like lignocellulosic biomass. Presently, 8300 million metric 
tons per year (Mt) of polymers are produced from fossil resources that utilized ~7% 
fossil fuels worldwide [2].

The finite nature of fossil-based sources and their environmental impact have 
driven the need to produce polymers from sustainable feedstocks [3]. The sustain-
able polymers have the capability to replace the conventional fossil-derived poly-
mers. However the high production cost and inferior performance are the two main 
obstacles that render its commercialization limited [4].

Biomass-derived vinyl monomers such as itaconic acid (IA), acrylic acid (AA), 
methacrylic acid (MAA), styrene (ST), etc. are important substrates for sealing 
materials, household plastics, adhesive resins, and textile fiber applications. The 
vast majority of vinyl monomers in industries are derived from fossil fuels through 
several commercial processes. Apart from the utilization of unsustainable feed-
stocks, low product yield, multiple steps, and formation of toxic side products are 
the other major drawbacks associated with industrial processes.

To address these drawbacks, the production of vinyl monomers has been directed 
towards sustainable bio-catalytic processes utilizing bio-based feedstocks. As a 
result, several research articles and patents have appeared recently that have shown 
the benefits of sustainable vinyl monomer production [5, 6].

Vinyl monomers are industrially important commodity chemicals, which are 
widely used to produce polyesters, polyacrylates, polystyrene adhesives, protective 
coatings, paints, resins, rubbers, and other copolymers [7]. The chemical structure 
of vinyl monomers contains an active double bond that can be further functionalized 
to yield versatile synthetic intermediates and polymers. In this chapter, recent bio- 
catalytic transformation strategies applied to the production of vinyl monomers 
from biomass-derived feedstocks are discussed. Focus is given to four important 
vinyl monomers: IA, AA, MAA, and ST. Each of these is produced at over 26 mil-
lion tons per annum from petroleum feedstock with current market prices of about 
$2500 per metric (Fig. 1) [8].

2  Itaconic Acid

Itaconic acid (IA) is a versatile chemical derived from the fermentation of carbohy-
drate feedstocks [9, 10]. It is composed of unsaturated dicarboxylic acid functional-
ities that make it an attractive building block to produce several novel copolymers. 
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It has also been utilized for the synthesis of polyester-based renewable polymers, 
synthetic resins, rubbers, and coatings [11]. Owing to its promising applications, the 
US Department of Energy has identified IA as the most useful and promising chem-
ical produced from bio-based material, which appealed to the scientific community 
towards the development of a scalable technology for IA production and usage [12].

The synthetic route of IA was initially reported in 1837 by the high-temperature 
decarboxylation of citric acid [13]. Since the 1960s, industries have been producing 
IA by fermentation of glucose using filamentous fungus Aspergillus terreus (A. ter-
reus) with product intensity of 80 g L−1 and production volume of about one million 
tons per year [14]. In 2009, a research group from the University of New Hampshire 
developed the homopolymer of IA, which was licensed to Itaconix® [15].

The current industrial process faced several challenges like dependence on 
selected microorganism strains and the sensitivity of A. terreus to substrate impuri-
ties [16]. To overcome these challenges, many studies have been conducted in the 
recent past [17]. In particular, they cover genetic modification of the microorgan-
ism, morphological engineering of utilization A. terreus of low-cost substrates, and 
use of alternative microorganisms. Such technical developments are briefly reviewed 
in the following section.

2.1  Global Production and Applications of Bio-Based IA

The global production of IA is around one million tons per year, mostly used for the 
production of polymer and copolymer [18]. Commercial-scale production of IA 
was started in 1945 by Pfizer Company. Since then, Rhodia (1995, France), Iwata 
Chemical (1970, Japan), and Cargill (1996, USA) have also initiated 

Fig. 1 Global annual production of the four most important vinyl monomers
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commercial- scale IA production [19]. Most IA production (about 76%) facilities 
are located in China [20]. After China, Alpha Chemika (India) and Itaconix Co. 
(USA) are the major IA producers [21].

As a result of the EU restriction on the use of sodium tri(poly)phosphate to pre-
vent eutrophication in the industrial production of detergents, polyitaconic acid (a 
derivative of IA) was used instead. In 2015, Germany was the leading producer of 
IA in the EU with market size of $2.8 million [22].

2.2  Bio-Catalytic Pathway for the Production of IA

IA is exclusively produced by submerged batch culture process using a high- 
producing strain of A. terreus [23, 24]. In this process high sugar (glucose or 
sucrose) concentration and continuous supply of high amounts of oxygen are 
needed, which make the process expensive. Another drawback is that the growth of 
A. terreus fungus is sensitive to phosphate impurities [25, 26]. The following sec-
tions described the use of different fungi, yeasts, and bacteria for IA biosynthesis.

2.2.1  IA Production by Fungi

Ustilago maydis Ustilago maydis (U. maydis) is a biotrophic organism that can be 
utilized for the synthesis of IA [27]. Advantages such as unicellular growth pattern, 
lower sensitivity to impurities, homogenous oxygenation, and easy genetic manipu-
lation make this fungus a possible alternative to A. terreus. The production process 
of IA by both of these fungi is different. Using Ustilago and related species, IA is 
produced at pH above 5, whereas comparatively low pH is required in the case of 
A. terreus. In addition, IA production by most Ustilago species is triggered under 
nitrogen-limited environment, whereas phosphate limitation applies to A. terreus. 
U. maydis follows an uncommon metabolic pathway different from the reported 
pathway of A. terreus (Fig. 2) [28]. Despite the very different lifestyles of these 
fungi, the function of transporters involved in the synthesis of IA is likely similar in 
both cases [29]. The activities of such transporters are significantly affected by 
either amino acid sequence or primary structure of the protein and underlying bio-
synthetic pathways. Wierckx et  al. showed that the mitochondrial tricarboxylate 
transporter from A. terreus (At_MttA) allows greater itaconate yield in U. maydis 
than overexpressing the natural mitochondrial tricarboxylate transporter (mtt1) [30].

Most U. maydis-catalyzed fermentation reaction was performed on a lab scale in 
shake flasks. Guevarra and Tabuchi synthesized various carboxylic acids with the 
aid of this fungus with IA yield of 53 g L−1 [31]. Klement et al. reported the produc-
tion of IA from glucose using U. maydis wild-type strain MB215 under nitrogen- 
restricted conditions, and the optimum IA concentration achieved was 20 g L−1 [32]. 
Nitrogen limitation is crucial for the effective production of IA. The main problem 
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associated with small-scale production is that the control of pH is very difficult and 
sampling from the shake flasks causes oxygen limitations that affect IA production 
[16]. In order to avoid the limitation and produce IA under more industrially rele-
vant conditions, Maassen et al. proposed a new method in which cultivation was 
performed in a stirred batch where pH can be constantly controlled [33]. The authors 
reported an optimum 0.74 g L−1 h−1 rate of IA production from glucose (200 g L−1) 
and ammonium (75 mM). It was found that the yield of IA can be further improved 
by reducing the concentration of glucose.

In 2016, Geiser et al. proposed that U. maydis also produces 2- hydroxyparaconate 
as a second metabolite along with IA by controlled pulsed fed-batch fermentation 
process [34]. It is possible to increase IA production up to 67% after deleting the 
enzyme responsible for the degradation of IA into 2-hydroxyparaconate. Such 
genetic engineering can be beneficial for improved titer of IA.  Wierckx et  al. 
recently proposed an integrated process by gene knockouts, overexpression of 
genes, and replacement of promoter to improve IA yield [35]. This combined 
approach yielded 220 g L−1 IA titer, the highest ever achieved from U. maydis and 
A. terreus. A high level of malate was also produced under these conditions. The IA 
yield can be further increased by removal/inactivation of the enzyme that promotes 
the formation of malate intermediate.

Ustilago cynodontis Ustilago cynodontis (U. cynodontis) is another smut fungus 
belonging to the Ustilaginaceae family and commonly known as a natural producer 
of IA [36]. It features relatively high pH resistance properties compared to other 
smut fungi and is beneficial for the production of IA in batch fermentations. 

Fig. 2 Itaconate and (S)-2-hydroxyparaconate biosynthesis pathways of U. maydis and A. terreus, 
a comparison. (Reproduced with permission from [30]. Copyright (2019) Elsevier)
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Utilization of such pH-resistant fungi can reduce the cost of alkalization required to 
back titrate the produced acids and minimize the waste formation. Guevarra and 
Tabuchi first described the production of IA and 2-hydroxyparaconic in unbuffered 
media from glucose by U. cynodontis [37]. In this study, the growth of cells was 
investigated at different temperatures. Low temperature (25 °C) was found to be the 
best for cell growth and resulted in the highest organic acid titers. In 2014, Geiser 
et al. screened 68 strains of the Ustilaginaceae family for the synthesis of carbox-
ylic acids, polyols, and glycolipids from glucose [36]. Among the tested fungi, 
U. cynodontis was identified as an efficient producer of IA with 3.3 g L−1 titer under 
relatively low pH.  In a most recent pioneer work, Hosseinpour et  al. applied 
 morphological and metabolic engineering to generate an efficient pH-tolerant host 
to produce IA under biotechnologically relevant environments [38]. The yeast-like 
morphology of U. cynodontis was preserved by disturbing the signal transduction 
route and by deletions of ras2, fuz7, and ubc3 genes under stress-inducing condi-
tions. This metabolically engineered strain produced 21  g  L−1 IA in a fed-batch 
fermentation process with pulse feeding at pH 3.8.

Aspergillus niger Aspergillus niger (A. niger) was identified as an emerging alter-
native for the synthesis of IA. A. niger is presently employed to synthesize citric 
acid on an industrial scale [39]. The biotechnological route to produce citric acid is 
similar to IA. It is beneficial because the current fermentation setup of citric acid 
can be employed to produce IA on a commercial scale from this fungus. A. niger 
cannot produce IA naturally because it lacks the essential enzyme cis-aconitate 
decarboxylase (cadA) [40, 41]. Sole expression of the enzyme is not adequate 
because such genetically modified strain produces very low concentration of IA 
(0.05 g L−1). Li et al. demonstrated that 2.5 g L−1 IA could be achieved by overex-
pression of a mitochondrial carrier or a plasma membrane carrier [42]. In 2013, 
Maassen et  al. showed that co-overexpression of cadA (encoding a cis-aconitate 
decarboxylase) and acoA (encoding a aconitase decarboxylase) genes in the cytosol 
and mitochondria doubles the productivity of IA from glucose [43]. Interestingly, 
expression of acoA, mttA (encoding a putative mitochondrial transporter), and mfsA 
genes (encoding a plasma membrane transporter) in the A. niger strain led to 24 
times higher IA yield (4 g g−1) compared to CadA [39].

In 2016, Hossain et  al. genetically modified wild A. niger by incorporating a 
cytosolic citrate synthase (citB) gene. The resulting strains produced about 
26.2 g L−1 of IA with a production rate of 0.35 g L−1 h−1 in batch cultivations without 
yielding any by-products [44]. They proposed that by-product formation was sup-
pressed by the overexpression of citrate synthase that also improved the biosynthe-
sis pathway toward IA. For improved yield of IA, the same research group recently 
expanded the cytosolic acetyl-CoA pool by introducing acl1 and acl2 genes that 
encode together for ATP-citrate lyase (ACL). Using fused A. niger cells, very high 
IA titer volume, up to 42.7 g L−1, from glucose was reported [45]. They found that 
metabolic engineering of ACL increases glycolytic flux that leads to an enhanced IA 
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yield in A. niger. The fermentation conditions of IA can be enhanced by using nitro-
gen supplementation that reduces IA-induced weak-acid stress.

Along with the editing of specific genes, a variety of promoters have also been 
utilized to improve gene expression and increase the production of IA [10]. In 2011, 
Steiger et al. developed six novel promoters for A. niger. They obtained a 0.6 g L−1 
titer of IA with the PmbfA promoter, while other promoters were not active for such 
transformation [46]. Li et al. introduced gpdA promoter to control cadA gene expres-
sion. The recombinant strain A. niger produced a relatively low titer (0.6 g L−1) of 
IA [40]. To achieve a higher IA titer, Blumhoff et al. applied Ppki and PicdA pro-
moters to A. niger. Both promoters increased the expression of genes entailed in the 
fermentation process and increased the titer of IA to 1.4 g L−1 [43]. In 2017, Yin 
et  al. designed a low-pH-induced promoter Pgas that dynamically controls gene 
expression in A. niger and produced IA at a titer of 5 g L−1 [47]. This promoter 
worked well even at very low pH (2.0), and the strength of the promoter was not 
dependent on acid ion concentration or type of acid used.

2.2.2  IA Production by Bacteria

Escherichia coli Escherichia coli (E. coli) is one of the most versatile organisms 
used as a host for the industrial synthesis of various chemicals [48]. E. coli strains 
have relatively shorter cultivation times for IA production compared to fungi. It is a 
stable bacterial strain that thrives under different growth conditions. Moreover, its 
flexibility towards genetic manipulation is excellent. Because of these advantages 
over fungi, several molecular cloning and genetic modification techniques have 
been introduced for the synthesis of IA. The biosynthesis of IA from E. coli was first 
achieved in 2011 by Li et al. [40]. They produced 0.08 g L−1 IA in Luria-Bertani 
(LB) medium with expression of cad gene under its inducible T7 promoter in cul-
ture of E. coli. The low activity of E. coli is associated with the fact that the key 
enzyme that is encoded by the cad gene and catalyzes this transformation was pri-
marily present in inclusion bodies. To increase the titers of IA, Vuoristo et al. engi-
neered E. coli by employing citrate synthase and aconitase from Corynebacterium 
glutamicum and by eliminating the genes encoding phosphate acetyltransferase and 
lactate dehydrogenase [49]. However such modifications only managed to increase 
IA production up to 0.69  g  L−1. Following a similar approach, Okamoto et  al. 
observed that the inactivation of isocitrate dehydrogenase gene (icd) is beneficial 
for IA production and can enhance the yield of IA. E. coli produced 4.34 g L−1 I A 
from glucose by expression of T7-inducible cad gene along with icd inactivation 
after 105 h cultivation in LB medium [50]. The intracellular metabolism of E. coli 
strain was further engineered by applying a synthetic protein scaffold that improved 
metabolite synthesis with low expression levels of pathway enzymes [51]. The engi-
neered strain produced 6.57 g L−1 IA in basic media (pH 8.5) from glucose.

Metabolic modelling is a promising approach to confirm that the engineered 
strains are capable to produce a desired product [52]. Harder et  al. successfully 
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applied minimal cut set concept-based modelling approach to design a high IA pro-
ducer strain [53]. In this approach, a plasmid (pCadCS) carrying a specific gene was 
introduced into E. coli. The derived E. coli strain produced 32 g L−1 IA from glucose 
in fed-batch culture. Despite the benefits, production of IA from E. coli by adopting 
the model-based approach was not advanced significantly.

To improve IA production, Yang et  al. described a novel strategy by self- 
assembling aconitase (aco) and cis-aconitate decarboxylase (cad) enzymes in 
E. coli [54]. The IA production improved up to 8.7 g L−1 by adopting this strategy. 
To make a more divisible and efficient multi-enzyme device, this research group 
introduced citrate synthase (gltA) and developed sequential multi-enzymatic com-
plex reactors (MECRs) in E. coli (Fig. 3) [55]. The obtained MECRs had a nanoscale 
particle-like structure with diameters from 50 to 120 nm. The productivity of the 
developed MECRs was greater to unassembled and linearly self-assembled strains.

In 2017, Kim et al. developed a whole-cell bioconversion with E. coli to produce 
IA [24]. They reported that the activity of aconitase and cis-aconitate decarboxylase 
could be enhanced by regulating the expression of multiple cadA genes. As a result, 
excellent IA titer of 41.6 g L−1 was achieved from citrate under buffer-free condi-
tions. Performing such bioconversion in the absence of buffer decreases the manu-
facture cost and side products released during purification. The stability and 
reusability of E. coli were further increased by the immobilization on barium algi-
nate [56]. The immobilized cells were stable and can be reused four times, enabling 
the possibility of IA production in a continuous system.

Corynebacterium glutamicum Corynebacterium glutamicum (C. glutamicum) is 
another gram-positive bacteria that has been used for the synthesis of IA from glu-

Fig. 3 Systematic strategies showing self-assembling of multi-enzymatic complex reactors of the 
heterogeneous dimeric GA, monomeric ACN, and dimeric CAD using protein-peptide interaction 
domains and ligands (mouse SH3 and PDZ domains/ligands). The scheme shown on the right 
represents the putative self-assembly mechanism to produce IA from citric acid using a sequential 
catalytic flux (green arrows). (Reproduced with permission from [55]. Copyright (2018) American 
Chemical Society)
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cose [57]. It is tolerant to IA and can overcome the feedback inhibition problem. 
Otten et al. have explored the capability of C. glutamicum for glucose-based synthe-
sis of IA [58]. They produced genetically engineered C. glutamicum immobilization 
of A. terreus CadA with E. coli maltose-binding protein. These modifications 
boosted the activity of C. glutamicum, resulting in IA titers of 7.80 g L−1 under 
nitrogen-limited growth conditions.

2.2.3  IA Production by Yeasts

When compared to fungi and bacteria, yeasts have some additional advantages 
including lower energy requirements, lower susceptibility to infectious agents, and 
ability to perform post-translational modifications. Despite such impressive fea-
tures, little advancements have been made in utilization of yeast to produce IA. Few 
examples of IA production using yeast are described below.

Yarrowia lipolytica Yarrowia lipolytica (Y. lipolytica) is an oleaginous yeast for 
efficient production of IA [59]. In 2015, Alper et al. first demonstrated the inherent 
activity of Y. lipolytica to produce IA [60]. Different parameters such as media, 
enzyme localization, and metabolic pathways were screened and optimized to 
obtain 4.6 g L−1 titers of IA from glucose in a bioreactor. They found that Y. lipo-
lytica is capable of growing under low pH and high-shear stress conditions. 
Motivated by this work, Zhao et al. enhanced the activity of Y. lipolytica by overex-
pressing a series of genes [61]. The overexpression of mitochondrial cis-aconitate 
transporter (MTT) gene substantially altered the organic acid profile of Y. lipolytica. 
The engineered strain produced 22.03 g L−1 IA from glucose which is the highest 
achieved from yeast under industrially relevant conditions.

Saccharomyces cerevisiae Saccharomyces cerevisiae (S. cerevisiae) is a non- 
pathogenic yeast known for its rapid growth, high tolerance to shear stress, and high 
pH resistance properties [62]. Blazeck et al. proposed a systematic approach for the 
synthesis of IA by S. cerevisiae [63]. In this approach, a hybrid promoter was first 
used to optimize pathway expression within S. cerevisiae. Next, three effective 
genetic targets were identified by in silico computational genome-scanning analy-
sis. This collective approach resulted in IA productivity of 0.16 g L−1 from glucose. 
Young et al. applied iterative algorithm to develop substantial strain libraries that 
improves IA yield [64]. The most promising pathways to IA were identified through 
automated strain construction in which three libraries were designed to screen dif-
ferent parameters. This algorithmic design strategy produced 0.85  g  L−1 IA, the 
highest yet reported by yeasts. Two other known IA producer yeasts are Pseudozyma 
antarctica and the genus Candida. P. antarctica was the most active and produced 
30 g L−1 IA from glucose in flask fermentation under nitrogen-limited growth con-
ditions [65, 66].
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2.3  Production of IA from Different Sustainable Feedstocks

Glucose is the preferred feedstock for industrial production of IA that contributes to 
more than 25% of the total IA manufacturing cost. However, the high cost of glu-
cose ($0.35–$0.60 kg−1) has driven R&D initiatives towards utilization of alterna-
tive inexpensive raw materials to make IA production economically competitive to 
petrochemical-based products [66]. Starch-rich sources (corn, potato, and cassava) 
have emerged as compelling alternatives because of their high purity, low cost, and 
abundance [67]. Corn starch undergoes gelatinization when subjected to heating. 
Thus, hydrolysis of corn starch is performed by using mineral acid or enzymes that 
prevent gelatinization of corn starch. When hydrolysis of corn starch was performed 
over enzymes, hydrochloric or sulfuric acid before fermentation, A. terreus cells 
essentially needed a supplementary nitrogen source to begin the fermentation [68].

Although corn starch contains low concentrations of nitrogen, it is insufficient 
for cell growth. In contrast, when hydrolysis is performed with nitric acid, fermen-
tation proceeded well without additional ingredients. This indicates that nitric acid 
works as an acid as well as nitrogen source for A. terreus. Acid-hydrolyzed sample 
of corn starch was subjected to fermentation at pH 2 before autoclaving at 121 °C 
for 20 min. Higher than 60 g L−1 IA was yielded in flask fermentation from 140 g L−1 
of corn starch by A. terreus TN-484 [69]. Petruccioli et al. found that the productiv-
ity of IA was significantly affected by the degree of hydrolysis [67]. They achieved 
18.40 g L−1 IA titers from corn starch saccharified at 85 dextrose equivalents by 
A. terreus NRRL 1960. The yield of IA was further increased to 63% by ultraviolet, 
chemical, and mixed mutagenic treatment of wild-type A. terreus SKR10 strains [70].

The synthesis of IA from corn starch is a time-consuming and multiple-step pro-
cess. To reduce the overall production time, Li et al. proposed an integrated process 
in which saccharification and fermentation steps were combined by overexpressing 
the glucoamylase gene in A. terreus strain. The IA titer reached 77.60  g  L−1 by 
genetically engineered A. terreus from liquefied corn starch [26]. Researchers have 
also screened other starch-rich wastes for the production of IA. Potato starch wastes 
yielded high amounts of IA, which could be due to the higher glucose content [71]. 
A. terreus from mangrove soil has been recently isolated and utilized for the produc-
tion of IA in a large volume (3 L) bioreactor [72]. The deionization of potato waste 
removed the inhibitory ions like phosphate and improved the yield of IA. Under 
optimized fermentation conditions, 29.69  g  L−1 IA was produced by A. terreus 
strain C1.

In search of new alternative microorganisms, E. coli and A. niger species have 
been successfully tested for the production of IA from starch-rich feedstocks. 
Okamoto et al. proposed a direct IA production process by employing α-amylase 
expressing E. coli [73]. In this process, two α-amylases from Bacillus amylolique-
faciens NBRC 15535T (BBA) and Streptococcus bovis NRIC 1535 (SBA) were 
selected for hydrolysis of starch. With 1% starch released from SBA hydrolysate, 
E. coli produced 0.15 g L−1 IA after 69 h cultivation by pH-stat method, while BBA 
displayed no noticeable activity. Gnanasekaran et al. investigated the feasibility of 

K. Avasthi et al.



99

A. niger species for the production of IA from inexpensive starch-based edible feed-
stocks [74]. They achieved IA titers of 15.65  g  L−1 from 120  g  L−1 corn starch 
through submerged batch fermentation in 168 h.

Utilization of starch-rich sources for production of IA is a good alternative; how-
ever, it competes with our food sources. Therefore, non-food renewable raw mate-
rial is highly desirable. In this regard, lignocellulosic biomass has grown substantial 
attention, as it is abundant, inedible, carbon-neutral renewable source and exten-
sively used for the production of biofuels and bio-products [75]. Xylose, a pentose 
sugar, has also been employed as a feedstock for the synthesis of IA with immobi-
lized A. terreus TKK 200–5-21,960 [76]. It yielded very low amounts of IA even 
after a long fermentation period (165 h) in a continuous bioreactor. To improve the 
productivity of IA, Saha et  al. screened 100 A. terreus strains, among which 20 
A. terreus strains effectively produced IA from xylose and arabinose [77]. The high-
est amount of IA obtained was 36.4 g L−1 from 80 g L−1 mannose in a shake flask by 
strain NRRL 1961. Krull et al. described IA production from lignocellulosic bio-
mass. They performed fermentation of agricultural residue “wheat chaff” by A. ter-
reus [78]. It was found that alkaline pretreatment and subsequent enzymatic 
saccharification are essential for effective IA production. The wild-type strain 
A. terreus DSM 23081 produced 27.70 g L−1 IA.

Jatropha curcas (J. curcas) seed cake is another promising agro-waste that can 
be fermented for the production of IA. In 2007, Rao et al. proposed IA production 
route from J. curcas seed cake by using A. terreus. The fermentation was performed 
at various temperatures, times, pH, and agitation speeds. The highest IA yield (24.4 
gL−1) was achieved after 120 h of fermentation [79]. To improve the yield of IA, 
El-Imam et al. treated J. curcas seed cake in 50% sulfuric acid. The resulting slurry 
was fermented by A. terreus at 1.5 pH, which gave 48.7 g L−1 IA after 24 h [80]. In 
2017, Omojasola et al. performed the fermentation of J. curcas seed cake by A. ter-
reus and A. niger fungi [81]. The optimized fermentation conditions showed higher 
IA yield from A. niger (290 g L−1) compared to A. terreus (218 g L−1) at pH 3.5 on 
the eighth day.

Apart from corn starch, lignocellulosic residues, and J. curcas seed cake, glyc-
erol has been identified as a potential substrate to produce IA. E. coli scvCadA_No8 
produced a 7.2 g L−1 yield of IA from glycerol in 2 L fed-batch fermentation reactor 
under nitrogen-limited conditions [82]. Chang et  al. metabolically engineered 
E. coli by overexpression of Corynebacterium glutamicum pyruvate carboxylase for 
production of IA [83]. Using this strain, they achieved 43 g L−1 IA titers from glyc-
erol. In addition to E. coli, U. vetiveriae TZ1 has also been used as a promising 
organism for the production of IA, which achieved maximum IA titers of 34.70 g L−1 
at a rate of 0.09 g L−1 h−1 from 196 g L−1 glycerol [84]. Gnanasekaran et al. recently 
utilized superfluous algal biomass hydrolysate and purified glycerol for the produc-
tion of IA by A. niveus [85]. In this process glycerol was first pre-treated with lipid 
extracted Gracilaria edulis algal biomass residual and then fermented by A. niveus. 
After 168  h of incubation, 31.55  g  L−1 of IA was produced from glycerol in a 
shake flask.
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Sugarcane bagasse has been proven as a promising biomass to produce IA [86]. 
Haigh et al. recently compared economic viability of different bio-based feedstocks 
and concluded that utilization of sugarcane bagasse can help to reduce the cost of IA 
production and make IA biorefinery commercially viable [87]. Life cycle assess-
ment for production of IA from sugarcane bagasse was also conducted recently by 
Görgens and co-workers [88]. Paranthaman et al. developed an integrated process 
for IA production by using less expensive sugarcane bagasse in place of refined 
glucose [89]. In this process, four fungi, namely, Aspergillus oryzae, Aspergillus 
niger, Aspergillus flavus, and Penicillium sp., were chosen and improved their activ-
ities in solid-state fermentation. Under the best fermentation conditions and pH, 
A. niger yielded the highest IA level (8.24  mg  kg−1) in a shake flask. In 2018, 
Dinakarkumar et al. screened and fermented different agro-wastes using Aspergillus 
niveus. They achieved the best results with sugarcane bagasse [90].

3  Acrylic Acid

AA is an essential monomer for the manufacture of various industrial and consumer 
products [91]. AA market size was about $11,006 million in 2013 and is anticipated 
to reach $18,824 million by 2020 [92]. According to global opportunity analysis 
and industry forecast, global consumption of AA is expected to reach 8169 kilotons 
by 2020 [93]. However, renewable feedstock-derived AA is not cost-competitive to 
petroleum-derived AA because of maturity of petrochemical industries and process-
ing [94]. Environmental sustainability and demand-supply imbalance of petroleum 
warrant production of bio-based AA and acrylates from glycerol, sugar, LA, acro-
lein, and intermediate feedstocks [95].

3.1  Bio-catalytic Routes to Acrylic Acid

Currently, Clostridium propionicum, obtained from coupled oxidation/reduction of 
alanine, is used to produce AA [96, 97], under its acrylate form from Clostridium 
propionicum bacteria. In 1981, O’Brien et  al. tested resting cells of Clostridium 
propionicum for biotransformation of propionate to AA [98]. However, the less sta-
bility of anaerobic cells under an aerobic environment resulted in relatively low 
yield of AA (up to 18%). In 1990, the same group used sweet whey as an initial 
substrate for acrylate production in a two-step process [99]. In the first step, sweet 
whey was converted to propionic acid and acetic acid in 70 h by a co-culture of 
Lactobacillus bulgaricus and Propionibacterium shermanii. In the second step, pro-
pionate was converted into acrylate by resting cells of Clostridium propionicum. In 
this process, maximum acrylate of 0.133 mmol g−1 AA was produced in 6 h. When 
Clostridium propionicum was grown on bio-based LA, and provided with methy-
lene blue as an electron acceptor, it produced 144 mg L−1 AA [97]. It was found that 
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during the biotransformation to AA from Clostridium propionicum, the produced 
AA reduced the growth of Clostridium propionicum and affected the yield.

In 2012, Luo group has systematically examined the toxic effects of AA on the 
development of Clostridium propionicum; the group also tested many mutants to 
grow at 43.06  mM concentration of AA [100]. To overcome the limitations of 
Clostridium propionicum, Tong et al. reported a recombinant Escherichia coli strain 
to prepare AA using glycerol as a renewable feedstock [101]. This recombinant 
strain produced a small amount—37.7 mg L−1 AA—under shaking flask conditions. 
Ahmed et al. isolated Rhodococcus ruber AKSH-84 microorganisms from petro-
leum-contaminated sludge samples capable of performing biotransformation of 
acrylonitrile to AA [102]. Under the optimized conditions, Rhodococcus ruber 
AKSH-84 produced 92 mol.% AA. In 2015, Gnanadesikan and co-worker patented 
a method for manufacturing AA, acrylonitrile, and 1,4-butanediol from 
1,3- propanediol through microbial fermentation [103]. Cho et al. reported a novel 
approach in which AA was produced (0.12 g L−1) from glucose via 3-HP, 3-HP-CoA, 
and acryloyl-CoA pathways over Escherichia coli [92].

4  Methacrylic Acid

MAA and methyl methacrylate (MMA) are essential monomers for the production 
of poly(methyl methacrylate) (PMMA), which is used to manufacture various end- 
user products such as electronics, paints, and coatings to improve polyvinyl chloride 
stiffness and artificial bone replacement parts. In 2018, the total available PMMA 
market is estimated at ~ $7 billion and an anticipated market size of $11.65 billion 
in 2022, representing a 17% growth [104]. This data estimates that a bio-based 
PMMA will hold 24% of the total PMMA market. Presently, PMMA is produced 
using multi-step chemical processes from fossil feedstocks that lead to high produc-
tion costs and selling price of PMMA [105]. Bio-based PMAA, currently represent-
ing an estimated $951 million market size, is promising for the environment and in 
terms of costs.

The majority of MAA is used to produce plastics, optical glasses, lenses, mold-
ings, fibers, resins, and others. The copolymer of MAA is also an essential compo-
nent found in surface coatings, paints, adhesives, and emulsion polymers [106]. The 
properties of MAA-derived polymers include good mechanical strength, scratch 
resistant, and outstanding optical properties. PMMA is lighter than glass and exhib-
its excellent toughness, rigidity, and transparency. The growing demand of light-
weight parts in vehicles caused increased demand for PMMA in the automotive 
sector. The pipe materials and vacuum insulation panels used in constructions are 
made from PMMA. The growing construction activates in the Asia-Pacific posed an 
increased demand for PMMA. The excellent transparent properties of PMMA have 
boosted its consumption in the lighted signs for advertising and directions.
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4.1  Bio-catalytic Routes to Methacrylic Acid

The biotechnological production of MAA has received significantly less attention 
compared to the chemical routes. The first report of the biotechnological production 
of MAA was published in 1990 [107]. In this report, nitrilase-rich Rhodococcus 
rhodochrous J1 cells were used for the biotransformation of methacrylonitrile to 
MAA. Under the optimized reaction conditions, 3.02 Mol. MAA was produced in 
24 h with a 100% molar conversion yield from methacrylonitrile. A patent filed by 
Burgard et al. disclosed the biosynthesis of MAA from renewable sugar feedstock 
by metabolically engineered cells or organisms [108]. The optimum yield of MAA 
was attained from succinyl-CoA, alpha-ketoglutarate, and acetyl-CoA precursors, 
respectively, via 3-hydroxyisobutyrate pathway.

In 2012, Pyo et al. proposed an interesting route for the production of MAA from 
2-methyl-1,3-propanediol (2 M1,3PD), an industrial by-product, by the combina-
tion of bio- and chemo-catalysis [109]. The oxidative biotransformation of 
2  M1,3PD to 3-hydroxy-2-methylpropionic acid (3H2MPA) was investigated by 
using resting cells of Gluconobacter oxydans in a bioreactor. After 3  h and at 
25–30 °C using 5–10 g substrate and 2.6 g cell (dry weight) per liter, a selectivity of 
95% 3H2MPA was obtained with 95–100% conversion of 2 M1,3PD. Gluconobacter 
oxydans cells were active for the biotransformation of up to 20 g per L of substrate 
in a continuous reactor. The chemical transformation of 3H2MPA to MAA was 
achieved by a titanium dioxide catalyst. Over 95% conversion and 95% overall 
yield of MAA were obtained at 210 °C. These results seem impressive, but the cata-
lyst stability was not disclosed.

5  Styrene

ST is an industrially important commodity substance, widely used to produce poly-
styrene plastics, polyesters, protective coatings, resins, rubbers, and other copoly-
mers The worldwide demand for ST has been witnessing high growth mainly in 
packaging and construction industries. It was anticipated that most of ST is con-
sumed in automotive and construction as an end-user application. The global market 
of ST is expected to reach around 33 million in 2023, increasing around 2% per year 
in the period 2017–2023 [110]. About 80% of the world’s ST capacity is based on 
ethylbenzene technology. In 2017, over 98% of ethylbenzene was consumed for the 
production of ST. About 35% of the total ST is used to produce polystyrene (PS). 
The other main end uses of ST include ABS resins, unsaturated polyester resins, SB 
latex, and SB rubber. ST is also the key ingredient for expandable polystyrene, 
which is expected to grow in the future [111]. Expandable polystyrene has the larg-
est market share in China and Central Europe. Northeast Asia remains the dominant 
player. The fastest growing regions are the Middle East and Africa, with anticipated 
yearly growth rates of 8% and more than 20%, respectively.
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Polystyrene is produced in different forms for different applications. For exam-
ple, solid polystyrene is used to manufacture medical devices such as test tubes, 
petri dishes, CD cases, smoke detectors, containers for food, etc. [112] Polystyrene 
film is used to manufacture packaging and glazing materials and light diffusers, 
take-out containers, cassette cases, etc. Polystyrene foam is used for the production 
of cups for hot beverages, insulator for refrigerators, protective packaging, food 
packaging, etc.

5.1  Bio-catalytic Routes to Styrene

Due to the high potential of styrene (ST), bio-catalytic transformation to produce 
ST has received considerable attention in recent years [113, 114]. Glucose is pre-
dominantly used as an initial precursor for the biological production of ST [115]. In 
2011, Mckenna et al. screened numerous enzymes for the biological production of 
ST from glucose [116]. In the biosynthesis pathway to ST, L-phenylalanine was first 
produced as an intermediate precursor from glucose, which further undergoes enzy-
matic transformation to ST, as shown in Scheme 1. In the first step, phenylalanine is 
deaminated to trans-cinnamic acid by phenylalanine ammonia lyase (PAL) encoded 
by PAL2 from Arabidopsis thaliana. In the second step, trans-cinnamic acid is 
decarboxylated to ST via the expression of a suitable phenylacrylate decarboxylase 
(PADC). This process produced 264 mg L−1 of ST in shake flask culture; a critical 
limitation in this study was the toxicity of ST. When the production of ST reached 
300 mg L−1, both growth and the formation of other by-products were ceased.

Later on, the scope of this process was further extended to produce chiral aro-
matic building blocks (S)-styrene oxide and (R)-1,2-phenylethanediol from glucose 
by using ST monooxygenase (SMO) or ST dioxygenase (SDO) enzymes [117]. 
When SMO and SDO were introduced into the stains, 1.32 g L−1 of (S)-styrene 
oxide and 1.23 g L−1 of (R)-1,2-phenylethanediol were produced, respectively. In 
2014, Nielsen et al. developed a biosynthesis pathway to produce ST by engineered 

Scheme 1 Enzymatic pathway to convert l-phenylalanine into styrene via the intermediate 
trans-cinnamate
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Saccharomyces cerevisiae (S. cerevisiae) [118]. The engineered strain produced 
29 mg L−1 of ST at a glucose yield of 1.44 mg g−1.

In another approach, Xian et al. have examined four PAL isoenzymes, Arabidopsis 
thaliana (AtPAL2), Fagopyrum tataricum (FtPAL), Petroselinum crispum (PcPAL), 
and Artemisia annua (AaPAL), to produce ST in E. coli [119]. AtPAL2 has shown 
optimum enzyme activity among the investigated isoenzymes. When isopropyl 
myristate was used as a solvent shake flask fermentation medium, the ST concentra-
tion reached 350 mg L−1 after 48 h. Techno-economic assessment of bio-based ST 
production from glucose by engineered Escherichia coli was performed by Claypool 
et al. [120]. According to the assumption of this analysis, a 45 Gg per annum bio- 
based ST plant is projected to yield 99.9% pure ST monomer at a MESP of 1.90 $ 
kg−1. The analysis concluded that the selling price of bio-based ST is competitive to 
petroleum-derived ST.

The most direct route to bio-based ST via bio-catalytic decarboxylation of trans- 
cinnamic acid was first reported in 1995 by Middelhoven et al. [121]. In this report, 
the culture of the yeast Cryptococcus elinovii was grown on cinnamic acid to pro-
duce ST. However smaller amount of ST (13 mg) was yielded due to the toxicity of 
ST. The decarboxylation of cinnamic acid and derivatives was also performed over 
plant cell cultures [122]. Among different plant cell cultures, the cells of Camellia 
sinensis produced 30% ST at room temperature. In 2013, a new study showed that 
forest waste is a very useful sustainable platform for manufacturing bio-based ST 
[123]. In this study the fungal strain was cultivated on various lignocellulosic bio-
mass such as fresh leaves, wood, bark of Scots pine, Norway spruce, and Silver 
Birch. Authors achieved maximum production rates of 52.5 lg h −1, 41 lg h−1, and 27 
lg h−1 ST from the mature bark of oak and potato dextrose broth, respectively.

Lian et  al. utilized red oak-derived pyrolytic sugars for the production of ST 
[124]. A maximum of 240 mg L−1 ST was obtained from levoglucosan. In another 
study, ST was produced from glucose, cellobiose, and xylo-oligosaccharides using 
a co-culture system of phenylalanine ammonia lyase and phenylacrylic acid decar-
boxylase expressing in Streptomyces lividans strain. The co-cultures of S. lividans/
p-encP and S. lividans/FDC1 produced a maximum of 30 mg L−1 ST after 7 days of 
cultivation from glucose [125].

6  Concluding Remarks

Rapid consumption of petroleum products coupled with environmental concerns 
necessitated the replacement of non-renewable carbons with renewable alternatives 
such as biomass for transportation fuels and chemicals. The described vinyl mono-
mers are important compounds, which have application in food, pharmaceuticals, 
polymers, and fine chemicals. The chapter has covered the recent advancements in 
the production of IA, AA, MAA, and ST monomers. Several filamentous and non- 
filamentous fungi, bacteria, and yeasts have been used as bio-catalysts with great 
potential. Despite significant scientific advancements and technological know-how, 
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none of the reported approaches are commercially practiced to date. Future research 
should focus on strain development by genetic engineering to improve the final titer 
of vinyl monomers. The development of solid-state fermentation is another promis-
ing direction to reduce production cost. In order to reduce the production cost and 
mitigate competition with food values, it is also essential to use cheaper, alternative 
feedstocks such as lignocellulosic biomass and glycerol.
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Abstract Lately, the development of biobased polymers has been gaining attrac-
tion worldwide. Bio-based materials such as polyamide (PA), polylactic acid (PLA), 
and chitin have been in great demand. They hold great value in a variety of fields 
including in the automobile industry, packaging materials, as well as biomedical 
applications. For example, the biodegradable drug-eluting stents with flexibility, 
high mechanical property, and targeted drug releasing property can replace the 
conventional ones to prevent restenosis. This chapter presents the recent trends and 
developments of polyester, polyamide, and chitin and the future scientific chal-
lenges in the degradation of these polymers. Moreover, it presents the promising 
development of polyester, polyamide, and chitin degradation as well as the ways of 
improving their functionalities and wide range of applications towards the efficient 
waste management.

Keywords Biodegradable polymer · Polyamide · Polyester · Biopolymer · Chitin

1  Introduction

Accumulation of plastic waste in soil and sea has been a significant and challeng-
ing environmental concern because of their long-lasting capability to stay in the 
sea/soil without deterioration and generated at a rate approaching 400 Mt year−1 
[1]. Since the beginning of the plastic age after World War II [2], scientists have 
developed various types of polymers depending on the necessities for mass con-
sumption such as polyester and polyamide [2, 3]. Plastics find applications in 
almost all areas of our life, and their versatile properties such as lightness, 
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durability, corrosion-resistant, ease of processing, and high productivity make 
them highly desirable to society [1–4]. There is also a steep increase in the demand 
of plastic, in the areas of medicine, pharma sector, agriculture sector, packaging, 
and end-user industries in the past few decades [4, 5]. Since most of the plastics 
are synthesized from the petroleum based monomers,  it is now high time to 
replace these petroleum-based/non-degradable polymers with degradable poly-
mers for all commercial applications [1, 4]. However, there are several undesir-
able outcomes of plastic waste such as microplastics and their impact on the 
environment. Notably, the most concerning aspect of plastic use is its impact on 
our environment and ecosystem. The non-degradable nature of accumulated plas-
tic leads to a significant problem of waste management all over the world [3, 5]. 
For this reason, biodegradable polymers are highly requisite for our environment 
and the betterment of our society. For the last two decades, scientists are trying to 
develop polymers that are not detrimental to the ground and living things and can 
be degraded quickly [1, 2]. The solution lies in the development of bio-based or 
degradable plastics that can be prepared from biomass or synthetic materials [1, 
6]. Nylon™ is a basic term that represents an important class of polyamides [6]. 
Amide linkages in the polyamide  exhibit high thermomechanical properties, 
higher softening temperature because of hydrogen bonding, which provides chain 
symmetry polyamide founds its application in the bristles, ropes, fishing net, bio-
medical application, an automobile engine [7]. Polyamide are partially degrad-
able and can be broken down into small parts after the action of microorganisms 
such as bacteria or genetically altered bacteria, fungi, insects, and alga [2, 7]. 
There is also well-known synthetic or bio-based polyester which has a low soften-
ing temperature and their desirable lower strength because of chemical structure, 
and derived from a microorganism such as polylactic acid (PLA). 
Polyhydroxyalkanoates (PHAs) [8–11] are considered as biodegradable polymers 
and have shown great potential as replacement of petroleum-based products [7]. 
Polysaccharides are biologically relevant, quite often heterogeneous polymers 
comprising of monosaccharide moieties interacting via glycosidic linkages [12–
16]. Chitin, being abundantly available, is one of the preferred choices for com-
posite preparation as it imparts biodegradability and biocompatibility. In the 
present study, we will discuss the synthesis and properties of polyesters, polyam-
ide, and chitin that are prepared from renewable sources or bio-based materials.

2  Polyester

Polyester is a synthetic fiber and is one of the most commonly used polymers that 
contain an ester functional group [8, 10, 11]. For the last two decades, scientists are 
trying to develop polymers that are not detrimental to the environment and living 
things and can be degraded easily [7, 9–11] (Fig. 1).
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2.1  Biodegradable Polyesters

Biodegradable polymers are the polymers that can be broken down by bacterial or 
microbial decomposition after their intended use. The polymers with high molecular 
weight are degraded to lower-molecular-weight compounds (such as CO2, NO2, 
water, biomass, and salts) [8], and the action of microorganisms and enzymes does 
the job of decomposition. Polyesters are the form of polymers that are synthesized 
from a dicarboxylic acid and a diol. They are the most representative examples of 
environmentally benign polymeric materials. The desired properties of polyesters 
depend on their mode of production and the resulting orientation of the polymer 
chains. Predominantly, the aliphatic polyesters are biodegradable because they have 
hydrolyzable ester bonds and relatively short aliphatic chains [8, 12, 14, 15].

Biodegradable polyesters are classified into three types:

 1. Polylactic acids (PLA): Polyesters obtained from bio-monomers and prepared by 
biotechnological method.

 2. Polyhydroxyalkanoates (PHA): Polyesters prepared by a microorganism.
 3. Polycaprolactones (PCL): Polyesters prepared from mineral oils (fossil 

materials)

In the present chapter, we will discuss the synthesis and properties of polyesters, mainly 
PLA and PHA, that are prepared from renewable sources or bio-based materials.

3  Polylactic Acids

Polylactic acid (PLA), also known as polylactide, is the polymer made from mono-
meric units of lactic acid. It was discovered by Wallace Carothers in 1932 when he 
obtained PLA form lactic acid. The two terms, polylactic acids and polylactide, are 
used interchangeably, but there is a scientific difference between these two. PLA is 
mainly obtained from two processes, direct polycondensation or polymerization 

Fig. 1 Classification of biodegradable polymers based on their resources
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(DP) and ring-opening polymerization (ROM). The PLA obtained from DP is 
known as polylactic acid, whereas it is known as polylactide if obtained from ROM 
(Fig. 2). Since PLA is mostly obtained from corn starch, PLA is also regarded as 
“corn plastic.”

3.1  Production of PLA from Renewable Sources

PLA is a hydrophobic polymer which is composed of two enantiomeric forms of lactic 
acid: l-(+)-Lactic acid and d-(−)-Lactic acid. Both enantiomers are useful in indus-
trial application; however, l-(+)-Lactic acid is involved in cellular metabolism, and 
hence, it is more useful in biomedical applications. Starting from pure lactic acid (d or 
l isomer), we can get the pure form of poly-d (or l) isomer. Pure l-(+)-Lactic acid will 
produce poly-l-Lactic acid (abbreviated as PLLA), d-(−)-Lactic acid will lead to 
poly-d-Lactic acid (PDLA), and if the mixture of d, l-lactic acid is employed, it will 
produce poly-d, l-lactic acid (PDLLA) [12, 14, 15]. Monomers for the synthesis of 
PLA are obtained from petroleum sources (mainly lactonitrile that lead to d, l-lactic 
acid) and renewable sources (such as corn starch that give l-lactic acid). From lactic 
acid monomers, the polymerization was performed using direct polymerization (DP), 
ring-opening polymerization, and azeotropic dehydration process (Fig. 3) [7, 8].

3.2  Direct Polymerization (DP)

Lactic acid contains both OH and COOH groups that are allowed to condensate. As 
a result of polycondensation, metal catalysts are generally used to remove water at 
high temperatures and pressures.

This process produces PLA of low to medium MW of polymer.

Direct polymerization of lactic acid involves three steps:

 1. Removal of water produced.
 2. Polycondensation of oligomers.
 3. Melt condensation of oligomers to produce high-molecular-weight (MW) poly-

lactic acid.

Fig. 2 The general route for the production of PLA from renewable resources
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In direct polymerization, lactide is formed and decomposed simultaneously, and 
hence, it is not used for large-scale production. Though this method produces low-
quality PLA which is useless, using a melt condensation step, this methodology can 
be used to obtain PLA of high MW.

3.3  Ring-Opening Polymerization (ROP)

To obtain PLA of high MW, ring-opening polymerization (ROP) is generally applied.

ROP usually involves three steps:

 1. Polycondensation of LA monomers to produce low MW PLA (direct 
polymerization)

Fig. 3 Principle routes to prepare PLA
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 2. Formation of lactide by depolymerization of low MW PLA.
 3. Polymerization of lactide ring-opening in the presence of a catalyst to produce 

high MW PLA.

Though ROP produces PLA of high MW and without side products, the process is 
complicated and time-consuming because additional purification is required, and 
this increases the cost of production. In the ROP method, the high purity of lactide 
is essential, which is used as a monomer. The impurities in lactide lead to undesirable 
effects on the properties of the PLA obtained.

3.4  Azeotropic Dehydration Polycondensation (ADP)

In the DP technique, the biggest issue is the removal of by-product (mainly water) 
from the viscous mixture at the end of the process. Azeotropic dehydration is the 
technique that is mainly applied to overcome the difficulty of by-product removal. 
In this method, water is efficiently removed by using appropriate azeotropic solvents 
in a single step, and high MW PLA is produced. The conditions applied for azeotropic 
removal of water are usually controlled by manipulation of equilibrium between 
polymer and monomer in the organic solvent and at a temperature less than the 
melting point of PLA. This avoids the formation of impurities by depolymerization 
and racemization. Therefore, the selection of solvent and condition applied is 
critical to have the desired properties in the PLA produced. Also, in this approach, 
a Soxhlet extractor with molecular sieve (3 Å) inside was mounted simultaneously 
with azeotropic solvents to remove traces of water from the refluxed solvent, and a 
polymer of MW ~ 30,000 g mol−1 was obtained [10, 11, 13, 16].

3.5  Solid-State Polymerization (SSP)

This is another technique of polymerization of lactic acid, which mainly goes 
through two steps:

 1. Melt state to produce oligomer at high temperature (usually between 150 and 
200 °C).

 2. Solid state to further increase MW at a temperature between melting temperature 
(Tm) and glass temperature (Tg) of PLA.

Further, in the second step, the prepolymer (in the form of semi-crystallized powder, 
chip, the pellet of fibers) of relatively low MW is usually pulverized and dried 
thoroughly before heating, and this leads to heat distribution homogeneously among 
the dry particles that produce PLA of high MW. This method produces PLA with 
better quality and properties because of the excellent control of side reactions and 
avoiding decomposition at low temperatures. However, this approach is time-con-
suming [17].
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3.6  Enzymatic Polymerization (EP)

Enzymatic polymerization is a greener approach for the synthesis of PLA and gen-
erally applied to the ROP of lactide. For enzymatic polymerization of lactides, sev-
eral lipases are used, e.g., Candida antarctica lipase B (CAL-B), Pseudomonas 
cepacia (lipase PS), porcine pancreatic lipase (PPL), etc. The enzymatic 
polymerization can be carried out in bulk, and organic solvents like toluene or ionic 
liquids can be used. CAL-B-catalyzed reactions in different solvents led to high-
molecular-weight PLA (around MW 40,000) [18].

3.7  Mechanical and Thermal Properties of PLA

The three polylactic acids, PLA, PLLA, and PDLLA, have different stereochemis-
try, and this leads to their different mechanical properties. Some physical properties 
of different PLAs are summarized in the Table 1 [19].

The thermal properties of PLA depend on its structural parameters, such as its 
MW and its stereoisomeric composition. The relation between glass transition tem-
perature (Tg) and molecular weight (Mw) was described by following the Flory-Fox 
equation

 
T T

K

Mg
w

= −∞

 

where Tg is the glass transition temperature, T∞ the glass transition temperature at 
infinite molecular weight, Mw the molecular weight, and K the constant related to 
the free volume of the end groups for the polymer chains. This equation describes 
the dependency of Tg on the average MW of the polymer. With the increase in average 
MW, the first Tg increases rapidly and then becomes constant after reaching a 
particular value. These also explain that with the increase in the l-isomer content of 
the polymer, the Tg increases at the infinite molecular weight.

Table 1 Properties of various PLAs

Polymer σ (MPa) E (GPa) ε (%) Tg (°C) Tm (°C) ρ (g/cm3)

PLA 21–60 0.35–0.5 2.5–6.0 45–60 150–162 1.21–1.25
PLLA 15–70 2.7–4.14 3.0–10.0 55–65 170–200 1.24–1.30
PDLLA 27–50 1.0–3.45 2.0–10.0 50–60 260–280 1.25–1.27

Tensile strength (σ), elastic modulus (E), ultimate strain (ε), glass transition (Tg) temperature, 
melting temperature (Tm), density (ρ) of the polymer
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4  Polyhydroxyalkanoates

Because of limited petroleum resources, the scientific community is trying to pro-
duce biodegradable and environment benign polymers. Polyhydroxyalkanoates 
(PHAs) are the most important candidates in terms of their properties and 
biodegradability. Since 1980, various companies have produced PHAs at large scale 
(summary in Table  2). PHAs are mostly used for packaging and biomedical 
applications such as drug delivery and tissue engineering [13, 16]. Some prominent 
examples of various PHAs and their biosynthetic routes are discussed as follows:

4.1  Polyhydroxybutyrates (PHB)

Polyhydroxybutyrates (PHBs) are biopolymers that are synthesized by many types 
of bacteria. PHB (Fig. 4) is a reserve linear polymer having R-(−)-3-hydroxybutyric 
acid as a repeating monomer unit (act as a chiral center), which is attributed to its 
optical activity. It was first discovered by French bacteriologist M. Lemoigne of the 
Institut Pasteur in 1923 as a reserve material in a bacterial cell, and later, it was 
confirmed by Stanier and co-workers that the reserve serves as intracellular food 
and energy source to prevent starvation when essential elements are not available.

4.2  Synthesis of PHB

The synthesis of PHB can be achieved in bacterium A. eutrophus (also R. eutropha) 
starting from acetyl-CoA using a sequential reaction of three different enzymes: 
3-ketothiolase (phbA gene), acetoacetyl-CoA reductase (phbB gene), and PHB 
synthase (phbC gene). The biosynthetic pathway of PHB production is illustrated in 
Fig. 5. In the first step, 3-ketothiolase promotes the formation of acetoacetyl-CoA 
moiety by Claisen condensation of two molecules of acetyl-CoA.  Then in the 
second step, NADPH-dependent acetoacetyl-CoA reductase catalyzes the stereose-
lective reduction of acetoacetyl-CoA formed in the first step to R-(−)-3-
hydroxybutyryl-CoA.  In the final stage, the enzyme PHB synthase polymerizes 
R-(−)-3-hydroxybutyryl-CoA to form PHB.

4.3  Properties of PHB

PHB is a promising biodegradable plastic and can be an excellent alternative to 
petrochemical plastics. This is due to its biocompatibility, biodegradability, and 
versatile properties that make it an eco-friendly substitute for synthetic polymers. 
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Table 2 Different types of polyesters and their producers [12–15, 17–19]

Polyester General name Chemical structure and full name
Commercial name 
(manufacturers)

Agro-based 
resources

PLA

Polylactic acid

• PLA (Galactic, 
Belgium)
• CPLA (Dainippon 
Ink Chem., Japan)
• NatureWorks 
(Cargill Dow LLC, 
USA)
• Lacea (Mitsui 
Chemicals, Japan)

PHA PHB • Biopol 
(Monsanto-
Metabolix, USA)
• BioCycle 
(Copersucar, Brazil)

PHBV

PHBHHx • Nodax (Procter 
& Gamble, USA)

PHBO

PHBOd

Fossil-based 
(petroleum 
resources)

PCL • CAPA (Solvay, 
Belgium)
• Tone (Union 
Carbide, USA)
• Celgreen 
(Daicel, Japan)

PEA • BAK (Bayer, 
Germany)

Aliphatic 
co-polyesters

PBSA • Bionolle (Showa 
Highpolymer, Japan)
• Skygreen (SK 
Chemicals, Korea)
• EnPol (Ire 
Chemical Ltd., 
Korea)
• Lunare SE 
(Nippon Shokubai, 
Japan)

Aromatic 
co-polyesters

PBAT • Ecoflex (BASF, 
Germany)
• PHEE (Dow 
Chemicals, USA)
• Biomax 
(DuPont, USA)
• Eastar Bio 
(Eastman Chemical, 
USA)
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PHB is a partially crystalline polymer that has material properties similar to 
polypropylene (PP). Some of the essential physical properties of PHB are 
summarized in Table 3, along with PP. According to Table 3, the strength parameters 
(tensile strength, Young’s modulus) of PHB and PP are similar, and most physical 
properties (crystallinity, melting temperature, and glass transition temperature (Tg)) 
are mostly the same with others fiber. However, there is a difference in toughness 
(elongation at break). While the less ductile PHB breaks at 5%, the propylene 
exceeds 400%. This property of PHB is improved by making copolymer with higher 
PHAs, which reduces crystallinity [20]. Due to high crystallinity of PHB, it 
undergoes thermal decomposition at its melting point. This makes its processing 
very difficult and limits its commercial use. To improve properties of PHB, the 
solution is to make its copolymer with higher PHAs such as PHBV. PHBV is less 
brittle and less stiff than homopolymer PHB. The physical properties of PHB can be 
modulated by changing the ratio of HB and HV during its synthesis [13, 16, 20].

4.4  Polyhydroxyvalerate (PHBV)

Polyhydroxy-butyrate-co-valerate (abbreviated as PHBV or PHBHV), also known 
as ENMAT Y1000 (Helian Polymer), is a linear aliphatic polyester which is obtained 
by the insertion of 3-hydroxyvalerate units to the PHB biopolymer [13, 16, 21–23]. 
PHBV is obtained by bacterial synthesis (R. eutropha) from non-genetically 

Fig. 4 Structure of 
optically active PHB 
or P(3HB)

Fig. 5 Biosynthesis of PHB
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modified feedstock (glucose), and its non-toxic, 100% biodegradable nature makes 
it biocompatible with many types of cells.

4.5  Synthesis of PHBV

Similar to PHB, PHBV [21–23] is also synthesized by three enzymes 3-ketothio-
lase, acetoacetyl-CoA reductase, and PHA synthase. Several PHAs with monomers 
ranging from C3 to C5 have been synthesized in bacterium A. eutrophus. The addition 
of propionic acid to a medium with glucose produces a copolymer comprising 
3-hydroxybutyrate, and 3-hydroxyvalerate gives PHBV whose biosynthetic pathway 
is shown in Fig. 6.

4.6  Poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate) (PHBHHx)

PHBHHx is a co-polyester that consists of 3-hydroxybutyrate (3HB) and 3-hydroxy-
hexanoate (3HHx) repeating units [22, 24]. As compared to other PHA family mem-
bers, PHBHHx (Fig.  7) has better biodegradability and adjustable mechanical 
properties (crystallinity, melting point, flexibility, ductility, etc.), which are mainly 
dependent on the 3HHx content of the polymer. Some of the properties are summa-
rized in Table 4 [21–24].

Table 3 Properties of PHB in comparison with polypropylene (PP)

Property PHB PP

Density
ρ (g/cm3)

1.25 0.91

Tensile strength
σ (MPa)

40 38

Elastic modulus
E (GPa)

3.5zz 1.5

Elongation at break
ε (%)

6 400

Glass transition
Temperature
Tg (°C)

15 5

Melting temperature
Tm (°C)

175 176

Degree of crystallinity
X (%)

80 70
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5  Polyamides

Polyamides are the class of the polymers with repeating and interlinked structural 
amide linkages (-NH-CO-). Nylon™ having integral amide groups is one of the 
families of polyamide materials [25–27]. Nylon™ is generally referred to as 
synthetic polyamide materials synthesized using the aliphatic monomers [28–31]. 
Generally, the polymers obtained via condensation reaction of diacids and diamines 
are referred to as AABB-type, and from lactams, it is referred to as AB-type as 
shown in Fig. 9. There are many synthetic techniques employed for the synthesis of 
polyamides, and two fundamental processes are used to obtain the desired polyamide 
material: one method is polycondensation of diacids and diamines, and the other is 
ring-opening polymerization of the lactam ring such as caprolactam (Fig.  10) 
[32, 33].

There are various types of nylons, and the associated number tells us the type of 
Nylon™, for example, Nylon 66 or polyamide 66 (PA 66). Number suffixing 

Fig. 6 Biosynthesis of PHBV

Fig. 7 Structure of PHBHHxPHBHHx is produced on similar fermentation methods as other 
PHAs like PHB and PHBV. The substrates are bio-based generated aliphatic fatty acid and soybean 
oil. Apart from this, it can also be prepared in agricultural crops, which is a cheaper process as 
compared to bacterial fermentation. A variety of plants can be used, such as corn, sugarcane, and 
switch grass. The process PHBHHx goes through various modifications in biosynthetic pathways 
of fatty acids and amino acids (in plastids and peroxisome) in different compartments of a cell 
(Fig. 8).
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describes the number of carbon atoms present in the polyamide structure of the 
amine and acid, respectively. Various polyamide materials and monomers used are 
described in Table  5, and the structures of the monomers used (Fig.  11) for the 
syntheses of polyamides are shown in Table 5.

Some of the outstanding characteristics of Nylon™ are given below:
• Excellent durability in the equilibrium moisture content.
 – Excellent mechanical properties meaning it has superior strength and elastic 

modulus.
 – Excellent chemical stability and excellent physical stability.
 – Outstanding flame retardant properties, and the flame retardant grades are rated 

UL 94VO.
 – Wonderful heat resistance properties.

5.1  Degradation of Polyamides

It is seen from the genetic and biochemical studies that microorganisms can degrade 
various polyamides. Following is the description of the degradation of polyamides 
and different oligomers of Nylon™ [34, 35]. In vivo studies have been reported for 
PA 6, particularly for intrauterine devices (IUD) [36, 37]. In 2  years or longer, 
breaks were found in the string of the tail. From the prepared samples, PA 66 was 
found to be unaffected in the presence of esterase [38] but degrades to a small extent 
in the presence of papain, trypsin, and chymotrypsin. Recently, biochemical studies 
on the biodegradation of nylon-6,6 by a lignin-degrading fungus were reported [39, 
40]. There are many strains selected for submerged cultures of synthetic medium for 
degradation using white-rot fungi. Like all natural polymers such as proteins or 
peptides, they are prone to biodegradation. Polyamides have the same chemical 
moieties like peptides or proteins, but their strong intermolecular hydrogen bonding, 
high crystallinity, and less polarity make them non-biodegradable. However, 
degradation of low-molecular-weight polyamides or homopolymers into oligomers 
can be achieved using microorganisms or enzymatic degradation. Bacteria-degraded 
oligomers and monomers are also reported [36, 37, 39, 40]. According to the IUPAC 
terminology, biodegradable polymers undergo chain scission, thus resulting in 

Table 4 Properties of PHBVs

Polymer Tg (°C) Tm (°C) σ (MPa) ε (%)

PHB 4 175 40 6
P(HB-co-10%HHx) -1 127 21 400
P(HB-co-17%HHx) −2 120 20 850
Polypropylene 5 176 38 400
Low-density polyethylene −30 176 10 620

Glass transition temperature (Tg), melting temperature (Tm), tensile strength (σ), elongation at 
break (ε)
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lower molecular mass of the polyamide. Though bio-based materials are composed 
mainly or in part of many biological products provided by the biomass, it does not 
support the fact that the material is biodegradable. Some of the aliphatic polyamides 
are susceptible to biodegradation by microorganisms (fungi or bacteria) [31, 34, 
39]. The term biodegradation was assumed to be due to the endogenous enzymatic 
hydrolysis of an amide bond of polyamide. Thermophilic bacteria with optimum 
growth at 55 °C isolated from soil by enrichment culture technique at 60 °C were 
found to degrade PA 66 and PA 12. PA 6 and PA 66 are also degraded by some 
marine bacteria such as Brevundimonas vesicularis, Bacillus cereus, Bacillus 
sphaericus, and Vibrio furnissii at 35 °C. Many reports have shown the degradation 
of PA 66 using white-rot fungi. These strains produce peroxidase, which has found 

Fig. 8 PHBHHx production through metabolic engineering

Fig. 9 Types of polymerization depending on the synthetic procedure
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use in the bioremediation of many types of environmental pollutants, which gives 
some possibility of recycling PA 66. The lignolytic fungi Phanerochaete 
chrysosporium can degrade PA 6, which is a direct analog of degradable polyester 
or poly(ε-caprolactone). Possible mechanism of PA degradation is oxidation of the 
methylene group near to the amide linkage (due to N-atom) with the peroxidase 
enzyme and the obtained radical then undergoes stepwise oxidation with releasing 
degradation products. The lack of aromatic units  makes in PA unsusceptible to 
degradation, but copolymerization promotes better biodegradability [28, 31, 34].

5.2  Effect of Moisture Absorption on the Thermomechanical 
Properties of Polyamides

Polyamides at the molecular level having amide linkages are hydrophilic and, thus, 
can absorb water quite easily, which causes the change in the physical properties of 
the polyamide material. In ordinary atmospheric conditions (relative humidity 60% 
and temperature 23 °C), water absorption is 3.5% for PA 6, 2.5% for PA 66, and 

Fig. 10 Basic ring-opening polymerization of caprolactam to synthesize Nylon 6

Table 5 Monomers used in 
the synthesis of the desired 
Nylon type

Type of polyamide Monomers

Nylon 66 1,6-Hexamethylene diamine and 
adipic acid

Nylon 46 1,4-Diamino butane and adipic acid
Nylon 610 1,6-Hexamethylene diamine and 

sebacic acid
Nylon 612 1,6-Hexamethylene diamine and 

1,12-dodecanedioic acid
Nylon 666 A copolymer of nylon 6/nylon 66
Nylon 6 Caprolactam
Nylon 12 Laurolactam
Nylon1012 1,10-Diamino decane and 

1,12-dodecanedioic acid
Polyphthalamide Any diamine and terephthalic acid/

isophthalic acid
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1.5% for PA 610. Thus, moisture absorption has a severe effect on the amidic 
linkages such as it can cause plasticizing, thus lowering the glass transition 
temperature and reducing both elastic modulus and strength at break. The effect of 
moisture on the main properties of polyamides are summarized in Table 6 [27, 28, 
31, 34].

6  Chitin

Polysaccharides are biologically relevant, quite often heterogeneous polymers com-
prising of monosaccharide moieties interacting via glycosidic linkages. Their source 
of origin ranges from cyanobacteria to plants to animals. Similarly, they portray a 
variety of functions, the primary one being energy storage apart from structural sup-
port, inter−/intracellular communication, host-guest recognition, etc. [41]. 
Commercially, the polysaccharides are crucial owing to their biocompatibility in the 
food industry as thickening agents, in cosmetics, fillers in composite materials, and 
also in drug delivery systems [42, 43]. Considering the routes of application of 
polysaccharides, their degradation is inevitable after particular time [44–46]. Chitin, 
being abundantly available, is one of the preferred choices for composite preparation 

Fig. 11 Monomers used in the synthesis of various types of polyamides
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as it imparts biodegradability and biocompatibility. Similar to cellulose nanofibers, 
chitin nanofibrils have also been designed, and this provides an added advantage for 
material fabrication. Depending on the route of preparation, followed by surface 
modification, chitin nanofibers/nanowhiskers show different dimensions and sur-
face charges.

Additionally, degraded chitin offers low-molecular-weight substitutes (Fig. 12), 
which have proved beneficial as they overcome the limitation set by chitin’s 
insolubility.

Antimicrobial Agents Shows high activity against pathogens, and this fact is 
being explored for antimicrobial food packaging.

Anti-diabetes Showed decreased progress of diabetes mellitus as well as increased 
calcium and iron absorption.

Agriculture Contributor to carbon and nitrogen cycles in the environment.

Food Industry It is frequently used as a thickening agent, dietary fiber, and 
preservative.

Biomedical Applications It is used in drug delivery systems apart from contact 
lenses, dental implants, as encapsulating material, etc.

Discussed below are some of the most frequently employed techniques used for 
the degradation of polysaccharides.

Enzymatic Degradation A broad class of depolymerase that targets the glycosidic 
bond is known to benefit from this purpose, including glycosyltransferases, lyases, 
and hydrolases. Microbial enzymes are abundantly found in nature and identified 
for the generation of oligosaccharides having further practical use as dietary 
supplements and recently also for medicinal purposes. Figure 13 shows chitobiose 
and N-acetylglucosamine as the breakdown products of chitin by the action on the 
β-1,4 linkage [46–48].

Table 6 Effects of moisture 
on the main properties of PAs

Properties Effect

Elastic modulus Decrease
Breaking strength Decrease
Elongation at break Increase
Impact resistance Increase
Creep resistance Decrease
Dielectric strength Decrease
Dielectric constant Increase
Electrical resistivity Increase
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Chitin biodegradation within the soil by associated bacteria helps in nutrient 
cycling, as it provides the essential nitrogen and carbon. Also, this management 
promotes plant’s defense against invaders, subsequently increasing the crop yield. 
Although the enzymatic approach promises high selectivity and specificity, the 
associated cost and complicated multistep reaction conditions in the laboratory 
downplay these advantages.

Alkaline/Acidic Degradation Early works avoided the use of alkali as solutions 
for carbohydrates because it led to their degradation combined with oxidation, 
resulting in a complex mixture of products. However, it was later realized that 
alkaline degradation in the absence of oxygen could be extremely helpful in 
structural analysis and avoiding the methylation route. The alkali can have multiple 
interaction points, end groups, and hydroxyl groups or by O-substitution, depending 
on the polysaccharide chain. Similarly, the use of strong acids for the degradation of 
polysaccharides was severely limited due to the associated problems of instrumental 

Fig. 12 Overview of conversion of chitin biomass into various products [47]
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design, uncontrolled hydrolysis of monosaccharides, and regeneration of acid and 
also from the perspective of ecological safety.

Sonication It was evident that the use of chemicals and optimized requirements of 
enzymatic reactions are too tricky for the study of carbohydrates. In contrast, ultra-
sonic treatment is an efficient alternative with ease of use and adaptability. It 
involves the use of sound waves with frequencies above the human hearing limit, 
i.e., 20 kHz. The process entails acoustic cavitation in the solution as a result of the 
generation of rapidly expanding and contracting water bubbles. This mainly causes 
increased temperature and pressure environment for ultimate degradation. The 
molecular weight, viscosity, and the solvent used are some of the factors governing 
the output of sonolysis apart from the ultrasonic intensity and frequency. The break-
down is initiated from the weakest point in the macromolecular structure, and lon-
ger chains are broken into smaller fragments within a short duration of time without 
altering the native structure. The best part is that it is a green technology, economi-
cally feasible with no clean-up requirements.

7  Conclusion

In conclusion, a polymer needs to get adapted to the ecosystem or the biological life 
cycle because all carbon-based material is part of the ecosystem. Thus, polymers 
should follow the rules of nature of degradability without harming the ecosystem. 
A  significant imbalance in the conversion rate (consumption and renewal) of 

Fig. 13 Structure of animal polysaccharide, chitin, and its components after degradation [46–48]
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biomass into fossil fuels, especially petroleum-based materials  can cause distur-
bance in carbon dioxide levels in the ecosystem (producing more carbon dioxide 
than conversion into fossil fuels) and is not managed usefully, which can be harmful 
to the environment. This imbalance can be restored using renewable resources such 
as biomass for the synthesis of polymer. By doing this, carbon dioxide renewed 
equals consumption, which makes it sustainable. Many materials are reported every 
year, which have a shallow impact on the environment. It is justified that the produc-
tion of eco-friendly and sustainable polyamides from the biomass has become 
famous for the economic and biological point of view. With the consumption rate in 
the world market, the production of polyamide is also growing. The bio-based mate-
rials not only are reusable but are suitable for the ecosystem, which minimize plastic 
waste and are highly energy-efficient and biodegradable. Also, non-biodegradable 
polyamides can be made biodegradable if suitable microorganisms are found for the 
degradation of the polyamide. However, finding suitable microorganisms does not 
ensure that such a polymer will become susceptible to organic recycling or will 
degrade in the environment.
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Abstract Plant photosynthesis is one of nature’s best gifts to humankind for con-
verting solar energy into chemical energy in the form of carbohydrates and energy. 
Plant microbial fuel cells (PMFCs) or photosynthetic MFCs integrate the principles 
of photosynthesis and fuel cell to convert such synthesized carbohydrates and 
organic matter into electricity by microbial oxidation in the rhizosphere of plants. 
Also, plants utilize nutrients from effluent streams for self-growth and metabolism, 
reducing the nutrient load and heavy metal concentration, and are capable to degrade 
contaminants. Performance of PMFC is governed by various parameters such as 
selection of plant species, rhizodeposits, design of MFC, electrode properties, inoc-
ulum characteristics, wastewater properties, etc. This chapter discussed the basics 
of PMFC to applications for real field. According to applications, PMFC designs 
can be varied as constructed MFC, microbial carbon capture cells, microbial solar 
cells, floating islands, hydroponics-MFC, and paddy field MFC. Thus, simultaneous 
organic matter degradation, biomass recovery, oxygen release for cathodic reduc-
tion, CO2 sequestrations, nutrient removal, and heavy metal removal along with 
electricity generation can be achieved in PMFC.
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1  Introduction

Water and energy crisis and wastewater treatment are major environmental concerns 
of the present era. Utilization of conventional fossil fuels for energy generation 
resulted in carbon emission and caused severe environmental damage issues. Over 
limited availability of fossil fuels, researchers are looking forward to recover the 
energy from renewable energy sources. Biomass can be an effective non- conventional 
renewable energy source with minimal harm to the environment. Biomass as feed-
stock can be effectively utilized for bioethanol and biodiesel generation and as bio-
fuel source and contribute for circular economy. At present, biomass energy 
contributes about 12–15% of renewable energy in India [1].

Biomass fuels provided about 5% of the total primary energy use in the United 
States in 2017. Of that 5%, about 46% was from biofuels (mainly ethanol), 44% was 
from wood and wood-derived biomass, and 10% was from the biomass in municipal 
waste [2]. In the present era, researchers are looking forward for harvesting the 
energy from such renewable biomass source. Bioenergy can be harvested from the 
organic biomass in the form of bioethanol, biodiesel, bioheat, and biopower as well 
as biogas. Individual process of bioenergy synthesis has advantages and limitations 
based on various biomass utilized. Bioelectrochemical system is the recent waste- 
to- energy technique utilized to generate power, employing bacteria for oxidation of 
organic matter present in wastewater. This chapter provides space of consideration 
for the utilization of plants for bioelectricity generation through advanced plant 
microbial fuel cell during wastewater treatment.

2  Microbial Fuel Cell

Anodic oxidation of organic matter from wastewater and cathodic reaction using 
electron acceptors can be bioelectrochemically grouped together in microbial fuel 
cell (MFC) technology with the aim of harvesting electricity during wastewater 
treatment. MFC consists of anodic chamber for oxidation and cathodic chamber for 
reduction, separated by cation exchange membrane (CEM). Electrons generated 
after anodic oxidation are utilized for electric current production, and protons 
migrated through CEM are utilized for cathodic reduction to form water. Being an 
electrochemical system, MFC provides flexible platform for controlling electro-
chemical reactions, and being a biological system, it provides platform for microbes 
to select the substrate. Hence, performance of MFC mainly depends on wastewater 
characteristics, operating conditions, design aspects, inoculum properties, and 
material properties.
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Wastewater contains high content of carbohydrates, organic matter, and nutri-
ents, which can be suitable substrate for microbial oxidation in anodic chamber. 
Some biomass needs pretreatment method so that it can be easily biode-
graded in MFC.

3  Plant Microbial Fuel Cell

During the photosynthesis process, plants such as trees, shrubs, and algae utilize 
solar energy and turn it into chemical energy. During photosynthesis, light energy 
transfers electrons from water to produce carbohydrates. Thus carbon dioxide is 
reduced along with oxidation of water to release oxygen. Thus, oxygen- and energy- 
rich organic carbohydrate molecules produced during photosynthesis serve as coun-
terbalance reaction for CO2 respiration by all organisms and oxygen release during 
photosynthesis.

In plant MFC (PMFC), several small growing plants such as algae, rice plant, 
water hyacinth, and other shrubs are used for photosynthesis process. In MFC, oxy-
gen serves as a terminal electron acceptor released by plants for cathodic reduction. 
Also, utilization of carbon dioxide by the plants resulted into carbohydrate synthesis 
which serves as organic matter for microbial oxidation in anodic processes (Fig. 1). 
Some plant species have properties of adsorption of heavy metals and other toxic 
elements from wastewater and hence are used for heavy metal removal in MFC. Thus, 
simultaneous organic matter removal, heavy metal removal, and toxicity reduction 
along with simultaneous electricity generation can be achieved in plant MFC. Also 
carbon sequestration from industrial plant and need of external aeration can be 
reduced with such advanced application of MFC technology.

Similar to conventional MFC, the performance of plant MFC is governed by 
various parameters such as selection of plant species, rhizodeposits, design of MFC, 
electrode properties, inoculum characteristics, wastewater properties, etc. Several 
design variations and electrode orientations have been adopted while taking into 
account the root zone depth of plant as well as creating anoxic-oxic zone separation.

4  Factors Governing Performance of Plant MFC

Plant MFC generally combines the principle of plant photosynthesis and bioelectro-
chemical system, which is dependent on microbial, electrochemical, material, envi-
ronmental, and engineering parameters. Hence, performance of plant MFC is 
governed by several constraints such as plant species, operating conditions, waste-
water characteristics, inoculum properties, and design aspects. However, operating 
conditions need to be optimized for getting better performance from plant MFC in 
terms of power generation and wastewater treatment. Table 1 summarizes the per-
formance of plant MFCs with variations in governing parameters.
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Fig. 1 Schematic diagram of plant microbial fuel cell

Table 1 Factors affecting the performance of plant MFC

Parameters MFC design
Wastewater 
treatment (%)

Power density 
(mW/m2) References

Plant species Ipomoea aquatic plant COD—92%;
TN—90%

12.42 Liu et al. [3]

Electrode 
material

Stainless steel (SS) vs. 
graphite (G)

– 0.35 (SS); 
0.12 (G)

Pamintuan and 
Sanchez [4]

Electrode 
placement

5 cm deep soil and 3 cm 
overlaying water

– 0.72 Deng et al. [5]

Electrode 
design

Flat plate design COD—85% 440 Helder et al. [6]

Operating 
conditions

Soil water content 
(water logged soil)

– 10.13 Nguyen and 
Nitisoravut [7]

Temperature 34 °C and 
41 °C

– 1.9;
0.6

4.1  Plant Species

Selection of plant species in plant-MFC greatly affects the performance of MFC due 
to rate of biomass formation, oxygen release rate, as well as root zone depth of 
plant. Several plant species such as Ipomoea aquatica and Phragmites australis, 
lemon grass, algae, and rice plants are widely used for plant and constructed wet-
land MFC. Marshy grasses, lemon grasses, and locally available grasses are widely 
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preferred during treatment of saline effluent and industrial wastewater in 
MFC. Moreover, macrophytes or hydrophytes play an important role in phytoreme-
diation in case of constructed wetland MFC due to plant metabolism to absorb 
heavy metals and other nutrients [8]. Even in paddy field, methane emission can be 
controlled by competition with electrogenic microbes, and hence methane emission 
is reduced in paddy field MFC. On the other hand, locally available mixed culture 
algae can support  the high rate of biomass production and oxygen release for 
cathodic reduction and mostly used for carbon sequestration in microbial carbon 
capture cells. Thus, depending upon the characteristics of plants and local availabil-
ity, plant species have been selected for MFC applications.

4.2  Operating Conditions

The operating conditions such as pH, salinity, and substrate flow and characteristics 
and inoculum conditions control the rate of microbial metabolism during substrate 
oxidation in MFC. In paddy fields, rice plants are sensitive for low salinity-deficient 
conditions below the salinity level of 0.6 S/m [9]. In such conditions, electrolyte 
salinity can be improved by addition of phosphate buffer solution in wastewater or 
selection of seawater plant species for plant MFC. Similarly, increase of salt con-
centration in electrolyte also has negative impact on the growth of plant species in 
MFC. Additionally, pH is one of the major indicators determining the proton gradi-
ent and flow between anodic and cathodic chamber. Most of plant metabolism are 
best suited at neutral pH conditions and enhance the release of rhizodeposition from 
plant roots [8]. In plant MFC, rate of rhizodeposition discharge depends on tem-
perature conditions as well as humidity level which directly affect the current pro-
duction in plant MFC.

4.3  Design Aspects

Electrode material selection mostly depends on the microbial attachment and bio-
film formation, cost, and high conductive surface area. In case of sediment or plant 
MFC, placing of electrodes in soil and maintaining the water interface control the 
proton transfer diffusion. Deng et al. [5] studied the effect of electrode positions on 
various soil and water depths. Results showed that MFC with 5-cm-deep soil and 
3-cm overlaying water exhibited the highest power density of 0.72 mW/m2 with 
decrease in ohmic resistance. Also electron spacing is dependent on root zone depth 
of plant as there is possibility of covering of anode with branches of roots and 
unavailable for microbial biofilm growth. Lower electrode spacing supports the sub-
mergence of anode in a support matrix near the rhizosphere to obtain organic sub-
strates in the influent as well as reduce the proton diffusion losses. Like typical 
MFC, electrode material, architectural design, and catalyst selection affect the 
energy recovery in plant MFC [10, 11].
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5  Variations in Plant MFC

Plant MFC is a promising technology utilizing the correlation between plant and 
microbes at rhizosphere of root zone. Root system of aquatic plant exudates acts as 
substrate for bacteria in rhizosphere for oxidation. Based on plant-microbe harmony 
at the soil interface and plant species used in such coupled biosystem, different 
variations in plant MFC design such as constructed wetland MFC (CW-MFC), 
microbial carbon capture cells (MCCs), microbial solar cells (MSCs), floating 
islands, hydroponics-MFC, and paddy field MFC were used for practical applica-
tions as discussed below (Fig. 2). Table 2 compared the performance of different 
plant MFCs based on applications for wastewater treatment and power generation.

5.1  Constructed Wetland MFC (CW-MFC)

The integration of conventional constructed wetland (CW) system and microbial 
fuel cell (MFC) exerts symbiotic relationship between plant bacteria present in the 
rhizosphere of aquatic plants through the formation of root exudates as endogenous 
substrates for oxidation (Fig. 3) and a microbial activity [16, 20]. Different wetland 
plants such as Phragmites australis were used in CW-MFC under upflow conditions 
to maximize the redox potential gradient across the substrate. Similar CW-MFC 
was capable to remove nitrate by 86.5%, soluble chemical oxygen demand (sCOD) 
by 92%, phosphate removal efficiency of 56.3%, and total suspended solid removal 
efficiency of 78.4% along with energy recovery of 33.52 mW/m3 during treatment 
of graywater [21].

During comparison of air cathode CW-MFC and typical CW-MFC, the removal 
efficiency of COD and NO3-N as well as power density (4.21  mW/m2) in 
CW-ACMFC was slightly higher than that of CW-MFC, which might be resulted 
from the growth and metabolism of microorganisms and plant stimulated by a 
higher voltage [22]. In some CW-MFC, additional filtration media (sand filter layer) 
were provided to serve as a medium for protons to move in and to facilitate the 
simple filtration of sewage during upflow of substrate [23]. Such CW-MFC can 
serve as a polishing treatment for sewage treatment plant along with its advantages: 
easy operation, inexpensive, wide availability, and recyclability.

5.2  Microbial Carbon Capture Cells (MCCs)

To address the issue of carbon storage and utilization, the modified MFC system 
such as microbial carbon capture cell (MCC) has a potential to provide a sustainable 
and effective solution by utilizing the concept of carbon capture and conversion to 
algal biomass using algal biocathode, treating wastewater simultaneously and facili-
tating energy recovery in the form of electricity.
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Fig. 2 Variation in design of plant MFC based on applications

Table 2 Variation in design of plant MFC for different applications

MFC design
Plants and design 
aspects

Wastewater 
treatment (%)

Power 
generation References

Constructed 
wetland MFC

Vertical flow MFC COD—86% 0.302 W/m3 Fang et al. 
[12]

Microbial carbon 
capture cell

Air lift-type MFC; 
microalgae

COD—87%; 
NH3-N—70%; 
P—69%

0.97 W/m3 Hu et al. [13]

Photosynthetic 
MFC

Synechocystis sp. PCC 
6803; single-chamber 
MFC

– 1.3 mW/m2 Zou et al. 
[14]

Floating island 
MFC

Floating type, brewery 
wastewater

COD—86.47% 8 mW/m2 An et al. [15]

Hydroponic MFC Upflow mode; ceramic 
separator; Canna indica

COD—86.2% 0.25 W/m3 Khuman 
et al. [16]

Paddy field MFC Depth of anode electrode – 14.44 mW/
m2

Lu et al. [17]

Rooftop MFC Chlorophytum comosum; 
electrode

– 744 μW/m2 Tou et al. 
[18]

Sediment MFC Acorus tatarinowii, 
anode position

– 7 mW/m2 Liu et al. 
[19]
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MCCs consist of integration of MFC system and algal species in cathodic cham-
ber for CO2 sequestration (Fig. 1). The use of algal species in cathodic chamber 
generates oxygen available for cathodic reduction during photosynthesis and, thus, 
reduces the cost of external aeration.

In MCC, carbon dioxide produced during oxidation of organic matter in the 
anodic chamber can be further used to produce the useful biomass with photosyn-
thetic activities of algae, attaining simultaneous electricity generation, CO2 seques-
tration, wastewater treatment, and biomass production. Thus, anodic off-gas into 
algae-grown cathode is demonstrated to be an effective way for CO2 emission 
reduction during wastewater treatment with simultaneous electricity generation 
without the need for external aeration [24]. The various factors such as algal growth 
kinetics, density, light intensity, and CO2 supply and other operating conditions gov-
ern the performance of MCC [25, 26].

5.3  Microbial Solar Cells (MSCs)

Microbial solar cells (MSCs) are modified version of MFC in which integration of 
photosynthetic organism such as plants and algae is used for the conversion of solar 
energy into electrical energy via chemical routes. He et  al. [27] designed self- 
sustained phototrophic MFC with self-assembly of a synergistic 

Fig. 3 Pictorial view of laboratory scale constructed wetland MFC  during initial stage of 
construction
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phototrophic- heterotrophic cathode biofilm from a sediment microbial fuel cell 
(SMFC). Molecular taxonomic analysis showed that the presence of cyanobacteria 
and microalgae predominated in the water phase as photosynthetic organisms along 
with dominance of electrogenic population in sediment for electricity generation. 
Application of MSC with reversible biocathode was proposed by Strik et al. [28] to 
address the issue of pH imbalance across the membrane due to acid formation at 
anode and alkali formation at cathode. Micro-sized MSC (57-μL) through photo-
synthetic reactions of cyanobacteria Synechocystis sp. PCC 6803  in the anodic 
chamber was capable to generate the power density of 7.09 nW/cm2 [29]. The pho-
tosynthetic organism, i.e., cyanobacteria, serves as a sustainable and effective cata-
lyst for cathodic reactions in MSC, similar to the photosynthesis process in plants. 
Such advanced MSC in combination with photoelectric cell is useful to produce 
electricity, methane, hydrogen, and other biofuels during wastewater treatment [30].

5.4  Paddy Field MFC

Apart from rice as food source, environmental concern has been raised with emis-
sion of methane from paddy field. From this point of view, several research studies 
have been conducted on application of MFC in paddy field for in situ electricity 
generation, methane emission, and wastewater treatment. PMFC with rice plants 
(Oryza sativa L.) and biochar anode produced power density of 11.1 mW/m2 along 
with reduction in methane emission by 39% and were found to be effective as com-
pared to soil-based MFC [31]. In reality, paddy MFC is more suitable in sediment 
conditions due to availability of high organic matter in soil. In such MFC, anode is 
set in paddy field before rice transplantation. Rhizosphere microbe oxidizes photo-
synthesized organic matter excreted from rice roots and generates electron for 
energy recovery [32]. Current production in paddy MFC reduced methane genera-
tion by half when operated in closed circuit conditions as compared to MFC with 
open circuit conditions [33]. The microbial taxonomic analyses revealed the pres-
ence of Desulfobulbus, Geobacter sp., Methanobacterium, and Clostridiaceae 
microbes in paddy field suitable for MFC applications.

5.5  Floating Islands

Floating island is generally an artificially constructed MFC in hydroponic system 
for plant growth and wastewater treatment and serves as a polishing treatment for 
the removal of organic matter and nutrient content from wastewater. Such system is 
capable to remove the contaminants from effluent stream intermittently with effec-
tive heavy metal removal. Recently, Yadav et  al. [34] developed integrated drip 
hydroponic MFC system for treatment of domestic wastewater. Such system 
achieved ammonia, COD, and phosphate removal efficiency of 35%, 83%, and 
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72%, respectively. The integration of Cymbopogon citratus (lemon grass) plants in 
the integrated system through adsorption and filtration processes resulted in higher 
wastewater treatment efficiency and power generation (31.88 mW/m2).

5.6  Other Variations

Photosynthetic MFC, based on plant photosynthesis, generates electrical energy 
from organic matter synthesized by sunlight, by heterotrophs, or by photosynthetic 
organisms [35]. Most of planted sediment MFCs used for real-field applications 
contains aquatic plants to mimic the constructed wetland system for degradation of 
contaminants [19]. Liu et al. [19] reported that position of anode across the depth of 
sediment is important factor and planted sediment MFC did not improve the power 
generation when roots of the plants are placed on electrode surface (Table 1). In the 
concept of implementing MFC at rooftop of a building, green roof MFC under out-
door conditions produced lower power output of 88 mW/m2 as compared to that in 
control laboratory conditions (440 mW/m2) [36]. In a study of seven Sedum species 
in green roof MFC, positive relationship between water content of plant growth 
media and power output was reported by Tapia et al. [37], and it was concluded that 
current and water gradually decrease over time at a similar rate after providing 
irrigation.

6  Summary and Outlook

To harvest the solar energy, photovoltaic cells and plant MFC can provide the solu-
tion for trapping the renewable energy from the sun. However, PMFC offers sustain-
able and efficient approach for electricity generation and contaminant degradation 
over photovoltaic cells. Such PMFC can be implemented at agricultural field with-
out disturbing the tillage operation and reduced greenhouse gas emission from 
paddy field along with in situ electric supply for operating different electronic sen-
sors [38]. As PMFC mimics the natural system, hence real-field application of such 
MFC can be possible with only cost of electrode assembly and electronic circuit 
system required and thus reduces the cost of membrane, reactor assembly, collec-
tors, and mediators as required in typical MFC. Apart from the low cost, it also 
offers ease in design and fabrication, no technical assistance required, and minimal 
carbon dioxide and methane emission with cost-effective solution for wastewater 
treatment [39]. A major challenge in PMFC is the low power production which can 
be overcome by integrating the system with conventional wastewater treatment sys-
tem [40].
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7  Conclusion

At current scenario, water and energy crises are two important concerns the whole 
world is facing nowadays. Bioelectrochemical system such as plant microbial fuel 
cell provides a novel way to trap solar energy by integrating advantages of MFC for 
effluent treatment and energy recovery. Research on PMFC is still in the early stage 
of growth, and the limitation of low-power output can be overcome by using effec-
tive catalyst and mediators and controlling mass diffusion losses. PMFC is a multi-
disciplinary system dealing with biology, electrochemistry, material science, 
environmental chemistry, and engineering economics. During integration of plant 
photosynthesis with MFC, the soil system and the plant can provide a heteroge-
neous microenvironment for microbes and substrates. Due to the self-food- 
synthesizing ability of plants and photosynthetic organisms, plant-microbe 
interaction plays an encouraging role in long-term operation due to the continuous 
availability of nutrients and the adaptation of electrogenic population in system [8]. 
Variations in design promote the application of PMFC to be coupled with con-
structed wetland, algal treatment, hydroponic system, and marine sediment. Thus, 
PMFC provides a novel and alternative solution for energy generation from plant 
biomass source to achieve the sustainable development and energy positive system.
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Catalytic and Non-Catalytic Hydrothermal 
Liquefaction of Microalgae

Eleazer P. Resurreccion  and Sandeep Kumar 

Abstract Hydrothermal liquefaction (HTL) is an attractive thermochemical path-
way that converts microalgal cells into biocrude which can be upgraded and refined 
into drop-in transportation fuel. HTL is propitious from an environmental sustain-
ability standpoint because the reaction requires medium temperatures (200–400 °C) 
and high pressures (5–25 MPa) (subcritical and supercritical conditions) for a rela-
tively short period of time (10–60 min) without the need for dewatering and drying 
of the microalgal culture (wet microalgae with cultivation culture). Instead, water 
provides dual use to the reaction: as a solvent and as a catalyst. At HTL conditions, 
water is a reactive nonpolar species with high miscibility in organics. It solubilizes 
even the recalcitrant microalgal components such as lignin to produce biocrude, 
aqueous, gaseous, and solid products. This chapter discusses the process and chem-
istry of microalgae HTL, the role of water in the reaction, the difference between 
catalytic and non-catalytic HTL as it applies to microalgae, and perspectives and 
direction on the state of research for microalgae HTL.

Keywords Microalgae · Hydrothermal liquefaction · Biocrude · Subcritical water 
· Algaenans · Decarboxylation

1  Introduction

The production of sustainable liquid fuels from renewable sources has become 
increasingly challenging in recent years due to the substantial energy demand 
brought about by rising population. This demand is largely supplied by limited fos-
sil fuel reserves with remarkable effect on global climate change [1]. The world’s 
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energy is 80% derived from fossil fuels, and with current consumption, fossil fuel 
reserves are projected to be depleted within the next few decades [2, 3]. Action 
plans have been taken to transition into alternative renewable and sustainable energy 
sources. Among these sources, biomass such as dedicated energy crops, agricultural 
wastes, forest products, aquatic plants, and municipal wastes present a viable feed-
stock because these materials can sequester CO2 through photosynthesis and they 
can be transformed into liquid or gaseous fuels. Biomass-derived fuels are not food-
based, and they do not interfere with the food supply chain unlike corn ethanol or 
soybean biodiesel. Some areas of the world lack fossil reserves, but they have abun-
dant supply of biomass which can be capitalized to achieve energy security [4]. 
Nonfood biomass is also referred as lignocellulosic feedstock. The fuel (“biofuel”) 
derived from biomass has a net energy ratio (i.e., lower heating value embodied in 
the biomass versus fossil energy requirement in producing the fuel) and has lower 
greenhouse gas emissions relative to petroleum [5].

Algae are especially appealing because they have high biomass yields and high 
photosynthetic efficiency [6–8]. They grow approximately ten times faster than ter-
restrial plants, have low footprint, and require marginal land and water for cultiva-
tion. These characteristics make algae-based biofuel suitable to address 
environmental, land-use, and food issues associated with food crop biomass [9, 10]. 
Microalgae are unicellular algae cultivated in fresh, brackish, or marine water 
requiring less arable land [11] and are measured in micrometers. In contrast, mac-
roalgae are multicellular organisms capable of growing tens of meters in fresh, 
brackish, or marine water. This chapter focuses on microalgae as biomass feedstock.

Conversion methods for microalgae into biofuels are classified into two catego-
ries: (1) biochemical (e.g., alcohol fermentation, anaerobic digestion, hydrogen 
production) and (2) thermochemical (combustion, carbonization, liquefaction, gas-
ification, hydrothermal, pyrolysis) [2, 12]. Figure 1 shows all conversion technolo-
gies employed in microalgae. Out of those methods, hydrothermal liquefaction 
(HTL) is the most promising because it utilizes microalgae cells (presence or 
absence of lipids) without dewatering or drying (as wet biomass), therefore signifi-
cantly lowering fossil energy costs [14–18]. Unlike HTL, gasification (dry) and 
pyrolysis demand the reduction of microalgae’s water content [19]. In the case of 
direct combustion, water level must be lower than 10 wt% to be effective [6, 7, 20]. 
HTL entails the reaction of biomass in water at high temperature (250–350 °C) and 
pressure (5–15 MPa) in the presence of solvent (water or alcohol) yielding biocrude, 
a dark viscous liquid immiscible in water [8]. The process can occur with or without 
a catalyst. Biocrude is very viscous, rich in oxygen and nitrogen, and easily deterio-
rates when stored for prolonged periods of time. The high operating pressure main-
tains water at liquid or supercritical state. The biocrude has higher heating value and 
lower oxygen content than pyrolysis bio-oil, the product of other microalgae con-
version methods. Despite these desirable characteristics, biocrude requires further 
upgrading to be adapted as drop-in transportation fuels (i.e., direct fuel substitute to 
petrol) due to its low hydrogen-to-carbon (H/C) ratio, high heteroatom content, and 
substantial high-boiler fractions (i.e., components with relatively high boiling 
points). The most common method of upgrade is through hydrotreating in which the 
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biocrude is allowed to react with H2 at high temperature and pressure in the pres-
ence of a catalyst [21, 22]. HTL biocrude also has lower moisture content than 
pyrolysis bio-oil, at a value of around 25–50 wt% [17, 23, 24]. Yet, biocrude from 
microalgae has relatively low energy content because around only 40% of carbon 
and 35% of hydrogen in the feedstock are converted to biocrude, while the rest 
remain the aqueous phase (i.e., low organics) [25]. Solvents are used to liquefy 
microalgae in order to improve biocrude yield and quality (high quality: low den-
sity, low viscosity). These organic solvents include toluene, ethanol, methanol, 
1-methyl naphthalene, and 1,4-dioxane [26–29]. The use of organic solvents per-
mits the HTL reaction to proceed at milder temperature compared to HTL reaction 
without solvent.

2  Process Description in Microalgae HTL

Hydrothermal liquefaction (HTL) is a biomass-to-liquid conversion route typi-
cally carried out in water at medium temperatures (200–400 °C) and high pres-
sures (5–25 MPa) for 10–60 min yielding biocrude, aqueous, gaseous, and solid 
phases with or without catalyst [4, 30]. Although biocrude is not outright produced 
as a drop-in transportation fuel, its energy content is comparable to petroleum [31] 

Fig. 1 Conversion technologies for microalgae. Major conversion pathways are thermochemical 
and biological. The thermochemical pathway consists of combustion, carbonization, liquefaction, 
gasification, hydrothermal, and pyrolysis. Hydrothermal can be combined with carbonization, liq-
uefaction, and gasification to form hydrothermal carbonization (HTC), hydrothermal liquefaction 
(HTL), and hydrothermal gasification (HTG) (modified and adapted with permission from [13])
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and thus suitable to be upgraded and co-refined in any existing fossil fuel refinery. 
A critical substance in any HTL reactions is water. Water acts not only as a solvent 
but also as a catalyst at elevated temperatures and pressures because at such condi-
tions water is highly reactive and nonpolar with high miscibility with organics 
[12]. Water at supercritical conditions is ideal for hydrolytic reactions due to 
changes in its dielectric properties which enable it to solubilize recalcitrant com-
ponents of biomass such as lignin [32, 33]. HTL is suitable to processing microal-
gae and aquatic biomass in that the process employs wet microalgae (with the 
cultivation culture), thereby efficiently converting the feedstock to biofuel frac-
tions. Without water removal and drying operation, HTL consumes about 50% less 
energy than conventional biodiesel production (i.e., lipid extraction followed by 
transesterification of lipids) which demands essentially dry microalgae feedstock 
(~ 90 wt%) [7]. Drying step alone accounts to 20–30% of the total process cost 
[20]. Because HTL utilizes the entire microalgae (lipids + microalgae residue), 
lipid content in microalgae is not a limiting factor [11, 34]. A generalized process 
flow in catalytic microalgae HTL is shown in Fig. 2.

The interest in HTL conversion technology has significantly increased over the 
last decade demonstrated by studies focusing on temperature variations [36], reac-
tion times (5–120 min) [36–38], strain types (Botryococcus braunii, Spirulina pla-
tensis, Chlorella vulgaris, Nannochloropsis sp., or Desmodesmus sp., among others) 
[36–40] or catalyst types (homogeneous, heterogeneous) with yield around 
50–60 wt% biocrude [31, 39, 41]. Most of these investigations employed high-lipid 
microalgae [37], although some studies suggested that low-lipid but high-growth 
rate microalgae are applicable [36]. As indicated above, the conventional biofuel 
production approach of subjecting microalgae to thermal drying, solvent extraction, 
and transesterification to generate biodiesel is extremely costly, exacerbated by the 
use of organic solvents with adverse effects to humans and the environment. 
Moreover, the approach exploits high-lipid (20–50 wt%) microalgae with low pro-
ductivity that produces substantial amount of microalgae residue [11]. Unless dis-
position to the residue is applied (e.g., anaerobic digestion, combustion, fertilizer), 
the approach is untenable from an environmental and economic standpoint. In order 
to be economically feasible, revenues from all product and co-product streams must 
be optimized. Among all microalgae conversion technologies, it appears that HTL 
has the potential to maximize profit since it processes the entire microalgae (lipids 
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Fig. 2 Generalized process flow in the catalytic HTL of microalgae (modified and adapted with 
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+ microalgae residue) to generate a singular product stream (bio-oil). HTL is a 
promising microalgae biofuel production method because it (1) operates at rela-
tively medium temperatures (200–400 °C), (2) requires lower energy compared to 
other thermochemical conversion techniques, and (3) delivers product with high 
value. Unlike the transesterification route, the dewatering process in HTL consumes 
only 12% of the total energy demand [42]. A holistic microalgae biorefinery scheme 
utilizing HTL is presented in Fig. 3. It consists of five major steps: cultivation, har-
vesting, thickening, HTL, and upgrade.

Microalgae cultivation is accomplished through an open pond reactor (OPS) or a 
closed photobioreactor (PBR) [7, 43, 44]. Axenic cultures are grown in a PBR to 
prevent contamination. In most microalgal culture, sterility is not a requirement, 
and therefore OPS is preferred operating at a much lower cost. The microalgae 
grown in an OPS are harvested and concentrated (thickening) to a desired loading 
rate via recycling water and nutrients back to the OPS. In the case of PBR, recycling 
of the extracted water from thickening is typically not done to avoid system con-
tamination [7]. Thickening has three steps: autoflocculation, sedimentation, and 
centrifugation/filtration [2, 7]. Microalgae can enter the HTL step as either a whole 
biomass or a microalgae residue if valuable co-products such as lipids or proteins 
are extracted post-thickening. Co-product extraction is achieved by mechanical dis-
ruption, pulse electric field (PEF), ultrasound, or a combination of either of the 
three. Whether whole biomass or microalgae residue, HTL converts the feedstock 
into gaseous phase, aqueous phase, biocrude, and solid residue. The gas, predomi-
nantly CO2, is recycled back to the OPS or PBR as organic carbon source to growing 
culture. A combination of protein (high-value co-product) extraction and HTL 
boosts the microalgae refinery’s sustainability due to (1) maximizing utilization 
potential by recycling a significant portion of the nitrogen-rich aqueous phase and 
(2) lowering nitrogen content of the biocrude [36]. However, adding an extra protein 
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Aqueous phase 
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Fig. 3 Microalgae biorefinery scheme using HTL with upgrade (modified and adapted with per-
mission from [36])
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extraction step reduces the overall bio-oil yield, and trade-off must be evaluated. 
The biocrude undergoes upgrade to produce bio-oil. Catalytic upgrade of biocrude 
oil is discussed in Sect. 8.

3  Mass, Energy, and Nutrient Balance in Microalgae HTL

Regardless of microalgae species, the mass balance of the HTL process share simi-
lar trends; that is, the main fractions are (1) biocrude (bio-oil if upgraded), (2) 
organics in the aqueous phase, (3) solid residues, and (4) gaseous phase, typically 
lower in concentrations. High-value chemical co-products may be delivered. 
Biocrude, solid residues, and the gaseous phase are measured gravimetrically, while 
the aqueous phase is determined by calculating the mass difference from the input 
feedstock. Inadvertent overestimation of the organics in the water is commonly 
achieved by incorporating the losses in the system.

Energy balance in HTL is presented in terms of two energy ratios: (1) energy 
recovery (ER) and (2) energy consumption (EC). ER ratio is loosely defined as the 
ratio of the energy embodies in main product, in this case biocrude, to the total input 
energy required in HTL (Ein/Eout) [36, 45, 46]. However, there are discrepancies 
among researchers in calculating ER [47, 48]. Across various energy platforms, EC 
calculations give rise to substantially different values making reporting ambiguous. 
Some researchers strictly include biocrude bioenergy as Ein, while some include co-
product energy in the form of bioelectricity and, to a lesser extent, the gaseous phase 
energy. The ambiguity is easily resolved by employing energy return on investment 
(EROI), which explicitly includes all energy products in the numerator and all 
energy consumption in the denominator without premature crediting of co-products 
[39, 48]. In terms of EC ratio, researchers are uniform in defining it as the ratio of 
the HTL energy demand versus the energy embodied in the biocrude [39, 45, 49]. 
Comparatively, the heating value of a typical microalgae is around 20 MJ/kg [50], 
while biocrude has a value of 43 MJ/kg [38, 51]. It was reported by Brown et al. that 
the heating value of the gaseous phase is 4  MJ/kg [38] from the HTL of 
Nannochloropsis sp. for 60 min at 350 °C. In perspective, the average lower heating 
value for methane is 50 MJ/kg, for propane 46.4 MJ/kg, and for butane 45 MJ/kg 
[52], implying that the gaseous phase contains low fraction of these gases. Below is 
a typical mass and atomic balance (dry basis, mass fraction) of Spirulina platensis 
undergoing HTL for 60 min at 350 °C [45] (Fig. 4).

A significant portion of nutrients is recovered in the aqueous medium coming out 
of HTL which is subsequently recovered as nutrient-rich culture medium during 
microalgae cultivation. Specifically, around 40–75% of N in aqueous phase is 
recovered [36, 45]. HTL utilizes various catalysts which affect the percent nitrogen 
recovered. In combination, both lipid yield and nutrients recycle are optimized to 
render HTL economically viable method in converting microalgae to biofuel. 
Integrated microalgal cultivation, HTL, and nutrient recycling are tenable approaches 
from an energy and mass balance approach [31, 53, 54].
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4  Role of Media in Microalgae HTL

Water plays a critical role in HTL. At normal temperature, water is a polar liquid 
and does not react with organic compounds. Elevated temperature (superheated 
water) leads to the breaking of strong hydrogen bonds which makes water less polar 
and behave more like an organic solvent and, consequently, highly reactive and 
miscible with organic components. Under these conditions, the dielectric constant 
(relative permittivity), εr, of water decreases substantially. For example, dielectric 
constant reduces from 78.85 to 19.66 with a temperature increase from 25 °C to 
300 °C. Secondly, an increase in temperature increases the self-ionization (dissocia-
tion) of water. Water dissociates into hydronium ion (H3O+) and hydroxide ions 
(OH−) as a reversible reaction. The ionic product of water (KW), written as molar 
concentrations of the ionic products of water, increases considerably (1 × 10−14 to 
1 × 10−12) with an increase in temperature from normal to subcritical range:

 KW H O OH= éë ùû éë ùû
+3 –

 (1)

With the increase in the dissociation constant, water acts as a catalyst and accel-
erates the rate of both acid- and base-catalyzed reactions. These two factors make 
water, at an elevated temperature, a good solvent for nonpolar hydrophobic hydro-
carbons and lead to fast and efficient reactions. The phase diagram of water depict-
ing the dominant reaction in each region is shown in (Fig. 5).

Fig. 4 Mass and atomic balance (dry basis) in the HTL of Spirulina platensis, bio-oil (biocrude 
oil), and solid residue (modified and adapted with permission from [40])
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5  Chemistry of HTL

Subcritical water acts as a hot pressurized liquid solvent in HTL. Subcritical water 
is maintained at a pressure where the operating temperature becomes higher than its 
boiling point of 100 °C up to its critical point of 374 °C (i.e., similar to superheated 
water in a pressure cooker). At subcritical condition, the solubility of hydrophobic 
organic compounds in water is improved due to water’s low permittivity (78 F m−1 
(25 °C, 0.1 MPa) to 14.07 F m−1 (350 °C, 20 MPa)) [18]. Thus, hydrolysis is pro-
moted yielding higher concentrations of H+ and OH− ions (greater water ion prod-
uct) than those in water at STP. Conversely, supercritical water is ideal for gasification 
where radical reactions are pronounced. HTL is affected by temperature, reaction 
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time, catalyst amount, and microalgae’s ash content, although the extent to which 
each of these factors affects HTL mechanism has not been fully understood. 
Microalgae subjected to hot compressed liquid water near its critical point (374 °C, 
22.1 MPa) is subjected to two competing reactions: hydrolysis (depolymerization or 
decomposition) into smaller units that are highly reactive and repolymerization of 
the units to form bio-oil, gas, aqueous phase, and solid residue [25, 38, 55]. Varying 
the process condition such as increasing reaction time or temperature may lead to 
increase in solid fraction yield and a decrease in the biocrude oil yield [56–58]. 
Increasing the reaction time decreases the viscosity of the biocrude oil which in turn 
lowers its concentration in the liquid phase [49].

A 2011 study compared the individual HTL characteristics of the three compo-
nents of microalgae (lipids, proteins, and carbohydrates) with the HTL characteris-
tics of various microalgae strains [39]. The study proposed that the biocrude oil 
conversion yield for the HTL of any microalgal strain is 55–80 w/w% in lipids, 
11–18 w/w% in proteins, and 6–15 w/w% in carbohydrates, all of which are much 
lower compared to experiments performed by authors who utilized microalgae with 
very low lipid content [59, 60]. Another study [61] showed that at reaction tempera-
tures below 250 °C, HTL of lipids and algaenans significantly contributes to the 
composition of the resulting biocrude. Conversely, at reaction temperatures between 
300 and 375 °C, HTL of proteins and carbohydrates produces the majority of the 
components in the biocrude, with an elevated level of nitrogen due to the decompo-
sition of amines in proteins.

A generalized equation was empirically developed by Biller and Ross [39] to 
estimate the percent biocrude oil yield (w/w) from the HTL of Nannochloropsis 
oculata and Chlorella vulgaris with known data on lipid, protein, and carbohydrate 
contents and yields via Eq. (2). However, the equation cannot be applied to other 
microalgal strain because microalgal components in other strains do not behave 
independently during HTL and cannot be linearly added to produce a single bio-
crude oil yield value. Instead, their interactions are characterized via cross-linking 
mechanisms [61]:

 BioY LipC LipY ProC ProY CarC CarY= ( )( ) + ( )( ) + ( )( ) (2)

where

Bio Y = Biocrude oil yield (w/w %)
Lip C = Lipid content (w/w %)
Lip Y = Lipid yield (w/w %)
Pro C = Protein content (w/w %)
Pro Y = Protein yield (w/w %)
Car C = Carbohydrate content (w/w %)
Car Y = Carbohydrate yield (w/w %)
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5.1  Microalgae Components

Lipids. Lipids are nonpolar compounds that are hydrophobic, usually occurring in 
the form of triglycerides (TAGs), an aliphatic compound consisting of a glycerol 
backbone attached to three fatty acids [62]. Upon hydrolysis, TAGs easily decom-
pose to produce 1 mole of glycerol (by-product) and 3 moles of free fatty acids 
(FFAs) (main product) in hot compressed water without catalyst [18]. The glycerol 
produced is then converted via HTL into methanol, acetaldehyde, propionaldehyde, 
acrolein, allyl alcohol, ethanol, formaldehyde, and gas products (CO, CO2, and H2) 
[62, 63]. The FFAs can be converted into long-chain hydrocarbons although they 
are thermally stable [14]. At ambient temperature, lipids are typically insoluble in 
solvents, but as temperature increases, they become more polar and soluble. The 
solubility of lipids in water is enhanced if the water’s dielectric constant is within 
subcritical conditions (e.g., 350 °C, 20 MPa) [17]. The glycerol produced during 
HTL is a mixture of fatty acids, methanol, and salts that is soluble in water [64]. The 
higher the lipid content of a microalgae species, the higher the biocrude oil yield 
from HTL.

Proteins. Proteins consist of several monomer units of amino acids joined by 
peptide bonds. The majority of the nitrogen in microalgae is found in proteins. The 
HTL process inadvertently incorporates most of the nitrogen in proteins to the bio-
crude oil, therefore affecting the biocrude oil’s properties. Proteins are easily hydro-
lyzable to produce low yields of amino acids [65] because the peptide bonds in 
proteins are more stable than the glycosidic bonds in glucose/starch. Amino acid 
yields during HTL are also low (~10%) since they can further undergo (1) decar-
boxylation to produce carbonic acid and amines and (2) deamination to produce 
ammonia and organic acids [14, 17]. The degradation products of an amino acid 
include CO2, CO, CH4, hydrogen, short-chain hydrocarbons (alkanes, alkenes), 
alcohols (≤ C5), aldehydes, amides, and carboxylic acids [12]. These products can 
repolymerize to form long-chain hydrocarbons and aromatic compounds such as 
phenols or nitrogen heterocyclics such as indole or pyrrole [14, 49, 66, 67]. The 
amino acid (activation energy: 148–166  kJ/mol) decomposition is a first-order 
kinetic reaction described by the Arrhenius equation [68]. Amino acids degrade 
very quickly, usually decomposing more than 70% within 20–30  s at around 
350 °C [69].

Carbohydrates. Carbohydrates are a collective term for monosaccharides, oligo-
saccharides, and polysaccharides. It can exist as cellulose, hemicellulose, and lig-
nin. In the case of microalgae subjected to hydrothermal conditions, its carbohydrate 
content are not converted directly into biocrude oil. Rather, HTL degrades the car-
bohydrates into polar compounds such as organic acids (i.e., acetic, formic, lactic), 
aldehydes, benzenes, and alcohols [17, 18, 39]. The aldehyde and benzene fractions 
are then converted to long-chain hydrocarbons forming the biocrude oil [14].

Algaenans. Algaenans are recalcitrant biopolymers existing in the cell walls of 
green microalgae. They consist of hydrocarbons with variable lengths and alkyl- 
aromatics [61]. No study has been done to analyze their degradation behavior and 
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chemical pathways during HTL because they are resistant to hydrothermal condi-
tions and chemical treatments [14].

5.2  Microalgae HTL Products

As presented in Fig. 4, HTL utilizes microalgae feedstock and produces a mixture 
of gaseous product, biocrude oil, an aqueous phase, and a solid residue. Biocrude oil 
has low oxygen content (10–20%) compared to the aqueous phase and solid residue 
[8]. It consists of a mixture of straight-chain and aromatic hydrocarbons with vary-
ing O/C and H/C ratios, depending upon the nature of the microalgae feedstock. A 
typical microalgae-based biocrude oil has a heating value of 35–40  MJ/kg as a 
result low O/C and H/C ratios, relative to raw microalgae with a heating value of 
15–25 MJ/kg. Biocrude oil can be upgraded to high-quality fuels or can be directly 
co-fired with coal. Aviation gasoline, biojet fuel, and renewable diesel are the main 
products of biocrude oil upgrade. Unlike petroleum-based diesel or biodiesel 
obtained from transesterification of microalgae lipids, renewable diesel can be used 
directly in diesel-powered vehicles because it is compatible with diesel engines and 
their distribution infrastructure. Upgrading of HTL biocrude oil is also easily 
accomplished within existing petroleum refineries. The emission controls within 
these refineries are also capable of removing sulfur from HTL fuel products to meet 
stringent local, state, and federal fuel requirements (e.g., ULSD). The aqueous 
stream coming out of the HTL process contains large amounts of oxygen and nutri-
ents. The chemicals in the nutrients such as nitrates, phosphates, and sulfates can be 
recycled back to the microalgae pond as source of nutrient during cultivation [6, 7, 
38, 70]. CO2 can be extracted from the gaseous mixture and recycled back to the 
microalgae pond as carbon source [7]. Similar to the aqueous phase, the solid resi-
due (biochar) is high in oxygen and nitrogen which can be utilized as land 
amendment.

Biocrude Oil. Biocrude oil is a viscous liquid mixture of hydrocarbons with 
varying lengths. This is derived from carbohydrates, fatty acids, amino acids, and 
organic acids that are primary end products of the photosynthetic carbon fixation 
pathway (i.e., Calvin-Benson cycle). Biocrude oil from microalgae HTL has three 
major components: lipids (fatty acids, sterols), proteins (peptides), and insoluble 
fraction (algaenans, asphaltenes) [61]. It is dark and chemically similar to petro-
leum crude oil [46]. Its energy content is lower than petroleum fuel oil (~70–95%) 
[38]. The biocrude oil yield reported as mass fraction of the dry input microalgae, 
from the HTL at 350 °C of Nannochloropsis sp., is 43 ± 2 [38], while that from 
Spirulina platensis is 39.9 [40]. These values are higher than those predicted by Eq. 
(2): 27.7 ± 8.3 for Nannochloropsis sp. and 18.0 ± 6.4 for Spirulina platensis [14]. 
Other studies investigated the effects of homogenous catalyst on biocrude oil yield 
from microalgae under hydrothermal conditions [57, 71, 72]. Results ranged from 
14.2 to 67 wt%. The typical elemental compositions (wt%) of biocrude oil from 
direct catalytic HTL of microalgae are reported as follows: 73.7–76.1% C, 
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8.6–11.1% H, 8.3–11.1% O, and 3.9–6.3% N with a higher heating value of 34.5 to 
40.1 MJ/kg [14, 36]. The N content leads to the formation of NOx emission during 
combustion. Although sulfur content is below detection limit, it ranges between 0.5 
and 1% [38, 45]. Microalgal biocrude consists of cyclic N and O compounds (e.g., 
pyrrolidinedione, piperidinedione), cyclic oxygenates (e.g., phenol), and cyclic 
nitrogenates (e.g., pyrimidine, pyrazine) derived from protein derivatives (peptides 
and/or cyclic peptides) and carbohydrates [38, 39, 73].

Aqueous Phase. The aqueous phase is an organic-rich HTL fraction consisting 
mainly of phosphate, ammonium, acetate, K+, Na+, and Mg2+ [31, 72]. This phase 
can be recycled and fed into the growth culture medium because of its high nitrogen 
content [53, 74]. Because this aqueous phase is rich in organics, recycling it sup-
plies the necessary carbon source needed by certain heterotrophic microalgae 
strains. Alternatively, this phase can also be gasified at supercritical conditions (i.e., 
>647.1 K, >22.1 MPa), in combination with the solid residue to generate a hydro-
gen-rich and methane-rich fuel gas (syngas). In a 2018 study, a modeling platform 
was developed for the combined gasification of three species of microalgae 
(Nannochloropsis oculate, Fucus serratus, and Scenedesmus almeriensis) com-
bined with tar [75]. The model handled variations in O2 which improved perfor-
mance and efficiency, utilized steam that produced hydrogen, and employed CO2 
absorber that recycled carbon and generated high-quality syngas. Microalgae’s pro-
tein and carbohydrate fraction contributed to the production of H2, while the fatty 
acid component led to the production of CH4 [76].

Solid Residue. The solid outcome in microalgae HTL is an oxygen-rich residue 
with high ash content but exceedingly small percent of hydrogen, nitrogen, and 
sulfur. It is also known as char which can be used as fertilizer/soil amendment due 
to its nutrient load or as catalyst. Figure 4 revealed that solid residue yield is about 
5 wt% of the total Spirulina platensis feedstock with the following elemental com-
position: 11.82% C, 2.41% H, 1.61% N, 84.16% O, and 0.61% S [40]. Investigations 
from other studies reported yields below 10% [25, 49, 72]. Char serves as feedstock 
for other thermochemical process such as gasification and carbonization (both pyro-
lytic and hydrothermal) and combustion.

Gaseous Phase. The gaseous phase consists of CO2, CH4, H2, CO, and C2 and 
represents approximately 20% of microalgae feedstock [36, 45, 38]. Gaseous prod-
ucts increased by 20% accompanied by a decrease in biocrude oil yield if reaction 
temperature is increased from 350 °C to 380 °C [38]. CO2 and H2 (662 mmol/mol 
and 297 mmol/mol, respectively) are the main components of the gaseous phase, 
and CH4, N2, C2H4, and C2H6 are the minor components [38]. Changing the resi-
dence time from 60 to 120 min increased the gaseous phase by 48% [40]. CO occurs 
at very low concentration because [75] it is a highly reactive and unstable radical 
that easily forms CO2 via the water-gas shift reaction ([4, 77] oxygen removal is 
achieved via decarboxylation (i.e., removes carboxyl group and releases CO2) and 
not decarbonylation (releases CO) [36]. CO2 can be recycled into the growth 
medium as an inorganic carbon source for the microalgae, while H2 can be used in 
the upgrade of the generated biocrude oil.
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5.3  Reaction Pathways

The production of biocrude oil from the hydrothermal liquefaction of microalgae 
biomass has been recently touted as an attractive route to utilizing microalgae’s 
embodied energy into a more effective energy carrier with low coke formation [78, 
79]. HTL’s chemistry and process conditions (200–380 °C) [80, 81] allow the recy-
cle elements such as O and N into the aqueous and gaseous product streams while 
extracting C and H from the hydrocarbons embedded in the microalgae biomass 
[82]. The process is initialized by hydrolyzing lipids, proteins, and carbohydrates 
into smaller, unstable, and reactive molecules [35]. The decomposition and depoly-
merization typically occur for a noticeably short period of time, while the repoly-
merization to produce biocrude oil takes much longer [59]. Water plays an essential 
role in cleaving the macromolecule bonds and permits the adequate separation of 
the biocrude oil from other phases after HTL reaction.

HTL of microalgae involves three subsequent phases. The first phase is the 
hydrolysis of the major components (lipids, proteins, carbohydrates) into their 
building blocks (monomers). Hydrolysis results into lipids turning into 1 mole of 
glycerol and 3 moles of fatty acids, proteins into different amino acids or peptides, 
and carbohydrates into monosaccharides or polysaccharides (reducing and nonre-
ducing sugars). The second phase is the parallel reaction of the monomers which 
includes dehydration and cracking. Finally, the third phase is the cross-reaction of 
the intermediate products such as Maillard reaction between amino acids and reduc-
ing sugars, decarboxylation of fatty acids, and decarboxylation of amino acids [83, 
84]. Lipids generate straight-chain and cyclic hydrocarbons (hydroxyl and carboxyl 
groups), while proteins and carbohydrates produce heteroatoms [84]. These hetero-
atoms are N- and O-containing compounds [61, 85–88].

A typical reaction network for microalgae HTL is as follows: Glycerol from 
lipids is converted into acrolein and 1,3-dioxan-5-ol. The fatty acids, on the other 
hand, are converted into alkanes and alkenes via decarboxylation and into fatty acid 
amides if reacted with NH3 [87, 89]. The amino acids from proteins can undergo 
three routes: (1) decarboxylation to form ketones and amines, which in turn can be 
converted into alkanes; (2) deamination to form ammonia and organic acids, which 
in turn can be converted into alkanes; and (3) nucleophilic reaction to form cyclic 
amines [61, 62]. The sugars from carbohydrates are converted into 
5- hydroxymethylfural, lactic acid, acetic acid, formic acid, and pyruvaldehyde. 
These intermediates can then react with an amide to form amides [10]. A reducing 
sugar can also undergo dimerization or Maillard reaction with NH3 to form a slew 
of N- and O-containing compounds such as pyrazine, cyclic oxygenates, indole, 
quinoline, pyrazine derivatives, and phenol derivatives [90, 91].

In general, the formation of biocrude oil via HTL from microalgae primarily 
involves deoxygenation and denitrogenation [82], with deoxygenation occurring via 
decarboxylation and dehydration [92]. Biocrude oil has abundant hydrocarbons, 
phenols, free fatty acids, and N- and O-containing heteroatoms [38, 39]. Upgrading 
the biocrude oil improves its C/H ratio, HHV, viscosity, and alkane fraction.
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Hydrogenation. Hydrogenation is a chemical reaction between molecular hydro-
gen (H2) and an unsaturated hydrocarbon (e.g., alkene) in the presence of Ni, Pd, or 
Pt catalyst to saturate (remove double bond) the hydrocarbon. The 3 moles of fatty 
acids derived from the hydrolysis of lipids consist of unsaturated C-O double bonds. 
These double bonds and other C-C double bonds and double bonds in aromatic 
compounds can react with hydrogen to transform these compounds into saturated 
hydrocarbons or saturated aromatics via catalytic hydrogenation. Metal catalysts 
such as Ni, Ru, Pt, and Pd can be used. Hydrogenation enhances the quality of the 
biocrude oil by removing the heteroatoms. One example is the hydrogenation of 
phenol in the presence of Ni catalyst to cyclohexenol (1-, 2-, or 3-cyclohexenol) and 
the subsequent hydrogenation to cyclohexanol [93]. Another example is the conver-
sion of five-member rings with one heteroatom from unsaturated to saturated: (1) 
oxygen with H2 and Raney nickel, oxole (furan) → oxacyclopentane (tetrahydrofu-
ran); (2) sulfur with H2 and Pd/C, thiol (thiophene) → thiacyclopentane (tetrahydro-
thiophene); and (3) nitrogen with H2 and Pt, azole (pyrrole) → azacyclopentane 
(pyrrolidine) [29, 93, 94].

Hydrogenation is initialized when H2 is cleaved and absorbed on the surface of 
the catalyst. Alkene (e.g., C-H) is then absorbed to the catalyst surface via the weak 
π bonds. A hydrogen atom is transferred to the alkene, forming a C-H bond. A sec-
ond hydrogen atom is transferred to the alkene, forming a second C-H bond. The 
two hydrogens are finally added to the same face of the double bond (syn addition) 
to produce saturated alkane.

Deoxygenation. The produced biocrude oil has high viscosity and low energy 
content due to its high oxygen content of about 6–15 wt% [72, 95]. Improvement of 
biocrude oil quality entails upgrading or the removal of oxygen to produce CO2, 
H2O, and CO via catalytic deoxygenation. Deoxygenation types are (1) generation 
of CO2 and R-H from the decomposition of carboxylic acid (decarboxylation), (2) 
generation of H2O and R-H from the reaction of ketone with H2 (hydrodeoxygen-
ation), and (3) generation of H2O and ester from the reaction of carboxylic acid and 
alcohol (dehydration). The conversion of phenol to cyclohexane is a hydrodeoxy-
genation process with the following steps: hydrogenation of phenol using Pd cata-
lyst, dehydration of cyclohexanol using acid catalyst, and hydrogenation of 
cyclohexene using Pd catalyst [82]. The hydrodeoxygenation of phenol is accom-
plished using other metal catalysts such as Ni/ZrO2, Ru/C, Ni/Al2O3, Pd/C, and 
Pt/C [93]. Ni-supported catalyst is found to be more effective than metal-supported 
catalyst in the hydrodeoxygenation of phenol because Ni catalyst requires metal 
oxides which facilitate dissociation of the O-H bond [93]. The choice of a suitable 
catalyst ensures the success of hydrodeoxygenation of complex aromatic com-
pounds. For instance, the hydrogenation of methoxyphenol is actively mediated by 
the sulfide form of cobalt-molybdenum, nickel-molybdenum, and nickel- 
tungsten [96].

Decarboxylation. Decarboxylation is a type of catalytic deoxygenation that 
removes CO2 from the carboxyl group and produces straight-chain hydrocarbons 
(alkanes, alkenes). It improves biocrude quality by increasing the hydrocarbon con-
tent of HTL-produced biocrude oil in the presence or absence of a catalyst. A study 
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by Biller et al. validated that the decarboxylation of fatty acids to form alkanes is 
achieved in the presence of Na2CO3 [39]. The upgraded biocrude oil is found to 
contain higher straight-chain alkanes, higher HHV, lower fraction of high boilers, 
and lower oxygen relative to crude bio-oil. The catalysts Pd/C, Pt/C, Pt/Al2O3, 
Raney-Ni, and HZSM-5 are also beneficial in upgrading biocrude from direct cata-
lytic HTL because they enhance alkane fractions and lower fatty acid content result-
ing in a better quality biocrude [41, 83, 97–99]. Alkali catalysts (NaOH, KOH) are 
appropriate in the monomolecular decarboxylation of stearic acid, while metal 
oxide catalysts (CeO2, Y2O3, ZrO2) are suitable for the bimolecular decarboxylation 
of stearic acid [100].

Denitrogenation. After HTL, the N from the microalgae biomass is partitioned in 
the biocrude oil as N-containing compounds, in the aqueous phase as HCN and 
NH3, and in the solid phase [72, 82]. N-containing compounds can be heterocyclic 
(ring compounds with at least two different elements in its ring) such as pyrazine, 
cyclic oxygenates, indole, quinoline, and pyrrole or non-heterocyclic such as ali-
phatic amines (straight-chain amines), aniline (amino group with phenyl group 
attachment), and nitrile (C ≡ N−). Heterocyclic compounds and the phenyl group 
for aniline need to be saturated (i.e., removal of double bonds) before the C-N bond 
is destroyed. Typical denitrogenation reaction requires the addition of H2 via cata-
lytic hydrodenitrogenation. As an example, the mechanism of pyridine hydrodeni-
trogenation was proposed by Duan and Savage under hydrothermal conditions 
using Pt/γ-Al2O3 as the most effective catalyst [101]. The study presented four 
sequential steps to (1) removal of double bonds in the cyclic ring (saturation) by 
addition of H to form piperidine, (2) cleavage of C-N bond by addition of H to form 
pentylamine, (3) hydrolysis by addition of H2O to form n-pentanol and NH3, and (4) 
dehydration by removal of H2O and hydrogenation by addition of H2 to form 
n-pentane.

Desulfurization. The amino acid composition of microalgae determines the 
S-containing heteroatoms in the biocrude oil, at about <1 wt% [8, 14, 102]. In refer-
ence, ULSD has a maximum diesel content of 15 ppm (0.0015 wt%) since 2006 
[103]. Sulfur is significantly reduced during microalgae HTL and biocrude oil 
upgrading to prevent the formation of Sox during fuel use. It has been determined 
that Ni/SiO2-Al2O3 catalyst promotes more efficient removal of S in the biocrude oil 
below the detection limit than Ru/C or CoMo/Al2O3 catalysts [95]. Although there 
are limited studies in literature regarding the desulfurization of microalgae HTL and 
biocrude oil upgrading, the mechanism of S removal has been investigated in petro-
leum biocrude. The catalytic dehydrogenation of petroleum biocrude significantly 
removes S-containing compounds such as mercaptans and disulfides and to a lesser 
degree thiols (thiophenes) with benzene ring(s) (benzothiophenes or dibenzothio-
phenes) [104, 105]. The body of research on the desulfurization of microalgae HTL 
and biocrude oil upgrading focuses on the effects heterogeneous catalysts such as 
Pt/C and Pd/C on catalytic activity and regeneration. Nevertheless, further research 
is warranted in developing catalysts which effectively removes S while maintaining 
high-quality and high-yield biocrude oil.
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6  Non-catalytic Microalgae HTL

Wet microalgal biomass can undergo HTL with or without catalyst. Catalyst improves 
biocrude oil yield, but without it, yield is highly dependent on temperature and algae 
strain species [106]. An investigation on the marine microalgae Nannochloropsis sp. 
revealed that the optimum biocrude oil (HHV oil = 39 MJ/kg) yield of 43 wt% was 
achieved at 350 °C and 60 min [38]. In a study by [8], Scenedesmus and Spirulina 
species subjected on HTL at 300 °C, 10–12 MPa, and 30 min generated 24–45 wt% 
biocrude oil having 35–57 MJ/kg HHV [8]. The maximum biocrude oil yield for the 
HTL of Dunaliella tertiolecta (HHV oil = 26.62 MJ/kg) performed at 360 °C, 30 min, 
and 10 wt% solid feedstock concentration was 36.9 wt% [59]. HTL of Chlorella pyre-
noidosa at 280 °C and 120 min reaction time yield 39 wt% biocrude oil [99], and HTL 
of Microcystis viridis at 300–340 °C and 30–60 min reaction time yield 33–40 wt% 
biocrude oil [25]. Still, caution must be exercised in subjecting these microalgal spe-
cies to extremely high temperatures because such conditions minimize yield through 
recondensation reaction which leads to coke formation [107]. Ideally, non-catalytic 
HTL of microalgae must be carried out below the critical point of water (374 °C, 
22 MPa) since within this regime the high ionic constant and low dielectric constant 
of water brought about by its weak hydrogen bond effectively hydrolyze microalgae’s 
organic components [32, 108]. With the hydrolysis of lipids, proteins, and carbohy-
drates in hot compressed water, biocrude oil yield is increased [106, 109]. Table 1 
summarizes the various reaction conditions in the non-catalytic HTL of microalgae.

7  Catalytic Microalgae HTL and Valorization

Catalysts are used in the HTL of microalgae to enhance biocrude oil yield, to 
increase rates of reactions, and to minimize the production of the solid phase (char). 
Catalysts can either be homogenous (water-soluble) or heterogeneous 

Table 1 Summary of non-catalytic hydrothermal liquefaction (HTL) of microalgae

Biomass type
Temp 
(°C)

Press
(MPa)

Time
(min) Key findings Ref

Nannochloropsis 
sp.
Scenedesmus, 
Spirulina

200–
500
300

–
10–12

60
30

Maximum biocrude oil yield was 
43 wt% achieved at 350 °C and 60 min. 
The HHV of oil was 39 MJ/kg
Optimum biocrude oil yield was 
24–45 wt% with 35–57 MJ/kg HHV of 
oil

Brown 
et al. [38]
Vardon 
et al. [8]

Dunaliella 
tertiolecta
Chlorella 
pyrenoidosa
Microcystis 
viridis

300–
380
280
300–
340

5–30
–
–

10–100
120
30–60

Maximum biocrude oil yield was 
36.9 wt% achieved at 360 °C, 30 min, 
and 10 wt% algae feed. The HHV of oil 
was 26.62 MJ/kg
Maximum biocrude oil yield was 
39 wt%
Optimum biocrude oil yield was 
33–40 wt%

Zou et al. 
[59]
Yu et al. 
[99]
Yang 
et al. [25]
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(non-water- soluble). The role of catalysts is to facilitate the degradation of the bio-
mass into biocrude oil at hydrothermal conditions or to upgrade biocrude oil into 
fuel grade with appropriate hydrocarbon composition. Homogeneous catalysts such 
as salts of Na and K have been extensively investigated in the HTL of microalgae 
[41, 56, 57]. Na and K salts promote the formation of CO2 and H2 by hastening the 
water gas shift reaction. These salts also increase the HHV of biocrude oil [18]. 
These catalysts maintain water in the biomass, thereby promoting decarboxylation 
(deoxygenation via the removal of CO2). However, evidence suggests that homoge-
neous catalysts increase the oxygen content of biocrude oil [72]. In contrast, hetero-
geneous catalysts are used in the valorization or upgrade of biocrude oil. They 
inadvertently reduce biocrude oil yield due to increased gas phase formation, and 
there are also challenges associated with intra-particle diffusion limitations, fouling, 
and sintering [12]. Despite this, a research confirmed that a slight increase in bio-
crude oil yield and a pronounced gain in HHV were realized when a heterogeneous 
catalyst was employed [31].

Catalytic microalgae HTL uses water as solvent. Water below the critical point 
(i.e., subcritical water or hot compressed water) makes the hydrophobic organic 
components of the microalgae more soluble and the presence of ions conducive for 
intermediate reactions necessary in the production of biocrude [56]. Water above 
the critical point (i.e., supercritical water (SCW)), on the contrary, promotes the 
production of radical species and gaseous hydrocarbons (CH4, C2–C4 gases).

Regardless of the type of catalyst or solvent, HTL involves the degradation of the 
macrocomponents of microalgae, the rate of which depends on the species/strain 
[110]. Specifically, lipids degrade into fatty acids and glycerol, while carbohydrates 
depolymerize into aldehydes and ketones [32, 111]. The fatty acids produced from 
lipids are further decarboxylated to form corresponding straight- chain hydrocar-
bons (alkanes, alkenes), depending on the R-structure. Proteins are hydrolyzed at 
hydrothermal conditions to produce amino acid monomers which are further con-
verted into N-containing compounds such as amines, ammonia, etc. The algaenan 
component of microalgae can be converted into alkanes, a potential “drop- in” fuel 
in replacement for gasoline, diesel, and jet fuel [17, 61]. The mechanisms of these 
reactions are yet to be fully understood, although catalysts’ role has been regarded 
by studies to promote or deter the intermediate reactions of depolymerization [61, 
112]. Thus, the actual composition of biocrude oil is dependent not only on micro-
algal species/strain but also on catalyst’s activity.

7.1  Homogeneous Catalysis

Homogeneous catalysts are catalysts that are soluble at room temperature in the 
solvent medium used in the reaction system. They were first developed for use in the 
HTL of algae biomass and are almost exclusively used for that purpose. They exist 
in the form of organic acids (e.g., CH3COOH, HCOOH), their organic salts (e.g., 
CH3COONa, HCOONa), alkali salts (e.g., Na2CO3, KOH), and cations of transition 
elements (e.g., Co3+, Zn2+). Homogeneous catalysts aid in breaking the C-C bond in 
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the biomass to facilitate hydrolysis and dehydration to produce hydrocarbons, 
N-containing compounds, oxygenates, gases, and solids. They improve biocrude oil 
yield and reduce char production. However, homogeneous catalysts do not easily 
facilitate the generation of “drop-in” fuels or the use of homogenous catalysts dur-
ing the upgrading of biocrude oil from the liquefaction of microalgae and tend to 
produce hydrocarbons unfit for fuel use (i.e., gasoline, jet fuel, diesel) [58, 61, 98].

Na2CO3, Ca3(PO4)2, and NiO were studied by Jena et al. in the HTL of Spirulina 
platensis and upgrading of its associated biocrude oil [44]. HTL conditions were 
300–350 °C and 25 wt% algae concentration. Na2CO3 produced the highest yield of 
biocrude oil at 59 wt%, compared to the other two catalysts which lowered yield. 
Na2CO3 is the most widely used homogeneous catalyst, as confirmed in this study 
and many other studies [25, 61, 72, 73, 113, 114]. Na2CO3 as a catalyst has numer-
ous advantages. First, it increases the biocrude oil’s C5 to C18 hydrocarbons by 
45 wt% as well as stimulates benzene, toluene, ethylbenzene, and xylene production 
[115]. Second, its effectiveness is due to its high reactivity in the formation of 
CH3COONa, an organic salt instrumental in decarbonylation, dehydration, and 
hydroxylation reactions [78]. Third, it increases HHV and H and C contents of the 
biocrude oil while it simultaneously lowers the oil’s O, N, and S contents [19, 116–
118]. However, it also has negative effects. First, it is sensitive to loading amount 
which directly raises solution pH and cost associated with recovery and reuse [119]. 
Second, the use of Na2CO3 saponifies the lipids and forms sodium aliphatate, a solid 
residue [19, 117, 120]. Third, it reacts with the organic acids produced via decar-
boxylation [19]. Thus, Na2CO3 lowers organic acid concentration and increases CO2 
fraction in the gas phase.

Alkali catalysts in general are sensitive to temperature. For example, using 
Na2CO3 at 240  °C results in effective depolymerization of proteins to N- and 
O-containing heteroatoms than using Na2CO3 at 280 °C [120]. In a similar manner, 
Na2CO3 produces higher biocrude oil yields at 300 °C than at 350 °C [77]. Alkali 
catalysts such as KOH facilitates the production of additional 5–10 wt% biocrude 
oil compared to the non-catalytic reaction, as exhibited in an HTL experiment using 
Cyanidioschyzon merolae at 180–300 °C for 30 min with 10 wt% loading [121]. 
One of the drawbacks in using alkali catalysts is they have limited effect to interme-
diate reactions necessary to generate fuels with high content of hydrocarbons. These 
reactions include isomerization, decarboxylation of organic acids, and aromatiza-
tion [78]. They are also nonrecyclable, and their disposal at the end of the liquefac-
tion process contribute to environmental pollution.

Organic acids such as CH3COOH and HCOOH are homogeneous catalysts 
responsible in the increase of gas fraction and decrease in biocrude oil viscosity. 
CH3COOH and HCOOH raise the gas fraction of the HTL process by 16–22 wt% 
and 30 wt%, respectively [72]. Interestingly, the S content of biocrude oil is doubled 
by using organic acid catalysts compared to alkali catalysts [72]. Comparatively, 
catalytic activity of homogeneous catalysts as a function of biocrude oil yield is 
Na2CO3 > CH3COOH > KOH > HCOOH [72]. Collectively, homogeneous catalysts 
still do not gain industrial acceptance as catalyst of choice in mediating HTL micro-
algae reactions despite their apparent benefits. The reasons stemmed from their 
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chemical properties. First, carbonate-, hydroxide-, and carboxylic acid-based cata-
lysts have low effectiveness in catalyzing fatty acid decarboxylation, isomerization, 
and aromatization [78]. These reactions improve biocrude oil yield. Second, they 
inhibit denitrogenation, deoxygenation, and desulfurization [78]. These reactions 
improve biocrude oil quality. Third, they are consumed in the reaction and are dif-
ficult to recycle [60]. Fourth, they advance corrosion of tanks and equipment by 
increasing the pH of the HTL reaction [122]. Insomuch as all these disadvantages 
are concerned, scientists direct their research efforts to heterogeneous catalysts.

7.2  Heterogeneous Catalysis

To overcome the negative consequences of homogenous catalyst-mediated HTL of 
microalgae biomass, heterogeneous catalysts are widely adopted. They are primar-
ily employed in the valorization or upgrading of biocrude oil. They are solid and 
insoluble in the reaction medium [81, 123, 124], have high recyclability after sev-
eral uses [24, 68], have low corrosion rate [10, 113, 115], and have high catalytic 
activity. Heterogeneous catalysts elicit intermediate reactions [13, 109] through 
subsequent adsorption-desorption of reactants into their surface. Extensively 
researched heterogeneous catalysts include metals (e.g., Ru, Pd, Pt, Ni) supported 
on Al2O3, activated carbon, or zeolite, metal oxides, and molecular sieves [35]. 
Heterogeneous catalysts come in many forms such as oxides (SiO2 and Al2O3), zeo-
lites, and metals supported by C (e.g., Pd/C and Pt/C). Of primary interest to 
researchers are their catalytic activity and their effects on the biocrude oil products 
including gaseous phase, aqueous phase, and solid residue.

In a review by Xu and colleagues [35], these following findings are highlighted 
about heterogeneous catalysts. The catalytic deoxygenation performance of metal 
catalysts such as Ru/C, Pt/Al2O3, Pt/C, NiO, Ni/SiO2-Al2O3, Ni-Mo/Al2O3, CoMo/
γ-Al2O3, Co/Mo/Al2O3, and cesium on zeolite socony mobil-5 (Ce/HZSM-5) were 
excellent at 2–51 wt% (i.e., percent of microalgae components that are deoxygen-
ized). Co/Mo/Al2O3 was found to have the highest deoxygenating efficiency. In 
terms of hydrogenation, Pd/C, Pt/Al2O3, Pt/C, NiO, Ni-Mo/Al2O3, and Ce/HZSM-5 
demonstrated 1–52 wt%. The ability of Pt/Al2O3, Ni/Al2O3, Co/Mo/Al2O3, and  Ce/
HZSM-5 in increasing carbon content of the biocrude oil was demonstrated to be 
9–15 wt%. Moreover, these heterogeneous catalysts were shown to increase C and 
H and to lower O (i.e., raise HHV): Ru/C, Pt/Al2O3, Pt/C, NiO, Ni-Mo/Al2O3, Co/
Mo/Al2O3, Ce/HZSM-5, and Ca3(PO4)2. With respect to desulfurization, Ru/C, 
Pd/C, Pt/C, Ni/SiO2-Al2O3, CoMo/γ-Al2O3, and Ce/HZSM-5 showed 6–100 wt% 
efficiency, with Ni/SiO2-Al2O3 demonstrating the highest activity with or without 
H2. Meanwhile, NiO and Ca3(PO4)2 exhibited unfavorable desulfurization activity. 
The removal of N (denitrogenation), on the other hand, was positively mediated by 
Ru/C, Pt/Al2O3, Pt/C, Ni/SiO2-Al2O3, Ni/Al2O3, Ni-Mo/Al2O3, Ce/HZSM-5, and 
Ca3(PO4)2 at approximately 10 wt% efficiency. In comparison to metal catalysts, 
zeolite has lower catalytic efficiency with respect to biocrude oil yield and quality, 
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albeit cheap to produce. Notably, molecular sieve catalysts such as HZSM-5 have 
high catalytic cracking effects (i.e., produce more alkanes, alkenes, and ketones in 
biocrude oil with minimal organic acids) but quite inexpensive [26, 50, 105]. 
Interestingly, ideal microalgae HTL and biocrude oil upgrading conditions utilizing 
these heterogeneous catalysts are close to 350 °C and 60 min. Some of these recent 
studies are outlined herein. They discuss catalytic effects from a purely biocrude oil 
yield and quality standpoint.

In a study involving the upgrade of Chlorella vulgaris and Nannochloropsis 
occulta sp., Pt/Al2O3, Ni/Al2O3, and Co/Al2O3 were used as catalysts by impregnat-
ing the alumina support with the metal at 20 wt%, 6 wt%, and 20 wt%, respectively 
[31]. Experimental conditions included 350 °C, 1 h, and 1:9 catalyst/water ratio. 
Results for the Chlorella vulgaris showed that the use of Pt/Al2O3 and Co/Al2O3 
increased biocrude oil yield by 3%, while the use of Ni/Al2O3 decreased biocrude 
oil yield by 6% from the yield without catalysts (36  wt%). In the case of 
Nannochloropsis occulta sp., all three catalysts lowered biocrude oil yield. Pt/Al2O3 
and Co/Al2O3 were effective in cleaving C-C and C-O bonds, and they also rein-
forced the occurrence of deoxygenation of oxygenates, which were mostly gener-
ated from carbohydrates in the biomass. In another Nannochloropsis occulta sp. 
investigation, Duan and colleagues demonstrated that Pd/C and CoMo/Al2O3 raised 
biocrude oil yield by 22 wt% and 20 wt%, respectively, from 35 wt% without cata-
lyst [97]. Another metal-supported catalyst study utilized Pd/C in the liquefaction of 
Nannochloropsis sp. in a system that isolated the catalyst from the biocrude oil and 
solid residue [98]. Similar to the Duan study, biocrude oil was increased to 40 wt% 
and 38 wt% at 10-bar and 30-bar H2 pressure, respectively, from the 35 wt% yield 
in the uncatalyzed control.

Nickel supported by rare-earth and ammonia exchange (Ni/REHY) catalyst was 
researched by Yang et al. in the HTL and upgrading of Dunaliella sp. at 200 °C, 
2 MPa, 1 h, and 2 g Ni/REHY at 90 mL solvent [98]. A biocrude oil yield of 35 wt% 
was achieved for the reaction without catalyst, 52 wt% yield for REHY-mediated 
reaction, and 72  wt% yield for Ni/REHY-mediated reaction. Raney nickel 
(Raney-Ni) and zeolite socony mobil-5 (H-ZSM-5) catalyst systems were utilized 
by Zhang et al. in the HTL of Chlorella sp. using ethanol as solvent [125]. Reaction 
conditions were as follows: 200–300 °C temperature range, 2.8–2.9 MPa pressure 
range, and 30 min reaction time. Although there was no significant increase in bio-
crude oil yield for both catalytic experimental setups across the range of tempera-
tures and pressures, product analysis revealed the formation of gasoline-range 
hydrocarbons. Such chemicals indicate bond cleavage, depolymerization, and 
hydrogenation processes took place. A rise in biocrude oil yield from 32  wt% 
(uncatalyzed) to 38 wt% (H-ZSM-5) and 52 wt% (Ce/H-ZSM-5) was realized in Xu 
et al.’s study that employed C. pyrenoidosa sp. liquefaction [126]. The study con-
cluded that the incorporation of Ce in the zeolite enhanced yield in terms of both 
biocrude oil and hydrocarbons.

The quality of high-yield biocrude oil was investigated with regard to its N con-
tent through the valorization of Cyanobacteria microalgae using magnesium 
aluminum- layered double oxide/zeolite socony mobil-5 (MgAl-LDO/HZSM-5) 
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catalyst [118]. Greater than 41% of the biocrude oil generated had extraordinarily 
little N. The extreme lowering of biocrude oil N was attained at 550 °C, 10 K/min 
heating rate, and 0.75 catalyst/substrate ratio.

There is little question that heterogeneous catalysts offer a superior task in form-
ing high-yield and high-quality biocrude oil. However, biocrude oil is not the sole 
basis in their large-scale industry adoption. Other parameters that are directly or 
indirectly affected by the type of heterogeneous catalyst need further evaluation. 
These catalyst properties include (1) stabilization, (2) effects on gaseous products, 
and (3) other factors.

Stabilization. Heterogeneous catalysts can precipitate, sinter, dissolve, or diffuse 
as a result of microalgal impurities and reaction condition [14]. High N and O con-
centrations, extreme temperatures and pressures, and prolonged reaction times con-
tribute to the catalyst’s deactivation [127]. The studies detailed prior are bench-scale 
investigations that pertain mostly to catalytic effects on biocrude yield and quality 
but not on the heterogeneous catalyst’s recoverability from its solid products [123]. 
More studies concerning fundamental knowledge on recyclability and methods of 
preventing deactivation are warranted.

Effects on Gaseous Products. Gas yield (approximately 5 wt% of product yield) 
and composition are considerably affected by heterogeneous catalyst. The composi-
tion of H2, CH4, CO, CO2, and C2 varies depending upon the catalyst employed 
[128, 129]. Metal catalysts such as Ru/C, Pd/C, Pt/Al2O3, Pt/C, Raney-Ni, Ni-Mo/
Al2O3, and HZSM-5 generally increase CO2 concentration in the gas phase and 
hydrocarbons in the biocrude oil via decarboxylation reaction [1, 105, 120]. Ru/C 
and Ni/SiO2-Al2O3 are also responsible for increasing H2, CH4, and C2H6 fractions 
in the gas phase, also via decarboxylation reaction [122]. The presence of signifi-
cant amount of CH4 and C2H6 in the gas phase is also linked to the use of Pt/C cata-
lyst which is known to promote cracking during microalgal liquefaction [130].

Other Factors. The nature of material support base by heterogeneous catalyst 
dictates which reaction is favored in an HTL setup. Catalysts with similar support 
base influence similar chemical reactions, but when they are altered, biocrude oil 
yield and quality are modified. For example, the catalysts Pt/Al2O3, Ni/Al2O3, and 
Co/Mo/Al2O3 all share similar aluminum oxide base which at 350  °C generated 
individual specific biocrude oil yield from Nannochloropsis HTL [31]. Nonetheless, 
when Al2O3 was changed to Pt/C, Ni/SiO2-Al2O3, or CoMo/γ-Al2O3, the yield for all 
three catalyst-mediated experiments were increased [41, 131]. Certain metals are 
linked to certain reactions. For instance, Pt-based catalyst enhances hydrogenation, 
while Co-Mo promotes deoxygenation [41]. Changes in reaction temperature using 
a particular metal catalyst affect biocrude oil yield [31]. A study verified that the 
biocrude oil yield for all experiments using Pd/C, Pd/Al2O3, Pt/C, Pt/Al2O3, and 
Raney-Ni catalysts at 240 °C increased when temperature is raised to 280 °C [99]. 
Lastly, the reaction atmosphere (i.e., presence or absence of H2) in conjunction with 
metal catalyst or zeolite dictated the yield and quality of biocrude oil. For example, 
zeolite with H2 increased the biocrude oil yield, while zeolite without H2 decreased 
it [41] (Table 2).
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8  Biocrude Oil Valorization

The production of high-quality fuel containing specific types of hydrocarbons relies 
on the valorization or upgrading of the biocrude oil obtained from the HTL of algae 
biomass. As mentioned in the previous section, the upgrade of biocrude oil uses 
heterogeneous catalysts. Most of the time, HTL of the algae biomass is carried out 
uncatalyzed followed by catalyzed upgrading of the biocrude oil. Upgrading ensures 
the conversion of oxygenates into hydrocarbons [45]. Zeolite is the most widely 
used heterogeneous catalyst for upgrading biocrude oil because of its unique struc-
ture and acidity [117, 132, 133]. The body of research on zeolite has been consider-
ably applied to pyrolysis [134–136]. The valorization process removes O in the 
intermediate products through a combination of processes such as cracking, decar-
boxylation, and decarbonylation. Typical temperatures range between 300 and 
500 °C [107, 131, 137]. The suitable choice of zeolite is critical for the following 
reasons. First, it affects the composition of the gaseous phase (e.g., alkanes, CO2, 

Table 2 Summary of catalyst, microalgae species, experimental conditions, and biocrude oil yield 
for catalytic hydrothermal liquefaction (HTL) of microalgae

Catalyst Microalgae
Temp (°C), time 
(min)

Yield 
(wt%) Ref

Ru/C Nannochloropsis sp. 350, 60 +43 Duan and Savage 
[41]

Pd/Al2O3

Pd/C
Pd/C

Chlorella pyrenoidosa
Chlorella pyrenoidosa
Nannochloropsis sp.

280, 30
280, 30
350, 60

+8
+4
+63

Yu et al. [99]
Yu et al. [99]
Duan and Savage 
[41]

Pt/Al2O3

Pt/C
Pt/Al2O3

Pt/C

Nannochloropsis oc.
Nannochloropsis sp.
Chlorella pyrenoidosa
Chlorella pyrenoidosa

350, 60
350, 60
280, 30
280, 30

−12
+34
+7
+6

Biller et al. [31]
Duan and Savage 
[41]
Yu et al. [99]
Yu et al. [99]

NiO Spirulina platensis 350, 60 −23 Jena and Das [73]
Ni/Al2O3 Nannochloropsis oc. 350, 60 −47 Biller et al. [31]
Ni/SiO2-Al2O3 Nannochloropsis sp. 350, 60 +44 Duan and Savage 

[41]
Raney-Ni Chlorella pyrenoidosa 280, 30 +12 Yu et al. [99]
Ni-Mo/Al2O3 Nannochloropsis 

Salina
340, 30 +41 Li et al. [86]

Co-Mo/Al2O3 Nannochloropsis oc. 350, 60 −26 Biller et al. [31]
Co-Mo/γ- -
Al2O3

Nannochloropsis sp. 350, 60 +54 Duan and Savage 
[41]

Zeolite Nannochloropsis sp. 350, 60 +29 Duan and Savage 
[41]

HZSM-5 Chlorella pyrenoidosa 300, 20 +3 Xu et al. [126]
Ce/HZSM-5 Chlorella pyrenoidosa 300, 20 +47 Xu et al. [126]
Ca3(PO4)2 Spirulina platensis 350, 60 −12 Jena and Das [73]
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and CO) and the aqueous phase (e.g., organics). Second, it determines the amount 
of alkanes necessary to satisfy the requirements for gasoline, jet fuel, and diesel. 
Such amount is a function of the nature of the metal species in the zeolite. Third, it 
determines the degree of the dehydration process which determines the amount of 
water vapor in the gaseous phase. The goal of biocrude oil valorization is to satisfy 
the ASTM D 6751 biodiesel standard [138] in terms of the following properties: S 
content, total acid number, viscosity, density, HHV, and distillation temperature at 
which 90 wt% of O-containing compounds are converted to fuel-range hydrocar-
bons (alkanes and aromatics). The O from oxygenates, mainly produced from car-
bohydrates, lowers the HHV and energy density of the fuel and therefore must be 
diminished (deoxygenation). The N and S from these compounds must also be 
reduced since (1) they cause the release of NOx and SOx that pollutes air and (2) they 
degrade combustion engines through corrosion (denitrogenation and desulfuriza-
tion) [97, 139, 140]. One of the most efficient and effective upgrading methods is 
hydrothermal valorization, a process implemented at high temperatures with water 
as exclusive H donor (or in combination with added H2) and heterogeneous catalyst 
to eliminate O, N, and S heteroatoms [141, 142].

Recent studies on biocrude valorization primarily centered on zeolites and metal 
catalysts, as these catalysts have been shown to consistently produce high-quality 
(yield, hydrocarbons) fuels. Zeolites and metal-modified zeolites, in particular, are 
effective in generating alkanes and aromatics [143, 144]. Zeolites enhance octane 
properties of fuels through mediating hydrogenation and isomerization reactions 
critical to increasing isomer concentration in the fuel [145, 146]. Zeolites were 
shown (1) to effectively mediate dehydration, isomerization, and alkylation of HTL- 
derived biocrude oil from algae, (2) to not get deactivated by coking, and (3) to 
possess high tolerance to steam [78]. One of these studies compared the catalytic 
activities of HZSM-5 and Pt/Al2O3 catalysts in upgrading Scenedesmus almerien-
sis- and Nannochloropsis gaditana-derived biocrude oil [14]. Temperature was set 
at 400 °C, reaction period at 4 h, and catalyst concentration at 0.3 g/0.55 mL DI 
water. Results indicated that the yields for both catalysts employed to both algae 
were remarkably similar under the experimental condition applied. Specifically, the 
fuel products contained significant concentrations of pentadecane and hexadecane, 
while the gaseous products composed of C1–C4 alkanes, CO2, and CO. The authors 
hypothesized that pentadecane, hexadecane, and C1–C4 alkanes were produced 
from the hydrogenation of alkenes, while CO2 and CO were produced from decar-
boxylation of fatty acids.

The zeolite HZSM-5 was compared to metal catalysts Pt/C and Mo2C by Duan 
and Savage [143]. Results showed that at 430 °C, S-, O-, and N-containing com-
pounds were greatly reduced using the three catalysts, with Mo2C mediating the 
highest saturated hydrocarbons at 76  wt%. However, when the temperature was 
raised to 530 °C, Pt/C and HZSM-5 mediated 90 wt% aromatics, while Mo2C medi-
ated only 88 wt% aromatics. Duan and colleagues again tested zeolite in terms of 
the effect of the catalyst’s structure on its activity and selectivity [147]. The results 
revealed that activity is independent of structure, while selectivity is structure- 
dependent. Duan and colleagues followed this study with an evaluation of different 
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kinds of zeolites and SAPO-x catalysts with various structures and acidities [147]. 
They utilized these catalysts to upgrade biocrude oil from HTL of algae. They found 
out that at 400 °C, 6 MPa H2, 10 wt% catalyst, and supercritical H2O, yield was 
highly dependent on the structure. The HSAPO-11 catalyst had the lowest upgrad-
ing efficiency at 42.4 wt% and the lowest hydrocarbon yield at 80 wt%, while the 
HMCM-41 catalyst had the highest upgrading efficiency at 54.5 wt% and the high-
est hydrocarbon yield at 95.6 wt%. In another study, the zeolite HZSM-5 was used 
in upgrading biocrude oil with H2 at high pressure [148]. Temperatures (400–500 °C) 
and catalyst loadings (5–50 wt%) were varied. All S-, O-, and N-containing com-
pounds were significantly reduced, and the highest alkane yield was achieved at 
400  °C.  The authors hypothesized that the dominant upgrading reactions were 
hydrotreating (hydrodesulfurization, hydrodeoxygenation, hydrodenitrogenation), 
hydrogenation, hydrocracking, and aromatization [97].

In terms of metal catalysts, Raney-Ni catalyst was found to be more effective 
than Ru/C or a combination of Raney-Ni and Ru/C because it mediated a fuel prod-
uct with 87 wt% alkanes, in contrast to the other two catalysts which mediated fuel 
products with <60 wt% alkanes [141]. Zhang et al. has shown in their experiment 
that the yields mediated by these three catalysts were as follows: Ru/C > Pt/C > Mo2C 
at 350 °C and 6 MPa H2 pressure [144]. It has been shown that the deoxygenation 
activities of Pt/γ-Al2O3, Ru/C, Ru/C  +  alumina, MCM-41 (100% Si), and 
Ru/C  +  Mo2C in algae valorization were high [35]. Ru/C  +  alumina, MCM-41 
(100% Si), Pt/γ-Al2O3, Pt/C, and Pd/C were excellent for hydrogenation, and 
Ru/C + Pt/C was ideal for desulfurization [35].

A method of improving a heterogeneous catalyst’s activity is to combine two or 
more of them, known as the two-component or multicomponent catalyst system, 
respectively. This is done to improve the catalyst’s ability to remove heteroatoms 
from biocrude oil (i.e., better-quality fuel with high concentration of fuel-range 
hydrocarbons) or increase fuel yield [95, 147]. An example is the combination of 
Ru/C with Raney-Ni (Ru/C  +  Raney-Ni). Introducing H2 to the biocrude oil at 
400  °C in the presence of the two-component catalyst system boosted the fuel’s 
yield and C and H contents. In fact, fuel yield reached 77.2 wt%, HHV was deter-
mined to be 45.2 MJ/kg, and energy yield (i.e., ratio of the energy contained in fuel 
versus the energy contained in biocrude oil) reached 86 wt% [141]. In a similar 
manner, a multicomponent system of catalysts containing Ru/C + Pt/C, Ru/C + Mo2C, 
and Ru/C  +  Pt/γ-Al2O3 achieved enhanced deoxygenation, denitrogenation, and 
desulfurization activities [95].

Lastly, solvent plays an important role in microalgae valorization. Water is the 
commonly used solvent, and it influences the catalytic activities of heterogeneous 
catalysts. Some of the documented effects of water on catalyst and fuel are as fol-
lows: (1) Using subcritical water, increasing Pt/C-sulfide catalyst from 0 to 20 wt%, 
lowers S and O contents, raises C and H contents, and increases the energy density 
and HHV of the fuel [142]; (2) using water, the catalytic activity of HZSM-5 is 
improved [107] which stimulates decarboxylation to generate more CO2 [143].

Some of the challenges associated with heterogeneous catalysts in microalgae 
valorization include (1) deactivation due to solid residue (coke) formation [115, 
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149], (2) “poisoning” due to S-containing compounds [30], and (3) reduction in 
surface area and pore volume. In the third case, Ni/C, ZSM5, 5% Ru/C, and 5% Pt/C 
used in upgrading biocrude oil at 350 °C for 10 h with H2 caused such reduction 
(93% surface area, 78% pore volume) because of the development of heavy prod-
ucts unable to adsorb on catalyst surface [115]. The primary issue, therefore, that 
must be addressed through research of catalytic upgrading of fuel is catalytic stabil-
ity. Stability dictates fuel quality which determines it compliance to ASTM D 6751.

9  Perspectives and Direction on the State of Research (SOR) 
for Microalgae HTL

Hydrothermal technologies utilize subcritical or supercritical water to process any 
form of biomass. It is divided into four regions, depending upon reaction tempera-
ture and pressure: carbonization, liquefaction, catalytic gasification, and high- 
temperature gasification. This chapter focused on hydrothermal liquefaction (HTL). 
The state of the art of HTL technology began with terrestrial biomass [17, 18]. Since 
the 1940s, the technology has been developed, but it was not until the oil crisis of 
1973 that it has expanded to other alternative biomass feedstock which aimed at 
reducing foreign petroleum oil dependence. Early challenges associated with HTL 
technology were (1) the ability to inject the reactor with high concentration of bio-
mass, (2) the optimum feed rate at which no mechanical problem exists, and (3) the 
suitable reactor condition and catalyst type that allow the production of fuel with 
consistent and reliable fuel-range hydrocarbons. Several companies have attempted 
to develop and commercialize HTL technology. One of them is the “CatLiq Process” 
from SCF Technologies, a Danish company. The process converts a continuous 
input of organic waste to biocrude oil at subcritical conditions (350 °C and 25 MPa) 
using homogeneous (K2CO3) and heterogeneous (zirconia) catalysts [150].

Although HTL is a mature technology, no pilot- and demo-scale implementation 
has succeeded over the past 50 years. A combination of technological and economic 
issues prevented the achievement of a demonstration scale. An advantage for HTL 
is its ability to process dilute, high-liquid feedstock, making it suitable for algae 
input at 5–10 wt% concentration [7]. Yet, no large-scale HTL implementation using 
microalgae as feedstock has been realized thus far. There is no single limiting factor, 
but a multitude of challenges prevent the commercialization of microalgae 
HTL. These are as follows:

 1. Impurities and heterogeneities (e.g., particle size) in the feedstock solution 
which can potentially precipitate, plug the reactor, and poison the catalyst’s 
active sites.

 2. Difficulty in maintaining the minimum microalgae concentration of about 
5–10 wt%.

 3. Low heat transfer efficiency and recovery efficiency.
 4. Low biocrude oil yield.
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 5. Corrosive biocrude oil (tanks, pipes, and reactors must be made of stainless steel 
to prevent corrosion caused by subcritical or supercritical water).

 6. Lack of use for by-products such as aqueous phase and solid residue.
 7. Negative overall energy balance due to liquid pumping and heat losses.
 8. Unclear understanding of the kinetics of catalytic reaction.
 9. Unstable and nonrecyclable heterogeneous catalyst in a continuous mode of 

operation.

Direction on the SOR for microalgae HTL is subdivided into four aspects: micro-
algae, residence time, heating rate, and separation. These aspects are expected to 
address the challenges identified above to establish a commercial biorefinery based 
on microalgae HTL in the foreseeable future.

Microalgae. Microalgae feedstock is fed into the HTL reactor as a dilute solu-
tion. Thus, significant operational cost is incurred in the form of pumping energy 
use. The optimum microalgae-to-water ratio remains unclear since recent investiga-
tions on microalgae feedstocks showed contradicting results. As an example, a high 
microalgal load (>10 wt% microalgae solution) requires high water heating energy, 
but the water content is not sufficient to dissolve and stabilize the algal cells [26, 
59]. Recent research has proposed microalgae forms such as pulverized dried sam-
ples [58, 59], intact microalgae cells in the form of paste [25, 38, 39, 41, 151], or 
freeze-dried pulverized cells mixed with deionized water [31, 39, 60, 72]. However, 
these forms can inadvertently alter fuel yield, fuel composition, or extractability of 
some macroelements. The paste microalgae form appears to precisely track the fate 
and transport of nutrients during the HTL and upgrading process, and it seems to 
illustrate a more realistic scenario within the context of commercial- scale HTL 
plant. Further research on these forms is warranted.

Residence Time. Residence time is defined as the period during which the maxi-
mum temperature is maintained for HTL, not accounting for the heating and cooling 
periods. Currently, residence time for microalgae HTL is still too long. To achieve 
high biocrude oil yield, reaction must take place at high temperature and low resi-
dence time. Most studies in literature applied 60 min. Up until recently, Kumar and 
colleagues invented a method called flash hydrolysis, a type of HTL with reaction 
time in the seconds range [119]. The technology significantly lowers operational 
and energy costs. Still, the development of heterogeneous catalyst that is stable, 
recyclable, and suitable to fast-heating condition presents an opportunity for future 
research.

Heating Rate. The effects of heating rate on biocrude oil yield are still unclear. 
Only a few studies provide information on this parameter [31, 36, 38, 39, 41]. Some 
research suggests that increasing heating (e.g., 100 °C/min) rate has a positive cor-
relation on biocrude oil formation [31, 39, 41, 38]. Design and optimization research 
of heat transfer system for large-scale reactors which solve microalgae’s low heat 
transfer coefficient and variabilities of reaction enthalpies must be performed.

Separation. Almost all studies in literature utilized organic solvents in separating 
the HTL products from each other. These solvents include dichloromethane, chloro-
form, acetone, THF, or hexane. There is no information available on the potential 
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effects of these solvents on biocrude oil yield and quality. Further, there is no data 
pertaining to the influence of the solvent to the microalgae loaded. An organic sol-
vent is typically added to the biocrude oil and later evaporated. The process can also 
evaporate lighter volatile organics in the biocrude oil which reduces the yield. If a 
commercial microalgae HTL and upgrading is to be pursued, solvent-based separa-
tion is inappropriate due to intermittent operational pause. A more feasible scenario 
is to immediately separate the water-insoluble fraction of the biocrude oil from the 
water-soluble fraction and then apply solvent-free methods such as gravitation and 
centrifugation. These two methods require deep exploration.
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Abstract In this chapter, the technical difficulties of conventional base-catalyzed 
transesterification and conventional esterification process using concentrated sulfu-
ric acid in a homogeneous form have been discussed in detail. The use of low- 
quality feedstocks like waste vegetable oils and non-edible oils for biodiesel 
production has been explored. To address the mass transfer limitations in the con-
ventional transesterification process, the addition of a phase transfer catalyst such as 
tetramethylammonium bromide (TMAB) has been investigated. Thereafter, the 
esterification of Karanja oil with high free fatty acid content through a non-catalytic 
method has been discussed. Kinetic modeling of the non-catalytic esterification 
along with process simulation in Aspen Plus was performed. Finally, the potential 
application of corncob-derived solid acid catalyst (SAC) for the esterification of 
oleic acid to produce biodiesel has been discussed.

Keywords Biodiesel · Waste vegetable oils · Solid acid catalyst

1  Introduction

Renewable energy is the energy supply that may be without difficulty replenished 
like biomass from plants, solar energy from the sun, hydropower from flowing 
water, geothermal energy from the heat inside the earth, and wind energy from flow-
ing air [1, 2]. Nonrenewable energy is the energy supply whose sources like fossil 
fuels (natural gas, coal, hydrocarbon gas liquids, and petroleum products) and 
nuclear fuels cannot be replenished easily. Fossil fuels are the primary source of 
energy around the world. Energy plays a pivotal role in our survival, and there are 
many efforts around the world toward conserving energy by using less of an energy 
service. Energy consumption is increasing day by day resulting in more demand for 
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fossil fuels, and simultaneously depleting fossil fuel sources alarm us to look for 
their alternatives. Today, all the energy sources are in great demand due to the indus-
trial advancement through which countries are prospering economically. According 
to the Energy Information Administration (United States), a total energy of 406 
quadrillion British thermal units (BTU) was consumed around the world in the year 
2000, and the energy demand is anticipated to increase to 769.8 quadrillions BTU 
by 2035 [3]. There is an approximately 47.25% increase in anticipated energy 
demand between the years 2000 and 2035. A large portion of energy demand is met 
using the combustion of the main source of energy like fossil fuel. However, the 
rapid exhaustion of fossil fuels and environmental concerns due to their usage 
evoked the search for many promising alternative green energy sources like biofuels 
[4]. Exploration and exploitation of various alternative energy sources have gained 
huge attention over the past few decades. The contribution of biofuels in meeting 
inevitably increasing energy demand is very important because of the aforemen-
tioned concerns with mainstream fossil fuels.

Among the portfolio of biofuels, biodiesel is considered to be the best alternate 
for diesel fuel as a result of its high net energy returns (~90%). Moreover, biodiesel 
has been recognized around the world as a green fuel and considered as the best 
option in contrast to diesel fuel. Citing the eco-friendly nature of the biodiesel, cen-
tral and state governments of various countries are framing policies to enlarge its 
utilization [5]. Biodiesel is considered a renewable fuel, which produces lesser 
greenhouse gas emissions and has a par excellence lubricating property. Also, bio-
diesel is inherently free of sulfur unlike petroleum-based diesel [6]. Biodiesel is an 
alkyl ester of long-chain fatty acids derived from the reaction between oil/fat and 
alcohol. Industrially, biodiesel is produced by transesterification of oil and alcohol 
using a base catalyst like KOH or NaOH [7]. This process is limited by low mutual 
solubility between the oil and alcohol phases. These phases are nonhomogeneous or 
immiscible in each other, limiting the mass transfer through interphase. This raises 
the need for a phase transfer catalytic process involving the formation of an inter-
mediate complex that can solubilize the organic (oil) and inorganic (alcohol) phases.

The commercialization of biodiesel on a large scale is limited by the high cost of 
production. The high cost of production using current technology is due to its 
requirement of high-quality feedstock and also its intolerance to impurities (free 
fatty acid (FFA) and water) present in the low-quality feedstock. The common feed-
stock for biodiesel production involves edible and non-edible oils. Pure fatty acids 
are costlier compared to edible oils which in turn are costlier than non-edible oils. 
Moreover, the widespread use of edible oils for fuel may elevate the crisis of food 
against the comfort of fuel. Therefore, non-edible and waste vegetable oils are the 
most preferred feedstock to lower biodiesel production costs. However, non-edible 
oils may have higher amount of FFA content than edible oils. The FFA present in 
oils reacts with the alkali to form soap which results in the difficult product purifica-
tion and low biodiesel yield [8]. Subsequently, it is essential to restrict the FFA 
content present in feed oil preceding the base-catalyzed transesterification reaction. 
Therefore, need arises to adopt certain reaction criterion which governs the adapt-
ability of the single-step (only transesterification) or two-step (esterification to 
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lower FFAs followed by transesterification) process based on the FFA content. In a 
two-step process, esterification plays a major role in limiting FFA content and 
makes the oil with high FFA content useful to produce biodiesel.

Esterification of non-edible oils containing high FFA content is carried out using 
concentrated sulfuric acid in a homogeneous form as a catalyst. However, homoge-
neous acid is usually nonrecyclable and inflicts severe environmental issues and 
corrosion problems [9]. Besides, it was observed that a substantial amount of water 
effluents is produced during the washing of homogeneously catalyzed biodiesel and 
also exhibited a significant product (biodiesel) loss. A high cost of raw material (oil) 
and all the above-highlighted disadvantages result in the addition of cost for bio-
diesel production in each stage which is responsible for high biodiesel price. 
Certainly, the cost of biodiesel production can be lowered by using non-edible and 
waste vegetable oils. However, the disadvantage of lower solubility between reac-
tants and also environmental hazards involved in the conventional process can only 
be mitigated using an effective process modification and (or) efficient catalyst.

1.1  Feedstock for Biodiesel Production

The common feedstock for biodiesel production involves various pure fatty acids 
(palmitic, linoleic, stearic, linolenic, and oleic acids), edible oils (soybean, peanut, 
rice bran, cottonseed, palm, and sunflower), and non-edible oils (waste vegetables, 
Karanja, neem, Jatropha, polanga, rubber seed, mahua, palm fatty acid distillates, 
algal). Biodiesel is typically made by reacting triglyceride (ester of three fatty acids 
and glycerol molecule) present in vegetable oils with alcohol. High-quality bio-
diesel can also be produced by reacting pure fatty acids with alcohol [6, 10, 11]. 
However, generally complex heterogeneous blends of various fatty acids known as 
vegetable oils are the preferable sources to produce biodiesel because of their low 
cost than pure fatty acids. Usually, vegetable oils are categorized into two groups 
such as edible and non-edible oils based on their composition, source, and applica-
tion. Edible oils like palm, peanut, rice bran, soybean, and sunflower are widely 
used to produce high-quality biodiesel. However, the widespread use of edible oils 
for fuel may elevate the crisis of food against the comfort of fuel [12]. The use of 
edible oils for biodiesel production increases the cost of biodiesel which also limits 
its commercialization. Waste vegetable oils and non-edible oils like Karanja, 
Jatropha, date seed, castor, rubber seed, mahua, some nontraditional seeds, and 
algae oils are preferred sources to produce biodiesel. In general, non-edible and 
waste vegetable oils contain a high amount of FFAs and water but later have an 
advantage of no gum content in the oil. Thus, non-edible and waste vegetable oils 
are low-quality oils which are mostly available at a lower cost, and using these oils 
in biodiesel production lowers the cost of biodiesel to a substantial extent [13]. 
Therefore, non-edible oils and waste vegetable oils are the highly preferred feed-
stock to produce biodiesel, and their composition has been given in Table 1.
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1.2  Conventional Catalysts for Biodiesel Production

Industrial-scale biodiesel is produced by transesterification of oil and alcohol using 
a conventional base catalyst like KOH or NaOH which requires high-quality feed-
stocks [7]. Reaction like transesterification of vegetable oil with alcohol or esterifi-
cation of FFA with alcohol is used to produce biodiesel. Principally, the only 
transesterification of triglycerides (a single-step process or a two-step process) is 
used to produce high-quality biodiesel [5]. A single-step base-catalyzed transesteri-
fication process can be used when high-quality vegetable oil whose FFA content is 
less than 3 wt% is available. In any case, a two-step process that can be carried out 
in either of two approaches is preferred for oils containing greater than 3  wt% 
FFA.  In one approach, FFAs in the oil undergo esterification first to produce an 
esterified product, and in a due course, triglycerides present in the esterified oil are 
subjected to transesterification to give high-quality biodiesel. This approach is suit-
able only when FFA in the oil is not much higher than the FFA limit set for the 
single-step process. In another approach, FFAs are produced first by hydrolysis of 
triglycerides present in vegetable oil, and subsequently, biodiesel is produced by 
esterification of FFAs. This approach is particularly useful when utilizing oils con-
taining a very high amount of FFA like jojoba oil, date seed oil, mahua, palm fatty 
acid distillates, Jatropha oil, and Karanja oil to produce biodiesel. Therefore, the 
conventional transesterification and esterification processes and their disadvantages 
in handling the sustainable and cheaper feedstocks are discussed in subsequent 
sections.

Table 1 Fatty acid composition of waste vegetable oil and Karanja oil

S. no. Fatty acids
% Mass
Waste vegetable oil Karanja oil

1 Caprylic (C8:0) 0.02 –
2 Capric (C10:0)- 0.02 –
3 Lauric (C12:0)- 0.22 –
4 Myristic (C14:0)- 0.79 –
5 Palmitic (C16:0)- 44.10 4.20
6 Palmitoleic (C16:1) 0.21 –
7 Stearic (C18:0)- 4.12 2.90
8 Oleic (C18:1)- 39.00 66.80
9 Linoleic (C18:2)- 10.52 17.60
10 Linolenic (C18:3)- 0.13 –
11 Arachidic (C20:0)- 0.15 3.80
12 Behenic (C22:0)- 0.06 4.70
13 Lignoceric (C24:0)- 0.05 –
14 Others 0.61 –
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1.3  Base-Catalyzed Transesterification

Many types of catalysts like alkali, acid, and enzymes can be used for biodiesel 
production. Among these, the alkali-catalyzed transesterification is the most widely 
used since it gives a high yield at mild reaction conditions [14]. The mechanism of 
alkali-catalyzed transesterification reaction is shown in Fig. 1. The overall trans-
esterification reaction is in which 1 mole of triglyceride (the major component of 
oil) reacts with 3 moles of alcohol (e.g., methanol) to form 3 moles of fatty acid 
alkyl ester or fatty acid methyl ester or biodiesel and 1 mole of glycerol (Fig. 1a). 
The transesterification mechanism involves the formation of alkoxide and proton-
ated base by mixing alcohol with a base catalyst (Fig. 1b). The formed alkoxide 
initiates the nucleophilic attack on the triglyceride molecule, and on exchanging 
ions, they form one molecule of biodiesel and diglyceride, respectively (Fig. 1c) 
[15, 16]. Similarly, the same approach is followed in converting diglyceride to 
monoglycerides (Fig. 1d) and subsequently monoglyceride to biodiesel and glyc-
erol molecules (Fig. 1e).

Conventional single-step base (KOH and NaOH)-catalyzed transesterification 
process is popularly used to produce biodiesel on a commercial scale. However, this 
process is limited by interphase mass transfer and low quality of feedstock.

1.3.1  Interphase Mass Transfer

The mass transfer between oil and methanol phases plays a critical role during the 
transesterification reaction [17]. Since oil (nonpolar) and alcohol (polar) are two 
dissimilar species, they suffer from limited solubility in each other [7]. Moreover, 
Boocock et al. [18–20] confirmed that the base-catalyzed reaction between vegeta-
ble oil and methanol is not homogeneous. Due to this non-homogeneity, base- 
catalyzed transesterification reaction was characterized to be associated with very 
slow reaction rates at the initial and final stages of the reaction [21, 22]. The slow 
reaction rates during the initial stage of the reaction are due to the immiscibility of 
the reactants. At the final stage of the reaction, glycerol being a polar compound 
formed during the reaction extracts the catalyst, which remains separated from reac-
tants resulting in slow reaction rates. These slow reaction rates at the initial and final 
stages of the reaction result in the reaction to be slow or would stop the reaction 
without complete conversion of reactants [21]. Therefore, the mass transfer resis-
tance between phases limits the conventional base-catalyzed transesterification 
process.
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Fig. 1 Alkali-catalyzed transesterification reaction (a–e). (a) Overall reaction. (b) Formation of 
methoxide and protonated base catalyst. (c) Nucleophilic attack of methoxide on triglyceride to 
form biodiesel and diglyceride. (d) Nucleophilic attack of the second molecule of methoxide on 
diglyceride. (e) Nucleophilic attack of the third molecule of methoxide on monoglyceride
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Fig. 1 (continued)
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1.3.2  Sensitivity to Feedstock

Biodiesel production using waste vegetable and non-edible oils can lower the bio-
diesel cost substantially. However, to produce biodiesel through a single-step base- 
catalyzed transesterification route, high-quality oil without FFA and water is 
required since the presence of water and FFA in the feedstock is counterproductive. 
The presence of water fragments the triglyceride to diglyceride (Fig. 2a), diglycer-
ide to monoglyceride (Fig. 2b), and monoglyceride to glycerol (Fig. 2c) and a mol-
ecule of FFA in each step as shown in Fig. 2. Consequently, the FFA reacts with the 
base catalyst and forms soaps by saponification as shown in Fig. 3 which counters 
the transesterification and complicates product purification.

Since transesterification is the main reaction mechanism in biodiesel formation, 
hydrolysis of triglycerides and saponification of FFAs are considered as side reac-
tions [5, 7, 8]. The hydrolysis reaction fragments the triglycerides and forms FFAs 
which are the main reactants for saponification resulting in the formation of soaps 
ultimately. The formed soap particles form an emulsion with the water present 
within the solution and result in the formation of gels which increases the viscosity 
of reactants [23]. The increased viscosity and a lower amount of triglycerides for 
transesterification result in the lower biodiesel yield [24]. Moreover, the formed 
soaps obstruct the reaction progress and cause lower yield of biodiesel. Furthermore, 
due to the presence of soaps, the loss of produced biodiesel to glycerol (by-product) 
phase may be increased during the washing of crude biodiesel [7, 8, 25]. The soap 
present in the ester phase tends to gather at the surface of the two liquids [26]. 
During washing, the soap particles trapped inside the ester layer form emulsion with 
the water which causes hindrance in the purification of ester and results in the loss 
of biodiesel yield [27]. This results in a higher water requirement for washing crude 
biodiesel during purification whose cost indeed adds to the total cost of biodiesel 
production. Therefore, the sensitivity to impurities in feedstock limits the use of a 
single-step base-catalyzed transesterification process. The limitations of using a 
single-step base-catalyzed transesterification process could be overcome by incor-
porating another solvent or catalyst in the reaction system.

The use of a solvent may offer an advantage to enhance the reaction by initiating 
the process which could dissolve each ionic and valence species, and because of 
this, the basic strength and nucleophilicity of the anions effectively increase. One 
way to hypothesize this phenomenon is by using the very fact that reducing the 
intensity of ion-pairing and eliminating the associated impact of a hydroxylic sol-
vent (like methanol) mostly increase the basic strength and nucleophilicity of anions 
[7, 28]. Therefore, this increased nucleophilicity will enhance the reaction to a 
greater extent. The solvents which exhibit this type of phenomenon are phase trans-
fer catalysts and dipolar aprotic solvents. The use of dipolar aprotic solvents like 
dimethylformamide (DMF) or dimethyl sulfoxide (DMSO) can improve the nucleo-
philicity and basic strength [29, 30]. However, these solvents aren’t readily separa-
ble from the reaction product, and their separation might require the following 
various other processes to purify crude biodiesel:
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Fig. 2 Hydrolysis reaction of triglyceride (a–c). (a) Triglyceride fragment to free fatty acid and 
diglyceride. (b) Diglyceride fragment to free fatty acid and monoglyceride. (c) Monoglyceride 
fragment to free fatty acid and glycerol
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 1. Washing with a larger excess volume of water
 2. Distillation of the used solvent and subsequent centrifugation, filtration, and fur-

ther washing of the by-product
 3. Extraction using a unique water-immiscible solvent in multiple stages, washing 

with water, and subsequent evaporation of the solvent used for extraction

Such procedures are interminable, tedious, inefficient, and not eco-friendly by 
generating a large volume of effluent containing harmful solvents which are diffi-
cult to recycle.

1.4  Acid-Catalyzed Esterification

Since single-step base-catalyzed transesterification is sensitive to FFA in feedstock, 
the FFA content in the feed oil needs to be lowered before transesterification reac-
tion [5]. The FFA content in the feed oil can be lowered using several pretreatment 
techniques such as neutralization and stripping off FFA as soap, distillation, and 
esterification. In the first two techniques (neutralization and stripping and distilla-
tion), there will be a loss of FFA as soaps and waste, whereas in the esterification 
process, FFA can be converted to biodiesel, and thus esterification is the most effi-
cient process to reduce FFA content of oil [13].

