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Aims and Scope of the Series

The Biofuels and Biorefineries Series aims at being a comprehensive and integrated 
reference for biomass, bioenergy, biofuels, and bioproducts. The series provides 
leading global research advances and critical evaluations of methods for converting 
biomass to biofuels and chemicals. Scientific and engineering challenges in biomass 
production and conversion are covered that show technological advances and 
approaches for creating new bio-economies in a format that is suitable for both 
industrialists and environmental policy decision-makers.

The Biofuels and Biorefineries Series provides readers with clear and concisely 
written chapters that are peer-reviewed on significant topics in biomass production, 
biofuels, bioproducts, chemicals, catalysts, energy policy, economics, and 
processing technologies. The text covers major fields of plant science, green 
chemistry, economics and economy, biotechnology, microbiology, chemical 
engineering, mechanical engineering, and energy.

Series Description
Annual global biomass production is about 220 billion dry tons or 4,500 EJ, 
equivalent to 8.3 times the world’s energy consumption in 2014 (543 EJ). On the 
other hand, world-proven oil reserves at the end of 2011 reached 1652.6 billion 
barrels, which can only meet just over 50 years of global production. Therefore, 
alternative resources are needed to both supplement and replace fossil oils as the 
raw material for transportation fuels, chemicals, and materials in petroleum-based 
industries. Renewable biomass is a likely candidate, because it is prevalent over the 
Earth and is readily converted to other products. Compared with coal, some of the 
advantages of biomass are (i) its carbon-neutral and sustainable nature when 
properly managed, (ii) its reactivity in biological conversion processes, (iii) its 
potential to produce bio-oil (ca. yields of 75%) by fast pyrolysis because of its high 
oxygen content, (iv) its low sulfur and lack of undesirable contaminants (e.g., 
metals, nitrogen content), (v) its wide geographical distribution, and (vi) its potential 
for creating jobs and industries in energy crop productions and conversion plants. 
Many researchers, governments, research institutions, and industries are developing 
projects for converting biomass including forest woody and herbaceous biomass 
into chemicals, biofuels, and materials, and the race is on for creating new 
“biorefinery” processes needed for future economies. The development of 
biorefineries will create remarkable opportunities for the forestry sector and 
biotechnology, materials, and chemical processing industry and stimulate advances 
in agriculture. It will help to create a sustainable society and industries that use 
renewable and carbon-neutral resources. 

More information about this series at http://www.springer.com/series/11687
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Preface

With increasing concerns on environmental pollution and global warming that 
resulted from traditional fossil resource applications, much progress has been made 
in the past few years in developing catalytic reaction systems and chemistries for the 
conversion of various biomass resources into platform chemicals. This text provides 
state-of-the-art reviews, current research, prospects, and challenges of production of 
platform chemicals such as C6 sugars, 5-hydroxymethylfurfural, furfural, 
γ-valerolactone, xylitol, 2,5-furandicarboxylic acid, levulinic acid, ethanol, and oth-
ers from sustainable biomass resources with processes that include heterogeneous 
catalysis, ionic liquid, hydrothermal/solvothermal, electrochemical, and fermenta-
tion methods. Reaction mechanism, methods for product separation and purifica-
tion, and process integration are introduced. The application of these chemicals and 
their derivatives for synthesizing commodity chemicals via various routes is also 
covered.

This book is the seventh book of the series entitled “Biofuels and Biorefineries,” 
and it contains 14 chapters contributed by leading experts in the field. The text is 
arranged into five key areas:

Part I: Production of Sugars (Chap. 1)
Part II: Production of Aldehydes (Chaps. 2, 3, and 4)
Part III: Production of Acids (Chaps. 5, 6, 7, and 8)
Part IV: Production of Alcohols (Chaps. 9, 10, 11 and 12)
Part V: Production of Lactones and Amino Acids (Chaps. 13 and 14)

Chapter 1 presents a brief introduction into the characterization of lignocellu-
losic biomass and outlines some developing and promising pretreatment and hydro-
lysis methods for lignocellulosic biomass. Chapter 2 provides state-of-the-art 
developments in the field of catalytic synthesis of furfural from C5 sugars and hemi-
cellulose biomass, taking into consideration green chemistry principles, and gives 
critical analyses and perspectives of the development of sustainable furfural produc-
tion processes. Chapter 3 summarizes the catalytic production of 
5-hydroxymethylfurfural from biomass-derived sugars and lignocelluloses and 
mainly focuses on the characteristics and superiority of different catalysts on the 

http://dx.doi.org/10.1007/978-981-10-4172-3_1
http://dx.doi.org/10.1007/978-981-10-4172-3_2
http://dx.doi.org/10.1007/978-981-10-4172-3_3
http://dx.doi.org/10.1007/978-981-10-4172-3_4
http://dx.doi.org/10.1007/978-981-10-4172-3_5
http://dx.doi.org/10.1007/978-981-10-4172-3_6
http://dx.doi.org/10.1007/978-981-10-4172-3_7
http://dx.doi.org/10.1007/978-981-10-4172-3_8
http://dx.doi.org/10.1007/978-981-10-4172-3_9
http://dx.doi.org/10.1007/978-981-10-4172-3_10
http://dx.doi.org/10.1007/978-981-10-4172-3_11
http://dx.doi.org/10.1007/978-981-10-4172-3_12
http://dx.doi.org/10.1007/978-981-10-4172-3_13
http://dx.doi.org/10.1007/978-981-10-4172-3_14
http://dx.doi.org/10.1007/978-981-10-4172-3_1
http://dx.doi.org/10.1007/978-981-10-4172-3_2
http://dx.doi.org/10.1007/978-981-10-4172-3_3
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catalytic transformation of various feedstocks. Chapter 4 provides an overview of 
the historical role of 5-(halomethyl)furfurals in the chemical investigation of carbo-
hydrates and describes multiple approaches to their preparation. Commercial mar-
kets that can be unlocked by synthetic manipulation of 5-(chloromethyl)furfural and 
its immediate derivatives are highlighted. Chapter 5 offers an overview on process 
technology studies of kinetic models and the status of large-scale production of 
levulinic acid from biomass. Levulinic acid derivatives and their application are also 
presented. Chapter 6 gives a concise overview of up-to-date methods for the syn-
thesis of 2,5-furandicarboxylic acid from 5-hydroxymethylfurfural or directly from 
carbohydrates, with special attention to catalytic systems, mechanistic insight, reac-
tion pathway, and catalyst stability. Chapter 7 introduces the chemical processes 
for the production of gluconic acid and glucaric acid from monosaccharides and 
polysaccharides with a focus on heterogeneous catalysts. Chapter 8 reviews micro-
organism producers, cultivation, separation technologies, alternative substrates of 
lignocellulosic biomass, and integration strategies to provide analysis of the strate-
gies and economics of 1,4-diacid commercial-scale production. Chapter 9 analyzes 
sorbitol’s current market and its potential as a platform chemical and describes sor-
bitol production methods by chemical, electrochemical, and biotechnological 
routes. Some prospects about the direction of future research for overcoming cur-
rent bottlenecks for further development are discussed. Chapter 10 describes bio-
technological xylitol production from the selection and preparation of the raw 
material to fermentative process conditions, downstream strategies, and future per-
spectives. Chapter 11 introduces the development of heterogeneous catalysts for 
the production of C2 to C6 diols by removal of OH groups, hydrogenation of COOH 
to CH2OH, and/or ring-opening C-O hydrogenolysis. Chapter 12 compiles recent 
advances in lignocellulosic ethanol production processes, from novel raw materials 
or fermenting microorganisms to new processing technologies and their present 
commercialization. Chapter 13 surveys the methodology and recent advances in 
the production of γ-valerolactone (GVL) from different renewable biomass-derived 
sources, from the pioneering studies to the present state of the art. Chapter 14 pro-
vides an overview of the microbial production of L-glutamic acid and L-lysine and 
their applications as building block chemicals from biomass for synthesizing com-
modity chemicals and non-protein amino acids.

The text should be of interest to students, researchers, academicians, and indus-
trialists who are working in the areas of renewable energy, environmental and chem-
ical sciences, engineering, resource development, biomass processing, sustainability, 
materials, biofuels, and chemical industries.

Nanjing, Jiangsu, China� Zhen Fang
Sendai, Japan	 Richard L. Smith Jr.
Tianjin, China � Xinhua Qi  
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Chapter 1
Hydrolysis of Lignocellulosic Biomass 
to Sugars

Lei Qin, Wen-Chao Li, Jia-Qing Zhu, Bing-Zhi Li, and Ying-Jin Yuan

Abstract  Lignocellulosic biomass is a widely available resource that can be used 
to produce renewable chemicals. Conversion of lignocellulosic biomass into sugars 
is one of the major challenges in producing biofuels and chemicals, because inher-
ent biomass recalcitrance hinders the efficient conversion. The most available 
method in industry is to combine thermochemical pretreatment with enzymatic 
hydrolysis treatment. In this chapter, a brief introduction into the characterization of 
lignocellulosic biomass is presented. Some developing and promising pretreatment 
methods are introduced. Process description, reaction mechanisms and develop-
ments in each pretreatment method are reviewed. Enzyme systems for lignocellu-
lose hydrolysis and the influencing factors to enzymatic hydrolysis are presented 
and promising hydrolysis strategies are outlined.

Keywords  Lignocellulose • Biomass • Cellulose • Hemicellulose • Lignin • 
Pretreatment • Enzymatic hydrolysis • Cellulase • Inhibition

1.1  �Introduction

Lignocellulosic biomass is regarded as a potential resource to produce mixed sug-
ars, of which more than half of the amount of material consists of carbohydrates. 
The most commonly used method for producing sugars from lignocellulosic bio-
mass is enzymatic hydrolysis. Several related technologies have appeared in the 
past years so that this conversion process can be carried out. Now, the objective is to 
make it more cost-competitive in today’s markets. Plants evolve the recalcitrance to 
resist microbial and enzymatic deconstruction. Several factors contributing to the 
recalcitrance have been well-studied in past years and these findings are instructive 
for enhancing discussion on enzymatic digestibility of lignocellulosic biomass.
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1.1.1  �Lignocellulosic Biomass

1.1.1.1  �Biomass Cell Wall Structure

Plant cell walls are the primary materials of lignocellulosic biomass. Lignocellulosic 
materials include herbaceous plant (e.g. corn stover and switchgrass), softwood 
(e.g. spruce), hardwood (e.g. aspen), and other waste materials (e.g. distillers’ grains 
and waste paper). The composition and structure of plant cell wall determine the 
design of downstream processes in a biorefinery. Plants consist of an orderly 
arrangement of cells with walls composed of varying amounts of a mixture of cel-
lulose (~40%), hemicellulose (~15–35%), lignin (~15–30%) and other components 
(e.g. pectin, proteins, ash, lipids, wax, and other extractives) [1]. The plant body is 
like a building made of “osmotic bricks”, which means that pressure fastens the 
cells by creating tension in the cell walls [2].

Plant cell wall structures in multi-scales are displayed in Fig.  1.1. There is a 
lumen in the supporting cell wall after the protoplast is dead, which has the function 
of transporting water and nutrients. The outer layer of the cell wall is primary cell 
wall which is a heterogeneous mixture of cellulose, hemicellulose and pectin. The 
secondary wall is inside of the primary cell wall and can be divided into three sub-
layers. The secondary wall accounts for the majority of cell wall mass, which mainly 
consists of cellulose, hemicellulose and lignin. Cellulose microfibrils are covered 
and cross-linked by amorphous materials (mainly hemicellulose and lignin) [3, 4]. 
Lignin also cross-links with hemicellulose and forms lignin-carbohydrate com-
plexes (LCC).

1.1.1.2  �Cellulose

Cellulose (i.e. glucan) is unbranched homopolymers of β-(1,4)-linked D-glucose. 
Native cellulose molecules in higher plants are in fibril and crystal form, which is 
named as cellulose I. The visually structures of cellulose are cellulose microfibrils 
with the diameter of 2~10 nm, which are cross-linked by other components such as 
glucoronoarabinoxylan and xyloglucans [2]. Microfibrils, synthesized at the plasma 
membrane, are unbranched fibrils and composed of 30~36 glucan chains aggregated 

Fig. 1.1  Visualization of plant cell wall structures from micrometer scale to nano scale

L. Qin et al.
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through intra- and inter-hydrogen bonding and van der Waals forces to form the 
crystalline structures [4]. Microcrystalline cellulose is divided into two different 
crystal phases: Iα and Iβ. Cellulose Iα and Iβ are the primary allomorphic forms of 
cellulose in microorganisms and higher plants, respectively. Besides cellulose I, 
other allomorphs can be produced through various thermochemical treatments. 
Native cellulose can transform to cellulose II irreversibly by caustic mercerization 
or regeneration (such as ionic liquids) and to cellulose III by liquid ammonia or 
amine treatment. The lattice spacing distances of cellulose III and cellulose II are 
longer than that of cellulose I due to the alteration of the networks of intra- and 
inter-hydrogen bindings [5, 6].

1.1.1.3  �Hemicellulose

Hemicellulose is a class of heterogeneous polysaccharides, generally accounting for 
15~35% of plant biomass. Hemicellulose may contain pentoses (β-D-xylose, α-L-
arabinose), hexoses (β-D-mannose, β-D-glucose and α-D-galactose) and/or uronic 
acids (α-D-glucuronic, α-D-4-O-methylgalacturonic and α-D-galacturonic acids). 
Other sugars (α-L-rhamnose and α-L-fucose) may also exist in small amounts. 
Acetyl groups may partially substitute the hydroxyl groups of sugars. Xylan, which 
is an ideal polymer of xylose, is the most abundant relevant hemicellulose. Xylan is 
the main hemicellulose component in the secondary cell walls, accounting for about 
20~30% in hardwoods and herbaceous plants. Mannan-type hemicelluloses (for 
example, glucomannan and galactoglucomannan) are the major types of hemicel-
lulose in the secondary cell wall of softwoods. Different hemicellulose structures 
can be detected depending on the different biological origins [7].

1.1.1.4  �Lignin

Lignin is abundant in the middle lamella (20~40%) and the interlamination of sec-
ondary cell walls (60~80%). Lignin is a complex macromolecular polymer synthe-
sized mainly from three p-hydroxycinnamyl alcohols: p-coumaryl, coniferyl and 
sinapyl alcohols. These monolignols produce the p-hydroxyphenyl (H), guaiacyl 
(G), and syringyl (S) subunits, respectively. Lignin subunits are cross-linked by a 
series of bonds (such as β-O-aryl ether and β-β’ linkages). Lignin may cross-link to 
polysaccharides via coupling of feruloylated xylans [8, 9].

1.1.2  �Conversion Pathways from Lignocellulose Biomass 
to Sugars

There are three major hydrolysis processes used to produce sugars from lignocel-
lulose: dilute-acid hydrolysis, concentrated-acid hydrolysis, and enzymatic 
hydrolysis.

1  Hydrolysis of Lignocellulosic Biomass to Sugars
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In the dilute-acid process, the concentration of sulfuric acid can be over a wide 
range of values (0.4~20%). Hemicellulose can be easily hydrolyzed by dilute acids 
under moderate conditions, but much more severe conditions are needed for cellu-
lose hydrolysis, namely, the reaction needs to be carried out at high temperatures 
(up to 190 °C) and pressures [10].

The concentrated-acid hydrolysis process can produce high glucose yields from 
lignocellulose. Sulfuric acid concentration used is in the range of 10~30%. Lower 
operating temperatures and pressures are adequate during the concentrated-acid 
hydrolysis process.

However, acid hydrolysis processes have several disadvantages limiting the 
application to industry, for example, acid hydrolysis may give a surprisingly large 
ratio of sulfuric acid to cellulose on dry weight basis (varying from 0.03 to 5), the 
degradation of sugars to by-products is hard to control, the acid is difficult to be 
separated and recovered from the sugar products, large amounts of acid may con-
taminate the environment, and dilute acid is corrosive to equipment although corro-
sion is less of an issue at very high acid concentrations.

Enzymatic hydrolysis, which is a bioconversion process, is the most common 
method of producing sugars from lignocellulosic biomass due to its moderate oper-
ating conditions, high specificity and affinity, and non-pollution to environment. 
Enzymes produced by various categories of microorganisms are enable to break 
down lignocellulose into sugars. This chapter focuses mainly on the enzymatic 
hydrolysis to produce sugars from lignocellulose. Prior to the enzymatic hydrolysis 
of lignocellulose, several operation units are required, including feedstock harvest 
and storage, enzyme production, and pretreatment (Fig. 1.2).

1.1.3  �Biomass Recalcitrance

The enzymatic digestibility of lignocellulosic biomass is hindered by many factors, 
including structural and compositional factors. The natural resistance of plant cell 
walls to enzymatic deconstruction is collectively known as “biomass recalcitrance”. 
The biomass recalcitrance is mainly attributed to: (1) the mechanical defenses from 
the epidermal tissue (particularly the cuticle and epicuticular waxes), the 

Fig. 1.2  Bioconversion process from lignocellulosic biomass to sugars

L. Qin et al.
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sclerenchymatous tissue, and the compact cell wall connection; (2) the protection of 
lignin; (3) the high crystallinity and degree of polymerization of cellulose [4, 11, 
12]. Biomass needs pretreatment so that the cellulose in the plant fibers can be 
exposed to enzymes. Increasing accessibility of cellulose to enzymes is the funda-
mental factor to break down the biomass recalcitrance and thus enhances enzymatic 
digestibility. The specific factors contributing to biomass recalcitrance studied in 
details during past years are stated as follows:

Lignin, Hemicellulose and Pectin Content  In general, cellulose-rich substrates with 
more highly accessible cellulose require low enzyme loading to obtain efficient 
hydrolysis. The removal of hemicellulose and lignin relieves the physical barrier 
and thus increases the accessibility of the enzymes to the cellulose chains [13, 14]. 
Degradation of either hemicellulose or lignin can increase the cellulose conversion 
[15].

Cellulose Crystallinity  Reduction of crystallinity remarkably increases the hydro-
lysis rate and reduces the enzyme dosage required to achieve high cellulose digest-
ibility [16, 17]. Moreover, it is believed cellulose allomorph has a strong influence 
on cellulose digestibility, which decreases in the following order: amorphous cel-
lulose > cellulose III > cellulose II > cellulose I [18, 19]. However, the variation of 
the degree of polymerization of cellulose has shown to be insensitive to enzymatic 
digestibility [20].

Porosity  The increasing biomass fiber porosities has a significantly positive influ-
ence on the efficiency of enzymatic hydrolysis [20].

1.2  �Pretreatment

Pretreatment is an important process for biological conversion of cellulosic biomass 
to sugars and for fermentation to biofuels and other chemicals. Pretreatment is 
aimed to break down the biomass recalcitrance, make cellulose more accessible to 
the enzymes, and improve enzymatic digestibility. The role of pretreatment in prac-
tice is generally the disruption of the naturally resistant lignin-carbohydrate shield 
and/or the crystalline structure of cellulose. Pretreatment is regarded as one of the 
most expensive processing steps in the bioconversion of lignocellulosic biomass. 
The average cost of pretreatment has been estimated to be about 20 dollar/ton bio-
mass in 2005 [21]. Even so, pretreatment has great potential to improve enzymatic 
efficiency and lower enzyme dosage and cost. Pretreatment also has the pervasive 
impact on processing of all other operations, such as the handling of the liquid 
streams generated and solids from pretreatment, waste treatment, and the potential 
production of co-products [22]. Therefore, the choice of pretreatment technology 
should take into account not only the enzymatic digestibility of cellulose, but also 
the operation pattern and the compatibility with the overall process [22, 23]. There 
are several key aspects to be taken into consideration for low-cost and advanced 
pretreatment process (Fig. 1.3):

1  Hydrolysis of Lignocellulosic Biomass to Sugars
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	1.	 High enzymatic digestibility of pretreated solid. Generally, cellulose conversion 
of pretreated biomass needs to be as high as possible. In addition, relative low 
enzyme loading is desired due to the high cost of enzymes [24].

	2.	 Lignin recovery. Lignin and the derived materials should be recovered for their 
conversions to valuable co-products in subsequent processes.

	3.	 Minimum degradation products. Degradation products from pretreatment of lig-
nocellulose materials can be divided into the following classes: carboxylic acids 
(e.g. acetic, formic and levulinic acid), furan derivatives (e.g. furfural and 
5-HMF), and phenolic compounds, all of which have inhibition effects to enzy-
matic hydrolysis to some extent.

	4.	 Minimum heat and power requirements. The heat and power for pretreatment 
should be low or compatible for thermal integration with other processes.

	5.	 Low water usage. The use of raw biomass at high dry matter content can reduce 
energy consumption during pretreatment.

	6.	 Minimum cost of chemicals. The need for chemicals in pretreatment and subse-
quent neutralization should be minimal and inexpensive. Otherwise, the chemi-
cals should be recoverable and the recovery process should be inexpensive.

	7.	 Minimum size reduction requirement. Milling of biomass to small particles is 
energy intensive and costly. Pretreatment technologies appropriate for large par-
ticle sizes are desirable.