Esterification is a reversible reaction carried out in the presence or absence of the 
acid catalyst (homogeneous/heterogeneous) in which the equimolar amount of fatty 
acid alkyl ester (biodiesel) and water can be produced by reacting equimolar quanti-
ties of FFA and alcohol [5] as shown in Fig.  4a. The esterification mechanism 
involves the protonation of the carboxylic group to give carbocation (Fig. 4b). Then 
the methanol initiates the nucleophilic attack on the carbocation as soon as it is 

Fig. 3 Saponification reaction of free fatty acids
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Fig. 4 Esterification reaction mechanism (a–d). (a) Overall reaction. (b) Protonation of the car-
boxylic group of FFA to form a carbocation. (c) Nucleophilic attack of methanol on carbocation. 
(d) Formation of biodiesel
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formed and results in a tetrahedral intermediate (Fig. 4c). Finally, the formed tetra-
hedral intermediate results in biodiesel and water with a series of protonation and 
deprotonation steps (Fig. 4d).

It is possible to produce biodiesel using non-edible oils having high FFA content 
using an acid-catalyzed esterification process which can catalyze both esterification 
and transesterification simultaneously [5, 31]. Conventionally, concentrated sulfuric 
acid in a homogeneous form is used as the esterification catalyst. However, homo-
geneous acid is usually non-recoverable and nonrecyclable; hence, utilization of 
this acid imposes severe environmental issues and corrosion problems, generates 
large volumes of unprocessed effluents, and causes loss of product during washing 
[5, 13]. To mitigate these disadvantages, a non-catalytic esterification route and het-
erogeneous catalytic processes can be explored.

1.5  Kinetics of Biodiesel Production

The kinetics of the conventional homogeneous base-catalyzed transesterification 
was determined by various researchers [32–35]. Consider the overall transesterifica-
tion reaction (Eq. 1) in which vegetable oil is assumed to be entirely composed of 
triglycerides:

 

Triglyceride A Methanol B Biodiesel C Glycerol D( ) + ( ) ( ) + ( )3 3

k

k

f

r



 

(1)

Rate expression can be written as

 - = -r k C C k C Cf rA A B c D
a b g d

 (2)

Mole balances can be written as

 C C X C C m X C C X C C XA Ao A B Ao A C Ao A D Ao A= -( ) = -( ) = =1 3 3 3,  (3)

where m is the ratio of CBo/CAo.
Combining Eqs. (2) and (3) gives

 

dX

dt
k C X m X k C Xf r

A
Ao A A Ao A= -( ) -( ) -+ -( ) + -( ) +( )a b a b g g d g d1 11 3 3

 
(4)

The parameters α, β, γ, and δ are the order of the reaction for triglyceride, metha-
nol, biodiesel, and glycerol, respectively, and are independent of the reaction 
conditions.
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Similarly, the esterification reaction can be represented as

 

FFA Methanol M Biodiesel F Water WO
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f
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(5)

Many studies used a solid catalyst to produce biodiesel and modeled the experi-
mental data using pseudo-homogeneous models [10, 36, 37]. For example, Cardoso 
et al. [10] used tin(II) chloride dihydrate (SnCl2. 2H2O) to produce biodiesel from 
oleic acid and ethanol and modeled the kinetics based on pseudo-homogeneous 
assumption. They assumed first-order kinetics and considered only the forward 
reaction with a rate expression given in Eq. (6):

 - =r k Cfo O  (6)

Esterification of oleic acid with methanol was carried out by Tesser et al. [36] 
and used the ion-exchange polymeric resin (Relite CFS). The data were modeled 
considering equilibrium reaction and second-order-type pseudo-homogeneous rate 
expression (Eq. 7). Similarly, Zubir and Chin [37] carried out the ethanolysis of 
oleic acid and used a similar expression to model the kinetics:

 - = -( )r k C C k C C Cf ro O M F W Catalyst (7)

The two popular kinetic models used to describe heterogeneously catalyzed 
esterification reaction are Langmuir-Hinshelwood-Hougen-Watson (LHHW) and 
Eley-Rideal (ER) [14, 38, 39]. Unlike homogeneous kinetic models, these models 
are characterized by an increased number of temperature-dependent parameters, 
usually one for each reacting species, representing the adsorption phenomenon on 
the catalyst surface.

1.6  Phase Transfer Catalysis

Phase transfer catalysis is a process that facilitates the interphase mass transfer of 
species present in two immiscible phases to accelerate the reaction [17]. The chemi-
cal compound which is involved in this process is referred to as phase transfer cata-
lyst (PTC). Phase transfer catalysis is the widely adopted technique in many 
industrial processes owing to their faster, cleaner reactions and greatly simplified 
ramp-up which do not necessitate strict anhydrous conditions. In the system of two 
mutually insoluble phases (liquid-liquid or solid-liquid), the distinguishable mecha-
nism of PTC is that it forms an intermediate complex [7]. This intermediate com-
plex is mostly soluble in an organic compound and facilitates the transfer of 
inorganic ions into the organic phase easily. Such techniques are notably helpful in 
reactions that are base-catalyzed and associated with nucleophilic displacements. 
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Since oil and methanol are two mutually insoluble phases and transesterification is 
a base-catalyzed process that is associated with a nucleophilic attack mechanism, 
using PTC can enhance the process and dampens the technical disadvantages asso-
ciated with the conventional biodiesel production process.

The efficacy of most of the conventional homogeneous reactions depends on the 
mutual solubility of the dissimilar species (organic and inorganic) participating in 
the reaction [17, 40]. In contrast, the reaction rates will be very low during direct 
organic synthesis reactions in a reaction system of sparingly soluble reactants car-
ried out using conventional catalysts. This disadvantage raises the need for PTC 
which can offer a distinct route to mutually solubilize the dissimilar species. During 
phase transfer catalysis, PTC forms a complex with the reactant present in phase 1, 
and this complex diffuses into another reactant present in phase 2 and reacts. After 
the reaction, PTC diffuses back to phase 1 and promotes the process further. Since 
the vegetable oil and methanol are mutually insoluble and form distinct phases, the 
concentration of two reactants in any single phase will be very low for good reaction 
rates. Moreover, strict anhydrous conditions are required by the transesterification 
using base catalyst whose reaction rates are frequently considered to be controlled 
by diffusion and characterized by a slow reaction rate. Therefore, enhancing the 
mass transfer between the phases can overcome the difficulty of the reaction 
between them. There are several ways to overcome the mass transfer limitation and 
enhance the contact between two phases such as the use of large excess alcohol, 
mechanical mixing, using polar aprotic solvents or inert cosolvent, ultrasonic and 
hydrodynamic cavitation, and supercritical conditions. However, these techniques 
are associated with one or more drawbacks like the high cost of solvent or require a 
very excessive amount of solvents, the high cost of operations, generation of huge 
amounts of effluents, and higher capital costs [22, 41]. It was evident that eliminat-
ing the mass transfer limitations using cosolvent (which forms pseudo- homogeneous 
phase) or catalyst-free processes (conducted at high temperature and pressure), 
faster transesterification rates could be achieved [18–20]. So, phase transfer cataly-
sis is also a promising technique that can be explored to enhance the reaction rates 
between reactants forming two immiscible phases. There are many types of PTCs 
such as onium salts (quaternary ammonium, sulfonium, phosphonium, or arsonium 
salts), crown ether groups, and cryptates [17]. Among those quaternary ammonium 
salts are most widely used because of the less interference of their ions in reactions 
[17, 42] and also they are much cheaper than other PTCs [43]. Tetramethylammonium 
(TMA) cations are a type of quaternary ammonium salts known to possess proper-
ties of PTC, and they are cations with four methyl groups attached to the central 
nitrogen atom. These cations are associated with some anionic groups such as bro-
mide, iodide, hydroxide, and chloride. There are many studies which used PTCs 
(such as tetramethylammonium bromide, tetramethylammonium hydroxide, cetyl-
trimethylammonium bromide, tetrabutylammonium hydroxide, tetrabutylammo-
nium acetate, tetrabutylammonium nitrate, benzyl trimethyl ammonium hydroxide, 
tetrabutylammonium hydrogen sulfate, 18-crown-6 ether, and choline hydroxide) as 
a process enhancer for conventional base-catalyzed transesterification process [7, 
21, 22, 44, 45]. All this literature reports the improved reaction and enhanced 
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production and properties of the biodiesel. However, tetramethylammonium bro-
mide (TMAB) was never used for this purpose as per our knowledge, and we pro-
pose TMAB as a new PTC to enhance the conventional transesterification process.

2  Biodiesel from Waste Vegetable Oil

The waste vegetable oil contains contaminants that are removed by fiber cloth 
placed on a Buchner funnel. Thereafter, the oil was heated at 120 °C for 45 min with 
continuous stirring to remove the moisture present in the oil. A typical experimental 
setup for the transesterification reaction is shown in Fig. 5. It consists of a three- 
necked round-bottom flask with a condenser fitted to one neck. Cooling water is 
circulated through the condenser to condense methanol vapors formed during the 
reaction. The second neck is fitted with a thermometer to measure the temperature 
of the reaction mixture. The third neck is used to introduce the reactants and to 
withdraw the samples at frequent time intervals. A plate heater with a magnetic stir-
rer was used to heat the reaction content in the flask at a uniform stirring rate.

Then the experiments were carried out at various methanol to oil molar ratios 
using KOH and NaOH as catalysts and tetramethylammonium bromide (TMAB) as 
phase transfer catalyst (PTC). The temperature of the reaction was maintained at 
65 °C. After completion of the reaction (typically after 90 min), by-product glycerin 
was separated from the ester layer (biodiesel), and the biodiesel was purified by 
washing with hot water [12].

Nomenclature:

Reactor Zone

1) Thermometer

2) An Outlet for cooling water

3) Reflux condenser

4) Inlet for cooling water

5) Inlet for feed

6) Magnetic stirrer

Heater 

7) Controller for agitation speed

8) On/off power switch

9) Speed indicator

10) On/off power indicator

11) Controller for temperature

Fig. 5 Schematic of the experimental setup [12]
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2.1  Effect of TMAB

The transesterification of waste vegetable oil was conducted in the presence of 
TMAB using NaOH/KOH catalysts. It was observed that the addition of tetrameth-
ylammonium bromide lowers the methanol requirement. The methanol to oil molar 
ratio was reduced from 9:1 to 7.5:1 as given in Fig. 6. The lower methanol require-
ment is due to the increased solubility of the intermediate complex in the presence 
of tetramethylammonium bromide as compared to the conventional process.

Moreover, the washability characteristics and properties of the final biodiesel 
were enhanced. The reason behind improved washability is because of the assimila-
tion of water content during the reaction by tetramethylammonium bromide which 
is a hygroscopic quaternary ammonium salt. In the conventional process (alkali- 
catalyzed transesterification reaction), the presence of water makes the reaction par-
tially shift toward hydrolysis and saponification and makes the process vulnerable 
[7]. Therefore, adding TMAB to the process assimilates the water content, and due 
to this, soap formation is suppressed. Diminished soap formation can be directly 
related to the less water requirement for washing, and the crude biodiesel can be 
washed easily. This makes the overall process with TMAB as PTC relatively more 
economical than the existing conventional and commercial process.

CH2-O-C-R1

=O

CH-O-C-R2

=O

CH2-O-C-R3
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+ 3CH3OH

CH3-O-C-R1
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CH3-O-C-R2

=O

CH3-O-C-R3
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CH2-OH

CH-O-H

CH2-OH
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[Triglyceride]

[Methanol]

[Biodiesel]

[Glycerin]

TMAB
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=O
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CH3-O-C-R3

=O

[Biodiesel]

CH2-OH

CH-O-H

CH2-OH

[Glycerin]
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NaOH/KOH +and

Fig. 6 Effect of tetramethylammonium bromide (TMAB) on biodiesel production
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3  Non-catalytic Process for Biodiesel Production

The non-catalytic processes are the highly focused area in biodiesel production and 
also known as the thermal processes in which the reaction is carried out at a high- 
temperature and high-pressure conditions. Usually, they are highly controlled reac-
tions monitored with utmost safety and can mitigate the drawbacks associated with 
a homogeneous catalyst [46]. The non-catalytic supercritical methanol process 
explored by many studies achieved a yield of biodiesel as high as 97% in a very 
short period. However, there are limitations in the supercritical methanol process 
which limits its commercialization. The limitations of the supercritical process like 
thermal degradation of esters, higher capital, and operating cost can be mitigated 
using the non-catalytic subcritical esterification process [47, 48]. Together curbing 
the limitation of the supercritical process, the ester yield and conversion in the non- 
catalytic subcritical esterification process are nearly equal to that of other processes. 
Many studies were already conducted through the non-catalytic route and observed 
good results. For example, at 270 °C and 200 bar using 1:0.9 rapeseed oil to metha-
nol ratio (v/v), Minami and Sake [49] achieved a product yield of nearly 94%. A 
60% conversion of C18 fatty acids non-catalytically was reported by Melo Junior 
et al. [50] in a short period (60 min) under microwave irradiation. Rani et al. [51] 
achieved a conversion of ~95% in 5 h using 1:4 Jatropha oil to methanol ratio (w/v), 
190 °C, and 27.1 bar. Experiments conducted by Cho et al. [52] with palm fatty acid 
distillate and methanol achieved a final product acid value of fewer than 0.5 mg 
KOH/g in 3 h at 290 °C and 8.5 bar. The investigation by Pinnarat and Savage [11] 
revealed that the non-catalytic esterification under subcritical conditions can be car-
ried out smoothly with the advantage of tolerating a moderate amount of water 
content in the feed oil. Moreover, they reported that the presence of a moderate 
amount of water enhances the effectiveness of the subcritical esterification process.

3.1  Experimental Procedure

The details of the experimental setup are available elsewhere [13]. It consists of a 
small batch reactor of 25 mL capacity made of stainless steel and fitted with a pres-
sure gauge that is placed inside a jacketed vessel. Heating and mechanical agitation 
were carried out using a magnetic stirrer, and the chiller was used to ensure the 
constant temperature inside the reactor. There was a provision to introduce the inert 
gas for maintaining the constant pressure.

The soluble impurities of Karanja oil were removed by washing thoroughly with 
hot deionized water (~80 °C). Thereafter, the oil was dried and a trace amount of 
water was removed by treating dried oil with silica gel. The key to the biodiesel 
production through the non-catalytic route is the maintenance of volumetric filling 
fraction (f). “f” is given as the volume of reactants charged to the reactor divided by 
the total reactor volume [13]. The reactant amounts must be selected to meet the 
required phase equilibrium criteria set by the value of “f” which controls the phases 
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that coexist at reaction conditions. The value of “f” must be selected in such a way 
that the reactants remain in the homogeneous phase. A higher value of “f” should be 
maintained to have a liquid-phase reaction under subcritical conditions. Phase equi-
librium calculations were performed using the “Flash2” subroutine of Aspen Plus 
software [11, 13]. The required input for the phase equilibrium calculation in 
“Flash2” subroutine was the composition of feed streams, temperature, and pres-
sure or vapor fraction. The required pressure of the reactor to maintain the reactants 
in a single phase at a fixed temperature was obtained from the simulation result.

The reactor was charged with appropriate amounts of reactants. Inert gas (argon) 
was used to maintain the desired pressure inside the reactor. The effect of tempera-
ture, reaction time, agitation speed, and oil to methanol ratio on the conversion was 
studied. The samples were withdrawn at various intervals to analyze acid values 
(Eq. 8) and the corresponding conversion (Eq. 9) [9, 13]:

 
Acid Value =

´ ´56 1. N V

W  
(8)

where

N is the normality of standard potassium hydroxide solution
V is the volume of standard potassium hydroxide used, mL
W is the weight of the sample, gram
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3.2  Kinetic Modeling and Simulation

The simulation studies have been done for the non-catalytic biodiesel production 
process to check the commercial viability [13, 53–55]. The required kinetic param-
eters to simulate the process were calculated by modeling the experimental data. 
The experimental data was modeled assuming the reaction as reversible (Eq. 10). 
Further, the reaction was assumed to be pseudo-first order in the forward direction 
and bimolecular second order in a backward direction. Applying all the above 
assumptions, a final expression (Eq. 11) for the reaction conversion was obtained:
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3.2.1  Kinetic Parameters

The experimental results show that a conversion value of FFA nearly 96.21% can be 
achieved in 7 h at 220 °C using 1:6 oil/methanol ratio (w/v). Then the experimental 
data were fitted in Eq. (11), and nonlinear regression was done to calculate the 
kinetic parameters at each temperature. The proposed model was fitted well with 
experimental data and obtained parameters are given in Table 2.

3.2.2  Process Simulation

A 1050  kg/h capacity esterification process was simulated by incorporating the 
obtained kinetic parameters into the Aspen Plus software after importing the 
required databanks and specifying all the species present in the esterification reac-
tion [13]. The overall flow sheet was optimized using the optimization tool of Aspen 
Plus. The simulation results show that 99.85% oleic acid conversion can be achieved 
against the experimental conversion of 96.21% Karanja oil. The little deviation in 
the conversion predicted through simulation and experimental value may be attrib-
uted to the difference in reactant choice in simulation and experiment. In simula-
tion, oleic acid was used as a single reactant to represent FFA.  However, in 
experiments, Karanja oil was used whose FFA may contain a complex blend (homo-
geneous/heterogeneous) of various fatty acids.

4  Heterogeneous Catalytic Process for Biodiesel Production

Solid acid catalyst (SAC) is especially important when employing low-quality oils 
with FFA content for biodiesel production. There were many SACs used for bio-
diesel production such as protonated-Nafion, sulfated zirconia, Amberlyst, and nio-
bic acid. However, these catalysts are associated with many disadvantages such as 
fast deactivation, high cost of synthesis, poor stability, small pore size, low acid 
density, low porosity, and usually hydrophilic which results in poor tolerance toward 
the water [56]. Moreover, they are not much suitable for esterification reaction 
because their activity decreases in the presence of water, and water is one of the 
products of the esterification reaction. For example, because of low protonic acid 
densities in the case of zeolites and niobic acid, they tend to lose their activity more 

Table 2 Estimated kinetic parameters [13]

T °C Xe k f
¢  (min−1) kr (g/mgKOH min) R2

190 0.941 0.295 3.09E-4 0.991
200 0.950 0.372 3.31E-4 0.997
210 0.956 0.469 3.60E-4 0.995
220 0.962 0.641 4.18E-4 0.987
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easily in the presence of water. On the other hand, higher amounts of protonic 
groups are present in Nafion, but their catalytic activity is very much lower than the 
conventional catalyst, concentrated sulfuric acid [6, 56]. Owing to these disadvan-
tages, a new class of low-cost carbon-based catalysts were developed which offer an 
environmentally benign and economically feasible biodiesel production process.

The low-cost alternative SACs for the high-cost traditional SACs are carbon- 
based SACs derived from various natural and waste materials. The low-cost carbon- 
based SACs which show high potential for esterification can be derived using sugars 
(glucose and sucrose), polysaccharides (starch and cellulose), and biomass (coconut 
shell, bamboo, wood powder, lignin, and bagasse). Owing to various other prolific 
applications and higher cost of sugars and polysaccharides, more attention was 
given to the environmentally benign and cheaper carbon alternatives like biomass. 
Therefore, much research was still in progress to find various potential waste bio-
mass materials and their transformation to value-added products. As a part of this 
novel approach, corncob was used to synthesize SAC for biodiesel production [5].

4.1  Corncob-Based Catalyst

A fresh corncob was made free from kernels, sun-dried, ground, and screened to a 
size between 72 and 100 mesh numbers. To increase the surface area of carbon, 
phosphoric acid was impregnated at various ratios for different intervals of time and 
kept for soaking at room temperature. Then the samples were carbonized and 
washed thoroughly using dilute HCL and hot deionized water to remove phosphates 
and polyphosphates formed on the surface. Finally, the carbonized samples were 
sulfonated using the concentrated sulfuric acid at various temperatures for different 
intervals of time in the presence of an inert atmosphere [5]. A detailed parametric 
study was done involving all the catalyst preparation variables such as impregnation 
time and ratio, carbonization time and temperature, and sulfonation time and tem-
perature. The final synthesized catalyst was analyzed qualitatively using FTIR for 
the presence of various functional groups (-SO3H, -COOH, and -OH). The struc-
tural properties of the catalyst were evaluated by X-ray diffraction (XRD). The sur-
face area, average pore diameter, pore volume, and pore size distribution were 
estimated using adsorption-desorption isotherm data fitted to Brunauer-Emmett- 
Teller (BET) equation.

A three-necked round-bottom flask of 250 mL capacity was fitted with a Dean 
and Stark apparatus and used to test the catalyst activity for esterification of oleic 
acid and methanol. The reaction was carried out at 338  K and 1:9 oleic acid to 
methanol molar ratio using 10  wt% catalyst [5]. The optimal catalyst synthesis 
parameters were found to be as impregnation time = 5 h and ratio = 1, carbonization 
time  =  8  h, and temperature  =  723  K and sulfonation time  =  15  h and 
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temperature = 393 K. The catalyst synthesized at optimum conditions gave maxi-
mum conversion (~95%) of oleic acid due to the highest total acid density 
(5.56 mmol/g), surface area (641 m2/g), and mesoporous structure. Further, it was 
observed that the synthesized catalyst may be reused up to 20 cycles after washing 
with n-hexane.

5  Conclusions

Waste vegetable oils and non-edible oils are the best feedstock for biodiesel produc-
tion to lower the cost and to avoid the ethical issues in using virgin vegetable oils. 
Moreover, to dampen the disadvantages of the conventional biodiesel production 
processes such as limited interphase mass transfer, sensitivity to free fatty acids in 
the feedstock, slow reaction rates, and rigorous anhydrous conditions, a phase trans-
fer catalyst can be explored. Conventional single-step base (KOH and NaOH)-
catalyzed transesterification process requires free fatty acid content in the oil to be 
less than 3 wt%. Waste vegetable oils contain water, and a slightly higher amount of 
free fatty acids is not a good feedstock for biodiesel production through the conven-
tional route. The addition of phase transfer catalysts such as TMAB can enhance the 
mass transfer between the reactants and lower down the methanol requirement.

Non-edible oils containing a very high amount of free fatty acids (usually much 
greater than 3 wt%) are also not suitable for biodiesel production through the con-
ventional route. The addition of TMAB enhances the mass transfer between the 
reactants which results in a higher yield of biodiesel. However, due to the presence 
of a very high amount of free fatty acids in non-edible oils, there is a large tendency 
of reaction between the FFA and the base catalyst rather than the reaction between 
triglycerides and methanol or free fatty acid and methanol. The addition of TMAB 
does not offer any advantage in such cases. Therefore, the content of free fatty acids 
in the oil needs to be reduced before transesterification. This raises the need for a 
two-step biodiesel production process in which the first step would be esterification. 
Among various techniques, esterification is the volume-efficient process to lower 
the free fatty acids and uses concentrated sulfuric acid in a homogeneous form. To 
mitigate the drawbacks of a conventional homogeneous esterification process, a 
non-catalytic esterification route can be explored.

Concentrated sulfuric acid is associated with several drawbacks, and the non- 
catalytic route requires elevated reaction conditions which are associated with the 
high cost of production. Due to these drawbacks, research efforts are focused on the 
low-cost solid acid catalysts, which offer an environmentally benign and economi-
cally feasible biodiesel production process. The combination of low-quality feed-
stock and mild reaction conditions can lower the biodiesel cost to a substantial 
extent. Moreover, the solid acid catalysts like novel corncob-based solid acid cata-
lyst offer huge eco-friendly benefits together with the recyclability and reusability.

Catalytic and Non-Catalytic Methods for Biodiesel Production
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Abstract The use of fossil derived petrochemical products are expected to decrease 
due to the depletion of fossil resources and increasing environmental issues such as 
the impact of greenhouse gases, global warming, and rising population. Interest in 
plant oil-based rather than petroleum-based fuels is increasing as it is a renewable 
resource and easily availfd ble. Plant vegetable oil, like castor oil, has shown attrac-
tive physical and chemical properties in comparison with fossil fuels. The Castor oil 
derivatives are a combination of saturated and unsaturated fatty acid esters linked to 
the backbone of glycerol. Castor oil contains nearly 90% of ricinoleic acid having 
hydroxyl group, a double bond, a carboxylic group, and a long chain of hydrocar-
bon and also having different methods to convert into an essential bio-based alterna-
tive for petroleum- based industrial chemicals applications. Therefore, this chapter 
underlines the importance of castor oil or derivatives with its expected global mar-
ket growth in the manufacture of such diverse materials and its geographical avail-
ability. Overall, this chapter provides a summary of castor oil, its development, and 
its resources.
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1  Introduction

In today’s world, increasing the effects of greenhouse gases, quick industrial devel-
opment, global economic growth, environmental contamination, increased popula-
tion, and natural resources loss are concern to problems which affects the 
environment. In addition to eliminating the existing harms caused by environmental 
degradation, people are looking for green technologies that creates fresh and good 
quality, safety, clean and sustainable energy resources for the better future. So this 
motivates researchers to quest for innovative approaches to incorporate the use of 
sustainable energy with the adequate technology for the production of products 
needed by different industries [1]. Plant oils are the oils derived from plant resources 
like castor oil, olive oil, soybean oil, and linseed oil [2] and getting more attention 
since they found an appropriate way of producing alternative options for the appli-
cation in increasing energy demand and environmental awareness. Castor oil shows 
the properties in the development of most technologies that are cost-effective renew-
able resources and numerous uses as sustainable resources for the chemical based 
industries [3]. Castor oil derivatives serve as a raw material to produce solvents, 
lubricants, paints, polymers, and jet fuels in the chemical industry.

2  Castor Oil Background

Castor plants (Ricinus communis) are part of the large spurge family (Euphorbiaceae), 
which cultivate naturally under different climatic conditions [4]. Castor oil plant 
initially belonging to India and Africa and then imported from India to China around 
1400 years ago [5]. Castor seed contains 50% of oil, which can be easily extracted, 
and transformed into different derivatives which can be used in the development of 
new generation technologies for various chemical industry such as drugs, personal 
care products, perfumes, lubricants and biofuels [1]. Castor oil with easy to grow 
properly, across the tropical, subtropics and temperate zones, and castor oil are bio-
degradability, low costs, renewable, and eco-friendly with all this qualities the 
demand castor oil is continuously increased as an alternative option [4]. Castor oil 
and its derivatives used as raw material more than 700 industries and due to the 
unique chemical structure, it continued to increase as plant oil resource.

Castor oil is getting more significance attraction because of its unique physico-
chemical characteristic, particularly in comparison with the most conventional edi-
ble and non-edible oils due to the presence of ricinoleic acid. The high amount of 
ricinoleic acid content (85–90%) in castor oil which is a multipurpose compound 
and this acid has three functional groups. This ricinoleic acid has a carboxylic acid, 
a double bond, and secondary alcohol or hydroxyl group that give a wide range of 
opportunities to convert or modify castor oil in several useful derivatives products 
based on the different applications anticipated (Fig. 1) [4]. The carboxylic group 
can contribute to a wide variety of esterified products, while hydrogenation, 
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epoxidation, or vulcanization can modify the single point of unsaturation. On the 
other hand, the carbon-12 hydroxy functional group, which may be acetylated or 
alkoxylated, can be eliminated through dehydration to improve the unsaturation of 
oil [6].

Castor oil and its derivatives have gain revolutionary importance in industries 
application as it has low-cost efficiency and renewable nature. This paper the distri-
bution and production of the castor oil around the world, and brief discussion of 
castor oil different reactions that converts into derivatives which are used in the 
industrial applications. The potential reactions are with the castor oil are caustic 
fusion, dehydration, epoxidation, hydrogenation, hydrolysis, pyrolysis, polymeriza-
tion, sulphonation, and transesterification.

3  Castor Distribution and Production

The Castor plants is unspecific, seeds increase at various rates varying broadly in 
size, shape, and color with approximately 45–55% by weight of oil, and geographic 
locations also places an important role in growing seeds on average or fully matured. 
The castor plant has a leaf throughout the year, in flowers from July to September, 
and from September to November the seeds ripen. Throughout the winter, the castor 
seeds are placed in a capsule of reddish-green spiny fruit and spread by water and 
wind [7, 8]. The seeds have very different and unique spots, primarily covering the 

Fig. 1 Possible castor oil reactions for the production important industrial castor oil derivatives
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surface shades of light brown with shades of dark brown. The castor seeds are 
unsafe, so intake of the seeds can cause abdominal, vomiting and human-mortal 
diarrhea pain [9, 10]. Castor plants are perennial and fast-growing plant around 
10–12 m high but grow steadily smaller around 1–3 m annually in the temperate 
region. The stem of the plant is hollow, and light green often tinged with red and 
leaves are huge, bright reddish-brown color of vein. During summer, blossoms are 
always reddish-green and kept in a bundle at the ends of the branches [3].

Castor is an oil plant is non-edible and has large number properties. Over the past 
decade, castor oil production has increased drastically due to ease of accessibility, 
inexpensive, non-food competition, high boiling point, and viscosity, tremendous 
ability as a renewable bio-based synthetic product which are environmental friendly 
[4, 11]. Castor oil is mostly produced in India, Africa, South America, Brazil, China. 
India leads the world in the production and export of castor oil and in India the 
major states producing castor seed in Gujarat, followed by Andhra Pradesh and 
Rajasthan. India is delivering castor oil total world production is about 85%, which 
estimated at about US$ 1.2 billion per annum and although the leading importer is 
the United States, the European Union, Japan, Brazil, and China [5, 12, 13].

4  Extraction and Refining

Extraction of castor oil from the castor seeds from a combination of processes, such 
as solvent extraction, and mechanical pressing [3, 14]. Before the extraction pro-
cess, the castor beans will be subjected to many processess in the direction of pre-
paring for extraction. In the clearing process, foreign materials and dirt are removed 
from the castor bean. In the process drying, the castor beans are dried at a tempera-
ture at 60 °C for few hours for the outermost covering breaks, and the beans are 
sheds. During the winnowing process, castor seeds shell is removed nibs to take off 
the covering and to get the large amount of yield; and throughout grinding process, 
the castor seeds are crushed to form a paste (cake) softening or cracking the cell 
walls to allow castor fat for extraction [3, 14] (Fig. 2). The mechanical pressing 
approach is preferred over the solvent extraction system because it requires low 
costs, lower investments, and its offers better environmental protection. The disad-
vantages of mechanical pressing are only extract on about 45–55% of oil and the 
remaining oil in the cake extracted by solvent extraction which increases the work 
and extraction expenses which make the operation environmentally unfriendly. 
Generally castor seeds, on average containing 45–55% by weight of oil depending 
on the size, geographic position, and extraction process [3, 4].

Castor oil extract from then beans contains some amount of free fat, unsaturated 
fats, hydrocarbons, toxic proteins, gums, foreign matter, soil matter, mono- and 
diacylglycerols, and other contaminants that are removed by the refining process. 
Removal of impurities such as free fatty acid, colloidal, and colouring matter by two 
processes in the refining process via chemical and physical refining process. Using 
procedures like settling, and filtration is used in the standard refining method for the 
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removing of solid and colloidal material. Degumming is used when extracting cas-
tor oil containing the dissolved and scattered protein compounds, and other com-
pounds including gums, phospholipids, and solation metal material. In the process 
of neutralization, the castor oil is undergoing the alkali treatment using caustic soda 
solution to remove the excess free fatty acids. In the Deodorization nitrogen or 
steam stripping operations to remove the volatile components found in the extracted 
castor oil. Castor oil decolouring or bleaching is used to remove of colouring mate-
rial [3, 6, 15].

Solvent extractor

Alkali refining Drying

Deodorizing

Refined Oil Waterization/Hydrogenetion

Bleaching

Filter

Pulpdried to flakes

Screw pressing

Cleaned dried castor oil seed

Dehulling or deshelling

Crush into pulp

Hulls or shells

Oil

Water refining

Solvent (Hexane)

Solvent removal Solid Product

Meal

Fig. 2 The Modified procedure for the extraction and preparation of castor oil [3, 14, 15]
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5  Composition and Physicochemical Parameters 
of Castor Oil

Castor oil has different physicochemical properties from all other non-edible oil, 
and its properties are discussed in given Table 1. Castor oil has a unique chemical 
composition as compared to other vegetable oils and the fatty acid composition of 
castor oil consist up to 90% ricinoleic acid, and rest other fatty acids present and 
following composition and structure are shown in the Table 2. The high content 
presence of ricinoleic acid in castor oil has provide a wide area of application in the 
chemical industry. In the ricinoleic acid presence of the carboxylic group, a double 
bond and hydroxyl group favor the castor oil for various chemical reactions, modi-
fication, and transformations as a renewable resource. For instance, the existence of 
a carboxylic group allows castor oil to be transformed through a few reactions are 
esterification, amidation. The existence of a double bond allows the transformation 
of castor oil many reactions, for example, hydrogenation carbonylation and epoxi-
dation. Besides, the hydroxyl group may also take part in reactions such as dehydra-
tion, alkali splitting, halogenation, alkoxylation, sulfonation, and its products are 
sebacic acid, 2-octanol, 10-undecenoic acid, heptaldehyde, red turkey oils, urethane 
polymers, etc. Castor oil is entirely biodegradable, renewable and the chemical 

Table 1 Physicochemical parameters 
of castor oil [5, 16–18]

Physical and chemical 
parameters Average result

Moisture, % 0.30
Density g/mL 0.95–0.96
Refractive index @ 28 °C 1.79
Fire point (°C) 256
Flash point (°C) 225
Smoke point (°C) 215
Viscocity (cps) 0.425
Colour (TU) 14.0
pH 5.8
Turbidity 5.0
Free fatty acid
Acid value 5.7
Saponification value 
(mgKOH/g oil)

180.77

Peroxide value (Meq/kg) 158.64
Iodine value (Wiji’s) 85.9
Unsaponifiable matter, % 0.7
Specific gravity (at 30 °C) 0.96
Hydroxyl value 154.6
Thermal conductivity 
(W/m oC)

4.73

Specific heat (kJ/kg/K) 0.09
Melting point (°C) −2 to −5
Water content (ppm) 367
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transformations into various castor oil-based products. Castor oil-based products 
are produced entirely environmentally friendly, biodegradable, and sustainable.

6  Castor Oil Products Significant Applications in Industries

Researchers are now emphasizing on the edible oils as the industrial raw materials 
in the area of research. The using of edible oils as a raw material for chemical reac-
tions is related to major environmental issues, the price of vegetable oil has increased 
significantly, which inevitably influence the economic feasibility of edible-oil-based 
goods. Consequently, the collection of edible vegetable oils cannot be deemed a 
potential feedstock to a different industrial reaction. The production of industrials 
chemical products made from non-edible oils is one possible way to get the better 
control on such limitations. In this case of castor oil consisting of ricinoleic acid 
around 90% and small quantities of oleic and palmitic acids, many non-edible oils 
having higher in unsaturated oleic acid and lower in saturated palmitic acid. Castor 
oil can therefore distinguish between other edible and non-edible oils, making it the 
raw materials of greatest interest for the industries.

6.1  Dehydration

Iodine content in the castor oil is low and is thus referred to as a non-drying oil. 
Although, it is non-drying when its dehydration gives semi-drying or drying oil. 
Ricinoleic acid dehydration is a catalyzed acid reaction that eliminates the hydroxyl 
group and forms a new double bond. Dehydration is typically done at a temperature 
around 250 °C using most commonly employed catalysts such as concentrated sul-
furic acid, sodium bisulfate, phosphoric acid, phthalic anhydride, and acid-activated 
clay are most widely used under inert atmosphere or vacuum [3, 20–24].

This mechanism, the hydroxonium is developed by electrophilic attack by a pro-
ton against the unshared electron pairs of the carbon-12 hydroxyl group, and the 
carbonium ion is generate by a loss of water, and ejection of a proton from either 
carbon-11 or carbon-13 [25–27]. Since dehydrated castor oil commonly has a ratio 
of 4:1 to 3:1 between nonconjugated and conjugated dienoic acid,it is easier to 
remove hydrogen from the 13-carbon atom than in an 11-carbon atom.

As shown in Fig. 3, ricinoleic acid dehydration requires the elimination of the 
hydroxyl group and one of its α hydrogen presents on one of the carbon-connected 
hydroxyl group forming conjugated and nonconjugated linoleic acids. Typically 
conjugated acid is polymerized and other anti-polymerizing agents such as sodium 
sulfite or zinc chloride, or aluminum chloride [28]. Many potential side reactions 
with estolide are developed during the dehydration of ricinoleic due to heat accel-
eration. Dehydrated castor oil-based protective coating, varnishes, lubricants, soaps, 
paints, inks, alkyd resins system provide properties like quick-drying, durability, 
chemical tolerance, metals adhesion, high gross and water quality [1, 4, 29].
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6.2  Hydrogenation

Castor oil contains both a carboxyl group and an extremely reactive hydroxyl group, 
much like an unsaturation state that can be removed by hydrogenation. In the hydro-
genation, a hydrogen molecule from a hydroxyl group is decreased to generate 
hydrogenated castor oil achieved using standard Raney nickel catalyst of 2% at 
150 °C and 150 psi with hydrogen pressure with high hydroxyl value and low Iodine 
value [30–32]. Hydrogenation of castor oil has a high melting point compared with 
other oils, enhanced storage conditions, odor, and enhanced oxidative and thermal 
stability. Hydrogenated castor oil, 12-Hydroxystearic acid, and methyl-12- 
Hydroxystearic acid are produced by hydrogenation followed by hydrolysis and 
esterification of castor oil. Hydrogenation of castor oil (HCO) is obtained from a 
route of catalytic transfer hydrogenation (CTH) [19] (Fig. 4).

The advantage of catalytic transfer hydrogenation is due to the organic mole-
cules used at atmospheric temperature and pressure as a hydrogen donor and thus 
resulting in low energy consumption. In addition, the catalytic transfer hydrogena-
tion doesn’t need a specific reactor, and the solvent can even be used as a hydrogen 
donor in the presence of a catalyst. The CTH process with catalyst Pd/C and various 
hydrogen donor solvent for soy [33], sunflower [34], and castor [4, 35] oils. There 
are other groups of hydrogen donor that were used for CTH reactions: hydrazine 
[36], dioxane [37], primary and secondary alcohols, indoline, hydroaromatic hydro-
carbons [38], formic acid, methanol [39], formate, phophinates, and phosphinic 
acid. The catalyst was increasingly effective, minimizing the degree of secondary 
reactions (ether formation, hydrolysis, and others). Palladium is inadequate for 
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Fig. 3 Chemical mechanism of dehydration of ricinoleic acid to form an isomeric mixture of 
unsaturated fatty acids
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hydrogenation because the process is enhanced at low selectiveness due to nonse-
lective and generated significant amounts of trans acids during the reaction [40]. 
Hydrogenated castor oil are soluble in hot organic solvents like ether and chloro-
form and insoluble in water and most organic solvents [41].

The hydrogenated castor oil is valuable because of the long shelf life for lubri-
cant industries due to its excellent quality of insolubility, water-resistance, and 
maintenance of its lubricity. Also, HCO’s polarity and surface wetting properties are 
valuable cosmetics, solid lubricant, paint additives, production of formed plastics 
and rubber products, wax production, polishing, carbon paper, candles, and crayons 
[1, 4, 6, 42]. After saponification and acid hydrolysis of hydrogenated castor oil 
12-Hydroxystearic acid is produced and converted into methyl-12-Hydroxystearic 
acid. 12-Hydroxystearic acid is a significant material is used in the industry for 
polymer materials [42, 43]. All these products are useful for the preparation of 
metallic soaps such as lithium, calcium, etc. for use in multipurpose greases and 
lubricants [44, 45].

6.3  Transesterification

In the Transesterification reaction, the castor oil with low molecular weight alcohols 
is reacted to generated biodiesel (methyl ricinoleate) in the presence of homoge-
neous base or acid catalysts [46, 47]. The process required three necked batch reac-
tor which equipped with a reflux condenser, a magnetic stirrer and digital 
thermometer. In transesterification of oils require minimum amount of catalyst (to 
avoid saponification and cost reduction) with reaction temperature (55–65 °C) and 
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Fig. 4 Hydrogenation of castor oil by catalytic transfer [4, 19]
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the reaction time (2–8 h), a molar ratio of alcohol to oil 6:1 and methanol (to mini-
mize the cost of recovery after reaction). Transesterification reactions are a revers-
ible reaction that requires excess alcohol to shift the equilibrium towards biodiesel 
formation. Transesterification of castor oil reduces the molecular weight, acid value, 
saponification value, and viscosity of the castor oil by varying the molar ratio, reac-
tion time, catalyst concentration increasing kinematic viscosity and specific gravity 
[1, 4, 48]. As the biodiesel is nontoxic, biodegradable and environmentally friendly 
fuel, the ignition of biodiesel discharges less emissions of carbon dioxide, sulfur 
dioxide, unburned hydrocarbons, and particulate matter [17]. The volatility 
increased during the transesterification reaction and during the reaction monitoring 
the cetane number and heating value for higher yield of biodiesel [49, 50].

The reaction process is addressed in the transesterification reaction below (Eq. 1) 
where the base interacts with the alcohol, forming an alkoxide and the protonated 
catalyst. The alkoxide nucleophilic attack on the triglyceride carbonyl group pro-
duces a tetrahedral intermediate (Eq. 2) from which the alkyl ester and the corre-
sponding diglyceride anion form (Eq. 3). The latter deprotonates the catalyst and 
thus regenerates the active specie (Eq. 4) which can now react with a second alcohol 
molecule to start another catalytic cycle. The same mechanism converts diglycer-
ides and monoglycerides to a mixture of alkyl esters and glycerol [51–54] (Fig. 5).

Increased biodiesel production from castor oil resulted in glycerol overproduc-
tion, which is also an important root for the different solvents, for example, propyl-
ene glycols, glycerol ethers, and esters [55]. Glycerol has also shown potential as a 
renewable solvent and reduction agents used in hydrogenation reactions to transfer 
metal-catalyst and the creation of nanoparticles, a high-boiling organic solvent to 
improve enzymatic hydrolysis, and aliphatic polyester synthesis [4, 56–58].
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Fig. 5 Transesterification of castor oil [4, 50]
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6.4  Oxidation

Triglycerides-based oils are mainly restricted to their oxidation stability by the 
degree of unsaturated double bonds. In several reactions like oxidation, unsaturated 
carbon-carbon bonds serve as active sites [59]. Most triglyceride-based oils contain 
unsaturated fatty acids and are vulnerable to oxidation. The higher the unsaturation 
level, the more double bonds the oil will become sensitive to oxidation. The oxida-
tion mechanism of castor oil has been well investigated and a famous representation 
of the oil is shown in Fig. 6 [60, 61]. The development of free radicals initiates cas-
tor oil oxidation. The elimination of hydrogen atom in the methylene group from 
next to a double bond can easily lead to free radical formation. Free reacts rapidly 
with oxygen to form a peroxy radical. Radical peroxy can attack another lipid mol-
ecule to remove a hydrogen atom to form a hydroperoxide and another free radical, 
propagating the oxidation process [62]. Castor oil oxidation is taken at a tempera-
ture of about 80–130 °C in the presence of blowing air or oxygen with or without a 
catalyst, and mixing is required for the formation of clear and viscous oxidized or 
blown castor oil with varying viscosity. This process is a mixture of oxidation and 
polymerization; therefore, it is called oxidative polymerization. Oxidized castor oils 
are excellent non-migrating, non-volatile cellulosic resin plasticizers, poly (vinyl 
butyral), polyamides, shellac, and natural and synthetic rubber. Since blown castor 
oil high acid value, imparting oil and solvent resistance to produce the high viscos-
ity materials with increased viscosity, and compatibility and decreased solubility. 
This oil is used as excellent pigment grinding media and as an ink foundation, lubri-
cating oils, plasticize in adhesives, hot melts, and hydraulic oils [6, 9, 63, 64].
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Fig. 6 Epoxidation of castor oil
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6.5  Epoxidation

Epoxidation reactions in which peracid is used either pre-formed or produced dur-
ing the reaction as acetic acid is used as a carrier of oxygen with hydrogen peroxide 
as a donor of oxygen. Castor oil fatty acids or their alkyl esters are reacted with 
peracids when catalysts to produce epoxides. Castor oil can be epoxidized with 
hydrogen peroxide at both 30% and 70%. The reactions to be subjected to 30% 
hydrogen peroxide with 60 °C are added during a 4 h period when the mixture of 
castor and methyltri-n-octylammonium(MTTP) is undergoing a reaction. The reac-
tion mixture is mixed vigorously for another 4 h before cooling to room temperature 
and addition of toluene for extraction and separating of organic layer and dried by 
anhydrous sodium sulfate. Epoxidized castor oil (ECO) was recovered in 94% yield 
after the elimination of the solvent on a rotary evaporator. In addition, powdered 
calcium carbonate was added and agitated in the alternate process by which castor 
oil and MTTP combine the mixture thoroughly at 60 °C. Using a syringe pump, 
70% Hydrogen peroxide was introduced dropwise by stirring over 2 h. The mixture 
has been kept at 60 °C for 9 h under intense agitation conditions before cooling to 
room temperature. In 70% hydrogen peroxide chloroform is used for the extraction 
and drying remaining product dried over sodium sulfate. 90% yield of ECO was 
obtained when the solvent was drained from a rotary evaporator [1, 43, 65]. Acid 
catalysts, enzymes, tungsten-based catalysts, transition metal complexes, ion 
exchange resin, Ti (IV)-grafted silica catalyst [66] and methyl-tri-n-octyl ammo-
nium diperoxotungstophosphate [67] are various forms of catalysts for epoxidation 
reactions.

Mechanism of epoxidation reaction is explained in the three consecutive 
reactions:

RCOOH + H2O2
RCOOOH + H2O

RCOOOH + R'CH=CHR'' R'CH-CHR''  + RCOOH
O

R'CH-CHR''  + RCOOH
O

R'CHOH-CHR''(OCOR)

a)

b)

c)  

Reaction (b), the present step of epoxidation, does not requires a catalyst and is 
the fastest of the three reactions. Both acids are catalyzed in the reactions (a) and 
(c). Even if resins of sulfonic acid are equivalent to other strong acids in catalytic 
formation of peracid (reaction a), the by- product formation is not catalyzed (reac-
tion c), when raw material is used with relatively high molecular weight. Many of 
the Most of the resin catalysts advantages are based on the distinction from other 
strong acids [68].

The epoxidation products are known as oxirane compounds or epoxides. In addi-
tion, the epoxides play an important role in the production of alcohols, glycols, 
polyols, and other polymers due to highly reactive. Epoxidation castor oil is used in 
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products like plasticizers and polymer stabilizers, high-temperature lubricants, dis-
persions of polyurethane, paints, coatings, and adhesives, nanocomposites, surfac-
tants, hydraulic oils, and biodiesel [69–73]. The method is flexible; it can use several 
biological and inorganic catalysts to make the process is less energy-intensive 
[1, 43].

6.6  Ozonolysis

Various methods through which functional groups may introduced into vegetable 
oil structures such as epoxidation, hydroformylation, and ozonolysis by treating the 
double bond. In specific, ozonolysis is best way to get a terminal process to break-
ing carbon-carbon double bonds to give compounds with primary alcohols, alde-
hydes and carboxylic acids relying upon the reaction conditions [74]. The Ozone is 
used as an effective oxidizing agent for splitting and oxidization of alkenes, which 
are then reduced in castor oil to alcohol by a fast reduction agent such as sodium 
borohydride (NaBH4) and lithium aluminum hydride. In ozonolysis, the oxidative 
cleavage method is the perfect reaction performed without a catalyst at a low tem-
perature of 25–45 °C, and its decomposition occurs at 60–100 °C, which is less 
energy consumption for industries. This ozonolysis technique has recently applied 
to soyabean oil, castor oil, canola oil, and triolein, resulting in polymers such as 
polyurethane (PU), polyethers, and polyesters being condensed. After ozonolysis 
dangling chains which are saturated fatty acids are left unaffected and in polymer 
structures as side chains to enhance hydrophobicity and affect the mechanical and 
physical properties of the resulting polymers [74]. The ozonolysis process is highly 
oxygen reactive, which can lead to several side reactions, which can create several 
by-products unless the process performed in controlled conditions [1, 43, 75] 
(Fig. 7).

In fact, the process of ozonolysis reaction is ionic in nature. In the postulates of 
the mechanism (Fig. 8), the initial ozone reactions with unsaturated bond were elec-
trophilic to form an initial unstable ozonide (I) that decomposes readily to give a 
zwitterion (II) and a carbonyl fragment (III). Then such fragments can be mixed to 
produce standard ozonide (IV). The zwitterion can, dimerize to a diperoxide (V) or 
polymerize to a higher molecular weight peroxide (VI). Loan et al. has reconciled 
this obvious inconsistency of the function by postulating a solvent cage that inhibits 
cleavage products from participation in “cross” or exchange reactions [76].

6.7  Sulfation

In the sulfation process, the SO3 group is introduced into an organic compound to 
produce the structural function of the C-OSO3. Sulfated castor oil is often named as 
Turkey Red Oil or sulfuric acid esters because of the reddish sulfur color derived 
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from the castor oil hydroxyl group reacted with the sulfuric acid. Sulfation is a batch 
process, the reaction is conducted at temperature 25–30  °C is done by reacting 
3–4 h of castor oil with sulfuric acid with continuous agitation and cooling [1, 4, 43, 
77, 78]. Using catalysts in chemical reactions improves the rate of reaction and 
affects orientation in certain situations. Catalysts for sulfation of castor oil the with 

Fig. 7 Ozonolysis and reduction of castor oil into products
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sulfuric acid concentrate at low temperature have been tested for mercury, mercu-
rous sulfate, vanadium pentoxide, copper sulfate, and pyridine. Their impact on 
generation of sulfuric esters was investigated by determining in deciding a mixed 
sulfuric trioxide produced during reaction process at intervals. Two reactions are 
leading to the forming of ester in sulfation of castor oil In the sulfation of castor oil, 
two reactions contribute to ester formation; (1) ricinoleic acid reaction in ae -OH 
group, and (2) the double bond of ricinoleic acid attachment. The double bond reac-
tion continuous at a slightly slower rate. Other reactions like glycerides hydrolysis 
and sulfonic acid production, lactones, lactides, and estolides exist. The formation 
of esters is important in the wetting action as it brings the radical hydrophilic 
OSO2OH amid the chain fatty acid ester, giving a balanced structure to the mole-
cule. Taking sulfuric ester formation, there two opposite reactions possible: (1) ester 
formation and (2) ester hydrolysis produced by the water while excess acid is pres-
ent. The hydrolysis of ester will be favoured by a negative catalyst and may also 
encourage other side reactions that would use large amounts of sulfuric acid, thereby 
decreasing the acid concentration or ester formation available.

The sulfation process requires temperature, and this is due to the very strong acid 
application, which does not require elevated reaction temperatures. Turkey- red oil 
is commonly used in textiles, cosmetics, wetting, emulsifying, and dispersing 
agents, production of detergents which is used in lubricants, softened materials, 
shampoos, and dyestuff formulation [1, 4, 43, 79–81] (Fig. 9).

6.8  Pyrolysis

In the case of hydrocarbons, at higher temperatures pyrolysis continues formation 
of free radical. It is likely that a free radical mechanism can also require a pyrolysis 
reaction of castor oil derivatives. The reaction was also shown to be more successful 
in producing of the targeted oleochemicals in the presence of free radical-yielding 
initiators [4, 82]. Castor oil or its fatty acid esters molecules break down in the pro-
cess of pyrolysis to obtained undecylenic acid or its esters and heptaldehyde. At the 
same time, the key products are formed using either thermal pyrolysis or using 
thermal pyrolysis and catalytic pyrolysis. Ricinoleic acid found in the fatty acids of 
castor oil to produce undecylenic acid or its esters and heptaldehyde at a higher 
temperature (>400  °C) under atmospheric pressure. The reaction was performed 
with and without catalysts but some are different types of catalysts are used such as 
metals (Al, Tl, Ti, Ce, Th, W, Mo), glass and ploy (vinyl chloride) are employed. 
The mechanism of pyrolysis of castor oil indicated that when H atom of the OH 
group attaches itself mesomerically to C atom in the molecule to form a six mem-
bered ring separated between, C3 and C4 during heating and gives Me(CH2)5CHO 
and H2C:CH2(CH2)7CO2H4.between the O and H linkage of the six-membered ring.

According to this, the methanolysis of castor oil yields methyl ricinoleate of cas-
tor oil favored because of excessive viscosity, polymerized materials, and toxic 
gases throughout reaction. Different groups have studied with or without a catalyst 
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at different temperature ranges from 400 to 550 °C to provide effective conversion 
and improve product efficiency [42, 83–91] (Fig. 10).

Undecylenic acid and heptaldehyde are valuable cosmetics raw materials (C11 
and C7 aldehydes are used in soaps, shampoos, talcum powders, and perfume for-
mulations), pharmaceuticals, and polymeric materials [42, 83, 84, 87]. Heptaldehyde 
is utilized as an organic solvent for polymers, insecticides, elastic products, resins, 
and plastics. Undecylenic acid as a source of bactericides and fungicides. 
10- undecenoic acid was an important source for the manufacture of antibiotics and 
antitumor medicines. 10-undecenoic acid is also used in the application for Athlete’s 
Foot remedy and nylon 11 [3, 4, 6, 43, 92–96].

6.9  Alkali Splitting

Alkali splitting reaction is the most important industrial procedure in which castor 
oil and its esters are converted into sebacic acid, and 2-octanol is used in the oleo- 
chemical industry. The ricinoleate molecule of castor oil produces sebacic acid and 
2-octanol in a batch or continuous procedure with the presence of a large amount of 
alkali at high temperature with an effective catalyst [42, 97, 98]. Castor oil and its 
ester and alkali with equimolar ratio, 10-hydroxydecanoic acid, and 2-octanone are 
the main components when the reaction is done at temperature 180–200 °C and long 
reaction time [42, 85, 97]. Sebacic acid and 2-octanol are produced with 2:1 ratio of 
alkali: methyl ricinoleate at a higher temperature 250–270  °C and with reaction 
time for few hours and also find the application in the production of alcohols with 
high boiling range [3, 42, 43, 85, 99].

Mechanism indicates ricinoleic acid dehydration as the first stage of pyrolysis in 
presence of alkali resulting in the formation of β, γ-keto acid isomerizing to α, 
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β-keto acid in the presence of alkali. In the presence of water, this keto acid sub-
jected to a retroaldol fission to produce methyl hexyl ketone and decanoic acid 
aldehyde. From the first step of dehydrogenation the methyl hexyl ketone takes 
hydrogen to form 2-octanol. On the other hand, the decanoic acid may have two 
potential reactions. One of these reactions is a reversible hydrogenation reaction 
(hydrogen supplied from the first dehydrogenation stage) to form 10-hydroxy deca-
noic acid, while the other reaction is the oxidation of decanoic acid aldehyde to 
produce sebacic acid in the presence of alkaline. In this reaction, many high boiling 
points (>300  °C) chemically inert thinners are white mineral oil, therminol, 
m- cresol, paratherm NF, glycol oil, and petroleum oil to enhance the yield and 
purity of the product and also minimize frothing and solidify reaction mixture [18, 
100, 101]. Sebacic acid and its compounds are used in producing the dioctyl seba-
cate (DOS), which is used in jet lubrication and lubricant in air-cooled combustion 
engines and used as plasticizers for production of vinyl resins, coatings, perfumes, 
cosmetics, and candles (Fig. 11).

In Additional as hexamethylenediamine is used in nylon 6–10 synthesis with 
sebacic acid [6, 18, 102, 103]. 2-Octanol finds uses in the coal industry as a floating 
agent and as a processing solvent for plasticizing, dehydrating, and anti-bubbling 

Fig. 10 Conversion of castor oil into 10-undecenoic acid and heptaldehyde
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agent [6, 18, 89, 104]. This process is green since the process uses water and is thus 
a more environmentally friendly option [1, 3, 4, 6, 43].

7  Polymer Goods Based on Castor Oil

Scientists must concentrate on discovering an alternative to use sustainable resources 
as raw materials to produce polymeric materials due to the scarcity of sustainable 
natural resources and rising environmental issues. Castor oil-based biopolymers 
have many advantages over the petroleum-based monomers polymer procedure are 
cheap, better properties, biodegradable, non-toxic, and have carbon footprints [4, 
105, 106]. The hydroxyl group of ricinoleic acid present in castor oil is used in pro-
duction castor oil-based biopolymers are polyurethanes, polyamides, polyethers, 
polyesters, and poly(2-hydroxyethylmethacrylate) [1, 3, 4, 43, 107–111].

Polyurethane (PU) is a class of polymer compounds containing urethane link-
ages (-NHCOO-) prepared from the polyaddition reaction between organic isocya-
nates and hydroxyl group molecules like castor oil. When castor oil reacts with the 
isocyanate (NCO) to maintain the NCO/OH ratio at 1.6. The reaction was at 45 °C 
with a constant stirring of 2 h. The dynamics of kinetics have become quite com-
plex. Such that, for the first step, the process of polyurethane preparation method, at 
a particular heating rate, defined as a simple and uniform kinetic form, is assumed 

Fig. 11 Conversion of castor oil into sebacic acid and 2-octanol
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to be of nth order (or, more specifically, would have an obvious reaction order of n): 
ath order in relation to OH and bth order in relation of NCO). Since all the systems 
used in the reactions had an NCO/OH ratio of 1 it resulted in [NCO] = [OH] at any 
point during polymerization process. The kinetic expression, associated to a specific 
velocity kn, can therefore written as
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H∆ 0

, (where H(t) is the accumulated energy liberated 
at a time t during the reaction), and Eq. (2) could be rewritten as
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The specific velocity k _ n can be related to the temperature T through an Arrhenius 
dependence relationship.

 k A en
E RTA= −

0
/

 (5)

where R is the universal gas constant, A0 is an apparent frequency factor, EA an 
apparent energy of activation. Substitution of (5) in (4) finally yields:
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1 0∆
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(6)

Time and temperature are related by the heating rate:

 T T dT dr= + ⇒ =0 β β , (7)

where T0 is the initial temperature and β is the heating rate. Substitution of (7) in (4) 
would result in
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Equation (8) is the final step to solved, so that the resulting curves H(T) ∗ T would 
be adjusted to the data with the parameters EA, ΔH0, and A0 from this the values of 
H(T) is obtained through numerical integration of dH/dt. There is other way to find 
out parameters value through Eq. (4) 

dH

dt
T, , and H(t) can be obtained from the data.

The use of organic isocyanates in this process is toxic and highly reactive for the 
production of PU, which produces the more dangerous component, phosgene, 
which has an impact on the environment [4, 112]. The processing of castor oil poly-
urethanes reveals excellent properties due to its hydrophobicity and environmental 
friendliness. Polyurethanes based on castor oil has been used in various application 
such as thermoplastic to thermosetting materials, rigid, semirigid and flexible 
foams, sealants, adhesives, biomedical implants, coatings, and cast elastomers [4]. 
Castor oil-based polyurethanes products such as a polyol, adipic acid, polyethylene 
terephthalate, and polyethylene glycol (PEG) are used in the application insulated 
coatings and rates of biodegradation are documented for biomedical implants and 
tissue engineering elsewhere [4, 43, 111]. The reaction of castor oil by using curing 
agent 1,6 hexamethylene diamine (HMDA) was used to synthesize epoxy- terminated 
polyurethane prepolymers [111].

Polyurethane organoclay nanocomposites are used in the application of coatings, 
adhesives, and automotive, and are formulated with a mixture of polypropylene 
glycol polyol and DCO (15%) [113]. Lil and Nal have applied to castor oil-based 
polyurethane, in the preparation of polymer electrolyte films used in the application 
for electrochemical devices, and this work also shows that polyurethane from castor 
oil-based can be used in polymer electrolytes as an option bio-based polymer mem-
brane [114]. The ricinoleic acid present in castor oil gives antibacterial activity to 
undecylenic acid for polyesters synthesis. A part nylon-12,12 Dimethyl 
1,12- dodecanedioate is produced from methoxycarbonylation of undecylenic acid 
or its esters [4, 115]. Overall, the most important green raw material is castor oil for 
chemical and polymer industries, and castor oil biopolymers have tremendous 
potential in the global polymer market and the environment [3, 4].

8  Conclusions

Castor oil is a primary green resource and one of the better fossil fuel alternatives. 
Castor oil derivatives have various uses in the chemical industry, agriculture, cos-
metics, and pharmaceutical. Castor oil has a carboxylic acid, a double bond (between 
C9 and C10), and a functional group of secondary alcohol or hydroxyl (at C12). The 
presence of functional groups of castor oil has the potential to produces a wide 
range of industrial materials as an alternative for petroleum-based products. The 
castor oil has a unique chemical structure other than non-edible oils present, which 
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shows the more significant environmental concerns and its readily available, cheap, 
non-food competition. Castor oil hydroxyl group strengthens the chemical interac-
tions in the preparation of metal oxides and nanoparticles from carboxylic acid and 
alcohol with different types of molecular materials like polymer, isocyanates, acids, 
and dodecanoyl chloride and synthesis of precursors for the preparation of metal 
oxide and nanoparticles from the carboxylic acid and alcohol. Castor oil production 
is increased due to its tremendous potential for chemical transformation as a renew-
able bio-resource and used as a raw material to manufacture a range of end products.
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Abstract Depleting conventional resources and increasing energy demand have 
placed immense pressure on the environment and forced mankind to look for 
alternate and sustainable energy resources. Biomass is a promising resource which 
is environment friendly as well as sustainable. Lignocellulosic biomass can be 
fractionated into cellulose, hemicelluloses, and lignin, out of which the structure of 
lignin makes catalytic processing more challenging. The selection of suitable 
solvent, catalysts, and reaction conditions for biomass conversion has a vital role in 
the yield and composition of targeted products. Biomass can be converted into oil, 
gas, and char using a suitable catalyst and conversion processes. Valuable chemicals 
and transportation fuel can be generated from oil obtained from sustainable biomass 
such as agricultural waste, forestry products, inedible plants, etc. The product 
obtained from most of the conversion processes is a complex mixture of chemicals 
demanding further separation and upgradation. Catalytic oil upgradation is necessary 
before being used as a transportation fuel. It is essential to identify the basic/
platform components that can be produced from biomass and serve as feedstock for 
the synthesis of the majority of the chemicals. Catalyst can facilitate the selective 
transformation of molecules provided it is sustainable in terms of its activity and 
regeneration. An emerging approach integrates various routes of biomass conversion 
technologies such as catalytic pyrolysis, hydrolysis, and liquefaction over a suitable 
solid catalyst to transform biomass into useful chemicals and fuels. This chapter 
summarizes the technological challenges to selectively convert biomass to oil or 
basic chemicals and fuels by catalytic processes.
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1  Introduction

Biomass has the potential to produce value-added chemicals and has the potential to 
become an alternative to fossil fuels. It is a stored solar energy in the form of 
chemical bonds of carbon-hydrogen by photosynthesis or the metabolic activity of 
the organism. The reason for the search for an alternate form of energy is the 
depletion of fossil fuel reserves, as well as the emission of greenhouse gases and its 
impact on the environment due to the consumption of fossil fuels. The potential of 
biomass can be gauged from the fact that it is recognized as the fourth largest source 
of energy. The other sources being crude oil, coal, and natural gas [1].

Utilization of biomass as a fuel source is sustainable that will help to balance out 
the net emission of CO2 by the interplay between photosynthesis and biorefinery. 
Biomass is mainly obtained from lignocellulose, lipid, and starchy crops. There are 
various methods for conversion of biomass, viz., catalytic processes like biochemical 
(fermentation and enzymatic hydrolysis) and thermochemical (combustion, 
pyrolysis, and gasification) processes, transesterification, and isomerization, etc. 
[2]. These processes make use of both homogeneous and heterogeneous catalysts 
with relative advantages and disadvantages. The choice of conversion process 
depends on factors such as type of feedstock, the volume of biomass, targeted 
chemicals, reactor type, etc.

1.1  Biomass Resources

A complex linkage exists between biomass for energy and materials, biomass for 
food production, biomass for energy use, water requirement, and their impact on 
biodiversity and climate change. Figure 1 illustrates the complexity by showing key 
relationships and assumptions. Biomass feedstock can be classified into three 
groups, viz., (1) agricultural waste, municipal solid waste, and forest residue, (2) 
surplus forestry, and (3) biomass produced via cropping system. Altogether, the 
three categories could produce 500  EJ/year of energy. As far as category one is 
concerned, the biomass supply is almost inevitable. However, conventional uses of 
biomass can affect its availability for energy applications. Approximately 100 EJ/
year of energy is estimated from this source, i.e., biomass residue [3]. The second 
source, surplus forestry, indicates the possible growth of surplus forests that can 
account for 60–100  EJ/year of energy worldwide. The availability depends on 
sustainable forest management principles [3]. The third category includes the 
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possible surplus land available for energy crops. The better quality land, which is 
not utilized for main crops and requires less water and fertilizer, can be used for this 
purpose. The potential contribution from the third source is estimated to be 120 EJ/
year. The arid land (water scarce and degraded) can be used for energy crops and 
can account for 70 EJ/year [3]. The contribution will depend on the choice of energy 
and planting rate and will be influenced by the water availability, environmental 
constraints, logistic issues, etc. The share of bioenergy in total energy demand in the 
year 2017 is shown in Fig. 2 [4]. The bioenergy share is 3% of the agriculture and 
energy sector, and less than 1% of agriculture land is used for an energy crop. 
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Fig. 1 Key relationships relevant to the assessment of biomass potentials

Fig. 2 Bioenergy share in world energy demand in the year 2017
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Another source of biomass is microalgae and macroalgae (seaweed) as a feedstock 
for bioenergy but is limited due to its relatively low dry matter content. So it is 
difficult to evaluate the sustainability and economic competitiveness of algal 
biomass [3].

Even though the potentials of biomass can be evaluated, the question remains as 
to how effectively this potential can be utilized? Factors like economic and 
environmental impact have to be taken into account while evaluating the utilization 
of biomass potential. Typically, USD 3–4/GJ is considered as a threshold value to 
compare it with fossil fuel price. Higher fossil fuel price and government incentives 
in favor of bioenergy can certainly make it more sustainable [3].

The land for agriculture and for bioenergy crops will compete with each other, 
and preference will be given to agriculture in the countries with an agricultural- 
based economy, like India. Additionally, the land will be constrained by 
environmental and logistical factors. The modern and efficient methods of 
agriculture can free part of the land for bioenergy crops. It is apparent that the first 
generation of food crops will contribute in a major way compared to second- 
generation energy crops. The selection of conversion technology is chosen on the 
basis of feedstock availability and suitability. The various available technologies are 
elaborated in the following sections. A huge estimate of ten billion tons of dry 
biomass is produced annually, which is equivalent to 10% of the global energy 
demand. This biomass could generate energy equivalent to two billion tons of 
standard coal [5].

1.2  Components of Lignocellulosic Biomass

The biomass is available at a low cost, and there are no competing interests between 
lignocellulosic biomass and food source. The three basic components of 
lignocellulosic biomass are (1) hemicellulose consisting of five-carbon sugar 
polymers (20–35%), (2) cellulose consisting of six carbon glucose polymers 
(35–50%), and (3) lignin consisting of aromatic compound polymers (10–25%). 
Hemicellulose is easy to hydrolyze and can be converted at mild operating conditions 
due to the low degree of polymerization. Cellulose is a straight-chain polymer and 
can be depolymerized into glucose, which is further decomposed into useful 
chemicals and fuels. The processing of cellulose and hemicelluloses involves similar 
reactions but yields different products. Lignin is an amorphous polymer and has 
aromatic functionality. The structure of hemicellulose and lignin varies from 
biomass to biomass. The decomposition behavior of each of these components is 
different from each other and depends on temperature, heating rate, and 
contamination. Hemicellulose and lignin can affect the degradation of cellulose but 
will not hinder each other’s process. As a rule of thumb, cellulose leads to bio-oil 
formation, and lignin leads to bio-char formation. Also, higher volatile matter leads 
to bio-oil and syngas formation, and high fixed carbon leads to bio-char formation. 
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Biomass moisture content has a significant influence on the heat transfer process 
and product distribution. High moisture content helps to increase the bio-oil yield, 
which is a poor fuel that contains nearly 50% water and highly oxygenated products. 
The overview of lignocellulosic feedstock-based biorefinery is shown in Fig. 3. As 
can be seen, the biorefinery is analogous to petroleum refinery and can produce 
multiple products ranging from chemicals to fuels.

In biomass processing, the three components are separated and processed sepa-
rately. Typically, pretreatment steps to remove hemicellulose and lignin from bio-
mass. Cellulose is deconstructed into glucose monomer and is the feedstock for 
useful products, i.e., 5-hydroxymethylfurfural (5-HMF). Xylan is the major 
component (8–25%) representing hemicelluloses and used to produce furfural and 
its derivatives [6]. Lignin is a major source of aromatic functionality and consists of 
p-coumaryl alcohol monomer, coniferyl alcohol monomer, and sinapyl alcohol 
monomer. Lignin is a source for high carbon and contains nearly 40% possible 
energy of biomass.

1.3  Biomass Conversion Strategies

Biomass as a resource is complex and extremely varied in nature, and one or more 
conversion steps are needed to convert it into a usable energy form. Biomass can be 
used without being fractionated, such as combustion, but with low efficiency. For 
efficient use, each lignocellulosic fraction needs to be isolated for processing, as 
each one of them has a distinct structure. Typically, the following conversion 
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strategies incorporating various catalysts are adapted for the conversion of lignocel-
lulosic biomass to useful products:

 1. Chemical
 2. Thermal
 3. Microbiological

Chemical catalytic processing is gaining importance as the resultant product exhib-
its properties similar to petroleum-based products. These processes are conducted at 
mild operating conditions relative to non-catalytic methods and can be tuned to get 
the desired product distribution. The various useful chemical processes are catalytic 
pyrolysis, hydroprocessing, hydrolysis, dehydration, oxidation, isomerization, 
transesterification, etc. Homogeneous, as well as heterogeneous, catalysts can be 
used for the catalytic process. Homogeneous catalyst has a high turnover frequency 
(TOF); however, it poses problems like toxicity, corrosivity, reusability, and complex 
postprocess separation. Hence, heterogeneous catalysts are a better option compared 
to their homogeneous counterpart. As shown in Fig. 3, hemicelluloses are used to 
produce furfural, lignin is used to produce aromatic compounds, and cellulose is 
used to produce levulinic acid or glucose. All of this can be achieved by using 
conventional as well as modified catalysts such as zeolites and silica monometallic 
as well as bimetallic catalysts [6]. During biomass processing, the C-C coupling 
reactions such as oligomerization, aldol condensation, and ketonization use acid or 
metal oxide catalysts, whereas reforming, hydrogenolysis, hydrogenation, and 
oxidation use bimetallic catalysts. Bimetallic catalysts are preferred over 
monometallic catalysts due to their increased catalytic activity, modified selectivity, 
and improved catalyst stability. In the case of simple processing, the entire biomass 
is subjected to thermochemical processes such as gasification, pyrolysis, etc. The 
biological route utilizes living microorganisms (enzymes, bacteria) to degrade 
biomass feedstock and produce liquid and gaseous fuels.

The abovementioned technologies can be used independently or in combination, 
such as thermochemical processing (catalytic pyrolysis/gasification). The choice of 
conversion route will depend on many factors such as type of feedstock, targeted 
products, the volume available, and readiness of the technology. In addition, 
handling, transport, and storage of the biomass are cumbersome and sometimes 
costlier, making the whole process uneconomical. So all factors needs to be 
considered while selecting a suitable process for biomass conversion.

2  Catalytic Processes for Biomass Conversion

The catalyst requirement for biomass conversion is different from the petroleum 
industry. Petroleum feedstocks are oxygen-deficient, whereas biomass is rich in oxy-
gen. Hence, conversion strategy differs as the addition of functional groups, and 
removal of it is required for petroleum and biomass feedstocks, respectively. Biomass 
molecules are highly complex and vicious and pose mass transfer limitations 
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whenever heterogeneous catalysts are used. The energy density of biomass can be 
increased through the removal of oxygen and can be achieved through various conver-
sion processes mentioned earlier. Thermal processes are nonselective, whereas chemi-
cal processes are selective such as dehydration, hydrogenolysis, decarboxylation, and 
decarbonylation. The catalyst then affects the conversion rates and the selectivity of 
the products but suffers from deactivation. Many catalysts for biomass conversion 
have been tested, but few found suitable on the basis of stability, selectivity, and reus-
ability. Most of the catalysts are tested with model components, and the problem 
appears when real feedstocks with impurities are used. Bimetallic catalysts seem to be 
promising as the catalyst properties can be modified to handle real feedstocks [6].

The porosity of the catalysts plays a vital role in biomass conversion. Porous mate-
rials with mixed pores (micro, meso, and macro), compared with single-mode pores, 
are more suitable for biomass conversion [7]. As an important step in processing, 
biomass is converted to platform chemicals through various routes. There are five 
platforms reported in the literature. They are the sugar platform, thermochemical or 
syngas platform, biogas platform, carbon-rich chain platform, and plant product plat-
form. The sugar platform focuses on the fermentation of sugar extracted from bio-
mass; the thermochemical platform focuses on the gasification/pyrolysis of biomass 
feedstock; the biogas platform decomposes the biomass through anaerobic digestion 
with the help of microorganism, carbon-rich platform converts oil and fats via etheri-
fication/transesterification; and plant product platform is the biorefinery operations in 
a plant kingdom itself rather than in an industrial plant. Sometimes, the plant strains 
are genetically modified to produce more feedstock or chemicals than it does natu-
rally. Presented below is the list of top 12 chemical products that form the building 
blocks of the biorefinery by evaluating their potential market, their derivatives, and the 
technical complexity of the synthesis pathways [8]; these are:

• 1,4- Succinic, 1,4-fumaric, and 1,4-malic acids • 2,5-Furandicarboxylic acid
• 3-Hydroxy propionic acid • Aspartic acid
• Glucaric acid • Glutamic acid
• Itaconic acid • Levulinic acid
• 3-Hydroxybutyrolactone • Glycerol
• Sorbitol • Xylitol/arabinitol

2.1  Catalytic Processes for Lignocellulosic 
Biomass Conversion

In this section, the various catalytic processes for the conversion of biomass into 
fuels and valuable chemicals are discussed. The chemical processes for biomass 
conversion are sensitive to reaction conditions and nature of solvents and catalysts 
and produce a complex mixture of products requiring further separation and 
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upgrading. An integrated processing approach with a multifunctional catalyst will 
be beneficial for biomass conversion.

2.1.1  Catalytic Hydrolysis-Acid/Alkaline Catalysts

The biomass must be pretreated to improve the product yield in downstream pro-
cessing. The pretreatment changes the biomass structure that can be achieved either 
by physical, chemical, and thermal processing or sometimes by a combination of 
these treatment methods. The aim of pretreatment is to decrystallize cellulose, sepa-
rate hemicellulose, and break the lignin seal. During hydrolysis, the cellulosic com-
ponent of lignocellulosic biomass is converted to glucose and xylose as the main 
products. However, due to its crystalline form and hydrogen bonding, the hydrolysis 
of cellulose is significantly difficult and requires the use of strong liquid acid as a 
catalyst [9]. This process yields reducing sugars, which is furthermore converted to 
useful chemicals. Among the different liquid acids, mineral acids (H2SO4 and HCl), 
as well as organic acids (carboxylic acid, p-toluenesulfonic acid), can be used as a 
catalyst. Dilute acids are used to avoid corrosion of process equipment and also the 
degradation of glucose and xylose to products such as 5-HMF. Dilute H2SO4 has 
been used commercially for the production of furfural from cellulosic biomass. It is 
also used for the hydrolysis of hemicelluloses to sugar products such as xylose. The 
limited solubility of cellulose in water is a major issue; hence, solvents like ethanol 
are commonly used. The effect of reaction conditions such as temperature and acid 
concentration was investigated with four timber species (aspen, balsam fir, bass-
wood, and red maple) and switchgrass. They were subjected to hydrolysis in the 
presence of dilute H2SO4 in an identical reaction condition (temperature, 160–190 °C; 
H2SO4 concentration, 0.25–1% (w/v), particle size (28––10/20 mesh)). The maxi-
mum product yield was 94% for xylose and 13.6% for glucose. Both temperature 
and acid concentration have a strong influence on the reactions [10]. Various solid 
catalysts used for hydrolysis are discussed in subsequent sections of this chapter.

In alkaline hydrolysis, lower temperatures and pressures are utilized compared to 
acid hydrolysis, but the treatment time runs in a few hours to a few days as against 
minutes or seconds for the acid catalyst. The treatment effectiveness largely depends 
on the lignin content of the biomass material. Sodium, calcium, potassium, and 
ammonium hydroxides are the commonly used alkaline agents, of which sodium 
hydroxide is widely used. The enzymatic hydrolysis of cellulose is one of the reac-
tions influenced by alkali pretreatment [10].

2.1.2  Catalytic Solvolysis of Lignocellulosic Biomass

In solvolysis, an organic molecule modifies the chemical and physical properties of 
cellulose so that it can be in contact with the catalyst for a longer time. The organic 
molecule acts both as solvent and reactant, and therefore it has a significant effect 
on the product formation. For example, solvent methanol in the presence of dilute 
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H2SO4 reacts with lignocelluloses to give methyl glycoside. A mixture of methanol 
in water and ethanol in water was tested to be suitable for liquefaction of 
lignocelluloses [11]. Comparatively, the solvolysis of cellulose (in water or alcohol 
or mixture) is difficult than hemicelluloses and lignin due to its chemical structure. 
The typical solvents used for this solvolysis are acetone, ethylene glycol, toluene, 
etc. The solvolysis method is also used for lignin extraction along with other 
pretreatment methods such as acid/alkaline hydrolysis and reductive or oxidative 
catalytic fractionation. Non-catalytic solvolysis of lignocellulosic biomass is 
possible but requires longer reaction time and results in low product yield.

2.1.3  Hydrothermal Liquefaction of Lignocellulosic Biomass

The objective of the liquefaction process is to maximize the production of C1–C6 
compounds over xylose and glucose. Compared with the catalytic hydrolysis 
process, the hydrothermal process targets the deep degradation of lignocellulosic 
biomass that involves isomerization and dehydration of glucose. The final 
distribution of the product depends on the type of catalyst used. An advantage of the 
hydrothermal treatment is that it does not get affected by the presence of water in 
biomass, whereas other processes require pre-drying of biomass. Numerous halide, 
sulfate, and alkaline catalysts are used for the hydrothermal liquefaction process 
such as CrCl3, FeCl3, CuCl3, NiSO4, CoSO4, KOH, Ca(OH)2, etc. The use of halide/
sulfate catalysts promotes the formation of levulinic acid, furans, and formic acid, 
whereas alkaline catalysts give bio-oil and phenolic compounds as major products. 
The hydrothermal reaction is typically carried out at ~500 K in order to convert 
cellulose completely. In the case of bio-oil, higher reaction temperature (>500 K) 
and longer reaction times lead to the formation of secondary products, thereby 
decreasing the bio-oil yield. The separation of the products produced from catalytic 
hydrothermal liquefaction requires multiple extraction steps with different types of 
solvents due to the complex mixture of liquid, gases, and tar. At present, it is 
uneconomical to produce bio-oil by hydrothermal liquefaction when compared with 
petro-diesel and gasoline. Hydrothermal liquefaction is energy-intensive and time- 
consuming [9]. Therefore, innovative separation methods are required for the 
separation of products obtained from hydrothermal liquefaction. Comparatively, the 
fast pyrolysis method discussed in the following section is more promising.

2.1.4  Catalytic Pyrolysis

Pyrolysis is a high-temperature decomposition process carried out in the absence of 
oxygen and can be used to convert lignocellulosic biomass to bio-oil in the absence 
of oxygen. Pyrolysis of biomass results in three products, namely, oil, gas, and solid 
char. Pyrolysis operating parameters such as residence time and heating rate can be 
tuned to get the maximum of oil or gas or char. Furthermore, pyrolysis can be 
classified as slow pyrolysis (heating rate <20 °C/min, residence time >15 min), fast 
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pyrolysis (heating rate 10–200 °C/s, residence time 0.5–10 s), and flash pyrolysis 
(heating rate >1000 °C/s, residence time <0.5 s). Slow pyrolysis is traditionally used 
for maximizing solid yield, whereas fast, as well as flash, pyrolysis is preferred for 
bio-oil yield [1]. Pyrolysis reduces the H/C ratio of the products against 
hydrogenation that improves the H/C ratio. The reactions that take place during 
pyrolysis are depolymerization, dehydration, decarboxylation, esterification, 
condensation, cyclization, etc. The bio-oil obtained by biomass pyrolysis is a 
complex mixture of organic acids, ketones, esters, and aromatic compounds. 
Pyrolysis oil is acidic in nature and contains aqueous as well as organic phases. 
Hence, further treatment is necessary to get useful fuel-like products. The major 
factors that affect the progress of pyrolysis are biomass heating rate, operating 
temperature, residence time, and the catalyst [9]. The pyrolysis process can be 
improved by proper selection of heating rate, operating temperature, catalyst, and 
residence time.

Catalyst helps in enhancing the rate of cracking of higher molecules into the 
smaller ones. Each catalyst exhibits its own kinetics that results in varied product 
distribution under a different set of operating parameters. The catalytic pyrolysis 
process can be classified into three different groups, viz., catalyst pre-added in the 
feedstock, catalyst added into the primary reactor, and catalyst in the secondary 
reactor located downstream to the primary reactor. The heterogeneous catalysts 
used in the pyrolysis process are divided into four catalytic groups, viz., dolomite 
type, Ni-type, alkali metal, and noble metal catalysts [12]. A bimetallic catalyst is a 
promising option for biomass upgrading using pyrolysis. Fast pyrolysis is a proven 
technology to convert renewable feedstocks to an energy-rich liquid product 
(~17  MJ/kg). Fast pyrolysis utilizes heating of biomass at a high rate and rapid 
cooling of vapor (residence time <2 s), thereby minimizing the secondary cracking 
reactions and polymerization. Fast pyrolysis is two to three times more economical 
than liquefaction and gasification but exhibits a complex reaction mechanism.

Catalytic pyrolysis is preferred as it increases the reaction rate and exhibits selec-
tivity toward the desired product. Acid and base, in homogeneous as well as hetero-
geneous forms, are used as catalysts. The pretreatment of the biomass also has 
positive effects on pyrolysis. The widely used catalysts for pretreatment of biomass 
are H2SO4, HCl, H3PO4, and Lewis acids. For example, pinewood sawdust was 
treated with phosphoric acid before being subjected to fast pyrolysis, which 
increased the formation of levoglucosan content. Levoglucosan was further 
converted to syngas [13]. In the case of supported heterogeneous catalyst, the 
activity change with the change of support was evident from the pyrolysis of 
cellulose to produce 5-methyl furfural at 773–1073 K. The catalyst SO4

2− supported 
on TiO2 yield furfural, while SO4

2− supported on ZrO2 yield furan [9]. The solvent 
also plays an important role in pyrolysis by dissolving lignocellulosic biomass or 
reaction intermediates and thereby increases the yield of products. It was observed 
that the yield of levoglucosenone and furfural is found to increase when pyrolysis of 
cellulose is carried out at 473 K for 6 min using H2SO4 as a catalyst and tetramethyl 
sulfone (C4H8O2S) as a solvent [14]. The acid and alkaline catalysts used in pyrolysis 
exhibit a corrosive effect and have its effect on the stability of the bio-oil. Hence, the 
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use of phosphates, sulfates, and chlorides is suggested in place of these catalysts 
[15]. Use of zeolite-based catalysts such as ZSM-5 and MCM-41 has an advantage 
such that selective pyrolysis can be conducted to obtain bio-oil containing 
hydrocarbons, much like the gasoline. However, the catalyst activity may decrease 
as a result of coke formed on the catalyst surface [16]. The lignocellulose biomass, 
along with catalyst and reaction condition, should be selected carefully to get the 
desired product.

2.1.5  Catalytic Gasification

Gasification is the process of obtaining gaseous products such as H2 and syngas 
by thermochemical conversion of biomass in an oxygen-deficient environment. 
The product syngas is further converted to hydrocarbon fuel through Fischer-
Tropsch synthesis. The gasification followed by Fischer-Tropsch is referred to as 
indirect liquefaction of lignocellulosic biomass. Another route to make syngas is 
partial oxidation of lignocellulosic biomass at elevated temperatures (800–900 °C). 
Air is used as a source of oxygen; hence, separation of nitrogen becomes a prob-
lem in biomass gasification. The tar formed during gasification contains polyaro-
matic hydrocarbons, and its conversion to useful products requires multiple 
processes. To avoid tar formation, steam gasification is preferred where water at 
supercritical conditions is used to improve the solubility of biomass in water, 
thereby reducing the mass transfer limitations. Under supercritical conditions 
(673 K and 1 MPa), cellulose was converted to methane over Ru/TiO2 catalyst, 
and a 44% yield of methane was obtained [17]. The catalyst can deactivate due to 
coke formation. Also, the tar formation can block and foul the downstream pro-
cess equipment. The best way is to convert tar into syngas using a multifunctional 
catalyst and remove bio- char by catalytic combustion. One of the risks associated 
with biomass gasification is incomplete combustion leading to the emission of 
toxic gases and particulate matter.

2.1.6  Integrated Processing

In integrated processing, two or more processes are combined together to produce 
the desired product. For example, in hydroprocessing, hydrogenation follows the 
hydrolysis, solvolysis, liquefaction, and pyrolysis. In the integrated approach, the 
depolymerization is followed by an in-situ decomposition to yield commodity 
chemicals and fuels. On decomposition, the oxygenated molecule is obtained, 
which is further deoxygenated/hydrogenated to get new C-C bonds. The commonly 
used catalysts for hydrogenation are Pt, Ru, and Pd and for hydrolysis are liquid 
acids. When a multifunctional catalyst (Pt/γ-Al2O3) is used, the process of 
decomposition and hydrogenation occurs simultaneously. For example, a gasoline- 
like product is obtained (carbon yield, 57%; octane number, 96.5) when maple 
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wood is hydrolyzed using H2SO4 and then hydrogenated over metal Ru and Pt cata-
lyst in an integrated process. The process was carried out at 433 K [18].

2.2  Advanced Heterogeneous Catalysts 
for Biomass Conversion

Heterogeneous catalysts are characterized by size, shape, and porosity. The nano-
size metal catalyst shows improved properties such as selectivity, durability, reus-
ability, and other such properties compared to their bulk counterparts [19]. This is 
beneficial for biomass conversion as it results in improved interaction between 
active sites and reacting molecules. The porosity of the solid catalyst is an important 
tunable property that can influence the product selectivity. The widely used porous 
catalysts for biomass processing are zeolites and silica. Multipore catalysts (micro, 
meso, and macro) are preferred over monopore catalyst to overcome certain draw-
backs of monopore catalyst such as mass transfer limitation resulting in poor selec-
tivity, catalyst deactivation, and low conversion.

2.2.1  Zeolites, Silica, and Metal Oxides

Porous materials are classified as micropore (diameter up to 2  nm), mesopore 
(diameter between 2 and 50 nm), and macropore (diameter above 50 nm). Zeolites 
are microporous materials with tunable Brønsted and Lewis acidity that makes them 
suitable candidates for biomass conversion. For example, sugarcane bagasse has 
been fast pyrolyzed to aromatics (yield 12.4%) and olefins (yield 10.9%) using 
zeolite catalysts. Also, HZSM zeolites are used for catalytic hydrolysis of furfuryl 
alcohol to levulinic acid with a 70% yield. Zeolites are also used for various 
conversion processes such as upgrading glycerol to valuable chemicals, aromatic 
hydrocarbons from furans, phenolic components from lignin, etc. [2]. Zeolites as 
support can accommodate various metals, and their oxides and can be used in 
application such as biomass pyrolysis (Fe/HZSM-5), glycerol upgradation (Sn/
HZSM-5), and production of other biomass-derived components (Pt/(NH4-USY).

Zeolite suffers from mass transfer limitations due to its microporous nature. This 
can be overcome by the use of silica that has a mesoporous structure. Silica can 
accommodate different functional groups and has a high BET surface area 
(400–1400 m2/g), tunable pore diameters, and optimized acid sites [20]. Therefore, 
the mesoporous silica catalysts are ideal candidates for the conversion of bulky 
biomass molecules. For example, glucose is converted to 5-hydroxymethylfurfural 
(5-HMF) over SiO2-Al2O3 catalyst. Similarly, lignin can be converted to aromatic 
hydrocarbon using silica-based catalysts [21]. Aluminum-doped silica catalyst with 
varying silica-alumina ratio was used for the conversion of lignin to aromatics. For 
example, Al-SBA-15 (Si/Al = 50) was used for pyrolysis of corncob to selectively 
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get 2-methoxy phenylacetate [22]. Also, the MCM-41 catalyst was found to be 
useful for converting ethanol to ethylene at temperatures above 350 °C [23]. For the 
conversion of cellulose to hydrogen, a higher hydrogen yield was obtained with Ni/
KIT6 and Ni/SBA15 [24]. The better performance of the silica-supported catalyst is 
attributed to higher BET surface area and reduced diffusional resistance due to large 
pore diameter. The bimetallic catalyst can also be supported on silica (CoCu/
SBA-15) and used for hydrogenation reactions such as furfural to furan. In a similar 
reaction, about 99% conversion of furfural can be achieved with 80% selectivity to 
furfuryl alcohol. The high conversion is due to the synergistic effect of metal-metal 
and metal-support interactions [25].

Metal, metal oxides, and their combinations are the commonly used catalysts for 
oxidation and hydrogenation reactions. In general, the metals present on the left 
side of the transition metal series in the periodic table exhibit good activity for 
oxidation reactions in their bulk form. At the same time, many materials (like Au for 
oxidation) that do not exhibit any activity in their bulk form become active catalysts 
at the nanoscale (1–100  nm) due to improved surface and electronics properties 
[26]. Hence, careful selection of metal catalysts for the oxidation process requires 
information of their position in the periodic table as well as their properties at the 
nanoscale. Mixed metal oxides exhibit attractive catalytic activity due to their 
enriched acid-base, redox, and surface area properties. However, their oxidizing 
ability for biomass oxidation can reduce due to excess basicity. As biomass 
conversion is conducted at harsh hydrothermal conditions, the hydrothermal 
stability of the catalyst is of paramount importance. Importantly, metal oxides such 
as TiO2, ZrO2, CeO2, and ZrO2 exhibit higher hydrothermal stability [27]. Despite 
all these advantages, the control over the aggregation of metal nanoparticles during 
synthesis and reaction remains a great challenge. This can be tackled by depositing 
the nanoparticles on high surface area metal oxide support. Metal-support interaction 
enhances the properties of nanoparticles [28]. For example, PtSn/γ-Al2O3 was able 
to convert mono- and polysaccharides with higher yield compared to PtSn/C [29]. 
A well-dispersed Ni nanoparticle on SiO2 was used in the levulinic acid hydrogenation 
to γ-valerolactone and performed well due to the presence of optimum porosity and 
highly dispersed nanoparticles [30].

2.2.2  Micro- and Mesoporous Catalysts for Catalytic Processing 
of Edible/Non-edible Biomass

The edible biomass comprises lipids and starch, whereas non-edible biomass 
includes lignocellulosic materials. Among the edible biomass feedstocks, sugarcane 
or corn is converted to bioethanol via the fermentation route, whereas edible oils 
(sunflower, soybean, safflower, and palm), as well as non-edible oils (jatropha, 
karanja), are converted to biodiesel via catalytic transesterification with alcohols 
(methanol or ethanol). Both homogeneous (methanolic NaOH and KOH) and 
heterogeneous catalysts (ZnO/HZMS-5, PbO/HZSM-5) are used for 
transesterification reactions [31–33]. Homogeneous transesterification reactions are 
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carried out at mild reaction conditions (temperature 60–70  °C, atmospheric 
pressure), whereas heterogeneous catalyst reactions are performed at higher 
temperatures (100–180 °C) and pressures (20–40 bar).

The non-edible biomass, i.e., all plant-based residues, are converted to syngas or 
bio-oil through thermochemical routes. The biodiesel synthesis from non-edible 
and waste cooking oils is gaining momentum as these oils are available at a cheaper 
rate and do not have competing usage. Vegetable oil and bio-oil can also be converted 
to biogasoline via catalytic cracking but require proper catalyst and reactor setup. 
The product of cracking comprises an organic liquid, gas, coke, and some amount 
of water. The organic liquid is a mixture of hydrocarbons having properties similar 
to gasoline, kerosene, and diesel fractions. The catalysts used for catalytic cracking 
of oil include alumina, silica (SBA-15), zeolites (HZSM-5), and silica-alumina 
[34]. For example, a fixed bed reactor was used for catalytic cracking of canola oil 
to biogasoline over a variety of zeolites under different reaction conditions. Among 
the various zeolites used, HZSM-5 was found to be the most effective catalyst with 
a 100% conversion of canola oil. The reaction was carried over a temperature range 
of 573–773  K.  The reaction product contained a high yield of aromatic com-
pounds [35].

Several carbon-based catalysts (multiwalled carbon nanotubes, CNT-P-SO3H) 
have shown excellent performance for the transesterification of oils and fats. Apart 
from thermochemical routes, the non-edible biomass is converted to valuable prod-
ucts/platform chemicals via a catalytic process such as hydrolysis, solvolysis, etc. The 
platform chemicals obtained are further converted to valuable products through isom-
erization, dehydration, hydrodeoxygenation, hydrogenolysis, etc. The various micro-
porous, mesoporous, and nanoparticle catalysts are presented in Table 1.

2.3  Functionalized Heterogeneous Catalyst

Heterogeneous catalysts are preferable over homogeneous ones due to the ease of 
separation, reusability, tolerance to moisture, and thermal stability. To make the 
biomass conversion process more energy efficient, multifunctional catalysts can 
play a major role with an adequate amount of acid, base, and redox-active sites. 
Various multifunctional catalysts are discussed in the following section 
accommodating such features and can be applied to biomass conversion. The 
multifunctional catalyst can reduce few energy-intensive steps in the overall process, 
thereby improving the process efficiency.

2.3.1  Carbon-Based Catalysts

Carbon material catalysts have a high surface area, tailorable porosity, and higher 
hydrophobicity. These properties make them suitable catalysts for biomass 
valorization. They can act as support as well as active phase catalyst. However, the 
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yield of carbon catalysts such as CNTs and graphene is low, and the production cost 
is high that limits their applications. The preparation cost of carbon catalyst can be 
brought down by using low-cost substrate like biomass. The carbon catalysts made 
from various biomass sources are described below.

Biomass-Derived Carbon Catalysts

The widely used carbon catalysts are carbon black and activated carbon. They are 
primarily utilized as a support material for heterogeneous catalysts such as Ru/C 
and Pd/C in reductive catalytic fractionation process to separate cellulose, 
hemicellulose, and lignin [5]. The carbon catalyst from biomass (wood, bamboo, 

Table 1 Microporous, mesoporous, and nanoparticle catalysts used for biomass conversion

Reaction Catalyst
Conv/
yield, %

Reaction 
conditions Remark Ref

Isomerization and 
dehydration of glucose 
to HMF

Mesoporous 
AlSiO in THF/
H2O-NaCl 
biphasic 
system

91.7/63 Temp: 
160 °C, 
Time: 90 min

High catalytic 
activity after four 
reaction cycles. High 
surface area and a 
large number of 
active sites

[20]

Dehydration of glucose 
to HMF

HZSM-5 
zeolite

80/42 Biphasic 
aqueous 
NaCl+ MIBK 
system, 
190 °C, 
30 min

The activity of the 
zeolite catalyst is 
better than the silica 
catalyst, short 
reaction time

[36]

Hydrodeoxygenation of 
guaiacol to 
cyclohexane

Pt/HMFI-90 100/93 Liquid phase, 
180 °C, 5 bar, 
5 h

Higher activity of 
acidic support, 
reducibility in Pt has 
a significant effect

[37]

Hydrodeoxygenation of 
anisole to cyclohexane

Ni/Al-SBA-15 99.8/95 Liquid phase, 
220 °C, 
50 bar, 2 h

A synergetic effect 
between support and 
active phases

[38]

Hydrogenation of 
furfural to furan

Pd NPs/S-1-OH 100/99.9 Gas-phase, 
250 °C, atm 
pressure

Wettability-driven 
selective 
hydrogenation

[39]

Hydrogenation of 
furfural to 
tetrahydrofurfuryl 
alcohol

CuNi/MgAlO 99/95 Liquid phase, 
150 °C, 
40 bar, 3 h

High activity and 
selectivity compared 
to monometallic 
catalysts

[40]

Hydrogenation of HMF 
to DMF

Cu-Zn 
nanoalloy 
(<150 nm)

100/97 Temp: 
220 °C, 
20 bar, 18 h

A synergetic effect 
between Cu and Zn

[41]

Aerobic oxidation of 
HMF to 2,5-furan- 
carboxylic acid

Ni-doped 
MnOx 
nanowires

100/94 Temp: 
100 °C, 8 bar, 
28 h

The special property 
makes oxygen to be 
easy come and easy 
go

[42]
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bagasse) can be obtained by various carbonization techniques such as pyrolysis, 
gasification, hydrothermal carbonization, etc. Sometimes, the carbon-based func-
tionalized catalysts are prepared from municipal waste, complex industrial sludge, 
etc. This approach of converting biomass and waste into catalysts can benefit in two 
ways; the first one is the reduced cost of material fabrication, and the second one is 
the reduction in environmental pollution by utilizing waste. The properties of car-
bon material (surface area, pore configuration) are highly influenced by activation 
techniques and other key parameters such as source material, type of activation 
agent, time, and temperature [43].

Carbon material acts as excellent support for active catalyst phases. One such 
example is ionic liquids (ILs) supported on the carbon-based sulfonated catalyst. A 
high yield (47–65%) of 5-hydroxymethylfurfural was obtained when inulin was 
reacted at 100 oC for 60 min using ILs supported on carbon material. The catalyst 
performed well compared to conventional solid acid catalysts with high reusability. 
The carbon-based catalysts are expected to perform at par with their conventional 
counterparts. To verify this, four amorphous carbon-based sulfonated catalysts were 
prepared from d-xylose, cellulose, lignin, cellulose, and wood and compared with 
cation resin, HZSM-5, sulfated zirconia, and Amberlyst-15. All four carbon-based 
catalysts showed comparable catalytic activity over the conventional solid acid 
catalysts [44]. In another study, a carbon catalyst prepared via hydrothermal 
carbonization of water hyacinth was used for oleic acid esterification and also for 
xylose dehydration to furfural. The solid acid bearing the highest acidity 
(WH-PTSA-220) showed maximum catalyst activity, whereas catalyst prepared 
with high temperature (WH-PTSA-240) had shown favorable reusability due to 
enhance graphitization and hydrophobicity of the carbon surface [45]. The one-pot 
catalytic synthesis, developed by the Sels group, converts crystalline cellulose into 
simple alkanes using a modified Ru/C catalyst [46]. A series of bimetallic 
nanocatalysts supported on carbon (PtMn/C, PtFe/C, PtNi/C, PtZn/C, etc.) are 
reported to be used for the efficient oxidative conversion of glycerol to glyceric 
acid. Ninety-one percent of glycerol was converted within 8 h at 60 °C, with a 50% 
yield of glyceric acid. Carbon support is chosen because of its inert behavior in 
acidic environment [47].

Graphene-Based Catalysts

The advancement in graphene-based catalysts has paved a new way for its applica-
tion in biomass processing. Graphene, along with graphene oxide (GO) and reduced 
graphene oxide (rGO), is increasingly used for biomass conversion. Graphene oxide 
is synthesized by oxidation of graphite, and reduced graphene oxide is synthesized 
by reduction of graphene oxide. Graphene per se has limited catalyst activity, which 
can be enhanced by the doping of heteroatoms such as nitrogen, boron, or sulfur. 
Graphene-based supports can be synthesized from biomass, and biomass-derived 
chemicals, for example, glucose to graphene [48]. It also facilitates the anchoring of 
various acid-base functionalities and metal nanoparticles (NPs). Graphene-based 
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materials are preferred for the process involving adsorption and surface reactions 
owing to its high BET surface area of about 2600 m2/g [49]. Fructose dehydration 
to 5-hydroxymethylfurfural (5-HMF) was carried out using GO in the presence of 
isopropanol mediated dimethyl sulfoxide (DMSO), and 87% yield of HMF was 
obtained. The high performance of the catalyst was attributed to the synergistic 
effect between hydrogen bonding and fructose [50].

In the process of producing fuel precursors, the hydroxyalkylation/alkylation 
condensation of 2-methyl furan with hydroxyl group-containing compounds is 
catalyzed by improved GO (IGO) to yield C12 to C21 fuel precursors in liquid form. 
The IGO was highly selective to C15 fuel precursor (yield 95% at 60 °C) and found 
to be a promising acid catalyst for C-C coupling reactions when compared with 
commonly used framework zeolites [51]. GO-based materials have the potential to 
become alternative conventional catalysts and need focused efforts for their 
development. Though there are numerous advantages of graphene-based catalysts, 
the synthesis of graphene and its derivatives remains a challenge [48]. Also, attention 
is to be paid for possible health issues for humans.

Carbon Nanotubes (CNTs) as Catalysts

Carbon nanotubes are used as catalyst support and show excellent performance for 
stabilizing metal nanoparticles (NPs), metal oxides, and acid/base functionalities. It 
also prevents particle aggregation on the support surface, thereby suppressing the 
formation of metal complex on the catalyst surface. For example, sorbitol was 
converted to ethylene glycol and 1,2-propanediol over Ru/CNTs catalyst. The 
reaction results can be further improved by the addition of WOx to Ru/CNTs due to 
synergy between WOx and Ru. The catalyst was recycled several times and found to 
be stable against leaching and poisoning. The yield of ethylene glycol and 
1,2-propanediol was reported as 25.6% and 34.6%, respectively, when the reaction 
is conducted using Ru0.25WOx/CNTs at 205  °C and 5.0  MPa. This can be the 
alternate route for the production of ethylene glycol and 1,2-propanediol, which, at 
present, produced commercially from petroleum-derived ethylene and propylene 
[52]. In another study, 2,5-diformylfuran (DFF) was produced by aerobic oxidation 
for biomass-based 5-hydroxymethylfurfural (5-HMF) over vanadium dioxide 
immobilized on polyaniline-functionalized CNTs (VO2-PANI/CNT). The maximum 
yield of DFF was 96% when 100% 5-HMF was converted with O2 as the oxidant. 
The selective adsorption of HMF on the catalyst surface inhibited the undesired 
oxidation of DFF, resulting in higher yield [53].

CNT-based solid acid catalyst (CNT-P-SO3H) showed excellent results for 
transesterification as well as esterification reactions to produce biodiesel. The 
catalyst suffered a loss of partial activity after six cycles, which cannot be regen-
erated [54]. A multiwalled carbon nanotube (Net3-MWCNT) catalyst with a 
grafted amino group is also reported for the transesterification reaction. The 77% 
conversion of glyceryl tributyrate was observed after 8 h. The conversion was on 
the higher side compared to commonly used hydrotalcite catalyst (51% 

Sustainability of the Catalytic Process for Biomass Conversion: Recent Trends and…



254

conversion) under identical conditions [55]. Thus, CNTs provide a good option as 
catalysts and support for the biomass conversion process.

2.3.2  Metal-Organic Frameworks (MOFs) as Catalysts

Zeolites are known for their well-defined porous structures. Similarly, the metal- 
organic frameworks (MOFs) exhibit zeolite-like structure and a potential alternative 
to zeolites as well as metal oxide catalysts. MOFs perform better in selected 
reactions such as fructose dehydration in dimethyl sulfoxide (DMSO). MOFs are 
highly crystalline and possess required acid, base, and redox functionalities. It can 
also allow the immobilization of functional groups like –SO3H and -NH2 as well as 
metal nanoparticles such as Ru, Pd, Cu, etc. MOFs exhibit mesoporous structures 
and are highly tunable materials in terms of pore size and anchoring of active phases. 
Approximately 20,000 MOFs are reported in the literature, but all may not be 
suitable for biomass conversion. The MOFs with a certain degree of thermal, 
chemical, and water stability only are suitable for biomass conversion. For example, 
zinc-carboxylate MOFs have shown poor water tolerance and are not suitable, 
whereas MIL-type compounds (MIL101-Cr, MIL-53Al-NH2, UiO-66) exhibit 
higher water stability [56]. MOFs have also been used as active catalyst phase, 
catalyst support as well as a precursor material for the catalyst. MOFs and their 
composites are discussed in the following section.

MOF-Supported Metal Nanoparticles (NPs)

MOFs have shown greater properties to prevent agglomeration of NPs, hence 
improving their catalytic activities. Ning et al. [57] prepared Pt/MOF-5 by confining 
Pt nanoparticles into the pores of MOF-5 and used for conversion of furfural derived 
from biomass. Furan-2-acrolein was selectively produced from furfural (selectivity 
90.7%) using Pt/MOF-5 as a catalyst. The catalyst showed good activity for the 
conversion of furfural (84.1%) in the presence of ethanol as a solvent. The catalyst 
was active after five reaction cycles due to the synergistic effect between NPs and 
MOF.  The other MOF-supported catalysts used for furfural conversion are Pt/
UIO-66-NH2 and Pt/UIO-66. Hydrogenation of furfural to furfuryl alcohol was 
carried out with Ru NPs supported on several MOFs supports such as Zr6-NDC, 
UiO-66, MIL-140A, and UiO-67. High selectivity of furfuryl alcohol was obtained 
under mild reaction conditions. Ru/UiO-66 was found to be the most stable catalyst 
resulting in the highest activity and reusability for five reaction cycles without 
appreciable loss of activity.

γ-Valerolactone (GVL) is an important platform chemical and produced from 
ethyl levulinate derived from biomass via hydrogenation and transesterification 
reactions. Ethyl levulinate can also be obtained by esterification of levulinic acid 
with ethanol [58]. The MOF catalyst (UiO-66) with various functionalities (-SO3H, 
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-NH3, and –NO2) is used for this reaction. The catalytic activity of UiO-66 reduced 
when functionalized with –NH2 and –NO2 for both hydrogenation and 
transesterification reactions owing to the poor dispersion of Ru. On the other hand, 
–SO3H-functionalized MOF showed increased activity (22% higher yield of GVL) 
for transesterification reaction when compared with Ru/UiO-66 [59].

Acid-Functionalized MOFs

The reaction that is primarily explored using acid MOFs is the production of a 
5-HMF form of glucose, which is a two-step reaction that involves isomerization 
(glucose to fructose) followed by dehydration (fructose to 5-HMF). The isomeri-
zation requires Lewis acidity, and dehydration requires Brønsted acidity. It is, 
therefore, beneficial if the catalyst possesses Lewis as well as Brønsted acidity for 
the single-step conversion of glucose. These bifunctional characteristics can be 
induced by partial modification of the metal-organic framework. UiO-66 is one 
such example where the organic linker of the zirconium organic framework is 
replaced with 2-monocular-benzene-1,4-dicarboxylate. The catalyst was recycla-
ble and showed higher selectivity for 5-HMF and fructose up to 90%. Similarly, 
NU-1000 (acidic zirconia modified by phosphate) was used for glucose conver-
sion via the isomerization-dehydration mechanism with higher selectivity [7]. To 
prevent the side reactions, the Lewis and Brønsted active sites were purposely 
poisoned as both Lewis and Brønsted acidities were required, but at reduced level. 
It was also observed through the isotope tracer studies that the isomerization-
dehydration mechanism is the favored mechanism over the direct-dehydration 
mechanism. The direct-dehydration mechanism utilizes phosphate-modified tita-
nia and bare niobia as catalysts [60]. The presence of water as a solvent is essen-
tial to carry out glucose to 5-HMF conversion. This was verified by conducting a 
reaction with MIL-101Cr (MIL-SO3H) catalysts in pure tetrahydrofuran (THF) as 
a solvent. No product was formed. The findings suggest that the presence of water 
for glucose conversion is indispensable. Therefore, the catalyst should have toler-
ance for water as a large amount of water is generated during a dehydration 
reaction.

Productions of levulinic acid and 5-HMF from glucose are competing reactions 
and highly sensitive to the catalyst used. For example, MIL-SO3H favored the 
formation of 5-HMF over levulinic acid (molar ratio 1:0.3). On the other hand, 
Amberlyst-15 and H2SO4 favored levulinic acid over 5-HMF with molar ratio of 3:1 
and 10:1, respectively. The catalyst did not show good reusability, and reactivation 
remains a challenge [61]. The kinetics of conversion of fructose to 5-HMF reveal 
that MIL-101Cr-SO3H-promoted reaction follows pseudo-first-order kinetics with 
an activation energy of 55 kJ/mol. The reaction was conducted in the presence of 
dimethyl sulfoxide (DMSO) at 120 °C for 60 min. The high yield (90%) of 5-HMF 
was obtained with the full conversion of fructose [62]. The results highlight MOFs 
as promising alternative solid acid catalysts for biomass conversion.
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Bifunctionalized MOFs

MOFs are tailorable and offer the opportunity to introduce acid, base, or both func-
tionality and metal-active sites. This property of MOFs makes them an ideal mate-
rial to be used as a bifunctional catalyst. For example, palladium supported on 
amine-functionalized MOF (Pd/MIL-101(Al)-NH2) is used for hydrogenation of 
5-HMF to 2,5-hydroxymethyl-tetrahydrofuran (DHMTHF). The metallic site and 
free amine moiety are observed to be the controlling factors in the conversion of 
5-HMF to DHMTHF. The amine moiety in the MOF is crucial in uniform dispersion 
of Pd nanoparticles on amine-functionalized support. When 5-HMF is fully 
converted, a 96% yield of DHMTHF is obtained under optimal reaction conditions. 
The reaction was carried out at a low temperature of 30 °C in an aqueous medium. 
The MOF support could stabilize the Pd nanoparticles efficiently as only a marginal 
(0.03%) amount of Pd was leached after five cycles (60 h) of operation. However, 
the selectivity for DHMTHF was reduced from 96% to 80% [63].

An important platform chemical is γ-valerolactone (GVL), which is used for the 
synthesis of useful chemicals. GVL is synthesized by hydrogenation of levulinic 
acid and further converted to ethyl valerate (EV yield 83%) in the presence of 
ethanol via hydrodeoxygenation (HDO) over a bimetallic catalyst (Pd/MIL-101- 
SO3H) [64]. GVL can also be produced from methyl levulinate (ML) by using Ru 
nanoparticles deposited on the Zr-based metal-organic framework (SO3H-UiO-66). 
The catalyst showed duel functionality, and about 100% yield of GVL was obtained. 
Alternately, if GVL is produced by a two-step method, i.e., hydrogenation of methyl 
levulinate over Ru/C catalyst to produce intermediate (4-hydroxypentanoic acid 
methyl ester) followed by conversion of this intermediate in the absence of metal 
catalyst, the yield was very limited [65].

Sorbitol is an important chemical and widely used as a sweetener in the food 
industry as a moisture controller in medical and cosmetic applications and feedstock 
for hydrogen and alkane production. Sorbitol can be obtained by hydrogenation of 
cellulose and also by hydrolysis of cellobiose. Both the reactions can be catalyzed 
by the bifunctional catalyst supported on MOF, i.e., Ru-PTA/MIL-100(Cr). The 
important factor for cellulose and cellobiose conversion was the ratio of active acid 
sites (nA) to the number of Ru surface atoms (nRu). The optimum ratio of two catalytic 
activities for maximum conversion was 8.84 < (nA/nRu) < 12.90. Ruthenium (Ru) 
promoted hydrogenation reaction, and PTA/MIL-100(Cr) was active for hydrolysis 
reactions. Though the leaching of metal was not significant (0.006%), the catalyst 
activity decreased significantly. The yield of sorbitol was 95.1% for fresh catalysts 
and decreased to 8.5% when the catalyst was reused for the reaction. The loss in 
activity was attributed to the catalyst poisoning by insoluble substrates [66]. It is, 
therefore, expected that the MOF catalysts could serve as novel catalysts for biomass 
upgrading by metal/acid dual functionality but need improvement in catalyst 
stability. The synchronized effect among the metal and acid functionality in the 
presence of an environmentally benign solvent will be the key to the catalytic 
process.
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Bimetallic MOF-Derived Catalysts

The MOF catalysts suffer from low hydrothermal and chemical stability, which can 
be addressed by MOF-derived carbon-based metal and metal oxides. The carbon 
material has high stability for the chemical and hydrothermal environment. A 
bimetallic catalyst (CuNi@C), prepared by impregnation of nickel nitrate onto 
Cu-based MOFs, was utilized for conversion of furfural to cyclopentanone at 
130  °C, 5 MPa for 5 h. As a result, a 96.9% yield of the product was obtained. 
Cyclopentanone has wide applications in insecticide, medicine, and perfume 
industries. It can also be used as a solvent in the electronics industry [67]. In another 
work, the CuCo0.4/C-873 catalyst is tested for the conversion of furfural to furfuryl 
alcohol. The catalyst is derived from Co-doped Cu-BTC MOF by thermolysis in a 
nitrogen environment at a temperature ranging from 773 K to 1073 K.; the doping 
of the cobalt helped inefficient dispersion of Co and Cu nanoparticles. The 
thermolysis temperature has an effect on the chemical state of the catalyst. At the 
best catalytic performance, 98.7% furfural was converted with high selectivity of 
furfural alcohol (97.7%) [68].

The Ni nanoparticle catalyst generated in situ with the help of MOF precursor 
(MIL-77(Ni)) is used for hydrotreatment of lignocellulosic biomass to avoid the 
disadvantages of supported catalysts such as metal leaching, coke deposition, 
polymerization of unstable species, less water tolerance, etc. The catalyst was found 
to be ten times more active than a conventional catalyst, i.e., Ni/SiO2-Al2O3. The 
higher activity is attributed to high purity and crystallinity due to in situ generation 
and the robust MOF network [69].

Overall, MOFs are a good alternative to microporous zeolites, mesoporous sil-
ica, and carbon-based catalysts. It offers numerous advantages such as reduced 
mass transfer resistance, improved surface properties, and efficient immobilization 
of functional groups. However, its uses as a catalyst get restricted due to high syn-
thesis cost, leaching of active species, and low hydrothermal stability. Thus, directed 
efforts are required toward the structure-activity analysis of MOFs to be widely 
accepted as a catalyst for biomass conversion [5].

2.3.3  Solid-Phase Ionic Liquid (IL)-Based Catalyst

Ionic liquids (ILs) are generally in the liquid state at room temperature and have a 
melting point below 100 °C. They are organic salts and are increasingly used as an 
alternative solvent to conventional volatile solvents. They consist of organic cation 
and inorganic or organic anions. The advantages of ILs are their extremely low 
vapor pressure and high thermal stability, which are helpful in developing the 
greener technologies and sometimes referred to as green solvents [70]. Additionally, 
ILs possess tunable physical properties by virtue of the different combination of 
cations and anions. The properties of ILs, such as viscosity, density, melting point, 
solubility, and acidity, can be tuned. Theoretically, it is possible to synthesize 1018 
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types of ILs, but only about 1000 types of ionic liquids have been synthesized to 
date. The drawbacks of ionic liquids are high preparation cost, active phase leaching, 
and poor recyclability that can be overcome by solid-phase ILs [5].

Depolymerization of cellulose is a critical step to obtain platform chemicals such 
as fructose, glucose, xylose, etc. Cellulose is insoluble in most of the common 
industrial solvents due to its high degree of crystallinity, thus hampering the catalytic 
activity in the depolymerization step and demanding for harsh reaction conditions. 
Due to this reason, depolymerization of cellulose to glucose under mild reaction 
conditions still remains a challenge [70]. ILs are excellent solvents for cellulose 
dissolution that can be helpful in the depolymerization of cellulose through 
hydrolysis, alcoholysis, etc. The key advantages of ILs are efficient functionalization, 
promising reusability, and lower amount requirement for the reaction. The cost of 
functionalized ILs is a crucial factor that needs due consideration. Depending on the 
solubility of biomass molecule in ILs, a careful selection of coupled catalyst-solvent 
system is necessary. An understanding of molecular interaction between the 
feedstock molecule, catalyst, and solvent is necessary for the development of new 
catalytic systems. The post-reaction separation technologies for catalyst, solvent, 
and biomass products are necessary. There is a limited success for the 
depolymerization of lignin using ILs. Therefore, more opportunities are available 
for research in this domain [71]. Even though the ILs have several advantages over 
conventional catalysts, handling of ILs is difficult owing to its viscous nature. Also, 
the leaching of ILs in reaction mixture limits their practical applications in biomass 
conversion. To address these issues, researchers have combined ILs with solid 
catalyst and developed a new class of functionalized catalyst, namely, “solid-state 
ILs.” The ILs are deposited in the form of a film on the support material with a high 
specific surface area, thus creating a homogeneous environment for reactions [5]. 
This way, the use of solid-state ILs is more practical in biomass conversion.

Supported IL-Based Catalysts

The ionic liquid immobilized on solid support offers several advantages than using 
the ILs themselves. Both inorganic and organic materials can be used as supports. 
Inorganic supports offer better thermal stability and low on cost and easy to prepare, 
i.e., alumina and silica [72]. Various carbohydrates (cellulose, sucrose, glucose) 
were converted to furans with a functional ILs supported on silica nanoparticles 
with different acidity. The dual acid-functionalized supported ionic liquid (SIL) 
(IL-SO3H-HSO4/SiO2) was effective for high conversion (99%) of sugars. The 
reusability of the ILs/SiO2 was also investigated for dehydration of fructose with 
IL-SO3H-HSO4/SiO2 at the optimized conditions. Consistent conversion (99%) of 
fructose was obtained for five reaction cycles that suggest no leaching of immobilized 
functional groups (SO3H and –HSO4) during the repeated process [73]. ILs 
immobilized on mixed metal oxides, and silica gels are investigated for biodiesel 
synthesis from waste cooking oil. The mixed oxide catalysts (Mg + Al), in its 
pristine form, exhibited low activity for the conversion of waste cooking oil by 

R. Bhoi et al.



259

transesterification due to the high acidity of the oil. Their activity improved after the 
immobilization of ILs due to increased basic strength and basicity of supports. The 
biodiesel yields catalyzed by IL/Mg-Al and IL/Mg-Al-La catalysts were 85.4% and 
98.7%, respectively [74]. When waste cooking oil is transesterified with methanol 
at 60 °C for 20 h with ILs supported on silica gel, 87.58% yield of biodiesel was 
observed [75].

Polymeric IL-Based Catalysts

The ionic liquids are promising candidates for various applications and named after 
the mobility of ions in ionic liquids. The ILs are neither liquids nor solids and do not 
have advantages of liquids or solids. This limits their applicability due to leakage 
issues and high viscosity. Polymeric ionic liquids (PILs) can address this problem 
without losing the features of ILs. PILs are formed by the polymerization of ionic 
liquids [76]. They can combine the functionalities of polymer and ILs and act as 
bifunctional catalysts. They have high thermal stability, better corrosion resistance, 
and flexibility of available structures. The dehydration process of 5-HMF from 
glucose/fructose can be catalyzed by a series of PILs (mono- and bifunctional 
polymeric ionic liquids). The PILs performed well compared to solid-supported 
ionic liquids like ILs on silica and showed consistent activity for five reaction cycles 
without significant loss of activity [77]. Among the other reusable PILs are poly(3- 
butyl- 1-vinylimidazolium chloride) combined with CrCl2, P[BVIM]Cl-CrCl2, 
which was found suitable for dehydration of glucose and fructose to yield 68.8% 
HMF at 120 oC for 3 h. However, the recyclability test indicates poor performance 
compared to its analogous catalyst, i.e., P[BVIM]Cl-Et2ALCl [78]. PILs are also 
found suitable for oleic acid esterification to yield 92.6% biodiesel. The biodiesel 
yield slightly decreased to 89.3% after six runs, indicating the consistent performance 
of the catalyst. The catalyst, 1-vinyl-3-(3-sulfopropyl) imidazolium hydrogen 
sulfate [VSIM][HSO4], was synthesized from Brønsted acidic ionic liquid through 
free radical polymerization from a novel approach, where Fe3O4 particles acted as 
hard template [79].

2.3.4  Magnetic Iron Oxide-Based Catalysts

Magnetic catalysts are different from other solid catalysts due to their easy separation 
from the reaction mixture by the permanent magnet. They are mainly represented by 
ferrous, cobalt, and nickel, especially ferrous. The commonly used magnetic catalyst/
support includes alloys (FePt, CoPt), metals (Fe, Co, Ni), and iron oxides (FeO, Fe2O3, 
Fe2O4). Among them, Fe2O4 is widely used for catalytic purposes [80]. Magnetic acid 
catalysts are used for the conversion of cellulose to glucose, fructose to 5-hydroxy-
methylfurfural (5-HMF), and 5-HMF to 5-ethoxymethylfurfural (5-EMF) via hydro-
lysis, dehydration, and etherification processes, respectively. These catalysts also find 
their use in transesterification reactions to synthesize biodiesel. The catalysts 
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mentioned in Sect. 2.3.2 are effective for biomass conversion, but sometimes they are 
difficult to separate due to the viscous nature of the reaction mixture. This provides an 
opportunity for the use of a magnetic catalyst as it can be easily separated with exter-
nal magnate material. Core-shell Fe3O4@SiO2 magnetic nanoparticle is one such cata-
lyst used for biodiesel production [81]. Magnetic sulfonated mesoporous silica 
(Fe3O4-SBA-SO3H) was used as a catalyst for hydrolysis of cellobiose and found effi-
cient for 98% conversion of cellobiose at 120 oC, whereas the conversion is only 54% 
when H2SO4 is used as a catalyst under identical conditions. The catalyst can be easily 
recyclable from the hydrolysis solution with the help of an external magnet. The cata-
lyst is also stable and showed consistent activity for three experimental runs. A sum-
mary of the functionalized heterogeneous catalyst used for biomass conversion is 
presented in Table 2.

2.4  Bimetallic Catalysts

Biomass conversion processes such as reforming, hydrogenolysis, hydrogenation, 
and oxidation are catalyzed by metals and yield product as well as byproducts. 
Byproducts can complicate the separation process and seriously affect the yield of 
the desired product. It is necessary to minimize the production of side products. It 
can be done by the addition of a second metal, as a support or promoter, to enhance 
selectivity to a particular product. The second metal can alter the catalytic activity, 

Table 2 Summary of functionalized heterogeneous catalyst used for biomass conversion

Reaction Class Catalyst
Conv/
yield, %

P,
bar

T,
K Remark Ref

Oxidation of 
glycerol to glyceric 
acid

Carbon- 
based

Pt9Sn1/C 91/50 1 333 The catalyst was 
active for four 
reaction cycles 
without loss of 
activity

[47]

Hydrogenolysis of 
glycerol to lactic 
acid

Carbon- 
based

Cu-Pd/RGO 56.2/49.5 14 413 Reasonably good 
activity for three 
cycles

[82]

Fructose to lactic 
acid

MOF MIL-100(Fe) >99/32 1 463 Catalyst was active 
for four reaction 
cycles

[83]

Methyl 
levulinate—GVL

MOF Ru-SO3H- 
UiO-66

100/81 5 353 The catalyst was 
active for five 
reaction cycles

[65]

Dehydration of 
glucose to HMF

ILs CrCl2-Im- 
SBA-15

50/35 1 423 Catalyst deactivation 
after two reaction 
cycles

[84]

Esterification of 
oleic acid to 
biodiesel

ILs Microporous 
poly-IL

92.6/92.6 1 353 The catalyst was 
active for six 
reaction cycles

[79]
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selectivity, and stability of the first one. It can be achieved by one of the methods 
mentioned here:

• Altering the geometry
• Altering the electron properties of active sites
• Stabilizing the active metal
• Chemical bonding with a reaction intermediate and transition state
• Bifunctional effects by providing different functions in the reaction mechanism

The use of a bimetallic catalyst is advantageous, but the exact mechanism is not 
known. The information on the molecular and electronic level can help to establish 
the relationship between experimental results and catalyst modification. One may 
propose an analogy between catalysts used in petroleum refining and biomass 
conversion, but may not be appropriate as petroleum refining needs the addition of 
functional groups, whereas biomass conversion requires removal/replacement of 
functional groups. The transformation of cellulose, hemicelluloses, and lignin using 
bimetallic catalysts is discussed in the following section.

2.4.1  Cellulose Conversion Using the Bimetallic Catalyst

Cellulose is made up of biopolymers and depolymerized to its monomer, glucose 
(C6H12O6), by hydrolysis. Glucose is further converted to platform chemicals such as 
levulinic acid and 5-hydroxymethylfurfural (5-HMF) by a dehydration reaction. 
Glucose can be upgraded to valuable chemicals by decreasing the functionality (aque-
ous-phase reforming) as well as increasing the functionality (oxidation). Aqueous-
phase reforming produces H2 and alkanes, whereas oxidation yields acids. Glucose 
mainly consists of aldehydes and alcohols. Oxidation of aldehydes produces carbox-
ylic acid (gluconic acid) and that of alcohol produces glucuronic and keto acids. The 
most common monometallic catalysts used for glucose conversion are Pt and Pd. A 
second metal, Bi, is added to increase their activity as well as selectivity toward glu-
conic acid. The presence of Bi prevents the deactivation of Pd (by absorbing O2 that 
would otherwise oxidize Pd) and limits the formation of byproducts. The promotion 
of Pd with other metals was not as effective as PdBi [85]. The possible oxidation 
products that can be produced from glucose are glucuronic acid, gluconic acid, 5-keto-
glucose, glucaric acid, 5-keto-gluconic acid, and 2,5-diketogluconic acid. Other cata-
lysts used for cellulose oxidation are PbPt, AuPt, AuRh, etc.

Glucose, the monomer of cellulose, can also be converted to various alcohols such 
as hexitols, sorbitols, and diols by hydrogenation. Ni and Ni-based catalysts are primar-
ily used for glucose hydrogenation, but leaching of catalysts is a real issue. To improve 
the catalyst activity, promoters like Sn, Mo, Cr, and Fe are used that increase the rate of 
glucose formation by four to five times. When Fe/Cr is added to Ni, the selectivity of 
sorbitol was reached to as high as 98% [86]. Ru-based catalyst is reportedly stable for 
hydrogenation of glucose to produce sorbitols, but is expensive. Hexitols can be pro-
duced by hydrogenolysis (hydrogenation followed by dehydration) over the Pt-Ni cata-
lyst. The yield of hexitols was 47.4% at 100% conversion of glucose over the Pt-Ni 
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catalyst. The results were even better with hexitol yield up to 53.2% and 54.2%, respec-
tively, for Pd-Ni and Ru-Ni catalyst at 100% conversion of glucose.

2.4.2  Hemicellulose Conversion Using the Bimetallic Catalyst

Hemicellulose is a polymer with C5 sugars, mainly xylose. Xylose is converted to 
xylitol by hydrogenation using a different metal catalyst. The catalyst Ru-Ni is 
commonly used to produce xylitol. For catalyst deactivation due to leaching, 
deposition is a common issue. Xylitol is a common sweetener used in the food 
industry. A platform chemical, furfural, can be obtained by dehydration of xylose 
and further hydrogenated to 2-methylfuran, furfural alcohol, and furan. The 
Cu-chromite is the most widely used commercial catalyst for hydrogenation [87]. 
The other bimetallic catalysts used for hemicellulose conversion are Cu/C, Cu/
MgO, NiCu/SiO2, CuCO/SiO2, etc. Furfural yield of 98% was reported at 473 K 
over Cu/MgO and CuCo/SiO2 catalyst [6].

2.4.3  Lignin Conversion Using the Bimetallic Catalyst

Lignin is a significant fraction of biomass, and its effective utilization will ensure 
the economic feasibility of the biomass conversion. Commercially, lignin is used in 
a very inefficient manner as 98% of it is burned to fulfill energy demand in pulp 
mills, whereas only 2% is utilized toward chemical production. So for the sustainable 
operation of biorefinery, lignin conversion to chemicals through technological 
advancement is necessary [88, 89]. Lignin possesses aromatic functionality, and 
products like benzene, phenol, and cyclohexanes can be made from it through 
cracking via hydrogenation and hydrodeoxygenation (HDO). Bimetallic catalysts 
such as sulfide, CoMo, and NiMo are used for lignin hydrogenation and HDO. The 
catalysts PtSn and PtRh are also reported to be used for lignin conversion. Among 
the catalysts, at a lower temperature (<673 K), all Rh-based catalysts are active than 
sulfide, CoMo, and NiMo catalysts. Owing to its complexity, model components 
such as phenol, cresol, anisole, etc. are used to study the conversion of lignin. Zhang 
et  al. (2014) [90] conducted the catalytic hydrogenolysis of lignin using NiRu 
(Ni = 85% and Ru = 15%) to obtain aromatic chemicals and fuel-grade hydrocarbons. 
The results with bimetallic catalysts show better performance than monometallic Ni 
and Ru. The best result for pinene transformation was obtained using bimetallic 
Au-Cu/TiO2 catalyst with higher selectivity for verbenone product due to the 
synchronized effect between bimetals and their support [91].

2.4.4  Catalytic Conversion of Glycerol Using the Bimetallic Catalyst

Bimetallic catalysts are used for the conversion of biomass-derived glycerol to valu-
able chemicals. Glycerol can be valorized through hydrogenolysis, hydrogenation, 
and oxidation reactions. Hydrogenolysis involves breaking of bonds with the help 
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of hydrogen. Glycerol is converted to polyols, alcohols via hydrogenolysis over the 
temperature range of 373–523 K and at 200 bar using monometallic catalysts. The 
selectivity and yield of hydrogenolysis can be greatly improved over bimetallic 
catalysts. Hydrogenolysis is sometimes referred to as hydrodeoxygenation (HDO) 
when used for the removal of oxygen. For example, the ethylene glycol was pro-
duced over Ni/Al2O3, but the selectivity was improved when palladium/iridium/
rhodium was added to Ni/Al2O3 as the second metal. Glycerol can be oxidized in 
two ways: (1) oxidation of secondary alcohol to give dihydroxyacetone and 
hydroxypiruvic acid and (2) oxidation of primary alcohol to give glyceraldehydes 
and glyceric acid. The most commonly used bimetallic catalyst for glycerol oxida-
tion was AuPd in basic medium and PtBi in acidic medium [6]. The summary of the 
bimetallic catalysts used for the conversion of biomass- derived chemicals is given 
in Table 3.

Table 3 Summary of bimetallic catalysts used for the conversion of biomass-derived chemicals

Feedstock Reaction Catalysts Conv. Selectivity
P,
bar

T,
K Remark Ref

Ethylene 
glycol

Aqueous-phase
reforming

Pt/Al2O3 >90% 88% (H2), 
8% 
(alkane)

56 338 90% activity 
lost in 
2 days. No 
restoration of 
activity

[92]

Sorbitol Aqueous-phase
reforming

RANEY®

Ni14Sn
>90% 46% (H2), 

31% 
(alkane)

51 538 Consistent 
activity for 
H2 
production 
for 340 h 
without 
regeneration

[92]

Glycerol Hydrogenolysis Ru-Co/
ZrO2

56.2% 70.3% 
(1,2 
PDO),
18.0% 
(EG)

50 453 A synergetic 
effect 
between Ru 
and Co 
observed

[93]

Glycerol Hydrogenolysis CuAg/
Al2O3

27% 96% (1,2 
PDO)

15 473 The catalyst 
showed 
higher 
activity than 
commercial 
chromite 
catalyst

[94]

Guaiacol 
(lignin)

Deoxygenation PtSn/
Inconel

>80% – 1 673 Higher rate 
of catalyst 
deactivation

[95]

o-Cresol 
(lignin)

Hydrodeoxygenation CoMO/
Al2O3

23% 65% 
(C6H6)

50 573 Activity of 
the catalyst is 
low

[96]
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3  Current Challenges and Future Opportunities

In order to reduce the dependence on fossil fuels, large-scale production of fuels and 
chemicals from lignocellulosic biomass is necessary. But this is very challenging 
due to variations in supply, composition, and properties. Many technologies devised 
at laboratory/pilot plant scale are technically viable but economically not feasible. 
To make the process economically feasible, a multidisciplinary approach, including 
chemistry, material science, and process engineering, is required. The efficiency of 
various technologies and yield of the products depends on many factors such as type 
of biomass, pretreatment method, biomass composition, catalyst activity, etc. In the 
following section, the major concerns regarding technologies and the use of catalysts 
for biomass conversion are discussed.

3.1  The Selectivity of Desirable Products

It is essential to tune the porosity and structure of the catalyst to selectively produce 
the desired products. The pore dimension of the solid catalyst influences the 
diffusion properties of the reacting species. Zeolites ordered mesoporous silica and 
metal-organic frameworks (MOFs) are the materials that can be used as a catalyst 
for biomass conversion. These materials also act as support for metals and metal 
oxides with excellent stabilizing effects. One of the reasons for low conversion and 
selectivity of complex and viscous biomass molecules is the inaccessibility of active 
catalyst sites. The active sites are located inside the porous catalyst materials and 
become difficult to access due to diffusional limitations. Due to this reason, 
multimode porous materials are preferred over single-mode porous materials for 
enhanced selectivity. For example, large biomass molecules (lignin, triglycerides, 
polysaccharides) cannot access the catalytically active sites in zeolites due to small 
pore diameters. In that case, catalyst materials with mixed pores (micro, meso, and 
macro) such as hierarchical zeolites are useful. Zeolites offer numerous advantages, 
such as acidity, porosity, and shape selectivity. Of these, tunable Brønsted/Lewis 
acidity is a vital feature for biomass conversion and can influence conversion and 
selectivity. Both Brønsted and Lewis acidities are required for effective biomass 
conversion. For example, during the conversion of 2,5-dimethylfuran, zeolites with 
strong Lewis acid sites (Na-Y) favored the formation of toluene, whereas Brønsted 
acid zeolites (H-β and H-Y) favored p-xylene formation.

Another parameter that can affect the selectivity of the desired product is the 
biomass to catalyst ratio. In fast catalytic pyrolysis of Pongamia pinnata seeds using 
USY zeolites, more aromatic hydrocarbons were produced (4.7% to 52.5%) when 
the ratio of biomass to catalyst increased for five times [2]. Mesoporous SiO2-based 
materials (SBA, KIT, MSU, COK) offer similar properties to zeolites but with larger 
pores. Larger pores can offer access to active catalyst sites, thereby enhancing the 
biomass conversion. During the condensation of furfuryl alcohol to butyl levulinate, 
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propylsulfonic acid-functionalized SBA-15 offered 96% yield of butyl levulinate 
with 100% selectivity [5]. Hence, it is important to select a catalyst with appropriate 
porosity, pore structure, and acidity to achieve maximum conversion and selectivity 
of the desired product.

3.2  Deactivation and Reusability of the Catalyst

Deactivation of the catalyst is evaluated by subjecting it to the loss of activity with 
increasing time on stream. Among the various reasons for deactivation, coking is a 
major one for the deactivation of catalysts in biomass conversion reactions. The 
other possible ways of catalyst deactivation are blockage of pore or active sites by 
insoluble byproducts/intermediates, metal leaching, sintering, decrease in specific 
surface area, loss of pore volume, etc. Sometimes, the basic metal oxides (MgO) 
can form hydroxides, which are more soluble in water and tend to leach. Also, the 
reaction byproducts can accumulate on the active catalytic site, thereby restricting 
the accessibility resulting in a low conversion. In the case of zeolites, degradation 
due to desilication or dealumination at harsh hydrothermal conditions is one of the 
ways of catalyst deactivation [2]. In order to avoid pore blockage in microporous 
zeolites, incorporation of larger size metal should be avoided. Many of the catalysts 
presented in this chapter showed good catalytic activity up to five reaction cycles, 
but their applicability at commercial scale and for real biomass feedstock needs to 
be tested. Fouling of MOF catalysts by humin formation is common in biomass 
conversion that can be prevented by using a proper solvent such as ethanol in case 
of selective conversion of glucose to 5-HMF [61]. Temperature can also influence 
deactivation as observed in catalytic cracking of fatty acid mixture; the order of 
deactivation over the composite catalyst was almost constant at moderate rate, 
whereas ZSM-5 deactivation order decreased with increasing temperature. The 
same order of deactivation was also observed for used palm oil cracking [97].

3.3  Kinetic/Mechanistic Aspects

Kinetic data obtained by careful evaluation of reaction parameters helps in process 
scale-up, technology transfer, and evaluation of economic feasibility. Due to the 
large number of complex reactions taking place in biomass conversion, it is not easy 
to explain kinetics at the molecular level. Few kinetic studies are discussed here. In 
the case of catalytic cracking of vegetable oil, a simplified lumped kinetics is 
presented by the grouping of components having similar chemical functions [34]. 
The complexity of the model varies according to the degree of lumping. Adding 
more lumps will make the process of kinetic parameters more intrinsic; thus, more 
kinetic parameters need to be estimated, and accordingly, more experimental 
information is required. For vegetable oil cracking, three, four, and six lumped 
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models were reported. The cracking of palm fatty acid mixture and used palm oil 
was reported to follow first-order kinetics [97], whereas the cracking of used 
vegetable oil over sulfated zirconia followed second-order kinetics. The reactions 
were carried out over a temperature range of 673–723 K and in the presence of 
composite catalysts (HZSM-5 and MCM-41/ZSM-5) in a fixed bed microreactor. 
The proposed model was adequate with a 10% deviation in the experimental and 
predicted values [98].

Kinetic of fructose to 5-HMF reaction reveals that MIL-101Cr-SO3H-promoted 
reaction follows the pseudo-first-order kinetics with the observed activation 
energy of 55  kJ/mol [62]. In the case of glucose to 5-HMF reaction, the 
isomerization- dehydration mechanism is the prominent reaction pathway, com-
pared to the phosphate-modified titania and bare niobia, which proposes direct-
dehydration mechanism [61]. Though the use of bimetallic catalyst is advantageous, 
the exact mechanism is not known. The information on the molecular and elec-
tronic level can help to establish the relationship between experimental results 
and catalyst modification. Proposing a robust kinetic model still remains a chal-
lenge due to multiple and complex reactions that take place during biomass 
conversion.

4  Conclusions

The chapter has summarized various aspects of biomass conversion to useful chem-
icals having properties similar to those obtained from petrochemicals. It can 
be  achieved by various processes such as hydration, solvolysis, pyrolysis, 
gasification, etc. Numerous catalysts with varying degrees of efficiency and 
reusability are presented in this chapter. The advantages and disadvantages of such 
catalysts are presented for a wide range of feedstocks and intermediate components. 
The commonly used catalyst, microporous zeolites, mesoporous silica, metal 
nanoparticles, and bimetallic materials have shown promising performance for 
model components of biomass. But their performance with real biomass feedstock 
remains a challenge. Due to this reason, not many commercial technologies are 
available. For example, the biomass pyrolysis to produce bio-oil is still an immature 
technology compared to fossil oil. It has to overcome many technical and economic 
challenges.

Overall, more opportunities are available for research in biomass conversion, but 
one needs to follow certain restraints for efficient utilization of biomass. These are 
as follows:

 (a) Detailed understanding of the properties of components such as cellulose, 
hemicelluloses, and lignin. This will help to understand the mechanism of its 
catalytic conversion.

 (b) Identification of the specific sources for cellulose, hemicelluloses, and lignin 
components and targeted product out of it.
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 (c) Preparation of the suitable catalysts based on their acidity/basicity, operating 
conditions, reusability, shape of catalyst particle, metal interaction, etc.

 (d) As the product of lignocellulosic biomass is a complex one, novel reactor and 
separators should be developed. Process intensification to reduce waste and 
maximize product and energy efficiency will lead to an economically 
feasible design.
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Understanding Biomass Chemistry Using 
Multiscale Molecular Modeling Approach

Shelaka Gupta

Abstract Catalytic upgradation of lignocellulosic biomass to produce value-added 
fuels and chemicals is technologically challenged due to the complexity of the 
biomass-derived substrates as well as the reaction media. In order to develop a 
potential biorefinery, fundamental understanding of the interaction of biomass- 
derived platform molecules with the catalyst surface and solvent and their behavior 
during a conversion process needs to be developed. In this regard, computational 
chemistry methods such as ab initio density functional theory (DFT), classical 
molecular dynamics (MD), ab initio molecular dynamics (AIMD), Car-Parrinello 
molecular dynamics (CPMD), etc. have made a valuable contribution. This chapter 
briefly describes the role of these methods in understanding the reaction mechanism 
on the catalyst surface and the role of solvents in biomass conversion processes and 
pyrolysis chemistry.

Keywords Biomass chemistry · Density functional theory · Classical molecular 
dynamics · Ab initio molecular dynamics · Car-Parrinello molecular dynamics · 
Acid catalysis

1  Introduction

Lignocellulosic biomass, an inedible form of biomass, can be upgraded to a variety 
of value-added fuels and chemicals [1]. The overall strategy for the production of 
biorenewables is to reduce the oxygen content present in biomass. The US 
Department of Energy (DOE) in 2004 identified 12 biobased value added platform 
chemicals [2]. Heterogeneous catalysis has played an important role in the 
upgradation of these biomass-derived platform molecules [3]. Catalytic reactions 
such as hydrogenation [4], hydrodeoxygenation (HDO) [5], ring-opening (RO) and 
decarboxylation [6], decarbonylation [7], etc. have been employed to selectively 
remove the oxygen content present in biomass-derived platform molecules to 
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produce fuels and chemicals. However, since most of these reactions are carried out 
in the solvent phase at high temperatures, stability of the catalyst remains a challenge 
[8]. Therefore, rational design and development of the catalyst is believed to be a 
key factor for determining the success of this sustainable process for which a 
complete molecular-level understanding is required.

Experimnetal techniques may provide some insights about the reaction mecha-
nism however they are still insufficient to construct the detailed reaction mechanism 
and thus are open to multiple interpretations especially in the field of biomass 
upgradation owing to the complexity of catalysts, substrates, and reaction media. 
Advances in high-performance computing and computational methods have made 
computational design of the catalyst a reality, and the field has reached enough 
maturity to ensure that the reactions can be described accurately [9]. Computational 
chemistry methods can predict the properties of a chemical system and allow 
insights into the reaction that are inaccessible through experiments. These properties 
are either accessed through quantum chemical method based on the electronic 
structure calculations such as density functional theory (DFT) [10], or classical 
force fields to describe the dynamics of atoms with respect to time in the system 
without considering the behavior of the electrons such as classical molecular 
dynamic simulations (MD) [11]. In order to study the dynamics during chemical 
transformations such as bond breaking and formation or charge distribution, ab 
initio molecular dynamics (AIMD) [12], Car-Parrinello molecular dynamics 
(CPMD) [13], metadynamics (MTD) [14], etc. are used.

Some of the key findings based on molecular modeling-based investigation in the 
field of biomass valorization are summarized in this chapter. The chapter first 
discusses about the role of computational chemistry in understanding the reaction 
mechanism of different reactions that are generally employed in biomass upgradation 
which is crucial for the catalyst design. Further, since most of these reactions are 
carried out in the presence of solvents, the role of molecular dynamic simulations to 
understand the effect of solvents in affecting the reaction mechanism and changing 
the yields is discussed. The last section highlights the role of CPMD calculations 
combined with metadynamics in revealing the biomass pyrolysis chemistry.

2  Reaction Mechanism

2.1  Acid-Catalyzed Conversion of Carbohydrates

Lignocellulosic biomass comprises of three components: cellulose, hemicellulose, 
and lignin [15]. Upon acid-catalyzed hydrolysis, these components yield C6 and C5 
sugar monomers such as glucose and xylose [15]. Glucose can be upgraded to a 
variety of biofuels and chemicals [16]. Among these chemicals, 
5-hydroxymethylfurfural (5-HMF) has emerged as a potential platform molecule 
for the production of polymers [17], chemicals, and biofuels [18]. Glucose can 
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either be directly dehydrated to produce 5-HMF [19] or is first isomerized to produce 
fructose which upon dehydration produces 5-HMF. Out of these, the second route 
has received considerable attention [20]. Lewis acid catalyst (e.g., Sn-BEA [21], 
Ti-BEA [22], tungstite [23], etc.) has played a vital role in the isomerization of 
glucose to produce fructose. DFT simulations by Yang et al. [21] showed that the 
O1H hydroxyl group of glucose gets coordinated in the presence of hydroxylated 
defect lattice Sn sites in zeolite (Sn-BEA) (Fig. 1) which lead to proton transfer in 
two steps from the O1H to O5 followed by RO and formation of acyclic glucose 
(Fig.  1(i) (1a–1c)). The RO was followed by deprotonation of O2H (Fig.  1(i) 
(1c–1d)) and aldose-ketose isomerization through a hydride shift from C2 to C1 
(Fig.  1(i) (1d–1e)). The intermediate thus formed underwent a conformational 
transition (Fig. 1(i) (1e–1f)), ring closure (Fig. 1(i) (1f–1 g)), and protonation to 
form fructose (Fig. 1(i) (1g–1h)). In another study, it was shown that the presence of 
Lewis acid sites (W6+) provides a cooperated reaction environment on the surface 
which promotes the rate determining C2-C1 H-shift reaction in glucose conversion 
to fructose [23]. Further addition of dopants such as Nb5+ and Ti4+ was found to be 
effective in lowering the overall barrier for glucose isomerization. Apart from 
zeolites, base-metal catalyst such as MgO, NaOH, Mg-Al hydrotalcites, etc. [25, 
26] and ionic liquids such as tetrabutyl ammonium proline, etc. [27] have been 
shown to provide good activity for this isomerization reaction.

Fig. 1 Mechanistic insights into glucose isomerization to fructose on Sn-BEA catalyst [21] and 
furfural conversion to 5-HMF [24]
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Under Brønsted acidic environment, fructose has been shown to undergo dehy-
dration to produce 5-HMF. Yang et al. analyzed 100 reaction pathways by utilizing 
DFT simulations to identify the main reaction channel for obtaining 5-HMF from 
glucose [24]. The simulations showed that the dehydration of fructose is initiated by 
the protonation of O2H as shown in Fig. 1(ii) with subsequent removal of water 
resulting in the formation of carbocationic intermediate (Fig.  1(ii) (2a–2b)). 
Dehydration is followed by deprotonation which results in a C–C double bond 
(Fig. 1(ii) (2b–2c)). Subsequently, two more water molecules are removed (Fig. 1(ii) 
(2d–2h) which led to the formation of 5-HMF [24].

Similarly, the hemicellulosic part of biomass upon hydrolysis produces C5 sug-
ars such as xylose which can be converted to furfural, another class of platform 
molecule that can be upgraded to C4 to C5 molecules which find applications as 
fuels (2-methylfuran, 2-methyltetrahydrofuran, etc.), fuel additives, and value- 
added chemicals (butanediol, gamma valerolactone, etc.) [28]. Heterogeneous 
catalyst such as H-zeolites [29], modified mesoporous silicas [30], sulfonated 
graphene oxides [31], ion exchange resins [32], etc. have been employed for the 
production of furfural from xylose. Similar to glucose conversion to 5-HMF, it has 
been observed that in the presence of a Lewis acid catalyst, xylose first gets 
isomerized to produce xylulose [33]. A six-membered transition state was formed 
during the formation of xylulose with a barrier of 150.8 kJ/mol in water [34] in 
which hydrogen from O2H migrated to O of the aldehyde group and another H from 
C2 migrates to C1. On undergoing hydrogenation-cyclization and dehydrations, 
xylulose can be converted to furfural [34].

2.2  Hydrogenation Reactions

Hydrogenation is the most common reaction carried out for biomass upgradation 
and is generally carried out at moderate pressure (10–30  bar) and temperature 
(370–420 K) conditions in the presence of metal catalyst (Pd, Ni, Pt, Ru, or Cu) to 
either saturate the C=C or C=O bonds present in the multifunctional biomass- 
derived platform molecules [35]. The type of bond hydrogenated depends upon the 
choice of the catalyst. Selective hydrogenation of C=O bond present outside the 
furan ring in furfural and 5-HMF produces furfuryl alcohol (FA) and 
2,5-bishydroxymethylfuran (BHMF) in the presence of noble metal (Ru/MSN-Zr 
[36], Pt/MCM-41 [37], Ir/TiO2 [38], etc.) or non-noble metal catalyst such as 
Cu-ZnO at mild reaction conditions (T  =  25–120  °C, PH2  =  8–60  bar) in polar 
solvents [39]. Addition of oxophilic promoters such as Fe [40], Re [41], etc. in these 
metal catalysts provided better selectivity at low temperature (~50 °C) and pressure 
conditions (8 bar). DFT simulations have also been used to explain the observed 
selectivity trends for C=O or C=C bond hydrogenation. Using DFT simulations, it 
was showed that Cu has less affinity for C=C bond, and as a result, furfural prefers 
to bind through η1(O)-aldehyde due to which carbonyl in furan ring forms a direct 
bond with the surface of Cu via the lone pairs present on the oxygen and favors C=O 
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bond hydrogenation [42]. Further hydrogenation proceeds via either an alkoxide 
(path 1) or hydroxyalkyl (path 2) intermediate as shown in Fig. 2. However, the 
activation barrier for path 2 was found to be lower than path 1 which indicated that 
the first hydrogen atom will attack the oxygen atom of the carbonyl group rather 
than the C atom which was in line with the diffuse reflectance infrared Fourier 
transform spectroscopy (DRIFTS) studies in which this intermediate was observed 
[42]. In contrast with group eight metals, furan ring bound in η2 (C,O)-aldehyde 
configuration in which both oxygen and carbon of the carbonyl group bonded with 
the metal atoms and underwent hydrogenation to FA by forming hydroxyalkyl 
intermediate. On the other hand, C=C bond hydrogenation present in 5-HMF and 
furfural furan ring produces 5-hydroxymethyl-tetrahydrofurfural (HMTHFA) and 
tetrahydrofurfural which on undergoing self-condensation reaction can be used as a 
diesel component [43]. In the presence of relatively more active and high surface 
area catalyst such as Pd/C [38], Ni/SiO2, etc., complete hydrogenation of furfural 
and 5-HMF can be achieved to produce tetrahydrofurfuryl alcohol (THFA) and 
2,5-bishydroxymethyltetrahydrofuran (BHMTHF) that can be used as a green 
solvent [44]. Metals with strong affinity for C=C bonds and those which favor 
parallel adsorption of furan ring are employed for THFA and BHMTHFA production 
[45]. In order to prevent further dehydroxylation, hydrogenation reaction is carried 
out in biphasic solvent.

Some studies have also reported hydrogenation reaction of biomass-derived plat-
form molecules to be structure sensitive when carried over transition metal catalyst. 

Fig. 2 Adsorption geometry of furfural and intermediates on Cu (111) surface via alkoxide or 
hydroxyalkyl pathway [42]
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For example, vapor-phase furfural hydrogenation when carried out on Pt nanopar-
ticles of different shapes (cubes, spheres, octahedral) and sizes (1.5–7.1 nm) exhib-
ited structure sensitivity [46]. Product selectivity toward furfuryl alcohol increased 
from 1 to 66% on increasing the size of the Pt nanoparticles. Under similar reaction 
conditions, smaller nanoparticles showed higher selectivity for decarbonylation 
reaction, thus favoring furan formation. Additionally, octahedral particles favored 
furfuryl alcohol production, whereas cubes produced equal amount of furan and 
FA. Similar structure sensitivity was reported in lignin-derived phenol hydrogena-
tion over Pd catalyst where Pd cubes (100) exhibited higher selectivity toward 
cyclohexanone (~90%) irrespective of the reaction time (~40 h) [47]. In contrast, Pd 
octahedra (111) and spherical particles having both (111) and (100) exhibited higher 
selectivity toward cyclohexanol on increased reaction time (>20 h). The selectivity 
trends were explained using DFT simulations which showed that the activation bar-
riers for cyclohexanone hydrogenation on Pd (100) (Fig. 3, Ea = 97 kJ/mol (2a–2b) 
and 101  kJ/mol (2b–2c)) were higher as compared to Pd (111) (Fig.  3, Ea  =  77 
(1a–1b) and 57 kJ/mol (1b–1c)) [47].

2.3  Hydrodeoxygenation Reactions

Hydrodeoxygenation (HDO) reactions form an important class of reaction in bio-
mass upgradation to produce hydrocarbons because of their ability to selectively 
remove the oxygen content present in biomass which in turn improves the effective 
H/C ratio. Noble (Pd, Pt, Ru, etc.) or non-noble (Fe, Ni, or Cu) metal catalysts show 
lower selectivity toward HDO products as they promote other side reactions such as 
decarboxylation or decarbonylation [48]. Apart from metal catalysts, sulfided 
transition state metal catalysts (Mo, Co, and Ni) have been studied for the HDO of 
bio-oil. Sulfided Ni-Mo and Co-Mo catalyst supported on Al2O3 exhibited higher 
yield for deoxygenated products for different HDO reactions [49]. However, these 
sulfided catalysts are prone to deactivation due to the presence of oxygenated 
molecules and aqueous environment [50]. On the other hand, bifunctional catalysts 
having both metal and acid sites and bimetallic catalysts which contain a combination 
of reducing (Ni, Pt, Pd, Rh, etc.) and oxophilic metals (Fe, Co, Mo, Re, W, Cr, etc.) 
have shown higher selectivity for HDO reactions [51]. Bimetallic catalysts such as 
Pt-WOx/C, Rh-ReOx/SiO2, Ir-ReOx/SiO2, etc. have shown high selectivity to produce 
terminal diols from biomass-derived cyclic ethers [52]. Chia et al. by utilizing DFT 
simulations showed that under aqueous environment when Ir is present near the 
vicinity of Re, the hydroxyl group is adsorbed on the oxophilic Re atom and is 
responsible for donating a proton to the cyclic ethers for the formation of carbenium 
ion which leads to RO via the sterically hindered C–O bond [53] hydrogenolysis 
(Fig. 4a). The ring-opened intermediate upon undergoing hydride transfer formed 
oxocarbenium ion which on further addition of hydrogen led to terminal diol 
formation (Fig. 4a). Similarly, bimetallic catalysts such as PdFe/C [55], NiFe/SiO2 
[5], Pd/Fe2O3 [56], etc. have been seen to be highly efficient for the HDO reaction 
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Fig. 3 Reactant, product, and transition structures for cyclohexanone hydrogenation to cyclohexa-
nol on Pd (111) and Pd (100) surface [47]
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of lignin-derived molecules such as phenol, cresol, guaiacol, syringol, etc. to 
produce arenes. In contrast, monometallic catalysts such as Ru and Pd before 
catalyzing the HDO reaction tend to hydrogenate the aromatic ring. High selectivity 
for arenes on these bimetallic catalysts is ascribed either to the oxophilicity or to the 
perpendicular adsorption of phenolics which enhances the C–O bond cleavage and 
inhibits hydrogenation of aromatic ring. Similarly, PdZn bimetallic catalyst showed 
higher selectivity for the HDO reaction of 5-HMF to 2,5-dimethylfuran (2,5-DMF) 
[54]. Experimental studies by Saha et  al. showed that Pd alone exhibited low 
conversion and selectivity for the reaction [57]. However, on addition of Zn, both 
conversion (~99%) and selectivity (~85%) increased. By utilizing DFT simulations, 
Gupta et al. showed that when oxophilic Zn is present on the steps of Pd catalyst, 
the activation barriers for the HDO steps decrease which in turn helps in improving 
the conversion and selectivity [54] (Fig.  4b). For the HDO of biomass-derived 
platform molecules, Jalid et al. by utilizing micro kinetic model (MKM) studied the 
reactivity trends for the C–O bond hydrogenolysis in ethanol on the steps of 
transition metal catalyst [58]. The study showed that reaction conditions affected 
the bimetallic catalyst design for carrying out HDO reaction. At 523 K, the metal 
catalyst followed the order Co > Ru > Ir > Rh > Ni > Fe > Pt > Pd > Cu > Re > Ag 
> Au, whereas at 373 K, Cu, Pt, Rh, Ir, Ru, Ni, and Co were found to be more 
selective. More specifically, three bimetallic catalysts (Co3Ni, Co3Fe, and Ni3Fe) 
exhibited maximum turnover for the HDO product.

2.4  RO and Decarboxylation Reactions of Biomass-Derived 
Lactones and Cyclic Esters

Apart from hydrogenation and HDO reactions, RO and decarboxylation reactions 
have been found to be effective for the deoxygenation of biomass-derived platform 
molecules to produce value-added fuels and chemicals [59]. Several studies have 
reported the RO and decarboxylation of the biomass-derived platform molecule 
γ-valerolactone (GVL) to produce renewable fuels and chemicals [60]. In the 
presence of Brønsted acid catalyst such as SiO2/Al2O3 at 648 K temperature and 
under 35 bar H2 pressure, GVL underwent RO to produce pentenoic acid which 
upon undergoing decarboxylation formed isomers of butene (~92%) [59]. However, 
in the presence of Lewis acid catalyst (γ-Al2O3), selectivity toward α-butene, a 
commercially relevant polymer precursor, was found to be higher but in lieu of 
dropped overall yield (~43%) [61]. The overall yield of butene was retrieved back 
(~80%) on adding tungsten oxide to γ-Al2O3 which was attributed to the presence of 
Brønsted acidity. Thus, the presence of both Lewis and Brønsted acid catalysts was 
found to be essential for the production of linear alpha olefins from lactones. By 
utilizing DFT simulations, Gupta et al. showed that in the presence of Brønsted acid 
environment, oxocarbenium ions are formed via protonation of carbonyl oxygen of 
GVL [62] (Fig.  5a). These oxocarbenium ions then led to GVL RO to form 
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γ-carbenium ion on a Lewis acid catalyst with a reduced activation barrier of 
Ea = 13 kJ/mol [65]. Under Brønsted acid environment, the stability of oxocarbenium 
ions determined RO rates in lactones [62].

On the other hand, polyketide biosynthesis route provides platform molecules 
with variable no. of carbon atom in contrast to biomass-derived aqueous sugars 
having C5–C6 atoms [66]. Shanks and co-workers demonstrated triacetic acid 
lactone (TAL) as a potential platform produced via polyketide biosynthesized route 
to produce value-added fuels and chemicals [63]. TAL underwent RO and 
decarboxylation to produce CO2 and 2,4-pentanedione with complete conversion 
without any acid catalyst in the presence of water at a much lower temperature 
(<100 °C) than that needed for GVL RO [63] (Fig. 5b). By utilizing DFT simulations, 
it was observed that the RO takes place via nucleophilic addition of water on the 
carbonyl group of the 2-pyrone molecule [6]. On partial hydrogenation and keto- 
enol tautomerization, TAL produced 3,6-dihydro-4-hydroxy-6-methylpyran-2-one 
(DHHMP). DHHMP was observed to undergo RO and decarboxylation to produce 
3-pentanone via retro-Diels-Alder (rDA) reaction mechanism (Fig.  5c). High 
reactivity of DHHMP via rDA reaction was attributed to a double bond present at 
C4–C5 position. In another DFT study by our group, the substituent type present at 
the C4 position and the nature of the solvent were observed to affect the RO barrier 
[67]. 2-Pyrone containing electron-donating group at the C4 position exhibited 
lower activation barriers in comparison to the one with electron-withdrawing 
substituent. The reactivity of the 2-pyrones was correlated with the frontier 
molecular orbital (FMO) theory where a linear relationship was proposed between 
the FMO gap of the products formed and activation barrier [68]. In comparison to 
nonpolar solvents, higher stabilization of transition state in polar solvents reduced 
the RO activation barrier. In addition to it, Car-Parrinello molecular dynamics 
(CPMD) simulations showed that the dynamic behavior of the solvent due to the 
differential interaction of the solvent with the transition and the reactant state 
reduced the barrier for the rDA reactions [69]. Similar to TAL, Alam et al. identified 
6-amyl-alpha pyrone (6PP) as another platform molecule to produce food graded 
flavoring agent and C15–C16 range fuel [64]. At 498 K, 6PP underwent RO and 
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decarboxylation to produce non-2-en-4-one which further upon hydrogenation 
yielded 4-nonanone, a known food flavoring agent. 4-Nonanone was upgraded to 
C15–C16 range diesel fuel by undergoing aldol condensation with 5-HMF in the 
presence of MgO–CaO base catalyst followed by HDO [64] (Fig. 5d).

3  Solvent Effects

The catalytic conversion of lignocellulose biomass is generally carried out in aque-
ous solutions, and the kinetics and selectivity of such reactions can be tuned by 
varying the temperature, pressure, and solvent composition [70, 71]. Some reactions 
have shown improvement in performance by altering the solvent composition. For 
example, the yield of acid-catalyzed conversion reaction showed an increase in the 
presence of mixed solvent environment [72, 73]. However, solvent selection for a 
new process requires either trial and error experiments or simulation methods that 
are computationally expensive. Ab initio DFT simulations can probe mechanistic 
details of reaction; however, the simulations are computationally expensive which 
makes the screening of multiple solvent compositions infeasible. In contrast, 
classical molecular dynamic (MD) simulations allow characterization of larger 
molecules surrounded by complex solvent environment with reduced computational 
burden [74]. With the use of classical molecular dynamic (MD) simulations in 
combination with experiments, the rate of acid-catalyzed reactions in biomass 
conversion in a mixture of solvents can be estimated [75]. Classical MD simulations 
were used to explain the selectivity trends for Brønsted acid-catalyzed dehydration 
of 1,2-propanediol which when carried out in pure water showed higher selectivity 
toward propanal (~41%) than acetone (~5). Similar selectivity trends were observed 
for aqueous mixtures of the aprotic solvents except for aqueous dimethyl sulfoxide 
solution wherein acetone (selectivity ~48%) was formed as the major product. 
Classical MD simulations were used to calculate the free energy difference (ΔΔG) 
between the reactant and the product, and the value of ΔΔG was correlated to the 
rate of formation of the product which indicated that the stabilization of the product 
relative to the reactant in solvent-mediated environment enhanced the selectivity 
[76]. Classical MD simulations were also used to explain the increase in yield of 
5-HMF from glucose in the presence of aqueous mixture of dimethyl sulfoxide 
(DMSO) and acetonitrile as the solvents [77]. Using MD simulation, it was observed 
that acetonitrile increased the coordination between water and glucose which lead 
to an increase in the isomerization of glucose to fructose [77]. The stability of 
hydronium ions formed during acid-catalyzed biomass conversion reactions in 
mixed solvent environment has been shown to affect the reaction kinetics [78]. 
Water-rich local solvent domains were formed near the hydronium ion which was 
attributed to the increased stability of hydronium ion. Molecular dynamic simulations 
were also used to unravel the interaction between lignin and cellulose in the two 
solvent system (THF-water) [79]. THF in water was found to dissolve and 
disaggregate the lower weight lignin molecules which allowed molecules to separate 
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out from cellulosic fraction as well as from each other. Also introduction of THF 
leads to formation of random coil conformations instead of compact modules 
observed in case of water [79].

However, classical MD simulations cannot be used to simulate the phenomena 
(bond formation and breaking, charge distribution) associated with the changes in 
electronic structures. As an alternative to study the dynamics during chemical 
transformations, ab initio molecular dynamics (AIMD) simulations can be used. 
AIMD simulations were used to understand the effect of polar aprotic solvents such 
as GVL in the presence of salt containing Cl− ions on the acid-catalyzed dehydration 
kinetics of fructose [80]. A ten times increase in reactivity with more than 80% yield 
was observed for fructose dehydration to 5-HMF during the experiments in the 
presence of GVL.  This increase in reactivity was explained by using AIMD 
simulations which showed that the initial dehydration proceeded by the protonation 
and water elimination from C2 of the fructose molecule which resulted in the 
formation of an oxocarbenium ion which was followed by deprotonation to form 
enol (Fig. 6(i)). The apparent activation barrier for these two steps was calculated to 
be 93 kJ/mol in water. Further simulations showed that hydrophilic domains were 
formed with the addition of GVL near the fructose that was surrounded with GVL 
domains. The hydrophilic domain leads to easier transfer of the protons and 
stabilization of the transition states due to localized Cl− anions and protons [80]. 
The overall activation barrier reduced to 74 kJ/mol for a solution of 75 wt% GVL. In 
another study by Gupta et al., it was proposed that in Brønsted acid environment, the 
RO of GVL takes place via formation of oxocarbenium ion intermediate using DFT 

Fig. 6 AIMD predicted mechanism for (i) fructose dehydration in GVL-water mixture [80] and 
(ii) formation of GVL oxocarbenium ion in the presence of Brønsted acidic proton in water [62]
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as explained previously [62]. Further AIMD simulations showed that the 
oxocarbenium ions were found to be stable for 2.5 ps in the reaction environment 
containing water [62] (Fig. 6(ii)). However, AIMD simulations are computationally 
very expensive. Another alternative approach to this is Car-Parrinello AIMD 
(CPMD) which combines quantum mechanics and classical MD. However, CPMD 
calculation takes a longer time. Metadynamics [81] is used as a method to accelerate 
the dynamics of CPMD calculations. To understand the solvent dynamics effects on 
the rDA reaction of partially saturated 2-pyrones containing electron-withdrawing 
and electron-donating substituents, CPMD simulation in conjunction with 
metadynamics was used. In the presence of solvent phase, the RO and decarboxylation 
barrier were lowered, and the effect was more pronounced for the 2-pyones 
containing electron-donating substituent [69]. The decrease in the barrier was 
attributed to the differential stabilization of the transition and reactant state due to 
the structuring and dynamics of solvent molecules [69].

4  Pyrolysis Chemistry

High degree of polymerization in cellulose and hemicellulose renders use of DFT 
simulations in studying the pyrolysis reaction and mechanism. Moreover, pyrolysis 
reactions are carried out in condensed phase, whereas most of the DFT simulations 
are done in gas phase. Recent studies of pyrolysis chemistry were performed by 
AIMD simulations in condensed environment and at finite temperature [82]. A 
simulation cell of periodically repeated two units of cellulose Iβ was used to mimic 
the solid cellulose by Agarwal et al. [82] Using CPMD metadynamics, they found 
that at 327  °C, ring contraction of glucopyranose to glucofuranose led to 
depolymerization with a lowest free energy barrier of 20 kJ/mol (Fig. 7(i)) and at 
600 °C precursor to levoglucosan was formed with a free energy barrier of 36 kcal/
mol [82] (Fig.  7(ii)). On the other hand, Mettler et  al. used α-cyclodextrin as a 
model compound for cellulose [83] and suggested direct formation of furanic 
compounds from cellulose instead of cellulose decomposition to glucose [83]. They 
observed that the cleavage of glycosidic linkage between two glucose units leads to 
furan ring formation followed by formation of carbonyl group at C1 position 
(Fig. 7(iii)). This is followed by RO of the pyran ring. In order to satisfy the valency 
of pyran O, it undergoes ring closure again but at C2 which is followed by 
dehydration to form the furan ring [83]. Therefore, for small-scale cellulose 
pyrolysis system having ~100 atoms, CPMD-metadynamics appears to be a useful 
approach. This limits detailed description of pyrolysis of cellulose in complex 
environment.

The reactive force field (ReaxFF) [84, 85] is another promising approach that can 
model complex reactive system. Zheng et al. constructed a large cellulose model 
having 7572 atoms containing six long chains and each containing 60 glycopyranoses 
for conducting ReaxFF simulation [86]. The simulations were performed at 
500–1400 K for 250 ps. The ReaxFF simulation results showed that the reaction 
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proceeded by the release of gases initially, and at 800 K, bio-oil production was 
maximum. The major products observed in the cellulose pyrolysis simulation were 
glycolaldehyde, levoglucosan, 2-hydroxy-propionaldehyde, hydroxyl-acetone, 
H2O, CO, and CO2 which was in good agreement with the experiments. The 
maximum yield of levoglucosan was observed to be at lower temperatures, whereas 
higher temperature favored glycolaldehyde. Using ReaxFF MD simulations for a 
large lignin model having 15,920 atoms, Zheng et al. studied the reaction pathways 
for different linkages in lignin pyrolysis. Cα/Cβ ether bond cracking was found to 
be the dominant pathway for β-O-4, α-O-4, and α-O-4 and β-5 linkages. Whereas 
γ-O-α and β-β linkage bond cracking of Cα-O ether bond and the RO of aryl 
monomer were found to be equally important [87]. For the other β-1, β-2, β-5, 
4-O-5, and 5-5 linkages, RO pathway dominated. At low temperature, Cα/Cβ ether 
bond cracking was observed, whereas aryl RO took place at higher temperatures.

Fig. 7 Chemical pathway for the (i) ring contraction of glucopyranose to glucofuranose, (ii) depo-
lymerization of glucopyranose into LGA, and (iii) conversion of α-cyclodextrin to furan obtained 
using CPMD simulations
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5  Conclusion

Fundamental understanding of physicochemical interactions during biomass valori-
zation is needed for the development of sustainable biomass processes. This chapter 
reviews some of the recent studies on the implementation of molecular simulation 
methods (DFT, MD, AIMD, CPMD-metadynamics, ReaxFF, etc.) to address the 
challenges related to developing biomass conversion technologies such as screening 
of solvents, understanding the mechanism and reaction kinetics in liquid-phase bio-
mass reactions, and developing a reaction network for condensed phase biomass 
pyrolysis. However, there are only few studies which take into account solvation 
environment dynamics, temperature effects, condensed phase biomass processing 
environment, etc. With the availability of higher parallel computing packages, there 
exits an opportunity where this predictive computational modeling at different 
scales can be used to fully explore the biomass processing.
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Abstract Currently, the world’s requirement for energy and chemicals is satisfied 
by tapping petroleum, coal, and natural gas resources. The continuously escalating 
energy demands for the betterment of life necessitate the search for alternate sources 
of energy. Sustainability, probably the “word of this century,” will be a prime force 
in stimulating scientists and technologists to look for alternate options in making 
fuels, chemicals and polymers that are irreplaceable in our lives. Renewable bio-
mass, having useful carbon atoms, could be explored with significant potential to 
produce chemicals and materials that include polymers. The approach also has an 
intrinsic advantage of balancing CO2 emission, thereby aiding our environment. 
Researchers worldwide have made considerable advancements on biomass value 
addition for producing fuels, chemicals and materials. Broadly, biomass are catego-
rized as lignocellulose and lipid-based wherein the former offers humungous scope 
of reaction chemistries that are deployable in a biorefinery akin to petro-refinery. 
Among them, levulinic acid (LA), 5-hydroxymethylfurfural (HMF) and 
2,5- furandicarboxylic acid (FDCA) and their related products render multifunc-
tional properties with diverse opportunities for applications. In the last decade, 
intense research has been carried out on these molecules. In this chapter, we shall 
discuss the background of these platform chemicals, multifarious catalytic 
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approaches made and process tools deployed, in particular for γ-valerolactone, 
LA-based plasticizers, HMF and FDCA. Challenges on these approaches and pos-
sible strategies to overcome them will also be discussed.

Keywords Biomass valorization · Levulinic acid derivatives · γ-Valerolactone · 
Furan compounds · 5-Hydroxymethylfurfural · 2,5-Furandicarboxylic acid

1  Introduction

At present, the world’s energy and chemical requirements are largely met through 
fossilized sources like petroleum, coal and natural gas. The improvement in the 
quality of life and, consequently, the increasing demand for energy necessitate the 
search for alternate and sustainable solutions to energy crisis. Sustainability, argu-
ably the “word of this century,” has been instrumental in stimulating scientists and 
technologists to explore alternative options in making fuels, chemicals and poly-
mers that facilitate our daily lives. Carbon-rich biomass is the only renewable source 
that could be explored with significant potential for producing chemicals including 
polymers. This is de facto an attractive option considering the balance between the 
availability and consumption patterns. The approach also has an intrinsic advantage 
of reducing indispensability on fossil fuels to an extent besides reducing CO2 emis-
sion, thereby benefitting our environment. Researchers all over the world have 
enthusiastically contributed to the value addition of biomass for producing chemi-
cals. Many countries with strong roots in agriculture, availability of extensive for-
est/agro-resources and vast coastline for marine macro−/micro-algae are likely to 
generate non-edible/waste biomass which can potentially be harnessed to produce 
chemicals sustainably in the years to come.

Generally, lignocellulosic biomass consists of 38–50% cellulose, 23–32% hemi-
cellulose and 15–25% lignin, which constitute about 80–90% of the total biomass. 
Cellulose is a non-branched water-insoluble polysaccharide consisting of several 
hundreds to tens of thousands of glucose units linked through 1,4-β-glycosidic ether 
bonds. Cellulose is the most abundant biopolymer synthesized by nature; its amount 
is estimated at approximately 2 × 109 tons/year [1]. Hemicellulose is a polymeric 
network connecting lignin and cellulose. Although lower in molecular weight than 
cellulose, hemicellulose consists of C6 sugars (glucose, mannose and galactose) 
and C5 sugars (arabinose, xylose and so on). Lignin is a complex three-dimensional 
cross-linked amorphous polymer consisting of three major methoxylated phenyl-
propanoid units (coumaryl alcohol, coniferyl alcohol and sinapyl alcohol) con-
nected by strong C–O (~60–70%) and C–C (~25–35%) linkages [2, 3]. Thus, the 
primary components have great potential for the production of diverse chemicals [4].

The Department of Energy (USA) with NREL (National Renewable Energy 
Laboratory) and PNNL (Pacific Northwest National Laboratory) have conducted an 
extensive study to identify valuable sugar-based building blocks [5]. Of the 300 
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initially selected candidates, a list of 30 interesting chemicals was obtained through 
an iterative process. The list was further reduced to 12 building blocks considering 
potential markets, complexity of synthetic pathway, functionality of molecule and 
abundance. Of these 12 platform molecules, some are obtained through biochemical 
methods and some others via thermochemical pathway. 1,4-Diacids (succinic, 
fumaric and malic), 3-hydroxypropionic acid, aspartic acid, glutamic acid and ita-
conic acid were obtained from biochemical pathway. Xylitol, 2,5-furandicarboxylic 
acid, levulinic acid, glucaric acid, sorbitol and 3-hydroxybutyrolactone were 
reported through thermochemical pathway.

From the last decade, our research group is associated with biomass conversion, 
working on heterogeneous catalytic approaches for the conversion and value addi-
tion of the above-mentioned platform molecules including the preparation of xyli-
tol, sorbitol, succinic acid, 5-hydroxymethylfurfural (HMF) and 
2,5-furandicarboxylic acid (FDCA). We have also focused on the valorization of 
levulinic acid into various value-added products by finding efficient catalysts and 
synthetic protocols. In this chapter, we have covered a brief outline of levulinic acid 
synthesis, state of the art on catalytic interventions for preparation of levulinic acid-
based products such as γ-valerolactone, arylated-γ-lactones and 4,4-diaryl-substi-
tuted pentanoic acid/esters. A summarized report on HMF preparation and its 
selective conversion into FDCA using ruthenium-based catalysts has also been dis-
cussed here. The end of the chapter discusses  the challenges of the mentioned 
conversions.

2  Levulinic Acid

Levulinic acid (LA), a keto carboxylic acid from biomass, is an important building 
block for fuels and chemicals harnessed by catalytic transformations. LA (C5H8O3) 
is a white crystalline solid (<30 °C), soluble in aqueous and in common organic 
solvents including polar solvents. LA is a potential intermediate for making alkyl/
aryl-substituted cyclic lactones, aliphatic alcohols including diols, cyclic/acyclic 
amides, ketals, esters, acid halides, diketones, amino/halo-substituted keto carbox-
ylic acids, alkane/alkenes, valeric acid/esters, cyclic ethers, etc.

2.1  Preparation of Levulinic Acid

LA is mainly prepared from cellulose-derived glucose by involving two steps. In the 
first step of the reaction, glucose isomerizes to fructose and is subsequently dehy-
drated to HMF. In the second step, HMF under hydrolysis in aqueous medium forms 
LA along with formic acid as a by-product (Scheme 1) [6]. The conversion in the 
presence of alcoholic medium forms alkyl levulinates and alkyl formates [7]. Many 
reports reveal the direct conversion of lignocellulose biomass (wheat straw, pulp 
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slurry, sorghum grain, corn starch, water hyacinth, bagasse and rice husk) to LA 
using homogeneous acid catalysts [6, 8–13]. Reports of LA preparation are also 
available from cellulose, glucose and HMF individually, and these conversions 
mainly used homogeneous catalysts including mineral acids, super acids, metal 
halides and acidic ionic liquids. In the course of the past few years, researchers have 
also developed many solid acid catalysts [14–25].

The hemicellulose-based xylose is also a precursor for the preparation of LA and 
its esters through furfural and furfuryl alcohol as intermediates (Scheme 2). Furfural 
undergoes selective hydrogenation using metal-supported catalysts with furfuryl 
alcohol as the product. Furfuryl alcohol in the presence of water results in LA and 
LA esters (alkyl levulinates) in alcoholic medium. Furfuryl alcohol conversion to 
LA involves acid catalysts including homogeneous acid catalysts (mineral acids), 
acidic ionic liquids and solid acid catalysts [26–30].

2.2  Applications of Levulinic Acid

Multiple functionalities of LA including carboxyl, carbonyl and so on facilitate its 
participation in various organic transformations including oxidation, hydrogena-
tion, hydrocyclization, reductive amination, condensation, etc. (Scheme 3) [31]. We 
are extensively working on the preparation of γ-valerolactone, arylated-γ-lactones 
and 4,4-disubstituted pentanoic acid/esters. A detailed discussion pertaining to 
these chemical transformations has been covered in the following sections.

2.2.1  Hydrocyclization of Levulinic Acid to γ-Valerolactone

LA under H2 environment primarily results in useful products such as γ-valerolactone 
(Gvl), 1,4-pentanediol (1,4-PDO), 2-methyltetrahydrofuran (2-MTHF) and penta-
noic acid, depending on the catalytic system and reaction parameters [32–35]. All 
these LA derivatives are industrially relevant; for example, Gvl is an attractive plat-
form chemical and has various applications in the production of biofuels, i.e. valeric 

Scheme 1 Simplified reaction mechanism for the production of LA via HMF path
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esters [36], aromatic hydrocarbons [37], liquid alkanes [38, 39], polymer intermedi-
ates, i.e. α-methylene-γ-valerolactone, 1,4-pentanediol and adipic acid [40–42]. In 
addition, Gvl itself is a green solvent for organic transformations including the con-
version of lignocellulose components (Fig. 1) [43–50].

Generally, the mechanistic pathway for the conversion of LA to Gvl involves two 
routes [51]. Path-a culminates in the hydrogenation of LA to γ-hydroxypentanoic 
acid prior to an intramolecular esterification to obtain Gvl, and path-b follows the 
esterification of the enol form of LA to α-angelica lactone (α-AL) and its 

Scheme 2 Simplified reaction mechanism for the production of LA from furfural via furfuryl 
alcohol as intermediate

Scheme 3 Catalytic organic transformation of LA to industrially valuable products
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subsequent hydrogenation to Gvl (Scheme 4). Over-hydrogenation results in the 
ring opening of Gvl forming 1,4-pentanediol as its product, under acidic conditions. 
At higher temperatures, diol undergoes cyclization to 2-methyltetrahydrofuran 
(2-MTHF).

Various research groups explored the catalytic hydrocyclization of LA and levu-
linates to Gvl using heterogeneous and homogeneous catalytic routes under batch 
and continuous flow conditions with molecular hydrogen, alcohols and formic acid 
as hydrogen sources [35, 52–57]. The homogeneous catalysts such as complexes of 
Ru/Ir/Pd, etc. were found to be quite active for this conversion. However, inherent 

Fig. 1 Applications of Gvl in the preparation of polymers and fuel intermediates

Scheme 4 Reaction mechanism for hydrocyclization of LA to Gvl
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problem of separation and catalyst disposal are bottlenecks in homogeneous cata-
lytic systems. Often expensive chemicals and multistep reaction protocols are 
required for catalyst preparation, thus limiting their applicability in large scales.

Non-noble metal-supported heterogeneous catalysts including Fe, Ni, Cu, Cr, Co 
and Mo were reported towards this hydrocyclization. Raney Ni® and Cu-/Ni- metal 
supported and combination of these two are exclusively reported using three hydro-
gen sources (H2 gas, isopropanol and formic acid) in either static or continuous 
vapour phase. The Zr-based catalysts were mainly reported for Meerwein-Ponndorf- 
Verley (MPV) of levulinic acid followed by cyclization to Gvl using alcohol as 
hydrogen source. Heterogeneous catalytic systems based on supported noble metals 
such as Ru, Pd, Pt and Au are active towards LA to Gvl conversion. Among these, 
Ru catalysts are most active under comparatively milder reaction conditions.

Layered double hydroxide (LDH) materials were found to be attractive in many 
catalytic applications because of its multifunctionality and tunable nature. 
Pristine LDH, calcined LDH (CLDH), LDH-derived ex situ and in situ catalysts and 
metal supported on LDH materials were extensively reported for levulinic acid con-
version to Gvl. The following section reviewed the prior art of this conversion using 
LDH materials including the contribution from our group.

Hydrocyclization of LA to Gvl Using Layered Double Hydroxide-Based Materials

LDH-Derived Catalysts for Hydrocyclization of LA to Gvl

The LDH-derived catalysts for LA to Gvl conversion, were first reported by Yan 
et al. who introduced Cu-Cr, Cu-Al and Cu-Fe CLDH catalyst precursors (derived 
from LDH by calcination). All the mentioned CLDH catalyst precursors showed 
good catalytic activity for Gvl (yield 90.7% for Cu-Cr, 87.3% for Cu-Al and 87.3% 
for Cu-Fe) (Table 1, entries 1–4). The Cu2+ oxide of CLDH generates Cu(0) under 
reaction conditions (200  °C, 70  bar H2 for 10  h in water) confirmed by PXRD, 
which is the active catalyst for hydrogenation. The authors observed a decrease in 
the catalytic activity (in the case of Cu-Cr) upon reuse because of carbon deposits 
on the surface of the catalyst during the reaction. To avoid this problem, they reac-
tivated the catalyst by calcination (550 °C for 3 h) and was rewarded with similar 
catalytic activity up to monitored three reaction cycles [58–60].

Li research group demonstrated a series of Al-LDH-based catalyst precursors 
using different metals such as Fe, Cu, Ni and Co. From these M-Al LDH (M = metal) 
precursors, the active catalyst species was prepared by reduction under H2 (50 mL/
min) at 700 °C for 2.5 h, and obtained catalysts are denoted as M(0)/Al2O3. Among 
the catalysts screened by the Li group, Co/Al2O3 (derived from Co-Al LDH) showed 
excellent activity towards LA to Gvl conversion with 100% conversion and >99% 
selectivity at 180 °C, 50 bar H2 for 3 h in 1,4-dioxane medium (Table 1, entries 5–9). 
The LDH precursor-derived Co/Al2O3 is more active than Co/γ-Al2O3 (prepared by 
Co impregnation on γ-Al2O3 followed by reduction) and Co/Al2O3-CR (derived 
from Co-Al LDH through calcination followed by pre-reduction), suggesting that 
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the synthesis protocol of Co/Al2O3 (derived from Co-Al LDH) greatly affected the 
catalytic performance. The used Co/Al2O3 catalyst was recovered from the reaction 
mixture by magnetic separation. The authors observed that, after reaction, the Co 
nanoparticle surface underwent oxidation to cobalt oxide in air during catalyst sepa-
ration. Thus, prior to each run (while reusability), the used catalyst was washed with 
water and re-reduced under H2 flow (50 mL/min) at 700 °C for 1 h. The activity of 
the Co/Al2O3 was maintained up to four reaction cycles following this pretreatment 
procedure [61].

Magnetic catalyst (Ni(0)-Cu(0)/MgAlFe LDH) was reported by Chen research 
group for Gvl synthesis in methanol medium with 98.1% yield and full conversion 
of LA (Table  1, entries 10 and 11). The magnetically active catalyst (Ni(0) and 
Cu(0)) is prepared from LDH precursor by prior or external reduction in H2 atmo-
sphere at 500 °C for 3 h. The prior reduction temperature of LDH affected the cata-
lytic activity; increased yield of Gvl was observed by increasing the reduction 
temperature from 350 to 500  °C, and further increment (>500  °C) resulted in a 
decrease in the selectivity of Gvl because of particle sintering at high temperature. 
Decrease in catalytic activity of the material (Ni(0)-Cu(0)/MgAlFe LDH) was 
observed in the reusability studies with increase in the number of cycles. Thus, to 
maintain the catalyst activity, the used catalyst was reactivated by prior reduction 
(500 °C for 3 h) for each cycle, and the methodology showed good reusability [62].

Kantam research group reported LDH-derived active catalyst Cu(0)-Ni(0)/MgAl 
LDH for this conversion with 100% yield of Gvl at relatively mild reaction condi-
tions (140 °C, 30 bar H2 pressure for 3 h) in 1,4-dioxane solvent (Table 1, entry 12). 
Calcination (600 °C for 6 h) followed by prior reduction (140 °C, 30 bar H2 for 2 h) 
procedure was used to generate the active catalyst (Ni(0) and Cu(0)) from its LDH 
precursor via intermediate metal oxides (CLDH). In this case also, gradual decrease 
in catalytic activity of LDH-derived material was observed upon reuse (66% yield 
at fourth cycle). Hence, to improve reusability, the catalyst was reactivated at 
140 °C, 30 bar H2 for 2 h, and it showed better catalytic activity (fourth cycle 92%) 
as compared with un-reactivated catalyst [63].

Li and co-researchers disclosed Zr containing Ni catalyst such as Ni(0)/Zr-Al 
CLDH for vapor-phase continuous production of Gvl from neat LA at 250 °C and 
ambient H2 pressure (Table 1, entries 13 and 14). The active catalyst is prepared 
from Ni-Zr-Al LDH catalyst precursor by calcination (500 °C for 4 h in static air) 
followed by reduction (600  °C for 2  h in H2/Ar atmosphere). The active LDH- 
derived catalyst (Ni(0)/Zr-Al LDH) exhibited the highest selectivity of Gvl (97.7%) 
as compared to Zr-free catalyst such as Ni/Al2O3 (85.3%), and the acidity of Zr 
enhanced the cyclization of reaction intermediate (γ-hydroxy pentanoic acid) to Gvl 
via path-a mechanism (Scheme 4) [64].

Chary et al. reported in situ hydrogen transfer (from formic acid) for Gvl prepa-
ration from LA in continuous mode. In this methodology, it was observed that Mg- 
Al CLDH (derived from Mg-Al LDH calcination at 500 °C for 6 h) was an efficient 
catalytic material by considering stability and activity as compared with physical 
mixture of MgO-Al2O3 and as-synthesized Mg-Al LDH (without calcination). 
Under the reaction conditions (270  °C and N2 flow), Mg-Al CLDH showed 
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complete LA conversion with 98% Gvl selectivity (Table  1, entries 15–17). 
Reactivated (calcination at 450 °C for 1 h) MgO-Al2O3 CLDH showed good results 
during reusability studies as compared to the spent catalyst [65].

Fu and co-authors studied several Ni-supported catalysts for this conversion by 
varying the supports such as MgO, Al2O3 and Mg-Al CLDH. Among these sup-
ports, Ni(0) on Mg-Al CLDH (derived from Ni-Mg-Al LDH through calcination 
followed by reduction) showed the highest yield (99.7%) of Gvl in 1,4-dioxane 
medium at 160 °C, 30 bar H2 for 1 h. High surface area and uniform dispersion of 
Ni on Mg-Al CLDH was the reason for better catalytic activity as compared to other 
examined catalysts (Table  1, entries 18–20). They also conducted reusability of 
CLDH-derived active catalyst (Ni/Mg-Al CLDH) and showed good recyclability 
even in the absence of reactivation [66].

The above-mentioned synthetic protocol for the  generation of active catalyst 
from LDH precursor consumes a significant amount of energy. To avoid these draw-
backs, we recently reported Ni-Al LDH catalyst precursor (without calcination or 
pre-reduction) for this conversion in water. Interestingly, Ni(0)/boehmite (Ni-Al 
LDH-derived) was obtained during the reaction and confirmed by PXRD and 
TEM. The PXRD of NiAl-LDH showed the presence of (003), (006), (012), (015), 
(018), (110) and (113) planes that are characteristic of hydrotalcite (Fig. 2), which 
completely converted to (020), (120), (140) and (051) planes of boehmite (JCPDS 
Card No. 01-074-290), and (111) with (200) for Ni (0) (JCPDS Card No.: 
00-004-0850). Platelet-like morphology of NiAl-LDH underwent a change to hex-
agonal rods of boehmite with embedded spherical Ni(0) particles having <20 nm 
size as shown in Fig.  3. The generated active catalyst (Ni(0)/boehmite) showed 
superior catalytic activity towards the reaction with 100% yield of Gvl (Table 1, 
entry 21). The active catalyst was recyclable up to four cycles without any activation 
and only a minor decrease in LA conversion in each cycle, maintaining the Gvl 
selectivity [67].

Ma et al. disclosed in situ-reduced nano-Cu/AlOOH catalyst for alkyl levulinates 
to Gvl using Cu2(OH)2CO3/AlOOH-LDH precursor using 2-propanol as hydrogen 
source [68]. Under optimized condition (180 °C for 5 h), the in situ-reduced catalyst 
showed 90.5% yield of Gvl (96% conversion of methyl levulinate) with Cu/Al 
molar ratio 3/1 (Table 1, entry 22). The pre-reduced catalyst Cu/Al2O3 has lower 
activity towards the reaction and resulted in 78% yield of Gvl because of the agglu-
tination of active catalytic Cu(0) metal particles on Al2O3 (Table 1, entry 23). The in 
situ Cu/AlOOH catalyst has strong acidic sites (obtained from TPD analysis) and 
could reasonably enhance the reaction. Various alcohols as hydrogen sources includ-
ing primary (methanol, ethanol, 1-propanol and 1-butanol), secondary (2-propanol 
and 2-butanol) and tertiary (t-butanol) alcohols were studied for the reaction using 
Cu2(OH)2CO3/AlOOH-LDH precursor.  It was observed that primary and tertiary 
alcohols are inefficient for hydrogen generation and cannot participate in the reac-
tion, wherein secondary alcohols such as 2-propanol and 2-butanol showed remark-
able activity to obtain Gvl. Using the in situ catalyst, authors identified significant 
loss in Gvl yield while increasing the number of catalytic cycles, and they 
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rationalized this from the increase (50 nm from 35 nm) in Cu(0) metal particles size 
by the TEM analysis of the spent catalyst.

Aytam research group reported ex situ-reduced Ni(0)/Al2O3-TiO2 catalyst, 
derived from Ni-Al-Ti LDH precursor [69]. The mixed metal catalyst has high cata-
lytic activity for vapor-phase hydrocyclization of LA to Gvl as compared with 
Ni(0)/TiO2 and Ni(0)/Al2O3 (Table  1, entries 24–26). The high concentration of 

Fig. 2 Powder XRD pattern for NiAl-LDH (catalyst precursor) and Ni(0)@boehmite (catalyst 
obtained after the reaction). The XRD pattern for Ni(0)@boehmite matched well with nickel 
(JCPDS Card No: 004-0850; stick pattern included) and boehmite (JCPDS Card No: 01-074-290)

Fig. 3 TEM images showing the morphology and crystallinity of NiAl-LDH catalyst precursor 
and Ni(0)@boehmite catalyst at different magnifications (catalyst obtained after the reaction)
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Lewis acidic sites (confirmed by DRIFT) along with metallic Ni active sites on the 
surface (confirmed by CO pulse chemisorption) in Ni(0)/Al2O3-TiO2 supports the 
higher activity of the material. The Lewis acidity of support (Al2O3-TiO2), i.e. peaks 
at 1630–1600/cm and 1450/cm, influences the dehydration of LA for the formation 
of angelica lactone (path-b mechanism in Scheme 4) which underwent subsequent 
hydrogenation to Gvl using active metallic Ni(0). The catalyst was also tested for 
transfer hydrocyclization of LA with formic acid as hydrogen donor, resulting in 
higher angelica lactone yield compared to desired Gvl which may be due to insuf-
ficient hydrogen (obtained from decomposition formic acid) or deactivation/leach-
ing of active Ni metal under such acidic conditions. The catalyst is active up to 17 h 
time-on-stream using molecular hydrogen, and  a further increase in time and/or 
increase in reaction cycles, a decrease in the conversion of LA is observed due to 
carbon (coke formation) deposition on the catalyst.

Transfer hydrocyclization of ethyl levulinate to Gvl using hierarchical multilevel- 
supported bimetallic catalyst (derived from Al2O3@NiCuAl-LDH precursor) was 
reported [70]. The bimetallic NiCu catalyst with 0.5 Cu/Ni molar ratio resulted in 
high activity (89% yield of Gvl) in the presence of isopropanol as hydrogen source 
(Table 1, entry 27). Alumina-supported bimetallic catalyst (NiCu) has highest den-
sity of acidic and basic sites. Lewis acidic sites of catalytic material can interact 
with carbonyl group of ethyl levulinate through the electron pair on the oxygen 
atom and are active for C=O hydrogenation. The basic sites of the catalyst are also 
responsible for MPV reduction and facilitate ethyl levulinate activation. 
As-fabricated bimetallic NiCu catalyst has good stability and activity for recycling 
studies. The bimetallic catalyst shows no metal leaching and no particle agglomera-
tion during the reaction.

LDH-Supported Metal Catalysts for Hydrocyclization of LA to Gvl

LDH materials as catalytic support were also reported for hydrocyclization of 
LA. Venugopal group reported Ru(0)/Mg-La CLDH prepared by impregnation pro-
cedure using RuCl3 with Mg-La CLDH in aqueous medium. The Ru(0)-supported 
CLDH catalyst was the first basic supported catalyst for this reaction which showed 
good catalytic activity (92% LA conversion with >99% Gvl selectivity) in toluene 
medium at 80 °C, 5 bar H2 for 4 h (Table 1, entry 28) [71]. Furthermore, Rajaram 
group also reported Pt-supported Mg-Al CLDH for LA to Gvl conversion in aque-
ous medium at room temperature, 30  bar H2 for 24  h with >99% yield of Gvl 
(Table 1, entry 29) [72].

Our group reported in situ-generated Ru(0)/MgAl-LDH catalyst from Ru(O/
OH)/LDH and hydrous ruthenium oxide (HRO)/MgAl LDH during the reaction. 
The in situ-regenerated catalysts showed remarkable catalytic activity with >99% 
yield of Gvl under mild reaction conditions (80 °C, 10 bar H2 for 30 min) in water 
(Table 1, entries 30 and 31). The Ru(0)/Mg-Al LDH material is prepared by wet 
impregnation (Mg-Al LDH with RuCl3 solution) followed by in situ reduction dur-
ing the reaction [73]. The main advantage of this invention is to avoid prior 
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reduction for preparation of Ru(0) from ruthenium precursor. Prior reduction of 
catalysts mostly consumes more energy and sometimes may even be higher than the 
input energy used for the reaction.

Cu-supported MgAl-LDH catalyst (prepared from colloidal deposition method) 
was reported by Asiri research group for hydrocyclization of LA to Gvl under 
vapour phase using fixed-bed reactor [74]. At optimized conditions, i.e. 260  °C, 
10 bar H2, and 30 mL/min H2 flow rate, the 3% Cu/MgAl-LDH catalyst (0.5 g) 
showed 87.5% conversion of LA (WHSV = 0.456/h) with 95% selectivity of Gvl 
(Table 1, entry 32). Three per cent Cu loading enhances the overall acidity of the 
material which initiates the intramolecular esterification of γ-hydroxy pentanoic 
acid to obtain Gvl. Increasing the temperature to >260 °C decreased the selectivity 
of Gvl because of the onset of competing reactions such as the dehydration of LA 
to angelica lactone and ring opening of obtained Gvl into valeric acid. The spent 
Cu/MgAl-LDH catalyst shows decrease in activity towards the reaction and is asso-
ciated with Cu particle size increment (5.3 nm from 2 nm) due to agglomeration as 
well as decrease in the surface area and acidity.

2.2.2  Arylated-γ-Lactones from Levulinic Acid and Aromatics

Preparation of arylated-γ-lactones (Agvls) was demonstrated by Yonezawa research 
group using homogeneous catalysts such as methanesulfonic acid (MsOH), triflic 
acid (TfOH) and polyphosphoric acid (PPA) [75]. Among these, triflic acid catalyst 
showed the highest yield of corresponding lactones. m-Br anisole, o-Br anisole and 
unsubstituted anisole ended with 84, 46, and 81% yields of desired Agvls at room 
temperature for 8 h (Scheme 5). However, homogeneous catalysts used are difficult 
to remove from the product mixture and pollute the environment while disposing. 
Homogeneous acid catalyst needs to be neutralized after reaction with large amount 
of bases which demands additional energy and chemical input and increases the 
overall process cost.

A patent by Hattori et  al., in JP 2011201847-A, disclosed the preparation of 
Agvls from levulinic acid with aromatics using various solid acid catalysts [76]. The 
reactions were performed under microwave irradiation in the presence of solvents. 
The drawback of this invention is the formation of multiple products under micro-
wave irradiation, rendering poor selectivity for the desired product. Another draw-
back of this invention is the use of microwave irradiation that poses difficulty and 
challenges for scale-up operations as these are to be prepared in bulk scale (in ton-
nage) where conventional heating in batch or continuous reactors would be more 

Scheme 5 Preparation of Agvls from levulinic acid with aromatics using triflic acid
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feasible technologically. Also, various chlorinated high boiling solvents such as 
1,2-dichlorobenzene were used that are not environmentally friendly and have recy-
clability issues.

We reported this transformation under solvent-free conditions using conven-
tional heating. Various zeolites were identified for preliminary screening owing to 
their properties, i.e. high crystallinity, thermal stability, tunable acidity, reusability 
and shape selectivity, which find use in industrially relevant transformations espe-
cially in petrochemicals. Among zeolites screened, Na/H-β, Na-Y, and Na-ZSM-5, 
Na-β and H-β were found active for the mentioned conversion. The high activity of 
β-zeolite is attributed to its unique pore topology and the presence of local structural 
defects through octahedral extra-framework aluminium (AlO6) that render Lewis 
acidic properties in the material, resulting in the observed conversion and product 
selectivity. H-β zeolite fared better compared to Na-β. Under optimized condition, 
the highest yield of γ-lactone was obtained with anisole: LA 4:1 molar ratio in the 
absence of solvent at 150 °C using 50 wt% catalyst loading after 12 h (Table 2, 
entry 1).

Substrate scope was extended from ethoxy to butoxy benzenes. Increasing the 
alkyl chain length had a positive effect on LA conversion with a selectivity for para- 
substituted γ-lactones (Table 2, entries 2–4). Aromatic hydrocarbon cumene did not 
participate in the reaction. Inability of the relatively less electron-rich aromatic ring 
in cumene to take part in the nucleophilic attack on the carbonyl carbon of levulinic 
acid could be a reason for its inactive nature (Scheme 6). The ring electron density 
was increased by the lone pair of electron present on the heteroatom and in the sub-
strates with electron-donating substituents. Thioanisole showed 83% selectivity of 
para-isomeric γ-lactone (Table  2, entry 5). This synthetic protocol was further 
explored with 2-methylthiophene and thiophene, which resulted in the selective for-
mation of γ-lactone (90% and 80%) with 93% and 96% LA conversion (Table 2, 
entries 6 and 7).

Recyclability of H-β catalyst was also studied. Organic carbon that adhered to 
the used catalyst (UH-β) surface was removed by calcination in air at 550 °C for 3 h. 
The used calcined catalyst (UH-βC) and fresh H-β catalyst showed comparable 
yield and selectivity for the synthesis of γ-lactone. A scalability study at 10 g of LA 
with anisole showed an increase in γ-lactone yield with time. After 6, 12, 18 and 
24 h, 38, 62, 80 and 90% yield of para-substituted γ-lactone was obtained with 95, 
94, 92 and 90% selectivity, respectively.

Mechanistic investigation for the formation of Agvls (Scheme 6) suggests that 
the lone pairs of the keto carbonyl group of LA interact with Lewis acidic sites of 
aluminium in zeolitic framework, present due to local defects [77, 78]. A partial 
positive charge generated on the keto carbon is responsible for the nucleophilic 
attack resulting in the formation of γ-hydroxy pentatonic acid intermediate. This 
unstable species underwent intramolecular esterification to γ-lactone on removal of 
water [79]. The higher activity of H-β zeolite compared to Na-β is possibly due to 
the presence of Bronsted acidic protons on H-β zeolite.
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2.2.3  Synthesis of 4,4-Diryl-Substituted Pentanoic Acid/Esters 
from Levulinic Acid and Aromatics

Preparation of Diphenolic Acid

Bisphenol A (BPA), a popular plasticizer prepared from the acid-catalysed conden-
sation of phenol and acetone (2:1 ratio), is a commercial polymer precursor, used 
for thermoplastic polymers, polycarbonates and epoxy resins and is also used in the 
making of paper currencies by several countries [80, 81]. Diphenolic acid (DPA), a 
structural analogue and a potential alternate to BPA, is a lignocellulose-derived 

aLA to aromatic molar ratio is 1:4 (LA (4.3 mmol), aromatics (17.2 mmol)), H-β (50 wt% w.r.t. LA), 
150 °C for 12 h. bconversion of LA, cisolated yield of Agvls, d110 °C, e85 °C, fGC-MS conversion 
and yield.

Table 2 Synthesis of Agvls from LA with various aromatics using H-β zeolite catalysta

aLA to aromatic molar ratio is 1:4 (LA (4.3 mmol), aromatics (17.2 mmol)), H-β (50 wt% 
w.r.t. LA), 150 °C for 12 h
bConversion of LA
cIsolated yield of Agvls
d110 °C
e85 °C
fGC-MS conversion and yield
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bisphenol having diaromatic-substituted moiety as 4,4-bis(4-hydroxyphenyl)valeric 
acid, prepared on condensation of LA with phenol under acid-catalysed reaction 
(Scheme 7) [82]. Many catalysts are reported for this conversion. Initially, the reac-
tion was reported with Bronsted mineral acids (H2SO4 and HCl) [83]. However, 
these are toxic and corrosive, and hence homogeneous mineral acids were replaced 
by insoluble heterogeneous catalysts.

The insoluble cesium-substituted Keggin-type heteropolyacid such as 
Cs1.5H4.5P2W18O62 showed 70.5% yield of DPA with 88% selectivity of p,p′-DPA 
isomer at 150 °C, molar ratio of phenol to LA 4:1 for 10 h [84]. The heteropolyacid 
catalyst revealed good reusability for three repetitive runs.

A water-tolerant solid acid catalyst, i.e. mesoporous H3PW12O40/SBA-15 
(obtained from sol-gel co-condensation), has been reported for DPA synthesis [85–
87]. The H3PW12O40/SBA-15 has high surface area, well-defined pore size and uni-
form distributed catalytic sites. The SBA with 15.7% loading of H3PW12O40 showed 
better activity towards the reaction, 80% conversion of levulinic acid with 2.9:1 
ratio of DPA (p,p′) isomer to DPA (o,p′) isomer. The high pore size of catalytic 
material facilitates the accessibility of the reactive sites in the framework for the 
reactants. The H3PW12O40/SBA-15 catalyst is regenerated by calcination (420 °C) 
and was recycled for five reaction cycles with almost similar catalytic activity.

Sels research group reported a new class of acid catalyst, i.e. sulfonated hyper-
branched poly(arylene oxindoles) (SHPAOs) in combination with thiol co-catalyst. 
Using SHPAO catalyst, various thiol compounds, e.g. benzylthiol, ethanethiol, 
1-propanethiol, 1-butanethiol, 2-propanethiol and 2-methyl-2-propanethiol, were 
explored at 200 °C for 16 h under inert atmosphere and absence of solvent [88, 89]. 
The less sterically hindered co-catalyst/additive ethanethiol showed high yield of 
DPA (52.9%) with high selectivity of p,p′ isomer (19.5 ratio of the p,p′-DPA to the 
o,p′-DPA isomer). The role of thiol promoter in catalytic mechanism cycle is men-
tioned in Scheme 8.

Scheme 6 Mechanistic pathway for Agvls formation from LA with anisole using β-zeolite
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Scheme 7 Preparation of diphenolic acid from levulinic acid with phenol

Scheme 8 Mechanism for formation of diphenolic acid using sulfonic acid-functionalized cata-
lyst with thiol promoter
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High yield of DPA has been reported using Bronsted acidic ionic liquids (BAILs) 
as catalyst [90]. The combination of ionic liquid and propanethiol showed 91% 
yield of DPA including high selectivity of p,p′-DPA isomer (ratio of p,p′/o,p′ is 
>100) at 60 °C for 48 h (Scheme 9). The catalytic system is also applied for the 
preparation of diphenolic esters by reacting alkyl levulinates with phenol. The alkyl 
levulinates, methyl, ethyl and n-butyl, gave 57%, 58% and 75% yield of corre-
sponding diphenolic esters, and diphenolic acid was observed as the side product. 
Interestingly, high yield of diphenolic esters was observed using levulinic acid as 
the reactant in a suitable alcoholic medium.  Methanol, ethanol and n-butanol 
resulted in 87%, 83% and 86% yield of the corresponding diphenolic esters, and a 
minor yield of diphenolic acid (2–6%) was reported. The catalytic system had good 
stability and was recyclable for four reaction cycles, with a minor decrease in the 
product yield.

Recently, Shen et al. reported different acid catalysts for this conversion such as 
[BSMim]OAc, as [BSMim]CF3SO3, [BSMim]HSO4, [Bpy]HSO4, [AMim]Br, 
[BMin]Cl, NH3SO3H, p-TSA and HCl at 60  °C, 24 h, LA to phenol (1:4) ratio, 
50 mol% of catalyst and 1 mol% ethanethiol w.r.t LA. Among them, [BSMim]CF3SO3 
and [BSMim]HSO4 resulted in 100% selectivity for p,p′-DPA with 81 and 75% 
conversion of LA. At optimized condition, [BSMim]HSO4 showed 93% conversion 
with desired p,p′-DPA as the only product [91].

Preparation of 4,4-Bis(5-Methylfuran-2-yl) Pentanoic Acid and Esters

Zhang research group disclosed the acid-catalysed preparation of γ,γ-di-2- 
methylfuran pentanoic acid (4,4-bis(5-methylfuran-2-yl) pentanoic acid) and its 
esters from levulinic acid and its derivatives (angelica lactone and ethyl levulinate) 
with 2-methylfuran by hydroxyalkylation-alkylation (HAA) (Schemes 10 and 11) 
[92, 93]. Nafion-212 resin showed good catalytic activity towards the desired prod-
uct. At reaction conditions (50 °C for 1 h), angelica lactone showed high yield of 
HAA product with 81.3%, wherein 12.0% and 4.8% yield of HAA product was 
reported from ethyl levulinate and levulinic acid. The reusability of Nafion-212 
resin was investigated for six reaction cycles with marginal decrease after the third 
run, attributed to handling loss of the catalyst.

Scheme 9 Ionic liquid-catalysed diphenolic acid formation using propanethiol
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The product from HAA reaction, i.e. 4,4-bis(5-methylfuran-2-yl)pentanoic acid, 
is converted into 4,4-bis(5-methyl-tetrahydrofuran-2-yl)pentan-1-ol intermediate 
by hydrogenation over 5% Pd/C catalyst. The substituted pentanol is converted into 
liquid alkanes ((C9–C15 diesel range alkanes (81–82%), C5–C8 gasoline range 
alkenes (10–11%) and C1–C4 alkanes (1–2%)) through hydrodeoxygenation using 
again 5% Pd/C catalyst under continuous flow (Scheme 12) [92].

Preparation of (4,4-Bis(5-Methylthiophen-2-yl)pentanoic Acid

Our group reported the preparation of (4,4-bis(5-methylthiophen-2-yl)pentanoic 
acid denoted as bisthiophenic acid-methyl (BTA-M)) from levulinic acid with 
2-methylthiophene for the first time using solid acid catalysts (Scheme 13). Among 
the catalysts used such as zeolites, clay and resins, the resin catalysts (Indion-190 
and Amberlyst-15) were more active. Indion-190, an inexpensive resin catalyst, 
showed 98% selectivity and 99% conversion (based on LA) of BTA-M under opti-
mized  solvent-free reaction conditions, i.e. levulinic acid to 2-methylthiophene 
molar ratio is 2.5, 30 wt% of Indion-190 catalyst w.r.t LA, 110 °C for 6 h. The 
recyclability of Indion-190 for the preparation of BTA-M was demonstrated for 
three reaction cycles with a slight decrease in the conversion of reactants.

Preparation of alkyl 4,4-bis(5-methylthiophen-2-yl)pentanoate (bisthiophenic 
alkyl esters-methyl (BTAE-M)) from levulinic esters (methyl, ethyl and butyl) with 
2-methylthiophene using Indion-190 catalyst was also attempted (Scheme 13). In 
the presence of methyl and ethyl levulinates, high conversion (99 and 94%) and 
good selectivities of related products methyl 4,4-bis(5-methylthiophen-2-yl)pen-
tanoate (96%) and ethyl 4,4-bis(5-methylthiophen-2-yl)pentanoate (95%) were 
observed. Under similar conditions, butyl levulinate showed less conversion (13%) 
with poor selectivity of butyl 4,4-bis(5-methylthiophen-2-yl)pentanoate (38%). 

Scheme 10 Hydroxyalkylation-alkylation of ethyl levulinate with 2-methylfuran
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This poor conversion may be due to the bigger size of butyl levulinate, which is 
sterically precluded from interacting with the acidic active sites of the catalyst.

The applications of BTA-M and BTAE-M were explored in various domains. We 
tested BTA-M compound as lubricant, plasticizer and antioxidant and antibacterial 
agent. Surprisingly, the molecule showed good applicability in the field of polymers 
as plasticizing agent. Moreover, the compound has good antioxidant property.

3  5-Hydroxymethylfurfural

5-Hydroxymethylfurfural (HMF) is an organic compound which was first identified 
in 1875 as an intermediate product during the synthesis of LA from sugar under 
sulphuric acid treatment. Mainly, HMF is considered as a platform chemical for the 
synthesis of bio-based fuel additives and polyester building blocks.

3.1  Preparation of 5-Hydroxymethylfurfural

 In principle, HMF preparation Fructose dehydration to HMF conversion mecha-
nism is simple, i.e. removal of three water molecules from hexose using an acid 
catalyst. However, practically synthesizing HMF is quite complicated because of 
the side reactions under acidic medium, i.e. hydration of HMF to LA with formic 
acid as a byproduct  and homo-polymerization of HMF into poly- furanics which 
result in poor yield of HMF. According to the literature, cellulose or starch can be 
converted to HMF in three steps as follows:

 1. Acid-catalysed hydrolysis of cellulose or starch into glucose monomeric units.
 2. Acid-catalysed isomerization of glucose to fructose.
 3. Acid-catalysed dehydration of fructose to HMF.

The key to achieve good yields of HMF is to choose the best catalyst, and the 
reaction condition simultaneously should suppress the formation of byproducts.

Scheme 11 Hydroxyalkylation-alkylation of angelica lactone with 2-methylfuran
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3.1.1   Catalytic systems reported for Fructose Dehydration to HMF

According to the literature, there are two dehydration mechanistic pathways, result-
ing in cyclic and acyclic intermediates [94]. However, cyclic pathway is well 
accepted around the scientific community (Scheme 14). Many catalysts were 
reported for this conversion including mineral/organic acids, metal salts/oxides, het-
eropolyacids, functionalized carbon materials, ion-exchange resins, clay and zeo-
lites. The summarized reports of each type of catalytic materials are discussed in the 
following sections.

Mineral and Organic Acids

Mineral acid (HCl, H3PO4, H2SO4)-catalysed homogenepus catalytic reactions are 
reported in batch and continuous flow conditions (Table 3, entries 1–5) [95–100]. 
High HMF conversion rate was observed regardless of the nature of the acid, and it 
is well known that H+ ions are responsible for the dehydration reaction. Using min-
eral acid catalysts, the difference in the selectivity of HMF is observed by varying 
medium and anions associated with the acids [95].

In continuous micro-reactor system using HCl catalyst, 96% conversion of fruc-
tose with 85% selectivity of HMF in mixed solvents (MIBK/2-butanol + 
H2O + DMSO) was reported (Table 3, entry 1). H2SO4 and HCl showed excellent 
yield of HMF, i.e. 95 and 97% in the presence of ionic liquid (Table 3, entries 2 and 
3). 67% yield of HMF was observed with H3PO4 as catalyst in [BMIM]Cl ionic 
liquid (Table 3, entry 4). Fructose in DMSO medium using formic acid catalyst 
afforded maximum yield of HMF (99%) (Table  3, entry 5). Practical problems 
observed in making HMF using mineral acids as catalyst are corrosion of reactor 
vessel and product separation.

Metal Salts

Lewis acidic metal chlorides were found to be excellent materials for acid-catalysed 
dehydration of fructose for HMF production. AlCl3, catalysts from lanthanide 
group, chromium chloride, zinc chloride, lithium chloride, niobium chloride, indium 
chloride and cupric chloride were also employed as catalysts in DMSO, water, sul-
folane and ionic liquids like [BMIM]Cl and [EMIM]Cl solvents (Table 4, entries 

Scheme 12 Liquid alkanes from obtained 4,4-bis(5-methylfuran-2-yl)pentanoic acid through 
hydrogenation followed hydrodeoxygenation
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1–9)  [101–109]. The highest yield of HMF was observed with LaCl3 and CrCl3 
(92.6 and 96%). Other metal salts afforded good to moderate yield of HMF and 
some of them were recyclable, e.g. AlCl3 and InCl3.

In a noticeable study, our group reported that the synergism among alumina, 
metal salt and solvent played an important role in the direct conversion of glucose 
to HMF. Alumina helped in the isomerization of glucose to fructose, while copper 
chloride and solvent promoted fructose dehydration to HMF (Scheme 15). Using 
this catalytic system, several carbohydrates were chosen for the preparation of HMF 
such as glucose, fructose, galactose, cellobiose, sucrose and starch (Table 4, entries 
10 and 11) [110]. Reaction at higher glucose concentration (50 wt% w.r.t to DMSO) 
was carried out at 140 °C. The HMF yield was 52% with the retention of efficiency 
even at high substrate concentration.

Scheme 13 Preparation of BT(A/E)-M from levulinic acid and its esters with 2-Met using acid 
catalysts

Scheme 14 Proposed mechanism for the dehydration of fructose to HMF using acid catalyst
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Metal Oxides

Inexpensive metal oxides were extensively studied for fructose dehydration in dif-
ferent solvent systems (Table 5). Armaroli et al. reported niobium phosphate as het-
erogeneous catalyst for this dehydration reaction in water as solvent medium. 
Although the conversion level is low, selectivity (100%) towards HMF was excel-
lent, and the catalyst was reusable for four cycles (Table 5, entry 1) [111]. Carniti 
group demonstrated fructose to HMF dehydration reaction in a continuous flow 
reactor system using silica-niobia mixed metal oxide catalyst (Table 5, entry 2) [112, 
113]. The mentioned fixed-bed reactor system was operational up to several hundred 
hours, but the selectivity and yields were very low. At high temperature (175 °C), 
silicoaluminophosphate catalyst yielded 80% HMF at 1 h and was reusable up to 
five cycles (Table 5, entry 3) [114]. Binary mixtures of solvents (water +2-butanol) 
was reported using tantalum hydroxide (treated with 1 M phosphoric acid) as a cata-
lyst at 160 °C and afforded 90% yield of HMF (Table 5, entry 4). Catalyst recy-
clability experiments were done by washing the used catalyst several times with 
water followed by oven drying overnight and used for further reaction cycles [115]. 
Saha research group discussed self-assembled mesoporous titania microspheres for 
this dehydration reaction in binary solvent system, i.e. dimethylacetamide and 10% 
lithium chloride with 74.2% yield of HMF (Table 5, entry 5). Lewis acidic TiO2 is 
responsible for the glucose to fructose conversion, and lithium chloride was respon-
sible for fructose dehydration [116]. Sulphated zirconia (prepared by impregnation 
with H2SO4) reported moderate HMF yield (72.8%) from fructose in acetone-DMSO 
medium under microwave irradiation (Table 5, entry 6) [117].

Table 3 Fructose dehydration to HMF using homogeneous mineral and organic acid catalysts

Entry
Wt. of 
fructose Catalyst Solvent

Temp 
(°C) Time

Conv. 
(%)

Sel. 
(%)

Yield 
(%) References

1 30 wt% HCl 
(0.1 M)

MIBK/2- 
butanol + 
H2O + DMSO

185 1 min 96 85 82 [96]

2 1 g H2SO4 
(40μL, 0.75 
mmol)

[BMIM]Cl 
(20 g)

120 30 min 100 95 95 [97]

3 0.4 g HCl 
(0.2 mmol)

[BMIM]Cl 
(4.0 g)

80 8 min – – 97 [98]

4 180 mg H3PO4 
(1 mmol)

[BMIM]Cl 
(10 mmol)

80 1 h – – 67.2 [99]

5 3.6 g 10 mol% 
HCOOH

DMSO (8 ml) 150 8 h – – 99 [100]
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 Heteropolyacid (HPA)-Based Catalysts

Heteropolyacids are a class of strong acids having certain metal or non-metal-based 
oxo-anionic clusters in the system. Due to their excellent physicochemical proper-
ties, Keggin structure, thermal stability and high acidity, they have been extensively 
reported as catalysts for acid-catalysed organic transformations including dehydra-
tion reactions [118–120]. Xiao et al. demonstrated that H3PW12O40 and H4SiW12O40 
are highly efficient catalysts for this dehydration reaction using 1-butyl-3- 
methylimidazolium chloride [BMIM]Cl as a solvent. HMF was obtained with 99% 
yield in only 5 min at 80 °C under microwave irradiation condition (Table 6, entry 
1) [121].

Jiang group reported a novel water-tolerant C16H3PW11CrO39 catalyst, prepared 
from cetyltrimethyl ammonium salt of transition metal (Cr(III))-substituted polyoxo-
metalate (C16-cetyltrimethyl ammonium). The novel catalyst showed moderate 
performance even at high concentration of fructose (30  wt%) (Table  6, entry 2) 
[122]. The high catalytic activity at concentrated fructose solution is due to the 
coexistence of Lewis and Bronsted acidic sites and also the hydrophobic groups 
present in the catalyst.

Wang research group found an economic and environmental friendly method for 
obtaining HMF from fructose using Cs2.5H0.5PW12O40 catalyst in a biphasic system 
(water + MIBK). Seventy-four per cent yield of HMF with 94.75% conversion of 
fructose at 115 °C for 1 h was reported, and the catalyst was reported to be effective 
up to high concentrations of fructose (50 wt%) as well (Table 6, entry 3) [123]. 
Silver ion exchanged phosphotungstic acid (Ag3PW12O40) also proved to be an 
excellent catalytic system for fructose dehydration to HMF (Table 6, entry 4) [124]. 

Scheme 15 Conversion of glucose to HMF using combination of Al2O3 and CuCl2 in 
DMSO medium

S. Gundekari et al.
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To overcome the difficulty in separation and large usage of ionic liquids (ILs), HPA- 
ILs composites were developed for this acid-catalysed dehydration reaction. Such a 
system was reusable at least five times  (Table 6, entry 5) [125]. Ganji recently 
reported tin-loaded silicotungstic acid (Sn-STA-2) by hydrothermal microwave 
treatment which showed good conversion and yield of HMF in DMSO medium. The 
surface acidity of the catalyst (Sn-STA-2) plays a crucial role for optimum catalytic 
activity (Table 6, entry 6) [126].

 Ion-Exchange Resins

Ion-exchange resins are insoluble solid matrix/support normally in the form of 
0.5–1 nm size beads or balls. The appearance varies from yellow, brown and faded 
black colour, made from organic polymeric substrate. Predominantly, two main 
classes of ion-exchange resins are available, styrene-based sulfonic acid resins and 
Dow-type resins [127, 128]. The resin catalysts show high catalytic activity towards 
many acid-catalysed reactions. Hence, the researchers explored them for the dehy-
dration of fructose to HMF. A comparative study was done by Nijhuis group with 
acidic heterogeneous catalysts like alumina, aluminosilicate, zirconium phosphate, 
niobic acid, ion-exchange resin, Amberlyst-15 and mordenite (MOR)-zeolite for 
fructose dehydration to 5-hydroxymethylfurfural (HMF) in aqueous medium. It was 
reported that the order of Bronsted acidity contributing to the dehydration reaction 
is Amberlyst-15 > MOR>ZrPO4 > SiO2-Al2O3 > Nb2O5 > Al2O3. The authors con-
cluded that HMF selectivity correlates with the presence of Bronsted acidity in 
Amberlyst-15 and zeolite-MOR catalysts, whereas Lewis acidity is responsible for 
the decreased HMF selectivity due to the initial condensation of fructose to humins 
over Lewis acidity (Table 7, entry 1) [129].

Mu group extensively studied fructose dehydration in low boiling solvents using 
Amberlyst-15 acidic resin catalyst and yielded approximately 50% HMF (Table 7, 
entry 2) in THF medium and in binary mixture of solvents (THF and methanol). 

Table 7 Fructose dehydration to HMF using resin catalysts

Entry
Wt. of 
fructose Catalyst Solvent

Tem. 
(°C) Time

Conv. 
(%)

Sel. 
(%)

Yield 
(%) Reuse References

1 20 g Amberlyst-15 
(4 g)

H2O 
(300 mL)

135 400 m ≈31 ≈54 ≈17 – [129]

2 0.25 g Amberlyst-15 
(0.29 g)

THF 
(10 mL)

120 20 m 98 49 48 11 [130]

3 9 g Amberlyst-15 
(10 g)

Dioxane 
(100 mL)

100 3 h 98 82 80 5 [131]

4 0.38 g Amberlyst-70 
(0.20 mmol H+)

DMSO 
(5.0 g)

140 1 h 100 93 93 3 [132]

5 0.4 g Amberlyst-15 
(0.1 g)

DMSO 
(3 mL)

120 1 h 100 82 82 7 [133]
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HMF along with 5-methoxymethylfurfural (MMF) were obtained with an increase 
in the total yield to 65%. Using methanol as solvent, etherification was initiated as 
HMF was converted into MMF with 37% yield (Table 7, entry 2) [130]. Commercially 
attractive process for the production of HMF from high fructose corn syrup was 
developed by Jeong et al. They found 1,4-dioxane to be a promising solvent media 
after screening various solvents using Amberlyst-15 a solid acid catalyst. HMF 
yield was 80% with the reusability of the catalyst up to five times and solvent recy-
cled after simple distillation (Table 7, entry 3) [131]. Morales group reported high 
sulfonic acid-loaded acidic resin as a heterogeneous catalyst for the dehydration of 
fructose to HMF in DMSO, yielding 93% of HMF in 1 h (Table 7, entry 4). The 
authors also studied this reaction with glucose as a starting material, which yielded 
33% HMF in 24 h. In this case, DMSO as a solvent played an important role in 
dehydrating glucose to anhydroglucose which facilitated the production of HMF by 
reducing side reaction [132].

A study done by our group showed the influence of DMSO and dimethylfor-
mamide (DMF) on the recyclability of Amberlyst-15 catalyst for the dehydration of 
fructose to HMF. In case of DMSO as a solvent, stable activity of the catalyst is 
noted, whereas in DMF, significant loss of activity is observed up on recycling. The 
loss of activity in DMF is due to the neutralization of acidic sites by the formation 
of ammonium ions which was inferred from FT-IR and CHNS studies. To regener-
ate the catalytic activity, dilute acid treatment was required (Table 7, entry 5) [133].

 Functionalized Carbon Materials

High stability of carbon materials and complementary properties on hydrophobicity 
have resulted in the use of mainly sulfonated carbonaceous materials as solid cata-
lysts for fructose dehydration to HMF. Wang group reported a carbon-based solid 
acid, prepared from glucose and p-toluenesulfonic acid (TsOH), and used for cata-
lytic dehydration of fructose into HMF (91.2% yield). The catalyst was active in 
DMSO at 130 °C for 1.5 h (Table 8, entry 1). Moreover, this catalyst showed a good 
reusability for five reaction cycles [134]. Huang et al. reported cellulose-sulphuric 
acid as catalyst, prepared from cellulose treated with chlorosulfonic acid. The recy-
clable solid acid catalyst revealed high yield (93.6%) of HMF in DMSO for 45 min 
(Table 8, entry 2) [135].

A series of sulfonic acid-functionalized carbon materials (C-SO3H), including 
poly(p-styrenesulfonic acid)-grafted carbon nanotubes (CNT-PSSA), poly(p- 
styrenesulfonic acid)-grafted carbon nanofibers (CNF-PSSA), benzenesulfonic acid-
grafted CMK-5 (CMK-5-BSA) and benzenesulfonic acid-grafted carbon nanotubes 
(CNT-BSA), was studied for this conversion. Among these functionalized carbons, 
CNT-PSSA showed exceptional catalytic activity and afforded 89% HMF yield (Table 8, 
entry 3). This excellent catalytic activity is due to the high Bronsted acid strength which 
is confirmed by potentiometric acid-base titration and ion chromatography [136].

Russo et al. adopted a simple synthetic procedure for the preparation of carbon- 
silica composite activated with SO3H groups by acid treatment with different acid 
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concentration. The reaction carried out in the binary solvent mixture (ethanol-water) 
at 170 °C for 1 h resulted in fructose conversion up to 78% with 43% yield of HMF 
(Table 8, entry 4) [137]. The authors claimed that increase in the ratio of surface 
activating agent and mass of carbon precursor eventually increases the acid strength 
of the catalyst, and this is also accompanied by the creation of mesoporosity which 
increases the accessibility of the reactants towards the active sites. Zhu research 
group reported graphene oxide as a catalyst for this conversion. In this work, a 
series of co-solvents were employed with DMSO. 20 vol% 2-proponal (with DMSO 

Scheme 16 Organic transformations of HMF

Scheme 17 Preparation of PET (from terephthalic acid) and PEF (from FDCA)
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80 vol%) binary solvent system yielded 90% HMF (Table 8, entry 5). The authors 
revealed that a small number of sulfonic groups and abundance of oxygen- containing 
groups (alcohols, epoxides, carboxylates) play a synergic role in maintaining the 
high performance of graphene oxide [138].

 Clay and Zeolitic Materials

Zeolites are microporous aluminosilicates widely used as commercial adsorbents, 
more particularly in gas adsorption and bearing worldwide application as industrial 
catalysts. Zeolites have large open cage-like structure that form channels, having 
large pore size and high surface area which greatly allow the reactants into the zeo-
lite framework and result in good catalytic activity. This property of zeolites culmi-
nated in their classification under the materials known as “molecular sieves”. 
Zeolites are more advantageous over other solid acid catalysts, having advantages 
like easy separation compared to homogenous catalysts, catalyst regeneration upon 
high temperature treatment and stable at high temperature in aqueous condition 
compared to ion-exchange resin catalysts. Some highlighted results of fructose 
dehydration investigated using zeolite catalysts and listed in Table 9.

Moreau et al. performed dehydration of fructose into 5-hydroxymethylfurfural 
in a batch mode in the presence of H-form of zeolites as catalysts at 165 °C and in 
a binary solvent mixture consisting of water and methylisobutylketone (1:5 by vol-
ume). The catalytic activity observed depended on both the acidic sites and struc-
tural properties of the catalyst used. Good selectivity towards HMF was achieved 
using mordenite-zeolite catalyst with the Si/Al ratio—11 (Table 9, entries 1 and 2). 
The high selectivity obtained was correlated by shape-selective properties of cata-
lyst which can be reused for several runs after thermal treatment without consider-
able loss in activity [139, 140].

Zhang group discussed the preparation of novel zeolite microspheres for the 
dehydration of fructose to HMF. They adopted a simple synthetic procedure named 
polymerization-induced colloid aggregation (im-PICA) for the preparation of zeo-
lite microspheres (ZMSs) with a hierarchical porous structure and uniform particle 
size. As expected, these zeolite microspheres afforded good yield of HMF (77%) 

Scheme 18 Preparation of FDCA from furfural
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(Table 9, entry 3) [141]. The catalytic activity of Sn-montmorillonite (mont) was 
explored towards this conversion in DMSO-THF binary mixture of solvents, and the 
HMF yield was 78% in 1 h at 160 °C from fructose (Table 9, entry 4) [142]. The 
aluminium-exchanged montmorillonite-K-10 clay was found to be an efficient cata-
lyst for the dehydration of fructose to HMF in DMSO solvent with 93.2% yield at 
120 °C in 3 h (Table 9, entry 5) [143]. Yang et al. provided a green and economic 
pathway for the conversion of fructose to HMF using natural clay attapulgite (ATP) 
in a 2-butanol-water system. The highest activity was observed with phosphoric 
acid-treated attapulgite (ATP-P) catalyst. This excellent activity was attributed to 
the appropriate amount of Bronsted acidic sites which brought the HMF yield of 
96.3% (Table 9, entry 6) [144].

3.2  Applications of 5-Hydroxymethylfurfural

HMF is a multifunctional molecule which can undergo many organic transforma-
tions, for example, oxidation, hydrogenation, etherification, hydrodeoxygenation, 
hydration, decarboxylation, hydrogenation-hydrogenolysis and esterification, with 
several high value-added products as mentioned in Scheme 16. Thus, HMF is known 
as the “sleeping giant” in the field of biomass and is a common building platform 
reported in the survey by DOE and EU.

Among the applications FDCA conversion of HMF, the selective oxidation prod-
uct FDCA is attractive in the present scenario as it is a precursor for polyethylene 
furanoate (PEF), a suitable alternative for the replacement of fossil-based tere-
phthalic acid (TPA)-derived polyethylene terephthalate (PET) for making plastics 
(Scheme 17) [145]. Unfortunately, HMF is not stable for long periods under ambient 
conditions, though pure HMF remains stable up to 8 months under freezing condi-
tions. Presence of small impurity promotes the formation of dimer and oligomers.

Scheme 19 Oxidation reaction network of HMF to possible products
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3.2.1  History of FDCA Synthesis

FDCA was first produced from the dehydration of mucic acid in the presence of 
strong acid (48% HBr) by Fitting et al. This conversion is industrially un-attractive 
due to high cost of starting material, long reaction time and relatively high reaction 
temperature. Further, a process was developed from xylose-derived furfural. 
Unfortunately, this pathway was also aborted due to the multistep synthesis includ-
ing a number of intermediates (Scheme 18). Thus, the researchers strived to look for 
the alternative, efficient and economical pathway for the production of FDCA [145].

Table 10 Oxidation of HMF using non-Ru-supported catalysts

Entry Catalyst Solvent Base
T (°C)/t 
(h)

HMF 
con. 
(%)

FDCA 
yield (%)

DFF 
yield 
(%) References

Non-noble catalysts
1 Cu-MnO2 MeOH – 140/5 75 – 51 [146]
2 g-C3N3-TiO2 ACN – RT/4 52 – 42 S [147]
3 MnO2 H2O NaHCO3 100/24 99 91 – [148]
4 MnOx-CeO2 H2O KHCO3 100/21 98 91 – [149]
5 Mn0.5Co0.50 EtOH Na2CO3 140/2 42 – 98 S [150]
6 V2O5/CP DMSO – 140/5 100 – 80 [151]
7 Co/Mn/Br H2O/

OAc
– 160/0.5 99 83 – [152]

8 Fe3O4@C@Pt H2O Na2CO3 90/10 100 100 – [153]
9 CuOCeO2 H2O – 110/3 99 – 99 

FFCA
[154]

10 NNC-900 H2O K2CO3 80/48 100 80 – [155]
11 Mn0.75/Fe0.25 H2O NaOH 90/24 99 21 79 

FFCA
[156]

12 Fe3O4-CoOx DMSO – 80/12 97 68 – [157]
13 FeIII-POP-1 H2O – 100/10 100 79 [158]
14 1 wt% 

V2O5/H-beta
DMSO – 125/3 84 – 82 [159]

15 Holey 2D 
Mn2O3

H2O NaHCO3 100/24 100 99 – [160]

Noble metals
16 Pt-Bi/C H2O 2 equiv.

Na2CO3

100/6 100 99 – [161]

17 Pd/PVP H2O 1.25 
equiv.
NaOH

90/6 99 90 – [162]

18 Au/HY H2O 5 equiv.
NaOH

60/6 99 99 – [163]

19 5 wt% 
Bi-Pt/C

H2O NaHCO3 100/3 98 98 – [161]
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Table 11 Selective oxidation of HMF to FDCA using Ru-supported catalysts

Entry Catalyst Solvent T(°C)/t(h)
HMF conv. 
(%)

FDCA yield 
(%) References

1 Ru(OH)x/CeO2 H2O 140/20/18 – 60 [164]
2 Ru/C H2O 140/1 99.9 23.7 [165]
3 Ru/γ-Al2O3 H2O 140/1 32.4 0
4 Pd/C H2O 140/1 35.1 0
5 Pt/C H2O 140/1 100 56.3
6 Ru/CTF H2O 140/1 100 41.4
7 Ru/CTF H2O 140/3 100 77
8 Ru/C + NaOH H2O 120/5 100 69 [166]
9 Ru/C + K2CO3 H2O 120/5 100 80
10 Ru/C + Na2CO3 H2O 120/5 100 93
11 Ru/C + HT H2O 120/5 100 90
12 Ru/C + CaCO3 H2O 120/5 100 95
13 Ru/C H2O 120/10 100 88
14 Ru/MnCo2O4 H2O 120/10 100 99.1 [167]
15 Ru/CoMn2O4 H2O 120/10 100 82.2
16 Ru/MnCo2CO3 H2O 120/10 99.9 69.9
17 Ru/MnO2 H2O 120/10 98.8 31.1
18 Ru/CoO H2O 120/10 91.1 17.8
19 ZrP-Ru H2O 110/12 14 11 [168]
20 ZrP-Ru MeCN 110/12 19 20
21 ZrP-Ru Ethanol 110/12 20 4a

22 ZrP-Ru DMSO 110/12 39 27a

23 ZrP-Ru MIBK 110/12 55 19a

24 ZrP-Ru Toluene 110/12 91 26a

25 ZrP-Ru p-Cl 
toluene

110/12 95 28a

26 ZrP-Ru + K2CO3 p-Cl 
toluene

150/6 100 34a

27 Ru/ZrO2 H-SBA H2O 120/16 97 87a [169]
28 Ru/ZrO2 H-aero H2O 120/16 100 97a

29 Ru/MgAlO H2O 140/4 100 99 [170]
30 Ru/MgO H2O 140/4 80 58
31 Ru/La2O3 H2O 140/4 4.6 0.8
32 Ru/CeO2 H2O 140/4 89 7.0
33 Ru/ZrO2 H2O 140/4 100 0
34 Ru/HAP H2O 120/1 100 >99 [171]
35 Pt/CNT H2O 100/12 100 98 [172]
36 Pd/CNT H2O 100/12 100 96
37 Ru/CNT H2O 100/12 100 93
38 Co/CNT H2O 100/12 97 96b

39 Ni/CNT H2O 100/12 97 92b

(continued)
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3.2.2  Selective Oxidation of 5-Hydroxymethylfurfural 
to 2,5-Furandicarboxylic Acid

Several furanic derivatives can be obtained via catalytic oxidation of HMF, includ-
ing 2,5-diformylfuran (DFF), 5-formyl-2-furancarboxylic acid (FFCA), 5- hydroxy
methyl- 2-furancarboxylic acid (HFCA) and 2,5-furandicarboxylic acid (FDCA). 
Among these multiple oxidation products, an efficient and selective preparation of 
FDCA is a challenging task. The reaction scheme of HMF to FDCA is mentioned in 
Scheme 19.

Selective oxidation of HMF to FDCA is advantageous because it is a one-pot 
synthesis. Conversion of HMF to FDCA was demonstrated using several homo-
geneous catalysts such as KMnO4, HNO3, Co(OAc)2, Mn(OAc)2, Zn(OAc)2, 
CuCl2, etc. [145]. Working with homogeneous catalyst has some drawbacks 
like reduced FDCA yield, side products, cumbersome separation and purifica-
tion of product from reaction mixture, use of additives and reusability of the 
catalyst.

Oxidation of HMF to FDCA was demonstrated extensively using various het-
erogeneous catalysts with molecular oxygen (O2), air, H2O2, t-BuOOH and 
KMnO4 as oxidants, but researchers mostly prefer molecular oxygen due to its 
high oxidation potential, low cost and environmentally benign nature. Non-noble 
mono-metal or its mixed metal oxide heterogeneous catalysts from Mn, Co, Fe, 
Ce, Cu and Li are reported for this oxidation reaction with base or under base-
free conditions (Table 10, entry 1-15). Among the non-noble metal-containing 
catalysts, Fe, Mn and Ce metal oxides were exclusively reported for this conver-
sion in organic, aqueous and ionic liquid medium with moderate to good yields 
of FDCA. For further improvement in FDCA selectivity, researchers developed 
many noble metal (Au, Rh, Pt, Pd and Ru) catalytic systems under base or base-
free aqueous medium using O2/air oxidant (Table 10, entry 16-19 and Table 11). 
Even though good yields were achieved using Rh and Pt, these expensive materi-
als increased the cost of the end product. Au, Pd and a combination of these met-
als as catalysts showed high activity using base additive at mild reaction 
conditions and short time as compared with base-free reaction set-ups. Moreover, 
according to the recent analysis, the Pd metal price raised by 400%, and this pre-
cious metal is now $1351.40 for 25 g, and hence more expensive than platinum 
($792.30).

Recently, Ru-based catalysts are becoming attractive towards this oxidation, as 
there are several advantages behind it: stability in aqueous medium, high selectivity 

Table 11 (continued)

Entry Catalyst Solvent T(°C)/t(h)
HMF conv. 
(%)

FDCA yield 
(%) References

40 CNT H2O 100/12 86 86c

aSelectivity of FDCA
bDFF
cFFCA
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of FDCA at relatively milder reaction conditions (preferably low O2/air pressure), 
base-free and availability of multiple Ru species such as Ru(0), oxide and hydrox-
ide. Moreover, the price of Ru is comparatively less than other noble metals. 
Important findings for the HMF oxidation to FDCA using Ru metal-supported cata-
lysts preferably under aqueous base-free medium are covered in the following 
section.

3.2.2.1  Preparation of FDCA from Selective Oxidation of HMF over 
Supported Ru Catalysts and its activity comparison with other metal 
catalysts

Gorbanev et al. studied Ru(OH)x catalyst on different oxide supports such as TiO2, 
Al2O3, Fe3O4, ZrO2, CeO2, MgO, La2O3, hydrotalcite, hydroxyapatite and 
MgO. La2O3 for conversion of HMF into FDCA in aqueous medium, under base- 
free condition with low to moderate oxygen pressure [164]. ZrO2- and Al2O3- 
supported catalysts induced the formation of formic acid as side product. Fe3O4 and 
hydroxyapatite supports showed good selectivity of the desired product; however, in 
both cases, the observed mass balance of the reaction was low, due to the formation 
of solid humins in the course of the reaction. Even though good selectivity of FDCA 
was achieved using basic Mg oxide supports such as MgO, MgO.La2O3 and hydro-
talcite, the authors found leaching of Mg in the reaction medium. Compared with 
TiO2, CeO2 support showed high conversion and selectivity; at 140 °C, 2.5 bar O2 
for 18 h, Ru(OH)x/CeO2 afforded 60% yield of FDCA and 10% of 5-hydroxymethyl- 2-
furan-carboxylic acid (Table 11, entry 1), and no other side products (levulinic acid 
and formic acid) were detected using CeO2 support. Recyclability of Ru(OH)x/CeO2 
system was also demonstrated for three cycles by the authors.

Palkovits research group introduced Ru supported on covalent triazine frame-
work (CTF) catalysts for this oxidation. The catalytic activity of Ru/CTF was com-
pared with conventional catalysts such as Ru/C, Pt/C, Ru/γ-Al2O3 and Pd/C under 
base-free aqueous medium using synthetic air as the oxidant (20 bar) (Table 11, 
entries 2–6) [165]. Ru/γ-Al2O3 and Pd/C exhibited low conversion of HMF and no 
discernable yield of FDCA.  Pt/C catalyst was very active for FDCA formation 
(56%) but less mass balance was reported for the reaction; formation of polymeric/
oligomeric products of FDCA could be the reason behind. In the case of Ru-based 
catalysts, mass balance is generally good, and side products DFF and FFCA are 
formed in addition to FDCA.  Ru/CTF showed 41.4% yield of FDCA which is 
higher than Ru/C (23.7%) catalyst under similar reaction conditions. High surface 
area (2071 m2/g) and high polarity related to hydrophilicity seem to have positive 
effects in this conversion. Interestingly, the authors observed high yield of FDCA 
(77%) by treating Ru/CTF catalyst with DMSO before reaction with a reaction time 
of 3 h (Table 11, entry 7). Ru/CTF has good reusability and was found to be stable 
compared to conventional Ru/C.

Yi et al. investigated HMF to FDCA over commercially available Ru/C catalyst 
[166]. Initially, the reaction was conducted with strong and weak base additives, and 
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the authors observed that weak base such as CaCO3 is attractive and showed high 
yield (95%) of FDCA under O2 pressure (2 bar) (Table 11, entries 8–12). Moreover, 
a clear solution was obtained in the presence of weak bases, while a brownish 
coloured solution was obtained for strong bases (NaOH or KOH) owing to the deg-
radation of HMF and promotion of side reactions. Ru/C catalyst was applied in the 
absence of base as well. At optimized reaction condition (120 °C, 5 bar O2 for 10 h), 
the catalyst afforded 88% yield of FDCA with complete conversion of HMF 
(Table 11, entry 13). Recyclability for Ru/C was also examined, and after each reac-
tion, the catalyst was washed with methanol before being used, that showed good 
activity and stability for three reaction cycles. From the control experiments, the 
authors proposed the reaction path, following the Route-A mechanism (Scheme 16) 
via intermediate DFF and FFCA.

Mishra et al. discussed supported Ru catalysts for air oxidation of HMF to FDCA 
in aqueous medium and absence of base. In this work, supports were chosen from 
various Mg- and Co-based oxides such as MnCo2O4, CoMn2O4, MnCo2CO3, MnO2 
and CoO [167]. Among them, Ru/MnCo2O4 exhibited the highest selectivity for 
FDCA (99.1% yield) at relatively milder reaction conditions (120 °C, 24 bar air for 
10 h) (Table 11, entries 14–18). The appropriate acidic sites in Ru/MnCo2O4 cata-
lyst was confirmed by NH3-TPD, Bronsted acid sites (10.7 mmol/g) and Lewis acid- 
coordinated NH3 (7.3  mmol/g), i.e. a total of 18  mmol/g aided in the selective 
formation of FDCA.  Moreover, MnCo2O4 support is a crystalline cubic system, 
whereas others have distorted spinel structures (e.g. CoMn2O4 is body-centred 
tetragonal phase). Generally, the spinel system has more adsorption affinity of oxy-
gen. Additionally, using MnCo2O4 support had high surface area (151.1 m2/g) and 
high Ru dispersion % (39.2) which were beneficial for its higher activity. Ru/
MnCo2O4 was reused for five cycles with similar conversion and selectivity. ICP 
analysis precluded even traces of leached Ru metal in the solution.

Yang et al. investigated the effect of reaction parameters and solvents towards 
HMF oxidation using RuIII-incorporated zirconium phosphate (ZrP-Ru) catalyst 
[168]. Various solvents were used for this study including H2O, MeCN, ethanol, 
methanol, DMSO, MIBK, toluene and p-chlorotoluene. Among these, DMSO, tolu-
ene and p-chlorotoluene resulted in high selectivity of FDCA (Table  11, entries 
19–25). In the case of alcohol solvents, etherified product was predominant which 
could be attributed to the Lewis acidity of Zr. Addition of base and increasing the 
temperature of the reaction improved the selectivity of FDCA (Table 11, entry 26). 
The decrease in selectivity of FDCA may be associated with the feed pattern of O2 
pressure, as the authors flushed the reaction set-up with oxygen under atmospheric 
pressure at a flow rate of 20 mL/min.

Pichler et al. demonstrated different ZrO2-supported ruthenium catalysts for this 
conversion in aqueous basic medium using O2 gas as the oxidant (10 bar) [169]. The 
high surface area-containing catalysts such as Ru/ZrO2 H-SBA and Ru/ZrO2 H-aero 
showed high catalytic activity and 97% and 100% conversion of HMF with 87% 
and 97% selectivity of FDCA (Table 11, entries 27 and 28). The high activity of 
these supports is associated with high surface area; for Ru/ZrO2 H-SBA the surface 
area is 256 m2/g and 239 m2/g for Ru/ZrO2 H-aero. The experiments show that the 
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size of the ruthenium particles is crucial for the catalytic performance; larger sur-
face area leads to the formation of small Ru particles (0.8 nm for Ru/ZrO2 H-aero, 
1.0 nm for Ru/ZrO2 H-SBA) which were found to be more active than bigger Ru par-
ticles observed in other synthesized and commercial (monoclinic and tertragonal) 
ZrO2 supports. Ru/ZrO2 H-aero catalyst was tested for reusability studies, and a 
decrease in activity was observed with increasing reaction cycles, but no loss in the 
carbon balance and no leaching of Ru metal was observed.

Antonyraj et al. studied different oxide supports such as MgO, MgAlO, La2O3, 
CeO2 and ZrO2 [170]. Among these supports, MgAlO (prepared by co-precipitation 
under low supersaturation followed by calcination)-supported Ru catalyst showed 
better activity and afforded 99% yield of FDCA which is higher as compared with 
other supported Ru catalysts (Table 11, entries 29–33). Because of the high surface 
area (200 m2/g) and appropriate basic property (6.09 mmol/g) of MgAlO, it was 
found to be highly active. In the case of other supports including MgO, their 
observed surface area was less than 100 m2/g. Even though La2O3 support has strong 
basic sites, the catalyst showed poor conversion due to the less surface area (13 m2/g) 
and surface acidity. In the case of CeO2 and ZrO2, less surface area and no basic 
property resulted in poor selectivity towards FDCA. The authors also studied the 
reusability of both catalysts, i.e. Ru/MgO and Ru/MgAlO supports were found to be 
dissolved during the reaction, but Ru/MgO showed good catalytic activity/stability 
for five reaction cycles.

Gao et al. studied highly dispersed ruthenium nanoparticles on hydroxyapatite 
(HAP) solid support for the aerobic oxidation of HMF to FDCA in aqueous medium 
under base-free condition [171]. A systematic study done by the authors includes 
the effect of HMF/Ru molar ratio, oxygen pressure, reaction temperature, kinetic 
study, catalyst stability upon reuse, surface acidity and basicity, morphology and 
dispersion and valence state of surface Ru. At optimized condition (HMF/Ru molar 
ratio: 25, 120  °C, 10  bar O2 for 1  h), Ru/HAP showed >99% yield of FDCA 
(Table 11, entry 34). The temperature was varied from 60 to 120 °C. At 60 °C, only 
FFCA intermediate was observed, which clearly showed that Ru/HAP catalyst is 
capable of converting other oxidized intermediates such as DFF and HMFCA to 
FFCA at this temperature. Upon increasing the temperature to 120 °C, >99 yield of 
FDCA from FFCA intermediate was reported. The authors disclosed that well- 
dispersed Ru0 and acidic-basic sites located in the HAP support were essential to 
drive this base-free oxidation process. The catalyst was reusable up to five cycles, 
and after five cycles, slight deactivation was observed which can be reversed by 
reducing the catalyst under H2 at 350 °C.

Sharma et al. demonstrated metal (Pt/Pd/Ru/Co/Ni)-functionalized carbon nano-
tubes (CNT) for base-free aerobic oxidation of HMF to FDCA in aqueous medium 
[172]. The noble metal-based catalysts such as Pt/CNT, Pd/CNT and Ru/CNT 
showed high yield, i.e. 98, 96 and 95%, respectively, of FDCA under relatively mild 
reaction condition, i.e. 100 °C, 30 bar O2 for 12 h (Table 11, entries 35–37). The 
screened non-noble metals such as Ni and Co-loaded CNT were selective towards 
DFF (Table 11, entries 38 and 39). In the absence of metal, simple-functionalized 
CNT material gave 86% yield of FFCA (Table 11, entry 40). In this article, the 
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authors clearly explained the mechanism of HMF to FDCA using metal-supported 
functionalized CNT (M/CNT) catalyst. Initially, the hydroxyl group of HMF is 
adsorbed on the surface of M/CNT catalyst, followed by C–H activation. Two 
hydrogen atoms (H of CH2 and OH) were abstracted by the support and removed by 
oxygen molecule favouring the formation of DFF.  The functional groups on the 
CNT interacted with the aldehyde group (of DFF) which undergo hydrolysis and 
form FFCA intermediate. Finally, FFCA easily converts into FDCA with similar 
hydrolysis mechanism as mentioned above. This work also successfully investi-
gated the adsorption behaviour of substrate and product on CNT surface. Among 
these catalysts, noble metals have more selectivity and activity towards FDCA for-
mation because of their excellent ability to attract the β-H atom from the methyl side 
chain of HMF. The catalyst ability for the attraction of β-H group is in the order 
Pt > Pd > Ru on CNT; accordingly, FDCA product selectivity also varied.

4  Conclusion and Challenges

4.1  Conclusions

The importance of biomass conversion and primary building blocks of carbohy-
drates is discussed at the beginning of this chapter. The application and importance 
of levulinic and furan-based molecules were explained with pertinent examples. A 
brief outline of levulinic acid synthesis and its catalytic conversion to various valu-
able products such as γ-valerolactone, arylated-γ-lactones and 4,4-disubstituted 
pentanoic acid/esters was covered. Prior art on hydrocyclization of levulinic acid to 
γ-valerolactone in the presence of different hydrogen sources using layered double 
hydroxide-based catalysts is discussed along with their catalytic performances. 
Preparation of arylated-γ-lactones (levulinic acid and aromatics) was introduced in 
this chapter using various homogeneous and heterogeneous (zeolite) catalysts. The 
acid-catalysed conversion of levulinic acid with aromatics into 4,4-disubstituted 
pentanoic acid/esters is disclosed such as diphenolic acid, γ,γ-di-2-methylfuran 
pentanoic acid (4,4-bis(5-methylfuran-2-yl)pentanoic acid) and (4,4-bis(5- 
methylthiophen- 2-yl)pentanoic acid. The possible applications of 4,4-disubstituted 
pentanoic acid/esters were also mentioned.

A brief discussion on 5-hydroxymethylfurfural (HMF) synthesis preferably from 
fructose dehydration has been covered using various acid catalysts including min-
eral/organic acids, metal salts, metal oxides, heteropolyacids, ion-exchange resins, 
functionalized carbon materials, clay and zeolitic materials. We focused on the per-
formance of mentioned catalysts by considering conversion of fructose, yield of 
HMF, stability, reusability, etc.. Finally, brief outline of the results of selective oxi-
dation of 5-hydroxymethylfurfural into 2,5-furandicarboxylic acid is discussed with 
emphasis on Ru-based catalyst for this conversion under base-free aqueous medium 
using O2/air as the oxidant.
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4.2  Challenging Tasks

• Several processes have been demonstrated for the synthesis of γ-valerolactone. 
However, the problem lies with its applicability. It is studied as fuel blender and 
precursor for polymers. But the high cost of Gvl starting material such as levu-
linic acid (2–3$/kg) is the bottleneck for its use in the abovementioned fields. So, 
finding the application of Gvl, as a solvent in agrochemical formulations, as an 
electrolyte in electrochemical cells and as alternative high boiling liquids, may 
be economically viable and might result in impactful research.

• Finding the suitable application for novel arylated-γ-lactones and 4,4- disubstituted 
pentanoic acid/esters, which are emerging areas in biorefinery, is also relevant 
but challenging.

• Even though maximum possible selectivity of HMF has been achieved from 
fructose, HMF separation from the reaction medium and obtaining the desired 
purity are still challenging tasks for researchers. Also, the relatively higher cost 
for fructose compared to other sugar starting materials creates a problem in its 
exploration for bulk scale synthesis of HMF. HMF production directly from cel-
lulose is highly desirable and has been presently reported in moderate yields. Its 
implementation requires a cost-competitive process. While using cellulose as a 
starting material for HMF synthesis, the side reactions, i.e. the formation of levu-
linic acid and poly-furanics (humins), has to be suppressed at optimal condition 
and catalyst. Thus, there is a scope for development in this area.

• Selective oxidation of HMF to FDCA was reported at a maximum concentration 
of 3–5 wt% in aqueous medium which is not viable at the industrial scale. Thus, 
for this conversion, high concentration of HMF has to be studied with high selec-
tivity of FDCA by implementing technical/reaction tools.
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Abstract In view of the growing threat of climate change, there is a need to put 
intense research efforts to reverse global warming effects. Use of inexpensive and 
abundantly available lignocellulose as a carbon source for reducing societal depen-
dence on fossil fuels and anthropogenic CO2 emissions is vital in the current sce-
nario. There is a need to emphasize on gradual shift from petroleum-based 
technologies toward renewable feedstock-based technologies for value-added 
chemical synthesis. Catalytic conversion of low-cost biomass into diversified indus-
trially significant platform chemicals is of great research interest. Lignocellulose- 
derived levulinic acid (LA) is increasingly gaining attention among industrialists 
and academicians owing to its useful properties and potential industrial applica-
tions. Notable chemicals that are synthesized/derived from LA include levulinate 
esters, γ-valerolactone, acrylic acid, 1,4-pentanediol, β-acetylacrylic acid, α-angelica 
lactone, 2-methyltetrahydrofuran, δ-aminolevulinic acid, etc. Among these, levu-
linate esters find useful applications as plasticizing agents, fragrance chemicals, 
solvents, intermediates in organic process industries, oxygenate additives in fuels, 
etc. Levulinate esters are generally obtained by esterification reaction in the pres-
ence of suitable acid catalysts, either in homogeneous (liquid acid) and heteroge-
neous (solid acid) medium. The solid acid catalysts are mostly favored over liquid 
acids to avoid issues related to handling, separation, regeneration, and disposal due 
to the corrosive and toxic nature of liquid acids. This chapter presents a brief account 
on several value-added chemicals that are derived from LA and discussion on 
homogeneously and heterogeneously catalyzed esterification reaction of LA to 
yield various valuable levulinate esters. Zeolite-/mesozeolite-catalyzed esterifica-
tion of LA to synthesize n-butyl levulinate and pentyl levulinate has been covered 
in detail. Zeolites as a heterogeneous catalyst are important in the development of 
cleaner technologies. This effort will serve as an aid for industrialists and academi-
cians who are working in the area of conceptualizing LA biorefineries.
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1  Biomass-Derived Scaffolds

The design and efficient synthesis of versatile molecules marks as a leading research 
front in today’s time. The reaction products—the prime focus—have shared the 
importance equivocally with the method of production and the side products gener-
ated in the process. The “method” of production has imbibed in it an important 
attribute, viz., the source. Wherein terminologies like environmental degradation 
and climate change have caught the eye of the world, all associated sectors need to 
adapt and evolve urgently. The sources mentioned here need to be environmentally 
compatible at the first place. Naturally available sources come to the mind in a go 
and upon proper research and enlightenment have taken the frontline of modern 
research.

Deriving viable chemicals from biologically alive things or part thereof is one 
such subclass to this horizon of research. The “biomass” enriched with molecular 
dexterity can be scientifically exploited for the better good—extracting or syntheti-
cally converting to numerous derivatives [1].

It has been established till now that this source-class has advantages in versatile 
domains, and at this point, it becomes important to gist out a few of the n-numbered 
benefits it withholds.

• Environmentally Benign—This point is listed out the first and therefore the pri-
mal importance. The source comes from the environment itself and hence should 
be environmentally aligned and friendly.

• Biological Compatibility—Biomass is compatible to organic matter and also is 
the biomass-derived product.

• Noncarcinogenic—Most of the bio-derived scaffolds as well as the side products 
involved in their production process are noncarcinogenic, enhancing their 
usability.

However, forming an unbiased reference certifies biomass with a few barriers, a 
low content of energy, discrete availability, seasonality, high content of moisture, 
and collection costs [1, 2]. In addition, available biomass is highly scarce. As an 
alternative raw material, on the other hand, biomass would be a preferable resource 
as chemical manufacturing needs far lower volumes of biomass to fulfill the 
demand [2–4].

In the current scenario, research toward the conversion of biomass having rich 
lignocellulose content to produce fuels, chemicals, and energy due to the rapidly 
increasing global energy consumption and environmental concerns has garnered 
considerable interest [5–7]. Meeting energy demands in the future will require alter-
natives and adequate substitution to the prevailing technologies based on fossil fuels 
with renewable and sustainable carbon-neutral technologies utilizing 
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lignocellulosic biomass as an important feedstock and raw material. To economi-
cally utilize biomass, we should not just aim for a single component but also the 
other components present. Biomass, in general, is composed of mainly three com-
ponents: cellulose, lignin, and hemicellulose [8, 9]. All these three components of 
lignocellulose biomass have signification potential and approaching for one at a 
time would waste two of the other active components.

The biochemical industry has constantly been driving a dedicated emphasis on 
the production of some chemical intermediates that can prove to be the building 
blocks for the subsequent design and synthesis of a family of end-user-centric 
chemicals. These chemicals, called the “platform chemicals,” are the promising 
candidates that can be transformed into commercially important chemicals. The US 
Department of Energy (2004) report has made a remarkable amount of reference on 
the identification of these promising bio-derived platform molecules and presented 
the well-known list of 12 highly valued building blocks [10]. In their own words, 
they defined these platform chemicals as follows: “Building block chemicals, as 
considered for this analysis, are molecules with multiple functional groups that pos-
sess the potential to be transformed into new families of useful molecules.” Platform 
chemicals have the potential to create high-value commercial products. However, 
by merely being intermediaries, they will not add value to the industrial chain. That 
value can actually be substantiated by transforming these intermediates into high- 
value end products which can properly be adopted by the end users. Glucose mono-
mers are end products of cellulose (biomass precursor) hydrolysis. And various 
value-added compounds can be derived from this glucose and the end product 
obtained based on the type of catalyst selected and reaction conditions adapted. Few 
of them are sorbitol via hydrogenation reaction, gluconic acid via oxidation, fruc-
tose through isomerization, and 5-hydroxymethylfurfural (5-HMF). The latter can 
be further converted into levulinic acid (LA) through hydration and formic acid 
through hydrolysis [11].

LA is an important platform chemical produced from a biomass-based feedstock 
for several petrochemical operations. An extensive literature is available on useful 
properties and prospective industrial applications of LA and its derivatives [11–13].

2  Levulinic Acid: An Introduction

In the current scenario, LA is gaining considerable attention as it is sourced from 
biomass and is an essential feedstock for the current petrochemical operations/pro-
cessing. 4-Oxypentanoic acid, popularly known as levulinic acid, is one of the 12 
platform organic chemicals that can be efficaciously derived from biomass and uti-
lized for the economical production of biofuels [11]. The significance of LA is 
mainly attributed to the presence of carboxylic acid and ketone functional groups in 
them which can lead to various value-added adducts via several organic reactions.

On the molecular level, conversion of lignin-rich biomass to levulinic acid fol-
lows a complicated scheme of reactions involving several byproducts and 
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intermediates [14]. Cellulose and hemicellulose, two major constituents of biomass, 
belong to a class of polymers which are carbohydrate-based and can be hydrolyzed 
to low weight sugars using acid catalysis. The catalytic decomposition of the six- 
membered sugar fragments (e.g., glucose) produces 5-hydroxymethyl-2-furalde-
hyde as an intermediate. This is then subsequently rehydrated giving levulinic acid 
and formic acid as final products (Scheme 1).

As mentioned in the preceding paragraph, the presence of both the ketone and a 
carboxylic acid group in the molecule at the same time helps in deriving numerous 
potent chemicals, to name a few, levulinate esters, acrylic acid, γ-valerolactone, 
1,4-pentanediol, α-angelica lactone, β-acetylacrylic acid, δ-aminolevulinic acid, 
2-methyl THF, etc. [15]. They have many end-user applications; for instance, 
2-methyl-THF (2-MTHF) and levulinic esters may find use as gasoline and bio-
diesel additives, respectively. δ-Aminolevulinate, a popularly known herbicide, and 
various other bisphenol derivatives may substitute bisphenol A with added 

Scheme 1 One of the 
many methods for the 
derivation of LA from 
polysaccharides in biomass
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properties [16]. Ethyl levulinate, the product of the esterification reaction between 
LA and ethanol, is utilized as an oxygenating additive in fuels [17]. Another levu-
linate ester, n-butyl levulinate, is an important intermediate in the organic process-
ing industries for purposes such as solvents, odorous substances, and plasticizing 
agents [18].

Another important derivative is the γ-valerolactone (GVL) [19], which is a sus-
tainable liquid and is produced by the catalytic hydrogenation of LA [20]. GVL has 
successfully been used for the synthesis of pentane-1,4-diol, ionic liquids, butene 
isomers, adipic acid, alkanes, transportation fuels, and polymers [19, 21–25].

Considering the commercial aspects of the levulinic acid, it is reported that 
DIBANET project (Development of Integrated Biomass Approaches NETwork) 
focuses on the utilization of organic waste and residues to produce ethyl levulinate 
and on the production of δ-aminolevulinic acid (DALA) and methyltetrahydrofuran 
(MTHF) from biologically defined processes. DIBANET aims to promote the col-
laboration of seven and six universities, respectively, from Latin America and 
Europe. The budget of the project was €3.7 million. Therefore, it could be con-
cluded that there is a remarkable interest to scale up to the desired production 
because of its significant potential for both research and industrial applications.

3  Levulinic Acid as a Platform Chemical 
for Value-Added Products

The presence of dual functional groups like ketone and carboxylic acid made levu-
linic acid an important platform for the productions of useful value-added products. 
It is the most important class of gamma-keto acids, which can be derived from the 
biomass and can undergo various chemical reactions to produce value-added prod-
ucts, such as animal feed, textile dye, coating material, pharmaceuticals, food fla-
voring agents, polymers, herbicides, anti-freezing agents, etc. [12, 26, 27]. Due to 
such kind of properties, the US National Renewable Energy Laboratory (NREL) 
has considered it as the most promising building block for various organic transfor-
mations [28].

Levulinic acid can be used to produce γ-valerolactone by hydrogenation reac-
tion. Further hydrogenation of γ-valerolactone gives 1,4-pentanediols, and subse-
quent hydrogenation affords 2-methyltetrahydrofuran (2-MTHF), which can be 
used in the lithium rechargeable batteries as the source of electrolyte [29]. Alkyl 
levulinates can be produced by the esterification reaction of the levulinic acids with 
various alcohols, which can be utilized as the oxygenated fuels and solvent addi-
tives [29] (Scheme 2).

Some of the potentially interesting derivatives of levulinic acid are explained as 
follows:
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3.1  Synthesis of GVL from LA

Hydrogenation reaction of LA gives γ-valerolactone, which is found to be the most 
sustainable intermediate product and can be further applied to produce renewable 
biofuels. Horvath et al. [30] have first proposed the potential use of GVL as renew-
able biofuel, due to its excellent energy carrier property. They have reported two- 
step process involving Shvo catalyst and GVL as solvent. In the first step, they have 
applied sulfuric acid as homogeneous acid catalyst for the conversion of fructose 
into LA. Formic acid is also produced during this step which will further act as an 
H-donor to convert levulinic acid into GVL. Homogeneous catalyst system has the 
drawback of separation of the catalyst from the reaction mixture, and hence research 
in LA conversion through heterogeneously catalyzed system is highly in demand 
nowadays. Various metal-based catalyst systems have been studied, and among 
them, Ru-based catalyst system is found to be more efficient for LA conversion with 
72% yield of GVL at 800 psi H2 and about 150 °C temperature [31, 32]. Lin et al. 
have also found similar observation and confirmed that the catalytic activity of the 
Ru/C is far better than the compared catalysts, i.e., Raney Ni, Urushibara Ni, and 
Pd/C [33]. In α-hydrogenation of LA, LA conversion of 92% is observed with 99% 
selectivity of GVL using Ru/C catalyst in methanol. However, this system which is 
suffering in terms of reusability of the catalyst due to the leaching of Ru decreases 
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the conversion gradually. GVL can further be catalytically converted into valuable 
chemicals and fuels such as 1,4-pentanediol, 2-methyltetrahydrofuran, valeric bio-
fuels, 5-nonanone, and α-methylene-γ-valerolactone (Scheme 3).

3.2  Synthesis of 1,4-Pentanediol 
and 2-Methyltetrahydrofuran from LA

The use of GVL as a liquid fuel is restricted due to its high solubility in water. 
Hence, researchers are now focusing on converting GVL to another useful product, 
which can be further utilized as a biofuel additive. The hydrogenation of GVL pro-
duces other useful fuel additives like 1,4-pentanediol (1,4-PDO) and 
2- methyltetrahydrofuran (2-MTHF). Palkovits et al. [34] have reported the catalytic 
hydrogenation reaction of GVL to produce 2-MTHF in a solvent-free reaction con-
dition using Ru/C as heterogeneous catalyst. The conversion of GVL is found to be 
about 99% with 43% yield of 2-MTHF at 190 °C and 24-h reaction time. Du et al. 
have reported the conversion of GVL to 2-MTHF with 98% conversion and 93% 
selectivity over an inexpensive Cu catalyst. They have also reported that if the reac-
tion is carried out at low temperature in the presence of calcined Cu catalyst and H2 
instead of air, the formation of 1,4-pentanediol is observed [35] (Scheme 4).

Direct conversion of LA into 2-MTHF in the presence of noble metal catalysts 
using 1,4-dioxane and water as a solvent system is reported by Elliott and Frye [35]. 
The conversion proceeds via the formation of GVL and 1,4-PDO as the reaction 
intermediates. The literature is also available for the conversion of LA into 2-MTHF 
via GVL using both homogeneous and heterogeneous catalyst systems. Leiner et al. 
have reported the homogeneous catalyst system based on Ru with acidic additives 
to produce 2-MTHF from LA. The best performance, i.e., 92% yield of 2-MTHF, 
was observed for the Ru(acac)3/triphos catalyst with cooperation of NH4PF6 and 
acidic ion liquid additives at 10 MPa H2 and 160 °C reaction temperature [36].
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3.3  Synthesis of Valeric Biofuels from LA

As shown above, GVL and LA as well can be converted to other useful value-added 
products. Similar to 1,4-PDO and 2-MTHF, GVL and, ultimately, LA can be con-
verted into liquid hydrocarbon fuels like alkanes by applying selective catalytic 
pathways. The reaction path goes away in two different steps, in which the first step 
involves the ring opening reaction of GVL and generation of pentanoic acid. While 
in the second step, the reaction of pentanoic acid with dicarboxylic acid leads to the 
formation of butenes. Butenes can be further applied as a precursor for the synthesis 
of C8 alkanes.

Lange et al. [37] have introduced valeric biofuels, which are the new derivatives 
of LA and are fully compatible as transportation fuels. In the report, GVL is first 
converted into pentanoic acid over Pt/ZSM-5 as the bifunctional metal acid catalyst. 
By the use of Pt-based bifunctional catalyst, a yield of up to 90% of pentanoic acid 
is achieved. Further, pentanoic acid is converted to valerate ester by esterification 
reaction in the presence of solid acid catalyst and alcohols. Zaccheria et al. have 
reported the simple one-step process for the production of pentylvalerate from GVL 
using Cu-supported SiO2-ZrO2 catalyst [38] (Scheme 5).
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3.4  Synthesis of Succinic Acid from LA

Succinic acid is one of the top 12 value-added products derived from the biomass 
because it possesses dicarboxylic group at positions 1 and 4. It is another significant 
value-added chemical that can be obtained from LA. It has various applications and 
can be used as a fuel additive, polymer, solvent, food/cosmetic/pharmaceuticals, 
etc. Zeikus [39] was the first to recognize the industrial significance of succinic 
acid. Succinic acid serves as a pH regulator and flavoring agent and has many 
medicinal applications [40] such as a antimicrobial agent and vitamin additive and 
for the production of antibiotics and amino acid synthesis [41]. Succinic acid is also 
one of the useful precursors for the industrially important chemicals, such as 
1,4-butyrolactone, pyrrolidinone, tetrahydrofuran, and g-butyrolactone [42]. 
Moreover, succinic acid can be produced from LA by oxidation reaction. Dunlop 
et al. patented the process of oxidation of LA over V2O5 as catalyst at higher tem-
perature which is around 360–400 °C [43]. Ru-based magnetic nanoparticles have 
been efficiently utilized by Parvulescu et al. for the production of succinic acid from 
LA. One-step conversion of LA to SA has been reported by Kawasumi et al. [44] 
using I2/t-BuOK system with 3% H2O2. They achieved 83% yield within 1-h room 
temperature. Dutta et al. have also reported the synthesis of SA through oxidation 
using H2O2 in trifluoroacetic acid. They got 62% yield of SA within 2 h at 90 °C 
[45] (Scheme 6).

3.5  Synthesis of Pyrrolidinones from LA

Pyrrolidinones are one of the value-added chemicals derived from levulinic acid, 
which serve as the platform to produce other high value-added chemicals. They are 
also useful for various industrial applications, such as organic solvents and as pre-
cursors in the production of surfactants, and in various pharmaceutical products 
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[46–48]. The presence of carboxylic groups along with the presence of ketone in the 
structure of LA provides the possible environment for its conversion into pyrrolidi-
nones via catalytic tandem reductive amination and amidation reactions. The reac-
tion proceeds through the formation of imine, which further gives γ-amino pentanoic 
acid as an intermediate. Finally, pyrrolidinone is produced via amidation of γ-amino 
pentanoic acid. Many reports are available for both catalytic systems, i.e., homoge-
neous and heterogeneous for the transformation of LA into pyrrolidinone. Fu et al. 
have reported the homogeneous catalyst system based on Ru and formic acid as 
hydrogen donor [49]. Sun et  al. [50] have designed very efficient heterogeneous 
solid acid catalyst NHC-Ru, which shows excellent activity even after 37 catalytic 
recycles (Scheme 7).

In heterogeneous catalytic system, the catalysts loaded with metals and metal 
oxides over the supports show noticeable improved catalytic activity for the reaction 
of reductive amination. Rode et.al have carried out the synthesis of pyrrolidinones 
over ZrO2-supported Au catalyst with formic acid as hydrogen donor [51]. Siddiki 
and coworkers [52] have developed TiO2-supported Pt-based catalyst. They have 
proposed that the Pt sites surrounded by TiOX species enhance the chemoselectivity 
of the catalyst and exhibited higher catalytic performance with ~98% yield of pyr-
rolidinone in the reductive amination process [50]. Other metal alloy-based cata-
lysts were developed by Esposito et al., and they have applied it in the continuous 
flow reactor. It was observed that there is not any variation found in the activity of 
catalyst FeNi even after 52.5 h [53]. Further text of the chapter is focused on levu-
linate esters, the most important levulinic acid-derived value-added chemical.
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3.6  Levulinic Acid-Derived Levulinic Esters: Properties 
and Applications

Levulinic esters, like methyl levulinates, ethyl levulinates, and n-butyl levulinates, 
can be efficiently produced from the esterification reaction of levulinic acid with 
various alcohols. Levulinic esters are the most promising and versatile compounds 
which are regarded as the alternate energy source and a promising replacement of 
fossil fuels. Various organic transformations (condensation, addition, etc.) are real-
ized in synthetic pathways of biochemicals, due to the presence of keto ester groups 
of levulinic esters, creating possibility for them to be used as significant platform 
chemicals in the list of futuristic biorefinery. They can be used as an important inter-
mediate in flavoring and fragrance industries, plasticizer, solvent biofuel additives, 
etc. In recent times, the utilization of the long alkyl-chain levulinate as the green 
solvent is explored widely, due to its low cytotoxicity and mutagenicity properties 
[54]. Levulinates possess remarkable fuel blending properties like low toxicity, 
stable flash point, higher lubricant property, and moderate flow properties, and 
because of these properties, they can be efficiently utilized as additives for diesel 
and gasoline [55]. Grove and co-workers have studied the properties of the diesel 
blends with various levulinates and other esters as well [56].The study carried out 
by Lake and Burton for the blend of ultralow sulfur diesel, biodiesel, and ethyl levu-
linate in a turbocharged engine (3.1 L) indicates possibilities of utilization of ethyl 
levulinate as the fuel blend. The study shows that the particulate matter and oxides 
of nitrogen emission were reduced in the EL blend (80% ULSD +13.33% biodiesel 
+6.47% ethyl levulinate) as compared to the 20% biodiesel blend [57]. Similar 
kinds of studies have been carried out by Janssen and coworkers; they have investi-
gated the combustion study of the higher blend ratio of BL (60–80%) with n- 
tetradecane, in the single-cylinder diesel engine [58]. They observed soot-free 
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combustion with this high blend but found incompatibility of the fuel with high 
butyl levulinate blend with the hoses and sealed engine fuel system. They have also 
studied a 10% ethyl levulinate blend with diesel fuel and observed reduction in the 
particulate matter emission up to 50% [59].The blending octane numbers for methyl 
levulinate, ethyl levulinate, and iso-/secondary butyl levulinate were found to be 
106.5, 107.5, and 102.5 [54]. The internal molecule organization, specifically 
hydrogen bond network, makes alkyl levulinates more compressible. Esters derived 
from levulinic acid possess very low vapor pressures as compared to the most com-
monly utilized solvent. Chlorinated solvents show more than 400 kPa vapor pres-
sure, at 100 °C, while methyl, ethyl, and butyl levulinates show very less, i.e., 5.96, 
4.69, and 1.56  kPa vapor pressure, respectively. Due to such kind of properties, 
Bayarri Ferrer et  al. have claimed the degreasing efficiency of alkyl levulinates 
equivalent to the industrially utilized harmful trichloroethylene [60]. They have also 
reported the VOC classification, cytotoxicity, and mutagenicity data for butyl and 
pentyllevulinates. According to the reported data, they have confirmed the potential 
of alkyl levulinate to be utilized as the green solvent [61].

4  Esters and Esterification Reaction: Chemistry

Esters are naturally occurring and vital organic compounds. They are responsible 
for the fragrant odor of flowers and many fruits (e.g., methyl butanoate in pineap-
ples, isopentyl acetate in banana oil). These pleasant smelling liquids are constitu-
tional parts of animal fats and biologically significant molecules. Esters are 
commonly made by a nucleophilic acyl substitution reaction between a carboxylic 
acid and an alcohol. It involves initial protonation of carboxylic acid followed by 
nucleophilic attack of ROH, an excess of the latter normally being employed to get 
ester product as it facilitates shifting of equilibrium in the desired direction. Esters 
result from simply heating a carboxylic acid in methanol or ethanol solution con-
taining a small amount of mineral acid catalyst, as per discovery made by Fischer 
and Speier in 1895 [62]. In this nucleophilic acyl substitution reaction, free carbox-
ylic acids are hard to be attacked by most nucleophiles, but use of strong mineral 
acid such as HCl and H2SO4 boosts its reactivity. The mineral acid facilitates pro-
tonation of oxygen atoms of the carbonyl group, thereby generating positive charge 
on carboxylic acid, thus making it much more reactive toward nucleophilic attack 
by alcohol to yield tetrahedral intermediate. Transfer of proton from one oxygen to 
another generates second tetrahedral intermediate and converts the –OH group into 
a good leaving group. In the final step, protonated ester is formed by subsequent loss 
of water, and the final deprotonation step leads to regeneration of acid catalyst to 
form free ester product. Overall, Fischer esterification is nothing but is simply a 
substitution of an –OH group by –OR′. The reaction steps involved are all revers-
ible, and one can get either ester or carboxylic acid based on proper selection of 
reaction conditions. The use of excess alcohol leads to ester formation, whereas the 
use of excess water leads to carboxylic acid formation via acidic hydrolysis (initial 
protonation of ester being followed by nucleophilic attack by water).
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5  Catalysis for Production of Levulinic Esters

Usually, a catalyst is a substance that increases the rate of reaction without being 
consumed in the chemical reaction, and the phenomenon occurring when a catalyst 
acts is termed as catalysis. The word “catalysis” was first coined by Berzelius in 
1836, which originates from two words, the prefix cata-, meaning down, and the 
verb lysein, meaning to split or break [63]. He probably used the term “catalysis” to 
denote breaking down of the normal forces that are preventing the reaction of mol-
ecules. The catalyst primarily influences a chemical reaction, which is already ther-
modynamically feasible or lowers the reaction temperature at which the reaction 
achieves a given rate. Catalyst does not alter the equilibrium constant. The progress 
of catalyzed chemical reaction occurs through new and more energetically favored 
reaction pathway. Such phenomenon of lowering of activation energy is basic prin-
ciple of catalysis and applied to all class of catalysis [63].

As far as esterification reaction of levulinic acid with primary alcohols is con-
cerned, the reaction occurs even at room temperature; however, the rate is very slow, 
which can be accelerated either by using higher temperature and catalyst to get 
equilibrium conversion within reasonable time period. Conventionally, alkyl levu-
linates can be obtained by levulinic acid esterification in the presence of mineral 
acid catalysts such as H2SO4, HCl, or H3PO4 [64]. A variety of catalysts have been 
reported for the esterification of levulinic acid to yield levulinate esters that include 
homogeneous, heterogenized homogeneous catalysts, heterogeneous catalysts, 
enzymatic catalysts, supported catalysts, etc. An overview of several types of cata-
lysts that are reported for synthesis of levulinic esters is provided herein, in the 
subsequent text.

In the homogeneous system, it is convenient to manipulate acidic strength by 
adding acid/water/native solvent. Varkolu et al. [65] demonstrated synthesis of vari-
ous levulinates via esterification over environmentally benign bio-glycerol-derived 
carbon-sulfonic acid catalyst. Negus et al. [66] prepared ethyl levulinate using p- 
toluenesulfonic acid (PTSA) and other mineral acid (HCl, H2SO4, HNO3) homoge-
neous catalysts. The authors obtained better results with H2SO4 and PTSA due to 
their higher acid strength among all studied catalysts.

In the last two decades, ionic liquids (ILs) have emerged as versatile green build-
ing blocks and have wide applications in the area of separation, materials, catalysis, 
green solvents etc. The use of IL for lignocellulose conversion into value-added 
chemicals and fuel products is of great research interest. ILs are molten salts at 
room temperature having wide applications in the area of green chemistry due to its 
bifunctional role as green solvent and catalyst. Mostly, the IL framework consists of 
a combination of cation and anion, wherein, IL cation is organic and IL anion is 
inorganic/organic [67]. The salient properties of ILs that are responsible for increas-
ing the popularity of these materials are good thermal stability, broad liquid state 
range, non-volatility, better slvation ability, wide electrochemical window, nonflam-
mability, and higher ionic conductivity. They can be a robust reaction medium for 
organic synthesis due to their better solubilizing and stabilizing behavior to reactive 
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intermediates [67, 68]. Khiratkar et al. used ionic liquid-based phase-transfer cata-
lyst (sulfonic acid-functionalized benzimidazolium-based poly-IL) for the synthesis 
of ethyl levulinate, while Bhanage and coworkers have used imidazole-based IL 
(1-methyl-imidazolium hydrogen sulfate) as both a catalyst and a solvent for the 
synthesis of levulinates [69].

It is worthy to mention that homogeneous catalysis shows excellent catalytic 
activity in esterification reaction. However, major drawbacks associated with such 
homogeneous system are difficulty in isolation, corrosiveness of reactor, high reac-
tion temperature, waste disposal, toxicity, non-reusability, non-regeneration, etc. 
Such practical difficulties necessitate the need for replacement of such conventional 
homogeneous toxic and corrosive acid catalysts with recyclable strong solid acid 
(heterogeneous) catalysts in synthetic organic reactions. Thus, the development of 
cost-effective and robust solid acid catalyst via energy-efficient synthetic protocols 
to improve the yield of levulinic esters is currently of great research interest.

6  Solid Acids as Catalysts for Esterification of Levulinic Acid

According to the name, the solid acid catalysts are the solid materials which work 
similar to the liquid catalyst. They provide active surface having active hydrogen 
ions and act as a hydrogen donor to produce reaction intermediates, which is further 
converted to the desired products by giving back the hydrogen ions [70]. The impor-
tant properties of solid acid catalysts consist of their acidity in terms of Brønsted 
and Lewis, the strength of these acid sites in terms of NH3-TPD, and the surface 
properties, i.e., morphology, surface area, and pore size [71].

Reactions of LA with various alcohols using several solid acid catalysts have 
been reported, such as various metal oxide (SnO2, ZrO2, Nb2O5, TiO2, etc.)-sup-
ported catalysts, various zeolites (HBEA, HZSM-5, H-Y, HMOR, MCM-22, etc.) 
(Scheme 8), metal organic frameworks, ion exchange resins, graphene oxides, etc. 
[72–77]. The subsequent text covers discussion on major class of heterogeneous 
catalysts that are currently in practice for esterification of levulinic acid.

6.1  Metal Organic Frameworks (MOFs)

Porous materials have grabbed significant levels in modern science and technology. 
They are strategic materials and have contributed significantly in the area of petro-
leum, catalysis, gas separation, or nuclear storage. Currently, intense research has 
been generated for the discovery of new porous materials with larger pores, in order 
to cope up with the demand of industry for obtaining special dimensions and shapes. 
Metal organic frameworks, abbreviated as MOFs, are such collection of compounds 
which contain metal ions linked through molecular species, which first appeared in 
the literature in 1997. However, co-ordinatively bridged metal centers with organic 
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ligand concept were first reported in 1991. They are three-dimensional porous 
hybrid materials made up of organic units (multidentate hydrophobic linkers) and 
metal ions (metal-ions-oxo clusters) [78–80]. These organic structures have the 
potential for manipulation, through varying the metal ions, their counter-anions, 
organic linkers, and mixed organic linkers and through the control of the architec-
tures and functionalization of the pores [81, 82]. Various combinations of organic 
unit and metal ion-oxo-cluster generates a library of MOFs. High variability and 
possibility of modifications are two salient features of MOFs which enables one to 
design tailor-made MOFs for desired end-use applications [72, 73, 79]. In the last 
decade, the design and synthesis of such supramolecular assemblies have attracted 
considerable attention due to their potential applications as smart optoelectronics, 
magnetic, heterogeneous catalysis, sensors, and gas storage and in separation, due 
to their inherently high surface areas, uniform and tuneable pore sizes, and ample 
possibilities for functionalization [80, 83–87]. MOFs may be produced to act as 
highly selective molecular sieves, sensors, or catalysts. Incorporation of guest spe-
cies generates sensing capabilities of MOFs. The guest species can be removed and 
reintroduced reversibly without collapse of the framework [88].

Catalysis is often regarded as a desirable attribute of MOFs. Kim and coworkers 
[85] studied the enantiopure Zn-based MOFs involving coordination linkages with 
pyridinium functional groups and demonstrated catalytic activity in transesterifica-
tion reaction.

An esterification reaction can also be well executed using Brønsted acidity of 
MOFs, which is attributed to the functional groups present in them. Because of 
improved mass transport and structure tunability, these materials have tremendous 
possibilities from the point of view of designing a highly active heterogeneous cata-
lyst for targeted applications [89]. UiO-66 MOF whose nominal composition is 
Zr6O4(OH)4(BDC)6 (BDC  =  1,4-benezene dicarboxylate). This MOF is made of 
12-coordinated Zr6O4(OH)4 metal clusters (Zr6 nodes linked with benzene dicar-
boxylate linkers). [90–92]. From catalysis perspective, favorable porosity and 
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extraordinary high surface area of the MOF improve mass transfer due to enhanced 
accessibility of active sites, thus increasing the catalytic activity. In particular, the 
exposed Zr sites exhibit excellent catalytic behavior which offers an advantage of 
efficiently catalyzing various acid-catalyzed reactions [93]. UiO-66,35, MOFs 
exhibited robust mechanical, thermal, and chemical stabilities. In addition, versatile 
synthesis methods and ease of functionalization are other key favorable factors of 
these MOFs.

Literature is available on use of UiO-66-(COOH) (Zr-based MOF) as a heteroge-
neous catalyst for levulinic acid esterification with ethanol [94]. The authors have 
mentioned that, the excellent activity of this MOF, for this reaction stem from syn-
ergistic effect between the Lewis acidic Zr clusters and Brønsted acidity due to 
organic functionality (–COOH groups) within the framework. Such proven Brønsted 
acidity enables this material to be used as active acid catalytic material for the ester-
ification of biomass-derived acids with alcohols [72, 73, 91, 95]. The authors have 
mentioned, based on computational studies, that the Zr sites form coordination 
bonds with carbonyl groups of levulinic acid, while the free carboxylic group forms 
H-bond with the substrate, facilitating the removal of –OH group from levulinic 
acid. The author confirmed reusability of catalyst across five runs [94].

Further, the scope exists for applications of MOFs in upgradation of lignocellu-
losic biomass and biomass-derived platform chemicals, and this area holds much 
potential for further development. However, there are issues associated with control 
of orientation of building blocks in the solid state and prediction of resulting frame-
work structure [96]. Due to weak coordination bonding, MOFs are expected to be 
less thermally stable. Thermal stability can be improved by appropriate combina-
tion of ligand and metals, and an introduction of chelate effect can also be beneficial 
to enhance stability of porous MOFs.

6.2  Ion-Exchange Resins

Resins are organo-polymeric materials that exhibit high surface area, high ion- 
exchange capacities, and characteristic functional groups which determine the 
nature of resultant resins [76, 77, 97, 98]. Several types of organic transformations 
are catalyzed by acid or base, which can be preferentially carried out with ion-
exchange resins/solids. Easy separation, ease of continuous operations, loss of valu-
able reactant, reusability of resin, non-corrosiveness to the reactor, and elimination 
of removal acid/base from the product mixture and liquid effluent are some of the 
merits of using ion-exchange solids/resins [99]. One can design tailor-made resins 
to get selective product with proper choice of monomers and manipulate the degree 
of cross-linking. However, one has to look into thermodynamic aspects of sorption 
of reactants and products as it also affects the selectivity problem to a larger extent.

The degree of cross-linking, stiffness, swelling, functionality type, etc. are sig-
nificant as they largely affect the activity of resins. The swelling property of resin is 
associated with the flexibility and stiffness of resin which in turn depends on the 
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amount of cross-linker. Higher cross-linking causes more stiffness and lesser swell-
ing. The gel type Dowex 50Xx2 affords higher yield than macroporous resins in 
polar media (e.g., esterification of levulinic acid with alcohol) due to swelling which 
causes enlargement of the pore size, recurrence of new pores, and subsequent 
improvement in mass transfer of reactants and surface area. Trombettoni et al. [77] 
used cationic sulfonated resins (Aquivion mP90, micronized pellets of perfluorosul-
fonic polymer) for esterification of levulinic acid with long-chain alcohols. Ramli 
et al. [98] have made use of Amberlyst-15 resin as a solid acid catalyst for alkyl 
levulinate compounds. SO3H and SO4 functional groups present in Amberlyst-15 
were found to play a crucial role in esterification of levulinic acid. Tejero et al. [76] 
have carried out an esterification of levulinic acid with butanol by employing Dowex 
50Wx2, a gel-type resin. Several other resin-based catalysts such as Amberlyst- 
based resins, Purolite, Dowex, and polystyrene-supported PTSA are reported for 
levulinate synthesis. In esterification reaction, the resin which prevents adsorption 
of byproduct (water molecules) from its own surface performs better and offers 
higher yield. Adsorption of water declines the catalytic activity and slows down the 
reaction in the case of resins like Amberlyst and polystyrene-supported PTSA [77, 
100]. Amberlyst-70 is found efficient among all macroporous Amberlyst catalysts 
for levulinate synthesis and found to exhibit exceptional thermal stability and flex-
ibility among all Amberlyst resins [76]. Use of Amberlyst-15 and Amberlyst-70 
type of resins, in the reaction medium, is very simple and is less expensive than 
other resin-based catalysts; hence, they are widely used. So far, inorganic ion- 
exchange resins like tetravalent metal acid salts are not much explored for levulinic 
acid esterification reaction.

Resins play a vital role in maintaining appropriate flexibility, hydrophobicity, 
and porosity in reaction media. However, they could not withstand high boiling 
stiffness and disintegrate at high temperatures. Moreover, high cost, sluggish ther-
mostability, tendency to form H-bonds, and destabilization of active groups are 
some of the major challenges associated with such materials [71, 101–103].

6.3  Zirconia

Zirconia (ZrO2) is the metal oxide-based solid acid catalyst, specifically zirconium 
metal, which of great interest as it possesses higher catalytic activity with typical 
characteristic porosity. Such porosity provides easy access to the long-chain and 
bulky molecules and facilitates smooth mass transport on the pore surfaces [104–
108]. It also possesses semiconducting nature, anticorrosion property, and reducing 
nature [109]. Both Brønsted and Lewis acidities are available in zirconia [109, 110]. 
Various zirconia-based catalysts have been explored for the synthesis of levulinate 
esters. Su et  al. have synthesized zirconia-supported phosphotungstic heteroge-
neous solid acid catalyst which is utilized for the production of methyl levulinate 
from LA. The yield of 99 mol% methyl levulinate was observed at 65 °C, 1:7 LA to 
methanol ratio in 3-h reaction time [107].
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6.4  Carbonaceous Materials

Carbonaceous material is one of the important classes of solid acid catalysts derived 
from the partial pyrolysis process followed by sulfonation of the carbon-based 
materials at specified temperature. These types of materials have advantages like 
high catalyst dispersion ability, high thermal stability, high adsorption capacity, 
reusability, and easy separation from the reaction mixture [69, 111–116]. Such kind 
of solid acid catalyst has the ability to hold various protonic sites and shows very 
good catalyst activity in the various organic reactions like esterification, hydration, 
and hydrolysis [117]. Carbonaceous materials can be derived by stepwise proce-
dure, pyrolysis, sulfonation, and carbonization [118]. In the second step, sulfona-
tion is carried out by means of mineral acids like sulfuric acid of the carbon materials 
[119–121], which is further subjected to hydrothermal carbonization process to get 
the catalytic material [122–124]. Li et al. have synthesized such kind of carbona-
ceous catalyst using loofah sponge as renewable biomass source and applied for the 
esterification of ethanol to produce ethyl levulinate. The conversion of LA is 
obtained up to 91% using this catalyst with satisfactory reusability [112].

Yang et al. [55] have evaluated the catalytic performance of various solid acid 
catalysts and compared with the carbonaceous solid acid catalysts. Zeolites 
H-ZSM-5 and H-BEA and resins Amberlyst-15 and Nafion-212 were compared 
with carbonaceous solid acid catalysts such as GC400 (glucose-derived amorphous 
carbon) and AC400 (commercial grade activated carbon). It was observed that under 
optimized reaction conditions, i.e., LA/n-butanol ratio of 1:5, 10% catalyst, 4-h 
reaction time, and 100 °C temperature, GC400 displayed a much higher catalytic 
efficiency toward esterification among the studied catalysts (sulfonated active car-
bon, HZSM-5, Nafion-212). The authors concluded that the high acid (–SO3H) den-
sity and acid strength along with weak acid sites linked on the surface of catalysts 
(due to –COOH and phenolic –OH) are responsible factors behind the higher cata-
lytic activity of GC400. This fact is found in accordance with the reported literature 
wherein, the authors (Fernandes et al.) have performed comparative catalytic 
screening of catalysts [zeolites (ZSM-5, Beta, USY, Mordenite, and MCM-22) 
(SnO2, ZrO2, Nb2O5, TiO2)] for LA esterification reaction. They observed lower 
activity of zeolite than sulphated oxides, which is attributed to the formation of 
transition state inside the channel structure rather than acidity of microporous zeo-
lite. Author has mentioned that the same reason is responsible for the activity gap 
between H-BEA and HZSM-5 i.e. the gap is due to different pore structure [74].

6.5  Solid-Supported Reagents

Solid-supported reagents comprise polymeric/non-polymeric solid supports (alu-
mina, silica, zeolite, etc.) on which reagents (in dissolved form) are supported. In 
such cases, problems of removal of the products may arise, but if the chemical 
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reagent is covalently linked to solid support [62], the product can be easily sepa-
rated from the reaction mixture. Usually, porous support is preferable as it provides 
higher surface area. Thus, insoluble support provides powerful means to facilitate 
synthesis. There are several examples of some reactions which are difficult to carry 
out in homogeneous medium or offer very poor yields which can be effectively car-
ried out with solid-supported reagents under mild reaction conditions with high 
selectivity.

Silica gel-supported reagents are reported to recover valuable scaffolds [62]. 
Silica is a low-cost significant inorganic porous solid which is the widely accepted 
support due to its high surface area and chemical and mechanical stability and the 
feasibility of surface functionalization [29, 100, 125–129]. Moreover, they possess 
excellent mechanical stability. Pasquale et al. [29] performed a study of the catalytic 
activity toward synthesis of ethyl levulinate via esterification of levulinic acid with 
ethanol over silica-based catalyst. Yang and coworkers [129] studied the synthesis 
of alkyl levulinates over perchloric acid-decorated nano-porous silica. Enumula 
et  al. demonstrated [125] the use of tungsten oxide-based silica catalyst in alkyl 
levulinate under continuous mode vapor-phase conditions. Malero et al. [127] per-
formed the synthesis of ethyl levulinates over sulfonic mesoporous silica catalyst. 
Furthermore, they could reuse the catalyst up to three runs without its regeneration. 
Ramli et al. [100] carried out the synthesis of methyl levulinate and obtained 69% 
yield over sulfated silica under mild conditions. Chermahini and Nazeri [128] used 
Al-MCM-41 as the solid acid catalyst for the synthesis of isobutyl and butyl levu-
linates. Maggi et al. [126] have successfully utilized silica-supported sulfonic acid 
catalysts for ethyl levulinate and achieved excellent yield and selectivity for ethyl 
levulinate. Tungsten oxide-based SBA-16 silica catalyst was found to exhibit better 
acidity and afforded subsequent yield of levulinate ester, owing to dispersion of 
dynamic acidic sites of tungsten oxide over larger surface area of SBA-16 [125]. 
The authors concluded that sulfonic acid mesostructured silica exhibits promising 
catalytic features such as higher surface area and higher hydrophobicity which lead 
to higher activity and better recyclability than various homogeneous sulfonic acid 
catalysts under study (H2SO4, PTSA, propylsulfonic acid). It is noteworthy to men-
tion that the silica-based catalyst leads to form the H– bonding in polar solvent (like 
alcohol in esterification of levulinic acid with alcohol), leading to dissolution of the 
active functionality of silica-supported catalyst, consequently causing decrease in 
activity and reusability of the catalyst [29].

Heteropolyacids (HPAs) are well-known as acid catalysts in view of their signifi-
cant high acidity, redox properties, catalytic activity, pseudo-liquid behavior, and 
physicochemical properties [130]. HPAs are well-known for its Brønsted acidity. 
Especially, in organic media, the molar catalytic activity of HPAs is extremely 
higher as compared to mineral acid like sulfuric acid [131–133]. This feature makes 
possible to carry out the catalytic reaction through “chemie douce” approach, i.e., a 
soft chemical route involving lower catalyst concentration and/or at a lower tem-
perature. Moreover, no side reactions occur during HPAs-assisted sulfonation, chlo-
rination, nitration, etc. which are obvious with mineral acids [131, 132]. However, 
these solid acids are lacking in terms of surface area, thermal stability, uneven 
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dispersion of the positive charges, solubility in the polar solvent, and porosity. They 
exhibit very low surface area (typically 1–10 m2 g−1) and low porosity (<0.1cm3 g−1). 
To overcome these difficulties, these salts are supported on various supports such as 
titania, zirconia, mesoporous silica, etc. and exchanging the HPAs protons with suit-
able metal cations [29, 134, 135]. To avoid the leaching issue, hydrophobic 
graphene- anchored HPAs compounds are reported, which furnish well acidity and 
are considered as good graphene-based compounds anchored onto HPAs. The 
HPAs-supported catalysts furnish well acidity and are regarded as good candidates 
for better conversion of the levulinate compounds, due to their improved surface 
area and free dynamic active sites required to facilitate the reaction.

Quereshi et al. have prepared zirconia-supported Keggin silicotungstic acid to 
produce ethyl levulinate from LA and get more than 90 mol% ethyl levulinate at 
110 °C in 30 min using a microwave reactor [136]. Pasha and Raj [137] synthesized 
Zr exchanged phosphotungstic acid with retention of Keggin’s structure of TPA and 
applied to the esterification reaction of LA and ethanol. The authors have success-
fully demonstrated the use of zirconia to enhance the catalytic activity of the HPAs. 
Wu et  al. [138] have studied extensively porous 3D graphene aerogel-anchored 
tungstophosphoric acid catalyst for the synthesis of ethyl levulinate. Shimizu et al. 
[139] prepared Cs+, Ag+ Al3+,Ti4+, Y3+, Zr4+, Sn4+, and Hf4+ salts of tungstophos-
phoric acid. Among the studied catalysts, Zr0.75TPA has been found to be the best 
catalyst for the conversion of LA to ethyl levulinate with a yield of 91% in 2 h and 
at 120 °C. The catalyst also showed five-time reusability. Zhou et al. [140] have 
assessed the catalytic activity of silver or ammonium co-doped phosphotungstic 
acid for the synthesis of ethyl levulinate. The catalytic activity of Al-MCM-41 and 
zirconia-supported dodeca-tungstophosphoric acid for the synthesis of hexyl levu-
linate and ethyl levulinate, respectively, is also reported [98, 141, 142]. These cata-
lysts displayed excellent recyclability.

Zheng et al. [143] and Wu et al. [144] have undertaken catalytic studies of tung-
stophosphoric acid supported on graphene oxide and MCM-41 catalysts, respec-
tively, in esterification of LA to synthesize ethyl levulinate. Luan et  al. [145] 
demonstrated the synthesis of alkyl levulinates (ethyl, methyl, and isobutyl levu-
linates) using organic salt of H4SiW12O40. Dharne and Bokade [18] performed the 
synthesis of butyl ester from levulinic acid over dodeca-tungstophosphoric acid- 
treated clay (K − 10). H4SiW12O40 catalyst is reported for the synthesis of several 
levulinates by Vilanculo et al. [146]. Numerous catalysts are reported for such as 
heteropolyacid-supported silicalites, heteropolyacid-supported STA-AlSBA-15, 
and tungstosilicic acid H4SiW12O40-SiO2 for an efficient synthesis of alkyl levu-
linates [147–149]. In all cases, the heteropolyacid-supported catalysts performed 
better than the sole support (Al-SBA15/silica/K10/MCM-41/Al-MCM-41/desili-
cated H-ZSM-5, etc.).

Several sulfated metal oxides (SnO2, ZrO2, Nb2O5, TiO2) have also been used as 
solid acid catalysts for esterification reactions including zeolites. Since the last 
decade, we have been working in the area of zeolite-/mesozeolite-catalyzed organic 
transformations including an esterification reaction of levulinic acid for the 
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synthesis of n-butyl levulinate. Further text of the chapter provides insight of our 
related research efforts, starting with a brief introduction to zeolites.

7  Synthesis of Levulinic Esters Using Zeolites as Solid 
Acid Catalysts

Zeolites are inorganic crystalline materials of aluminum and silicates having an 
intricate and delicate porous structure. These materials are distinguished in terms of 
the framework “corner atoms” and have cavities and channels in their design. 
Different constituent atoms and their subsequent arrangements lead to a plethora of 
structures which are formally attributed with a nomenclature by the Structure 
Commission of the International Zeolite Association (IZA-SC) [150]. The famously 
known sieves, viz., zeolites, MOFs, aluminophosphates, as well as a few other sili-
cates, fall under this category. Although each of these materials is equally important 
and finds relevant applications in various fields [151, 152], the likes of zeolites and 
silicates are many in the recent times [153].

Zeolites are naturally occurring three-dimensional microporous aluminosilicates 
interlinked by oxygen atoms and possessing specific sized molecular pores, cavi-
ties, and channels.

Henceforth, they are widely used as ion-exchange materials, adsorbents, and 
solid acid catalysts in various industrial sectors, like oil refining plants, petroleum 
industry, water purification, wastewater treatment plants, and perfumery industry, 
and in effluent treatment. Due to the presence of uniform molecular cavities, pores, 
and channel system, they allow entry of selective molecules which in turn depends 
on the size of channels, pores, and cavities [69, 154–159]. The constituent atoms 
can be replaced by a variable number of other elements imparting interesting prop-
erties and the same applicability. The channels and cavities possess a diameter in the 
range of 0.3–1.3 nm, depending upon the structure. Generally, the values of internal 
surface area and pore volume are 800  m2  g−1 and 0.35  cm3  g−1, respectively 
[160, 161].

A comprehensive insight into the formation, mechanistic growth, as well as 
structures of the zeolitic materials has been elaborately presented by Barrer and 
Richard [162]. They present the growth and crystallization mechanism as a bottom-
 up phenomenon wherein small preformed framework building blocks known as the 
secondary building units (SBUs) condense into the three-dimensional microporous 
structures [150]. The synthesis strategy of microporous zeolites involves the precur-
sors, viz., alumina and silica polycondensed using the sol-gel process. The method 
often involves the use of structure-directing materials commonly termed as tem-
plates. The templates bring about a horizon of crystalline structures that can be 
synthesized and put forward into applications. The templates used are mostly organ-
ics of amines, quaternary ammonium cations, cyclic ethers, and coordination com-
pounds (or the organometallics) [163]. A perfect highly ordered porous structure 

Solid Acid-Catalyzed Esterification of Levulinic Acid for Production of Value-Added…



366

imparts the properties of sieving and selective catalysis. Moreover, the presence of 
compensating cations in its structure adds the properties of ion exchangeability and 
catalysis.

Zeolites have established themselves as efficient catalysts for various industrial 
and laboratory-scale reactions. This catalytic activity is expressed by the Brønsted 
as well as Lewis acid sites present in their framework [164]. The pores (of varied 
ring sizes) of zeolites can always act as encapsulating agents for guest species of 
adequate sizes. These species can be treated and reacted inside these pores, given 
the catalytically active sites present in their structure. They also endow the advan-
tages of high thermal stability and easy availability of the precursors for production 
[165]. Zeolites contain ambient number of Brønsted acid sites. The number of these 
sites will be equivalently proportional to the number of aluminum atoms present in 
the zeolitic framework. These sites can be highly active as proton donors to a num-
ber of catalytic reactions. Substitution of silicon atoms with high valence metals 
like tin, titanium, and zirconium can help produce Lewis acid sites into the zeolitic 
framework. Reactions which require Lewis acidity can be run inside the pores of 
these catalysts. A relevant example that requires Lewis acidity is the aldol conden-
sation of keto esters generating diacid esters as products. Also, zeolites can be modi-
fied to introduce both Lewis and Brønsted acidities to their overall framework. 
These come handy in reactions which require both of these catalytic sites in differ-
ent steps.

The most fundamental and conventional catalytic activity shown by a zeolite is 
that of ZSM-5 for the selective formation of the para-isomer of xylene [166]. The 
catalytic activity of zeolites owes to the presence of both Lewis and Brønsted acidic 
sites in their three-dimensional framework. The cavities in these porous materials 
can effectively embed small molecules and can henceforth act as reactors. Moreover, 
the heterogeneous nature of the catalyst adds the benefits of easy separation and 
reusability. The refining and petrochemical industry depends heavily on zeolites as 
catalysts for carrying out several important chemical processes [167, 168]. To name 
a few, cracking, cyclization, isomerization, dehydrogenation, and transalkylation 
are some of the reactions applying zeolites as catalysts [165]. The channels present 
in their structures imply properties of proton and ion conduction to these materials.

Although microporous zeolites have several advantages attributed to their name, 
a pore size of 2 nm is considerably small. Also, the accessibility to these pores is 
tough and is limited only to small molecules. To address these problems in virtue, 
the design of materials having bigger cavities is critically being looked upon.

The strategies commonly applied for the design of these materials having “meso-
pores” may be one of the following:

 1. Pre-synthesis strategy—Supramolecular aggregates like surfactants and block 
copolymers have sizes in the dimensions of a few nanometers. Their use as a 
template for the structural development of large pored zeolitic materials is obvi-
ous. A research group at Mobil Oil Corporation was the first one to adopt this 
strategy [169], and henceforth, they did prepare the mesoporous silica which is 
today famously known as the MCM.
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Surfactant molecules of different chain lengths can help design zeolitic pores 
of varying dimensions [170]. The same is the case with the block copolymers. 
These templating molecules can then be subsequently removed after the utility 
using various methods (preferably a calcination treatment).

 2. Post-synthesis strategy—The removal of silicon and/or aluminum atoms present 
within the framework leads to an effective increase in the void size. Respectively 
called as desilication and dealumination, they can efficiently be carried forward 
by the treatment of varying alkali and acid concentrations, respectively (Fig. 1).

In case of conventional zeolites, being its crystal size in micrometer range, they 
suffer lack of external surface, thereby external active sites and whatever active sites 
available are located inside the microporosity of zeolite; hence, the accessibility to 
these pores is tough and is limited only to small molecules. This feature limits to 
utilization of potential of zeolites to a fuller extent. One of the solutions to this 
shortcoming is reduction of crystal size to enhance the external surface, i.e., forma-
tion of nanozeolites. These nanozeolites (pore size <100 nm) with high external 
surface area and narrow pore size distribution have wide applicability as film prepa-
ration/coating materials.

The porosity of zeolite need not be uniform and highly ordered always. Instead 
of the conventional uniformity setup, different pore systems with varying dimen-
sions can be imbibed into the zeolitic material. Building such a “multimodal” sys-
tem helps build hybrid composite materials with several added features and 
properties. Trends in the development of less hindered and more active cavities have 
led to the development of the multiple porosity containing zeolites (usually micro- 
or mesoporous) and are often termed as the “hierarchical zeolites.” They serve to 
increase external surface and accessibility to pores. These materials possess second-
ary porosity along with typical and uniform microporosity of zeolites. This second-
ary porosity may comprise of varied porosity range from supermicropore to 
mesopores/marcropores. Mostly, it lies in mesopore range depending upon the 
method of synthetic modification involved in making of hierarchical zeolites. 
General post-synthetic approaches for hierarchical zeolites are depicted in Fig. 2 
[171–173]. Synthetic strategies are classified into major top-down (demetallation) 
and bottom-up approaches (use of soft and hard templates/template-free) [174].

Fig. 1 The use of surfactant molecules as templates for the synthesis of zeolite nanorods
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The procedure of dealumination used for making hierarchical zeolites involves 
severe acid treatments that can severely damage the zeolite framework. Moreover, 
the process involves the reduction in the number of interconnecting channels from 
the external surface to the pores leading to a serious accessibility drawback [173]. 
Henceforth, the process of desilication for the generation of mesoporosity is often 
preferred over the dealumination one. It is reported that hierarchical zeolites pre-
pared by desilication offer better mesopore accessibility and preserved acidity as 
compared to those by dealumination [175]. Ogura et al. in their studies concluded 
that desilication process could be a promising approach for creation of uniform 
mesoporous framework structure with zeolitic acidity [176]. During desilication, 
base treatment causes leaching of Si species from zeolite framework, creating inter-
connected mesopores that are accessible from the external surface of zeolite.

The use of templates is regarded as less energy efficient and environmentally 
benign with high temperature requirement for toxic organic template removal and 
greenhouse gas emission during its combustion. Zhijie Wu and coworkers have 
recently reviewed green synthesis of hierarchical zeolites [177].

Hierarchical zeolites possess several advantages over microporous zeolites, such 
as improved mass transport of reactants, facilitated by mesopores, due to enhanced 
accessibility of the acid sites, and due to shorter diffusion path length of hierarchical 
materials, products retained for lesser time in micropores, thus causing reduction in 
probability of side reactions which consequently increases preference toward pri-
mary products and enhances the catalyst’s life by improving the transport of coke 
precursors out of the catalyst. Also, they are far better over individual mesoporous 

Fig. 2 General post-synthetic routes for hierarchical/mesozeolites
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materials in terms of hydrothermal stability (due to introduction of zeolite building 
blocks on the surface of mesoporous walls), which leads to improved reusability of 
the catalyst in many organic reactions’ regeneration cycles, and zeolitic acidity, 
which creates new possibilities for applications of mesoporous zeolites in the cata-
lytic reactions demanding strong acidity [171]. Due to such positive attributes, hier-
archical zeolites are preferable and gaining attention as heterogeneous catalysts/
supports to execute various organic transformations involving demanding acidity 
and bulkier entities (which is generally the case with fine chemical synthesis) over 
conventional zeolites due to their improved catalytic activity. One can envisage the 
wide utility of mesozeolites and their functionalized derivatives for biomass-derived 
chemical synthesis. Verboekend and Pérez-Ramírez [178] have provided in-depth 
discussion on the catalyst design aspect of mesoporous zeolites for catalytic appli-
cations from the point of view of synthesis-property-function relationship. They 
suggested that the functionalization of mesopores can exposed zeolites to novel 
applications; however, one has to think of large-scale synthesis of mesozeolites/
hierarchical zeolites in which the shape of the catalyst is a key factor, as each size 
has its different role to play. Activity, intracrystalline mass transport, and practical 
implementation for mesozeolite synthesis are key functions of micropores, meso-
pores, and shape-geometry, respectively. Further, the authors suggested that, for 
large-scale industrial success, one has to look into the economic aspect critically 
while keeping in mind both the production cost and advantage in catalysis which 
demands for close collaborations between inventors and industrial partners.

Zeolites have extensively been used for the preparation of numerous ester deriva-
tives, an important one being alkyl levulinates. Since the last decade, our research 
group has been engaged on research related to the development of environmentally 
benign methods for the synthesis of complex drug molecules via multicomponent 
reactions and the conversion of biomass-based derivatives into value-added chemi-
cals, especially esterification of biomass-derived levulinic acid to produce n-butyl 
levulinates using hierarchical zeolite catalysts.

Initially, attempts have been made for the development of mesozeolite BEA (via 
desilication approach using alkali-treated zeolite precursors) and employing them 
in biologically active drug-like molecules [derivatives of dihydopyridinones 
(DHPMs), dialkylpyrimidinones (DAPMs), amino alkyl naphthols (AANs), etc.]. In 
this research, the success of mesozeolites is realized as improved catalytic activity 
is observed in case of the synthesis of bulkier products as compared to parent zeolite 
H-BEA catalyst. In the subsequent research, several mesoporous zeolites (meso- 
ZSM- 5 and meso-H-BEA) have been developed after employing a series of syn-
thetic modifications in terms of change in reaction conditions, use of varied 
templates [surfactants: [cetyltrimethylammonium bromide (CTAB), tetradecyltri-
methylammonium bromide (TTAB)], rice husk, pH, stirring period, etc.], etc. [179, 
180]. The resulting hierarchical materials were characterized for their morphology 
(by SEM/TEM/low- and wide-angle XRD, 27Al and 29Si-MAS-NMR), thermal sta-
bility (by TG-DTA), elemental analysis (by ICP-AES), surface area (by BET), pore 
volume (by BJH), acidity (by NH3-TPD), etc. using several sophisticated analytical 
techniques [181, 182].
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Maheria et  al. demonstrated a study of the effect of different protozeolites of 
varied catalytic characteristics on % LA conversion into n-butyl levulinate. This 
butyl ester is one of the value-added chemicals as mentioned earlier in the text and 
finds its wide applications as a reaction intermediate in bio-based chemical synthe-
sis, a plasticizing agent, a solvent, and an odorous substance. One hundred percent 
selectivity and higher % LA conversion was obtained in case of H-BEA zeolite 
owing to its three-dimensional structure along with its moderate acidity and medium 
pore size. The order of catalytic activity was found as 
H-BEA > H-Y > H-ZSM-5 > H-MOR [183].

Subsequent research was focused on generating hierarchical zeolites (meso-H- 
ZSM-5 and meso-H-BEA) and applying them as solid acid catalysts in levulinic 
acid esterification reaction to synthesize n-butyl levulinate [179, 180, 182]. 
Morawala et al. synthesized mesozeolite BEA using controlled desilication by sol- 
gel method with the help of rice husk, CTAB, and microporous zeolite BEA precur-
sor. Zeolite BEA derivatives have been synthesized with rice husk and CTAB 
(designated as MCRK) and with only CTAB surfactant (designated as MCCK). The 
bimodal porosity of mesozeolite BEA is confirmed by XRD, BET surface area, 
solid-state NMR, and thermal (TGA) analysis. Both mesozeolites were found to 
exhibit higher thermally stability as compared to the parent zeolite. MCRK was 
found more thermally stable as compared to MCCK and parent H-BEA, which may 
be due to thicker walls (due to introduction of zeolite building units into the meso-
pore walls) of MCRK and MCCK. They concluded that use of rice husk has contrib-
uted toward increasing the thermal stability of the compounds. Also, upon analysis 
of spent catalysts, the authors have observed enhanced ability of mesozeolite to 
retain acidity after converting microporous structure of zeolite H-BEA into hierar-
chical structure. Further, the surface area of both mesoporous materials was found 
higher as compared to parent microporous H-BEA. Both hierarchical zeolites per-
formed better than parent microporous zeolite BEA in LA esterification to generate 
n-butyl levulinate. Higher % LA conversion (95.6%) and selectivity (91%) were 
observed in the case of MCRK as compared to parent H-BEA and MCCK due to 
higher acidity and lower Si/Al ratio of MCRK. The authors observed the preferen-
tial order of activity as MCRK > MCCK > parent H-BEA (18) > Al-MCM-41 [182].

Further, an attempt was made to synthesize mesoporous zeolite BEA using 
TTAB surfactant as structure-directing agent via desilication approach. Further, 
catalysis efficiency of synthesized mesozeolite BEA (MTCK) was studied toward 
synthesis of n-butyl levulinate from LA esterification. An optimization study was 
undertaken using the Box-Behnken method. The material was characterized by 
using usual catalyst characterization techniques. MTCK was found to exhibit 
improved surface area and acidity and possess bimodal porosity. XRD and BET 
surface area analysis confirmed the creation of mesopores within microporous zeo-
lite H-BEA. The authors obtained a 99.4% LA conversion, 91.51% yield, and 99% 
selectivity of n-butyl levulinate, over micromeso-MTCK catalyst under reaction 
condition of 120 °C reaction temperature and 13% catalyst concentration. At opti-
mized process parameters (by BBD), an optimum of 99.44% LA conversion was 
obtained. From response surface methodology analysis, reaction time parameter is 
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found as the most influential parameter in the esterification of LA with n-butanol 
over MTCK catalyst. The catalyst reusability study was performed up to four cata-
lytic runs, and the catalyst was found reusable without any significant loss of its 
activity. The authors claimed that the green protocol developed for LA esterification 
to synthesize n-butyl levulinate can also be further explored in green conversion of 
other biomass-derived scaffolds into other value-added chemicals [180].

Many other researchers are working on esterification of levulinic acid with vari-
ous alcohols to synthesize alkyl levulinates. Several reports exist on use of various 
zeolite-based catalysts for alkyl levulinate synthesis. Some examples of use of hier-
archical zeolites BEA with a secondary porosity were reported [159] and Nandiwale 
et al. [157]-synthesized ZSM-5 mesozeolites through a post-synthetic extraction of 
framework silicon with NaOH. Newly introduced mesoporosity was found to con-
tribute in enhancing the catalytic activity of these materials in the esterification of 
levulinic acid with ethanol. Hierarchical ZSM-5 zeolite obtained by desilication has 
also been used as support to incorporate a second acid functionality, like dodeca- 
tungstophosphoric acid [184]. The study revealed that modified desilicated 
H-ZSM-5 gives higher yield as compared to the parent H-ZSM-5 zeolite, due to the 
increase of higher surface area after desilication. Modification through desilication 
involves the extraction of silicon selectively, thus enhancing the surface area, gener-
ating mesoporosity, and increasing the mass transfer at the catalytic active sites 
[154, 157, 184].

8  Concluding Remarks and Outlook

LA provides remarkable potential for the development of several linear as well as 
heterocyclic systems and an economical alternative to the carbon-derived fossil 
fuels for designing novel derivatives. Researches in the field promise a larger objec-
tive of conversion of biological residues and wastes into sophisticated synthesized 
valuable chemicals. LA, however, having a potential for dozens of other molecules, 
has had the authors inclined toward the class of molecules—levulinate esters—
which are being used in numerous industries in today’s time and promise of greater 
utilization in several other undiscovered applications. The conversion is an esterifi-
cation reaction with alcohol molecules, requiring the presence of an acid catalyst.

Catalyzing the above-said reaction has seen a groundbreaking research with sci-
entists bringing out several moieties for undergoing the strenuous transformation 
with an optimum yield. Research has yielded featured materials like MOFs, zirco-
nia, heteropolyacids, zeolites, and even carbonaceous and supported catalytic enti-
ties for the aforementioned purpose [93, 180, 182, 183, 185, 186]. Special focus has 
been on zeolites, which possess sized pores which can be engineered using pro-
cesses like dealumination, desilication, as well as the merging of two or more zeo-
lite molecules with a high yield and affinity toward the reactant molecules.

The monitoring of the reaction however becomes a bit difficult and hard to han-
dle, requiring the confirmation of the same using several spectroscopic techniques, 
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given that the boiling points of the reactants and the product near each other with a 
narrow margin. This situation becomes tedious in the case of lower molecular 
weight alcohols which are in actuality very near in boiling point to levulinic acid. 
Also, the generation of the zeolites sometimes requires high-temperature transfor-
mations for several hours making the processes highly energetic ones [182]. 
Decreasing the same using alternative methods is another aspect of research scien-
tists are working upon. The process of desilication is often favored over dealumina-
tion for several reasons proposed in the chapter. Stability of the catalyst is a property 
that forms a primal importance, as the regeneration of catalyst goes through inten-
sive temperatures as mentioned above. Frutiful results have show that zeolite cata-
lysts have high stability due to which they can withstand temperatures as high as 
823 K with an almost the same activity even after two catalytic cycles [182].

Hierarchical zeolites have also been introduced in this chapter, showing a prom-
ising future with multimode porosity, high acidity, high catalytic activity, high sta-
bility, and optimum yields [187]. This blend shows manifold active sites in the 
moieties with adequate pore sizes for the reacting molecules. Several pathways for 
their generation were also brought into notice of the readers for further synthesis 
pursuits.

With an emphasis on lignocellulose biomass-derived economically viable chem-
icals instead of the hydrocarbon-based one, increased research in the field is a call 
of the hour. Given the manifold advantages of the translational processes involved 
outweighing the equally important challenges, several associated industrial sectors 
in a larger front will be impacted. Henceforth, further research work employing the 
development and design of efficacious solid acid catalysts for the purpose as well as 
the understanding of important processes for the decomposition of biomasses into 
important derivatives is necessary for an enhanced economical and commercial pro-
duction of the value-added chemicals being referred to in this chapter.
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Abstract Aliphatic carboxylic acids and their common derivatives such as amides 
and esters, particularly embracing heteroatom-based substituents, are widespread 
among natural and synthetic complex molecular frameworks, ratified drugs, and 
various tailored materials. Conventional synthetic processes to access these com-
pounds comprise multistep protocols that are virtually inconvenient and unsafe, 
generating large mass of wastes within the synthetic sequence. The straightforward 
transition metal-catalyzed installation of a heteroatom-based function via trans-
forming a selective C–H bond of an aliphatic carboxylic acid equivalent has recently 
materialized as an attractive substitute to those multistep processes. In the latter 
case, the carboxylate group, either directly or in the form of an interconvertible 
directing group, controls the highly selective metal-promoted hetero- 
functionalization process in the alkyl chain residue through extraordinarily ordered 
transition states.

The current chapter summarizes the advances in the field of transition metal- 
enabled C(sp3)–H bond hetero-functionalization of aliphatic carboxylic acids and 
their synthetic equivalents. Due to substantial progress in recent years, only fre-
quently employed transition metals, including palladium, nickel, copper, iron, and 
cobalt, which promoted reactions have been described. The chapter has been divided 
into two key subtopics: (1) directed C(sp3)–H hetero-functionalization approaches, 
in which the carboxylic acid or a promptly adaptable carboxylate equivalent actively 
binds to the metal catalyst and brings it close to the cleavable C(sp3)–H bond to 
facilitate further functionalization, and (2) non-directed C(sp3)–H hetero- 
functionalization approaches, in which the carboxylic acid equivalents passively 
control the metal-promoted C(sp3)–H functionalization. Gratifyingly, both 
approaches lead to regiospecific functionalization of carboxylic acid synthons at 
either proximal-selective α-C–H bonds or distal β-, γ-, and even δ-C–H bonds with 
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various heteroatom-based substituents, e.g., O-, N-, S-, Se-, halogen-, B-, Si-, and 
recently Ge-based groups.

Keywords Hetero-functionalization · C–H bond cleavage · Carboxylic acid esters 
· Bidentate · Monodentate

1  Introduction

Aliphatic carboxylic acid equivalents/derivatives, particularly embracing 
heteroatom- based substituents positioned at diverse carbon centers (e.g., α-, β-, γ-, 
δ-, etc.) in the alkyl residue, possess tremendous applications in fine chemicals and 
pharmaceutical industries [1–13]. Traditional methods to access those elegant mol-
ecules demand multistep synthetic protocols employing practically inconvenient 
and frequently hazardous operational conditions that produce large quantity of non- 
disposable chemical wastes. The concept of transition metal-catalyzed direct func-
tionalizations by cleaving of a specific C–H bond has recently emerged as an 
attractive tool for installing heteroatom-based groups onto an aliphatic carboxylic 
acid substrate under mild and environmentally benign conditions [14–21]. However, 
the latter class of transformation holds several fundamental challenges owing to the 
robust nature and intrinsic inertness of aliphatic C–H bonds (BDE = ~90−100 kcal/
mol, pKa = ~45−60, etc.). The decisive cleavage with succeeding functionalization 
of a specific C−H bond of alkanes in the presence of numerous chemically identical 
C–H bonds also seems extremely intricate [15]. Two independent approaches are 
generally conceived to realize the transition metal-catalyzed C–H bond functional-
ization of carboxylic acid derivatives directly [22–25]: (1) a directed approach in 
which the carboxylate counterpart pre-associates with the metal catalyst to hold it in 
the proximity of the cleavable C(sp3)–H bond, thereby promoting the hetero- 
functionalization process at the distal-selective β-, γ-, and/or even δ-positions, and 
(2) a non-directed C(sp3)–H hetero-functionalization approach, which commonly 
proceeds through the formation of a stabilized enol or carbon-centered radical inter-
mediate typically resulting in α-functionalized carboxylic acid synthons. The pres-
ent chapter sketches the advances in the field of transition metal-catalyzed C(sp3)–H 
bond hetero-functionalization of aliphatic carboxylic acid equivalents. Due to con-
siderable progress in recent years, only frequently employed transition metals, 
including palladium, iridium, nickel, copper, iron, and cobalt, which promoted reac-
tions have been described.

2  Directed C(sp3)–H Hetero-functionalization Approaches

In directed hetero-functionalization approaches, the carboxylate equivalent of the 
substrate serves as a polar chelating metal template that assists to form a five- or 
six-membered metallacycle intermediate via the selective activation of the β- or 
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γ-C–H bond, respectively [26]. Due to the weak coordinating nature of free carbox-
ylic acid groups, they are often converted into relatively stronger chelating directing 
groups, e.g., mono- and bidentate N-donor functional groups, that facilitate the 
building of exceptionally ordered metallacycle transition states. Consecutively, the 
C–heteroatom bond realization generally takes place at the reductive elimination 
step to furnish the targeted heteroatom-substituted products (Scheme 1).

2.1  Hetero-functionalization of Free Carboxylic Acids

Free carboxylic acids are known to coordinate to transition metals, however, in a 
rather weak manner [27]. Nevertheless, the first hetero-functionalization of aliphatic 
carboxylic acids appeared in the literature as early as in 1991. A Pt2+/Pt4+ catalyst 
system was employed to oxidize the C(sp3)–H bonds of aliphatic carboxylic acids in 
aqueous solution to obtain various lactones via intramolecular C–O bond forma-
tions [28]. The reactivity trends of various C(sp3)–H bonds of aliphatic carboxylic 
acids were as follows: α-C–H ≪ β-C–H < γ-C–H ≥ δ-C–H ~ ε-C–H bonds to give 
a mixture of lactones and the subsequent ring-opened hydroxy acid products. Thus 
butanoic acid when subjected to the C–H oxidation process resulted in a mixture of 
γ-C–H activation product (γ-butyrolactone) (16%), β-C–H activation product (β–
butyrolactone) (2%), and the ring cleavage product of γ-butyrolactone (γ–hydroxy 
butanoic acid) (8%) (Scheme 2). The reaction preferentially proceeds through the 
involvement of a less-strained six-membered platinacycle species as obtained by the 
γ-C–H activation of butanoic acid. The β-butyrolactone was obtained as the kineti-
cally controlled product. Furthermore, in the presence of β-, γ-, and/or δ-C–H 
bonds, no lactonization took place at α-C–H bonds in the substrate, indicating the 
intermediacy of a metallacycle species.

However, the prerequisite of high platinum loading and the nonselective product 
formation appeared as a major restriction of this Pt-based system. The true catalytic 
variant of this Pt2+-based system was developed by utilizing CuCl2 as the terminal 
oxidant. Thus, the catalytic system enables the C−H bond lactonization of α-amino 
acids, e.g., l-valine, in water medium to produce hydroxyvaline isomers, which can 
be isolated in the form of N-Boc-lactones in moderate yield (Scheme 3) [29]. Since 

Scheme 1 Hetero- 
functionalization of 
aliphatic carboxylate 
equivalents via directed 
approach

C(sp3)–H Bond Hetero-functionalization of Aliphatic Carboxylic Acid Equivalents…



386

amino acids are known to pre-associate with a metal ion in a bidentate manner, the 
selectivity of this Pt-catalyzed C–H lactonization process was much higher com-
pared to a simple aliphatic carboxylic acid.

Whereas Pt2+-based system was proved to efficiently catalyze the direct lactoni-
zation, the examples of site-selective hydroxylation of carboxylic acids are limited. 
A finding by De Vos demonstrated that the γ-hydroxylation of n-butanoic acid can 
be achieved by a Pt2+ catalyst system, in which molecular oxygen acts as the termi-
nal oxidant [30–32]. In this reaction, FeCl2 was used as the co-catalyst, and ortho-
substituted pyridine derivatives were used as additives to enhance the catalytic 
activity of the Pt2+ species. The selectivity towards γ-hydroxybutyric acid could be 
further improved by using boric acid as a protecting agent, thereby precluding the 
over-oxidation of the terminal primary hydroxy group (Scheme 4).

While Pt2+ catalysts were explored for lactonization and/or hydroxylation of car-
boxylic acids through intramolecular C–O bond formation, van Gemmeren et al. 
described that a Pd-based catalyst system is capable of enabling the intermolecular 
β-acetoxylation of various aliphatic carboxylic acids in the presence of acetic anhy-
dride as the external acetoxylating agent (Scheme 5) [33]. In this reaction, in situ- 
prepared carboxylate salts from the acid substrate and conventional bases showed 
deleterious effect compared to pre-synthesized sodium carboxylate salt as the sub-
strate. Interestingly, the sodium salt of the functioning solvent, HFIP, was found to 
serve as a “traceless” base to free carboxylic acid substrates giving the best result in 
terms of both reactivity and selectivity. In all cases the acetoxylation took place 
regioselectively at the terminal methyl (β-C–H) groups. A simple alteration of the 
catalyst system provided access to a range of β-oxyacylated derivatives of pivalic 
acid (Scheme 5).

2.2  Hetero-functionalization of Carboxylic Acid Equivalents 
via Monodentate Directing Groups

Due to modest chelating ability of carboxylic acids towards transition metals, the 
scope of direct hetero-functionalization of those compounds is rather narrow and 
limited to only C–O bond formations. Nevertheless, the coordinating ability of car-
boxylates is enhanced by protecting them as an amide having an N-based polar 
chelating functionality, e.g., pyridine. In a subsequent synthetic step, after the 
desired hetero-functionalization process, the N-donor functional group can be 
removed to obtain the heteroatom-decorated carboxylic acid. However, these 
sequential hetero-functionalizations of aliphatic carboxylic acids constitute step- 
and energy-intensive processes.

Scheme 2 The first 
directed lactonization of 
aliphatic acids
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C–O bond formation: In 2005, Yu et al. developed a C(sp3)–H acetoxylation of 
methyl groups of aliphatic carboxylic acids via transforming them into strongly 
chelating 2-substituted 4,4-dimethyloxazolines [34]. The acetoxylation took place 
swiftly with Ac2O, at the β-position with respect to the oxazoline ring using 
MeCOOOtBu as an inexpensive oxidant through a trinuclear Pd intermediate con-
taining five-membered palladacycles (Scheme 6). When chiral oxazoline was used 
as the directing auxiliary, the β-acetoxylation proceeded in diastereoselective fash-
ion. Notably in the latter case, lauroyl or benzoyl peroxide was employed in place 
of MeCOOOtBu as the oxidant.

C–N bond formation: The strongly electron-withdrawing monodentated 
N-arylamide directing group enables the intermolecular β-C-H amination of car-
boxylic acids in the presence of Pd(allyl)Cl2 and electron-deficient P[3,5-
(CF3)2C6H3]3 ligand system [35]. The amination technique was applied for the 
structural modification of a drug molecule gemfibrozil 24 (Scheme 7). In this reac-
tion, the oxidative addition of the O-benzoyl hydroxylamine to Pd0 triggers the cata-
lytic cycle that affords the C-N coupled product at the reductive elimination step 
without using further external oxidant (Scheme 8) [36, 37]. The reaction was highly 
monoselective in terms of amines, as the newly assembled amino substituent inhib-
its the palladium catalyst from activating the second methyl group due to bidentate 
chelation. The N-arylamide auxiliary can be cleaved to achieve the corresponding 
β-amino acid.

C–B bond formations: Diversely substituted borylated carboxylic acids/equiva-
lents function as fundamentally important synthetic intermediate for preparing drug 
scaffolds. Direct borylation of aliphatic carboxylic acid amides by activating a 
C(sp3)-H bond can be attained using palladium catalysts; however, it possessed sig-
nificant challenges due to the following reasons: (1) reductive elimination of a C–B 
bond from the borylated palladium complex demands strategic ligand design 

Scheme 3 Lactonization of l-valine via Pt catalysis
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[38–41] and (2) the resulting C–B bonds are often reactive and may undergo further 
transmetallation leading to deborylated and/or β-hydride eliminated products [42, 
43]. Yu et  al. developed a palladium-catalyzed, ligand-enabled procedure for the 
C(sp3)-H β-borylation of alkyl carboxylic acids using a monodentate fluorinated 
directing group [44]. The palladium-based system, comprising an electron-rich and 
sterically less hindered quinoline ligand, when combined with tetrabutylammonium 
tetrafluoroborate (TEABF4) exhibited superior results in terms of both yield and 
selectivity (Scheme 9). The β-borylated products can be further transformed into the 
corresponding β-hydroxylated compounds through a subsequent reaction step 
(Scheme 10).

The enantioselective variant of the Pd-catalyzed β-C(sp3)−H borylation of 
cycloalkane carboxylic acid amides was achieved by using a mono-N-protected 
amino acid (MPAA) ligand, namely, acetyl-protected aminomethyl oxazoline 
(APAO). Modification in the oxazoline ligand core enables the enantioselective 
borylation of various weakly coordinating cycloalkane carboxamides, e.g., cyclo-
propanes, cyclobutanes, and cyclohexanes in excellent enantioselectivity [45]. 
Thus, while the borylation of cyclobutanes was operational by employing an (S,R)-
oxazoline ligand 30, that of cyclopropane and cyclohexane derivatives were realized 
by using 31 and 32, respectively, as optimal ligands (Scheme 11). The borylated 
cyclohexanes were successively oxidized into the corresponding diastereo- and 
enantio-enriched alcohols. The absolute configuration of the products is in accord 
with the involvement of the transition state as shown in Fig. 1. The functional groups 
in the ligand framework exhibit a synergistic interplay to preferably form the five- 
membered palladacycle 40 over 41.

Although the palladium-catalyzed borylation of cyclopropane carboxylic acid 
amides led to the formation of highly enantio-enriched monoborylated cyclopro-
pane 36, the scope of the transformation is inadequate as the bis-borylated cyclopro-
pane ring-opened product 37 was always identified as the by-product. Nevertheless, 
by altering the palladium system with an iridium catalyst in conjunction with a 
chiral bidentate boryl ligand, the desired ring borylation of cyclopropyl amides was 
successfully achieved in high yield and enantioselectivity (Scheme 12) [46]. The 
stereochemical outcome of the reaction was justified by comparing the two pro-
posed complexes (1R,2S)-45 and (1S,2R)-45 in the stereoselective oxidative addi-
tion step (Fig. 2).

In an independent report, the borylation of 2-alkyl-1,3-azoles at the β-C-H bond 
with regard to the azole ring in the 2-alkyl side chain was achieved by means of 
silica-supported monophosphine-iridium catalyst [47]. The borylation strategy was 
equally effective for both primary and secondary C(sp3)-Η bonds of alicyclic and 
acyclic substituents attached with the azole ring (oxazoles, thiazoles, and imidaz-
oles). However, benzazoles bearing sterically less congested alkyl chains often 

Scheme 4 γ-Hydroxylation 
of n-butanoic acid using 
molecular O2 as the oxidant
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resulted in a mixture of monoborylated and geminal bis-borylated products. The 
monoborylated compound 47 can be converted into a tertiary amine through a sub-
sequent reaction step (Scheme 13).

C–halogen bond formations:Halogenated carboxylic acids and amides act as 
vital building blocks as they can be further transformed into useful synthetic com-
pounds relying on dehalogenation and C–halogen bond activation strategies. The 
iodination of β-C–H groups with respect to a σ-chelating oxazoline auxiliary was 
achieved by molecular I2 in the presence of Pd(OAc)2/PhI(OAc)2 system [48]. Thus, 
the cyclopropane substrate prepared from (R)-tert-leucinol was iodinated as a single 
stereoisomer that can be transformed into the corresponding carboxylic acid ester in 
outstanding enantioselectivity (99% ee) upon a hydrolysis/esterification sequence 
(Scheme 14). One of the unique advantages of this catalytic system is the recyclabil-
ity of the Pd catalyst that precipitates as PdI2 at the end of the reaction and can be 
further reused.

Scheme 6 Oxazoline-directed C(sp3)–H acetoxylation of methyl groups

Scheme 7 β-Amination of gemfibrozil amide using a monodentate DG

Scheme 5 Direct intermolecular acyloxylation of carboxylic acids
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Developments along this direction show alkyl carboxamides, having electron- 
withdrawing N-aryl groups, can be fluorinated, brominated, as well as iodinated at 
β-C(sp3)–H bonds using palladium/electron-rich ligand systems. It is worth men-
tioning that the presence of a more acidic α-proton decreases the Thorpe–Ingold 

Scheme 8 Proposed 
catalytic cycle for the 
β-amination of 
monodentate carboxamides

Scheme 9 Pd-catalyzed 
β-borylation of carboxylic 
acid amides
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Scheme 11 Pd-catalyzed 
enantioselective direct 
borylation of cycloalkane 
carboxylic acids

Fig. 1 Predicted 
stereochemical model for 
borylation of 
cyclobutane rings

Scheme 10 Transformation 
of β-borylated products

effect, thereby decelerating the formation of metallacycle intermediate, and that in 
the halogenated product is prone to undergo dehalogenation [49]. Nonetheless, 
these reaction systems efficiently enable halogenation, e.g., β-fluorination, 
β-bromination, and β-iodination of α-unsubstituted/protonated carboxamides 
(Scheme 15) [50, 51].
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Scheme 12 Highly regio- and enantioselective C–H borylation of cyclopropane carboxamides

Fig. 2 Predicted stereochemical model for the borylation of cyclopropane

Scheme 13 β-Borylation of benzazoles via iridium catalysis

Scheme 14 C–H iodination of cyclopropane ring under the assistance of monodentate oxazo-
line group
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2.3  Hetero-functionalization of Carboxylic Acid Equivalents 
via Bidentate Directing Groups

Since the influential work by Daugulis on 8-aminoquinoline-directed C–H bond 
functionalization of arenes under palladium catalysis, the bidentate directing group-
assisted C–H functionalization has emerged as a fascinating area of research in 
organic chemistry [52]. A series of N,N-, N,O-, and N,S-bidentate directing groups 
were developed for the hetero-functionalization of aliphatic carboxylic acids [14, 
53–55]. Due to stronger chelating aptitude of bidentate directing groups towards 
transition metals compared to that of monodentate counterparts, the formation of 
metallacycle intermediates is thermodynamically more favored. In addition, simple 
installation and cleavage of those directing groups augment the practical applicabil-
ity of the catalytic approaches [54, 55].

C–O bond formation: The directed C(sp3)–H bond oxy-functionalization under 
the assistance of a bidentate chelating group is one of the most explored hetero- 
functionalization approaches for carboxylic acids. In 2005, Corey et al. reported the 
first example of a palladium-catalyzed direct acetoxylation of α-amino acids via 
transforming them into 8-aminoquinoline-derived amides [56]. Common α-amino 
acids, including leucine, alanine, β-phenylalanine, etc., were acetoxylated with ace-
tic anhydride at the β-carbon center with regard to the 8-aminoquinoline amide 
giving an expedient entry to β-hydroxy- and β-acetoxy-α-amino acids that serve as 
versatile building blocks for numerous bioactive compounds (Scheme 16) [57–60]. 
The rate of this C–H oxidation process was notably enhanced by the presence of 
Mn2+ that was believed to form Mn3O(OAc)7 under oxidative condition, hence act-
ing as a Lewis acid to ease the palladacycle 60 formation.

A copper-catalyzed strategy for the acetoxylation of methyl groups in simple 
carboxamides was also described with the aid of 8-aminoquinoline directing auxil-
iary. Hence, Cu(OAc)2 in conjunction with AgOAc promotes the β-acetoxylation of 
terminal methyl groups in respect to the bidentate 8-aminoquinolinyl amide sub-
stituent (Scheme 17) [61]. However, a mixture of mono- and bis-acetoxylated prod-
ucts was resulted for substrates bearing two chemically alike methyl groups at 
β-position. The cleavage of the chelating auxiliary can be performed under mild 
reaction condition to afford the primary amide.

The C(sp3)–H acetoxylation of carboxylic acids was also reported to proceed 
under the influence of another bidentate coordinating substituent, S-methyl-S-2-
pyridylsulfoximine (MPyS) [62, 63]. In this case the five-fused five-membered pal-
ladacycle intermediate is formed via the coordination of the directing group through 
pyridyl and sulfoximine nitrogens to the palladium center. Gratifyingly, the reaction 
condition was tuned to obtain mono-acetoxylated products at room temperature and 
bis-acetoxylated products at an elevated temperature (70 °C) (Scheme 18). The free 
β-hydroxy carboxylic acids can be accessed via the removal of the exquisite 
S-methyl-S-2-pyridylsulfoximine (MPyS) auxiliary from the acetoxylated 
carboxamides.
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While the scope of direct acetoxylation methods consists of ample examples in 
terms of both acid substrates and chelating directing groups, that of C(sp3)–H alk-
oxylations is rather sporadic. The first alkoxylation of inactivated methylene C–H 
bonds with alcohols was accomplished by using a Pd-based catalyst system incor-
porating hypervalent iodine (I3+) reagents as the oxidant [64]. Of note, the catalytic 
activation of a methylene C–H bond is a difficult task owing to more steric demand 
and a more facile β-hydride elimination in comparison to methyl groups. For the 
targeted alkoxylation, the active alkoxylating I3+ agent 70 was generated by mixing 
MeOH with Dess–Martin periodinane (DMP) (I5+). The use of an alcohol as the 
solvent, in the presence of 70, allows for attaching the corresponding alkoxy group 
at the β-position of 8-aminoquinoline-derived aliphatic carboxamides (Scheme 19). 
The late-stage derivatization of few anti-inflammatory drugs, e.g., ibuprofen, 
naproxen, flurbiprofen, ketoprofen, etc., was realized by using the alkoxylation 
technique (Scheme 20).

Scheme 15 Pd-catalyzed β-halogenation in the presence of α-protons

Scheme 16 Direct β-acetoxylation of α-amino acids
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By utilizing this approach, both symmetrical and unsymmetrical acetals were 
accessed via geminal double alkoxylation at the β-carbon center [65]. The installa-
tion of the second alkoxy group, however, was found tricky and required Ag2CO3 as 
the crucial additive to promote the desired twofold alkoxylation giving a series of 
symmetrical acetals by using an alcohol as the solvent. This protocol constitutes a 
complementary route to acetals without making use of aldehyde substrates. 
However, the optimized reaction condition for symmetrical acetals could not be 
applied for accessing unsymmetrical acetals as premixing of two dissimilar alcohols 
always led to the symmetrical acetal from the relatively active alcohol. Instead, the 
second alcohol had to be employed into the reaction vessel after completion of the 
first alkoxylation step. Thus in a sequence, after realizing the first monoalkoxylation 
with R1OH, the alcohol solvent was removed and the second alcohol R2OH along 
with the oxidant was introduced in the same reaction vessel to conduct the second 
alkoxylation to furnish unsymmetrical acetal products (Scheme 21).

The directed approach for the alkoxylation of C(sp3)–H bonds was also expanded 
to other bidentate directing groups. A pyridine-based auxiliary among various 

Scheme 17 Copper-catalyzed acetoxylation of methyl groups

Scheme 18 Use of sulfoximine directing group for acetoxylation of methyl groups
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N-donor directing groups, holding gem-dimethyl substituents at the benzylic site 
next to the pyridine ring, promotes the palladium-catalyzed methoxylation process 
at considerably faster rate (Scheme 22) [66]. This is possibly attributed to the fact 
that the formation of the metallacycle intermediate is accelerated through entropic 
restraint and bond angle compression by the gem-dimethyl substituents.

Notably, the typically used Pd(OAc)2/PhI(OAc)2 catalyst system enables the 
β-C(sp3)–H alkoxylation of PIP-decorated amides in the presence of a 1:1 combina-
tion of m-xylene and an alcohol. The PIP group can be detached from the 
β-alkoxylated products under mild condition to form the corresponding carboxylic 
acids (Scheme 23).

However, relatively little prospect has been made in building C(sp3)−O bonds 
via directed approach by means of a chiral auxiliary. Along this track, an intramo-
lecular etherification was realized in stereoselective manner with the aid of a privi-
leged chiral bidentate group in the absence of an optically active ligand. The reaction 
yields numerous sterically demanding cyclic ethers and oxaspirocyclic compounds 
in highly diastereoselective manner (up to dr  =  39:1) (Scheme 24) [67, 68]. 
Mechanistic investigation and DFT calculations indicate that only low levels of dia-
stereoselectivity were persuaded at the C–H metalation–deprotonation step and 
were markedly enhanced at the reductive elimination step.

C–S and C–Se bond formation: Synthesis of chalcogenated acids, particularly 
thioether-substituted carboxylic acids/equivalents, via chelation-assisted direct 
functionalization of a C–H bond is a rather new-fangled approach. The major 
hitches associated with thiolating a C–H bond is originated due to the catalyst poi-
soning effect by the sulfur agent [69]. Nevertheless, the catalyst retarding effect can 
be minimized with the use of dichalcogenides. For example, 8-aminoquinoline- 
derived amides were thiolated at the β-carbon centers by using disulfides 

Scheme 20 Late-stage 
modification of ibuprofen

Scheme 19 β-Acetoxylation of 
unactivated methylene 
C(sp3)–H bonds
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(Scheme  25). Nickel-based catalyst systems permitted the required transformation 
by oxidizing β-C–H bonds of methyl groups with high monoselectivity [70, 71]. 
These thiolations proceed via the formation of a five-fused five-membered nickela-
cycle intermediate, and commonly the C–S bond formations occur at the reductive 
elimination step. Subsequently, the 8-aminoquinoline auxiliary was simply removed 
by hydrolysis to furnish the corresponding thioether-substituted acid that can be 
further derivatized.

Scheme 21 Synthesis of 
acetals via double 
alkoxylation of C–H bonds

Scheme 22 Identification 
of N-donor directing group 
for the alkoxylation

Scheme 23 PIP-directed 
alkoxylation of 
C(sp3)–H bonds
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In another report, it was demonstrated that even free thiophenols can be employed 
for the direct thioetherification of β-C–H bonds of terminal methyl groups in 
8- aminoquinoline-derived carboxamides (Scheme 26) [72].

Not only arylthiolations, 8-amidoquinolines also direct the palladium-catalyzed 
arylsulfonylation of C(sp3)–H bonds with sodium sulfinates as the S-coupling coun-
terpart to provide an extensive range of aryl alkyl sulfones (Scheme 27) [73]. The 
sulfur atom in sodium sulfinate, being soft in nature, prefers to coordinate to the 
palladium catalyst over oxygen atoms and thus reductively eliminates arylsulfonyl-
ated products. Several complex molecules, including a cholic acid derivative, under-
went late-stage sulfonylations under the operative condition.

Direct trifluoromethylthiolation also proceeded swiftly with the electrophilic 
SCF3 agent 95 to afford the β-thiolated carboxamide products (Scheme 28) [74]. 
The reaction relies on a higher-valent PdIV intermediate formed in situ by oxidizing 
the trifluoromethylthiolating agent [75, 76].

Scheme 24 Chiral 
auxiliary-directed 
C(sp3)–O bond formation

Scheme 25 Nickel- 
catalyzed direct 
thioetherification of 
carboxamides
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All these regioselective β-C(sp3)–S bond formations depend on the thermody-
namic steadiness of a five-membered metallacycle intermediate. The chalcogena-
tion at γ-position would require an analogous C–H activation strategy that proceeds 
through a six-membered metallacycle intermediate and is however challenging due 
to constitutional and conformational constraints. A PdII-catalyzed approach was 
introduced for the regiospecific γ-thioarylation of aliphatic carboxylic acids con-
trolled by 8-aminoquinoline directing group. This γ-thioarylation technique was 
also applied to structurally modify common α-amino acids, e.g., valine, isoleucine, 
tert-leucine, etc. A similar mechanism also operates for the arylselenylation of 
8-amidoquinolines giving an appropriate entry to selenoether-decked carboxylates 
(Scheme 29) [77].

C–N bond formation: Given the abundance of nitrogen-rich aliphatic carboxylic 
acid equivalents in natural and synthetic organic compounds, the installation of an 
amine-based functional group via C–H bond activation of aliphatic carboxylic acid 
precursors under transition metal catalysis has received significant interest. The first 
example of a C(sp3)-H group activating amination of aliphatic carboxylic acid 
amides was mediated by bidentate 8-aminoquinoline (AQ) and 2-pyridylmethyl 
amine (PM) directing groups. The amination proceeds intramolecularly at the 
γ-position with respect to the directing group under palladium catalysis [78]. Both 
AQ and PM directing groups gave comparable outcome; however, slightly higher 
temperature was required in the case of using PM as the directing group (90 °C vs. 

Scheme 26 Nickel- 
catalyzed arylthiolation 
with free thiophenol

Scheme 27 Sulfonylation of terminal β-C–H bonds of carboxamides
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110 °C). A protocol for the facile cleavage of the quinolinyl directing group was 
also illustrated (Scheme 30).

Subsequently, the bidentate ligation by the directing groups has been profoundly 
utilized for intra- as well as intermolecular amination reactions of aliphatic carbox-
ylic acid amides. While majority of the intramolecular C–N bond-forming reactions 
led to β-lactam cores, the intermolecular version provided β-aminated products. For 
instance, Shi et  al. developed a palladium-catalyzed monoarylation/amidation 
sequence for N-protected amino acids delivering chiral α-amino-β-lactam scaffolds 
by means of 2-(pyridin-2-yl)isopropyl (PIP) directing group (Scheme 31) [79].

However, the PIP auxiliary cannot be removed from the resulting highly func-
tionalized β-lactam moieties. This has restricted the general synthetic practicality of 
this sequential amidation method. When the PIP group was replaced with 
8- aminoquinoline, the sequential monoarylation/amidation under a slightly modi-
fied catalytic condition also provided similar class of α-amino-β-lactam motifs from 
which the directing group can be removed [80]. Thus, upon the ring cleavage, the 

Scheme 28 Trifluoromethylthiolation of primary C(sp3)–H bonds

Scheme 29 γ-Chalcogenation of C(sp3)–H bonds directed by a bidentate group
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β-lactam can be further converted into orthogonally protected anti-α,β-diamino 
acids (Scheme 32).

In another report, it has been documented that pentafluoroiodobenzene, being an 
electron-withdrawing agent, can act as a crucial component of the PdII/PdIV-based 
catalytic cycle for the 8-aminoquinoline-directed intramolecular lactamization by 
not only regulating the steric and electronic nature of intermediates in favor of the 
C−N bond formation but also as an oxidant to the PdII-metallacycle species (Scheme 
33) [81, 82].

This fine-tuning of the catalytic system by the addition of C6F5I has enabled the 
straightforward synthesis of β-lactams with 5/4, 6/4, 7/4, or 8/4 cis-fused ring sys-
tems including the key fragment of the β-lactamase inhibitor MK-8712 (Scheme 
34) [82].

Earth abundant, first row transition metals, e.g., copper, nickel, and cobalt, can 
also effectively catalyze the oxidation of methyl and methylene protons of 
8- aminoquinoline-derived carboxylic amides. The β-lactam ring is constructed via 
the activation of a β-C(sp3)–H bond through the formation of five-fused five- 
membered metallacycle, similar to a palladacycle intermediate. The copper-cata-
lyzed intramolecular amidation of 8-aminoquinoline-derived carboxamides to 
β-lactams was accomplished by employing either silver carbonate or duroquinone 
as the stoichiometric oxidant (Scheme 35) [83, 84]. The C(sp3)–H lactamization 
took place favorably at the terminal β-methyl group or at internal β-benzylic 

Scheme 30 Intramolecular amination of γ-C(sp3)–H bonds
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position of the alkane residue giving practically useful synthetic yields. The copper-
catalyzed reaction system follows the reactivity trend as β-benzylic > β- methyl > β
-ring > β-linear carbon centers. However, the substrate scope is slightly narrower 
than the existing Pd-catalyzed intramolecular amidation protocol.

The copper-based catalytic cycle can also successfully operate to produce 
β-lactams in the presence of oxygen as the terminal oxidant. This Cu-catalyzed 

Scheme 31 Synthesis of β-lactam cores via sequential β-arylation/amination of carboxamides

Scheme 32 Palladium-catalyzed β-lactam synthesis and further derivatization

Scheme 33 Influence of C6F5I in controlling the C–N bond formations
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aerobic lactamization is particularly beneficial in terms of product economy and 
waste minimization (water is the only by-product) (Scheme 36) [85]. Contrary to 
the copper-catalyzed protocols that operate through employing silver carbonate or 
duroquinone as the oxidant, the aerobic system is highly site-selective for the oxida-
tion of β-methyl groups even in the presence of a β-benzylic C–H bond. The 
N-quinolyl auxiliary can be elegantly disintegrated by further converting it into 
5-methoxyquinolyl motif via coupling with a Ni-catalyzed methoxylation strategy 
(Scheme 37) [86–88].

A nickel-based catalyst system was also developed relying on the assumption 
that in the presence of an external single-electron oxidant, the NiII catalyst can 
undergo a NiII/NiIII catalytic cycle in which the higher-valent NiIII intermediate 
reductively eliminates the C–N cross-coupled product [89–91]. Thus, a catalyst sys-
tem, consisting of Ni(dme)2I2 as the NiII source and TEMPO as the single-electron 

Scheme 34 Synthesis of a key fragment of β-lactamase inhibitor MK-8712 via C(sp3)–H 
lactamization

Scheme 35 Copper- catalyzed β-lactamization of 8-aminoquinoline- derived carboxamides
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oxidant, was found crucial for the highly selective lactamization process via β-C–H 
activation of methyl groups of 8-aminoquinoline-functionalized carboxamides. 
However, the scope of the reaction is limited to substrates having quaternary 
α-carbon centers (Scheme 38) [92].

In another independent Ni-catalyzed approach, an analogous C–H β-lactamization 
was attained under the assistance of 5-chloroquinoline-derived carboxamide in the 
presence of molecular iodine as the stoichiometric additive [93]. In this case, two 
reaction pathways were suggested for the formation of the β-lactam ring (Scheme 
39). The first possibility involves a common C−N bond reductive elimination step 
from higher-valent cyclometallated NiIII (128) or NiIV intermediate (129). The other 
route can be a stepwise mechanism in which a direct β-iodination of the aliphatic 
amide takes place followed by a ready intramolecular cyclization leading to the 
β-lactam ring. Interestingly, when the preformed β-iodinated amide 131 was sub-
jected to amidation even in the absence of the Ni catalyst, molecular iodine, and 
other additives, the cyclized β-lactam product was predominated, indicating an indi-
rect evidence for the stepwise pathway to be operational for the lactamization 
process.

A cobalt-based catalytic system was also introduced for the C–H β-lactam syn-
thesis from 8-aminoquinolinyl amides. The catalyst system, comprising Co(OAc)2, 

Scheme 36 Synthesis of 
β-lactams via copper- 
catalyzed aerobic oxidation 
of methyl groups

Scheme 37 Removal of 
the N-quinolyl protection 
from the β-lactam cores
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Ag2CO3, and PhCO2Na, operates in highly selective fashion to activate β-methyl 
groups even in the presence of more reactive β-benzylic groups [94]. However, the 
presence of γ-benzylic protons led to γ-lactams as the major product. However, 
when an aromatic ring was present at the α-carbon, the ortho-protons of the ring 
underwent activation under cobalt catalysis to provide indolin-2-one derivative as 
the predominant product (Scheme 40).

The cobalt system also promotes the intermolecular amination reaction via the 
C–N bond formation between 8-aminoquinoline-derived amides as the C–H sub-
strate and α,α-disubstituted amides as the N source (Scheme 41) [94]. This 

Scheme 38 Nickel-catalyzed β-lactam synthesis using TEMPO as a single-electron oxidant

Scheme 39 Proposed reaction pathway for the iodine-mediated C–H lactamization reaction
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cobalt- catalyzed methodology constitutes the only example of oxidative β-amidation 
of aliphatic carboxylic acid amides.

The directed C–H amination of aliphatic carboxylic acid synthons through inter-
molecular C–N bond formation was also reported to proceed by using electrophilic 
N sources. Qin et al. reported that the hydroxylamine derivative 137 can be used as 
the amine source for the palladium-catalyzed amination of aliphatic carboxylic acid 
amides by means of a bidentate 2-aminothioether as the coordinating directing 
group (Scheme 42) [95]. This reaction proceeds via the oxidative addition of the 
N–O bond into PdII metallacycle intermediate, forming the PdIV species that leads to 
construct the new C–N bond after reductive elimination.

Another isolated example demonstrates that Pd(OAc)2 can catalyze the intermo-
lecular amination of 2-(pyridin-2-yl)isopropyl (PIP)-derived aliphatic carboxylic 
amides using diethyl azodicarboxylate (DEAD) as the N source under the influence 
of the bidentate chelation assistance of PIP group [96]. The diethoxycarbonyl 
hydrazine and the directing group were cleaved giving β-amino acid methyl ester 
(Scheme 43).

C–Si and C–Ge bond formations:Organosilicon compounds serve as highly sig-
nificant synthetic intermediates in numerous organic transformations and are known 
to possess potential applicability in material sciences. However, successful exam-
ples for direct silylation via activation of unreactive C(sp3)–H bonds of aliphatic 
carboxylic acid equivalents are only sporadic, presumably due to the reluctant 
migratory aptitude of the bulky silyl group to be transferred to the transition metal 
catalyst through transmetallation. The well-established bidentate directing group, 
8-aminoquinoline, was employed to control the site-selective intermolecular 
silylation of unactivated aliphatic acids by utilizing commonly engaged Pd(OAc)2/
Ag2CO3system (Scheme 44) [97]. However, while the protocol suffers from narrow 

Scheme 40 Cobalt-catalyzed β-lactam synthesis by directed C–H functionalization
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Scheme 41 Cobalt-catalyzed intermolecular C–H amination of carboxylic acid amides

Scheme 42 Pd-catalyzed intermolecular electrophilic amination of carboxylic acid amides

Scheme 43 Pd-catalyzed intermolecular amination with DEAD
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substrate scope, poor product yields, and modest selectivity by giving a combina-
tion of mono- and bis-silylated products, this has constituted a novel opportunity in 
palladium-catalyzed C–H silylation reaction of aliphatic carboxylates.

Relying on a palladium-catalyzed protocol, N-phthaloyl-protected α-amino acids 
were directly converted into β-silyl-α-amino acids with 97–99% retention of stere-
oselectivity in the presence of hexamethyldisilane as the Si source [98]. Both methyl 
and methylene C–H bonds can be silylated using this approach (Scheme 45).

By applying a slightly modified reaction condition, bioactive molecules (−)-san-
tonin can be silylated at the β-C–H bond (Scheme 46).

Further improvement of the palladium-based catalyst system was made by 
replacing the silver-based oxidant with p-benzoquinone (BQ) to realize the β-C–H 
bond silylation of simple aliphatic carboxylic amide substrates derived from 
8- aminoquinoline (Scheme 47) [99].

Recently Maiti et al. have disclosed the first C–H silylation and germenylation at 
a more distal γ-position of the aliphatic carboxylic acid equivalents via the involve-
ment of thermodynamically less stable six-membered palladacycle intermediate 
[100]. The preference for the six-membered palladacycle formation over the five- 
membered analogue was deliberately established by generating steric hindrance at 
the β-position. The Pd(OPiv)2/Ag2CO3 catalyst system gave the best results in terms 
of both yield and selectivity in the presence of 2-chloroquinoline as the exogenous 
ligand (Scheme 48).

Scheme 44 8-Aminoquinoline-directed C(sp3)–H silylation of aliphatic carboxamides

Scheme 45 Oxidative β-silylation of α-amino acids
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Scheme 46 Structural modification of (−)-santonin

Scheme 47 Silylation of carboxylic amides using BQ as the oxidant

Further, mechanistic investigation including isolation of a PdII intermediate and 
DFT calculations were in support of the involvement of the six-membered pallada-
cycle intermediate 159 (Fig. 3).

C–halogen bond formations: While direct halogenation at an alkyl C–H bond of 
carboxylic acids/equivalents gives access to further amendable halogenated prod-
ucts, there are several associated pitfalls with this transformation. Major problems 
embrace (1) C–halogen bond-forming reductive elimination, (2) likelihood of metal 
insertion at the C-halogen bond of the product, and (3) ready nucleophilic displace-
ment of the halogen in the product [101–104]. However, these problems can be 
minimized by accomplishing those reactions under the assistance of a bidentate 
chelating directing group.

A PdII/PdIV catalytic cycle-based halogenation strategy allows the chlorination 
and bromination at the β-C–H bonds of aliphatic carboxylic acids by means of 
installing a S-methyl-S-2-pyridyl-sulfoximine (MPyS) directing group [105]. The 
reasonably strong chelating property of MPyS with the Pd catalyst facilitates the 
formation of a [5,5]-fused cyclopalladiumII intermediate, which is oxidized to a PdIV 
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species by N-halophthalimide. Finally, the desired halo-compound is produced 
within an acetate-driven reductive elimination step. Thus, further metal insertion at 
the C-halogen bond of the product is prevented (Scheme 49).

The classical and versatile 8-aminoquinoline group was also utilized as the 
directing auxiliary to functionalize β-C–H group of aliphatic acids with halogen 
partners. However, quinoline ring chlorinated products were often formed due to the 
background electrophilic aromatic substitution reaction. To prevent the latter, 
5-chloro-8-aminoquinoline can be used as the directing group to give the desired 
β-halogenated product at the alkyl side chain (Scheme 50) [106]. In addition, the 
post-functionalization of various drug molecules leading to further manipulable 
bioactive substrates was also achieved by using 5-chloro-8-aminoquinoline as the 
directing group.

However, under acidic condition simple 8-aminoquinoline can also be used as 
the directing group for the β-C(sp3)–H mono- and dichlorination of α,α-dialkyl- 
substituted propanamides under palladium catalysis [107]. Fine-tuning of the Pd 
source is required to the selective formation of mono- or bis-chlorinated aliphatic 
carboxylic acid derivative (Scheme 51).

8-Aminoquinoline is also known to efficaciously direct the β-fluorination of car-
boxylic acids to furnish fluorinated building blocks of high medicinal significance. 
In general, electrophilic fluorinating agents, such as N-fluorobenzenesulfonimide 
(NFSI), Selectfluor, N-fluoropyridinium salts, etc., are used to transfer “F+ ion” to 
the palladium catalyst, and the N–F bond is then constructed from a PdIV−F inter-
mediate complex via reductive elimination, in which the latter is believed as a key 
step in all directed fluorination reactions. Hence, the unactivated β-C(sp3)–H bonds 
of carboxylic amides were fluorinated using Pd(OAc)2/Ag2O/pivalic acid catalyst 
system in the presence of NFSI as the fluorinating agent (Scheme 52) [108]. In this 
reaction, pivalic acid (PivOH) facilitates the reductive elimination of C–F bond by 
precluding the competitive C–N bond formation from the active FPdIVN(SO2Ph)2 
species 173.

In a comparative study, quinoxaline among various N-chelating functional 
groups, including pyrimidine, pyrazine, quinoline, quinazoline, and 
8- aminoquinoline, showed better performance for the β-fluorination of carboxylic 
acids. It was also observed that the reactivity of 8-aminoquinoline-derived amides 
can be improved by using quinoxaline as a stoichiometric ligand. Mechanistic 

Scheme 48 Maiti’s γ-silylation/germenylation of aliphatic carboxamides

A. Gupta et al.



411

Scheme 49 MPyS 
directed halogenation of 
C(sp3)–H bonds

Scheme 50 Halogenation of C(sp3)–H bonds by 5-chloro-8-aminoquinoline directing group

Fig. 3 Plausible Pd 
intermediate
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considerations suggest that quinoxaline alters the rate-determining step by dropping 
the activation energy of the PdII to PdIV oxidation step leading to greater formation 
of the desired fluorinated product. Remarkably, the prerequisite of an external 
ligand can be circumvented when quinoxaline is used as the directing group in the 
palladium- catalyzed fluorination reaction (Scheme 53) [109].

Independent research in this line unveils that palladium-catalyzed site- and dia-
stereoselective β-fluorination of α-amino acids can be achieved by employing 
2-(pyridine-2-yl)isopropyl amine (PIP) as the chelating directing group. Both ben-
zylic and methylene C–H bonds of α-amino acids were regiospecifically converted 
into the corresponding β-fluorinated product in satisfactory synthetic yields (Scheme 
54) [110, 111].

Scheme 52 8-Aminoquinoline-directed b-fluorination of C(sp3)–H bonds

Scheme 53 Quinoxaline-directed β-fluorination of carboxamides

Scheme 51 Mono- and bis-chlorination using 8-aminoquinoline directing group
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3  Non-directed C(sp3)–H 
Hetero-functionalization Approaches

Whereas the mainstream of C(sp3)–H hetero-functionalization of aliphatic carbox-
ylic acid synthons relies on transition metal-catalyzed directed approaches, only a 
handful of non-directed strategies were disclosed. In the latter class of approaches, 
the transition metal catalyst does not expedite the formation of a metallacycle inter-
mediate via chelation assistance; rather, it promotes the hetero-functionalization 
through the formation of either an enol or a stabilized radical intermediate from the 
carboxylate equivalent. It is noteworthy to mention that these approaches com-
monly lead to α-hetero-functionalization of aliphatic carboxylates, with few excep-
tion of β-functionalization(s). However, few instances of non-directed approaches 
proceed through a transient interplay between the substrate and the metal catalyst.

3.1  Hetero-functionalization of Carboxylic Acid Esters 
and Amides

In general, simple carboxylic acid esters and amides, in the presence of an α-proton, 
form enol ester/amide that undergoes swift metal-assisted activation/hetero- 
functionalization process at the α-position. Furthermore, these substrates can stabi-
lize an in situ-generated radical at the α-position and are therefore prone to 
α-hetero-functionalization through non-directed strategy.

C–N bond formations: A straightforward oxidative α-amination approach of car-
boxylic esters with secondary amines has been developed under copper catalysis. In 
this reaction, the promptly formed enol ester undergoes bromination with CuBr2 at 
the α-position via a Cu-bound enolate intermediate. Ready nucleophilic replace-
ment of the α-bromo substituent by a secondary amine produces the α-amino ester 
product (Scheme 55) [112].

Scheme 54 PIP group-directed stereoselective β-fluorination of α-amino acids
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Another copper-based catalyst system was deployed to enable the highly che-
moselective α-amination of N-acylpyrazoles which serve as the protected form of 
aliphatic carboxylic acids. A series of acids were aminated at the α-position via 
acylpyrazoles by means of a hypervalent iodine nitrenoid precursor, PhI=NTs [113]. 
Systematic mechanistic studies indicate that the weak amide conjugation and con-
current bidentate coordination promote the chemoselective enolization of acylpyr-
azole to react with the highly active in situ-generated copper nitrenoid species 
leading to the α-aminated product (Scheme 56). Importantly, this amination tech-
nique allowed the late-stage functionalization of many bioactive compounds includ-
ing a TBS-protected lithocholic acid derivative into an analogous α-amino acid 
derivative (Scheme 57).

Apart from acylpyrazoles, 2-alkyl-substituted β-keto esters also undergo copper- 
catalyzed amination and aziridination with the hypervalent iodine nitrenoid precur-
sor 181 towards the formation of α-acyl-β-amino acid and 2,2-diacyl aziridine 
derivatives, respectively (Scheme 58) [114]. In cases of both amination and aziridi-
nation reactions, the copper catalyst triggers the β-keto ester to selectively form the 
enol via bidentate coordination in a manner similar to acylpyrazoles, thereby react-
ing with the copper nitrenoid species.

A copper-based system, consisting of CuCl/P(tBu)3, was shown to activate di- 
tert- butyldiaziridinone to generate a nitrogen coupling partner in situ for the synthe-
sis of hydantoin derivatives via an α-amination of ester and subsequent ring closer 
sequence (Scheme 59) [115]. However, this amination protocol was less effective 
for bulkier esters derived from ethyl or tert-butyl alcohols.

Likewise, palladium catalysts are also reported to enable C(sp3)–H amination of 
a tailored substrate 190 in which the enol functionality can be further stabilized via 
chelation assistance. The reaction involves an intramolecular reductive cyclization 
of nitroarenes through nitrosoarene intermediate in the presence of carbon 

Scheme 55 Copper- 
catalyzed non-directed 
α-amination of 
carboxy esters
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Scheme 56 α-Amination of N-acylpyrazoles with metal nitrenoid species

Scheme 57 α-Amination of lithocholic acid derivative

Scheme 58 Amination 
and aziridination of 
β-keto esters
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monoxide as the terminal reductant leading to the benzopyrrolidine heterocycles 
(Scheme 60) [116].

C–P bond formation: A copper-catalyzed protocol was also established to enable 
the α-phosphorylation of glycine derivatives under mild reaction condition (Scheme 
61) [117]. Substituent attached with the amine part of glycine plays a crucial role in 
this α-phosphorylation reaction by lowering the oxidation potential of the substrate 
and stabilizing the intermediates involved. It was proposed that in the presence of 
the Cu catalyst and tert-butyl hydroperoxide (TBHP), the glycine derivative forms 
an imino amide intermediate that can be further stabilized by the copper catalyst 

Scheme 59 Synthesis of hydantoin derivatives via copper-catalyzed α-amination

Scheme 60 Palladium-catalyzed intramolecular amination of nitroarenes

Scheme 61 Copper-catalyzed α-phosphorylation of glycine derivatives
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through chelation assistance and consequently undergoes phosphorylation with 
phosphonates to afford α-phosphorylated products.

C–S bond formation: In general, C-centered radicals at the α-position with regard 
to an amide or ester are further stabilized due to the delocalization with the carboxy 
functional group. Xu et al. reported that an iron catalyst, e.g., FeCl3, under a base- 
mediated condition generates an α-carbo-radical from 195 via single-electron trans-
fer (SET) mechanism. These radicals can react with in situ-generated disulfides 
from thiophenols to deliver α-thiolated acid amides (Scheme 62) [118].

C–Br bond formation:Bromination at γ and/or δ-carbon centers of aliphatic car-
boxamides was achieved by Yu et al. through a copper-promoted radical H-abstraction 
in the presence of N-bromosuccinimide (NBS) (Scheme 63). The extent of γ- vs. 
δ-bromination is however dictated by the steric demand exerted by substituents 
attached with that particular carbon center. During the course of the reaction, an 
azidyl radical is proposed to be formed to initiate the N–H proton abstraction. The 
N-radical thus formed is further converted via hydrogen abstraction to a methylene 
C-radical which undergoes a copper-assisted bromination process forming the final 
brominated product (Scheme 63) [119].