	8.	 No production of waste. The chemicals or materials produced should not present 
processing or disposal challenges.

Over the years, many technologies have been developed for realizing low cost 
and high sugar yields from both cellulose and hemicellulose, which can be catego-
rized as mechanical, thermochemical and biological processes. In many cases, the 
combinations of these approaches are necessary to obtain high enzymatic 
digestion.

Fig. 1.3  Classification and requirements of lignocellulose pretreatment

L. Qin et al.
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In this section, various pretreatment methods as well as the operation and mecha-
nism are reviewed. Although some pretreatment methods have been applied in 
industrial processes, none are absolutely predominant among the methods. More 
understanding of the effect of pretreatment on structural and molecular level and 
more novel pretreatment technologies still need to be developed. Besides pretreat-
ment methods, some preceding processes, such as harvest, storage, size reduction 
and fractionation that have considerable impact on pretreatment efficiency are 
discussed.

1.2.1  �Thermochemical Pretreatment

Thermochemical pretreatment employing high temperature with or without chemi-
cal catalysts to disrupt the biomass recalcitrance occupies the most important place 
in pretreatment processes, since most lignocellulosic feedstocks require high inten-
sity to achieve satisfactory enzymatic digestibility.

Thermochemical pretreatment can be categorized according to catalyst property 
as acidic, neutral, alkaline and organic catalyzed pretreatment. Acidic pretreatment 
generally results in the hydrolysis of hemicellulose to monomeric sugars and other 
by-products. Neutral pretreatment hydrolyses hemicellulose through autohydroly-
sis. Alkaline pretreatment makes lignin and partial hemicellulose soluble [25]. A 
general function of acidic and alkaline pretreatment on lignocellulose is demon-
strated in Fig. 1.4. Organic pretreatment selectively dissolves carbohydrates and/or 
lignin. Pretreatment can also be categorized as chemical and physicochemical pre-
treatment methods. Physicochemical pretreatment combines heat and rapid pres-
sure release, such as steam explosion and ammonia fiber expansion. Various 
pretreatment methods listed in Table 1.1 are introduced.

1.2.1.1  �Dilute Acid (DA) Pretreatment

Dilute acid (DA) pretreatment appears as a candidate method for industrial applica-
tions and for treating a wide range of lignocellulosic biomass. Dilute acid pretreat-
ment has historically been conducted at temperatures of 120~180 °C, acid 
concentrations of 0.2~2% (w/w) and reaction times within 60 min. The most widely 
used approach is based on sulfuric acid. Nitric acid, hydrochloric acid, phosphoric 
acid and organic acids have also been shown to be effective.

Combined severity (CS), a function of pretreatment time, temperature and pH, is 
usually applied to evaluate the pretreatment severity. The combined severity is 
defined as [26, 27]:

	 CS R pH= −log 0 	 (1.1)

	 R t T0 100= × −exp[( ) / ]H ω 	 (1.2)

1  Hydrolysis of Lignocellulosic Biomass to Sugars
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in which R0 is a severity factor; t is reaction time in minutes; T is the hydrolysis 
temperature in °C; ω is an empirical parameter, usually assigned to the value of 
14.75, which equates to a reaction that doubles in reaction rate for every 10 °C 
increase in temperature [28].

The remarkable improvement of enzymatic digestion of dilute acid pretreated 
biomass is correlated to the removal of hemicellulose. Under acidic conditions, 
hemicellulose is more easily degraded to monomeric sugars and by-products than 
cellulose due to the amorphous structures. The majority of lignin and cellulose com-
ponents are retained in the acid-insoluble residues. Soluble sugars hydrolyzed by 
acid during pretreatment can be further degraded to furfural (which is produced 
from pentoses) and 5-hydroxymethylfurfural (5-HMF, which is produced from hex-
oses). The degradation routine of lignocellulosic biomass during acidic pretreat-
ment is elucidated in Fig.  1.5. Acid hydrolysis is also an important method to 

Fig. 1.4  General effects of acidic and alkaline pretreatment on solubilization of hemicellulose and 
lignin in lignocellulose

L. Qin et al.
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Table 1.1  Summary of thermochemical pretreatment methods for lignocellulosic biomass

Pretreatment 
method

Typical pretreatment 
condition Advantages Disadvantages

DAa 160 °C, 0.5% 
sulfuric acid, 15 min, 
solid to liquid ratio 
of 1:10 [38]

Low cost; reduces 
hemicellulose content

Equipment erosion; 
chemical recovery; 
formation of toxic 
components

SEb 200 °C, 10 min [49] Cost-effective; solubilizes 
hemicellulose; no 
chemical used

Equipment cost; 
formation of toxic 
components

SO2 explosion 190 °C, 6% SO2, 
5 min [43]

Cost-effective; solubilizes 
hemicellulose

Equipment cost; 
equipment erosion; 
formation of toxic 
components

LHWc 190 °C, 15 min, solid 
to liquid ratio of 1:6 
[50]

Solubilizes hemicellulose; 
few degradation products

Equipment cost

Flowthrough 170 °C, 25 mL/min, 
35 min [54]

Solubilizes hemicellulose 
and removes lignin

Equipment cost

AFEXd 135 °C, water to 
solid ratio of 1:1; 
ammonia to solid 
ratio of 1:1, 45 min 
[60]

Low degradation of 
carbohydrates; low 
formation of toxic 
components; low water 
usage

Pressure requirement; 
cost of ammonia; 
chemical recovery

EDAe 120 °C, EDA to solid 
ratio of 1:1, 60 min 
[19]

Low water usage; low 
equipment cost; low 
pressure

Cost of EDA; chemical 
recovery

SAAf 75 °C, 15% aqueous 
ammonia, 48 h, solid 
to liquid ratio of 1:12 
[68]

Reduce lignin and 
hemicellulose content; 
low pressure; low 
formation of toxic 
components

Long pretreatment 
period; chemical 
recovery

ARPg 170 °C, 15% 
aqueous ammonia, 5 
mL/min, 10 min [69]

Reduce lignin and 
hemicellulose content; 
low formation of toxic 
components

Equipment cost; 
chemical recovery

Lime 55 °C, 0.5 g 
Ca(OH)2/g solid, 4 
weeks [70]

Reduce lignin content; 
low cost of chemicals

Long pretreatment 
period; chemical 
recovery

ILsh 160 °C, solid to 
[C2mim][Ac] ratio 
of 1:33 [74]

Extracts cellulose and 
reduce crystallinity

Cost of ILs; chemical 
recovery

CELFi 150 °C, 50% (v/v) 
THF and 0.5% 
sulfuric acid, solid to 
liquid ratio of 1:20, 
25 min [81]

Reduces lignin and 
hemicellulose content; 
separation and recovery 
of lignin

Cost of organic 
solvents; chemical 
recovery

(continued)
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produce xylose and/or furfural in the industry. The removal of hemicellulose 
increases when the combined severity increases. Xylose yield increases to a maxi-
mum between a combined severity of 2~3 [29–31]. The yields of sugar degradation 
compounds (furfural and 5-HMF) and lignin degradation compounds increase with 
increasing combined severity.

With increasing combined severity (>2), a progressive increase in the Klason 
lignin content of the acid pretreated material is observed, which is attributed to the 
acid catalyzed dehydration polymerization of carbohydrates, termed as “pseudo-
lignin” [32]. The droplets of pseudo-lignin cover a range of sizes from 0.3 to 8.0 μm 
and significantly retard cellulose hydrolysis [33]. The addition of DMSO can 

Table 1.1  (continued)

Pretreatment 
method

Typical pretreatment 
condition Advantages Disadvantages

COSLIFj 50 °C, 85% H3PO4, 
solid to liquid ratio 
of 1:8, 60 min, 
washing by ethanol 
[82]

Low temperature and 
pressure; effective for 
tough feedstocks

Cost of acid and 
recovery

SPORLk 180 °C, 9% sodium 
bisulfite and 1.8% 
sulfuric acid, solid to 
liquid ratio of 1:20, 
30 min [83]

Reduce lignin and 
hemicellulose content; 
low formation of toxic 
components

Cost of chemicals; 
chemical recovery; 
Equipment erosion

Wet oxidation 185 °C, 0.6 MPa O2, 
10 min, solid to 
liquid ratio of 1:6 
[85]

Reduce lignin content; 
low formation of toxic 
components

Equipment cost

aDilute acid. bSteam explosion. cLiquid hot water. dAmmonia fiber expansion. eEthylenediamine. 
fSoaking in aqueous ammonia. gAmmonia recycled percolation. hIonic liquids. iCo-solvent-
enhanced lignocellulosic fractionation. jCellulose and organic-solvent-based lignocellulose frac-
tionation. kSulphite pretreatment to overcome recalcitrance of lignocellulosics

Fig. 1.5  Degradation of lignocellulosic biomass in acidic pretreatment

L. Qin et al.
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effectively suppress pseudo-lignin formation, since DMSO preferentially solvates 
and stabilizes furans which is the key intermediate to form pseudo-lignin [34].

Besides removal of hemicellulose, dilute acid pretreatment results in the cellu-
lose fibril swelling, reduction in the molecular weight of cellulose, and the increase 
in the crystallinity index of pretreated biomass [35–37].

During pretreatment, redistribution of lignin location and degradation of cross-
linking between aromatic subunit also occurs, resulting in the loss in matrix between 
neighboring cell walls and increasing porosity [38].

Dry dilute acid (DDA) pretreatment process has promising features compared 
with traditional dilute acid pretreatment and employs high solid loading (up to 70%) 
with a helically agitated impeller. The dry dilute acid pretreatment can achieve high 
hydrolysis digestion with several advantages, such as low steam consumption, no 
pre-hydrolysate solution generation, less sugar loss and less by-product generation 
[39, 40].

Organic acids, such as maleic acid and oxalic acid, have some advantages com-
pared with sulfuric acid. Organic acids result in lower concentrations of degradation 
products and higher concentrations of oligomers due to their higher dissociation 
constants (pKa) compared with mineral acids [31, 41, 42].

1.2.1.2  �Steam Explosion (SE) Pretreatment

Steam explosion (SE) pretreatment is one of the most widely applied technologies 
for pretreating lignocellulosic biomass. In this physicochemical process, biomass is 
subjected to pressurized steam (160~220 °C) for a short period of time and then 
suddenly depressurized by the explosive decompression.

During pretreatment, biomass is heated up by the condensation of steam leading 
to the microporous structure being filled with liquid hot water. Water acts as a weak 
acid, which lowers the pH to 3~4 and initiates the depolymerization of hemicellulose. 
The hydrolysis of acetyl groups in hemicellulose results in further acidic environ-
ment leading to cleavage of more glycosidic bonds. This process is termed as 
“autohydrolysis”.

Impregnating biomass in sulfuric acid or sulfur dioxide before pretreatment, 
known as acid explosion and SO2 explosion respectively, decreases pretreatment 
time and temperature and improves enzymatic digestion [43].

After explosive decompression, biomass particle size, fiber length and cellulose 
crystallinity are reduced, while surface area, porosity and cellulose accessibility are 
increased [44–46], resulting in much higher enzymatic digestibility compared with 
that without the explosion process [47].

After pretreatment, hemicellulose can degrade to xylooligomer, xylose, or furfu-
ral. Lignin is redistributed and minorly degraded under acidic conditions to some 
extent. A pretreatment severity factor between 3~4 is optimal for maximum sugar 
yields. Similar to dilute acid pretreatment, higher temperatures result in the increased 
removal of hemicellulose and enhanced cellulose enzymatic digestibility, but also 
promote for generation of furfural and 5-HMF [48, 49].

1  Hydrolysis of Lignocellulosic Biomass to Sugars
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1.2.1.3  �Liquid Hot Water (LHW) Pretreatment

Liquid hot water (LHW) pretreatment is a hydrothermal process which does not 
employ any catalyst or chemicals. Pressure is applied to maintain water in the liquid 
state at elevated temperatures (160~240 °C).

The main effect of liquid hot water is solubilization and degradation of hemicel-
lulose, making the cellulose more accessible. Similar to steam explosion, autohy-
drolysis occurs with hemicellulose in liquid hot water. The pH can be controlled 
between 4 and 7 during the pretreatment. At this pH range, hemicellulosic sugars 
are retained in oligomeric form and the formation of monomeric sugars is mini-
mized. Hence, the formation of by-products is also very low [50]. LHW pretreated 
biomass presents higher crystallinity and thermal stability than untreated biomass 
due to the removal of the non-crystalline materials [51]. Lignin depolymerization 
facilitates lignin extraction and the extractability of syringyl groups is higher than 
guaiacyl groups [52]. The condensation reactions of lignin molecules also occurs 
during pretreatment and leads to the formation of spherical lignin droplets (diame-
ters are 1~10 μm) on the cell wall surface [53]. The lignin migration increases the 
plant cell wall porosity [54].

Researchers found that the lower ω value corresponding to the increased relative 
contribution of temperature to severity factor (Eq. 1.2) is better to predict the pre-
treatment responses (e.g. hemicellulose solubilization and enzymatic digestibility 
of cellulose) [55].

Flow-through LHW pretreatment systems can remove more hemicellulose and 
lignin than batch mode systems. Increasing temperature during flow-through pre-
treatment enhances lignin removal to almost 100%. Dilute acid can also be applied 
in flow-through systems [56].

Furthermore, a multi-stage LHW pretreatment has been explored [55]. The first 
low-severity pretreatment is to partially degrade hemicellulose and minimize the 
formation of furans. The subsequent pretreatment is performed at over 200 °C to 
increase cellulose accessibility to enzymes.

1.2.1.4  �Ammonia Fiber Expansion (AFEX) Pretreatment

Ammonia fiber expansion (AFEX) process treats lignocellulose (mainly herbaceous 
plants) with high-pressure liquid ammonia at temperatures between 60 and 160 °C 
and then releases the pressure, resulting in rapid expansion of ammonia gas that 
causes swelling and physical disruption of biomass fibers. Other parameters affect-
ing enzymatic digestibility of pretreated biomass include ammonia loading, bio-
mass moisture and reaction time [57]. The combined chemical and physical effect 
increases lignocellulose susceptibility to enzymatic attack. AFEX is a dry-to-dry 
process (pretreatments can be efficient for a wide range of moisture content, typi-
cally 0~100%), which does not produce liquid fraction after pretreatment. Ammonia 
recovery and recycle is feasible and thus this diminishes total cost.

L. Qin et al.
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AFEX pretreatment completely preserves carbohydrates and no furans are gen-
erated. Only a small amount of hemicellulose and lignin becomes solubilized. 
Hemicellulose is mainly converted to xylooligomers and other oligomeric sugars. 
Cellulose crystallinity after pretreatment is decreased [16].

Ammonia breaks down the lignin-carbohydrate complex bonds and ester link-
ages in lignin, resulting in the formation of acetamide and various phenolic amides 
[58, 59]. The formation of amides provides nutrients in the subsequent fermentation 
[60, 61]. As the ammonia evaporates, degradation products (rich in lignin, hemicel-
lulose and cell wall decomposition products) redeposit on outer cell wall surfaces. 
As a result, nanoporous tunnel-like networks are formed within the cell walls, which 
greatly enhances cellulose accessibility [62].

Pre-soaking biomass in hydrogen peroxide before AFEX pretreatment can 
enhance delignification and enzymatic digestibility of both cellulose and hemicel-
lulose [63].

A modified liquid ammonia pretreatment named as extractive ammonia (EA) 
pretreatment has been developed, which employs much higher ammonia loading 
(2~3 g ammonia/g biomass). This method converts native crystalline cellulose Iβ 
into a more highly digestible allomorph, cellulose III, and simultaneously extracts 
up to nearly half the amount of lignin from lignocellulosic biomass while preserv-
ing all polysaccharides. EA pretreated corn stover requires low enzyme dosage and 
give high sugar yields compared with traditional AFEX pretreatment [64].

1.2.1.5  �Ethylenediamine (EDA) Pretreatment

Ethylenediamine (EDA) pretreatment is a novel pretreatment method that can be 
operated at ambient pressure and temperatures of 40~180 °C due to the particular 
physical and chemical properties of ethylenediamine. It is also a dry-to-dry process 
without the requirement of water addition. Cellulose enzymatic digestibility of pre-
treated corn stover can reach 95% with the optimal condition (150 °C and 0.8 mL 
EDA/g solid).

Similar to AFEX pretreatment, EDA can also break down and ammonolyze ester 
bonds of p-coumarate and ferulate units in lignin. Lignin is relocated to the cell wall 
surface of biomass resulting in cell wall delamination. Crystal cellulose I is trans-
formed into cellulose III or amorphous cellulose according to pretreatment condi-
tions. After pretreatment, about 20% of hemicellulose and 40% of lignin are 
solubilized [19, 65].

Cadoxen, which is a solvent made by dissolving 5% cadmium oxide in 28% 
aqueous EDA, can also treat various lignocellulosic materials under ambient condi-
tions. This method exhibits higher efficiency compared with the individual use of 
aqueous EDA. Cadoxen can be recovered and reused [66].
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1.2.1.6  �Aqueous Ammonia (AA) Pretreatment

Aqueous ammonia (AA) pretreatment is a suitable method for many herbaceous 
materials. Aqueous ammonia (usually 5~20%, w/w) is known to react primarily 
with lignin and cause depolymerization of lignin and cleavage of lignin-carbohydrate 
linkages. After AA pretreatment, dozens of phenolics derived from lignin (such as 
vanillin and syringaldehyde) are solubilized in aqueous ammonia, which may have 
an inhibitory effect on enzymatic hydrolysis. Acetyl groups from hemicellulose are 
also removed, and partial hemicellulose is solubilized to oligomers in the liquid 
fraction, while cellulose remains intact in a solid fraction [67]. Biomass crystallinity 
increases after pretreatment due to the removal of the amorphous portion of bio-
mass. The enzymatic digestibility is related with the removal of lignin and 
hemicellulose.

AA pretreatment can be undertaken at either low temperature/long pretreatment 
times (60~100 °C for several days, known as soaking in aqueous ammonia, SAA) 
[68] or high temperature/short pretreatment times (120~180 °C within 1 hour) [67].

Pretreatment in a flow-through system involves putting ammonia solution 
through a column reactor packed with biomass at elevated temperatures (160~180 
°C). This method is known as ammonia recycled percolation (ARP) process since 
ammonia is separated and recycled [69]. The flow-through system removes more 
lignin and hemicellulose content than batch mode.

1.2.1.7  �Lime Pretreatment

Lime (calcium hydroxide) pretreatment removes amorphous materials such as lig-
nin and hemicellulose and increases the crystallinity index, which conforms to the 
mechanism of alkaline pretreatment (such as aqueous ammonia and sodium hydrox-
ide) [70]. Lime has been proven to be effective at temperatures from 50~150 
°C. Lime pretreatment is much less expensive and has fewer safety requirements 
compared with sodium hydroxide or potassium hydroxide pretreatment.

Non-oxidative conditions during pretreatment are effective for the biomass with 
low lignin content (below approximately 18% lignin), whereas oxidative conditions 
are required for higher lignin content materials [70].

1.2.1.8  �Ionic Liquid (IL) Pretreatment

Ionic liquids (ILs) are salts, typically composed of large organic cations (e.g. 
1-ethyl-3-methylimidazolium [Emim] and 1-n-butyl-3-methylimidazolium 
[C4min]) and small inorganic anions (e.g. chloride and acetate), which exist as liq-
uids at relatively low temperatures (<100 °C). Pretreatment is conducted at 60~160 
°C for several hours with relatively low solids loading (usually 5%). Carbohydrates 
and lignin can be simultaneously dissolved in ILs. The solvent properties, dissolv-
ing capacity and pretreatment efficacy can be varied by adjusting the anion and the 
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alkyl constituents of the cation [71]. There are two alternative operating modes: (1) 
dissolving biomass in IL solutions and precipitating cellulose by adding anti-solvent 
(e.g. water); (2) treating biomass with IL-water mixture directly [72, 73]. Both 
approaches can result in the similar outcomes. After the pretreatment, the ionic liq-
uid liquor contains the majority of lignin and hemicellulose.

The pretreated cellulosic biomass exhibits extremely high enzymatic digestibil-
ity due to significant reduction of cellulose crystallinity and lignin content, and the 
increase of surface area [74]. IL anion can act with the inter- and intra-molecular 
hydrogen bonds of cellulose and cellulose I is transformed to cellulose II and amor-
phous cellulose with the removal of IL anion [75]. The formation of cellulose II 
greatly depends on the biomass type and pretreatment severity [76]. The depolymer-
ization degree of hemicellulose and lignin in the ILs depends on the nature of the 
anion and cation.

Novel types of ILs that are easily prepared and elicit high cellulose conversion 
have been investigated, such as DBU-MEA-SO2 and [Ch][AA] (cholinium amino 
acids) [77, 78].

1.2.1.9  �Organosolv Pretreatment

Organosolv pretreatment can be carried out in a large number of organic solvent 
systems with or without additional catalyst in a temperature range of 100~250 °C, 
while peracid pretreatment can be conducted under milder conditions, even at room 
temperature. The organic solvents that have frequently been used are divided into 
three classes: alcohols with low boiling points (e.g. methanol and ethanol), alcohols 
with high boiling points (e.g. ethylene glycol and glycerol), and other organic com-
pounds (e.g. DMSO). The use of acid catalysts (e.g. hydrochloride acid or sulfuric 
acid) in organic solvents can reduce the temperature required and increase the 
removal of lignin and hemicellulose.

After organosolv pretreatment, cellulose remains in the solid fraction. Organic 
solvents can be recovered by distillation and recycled for pretreatment. The recov-
ery of organic chemical after pretreatment can isolate lignin as a solid material [79]. 
The isolated lignin demonstrates the decreased molecular weight and increased 
polydispersity due to the cleavage of β-O-4 linkage [80].

A novel organosolv pretreatment called co-solvent-enhanced lignocellulosic 
fractionation (CELF) employing tetrahydrofuran miscible with aqueous dilute acid 
can obtain up to 95 % theoretical yield of fermentable sugars from corn stover and 
extremely reduce the enzyme dosage (2 mg enzyme/g glucan) [81].

1.2.1.10  �COSLIF Pretreatment

The cellulose and organic-solvent-based lignocellulose fractionation (COSLIF) 
process uses concentrated phosphoric acid to dissolve biomass at low temperatures 
(~50 °C) and then adds ethanol to precipitate the cellulose. It generates highly 
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reactive amorphous cellulose, high substrate accessibility and high enzymatic cel-
lulose digestibility. COSLIF is considered as a feedstock-independent pretreatment 
that is suitable for handling diverse kinds of biomass by only adjusting pretreatment 
reaction time [82].

1.2.1.11  �Sulfite Pretreatment

Sulfite pretreatment to overcome recalcitrance of lignocellulose (SPORL) is a 
method derived from the sulfite pulping process in the pulp and paper industry, 
which consists of sulfite treatment of wood chips with sodium bisulfite and sulfuric 
acid at 180 °C for 30 min followed by mechanical size reduction using disk refining. 
Size reduction after pretreatment significantly reduces electric energy consumption 
compared with pre-milling [83].

Enzymatic digestibility of sulfite pretreated biomass increases that is attributed 
to the lignin removal and lignin sulfonation. Hemicellulose is partially removed. 
The liquid fraction from pretreatment mainly contains lignosulfonate and degraded 
hemicellulose.

1.2.1.12  �Wet Oxidation Pretreatment

Wet oxidation is an oxidative pretreatment method that employs oxygen or air as 
catalyst. The oxidation is performed for 10~15 min at temperatures from 150 to 
200 °C. The pretreatment process is exothermic when temperature is above 170 °C 
and oxygen is added, which reduces the total energy demand. It is an efficient 
method for solubilization of hemicelluloses and lignin to increase digestibility of 
cellulose. The main reaction during wet oxidation is the formation of acids from 
hydrolytic processes and oxidative reactions. Phenolic compounds derived from lig-
nin are not end-products during wet oxidation because they are further degraded to 
carboxylic acids. Sodium carbonate addition can decrease the formation of furfural 
and 5-HMF by maintaining pH in the neutral to alkaline range [84, 85].

1.2.2  �Biological Pretreatment

Lignocellulosic materials are recycled and decomposed by microorganisms under 
ambient conditions in nature. The naturally occurring biological process can be 
adopted to address the major barriers in lignocellulose conversion. Biological pre-
treatments have mostly depended on the capacity of producing enzymes that can 
degrade lignin in fungi. White rot fungi have been considered as the most effective 
species for biological pretreatment, which are able to degrade all components of 
plant cell walls, especially lignin. Degradation of lignin enables white rot fungi to 
gain access to holocellulose, which is their real carbon and energy resource. Some 
white rot fungal species selectively degrade lignin or hemicellulose without 
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decomposing cellulose. Various enzymes for lignin biodegradation are secreted by 
white rot fungi, such as laccases, lignin peroxidases (LiPs), manganese peroxidases 
(MnPs), manganese-independent peroxidases (MiPs) and versatile peroxidases 
(VPs). Laccases, LiPs and MnPs oxidize phenolic compounds to create phenoxy 
radicals. These radicals subsequently function as lignin-degrading peroxidase sub-
strates. LiPs act in the oxidation of non-phenolic phenylpropanoid units, which 
results in cleavage of C-C and C-O linkages and degradation of lignin polymer [86]. 
White rot fungi possessing high lignolytic activities include Phanerochaete chryso-
sporium, Phlebia radiata, Dichmitus squalens, Rigidosporus lignosus and Jungua 
separabilima [87].

The rate of biological pretreatment is much lower than that of most thermo-
chemical pretreatment methods. However, biological pretreatment could be 
exploited as a step in combination with another pretreatment method. For example, 
laccase treatment performed on steam exploded wheat straw reduces the toxic effect 
of phenolic compounds in enzymatic hydrolysis by laccase polymerization [88].

1.2.3  �Biomass Harvest and Storage

Plant cell wall structures and compositions are considered to be changed throughout 
the growing seasons and growing areas. The differences in harvest date and region 
of growth can impact optimal pretreatment conditions, enzymatic digestibility and 
overall achievable sugar yields [89, 90]. Therefore, the best harvest time and sce-
nario should be adopted.

The storage method of harvested biomass is also regarded as an influencing fac-
tor on pretreatment and enzymatic hydrolysis efficiency [91]. Storage of biomass 
for a long period changes structural and compositional properties compared with 
fresh biomass, which may have positive or negative effects on biomass digestion. 
Dry storage results in the shrinkage of fibrils, collapse of cell wall pores and 
increased crystallinity due to the loss of water. Wet storage (ensilage) can be 
regarded as a biological pretreatment process, during which the micro-structure 
maintains porosity and permeability. Microorganisms naturally grow on biomass 
and thus spoil the structures, part of cell wall structure is likely to be extensively 
loosened. Further, the carbohydrates may be metabolized by microorganisms and 
their content may be reduced. Size reduction prior to storage also has influence on 
biomass properties and pretreatment efficiencies.

1.2.4  �Mechanical Comminution

Different types of physical comminution processes such as chipping, grinding, and 
milling (e.g. ball, two-roll, hammer, colloid and vibro energy milling) can be used 
to improve the enzymatic digestibility of lignocellulosic biomass [23]. Mechanical 
comminution itself is insufficient to attain economically feasible biomass 
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conversion, which is always prior to thermochemical pretreatment. Moreover, the 
energy consumption of mechanical processes is relatively high and depends on the 
final particle size required and the initial biomass characteristics.

Mechanical comminution influences the efficiency of thermochemical pretreat-
ment and enzymatic hydrolysis by altering the specific surface area, pore size and 
even the cellulose crystallinity of biomass. Virtually, all of the thermochemical pre-
treatment processes require significant size reduction of the feedstock to fine parti-
cles to achieve satisfactory cellulose enzymatic conversion. The advisable particle 
size or maximal size, defined as the particle size below which no increase in pre-
treatment effectiveness, measured in terms of the enzymatic conversion resulting 
from the pretreatment, needed for thermochemical pretreatment exhibits a wide 
range from micrometer to centimeter level [92]. The maximal size is dependent on 
the feedstock species and pretreatment method. Herbaceous biomass exhibits lower 
optimal particle size ranges than woody biomass. Steam explosion and liquid hot 
water pretreatments show the higher maximal size range than dilute acid and alka-
line pretreatments. For example, higher enzymatic digestibility of steam exploded 
corn stover is achieved with larger particle size (1~2.5 cm) compared with smaller 
particle size (<1 cm) [93]. The larger particle size fractions (>0.85 mm) of ammonia 
fiber expansion pretreated corn stover are found to be more recalcitrant to enzy-
matic hydrolysis compared with the smaller sizes (<0.15 mm) [94].

1.2.5  �Fractionation

Plant biomass, especially C4 grasses (such as corn stover and sorghum), has differ-
ent functional morphological fractions, which is termed as “heterogeneity”. The 
structural properties of plant tissues vary in each morphological fraction, which 
affects the pretreatment and enzymatic efficiency, although the composition is very 
similar in different tissues. Considering the heterogeneity, each morphological frac-
tion has its optimum pretreatment method and conditions to obtain a satisfactory 
use of the entire mass [95, 96]. For example, branch and boll shell of cotton stalks 
require lower pretreatment severity than stems to achieve similar enzymatic digest-
ibility [97]. The lower hardness fractions in corn stover (corncob, stem pith and 
leaf) result in higher enzymatic digestibility compared with higher hardness frac-
tions (stem node and rind) pretreated at identical conditions [98].

1.3  �Enzymes for Lignocellulose Hydrolysis

Although extensive research has been made to improving enzyme production and 
enzyme performance, highly efficient and cost-effective enzymatic saccharification 
of lignocellulosic biomass still remains a challenge. Hydrolysis of lignocellulose 
by  cellulases is considered as a complex, heterogenous multi-enzyme process. 
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The kinetics are ambiguous owing to the complexity and interference factors, such 
as the changing substrate properties and inhibitory mechanisms. This section intro-
duces the basic concepts and categories of enzymes for lignocellulose hydrolysis 
and the interaction between enzymes and pure cellulose. The adsorption profile, 
rate-limiting factors, and synergistic effect play important roles in enzymatic hydro-
lysis of crystalline cellulose.

1.3.1  �Classification of Enzymes

There are three general categories of enzymes to hydrolyze biomass cell wall: cel-
lulases, hemicellulases, and accessory enzymes such as hemicellulose debranching, 
phenolic acid esterase, lignin degrading and modifying enzymes. To date, commer-
cial cellulase and hemicellulase preparations are mainly supplied by Novozyme 
(e.g. Cellic CTec/HTec and Celluclast) and Genencor (e.g. Spezyme and Accelarase) 
[99]. Most of the cellulases and hemicellulases exert maximum activities at about 
50 °C and pH 4.5~5.5.

Cellulases are cellulolytic enzymes that can be categorized as exoglucanases 
(also named cellobiohydrolases, CBHs), endoglucanases (EGs) and β-glucosidases 
(BGs, also named cellobiase) (Table 1.2). The narrow definition of cellulase refers 
to the assembly of CBH and EG, excluding BG. The well-characterized cellulolytic 
system, produced by industrially important filamentous fungus Trichoderma reesei 
(a clonal derivative of Hypocrea jecorina), consists of at least two CBHs, TrCel7A 
(formerly CBH I) and TrCel6A (CBH II); five EGs, TrCel7B (EG I), TrCel5A (EG 
II), TrCel12A (EG III), TrCel61A (EG IV), and TrCel45A (EG V); and two BGs 
[100].

CBHs are exo-active processive enzymes which hydrolyze cellulose chain from 
the reducing and non-reducing end (by CBH I and CBH II, respectively) to produce 
cellobiose and other glucooligomers. CBH has a modular structure consisting of a 
catalytic domain (CD) connected by a linker peptide to a carbohydrate binding 
module (CBM). The catalytic amino acids of the CD are located in a relatively long 
tunnel formed by surface loops extending from the central fold. The three-
dimensional structure of Cel7A reveals the 50 Å-long tunnel shaped active site of 

Table 1.2  Cellulases

Enzyme activities Abbreviations Substrates Proteins

Cellobiohydrolase I CBH I Reducing end of 
cellulose

Cel7A

Cellobiohydrolase II CBH II Non-reducing of 
cellulose

Cel6A

Endoglucanase EG Amorphous 
cellulose

Cel7B, Cel5A, Cel5B, 
Cel12A, Cel61A, Cel45A

β-Glucosidase BG Cello-oligomers BGI, BGII
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TrCel7A resides in CD and accommodates 10 consecutive glucose subsites (at least 
seven substrate-binding subsites and two product subsites) along cellulose chain 
[101]. It has been shown that separated CBM and CD of TrCel7A can both bind to 
cellulose. The proposed mechanism of CBM includes: (1) adsorption of the CBM at 
cellulose micro-cracks; (2) penetration of CBM into the interfibrillar space and 
insertion of mechanical pressure on pore walls; (3) penetration of water molecules 
into the interfibrillar space, cleavage of hydrogen bonds and formation of free chain 
ends [102].

Compared with CBH, the active site of EG is more open and groove-shaped. 
CBHs are more efficient in the degradation of crystalline cellulose. Whereas, EGs 
preferentially target amorphous cellulose regions, producing oligosaccharides and a 
little glucose. EG reacts rapidly on the amorphous cellulose and reduces its degree 
of polymerization to 30~60, after which this reaction with amorphous cellulose 
ceases [103]. Prior to hydrolysis, TrCel7B can swell the bundles of microfibrils and 
thus loosen surface fibrils and expose microfibril ends [104].

BGs react and hydrolyze cellobiose and soluble oligosaccharides to glucose, 
which thereby relieves the product inhibition to CBHs.

Hemicellulases are a diverse group of enzymes that hydrolyze hemicellulose, 
including α-D-glucuronidase, endoxylanase, α-L-arabinofuranosidase, β-xylosidase, 
feruloyl esterase, acetylxylan esterase, α-D-galactosidase, and other activities 
(Table 1.3) [100, 105]. Hemicellulose degradation involves the synergistic action of 
these diverse enzyme activities.

Large enzymatic assemblies called cellulosomes, which recruit multiple cata-
lytic activities to protein scaffolds has been found in some bacteria (e.g. 
Caldicellulosiruptor bescii). One of these, CelA, consisting of a glycoside hydro-
lase family 9, a family 48 CD and three type CBMs, outperforms mixtures of com-
mercially relevant CBH and EG [106].

Table 1.3  Hemicellulases

Enzyme activities Abbreviations Substrates

Endoxylanase XYN (or EX) β-1,4-Xylan
β-Xylosidase β-XYL (or BX) β-1,4-Xylooligomers
α-D-Glucuronidase α-GLU 4-O-Methyl-α-glucuronic acid (1→2) 

xylooligomers
α-L-Arabinofuranosidase α-AF α-Arabinofuranosyl (1→2) or (1→3) 

xylooligomers
α-D-Galactosidase α-GAL a-Galactopyranose (1→6) mannooligomers
Acetylxylan esterase AXE 2- or 3-O-Acetyl xylan
Feruloyl esterase FE Ester bond between arabinose substitutions 

and ferulic acid
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1.3.2  �Enzyme-Cellulose Interaction

The mechanism of cellulases action on cellulose can be summarized into several 
steps, although they are not fully elucidated yet [107]. First, cellulases bind to cel-
lulose and possibly disrupt its local crystalline structure through the CBM or 
CD. Cellulases primarily contact with the hydrophobic cellulose surface [1]. Then, 
it is hypothesized that the individual cellulose chains are decrystallized from the 
surface by the bound cellulases and discretely slide into the catalytic site tunnel of 
cellulases, eventually leading to the formation of the enzyme-substrate complexes. 
Finally, the hydrolysis of the complex glucan chains proceed to produce either cel-
lobiose or other glucooligomers.

Enzymatic hydrolysis of cellulosic materials takes place at the solid-liquid inter-
face. Therefore, a pre-requisite for catalysis is the adsorption of enzymes onto the 
solid surface. Enzymes (CBHs and EGs) adsorb quickly at the early stage of hydro-
lysis, and start to release as the degree of hydrolysis increases or remains bonded 
throughout the hydrolysis depending on the substrate characteristics [108]. For 
example, alteration of the crystalline structure from native cellulose I to cellulose III 
exerts 40~50% a lower binding coefficient, but it enhances hydrolytic efficiency on 
the latter allomorph [107]. At low concentrations of free cellulase, the binding is 
exclusively active-site mediated and conforms to Langmuir’s one binding site 
model. With the increased concentrations, the isotherm gradually deviates from the 
Langmuir’s one binding site model. Furthermore, the isotherm depends on the cel-
lulose concentration: more efficient binding is observed at low cellulose concentra-
tions [102].

The precipitous slowing down in the enzymatic hydrolysis rate of cellulose is 
one of the major limitations to the commercialization of lignocellulose. It is known 
that the hydrolysis rate declines drastically during the early stage and then declines 
slowly and steadily throughout the rest of hydrolysis time. The reasons for the 
reduced reactivity for pure crystalline cellulosic substrate is probably attributed to: 
(1) permanent denaturation of enzyme activity in the reaction, (2) reversible non-
productive binding or product inhibition by sugars, and (3) a decrease in the hydro-
lyzability of the substrate [14, 109]. Besides these hypotheses, “jamming effect” of 
adjacent cellulases can explain the dramatically reduced rate of hydrolysis at high 
degrees of conversion. In previous studies, CBH molecules have been observed by 
atomic force microscopy to slide undirectionally along the surface of crystalline 
cellulose. The cellulose fibrils are in parallel with a characteristic lateral distance to 
each other which is on the same order as the diameters of Cel7A and Cel6A mole-
cules. At high enzyme concentrations, several binding enzyme molecules adjoin to 
one another and the CBH molecules crowd onto the small surface area of cellulose 
and restrain the moving speed. This effect is termed as “jamming” and results in the 
reduction of overall hydrolysis rate [110, 111]. It has been further proven by a 
“restart” experiment [112]. Changing the crystalline polymorphic form of cellulose 
by means of an ammonia treatment can increase the apparent number of accessible 
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lanes on the crystalline cellulose surface and consequently the number of moving 
cellulase molecules [113].

Several kinetic models have been developed to represent the actions of cellulases 
in enzymatic hydrolysis, such as intrinsic kinetic model [110], functionally based 
model [114], cellular automata model [115], and rate-constraining model [14].

The complementary action of cellulolytic enzymes has been observed and is 
ascribed to synergistic effects, as the combined enzymatic activity of the mixture of 
two or more enzymes being much higher than the sum of their individual activities 
[116]. The jamming effect can be remarkably eliminated by simultaneously employ-
ing Cel7A and Cel6A due to their synergistic effect. EGs prefer to hydrolyze 
obstacle-like amorphous cellulose, therefore assisting the processive movement of 
adsorbed CBH and accelerating the release of trapped CBH [117]. The synergistic 
effect of CBHs and EGs constitutes the major pattern in the degradation of cellu-
lose. An appropriate and balanced combination of these cellulase activities deter-
mines the efficiency of cellulose hydrolysis.

1.4  �Factors Affecting Enzymatic Hydrolysis of Lignocellulose

Compared with the enzymatic hydrolysis of pure cellulose substrate, enzymatic 
hydrolysis of thermochemical pretreated lignocellulosic biomass is affected by 
many more factors. Besides overcoming the nature biomass recalcitrance, diminish-
ing other inhibitory factors from pretreatment processes exerts significant improve-
ment in enzymatic hydrolysis of lignocellulose. The inhibitory factors from 
pretreated biomass consist of inhibition from lignin non-productive binding, lignin 
derived phenolics, oligomeric sugars, end-products, and high solid loading.

Although enzymatic hydrolysis for high solids loading that produces high sugar 
concentrations is needed and has many advantages, it brings about reduced enzy-
matic efficiency. Reducing enzyme loading and ensuring the efficiency of enzy-
matic saccharification are still challenges for commercialization of the lignocellulose 
bioconversion processes.

1.4.1  �Inhibitors to Enzymatic Hydrolysis

1.4.1.1  �Lignin Non-productive Adsorption

Besides the steric hindrance of lignin, non-productive enzyme adsorption onto lig-
nin inhibits enzymatic hydrolysis of lignocellulosic biomass. For many pretreat-
ment methods, such as hydrothermal and acidic pretreatments, lignin is marginally 
modified and remains in the pretreated solid residues. Increasing pretreatment 
severity enhances accessibility of the enzymes not only to cellulose but also to lig-
nin. The lignin can reversibly or irreversibly adsorb cellulase proteins resulting in 
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the loss of cellulase activity. More enzymes are needed to compensate for this loss 
in activity but this increases enzyme loading [118, 119].

Increasing temperature results in increased protein adsorption capacity onto lig-
nin [120, 121]. Cellulase adsorption onto lignin at 50 °C is slower than adsorption 
on cellulose and takes over 12 h to reach equilibrium, but the maximum adsorption 
capacity of lignin is comparable to cellulose and is ten times higher than the adsorp-
tion capacity of lignin at 4 °C [122].

The nature of lignin obtained after pretreatment significantly influences enzy-
matic hydrolysis. Guaiacyl-rich lignin has higher adsorption capacities on enzymes 
than syringyl-rich lignin. Lignin with low S/G ratio and highly uniform fragment 
size contributes the high adsorption capacity [123]. Decreasing the carboxylic acid 
groups or increasing phenolic hydroxyl groups in lignin can also increase the 
adsorption capacity [120, 123, 124]. Molecular dynamics simulation of a model 
containing cellulose, lignin and TrCel7A has found that hydrophobic interactions 
between lignin and the enzyme play important roles [125]. The exposed hydropho-
bic clusters on lignin surface is demonstrated to preferentially adsorb to proteins 
[126]. Adding hydrophilic or negatively charged residues to Cel7A CBM and linker 
by site-directed mutagenesis generates a mutant with 2.5-fold less lignin affinity 
and fully retaining cellulose affinity [127]. An elevated pH (5.5~6.0) can signifi-
cantly increase the negative charge on the lignin surface, making lignin more hydro-
philic and consequently reducing its coordination affinity to cellulase [128, 129].