Scheme 62 Iron-catalyzed 
α-thiolation of 
carboxamides

Scheme 63 Copper-catalyzed radical γ/δ-bromination of carboxamides
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3.2  Hetero-functionalization of Carboxylic Acids 
via Benzazoles

Similar to enols, a radical intermediate can also be stabilized at the α-position of a 
carboxylate equivalent. These radical intermediates can be scavenged with a 
heteroatom- based radical species under transition metal catalysis to form a new C–
heteroatom bond at the α-position with respect to the carboxy-equivalent func-
tional group.

C–O bond formation: Phenylacetic acids can be methoxylated at the α-carbon 
through converting into 2-benzylbenzazoles as their synthetic equivalents using 
methanol as the oxy-nucleophile. The methoxylation proceeds via palladium cata-
lyzed facile tautomerization of the 2-alkylbenzazole system  to  its enamine-type 
form. Hence, the requisite α-methoxylation was accomplished by using the com-
monly employed Pd(OAc)2/PhI(OAc)2 system by dehydrogenative C–O coupling 
strategy (Scheme 64) [120]. The benzoxazole auxiliary can be successively removed 
to access α-methoxyacetic acids that constitute backbone of numerous bioactive 
compounds and are extensively used as NMR anisotropy reagents.

The catalytic cycle begins with the tautomerization of 2-alkylazole to the 
enamine-type congener that accelerates the realization of a carbopalladated inter-
mediate via an imine–enamine tautomerization/palladation array in a fashion simi-
lar to as observed by Yoshikai and Glorius et al. independently [121, 122]. The PdII 
intermediate then undergoes oxidation to form the putative PdIV intermediate in the 
presence of PhI(OAc)2 and methanol. The methoxyalkane product is finally obtained 
in the reductive elimination step (Scheme 65).

C–S/Se bond formation: An analogous direct α-chalcogenation of alkanoic acids 
has been also developed via the synthesis of corresponding benzazoles [123]. While 

Scheme 64 α-Methoxylation 
of phenylacetic acids via 
benzoxazoles
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Scheme 65 Mechanistic 
interpretation of the 
α-methoxylation

the thiolation was achieved by employing an array of free arene thiols, the required 
selenylation was realized upon using diphenyldiselenide. The requisite catalyst sys-
tem is composed of CuI, DMSO, and a base, precisely K3PO4, to promote the chal-
cogenation process in a unique mechanism giving an expedient entry to practically 
important variety of thio- and selenoethers. It is worth mentioning that during the 
chalcogenation, DMSO plays crucial roles as a solvent as well as an oxidant to the 

Scheme 66 α-Chalcogenation 
of aliphatic carboxylic acids and 
further derivatization
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CuI catalytic species. When necessitates, the benzoxazole auxiliary can be released 
to obtain α-thiolated carboxylic acids that are required to constitute bioactive com-
pounds such as a sphingosine 1-phosphate antagonist 205 (Scheme 66).

Extensive mechanistic investigation, including radical trapping experiments and 
EPR studies, is in agreement with a base-enabled single-electron transfer (SET) 
process from 2-alkylazole to the CuII intermediate which is initially formed by the 
oxidation with DMSO. The thus formed C-cantered radical rapidly undergoes thio-
lation in the presence of in situ-generated disulfide leading to α-thiolated products 
(Scheme 67).

C–Si bond formation: The benzoxazole auxiliary was also utilized to enable the 
silylation of a C(sp3)–H bond adjacent to the azole ring. The silylation is catalyzed 
by a cationic iridium complex, generated in situ by reacting (POCOPtBu)IrHCl and 
NaB(C6F5)4 (Scheme 68) [124]. Albeit the reaction may proceed in the absence of a 
hydrogen acceptor, the addition of an acceptor gave superior result. The silyl group 
is transferred in the form of an electrophilic silicon species as an active intermediate.

4  Conclusion and Perspective

The number of available methodologies for the direct hetero-functionalization of 
carboxylic acid equivalents particularly via C(sp3)–H bond functionalization by a 
transition metal catalyst has been sufficiently amplified in recent years to access 
proximal-selective α-functionalized acids or distal-selective β-, γ-, and even 

Scheme 68 Iridium-catalyzed silylation of 2-alkylbenzoxazoles

Scheme 67 Proposed mechanistic outline for the α-chalcogenation
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δ-functionalized acids with various commonly used heteroatoms. Nevertheless, 
there are several restrictions and challenges to meet in the near future. These not 
only include development of alternative more attractive and environment-friendly 
catalytic procedures, but also various other factors need to be addressed. For 
example, as discussed in this chapter, majority of the catalytic hetero-functional-
ization approaches involve carboxylic acid equivalents including amides/esters/
azoles; however, the use of a free carboxylic acid group is rather limited to mostly 
lactonization (intramolecular C–O bond formation). Furthermore, the synthesis 
of optically active stereogenic centers by using these hetero-functionalization 
approaches is underdeveloped and needs to be established. Applications of 
organo- and photocatalysts in the hetero-functionalization of carboxylic acids 
also remain in their infancy [125–129]. Although these issues remained to be 
solved, we sincerely believe that the various techniques thus far available for the 
direct hetero- functionalization of C(sp3)–H bonds of substrates bearing carboxy-
equivalent groups will be applied to broad sectors of academia and industry in the 
near future.
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other than conventional non-renewable fossil resources has shifted the focus and 
direction of research activities towards the utilization of cleaner renewable feed-
stock. Renewable resources like biomass are ever-abundant and also have an added 
advantage of being carbon rich that can be leveraged for the production of various 
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valerolactone are some value-added chemicals with immense potential. The prepa-
ration of these chemicals derived from biomass requires catalysts with specific 
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1  Introduction

The global industrialization has changed the picture of the world’s energy consump-
tion. Most of the energy needs of the people are globally catered by fossil fuel 
resources. The market worth of world’s energy is about 1.5 trillion dollars and still 
directed by fossil fuels. The World Energy Outlook (WEO) states that energy pro-
duced through fossil fuels will remain as the chief source and is projected to meet 
~84% of energy requirement up to 2030. Crude oil, gas and coal are the leading 
supplies for energy. Ever-increasing consumption of these resources led to the car-
bon dioxide emissions and depletion of the fossil fuel reservoirs. The continuous 
consumption leads to the dwindling of the resources [1–3]. All over the globe, the 
fossil fuel reserve depletion times for coal, gas and crude oil are nearly 109, 54, and 
53 years, respectively [4]. These reports are alarming for the energy demands of the 
future generations.

The quest to produce transportation fuels and chemicals from resources other 
than fossil resources switched over the ongoing research activities towards renew-
able resources. The main theme is to produce clean energy, transportation fuels and 
chemicals in a sustainable approach from biomass, wind, nuclear, solar and hydro-
electric resources. Except biomass, other renewable resources are familiar for the 
production of electricity. To compete with the fossil fuel resources in terms of the 
production of transportation fuels and chemicals, biomass is the outstanding renew-
able resource as it is carbon rich and the most abundant feedstock. Moreover, the 
carbon dioxide released during the consumption of biomass-derived transportation 
fuels can be utilized for the production of feedstock via photosynthesis and thereby 
maintain the carbon neutrality.

2  Lignocellulosic Biomass

During the past decades, researchers tried to produce biofuels and chemicals from 
sugars, starches and vegetable oils. These are called first-generation biofuels and 
have created several problematic issues. The competition between food and fuel 
arises due to the need of fertile land and high economic inputs for the cultivation 
and conservation of the crops. Both the economic and environmental (eutrophica-
tion and acidification) complications are associated with the production of first- 
generation biofuels [5, 6]. However, the production of biofuels and chemicals from 
biomass is still encouraging due to utilization of the most abundant lignocellulosic 
biomass. The major sources for the lignocellulosic biomass are from agricultural, 
forestry and dedicated energy crops. These are second-generation biofuel feed-
stocks [7, 8]. Figure 1 shows the first- and second-generation feedstocks for biofu-
els. The global production of plant biomass amounts to about 200*109 tons/year, of 
that over 90% is lignocellulose, in which potentially accessible biomass remains 
only about 8–20*109 tons.
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Interestingly, lignocellulosic biomass (LB) can be obtained along with the non- 
agricultural lands, food (e.g. straw and corn) and degraded soils eliminating the 
unwanted issues. The advantageous features for utilization of lignocellulosic bio-
mass are due to widespread and easy availability of raw materials. Its utility could 
concede the creation of valuable biofuels and chemicals, along with electricity and 
heat. These are steering to better environmental, energy and economic accomplish-
ment through the development of biorefinery concepts. The feedstocks for the lig-
nocellulosic biomass can be classified into three categories depending upon their 
origin. The feedstocks for lignocellulosic biomass are shown in Fig. 2. They are 
woody biomass, non-woody biomass and organic waste.

The major compositions of the LB are cellulose, hemicellulose and lignin. The 
structural organization of the LB is shown in Fig. 3. The cellulose present in the lin-
ear conformation facilitates the packing of plentiful cellulose strands into crystalline 
fibrils. Hemicellulose is bound non-covalently to the cellulose fibrils’ surface [9]. 

Fig. 1 Feedstocks of the first- and second-generation biofuels

Fig. 2 Feedstocks of lignocellulosic biomass
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It works as an amorphous matrix material to hold the firm cellulose fibrils in place. 
Lignin caters structural reinforcement, waterproofing and resilience to biological and 
physical attack compared to the all-carbohydrate cell walls of immature plant tis-
sues [10].

The average contribution of these fractions towards the lignocellulosic biomass 
is cellulose (35–50%), hemicellulose (20–25%) and lignin (15–25%). However, the 
compositions of these fractions may vary due to the difference in the plant material 
and construction of the cell wall [11]. The detailed information about the composi-
tion of the LB is shown in Table 1. The differences in these compositions influence 
the biomass destruction process. For example, the composition differences of lignin 
result in difficulty in delignification of softwood compared to the hardwood and 
grasses [12].

2.1  Cellulose

Cellulose was first isolated from timber that was consecutively treated with HNO3 
and NaOH solutions by Anselme Payen in the year 1839. Cellulose has a distinct, 
rigid structure that assists essential function in plants. Its molecules are combined 
by hydrogen bonds and are arrayed parallel to one another, leading to the formation 
of lengthy cable-like structure that unites with other cellulose moieties. This built 
the strong support structure that leads plants to stand upright. It is a crystalline linear 
homopolymer of d-glucopyranose units. The only monomer in cellulose is the glu-
cose molecule which is connected through β-1, 4-glycosidic bonds composed of 

Fig. 3 The structural organization of the lignocellulosic biomass
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800–1700 units. The structure of cellulose is shown in Fig. 4. The conversion of 
cellulose by thermal decomposition leads to the different products at different tem-
peratures. At lower temperature of 200–280 °C, cellulose dehydrates into dried cel-
lulose which leads to formation of charcoal and gas products [13]. Cellulose splits 
into flammable volatile products like tar at higher temperatures. One of the transi-
tional products of cellulose in this conversion is laevoglucose that can be further 
degraded into low molecular compounds and tar-like products. The conversion of 
cellulose to glucose can be achieved via enzymatic hydrolysis or acidic hydrolysis.

2.2  Hemicellulose

Hemicellulose is a polysaccharide present in the plant fibre materials. The name 
hemicellulose is suggested by Schulz et al. (1891) due to its resemblance with the 
semi-finished products and precursor molecules of cellulose [14]. Hemicellulose 
functions as a storage polysaccharide and in grouping with lignin and cellulose 
molecules increases the resistance to enzymatic degradation of the cell wall and 
maintains the insolubility property. The structure and content of hemicellulose are 
different in various plants. Considerable divergences also exist in hemicellulose 
composition and content between the roots, stem, bark and branches of the plant. 

Table 1 Agricultural and other lignocellulosic residues’ composition (wt %)

Material Cellulose Hemicellulose Lignin Ash Extractives

Algae 20–40 20–50 – – –
Cotton 80–95 5–20 – – –
Grasses 25–40 25–50 10–30 – –
Hardwoods 45 30 20 0.6 5
Hardwood barks 22–40 2–38 30–55 0.8 –
Softwoods 42 27 28 0.5 3
Softwood barks 18–38 15–33 30–60 0.8 –
Wheat straw 37–41 27–32 13–15 11–14 –
Corn stover 38–40 28 7–21 3.6–7 –
Bagasse 32–48 19–24 23–32 1.5–5 –
Rice straw 28–36 23–28 12–14 14–20 –
Barley straw 31–45 27–38 14–19 2–7
Sorghum straw 32 24 13 12 –

Fig. 4 Structural 
representation of cellulose
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Hemicellulose is a heteropolymer of pentoses (xylose and arabinose) and hexoses 
(glucose, galactose and mannose) and sugar acids (acetic). The structural forms of 
hemicellulose are shown in Fig. 5. The composition of the hemicellulose in soft-
woods is rich with mannose and glucose, whereas hardwoods consist higher propor-
tions of xylose units. Hemicellulose is more highly acetylated in hardwoods than in 
softwoods [15]. Hemicellulose is in amorphous nature with 100–200 units of basic 
sugar monomers. The monomers of the hemicellulose are connected by β-1,4 link-
age. As the hemicellulose is hetero-polysaccharide, upon hydrolysis it gives furfural 
and 5-hydroxymethyl furfural from pentoses and hexoses, respectively.

2.3  Lignin

Lignin is an amorphous compound with a three-dimensional network composed of 
complicated randomly linked phenyl propane units. The structure of the lignin is 
quite complex and varied from one plant material to another and even changes in the 
extraction stage resulting in different structural relations in the lignin [16]. The lig-
nin constitutes with three major monomers coumaryl alcohol, sinapyl alcohol and 
coniferyl alcohol as shown in Fig. 6. Lignin is divided into three types based on the 
monomer: p-phenyl monomer (H type) obtained from coumaryl alcohol, guaiacyl 
monomer (G type) from coniferyl alcohol and syringyl monomer (S type) from 
sinapyl alcohols which are linked through the random coupling of C–C and C–O 
bonds. The coupling modes that exist among each basic unit include β-O-4, β-5 and 
β-1. In lignin the existing ether bonds are phenol-ether, alkyl-ether, dialkyl, diaryl 
ether bonds and so on. Majority of the phenyl propane moieties of lignin are attached 
to the adjoining structural units by ether bonds, and a minute part only exists in free 
phenolic hydroxyl form [17].

Lignin is a white or nearly colourless substance. Its colour is a result of prepara-
tion and separation process. The solubility of lignin is directed by the hydroxyls and 
other polar groups present in its structure, and these led to strong intra- and 

Fig. 5 Basic sugar monomers of the hemicellulose
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intermolecular hydrogen bonds. These properties made lignin as insoluble in any 
solvent. The processing of lignin by condensation or degradation led it to be divided 
into insoluble and soluble ones with an amorphous and morphological structure, 
respectively. The phenolic hydroxyl and carboxyl groups’ presence in lignin is 
responsible for its solubility in alkaline medium. Separated Braun’s and organosolv 
lignin are dissolved in various organic solvents such as DMSO, dioxane, methanol, 
ethanol, acetone and pyridine. The complexity in the structural arrangement of lig-
nin results in the resistance to the selective conversion into the products. Most of the 
lignin is converted into bio oil by pyrolysis approach [18].

3  Conversion of Lignocellulosic Biomass to Chemicals

The US Department of Energy has proposed several notable platform chemicals that 
can be obtained from biomass to maintain the sustainability with techno-economic 
feasibility. Biomass is rich source for the synthesis of important platform chemicals 
and fuel additives like 5-hydroxymethylfurfural (HMF), 5-ethoxymethylfurfural 
(EMF), alkyl levulinates (AL) and γ-valerolactone (GVL). These chemicals can be 
yielded directly either from biomass or its derivatives in the presence of a proper 
catalyst. The catalyst can be homogeneous, heterogeneous or ionic liquids having 
Bronsted and Lewis acidity or a combination of both. The function of the catalyst is 
not only to increase the rates of reactions but also to enhance the product selectivity 
and yield.

The conversion of cellulosic biomass via hydrolysis techniques can be accom-
plished by the use of mineral acids. The hydrolysis techniques are capable of yield-
ing the selective formation of renewable chemicals and fuels in successive 
operations. The acid hydrolysis of cellulose gives glucose which further undergoes 
isomerization to fructose. Acid treatment of carbohydrates in the presence of aque-
ous media will give levulinic acid. Dehydration of fructose yields HMF and further 
etherification gives the product EMF. Rehydration followed by deformylation of 
these furan derivatives yields alkyl levulinates which further undergo hydrogenation 
to yield GVL. Acid treatment of hemicellulose produces xylose as a major product. 
Hydrolysis of xylose gives furfural as major product which on hydrogenation yields 
furfuryl alcohol. The alcoholysis of furfuryl alcohol results in the formation of alkyl 
levulinates. The schematic representations of the possible transformations from cel-
lulosic biomass are presented in Fig. 7.

Fig. 6 Basic monomer units of the lignin
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4  Catalysts for the Conversion of Biomass to Chemicals

A number of techniques have been developed for the transformation of biomass to 
value-added chemicals. Earlier researchers utilized corrosive and strong homoge-
neous acids such as HCl and H2SO4 as active catalysts for converting biomass to 
sugars and its commodity chemicals [18]. Recently, sulfonic acid-functionalized 
carbon, mesoporous silica materials [14, 15], zeolites [13], porous alumino-silicates 
[19], aryl sulfonic acid-containing hollow mesoporous carbon spheres [20] and 
ionic liquids with sulfonic acid functionalization [21, 22] have been explored for the 
making of 5-ethoxymethyl furfural and alkyl levulinates from carbohydrates. 
However, many of these catalysts have concerns such as separation, reusability and 
environmental compatibility. In order to overthrow these disputes, the use of envi-
ronmentally benevolent heterogeneous catalyst is a perfect approach. Among the 
different heterogeneous catalysts, heteropoly acids are widely used as oxidation and 
acid catalysts. There are promising catalytic systems to be used in biomass 
valorization.

Fig. 7 Possible conversion of cellulosic biomass to chemicals

B. S. Rao et al.



437

5  Heteropoly Acid Catalysts

Heteropoly acids (HPAs) also called polyoxometalate compounds are known as 
acid and oxidation catalysts [23, 24]. HPAs have more benefits as these catalysts are 
economically and environmentally desirable. These are strong Bronsted acid cata-
lysts with acidity close to superacid region. They are competent oxidants with 
reversible multi-electron redox transformations under trivial conditions. These are 
progressively becoming important in applied catalysis. Explorative work has been 
made by Japanese and Russian research groups since the 1970s [25, 26]. In the last 
two decades, the expansive usage of HPAs in catalysis has been established in a 
wide range of synthetically attractive organic transformations of different sub-
stances [27].

5.1  Classification of Heteropoly Acids

Heteropoly compounds, including their salts, are composed of heteropoly anions 
and counter ions, e.g. protons or metal cations. A heteropoly anion contains metal 
(e.g. tungsten, molybdenum or vanadium) atoms that are termed as addenda atoms, 
oxygen atoms and an element from the p-block of periodic table, generally like sili-
con, phosphorus or arsenic (heteroatom) as central atom. Heteropoly compounds 
have many types such as Keggin, Dowson and Anderson based on their structure 
and different amount of hetero and addenda atoms. The Keggin-type ones are widely 
used in catalysis, due to their moderate thermal stability, strong acidity and high 
oxidizing ability. Table  2 shows different types of heteropolyoxometalates with 
their general chemical formula. Among them, only Keggin heteropoly acid catalysts 
are discussed in this chapter.

5.2  Keggin Heteropoly Ion

Keggin heteropoly ions are a class of polyoxometalates. Keggin heteropoly anions 
are represented as XnM12O40 (8-n)−, where X = heteroatom. The addenda and hetero-
atom ratio for Keggin HPAs is 12 (M/X = 12). These are well-known and studied 
widely for various applications among which catalytic applications are important 

Table 2 Different types of 
heteropolyoxometalates

Formula Heteroatom (X) Structure

[Xn
+M12O40](8-n)− P5+, Si4+, As5+, Ge4+ Keggin

[Xn
+M11O39](12-n)− P5+, Si4+, As5+, Ge4+ Lacunary Keggin

[X2
5+M18O62]6− P5+, As5+ Dawson

[Xn
+M6O24]n− I7+, Te6+ Anderson
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due to their moderately high thermal stability and redox and acidic properties. The 
heteroatom X is mostly either P5+ or Si4+, and many other metals have been reported 
to act as heteroatom, and M is usually W6+ or Mo6+.

5.3  Structure of Keggin Heteropoly Acids

The first heteropoly anion [PMo12O40]3− was reported in 1826 by Berzelius. Several 
conjectures were created on the structure of HPAs, particularly by Alfred Werner 
followed by Linus Pauling. A century later in 1933, J.F. Keggin from the University 
of Manchester did powder X-ray diffraction studies on 12-tungstophosphoric acid 
(H3PW12O40), and its structure was determined, which is known as the Keggin struc-
ture [28]. Figure 8 shows the ball and stick representation of Keggin anion.

The primary structure of H3PW12O40 is well-recognized Keggin unit (KU), in 
which the central P atom is in tetrahedral coordination (PO4) and surrounded by 12 
metal oxygen octahedral (WO6) units [29]. The negative charge of the Keggin ion is 
neutralized by three protons. Oxygen atoms exist in four types in a KU.  In the 
Keggin unit four central oxygen atoms (Oa), 12 oxygen atoms that bridge 2  W 
atoms sharing a central oxygen atom (edge-sharing Oc), 12 oxygen atoms that 
bridge tungsten atoms not sharing a central oxygen atom (Ob) and 12 terminal oxy-
gen atoms (Od) bound to each W atom.

The examples of Keggin heteropoly acids are:

• H3PMo12O40: 12-molybdophosphoric acid (MPA)
• H3PW12O40: 12-tungstophosphoric acid (TPA)
• H4SiMo12O40: 12-silicomolybdic acid (SMA)
• H4SiW12O40:12-silicotungstic acid (STA)

Fig. 8 Ball and stick 
representation of 
Keggin anion
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HPAs based on P and Si central atoms and Mo and W as addenda atoms are com-
monly available. The Keggin structure is flexible and has five geometrical rotational 
isomers, also known as Baker-Figgis isomers. These ions are known to exist in α 
form, and this term is frequently used in several applications including heteroge-
neous catalysis [30].

Generally, heteropoly acids and their salts form ionic crystals composed of het-
eropoly anions known as primary structure; counter cations such as H+, H3O+ and 
H5O2

+; hydration water; and other molecules are secondary structure. The hierarchi-
cal structure of solid HPAs is essential for the understanding of its catalytic activity, 
and the substructures are denoted as primary, secondary and tertiary structure [31]. 
The primary structure of the heteropoly acid is its anion [PW12O40]3− that exist in 
Keggin structure. The arrangement of primary structure together with counter cat-
ions forms the secondary structure (e.g. Cs2.5H0.5PW12O40). The secondary structure 
is flexible and relies on the amount of hydration water, counter cation and hetero-
poly anion. The aggregates of secondary structures in three-dimensional manner 
give the tertiary structure. It explains the formation of solid particles and links to 
properties like surface area, pore structure, particle size and distribution of protons 
in particles [32]. This hierarchical structure of HPAs plays a crucial role in under-
standing and designing these as heterogeneous catalysts. This appears to be a simple 
idea, but helps enormously in the research on HPA-based catalysis.

5.4  Acidic Properties of Keggin Heteropoly Acids

In aqueous solution, HPAs are strong acids. Their acidity is comparable to that of 
common acids such as H2SO4, HNO3 and HCl and hence is sometimes called super-
acids [33]. The protons present in the secondary structure of HPAs are considered 
as mobile protons. Thus, the high mobility of these protons makes HPAs as super-
acids. The acid strength of HPAs varies in a wide range depending on polyanion 
structure and its constituent elements (both heteroatoms and addenda atoms), on the 
extent of hydration and reduction. Among the Keggin-type HPAs, MPA is stronger 
acid and its acidity is close to that of superacid [34].

5.5  Modification of Keggin Heteropoly Acids

HPAs have been identified as efficient acid and oxidation catalysts. Bulk forms of 
Keggin HPAs have limited number of catalytic applications since they are associ-
ated with certain drawbacks [35]. HPAs have low surface areas less than 10 m2/g, 
which hinder approachability to their strong acidic sites. Due to their relatively low 
specific surface area, catalytic activity of HPAs is limited in gas-phase reactions. 
Solubility of HPAs in polar solvents is another limitation. These are highly soluble 
in alcohols, water and ethers which cause them to be leached during catalytic 
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reactions involving polar molecules as reactants or products. Furthermore, the ther-
mal stability of pure heteropoly acids is very low and cannot be used in vapour-
phase reactions. In order to overcome these shortcomings and extend their catalytic 
applications in a wide range, these materials have to be modified.

HPAs can be modified in the following ways:

 1. By exchange of HPA protons with various metal cations
 2. By supporting them on suitable solid supports

 1. Metal-Exchanged Keggin Heteropoly Acids
HPAs can be modified by replacing the protons partially or fully with metal 

ions in secondary structure without altering the primary structure. Metal- 
exchanged Keggin HPAs, indicated by formula M1

XHY-XM2M3
12O40, where 

M1 = Cs+, Rb+, etc., M2 = P or Si, M3 = W or Mo, x = 2.5 and y = 3 or 4 if M2 is 
P or Si, respectively, are produced by partially exchanging the protons of hetero-
poly acids. Figure 9 represents the exchange of Cs ion with the protons of het-
eropolytungstate. The HPAs modified by this way can be used as catalysts [36, 
37]. Metal-exchanged heteropoly acids can be classified into two groups: A and 
B [38]. Group A are the HPAs whose protons are replaced with small ions like 
Na+ and Cu2+. These group A HPAs possess low surface area (1–15 m2/g), high 
solubility in water and absorption capability of polar or basic molecules. Group 
B are the HPAs with large cations like Cs+ and Rb+, and these solids have proper-
ties such as high surface area up to 50–200 m2/g, insoluble in water and incapa-
ble to absorb molecules.

Exchange of protons with metal ions would enhance the HPAs’ stability and 
surface area. The catalytic behaviour of metal-exchanged HPAs has received 
considerable interest, because of their multifunctional nature [39]. Various metal 
ions like Cu2+, Fe3+, Ag+, Al3+ and Sn4+ have been used to exchange the protons 
of different Keggin HPAs [40–42]. The structure of HPA is stable even after 
modifying its protons with diverse metal ions. Acidic properties of HPAs rely on 

PW12O40
3–

Cs+

Bridge Cs+

Terminal Cs+

Fig. 9 Exchange of Cs ions with the protons of TPA
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the number of protons exchangeable in Keggin secondary structure. It is known 
that partially exchanged HPAs display high acidity than fully exchanged or par-
ent acid owed to high protons’ mobility [43].

Partial exchange of protons of HPAs with cations of large size such as Cs+, 
Rb+, NH4

+ and K+ results in conversion of a water-soluble acid with low surface 
area (<5  m2/g) into a water-insoluble acid salt with surface area more than 
100 m2/g [44]. Heteropoly salts are more stable than the parent acid. However, 
the relative stability depends upon the counter cation [45]. The acidic Cs salt of 
TPA (Cs2.5H0.5PW12O40) is stable better than parent H3PW12O40. This salt was not 
decomposed at high temperature >500 °C, while the parent acid decomposes at 
lower temperatures (about 300 °C). In metal-substituted HPAs, polar solvents 
like water and alcohol can easily diffuse and exit in bulk, which leads to expan-
sion or contraction of the distance between the Keggin anions in the crystal lat-
tice. In case of non-polar molecules like hydrocarbons cannot enter into the bulk. 
This specific character of the Keggin structure, few reactions undergo in bulk 
and this state is called pseudo liquid phase. Non-polar molecules are incompe-
tent to be absorbed in the bulk of HPA and interact only with the surface [34]. 
Some of the HPA salts of metal ions (Mn+) of PW12O40

3− (M3/nPW12O40) exhibit 
Lewis acidity [46, 47], due to the presence of metal cation which acts as electron 
pair acceptor, distinct from the characteristic Bronsted acidity of HPAs.

 2. Supported Keggin Heteropoly Acids
The second type of modification of HPAs is to support on high surface area acidic 

or neutral supports like zirconia, silica, titania, niobia, ceria, tin oxide and meso-
porous materials (SBA-15, MCM-41, HMCM-41). When HPA is supported on 
support with acidic sites, a deep interaction between heteropoly acid and surface 
of oxide results in the formation of species such as [≡M-OH2]n

+ [H3-nPW12O40]n
−3. 

Therefore, one can overcome the solubility problem. On the other hand, support 
enhances the surface area of active HPA. The number of active sites of solid 
material is also enhanced along with stability and thereby its catalytic activity. 
Basic supports are not suggestible because HPAs readily decompose on basic 
supports. As the supported samples are heterogeneous, these can be simply sepa-
rable from the reaction mixture in liquid-phase applications, and stability 
increases in high-temperature gas-phase reactions [36]. Figure 10 shows the rep-
resentation of HPAs supported on acidic supports.

6  Conversion of Carbohydrates to 5-Hydroxymethylfurfural

5-Hydroxymethylfurfural, a dehydration product from hexoses, is judged as a bio- 
renewable platform chemical. The high functionality of HMF allows it to be con-
verted to various important biofuel molecules as shown in Fig. 11 such as ethyl 
levulinate, 5-ethoxymethylfurfural and 2,5-dimethylfuran (DMF) and valuable 
chemicals such as levulinic acid, 2,5-diformylfuran (DFF), 2,5-furandicarboxylic 
acid, adipic acid and caprolactone.
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6.1  Conversion of Carbohydrates to HMF over Modified 
Heteropoly Acid Catalysts

Carbohydrates derived from biomass are the platform compounds to derive fine 
chemical and fuel additives. These are the starting compounds in realization of bio-
mass valorization. Glucose and fructose are the main compounds used as feed to 
prepare many desired commodity chemicals. In the recent past, dehydration of fruc-
tose to HMF reaction has been studied using mineral and organic acids [48, 49]. 
HMF yields which varied from 24 to 97% were attained over these acids. Recently, 
solid catalysts with both Bronsted and Lewis acidity have been significantly used 
for the preparation of HMF from fructose.

Modified HPA catalysts are explored as solid catalysts for conversion of carbo-
hydrates. Heteropoly acid salts Cs-exchanged heteropoly tungstate [50] and 

Fig. 10 Schematic representation of supported HPAs

Fig. 11 HMF conversion to fuels/value-added chemicals
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Ag-exchanged heteropoly tungstate [51] were prepared and examined for the dehy-
dration of fructose. These catalysts gave 74 and 77.7% of HMF yield in the presence 
of water/MIBK, respectively. Roy et al. reported ZnxTPA/γ-Al2O3 via microwave- 
assisted hydrothermal method for fructose conversion to HMF [52].

Shun Zhao et  al. reported bifunctional surfactant combined with heteropoly 
tungstate catalyst for one-pot transformation of cellulose to HMF [53]. Yongshui 
et al. reported sulphate-functionalized ionic liquid containing heteropoly tungstate 
catalyst for fructose dehydration [54]. This catalyst showed an exceptional activity 
with 99% of HMF yield in 2-butanol. Direct conversion of glucose to HMF was 
disclosed by Lei Hu and co-workers [55]. They used the combination of boric acid 
and tungstophosphoric acid as catalyst in ionic liquid solvent. This catalyst gave 
52% HMF within 30 min of reaction time at 120 °C. Direct conversion of glucose 
to HMF was reported over ionic liquid-exchanged HPW [MimAM]H2PW12O40 cata-
lyst [56]. In this report the maximum yield of 53% HMF was attained in THF/water 
and NaCl mixture. Song-Bai Yu et  al. successfully converted sucrose into HMF 
using different ILs and heteropoly acid catalysts in DMSO/H2O mixture [57]. 
Among the combinations [Hmim][HSO4]/Cs2.3H0.7PW12O40 showed better HMF 
yield of 91% from sucrose at 180 °C. Glucose and fructose are also examined with 
this catalyst combination. Gomes et al. reported fructose conversion to HMF over 
HPW dispersed on MCM-41. Around 80% HMF was observed in 1 h at 120 °C [58].

Our group reported Al-exchanged heteropoly tungstate (AlTPA) supported on 
SnO2 catalyst for fructose dehydration to HMF in DMSO [59]. The results sug-
gested that the activity of the catalyst is guided by the acidity of the catalyst, which 
varied with calcination temperature of the catalyst. 20%AlTPA/SnO2 catalyst cal-
cined at 400  °C showed 100% fructose conversion with around 90% yield of 
HMF. We also reported heteropoly tungstate supported on Ta2O5 catalyst for HMF 
synthesis from fructose. The maximum yield of 85% HMF was achieved with 
20%TPA/Ta2O5 calcined at 300  °C [60]. The active catalyst in this study was 
assessed with different oxide supports such as Nb2O5, SiO2 and ZrO2, and the results 
are displayed in Table 3. All these catalysts showed moderate HMF yields. In order 
to know the activity difference in these catalysts, all the catalysts were characterized 
by NH3-TPD analysis to know their acidity. The 20%TPA/Ta2O5 catalyst had more 
acidity than other catalysts, and it showed best activity. These results clearly indi-
cate the dehydration of fructose was unambiguously proportionate to acidity of the 
catalyst. The support nature also played an important role.

Mesoporous ZrO2-supported molybdophosphoric acid catalyst was also reported 
by our group [61]. A high HMF yield of 80% within a reaction time of 30 min at 
120 °C was achieved. The reason to get good yields in less reaction time is depen-
dent on the dispersion of MPA on mesoporous ZrO2. The dispersion increased the 
accessibility of active sites of the catalyst.

The above-discussed catalytic systems for the transformation of carbohydrates to 
HMF were summarized in Table 4.
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7  Conversion of Carbohydrates to 5-Ethoxymethylfurfural

Alkoxymethyl furfurals are used as flavours in tobacco in early 1960, and they 
remained unmapped until they were recently explored as additive for diesel fuel. 
Among alkoxymethyl furfurals, 5-ethoxymethylfurfural (EMF) is considered as an 
exceptional additive for diesel as it has high energy density (8.7 kWh L−1), as good 
as that of diesel fuel (9.7 kWh L−1) and gasoline (8.8 kWh L−1). EMF has high boil-
ing point (508 K) than gasoline, ethanol, DMF and 2-MF, which helps in improving 
the fuel’s density, stability and flow properties [62]. EMF is a favourable biofuel 
recognized as an alternative energy source. The preparation of EMF in high scale is 
not easy as it requires selective catalyst and huge production cost. Therefore the 
synthesis of EMF in industrial scale is a big challenge present in front of researchers.

Basically EMF is synthesized from carbohydrates which are the major com-
pounds derived from biomass. The preparation of EMF from carbohydrates was a 
multistep transformation as carbohydrates are initially transformed into HMF and 
then the separated HMF on ethanolysis is converted into EMF. A considerable yield 
of EMF had been obtained from 5-chloromethylfurfural (CMF), which was 

Table 3 Effect of reaction 
temperature on fructose 
dehydration

Catalyst HMF conv. (%) Acidity (mmol/g)

20%TPA/Ta2O5 85 0.41
20%TPA/Nb2O5 65 0.13
20%TPA/SiO2 63 0.10
20%TPA/ZrO2 60 0.09

Reaction conditions: fructose (0.36 g), dimethyl sulfox-
ide (5 g), catalyst weight (0.05 g), reaction temperature 
(120 °C), reaction time (3 h)

Table 4 Literature review on HMF synthesis over modified heteropoly acid catalysts

S. 
no. Feed Catalyst

Temperature 
(°C)

Time 
(h)

HMF yield 
(%) Refs.

1 Fructose Zn0.5TPA/ɣ-Al203 120 2 88 [52]

2 Fructose Cs2.5H0.5PW12O40 115 1 74 [50]
3 Cellulose Cr[(DS)H2PW12O40]3 150 2.5 57 [53]
4 Sucrose Cs2.3H0.7PW12O40 180 3 92 [57]
5 Fructose [MIMPS]3PW12O40 120 2 99 [54]
6 Glucose [MimAM]2PW12O40 160 7.5 54 [56]
7 Glucose TPA/boric acid in [BMIM]

Cl
140 0.66 52 [55]

8 Fructose HPW/MCM-41 120 1 80 [58]
9 Fructose Ag3PW12O40 120 1 78 [51]
10 Fructose Mesoporous Zr-MPA 120 0.5 80 [61]
11 Fructose AlTPA/SnO2 120 4 86 [59]
12 Fructose TPA/Ta2O5 120 3 85 [60]
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produced by the reaction of carbohydrates with concentrated hydrochloric acid. 
Alternatively, some synthetic strategies such as the formation of EMF from HMF in 
presence of ethanol had also been reported. These synthesis approaches for EMF 
are illustrated in Fig. 12.

7.1  Synthesis of 5-Ethoxymethyl Furfural from Carbohydrates 
Using Modified Heteropoly Acid Catalysts

Hexoses present in cellulosic biomass (cellulose and hemicellulose) are the major 
sources for the preparation of EMF. The EMF synthesis from carbohydrates was a 
multistep process. In this, firstly, carbohydrates are converted into HMF and subse-
quently to EMF. In many studies HMF was chosen as starting compound in order to 
establish the optimum reaction conditions for EMF synthesis as HMF is an interme-
diate product in EMF synthesis from carbohydrates. Different catalysts such as 
soluble organic acids, metal salts, ion exchange resins and zeolites are examined for 
EMF synthesis. Many research groups have explored to realize suitable solid acid 
catalysts and compared their activities with common homogeneous acid catalysts. 
Different types of traditional acid catalysts such as H2SO4 [63], HCl [64] and solu-
ble metal salts are disclosed for the one-pot conversion of fructose to EMF. Mineral 
acid H2SO4 showed 70% EMF yield which is much more compared to HCl (40%). 
Liu et al. [65] got relatively high EMF yield of 72% with AlCl3 as a catalyst for the 

Fig. 12 General synthesis approach of 5-EMF
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dehydrative etherification of fructose to EMF. Different inorganic salts were tested 
for fructose conversion to EMF [66]. Among all, SnCl4·5H2O and FeCl3 showed 
acceptable activity with moderate EMF yields.

Many researchers reported solid acid catalysts for EMF preparation from fruc-
tose. Christopher M. Lew et al. disclosed Sn-beta and Amberlyst-15 combination 
catalyst for dehydrative etherification of carbohydrates with less EMF yields at 
90 °C [67]. Polymer modified with H2SO4 catalysts were evaluated for conversion 
of fructose to EMF by Song Yang and co-workers [68]. About 72% of EMF was 
obtained at 110 °C in 10 h of reaction time. Sulphated organic polymer exhibited 
89% conversion with 67% EMF yield [69]. A magnetically separable catalyst was 
prepared and used for EMF synthesis from various carbohydrates. About 63% EMF 
yield was attained from fructose [62]. Sulfonic acid-functionalized silica catalyst 
(silica-SO3H) was also used as solid acid catalyst by Zhang et al. [70].

HAPs-based catalysts are attractive compared to other catalysts for transforma-
tion of carbohydrates to EMF in place of traditional homogeneous catalysts. Yang 
et al. used heteropoly tungstate as able catalyst for converting fructose, inulin and 
sucrose to EMF [62]. They got 65% of EMF yield from fructose in ethanol solvent 
under microwave irradiation. The EMF yield was improved from 65 to 76% when 
THF was added as co-solvent. Sucrose and inulin were converted to EMF with 33 
and 62% yields, respectively, at their optimum reaction conditions. In this report 
they observed that increase in reaction time resulted in the formation of EL. Wang 
et  al. [71] developed Fe3O4@SiO2-HPW for fructose conversion with 54.8% of 
EMF yield. Poly(VMPS)-HPA catalyst exhibited better performance with EMF 
yield up to 72.8% under the optimized reaction conditions [72]. Ag-exchanged het-
eropolytungstate was used for HMF and fructose conversion to EMF by Ren et al. 
[73]. They got a good EMF yield of 70% when fructose was used as a feed and 88% 
yield from HMF. Heteropoly tungstate supported on K-10 clay was developed by 
Zhang et al. for the etherification of HMF and dehydrative etherification of fructose 
with noticeable EMF yield of 91 and 61%, respectively [74]. Silicotungstic acid and 
phosphotungstic acids are supported on MCM-41 [75, 76] and used for EMF syn-
thesis from fructose and HMF. TPA/MCM-41 catalyst showed a high activity for 
HMF etherification with 83% of EMF yield. The yield of EMF (43%) was moderate 
in direct conversion of fructose. STA/MCM-41 catalyst was used for HMF etherifi-
cation and reported a maximum of 91% EMF yield. Mesoporous SBA-15-supported 
phosphotungstic acid catalysts were prepared by Rode et al. [77], and their catalytic 
activity was carried out for the conversion of fructose to HMF and EMF. HMF was 
the major product when the lower loading of HPW on SBA-15 was used as catalyst. 
5%HPW/SBA-15 catalyst showed 78% fructose conversion with 70% of HMF 
yield. With increasing the loading of HPW to 20%, HMF was converted to EMF, 
and a maximum of 67% EMF was achieved.

Our group studied Ta-modified heteropoly tungstate supported on SnO2 catalysts 
for the etherification of both HMF and fructose [78]. Thirty percent TaTPA/SnO2 
resulted in 90% EMF yield from HMF and 67% from fructose. Modification of 
heteropoly tungstate with Ta ions introduced Lewis acidity to the heteropoly acid, 
and it is driven towards high activity even if fructose is used as starting material. The 
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reaction of fructose was conducted for longer reaction time to know the reaction 
pathway. Figure  13 indicates the influence of time on fructose conversion to 
EMF. Fructose conversion to EMF was increased with increase in time. Ethyl levu-
linate yield was increased with time as the formed EMF was further converted to 
ethyl levulinate.

We also evaluated mesoporous niobium phosphate-supported tungstophosphoric 
acid catalysts for the synthesis of EMF from HMF [79]. The catalyst with 25%TPA/
NbP showed about 95% HMF conversion with EMF yield of 89%. In this report, 
activity of 25%TPA/NbP catalyst was compared with different metal oxide sup-
ports. All these results are shown in Table 5. Total acidity of the catalysts was calcu-
lated by NH3 temperature-programmed desorption analysis. Among all the catalysts, 
NbP-supported catalyst showed high acidity. Different heteropoly acids are also 
supported on NbP, and the maximum acidity was achieved with TPA-containing 
catalyst. These results clearly indicate the activity was dependent on the acidity of 
the catalysts which is dependent on the nature of support also.

The detailed study in the preparation of EMF from carbohydrates and HMF over 
modified heteropoly acid catalysts is summarized in Table 6.

Fig. 13 Influence of time on fructose conversion to EMF. Reaction conditions: fructose (0.180 g), 
ethanol (6 mL), catalyst weight (0.1 g), temperature (120 °C)
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8  Conversion of Carbohydrates to Alkyl Levulinates

Alkyl levulinates (AL) are the biomass-derived chemicals with two functional 
groups keto and ester. Different types of AL are shown in Fig. 14. The importance 
of these functional groups made these AL as versatile chemicals in the synthetic 
organic chemistry. Besides the functional groups, their physical properties (Table 7) 
are also helpful to gain much interest as solvents and fragrance and flavouring agents.

The lower esters (methyl, ethyl and propyl) contain pleasing melon-like 
odours and butyl and amyl esters have only pale, but still have pleasant odours. The 
taste of esters is strongly burning and bitter [80]. AL are green solvents which help 
to minimize the adverse effects of conventional solvents according to the green 
chemistry principles. The solvents are characterized by their physical properties like 
density, thermal conductivity, refractive index, viscosity, surface tension, dipole 
moment, vapour pressure, hydrogen bond donor and hydrogen bond acceptor capa-
bility [81]. Alkyl levulinates possess most of these properties, and more research is 
still needed to explore the other properties of the alkyl levulinates at different condi-
tions. The internal hydrogen bonding between the molecules of alkyl levulinates 
imparts compressibility to them resulting in lower vapour pressure which is a char-
acteristic feature of the industrial solvents. Alkyl levulinates are used as flavouring 

Table 5 Activity results of TPA supported on different supports

Catalyst HMF conv. (%) EMF yield (%) EL yield (%) Acidity (mmol/g)

25 wt% TPA/ZrO2 35 34 1 0.13
25 wt% TPA/Nb2O5 43 41 2 0.41
25 wt% TPA/SiO2 60 56 4 0.57
25 wt% TPA/NbP 95 89 6 1.69
25%STA/NbP 82 77 4 0.93
25%MPA/NbP 65 62 3 0.53

Reaction conditions: HMF (0.126 g), catalyst wt% (3.76), ethanol (2 g), temperature (120 °C), 
time (60 min)

Table 6 Literature review on modified heteropoly acid catalysts for EMF synthesis

S. no. Feed Catalyst Temp. (°C) Time (h) EMF yield (%) Refs.

1 Fructose PWA/SBA-15 100 24 67 [77]
2 Fructose K-10-Clay-HPW 100 24 62 [74]
3 Fructose Fe3O4@SiO2-HPW 100 11 54 [71]
4 HMF Ag1H2PW 100 10 88.7 [72]
5 HMF STA/MCM-41 90 2 84.1 [75]
6 HMF HPW /MCM-41 100 12 83.4 [76]
7 Fructose H3PW12O40 130 0.5 65 [62]
8 Fructose Poly(VMPS)-HPA 110 10 73 [72]
9 Fructose TaTPA/SnO2 120 8 67 [78]
10 HMF TPA/NbP 120 1 89 [79]
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agents for food materials and as fragrance agents in the manufacture of candles, 
cosmetics and soaps [82]. Alkyl levulinates are also used as plasticizers, coalescent 
solvents and latex coatings [83].

Three different routes are possible for the preparation of AL from carbohydrates 
as displayed in Fig. 15. The route one is the levulinic acid esterification with alcohol 
using acid catalysts. Secondly, alcoholysis of furfuryl alcohol to AL. In addition to 
these, the third route is directly from carbohydrates. Preparation of AL from furfu-
ryl alcohol is more favourable among these three routes because of easy availability 
and high reactivity of alcoholysis reaction compared to other routes.

8.1  Conversion of Carbohydrates and Their Derived Chemicals 
to Alkyl Levulinates over Modified Heteropoly 
Acid Catalysts

Solid acid catalysts are desirable candidates for the conversion of FAL into AL. The 
first solid acid-catalysed conversion was reported by Lange et al. They studied the 
conversion of FAL into alkyl levulinates over various acidic catalysts such as H2SO4, 
zeolites and acidic ion exchange resins. They found that resins with accessibility for 
both the alcohol and FAL catalysed the reaction with higher yields of AL [84]. 
Hengne et al. examined various ionic liquids functionalized with acidic anions for 
the synthesis of alkyl levulinates. The MIm acidic anion increased the Bronsted 
acidity of [BMIm-SH][HSO4] catalyst and thereby yield of the alkyl levulinate [85]. 
Wang et al. disclosed the synthesis of AL by using ionic liquids functionalized with 
double SO3H group as catalyst and found that the acidity and the molecular struc-
ture influence strongly the activity of ionic liquids [86].

Fig. 14 Chemical structures of alkyl levulinates

Table 7 Physical properties of alkyl levulinates

Alkyl 
levulinate

Boiling 
point 
(°C)

Refractive 
index

Specific 
gravity at 
25 °C

Surface 
tension 
(dyne/cm)

Vapour 
pressure at 
100 °C (kPa)

Solubility in 
water 
(mL/100 mL)

Methyl 196 1.4233 1.0495 38.8 5.96 Miscible
Ethyl 205.8 1.4228 1.0111 35.7 4.69 12.5
n-Propyl 221.2 1.4257 0.9896 34.2 – 2.8
n-Butyl 237.8 1.4290 0.9730 34.4 1.56 0.93
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Bokade et al. reported the acid-treated K-10-supported tungstophosphoric acid 
for the levulinic acid conversion to butyl levulinate. This catalyst showed 97% of 
levulinic acid conversion with almost 100% selectivity [87]. Zhang et al. synthe-
sized an ionic liquid and heteropoly acid-containing ([MIMBS]3PW12O40) catalyst 
and demonstrated its activity towards the synthesis of butyl levulinate [88]. 
Mesoporous ZrO2-supported heteropoly acid catalysts were prepared, and their 
activity for levulinic acid esterification with methanol was tested [89]. Mesoporous 
STA/SiO2 catalyst was used for the synthesis of different AL from levulinic acid. 
20%STA/SiO2 catalyst exhibited better activity with 73 and 67% yields of methyl 
and ethyl levulinates, respectively [90]. Tungstophosphoric acid dispersed on desili-
cated HZSM-5 catalyst was reported for esterification of levulinic acid with ethanol 
[91]. 15%TPA/D-HZSM-5 catalyst showed 94% levulinic acid conversion with 
100% of ethyl levulinate selectivity. Different metal-modified heteropoly acid cata-
lysts were used for direct synthesis of ethyl levulinate from carbohydrates by 
Shiqiang Zhao et al. Different carbohydrates such as cellulose, glucose, fructose, 
inulin and sucrose were used as feeds for preparation of alkyl levulinates. Among 
them high ethyl levulinate yield of 64% was observed with fructose over 

Fig. 15 Possible ways for the preparation of butyl levulinate from biomass derivatives
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potassium- modified heteropoly tungstate catalyst. Ethyl levulinate yield was 
increased to 69% with addition of toluene as co-solvent [92].

We reported the butyl levulinate synthesis from furfuryl alcohol over Zn-modified 
heteropoly tungstate supported on niobia catalysts [93]. About 94% butyl levulinate 
yield was achieved with 20%Zn1TPA/Nb2O5 catalyst. The catalyst activities 
explained based on the presence of new Lewis acidic sites in heteropoly tung-
state  generated with the introduction of Zn ions into their secondary structure. 
Partially Zn-exchanged catalyst was more effective than completely exchanged 
catalyst, since it has both Bronsted and Lewis acidity. The catalyst with both 
Bronsted and Lewis acidic sites is responsible for high conversion and yield. Lewis 
acidic sites are useful for the etherification of furfuryl alcohol, and Bronsted acidity 
was involved in ring opening to get butyl levulinate. All the reaction conditions 
were optimized over the active catalyst. The product butyl levulinate yield was 
dependent on the amount of active component supported on Nb2O5. Figure 16 shows 
the dependence of Zn1TPA loading on Nb2O5. Even though the lower loading cata-
lysts (5–15% Zn1TPA/Nb2O5) show 100% furfuryl alcohol conversion, the butyl 
levulinate yield was low. The intermediate ether was not fully converted to butyl 
levulinate for the catalysts with low amount of Zn1TPA. The product yield was also 
low at higher loadings of active component on support. The dark brown colour solid 
was observed in the reaction mixture when high loading catalysts (25 and 30%) 
were used. The high acidity of the catalyst is the reason to produce furfuryl alcohol 
polymers so the butyl levulinate yield was lower than the optimum 20% Zn1TPA/
Nb2O5 catalyst.

We reported the direct conversion of carbohydrates and their derived chemicals 
to ethyl levulinate over Ti-exchanged tungstophosphoric acid catalysts [94]. A 
series of Ti-exchanged TPA catalysts were prepared, characterized and evaluated 
for the synthesis of alkyl levulinates. Table 8 reveals the activity of Ti0.75TPA cata-
lyst for the preparation of EL from various starting materials. Ti0.75TPA catalyst 
showed 92–98% yield of ethyl levulinate from carbohydrate-derived chemicals 
such as furfuryl alcohol, 5-hydroxymethyl furfural and levulinic acid. However, 
moderate yields of 63 and 21% of ethyl levulinate were achieved from fructose and 
glucose, respectively. Diverse alkyl levulinates were also synthesized from furfuryl 
alcohol. High EL yield of 97 and 98% was reached within 30 min when furfuryl 
alcohol and levulinic acid were used as feed, respectively. During 5-HMF alcoholy-
sis, about 92% EL yield was obtained in 360 min, whereas 21 and 63% yield of EL 
was observed with glucose and fructose used as starting materials. These results 
validated that the Ti0.75TPA was an effective catalyst for the preparation of EL from 
carbohydrates (glucose, fructose) and their derived chemicals (LA, 5-HMF, FAL).

The details about the use of modified heteropoly acid catalysts towards the prep-
aration of alkyl levulinates from variety of starting materials are shown in Table 9.
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9  Synthesis of γ-Valerolactone

γ-Valerolactone (GVL) is a versatile molecule with industrial interest. Naturally it 
is found in fruits, and it is a colourless liquid. It is a stable compound at normal 
conditions and has a sweet, herbaceous odour, which makes it suitable for the pro-
duction of perfumes and food additives. The vapour pressure of GVL is low 

Fig. 16 Furfuryl alcohol alcoholysis activity of the catalysts as a function of Zn1TPA content on 
niobia (5–25%), Nb2O5, TPA/Nb2O5 and Zn1TPA. Reaction conditions: furfuryl alcohol (0.098 g), 
butanol (6 mL), temperature (110 °C), catalyst weight (0.3 g), time (5 h)

Table 8 Synthesis of EL from different substrates

S. no. Feed Time (min) Conv. (%) EL yield (%)

1 Glucosea 360 100 21
2 Fructosea 360 100 63
3 5-HMFb 360 100 92
4 LAb 30 100 98
5 FALb 30 100 97

Reaction conditions: aCarbohydrate (4 mmol), ethanol (16 mL), catalyst loading (2.25 wt%), reac-
tion temperature (120  °C). bSubstance (1 mmol), ethanol (4 mL), catalyst loading (2.25 wt%), 
reaction temperature (120 °C)
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compared to the other oxygenates and alcohols. It is a stable liquid and does not 
form peroxides under neutral conditions. These properties made GVL as a sustain-
able fuel additive and solvent. Moreover, GVL can be stored and transported in 
larger scale, and it is biodegradable [95]. All the products from cellulose decon-
struction are soluble in GVL, so it can be utilized as a biphasic solvent system in 
biorefineries [96]. Luterbacher reported the use of GVL as effective solvent in 
thermo-catalytic preparation of soluble sugars with high yields from corn stover 
and wood.

Among the biomass-derived chemicals, GVL became one of the prominent 
chemicals in the last decade because of its excellent properties as green solvent and 
fuel additive. It is also a useful precursor for the preparation of high-value biopoly-
mers and liquid alkanes [97, 98]. Currently GVL production is based on a multistep 
process involving the selective fractionation and depolymerization of the lignocel-
lulosic biomass. The derived monosaccharides from biomass are converted to levu-
linic acid (LA) by acid-catalysed transformation. GVL is obtained by the 
hydrogenation of LA.

In general, GVL was obtained by LA and its esters’ hydrogenation. Hydrogenation 
of LA can be conceded by two methods: (1) metal-catalysed hydrogenation with 
molecular H2 and (2) catalytic transfer hydrogenation (CTH) with hydrogen donors 
such as alcohols, formic acid, etc. Conventional hydrogenation carried over expen-
sive noble metal catalysts at high H2 pressure. However, CTH approach proceeds 
over simple and cheap metal oxide catalysts with alcohols as H-donors. Figure 17 
shows the graphical representation of conventional and CTH approach for GVL 
synthesis.

Table 9 Heteropoly acid-based catalysts for alkyl levulinate synthesis

S.no. Feed Catalyst
Temp. 
(°C)

Time 
(h) Product

Yield 
(%) Refs.

2 LA DTPA/K10 120 4h BL 97 [91]
3 LA [H3PW12O40/ZrO2Si(Ph)

Si]
65 3h ML 99 [89]

4 LA H4SiW12O40–SiO2 65 6h ML
EL

73
67

[90]

5 LA DTPA/DH-ZSM-5(97) 78 4h EL 94 [91]
6 Fructose K-HPW-1 150 2h EL 66 [92]
9 Furfuryl 

alcohol
([MIMBS)3PW12O40] 110 12h BL 93 [88]

10 Furfuryl 
alcohol

ZnTPA/Nb2O5 110 5 BL 94 [93]

11 Glucose
Fructose
HMF
LA
Furfuryl 
alcohol

TiTPA 140
140
120
120
120

6
6
6
0.5
0.5

EL
EL
EL
EL
EL

63
21
92
97
98

[94]
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Hydrogenation of LA and its esters by CTH via Meerwein-Ponndorf-Verley 
(MPV) reaction in alcohol as alternative to conventional hydrogenation has been 
widely covered in literature [99, 100]. Most of the reports for GVL preparation are 
dedicated on the use of LA and/or its esters. This methodology needs a source of 
pure LA which is generally derived from furfural. Recently, researchers thought to 
prepare GVL directly in one pot from furfural instead of LA to avoid isolation and 
further hydrogenation of LA. This one-pot approach can be conceived by the collec-
tive action of acid (Bronsted) and reduction (Lewis/base) sites. Roman-Leshkov and 
his co-workers firstly disclosed catalytic integrated process for the preparation of 
GVL from furfural in a single pot using both Lewis and Bronsted catalysts in the 
form of physical mixture [101]. Weibin Fan et al. revealed an integrated process for 
GVL preparation from furfural using Au/ZrO2 and ZSM-5 as combined catalysts 
with 80% yield [102]. Winoto et al. used Zr-Al-β-zeolite catalyst containing both 
Bronsted and Lewis acid sites for the selective conversion of furfural to GVL. About 
95% of GVL yield was obtained over this catalyst within 24  h of reaction time 
[103]. More recently, Jungho Jae et al. studied Sn-Al-zeolite catalyst using 2- butanol 
as H-donor and reported moderate yield of GVL up to 60% at 180 °C during CTH 
of furfural [103]. In another study, Juan A. Melero et al. achieved GVL with 34% 
yield directly from xylose using Zr-Al-β-zeolite catalyst at 190  °C within 10  h 
[104], and the same catalyst yielded 72% GVL using FA as feed within 24 h [105].

Our group reported a series of catalysts containing metal oxide and heteropoly-
tungstate on H-β-zeolite [106]. In this study we screened various metal oxides such 
as Al2O3, SnO2, TiO2 and Nb2O5. The catalyst activity was evaluated for the conver-
sion of furfural to GVL, and the results are presented in Fig. 18.

In these catalysts, GVL yield was related on the nature of metal oxide exist in 
M-TPA/β-zeolite catalyst. The furfural conversion and GVL yield were low 
(20–50%) for the catalysts containing Nb, Ti and Sn oxides. However, the catalysts 
with Zr and Al oxides exhibited high conversion with exceeding GVL yield up to 
90%. The activity order of these catalysts is as follows: Zr-T-zeolite > Al-T-zeolite 
> Sn-T-zeolite > Ti-T-zeolite > Nb-T-zeolite catalysts, where T is tungstophosphoric 
acid. The difference in activities was defended in terms of the catalysts’ 

Fig. 17 Different pathways for the synthesis of GVL
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characteristics and nature of acidity. The catalysts with low Lewis-to-Bronsted acid 
sites ratio (Sn, Ti, Nb-T-zeolite) displayed less conversion of furfural with limited 
GVL yield, while catalysts both Zr-T-zeolite and Al-T-zeolite possess high Lewis-
to-Bronsted acid ratio and gave high yield of GVL. These Zr- and Al-containing 
catalysts also showed the presence of minimum amount of basic sites. Further, the 
characterization of catalysts by FT-IR indicated that the interaction of 2-propanol 
(H-donor) with basic sites of these catalysts was significant. Therefore, the Zr-T-
zeolite catalyst’s high conversion and yield was mainly related to the presence of 
high amount of Lewis acidity with sufficient amount of Bronsted acidity. The exis-
tence of few base sites in this catalyst which improved the interaction with 2-propa-
nol is also another reason for high GVL yield. Further all the above-discussed 
catalysts were summarized in Table 10.

10  Conclusion

Conversion of biomass to chemicals and fuel additives has been an intense research 
topic as biomass is considered as a better alternative for the fossil resources. Among 
the chemicals, HMF and its derivatives like EMF and alkyl levulinates have been 
recognized as value-added chemicals. All these chemicals can be formed over acid 
catalysis from carbohydrates. The selectivity of the value-added chemical depends 

Fig. 18 Conversion of furfural to GVL over various metal oxide-5%TPA/β-zeolite catalysts. 
Reaction conditions: furfural (0.196 g), 2-propanol (20 mL), temperature (170 °C), catalyst weight 
(7.5 g cat./L), time (10 h)
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on the type of catalysts having Bronsted/Lewis acidity. Heteropoly acid catalysts 
are desirable candidates for the conversion of biomass as these possess strong 
Bronsted acidity. Lewis acidity was generated with the modifications in heteropoly 
acids. The catalyst with more Bronsted acidity is effective for the dehydrating step, 
and Lewis acidic catalyst is needed in isomerization step in the transformation of 
carbohydrates to chemicals/fuel additives. This chapter reviewed the modification 
possible for heteropoly acids to use as heterogeneous catalysts in conversion of cel-
lulosic biomass. The role of modified heteropoly acids in the realization of biomass 
valorization is also summarized. Reaction temperature, time, catalyst weight and 
the feed to solvent ratio which are the other parameters that can affect the product 
yield are discussed.
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Catalytic Conversion of Biomass-Derived 
Glycerol to Value-Added Chemicals

Kushanava Bhaduri , Anindya Ghosh, and Biswajit Chowdhury 

Abstract In the scenario of fossil fuel depletion, the promotion of renewable 
energy like biodiesel has intensified research. Due to this, another significant chal-
lenge has emerged which is to deal with the surplus by-product glycerol. In order to 
address the issue, production of value-added chemicals from glycerol is an efficient 
alternative pathway. Thus the renewability, bioavailability and exclusive structure of 
glycerol make it an appropriately attractive starting material for producing a broad 
number of crucial chemicals. Here in this chapter, we have reviewed the catalytic 
conversion of glycerol in terms of oxidation, dehydration, carbonylation, esterifica-
tion and acetalization and kept our focus on products like acrylic acid, acrolein, 
glycerol carbonate, glycerol acetins and solketal, respectively. Recent studies 
regarding catalysts, reaction parameters and plausible pathways are discussed 
in detail.

Keywords Glycerol · Acrylic acid · Glycerol oxidation · Glycerol dehydration · 
Glycerol carbonylation

1  Introduction

1.1  Biomass and Biomass Conversion

In the twenty-first century, the increasing energy demand, depleting fossil fuels and 
abnormal change of climate are the huge obstacle faced by humankind. The whole 
world mainly depends on one single source, that is, non-renewable fossil carbon, 
which fulfilled the global need of chemicals, fuels and daily commodities for main-
taining a living standard of seven billion people. So, it is quite obvious fate that 
excessive combustion of fossil carbon and its derivatives is the major reason for the 
upsurge in the atmospheric greenhouse gas levels and hence causing global 
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warming [1]. Renewable energy sources as an alternative to contemporary fossil 
fuels are the most encouraging solutions for moving towards a more sustainable 
future for humankind. The biomass valorization, which is an abundant non-fossil 
carbon source, has significantly attracted a lot of scrutinies as it possesses the ability 
to provide vast range of value-added chemicals and high-energy-density fuels. 
Right after crude oil, coal and natural gas, biomass is the largest source of energy 
which has been used to produce heat and power. Researchers are expecting that 
within two decades, worldwide demand of petroleum will increase by over 30% [2]. 
So the centre of interest is shifted to find an alternative, multiple and more flexible, 
less greenhouse-emitting energy backbone for a long-term solution not only to fulfil 
the demand but also to substitute the petroleum feedstock. In this context hydrogen, 
solar and biomass energy are the promising sources to replace petroleum reserves. 
The future success of these newborn technologies fully depends on the understand-
ing of process implementation and chemical mechanism at the fundamental level. 
Among similar preferred sources, biomass is an abundant and the cost-effective 
carbon source which has the potential to produce liquid hydrocarbon fuel and pro-
vides huge amount of renewable feedstock without production of higher amount of 
greenhouse gases through subsequent regrowth of biomass [3]. They can be easily 
processed and incorporated without disturbing the existing infrastructure to the 
transportation and the internal combustion engine [4]. Despite all other complexity, 
researchers are trying to produce biodiesel and chemicals from biomass as it has 
several advantages including engine performance, price, non-toxicity, biodegrad-
ability and biocompatibility. Hence competent valorization of biomass is not only 
helpful to produce advantageous fuels and chemicals but also helps to reduce net 
emission of CO2. Therefore, the share of biofuel is predicted to reach at about 9% in 
the transport sector by 2030 [4]. The application of naturally abundant biomass 
feedstock for the production of chemicals can boost the foundation of green chem-
istry within the context of sustainability. Renewable energy origins like solar, geo-
thermal, wind and biomass are acknowledged to be feasible surrogates to traditional 
oil [5]. However, the energy sourced from biomass is recognized to have more sus-
tainability specially for the transportation category. Biofuel is the common name of 
fuel generated from biomass. Among the various biofuels, biodiesel is the subject of 
the most researches, and it is still in momentum despite all the rigorous develop-
ments. The immense interest of various researches, industrialists and governments 
throughout the world may be attributed to the fundamental advantages of it. The 
main reasons are its biodegradability, non-toxicity, renewability, inbuilt oxygen 
content, higher cetane number, higher combustion with regulated emissions, full 
carbon cycle and raw material availability [6, 7]. Biodiesel is the mono alkyl ester 
of fatty acids retrieved from animal fat or vegetable oil by the transesterification or 
esterification with alcohol in the existence of a catalyst (Scheme 1).

From the forecast of the International Energy Agency (IEA), the maximal oil 
production of the world will be achieved between 1996 and 2035. According to 
some experts, current oil may totally diminish by 2050. According to the European 
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Union (EU) directive, conventional fuels must add at least 5.75% biofuels by 2010, 
with a possible increment of 20% by 2020. Production of biodiesel in EU represen-
tative countries was estimated at 1.93 in 2004 and 10.37 in 2013 and surging up to 
11.58 in 2016 (Fig. 1). The biodiesel production in the United States upsurged from 
250 million gallons in the year 2006 to 2.89 billion gallons in 2016 [8, 9, 10]. All 
the efforts have been put worldwide to boost energy efficiency and cut down green-
house gas emissions. The high biodiesel production is accompanied by large-scale 
volumes of waste, in which glycerol is the major one. For every 100 kg of biodiesel 
production, 10 kg of glycerol is generated [10].
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Scheme 1 Conversion scheme of triglyceride to biodiesel and glycerol
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1.2  Glycerol as Biomass: Current Availability and Market

The applications of glycerol can be found back to the initial civilized society of 
humans where vegetable oil and animal fat hydrolysis were done in alkaline medium 
to manufacture soap [11]. At the time of World War I, glycerol usage was on a high, 
overpassing the soap-making industry for nitroglycerin production which is a base 
for preparing dynamite and cordite [12].

During World War II, production of glycerol feedstock has moved to petroleum- 
based origins. The annual production of glycerol globally reached around 1.6 mil-
lion metric tons which is expected to triple by 2024 [11]. The upsurge in the 
production of glycerol in the last decade is largely due to the boom in biofuel pro-
duction sector. Biodiesel is nothing but the fatty acid esters, obtained from vegeta-
ble oils or animal lipids by transesterification with methanol or ethanol [13, 14]. 
Generally, glycerol is obtained as main by-product during biodiesel production, and 
approximately 10 wt% glycerol is produced from the total production of biodiesel. 
The United States and the European nations have both decided that they will supply 
1.3 billion and 17.4 million tons of biomass per annum [2, 3]. According to a report 
published in ‘Roadmap for Biomass Technologies’, 20% of transportation oil will 
come from biomass by 2030 [3]. As a consequence, biodiesel progress would be 
suffered by the overabundance of glycerol in the market, which also effects on its 
commercial value. However, the high price of starting materials, low oxidation sta-
bility and poorer cold flow properties hinder its commercialization improvement [4].

1.3  Various Ways of Glycerol Conversion

The usage of glycerol for the production of value-added chemicals is very important 
from an industrial point of view as not only glycerol formation occurs in large 
amounts amid biodiesel formation but also glycerol being non-toxic, biodegradable 
and biosustainable chemical. Nowadays the lower worth of glycerol can project 
towards advanced markets in fine chemicals, polymers, biofuel additives, etc. The 
multifunctional properties of glycerol can be tuned by various different reaction 
routes. It is very obvious that a hefty number of valuable chemicals can be produced 
from glycerol. In this chapter we have discussed about the most important catalytic 
conversion processes to transform glycerol into valuable chemicals.

Glycerol conversion can be done via various different methodologies like oxida-
tion, dehydration, hydrogenolysis, carbonylation, esterification, etherification, ace-
talization, reforming, etc. The oxygenated products derived from glycerol mainly 
include glyceric acid, acrylic acid, dihydroxyacetone, tartronic acid, hydroxypyru-
vic acid, etc. The dehydration of glycerol results in the main product acrolein fol-
lowed by some other by-products like hydroxyacetone, acetol, 3-hydroxypropanal, 
etc. The hydrogenolysis of glycerol results in the formation of 1,2 propylene glycol, 
1,3 propylene glycol and ethylene glycol. The carbonylation of glycerol has many 
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pathways like reacting glycerol with carbon dioxide, reacting with urea and reacting 
with di-alkyl carbonate which is also the transesterification pathway, all leading to 
glycerol carbonate formation. The esterification of glycerol yields monoacetin, 
diacetin and triacetin which mainly act as biofuel additives. The etherification of 
glycerol results in glycerol monoethers, diethers and triethers. In the glycerol ace-
talization reaction, it is reacted with ketones and/or aldehyde to achieve products 
like glycerol solketal and acetal. The reforming of glycerol results in hydrogen for-
mation. In this chapter we have discussed glycerol oxidation, dehydration, carbon-
ylation, esterification and acetalization and mainly kept our focus on products like 
acrylic acid, acrolein, glycerol carbonate, glycerol esters and solketal (Scheme 2).

2  Catalytic Oxidation of Glycerol

Vigorous attempts have been made to take advantage of glycerol as an alternative 
fuel. On the other hand, glycerol, as a sustainable feedstock, can be employed for 
generation of some C3 derivatives as glycerol oxidation products including glycer-
aldehydes, glyceric acid, 1,3-dihydroxyacetone, hydroxypyruvic acid, 

Scheme 2 Glycerol to important value-added products
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pyruvaldehyde, pyruvic acid, lactic acid, acrylic acid, tartronic acid and mesoxalic 
acid [15–18]. Usual glycerol oxidation typically initiates with two types of reac-
tions: dehydration (i.e. cleavages of C-H and C-O bonds) succeeded by additional 
dehydrogenation and oxidation (i.e. formation of C-H and C-O bonds) and dehydro-
genation (i.e. cleavages of C-H and O-H bonds). The pathway of C-O bond cleavage 
differentiates the initial dehydration and dehydrogenation. The C-O bond cleavage 
requires reaction temperature 300–400 °C for dehydration [19, 20] and <100 °C for 
dehydrogenation [21, 22].

2.1  Glycerol Oxidation via Dehydration

In an economic viewpoint, glycerol conversion via dehydration becomes more 
attractive since more than 60% oxygen content of glycerol can be simply removed 
without hydrogen consumption under mild condition [23]. The existence of primary 
and secondary hydroxyl groups with different reactivity induces the selectivity 
problems in glycerol conversion. Commercial oxidation processes of glycerol using 
hydrogen peroxide as an oxidant produce dihydroxyacetone and glycerol aldehyde 
[24, 25] as an intermediate for serine and glyceric acid [26, 27] in liquid phase. To 
conquer the reactivity/selectivity problem, it is better to synthesize glycerol deriva-
tives, e.g. esters or acetals, which allow the subsequent oxidation of a particular type 
of carbon atom only [28].

Acrylic acid, the simplest unsaturated carboxylic acid, is a monomer for poly-
acrylic acid which is widely used for production of hygiene products like diaper, 
elastomers, plastics, paints, adhesives and coatings [29]. Using biomass resources 
like glycerol for production of acrylic acid (via gas phase or liquid phase) has been 
extensively investigated. A wide category of solid acid catalysts, such as zeolites, 
metal oxides, phosphates and heteropolyacids, have been extensively evaluated for 
glycerol dehydration [30]. Those acid catalysts failed to meet the industry demands 
since they suffered from heavy coke deposition leading to fast deactivation.

2.2  Glycerol Oxidation into Acrylic Acid via Allyl Alcohol 
as an Intermediate

Recently, some reports claimed that acrylic acid can be prepared from glycerol via 
two steps: deoxydehydration (DODH) of glycerol to allyl alcohol followed by 
selective oxidation of obtained allyl alcohol into acrylic acid. Recently, Lee’s group 
reported that a high yield of ~87% of acrylic acid can be synthesized from glycerol 
by using Au-deposited CeO2 [31, 32]. They studied the effects of different mor-
phologies of CeO2 (like rods, cubes and octahedra) as support as well as the particle 
size of the Au as active phase. The liquid phase DODH of glycerol is carried out 
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using formic acid as the hydrogen donor and the catalyst, shown in Scheme 3a. 
Among Cu-, Au-, Pd- and Pt-deposited CeO2 supports, only Au catalyst is very 
active in the allyl alcohol oxidation to form acrylic acid at 25  °C.  Au/CeO2- 
octahedral, among different shapes of CeO2 such as cubic, rod, octahedral and com-
mercial, exhibited the highest yield towards acrylic acid due to its highest BET 
surface area (110 m2/g), lowest size of Au (2.2 nm), highest oxygen storage capacity 
(OSC) and highest amount of oxidic Au species. They suggest that both oxidic as 
well as metallic Au are responsible for the selective oxidation of allyl alcohol via the 
formation of acrolein as an intermediate and as shown in Scheme 3b a basic medium 
is essential for the formation of acrylic acid.

The different reaction parameters such as reaction temperature, allyl alcohol 
concentration and oxygen pressure also affect the selective oxidation of allyl alco-
hol into acrylic acid. With increase in the oxygen pressure up to 10 bar, the produc-
tion of acrylic acid significantly increases by suppressing the yield for 
3-hydroxypropionic acid (3-HPA). The higher reaction temperature can also accel-
erate the production of 3-HPA and glyceric acid, whereas at lower temperature, 
more allyl alcohol is selectively oxidized into acrylic acid. General selective oxida-
tion desires dilute reactant solution. With increase in the concentration of allyl alco-
hol, the production of the dimers and hydrated species increases.

2.3  Glycerol Oxidation into Acrylic Acid via Acrolein 
as an Intermediate

The two-step tandem reaction is the best known way for the production of acrylic 
acid from glycerol. Over an acid catalyst, glycerol dehydrated into acrolein which 
is followed by the oxidation of obtained acrolein into acrylic acid. Andrushkevich 

Scheme 3 Mechanism for the DODH of glycerol to allyl alcohol in formic acid medium (a). 
Catalytic oxidation mechanism for acrylic acid from allyl alcohol over Au/CeO2 (b) proposed by 
Yang et al. [32]
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investigated the three efficient catalysts, Mo-V catalyst, Mo-Co oxide catalyst and 
V-W system for conversion of acrolein to form acrylic acid [33]. It is revealed that 
the efficient catalyst must have the presence of ions with amphoteric features such 
as Mo4+ and V4+ and the existence of Mo6+ ions. The catalytic oxidation mechanism 
for the conversion of acrolein to acrylic acid is proposed in Scheme 4. Martins’ 
group have also studied the performance of Mo-V mixed oxides in the catalytic 
oxidation of glycerol to acrylic acid at different heat-treated conditions [35]. They 
found that the Mo-V mixed oxides showed superior activity, compared to the pure 
MoO3 and V2O5 oxides. The Mo-V mixed oxides were heat-treated under different 
gas-flow compositions (100% N2, 20% O2 in N2 and 100% O2). The Mo-V mixed 
oxide, heat-treated under 100% N2 and 20% O2, showed similar selectivity for 
acrylic acid, as the pure oxides, while the catalyst, heat-treated under 100% O2, gave 
better selectivity of 33.5% towards acrylic acid. Zhang’s group have also executed 
an efficient process for the production of acrylic acid from glycerol with 10% O2/He 
via gas phase catalytic oxidation at atmospheric pressure using Mo-V-W-O catalyst 
at a temperature range 300–400 °C [34]. The V4+/V5+ species may be responsible for 
the redox cycle in the MoVW oxide and high selectivity of acrolein, whereas addi-
tion of Mo stabilized valence states of V and incorporation of W improved stability 
of the catalyst and enhanced selectivity for acrylic acid. Acrylic acid, the key inter-
mediate to acrylic acid, rapidly oxidized with increase in temperature up to 340 °C, 
reaching 87% selectivity for acrylic acid. In contrast, further rise in temperature 
decreased the selectivity for acrylic acid because of over-oxidation, by increasing 
the amount of CO, CO2 and acetic acid.

2.4  Glycerol Oxidation into Acrylic Acid via Propylene 
as an Intermediate

The production of acrylic acid from glycerol via propylene as the intermediate is 
also a promising path. Glycerol can be converted into propylene using a stacked 
catalyst of HZSM-5 (at the bottom layer) and Ir/ZrO2 (at the top layer) and gained 
85% of yield for propylene under 30 bar H2 pressure at 250 °C [36]. High pressure 

Scheme 4 Catalytic oxidation mechanism for the conversion of acrolein to acrylic acid using 
Mo-V oxide catalyst proposed by Andrushkevich [34]
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of H2 increases glycerol conversion, while the selectivity for propylene decreases 
because of again hydrogenation of obtained propylene into propane. Sato et al. stud-
ied  the hydrogenolysis of glycerol into propylene over WO3 modified Cu/Al2O3 
under ambient H2 pressure [37]. Further addition of SiO2-Al2O3 under the catalyst 
bed of WO3-Cu/Al2O3 converts the 1-propanol to obtain 84.8% of selectivity for 
propylene with full conversion. The multistep formation of propylene via dehydra-
tion and hydrogenation over the stacked catalyst is shown in Scheme 5.

3  Catalytic Dehydration of Glycerol

Acrolein which is produced from the dehydration of glycerol is one of the most 
valuated chemicals derived from glycerol valorization (Scheme 6). Acrolein is one 
of the simplest unsaturated aldehydes which is also known as acrylic aldehyde or 
2-propenal. It is used for the manufacturing of acrylic acid, 1,3 propanediol, pyri-
dines, glutaraldehyde, superabsorbent polymers, fragrances, flavours, etc. which 
have compelling part in food and chemical industry. Acrolein at present is produced 
via selective oxidation of propylene, while at the same time, glycerol dehydration 
for acrolein production has also been investigated extensively. Production of acro-
lein by gas phase dehydration of glycerol can be dated long back ago in 1933 by 
Schering-Kahlbaum AG [38]. They patented the gas phase glycerol dehydration at 
573–873  K with around 80  mol.% yield for acrolein. However, in the past high 
glycerol cost forced the process to remain undeveloped until the last two decades 
ago when glycerol started to become cheaper as biodiesel production was surging.

Scheme 5 Route for the hydrogenolysis of glycerol to propylene

Scheme 6 Dehydration of glycerol to acrolein
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3.1  Efficient Catalyst Systems for Gas Phase Glycerol 
Dehydration to Acrolein

Various types of catalyst systems have been widely reported for the glycerol dehy-
dration reaction like heteropolyacids, zeolites, metal oxides and phosphate cata-
lysts. The catalytic performance of some reported catalysts for the dehydration 
reaction of glycerol to acrolein is summarized in Table 1. To catalyse dehydration of 
glycerol to form acrolein, the use of heteropolyacids is a very good option. Among 
widely used common HPA catalysts is the tungstophosphoric acid. Chai et al. used 
zirconia-supported HPA catalysts for glycerol dehydration to acrolein [57, 59]. The 
results obtained by them showed zirconia-supported HPA is more effective than 
silica-supported HPA.

Katryniok et  al. explored glycerol dehydration to acrolein over silicotungstic 
acid supported on zirconia-grafted SBA-15 [74]. The interaction between the sup-
port and HPA was modified by the grafting. The synergy between the zirconia and 
HPA eventually reduced the strength of Brønsted acidic site and thus increased cata-
lyst stability. An acrolein yield of 69% could be seen after 24 h time on stream 
study. Dubois et al. scrutinized metal-substituted silicotungstic (SiW) and phospho-
tungstic (PW) acid salts [75]. Among the various metals used for substitution are 
calcium (Ca), rubidium (Rb), caesium (Cs), bismuth (Bi), zirconium (Zr), iron (Fe) 
and lanthanum (La). The caesium-substituted Cs2.5H1.5SiW12O40 catalyst exhibited 
the highest acrolein yield of 93%. Another important aspect demonstrated by the 
authors was the oxygen co-feed in the reaction which helped to increase the acrolein 
yield. The study performed by Alhanash et al. which also included caesium salts of 
PW acids achieved an acrolein yield of around 98%, but its longevity was small 
[76]. Atia et al. [62] prepared an array of supported silicotungstic acid from selected 
silica and aluminosilicate supports. Alkaline metals were used to adjust the Brønsted 
acidic sites. It was found that the unmodified supported HSiW catalysts displayed 
the highest activity which was the indication about the strong connection of activity 
with acidity (Brønsted). Kim et al. [77] explored dehydration of glycerol to acrolein 
with silicotungstic acid (HSiW) using various different metal oxides (SiO2, TiO2, 
ZrO2, γ-Al2O3, CeO2, MgO, etc.) as supports. The use of zirconia-supported HSiW 
resulted in highest selectivity of 58.1% for acrolein. All the studies on heteropoly-
acids proved them as potential candidates for glycerol dehydration reactions. Fast 
deactivation was one drawback of this catalyst.

Zeolites are also largely reported for glycerol dehydration reaction. Two well- 
acknowledged zeolite segment catalysts (β-zeolite and ZSM-5) were patented by 
Dubois et al. for glycerol dehydration [78]. β-Zeolite and HZSM-5 exhibited 57% 
and 39% acrolein yield, respectively. Zuang et al. used MCM-based and ZSM-based 
catalysts for glycerol dehydration and obtained 70–85% acrolein yield [79]. In 
another patent by Okuno and co-workers [80], various metallo-silicate catalysts 
with MFI structure were used for this reaction which actually reached up to 63% 
acrolein yield. Zhou et al. [81] synthesized micro- and mesoporous ZSM-5 catalyst 
in a dual template method which gave highest acrolein yield of 73.6%. In another 
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Table 1 Performance of some catalysts for glycerol dehydration to acrolein as reported in 
literature

Catalyst
Temperature 
(°C)

TOS 
(h)

Total 
flow 
(ml)

Catalyst 
amt. (g)

Conversion 
(%)

Selectivity 
(%) Reference

NbWAI 305 3 15 0.8 100 72 [39]
NbWZr 305 3 15 0.8 100 72.1 [40]
Ta2O5 315 9–10 30 0.82 39 75 [41]
Nb/SiZr5 325 2 15 0.5 77 45 [42]
ZrNbO 300 8 75 7.5 88 60 [43]
ZrSiWO-2.5 300 8 75 6.96 100 63 [44]
WO3/ZrSi 325 2 15 0.5 99 42 [45]
VPO/ZrP 300 1–2 16 0.2 100 60 [46]
VPO 320 2 30 0.5 100 70 [47]
WO3/ZrP 300 10 10 0.2 100 82 [48]
Nano-ZSM5 320 10 – 0.5 91 83 [49]
MCM-22 320 2 30 0.1 99.8 50.1 [50]
ZrNbP0.2 325 2 15 0.5 100 56 [51]
mSAPO-40 320 2.5 30 0.3 100 80 [52]
1-Fe/AlPO4-450 280 10 75 0.1 100 40 [53]
SAPO-40 350 2.5 30 0.3 100 75 [54]
FeP-H 260 5 20 0.8 100 92 [55]
Al2O3-PO4 280 1 100 0.2 100 42 [56]
30PWZ-AN-650 315 9–10 30 0.71 70 70 [57]
20wtPTA/Y- -
zeolite

275 3 10 0.3 100 79 [58]

10PWZ-AN-650 315 9–10 30 0.61 79 69 [59]
Cs-STA-1 300 5 100 – 66 87 [60]
Q6-SiW-30 325 5 – 0.3 100 74 [61]
Li/HSiW/AS5 300 2 30 0.3 99 73.4 [62]
HSiW/Al2O3 300 2 30 0.5 100 66 [63]
HSiW/ZrO2 300 3 20 0.5 92 69 [64]
30HZ-20A 320 3 20 0.5 97 88 [65]
17-NiSO4 340 10 20 1.0 90 70 [66]
M-Al2O3 280 2 – 0.5 80 74 [67]
Sepiolite 320 3 20 0.2 92 59 [68]
WO3/ZrO2@SiC 250 10 30 14.0 100 71 [69]
SBA-SO3H 300 3 30 0.3 100 92 [70]
H-ZSM-5(75) 320 10 15 0.15 81 86 [71]
SZ11-2 300 2 30 0.1 95 60 [72]
Nano-MFI- 
Zeolite

320 12 20 0.25 99 86 [73]
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interesting study, Kim et  al. [82] prepared various H-zeolites which include 
H-ferrierite, H-Y, H-β, HZSM-5 and H-mordenite with different Si and Al ratios. 
Among these H-ferrierite showed highest selectivity for acrolein of 77% at favour-
able conditions. For this catalyst the selectivity of acrolein has a monotonal increase 
with increase in reaction temperatures. On the other side, the conversion of glycerol 
is seen to increase while having longer contact time, but acrolein selectivity is found 
to decrease gradually. In an interesting study by Possato et al. [83], they have tried 
to escalate the conversion of glycerol by applying the desilication methodology 
where they have tried to minimize diffusion limitations by secondary pore forma-
tion in zeolite catalysts. They observed increase in conversion of glycerol due to the 
weakened surface acidity and an increase in accessibility of the active sites by glyc-
erol. Longer catalyst stability and very few blocked micropores are the main conve-
nience in this method. Qureshi et al. [71] synthesized nano-H-ZSM-5 catalyst with 
short channels. The Si and Al ratio is varied, and the catalyst with Si/Al = 75 showed 
the best results at 81% glycerol conversion with 86% of acrolein selectivity at 10 h 
time on stream at 320 °C temperature. Ding et al. [72] developed microstructured 
ZSM-11 catalyst by direct growth on sinter-locked stainless steel microfibres. It 
exhibited very good reactivity and stability over other reported zeolites. It reached 
up to a glycerol conversion of 95% with 60% selectivity towards acrolein. The for-
mation of coke was suppressed due to enhanced diffusion through zeolite pores at 
high flow of carrier gas. Also a new nanosheet MFI zeolite with different Si/Al 
molar ratio was prepared, and it could achieve a glycerol conversion of 99% with 
86.6% acrolein selectivity for 12 h TOS [73].

Various types of mixed oxides, metal pyrophosphates and phosphates are also 
extensively used in glycerol dehydration into acrolein. Chai et al. [84] used Nb2O5 
catalyst for glycerol dehydration reaction at 315 °C where effect of different calci-
nation temperatures, acidity, catalyst structure and crystal structure was studied. 
Glycerol conversion of 88% with 51 mol.% selectivity for acrolein was observed. 
Suprun et al. [56] explored gas phase glycerol dehydration over aluminium phos-
phate (AlPO4), titanium phosphate (TiPO4) and silica-alumina phosphates (e.g. 
SAPO-11 and SAPO-34). The glycerol conversion was found to be dependent on 
the acidity and textural characteristics of the catalyst. The catalyst SAPO-34 could 
achieve 59% conversion of glycerol with 72% acrolein selectivity, but its drawback 
was fast deactivation. Wang et al. [85] probed different types of vanadium phos-
phate catalysts where various reaction parameters could be varied to ultimately 
achieve 66% acrolein selectivity at complete conversion of glycerol. The oxygen 
flow in the reaction ended up giving good results. In another study on vanadium 
pyrophosphate oxides, Wang et al. did some temperature study on the catalysts and 
found out that morphology, crystallinity and acidity changed with it. The catalyst 
treated at temperature 1073 K exhibited 64% selectivity for acrolein at 100% glyc-
erol conversion. Deleplanque et al. [55] synthesized iron phosphates in hydrother-
mal methods which could obtain an acrolein yield of 92%, and the catalyst showed 
activity up to 25 h. Dubois [86] performed glycerol dehydration on potassium (K)-, 
strontium (Sr)- and caesium (Cs)-doped phosphate catalyst, where Cs-catalyst 
obtained 72% acrolein yield. In a different study by Lauriol-Garbey et al. [43], they 
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synthesized different niobium-zirconium mixed oxide catalysts for this reaction. 
They investigated the relation between acidity-basicity and the catalytic activity. 
Niobium oxide supported on zirconia proved to be the best one with 98% conver-
sion of glycerol and 72% selectivity for acrolein. Again in another research by 
Lauriol-Garbey and their co-workers, studied the effect of SiO2 doping on WO3/
ZrO2 catalyst for glycerol dehydration at 573 K [44]. From different characteriza-
tion techniques, it was revealed that modification with silica formed large meso-
pores limiting the production of undesirable coke. The catalyst exhibited 78% 
acrolein selectivity at total conversion of glycerol, and also it showed stable cata-
lytic activity even after 100 h time on stream. WO3/TiO2 catalysts prepared by Ulgen 
and Hoelderich [87] achieved around 85% selectivity towards acrolein at almost 
total glycerol conversion. They observed that using oxygen could inhibit formation 
of by-products. Due to gradual deactivation rate and being inexpensive, titania- 
supported tungsten oxide is a good catalyst for glycerol dehydration. Cavani et al. 
[88] synthesized sulphated zirconia catalyst for this reaction and also used co- 
feeding of oxygen. They could achieve 49% glycerol conversion with 42% selectiv-
ity towards acrolein. Liu et al. [89] prepared Cr-, Cu- and La-modified aluminium 
phosphate (AlPO) catalysts for dehydration at 443  K in gas phase. The meso- 
LaCuCrAlPO catalyst showed very good catalytic activity results of 80% selectivity 
towards acrolein with 99% glycerol conversion at 613 K. Massa et al. [40] synthe-
sized monoclinic zirconia-supported niobium and tungsten oxide for this reaction. 
The tungsten oxide supported zirconia showed 78% yield for acrolein at 100% con-
version for glycerol. Though oxygen flow decreased the deactivation rate a little, it 
had no serious effect on acrolein yield. Gu et al. [66] prepared different supported 
nickel sulphate catalysts for gas phase glycerol dehydration where 17NiSO4–623 
catalyst achieved up to 70 mol.% selectivity for acrolein with more than 90% con-
version of glycerol during 10 h time on stream. Also in this case, oxygen co-feed did 
not help to improve acrolein yield, but it could reduce the catalyst deactivation. Tao 
et al. [41] scrutinized the activity of tantalum oxide (Ta2O5) catalyst prepared in dif-
ferent calcination temperatures for glycerol dehydration. Acrolein selectivity of 
75% was obtained at 40% glycerol conversion using Ta2O5–350 at 623 K tempera-
ture. The catalyst showed excellent long-life stability even after 100  h time on 
stream. Apart from the above heteropolyacids, zeolites, metal oxides and phos-
phates, recently some interesting catalyst systems have been reported for glycerol 
dehydration to acrolein. Huang et al. [67] synthesized a metal-organic framework- 
mediated alumina catalyst and tested for glycerol dehydration reaction. The M-Al2O3 
catalyst achieved a conversion of about 80% with nearly 74% acrolein selectivity 
for a long 200 h time on stream. Zhou et al. [68] synthesized acid-activated sepiolite 
catalyst for glycerol dehydration reaction and achieved an acrolein yield of 52% at 
320  °C.  In a different and new investigation, Xie et  al. prepared microwave- 
absorbing catalyst WO3/ZrO2@SiC and performed microwave-assisted catalytic 
dehydration of glycerol. The acrolein selectivity could reach over 70% with com-
plete glycerol conversion at 250 °C with microwave heating [69].
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3.2  Liquid Phase Dehydration of Glycerol to Acrolein

In some recent years, supercritical water reforming of glycerol has gained much 
consideration for producing valued chemicals like acrolein. Ott et al. [90] assessed 
the effect of zinc sulphate (Zn-SO4) catalyst in supercritical water condition and in 
continuous high-pressure tubular reactor. At 25 MPa pressure and 633 K reaction 
temperature, 50% glycerol conversion could be achieved with 75 mol.% selectivity 
towards acrolein. Liquid phase dehydration of glycerol was investigated at elevated 
temperature and atmospheric pressure by Suzuki et al. [91] and Yoshimi et al. [92] 
where they used potassium bisulphate (KHSO4), magnesium sulphate (MgSO4) and 
phosphorus alumina (5 wt% H3PO4/Al2O3) as catalysts. KHSO4 achieved 80% acro-
lein yield with 97% conversion of glycerol. Shen et al. [93] performed liquid phase 
glycerol dehydration to acrolein in semi-batch reactor using silicotungstic, phos-
photungstic and phosphomolybdic acids. The best yield for acrolein (78.6%) was 
obtained over silicotungstic acid catalysts. In another study by Shen et al. [94], they 
prepared Brønsted acidic ionic liquid (BAIL) catalysts for liquid phase glycerol 
dehydration. An acrolein yield of 57.4% with complete conversion of glycerol could 
be achieved. The acidity of the catalyst was the main reason for its activity. The 
above are some worthy mentions for liquid phase glycerol dehydration, but it is 
quite evident that liquid phase glycerol dehydration is not as effective like gas phase 
glycerol dehydration.

3.3  Reaction Mechanism

From Scheme 7, the glycerol dehydration mechanism can be seen on Lewis and 
Brønsted acidic sites which leads to formation of acrolein and acetol, respectively, 
as suggested by Alhanash et al. [76]. For the Brønsted acidic sites, the dehydration 
begins with the secondary hydroxyl group protonation of glycerol and the release of 
the H3O+ by the secondary intermediate to form 1,3-dihydroxypropane, and then 
keto-enol rearrangement gives 3-hydroxypropionaldehyde, which finally generates 
acrolein followed by a further dehydration. On the other case, over Lewis acidic 
sites, the generation of an intermediate 2,3-dihydroxypropane takes place by the 
concerted deportation of the terminal OH group of glycerol to the Lewis acidic site, 
and the H+ shifts from the internal carbon atom to the bridging ‘O’-atom. After that 
the final acetol is formed by further tautomerization of 2,3-dihydroxypropene. The 
proposed mechanism by Alhanash et al. is supported by the study performed by Foo 
et al. [95] in which they did glycerol dehydration over Nb2O5 along with DFT cal-
culations. They also came to the same conclusion that acrolein formation is favoured 
by Brønsted acid sites and acetol formation is favoured by Lewis acid sites. The 
glycerol dehydration study investigated by Wang et al. [96] suggested that there is a 
cooperation between the Brønsted and Lewis acid sites.
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3.4  Effects of Physicochemical Properties of the Catalyst 
on Acrolein Yield

The two main properties of the catalyst which significantly affect glycerol dehydra-
tion to acrolein are the acidic property and the textural property. The general consid-
eration is that Brønsted acidic sites facilitate acrolein formation. Chai et al. [97] 
studied an array of catalysts with different acid strengths for the glycerol dehydra-
tion reaction. According to their observation, catalysts with very strong acid sites 
achieved lower acrolein yields (40–50%) due to severe deposition of coke, while 
catalysts with strong acid sites found to be most effective in terms of acrolein yield 
(60–70%). On the other hand, catalysts having moderate or weak acid sites could 
attain low acrolein yield due to their low selectivity (30%). This simply indicates 
that catalysts with very strong acidity lead to serious deposition of coke. The tex-
tural properties of the catalyst are also associated with formation of coke which 
eventually leads to deactivation. In an investigation by Sato’s group, they prepared 
heteropolyacid supported on SiO2 with different pore sizes of 3, 6, and 10 nm [61]. 
It was observed that the catalyst with largest pore size demonstrated durable cata-
lytic performance, whereas the silica with small pore size results in fast deactiva-
tion. The observation was supported by Atia et al. [23] where they did the same type 
of study with Al2O3-supported heteropolyacids. It was concluded that open and 
interconnected mesopores in catalyst are more stable than closed and small meso-
pores which tend to deactivate early due to the heavy production and transfer limita-
tions of coke formed in the pores.

Scheme 7 The reaction mechanism for dehydration of glycerol over (a) Brønsted acid sites and 
(b) Lewis acid sites as suggested by Alhanash et al. [76]
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3.5  Methods for Inhibiting Catalyst Deactivation

Although high yield of acrolein has been achieved over a large number of catalyst 
systems, deactivation remains a serious problem for this reaction. The prime reason 
for deactivation mainly applies to the coke formation which is caused by glycerol/
acrolein polycondensation. According to the investigation led by Chai et al. [98], the 
co-feed of O2 with a molar ratio of N2/O2 = 9/1 effectively maintains the catalytic 
activity up to 10 h. On the other side, high concentration of O2 feed results in forma-
tion of acetaldehyde, thus decreasing the acrolein yield. From various studies it can 
be found that the oxygen feed decreases the carbon species which are adsorbed and 
can be transformed to coke. On the other hand, high O2 concentration escalates the 
selectivity towards oxidative decomposition products like acetic acid and acetalde-
hyde, so the true concentration of the O2 feed is very decisive. The alteration of solid 
acid catalysts with the doping of precious metals can result in higher catalytic activ-
ity than unmodified catalysts. According to Ma et al. [99], Pd-doped H3PW12O40/
Zr-MCM-41 is more effective than doping with Pt. It is studied that doping with Pd 
escalates the Brønsted acidic sites and reduces the amount of Lewis acid sites which 
eventually contributes to the stable and selective production of acrolein from the 
dehydration of glycerol.

4  Catalytic Carbonylation of Glycerol

Glycerol carbonate (glycerine carbonate or 4-hydroxymethyl 2-oxo-1,3-dioxolane) 
has gained great interest over the last two decades owing to its versatile reactivity 
and as a way for waste glycerol valorization. The main uses of glycerol are as sol-
vents, carrier in pharmaceutical preparations, carrier in lithium and lithium-ion bat-
teries, solid laundry detergent compositions, building ecocomposites, polymers 
(hyperbranched polyethers, polycarbonates, polyurethanes, non-isocyanate poly-
urethanes), chemical intermediates and beauty and personal care. Glycerol carbon-
ate is acknowledged as a green substitute for crucial petroderivative compounds like 
ethylene carbonate or propylene carbonate. Glycerol carbonate is synthesized by 
the reaction of glycerol using urea or dimethyl carbonate or by direct reaction with 
carbon dioxide which ultimately results in the chemical fixation of CO2 in glycerol 
(Schemes 8, 9, 10, 11, and 12).

4.1  Glycerol Carbonate from Direct Carboxylation of Glycerol 
with CO2

Direct carboxylation of glycerol with CO2 seems the most superior process as this 
has the potential to transform two waste products into value-added chemical. Among 
the first catalysts to be reported for the direct carboxylation of glycerol with CO2 are 
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the Sn-catalysts [100, 101]. Addition of methanol as an alcoholic solvent helped to 
improve the yield from 7% to 35%. The findings of thermodynamic estimations 
indicated that this reaction is thermodynamically limited, which also explains the 
reported low yields of the reaction. An alternate synthetic procedure was suggested 
by Ochoa-Gomez et al. Among the three steps in this procedure, first, CO2 capture 
takes place which will act as carbonation source and then glycerol to 3-chloro-1,2 
propanediol synthesis followed by converting it into glycerol carbonate with the 
carbonation source [102]. They also synthesized glycerol carbonate in another suc-
cessive study where along with 3-chloro-1,2-propanediol and carbon dioxide, tri-
ethylamine was used both as solvent and CO2 fixing and activating agent, where 
they could achieve glycerol carbonate yield of 90% [103]. Another work of direct 
carboxylation was reported by Aresta et al. [100, 104] where transition metal alkox-
ides (Sn-catalysts) were used. Among different Sn-based catalysts, n-Bu2Sn(OMe)2 
was found to be superior in catalytic activity. All the above findings certainly indi-
cate that there is still lot of room for modification to produce glycerol carbonate 
from glycerol and CO2 more effectively and energy efficiently.

Scheme 8 Synthesis of glycerol carbonate from glycerol by direct carboxylation with car-
bon dioxide

Scheme 9 Synthesis of glycerol carbonate from glycerol via transesterification with dimethyl 
carbonate.

Scheme 10 Synthesis of glycerol carbonate from glycerol via glycerolysis of urea
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4.2  Glycerol Carbonate from Transcarbonation of Glycerol 
with Alkyl Carbonates

Transcarbonation, which is quite comparable to transesterification, is the exchange 
between carbonate sources and alcohols. In order to convert one carbonate into 
another, nucleophilic attack by the oxygen atom of the alcohol hydroxl group to the 
carbon atom from the carbonate group takes place. Therefore, it is quite obvious to 
prepare glycerol carbonate via the transcarbonation route. Among the other reported 

Scheme 11 Synthesis of acetin by esterification of glycerol with acetic acid

Scheme 12 Synthesis of acetin by esterification of glycerol with acetic anhydride
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carbonate sources, phosgene, alkyne carbonate and dialkyl carbonate are used in 
many literatures. Though transcarbonation involving phosgene seems to be a sim-
plistic way for the production of organic carbonate, the handling issues regarding 
this toxic gas make its applications very limited. Alkyne carbonate systems like 
propylene carbonate or ethylene carbonate can be employed to prepare glycerol 
carbonate from transcarbonation of glycerol. Chemical equilibrium calculations 
revealed that cyclic carbonate preparations by glycerol transcarbonation were ther-
modynamically favourable for the production of glycerol carbonate [105]. While 
taking ethylene carbonate, it involves a two-step reaction: first ethylene carbonate is 
synthesized from carbon dioxide and ethylene oxide and then glycerol carbonate 
formation takes place via transcarbonation between glycerol and ethylene carbonate 
[106]. Among the various catalytic systems reported, zeolites, basic oxides and 
mixed oxides derived from hydrotalcites are worth mentioning. Reduced pressure is 
usually applied to facilitate the chemical equilibrium for the glycerol carbonate for-
mation. Increasing temperature has a negative effect on chemical equilibrium in this 
reaction, so most of reported reaction temperatures are lower than previous syn-
thetic routes. Similar to ethylene carbonate, propylene carbonate is also used to 
prepare glycerol carbonate where abolishing the propylene glycol by- product under 
reduced pressure is an important step [107]. Dimethyl carbonate is extensively used 
as a carbonate source to synthesis of glycerol carbonate by the transcarbonation 
glycerol as it is quite environment friendly and can be prepared from urea and meth-
anol. A large number of catalysts have been reported for this reaction: uncalcined 
Mg-Al HT, Mg/Al/Zr mixed oxide, NaOH/γ-Al2O3, Mg-Al mixed oxide, Mg-Al 
LDO, Mg-La mixed oxide, CaO, hydrotalcite, KF-HAP, Mg/Zr/Sr mixed oxide, 
N-heterocyclic carbenes, Ti-SBA-1 and K2CO3 [108–121]. Performance of some 
catalysts in glycerol carbonylation with dimethyl carbonate as reported in literature 
is summarized in Table 2.

Apart from the basic catalysts, some enzymes like lipase (Novozym 435) exhib-
ited promising results towards glycerol carbonate synthesis [122]. Glycerol trans-
carbonation using alkyl carbonate is reversible in nature, so high mole ratio of alkyl 
carbonate to glycerol will promote the chemical equilibrium towards the formation 
of glycerol carbonate. Chemical equilibrium calculations also showed that increase 
in temperature should increase the chemical equilibrium for the formation of glyc-
erol carbonate [105]. Diethyl carbonate can also be used similar to dimethyl carbon-
ate as carbonate source. Nonetheless some of these methods involve the use of some 
organic solvents like THF, DMSO, DMF, benzene, etc., and the not easily recover-
able or homogeneous nature of the catalysts has unfavourable ecological impacts.

4.3  Glycerol Carbonate from Glycerol and Urea

One of the most promising ways for glycerol carbonate production is from glycerol 
using urea as a carbonating agent. The main utility for this route of preparation 
besides having biomass glycerol as raw material is ammonia which is produced as 
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by-product can be re-employed for urea production which makes it a very efficient 
process. The glycerol carboxylation has been reported with numerous heteroge-
neous catalysts like Zn-Sn mixed oxide, γ-zirconium phosphate, Sm0.66TPA, 
Zn-exchanged zeolites, Cu-Mn mixed oxide, Co3O4/ZnO, Sn-W mixed oxide, 
ZnSn(OH)6, La2O3, Zn1TPA, Zn/MCM-41, Au-supported ZSM-5, Ta-TPA, WO3- 
TiO2, Sn(OH)2 [123–138], etc. which have resulted in very high yield of glycerol 
carbonate. Performance of some catalysts in glycerol carbonylation with urea as 
reported in literature is summarized in Table 3. The use of Sn-beta, Au/Fe2O3 and 
ZnAlO catalysts resulted in good conversion of glycerol but with reduced selectivity 
towards glycerol carbonate, while in the cases of Sm0.66TPA, SW21, Zn1TPA, Co3O4/
ZnO, La2O3 and Zn/MCM-41 catalysts, the reverse was noticed. ZrP and Ta0.4TPA 
catalysts exhibited 80% and 71% conversion of glycerol, respectively, with main-
taining a very good selectivity towards glycerol carbonate. The Zn2Sn-CoPre-600, 
ZnSn(OH)6 and Zn-Y catalyst exhibited very good conversion and selectivity 
because of the presence of bifunctional, i.e. both acidic and basic, sites in them.

In literature two hypotheses were proposed regarding the reaction mechanism of 
urea glycerolysis, where firstly urea was converted to isocyanic acid followed by 
urea directly attacking glycerol. Li et al. proposed that at the time of using metal 
oxide as catalysts, they confirmed the formation of isocyanic acid (O=C=N stretch-
ing) [137]. Keeping in accordance with this observation, a mechanism was sug-
gested where first urea gets activated and with a loss of ammonia molecule to form 
isocyanic acid (HNCO) which would react with glycerol to form carbamate fol-
lowed by the carbonate. In another study by Aresta et al. where they used γ-zirconium 
phosphate as catalyst, no isocyanic acid formation was observed [127]. According 
to their study, there is direct reaction between glycerol and urea after which release 
of ammonia takes place and then carbamate formation. Eventually the reaction 
between glycerol and urea produces high quantity of by-product ammonia which in 
a way limits its implementation to the industry. To counter with this issue, a positive 

Table 2 Performance of some catalysts in glycerol carbonylation with dimethyl carbonate as 
reported in literature

Catalyst Temperature (°C) Time (h) GC yield (%) Reference

Uncalcined Mg-Al HT 100 1 75 [108]
Mg/Al/Zr mixed oxide 75 1.5 94 [109]
NaOH/γ-Al2O3 78 1 97 [110]
HTC-Ni 100 2 55 [111]
Mg-Al LDO 100 2 66 [112]
Mg-La mixed oxide 85 1.5 81 [113]
CaO 75 0.5 94 [114]
CaO 95 1.5 95 [115]
Hydrotalcite 170 2.5 72 [116]
KF-HAP 78 1 99 [117]
Mg/Zr/Sr mixed oxide 90 1.5 56 [118]
N Heterocyclic carbenes RT 20 min 95 [119]
Ti-SBA-15 87 4 82 [120]
K2CO3 75 3 97 [121]
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and possible way out would be to combine both the units which produce glycerol 
carbonate and can consume the by-product ammonia. Li et al. also proposed that in 
order to selectively prepare cyclic carbonates by using diols and urea, it could be 
seen that catalysts having both acidic and basic properties are much favourable 
[137]. Shanbhag et  al. showed that catalysts with optimum acid-base sites can 
deliver remarkable results for glycerol carbonylation reaction [126]. According to 
Marakatti et al., Lewis acid sites along with their conjugate bases are reasons for 
better catalytic activity for the synthesis of glycerol carbonate. A bunch of study 
reported by Lingaiah et al. on glycerol carbonylation also stated the fact about the 
presence of Lewis acid-base pair for selective synthesis of glycerol carbonate. 
Chemical equilibrium calculations demonstrated that elevated temperature and 
reduced pressure facilitate the glycerol carbonylation reaction with urea [105]. 
From ecological and energy point of view, this synthetic route is the most advanta-
geous involving biobased reactants and notably not involving any organic solvents.

5  Catalytic Esterification of Glycerol

The esterification of glycerol is another widely studied pathway to convert glycerol 
into value-added chemicals. Esterification of glycerol with an acetyl source results 
in mono-, di- and tri-acetyl esters which are commonly termed as monoacetin 

Table 3 Performance of some catalysts in glycerol carbonylation with urea as reported in literature

Catalyst
Temperature 
(°C)

Time 
(h)

Conversion 
(%)

Selectivity 
(%)

GC yield 
(%) Reference

SW21 140 4 52.1 95.3 49.7 [128]
Zr-P 140 3 80 100 80 [127]
Au/Fe2O3 150 4 80 48 38.4 [139]
2.5% Au/
Nb2O5

150 4 66 32 21 [139]

Zn/MCM-41 
(im)

145 5 75 98 73 [123]

Sm0.66TPA 140 4 49.5 85.4 42.3 [125]
Zn1TPA 140 4 69.2 99.7 68.8 [140]
Co3O4/ZnO 145 4 69 97 66.9 [129]
15% WO3/TiO2 140 4 100 73 73 [136]
Ta0.4TPA 140 4 71 100 71 [132]
Sn(OH)2 140 4 87 85 74 [135]
ZnAlO 140 4 91 70 64 [133]
Cu-Mn 140 6 91 99 90 [134]
Zn-Y 150 3 94.6 98 92.7 [130]
ZnSn(OH)6 165 5 98.0 99.6 97.6 [131]
La2O3 140 4 68.9 98.1 67.6 [124]
Zn2Sn- 
CoPre- 600

155 4 96 99.6 95.6 [126]
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(MAG), diacetin (DAG) and triacetin (TAG). Among the various uses of these prod-
ucts, MAG is normally used in cryogenics (resists freezing), solvents in dye indus-
try, raw material for biodegradable polyester production, explosive production, 
humectant to retain moisture in cosmetics, etc. DAG is used as solvent and plasticiz-
ers, softening agents, raw material for biodegradable polyester production, cryogen-
ics processes, etc. TAG is primely used as additive for fuel blend which improves 
the efficiency for burning. Blending of TAG with biodiesel improves the perfor-
mance of direct-injection diesel engine. Apart from the above important use, it is 
also used as antimicrobial agent and emulsifying agent in pharmaceuticals [138, 
141]. In terms of acylation agent, acetic acid (AcOH) and acetic anhydride (Ac2O) 
have been widely used. For the production of TAG, Ac2O is a more thermodynami-
cally preferable alternative than AcOH as the reaction between glycerol and Ac2O 
goes ahead exothermally and results in negative Gibbs free energy, while the reverse 
is observed for acetylation of glycerol with AcOH. The acetylation of glycerol with 
Ac2O over zeolite beta and K-montmorillonite can yield 100% TAG under mild 
reaction conditions [142]. However, the use of Ac2O generates elevated heat of reac-
tion, sometimes violent reactions, and apart from this, no effective changes can be 
seen for thermodynamic parameters even at different ambient temperature condi-
tions. Furthermore, Ac2O is used as a raw material to produce narcotics which 
restricts its use in many countries. So the use of Ac2O as an acylation agent has 
become costlier and tough in comparison to AcOH which is cheap and readily avail-
able. Along with this, exclusively synthesizing TAG cuts down the production of 
other two analogues (MAG and DAG) that have important application to industry.

Esterification is generally carried out involving mineral acids (homogeneous 
catalyst) to structure glycerol esters (MAG, DAG and TAG). These mineral acids 
like hydrofluoric acid, hydrochloric acid and sulphuric acid are highly toxic, cor-
rosive and hazardous, and their usage brings in recovery difficulties and high-energy 
multistep processes [143]. The disposal of these acids is another challenging task 
which might lead to environmental problems. So the use of friendly heterogeneous 
catalysts is more justified as they can be designed accordingly to attain high yield 
and effortless regeneration. The catalyst systems used for glycerol esterification 
include heteropolyacids, mixed oxides, ion-exchange resins, ionic liquids, acid- 
functionalized zeolites, carbon-based catalysts, etc. The catalytic activity of various 
catalysts employed for glycerol esterification with acetic acid is summarized in 
Table 4.

5.1  Route of the Esterification of Glycerol with Acetic Acid

The esterification of glycerol with acetic acid is a reversible equilibrium reaction for 
synthesizing acetylated esters which proceeds in three successive steps. Firstly, the 
protons present within the catalyst get attached to the acetic acid oxygen lone pair 
electron, and then nucleophilic attack of the hydroxyl group takes place by electro-
philes which releases water to form MAG. Secondly more acetylation by a second 
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nucleophilic attack on the hydroxyl group of the MAG that is formed produces 
DAG which again releases water as a by-product. Finally, the remaining oxygen 
lone pair electrons of the last hydroxyl group in DAG experience a third nucleo-
philic attack to produce TAG followed by more water. Normally three moles of 
water molecule are formed as a result of the consecutive esterification steps in the 
formation of TAG.

5.2  Effects of Different Reaction Parameters: Reaction 
Temperature, Catalyst Loading, Molar Ratio 
and Reaction Time

In the presence of an acid catalyst, glycerol acetylation with acetic acid comprises a 
three-step reversible equilibrium reaction from monoacetin to triacetin. The reac-
tion insights and behaviour under optimum conditions have been thoroughly dis-
cussed by many researchers in order to develop thermodynamic and kinetic models. 
By developing these models with the help of experimental and mechanistic data, the 
consequences of various reaction parameters over reaction rate were demonstrated 
[163]. Thermodynamic parameters like activation energy and Gibbs free energy 
were estimated under different reaction conditions. Esterification of glycerol with 
acetic acid pursues first-order rate law kinetics, and the mathematical expression 
can be revealed by applying the Langmuir-Hinshelwood-Hougen-Watson model, 
where the rate-determining step is the surface reaction. Further thermodynamic 
investigation demonstrated that Gibbs free energies corresponding to the formation 
of MAG and DAG were rather low than TAG which justifies the reduced selectivity 
of TAG. However, if high acetic acid amount is used compared to glycerol, the reac-
tion equilibrium can be shifted to obtain satisfactory value of TAG. The quantitative 
relation between the reactant amount and the formed product amount can be easily 
found out from the balanced equation of the three successive steps for esterification 
of glycerol with acetic acid. However, this provides no information regarding the 
reaction rate. Study on chemical kinetics reveals the rate of the reaction is depen-
dent on various parameters which include reaction temperature, reactant concentra-
tions and catalyst loading. This reveals the insights about the correct parameter that 
should be subjected to modification in order to achieve high yield. The study con-
ducted by Ghoreish et  al. [164] revealed the increase in temperature from 50 to 
110 °C increased the conversion of glycerol with high selectivity towards DAG and 
TAG. According to their study, high temperature enhances the conversion of glyc-
erol as well as DAG and TAG formation, whereas the MAG formation is enhanced 
by low temperatures. Another study involving silicotungstic acids supported on zir-
conia revealed rising temperature (60–120  °C) increased conversion of glycerol 
(54.4–100%) linearly with a gradual increment in DAG and TAG at the consump-
tion of MAG under endothermic condition [149]. Khayoon et al. [153] investigated 
yttrium-functionalized SBA-3 catalyst in the temperature range of 90 °C to 110 °C 
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and found out conversion of glycerol increased from 65% to 100% at 110 °C where 
no further increment in conversion could be observed above 110 °C. However, tem-
perature upsurge had no effect on the yield of TAG. This finding is a clear indication 
that equilibrium is attained and optimum temperature is reached. In another study 
over polymer-supported WO3 catalyst, it showed increasing temperature (50–110 °C) 
increased conversion of glycerol (58.8–98%) along with TAG selectivity (5–70%). 
Based on the catalyst system, the optimum temperature should be taken, for exam-
ple, ion-exchange resins are not much thermally stable at temperatures above 120 °C 
and are prone to be deactivated which results in low catalytic activity [142]. Based 
on the above investigations, we can summarize that with increasing temperature, 
rate also increases, that is, the glycerol conversion increases with gradual upsurge in 
DAG and TAG selectivity at the cost of MAG.

Different investigations showed increment in catalyst loading facilitates the acet-
ylation of MAG and DAG to TAG. This probably may have emerged from the incre-
ment in number of accessible active acid sites in reaction mixture. In the glycerol 
esterification with acetic acid over sulphated activated carbon, it was observed that 
an increase in catalyst loading (0.2–0.8 g) causes linear increment in conversion of 
glycerol and selectivity of TAG. Further increment in catalyst amount resulted in no 
significant surge in conversion or selectivity which indicates the saturation. In a 
similar way, in another investigation involving zirconia-supported silicotungstic 
acid, it showed that on increasing the amount of catalyst from 0.1 to 0.2 g, conver-
sion of glycerol escalated from 97.7% to 100% and on further increasing the amount 
of catalyst (0.3 g), it resulted in higher selectivity for DAG and TAG. However, cata-
lyst loading over 0.3 g exhibited no significant effect on either conversion or selec-
tivity. According to Zhu et al. [149] and Ghoreishi et al. [165], acetylation does not 
mainly depend on catalyst as the production of MAG can equally proceed without 
the presence of catalyst. Therefore, an increased catalyst amount in general pro-
motes higher selectivity towards DAG and TAG. This also confirms the fact that a 
three-step glycerol esterification actually takes place.

The molar ratio of the reactants is an influencing parameter for this reaction. 
From the equation stoichiometry, it is evident that 3 mol of acetic acid is needed to 
react completely with 1  mol glycerol for the production of TAG.  So the excess 
amount of acetic acid facilitates DAG and TAG formation. Acetic acid in excessive 
amount moves the equilibrium towards higher selectivity of DAG and TAG. In an 
observation by Popova et al. [166], excess glycerol to acetic acid molar ratio (1:10) 
increased the DAG and TAG selectivity and lowered the reaction time for reaching 
equilibrium. While in other reports involving Amberlyst resin, it was showed that 
high amount of acetic acid lags the formation of product and reaction equilibrium 
[166]. Mufrodi et al. [167] showed that the conversion of glycerol increased from 
0.28% to 98.5% upon increasing the molar ratio of glycerol to acetic from 1:1 to 1:6 
accompanied by increase in selectivity for DAG and TAG at the price of MAG. All 
these studies suggest that the increase in amount of acetic acid increases conversion 
of glycerol as well as formation of acetyl ester.

The influence on reaction time was reviewed to investigate the time for reaching 
equilibrium. According to Ghoreishi et  al. [165], there is a linear relationship 
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between the glycerol conversion rate and increase in time in a 10  h reaction. 
Selectivity for TAG reached 70% at 10 h time and selectivity for DAG reached 50% 
at 6 h, while the MAG selectivity gradually decreased. Zhu et al. [149] showed that 
conversion of glycerol reached 93% within 30 min and 100% within 2 h over silico-
tungstic catalyst supported on zirconia, while selectivity of MAG was higher than 
TAG at 30 min. As the time progressed, yield for DAG and TAG increases. So it is 
quite clear that increment in reaction time increases glycerol conversion as well as 
selectivity towards DAG and TAG, but this also depends on the catalyst system and 
reaction conditions chosen during the esterification reaction.

6  Catalytic Acetalization of Glycerol

Production of cyclic acetals and ketals from glycerol with aldehydes and ketones is 
another strategy to promote the concept of circular economy in between biodiesel 
production and glycerol upgradation. The glycerol acetalization with aldehydes or 
ketones yields five- and six-membered cyclic acetals or ketals. These cyclic oxygen-
ated compounds are one of the major potential fuel additive candidates. Such addi-
tives are also known as anti-knocking agent, used in the formulation of diesel, 
gasoline and biodiesel as they can significantly enhance fuel rating and cold flow 
properties besides achieving the required flash point and oxidation stability for 
long-term biodiesel storage [14, 168–170]. In addition, theses additives can effec-
tively cut down the emission of hydrocarbons, carbon monoxide, unregulated alde-
hydes, etc. released by the uncontrolled combustion of diesel fuel. Among various 
fuel additives, solketal is the most effective, synthesized by the acetalization of 
glycerol with acetone. Melero et al. [171] performed an experiment with different 
oxygenated compounds obtained from glycerol, including triacetin, solketal, a mix-
ture of glycerol esters and mixture of tert-butylated glycerol. There they showed 
that the solketal and tert-butylated glycerol are able to reduce viscosity and density 
of the fuel effectively. Apart from that, blending of solketal with biodiesel meets its 
established requirements for maximum pour point at a temperature −4 to −7 °C, 
higher than the other additives. Based on several literature reports, glycerol acetal-
ization process can be classified into three generations (Scheme 13): (a) first- 
generation glycerol acetalization, (b) second-generation glycerol acetalization and 
(c) third-generation glycerol acetalization.

Amin et al. [172] recently showed the annual operation cost of a plant through a 
pie chart where 432 tons of glycerol is consumed with the production of 620.9 tons 
of solketal per year and solketal production cost was 12.29 US$/kg (Fig.  2). 
Therefore, more attention and investigation should be needed to minimize its cost of 
production.

Glycerol acetalization reaction with acetone is acid-catalysed reversible reaction 
where water is formed as co-product along with formation of five- and six- membered 
cyclic ketals [14]. Therefore, hydrophobic acid catalyst is highly desirable for get-
ting maximum glycerol conversion and five-membered selectivity. In this reaction, 
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six-membered product appears as minor one because there is the presence of 1, 
3-axial interaction. However, this type of effect can be minimized in five- membered 
ring by ring contraction and appeared as kinetically most stable product [169]. 
There are two types of possible reaction mechanism for the formation of solketal:

Scheme 13 Generation-wise classification of glycerol acetalization
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 (a) Ketal mechanism: selective solketal formation takes place via carbenium inter-
mediate initiated by Brønsted acid sites (Scheme 14) [168].

 (b) Meerwein-Ponndorf-Verley reduction/Oppenauer oxidation (MPVO reaction): 
dihydroxyacetone and 2-propanol may have been formed along with formation 
of solketal over Lewis acid sites (Scheme 15) [174].

Here a comprehensive literature survey is summarized on zeolite, metal oxide 
and carbon-based catalyst for glycerol acetalization reaction. Besides that, we have 
discussed several factors that are responsible for altering glycerol conversion and 
selectivity.

Zeolite catalyst: Zeolites are the crystalline aluminium silicate with well-defined 
frameworks and pores in the molecular dimension of 0.3–1.5 nm [175]. They are 
unique class of materials, found very active towards various chemical reactions 
especially catalytic fuel upgradation in oil refinery and several chemical transfor-
mations in petrochemical industry as they have tunable porosity and acidity and 
high thermal stability [173, 175, 176]. The nanocrystalline zeolite beta and Y are the 
most active than the other forms of zeolites as they possess high surface area, lower 
diffusion path length and exposed sites [177]. Despite achieving a lot of success 
using zeolites, the major problem lies in catalytic application which is the molecular 
transport to and from active sites situated within the micropores which slows down 
the reaction rate and forces the catalyst deactivation. However controlled reduction 
of zeolite crystal can minimize the diffusion problem, but filtration of those small 
crystals during preparation is very difficult due to the colloidal nature of the zeolite 

Catalyst
0.01 %

Others
7.96 %

Plant overhead
19.48 %

Operating labor
16.19 %

General expense
15.49 %

Acetone
9.93 %

Maintenance
13.86 %

Utilities
2.65 % Charges

6.93 %
Glycerol
7.50 %

Fig. 2 Annual operation cost of glycerol to solketal production plant (Reproduced from Reference 
[173] Copyright © 2018 Talebian-Kiakalaieh, Amin, Najaafi and Tarighi)
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crystal [176]. Recently, hierarchical architecture porosity has been introduced to 
improve transport problem either through adaptation of hard template route or 
through dealumination process. The term ‘hierarchical’ signifies that the mesopores 
are linked to the micropores and to the external surface. This type of system easily 
transports the reactant to the active sites through the mesopores and maintains the 
shape selectivity through small pores [173, 175–177].

The glycerol acetalization over zeolite catalyst mainly depends on its pore size 
and concentration of acid sites. The glycerol acetalization is lower over medium 
pore zeolite (H-ZSM-5) and dual pore zeolite (H mordenite) due to the diffusion 
limitation, but moderate conversion of zeolite H-Y is mainly due to the combination 
of acidity and three-dimensional large pore structure [178]. However, zeolite beta 
came with better activity than other zeolites because of its shorter path length and 
smaller crystallite size (Fig. 3). The smaller crystallite size favours the diffusion 
process. For this reason, larger zeolite beta crystal does not show better 

Scheme 14 Glycerol acetalization over Brønsted acid sites

Scheme 15 Glycerol acetalization over Lewis acid sites
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performance towards glycerol acetalization reaction [178]. More better perfor-
mances are obtained towards glycerol acetalization reaction when hierarchical 
structure is created inside the zeolite framework [179]. As a result, faster diffusion 
of the reactants to active sites took place. The selectivity of the product can be con-
trolled by the organic acid treatment of zeolite beta catalyst. Basically, acidity of the 
zeolite is associated with the aluminium content; the higher is the content of alu-
minium, the higher is the Bronstead as well as Lewis acidity. When zeolite beta is 
treated with different organic acids such as phenoldisulfonic acid, methanesulfonic 
acid and paratoluenesulfonic acid, aluminium gets removed from the edge as well 
as framework of the zeolites [180], which causes reduction of acidity but increase in 
surface area and pore volume, but it depends on how much amount of aluminium 
gets out from zeolite beta. Each organic acid shows different ability towards dealu-
mination process and follows the order of phenoldisulfonic acid → methanesulfonic 
acid → paratoluenesulfonic acid. So, it is obvious that the paratoluenesulfonic acid- 
treated sample exhibits highest amount of acid sites and lowest surface area. 
Interestingly, there is not any change in structure upon acid treatment. Among acid- 
treated zeolite beta, phenoldisulfonic acid showed 100% selectivity towards five- 
membered ketal (solketal) because it has the highest surface area and pore volume 
due to which six-membered rings can be easily converted to five-membered rings 
through rearrangement. Even concentration of phenoldisulfonic acid has significant 
effect on solketal selectivity. During acid treatment, decreasing the concentration of 
phenoldisulfonic acid reduces pore volume and surface area but increases acid 
amount to a greater extent. On the contrary, decrease in acid concentration decreases 
the volume space acidity factor (VSA) which restricts rearrangement of six- 
membered to five-membered ring (solketal) and eventually lowers the selectivity of 

Fig. 3 Glycerol acetalization with acetone over different-sized zeolites
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five-membered ring (Table 5). Basically, VSA is the volume required for the rear-
rangement through accessing the available acid sites. Therefore, higher pore volume 
is the crucial factor to reach the acid sites and show highest selectivity. Not only 
pore volume and acidity but hydrophobicity plays important role towards product 
selectivity. The dealumination causes decrease in hydrophobicity by the increase in 
silica content. High silica content preserves the acid sites by expelling out and pre-
venting diffusion of water through the pore which eventually impairs the reverse 
reaction rate that means slowing down hydrolysis of six-membered and five- 
membered rings. The more the dealumination, more is the silica amount, the better 
is the hydrophobicity and consequently better is the selectivity. Sometime acidity of 
zeolite beta has been increased by anchoring with silicotungstates to obtain high 
selectivity because large pore along with strong acidity facile the ring transforma-
tion [181].

Carbon catalyst: In moving forwards towards green and sustainable chemistry, 
carbon-based materials have been advocated as an emerging material due to their 
high surface area, tunable porosity, chemical inertness, high electrical conductivity, 
surface hydrophobicity, easy accessibility and straightforward surface functional-
ization [182–184]. The carbon material obtained from residual biomass through 
thermal treatment can be able to minimize carbon footprint of a biomass transfor-
mation process [183]. The surface chemistry of the carbon materials is very interest-
ing and can be altered according to the reaction conditions, either through oxidation 
with acid or through introduction of heteroatoms. These functional groups decide 
the chemical properties of the carbon surface whether it will be acidic or basic 
depending upon their type and quantity. Generally, oxygen functionalities are 
responsible for acidity, whereas nitrogen groups are responsible for basicity of the 
carbon material (Fig.  4). The surface functionalization can be achieved at low- 
temperature (473–573 K) or high-temperature (573–1073 K) hydrothermal treat-
ment either by adding activating agent with carbon precursor or by taking functional 
group containing precursor directly [184]. Oxidation with acid causes generation of 
carboxylic, lactone, carbonyl, phenol and quinone groups at the edge or the defect 
sites. These kinds of functional groups play a decisive role for the dispersion in 

Table 5 Physicochemical properties of acid-treated zeolite beta catalyst and catalytic performances 
towards glycerol acetalization reaction

Catalyst
Glycerol 
conversion (%)

Selectivity (5 
membered) (%)

Si/Al 
ratio

Acidity 
(pyridine IR), 
mmol/g

Pore 
volume, 
cm3/g

VSA, 
cm3/
mmol

PBEA 
(0.1)

72 83 48 0.992 0.345 0.347

PBEA 
(0.25)

75 86 63 0.953 0.364 0.381

PBEA 
(0.5)

76 95 84 0.928 0.392 0.422

PBEA (1) 80 100 96 0.878 0.412 0.469
aPBEA () = phenoldisulfonic acid-treated zeolite beta (concentration)
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polar solvent but show a negative impact for catalytic biomass transformation pro-
cess where water is formed as a co-product.

Generally, oxidation can be done by fuming H2SO4 or HNO3 to prepare highly 
acid carbon material [184, 186]. Using of H2SO4 causes incorporation of −SO3H 
groups along with generation of oxygen functionalities on the surface. These types 
of materials are ideal for glycerol acetalization reaction as they possess predomi-
nantly Brønsted acid sites with excellent Hammett acid strength (H0) in the range of 
−8 < H0 ≤ −11 [186]. However, HNO3 treatment generates a large number of oxy-
gen functionalities as it is a stronger oxidizing agent than H2SO4, but sometimes 
pyrrole-pyridine nitrogen groups are also generated inside the carbon matrix which 
are not expected as catalytic sites for glycerol acetalization reaction. There are 
mainly two factors responsible for glycerol acetalization reaction over carbon-based 
solid acid catalyst. First factor is acidity of the carbon catalyst where acetalization 
is done over untreated carbon, H2SO4-treated carbon and HNO3-treated carbon cata-
lyst. It has been observed that the untreated carbon catalyst displayed poor glycerol 
conversion than H2SO4- and HNO3-treated carbon catalyst as it exhibits lower 
amount of acid sites in the form of carboxyl groups, lactones and phenolic hydroxyl 

Fig. 4 Different functional groups on carbon surface. Acid groups are highlighted in red, and base 
groups are highlighted in blue (Reproduced with permission from Reference [185] Copyright © 
(2017) American Chemical Society)
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groups [14]. An oxidizing treatment with HNO3 leads to increase in the population 
of acid sites, which is much higher than the H2SO4-treated catalyst as HNO3 is the 
strong oxidizing agent. Notably, after this treatment, HNO3-treated catalyst is not 
able to reach the acetalization performances shown by H2SO4-treated catalyst. The 
better performances of H2SO4-treated catalyst are related to the generation of 
strongly acidic −SO3H groups on the surface. The effect of acid treatment is more 
pronounced when we move forwards to the higher concentration [14, 187]. The 
HNO3 treatment with high concentration is accompanied by the reduction of pore 
volume and surface area along with formation of a large number of acid sites [14]. 
However, surface area and pore volume are preserved even after treatment with high 
concentration of H2SO4 with the generation of a greater number of −SO3H. Therefore, 
H2SO4-treated carbon catalyst appeared as a better candidate for glycerol acetaliza-
tion reaction.

The second factor which influences the glycerol acetalization is the hydropho-
bicity of the surface. Carbon surface is generally hydrophobic in nature, but incor-
poration of heteroatoms alters their hydrophobicity. As we know, the HNO3 
treatment forms a large number of oxygen functionalities whose concentration is 
significantly higher than the H2SO4-treated sample; that’s why H2SO4-treated sam-
ple is more hydrophobic and responsible for the highest activity towards glycerol 
acetalization through protecting acid sites from water. Despite having high amount 
of strong acid (-SO3H) sites on the carbon surface, it won’t be able to perform well 
in glycerol acetalization reaction as higher concentration of −SO3H group makes 
the surface hydrophilic which favours the reverse reaction as well as diffusion of 
water to the pores [14, 187]. Taking this into account, a balance is necessary in 
between hydrophobicity and acidity for obtaining maximum glycerol conversion.

Metal oxide catalyst: The metal oxides are the most vibrant catalyst in the field 
of heterogeneous catalysis as they cover majority of the reactions and serve as 
prominent candidate since 1950. The oxide surface consists of defects and environ-
ments (kinks, steps, terraces), which control the catalytic performances. The salient 
features for controlling catalytic activity are the point and extended defect structure, 
crystalline phase, atomic compositions and electronic defects. Apart from this, 
porous structure, electrical conductivity, thermal stability, diffusion acting on sinter-
ing and lattice oxygen anion mobility are also taken into consideration [188]. Solid 
acid oxide catalyst is being used in petroleum industry when the green chemistry 
concept is made to stop harmful effect of a chemical process on the environment. A 
large number of solid acid oxide catalysts have been used for acetalization reaction 
such as ZrO2, promoted ZrO2 [189], promoted SnO2 [168, 170], Nb2O5 [190], modi-
fied niobium oxyhydroxide [191], Nb2O5-Al2O3 [192] and phosphate [193] catalyst 
as they are acidic as well as have excellent water tolerance power. When glycerol 
acetalization is done over ZrO2 and promoted ZrO2 (WOx/ZrO2, MoOx/ZrO2, 
SO42−/ZrO2), glycerol conversion follows the order of SO42−/ZrO2  →  MoOx/
ZrO2 → WOx/ZrO2 → ZrO2 [189]. The highest activity may be due to the highest 
surface area and large number of available acid sites. It has also been noticed that all 
promoted ZrO2 displayed >80% glycerol conversion, unlike the case of ZrO2 (10%). 
This may be due to the greater number of acid sites on the promoted ZrO2 catalyst 
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[189]. Similarly, pure SnO2 showed lower glycerol conversion than the promoted 
(molybdenum and tungsten) SnO2 prepared by wet impregnation method [168]. 
Promotion of Mo and W induces surface area, acid sites, redox property as well as 
lattice defect. Metal oxide can be prepared by thermal treatment to obtain better 
physicochemical properties, but pure metal oxide suffers due to the agglomeration 
or sintering of particles at higher temperature which leads to the formation of larger 
crystallites. In the case of mixed oxide, the cooperative nature of the cations resists 
the agglomeration and sintering process, and their mutual interactions can stop the 
individual crystallization and particle growth which is responsible for obtaining 
higher surface of mixed oxide than pure oxide. The incorporation of Mo and W 
leads to generation of excess positive or negative on Sn-O-M (M = Mo, W) bond 
which causes an improvement of acid amount into the SnO2. Additionally, promoted 
sample is mainly enriched with Brønsted acidic site rather than Lewis acidic sites; 
that’s why it follows ketal mechanism and resulting formation of solketal as a selec-
tive product. A further improvement of glycerol conversion is observed when SO4

2− 
is added into the SnO2 [170]. This observation could be due to the existence of 
surface superacid sites along with improvement of surface area. However, the cata-
lyst suffers during regeneration because of the loss of sulphur content which actu-
ally provides Brønsted acid sites and helps to improve surface area by decreasing 
crystallite size.

Niobium-based catalyst is also active towards glycerol acetalization [190–192]. 
Recently, it has been found that the glycerol acetalization performance changes with 
changing the niobium precursor for preparing same niobium oxyhydroxide catalyst 
[191]. For the glycerol acetalization, three niobium oxyhydroxide catalysts can be 
prepared with two different niobium precursor (ammonium niobium oxalate (NH4-
[NbO(C2O4)2(H2O)](H2O)n) or niobium chloride (NbCl5)) and CTAB.  It was 
obtained that the ammonium niobium oxalate precursor has the larger CTAB incor-
poration capacity into the niobium oxyhydroxide than the niobium chloride precur-
sor which causes reduction of surface area but improvement of the surface 
hydrophobicity of the former precursor. The CTAB is likely to bind with surface 
hydroxyl group resulting in decreasing of surface acidity of niobium oxyhydroxide 
catalyst prepared from ammonium niobium oxalate or niobium chloride precursor 
with CTAB. The niobium oxyhydroxide catalyst prepared without surfactant exhib-
its higher acidity than the CTAB-containing catalyst but suffers due to the lack of 
hydrophobicity. So, acidity with hydrophobicity is essential for obtaining better 
glycerol conversion. However, niobium oxyhydroxide catalyst prepared from nio-
bium chloride precursor could not perform well despite having high surface area as 
its hydrophobicity and acidity are lower than the catalyst prepared from ammonium 
niobium oxalate precursor (Table 6).

Effect of various reaction parameters: Glycerol acetalization is an exothermic 
reaction. A high temperature can shift the reaction equilibrium towards the reactant 
side resulting in a decrease in glycerol conversion. So, moderate temperature (room 
temperature to 353 K) is highly desirable for getting maximum conversion. On the 
other hand, the yield of a product is highly dependent on the molar ratio of the reac-
tants. As we know, the lower acetone concentration in acetalization favours the 
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reverse reaction; likewise, higher concentration ruins its activity through saturation. 
Therefore, it is necessary to maintain an optimum glycerol and acetone molar ratio. 
Apart from this, reaction time also plays crucial role in glycerol acetalization reac-
tion. Prolonged reaction time can reduce glycerol conversion through the hydrolysis 
of five-membered or six-membered ring [194]. Thus, reaction time must be opti-
mized depending on the catalyst.

7  Prospect and Conclusion

The usage of petroleum chemicals and fuels continues to create pollution hazard 
which has a huge impact on the environment. Recently emerging researches for 
more sustainable alternatives are interestingly growing very fast, and even commer-
cialization of some processes has already taken place. In recent times a large num-
ber of countries in the world have already adopted biodiesel as fuel or fuel additive. 
The prime by-product in this biodiesel production is glycerol which is growing at a 

Table 6 Some recently reported metal oxide, carbon and zeolite catalysts for glycerol acetalization 
with acetone

Catalyst

Reaction 
temperature 
(K)

Glycerol/
acetone

Catalyst 
loading 
(wt% 
w.r.t 
glycerol), 
wt%

Reaction 
time, h

Glycerol 
conversion 
(%)

Solketal 
selectivity 
(%) Reference

ZrO2 RT 1:6 5 wt% 1.5 10 97 [189]
WOx/ZrO2 RT 1:6 5 wt% 1.5 80 97 [189]
MoOx/ZrO2 RT 1:6 5 wt% 1.5 88 97 [189]
SO42−/ZrO2 RT 1:6 5 wt% 1.5 98 97 [189]
MO3/SnO2 RT 1:1 5 wt% 1.5h 71 96 [168]
SO4

2−/SnO2 RT 1:1 5 wt% 4 95 96 [170]
Nb2O5 343 1:1.5 6.4 wt % 6 80 92 [190]
Nb2(OH) 343 1:2 200 mg 1 65 95 [191]
Nb2O5- 
Al2O3

323 1:4 2.7 wt % 6 84 98 [192]

Activated 
carbon- 
SO3H

RT 1:4 3 wt% 6 97 98 [14]

Acidic 
carbon

RT 1:4 3 wt% 4 80 95 [187]

H-beta 
zeolite

RT 1:2 5 wt% 2 88 98.5 [178]

Hierarchical 
MFI 
zeolites

343 1:1 1 wt% – 80 100 [179]
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good rate, and its valorization has become a necessity and already taking place via 
various methodologies. This is to act effectively against the future consequences of 
the by-product and also to mitigate the production cost of biodiesel. Glycerol can be 
effectively converted into various valued products by several different reaction path-
ways. These products consist of important chemicals, fuels and fuel additives. This 
chapter presents recent studies for the conversion of glycerol into useful chemicals 
and fuels. Among the various catalytic processes discussed for the glycerol conver-
sion are oxidation, dehydration, carbonylation, esterification and acetalization 
which result in acrylic acid, acrolein, glycerol carbonate, glycerol esters, solketal, 
etc. Different catalyst systems, reaction parameters, reaction mechanism and cata-
lyst shortcomings are also adequately discussed. The challenges that still remain are 
the deactivation of the catalyst, low selectivity to a particular desired product, usage 
of harsh reaction conditions, prolonged reaction time and catalyst separation diffi-
culty. Surmounting the crude glycerol impurity still remains another big challenge 
for its efficient usage in the industry. To deal with the challenges, the global scien-
tific community should explore new process technologies, novel catalysts with high 
tolerance, improvement of activation methods, reactor system improvement and 
overcoming intrinsic weaknesses related to a catalyst. Finally, if some of the hurdles 
can be conquered, the production and usage of biodiesel will become more effective 
and sustainable, as well as undoubtedly glycerol will become an enormous feed-
stock that will potentially succeed conventional petroleum-based fuels and 
chemicals.
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variety of chemical transformations, yielding fuels, fuel additives and a wide range 
of highly useful chemicals and chemical intermediates. Production of methanol, 
bioethanol and other higher alcohols in plenty, through various biomass conversion 
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1  Introduction

In the journey towards clean energy and environmental sustainability, identification 
of biomass as an alternate, renewable and sustainable resource and the advent of 
biomass conversion processes for the production of fuels and chemicals are the two 
important milestones [1–5]. Abundant availability of various types of biomass [6–8] 
and the development of a series of biomass conversion processes, through homoge-
neous, heterogeneous and enzymatic catalytic routes, have opened up a new avenue 
of research, full of challenges and enormous opportunities [9–12]. Through sus-
tained research efforts, spread over more than three decades, a well-defined road 
map in this vital area has been drawn up. Emergence of the concept of biorefinery 
[13–15], akin to the petroleum refining/petrochemical plants based on fossil 
resources [16, 17], was the first step in this direction. As the nodal entity, biorefinery 
provides a structured approach, oriented towards the development of biomass con-
version processes for practical applications. Different types of lignocellulosic bio-
mass, which are useful as feedstock for the biorefinery, in general, consist of three 
major components [18], namely, cellulose (34–54%), hemicellulose (19–34%) and 
lignin (11–30%). Being complex in character, it is necessary that the biomass is first 
converted into relatively simple and active intermediates or platform chemicals, 
which can undergo further transformations in a facile manner, into value-added 
products with wider applications (Fig. 1).

In an effort to drive focused research work in the area of biomass conversion, the 
US Department of Energy (DOE) in 2004 identified a set of 12 platform chemicals, 
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namely, succinic, fumaric and maleic acids, 2,3-furan dicarboxylic acid, hydroxy 
propionic acid, aspartic acid, glucaric acid, glutamic acid, itaconic acid, levulinic 
acid, 3-hydroxy-butyrolactone, glycerol, sorbitol and xylitol/arabinitol, based on 
the importance of the final products derived from them, by utilizing the existing 
conversion processes [20]. With the development of novel catalysts and processes 
specifically for biomass conversion, a greater number of platform chemicals were 
identified, and the list was subsequently updated in 2010 to include ethanol, furfu-
ral, hydroxy methyl furfural, 2,5-furan dicarboxylic acid, lactic acid and isoprene, 
besides those considered in the earlier list [21]. Development of sustainable chem-
istry/processes now revolves around these platform chemicals for conversion to end 
products, which were otherwise being produced from fossil resources. It is pertinent 
to note that as many as five biomass-derived alcohols are considered as platform 
chemicals. Both sugar/starch-based and lignocellulosic feedstock-based biorefiner-
ies that follow biochemical (fermentation), thermochemical (gasification of bio-
mass to syngas) and hybrid syngas-biochemical routes [22–25] produce a range of 
alcohols, rendering them as abundantly available, low-cost and carbon- neutral plat-
form chemicals. In this scenario, several novel catalytic processes for the conver-
sion of alcohols into biofuels and value-added products have emerged. Salient 
features of such bio-alcohols-based processes, process chemistry, development of 
catalysts and future trends are described in this chapter.

2  Chemistry of Alcohols

Alcohols (R-OH) belong to an important class of oxygenates, containing highly 
versatile hydroxyl (–OH) functional group(s) which are capable of undergoing a 
variety of chemical transformations involving cleavage of O-H or R-O bonds [26]. 
Variations in the molecular structure (primary, secondary and tertiary alcohols) and 
nature (mono-, di-, tri- and polyhydric alcohols) (Fig. 2) govern their reactivity and 
product selectivity for various reactions like oxidation, reduction, esterification, 
dehydration, dehydrogenation, nucleophilic substitution, etherification and cycliza-
tion. With the growing importance of biomass conversion processes, several other 
reactions of alcohols, like aldol condensation with aldehydes and ketones, acetaliza-
tion, alcohol coupling and aromatization reactions are being pursued [27]. Based on 
the carbon number, alcohols can be divided broadly into different groups, C1–C2 
alcohols (methanol and ethanol), C3–C5 alcohols (1-propanol,1-butanol, 1- pentanol) 
and C6–C22 long-chain alcohols (2-ethyl hexanol, 1-decanol) and sugar alcohols 
(sorbitol, mannitol). Besides their applications as fuels/fuel additives, alcohols, in 
general, are used as feedstocks for numerous processes related to a wide spectrum 
of industrial sectors, chemical, petrochemical, polymers, pharmaceutical, fine 
chemicals and agro-chemicals, detergents, personal care products, lubricants and 
industrial solvents for various applications (inks, paints, coatings, etc.).
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3  Production and Applications of Alcohols

Methanol, with an estimated annual consumption of 97 MMT (million metric tons) 
during 2019 [28], is one of the most important bulk chemical and raw materials used 
for the production of a number of value-added chemicals (Fig. 3). Leading global 
companies engaged in methanol production are BASF SE, Methanex Corporation, 
Mitsubishi Chemical, Mitsui & Co., Ltd. and Petroliam Nasional Berhad (Petronas). 
Current industrial process for the manufacture of methanol is based on fossil- 
derived (natural gas, coal) syngas (CO + H2) as raw material, mostly through the 
low-pressure process developed by ICI (now Johnson Matthey) operating at 
35–54 bar pressure and in the temperature range of 200–300 °C [29]. Details on 
100  years of history of industrial methanol synthesis process and catalysts, the 
developments starting from the wood-based process and the classical high-pressure 
BASF catalytic process down to the recent ones, major products from different 
methanol conversion processes and their applications and its fuel characteristics and 
applications as fuel/fuel additives have been covered in exhaustive reviews [29–31].

As on date, investigations on fundamental aspects and development of superior 
methanol synthesis catalysts/process continue to be active areas of research. Such 
studies are highly relevant, especially in the current context, wherein the emphasis 
is on the use of the most abundant greenhouse gas (GHG) CO2 in the place of CO 
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and moving towards developing sustainable, low-carbon processes, using renew-
able biomass resources. The basic attributes of green/renewable methanol are (1) 
use of renewable carbon source/waste product, (2) the hydrogen used is not pro-
duced from fossil fuel sources and (3) the energy used is generated from renewable 
sources [32–34]. Table 1 gives a list of such efforts for developing processes that 
utilize syngas derived from renewable biomass resources, utilize carbon oxides 
from industrial waste gases and municipal solid wastes and use renewable hydrogen 
by electrolysis [35]. The first three processes are in the advanced stage of develop-
ment. Compared to fossil-based, renewable methanol production results in 65–90% 
reduction in CO2 emission, depending on the feedstock and process.

Synthesis of methanol via enzymatic routes, by oxidation of methane by methy-
lotrophs (Methylosinus trichosporium) and ammonia-oxidizing bacteria 
(Nitrosomonas spp.), both using the enzyme methane monooxygenase, has been 
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Table 1 Novel processes under development for the synthesis of renewable methanol

Company/process Raw material

BioMCN, Netherlands Crude glycerine, green gas, biomass, CO2

Enerkem, Canada Municipal solid waste
Carbon Recycling 
International, Iceland

CO2 from geothermal power station and renewable H2 by 
electrolysis using geothermal and hydroelectricity

Chemrec AB, Sweden Gasification of black liquor from paper/pulp industry
Vamlandsmetanol, Sweden Gasification of forest residue biomass
Maverick Synfuels Biomass-derived syngas
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reported [36–40]. However, the maximum methanol concentration of 1.1 g/L makes 
it unviable economically. Tyurin and Kiriukhin [41] could achieve more than 70 g/L 
methanol from a 20% CO2/80% H2 gas mixture in continuous fermentation using an 
acetogenic Clostridium. The process could be a totally sustainable one, when CO2 
from any waste gas stream and renewable hydrogen from water via photovoltaic- 
powered electrolysis are used.

With the addition of a number of renewable resources as raw materials, the cost 
of methanol as feedstock for chemicals and fuels is set to become competitive and 
hence the products there from (Fig. 4). With the continued growth of petrochemi-
cals, increasing demand for blending in transportation fuels/additives and use as 
alternative fuel, consumption of methanol is expected to grow. Besides, utilization 
of methanol for production of ethylene and propylene by MTO process has increased 
significantly, from 6% in 2011 [42] to 24% in 2019 [28], indicating a shift away 
from energy-intensive steam cracking process and fossil-based resources for ethyl-
ene and propylene production.

Ethanol—Unlike methanol and most of the other alcohols, almost all ethanol is 
manufactured worldwide by fermentation process that has undergone several 
improvements over the years to increase the efficiency and lower the cost of produc-
tion [43–46]. Broadly, three bio-based feedstocks, namely, (1) sugars (i.e. sugar 
cane, molasses, fruits, etc.), (2) starches (i.e. grains such as maize, root crops such 
as cassava) which are to be first hydrolysed to fermentable sugars, and (3) cellulose 
(i.e. woody material, agricultural waste, black liquor from pulp and paper) which 
again needs to be converted to sugars by the pretreatment with mineral acids (e.g. 
acid or enzymatic hydrolysis), are being used. Historical developments in the pro-
cesses for the production of ethanol through the first-, second-, third- and fourth- 
generation bioethanol, utilizing different feedstocks/routes, have been covered 
extensively in literature [47–51]. A simplified representation of the bioethanol 
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manufacturing processes through the generations and the primary process steps 
involved therein are given in Fig. 5 [49].

Global ethanol production has increased steadily from around 75 billion litres in 
2007–2009 to 160 billion litres in 2019 [52] with coarse grains and sugar cane being 
the major feedstock and the USA and Brazil making up >80% of global production 
(Fig. 6). Corn/grains and sugar cane are food based and specific to the USA and 
Brazil. Amongst the feedstocks used for bioethanol production, non-food lignocel-
lulosic biomass is the most promising one, due to its abundancy, low cost and avail-
ability of appropriate process technology. However, the cellulosic process for the 
production of bioethanol is complex in nature involving several steps, and hence its 
price as biofuel is not competitive in comparison with fossil fuels and its utilization 
as raw material for the production of bio-derived ethylene. Recently an attractive 
strategy [53] to lower the cost has been proposed, wherein besides ethanol, other 
value-added chemicals could be produced as co-products.

Of recent, fermentation processes that use syngas derived from biomass, indus-
trial wastes and municipal solid wastes are being explored vigorously due to the 
potential advantages in cost and low-carbon character [54]. Gas fermentation tech-
nologies at pilot scale and demonstration plants have been set up by companies 
Coskata, INEOS Bio and LanzaTech [55, 56] with the ultimate objective of com-
mercial production. Availability of bioethanol in plenty from various biomass 
resources and development of processes for ethanol conversion to building block 
chemicals and key chemical intermediates (Fig. 7) have rendered it as a highly valu-
able and versatile platform chemical [56].

Fig. 5 Process steps involved in the production of bioethanol (Reproduced from Alalwan 
et al. [49])
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Amongst C3 alcohols, 1-propanol is produced by hydrogenation of propanal, 
which, in turn, is manufactured from ethylene by hydroformylation process [57]. 
Attempts have been made for the production by microbial routes [58], and the best 
yield 10.8 g/L has been realized for the process using a recombinant E. coli as host 
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Fig. 7 Bioethanol—a versatile platform chemical (Adapted from Kuhz et al. [56])
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[59]. 1-Propanol finds applications [57] as a solvent, antimicrobial agent and chemi-
cal intermediates for the production of value-added products.

There are two different routes for the manufacture of isopropanol, (1) indirect 
hydration of propylene with H2SO4 via a mixture of mono- and di-isopropyl sul-
phate esters and (2) direct hydration of propylene over an acidic heterogeneous 
catalyst [56]. Its applications include use as a solvent in inks and surfactants, as a 
chemical intermediate and as a cleaning fluid [57]. Microbial processes for isopro-
panol production, including Clostridium beijerinckii, engineered E. coli and engi-
neered Clostridium acetobutylicum [60, 61], have been reported.

C4 alcohols, namely, 1-butanol (n-butanol), 2-butanol (secondary butanol), 
2-methyl propanol (isobutanol) and 2-methyl 2-propanol (tertiary butyl alcohol), 
are highly versatile in terms of applications as solvents, in manufacturing of chemi-
cal intermediates and as fuel additives. Details on the manufacturing of 1-butanol, 
2-butanol and 2-methyl propanol by conventional chemical as well as microbial 
routes and typical applications have been described by Kunz et al. [56]. 2-Methyl 
2-propanol (tertiary butyl alcohol) is produced by hydration of isobutylene [62]. Its 
reaction with methanol/ethanol results in methyl tertiary butyl ether (MTBE)/ethyl 
tertiary butyl ether (ETBE), useful as octane booster and oxygenate for blending 
with gasoline. Tertiary butyl hydroperoxide (TBHP) is another useful chemical 
intermediate.

Amongst C4 alcohols, 1-butanol has the unique distinction of being highly useful 
raw material/chemical and the most efficient gasoline additive. 1-Butanol is consid-
ered as the next-generation biofuel [63, 64] with several advantages over ethanol 
(Table 2), such as higher energy density (29.2 vs. 19.6 MJ/L), lower volatility and 
solubility in water and non-corrosive nature. Besides, butanol blends well with gas-
oline and with higher air-to-fuel ratio results in more efficient combustion [65–69]. 
1-Butanol finds widespread applications in chemical industry, in the manufacture of 
butyl acrylate, butyl acetate, glycol ethers and plasticizers and as solvent in the 
manufacture of coatings, paintings, engineering plastics, super absorbent polymers, 
adhesives and sealants. With the increase in the consumption of 1-butanol for these 
applications, its market has been expanding over the years. n-Butanol market, esti-
mated at US$ 3.89 billion in 2016, is projected to touch US$ 5.58 billion by 2022, 
at a CAGR of 5.9% [70].

Currently, 1-butanol is produced from propylene by the oxo process [71, 72], 
which is based on the use of the raw material derived from non-renewable resources. 
Availability of bioethanol in plenty and at low cost has triggered global research 

Table 2 Fuel characteristics of 1-butanol vs. other fuels (Adapted from Gautam and Martin [65])

Fuel
Energy density 
(MJ/L)

Air-to-fuel 
ratio

Energy content/
Btu/US gallon

Research octane 
number

Water 
solubility (%)

Gasoline 32 14.6 114,000 81–89 Negligible
Diesel 35.5 14.7 130,000 nd Negligible
Butanol-1 29.2 11.12 105,000 78 7
Ethanol 19.6 8.94 84,000 96 100
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efforts on the development of sustainable chemical catalytic processes for the con-
version of bioethanol to 1-butanol via classical Guerbet chemistry [73, 74]. A num-
ber of reviews covering in detail the development of both homogeneous and 
heterogeneous processes and catalysts for the conversion of ethanol to 1-butanol 
have been published [56, 75–77]. Several types of heterogeneous catalysts, based on 
MgO, Mg−Al-O mixed oxides, Cu/CeO2, basic zeolites, hydroxyapatite, solid acid-
supported Cu and alumina- and carbon-supported metal catalysts, in batch and con-
tinuous-flow mode, under different reaction conditions, have been explored [77]. 
1-Butanol yields in the range 20–30% could be obtained with heterogeneous cata-
lysts [77] along with the formation of C4+ alcohols. With Ru-based homogeneous 
catalysts, n-butanol selectivity as high as 94%, but at very low ethanol conversion of 
22% (21% yield of butanol), has been reported [78]. Thus, achieving high yields of 
1-butanol remains a challenge. Increase in demand for 1-butanol has led to the 
revival of one of the oldest known fermentation processes, ABE (acetone- butanol- 
ethanol) process for production of 1-butanol, using different strains of Clostridium 
sp. with glucose, starch, molasses, corn stover, rice straw and cranny grass as feed-
stocks [79–81]. Different types of biomass feedstocks, microorganisms, biomass 
pretreatment methods, extraction methods, genetic engineering techniques like cell 
recycle and cell immobilization and strategies to minimize product inhibition have 
been adopted to improve butanol yield [82–84]. Using starch-based packing peanuts 
as substrate for continuous production with C. beijerinckii BA101strains, 18.9 g/L 
of butanol could be produced from 80.0 g/L of the substrate within 110 h, indicating 
the crucial role played by the selection of substrate and microbial strain [85].

C2, C3 and C4 diols are highly useful chemical intermediates which can be trans-
formed into a number of value-added products. Mono ethylene glycol (MEG) is 
manufactured by hydrolysis of ethylene oxide, which in turn is produced by cata-
lytic oxidation of ethylene. Major application of MEG is as the monomer in the 
manufacture of polyester fibre and polyethylene terephthalate (PET), PTA being the 
other monomer. Other minor applications include anti-freeze and coolants, solvents 
and chemical intermediates (Fig. 8).

With the growing emphasis on sustainable products, bio-based PET is being 
manufactured, using bio-MEG produced using ethylene obtained by dehydration of 
bioethanol. PlantBottle, made from PET using bio-MEG and PTA, was introduced 
by Coca Cola [56, 87] in 2009. Global market for bio-based PET (containing 30% 
bio-MEG and 70% PTA) is expected to touch 5.8 million tons by 2020 and conse-
quently help in moving towards sustainable packaging applications. Global sustain-
able packaging market on the same lines is expected to grow from US$ 200.00 
billion in 2014 to US$ 267.00 billion in 2020, with a CAGR of 4.9%.

C3 diols, namely, 1,2 and 1,3 propane diols are valuable monomers for the pro-
duction of polyesters, polycarbonates and polyurethanes, besides having applica-
tions as anti-freezing agents, additive in nutrition products, solvents and component 
of hydraulic fluids [56]. 1,3-Propane diol (1,3 PDO) on polymerization with tere-
phthalic acid yields commercial polyesters, SORONA® (from DuPont) and 
CORTERRA® (from Shell), which are used in the manufacture of high-quality car-
pet and textile fibres. While 1,2-PDO is produced by selective hydrolysis of 

R. Vinayagamoorthi et al.



515

propylene oxide in presence of ion-exchange resin catalysts at 150–180 °C [88, 89], 
1,3-PDO is manufactured [90–92] either by Shell process from ethylene oxide or 
acrolein by DuPont process. Several microbial processes for the production of both 
1,2- and 1,3-propane diols [56] using a variety of microorganisms and feedstocks 
(glucose, glycerol, sugars) have been reported. Notable amongst them is  DuPont/
Tate & Lyle process [93], in which two conversions, glucose to glycerol by recom-
binant E. coli and conversion of glycerol to 1,3-PDO by Klebsiella strains, are com-
bined. The process was first commercialized in 2006, and the capacity was expanded 
to 65,000 MTA. Similarly, microbial process for the conversion of glycerol to 1,2- 
PDO using E. coli [94] as the microorganism was developed.

Emergence of biomass conversion processes to fuels and chemicals and the 
large-scale availability of biodiesel-derived glycerol as an important platform mol-
ecule paved way for the development of sustainable processes for the production of 
a number of important chemicals and chemical intermediates from glycerol 
[91, 95–97].

Catalytic processes for the hydrogenolysis of glycerol to yield selectively either 
1,2- or 1,3-PDOs have been reported [98–102]. Nakagawa and Tomishige [98] 
investigated hydrogenolysis of glycerol on four different types of catalysts, namely, 
non-noble metal catalysts, noble metal catalysts with an acid as an additive, noble 
metal catalysts combined with a base and metal oxide-modified noble metal cata-
lysts, and observed that only metal oxide-modified noble metal catalysts were selec-
tive for 1,3-PDO while the other three catalysts displayed high selectivity for 
1,2-PDO.  Accordingly, Arundhathi et  al. [100] observed that hydrogenolysis of 
glycerol on Pt-WOx/AlOOH yields 1,3-PDO with 66% selectivity. Reaction path-
ways leading to the formation of 1,2- or 1,3-propane diol have been proposed by 
Nakagawa and Tomishige [98]. Selection of suitable catalyst and reaction condi-
tions for glycerol hydrogenolysis leads to the formation of 1,2- or 1,3-propanediol 
(Fig. 9).

Polyester 
fiber
55%PET bottle

26%

Anti-freez
8%

PET  fims
6%

Industrial
5%

Mono ethylene glycol-Applications Fig. 8 Applications of 
mono ethylene glycol [86]
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Of the four isomers of butane diol (BDO), 2,3- and 1,4-BDO have a wide range 
of applications, while 1,2- and 1,3-BDO have relatively limited range of use. While 
1,2-BDO is used for the production of polyester resins and plasticizers, the main 
application of 1,3-BDO is as solvent for food flavouring agents and as co-monomer 
for some of the polyurethane and polyester resins [103–105].

Amongst the C4 diols, 2,3-BDO is perhaps one of the most useful bio-based 
feedstock chemical intermediates, with applications on several sectors. 2,3-BDO on 
dehydration yields 1,3-butadiene, the monomer for synthetic rubber production or 
methyl ethyl ketone (MEK), useful as solvent and fuel additive. 2,3-BDO itself can 
serve as an “octane booster” for gasoline and, due to its lower freezing point 
(−60 °C), anti-freeze agent as well. Diacetyl, a highly valued flavouring agent that 
protects against bacterial attack, is made by dehydrogenation of 2,3-BDO [106]. 
Esters of 2,3-BDO and maleic acid are used for polyurethane/maleimide with car-
diovascular applications [107]. 2,3-BDO esters are also useful for pharmaceuticals 
and cosmetics applications. Though 2,3-BDO is produced by chemo-catalytic route 
via butene-chlorohydrin pathway [56, 108], manufacturing by biotechnological 
routes using renewable biomass feedstocks and biomass wastes has recently become 
prominent. Several reviews covering significant developments in the microbial pro-
duction of 2,3-BDO have been published [109–112]. 1,4-BDO is produced through 
Reppe chemistry by reaction between acetylene and formaldehyde to form 
1,4-butyene diol, which is subsequently hydrogenated to yield 1,4- 
BDO. Hydroformylation of propylene, hydrogenation of maleic anhydride and 
dichloro-butene process from 1,3-butadiene or the 1,3-butadiene-acetic acid are the 
other processes for the manufacture of 1,4-BDO [109, 113]. With the identification 
of succinic acid as one of the platform chemicals from the biomass refinery, synthe-
sis of 1,4-BDO by reduction of succinic acid as a sustainable process has gained 

Fig. 9 Selective hydrogenolysis of glycerol to 1,2- and 1,3-propanediols (Adapted from Kuhz 
et al. [56])
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prominence. Microbial routes for 1,4-BDO using engineered E. coli microorgan-
isms have been developed up to demonstration scale [114–116]. Major applications 
of 1,4-BDO include synthesis of gamma butyrolactone, use as solvents and in the 
manufacture of plastics, fibres and polyurethanes.

C4 and C5 alcohols and diols are highly valuable chemical intermediates used as 
monomers in the production of polyesters, polyurethanes and polyethers, as fuel 
additives to boost gasoline octane number and as versatile solvents for various 
applications. Several process options for the synthesis of C5+ alcohols/higher alco-
hols/fatty alcohols are available. Some of the processes developed earlier include 
[56, 117]:

• Hydrogenation of fatty acids and fatty acid esters derived from vegetable and 
animal fats and oils.

• Conversion of ethylene with Al alkyls, Al (CH2CH3)3 to a mixture of linear, pri-
mary alcohols (Ziegler process).

• Hydroformylation of olefins with CO and H2 to a mixture of branched and 
unbranched aldehydes and subsequent hydrogenation to the corresponding 
alcohols.

• Oxidation of paraffins with boric acid to linear, secondary alcohols.
• Condensation of primary alcohols C2–C4 with basic catalysts to α-branched and 

linear, dimeric alcohols based on Guerbet chemistry [118].

Of recent, advances in the development of biomass conversion processes have 
brought into focus more process options:

 – Oligomerization of ethylene derived from bioethanol and bio-methanol conver-
sion through MTO to higher carbon number olefins followed by oxo synthesis 
and hydrogenation [119–121].

 – Condensation of biomass-derived methanol and ethanol to higher alcohols via 
Guerbet chemistry [118, 122], self-condensation and cross-condensation 
reactions.

Biomass-derived platform chemicals/intermediates have been used as raw mate-
rials for the sustainable production of C4–C5 alcohols and diols. A comprehensive 
review by Sun et al. [123] describes in detail the processes and catalysts developed 
and other features for the synthesis of C4–C5 alcohols and diols from various 
biomass- based raw materials, like succinic acid, dialkyl succinates, γ-butyrolactone, 
levulinic acid and alkyl levulinates, γ-valerolactone and furfural and its derivatives.

Since many years, syngas has been another rich source for the production of 
higher alcohols and versatile in application, since it can be obtained from different 
raw materials, both fossil and biomass based, with several syngas conversion options 
therein. An extensive review, by Luk et al. [124], covering various process options 
for the conversion of syngas to higher alcohols, the catalysts and structure-activity 
correlations therein and the process features, (Fig. 10) along with the details on the 
applications of C6–C22 long-chain alcohols [125] as feedstocks and chemical inter-
mediates and in polymers, surfactants and detergent industries, has been published.
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While the classical routes for higher alcohols like direct conversion of syngas 
and indirect routes like methanol homologation, methanol-CO coupling and metha-
nol carbonylation are still relevant (Fig. 10), several novel routes like alkene hydra-
tion, sugar fermentation [126, 127] and, more recently, direct syngas fermentation 
are emerging as viable and more efficient routes with low carbon footprint. Diender 
et al. have reported [128] production of C4–C6 fatty acids and alcohols from a mix-
ture of syngas and CO, using co-culture consisting of Clostridium autoethanoge-
num and Clostridium kluyveri.

Sugar alcohols/polyols/polyhydric alcohols, with the general formula 
H2(CH2O)n+1, are well-known biomass-derived chemicals with widespread applica-
tions as chemical intermediates and platform chemicals (sorbitol, xylitol and arabi-
nitol) [20, 21]. Mannitol and erythritol are the other two important sugar alcohols 
[56]. Besides their main use as artificial sweeteners in food, beverages and confec-
tionary, sugar alcohols find applications in polymers, pharma and cosmetics indus-
tries [22]. Global consumption of sugar alcohols is projected to grow from 1.6 
million metric tons in 2017 to 1.9 million metric tons by 2022 at a CAGR of 3.4% 
[56, 129]. Sugar alcohols are produced, in general, through hydrogenation or fer-
mentation of mono- or disaccharides [130–132]. While sorbitol and mannitol are 
synthesized by hydrogenation of sucrose, glucose and fructose [131], xylitol can be 
produced by hydrogenation of xylose and erythritol by fermentation of glucose [22, 
133–135]. Cellulose and hemicellulose, the two major components in biomass, are 
hydrolysed to glucose, mannose and xylose, which undergo further hydrogenation 
to yield sugar alcohols as shown in Scheme 1. An extensive review of the catalytic 
processes for the conversion of glucose, mannose and xylose to sorbitol, mannitol 
and xylitol, respectively, has been presented by Zada et al. [136]. Detailed studies 

Fig. 10 Syngas conversion to higher alcohols—Process options (Reproduced from Luk et al. [124])
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on a number of noble metal, non-noble metal and bimetallic catalysts on various 
supports, along with the activity, selectivity and yield data, have been covered in the 
review. Different types of catalysts for the production of sugar alcohols by hydroge-
nation and hydrogenolysis of mono- and disaccharides have been described in 
another review by Ruppert et al. [92]. Erythritol, a C4 sugar alcohol, is obtained 
from pentose sugars (xylose and arabinose) by selective cleavage of C-C bond. 
Several homogeneous and heterogeneous catalysts have been explored [136] for 
this process which requires mild reaction conditions (<180  °C temperature and 
<60 bar hydrogen pressure) to minimize side reactions and achieve selective C-C 
bond cleavage to yield erythritol [137, 138]. Several microbial processes for the 
production of sugar alcohols have been described in a review by Kunz et al. [56].

Scheme 1 Conversion of cellulosic biomass into sugar alcohols (Reproduced from Zada 
et al. [136])

Catalytic Conversion of Alcohols into Value-Added Products
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4  Value-Added Products from Alcohols

Abundant availability of nearly complete range alcohols, at low cost, derived mostly 
from renewable biomass resources, has provided a great impetus for the develop-
ment of a number of catalytic processes for their conversion into value-added prod-
ucts. Processes for the manufacture of whole range of chemicals that include 
building block chemicals (olefins and aromatics), oxygenates (aldehydes, ketones, 
acids, ethers, esters, amides) and fuels (gasoline, diesel, jet fuel and fuel additives) 
with alcohols as feedstocks have been explored, thus making them as the most ver-
satile group of platform molecules. Salient features of such processes and advances 
therein are described in the following pages. However, well-established applications 
of alcohols like conversion of methanol to formaldehyde, acetic acid and MTBE are 
not covered.

4.1  Conversion of Methanol to C2–C3 Olefins

Global demand for ethylene and propylene is estimated as 152 MMT (million met-
ric tons) and 102 MMT, respectively, in 2017 and is projected to reach 185 MMT 
and 127 MMT by 2022 [139]. Building block olefins like ethylene and propylene 
along with 1,3-butadiene and butenes (1-, 2- and iso-) are the raw materials for com-
modity petrochemicals and polymers, and the current dominant route for manufac-
turing is by highly energy-intensive thermal steam cracking (SC), using 
non-renewable fossil-based raw materials, ethane/propane or naphtha.

Methanol to olefins (MTO) process developed by UOP-Hydro [140] provided the 
first commercially viable alternative route for SC process. Based on the tailor-made 
SAPO-34 catalyst [141–143], the process operates in the temperature range 
340–540 °C at 0.1–0.3 MPa pressure, in a fluidized bed reactor (Fig. 11) coupled 
with catalyst regenerator, considering the deactivation characteristics of the catalyst 
[144]. Appropriate pore size (3.8 Å), to minimize the formation of higher carbon 
number products, and optimized acidity, to control the formation of paraffins by 
hydride transfer, are the key catalyst characteristics responsible for 75–80% carbon- 
based combined selectivity towards ethylene and propylene. By varying the process 
conditions, maximization of ethylene or propylene yield could be achieved. Besides 
ethylene and propylene, small amounts of C4–C6+ olefins are generated. In the 
advanced version of the process, Olefins Cracking (OC) process technology, devel-
oped by Total Petrochemicals [145], which involves routing the by-product C4–C6+ 
olefins stream through a catalyst bed for further cracking to ethylene and propylene, 
was integrated with MTO process. This additional process step increases the overall 
yield of ethylene and propylene and reduces by-products’ formation.

With further modifications in the catalyst formulation to maximize propylene, 
propylene/ethylene ratio >2 (Fig. 12) could be achieved [146]. Similar MTO pro-
cesses, D-MTO and D-MTO-II (from Dalian Institute of Chemical Physics, DICP, 
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China) and S-MTO (from SINOPEC, China), have been developed and proven on 
commercial scale [147, 148].

Extensive research work on the mechanism of MTO process under different pro-
cess conditions (temperature and LHSV) and using C13 H3OH for tracing the reac-
tion pathway by Dahl and Kolboe [149] resulted in the proposal of hydrocarbon 
pool mechanism for the process (Fig. 13).

Comprehensive reviews [147, 148, 150, 151] tracing the first discovery of the 
MTO process by researchers from Mobil Corporation on ZSM-5 catalysts [152] and 
the discovery of SAPO-34 catalyst by Union Carbide scientists and further in-depth 
research work on the catalyst and process development by UOP-Hydro that finally 
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lead to the commercialization of the process and the intricacies in the synthesis of 
SAPO-34 with appropriate structure and topology have been published. MTO pro-
cess has several advantages in comparison with gas/naphtha steam cracking like:

 – Lower reaction temperature.
 – Easier separation and purification of products.
 – Relatively less capital investment.
 – Feedstock flexibility.

Raw material (syngas) for methanol could be obtained from different resources: 
biomass or coal, waste gases, etc. Since methanol could be obtained from syngas 
derived from coal gasification, the process is named as CTO (coal to olefins), and a 
commercial plant based on this technology with 0.6 MMTA capacity for ethylene/
propylene has been set up by China Shenhua Energy, China [148].

Another process for the conversion of methanol into building block chemicals is 
the methanol to propylene (MTP) process technology developed by Lurgi AG [153].

In the late 1990s, availability of natural gas in plenty led to setting up 
MegaMethanol plants (5000  MT/day) by Lurgi [154]. With the knowledge base 
available at that point of time on MTO process using ZSM-5 catalyst [149, 152], 
Lurgi developed MTP processes to selectively produce propylene, by using suitably 
modified ZSM-5 catalyst. The process [153, 155] uses a series of adiabatic fixed bed 
reactors (Fig. 14), wherein methanol is converted to dimethyl ether (DME) at near 
thermodynamic equilibrium in the pre-reactor. Feed consisting of methanol, DME 
and water pass through five to six reactors loaded with highly selective and stable 
ZSM-5 catalyst at 1.3–1.6 bar pressure and 400–450  °C temperature along with 
recycle olefin stream and steam, to ensure stability of the catalyst. >99% conversion 
of methanol and DME is achieved with carbon-based propylene selectivity of >70% 
along with some quantity of gasoline as by-product. After 500–600 h of operation, 
the catalyst needs regeneration in situ, by controlled coke burning. According to the 
established material balance, with 1.67 MTA of methanol as feed, 474,000 MT of 
propylene and 185,000 MT of gasoline could be produced. The first commercial 
plant using MTP process technology was established in 2011 in China followed by 
two more plants, and now it is considered as proven technology for on-purpose 
propylene production [156]. A techno-economic evaluation [157] of MTO vs. MTP 
has shown that both processes are equally viable, subject to variations in natural 

Fig. 13 Hydrocarbon pool mechanism for MTO process. Reproduced from Dahl et al. [149]
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gas/methanol and products’ prices, and MTP has slight advantage in terms of lower 
CO2 emission (MT/MT of propylene). Though CTO process may have some advan-
tage due to low-cost coal as raw material, high emission of chemical as well as 
energy-related CO2 renders the process environmentally unfriendly [158].

4.2  Conversion of Ethanol to Ethylene

MTO, MTP and CTO processes utilize methanol produced from non-renewable 
resources. Availability of large quantities of bioethanol at low cost has resulted in 
the development of catalytic processes for the production of C2–C4 olefins from 
bioethanol. Production of ethylene by catalytic dehydration of ethanol/bioethanol 
was established long ago [159, 160], but biomass-derived ethylene as feedstock for 
petrochemicals was not cost-effective vis-à-vis ethylene from steam cracking [161]. 
Abundance of bioethanol from different biomass resources (corn, sugar cane and 
cellulosic biomass) revived the interest in bioethanol conversion to ethylene.

Ethanol dehydration being endothermic in nature (45.7 kJ/mole) requires reac-
tion temperatures in the range 300–500 °C. While acetaldehyde is formed by dehy-
drogenation at higher temperatures, diethyl ether is formed at temperatures below 
the optimum. Besides, the product water also influences the reaction. Hence, con-
trolling reaction temperature and maintaining optimum contact time are needed to 
minimize side reactions.

In practice, isothermal and adiabatic fixed bed and fluidized bed reactors have 
been considered [163, 164]. Different types of catalysts, like modified alumina, 
modified HZSM-5, SAPO-34, MCM-41 and modified heteropoly acid catalysts, 
have been explored, mainly to minimize by-products’ formation and improve the 

Fig. 14 Process flow diagram for methanol To propylene (MTP) plant (Adopted from Koempel 
et al. [153])
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stability of the catalyst [162]. A list of catalysts that display nearly 100% ethanol 
conversion with ~99% selectivity for ethylene is presented in Table 3.

Commercial plants, which are in operation for the production of ethylene from 
bioethanol are America Halcon Scientific Design Inc., USA (with Synthol catalyst, 
Al2O3-MgO/SiO2); British Petroleum (Hummingbird process, heteropoly acid cata-
lyst); Axens (Atol process); Chematur; Braskem, Brazil; and Dow Chemical [162, 
164–166]. Though the processes could be operated with very high efficiency, cost 
of ethylene from bioethanol is higher in comparison with ethylene from steam 
cracking (SC) process due to higher cost of bioethanol and very high energy effi-
ciency realized in mega-scale ethylene plants based on SC.

4.3  Conversion of Bioethanol-Derived Ethylene to C3, 
C4 Olefins

As illustrated by Hulea [165], well-established olefins conversion processes like 
dimerization, metathesis, oligomerization, isomerization, cracking and aromatiza-
tion could be applied for the conversion of bio-based ethylene to value-added prod-
ucts (Fig. 15).

Both homogeneous and heterogeneous catalysts have been studied extensively 
[167, 168] for the dimerization of ethylene to 1-butene, an important co-monomer 
in the manufacture of commodity polyolefins, like linear low-density polyethylene 
(LLDPE). Commercial process for the manufacture of 1-butene, the AlphaButol 
technology developed by Axens and SABIC, is based on highly selective (93%) 

Table 3 Selected catalysts for dehydration of ethanol to ethylene (Adopted from Fan et al. [162])

Catalysts
Ethylene 
selectivity, %

Ethanol 
conversion, %

Reaction 
temp., °C

LHSVa/
WHSVb/
GHSVc, h−1

Lifespan, 
stability

TiO2 /γ-Al2O3 99.4 100 360–500 26–234a 400 h, stable
0.5% La-2% 
P-HZSM-5

99.9 100 240–280 2b Very stable

Nano-CAT 99.7 100 240 1b 630 h, very 
stable

Ag3 PW12O40 99.2 100 220 6000c Stable in 9% 
humidity

TPA-MCM-41 99.9 98 300 2.9b Very stable
STA-MCM-41 99.9 99 250 2.9b Stable
TRC-92 99.0 70 280 2.9b Very stable
SynDol (Halcon) 
(SD, USA)

96.8 99 450 26–234a Very stable

aLiquid hourly space velocity (LHSV)
bWeight hourly space velocity (WHSV)
cGas hourly space velocity (GHSV)
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homogeneous catalyst Ti(OBu)4 with AlEt3 as the co-catalyst. Metal complexes 
based on Ni, Ti, Zr, Cr, Co and Fe with different co-catalysts in homogeneous 
medium have been explored for selective dimerization and oligomerization of eth-
ylene [168–171]. Such homogeneous catalyst systems, though highly active and 
selective under mild reaction conditions, require the use of aluminoxane activators 
or co-catalysts in large amounts and use of solvents/reactants in bulk liquid phase. 
Besides, many of the metal complexes are not air stable and undergo structural deg-
radation and deactivation, requiring complex regeneration procedures, thus limiting 
their applications in large-scale continuous mode processes. In order to circumvent 
such limitations and realize the specific advantages that heterogeneous catalysts 
offer on these aspects, several types of catalysts in heterogeneous phase, like (a) 
metal complexes immobilized on polymers and oxides, (b) metal-organic frame-
work (MOF) and covalent organic framework (COF) materials and (c) nickel and 
palladium supported on inorganic porous materials, have been explored [165]. 
Nickel metal complexes supported on polymers and inorganic supports like alu-
mina, silica and other zeolites like AlPO4 and Al-MCM-41 display good activity and 
selectivity for ethylene dimerization, but stability of the active phase during the 
process and loss of selectivity due to acid-catalysed side reactions on the support 
that lead to deactivation are the issues. Similarly, metal complexes supported on 
MOF and COF materials with well-defined chemical environments to promote 
dimerization and oligomerization are found to be highly active and selective, but the 
deactivation due to heavier oligomers/polymer formation is the challenge.

In this context, nickel and palladium supported on inorganic porous materials 
exhibit exceptional performance in ethylene dimerization and oligomerization [168, 
172, 173].

Zeolites, sulphated alumina, amorphous silica-alumina and mesostructured 
MCM-41, MCM-48, SBA-15 and MCM-22 are the supports on which nickel is 
incorporated by ion exchange as envisaged in the illustration (Fig. 16). Exchangeable 
Na+ ions are first exchanged with NH4

+ ions followed by ion exchange with Ni2+ 
ions and then calcined in air at 550 °C. On thermal treatment, isolated Ni+ and dehy-
drated Ni2+ species are formed which act as oligomerization sites, and the support 
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Fig. 15 Process options for the conversion of biobased ethylene to value-added products 
(Reproduced from Hulea [165])
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provides the acid sites. Such high-temperature treatment ensures thermal stability of 
the catalyst at temperatures up to 160 °C and pressures up to 40 bar. Besides the 
reaction could be carried out in liquid phase in slurry mode—gas-solid-liquid – or 
continuous-flow mode. Mesoporous character of the support leads to facile diffu-
sion of the reactant and products resulting in lower deactivation and higher activity. 
Besides the chemical nature and acidity, the texture and topology of the mesoporous 
supports influence the oligomerization activity [174].

For example, Agirrezabal-Telleria and Iglesia [175] observed that Ni-MCM-41 
is a very active and selective dimerization catalyst at sub-ambient temperature 
(243–258 K) with 93% selectivity for 1-butene and TOF > 10 s−1 with very little 
deactivation. The high catalyst activity and stability as well as the C4 selectivity 
were attributed to the presence of the ethylene in liquid phase within MCM-41 
channels.

Conversion of ethylene to propylene is an important process in petrochemical 
industry considering the supply-demand gap for propylene. Several proven on- 
purpose processes like dehydrogenation of propane, methanol to olefins (MTO) and 
methanol to propylene (MTP) are available for on-purpose propylene production. 
Conversion of ethylene to propylene could be achieved through different processes:

 1. Metathesis of ethylene and butenes.
 2. Direct conversion of ethylene by dimerization and metathesis.
 3. Direct conversion of ethylene by oligomerization and cracking.

Metathesis is based on supported Re, W and Mo catalysts, and the process technol-
ogy is offered by ABB Lummus, BASF and Atofina, Mitsui Chemicals, BP Chemical 
and Sinopec [176, 177].

Direct conversion of ethylene to propylene actually involves three steps, the first 
being partial conversion of ethylene to1-butene by dimerization and then isomeriza-
tion of 1-butene to 2-butene followed by metathesis of remaining ethylene with 
2-butenes to yield propylene. Though two-stage processes and single-pot processes 
have been attempted [165] a cascade process involving two different catalysts is 
found to be promising (Fig.  17). Andrei and co-workers [178, 179] devised a 
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cascade process with two different air-stable catalysts, Ni-AlSBA-15 for dimeriza-
tion and isomerization and MoO3-SiO2-Al2O3 for metathesis reactions. Both cata-
lysts were loaded in a single reactor, and under identical process conditions, at 
80 °C and 30 bar, propylene yield of 48 mmol/g of catalyst per hr. could be realized 
[178, 179].

For the direct conversion by oligomerization and cracking, ZSM-5 and SAPO-34 
were found to be most appropriate [180, 181]. While ZSM-5 with strong acid sites 
and medium-sized pores (0.55 nm) displayed lower selectivity for propylene, on 
SAPO-34, with smaller pores (0.38  nm) and weaker acidity, 80% selectivity for 
propylene could be achieved. The process requires high temperature 450–600 °C to 
enable the cracking of oligomers. Since the catalysts are acidic in nature and micro-
porous, deactivation by coking is a serious challenge to be tackled.

4.4  Conversion of Ethanol to C3–C4 Olefins

Two types of catalysts, zeolites and mixed metal oxide catalysts, have been explored 
for the conversion of ethanol to C3–C4 olefins, and the results have been summarized 
in a review by Sun and Wang [166]. On ZSM-5 reaction follows MTG pathway, 
involving the formation of ethylene, which undergoes oligomerization, cracking 
and aromatization to form products with broad carbon number range. Moderation of 
acidity of ZSM-5 and optimization of reaction temperature and residence time are 
crucial to minimize the formation of higher carbon number products and improve 
selectivity towards C3–C4 olefins. Studies in this direction by Song et al. [182] on 
ZSM-5 with different SAR values indicated that selectivity for C3–C4 olefins (at 
673 K, 0.1 MPa pressure) was maximum (40%) at SAR −80 due to moderation of 
acidity. On NiO/MCM-41 (Si/Ni = 23) catalyst at 400 °C, complete conversion of 
ethanol with propylene selectivity of 30% was reported by Mizuno et  al. [183]. 
Reaction pathway involved the formation of ethylene, which undergoes dimeriza-
tion, isomerization and metathesis to form propylene. Iwamoto et al. [184] observed 
that on scandium-modified indium oxide catalyst, propylene selectivity of 60% 
could be achieved at 550  °C following a different reaction pathway, involving 
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Fig. 17 Cascade process for the conversion of ethylene to propylene (Reproduced from 
Hulea [165])
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condensation and ketonization of acetaldehyde to acetone which is converted to 
propylene by dehydration of isopropyl alcohol formed by reduction of acetone. 
Though the metal oxide catalysts display better stability vis-à-vis zeolites, achiev-
ing higher C3–C4 olefins selectivity remains a challenge.