Various cellulases differ by up to 3.5-fold in their inhibition degree by lignin, 
while xylanases and BG show less affected by lignin [130]. EGs have higher iso-
lated lignin affinity than CBHs. Both CD and CBM in CBHs and EGs have mark-
edly adsorption capacities [131]. CBM can additionally bind to the specific residues 
of lignin [125].

To minimize non-productive lignin binding and improve enzyme specific activ-
ity, developing pretreatment technologies for reducing or modifying lignin content 
is one of the most important ways. Exploring low-lignin binding enzymes by pro-
tein engineering can possibly eliminate non-productive adsorption [119].

1.4.1.2  �Lignin Derived Phenolics

Unfortunately, both macromolecular lignin and soluble lignin derivatives (pheno-
lics) can restrain enzyme hydrolysis and reduce sugar yields. After most pretreat-
ment processes, lignin generally degrades into more than forty kinds of phenolics 
and carboxylic acids [132]. The molecular structure and concentration of phenolics 
depend on the biomass species and pretreatment methods. Phenolics are regarded as 
the most inhibitory components to enzymes among all the potential soluble materi-
als (e.g. soluble sugars, furan derivatives and organic acids) in enzymatic hydroly-
sate [133].

The inhibition mechanism of phenolic compounds to enzymes is different from 
that of the insoluble lignin. The inhibition of phenolics is unable to be entirely 
eliminated by increasing enzyme dosage or by adding blocking proteins due to the 
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dispersity of phenolics compared with insoluble lignin [134]. Phenolics, such as 
vanillin, can deactivate enzymes by both reversible and irreversible manners. 
Phenolics can cause protein denaturation [133, 135]. Some researchers suggest the 
reversible inhibition exists and is competitive [136], while some researchers have 
demonstrated that the inhibition type is non-competitive [137]. CBHs and EGs are 
found more susceptible to be inhibited than BGs [138]. The chemical groups of 
phenolics, such as hydroxyl, carbonyl and methoxy groups affect the inhibition 
degree [134, 137].

The inhibition degree of phenolics, defined as the ratio of cellulose conversion 
without inhibitor (A0) to that with inhibitor (A) has a linear relationship with inhibi-
tor concentration according to the following expression [139]:

	 A A I0 1/ = + β 	 (1.3)

where I is the concentration of inhibitor (g/L) and β is the inhibitor-binding constant 
(L/g). The higher β value means a stronger combining capacity of inhibitor to the 
enzyme. The inhibitor-binding constant, which is exponentially related to the cel-
lulose and cellulase concentrations, can be lowered by increasing cellulose or cel-
lulase concentration [134]. Thus, by this means, the inhibition can be retarded, but 
it cannot be eliminated. Washing of pretreated biomass prior to enzymatic hydroly-
sis is effective for lowering inhibition caused by soluble phenolics.

1.4.1.3  �Oligo-saccharides

Xylose, xylan and xylooligomers can dramatically decrease enzymatic digestion of 
cellulose. Xylooligomers are more inhibitory than xylose and xylan under the same 
equivalent concentration and cause a decrease in initial hydrolysis rate and in final 
glucose yield [140]. Furthermore, the addition of monomeric sugars accompanied 
with oligosaccharides increases the inhibitory degree of oligosaccharides on cellu-
lases [141]. Commercial cellulase preparations contain activities enabling them to 
hydrolyze non-cellulosic polysaccharides (primarily hemicellulose and pectin). 
However, xylanase and β-xylosidase activities detected in many commercial enzyme 
complexes have been shown to be insufficient to hydrolyze xylan completely, lead-
ing to high xylooligomer concentration in the hydrolysate of xylan-rich pretreated 
biomass. It has been reported that about 10~30% of xylooligomers with high 
degrees of polymerization are difficult to be degraded by cellulase or xylanase and 
about 5% of xylooligomers with low degrees of polymerization (mainly xylobiose) 
are resistant to hydrolysis by cellulase or β-glucosidase [142].

It has been found that the xylooligomer competitively impedes CBH activity, but 
it does not significantly affect EG [143]. Xylooligomer structures, such as xylotri-
ose, xylotetraose and xylopentaose, are able to bind at the entrance of the substrate-
binding tunnel of Cel7A, in which xylose residues are shifted ~2.4 Å towards the 
catalytic center compared with the binding of glucan or glucooligomers. The occu-
pancy of two consecutive xylose residues at subsites -2 and -1 shows the different 
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binding mode in the vicinity of the catalytic center, preventing the hydrolysis of 
cellulose. Moreover, the -1 xylosyl unit may exhibit the open aldehyde conforma-
tion or the ring-closed pyranoside conformation, which interferes with cellulase 
activity [144].

Other hemicellulose-derived oligosaccharides, such manno-oligomers, can 
inhibit CBH, but not BG. The lower degrees of polymerization of manno-oligomers 
(e.g. mannobiose) have higher inhibitory effects than higher degrees of polymeriza-
tion [145].

1.4.1.4  �Products Inhibition

Cellobiose is the dominant product of CBHs and is highly inhibitory, while EGs are 
less affected by cellobiose. Cellobiose is found to bind almost exclusively to the +1 
and +2 subsites of the catalytic tunnel of CBH, which competitively inhibits the 
hydrolysis of cellulose [146]. BG activity is important to release the inhibition of 
cellobiose to cellulases. Cel7A mutants display improved tolerances without the 
loss of enzyme activity [147].

Glucose inhibits T. reesei cellulase with a non-competitive mode [139].

1.4.2  �Additives to Improve Enzymatic Hydrolysis

Table 1.4 summarizes the effective additives for improving enzymatic digestion of 
lignocellulose.

1.4.2.1  �Non-hydrolytic Proteins

Several kinds of proteins, such as expansins, expansin-like proteins and swollenin, 
can disrupt or loosen the inaccessible or crystalline regions of cellulose microfibrils 
in a process known as amorphogenesis), thereby increasing the cellulose surface 
area [148]. Swollenin is naturally produced by Trichoderma reesei in low yields. 

Table 1.4  Effective additives to improve enzymatic hydrolysis

Additive 
types Specific types Functions

Proteins Expansin, swollenin, BSA Swelling cellulose or blocking 
lignin

Surfactants Tween, PEG, sterol, sodium 
lignosulfonate

Reducing lignin adsorption

Metal ions Calcium, magnesium Reducing lignin adsorption
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The recombinant swollenin causes deagglomeration and dipersion of cellulose 
microfibrils, and decreases the particle size and crystallinity, resulting in an 
increased maximum cellulase adsorption and increased hydrolysis rate [149].

Another kind of non-productive proteins is lignin blocking proteins, such as 
bovine serum albumin (BSA) and soybean protein. BSA and soybean protein non-
specific competitive and irreversible adsorbs on lignin, and thus reduces adsorption 
of cellulase and particularly EGs and BGs on lignin [150, 151].

1.4.2.2  �Surfactants

Many kinds of surfactants have been examined for their ability to improve enzy-
matic hydrolysis. Non-ionic surfactants, such as Tween, Triton and polyethylene 
glycol (PEG) are found to be the most effective. Non-ionic surfactants can both 
increase cellulase temperature stability and reduce the non-productive enzyme 
adsorption to lignin by changing the hydrophobic interaction [152]. One study 
shows that PEG enhances the hydrolysis efficiency of CBH, without influencing EG 
or BG, although thermostability of all enzymes is increased and suggests that PEG 
increasing enzyme activity is related to the increased water availability [153].

Sterol in wood extractives is found to enhance enzymatic hydrolysis by affecting 
the adsorption of enzymes onto the crystalline cellulose surface [154]. Sodium lig-
nosulfonate with high molecular weight has strong blocking effects on non-
productive cellulase adsorption onto lignin [155].

1.4.2.3  �Metal Ions

Enzymatic hydrolysis is promoted by some metal ions at low concentrations (10 
mM), such as Ca2+ and Mn2+, in which these ions are shown to increase the adsorp-
tion tightness and affinity of enzymes to cellulose [156]. Mg2+ was shown to improve 
enzymatic hydrolysis of acid pretreated biomass, through reducing the non-
productive adsorption of cellulase to lignin [157]. However, some metal ions, such 
as Fe3+ and Cu2+, have inhibitory effects on cellulase [158].

1.4.3  �Synergistic Effect

The synergistic effect on cellulose between CBHs and EGs has been introduced in 
the above section, which is regarded as intramolecular synergism. Hemicellulase 
and accessory enzymes (e.g. pectinase) also exhibit synergistic effects with cellu-
lases, which is an important issue for the hemicellulose-rich biomass [159, 160]. 
This effect is defined as intermolecular synergism [161, 162]. The addition of gluc-
uronidase, β-xylosidase, α-L-arabinofuranosidase, acetyl esterase and pectinase are 
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essential in achieving complete degradation of heteroxylans and high cellulose 
digestion. For example, xylanases are found to efficiently hydrolyze AFEX pre-
treated biomass in an intermolecular synergistic manner. The optimal mass ratio of 
xylanases to cellulases is 1:3. The β-xylosidase is crucial to obtaining monomeric 
xylose, while α-arabinofuranosidase and α-glucuronidase can both further increase 
xylose yield. Cellulases supplemented with accessory hemicellulases not only 
increase both glucose and xylose yields but also decrease the total enzyme loading 
needed for equivalent yields [163].

1.4.4  �High Solids Loading

To achieve high sugar concentrations and reduce the cost of downstream purifica-
tion, high solids loading (commonly ≥15% solids, w/w) in the enzymatic hydrolysis 
process is required [164]. Enzymatic hydrolysis at high solids loading is identified 
as a bottleneck affecting overall sugar yield, since it results in substantial reduction 
in the conversion of polysaccharides to monomeric sugars. Although the exact cause 
of the solid effect is not clear, there are several hypotheses that have been suggested, 
including: the lack of available water to promote mass transfer, increased substrate 
viscosity, increased concentration of inhibitors, and increased product inhibition.

The concentration of inhibitors (e.g. phenolics and xylooligomers) increases pro-
portionately with the cellulose and enzyme concentration [67]. However, the impact 
of increased inhibitor concentration is more dramatic than the increased enzyme 
concentration [134]. Therefore, pretreated biomass containing a minimum amount 
of inhibitors is required for enzymatic hydrolysis with high solids loading.

Reactors capable of handling high-solids loadings are being developed for 
research purposes and used on the bench- and pilot-scales to study mass and heat 
transfer [165]. Previous works have shown that helical impeller and plate-and-frame 
impeller can result in more consistent mixing and higher substrate conversions than 
other impellers, indicating the free-fall mixing is effective [166, 167]. Periodic peri-
stalsis reactors can improve mixing efficiency by releasing constrained water [168].

1.5  �Hydrolysis Strategy

To meet industrial production requirements, process design and optimization of 
enzymatic hydrolysis are necessary. Low enzyme dosage and high solids loading in 
hydrolysis can be fulfilled by some strategies, such as enzyme recycling, pelletiza-
tion, and consolidation with downstream process (e.g. fermentation). These promis-
ing strategies are able to achieve high sugar yields and concentrations, as introduced 
in this section.
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1.5.1  �Enzyme Recycling

The high cost of cellulolytic enzyme is one of the main challenges to industrial 
application of the lignocellulosic conversion process. A potential solution to allevi-
ate this problem is the recycling of enzymes. There are three strategies to recycle 
enzymes:

	1.	 Recovering enzymes in the supernatant by ultrafiltration. Through this way, 
recycled enzymes remain active for three rounds of recycle [169]. This method 
can retain most β-glucosidase due to its low adsorption capacity [170].

	2.	 Desorbing enzymes from solid residues and then recycling after being separated 
[171].

	3.	 Recycling bound enzymes together with solid residues. The enzyme dosage can 
be decreased by about 30% compared with non-recycling hydrolysis using the 
biomass pretreated by AFEX. This method results in an increase in total solids 
concentrations, reaction volumes and lignin content. However, hydrolysis 
efficiency is only slightly influenced by the increased lignin concentration or 
solid effect throughout the cycles [172–174].

The choice of the recycling process depends on the enzyme distribution between 
solid residue and hydrolysate. In other words, the choice of the recycling process 
depends on the enzyme adsorption capacity on the solid residue. Lignin content of 
pretreated biomass, as well as temperature, pH and surfactant addition are the major 
factors governing enzyme desorption from the residual substrate [170, 171].

1.5.2  �Pelletization

Pelletization of pretreated biomass prior to enzymatic hydrolysis has many advan-
tages that benefits the logistic handling of biomass (e.g. storage and transportation) 
and facilitates enzymatic hydrolysis at high solids loadings. Pelletization is reported 
to increase the initial enzymatic hydrolysis rate and final sugar yields compared 
with unpelletized biomass. The lower water absorption and retention capacity of 
pelletized biomass allows the slurries to remain well mixed in enzymatic hydrolysis 
without the fed-batch operation [175]. The bulk density of the pelletized AFEX 
pretreated biomass can increase by 1.2~6 fold compared with unpelletized biomass 
[176]. Pretreated biomass is shown to be easier to compress compared with untreated 
biomass. High moisture content (~20%) can be compressed at relatively low pres-
sure to produce highly compacted pellets [177].
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1.5.3  �Application of Bioconversion from Lignocellulose 
to Sugars—SSF Process and Fed-Batch for Bioethanol 
Production

In general, sugars produced from lignocellulosic biomass are usually used for fer-
mentation to produce biofuels or chemicals. In comparison to classical separate 
hydrolysis and fermentation (SHF), the simultaneously saccharification and fer-
mentation (SSF) process integrates both the enzymatic hydrolysis of pretreated lig-
nocellulosic material and the fermentation of released sugars into one step. SSF 
avoids end-product inhibition, reduces operating costs, decreases risk of contamina-
tion, and improves production efficiency. The combination of hydrolysis and fer-
mentation decreases the number of vessels and operating units. The decrease in 
capital investment has been estimated to be up to 20% [178]. Furthermore, sugars 
do not need to be separated from the solid residue following a separate enzymatic 
hydrolysis step, thereby avoiding potential sugar loss.

Inevitably, there are also disadvantages of SSF compared with SHF process. The 
optimal conditions for enzymatic hydrolysis and fermentation are different. For 
example, temperature in SSF should be lower than the separate enzymatic hydrolysis, 
as the optimum temperature for enzymatic hydrolysis is around 50 °C while for 
fermentation is 30~37 °C [179].

For the production of lignocellulosic ethanol, both high ethanol yields and high 
concentrations are important targets, because the distillation cost significantly 
decreases for high ethanol concentrations. To increase the ethanol concentration, 
high solids loading is necessary. Effective strategies, such as fed-batch operation, 
can be employed [180, 181]. Through adding feedstocks in fed-batch mode, the 
concentrations of inhibitors can be kept lower, exerting less inhibition to enzymatic 
hydrolysis and fermentation. A suitable feed rate allows the continuous degradation 
of inhibitors by microorganism [182, 183].

1.6  �Conclusions and Future Outlook

Lignocellulosic biomass is the most abundant renewable resource which contains 
plentiful amounts of polysaccharides, mainly cellulose and hemicellulose. The 
strategy of combining enzymatic hydrolysis with pretreatment effectively converts 
the polysaccharides in biomass to monomeric or oligomeric sugars. Pretreatment 
breaks down the biomass recalcitrance and increases the cellulose accessibility to 
enzymes. Thermochemical pretreatments, classified into acidic, neutral, alkaline 
and organic method, are considered as integral and influential to the subsequent 
operations, such as solid-liquid separation, detoxification, neutralization and enzy-
matic hydrolysis. Several thermochemical pretreatment technologies seem promis-
ing for industrial application, although all of them have virtues and faults. 
Mechanical and biological pretreatments also play roles in enhancing enzymatic 

1  Hydrolysis of Lignocellulosic Biomass to Sugars



32

digestibility of biomass. Enzymes for lignocellulose hydrolysis involves cellulases, 
hemicellulases and accessory enzymes, which react collaboratively on the lignocel-
lulose. The complete degradation of pure cellulose is well understood and depends 
on three kinds of cellulase: cellobiohydrolase, endoglucanase and β-glucosidase, 
whereas, the enzymatic hydrolysis of lignocellulosic materials actually is con-
fronted with several obstacles, such as inhibitors to enzyme activities, the lack of 
accessory enzyme activities in commercial enzyme preparations, and difficulties in 
increasing solid loading in the hydrolysate. Several materials, including lignin, phe-
nolics and xylooligomers, are strong inhibitors to enzymes in reversible or irrevers-
ible manners in the hydrolysate of pretreated biomass. To prevent inhibition and 
improve enzymatic hydrolysis, some additives, such as non-productive proteins, 
non-ionic surfactants and some metal ions as well as the accessory enzymes have 
been demonstrated to be effective. Enzyme recycling is beneficial to reduce enzyme 
dosage, which has important implication for saving cost. Pelletization of pretreated 
biomass and integration enzymatic hydrolysis with subsequent fermentation pro-
cess can facilitate the operation process and the high-solid enzymatic hydrolysis.

The sugar yield, concentration and productivity from lignocellulose enzymatic 
hydrolysis are still far below amylohydrolysis. On top of that, the refinery cost of 
lignocellulose is much higher than starchy feedstocks, which makes the process less 
competitive in business. Both new cognitions and novel technologies in pretreat-
ments and enzymatic hydrolysis are required to improve the sugar concentration, 
yield and rate of the enzymatic hydrolysis. To reduce the production cost and 
improve the efficiency of bioconversion of lignocellulose, further research is needed 
on: (1) the development of new pretreatment technologies with strong merits; (2) 
genetic engineering of lignocellulosic biomass with reduced biomass recalcitrance; 
(3) new cognition about the relationship between enzymatic digestibility and bio-
mass structure and composition; (4) new enzymes possessing higher activity, speci-
ficity and inhibitor-tolerance, developed by protein engineering; (5) the production 
of hemicellulases and accessory enzymes; (6) technologies and ways for removing 
the inhibition in enzymatic hydrolysis; (7) consolidated operation processes and 
reactor design for increasing solid loading and sugars concentration.
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and Biomass Hemicellulose Conversion 
Towards Furfural Production
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Abstract  Furfural has been identified as one of the most important biomass-based 
platform chemicals and has the potential to be used as a substitute of petrochemical-
derived building blocks in the production of chemicals and advanced biofuels. 
Despite that the current industrial production technology of furfural is well estab-
lished, it is characterised by moderate production yield and selectivity which 
reduces its competitiveness with crude oil-based alternatives. Furthermore, conven-
tional furfural production requires high energy and generates acidic waste streams. 
Thus, research on more economic and environmentally benign furfural production 
strategies from hemicellulose biomass and pentose sugar feedstocks has become of 
worldwide interest in the scientific community and chemical industry. The present 
chapter aims to provide state-of-the-art developments in the field of catalytic syn-
thesis of furfural from C5-sugars and hemicellulose biomass, taking into the consid-
eration of green chemistry principles. Among the many advances, the employment 
of homogeneous catalysts i.e. metal halides, ionic liquids and high-pressure CO2 is 
presented. Application of heterogeneous catalysts is addressed briefly. The perfor-
mance and efficiency of each catalytic approach in terms of catalyst reactivity, fur-
fural yield and selectivity, as well as the sustainability of furfural production are 
analysed. Finally, critical outlook and perspectives of the development of sustain-
able furfural production processes are provided.
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2.1  �Introduction

Furfural (furan-2-carbaldehyde) is a heterocyclic aldehyde discovered almost 2 cen-
turies ago, in 1821, by Döbereiner who distilled bran with dilute sulphuric acid [1]. 
The empirical formula of furfural (C5H4O2) was revealed in 1840 by Stenhouse, and 
in 1845, Fownes proposed the name furfurol that came from bran (furfur) and oil 
(ol). In 1845, it was discovered that furfural has aldehyde functions hence the name 
furfur-ol was changed to furfur-al.

Furfural is an oily product with a characteristic almond-like scent. The furfural 
molecule contains an aldehyde group linked to a furan ring. In the presence of oxi-
dative agents (including air), the colourless furfural solution turns to yellow, then 
brown and finally can reach even a black colour. The reason for this is the formation 
of polymeric structures, due to the presence of conjugated double bonds, that can 
occur even at a very low concentrations (10−5 M) [2]. Due to the present of the alde-
hyde group as well as the furan ring, furfural has the ability to form conjugated 
double bonds with other unsaturated molecules. Because of this, furfural is a very 
selective solvent and can be used for extraction of aromatic compounds from fuels 
or vegetable oils [2]. Besides, the wide natural presence of furfural in fruits, coffee, 
tea, brown bread [2] allows furfural can be used in agrochemistry with low risk for 
human and animal health. Despite that, the main use of furfural is its employment 
as a building block for different chemicals. According to the US Department of 
Energy, furfural and its sister compound, 5-hydroxymethylfurfural (5-HMF), are 
considered to be in the Top 30 Building Blocks derived from biomass [3]. Furfural 
is widely used directly as a solvent or converted into dozens of types of chemicals. 
Furfural alcohol is one of the most important furfural-based chemicals that are used 
in the production of polymers and plastics. Other important commodities that can be 
obtained from furfural are methylfuran and tetrahydrofuran which are widely used 
for the synthesis of polymers containing a furan ring. The potential conversion path-
ways of furfural to several hundred classes of chemicals are given in Fig. 2.1.

2.1.1  �Mechanistic Considerations of Furfural Formation

As it was aforementioned, furfural was discovered by Döbereiner and was produced 
from biomass and more specifically from its hemicellulosic fraction. The hemicel-
lulose, mainly pentosans, after the acid hydrolysis, produce saccharide in either 
oligomeric or monomeric forms [5, 6]. Under more severe reaction conditions, 
xylose undergoes further dehydration and cyclisation to produce furfural with a 
theoretical yield of approximately 73 mol%. The kinetics of biomass hydrolysis in 
the presence of acid catalysts shows that the hydrolysis of hemicellulose to saccha-
rides is faster than their further dehydration [2, 7, 8]. Therefore, the limiting factor 
for furfural production seems to be the dehydration reaction which involves a series 
of elementary steps. Nowadays, three different theories exist regarding the 
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mechanisms of furfural production from pentoses. The first possible mechanism for 
furfural formation from pentoses involves the reaction through a 1,2-enediol forma-
tion and subsequent triple dehydration [9, 10] as shown in Fig. 2.2.

Alternatively, the second possible mechanism goes through a 2,3-(α,β)-
unsaturated aldehyde [11] according to reaction chains depicted in Fig. 2.3.

A third mechanism assumes the furfural formation from the pyranose form of 
pentoses and later due to acidic attack leads to a first dehydration and structural 
reformulation to form a furanose ring, followed by a subsequent dehydrations to 
furfural [8, 12, 13] according to the mechanism demonstrated in Fig. 2.4.

The literature data on the 14C isotope tracking of dehydration of xylose [11] as 
well as other works show a significantly higher proportion of acyclic being formed 
in water than aldopentoses [14]. This confirms that the first possible mechanism 
(Fig. 2.2) is more likely than the other mechanisms (Figs. 2.3, and 2.4). Besides, 

Fig. 2.1  Furfural-based chemical product family tree. Examples of products obtained from furfu-
ral via (a) reductive amination, (b) catalytic hydrogenation, (c) reduction over Ni- and CuCrO-
catalysts, (d) catalytic vapour phase hydrogenation, (e) Cannizarro reaction, (f) catalytic 
decarbonylation, (g) catalytic oxidation with O2, (h) oxidation, (i) catalytic oxidation, (j) catalytic 
oxidation with NaClO3 in presence of V2O5 catalyst, (k) condensation with acetylaldehyde, (l) (a) 
+ malonic acid in presence of pyridine (Perkin reaction), (m) nitration with HNO3 in (CH3CO)2O, 
For full caption of figure please consult Ref. [4] (Adapted from Biorefineries – Industrial Processes 
and Products. Status Quo and Future Directions. Vol. 2 Edited by Birgit Kamm, Patrick R. Gruber, 
Michael Kamm Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim with 
permission)
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taking into account that the dehydration of xylose to furfural is the limiting step, it 
can be considered that its formation should proceed through 1,2-enediol intermediate 
because enolisation reactions are generally reversible hence the 1,2-enediol forma-
tion from xylose can be considered to be rate limiting step in the furfural formation 
[10]. Despite these diverse scientific evidence published in literature [8–24], it is 
difficult to indicate one mechanism and rather all aforementioned mechanisms are 
possible and reaction conditions and catalytic/solvent system probably determine 
the importance of one mechanism over the other mechanisms.

Fig. 2.2  Possible mechanism (proposal 1) of pentoses dehydration to furfural though 1,2-enediol 
intermediate 

Fig. 2.3  Possible mechanism (proposal 2) of xylose dehydration to furfural via β-elimination 
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2.1.2  �Industrial Furfural Manufacturing and Their Recent 
Updates

During World War I, the USA was driven to be self-efficient. Because of that, furfu-
ral became one of the most important pivotal chemicals in its aim to achieve this 
target. For this reason, between 1914 and 1918 the intense research on industrial 
valorisation of agricultural wastes took place. The National Bureau of Chemistry 
(US) studied corncob as a feedstock for furfural production. The huge Quaker Oats 
stockpiles of cereal wastes were considered as a potential source of furfural, and in 
1921, the Quaker Oats company commenced production of furfural from oat hulls 
using “left over” reactors [1, 2]. The bath process of several tonnes per month 
involved the use of concentrated sulphuric acid.

Nowadays worldwide production of furfural is estimated at 300,000 tonnes/a 
[25] and China is the main furfural producer. Chinese producers contribute to half 
of the annual furfural global production capacity, however the installations are 
widespread and use inefficient (∽50% of the theoretical yield) small-scale fixed bed 
reactors. On the contrary, South Africa and Dominican Republic producers use 
large-scale plants with higher efficiency than in China [26].

Nonetheless, to reach the significant levels of annual productions several indus-
trial processes have been developed during last decades. One of the pioneers was 
BIOFINE process patented by Fitzpatrick in 1990 [27]. The BIOFINE process 
involves the formation of furfural as an intermediate product in levulinic acid pro-
duction. The BIOFINE process uses two reactors in which biomass is processed 
with dilute sulphuric acid (1.5–3% depending on the alkalinity of the raw material). 
Then, the biomass is treated with steam (25 bar) at a temperature above 200 °C for 
a short time to promote cellobiose hydrolysis. The solution is fed into a second reac-
tor in which the temperature is varied around 200 °C to have a reaction time of 
20 min at 14 bar pressure. This allows levulinic acid to be formed, however any 

Fig. 2.4  Possible mechanism (proposal 3) of furfural formation via cyclic intermediates 
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previously formed furfural can be recovered separately. The furfural yield obtained 
from this process is close to 70% of theoretical and as the rest is incorporated into 
char [28]. LeCalorie S.p.A. in Italy operated this process with 3 ktonnes/a for pro-
cessing paper mill sludge and tobacco plant wastes [29].

Gravitis and Vedernikov from Latvian State University of Wood Chemistry 
developed an alternative process to enhance furfural production yield and minimise 
cellulose degradation [30]. Their process involves the use of combined aliquots of 
strong acid catalysts and salts to promote hydrolysis and dehydration reactions. The 
advantage of their process is the relatively high furfural yields (between 55 and 75% 
of the theoretical value), and a five-fold reduction in cellulose degradation com-
pared with other processes. It is possible to achieve selective hydrolysis of pentosan-
rich materials in two-steps.

In the CIMV (Compagnie Industrielle de la Matiere Vegetale) process, continu-
ous fractionation of biomass with organic acid organosolv is used [31]. The main 
products of this process are whitened paper pulp, sulphur-free lignin (Biolignin™) 
and syrup containing xylose. Starting from 1 tonne of biomass, 270 kg of Biolignin™, 
490 kg of cellulose pulp and 220 kg of sugar syrup with 48% of pentoses can be 
obtained. The pentoses can be converted to furfural. The actual processing capacity 
of the CIMV plant is based on 70 kg/h of straw, and the plant located in France 
started operation at the beginning of 2007 [32].

The Lignol Innovations Corporation developed a continuous biorefinery process 
employing the organosolv treatment to remove lignin, hemicellulose and extrac-
tives. The main product of this technology is cellulosic ethanol, while the liquor 
obtained from the organosolv pre-treatment is processed to produce furfural, xylose, 
acetic acid, lipophilic extractives and lignin. The concept of this process is based on 
the economic feasibility of ethanol production that can be achieved by the co-
production of value-added products especially that Lignol biorefinery technology 
processes ∽100 tonnes/day of dry wood [33].

In 2000, Zeitsch patented the SupraYield process [2, 34]. The acid hydrolysis 
pre-treatment process allows simultaneous production of furfural and its immediate 
removal from the reacting, acid phase. The removal occurs by maintaining the reac-
tion mixture to a continuously boiling state. In 2011, International Furan Technology 
started to explore sugarcane bagasse as a feedstock in the modified SupraYield pro-
cess [35] in Central Romana factory in Dominican Republic, which is the largest in 
the world, and in Illovo Sugar, which is the second largest in the world [36].

Delft University developed MTC (Multi-Turbine-Column) process that is 
focused on the pre-treatment of biomass and the subsequent hydrolysis to produce 
a gaseous furfural stream and a solid residue. The furfural purification occurs using 
alkaline solutions and toluene as the organic phase. Among the claimed advantages 
of the process are high furfural yield, due to continuous removal of furfural from the 
reacting mixture, less by-product formation, and lower energy demands compared 
to batch processes [26].

Current industrial batch and continuous processes use mineral acids as catalysts, 
which leads to corrosion, issues with product and catalysts recuperation from reac-
tion mixture, and risks to health and environment. In order to maximise the furfural 
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production yield, diverse approaches have been proposed in the literature involving 
new types of catalysts in monophasic and biphasic reaction systems. Ionic liquids, 
high-pressure fluids, metal halides as well as heterogeneous catalysts are some of 
the strategies proposed to achieve higher furfural yield with lower negative environ-
mental impact. All of these novel and greener concepts are discussed in the follow-
ing sections.

2.2  �Emerging Strategies of Furfural Production

2.2.1  �Homogeneous Catalysis

Presently used methods for furfural production have technological or environmental 
issues. Alternatives to wasteful, energy intensive processes will require safe and 
environmentally friendly catalysts accordingly to green chemistry principles. In 
view of active research in alternative homogeneous catalysts, metal halides, super-
critical CO2, and ionic liquids (ILs) have gained increased attention in this field. The 
present contribution has been aimed to highlight alternative homogeneous catalysts 
that can significantly contribute to the development of advanced catalysts to be used 
in future furfural production processes.

2.2.1.1  �Metal Halides

Fundamentals and Mechanism

Metal halides are inexpensive catalysts and show great catalytic activity [37]. Metal 
halides can be categorised in four main groups accordingly to the periodic table: 
alkali metals, e.g. Li, Na and K; alkaline earth metals e.g. Mg and Ca; transition 
metals, e.g. Fe, Cr, Cu, Mn, Co, Zn and group IIIA metals. For the last group, phos-
phate, sulphate and nitrate anions were also tested as well as halides.

Numerous works have demonstrated efficient application of metal halides as 
catalyst [38, 39] for the conversion of lignocellulosic biomass to furfural, namely in 
aqueous systems, and often also coupled with other types of processes, such as 
microwave irradiation or ionic liquids [40]. Despite the great potential of metal 
halides in furfural production, there is still a lack of detailed information about their 
mechanism of hydrolysis and dehydration of pentoses into furfural. In general, the 
conversion of hemicelluloses into furfural with metal halides, especially metal 
chlorides, is related to their Lewis acid character, due to their ability to attract electron 
pairs. The addition of metal chlorides e.g. AlCl3, CuCl2, to water medium leads 
to its dissociation into complex ions. This drives to the formation of coordinate 
covalent bonds composed by several molecules of water [41]. In general, the nomen-
clature of metal ions ligand complexes is demonstrated as [M(H2O)n]z+, where M is 
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the metal ion, n is the solvation number (in the range of 4 to 9) and z is the cation 
oxidation state [41, 42]. Water molecules bond to the central metal cation as mono-
dentate ligands, i.e. only one donor atom is used to bond to the central metal cation, 
whereas the metal cation becomes polarised due to the water molecules. Then, addi-
tion of metal chlorides to water promotes hydrolysis reactions, which consequently, 
results in complex formation of cations. Near the metal cation, water molecules 
form a primary hydration sphere. Water molecules that bond to the primary hydra-
tion sphere also form a secondary hydration sphere. Bonding of hydronium to natu-
rally more acidic hydrated cations results in relatively strong hydrogen bonds and 
forms a secondary hydration sphere [43]. Then, the metal cations that remain in the 
sphere of hydration promote the release of electrons from water molecules [41, 43]. 
Thus, the metal cations act as Lewis acids having a positive effect in the hydrolysis 
of glycosidic linkages of xylan polymer, whereas the coordinate water molecules 
from the hydrated cation act as nucleophiles to bond with xylose [41]. However, the 
application of high temperatures and pressures can destroy the hydration structure, 
whereby the metal cations remain in their elementary states [43, 44].

On other hand, other types of metal chlorides, e.g. FeCl3, have a Brønsted acid 
character. For instance, it is well-known that aqueous solutions of FeCl3 have 
Brønsted acid behaviour once the hydrolysis of Fe3+ leads to the formation of differ-
ent kinds of complexes as shown in Eqs. 2.1 and 2.2 [45, 46]:
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The pH value and the initial iron concentration play an important role in the 
equilibrium of these reactions [46]. The pH value of the solution drops dramatically 
when aqueous solution of FeCl3 is boiled to form a dark precipitate [46] that con-
sists mainly of iron oxides such as α-Fe2O3 and β-FeOOH [47]. Thus, the concentra-
tion of H+ in the solution increases according to the Eq. 2.3.:

	 3 5 93
2 2 3Fe Fe+ ++ ↔ + ↓ + ↓H O H O FeOOH 	 (2.3)

The presence of FeCl3 in the aqueous solution acts as a source of HCl and iron 
oxide, decreasing the pH of the reactional medium [46]. Similar effect is foreseen 
from other trivalent metal chlorides [48]. Liu et al. reported that FeCl3 in water had 
a greater catalytic effect on hemicellulose removal than strong acid solutions at a 
similar pH values [49]. Additionally, Mao et  al. reported that Fe3+ promoted 
seawater-based production of furfural through hydrolysis of biomass in acetic acid 
steam [50].

The role of halide salts in the dehydration of xylan type sugars to furfural has 
been investigated thoroughly [22, 51]. For instance, Marcotullio and de Jong deter-
mined the role of halide salts in assisting the enolisation of protonated acyclic 
xylose and consecutive dehydration steps (Fig. 2.5) [51].
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According to the authors, Cl− had a greater effect in promoting enolisation reac-
tion than Br− and I−, possibly due to its nucleophilic character. Enslow and Bell 
found that the selectivity of xylose dehydration to furfural followed the same trend, 
however the conversion of xylose in aqueous solution increased in the following 
order: Cl−> Br−> I− [52].

Interaction of Metal Halides with Water

The interaction of metal halides with a solvent has a great influence on activity as 
indicated by the solvent electron pair acceptor number. For example, water is char-
acterised as having one of the highest acceptor numbers, i.e. 54.8 [42]. After the 
formation of a metal ion in aqueous solution, i.e. aqua ion, it is subject to hydrolysis 
producing hydroxide and oxide species, which in consequence, leads to a loss of its 
Lewis acid character. However, hard pre-transition metal ions or lanthanide ions and 
Al3+ are highly resistant cations for preserving their Lewis acid character [42]. 
Furthermore, the acid strength of a metal cation in solution is highly depended on 
pKa. A lower pKa of a metal cation gives the ion a higher acidic character. Table 2.1 
shows pKa values of some metal cations. As can be seen, Fe3+, Al3+ and Cu2+ are the 
metal cations with stronger acid character than Fe2+ and Ca2+. Because of this, acidic 

Fig. 2.5  Role of halide salts in proposed mechanism of xylose conversion to furfural in acidic media 
by 1,2-enediol formation (2) and dehydration (5 and 6), according to ref. [51]. X− indicates aqueous 
halide (Reprinted from Carbohydrate Research, Vol 346, Marcotullio G, de Jong W, Furfural forma-
tion from D-xylose: the use of different halides in dilute aqueous acidic solutions allows for excep-
tionally high yields, Pages 1291–1293. Copyright © (2011), with permission from Elsevier)
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metal chlorides, such as FeCl3, AlCl3, CrCl2, have been widely used due to their 
ability to catalyse the dehydration of C5-sugars into furfural [17, 53].

Liu and Wyman reported that aqueous solutions containing 0.8 wt. % CaCl2 (pH 
= 5.59) or 0.8 wt. % MgCl2 (pH = 5.87) are acidic and that the pH value of 0.8 wt. 
% FeCl3 solutions is particularly low (pH = 1.86) [55]. Cai et al. reported the influ-
ence of several metal halides, FeCl3, AlCl3, CrCl3, CuCl2, and ZrOCl2 in THF-water 
system, on the conversion of different lignocellulosic biomasses, such as maple 
wood and corn stover, into furfural [56]. All pH values of metal solutions were 
determined in 1:1 THF-water system. The FeCl3 solution (pH = 1.90) allowed the 
highest theoretical furfural yield of 95 mol% from maple wood at 170 °C for 60 min 
of reaction time and at 4:1 THF-water system. Its high Brønsted character permitted 
slowing down the xylose conversion rates and enhancing the furfural selectivity at 
longer reaction times. On the other hand, CuCl2 (pH = 2.78) and AlCl3 (pH = 2.88) 
had a moderate effect resulting in furfural yields in the range of 81–89 mol% and 
58–76 mol%, respectively, probably due to their moderate Brønsted acidity. The 
effect of ZrOCl2 (pH = 1.65) on maple wood was characterised by a low furfural 
yield (44 mol%) and a poor selectivity (37 mol%), despite its strong Brønsted acid-
ity. The CrCl3 solution (pH = 3.13) allowed high xylose conversion (100% in 5 
min), however it had a negative impact on furfural yield as furfural losses quickly 
overtook the furfural production. The authors proposed that the strong Lewis acid 
character of CrCl3 played an important role in furfural losses [56].

Furfural from C5-Sugars and Lignocellulosic Feedstocks

Monophasic Aqueous and Non-aqueous Systems

Converting xylan polymer to furfural is a critical step in the utilisation of lignocel-
lulosic biomass, since β-D-xylose is the main constituent of hemicellulose. The 
ability to produce furfural with a high yield and selectivity implies a low production 
of humins as conversion of xylose to furfural is crucial to limit the production of 
side products and humins.

Table 2.1  Selected metal 
cations pKa and hardness 
values

Metal 
cation pKa Hardness value (eV) [54]

Fe3+ 2.46 13.1
Al3+ 4.85 45.8
Cu2+ 6.50 8.3
Fe2+ 9.49 7.3
Ca2+ 12.7 19.7

Adapted with permission from Kamireddy SR, Li J, 
Tucker M, Degenstein J, Ji Y Effects and mechanism 
of metal chloride salts on pretreatment and enzymatic 
digestibility of corn stover. Ind Eng Chem Res 52 
(5):1775-1782. Copyright (2013) American Chemical 
Society [41].
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The kinetics of fundamental steps of main and loss reactions in the conversion 
mechanism of C5-sugars play a crucial role in achieving a high yield of furfural. Liu 
and Wyman examined the influence of various metal halides, KCl, NaCl, CaCl2, 
MgCl2 and FeCl3 on the degradation of xylose and xylotriose into furfural in aque-
ous solutions at 180 °C [55]. Adding 0.8 wt. % FeCl3 to the aqueous solution resulted 
in the greatest increase of xylose and xylotriose degradation rate (6- and 49 fold, 
respectively) in comparison to those obtained in hot water. The improvement of 
xylose degradation rate was found to be in the following order: NaCl < KCl < CaCl2 
< MgCl2 < FeCl3. However, the formation of other degradation products and uniden-
tified compounds increased in the presence of FeCl3. Those authors found that 
unidentified products could be produced from furfural resinification and condensa-
tion reactions [55]. Yang et  al. have investigated the conversion of commercial 
xylan-derived beech wood to furfural in aqueous reactional medium containing 
various types of metal chlorides, such as CrCl3, CrCl2, AlCl3, FeCl3, SnCl4, SnCl2, 
GeCl4 and InCl3, as catalyst [57]. They found that the catalytic activity of those 
metal chlorides was highly dependent on cation with Sn4+ being the most effective. 
The effectiveness of SnCl4 can be attributed to the hydrolysis of Sn4+ in aqueous 
solution and the equilibrium with colloidal tin oxide and protons [58], as repre-
sented by Eq. 2.4, which shows that the pH value decreases and promotes hydrolysis 
of xylan into xylose.

	
Sn Sn4

2 2 22 4+ ++ +( ) ↔ ⋅ ↓ +x H O O xH O H
	

(2.4)

The formed hydronium ion is mostly responsible for the hydrolysis of hemicel-
lulose from the cell wall of lignocellulosic biomass promoting the release of 
xylose, whereas both Sn4+ and SnO2∙xH2O act as Lewis acids promoting the xylose 
dehydration reactions, besides the acidic property of Sn4+ [57]. Wang et al. found 
that mixtures of two metal chlorides, such as SnCl4/LiCl, can improve by 8% the 
dehydration of xylose into furfural in comparison to SnCl4 alone [59]. These data 
are in good agreement with that reported by Binder et al. who stated that CrCl2 
along with LiBr  as additive, led to xylose to furfural yields up to 56 mol% at 
100 °C for 4 h [17].