4.5  Conversion of Ethanol to Isobutene

Two processes, based on mixed metal oxide catalysts, are available for the conver-
sion of ethanol to isobutene [166]. The first one is a two-step process involving 
formation of acetone from ethanol in the first step followed by its conversion to 
isobutene in the second step according to the equations:

 2 43 2 2 3 3 2 2CH CH OH H O CH COCH CO H+ → + +  (1)

 3 2
3 3 4 8 2 2

CH COCH i C H CO H O→ − + +  (2)

The first step involves base-catalysed dehydrogenation of ethanol to yield acetalde-
hyde, which on aldol condensation and de-carbonylation results in acetone forma-
tion [185, 186]. An alternative route [187] consists of oxidation of acetaldehyde to 
acetic acid, which can undergo ketonization to acetone. Amongst the different cata-
lysts explored [166], Cu supported on La2Zr2O7 catalyst [188] displayed 72% car-
bon selectivity for acetone (96% of theoretical yield) at 400 °C, with water/ethanol 
mole ratio of 9:1 The second step for the conversion of acetone to isobutene is a 
complex process, involving three molecules of acetone and many reactions, like 
condensation, dehydration and decomposition, probably requiring Bronsted or 
Lewis acid-base pair sites [189, 190], where acetone condensation reaction is initi-
ated. Condensation is envisaged between two acetone molecules, one in gas phase 
and the other adsorbed on Lewis acid sites, while it occurs through two molecules 
adsorbed on Bronsted acid sites [191]. Such a complex pathway involving two types 
of acid sites with varying strengths results in further conversion of isobutene and 
formation of mesityl oxide intermediates, and higher reaction temperatures lead to 
formation of aromatics [166]. Zeolite β [192] with moderate acidity displays 87% 
isobutene selectivity at 400 °C and better stability in comparison with ZSM-5 [193]. 
Zhu et al. observed that use of nanosize zeolites helps to control the rate of deactiva-
tion, possibly by promoting facile diffusion and reducing residence time of reac-
tants and intermediates within the pores [194].

In contrast, the one-step process developed by Zhu et al. [195] uses ZnxZryOz 
mixed oxide catalyst with balanced acidity-basicity characteristics. It was observed 
that addition of ZnO moderated strong acid sites present in ZrO2, favouring dehy-
drogenation of ethanol to acetaldehyde against dehydration to ethylene [196, 197]. 
Aldol condensation of acetaldehyde followed by ketonization leads to the formation 
of acetone. Presence of weak Bronsted acid sites brings out further conversion of 
acetone, via diacetone alcohol and mesityl oxide, to the final product isobutene. The 
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process thus follows a cascade reaction pathway, involving dehydrogenation, con-
densation, dehydration and decomposition reactions, taking place in a sequential 
manner, yielding isobutene with >80% selectivity in a single step, along with valu-
able hydrogen as by-product. Overall reaction is expressed as:

 3 2 6
3 2 2 4 8 2 2

CH CH OH H O i C H CO H+ → − + +  (3)

While complete conversion of ethanol is achieved, the product distribution and iso-
butene selectivity are dependent on ethanol concentration and space velocity [197]. 
Accordingly, maximum isobutene selectivity is achieved at lower ethanol concen-
tration and higher space velocity (Fig. 18), the conditions that help in controlling 
side reactions.

4.6  Conversion of Ethanol to 1,3-Butadiene

Global demand for 1,3-butadiene (BD) was estimated to be ~12.3 MMT in 2018 
(Fig. 19) and is projected to touch ~14 MMT by 2025 [198]. Major applications for 
BD are in the manufacturing of styrene butadiene rubber (SBR), polybutadiene rub-
ber (PBR), acrylonitrile butadiene styrene (ABS), adiponitrile, polychloroprene 
elastomers, nitrile rubbers and others. Steam cracking of naphtha, dehydrogenation 
of butane and dehydration of ethanol are the established conventional routes for 
butadiene production. While the demand for BD is growing steadily, there is some 
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uncertainty in the feedstock scenario, since most of the recent steam crackers are C2/
C3 gas/shale gas based. Hence, production of BD from readily available low-cost 
bioethanol and other biomass-derived chemical intermediates has been gaining 
ground. Accordingly, scientific investigations on catalysts and processes for ethanol 
to butadiene (ETB) process are on the rise (Fig. 20). A complete life cycle analysis 
of GHG effect on ETB process vs. naphtha-based one has shown 155% reduction in 
emissions in the bio-based process [200], thus making it highly relevant in the cur-
rent context of environmental sustainability of chemical processes.

Historically, two ETB processes have been described. The first one is a single- 
step process, on ZnO-Al2O3 catalyst, at 400 °C, discovered by Sergey Lebedev in 
1929 [201–203] according to the reaction:

Fig. 20 Number of publications dedicated to ethanol to butadiene in the recent years (Reproduced 
from Pomalaza et al. [199])

Fig. 19 Global demand/production of 1,3-butadiene [198]
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 2 2
3 2 2 2 2

CH CH OH CH CH CH CH H O→ = − = + +  (4)

and the other, by Ivan Ostromislensky [204], consists of two steps, the first step 
being partial dehydrogenation of ethanol to acetaldehyde and the second involving 
reaction between ethanol and acetaldehyde:

 CH CH OH CH CHO H3 2 3 2→ + +  (5)

 CH CH OH CH CHO CH CH CH CH H O3 2 3 2 2 22+ → = − = +  (6)

Reaction pathways involved in both processes are the same. While Lebedev process 
[201–203], carried out at 400–450  °C, was based on metal oxide catalysts, 
Ostromislensky [204] process used tantalum oxide-promoted silica catalyst at 
325–350 °C. Commercial production plants based on these processes were in opera-
tion till the 1960s, when naphtha-based BD production route became more competi-
tive. Ethanol conversion of 45% with BD selectivity of 55% could be realized in 
Union Carbide and Chemicals plant [205]. Many by-products, diethyl ether, acetic 
acid, ethyl acetate, n-butanol, 1-butene, ethylene and hexadiene, were formed in the 
process. Progress in research related to the different catalyst formulations (mono-, 
bi- and trimetallic), especially the crucial role of preparation methods, nature of 
supports, process improvements and understanding of the reaction pathways/mech-
anism for the conversion of ethanol to BD have been covered extensively in several 
reviews [199, 206–210].

Though different mechanistic pathways have been proposed for ETB process 
over the years [199, 207], the generally accepted one (Scheme 2) for the single-step 
process involves dehydrogenation of ethanol to acetaldehyde as the first step, which 
on aldol condensation yields acetaldol. Meerwein-Ponndorf-Verley (MPV) reduc-
tion of acetaldol by another molecule of ethanol gives 1,3-butanediol that subse-
quently dehydrates to form BD [211, 212]. In the two-step process (Scheme 3), 
dehydrogenation of ethanol (on copper catalysts) yields acetaldehyde in the first 
step. In the second step, acetaldehyde forms acetaldol followed by dehydration to 
crotonaldehyde. MPV reduction of crotonaldehyde by ethanol results in crotyl alco-
hol, which on dehydration gives BD [213, 214].

Fripiat et al. [215, 216] observed that on silver supported on sepiolite catalyst, 
selectivity for ethylene and BD increased with ethanol conversion and hence sug-
gested that the process follows Prins reaction pathway. Cavani et  al. proposed a 
different mechanism based on carbanion formation [217]. However, formation of 
by-products and studies using C13-labelled acetaldehyde supported the mechanism 
involving MPV reduction [211, 212]. Based on the accepted mechanistic pathway, 
acidity, basicity and redox characteristics are the functionalities required for conver-
sion of ethanol to BD.

However, developing catalyst formulations that possess the right combination of 
the active components in required proportions remains a challenge. Details on the 
development of different types of catalysts for single- and two-step ETB processes 
have been reviewed from time to time [199, 207–209]. Based on the voluminous 
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literature data [199, 206–210], the catalysts investigated so far could be broadly 
classified into:

• Mixed metal oxide catalysts based on alumina.
• MgO + SiO2 mixed oxides.
• Metal oxide (Cr2O3, ZnO, Ta2O5, NiO, CuO) and metal (Ag, Au)-promoted 

MgO + SiO2.

Scheme 3 Reaction pathway for two-step ETB process (Reproduced from Kagan et al. [211] and 
Vinogradova et al. [212])

Scheme 2 Reaction pathway for single-step ETB process (Reproduced from Kagan et al. [211] 
and Vinogradova et al. [212])
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• Silica-based bimetallic Zr-Zn and trimetallic Zr-Zn-CuO.
• Sepiolite and zeolite (BEA, Al-MCM-41) based.

Table 4 gives a list of selected catalyst compositions and BD yields from the lit-
erature [208]. Besides the variations in composition, methods of preparation (wet 
kneading, sol-gel, hydrothermal), calcination/activation of the catalysts and pore 
size of the supports are known to influence the activity and selectivity [210, 227, 
228]. Though BD selectivity of 50–80% could be achieved, corresponding alcohol 
conversion levels are lower, and hence there is a need to develop catalysts capable 
of performing at high ethanol concentrations to obtain higher BD productivity. 
Current volume productivity of BD in the range from 50 to 400 g BD per hour per 
litre catalyst volume needs to be improved for commercial application. On-stream 
stability of the catalyst/catalyst life also needs improvements. Besides fixed bed 
reactors, other reactor configurations like fluidized bed reactors and the intricacies 
involved in recycling unreacted ethanol, etc. are to be explored.

A comparative evaluation of naphtha-based and bioethanol-based processes for 
BD production has been made by Patel et al. [229] in 2012, based on the descriptors 
for techno-economic viability, sustainability index and life cycle analysis. The 
descriptors used are economic constraints, environmental impact of raw materials, 
process costs and environmental aspects, EHS (Environment Health and safety) 
hazards and risk aspects. After assigning the weightage for each parameter, the inte-
grated score for both processes is presented in Fig. 21. Overall score for bioethanol- 
based process is lower (0.81), and hence it has a slight edge over naphtha-based 
(0.9) process. Processing costs and EHS hazards are lower with bio-based process, 
while risk aspects and environmental impact of raw materials are nearly equal. 
Economic constraints are higher with bio-based process. However, GHG emission, 
in terms of kg of CO2 per kg of BD, is 2.45 for bioethanol-based process vs. 3.98 for 

Table 4 Selected catalyst systems for ETB process

Catalyst systems Reaction temp., °C BD yield, % References

MgO/SiO2/Cr2O3 (3/2/0.11) 415 41.9 [218]
MgO/SiO2/Cr2O3 (59/39/2) 425 39.0 [219]
Mg/sepiolites 300 33.4 [220]
NiO/MgO/SiO2 (10/27.9/62.1) 280 53.0 [221]
MgO/SiO2(1/1) 350 42.0 [222]
MgO/SiO2(1/1) + 0.1% K2O 350 70.0 [222]
MgO/SiO2(1/1) + 0.1% Na2O 350 87.0 [222]
MgO/SiO2 (0.83/1) 350 16.0 [223]
Zr (1.5%), Zn(0.5%)/SiO2 375 11.5 [210]
Cu (1%), Zr(1.5%), Zn (0.5%)/SiO2 375 30.1 [210]
5% CuO-MgO/SiO2 (2/1) 350 58.2 [224]
5% ZnO-MgO/SiO2 (2/1) 350 52.4 [224]
5% Ag-MgO/SiO2 (2/1) 350 56.3 [224]
ZnO.Al2O3 (60:40) fixed bed 425 55.8 [225]
ZnO∙Al2O3 (60:40) fluidized bed 425 72.8 [226]
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naphtha-based. Similar advantage in sustainability for bio-based BD process in 
terms of GHG emissions has been reported by Shylesh et al. [200] in 2016.

Techno-economic analysis of the two-step process carried out by Burla et  al. 
[205] in 2012, based on the conversions and selectivity values achieved in the old 
Union Carbide plant, has shown that 200,000 MTA BD plant is viable when ethanol 
and BD prices are favourable and unprofitable when ethanol price becomes >US$ 
3.0 per gallon. There is no doubt that ETB process could be a viable one in near 
future, due to favourable process economics and sustainability. Hence research 
efforts, especially towards development of catalysts with higher productivity and 
stability and process improvements, could gain more attention from the researchers 
and support from the industry.

4.7  Conversion of Alcohols to Fuels

4.7.1  Alcohols to Gasoline

Alcohols, especially methanol and ethanol, find significant applications in the fuel/
energy sector, for blending directly with gasoline, as fuel additives/octane-boosting 
agents, for production of biofuels and biodiesel and, more recently, for conversion 
into middle distillate range fuels (diesel, jet fuel). Around 31% methanol demand 
(Fig. 3) is for fuels, for blending with gasoline (13%) and in the manufacture of 
MTBE (12%), biodiesel (3%) and DME (3%). Utilization of methanol for the pro-
duction of MTBE and other octane-boosting agents, biodiesel and DME is well- 
established and understood.

Discovery of methanol to gasoline (MTG) on ZSM-5 catalysts in the 1970s by 
Mobil Corporation opened up a new avenue for direct conversion of methanol [230] 

Fig. 21 Comparative evaluation of naphtha-based and bioethanol-based processes (Reproduced 
from Patel et al. [229])
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to gasoline, to start with. Elucidation of the mechanistic pathways in the MTG pro-
cess, with methanol and ethanol as feed, by Derouane et al. [231] and Chang et al. 
[232] and the development of fixed bed reactor process [233, 234] paved way for 
further improvements in the process. With a better understanding of the catalytic 
action by ZSM-5 zeolites and the process steps involved, Tabak and Yurchak [235] 
proposed the integration of MTG process with two other major front-end catalytic 
processes, namely, methanol synthesis from syngas and syngas production from 
basic raw materials, coal, gas and biomass. Such a process configuration rendered 
MTG process more flexible and versatile, capable of producing a range of fuels and 
chemicals as illustrated in Scheme 4, by suitable optimization of the process condi-
tions. While the use of methanol provided an alternative to route to crude oil-derived 
gasoline, the pioneering work on ZSM-5 catalysts and demonstration of the other 
processes (Scheme 4) by Mobil research group [235] for olefins (ethylene, propyl-
ene) and middle distillate production provided the scientific basis for the develop-
ment of several novel and important processes, years later, CTL (Coal to Liquids), 
GTL (Gas to Liquid) and BTL (Biomass to Liquid) processes, to be followed by 
MTO and MTP processes. A recent development in this direction is the conversion 
of ethanol to jet fuels which would be discussed later.

Based on the experience gained in the 14,500 BPD Synfuel MTG plant in New 
Zealand, CTL process, consisting coal gasification, methanol synthesis plants along 
with MTG plant with second generation catalyst, [236] was envisaged by Exxon 
Mobil Research and Engineering (EMRE) and Uhde. The first 2500 BPD CTL plant 
based on MTG process was established at JAMG, Shanxi Province, China, in 2009 
[237]. By 2014, eight such plants were licensed. EMRE-MTG process [238] con-
sists of three units, syngas, methanol and MTG process (Fig.  22), which also 
includes heavy gasoline treatment unit for removal of durene. Durene with melting 
point of 79 °C could cause problems in the fuel supply lines and hence is to be mini-
mized to <2% in product gasoline.

Two more processes for MTG have been developed, one by Haldor Topsoe’s 
TIGAS [238] (Haldor Topsoe Improved GASoline) process and the other by Primus 
STG+ [239]. TIGAS mostly resembles EMRE-MTG process except that methanol 
production unit is integrated with MTG unit and is based on proprietary GSK-10 
catalyst for MTG conversion. It is claimed TIGAS process is licensed to three plants 
in China and two are in planning stage [238].

Improvements in Primus’ proprietary STG+™ process [239] over EMRE-MTG 
and TIGAS processes include recycling unconverted hydrocarbons in a single-loop 
process so that the gasoline yield increases and up to 70% of natural gas is getting 
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converted directly to high-quality gasoline. Besides, there is no need for separate 
durene reduction unit. It is further claimed that the Primus process is more energy 
efficient, requires lower investment cost and amenable for easy scale up.

Sector wise utilization of ethanol (Fig. 23) shows that nearly 50% of the demand 
is in automobile sector as fuel additive, for blending with gasoline, the other major 
application being in the food and beverages industry [240]. In contrast to methanol 
share (Fig. 3) of 64% for chemicals (including 24% for MTO), the usage of ethanol 
in chemical industry is around ~30%, only, including chemicals, personal care prod-
ucts, pharmaceuticals and others.

Catalytic conversion of Ethanol to Gasoline (ETG) has been studied extensively 
[166], though its large-scale application, like MTG process, is yet to emerge. 
However, of recent, few processes for conversion of ethanol to diesel and jet fuels 
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have progressed towards commercial application [241]. ETG process follows nearly 
the same mechanistic pathway that is proposed for MTG process, and accordingly 
the product distribution in both cases is similar. Detailed identification and struc-
tural analysis of the reaction intermediates trapped inside the pores of ZSM-5 dur-
ing ETG process have been investigated by Johansson et al. [242]. It is suggested 
that various types of cyclic organic intermediates (poly-alkylated benzenes) located 
within the pores form the hydrocarbon pool which undergo alkylation-dealkylation 
and cracking, depending upon the acidity of the zeolite and reaction temperature, 
thus giving rise to different products.

The transformations occurring in ETG process are similar to those proposed for 
MTG and illustrated in Scheme 5.

When compared to MTG process, predominantly ethyl-substituted aromatics are 
found in hydrocarbon pool within the pores in ETG process, but the product stream 
in ETG, however, contains only methyl-substituted aromatics. Besides, no durenes 
are observed in ETG [166].

In general, acidity of ZSM-5 as dictated by Si/Al (SAR) ratio, reaction tempera-
ture, space velocity and addition of water influence ethanol conversion, product 
distribution/selectivity and catalyst stability. Major reason for deactivation of ETG 
catalysts is coke formation, and addition of water retards coke formation and hence 
less deactivation and improvements in liquid yield [243]. Formation of aromatics/
liquid hydrocarbons is favoured with ZSM-5 catalysts with lower SAR [244]. As 
reported by Talukdar et al. [245], ZSM-5 with SAR-20 yielded full range (olefins 
and aromatics) products with high liquid yields, while the catalyst with SAR-103 
resulted in high yields of light olefins (C3–C4) even with ethanol containing 50% 
water. Investigations by Madeira et al. [246] on ZSM-5 catalysts with SAR values 
in the range 16–500 have shown that the catalyst with SAR-40 displays the best 
activity, stability and highest selectivity towards long-chain hydrocarbons and have 
attributed it to the balance between Bronsted acid sites (active sites) and hydrocar-
bon radicals (coke species responsible for blocking active sites). Another strategy 
frequently adopted to moderate acidity and deactivation is by modification/ion 
exchange with metal ions. Introduction of Ni [247], Ga and Zn [248] ions leads to 
improvements in catalyst life and increase in liquid hydrocarbon yields. Partial sub-
stitution of Al3+ in the framework by Fe3+ also leads to improvements in liquid yields 
and stability. Modifications with trimethyl phosphite increase weak acid sites, and 
accordingly, only ethers appear as products [249]. Besides strong acidity, porosity 
of ZSM-5 [250] and optimum water content in ethanol [244, 245] are the other 
parameters that affect the catalyst performance and hydrocarbon yield pattern.

MeOH +

olefinsZeo–Scheme 5 Representation 
of hydrocarbon pool 
mechanism proposed for 
MTG/ETG processes 
(Reproduced from 
Johansson et al. [242])
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4.7.2  Ethanol to Jet Fuels and Middle Distillates

Transportation sector accounts for 25% of global total energy demand for the move-
ment of people and goods. The consumption pattern for different types of fuels is 
given in Fig. 24 [251].

According to International Energy Outlook 2016 [252], the total energy con-
sumption in passenger and freight modes of transportation, using all types of fuels, 
is increasing (Fig. 25) continuously from ~100 quadrillion Btu in 2012 towards the 
projected consumption of ~150 quadrillion Btu by 2040 [252]. Considering the 
need for sustainable energy resources and minimization of the environmental 
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impacts, relentless efforts are on to derive these fuels from renewable resources. 
Significant progress has been achieved in the utilizations of bio-fuels (bio-ethanol, 
biobutanol, biodiesel, gasoline through MTG process, bio-jet fuels etc.), though 
overall contribution of bio-fuels in global total energy consumption (in 2017) 
remains low at 13% [253]. Bio-ethanol, besides its application for blending with 
gasoline, can be conversted into value-added fuels in middle distillate range and jet 
fuels by different catalytic processes. Jet fuel constitutes around 12% of the global 
transportation fuels consumption and its contribution towards emission of green-
house gases (GHG) is 2%. In order to comply with the Paris Climate Control 
Accord, 2015, airlines industry is aiming to become carbon-neutral by 2020 and by 
2050 reduce emissions by 50% with respect to 2005 emissions level, by gradual 
replacement of fossil-derived jet fuels with low-carbon bio-based fuels. In this con-
text, besides bioethanol, several process technologies (Table 5) for production of 
bio-jet fuels have emerged depending on the type of bio-resources used [254]. A 
number of multinational companies have developed process technologies (Table 6) 
for the conversion of different types of biomass/renewable feedstocks to bio-jet fuel 
[255]. While a few of them have gone through ASTM certification process for 
blending with petroleum- based jet fuel, others are under consideration for certifica-
tion. Nearly all types of raw materials (Table 6), fossil-based (coal, natural gas), 
biomass, cellulosic biomass, starch, sugars and bio-renewables like vegetable oils, 
recycled oil and animal fat have been explored for production of bio-jet fuel. 
Fermentation, hydrolysis, oligomerization, hydrotreatment and thermal decomposi-
tion are the conversion processes employed. Most of the processes listed in the table 
are in the advanced stage of development, and several airlines have entered into 
contracts for the supply of bio-jet fuels manufactured by applying these processes 
[256], for conducting flight trials after mixing with petroleum-derived jet fuel as per 
ASTM norms.

Compared to the different raw materials used for bio-jet fuels production, bio-
ethanol is better placed with respect to abundant availability and relatively lower 
cost and hence continues to receive global attention. Recently, a number of SAJF 

Table 5 Process technologies 
for the production of bio-jet 
fuels (Adapted from Wei-
Cheng et al. [254])

Technologies Production processes

Alcohol to jet (ATJ) Ethanol to jet
 n-butanol to jet
Isobutanol to jet
Methanol to jet

Oil to jet (OTJ) Hydro-processed renewable jet
Catalytic hydro-thermolysis
Hydrotreated depolymerized cellulosic 
jet

Gas to jet (GTJ) Fischer-Tropsch synthesis (FT)
Gas fermentation

Sugar to jet (STJ) Direct sugar to hydrocarbons (DSHC)
Catalytic upgrading
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(Sustainable Alternative Jet Fuel) processes using ethanol, methanol, n-butanol and 
isobutanol have been developed. These processes differ in terms of biomass raw 
materials used and the processes followed for conversion of biomass to alcohols, 
types of alcohols and processes adopted for conversion of alcohols to jet fuel. Some 
of the ATJ/SAJF processes which are in various stages of development are described 
in the following pages.

Lanza-PNNL Process

LanzaTech Inc. and PNNL (Pacific Northwest National Laboratory) have collabo-
rated to develop a hybrid process, LT-PNNL [257], for the conversion of three dif-
ferent biomass raw materials, wood, corn stover and bagasse, to jet fuel, distillate 
and value-added chemical, butadiene (BD), following a multistage integrated 

Table 6 Bio-based jet fuel production processes—status on development and application [255]

Production 
process Developer/manufacturer Raw materials

Aromatic 
content

ASTM review stage 
and max. mixing 
proportions

FT-SPK Sasol, Shell, Syntroleum Coal, natural gas, 
biomass

Low (2009)—50% 
approved

HEFA Honeywell UOP, Neste 
Oil, Dynamic Fuels, 
EERC

Vegetable oil, 
animal fat, 
recycled 
vegetable oil

Low (2011)—50% 
approved

SIP Amyris, Total Sugar Low (2014)—50% 
approved

ATJ-SPK Gevo, Cobalt, Honeywell 
UOP, LanzaTech, Swedish 
Biofuels, Byogy

Starch, sugar, 
cellulose-based 
biomass

Low (2016)—50% 
approved

FT-SKA Sasol Coal, natural gas, 
biomass

High Under review by 
committee

HDO-SK Virent Starch, sugar 
cellulose-based 
biomass

Low Investigation report 
submitted

HDO-SKA Virent Starch, sugar 
cellulose-based 
biomass

High Investigation report 
under review

HDCJ Honeywell UOP, Licella, 
KiOR

Cellulose-based 
biomass

High Supplement to 
investigation report 
received

CH Chevron Lummus Global, 
Applied Research 
Associates, Blue Sun 
Energy

Vegetable oil, 
animal fat, 
recycled 
vegetable oil

Low Investigation report 
under review

FT-SPK Fischer-Tropsch synthetic paraffinic kerosene, HEFA hydrotreated esters and fatty acids, 
SIP synthesized isoparaffins, SKA synthetic paraffinic kerosene with high aromatics, HDO hydro-
deoxygenation, HRJ hydrotreated renewable jet
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process, as depicted in Fig. 26. The first stage consists of thermochemical conver-
sion of biomass into syngas. The process, that uses highly energy-efficient plasma 
to convert biomass into clean syngas with consistent composition, was developed 
by LanzaTech Inc. The process includes collection, compression and purification of 
syngas. In the second stage, syngas is fed to the bioreactor, wherein it undergoes 
microbial fermentation process [258] developed by NREL (National Renewable 
Energy Laboratory), to yield two products, ethanol and 2,3-butanediol (2,3-BDO). 
The next stage for the conversion of ethanol to jet fuel, involving a series of three 
catalytic steps, (1) dehydration of ethanol to ethylene, (2) ethylene oligomerization 
to jet fuel range olefins and (3) olefins hydrogenation, was developed by PNNL [259].

Since direct oligomerization of ethylene is a slow process with lower selectivity/
yields towards olefins in the desired carbon number range, a two-stage oligomeriza-
tion process was developed. In the first stage, ethylene undergoes oligomerization to 
C4–C10 olefins, which go through further oligomerization in the second stage, to 
yield jet fuel range olefins [259, 260]. Separation of the fermentation co-product, 
2,3-butane diol, and its catalytic conversion to butadiene (BD) were achieved by 
stepwise catalytic dehydration, first to methyl vinyl carbinol, followed by second 
dehydration step, to yield 70% BD with 98% purity [257, 261]. Optionally, BDO 
can be converted to methyl ethyl ketone (MEK). Some of the additional features of 
the LT-PNNL process are [257]:

• Industrial waste gas streams containing carbon oxides (i.e. steel plant) can be 
used for ethanol production by fermentation.

• Fermentation process can be optimized for the production of ethanol and BDO 
in desired proportions, depending on the requirements.

• The process was demonstrated on lab scale with 2000 h of continuous run, pro-
ducing 400 gallons of jet fuel and 400 gallons of diesel.

• Jet fuel produced meets the specifications designated for “Alcohol to Jet Synthetic 
Paraffinic Kerosene” (ATJ-SPK) in ASTM D7566, Standard Specification for 
Aviation.

Turbine Fuel Containing Synthesized Hydrocarbons, which specifies requirements 
for alternative jet fuels

• Co-production of 2,3-BDO/BD reduces overall cost of production.

Gasification 

Syngas 

collection 

Purification

Fermentation 

Products 

recovery

Dehydration 

Oligomerization

Hydrogenation

Dehydration

Alcohol

2,3 BDO

Jet fuels

Butadiene
MEK

Fig. 26 Block diagram for Lanza-PNNL process for conversion of biomass-derived ethanol to jet 
fuel and value-added chemicals (Adapted from Ref. [257])
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ORNL-Vertimass Process

Oak Ridge National Laboratory (ORNL) has developed highly versatile process and 
catalyst [262] for single-step conversion of dilute ethanol from fermentation stream 
to highly value-added product stream consisting of blend stocks suitable for jet fuel, 
middle distillate or gasoline. The process is capable of using feedstocks containing 
5–100% ethanol in water without external supply of hydrogen and under mild con-
ditions, at low pressure, 60 psi, 350 °C and optimum space velocity (LHSV). Pilot- 
scale evaluation of the process is to be undertaken by TechnipFMC, and the lab-scale 
process has been licensed to Vertimass for exploring commercial venture [263–266]. 
V-, V-In- and Ga-exchanged mono- and bimetallic ZSM-5 catalysts, under opti-
mized process conditions, display C3–C16 hydrocarbon selectivity >80% (Fig. 27) 
with 100% conversion of ethanol. Light hydrocarbons (C2 + C3) formation is <5% 
[267–269]. Metal-exchanged zeolite catalyst in combination with a benzene alkyla-
tion catalyst helps to bring down benzene content to <0.68% in the product stream 
[270], in accordance with environmental regulations.

In order to gain mechanistic insights into the process, studies have been con-
ducted using deuterium-labelled reactants, C2H5OD and D2O and in situ DRIFTS 
studies [267]. It is observed that with C2H5OD as reactant, deuterium is incorpo-
rated in product hydrocarbons, but with 70% ethylene and 30% D2O, deuterium 
incorporation is not observed. But with 70% ethanol and 30% D2O, deuterium is 
incorporated in all hydrocarbons except ethylene. Based on these results and 
DRIFTS studies, Chaitanya et al. [267] concluded that ethylene is not the intermedi-
ate in this process and the reaction proceeds via hydrocarbons pool mechanism.

It is proposed that, unlike LT-PNNL multistep process, which involves ethanol 
dehydration to ethylene and oligomerization of ethylene to higher carbon number 
olefins followed by hydrogenation, ONRL-Vertimass process on metal-exchanged 
zeolite catalysts follows a consolidated alcohol dehydration-oligomerization 
(CADO) pathway to yield, in single step, hydrocarbon blend stocks, suitable for jet 

Fig. 27 Ethanol 
conversion on V-ZSM-5 
catalyst as a function of 
temperature at 
LHSV-2.93 h−1 
(Reproduced from Narula 
et al. [267])
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fuel, diesel and gasoline. Product stream composition could be varied depending on 
market demands by suitable optimization of the process conditions. The lab-scale 
process has been demonstrated by 200 h continuous run, and the product composi-
tion and fuel characteristics have been established. However, long-term stability of 
the catalyst and ASTM-D-7566 certification are yet to be established. Techno- 
economic and life cycle analysis [271] of ONRL-Vertimass vs. LT-LNNL processes 
has shown that the former one is cost-efficient, is viable for blending when oil is at 
US$100 per barrel and can reduce GHG emissions by 40–96%. Vertimass along 
with Bioenergy Technology Office of the US Department of Energy would jointly 
work for further improvements in the process and catalysts and to establish com-
mercial viability.

C4 Bio-alcohols-Based Processes

Two C4 bio-alcohol-based processes, one by Gevo, Inc., using bio-isobutanol and 
the other by Cobalt Biofuels (now Cobalt Technologies) using bio-1-butanol, for 
conversion to jet fuel, have been developed. Sugars extracted from biomass undergo 
fermentation by Gevo Integrated Fermentation Technology (GIFT) using specific 
microorganisms to yield isobutanol [272], which is dehydrated to isobutylene. On 
oligomerization using acidic catalysts like Amberlyst 35, iso-butylene is converted 
to C8–C16 olefins, which are subsequently hydrogenated to jet fuels [273]. Jet fuel 
blend from Gevo process has secured certification as per ASTM-D-7566 for blend-
ing with commercial aviation fuel. Airliner Delta has entered into an agreement 
with Gevo, Inc., for offtake of 10 mill gallons per year of bio-jet fuel [274].

CLJ-5 bio-jet fuel developed by Cobalt Biofuels is based on 1-butanol obtained 
by fermentation of C5–C6 sugars extracted from cellulosic biomass [275–277]. 
Bio-1-butene produced by dehydration of bio-1-butanol undergoes oligomerization 
followed by hydrogenation to yield jet fuels. Oligomerization is achieved by using 
metallocene catalyst, bis-cyclopentadienyl zirconium dichloride, with MAO as co- 
catalyst [278]. The process has been demonstrated at pilot scale, and the jet fuel 
product meets all specifications for blending with JP-5 and other aviation fuels.

Other Processes Based on Ethanol/Alcohols

Conversion of ethanol to butanol and higher alcohols through Guerbet chemistry 
has opened up another route for ethanol to jet fuel (ETJ) production [241], wherein 
C4–C6 alcohols could undergo sequential dehydration, oligomerization and hydro-
genation to yield jet fuels. With Cu/MgO-Al2O3 catalyst, PNNL [279] could achieve 
44% ethanol conversion and 75% C4+ alcohol selectivity at 300–350 °C and WHSV 
0.1–0.2 h−1. However, achieving higher ethanol conversion with high selectivity for 
C4+ alcohols and longer life has been a challenge for ethanol coupling processes. 
Hence many options for [241] ETJ process are being explored as illustrated in 
Fig. 28. A combination of two methanol conversion steps, the first through MTO 
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(via C2–C4 olefins oligomerization and hydrogenation) and the second through 
DME (via MTG/MOGD), has been envisaged by Bradin [280] for methanol to jet 
fuel (MTJ) process.

An integrated process involving biomass-derived syngas conversion to a mixture 
of oxygenates, containing C1–C5 alcohols, acetic acid and acetaldehyde, followed 
by oligomerization and hydrogenation to jet fuel/distillates has been explored by 
Dagle et al. [281] from PNNL. A systematic review of bio-jet fuel conversion tech-
nologies, covering the developments in each case, published by Wang et al. [282], 
shows that this area has tremendous potential.

5  Aqueous Phase Reforming of Alcohols

Hydrogen is recognized as the clean and efficient source and carrier of energy. 
Currently, hydrogen is produced by steam reforming, which utilizes non-renewable 
fossil resources (natural gas, oil, coal) and is highly energy intensive with a large 
carbon footprint as well. Renewable biomass-based hydrogen production processes 
like gasification and pyrolysis, though carbon-neutral, are again energy-intensive. 
In this context, aqueous phase reforming (APR) of biomass feedstocks, developed 
by Dumesic et al. [283], has emerged as a viable and sustainable route for the pro-
duction of hydrogen. Unlike steam reforming, APR is carried out at lower 
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Fig. 28 Various pathways and catalytic processes available for the conversion of ethanol to jet 
fuel, middle distillates and gasoline (Reproduced from Eagan et al. [241])
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temperature (at <500 K compared to 773–1073 K required for vapour phase steam 
reforming process) and pressure of 20–25 bar, to maintain water in liquid state, thus 
eliminating energy required for evaporation. Besides, APR includes water-gas shift 
reaction (WGS) that involves the formation of additional hydrogen to lower CO 
content, along with the conversion of CO to CO2 [284].

Aqueous solutions containing 5–20 wt% of any type of biomass intermediates/
platform chemicals, like cellulose, C5–C6 sugars, polyols and C1–C4 aliphatic alco-
hols, could be used as feed, rendering APR as a highly versatile process for the 
production of fuels and chemicals from biomass [285, 286]. APR is a carbon- neutral 
process, which can be integrated with other biological, thermal, chemical or fer-
mentation processes [287] without the need for external hydrogen source. A recent 
Scopus survey (Fig. 29) brings out a quick indication of the level of global research 
activity in APR, with all types of biomass feedstocks, in terms of number of publi-
cations, in the past two decades.

Transformation of alcohols under APR process conditions is represented by the 
following reactions/equations:

 C H O H O CO Hn n n n n n2 2 2 2 22 1+ + → + +( )  (7)

C-C bond breaking could lead to the formation of CO, which can undergo water-gas 
shift reaction to yield hydrogen.

 CO H O CO H+ → +2 2 2 (8)

Side reactions involving CO2 are possible, especially at lower reaction tempera-
tures, leading to the formation of alkanes via methanation and Fischer-Tropsch 
reactions:

Fig. 29 Trend of the peer- reviewed manuscripts contain “X aqueous phase reforming” (with 
X = methanol, ethanol, EG, glycerol, sorbitol, etc.) in abstract, keywords and title (Adapted from 
Scopus® (accessed on Oct 4, 2019) (Reproduced from Fasolini et al. [286]))
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 3 2 4 2H CO CH H O+ → +  (9)

 4 22 2 4 2H CO CH H O+ → +  (10)

 n n n nCO H CH H O+ → [ ] +2 2 2 2— —  (11)

Mechanistic pathways followed during reforming of alcohols towards the formation 
of hydrogen and alkanes have been investigated in detail by Davda et al. [288] with 
ethylene glycol as the substrate, as illustrated in Scheme 6. Preferred pathway 
involves initial dehydrogenation, followed by the C-C bond cleavage of the adsorbed 
intermediate to yield CO, which undergoes water-gas shift reaction forming hydro-
gen and CO2. Cleavage of C-O bond is not desirable since it would lead to the for-
mation of acids. Thus, dehydrogenation and C-C bond cleavage are the two essential 
catalytic functionalities required for hydrogen production. While supported metal 
catalysts, in general, are suitable for these surface transformations, side reactions, 
methanation and F-T synthesis reactions involving the products, CO2 and H2, are 
also possible depending on process conditions. Reforming of two polyols, ethylene 
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glycol and glycerol, has been investigated extensively, and comprehensive reviews 
covering noble (Pt) and non-noble (Ni) monometallic and bimetallic (Pt-Re, Pt-Mn, 
Pt-Ni and Ni-Sn) catalysts on various supports and the influence of process condi-
tions have been published [287, 289].

In the case of ethylene glycol, the order of activity on silica-supported metal 
catalysts was observed to be Pt ~ Ni > Ru > Rh > Pd > Ir, with Pt and Pd displaying 
high selectivity for H2 formation while Ni and Rh for alkanes [288]. Amongst the 
supports investigated, alumina, silica, activated carbon (AC), mesoporous carbon 
(CMK-3) and pseudo-boehmite (Catapal B) for monometallic Pt and bimetallic 
Pt-Re and Pt-Mn catalysts [290–292], CMK-3 and AC exhibited higher conversion 
and selectivity for H2 and better hydrothermal stability compared to silica and alu-
mina supports. Kim et al. [291] have investigated several bimetallic catalysts sup-
ported on CMK-3 and observed that Pt-Re displayed high conversion (44.2%) but 
higher alkane selectivity (19.8%), while Pt-Mn exhibited lower conversion (39.7%) 
and lower alkane selectivity (2.9%) with higher hydrogen production rate, 
26.8 cm3/g/min vis-à-vis 19.8 cm3/g/min for Pt-Re catalyst. Higher activity observed 
with bimetallic Pt-Mn and Pt-Ni catalysts is attributed to alloy formation [291, 293]. 
According to Bai et  al. [294], addition of basic components, MgO and CeO2, to 
alumina-supported Pt-Re catalysts resulted in 100% conversion and nearly 100% H2 
selectivity. Increase in Pt dispersion by addition of CeO2 and moderation of alumina 
acidity by MgO are proposed to be responsible for high activity and selectivity. 
Choice of support, tuning support characteristics, metal loading and the active phase 
composition are thus crucial to achieve higher conversion as well as selectivity.

Similar studies on supported metal catalysts, especially on Pt-based mono- and 
bimetallic catalysts, on different supports, have been reported for aqueous phase 
reforming of glycerol as well [287, 289]. One significant observation [295, 296] is 
that larger Pt particles lead to a decrease in H2 and CO2 formation and C-C bond 
cleavage is favoured by small Pt particles as against C-O bond cleavage and hydro-
genation reactions, thus highlighting the importance of catalyst preparation meth-
ods to achieve higher metal dispersion. Though nickel-based mono- and bimetallic 
(Pt-Ni) catalysts were active for APR of glycerol, deactivation of catalysts was a 
major concern, and several strategies, like changes in method of preparation (sol- 
gel, combustion synthesis), choice of supports and promoter elements, have been 
adopted to improve the stability of the catalyst [289]. Wen et al. [297] observed that 
for Pt-based catalysts, basic supports (MgO, CeO2) resulted in higher conversion 
and selectivity, while neutral (AC) and acidic supports (alumina, silica, HUSY) 
increased the formation of alkanes. An exhaustive review by Fasolini et al. [298] 
covering the catalysts and process features in steam reforming and aqueous phase 
reforming of glycerol brings out the latest developments on these two processes. 
Highly efficient catalysts for both glycerol steam reforming (Ni/La2O3-Al2O3 cata-
lyst with 100% conversion and 99.7% H2 yield [299]) and aqueous phase reforming 
(Pt-Ni-Ce/Al2O3 catalyst with 96% conversion and 96% yield [300]) have been 
reported.

Though many methods for reforming of ethanol like steam reforming, oxidative 
reforming and autothermal catalytic reforming are known, all of them involve 
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higher reaction temperatures and tedious hydrogen purification processes due to 
high CO contents [291, 301].

Tokarev et al. [302] reported nearly complete conversion (98.3%) of 10% etha-
nol in water, during APR on Pt/Al2O3 catalyst at 225 °C and 29.3 bar pressure, in 
continuous-flow mode and observed hydrogen production of 0.15 mmol/min and 
stable activity. Addition of 10% sorbitol or 10% glycerol to aqueous ethanol solu-
tion resulted in increase of hydrogen production to 0.71 and 0.30 mmol/min, respec-
tively, along with methane and CO formation. In the case of alumina (prepared by 
solution combustion synthesis—SCS)-supported Ni (10% w/w loading) catalyst for 
ethanol reforming, Roy et al. [303] observed that surface modification of the cata-
lyst by non-thermal RF plasma treatment resulted in improvement in the ethanol 
conversion from 81.2% on unmodified catalyst to 85.9% on modified one at 225 °C, 
which displayed no deactivation for 144  h. Hydrogen yield was also higher, at 
381 μmol/min for modified catalyst in comparison with 334 μmol/min for unmodi-
fied one. Roy et al. [303] attributed the superior performance of plasma-treated cata-
lyst to an increase in Ni metal dispersion, stronger metal-support interaction and 
increase in acidity. Detailed studies on the influence of preparation methods for Ni/
Al2O3 [304, 305] and Ru/TiO2 [306] catalysts on the performance for ethanol 
reforming process have also been reported. Nickel supported on Mg-Al hydro-
talcites with basic character and higher surface area and pore volume displays 
higher ethanol reforming activity compared to Ni/Al2O3 [307]. Though n-butanol 
has higher hydrogen content (13.5% w/w) compared to ethanol (13%) and methanol 
(12.5%), n-butanol conversions are low, 5.77% on Ni/CeO2 and 2.77% on Ni/Al2O3 
at 488 K [308]. Both noble metal (Pt, Pd) and non-noble metal (Ni) catalysts have 
been explored for reforming of sorbitol and xylitol [289]. Higher hydrogen yield 
and hydrogen selectivity were observed for xylitol in comparison with sorbitol, 
since its longer carbon chain leads to higher alkane formation.

Comparative evaluation of the APR activity of different alcohols has been 
reported albeit with some contradictions. While Shabaker et al. [309] reported simi-
lar APR rates for methanol and ethylene glycol on Pt/Al2O3, with higher hydrogen 
production rate for methanol, Liu et  al. [310] reported higher ethylene glycol 
reforming rates with higher hydrogen selectivity compared to methanol, on Pt cata-
lysts on five different supports.

According to Cortright et al. [283], amongst different alcohols, maximum selec-
tivity for hydrogen production was observed with methanol, with lowest CO2 pro-
duction, since it has lowest number of carbon atoms (Table 7).

These studies reveal that C-C bond cleavage is not the decisive step in APR pro-
cess and the reaction mechanism varies with the type and molecular structure of the 
substrate alcohol.
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6  Value Added Products from Sugar Alcohols: Sorbitol, 
Mannitol and Xylitol

Sorbitol is a versatile platform chemical with highly reactive hydroxyl groups, 
which undergo a variety of transformations like dehydration, hydrogenolysis, oxi-
dation and aqueous phase reforming to yield value-added products with many appli-
cations [136, 311]. An illustration of the applications of sorbitol and its derivatives 
in pharma, medicinal, cosmetics, food, confectionary, bioplastics and elastomers 
industries, brought out by Kobayashi and Fukuoka [312], is presented in Scheme 7. 
Isosorbide (1,4:3,6-dianhydrohexitol) is one such derivative of sorbitol, with mul-
tiple applications (Scheme 7) with a market size of US$ 396 million in 2018 which 
is projected to grow at CAGR of 8.5% during 2019–2025 [313]. A number of 
isosorbide- based biopolymers like polyethylene isosorbide terephthalate (PEIT), 
polycarbonate, isocyanate-free polyurethane [314], polyisosorbide succinate and 
isosorbide diesters are produced from isosorbide. Hence, production of isosorbide 
from sorbitol by acid-catalysed stepwise dehydration (Scheme 8) and directly from 
cellulose has been the subject of extensive investigations. Different types of solid 
acid catalysts like supported metal catalysts, zeolites, heteropoly acids, metal phos-
phates and ion-exchange resins have been explored for the conversion of sorbitol to 
isosorbide [136, 311]. Otomo et  al. [315] could achieve isosorbide selectivity of 
80% with zeolite β catalyst with SAR-75. Sulphonic acid-functionalized silica, 
modified with optimum loading of (3-mercapto-propyl) trimethoxy silane (MPTS) 
catalysts displayed better performance, with 100% sorbitol conversion and 84% 
yield of isosorbide [316]. Direct conversion of cellulose to isosorbide, using a com-
bination of Amberlyst 70 ion-exchange catalyst (for cellulose hydrolysis to glucose 
and dehydration of sorbitol to isosorbide) and 4% Ru/C (for hydrogenation of glu-
cose to sorbitol) to get 55.8% yield of isosorbide in single-pot process, has been 
reported by Yamaguchi et al. [317].

Besides the applications indicated in Scheme 7, catalytic conversion of sorbitol 
to alkanes via aqueous phase reforming and hydrogenolysis to ethylene glycol and 
1,2- and 1,3-propylene glycols are the other important and well-known applications 
of sorbitol [136, 312].

Table 7 APR reaction data for different alcohols on Pt-based catalysts

Feedstock
Concentration, 
%

Carbon in liquid/
gas phase 
effluents, %

Hydrogen 
selectivity, %

Alkane 
selectivity, %

CO2 in gas 
phase 
effluent, %

Methanol 12.5 6.5/94 99 1.7 25
Ethylene 
glycol

9.7 11/90 96 4 29

Glycerol 8.6 17/83 75 19 29.7
Sorbitol 7.6 29/61 66 15 35

Temperature, 498 K; pressure, 2.9 MPa (Adapted from Cortright et al. [283])

Catalytic Conversion of Alcohols into Value-Added Products



550

Mannitol is useful in the synthesis of surfactants, resins and biofuels [318, 319], 
and mannitol-boric acid complex is used in the preparation of dry electrolytic 
capacitors. Mannitol has several crucial applications in the field of medicines [136]: 
(1) as a powerful osmotic diuretic, enhancing the urination to prevent renal failure 
by removing toxic materials from the body, (2) for reducing the brain swelling, (3) 
in enhancing the drugs’ transport across the blood-brain barrier for the treatment of 
acute brain diseases and (4) as a common vasodilator for the treatment of 
hypertension.

Xylitol is yet another platform chemical which is used in food, bakery and con-
fectionary industries. Though not widely used in the chemical industry due to its 

Scheme 7 Applications of sorbitol and its derivatives (Reproduced from Kobayashi and 
Fukuoka [312])
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inert nature, it is an active ngredient in several pharmaceutical, dental and oral care 
products [136].

Catalytic conversion of xylitol to value-added products, ethylene glycol and pro-
pylene glycol, proceeds through dehydrogenation, retro-aldol condensation and re- 
hydrogenation pathways [320, 321]. An illustration of the major applications of 
mannitol, xylitol and arabitol, another sugar alcohol, according to Kobayashi and 
Fukuoka [312], is presented in Scheme 9.

7  Conversion of Glycerol into Value-Added Products

Applications of glycerol as a versatile platform chemical, capable of undergoing a 
variety of sustainable chemical transformations towards a wide range of value- 
added chemicals, fuels and fuel additives, have been reviewed comprehensively [91, 
95–99]. Some of the unique features of glycerol that make it as the most useful raw 
material are:

• Abundance and low cost.
• Utilization as crude glycerol.
• Amenable to chemo- as well as bio-catalytic conversions.
• Highly reactive functional groups.
• Wide spectrum of products based on types of catalysts/reaction conditions.

A summary of value-added products from glycerol (Fig. 30), through different 
catalytic processes, types of catalysts and developments therein, reported up to 
2009, has been published by Bozell and Petersen [21]. Two recent comprehensive 
reviews by Nda-Umar et al. [322] and Cognet and Aroua [323] on this topic cover 
the latest developments in the processes, catalysts and other features for the produc-
tion of many glycerol derivatives indicated in Fig. 30. Non-combustion routes like 
steam reforming, partial oxidation, autothermal reforming and aqueous phase 

Scheme 8 Stepwise dehydration of sorbitol to isosorbide (Reproduced from Zada et al. [136])
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reforming and supercritical water reforming are available for the conversion of glyc-
erol into hydrogen and syngas [322]. Both nickel- and platinum-based catalysts 
supported on modified (especially with ceria) alumina have been explored for steam 
reforming [322]. 10%Ni/5%CeO2-Al2O3 at 650 °C displayed 85.7% selectivity for 
hydrogen in continuous-flow packed bed reactor [324]. For APR of glycerol, 71.9% 
yield of hydrogen could be obtained on 1.44% Pt/Al2O3 at 225 °C, pressure = 2.3 MPa 
time = 3 h, with 100 mg of catalyst [325].

Though glycerol conversion and hydrogen production in APR process are, in 
general, less in comparison with steam reforming, utilization of crude glycerol in 
APR is less energy-intensive since vaporization is not required. Hence further 

Scheme 9 Applications of mannitol, xylitol and arabitol (Reproduced from Kobayashi and 
Fukuoka [312])
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Fig. 30 Summary of the processes for conversion of glycerol into value-added chemicals, fuels 
and fuel additives (Reproduced from Bozell and Petersen [21])
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improvements in catalysts for APR of glycerol is required. Conversion of glycerol 
to syngas by microwave plasma and supercritical water gasification of glycerol 
result in syngas production, which is to be converted further to yield hydrogen. 
These processes however require higher temperatures (500–650 °C) and low con-
centration of glycerol, 5–20% w/w [322].

Fuel additives, when blended with gasoline or diesel, help to improve viscosity 
and cold flow properties, anti-knock characteristics and octane rating and reduce 
emission of harmful exhaust gases (NOx) and particulates. They also ensure ther-
mal stability and clean combustion of the fuel and prevent corrosion of engines. 
Some of the fuel additives that can be obtained from glycerol are acetin (glycerol 
esters), glycerol ethers, solketal and acetal.

Esterification of glycerol with acetic acid or acetic anhydride using homoge-
neous and heterogeneous catalysts [326, 327] and transesterification of glycerides 
or glycerol with methyl acetate [328, 329] are known. Being a trihydric alcohol, 
acetylation of glycerol could lead to the formation of mono-, di- and triacetins, as 
illustrated in Scheme 10 [322]. While mono- and diacetins find applications in cos-
metics, medicines and food industries and as monomers in the production of biode-
gradable polyesters, it is the triacetins which are useful as fuel additives. Esterification 
is basically an acid-catalysed reaction, and almost all types of heterogeneous acidic 
catalysts, starting from ion-exchange resins (Amberlyst-15), clays (K10- 
montmorillonite), zeolites (H-beta, HZSM-5, HSUY), niobic acid, heteropoly acids, 
sulfonic acid-functionalized mesoporous SBA-15, zirconia-based mixed metal 
oxides and sulphated zirconia-based catalysts, have been explored as catalysts. A 
list of such catalysts, reported recently, has been compiled by Nda-Umar et  al. 
[322], and few examples are covered here. Though acetic acid is commonly 
employed as acetylating agent, use of acetic anhydride is advantageous due to better 
accessibility of acylium ion from the anhydride compared to the intermediate from 
acetic acid. Due to this reason, on H-beta and K10, with acetic anhydride, 100% 
selectivity for triacetin was achieved in 20 min at low temperature of 60 °C [330].
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On Amberlyst-15, with acetic acid as acylating agent, 90% glycerol conversion 
and 31%, 54% and 13% selectivity towards mono-, di- and triacetins could be real-
ized. However, with acetic anhydride, on the same catalyst, 100% selectivity for 
triacetin was observed in 80 min at 60 °C. Iron oxide nanoparticles supported on 
mesoporous SBA-15 were highly active for glyceride formation with levulinic acid 
in the place of acetic acid, displaying >99% conversion of glycerol and 71% diace-
tin and 28% triacetin selectivity [331]. Sandesh et al. [332] have reported simultane-
ous synthesis of biodiesel and acetins using methyl acetate, on a series of novel 
solid basic catalysts, based on metal hydroxy stannates, MSn (OH)6 with M = Mg, 
Zn, Sr and Ca. The catalyst with higher basicity, CaSn (OH)6, exhibited glycerol 
conversion of 78.2%, with 67.3% monocetins and 32.6% diacetins selectivity. While 
complete conversion of glycerol could be realized, major research efforts are 
directed towards achieving desired acetin selectivity, by employing different cata-
lysts and process conditions [322].

Glycerol ethers are useful as oxygenated fuel additives and solvents. Glycerol 
ethers are obtained by etherification of glycerol with olefins/alcohols (isobutene/
tertiary butyl alcohol). Similar to acetins, glycerol mono-, di- and tri-ethers are 
formed. Different types of zeolites, clays, ion-exchange resins and supported het-
eropoly acids have been employed as catalysts [322]. Carbon supports derived from 
bio-resources like sugar cane bagasse, coconut husk and coffee grounds, after func-
tionalization with sulphonic acid, proved to be highly effective for etherification of 
glycerol. 81.8% glycerol conversion with 60.5% selectivity to mono-ether and 
21.8% to di- and tri-ethers could be obtained with carbon derived from sugar cane 
bagasse [333]. A comparative evaluation of ion-exchange resins (Amberlyst-15 and 
Amberlyst-35) and zeolites (Beta-BEA and USY and MOR) has shown that though 
the resin catalysts exhibit higher glycerol conversion at a lower temperature (75 °C) 
than zeolite-based catalysts (90–110 °C), the latter group of catalysts display higher 
stability, forming preferentially di- and tri-tertiary butyl glycerol. More than 95% 
glycerol conversion with 45% and 54% selectivity for di- and tri-tertiary butyl glyc-
erol is realized on nanosize BEA catalyst, due to relatively larger-sized pores [334].

Glycerol formals are formed by reaction between glycerol and aldehyde or 
ketone as illustrated in Scheme 11.

Solketal is a highly useful fuel additive, known for reducing particulate emission 
and gum formation and improving cold flow characteristics and oxidation stability 
[335, 336]. More than 90% yield of solketal is obtained by condensation of glycerol 
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and acetone using p-toluene sulfonic acid as the catalyst, with glycerol/acetone ratio 
of 1:6 [337]. Formation of ketals with several types of ketones besides acetone like 
butanone, cyclopentanone, 4-methyl-2-pentanone and 3,3-dimethyl-2-butanone 
was investigated by De Torres et  al. [338]. In the condensation of glycerol and 
cyclopentanone, at a molar ratio 1:1 and at 60 °C temperature, 81.4% solketal was 
obtained with fluorosulfonic resins (NR-50 and SAC-13) and K10-montmorillonite 
as catalysts over a reaction time of 2 h. Condensation of glycerol with acetone in 
continuous-flow mode using several heterogeneous catalysts (Amberlyst wet, zeo-
lite, Amberlyst dry, zirconium sulphate, montmorillonite and polymax) was investi-
gated by Nanda et al. [339]. Under optimized process conditions of 25 °C, acetone/
crude glycerol molar ratio of 4 and WHSV of 2 h−1, maximum yield of 94 ± 2% 
solketal could be obtained [340] on Amberlyst wet catalyst, which could be regener-
ated and reused for another 24 h cycle, without any loss of activity.

Similarly, formation of acetals by condensation of glycerol with aldehydes, 
using different types of acidic catalysts, has been studied extensively [322]. Like 
ketals, acetals are useful as fuel additives and solvents in paint and pesticide indus-
tries. Umbarkar et  al. [341] have studied acetalization of glycerol with different 
aldehydes on well-characterized mesoporous MoO3/SiO2. Maximum conversion of 
72% benzaldehyde with 60% selectivity to acetal was observed on 20% w/w MoO3/
SiO2 at 100 °C in 8 h. Recent developments in the catalysts and features in the pro-
cesses for acetalization of glycerol have been covered in a review by Amin 
et al. [342].

Glycerol could be converted into a number of value-added chemicals/chemical 
intermediates (Fig. 30) through chemo- and bio-catalytic routes as described in sev-
eral reviews [21, 91, 95–99, 322, 323]. Apparently simple conversion like dehydra-
tion of glycerol to acrolein has been the subject of intensive studies, mainly devoted 
to the development of catalysts that display maximum selectivity at optimum con-
version and reasonable life/regenerability. Though Cs salt of heteropoly tungstic 
acid supported on silica displayed 100% glycerol conversion and 98% selectivity 
for acrolein, the stability of the active phase (leaching) was the challenge [343]. 
Similarly, on supported NiSO4 catalyst, 90% glycerol conversion and 70% selectiv-
ity to acrolein could be achieved, but the catalyst was prone to deactivation due to 
oxidation and loss of sulphur [344]. Multicomponent catalyst with W-Zr-Al active 
phase, supported on hexagonal mesoporous silica (HMS) (MUICat-5), displayed 
excellent stability, higher glycerol conversion (86%) but moderate acrolein selectiv-
ity of 60% [345]. Though zeolite-based catalysts are active at high GHSV (1438 h−1), 
selectivity for acrolein is low [346]. A compilation of catalysts for dehydration of 
glycerol from recent literature is presented in the review by Nda-Umar et al. [322]. 
Some of the strategies for extending the catalyst life and reactor design aspects are 
discussed in another monograph by Cognet and Aroua [323].

Glycerol carbonate (GC) is the other glycerol derivative with widespread appli-
cations in the manufacture of polyurethanes, polyesters, polycarbonates and poly-
amides and useful as substitute for fossil-derived ethylene carbonate or propylene 
carbonate. It is also used as solvent in the paint, battery and detergent industries as 
well as in the synthesis of very valuable intermediates such as glycidol. GC is 
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prepared by three routes, by reacting glycerol with urea or dimethyl carbonate or by 
directly reacting it with carbon dioxide under supercritical conditions [322]. 
Transesterification of glycerol with ethylene carbonate over basic oxide catalysts 
(MgO, CaO) and mixed metal oxides of Al-Mg, Li-Al and Al-Ca-MO with hydro-
talcite structure at 35  °C results in high conversion and >98% selectivity to GC 
[347]. Ionic liquid catalysts like 1-n-butyl-3-methylimidazolium-2-carboxylate 
could yield 93% GC in 5  h. With the ionic liquid 1-ethyl-3-methylimidazolium 
acetate as catalyst, glycerol conversion of 93.5%, selectivity of 94.9% and GC yield 
of 88.7% were obtained at optimum conditions of 120 °C, 0.5 mol.% catalyst load-
ing, diethyl carbonate/glycerol molar ratio of 2 and reaction time of 2 h [348]. There 
was no deactivation even after the catalyst was used three times, which was attrib-
uted to excellent interaction between the ionic liquid and the reactant.

1,3-Propane diol is a versatile chemical intermediate and highly useful monomer 
for the production of polyesters (polytetramethylene terephthalate, PTT), poly-
ethers, polyurethanes and many other value-added chemicals [322]. Hydrogenolysis 
of C-O bond in glycerol results in the formation of 1,2-propane diol (1,2-PDO) and 
1,3-propane diol (1,3-PDO), with the selectivity for specific diol determined by the 
type of catalyst and the reaction conditions adopted. Hydrogenolysis, which involves 
dehydration as the first step, can result in the formation of hydroxy acetone, which 
on further hydrogenation leads to 1,2-PDO. If, on the other hand, the dehydration 
leads to the formation of 3-hydroxy propanal, its further hydrogenation results in 
1.3-PDO [349]. Since formation of hydroxy acetone is favoured thermodynami-
cally, 1,2-PDO is formed with high selectivity on many types of catalysts, noble 
metal, non-noble metal or noble metals in combination with acidic/basic compo-
nents [98–102]. However, 1,3-PDO with high selectivity of 66% is observed only 
with noble metal- mixed oxide catalysts, like Pt-WOx/AlOOH with moderated acid-
ity [100]. Though a large number of other catalyst systems, mono- and bimetallic 
catalysts with different supports, have been explored [322, 349], maximum 1,3- 
PDO selectivity of 52% could be realized. On Ir-ReOx/SiO2 catalyst, Nakagawa 
et al. [349] could observe 1,3-PDO selectivity of 65% but at lower glycerol conver-
sion of 22.6%. Thus, achieving high conversion of glycerol with high selectivity for 
1,3-PDO on heterogeneous catalysts remains a challenge. Biochemical conversion 
of glycerol to 1,3-PDO, using different microorganisms like Bacillus, Lactobacillus, 
Klebsiella, Citrobacter, Ilyobacter, Enterobacter and Clostridium, in batch and 
continuous mode processes, has been reported [350].

Glycerol as biochemical feedstock has gained prominence when it replaced glu-
cose as the raw material for the enzymatic conversion to 1,3-PDO [21]. With glyc-
erol as the feedstock, 1,3-PDO yields approaching to the theoretical yield (g of 
1,3-PDO per g of feed) of 67% could be achieved with genetically modified 
Clostridium acetobutylicum with concentrations of over 84  g  L−1 at a rate of 
1.7 g L−1 h−1. In contrast, with glucose as feedstock, the yield was 30–40% only 
[351, 352]. Fermentation of crude glycerol with Clostridium acetobutylicum [353] 
and Klebsiella pneumoniae [354] resulted in the same level of PDO concentration 
and productivity realized with purified glycerol, thus paving way for the utilization 
of crude glycol as economically viable bio-resource for the production of 1,3-PDO.
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Utilization of crude glycerol as biochemical feedstock for 1,3-PDO has brought 
into focus the production of several other important chemicals/chemical intermedi-
ates through enzymatic processes. Microbial processes with crude glycerol as feed-
stock have been reported for the production of hydrogen, methanol, ethanol, 
n-butanol, glyceric acid, citric acid, polyunsaturated fatty acids, lactic acid, succinic 
acid and biopolymers like poly hydroxy alkanoate (PHA), poly hydroxy butyrate 
(PHB) and acrylates. Development of microbial processes for these chemicals, 
types of microorganisms employed and the process conditions adopted have been 
covered in detail in the reviews by Dobson et al. [355] and Garlapati et al. [356].

Oligomerization of glycerol to polyglycerol and conversion to olefins (ethylene, 
propylene and butadiene) are the other processes that utilize glycerol as raw mate-
rial [322].

Though a number of processes have been developed and patented [322] for the 
conversion of glycerol to value-added chemicals, fuels and fuel additives, only few 
of them have reached commercial scale. Epichlorohydrin from glycerol (Dow, 
Solvay) via dichloro propanol [21], 1,3-PDO using recombinant Escherichia coli 
(DuPont) and polyglycerols by Sakamato Japan have been successful on commer-
cial scale. Tremendous opportunities as well as challenges remain in glycerol con-
version processes, requiring continuous research efforts to improve process 
efficiency, selectivity, catalyst stability and reduction in the cost of production, to 
enable viability on commercial scale.

8  Conversion of Furfuryl Alcohol into Fuels and Chemicals

Furfuryl alcohol (FOL) is one amongst the most important derivatives of furfural 
(FAL), another abundant biomass intermediate and a versatile platform chemical 
[357]. More than 65% of FAL is utilized for the manufacture of FOL by catalytic 
hydrogenation, which has been studied extensively [357, 358]. Major applications 
of FOL derivatives towards production of value-added chemicals/fuels are illus-
trated in Fig. 31.

An important derivative of FOL is levulinic acid (LA, 4-oxopentanoic acid), 
which is one amongst the 12 platform chemicals identified by US DOE in 2004, 
with tremendous application potential. Global market for LA during the period 
2019–2024 is projected to grow at CAGR of 4.9%, to touch US$ 34.5 Mill. by 2024 
[359]. As many as 16 different application segments for LA have been listed by 
Bozell et al. [360]. LA can be produced from lignocellulosic biomass via the Biofine 
process [361] and also from FOL by acid-catalysed ring opening in H2O [362]. LA 
with two active functional groups (keto and carboxyl) undergoes a range of chemi-
cal transformations (Fig.  32) yielding highly useful chemicals and fuels. Salient 
features of these transformations brought out by different catalysts have been cov-
ered in the reviews by Bozell et al. [360], Mariscal et al. [357] and Xue et al. [363].

Delta-aminolevulinic acid (DALA), another derivative of LA, is useful as biode-
gradable broad-spectrum herbicide/insecticide and for cancer treatment [360].

R. Vinayagamoorthi et al.



559

   

Delta-aminolevulinic acid (DALA).
Other derivatives like methyltetrahydrofuran, γ-valerolactone (GVL) and esters 

of levulinic, valeric and pentanoic acids find applications as fuels and fuel addi-
tives [357].

Alkyl levulinates (AL) or esters of levulinic acid, especially with ethanol and 
butanol, belong to a class of highly efficient bio-based fuel additives for blending 
with gasoline and diesel, due to low sulphur content and toxicity, high lubricity, 
good flow properties and flash point stability [357, 364]. Several routes based on 
solid acid catalysts for synthesis of AL from different raw materials like (1) levu-
linic acid, (2) mono- and disaccharides (glucose, fructose, sucrose), (3) polysac-
charides and biomass and (4) furfuryl alcohol have been investigated in detail and 
been covered extensively in the reviews by Ahmad et al. [364] and Demolis et al. 
[365]. Ionic liquids [IL]-based and sulfonic acid-functionalized catalysts are 
reported to be promising candidates for these processes [364]. Though direct syn-
thesis of AL from cellulosic biomass is possible, due to its complex structure, the 
process involves several steps like depolymerization, solvolysis, dehydration and 
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alcoholysis and requires relatively severe process conditions and hence lower selec-
tivity/yields in comparison with those from LA or FOL.

Etherification of FOL with ethanol yields (Scheme 12) ethyl furfuryl ether (EFE), 
an efficient fuel additive. Synthesis of EFE using ZSM-5 and zeolite beta catalysts 
and its blending characteristics with gasoline up to 30% w/w have been reported by 
Haan and Lange [366, 367].

Especially with ZSM-5 (SAR-30) catalyst, and ethanol/FOL molar ratio of 7.5:1, 
EFE yield of 50% could be achieved with 80% conversion of FOL at 398 K by 
Lange et al. [368]. Though some amount of (<10 mol.%) useful side products like 
LA and angelica lactone could be observed, formation of ~20 mol.% of heavier 
products points out the need for further improvements in the process, in terms of 

Fig. 32 Chemical transformations of levulinic acid to value-added chemicals and fuels 
(Reproduced from Xue et al. [363])
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alternative more selective catalysts and optimization of process conditions and 
arresting the deactivation of catalysts. 2,2′-Difurfuryl ether (DFE), a well-known 
flavouring agent in the food industry, is obtained from FOL, by conventional two- 
step process [369] involving bromination of FOL followed by etherification 
(Scheme 13).

DFE is also formed as by-product during oligomerization of FOL [370] and by 
direct etherification using polyoxometallate catalysts [369].

By carrying out appropriate modifications in the catalyst formulations and opti-
mization of process conditions (to achieve ring/side-chain or total hydrogenation), 
three more useful derivatives of FOL, namely, tetrahydro furfuryl alcohol (THFOL), 
methyl furan (MF) and methyltetrahydrofuran (MTF), with specific individual 
applications as chemicals and fuels [357, 358, 368], could be obtained.

Highly controlled oligomerization and polymerization of FOL yield a range of 
useful materials/composites [371–373]. Oligomerization of FOL (in homogeneous 
phase with H2SO4 or Amberslyst-15 ion-exchange catalyst in heterogeneous phase) 
followed by hydrogenation on Ni/Al2O3 catalyst (Scheme 14) results in C9–C20 
hydrocarbons useful as diesel/kerosene range blends [357, 374] and fuels.

Besides being the raw material for the manufacture of numerous chemicals and 
fuels, the most important application of FOL, in terms of consumption volume 
(~88%), is for the manufacture of resins. Exothermic condensation polymerization 
of FOL in the presence of aqueous acid solution proceeds in two modes, the first one 
being alkylation at C5 position of the furan heterocycle (forming a methylene bridge, 
with head-to-tail structure) and the second involving the condensation of two −OH 
groups (etherification, with head-to-head structure) as depicted in Fig. 33. However, 
on elimination of formaldehyde from ether linkages, head-to-head configuration 
transforms into head-to-tail structure. The resinification process, besides being 
highly exothermic, is also autocatalytic, requiring efficient heat removal and careful 
control of pH, to avoid any possible explosion [375]. Inorganic (H2SO4 HCl and 
HNO3) and organic (p-toluene sulfonic, dodecyl benzene sulfonic, formic, lactic, 
maleic and oxalic) acids and Lewis acids SnCl4 and TiCl4 have been employed as 
catalysts for resinification of FOL.  This is followed by curing process, wherein 
conjugated polyfurfuryl chains undergo interchain Diels-Alder condensation lead-
ing to cross-linking [357]. When solid acid catalysts are used, they get incorporated 
in the resin matrix, forming polymer-based nanocomposites (PNC) with improved 
properties [376]. Such cross-linked polymers of FOL possess excellent chemical, 
thermal, corrosion resistance and mechanical properties, thus rendering them highly 
useful for applications in foundry industry and for coatings, wood protection, fibre- 
reinforced plastics, adhesives and binders, low-flammability materials, membranes 
and fabrication of electronic materials. Hazards due to emission of formaldehyde, 
generally associated with formaldehyde-based resins, are avoided with the use of 
FOL-based resins.
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9  Miscellaneous Conversions of Alcohols

Oxygenates of alcohols, namely, aldehydes, ketones, acids, ethers and esters, are 
important class of derivatives, useful mainly as solvents, raw materials and interme-
diates for the synthesis of value-added products. Depending on the type of catalysts 
(usually supported metal/metal oxide) and the process conditions, different oxygen-
ated products are formed. Dehydration, dehydrogenation, oxidative dehydrogena-
tion, etherification, oxidation and esterification are the typical reactions involved. 
Synthesis and applications of oxygenates from ethanol have been studied exten-
sively and reviewed [166, 377, 378]. Simplest of all is the conversion of ethanol to 
diethyl ether (DEE) by vapour phase acid-catalysed dehydration of ethanol. On 
gamma alumina [379], DEE with 80% selectivity is obtained, while on heteropoly 
acid catalyst [380], nearly 100% selectivity could be achieved. While monofunc-
tional supported copper catalysts are active for acetaldehyde formation via dehydro-
genation, supported gold catalysts, on the other hand, catalyse oxidative 
dehydrogenation of ethanol to yield acetaldehyde [377]. A bi-functional redox- 
acidic catalyst [Cu/ZrO2] further transforms acetaldehyde into ethyl acetate by reac-
tion with ethanol. It is proposed that a pair of Cu0/Cu+1sites present at metal/support 
interface facilitate further reaction of acetaldehyde and ethanol to ethyl acetate 
[381]. Both liquid phase (supported Au catalysts) and vapour phase (supported 
Mo-V-Nb catalysts) oxidation of ethanol to acetic acid have been reported. Cu-doped 
Au/NiO is found to be highly active at 120 °C in aqueous phase oxidation of ethanol 
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to acetic acid with >90% selectivity [377]. However, the process is not viable on 
industrial scale, wherein carbonylation of methanol with CO in homogeneous 
phase, with Rh/Ir complexes (Monsanto/CATIVA processes), is the preferred route.

Alkylation with alcohols is a well-known reaction, and catalytic alkylation of 
aromatics with alcohols is a well-established process in petrochemical industry. 
Recently alpha-alkylation reactions of various substrates with alcohols via hydro-
gen borrowing cycle are being pursued extensively [382]. Scheme 15 presented 
below describes the mechanistic pathway involved in the process, which starts with 
the transfer of hydrogen from alcohol A to the metal M, resulting in the formation 
of aldehyde B and metal hydride C. Base-catalysed aldol condensation of aldehyde 
B with the substrate carbonyl compound D leads to the formation of αβ-unsaturated 
ketone E, which undergoes hydrogenation through metal hydride to yield the alpha- 
alkylated product F.  The process, resulting in the formation of C-C bonds via 
C-alkylation in presence of various transition metal catalysts and a base, has wide-
spread applications in synthetic organic chemistry and been studied extensively. 
Different types of carbonyl substrates, like aldehydes, ketones, esters, amides [383], 
nitriles, acetonitrile, acetamides, methyl pyrimidines and methyl quinolines [382], 
with appropriate catalysts, undergo alpha-alkylation with alcohols. Besides the tra-
ditional transition metal-based catalysts, homogeneous catalysts, for instance, 
Mn-based pincer complexes [383] and Os- and Ir-based complexes, and heteroge-
neous catalysts, especially supported transition metal catalysts and Pd and Ni 
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nanoparticles immobilized on inorganic supports, have been explored for alpha-
alkylation [382]. Typical examples of such conversions are presented for illustration.

Shimizu et al. [384] have reported selective C-3 alkylation of oxindole (1 mmol) 
with 1-octanol (1.1 mmol) using 1% Pt supported on CeO2 catalyst in mesitylene as 
solvent (1.5 g) at 170 °C for 24 h (Scheme 16) which could achieve 99% yield of 
alkylated product.

Alkylation of acetophenone (1 mmol) with benzyl alcohol (1.2 mmol) on nano- 
scale Pd particles supported on AlO(OH) catalyst in presence of K3PO4 (3 mmol) at 
80 °C in Ar atmosphere results in 92% yield of alkylated product in 8 h (Scheme 17).

N-alkylation of amines and nitroarenes is another important step in synthetic 
organic chemistry. Dimethyl carbonate (DMC), dimethyl sulphate (DMS), methyl 
iodide (MI) and methanol are commonly used as methylation reagents. Comparative 
evaluation of these reagents on green chemistry metrics (atom economy, mass 
index) has shown that both DMC and methanol provide safer and greener reactions 
[387]. Hence methanol/alcohols are preferred reagents for N-alkylation of amines 
and O-methylation of phenols. Another desirable criterion is the selective 
N-monomethylation vs. overalkylation. Recently, Fu et al. [388] have developed an 
active and reusable Ir@YSMCNs nano catalyst (iridium nanoparticles encapsulated 
within yolk-shell-structured mesoporous carbon nanospheres) which is highly 
effective for selective mono N-methylation of amines and nitroarenes. The reaction 
follows again the hydrogen borrowing cycle, with methanol acting as hydrogen 
donor, as depicted in Scheme 18. On Ir@YSMCNs catalyst (0.5 g, 4% Ir loading), 
in presence of t-BuOK (1  mol.  eq.) as base and 2  mmol of aniline in methanol 
(15  ml) at 170  °C, 92% conversion of aniline with 97% selectivity for N-mono 
methyl aniline could be achieved.

Under optimized reaction conditions (2 mmol of nitrobenzene in 15 ml metha-
nol, 2 mmol of t-BuOK, 0.15 g catalyst with 4% Ir loading and at 170 °C), complete 
conversion of nitrobenzene with 97% selectivity towards N-monomethylated ani-
line could be realized in 30 h. Nitro compounds with different substituents could 
undergo facile conversion with high yields of N-monomethylated anilines on Ir@

Scheme 17 Alpha-alkylation of acetophenone (Reproduced from Kwon et al. [385, 386])

Scheme 16 Selective alpha-alkylation of oxindole (Reproduced from Shimizu et al. [384])
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YSMCNs catalyst under optimized reaction conditions. In both cases [385, 386, 
388], though hydrogen borrowing is envisaged, the actual step could be hydride/
hydrogen transfer.

Jiang et al. [389] have reported the application of reusable, commercial 5% Pd/
carbon catalysts for selective N-mono methylation of various aniline substrates with 
high yields, in presence of a base CH3ONa under mild reaction conditions. Besides 
methanol, other alcohols also could be used as alkylation reagents, thus rendering 
alcohols as highly efficient alkylation reagents.

10  Future Trends

Currently, the global energy scenario is in the midst of a paradigm shift, with the 
emphasis on the generation of clean energy through environmentally sustainable 
processes. The chemical industry, on its part, is on the lookout for low-carbon 
energy, renewable feedstocks and more efficient as well as sustainable process tech-
nologies. The existing fossil resources as the raw material inventory for the refiner-
ies/chemical industries are gradually getting replaced with renewable bio-sources, 
carbon oxides from industrial waste gases and solid wastes [32–35, 53–56, 390]. 
Accordingly, the chemical process slate is also changing its face. In this context, 
production of bio-methanol/ethanol and other alcohols from renewable resources 
through chemo/bio-catalytic processes and their subsequent conversion to fuels and 
other value-added products have reached commercial status already, though limited 
in number, as of now.

Besides the technological challenges associated with conversion of bio-based 
feedstocks, the cost of production through sustainable routes has been a major limit-
ing factor in this endeavour. The cost of production of ammonia, methanol, olefins 
(ethylene, propylene) and aromatics (benzene, toluene, xylenes), which together 
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account for nearly two thirds of GHG emissions from the chemical industry, would 
be significantly higher, if alternative renewable feedstocks were to be used as of 
now [391]. Comparison of cost of production of fuels and chemicals from fossil vs. 
renewable resources has been a subject of in-depth study from time to time, since 
the early 1980s [392, 393]. However, it remains only indicative, due to the wild 
variations/shocks (Fig. 34) in the price of crude oil, which is governed by several 
extraneous factors other than availability, exploration and production issues, like 
climate conditions/control, various types of geo-political environments/compul-
sions/tensions, frequent demand-supply imbalances and, of recent, a global pan-
demic. In the year 2007, Rass-Hansen et al. [393] have indicated the relative cost of 
some selected chemicals (Fig.  35) derived from fossil and renewable resources, 
based on the cost of the raw materials prevalent at that time. It is observed that the 
cost of production of ethanol, ethylene and acetic acid from renewable resources is 
lower vis-à-vis the cost from fossils, possibly due to high crude oil price in 2007. 
The scenario is bound to change with the volatility in crude oil price.

As we move on into the future, the societal benefits due to clean environment, 
low-carbon energy and sustainable chemical processes may outweigh the indicative 
cost differentials, with technological innovations taking the centre space. Hence, the 
major future research focus in the area of alcohol conversion processes would be 
towards improving overall process efficiency. Some of the key areas that need fur-
ther investigations/improvements/innovations are:

• Further reduction in the cost of production of bioethanol from lignocellulosic 
biomass is needed to remain competitive vis-à-vis raw materials/fuels from fossil 
sources [163, 164, 394–396]. Especially the pretreatment and fractionation of 
biomass into major components/active intermediates/platform molecules con-
tinue to be challenging and add to the cost. Strategies to co-produce value-added 
products along with ethanol from biomass [53] are to be pursued vigorously to 
reduce the cost.

Fig. 34 Fluctuations in crude oil price (26 April 2020)
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• A closely related area of concern is the separation and purification of products. 
In many biomass conversions by chemo- as well as bio-catalytic routes, a num-
ber of side products are formed, and developing innovative and more efficient 
separation and purification technique for maximum recovery of desired product(s) 
could boost the process efficiency.

• Though production of acetone, butanol and ethanol (ABE) process has been in 
practice for a number of years now, the high cost of hydrolytic enzymes and the 
need for expensive pretreatment steps are still the challenges that have to be 
addressed. The success and adaptability of ABE and other enzymatic processes 
for 1-butanol and other alcohols depend on the choice of microorganism species, 
their genetic manipulation and process optimization along with substrate. Recent 
developments in these aspects have led to renewed interest in bio-catalytic pro-
cesses for the production of alcohols [397–399].

• Developing active, selective and stable catalysts for alcohol/biomass conversion 
processes has been a challenge, especially to maximize selectivity and retard 
deactivation. Amongst the different possible reaction pathways, the desirable one 
needs to be catalysed, by incorporation of requisite catalytic functionalities. 
Highly reactive molecule like glycerol can undergo several transformations, as 
illustrated in Fig. 30. To maximize the yield of a specific product, both metal and 
acidic/basic sites need to be fine-tuned, which requires a thorough understanding 
of the reaction pathways and generation of appropriate active sites. In-depth 
characterization of used/deactivated/spent catalysts could provide vital clues to 
understand the process of deactivation and devise means of arresting the same. 
Such an approach needs more in-depth studies on the reaction kinetics and mech-
anism, supported by advanced in situ spectroscopic investigations and computa-
tional approaches.

• A number of alcohol conversion processes like ethanol to propylene/isobutene/
aromatics; various conversions of glycerol, sugar alcohols and furanics; and 
aqueous phase reforming process require more systematic studies to develop 
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catalysts with higher selectivity and stability and improvements in overall pro-
cess efficiency.

• Though the process for the conversion of ethanol to 1,3-butadiene (BD) has suc-
cessfully met all the criteria for sustainability, the process economics is not 
favourable since BD production rate (grams of BD produced per hour per unit 
weight of the catalyst) is to be improved, which requires the development of 
superior catalysts [200, 205, 207, 229]. In this respect, 90% conversion of etha-
nol with 70% selectivity and high productivity rate of 0.4 g BD/g of catalyst/hr. 
on Ag/ZrO2-SiO2 reported by Dagle et al. [400] is noteworthy.

• Development of single-pot conversion processes, especially for versatile chemi-
cals like levulinic acid/alkyl levulinates [364, 365], GVL and other furan deriva-
tives, fuels and fuel additives [357], which utilize biomass intermediates and neat 
platform chemicals as raw materials, is the right approach. Synthesis of these 
chemicals directly from lignocellulosic biomass, though challenging, would be 
desirable. Designing multi-functional catalysts with appropriate active sites and 
a re-look on separation and purification steps are the key issues.

• Processes based on aldol condensation of alcohols with aldehydes and ketones 
and self- and cross-aldol condensation of alcohols (Guerbet alcohols) are highly 
important steps in C-C bond formation [27, 241] and synthesis of highly useful 
fuels and chemicals and, in general, in many biomass conversion processes. Dual 
functional catalysts involving metal (for dehydrogenation and hydrogenation) 
and acid-base sites (for aldol condensation) are required. There are still questions 
regarding the role of the key intermediates in these reactions, and the exact nature 
of the acid-base sites responsible for generation of critical intermediates is yet to 
be established. Various supports like hydroxyapatite, hydrotalcites, γ-Al2O3 and 
MgO with several modifiers and reducible of the metal ions (Ni. Cu, Ru, Pd) 
have been explored for the conversion of ethanol to butanol [73–78]. However, 
the mode of functioning of the catalysts is not clear, though the general consen-
sus is that low ratio of acid-base sites of the support may favour this reaction. 
Similarly, the criterion to be used for identifying the ease of reducibility of metal 
ions is yet to specified [401].

• Several promising processes have been developed for the conversion of alcohols 
to jet fuels and middle distillates/diesel [241, 282]. As the demand for these types 
of fuels is set to increase, the future research focus in this area would be towards 
a better understanding of oligomerization and aldolization chemistries that con-
stitute the backbone for these routes. Studies in these and related areas would be 
helpful in improving the process efficiency.

11  Summary and Conclusions

Tremendous potential of biomass as feedstock for fuels and chemicals was visual-
ized as early as 1981 by Lipinsky [392], when the biomass conversion processes 
were at primitive stage.
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The relationship (Fig. 36) between the two major resources, fossil and biomass, 
and their transformation into feedstocks, primary chemicals and intermediates, as 
envisaged at that stage, included biomass-derived ethanol, glycerol, levulinic acid, 
lactic acid and furfural, which were identified later, as versatile platform molecules, 
in 2010 [20, 21]. Since then, the development of processes for economically viable 
production of different types of alcohols through sustainable routes and a wide 
range of alcohol conversion processes have received global attention. Besides the 
traditional biomass resources, carbon oxides from industrial waste gases, solid 
wastes and other renewables [32–35, 257] have been explored as feedstocks for 
alcohols, thus enormously improving their availability at lower cost through low- 
carbon sustainable routes.

Alcohols with highly reactive R-O and O-H linkages are amenable for several 
types of catalytic transformations, yielding a range of fuels and chemicals. A com-
pilation of major alcohol conversion processes developed over a period of time and 
the typical product slates in each case is presented in Fig. 37. A brief account of the 
origin of these processes, catalysts used therein, recent developments and future 
directions for research has been covered in this chapter.

Nearly, all types of fuels derived from fossil resources could now be produced 
from alcohols, besides highly efficient and new range of bio-based fuel additives, 
like alkyl levulinates and furfural/furan/furfuryl alcohol derivatives. Amongst the 
building block chemicals, production of ethylene and propylene in on-purpose 
mode, through MTO and MTP processes, has been well-established on commercial 
scale. Three renewable methanol production processes, developed by Carbon 
Recycling Institute (CRI), BioMCN and Enerkem, have successfully completed 
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pilot/demonstration stage runs, and commercial-scale plants are under planning 
[32–35]. Once renewable methanol is available on commercial scale, MTO and 
MTP processes could, in the near future, become viable low-carbon alternatives to 
the olefins production by conventional steam cracking process. Similar develop-
ments could be envisaged for MTG and ETG processes as well, with the emphasis 
on improving the stability of the catalysts. 1,3-Butadiene from ethanol is another 
process with high promise, wherein the productivity rate is to be improved.

ASTM approval for the blending of bio-jet fuels produced by catalytic conver-
sion of alcohols/other renewables (Lanza-PNNL and other processes) is a signifi-
cant milestone in the area of biofuels. This development is expected to help the 
aviation industry in realizing the objective of reducing emissions by 50% (with 
respect to 2005 emission levels) by 2050, by substituting fossil-derived jet fuels 
with low-carbon bio-based fuels.

Alcohols have proven to be one of the most important sources for fuels and 
chemicals. Recent developments, as exemplified in this chapter, underpin the piv-
otal role that the catalytic transformations of alcohols could play, in building low- 
carbon sustainable society. Developments in large-scale production of renewable 
hydrogen from water, via photovoltaic-powered electrolysis, could greatly contrib-
ute towards improving the sustainability of processes based on alcohols. Such a 
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scenario is bound to motivate sustained and more focused research efforts in this 
area, especially towards addressing the issues enlisted earlier and simultaneously 
seeking new avenues for growth.
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Abstract Hydrogen generation via steam reforming of alcohols (SRA) has gained 
tremendous attention among green energy industries, research scientists and gov-
ernment policy makers. A variety of mesoporous heterogeneous catalysts used to 
produce hydrogen from alcohols like methanol (SRM), ethanol (SRE) and glycerol 
(SRG) are discussed. Siliceous mesoporous supports, e.g. SBA-15, MCM-41, 
MCM-48 and KIT-6, have proven to be substantially thermally stable compared to 
metal oxide supports such as TiO2, Al2O3 and CeO2. While Cu-based catalysts are 
commonly used for SRM, Ni- and Co-based catalysts are preferred for SRE and 
SRG reactions. Addition of promoters like group 1 and 2 metals to these monome-
tallic catalysts significantly improves reducibility of the metal oxides as well as the 
basicity of the catalysts that minimize deactivation of catalysts by coking. Synergistic 
effects of bimetallic catalysts such as Cu-Ni, Pd-Ni and Ni-Co to increase hydrogen 
selectivity and long-term stability of the catalysts are discussed. Hydrogen selectiv-
ity and feed conversion of 100% can be attained depending on the reaction condi-
tions like temperature, feed flow rate, type of catalyst, catalyst loading and alcohol/
water molar ratio.
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1  Introduction

Due to limited fossil fuel sources, climate change and environmental concerns, 
researchers are motivated to develop renewable energy sources for the full replace-
ment of fossil fuel. Among all energy sources, hydrogen is now gaining attention 
because it can be used in fuel cell applications to generate electricity [1, 2]. Hydrogen 
is considered a clean source of energy that can be consumed without emitting 
carbon- based environmental pollutants [3, 4]. Also, hydrogen has an energy density 
of 143  MJ/kg, which is more than any known hydrocarbon-based fuels [5, 6]. 
Currently, 90% of hydrogen is obtained from reforming of nonrenewable sources—
natural gas and other fossil fuels—which are not sustainable [3, 7].

Storage and transportation of hydrogen, which is flammable, are the major chal-
lenges to commercialize hydrogen as a standard fuel for vehicles. One of the conve-
nient ways to overcome this issue is the use of metal hydrides like MgH2, NaAlH4, 
LiH and hydrides of some transition metals to capture hydrogen. The main prob-
lems of the metal hydrides are their regeneration after the hydrogen is released, 
diffusion and leakage of H2 during storage and transportation [8]. On-site produc-
tion and use of H2 are possible solutions to mitigate the storage problem [6]. 
Utilization of hydrogen in different sectors such as rocket engines [9], petrochemi-
cal industry [10], ammonia production [11], fertilizer [10], and Fischer-Tropsch 
synthesis [12–14] has globally bolstered future demands of hydrogen. Other popu-
lar industrial applications of hydrogen include metal production and fabrication, 
methanol synthesis, food processing and electronic applications [6].

Water electrolysis, hydrocarbon reforming, photocatalysis and biocatalysis are 
different routes to produce H2 [15–17]. Steam reforming of hydrocarbons is cur-
rently used to produce highly purified H2 [18–21]. Worldwide H2 production mainly 
comprises 48% from steam reforming of methane, 30% from reforming of naphtha/
oil, 18% from coal gasification and 3.9% from electrolysis of water [22]. The major 
drawback of methane steam reforming is the high temperature required for reform-
ing effective in the range of 800–1000 °C [23]. The steam reforming of alcohols 
such as ethanol, methanol and glycerol is favoured commercially because it pro-
vides a much less endothermic (200–700 °C), less energy-intensive, hence lower 
capital cost route to produce hydrogen compared to fossil fuels [4, 24]. Steam 
reforming of alcohols also generates less greenhouse gases relative to fossil fuels. 
This ensures that the amount of CO2 released into the atmosphere is low enough to 
be consumed by green plants via photosynthesis [25].

For steam reforming of methanol, ethanol and glycerol, researchers aim to con-
trol the effective way to cleave C–H, C–C and C–O bonds [25] in order to free the 
hydrogen atoms. While the C–H and C–O bonds are broken in steam reforming of 
methanol, the C–C bond is broken for higher alcohols—ethanol and glycerol, and 
the process is more complex. Several catalysts with different supports have been 
used for steam reforming of these three alcohols. Metals such as Cu, Ni, Co and Fe 
have been used extensively for methanol steam reforming [26–28]. Among these 
catalysts, Cu-based catalysts are more effective in methanol steam reforming (SRM) 
due to its higher activity and selectivity [29–34]. However, these catalysts suffer 
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deactivation due to thermal sintering [35] and have triggered the search for other 
catalysts. Group 8–10 catalysts have been reported by different groups to be promis-
ing with similar activity and high selectivity as observed with copper catalysts [36–
38]. In the case of ethanol steam reforming (SRE) and glycerol steam reforming 
(SRG), many noble metals (e.g. Pd, Ru, Rh and Pt) and non-noble metals (e.g. Ni 
and Co) have been investigated [39–49]. In order to minimize catalyst deactivation 
rates via sintering, catalyst supports like SiO2, γ-Al2O3, ZrO2, CeO2, TiO2, MgO and 
La2O3 have been used to immobilize the metal active sites in the steam reforming 
reactions [50–54].

Mesostructured supports with pore sizes of 2–50 nm have been extensively stud-
ied and employed for drug delivery, sensors, adsorbents, molecular sieves and het-
erogeneous catalysis. Generally, silica-based mesoporous frameworks (e.g. 
MCM-41, MCM-48, SBA-15, KIT-6, FSM-16, zeolites) are more thermally stable 
than the nonsiliceous metal oxides (e.g. TiO2, Al2O3, CeO2) and mesoporous carbon. 
Mesostructures are synthesized via either exotemplating in which the mesoporous 
material is prepared within the channels of a porous supramolecular template or 
endotemplating where by inorganic compounds are tethered on a template already 
coated on a well-ordered porous material [55]. Compared to homogeneous cata-
lysts, supported heterogeneous catalysts are usually less reactive, are more expen-
sive to synthesize, requires large amounts to be used and have regeneration cost due 
to occasional blocking of catalyst active sites. However, supported heterogeneous 
catalysts are more widely preferred within the green energy research community 
and green energy production industry because:

 1. They are environmentally friendly and safe to handle as the active sites (e.g. 
acids and bases) are anchored to the supports unlike aqueous phase homoge-
neous acids/bases that could be very corrosive and hazardous.

 2. They can be easily separated from reaction medium, can be reactivated and are 
reusable.

 3. They have high selectivity for desired products due to the ability of tailored pore 
structure and shapes to control the chemistry and molecular diffusion of reac-
tants and products.

 4. Their large surface areas provide strong adsorption sites for the metal catalysts, 
thereby retarding or inhibiting sintering during reactions [56, 57].

This chapter provides an in-depth outlook of different mesoporous supported 
catalysts and their activities for methanol, ethanol and glycerol steam reforming 
reactions.

2  Steam Reforming of Methanol (SRM)

Methanol has the highest carbon-to-hydrogen ratio compared to all hydrocarbons 
[25]. It is easy to perform methanol steam reforming studies compared to methane 
due to the presence of –OH group. It can be used for on-board fuel cell applications 
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due to lack of C–C bond that helps to activate it at lower temperature (300–400 °C) 
compared to that of methane (>700 °C) [58]. There is an advantage of less CO and 
coke formation during SRM reaction. This makes methanol a good candidate for 
hydrogen production for different applications including on-board fuel cells to 
power electric cars [25].

2.1  Reaction Mechanism for Steam Reforming 
of Methanol (SRM)

The main methanol steam reforming is [25]:
CH3OH + H2O ↔ CO2 + 3H2 (ΔH = +49.7 kJ/mol).
Other side reactions are:
CH3OH ↔ CO + 2H2 (ΔH = +90.2 kJ/mol) (methanol decomposition).
CO + H2O ↔ CO2 + H2 (ΔH = −41.2 kJ/mol) (water-gas shift reaction).
2CO → C + CO2 (ΔH = −171 kJ/mol) (Boudouard reaction).
Excess amount of carbon formation is prevented by increasing the water-to- 

methanol molar ratio higher than the stoichiometry ratio [59]. Typically, methanol 
first decomposes to give CO and H2. Then CO reacts with water to generate CO2 and 
H2 via the exothermic water-gas shift reaction (shown above). Another reaction 
pathway during SRM is the formation of formaldehyde due to dehydrogenation of 
methanol followed by reaction of formaldehyde and water to produce formic acid. 
Finally, formic acid decomposes to CO2 and H2 [60]. However, this reaction path-
way depends on the structural and elemental composition of the catalysts.

CH3OH ↔ HCHO + H2 (methanol to formaldehyde formation).
HCHO + H2O ↔ HCOOH + H2 (formaldehyde to formic acid formation).
HCOOH ↔ CO2 + H2 (formic acid decomposition reaction).

2.2  Overview of Mesoporous Supports for Steam Reforming 
of Alcohols

2.2.1  Identification of Mesoporous Structures

N2 adsorption-desorption analysis is the most crucial characterization technique that 
is widely used for mesoporous catalysts. The low-angle XRD analysis is frequently 
used to confirm whether the mesoporous materials have short- or long-range ordered 
mesopores. The mesostructures that have long-range ordered pores with good peri-
odicity exhibit resolved low−/small-angle XRD diffraction peaks between 2-theta 
2θ values of 2–10°, while the more amorphous inorganic frameworks which have 
short-medium-range ordered pores usually show weaker intensity XRD patterns at 
2θ = 20–25°. Generally, the type of isotherm and shape of hysteresis loop (based on 
IUPAC nomenclature) are used to determine the morphology of mesoporous 
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catalysts. For example, a type H3 hysteresis is observed in structures with slit-like 
pores. Several computational models are used to calculate textural characteristics of 
the mesoporous catalysts. The Brunauer-Emmett-Teller (BET) equation from the 
adsorption isotherm is the most widely accepted model to calculate the surface area, 
while the nonlocal density functional theory (NLDFT) and Barrett-Joyner-Halenda 
(BJH) are the most popular models for quantification of the pore size and its 
distribution.

Table 1 shows the N2 adsorption-desorption isotherm analysis results of selected 
catalysts with mesoporous supports.

Eswaramoorthi and Dalai [61] studied mesoporous silica (SBA-15)-supported 
Pd-Zn catalyst for MSR. Hydrothermal and conventional impregnation methods 
were used for the synthesis of the mesoporous support and catalyst. The N2 
adsorption- desorption isotherm of support and catalyst are type IV in nature as per 
IUPAC classification and exhibit H1-type hysteresis loop. This type of hysteresis 
loop is characteristic of large-pore mesoporous materials with narrow-pore size dis-
tribution [67]. They also observed that capillary condensation occurred due to sharp 
inflection in the relative pressure (P/P0) between 0.6 and 0.7. Mesoporous Cu-CeO2- 
ZrO2 support was prepared by nanocasting method using MCM-48 as template [62]. 
The specific surface area decreases with the incorporation of Cu because it blocks 

Table 1 N2 adsorption-desorption analysis results of different mesoporous supported catalysts

Catalysts
Metals 
(wt%)

BET surface 
area (m2/g)

Average pore 
diameter (nm)

Pore volume 
(cc/g) References

SBA-15 – 818 10.3 1.85 [61]
Pd-Zn/SBA-15 Pd (4.5)

Zn (6.75)
524 10.07 1.13 [61]

CeO2-ZrO2 – 260 – – [62]
Cu-Ce0.75Zr0.25O2 Cu (9) 165 – – [62]
MCM-41 – 1039.2 3.2 0.75 [33]
Cu-MCM-41 Cu (10) 795.7 3.7 0.62 [33]
KIT-6 – 703 5.95 0.91 [63]
Ce-Cu/KIT-6 
(CT)

Cu (10)
Ce (2)

560 5.28 0.71 [63]

Al2O3 – 338 4.7 0.43 [64]
Pd-Zn/Al2O3 Pd (2)

Zn (20)
245 3.9 0.31 [64]

TiO2 – 146.6 3.59 0.71 [65]
Pd-TiO2 Pd (10) 99.7 3.32 0.081 [65]
SBA-15 – 767.4 4.1 0.8218 [66]
CuZnCeZr- 
SBA- 15

Cu (10)
Ce (2)
Zr (2)
Zn (5)

523.6 4.3 0.5527 [66]

MCM-41 – 1039.2 3.3 0.75 [34]
Cu-MCM-41 Cu (15) 662.4 3.78 0.62 [34]
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the mesoporous support pore which inhibits N2 adsorption during BET analysis 
[68]. Similar type of behavior was observed for Cu-MCM-41 [33]. All isotherms 
were type IV with H1 hysteresis loop based on IUPAC classification. Capillary 
condensation was observed between the relative range of 0.6 to 0.8 for KIT-6 and 
Ce-Cu/KIT-6 [63]. This result showed the existence of large channel-like pores that 
fall between a narrow range (0.6–0.8) [69]. Same type of isotherm was observed for 
Pd-Zn on mesoporous alumina synthesized by impregnation method [64]. After 
addition of Pd and Zn, the surface area decreases due to pore blockage of the sup-
port. Steep inflection, observed between the relative pressure range of 0.45 to 0.7, 
suggests the mesoporosity of the materials. Deshmane et al. [34] used mesoporous 
TiO2-supported Pd catalyst for methanol steam reforming. All the isotherms belong 
to type IV. H2-type hysteresis loop often attributed to disordered and nonuniform 
pore size distribution was observed for mesoporous TiO2 support. The hysteresis 
loop changed from H2 to H4 type (indicative of a combination of narrow-slit meso-
pores and inner micropores) after incorporation of metal into the support. Tajrishi 
et al. [66] prepared SBA-15-supported Cu-Ce-Zr-Zn catalyst and found the same 
type of isotherm observed by Eswaramoorthi and Dalai [61]. After addition of met-
als, the isotherm was preserved, but the pore size of the nanocatalysts was less uni-
form and ordered, compared with that of SBA-15 [70]. MCM-41 and Cu-loaded 
MCM-41 catalysts were synthesized by Deshmane et al. [34] where the pores were 
blocked upon addition of Cu (Fig. 1). Small pores are blocked first which increases 
the pore size [71]. Similar kind of phenomena was reported by Abrokwah et al. [33].

2.2.2 Comparison of SRM Activity of Different Mesoporous Supported Catalysts.
Table 2 shows the activities of Cu- and Pd-based mesoporous supported catalysts for 

the methanol steam reforming. Cu-based catalyst is very common in methanol steam 
reforming [73–75]. Apart from Cu-based catalysts, Pd can also be used in SRM [76, 77].

Eswaramoorthi and Dalai [61] and Tajrishi et  al. [66] investigated Pd- and 
Cu-based SBA-15 (mesoporous silica) catalysts for SRM. Both catalysts showed 
good catalytic activity in SRM. However, Cu-based catalyst containing Ce and Zr 
yielded better methanol conversion and hydrogen selectivity at the same reaction 
temperature. So, it can be concluded that other metals, Ce and Zr, play an important 
role in Cu dispersion. Mesoporous Ce-Zr supported Cu-based catalyst, and its activ-
ity in SRM was also studied by Jampa et al. [62]. The catalyst showed good cata-
lytic activity in terms of methanol conversion and hydrogen selectivity. Different Cu 
loading (10 and 15 wt%) on the same mesoporous silica (MCM-41)-supported cata-
lysts were synthesized by Abrokwah et al. [33] and Deshmane et al. [34]. The opti-
mum metal loading of 15% Cu showed the best catalyst activity at a fixed 
temperature, indicating that the Cu loading plays an important role in catalyst activ-
ity. Another type of mesoporous silica (KIT-6)-supported Cu-based catalyst, pre-
pared by Taghizadeh et al. [63] yielded 100% H2 selectivity and 92.2% methanol 
conversion. They reported that the catalyst activity increased due to the incorpora-
tion of Ce into the catalyst. Mesoporous TiO2 supported Pd catalyst showed 98% 
methanol conversion and 95% H2 selectivity [65]. They reported that good catalytic 
activity depends on metal-support interactions. Abrokwah et al. [33] studied time on 
stream of different metals supported MCM-41 catalysts for 40 h at 300 °C (Fig. 2). 
They found that Cu-supported catalyst gave promising results based on the analysis.
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3  Steam Reforming of Ethanol (SRE)

Fermentation of biomass such as sugar cane, corn and switchgrass is the technique 
to produce ethanol [16, 78]. Ethanol steam reforming as a source of hydrogen has 
been extensively studied in recent years [40, 79]. It is a highly endothermic pro-
cess [25].

3.1  Reaction Mechanism for Steam Reforming 
of Ethanol (SRE)

The overall ethanol steam reforming can be expressed as [6, 25]:
C2H5OH + 3H2O ↔ 2CO2 + 6H2 (ΔH = +174 kJ/mol).
Other side reactions with the main SRE reaction depends on operating condi-

tions and the type of catalyst. Undesirable side reactions produced products which 
limit the production of hydrogen [80, 81]:

Fig. 1 (a) N2 adsorption-desorption isotherms and (b) pore size distribution of different 
Cu-MCM-41 samples [34]: (c) Small angle XRD  and (d) Wide Angle XRD patterns of calcined 
M-MCM-41catalysts [33]
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C2H5OH decomposition to CH4, CO, H2: C2H5OH  →  CH4  +  CO  +  H2 
(ΔH = +49 kJ/mol).

C2H5OH dehydration to C2H4: C2H5OH → C2H4 + H2O (ΔH = +45 kJ/mol).
C2H5OH dehydrogenation to C2H4O: C2H5OH → C2H4O + H2 (ΔH = +68 kJ/mol).
C2H4O decomposition to CH4 and CO or steam reforming of C2H4O:
C2H4O → CH4 + CO.
C2H4O → H2O + 3H2 + CO.
Water-gas shift reaction: CO + H2O ↔ CO2 + H2 (ΔH = −41.2 kJ/mol).
Methane steam reforming: CH4 + H2O ↔ CO + 3H2 (ΔH = +206.2 kJ/mol).
Methanation:
CO + 3H2 ↔ CH4 + H2O (ΔH = −251 kJ/mol).
CO2 + 4H2 ↔ CH4 + 2H2O.
Deposition of carbon:
CH4 → C + 2H2 (Methane decomposition).
2CO → CO2 + C (Boudouard reaction) (ΔH = −171 kJ/mol).
C2H4 → 2C + 2H2 or polymerization to coke.
Acetone may form due to aldol condensation in some cases:
2C2H5OH + H2O ↔ CH3COCH3 + CO + 4H2.

Table 2 MSR activity of different mesoporous catalysts

Catalysts
Metal 
(wt%)

Temperature 
(°C)

CH3OH 
conversion (%)

H2 selectivity 
(%) References

Pd-Zn/SBA-15 Pd (4.5)
Zn (6.75)

300 65 85 [61]

Cu-Ce0.75Zr0.25O2 Cu (9) 300 100 60 [62]
Cu-MCM-41 Cu (10) 350 82.3 99.5 [33]
Ce-Cu/KIT-6 
(CT)

Cu (10)
Ce (2)

300 92.2 99.2 [63]

Pd-TiO2 Pd (10) 350 98 95 [65]
CuZnCeZr- 
SBA- 15

Cu (10)
Ce (2)
Zr (2)
Zn (5)

300 91 88.2 [66]

Cu-MCM-41 Cu (15) 350 96.4 100 [34]
Cu-MCM-41 Cu (10) 300 69.9 100 [72]
Pd-MCM-41 Pd (10) 300 69.0 98.5 [72]
Sn-MCM-41 Sn (10) 300 39.1 74.8 [72]
Zn-MCM-41 Zn (10) 300 35.6 98.5 [72]
Ni-MCM-41 Ni (10) 300 22.1 99.6 [72]
Co-MCM-41 Co (10) 300 14.4 98.2 [72]
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3.2  SRE with Different Mesoporous Supported Catalysts

3.2.1  Comparison of Different Mesoporous Supported Catalysts Based 
on Catalyst Characterization

Table 3 shows the N2 adsorption-desorption isotherms of different mesoporous sup-
ported catalysts used for ethanol steam reforming.

3.2.2  Comparison of the Activities of Catalysts Supported by Different 
Mesoporous Supports

The additional methyl group (–CH3) in ethanol makes ethanol steam reforming 
reaction more complex than methanol steam reforming [25]. The main advantage of 
ethanol over methanol for steam reforming is that it is cheap, non-toxic and an abun-
dant feedstock due to its ability to be readily obtained from thermochemical and 
biochemical processing of biomass. Table 4 shows the activity of different mesopo-
rous supported (e.g. MC—mesoporous carbon) catalysts in steam reforming of 
ethanol (SRE).

Fig. 2 Time-on-stream studies of different metals supported MCM-41 catalysts (reaction condi-
tions: 300 °C, 1 atm, methanol/water molar ratio of 1:3 and a GHSV of 2838 h−1 at STP) [33]
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The activity of different Ni-Co-MC catalysts with promoters (Zr and Y) was 
studied at 375 °C by Gharahshiran et al. [82]. The highest ethanol conversion and 
hydrogen selectivity were achieved for yttria-promoted catalyst. The smaller crys-
tallite size and dispersion on support played an important role to increase the cata-
lytic activity. Nickel embedded on mesoporous carbon (NiOMC) catalyst showed 
good catalytic activity and stability for a longer period at 450 °C. Hydrogen selec-
tivity of 65% and 100% ethanol conversion were obtained with this catalyst [84]. He 
et  al. [85] studied Ni/SBA-15 and Ni-Au/SBA-15 catalysts for ethanol steam 
reforming. They found that both the catalysts showed promising catalytic activity at 
temperature 550 °C. However, Au-promoted catalyst gave better results compared 
to the unpromoted catalyst. Activities of mesoporous silica (MCM-41)-supported 
monometallic (Ni, Co) and bimetallic (Ni-Co) catalysts were investigated in the 
temperature range of 420–500 °C by Nejat et  al. [86]. The catalysts showed the 
highest activity at 490  °C. The bimetallic catalyst was more promising for SRE 
reaction. They observed that the increase of Ni amount with the decrease of Co 
amount in bimetallic catalyst increased ethanol conversion and yield of hydrogen. 

Table 3 N2 adsorption-desorption data of different mesoporous supported catalysts

Catalysts
Metals 
(wt%)

BET surface 
area (m2/g)

Average pore 
diameter (nm)

Pore volume 
(cc/g) References

MC-Ni-Co – 229 8.12 0.52 [82]
MC-Ni-Co/Zr Zr (2) 480 5.91 0.524 [82]
MC-Ni-Co/Y Y (2) 296 5.29 0.39 [82]
Ni/SBA-15 Ni (10) 403.4 16.4 1.34 [83]
Ni-La/SBA-15 Ni (10)

La (5)
388.6 15.3 1.301 [83]

Ni-La-Ce/
SBA-15

Ni (10)
La (5)
Ce (5)

394.7 15 1.310 [83]

NiOMC Ni (9.2) 156 3.5 0.73 [84]
SBA-15 – 657 5.5 0.56 [85]
Ni/SBA-15 Ni (6) 298 4.5 0.44 [85]
Ni-Au/SBA-15 Ni (6)

Au (1.2)
398 4.8 0.55 [85]

MCM-41 – 1176 2.42 0.9401 [86]
Ni/MCM-41 Ni (10) 496.2 1.86 0.6416 [86]
Co/MCM-41 Co (10) 427.9 1.67 0.5986 [86]
Ni-Co/
MCM-41

Ni (9)
Co (1)

481.7 1.95 0.6516 [86]

Zr-SBA-15 – 670 6.6 1.3 [87]
Ni/Zr-SBA-15 Ni (6) 515 5.7 1.1 [87]
Zr-MCM-41 – 595 3.4 1.1 [87]
Ni/Zr-MCM-41 Ni (6) 338 3.4 0.7 [87]
Co/0.5CaO- 
Al2O3

Co (15) 155 13.5 0.52 [81]
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Mesoporous xerogel support CaO-Al2O3 with Co-based catalyst was used in SRE 
by Han et al. [81]. They investigated with different Ca/Al molar ratio and measured 
the catalyst activity at 450 °C. They concluded that Ca/Al molar ratio (0.5) gave 
maximum ethanol conversion (100%) and hydrogen (74.6%) yield. The variation of 
basicity of different catalysts for the variation of Ca/Al molar ratio was the key fac-
tor of all catalyst’s activity. Ni-Al2O3-ZrO2 xerogel catalyst with different Ni load-
ing (5, 10, 15, 20 and 25) was synthesized and introduced for SRE by Han et al. [88, 
91]. Among all catalysts studied, 15 wt% Ni exhibited maximum hydrogen yield. 
The group reported that the catalyst showed promising stability over longer time on 
stream (2100 min) at 500 °C (Fig. 3).

Different amounts of Cu loading (0, 0.1, 0.2, 0.3 and 1.0 wt%) with fixed Ni 
(15 wt%) and Zr/Al molar ratio (0.2) catalysts were prepared by Han et al. [89] for 
SRE. 0.2 wt% Cu-loaded catalyst gave a maximum hydrogen yield (86.6%) with 
complete ethanol conversion at 450  °C.  Han et  al. [90] synthesized mesoporous 
Ni-Al2O3-ZrO2 xerogel catalysts with fixed Ni loading (15 wt%) and Zr/Al molar 
ratio 0.2. They varied the P-123 concentration (0, 6, 12, 18 and 24 mM) during 
synthesis of the catalysts. Twelve millimetre-concentrated P123-assisted Ni-Al2O3- 
ZrO2 catalyst produced the highest hydrogen yield (126%) with complete ethanol 
conversion at 500 °C. So, P-123 concentration played an important role in catalyst 
activity. Ni-Al2O3-ZrO2 and Ni/Al2O3-ZrO2 catalysts were developed by sol-gel and 
incipient wet-impregnation method, and the catalysts activity for ethanol steam 

Table 4 Activity in SRE of different mesoporous supported catalysts

Catalysts
Metals 
(wt%)

Temperature 
(°C)

C2H5OH 
conversion (%)

H2 selectivity/
yield (%) References

MC-Ni-Co – 375 10 30 [82]
MC-Ni-Co/Zr Zr (2) 375 46 25 [82]
MC-Ni-Co/Y Y (2) 375 51 38 [82]
NiOMC Ni (9.2) 450 100 65 [84]
Ni/SBA-15 Ni (6) 550 100 80 [85]
Ni-Au/SBA-15 Ni (6)

Au (1.2)
550 100 82 [85]

Ni/MCM-41 Ni (10) 490 70 55 [86]
Co/MCM-41 Co (10) 490 62 25 [86]
Ni-Co/MCM-41 Ni (9)

Co (1)
490 90 80 [86]

Co/0.5CaO-Al2O3 Co (15) 450 100 74.6 [81]
Ni-Al2O3-ZrO2 Ni (15) 500 100 124.9 [88]
Cu-Ni-Al2O3-ZrO2 Cu (0.2)

Ni (15)
450 100 86.6 [89]

P123 
assisted-Ni-Al2O3- 
ZrO2

Ni (15) 500 100 126 [90]

Ni-Al2O3-ZrO2 Ni (15) 500 100 128 [91]
Ni-Al2O3-ZrO2 Ni (15) 500 100 115 [91]
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reforming reaction was investigated [91]. Their results also revealed that the catalyst 
prepared by sol-gel method gave better catalytic activity in terms of hydrogen yield 
at 500 °C. They inferred that high surface area, high reducibility and high nickel 
dispersion of Ni-Al2O3-ZrO2 catalyst were the key factors of its superior catalytic 
activity.

4  Steam Reforming of Glycerol (SRG)

In recent years, biodiesel has been reported as a promising alternative to diesel auto-
mobiles, and its consumption is expected to quadruple from 2010 to 2035 world-
wide (43 metric tons/year) [92]. The main problem of biodiesel industry is the cost 
of overall production, which can be offset by conversion of its by-products like 
glycerol into energy and value-added chemicals [93].

Based on the reaction stoichiometry, 10  wt% of vegetable oil is converted to 
glycerol during transesterification reaction [79]. Unfortunately, a large amount of 
glycerol is sold at a low price. A small amount of glycerol can be used in food, bev-
erage and pharmaceuticals to produce value-added chemicals [94]. Steam reform-
ing of glycerol (SRG) is a versatile technique and commercially viable to produce 
renewable hydrogen to maintain a cleaner and healthier environment [95].
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4.1  Reaction Mechanism for Steam Reforming 
of Glycerol (SRG)

The overall glycerol steam reforming process is endothermic in nature. The process 
is mainly a combination of glycerol decomposition and water-gas shift reaction [94]:

C3H8O3 + 3H2O ↔ 3CO2 + 7H2 (ΔH = +123 kJ/mol).
C3H8O3 ↔ 3CO + 4H2 (ΔH = +245 kJ/mol).
CO + H2O ↔ CO2 + H2 (ΔH = −41 kJ/mol).
Additionally, other side reactions also occur based on catalyst activity and reac-

tion operating conditions. Methane is formed from CO, CO2 and H2 by two exother-
mic reactions:

CO + 3H2 ↔ CH4 + H2O (ΔH = −206 kJ/mol).
CO2 + 4H2 ↔ CH4 + 2H2O (ΔH = −165 kJ/mol).
A key function of steam reforming catalysts is the cleavage of C–C and O–H 

bonds in the oxygenated hydrocarbon reactant leading to H2 and CO and facilitate 
the water-gas shift reaction to convert CO to CO2, as opposed to cleavage of C–O 
bonds leading to alkanes [96].

4.2  SRG with Different Mesoporous Supported Catalysts

4.2.1  Comparison of Different Mesoporous Supported Catalysts Based 
on Catalyst Characterization

Table 5 shows the N2 adsorption-desorption analysis results of different mesoporous 
supported catalysts.

4.2.2  Comparison of Different Mesoporous Supported Catalysts Activity

Glycerol, the by-product of the biodiesel industry, has received wide attention 
because it contains high H2 compared to methanol and ethanol [101]. Theoretically, 
seven moles of H2 can be produced from glycerol steam reforming reaction [99]. 
Table 6 shows the different mesoporous supported catalysts activity for glycerol 
steam reforming reaction.

SRG reaction was carried out with two directly synthesized catalysts 
(1Ni-2Al2O3-2ZrO2 and 1Ni-2SiO2-2ZrO2) and one impregnated catalyst (Ni/
SBA-16) at 600 °C by Lee and Lee [102]. They mainly found H2, CO and CO2 and 
very less amount of CH4 as products in the SRG reaction. All the catalysts showed 
good catalytic activity at that temperature. However, in comparison to catalyst activ-
ity, directly synthesized catalyst was superior to the impregnated catalyst. They 
reported that enhanced Ni dispersion was the key factor to give better activity of 
1Ni-2Al2O3-2ZrO2 and 1Ni-2SiO2-2ZrO2 catalysts. Calles et al. [97] investigated a 
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time-on-stream study (up to 5 h) of all catalysts. Promoted catalysts showed a prom-
ising activity when compared to the unpromoted catalyst. Especially, Ca-promoted 
catalyst maintained greater than 95% conversion throughout the 5-h time-on-stream 
study. This behaviour of the catalyst is attributed to higher thermal stability of Ni 
due to stronger metal support interaction. Different promoters (Zr, La and Ce) with 
Co-based SBA-15-supported catalysts were utilized for SRG by Carrero et al. [98]. 
Promoted catalysts gave nearly 100% glycerol conversion than unpromoted catalyst 
at 600 °C. They observed that Co crystal size obtained from XRD for the promoted 
catalyst was less than that of unpromoted catalyst. So, low crystal size particles 
were easy to reduce. This was the main reason of superior catalytic activity of pro-
moted catalysts. Recently, Al-Salihi et  al. [99] investigated the catalyst activity 
based on a time-on-stream study at 650 °C. All the catalysts showed glycerol con-
version in the range of 90–100% except for Ni-SBA-15 catalyst (Fig. 4). Bimetallic 
catalyst maintained complete conversion, and no sign of deactivation of catalysts 
was observed during the reaction period of 40 h. Ni-SBA-15 catalyst yielded 85% 
conversion, and it slowly dropped to 10% at the end of reaction. Addition of MgO 

Table 5 N2 adsorption-desorption data of different mesoporous supported catalysts

Catalysts
Metals 
(wt%)

BET surface 
area (m2/g)

Average pore 
diameter (nm)

Pore volume 
(cc/g) References

SBA-15 – 581 8.7 1.00 [97]
Ni/SBA-15 Ni (6.8) 545 8.3 0.91 [97]
Ni/Mg/SBA-15 Ni (6.7)

Mg (6.0)
313 7.4 0.62 [97]

Ni/Ca/SBA-15 Ni (6.5)
Ca (7.1)

291 7.3 0.58 [97]

SBA-15 – 581 8.7 1.00 [98]
Co/SBA-15 Co (7) 539 8.2 0.86 [98]
Co/Zr/SBA-15 Co (7)

Zr (8.5)
458 7.9 0.72 [98]

Co/Ce/SBA-15 Co (7)
Ce (8.5)

478 7.8 0.73 [98]

Co/La/SBA-15 Co (7)
La (8.5)

421 7.8 0.69 [98]

SBA-15 – 703.97 5.07 0.89 [99]
Co-Ni-SBA-15 
(OP)

Ni (5)
Co (10)

706.57 4.89 0.68 [99]

Co-Ni-SBA-15 
(IMPG)

Ni (5)
Co (10)

565.7 5.13 0.72 [99]

Al2O3 – 188.3 8.1 0.66 [100]
Ni/Al2O3 Ni (5) 183.5 8.75 0.53 [100]
Ni/Al2O3 Ni (10) 176.6 8.0 0.47 [100]
Ni/Al2O3 Ni (15) 158.3 7.8 0.39 [100]
Ni/Al2O3 Ni (20) 143.3 7.4 0.36 [100]
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in Ni-SBA-15 catalyst increased conversion up to 85% for the first 28 h, and after 
that it dropped to 80% at the end of reaction. The hydrogen selectivity of all the 
catalysts was around 70–80% except Ni-SBA-15 and Co-Ni- SBA-15 (IMPG) 
catalyst.

The effect of different Ni loading was investigated in SRG by Senseni et  al. 
[100]. Glycerol conversion increased with the increase of Ni loading up to 15%. 
Then glycerol conversion decreased. This was attributed to lower Ni dispersion or 
bigger Ni crystal size at higher nickel loading [103]. However, H2 selectivity did not 
vary too much with the increase of Ni loading over the mesoporous γ-Al2O3 support.

Table 6 Catalyst activity in SRG of different mesoporous supported catalysts

Catalysts
Metals 
(wt%)

Temperature 
(°C)

C3H8O3 
conversion (%)

H2 selectivity/
yield (%) References

1Ni-2Al2O3- 
2ZrO2

Ni (11.4) 600 93 72 [102]

1Ni-2SiO2-2ZrO2 Ni (9.9) 600 73 70 [102]
Ni/SBA-16 Ni (10) 600 63 62 [102]
Ni/SBA-15 Ni (6.8) 600 46 52.6 [97]
Ni/Mg/SBA-15 Ni (6.7)

Mg (6.0)
600 97.5 53.2 [97]

Ni/Ca/SBA-15 Ni (6.5)
Ca (7.1)

600 98.4 53.0 [97]

Co/SBA-15 Co (7) 600 90 57.1 [98]
Co/Zr/SBA-15 Co (7)

Zr (8.5)
600 100 75.2 [98]

Co/Ce/SBA-15 Co (7)
Ce (8.5)

600 100 68.2 [98]

Co/La/SBA-15 Co (7)
La (8.5)

600 100 73.5 [98]

Co-SBA-15 Co (15) 650 85 75 [99]
Ni-SBA-15 Ni (15) 650 10 40 [99]
Co-MgO-SBA-15 Co (10)

Mg (5)
650 100 70 [99]

Ni-MgO-SBA-15 Ni (10)
Mg (5)

650 82 70 [99]

Co-Ni-SBA-15 Ni (5)
Co (10)

650 100 75 [99]

Co-Ni-SBA-15 
(IMPG)

Ni (5)
Co (10)

650 100 52 [99]

Ni/Al2O3 Ni (5) 650 87 96.25 [100]
Ni/Al2O3 Ni (10) 650 90 98.5 [100]
Ni/Al2O3 Ni (15) 650 95 100 [100]
Ni/Al2O3 Ni (20) 650 88 98.75 [100]
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5  Conclusions

This book chapter provides an in-depth summary of mesoporous catalysts widely 
used to produce hydrogen via steam reforming of methanol, ethanol and glycerol. 
The main characterization techniques used to identify these mesostructures are N2 
adsorption-desorption textural property analysis and XRD patterns which confirms 
whether the structure has short-, medium- or long-range ordered mesoporosity. 
Unlike ethanol and glycerol that are reformed at high temperature (400–700 °C), 
methanol reforming is performed at relatively low temperature (<300 °C), making 
it more commercially viable in terms of energy consumption and safety costs. 
However, ethanol reforming is very popular because ethanol is a more available 
feedstock and glycerol has the highest hydrogen-to-carbon ratio. While Cu-based 
catalysts are commonly used for SRM, Ni- and Co-based catalysts are preferred for 
SRE and SRG. Promoters like group 1 and 2 metals significantly improve (1) cata-
lyst activity by reducing the crystal sizes of the metals, thereby improving reduc-
ibility of the metal oxides and (2) increasing the basicity of the catalyst which 
minimizes coking and increases the shelf-life of the catalyst. Depending on the type 
of support used, bimetallic catalysts like Cu-Ni, Pd-Ni and Ni-Co have been shown 
to increase hydrogen selectivity and catalyst stability. Generally, the siliceous meso-
porous supports (e.g. SBA-15, MCM-41, MCM-48, KIT-6) exhibit substantially 
better stability than the crystalline metal oxides (e.g. TiO2, Al2O3, CeO2).
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Fig. 4 Time-on-stream studies of all catalysts at 650 °C: (a) glycerol conversion and (b) H2 selec-
tivity [99]
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Abstract Growing population and energy crises with depletion in fossil resources 
have necessitated efforts to find a sustainable solution. With circular production and 
abundant availability, biomass is regarded as an effective renewable option to pro-
duce chemicals and fuels. Every year, over 40 million tons of non-food biomass 
such as sugarcane bagasse, wheat straw, paddy straw, and wood shavings are pro-
duced. Many of them are thrown or burned in the open air leading to environmental 
pollution. Converting these discarded biomasses into chemicals and fuels could 
minimize waste disposal issues and reduce dependency on fossil fuels without com-
peting with the demand for increased food production, which the world is facing 
due to shrinking landholdings and growing population. Indeed, it has the potential 
to reduce environmental issues associated with climate change and employment 
generation in rural areas. Herein, recent advances in non-food biomass conversion 
processes via chemo-catalytic routes are discussed. This chapter will not only give 
a better understanding of the current catalytic process on biomass but also provide 
proper direction in the development of successful biorefinery for a sustainable future.

Keywords Biomass · Catalysis · 5-Hydroxymethyl furfural · Biofuel · Acid 
catalyst

1  Introduction

The past century has witnessed a close network between petrochemical and every-
day needs. A variety of simple molecules derived from fossil resources are employed 
to produce complex chemicals that are used as polymers, drugs, pharmaceuticals, 
fuels, solvents, and flavors in the chemical industry. The growing concerns on envi-
ronmental pollution with marked depletion in fossil feedstocks have prompted 
researchers to investigate the sustainable process and related technologies for pro-
viding solutions to alternate energy and climate change by deriving chemicals and 
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fuels from alternative (nonfossil) feedstocks. At present, only 13% energy, 10% 
chemicals, and below 2% organic materials are estimated to be produced from non-
fossil resources [1]. Interestingly, the progress in bio- and chemo-catalytic process 
has accelerated the development of novel pathways to obtain commodity chemicals 
from biomass as biorenewable feedstocks [2–6]. Biomass is usually a plant- and 
animal-sourced carbonaceous material produced by activities such as food, feed, 
crop residue, manure, and wood shavings. As shown in Fig. 1, the plant biomass 
typically constitutes cellulose, hemicellulose, and lignin (collectively called ligno-
cellulose). It may undergo suitable bio- or chemo-catalysis and result in reactive 
intermediates or platform chemicals. It can be upgraded to the myriad of industrial 
molecules via the process of isomerization, dehydration, hydrogenation, ring- 
opening and decarboxylation, condensation, and hydrodeoxygenation [3, 7–11]. It 
was year 2004 when US Department of Energy (DOE) released a list of top 12 
biomass-derived chemical building blocks with their high potential to substitute 
petroleum-derived molecules. Among them, 5-hydroxymethyl furfural (HMF) and 
furfural (Fur) have shown a significant potential to derive various necessary chemi-
cals (e.g., furfuryl alcohol, levulinic acid), fuels (dimethyl furan, long-chain hydro-
carbons, ethyl levulinate), and solvents (tetrahydrofuran,  γ-valerolactone). Thus, 
the HMF and Fur have direct applications in biorefinery as intermediate for making 
a variety of useful chemicals and fuels.

The transformation of biomass into platform chemicals (Fur or HMF) proceeds 
via three main steps. In the first step, lignocellulosic biomass gets hydrolyzed to 
yield monomeric sugars such as xylose and glucose (aldose). In the second step, 
these aldoses (xylose or glucose) get isomerized into ketoses (xylulose or fructose), 

Fig. 1 Schematic illustration showing major constituents of lignocellulosic biomass (cellulose, 
hemicellulose, and lignin)
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which subsequently transformed into related products, Fur or HMF, by the removal 
of three molecules of water. In order to produce HMF, various sources such as 
monosaccharaides (e.g., glucose, xylose), disaccharides (e.g., inulin, sucrose), poly-
saccharide (e.g., cellulose, starch), and untreated biomass (e.g., maize corn, agricul-
tural residues) have been used.

To convert these feedstocks, approaches based on enzymes, mineral acids, transi-
tion metal catalysts, ionic liquids, and metal salts have been suitably applied. 
However, the limitation such as the use of the corrosive chemicals (mineral acids), 
difficult product separation (e.g., in enzyme catalysis), and high cost of the catalyst 
makes such process difficult for commercialization.

Moreover, the existing method of utilizing edible biomass (e.g., maize corn and 
potato tuber) to produce Fur may create competition with the food that could aggra-
vate food prices. An approach based on non-food feedstock (as summarized in 
Table 1) is advantageous for future commercialization.

Nevertheless, the key issues with the raw lignocellulosic biomass are the com-
plex structure of biomass with a strong H-bonding network and the inability to meet 
or solubilize in conventional solvents. This is the ubiquitous reason for using model 
compounds as a reactant for studying conversion processes besides the exploration 
of natural lignocellulosic biomass. To turn the complex structure of lignocellulose 

Table 1 Summary of results showing the catalytic conversion of untreated biomass into HMF

Entry Substrate
T (°C), t 
(min) Catalyst Solvent

% HMF 
yield Refs.

1. Foxtail grass 120, 2 [DMA][CH3SO3] DMA-LiCl 58 [12]
2. Red nutsedge 120, 2 [DMA][CH3SO3] DMA-LiCl 35 [12]
3. Sugarcane 

bagasse
140, 5 Zr(O)Cl2/CrCl3

+ 
[BMIM]cl

DMA-LiCl 42 [13]

4. Phragmites 
communis

120, 120 CrCl2/RuCl3 [EMIM]cl 41 [14]

5. Corn Stover 180, 30 AlCl3·6H2O H2O-NaCl/THF 19 [15]
6. Pinewood 180, 30 AlCl3·6H2O H2O-NaCl/THF 35 [15]
7. Poplar 180, 30 AlCl3·6H2O H2O-NaCl/THF 26 [15]
8. Switchgrass 160, 60 AlCl3·6H2O H2O-NaCl/THF 13 [16]
9. Corn Stover 140, 120 CrCl3

+ [EMIM]cl DMA-LiCl 48 [17]
10. Rice straw 200, 60 CrCl3·6H2O [C4mim]cl 47 [18]
11. Wheat straw 160, 60 FePO4 + NaH2PO4 Water-NaCl/THF 44 [19]
12. Jerusalem 

artichoke
Nb2O5 + H3PO4 H2O:2-butanol 22 [20]

13. Jerusalem 
artichoke

FeCl2, H2O2 H2O:2-butanol 46 [21]

14. Girasol tuber HCl Extraction: HCl 55 [22]
15. Potato tuber [OMIM][cl], 

ethylacetate
30 [21]

16. Mushroom 140, 10 [DMA][CH3SO3] DMA-LiCl 44 [23]
17. Mushroom 140, 10 [BBIM-SO3][NTf2] DMA-LiCl 46 [23]
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into a valuable product, the use of strong acid/alkali is substantial, but there are 
certain limitations. For instance, in a conventional viscose process on cellulose 
regeneration, CS2 with strong alkalis and mineral acid is used, which releases H2S 
and SO2 into the environment leading to air pollution. To overcome environmental 
problems and achieve better dissolution with high reactivities, a variety of new sol-
vents have been employed. N-Methylmorpholine-N-oxide,N,N- dimethylformamide/
dinitrogen tetroxide (DMF-N2O4), molten salt hydrates (LiClO4·3H2O, 
LiSCN·2H2O), N,N-dimethylacetamide/lithium chloride (DMA- LiCl), 
N-methylmorpholine-N-oxide (NMMO), and dimethyl sulfoxide tetrabutylammo-
nium (DMSO/TBAF) are few examples. However, some serious drawbacks such as 
the requirement of harsh conditions, low dissolving power, high processing cost due 
to difficult solvent recovery, and comparatively higher toxicity are still existing, 
which limits the overall applicability for industrial uses. It is to note that converting 
sugars like mono- and disaccharides into HMF/fur requires less energy than the 
lignocellulose due to the absence of lignin and strong H-bonding network within the 
structure. For further understanding about the trends in HMF production from sugar 
molecules, readers may refer previously published literature [8, 13, 24]. Since the 
focus of this chapter is the utilization of raw biomass for chemicals and fuels, dis-
cussion on mono- and disaccharide-mediated HMF production has been avoided.
This chapter is aimed to summarize the recent developments in raw biomass conver-
sion over the use of various catalysts, including ionic liquids under mild thermal 
conditions. Further, discussion proposed a progressive pathway toward HMF/Fur 
production starting from raw biomass and the need for combined bio- and chemo-
catalytic approach for producing high-value molecules for fuel and chemical 
industries.

2  Transformation of Lignocellulosic Biomass

With the increasing demand for food, energy, and materials, the United Nations has 
estimated the global population to increase from 7.7 billion to 9.1 billion by 2050 
[25]. One compound that has attracted attention from both academic and industrial 
researchers is Fur, a triple dehydration product (furanic heterocycle molecule with 
aldehyde functionality). The furfural is directly derived from hemicellulosic bio-
masses by hydrolysis and subsequent dehydration of pentose sugars in suitable acid 
catalysts under the desired solvent medium. It is an inefficient, high-cost production 
of furfural and non-scalability. The focus is yet to be established on the future pos-
sibilities for economically and environmentally feasible technologies based on 
recyclable solvent catalysts to minimize the use of high boiling solvents and mineral 
acid. In this direction, the conversion of hemicellulosic biomass into furfural via 
hydrolysis followed by dehydration would create a high impact in furfural synthe-
sis. Further valorization in such a scalable quantity can be used as a future platform 
chemical to produce second-generation biofuels and build block chemicals.
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3  Ionic Liquid for Lignocellulose Conversion

It was 1934 when Graenacher [26] first discovered molten N-alkyl pyridinium chlo-
ride for dissolution and cellulose modification. Inspired with the pioneering work of 
the Graenacher, in 2002, Swatloski et  al. found dialkyl imidazolium-based ionic 
liquid (IL) that is capable enough to dissolve cellulose up to 10–25 wt%. In general, 
ILs are salts in the liquid state at a temperature below 373 K and exhibit unique 
physicochemical properties, including low vapor pressure, high thermal stability, 
better solvation capacities, and non-flammabilities. Brønsted acidic ionic liquids 
(BAILs) contain free proton (H+), which is advantageous to use over the traditional 
chemicals owing to its unique performance and tunable properties. Since the break-
ing of the lignocellulose’s glycosidic linkage is the key step for turning them into 
HMF/Fur via monomer formation, the ILs are considered to be useful to disrupt the 
H-bonding network even at low concentrations. An enhanced effect of the ionic 
liquid-assisted cellulose dissolution was demonstrated under microwave irradiation 
[27]. Subsequently, several ILs with acidic hydrogen on anion (e.g., 1-butyl-3- 
methylimidazolium hydrogen sulfate), cation (e.g., N-methyl-2-pyrrolidonium 
methyl sulfonate [NMP] + [CH3SO3]), and acidic functional groups have been used 
for BAIL-mediated/-catalyzed HMF production [28–31]. Tao et  al. have demon-
strated the catalytic performance of SO3H-functionalized BAILs for C6 and C5 sugar 
conversion [29]. Varying the chain length with different anions (HSO4−, CF3SO3−, 
CF3COO−, and CH3COO−) of the ILs, the yields of furfural/HMF were found to be 
varied due to change in their acidic strengths. But, to perform these challenging and 
multistep processes in a single step, several catalytic systems have been studies to 
produce HMF from raw biomass. Including agricultural residues such as wheat 
straw, paddy straw, reed from Phragmites communis, corn stover, the husk of 
Xanthoceras sorbifolium, sugarcane bagasse, weeds, potato tuber, poplar, pine-
wood, etc. as feedstock (listed in Table 1) [12, 13, 15, 16, 32–35]. Among these 
catalysts, Brønsted acidic ionic liquids (ILs), N-methyl-2-pyrrolidonium methyl 
sulfonate [NMP]  +  [CH3SO3]- and N,N-dimethylacetamide methyl sulfonate 
[DMA] + [CH3SO3]-, have been reported as superior catalyst, giving maximum 58 
and 52 wt% of HMF. The reaction was reported to be conducted in DMA-LiCl sol-
vent using the one-pot conversion of Foxtail weed biomass under mild reaction 
conditions [12]. These acidic IL catalysts were also observed to effectively convert 
carbohydrate-rich weed biomass into EMF [12]. This development leads to reduce 
the use of ILs in bulk quantity and minimize the use of mineral acids and chlori-
nated metal salts. The results with acidic ILs have further motivated to explore the 
catalytic activity of –SO3H-functionalized 1-butylimidazolium ILs with trifluoro-
methanesulfonate (OTf-) and bis((trifluoromethyl)sulfonyl)amide (NTf2-) counter 
ions for the transformation of non-food mushroom biomass into HMF. It is to note 
that the yield and selectivity of desired chemicals are directly related to the carbo-
hydrate content in the feedstock used. The higher the sugar content in the biomass, 
the greater will be the possibility for high conversion and desired product yield. So, 
the selection criteria of biomass for their transformation are (1) presence of high 
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carbohydrate content [36–39]; (2) non-food values, so that they do not compete with 
the food (3); and abundant availability for sustainable supply and rapid growth rate.

Since acidity plays a key role in biomass to HMF/furfural production, many 
techniques have been used to establish a tool to measure acidity, but the accuracy of 
the results relies solely on the measurement procedure [40, 41]. For example, the 
results were observed to be sensitive to impurities when the UV-Vis probe was used 
[41]. Iglesia and his co-workers have reported a computational method using ab 
initio DFT calculation to measure deprotonation energy (DPE) of the heteropoly 
acids. They have established a trend between the activity of various heteropoly acids 
and their corresponding DPEs in acid-catalyzed reactions. These findings were con-
sistent with the experimental observations, as reported in the activity-acidity plot 
[42, 43]. Lower values of the DPE of heteropoly acid were suggested to show higher 
acidic content, resulting in the high activity of the catalysts. Most recently, Alam 
et al. have studied the role of Brønsted acidity of the ILs in HMF and EMF forma-
tion [23]. The study includes DPEs of SO3H-functionalized ILs containing different 
cations (DMA+, NMP+, and BBIM-BuSO3H+); anions, e.g., [(CH3SO3

−) (OTh−)], 
[(CF3SO3

−) (OTf−)], [(CH3SO3)2N− (NTh2
−)], and [(CF3SO3)2N− (NTf2

−)]; and their 
corresponding activities in terms of HMF yield. Computationally measured values 
of DPEs were observed to be linearly correlated to experimentally obtained 
HMF yield.

3.1  Determination of HMF Yields

HMF and some of its derivatives can be analyzed through UV-Visible spectroscopy 
[24, 44], 1HNMR spectroscopy [8, 9, 24], HPLC [7], and GC [33]. For 1H NMR 
spectroscopic analysis, HMF was extracted from the reaction mixture with ethyl 
acetate or dimethyl ether. Upon rotary evaporation, resultant HMF was obtained.

UV-Vis method: The UV-Vis spectrum of pure HMF solution shows a distinct 
peak at 284  nm and the corresponding extinction coefficient (e) value of 
1.66×104 M−1cm−1. The percentage of HMF in each reaction product can be calcu-
lated from the measured absorbance values at 284 nm wavelength and the extinction 
coefficient value [24]. The yield of HMF was calculated in wt% concerning the total 
mass of the starting substrates.

1H NMR method: To quantify HMF yield by 1H NMR method, a known concen-
tration of mesitylene as internal standard and HMF product solution were charged 
in a glass tube. The resultant mixture was solubilized in solvents like chloroform-d 
or DMSO-d6. Remember that the solvent’s peak should not merge with the corre-
sponding product or internal standard. The percentage of HMF yield was typically 
measured by the integrated values of the aldehydic peak of HMF (d = 9.58 ppm) and 
aromatic protons of mesitylene (d = 6.79 ppm) as reported by Saha and co-workers 
[23, 24].
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3.2 DFT Calculation to Measure Deprotonation Energy

Density Functional Theory (DFT) is a key tool to study and understand chemical 
reactions computationally. Since acidity plays a crucial role in biomass conversion 
processes, measuring DPE of the acidic ILs can give better ideas about reactivity 
trends to screen catalyst [23]. DFT calculations were performed in Material Studio 
8 (Biovia, San Diego, USA) based on DMol3 [45] module using DNP (double 
numerical plus polarization) numerical basis set and generalized gradient approxi-
mation (GGA) PW91 functional [46]. Previous studies with PW91 functional have 
shown to correlate with experimental trends [9, 47–49]. Energy, force, and atom 
displacement convergence criterion of 0.0001 eV, 0.05 eV/Å, and 0.005 Å, respec-
tively, were used for the geometry optimization. Mulliken charges were obtained 
using the “population analysis” property tab as implemented in DMol3. DPEs of the 
ILs were obtained using the formula, where and are the energy of IL, deprotonated 
IL, and proton, respectively.

Humin is a viscous dark black or brown material produced as a byproduct in 
biorefinery under acid treatments or hydrothermal reactions of lignocellulosic bio-
mass, which is the key barrier in obtaining desired chemicals efficiently in an eco-
nomical way. The exact mechanism of its formation is debatable. Generally it is 
considered to form via hydrothermal carbonization [50–52] or the acid-catalyzed 
dehydration of C5 and C6 sugars as a co-product with the HMF, Fur, and/or LA [53]. 
HMF and Fur is reported to be the most possible intermediate for humin formation, 
which takes place via uncontrolled self or cross condensation with the other reactive 
intermediates in aqueous medium [54–56]. Since the accurate structure of humin is 
still unknown, it is proposed to be consisting of oxygen containing heterocyclic ring 
with aliphatic chains or functional groups such as carbonyl, hydroxyl, ketone, and/
or ester. Moreover, these functionalities are supposed to be dependent on the feed-
stock used and reaction conditions such as time, temperature, pH, and solvents [57, 
58]. So far, there is no clear evidence to exclude or substantiate the mechanism of 
humin formation from the desired product, and therefore understanding the com-
plete reaction route is important so that humin formation could be suppressed. Being 
polymeric in nature and with the presence of diverse functional groups, humin has 
numerous opportunities to either transform it into chemicals, materials, and fuels, or 
use directly to explore options as a catalyst support in catalyst industry, monomers 
or resins in polymer industries, and other products. Sustainable use of humin may 
create market opportunities for various products with regard to the circular economy 
of the industrial processes and environmental viewpoint.

4  Conclusions

The increasing population and gradual depletion of fossil fuels have caused an 
imbalance in the demand and supply of energy and products. Lignocellulosic bio-
mass, including plant residues, has a tremendous potential to be used as a 

Catalytic Production of High-Value Chemicals from High Volume Non-food Biomass



620

sustainable source to produce fuels and chemicals. Acid catalysts are essential to 
cleave strong glycosidic linkages of the biomass for its depolymerization into 
monomeric sugars and its subsequent dehydration to yield high-value chemicals 
such as HMF, furfural, and LA. With high acidity and tunable properties, BAILs are 
reported as a viable option as reaction medium and the catalyst as well. In order to 
correlate activity trends of different BAILs, DPE calculated from ab initio DFT 
simulation could be the simplest way. Furthermore, UV-Vis and NMR spectroscopic 
method are reported as significant tools to quantify HMF yield. In summary, this 
chapter provides a brief account of the recent advances in converting a variety of 
raw biomass, including agricultural residues (e.g., sugarcane bagasse, rice straw), 
grasses, corn stover, mushrooms, etc., into HMF and correlation between acidity of 
the ionic liquids with the yield.
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Abstract In recent decade, the depletion of the finite fossil fuels and their con-
sumptions related to environmental concerns have spearheaded the development of 
alternative routes for the production of energy and chemicals from renewable 
sources in sustainable manner and without causing a harmful effect to the environ-
ment. The biomass is the only organic carbon bearing renewable resource with the 
potential to produce energy and chemicals in a sustainable manner. The efficient 
transformation of biomass into biofuels and valued chemicals can take place from 
thermo-physical and thermo-chemical processes by various catalysts. The biomass- 
derived furfural and 5-hydroxymethylfurfural (HMF) are important furanic plat-
form molecules, which can be further catalytically converted to biofuels/fuel 
additives and chemicals in integrated biorefinery. Hence, the carefully formulated 
various heterogeneous catalysts are expected to play a pivotal role for the develop-
ment of green valorization processes of biomass-derived furfural and 
5- hydroxymethylfurfural into valued chemicals and advanced biofuels/fuel addi-
tives under relatively mild conditions. The valorization processes can involve many 
types of reactions such as hydrogenation of the C=O bond, hydrogenation of the 
furan ring, oxidation, amination, condensation, and coupling. For these reactions, 
the catalytic materials have been classified into two subgroups such as metal and 
mixed metal oxide-based nanocomposite materials to discuss their physicochemical 
properties and active sites toward selective transformation of furfural and HMF into 
the desired products using appropriate references.
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1  General Introduction

1.1  Biomass-Derived Platform Chemicals

The lignocellulosic biomass is the most significant renewable feedstock consisting 
of lignin and carbohydrates, which could be effectively converted into biofuels and 
fine chemicals in integrated biorefinery. The biomass-derived platform molecules, 
furfural (FUR) and 5-hydroxymethylfurfural (HMF), are synthesized from dehydra-
tion of five- and six-membered carbon sugars, respectively. Both these platform 
molecules have been identified as important platform molecules for their efficient 
transformation into sustainable products such as biofuels, bio-based chemicals, and 
bio-polymers (Fig. 1) [1, 2]. The hydrogenation, oxidation, amination, and conden-
sation of FUR and HMF produce a variety of biofuels and fine chemicals such as 
2,5-dimethylfuran, 2,5-diformylfuran, and 2,5-furandicarboxylic acid (2,5-FDCA), 
furfuryl alcohol, tetrahydrofuran, 2-methyltetrahydrofuran, maleic anhydride, 
1,5-pentanediol, and intermediates for fine chemicals [3–11]. Hence, these platform 
molecules have exhibited a great prospect in alternative to the fossil-derived com-
pounds for the production of industrial important biofuels/fuel-additive and bio- 
based chemicals.

Fig. 1 Schematic diagram for the production and its transformation of HMF and FUR into biofu-
els, bio-based chemicals, and bio-polymers
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1.1.1  Furfural

Furfural is a promising biomass-derived platform molecule produced from the lig-
nocellulosic biomass, which can be further transformed into biofuels and biochemi-
cals. Because of the highly functionalized molecular structure, FUR represents as a 
preferred feedstock material for the sustainable production of a variety of valuable 
oxygenated products. The catalytic transformation of furfural from C4 to C13 prod-
ucts by various catalytic nanocomposites is discussed. For example, the C5 products 
are mostly produced through sequential hydrogenation and hydrogenolysis, whereas 
most of the C4 products are produced with selective catalytic oxidation as the first 
step [1]. The physicochemical properties of the FUR and HMF compounds are 
listed in Table 1.

1.1.2  5-Hydroxymethylfurfural (HMF)

HMF is a highly oxygenated platform molecule in comparison with that of most 
petrochemical products. However, it is known to be toxic in nature for few microor-
ganisms [12]. Thus, the catalytic transformation of HMF into value-added chemi-
cals and biofuels is an important challenge. HMF is multifunctionalized platform 
molecule, and various reactions could be proceeded in the selective catalytic con-
versions. In addition, the HMF molecule has an aldehyde group, a hydroxyl group, 
and a furan ring which offers a great potential for the production of various valuable 
chemicals and fuels. In this chapter, we mainly focused on selective catalytic trans-
formation of HMF into valuable products over the highly active nanocomposite 
materials as heterogeneous catalysts. Also, the different catalytic reactions were 
described, including hydrogenation, condensation, oxidation, and amination.

Table 1 Physicochemical properties of the furfural and HMF compounds

Property Furfural 5-Hydroxymethylfurfural

Molecular formula C5H4O2 C6H6O3

Molecular weight 96.08 g mol−1 126.11 g mol−1

Density 1.16 g cm−3 at 20 °C 1.29 g cm−3 at 20 °C
Vapor pressure 2.6 mmHg (0.35 kPa) at 20 °C 0.001 mmHg at 25 °C
Boiling point 162 °C 115 °C
Melting point 37 °C 32 °C
Flash point 62 °C 79.44 °C
Appearance Colorless to yellow oily

Liquid; turns black in air
Low-melting white solid

Odor Almond-like pungent odor Buttery, caramel
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1.2  Nanocomposite Materials

Nanocomposites are a broad range of multiphase materials with at least one of the 
phases having size in the range between 1 and 100 nm, or structures were in the 
nano-scale repeat distances between the various phases that made up the nanocom-
posite material. The main idea behind it is to use various components with their 
dimensions in nm range to develop and create new materials with extraordinary 
flexibility and enhancement in their characteristic properties:

• Nanocomposite materials consisting of two different phases like nanocrystalline 
phase and matrix phase: the phase might be inorganic-inorganic, inorganic- 
organic, and organic-organic.

• Nanocomposite means nanosized particles such as metals, metal oxides, semi-
conductors, dielectric materials, etc. and surrounded in different matrix materials 
including ceramics, metal oxides, glass, polymers, etc.

Figure 2 shows the flow chart for the classification of nanocomposite materials. 
The characteristic properties of the various types of the nanocomposite materials 
are listed below.

 1. Metal-based nanocomposites materials:

• Increased hardness, strength, and super plasticity.
• Lowered melting point.
• Uniformly distributing the active sites throughout the catalyst.
• Increased electrical resistivity due to increased disordered grain surfaces.

Classification of 
nanocomposite 

materials

Metal-based
nanocomposites

Metal oxide -
metal oxide

Metal - metal
oxide

Ceramic
nanocomposites

Polymer 
nanocomposites.

Fig. 2 Flow chart for the classification of nanocomposite materials
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• Increased miscibility of the non-equilibrium components in alloying and 
solid solution.

• Improved magnetic properties such as coercivity, super paramagnetization, 
saturation magnetization, and magnetocaloric properties.

 2. Ceramic-based nanocomposites:

• Increase in the strength, hardness, and abrasion by refining particle size.
• Enhance ductility, toughness, formability, and super plasticity by nanophase.
• Change electrical conduction and magnetic properties by increasing the dis-

ordered grain boundary interface.

 3. Polymer-based nanocomposites:

• Electrical, optical, magnetic, and catalytic properties arising from the inor-
ganic materials and enhanced thermal and mechanical stability originating 
from the polymeric matrix.

Nanocomposites are multiphase solid materials, which are used as highly active 
materials with at least one of the phases such as 1D, 2D, or 3Ds of lower than that 
of 100 nm in size. In brief, it can be usually taken as the solid combination of a two 
or more components such as bulk matrix and nano-dimensional phase(s) differing 
in physicochemical properties because of the variations in structure and chemistry. 
Hence, the nanocomposites have different physicochemical properties (e.g., cata-
lytic, thermal, mechanical, optical, electrochemical, and electrical) from the indi-
vidual component materials. Moreover, these materials have been extensively 
applied in various industries including chemical catalysts, cosmetics, medical 
devices, drug delivery, electronics, magnetics, and optoelectronics [13–21]. These 
nanosized catalysts have better catalytic performances in the chemical industries. 
Generally, various effective catalytic applications of these materials are determined 
by their structure, composition, particle size, and other parameters [22–27]. This 
area is a one of the major challenges in the integration of two dissimilar compo-
nents/materials with different structures to produce a unique hybrid catalytic system 
with various functionalities for real-time application (Fig. 2) [28–31]. Therefore, in 
this chapter we will discuss highly efficient nanocomposite catalysts for production 
of biofuels and chemicals from furanic compounds.

Currently, the catalytic transformations were rapidly developing research area in 
the worldwide which consists of chemical methodologies (~90%) and chemical 
production (~60%) [32, 33]. For this, we have to satisfy the crucial demand for high 
catalytic performance with the characteristic properties such as better activity, 
excellent selectivity, and outstanding stability. Catalysis (especially heterogeneous 
catalysis) has been undertaking broad examinations and innovative advances con-
voyed by abundant ability in nanoscience and nanotechnology [34]. The main 
advantages of heterogeneous catalysis over other catalyses like the homogeneous 
one are easy separation of catalyst from the reaction mixture, recyclability of used 
catalysts, minimization of waste production, etc., which have been well-described 
in standard textbooks of catalysis. Further, single-component heterogeneous 
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catalysts have also been broadly studied, and some of them had successfully been 
used in chemical industries [35]. Recently, the author reported that the research 
interest drastically increases toward the single-site heterogeneous catalysts on 
atomic and/or molecular scales [35]. In these catalysts, the active sites are spatially 
separated from other active sites and uniformly spread over a large surface area of 
another component, and each site has the same energy of interaction between the 
site and incoming reactants. A suitable component not only affords a high specific 
surface area to stabilize small nanoparticles in the durable catalysis but also reduces 
hybrid intersections with rich redox reactions on two-phase interface [36]. 
Additionally, most general techniques for the synthesis of various metal-based 
nanocomposite materials are listed below:

• Spray pyrolysis.
• Liquid metal infiltration.
• Rapid solidification.
• Vapor techniques (PVD, CVD).
• Electrodeposition.
• High-energy ball milling.
• Chemical methods.

Table 2 shows the various metal-based nanocomposite materials that were pre-
pared by different methodologies with their advantages and limitations.  These 
meta-based nanocomposites are very attractive catalysts for selective transforma-
tion of the various transformations, which are mainly due to the controllable inte-
gration of the different materials between the noble and non-noble metals (e.g., Ru, 
Au, Pd, Pt, Cu, Ni, Fe, etc.) and metal oxides including TiO2, CeO2, ZrO2, SnO2, 
Al2O3, MgO, Fe2O3, etc. into single nanostructures has recently considered as attrac-
tive research topic. They not only mix the function of individual components but 
also get more unique collective and synergetic catalytic physicochemical properties 
when compared to that of single-component materials. Usually, these nanocompos-
ite catalysts are easily synthesized using chemical methodologies such as sol-gel, 
colloidal, impregnation, coprecipitation, deposition-precipitation, etc. [17, 26, 27, 
37–43]. To design high-performance catalysts, there are several many approaches 
that have been taken and generally classified into four categories based on earlier 
reports [36]:

• Confinement of metal NPs into microporous and mesoporous supports.
• Modification of the supports.
• Replacement of mono-component metal NPs with alloy NPs.
• Encapsulation of metal NPs into supports with a core-shell structure.

In this chapter, we discuss different catalytic processes for the transformation of 
furanic compounds into biofuels and value-added chemicals over a variety of nano-
composite (metal-metal oxide, mixed metal oxide, and their combination) materials 
as heterogeneous catalysts. Furthermore, describe the different strategies for 
upgrading HMF and FUR to liquid biofuels and valuable chemicals from various 
catalytic reactions, such as hydrogenation, oxidation, condensation, amination, and 
its reaction mechanisms.
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Table 2 Advantages and limitations of processing methods for metal-based nanocomposites

Entry Methods Nanocomposite Advantages Limitations

1. Spray 
pyrolysis

Fe/MgO, W/Cu Effective preparation of 
ultra-fine, spherical and 
homogeneous powders in 
multicomponent systems, 
reproductive size and 
quality.

High cost associated 
with producing large 
quantities of uniform, 
nanosized particles.

2. Liquid 
infiltration

Pb/cu, Pb/Fe, W/
Cu/Nb/Cu, Nb/
Fe, Al-C60

Short contact times between 
matrix and reinforcements; 
moulding into different and 
near net shapes of different 
stiffness and enhanced wear 
resistance; rapid 
solidification; both lab scale 
and industrial scale 
production.

Use of high 
temperature, 
segregation of 
reinforcements, 
formation of undesired 
products during 
processing.

3. Rapid 
solidification 
process (RSP)

Al/Pb, Al/X/Zr
(X = Si, Cu, Ni), 
Fe alloy

Simple; effective. Only metal-metal 
nanocomposites; 
induced agglomeration 
and nonhomogeneous 
distribution of fine 
particles.

4. RSP with 
ultrasonics

Al/SiC Good distribution without 
agglomeration, even with 
fine particles.

–

5. High-energy 
ball milling

Cu-Al2O3 Homogeneous mixing and 
uniform distribution.

–

6. Chemical 
processes 
(sol-gel, 
colloidal, etc.)

Ag/Au, Fe/SiO2, 
Au/Fe/Au

Simple; low processing 
temperature; versatile; high 
chemical homogeneity; 
rigorous stoichiometry 
control; high purity 
products.

Weak bonding, low 
wear resistance, high 
permeability and 
difficult control of 
porosity.

7. CVD/PVD Al/Mo, Cu/W, 
Cu/Pb

Capability to produce highly 
dense and pure materials; 
uniform thick films; 
adhesion at high deposition 
rates; good reproducibility

Optimization of many 
parameters; cost; 
relative complexity.
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2  Production of Fuels (or Fuel Additives) and Chemicals 
from Furanics

The catalytic transformation of biomass-derived building block platform com-
pounds is essential for the production of fuels and value-added chemicals. Among 
the identified biomass derivatives, furanics such as furfural  (FUR) and 
5- hydroxymethyl furfural (HMF) are known as platform compounds that can be 
subsequently converted into a wide range of biofuels and biochemicals. FUR and 
HMF  are obtained from sugars by dehydration. The catalytic transformation of 
furan ring and −CHO or hydroxymethyl group through hydrogenation, condensa-
tion, oxidation, dehydration, decarbonylation, polymerization, amination, nitration, 
or opening ring reactions can yield a variety of high-value-added products, impor-
tant building blocks for both the production of liquid hydrocarbon fuels, fuel addi-
tives, and valuable chemicals.

2.1  Hydrogenation of Furanics

2.1.1  Furfural

The catalytic hydrogenation of FUR has been extensively studied to produce an 
attractive and wide range of compounds with potential uses as chemicals, biofuels, 
or fuel additives. Various types of products such as furfuryl alcohol (FA), 2-methyl 
furan (MF), tetrahydrofurfuryl alcohol (THFOL), tetrahydrofuran, 2-methyl tetra-
hydrofuran (2-MTHF), lactones, levulinates, cyclopentanone, or diols can be 
obtained by the hydrogenation of FUR, directly or by further transformation. The 
reaction route for converting FUR via hydrogenation can be divided into (1) hydro-
genation without opening the furan ring and (2) hydrogenation with the opening of 
the furan ring. The activity as well as selectivity pattern is directly related to the 
catalytic conditions and the nature of the active phase.

There have been several attempts to use a supported catalyst based on noble met-
als such as Pt, Pd, Ru, and Ir (Table 3) [44–48]. However, the high cost, high H2 
pressure, and poor selectivity due to over hydrogenation with some noble metal 
catalysts exclude them from their large-scale application. Thus, one of the biggest 
challenges is the development of inexpensive catalysts for the selective reduction of 
C=O bond in FUR under ambient H2 pressure. Over the past few years, catalysts 
based on non-noble metals were developed with advanced modification to make 
their properties and activity comparable to noble metals. In particular, catalysts 
based on non-noble metals (Ni [49], Co [50, 51], Cu [52]), metal oxides [53–56], 
and mixed metal oxides [53] have been investigated for the hydrogenation of FUR 
(Table 3). Among the various alternatives, Cu, Ni, and Co catalysts show a great 
promise for replacing noble metal catalysts, taking the advantage of low cost and 
high H2 activation activity. However, they suffer from poor selectivity for 
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unsaturated alcohols due to thermodynamically and kinetically favorable hydroge-
nation of C=C bonds rather than C=O bond. The addition of a secondary metal to 
the active phase is a desirable approach to promote the activity and selectivity and 
reduce the cost of the catalysts [57–60]. Following a similar methodology, various 
studies have been conducted to improve the FA hydrogenation performance over 
inexpensive Ni by designing its electronic structures. For example, Ni-based alloys, 
such as Ni-Fe, Ni-In, Ni-Sn, Cu-Ni, and Ni-Pd, exhibit better catalytic performance 
than with their single metal counterpart [61–65]. The catalyst support also plays an 
important role in the hydrogenation of FUR reaction [44, 66]. Supports often include 
Lewis acids, basic metal oxides, and base metal carbonates, which assist in 

Table 3 Summary of hydrogenation of FUR with different catalysts

Reaction condition Reactant Product Catalyst

Performance

Refs.
Conversion 
(%)

Yield 
(%)

413 K, 3 h, 3 MPa H2 FUR FAL 5 wt% Pd/
MCM-41

~50 ~30 [44]

275 K, 1 h, 8 MPa H2 FUR FAL 4 wt% Ir/SiO2 14 13.4 [48]
463 K, 5 h, H2 
flow = 10 mL min−1

FUR FAL 2.5 wt% 
Ni-Sep-a

84 85 [49]

423 K, 6 h, 0.5 MPa N2 FUR FAL Co-N-C-700 100 99.9 [51]
383 K, 2.5 h, 2 MPa H2 FUR FAL Cu0.4Mg5.6Al2 100 99.5 [52]
423 K, 6 h FUR FAL Co3O4-Al2O3 76 74 [53]
443 K, 0.5 h FUR FAL NiO 98.9 94.4 [54]
393 K, 3 h FUR FAL NiO(P)-300 97.3 94.2 [55]
298 K, 12 h, 0.1 MPa H2 FUR FAL Pd1Ag1/C 99 94 [58]
443 K, 3 h, N2 atm FUR FAL Cu-Pd/C 100 98.1 [59]
453 K, 5 h, 2 MPa H2 FUR FAL Cu1Co5 100 38.1 [60]
423 K, 2 h, 2 MPa H2 FUR FAL Fe50Ni50/SiO2 100 74 [61]
453 K, 3 h, 3 MPa H2 FUR FAL Ni-In(2.0)/AlOH 96 92 [62]
373 K, 5 h, 2 MPa H2 FUR FAL Ni3Sn2 100 99 [63]
393 K, 12 h, 1.5 MPa H2 FUR FAL NiCu0.33/C 96.7 90.7 [64]
283 K, 2 h, 5 MPa H2 FUR FAL Pd/Ni/Ni(OH)2/C 100 90.7 [65]
423 K, 1 h, 3 MPa H2 FUR FAL 1.0% Pd/

MgAlOx(2)
62.9 30.5 [66]

393 K, 1 h, 0.5 MPa H2 FUR FAL Pt@MT-450 97 93.1 [67]
453 K, 4 h, 2 MPa N2 FUR FAL Ru-Fe3O4/CNTs 99.4 99.4 [68]
443 K, 6 h, He atm FUR FAL HT_MgFe-3 97 90 [69]
503 K, 4 h FUR 2-MF CuNi2Al 100 64.8 [70]
453 K, 4 h, 0.1 MPa N2 FUR 2-MF Cu2.5Zn−Al-600 99 72 [71]
523 K, W/F = 0.1 h, H2/
FU = 25, 1 atm

FUR 2-MF 5 wt% 
Ni-2wt%Fe/SiO2

96.3 37.6 [72]

473 K, 14 h, 9 MPa H2 FUR 2-MF Cu-Fe (Cu2+/
Fe3+ = 2)

100 51.1 [73]

473 K, 2 h, 3.5 MPa H2 FUR 2-MF Cu(5%)−
Ni(0.5%)/TiO2

99 87 [74]
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polarizing the carbonyl group of FUR and can actively take part in reaction path-
ways [66].

The use of liquid organic solvents as hydrogen donors (e.g., alcohols and acids) 
further reduces the process complexity and cost and improves the safety concerns 
regarding the handling high-pressure hydrogen gas. Several supported noble and 
non-noble metal catalysts have been reported for the CTH of FUR to FA (Table 3) 
[67–69]. Rodiansono et al. developed a very stable nanosized bimetallic Ni-In alloy 
catalyst supported over amorphous alumina (Ni-In(x)/AA) for the selective hydro-
genation of FUR to FA [62]. Ni-In(2.0)/AA showed the best catalytic performance 
due to the presence of Ni2In alloy as the main phase, and 96% FUR conversion with 
92% FA yield was obtained at 453 K after 3 h under 3 MPa H2 pressure in the pres-
ence of isopropanol as a solvent. In a recent study, Yang et al. reported the selective 
hydrogenation of FUR on non-noble intermetallic compound (Ni3Sn1, Ni3Sn2, and 
Ni3Sn4) derived from a layered double hydroxide precursor [63]. The Ni3Sn2 sample 
exhibited optimal catalytic behavior, and complete conversion of FUR with 99% 
selectivity for FA was attained at 373 K after 3 h under 2 MPa H2 pressure using 
isopropanol as a solvent. It was observed that the introduction of Sn to Ni sup-
presses the highly active C=C hydrogenation on pristine Ni while at the same time 
accelerates C=O hydrogenation to produce FA.  The combined experimental and 
theoretical results suggested that the specific geometric and electronic properties of 
Ni3Sn2 induces a vertical adsorption configuration of FUR molecules via activation 
of the C=O group, leading to high selectivity for FA.

A reaction mechanism for the hydrogenation of FUR to FA over Ni3Sn2 catalyst 
is given in Fig. 3. The hydrogenation reaction mechanism proceeds via five steps:

Fig. 3 A schematic illustration of the reaction mechanism of FUR hydrogenation to FA on 
Ni3Sn2(101). H1, H atom from a H2 molecule; H2, H atom from a FUR molecule
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Step 1: The activation of the FUR molecule carried out by the adsorption on the 
Ni3Sn2 active site through the terminal oxygen atom of carboxide attaching to the 
top site of the metallic Ni.

Step 2: Dissociation of molecular H2 produces active hydrogen atoms on the 
adjacent Ni species.

Step 3: Firstly, active H atom of a bridge site attacks the carbon atom of carbox-
ide with the formation of an alkoxide intermediate.

Step 4: The alkoxide intermediate undergoes sequential hydrogenation at the 
oxygen atom to produce FA.

Step 5: FA desorbs from the surface of the nanocomposite.
Furthermore, Shi et al. investigated the performance of SiO2-supported Ni-based 

bimetallic catalyst for the hydrogenation of FUR to FA using isopropanol as a sol-
vent [61]. Bimetallic Ni-Fe nanoparticles in the bimetallic catalyst exhibited better 
performance with 97–100% FUR conversion at 423 K under 20 MPa H2 pressure 
after 120 min. Furthermore, depending on the process conditions, the type of sup-
ported metal catalyst, and the solvent, FUR hydrogenation produced numerous 
products [57]. In Fig. 3, the inset shows a parity plot between the measured and 
calculated rates of FUR hydrogenation over the range of 80–120 °C.

The selective hydrogenation of FUR could also produce potential fuel compo-
nents such as 2-methylfuran (2-MF) via direct hydrogenation of aldehyde group or 
by second step hydrogenation [70–74]. 2-MF is an excellent liquid fuel additive 
with relatively high energy density, boiling points, and octane numbers and can be 
partially blended with engine gasoline. Yan et al. reported 51% yield of 2-MF with 
an inexpensive Cu-Fe nanocomposite with Cu2+/Fe3+ ratio of 2 under the conditions 
of 493 K and 90 bar initial H2 pressure after 14 h [73]. It was observed that the 
acidic center present on the Cu-Fe catalyst is responsible for the dehydration of 
FUR to MF. In another study, Seemala et al. explored the effect of bimetallic Cu-Ni 
nanoparticle composition with varying Ni loading (0, 0.5, 1.5, 3, 5, and 10 wt %) at 
a constant Cu loading of 5 wt% and support (Al2O3 and TiO2) on the HDO of FUR 
[74]. It has been observed that TiO2-supported Cu-Ni bimetallic nanoparticles pro-
mote the formation of Cu-rich near-surface alloys containing predominantly dis-
persed Ni species. Alternatively, in Cu-Ni bimetallic particles supported on Al2O3 
support, Cu and Ni are evenly distributed throughout the particles, and there exists 
segregation of Ni and Cu domains at the particle surfaces. As a result of the support- 
induced changes in the compositional structure of the bimetallic Cu-Ni nanoparticle 
surfaces, TiO2 as support primarily resulted in the formation of 2-MF, while FA and 
THFOL were the main products with Al2O3 as support. A maximum 2-MF yield of 
87% with 99% FUR conversion was reported over Cu(5%)-Ni(5%)/TiO2 at 473 K 
after 2 h under 35 bar initial H2 pressures in the presence of 1,4-dioxane as a solvent. 
In a recent study, Zhang et al. investigated the CTH of FUR to 2-MF and 2-MTHF 
over Al2O3-supported Cu and Ni bimetallic catalyst in the presence of isopropanol 
as a H-donor solvent [70]. Under optimal conditions, a 64.8% yield of 2-MF and a 
17.7% yield of 2-MTHF (82.5% yield in total) were achieved at a temperature of 
503 K for 4 h over CuNi2Al. In addition, 2-MTHF could also be selectively formed 
with 51.2% yield at 523 K after 9 h with CuNi2Al. Niu et al. reported inexpensive 
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CuZnAl catalyst for the CTH of FUR to 2-MF using isopropanol as a H-donating 
solvent [71]. Based on the calcination/reduction temperature and Cu/Zn mole ratio, 
the higher performance of the catalyst was related to the presence of Cu0, Cu+, and 
preserved CuAl2O3 phases on the surface of the catalyst. From Fig. 4, FA is imme-
diately produced as intermediate, which can be further hydrogenated into 2-MF by 
using suitable CuZnAl catalysts.

2.1.2  5-Hydroxymethyl Furfural (HMF)

5-Hydroxymethylfurfural (HMF) is a very important and versatile platform com-
pound derived from the dehydration biomass-derived carbohydrates. The various 
products obtained by hydrogenation of HMF typically includes 2,5-dimethylfuran 
(DMF); 5-methylfurfural (MF); 5-methylfurfuryl alcohol (MFA); 2,5-(dimethyl)
tetrahydrofuran; 2,5-dihydroxymethylfuran; 5-hydroxymethyltetrahydrofurfural; 
2,5-bis(hydroxymethyl)tetrahydrofuran; and ring-opened products, respectively 
[75–80]. In principle, the hydroxyl group can be removed by hydrogenolysis, while 
the carbonyl group and furan ring can be saturated by hydrogenation. Furthermore, 
the furan ring could be opened to form aliphatic compounds. These various conver-
sion routes make it difficult to selectively convert HMF to specific compounds. 
Therefore, in order to achieve the selective conversion of HMF, it is important to 
develop a catalyst with excellent hydrogenation performance.

Among various hydrogenation products of HMF, DMF is particularly attractive 
due to its interesting properties such as a high-octane number (i.e., 119), high energy 
density, and low oxygen content. Many chemical routes and catalysts for DMF pro-
duction have already been developed. The reaction pathway and product distribu-
tion strongly depend on the reaction conditions and the type of catalyst employed. 
Noble metals are reported to be high-performing catalysts for HMF hydrogenation 
in comparison with non-noble metal-based catalysts [Table 4]. The catalytic hydro-
genation of 5-HMF to 2,5-DMF has been less explored over non-noble metals. 
Among the non-noble metals, catalysts based on Ni, Co, Cu, and Fe have been 
reported for hydrogenation of 5-HMF [81–83]. Yang et al. reported the synthesis of 
Co-graphene (Co1.0/rGO) nanocomposite materials with Co species on the graphene 
surface in the form of single Co atoms/Co clusters and CoO nanoparticles [76]. The 

Fig. 4 Proposed mechanism for the CTH of FUR to 2-MF over the nanocomposite catalyst
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combination of strong interfacial effects, synergistic effect between Co/C and CoOx 
and modulation effect of rGO enabled efficient hydrogenation of HMF to DMF 
requiring a pre-reduction step. Using ethanol as a solvent, a high DMF yield of 
94.1% with 100% HMF conversion was obtained at 473 K after 1 h under 2 MPa H2 
pressure. Zhang et al. developed a Cu-based catalyst with different supports (Al2O3, 
ZnO, ZrO2, and CeO2) for the in situ hydrogenation of HMF to DMF in the presence 
of methanol as an H-donating solvent [83]. The high catalytic performance of Cu/
Al2O3 was attributed to the highest activity for the in situ H2 production from metha-
nol, smallest Cu crystallite size, and the strongest acidity. However, a monometallic 
catalyst often does not efficiently obtain the desired target product. Therefore, bime-
tallic catalysts and modified supports were often used for the selective hydrogenoly-
sis of HMF to DMF.

To further minimize costs and achieve high catalytic activity, the combination 
between noble metal and a second (transition) metal is highly explored as it can 
reduce noble metal loading and maximize activity/selectivity to DMF through elec-
tronic and geometric interactions. For example, a bimetallic combination of 
Au-FeOx, Fe-Pd, Pd-Cu, and Ru-Co was used for the hydrogenation of HMF to 
DMF [84–87]. In the recent work reported by Talpade et al., 85% selectivity for 
DMF with 100% HMF conversion was obtained by using Fe-Pd/C in THF under 
optimal conditions [84]. Furthermore, Sarkar et al. reported the formation of DMF 
from HMF with a yield of 96.5% at 393 K after 7 h under 15 bar initial H2 pressure 
in the presence of Cu-Pd bimetallic nanoparticles embedded in carbon matrix 
(Cu-Pd@C-B) as a catalyst [88], whereas Mhadmhan et al. used isopropanol as the 

Table 4 Summary of hydrogenation of HMF with different catalysts

Reaction condition Reactant Product Catalyst

Performance

Refs.
Conversion 
(%)

Yield 
(%)

443 K, 4 h, 2 MPa H2 HMF DMF Cu-Fe (1:2) 97 90.2 [75]
473 K, 1 h, 2 MPa H2 HMF DMF Co1.0/rGO 100 94.1 [76]
393 K, 4 h, 1.5 MPa H2 HMF DMF PtIr-CMK-3 98 84.2 [91]
403 K, 24 h, 0.7 MPa 
H2

HMF DMF 11.8%Co-(ZnO- 
ZnAl2O4)

99.9 74.2 [82]

513 K, 6 h, N2 atm HMF DMF Cu/Al2O3 100 73.9 [83]
353 K, 2 h, 3 MPa H2 HMF DMF Au/Fe(10) 100 96 [85]
423 K, 3 h, 2 MPa H2 HMF DMF Fe-Pd/C 100 85 [84]
453 K, 0.2 mL min−1, 
1.5 MPa H2

HMF DMF 10Cu-1Pd/RGO 100 >95 [86]

453 K, 2 h, 1.5 MPa H2 HMF DMF Ru-Co/SiO2 100 96 [87]
393 K, 7 h, 1.5 MPa H2 HMF DMF Cu−Pd@C 96.5 96.5 [88]
453 K, 6 h, 1 MPa H2 HMF DMF 5% Ni/WO3 >99 95 [92]
483 K, 24 h, N2 atm HMF DMF 2%Ni-20%Co/C 99 90 [89]
493 K, 5 h, 3 MPa H2 HMF DMF CuZnO(P)-r2(ox) 100 94 [93]
493 K,6 h, 3 MPa H2 HMF DMF Cu-Co/Al2O3 NA 87 [94]
403 K, 6 h, 1 MPa H2 HMF DMF 5Ni-7MoS2/mAl2O3 100 95 [90]
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H-donor solvent and 10Cu-1Pd/RGO as a catalyst, afforded an excellent DMF yield 
of 95% with 96% HMF conversion at 453 K under 15 bar H2 pressure and a flowrate 
of 0.2 mL min−1 [86]. The presence of Pd-Cu alloy was found to be associated with 
the higher activity and stability of the catalyst. Yang et  al. developed carbon- 
supported Ni-Co bimetallic catalyst (2%Ni-20%Co/C) for the CTH of HMF to 
DMF with a yield of 90% at 483 K after 24 h in the presence of formic acid as the 
H2 source [89]. The high catalytic activity was attributed to the specific structural 
properties in the form of hybrid nanomorph exhibiting oxophilic nature and Lewis 
acidity of Fe, whereas the high selectivity toward DMF was due to the Brønsted 
acidity of CuO and its affinity for the C–O bond.

A reaction mechanism was also proposed for the hydrogenation of HMF to DMF 
over metal-metal nano-hybrid catalyst (i.e., Cu-Fe catalyst) (Fig. 5). The initial acti-
vation of 5-HMF occurs through the –C=O group by the Lewis acidity and oxo-
philic nature of Fe by attacking its electron-rich oxygen. As a result, the H2 molecule 
which dissociates on the metallic Cu of the Cu-Cu-Fe2O4 nanomorph attacks the 
electrophilic carbon of the –C=O group giving BHMF as an initial reaction interme-
diate. This enhances the rapid dehydration of BHMF into DMF via 
MFAL. Furthermore, Han et al. recently developed ordered mesoporous alumina 
supported Ni-Mo sulfide catalyst (Ni-MoS2/mAl2O3) by evaporation-induced self- 
assembly method for catalyzing the selective hydrogenolysis of HMF to DMF [90]. 
The yield of DMF could reach to 95% DMF over 5Ni-7MoS2/mAl2O3 under the 
mild reaction conditions of 403 K for 6 h at a H2 pressure of 1 MPa using isopropa-
nol as the H-donating solvent. The characterization results and DFT calculation 
suggests that the active site was a coordinated unsaturated site located at S-edge and 
the intrinsic activity of coordinated unsaturated site was directly related to the pro-
portion of Mo replaced by Ni.

2.2  Oxidation of Furanics

2.2.1  Furfural

The selective oxidation of FUR can produce various C4-oxygenated products, such 
as acid anhydrides (malic anhydride (MAN)), dicarboxylic acids (succinic (SA), 
malic (MA), and fumaric acids (FAc)), and furanone (FU) (Fig. 6). Among them, 
MAN is an attractive value-added chemical used in the manufacture of lubricant, 
unsaturated polyester resins, surface coatings, plasticizers, co-polymers, coatings, 
and pharmaceuticals. Several renewable routes for the catalytic oxidation of FUR to 
MAN have been reported. Supported vanadium oxide catalysts have been studied 
for decades for the gas-phase oxidation of FUR to MAN in the presence of air or 
oxygen, where MAN yields in the range of 15–90% have been described. Alonso- 
Fagúndez et al. reported a considerably high yield of 73% for MAN at 100% FUR 
conversion during the vapor-phase oxidation of FUR in the presence of VOx/Al2O3 
as a solid catalyst for under the conditions of 593  K and 5.7  kPa O2 [5]. When 
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Fig. 5 Proposed mechanism for the hydrogenation of HMF to DMF over the Cu-Fe hybrid nano-
morph catalyst (adopted from ref. [75])
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Fig. 6 Various products obtained during the oxidation of FUR

Table 5 Summary of oxidation of FUR with different catalysts

Reaction 
condition Reactant Product Catalyst

Performance

Refs.
Conversion 
(%)

Yield 
(%)

593 K, 5.7 kPa O2 FUR MAN VOx/Al2O3 100 73 [5]
383 K, 14 h, 
20 atm O2

FUR MAN H5PV2Mo10O40 and 
Cu(CF3SO3)2

98.7 54 [95]

633 K, 21% O2/N2 
atm

FUR MAN VPOHT 100 90 [96]

573 K, 1.68 kPa 
O2

FUR MAN V2O5/γ-Al2O3 100 55 [97]

343 K, 1 h FUR MA VZPK1 (0.25 Zr/V ratio 
loading)

81.2 29.2 [98]

373 K, 4 h FUR MA TS-1 and acetic acid 100 62 [100]
403 K, 4 h, 
0.275 MPa O2

HMF DFF Ru/γ-Al2O3 99 96 [101]

383 K, 2.0 MPa 
O2

HMF DFF Ru/C 100 96 [102]

383 K, 4 h, 
2.0 MPa O2

HMF DFF Ru/OMC-P0.56 100 88 [103]

383 K, 2 h, 
1.0 MPa O2

HMF DFF Ru1/NiO 91.1 74 [104]

413 K, 6 h, in air HMF DFF NH4·V3O8/Fe3O4 95.5 79.1 [105]
353 K, 5 h, TBHP HMF DFF CoxOy-N@TiO2 91 36.4 [106]
413 K, 2 h, 3 MPa 
air

HMF DFF Mn0.50-Co0.50-O 42.6 41.7 [107]

343 K, 8 h, 
0.4 MPa O2

HMF DFF Cu/NG4, TEMPO 99.8 99.2 [108]

363 K, 1 h, 
0.8 MPa O2

HMF DFF MnOx microtubes 50.4 50.4 [109]

383 K, 10 h, 
0.2 MPa O2

HMF DFF MgO·MnO2·CeO2 98.8 94 [110]

373 K, 15 h, 
0.9 MPa O2

HMF DFF MgO·CeO2 97.8 95.8 [111]

373 K, 12 h, 
1 MPa O2

HMF DFF Cs/MnOx 98.4 94.7 [112]

393 K, 7 h, in air HMF DFF 10V2O5@Cu−MOR(125) >99.9 91.5 [113]
373 K, 6 h, 1 MPa 
O2

HMF DFF FeCo/C(500) 100 >99 [114]
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vanadium oxide catalysts are used, the active sites are reduced by FUR and reoxi-
dized by oxygen, and the reoxidation of the reduced catalyst has been identified as 
the rate-determining step. In 2014, Lan et al. found that 54% yield of MAN and 
7.5% yield of 5-acetoxyl-2(5H)-furanone were obtained at 98.7% conversion of 
FUR over H5PV2Mo10O40 and Cu(CF3SO3)2 as catalysts [95]. Furthermore, Li et al. 
synthesized a vanadium phosphorous oxide (VPOHT)-based plate catalyst via a 
hydrothermal method with glucose as a reducing agent for the gas-phase oxidation 
of FUR to MAN [96]. They found that developed catalyst has predominantly 200 
exposed crystal planes responsible for the remarkable activity, selectivity, and sta-
bility. VPOHT gave 90% MAN yield at 633 K in 21% O2/N2 atm and demonstrated 
stable activity up to 25 h time on stream (Table 5). Recently, Santander et al. inves-
tigated the gas-phase oxidation of FUR over vanadium supported on SiO2, γ-Al2O3, 
ZrO2, and TiO2, where they demonstrated that catalytic properties during the oxida-
tion reaction depend both on the nature of the support and dispersion of vanadium 
[97]. Among the different supported catalysts, V2O5/γ-Al2O3 and V2O5/SiO2 dis-
played higher activity with 49% and 36% MAN yield at 573 and 593 K.

MA is another important intermediate of C4 compounds in the chemical industry. 
Different methods have been reported for the green oxidation of FUR to MA either 
in gas or liquid phase. Recently, Rezaei et al. developed a VZPK catalyst by stabiliz-
ing a mixture of vanadium and zirconium supported over KIT-6 to oxidize FUR to 
MA in the presence of H2O2. A 29.2% MA yield at 81.2% FUR conversion was 
obtained in the presence of VZPK1 (0.25 Zr/V ratio loading) at 343 K after 1 h with 
3:1 (H2O2/FUR mole ratio) in acetonitrile as the solvent [98].

2.2.2  5-Hydroxymethyl Furfural (HMF)

Based on the position and degree of HMF oxidation, various high-value derivatives, 
such as 5-hydroxymethylfuroic acid (HMFCA); 2,5-diformylfuran (DFF); 
5- formyl-2-furancarboxylic acid (FFA) [99]; 2,5-furandicarboxylic acid (FDCA); 
maleic anhydride (MA); and maleic acid (MAc), can be selectively produced.