Some studies have focused on the use of non-aqueous systems, namely ionic 
liquids (ILs). The selective transformations of pentoses, native hemicellulose and 
biomass into furfural in reaction media composed of ILs as solvents (or co-solvents) 
and metal halides have been reported in many works [38, 40, 60, 61]. To reach this 
transformation, 1-butyl-3-metylimidazolium chloride ([bmim]Cl) has been chosen 
in the majority of those studies, since it has demonstrated to have a high ability to 
dissolve carbohydrates, as well as it can stabilise furfural at high temperatures [38]. 
The incorporation of metal halides (CrCl3 and AlCl3) in the IL medium was demon-
strated to be more effective for converting xylose into furfural than H2SO4 [38, 60, 
62]. For instance, Peleteiro et al. reached ∼50 mol% of furfural yield from xylose 
using [bmim]Cl/CrCl3 system at 120 °C for 30  min. Nevertheless, practically half  
of the initial xylose was converted into other products (soluble and insoluble)  
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[60]. Higher furfural yield (82.2 mol% from xylose) was obtained with [bmim]Cl/
AlCl3 system, although this enhancement was also promoted by microwave irradia-
tion [38]. In fact, microwave irradiation improves the ability of metal halides in the 
presence of ILs to transform diverse feedstocks, such as pentoses, xylan and bio-
mass into furfural [38, 40]. Just a few minutes or even seconds are needed to achieve 
high furfural yields from xylan. For instance, using 400 W irradiation power of a 63 
mol% of xylan was converted into furfural in the presence of [bmim]Cl/CrCl3 sys-
tem within 2 min [40]. On the other hand, higher furfural yield (∽85 mol%) was 
obtained with the microwave-assisted transformation of xylan in [bmim]Cl/AlCl3 
system in only 10 seconds at 170 °C [38]. Among several examined metal halides 
(CrCl3, AlCl3, FeCl3·6H2O, CuCl2·2H2O, LiCl and CuCl), AlCl3 was demonstrated 
to be the most efficient catalyst in the production of furfural from xylan assisted by 
microwave irradiation. Furthermore, a correlation between the number of coordi-
nated chlorides in the catalysts and the catalytic efficiency was observed. Considering 
the efficiency in the producing furfural, examined catalysts could be ordered as fol-
lows: AlCl3 > FeCl3·6H2O > CrCl3 > CuCl2·2H2O > CuCl > LiCl [38]. The presence 
of chloride anions enhances the dehydration of xylose by acting as weak bases 
promoting the formation of the 1,2-enediol from the acyclic form of xylose. 
Subsequently, they accelerate the three dehydration steps and ring closure to form 
furfural [38, 51]. The cation Al3+ is more efficient in furfural synthesis than Cr3+ and 
Fe3+ cations. However, when lignocellulosic biomass is used as substrate, the effi-
ciency of the [bmim]Cl/metal halide reaction system drastically decreases [38, 40]. 
Corn stalk, rice straw and pine wood have been treated in [bmim]Cl/CrCl3 system 
under 3  min of microwave irradiation (400 W) and produced furfural in 23–31 
mol% yields [40]. Similar ranges of furfural yields (16–33 mol%) were obtained for 
corncob, grass and pine wood with the [bmim]Cl/AlCl3 reaction system [38]. The 
main reasons for the very low yields obtained in comparison to those reactions with 
xylose and xylan as raw materials are dictated by the complex interactions between 
biomass components as well as by the presence of more complex parallel reactions 
between formed xylose, furfural and other highly reactive compounds composing 
biomass (e.g. phenolic compounds originated from lignin). A possible solution may 
lie in a pre-extraction of hemicellulose from biomass to improve the selectivity of 
catalysts. Peleteiro et al. performed a hydrothermal treatment of pine wood and 
hemicellulose in polymeric and oligomeric forms were obtained [61]. Nevertheless, 
the application of the [bmim]Cl/CrCl3 reaction system to this substrate allowed to 
reach only 37.7 mol% of furfural yield  [61]. Despite the relatively low furfural 
yields, developing processes that allow conversions at mild reaction conditions is 
highly desirable.

Notwithstanding the number of metal halides investigations performed with 
aqueous or non-aqueous systems, the direct comparison of their performance varies 
widely, due to conditions such as temperature, reaction time, catalyst loading and 
composition of reactional mixture. Table 2.2 depicts an overview of strategies used 
for conversion of C5-sugars and hemicelluloses to furfural using metal halides as 
catalysts in both aqueous and non-aqueous systems.
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Biphasic Systems

Water is one of the most economical solvents for the dehydration reaction of pen-
toses to furfural. However, water speeds up some degradation reactions of furfural 
since it can also act as reactant [65]. In the search to improve furfural yields and 
selectivity, recent studies in aqueous/organic biphasic systems have demonstrated 
new directions. Although many organic solvents have low solubility in an aqueous 
phase, the limited furfural yield and selectivity can be overcome by addition of salts, 
such as NaCl. NaCl has a double positive influence on the production of furfural. 
Firstly, NaCl additive in water increases furfural selectivity and xylose to furfural 
rate (in acidic systems) [22], and secondly it acts as a phase splitting inducer of 
furfural in biphasic systems, due to an increase in the internal pressure caused by the 

Table 2.2  Selected examples on metal halides strategies for furfural production in aqueous and 
non-aqueous solutions

Starting material Catalyst Solvent(s)

Conditions FUR 
yield/ 
mol% Ref.T/°C t/min

Pentose
Xylose AlCl3 Choline chloride-

citric acid-H2Oe

140 15 59 [63]

Xylose CrCl2 DMAa 100 240 56 [17]
Xylose CrCl3 [bmim]Cl 120 30 50 [60]
Xylose AlCl3 [bmim]Clb,c 160 1.5 82 [38]
Hemicellulose polysaccharides
Xylan FeCl3 GVL/waterd 170 35 69 [64]
Xylan AlCl3 Choline chloride-

citric acid-H2O
140 25 54 [63]

Commercial beech 
xylan

SnCl4 Water 150 120 49 [57]

Xylan CrCl3 [bmim]Clb 200 2 63 [40]
Xylan AlCl3 [bmim]Clb,c 170 1/6 85 [38]
Lignocellulosic biomass
Corncob FeCl3 GVL/water 185 100 80 [64]
Maple wood FeCl3 THF/water 170 80 95 [56]
Corn stover FeCl3 THF/water 170 80 95 [56]
Corncob AlCl3 [bmim]Clb,c 160 3 19 [38]
Pinewood AlCl3 [bmim]Clb,c 160 3 34 [38]
Corn stalk CrCl3 [bmim]Clb 100 3 23 [40]
Rice straw CrCl3 [bmim]Clb 100 3 25 [40]
Pine wood CrCl3 [bmim]Clb 100 3 31 [40]

Ref.: References, FUR: furfural, GVL: γ-valerolactone, THF: tetrahydrofuran, [bmim]Cl: 1-butyl-
3-methylimidazolium chloride, DMA: N,N-dimethylacetamide
aLiBr used as additive. bUnder microwave irradiation. c10 μL of water was added to the reactional 
system. d10 wt. % water was added to the reaction system. e10 mg of water was added to the reac-
tion mixture.
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action of the salt [39, 53]. Specifically, a biphasic system composed of an aqueous 
phase, constituted by FeCl3 and NaCl (or seawater), and an organic phase consti-
tuted by a biomass-derived organic solvent i.e. 2-methyltetrahydrofuran (2-MTHF) 
has been acknowledged as a highly effective solvent system for furfural production 
[39]. This strategy led to a maximum xylose to furfural yield of 71 mol% for 20 wt. 
% of NaCl as additive at 140 °C for 4 h of reaction. Adding 2-MTHF as extraction 
solvent, 98 mol% of furfural could be extracted from the aqueous/reactional phase. 
Interestingly is that the direct use of seawater, which in this case acts as a source of 
various salts, resulting in an improvement in furfural production. However, the con-
version of non-purified xylose effluents obtained from beech wood fractionation in 
water/2-MTHF system using FeCl3 as catalyst resulted in a furfural yield of only 41 
mol% [39].

Yang et al. reported on a case where AlCl3 was used in large amount hence it was 
not considered as catalyst in the traditional sense in a biphasic water/tetrahydrofuran 
(THF) system at 140 °C for 45 min to form furfural from xylose and xylan [53]. 
Their approach gave under microwave irradiation, a xylose and xylan to furfural 
yields of 75% and 64%, respectively. AlCl3 was also shown to be a good performer 
in the effective conversion of various types of lignocellulosic biomasses, e.g. corn 
stover, pinewood, switchgrass and poplar, resulting in different furfural yields 
depending on their recalcitrance. Biphasic systems have been used to make progress 
in improving the furfural yield and selectivity, however the conversion of lignocel-
lulosic biomass into furfural using eco-friendly solvents and routes remains a big 
challenge that must still be addressed. Table  2.3 shows a wide-range of works 
reporting the use of metal halides to produce furfural from xylose and different 
biomass hemicelluloses in biphasic systems.

2.2.1.2  �Supercritical Fluids

A supercritical fluid is often referred to as a pure substance found at greater tem-
peratures and pressures than the critical values (Tc and pc, respectively) as shown in 
Fig. 2.6. Under supercritical conditions, liquid-like densities are approached, allow-
ing solvation of many compounds, whereas viscosity is comparable with that of 
ordinary gases, and diffusivity is two magnitudes higher than those of liquids [66]. 
At supercritical conditions, slight changes in temperature and pressure result in tre-
mendous variations of density, without experiencing a phase change which plays an 
important role in the ability to dissolve other compounds, i.e. solvation power. Thus, 
the low surface tension coupled with high diffusivities of supercritical fluids allow 
the diffusion of supercritical fluids into the recalcitrant structure of biomass, while 
the liquid-like density of supercritical fluids permits the dissolution of components 
present in biomass. Among all of the chemicals that can be used as supercritical 
fluids, carbon dioxide and water are the fluids considered as potentially interesting 
regarding to the increasing concerns of green technologies for furfural production 
[23, 67].
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Supercritical Carbon Dioxide

Carbon dioxide is not only inexpensive and readily available, but also safe to han-
dle, does not contaminate the product and leads to less production of wastes that 
require neutralisation [69, 70]. The energy demand to bring CO2 to supercritical 
condition (Tc = 31.0 °C and pc = 74 bar) is relatively low in comparison to other 
solvents, e.g. water (Tc = 374.2 °C and Pc = 221 bar). Consequently, it can “help” 
in the development of more energy-efficient furfural processes. Additionally, CO2 
has attracted increasing interest as a substitute of environmentally unattractive cata-
lyst and, when being recovered and recycled, it does not contribute to increase of 
greenhouse gas (GHG) levels in the atmosphere. Recently, supercritical CO2 has 
been used in valorisation of lignocellulosic biomass due to the enhancement of 
hemicelluloses hydrolysis, followed by the improvement of enzymatic digestibility 
of the processed biomass, over those obtained in conventional hydrothermal bio-
mass processes [5, 6, 71, 72].

The extraction of hemicelluloses from biomass occurs generally in aqueous 
stream hence, the ideal process of furfural synthesis would have the reaction taking 
place in the aqueous phase along with catalyst. Besides the low solubility of CO2 in 

Table 2.3  Selected examples on metal halides for furfural production in biphasic systems

Starting material Catalyst Solvent(s)

Conditions FUR 
yield/ 
mol% Ref.T/°C t/min

Pentoses
Xylose AlCl3

a THF/waterb,c 140 45 75 [53]
Xylose SnCl4/LiCl DMSO/water 130 360 63 [59]
Non-purified xylose 
from beech wood

FeCl3 2-MTHF/waterc 140 240 68 [39]

Hemicellulose Polysaccharides
Xylan AlCl3

a THF/waterb,c 140 60 64 [53]
Commercial beech 
xylane

SnCl4 2-MTHF/water 150 120 78 [57]

Lignocellulosic Biomass
Corn stover AlCl3

a THF/waterb,c 160 60 55 [53]
Pinewood AlCl3

a THF/waterb,c 160 60 38 [53]
Switchgrass AlCl3

a THF/waterb,c 160 60 56 [53]
Poplar AlCl3

a THF/waterb,c 160 60 64 [53]
Corncobd SnCl4 2-MTHF/water 150 120 69 [57]
Bagassed SnCl4 2-MTHF/water 150 120 67 [57]
Corncobe FeCl3 Sea water/acetic 

acid
190 30 73 [50]

Ref.: References, THF: tetrahydrofuran, FUR: furfural, 2-MTHF: 2-methyltetrahydrofuran, 
DMSO: dimethyl sulphoxide
aAlCl3 was used in large amount hence it was not considered as catalyst in the classical meaning. 
bUnder microwave irradiation. cNaCl used as additive. dCorncob and bagasse hemicelluloses were 
previously treated by oven drying. eSemi-bath reaction mode
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water, the dissolution of CO2 in aqueous medium leads to the formation in-situ of 
carbonic acid according to Eqs. (2.5), (2.6), (2.7) and (2.8):

	
CO g CO2 2( ) ↔ ( )aq.

	
(2.5)

	 CO H O H CO2 2 2 3+ ↔ 	 (2.6)

	 H CO H O H O O2 3 2 3 3+ ↔ ++ −HC 	 (2.7)

	 HCO H O H O CO3 2 3 3
22− + −+ ↔ + 	 (2.8)

The two-stage dissociation and liberation of hydronium ions promotes acid cata-
lysed dehydration of hemicellulosic sugars into furans, in a similar way to mineral 
acids. The use of supercritical CO2 as catalyst in aqueous medium has a great benefit 
since the in-situ formed carbonic acid does not constitute an environmental prob-
lem, as CO2 can be easily removed during the depressurisation step, increasing the 
pH value of the solution [6]. The used CO2 can also act as an extraction solvent, and 
due to the high solubility of furfural in supercritical CO2, furfural can be easily 
extracted [73, 74].

Furfural Formation from Pentoses and Biomass in Supercritical CO2

Gairola and Smirnova explored the conversion of L-arabinose, D-xylose and hemi-
cellulose into furfural coupled with simultaneous extraction of furfural using super-
critical CO2 in six batch reactors [75]. Firstly, the kinetic studies of dehydration of 
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Fig. 2.6  Phase diagram of water (Adapted from Bioresource Technology, Vol. 101, Girio FM, 
Fonseca C, Carvalheiro F, Duarte LC, Marques S, Bogel-Lukasik R, Hemicelluloses for fuel etha-
nol: A review. Pages 4775–4800, Copyright © (2010), with permission from Elsevier [68])
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L-arabinose into furfural and the associated loss reactions in aqueous media, over a 
temperature range of 180–260 °C up to 60 min of reaction time at an initial CO2 
pressure of 30 bar with initial arabinose concentrations of 0.2, 1 and 5 wt. % were 
addressed. According to results obtained in those experiments, reaction tempera-
tures greater than 220 °C were needed to achieve almost complete conversion of 
L-arabinose within 60 min of reaction time. The authors reported that for optimal 
modelling, the kinetic parameters for furfural degradation should be calculated sep-
arately from other kinetic parameters, because furfural degradation increases in 
more complex reaction mixtures. So, in an effort to determinate separately the 
kinetic parameters for furfural degradation, the declining furfural concentration in 
those assays, in which a total disappearance of pentoses was obtained within certain 
reaction time, was used. Additionally, the estimated Arrhenius parameters for arabi-
nose were in good agreement with those reported by Jing and Xyuyang [76]. Gairola 
and Smirnova proposed that it is justified the solely use of xylose as the model 
compound for conversion of hemicellulose into furfural. Danon et al. stated that the 
above mentioned author’s assumption seems to be “coarse”, firstly because this 
assumption was not validated with experimental data, and secondly, the xylose deg-
radation was around 30% faster than arabinose [48]. Besides the arabinose conver-
sion experiments, Gairola and Smirnova also studied the optimal conditions for the 
formation of furfural from xylose, taking into account the temperature, pressure, 
reaction time, CO2 flow rate and xylose concentration [75]. The highest overall 
xylose to furfural yield of 51 mol% was achieved at 230 °C, 80 bar for 24 min of 
reaction time. Increasing CO2 pressure from 80 to 120 bar resulted in an improve-
ment of furfural yield from 51 mol% to 68 mol%. Further increasing of pressure up 
to 160 bar did not result in an enhancement of furfural yield [75]. Additionally, 
those authors reported experimental data for the conversion of wheat straw and 
brewery waste hydrolysates using simultaneous supercritical CO2 extraction of fur-
fural, as shown in Table 2.4. Lower furfural yields and higher content of humins 
were obtained in comparison to pure xylose. These data were mainly explained by 
the presence of organic acids and phenolic compounds in the hydrolysates because 

Table 2.4  Supercritical CO2 strategies for the conversion of xylose and lignocellulosic biomasses 
hydrolysates into furfural

Starting material Solvent(s)
Conditions FUR yield/ 

mol% Ref.T/°C p/bar t/min

Xylose Water 230 120a 24 68 [75]
Xylose Water/THF 180 50 60 69 [23]
Xylose Water/THF/MIBK 180 50 60 57 [67]
Wheat strawb Water 230 80a 25–27 29 [75]
Wheat strawb Water/THF/MIBK 180 50 60 43c [67]
Brewery wasteb Water 230 80a 25–27 13c [75]

Ref.: References, FUR: furfural, THF: tetrahydrofuran, MIBK: methyl isobutyl ketone
aCO2 flow rate of 3.6 g/min. bLignocellulosic biomass hydrolysate. cWith simultaneous supercriti-
cal CO2 extraction
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furfural is well-known to promote the crosslinking of phenolic compounds and lig-
nin under hydrothermal conditions [45, 77].

Morais and Bogel-Lukasik investigated the degradation of xylose in aqueous 
solutions using supercritical CO2 and THF as solvent [23]. Over a temperature range 
of 160 and 180 °C, the conversion of xylose to furfural was studied in pure water 
(without CO2 and THF), in water and CO2 (without THF), in water with various 
amounts of THF (without CO2) and in water/THF/CO2 systems. They concluded 
that supercritical CO2 plays an important role as catalyst in the improvement of 
furfural yield and selectivity. For instance, by using CO2 as the catalyst in the sys-
tem only  with water, a 43 mol% yield of furfural was achieved, whereas in the 
absence of CO2 the highest furfural yield was only 25 mol%, at 180 °C for 60 min. 
Besides the substantial improvement in furfural yield, it is still relatively low due to 
the occurrence of degradation reactions leading to the formation of high amounts of 
insoluble solid by-products. In an effort to prevent furfural degradation reactions in 
aqueous phase, it was proposed the use of THF aiming to “protect” furfural from 
undesired degradation reactions. In fact, the addition of THF to the system (com-
posed of water and CO2) improved both the yield and selectivity of furfural to 69 
mol% and 83%, respectively. One possible explanation for the improvement of fur-
fural yield in the presence of THF might be due to the observation reported by Pollet 
et al. who found that CO2 acts as a phase splitting inducer that is able to separate 
THF from the aqueous phase [78]. Gaseous CO2 has a very low solubility in water, 
while it has an infinite solubility in THF, and consequently the presence of CO2 in 
water/THF mixtures promotes phase separation. The CO2 promotes the transition of 
a substantial amounts of THF into a separate liquid phase (CO2-expanded THF liq-
uid phase), and a later increase of pressure leads to the formation of a gas or liquid 
phase (depending on the reaction geometrics) that is rich in CO2 and THF (Fig. 2.7). 
Therefore, under the investigated operation conditions, CO2 acts as an acid catalyst 
and contributes to phase spitting allowing the in-situ extraction of produced furfural 
from the aqueous phase, protecting it from degradation reactions. This approach 
benefits from the use of easily recovery of low-boiling THF by room temperature 
vacuum distillation and does not require additional steps in downstream processing 
of the salt-saturated aqueous phase [79]. Yet, Morais et al. investigated the conver-
sion of xylose into furfural in a system composed of water, THF, MIBK and super-
critical CO2, where MIBK acted as a water immiscible extracting solvent [67]. The 
reactions at temperatures between 160–200 °C and for up to 120 min of reaction 
time under an initial CO2 pressures of 50 bar with a xylose feed streams of 12.5 g/L 
in water were studied in a batch reactor. At temperatures below of 180 °C, the dehy-
dration of xylose into furfural was shown to be very limited even for prolonged 
reaction times, resulting in a furfural yield of only 28 mol%. Interestingly, increas-
ing temperature up to 180 °C resulted in a great increase in furfural yield up to 57% 
within 60 min of reaction time. Further increase of temperature promoted furfural 
degradation reactions reducing the amount of furfural recovered. The same authors 
also investigated the role of initial CO2 pressure in the conversion of xylose into 
furfural. The addition of only 20 bar CO2 increased the xylose conversion up to 
85%, however similar effects were not observed for furfural yield as it remained 
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low, i.e. similar to the CO2-free reaction (< 40 mol%). It was stated that the above-
referred pressure is enough to promote the dehydration of xylose, but without occur-
rence of THF-water phase separation. Initial CO2 pressures above 50 bar were 
enough to promote sufficient splitting phase, and thus prevented the further degra-
dation of furfural from side reactions that resulted in an improvement in furfural 
yield up to 57 mol%. Also, Morais et al. studied wheat straw hydrolysates conver-
sion. Similar to those results obtained by Gairola and Smirnova, the furfural yield 
(43 mol%) and selectivity (44 mol%) were significantly lower than when xylose 
was used as feedstock [67].

The analysis of the data presented in Table 2.4 permits the conclusions that the 
use of supercritical CO2 as an alternative catalyst in the production of furfural is still 
in its development. However, the extraordinary properties of supercritical CO2 
either acting as a catalyst or as a co-solvent in mixtures makes it a possible solution 
to tackle the well-known challenges found in the industrial furfural production 
processes.