The selective oxidation of HMF to DFF remains a great challenge that requires 
the controlled oxidation of its primary hydroxyl group while leaving the aldehyde 
group intact. Recently, to improve the selectivity of DFF, considerable efforts have 
been devoted to the design of highly active and selective heterogeneous catalyst. 
Among noble metals, γ-Al2O3-supported Ru catalyst was reported to convert 99% 
of HMF with 97% DFF selectivity at 403 K after 4 h and 40 psi O2 pressure in tolu-
ene as a solvent [101], whereas Nie et al. reported that Ru/C achieved 96% DFF 
yield with complete HMF conversion under the conditions of 383 K and 2.0 MPa O2 
in toluene [102]. Other Ru-based catalysts have also gained excellent yield and 
selectivity for DFF during the oxidation of HMF [103, 104, 115]. Non-noble metal 
catalyst based on V, Co, Cu, and Mn and mixed oxides were also developed for the 
oxidation of HMF to DFF [105–112]. Zhang et al. synthesized a vanadium oxide 
supported Cu-MOR zeolites (10%V2O5@Cu-MOR(125)) for the oxidation HMF, 
where 91.5% yield for DDF was achieved at 393  K for 7  h in DMSO with 
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atmospheric O2 (1 bar) [113]. The remarkable performance of the catalyst was asso-
ciated with a strong interaction between framework Cu species and V guest which 
promoted both the activity and the stability of the supported V active sites. The cata-
lyst followed Mars-van Krevelen mechanism during the oxidation of HMF to DFF 
(Fig. 7). According to the reaction mechanism, HMF is adsorbed on the catalyst 
surface and oxidized to generate DFF mainly by lattice oxygen (V5+−O2−). The 
formed V4+−γ (γ denotes the lattice oxygen vacancy) transition active site is further 
reoxidized with O2 to regenerate V5+−O2− species. More recently, magnetic Fe3O4- 
supported NH4·V3O8 catalyst (NH4·V3O8/Fe3O4) converted HMF to DFF with a con-
version of 95.5% with 82.9% selectivity under optimal reaction conditions of 413 K 
after 6 h in DMSO with air as oxidant [105].

Fang et  al. used non-noble Fe-Co-based bimetallic catalysts derived from a 
metal-organic framework (MIL-45b) to convert HMF to DFF [114]. Complete HMF 
conversion with a DFF yield of >99% was achieved using FeCo/C at 373 K after 6 h 
under 1 MPa O2 in toluene (Table 5). It is proposed that the oxidation reaction pro-
ceeds according to Mars-van Krevelen mechanism, where the lattice oxygen of 
FeCo oxides facilitated HMF oxidation to DFF (instead of HMFCA) and was later 
replenished with O2 molecules. Moreover, weak adsorption of DFF on the catalysts 
might also inhibit the over oxidation of DFF, leading to the high observed selectivity 
to DFF. The catalyst has magnetic properties and can be recycled up to six times 
without significant activity losses. Lv et al. reported a HMF conversion of 99.8% 
with a DMF yield of 99.2% using Cu-incorporated pyridinic nitrogen-dominated 
nitrogen-doped graphene (Cu/NG) as a catalyst and 2,2,6,6-tetramethyl-piperidin- 1-
oxyl (TEMPO) as co-catalyst under the conditions of 343 K after 8 h and 0.4 MPa 

Fig. 7 Possible reaction mechanism for aerobic oxidation of HMF to DFF over 10V2O5@
Cu-MOR(125) catalyst [111]
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O2 in acetonitrile [108]. Yuan et al. disclosed the selective oxidation of HMF cata-
lyzed by reusable cesium-doped manganese dioxide (Cs/MnOx) catalyst with a 
DFF yield of 94.7% at 98.4% HMF conversion at 373 K within 12 h under 10 bar 
O2 in N,N-dimethylformamide [112]. The higher catalytic activity of the Cs/MnOx 
catalyst was explained by the higher oxidation state of Mn, stronger basicity, larger 
amount of defects, larger surface area, and more abundant pores.

2.3  Amination of Furanics

Reductive amination of carbonyl compounds derived from biomass has received 
great attention for the synthesis of value-added N-containing compounds, which are 
important building blocks for the preparation of synthetic organic intermediates in 
pharmaceuticals and agrochemicals. The reductive amination of carbonyl com-
pounds in the presence of amine source (ammonia, primary or secondary amines) 
and reducing agent (hydrogen) is one of the most suitable protocols for the synthesis 
of the variety of amines. Among them, more valuable primary amines are generated 
in two steps: (1) condensation of the carbonyl compound with ammonia, followed 
by elimination of water to form an imine over an acid or base catalyst (although this 
can also occur without a catalyst), and (2) hydrogenation of the imine to give the 
final primary amine catalyzed by a hydrogenation catalyst. However, the selectivity 
for primary amines in reductive amination remains difficult to control since primary 
amines are more nucleophilic than ammonia and easily react with aldehydes to form 
secondary amines. In addition, undesired hydrogenation of the carbonyl groups and 
unsaturated bonds also limits selectivity for the corresponding primary amines.

2.3.1  Reductive Amination of Furfural

The reductive amination of FUR over metal catalysts with NH3 in the presence of 
H2 can convert its carbonyl functionality to an amine such as furfurylamine (FAM). 
FAM is one of the primary amines used to prepare drugs, fibers, and pesticides. The 
reaction network proposed in the literature for the synthesis of FAM involves 
(Fig. 8):

 1. Hydrogenation of alcohol.
 2. Reaction with ammonia resulting in the formation of reactive intermediates 

(including primary imine) or react with FAM to form Schiff base-type 
intermediate.

 3. Hydrogenation of secondary imine to the secondary amine.
 4. It can decompose to the primary amine and primary imine in the presence of 

ammonia. From nitrile reduction reactions, it is known that primary imines and 
primary amines can couple to form secondary imines and subsequently form 
secondary/tertiary amines. A generally accepted mechanistic suggestion con-
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necting the two sides of the equilibrium in step 4 is the formation of a secondary 
gem-diamine intermediate.

 5. The primary imine can also be hydrogenated to the primary amine.

Chatterjee et al. investigated the reductive amination of FUR using noble metals 
(Rh, Pt, Pd) supported on activated carbon, mesoporous silica (MCM-41), and 
Al2O3 [116]. High FAM selectivity (92%) and complete FUR conversion were 
achieved with Rh/Al2O3 catalyst under the optimal reaction conditions. Notably, the 
hydrogenation of imines to FAM was observed as a main pathway, whereas the 
conversion of the Schiff base-type intermediate to FAM and secondary amines is a 
minor one. Furthermore, Dong et al. reported HZSM-5 (SiO2/Al2O3 = 46)-modified 
noble metals (Ru, Pt, Pd, and Rh) catalysts for the reductive amination of FUR 
[117]. With Ru/HZSM-5(46), 75% FAM yield was achieved within 15 min at 373 K 
under 3 MPa H2 and NH3 (7 M in MeOH) and could be recycled up to five times 
without loss in activity (Table 6). Recently, Zhou et al. reported a 98.9% FAM yield 
over Raney Co catalyst under the conditions of 393 K for 2 h under 0.1 MPa pres-
sures for NH3 and H2 and with the possibility to reuse more than eight times [118]. 
They observed that the Schiff base intermediate was mainly undergone hydroge-
nolysis to produce FAM and hydrogenation of the Schiff base intermediate to sec-
ondary amine was the minor pathway. The superior performance of Raney Co in 
FAM synthesis was ascribed to its high hydrogenolysis efficiency of the Schiff base 
intermediate and its low hydrogenation efficiency of the Schiff base, carbonyl 
group, and furan ring. Gould et al. revealed that the performance of non-noble Ni/

Fig. 8 Proposed reaction network for the reductive amination of FUR
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SiO2 and Co/SiO2 catalysts for the reductive amination of FUR was similar to noble 
metal Ru/SiO2 catalyst with FAM yield of 94, 93, and 90% under the conditions of 
750 psi H2 and 403 K for 10 h [119].

2.3.2  Reductive Amination of HMF

The reductive amination of HMF can produce N-substituted-5-(hydroxymethyl)-2- 
furfuryl amines with pharmaceutical functions such as calcium antagonistic activ-
ity, cholinergic agent, antimuscarinic agent, and carcinogenesis inhibitors. Zhu 
et al. used rutile titania-supported gold (Au/TiO2-R) catalyst to catalyze the reduc-
tive amination of HMF using Co and water as inexpensive reductant [120]. The 
yield of 2,5-bis-(hydroxymethyl)furan (BHMF) reached to 93% within 2.5  h at 
333 K under 20 bar CO in the presence of water/methanol (1:1). Recently, García- 
Ortiz et al. investigated the reductive amination of HMF in the presence of Pd/C as 
a catalyst using various amines and ammonia as an amine source, as well as nitro-
benzene in the one-pot reaction, where N-substituted-5-(hydroxymethyl)-2-furfuryl 
amines were obtained in excellent yield [124]. Furthermore, Karve et al. reported 
active palladium-functionalized MOF/polymer composite (UiO-67/PpPDA/Pd) for 
the reductive amination of HMF with different aliphatic and aromatic amines exhib-
iting electron-withdrawing or electron-donating groups [121]. A 94.5% yield for the 
desired amine was obtained at 323 K under 5 MPa H2 after 2 h in the presence of 
aniline as a substrate and ethanol as a solvent (Table 6). Also, the catalyst showed 
high recyclability of up to 15  cycles, which was associated with the addition of 
polymer poly-para-phenylenediamine (PpPDA), which prevents the aggregation 

Table 6 Summary of reductive amination of furanics over different nanocomposite catalysts

Reaction condition Reactant Product Catalyst

Performance

Refs.
Conv. 
(%)

Yield 
(%)

353 K, 2 h, 2 MPa H2, 28% aq. 
NH3

FU FAM Rh/Al2O3 100 92 [116]

373 K, 15 min, 3 MPa H2, NH3 
sol.

FU FAM Ru/
HZSM-5(46)

NA 75 [117]

393 K. 2 h, 0.1 MPa NH3 and 
1 MPa H2

FU FAM Raney Co 100 98.9 [118]

403 K, 10 h, 5.17 MPa H2, 
1 mL NH4OH

FU FAM Ni/SiO2 and Co/
SiO2

100 90–94 [119]

363 K, 10 h, 4 MPa CO, amines 
(0.5 mmol)

HMF BHMF Au/TiO2-R >99 93 [120]

323 K, 2 h, 5 MPa H2, aniline 
(0.24 mmol)

HMF Amine UiO-67/PpPDA/
Pd

100 94.5 [121]

373 K, 6 h, 0.1 MPa H2, NH3 HMF FAA Ni6Al1Ox 100 98 [122]
373 K, 4 h, 2 MPa H2, aq. NH3 
(5 mL)

HMF AMF Ni/SBA-15 NA 89.8 [123]
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and leaching of Pd nanoparticles. Among non-noble catalysts, Yuan et al. developed 
the Ni6AlOx catalyst by coprecipitation method for the reductive amination of HMF 
with ammonia, reaching a 99% yield for 5-aminomethyl-2-furylmethanol (FAA) 
under the reaction conditions of 373 K, 6 h under 1 bar H2 [122]. In a more recent 
study, Chen et al. reported the direct reductive amination of HMF over Ni/SBA-15 
using aqueous ammonia at 373 K after 4 h under 20 bar H2 pressure, which obtained 
a yield of 89.5% for 5-(aminomethyl)-2-furanmethanol (AMF) [123].

According to the proposed reaction pathway over Ni/SBA-15, the two types of 
intermediate compounds were observed in the reaction mixture, the terminal (com-
pound 1) and internal imine groups (compound 2) (Fig. 9). Compound 2 possesses 
a bulkier structure as compared to compound 1 which leads to a serious steric effect 
for hydrogenation reaction, limiting the formation of compound 3. The moderate 
catalytic activity of hydrogenating nickel catalysts enhances the selectivity for com-
pound 1, thereby generating AMF. On the other hand, due to the higher nucleophi-
licity of primary amine (AMF) than ammonia, a further reaction of AMF with HMF 
generates by-products such as compound 2, followed by catalytic hydrogenation to 
form compound 3. Interestingly, the presence of an appropriate amount of water in 
the reaction medium promotes the hydrolysis of AMF to form ammonium ion, 
which reduces the nucleophilicity of AMF and inhibits its further conversion.

2.4  Condensation Reactions of Furanics

2.4.1  Aldol Condensation of Furfural

Aldol condensation reaction is widely used in organic synthesis processes of pro-
ducing α, β unsaturated compounds from carbonyl group at low temperature. Aldol 
condensation of FUR and ketones provides an attractive route for the production of 
oxygenated precursors for liquid hydrocarbons of chain length and molecular 
weight appropriate for diesel and jet fuels. The oxygenated precursors can subse-
quently be transformed to high-quality diesel and jet fuel range liquid hydrocarbons 

Fig. 9 Proposed reaction network for the reductive amination of HMF
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via hydrogenation and hydrodeoxygenation reactions. Moreover, furfurylidene 
ketone-based compounds produced by aldol condensation reaction of FUR and 
acetone are widely used in the food industry, (e.g., alcohol-free drinks, gelatins, ice 
candies as aromas) and as monomers to produce furan-derived resins [125]. The 
various linear cyclic ketones are employed for aldol condensation reaction. The 
desired products from the condensation of FUR and ketones are shown in Fig. 10. 
FUR reacts with acetone to produce furfural acetone monomer 4-(2-furyl)-3- 
butene- 2-one (FAc, C8) followed by condensation with another FUR to produce 
furfural acetone dimer 1,5-bis (2-furanyl)-1,4-pentadiene-3-one (F2Ac, C13). Aldol 
condensation of FUR and ketones is often performed using homogeneous base cata-
lysts. However, homogeneous base catalysts have serious drawbacks of difficulty in 
catalyst regeneration and corrosion of equipment. Recently, heterogeneous base 
catalysts have gained great attention due to ease of catalyst regeneration and non- 
corrosiveness nature. For the development of sustainable and green process, aldol 
condensation reaction is carried out either in nontoxic and inexpensive solvents 
(e.g., water) or in solvent-free condition. The latter option limits the utilization of 
toxic and hazardous solvents and minimizes the generation of waste [125]. The dif-
ferent types of heterogeneous base catalysts used for aldol condensation reaction 
are discussed below, and performance of the few catalysts is tabulated in Table 7.

The family of hydrotalcite (HT) solid materials have layered or laminar structure 
similar to that of the mineral hydrotalcite [126]. The chemical composition of 
hydrotalcite material is not restricted to only Mg and Al atoms. The HTs are com-
monly designated as layered double hydroxides with the chemical formula of [M2+

n

M3+
m(OH)2(n+m)]m+[Ax−]m/x·yH2O, where M2+ and M3+ are divalent and trivalent metal 

cations, respectively [126]. The isomorphic substitution of M2+ atoms in the brucite- 
like layers with M3+ atoms results in the generation of a net-positive charge in HT 
crystal lattice which is counterbalanced by extra-framework charge anions Ax−. 
Carbonate groups generally make up the positive framework charge in the as- 
prepared HTs. Thermal activation of HTs leads to the formation of well-dispersed 
mixed oxide materials. The occurrence of M2+-O2−acid-base pairs (Lewis basicity) 
in the thermally activated mixed oxides ascertains their unique catalytic properties 
in many organic reactions, such as condensations, transesterifications, alkylations, 
etc. The basic mixed oxide catalysts prepared from hydrotalcite (HT) precursors 
exhibit superior catalytic performance in aldol condensation reaction due to their 
tunable physicochemical properties [126, 127]. The physicochemical properties of 
reconstructed Mg-Al HT were correlated with the catalytic performance in aldol 
condensation reaction of FUR and acetone by Kikhtyanin et  al. [126]. The 
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o
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Base catalysts
Acetone

+

Furfural Furfuryldeneacetone (C8)
(FAc)

1,5-Bis(2-furanyl)-1,4-pentadien-3-one (C13)
(F2Ac)

H2O H2O

Aldol condensation

Fig. 10 Reaction pathway for aldol condensation of furfural and acetone
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reconstructed Mg-Al HTs were prepared by using different rehydration and drying 
time. The Mg-Al mixed oxide regain its HT structure within a few seconds of con-
tact with water. The calcination of as-prepared HT followed by rehydration of 
Mg-Al mixed oxide led to the more than 90% replacement of carbonate groups with 
Brønsted basic characteristic hydroxyl group. Consequently, the reconstructed HT 
exhibits higher aldol condensation activity than the as-prepared Mg-Al catalyst. In 
a different study, the authors showed the impact of acidic impurities in furfural on 
the catalytic performance of solid base catalysts [128]. FUR often undergoes air 

Table 7 Summary of aldol condensation of furfural using different catalysts

Entry Substrates
Reaction 
condition Catalyst

Performance

Refs.
Conv. 
(%) Sel. (%)

1. FUR and Ac (1:40) 50 °C, 7 h, 
0.15 g

LaxMgyMO-H (x = 1, 
y = 1–4)

96 C8:98 [125]

2. FUR and Ac (1:10) 50 °C, 1 bar, 
6 h, 2 g cat

Zn2Al, Mg2Al, and 
ZnMgAl

100 C8:60
C13:35

[127]

3. FUR and Ac (1:10) 100 °C, 2 h, 
2.0 g cat

Mg-Al 95 C8 and C13: 
>90%

[129]

4. FUR and Ac (1:1) 52 °C, 10 bar, 
24 h, 0.5 g cat

MgO-ZrO2, 
MgO-Al2O3, 
CaO-ZrO2

81.4 C8:14.7
C13:61.5

[131]

5. FUR and Ac (1:2, 1, 
0.5)

50 °C, 1 bar, 
6 h, 0.2 g cat

MgF2−x(OH)x 34 C8:36
C13:48

[134]

6. FUR and Ac (1:10) 160 °C, 3 h, 
0.1 g cat

P/CeO2 180-900 96 C8:54.3 
C13:14.1

[135]

7. FUR and 
cyclopentanone 
(2:1)

60 °C, 2 h, 
0.2 g cat

Mg-Zr, Mg-Al, 
Co-Al and KF/Al2O3

100 C15:98 [137]

8. FUR and Ac (1:10) 100 °C, 1 h, 
2.0 g cat

HBEA 38.5 FAc: 79.5
F2Ac: 3.7
(FAc)2: 
16.8

[139]

9. FUR and Ac (1:10) 160 °C, 2 h, 
0.1 g cat

Sn-Beta 99 FAc:40
F2Ac: 22

[140]

10. FUR and Ac (1:10) 100 °C, 1 h, 
1.0 g cat

Fe-BTC 26.2 FAc: 71
F2Ac: 20
(FAc)2: 1

[141]

11. FUR and Ac (1:10) 100 °C, 1 h, 
2.0 g cat

K-BEA 77.8 FAc:67.2
F2Ac: 17.6

[143]

12. FUR and Ac (1:10) 160 °C, 1 h, 
0.2 g cat

K-Sn-MFI 100 C8:75 
C13:10

[144]

13. FUR and Ac (1:2) 85 °C, 8 h, 
1.06 g cat

MgO/NaY 99.6 FAc:42.2
F2Ac: 57.1

[145]

14. FUR and Ac (1:0.8) 80 °C, 2 h, 
1.0 g cat

Ca/ZSM-5 99.1 FAc:38.4
F2Ac: 60.2

[146]

15. FUR and Ac (1:10) 140 °C, 5 h, 
2.0 g cat

Pd/Co-Al 98.9 FAc:69.2
F2Ac: 30.8

[150]
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oxidation to form furoic acid even if stored in a closed tank. Some portions of added 
base catalysts were utilized to neutralize the acid impurities, which may demon-
strate no activity of the strong base catalyst in certain condition. The authors pro-
posed that distillation is an effective way to remove acid impurities in as-received 
FUR.  Thus, a detailed monitoring of acid impurities in furfural is critical while 
evaluating the performance of solid base catalysts and their stability in aldol con-
densation. Hora et  al. investigated the effect of pretreatment methods of the 
HT-based catalysts (Mg-Al) on their activity and selectivity of targeted products in 
aldol condensation [129]. They have considered calcination and rehydration proce-
dures (ex situ vs. in situ and liquid vs. gas phase) as pretreatment methods for their 
studies and determined the impact of calcination temperature and rehydration pro-
cedures on the yield of desired aldol condensation products. The ex situ rehydration 
of the calcined Mg-Al catalysts showed remarkably lower activity, except the cata-
lyst with Mg/Al molar ratio of 2. However, in situ rehydration improved the catalyst 
activity only for Mg/Al molar ratio of 3. The activity of these catalysts was deter-
mined to a significant extent by the ratio of HT and MgO phase. Comparison of 
structural data indicates that the catalysts displaying poor crystallinity are greatly 
influenced by the rehydration procedure, while the catalysts with well-developed 
hydrotalcite structure are more resistance to ex situ rehydration procedure. The Mg- 
Al catalyst with molar ratio of 3 exhibits best performance in aldol condensation 
reaction with 95% FUR conversion and more than 90% selectivity of C8–C13 prod-
ucts. In a different study, the effect of preparation method and activation tempera-
ture of Mg-Zr mixed oxide on catalytic performance for aqueous-phase aldol 
condensation of FUR with acetone was reported by Sadaba et al. [130]. It was dem-
onstrated that the preparation method requires a high-temperature activation in oxi-
dizing environment, which generates cubic MgxZr1−xO2−x mixed oxide and MgO. The 
formation of cubic MgO phase greatly enhanced the FUR/acetone aldol condensa-
tion. Smoláková et al. showed the influence of acid-base properties of HT precursor- 
derived mixed oxide catalysts on the activity and selectivity in aldol condensation 
reaction [127]. The basicity of the mixed oxides was strongly reckoned on the prep-
aration of parent HT precursors. The total amount of basic sites of different catalysts 
increased in the following order Zn2Al < Mg1Zn1Al < Mg2Al. The FUR conversion 
and selectivity to longer carbon chain C13 (F2Ac) product were observed to follow 
the similar trend of the total amount of basic sites. The higher activity of Mg2Al 
catalyst was also because of its higher surface area. However, the selectivity of C8 
(FAc) at iso-conversion follows the opposite trend. More specifically, the presence 
of medium strength basic sites was responsible for higher activity as strong basic 
sites promote transesterification reaction. Faba et al. studied aqueous-phase aldol 
condensation reaction with acetone using three different mixed oxide base catalysts 
(Mg-Zr, Mg-Al and mesoporous Ca-Zr nano oxide) with different basic site distri-
bution [131]. They also reported that the Mg-Zr mixed oxide catalysts with the 
highest amount of medium-strength basic sites showed the best performance in 
terms of activity and selectivity for the C13 (F2Ac) fraction, whereas the Ca-Zr mixed 
oxide showed poor performance because of the higher rate of retro-aldolization 
reaction. Sádaba et  al. demonstrated a systematic investigation to identify the 
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different phases formed during preparation of series of MgO-ZrO2 mixed oxides by 
coprecipitation method and their catalytic activity in aldol condensation of FUR with 
acetone [132]. Two different phases (a cubic MgxZr1−xO2−x and c-MgO) were identi-
fied, and formation of these phases depends on the nominal Mg/(Mg + Zr) atomic 
ratio. The cubic MgxZr1−xO2−x solid solution was obtained below the nominal atomic 
ratio of 0.5, and a mixture of c-MgxZr1−xO2−x and c-MgO was formed above nominal 
atomic ratio of 0.5. The Zr-O-Zr sites are inactive for the condensation reaction. 
Two different active sites, Mg-O-Mg and Mg-O–Zr, exist on the surface of 
c-MgO. With the increase in Mg amount in the solid, Mg-O-Zr sites are replaced 
with the Mg-O-Mg sites and make the later active sites predominant at the higher 
Mg concentration. The maximum concentration of Mg-O-Zr species was formed in 
the 0.5MgZr catalyst. The relative intrinsic catalytic activity (per mol of Mg) of 
identified active sites follows the following trend: Mg-O-Zr sites on MgO > Mg-O-Mg 
sites on MgO ≈ Mg-O-Zr sites on MgxZr1−xO2−x. The overall activity of the catalysts 
is the combined activity of these sites that are existed in different proportions in the 
catalysts depending on the nominal atomic ratio. Desai and Yadav prepared LaMg 
mixed oxide catalysts of varying mole ratio and studied for solvent-free crossed 
aldol condensation reaction [125]. LaMg mixed oxide catalysts were prepared by 
combustion and hydrothermal process, and the latter synthesis process provides 
higher surface area and higher amount of medium to strong basic sites. La1Mg3 cata-
lyst prepared by hydrothermal process exhibits superior catalytic performance in 
aldol condensation due to the presence of moderate to strong basic sites. About 96% 
conversion of FUR with 98% selectivity of C8 (FAc) fraction was obtained at 
150 °C in 7 h.

Natural dolomite has also been used as solid base catalyst for aldol condensation 
reaction. Dolomite is an abundant sedimentary carbonate rock consisting of alter-
nate planner structures of Ca2+and Mg2+ ions generating a nonideal basic chemical 
compound of formula CaMg(CO3)2. O’Neill et  al. studied aldol condensation of 
FUR using activated dolomite as solid base catalyst [133]. Activation of dolomite 
by calcination and hydration generates catalytically active Ca and Mg hydroxides 
with enhanced surface area and surface basicity. The activated dolomite is more 
selective to C13 (F2Ac) product due to the higher heat of adsorption of C8 (FAc) 
product.

Various nanosized magnesium hydroxide fluorides, MgF2−x(OH)x, as different 
base catalysts were demonstrated for aldol condensation reaction of FUR and ace-
tone to produce C13 (F2Ac) fuel precursor with high yield [134]. The tunable acid- 
base properties and high surface area make these catalysts appropriate for such type 
of reaction. Also, this class of catalytic material does not require activation before 
reaction, which is often performed in case of metal oxide base catalyst due to the 
presence of carbonate species on the catalyst surface. The presence of fluoride sta-
bilizes the basic sites even at low temperature. The optimum amount of MgF2 
(Lewis acid sites) and Mg(OH)2 (medium-strength basic sites) determines the per-
formance of the nanocomposite catalysts, and MgF1.5(OH)0.5 exhibits the best per-
formance for producing C13 (F2Ac) fuel precursors. The effect of different crystal 
structures of cerous phosphate as solid acid catalysts on their catalytic performance 
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for aldol condensation of FUR and acetone was reported by Li et al. [135]. The 
physicochemical properties of cerous phosphate were greatly influenced by the dif-
ferent crystal structures, which are played an important role on catalyst perfor-
mance. The distribution of different crystal structures can be varied by tuning the 
synthesis condition (hydrothermal synthesis temperature) and pretreatment condi-
tions (calcination temperature). The increase in calcination temperature to 900 °C 
of cerous phosphate catalyst with monoclinic crystal structure increases the cata-
lytic performance for condensation reaction due to the presence of the higher 
amount of acid sites and relatively stable textural properties. However, opposite 
trend was observed for cerous phosphate catalyst with hexagonal crystal structure. 
The FUR conversion and aldol product yield increased to 96% and 68.4% (C8:54.3, 
C13:14.1), respectively, for cerous phosphate with the monoclinic structure after cal-
cination at 900 °C.

Yang et al. reported the solvent-free synthesis of diesel and jet fuel range alkanes 
by aldol condensation of 2-pentanone and 2-heptanone followed by HDO of con-
densation product [136]. Various solid base catalysts were employed for the con-
densation reaction, and the activity sequence of these catalysts is 
CaO > MgAl-HT > KF/Al2O3 > CoAl-HT > MgO–ZrO2 > MgO. The higher activity 
of CaO (98.3% conversion, 86.7% yield) was due to the stronger basicity of the 
material. Ao et al. performed aldol condensation reaction of FUR and cyclopenta-
none to produce C15 (2,5-bis(furan-2-ylmethylidene)cyclopentan-1-one) fuel pre-
cursor with high yield [137]. Various HT-based mixed oxide catalysts (Mg-Zr, 
Mg-Al, and Co-Al) and KF/Al2O3 were studied for the condensation reaction. It was 
demonstrated that KF/Al2O3 exhibits superior performance compared to HT-based 
catalysts because of the presence of strong basic sites, which were generated by 
strong interaction of KF salt with the support. The authors have studied the conden-
sation reaction using various solvents and demonstrated their effect on the targeted 
product solubility and yield. It was reported that the targeted product was highly 
soluble in THF, and product yield was about 98%. However, cost of solvent and 
environmental aspect (green process) should be considered as other important 
parameters while choosing the appropriate solvent. Chen et  al. demonstrated the 
two-step synthesis process of C9–C10 branched alkanes by aldol condensation of 
FUR and 3-pentanone and 5-nonanone and followed by hydrodeoxygenation of 
condensation product [138]. 5-Nonanone is less reactive than the 3-pentanone 
because of the greater steric effect of alkyl group of 5-nonanone. Different types of 
solid base catalysts such as MgO, CaO, MgO-ZrO2, MgO-La2O3, MgAl hydro-
talcite, LiAl hydrotalcite, and KF/Al2O3 were employed for the condensation reac-
tion. Among these catalysts, CaO and KF/Al2O3 catalysts showed higher activity in 
aldol condensation of FUR and 3-pentanone. The authors have used different SiO2- 
supported monometallic and bimetallic catalysts for HDO of aldol condensation 
products to produce jet fuel range branched alkanes (Fig. 11). Ni-Cu/SiO2 catalyst 
showed superior HDO activity compared to other catalysts.

Recently pure and modified zeolites and metal organic frameworks (MOFs) have 
been studied for aldol condensation of FUR. Zeolites are reusable heterogeneous 
catalysts of high stability, surface area, and activity. Pure zeolites of different 
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structural types and textural properties were considered for aldol condensation of 
FUR and acetone. Kikhtyanin et  al. studied aldol condensation reaction using 
HZSM5, HBEA, HMOR, and HSDUSY [139]. Among these zeolites HBEA was 
found to be the best for aldol condensation reaction due to the presence of wide 
pores and three-dimensional crystalline framework. The Brønsted acid sites are 
responsible for the transformation of FUR and acetone to FAc. However, further 
transformation of FAc to (FAc)2 was different than the basic catalysts and was 
formed via dimerization of the olefinic FAc on the acid sites. During the reaction, 
the activity of the studied zeolites decreases due to the deposition of heavy carbona-
ceous species inside the micropores of the zeolites. However, catalytic activity was 
completely restored after calcination at a temperature of 530  °C.  The different 
Sn-containing MFI (Sn-MFI) and BEA Lewis acid zeolites were also studied for 
aldol condensation of FUR and acetone [140]. Both of these zeolites were active for 
the aldol condensation reaction and produces aldol products with different selectiv-
ity. The Sn-Beta catalyst produced both aldol products, FAc and F2Ac, with selec-
tivities of 40% and of 22%, respectively. Contrarily, only FAc was produced over 
Sn-MFI catalyst. The difference in selectivity was attributed to the different pore 
geometries of Sn-Beta and Sn-MFI, resulting in shape-selective aldol condensation 
reaction of FUR and acetone. Additionally, the addition of water also influenced the 
product selectivity and led to the formation of FAc exclusively over Sn-Beta. In a 
different study, different metal organic frameworks (Cu-BTC, Fe-BTC, Mg-formate, 
and ZIF-8) possessing Lewis acid sites were investigated for aldol condensation of 
FUR and acetone [141]. It was reported that the MOF with exclusively Lewis acid 
sites showed poor catalytic activity for aldol condensation. A fairly good activity of 
Fe-BTC MOF was attributed to the presence of weak Brønsted acid sites, which 
were formed due to the existence of structural defects or due to the interaction of 
Fe3+ cation with surrounding water molecules resulting in the formation of H+ ions. 
The formation of (FAc)2 confirms the presence of Brønsted acid sites. The zeolites 
modified and/or ion exchanged with alkali metals are reported as active for the aldol 
condensation reactions. Kikhtyanin et al. reported the effect of chemical composi-
tion and textural properties of zeolites on the performance in aldol condensation 
reactions of FUR and acetone [142]. They have prepared a series of K-mollified Y 
and USY zeolites of different Si/Al ratio. The K-impregnated low-alumina-content 
Y zeolite showed higher selectivity to FAcOH and F2Ac, whereas K-Y (2.5) 

Fig. 11 Illustration of solvent-free synthesis of jet fuel range branched alkanes [138]
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produced FAc (>85%) as the primary product. The residual acid sites in low Si/Al Y 
zeolites caused fast dehydration of FAcOH forming FAc, whereas strong basic sites 
of K-impregnated and high Si/Al ratio zeolites promote second condensation step to 
produce F2Ac. In case of USY zeolite, K2O species were formed by thermal activa-
tion due to the presence of a lower amount of ion-exchangeable proton sites in 
mesoporous and defective crystalline framework of USY. The K2O species as the 
strong basic sites in K-impregnated USY causes higher activity in aldol condensa-
tion and occurrence of the second condensation step. Kikhtyanin et al. also studied 
the aldol condensation reaction of FUR and acetone using K-containing BEA zeo-
lite prepared by ion exchange and combined ion exchanged and impregnation meth-
ods [143]. The K-BEA zeolite prepared by ion-exchanged method showed low 
activity than the K-BEA zeolite prepared by combined ion-exchanged and impreg-
nation method. The strong basic sites were formed by the combined ion-exchanged 
and impregnation method due to the formation of K2O cluster on the zeolite. The 
strong basic sites exhibit higher activity for aldol condensation reaction. Moreover, 
this K-BEA zeolite limits the deposition of carbonaceous species and offers better 
catalyst stability during reaction. Li et al. studied the aldol condensation of FUR and 
acetone using K-promoted Sn-MFI zeolites [144]. The basicity of Sn-MFI increases 
by addition of K resulting in remarkable change in production distribution. The pure 
Sn-MFI produces only C8 (FAc) aldol product, whereas both C8 (FAc) and C13 
(F2Ac) aldol products were formed with K-promoted Sn-MFI catalysts (Table 7). 
Moreover, the addition of K improves the water resistance capability of K-promoted 
Sn-MFI zeolite than the parent Sn-MFI zeolite. The K-promoted Sn-MFI promotes 
the formation of C18 product in the presence of water. Xiao-ming et al. studied the 
aldol condensation reaction of FUR and acetone using MgO/NaY catalyst to pro-
duce jet fuel intermediates [145]. The performance of MgO/NaY catalysts depends 
on the MgO loading, and 20% MgO/NaY showed higher activity with condensation 
product yield of 98.6% at 99.6% FUR conversion. The selectivity of F2Ac enhances 
with the increase of FUR-to-acetone ratio with a slight decline of the reaction rate. 
This catalyst deactivates gradually due to the formation of inactive Mg(OH)2. 
However, the spent catalyst showed good regeneration capability after heat treat-
ment. CaO-loaded HZSM-5 (Ca/ZSM-5) catalyst was also studied for aldol conden-
sation of FUR and acetone in the presence of lower dosages of water [146]. The 
catalyst activity was related to the formation of CaO species. The Ca/ZSM-5 cata-
lyst showed no activity in the absence of water. The excess water favors the forma-
tion of FAc and inhibits the formation of F2Ac. Highest yields of FAc (38.4 mol%) 
and F2Ac (60.2 mol%) were obtained with acetone-to-FUR mole ratio of 0.8:1 and 
water content of 29.7 wt%. The catalyst deactivated due to the leaching of CaO from 
the Ca/ZSM-5 catalyst, and the catalyst activity was restored appreciably by reload-
ing of CaO.

Tandem catalysis empowers multiple consecutive reactions to be performed in 
one pot and one step at similar or identical conditions. This strategy is an example 
of effective process intensification for chemical process by removing expensive 
separation steps and enhancing energy efficiency [147]. The tandem reactions 
require a catalytic material of two or more types of active sites to facilitate 
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individual reaction steps. Moreover, the distribution of different types of active sites 
are tailored for a specific reaction. Cho et  al. demonstrated the performance of 
zeolite- encapsulated Pt nanoparticles for tandem aldol condensation reaction and 
hydrogenation aldol condensation products [148]. HZSM-5-encapsulated Pt 
nanoparticle showed higher selectivity for tandem reaction of aldol condensation 
and hydrogenation of the aldol products. A combined yield of FAc hydrogenated 
products of 87%. In contrast, Pt nanoparticle supported on HZSM-5 promotes the 
FUR conversion by hydrogenation, decarbonylation, and hydrodeoxygenation. 
Moreover, the encapsulated Pt nanoparticles offer superior resistance against sinter-
ing and leaching. The authors further demonstrated the tailoring of types of acid 
sites of Pt@ZSM-5 and choosing of appropriate solvent composition to manipulate 
the product distribution in tandem catalysis [148]. The tandem reaction of aldol 
condensation of FUR with acetone was studied in cyclohexane and EtOH solvents. 
Pt@HZSM-5 with Brønsted acid sites which are in intracrystalline mesopores 
selectively promotes the tandem aldol condensation of FUR and acetone and subse-
quent hydrogenation of aldol products by restricting the access of FUR to Pt sites. 
A total yield of 69% for hydrogenated aldol products was obtained. The Pt@
NaZSM-5 catalyst possesses both the Lewis acid sites and Brønsted acid sites in 
zeolitic micropores and intracrystalline mesopores and promotes the hydrogenation 
of FUR resulting in the formation of valeric acid and ethyl valerate. It was also 
reported that the concentration of ethyl alcohol influences the formation and selec-
tivity of different products. Faba et al. demonstrate the performance of Pd catalyst 
supported on various basic mixed oxides, MxNyO (M = Mg, Ca; N = Zr, Al) for 
aldolization-hydrogenation reaction of FUR and acetone [149]. The catalyst (Ca-
Zr) with lower concertation of basic sites showed poor performance for aldol reac-
tion, whereas the catalyst (Pd/Mg-Al) with medium-strength basic sites showed 
higher activity. It was also reported that the selectivity of the desired product (F2Ac) 
was related to the concentration of medium- strength basic sites. Xu et al. demon-
strated the aldol condensation reaction followed by hydrogenation of aldol products 
using mesoporous Pd/cobalt-aluminate catalyst [150]. The bifunctional catalyst was 
efficient for the aldol condensation reaction, and ~  99% FUR conversion was 
achieved (Table 7).

2.4.2  Reaction Mechanism

The base catalyzed aldol condensation proceeds with the abstraction of α-hydrogen 
from ketone (e.g., acetone) forming carbanion as shown in Fig. 12 [131, 133]. The 
ease of abstraction of hydrogen depends on the basicity of the active site and acidity 
of the hydrogen. Then, the carbanion formed consecutively attacks the carbonyl 
group of adsorbed FUR molecule. The FUR molecule adsorbs on acid sites by coor-
dinating with the oxygen of the carbonyl group. An unstable β-hydroxyl ketone 
intermediate is formed due to the nucleophilic attack of carbanion. This unstable 
intermediate is readily dehydrated to form C8 (FAc) and water molecule. The dehy-
dration of hydroxy ketone intermediate and desorption of product regenerate active 
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sites of the catalyst surface. In parallel self-condensation reaction pathway, the carb-
anion intermediate may attack another acetone molecule resulting in the formation 
of diacetone alcohol and mesityl oxide. In the similar way, the abstraction of 
α-hydrogen of C8 product generates a carbanion intermediate that consecutively 
attacks the carbonyl group of another adsorbed FUR molecule followed by dehydra-
tion reaction resulting in the formation of C13 (F2Ac) product. In case of cyclic 
ketone, the reaction proceeds in similar way as discussed above [137].

2.4.3  Aldol Condensation of 5-HMF

5-Hydroxymethylfurfural (5-HMF) possesses an aldehyde group and cannot 
undergo self-aldol condensation reaction due to the absence of α-hydrogen in its 
structure. However, 5-HMF can condense with other aldehydes and ketones (ace-
tone). A general reaction pathway for the condensation of 5-HMF is shown in 
Fig. 13. Chheda and Dumesic presented a comprehensive overview for the produc-
tion of liquid alkanes from biomass-derived carbohydrates which includes dehydra-
tion of carbohydrates and aldol condensation and hydrogenation of furfurals [151]. 
They demonstrated the aldol condensation reaction of HMF and acetone using vari-
ous base catalysts and mixed oxide catalysts and combination of mixed oxide and 
metal catalysts. Among the various catalysts considered for condensation reaction, 
Mg-Al mixed oxide exhibited higher activity for aldol condensation, and MgO/ZrO2 
and MgO/TiO2 also showed good activity for the condensation reaction. The opti-
mum temperature for aldol condensation reaction was 353K, and further increase in 
reaction temperature decreases the yield of dimer product. The 5-HMF to acetone 
mole ratio plays a significant role in product selectivity. The presence of excess 

Fig. 12 Reaction mechanism of furfural and acetone aldol condensation reaction [131]
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acetone leads to the formation of monomer species, whereas relatively lower con-
centration of acetone causes formation of dimer products. The same research group 
also demonstrated sequential aldol condensation and hydrogenation of 5-HMF 
using bifunctional catalyst, Pd/MgO-ZrO2 [152]. The bifunctional catalysts trans-
formed 5-HMF and acetone to water-soluble intermediates which can be further 
processed to produce liquid alkanes (Table 8). The Pd/MgO-ZrO2 catalyst loses its 
activity after the cycle of aldol condensation and hydrogenation. However, the cata-
lyst activity and selectivity of dimer were completely restored after calcination at 

Fig. 13 Reaction pathways for the transformation of 5-HMF to diesel and jet fuel range alkanes

Table 8 Summary of aldol condensation of 5-HMF using different catalysts

Entry Substrates
Reaction 
condition Catalyst

Performance

Refs.
Conv. 
(%) Sel. (%)

1. HMF and Ac 
(1:1)

53 °C, 10 bar, 
26 h, Org/Cat =6

5 wt% Pd/
MgO-ZrO2

79 HAc: 18
H2Ac:61

[152]

2. HMF and Ac 
(1:10)

50 °C, 24 h, 
50 mg cat

Mg-La (3:1) 100 HAc: 89 [154]

3. HMF and Ac 
(2:1)

50 °C, 10 bar, 
24 h, 0.5 g cat

Mg-Zr 68 HAc: 43.4
H2Ac:16.1

[155]

4. HMF and Ac 
(1:20)

130 °C, 6 h, 
0.25 g cat

Hie-FAU-ZIF- 
8-15C

68.3 HAc: 67% [156]

5. HMF and Ac 
(1:258)

160 °C, 10 bar, 
10 h, 0.15 g cat

Al0.66-DTP@
ZIF-8

98 HAc: 84
H2Ac:11

[157]

6. HMF and Ac 
(1:20)

60 °C, 24 h, 
100 mg cat

Zr(CO3)x and 
Pd/Zeolite-β

100 HAc:92 (C9:40 and 
ethoxynonane: 60)

[158]

7. HMF and Ac 
(1:20)

130 °C, 48 h, 
0.5 g cat

NaX-NS 61 HAc:89.67
H2Ac:2.01

[159]

8. HMF and Ac 140 °C, 7 h, 
HMF/cat = 2 
(w/w)

Cu/MgAl2O4 100 HAc:78
H2Ac:7

[160]

M. Baithy et al.



657

873 K. Huber et  al. performed crossed aldol condensation reaction with acetone 
using mixed Mg-Al oxide catalyst at room temperature [153]. The aldol products 
were then hydrogenated and dehydrogenated to produce alkanes, and more than 
40% carbon selectivity of C9 product and 25% carbon selectivity of C8 product were 
achieved. Bohre et al. studied the aldol condensation reaction of 5-HMF and ace-
tone using series of basic magnesium and lanthanum (Mg-La) mixed oxides of dif-
ferent Mg/La molar ratio for the production of green diesel and jet fuel intermediates 
[154]. Among the various Mg-La catalysts, Mg-La catalyst of Mg/Al molar ratio of 
3 (ML-3) exhibits superior catalyst activity, and 99% 5-HMF conversion and 89% 
yield of C9 (HAc) product was achieved. The higher activity of ML-3 mixed oxide 
was attributed to the higher basic strength, moderate surface area, and strong inter-
action between Mg and Al in mixed oxide. Cueto et al. demonstrated the catalytic 
performance of basic mixed oxides (Mg-Al and Mg-Zr) for aqueous-phase 5-HMF 
and acetone aldol condensation [155]. MgZr showed the superior performance for 
aldol condensation reaction and selectivity of dimer aldol product (H2Ac) was 
higher for this catalyst (Table 8). The high activity of this catalyst was attributed to 
the presence of optimum concentration of medium-strength acid-base sites. The 
stronger basic site promotes the retro-aldolization reaction which was identified as 
an important side reaction.

Suttipat et  al. developed a highly efficient composite of hierarchical faujasite 
nanosheets and zeolite imidazolate framework-8 (Hie-FAU-ZIF-8) by stepwise 
deposition of ZIF-8 on modified zeolite surface and tested this nano-composite 
catalyst for the aldol condensation of 5-HMF and acetone [156]. The designed hier-
archical nano-composite showed excellent acid-base catalytic properties for aldol 
condensation reaction with a yield of HAc of 66.8% in comparison to the isolated 
FAU and ZIF-8 (Table 8). The stepwise deposited Hie-FAU-ZIF-8 nano-composite 
develops a synergistic effect between the Na+-stabilized zeolite framework and 
ZIF-8 catalytic functions, which causes higher activity and selectivity to target 
product. Malkar et al. reported a novel composite catalyst of aluminum-exchanged 
heteropoly acid (HPA) encapsulated inside the cage of ZIF-8 (Al0.66-DTP@ZIF-8) 
(DTP = dodecatungstophosphoric acid; ZIF = zeolitic imidazolate framework) for 
selective synthesis of HAc product by aldol condensation of 5-HMF and acetone 
[157]. The higher concentration of acid sites in HPA moiety and the smaller pore 
diameter of ZIF-8 in Al0.66-DTP@ZIF-8 composite catalyst lead to the selective 
formation of the HAc aldol product at high 5-HMF conversion of 98% in 10  h 
(Table 8). Bohre et al. reported a composite solid base (Zr(CO3)x) and bifunctional 
metal acid catalyst (Pd/Zeolite β) for the production of biofuel from 5-HMF in two 
steps [158]. The zirconium carbonate exhibits high catalytic activity and water tol-
erance for aldol condensation reaction of 5-HMF and acetone. Ninety-two percent 
yield of HAc aldol product was achieved at 100% 5-HMF conversion in the first 
step (Table 8). The bifunctional Pd/zeolite-β catalyst quantitatively converted the 
aldol product in ethanol to n-nonane and 1-ethoxynonane with 40 and 56% selectiv-
ity, respectively. The amine-grafted hierarchical FAU zeolite nanosheets with basic 
sites were also tested for aldol condensation of 5-HMF and acetone [159]. In this 
study, the synergistic effects of hierarchical porosity and the basicity of various 
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alkaline metals and amine surface modification on HMF conversion and selectivity 
of HAc and coke resistance of a nanosheet zeolite were demonstrated. Among the 
various alkaline metal exchange zeolites, NaX-NS showed the best performance in 
terms of HMF conversion and selectivity to HAc (Table 8). Pupovac and Palkovits 
reported copper supported on mesoporous magnesium aluminate as noble metal- 
free base bifunctional catalysts for sequential aldol condensation of 5-HMF and 
acetone and hydrogenation of aldol product [160]. The magnesium aluminate 
showed higher activity for aldol condensation reaction (100% HMF conversion) 
compared to zinc- and cobalt-based aluminates. The higher activity was correlated 
with the higher concentration of surface basic sites on magnesium aluminate. The 
Cu/MgAl2O4 catalyst selectively hydrogenates only the C-O, and furan ring remains 
unaffected during hydrogenation.

2.4.4  Claisen-Schmidt Condensation of Furfural and 5-HMF

The chalcones with structure of 1,3-diphenyl-2-propen-1-one belong to the flavo-
noid family and are widespread in plants. Naturally occurring and synthetic chal-
cones are associated with several biological activities such as antioxidant, 
anti-inflammatory, antibacterial, antihyperglycemic, antifungal, antimalarial, anti-
cancer, etc. [161, 162]. The furan-based chalcones or furanochalcones are produced 
by the Claisen-Schmidt condensation between FUR derivatives and acetophenones 
using various base catalysts.

Arias et al. described the synthesis of furanochalcones by Claisen-Schmidt con-
densation reaction of 5-HMF and various substituted acetophenones using different 
solid acid catalysts (MgO, Al/Mg mixed oxide (HTc) and hydrated A/Mg mixed 
oxide (HTr)) [161]. The calcined HTc possesses Lewis acid sites, whereas hydrated 
HTr is associated with Brønsted acidity. These three catalysts showed high activity 
for the condensation reaction in the absence of solvent. However, this catalyst deac-
tivates very fast in the absence of solvent due to the adsorption of HMF and furano-
chalcones on the catalyst surface. The polarity of solvent plays a significant role in 
catalyst stability, activity, and product selectivity. The condensation reaction per-
formed in the presence of high-polarity solvent mixture such as ethanol-water 
exhibited high 5-HMF conversion and selectivity of furanochalcones using HTc and 
HTr mixed oxide catalysts. However, MgO deactivates fast in water-based solvent 
mixture due to the formation of inactive Mg(OH)2. Yadav et al. demonstrated the 
Claisen-Schmidt condensation reaction of FUR and acetophenone using various 
solid base catalysts [162]. The following solid base catalysts were studied for the 
condensation reaction: CaO, 15w% Al2O3 supported on CaO, MgO, and SrO, 
hydrated hydrotalcite (HHT), and calcined hydrotalcite (CHT) with different ratios 
of Mg/Al. Among these solid base catalysts, 15w% Al2O3/CaO showed superior 
activity giving maximum FUR conversion of 98.5% within 2 h of reaction (Table 9). 
Other catalysts showed poor activity for condensation reaction. The 15w% Al2O3/
CaO showed marginal deactivation after recycling for three times.
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3  Conclusions

Nanocomposite materials have developed as green and sustainable nano-catalysts to 
offer new opportunities for the growth of the chemical industry. Thus, the majority 
of the developments toward a better understanding of metal-based nanocomposites 
in terms of their catalytic role in a particular reaction are discussed in this chapter. 
The metal-metal oxide nanocomposite catalysts are successfully described for the 
selective transformation of the furanics to biofuels and value-added chemicals. The 
nanocomposites exhibited an enhanced physicochemical and structural properties 
due to the combination of different types of components, formation of the active 
site, the superior catalytic activity, and selectivity toward the desired product. 
Especially, these materials have shown a high specific surface area, smaller particle 
size, more numbers of acid-base sites, high thermal stability, and recyclability. We 
also illustrated the general reaction pathways for the selective transformation of the 
furanics into the desired product.
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Abstract The concept of biorefinery can pave way for shifting to the circular econ-
omy by developing unified and multipurpose processes that convert biomass or 
waste into value-added products. One such waste is water hyacinth, which has the 
profound effect on the aquatic life as well as poses a challenge across the world for 
its control. It is the proliferative aquatic weed adversely affecting the environment. 
However, it has been found that the plant can become a useful source of various 
chemicals and fuel if used judiciously. Some important groups of phytochemicals 
like organic acids, sterols, phenolic components, etc. are present in roots, stems, 
leaves, petioles and flowers of this plant and are known for antioxidant, antibacte-
rial, antifungal and anticancer activities. All these extractives have potential applica-
tions in food, pharmaceutical and promoting functional foods. Apart from 
phytochemicals, water hyacinth is extensively utilized in making fuel, sorbent, bio-
polymer, carbon fibre, composites, vermicompost and supercapacitor. The concept 
of biorefinery can be implemented in the effective utilization of water hyacinth due 
to its potential use in various fields. This review article focuses on various aspects 
of utilization of water hyacinth, thereby projecting it as a potential biorefinery 
candidate.

Keywords Biogas · Biorefinery · Phytochemicals · Water hyacinth · Waste 
valorization

1  Introduction

An ever-increasing demand for food, energy and water is a serious challenge the 
world is facing today with the burgeoning human population [1]. The anthropogenic 
climatic change is known for several serious effects on the environment. While 
actual collection of waste is ~60% in developing countries like India, Pakistan and 
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Bangladesh, most of the waste is not handled properly and thrown to open area or 
discarded in drains. The disposal of organic wastes to the open dumpsites severely 
affects the environmental, economic and social life. The expenditure towards man-
aging the solid waste all over the world is expected to grow up to approx. US $375.5 
billion by 2025 [2].

As per the report of the European Commission [3], ‘The bioeconomy encloses 
the production of renewable biological resources and utilization of waste streams to 
derive useful products, such as food, bio-based products and bioenergy’. A proper 
utilization of waste is done by converting it into value-added products and its poten-
tial to replace fossil resources.

Annual municipal solid waste (MSW) generation is about 1.3 billion tonnes 
worldwide and is projected to reach around 2.2 billion tonnes annually by 2025 [3]. 
The organic fraction of municipal solid waste (OFMSW) and food supply chain 
waste (FSCW) has the potential of being converted to high-value-added compounds 
by using extraction and recovery methods and to produce fuel and chemicals. The 
extraction of high-value components from various FSCW has been achieved by 
employing various physical, chemical and biochemical processes [3]. Various bio-
active compounds such as polyphenols, carotenoids, vitamins, antioxidants, flavo-
noids, fibre and pectin are generally used as additives in food industries, in 
pharmaceutical applications and for production of functional foods.

The concept of biorefinery can be used for shifting to the circular economy by 
developing unified and multipurpose processes upon using biomass or waste to 
derive useful products [4]. Biorefinery mainly focuses on the treatment of the bio-
mass which includes organic residue, some energy-generating crops and aquatic 
biomass using physical, chemical or mechanical means so that a variety of products 
including phytochemicals and biofuels can be obtained. The sustainability of biore-
finery encompasses the maximum use of biomass and minimum formation of 
waste [5].

In the case of countries which are at the developing stage, the waste biorefinery 
concept is very relevant for minimizing the economic investment and environmental 
burden generated due to energy fulfilment need and current waste disposal tech-
niques. Waste biorefinery concept has gained importance in such nations as a sus-
tainable alternative to prevailing waste management options and to produce thermal 
energy, electricity, fuel, valuable materials and chemicals for enabling the circular 
economies.

There are three types of biorefineries:

Phase I biorefinery: Single feedstock is used to obtain major product by using single 
process.

Phase II biorefinery: Single feedstock is utilized to obtain multiple major products 
by using multiple processes.

Phase III biorefinery: Multiple feedstocks are utilized to obtain multiple major 
products by using multiple processes.

Waste biorefinery approach includes the waste sources like municipal waste, ani-
mal waste, forestry waste, agricultural waste and industrial waste to generate 
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valuable products. Biorefineries are classified as agricultural, cereal, oil seeds, lig-
nocellulosic, green, forestry and industrial- and municipal-based biorefineries, 
according to their ability to provide a variety of products such as fuel, energy, chem-
icals, materials, etc. [2, 6]. For obtaining such products, conversion processes such 
as biological conversion (anaerobic digestion, fermentation, enzymatic operation, 
aerobic digestion/composting, etc.), thermochemical conversion (liquefaction, 
pyrolysis, gasification, combustion, etc.), chemical conversion (hydrolysis, solvent 
extraction, supercritical conversion, transesterification, refuse derived fuel, etc.), 
and physical conversion (mechanical extraction, briquetting of biomass, distillation, 
etc.) are employed either alone or in combination [7, 8].

Along with sustainable waste management, waste biorefineries focus on signifi-
cant economic and environmental benefits. Economic advantages include extraction 
of various forms of energy and useful products from raw material having no cost 
and elimination of requirement of landfill, thereby no requirement of land and no 
expenditure on landfill and new avenues for business development. Environmental 
benefits are reduced greenhouse gas release compared to prevailing treatment meth-
ods and conservation of natural resources like land, soil and ground water and fossil 
fuel [2].

Water hyacinth is among the category of the most proliferative macrophytes and 
has an adverse impact on aquatic environment. However, if utilized sensibly water 
hyacinth can become an important resource for biorefinery. Utilization of water 
hyacinth has been explored for phytoremediation, ethanol production, sorption of 
dyes and heavy metals, reinforcement for composites, supercapacitor electrode, 
generation of fuel, controlled drug release, preparation of biomanure, etc. [9]. 
Sindhu et  al. [10] have pointed out the generation of valuable products such as 
enzyme, organic acids, fuel, biopolymer, carbon fibre, composites, biofertilizers, 
fish/animal feed, xylitol, vermicompost, supercapacitor electrode, etc. from this 
aquatic plant. Sharma et al. [11] focussed on the origin of water hyacinth, its distri-
bution, ecology, biology and control measure along with its applications. 
Phytochemicals present in water hyacinth, threats posed by this plant and its control 
measures have been reported by Patel [12] along with its applications. The review 
on energy by Rezania et al. [13] has covered the utilization of water hyacinth as a 
co-fuel, briquette biomass, phytoremediation, composting and fertilizer, animal 
feed, furniture, etc. Malik [14] has given details on reproduction of this plant, its 
environmental implications and how to mitigate this issue. It also includes the appli-
cation of water hyacinth as phytoremediation agent, power alcohol production, bio-
gas production, compost, fish and animal feed. However, details regarding operating 
parameters for a specific process/application and its outcome were not given due 
importance. Further, cause-and-effect diagram can become instrumental in under-
standing the real scenario for a given application.

This chapter attempts to provide comprehensive representation of the work done 
till date which will help the readers to explore water hyacinth for a varied spectrum 
of applications. It includes the distribution of water hyacinth and its control mea-
sures in brief. Applications of water hyacinth for various products have been 
described in detail along with cause-and-effect diagram, also known as fishbone 
diagram or Ishikawa diagram.
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2  Water Hyacinth

Aquatic weeds are generating a huge amount of biomass in the aquatic environment. 
Some of the well-known aquatic weed species such as Eichhornia crassipes (also 
known as water hyacinth), Pistia stratiotes and Salvinia auriculata are rapidly 
growing plants [15]. Eichhornia crassipes (Mart.) Solms belongs to the pickerel-
weed family (Pontederiaceae) and is seen in the tropical and subtropical regions. It 
was first seen in Zimbabwe (1937). Afterwards its presence was seen in the Incomati 
River in Mozambique (1946) and the Zambezi river and some important rivers in 
Ethiopia (1956). In West Africa it was first found between 1997 and 2000. In 
Nigeria, almost all rivers are affected by the water hyacinth [16]. It has reached 
River Nile Delta in Egypt and also found in southwards. European countries like 
France, Hungary, the Netherlands, Belgium, Italy,the Czech Republic and Romania 
are also badly affected by this aquatic weed. In Asia, it is found in dense mat on 
freshwater wetlands of the Mekong Delta. It has also been observed in the 
Sundarbans forest of Bangladesh [17] and the Kaziranga National Park, India. A 
freshwater lake, Deepor Beel, formed by the Brahmaputra river, Assam (India), is 
highly affected because of this invasive plant [12]. In southern China, the weed has 
disturbed the economic, environmental and social life [18]. A catastrophic imbal-
ance has been caused by water hyacinth in the Sacramento-San Joaquin River Delta 
in California [19]. It has origin from Amazon basin, but it spreads in lakes and is 
slowly moving to rivers as it prefers nutrient-enriched water to grow. It further pro-
liferates by human activities throughout the world in Africa, Asia, Australia and 
North America [20] and the countries lying between 40°N and 40°S which include 
India, South Africa and the USA. The optimum range of pH to grow water hyacinth 
is 6–8, and temperature varies in the range of 1–40 °C, whereas the optimum growth 
is observed at 25–27.5 °C. The growth rate of water hyacinth depends mainly on 
nitrogen present in water bodies, and it increases with an increase in nitrogen con-
tent. It has attractive purple or blue flowers along with oval glossy leaves and bul-
bous petioles and used as an ornamental plant in many countries. Eichhornia 
crassipes is among the top ten worse aquatic weeds [21], and International Union 
for Conservation of Nature (IUCN) has listed it in 100 unwieldy invasive plants [22].

Water hyacinth has the potential to grow rapidly, and excessive growth of this 
weed destructs the biodiversity. Water hyacinth can cause oxygen depletion, as 
dense mat blocks the oxygen transfer from air to water and dissolved oxygen con-
tent in the water decreases dominantly apart from depleting the water body of nutri-
ents. The low content of dissolved oxygen catalyses the manumission of phosphorous 
residing in the alluvium that is responsible for eutrophication, thereby further accel-
erating the growth of water hyacinth or algal bloom [23]. It can damage the naviga-
tion, fish production, power generation and irrigation [14]. The fisherman faces the 
problems because of low fish population, difficulty during access and loss of fishing 
equipment. In many rivers water hyacinth has negatively affected the navigation and 
water distribution system for agriculture. Water hyacinth dense mat slows the water 
flow in the irrigation channels leading to severe flooding. Many hydropower plants 
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are suffering from it as continuous removal of weed from water bodies before enter-
ing the turbine is expensive. The biomass generated after death of water hyacinth 
lowers the quality of drinkable water, and therefore the purification cost to get pota-
ble water is increased [12]. Water hyacinth provides breeding environment to the 
pest. The dense mat of water hyacinth is favourable for disease causing organisms 
like Anopheles mosquito responsible for malaria [24]. Water hyacinth provides 
cover for reptiles and poisonous snakes [12].

3  Water Hyacinth Control

Control of water hyacinth is very necessary as it adversely affects the aquatic life 
and environment. Control methods generally applied for removal of water hyacinth 
include mechanical, chemical and biological control. In mechanical control method, 
various machines are used to perform the operations such as cutting, shearing, 
shredding, crushing, pressing, lifting, conveying and transporting of the weed for 
the maximum removal. However, the use of mechanical means like heavy machines 
during these operations is very expensive [14]. Chemical herbicides like paraquat, 
diquat, glyphosate, amitrole and 2,4-dichlorophenoxyacetic acid (2, 4-D) have been 
utilized for controlling water hyacinth. But the long-term use of these herbicides 
deteriorates the water quality which is dangerous for aquatic life. In biological con-
trol, the weevils decrease potency of water hyacinth upon reducing the growth rate, 
controlling its reproduction as well as formation of flowers and seeds [25]. However, 
the growth of this invasive weed is difficult to control as it spreads rapidly either by 
vegetative propagation or by seeds [26]. Hence, water hyacinth should be further 
utilized for value-added products after its eradication under the concept of biorefin-
ery. Biorefinery provides sustainable waste management along with generation of 
significant economic and environmental benefits [2]. Water hyacinth can be con-
trolled by utilizing it for value-added products which is the emerging trend.

4  Potential Applications of Water Hyacinth

In spite of the fact that the water hyacinth is a notorious aquatic species, various 
researchers have found the potential of it for numerous applications. Water hyacinth 
is perennially available in huge amount despite of the attempts to curtail its growth; 
thus, there will be a continuous and steady supply for wide spectrum of its utility. 
Value-added products from Eichhornia crassipes include fuel [27], ethanol [28] and 
biopolymer [29]; biohydrogen, biobutanol, sorbent for heavy metals [30] and dyes 
[31], composites [32], enzymes [33], fuel with higher heating value (HHV or HCV) 
[34] and brick manufacturing [35]; and ultracapacitor electrode [36]. Some impor-
tant extractives like organic acids, sterols and phenolic components from various 
morphological parts such as roots, stems, leaves, petioles and flowers of water 
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hyacinth have exhibited antioxidant, antibacterial, antifungal and anticancer activi-
ties. All these extractives have potential applications in food, pharmaceutical and 
promoting functional food. Each part of water hyacinth is useful in numerous appli-
cations. Figure 1 provides an overview regarding the utilization of various parts of 
water hyacinth in numerous fields. Cause-and-effect diagram has been prepared for 
different applications of water hyacinth such as phytochemical extraction, bioetha-
nol production, biogas production, heavy metal and dye removal and bio-oil pro-
duction. This diagram displays method required, machine applied, material utilized 
and measurement technique adopted to achieve defined goal.

4.1  Water Hyacinth as a Source of Phytochemicals

Various phytochemicals such as sterols, shikimic acid and polyphenols have been 
successfully extracted from different parts of water hyacinth. The recovery of valu-
able compounds improves the commercial value of natural resources and thereby 
supports the concept of biorefinery. Figure 2 presents the fishbone diagram for phy-
tochemical extraction from water hyacinth.

Phytochemicals from various sources of plant materials have been efficiently 
isolated using solvents under supercritical conditions [37]. Carbon dioxide is a pre-
ferred solvent as its critical temperature is near room temperature (~31 °C) and criti-
cal pressure is moderate (~74 bar). Also, it possesses higher diffusivity and is cheap, 

Fig. 1  Applications of water hyacinth
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nontoxic and environment-friendly in nature. To increase the solvating power, CO2 
is used with other polar solvents to increase the polarity [38].

A variety of chemicals like glycolipids, phospholipids, triglycerols, phenale-
none, sterols and phenolic compounds such as flavonoids and quinones have been 
identified in the extract of different parts of water hyacinth. These compounds have 
shown antimicrobial action, antiproliferative activity against malignant cells, cure 
against inflammation and antioxidant activity [39]. Table 1 provides details about 
various phytochemicals extracted from different parts of water hyacinth.

The extraction of lipophilic and polar components from roots, stem, leaves and 
flowers has been carried out [42] along with antioxidant activity. After Soxhlet 
extraction using dichloromethane, the extract was analysed for lipophilic compo-
nents. Solid-liquid extraction followed by Soxhlet extraction for 1:100 g/mL of bio-
mass sample was performed with the solvent mixture of methanol/water/acetic acid 
having 47.5:47.5:5.0 (v:v:v) proportion for 24 h to identify the polar components. A 
total of 29 components were analysed in the lipophilic extract of water hyacinth. 
The total mass of extract obtained was in the range of 22.42–39.17% (wt); amongst 
them glycerol, hexadecanoic acid, linoleic acid, linolenic acid, cholesterol, methyl 
cholesterol, stigmasterol and β-sitosterol were found in significant amount. These 
lipophilic compounds are classified into four groups of families as sterols (ST), fatty 
acids (FA), long-chain aliphatic alcohols (LCAA) and aromatic compounds, and the 
concentration of these compounds was in the range of 9.80–22.55% (wt), 
7.42–13.13% (wt), 0.17–1.26% (wt) and 0.15–0.40% (wt), respectively. The most 

Fig. 2 Cause-and-effect diagram for phytochemicals extracted from water hyacinth
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Table 1 Water hyacinth as a source of phytochemicals

Sr. 
no.

Targeted 
phytochemicals

Plant 
part Parameter Results References

1. Sterols Leaves 
and 
stalks

Supercritical 
fluid extraction:
Solid loading, 
30 g
Pressure, 
200–300 bar
Temperature, 
50 °C
Solvent, CO2

Flow rate, 7.5 g/
min
Co-solvent, 
0.0–5.0% (wt) 
ethanol

Total yield, 1.25% (wt) 
ethanol at 250–300 bar 
and 5.0% (wt)
Total sterol 
concentration, 38.26% 
(wt)
Stigmasterol 
concentration, 26.35% 
(wt) at 300 bar and 
2.5% (wt)

Martins 
et al. [40]

2. Stigmasterol Leaves 
and 
stalks

Supercritical 
fluid extraction:
Solid loading, 
70 g
Pressure, 200 bar
Temperature, 
40–60 °C
Time, 6 h
Solvent, CO2

Co-solvent, 
0–10% (wt) 
ethanol

Total yield, 0.73% (wt)
Stigmasterol yield, 
0.22% (wt)
Stigmasterol 
concentration, 
30.6 kg/100 kg extract 
at
60 °C and 0% (wt) 
ethanol. Addition of 
ethanol led to increased 
yield up to 1.88% (wt) 
with an extended time 
of extraction

de Melo 
et al. [41]

(continued)
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Table 1 (continued)

Sr. 
no.

Targeted 
phytochemicals

Plant 
part Parameter Results References

3. Polar and lipophilic 
components

Roots, 
stalks, 
leaves 
and 
flowers

Solid loading, 
10 g
Soxhlet 
extraction:
Time, 8 h
Solvent, 
dichloromethane
Solid-liquid 
extraction (SLE):
Time, 24 h
Solid-liquid 
ratio, 1:100 
biomass after 
Soxhlet 
extraction (g): 
solvent (mL)
Solvent, 
methanol/water/
acetic acid 
(47.5:47.5:5.0 
v:v:v)
Temperature, RT

Yield from stalk
Soxhlet, 2.65% (wt)
SLE, 28.84% (wt)
Total, 31.49% (wt)

Silva et al. 
[42]

4. Shikimic acid Aerial 
parts 
and 
roots

Solid loading, 
1 g
Time, 20 min
(magnetic 
stirring at RT and 
45 °C; sonication 
at RT and 45 °C)
Solvent, 
methanol and 
water 
(2 × 25 mL)

Significant yield was 
obtained for sonication 
at room temperature 
(1.450% (wt)) using 
methanol for aerial 
parts

Cardoso 
et al. [43]

5. Phenolic compounds Petioles, 
leaves 
and 
flowers

Solid loading, 
5 g
Volume of 
solvent, 50 mL
Solvent, ethanol; 
water
Temperature, RT
Time, overnight

Higher extraction yield 
was found for flower 
25.5% (wt) with water

Surendraraj 
et al. [44]

6. 8-Phenylphenalenones Roots 
and 
leaves

Solid loading, 
870 g
Temperature, RT
Solvent, acetone

Structure elucidation 
8-phenylphenalenones
Total amount extracted, 
7.2 mg/g

Hölscher 
and 
Schneider 
[45]

Waste Valorization of Water Hyacinth Using Biorefinery Approach: A Sustainable Route
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abundant amount among all the compounds in the lipophilic extract was sterols with 
β-sitosterol and stigmasterol with the concentration of 67–80% (wt). The leaves and 
stalk contained higher amount of stigmasterol with 13.45% and 15.15%, respec-
tively, while flowers had β-sitosterol in abundant quantity. Extract from leaves 
(4.86 mgAAE/gbiomass (mg ascorbic acid equivalent per gram biomass)) has exhibited 
better antioxidant action compared to the extracts obtained from stalks and roots, 
i.e. 2.04  mgAAE/gbiomass and 0.11  mgAAE/gbiomass, respectively. Among all the parts, 
leaves possessed the highest value of phenolic compounds followed by the stalks 
and roots.

The total phenolic compounds (TPC) have been extracted from petioles, leaves 
and flowers by Surendraraj et al. [44]. The biomass was extracted with 96% ethanol 
as well as distilled water at room temperature overnight. The extraction yield with 
water was found more as compared to ethanol. The highest extraction yield of 
25.5% (wt) was obtained for flowers with water. Phenolic contents of various sec-
tions of water hyacinth were in the range of 0.84–6.66 mgGAE/g of dried sample. 
TPC have been obtained in a higher amount in flowers compared to other parts of 
the plant. The ethanolic extract of Eichhornia crassipes showed the presence of 
α-tocopherol in significant amount in petioles, δ- tocopherol in leaves and 
γ-tocopherol in petioles. A total of 11 phenolic acids were identified from the water 
and ethanolic extract such as benzoic phenolic types (gallic, protocatechuic, gen-
tisic, p-hydroxybenzoic, vanillic and salicylic acid) and cinnamic phenolic types 
(chlorogenic, syringic, caffeic, p-coumaric and ferulic acid). Protocatechuic and 
gentisic acids have been found in greater amount in ethanolic extract of petioles, 
leaves and flowers. Flowers have a significant amount of protocatechuic acid 
(53.94 mg/g extract) and gentisic acid (137.26 mg/g extract) [44]

Recovery of shikimic acid in purer form from the aerial parts and roots was car-
ried out using methanol and water as solvents. The techniques are used for extrac-
tion such as magnetic stirring and sonication at room temperature as well as 45 °C 
and Soxhlet extraction. The maximum yield of shikimic acid (1.45%) and (2.70%) 
was obtained for aerial part of water hyacinth using sonication at room temperature 
and Soxhlet extraction, respectively [43].

4.2  Water Hyacinth as a Source of Sorbent for Heavy Metals 
and Dyes

Aquatic plants can control the pollution caused due to heavy metals and pesticides 
in freshwater. Since the conditions are favourable in tropical and subtropical regions, 
Eichhornia crassipes is produced in huge quantity and has gained importance for 
this purpose. Apart from adsorbing or accumulating heavy metals, water hyacinth is 
capable of converting reactively toxic compounds to inert and nontoxic compounds 
[46]. Powder and adsorbents made from various parts of this plant have been 
assessed for removal of harmful compounds. Different parameters such as 
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adsorbent concentration, time employed, temperature and pH of effluent have been 
studied. Figure 3 shows cause-and-effect diagram for adsorption of noxious com-
pounds using water hyacinth. The results obtained based on these studies conducted 
for heavy metal and dye removal are given in Table 2.

Biochar was made by pyrolysis of water hyacinth powder for 5 h at 350 °C. Pristine 
biochar and biochar coated with nanoscale zero valent iron (nZVI) were utilized 
towards adsorbing Cd (II) in batch and continuous mode. Batch experiments were 
carried out in 25 mL Erlenmeyer flask using concentration of Cd (II) in the range of 
0.01–200 ppm, 0.01 g biochar and pH at 7. For continuous operation, fixed bed was 
formed using 1  g of dry nZVI/biochar composite. Langmuir isotherm has been 
employed for assessment purpose. The solution containing Cd (II) was allowed to 
pass through the bed. The highest removal of Cd (II) was 56.62 mg/g for nZVI/
biochar composite which was 2.2-folds than that of the virgin one [59].

Artificial wetland system (AWS) was developed for biodegradation of organic 
compounds and removal of heavy metals using Eichhornia crassipes as biofilter 
[60]. Water hyacinth was used as biological filter for biodegradation of organic 
compounds (malathion, piroxicam and 2,4-dichlorophenoxyacetic acid (2,4-D)) 
and heavy metals (Pb, Ni, Zn and Cd) from water. AWS was constructed by poly-
ethylene material with an objective to be used in batch as well as continuous mode 
for 20 consecutive days. The concentration of these organic compounds was anal-
ysed after every 2 days. The highest removal of malathion, 2,4-D and piroxicam was 
achieved to be 67.6%, 58.3% and 99.1%, respectively. Water hyacinth has absorbed 
1.8–16.6 g of COD/kg DM (dry mass of water hyacinth), and 45.8% removal of 
BOD was achieved. AWS loaded with water hyacinth has removed 15.5, 5.4, 16.5 
and 13.5 mg/kg dry biomass of Pb, Ni, Zn and Cd, respectively in 48 h.

Fig. 3 Cause-and-effect diagram for heavy metal and dye removal by water hyacinth
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4.3  Water Hyacinth as a Source of Fuel

Due to increase in energy demand with increase in population all over the world and 
depletion of fossil fuel, the researchers have focussed on the renewable energy 
sources. Over-exploitation of crude oil and coal and ever-increasing demand of 
energy necessitate the finding of alternative fuel sources. Bioethanol, biogas, biohy-
drogen and high calorific fuel (HCF) are considered as important renewable energy 
sources, and lignocellulosic biomass can be utilized for producing such renewable 
products. Minimization of waste like water hyacinth by utilizing this biomass for 
production of renewable energy source can become critical benefaction in achieving 
sustainable development goals. Three stages such as pre-treatment, hydrolysis and 
fermentation are involved in producing bioethanol from water hyacinth [10]. 
Figures 4 and 5 represent cause-and-effect diagram for bioethanol and biogas pro-
duction, respectively, from Eichhornia crassipes.

Eichhornia crassipes is regarded as the potential source of biogas. The produc-
tion of biohydrogen is eco-friendly, and anaerobic microorganisms are used from 
organic waste [13]. In addition, combustion of biohydrogen produces water and 
heat and has a higher energy output, i.e. 122 kJ/g. Details of work conducted in this 
field are summarized in Table 3.

Production of biohydrogen followed by biomethane from waste of Saccharum 
officinarum and Eichhornia crassipes in batch and continuous operations was 
achieved by Kumari and Das [73]. Sugarcane bagasse (SCB) was pre-treated with 
solution having 1% w/v caustic soda and 2.5% v/v H2O2. Hydrolysis of SCB was 
done with aqueous solution containing citrate buffer which was supplied with cel-
lulase from Trichoderma reesei. By pre-treatment and hydrolysis, lignin was 
reduced to 89 ± 3% (w/w). Biohydrogen was produced by mixing 10 g/L hydro-
lysed SCB with varying concentration (5–25 g/L) of water hyacinth (WH) in batch 
mode. The cumulative gas production of 111.6 ± 1.9 mL/g COD and biohydrogen 
production of 72.5 ± 1.3 mL/g COD with SCB-WH ratio of 1:2 was observed for 
batch mode. In continuous process, maximum biohydrogen yield of 303 mL/g COD 
in 8 h of hydraulic retention time was observed, while 142 mL/g COD biomethane 
yield was observed in 240 h of hydraulic retention period.

Gao et al. [74] have focussed on the influence of ionic liquid with co-solvent on 
morphology of plant material as well as quality and quantity of biogas generated 
from Eichhornia crassipes. Ionic liquid (1-N-butyl-3-methylimidazolium) 
[Bmim]Cl and dimethyl sulfoxide (DMSO) as co-solvent were used for delignify-
ing the biomass. Pre-treatment by [Bmim]Cl/DMSO has decreased the crystallinity 
of biomass structure, and porosity of the surface was increased. Removal of lignin 
in the range of 27.1–60.4% has assisted in the increase in biomass production in the 
range of 16.3–97.6% upon treating the biomass at 120 °C for 120 min. [Bmim]Cl/
DMSO recovery has been found to be 90% employing two-phase aqueous solution 
having K3PO4.
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Anaerobic digestion of Eichhornia crassipes was accomplished to enhance 
methane production using microwave pre-treatment [75]. Pre-treatment was carried 
out at microwave power of 500 W, temperature of 100 °C, 20.1 g/L substrate con-
centration and 15 min operational time. Using microwave pre-treatment, methane 
production was 221 mL/g-sub which was 38.3% higher than the conventional method.

Varanasi et  al. [76] have studied the biohydrogen production, biomethanation 
and bioelectricity generation from water hyacinth. Biohydrogen was produced in 
batch process carried out in a reactor of 500 mL volume at pH of 6.5 and tempera-
ture 37 °C with the maximum cumulative H2 production (904 ± 40.69 mL/L) and 
yield (41.38 ± 2.06 L/kg COD). Biomethanation of water hyacinth has been per-
formed in double-jacketed batch reactor having 500 mL volume. Anaerobic envi-
ronment was maintained by sparging N2 for 5 min. Temperature was maintained at 
37 °C and stirring speed at 280 rpm. The maximum cumulative methane production 
was achieved to be 796.73  ±  18.62  mL/L with 35.69  ±  1.24  L/kg COD yield. 
Microbial fuel cell (MFC) was incorporated to produce electricity. Carbon felt 
coated with WO3 catalyst as anode and carbon ink-coated anion exchange mem-
brane as cathode were used in the polyacrylic MFC chamber. The batch time for 
MFC was 72  h, and the internal resistance was 17–20 Ω. The maximum power 
densities in two-stage and three-stage process were obtained as 18.15 ± 0.54 and 
16.28 ± 0.65 W/m3, respectively. The combined system comprising of three stages 
was able to provide the highest energy (60%) in the form of hydrogen, methane and 
electricity with 94% of overall COD removal.

Biohydrogen was produced from water hyacinth in batch and continuous process 
by Ruen-ngam and Jaruyanon [77] using a batch reactor. The processing conditions 
were temperature in the range of 400–500 °C at 50 °C of interval, pressure variation 
from 21.2 to 26.8 MPa and 5–30 min variation in reaction time. Biomass ratio was 
varied from 2.5% to 15%. The continuous system used for gas production was oper-
ated at 0.51 L/h, while maintaining temperature and pressure conditions closed to 
supercritical water (T = 374 °C, P = 22 MPa). The H2 production rate in continuous 
system was 0.96 mol/min which could recover energy equivalent to 2.08 Wh/g bio-
mass or 11.43 kWh/mole glucose. The H2 yield was 2.7 times higher in continuous 
system than the batch system.

Water hyacinth was used for producing hydrogen using cellulose and xylanase 
enzyme [78]. Sodium chlorite (NaClO2) was added in acidic fermentation process 
for lignin deterioration. The concentration of NaClO2 was varied from 0 to 
20 mg/L. The maximum hydrogen yield of 119.6 ± 7.8 mL/g TVS (total volatile 
solids) at NaClO2 concentration of 8 mg/L was obtained which was much more as 
compared to 39.7 ± 2.5 mL/g TVS (without NaClO2). A higher concentration of 
NaClO2 (more than 8 mg/L) has caused the death of anaerobes in the fermentation 
media showing an adverse impact on performance of the process.
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4.4  Water Hyacinth as a Source of Material

Eichhornia crassipes has been successfully used for production of biopolymer, car-
bon fibre and composites. Carbon fibre is generally used as a source for composites 
[10]. Commercially, carbon fibres are made from organic polymers like rayon, poly-
acrylonitrile or petroleum pitches which further depend upon petrochemicals and 
refineries. High cost of these organic polymers is another limitation. To produce 

Fig. 4 Cause-and-effect diagram for bioethanol production from water hyacinth

Fig. 5 Cause-and-effect diagram for biogas production from water hyacinth
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Table 3 Water hyacinth as a source of fuel

Sr. 
no.

Raw 
material

Microorganism/
inoculum Parameters Results References

Bioethanol

1. Water 
hyacinth

Aspergillus 
terreus F-98
Candida 
tropicalis 
(fungus)

Acid hydrolysis 
with H2SO4:
Temperature, 
119.27 °C
Time, 16.11 min
Biomass amount, 
7.56% (w/v)
H2SO4 
concentration, 
4.66% (v/v)
Chemical 
hydrolysis with 
H2SO4, HCl, 
NaOH and KOH:
Autoclave 
temperature, 
121 °C
Time, 20 min
Biomass amount, 
4 g
Fungal hydrolysis:
Autoclave 
temperature, 
121 °C
Incubation 
temperature, 
30 °C
Autoclave Time, 
20 min
Incubation time, 
10 days
Biomass amount, 
4 g
Bioethanol 
production (batch 
fermenter):
Temperature, 
30 °C
Time, 60 h
pH, 5.5

Bioethanol production, 
14 g/L

Madian 
et al. [28]

(continued)
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Table 3 (continued)

Sr. 
no.

Raw 
material

Microorganism/
inoculum Parameters Results References

2. Water 
hyacinth

Cellic C Tech 3 
(enzyme)
Saccharomyces 
cerevisiae 
(yeast)

Biomass 
pre-treatment 1:
Solid loading, 
30 g
Volume of solvent, 
2000 mL
Solvent, water, 
hydrogen 
peroxide, acetic 
acid
Solvent 
concentration, 1.7
mol/L
Steam explosion, 
2.5 kgf/cm2/h
Biomass 
pre-treatment 2:
Solvent, acetone/
water (20% v/v)
Time, 15 min
Drying 
temperature, 
50 °C to achieve 
humidity less than 
5%
SSF and SHF:
Solid loading, 5 g 
pre-treated 
biomass
Volume of water, 
200 mL
Temperature, 
32 °C
Shaking speed, 
120 rpm
SSF
Time, 0–72 h
pH, 4.8
SHF
Time, 0–144 h
pH, 5

Bioethanol production, 
0.39 mL
Yield, 0.078 mL/g
For hydrogen peroxide 
pre-treatment in 78 h 
using SHF

Roberta 
et al. [61]

(continued)
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Table 3 (continued)

Sr. 
no.

Raw 
material

Microorganism/
inoculum Parameters Results References

3. Water 
hyacinth

Phanerochaete 
chrysosporium 
(fungus)
Saccharomyces 
cerevisiae

Solid-liquid ratio, 
1:20
Pre-treatment with 
microbe 
(Phanerochaete 
chrysosporium):
Temperature, 
30 °C
Time, 60 h
Shaking speed, 
150 rpm
Pre-treatment with 
acid (1% H2SO4) 
and alkali (4% 
NaOH):
Time, 1 h
Temperature, 
100 °C
Bioethanol 
production:
Temperature, 
30 °C
Time, 6–30 h
Shaking speed, 
120 rpm
Saccharomyces 
cerevisiae 
concentration, 
6 g/L

Bioethanol production, 
1.40 g/L in 24 h

Zhang et al. 
[62, 63]

(continued)
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Table 3 (continued)

Sr. 
no.

Raw 
material

Microorganism/
inoculum Parameters Results References

4. Water 
hyacinth

Saccharomyces 
cerevisiae

Pre-treatment with 
4% H2SO4:
Solid loading, 
10% (w/v)
Temperature, 
121 °C for 15 min
Time, 1 h for 
pre-treatment
SSF:
Solid loading, 
10 g pre-treated 
biomass in 90 mL 
fermentation 
medium
Temperature, 
30 °C
Time, 72 h
Shaking speed, 
200 rpm
pH, 5

Bioethanol production, 
5.1 ± 1.2 g/L
Yield, 0.42 gp/gs (gram 
ethanol per gram of sugar 
consumed) for 60 h of 
fermentation using the 
mixture of all enhancer

Rezania 
et al. [64]

5. Water 
hyacinth

Trichoderma 
reesei
Pichia stipites
Fusarium 
oxysporum

Solid loading, 
10% (w/v)
Pre-treatment with 
(0.5% w/v) 
Ca(OH)2:
Temperature, 
100 °C
Time, 3 h
SHF:
Temperature, 
35 °C
Time, 48 h
pH, 6
Shaking speed, 
200 rpm
SSF:
Microbial 
biomass, 5–25%
Temperature, 
25–45 °C
Time, 24–72 h
pH, 6

Yield, 0.411 g/g at 35 °C 
and 60 h for SSF using 
co-culture fermentation (T. 
reesei and P. stipites) with 
microbial biomass of 
3.12 g DCW/L (gram dry 
cell weight per L) for 
solid loading of 100 g/L

Pothiraj 
et al. [65]

Biogas

(continued)
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Table 3 (continued)

Sr. 
no.

Raw 
material

Microorganism/
inoculum Parameters Results References

6. Water 
hyacinth 
(leaves, 
stem and 
roots)
Banana 
peels

Cow dung Water hyacinth 
pre-treatment:
Temperature, 
90 °C
Time, 1 h
Anaerobic 
co-digestion:
Time, 50 days
Leaves/stem/roots 
ratio, 13:69:45
Mixing ratio, 
1–2.5
F/M ratio, 1
Inoculum, 50 g

Biogas production:
(1) 170 ± 10 mL for 
untreated water hyacinth 
with optimum mixing 
ratio of 2 on the 16th day
(2) 197 ± 10 mL for 
pre-treated water hyacinth 
with mixing ratio of 1.5 
on the 11th day

Barua et al. 
[27]

7. Water 
hyacinth

Cow dung Leaves/stem/root 
ratio 13:69:45
Microbial 
pre-treatment:
Dose, 109 CFU/
mL
Time, 4 days
Anaerobic 
treatment:
Time, 50 days
Food/
microorganism 
(F/M) ratio, 
0.5–2.5
Cow dung, 50 g

Biogas production, 
156 ± 11 mL CH4/g VS 
(volatile solids)
for F/M ratio 1.5

Barua and 
Kalamdhad 
[66]

8. Water 
hyacinth 
and 
minimal 
salt media 
(MSM)

Cow dung Leaves/stem/root 
ratio, 13:69:45
Microbial 
pre-treatment:
Dose, 108–
1010 CFU/mL
Time, 4 days
Anaerobic 
treatment:
F/M ratio, 1.5
Time, 80 days

Pre-treatment with 
microbe:
Cumulative biogas 
production, 3737 ± 21 mL 
using in 50 days and 
microorganism dose of 
109

Without pre-treatment:
Cumulative biogas 
production, 3038 ± 21 mL 
in 50 days

Barua et al. 
[67]

(continued)
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Table 3 (continued)

Sr. 
no.

Raw 
material

Microorganism/
inoculum Parameters Results References

9. Fresh 
water 
hyacinth, 
sun dried 
(wilted) 
water 
hyacinth

– Anaerobic 
digestion in 
lab-scale digester:
Plant weight 
(fresh), 4 kg
Time, 12 days
Anaerobic 
digestion of 
sun-dried water 
hyacinth:
Substrate-to- 
sludge VS ratio, 
0.5
Time, 1 day
Co-digestion:
Water hyacinth 
biomass:
waste ratio, 1:1
Temperature, 
ambient
Time, 15 days

Biogas production:
Fresh water hyacinth, 
141 ± 6 mL/g VS
Wilted water hyacinth, 
142.8 ± 10 mL/g VS
Water 
hyacinth + municipal 
sewage sludge, 
148 ± 5 mL/g VS
Water hyacinth + food 
waste, 394 ± 12 mL/g VS

Priya et al. 
[68]

10. Water 
hyacinth 
(WH) and 
morning 
glory 
(MG)

Cow dung Temperature, 
25–35 °C
Time, 17 weeks
pH, 6–9
MG/WH, 100:0, 
70:30, 50:50, 
30:70, 0:100

MG/WH ratio of 50/50 
gave highest biogas yield 
of 0.29 L/kg VS fed per 
day
Co-digestion had a 
significant effect on TBC 
(total bacteria count) and 
not on biogas production

Adanikin 
et al. [69]

11. Water 
hyacinth 
(WH) and 
sheep 
waste 
(SW)

– Temperature, 
30–37 °C
Time, 60 days
WH/SW/Water, 
8:0:92, 
2:18.01:79.99, 
3:15.01:81.90, 
4:12.01:83.90, 
5:9.01:86.0, 
0:24.02:75.97

For WH/SW/Water ratio 
of 4:12.01:83.90, the 
highest biogas yield of 
0.36 L/g VS was obtained

Patil et al. 
[70]

12. Water 
hyacinth 
and 
channel 
grass

Cattle manure Temperature, 
35 °C
Time, 21 days

Biogas production from 
water hyacinth of 
15.4–23.65 L/kg dry 
weight and from channel 
grass of 22.8–29.9 L/kg 
dry weight

Singhal and 
Rai [71]

Biohydrogen and HCF

(continued)
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low-cost material for engineering, natural fibres from water hyacinth have been 
used because of the presence of a higher cellulose fraction and lesser cellulose 
diameter and can be reinforced with polymer composites. Table 4 shows studies on 
biopolymer, carbon fibre and composite.

4.5  Water Hyacinth as a Source of Lignocelluloses

The reuse and recycling of agro-industrial lignocellulosic wastes are considered 
under phase II biorefinery in which single biomass produces multiple products such 
as bio-based products (food, feed, chemicals) and bioenergy (biofuels, power, heat) 
which are produced using integrated and sustainable processes [80].

Biocomposite from water hyacinth fibre (WHF) pulp and tapioca starch has been 
prepared by Asrofi et al. [81]. Water hyacinth fibre was treated with 25% NaOH 
solution at temperature about 130 °C and 2 bar pressure for 6 h followed by neutral-
ization and solar drying. The dried pulp was homogenized with water, tapioca pow-
der and glycerol and then gelatinized. The mould thus prepared was tested for 
tensile strength (6.68 MPa) and tensile modulus (210.95 MPa). This method was 
improved by Asrofi et al. [81] upon incorporating sonication at 40 kHz with 100% 
amplitude and 250 W which has resulted in 83% increase in tensile strength and 
108% increase in tensile modulus.

Chonsakorn et al. [82] have studied the effect of different extraction methods for 
improving the quality of fibre from raw Eichhornia crassipes. The methods include 

Table 3 (continued)

Sr. 
no.

Raw 
material

Microorganism/
inoculum Parameters Results References

13. Water 
hyacinth 
stem

– Hydrolysis with 
H2SO4:
Temperature, 
30 ± 2 °C
Time, 5.32–8.68 h
pH, 5.5
H2SO4 
concentration, 
0.32–3.68% (v/v)
Shaking speed, 
165.91–
334.09 rpm

Maximum hydrogen 
production, 127. 6 mmol 
H2/L at 7.73 h, 1.3% (v/v) 
H2SO4 concentration and 
264.41 rpm

Pattra and 
Sittijunda 
[72]

14. Water 
hyacinth 
plant

– Temperature, 
300–450 °C
Time, 10 min
Heating rate, 
60 K/min
Plant weight, 3 g 
with 15% water

The maximum yield, 
12.6% of HCF
High heating value (HHV) 
43.8 MJ/kg at 350 °C

Lu et al. 
[34]
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mechanical extraction, chemical extraction using NaOH solution, mechanical and 
chemical extraction, extraction with water at boiling point, natural alkali extraction 
using ash from banana stem and retting extraction. Water hyacinth contained 
72.17% cell walls which further consisted of 52.63% lignocelluloses. Mechanical 
extraction has shown the highest elongation of fibre, whereas chemical extraction 
method with 10% NaOH at 37 °C for 1 h was found superior as it was able to gener-
ate uniform surface texture with the maximum number of split fibres upon comple-
tion of the method.

Cellulose nanofibres from water hyacinth have been isolated by Thiripura 
Sundari and Ramesh [83] using different chemical and mechanical treatments. 
Bleaching and processing with alkaline and sodium chlorite solution were the 
chemical methods employed to separate cellulose, hemicellulose and lignin. 
Mechanical methods like ball milling, cryocrushing and ultrasound treatment of 
chemically treated fibres were performed to obtain the desired particle size of fibre. 
The microfibres have been subjected to cryocrushing using liquid nitrogen to pro-
duce nanofibres from stem bundle which were further sonicated for 15 min to form 
individual nanofibres. The nanofibres with 20–100  nm diameter as per scanning 
electron microscopy and 25 nm as per transmission electron microscopy have been 
obtained by this method.

Microwave pre-treatment under acidic conditions led to hydrolysis of hemicel-
lulose into monosaccharide such as xylose, galactose and arabinose, while some 
fractions of cellulose and lignin were hydrolysed into glucose and propiolic acid, 
respectively [84]. A higher content of cellulose has been obtained after degradation 
of lignocellulosic biomass. Microwave pre-treatment of 10  g/L input with 1% 
H2SO4 at 140 °C for 15 min and hydrolysis with cellulase enzyme reducing sugar 
yield of 48.3 g/100 g WH have been achieved. Hydrolysis of Eichhornia crassipes 
into fermentable sugars is desirable for production of clean biofuels (e.g. ethanol 
and hydrogen).

Nguyen Thi et al. [85] have employed subcritical water (SCW) pre-treatment for 
cellulose recovery from water hyacinth and compared with pre-treatment using 
H2SO4 and untreated biomass. Recovery of cellulose, hemicellulose and lignin from 
untreated biomass was 25%, 11% and 2.5%, respectively. The SCW pre-treatment 
was carried out at 165  °C, 30  min, 50  bar with water to dried biomass ratio of 
10:1 mL/g for which cellulose content of 68.2% was obtained. Pre-treatment with 
1% H2SO4 under same operating conditions has provided 69.4% cellulose content. 
Though the cellulose content was more using H2SO4 pre-treatment, SCW pre- 
treatment is environment-friendly. Cellulose recovery and removal of lignin have 
promoted the bioethanol production.

Devi et al. [86] have prepared cellulose nanocrystals (CNCs) by acid hydrolysis 
of compost made with water hyacinth (120  kg), cow dung (15  kg) and sawdust 
(15 kg). Compost was treated with alkali (NaOH) and bleaching chemicals (H2O2 
and NaClO) for gradual removal of hemicellulose and lignin followed by acid 
hydrolysis (H2SO4) to hydrolyse cellulose and prepare CNCs. CNCs were obtained 
with mixed morphology of cone, rectangular with diameter of ~30–50  nm and 
length ~200–300 and spherical shaped CNCs with diameter of 20–30 nm.
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Silver nanoparticles (Ag-NPs) were synthesized by extracting cellulose from 
water hyacinth [87]. Silver nanoparticles were prepared by adding 1 M of silver 
nitrate solution in 45 mL solution of cellulose (0.5 g/100 mL) at 75 °C at different 
pH (4, 8 and 11). The average particle mean diameter was obtained 5.69 ± 5.89, 
4.53 ± 1.36 and 2.68 ± 0.69 nm at different pH 4, 8 and 11, respectively.

4.6  Water Hyacinth as a Source of Bio-oil

Pyrolysis has been extensively used for producing bio-oil from water hyacinth by 
many researchers. Various factors affecting bio-oil production are presented in 
Ishikawa diagram (Fig. 6).

Wauton and Ogbeide [88] have studied the characteristics of bio-oil obtained 
from Eichhornia crassipes. The biomass has been heated to 450  °C at a rate of 
50 °C/min. The particle size of plant material was 0.6 mm, while the inert gas flow-
rate was maintained at 100 cm3/min. Characteristic properties of bio-oil were noted 
as 2.93 pH, 58.58% water content, 220 °C flash point, 1004.3 kg/m3 density, 19.8 cSt 

Table 4 Water hyacinth as a source of material

Sr. 
no. Material Raw material Parameters Results References

1. Carbon fibre Water hyacinth Liquid tar 
production:
Pyrolysis 
temperature, 
450–600 °C
Carbon fibre 
production:
Carbonization 
temperature, 
900 °C

Yield of carbon fibre, 
29% with axial 
modulus of 42.1 GPa 
and tensile strength 
of 600.7 Mpa at 
550 °C

Soenjaya 
et al. [79]

2. Composite Water hyacinth 
stem, polyester

Temperature, 
22 °C
Time, 20 days
WH fibre 
percentages, 
5–20 wt%

Water hyacinth 
having concentration 
in the range of 
5–10% (wt) has 
provided better 
mechanical 
properties

Flores 
Ramirez 
et al. [32]

3. Biopolymer 
poly(3- 
hydroxybutyrate) 
(PHB)

Water 
hyacinth, 
Cupriavidus 
necator 
(bacteria)

Temperature, 
22.5–32.5 °C
Time, 96 h
Nitrogen 
source, 
0.5–2.5 g/L
Carbon source, 
25–45 g/L
pH, 6–8

PHB production, 
4.3 ± 0.4 g/L at pH 7, 
temperature 27 °C 
with carbon source 
35 g/L and nitrogen 
source 2 g/L

Radhika and 
Murugesan 
[29]
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viscosity and +15 °C pour point. Calorific value of the oil was 28.35 MJ/kg, much 
higher (~63%) than the feedstock.

Various processing conditions have been assessed to observe their influence on 
catalytic pyrolysis of Eichhornia crassipes to produce bio-oil, and its composition 
was reported by Gulab et al. [89]. The oil production was optimized by considering 
various parameters like temperature (150–450 °C), time (60–100 min) and 5% (wt) 
catalyst (aluminium, copper) concentration. Under optimum process conditions 
(450 °C, 60 min and copper as a catalyst), 31.6% (wt) bio-oil was produced.

Zhang et al. [62, 63] have employed by two-stage microwave-assisted catalytic 
fast pyrolysis (MACFP) in series. Production of bio-oil has been optimized by vary-
ing temperature from 500 to 750  °C at 750  W of microwave power. Ce-doped 
γ-Al2O3/ZrO2 composite mesoporous catalyst (CAZ) in packed bed was used along 
with MACFP to minimize the coke formation and boost hydrocarbon generation. 
The highest yield of oil was achieved to be 20.5% (wt) at 650 °C.

Lin et al. [90] assessed the influence of chromium containing polluted Eichhornia 
crassipes on pyrolysis in fixed bed to produce bio-oil. Water hyacinth was treated 
with different concentration of chromium 0.5–2.5% (wt) before pyrolysis. Pyrolysis 
was done at different temperatures 300–600 °C. The maximum bio-oil yield value 
for chromium-treated water hyacinth was 63.1% (wt). Thus, chromium might have 
played a role as a catalyst to improve the yield. The acid value and high heating 
value (HHV) for chromium-treated water hyacinth pyrolitic bio-oil were found to 
be 85.04 mg KOH/g and 26.72 MJ/kg, respectively. The best results were obtained 
at 500  °C and chromium concentration of 2.5% (wt). The yield of bio-oil for 
chromium- treated biomass was increased by 23.2% compared to untreated biomass.

4.7  Miscellaneous Applications

4.7.1  Vermicompost

Vermicompost is generally prepared from the vegetables and foods using worms 
like earth worms, white worms and red wigglers. Vermicompost is extensively used 
as an organic fertilizer and soil conditioner [10]. Compost was made by adding lay-
ers of water hyacinth and cow dung. Vermicompost made from water hyacinth has 
been successfully used for maturing of the angiosperm Crossandra undulaefolia 
with fruitful outcomes. The factors regarding plant growth like plant height, number 
of leaves, root length, shoot-root ratio and flowering have been tested, and the posi-
tive impact of vermicompost on the growth of plant has been observed [91].

4.7.2  Supercapacitor Electrode

Water hyacinth was successfully employed for the preparation of carbon micro-
sphere used for supercapacitor electrode. Water hyacinth was hydrolysed into sugar 
using dilute sulphuric acid solution (0.25 M) at 20 bar and 130  °C for 2 h. The 
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resultant sugar solution further carbonized at 40  bar by varying temperature 
(160–200 °C) and time (6–10 h) to produce carbon microsphere. The conversion of 
carbon microsphere has been 0.1019 g/g dry WH when processed at 200 °C for 
10 h. The product was then activated using KOH solution and microwave radiation 
to get a better porosity and specific surface area. A higher specific surface area and 
electrochemical stability have been obtained at 1:1 impregnation ratio (KOH/car-
bon) [36].

4.7.3  Enzyme

Eichhornia crassipes was employed as a substrate for production of cellulase, and 
Aspergillus niger was used as a microbe. The maximum cellulose activity of 
1.035  IU/mL and 0.535  IU/mL with moisture content of 75% and 80%, respec-
tively, at pH 5 and temperature 30 °C has been observed after 7 days of incubation 
period [33]. The production of cellulase enzyme using Trichoderma reesei and 
water hyacinth as a substrate has also been studied. The cellulose activity of 0.22 IU/
mL after 15  days of incubation period at pH  6 and temperature 30  °C was 
obtained [92].

4.7.4  Brick Manufacturing

Goel and Kalamdhad [35] employed water hyacinth in brick manufacturing. The 
binary mix of 10% (wt) water hyacinth with rest soil was used and set at firing tem-
perature of 900 °C. Durability of brick improved at this temperature. Water hyacinth 

Fig. 6 Cause-and-effect diagram for bio-oil production from water hyacinth
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contains different fluxing agents such as K2O, Fe2O3, CaO, MgO and TiO2 which 
reduce firing temperature required for brick production. Porosity of brick increased 
with more inclusion of water hyacinth. Water absorption capacity of brick increases 
with higher porosity. Brick with 10% inclusion of water hyacinth absorbed less than 
25% of water. Therefore, water hyacinth blended brick can be used as a moderate 
weather resistant.

5  Biorefinery Approach

For extraction of various value-added compounds such as sterols, organic and fatty 
acids and polyphenols from water hyacinth, different extraction methods like super-
critical fluid extraction (SFE) [40, 41], solvent extraction [44] and ultrasound 
assisted extraction (USAE) [43] have been employed. Sterols have been extracted 
from water hyacinth by SFE using CO2 as a solvent which is eco-friendly solvent. 
With some possible modifications in solubilization capacity of supercritical CO2, it 
is possible to extract a variety of useful constituents with very high degree of sepa-
ration from solvent without the issue of residual solvent [93], thereby making SFE 
a green extraction process. Using USAE, shikimic acid has been successfully 
extracted. USAE is based on cavitation phenomenon in which due to collapse of 
cavitation bubbles high thermal energy and pressure are released, thereby generat-
ing micro jets and shock waves that affect the cell morphology. Hence, cell structure 
experiences the damage which enhances the extraction efficiency by increasing the 
solvent diffusion rate. The use of sonication, due to intensification in aqueous 
media, reduction in extraction time and low energy consumption, makes the process 
a greener one [93]. In solvent extraction, water has been used as a solvent making 
the process sustainable. By pyrolysis process, biochar and bio-oil have been made 
from Eichhornia crassipes. Adsorbents like biochar have effectively removed heavy 
metals like Cd (II) [59] and dyes. After removing lignocelluloses, water hyacinth 
has been utilized to produce bioethanol and biogas. Minimization of waste like 
water hyacinth by utilizing it for production of renewable energy source may assist 
in creating self-sufficient system. Three stages such as pre-treatment, hydrolysis 
and fermentation are involved in producing bioethanol from Eichhornia crassipes 
[10]. Biogas was produced by pre-treatment (acid/alkali/microbial) followed by 
methanogenesis.

Water hyacinth grows rapidly, and to control growth of this invasive weed is not 
economically viable. Instead of control, sensible utilization of water hyacinth as 
feedstock for various value-added products minimizes the dependency on fossil 
fuels. The integrated biorefinery concept can be successfully implemented to water 
hyacinth upon incorporating extraction of phytochemicals followed by production 
of lignocellulose materials and finally biofuel production. Phase II biorefinery can 
be implemented for water hyacinth biomass valorization. The complete utilization 
of water hyacinth feedstock supports financial and ecological advantages. The 
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economic gains are in terms of easy and free availability of water hyacinth in river 
and lakes, and usability product of one process as raw material for other.

6  Conclusions

Though considered as a major source of waste-generating material, water hyacinth 
can be successfully employed for a variety of applications like a source of phyto-
chemicals, alcohol, sorbents, fuel, material and others. Lipophilic extracts of 
Eichhornia crassipes roots, stalks, leaves and flowers contain the compounds like 
sterol, fatty acids, long-chain aliphatic alcohols and aromatic compounds. Polar 
extractives have shown the presence of phenolic components and very strong anti-
oxidant activity. Shikimic acid, from fatty acid family, is one of the important com-
pounds found in water hyacinth, and higher yield was obtained from aerial parts of 
water hyacinth. Thus, if water hyacinth is utilized cautiously, it can become the 
useful source for various chemicals and fuels and bolster the circular economy. The 
research on water hyacinth to useful products has been developed only on academic 
basis, and no technologies have been developed on commercial scale. There is a 
need to commercialize various application routes of this weed to useful products for 
sustainable and economic development.
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Furfural and Chemical Routes for Its 
Transformation into Various Products
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Abstract Vegetable biomass is basically made up of C6 and C5 sugars which con-
stitutes of cellulose, hemicellulose and lignin along with other energy storage prod-
ucts like lipids and starches. The global interest and need to reduce the dependency 
on crude oil for energy have motivated and directed the researchers and scientists to 
explore the field of biomass as a source of energy especially for transportation fuels 
for vehicles. Gradual development of technology has shifted the interest to derive 
the conventional petroleum-based chemicals from biomass components with func-
tional groups. Henceforth catalytic reactions, various chemical routes via heteroge-
neous catalysis, homogeneous processes, enzyme reactions for transformation and 
conversion of lignocellulosic biomass to various bio-based value-added chemicals 
have been extensively and widely explored, with special interests on developing 
environmentally friendly processes involving mineral acids, bases, etc.

Chemical transformation of sugars, which are made up of monosaccharide and 
disaccharides (glucose, fructose, xylose), is the most important and explored reac-
tion pathway due to its availability in biomass primary compounds. Three important 
nonpetroleum-based chemicals, i.e. furfural (FUR), 5-hydroxymethylfurfural 
(5-HMF) and levulinic acid (LA), are derived via thermal dehydration of pentose 
and hexose sugars. FUR is one of the important chemicals derived from biomass 
and also one of the key derivatives for producing significant nonpetroleum-derived 
chemicals. The annual production of FUR is about 300,000tTonne/year. FUR is 
commercially produced by hydrolysis of pentosan polymers in biomass to pentose 
sugars (xylose) which undergo acid catalysis under high temperatures and succes-
sive dehydration. Furfuryl alcohol (FAL) is one such important product produced 
from catalytic hydrogenation of FUR. Cannizzaro reaction of FUR further produces 
furoic acid (FuA) which is an important feedstock for organic synthesis and an 
intermediate compound in the production of medicines and perfumes. Further, 

N. J. Mazumdar (*) 
Department of Chemical Engineering, IIT Delhi, New Delhi, Delhi, India 

Department of Energy, Tezpur University, Tezpur, Assam, India 

R. Kataki 
Department of Energy, Tezpur University, Tezpur, Assam, India 

K. K. Pant 
Department of Chemical Engineering, IIT Delhi, New Delhi, Delhi, India

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65017-9_21&domain=pdf
https://doi.org/10.1007/978-3-030-65017-9_21#DOI


706

hydroxymethylation of FUR with formaldehyde is the commercial method for pro-
ducing hydroxymethylfurfural (HMF). Commercial production of furan and 
 tetrahydrofuran (THF) is also via catalytic decarbonylation and successive hydroge-
nation of FUR.

The different kinds and types of catalysts used in these processes of hydrogena-
tion, alkylation and reduction by various researchers over the period of time also 
need to be properly combined in a single source, so as to create an updated library 
of various reaction pathways done so far with FUR to produce various kinds of 
value-added chemicals.

Keywords C5 sugars · Xylan · Furfural · Furfural hydrogenation · Resinification

1  Introduction

History: In year 1831, Johann Wolfgang Döbereiner successfully isolated an oily 
substance which was yellow in colour, through the reaction of carbohydrates by 
sulphuric acid and manganese oxide. In 1845, George Fownes prepared a similar 
substance when he experimented with bran in acid medium for digestion and named 
the product obtained as furfural, which had a molecular formula C5H4O2. In 1922, 
Quaker Oats Company of Iowa which was located at Cedar Rapids started commer-
cial mass production of the chemical furfural in their cereal production industry 
with a production rate of several tonnes per month [1]. The usage and applications 
of furfural in the oil-refining industry and phenol resins gradually necessitated the 
increase in synthesis of furfural in the years 1930s to 1940s. Commercial availabil-
ity of furfuryl alcohol by the process of high-pressure reduction was also started by 
Quaker Oats in 1934, which is presently the largest product derived from furfural. 
Du Pont in 1949 discovered Nylon 66 by a new process using furfural which led to 
exponential increase of the production of furfural in the 1950s. It was eventually 
abandoned by Du Pont in 1961, when one of the important intermediates, tetrahy-
drofuran, started to be manufactured from C4 hydrocarbons (Reppe process). 
Tetrahydrofurfuryl alcohol which is soluble in water was produced by using furfuryl 
alcohol as precursor in 1955 for commercial uses. In 1958, resins manufactured 
from furfural and its derivatives found wide usage in the foundry industry after a 
new process which involves furan was introduced for the production of casting 
moulds. Subsequently in 1985 furfuryl alcohol was used as a key intermediate for 
producing ranitidine, an antiulcer drug.

Some chemicals derived from furfural:

• Furfuryl alcohol.
• Tetrahydrofurfuryl alcohol.
• Furfural resins.
• Levulinic acid.
• γ-Valerolactone.
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• 1,5-Pentanediol-derived biofuels.
• 2-Methyl tetrahydrofuran.
• 2-Methylfuran.
• Furan.
• Cyclopentanone.
• Furfurylidene ketone.
• Furfuryl amine.
• Furoic acid.
• Succinic acid.

Sustainable production and synthesis of fuels and chemicals are very much 
important and necessary for the development of modern-day society. A variety of 
factors, like increased demand for the fuels and chemicals which is related to the 
exponential global rise in population, the gradual slump in the fossil fuel reserves 
and growing environmental concerns, are directly responsible for the increased 
requirement. The European Parliament in 2008 declared a notion for mandatory 
increase of present energy efficiency by 20%, and renewable energy should contrib-
ute at least 20% of the total energy that will be expended in the end of year 2020 [2]. 
The USA and China have already started working on different policies to reach this 
goal. Food crops such as sugarcane and wheat, which are being used for develop-
ment of biofuels, have been criticised due to its influence on the food economy and 
environment. Without subsidies they fail to compete with conventional fossil fuels, 
and reduction of greenhouse gases is very limited by the use of these biofuels. 
Hence the new field of research and development in lignocellulosic biomass (noned-
ible) has opened up with tremendous possibilities. These second-generation biofu-
els are sustainable from economical and geopolitical point of view without having 
any disadvantages as the previous first-generation fuels. They have emerged as one 
of the most feasible and promising platforms aimed at producing ecologically clean 
and supportable chemicals and biofuels [3].

Presently, the process of bioethanol production from carbohydrates which are 
biomass derivatives is commercially feasible. In addition to this, the production of 
bio-based chemicals is also very much feasible from the commercial point. Over 
recent years, these chemicals have carved themselves a niche amidst the competi-
tion from the conventional crude oil industry derivatives. They have a wide variety 
of chemical routes like gasification, fermentation, pyrolysis, etc. for transforming 
into chemicals, which is very much broad and wide [4].

In this context, furfural (FUR) has been advocated as one of the topmost value- 
added chemicals to be derived from biomass. It is also one of the key platform 
chemicals to be produced from bio-refineries. Furfural is produced from agricul-
tural residues produced from food crops and wood. Production of furfural from 
petroleum derivatives based on the raw materials like 1,3-dienes via catalytic oxida-
tion is not economically feasible and sustainable. Presently, China is the largest 
producer of furfural with almost 70% total production capacity. Other countries like 
South Africa and Dominican Republic also contribute to approximately 20, 32 kTon/
year, respectively. These nations together contribute to almost 90% of the total FUR 
being produced in the whole world [5].
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Presently FUR is being manufactured industrially by the conversion of pentose 
sugars via acid catalysis of biomass. Initially hydrolysis of C5 polysaccharides to 
monosaccharaides of xylose is done and further dehydrated to FUR (Fig. 1).

The presence of an aldehyde (-CHO) and the aromatic ring in furfural makes it 
capable for high chemical reactivity, and FUR undergoes different aldehyde reac-
tions, for example, acetalisation reaction, acylation reaction and condensation reac-
tions. Furfural also undergoes some reduction reactions from alcohols, amines, etc. 
Presently, FUR is being used as a chemical feedstock for producing furfuryl alco-
hol, furan, methyl furan, furfurylamine, etc. One of the most important applications 
of FUR is production of tetrahydrofuran and methylfuran, which is used widely as 
an important solvent in the industry [6].

Acid hydrolysis of lignin is also a constantly analysed area for production of a 
variety of value-added chemicals like furfural, furfuryl alcohol, levulinic acid and 
ethyl levulinate [7]. Out of all the products obtained from FUR, 2-methylfuran has 
wide usage as a flavouring substance and as an alternative fuel. It has a molecular 
weight of 82.1  g/mol and has a boiling point of 63  °C.  It has an appearance of 
colourless to light yellow and is highly flammable. It has wide applications in the 
perfume industry and personalised care industry. The traditional route of converting 
pentose sugar derived from hemicellulose to furfural which is transformed into fur-
furyl alcohol via metal-doped catalysed hydrogenation eventually serves as a pre-
cursor to form ethyl levulinate which is one of the most valuable platform chemicals 
derived from biomass [8]. Furfural is one of the most critical petroleum derivatives.

All the chemicals that can be synthesised from FUR are shown in Fig. 2.

2  Furfural Properties

2.1  Properties

2.1.1  Physical Properties

Furfural also known as 2-furaldehyde and furfuraldehyde has the structure of 
C5H4O2 and molecular weight of 96.08. It has an odour similar to almonds, and it is 

Fig. 1 Reaction scheme of conversion of Xylan to FUR [2]
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used as an extractant to remove aromatics from lubricating oils and diesel [1]. It 
forms an azeotropic mixture with H2O at 1 atm pressure (65 wt% water and boiling 
point 97.85 °C). Table 1 lists the general properties of furfural.

2.1.2  Chemical Properties

Aldehydes react widely to form various by-products by undergoing acylation 
reaction, aldol condensations, acetalisation, reduction, amination reactions, oxi-
dation, Knoevenagel condensations and decarbonylation which can be per-
formed with furfural. The furan ring in furfural is less vulnerable to hydrolytic 
ring opening due to the presence of the carbonyl group which provides the elec-
tron-withdrawing effect of the carbonyl group and also helps in Diels-Alder 
reactions.

Alkylation (arylation): Furfural reacts with chlorinated hydrocarbons to undergo 
Friedel-Crafts alkylations. The 5-position being the most vulnerable for the alkyla-
tion reaction eventually leads furfural to develop resin-like properties [1]. Furfural 
also undergoes alkylation via oxidative coupling by usage of Pd acetate as catalyst 
which acts as an alkylating driving force. This reaction generates moderate yield 
percentage and Pd-based turnover numbers when acrylic esters are used. Using pho-
tochemical aryl coupling of furfural and 5-bromofurfural, 5,5-diformyl-2,20-di- 
furan is formed. Synthesis of this reaction in the presence of an acid medium yields 
high amount of 5,5-diformyl-2,20-di-furan [10].

Fig. 2 Reaction pathway of furfural hydrogenation [9]
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Cannizzaro reactions: Furfural undergoes Cannizzaro reaction with KOH solu-

tion as medium to yield equimolar percentages to form potassium furan-2- 
carboxylate and furfuryl alcohol. Microwave-assisted reactions under solvent-free 
conditions can also be performed for Cannizzaro reactions of furfural [11]. Presently 
furfural undergoing Cannizzaro reaction is widely performed for commercially pro-
ducing furoic acid.

Acetalisation and acylation: Furfural undergoes acetalisation reaction like other 
aldehydes with various alcohols. Recent use of montmorillonite clays exchanged 
with cerium and aluminosilicates which are mesoporous in size yielded good results 
and were found to be efficient for the formation of acetals from furfural [12].

 

 
Acid anhydrides are also used for acylation of furfural [13, 14]. Formation of 

furfuryl diacetate is done with ethanoic anhydride and SnCl2 as catalyst. Recently 
acid catalysts such as H-Nafion, ferric chloride and silica reacted in microwave 
conditions and silica-supported Wells-Dawson heteropoly acid have been applied 
for furfural acylation [15].

Table 1 Furfural: physical 
properties

Molecular weight 96.08
Boiling point at 101.3 kPa 161.7 °C
Freezing point −36.5 °C
Density at 20 °C 1.1598 g/cm3

Solubility in water (25 °C) 8.3 wt%
Flash point 61.7 °C
Heat of vaporisation (liquid) 42.8 kJ/mol
Heat of combustion (liquid) 2344 kJ/mol
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Condensation reactions: Aldol reaction of furfural is done with sodium hydrox-

ide or potassium hydroxide along with aldehydes which reacts as alkaline catalysts 
[16]. Condensation reaction of C5H4O2 (furfural) with benzene-acetaldehyde which 
gives 2-phenyl-3-(2-furyl)propenal can be considered a typical example of furfural 
condensation reaction.

 

 
This reaction is known as Knoevenagel condensation when the active α-hydrogen 

atom is replaced with an ester, acid or organic compound having −C≡N functional 
group [17]. Recently microwave-assisted and solvent-free methods with heteroge-
neous catalysts have garnered attention [18].

Reduction and reductive amination: Reduction of furfural is by far the most 
widely used principle reaction in the industry presently. Products obtained from 
furfural reduction are furfuryl alcohol, tetrahydrofurfuryl alcohol, furfurylamine 
and tetra-hydrofurfurylamine [1].

Oxidation: The presence of the aldehyde group in furfural helps in catalytic oxi-
dation of furfural in the presence of air and H2O2 and oxygen. At temperatures of 
around 320 °C, furfural undergoes oxidation with O2 to produce acid anhydride of 
maleic acid (C2H2(CO)2O) with a yield of around 25% using MoO3–V2O5 as cata-
lysts [19].
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Almost 80% yield of 5-hydroxy-2(5H)-furanone is obtained via photooxidation 

of furfural (C5H4O2) along with single di-oxygen, 5-hydroxy-5H-furan-2-one being 
a very adaptable compound used in organic synthesis along with being a key ingre-
dient in many active compounds [20]. The primary usage of 5-hydroxy-5H-furan-2- -
one is majorly as a potent pesticide and insecticide.

Halogenation and nitration: 5-Chloro-2-furfuraldehyde and 5-nitrofurfural are 
formed by the halogenations and nitration of furfural at the 5-position. Bromine 
reacts with furfuryl diacetate to form 5-bromo-2-furfuraldehyde. Furfural under-
goes nitration with fuming HNO3 in ethanoic anhydride in temperature of −10 °C 
[21]. Subsequently 5-nitro-2-furfuraldehyde is formed via hydrolysis of the nitrated 
furfural. Manufacturing of a wide variety of antimicrobial nitrofuran pharmaceuti-
cals requires key components as 5-nitro-2-furaldehyde and 5-nitro-2-furaldehyde 
diacetate.

 

 
Grignard reaction: Secondary furfuryl alcohol results in the reaction between 

2-furaldehyde and Grignard compound (R-Mg-X). It is widely used in the produc-
tion of 5-methyl-2-furanmethanol which is the antecedent for maltol production [1].

 

 
Resinification: Furfural reacts very sensitively to resinification and when heated 

experiences symmetrical aldol condensation in the presence of both acid and alka-
line mediums. Furfural undergoes the formation of di-furyl ketonic aldehyde (P) 
and then trifurylic dialdehyde (Q) in the initial stages of polymerisation [22]. 
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Trifurylic dialdehyde yields black cross-linked polymer which results in further 
polymerisation.

 

 
Furfural (FUR), C5H4O2, has high chemical reactivity due to the presence of an 

aldehyde group and an aromatic ring. Due to this reason, FUR undergoes different 
types of aldehyde reactions like Knoevenagel condensations, aldol condensation, 
acylation, acetalisation, etc. FUR also takes part in Grignard reactions, alcohol 
reductions, reductive amination to amines, decarbonylation and oxidation reactions 
to form carboxylic acids. Due to the presence of the aromatic furan ring, FUR also 
undergoes reactions like hydrogenation, nitration, alkylation, oxidation and haloge-
nation. FUR is currently used as the most relevant platform chemical feedstock for 
producing chemicals like furfuryl alcohol, heterocyclic compounds like furans, 
2-methylfuran, furfurylamine, furoic acid, etc.

Since the early twentieth century, which is termed as the golden age of furan 
chemistry, FUR has been used widely as a solvent and to manufacture phenol-FUR 
resins. In recent times FUR is being viewed as a feedstock for production of biofu-
els and bio-based chemicals, which is evident from the rising number of research 
publications from the last 5 years on catalytic transformation of furfural to other 
chemicals [23]. For the literature review of this report, the research work which 
dealt with FUR conversion to direct production of biofuels or indirectly from any 
other chemicals obtained from FUR was studied and reviewed. Mechanisms and 
work done on potential furanic chemicals and compounds which have direct imple-
mentation and applications in the industry and are derived from FUR were also 
studied and noted in this review.

Hydrogenation reaction is widely used for FUR conversion because of its indus-
trial feasibility and ease of commercialisation. Biofuels and value-added chemicals 
like tetrahydromethylfuran, furfuryl alcohol, methylfuran, tetrahydrofurfuryl alco-
hol, cyclopentanone, etc. are derived from the process. For industrial synthesis of 
FUR, catalytic hydrogenation is performed which is either gas or liquid phase. 
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Although the gaseous-phase hydrogenation in the presence of copper (Cu) catalyst 
of furfural is the favoured route for conversion of FUR to biofuels, in this report we 
tried to explore the field of liquid-phase hydrogenation which is much more feasible 
from lab-scale perspective. From economical perspective, the liquid-phase hydro-
genation requires much less as compared to the gas-phase process. In the gaseous- 
phase hydrogenation of FUR, the use of an evaporator system for FUR feeding, 
which consists of a packed column, in addition to that a circulating pump, heaters, 
and supply of continuous H2 gas under high pressure must be maintained.

Hydrogenation of 2-furaldehyde was initially started in year 1928 by a company 
called the Quaker Oats Company, by using bimetallic catalyst of nickel (Ni) sup-
ported on magnesium oxide (MgO) which required absolute control to prevent total 
conversion of FUR and to prevent side-step reactions forming tetrahydrofurfuryl 
alcohol as product [2]. One of the most widely catalyst was reduced copper (Cu) 
and chromite (Cr), which was used under high temperature and pressure, yielding 
more than 90% of furfuryl alcohol production from FUR. Further addition of basic 
metal oxides as calcium oxide (CaO) and barium oxide (BaO) resulted in an 
improved furfuryl alcohol yield and high selectivity even at low H2 pressures. From 
industrial perspective, the use of chromium catalysts was very much feasible and 
successful. But from the environmental concern, the main drawback being excess 
toxicity of chromium led to more research in the field of catalysts for designing a 
catalyst which is cost-effective, environmentally safe and environmentally friendly. 
It was seen that the hydrogenation of furfural was producing chemicals like furfuryl 
alcohol and subsequent furanic chemicals with selectivity close to 100%. But the 
use of high hydrogen pressure adds to the risk of operation. Hence various metals 
like nickel (Ni) and copper (Cu) were mostly under different experimental condi-
tions. By using these multicomponent systems, almost full conversion of furfural to 
furfuryl alcohol was attained [24].

With the current effort focussed on developing economically viable, inexpensive 
and environmentally sustainable new technologies, H2O-organic solvent biphasic 
systems such as poly(styrene sulphonic) acid for xylose dehydration to furfural 
were used [23]. The mechanism behind such an approach was to utilise the coeffi-
cient of partition of FUR between the organic solvent and H2O. Due to the absence 
of a catalyst in the inhibition phase of degradation reaction, FUR exhibits higher 
affinity towards the organic phase. A large variety of catalysts such as sulfonated 
metal oxides, sulfonic ion-exchange resins, zeolites and zeotypes, sulfonic acid- 
modified mesoporous silicas, Keggin heteropoly acids, mesoporous niobium phos-
phate, etc. have been tried and tested in the recent years. Reaction kinetics of the 
liquid-phase selective hydrogenation have been also studied with catalysed synthe-
sised by platinum metal doped over carbon (Pt/C) [25]. The Langmuir-Hinshelwood 
dual-site mechanism is adequately followed which have separate active sites associ-
ated with hydrogen adsorption and for furfural and furfuryl alcohol. Furfural and 
hydrogen adsorption together forms the rate determining step. The copper (Cu)-
doped catalysts are deactivated, and by atomic layer deposition via sintering and 
leaching, it is used for selective liquid-phase hydrogenation [26]. Reducing an alde-
hyde by oxidising it in the presence of a secondary alcohol, which is also known as 
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the Meerwein-Ponndorf-Verley (MPV) reduction, is the basis of catalytic transfer 
hydrogenation (CTH) [27].

In an ex situ reaction mechanism as shown in Fig. 3a, the hydrogen required for 
the MPV reduction is provided externally generally by passing H2 gas under high 
pressure. As the reaction proceeds, the hydrogen firstly attaches itself to the catalyst 
surface, and when Furfural interacts with the catalyst, the hydrogen detaches itself 
from the catalyst surface and reacts with the aldehyde (−CHO) transforming the 
double bond into a single bond and converting it to an alcohol.

In an in situ mechanism, as proposed by López-Asensio et al., the MPV reaction 
takes place with the help of heterogeneous catalysts such as metal oxides, zeolites, 
etc. They demonstrated the use of alumina which have co-existing Lewis acid sites 
and Bronsted acid sites, which carries forwards the hydrogenation. As shown in 
Fig. 3b, due to the presence of Lewis acid sites, the C=O aldehyde bond undergoes 
de-protonation, and the proposed mechanism depicts the formation of a temporary 
intermediate six-member structure. The availability of alumina and its low toxicity 
makes it an excellent and attractive choice for hydrogenation. In in situ mechanism, 
the hydrogen required for the FUR conversion is directly supplied from the second-
ary alcohol, which acts as a solvent. Hence, it removes the use of high-pressure H2 
supply, which is very dangerous and risky from safety point of view.

CTH process does not require the supply of external hydrogen, and the tendency 
to form by-products like methylfuran, tetrahydromethylfuran and furan is reduced. 
This acts as one of the prime and most important advantages and benefits of this 
process. The alcohol used as a solvent can be chosen with the corresponding alde-
hyde or ketone that is going to form after the reaction. Table 1 lists the performances 
of various kinds of catalysts used in the selective furfural hydrogenation.

Hydrogen (H2) acts as a reducing mediator in liquid-phase hydrogenation, and it 
has been already proposed as an efficient substitute to convert functional groups like 
ketones (R-(C=O)-R′) or aldehydes (−CHO) to alcohols (R-OH). The use of hydro-
gen at high pressure can be avoided via this process. The Meerwein-Ponndorf- 
Verley (MPV) reduction helps in the reduction of aldehydes or ketones by alcohols 
in existence of a Lewis acid or basic catalyst [29]. Acidic Lewis sites activates the 
C=O bond of aldehyde and ketones, whereas the alcohol suffers deprotonation. 
With this hypothesis López-Asensio et  al. used commercially available alumina 
(Al2O3) because it is easily available and has an affordable market price and is not 
toxic as well as environment-friendly. Also it also explains the greater catalytic 
reactivity of hydrotalcites compared to pure basic oxides, which holds good for 

Fig. 3 (a) Ex situ mechanism of FUR reaction [28]. (b) In situ mechanism of FUR conversion
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alumina as well. Higher temperature is required for high conversion in the case of 
alumina; on the contrary, lower reactivity of the Lewis acid sites helps in selective 
yield of furfuryl alcohol instead of converting all the way to MTHF, 2-MF, etc. [29]. 
Similarly, He et al. came up with low-cost mixed metal oxides by applying them 
widely with catalysis in addition with renewables due to their adjustable physico-
chemical properties [30]. They introduced solid catalysts with magnetic properties 
due to easy separation and recycling of the catalyst from the liquid mixture by 
applying an external magnetic field. They used bifunctional magnetic Al7Zr3@
Fe3O4 oxide catalysts and observed conversion of furfural up to ~100% but at a very 
high temperature of 180 °C [30]. Interestingly, readily available potassium fluoride 
(KF) was able to give a yield of 76% of furfuryl alcohol by converting 76% of FUR 
at room temperature in just 5 min [31]. This was probably due to the high nucleo-
philicity of fluoride, which would have been favourable for FUR conversion. But 
the toxicity and corrosive nature of fluoride do make this process neither a favour-
able nor a sustainable one. Due to their lower stabilisation possibility of silicon 
atoms, using polyhydrosiloxane (which is very expensive) may have led to high 
conversion of FUR to furfuryl alcohol [31]. Bimetallic systems of catalysts were 
also used for hydrogenation of furfural by controlled surface reaction to reduce 
unwanted side reactions [32]. Vetere et al. tried using Pt, Rh and Ni catalysts pro-
moted with tin and got FUR conversion of 31% at 100 °C with selectivity of furfuryl 
alcohol of 97% with Ni being an attractive option due to its low cost.

Merlo et al. tried with Pt-based bimetallic catalyst for furfural conversion. They 
got the highest conversion of 100% FUR with the lowest Sn/Pt atomic ratio. It was 
concluded that Pt-Sn systems were more active than the monometallic catalyst. And 

Fig. 21.3 (continued)
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the use of Pt-based system was also highly selective, yielding only the desired prod-
uct. But the use of elevated pressure (1 MPa) of hydrogen gas was still to be taken 
care of [6]. Co-Cu/SBA-15 as catalysts were used for FUR conversion with fixed 
copper loading of 10% by Srivastava et al. [33]. Mesoporous silica associated with 
bimetallic catalyst was tried in this experiment. SBA-15 being hydrothermally sta-
ble and having high surface area will prove advantageous in the FUR conversion. 
Furthermore, solid interaction between cobalt and copper will help enhance the 
constancy of copper in the bimetallic catalyst combination [32]. One hundred per-
cent FUR conversion was achieved at 170 °C. Villaverde et al. used Cu-Mg-Al as 
catalysts for FUR conversion and at 110 °C got approximately 64% conversion of 
FUR. The intimate interaction between Cu0 atoms and Mg2+ cations entangled in a 
spinal-like matrix is the probable reason of the highest activity of Cu-Mg-Al with 
furfuryl alcohol selectivity of 99% [33]. Novel Cu-Zn-Cr-Zr catalysts were devel-
oped and experimented by Sharma et al. for FUR conversion. One hundred percent 
conversion of FUR with 96% furfuryl alcohol yield was obtained. This was proba-
bly due to delineation of the constituent metals in the catalyst. On the one hand, Zn 
increases the activity of FUR conversion; on the other hand, Zr contributes in the 
selectivity of furfuryl alcohol. It was found that Zr loading in the catalyst increased 
the acidity of the catalyst and helps dispersing the metallic Cu as well. Cu/TiO2 was 
used in the presence of green solvent cyclopentyl methyl ether (CPME) to achieve 
100% FUR conversion and 99% selectivity of furfuryl alcohol in a microwave reac-
tor. One of the probable causes is being the dielectric microwave heating, which 
could increase the temperature of the active sites of the catalysts above the bulk 
temperature. And TiO2 having a high dielectric constant receives and absorbs the 
irradiation and getting super-heated and increasing the conversion rate [34]. Cu sup-
ported on MgO-Al2O3 in the presence of isopropanol generated 100% furfural con-
version with 89.3% furfuryl alcohol yield. The results were due to the Cu loading in 
the catalyst which influenced the catalyst’s acidity, especially the Lewis acid. With 
the increase of Cu loading, weak and high basic strength sites increased. The physi-
cochemical properties of Cu were important for the CTH of FUR, which occurred 
at the surfaces of metallic sites.

3  Applications and Commercial Features of Furfural

Uses: Out of the total furfural production in the world, 60–70% is utilised for manu-
facturing of 2-furanmethanol or furfuryl alcohol. The remaining part is used as:

• Aromatic extractants from lubricating oils.
• Solvent used for purification of C4 and C5 hydrocarbons.
• Reactive solvent and wetting agent.
• Used as a chemical feed for deriving other furanic compounds.
• Used as an insecticide.
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2-Furaldehyde or furfural is widely used as a solvent in the petrochemical indus-
try. Initial refining industrial plant established in 1933 by Texaco, the Indian 
Refining Company, led to production of several high-valued lubricating oils along 
with producing benzene, toluene, xylene and other polar compounds, mercaptans 
and compounds derived from crude oil with the help of furfural for extraction. 
Furfural found wide usage as decolorising compound in refining wood rosin [21]. 
After the development of butadiene purification technology which was used to man-
ufacture synthetic rubber by the USA during World War II, the demand of furfural 
increased. Since furfural undergoes extractive distillation with buta-1,3-diene and 
2-methylbuta-1,3-diene and can be alienated from saturated C4 and C5 hydrocar-
bons. In addition to the synthesis of furfuryl alcohol, furfural is also widely used as 
a chemical feedstock for a lot of other five-member furanic compounds such as 
furan, 2-methylfuran, acetyl-furan, 1-(2-furyl)methylamine and furoic acid. Furfural 
has also been introduced in South Africa as an insecticide to protect the plants. 
Toxicity of the present insecticide and pesticides (e.g. methyl bromide) although 
effective in removing pests has adverse health effects upon humans that occurs due 
to prolong exposure. Furfural is much less toxic and effective as a pesticide in con-
trolling worms in the soil.

Economic aspects: World production of furfural in 2003 was 200,000  tonnes, 
and the market is projected to reach 423,372 tonnes by 2024. It has been estimated 
that the furfural market size is projected to grow from USD 551 million in 2019 to 
USD 700 million by 2024 at a compound annual growth rate (CAGR) of 4.9%. The 
last two decades have seen the monopoly of China in the furfural-producing indus-
try. Presently, furfural activities are established basically in the developing countries 
where cheap labour and low operational costs along with favourable climatic condi-
tions and fertile land are available. Furfural production is evolving in nations like 
the Dominican Republic, China, Thailand, India, Argentina, Brazil, Mexico, the 
USA, Tunisia and South Africa. At present China being the largest producer of fur-
fural across the globe contributes to around 70% of the total production. The rest of 
the countries contribute for approximately 280 kTon of the global production capac-
ity of furfural.

Conclusion: Viability of furfural-based bio-refinery, which will initially require 
large investments, might initially face potential technological hindrance but will be 
very much dependent on present and future returns and incentives. Well-designed 
policies and regulatory mandates regarding biomass-derived platform chemicals 
and value-added chemicals are required for ensuring economic viability and success 
of furfural-based bio-refineries. Furfural-based bio-refineries would be competitive 
with the crude oil-derived products and chemicals. In spite of the unsteady and vola-
tile oil market, the use of low-risk and well-designed technologies is very much 
needed for meeting the societal demands. Bio-refineries will clearly be a feasible 
solution in the future and a competitive option because of the depleting crude oil 
reserves and increasing price of manufacturing. However, increasing focus on envi-
ronmental norms and energy security and management rather than commercial and 
economic viability should really carry forwards the research and development of 
furfural-based bio-refineries.
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Abstract Dehydrocyclization of ethylenediamine and crude glycerol was exam-
ined over ZnO-doped Cr2O3 catalyst. The 10 wt%-loaded Zn/Cr2O3 catalyst demon-
strated a maximum rate of 2-methylpyrazine (2MP) production under the optimized 
reaction conditions. The prepared catalysts were investigated by various techniques 
such as PXRD, UV-DRS, XPS, FT-IR, and Raman spectroscopic analyses. 
Moreover, a correlation between Zn (wt%) loadings and the 2MP rate was 
established.

Keywords Alkylpyrazines · Dehydrocyclization · Glycerol · Ethylenediamine · 
Chromite catalysts

1  Introduction

1.1  Synthesis of 2-Methylpyrazine Over the ZnCr2O4 Catalysts

In recent decades, R&D has been focused on alternative fuels, specifically the pro-
duction of biodiesel from inedible oils and renewable resources. Among various 
biofuels, many challenges were posed to technologists from the economic and envi-
ronmental point of view on biodiesel production as a large amount of crude glycerol 
was found, which became a more significant concern for commercialization. 
Recovery and safe disposal of biodiesel coproducts such as glycerol have become 
an important issue in order to minimize the overall cost of biodiesel production. 
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Several routes were proposed and currently being utilized to convert such crude 
glycerol to produce a variety of industrially important chemical additives [1]. 
Therefore, the utilization of crude glycerol for the production of alkylpyrazines is 
the main topic in this book chapter.

To the best of our knowledge, we have developed a route for the first time to 
synthesize 2-methylpyrazine (2MP) via vapor-phase reaction by using ethylenedi-
amine (EDA) and crude glycerol by dehydrocyclization over a mixed oxide catalyst 
composed of ZnO-ZnCr2O4 (Zn-Cr) derived from HTlc (as shown in Scheme 1) [2].

2MP is a key intermediate substance for the synthesis of 2-amidopyrazine is a 
well-known antitubercular and bacteriostatic drug. Commercially, 2MP was pre-
pared by dehydrocyclization of EDA and 1,2-propylene glycol (PG) over 
Pd-promoted Zn-Cr catalyst (as shown in Scheme 2) [3].

In our previous reports, the effect of the acid-base properties of the Zn-Cr cata-
lyst was investigated for product distributions during the synthesis of Zn-Cr HT 
precursors by changing their pH [4]. It was noticed that the acid-base characteristics 
of Zn-Cr catalyst significantly affect the 2MP selectivity. The Zn-Cr catalyst precur-
sor synthesized at pH = 7 and exhibited enhanced selectivity toward pyrazine due to 
more acidic nature via the cyclization of EDA. In contrast, the catalyst that contains 
both weak acidity and basicity sites showed high 2MP selectivity. In comparison, 
high specific rate of 2MP was observed over the Zn-Cr catalyst prepared at pH ∼9 
[5]. Under these experimental conditions, it is also quite possible that the ethylene-
diamine undergoes intermolecular cyclization to form pyrazine as a by-product 
(Scheme 3).

In our previous studies, the effect of catalyst calcination temperature on physico-
chemical characteristics of Zn-Cr catalyst and their influence on reaction 

Scheme 1 Synthesis of 2MP via glycerol dehydrocyclization over Zn-Cr catalysts

Scheme 2 Synthesis of 2MP by using EDA and PG over Pd-based Zn-Cr catalyst

Scheme 3 Intermolecular 
cyclization of EDA to form 
pyrazine
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mechanism and product distribution was investigated [6]. The obtained results indi-
cated the catalysts calcined at lower-temperature produced mixed oxides of ZnO-
ZnCr2O4 are active and selective for 2MP synthesis. Moreover, 2MP selectivity 
remarkably depends upon catalyst crystallite size and acid-base strength. The mixed 
oxide catalyst characterization results showed that low-temperature treated catalyst 
produced higher 2MP yields, whereas the high-temperature one was more selective 
toward 2-pyrazinylmethanol. Based on the detailed experiments, a linear correlation 
was drawn between the rate of 2-pyrazinylmethanol and calcination temperature, 
which might be due to a decrease in the surface –OH groups on the Zn-O-Cr sur-
face. In addition, the Zn-Cr mixed oxide catalyst activities were rationalized with 
poisoning studies using 2,6-dimethylpyridine (interacts with Brønsted acid site 
selectively) and pyridine (blocks both Lewis and Brønsted acid sites) to see the 
influence acid- base sites on 2MP rate [7].

1.2  Synthesis of 2,6-Dimethylpyrazine Over 
the CuCr2O4 Catalysts

In the previous section, a detailed investigation was discussed in the synthesis of 
2-methylpyrazine (2MP). It has been established that under the reaction conditions, 
intermolecular cyclization of ethylenediamine is quite possible. Dehydrocyclization 
of 1,2-propanediamine and glycerol produced 2,6-dimethyl pyrazine (2,6-DMP) (as 
shown in Scheme 4) [8–13].

In this section, a detailed overview is given on the applications and synthesis of 
2,6-DMP from 1,2-propanediamine and (1,2-PDA) glycerol using the Cu-Cr cata-
lysts under almost a similar protocol. 2,6-DMP is used in producing different agro-
chemicals, food flavoring agent, and as a ligand for catalyst synthesis. In 2014, 
Krishna et al. found a new methodology using solid acid-base catalyst to synthesize 
2,6-DMP selectively from crude glycerol with 1,2-PDA under continuous-flow con-
ditions at atmospheric pressure. This methodology was also useful for the selective 
synthesis of different alkylpyrazines with reduced by-products, as these solid acid- 
base catalysts gained more interest from both the environmental and economic 
views to explore crude bio-glycerol.

In this reference, in our group, we have explored various chromite catalysts and 
found different product distribution over mixed oxides of MxOy–MCr2O4 (M = Cu, 
Fe, Ni, Co, Mg, and Ni) synthesized from their respective HT precursors [8]. In this 
investigation, it was concluded that the catalysts with both acid and base function-
alities in close proximity with that of metal sites were effective for the selective 

Scheme 4 Synthesis of 2,6-DMP by using 1,2-propanediamine and glycerol
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synthesis of 2,6-DMP from 1,2-PDA and glycerol. The Cu-Cr-O catalyst performed 
better in 2,6-DMP production although methanol and KOH were present in the 
reaction mixture. The interaction (solid-solid) in CuxOy–CuCr2O4 due to CuO 
resulted in easily reducible species (Cu-Cr from Cu-Cr-O) was the main reason for 
high activity over this catalyst. It was also found to be more selective toward 2,6- 
DMP as the individual bulk oxides showed less activity in comparison to 
CuO-CuCr2O4.

In the following study, the influence of acid-base sites and metallic copper spe-
cies was investigated on the activity of Cu-Cr catalysts [9]. A detailed study was 
conducted on the role of acid-base sites (Lewis and Brønsted) on the product distri-
bution using formic acid and pyridine as probe molecules for adsorbed IR spectros-
copy combined with N2O pulse titration experiments to estimate the Cu active metal 
surface area. The N2O titration measurements determined that the rate of 2,6-DMP 
formation was linearly proportional to the active metal surface area with Cu2Cr1 
sample displaying the highest activity for 2,6-DMP. In addition, the selectivity of 
2,6-DMP was dependent on both copper chromite and Cu0 species.

To see the effect of preparation method, CuCr2O4 catalyst was synthesized by 
various methods, namely, mechanical mixing, sol-gel, and co-precipitation [10]. It 
was observed that a high quantity of Cu particles interacted with Cr2O3 in CuCr2O4 
resulted from the sol-gel method with a low ratio of Cu2+/Cu0 exhibited better dehy-
drocyclization activity with high 2,6-DMP selectivity. Besides, dehydrocyclization 
activities were examined under catalyst poisoning conditions to highlight the influ-
ence of acidic and basic sites (Lewis) responsible for the 2,6-DMP selectivity. The 
HCOOH adsorbed IR spectroscopic data, and the N2O pulse titration results demon-
strated that there is a higher proportion of basicity on the CuCr2O4 surface (synthe-
sized by the sol-gel method) than on CuCr2O4 that is synthesized by mechanical 
mixing and co-precipitation routes. The sol-gel-derived CuCr2O4 catalyst was also 
found to be stable even when crude glycerol was used as the reactant that was 
received from the biodiesel plant. The Cu impregnated on Cr2O3 exhibited segre-
gated CuO and Cr2O3 species that showed 2,6-DMP with high selectivity. It was 
found that fine-tuning of surface acid-base sites could result in the desired products 
with high selectivity in the dehydrocyclization process.

In the subsequent study, the Cu-Cr catalyst was calcined at different temperature 
(from 400 to 750 °C) to study the role of copper dispersion and acid-base properties 
on the product distribution [11]. The modified (with Na, K and Cs) Cu-Cr catalyst 
studied their behavior in the vapor-phase synthesis 2,6-DMP from1,2-PDA and 
glycerol. The results indicated that K-modified Cu-Cr sample efficiently minimizes 
the by-product formation. The influence of calcination temperatures had a signifi-
cant impact on the activity of Cu-Cr catalyst and found that 550 °C could be an 
optimum temperature where a stable CuO-CuCr2O4 was observed. Whereas at 
400 °C calcination temperature, CuO-CuCr2O4 exhibited low activity due to the less 
number of Cu active sites available on the surface. The results also showed that the 
dehydrocyclization rate was declined over CuO-CuCr2O4 sample calcined at high 
temperatures (>550 °C) due to low surface area of catalyst when calcined at high 
temperature mostly due to sintering. On contrary, 2,6-DMP rate decreased 
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significantly with the increase in calcination temperature to 750 °C. These results 
emphasize that at high calcination temperatures, a significant drop in catalyst active 
sites consequently on 2,6-DMP synthesis rate is observed.

In the later investigation, CuCr2O4 catalyst prepared by the sol-gel method was 
further modified with different promoters such as zinc, zirconium, and magnesium 
to study their effect on product distribution in the synthesis of 2,6-DMP from crude 
glycerol and 1,2-PDA [12]. Among them, it was noticed that the Zn-promoted 
Cu-Cr catalyst exhibited a higher rate of 2,6-DMP formation. A detailed investiga-
tion on the acid-base sites indicated that the stable activity of Zn-modified CuCr2O4 
catalyst was mainly due to stabilization of Cu0 species and improved Lewis acidity. 
In addition, Zn addition (up to 5 wt%) resulted in highly dispersed copper on the 
catalyst surface with improved activity and stability. In this study, it was found that 
strong basicity with a pair of weak to moderate acid sites (Lewis) is crucial for the 
desired selectivity of 2,6-DMP.

Finally, in a recent investigation, a nano-crystalline ZnO-ZnCr2O4 and mixed 
oxide hydrotalcite precursor material were prepared at different pH (8, 10, and 12) 
and evaluated to convert the crude bio-glycerol to 2,6-DMP [13]. Different aspects 
such as the nature and strength of acid-base properties were discussed, and it was 
found that the ZnO-ZnCr2O4 catalyst with high ratio of Lewis to Brønsted basic 
sites was key to selective 2,6-DMP synthesis. The ZnO-ZnCr2O4 catalyst that pre-
pared a pH of 10 demonstrated highest activity compared to other catalysts that 
were mainly due to finely dispersed ZnO-ZnCr2O4 particles on the surface. It was 
also found that the presence of strong acidity resulted in lower activity. It can be 
concluded that conversion of aqueous (crude) glycerol with corresponding amines 
to synthesize alkyl pyrazines entails weak Lewis acidity in conjunction with a pair 
of strong basic sites. In this investigation, a comparative study is made in parenthe-
sis to the recent reports on dehydrocyclization of glycerol, and diamine compounds 
in reference to 2MP rates are discussed.

2  Experimental

2.1  Preparation of Catalysts

Zn supported on Cr2O3 catalysts was prepared with different loadings of ZnO load-
ings via wet impregnation method. In this method, 2, 5, 7, 10, and 15 wt% of ZnO 
loadings on Cr2O3 support was prepared. In a typical experiment, Cr2O3 was dis-
persed in double-distilled water and taken in a beaker, and then the desired quantity 
of Zn(NO3)2∙6H2O was added portion-wise while continuous stirring and heating at 
80 °C and oven-dried for 12 h at 100 °C, subsequently calcined at 450 °C in static 
air. Catalysts with 2, 5, 7, 10, and 15 wt% loadings of ZnO were denoted as 2ZnO/
Cr2O3, 5ZnO/Cr2O3, 7ZnO/Cr2O3, 10ZnO/Cr2O3, and 15ZnO/Cr2O3, respectively.
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2.2  Characterization of Catalysts

The BET surface areas of the catalysts were estimated by using N2 adsorption- 
desorption method at −196 °C in an Autosorb 3000 equipment. Powder XRD pat-
terns were recorded using a Rigaku MiniFlex X-ray diffractometer instrument using 
Ni-filtered Cu Kα radiation (λ = 0.15406 nm) with a scan rate of 2° min−1 between 
2θ = 20° and 80°. Raman spectroscopic analysis of the catalysts was carried out 
using a Horiba Jobin Yvon lab ram HR Raman spectrometer with beam excitation 
of λ = 632.81 nm. The UV-Vis spectra in diffuse reflectance mode were obtained in 
UV-Vis spectrophotometer (UV-2000 from Shimadzu) consisting of BaSO4 refer-
ence and an integrating sphere in the range of 800–185 nm with a slit width of 2 nm 
and sampling interval of 0.5  nm at ambient temperature. The Fourier transform 
infrared (FTIR) spectra of the catalyst samples were analyzed by diluting the sam-
ples with KBr as pressed wafers using IR spectrometer (Thermo Nicolet Nexus 670) 
from 4000 to 400 cm−1 region. The surface elemental analyses of the catalysts were 
obtained from X-ray photoelectron (XPS; Kratos Axis Ultra Imaging) spectrometer, 
equipped with multichannel detector and Mg anode. Background correction 
(Shirley-type) was done by referencing the obtained spectra with C 1 s at a binding 
energy of 284.8 eV.

2.3  Activity Tests

The dehydrocyclization activities were conducted using −18/+23 sieved (BSS) cat-
alyst particles. The carbon mass balance was calculated based on the inlet and outlet 
concentration of the organic moiety. In a typical measurement, prior to the reaction, 
about 0.2 g of calcined catalyst (sieved particles −18/+25 BSS) was treated in 5% 
H2/Ar at 400 °C for 5 h. A 20 wt% aqueous glycerol solution was used, and the 
glycerol to EDA mole ratio of 1:1 with a flow rate of the reaction mixture of 2 mL h−1 
along with N2 as carrier gas at a flow rate of 1800 cc h−1 was maintained. The reac-
tion mixture contained a glycerol flow rate = 88.2 cc h−1, EDA flow rate = 87.4 cc h−1, 
H2O flow rate = 1806.2 cc h−1, and N2 flow rate = 1800 cc h−1. The collected samples 
(after 6 h) were analyzed by gas chromatography (Shimadzu, GC-17A) equipped 
with a flame ionization detector (FID) using ZB-5 capillary column.

3  Results and Discussion

3.1  Powder XRD Analysis

The XRD patterns of various loadings of ZnO on Cr2O3 are presented in Fig. 1. It 
shows that 2ZnO/Cr2O3, 5ZnO/Cr2O3, and 7ZnO/Cr2O3 samples displayed Cr2O3 
phase prominently, and no ZnO and ZnCr2O4 phases were detected. The catalysts 
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with higher loadings of ZnO (10ZnO/Cr2O3 and 15ZnO/Cr2O3) have both ZnO and 
ZnCr2O4 phases along with Cr2O3. Diffraction signals at 2θ = 35.7°, 30.3°, 63.1°, 
57.4°, and 43.4° corresponding “d” values of 0.251, 0.294, 0.147, 0.160, and 
0.208 nm are confirmed as ZnCr2O4 phase [ICDD #: 22-1107]. Diffraction lines at 
2θ = 36.2°, 31.7°, 34.4°, 56.6°, and 62.8° with “d” values of 0.247, 0.281, 0.260, 
0.162, and 0.147 nm are due to the presence of ZnO phase [ICDD #: 89-0510] [14, 
15]. Diffraction signals due to Cr2O3 [ICDD #: 85-0730] are appeared at 2θ = 33.6°, 
36.1°, 24.4°, 54.8°, 41.5°, and 50.2° with “d” values of 0.265, 0.247, 0.362, 0.167, 
0.216, and 0.181 nm [2, 16]. All the diffraction lines are in good correlation with 
standard ICDD data.

3.2  FTIR Analysis

The FTIR spectra of various loadings of ZnO on Cr2O3 are shown in Fig. 2. The 
vibrational bands observed at 410, 445, 566, and 626  cm−1 are characteristic of 
chromium oxide with Cr+3 oxidation state, and results are consistent with reported 
literature [14–19]. The signal at 930 cm−1 is characteristic vibration of CrO4 tetrahe-
dra due to Cr6+ ions [19, 20]. The intensity of this band is decreased upon increasing 
the ZnO loading on Cr2O3. Absorption bands at 410 and 445 cm−1 were present in 
all the samples except in 15ZnO/Cr2O3. However, a new band located at 507 cm−1 is 
found over 15ZnO/Cr2O3. The spinel structure of ZnCr2O4 is considered to be origi-
nated from CrO6 octahedral and ZnO4 tetrahedral. ZnCr2O4 spinels are expected to 
have four phonon bands centered at 185, 367, 497, and 615 cm−1. Among these, the 
two high-frequency IR bands originated due to F1u symmetry of the ZnCr2O4 spinel, 
and they depend on position and shape on the chemical nature and stoichiometry of 

Fig. 1 XRD patterns of various loadings of ZnO on Cr2O3 (a) 2ZnO/Cr2O3, (b) 5ZnO/Cr2O3, (c) 
7ZnO/Cr2O3, (d) 10ZnO/Cr2O3, and (e) 15ZnO/Cr2O3
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the octahedral Cr species, which are related to vibrations of lattice octahedral groups 
[20]. The absorption band around 500 cm−1 appeared only in catalyst 15ZnO/Cr2O3, 
thus indicating the presence of ZnCr2O4 phase in this catalyst. The formation of the 
ZnCr2O4 phase in the 15ZnO/Cr2O3 sample is further evidenced by the XRD analy-
sis (Fig. 1) of the sample.

3.3  Raman Spectroscopy

Raman spectra of different loadings of ZnO supported on Cr2O3 are reported in 
Fig. 3. About seven Raman-active modes, namely, two A1g and five Eg modes, are 
due to D3d point group such as Cr2O3 [21, 22]. XRD analysis showed the presence 
of only the Cr2O3 phase in 2ZnO/Cr2O3, 5ZnO/Cr2O3, and 7ZnO/Cr2O3 samples, 

Fig. 2 FTIR spectra of various loadings of ZnO on Cr2O3 (a) 2ZnO/Cr2O3, (b) 5ZnO/Cr2O3, (c) 
7ZnO/Cr2O3, (d) 10ZnO/Cr2O3, and (e) 15ZnO/Cr2O3
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while Raman spectra show the presence of ZnCr2O4 phase too. ZnCr2O4 spinel con-
sists of ZnO4 tetrahedra and CrO6 octahedra. The close cubic-packed arrangement 
of oxide species combines CrO6 octahedra involving two opposite corners of ZnO4 
tetrahedra. ZnCr2O4 belongs to space group Oh

7. In factor group analysis, one A1g, 
one Eg, and three F2g Raman active modes are predicted [20, 23]. Raman active band 

Fig. 3 Raman spectra of various loadings of ZnO on Cr2O3 (a) 2ZnO/Cr2O3, (b) 5ZnO/Cr2O3, (c) 
7ZnO/Cr2O3, (d) 10ZnO/Cr2O3, and (e) 15ZnO/Cr2O3. Modes indicated with asterisk mark are due 
to Cr2O3 species, while without asterisk mark are due to ZnCr2O4 species
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at A1g of Cr2O3 appears around 537–550 cm−1 as the most dominant peak. The sec-
ond strong peak is Eg Raman active mode of Cr2O3 around 592–609 cm−1. It is clear 
that two F2g Raman active modes and one Eg mode originated due to ZnCr2O4 are 
more prominent in 10ZnO/Cr2O3 and 15ZnO/Cr2O3 (Table 1).

3.4  UV-DRS Analysis

To understand the coordination states and chemical environment of Cr species, the 
fresh calcined samples of ZnO supported on Cr2O3 analyzed by UV-DR and the spec-
tra are presented in Fig. 4 [5]. As well-known, the Cr oxidation states vary between +2 
and +6. Typically, Cr3+ (d3) and Cr6+ (d0) ions are stable with octahedral and tetrahedral 
symmetries, respectively. The d–d transitions and charge transfer of Cr species were 
characterized between 200 and 800  nm region. Fresh catalysts did not show any 
absorption bands around 270 and 360 nm wavelength, which could have originated 
from charge transfer (O2− → Cr6+) transitions of chromate species (ZnCrO4). Thus, 
suggesting chromate species are not present in the fresh samples. Figure 4 shows two 
typical characteristic d–d transitions for Cr3+ at 407  nm (A2g →  T1g) and 535  nm 
(A2g → T2g). There is a red shift in d–d transitions to 411 and 538 nm with an increase 
in ZnO loadings. These changes might indicate toward Cr3+oligomerization essentially 
in the form of dimers [24, 25]. UV-DR spectra of reduced samples are presented in 
Fig. 5. The signal intensity is slightly lowered as the Cr/Zn ratio decreased at higher 
ZnO loading. The Cr (III) species in the samples at a higher Cr/Zn ratio also suggests 
the presence of abroad signal at 600 nm can be assigned to d–d transitions of Cr3+in 
octahedral symmetry (A2g → T2g) [26]. Weak band at about 456 nm was due to d–d 
transition of Cr3+ (A2g → T1g) that was noticed for reduced catalyst samples. Upon 
increasing ZnO loading, a blue shift from 466 to 457 nm is found, which is probably 
due to increased ZnO content [3]. The bands at 465  nm and 600  nm appeared in 
reduced samples were absent in their fresh form (Fig. 4).

Table 1 An overview of Raman active modes of different loadings of ZnO on Cr2O3

Crystallite 
phase

Raman 
active 
modes

McCarty 
et al. [18]

Shim 
et al. 
[21]

Wang 
et al. 
[23]

Venu- 
gopal 
et al. 
[5]

wt% of ZnO present on 
ZnO/Cr2O3

2 5 7 10 15

Cr2O3 
(indicated by 
asterisk mark 
in Fig. 3)

A1g 304 298 na na 306 312 303 313 316
Eg 353 354 na na 338 338 335 350 355
Eg 401 397 na na 395 390 391 382 398
Eg 529 531 na na 510 512 511 520 525
A1g 553 556 na na 537 537 534 548 554
Eg 616 618 na na 592 599 592 605 609

ZnCr2O4 Eg na na 430 427 439 418 438 420 400
F2g na na 511 506 482 485 483 476 446
F2g na na 605 595 618 620 622 645 663
Ag na na 687 675 680 679 670 687 689
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Fig. 4 UV-DR spectra of fresh calcined catalysts of various loadings of ZnO on Cr2O3 (a) 2ZnO/
Cr2O3, (b) 5ZnO/Cr2O3, (c) 7ZnO/Cr2O3, (d) 10ZnO/Cr2O3, and (e) 15ZnO/Cr2O3

Fig. 5 UV-DR spectra of reduced samples (a) 2ZnO/Cr2O3, (b) 5ZnO/Cr2O3, (c) 7ZnO/Cr2O3, (d) 
10ZnO/Cr2O3, and (e) 15ZnO/Cr2O3
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3.5  XPS Analysis of ZnO Supported on Cr2O3 Samples

XPS patterns of various ZnO-loaded Cr2O3 samples are presented in Fig. 6. The 
fresh calcined spectra show Cr 2p peak in the range 576.2–577.8 eV, attributed to 
Cr3+ species [27–32]. Binding energy values of 1022.2 and 1021.5 eV are due to the 
presence of ZnCr2O4 and ZnO, respectively [33, 34]. The XP spectra of O1s, lines 
in the region 530.0–533.3  eV, are due to the presence of two types of oxygen- 
containing species. These results clearly confirm the presence of Cr2O3 and ZnCr2O4 
species in the near-surface region. It is also found that at higher ZnO loadings (in 
10 wt% ZnO and 15 wt% ZnO), both Cr 2p3/2 and Zn 2p3/2 showed slightly higher 
BE values when compared to lower loadings of ZnO. This shift is probably because 
of the formation of ZnCr2O4 at higher ZnO loadings.

3.6  Activity Measurements

Dehydrocyclization was carried out on various loadings of ZnO supported on Cr2O3 
catalysts at 375 °C, and the results are presented in Fig. 7. The specific rate of 2MP 
and pyrazine was calculated by normalizing the rate of the products with surface 
areas of the corresponding samples. It shows that 10 wt% ZnO loading on Cr2O3 
exhibited a better selectivity toward 2MP with a rate of 1.85 mmol s−1 g−1 (Table 2). 

Fig. 6 XPS analysis of (a) Cr 2p, (b) Zn 2p, and (c) O1s spectra of various loadings of ZnO (wt%) 
on Cr2O3: (1) 2.0, (2) 5.0, (3) 7.0, (4) 10.0, and (5) 15.0 catalysts
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At lower loadings of ZnO, the catalysts showed better EDA conversion (>60%) than 
the glycerol conversion (<20%) with a pyrazine formation rate of 0.85 mmol s−1 g−1and 
2MP ~0.21 mmol s−1 g−1.

The higher rate of pyrazine synthesis was explained due to a high EDA conver-
sion by the intermolecular cyclization of EDA, which is predominant than the dehy-
drocyclization at lower loadings of ZnO (Scheme 3). As the loading of ZnO is 
increased, the selectivity toward pyrazine is decreased, and the 2-methylpyrazine 
selectivity is increased. Further, increase in ZnO loading 10–15  wt%, 
2- methylpyrazine rate is slightly decreased from 1.85 to 1.65 mmol s−1 g−1, which 
is probably due to formation of large-sized clusters of ZnO.

Upon increasing the ZnO loading, the specific rate of 2MP is increased up to 
10 wt% ZnO loading, indicating an optimum loading of ZnO on Cr2O3 for the 2MP 
formation (Fig. 8). Powder XRD analysis indicated the formation of the ZnCr2O4 

Fig. 7 Influence of various ZnO loadings on Cr2O3 in EDA and glycerol conversion at 375 °C
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phase starts appearing at a 10 wt% ZnO loading. However, it cannot be ruled out the 
zinc chromite phase at lower loadings as they may either smaller in crystallite size 
or in a lower concentration.

As discussed earlier, the presence of strong acid sites leads to carbon deposition 
on the catalyst surface. The elemental analysis of the used (after 6 h of continuous 
operation) catalysts showed a decrease in carbon deposition with an increase in the 
ZnO loading on Cr2O3 (Fig. 9).

Table 2 Physicochemical characteristics of the various loadings of ZnO on Cr2O3

Sample ZnO/Cr2O3 
(wt%)

Rate 
(mmol s−1 g−1)

Crystallitea size (nm)
SBET

b 
(m2g−1)

Carbonc content 
(wt%)ZnO ZnCr2O4 Cr2O3r2MP

d rpyrazine
e

2 0.21 0.85 nf nf 15.6 64.4 1.98

5 0.77 0.43 nf nf 16.6 37.0 1.69
7 1.20 0.34 nf nf 16.6 34.3 1.45
10 1.85 0.22 15.4 17.6 17.8 38.5 1.34
15 1.65 0.22 22.5 20.5 16.6 38.2 0.98

aCalculated using the Scherrer equation
bBET surface areas of the calcined catalysts
cObtained from the analysis of the used catalysts after 6 h of reaction time
dRate of 2MP is calculated with 2MP yield from glycerol conversion
ePyrazine rate measured from its yield from EDA conversion

Fig. 8 Comparison of specific rates of 2-methylpyrazine and pyrazine over various ZnO loadings 
on Cr2O3 in the EDA and glycerol conversion at 375 °C
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4  Conclusions

Catalytic conversion of crude glycerol for the synthesis of alkyl pyrazines was 
established over various Zn and Cu chromite catalysts. A combination of acid-base 
pairs was involved in the dehydrocyclization process. A detailed investigation on 
structure-activity relationship was emphasized using bulk and surface characteriza-
tion techniques. Finally, the role of ZnO and Cr2O3 on product selectivity was dis-
cussed by conducting a series of experiments on ZnO/Cr2O3 catalysts for 
dehydrocyclization reaction, which indicated a 10 wt% loading of ZnO on Cr2O3 
showed better 2MP rates. The catalysts with lower loadings of ZnO showed the 
formation of pyrazine by intermolecular cyclization reaction. Upon increasing the 
ZnO loadings, the crystallite size was increased, which may be a reason for the 
decreased activity of 15 wt% ZnO/Cr2O3 catalyst. Thus it can be concluded that the 
presence of ZnO and ZnCr2O4 phases with appropriate crystallite size is important 
for the dehydrocyclization reaction of EDA and glycerol for the synthesis of 
2-methylpyrazine.
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Fig. 9 Comparison of specific rate of 2-methylpyrazine and carbon deposited on catalyst surface 
after reaction over various ZnO loadings on Cr2O3 in the dehydrocyclization of EDA and glycerol 
at 375 °C
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The Role of Group VIII Metals 
in Hydroconversion of Lignin to Value- 
Added Chemicals and Biofuels
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Abstract Biomass utilization originating from inedible farming and forest waste, 
as a renewable feedstock for liquid biofuels and viable products, will have impor-
tant environmental and social impacts in the future. Lignocellulose, the main noned-
ible component of biomass, is a primordial element abundantly rich in cellulosic 
compounds and lignins. The conversion of cellulose and hemicellulose to biofuels 
and valuable platform chemicals (such as levulinic acid, formic acid, furfural, 
γ-valerolactone and other derivatives) has long been studied, and great progress has 
been made in their industrial production. Lignin being a unique raw material has 
gained enormous attention in the recent years being an important source for sustain-
able and viable products. The successful conversion of lignin into value-added 
chemicals involves three main processes: (1) decomposition of lignocellulose, (2) 
depolymerization (3) upgradation to the desirable chemicals. The choice of catalyst 
in either homo- or heterogeneous systems is crucial for the effective depolymeriza-
tion of lignin and upgrading to desirable chemicals. Hydro-processing (hydroge-
nolysis, hydrogenation, hydrodeoxygenation and hydro-demethoxylation) is a 
highly preferred, practical method for the depolymerization leading to production 
of valuable products and drugs. These reactions generally occur over metals, 
namely, platinum, palladium, ruthenium and nickel. This chapter aims to present a 
holistic analysis of the role of Group VIII metals in conversion of lignin and lignin- 
based aromatic monomers. This simplified summary will be useful to researchers 
for developing heterogeneous catalyst towards effective production of industrially 
sound products.
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1  Introduction

Global climatic change caused by the increased anthropogenic activities has not 
only brought the world into the cusp of energy crisis but also challenged the envi-
ronmental sustainability [1]. A viable alternative should meet certain essential crite-
ria; it should be renewable, be attainable year around and essentially be a nonedible 
food crop. The most plausible solution for viable production of energy and chemi-
cals is utilization of nonedible plant-based lingo-cellulosic biomass as sustainable 
energy crops [2]. Biomass is a prime renewable carbonaceous, cost-effective energy 
feedstock with potentials of high diversity and production [3]. Biomass-based 
energy is made of three essential biopolymers, namely, cellulose, hemicellulose and 
lignin, that results in a robust, highly oxygenated and a heterogeneously composite 
end product [4, 5]. Of the abovementioned, cellulose (C5) and hemicellulose (C6) 
are topics of industrial research as they are promising sources for essential products 
and bio-based fuels. In comparison with cellulose and hemicellulose, the complex 
phenylpropanoid structures and high thermal stability of lignin limit its commercial 
use. Being a low-cost product, lignin is immensely used for energy generation in 
biorefineries [5]. Besides, it is the most abundant naturally occurring aromatic poly-
mer and is a promising renewable feedstock for chemicals and fuels due to the pres-
ence of key functional moieties (phenyl, hydroxyl, methoxy and allyl groups). The 
molecular structure of lignin is composed of three blocks, namely, phenyl propane 
building blocks (Fig. 1) such as sinapyl alcohol, coniferyl alcohol and p-coumaryl 
alcohol [5, 7].

Effective depolymerization of lignin and subsequent upgradation can deliver a 
wide variety of chemicals and fuels; hence it is a sensible choice to boost the cost- 
effectiveness and sustainability of the biorefinery process [2]. Production of bio- 
based chemicals and fuels from lignin requires three interconnected biorefinery 
processes: lignocellulose fractionation, lignin depolymerization and upgrade to 
desirable chemicals [2]. Of the several conversion methods tested, heteroge-
neous catalysis is the most recent methodology adopted for the transformation of 
biological feedstocks into value-added products [4].

Lignin degradation is quite challenging due to its intricate three-dimensional 
structure; hence they are subjected to different catalytic processes which would 
result in simple yet very useful monomers such as aromatics, phenolics, etc. [7]. 

Fig. 1 Building 
components of lignin 
(monolignols) (Extracted 
from [6] with due perusal 
from the American 
Chemical Society)
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There are three vital thermochemical routes to transform lignin to fuel, namely, 
gasification, pyrolysis/liquefaction and hydrolysis [8]. Conventionally, pyrolysis is 
a slow, irreversible thermal decomposition of biomass to bio-oil. Rapid thermal 
decomposition of lignin yields bio-based oil rich in oxygenated chemicals (Fig. 2), 
notably phenolics [10].
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The oil that is produced from lignin cannot be as such used in transportation 
vehicles owing to the high oxygen content, which results in many drawbacks like 
lesser heating value, stability, pH and elevated viscosity [11]. Thus, in order to use 
this bio-oil as a biofuel, it needs to be upgraded through a proper channel. Catalytic 
hydro-processing (hydrogenation, hydrogenolysis, hydrocracking, hydrodeoxygen-
ation and dehydration) is the established successful method of converting lignin- 
based oil as usable fuels and other chemicals. Micro-porous zeolites, mesoporous 
silicates and metal-derived nanoparticles or amphiprotics (−SO3H and −NH2) are 
widely used in the process [4].

It is well established that Group VIII metals in the periodic table possess signifi-
cantly useful catalytic properties, particularly for hydrogenation and related reac-
tions, due to the presence of unpaired ‘d’ electrons and the ease of thermochemical 
reduction. Group VIII metals are broadly classified into (1) base metals such as Fe, 
Co and Ni (occupants of the first line) and (2) platinum group metals such as ruthe-
nium, rhodium, palladium, osmium and platinum (second and third line) [12]. This 
chapter presents a comprehensive summary of Group VIII metal-containing hetero-
geneous catalysts and their pivotal role in production of lignin-based chemicals and 
fuels in a viewpoint to provide an insight for the researchers to design sturdy and 
specific catalytic models for lignin valorization.

2  Pyrolysis of Biomass Using Iron Based Catalyst

This is the thermochemical treatment of organic compounds where physical separa-
tion of products occurs in anaerobic environment at higher temperature. Catalytic 
pyrolysis involves both pyrolysis and catalytic upgrade in the single unit and used 
effectively for production of hydrocarbons from biomass. Iron (Fe)-based catalysts 
are widely used in the industry and catalysis due to their low price, availability and 
less toxicity. Iron-based catalysts are constantly used by researchers for both oxida-
tive and reductive lignin cleavages.

Lignin conversion using zeolites to hydrocarbons is a critical reaction due to its 
rapid deactivation accompanied with adsorption of phenolic compounds and 
reduced reactivity. Bio-wastes of palm kernel shells are an affluent source of lignin 
(~50%) and were explored for production of hydrocarbons using Fe/HBeta catalyst 
(Daud et al. [13]). Deoxygenation of lignin-based phenolic compounds is catalysed 
at the active Fe site by the hydrogenolysis reaction. In their study a maximum aro-
matic hydrocarbon yield of 5.13 wt% was achieved when Fe/HBeta was used as the 
catalyst and H2 as the carrier gas. The performance of HBeta and HZSM-5 was 
compared with the wastes of palm kernel shells. The study extrapolated two key 
factors that had a significant impact on the catalysis deactivation at the zeolitic acid 
sites: (1) pore size of the catalyst and (2) stability of the zeolite acid sites. Further, 
the reactivity of lignin and cellulose over a zeolite catalyst was compared. The yield 
of aromatics from lignin significantly increased upon the incorporation of Fe to the 
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HBeta structure. However, similar changes were not observed in the conversion of 
cellulose.

HZSM-5 catalysts are used by researchers for the catalytic pyrolysis of lignin to 
hydrocarbons (Scheme 1). Mullen et al. evaluated the performance of the catalyst 
HZSM modified by loading with Fe in pyrolytic conversion of cellulose, cellobiose, 
lignin and switchgrass. Gas chromatography-mass spectrometry (GC-MS) inte-
grated with small-scale pyrolysis reactor was used to study the separated fractions 
[14]. Of the different Fe catalyst concentrations tested (1.4, 2.8 or 4.2 wt%), maxi-
mum aromatic hydrocarbon was obtained at 1.4% of iron. The product selectivity 
changed by following the introduction of iron. The study also identified that 
Fe-containing catalyst exhibited more sensitivity for benzene and naphthalene as 
compared to HZSM-5. Interestingly other compounds p-xylene, ethylbenzene and 
trimethylbenzene showed reduced sensitivity.

Bifurcation of Cβ-O bonds in lignin model compounds [guaiacylglycerol-β- 
guaiacyl ether (GG) and veratrylglycerol-β-guaiacyl ether (VG)] in an ionic water 
solution with metal chlorides was experimented by Ekerdt et al. It was identified 
that lysis of Cβ-O in GG was pronounced when metal chlorides (iron III chloride, 
copper chloride and aluminium chloride) along with in situ HCl was used as an acid 
catalyst [15]. Tong et al. performed the further studies on lignin depolymerization 
with a Fe-based catalyst. Fenton’s reagent catalysed the lignin depolymerization in 

Scheme 1 Catalytic pyrolysis of lignin-based compounds for production of aromatic hydrocar-
bons against (Fe) H-ZSM-5. Thickened arrows are indicative of enhanced production in limited Fe 
concentration, while thin arrows indicate pathways with excess of Fe (Presented from [14] with 
due consent from the American Chemical Society)
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supercritical ethanol environment at 250 °C in 7 MPa pressure [16]. The products of 
lignin depolymerization were monomers of aromatic compound, phenolics, ethers 
acids and its derivatives. Thermal degradation of the modified lignin was carried out 
using gas chromatography-integrated-mass spectrometry-integrated pyrolytic reac-
tor (Py-GC-MS), and the impact of various Fenton reaction conditions was studied. 
The experiments revealed that Fenton’s reagent has a positive impact on lignin 
depolymerization in terms of β-ether bond cleavage.

Bolm et al. conducted experiments on lignin models using FeCl3-derived cata-
lysts in DMSO [17]. The catalytically active species used was the methyl radical 
produced by H2O2 in DMSO. The results suggested that bifurcation of Cβ-O bonds 
produced oxidative depolymerization of lignin, and the end products were methoxy-
phenol and benzaldehyde derivatives, respectively. Low-cost Fe complexes from 
FeCl3 were employed to catalyse degradation of resorcinol.

Phenol from lignin compounds is a bi-step reaction in which depolymerization is 
succeeded by its cleavage in hydrogen-free environment at 623 K for 2 h where 
silica/alumina acted as a catalyst in a H2O/butyl alcohol medium. Successively the 
slurry liquid (lignin source) was catalytically dissolved at 673 K using Fe2O3 cata-
lyst in a fixed bed reactor. The experiment was carried out in a pressurized system 
to prevent the yield of robust compounds. The prime routes in which the lignin 
compounds are depolymerized are by hydrolysis of aryl ether bonds. The following 
studies focused on the impact of the various parameters on the end product. Every 
step of the process was investigated through similar substitutes (C9H12O and 
4- methylguaiacol) [18]. The slurry liquid has two phases, water and 1-butanol. The 
second step was carried out in 1-butanol phase with a number of catalysts, namely, 
cerium (IV) oxide-zirconium dioxide and aluminium oxide-iron oxide. Using the 
lattice oxygen present in the iron oxide, the organics adsorbed on the catalysts 
undergo oxidative decomposition.

The impregnation of metal in biomass can change the pyrolysis mechanism. 
Pyrolysis of metal-impregnated biomass caused a notable reduction in coke concen-
tration and an increase in H2 [19]. Nickel salts (Ni) and Fe change the pyrolysis 
mechanism of cellulose, hemicellulose and lignin. The biomass was saturated with 
nickel and ferrous wherein Fe impregnation accelerated the production of char and 
tar concentration got reduced. In comparison with Fe, Ni is more efficient in rear-
ranging the aromatic ring and therefore leads to greater hydrogen production. The 
pyrolysis catalysis was performed at 600 °C, the resultant liquids analysed quanti-
tatively by GC–MS.

3  Hydrodeoxygenation of Biomass-Based Pyrolysis Oil Using 
Iron Based Catalysts

Bio-based oil produced by pyrolysis is utilized by further subjecting it to hydrode-
oxygenation (HDO). It is a process of extracting out the excess oxygen as water 
using H2 catalyst between temperatures 300 and 600 °C [20]. HDO of pyrolysis oil 
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is positively aided using Fe-based catalysts [21]. Among various metal-based cata-
lysts (Fe, Ni, Co, Cu) used for hydrodeoxygenation of guaiacol, Fe is the most 
promising one for hydrogen economy.

Dufour et al. investigated lignin hydrolysis to aromatic compounds employing 
guaiacol and studied effects of gaseous concentration, catalyst loading and supports 
[silica or activated carbon (AC)]. Fe/AC at 10 wt% had an enhanced specificity for 
phenol and cresol as compared to Fe/SiO2 [22]. The study aimed to do comparative 
study of guaiacol vs. Fe/SiO2 HDO on pyrolysis reaction under different gaseous 
atmospheres (carbon monoxide, carbon dioxide, methane and H2O).

Dufour et al. compared the HDO of guaiacol and aromatics with iron-based cata-
lysts in his work [23]. The authors conducted experiments with packed bed reactors 
at 673 K and performed vapour-phase reactions where uncondensed lignin pyrolysis 
vapours were used. The Fe/SiO2 catalyst selectively yields benzene and phenols as 
the hydrodeoxygenation products. A series of experiments were carried out for 
guaiacol catalysis using intricate compositions (H2, H2O, CO and CO2), and the 
kinetic models were predicted for the resultant products.

Fe-based catalysts are highly useful in clarifying tar from biomass. In a study by 
Guan et al., tar extracted from lignin sources was steam reformed with Fe-loaded 
calcined scallop shell (CS) with enhanced impact of potassium on the catalysis 
reaction. When K2CO3 was incorporated as a K precursor, mesoporous structures 
coupled with pompom-like Fe-based particles on the scallop shell (CS) were 
observed which was not in the case of KOH and KNO3, respectively [24].

4  Cobalt-Based Catalysts for Lignin Valorization

Liu et al. screened an array of cobalt (Co)-type catalyst and type specified each of 
them for HDO of lignin-based phenols to cyclohexanol using various supports 
(ZrO2, SiO2, Al2O3 and CeO2). Cyclohexanols are important feedstocks for the 
industrial production of polymers, spices and medicines. Of the different tested 
catalysts, Co/TiO2 exhibited higher hydrodeoxygenation (HDO) reaction resulting 
in a maximum of 99.9% C9H19O selectivity under 1 MPa H2 at 200 °C for 2 h. The 
effect of temperature gradient, H2 pressures and reaction times on eugenol conver-
sion by Co/TiO2 was further studied. The catalyst yielded a maximum of 99% 
propyl- cyclohexanol from eugenol by HDO using non-noble metal-based catalyst 
in the simplest experimental conditions (180 °C for 8 h at 0.4 MPa H2) [25]. Bu 
et al. came up with an advanced method of using microwave for pyrolysis of lignin 
utilizing co-modified ZSM-5 catalysts. The experiment design was developed using 
Response Surface Methodology (CCD model) where the key factors, namely, 
ketones, furans, phenols and guaiacols, were optimized using factorial designs 
against the gas variables H2 and CO [26].
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5  Role of Nickel-Based Catalysts in Production of Viable 
Products from Lignin

Of the various metals tested (Ni, Fe and Co), Ni catalyst exhibited maximum speci-
ficity and high yield for lignin valorization and subsequent yield of renewable 
energy crops. These catalysts are having an upper hand not only by being efficient, 
but they also catalyse the reaction with lesser tar yield and O2 and are also cost- 
effective. These factors thus contribute to the good-quality oil and gas and are thus 
largely applied for biomass gasification processes. In certain cases, to enhance H2 
yield and avoid tar formation, extra metals are included in Ni-Al catalyst during the 
reaction process [1]. In another finding reported by Wu et al., the effect of Zn/Ca on 
pyrolysis reaction with Ni-Al catalyst was evaluated in the H2 yield from the sources 
of lignin, cellulose and hemicellulose. It was unraveled that Ni catalyst enhanced 
the product yield notably when splurged in to the system in steamed conditions, and 
thus Ni-Zn-Al accelerated the lignin pyrolysis by 50 wt% [27].

Akubo et al. experimented on steam clarification of cellulose, hemicellulose and 
lignin from agricultural waste using 10 wt% Ni-based alumina catalysts (NiAl2O3). 
The results affirmed that incorporation of catalyst in the steam clarification notably 
enhanced the syngas production with special mention of H2 gas. Interestingly of the 
various source crops tested in the study, lignin yielded maximum H2 gas as com-
pared to others [28].

Schmitt and coworkers carried out the upgradation of beech wood pyrolysis oil 
and isolated the heavy phase under different temperature and pressure conditions 
using the Ni-Cr catalyst. The HDO reaction produced, upgraded resultant products 
with an elevated carbon and reduced O2 concentration at an increased temperature 
range of 275–325 °C [29].

Ben and Ragauskas worked on softwood craft lignin with nickel chloride and 
zeolite Socony Mobil-5-hydrated aluminium silicate catalyst. The results proved to 
be significantly reduced O2 content in bio-oil by supporting the breakdown of 
methoxy and carboxyl groups and ether bonds [30]. It is to be understood that bio-
mass catalysis to gaseous and other products (syngas) is the model ideal route. 
However enormous amounts of tar (aromatic hydrocarbons with high molecular 
mass) is produced in the process of gasification which may be condensed and cause 
damage to various parts of the reactor. The development of an effective catalyst to 
improve the syngas yield is of great importance, and significant measures have been 
directed towards the formulation of a cost-effective Ni-based catalyst possessing 
coke resistance capacity with a view to obtain higher performance. In this regard, 
Ma and coworkers developed a unique Ni-based catalyst enabled by iron slag for the 
catalysis of the pine sawdust, and the nature of its volatile content was critically 
cross-evaluated with Al-Ni catalysts. The study identified that Fe slag Ni-based 
catalyst with Ni loading of 1.8% can extract ~90% of the tar or more at 800 °C that 
more resembles the pyrolysis yield of Al-Ni-based catalysts [31].

Catalytic hydro-treatment is a plausible route to convert oil to intermediates pos-
sessing improved properties. Wang et al. performed catalyst screening for the H2 
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treatment of pyrolysis oil with nickel compounds and compared the findings with 
ruthenium catalyst. Additionally, heterogeneous nickel catalyst was formulated 
with molybdenum, copper and palladium (bi-metallic) or their combination (tri- 
metallic) as promoters in SiO2, SiO2-ZrO2 and SiO2-Al2O3 matrices [32]. The results 
of the catalytic hydro-treatment of pyrolysis liquids indicated that nickel leads to an 
elevated hydrogen/carbon ratio in resultant products compared with the Ru/C cata-
lysts. The produced oil is thus indicative of a high thermal stability and low coke 
formation upon heating. Thus, the oil obtained using Ni-based catalysts is preferred 
over those obtained using Ru/C catalysts. The H/C ratio of the produced oil varied 
with Ni-based catalysts with different promoters. Among all Ni-based catalysts, 
monometallic Ni-based catalysts yielded the lowest H/C ratio. The copper is intro-
duced to nickel catalyst contributed to elevated H/C ratio, and addition of Pd had a 
similar effect, as it is a profound hydrogenation catalyst. Mo-upgraded catalysts 
showed comparable results with negligible tar by-products. In addition to the H/C 
ratio, charring tendency is another important parameter essential to evaluate pyroly-
sis products. To further assess the standards, char formation, the residue was heated 
to 900  °C in an inert atmosphere, and the residue formation was measured. 
Molybdenum resulted in oil products with least remnants (0.7–1.4 wt%), which is 
the maximum in nickel and nickel-copper catalysts. It can be concluded that Ni-Mo 
and Ni-Pd are ideal complexes for the hydro-conversion of pyrolysis liquid organic 
products with desirable traits like low tar formation and increased hydrogen/carbon 
ratio. Pd-promoted Ni catalysts showed the highest carbon balance in the product 
phase; however, the fact that Pd is immensely expensive than Mo makes Mo a good 
promoter for nickel compounds. The performance of ruthenium catalysts is lesser to 
that of nickel catalyst as far as traits of the products are concerned [32].