2.2.1.3  �Ionic Liquids

Ionic liquids are organic salts composed solely of an anion and a cation and by defi-
nition they have melting points below 100 °C. The wide range of existing anions 
and cations allows multiple possibilities in the synthesis of ILs to have different 
physicochemical properties for specific applications. One example of the potential 
of ILs as solvents or catalysts to assist or to mediate lignocellulosic biomass trans-
formation into a wide range of products is given in a recent text by one of the 
authors [80]. The selectivity of ILs to form a desired product is a key advantage, 
surpassing conventional acid-catalysed reactions in aqueous medium for similar 
purposes. The production of furfural from pentoses, native hemicellulose or directly 
from biomass, assisted or mediated by ILs, is one of those successful examples. 
Nowadays, three different IL concepts for production of furfural have been studied 
and are characterised as: i) IL solvent (or co-solvent) with an external catalyst (e.g. 
metal halide as discussed above); ii) IL catalyst; or iii) IL as both solvent and 
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Fig. 2.7  Phase separation 
of water/THF system 
induced by CO2 [67] 
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catalyst. Table 2.5 represents optimal conditions for furfural production for each 
research work using these IL concepts.

Ionic Liquids Used as Acidic Catalysts

A strategy based on the use of ILs with their acidic properties is to use them to 
catalyse the production of furfural in aqueous medium [81, 82, 84]. In this case, 
selectivity is not provided by the high stability of furfural in ILs, such as [bmim]Cl, 
but by the catalytic activity of acidic sites present in the ILs. The main example is 
1-(4-sulphonic acid)-butyl-3-methylimidazolium hydrogensulphate ([bSO3Hmim]
[HSO4]), which presents two Brønsted acid sites, sulphonic acid (SO3H) attached to 
imidazolium cation and hydrogensulphate anion. The conversion of xylose medi-
ated by this IL in aqueous medium resulted in approximately of 92 mol% furfural 
yield at 150 °C for 25 min [81]. Furthermore, the selectivity was as high as 96% at 
these conditions. An optimal dosage of 0.5 g IL was found for the conversion of 1.0 
g of xylose, which is a considerable economic saving in comparison to the IL being 
used as solvent. Nevertheless, it is worth to mention that the application of immis-
cible methyl isobutyl ketone (MIBK) allowed continuous extraction of furfural 
from the aqueous phase during reaction, avoiding its consumption into undesired 
products. These results show the potential of [bSO3Hmim][HSO4]/water/MIBK 
system for the selectively converting pentoses into furfural with high yields [81].

In other work, the effect of other SO3H-based ILs and other extracting organic 
solvents in the dehydration reaction of pentoses and oligomers to furfural was stud-
ied [82]. Among several organic solvents screened for furfural extraction, tetrahy-

Table 2.5  Selected examples of furfural (FUR) production with ionic liquids (furfural yield ≥50 
mol%)

Starting material IL/co-solvent(s)
Conditions

FUR/mol% Ref.T/°C t/h

Pentoses
Xylose [bmim][HSO4]/Dioxane 140 6 82 [24]
Xylose [bmim][HSO4]/MIBK 140 6 80 [24]
Xylose [bmim][HSO4]/Toluene 140 4 74 [24]
Xylose [bSO3Hmim][HSO4]/ 

Water/MIBK
150 25/60a 92 [81]

Xylose [bSO3Hmpyr][BF4]/ 
Water/THF

180 1c 85 [82]

Xylose [emim][HSO4]/ Toluene 100 6 84 [83]
Xylose IL-SiO2/DMSOb 110 2 50 [84]
Hemicellulose polysaccharides
Extracted hemicellulose 
from eucalyptus wood

[bmim][HSO4]/Dioxane 160 4 59 [85]

aUnder microwave irradiation. bIL- 3-sulphobutyl-1-(3-propyltriethoxysilane)-imidazolium hydro-
gensulphate
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drofuran (THF) was the most suitable solvent for this purpose. Ethyl acetate showed 
low stability, while toluene and MIBK produced high amount of black deposits at 
the same reaction conditions (microwave irradiation – 100 W). Afterwards, four 
different SO3H-based ILs, namely 1-(4-sulphonylbutyl)pyridinium methanesul-
phonate ([bSO3Hmpyr][MeSO3]), 1-(4-sulphonylbutyl)triethylammonium meth-
anesulphonate ([bSO3HEt3N][MeSO3]), 1-(4-sulphonylbutyl)pyridinium 
tetrafluoroborate ([bSO3Hmpyr][BF4]) and 1-(4-sulphonylbutyl)triethylammonium 
tetrafluoroborate ([bSO3HEt3N][BF4]) were examined. Among them, [bSO3Hmpyr]
[BF4] was the most efficient for converting 90 mol% of xylose into 75 mol% of 
furfural at 150 °C under 100 W microwave irradiation for 1 h. Increasing tempera-
ture to 180 °C, xylose conversion reached almost 100 mol% with a furfural yield of 
85 mol%. The high performance of [bSO3Hmpyr][BF4] was associated with not 
only the acidic SO3H group but also with the in-situ formation of hydrofluoric acid 
(through BF4 hydrolysis in the presence of water) that aided dehydration of xylose 
into furfural. In comparison to BF4 anion, MeSO3 has higher stability in the aqueous 
medium at the examined conditions. Regarding the screening of cations, those 
authors suggested that pyridinium enhances the acidity of SO3H group via stabilisa-
tion of the deprotonated sulphonic group, showing higher efficiency in the conver-
sion than its counterpart triethylammonium. The [bSO3Hmpyr][BF4]/water/THF 
system was tested in the conversion of agricultural lignocellulosic waste derived 
syrup containing xylose and arabinose in mono and oligomeric forms, however, 
much lower furfural yields were obtained (30–45 mol%). This shows the same dif-
ficulties as those observed with IL/additional catalyst systems reviewed above [82].

The use of ILs as catalysts can be approached by immobilising acidic ILs in sil-
ica resins [84]. In this context, 3-sulphobutyl-1-(3-propyltriethoxysilane)-imidazo-
lium hydrogensulphate was synthesised and applied to the conversion of xylose. 
The novelty lies in easier recovery of silica supported IL catalysts after the reaction. 
Nevertheless, only 44.5 mol% of furfural yield was obtained, albeit with a 94 mol% 
conversion of xylose. This moderate furfural yield results from a process that used 
dimethylsulphoxide (DMSO) as solvent without a second extraction solvent 
phase [84]. As mentioned before, organic solvents, such as THF and MIBK, allow 
recovery of furfural from the reaction system (in this case: IL and DMSO) avoiding 
unwanted side reactions.

Ionic Liquids Used as Both Solvents and Acidic Catalysts

The ability of acidic ILs to have a role as both solvents and catalysts without need 
of additional external catalysts has been addressed in the literature [24, 83, 85–87]. 
In the previous section, ILs containing acidic SO3H groups were used in catalytic 
amounts (due to their high acidity) to convert xylose into furfural in aqueous 
medium. However, less acidic [HSO4]-based ILs, such as 1-ethyl-3-methylimid-
azolium hydrogensulphate ([emim][HSO4]) and 1-butyl-3-methylimidazolium 
hydrogensulphate ([bmim][HSO4]), can be used as solvents for biomass feedstocks 
and simultaneously as selective catalysts for the hemicellulose fraction to produce 
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pentoses and/or furfural [83, 87, 88]. In this context, Lima et al. demonstrated high 
conversion of xylose into furfural using [emim][HSO4] as both solvent and cata-
lyst. After 6 h at only 100 °C, 84 mol% of xylose was converted to furfural that was 
assisted with toluene as extraction solvent. Without toluene, only 33 mol% of fur-
fural yield was obtained [83]. Similar yields were obtained by Peleteiro et al. when 
using [bmim][HSO4] for the reaction system [24, 86]. These results clearly show 
the crucial role of organic solvents in extraction of furfural from the reaction sys-
tem to avoid unwanted side reactions that involve furfural. Therefore, screening of 
organic solvents, such as MIBK and dioxane, was performed in the conversion of 
xylose with [bmim][HSO4] [24]. The results showed that high furfural yields were 
obtained with MIBK and this was ascribed to its higher ability of MIBK to extract/
solubilise furfural than that of toluene. Although similar yields were obtained with 
MIBK and dioxane, faster production of furfural was observed when the latter was 
applied [24].

Nevertheless, applying [emim][HSO4]/toluene biphasic system for more com-
plex substrates, such as xylan, was shown to give approximately 29 mol% of furfu-
ral yield at 100 °C  [83]. In this case, higher temperatures would increase the 
production of furfural, although a previous hydrolysis step is needed to release 
xylose from xylan. In other work, temperatures between 120 and 160 °C were 
examined for [bmim][HSO4]/dioxane biphasic system in the conversion of hemicel-
lulose fraction from eucalyptus wood (hot compressed water processing) [85]. The 
extracted hemicellulose containing xylose and arabinose in monomeric, oligomeric 
and polymeric forms was converted with a maximum of 59.1 mol% of furfural at 
160 °C in 4 h reaction time. For this case, between 88.6 and 89.9% of produced 
furfural was found in the organic phase, showing the high ability of dioxane as an 
extracting solvent [85].

The application of lignocellulosic biomass, such as Miscanthus and wheat 
straw, as feedstock for furfural production using solely [bmim][HSO4] has been 
studied, although only moderate furfural yields (up to 33 mol%) have been obtained 
[87, 88]. The lack of efficiency in producing furfural from raw biomass in compari-
son to pentose or hemicellulose could be associated to the high complexity of the 
lignocellulosic matrix as well as to the reactivity of some biomass components that 
possess strong chelating groups, which could cause leaching or poisoning of the 
catalysts [89].

2.2.2  �Heterogeneous Catalysis

Heterogeneous catalysis of carbohydrates for the selective production of furfural 
has been widely explored in the last few years. The main advantages of using het-
erogeneous catalysts over homogeneous catalysts are that they are less hazardous 
and are easier to recover, hence they can be reused. The most used and studied solid 
acid catalysts that have been applied to the production of furfural are zeolites, meso-
porous materials and metal oxides, which show potential to be used in industrial 
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processes and to substitute current toxic and corrosive mineral acids. The most 
promising studies approaching the application of this type of catalysis towards fur-
fural production will be briefly reviewed. Table 2.6 presents the results of furfural 
production with solid acid catalysts for furfural yield ≥50 mol%.

2.2.2.1  �Zeolites (Microporous Catalysts)

The application of zeolites to chemical reactions is based on shape selectivity where 
substrates, intermediates and products can be selected according to the pore size of 
the material. Zeolites are usually highly structured crystalline inorganic alumino-
silicates with well-defined pores between 5 and 13 Å. These materials mostly pres-
ent Brønsted acidity giving them the ability to transform substrates into products, 
for instance pentose dehydration into furfural. The most common zeolites used in 
the dehydration of pentoses into furfural are mordenites in their proton form 
(H-mordenite or H-M) [90, 111, 112]. Moreau et  al. stated that although xylose 
conversion was low at 170 °C, H-M has high selectivity for furfural production 
(90–95%), due to the absence of cavities within catalyst structure that avoid forma-
tion of secondary products [111]. In contrast to the results obtained with zeolites, 
such as H-Ferrierite, H-ZSM and H-beta, higher furfural yield (39 mol%) and selec-
tivity was obtained with H-M in the presence of the selective solvent DMSO. 
Reactions in aqueous medium showed lower xylose conversions in comparison to 
DMSO reaction system, due to the formation of side reaction products that caused 
blocking and poisoning of catalytic sites [112]. Nevertheless, H-ZSM-5 (a ZSM-5 
variant), with a pore size of 12 Å, have been demonstrated to produce 46 mol% 
furfural yield at 200 °C in aqueous medium. Above this temperature, oligomeriza-
tion of furfural to bi- and trimeric species was observed as a result of the intrinsic 
structure of H-ZSM-5. It was concluded that pore size of H-ZSM-5 allows longer 
residence time of furfural in the vicinity of the catalyst, thus rearrangements based 
on furfural ring breaking down may occur in parallel to oligomers’ formation. 
Scanning electron microscopy showed partial coating of catalyst surfaces by oligo-
mer deposits and narrow openings of catalyst pores [113]. Those moderate furfural 
yields were surpassed (to 98 mol%) when H-M-13 (a H-M variant) in water/toluene 
system at 260 °C under pressure of 55  atm in a plug-flow reactor were used 
(Table 2.6) [90]. Nevertheless, the very high temperature and pressure required for 
this system, makes it undesirable for industrial application. In other study, furfural 
was obtained at a much lower temperature (170 °C) using a specific approach in 
catalyst synthesis adopted by Lima et al. [114]. The researchers performed delami-
nation of H-Nu-6 zeolite, increasing the specific surface area almost seven times. 
Subsequently, conversion rate was as twice high as that obtained from the original 
catalyst. After 4 h, higher furfural yields were reached with delaminated H-Nu-6 
(47 mol% ) than those with H-M (34 mol%) or phosphate- based (SAPOs) zeolites 
(34–38 mol%) [114, 115]. Nonetheless, impressive improvements in furfural yields 
were accomplished with H-M zeolite through two different approaches [91, 92]. 
Among several zeolites examined, H-M demonstrated the highest efficiency by 
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Table 2.6  Furfural production with zeolites, mesoporous acid-catalysts and metal oxides (furfural 
yield ≥50 mol%)

Starting 
material Catalyst Solvent(s)

Conditions FUR 
(mol%) Ref.T/°C t/h

Pentoses
Xylose H-M-13 Water/Toluene 260 3/60 98 [90]
Xylose H-beta Water/Sulfolane 175 Up to 

12
>75 [91]

Xylose H-M Water/GVL 175 2 81 [92]
Xylose Sn-MMT Water/DMSO 180 0.5 77 [93]
Xylose MCM-41/SO3H Water/Toluene 140 24 76 [94]
Xylose MCM-41/

MePrSO3H
Water/Toluene 155 2 93 [95]

Xylose MCM-41/PW DMSO 140 4 52 [96]
Xylose MCM-41/ZrO2/

SO4
2

Water/Toluene 160 4 50 [97]

Xylose SBA-15/SO3H Water/Toluene 160 4 68 [98]
Xylose SBA-areneSO3H Water/Toluene 160 20 86 [99]
Xylose SBA-propylSO3H Water/Toluene 170 20 82 [100]
Xylose SBA-15/ZrO2-

Al2O3/SO4
2

Water/Toluene 160 4 53 [101]

Xylose TUD-1/H-beta Water/Toluene 170 8 74 [102]
Xylose H-beta Water/Toluene 170 6 54 [102]
Xylose TUD-1/Al Water/Toluene 170 6 60 [103]
Xylose Nafion 117 DMSO 150 2 ∽60 [104]
Xylose HTiNbO5-MgO Water/Toluene 160 4 55 [105]
Xylose SO4

2−/ZrO2–TiO2 Water/Butanol 170 3 54 [106]
Xylose MgF2-

Perfluorosulfonic
Water/Toluene 180 20 78 [107]

Xylose Zr-W/Al Water/Toluene 170 6 51 [108]
Xylose Nb2O5 Water 175 3 78 [109]
Hemicellulose
Hemicellulose-
rich liquor from 
wood

H-beta Water/Sulfolane 175 Up to 
12

75 [91]

Hemicellulose-
rich liquor from 
corncob

Sn-MMT Water/DMSO 180 2 54 [93]

Lignocellulosic biomass
Hemp shives Al2(SO4)3·18H2O Water/Steam 

distillation
180 1.5 74 [110]

Rice hull H2SO4/TiO2 Water/Steam 
distillation

125 0.5 53 [18]
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converting 75 mol% xylose into furfural, but distillation of furfural was simultane-
ously performed during the process. This approach avoided consumption of furfural 
in undesirable side reactions [91]. On the other hand, using γ-valerolactone/water 
(9/1 v/v) as solvent system coupled with H-M zeolite allowed the production of 81 
mol% furfural at 175 °C. The bio-based γ-valerolactone increased the selectivity of 
the reaction medium by inhibiting condensation reactions between furfural and pen-
tose intermediates. In contrast, using H-M solely in water resulted in practically half 
of the furfural yield [92].

Another strategy to enhance furfural yield lies in the combination of Lewis acid 
zeolites with Brønsted acids [116]. Sn-beta zeolite was combined with Amberlyst 
15 giving approximately 60 mol% conversion of xylose at 100 °C, which is at much 
lower temperature than that typically employed for this reaction. Sn-beta acted as a 
Lewis acid performing xylose isomerisation into intermediates (xylulose and 
lyxose), while the Brønsted acid Amberlyst 15 allowed dehydration of intermedi-
ates into furfural. Nevertheless, furfural yield was lower than 25 mol% [116]. In 
other work, a similar strategy was demonstrated to be more efficient in furfural 
production applying solely tin-montmorillonite (Sn-MMT), which possesses both 
Brønsted and Lewis active sites. In this case, ∽77 mol% furfural yield with ∽83% 
selectivity was obtained from xylose conversion shown in Table 2.6 [93].

An upgrade of more complex substrates, such as hemicellulose and/or raw bio-
mass itself, has been showed [91, 93, 117–119]. Several zeolites including H-USY, 
H-beta and H-M were applied for simultaneous hydrolysis and conversion processes 
of wood-derived hemicellulose in aqueous medium at 170 °C. However only ∽12 
mol% of furfural yield was obtained [117]. In the conversion of water-insoluble 
hemicellulose and water-soluble fraction from corncob processing with Sn-MMT, 
only ∽40 mol% and 54 mol% furfural yields were obtained, respectively [93]. The 
differences were justified by the polymerisation degree of carbohydrates present in 
each sample. Lower furfural yields were obtained for water-insoluble hemicellulose 
as this substrate is mostly in a polymeric form decreasing the efficiency of the cata-
lyst [93]. Furthermore, condensation and polymerisation reactions between furfural 
and its intermediates with other compounds may proceed during the reaction, 
decreasing the final furfural yield. To avoid furfural polymerisation, Chen et  al. 
added 4-methoxyphenol as inhibitor in the system containing steam explosion 
liquor of rice straw (hemicellulose-based stream) and H-ZSM-5 zeolite. This inno-
vative approach allowed an increase of about 21% furfural yield in comparison to 
the control reaction (absence of 4-methoxyphenol) [119].

2.2.2.2  �Mesoporous Acid-Catalysts

The application of zeolites in catalytic processes is restricted due to the small pore 
size of their structure. Therefore, mesoporous materials constituted of amorphous 
silica wall that have pore diameters between 20–100 Å have been designed. The 
larger pore size of these materials offers the advantage of performing task of spe-
cific syntheses by introducing diverse functional groups into the material surface. 
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The main examples of mesoporous structures are MCM-41 and SBA-15 that have 
been used as supports for a diverse range of acids to catalyse xylose into furfural 
with high selectivity.

The hexagonally arranged MCM-41 is probably one of the most versatile meso-
porous structures for acid catalysis functionalisation towards furfural production. 
Initially, SO3H groups were anchored to the silica structure of MCM-41 to perform 
xylose conversion to furfural [94]. The furfural yield increased especially when the 
catalyst was used in the toluene/water system, although the selectivity was reduced. 
It was suggested that the hydrophobic nature of the supporting material interferes in 
furfural loss reactions. Nevertheless, one study shows the contrary [95]. The addi-
tion of methyl propyl sulphonic acid (butane-2-sulphonic acid) to MCM-41 (MCM-
41/MePrSO3H) allowed >90 mol% of furfural yield from xylose with an elevated 
selectivity (93%) as shown in Table 2.6 [95]. Precisely, the attached methyl group 
repelled furfural from the reactive SO3H groups, thus avoiding it from further deg-
radation [95]. Nevertheless, the reuse of the catalyst was inefficient, once the furfu-
ral yield was reduced to <50 mol%, resulting in carbon deposition that blocked the 
pores of the catalyst [94, 95]. In this case, thermal regeneration by heating the 
recovered catalyst at elevated temperatures could be an option for improving the 
efficiency of catalyst reuse, although the applied temperatures cannot compromise 
the stability of the catalyst. The addition of 12-tungstophosphoric acid to MCM-41 
surface was used to produce furfural [96, 120]. It was demonstrated that MCM-41 
supported acid-materials presented higher activity than non-supported acids. 
Increasing three parameters: i) 12-tungstophosphoric acid loading; ii) pore diameter 
of the parent silica support; and iii) reaction temperatures, lead to higher furfural 
yields. Furthermore, the catalysis in the presence of DMSO was more effective than 
in the toluene/water solvent system, since the acidic-supporting matrix demon-
strated a higher stability and reusability in DMSO [96, 120]. Other studies per-
formed functionalisations of MCM-41 with niobium silicate, sulphated and 
persulphated zirconia, however conversions of xylose into furfural were demon-
strated to be moderate (yields ≤50 mol%) [97, 121].