6  Hydrogenolysis of Lignin-Derived Molecules

Hydrogenolysis/hydrodeoxygenation (HDO) of lesser mass lignin crops using vari-
ous catalytic systems is a popular method used to study lignin valorization (Scheme 
2). The oil obtained by pyrolytic catalysis is complicated to use, since it is thermally 
unstable, is highly viscous and possesses a low heating value. Reductive depolymer-
ization is an alternative approach to attain essential compounds from lignin sub-
strates that belongs to the family of phenyl propanoid polymers interlinked by 
carbon-carbon or carbon-oxygen-carbon bonds. The representative molecules 
(Fig.  2) are attained from lignin depolymerization and contain similar linkages; 
thus, their reactivity in different catalytic systems will provide minute details of 
lignin polymer degradation [6, 34]. Many researchers have examined a number of 
catalytic compounds for the decomposition of lignin. Among these, Ni-based cata-
lysts are not only promising but also cost-effective in lignin depolymerization. 
Yagadri and coworkers formulated a panel of mesopore range silica KIT-6-supported 
over nickel by water-based fixation protocol and subsequently studied hydrogenoly-
sis of lignin-derived diphenyl ether under atmospheric pressure. Among the tested 
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substances, nickel-mesoporous silica supported catalyst shows higher activity and 
specificity attributed with the uniform dispersal of nickel into the porous channel. 
The 20  wt% Ni/KIT-6 showed consistent selectivity for aromatics (benzene and 
phenol) during the hydrogenolysis of DPE. A time-on-stream study showed that the 
catalyst endured a reduced DPE transformation, because of the blockage of catalytic 
active site by coke deposition [34, 35].

Lignin-specific depolymerization is a critical step to get renewable bio-products. 
Ma and coworkers worked on selective depolymerization lignin and used zirconium- 
supported (Ni/ZrP) Ni catalyst and isopropanol as solvent for hydrogen transfer. A 
promising 87% organosolv lignin depolymerization was optimized in catalyst con-
ditions of 15  wt% Ni/ZrP-2 and a minimum of 5.2% char (reaction condi-
tions—260 °C for 4 h under 2 MPa H2).

Product analysis indicated that 15 wt% phenolic monomers were obtained and 
~40% of the compounds were found to be p-ethylphenol, which is an important bulk 
chemical produced by the petrochemical industries. These results indicate that the 
efficient mass yield of fine chemicals from lignin polymer is possible [36].

Lignin and the mono-liganols are interconnected by a number of functional inter-
links, which are precursors for valuable compounds [6]. Hydrogenolysis of carbon- 
oxygen bonds with metal catalysts carried out inside a hydrogen atmosphere is an 
effective means of transforming lignin to depolymerized aromatic platform com-
pounds. Generally, 70% of lignin bonds are formed by Cβ-O links; and thus, 

Scheme 2 Hydrodeoxygenation of guaiacol, vanillin and isoeugenol (Taken from [33] with due 
consent from Springer)
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breakage of these bonds represents an ideal way for degradation of lignin into valu-
able compounds. In this regard, Zhang et al. investigated the impact of various bi- 
metallic catalysts—Ni85M15—and its effectiveness on degradation of lignin 
compounds. The reaction was performed in organosolv lignin at 130  °C under 
10 bar H2 for 1 h in water. The bi-metallic catalysts were found to have an upper 
hand than the monocompounds. The optimized bi-metallic catalysts (85% nickel 
and 15% ruthenium) were made of ultrasmall atomically mixed Ru-Ni nanoparti-
cles on a Ni-loaded surface. The Ni-Ru catalyst showed a notably higher activity in 
carbon-oxygen bond  hydrogenolysis and aided in rapid direct  hydrogenolysis of 
lignin to aromatic products as compared to monometallic Ni-Ru catalysts. Addition 
of 15% ruthenium enhances the reaction rate of Ni, resulting in ultrasmall bi-metal-
lic catalyst particles supported with enhanced fraction of surface atoms. Ni85Ru15 
catalyst prevented the occurrence of non-essential hydrogenation of aromatic ring 
as compared to pure Ru catalyst that results in increased production of essential 
aromatic compounds. Additionally, the former exhibited increased TOF at  lesser 
temperature and pressure (100 °C and 1 bar) over the latter which could be related 
to higher H2 and substrate activation on electron-rich Ni. Thus, the aforementioned 
factors are responsible for the synergic effects of Ni and Ru [34].

Similarly, Zhang et al. examined cleavage of Cβ-O ether bonds by dehydroxylation- 
hydrogenation with a Ni-Mo sulphide catalyst. The authors chose C14H14O2 as the 
model compound for the purpose of the study and identified that compounds lost 
hydroxyl groups (Cα-OH) at acidic sites of the catalyst during the course of the 
reaction (180 °C for 1 h at H2 1.0 MPa). Subsequently, the PhCHδ+CH2OPh trans-
forms to PhCH·CH2OPh as it gets an electron in the redox cycle. Intermediate 
PhCH·CH2OPh has a lesser Cβ-OPh bond dissociation energy (66.9 kJ mol−1) as 
compared with that of Cβ-O bond. The Cβ-OPh bond easily breaks and results the 
production of styrene, ethylbenzene, phenol and other products via the hydrogena-
tion reaction with alcohol as solvent [37].

Sustainable production of aromatic chemicals from nature’s renewable aromatic 
resource, lignin, using catalytic technology is a popular research topic. Qi and 
coworkers worked on conversion of birchwood lignin to monomeric phenols over 
Ni catalysts. Activated carbon-embedded nickel catalysts were formulated through 
a nascent wet  impregnation method and analysed by thermal carbon reduction 
methodology. High chemo-selectivity to aromatic products was achieved in Ni/C 
system with coomon alcohol as solvents, such as, methanol, ethanol and ethylene- 
glycol, resulting in monomeric phenols, propyl-guaiacol and propyl syringol com-
pounds from lignin. The catalysts showed 50% conversion of birchwood lignin, 
with 97% selectivity for monomeric phenols. Initially small-sized lignin fragments 
are made from birchwood lignin and ensured that it had more number of benzene 
rings (MW 1100–1600 m/z) via an alcoholysis reaction and to phenols by further 
hydrogenolysis. Alcohol as a solvent provides active hydrogen species for the reac-
tion. The catalysts could be repeatedly utilized to about four times by holding its 
activity. The study thus contributes to the in-depth knowledge of lignin depolymer-
ization and presents ways to a number of such related biomass utilization stud-
ies [38].

The Role of Group VIII Metals in Hydroconversion of Lignin to Value-Added…



750

7  Hydrodeoxygenation of Lignin

Catalytic hydrodeoxygenation is a promising technology for producing bio-oil from 
lignin, with lesser O2, higher heating value point, low emission and enhanced stabil-
ity. It is evident that precious metal-based catalysts exhibit brilliant catalytic perfor-
mance in the HDO of lignin. However, their extensive application is limited due to 
low abundance and high cost. Among the non-noble metal catalysts, there is a great 
number of reports regarding the use of Ni-based catalysts in lignin hydrodeoxygen-
ation. Therefore, we have to essentially consolidate the various positive effects of Ni 
catalysts and its pivotal role in generating experimental models that are cost- 
effective, stable and strong for lignin hydrodeoxygenation. Wang et al. conducted 
experiments on hydrodeoxygenation of diphenyl ether, which is a model compound 
with a stable ether bonds in lignin substrates, over nickel catalysts on acidic or basic 
supports. The authors described that Ni/Al-SBA-15 is an ideal one for the hydrode-
oxygenation of diphenyl ether, as there is 100% substrate conversion with 98% 
cyclohexane selectivity. The catalyst can degrade organosolv lignin to a mixture of 
cycloalkanes, which are important starting materials to make transportation fuels. 
These results reveal the significance of of Al-SBA-15 as an alternative acidic sup-
port to zeolites or other acids for the HDO of phenol-based substrates [39]. Jinet and 
coworkers performed cracking of ether compounds with Ni nanoparticles placed 
over Ni/xNbAC complex in normal experimental setup (180–260 °C) and compared 
the results with those using Ni/AC catalysts.

Due to the coexistance of Bronsted and Lewis acid sites on the wet niobium 
oxide has accelerated breaking of C-O ether linkages, and the catalytic activity of 
Ni/xNbAC was higher as compared to that of Ni/AC. Additionally, the Ni/xNbAC 
performed better at higher temperature (cracking C-O bonds) and at lower H2 pres-
sure (direct bifurcation of 4-O-5 aryl ether bonds) that leads to production of phenol 
and benzene intermediate, and the final product obtained was cyclohexane [40]. In 
another interesting phenomenon, reductive depolymerization with Ni catalysts 
aided with mixed surface properties (acid and base) was investigated to apprehend 
the effects of supports on catalysis.

Xu et al. examined depolymerization through hydro-processing of 2-phenoxy- 1-
phenylethan-1-one (C14H12O2) with a number of Ni-based catalysts over a ZnO-
Al2O3 compound and checked with different zinc/aluminium ratios (2, 3, 5, ∞) at 
250  °C.  Among the various tested catalysts, Ni/ZnO-Al2O3-5 catalyst  showed 
100% conversion and had more specificity for ethyl-cyclohexane. Further, findings 
were made which confirmed that Zn/Al displayed a pivotal role  in deciding the 
products. The suggested pathways for 2-phenoxy-1-phenylethanone conversion on 
Ni/ZnO-Al2O3-5 confirmed that lesser temperature rapidly catalysed the hydroge-
nation of keto group and resulted in β-O4-ketone leading to formation of β-O-4- 
alcohol and avoided cleavage of β-O-4 ether bond. When experiments were 
performed at elevated temperature (>200 °C), the first resultant product was aceto-
phenone and phenol, and subsequent  hydrogenolysis to form  cyclohexanol and 
ethyl-cyclohexane [41].
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Alda-Onggar et al. investigated hydrodeoxygenation of phenolics (Scheme 2), 
isoeugenol, guaiacol and vanillin, over Ir/ZrO2 and Ni/ZrO2 as heterogeneous cata-
lysts formulated by incipient wetness method (Scheme 2). Both the catalysts pos-
sessing  Lewis acidity  and Ni/ZrO2 catalyst possess Bronsted acidity too. 
Hydrodeoxygenation of isoeugenol was studied at 150, 200 and 250 °C for 4 h over 
10 wt% Ni/ZrO2 and 3 wt% Ir/ZrO2 catalysts, respectively.

The efficiency of Ni/ZrO2 calibre to deoxygenate isoeugenol at 150 °C under 
30 bar H2 pressure was initially low, however increased with increasing tempera-
ture. Ir/ZrO2 also gave a similar conversion (~33% yield of propyl-cyclohexane). 
The lower activity of these catalysts could be attributed to reduced liquid-phase 
balance. In case of guaiacol HDO at 250 °C and 30 bar H2 pressure, the Ni/ZrO2 
yielded cyclohexanol (36%) as the major product and cyclohexane (2%) as the sec-
ondary product. The Ni/ZrO2 catalyst achieved partial HDO of vanillin at 100 °C in 
H2O in 30 bar H2 pressure, which resulted in production of vanillyl alcohol as the 
end product [33].

Active research oriented towards finding robust and value-added products from 
lignin essential. Guaiacol is the most promising model compound for lignin depo-
lymerization as it contains the phenolic and methoxy functional groups, which are 
the major functional groups found in lignin. Guaiacol typically possess Ar-O, C-O 
and C-H bonds, thereby making hydrogenation more complicated. Long et al. car-
ried out the hydrogenation of guaiacol to cyclohexanol in a specific manner over Ni/
MgO catalyst (Scheme 3). Cyclohexanol production is a significant process with 
immense applications, since it is an important feedstock for the polymer industry 
and an excellent source compound for manufacture of bio-based fuel. The catalyst 
showed a higher conversion rate of 98% with 100% cyclohexanol and an outstand-
ing rate of recyclability. The basicity of MgO has considerable impacts on Ni result 
in high conversion and selectivity. Mechanistic study of the reaction further revealed 
that demethoxylation of guaiacol determines the rate of the catalysis [42].

Anisole, a methoxy-superlative lignin model compound, was examined 
over a series of Ni catalysts on charged carbon, SBA-15, SiO2 and-aluminium triox-
ide supports under ambient conditions (210 °C, 3.0 MPa), with a view to under-
standing the impact of supports  on the removal of  OCH3 from anisole. All the 
catalysts presented increased reaction for hydrogenation saturation of aromatic 
rings in lesser temperature (180–210 °C) and average H2 pressure (0.5–3.0 MPa). 
Of the different catalyst studied, nickel supported on silica showed higher rate 

Scheme 3 Proposed reaction pathway for guaiacol hydrogenation (Referred from [42] with due 
consent from Elsevier)
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(90%) of deoxygenation in HDO process. The well-dispersed metallic Ni particles 
on acidic supports resulted in appreciable HDO rate production as compared to Ni/
SiO2 catalysts. The catalyst also showed direct demethoxylation of anisole to form 
benzene, even at atmospheric pressure [43]. Sankaranarayanan et al. explored the 
catalytic activity of supported metallic Ni or Co for the HDO of anisole. When 
selecting the support compounds, features like acid/basic nature and texture were 
considered. ZSM-5 (h-ZSM-5) was supported with Si/Al = 47 and Si/Al-47 (pure 
silica SBA-1. The results showed that anisole hydrodeoxygenation was highly 
favoured by acidity of the support associated with the metals, which implies  the 
synergic effect between metallic and acidic sites. Maximum HDO of anisole was 
achieved with Ni/C as compared with the Co catalysts. The Ni/H-ZSM-5 revealed a 
high degree of hydrodeoxygenation, hydro-de-aromatization and isomerization 
reactions, which may be due to the well-dispersed Ni particles in the channels of 
ZSM-5 [44]. In another experiment lignin-based phenols were hydrodeoxygenated 
to hydrocarbons (Scheme 4) with Ni/SiO2-ZrO2 catalysts (300 °C and 5.0 MPa H2 
pressure) that resulted in 100% conversion of phenolic compounds, with greater 
than 98% selectivity for hydrocarbons. The amphoteric character of the SiO2-ZrO2 
support confers anti-coking performance to the Ni/SZ-3 catalyst, thereby ensuring 
excellent recyclability in the hydrodeoxygenation reaction of model phenolic com-

pounds [45].

8  Ruthenium-Based Catalysts for the Hydrodeoxygenation 
of Lignin

As mentioned previously, the Earth’s most abundant aromatic natural polymer, lig-
nin, consists of a three-dimensional structure of phenolic monomer that is intercon-
nected by different Cβ-O linkages. β-O-4 is the common bonds studied and 
represents ~50% cross-linkages in lignin. Lignin is the most known feedstock for 
extraction of several value-added chemicals, phenols, fuel, flavourings and drug 
intermediates, thus making its depolymerization studies more challenging for 
researchers. Through C-O-C bond cleavage, lignin gets converted to monomers and 
dimers by a number of techniques, namely, pyrolysis, hydrolysis, hydrogenolysis, 
oxidation or hydrocracking. In addition, metals, namely, Pt, Rh and Ru, placed on 
carbon support play a crucial role in lignin depolymerization [46]. Wu et al. carried 
out reaction to cleave aromatic ether bonds in lignin compounds using Ru/C catalyst 

Scheme 4 Hydrocarbon 
products from lignin HDO 
of phenolics (Extracted 
from [45] upon consent 
from Elsevier)
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and isopropanol in H2 atmosphere. Interestingly Ru/C cleaved lignin-based com-
pounds resulting in aliphatic alcohols, alkanes and aromatics in ambient experimen-
tal parameters (Scheme 5). Further mechanistic findings affirmed that the catalyst 
adopts the hydrogenolytic mode to cleave the ether bonds wherein intermediate 
compounds such as cyclohexyl phenyl ether are also formed [47].

A study on the hydro-pyrolysis activity of phenethyl phenyl ether (PPE) over 
Ru/C and Ru/Al2O3 was explored. PPE was selected because it is an important 
model compound that contains significant β-O-4 linkages, the most essential ether 
bonds. The findings suggested that the above mentioned catalyst was highly specific 
for lysis of CO bond over HDO of the aromatics. Also, carbon-supported Ru/C 
facilitated Caryl-O hydrogenolysis as compared to alumina. The reason for the 
increased rate of reaction and enhanced selectivity is due to size of the Ru cluster 
(4 nm) that is comparatively less than that of γ-alumina (50 nm). In a typical reac-
tion, Cβ-O ether and Caryl-O bond are hydrogenolysed leading to saturation of PPE 
rings followed by cracking of ether bond which results in one of the two reactions. 
Either the saturated dimers are broken down to monomer, or they are totally satu-
rated [48].

A number of heterogeneous catalysts have been explored to establish their spe-
cific role in degradation of lignin and in accelerating the reaction rate or product 
yield. The positive effect of the acid-base sites and the metal counterparts encour-
ages the rate of the lignin depolymerization and results in higher yield of phenols. 
In a study conducted by Limarta, the combined impact of the metal and solid-base 
catalysts in Kraft lignin conversion to monophenol-based bio-oil was studied. Based 
on the earlier reports that strongly supports the positive role of Ru/C in lignin hydro-
genolysis, it was chosen as a metal catalyst with basic MgO support in combination 
with  carbon, Al2O3 and ZrO2 supports. Additionally, a multi-functional-catalyst 
Ru/C-MgO/ZrO2 combination was also investigated, and properties such as molecu-
lar weight, distribution of the monomers, O/C and H/C rations and oil properties 
were explored to study the synergistic effect.

The studies unraveled that lignin was effectively degraded by Ru/C-MgO/ZrO2, 
and the reaction was catalysed by the synergic effect of base catalysed solvolysis 
and Ru catalysed  hydrogenolysis and  resulting in  the formation of high quality 
 bio-oil with high calorific value enriched with essential phenolic monomers. In 
comparison with Al2O3 and carbon supports, the ZrO2 support promoted enhanced 
basicity and reactivity of MgO [49].

Ru catalysts  showed a potential application in the hydrotreatment of platform 
molecules  to target  chemicals by the effective removal of oxygen moieties and 

Scheme 5 Image showing hydrogenolysis of diphenyl ether (Obtained from [47] with due con-
sent from the American Chemical Society)
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hydrogenation of unsaturated bonds. Lignin-based phenolics are essential feed 
crops for yield of hydrocarbons (alkenes) usually achieved through HDO which 
yields commercial grade fuel. Conversion of phenols from lignin sources has been 
studied over ruthenium supported on carbon nanotube catalyst in bi-phasic system. 
In a typical reaction, hydrodeoxygenationof phenolic monomers and dimers was 
carried out over Ru/CNT in an n-dodecane/H2O  biphasic  system which resulted 
99% conversion of eugenol to propyl-cyclohexane (94%) and propyl-cyclopentane 
(4%). Thus it can be concluded that biphasic systems have an upper hand over the 
single-phase setups in terms of conversion rate and selectivity (56% fuel produc-
tion). Studies affirmed that hydrogenation is the first step of eugenol conversion 
resulted in  the formation of 4-propyl-cyclohexanol, followed by dehydration and 
hydrogenation to form propyl-cyclohexane [50].

In another study, hydrotreatment of eugenol has been carried out with Ru/C- -
Fe2O3. In a tpical experiment, Ru nanoparticles were annealed to the metal supports 
at increasing temperatures (0, 300, 500, 600 and 750 °C), and the HDO performance 
was evaluated in a batch slurry reactor at ambient conditions (275 °C and 5 MPa 
H2). The experimental results suggested that the non-annealed catalyst was inactive 
in HDO of eugenol and with  the increase  in annealing temperature, the material 
showed higher hydrogenation and deoxygenation activity, reaching a maximum at 
600  °C. Catalyst annealed at 600  °C exhibited superior catalytic performance in 
deoxygenation of saturated intermediates  compared to market grade Ru/C.  Thus 
well-dispersed Ru nanoparticles are accredited for enhanced reaction rate, and the 
Fe components are believed to play a neutral role [51].

9  Rhodium-Based Catalysts for the Hydrodeoxygenation 
of Lignin

The recent focus of the researchers for lignin breakdown is rhodium (Rh) catalysts, 
and comparative studies have been done with the platinum- and palladium-based 
catalysts [52]. For example, carbon-supported Rh catalysts achieved the successful 
hydrodeoxygenation of 4-Propylphenol dissolved in H2O medium at 280 °C under 
4 MPa H2 (initial pressure at RT). The conversion rate for the reaction was 100%, 
and an 83% yield of propyl-cyclohexane was produced [53]. Deng et al. outper-
formed experiments on hydrogenation and HDO of lignin-based compounds and 
relevant model compounds using metal-based catalysts. The HDO of guaiacol with 
Pt, Pd or Rh yielded catechol as the primary product; however the co-presence of 
both these compounds resulted in coke production. This has led to a reduced surface 
area for Pt, Pd and Rh catalysts in the course of the reaction. In comparison with the 
oxidic support, activated carbon is preferable due to the neutral surface and minimal 
interaction with the metal [54]. Hydrodeoxygenation of guaiacol was also investi-
gated using mono- and bi-metallic Rh/C. A notable impact of temperature on HDO 
was also experimented in temperature between 300 and 400  °C, where yield of 
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cyclohexane was found to be increased with increasing temperature. The monome-
tallic Rh catalyst yielded maximum cyclohexane accompanied with an enhanced 
HDO reaction on par the other catalysts tested. Generally, guaiacol is hydrogenated 
in binary catalytic reaction steps, namely, hydrogenation that produces benzene 
rings from guaiacol and demethoxylation and dihydroxylation [55].

Recently, hydrodeoxygenation of guaiacol was investigated over a zirconia- 
based Rh catalyst. Guaiacol was hydrotreated in a batch reactor under 3–7 H2 pres-
sure at 150–350 °C. The optimum condition for the HDO process of guaiacol was 
found to be 300 °C, 7 MPa and 5 wt% guaiacol. Under these conditions, complete 
deoxygenation of guaiacol takes place with around 88 mol.% cyclohexane in 3 h, 
and the support only yielded a maximum of approximately 11% conversion. Without 
the use of a catalyst, under thermal conditions, guaiacol mainly converted to coke, 
with the formation of trace amounts of cyclohexanone and cyclohexanol. When 
rhodium/zirconium dioxide catalyst was used at 150 and 250 °C, the main products 
were trans and cis 1-methyl-1,2-cyclohexanediol respectively (Scheme 6). As the 
reaction temperature increased, guaiacol was completely deoxygenated and 
yielded cyclohexane and alkanes as the major products [56].

Catalytic upgrade of pyrolysis oil using 5% Rh on a carbon-supported catalyst 
showed good HDO reactivity under 300–1000 psi H2 pressure at 200–280 °C. The 
reaction was performed in a bar batch reactor (300 mL vol) using polyethylene gly-
col as the solvent. Catalytic upgrade of switchgrass-derived oil was conducted with 
ruthenium/carbon and rhodium/carbon, revealing that the former had upper-hand 
aliphatic and aromatic hydrocarbons and other upgraded products [57]. Yan et al. 
formulated a panel of bi-metallic catalysts for lignin valorization. Bi-metallic Ni-Rh 
catalysed the lysis of lignin C-O bonds and was found to be extremely functional 
and specific than the mono catalyst, thus having an upper hand in degrading lignin 

Scheme 6 Proposed pathway for guaiacol  hydrodeoxygenation on rhodium/zirconium dioxide 
catalyst (Extracted with from ref. with due permission [56])
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products. The combination of the two metals enhanced the catalytic performance. 
The depolymerization was carried out using H2O under a H2 pressure of 10 bar at 
130 °C [34].

10  Significance of Palladium in the Catalytic Conversion 
of Lignin

Palladium on carbon (Pd/C) catalysts is widely used for hydrogenation reactions in 
several industries due to their excellent activity and selectivity in ambient reaction 
setup. Wang et al. [58] explored hydrogenation of alkali-lignin using 5% Pd/C cata-
lysts at 393 K under H2 pressure of 1.5–4 MPa and evaluated the functional groups 
and structural variation. It was evident that the use of Pd catalysts facilitates the 
reduction of carbonyl and carboxyl functionalities present in the alkali-lignin and 
increased the concentration of phenolics (37%) and aliphatic hydroxyl (89%) 
groups [58]. Similarly, Hartwig et al. reported less fragmentation of β-O in lignin 
using commercially available Pd/C catalysts. The authors postulated that the com-
pound, 2-phenoxy-1-phenylethanol, was converted to phenol and acetophenone, 
with greater than 90% yield within 2 h, suggesting that the reaction first proceeded 
by dehydrogenation, with subsequent cleavage of β-O linkages. The Pd/C catalysts 
were also studied using several organosolv lignins, where the double bond present 
in the molecules was reduced first via the in situ H2 production by alcohol catalysis 
succeeded by cracking of the alkyl C-O bond [59]. Cracking of 2-phenoxy-1- 
phenylethanol over M/C catalysts (where M = Pd, Rh, Ir, Re and Ni) with formic 
acid acted as a source of H2 was experimented. An experiment was conducted with 
ammonia as the base, which promoted the catalytic activity. Among the various 
catalysts studied, palladium on carbon showed a better activity, with the formation 
of phenol and acetophenone at 80 °C [60]. The reaction was further studied using 
various bases, such as ammonia, ethylamine, diethylamine and p-allylamine and 
several hydrogen sources, such as H2, HCOOH, propanol and NaBH4. The use of 
NaBH4 favoured complete conversion [61].

Attempts have been made to depolymerize lignin along with palladium and 
Nafion®SAC-3 catalyst, with formic acid as the H2 source and H2O as a green sol-
vent [62]. The pyrolysis of lignin (10 g) at 300 °C was carried out in the presence of 
Pd/C (0.02 g) Nafion®SAC-3 (0.1–0.2 g) as the catalyst yielded guaiacol (4a), pyro-
catechol (5c) and resorcinol, which were further separated and quantified as prime 
products of catalytic reaction (Scheme 7). Subsequently, other lignin model com-
pounds, such as 2-isopropyl-5-methylphenol (1), 2-ethylphenol (2), 2-methoxy- 4-
propylphenol (3), 2-hydroxy-3-methoxybenzaldehyde (4) and 
3-hydroxy-4-methoxybenzaldehyde (5), were used, yielding hydro-deoxygenated, 
demethylated and demethoxylated products (Scheme 7) [62].

Experiments were performed with  2-Phenoxy-1-phenylethanol 
 (C14H14O2)-using  Pd nanoparticles [63]. Triggered palladium was used in the 
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Scheme 7 Pyrolysis of lignin model compounds using the Pd-Nafion®SAC-3 catalyst (Reproduced 
with permission from [62])

experiment which played a crucial part in converting α-hydroxyl to α-ketone which 
eventually produced major products from the reaction [7]. The catalyst also showed 
high specificity in converting organosolv to vanillin, guaiacol and 
4- hydroxybenzaldehyde under ambient conditions (185  °C). In situ generated 
Pd-zeolite-Y was explored for the depolymerization of lignin [64] at a relatively low 
temperature (180–200 °C). The studies established that there exist a synergic effect 
between  Pd and acidic zeolite-Y which effectively catalysed the reaction [8]. 
Scheme 8 shows the mechanistic pathway for the products 2-methoxyphenol, 4-eth-
ylphenol, 4-ethyl-2- methoxy-phenol, 2-methoxy-4-propyl phenol, 2-methoxy-
4(1-propenyl)-(E)-phenol and 2,6,-dimethoxy-4-(2-propenyl)-phenol [64]. The 
Pd-zeolite-Y catalyst initially dehydrated the of the Cα hydroxyl group of the lignin 
and resulted in a double ‘C’ bond formation prior to the breakage of β-O-4 bond. The 
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presence of Pd on zeolite- Y facilitated the hydrogenolysis route [64]. Pd, Rh, Ru 
and Pt supported on carbon  catalysts were also utilized for depolymerization of 
white birchwood sawdust via the reductive cleavage of lignin-related ethers in 
water/dioxane mixture, under 40 bar H2 at 200 °C in the presence of phosphoric acid 
(H3PO4), and the final products were guaiacylpropane, guaiacylpropanol, syringyl-
propane and syringylpropanol [65]. Pt is an established compound for lignin depo-
lymerization, while Rh shows a narrowed selectivity. The order in which Pd-based 
catalyst catalyses HDO reaction in phenolic compounds is through hydrogenation/
dehydration along with H3PO4 [65]. In particular, zeolite-based Bronsted acid 

Scheme 8 Lignin depolymerization pathway over Pd-zeolite-Y catalyst (Reproduced with per-
mission from [8])
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catalysts promoted hydrodeoxygenation in combination with Pd on carbon, which 
cleaved Cβ-O bonds [65]. Other combinations of catalyst such as Pd over alumina, 
bi-metallic Pd-Ni nanoparticles on zirconia were employed to catalyse lignin and 
lignin-based compounds (2-phenoxy-1-phenylethanol). The catalyst with a Pd-to-Ni 
ratio of 1:8 facilitated cyclohexanol formation using molecular hydrogen as a 
hydrogen source [66]. Thus, the overall understanding from the study is that Pd 
catalysts are very effective in breaking lignin and model compounds in combina-
tion with acid catalyst (zeolite, alumina and Nafion) to a number of industrially 

viable products.

11  Iridium-Based Catalysts for Lignin Valorization

Haibach reported a novel phenomenon in which the C-O bonds cleaved by pincer 
iridium complexes with  complete atom economy. The dehydro-aryloxylation by 
iridium-based catalysts resulted in moderate to excellent conversion of a large num-
ber of alkyl aryl ethers [67]. Bruijnincx et al. explored on selective lignin degrada-
tion by iridium-based catalysts and utilized cyclopentadienyl iridium- bipyridonate 
complex for the purpose of the study. The reaction was performed under ambient 
conditions that resulted in non-phenolic mono-aromatics from selective dehydroge-
nation of β-O-4 bonds. The depolymerization occurred via breakage of Cα-Cβ bonds 
and is sensitive alcohol oxidation. The major products were bifunctional monoaro-
matic compounds. The resinol units were inert under the reaction conditions, and 
the phenyl-coumarins gave ring-opened oxidized products using iridium-based 
catalysts [68].

12  Role of Platinum in the Conversion of Lignin 
to Value-Added Chemicals

Lignin is an aromatic polymer, and its conversion to monomeric chemicals, such as 
vanillin, alkyl guaiacol, syringol and benzoquinone derivatives, is generally studied 
using Group VIII-based multifunctional catalysts. This part of the chapter throws 
light on the role of Pt in producing viable products from lignin.

Weckhuysen et al. developed an approach in which organosolv, kraft and sugar-
cane bagasse lignin were converted to monoaromatic compounds with a two step 
process. In the first step, a liquid layer reformation was done to produce monoaro-
matics in low O2 phase with 1 wt% Pt/γ-Al2O3 catalyst at 225 °C in alkaline ethyl 
alcohol water, followed by HDO over cobalt-molybdenum/aluminium dioxide and 
Mo2C/CNF catalyst. This method yielded greater than 57% of mono-oxygenated 
phenolic derivatives as major products [69]. In another study HDO of 
1-(2,4-dihydroxyphenyl)-2-(4-methoxyphenoxy)-ethanone was studied using Pt 
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catalyst supported with carbon in water-ethanol environment at 275 °C. The end 
products were methoxyphenol, 6-hydroxy-3-coumaranone and 2,4 dihydroxyaceto-
phenone produced by the breaking of β-O-4 linkage and cyclization of 2,4 dihy-
droxyacetophenone to 6-hydroxy-3-coumaranone. The  platinum catalysts were 
also  used for hydrogenolysis of guaiacylglycerol-β-guaiacyl ether (GGGE) that 
yielded 2-methoxyphenol and 4-propyl-2-methoxyphenol as primary products [70].

Studies were carried out to understand hydrogenolysis of six lignin molecules 
extracted from black liquor, birch, maple, pine and corn stalk over Pt/TiO2, Re/TiO2, 
PtRe/TiO2, Pd/C and HZSM-5 catalysts. Pt-Re with isopropyl alcohol as the hydro-
gen donor was found to be the best catalyst among the various catalysts studied. The 
acid-extracted birch lignin (ABL), containing 36 Cβ-O bonds per 100 phenylpro-
pene units, yielded 15 types of monophenols: 4-ethylphenol; 4-propylphenol; guai-
acol; 4-ethylguaiacol; 4-propylguaiacol; 4-propenylguaiacol; 
4-hydoxy-3-methoxyphenylacetone; 3-(4-hydroxy-3-methoxyphenyl) propionic 
acid; 4-methylsyringol; 4-ethylsyringol; 4-propylsyringol; 4-propenylsyringol; 
4-hydroxy-3,5-dimethoxyacetophenone; 4-hydroxy-3,5-dimethoxyphenylacetone; 
and 3-(4-hydroxy-3,5-dimethoxyphenyl)propionic acid. Among the various cata-
lysts, Pt-Re/TiO2 produced twice the amount of products as the commercial ZSM-5 
and Pd/C catalysts, with a monophenol yield of approximately 19%. The better 
activity of Pt-Re/TiO2 can be explained based on the high oxophilicity of ReOx, 
which polarized the carbonyl and hydroxyl groups on the linkages in lignin and 
facilitated C-O bond cleavage via the highly reducible Pt [71]. Organosolv switch-
grass has been subjected to hydrogenolysis with Pt/C catalyst using ethanol solvent 
[72]. Similarly, when the reaction was performed with formic acid over a Pt/C cata-
lyst, p-propyl-guaiacol as the resultant product was obtained not only as less molec-
ular mass product but also with better H/C and O/C ratios, and the total yield 
was 21 wt%.

Very recently, Hensen et al. performed a single-step reaction for converting plant 
lignin (wood sawdust) to monomeric phenol derivatives by 1 wt% Pt on γ-Al2O3 
under a 30 bar nitrogen atmosphere (inert) using methanol and water as the solvents 
[73]. The Pt catalyst facilitated partial reforming of the solvent and yielded the 
required hydrogen, stabilizing the intermediate by hydrogenation. A very high phe-
nol production (46%) was attained at 230  °C in 3  h using 0.5  g catalyst with a 
methanol to water molar ratio of 1:2 (40 mL for 2 g wood dust). The use of metha-
nol as a co-solvent for Pt catalyst at a high process temperature enabled delignifica-
tion of lignin from wood dust by solvolysis. The dissolved lignin components were 
depolymerized to phenolic monomers by β-O-4 bond cleavage [73]. Similarly, 
Pt-deposited hyper-cross-linked polystyrene (Pt/MN270) and Pd-deposited hyper- 
cross- linked polystyrene (Pd/MN270) were used as catalysts for the hydrogenolysis 
of lignin isolated from softwood sawdust at 300 °C under 2 MPa hydrogen in the 
presence of isopropanol as a solvent [74]. The catalyst with 5% Pt-containing poly-
mer showed the highest conversion, with a hydrocarbon selectivity of 92%.

Model Co-Pt bi-metallic catalysts, formulated by vapour-deposition of Co atoms 
on Pt(111), were experimented for deoxygenation of the lignin-derived model com-
pound, anisole, and it was observed that cobalt atoms open up several sites for O2 to 
attach which further facilitated bifurcation of carbon-oxygen bonds with Pt, 
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yielding benzene and phenyl groups [75]. The real-time structural modification of 
lignin compound aided by Pt/C supported over alumina was critically observed with 
four lignin model compounds, and the results suggested that β-O-4 plays a critical 
role and determined the fate of the end products (monomers). Exceedingly con-
densed polymers yielded non-alkylated phenolic monomers, and the less condensed 
or non- condensed lignin produced propyl phenolic derivatives as primary products 
in large concentrations [76]. Overall, the oxophilic character of Pt facilitated lignin 
depolymerization and the formation of a greater number of monomeric species.

13  Conclusion

In summary, this chapter discussed the importance of catalysts containing various 
Group VIII metals, namely, Fe, Co, Ni, Ru, Rh, Pd and Ir, in conversion of biomass 
to valuable chemicals. In particular, this chapter explained the role of individual 
metal ions on the hydro-process, briefly elaborating on the hydrodeoxygenation of 
lignin molecules. In general, catalysts containing Group VIII metals show excellent 
catalytic performance in hydrogenolysis of lignin and its compounds, namely, euge-
nol, coniferyl alcohol and guaiacol. The use of a support, such as resin, zeolite, 
titania, zirconia or carbon, facilitates the preparation of the best dispersed Group 
VIII metal catalysts and enhances the lignin hydrogenation and hydrodeoxygen-
ation process. The uses of iron-based catalysts facilitate deoxygenation, whereas 
nickel- and ruthenium-based catalysts favoured hydrogenation and hydrodeoxygen-
ation. The use of Pd-based catalysts, particularly on acidic support, facilitates β-O-4 
cleavage. Overall, this chapter summarizes the broad spectrum of knowledge and 
insight regarding the value of individual metal ion addition in lignin-derived model 
compound conversion. The chapter provides notable information’s towards method-
ology development for production of industrially viable products from lignin.
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Biochar as a Catalytic Material

Prachi Singh

Abstract Biochar has recently emerged as a class of biomass-derived functional 
materials with the potential applications in environmental sustainability. The high 
activity, porosity, flexibility and cost-effectiveness of biochar, makes it a promising 
alternative to other conventional catalysts. In this chapter, we present a comprehen-
sive review of the catalytic properties and catalytic applications of the biochar. We 
begin by discussing the biomass conversion and the generation of the biochar cata-
lyst. We then examine the properties, functionalities and discuss the underlying 
mechanisms of the biochar as a catalyst. This is followed by the discussion of pos-
sible applications in biomass hydrolysis, isomerization and dehydration, for energy 
production, i.e., biofuel production, syngas production and tar decomposition. 
Further, we discuss its role as an environmental catalyst in the abatement of the 
contaminants. At the end, we compare the biochar catalysis with the conventional 
heterogeneous catalysis.

Keywords Biomass · Biochar · Agro residue · Environmental catalysts · Biofuel · 
Carbonization

1  Introduction

The limited reserve and the environmental concern associated with the fossil fuels 
have attracted the attention of the humankind to turn to renewable alternatives 
(solar, wind, and biomass energy) for cleaner and safer energy and chemicals. 
Among all the types of renewable energies, biomass has been harnessed as a raw 
material to meet the demands on energy and fuels. Given its inherent rich and intrin-
sic carbon property, biomass is regarded as one of the most potential renewable 
resources to solve issues pertaining to energy security and environmental pollution.
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Biomass conversion into chars is an ancient practice [1, 2]. These chars were an 
important additive to improve the soil fertility [3]. Pyrolysis is a technique by which 
biomass is converted in the absence of oxygen into a carbonaceous solid mass 
known as biochar [4, 5]. Biochar properties depend on (1) feedstock type (wood- 
grass, dry-wet, energy crop), (2) types of pyrolysis (fast pyrolysis, slow pyrolysis), 
and (3) pyrolysis conditions (temperature, residence time, heating rate, pressure) 
[5–9]. Fast pyrolysis or flash pyrolysis produces bio-oil as a primary product and 
biochar as a secondary product [5, 10]. Moreover, slow pyrolysis concentrates on 
“biochar” as a primary product [5, 10].

During pyrolysis, biomass undergoes several chemical transformations includ-
ing carbonization, dehydrogenation, decomposition, polymerization, graphitiza-
tion, evaporation, etc. This results in producing a carbonized material with altered 
chemical and physical properties that has more stable molecular structures, high 
cation exchange capacity, greater electrical conductivity, high porosity, and greater 
surface area [9–12]. Due to the invulnerability of biochar towards physio-chemical 
processes, it shows versatile applications in soil management [13], energy produc-
tion, climate change mitigation, and pollution control technologies [14, 15].

The efficiency of the biochar has been further improved upon modifications like 
amination, magnetization, and carboxylation [16]. In recent years, biochar and their 
composites have found emerging applications in the energy and chemical industry, 
due to their cost-effectiveness and sustainability [17]. They have shown their appli-
cations as an eco-friendly material for latent heat storage [18], as a composite in 
supporting enzyme mobilization [19], as a sustainable material for supercapacitor- 
based energy storage [20], and in replacing metal-based photo-activators [21].

Biochar as a catalytic material or catalytic support has played an important role 
in creating pathways for biofuel and bioethanol production in the energy sector and 
in value-added chemicals and products for chemical industries [22]. Inherent 
physio-chemical properties of biochar like unique chemical structure, high surface 
area, inherent functional groups, and greater stability soar up its utility to act as a 
potential catalyst or as a tailored catalyst support [22–24]. Moreover, easy activa-
tion and functionalization like sulfonation and ionic grafting, gas activation, and 
metal impregnations of biochar enable tailoring of finest biochar-heterogeneous 
catalysts [22, 25]. These surface charges and radicals provide active sites for the 
interactions between biochar-based systems and reactants. Evaluating biochar 
obtained from the agro wastes used as a supporting matrix for the catalysts further 
enhances its worthiness with its economic viability [17].

This chapter focuses on the comprehensive overview and the systematic sum-
mary of designing of biochar and their catalytic performances. The chapter provides 
an in-depth understanding on the interrelations between the catalytic activity and 
the properties required for the synthesis of biochar catalysts. With the knowledge of 
catalytic properties, the chapter discusses the designing and applications of biochar 
catalysts based on the type of product and the path of production.
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2  Synthesis of Biochar Catalysts

The biochar preparation methods for catalytic activity/degradation and other con-
ventional applications like adsorption are not very different [26]. The process of 
biochar synthesis starts with the drying of feedstock or biomass. The biomass is 
pyrolyzed at high temperatures in the absence of oxygen. The heating causes vari-
ous chemical transformations. The volatile components are formed that are released 
as permanent gases, condensed to produce complex organic compounds. Subsequent 
heating causes cracking and polymerization that changes the entire matrix of bio-
mass [6]. These complex chemical reactions result in yielding three products: gases 
(permanent gases), liquid phase (tar and water), and solid residue (biochar) [10]. 
The reaction pathways for the production of these products parallel and partly com-
pete with each other. The product of interest is largely influenced by the type of 
pyrolysis and the pyrolytic conditions. By converting the pathway, every feedstock 
can be converted into biochar. To maximize the yield of the desired product, certain 
pyrolytic conditions are followed [10]. In fast (flash) pyrolysis, biomass is rapidly 
heated to very high temperatures for a concise time interval. The heating rate is very 
high and the residence time is short. As a result, biomass cannot undergo cracking 
or polymerization to yield gases or solid residues, respectively. Moreover, volatiles 
and vapors produced by biomass flash heating get quickly condensed to obtain liq-
uid phases. The goal of slow pyrolysis is to produce a solid residue with high carbon 
content. This biomass needs lower heating rates and longer residual time for the 
volatiles and water molecules to undergo polymerization and dehydration. This 
increases the fixed carbon content to yield solid residue known as biochar [7, 
10, 27].

Hydrothermal carbonization is another thermochemical process for the synthesis 
of biochar. Here no pre-drying of feedstock is required. The biomass is heated in 
water at a lower temperature (180–260 °C) for 5 min to 6 h. The water here is in a 
subcritical state and acts as a non-polar solvent. As a result, organic compounds 
solubilize in water. Moreover, it also destroys polychlorinated dibenzofurans and 
polychlorinated biphenyls. This results in producing biochar with a  high carbon 
yield (40–70 wt%). However, the biochar produced here is in a slurry phase and 
needs further dewatering steps [6, 10]. Figure 1 shows the scheme for the synthesis 
of biochar/biochar-based catalysts.

2.1  Fair Catalyst Without Treatment/Modification

The biochar exhibits inherent properties like  active  constituents,  abundant func-
tional groups, and high porosity and surface area that ables it to act as a good cata-
lyst without any modification or treatment [22]. The alkali and alkaline 
earth  metals  present in the biochar provides active sites for the reactions. For 
instance, during tar reformation, biochar offered active sites for tar adsorption 
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[28,  29]. Moreover, the porous  surface  of biochar allowed adsorption of several 
complex aromatic compounds released during tar reformation [30]. Yang et al. [31] 
prepared biochars at different temperatures and utilized them to degrade 
p- nitrophenol. The free radicals developed over biochar surfaces assisted in the 
catalytic degradation [31]. Similarly, Huang et al. [32] synthesized biochar at differ-
ent temperatures using sludge. The sludge biochar was successfully used as a cata-
lyst to decolorize rhodamine B, as the free  radicals  over its surface, enhanced 
electron shuttling capacity that assisted in decolorization. Shen et al. [33] synthe-
sized biochar using corn stover and used it for anaerobic digestion. The alkali/alka-
line earth metals on the surface of biochar increased the pH of the digester, which 
converted CO2 into bicarbonates. Moreover, it increased the methanogenesis activ-
ity that resulted in greater methane production. In some cases, biochar showed a 
decline in catalytic activity with time due to the saturation of active sites or pores' 
blocking [28]. Thus, the use of unmodified/pristine biochar for complex processes, 
like transesterification, thermal cracking, and tar decomposition, needed further 
investigations.

2.2  Biochar catalysts after treatment/modification

The morphology of biochar without activation exhibits lower catalytic activity [34]. 
Many researchers are directed to modify the biochar to improve its properties like 
surface functionality, porosity, surface area, pore size, etc. The biochar can be fur-
ther modified before, during, or after the pyrolysis process [35]. Several surface 
modification methods like chemical treatment (acid/alkali), steam activation, gasifi-
cation (CO2 or N2), metal impregnation, etc. resulted in increased functionalization, 
redox properties, pore volume, and active sites over biochar surface [35, 36]. This 
also enhanced the property of the biochar to act as a solid catalyst support. Dehkhoda 
et al. [37] treated wood-based biochar with KOH followed by carbonization and 
sulfonation to increase its surface area and porosity. For tar decomposition, enhanced 
porous size of the acid-activated biochars promoted easy gasification of the coking 
agents and other tar by-products [38]. Similarly, acid activation of biochars by 
methods like sulfonation and fuming sulfuric acid created acid-active sites 
which  promoted the catalytic activity for esterification/transesterification during 
bio-oil production [37].

2.2.1  Metal Impregnation

Presence of metal and minerals can enhance the sorption efficiency of the biochars 
[36, 39]. Several metal-impregnated biochars have been used for the adsorption of 
various heavy metals and contaminants [36]. Min et al. [40] used FeCl3-impregnated 
biochar for the removal of nitrogen and phosphorus. Singh et al. [41] prepared mag-
netized rice husk (RHIOB) and wheat husk biochar (WHIOB) using FeCl3 and 
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utilized it for the removal of arsenite and arsenates. FTIR and XPS studies revealed 
the deposition of metals in the form of magnetite (Fe3O4) nanoparticles. The studies 
revealed electrostatic attraction between positively charged (FeOH+) biochar sur-
face (pH < pHzpc) and negatively charged arsenic oxyanions which resulted in the 
adsorption of arsenic [41]. Bi or tri-metal impregnated biochars for example, Fe-/
Mn-/La-impregnated biochar composites, have been used for the removal of arse-
nic [42].

2.2.2  Physical Activation

It involves the activation/modification of biochar or biomass using physical agents 
such as steam, carbon dioxide, nitrogen, etc. Steam activation subjects the biochar 
with partial gasification using steam (>700° C) [19]. This results in the crystalliza-
tion of carbon due to the decomposition of the biochar carbon matrix [43]. In the 
process, water decomposes to oxygen and hydrogen, where the former binds to the 
surface carbon to form CO and the latter binds to the carbon to form CHx matrix. 
Further oxidation leads to the formation of CO2 and H2 [43]. The  de- 
volatilization formed the pores in the carbon matrix that incresaed the internal sur-
face area of the biochar. Rajapaksha et al. [16] reported enhanced sulfamethazine 
removal (55%) using steam-activated biochar as compared to non-activated biochar.

Activation using carbon dioxide and nitrogen also affects the catalytic property 
of the biochar. Buentello-Montoya et al. [30] selected carbon dioxide over steam as 
an activating agent. The former led to the formation of micropores and –O groups 
that led to high reactivity towards tar reformation. Steam-reformed biochars led to 
the formation of meso- and macropores in the biochar [43]. Such biochars were 
preferred for the processes where the coking blocks de-blocking could be easily 
done by gasification.

2.2.3  Chemical Activation

Chemical modification involves the treatment of biochar or biomass with acidic 
solutions or hydroxides. This alters the crucial physio-chemical properties of the 
biochar by introducing surface functional groups [36]. Treatment with acidic agents 
like sulfuric acid or fuming sulfuric acid resulted in the addition of oxygen-rich 
functional groups (−COOH, −OH), increased O/C ratio, and increased hydrophilic-
ity by the mineral elements [19, 36]. Moreover, it also increased the surface area. 
Such acid-activated biochars also increase the catalytic activity of processes like 
esterification/transesterification [44] (mechanism is provided  in the  section 
“Esterification/Transesterification Process for Biodiesel Production”). Alkaline 
modification also provided a significant increase in the total pore volume, pore dis-
tribution, and non-polarity of the biochar. Moreover, they produced negative surface 
charges that adsorbed negatively charged species [35]. Dehkhoda et al. [45] reported 
the mechanism of KOH on the porosity of the biochar. In the first step, KOH gets 
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converted  to K2CO3 and K2O that  caused the  etching of  the biochar. In the  sec-
ond step, gaseous products CO and H2 that were generated during secondary reac-
tions lead to macropores formation. In the  third step, formation of H2O and CO2 
during carbonization increased the porosity. Lastly, metallic K increased biochar 
lattice space by intercalating into the biochar matrix. Figure 2 shows the systematic 
fate of KOH treatment with biochar. Han et  al. [46] synthesized KOH-activated 
peanut shell biochar for the adsorption of methylene blue from aqueous solution.

H3PO4 is another chemical activator that has effectively led to increased surface 
area and pore volume of the biochar. H3PO4 cleaves aryl ether bonds that aid in the 
hydrolysis of hemicellulose and cellulose [24]. Moreover, H3PO4 activation also 
helps in building cross-link polymer chains by forming ester linkages with –OH 
groups [47]. It increased the aromaticity of biochar catalyst with the breaking 
of P-O-P bonds due to cyclization and condensation reaction [47].

3  Properties and Underlying Mechanism 
of Biochar Catalysts

3.1  Properties of Biochar as Catalysts

For supporting the catalyst, the material must be highly stable [48]. Biochar acts as 
a solid support to the catalysts in terms of high surface area and porosity, acid den-
sity, stable chemical structures, oxygen-rich surface functional groups, reusability, 
and chemical inertness [49]. These physio-chemical properties enable higher resis-
tivity of biochar catalysts towards the changes in pH of media and higher adaptabil-
ity towards  the changes in polarity and hydrophobicity, that  enables its stability 
towards high temperatures, metal dispersion and higher speciation [17, 24]. These 
key features are conducive for the good performance of biochar catalysts [49, 50]. 
Out of these key features, porosity and surface area, functionality, biochar matrix, 
and inorganic minerals are essential components for enabling biochar to act as a 
catalyst or a catalyst support [24].

Fig. 2 Mechanism of 
KOH activation of biochar
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3.1.1  Porosity and Surface Area

Performance of the catalyst relies on the availability of the active sites and easy dif-
fusion of the reactants and products formed [24]. First, porous nature and greater 
surface area of the biochar provides greater catalytic activity terms of easy accessi-
bility [51]. Moreover, italso improves the interactions between catalytic sites and 
reactants and favors the adsorption of substrates. Second, it enhances the easy dis-
persion of active substances and metals commonly used to catalyze reactions for 
example during hydrogenation of the organic functional groups or in tar steam ref-
ormation [30, 51]. Third, selectivity of pore size plays a significant role in regulat-
ing the size-selective catalytic activity [30, 52]. Fourth, high porosity provides 
catalytic microenvironments such as methanogenic activity, chirality, hydrogen 
bond formation, etc. that assists in reactivity of the molecules [52]. For instance, 
Shen et al. [33] reported enhanced methanogenic activity and higher carbon dioxide 
loss due to greater surface area in biochar which resulted in the increased methane 
production [29].

In the studies conducted by Buentello-Montoya et al. [30], biochar with macro- 
and mesopores showed higher catalytic performance towards the tar conversion as 
compared to the biochar with micropores. They also indicated that porosity and 
surface area were the key factors that created differences in the catalytic activity of 
biochars towards tar reformation. In contrast, surface functional groups had negli-
gible impact here [30]. As compared to the micropores, macro- and mesopores pro-
vided better gasification of the pores that were intitially  blocked by the volatile 
condensates [17]. In another study, Xiong et al. [17] reported higher transesterifica-
tion activity for sulfonated biochar catalysts as compared to the activated carbon. 
This was due to larger pore radius and pore value. Greater access to the substrate- 
active sites facilitated the transesterification process for the production of bio-
diesel [17].

3.1.2  Surface Functional Groups, Biochar Matrix, 
and Inorganic Minerals

Biochar possesses abundant surface functional groups. During pyrolysis these func-
tional groups undergo various physico-chemical processes like decomposition, aro-
matization, decarboxylation, dehydration, polymerization, and intermolecular 
condensations [6]. The Decomposition and dehydration of the lignocellulosic com-
ponent of biomass results in generating various oxygen-containing functional 
groups (−COO, −OH, −CO, −NO2), some N- and S-based functional groups, free 
radicals, and heteroatoms depending on the pyrolysis conditions and the type of 
feedstock [6, 15]. These functional groups present over the biochar surface help in 
the functionalization of biochar and enhance its catalytic activity [17, 24]. First, the 
functional groups facilitated the loading of metals/metal precursors with catalytic 
activity. Pierri et al. [49] facilitated anchoring of MnII-based catalysts over carbox-
ylate functional groups of biochar for epoxidation of olefins. Lyu et  al. [26] 
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investigated the role of Fe(II) and Cu(II) metal-based biochar catalysts for facilitat-
ing the production of persistent free radicals. Second, the functional groups facili-
tated certain catalytic reactions through acting as solid acid catalysts, 
transesterification process, and redox reactions. Cao et al. [23] prepared solid acid 
catalysts by the sulfonation of biochar for polysaccharide hydrolysis and biodiesel 
production. Third, functional groups facilitate the adsorption of compounds formed 
during the catalytic process. Lamichhane et al. [53] used biochar-based catalyst to 
adsorb polyaromatic hydrocarbons while producing liquid oil from plastic wastes.

Biochar is amorphous in nature and develops crystalline structures under varied 
pyrolysis conditions. Keiluweit et al. [54] suggested four types of biochar matrix 
depending upon pyrolysis condition. The graphene or conjugated aromatic sheets in 
turbostratic biochars develop chemical heterogeneity [15]. This creates a difference 
in the electronegativity of the heteroatoms (N, P, S) relative to the carbon atoms of 
the aromatic or graphene structures [15, 24]. Moreover, defects are formed between 
graphene sheets and amorphous carbon [55]. The chemical heterogeneity and 
defects played an important role in catalytic activity [56]. The composition affected 
the type of carbon units (e.g., sp3 or sp2) which in turn affected the bounding in the 
carbon matrix. Pierre et al. [49] reported higher catalytic activity for the catalysts 
with sp3 carbon as comapred to sp2 carbon in the biochar matrix.

Presence of Inorganic species  like Na, K, Mg, Ca, Cl, N, P, and S in the bio-
mass altered the functionality of the biochars [6]. Waqas et al. [57] showed that the 
oxides of Al and Si minerals in the biochar facilitated the degradation of plastic 
polymers by breaking complex bonds through binding and cracking. Detailed 
mechanisms of the processes are explained in Sect. 3.3.

3.2  Factors Affecting Properties of the Biochar Catalysts

3.2.1  Type of Biomass Feedstock

Biomass is made up of cellulose, hemicellulose, lignin, and various mineral compo-
nents. Due to the differences in the structural and behavioral properties of these 
components towards pyrolysis conditions, the biomass selection affects the proper-
ties of the biochar [54]. Hence, it becomes inevitable to understand the fate of each 
component that affects the functionality of biochar and hence assists in the synthesis 
of biochar-based catalysts.

Depending on the moisture content, source, and lignin content, biomass can be 
dry or wet, energy or waste biomass, and wood or grassbased feedstock [6, 10]. 
Biomasses with higher lignin content have higher char yield and lower volatile mat-
ter and possess greater stability as compared to the biomass with higher cellulosic 
content [54]. Hence, composition of biochar depends largely on the composition of 
the biomass. Figure 3 illustrates the fate and mechanism of pyrolysis of cellulose, 
hemicellulose, and lignin present in biomass. Composition of biochar determines 
the catalytic activity. For instance, biochar with high carbon and high ash content is 
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less suitable for tar decomposition as it causes deactivation of the process by block-
ing the pores due to coking [30].

3.2.2  Pyrolysis/Gasification Conditions

The catalytic performance of the biochar depends largely upon the pyrolysis condi-
tions like reaction rate, residence time, type of gas, and temperature. Different types 
of pyrolysis types have been discussed in detail in Sect. 2. High pyrolysis tempera-
ture, faster heating rate, and long residence time affects the surface area, biochar 
matrix, carbon percentage, and heating value of the biochar. Heating rate ensures 
secondary pyrolysis conditions that results in cracking. Thus, there is  increase in 
char yield as compared to the lower heating rate [6]. Moreover, at higher heating 
rates (>10 °C/min) due to rapid volatilization, the porosity increases. A Slower heat-
ing rate formsbiochar with a more stable matrix. In slow pyrolysis, greater residence 
time allows repolymerization of char that increases the char yield [43].

Depending upon the pyrolysis conditions, studies from XRD and spectroscopic 
analysis, Keiluweit et al. [54] suggested following four distinct categories of bio-
chars: transition chars, with the intact crystalline character of the minerals in chars; 
amorphous chars, with aromatic polycondensates and heat-altered molecules; com-
posite chars, the amorphous form containing embedded graphene stacks; and tur-
bostratic chars, i.e. biochars  with graphitic crystallites. The  Pyrolysis process 
causes the formation of unpaired electrons/radicals that induces complex reactions 
at the biochar's surface [1]. Formation of the defects also takes place between gra-
phene sheets and amorphous carbon and in between various other carbon structures 
and biochar minerals [55].

3.2.3  Pyrolysis Temperature

Biochars obtained by biomass pyrolysis at very high temperatures have significantly 
low H/C and O/C ratios [58]. Table 1 shows the properties of biochars as a function 
of the temperature. Catalysts with such biochar support produce fuels with lower 
H/C and O/C values that are highly favorable [54]. Such fuels produce less smoke, 
less water vapors, and more energy [57]. Moreover, such biochar catalysts were 
unfavorable for the transesterification process due to the reduction in heteroatoms 
and the acid density [59]. Uchimiya et al. [9] studied in detail the impact of pyroly-
sis temperature on the properties of biochar. High-temperature biochars with low 
O/C ratio are expected to be π donors, while those obtained at lower temperatures 
with high O/C ratio are π acceptors. Thermogravimetric (TGM) studies of chars at 
low temperatures showed release of CO2 and H2O as compared to high-temperature 
chars that released CO, CH4, and H2 [9, 58] (Table 1).
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3.3  Mechanism of Catalytic Functioning of Biochar

Before proceeding on the mechanism of the catalytic functioning of biochar, it is 
important to understand the phenomena of heterogeneous catalysis. Heterogeneous 
catalysis follows the mass transfer phenomena. The process is divided into seven 
steps. (1) diffusion of the reactant from bulk phase to the external surface of the 
catalyst; (2) diffusion of the reactant from the external surface to the internal surface 
of the catalyst via catalyst pores; (3) adsorption of reactants on the catalyst surface; 
(4) reactions on the active sites of the catalyst surface; (5) generation of the product 
and its diffusion from catalyst surface to the internal surface of the catalyst; (6) dif-
fusion of the products from the internal surface to the external surface of the catalyst 
via catalytic pores; and (7) diffusion of the products from the external surface of the 
catalyst to the bulk phase [34, 51]. Adsorption of the reactants (step 3) and desorp-
tion of the products (step 5) are the two most necessary and sufficient steps in gov-
erning the activity of catalyst [51]. Thus, a catalyst that provides sites to facilitate 
easy adsorption-desorption is chemically suited for its role. Adsorption can be 
chemi- or physio-sorption depending upon the type of interaction.

The decomposition of the organic components of biomass during pyrolysis cre-
ates several active sites that facilitate the sorption-desorption of the reactants and 
product molecules over biochar [60]. This explains the potential role of biochar in 
catalysis. The surface of the biochar contains oxygen-rich functional groups like –
OH, –COOH, and –C=O. FTIR and XRD studies also reveals that when the bio-
chars are impregnated with the metals they are likely to develop  the deposits of 
oxides of  their corresponding metals. For example, Fe-treated biochar that were 

Table 1 The properties of biochars as a function of temperature

Low-temperature biochars 
(<400 °C)

Low- to medium-temperature 
biochars (400–500 °C)

High-temperature biochars 
(>500 °C)

Higher oxygen contains 
functional groups carboxylic 
acids, ketones, aldehydes, 
hydroxyl, quinones, lactone, 
cyclic peroxides, furanone, 
etc.

A Higher concentration of 
organic compounds and acid 
and basic functional groups. 
Dominated by low molecular 
weight acids and neutrals

A Higher concentration of dense 
organic molecules. Benzene, 
toluene, ethyl benzene, xylene, 
and possibly polycyclic 
aromatic hydrocarbons

Higher water- and organic- 
soluble compounds

– Higher absorptivity of heavy 
metals by some biochars

Lower cation exchange 
capacity (CEC) and lower 
water-holding capacity

Higher CEC and higher 
water-holding capacity

Lower CEC. Decrease in 
abundance of oxygenated 
functional groups

Higher surface negative 
charges

– –

Low pH (usually <7.5) – High pH (usually >8.5)
– – Higher surface area and pore 

volume
Higher O/C ratios Moderate O/C and H/C ratio 

depending upon the feedstock
Low H/C ratios. High stability
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reported by Singh et al. [41] developed into iron nanoparticles in the form of Fe3O4. 
In the basic solutions (pH > pHzpc), oxygen-rich functional sites gets deprotonated 
and become negatively charged. On the contrary, when the solution is acidic with 
lots of H+ ions, the oxygen-rich functional groups get protonated to generate a posi-
tively charged surface. The charge development over the surface of biochar creates, 
(1) electrostatic attraction between the adsorbing ions and the charged functional 
groups; (2) the charged functional group facilitates redox reactions by acting as 
electron acceptor/donor depending upon the conditions. For example, at pH < pHzpc, 
Fe3O4 sites were protonated to FeOH+ active sites that facilitated the adsorption of 
negatively charged arsenites through electrostatic attraction [41]. In another 
instance, sulfonated functional groups on the biochar promoted transesterification 
by serving as proton donors [44]. Hydrogen bonding also explains the mechanism 
of sorption of various anionic species like phosphate, organic oxyanions, and per-
chlorates [60]. Surface complexation is another mechanism that explains the func-
tion of biochar. For example, Halder et al. [61] explained the adsorption of fluoride 
over MgFe-impregnated biochar by K2MgF4 and KFeF3 surface complex formation. 
π-π interaction explains the adsorption of contaminants with aromatic structures. 
High-temperature pyrolysis biochar has an aromatic graphene-like structure that 
acts as π-electron donors. For example, Yang et al. [62] explained the removal of 
Congo red dye using biochar through electron donor-acceptor interaction. Figure 4 
illustrates possible mechanisms of biochar-facilitated adsorption.

Fig. 4 Illustration of the possible mechanisms over biochar for its catalytic role
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4  Applications of the Biochar-Based Catalysts

Biomass is regarded as best renewable resource that has huge potential for produc-
ing high-valued platform compounds, like furfural, HMF, furans, phenols, acetic 
acid, formaldehyde, L-glucosenone, etc., during energy fuel production like bio-oil, 
biodiesel, and syngas. It has surpassed its role by  covering the industrial sector, 
biorefineries, energy sector, and environmental sector. Lignocellulosic masses are 
made up of carbohydrates (cellulose and hemicellulose) and aromatic (lignin) poly-
mers that interact via intra- and intermolecular hydrogen bonds. It involves 
the breakdown and transformation of these compounds through hydrolysis, isomeri-
zation, dehydration, and rehydration [17]. Biochar catalysts have played an impor-
tant role in catalyzing these reactions. In the following section, applications of 
biochar/biochar supported catalysts have been discussed. Moreover, the mechanism 
and the catalytic activity of the biochar catalysts will be discussed in detail.

4.1  Biochar Catalysts for the Energy Production

Bioenergy, that is the energy obtained from biomass, is one of the potential alterna-
tives to drive the dependency of the world away from the non-renewable resources. 
It aims at resolving the problems associated with the environmental pollution and 
the limited reserves of fossil fuels [63]. Bioenergy is more adaptable, environment- 
friendly, cost-effective and energy-efficient [63, 64]. However, traditional biomass 
combustion practices were abandoned due to low energy efficiency and greater air 
pollution. Thus, researchers worked intensively on the use of biochar as catalysts in 
biorefineries and energy production.

Biomass conversion technologies includes three main processes: the  bio- 
chemical process, the  thermochemical process, and the  physio-chemical process 
[63]. There are several pathways by which biomass can be converted into bioenergy, 
(1) by the esterification/transesterification of the biomass to yield biodiesel, (2) by 
the  hydrolysis and fermentation of the  biomass to produce bioethanol, (3) by 
the gasification of the biomass to produce syngas, and (4) by anaerobic digestion of 
the biomass to obtain biogas [24]. Further, bio-oil can be upgraded by hydrodeoxy-
genation and hydrodenitrogenation [24].

Biochars have been extensively studied for their higher potentialties as catalysts 
or catalyst supports in the biomass conversion to biofuels in biorefineries [24, 34, 
57]. High surface area, porosity, and the surface functional groups assisted its cata-
lytic activity for the same. Modification techniques like chemical treatment, physi-
cal treatment, and composite formation further increased the  surface area and 
functionalization in biochar that was necessary for bioenergy generation. Its cata-
lytic activity also contributes in tar cracking [29]. Moreover, during biomass con-
version, biochar is produced as a common by-product that makes the process more 
integrated and sustainable in terms of reduction in cost and dependency over the 
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metal-based catalysts [24]. In the following sections, the role of biochar catalysts 
has been highlighted in bioenergy productions through different pathways.

4.1.1  Biofuel Production

Catalysts play an important role in initiating the reaction and solubilizing the alco-
hols for biofuel production [65]. Biochars are widely investigated for their catalytic 
activity in biodiesel/bioethanol production via esterification/transesterification, 
hydrolysis, and catalytic upgrading [24]. As compared to the conventional homoge-
neous acid-base catalysts, they are more renewable, environment-friendly, and sus-
tainable [64]. Moreover, physio-chemical properties of the biochar can be tailored 
using various modification techniques. In the following subsections, the role of bio-
char catalysts has been highlighted in the production of biodiesel and bioethanol.

Esterification/Transesterification Process for the Biodiesel Production

Biodiesel is a mono-alkyl fatty acid ester that is obtained from the thermochemical 
reaction between triglycerides, free fatty acids (FFAs), alcohol, and other contami-
nants. These reactants are obtained from vegetable oils, animal fats, and greases as 
primary raw materials. Catalysts enhance the solubility of alcohol and increase the 
rate of reaction by lowering down the activation energy [65]. The strong mineral 
base catalysts enhance the transesterification processes, while mineral acid catalysts 
are used in the  esterification processes [65]. The  Esterification process becomes 
significant when the biomass contains higher FFAs. However, high FFAs containing 
biomass hinders the transesterification process [37].

Lee et al. [64] synthesized maize residue biochar to study the catalytic effect of 
transesterification process over mixture of waste cooking oil and methanol. As com-
pared to the conventional silica catalysts where the maximum yield of fatty acid 
methyl ester (FAME) was obtained at 400 °C, higher amount of yield (~90%) was 
obtained using maize residue biochar at 300 °C. The higher porosity of the biochars 
increased the number of collisions between triglycerides (liquid phase) and metha-
nol (gaseous phase) in their pores.

 The Aacid catalysts are well known for offering lower production costs and easy 
operational methodology as they have the potential to catalyze the esterification and 
transesterification process simultaneously [14, 24, 37]. Sulfonation of the biochar 
using concentrated sulfuric acid and fuming sulfuric acid thus enhances the cata-
lytic activity for esterification and transesterification process. These solid biochar 
acid catalysts offered high oxygen content in the form of phenolic and carboxylic 
acidic group which in turn  increased the acidity of the biochar  and facilitated 
the adsorption of the reactant molecules on the surface [44].

 The catalytic effect of the solid biochar acid catalysts on the biodiesel produc-
tion using hardwood biochar  was studied  by Dehkhoda et  al. [37] by  using  
two different sulfonation processes  : (a) Cat A-  wet impregnation  in the liquid 
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concentrated H2SO4 (98%) and (b) Cat B- chemical treatment using KOH followed 
by the treatment with fuming H2SO4 (20% free SO3) at 150 °C. The Conversion of 
FFAs increased on increasing the amount of Cat A (obtained using method a) in the 
reaction mixture due to the increase in the active sites that facilitated the esterifica-
tion. The protons released from the acid-active sites over biochar attacked the car-
boxyl group on FFAs accounting for greater biodiesel production. Moreover, it was 
found that the esterification process was not affected when the FFA content was 
increased and it reported higher conversion into biodiesel (92%). However, Cat A 
showed less efficiency and catalytic activity towards transesterification. This was 
due to low acid density and lower surface area and porosity. Sulfonation by method 
A resulted in the functionalization of biochars with –OH, –COOH, and few –SO3H 
groups. These functional groups were weaker enough to catalyze transesterification. 
On the contrary, Cat B (obtained using method b) had acid-active sites rich in –
SO3H, they had higher surface area, and high porosity. This gave biochar Cat B 
the strength to catalyze the transesterification of the canola oil. Cat B reported 100 
times higher acid density as compared to Cat A. Moreover, high surface area and 
porosity of both the biochars facilitated good intra-particle diffusion of the reac-
tants [37].

In another study, Dehkhoda et al. [44] chemically treated wood-based biochar 
using KOH followed by carbonization at 750 °C. The activated biochar was sulfo-
nated using fuming sulfuric acid to obtain the solid acid catalyst. There was signifi-
cant increase in the catalytic activity for the transesterification process. The yield of 
biodiesel increased from 28% to 48%.

Yu et al. [59] and Waqas et al. [57] conducted the studies to find the effect of 
temperature and matrix on the catalytic activity of biochar catalysts on transesterifi-
cation process to produce bio-oils. Biochars produced at higher temperatures 
reported low H/C and O/C ratios. Due to the evaporation of heteroatoms from the 
aromatic rings, there was decline in the acid density that lowered the transesterifica-
tion process. Moreover, carbon sheets produced at high temperatures were rigid and 
reported poor sulfonation. Biochar produced at 675  °C reported greater yield as 
compared to the biochar produced at 875 °C. Thus, by controlling the temperatures, 
biochar catalysts produced at lower temperatures were used to increase the yield of 
biodiesel from canola oil [59].

Hydrolysis of Biomass and Fermentation of Sugars for Bioethanol Production

Hydrolysis of lignocellulosic biomass into sugars and its subsequent conversion 
into useful compounds are highly desirable. Bioethanol is most commonly used as 
an extender of petrol in “flexible-fuel vehicles” (FFVs) [63]. Sugar-rich biomasses 
like sugarcane, maize, sugar beet, and wheat undergo fermentation with microbial 
assistance to produce bioethanol.

 Significant research efforts are undertaken to enable the fermentation of the lig-
nocellulosic feedstocks by pre-treatment and/or identification of appropriate cata-
lysts [63]. However, during the production of bioethanol, the fermentation process 
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is often inhibited, that resulted in decreasing the productivity. Biochar catalysts can 
assist biological fermenters like yeast in bringing the stability to the fermentation 
process and in enhancing the production of bioethanol. First, they improve the cell 
activity and growth, facilitate interspecies electron transfer, induce buffering capac-
ity, and allow nutrient adsorption over its surface [66]. Second, high surface charge 
density, high internal porosity, and presence of polar and non-polar surfaces pro-
mote immobilization of microbes that assist in fermentation [66, 67]. For instance, 
Kyriakou et al. [67] reported increase in ethanol production from citrus peel hydro-
lysates (composed of glucose, sucrose, fructose, galactose, etc.) by immobilizing 
S. cerevisiae and K. marxianus promoters in fermentation. Biocatalysts were pre-
pared through immobilization of S. cerevisiae and K. marxianus over biochars 
obtained from the seagrass residues (SGR) and vineyard pruning (VP). SEM studies 
showed densely and homogeneously adhered yeast over biochar surface by (1) 
physical adsorption, (2) electrostatic attraction, (3) natural entrapment into pores, or 
(4) covalent bindings between the membrane and the support. The bioethanol pro-
duction increased from 51 to 72 g/L in the presence of biochar support. The studies 
showed that addition of biochar led to the increase in the biological activity and 
in  the formation of the biofilm as a significant electron acceptor and donor. This 
substantially increased the enzymatic activity for alcohol fermentation and ethanol 
yield from 0.62 mol ethanol/mol xylose to 1.35 mol ethanol/mol xylose [67].

4.1.2  Biogas Production Using Biochar/Biochar Supported Catalysts

Gasification of Biomass for the Syngas Production

Syngas or synthesis gas is produced by gasification, reformation, and/or partial oxi-
dation of the biomass. It is mainly composed of carbon oxides (CO and CO2) and 
hydrogen (H2). Syngas has numerous applications such as in the manufacture of 
wide range of chemicals through Fischer-Tropsch synthesis and Haber’s process, in 
methanation, in downstream processes, and as fuels [68, 69]. However, presence of 
other components in syngas other than CO/CO2 and H2 decreases its efficiency, 
propensity and the energy density [68]. For instance, presence of N2 in the syngas 
lead to the formation of NOx [70]. Higher CH4 in the syngas deteriorated its quality 
due to coking by the formation of C-C bond. It resulted in formation the blockage 
of the active sites and in the poisoning of the catalysts [71]. Moreover, for better 
syngas production, increased steam utilization through integrated gasification sys-
tem increased the overall cost of the process.

Researchers investigated the use of biochar/biochar-supported catalysts in bio-
mass gasification for enhancing the production efficiency and the quality of syngas. 
They found significant improvement in the performance of the process as well as in 
the quality of the syngas [68]. Biochar provided higher surface area, porosity, and 
modified electronic states that determined the selectivity of the product in enhanc-
ing the syngas production [72]. Ni-impregnated biochar catalysts, synthesized via 
wet impregnation methods, have been widely used to enhance the conversion of 
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natural gas into syngas. Lee et al. [73] synthesized biochar-supported Ni catalyst 
(MBC-Ni) and studied the effect of the gasification of microalgal biomass  on 
the  syngas production. The  Studies were conducted to compare the activity and 
performance of MBC-Ni with the non-catalytic and pristine biochar’s (MBC) cata-
lytic activity in the syngas production. It was found that the syngas production was 
enhanced in the order non-catalytic < MBC < MBC-Ni. In addition, concentrations 
of H2, CH4, and CO were also enhanced using MBC and MBC-Ni. Thus, both bio-
char supported and Ni metal in the  biochar  synergistically enhanced the syngas 
production. Pyrolysis condition(s) also affected the catalytic activity of biochar 
catalysts in the  syngas production. Biochar catalysts that were obtained in CO2 
atmosphere resulted in higher syngas production with elevated H2-to-CO ratios as 
compared to those obtained in inert N2 atmosphere. This was attributed to the effec-
tiveness of CO2 as an oxidant in CO production, thereby  shifting the reaction 
towards higher H2 synthesis [73].

Zhu et al. [72] synthesized biochar-supported Ru catalyst for studying the mech-
anism and enhancing the syngas production. The catalytic performances of pre-
pared catalysts with (Ru/ABC) and without activation (Ru/BC) over different 
temperatures were studied for the syngas production. Due to activation, high surface 
area of Ru/ABC higher CO conversion was obtained as compared to Ru/BC that had 
comparatively lesser surface area. The enhanced surface area of the biochar cata-
lysts promoted, first, better dispersal of Ru crystallites. Second, it favored greater 
particle size formation of Ru crystallites. Third, it gave the appropriate electronic 
state to the catalysts that favored the selectivity of CO and H2 formation in the syn-
gas production.

Yip et al. [74] studied the catalytic effect of alkali/alkaline earth metals in wood 
biochar on biomass gasification for enhanced syngas production. Alkali/alkaline 
earth metals catalyzed biomass gasification with little CH4 and CO/CO2:H2 produc-
tion. This enhanced the quality of syngas with less methane and high percentage of 
hydrogen. Wan-cho et al. [75] had similar observations using biochar obtained from 
the  paper mill sludge. Higher mineral content of the biochar enhanced thermal 
cracking of biomass to produce higher CO and H2 in the presence of CO2. 
Hydrogenation of syngas further promotes its upgrading, cleaning, and production 
of several useful compounds. The details are discussed in Sect. 4.2.

Reformation and Decomposition of Tar(s)

During the thermochemical gasification of biomass for the production of syngas, a 
complex mixture of condensable and non-condensable hydrocarbons is also pro-
duced. Tar is a mixture of these compounds containing single- to five-membered 
aromatic rings and polycyclic and oxygen-containing hydrocarbons [29, 30, 76]. 
This includes toluene, naphthalene, styrene, phenols, and other polycyclic aromatic 
hydrocarbons (PAHs) [34]. Based on the experimental studies, tars can be primary 
(acetol, acetic acid, guaiacols), secondary (phenols, cresols, toluene), or tertiary 
(naphthalene) tars [38]. However, tars can cause the mechanical breakdown of the 
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entire system by condensing down the pipes, heat exchangers, and equipment that 
may result in blocking downstream processes [34]. Moreover, it also deactivates the 
catalytic activity [29, 30, 38, 76]. For the commercial production of syngas in power 
generation and synthetic fuel production, it becomes important to reduce the levels 
of tars. Due to fast reaction rate, stability, and reliability, catalytic reforming is con-
sidered as a promising technique for large-scale tar reformation or decomposition. 
Several studies report use of noble metal catalysts like Pt, Pd, and Rh for the tar 
decomposition. Moreover, tar cracking is conducted using base metals such as Ni, 
dolomite, and olivines. However, deactivation of the catalytic activity due to coking 
and recovery of catalysts remains a challenge for their application.

Biochar/biochar-based catalysts have shown high conversion rates and high 
removal efficiency for tar. Moreover, biochar is naturally produced inside the gas-
ifier. High surface area of biochar enhances the reforming activity of the biochar 
catalysts for tar, whereas the reforming mechanism of the tars is followed by the 
active sites inside the pores [29, 30]. The mechanism of tar reformation over biochar 
occurs as deposition, dehydrogenation, and soot gasification [29]. As the tar encoun-
ters the fresh batch of char, they get adsorbed over the active sites and undergo 
polymerization reaction to produce soot and hydrogen. This is followed by the 
deposition of soot over the char surfaces in the form of solid deposits. As the active 
sites over chars are blocked and coke deposition stops, it hinders the interaction of 
active sites with tar, thereby promoting homogenous reformation of tars. The 
homogenous reforming decomposes hydrocarbons to produce more stable com-
pounds like benzene rather than tar [30]. The alkali/alkaline earth metals on the 
chars also affect soot gasification through tar-char interactions that influences its 
catalytic activity [77]. In addition, by steam or CO2 gasification, catalytic activity of 
the biochar catalysts can be reformed to CO and H2. The role of pore size in retain-
ing the catalytic activity is discussed in Sect. 3.1.1.

Shen et al. [38] synthesized rice husk biochar-based Ni-Fe catalyst (RH Ni-Fe) 
for the reformation of tar. RH Ni-Fe catalyst played a significant role by producing 
seven-time less tars during syngas production. First, they reduced the intermediate 
metal oxides and CO2 to their metallic states. Second, the biochar Ni-Fe catalyst 
provided active support for the adsorption of tar and, hence, prevented deactivation 
of catalytic activity and accelerated its reformation. Third, the water molecules 
retained in the pores of biochar allowed dissolution of certain aromatic hydrocar-
bons. Besides this, the catalyst also checked the reduction of Ni-Fe from Ni+2/Fe+2/+3 
to their metallic Ni0/Fe0 states that was necessary for the catalytic activity. The 
biochar- based Ni-Fe catalyst reported ~92.0% efficiency for the tar removal as com-
pared to Ni-Fe catalyst. Moreover, syngas yield increased by 2.11 L/g in compari-
son to Ni-Fe catalyst.

Liu et  al. [76] deduced the mechanism and highlighted the importance of 
O-functionality over steam-reformed biochar catalysts in tar destruction. The cata-
lytic activity and tar destruction were significantly higher for greater O-containing 
active sites. O-containing functional groups on biochar served as intermediates that 
accelerated tar destruction. Furthermore, coking decomposed the tar molecules 
once they were bonded over the active sites through O-containing functional groups. 
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Tar molecules interacted with O-functional groups via H radical that resulted in 
their breakdown and the consumption of O groups. Figure 5 shows the role of bio-
char catalysts in tar decomposition/reformation and syngas production.

Anaerobic Digestion of Biomass for Biogas Production

Anaerobic digestion/decomposition (AD) is a two-way sustainable method for sta-
bilization and conversion of wastes into renewable energy sources [78]. First, it 
manages and disposes municipal/sludge wastes. Second, it produces biogas that 
reduces the dependency of the energy sector on fossil fuels [79]. By managing the 
conditions of the digester, biogas’s composition and quality can be upscaled for 
commercial purposes [79]. Catalysts have played a significant role in AD either by 
reducing activation energy of the reactions, by acting as adsorbents to the inhibitors, 
or by triggering electron transfer in syntropic microorganisms [80]. For instance, 
Yang et  al. [81] added GAC-MnO2 nanocomposite-based catalysts in anaerobic 
digester to enrich biogas with high percentage methane. Das and Mondal [82] used 
tungsten for maximizing biogas yield.

Adding biochars into AD systems has played a significant role in catalyzing the 
process in terms of stability and upscaling of the biofuels [80, 83]. Porous structure, 
high surface area, and alkaline surface functional groups increased methanogenesis, 
remove CO2, and enhance CH4 production [29]. First, during the AD process, a 
complex series of redox reactions takes place between microbial consortiums. This 
happens by the H2/formate electron transfer system. Biochar predominates this sys-
tem by direct interspecies electron transfer (DIET) between syntropic microbes that 
enhances methanogenesis activity [29, 80], thus causing enrichment of biogas with 
a high methane percentage. Second, it promotes hydrolysis, acido−/acetogenesis by 

Fig. 5 Application of biochar showing pathways and mechanisms for syngas production and tar 
degradation
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the immobilization of microbes, and increment of cell concentrate [80]. Duan et al. 
[84] reported 1.4 times higher hydrolysis rate with biochars as compared to AD 
digesters without biochars. Third, biochars act as buffers for the acidic stress gener-
ated in sludge due to acidic products released by acid-oxidizing microbes. Biochars 
produced at elevated temperatures cause leaching of alkali and alkaline earth metals 
from their surfaces and result in increasing the pH of the sludge. This also contrib-
utes in CO2 conversion to carbonates that assists hydrogentropic methanogens to 
produce more methane via reduction. Thus, biochar improves sludge digestion by 
elevating pH, alleviating NH3 and H2S in biogas, reducing CO2, and increasing elec-
trical conductivity of the digester [85]. For instance, Shen et al. [85] reported as 
high as 96.7% methane production as compared to the one without biochar (67.9% 
methane content). The CO2 content of the AD digester also went low by 86.3% 
against the digester without biochar. Moreover, the reaction rate of the digester went 
up by 27.6% in the presence of the biochar. FTIR and XRD studies revealed high 
alkali/alkaline metal functional groups over the surface of corn stover biochars. 
Fourth, biochar acts as a favorable adsorbent for the by-products and intermediates. 
For instance, Shen et al. [86] observed that corn stover biochar significantly reduced 
total ammonia nitrogen (TAN) by 6.2–13.2% as compared to the AD digesters with-
out biochar. Figure 6 shows the role of the biochar catalyst in the AD process. Thus, 
catalytic ability of biochar in AD attributes by providing archaeal growth for metha-
nization, by enhancing DIET for the microbial activity, by selective colonization of 
the microbes, by alleviating inhibitors, and by maintaining the buffer capacity [87].

Fig. 6 Pathways and mechanisms showing anaerobic decomposition of biomass for bio-oil 
production
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4.2  Biochar Catalysts for the Chemical Production by 
Biomass Conversion

Biochar offers a promising role as a catalytic material in the synthesis of value- 
added platform chemicals by biomass conversion [88].

4.2.1  Hydrogenation

Hydrogenation is a chemical process that involves addition of hydrogen on unsatu-
rated bonds of fatty compounds to their saturated analogs [89]. This results in an 
increase in stability of the compounds which otherwise are susceptible to photo- 
oxidation or auto-oxidation [90].

Fischer-Tropsch process is a gas to liquid polymerization technique that converts 
syngas to various hydrocarbon fuels and chemical products via hydrogenation [17, 
69]. Biochar-based Fe, Ru, Ni, and Co catalysts have supported Fischer-Tropsch 
synthesis by converting 95% CO to useful hydrocarbon compounds [69]. Comb- 
like structural arrangements, high surface area, and high porosity of biochars inten-
sified mass transfer between syngas and liquid products [69]. Yan et  al. [91] 
synthesized biochar-supported Fe catalysts and tested it for Fischer-Tropsch synthe-
sis of hydrocarbons from syngas. It showed ~68% selectivity towards liquid hydro-
carbons, converting ~95% of CO at 310 °C.

Methanol is widely used in the production of formaldehyde, methyl acrylate, and 
terephthalate [69]. Biochar-based Zn and Cu oxides have been widely used in pro-
ducing methanol. Catalytic conversion of syngas by partial hydrogenation of CO 
and CO2 using H2 leads to methanol production.

Cyclohexanol and cyclohexane are used as chemical intermediates, stabilizers, 
and homogenizers in the manufacture of value-added chemical compounds like 
esters, plasticizers, etc. Kumar et al. synthesized seaweed biochar impregnated with 
Ni and Co (NiCo/SDSW-ABC) for cyclohexanol and cyclohexane production. The 
biochar catalysts with and without activation were compared for their catalytic 
activity on hydrogenation of phenols to produce cyclohexanol and cyclohexane 
[92]. High phenol conversion was reported in the presence of NiCo/SDSW- 
ABC. The greater surface area of the biochar facilitated greater dispersion of Ni and 
Co metals, which served as active sites for phenol dehydrogenation. NiCo/SDSW- 
ABC showed >99.9% of phenols conversion and selectivity for cyclohexanol pro-
duction >99.9% as compared to NiCo catalysts. Subsequent increase in the dose of 
the catalyst resulted in the cracking of cyclohexanol to cyclohexane. No hydrogena-
tion of phenols was observed in the absence of catalyst.

In another study, Adarsh et al. [43] produced phenols using biochar supported 
catalysts. They synthesized biochar catalysts (NiCo/SDSW-ABC) to evaluate the 
hydrogenation activity on other lignin model compounds like anisole, m-cresol, 
pyrocatechol, guaiacol, and 2,6-dimethoxyphenols for phenol production. 
Depending on the structure and the groups of the compounds, bulky groups offered 
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more steric hindrance towards hydrogenation. The results showed hydrogenation 
activity and the phenol yield in the order: 
anisole → m-cresol → pyrocatechol → guaiacol → 2,6-dimethoxyphenol.

Tetrahydrofuran (THF), 1,4-butanediol, and succinaldehyde are another group of 
value-added chemical compounds that are obtained by hydrogenation, hydrogen 
lysis, and hydrolysis reaction of furan. Furans are obtained from furfural that is 
isolated from lignocellulosic mass via hydrolysis (refer to Sect. 4.2.2). For instance, 
Lee et al. [93] synthesized rice straw biochar catalyst support using Ru-ReOx in N2 
(Ru-ReOx/RSB-N2) and CO2 atmospheres (Ru-ReOx/RSB-CO2). The catalysts were 
tested for their catalytic activity for furan conversion to THF via hydrogenation and 
1,4-butanediol via hydrogenolysis. Biochar supported catalysts enhance the cata-
lytic activity. First, the inherent alkali groups present in biochars altered the bonding 
structure of terminal oxygen (Re=O) to the bridging oxygen (Re-O-biochar sup-
ported), which led to the stabilization of species and favored stronger interactions. 
Second, greater surface area is attributed to greater dispersal of Re-RuOx species. 
Third, biochar provided bi-functional surface sites, both metal and acid sites. THF 
is produced by hydrogenation of C=C bonds in furan at metal (Ru) sites, since Re 
does not adsorb H2 [88]. While hydrogenolysis of C-O bonds at acidic functional 
sites results in 1-butanol and 1,4-butanediol production, dehydrogenation of 
1,4-butanediol subsequently resulted in butyrolactone production. Lee et al. showed 
that when the process was mediated in the presence of water, furan rings opened to 
form succinaldehyde [93]. The results from experiments reported by Lee et al. reac-
tion rate of 310 h−1 and ~80% furan hydrogenation to THF by (Ru-ReOx/RSB-CO2). 
Moreover, 46% higher activity for furan and twice higher for 1,4-butanediol were 
reported for Ru-ReOx/RSB-N2 as compared to Ru-ReOx/RSB-CO2 due to differ-
ences in surface properties.

4.2.2  Hydrolysis, Isomerization, and Dehydration

Hydrolysis enables conversion of complex polysaccharides into more accessible 
and active compounds [94]. The hydrolysis of biomass for the production of mono- 
and oligosaccharides is an important process for the synthesis of value-added chem-
icals and fuels, such as hydroxymethylfurfural (HMF), furfural, and ethanol [6, 94]. 
Biochar-based materials followed by sulfonation offer high surface area, porosity, 
and acid functionalization for the hydrolysis of polysaccharides into HMF and fur-
fural compounds. First, hydrophobic carbon surfaces bond carbohydrates through 
CH-π interactions. Second, acidic functional groups provide active sites for hydro-
lysis by adsorbing cellulose or glucan chains via hydrogen bonds. This causes con-
formational changes, which induces the attack on glycosidic linkages. Third, fused 
rings of the biochars allow greater π binding that causes hydrothermal stability [94]. 
Equation 1 shows hydrolysis of lignocellulose in the production of MHF.
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 Lignocellulose Glucose Fructose
Hydrolysis Isomerization Deh

→ → →
yydration Polymerization

HMF Humins→  
(1)

Cao et al. [25] studied the catalytic activity of chemically activated biochar using 
H3PO4 (PAB) in the conversion of carbohydrate-rich food waste into glucose and 
HMF. PABs were obtained by wet impregnation of pinewood sawdust in H3PO4 
(60% w/w; 60 °C) for 24 h followed by its pyrolysis. The results indicated high 
HMF and glucose yields as compared to the processes without PABs. HMF yield of 
24.5 Cmol% from bread waste was reported as compared to 3.3  Cmol% in the 
absence of PABs. The enhanced catalytic conversion is attributed to the high surface 
area and P+-O− functionalities of PABs. This resulted in an increase in hydrolysis of 
polymeric starch into glucose. Glucose underwent subsequent dehydration to yield 
HMF. PABs also controlled glucose isomerization to fructose.

Similar experiments were conducted by Cao et al. [95] using biochar obtained 
from forest wood waste. Sulfonation was carried out by soaking biochar in 98% 
H2SO4, at 150 °C for 12 h. Sulfonated biochars were tested for their catalytic activ-
ity in converting bread waste to glucose and HMF. Highest yield of 46.4 Cmol% 
glucose was reported. HMF formation was subsequently catalyzed by –SO3H and 
other acidic sites of biochars by (a) direct dehydration of glucose and (b) indirect 
dehydration of fructose obtained from isomerization of glucose.

Liu et al. [96] prepared Sn-Co support-based biochar catalyst (SnO2-Co3O4/C) 
by pyrolyzing lignocellulosic residues obtained from corncob degradation, fol-
lowed by its metal impregnation using co-precipitation method (Sn(IV) and Co(II) 
hydroxides). The catalyst was tested for the hydrolysis of hemicellulose in corncob 
to yield furfural via isomerization of xylose to xylulose and dehydration of xylu-
lose. Equation 2 shows the stepwise production of furfural. Maximum yield of 30% 
was achieved for furfural at 180 °C for ~3 h as compared to 15.2% without catalyst. 
Biochar catalyst support enhanced the catalytic activity as follows: First, unsatu-
rated cationic sites in biochar lead to the formation of Lewis sites that left Sn4+ and 
Co2+ exposed to attract hydroxyl groups from water molecules and lignocellulose. 
This facilitated the xylose isomerization to xylulose that further led to the increase 
in the yield of furfural. Second, increased surface area and high porosity of biochar 
led to enhanced dispersion of Sn and Co species that helped in the aggregation of 
xylose and xylulose molecules for their further dehydration to yield furfural.

 

Hemicellulose Monosaccharide
Corncob

Saccharification Hydr

( )
→ →

oolysis Isomerization

Dehydration Po

Xylose Xylulose

Furfural

→

→ →
llymerization

Humins  
(2)

Ormsby et al. 2017 [97] conducted experiments on the hydrolysis of cellobiose 
and xylan using sulfonated pine chip biochar. Hydrolysis of cellobiose into selective 
glucose formation was reported higher using sulfonated biochar catalyst (85%) as 
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compared to the commercial activated carbons. Similarly, xylan hydrolysis was 
explored in hemicellulose using the biochar catalysts. Ninety percentage xylan con-
version was reported at 120 °C using biochar catalysts as compared to 50% conver-
sion by commercial activated carbons.

Phenols are important platform compounds that are used for the production of 
bisphenol A, caprolactam, pharmaceutical products, phenolic resins, etc. [98]. In 
order to increase the yield of phenols, Chen et al. [98] prepared biochar from bam-
boo wastes and doped it with nitrogen (N) at 600 °C for 30 min. The experiments 
were conducted to test the catalytic activity using biochar catalysts and N-doped 
biochar catalysts. N-doped biochar increased the affinity of the biochar for water 
molecules and enhanced pH. This promoted the dehydration reactions that inhibited 
the formation of acid products. Moreover, it increased the stability of bio-oil by 
avoiding its acid corrosion. With the addition of biochar catalysts, the phenols’ yield 
increased significantly to 59%. It was further increased to 77% with the addition of 
N-doped biochar catalyst. Biochar promoted the decarboxylation and dehydration 
and removed alkyl chains, leading to more phenol production and less O species and 
acetic acid releasing them in the form of CO2. Second, the increase in NH3 concen-
tration using N-doped biochar catalyst increased the phenol production taking max-
imum yield up to 82%. Third, active O- and N-containing groups in the catalyst 
promoted β-O-4 linkage to form more phenol intermediates. Fourth, biochar cata-
lysts increased H-donors from the decomposition of hemicellulose and cellulose to 
form more phenols. Fifth, doped biochar catalysts promoted the decomposition of 
lignin and inhibited the cracking of hemicellulose and cellulose, thereby increasing 
the phenolic content in bio-oil. Sixth, it promoted –O-CH3 cracking in complex 
phenols to yield simpler phenols.

Pierri et al. [49] synthesized epoxide catalyst using biochar MnII catalysts. These 
biochar-based epoxide catalysts were kinetically faster than silica-based catalysts. 
This was due to the hydrophobicity of the carbon structures that favored olefin- 
active metal complexation to generate epoxides. Moreover, it also repelled the water 
generated during catalysis reactions.

4.3  Biochar Catalysts for the Abatement of Pollutants

Water pollution has caused substantial release of pollutants in water. Hazardous 
chemicals, like antibiotics, dyes, and pesticides, have been detected in water. Use of 
biochar as an adsorbent for the abatement of pollutants is economically viable and 
readily accessible. The carbon matrix, medium to high surface area, and high poros-
ity of the biochar enable it to adsorb/absorb organic pollutants from surroundings 
[99]. In the following section, the role and mechanism of biochar catalysts have 
been discussed via two most commonly used pathways, oxidation (ozonation, pho-
tocatalysis) and reduction.
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4.3.1  Advanced Oxidation Processes and Degradation 
of Organic Contaminants

Advanced oxidation processes (AOPs) have proven a highly efficient noble process 
that accelerates the degradation of a wide range of organic and inorganic contami-
nants via oxidation. It aims at producing transitory free radicals (hydroxyl, keto, 
peroxides, metal oxide free radicals, etc.) that acts upon the target pollutant species 
and degrades it to CO2, H2O, and mineral acids. Photocatalysis, ozonation, and UV 
photolysis are some of the commonly used AOPs [100]. Ozone-driven AOPs are 
effective in the degradations of antibiotics, pharmaceuticals, and amino compounds 
[101]. The excellent properties of biochar, i.e., high adsorption capacity, environ-
mental friendliness, low cost, and defect structure generation of reactive/oxidizing 
species, make biochar an emerging catalyst for the degradation of the pollutants 
[102]. Addition of activators to the biochar system like persulfates (PS), peroxy-
monosulfate (PMS), and peroxodisulfate (PDS) produces ·OH species, SO4

·− radi-
cals, singlet oxygen (1O2)  species, surface-bound radicals (SBRs), and reactive 
oxygen species (ROSs). At pH < pHpzc, the positively charged surface of biochars 
favors the bonding with these activator species. This creates Fenton-like reactions. 
First, biochar surface provides persistent free radicals (PFRs) for activating PS/
PMS/PDS. Second, high-temperature pyrolysis for biochar synthesis creates bio-
char defects that leads to biochar activation potency towards activators. These defect 
edges of the biochars are susceptible to oxidation that facilitates the donation of 
electrons for activator species. As a result, SO4

·− species, ·OH species, singlet O 
species, SBRs, and ROS species attack the contaminants and degrade the molecules. 
Figure 7 shows various AOP pathways and mechanisms of degradation of contami-
nants over biochar catalysts.

Ouyang et al. [102] synthesized pine needle biochar and investigated the potency of 
1,4-dioxane degradation. The reaction was catalyzed in the presence of peroxymonosul-
fate (PMS) over biochar support. The degradation efficiency for 1,4- dioxane increased 
from 40.6% to 100% as the dose of biochar and PMS increased. Singlet oxygen species 
generated within the biochar/PMS system contributed to the degradation of 1,4-dioxane. 
Moreover, SO4

·ˉˉ and ·OH species were also produced by PMS activation. These species 
attacked 1,4-dioxane molecules and enhanced its degradation.

In a similar study, Zhang et al. [103] proposed catalytic impact of biochar/per-
oxydisulfate (PDS) system, for the effective removal of sulfamethoxazole (SMX) 
and N4-acetyl-sulfamethoxazole (NSMX) in urine. The biochar/PDS system pro-
duced ·OH and SO4

·ˉˉ radicals as major species, along with singlet oxygen species, 
surface-bound radicals (SBRs), and some reactive oxygen species (ROSs) that trans-
formed SMX in urine to the products that were easily degraded by microbial activity.

Diao et al. [104] prepared novel sludge biochar catalysts with dispersed Fe0 and 
Al0 particles in its pores. The prepared biochar was combined with persulfates (PS). 
·OH free radical generation was enhanced by the oxidation of reaction between dis-
solved oxygen and Fe0/Al0 which led to the increase in the degradation efficiency of 
bisphenol A (BPA). Fe2+ on the biochar’s surface further decomposed PS to release 
SO4

·ˉˉ. The efficiency of BPA degradation went up to 97.8% from 22.1% in the pres-
ence of Fe/Al biochar/PS catalyst system.
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Based on similar principles, Chen et al. [105] reported degradation of proteins 
and extracellular polymer substances in sludge using biochar-based peroxodisul-
fate/zero-valent iron (Fe-ADSBC); Li et al. [106] studied the degradation of trichlo-
roethylene in groundwater using biochar (maize cob) supported on nano-zero-valent 
iron with PMS activator. Li et al. [107] synthesized wheat straw Fe, N-co-doped 
biochar (Fe-N-BC) using urea and iron salts and activated it with persulfate (per-
oxydisulfate, PS) for organic contaminant degradation. Xu et al. [108] synthesized 
saw dust-based biochar and doped with N followed by activating it with PMS (N-C- 
d-4-800/PMS system). The pyridine N and graphitic rich defects, larger surface 
area, and porous structure of biochar/PMS system activated PMS to obtain superior 
catalytic degradation of bisphenol A (BPA), phenol, acetaminophen (AAP), and 
sulfamethoxazole (SMX). Similarly, Ding et al. [109] also tested the catalytic activ-
ity of N-doped biochar/PMS systems derived from rice straw over the degradation 
of metolachlor (MET). Oxidation of surface ketonic group and PMS resulted in the 
formation of ·OH and SO4

.− species that enhance degradation. Moreover, sp2 carbon 
of biochar with free-flowing π-electrons, in conjunction with doped N atoms, 
increased the adsorption capacity of MET over biochar/PMS system.

Duan et al. used biochar derived from sludge as an effective oxidation process 
activator for the nonradical degradation and disinfection of micropollutants [110]. 
Ahmed et al. [111] used biochars derived from soybean stover (S-BC700) and pea-
nut shells (P-BC700) for the adsorption of trichloroethylene (TCE), a chlorinated 

Fig. 7 Pathways and mechanisms showing degradation of organic pollutants by advanced oxida-
tion processes (AOPs)
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hydrocarbon that poses threat to the groundwater. The high adsorption capacity of 
biochars towards TCE was attributed to low H/C and O/C ratio for biochars at 
700  °C.  Decrease in O-functionality resulted in increased hydrophobicity of the 
biochars. This prevented the hindrance over non-polar C-sites for the adsorption of 
hydrophobic TCE.  Moreover, lower H/C ratio indicates greater aromaticity and 
tough carbon matrix that favored the removal of organic contaminants.

4.3.2  Photocatalytic Degradation of Organic Contaminants

Biochar serves as potential photocatalysts in degrading organic pollutants [17]. This 
is ascribed to the following: First, well-developed porous structures and oxygen- 
rich containing functional groups facilitate the adsorption of contaminants and 
hence provide greater opportunity for contact with the catalysts. Second, dispersal 
of well-organized active sites that facilitates dispersal of activator particles (TiO2, 
H2O2, etc.) over biochar supports generates electrons from valence band to the con-
duction band on photoexcitation. Third, biochars facilitate fast charge shuttling by 
preventing the recombination of the vacant valance bands and diverting the stream 
of electrons by acting as acceptors towards them. Fourth, electrons also react with 
oxygen functionalities to generate superoxide and hydroxyl radicals to oxidize con-
taminants into CO2 and H2O.  Fifth, stable interconnected framework of biochar 
catalyst provides stability to the complete process [22, 26, 112, 113]. Lu et al. [113] 
effectively photodegraded methyl orange (MO) over biochar support with the dis-
persed TiO2 particles under UV radiations. The decolorization efficiency of MO in 
the presence of biochar catalyst increased from 3.43% to 76.69%. Photocatalytic 
holes, hydroxyl radicals, and superoxide anions were the primary species that oxi-
dized methyl orange into CO2 [112].

4.3.3  Catalytic Reduction of Inorganic Contaminants

Biochar/biochar supported catalysts can facilitate the removal of inorganic contami-
nants by reducing them to their less toxic state. For instance, more toxic Cr(VI) has 
been reduced to Cr(III) that is less toxic and of low risk to the environment. Xu et al. 
[114] utilized biochar prepared from peanut shells to reduce Cr(VI) to Cr(III). The 
oxygen-containing functional groups –C=O and –COOH of biochar acted as elec-
tron donor moieties. Moreover, biochar acted as an electron shuttle for lactates that 
increased the reduction rate. It was concluded that both biochar and lactates worked 
synergistically in enhancing the reduction of Cr(VI) to Cr(III) by up to 25 times. 
The O-centered, semiquinone-type radicals acted as electron shuttle and reduced 
Cr(VI) to CrOOH.

Shows the method of pyrolysis, surface characteristics, and catalytic applications 
of biochar-based catalysts.
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5  Concluding Remarks

The chapter highlighted the impact of biochar physio-chemical properties (surface 
area, porosity, functional groups, mineral content, stable matrix, active sites, -SO3H 
density, metal dispersion, etc.) over biochar-based catalysts for the production of 
value-added products. The chapter discussed mechanistic studies of char synthesis/
activation/loading of metal and its catalytic property. Moreover, it discussed the 
mechanism of various processes like hydrolysis, isomerization, reduction, oxida-
tion, transesterification/esterification, fermentation, anaerobic decomposition, and 
tar cracking. Depending upon the relative significance of the catalysis process, a 
relationship between catalytic activity and physio-chemical properties of biochar 
along with their tuning with the synthesis/activation process was established. Thus, 
biochar emerges as a sustainable, versatile, and low-cost catalyst/catalyst support 
for chemical synthesis, biofuel production, and pollution control. It can be used in 
multiple ways and can be maneuvered through innovative modification techniques. 
Thus, after proper designing of biochar/biochar-based catalysts, they have potential 
to replace expensive, non-renewable, and environment-unfriendly catalysts.
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Abstract Chemicals and biofuels can be obtained from biological systems (bio-
mass). Currently, biomass expenditures should be decreased by planning alternate 
methods and catalytic arrangements, because those used for hydrocarbons have not 
been efficiently adapted for the molecular structures of biological compounds. To 
avoid competitiveness with food sources, lignocellulosic feedstocks must to be used 
differently for expected yields, mostly in the biological production of fuel. A valua-
tion of the life-cycle of feedstocks should be completed to determine environmental 
impacts and can be used as a exploratory tool for the development of products. 
Reasonable and modern advance needs nearing destruction, practical incomes of 
life. For the development of sustainable, low-cost, natural, basic materials, novel 
approaches in research, manufacturing, and the economy are crucial. This chapter 
focuses on cost-efficient tools and processes to convert biomass into valuable bio-
logical fuels and bioproducts, with particular emphasis on biorefinery concepts to 
create the diverse feedstocks that are used to manufacture high-value products. This 
chapter also explores the biological characteristics of developments, because the 
use of renewables as raw materials does not exempt them from green chemistry 
principles.
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1  Introduction

Much research has focused on the expansion of coal, petroleum, and gas-based 
plants to supplement fossil fuel feedstocks. The feedstocks are used in industries to 
harvest numerous materials such as biofuel, soap, pesticides, waxes, and coke. [1, 
2]. Currently, assets of fossil fuels are not considered to be financially feasible or 
eco-friendly [3]. Petroleum derivatives are major contributors to the collective car-
bon dioxide (CO2) level in the environment, which is recognized to contribute to 
climate change [4]. The adverse effects of greenhouse gas (GHG) discharge in the 
atmosphere, combined with deteriorating fuel reserves, have persisted. Henceforth, 
the search for acceptable, biologically harmless, and cost-effective sources of 
energy for industrial users and consumers has been become crucial in recent years 
[5]. Consequently, there is great interest in the creation and utilization of biofuels 
from terrestrial plants and other waste materials.

Biological fuels produced from ecofriendly materials can help to decrease petro-
chemical and CO2 emissions. Biofuels created from terrestrial plants and organic 
materials can reduce the world’s oil dependencies and carbon dioxide creation. 
These biological fuels may reduce carbon dioxide release because the terrestrial 
plants absorb CO2 as they grow [6]. Hence, researchers are investigating new indus-
trial stocks and green practices to harvest these complexes from ecological biomass 
assets [7].

Some biological fuels can address CO2 emissions and support progress in urban 
energy safety. However, there are concerns with sourcing raw materials, effects on 
biodiversity and land practices, and problems with agricultural yields. Biodiesel can 
be combined with petroleum-based ingredients, combusted in internal combustion 
engines, and circulated through existing or new technology, such as flexible fuel 
vehicles. First-generation biofuels are currently manufactured at 50 × 109 L annu-
ally. Additionally, biogas has resulted in the anaerobic management of compost as 
well as additional mass resources. However, the amount of biological gas used for 
transport has been decreasing [4], although first-generation biofuels appear to be 
trusted by experts. The main weakness of first-generation biofuels lies in the food- 
versus- fuel debate: one of the reasons for increasing food rates is due to the increased 
creation of these fuels [8]. Moreover, biodiesel is not a cost-effective technology to 
reduce GHG emissions. Therefore, other ecological and conventional technologies 
are needed to decrease GHG emissions [9].

Consequently, lignocellulosic feedstocks are being investigated as novel second- 
generation biofuels [10]. These biofuels are created from the biomass of plants, 
mostly from lignocellulosic sources. This makes up the majority of the low-cost 
nonfood resources obtainable from plants. Nonetheless, at present, the creation of 
such fuels is not profitable. There are numerous practical problems that need to be 
overcome before their potential can be understood [9]. Plant biomass is one of the 
richest and most exploited organic raw materials on the earth. For basic needs, the 
raw material can be merely burned in order to generate heat and electricity. Plant 
raw materials are excessively used in production of liquid biofuels these days. 
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However, biofuel creation from intermediate products can supplement the increas-
ing demand for liquid fuels. This has attracted attention in expanding the use of 
biomass crops as feedstock for biofuel creation [11]. It is estimated that second- 
generation biological fuels could meaningfully decrease CO2 emissions, do not 
compete with nutrition crops, and may improve machine performance. Once com-
mercialized, the rate of second-generation biological fuels will likely be similar to 
regular gasoline and would be the most cost-effective path to renewable, lower- 
carbon energy for vehicles [4, 61]. The methods for the expanded use of biomass are 
reasonable, with all parts of the plant (such as leaves, bark, fruits, and seeds) being 
used as valuable products.

In 1990, the term “biorefinery” was originally recognized by the National 
Renewable Energy Laboratory to indicate the use of biomass to create fuels and 
further bioproducts. This term denotes a group of facilities that creates resources or 
fuel goods [12]. The system of a biorefinery comprises biomass creation, biomass 
alteration/processing, and end use. Global biomass creation is approximately 
100 × 109 tons of organic dry biomass per year. Some is recycled as food and manu-
facturing raw resources, whereas food usage is only 1.25% of the complete terres-
trial biomass. Leftover biomass can be discarded into the ecosystem and recycled as 
raw material for chemical manufacturing.

2  Biomass as Multiple Feedstocks for Biorefineries

Biomass from agro-timberland, amphibian plants, and yields is an important multi-
purpose ecological feedstock for chemical manufacturing[13, 14]. Through photo-
synthesis, plants transform CO2 and water into various metabolites, which together 
are critical biochemicals. The primary metabolites are sugar and lignin. The subor-
dinate metabolites are high-value biochemicals, such as waxes, elastics, steroids, 
terpenoids, fatty substances, and terpenes, which occur in low amounts in the plants 
[15]. The subordinate byproducts can be utilized for the formation of high-value 
synthetic substances, using combined preparation strategies. Advances in biomass 
manufacturing require massive endeavors to improve biomass creation, modifica-
tion, and resulting bio-based items [6]. However, such achievements are dependent 
upon current knowledge on modifying fossil fuels to organic waste resources. Thus, 
numerous researchers are investigating these topics, including the re-evacuation of 
hemicellulose and other significant synthetics, ethanol division, and dried up. 
Potential separation methods for biorefineries include refinement with ionic fluids 
and hyperbranched polymers, adsorption with sub-atomic sifters, and bio-based 
adsorbents. Clark et al. [16] used green innovation to modify low-value, undesirable 
biomass into synthetics such as waxes and ethanol. Chew et al. [17] investigated 
different synergist methods for the production of biofuels in a trademark oil in 
Malaysia. Inedible oilseeds such as Jatropha curcas, raised erucic mustard, 
Pongamia glabra (Pongamia pinnata), unpracticed canola seeds, and microalgae 
can be used for biofuels containing diesel, whereas marine biomass can be used for 
bioethanol and biodiesel [61].
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2.1  Biorefinery Concept/System

The biorefinery structure relies upon biomass as the planning input (feedstocks) for 
the production of various bio-based items [18, 19]. The major aim of a biorefinery 
system is to create biofuel and engineered materials from biomass. Previous studies 
focused on three types of biorefineries: sustained feedstocks, quantity based adapt-
abilities and element. The first type deals with limits and use of dry grain as feed-
stock to make ethanol, dried distillers’ grain, feed yields, and carbon dioxide. The 
second type of biorefinery uses a comparative feedstock and has more technical 
adaptabilities than the first type. It can make starch, high-fructose syrup, ethanol, 
carbon dioxide, dried distillers’ grain, and corn oil. The third kind of biorefinery is 
commonly top tier and uses a mix of biomass feedstocks and to manufacture differ-
ent products using a blend of materials. It may be built using both the high-value/
low-volume and low-value/high-volume concepts. Biorefineries comprise three 
classes—whole crop, lignocellulose feedstock, and green bioprocessing plants—
that are in the examination and improvement stages [12]. According to the National 
Renewable Energy Laboratory, a biorefinery uses biomass change cycles and equip-
ment to produce power and synthetic compounds from biomass. Complex engineer-
ing science and innovation are required to create and change biomass [20]. A 
biorefinery refines and changes organic crude materials into a wide variety of sig-
nificant items [21, 61].

3  First-Generation Biofuels

Increasing oil costs over recent decades have allowed liquid biofuels to become 
cost-effective options for transportation. The three main types of biofuels used com-
mercially are biodiesel (bio-esters), ethanol, and biogas. Biodiesel is a substitute for 
diesel and is made through the transesterification of plant oils and fats, with mini-
mal engine alterations. Bioethanol, which is a complete substitute for gasoline in 
flexi-fuel vehicles, is created through the maturation of sugar or starch. Bioethanol 
can similarly fill in as feedstock for ethyl tertiary radical ether (ETBE) when blended 
with gas. Biogas (biomethane) is a fuel that can be reused in gas vehicles with minor 
adaptations. It is generally conveyed through anaerobic osmosis of liquid compost 
and another absorbable feedstock. At present, biodiesel, bioethanol, and biogas are 
made from resources that are also used for food. However, the demand for edible 
oils is increasing, so it is difficult to use green food crops for biofuel creation [22]. 
Some harvests are used for biodiesel creation, which can be taken up as industrial 
yields on wasteful land. Such multipurpose uses for oilseed yields will occur when 
their biomass can be utilized for the production of various bio-based products [61].
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3.1  Conversion Processes for First-Generation Biofuels

3.1.1  Transesterification

The fatty acid methyl esters (FAME) in biodiesel are attracting attention as a diesel 
fuel substitute or extender. Biodiesel is created using a number of common sources, 
such as vegetable oils and animal fats, by artificially reacting oil or fat with alcohol 
inside a homogeneous and heterogeneous catalyst. The product of the reaction is a 
mix of methyl esters that comprise biodiesel, as well as glycerol (which is a high- 
value co-product) [23, 24, 61].

Homogeneous Catalysis

Transesterification is a reversible reaction in which the forces could be a liquid 
destructive or a liquid base. The strategy is known as transesterification [61].

Heterogeneous Catalysis

A goal is to attain a fundamental transesterification method for prime free fatty 
acid (FFA) oil and reduce the modification of emollient to a methyl group organic 
compound through a chemical reaction. The use of solid catalysts is recommended 
for high free fatty acid-containing oil [23]. The solid acid catalyzes biological fuel 
production by co-occurring transesterification and esterification of quality oil con-
taining high FFA, as performed by Kulkarni et al. [23]. The retort mechanism of 
co-occurring transesterification and esterification is through a Lewis acid. The ester-
ification takes place between free fatty acids (RCOOH) and wood alcohol (CH3OH), 
whereas transesterification takes place between lipids and wood alcohol adsorbate 
on acidic site (L+) of the catalyst surface. The interaction of the carbonyl O of free 
fatty acid or monoglyceride with acidic constituents forms carbocation.

Transesterification will be protracted to triglycerides and diglycerides. 
Transesterification may be a stepwise reaction. Within the reaction sequence, the 
lipid is converted stepwise to di glyceride and monoglyceride and finally alcohol. 
The tetrahedral intermediate reaction eliminates diglycerides, monoglycerides, and 
alcohol once triglycerides and monoglycerides are available to contact with the 
acidic sites, respectively, to allow one mole of organic compound (RCOOCH3) in 
every step. In this case, esterification and transesterification manufacture methyl 
group esters, an equivalent final product. The catalyst is regenerated in the cooccur-
ring esterification and transesterification reactions [23].
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3.2  Whole-Crop Biorefinery

A whole-crop biorefinery uses the full crop to obtain useful products. Raw materials 
such as oilseed are used as feedstock within the operations of a full-crop biorefinery. 
Rosid dicot genus seeds contain 35–40% oil and 1–1.5 tons of oil are created 
per angular distance [28, 61]. The method of changing biomass into energy is char-
acterized by the alteration of biomass into totally different elements that are then 
conserved singly. The oil initially acts as the starting point for fuel manufacturing or 
undergoes chemical modification to produce oleochemical products, whereas the 
de-oiled cake is used after purification because of the basic raw components for the 
synthesis of valuable chemicals or for chemical action.

3.2.1  Oleochemicals

Oleochemicals are converted to fabricated materials from the ordinary oils and fats 
of plants and animals. Essentially, oleochemicals are unsaturated fats and alcohol 
obtained from cutting off the fatty oil structures of oils and fats. In any case, 
these subordinates are jointly treated by altering the carboxylic destructive array of 
unsaturated fats by engineered or natural strategies, and various mixtures obtained 
from any reactions of these auxiliaries. Oleochemicals are mainly fundamental 
oleochemicals such as unsaturated fats, oily methyl pack esters, oily alcohols, oily 
amines, and alcohol. Until the 1980s, approximately 95% of trademark oils and oils 
were used in food products, with a small percentage used in non-food applications 
such as chemical manufacturing and drying oils. In the 1980s, oleochemicals found 
wide use in food and non-food applications, including as “engineered blends’‘from 
fossil oils or petrochemicals. Currently, oleochemicals are used in the creation of 
food products and quality fats, chemicals, cleaning agents, oils, surface coatings, 
polymers, and biofuels. On a basic level, oleochemicals should supersede petro-
chemicals considering their applications [29]. Oleochemicals are obtained from 
manageable resources, whereas petrochemicals are procured from nonessential or 
nonrenewable fossil oil. Secondly, products derived from oleo processed mixtures 
are extremely short and thus do not pose a danger to the environment. Thirdly, the 
additional imperative for source derived from fossil oil sources is to cause higher 
spikes in harmful substances such as NOx, SO2, CO, and hydrocarbons.

3.2.2  De-oiled Cake

Biomass used for the manufacturing of biodiesel would create millions of tons of 
extra protein (de-oiled cake). At present, the use of protein for non-food applica-
tions is logically limited to the use of auxiliary unsaturated fats. The palatable pro-
tein can be utilized for te production of fundamental amino acids for animal feeds 
and human usage. Some of the nonedible oilseed cakes, such as jatropha, neem, and 
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karanja, can be used to make biopesticides and amino acids for non-food applica-
tions. Sanders et  al. [30, 61] described the utilization of protein-based unrefined 
materials for the production of 1,2-ethanediamine and 1,4-butanediamine from 
amino acids. The formation of amino acids from de-oiled cake would increase the 
production of biofuel crops. 1,2-Ethanediamine and 1,4-butanediamine can be coor-
dinated from amino acids, such as serine and arginine independently. Decarboxylation 
of serine creates ethanolamine, which is converted into diamine by the development 
of a soluble base. Arginine can be hydrolyzed to ornithine and urea. Ornithine will 
produce 1,4-butanediamine after carboxylation. Protein-based surfactants are the 
most significant smooth surfactants. Because the structure and properties of the 
amino acids in the surfactants resemble the tissue of the skin’s amino acids, they 
show strong favoritism and fragility on skin. Acyl subordinates from glutamic acid 
and serine are incredibly suitable for use with customary surfactants. The formation 
of protein-based surfactants incorporates the hydrolysis of protein with sulphuric 
acid followed by acylation with RCOCl (R55C12–C18) to produce acyl amino acid 
sodium salts, which are transformed into acyl esters of amino acids by esterification 
with oily alcohol [30, 61].

4  Second-Generation Biofuels

Second-generation biofuels are created utilizing biomass in a carbon-neutral or 
even carbon-negative process with regard to their impact on carbon dioxide emis-
sions. With respect to biofuel creation, the term “plant biomass” implies an extraor-
dinary amount of lignocellulosic material as this makes up most of the nonfood 
material from plants [11, 31]. In present situation, due to their fair quantity collec-
tion of exceptional barriers which need to be resolved before their inactive limit is 
usually enfolded up. Plant biomass is one of the most available but underutilized 
natural resources in the world. Plant biomass has the potential for use as liquid bio-
fuel. Plant biomass generally consists of plant cell dividers, which are 75% polysac-
charides [32]. These polysaccharides comprise a significant pool of sugars; for 
example, in traditional food crops such as wheat (Triticum aestivum), sugar is con-
tained inside the stems as well as inside the starch of the grains. To date, the ability 
of many yield stores, like straws and squeezing, to use sugar feedstocks in biofuel 
creation has not been investigated. In any case, there is great potential to use desig-
nated biomass crops as feedstock for biofuel creation [22].

Lignocellulosic materials in feedstocks for biofuels may be obtained either 
through a reaction and maturation (e.g., bioethanol) or through complex mixtures. 
Typical resources include short-term crops (e.g., poplar, willow, eucalyptus), grasses 
(miscanthus, switchgrass, reed canary grass) and stores from the wood trade and 
agriculture. Advanced biofuels are carbon-based compounds that are directly 
designed by innovative methods. Bioethanol (advanced) is a full substitute for gas 
in flexi-fuel vehicles. Through a reaction, sugars are eliminated from the lignocel-
lulosic feedstock, after which the sugars are converted into ethyl alcohol. 
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Fischer–Tropsch diesel and biomass-to-liquids may be full substitutes for diesel; 
here, lignocellulosic biomass is volatilized to syngas that is converted into liquid 
hydrocarbons, mostly diesel and kerosene. Bio-synthetic natural gas may be used in 
gas vehicles with slight developments; in this case, lignocellulosic biomass is vola-
tilized to syngas that is continuously converted into gas. Bio-dimethyl ether (DME) 
may be used in diesel vehicles with slight adaptations; for this fuel, lignocellulosic 
biomass is volatilized to syngas that is continuously converted into DME [33, 61].

4.1  Conversion Processes for Second-Generation Biofuels

There are two main methods for manufacturing liquid biofuels from biomass. The 
first involves a thermochemical process and different organic chemistry processes. 
The thermochemical process defines the conversion of biomass into a variety of 
products by thermal decay and chemical reformation, and basically involves heating 
biomass in the presence of various concentrations of oxygen. A clear advantage of 
the thermochemical process is that it will basically convert all organic elements of 
the biomass, whereas the organic chemistry process focuses mostly on the polysac-
charides [11]. The next section focuses on the conversion processes for lignocellu-
losic biomass and technologies to produce additional chemicals of value.

4.1.1  Physical Conversion

Mechanical Extraction

Vegetable oils can be extracted from oil seeds using a screw press (expeller). The 
screw press is typically used in two ways: pre-crushing and full crushing. In pre- 
crushing, only a bit of the oil is recovered; thus, the de-oiled cake (with 18–20% oil) 
is also treated by dissolvable extraction. Solidified pre-crushing and dissolvable 
extraction are commonly used for oilseeds with high oil content (30–40%). Full 
crushing needs 95,000 kPa to press out as much oil as possible—ideally up to 3–5% 
fat for animal materials. Full crushing may be controlled in during prepress and the 
last press [7, 61].

Briquetting of Biomass

Agricultural and waste biomass are often difficult to use as biological fuels because 
of their large and varied structures. This challenge is often overcome by concentrat-
ing the residual into stable, consistent shapes. Throughout concentration, biomass is 
contained in compact chamber presses. There are two major methods of concentra-
tion: pressing and drenching. Sometimes, these two processes are combined. In 
pressing, there is an increase in applied pressure within the original segment of 
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compression; however, the speed of increase in density decreases as the density of 
pressed material approaches the density of water. There’s no such closed explana-
tion of density and drenched degree that can be cutting, destructive and beating. A 
rough chopping of some materials could also be as effective as ultrafine grinding. 
For example, tree branches experience intensive volume reduction once broken, but 
fine grinding supplies very little, if any, extra reduction in volume [6, 7, 61].

Distillation

Compression is the most important methodology for extracting volatile oil and 
depends upon isolating volatile compounds. Plant are crushed to encourage them to 
release their oils. The plants are steam distilled; therefore, the significant oils are 
released with the steam. The vapors are captured and allowed to condense back to 
liquid form. Molecular distillation is used to manufacture fragrances that cannot be 
distilled by standard methods [7].

4.1.2  Thermo-Chemical Conversion

Biomass is converted to energy by two main processes: thermochemical or biologi-
cal. The thermochemical conversion method includes direct combustion, chemical 
action, liquefaction, and transformation. Once biomass is heated under chemical- 
deficient conditions, it generates synthesis gas, or syngas, that consists primarily of 
a chemical element and carbon monoxide. This syngas is directly burned or further 
processed for different evaporated or liquid products. During this process, the ther-
mal or chemical conversion of biomass is almost like that of coal [26, 61].

4.1.3  Hydrotreating of Vegetable Oils/Green Diesel

Vegetable oils are renewable feedstocks that can be easily used to manufacture bio-
fuels from biomass resources. Plant oils such as oilseed, soybean, canola, and veg-
etable can be processed via transesterification into FAME or biodiesel. The future 
potential of biofuels depends on the development of new procedures to make high- 
quality transportation fuels from naturally derived feedstocks. These new biofuels 
must be acceptable for current fuel and transportation technologies to be financially 
viable. Researchers are investigating the transformation of vegetable oils into high- 
quality diesel fuel or diesel mix stock that may totally replace gasoline. The paraffin- 
rich diesel (“green diesel”) is created from a sustainable feedstock containing fatty 
oils and unsaturated fats by creation movement backlog, hydrodeoxygenation, sub-
stance change, and hydroisomerization. This natural diesel is pleasant smelling, 
without sulfur. Inside the device, the fuel properties are modified to satisfy the sen-
sitivities of air in either the pure or emulsified fuel [39]. Green diesel has a higher 
cetane (One of the most important product qualities for diesel) cost and incredible 
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contamination properties. It also has extraordinary storage stability and is able to 
mix well with oil-based diesel fuels. Unlike to carboxylic acid alkyl esters, natural 
diesel does not depend on food source and system arrangement; thus, the totally 
deoxygenated biofuel is promptly blended with fuel [61].

4.1.4  Bio-oil

Biological oils are made by a quick transformation method. In this process, organic 
compounds such as polyose, hemicellulose, and lignin are heated to moderate tem-
peratures (400–600 °C) in the absence of chemicals to supply a liquid product of 
char (13–25%), gas (e.g., CO, H2), lightweight hydrocarbons (13–25%), and bio-oil 
(60–70%). The outcome and chemical components of biological oil depend upon 
feedstocks and methods used, including the particle size of biomass (2–5 mm), con-
tinuance (0.1–2 s), and reactor type. The bio-oil could be used in furnaces and sta-
tionary engines. Biological oils have a complex chemical component containing 
chemicals from lignocelluloses biomass such as open-chain alcohols/aldehydes, 
furanoids, and pyrenoids. The physiochemical properties of bio-oil are presented in 
Table 1. These constituents are mixed with water (25–45%) in the transformation 
method to make an emulsion with organic constituents. Hence, many “green chemi-
cals” are extracted from bio-oil by solvent extraction. Supercritical fluid extraction, 
such as greenhouse gases, selectively extracts specific chemicals from bio-oil. 
These chemical compounds are used for plant products, food flavors, wood preser-
vatives, slow-release chemicals, and prescription drugs, among others [40–45, 61].

4.1.5  FT Oil and Motor Fuel from Biomass

Franz Fisher and Hans Tropsch starting investigating the transformation of syngas 
(CO + H2) into many common blends in 1923. The syngas made by the manufactur-
ing process for biomass may be converted into a sizable number of normal blends. 

Table 1 Physiological 
properties of biological oil

Physiological properties Content

Water content (wt%) 12–30
Carbon (wt%) 40.70–69.50
Hydrogen (wt%) 5.70–9.40
Oxygen (wt%) 19.45–50.30
Nitrogen (wt%) 0–9.80
Sulfur (wt%) 0–0.77
Ash (wt%) <0.25
pH 2.30–4.50
Viscosity (pa-s) 11.10–62.20 at 25°C
Density (g/mL) 0.95–1.20
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The procedure for changing the CO and H2 mix into watery invigorates or hydrocar-
bons over advanced metal stimuli creates Fisher-Tropsch oil (FT oil); fuel made by 
the Fischer-Tropsch synthesis (FTS) methodology is that it yields very high nuclear 
mass waxes, which need to be hydrocracked to give green diesel. The biggest draw-
back of the FTS methodology is that it yields very high nuclear mass waxes, which 
need to be hydrocracked to give green diesel. Some of the recent publications 
exhibit that the use of FT advancement for biomass change to artificial hydrocarbon 
could moreover be promising and carbon alternative different from conventional 
fuels. The biomass gasification produces syngas that contains the debased products 
of biomass, such as sugar (cellulose, hemicellulose) and lignin [33].

The method for biomass gasification of syngas is depicted in Fig. 1. Here, n is the 
typical length of the normal compound chain and m is the number of particles per 
carbon. All the reactions are exothermic. The result may be a mix of various hydro-
carbons, in which paraffin and olefins are principal segments. In FTS, 1 mol of CO 
reacts with 2 mol of H2 in the proximity of a stimulus to make a hydrocarbon chain. 
The –CH2– is the construction mass for the longer hydrocarbons. The products of 
FTS are mostly open-chain hydrocarbons. In addition, extended hydrocarbons and 
first alcohol is framed in a long time. The item dispersal obtained from FTS handle 
light regular compound gas (CH4), olefin (C2H4) and alkane (C2H5), LPG (C3–C4), 
fuel (C3), paraffin (C4), gas (C5–C12), diesel fuel (C13–C22), and wax (C23–C33). 
Some unrefined biomass contains trace contaminants such as NH3, H2S, HCl, 
buildup, and acid neutralizer. The scattering of products depends on the driving 
force and reaction limits such as temperature, weight, and length [45, 61].

Fig. 1 Process of biogas gasification for syngas
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4.1.6  Bioethanol Production from Lignin-Containing Biomass

Biological strategies are maintained by microorganisms and the enzymatic method-
ology for producing sugars from biomass such as lignocellulosic, starch, and cel-
lulosic. The sugars may later recuperate into alcohol and various solvents that are 
required for fuel and engineered products. Solid waste has been used to make gas 
through anaerobic preparations in digesters or swamps. The collective matter of 
plant materials from corn, sugarcane by biochemical means that has been recently 
commercially recognized. It is crucial to hydrolyze lignocellulose for biotic change 
[25–27]. Excellent element manufactured action of lignocellulosic biomass required 
some assessment and natural system work to increase the yield of alcohol. The 
modification from biomass feedstock’s to liquid fuels such as ethanol requires the 
level of central unit  activities identified with pretreatment, enzyme production, 
hydrolysis, fermentation, and ethanol recovery. Biomass to ethanol conversion has 
decreased cost requirements, improved saccharide and hemicellulose conversion to 
sugar, combined supermolecule and hexose development, less pretreatment require-
ments, alteration of lignin to worth added yields, and well-organized separation 
process for alcohol [25, 26].

Agrarian stores, forest development, and industrial food crops produce a great 
amount of sugar-containing lignocellulosic waste [46, 61]. This lignin-containing 
biomass has three fundamental parts: saccharide, hemicellulose, and lignin. 
Cellulose is a crystal-like hexose substance and hemicellulose is undefined poly-
mers of super molecule, arabinose, and mixture compound great polyaromatic mix-
tures. The change from lignocellulosic biomass to alcohol is progressively extreme 
for starch-based feedstocks. The conversion from lignocellulosic biomass to alcohol 
needs a three-step technique: pretreatment of biomass, acid or enzymatic hydroly-
sis and fermentation/refining. The pretreatment structures separate sugars and engi-
neered blends from the translucent saccharide [47, 61]. The process  of steam 
explosion is an important pre-processing for conversion of lignocellulosic biomass. 
Biomass samples are sited in a density vessel (i.e. digester) in this procedure and 
evaporated for a short period (20 s to 20 min) at a temperature of 473–543 K and 
high pressure of 14–16 bar using saturated steam. By opening the steam, the pres-
sure in the digester is formerly fast dropped and the material is exposed to normal 
atmospheric pressure to cause an explosion that fragments lignocellulosic biomass. 
Different machines are used for the steam impact. The eruption of steam reasons the 
wood hemicellulose and lignin to be decomposed and changed into portions of low 
molecular weight that can simply be removed. Most of the water soluble portion of 
hemicellulose can then be removed through enzymatic hydrolysis procedure by 
water removal down to glucose. At the same, a constituent of lignin’s low molecular 
weight portion is also removed. Xylose can be fermented into ethanol and it is likely 
to further procedure lignin for the treating of the other fuels. After pretreatment, the 
crystalline cellulose leftovers solid and ultimately breaks down to glucose by enzy-
matic hydrolysis. Glucose is additional fermented into alcohol and xylose is changed 
into the hemicellulose portion. The change of xylose to ethanol is a challenging 
method, so pretreatment is significant to decrease cellulose crystallinity to 
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minimalize the average polymerization of cellulose and hemicellulose-lignin sheath 
nearby the cellulose and to increase the enzyme’s available surface area to attack. To 
create an oxygenated one, ethanol can be mixed with gasoline. Low hydrocarbon 
fuels and greenhouse gas emissions, there is a rise in such aldehydes, which could 
cause health problems. Automobiles will run on 5% ethanol/gasoline mixtures with-
out alterations to engine equipment or configuration up to 25%.  The fuel properties 
of mixed gasoline and pure alcohol, big problem with engine processes fuel quality, 
volatility, octane number with alcohol mixed fuels are fuel quality, hot service, cold 
start and fuel consumption.

4.1.7  Biochemical Adaptations

Chemical Reaction

The necessary components of a chemical reaction are surface-to-volume ratio, acid 
concentration, time, and temperature. The surface-to-volume ratio is particularly 
important; therein, it also standardizes the amount of aldohexose. Therefore, smaller 
particle sizes result in more hydrolysis in amount and rate of reaction. A greater 
liquid-to-solid volume ratio results in a quicker reaction [48, 61].

Extraction of Solvent

Solvent removal includes numerous unit operations: removal of the oil from the oil 
seeds using hexane as solvent; solvent vaporization; oil-hexane mixture distillation 
(called miscella); and de-oiled meal toasting. Other solvents can be used in special 
cases; halogenated (mostly dichloromethane) solvents, acetone ethanol or isopropa-
nol. It is also likely to do supercritical extraction using carbon dioxide [7]. Removal 
refer to a phase in which the unwanted material was removed selectively from the 
raw materials by allowing the preferred material to be dissolved, finally extracted in 
the solvent [35, 36]. To remove a specific substance usually biomass removal and 
separation are also essential. The high molecular weight macromolecules like  poly-
saccharide, cellulose, the main metabolite is called hemicellulose and lig-
nin are found in biomass like wood, wheat straw, aromatic grasses, etc [37, 38]. The 
other small, next low biochemical molecules such as terpenoids, by volume and 
high value, secondary waxes, resins, sterols, and alkaloids are known as extractive 
biomass or metabolities. In the method of biorefinery, intially chemicals are 
extracted from biomass using solvents. 

Dewarte et al. [49] and Clark et al. [16] investigated straw-based biorefineries 
and high-value products such as waxes, polycosanol, and steroids using fundamen-
tal CO2. Fluid extraction can be used for sweet-smelling woods (cedarwood, sandal-
wood, pinewood) to isolate extractives. The removed lignocellulosic biomass can be 
used for engineered reactions and development for the production of biofuels. 
Dissolvables such as ethanol, (CH3)2CO, methanol, and water isolate the desired 
extractive from biomass [7, 61].
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Supercritical Water Conversion of Biomass

A critical fluid is a substance with temperature and pressure conditions that are 
higher than its vapor-liquid crossroads (e.g., 644 K and 22 MPa for water; 304 K 
and 7.4 MPa for greenhouse gas). In some circumstances, a water-like substance is 
neither fluid nor gas because it does not boil by decreasing the pressure at continu-
ous temperature and does not condense by cooling at constant pressure [50]. The 
supercritical fluid process of biomass to biochemicals is an alternative route to an 
acid or catalyst reaction of polysaccharide to sugars. With acid hydrolysis, acid 
recovery can be a pricey and polluting issue. Catalyst scarification requires pretreat-
ment of lignocellulosic biomass. Critical water will rapidly alter cellulose to sugar 
and converts biomass into a mix of oils, organic acids, alcohol, and alkane series. 
Close to the vital state (523–573 K), the acid (H+) and base (OH−) elements of 
water are separate and dissolve within the biomass. The dissolved critical water 
breaks the bonds of polysaccharide and hemicellulose apace to supply small sugar 
molecules, glucose, and carbohydrates [51, 52]. Such characteristics make super-
critical water very promising reaction medium without the use of any conversion 
catalyst biomass for added value items [53, 61].

5  Types of Biorefinery

5.1  Green Biorefinery

A green biorefinery is a system of multiple products that manages its cuts, goods, 
and fractions of refineries in compliance with the physiology of the corresponding 
material of the plant as defined by Kamm and Kamm [21] and Fernando et al. [12]. 
A natural biorefinery uses trademark wet feedstocks obtained from untreated items 
such as grass, fresh plants, or natural harvests. The plant treats the fresh biomass 
using wet-fractionation to obtain a fiber-rich press cake and an enhancement-rich 
solution. Cellulose, sugar, valuable dyes and pigments, crude medicines and other 
organics are included in the press cake, while protein, free amino acids, organic 
acids, colorants, enzymes, hormones, other organic substances and minerals are 
included in the green juice. The cake can also be used for fresh feed pellets, as an 
unrefined material for engineered products, as levulinic acid, and for changes to 
syngas and synthetic fills [61].

5.2  Forest and Lignocellulosic-Based Biorefinery

Lignocellulosic materials contain two types of polysaccharides, cellulose and hemi-
cellulose, and lignin. Lignocellulosic biomass (LCB) has three main components: 
(1) hemicellulose, a pentose sugar; (2) a polysaccharide that is an aldohexose com-
pound; and (3) a polymer that consists phenolic compounds [54]. LCB principally 
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uses strong plant materials obtained from mistakes or common waste. The material 
is isolated into its three parts (hemicellulose, cellulose, and lignin) by assimilation 
or a driving force reaction. Hemicellulose and polysaccharide are made by a solvent 
and sulfite (acidic, bisulfite, etc.). The sugar polymers (cellulose and hemicellulose) 
are restored through the reaction. Any hemicellulose contains extended chains of 
sugars, with five-carbon sugars (typically D-xylose and arabinose), six-carbon sug-
ars, and uronic acid. The reaction of the polysaccharide to aldohexose is completed 
either by desire technique or combination quantity that produces stable products 
such as ethyl alcohol, carboxylic acid, propanone [(CH3)2CO], and butanol. The 
hemicellulose and polysaccharide components have various usages. Some undesir-
able materials extend the LCB, such as the utilization of polymers as fuel. The 
polymer stage contains critical proportions of mono-fragrant hydrocarbons that 
may change the basic process. The final products include a wide range of sub-
stances, engineered solution, materials, and power sources. As such, five stages are 
proposed: sugar stage, thermochemical or syngas stage, biogas stage, carbon chains, 
and plant stock [61].

5.3  Aquatic or Algae-Based Biorefinery

Green development uses microorganisms that convert sunlight, water, and carbon 
dioxide to lipids or triacylglycerol. The lipids may include polar lipids, wax esters, 
sterols, hydrocarbons, and phenyl subordinates such as tocopherols, carotenoids, 
terpenes, quinones, and phenylated pyrrole auxiliaries (e.g., chlorophylls). Algae 
have high improvement rates and resistance to fluctuating biological conditions, 
with an ability to live and reproduce in high-saline water [6]. This characteristics 
has allowed algae to be used in slop treatment. In addition, they need high carbonic 
acid gas thorough and fixation, so they can be utilized to reduce CO2 release from 
power plants and different endeavors with high carbon dioxide surges [55]. Algae or 
cyanobacteria can be used in bioreactors to reduce carbonic acid emissions from 
power plants and as green development biomass for oil extraction and biodiesel 
creation. Green development uses unsaturated fats for the esterification of glycerol, 
mainly lipids with 5–20% of their dry cell weight (DCW). Unsaturated fats may 
have medium-chain (C10–C14), long-chain (C16–C18) or very-long-chain (C20) 
carboxylic acid auxiliaries.

Hydrocarbons and other lipids are found in algae at an aggregate of 5%. 
Bortyococcus braunii has large amounts (up to 80% DCW) of very-long-chain 
(C23–C20) hydrocarbons, much like those found in oil and investigated as feed-
stocks for biofuel and biomaterials. The oil substance of some alga species exceeds 
80% DWC [56]. Traditional oil crops such as soybean, rapeseed, and palm are com-
monly used in biodiesel. For example, palm oil yields approximately 6000 l of oil 
for each genuine quantity; however, microalgae yield approximately 58,700 l/ha of 
oil [57].
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Algae are attractive feedstocks (biofuels and biomaterials) for a biorefinery, for 
the following reasons:

 1. Alga consolidate and store large amounts of lipids/oil (20–50% DCW).
 2. They have high advancement rates (1–3 doublings/day).
 3. They thrive in high-saline water.
 4. Algae live in unusual locations (e.g., deserts, dry and semi-dry land) that do not 

have all the characteristics of being suitable for standard cultivation.
 5. Develop growth supplements like atomic number 7 and phosphorus from the sort 

of wastewater hotspots (for instance Agrarian getaway, mechanical and metro-
politan wastewater).

 6. They can isolate carbonic acid from gases emitted from power plants and other 
sources.

 7. They have valuable co-products (e.g., biopolymers, proteins, polysaccharides, 
hues, animal feed, excrement, and H2).

 8. Algae can be grown in a culture vessel (photo bioreactor) for biomass cre-
ation [61].

5.4  Integrated Biorefinery

The previously described biorefinery types are reliant on one change expansion to 
able mixed manufactured blends. Certain process expansions can be combined to 
allow more flexibility, such as thermochemical, sugar, and non-stage or current pro-
gresses an area unit assisted. Accessory in treatment facilitated biorefinery produces 
changed stock, that grip power made from thermochemical and bioproducts from 
the mixture of sugar and particular current change growth stages. A new concept in 
the biorefinery field is a change of bio-oil, an item from the biomass trans-change 
that can be coordinated by methods for common endeavors to include other syn-
thetic materials [53]. The advantage of this approach is having one significant sys-
tem for the allotment and purifying of an item made sector unit starting at set up. 
This idea is attractive because most oil treatment plants can manage variable feed-
stocks with the reservation that no two clusters of non-sustainable power source 
region unit an equal. Bio-oil properties vary with the feedstock; for example, woody 
biomass has a combination of water, phenolics, two hundredth aldehydes and 
ketones, alcohols, and 100% spontaneous mixtures [58]. A method called hydrode-
oxygenation can convert the bio-oil into a solution with similar properties as the oil 
subordinate. The deoxygenated bio-oils can be refined in existing oil treatment 
plants with only minor changes using a hydrodesulfurization technique [59, 61].
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6  Environmental Issues: Impact of Biomass Process

Biomass processes should limit waste creation and essentialness usage and to lightly 
in the stock in uncommon returns. Currently, some techniques do not achieve these 
objectives. For example, the production of biodiesel by the transesterification of 
vegetable oils with liquid base catalysts is not an ideal method because of the result-
ing pollution and waste. This system was introduced for different biofuels in west-
ern countries to decrease their oil dependency. Moreover, biofuels are attractive 
because of their potential to reduce the level of greenhouses gas emissions. However, 
the ECU Commission (see JRC/EUCAR/CONCAWE report [60]) reported that 
GHG emission reductions depend on the raw materials, the manufacturing process, 
and, as such, the resulting byproducts. The initial decline attributed to the introduc-
tion of first-generation biofuels was discussed in a report by Crutzen et al. A United 
Nations office showed that food crops developed with nitrogen-containing fertiliz-
ers discharged N2O at levels 300 times that of carbon dioxide, thus negating the 
advantages of carbon dioxide reduction [34].

Thus, biofuels are not CO2-neutral, and observing on the emerging apply here 
could moreover be no benefit in any respect for lessening initial surge transmis-
sions. The impact of monoculture applies to reasonable variety and land use in mak-
ing countries was conjointly assessed. It has been suggested that any new biomass 
manufacturing process for biofuels or bioproducts should undergo a life-cycle 
assessment (LCA). Quantitative LCA is confounded on account of the whole stock 
required and possible excellence in effect assessment. LCA should be applied as a 
decision-making tool prior to implementation and can be valuable even at the explo-
ration stage [62].

7  Conclusions

The chapter discussed first-generation and second-generation biofuel, the construc-
tion of biorefineries, the different types of biorefineries, and associated technical 
challenges. However, increasing concerns about the production of biofuels in terms 
of their impact on food costs and also the situation has connection to associate 
degree increasingly unsafe within recent years. The unfortunate result is that biofuel 
is beginning to generate resistance, notably in poor countries with environmental 
agendas. The replacement of fossil fuels will occur despite these concerns, but the 
negative effects of manufacturing biofuels from food should be avoided.

Lignocellulosic-derived fuels have the shortest production time (i.e., second- 
generation biofuels). However, the immediate use of first-generation biofuels 
involves provisional changes to use the biofuels. A commitment to biofuels can help 
the transition to second-generation biofuels be more economically beneficial. 
However, the technology to use these replacement fuels is still being developed. 
Biorefineries for lignocellulosic-derived fuels will be able to access a far wider 
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variety of feedstocks, as well as forest biomass. Therefore, an integrated manufac-
turing method is desirable. The reactor and catalyst should enhance the effective-
ness of the various processes used for bioproducts and biofuel production in a 
typical biorefinery system.

A main objective of a biorefinery is to provide multiple produce misuse combi-
nations of technologies. Furthermore, chemistry knowledge is required for the man-
ufacturing of bio-based products and biorefinery systems and to implement a 
combination for the biotechnological and chemical conversion of drugs. These 
competencies are mainly found in large government or industrial centers. 
Researchers must be aware of the economic, environmental, social, and moral 
aspects of this field. Clearly, research and development should be centered on 
renewable materials that do not compete with food and land use—notably in a way 
that biofuel production considers. A variety of processes should be developed to 
address the value, usefulness, and purity of the feedstocks.
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Abstract Water is the most essential life form on earth and a prerequisite for 
human survival. Due to manifold anthropogenic and industrial activities, volumi-
nous discharge of diverse organic and inorganic pollutants has blown up into the 
water bodies. Organic pollutants, in particular, have a major contribution to the 
degradation of water quality on a vast scale. There is an exigent need for the abate-
ment of these organic contaminants from water and wastewater. There are many 
conventional techniques of wastewater treatment including sedimentation, filtra-
tion, adsorption, reverse osmosis, ion exchange, coagulation and flocculation, and 
Fenton process. Photocatalysis is a highly efficient technique for the degradation of 
organic contaminants from water and wastewater. Several semiconducting materials 
have been used as photocatalysts, including ZnO, WO3, TiO2, Fe2O3, and ZnS, for 
the photocatalytic decomposition of multifarious organic pollutants. These semi-
conducting materials are highly beneficial for their application in the photocatalytic 
treatment of wastewater due to their favorable properties. They have favorable elec-
tronic structure, excellent charge transfer properties, a long lifetime in the excited 
state, high stability, low cost, and strong capability to absorb light. However, due to 
the wide gap, their application is limited to ultraviolet region with only 5% of the 
total spectrum of available solar light. So, modified metal oxide-based photocata-
lysts have been employed for the effective utilization of a wide visible spectrum of 
light. To modify and enhance the efficacy of these catalysts, various methodologies 
such as nano-structuring, metal doping, and genesis of nanocomposites have been 
engineered. These modified nanostructured photocatalysts provide an effective 
treatment potential to degrade organic water pollutants. This chapter outlines the 
potential and efficacy of metal oxide and modified metal oxide-based photocatalysts 
for the treatment of contaminants from water and wastewater.
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1  Introduction

Water happens to be the most vital and essential natural commodity for the survival 
of different forms of life on earth. However, providing access to clean and safe 
drinking water for everyone has become a daunting task globally [1, 2]. According 
to an annual report by WHO published in 2018, around two billion people were 
forced to consume water that is contaminated with fecal material, while 4.5 billion 
had access to poor sanitation systems [3]. It is estimated by the United Nations that 
around 1.7 million or nearly 3.1% of worldwide deaths every year are due to the 
consumption of contaminated water [4]. Globally, more than one-fifth of children 
die from water-related diseases such as diarrhea under 5 years of age, and about 
4500 children get demised every day due to diarrhea [5]. The scarcity of safe drink-
ing water is attributed to the competing and selfish needs of the rapidly growing 
population which have been overrun by water supplies. It is expected that this issue 
will become even more serious as the population increases by around two billion by 
the year 2050 [6]. Besides the increasing population, the rapid release of harmful 
chemicals by industrialization and anthropogenic activities into the water also have 
an equal contribution to the scarcity of water. On average, about two million tons of 
waste including agricultural, sewage, and industrial waste is released into water 
bodies daily [7, 8]. This dumping of waste leads to the introduction of inorganic, 
organic, radioactive, and biological pollutants into the water bodies and causes a 
massive deterioration in the quality of water. Among all these pollutants, organic 
pollutants, in particular, pose a serious threat to society because they have been 
widely used in textile, agricultural, and pharmaceutical and other chemical indus-
tries. Various types of organic pollutants, such as polychlorinated biphenyls (PCBs), 
dyes, phenolic compounds, pharmaceutical drugs, cosmetics, polycyclic aromatic 
hydrocarbons (PAHs), pesticides, and herbicides, have detrimental effects on human 
health such as cancer, disturbance in the endocrine system, obesity, and reproduc-
tive system disorders [9–12]. The effects of these pollutants are not just limited to 
human health, but entire ecosystems have been disrupted by these pollutants. Marine 
life, in particular, has been the worst affected with around 50% of the fish species 
and one-third of the amphibian population reportedly extinct [13]. The removal of 
organic contaminants from water/wastewater is necessary because of their consis-
tent and tremendously increasing occurrence in water in the present time. They are 
ubiquitous due to their semi-volatility, meager hydrophilicity, toxicity, bioaccumu-
lation, and non-biodegradability under ambient conditions [12, 14]. Due to the det-
rimental effects of organic pollutants on all living organisms and the environment, 
it becomes necessary to remove them from water/wastewater so that the treated 
water can be efficiently reused for the world’s sustainable and economic growth. 
The problem of shortage of water can be overcome by developing suitable methods 
and materials which are economic, reliable, and efficient and that can meet the high 
environmental standards. The conventional water purification techniques like floc-
culation, activated sludge, biological trickling filters, chlorination, ozonation, filtra-
tion, precipitation, sedimentation, coagulation, adsorption, oxidation, distillation, 
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reverse osmosis, etc. had been employed to remove organic pollutants from water/
wastewater, but these methods have some limitations also. These techniques are not 
sufficient individually to remove a wide spectrum of organic pollutants since most 
of them are not capable to remove microbes that cause diseases like cholera, typhoid, 
etc. Also, some of these techniques can only transform the phase of the pollutants 
and/or lead to the generation of secondary pollution that needs further treatment 
[15, 16]. Recently, semiconductor photocatalysis has emerged as the most effective 
technique for the degradation of organic impurities from water/wastewater. This 
technique is simple, is economical, and can completely mineralize the organic con-
taminants to non-toxic compounds such as CO2 and H2O without the formation of 
secondary pollutants. The most important and unique features of photocatalysis are 
usage of solar irradiation, the most abundant source of light, and its conversion into 
chemical energy for its use for the treatment of water contaminants [17–19]. Several 
semiconducting materials had been utilized for photocatalytic decomposition of 
organic impurities. Among them, metal oxides such as TiO2, ZnS, and ZnO are the 
most widely used traditional heterogeneous photocatalysts for organic wastewater 
treatment. They have excellent properties such as good stability, an efficient capa-
bility to absorb light, complimentary electronic structure, charge transfer properties, 
and lifetime in the excited state. However, these catalysts suffer from one major 
limitation that they have a wide bandgap, so they can utilize the ultraviolet region of 
electromagnetic spectrum only [20–27]. Since metal oxides have some inherent 
limitations, physical or chemical modifications in their structure are required to 
enhance their photocatalytic activity. These modifications or changes in metal oxide 
catalysts include imparting nanostructure to these materials, doping, and formation 
of composites with other materials [28–30]. Nanostructure engineering involves 
reducing the size of the catalyst to a nanoscale, which ultimately changes the mate-
rial properties tremendously. One major advantage of both the nanostructured mate-
rials is excellent recyclability and the ability to regenerate for several cycles [31, 
32]. Similarly, the formation of composites and doping methods have also been 
reported to enhance some properties such as to broaden the light absorption spec-
trum, reduced recombination of charge carriers, reduced bandgap energy, and high 
specific surface area [33–36]. Although photocatalysis has emerged as an economi-
cal and environmentally friendly sustainable technology, it is yet to fulfill the 
requirements of the industry. The development of a perfect photocatalyst possessing 
outstanding photocatalytic efficiency, large surface area, the ability to completely 
utilize sunlight, and superior recyclability remains, by far, the biggest challenge on 
the path to its commercialization.

The current chapter aims to describe the overview about the most basic princi-
ples of photocatalysis and the role and application of traditional photocatalysts such 
as metal oxide catalysts in the removal of harmful organic contaminants from water. 
This chapter also includes discussion on methods to enhance photocatalytic effi-
ciencies such as nanostructure engineering, the addition of external materials or 
doping, and the formation of composites, and finally, the chapter concludes with 
potential prospects in the area of photocatalysis.

Nanostructured Photocatalysts for Degradation of Environmental Pollutants



826

2  Scope of Photocatalysis for the Degradation 
of Organic Pollutants

The removal of toxic, burgeoning, and recalcitrant organic pollutants from water 
has now become an imperative task. Organic pollutants are the pollutants that have 
the potential to persist for a prolonged time, are produced extensively by industries, 
have high stability at ambient temperatures and in sunlight, and have a strong resis-
tance to degradation. They have great adverse implications on the human and ani-
mal’s health, aquatic species, other living beings, and the environment. They can 
cause cancer, reproductive system disorder, and disturbance in the immune system, 
affect the growth of children, and cause mutagenic and carcinogenic effects on 
human health [12, 14, 37]. As a result, the immediate development of an ideal and 
most reliable treatment method has become an essential need for society at present. 
To date, many physico-chemical and biological techniques have been explored for 
the decomposition of organic pollutants from water/wastewater as shown in Fig. 1.

The most commonly used methods are coagulation-flocculation, activated sludge 
process, membrane process, ozonation, biological treatment, filtration, reverse 
osmosis, ion exchange, Fenton process, adsorption, and photocatalysis [15, 16]. 
However, the coagulation-flocculation process is only effective in removing turbid-
ity and color and is unable to remove organic/inorganic pollutants, dissolved impu-
rities, and heavy metals [38]. The activated sludge process has its own sets of 
limitations such as the formation of loose flocs, high operating costs, sludge expan-
sion, and poor effluent quality [39]. The ozonation process is often used for water 
disinfection, but it leads to the formation of carcinogenic bromates as byproducts in 
the treated water and is also an expensive process [40]. Biological treatment is not 
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effective in eliminating high concentration pollutants, requires a high level of oxy-
gen and qualified operators, and is unable to remove certain organic pollutants that 
are resistant to biological degradation [41]. The filtration process can efficiently 
remove pathogens and turbidity adequately, but has poor response towards the 
removal of organic materials and also causes the formation of excess amount of 
disinfection byproducts when chemical disinfectants are added [42]. Membrane 
processes such as reverse osmosis suffer from the limitation of clogging of pores by 
the pollutants which makes them inefficient in removing contaminates after a short 
time. They also produce fouling odor caused by the scaling of colloidal, particulate, 
organic, and biological pollutants [40]. In the ion-exchange method, the majority of 
the resins get polluted in the presence of organic materials [43]. The Fenton process 
produces iron sludge that causes secondary pollution, is an expensive process, 
requires a narrow working pH range, and includes risks of handling, storage, and 
transportation of reagents [44]. The adsorption technique is the most widely 
employed and efficient method for wastewater treatment, but this process has also 
some major drawbacks like high cost, small capacity, and unsuitable for large-scale 
applications [45]. Moreover, all these abovementioned methods are not easy to use, 
i.e., need additional equipments/resins, and are not economic and environmentally 
friendly as they are only capable of transferring the phase of pollutants from one 
phase to another. These methods may also produce secondary pollutants that need 
further treatment and therefore increase the cost of the treatment process [15, 16]. 
Therefore, we need a method that can meet the essential requirements such as envi-
ronmentally benign, have a low cost, capable to completely mineralize the parent as 
well as intermediate pollutants, flexible, highly efficient, and possessing high recy-
cling capacity. Until now, semiconductor-based photocatalysis played an important 
part in the advanced oxidation processes (AOPs). It is the most reliable and promis-
ing approach that can meet all the abovementioned requirements for the decontami-
nation of organic pollutants from water/wastewater [15–19]. The number of 
publications on environmental remediation using photocatalysis technique has 
increased productively over the last 16 years. The number of publications was found 
to have increased ten times in 2002 as compared to 2001, and more than 6000 pub-
lications were published during 2017 [46]. Also, the number of publications on 
photocatalysis displayed a significant increase from 2000 to 2019 as shown in 
Fig. 2 [47].

2.1  Photocatalysis

It is defined as the chemical reaction involving a catalyst which accelerates the reac-
tion rate, utilizing the solar spectrum. The phenomenon of photocatalysis was ini-
tially discovered by the scientists Fujishima and Honda in 1972 during their 
experiment on splitting of water on TiO2 electrode [48]. Since then, extensive study 
and research have been carried out by the scientists for understanding the basic 
mechanism and parameters affecting photocatalysis so that this technique may be 
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applied to water/wastewater treatment applications. Photocatalysis technique can be 
categorized into two categories: (1) homogeneous and (2) heterogeneous photoca-
talysis. During the process of homogeneous photocatalysis, all reagents and photo-
catalysts are present in the same phase. Commonly utilized catalysts in this process 
are transition metal complexes, e.g., iron, chromium, and copper. However, during 
heterogeneous photocatalysis, all reagents and photocatalysts tend to present in dif-
ferent phases. The process includes semiconducting materials like TiO2, ZnO, SnO2, 
etc. However, due to the outstanding properties of the semiconducting materials 
used in the latter process, it has gained huge attention compared to the former. These 
materials have exceptional properties such as suitable electronic structure, excellent 
stability, high absorption coefficients, high ability to generate charge carriers when 
the light of suitable energy falls on them, biocompatibility, high charge transfer 
properties, and excited lifetimes of metal oxides. Also, heterogeneous photocataly-
sis proves to be highly efficient in degrading distinct organic impurities to biode-
gradable intermediates and also mineralizing them completely to non-toxic carbon 
dioxide and water molecules by undergoing a suitable photocatalytic mechanism 
[49–51].

2.1.1  Mechanism of Heterogeneous Photocatalysis

Heterogeneous photocatalytic mechanism incorporates the following basic steps:

 1. The electrons from the valence band (VB) of the semiconductor material get 
transferred to the conduction band (CB) when the light of suitable energy (i.e., 
equal to or more than the bandgap energy) is incident on the surface of 
semiconductor.

Fig. 2 Histogram of the number of publications on photocatalysis (blue bars) and on photocataly-
sis with TiO2 and C3N4 (gray and yellow bars, respectively) from 2000 to 2019 (Data source: 
Scopus March 12, 2020) (Reproduced from Melchionna et al. 2020 [47])
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 2. Holes that are generated in valence band (VB) after the transfer of electrons 
participate in the oxidation of donor molecules and generate hydroxyl (OH·) 
radicals after reaction with water.

 3. The electrons in the conduction band (CB) can react with species of the dis-
solved oxygen to form superoxide ions. Redox reactions are induced by these 
electrons followed by successive reduction and oxidation reactions that occur 
between any species that might have been adsorbed on semiconductor surface. 
The mechanism of semiconductor photocatalysis is shown by the following 
schematic, i.e., in Fig. 3.

The formation of radicals is initiated by a series of steps as shown below:

• TiO2 + hv → e−(conduction band) + h+(valence band.).

• O e O.2 2+ →− −.

• .O H O HO.
2 2 2
− + → .

• H2O/OH− + h+ → HO..

• · /· / ·O O H OH organic pollutants CO H O2 2 2 2
− + → + .

The generated OH and O. .
2
− ions play a major role to degrade organic pollutants. 

Firstly, the pollutants are transferred from the bulk liquid phase (BLP) to the surface 
of catalyst. Secondly, the surface of the photon-activated photocatalyst is used for 
adsorbing the impurities on its surface, followed by generation of OH and O. .

2
− radi-

cals which will further degrade the impurities to non-toxic mineralized products, 
e.g., CO2 and H2O. Finally, the intermediates or the final products formed during the 

Fig. 3 Photo-induced formation mechanism of electron-hole pair in a semiconductor TiO2 particle 
with the presence of water pollutant (P) (Reproduced from Chong et al. 2010 [54])
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reaction are desorbed from the catalyst surface and transferred to the bulk liquid 
phase (BLP) [52–54].

Various catalysts had been discussed in literature by researchers for the degrada-
tion of organic contaminants, but only a few of them, which are highly efficient due 
to their characteristic properties, e.g., metal oxides and their composites, will be 
discussed in the present chapter to fully understand the potential, applications, and 
merits of these photocatalytic materials in water/wastewater treatment.

3  Metal Oxide-Based Photocatalysts for the Treatment 
of Organic Pollutants

To date, a wide variety of photocatalysts have been reported for the treatment of 
organic species from water/wastewater. Photocatalysts are core of the photocataly-
sis technique; therefore, the design of an ideal photocatalyst is an essential task. An 
excellent photocatalyst is one that possesses a remarkable ability to harness visible 
or UV light coupled with high photocatalytic efficiency and stability towards photo- 
corrosion. In addition to these properties, it also needs to possess biological and 
chemical inertness, has a low cost, and should be environmentally benign [55, 56]. 
During the last years, major research has been centered on semiconducting materi-
als like metal oxides to treat wastewater possessing harmful organic impurities. 
Metal oxide photocatalysts like TiO2, ZrO2, ZnO, SnO2, WO3, Fe2O3, CeO2, etc. 
have shown tremendous potential in photocatalysis due to their exceptional charac-
teristics like diverse morphology, composition, structure, and size. Thanks to the 
electronic structure of these catalysts, due to which they can serve as sensors for 
light-induced redox processes, absorption of the light by semiconducting materials 
causes the charge transfer process due to the formation of holes that can oxidize the 
organic species [51, 57]. TiO2 and ZnO are, by far, two of the most extensively stud-
ied metal oxide semiconducting materials [58–63]. Additionally, Fe2O3, SnO2, and 
WO3 are also the commonly used catalysts used for the treatment of organic 
impurities.

3.1  Discovery of TiO2 as a Photocatalyst

TiO2 is a metal oxide that occurs naturally and can be easily obtained from a mineral 
called ilmenite which is a titanium iron oxide mineral [64]. It can exist in three 
polymorphic forms: (a) anatase, (b) rutile, and (c) brookite [65]. Rutile happens to 
be the most commonly utilized and stable type of TiO2 utilized at high temperatures; 
however, anatase form is only stable at low temperatures. Brookite form is in- 
between phase formed during anatase-to-rutile phase transformation. This form is 
metastable, is uncommon, and rarely exists [64, 65]. The ability of TiO2 to exist and 
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to get converted in various physical forms such as powdered TiO2, dispersed col-
loidal particles in water, thin films, nanoparticles, nanorods, etc. underlines their 
possible applications in TiO2 photocatalytic technology [64].

The groundbreaking work of Fujishima and Honda initially unfolded titania 
(TiO2)-based photocatalysis, sometimes quoted as “Honda-Fujishima effect.” After 
that, numerous efforts to explore the photocatalytic properties of TiO2 have been 
made. An early attempt on photocatalysis using an aqueous suspension of TiO2 was 
initiated by scientists Frank and Bard during the year 1977 for the photo-oxidation 
of CN− and SO3

2− ions under sunlight [66]. A report displaying the ability of titania 
(TiO2) to reduce CO2 under visible light further drew the attraction of the research-
ers towards titania photocatalysts [67]. Since the 1980s, the photocatalytic decom-
position of various harmful aqueous and air pollutants using powdered TiO2 has 
become the subject of extensive research [68].

3.1.1  Photocatalytic Properties of TiO2

TiO2 basically is an n-type semiconductor material with an energy bandgap value 
ranging from 3.0 to 3.2 eV, the bandgap being low as compared to ZnO and tin 
oxide (SnO2) which happens to be 3.35 eV and 3.6 eV, respectively (at about 400 nm 
wavelength). Thus, light having wavelength less than 400 nm will be required to 
initiate a photo-reaction using TiO2 [69–71]. TiO2, however, possesses remarkably 
high thermal and chemical stability coupled with its strong UV light absorption 
capacity that allows it to perform effectively in the degradation of organic pollut-
ants. A strong oxidizing ability, high stability in any pH, hydrophilicity, environ-
mental friendliness, ease of preparation, and high pigmentary properties are some of 
the other properties that make TiO2 a great photocatalytic material [67–72]. The 
ability to yield results over a range of pH values is in stark comparison to ZnO, 
another widely used photocatalytic material, which can easily undergo corrosion in 
the acidic medium [72]. An important feature of TiO2 is that the holes in the VB bear 
more oxidation potential as compared to electrons of CB. Also, the oxidation poten-
tial of VB holes is higher than the normal hydrogen electrode potential (NHE). 
Furthermore, the conduction band energy (CBE) possessed by TiO2 catalyst remains 
higher than the reduction potential of oxygen, O2 (a predominant electron acceptor), 
which induces electrons to move towards the conduction band to O2 which results 
in the absolute mineralization of organic pollutants to H2O and CO2 [73]. Most of 
the photocatalytic chemical reactions involve water, air, pollutant, and photocata-
lyst. In terms of photocatalytic activity, anatase type of TiO2 happens to be more 
efficient than rutile type because the former has an indirect bandgap as compared to 
the latter, which has a direct bandgap. As a result, anatase has a longer life, which 
drives the energetic separation of e−/h+ (electron-hole) pairs and inhibits the recom-
bination [74, 75]. Also, position of CB of the anatase phase is such that it can drive 
more efficient conjugate reactions of electrons [76]. Other approaches, including 
the combination of rutile-type and anatase-type phases, have been employed to 
enhance the photocatalytic effect of TiO2 as the e−/h+ recombination rate gets 
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declines in composite [77, 78]. As the edge of anatase CB is reported to exceed the 
rutile phase by a bandgap of 0.2 eV which makes the transfer of electrons smooth 
[79], this results in the jump of anatase electron to rutile phase, hence reducing e−/
h+ recombination rates and evolution of holes on anatase site [80, 81]. Degussa type 
P25 TiO2, containing 75% of anatase, and of 25% rutile part, is one such combina-
tion of the two phases of TiO2 that is well known and has been commonly used 
commercial catalyst [77]. The photocatalytic efficiency of the TiO2 greatly relates to 
charge carriers and surface densities of charge carriers. The e−/h+ pairs take a few 
femtoseconds (fs) to generate. Then within some picoseconds (ps) or nanoseconds 
(ns), charge carriers that have been induced by light can be trapped [82]. The elec-
tron and hole can be recombined in a few tens of nanoseconds [83].

Various TiO2 photocatalysts got reported for studies related to decomposition of 
toxic organic pollutants present in aqueous medium. For example, TiO2 Degussa 
P-25 was utilized in photodegradation of cationic dye malachite green (MG) under 
UV light. The as-prepared photocatalyst displayed 99.9% degradation of MG which 
was observed to decrease with decreasing pH. At low pH, the structure of MG dye 
got cleaved and so the dye adsorbed with difficulty at surface of the TiO2, hence 
producing slow degradation efficiency. Under high pH, several intermediates were 
formed, and the dye got adsorbed at TiO2 surface easily, the degradation rate being 
higher at high pH. Also, rate of degradation of MG dye was found to decrease with 
increasing catalyst concentration. This is because, at high concentrations of 
0.5 g L−1, less active sites got induced by aggregation of TiO2 particles [84]. The 
influence of the pH value during photocatalytic treatment of MG using TiO2 is dis-
played in Fig. 4.

The photocatalytic degradation of two dyes, i.e., acridine orange and ethidium 
bromide, under UV irradiation was also performed by using TiO2 suspensions. It 
has been found that acridine orange was decomposed completely in 75 min, while 
ethidium bromide has undergone complete decomposition in 195 min. Further, the 
comparison of TiO2 types like Degussa P25, Hombikat UV100, and PC500 was also 
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investigated. Degussa P25 was found to display maximum photocatalytic efficiency 
among the three types. Also, the photocatalytic capability enhanced with enhanced 
catalyst concentration, but after a particular concentration called optimum concen-
tration, the reverse trend was observed, i.e., efficiency photocatalytic declined. This 
is because, beyond optimum concentration, the TiO2 particles would start aggregat-
ing resulting in less active sites at surface of TiO2 [85]. Yang et al. utilized Degussa 
P25 TiO2 as a photocatalyst to degrade paracetamol utilizing UV light. Various 
important factors such as the effect of UV light, initial drug concentration, catalyst 
dose, pH, oxygen concentration in solution, and intensity of light were explored to 
determine the optimal set of conditions. Degradation of paracetamol utilizing UV A 
(365  nm) light was found to be negligible, while significant degradation was 
observed under UV C (254 nm) irradiation. The degradation rate enhanced with an 
increase in the intensity of light and oxygen concentration. Amount of drug degraded 
initially enhanced with an enhancement in catalyst dose but decreased when the 
loading was further increased. There was a slow rise in the drug degradation rate as 
the pH was raised from 3.5 to 9.5, and a further enhancement in solution pH beyond 
9.5 led to a significant fall in degradation rate. Under the optimized conditions, 
more than 95% of the drug was degraded within 80 min [86]. Ohko et al. studied the 
photocatalytic treatment of bisphenol A employing commercially available anatase 
TiO2 using UV irradiation. It was found that the adsorption isotherm of bisphenol A 
followed a Langmuir model and only 4% of the initial pollutant in the solution was 
adsorbed at surface of photocatalyst till 12 h. Nearly all of the bisphenol A present 
initially was degraded by the photocatalyst in a time period of 15 h, the degradation 
process being following the first-order-type kinetics. Another thing observed was 
the formation of intermediates during the early stages of photocatalytic degradation, 
and these intermediates were found to have been completely converted to CO2 in 
20 h under UV light irradiation [87].

3.2  ZnO and Its Advantages

ZnO has emerged as an equally good alternative to TiO2 catalyst for treating organic 
impurities owing to its marvelous properties such as similar bandgap energy as that 
of TiO2. Additionally, it is identical to TiO2 in the dynamics of charge carriers upon 
excitation, as well as formation of the reactive oxygen atoms when suspended in the 
aqueous medium. The reasons behind its utilization as a photocatalyst include high 
photosensitivity, high redox potential, high thermal and mechanical stability, aniso-
tropic growth, and ease of crystallization. Also, its low production costs, availability 
in nature in abundance, synthesis versatility with hierarchical morphology, and 
large bandgap make it hugely popular in photocatalysis [88].

The electron mobility of ZnO is in the range of 200–300 cm2 V−1 s−1, and the 
lifetime of generated e−(electron) is greater than 10  s. This makes ZnO having 
reduced electrical resistance, thus promoting the transfer of electrons with high 
speed [89, 90]. Also, the valence band possessed by ZnO is located below the valence 
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band of TiO2, so hydroxyl radicals generated by ZnO will have enhanced oxidation 
potential (+3.06 V) when compared to TiO2 (+2.7 V). While electrons generated 
from CB of ZnO are found to be more negative than TiO2 (+2.7 V), the edges of CB 
of both the catalysts are believed to be located at the same position at the neutral 
condition of pH (−0.5 V vs. NHE) [91, 92]. Additionally, ZnO has high absorption 
efficiency over a broad spectrum of solar light than TiO2. Fenoll et al. in their study 
investigated the photocatalytic effectiveness of ZnO and TiO2 in degrading the fun-
gicides in leaching water employing solar light [93]. Comparative study of both ZnO 
and TiO2 for the treatment of cyprodinil and fludioxonil fungicides is shown in Fig. 5.

They found that the ZnO was more efficient than TiO2 because of its non- 
stoichiometry. The photocatalytic activity was also examined for both ZnO catalyst and 
P25 TiO2 catalyst for the treatment of acid brown 14. ZnO showed higher degradation 
when compared with TiO2 due to the absorption of more quanta of light [94]. Also, the 
performance of ZnO catalyst was matched with TiO2 for photocatalytic degradation of 
terephthalic acid (TPA) from wastewater using UV light. The degradation rate of TPA 
using ZnO was much faster than utilizing P25 TiO2 under optimized conditions [95]. 
Furthermore, the degradation efficiencies of ZnO catalyst and P25 TiO2 catalyst were 
calculated to ascertain decomposition of estrone in aqueous medium using artificial 
ultraviolet (UVA) and solar irradiation. Under UVA irradiation, ZnO exhibited a three 
times more degradation rate as compared to P25 TiO2, whereas under solar irradiation 
ZnO showed 2.7 times more degradation efficiency when compared to results obtained 
utilizing UVA irradiation [96]. ZnO was also found to be more capable than TiO2 in 
degrading congo red azo dye [97]. Also, it was reported that ZnO displayed better pho-
tocatalytic activity for degrading the methylene blue (MB) dye than TiO2 [98].

3.2.1  Significance of ZnO in the Efficient Removal of Organic Pollutants

The prominent feature of ZnO is that its photocatalytic reactions can be best per-
formed at conditions of neutral pH. Furthermore, its emission properties render it to 
perform effectively in removing the pollutants from the environment [89, 99, 100], 
thus allowing the transfer of charge carriers generated by light to the surface in high 
concentration, which further contributes to the efficient removal of pollutants. Also, 
ZnO can absorb a significant fraction of quanta of light from a UV spectrum render-
ing it to perform better in wastewater treatment applications [101]. Moreover, ZnO 
scatters the light seldomly because of its smaller refractive index (RI = 2.0) as com-
pared to TiO2 catalyst (RI = 2.5–2.7), which results in boosting the transparency of 
ZnO [89]. The unique bending of the ZnO surface band in an upward direction in 
the air indicates that E (electric field strength) which is directed from the inner sur-
face to the outer surface promotes the movement of electrons from the surface to the 
bulk. The holes move from the bulk to the surface, thus facilitating the adequate 
separation of e− and holes [99]. Furthermore, immense binding energy of excitons 
(60 meV) and the defects like oxygen and zinc interstitials, vacancies, and hydroxyl 
and superoxide ions also enhance the photocatalytic capability of ZnO [101]. ZnO 
exhibits high photocatalytic capability than TiO2 for treating organic impurities [93, 
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94, 102–106]. Degradation of insecticide diazinon from water under UV irradiation 
by using ZnO nanocrystals was also reported [107]. ZnO nanocrystals were synthe-
sized by precipitation and calcination method, and maximum degradation rate was 
achieved with ZnO crystals of mean size of 14  nm. Around 80% of diazinon 
degraded within 80 min, and the degradation rate was excellent and more than the 
commercial ZnO catalyst. The enhanced photocatalytic efficiency of the prepared 
ZnO nanocrystals was due to the reduced size of nanocrystals from 33 to 14 nm 
[107]. El-Kemary et al. prepared nanostructured ZnO photocatalyst using chemical 
precipitation method for the treatment of ciprofloxacin (CF) using UV irradiation. 
The amount of drug degraded enhanced with enhancement in the solution pH in the 
range 4–10, with maximum degradation of 48% when the pH was 10. Higher deg-
radation efficiencies under basic conditions were ascribed to the formation of 
hydroxyl ions which possess high oxidation capability. The degradation of drug 
followed the pseudo-first-order-type reaction kinetics [108]. The absorption spectra 
and the pseudo-first-order-type kinetics of CF are shown in Fig. 6.

The degradation of phenol was reported using commercially available ZnO under 
ultraviolet (UV), ultrasound (US), and a combination of UV and US irradiation. 
Sonophotocatalytic treatment of phenol was much more effective as compared to 
either photocatalytic or sonocatalytic degradation of the pollutant. Acidic pH and 
lower reaction volumes were observed to favor sonophotocatalytic degradation of phe-
nol, with 85% of it getting degraded within 120  min. Phenol degradation process 
exhibited variable kinetics that depend on the pollutant concentration, and presence of 
anions such as chloride and sulfate could lead to a significant reduction in the amount 
of drug degraded [109]. ZnO photocatalysts bearing variable molar ratios of oxalic 
acid to zinc acetate precursors were prepared using sol-gel technique. The synthesized 
ZnO photocatalysts were explored for the treatment of dyes, e.g., congo red, direct 
black 38, and methyl orange, employing UV light from aqueous medium. ZnO sam-
pled synthesized with precursor materials in the ratio 4:1 and further calcined at 400 °C 
exhibited high activity. Acidic conditions were determined to be the most favorable for 
the treatment of dyes; rates of removal of dyes were found to increase as the photocata-
lyst dose was increased and declined with enhancement of dye concentration. The 
photocatalyst was able to degrade 99.70% methyl orange, 97.53% congo red, and 
89.59% of direct black 38 dyes in 30 min under UV light irradiation [110].

3.3  Other Metal Oxide Photocatalysts

3.3.1  Fe2O3

Recyclability is a very crucial aspect of the performance of photocatalyst. Recently, 
magnetic separation technology has emerged as the best alternative for the effective 
separation and recyclability of photocatalyst. Development of efficient catalysts 
having photocatalytic and magnetic properties has been the focus of researchers. In 
this context, Fe2O3 is being considered the most promising photocatalyst because of 
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Fig. 6 (a) Change of absorption spectra of CF solution of pH 7 during photocatalytic degradation 
by ZnO nanoparticles and (b) pseudo-first-order plot for the kinetic photodegradation of CF in the 
presence of ZnO nanoparticles (Reproduced from El-Kemary et al. 2010 [108])
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its favorable valence state and chemical composition, high resistance to corrosion, 
low toxicity, narrow bandgap energy (2.3 eV), excellent recyclability, natural avail-
ability in abundance, and high chemical stability. Additionally, it can harvest nearly 
40% of the abundant solar light and has a saturated magnetization value of 1 emu g−1 
which helps in the separation of photocatalyst via external magnetic field [111–
114]. After absorption of light, generated e− charge carrier species in Fe2O3 initiate 
chemical reactions through the activation of chemical compounds [115]. Fe2O3 
catalyst plays a significant role in the separation of photocatalyst from solution and 
its degradation [116, 117]. Porous Fe2O3 nanorods were prepared by chemical solu-
tion technique and calcination. The as-synthesized catalyst was used for the photo-
degradation of methyl orange (MO), p-nitrophenol (pNP), rhodamine B (RhB), 
eosin B, and methylene blue (MB) utilizing solar light. The photocatalytic effi-
ciency was found to be more efficient than the commercial Fe2O3 nanopowder 
degrading 87.2% of RhB in 180 min and 86.4% of eosin in 210 min. Other dyes 
were also degraded by Fe2O3 nanorods following an order of degradation as 
RhB > eosin B > MB > pNP > MO. The enhanced photocatalytic capability of pre-
pared photocatalyst was by virtue of its porous nanostructure and larger specific 
surface area [115]. The photocatalytic degradation plot for RhB utilizing both the 
catalysts is shown in Fig. 7.

Use of UV laser was reported to be highly effective than conventional UV lamps, 
as in the study done by Gondal et al. In their work, α-Fe2O3 powder was employed 
for the photocatalytic degradation of phenol under UV laser irradiation. The results 
were estimated to be more efficient than those measured under conventional UV 
lamps. Photocatalytic degradation efficiency of phenol was recorded to be 90% in 
1 h [118]. Shao et al. prepared ultrathin nanosheets of α-Fe2O3 using a dissolution- 
recrystallization method mediated by silica hydrogel. The prepared nanosheets 
were then explored using visible light photocatalytic degradation of bisphenol S. It 
was observed from the results of the study that the as-synthesized α-Fe2O3 nanosheets 
were able to remove 91% of bisphenol S present within 120 min under visible light 
illumination; by comparison, α-Fe2O3 nanoparticles and commercial TiO2 were only 
able to degrade 16% and 62% within the same time period. Furthermore, rate con-
stant for degradation of bisphenol S over α-Fe2O3 nanosheets was found to be 16.4 
and 2.6 times greater than the rate constants obtained for degradation using α-Fe2O3 
nanoparticles and commercial TiO2, respectively. Similarly, the quantum efficiency 
of α-Fe2O3 nanosheets was found to be 4.5 and 1.9 times the quantum efficiencies 
of α-Fe2O3 nanoparticles and commercial TiO2, respectively. The excellent perfor-
mance of α-Fe2O3 nanosheets was attributed to the careful designing of the nano- 
architecture [119].

3.3.2  SnO2

The structure of SnO2 is the key to its effectiveness as a photocatalyst. Crystallographic 
structure of SnO2 resembles rutile-type phase structure of titania TiO2 [120]. The 
structural features of SnO2 like the octahedral network are an essential prerequisite 
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Fig. 7 (a) Changes in the absorbance spectra of the RhB in aqueous solution (10 mg/L, 50 mL) in 
the presence of porous Fe2O3 nanorods under the simulated solar light. (b) Photodegradation plots 
of RhB under the simulated solar light for different times in the presence/absence of the catalysts 
(Reproduced from Liu et al. 2015 [115])
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for the high efficiency of photocatalyst as it helps in enabling increased mobility of 
electron-hole pairs, leading to the increase in probability of electron-hole pairs to 
reach the reactive sites on the photocatalyst surface [121, 122]. Some other essential 
properties of SnO2 are high thermostability and photosensitivity, low cost and toxic-
ity, low electrical resistance, high optical transparency, large bandgap, and high 
electrical conductivity owing to inherent structural defects [123, 124]. The presence 
of defects can lead to a significant decline in bandgap, thus enhancing the properties 
of SnO2. In this context, more anions of oxygen cause oxidation of Sn from +2 to +4 
state, to provide neutrality of SnO2 [125, 126]. Due to the abovementioned proper-
ties, SnO2 had been employed to treat toxic organic impurities from aqueous 
medium. Paramarta et al. described the synthesis of SnO2 nanoparticles prepared 
using sol-gel technique for the removal of congo red (CR) and methylene blue under 
ultra-sonication and UV light. The photocatalytic activity was found to be greatly 
influenced by ultra-sonication irradiation. The sonocatalytic activity was estimated 
to possess a higher degradation rate, i.e., 48.5% for the dye congo red and 77.1% for 
the dye MB, as compared to a photocatalytic activity which displayed 32.6% and 
64.1% for the dyes CR and MB [127]. Two-dimensional nanoflakes of SnO2 were 
prepared employing hydrothermal technique for the sonophotocatalytic treatment 
of tetracycline hydrochloride utilizing visible light. The prepared nanoflakes of the 
photocatalyst displayed excellent photocatalytic activity towards tetracycline hydro-
chloride employing visible light. Furthermore, sonophotocatalytic process was 
much more efficient in degrading the drug as compared to photocatalysis or sonoca-
talysis; the sonophotocatalytic route was able to degrade nearly 89% of the drug 
present initially in 135 min utilizing visible light illumination. The degradation pro-
cess exhibited pseudo-first-order-type kinetics; furthermore, the results of the scav-
enger study demonstrated that photo-induced holes along with superoxide radicals 
exhibited a major role in the sonophotocatalytic degradation of target drug [128]. 
Viet et al. used SnO2 nanoparticles synthesized via hydrothermal route degradation 
of MB dye employing UV light irradiation. The synthesized nanoparticles of the 
photocatalyst were able to degrade nearly 89% of the initially present pollutant in 
30  min utilizing UV light; degradation efficiency, thereafter, grew slowly and 
reached 90% after 120 min utilizing UV light. In comparison, commercial SnO2 
powder was able to degrade just 20.5% of the methylene blue initially present after 
30 min of UV light illumination. When the same study was conducted under direct 
sunlight, synthesized SnO2 nanoparticles were able to degrade 79.26% of the pollut-
ant solution in 90 min, while the commercial SnO2 nanoparticles degraded 36.23% 
of the pollutant solution in the same time period [129].

3.3.3  WO3

WO3 is an oxygen-deficient semiconductor that possesses bandgap energy varying 
from 2.4 to 2.8 eV. Its bandgap energy differs significantly with the defects or the 
stoichiometric ratio. It is photosensitive, is inexpensive, exhibits durable stability in 
various electrolytes, is non-toxic, and displays a higher light absorption coefficient 
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over a wide area of the solar spectrum (UV-visible). Additionally, it is resistant to 
photo decay, has a strong capability to convert the photoelectrons, is chemically 
inert, possesses high mechanical strength, and has long lifetimes of charge carriers 
[130]. Moreover, WO3 can reduce charge carriers’ recombination rate, exhibits a 
favorable rate of oxidation, and displays excellent efficiency to absorb light. It is 
capable of utilizing about 30% of abundantly present solar light. Furthermore, the 
valence and conduction band positions of WO3 are favorable to degrade the organic 
pollutants, and, also, it is efficient to degrade acidic organic compounds because it 
can persist in the acidic climate for a prolonged time [64]. Three-dimensional WO3 
octahedra were prepared using simple hydrothermal technique for the photocata-
lytic degradation of MB dye employing visible light. The synthesized sample dis-
played higher degradation efficiencies as its dose in the pollutant solution was 
increased, with a photocatalyst dose of 100 mg degrading 95% of the initially pres-
ent methylene blue in just 60 min. The degradation of MB dye followed pseudo- 
first- order-type reaction kinetics. Furthermore, it was observed that the WO3 
octahedra displayed a photocatalytic activity that was about 5.33 times more than 
bulk WO3; higher photocatalytic activity of synthesized WO3 octahedra was attrib-
uted to good crystallinity, high surface area, sufficient bandgap value, and more 
catalytically active sites [131]. Huang et al. employed simple hydrothermal route to 
synthesize nanoplates and hierarchical flower-like assemblies of WO3 for the treat-
ment of rhodamine B (RhB) dye utilizing the visible light illumination. The nano-
plates and flower-like assemblies displayed degradation rates that were 7.6 and 3.3 
greater than those of commercial WO3 particles. The best photocatalytic activity 
was demonstrated by the nanoplates which were able to degrade almost all of the 
rhodamine-B after 150 min of visible light illumination [132]. The rate of degrada-
tion of rhodamine B using different morphologies of WO3 photocatalyst is displayed 
in Fig. 8.
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A hydrothermal route was employed to synthesize WO3 photocatalyst for treat-
ing amoxicillin employing simulated sunlight. The study was conducted by making 
use of Box-Behnken design with initial concentration (of drug), catalyst dose, and 
solution pH as the independent variables and involving 30 experimental runs. It was 
observed from the study that while the amount of drug degraded enhanced as the 
catalyst dose was enhanced, it decreased as the solution pH and initial concentration 
of the drug both increased. The photocatalyst WO3 was able to complete degrade 
amoxicillin in 180 min of simulated solar light illumination; however, the dissolved 
organic carbon (DOC) removal rate is only 36% in the same time period, which 
indicates the incomplete mineralization of the intermediates which were formed in 
the degradation process. The degradation process was found to follow pseudo-first- 
order kinetics; experimental data was best described using second-order polynomial 
regression models [133].

3.4  Strategies to Improve the Photocatalytic Efficiency 
of Metal Oxide-Based Catalysts

Over the years, metal oxide catalysts have been considered to be potential photo- 
induced catalytic materials due to their excellent properties. They have generally 
provided good results for the treatment of organic impurities found in wastewater. 
Still, their industrial applications have so far been limited due to factors such as e−/
h+ pair recombination, lower quantum yield, and lower photocatalytic performances. 
Also, they are unable to utilize the full spectrum of sunlight due to their wide band-
gap energies that allow them to use only the highly energetic UV region, which 
makes up only about 5% of the solar light spectrum. Recently, a series of strategies 
have been employed to make efficient use of these photocatalysts like nanostructure 
engineering, doping, and formation of composites [28–36].

3.4.1  Nanostructure Engineering

Nanostructure engineering involves the synthesis of nanostructured materials, 
which will change or manipulate the properties and functionalities of the photocata-
lytic materials at the nanoscale. The conversion of macro- and microstructures to 
nanoscale by nanostructure engineering has broadened the applications of photo-
catalysts. Recently, nanostructured metal oxides possessing enhanced photocata-
lytic properties have drawn the attention of researchers. Nanostructured metal 
oxides (NMOs) have been reported to possess optical, mechanical, electronic, and 
magnetic properties that do not exist in the bulk forms. Additionally, NMOs have 
also been reported to possess large surface area-to-volume ratios and small sizes 
than bulk materials, which result in increased photocatalytic activities [134, 135]. 
For instance, nanosized TiO2 is reported to have a higher rate of photo-conversion 
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of organic compounds to mineralized products [136, 137]. Also, TiO2 nanotubes 
displayed high photocatalytic efficiency as compared to available commercial TiO2 
(P-25 TiO2) [138]. Furthermore, crystalline TiO2 nanoparticles synthesized in our 
lab displayed superior photocatalytic performance for the degradation of Eriochrome 
Black T (EBT). The as-synthesized TiO2 nanoparticles displayed higher degrada-
tion rate than commercially available PC-50, PC-500, and ZnO [139]. Nanostructured 
ZnO nanomaterials also exhibit better photocatalytic performance than pure ZnO, 
e.g., nanostar ZnO showed enhanced mass transfer of hydroxyl radicals during the 
photochemical reaction of methyl orange degradation [140]. The SEM images of 
nanostar ZnO photocatalyst at different reaction times are displayed in Fig. 9.

Also, ZnO nanoparticles synthesized by facile hydrothermal process displayed 
enhanced photocatalytic performance to degrade Alizarin Red S dye than commer-
cial PC-500 photocatalyst [141]. Furthermore, porous Fe2O3 nanorods were synthe-
sized and displayed more efficient photocatalytic efficiency, superior reusability, 
and stability than commercial Fe2O3 powder [116]. In another study, Fe2O3 nanow-
ires were used for RhB degradation which also displayed better photocatalytic per-
formance [142]. SnO2 nanocrystals also resulted in the 100% degradation of RhB 
[143]. The enhancement in the photocatalytic efficiency of the abovementioned 
studies was due to the increased surface area, decreased distance of electron-hole 
transmission, and decreased electron-hole recombination rate.

3.4.2  Doping

Doping is considered to be the most promising, effective, facile, and practical 
approach to enhance photocatalytic properties because it can reduce the bandgap 
values of metal oxides, lead to enhanced charge separation, and result in shift in the 
absorption band to visible region. Also, this method leads to a change in the coordi-
nation environment of the host metal ion in the lattice. It introduces localized energy 
levels in bandgap states, which will modify the electronic band structure. The dop-
ant can be introduced into the semiconducting materials either individually or 

Fig. 9 SEM images of the ZnO products taken at different reaction times: 0.5 h (a) and 16 h (b) 
(Reproduced from Fang et al. 2013 [140])
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simultaneously. Over the years, various metals, metalloids, and nonmetals have 
been used as dopants to increase the performance of metal oxide photocatalysts 
with excellent results [144–150]. For instance, doping of 13.36% Se on TiO2 dis-
played outstanding photocatalytic capability employing visible light due to the nar-
rowing of bandgap [151]. Also, N-doped Ti4O7 exhibited marvelous photocatalytic 
activity degrading 100% dye due to a reduction in bandgap energy from 2.9 to 
2.7 eV of Ti4O7 [152]. Bimetallic-doped TiO2 displayed more efficient results than 
single-doped TiO2, e.g., the absorption band of Er-W-co-doped TiO2 shifted to the 
near-IR range (800–1000 nm) [153]. The effect of doping various species on degra-
dation efficiency of TiO2 is displayed in Fig. 10.

ZnO has also been found to be affected significantly by the doping species, e.g., 
Pd2+-doped ZnO displayed more efficient results towards the treatment of methyl 
orange (MO) dye. The incorporation of Pd2+ ions gave rise to electronic energy level 
in bandgap states, which helps in the trapping of charge species carriers. And the 
charge was efficiently separated with an increase in Pd2+ content from 2% to 3%, 
followed by a sudden decrease at high concentration [154]. ZnO plates doped with 
Ag ions have been used for the degradation of ofloxacin drug under solar irradia-
tion. The as-prepared photocatalyst displayed enhanced degradation rate with 98% 
removal of ofloxacin in 150 min. The enhanced degradation rate was due to the 
trapping of electrons by silver ions which inhibited recombination of e−/h+ pairs 
[155]. Also, nitrogen-doped ZnO showed visible light photoactivity towards the 
degradation of bisphenol A due to the formation of isolated nitrogen 2p states above 
the valence band, which intensifies the visible light absorption [156]. Similarly, 
Pt-doped Fe2O3 showed a significant increase in the performance because Pt plays 
the role of conduction band electron sinker owing to its lower Fermi level, which 

Fig. 10 Diagram for average photocatalytic degradation of different doping materials by using 
TiO2 photocatalyst in the presence of UV irradiation (Reproduced from Al-Mamun et al. 2019 [73])
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improves the separation of electron-hole pairs [150]. Similarly, a considerable 
improvement was observed in Sb-doped SnO2 due to the improved electrical con-
ductivity of SnO2 and modification in its band structure. This is because Sb traps the 
e−/h+ pairs and causes effective charge separation in the catalyst [157]. Some other 
examples of doped metal oxides are displayed in Table 1.

3.4.3  Formation of Composites

Formation of different composites/heterojunctions has drawn the utmost attention 
in recent years because of their facile synthesis, stability, and outstanding perfor-
mance in the visible/solar light region. A heterojunction comprises two or more 
semiconducting materials, with one of them having a wide bandgap and the other 
having a narrow bandgap. While wide bandgap semiconductors such as TiO2 are 
unable to absorb visible light, the narrow bandgap semiconductors, despite their 
ability to utilize the broad spectrum of light, suffer from the limitation of recombi-
nation of charge carriers. The formation of heterojunction results in the shifting of 
the absorption region beyond the UV region and also improves the separation of e−/
h+ pairs [72, 167]. Therefore, the formation of heterojunction is necessary to explore 

Table 1 Doped metal oxides that have been used for the degradation of organic pollutants 
from water

Pollutant Photocatalyst Synthesis method
Light 
source

Degradation 
efficiency (%) Reference

Eosin yellow Pd-/N-doped 
TiO2

Nebulized-pray 
pyrolysis

UV 
irradiation

99.3 [158]

Congo red Cu-/Zn-doped 
TiO2

Sol-gel Visible 
irradiation

98 [159]

Methylene 
blue

C-/F-doped TiO2 Hydrothermal 300 W Xe 
lamp

75 [160]

P-nitrophenol (a) Li-doped 
ZnO
(b) Na-doped 
ZnO
(c) K-doped 
ZnO

Sol-gel Visible 
irradiation

Li-ZnO = 97
Na-ZnO = 72
K-ZnO = 84

[161]

Methyl orange Au-doped ZnO Hydrothermal 300 W Xe 
lamp

100 [162]

Methylene 
blue

ZnO-doped 
SnO2 
nanoparticles

Hydrothermal UV 
irradiation

75 [163]

Formaldehyde N-doped ZnO Calcination 1000 W Xe 
lamp

97 [164]

Methylene 
blue

CdO-doped ZnO Electrospinning Sunlight 
irradiation

100 [165]

Phenol Ce-doped ZnO Chemical 
precipitation

Visible 
irradiation

80.7 [166]
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the photocatalytic properties of these materials [72, 168–170]. Three types of het-
erojunctions that can be formed are type I, type II, and type III [72, 171] as shown 
in Figs. 9, 10, and 11. Type I heterojunction is displayed in Fig. 11.

A type II heterojunction involves the movement of electrons from CB which is 
more positive to a CB which is less negative, while the holes move from VB which 
is more positive to a less positive VB. The formation of type II heterojunction is 
shown in Fig. 12.

However, in type III heterojunction, electrons from the less negative CB move 
and recombine with the less positive VB holes, leaving behind holes and electrons 
with strong oxidation and reduction potential [72, 169]. This movement of charge 
carriers in the opposite direction helps in improving the effective e−/h+ pair 

Fig. 11 Type I heterojunction with redox potential energy of CB (Ec) and VB (Ev) (Reproduced 
from Ani et al. 2018 [72])

Fig. 12 (a) Photocatalytic mechanism scheme for separation and transfer of carriers under simu-
lated solar light irradiated based on BiOI/ZnO photocatalyst. The red and blue lines represent the 
different reaction courses. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) (Reproduced from Jiang et al. 2017 [172]). (b) 
Type II heterojunction with redox potential energy of CB (Ec) and VB (Ev) (Reproduced from Ani 
et al. 2018 [72])
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separation and hence enhances the photocatalytic performance of photocatalyst. 
This effective charge separation and improved photocatalytic performance along 
with better durability as a result of strong redox ability and wide photon response 
make materials with type III heterojunction the best [72, 153]. The type III hetero-
junction is displayed in Fig. 13.

Various composites of metal oxide-based photocatalysts have been reported for 
the degradation of organic pollutants. For example, a multicomponent photocatalyst 
was synthesized for the very first time by incorporating graphene into TiO2 nanow-
ires (G-Pd@TiO2-CNW). A facile hydrothermal method and electrochemical spin-
ning were used for the synthesis of this catalyst which possessed a porous and rough 
surface. The as-obtained composite was used for the degradation of 4-nitrophenol 
from different water samples under visible irradiation. The synergistic effect of gra-
phene and palladium helps in enhancing the photocatalytic performance resulting in 
100% degradation of 4-nitrophenol from pond water in just 30 min, while 97.2% 
and 80.5% degradation efficiencies were observed to reduce 4-nitrophenol from tap 
water and river water, respectively [174]. The mechanism of degradation of 
4- nitrophenol by G-Pd@TiO2-CNW is shown in Fig. 14.

Novel Fe2O3-TiO2 nanocomposites were also prepared by using the photodeposi-
tion method and utilized for the degradation of an herbicide called 
2,4- dichlorophenoxyacetic acid under both UV and visible irradiation. The as- 
prepared photocatalyst displayed enhanced photocatalytic performance than pris-
tine P25 TiO2 with maximum results for 10% Fe-TiO2-H2O sample. The rate 
constant for a composite was determined to be 2.36 min−1 which is 78% more than 
that measured with pristine P25 TiO2. The enhanced performance was due to the 

Fig. 13 Photocatalytic mechanism of Ag2O-0.13-TiO2 (Reproduced from Li et al. 2017 [173])
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improved separation of e−/h+ pairs [175]. Also, MoS2/TiO2 photocatalyst was fabri-
cated by hydrothermal treatment for the decomposition of paracetamol (PCM) in 
the presence of sunlight. The as-prepared photocatalyst was capable to decompose 
40% of PCM in 25 min as compared to TiO2 which showed decomposition of only 
8% PCM. The enhanced photocatalytic performance was due to the effective charge 
separation inTiO2/MoS2 composite and the increased number of active sites to 
absorb visible light [176]. Furthermore, Liu et al. reported the synthesis of novel 
TiO2–x/Ag3PO4composite with oxygen vacancies on which the visible light absorp-
tion depends. The photocatalytic activity of the as-synthesized photocatalyst was 
found to greatly depend upon the calcination temperature and the optimum tem-
perature at which maximum degradation efficiency obtained was 400 °C. The deg-
radation rate of TiO2–x/Ag3PO4 was measured to be 95% for bisphenol A over 16 min 
of visible light irradiation which is more than pristine Ag3PO4 and TiO2 [177]. Jiang 
et al. reported the synthesis of BiOI/ZnO photocatalyst by employing a simple and 
easy two-step hydrothermal method. The obtained photocatalyst was used for the 
photodegradation of phenol in the presence of solar light with degradation effi-
ciency of 99.9% in 2 h. The composite showed enhanced photocatalytic activity 
than pure ZnO which degraded only 40% of phenol in 2 h [172]. Multifunctional 
photocatalyst film was also synthesized by integrating ZnO nanosheets, BiVO4 par-
ticles, and conductive magnetic cilia through hydrothermal treatment. When visible 
light falls on the surface of the as-synthesized photocatalyst, it displayed the 
enhanced degradation rate towards the removal of RhB dye. The enhanced degrada-
tion rate is attributed to the improved charge separation and increased absorption 
and mass transfer. The degradation efficiency was calculated to be 100% in 120 min 
[178]. Three-dimensional SnO2/α-Fe2O3 heterostructure was synthesized by 

Fig. 14 Photocatalytic reduction of 4-nitrophenol by G-Pd@TiO2-CNW (Reproduced from Lee 
et al. 2015 [174])
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employing a facile hydrothermal approach. The obtained catalyst has displayed effi-
cient removal efficiency towards the removal of methylene blue when visible light 
falls on the surface of the catalyst. The calculated degradation efficiency for methy-
lene blue was found to be 98.4% in 240 min. The efficient removal of methylene 
blue contributed to the improved separation of photogenerated e−/h+ pairs [179]. 
Novel WO3/CdWO4 photocatalyst synthesized by hydrothermal and chemisorption 
method has been reported for the degradation of MB, MO, and RhB dyes under vis-
ible light. Maximum photocatalytic degradation was obtained for MB exhibiting 
97% degradation in 50 min which was about 2.3 times more than that of pure WO3 
and seven times more than pure CdWO4. The enhancement in the degradation effi-
ciency was due to the increased surface area [180]. In another study, the synthesis 
of WO3/TiO2 photocatalyst synthesized by a sol-gel method and that displayed bet-
ter photocatalytic efficiency than pure TiO2 towards the degradation of pesticide 
called malathion was reported. Approximately 99% of malathion degraded in 
120 min by using 2 wt% of WO3 in the as-prepared catalyst. The improvement in the 
photocatalytic efficiency of TiO2 after the introduction of WO3 was due to the 
enhanced surface area and the formation of smaller clusters [181]. The nitrogen 
adsorption-desorption isotherm for the degradation of organophosphorus pesticide 
malathion is shown in Fig. 15.

Some other examples of composites of metal oxide photocatalysts for the 
removal of organic pollutants from water are displayed in Table 2.

4  Future Prospects

Photocatalysis has emerged as the most efficient and extensively used technique for 
wastewater treatment. This technique has shown remarkable progress with a long 
history for many years, and the progress is still ongoing. But its rate of progress still 
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lacks to compete with the rate of deterioration of water quality. To overcome this 
problem, the development of widely used, economic, green, and efficient technique 
is necessary. Photocatalysis, although the most favorable technique for this purpose, 
is still unable to meet the multifarious demands of an ideal technique, as most of the 
studies of this technique are limited to the laboratory scale and the implementation 
of this technique in industries has not been achieved yet. From an industrial applica-
tion point of view, the development of reactor design and an ideal photocatalytic 
material is a paramount task. Cost is one of the major aspects of a photocatalyst 
from a broad application point of view followed by environment friendliness and 
efficiency. These three parameters form the basis of an ideal photocatalyst. 
Conventional photocatalysts such as TiO2 and ZnO have many advantages such as 
low cost, environment friendliness, chemical and physical stability, etc. However, 
they are inefficient to explore the wide spectrum of solar light. Due to their wide 
bandgap, they are only photoactive in the UV region which is only 5% of the solar 
spectrum. Thus, expensive artificial UV light is necessary for the efficient work of 
these catalysts, thereby increasing the cost of a photocatalyst. Therefore, visible 
light active materials or low bandgap materials are economic as they can be used 
under visible light which is nearly 48% of the solar spectrum. Recyclability is also 
the major aspect associated with the cost of the catalyst by ensuring their reuse. In 
this context, several supporting materials were reported to be used to immobilize the 
catalyst such as concrete, quartz, inert surface, etc. But this will lead to a decrease 
in the efficiency of the catalyst, hence reducing the efficiency of the operation. 
Thus, for the practical reuse of the material, a good support possessing specific 
features such as chemical stability, photochemically inert, good adsorption capabil-
ity, nontoxicity, low cost, and availability in abundance is required. Another impor-
tant aspect of an ideal catalyst is its toxicity. Most of the photocatalyst can convert 
the pollutants to mineralized products, but some of them produce intermediates that 
are toxic to the environment. Thus, the identification of these toxic intermediates is 
an imperative task, but only a few studies have focused on their identification. 
Therefore, extensive research is necessary to develop a prominent number of eco-
toxicological tests or kits. The efficiency of the catalyst is also an important part of 
an ideal catalyst. Till now, various composite materials have been developed to 
enhance the efficiency of the catalyst, but they were still not capable to achieve up 
to the mark results. Nowadays, the focus of most of the researchers relies on com-
bining photocatalysis with other wastewater treatment methods such as biological 
treatment, activated sludge process, ozonation, etc. which gives more efficient 
results. The photocatalytic efficiency not only depends upon the properties of a 
catalyst but also depends upon other parameters such as atmospheric conditions, 
properties of effluent, and the properties of a reactor. Therefore, these parameters 
should be optimized during the degradation of pollutants to achieve excellent effi-
ciency. In conclusion, it is suggested that future studies should be focused on 
designing photocatalytic materials having good recyclability, efficiency, low cost, 
and environmental friendliness. Additionally, to extend the application of photoca-
talysis on a large scale, i.e., in industries, the focus should also be towards designing 
a reactor that is reliable, cost-effective, and environmentally friendly.
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Abstract Electronic waste (e-waste) is termed as “urban mines” due to high metal 
content. Metals are major components of e-waste and have a share of 61 wt% of 
e-waste. E-waste contains various valuable metals such as gold, silver, platinum, 
palladium, copper, nickel, etc. Therefore, metal recovery is important to conserve 
the resources. Apart from this, the unregulated accumulation and improper recy-
cling of e-waste have harmful effects on human health and environment. Therefore, 
environmentally friendly e-waste recycling is the need of the hour to mitigate the 
harmful effects. Currently, pyrometallurgy and hydrometallurgy are the conven-
tional processes employed for recovery of metals from e-waste. However, these 
technologies are non-selective and energy-intensive, employ hazardous chemicals, 
and produce toxic gases. Biohydrometallurgy is a promising alternative and is an 
eco-friendly approach to recycle e-waste as it employs microorganisms for metal 
recovery. Biohydrometallurgy employs different approaches such as autotrophic 
bacteria bioleaching, heterotrophic bacteria bioleaching, and heterotrophic fungi 
bioleaching for leaching of metals and has been discussed in this chapter. In addi-
tion, the refining of metals from metal leached solution has also been discussed in 
this chapter. The development of continuous process for metal recovery is impor-
tant, and we have discussed a coiled flow inverter (CFI) reactor as a promising 
option for the same.
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1  Introduction

Electronic waste (e-waste) is rapidly growing, and 53.6 million tons (Mt) of e-waste 
was generated in 2019 [1]. It is expected that the e-waste generation will be around 
74.7 Mt by 2030 [1, 2]. In 2019, Asia produced 24.9 Mt of e-waste and followed by 
America, Europe, Africa, and Oceania which have generated 13.1, 12, 2.9, and 
0.7 Mt of e-waste, respectively [1]. The e-waste generation is increasing with an 
annual growth of 2 Mt from 2014 and is shown in Fig. 1 along with projected values 
till 2030 [1]. However, the recycling rate is not keeping pace with the e-waste gen-
eration. Europe is leading in the e-waste recycling with a recycling rate of 42.5%, 
while Asia is at the second position with an 11.7% recycling rate and followed by 
America, Oceania, and Africa which have a recycling rate of 9.4%, 8.8%, and 0.9%, 
respectively [1]. Only 17.4% of e-waste was properly recycled, while the fate of 
around 82.6% of e-waste generated in 2019 is not known [1].

The amount of e-waste which is not documented in 2019 contains 71 kilotons of 
brominated flame retardants (BFR), 98 Mt of CO2 in the form of hydrochlorofluo-
rocarbons (HCFCs) and chlorofluorocarbons (CFCs), and 50 t of mercury [1]. Apart 
from this, e-waste contains various toxic substances such as Sb, As, Ba, Cd, Pb, 
polychlorinated biphenyls, etc. [3]. Unregulated accumulation of e-waste leads to 
the leaching of these substances into the soil and water and then containment the 
food chain. Table 1 shows the different harmful substances existing in e-waste and 
their hazardous effects. In addition, informal recycling, i.e., open burning of e-waste, 
leads to the formation of harmful chemicals such as dioxins and furans.

Although e-waste contains various toxic substances, it can also act as a second-
ary source of valuable metals owing to its high metal content. E-waste mainly 

Fig. 1 E-waste generation data from 2014 to 2030
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consists of metals, plastics, rubber, ceramics, and glass [5]. Out of these, metals are 
the main components and have a share of 61% by wt. of e-waste [6]. E-waste con-
tains different heavy metals, like Cu, Ni, Hg, Cd, and Pb, and precious metals like 
Au, Ag, Pt, and Pd [7]. Electrical and electronic equipment industry consumes over 
50% of the ruthenium, antimony, and indium and more than 30% of silver, copper, 
and tin produced annually [8]. Hence, recovery of metals from e-waste is necessary 
to mitigate the scarcity of metals. The printed circuit board (PCB) of a personal 
computer contains 20% Cu and 250 g/ton of Au, whereas the concentrations of Cu 
and Au in ores are 0.5–1% and 1–10 g/ton, respectively [9, 10]. The metal recovery 
from e-waste will provide advantages such as the conservation of primary metal 
resources, energy-saving, and prevention of environmental pollution caused due to 
leaching of metals.

It is clear from the above discussion that it is very important to not dump the 
e-waste or treat it inappropriately. E-waste recycling is important from the aspect of 
recovery of metals and mitigating the environmental and human health hazards. 
Therefore, various technologies like pyrometallurgy [11–13], hydrometallurgy [14–
16], and biohydrometallurgy [17–19] have been employed for the recovery of met-
als from e-waste. Out of these, pyrometallurgy and hydrometallurgy are conventional 
processes employed for the recovery of metals from e-waste. However, both these 
technologies have disadvantages associated with them. The use of pyrometallurgi-
cal approach leads to the generation of dioxins and furans due to the presence of 
halogenated flame retardants in e-waste [20]. In addition, pyrometallurgy uses very 
high temperature, i.e., above 1000 °C, for metal recovery and makes this process 
energy-intensive [21]. In the case of hydrometallurgy, there is no or less formation 
of toxic gases, but the hydrometallurgical process uses toxic solvents such as acid, 
cyanide, halide, thiosulfate, and thiourea for the recovery of metals [22, 23]. The use 
of these chemicals limits the industrial application of hydrometallurgy. Compared 
to pyrometallurgy and hydrometallurgy, biohydrometallurgy uses microorganisms 
for the recovery of metals which makes this process an eco-friendly approach. 
Biohydrometallurgy is proven efficient for the recovery of metal from primary ores 

Table 1 Harmful substances in e-waste and their hazardous effects [3, 4]

Toxic substance Hazardous effect on human health

Antimony Can cause stomach ulcer
Arsenic Leads to skin disease and lung cancer
Barium Brain swelling, damage to the heart and liver
Beryllium Lung cancer, skin disease
Brominated flame retardants Leads to hormonal disorder
Cadmium Damage to the kidney
Chlorofluorocarbons (CFCs) Can cause skin cancer
Lead Can damage the brain and kidneys
Nickel Can cause bronchitis and lung cancer
Polychlorinated biphenyls Liver damage in human
Polyvinyl chloride (PVC) Can cause respiratory problems
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and can play an important role in the efficient recovery of metal from e-waste [24, 
25]. Biohydrometallurgy provides advantages such as selectivity toward valuable 
metals, cost-effectiveness, and lower environmental hazards [26, 27]. Bioleaching 
of e-waste is a new field compared to hydrometallurgy and pyroometallurgy, and it 
can be seen from Fig.  2. The numbers of publication in the field of e-waste are 

Fig. 2 Number of publication (a) on e-waste and (b) bioleaching of e-waste
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constantly increasing. The biohydrometallurgy is a new technique in the field of 
e-waste which can be seen from Fig. 2b.

This chapter focuses on the recent development in the recovery of valuable met-
als from e-waste using biohydrometallurgy. In this chapter, various biohydrometal-
lurgical approaches, i.e., autotrophic bacteria bioleaching, heterotrophic bacteria 
bioleaching, and heterotrophic fungi bioleaching, have been discussed. In addition, 
this chapter also focuses on the different approaches such as biosorption and bio-
electrochemical process for the recovery of metals from the metal leach solution.

2  Different Bioleaching Approaches for Metal Recovery

Bioleaching of metals has been investigated using various microorganisms, and 
these microorganisms have the natural capability to leach the metals into aqueous 
solution. Usually, autotrophic bacteria, heterotrophic bacteria, and heterotrophic 
fungi are the most frequently used microorganisms for the recovery of metals from 
different sources as shown in Fig. 3. The bioleaching using each of these is dis-
cussed in the following subsections.

Fig. 3 Bioleaching of primary ores and secondary raw materials
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2.1  Autotrophic Bacteria Bioleaching

The autotrophic bioleaching is mainly carried out using chemolithotrophic and aci-
dophilic bacteria. These organisms use carbon dioxide from the atmosphere as a 
carbon source and ferrous ion (Fe2+), elemental sulfur (So), and/or reduced sulfur 
compounds as an energy source [28, 29]. Most chemolithotrophic bacteria have a 
high tolerance for heavy metal toxicity and therefore are the most widely used 
microorganisms to recover metals from polymetallic sources such as e-waste [30]. 
The microorganisms used in autotrophic bioleaching are sulfur-oxidizing bacteria, 
iron- and sulfur-oxidizing bacteria, and iron-oxidizing bacteria [19]. The above men-
tioned microorganisms lead to the sulfur and iron oxidation which causes metal 
sulfide solubilization and decreases the pH of the environment which ultimately 
causes the solubilization of other metal compounds. These microorganisms flourish 
on the iron- and sulfur-containing sources (e.g., pyrite, pentlandite, and chalcopy-
rite) at 45–75 °C [31]. However, in the case of e-waste, autotrophic bacteria cannot 
grow directly on the oxidation/dissolution of the e-waste matrix. Therefore, it is 
important to mixed e-waste with sulfur- or iron-containing sources such as pyrite, 
pentlandite, and chalcopyrite to provide energy for the growth of autotrophic bacte-
ria [32]. As a result, the microbial oxidation of sulfur- and iron-containing sources 
will produce acidic environment and ferric ion, and this will help in the leaching of 
metals from e-waste. It is important to notice that the autotrophic bioleaching of 
sulfidic ores only leaches the metallic fraction of e-waste, while the non-metallic 
fraction remains as it is. The recovery of rare earth metals from other sources will 
also need to mix with the sulfur- and iron-containing sources for the growth of auto-
trophic bacteria. The research work carried for metal recovery from e-waste using 
autotrophic bacteria is mainly focused on transition metal and also rare earth ele-
ment (REE) recovery.

Hong et al. investigated the bioleaching of copper using Acidithiobacillus thio-
oxidans bacteria and studied abiotic leaching and direct and indirect bioleaching 
[33]. The acidophilic bacteria were cultivated and during which the sulfuric acid 
was produced. This acid was used for indirect bioleaching. However, in the case of 
direct bioleaching, the sterilized e-waste was directly added during the growth 
phase of bacteria. The direct leaching was performed at 30 °C, and 10 g/dm3 e-waste 
were added to the microbe culture when pH was reached to 1. At the same process 
condition, there is not much difference between the Cu leaching in both direct and 
indirect bioleaching. Therefore, it can be concluded that the toxicity of e-waste at 
the concentration of 10 g/dm3 doesn’t have a significant effect on microorganism 
metabolism. The indirect leaching was also carried out at 90  °C, and the results 
were compared with abiotic leaching. It was observed that for 8 h of leaching time, 
the copper leaching is lower in the case of indirect leaching (60%) compared to 
abiotic leaching (98%). It was found that after 6 h of leaching, there is the formation 
of CuS on the surface which results in the passivation of Cu surface and decreases 
the leaching of Cu in biogenic acid. The formation of CuS can be attributed to the 
presence of incompletely oxidized sulfide and sulfates.
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In a different study, Chen et al. studied the application of Acidithiobacillus fer-
rooxidans for copper leaching from WPCB [34]. Sulfuric acid and ferric ion play an 
important role during the bioleaching process. During the bioleaching, ferrous ions 
are oxidized to ferric ions as shown in Eq. (1), while Cu oxidizes to Cu2+ by Fe3+, 
and Fe3+ reduces to Fe2+ as shown in Eq. (2). This Fe cycle increases the rate of reac-
tion significantly. The column bioleaching was employed for the copper recovery, 
and the temperature of the column reactor was maintained at 30 °C during the com-
plete process. For a typical experiment, 250 g of washed sample was added to the 
column, and then 495 L of prepared 4.5 K medium along with 0.05 L of A. ferrooxi-
dans culture was added into the column reactor. The pH of the solution in the col-
umn was maintained at 2.25 (±0.05) using 5 M of H2SO4. The maximum leaching 
of copper was measured to be 94.8% in 28 days. It was found that pH is an impor-
tant factor and greatly influences the copper leaching. The kinetics of the bioleach-
ing process does not change as the size and morphology of precipitates remain the 
same as the pH was maintained at 2.25. The addition of sulfuric acid and maintain-
ing an acidic pH of solution aid in preventing the formation of jarosite precipitate, 
and this helps in the Fe2+–Fe3+ cycle to go on to create a favorable environment for 
copper bioleaching.

 4 4 4 22
2

3
2Fe H O Fe H O

A ferrooxidans
+ + ++ + →

.

 (1)

 Cu Fe Cu Fe+ → ++ + +2 23 2 2
 (2)

Isildar et al. studied the bioleaching of copper using Acidithiobacillus ferrivorans, 
Acidithiobacillus thiooxidans, and a mixture of both [35]. The leaching efficiencies 
of 94%, 89%, and 98% were reported using a pure culture of A. ferrivorans, A. thio-
oxidans, and a mixture of both, respectively, at a pulp density of 1%. It is reported 
that the pulp density below 2.5% is efficient for the bioleaching of copper. The 
hazardous components of PCB such as metals, phenols, and BFRs are harmful to 
the bacterial activity, and therefore, to prevent the toxic effect of these components 
on bacteria, a pre-growth method was applied. A pre-growth method was also help-
ful in producing favorable bioleaching conditions. The microorganisms were incu-
bated in the bioleaching medium, and the culture was prepared in the absence of 
waste PCB. The waste PCBs were added after attaining the optimal bioleaching 
conditions. The measurement of pH and ORP helps in monitoring the bacterial 
activity, and these parameters also show the presence of both acidolysis and redoxol-
ysis mechanisms. The increase in pulp density from 0% to 5% increases the pH due 
to the basic nature of waste material. When the pulp density is 2.5% or higher, then 
pH value does not drop below 2.5 where acidophiles thrive. The pulp density of 1% 
and lower is best suited for the growth of microorganisms. Acidophiles play an 
important role to catalyze the oxidation of Fe2+ to Fe3+ as shown in Eq. (1) and ele-
mental sulfur (S0) to sulfuric acid as shown in Eq. (3):

 S O H O H SO0 2 2 4
21 5 2+ + → ++ −.  (3)
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The recovery of Cu takes places under low pH and high ORP conditions as shown 
in Eqs. (2) and (4):

 Cu H SO O Cu SO H O0 2 4 2
2

4
2

20 5+ + → + ++ −.  (4)

The copper leaching is higher in the case of a co-culture of iron- and sulfur- oxidizing 
acidophiles. Therefore, it is reported that the involvement of redoxolysis and acidol-
ysis is beneficial for metal recovery. Table 2 shows the summary of research works 
carried out for metal recovery using autotrophic bioleaching.

2.2  Heterotrophic Bioleaching

The scientific community has recently started to explore the various biotechnologi-
cal approaches to recover REE from secondary metal sources [42–44]. Heterotrophic 
bioleaching is an encouraging technique for the recovery of metals from the sources 
which do not contain metal sulfides [44]. Microorganisms such as bacteria, fungi, 
and archaea are commonly employed during heterotrophic bioleaching [19, 45]. 
Heterotrophic bioleaching is microbial leaching where organisms get energy from 
organic carbon sources for growth during the leaching process [46]. The metabolic 
by-products of organic carbon such as acetic acid, citric acid, oxalic acid, and glu-
conic acid are responsible for the leaching of metals when the pH is between 4 and 
6 [47]. Apart from this, the protein catabolism produces non-acidic complexion 
agents which can be employed during alkaline leaching [19]. The metal recovery 
using heterotrophic bioleaching mainly occurs via cyanide- and organic acid- 
producing organisms. The cyanogenic bioleaching is employed to recover precious 
and platinum group metals. However, chelation is used for the recovery of critical 
metals such as cobalt, gallium, germanium, lithium, antimony, and tungsten. The 
heterotrophic microorganism can be used for metal leaching in higher pH condi-
tions and, therefore, can be employed to treat alkaline wastes compared to acido-
philes [45].

2.2.1  Heterotrophic Bacterial Bioleaching

Pseudomonas aeruginosa, Pseudomonas fluorescens, and Pseudomonas putida are 
the Pseudomonas strains used for metal leaching. These microorganisms are omni-
present, and in soil, they solubilize metals due to various metabolic products.

Jujun et al. found a new strain of Pseudomonas which has the ability to produce 
CN− and can recover precious metals [48]. The ability to produce CN− of different 
strains such as Pseudomonas aeruginosa, Pseudomonas chlororaphis, Pseudomonas 
putida, Pseudomonas mosselii, Pseudomonas fluorescens, and Pseudomonas sp. 
was investigated. The experiments were performed to find out the concentration of 
produced CN− by the above mentioned strains. These strains were cultured for 24 h 
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Table 2 Summary of research work on metal recovery using autotrophic bioleaching

E-waste Microorganism Bioleaching conditions

Metal 
recovery, 
% Reference

Mobile 
PCB

Acidithiobacillus ferrooxidans pH = 1, pulp 
density = 8.5 g/L, Fe3+ 
concentration = 4.18 g/L, 
particle size = 100 mesh, 
time = 55 days, 
temp. = 30 °C, stirring 
speed = 170 rpm

Cu=100
Ni=100

[36]

Electronic 
waste

Acidithiobacillus thiooxidans 25 g/L of sulfur in culture 
medium, temp. = 90 °C, 
pH < 1, particle 
size = 40–104 μm, 
time = 14 days, pulp 
density—10 g/dm3

Cu = 90 [33]

Computer 
PCB

Acidithiobacillus ferrooxidans pH = 3, Fe3+ conc. = 
8.4 g/L, pulp 
density = 20 g/L, particle 
size = 95 μm, 
temp. = 30 °C, 
time = 80 days, stirring 
speed = 170 rpm

Cu = 100
Ni = 100

[37]

Mobile 
PCB

Acidithiobacillus ferrooxidans pH = 2, 
time = 14–17 days, 
particle size = 93 μm, 
pulp density = 20 g/L

Cu = 80 [38]

Computer 
PCB

Acidithiobacillus ferrooxidans pH = 3, 
time = 17–20 days, 
particle size = 93 μm, 
pulp density = 20 g/L

Cu = 90 [38]

PCBs Acidithiobacillus 
ferrooxidans + Acidithiobacillus 
thiooxidans

Stirring speed = 200 rpm, 
temp. = 32 °C, pH = 1.5, 
pulp density = 18 g/L, 
particle size = 100–
200 μm, time = 10 days

Cu = 94
Ni = 89
Zn = 90
Pb = 86

[39]

Spent 
batteries

Acidithiobacillus ferrooxidans Stirring speed = 160 rpm, 
pH = 1, temp. = 30 °C, 
particle size = 62 μm, Fe3+ 
conc. = 9.7 g/L, pulp 
density = 10 g/L, 
time = 20 days

Ni = 85.6
Cd = 66.1
Co = 90.6

[40]

PCB Acidithiobacillus ferrooxidans Stirring speed = 165 rpm, 
pH = 2.25, temp. = 30 °C, 
particle size = 178–
250 μm, Fe3+ 
conc. = 9 g/L, pulp 
density = 12 g/L, 
time = 3 days

Cu = 92 [41]
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at 25  °C, and then the CN− concentration was tested. It was reported that the 
Pseudomonas chlororaphis has produced the highest concentration of CN− 
(7.11 mg/L). Afterward, Pseudomonas chlororaphis was selected to investigate the 
metal recovery, and the effect of various process variables like culture condition, 
pH, temperature, additive, and stirring speed on the ability to produce CN− was 
studied. The optimized conditions for producing maximum CN− were pH  7 and 
adding glycine (4.4 g/L) + methionine (2 g/L) into NB culture medium which is 
cultured for 72 h at 25 °C with a stirring speed of 60 rpm. At the optimized condi-
tions, the recovery of gold, silver, and copper was 8.2%, 12.1%, and 52.3%, respec-
tively, from the metallic particles obtained from crushed waste PCBs.

Chi et al. studied the copper and gold recovery using Chromobacterium viola-
ceum (C. violaceum) from waste mobile phone printed circuit boards [49]. The bio-
leaching was performed in the presence of YP medium (yeast extraction, 
polypeptone, and glycine), and the effect of pH and hydrogen peroxide on copper 
and gold recovery was investigated. It is reported that gold leaching increase from 
7.78% to 10.9% when pH was increased from 8 to 11 in 8 days. Similarly, the cop-
per leaching was also increased from 4.9% to 11.4% with an increase in pH from 8 
to 10. Marsden and House reported that the Cu(CN)2− is formed when pH is less 
than 9, while at higher pH, more amounts of Cu(CN)3− and Cu(CN)4

3− will form 
[50]. Metal leaching is improved at higher pH due to the high stability of metal 
cyanide complexes and increases the stability of HCN at pH > 10 [51]. Similarly, 
Au(CN)2− forms at higher pH, and high dissolved oxygen favors gold leaching [52]. 
The hydrogen peroxide was employed to increase the dissolved oxygen to facilitate 
more metal leaching. The hydrogen peroxide concentration above 0.004% nega-
tively hampers the bacteria, and therefore, 0.004% hydrogen peroxide was consid-
ered as the optimum for metal leaching. The increase in hydrogen peroxide 
concentration leads to an increase in the metal leaching from 7.23% to 24.6% with 
an increase in pH from 8.5 to 10 in 8 days. The recovery of gold is increased slightly 
from 8.1% to 11.32% when pH was increased from 8.5 to 11  in the presence of 
hydrogen peroxide. The higher copper recovery compared to gold can be attributed 
to the galvanic interaction and gold being nobler than copper. Therefore, it is impor-
tant to leach copper prior to gold leaching to improve the gold bioleaching.

Cu is a major component of the e-waste, and as mentioned above, it is important 
to recover Cu before Au and Ag for their efficient recovery. Therefore, Isiladar et al. 
developed a two-stage bioleaching process for Cu and Au recovery. In the first step, 
98% Cu was leached using a mixture of Acidithiobacillus ferrivorans and 
Acidithiobacillus thiooxidans [35]. In the next step, Au was recovered using 
Pseudomonas putida at 25 °C, and a 44% recovery of Au was reported. The low 
recovery of gold can be attributed to the lower amount of cyanide generation 
(21.4  mg/L) from Pseudomonas cultures, and this did not allow complete gold 
recovery. Marra et al. have also investigated metal bioleaching in two steps [53]. In 
the first step, rare earth metals such as cerium, europium, neodymium, lanthanum, 
and yttrium were recovered using Acidithiobacillus thiooxidans from e-waste dust. 
During the first step, recovery of cerium, europium, and neodymium was 99%, 
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while that of lanthanum and yttrium is around 80%. In the second step, gold was 
recovered using the Pseudomonas putida and reported the 48% recovery of Au 
within 3 h.

Several researchers have tried to increase the production of biogenic cyanide 
using different approaches such as sequential nutrient addition, medium modifica-
tion, and genetic modification. Natarajan et al. tried to improve the production of 
biogenic cyanide than Chromobacterium violaceum; two metabolically engineered 
stains, pBAD hcn (induced by L-arabinose) and pTAC hcn (induced by IPTG), were 
prepared [54]. It is reported that the pBAD (induced with 0.002% L-arabinose) and 
pTAC (induced with 1 mM IPTG) have produced 34.5 and 31 mg/L of cyanide, 
respectively, whereas Chromobacterium violaceum has produced 20 mg/L cyanide. 
The increase in the cyanide concentration results in higher gold leaching. The pBAD 
and pTAC showed 30% and 27% gold leaching at 0.5% w/v pulp density compared 
to 11% gold leaching using wild-type bacteria. Similarly, Natarajan and Ting stud-
ied the effect of mutation of Chromobacterium violaceum bacteria to grow under 
alkaline environment on the production of biogenic cyanide for gold bioleaching 
[55]. The mutation of bacteria was performed by exposing the wild C. violaceum to 
100 mM of the mutagen, i.e., N-nitroso-N-ethyl urea (ENU), at pH 9, 9.5, and 10. 
The gold recovery reported using the C. violaceum mutated at pH 9, 9.5, and 10 was 
18%, 22.5%, and 19%, respectively. Under alkaline conditions, there are a growth 
of bacteria and production of cyanide which increases the availability of cyanide 
ion, thereby increasing the gold leaching. The lower gold leaching using the C. vio-
laceum mutated at pH 10 as it has significantly lower growth compared to others. 
The wild strain of C. violaceum grown at pH 9 and 9.5 showed 14% and 16% gold 
leaching, respectively, whereas wild strain grown at pH 10 showed no gold leach-
ing. Therefore, from these studies, it is clear that genetic modification or medium 
modification can lead to higher metal leaching. Table  3 shows the summary of 
research work on metal recovery using heterotrophic bacterial leaching.

2.2.2  Heterotrophic Fungi Bioleaching

Heterotrophic fungi bioleaching involves the metal leaching using the organically 
excreted acid (acidolysis and complexolysis) and changing the oxidation potential 
of the medium (redoxolysis) or a combination of acidolysis, complexolysis, and 
redoxolysis [31, 59]. The fungal redoxolysis leaching occurs at comparatively 
higher pH, i.e., near pH 7 or above [31]. Aspergillus niger and Penicillium simplicis-
simum are the most used microorganisms in the fungal leaching of metal from vari-
ous waste sources [59]. Brandl et al. investigated the bioleaching of metals form 
electronic waste using Aspergillus niger and Penicillium simplicissimum [60]. 
During the growth, various organic acids such as citrate, gluconate, and oxalate 
were formed which are responsible for the metal leaching. It is reported that P. sim-
plicissimum has been more efficient for the leaching of metals compared to A. niger 
under identical conditions. Both the fungal species were able to recover 65% of Cu 
and Sn, whereas the recovery of Al, Ni, Pb, and Zn was more than 95%. Authors 
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have suggested a two-step approach for the bioleaching of metals as e-scrap has 
negative impact on growth of microorganisms. It is recommended that in the first 
step, growth of the microorganisms will take place without e-scrap and in the next 
step, the metabolites produced will be employed for metal leaching. It is previously 
recommended for the treatment of fly ash for metal leaching using bacteria and 
fungi leaching and has the following advantages [61, 62]:

 1. Microorganisms can be recycled.
 2. Optimization of acid formation due to absence of waste material.
 3. The high concentration of waste material can be used during the leaching step.

Desouky et  al. studied the leaching of rare earth metals from the waste material 
using A. ficuum [63]. The metabolite containing organic acids was produced using 
A. ficuum at pH 3. The waste material (0.75 g) was then added to the metabolite, and 
then the mixture was stirred using rotary shaker at 175 rpm for 24 h. The leaching 
of uranium, thorium, lanthanum, cerium, and yttrium was reported as 30%, 29%, 
20%, 33%, and 2.5%, respectively. It is also reported that thorium was precipitated 
from the leached solution as thorium oxalate using oxalic acid at pH 0.9 and ura-
nium was precipitated as ammonium diuranate using ammonia solution at pH 5–6. 

Table 3 Summary of research work on metal recovery using heterotrophic bioleaching

E-waste Microorganism Bioleaching conditions
Metal 
recovery, % Reference

PCB Chromobacterium 
violaceum

Stirring speed = 150 rpm, pH = 6.8, 
temp. = 30 °C, particle size = 200 
mesh, time = 7 days

Au = 70.6 [56]

Electrical 
scrap

Chromobacterium 
violaceum

Stirring speed = 150 rpm, pH = 10, 
temp. = 30 °C, pulp 
density = 15 g/L, particle 
size = 1 × 1 mm2, H2O2 = 0.004% 
v/v, time = 8 days

Au = 24.6 [49]

Computer 
PCB

P. aeruginosa + C. 
violaceum

Stirring speed = 150 rpm, pH = 7.2, 
temp. = 30 °C, pulp density = 1% 
(w/v), particle size =37–149 μm, 
time = 7 days

Cu = 83.46
Au = 73.17
Zn = 49.11
Fe = 13.98
Ag = 8.42

[57]

Computer 
PCB

P. aeruginosa Stirring speed = 150 rpm, pH = 7.2, 
temp. = 30 °C, pulp density = 1% 
(w/v), particle size =37–149 μm, 
time = 7 days

Au = 52
Cu = 52
Zn = 39

[57]

Electronic 
scrap

C. violaceum Stirring speed = 150 rpm, pH = 9.5, 
temp. = 30 °C, pulp density = 0.5% 
(w/v), particle size <100 μm, 
time = 8 days

Au = 22.5 [55]

Electrical 
scrap

P. plecoglossicida Stirring speed = 150 rpm, pH = 7.2, 
temp. = 30 °C, particle size 
<71 μm, time = 4 days

Au = 68.5 [58]
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In addition to this, rare earth metals were precipitated as rare earth oxalate using 
oxalic acid at pH 8–8.3.

Hassanien et al. compared the bioleaching efficiencies of one- and two-step bio-
leaching processes for rare earth metal leaching from Egyptian monazite and 
thorium- uranium concentrate using A. ficuum [64]. In one-step bioleaching, 
A. ficuum was grown in the media in the presence of the 1 g of monazite or thorium- 
uranium concentrate. However, in the indirect bioleaching process, the A. ficuum 
was grown in the media in the absence of monazite or thorium-uranium concentrate. 
The 1 g of monazite and thorium-uranium concentrate was added after the separa-
tion of microbial biomass. In the case of direct bioleaching, the leaching of rare 
earth elements using A. ficuum was reported as 60.6% and 50.3% within 10 days 
from monazite and thorium-uranium concentrate, respectively, whereas, in the case 
of indirect bioleaching, the leaching of rare earth metals was 55.0% and 47.7% from 
monazite and thorium-uranium concentrate, respectively. The pH was decreased 
from 3.9 to 3 due to the formation of amino acid and other metabolites during the 
growth of A. ficuum. These metabolites help in the leaching of metals using hydro-
gen ions or forming the metal complexes, whereas there is an increase in the pH 
during indirect bioleaching due to the consumption of proton to convert oxides pres-
ent in a sample to soluble metal salts. The organic acid formed plays an important 
role and acts as leaching agents during the fungi bioleaching process. The organic 
acids such as citric, tartaric, oxalic, and gluconic acids were produced during the 
growth of A. ficuum. The complex formation reaction between rare earth element 
cations (Re2O3) and citric acid may take place as below:

 C H O C H O H p a6 8 7 6 3 7

3
3 6 93→ ( ) + =( )− + K .  (5)

 C H O O C H O6 5 7

3

2 3 6 5 7+( ) → ( )−
Re Re  

The possible reactions between the oxalic acid and rare earth elements are as 
follows:

 C H O C HO H p2 2 4 2 4

1
1 2→ ( ) + =( )− + Ka .  (6)

 3 2 4

1

2 3 2 4 3
C HO O C HO( ) + → ( )−

Re Re  

 C H O C O H p2 2 4 2 4

2
2 4 2→ ( ) + =( )− + Ka .  (7)

 3 22 4

2

2 3 2 2 4 3
C O O C O( ) + → ( )Re Re  

Similarly, the gluconic acid reacts with the rare earth elements as follows:

 C H O C H O H p6 12 7 6 11 7

1
3 66→ ( ) + =( )− + Ka .  (8)

 3 6 11 7

1

2 3 6 11 7 3
C H O O C H O( ) + → ( )−

Re Re  

Biohydrometallurgy: A Sustainable Approach for Urban Mining of Metals and Metal…



878

3  Metal Refining

In recent years, significant research for environmental protection is focused on the 
removal of metals from industrial wastewater, soil, and ground wastewater. The bio- 
based technologies are being employed for this purpose. Biosorption and biopre-
cipitation are some of the bio-based technologies employed for metal recovery 
which are low-cost, eco-friendly biological strategies with a low waste generation 
[65]. An integrated approach combining conventional metallurgical systems with 
bioelectrochemical and biosorption processes will be a great leap toward the devel-
opment of green technology.

3.1  Biosorption

Biosorption is a combination of adsorption and absorption which depends on the 
binding capacity of potential biological sorbents like algae, bacteria [66, 67], yeasts 
[68], and fungi with metal [69, 70]. Various living or dormant biological materials 
like fungus, bacteria, agriculture residue, and biomass residual of fermentation pro-
cess have been studied for the biosorption process [71–73]. Generally, the biosorp-
tion process is an interaction of metal ions present in aqueous solution with the 
biological material surface, thereby reducing metal ion concentration in aqueous 
solution as shown in Fig. 4. There are several mechanisms of biosorption which 
include ion exchange, reduction, precipitation, etc., and due to the complex process 
and nature of biomaterials, there is a possibility of a combination of mechanism [66].

The cell structure of biosorbent plays a vital role in the sorption process. Bacteria 
are one of the widely used biosorbent and are classified based on the composition of 
the cell wall, which highly affects the efficiency of metal absorption [66, 70]. 
Teichoic acid is present in the cell membrane of gram-positive bacteria, and 

Fig. 4 Biosorption process
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phosphodiester bonds between the teichoic acid impart negative charge which 
enhances the sorption of metal ions. Similarly, phospholipid and lipopolysaccharide 
layers are present in the outer layer of gram-negative bacteria which imparts nega-
tive charge and expedites metal biosorption [74]. Potential bacterial biosorbents are 
Bacillus [75, 76] and Streptomyces [77, 78] in gram-positive genus and Pseudomonas 
[76, 79] in gram-negative genus.

In addition to bacteria, fungal biosorbents have a huge potential in metal biosorp-
tion as it is easier to grow and can be modified genetically or chemically. Chitin, 
lipids, polyphosphates, and proteins are some species of fungi with metal binding 
groups such as amines, phosphates, carboxyl, hydroxyl, etc. Aspergillus [80], 
Rhizopus [81], and Penicillium [82, 83] are important fungal biosorbents. Cheap 
production and least sensitivity toward alteration in nutrients and process parame-
ters (pH, temperature, aeration) make fungi fit for industrial use [84]. Yeast biomass 
is also used for specific metal biosorption. Saccharomyces cerevisiae is one of the 
widely used yeast biomass with high biosorption capacity [85]. Extensive use of 
microorganisms in food/pharmaceutical industries generates immense amounts of 
waste which can be reutilized in the metal sorption process [86, 87]. Functional 
groups of sorbent material play a major role in biosorption mechanism, and altera-
tion of the functional group via physical or chemical means affects the sorption 
capacity [88]. Functional groups (mainly COOH, NH2, OH, and SH) present on 
biosorbent surface form complexes with metal ions in solution via chemical bind-
ing, microprecipitation, ion exchange, etc. [89]. Tuning of functional groups of bio-
materials can be done by surface modification techniques like ultrasonication, heat 
treatment, or changing crosslinking by acid/alkali treatment [90]. The pre-treatment 
technique modifies surface groups by removing, masking, or exposing binding sites. 
It was observed that biosorption capacity is immensely affected by pretreatment 
technique and time [90].

Various researchers have studied the effect of process parameters such as pH, 
contact time, the concentration of feed, and amount of biosorbent on the biosorption 
[64, 65]. Kalak et al. studied the effect of process parameters like pH, biosorbent 
dosage, and initial concentration of metal ions which directly affect the efficiency of 
biosorption of Fe (III) onto elderberry [91]. The initial concentration of metal ions 
in aqueous solution affects the saturation of biosorbent surface, whereas consider-
able pH change leads to deprotonation of the acid group present on biomass, surging 
probability of adsorption of positive metal ions onto elderberry. Vendruscolo et al. 
discussed different microbial systems to recover Cr (VI) from industrial effluent and 
concluded that versatile biosorbents in their viable or non-viable forms can be used 
in the batch, fed-batch, or continuous reactors [92]. Further, it is also reported that 
microorganism’s isolation, novel selection, and genetic alterations are the key 
parameters for the technological advancement of biosorption in metal absorption. 
The summary of research work on the recovery of metals using biosorbent from 
aqueous solution is shown in Table 4.

Nicomal et al. recovered indium, a major component in the optical electronic 
industry, using microalgae biomass [94]. Microalgal biomass has shown high 
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binding capacities for several metals as various functional groups, like carboxyl, 
amino, phosphate, etc., present in microalgal biomass act as binding sites for metals.

Immobilization of microbial biomass is an innovative way to improve biosorbent 
capacity along with enhancement in strength and durability. Various polymeric or 
biopolymeric materials are used for the immobilization process. Ahmed et al. inves-
tigated the biosorption of different metals on free and immobilized algae biomass. 
Free and immobilized biomass are equally effective for the metal aqueous solution 
in the batch system; however, biosorption via immobilized algae biomass shows 
better biosorption capacity and biosorbent reusability [71]. Chatterjee et al. recov-
ered nickel from spent batteries using Aspergillus nominus (A. nominus), a fungal 
strain [87]. Further, they have studied the effect of the production of enzymes and 
alcohol on the tolerance level of A. nominus. A phenomenon of a sudden rise in 
biosorption of heavy metal with an increase in pH was termed as absorption edge, 
and in this case, the pH was 5. Desorption capacity of fungal strain A. nominus was 
observed, and it is reported that fungal biosorbent could be reused multiple times. 
Sheel et  al. used ammonium thiosulfate (AT) and Lactobacillus acidophilus for 
selective sorption of gold from the printed circuit board [99]. The combination of 
leaching and sorption method leads to a recovery of 85% gold. Several major chal-
lenges like metal binding capacity, renewability, stability, and cost efficiency should 
be addressed in the biosorption process [90].

To conclude, biosorption is a versatile process with certain advantages such as 
(a) selective absorption of metals at low concentration, (b) mild operating condi-
tions like pH and temperature, (c) energy-efficient, and (d) regeneration of 

Table 4 Recovery of major metals via biosorption from an aqueous solution

Metal ions Biosorbent Biosorption capacity (mg/g) Reference

Ag (I) Klebsiella sp. 3S1 114.1 mg/g [86]
Bacillus cereus biomass 91.75 mg/g [93]

Fe (III) Elderberry (Sambucus nigra) 33.25 mg/g [91]
Chlorella vulgaris 129.83 mg/g [71]

In (III) Microalgae biomass 0.144 mmol/g [94]
Cd (II) Phanerochaete chrysosporium 47.85 mg/g [65]

Cronobacter muytjensii 72.45 mg/g [95]
Cu (II) Eichhornia crassipes (Aguapé) 10 mg/g [96]

Aspergillus nomius 987.21 mg/g to 100 min [87]
Macroalgae Macrocystis pyrifera 1.251  mmol/g [97]
Zeolite 13X-Algal-Alginate Beads (ZABs) 85.88  mg/g [98]
Cronobacter muytjensii 76.51 mg/g [95]

Pb (II) Eichhornia crassipes (Aguapé) 10 mg/g [96]
Aspergillus nomius 298.81 mg/g to 60 min [87]
Phanerochaete chrysosporium 29.09 mg/g [65]

Ni (II) Aspergillus nomius 684.2 mg/g to 80 min [87]
Mn (II) Chlorella vulgaris 115.90 mg/g [71]
Zn (II) Chlorella vulgaris 105.29 mg/g [71]
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biosorbent [94]. One of the major challenges in biosorption is to find high biosorp-
tion capacity biosorbent for metal absorption. Even though it has several advan-
tages, its limited commercial success and lack of understanding of its kinetics, 
mechanism, and thermodynamics limit its use. In the case of electronic waste, there 
are certain challenges, like multi-metal-rich feedstream, dissolution of metal ions 
into the aqueous solution, and chemical modifications for better selectivity, which 
need to be addressed. Till now, the recovery of metals from e-waste using biosorp-
tion is still at early stages; however, versatile biosorption process holds great poten-
tial in the near future [66, 99].

3.2  Bioelectrochemical Process (BES)

BES is a fusion of conventional electrochemical systems and microbial systems. It 
reduces organic matter and produces electrical energy from chemical energy via the 
metabolism of microorganisms [100]. BES is also referred to as microbial fuel cell 
(MFC) or microbial electrolytic cell and is a promising option because of its sus-
tainable approach of harnessing energy and in the production of bioproducts and 
waste remedy. The microbial fuel cell has several advantages over conventional 
metallurgy techniques in terms of cost, energy, and environment hazard [101]. Low 
anode corrosion and recovery of material as well as harnessing electrical energy are 
the advantages of BES systems over conventional systems [101]. The general struc-
ture of BES reactors includes anode, cathode, and separator as shown in Fig.  5 
[102]. An anode chamber is filled with oxidized biodegradable material. BES is a 
promising modern technology for metal recovery from electronic waste due to 
major improvements in electrode material and designs in the last decade [103]. In 
recent years, BES applications to remove metals from aqueous solutions are inten-
sively studied with a hope that BES could be applied to metallurgical systems to 
recover base metals, precious metals, and rare earth metals.

The general methodology of the BES system is the biological conversion at the 
anode which releases electrons to the cathode and, therefore, reduces metals to its 
precipitate by considering metals as terminal electron acceptor (TEA). TEA is a 
compound that accepts electron during oxidation of organic source and plays a cru-
cial role in BES if it is used for waste minimization. Several metal ions can substi-
tute oxygen in a series of oxidation and reduction reactions and can act as an 
effective TEA [104].

Nachariah et al. discussed about several BES systems to remove metal ions such 
as Ag(I), Au(III), Co(II), etc. [105]. BES along with microbial electrolysis cell for 
individual metals recovery were discussed in detail. Biocathode usage was also dis-
cussed where cathodes use metal-reducing bacteria to enhance metal reduction on 
the cathode, with an additional separation method to recover metals.

Huang et al. recovered cobalt from lithium cobalt powder using a microbial elec-
trolysis cell [106]. Overall cobalt recovery was 0.15 ± 0.01 g Co/g Co. This study 
could be linked to recover cobalt from spent lithium batteries with minimum energy 

Biohydrometallurgy: A Sustainable Approach for Urban Mining of Metals and Metal…



882

consumption. Heijne et al. recovered copper using a MFC with the bipolar mem-
brane [107]. Aerobic and anaerobic condition effect on copper and electricity gen-
eration was evaluated, and it was observed that there is improvement in power 
density of the MFC in aerobic conditions.

Hu et al. have recovered platinum group metals like palladium and rhodium on 
cathode from wastewater using microbial fuel cell [108]. The electromotive force 
was utilized to recover Pd, Pt, and Rh on the cathode with a removal efficiency of 
99.2%, 99.5%, and 98.7%, respectively. The purity of metals was verified by SEM 
and EDS analysis. The bioelectrochemical system is a versatile process for the 
recovery of metals from waste or industrial effluent waste stream. A combination of 
cathodic reduction with organic component oxidation can be an effective tool to 
leach out several metals and remove metals. Configuration of BES in terms of 
cathode- anode along with applied potential, voltage, and initial metal concentration 
will vastly affect metal removal efficiency. The mechanism part of BES is still not 
explored well, and much research is needed to verify the mechanism. An integrated 
approach of combining hydrometallurgy with BES, along with its use in the leach-
ing and extraction of metals from aqueous solution, still needs to be explored.

Fig. 5 General structure of BES
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4  Future Perspective

4.1  Development of Continuous Process for Metal Extraction

The development of a continuous process is important from the aspect of the eco-
nomic efficiency of the process. The continuous process will also help in mitigating 
the variation in the quality of the product compared to the batch process and pro-
vides more control over the quality of the product. Some recent studies showed that 
a novel coiled flow inverter (CFI) can be an attractive option for the development of 
a continuous process for metal extraction [109–112]. CFI was designed by Saxena 
and Nigam in 1984 [113]. CFI works on the principle of flow inversion, and it is the 
combination of coiling and 90° bends.

Due to superior efficiency, CFI has been used in various applications such as heat 
exchanger, gas-liquid-solid reactions, two-phase flow, food processing, mass trans-
fer, pharmaceutical and biotechnology, micro-reactor for metal extraction, etc. as 
shown in Fig. 6 [114–120]. Different types of CFI designs such as standard CFI, 

Fig. 6 Application of CFI in different fields (Reproduced with permission from [114])
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symmetrical compact CFI, and asymmetrical compact CFI have been employed for 
process intensification as shown in Fig. 7 [114]. Very few studies have been carried 
out in the field of metal extraction using CFI. Zhang et al. employed CFI for the 
extraction of Co from Ni sulfate solution using Cyanex 272 [121]. The experimental 
setup employed in the study for the continuous extraction of metals is shown in 
Fig. 8. The two syringe pumps were employed to pump aqueous and organic solu-
tions. A T-type joint was used to join the aqueous and organic phases. A CFI reactor 
of square shape with four 90° bends was employed in the study to facilitate more 
efficient mixing. Zhang et al. reported that CFI leads to the higher extraction of Co 
and separation factor between Co and Ni compared to batch operation. In addition, 
the optimized residence time in a continuous process using CFI was 60 s and it is 
very less compared to a batch process residence time of 450 s. The use of CFI pro-
vides advantages such as lower reagent consumption, higher productivity and 

Fig. 7 Schematic diagrams for CFI designs: (a) standard CFI, (b) symmetrical compact CFI, and 
(c) asymmetrical compact CFI (Reproduced with permission from [114])
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recycle rate, and smaller plant footprint. The use of CFI leads to intensified liquid- 
liquid mass transfer and can provide a viable solution for the extraction and separa-
tion of metal ions at the industrial scale. A similar study was carried out by Gursel 
et al. and employed CFI to develop a continuous metal extraction process and effi-
ciently recovered 99% Cu [122].

The use of CFI for metal extraction offers a significant advantage for the devel-
opment of a continuous process. However, the scale-up and industrial application of 
this process are still a concern, and there is a need to explore this technique in more 
detail for application in the field of metal extraction.

4.2  Synthesis of the Catalyst Using Recovered Metals 
from E-Waste

The real bottom profitability of any process depends on its ability to ensure the 
usability of the products obtained from it. In this regard, the treatment of e-waste for 
obtaining precious metals offers several advantages in terms of reusability of the 
metals for useful purposes, more specifically, the use of extracted metals such as Cu, 
Ag, Au, Pt, Zn, Ni, etc. in both homo- and heterogeneous catalysis. This can be eas-
ily defined in terms of the gap in meeting the demand for the extensive use of such 
metals in preparing efficient catalysts for a range of commercially relevant pro-
cesses such as biomass valorization, CO2 conversion, and water splitting for H2 

Fig. 8 (a) Schematic diagram for the setup of micro-flow extraction and separation system, (b) 
T-type joint, and (c) CFI structure (Reproduced with permission from [121])
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generation, among many others. Though the precious metals as mentioned above 
are used prevalently in preparing catalysts, still, there are several issues like low 
natural abundance, difficulty in availability, and high cost which are responsible for 
fluctuations in their continuous supply, hence raising concerns over the use of such 
strategically important metals in the preparation of valuable catalysts. Moreover, the 
incessant demand for precious metals creates economic concerns, and it also has 
substantial repercussions for the environment.

The underlying principles of “sustainable development” which stresses on meet-
ing the present demands without compromising future needs can be truly replicated 
by the use of metals extracted from electronic waste. The sustainable use of extracted 
metals from e-waste can play a major role in subsidizing the heavy demand and 
scarcity of metals important for catalysis. As such, the overdependence of current 
industrial processes over precious metals can also be minimized through the sus-
tainability of the overall electronic waste treatment process. Ultimately, such elec-
tronic waste derived from homo−/heterogeneous catalysts will go a long way in 
improving the energy efficiency of many current and neoteric chemical practices.

5  Summary

The global e-waste generation is increasing year by year, and it will reach to 74.7 Mt 
by 2030. E-waste is a rich source of metals and, therefore, can play an important role 
in mitigating the scarcity of metals. However, unregulated accumulation and improper 
recycling techniques lead to the loss of critical metals and also pose a threat to the 
environment and human health. Therefore, it is important to find a sustainable solu-
tion for the sound management of the e-waste and recovery of metals. 
Biohydrometallurgy is a promising option for the recovery of metals from e-waste in 
an environmentally friendly way. Biotechnology has been employed for the recovery 
of metals from ores, but e-waste is a different challenge due to the large number of 
metals and its complex structure. Biohydrometallurgy mainly uses autotrophic bacte-
ria bioleaching, heterotrophic bacteria bioleaching, and heterotrophic fungi bioleach-
ing. Out of these, autotrophic bacteria bioleaching is a conventional bioleaching 
process that uses sulfur-oxidizing bacteria, iron- and sulfur-oxidizing bacteria, and 
iron-oxidizing bacteria. These organisms use carbon dioxide from the atmosphere as 
a carbon source and ferrous ion (Fe2+), elemental sulfur (So), and/or reduced sulfur 
compounds as an energy source. However, e-waste includes metals in their metallic 
form, and therefore, there is a need to supply the microorganism with an additional 
energy source. Heterotrophic bioleaching uses microorganisms such as bacteria (e.g., 
Pseudomonas aeruginosa, Pseudomonas fluorescens, and Pseudomonas putida) and 
fungi (e.g., Aspergillus niger and Penicillium simplicissimum). Heterotrophic biole-
aching is microbial leaching where organisms get energy from organic carbon sources 
for growth during the leaching process. The metabolic by-products of organic carbon 
such as acetic acid, citric acid, oxalic acid, and gluconic acid are responsible for the 
leaching of metals. Biosorption and bioelectrochemical processes are bio-based 
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technologies used for the recovery of metals from aqueous solutions. Also, there is a 
need to explore technique to develop continuous process for metal recovery, and CFI 
can provide a viable solution for this. However, there is a need to extensively explore 
the application of CFI for metal recovery.

There is a need to carry out further investigation in the biohydrometallurgical 
approach for metal recovery from e-waste as some of the main leaching mecha-
nisms are not clear. In addition, it is also important to carry out the pilot-scale stud-
ies to find out the feasibility of the biohydrometallurgical process for full-scale 
industrial applications.
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conventional single step (see Single step 
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BET analysis, 596
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types, 278, 606

Bimetallic materials, 266
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Bio-based feedstocks, 565
Bio-based fuels, 740
Bio-based materials, 126, 132
Bio-based PET, 514
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affecting factors

biomass feedstock type, 775
pyrolysis/gasification conditions, 

776, 777
pyrolysis temperature, 777, 778

amorphous, 775
catalytic functioning (see Catalytic 

functioning mechanism, biochar)
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chemical reactions, 769
feedstock/biomass drying, 769
hydrothermal carbonization, 769
polychlorinated dibenzofurans/

polychlorinated biphenyls, 769
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scheme, 769
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microorganisms, 61
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applications, 881
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Bioethanol, 50, 674, 684, 686–690, 694, 698, 

707, 805, 806, 809
lignocellulosic biomass, 814
manufacturing processes, 510–511
productions, 79

Bioethanol-derived ethylene to C3, C4 olefins
acid-catalysed side reactions, 525
cascade process, 526, 527
co-monomer, 524
conversion processes, 524, 525
dimerization and isomerization, 527
direct conversion, 526
heterogeneous catalysts, 525
high-temperature treatment, 526
metal complexes, 525
metathesis, 526
Na+ ions exchange, 525, 526
nickel and palladium, 525
oligomerization activity, 526
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Biofuels, 460, 707, 713, 804
application, 6
biomass of plants, 804
definition, 4
ecofriendly materials, 804
and engineered materials, 806
first-generation (see First-generation 

biofuels)
forms, 6
non-toxic and biodegradable, 5
primary class, 6
production, 152, 805
secondary class

biomass processing, 6
first-generation, 6, 7
second-generation, 7
third-generation, 7

second-generation, 707 (see Second- 
generation biofuels)

utilization, 804
Biogas (biomethane), 671, 674, 684, 686, 

690–692, 698, 806
aromatics and methoxy groups, 17
combustible gases, 17
composition, 17
condensation process, 17
devolatilization and degradation, 17
particle sizes, 17
production, technological maturity, 77
pyrolysis, 17
upgrading methods

aim, 69
biotechnological, 70
combustion and transport, 69
conventional technologies,  

69, 70
diverse and efficient, 69
H2S removal, 70
siloxanes, 72
water/organic solvent scrubbing, 70

Biogenic cyanide, 875
Bio-glycerol-derived carbon-sulfonic acid 

catalyst, 357
Biohydrogen, 673, 684, 685, 687–693

biological pathways, 61
conversion efficiency, 77
DF, 66, 68
feedstock, 55
fermentation processes, 53, 54
light-independent/dependent, 63
moles, 64, 65
nitrogenase enzyme, 65
substrates, 52

Biohydrometallurgy
advantages, 868
autotrophic bioleaching (see Autotrophic 

bacteria bioleaching)
heterotrophic bioleaching (see 

Heterotrophic bioleaching)
metal recovery, 887
metals bioleaching, 869
metals recovery, 867, 869, 886
microorganisms, 867

BiOI/ZnO photocatalyst, 846
Biological catalysts, 50
Biological conversion, 671
Biological enzymatic pretreatment 

methods, 58
Biological fuels, 804
Biological gas, 804
Biological methanation, 59
Biological pretreatments, 58
Biomass, 346, 347, 430, 435, 670–673, 675, 

678, 679, 684, 685, 693–696, 698
biochemical conversion processes

biogas upgrading, 69–72
by-product management options, 72–76
challenges, 78
environment-friendly option, 79
to fuel gases, 80
green chemistry, 51
microbial processes, 51
pathways, 51
potential substrates (see Biochemical 

conversion substrates)
pretreatments (see Biomass 

pretreatment strategies)
research directions, 76–79
routes and metabolic pathways, 59–65
technological parameters, 65–69
types, 50

biorefineries (see Biorefineries)
briquetting, 810, 811
conversion, 50, 436

chars, 768
chemicals and energy carriers, 8
combustion, 8
fuels and chemicals production, 506
gasification, 9
pyrolysis, 10

destruction process, 432
environmental issues, 819
fermentation, 597
FT oil, 812, 813
fuels, 136
fuel source, 238
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Biomass (cont.)
green motor fuel, 812, 813
lignocellulosic, 810, 814
manufacturing, 805
supercritical water conversion, 816
valorization, 442, 456, 460

Biomass-based energy, 740
Biomass-derived carbon catalysts, 251, 252
Biomass-derived chemicals, 448, 453
Biomass-derived ethanol, 569
Biomass-derived fuels, 150
Biomass-derived platform chemicals

fossil-derived compounds, 626
FUR, 627
HMF, 627
integrated biorefinery, 626
intermediates, 517
transformation, 626

Biomass-derived platform molecules, 273
Biomass-derived syngas conversion, 544
Biomass-derived transportation fuels, 430
Biomass-derived value-added chemicals, 369

biological compatibility, 346
components, 347
end-user-centric chemicals, 347
energy demands, 346
environmentally benign, 346
fossil fuels, 346
glucose monomers, 347
LA (see Levulinic acid (LA))
noncarcinogenic, 346
platform chemicals, 347

Biomass-derived vinyl monomers
AA, 100–101
chemical structure, 90
commodity chemicals, 90
global annual production, 90, 91
IA (see Itaconic acid (IA))
MMA, 101–102
ST, 102–104
substrates, 90
sustainable bio-catalytic processes, 90

Biomass feedstock
agriculture, 240
arid land, 239
bioenergy, 239
classification, 238
conventional uses, 238
conversion technology, 240
economic and environmental impact, 240
micro and macroalgae, 240
surplus forestry, 238

Biomass pretreatment strategies
advantages, 56
bioconversion efficiency and costs, 57

biological, 58
biorefining, 56
chemical, 57
classes, 57, 58
microorganisms, 55
physical, 57
reliable and cost-effective, 57
selective and efficient, 57
value-added products, 58

Biomass thermal decomposition
aromatization reactions, 18
ash composition and content, 19
cellulose and hemicellulose, 19
C2 hydrocarbons and CH4 production, 18
components, 17
conversion, 17
fragmentation process, 18
inorganic compounds, 19
lignin, 18
primary reactions, 18
pyrolysis reactions, 17
secondary reactions, 18
wood extractives, 19

Biomethanation, 685
Biomethane

AD, 53
biochemical processes, 63
combustion and transport, 69
complex purification, 70
concentration, 53
conversion yields, 50
DF, 78
food waste, 53
generation, 59
optimization strategies, 77
production, 61, 80
substrates biodegradability, 67

Bio-oil, 695–697, 812
composition, 16
disadvantages, 24
formation, 16
fuel engine applications, 16
hydrotreatment, 35
intermediate pyrolysis, 16
organic fraction, 16
organic liquid, 16
properties, 16
secondary pyrolysis, 16
transportation, 16
upgradation methods

APR, 28
catalytic cracking, 25–26
emulsification, 25
esterification, 29
filtration, 25
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hydrotreatment, 28
ketonization, 29, 30
polar solvents, 25
TCR cracking, 27–28
transesterification, 29

valuable chemicals, 16
viscosity, 16

Biopolymers, 56, 120, 122, 671, 673, 686, 693
Bioprocesses monitoring, 78
Bio-refineries, 335, 453, 707, 805, 806

adsorbents, 698
alcohol production, 507
aquatic/algae-based, 817, 818
biomass, 670, 805
classification, 671
concept, 670, 673, 674, 806
economic advantages, 671
energy generation, 740
environmental benefits, 671
forest and lignocellulosic-based, 816, 817
green, 805, 816
HMF and Fur, 614
integrated, 818
lignocellulosic biomass, 506
metabolites, 805
petroleum refining/petrochemical 

plants, 506
photosynthesis, 805
resource, 671
self-sufficient system, 698
SFE, 698
solvent extraction, 698
sonication, 698
sterols, 698
structured approach, 506
sustainability, 670
sustainable waste management, 673
types, 670
USAE, 698

Biosorption
advantages, 880
A. nominus, 880
aqueous solution, 879, 880
capacity, 879
cell structure, 878
challenges, 881
cheap production, 879
description, 878
dormant biological materials, 878
Fe (III) onto elderberry, 879
fungal biosorbents, 879
genetic alterations, 879
immobilized algae biomass, 880
indium, 879
L. acidophilus, 880

metal ions interactions, 878
microbial biomass, 880
microbial systems, 879
negative charge and expedites, 879
polymeric/biopolymeric materials, 880
process parameters, 879
S. cerevisiae, 879
sorbent material functional groups, 879
teichoic acid, 878

Bio-synthetic natural gas, 810
2,5-Bishydroxymethylfuran (BHMF), 

276, 645
2,5-Bishydroxymethyltetrahydrofuran 

(BHMTHF), 277
4,4-Bis(5-methylfuran-2-yl) pentanoic acid 

and esters, 311, 312, 314
Bisphenol A (BPA), 308, 792, 793
Bisthiophenic acid-methyl (BTA-M), 312
Bisthiophenic alkyl esters-methyl (BTAE-M), 

312, 313
Borylated cyclohexanes, 388
β-Borylated products, 388, 391
Borylation strategy, 388
Box-Behnken design, 842
Box-Behnken method, 370
Brick manufacturing, 697, 698
Briquetting of biomass, 810, 811
British thermal units (BTU), 186
Brominated flame retardants (BFR), 866
Bromination, 417
5-Bromo-2-furfuraldehyde, 712
Bronsted acid catalysts, 437
Brønsted acid sites, 473, 715
Brønsted acidic ionic liquids (BAILs), 311, 

472, 617, 620
Brønsted acidic sites, 472, 473
Brønsted acidity, 321, 363, 451
Bronsted mineral acids, 309
Brookite, 830
Brunauer-Emmett-Teller (BET)  

equation, 595
BT(A/E)-M preparation, 315
Building block chemicals, 347
Bulk liquid phase (BLP), 829
Butadiene (BD), 529, 541
Butadiene purification technology, 718
Butane diol (BDO), 516, 517
1-Butanol

applications applications, 513
Clostridium sp. strains, 514
gasoline additive, 513
propylene, 513
starch-based packing, 514
yields, 514

β-Butyrolactone, 385
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C
Calcination, 302
Calcined hydrotalcite (CHT), 658
Calcined LDH (CLDH), 297
Calcium oxide (CaO), 714
C3 alcohols, 512
C4 alcohols, 513
C4+ alcohol selectivity, 543
C5+ alcohols/higher alcohols/fatty 

alcohols, 517
C-alkylation, 563
C-3 alkylation of oxindole, 564
Camellia sinensis, 104
Candida. P. antarctica, 97
Cannizzaro reaction, 710
CaO-loaded HZSM-5 (Ca/ZSM-5) catalyst, 653
Ca-promoted catalyst, 604
Carbohydrate-rich food waste conversion, 790
Carbohydrates, 158, 706
Carbonaceous materials, 362
Carbon-based catalysts

biomass-derived, 251, 252
CNTs, 253, 254
graphene-derived, 252, 253
properties, 250

Carbon-based materials, 489
Carbon-based propylene selectivity, 522
Carbon-based sulfonated catalysts, 252
Carbon catalyst

acetalization performances, 491
functional groups, 489
HNO3-treated carbon, 490
H2SO4-treated catalyst, 491
hydrophobicity, 491
hydrothermal treatment, 489
oxygen functionalities, 489, 490
pyrrole-pyridine nitrogen groups, 490
residual biomass, 489
-SO3H sites, 491
surface chemistry, 489

Carbon dioxide (CO2), 5, 674, 804
Carbon fibre, 671, 686, 693
Carbon-12 hydroxy functional group, 211
Carbonization, 11
Carbon mass balance, 726
Carbon nanotubes (CNTs), 253, 254, 333
Carbon Recycling Institute (CRI), 569
Carbon-rich biomass, 292
Carbon-to-nitrogen (C/N) ratio, 66
Carbonyl compounds, 643
Carboxamides, 398
Car-Parrinello molecular dynamics (CPMD), 

274, 281, 284

Castor oil
carbon-12 hydroxy functional group, 211
chemical industry, 210
chemistry (see Chemistry of castor oil)
composition, 214–216
and derivatives, 210, 211
distribution, 211, 212
extraction, 212, 213
industry

applications in industries, 216
polymer goods, 227–229

physicochemical
characteristics, 210
parameters, 214–216

plants, 210
preparation, 212, 213
production, 211, 212
properties, 210
reactions, 211
refining, 212, 213
ricinoleic acid, 210

Castor plants (Ricinus communis), 210
Catalysis, 359, 629
Catalyst loading, 482, 483
Catalyst recyclability experiments, 316
Catalyst SAPO-34, 470
Catalyst synthesis, e-waste recovered metals

advantages, 885
economic concerns, 886
homo- and heterogeneous, 885, 886
relevant processes, 885
sustainable development synthesis, 886
treatment, 886

Catalytic functioning mechanism, biochar
charge development, 779
high-temperature pyrolysis, 779
hydrogen bonding, 779
mass transfer, 778
organic components decomposition, 778
oxygen-rich functional groups, 778
reactants adsorption, 778
surface complexation, 779

Catalytic gasification, 247
Catalytic hydrolysis-acid/alkaline 

catalysts, 244
Catalytic hydro-processing, 742
Catalytic hydro-treatment, 746
Catalytic ketonization reaction, 29
Catalytic microalgae HTL

biocrude oil, 165
macrocomponents, 165
valorization, 164
water, 165
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Catalytic processes, biomass conversion
bimetallic, 243, 260–264
biomass molecules, 242
challenges/opportunities, 264

deactivation and reusability, 265
desirable products selectivity, 264, 265
kinetic/mechanistic aspects, 265, 266
multidisciplinary approach need, 264

etherification/transesterification, 243
functionalized (see Functionalized 

heterogeneous catalysts)
heterogeneous catalysts, 248–250
lignocellulosic biomass

catalytic solvolysis, 244, 245
gasification, 247
hydrolysis-acid/alkaline catalysts, 244
hydrothermal liquefaction, 245
integrated processing, 247
pyrolysis, 245–247

petroleum feedstocks, 242
porosity, 243
thermal processes, 243
thermochemical/syngas platform, 243

Catalytic pyrolysis, 245–247
acid oxides, 26
gasoline-ranged hydrocarbons, 25
HZSM-5 and ZSM-5, 26
mesoporous, 26
mineral catalysts, 26
silica/alumina, 26
zeolites/silica, 25

Catalytic reactions, 273
Catalytic solvolysis, 244, 245
Catalytic transfer hydrogenation (CTH), 217, 

453, 715, 717
Catch crops, 79
C4 bio-alcohol-based processes, 543
Cα/Cβ ether bond cracking, 285
C4–C6 fatty acids, 518
C2–C4 olefins from bioethanol, 523
C3 diols, 514
Cellulose, 240, 241, 292, 431–433, 685
Cellulose nanocrystals (CNCs), 694
Cellulose nanofibres, 694
Cellulosic biomass, 435, 436
Ceramic-based nanocomposites, 629
Cesium-doped manganese dioxide (Cs/MnOx) 

catalyst, 643
C6F5I, 401, 402
Chain symmetry polyamide, 114
Chalcogenated acids, 396
Chalcogenation, 399
α-Chalcogenation, 418–420

γ-Chalcogenation, 400
Char, 160
Charge development, 779
Char synthesis/activation/loading, 795
Chemicals, 430

catalytic processing, 242
conversion, 671
equilibrium calculations, 479
herbicides, 673
mechanism, 460
pretreatments, 57

Chemically treated wood-based biochar, 782
Chemie douce approach, 363
Chemistry of castor oil

alkali splitting, 225–227
dehydration, 216, 217
epoxidation, 220–222
hydrogenation, 217, 218
oxidation, 220
ozonolysis, 222, 223
pyrolysis, 224–226
sulfation, 222, 224, 225
transesterification, 218, 219

Chiral oxazoline, 387
Chitin

agriculture, 129
alkaline/acidic degradation, 130
anti-diabetes, 129
antimicrobial agents, 129
biodegradation, 130
biomedical applications, 129
chitobiose and N-acetylglucosamine, 

129, 131
composite preparation, 128
enzymatic degradation, 129
food industry, 129
low-molecular-weight substitutes, 129, 130
nanofibers/nanowhiskers, 129
sonication, 131

C(sp3)–H lactamization, 401
5-Chloro-8-aminoquinoline, 410, 411
Chlorofluorocarbons (CFCs), 866
Chloroform-d or DMSO-d6. R, 618
5-Chloro-2-furfuraldehyde, 712
5-Chloromethylfurfural (CMF), 444
C14H14O2-Pd nanoparticles, 756
Chromite (Cr), 714
Chromite catalysts

activity tests, 726
characterization, 726
CuCr2O4, 723–725
preparation, 725
ZnCr2O4, 721–723
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Chromium-based catalysts, 33
Chromobacterium violaceum, 874, 875
C4 hydrocarbons, 706
Ciprofloxacin (CF), 836
Cis-aconitate decarboxylase (cadA), 94, 96
C13-labelled, 531
Claisen condensation, 120
Claisen-Schmidt condensation

acetophenone, 658
Al2O3/CaO, 658
chalcones, 658
furanochalcones, 658
5-HMF, 658
HTc and HTr mixed oxide catalysts, 658

CLDH-derived active catalyst (Ni/Mg-Al 
CLDH), 303

Climate change, 346
CLJ-5 bio-jet fuel, 543
Clostridium acetobutylicum, 557
Clostridium autoethanogenum, 518
Clostridium kluyveri, 518
Clostridium propionicum, 100
CNT-based solid acid catalyst (CNT-P- 

SO3H), 253
Coagulation-flocculation process, 826
Coal to olefins (CTO), 522
Cobalt biofuels, 543
Cobalt-catalysts, 606, 745

intermolecular C–H amination, 405–407
β-lactam synthesis, 404, 406
β-lactams, 402

Co-based catalysts, 606
Co-based SBA-15-supported catalysts, 604
C-O/C=O bonds (carbonyl group), 32
Co-Cu/SBA-15, 717
CO2 emissions, 804
Caryl-O hydrogenolysis, 753
Coiled flow inverter (CFI)

advantages, 884
applications, 883
Co extraction, 884
designs, 883, 884
flow inversion, 883
metal extraction, 883, 885
micro-flow extraction, 885
optimized residence, 884
reactor, 884

Coke, 804
Combustion, 8
Commercialization, 493, 615, 721
Commercial plants, 524
Compound annual growth rate (CAGR), 718
Computational chemistry methods

chemical system properties, 274
electronic structure calculations, 274

pyrolysis chemistry, 284–285
reaction mechanism (see Reaction 

mechanism)
solvent effects, 282–284

Concentrated sulfuric acid, 205
Condensation, 528, 711
Conduction band energy (CBE), 831
Congo red (CR), 840
Consolidated alcohol dehydration- 

oligomerization (CADO), 542
Constructed wetland (CW) system, 140
Conventional fossil-derived polymers, 90
Conventional homogeneous esterification 

process, 205
Conventional photocatalysts, 852
Conventional substrates, 52
Conventional viscose process, 616
Conventional water purification 

techniques, 824
Conventional zeolites, 367
Conversion of carbohydrates

AL (see Alkyl levulinates (AL))
EMF (see 5-Ethoxymethylfurfural (EMF))
HMF (see 

5-Hydroxymethylfurfural (HMF))
Conversion technological parameters

biochemical pathways, 68
biodegradability, 66
biomethane yields, 66
buffering capacity, 66
co-digestion, 67
duration, 68
energy consumption, 68
fermentation, 66–68
homogenization, 68
lignocellulosic materials, 66
metabolic pathways, 66
microflora, 67
optimal digestion temperature, 67
optimal pH, 67
organic loading, 67
pressure influence, 68
thermal regime, 67

Copper (Cu), 714
Copper-catalysts, 33, 36

acetoxylation, methyl groups, 395
α-amination, 414, 416
β-lactamization, 403
α-phosphorylation, 416
radical γ/δ-bromination, 417

Corncob-based catalyst, 204, 205
Corn starch, 98
Corrosive chemicals, 615
Corynebacterium glutamicum, 96, 99
Cost-effective carbon source, 460
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Covalent organic framework (COF), 525
Covalent triazine framework (CTF), 331
C4-oxygenated products, 638
Cr2O3, 732
Crop residues, 52
Crude glycerol impurity, 494
Cryptococcus elinovii, 104
C5 sugars, 708, 717, 718
CTAB-containing catalyst, 492
Cu-based catalysts, 592, 596, 606
Cubic MgxZr1−xO2−x solid solution, 650
CuCr2O4 catalysts, 723–725
Cu-incorporated pyridinic nitrogen-dominated 

nitrogen-doped graphene (Cu/
NG), 642

Cu-loaded MCM-41 catalysts, 596
Cu loading, 601
Cu-Ni bimetallic particles, 635
Cu-rich near-surface alloys, 635
Cu-supported MgAl-LDH catalyst, 306
Cyanogenic bioleaching, 872
Cyanophytes, 65
α-Cyclodextrin, 284
Cyclone pyrolyser, 10
Cyclopentanone, 556
Cyclopentyl methyl ether (CPME), 717
Cyclopropane, 392
Cyprodinil and fludioxonil fungicides, 

834, 835

D
Dark fermentation (DF), 51, 52, 54, 63, 65, 66
Dawson heteropoly acid, 710
Dealumination, 367, 487, 489
De-carbonylation, 18, 160, 162, 528
Degradable polymers, 114
Degradation biocatalysts, 78
Dehydration, castor oil, 216, 217
Dehydrocyclization, 722–726, 732, 733, 735
Delta-aminolevulinic acid (DALA), 558, 559
Denitrogenation reaction, 163
Density functional theory (DFT), 274

acid-catalyzed carbohydrates conversion, 
275, 276

HDO, 278, 279
hydrogenation, 276, 278
pyrolysis, 284
RO and decarboxylation, 280, 281
solvent reaction, 282

De-oil cake, 808, 809
Deoxydehydration (DODH), 464, 465
Deoxygenation, 162
Department of Energy (USA), 292
Depolymerization, 16–18, 258

Deprotonation energy (DPE), 618
Desilication, 367, 368, 371
Desulfurization, 163
Development of Integrated Biomass 

Approaches NETwork 
(DIBANET), 349

Devolatilization (pyrolysis), 8, 9
DFT calculations, 619
Diacetin glycerol (DAG), 480, 482–484
1,4-Diacids, 293
Dialkyl imidazolium-based IL, 617
Dicarboxylic acids, 638
Dichalcogenides, 396
Diels-Alder reactions, 709
Diethyl carbonate, 477
Diethyl ether (DEE), 562
Diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS), 277
5,5-Diformyl-2,20-di-furan, 709
Digestate management

AD, 73, 74
agriculture, 73
aim, 74
bioprocessing, 73
capitalization, 74
catalytical conversion, 74
components recovery, 74
decision-making, 73
fertilizer efficiency, 73
filtration, 74
integrated technologies, 76
metabolic pathways, 75
metallic catalysts, 75
nutrients utilization, 74
photo-fermentation, 76
thermochemical conversion, 75

Digestate processing, 73
3,6-Dihydro-4-hydroxy-6-methylpyran-2-one 

(DHHMP), 281
Dimethyl carbonate (DMC), 477, 564
Dimethyl ether (DME), 522
Dimethylformamide (DMF), 192, 324
2,5-Dimethylfuran (2,5-DMF), 280, 330, 

641, 642
2,6-Dimethyl pyrazine (2,6-DMP), 723–725
Dimethyl sulfoxide (DMSO), 192, 255, 282
Dimethyl sulfoxide tetrabutylammonium 

(DMSO/TBAF), 616
Dimethyl sulphate (DMS), 564
Diminished soap formation, 200
Diphenolic acid (DPA)

acid catalysts, 311
Bronsted mineral acids, 309
high yield, 311
H3PW12O40/SBA-15 catalyst, 309
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Diphenolic acid (DPA) (cont.)
Keggin-type heteropolyacid, 309
LA with phenol, 309, 310
SHPAOs, 309
structural analogue, 308
thiol promoter, 309, 310
water-tolerant SACs, 309

Directed C(sp3)–H hetero-functionalization
aliphatic carboxylate equivalents, 385
carboxylic acid equivalents via bidentate 

directing groups
arenes, 393
C–halogen bond formations, 409, 

410, 412
C–N bond formation, 399–404, 406
C–O bond formation, 393–396
C–S and C–Se bond formation, 396, 

398, 399
C–Si and C–Ge bond formations, 406, 

408, 409
carboxylic acid equivalents via 

monodentate directing groups
C–B bond formations, 387, 388
C–halogen bond formations, 389, 391
C–N bond formation, 387
C–O bond formation, 387
transition metals, 386

free carboxylic acids, 385, 386
Direct interspecies electron transfer 

(DIET), 786
Direct polycondensation/polymerization 

(DP), 116
4,4-Diryl-substituted pentanoic acid/esters 

synthesis
BTA-M, 312, 313
DPA preparation, 308–311
HAA, 311, 312

Dissolved organic carbon (DOC), 842
Distillation, 811
Doping

absorption band, 844
coordination environment, 843
metal oxides, 845
MO, 844
Pd2+-doped ZnO, 844
photocatalytic properties, 843
Se on TiO2, 844
SnO2, 845
ZnO, 844

Double numerical plus polarization (DNP), 619
DPE calculation, 620
Drenching, 810
DRIFTS studies, 542
Drying, 8, 9

3D SnO2/α-Fe2O3 heterostructure, 848
Dual functional catalysts, 568
DuPont/Tate & Lyle process, 515
Dyes, 678–683

E
Edible oils, 216
Eichhornia crassipes, 672, 678
Electrode material selection, 139
Electromagnetic spectrum, 825
Electromotive force, 882
Electronic waste (e-waste)

in Asia, 866
BFR, 866
biohydrometallurgy (see 

Biohydrometallurgy)
categories, 867
CFC, 866
electrical/electronic equipment 

industry, 867
harmful substances, 866, 867
metal recovery, 867
PCB, 867
pyrometallurgy, 867
recycling, 866, 867
toxic substances, 866

Eley-Rideal (ER), 197
Employing energy return on investment 

(EROI), 154
EMRE-MTG process, 535
Emulsification, 25
Endothermic condition, 482
End-user-centric chemicals, 347
Energy

consumption, 3, 4, 185
demands, 186, 346, 430
efficiency, 707
exploration and exploitation, 186
production, 16

Energy-intensive steam cracking process, 510
Environmental degradation, 346
Environmental pollution, 613
Environment Health and safety (EHS), 533
Enzymatically catalysed bioconversion 

processes, 80
Enzymatic degradation, 129
Enzymatic polymerization (EP), 119
Enzyme, 697
Enzyme-producing microorganisms, 78
Epoxidation, castor oil, 220–222
Epoxides, 221
Epoxidized castor oil (ECO), 221
Equation stoichiometry, 483
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Eriochrome Black T (EBT), 843
Escherichia coli, 558

citrate synthase, 95
IA biosynthesis, 95
IA production, 96
icd, 95
industrial synthesis, 95
MECRs, 96
microorganisms, 517
pCadCS, 96
stability and reusability, 96
T7-inducible cad gene, 95
whole-cell bioconversion, 96

Esterification reaction, 29, 194, 197, 359, 361
Esters, 356

formation, 224
hydrolysis, 224

Ethanol, 806
availability, 511
BDO, 516
bio-based feedstocks, 510
C2 diol, 514
C3 alcohol, 512
C3 diol, 514
C4 alcohol, 513
C4 diol, 514
dehydration, 523
fermentation process, 510, 511
vs. fossil fuel, 511
global production, 511, 512
production development, 510

Ethanol to butadiene (ETB) conversion
BD yields, 533
catalyst compositions, 533
catalyst formulations, 531
catalyst investigation, 532
comparative evaluation, 533
economic constraints, 533
environmental impacts, 533
GHG effect, 530
mechanistic pathways, 531
MPV reduction, 531
naphtha-based BD production, 531
partial dehydrogenation, 531
preparation methods, 531
productivity and stability, 534
reaction pathways, 531
sepiolite catalyst, 531
single-step process, 530, 532
techno-economic analysis, 534
two-step process, 531

Ethanol to C3–C4 olefins conversion, 527, 528
Ethanol to ethylene conversion, 523, 524
Ethanol to gasoline (ETG), 536, 537

Ethanol to isobutene conversion, 528, 529
Ethanol to jet fuel (ETJ), 543
Ethanol to propylene/isobutene/aromatics, 567
5-Ethoxymethylfurfural (5-EMF), 259, 435

carbohydrates, 444
CMF, 444
diesel fuel, 444
favourable biofuel, 444
industrial scale, 444
modified HPA catalysts, 445–448
synthesis approaches, 445

Ethylene carbonate, 477
Ethylenediamine (EDA), 722, 723, 

726, 733–735
Ethyl furfuryl ether (EFE), 560
Ethyl levulinate, 349, 447
Ethyl tertiary butyl ether (ETBE), 513, 806
ETJ/middle distillates conversions

airlines industry, 539
biomass/renewable feedstocks, 539
C4 bio-alcohol-based processes, 543
environmental impacts, 538–539
ethanol/alcohols, 543, 544
Lanza-PNNL process, 540, 541
ORNL-Vertimass process, 542, 543
pathways and catalytic processes, 543, 544
raw materials, 539, 540

European Commission, 670
European Union (EU), 460–461
Eutrophication, 92
Evaporation-induced self-assembly 

method, 638
Exchangeable Na+ ions, 525
Ex situ catalytic pyrolysis, 27
Ex situ reaction mechanism, 715
Ex situ-reduced Ni(0)/Al2O3-TiO2 catalyst, 304
Ex situ rehydration, 649
Extensive forest/agro-resources, 292

F
Fagopyrum tataricum (FtPAL), 104
Fast pyrolysis

ability, 13
aim, 13
biochar, 20
biomass, 25, 29
bio-oil, 13, 14, 20, 22–24
conversion, 14
limitation, 14
secondary products, 14
short solid/vapour residence time, 10, 13
woody biomass, 24
yields, 10
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Fatty acid methyl esters (FAME), 781, 807
Fatty acids (FA), 675
Favored olefin-active metal complexation, 791
Fe-Co-based bimetallic catalysts, 642
FeCo oxides, 642
Feedstocks, 14, 55, 431, 804
Fe/HBeta catalyst, 742
Fe-loaded calcined scallop shell (CS), 745
Fe, N-co-doped biochar (Fe-N-BC), 793
α-Fe2O3, 838
Fe2O3 nanorods, 843
Fe (III) onto elderberry, 879
Fermentation, 707
Fermentative biomass breakdown, 

biodegradation, 59, 60
Fertilizers, 61, 73, 79
Fe/SiO2 catalysts, 745
Filtration process, 25, 827
First-generation biofuels, 6, 7, 35, 430, 

431, 804
transesterification, 807
whole-crop, 808–809

Fischer esterification, 356
Fischer-Tropsch diesel, 810
Fischer-Tropsch process, 788
Fischer-Tropsch synthesis (FTS), 9, 247, 783
Fisher-Tropsch oil (FT oil), 812, 813
Five-fused five-membered metallacycle, 401
Five-membered ring, 489
Fixed bed gasifiers, 9
Fixed-bed reactor system, 316
Flame ionization detector (FID), 726
Flash pyrolysis, 246
Flexible-fuel vehicles (FFVs), 782
Flexi-fuel vehicles, 809
Floating island, 143
Flory-Fox equation, 119
Fluidized bed gasifier, 9
Fluidized bed pyrolysers, 10
FOL to fuels/chemicals conversion

AL, 559
catalyst formulations and optimization, 561
conjugated polyfurfuryl chains, 561
derivatives, 558, 559
DFE, 561
etherification, 560
exothermic condensation 

polymerization, 561
flavouring agent, 561
LA, 558
oligomerization and polymerization, 

561, 562
PNC, 561
raw material, 561

resinification process, 561
transformations, 558, 560
ZSM-5, 560

Food economy, 707
Food industry waste, 52
Food supply chain waste (FSCW), 670
Food-versus-fuel debate, 52, 804
Food waste, 53
Forest and lignocellulosic-based biorefinery, 

816, 817
Forestry waste, 670
Formic acid, 350
5-Formyl-2-furancarboxylic acid (FFCA), 

330, 641
Fossil-based feedstocks

consumption, 90
environmental impact, 90
nature, 90

Fossil fuels, 346, 430, 698
combustion, 5
energy transition, 3
reservoirs, 430

Fossil resources, 565
Fourier transform infrared (FTIR), 726–728
Foxtail weed biomass, 617
Fragmentation, 17
Free and immobilized biomass, 880
Free carboxylic acids

acetoxylation, 386, 389
butanoic acid, 385
β-butyrolactone, 385
γ-hydroxybutyric acid, 386, 388
lactonization, 386
L-valine, Pt catalysis, 385, 387
Pt2+-based system, 386
Pt2+/Pt4+ catalyst system, 385
transition metals, 385

Free fatty acids (FFAs), 186–188, 192, 194, 
196, 203, 205, 215, 781

Free β-hydroxy carboxylic acids, 393
Free thiophenols, 398, 399
Frontier molecular orbital (FMO), 281
Fructose, 442
Fructose conversion to EMF, 447
Fructose dehydration, 444

to HMF conversion mechanism
acid catalyst, 314, 315
cellulose/starch conversion steps, 313
clay and zeolitic materials, 326, 327
functionalized carbon materials, 

322–324, 326
HPA-based catalysts, 318, 320, 321
ion-exchange resins, 321, 324
metal oxides, 316, 319
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metal salts, 314, 315, 317, 318
mineral and organic acids, 314, 316
resin catalysts, 321

Fuel
additives, 484, 554
bioethanol, 684, 686–690
biogas, 684, 686, 690–692
biohydrogen, 684, 685, 687–693
biomethanation, 685
HCF, 684, 692
ionic liquid, 684
MFC, 685
NaClO2, 685
renewable energy sources, 684
SCB, 684
sustainable production and synthesis, 707

Fuel-ranged hydrocarbons, 29
Fumaric acids (FAc), 638
Functionalized carbon materials, 324, 326
Functionalized heterogeneous catalysts

biomass conversion, 260
carbon-based catalysts, 250–254
ILs, 257–259
magnetic catalysts, 259, 260
MOFs (see Metal-organic 

frameworks (MOFs))
2-Furaldehyde, 708, 718
FUR aldol condensation reaction

Ca/ZSM-5 catalyst, 653
cerous phosphate, 651
cyclic ketones, 647
cyclopentanone, 651
FAc, 652, 653
Fe-BTC MOF, 652
furfurylidene ketone-based compounds, 647
heterogeneous base catalysts, 647
homogeneous base catalysts, 647
HT, 647, 649
hydrodeoxygenation, 651
K-BEA zeolite, 653
KF/Al2O3 catalysts, 651
KF salt, 651
K-mollified Y and USY zeolites, 652
K2O species, 653
LaMg mixed oxide catalysts, 650
MgF2, 650
MgF2−x(OH)x, 650
MgO/NaY catalysts, 653
Mg-Zr mixed oxide, 649
MOFs, 651
natural dolomite, 650
nontoxic and inexpensive solvents, 647
oxygenated precursors, 646
Pd/cobalt-aluminate catalyst, 654

Pt nanoparticle, 654
Pt@NaZSM-5 catalyst, 654
reaction mechanism, 654, 655
Sn-MFI, 652, 653
solvent-free synthesis, 651, 652
tandem catalysis, 653
tandem reaction, 654
zeolites HBEA, 652
Zr-O-Zr sites, 650

Furan chemistry, 713
2,5-Furandicarboxylic acid (2,5-FDCA), 626, 641

heterogeneous catalysts, 330
mucic acid dehydration, 328
oxidation, 330
preparation, selective oxidation, 331–334
Ru-based catalysts, 330
selectivity, 330

Furanics, 632
Furanics condensation reactions

Claisen–Schmidt condensation, 658, 659
FUR (see FUR aldol condensation 

reaction)
5-HMF (see 5-HMF aldol condensation 

reaction)
Furanics hydrogenation

FUR
bimetallic Ni-Fe nanoparticles, 635
catalysts, 633
Cu-Ni nanoparticle, 635
FA yield, 634
isopropanol, 636
liquid organic solvents, 634
2-MF, 635, 636
Ni3Sn2, 634
noble metals, 632
non-noble metals, 632
products, 632
reactions, 632–634
TiO2, 635

HMF
BHMF, 638
bimetallic combination, 637
biomass-derived carbohydrates, 636
conversion routes, 636
CoO nanoparticles, 636
DFT calculation, 638
DMF yield, 638
high-octane number, 636
hydroxyl group, 636
methanol, 637
noble metals, 636
oxophilic nature, 638
products, 636
reaction mechanism, 638, 639
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Furanics oxidation
FUR

catalysts, 637, 640
C4-oxygenated products, 638
MA, 641
MAN, 638, 641
vanadium, 641

HMF
Cs/MnOx catalyst, 643
Cu/NG catalyst, 642
derivatives, 641
DFF, 641, 642
Fe-Co-based bimetallic catalysts, 642

Furanics reductive amination
carbonyl compounds, 643
FUR

FAM, 643, 644
reaction network, 644

HMF
aliphatic and aromatic amines, 645
AMF, 646
BHMF, 645
FFA, 646
Ni/SBA-15, 646
pharmaceutical functions, 645
PpPDA, 645
reaction network, 646

nanocomposite catalysts, 645
primary amines, 643
value-added N-containing compounds, 643

2-Furanmethanol, 717
Furanone (FU), 638
Furfural (FUR), 558

acid hydrolysis of lignin, 708
aldehyde (-CHO) and aromatic ring, 708
applications, 706, 708, 717, 718
bio-refineries, 707
casting moulds, 706
chemical, 706
chemical feedstock, 708
chemical properties

acetalisation, 710
acylation, 710
aldehydes, 709
alkylation (arylation), 709
Cannizzaro reaction, 710
condensation reaction, 711
Grignard reaction, 712
halogenation, 712
nitration, 712
oxidation, 711, 712
reduction and reductive amination, 711
resinification, 712–717

commercial features, 717, 718

essential oxygenated compound, 30
formation steps, 30
furan/furfuryl alcohol derivatives, 569
hydrogenation, 32, 33, 709
industrial synthesis, 713
methylfuran, 708
2-MF (see 2-Methylfuran (2-MF))
microwave irradiation, 31
physical properties, 708–710
production, 30, 31, 707
reaction scheme, 708
renewable biomass/agricultural  

wastes, 30
TCR process, 31
tetrahydrofuran, 708
undesired co-products, 31
xylose, 34, 708
yields, 31

Furfuraldehyde, 708
Furfuryl alcohol (FAL), 31, 294, 295, 449, 

452, 558, 632, 706, 708, 
710–714, 716–718

Furfurylamine (FAM), 643, 644
Furfurylidene ketone-based compounds, 647
FUR hydrogenation, 708, 709, 713–716
Furoic acid (FuA), 707, 710, 713, 718

G
GAC-MnO2 nanocomposite-based 

catalysts, 786
Gamma-keto acids, 349
Gas chromatography, 726
Gas chromatography-integrated-mass 

spectrometry-integrated pyrolytic 
reactor (Py-GC-MS), 744

Gas chromatography-mass spectrometry 
(GC-MS), 743

Gaseous-phase hydrogenation, 714
Gas fermentation technologies, 511
Gasification, 707

chemistry, 9
fixed bed gasifiers, 9
fluidized bed gasifiers, 9
reactors, 9

Gas phase glycerol dehydration to acrolein
acid-activated sepiolite catalyst, 471
caesium salts, 468
catalytic performance, 468, 469
desilication methodology, 470
HPA, 468
HSiW catalysts, 468
hydrothermal methods, 470
H-zeolites, 470
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meso-LaCuCrAlPO catalyst, 471
metals, 468
MFI structure, 468
microstructured ZSM-11 catalyst, 470
niobium oxide, 471
pyrophosphates and phosphates, 470
reaction parameters, 470
selectivity, 471
Si/Al molar ratio, 470
yields, 468
zeolites, 468

Generalized gradient approximation 
(GGA), 619

General selective oxidation desires, 465
Genetic engineering, 93
Gentisic acids, 678
Gevo Integrated Fermentation Technology 

(GIFT), 543
GHG emissions, 144, 804
Gibbs free energy, 482
Global climatic change (GCC), 740
Global energy consumption, 538
Global energy scenario, 565
Global e-waste generation, 886
Global scientific community, 494
Gluconobacter oxydans, 102
Glucose, 261, 442
Glycerol, 219, 721–726, 733–735

acetalization, 556
acrolein, 462
applications, 462
biochemical feedstock, 557
biodegradable and biosustainable 

chemical, 462
biofuel production, 462
commercial value, 462
conversion methods, 462, 494
esterification, 463
feedstock, 462
nitroglycerin production, 462
oxygenated products, 462
reforming, 463
US and European nations, 462

Glycerol acetalization
acid-catalysed reversible reaction, 484
additives, 484
aldehydes/ketones yields, 484
1, 3-axial interaction, 485
carbon catalyst, 489–491
generation-wise classification,  

484, 485
Lewis acid sites, 487
metal oxide catalyst, 491–492
reaction parameters effects, 492, 493

solketal and tert-butylated, 484
solketal production, 484, 486
solketal reaction mechanism, 485
zeolite catalyst, 486–489

Glycerol/acrolein polycondensation, 474
Glycerol carbonate (GC), 556
Glycerol carbonylation

carbon dioxide, 475
chemical equilibrium calculations, 477
CO2, 474, 475
dimethyl carbonate, 474, 475, 477, 478
glycerol and urea, 477–479
glycerolysis, 475
heterogeneous catalysts, 478, 479
lipase, 477
petroderivative compounds, 474
reaction, 479
solvents, 474
transcarbonation, 476, 477
valorization, 474

Glycerol dehydration
acidity and textural characteristics, 470
acrolein, 467
gas phase glycerol dehydration, 468 (see 

Gas phase glycerol dehydration to 
acrolein)

inhibiting catalyst deactivation, 474
liquid phase to acrolein, 472
physicochemical properties, 473
reaction mechanism, 472

Glycerol esterification
acetic acid, 476, 480, 481
acetic anhydride, 476
Ac2O, 480
AcOH, 480
catalyst systems, 480
DAG, 480, 482
heterogeneous catalysts, 480
mineral acids, 480
mono-, di- and tri-acetyl esters, 479
reaction parameters, 482–484
TAG, 480
value-added chemicals, 479

Glycerol ethers, 555
Glycerol formals, 555
Glycerol oxidation

AA
acrolein, 465, 466
allyl alcohol, 464, 465
propylene, 466, 467

dehydration, 464
products, 463
reactions, 464

Glycerol valorization, 494
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Glycerol–value-added products conversion
acetals, 556
acetin selectivity, 555
acrolein, 556
acylating agent, 555
APR process, 552
C. acetobutylicum, 557
catalysts, 554
catalytic processes, 551, 553
crude glycerol utilization, 558
esterification, 554
ethers, 555
formals, 555
fuel additives, 554, 558
GC, 556, 557
ion-exchange resins, 555
LA, 555
nickel- and platinum-based catalysts, 552
non-combustion routes, 551
1,3-PDO, 557
raw material, 551
solketal, 555, 556

Glycine derivatives, 416
Glycolipids, 675
Glycosidic linkages, 620
Graphene-based catalysts, 252, 253
Graphene oxide (GO), 252
Graphitization, 252
Green biorefinery, 816
Green chemistry, 51
Green diesel, 811, 812
Greenhouse-emitting energy, 460
Greenhouse gas (GHG), 4, 210, 539, 707, 804
Green innovation, 805
Green motor fuel, 812, 813
Green solvent, 355
Green technologies, 210
Grignard reaction, 712
Group VIII metal catalysts, 742, 761

Co-based, 745
Fe-based catalysts (see Iron (Fe)-based 

catalysts, biomass pyrolysis)
iridium-based, 759
Ni-based catalysts (see Nickel (Ni)-based 

catalyst)
Pd/C-based, 756–759
Pt-based, 759–761
Rh-based, 754–756
Ru-based, 752–754

Guaiacol vs Fe/SiO2 HDO, 745
Guaiacylglycerol-β-guaiacyl ether (GGGE), 

743, 760
Guest species, 359
Gvl applications, 296
Gymnopilus pampeanus, 53

H
Haldor Topsoe’s TIGAS, 535
Haloclean rotary kiln system, 19
Halogenated carboxylic acids, 389
Halogenation, 712
HCl catalyst, 314
HCOOH adsorbed IR spectroscopic data, 724
H/C ratios, 777, 794
H-donors, 791
Heavy metals, 678–683
Hemicellulose, 240, 292, 431, 433, 434
Hemicellulose-based xylose, 294
Hemicellulose biomass, 34, 616
Heptaldehyde, 225, 226
Heteroatom X, 438
Heterogeneous catalysts, 29, 167, 169, 439

characteristics, 248
metal oxides, 249
micro- and mesoporous, 249, 250
porosity, 248
silica, 248, 249
zeolites, 248

Heterogeneous catalytic conversion, 31
Heterogeneous catalytic system, 354
Heterogeneous photocatalytic mechanism

BLP, 829
CB, 829
OH, 829
VB, 828

Heterojunctions formation
adsorption-desorption isotherm, 849
absorption region, 845
Ag2O-0.13-TiO2, 847
facile hydrothermal method, 847
Fe2O3-TiO2 nanocomposites, 847
MoS2/TiO2 photocatalyst, 848
multifunctional photocatalyst film, 848
4-nitrophenol, 847
organic pollutants removal, 849–851
PCM decomposition, 848
semiconducting materials, 845
SnO2/α-Fe2O3 heterostructure, 848
TiO2-x/Ag3PO4 composite, 848
type I, 846
type II, 846
type III, 846
WO3/CdWO4 photocatalyst, 849
WO3/TiO2 photocatalyst, 849

Heteropoly acids (HPAs), 318, 363, 364
acid and oxidation catalysts, 437
benefits, 437
Bronsted acid catalysts, 437
classification, 437
Keggin heteropoly acids (see Keggin 

heteropoly acids)
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Keggin heteropoly ions, 437
polyoxometalate compounds, 437

Heteropoly anions, 437, 439
Heteropoly compounds, 437
Heteropolyoxometalates, 437
Heteropolytungstate, 440, 443
Heterotrophic bacterial bioleaching

A. thiooxidans, 874
biogenic cyanide production, 875
CN-, 872, 874
Cu and Au recovery, 874
C. violaceum, 875
hydrogen peroxide, 874
metal leaching, 874
metal recovery research, 875, 876
pBAD and pTAC, 875
P. chlororaphis, 874
Pseudomonas

cultures, 874
strains, 872

Heterotrophic bioleaching
bacterial (see Heterotrophic bacterial 

bioleaching)
critical metals, 872
fungi, 875–877
metal recovery, 872
microbial leaching, 872
microorganisms, 886
non-acidic complexion agents, 872

Heterotrophic fungi bioleaching
A. ficuum, 877
A. niger, 875
efficiencies, 877
e-scrap, 876
fly ash, 876
gluconic acid reaction, 877
metal leaching, 875
organic acid, 877
oxalic acid, 877
P. simplicissimum, 875
rare earth metals leaching, 876
redoxolysis leaching, 875
thorium oxalate, 876

Hexagonal mesoporous silica (HMS), 556
Hexamethyldisilane, 408
1,6 Hexamethylene diamine (HMDA), 229
Hierarchical faujasite nanosheets and zeolite 

imidazolate framework-8 (Hie- 
FAU- ZIF-8), 657

Hierarchical zeolites
advantages, 368
BEA, 371
dealumination, 368
desilication, 368
green synthesis, 368

heterogeneous catalysts/supports, 369
hydrothermal stability, 369
large-scale synthesis, 369
n-butyl levulinates, 369
porosity, 367
post-synthetic approaches, 367, 368
solid acid catalysts, 370
synthetic modification, 367

Hierarchical ZSM-5 zeolite, 371
High calorific fuel (HCF), 684, 692
High-energy-density fuels, 460
High heating value (HHV), 696
High-performance catalysts design, 630
High-performance computing, 274
High-temperature pyrolysis, 779
High-value chemicals, 620
High-valued platform compounds, 780
High-value end products, 347
5-HMF aldol condensation reaction

Al0.66-DTP@ZIF-8 composite 
catalyst, 657

aldehydes and ketones, 655
aqueous-phase, 657
bifunctional catalysts, 656
Cu/MgAl2O4 catalyst, 658
HAc, 658
Hie-FAU-ZIF-8, 657
353K, 655
medium-strength acid-base sites, 657
Mg-Al mixed oxide, 655
Mg-Al oxide catalyst, 657
Mg-La catalyst, 657

HMF and FUR physicochemical 
properties, 627

HMF and FUR transformation, 626
HMF/furfural production, 618
HMF selectivity, 321
HMF supported Ru catalysts

base additives, 331
base-free condition, 331
CTF catalysts, 331
DFF, 334
HAP, 333
M/CNT, 333, 334
Mg- and Co-based oxides, 332
Mg oxide, 331
oxide supports, 333
p-chlorotoluene, 332
polymeric/oligomeric products, 331
recyclability, 331
reusability, 333
route-A mechanism, 332
spinel structures, 332
ZrO2-supported, 332, 333
ZrP-Ru, 332
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HMF synthesis, 335
HMF to FDCA reaction scheme, 327, 330
HMF yield, 620
1H NMR method, 618
1H NMR spectroscopy, 618
HNO3-treated carbon catalyst, 490
Homogeneous catalysis, 350, 358
Homogeneous catalysts, 165, 166, 306
Homogeneous photocatalysis, 828
Homogenous catalysts, 29
Homopolymer, 91
Honda-Fujishima effect, 831
H2O-organic solvent biphasic systems, 714
HPA-based catalysts, 318, 321
H3PO4 activation, 773
H2-producing green algae, 65
H3PW12O40, 438
H4SiW12O40 catalyst, 364
H2SO4-treated carbon catalyst, 491
HT-based catalysts, 649
HT-based mixed oxide catalysts, 651
HT precursor-derived mixed oxide 

catalysts, 649
Hydrated hydrotalcite (HHT), 658
Hydrocarbon-based fuels, 592
Hydrocarbon pool mechanism, 521, 522, 537
Hydrocarbons, 224
Hydrochlorofluorocarbons (HCFCs), 866
Hydrodenitrogenation, 163
Hydrodeoxygenation (HDO), 256, 278, 

280, 654
Al2O3 and SiO2, 33
atmospheric pressure, 32
catalyst deactivation, 33
catalyst selection, 33
categories, 32
difficulties, 32
furfural to 2-MF, 31
H2 pressure, 32
2-MF production efficiency, 33
treatment, 31
upgrading processes, 16

Hydroformylation, 222, 516
Hydrogen (H2), 715

bonding, 779
carbon-based environmental 

pollutants, 592
C-H, C-C and C-O bonds, 592
formation, 592
fuel cell applications, 592
industrial applications, 592
metal hydrides, 592
on-site production, 592
peroxide, 874

selectivity, 605
storage and transportation, 592
worldwide production, 592

Hydrogenation, 162
alkoxide/hydroxyalkyl, 277
BHMF, 276
biomass-derived platform molecules, 277
biomass upgradation, 276
castor oil, 217, 218
DFT simulations, 276, 278
DRIFTS, 277
furfuryl alcohol, 278
HMTHFA, 277
lignin-derived phenol, 278
THFA and BHMTHF, 277

Hydrogenation of castor oil (HCO), 217
Hydrogenation reaction, 713
Hydrogenolysis, 278, 557
Hydrolysis, 60, 161, 435
Hydrometallurgical process, 867
Hydrophobic carbon surfaces, 789
Hydropower plants, 672
Hydrotalcite (HT), 568, 647, 649
Hydrothermal and conventional impregnation 

methods, 595
Hydrothermal carbonization, 769
Hydrothermal liquefaction (HTL), 150, 

151, 245
catalytic microalgae, 152
characteristics, 157
chemistry, 156
conversion technology, 152
microalgal strain, 157
reaction, 151
substance, 152

Hydrothermal processing, 156
Hydrothermal technologies, 173
Hydrotreatment, 28
Hydroxyalkylation-alkylation 

(HAA), 311–313
Hydroxyapatite (HAP), 333
γ-Hydroxybutyric acid, 386
5-Hydroxy-2(5H)-furanone, 712
β-Hydroxyl ketone, 654
5-Hydroxymethyl-2-furancarboxylic acid 

(HFCA), 330
5-Hydroxymethylfurfural (5-HMF), 241, 248, 

253, 259, 435
acid catalysts, 334
applications (see FDCA conversion)
biofuel molecules, 441
bio-renewable platform chemical, 441
fuels/value-added chemicals, 442
hydrolysis, 293, 294
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modified HPA catalysts, 442–444
organic compound, 313
preparation (see Fructose dehydration to 

HMF conversion mechanism)
sleeping giant, 327
sugar molecules, 616

5-Hydroxymethylfuroic acid (HMFCA), 641
3-Hydroxy-2-methylpropionic acid 

(3H2MPA), 102
2,5-Hydroxymethyl-tetrahydrofuran 

(DHMTHF), 256
5-Hydroxymethyl-tetrahydrofurfural 

(HMTHFA), 277
3-Hydroxypropionaldehyde, 472
3-Hydroxypropionic acid (3-HPA), 465
H-β zeolite, 307, 454
H-zeolites, 470
HZSM-5-encapsulated Pt nanoparticle, 654
HZSM-5 stacked catalyst, 466
HZSM-5 zeolite catalysts, 26

I
IA-induced weak-acid stress, 95
IA production

bacteria
C. glutamicum, 96, 97
E. coli, 95–96

fungi
A. niger, 94–95
A. terreus, 92
U. cynodontis, 93, 94
U. maydis, 92–94

yeasts
S. cerevisiae, 97
Y. lipolytica, 97

Ibuprofen, 396
Immobilized algae biomass, 880
Incomati River, 672
Indium, 879
Industrial waste, 670
Inhibiting catalyst deactivation methods, 474
Inorganic compounds, 19
Inorganic contaminants catalytic 

reduction, 794
Inorganic ion-exchange resins, 361
Inorganic species, 775
In situ catalytic pyrolysis, 27
In situ generated Pd-zeolite-Y catalyst, 757
In situ-generated Ru(0)/MgAl-LDH 

catalyst, 305
In situ mechanism, 715
In situ-reduced nano-Cu/AlOOH catalyst, 303
Insoluble cesium-substituted Keggin-type 

heteropolyacid, 309

Integrated biorefinery, 818
Integrated catalytic system, 27
Intermediate pyrolysis

biochar mixing, 14
bio-oil, 14, 15
catalytic reforming implementation, 16
components’ thermal cracking, 14
feedstocks conversion, 13
heating rates and temperature, 13
reactor, 27
solid residence times, 10, 14
TCR, 35
yields, 13

International Energy Agency (IEA), 460
International Union for Conservation of 

Nature (IUCN), 672
Intra- and intermolecular hydrogen bonds, 780
Intrauterine devices (IUD), 125
Inulin, 446
Ion-exchange method, 827
Ion-exchange polymeric resin (Relite 

CFS), 197
Ion-exchange resins, 321, 324, 360, 361, 483
Ionic liquid-based phase-transfer catalyst, 358
Ionic liquids (ILs), 252, 357, 684

acidic catalysts, 617
advantages, 257
BAILs, 617
butylimidazolium, 617
disadvantages, 258
DPEs, 618
functionalized, 258
H-bonding network, 617
HMF and EMF formation, 618
HMF/fur, 617
lignin depolymerization, 258
organic salts, 257
PILs, 259
properties, 257
salts, 617
SIL, 258, 259
solid catalyst, 258
solvents, 258

Iridium-based catalysts, 759
Iridium catalysis, 392
Iridium-catalyzed silylation, 420
Iron (Fe)-based catalysts, biomass pyrolysis

aromatic hydrocarbon, 743
aryl ether bonds, 744
bi-step reaction, 744
catalytic upgrade, 742
Cβ-O bonds bifurcation, 743
DMSO, 744
Fe/HBeta catalyst, 742
GC-MS, 743, 744
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Iron (Fe)-based catalysts, biomass 
pyrolysis (cont.)

HDO, bio-based oil, 744, 745
H-ZSM-5, 742, 743
in situ HCl, 743
lignin conversion, 742
lignin depolymerization, 743
Ni salts, 744
oxidative decomposition, 744
Py-GC-MS, 744

Iron-catalyzed α-thiolation, 417
Ir@YSMCNs nano catalyst, 564
Isocitrate dehydrogenase gene (icd), 95
Isomerization, 29
Isosorbide (1,4:3,6-dianhydrohexitol), 549
Isosorbide-based biopolymers, 549
Itaconic acid (IA)

A. terreus, 91
bio-catalytic pathway, 92
carbohydrate feedstocks fermentation, 90
global production, 91
industrial process, 91
production

by bacteria, 95–97
by fungi, 92–95
by yeasts, 97

sustainable feedstocks, 98–100
synthetic route, 91
unsaturated dicarboxylic acid 

functionalities, 90
utilization purpose, 91

IUPAC terminology, 125

J
Jatropha curcas, 99

K
K-BEA zeolite, 653
Keggin heteropoly acids, 438, 714

acidic properties, 439
modification, 439–441
structure, 438, 439

Keggin heteropoly ions, 437
Keggin unit (KU), 438
Ketal mechanism, 486
Ketonization, 29, 30, 528
3-Ketothiolase (phbA gene), 120
Klebsiella strains, 515
K-modified Cu-Cr sample, 724
Knoevenagel condensations, 711, 713
Knowledge-based process control, 78
KOH to K2CO3 conversion, 773

L
LA applications

Agvls preparation, 306–307
4,4-diryl-substituted pentanoic acid/esters 

synthesis, 308–313
Gvl hydrocyclization (see LA to Gvl 

hydrocyclization)
Lab-scale process, 543
β-Lactams, 401–404
Lactobacillus acidophilus, 880
Lactobacillus bulgaricus, 100
LA derivatives, 294, 311
LaMg mixed oxide catalysts, 650
Langmuir-Hinshelwood dual-site 

mechanism, 714
Langmuir-Hinshelwood-Hougen-Watson 

(LHHW) model, 197, 482
Lanza-PNNL process, 541
LanzaTech Inc., 540, 541
LA to Gvl hydrocyclization

heterogeneous and homogeneous 
catalytic, 296

hydrogen sources, 297
hydrogenation, 295, 296
LDH, 297
LDH-derived catalysts, 297–305
LDH-supported metal catalysts,  

305–306
Zr-based catalysts, 297

Layered double hydroxide (LDH), 297
LDH-derived catalysts, 298–301

Al-LDH-based, 297
bimetallic, 305
catalytic activity, 302
CLDH catalyst precursors, 297
Cu(0)-Ni(0)/Mg-Al LDH, 302
disadvantage, 303
formic acid, 305
magnetic catalyst, 302
Mg-Al CLDH, 302
nano-Cu/AlOOH, 303
NiAl-LDH, 303
Ni(0)/Al2O3-TiO2 catalyst, 304
Ni-supported catalysts, 303
Ni(0)/Zr-Al CLDH, 302
precursor-derived Co/Al2O3, 297
pre-reduced, 303
PXRD, 297

LDH-supported metal catalysts
in situ-generated Ru(0)/MgAl-LDH, 305
MgAl-LDH catalyst, 306
Pt-supported Mg-Al CLDH, 305
Ru(0)/Mg-La CLDH, 305

Levoglucosan, 104, 246
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Levulinic acid (LA), 255, 708
acid-catalysed conversion, 334
alkyl/aryl-substituted cyclic lactones, 293
δ-Aminolevulinate, 348
applications (see LA applications)
biomass, 347
carboxylic acid, 293, 347
cellulose, 348
end-user applications, 348
esters, 356
ethyl levulinate, 349
Fischer esterification, 356
GVL, 349
hemicellulose, 348
hydrogenation, 249
ketone functional groups, 347
lignin-rich biomass, 347
2-methyl-THF, 348
organic waste, 349
polysaccharides, 348
preparation, 293, 294
products, 350
solid acid catalysis (see Solid acid 

catalysis)
synthesis, 334
value-added products (see Value-added 

products, LA)
Levulinic esters, 356

alkyl-chain levulinate, 355, 356
catalysis, 357, 358
esterification reaction, 355
fuel blending properties, 355
internal molecule organization, 356
organic transformations, 355
platform chemicals, 355
zeolites (see Zeolites)

Lewis acid catalysts, 275, 276
Lewis acidic catalyst, 456
Lewis acidic sites, 472
Lewis acidity, 366, 441, 451, 456, 488
Lewis acid metal chlorides, 314
Lewis acid sites, 492, 715
Light hydrocarbons, 17
Light hydrocarbons (C2+C3) formation, 542
Lignin, 18, 240, 241, 262, 434, 435

building components, 740
catalytic hydro-processing, 742
degradation, 740
depolymerization, 740, 748, 761
interconnected biorefinery processes, 740
model compounds, 756
molecular structure, 740
mono-liganols, 748
oil, 742

rapid thermal decomposition, 741
thermochemical routes, 741

Lignin-derived model compound 
conversion, 761

Lignin-derived molecules, HDO, 280
bimetallic catalyst, 749
carbon-oxygen-carbon bonds, 747
Cβ-O ether bonds bifurcation, 749
Cα-OH, 749
depolymerization, 749
depolymerized aromatic platform 

compounds, 748
lignin depolymerization, 748
monocompounds, 749
mono-liganols, 748
monomeric phenols, 749
Ni/KIT-6, 748
phenolic monomers, 748
silica KIT-6-supported, 747
sustainable production, 749
valorization, 747

Lignocelluloses, 693–695
Lignocellulosic biomass (LB), 52, 56, 347, 

360, 810
advantageous features, 431
cellulose, 240, 292, 431–433
complex structure, 615
components, 240, 614
compositions, 431–433
conversion, 241–242, 435
degraded soils, 431
feedstocks, 431
first-generation biofuels, 430, 431
food, 431
hemicellulose, 240, 292, 431, 433, 434
ILS (see Ionic liquids (ILs))
inedible, 273
lignin, 240, 241, 292, 432, 434, 435
limitations, 616
moisture content, 241
non-agricultural lands, 431
second-generation biofuels, 430, 431
sources, 430
structural organization, 431, 432
transformations, 616

Lignocellulosic feedstock-based 
biorefinery, 241

Lignocellulosic masses, 780
Linear low-density polyethylene 

(LLDPE), 524
Lipids, 158
Lipophilic components, 675
Liquid alkanes, 314
Liquid hydrocarbon fuels, 352
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Liquid-phase biomass reactions, 286
Liquid phase glycerol dehydration, 

acrolein, 472
Liquid-phase hydrogenation, 714
L-(+)-Lactic acid, 116
Long-chain aliphatic alcohols (LCAA), 675
Long-chain fatty acids, 29
Low anode corrosion and recovery, 881
Low-cost carbon-based SACs, 204
L-phenylalanine, 103
LT-PNNL multistep process, 542
Luria-Bertani (LB), 95

M
MAA-derived polymers, 101
Magnesium sulphate (MgSO4), 472
Magnetic catalyst (Ni(0)-Cu(0)/MgAlFe 

LDH), 302
Magnetic iron oxide-based catalysts, 259, 260
Magnetic sulfonated mesoporous silica, 260
Magnetized rice husk (RHIOB), 771
Maillard reaction, 161
Maiti’s γ-silylation/germenylation, 410
Malachite green (MG), 832
Maleic acid (MAc), 641, 711
Maleic anhydride (MA), 641
Malic acids (MA), 638
Malic anhydride (MAN), 638
Manganese oxide, 706
Mannitol, 550
Marine bacteria, 126
Mars-van Krevelen mechanism, 642
Maximum photocatalytic degradation, 849
MCM-based catalyst, 468
Mechanical control method, 673
Mechanical extraction, 694
Mediated dimethyl sulfoxide (DMSO), 253
Meerwein-Ponndorf-Verley (MPV) reduction, 

297, 454, 531, 715
Meerwein-Ponndorf-Verley reduction/

Oppenauer oxidation (MPVO), 486
Membrane processes, 827
(3-mercapto-propyl) trimethoxy silane 

(MPTS), 549
Meso-LaCuCrAlPO catalyst, 471
Mesoporosity, 325
Mesoporous catalysts, 26
Mesoporous niobium phosphate, 714
Mesoporous silica (MCM-41), 596, 644
Mesoporous STA/SiO2 catalyst, 450
Mesoporous TiO2 supported Pd catalyst, 596
Mesoporous xerogel support, 601
Mesoporous zeolites, 369

Mesoporous ZrO2-supported 
molybdophosphoric acid 
catalyst, 443

Mesozeolite BEA, 370
Metabolic by-products, 886
Metabolic engineering, 78
Metabolic modelling, 95
Metabolites, 805
Metadynamics (MTD), 274
Metal alloy-based catalysts, 354
Metal-based nanocomposites materials, 

628, 630
Metal-based photo-activators, 768
Metal catalysts, 172
Metal-exchanged Keggin heteropoly acids, 

440, 441
Metal-exchanged zeolite catalyst, 542
Metal-impregnated biochars, 771
Metal ions, 358
Metallic copper species, 724
Metal-modified heteropoly acid catalysts, 450
Metal organic frameworks (MOFs), 358–360, 

471, 525, 651
acid-functionalized, 255
bifunctionalized, 256
bimetallic, 257
DMSO, 254
metal NPs, 254, 255
zeolites, 254
zinc-carboxylate, 254

Metal oxide-based photocatalysts
efficiency strategies (see Photocatalytic 

efficiency improvement strategies)
Fe2O3

as-synthesized catalyst, 838
chemical reactions, 838
α-Fe2O3, 838
nanopowder, 838
nanorods, 838, 839
UV laser irradiation, 838
valence state, 836

harness visible/UV light, 830
light-induced redox, 830
SnO2, 838–840
TiO2 (see TiO2 photocatalysts)
types, 830
WO3, 840–842
ZnO (see ZnO photocatalysts)

Metal oxide catalyst
Brønsted acid sites, 492
CTAB, 492
heterogeneous catalysis, 491
individual crystallization, 492
niobium oxyhydroxide, 492
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solid acid oxide, 491
surface superacid sites, 492
thermal treatment, 492
ZrO2, 491

Metal oxides, 316
Metal refining

BES, 881–882
bio-based technologies, 878
biosorption (see Biosorption)
integrated approach, 878

Metal-supported functionalized CNT (M/
CNT), 334

Metal supported MCM-41 catalysts, 599
Metal-support interaction, 249
Methane, 69, 509
Methanesulfonic acid (MsOH), 306
Methanogenesis, 56, 59
Methanogenic species, 61
Methanol, 418

annual consumption, 508, 509
ethylene and propylene production, 510
fossil-based vs. renewable production, 509
green/renewable, 509
manufacturing process, 508
methane monooxygenase, 509
raw materials, 510
synthesis process and catalysts, 508, 509

Methanol-CO coupling, 518
Methanol to C2-C3 olefins (MTO)

catalyst
characteristics, 520
formulation, 520

CTO process, 523
gas/naphtha steam cracking, 522
hydrocarbon pool mechanism, 521, 522
MTP process technology, 522
OC process technology, 520
raw materials, 522
SAPO-34 catalyst, 520
UOP-Hydro, 520, 521
ZSM-5 catalyst, 522

Methanol to gasoline (MTG), 534, 535
Methanol to jet fuel (MTJ), 544
Methanol to olefins (MTO), 526
Methanol to propylene (MTP), 522, 523, 526
Methanolysis, 224
α-Methoxylation, 418, 419
5-Methoxymethylfurfural (MMF), 324
Methyl, 561
Methyl ethyl ketone (MEK), 541
Methyl furan (MF), 561, 632, 708
2-Methylfuran (2-MF), 635

biofuel, 31
biomass-derived chemicals, 31

catalytic transfer hydrogenation, 32
chromium-based catalysts, 33
combustion efficiency, 31
copper-based catalysts, 33
deactivation catalysts, 33
HDO, 32
hydrogen utilization, 32
hydrogenation, 31, 32

Methyl group (-CH3), 599
Methyl iodide (MI), 564
Methylisobutylketone, 326
Methyl levulinate (ML), 256
Methyl methacrylate (MMA)

biotechnological production, 102
G. oxydans, 102
methacrylonitrile biotransformation, 102
monomers, 101
optical properties, 101
optimum yield, 102
PMMA, 101
production, 102
usage, 101

Methyl orange (MO), 794
2-Methyl-1,3-propanediol (2M1,3PD), 102
2-Methyl 2-propanol (tertiary butyl 

alcohol), 513
2-Methylpyrazine (2MP)

and carbon deposited, 735
and pyrazine, 734
ZnCr2O4 catalysts, 721–723

Methyl tertiary butyl ether (MTBE), 513
Methyltetrahydrofuran (MTHF), 349
2-Methyltetrahydrofuran (2-MTHF), 294, 

351, 632
2-Methyl-THF, 348
Methyltri-n-octylammonium (MTTP), 221
Metolachlor (MET), 793
Mg/Al molar ratio, 649
Mg-Al catalyst, 649
Mg-Al HT, 647
MgO/NaY catalyst, 653
Mg-O-Zr sites, 650
Mg-Zr mixed oxide catalysts, 649
Microalgae, 7, 150, 152, 153

algaenans, 158
carbohydrates, 158
conversion methods, 150
conversion technologies, 151
cultivation, 153
feedstock, 174
glycerol, 158
HTL reactions, 152
lipids, 158
proteins, 158
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Microalgae HTL
aqueous phase, 160
biocrude oil, 159
catalysts, 154
commercialization, 173
energy balance, 154
feedstock, 159
gaseous phase, 160
heating rate, 174
mass balance, 154
separating, 174
solid residue, 160
water, 155

Microalgal biomass, 879
Micro- and mesoporous catalysts, 249–251
Micro- and mesoporous ZSM-5 catalyst, 468
Microbial biomass, 880
Microbial carbon capture cell (MCC), 140

carbon dioxide, 142
MFC system and algal species, 142

Microbial fuel cell (MFC), 136, 685, 881
anode, 143
anodic chamber, 136
application, 137
biodegraded, 137
design, 137
in hydroponic system, 143
paddy field, 143
photosynthetic, 144
sediment, 144

Microbial metabolism, 80
Microbial solar cells (MSCs, 142
Microfibres, 694
Micro kinetic model (MKM), 280
Microorganisms, 78, 872
Micro-porous zeolites, 365, 366, 742
Microwave-assisted catalytic fast pyrolysis 

(MACFP), 696
Microwave irradiation, 316
Microwave pre-treatment, 685, 694
Mineral acid, 356
Mineral catalysts, 26
Mitochondrial cis-aconitate transporter 

(MTT), 97
MK-8712, 403
Mn-based pincer complexes, 563
Modified HPA catalysts, 442–453
MOF catalyst (UiO-66), 254
MOF-supported metal nanoparticles (NPs), 

254, 255
Molar ratio, 483
Molecular distillation, 811
Molecular dynamics (MD), 274, 282
Molecular oxygen, 386

Molecular sieves, 326
Molecular simulation methods, 286
Molten salt hydrates, 616
Molybdenum carbide, 33
Monitoring techniques, 78
Monoacetin glycerol (MAG), 480, 482–484
Mono-acetoxylated products, 393
Mono- and bis-acetoxylated products, 393
Mono- and disaccharide-mediated HMF 

production, 616
Mono ethylene glycol (MEG), 514, 515
Monomeric chemicals, 759
Monometallic Ni-based catalysts, 750
Mono-N-protected amino acid (MPAA), 388
Monophenol-based bio-oil, 753
Monosaccharaides, 615
Mordenite (MOR)-zeolite, 321, 326
Mo-upgraded catalysts, 747
Mulliken charges, 619
Multicomponent catalyst, 172, 556
Multi-enzymatic complex reactors 

(MECRs), 96
Multifunctional catalyst (Pt/γ-Al2O3), 247
Multifunctional photocatalyst film, 848
Multiple feedstocks, 670
Multiwalled carbon nanotube (Net3- 

MWCNT), 253
Municipal solid waste (MSW), 670
Municipal waste, 670

N
N4-acetyl-sulfamethoxazole (NSMX), 792
N2 adsorption-desorption analysis, 594, 595
N2 adsorption-desorption isotherms, 599, 600
Nafion®SAC-3 catalyst, 756
N-alkyl pyridinium chloride, 617
Nanocomposite materials

catalytic transformations, 629
challenges, 629
characteristic properties, 628
classification, 628, 629
green and sustainable nano-catalysts, 659
heterogeneous catalysis, 629
metal-based, 630
nanosized catalysts, 629
noble and non-noble metals, 630
phases, 628, 629
physicochemical properties, 629, 659

Nanocrystalline zeolite beta, 486
Nanoparticles (NPs), 252
Nanoscale zero valent iron (nZVI), 679
Nanosized magnesium hydroxide fluorides 

(MgF2−x(OH)x), 650
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Nanostar ZnO photocatalyst, 843
Nanostructured metal oxides (NMOs), 842
Nanostructured ZnO nanomaterials, 843
Nanostructure engineering, 825, 842, 843
Naphtha-based and bioethanol-based 

processes, 533
N-arylamide auxiliary, 387
National Renewable Energy Laboratory 

(NREL), 292, 349, 541
Natural fibres, 693
NbP-supported catalyst, 447
n-butanoic acid, 388
n-butyl levulinate, 349
N-doped biochar catalyst, 791
NH3-TPD analysis, 443
Ni/AC catalysts, 750
NiAl-LDH catalyst, 304
Ni-Al2O3-ZrO2 xerogel catalyst, 601
Ni-based alloys, 633
Ni-based alumina catalysts (NiAl2O3), 746
Ni-based lignin hydrodeoxygenation

anisole, 752
Co catalysts, 752
Cyclohexanol production, 751
guaiacol, 751
hydrocarbons, 752
metallic Ni particles, 752
methoxy-superlative lignin model, 751
Ni/ZrO2, 751
phenolics, 751, 752

Nickel (Ni)-based catalyst, 261, 397–399, 403
biomass catalysis, 746
biomass gasification, 746
catalytic hydro-treatment, 746
coke resistance capacity, 746
H/C ratio, 747
heterogeneous, 747
hydro-conversion, 747
β-lactam synthesis, 405
lignin-derived molecules HDO, 747–749
molybdenum, 747
mono- and bimetallic (Pt-Ni)  

catalysts, 547
monometallic, 750
Ni-Al catalyst, 746
NiAl2O3, 746
Ni-Cr, 746
Pd-promoted, 747
Ru/C catalysts, 747
softwood craft lignin, 746
specificity and high yield, 746

Nickel embedded on mesoporous carbon 
(NiOMC), 600

Ni-Cr catalyst, 746

Ni/MgO catalyst, 751
Ni nanoparticle, 257
Niobium-based catalyst, 492
Niobium oxyhydroxide catalyst, 492
Ni-Ru catalyst, 749
Ni-SBA-15 catalyst, 604
Ni/SiO2-ZrO2 catalysts, 752
Nitration, 712
Nitroarenes, 416
5-Nitro-2-furaldehyde, 712
5-Nitrofurfural, 712
Nitrogen (N), 791
Nitrogen adsorption-desorption isotherms, 849
Nitrogen limitation, 92
Nitrogen-doped ZnO, 844
Ni/xNbAC complex, 750
Ni/ZrO2 catalyst, 751
N-methylmorpholine-N-oxide (NMMO), 616
N-monomethylated anilines, 564
N-monomethylation, 565
NMR anisotropy reagents, 418
NMR spectroscopic method, 620
N,N-dimethylacetamide/lithium chloride 

(DMA-LiCl), 616
N-nitroso-N-ethyl urea (ENU), 875
4-Nonanone, 282
Non-biodegradable polyamides, 132
Noncarcinogenic, 346
Non-catalytic biodiesel production process

“Flash2” subroutine, 202
heating and mechanical agitation, 201
Karanja oil, 201
kinetic parameters, 203
limitations, 201
microwave irradiation, 201
non-catalytic route, 201
phase equilibrium criteria, 201, 202
process simulation, 203
simulation studies, 202
subcritical conditions, 201
supercritical methanol, 201
thermal process, 201
w/v ratio, 202

Non-catalytic microalgae HTL
microalgae, 164
solid feedstock concentration, 164

Non-combustion routes, 551
Non-directed C(sp3)–H 

Hetero-functionalization
aliphatic carboxylic acid, 413
carboxylic acid esters and amides

C–Br bond formation, 417
C–N bond formations, 413, 414
C–P bond formation, 416
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Non-directed C(sp3)–H Hetero-
functionalization (cont.)

C–S bond formation, 417
α-proton, 413

carboxylic acids via benzazoles
C–O bond formation, 418
C–Si bond formation, 420
C–S/Se bond formation, 418, 420

Non-disposable chemical wastes, 384
Non-drying oil, 216
Non-edible biomass, 250
Non-edible oils, 216

esterification, 187
FFA, 186, 205
varieties, 187

Non-edible plant-based lingo-cellulosic 
biomass, 740

Non-food feedstock, 615
Non-fossil resources, 614
Non-noble metal, 632
Non-noble metal-based catalyst, 745
Non-noble metal-supported heterogeneous 

catalysts, 297
Non-noble mono-metal, 330
Non-noble Ni/SiO2 and Co/SiO2 catalysts, 645
Non-petroleum-derived chemicals, 30
Non-polar molecules, 441
Non-renewable energy, 185
Non-Ru-supported catalysts, 328, 330
Normal hydrogen electrode potential 

(NHE), 831
N-quinolyl auxiliary, 403, 404
N-substituted-5-(hydroxymethyl)-2-furfuryl 

amines, 645
Nucleophilic attack, 189, 190
NylonTM, 114, 124
Nylon 66, 706

O
Oak Ridge National Laboratory (ORNL), 542
Oat hulls (OHS), 34
O-containing functional groups, 785
O/C ratios, 777
Oil/methanol ratio (w/v), 203
Olefins Cracking (OC), 520
Oleochemicals, 808
Oligomerization and aldolization 

chemistries, 568
Open pond reactor (OPS), 153
Optimum concentration, 833
Organic acids, 166
Organic carbon, 307

Organic contaminants AOPs/degradation
activators, 793
catalytic impact, 792
1,4-dioxane, 792
extracellular polymer substances, 793
Fe-N-BC, 793
high-temperature pyrolysis, 792
MET, 793
novel sludge biochar catalysts, 792
PMS, 793
SBRs and ROS species, 792
TCE, 793

Organic fraction of municipal solid waste 
(OFMSW), 670

Organic liquid, 250
Organic pollutants, 826
Organic residuals, 52
Organic transformations, 294, 295, 325, 360
Organic wastes, 349, 670
Organophosphorus pesticide malathion, 849
Organosilicon compounds, 406
Organosolv switchgrass, 760
ORNL-Vertimass process, 542, 543
O-substitution, 130
Oxidation, 10, 220, 711, 712
Oxidative polymerization, 220
Oxidative β-silylation, 408
Oxirane compounds, 221
Oxo process, 513
Oxygenates, 562
Oxygen-containing functional groups, 794
Oxygen depletion, 672
Oxygen-rich functional groups, 778
Oxygen storage capacity (OSC), 465
Ozonation process, 826
Ozone-driven AOPs, 792
Ozonolysis, castor oil, 222, 223

P
Pacific Northwest National Laboratory 

(PNNL), 292, 540
PAL isoenzymes, 104
Palladium-based catalyst system, 388, 408
Palladium-catalyzed borylation, 388
Paracetamol (PCM), 848
Paris Climate Control Accord, 2015, 539
p-Benzoquinone (BQ), 408
Pd(OAc)2/Ag2CO3 system, 406
Pd(OPiv)2/Ag2CO3 system, 408
Pd(OAc)2/Ag2O/pivalic acid catalyst 

system, 410
Pd-based catalyst system, 386, 394
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Pd catalyst, 654
PdII-catalyzed approach, 399
Pd-catalyzed β-borylation, 390
Pd-catalyzed enantioselective direct 

borylation, 391
Pd-catalyzed β-halogenation, 394
Pd-catalyzed intermolecular amination, 

DEAD, 407
Pd-catalyzed intermolecular electrophilic 

amination, 406, 407
Pd/C-based catalysts

alkali-lignin hydrogenation, 756
C14H14O2-Pd, 756
depolymerize lignin, 756
HDO reaction, 758
hydrogenolysis route, 758
lignin model compounds, 756
mechanistic pathway, 757
Nafion®SAC-3, 756
β-O fragmentation, 756
organosolv lignins, 756
phenol and acetophenone formation, 756

Pd/cobalt-aluminate catalyst, 654
Pd-deposited hyper-cross-linked polystyrene 

(Pd/MN270), 760
PdII-metallacycle species, 401
Pd-Nafion®SAC-3 catalyst, 757
Pd(OAc)2/PhI(OAc)2 catalyst system, 396
Pd-promoted Ni catalysts, 747
Pd-zeolite-Y catalyst, 758
Penicillium simplicissimum, 875
Pentafluoroiodobenzene, 401
1,4-Pentanediol (1,4-PDO), 351
Pentanoic acid, 352
Peroxy radical, 220
Persistent free radicals (PFRs), 792
Pesticides, 804
p-ethylphenol, 748
Petroleum-derived molecules, 614
Petroselinum crispum (PcPAL), 104
Phase transfer catalyst (PTC)

definition, 197
distinguishable mechanism, 197
mass transfer limitation, 198
nucleophilic attack, 198
reaction rates, 198
studies, 198
TMA, 198
TMAB, 199, 205
types, 198
vegetable oil and methanol, 198

PHB synthase (phbC gene), 120
Phenalenone, 675

Phenethyl phenyl ether (PPE), 753
Phenoldisulfonic acid, 488
Phenolic compounds, 675
Phenols, 791
2-Phenoxy-1-phenylethanone conversion, 750
Phenylacetic acids, 418
Phenylacrylate decarboxylase (PADC), 103
Phenylalanine ammonia lyase (PAL), 103
2-Phenyl-3-(2-furyl)propenal, 711
Phenyl propanoid polymers, 747
Phospholipids, 675
Phosphorus alumina, 472
Phosphotungstic (PW), 468
Photocatalysis

definition, 827
environmental remediation, 827
heterogeneous, 828 (see Heterogeneous 

photocatalytic mechanism)
homogeneous, 828
industrial application, 852
mechanism and parameters, 827
metal oxides (see Metal oxide-based 

photocatalysts)
sustainable technology, 825
wastewater treatment, 849

Photocatalytic efficiency improvement 
strategies

bandgap energies, 842
composites formation (see Heterojunctions 

formation)
doping, 843–845
nanostructure engineering, 842, 843
parameters, 852

Photoexcitation, 794
Photo-induced formation mechanism, 829
Photosensitivity, 833
Photosynthesis, 137, 238
Photosynthetic organism, 143
Physical conversion, 671
Physical pretreatment, 57
Physicochemical interactions, 286
Phytochemicals, 671, 674–678
PIP-decorated amides, 396
PIP group-directed stereoselective 

β-fluorination, 413
Plant biomass, 430, 614, 804, 809
PlantBottle, 514
Plant microbial fuel cell (PMFC)

applications, 141
challenge, 144
electrodes, 139
electron spacing, 139
performance, 137, 138, 140
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Plant microbial fuel cell (PMFC) (cont.)
photosynthesis process, 137
plant-microbe harmony, 140
plant species, 138
principle, 137
schematic diagram, 138
water and energy crisis, 136

Plant oils, 210
Plant residues, 619
Plasmid (pCadCS), 96
Plastic waste, 113
Platform chemicals, 347, 355, 435, 506, 614
Platform molecules, 293, 626
Plausible Pd intermediate, 411
P+-O- functionalities, 790
Polar solvents, 25
Polyamides (PA)

chemical moieties, 125
condensation reaction, 124
degradation, 125–127
interlinked structural amide linkages, 124
moisture absorption effects, 127, 129
monomers, 125, 127, 128
nylons, 124

Polyaromatic hydrocarbons, 247
Polybutadiene rubber (PBR), 529
Polycyclic aromatic hydrocarbons (PAHs), 784
Poly-D-Lactic acid (PDLA), 116
Polyesters

aliphatic, 115
biodegradable (see Biodegradable 

polyesters)
dicarboxylic acid, 115
properties, 115
synthetic fiber, 114

Polyethylene furanoate (PEF), 327
Polyethylene isosorbide terephthalate 

(PEIT), 549
Polyethylene terephthalate (PET), 325, 

327, 514
Polyhydrosiloxane, 716
Polyhydroxyalkanoates (PHAs), 120, 

122–124, 558
Poly(3-hydroxybutyrate-co-3-

hydroxyhexanoate) (PHBHHx), 
123, 124

Polyhydroxybutyrates (PHBs), 558
biopolymers, 120
PHBHHx, 123, 124
PHBV, 122, 123
PP, 122, 123
properties, 120, 122
structure, 120, 122
synthesis, 120

Polyhydroxyvalerate (PHBV)
bacterial synthesis, 122
biosynthetic pathway, 123, 124
ENMAT Y1000, 122
properties, 123, 125

Polylactic acid (PLA), 114
ADP, 118
DP, 116
EP, 119
lactic acid, 115
mechanical and thermal properties, 119
polylactide, 115
processes, 115
renewable resources, production, 116
ROP, 117, 118
SSP, 118

Poly-L-Lactic acid (PLLA), 116
Polymer-based nanocomposites (PNC), 

561, 629
Polymer goods, castor oil, 227–229
Polymeric/biopolymeric materials, 880
Polymeric ionic liquids (PILs), 259
Polymerization, 33, 126
Polymerization-induced colloid aggregation 

(im-PICA), 326
Polymer poly-para-phenylenediamine 

(PpPDA), 645
Polymer-supported WO3 catalyst, 483
Poly(methyl methacrylate) (PMMA), 101
Polyphosphoric acid (PPA), 306
Polypropylene (PP), 122
Poly(p-styrenesulfonic acid)-grafted carbon 

nanofibers (CNF-PSSA), 324
Poly(p-styrenesulfonic acid)-grafted carbon 

nanotubes (CNT-PSSA), 324
Polysaccharides, 128, 809
Polystyrene (PS), 102, 103
Polyurethane (PU), 227, 229
Poly(VMPS)-HPA catalyst, 446
Population analysis, 619
Porous materials, 358
Porous support, 363
Potassium bisulphate (KHSO4), 472
Potato starch, 98
Powder XRD analysis, 726–727
Powder XRD pattern, 304
Pressing, 810
Primary amines, 643
Primary biofuels, 6, 35
Primus’ proprietary STG+™ process, 535
Printed circuit board (PCB), 867
Process flow diagram (PFD), 20
Promoted –O-CH3 cracking, 791
1,3-Propane diol (1,3 PDO), 514, 515, 557
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1-Propanol, 512
Propionibacterium shermanii, 100
Propylene carbonate, 477
Proteins, 158
Protocatechuic acids, 678
Protonated ester, 356
α-Protons, 394
Pseudo-homogeneous models, 197
Pseudomonas, 879
Pseudomonas chlororaphis, 874
Pseudomonas cultures, 874
Pseudomonas strains, 872
Pseudozyma antarctica, 97
Pt-based bifunctional catalyst, 352
Pt-based bimetallic catalyst, 716
Pt-based catalyst

ABL, 760
commercial ZSM-5, 760
Co-Pt bi-metallic, 760
dihydroxyacetophenone, 760
formic acid, 760
hydrogenolysis, 760
lignin HDO, 759
monomeric phenol derivatives, 760
β-O-4, 761
Pt/MN270, 760
solvolysis, 760
water-ethanol environment, 760

Pt-deposited CeO2 supports, 465
Pt-deposited hyper-cross-linked polystyrene 

(Pt/MN270), 760
Pt-doped Fe2O3, 844
Pt@HZSM-5 catalyst, 654
P-toluenesulfonic acid (PTSA), 324, 357
Pt/Pd/Ru/Co/Ni-functionalized CNT, 333
Pure cellulose extraction/combustion, 33
Pure fatty acids, 186
Pyrazine, 732, 733
2-(pyridin-2-yl)isopropyl (PIP), 400, 412
2-Pyridylmethyl amine (PM), 399
Pyroformer

auger screw reactor, 20
biochar, 20
external screw, 20
intermediate pyrolysis system, 19
internal screw, 20
novelty, 20

Pyrolysers, 10, 12
Pyrolysis, 435, 707

advanced thermal conversion method, 35
biomass, 768
castor oil, 224–226
categories, 10
characteristics, 10, 11

endothermic process, 10
fast, 13
fluidized bed pyrolysers, 10
intermediate, 13
reactors, 10
rotating cone reactor, 10
screw system, 10
slow, 11
thermal mechanisms (see Biomass thermal 

decomposition)
torrefaction, 10

Pyrolysis chemistry
AIMD simulations, 284
Cα/Cβ ether bond cracking, 285
CPMD simulations, 284
α-cyclodextrin, 284
DFT simulations, 284
ReaxFF, 284
RO, 284

Pyrolytic products
biochar, 15–16
biogas, 17
bio-oil, 16

Pyrometallurgy, 867
2-Pyrone, 281
Pyrrole-pyridine nitrogen groups, 490
Pyrrolidinones, 353–355

Q
Quaker Oats Company, 714
Quinoxaline-directed β-fluorination, 412

R
Raman spectroscopic analysis, 726
Raman spectroscopy, 728–730
Rare earth element (REE), 870
Reaction mechanism

acid-catalyzed conversion, 274–276
HDO, 278–280
hydrogenation, 276–278
RO and decarboxylation, 280–282

Reaction pathways, 404
biocrude oil, 161
fatty acids, 161
hydrolysis, 161

Reaction time, 483
Reactive force field (ReaxFF), 284
Reactive oxygen species (ROSs), 792
Reactive R-O and O-H linkages, 569
Recovered platinum group metals, 882
Recyclability, 836
Redoxolysis leaching, 875
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Reduction, 10
Reductive depolymerization, 747
Renewable alternatives, 104
Renewable chemicals, 210–212, 214, 219, 230
Renewable energies, 185, 460, 767
Renewable hydrogen production, 570
Renewable methanol production 

processes, 569
Renewable resources, 3, 132
Reproductive system disorder, 826
Residence time, 174
Residual biomass

biochemical conversion (see Biomass 
biochemical conversion processes)

biogas, 72
biohydrogen yields, 64
energy recovery, 74
generation, 59
GHG emissions, 50
hydrogen production, 63
inexhaustible energy resource, 79
livestock industry, 53
pretreatments, 57
raw material, 50
research trends, 50
types, 50
waste biomass, 50

Resin-based catalysts, 361
Resinification, 561, 713–717

acid and alkaline mediums, 712
aldehyde reactions, 713
alumina (Al2O3), 715
Co-Cu/SBA-15, 717
CPME, 717
CTH, 715, 717
ex situ reaction mechanism, 715
furan chemistry, 713
gaseous-phase hydrogenation, 714
H2 acts, 715
H2O-organic solvent biphasic systems, 714
hydrogenation reaction, 713
in situ mechanism, 715
Langmuir-Hinshelwood dual-site 

mechanism, 714
Lewis acid sites, 715
MPV reduction, 715
Pt-based bimetallic catalyst, 716
solid catalysts, 716
trifurylic dialdehyde, 713
Zn, 717

Resins, 360, 361
Response Surface Methodology, 745
Retro-Diels-Alder (rDA), 281
Rhodamine B (RhB), 841

Rhodium (Rh) catalysts
carbon-supported, 754
cyclohexanone and cyclohexanol, 755
guaiacol HDO, 754, 755
lignin valorization, 755
monometallic, 755
propyl-cyclohexane, 754
Pt and Pd, 754
pyrolysis oil, 755

Ricinoleic acid, 210, 214, 216, 217, 224, 225, 
227, 229

Ring-opening polymerization (ROP), 
116–118, 124, 127

River Nile Delta, 672
Roadmap for Biomass Technologies, 462
RO and decarboxylation reactions

biomass-derived platform molecules, 280
CPMD, 281
DFT simulations, 280
FMO, 281
GVL, 280
polyketide biosynthesis route, 281
polymer precursor, 280
6PP, 281
2-Pyrone, 281
rDA, 281
TAL, 281

Rough chopping, 811
Ru-based catalysts, 261, 641
Ru-based magnetic nanoparticles, 353
Ru/CNTs catalyst, 253
RuIII-incorporated zirconium phosphate 

(ZrP-Ru), 332
Ru-supported catalysts, 329–330
Ruthenium (Ru), 256
Ruthenium (Ru)-based catalysts

acid-base sites, 753
annealing temperature, 754
aromatic ether bonds, 752
C-O-C bond cleavage, 752
Caryl-O hydrogenolysis, 753
intermediate compounds, 753
lignin hydrogenolysis, 753
NPs, 754
β-O-4, 752
phenolic monomers, 754
PPE, 753
4-propyl-cyclohexanol, 754
Ru/C-MgO/ZrO2, 753

S
Saccharification, 98
Saccharomyces cerevisiae, 97, 104, 879
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Sacramento-San Joaquin River Delta, 672
(-)-Santonin, 408, 409
Sb-doped SnO2, 845
Scopus survey, 545
Scrutinized metal-substituted silicotungstic 

(SiW), 468
Secondary biofuels, 35
Secondary building units (SBUs), 365
Secondary pyrolysis, 16
Second-generation biofuels, 7, 35, 53, 430, 

431, 804, 805
biochemical adaptations, 815–816
bioethanol, 809, 814
bio-oil, 812
bio-synthetic natural gas, 810
carbon-neutral/carbon-negative 

process, 809
Fischer-Tropsch diesel, 810
FT oil, 812, 813
green diesel, 811, 812
green motor fuel, 812, 813
lignocellulosic materials, 809
physical conversion

briquetting of biomass, 810, 811
distillation, 811
mechanical extraction, 810

plant biomass, 809
polysaccharides, 809
thermo-chemical conversion, 811
vegetable oils, 811, 812

Sediment microbial fuel cell (SMFC), 143
Seeds ripen, 211
Self-assembled mesoporous titania 

microspheres, 316
Self-assembling aconitase (aco), 96
Semiconductor photocatalysis, 825
Sewage sludge, 53
Shikimic acid, 678
Si/Al (SAR) ratio, 537
Si/Al Y zeolites, 653
Silica, 363
Silica-based mesoporous frameworks, 593
Silica gel-supported reagents, 363
Silica-niobia mixed metal oxide catalyst, 316
Silica-supported catalyst, 249
Silicotungstic acids, 482
Siloxanes, 72
Silver nanoparticles (Ag-NPs), 695
Silylation, 420
Single-component materials, 630
Single-electron oxidant, 405
Single-electron transfer (SET), 417
Single feedstock, 670
Single-pot conversion processes, 568

Single-site heterogeneous catalysts, 630
Single-step base (KOH and NaOH)-catalyzed 

transesterification
biodiesel production, 189
crude biodiesel purification, 192
FFA, 192, 205
high-quality oil, 192
limitations, 192
non-homogeneity, 189
nucleophilicity, 192
oil and methanol, 189
slow reaction rates, 189
soaps, 192
solvent, 192
waste vegetable oil, 192
water requirement, 192

Singlet oxygen species, 792
SiO2-supported Ni-based bimetallic 

catalyst, 635
Six-membered ring, 493
Slow pyrolysis, 246

batch system, 11
biochar formation and utilization, 11, 35
heating rates and temperature, 11
H2 yields, 17
restricted method, 14
torrefaction, 12
wood, 11

S-methyl-S-2-pyridyl-sulfoximine (MPyS), 
393, 409, 411

Sn-Al-zeolite catalyst, 454
Sn-based catalysts, 475
Sn-Co support-based biochar catalyst 

(SnO2-Co3O4/C), 790
Sn-containing MFI (Sn-MFI), 652
Sn-montmorillonite (mont), 327
SnO2 nanocrystals, 843
SnO2 nanoparticles, 840
SnO2 photocatalyst, 838, 840
Soap, 804
Societal benefits, 566
Sodium chlorite (NaClO2), 685
SO3H-functionalized BAILs, 617
SO3H-functionalized ILs, 618
Sol-gel and incipient wet-impregnation 

method, 601
Sol-gel-derived CuCr2O4 catalyst, 724
Solid acid bearing, 252
Solid acid catalysis

active hydrogen ions, 358
carbonaceous materials, 362
ion-exchange resins, 360, 361
LA, 358, 359
metal oxide, 358
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Solid acid catalysis (cont.)
MOFs, 358–360
solid materials, 358
solid-supported reagents, 362–365
ZrO2, 361

Solid acid catalyst (SAC), 445, 446
biomass materials, 204
carbon-based, 204
corncob-based, 204, 205
disadvantages, 203
FFA content, 203
low-cost carbon-based catalysts, 204
low protonic acid densities, 203

Solid acid oxide catalyst, 491
Solid base catalysts, 651
Solid biochar acid catalyst, 781
Solid catalysts, 716
Solid-liquid extraction, 675
Solid material, 441
Solid-state fermentation, 105
Solid-state polymerization (SSP), 118
Solid-supported reagents, 362–365
Solketal, 555
Solketal and tert-butylated glycerol, 484
Solution combustion synthesis (SCS), 548
Solvent effects

AIMD simulations, 283, 284
CPMD, 284
MD simulations, 282
performance improvement, 282
trial and error experiments, 282

Solvent extraction, 698
Solvent-free synthesis, 651, 652
Solvolysis, 760
Sonication, 131
Sonophotocatalytic phenol treatment, 836
Sorbitol, 256, 347, 549
Soxhlet extraction, 675
Spinal-like matrix, 717
SRM mesoporous structures identification

amorphous inorganic frameworks, 594
computational models, 595
H3 hysteresis, 595
hysteresis loop, 595, 596
isotherm, 596
nanocasting method, 595
nanocatalysts, 596
synthesis, 595
XRD analysis, 594

STA/MCM-41 catalyst, 446
Starch-rich feedstocks, 98
Starch-rich sources, 98
ST dioxygenase (SDO), 103
Steam cracking (SC), 524, 529
Steam-reformed biochars, 772

Steam reforming of alcohols (SRA)
homogeneous catalysts, 593
mesostructured supports, 593
SRE (see Steam reforming of 

ethanol (SRE))
SRG, 602
SRM (see Steam reforming of 

methanol (SRM))
types, 592

Steam reforming of ethanol (SRE)
activities vs. mesoporous 

catalysts, 599–602
hydrogen, 597
mesoporous supported catalysts, 599
noble metals, 593
reaction mechanism

acetone, 598
carbon deposition, 598
expression, 597
methanation, 598

Steam reforming of glycerol (SRG)
activity vs. mesoporous supported 

catalysts, 603–605
diesel automobiles alternatives, 602
hydrogen production, 602
N2 adsorption-desorption analysis, 

603, 604
noble metals, 593
reaction mechanism, 603
reaction stoichiometry, 602

Steam reforming of methanol (SRM)
activity vs. mesoporous catalysts, 596, 598
advantage, 594
board fuel cell application, 593
carbon-to-hydrogen ratio, 593
catalysts, 592
mesoporous structures (see SRM 

mesoporous structures 
identification)

reaction mechanism, 594
Steep inflection, 596
Sterols (ST), 675, 698
ST monooxygenase (SMO), 103
Streptococcus bovis NRIC 1535 (SBA), 98
Streptomyces, 879
Streptomyces lividans, 104
Strong acid (-SO3H) sites, 491
Styrene (ST)

bio-based plants, 104
bio-catalytic decarboxylation, 104
bio-catalytic transformation, 103
C. elinovii, 104
chiral aromatic building blocks, 103
commodity substance, 102
C. sinensis, 104
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flask fermentation medium, 104
global market, 102
lignocellulosic biomass, 104
L-phenylalanine, 103
PADC, 103
PAL, 103
PS, 102, 103
red oak-derived pyrolytic sugars, 104
S. cerevisiae, 104
SMO and SDO, 103
worldwide demand, 102

Styrene butadiene rubber (SBR), 529
Subcritical water (SCW), 156, 694
Succinic acid, 353, 354
Sucrose, 446
Sugar alcohols

catalytic processes, 518, 519
erythritol, 519
general formula, 518
global consumption, 518
hydrogenation and hydrogenolysis, 519
mannitol and erythritol, 518

Sugar-based building blocks, 292
Sugarcane, 34
Sugarcane bagasse (SCB), 34, 35, 100, 684
Sugar-rich biomasses, 782
Sulfated metal oxides, 364
Sulfation, castor oil, 222, 224, 225
Sulfided transition state metal catalysts, 278
Sulfonated biochars, 774, 790
Sulfonated hyperbranched poly(arylene 

oxindoles) (SHPAOs), 309
Sulfonated metal oxides, 714
Sulfonation, 362, 781, 782, 790
Sulfonic acid-functionalized silica catalyst 

(silica-SO3H), 446
Sulfonic acid-loaded acidic resin, 324
Sulfonic acid-modified mesoporous 

silicas, 714
Sulfonic ion-exchange resins, 714
Sulfonylations, 398, 399
Sulphated zirconia, 316
Sulphuric acid, 706
Superacids, 439
Supercapacitor electrode, 696, 697
Supercritical fluid extraction (SFE), 698
Supercritical water conversion, biomass, 816
Supported ionic liquid (SIL), 258, 259
Supported Keggin heteropoly acids, 441, 442
Supramolecular aggregates, 366
Surface-bound radicals (SBRs), 792
Surface complexation, 779
Surface modification techniques, 879
Sustainability, 292, 460
Sustainable Alternative Jet Fuel (SAJF), 540

Sustainable bioenergy, 50
Sustainable biomass feedstock development, 4
Sustainable chemistry/processes 

development, 507
Sustainable energy, 210
Sustainable feedstocks, IA production

α-amylases, 98
A. niger species, 99
A. terreus strain, 98, 99
corn starch, 98
E. coli, 98
enzymatic saccharification, 99
glycerol, 99
J. curcas, 99
manufacturing cost, 98
petrochemical-based products, 98
potato starch, 98
SB, 100
starch-rich sources, 99
xylose, 99

Sustainable liquid fuels, 149
Symmetrical acetals, 395
Syngas, 9, 517, 518
Synthesis gas, 9
Synthesis pathways, 243
Synthesized biochar-supported Ru 

catalyst, 784
Synthesized KOH-activated peanut shell 

biochar, 773
Synthesized mesoporous Ni-Al2O3-ZrO2 

xerogel catalysts, 601
Synthesized nano-H-ZSM-5 catalyst, 470
Synthesized SnO2 nanoparticles, 840
Synthetic/bio-based polyester, 114
Synthetic chalcones, 658

T
Tandem catalysis, 653
Tantalum oxide (Ta2O5) catalyst, 471
Tautomerization, 472
TCR bio-oil, 35
TCR cracking, 27, 28
TCR technology, 35
TCR vs. other technologies

biochar, 23
char catalyses, 23
crude bio-oil phase, 23
extensive pre-treatment steps, 23
green H2, 23
hydrogen yields, 24
O/C and H/C ratios, 24
superior physicochemical fuel 

properties, 22
values, 24
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TechnipFMC, 542
Techno-economic analysis, 534
Techno-economic and life cycle analysis, 543
Techno-economic assessment, 104
Teichoic acid, 878
Terephthalic acid (TPA), 834
Terminal electron acceptor (TEA), 881
Terminal oxidant, 386
Tertiary butyl hydroperoxide (TBHP), 513
Tetrahydrofuran (THF), 255, 708, 789
Tetrahydrofurfuryl alcohol, 277, 561, 632, 706
Tetramethylammonium (TMA), 198
Tetramethylammonium bromide (TMAB), 

199, 200
2,2,6,6-Tetramethyl-piperidin-1-oxyl 

(TEMPO), 642
Textural property analysis, 606
Thermo-catalytic reforming (TCR)

ability, 22
advantage, 22
applications, 22
chemical reactions, 21
cooling system, 22
gas analyser, 22
intermediate pyrolysis, 20, 21
PFD, 20, 21
post-reformer temperature, 21
procedure, 21
safe technology, 22
vs. technologies, 22–24

Thermo-chemical conversion, 671, 811
Thermochemical pathway, 293
Thermochemical processes, 33

advantages, 810
definition, 810

Thermochemical processing, 242
Thermodynamic and kinetic models, 482
Thermodynamic estimations, 475
Thermodynamic parameters, 482
Thermogravimetric (TGM) studies, 777
Thermophilic bacteria, 126
Thioanisole, 307
γ-Thioarylation technique, 399
Third-generation biofuels, 7
Three-dimensional WO3 octahedra, 841
Ti-exchanged TPA catalysts, 451
T7-inducible cad gene, 95
Tin-loaded silicotungstic acid (Sn-STA-2), 321
TiO2 photocatalysts

anatase, 831
brookite, 830
CO2 reduction, 831
drug concentration, 833
drug degradation rate, 833
e−/h+ recombination rates, 832

ilmenite, 830
MG dye, 832
n-type semiconductor material, 831
optimum concentration, 833
photocatalytic effect, 831
toxic organic pollutants 

decomposition, 832
unfolded titania, 831
UV irradiation, 832, 833
UV light absorption, 831
VB bear more oxidation, 831

TiO2-supported Cu-Ni bimetallic 
nanoparticles, 635

Ti0.75TPA catalyst, 451
Torrefaction, 10, 12, 13
Torrefied biomass, 12
Torrefied feedstock, 12
Total ammonia nitrogen (TAN), 787
Total phenolic compounds (TPC), 678
Toxic intermediates, 852
TPA (Cs2.5H0.5PW12O40), 440, 441
TPA/MCM-41 catalyst, 446
TPA/NbP catalyst, 448
Traditional biomass resources, 569
Transcarbonation, 476
Trans-cinnamic acid, 104
Transesterification

castor oil, 218, 219
FAME, 807
heterogeneous catalysis, 807
homogeneous catalysis, 807

Transition metal-based catalysts, 563
Transition metal-catalyzed C–H bond 

functionalization, 384
Transportation fuels, 430
Triacetic acid lactone (TAL), 281
Triacetin glycerol (TAG), 480, 482–484
Trichloroethylene (TCE), 793
Triethylamine, 475
Triflic acid (TfOH), 306
Trifluoromethylthiolation, 398, 400
Trifurylic dialdehyde, 713
Triglycerides-based oils, 220
Triglycerols, 675
Tungsten oxide-based SBA-16 silica 

catalyst, 363
Tungsten oxide-based silica catalyst, 363
Tungstophosphoric acid, 364, 450
Turnover frequency (TOF), 242

U
Ultrasound assisted extraction (USAE), 698
Undecylenic acid, 225
Unsaturated carboxylic acid, 464
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Unsaturated C-O double bonds, 162
Unsymmetrical acetals, 395
Untreated biomass catalytic conversion, 615
US Department of Energy (DOE), 91, 273, 

506, 614
Ustilago cynodontis, 93, 94
Ustilago maydis

advantages, 92
biotrophic organism, 92
catalyzed fermentation reaction, 92
glucose and ammonium, 93
2-hydroxyparaconate, 93
IA production, 92
itaconate yield, 92
malate, 93
uncommon metabolic pathway, 92
wild-type strain MB215, 92

UV-DRS analysis, 730, 731
UV-Visible spectroscopy, 618
UV-Vis method, 618, 620
UV-Vis probe, 618

V
Valeric biofuels, 352
γ-Valerolactone (GVL), 254, 256, 280, 294, 

349–352, 435
activity profiles catalysts, 456
biomass-derived chemicals, 453
biphasic solvent system, 453
catalysts’ characteristics, 454
catalytic integrated process, 454
CTH, 453, 454
fruits, 452
H-β-zeolite, 454
LA, 453
lignocellulosic biomass, 453
metal oxides, 454, 455
preparation, 454
Sn-Al-zeolite catalyst, 454
stable compound, 452
sustainable fuel additive/solvent, 453
vapour pressure, 452
Zr-Al-β-zeolite catalyst, 454

Valorization, 274
Value-added products

alcohols
bioethanol-derived ethylene to C3, C4 

olefins, 524–527
ETB conversion (see Ethanol to 

butadiene (ETB) conversion)
ethanol to C3–C4 olefins, 527, 528
ethanol to ethylene, 523, 524
ethanol to isobutene, 528, 529
feedstocks, 520

MTO (see Methanol to C2–C3 
olefins (MTO))

renewable biomass resources, 520
LA

alkyl levulinates, 349
gamma-keto acids, 349
GVL, 350, 351, 353
levulinic esters, 355, 356
2-MTHF, 351, 352
1,4-PDO, 351, 352
pyrrolidinones, 353–355
succinic acid, 353, 354
valeric biofuels, 352
γ-valerolactone, 349

sugar alcohols
mannitol, 550
sorbitol, 549–551
xylitol, 550, 551

Vegetable oils, 811, 812
fatty acids, 187
FFA, 188
transesterification, 188, 196
types, 187

Veratrylglycerol-β-guaiacyl ether (VG), 743
Vermicompost, 696
Viscosity, 16
Volume space acidity factor (VSA), 488

W
Waste biorefinery approach, 670
Waste management, 671, 886
Waste-to-energy management options, 78
Waste valorization

water hyacinth (see Water hyacinth)
Waste vegetable oils

biodiesel production feedstock, 186, 205
contaminants, 199
cooling water, 199
cost reduction, 187
FFA, 187, 188
PTC, 199
TMAB, 200
water content, 205

Wastewaters, 52, 55, 144
Water

chemical energy, 825
diarrhea, 824
industrialization and anthropogenic 

activities, 824
metal oxides, 825
natural commodity, 824
organic contaminants, 824
organic pollutants, 824
purification techniques, 824
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Water (cont.)
semiconductor photocatalysis, 825
sustainable and economic growth, 824
traditional photocatalysts, 825
waste, 824
WHO report, 824

Water electrolysis, 592
Water-gas shift reaction (WGS), 545, 603
Water hyacinth

applications, 671, 673, 674
bio-oil, 695–697
biorefinery, 671, 698, 699
breeding environment, 673
brick manufacturing, 697, 698
catastrophic imbalance, 672
cause-and-effect diagram, 674
control methods, 673
dyes, 678–683
enzyme, 697
fuel sources (see Fuel)
heavy metals, 678–683
hydropower plants, 672
Incomati River, 672
lignocelluloses, 693–695
material source, 686, 693, 695
oxygen depletion, 672
phytochemicals, 671, 674–678
supercapacitor electrode, 696, 697
utilization, 671
valuable products, 671
value-added products, 673
vermicompost, 696
Zambezi river, 672

Water hyacinth fibre (WHF), 693
Water-tolerant solid acid catalyst, 309
Water/wastewater pollutants removal methods

activated sludge, 826
adsorption technique, 827
coagulation-flocculation, 826
filtration process, 827
ion-exchange methods, 827
membrane processes, 827
ozonation, 826
photocatalysis, 852
secondary pollutants, 827

Waxes, 804
Wet microalgal biomass, 164
Wheat husk biochar (WHIOB), 771
Whole-crop biorefinery

de-oil cake, 808, 809
oil initially acts, 808
oleochemicals, 808
raw materials, 808

Woody biomass fast pyrolysis liquid, 13, 22
WO3 photocatalysts

amoxicillin degradation, 842
charge carriers’ recombination rate 

reduction, 841
hydrothermal route, 842
light absorption coefficient, 840
MB dye degradation, 841
morphologies, 841
oxygen-deficient semiconductor, 840
pseudo-first-order kinetics, 842
RhB dye, 841
3D WO3 octahedra, 841

World Biogas Association (WBA), 53
World fuel consumption, 538
WO3/TiO2 photocatalyst, 849

X
XPS analysis, 732
XRD analysis, 594
XRD diffraction, 594
XRD patterns, 606
Xylan, 708
Xylanase enzyme, 685
Xylitol, 262, 550
Xylose, 99, 708
Xylose-derived furfural, 328
Xylose-rich biomass

acid-catalysed dehydration, 34
chemicals, 34
lignocellulosic materials, 34
oat milling, 34
OHS, 34
SB, 34, 35
sugarcane, 34

Y
Yarrowia lipolytica, 97
Yttrium-functionalized SBA-3 catalyst, 482

Z
Zambezi river, 672
Zeolite-based catalysts, 247
Zeolite catalyst, 25, 26

application, 486
beta crystal, 487
crystalline aluminium silicate, 486
dealumination process, 488, 489
diffusion problem, 486
hierarchical architecture porosity, 487
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H-ZSM-5, 487
mesopores, 487
organic acids, 488
petrochemical industry, 486
phenoldisulfonic acid, 488
pore size, 487
selectivity, 488
VSA, 488

Zeolite cracking, 36
Zeolite microspheres (ZMSs), 326
Zeolites, 248, 362, 468, 714

alkyl levulinates, 369, 371
biomass-derived value-added 

chemicals, 369
Box-Behnken method, 370
Brønsted acid sites, 366
catalytic activity, 366
constituent atoms, 365
corner atoms, 365
crystallization mechanism, 365
crystal size, 367
dealumination, 371
desilication, 368, 371
H-BEA, 370 (see also Hierarchical 

zeolites)
H-ZSM-5, 371
industrial and laboratory-scale 

reactions, 366
industrial sectors, 365
inorganic crystalline materials, 365
LA, 370
Lewis acidity, 366
MCRK, 370
mesopores, 368, 369
mesozeolite BEA, 369, 370
micromeso-MTCK catalyst, 370
microporous, 365
n-butyl levulinate, 370
oxygen atoms, 365
porosity, 367
refining and petrochemical industry, 366
silicates, 365
solid acid catalysts, 370
strategies, 366, 367
structure-directing material, 365
synthetic strategies, 367

templates, 367, 368
TTAB, 370

Zeolite segment catalysts, 468
Zeolite Socony Mobil-5-hydrated aluminium 

silicate catalyst, 746
Zeotypes, 714
Zinc sulphate (Zn-SO4) catalyst, 472
Zirconia (ZrO2), 361
Zirconia-based catalysts, 361
Zirconia-supported HPA, 468
Zirconia-supported silicotungstic acid, 483
γ-Zirconium phosphate, 478
ZnCr2O4 catalysts, 721–723
Zn-exchanged catalyst, 451
ZnO, 732

nanocrystals, 836
nanoparticles, 843

ZnO photocatalysts
absorption efficiency, 834
degradation rate, 836
electron mobility, 833
molar ratios, 836
nanocrystals, 836
non-stoichiometry, 834
pH, 836
phenol degradation, 836
photocatalytic capability, 834
photocatalytic reactions, 834
precursor materials, 836
pseudo-first-order-type reaction kinetics, 

836, 837
surfaces, 834
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