As aforementioned, MCM-41 with SO3H groups was demonstrated to be high 
efficiency and selectivity in the production of furfural, but after reuse, furfural yield 
and selectivity drastically dropped. This was also confirmed by Jeong et al., thus 
they constructed a different support consisting of mesoporous silica shells and con-
taining SO3H groups (MSHS/SO3H) as an alternative to MCM-41/SO3H. Although 
lower furfural yields were obtained with MSHS/SO3H, the selectivity was main-
tained after each recycle run [122]. Another study demonstrated other alternatives 
based on the application of SBA-15 mesoporous matrix, which generally is easier to 
be synthesised and has a bigger pore size than MCM-41 [123]. Different SO3H 
sources, including propylsulphonic and arenesulphonic acids, were anchored to the 
surface of SBA-15, giving it the ability to convert xylose to furfural [98–100]. 
Furfural yields ranged from 68–86 mol% were obtained by using these SO3H func-
tionalised SBA-15 mesoporous catalysts, thus presenting higher efficiencies than 
those composed of MCM-41 support. The co-condensation methodology in SBA-
15/SO3H synthesis demonstrated homogenous distribution of acidic sites in the sup-
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porting materials, leading to high furfural yields (ca. 68 mol%) [98]. On the other 
hand, the high thermal stability of SBA-15 modified with arenesulphonic acids 
allowed conversion of xylose at 160 °C favouring the production of furfural (up to 
86 mol% yield) [99]. Furthermore, it also allowed consecutive reaction runs without 
efficiency lost (∽75 mol% furfural yield after 3 runs) [99]. Another study demon-
strated the functionalisation of SBA-15 with sulphated zirconia, but low furfural 
yields were obtained (53 mol%) [98, 101], similar to MCM-41 [97]. The reason lies 
in the deactivation of the catalyst’s acid sites through the adsorption of by-products 
[98, 101].

Other less common mesoporous materials, such as TUD-1 and Nafion, have been 
applied for furfural production [102–104]. An interesting approach was the impreg-
nation of the aforementioned zeolite, H-beta, in silicious TUD-1 [102] resulting in 
higher activity of supported zeolite than the zeolite itself. The furfural yield obtained 
for TUD-1/H-beta and H-beta was 74 mol% and 54 mol%, respectively. Furthermore, 
an advance was made by converting xylan into furfural solely with TUD-1/Al, con-
stituted by both Lewis and Brønsted acids, but only 18 mol% of furfural yield was 
produced [103]. On the other hand, Nafion-based polymers demonstrated to be 
highly stable and robust catalysts for the production of furfural (∽60 mol% yield) 
within 15 repetitive runs without any regeneration step. It was also mentioned that 
the presence of DMSO as solvent reduces the carbonaceous compounds deposition 
on the catalyst surface [104].

The use of supported aluminosilicate mesoporous materials for the conversion 
process of xylose into furfural has demonstrated some potential. However, further 
improvements in catalytic performance must be achieved by changing the proper-
ties of the mesoporous materials. For instance, varying the Si/Al ratio and acid load-
ing during synthesis is expected to change the total amount and the dispersity of 
acid sites as well as the catalyst surface polarity.

2.2.2.3  �Metal Oxides

Metal oxides are ordered crystalline materials that can have both Lewis and Brønsted 
acidity and are applied as catalysts. Metal oxides possess a rigid structure allowing 
high stability in chemical reactions and making further recovery and reuse more 
efficient. These features could facilitate dehydration of xylose into furfural as dem-
onstrated in a wide range of studies, which extensively explored the activity of 
metal oxides in the transformation of xylose and also lignocellulosic biomass into 
furfural. Non-functionalised metal oxides, such as Zr–P, SiO2–Al2O3, WOx–ZrO2 
and Al2O3 were screened in water batch conditions to evaluate the influence of acid-
ity type on furfural production from xylose [124]. The highest furfural yield was 
obtained by the catalysis of Zr-P which has the highest Brønsted acidity among the 
metal oxides examined. In contrast, Al2O3 demonstrated the highest xylose conver-
sion for the higher Lewis acid sites’ concentration. It was suggested that metal 
oxides containing high ratios of Brønsted to Lewis acid sites favoured furfural pro-
duction [124]. In this context, Dias et al. performed exfoliation of HTiNbO5-MgO 
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aiming to increase the specific surface area of the material. This process allowed 
higher number of Brønsted acid sites and consequently higher catalytic activity than 
the original layered material. After 4 h reaction in water/toluene system at 160 °C, 
furfural yield reached 55 mol% [105]. In other studies, functionalisation of metal 
oxides with sulphate groups allowed an increased selectivity in xylose conversion 
[19, 20, 106, 125, 126]. Actually, furfural is barely produced without SO4

2−, albeit 
high xylose conversion yields are obtained with SnO2 metal oxide in water/toluene 
system. It has been suggested that the presence of both Lewis (SnO2) and Brønsted 
(SO4

2−) acid sites shift the reaction to xylulose route, thus lowering the reaction 
temperature that avoids side reactions [94]. A more efficient approach was demon-
strated with the application of SO4

2−/ZrO2–TiO2 within a biphasic system composed 
of water/butanol [106]. The furfural yield was 54.3 mol% at 170 °C, and the catalyst 
was reused multiple times without substantial change in furfural formation effi-
ciency. Furthermore, SO4

2−/ZrO2–TiO2 showed higher ability to produce furfural 
than zeolites, such as H-ZSM-5 [106]. In another study, the functionalisation of 
hydroxylated MgF2 with fluorosulphonic acid allowed it to have more acidic groups 
on the metal oxide surface. Operating at 160 °C and assisted by N2 stripping pro-
cess, a 78 mol% of furfural yield was achieved making this process very effective 
[107] as presented in Table 2.6.

Another strategies are focused on the combination of metal oxides with other 
agents, such as materials with mesoporous structures [108], acidic resins [109] and 
organic acids [127] aiming at efficient reaction and selective furfural production. In 
the first case, the synthesised Zr-W in a surfactant template and doping with alu-
minium was applied for xylose conversion. Using solely Zr-W permitted 99% con-
version, but only 35 mol% of furfural was obtained in water/toluene system at 
170 °C. The mesoporosity of the material together with the incorporation of alu-
minium allowed high furfural selectivity and gave furfural yields up to 51 mol% 
[108]. In another work, Nb2O5 (possessing only Lewis acid sites) was mixed with 
resin Amberlyst 70 (possessing Brønsted acid sites) for furfural production in water/
toluene at 175 °C [109]. In this case, only ∽35 mol% of furfural yield was achieved, 
however the reaction was assisted with N2 stripping to remove furfural from the 
reaction system to give yields of ∽78 mol%. These results show that the in-situ 
extraction of furfural is crucial to increase the efficiency of the process. Besides N2 
stripping, furfural extraction can be also performed by supercritical CO2 during the 
dehydration of xylose by metal oxides, which increases the furfural yield up to 60 
mol% [128]. Another synergetic combination is the mixture of niobium hydroxide 
with acetic acid (weak Brønsted acid) [127], which besides Lewis and Brønsted 
acids that favour furfural formation have the presence of acetic acid in aqueous 
medium, which creates a suitable physico-chemical environment to enhance the 
interaction between the surface of the catalyst and xylose, thus improving furfural 
production [127].

The ability of metal oxides to effectively manufacture furfural from biomass has 
been addressed [18–21, 110]. In an early study, mixing Lewis TiO2-type catalysts 
with H2SO4 in rice hulls processing was demonstrated to have very low efficiency in 
the production of furfural (< 10 mol%). It was assumed that the activation of the 

A.M. da Costa Lopes et al.



73

TiO2 surface with H2SO4 reduced its catalytic activity, due to the excess of sulphate 
groups. Nevertheless, a two-stage process using the action of each catalyst in con-
secutive steps improved furfural yield. Pre-hydrolysis of biomass with H2SO4 
allowed pentoses release, which were subsequently used as the substrate for a steam 
distillation process catalysed by metal oxides. A maximum 53 mol% of furfural 
yield was then achieved [18]. Nowadays, efficient utilisation of lignocellulosic bio-
mass aims at selective processing of each biomass fraction within the biorefinery. In 
the processing of corncob with SO4

2−/TiO2-ZrO2/La3+ catalyst in aqueous medium, 
the obtained solid residues are mainly constituted of lignin and cellulose indicating 
a selective action of the catalyst over hemicellulose [20]. This catalyst demonstrated 
high thermal stability and strong acid sites capable to promote hemicellulose hydro-
lysis and further dehydration of pentoses to furfural in one step. The highest furfural 
yield obtained was 6.18 g/100 g corncob [20]. The application of Al2(SO4)3·18H2O 
in the processing of hemp shives allowed an impressive 73.7 mol% of furfural yield 
at 180 °C for 90 min. Nevertheless, the authors established optimal conditions 
at 160 °C for 90 min reaction time, considering the benefit of preserving 95.8% of 
cellulose in the solid (slightly depolymerised) along with a 62.7 mol% of furfural 
yield [110].

2.3  �Conclusions and Future Outlook

This chapter aiming to provide a background of present industrial developments in 
the furfural production and to describe novel, and more mass- and energy-efficient 
processes. One of the general conclusions is that the furfural yield is strongly depen-
dent on the inherent properties of feedstock and on the catalytic system used in the 
process. The methods described provide a wide spectrum of catalytic systems 
among which, some of them might be a potential solution if scaled up. Among sev-
eral novel approaches given in literature, one of the possible solutions which, at 
least can minimise the energy demands and reduce the reaction time is the use of 
microwave irradiation. Microwave irradiation has been shown to be a powerful tool 
to drastically reduce the time required to produce furfural within minutes or even 
seconds [38, 40]. Other aspects which are practically unexplored are the employ-
ment of solvents that readily dissolve biomass, e.g. 1-ethyl-3-methylimidazolium 
acetate, with catalysts (either another IL, homogeneous or heterogeneous catalysts), 
assisted by an immiscible extracting organic solvent to continuously remove furfu-
ral from the reaction medium. Contrary to ILs or other catalytic systems, CO2 and 
H2O opens new possibilities to produce furfural in high yields, however the research 
in this area is still very scarce. These green and promising solvents for furfural pro-
duction generate in-situ catalytic reversible environment and in combination with 
some solvent, e.g. THF can also protect furfural from excessive consumption in 
subsequent reactions. However, all the above limitations are related to achieve max-
imal furfural production from hemicellulose. From the material balance point of 
view, furfural yield from biomass can be improved significantly if the cellulose 
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fraction in lignocelluloses can also be converted to furfural. However, only few lit-
erature reports show that furfural can be obtained from glucose or cellulose in GVL 
in the presence of heterogeneous acid catalysts [64, 92]. This can be one of the most 
relevant tendencies to intensify furfural production and hence to obtain a significant 
reduction in the investment and operational costs.
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Chapter 3
Catalytic Production 
of 5-Hydroxymethylfurfural from Biomass 
and Biomass-Derived Sugars

Xinli Tong, Song Xue, and Jianli Hu

Abstract  Production of 5-hydroxymethylfurfural (5-HMF) from biomass has 
gained considerable attention in catalysis research because 5-HMF is a potential 
substitute of petroleum-based monomers of various polymers and it can be used as 
a starting material for biofuels and value-added chemicals. Generally, 5-HMF can 
be obtained via the catalytic transformation of biomass-derived carbohydrates such 
as fructose, glucose, sucrose and inulin, but direct transformation of cellulose and 
lignocelluloses into 5-HMF is of the highest interest. Catalysts used in production 
of 5-HMF include mineral acids, organic acids, solid acids and metal-containing 
compounds. Corresponding reaction media can be organic solvents, ionic liquids, 
water and biphasic systems. In this chapter, an overview of catalytic production 
methods of 5-HMF from biomass-derived sugars and lignocelluloses is given. 
Discussion is focused on the characteristics and superiority of different catalysts on 
the catalytic transformation of various feedstocks.
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3.1  �Introduction

Transformation of biomass to value-added chemicals and liquid fuels has attracted 
considerable attention and investment for applications in sustainable energy [1–8]. 
Due to concerns on global warming associated with the use of fossil fuels, catalytic 
biomass conversion has become a highly-active topical area. In the last decade, 
tremendous research effort has been devoted to developing efficient conversion 
methods for biomass and biomass-derived sugars [9–11].

Biomass feedstocks are renewable resources that can be defined as plant, urban 
waste and agricultural residues used to prepare fuels such as bioethanol, butanol, 
diesel, and liquid hydrocarbon fuels. Common examples of biomass feedstocks 
include woody plant, corn starch, sugarcane juice, crop residues and grass crops. In 
general, lignocellulosic biomass is often classified into virgin biomass such as trees, 
bushes and grass, waste biomass (corn stover, paper mill discards, sugarcane 
bagasse, straw, etc.) and energy crops (switch grass and Elephant grass). Worldwide 
production of plant-derived non-edible biomass feedstocks, including agricultural 
and forest residues is enormous and estimated to be around 1.8 × 1012 t/a [12]. 
Lignocellulosic biomass is mainly made up of 45% cellulose, 25% hemicellulose, 
and 20% lignin with some other minor ingredients such as nutrients, proteins, and 
wax [13, 14]. In particular, cellulose is a homopolysaccharide derived from glucose 
units and made up of several β-D glucose units linked together via β-1, 4 glycosidic 
linkages. Hemicelluloses contain primarily pentose sugars, and occasionally small 
amounts of L-sugars as well and they are made up of shorter chains that contain 500 
to 3000 sugar units.

Today, direct transformation of biomass feedstocks for the generation of bio-
ethanol using fermentation produces carbon dioxide which remarkably cuts down 
on the carbon efficiency of the conversions and requires expensive enzymes [15]. A 
promising method for biomass conversion is fast pyrolysis technology [16–18]. 
However, bio-oils obtained from the pyrolysis technologies are generally of poor 
quality containing more than 300 different compounds that cannot be used for the 
direct replacement of gasoline and diesel fuels [19]. Consequently, catalytic trans-
formation of lignocellulosic biomass to value-added chemicals through identified 
platform compounds is an attractive and promising strategy [20, 21].

It is well-known that the presence of oxygenated groups in lignocellulosic bio-
mass could facilitate chemical reactions during the production of valuable chemi-
cals. However, such characteristics impede their potentials of conversion into liquid 
fuels [22–24]. Nevertheless, direct production of fuel grade liquid alkanes from 
lignocellulosic biomass has many opportunities for meeting future regulations 
placed on transportation fuel [25]. The C5 and C6 sugars of holocellulose can be 
exploited for the production of fuel chemical intermediates by converting them into 
platform chemicals including 5-hydroxymethylfurfural (5-HMF), furfural and levu-
linic acid (LA) [26, 27]. Especially, 5-HMF derived from cellulose has emerged as 
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an important platform chemical for meeting chemical and fuel needs of society [28, 
29]. The impact of initiatives for using biorenewable sources are not limited to 
develop new energy platforms and CO2 reduction, as they also create opportunities 
to secure the local supplies of energy and to support local agricultural economies 
[30, 31].

Hydrolysis of cellulose gives monosaccharides which in turn can be converted to 
5-HMF by dehydration and removal of three water molecules (−3H2O). Dehydration 
to yield furans from sugars is often considered as cyclodehydration or dehydrocy-
clization (Scheme 3.1). During the transformation of cellulose to 5-HMF, hexoses 
(glucose and fructose) are the main reaction intermediates, which are C6 sugars.

Six carbon sugars, e. g. hexoses, are the most plentiful monosaccharide which 
occurs in the nature. Fructose and glucose are commonly used as low cost feedstock 
in chemical syntheses [32–35]. Therefore, elucidation of reaction mechanisms that 
occur in the conversion of hexoses into furans is crucial for developing catalytic 
technology. In general, biomass transformation includes the following elementary 
reaction steps: dehydration, hydrolysis, isomerization, reforming, aldol condensa-
tion, hydrogenation and oxidation. Typically, products such as 5-HMF, 2, 
5-diformylfuran (2,5-DFF), 2, 5-furandicarboxylic acid (2,5-FDCA), 2, 
5-bis(hydroxymethyl)-furan (2,5-BHF) and 2, 5-dimethylfuran (2,5-DMF) are 
obtained. These compounds can be used as the feedstock or intermediates to replace 
petroleum-derived chemicals [20, 36–38].

In summary, production of chemicals and fuels from lignocellulosic biomass 
requires effective pretreatment and hydrolysis of cellulose to form the correspond-
ing hexose sugar units, followed by catalytic dehydration of sugars to derive the 
corresponding 5-HMF products. Catalytic transformation of biomass-derived sugar 
to fine chemicals is very important for both scientific research and technological 
applications [32, 39].

Scheme 3.1  Reaction pathway for the transformation of cellulose into 5-hydroxymethyl furfural
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3.2  �Platform Chemical 5-Hydroxymethylfurfural

In the late 19th century, 5-HMF was separated from a reaction mixture of fructose 
and sucrose in the presence of oxalic acid and since then it has attracted significant 
research interest [40, 41]. Fenton and coworkers carried out extensive research in 
the field [42–44]. In 1909, the chemical structure of 5-HMF was identified [45]. 
After detailed investigation, Middendorp [46] reported experimental results regard-
ing the physical and chemical properties of 5-HMF as well as its preparation [46]. 
In following years, the reaction chemistry relevant to 5-HMF was further developed 
by Reichstein and Zschokke [47, 48]. Significant progress was made by Haworth 
and Jones, who proposed a reaction mechanism for a synthetic route to 5-HMF [49]. 
The synthetic method was based on dehydration of fructose which is still used in the 
present industrial processes. In addition to acid-catalyzed dehydration, research 
showed that 5-HMF could be made through heating a 30% aqueous solution of 
sucrose under the conditions of 170 °C and hydrogen pressure, where a 22% yield 
of 5-HMF was obtained [50].

Research interests on 5-HMF were continued in 1980s when two different 
5-HMF production processes based on aqueous and non-aqueous systems were 
reported by van Dam [51] and Cottier [52]. It is found that both processes could lead 
to around 37% yield of 5-HMF. The aqueous solution was found to promote degra-
dation of 5-HMF, whereas polymerization of 5-HMF occurred in both aqueous and 
non-aqueous reaction media. Antal et al. [53] reported that, in the presence of acidic 
catalysts, 5-HMF was formed via the acid-catalyzed dehydration reaction where 
three water molecules were removed from hexoses. Scheme 3.2 illustrates the dehy-
dration pathways of the hexoses and possible by-products that are formed. In aque-
ous solutions, formic acid and levulinic acid can be further generated via a 
consecutive hydration of 5-HMF. Although the hydrolysis of 5-HMF can be sup-

Scheme 3.2  Transformation of hexoses to 5-hydroxymethyl furfural and other by-products
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pressed in non-aqueous solution, the cross-polymerization reactions take place 
leading to the formation of soluble polymers and insoluble brown humins [54]. To 
prevent side reactions and obtain a high 5-HMF yield, some of the adopted 
approaches are to design and synthesize catalysts that are tuned to promote forma-
tion of 5-HMF, but to inhibit the consecutive reactions. In addition, 5-HMF yield 
can be increased if it is continuously removed from the reaction mixture.

Catalytic transformation of 5-HMF into value-added chemicals has been explored 
by many researchers [55]. As illustrated in Fig. 3.1, compounds such as 2,5-FDCA, 
2,5-DFF, 2,5-BHF and 2,5-DMF are derivatives of 5-HMF. For instance, 2,5-FDCA 
and 2,5-DFF can be produced from the complete or partial oxidation of 5-HMF and 
they can also be formed as co-products through simultaneous dehydration and oxi-
dation of hexoses [38]. Many of these derivatives are presently used in chemical or 
pharmaceutical industries. For example, 2,5-FDCA can be used as a feedstock for 
the production of succinic acid that is widely used in industry. Thus, 2,5-FDCA has 
been identified by Department of Energy (USA) as one of the twelve platform 
chemicals that can be produced from sugars via biological or chemical processes 
[28]. Commercially, 2,5-FDCA has been found to be useful as a new fungicide, cor-
rosion inhibitor and a melting product for the foundry sands and as an intermediate 
in pharmaceutical and lithographic fields [5, 56–58]. In the plastic industry, 2,5-
FDCA has gained interest as a monomer for new polymeric materials in special 
applications [59–62]. It has been reported that 2, 5-FDCA is able to replace tere-
phthalic acid, which is widely used in producing polyesters, such as polyethylene 
terephthalate (PET) and polybutylene terephthalate (PBT) [63, 64]. Similar to 2,5-
FDCA, 2,5-DFF can be used to synthesize special polymers [65–67] or as an inter-
mediate for pharmaceuticals [68] or as an antifungal agent [69]. Other applications 
of 2,5-FDCA include preparation of macrocyclic ligands [70, 71] and as a cross-
linking agent for poly (vinyl alcohol) [72]. It is worthwhile to mention that 2,5-BHF 
and 2,5-DMF are derivatives from the partial or deep hydrogenation of 
5-HMF. Research shows that 2, 5-DMF could be a promising liquid fuel, because it 

Fig. 3.1  Application of 5-hydroxymethyl furfural as a platform compound for the production of 
value-added chemicals
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has a high energy density of 31.5 MJ/L, which is similar to that of gasoline (35.0 
MJ/L) and 40% higher than that of ethanol (23.0 MJ/L) [73, 74]. Different from 
water-soluble oxygenated fuels, 2,5-DMF is immiscible with water and has similar 
characteristics to transportation fuels. The boiling point of 2,5-DMF (bp 92–94 °C) 
makes it less volatile than ethanol (bp 78 °C) thus it is more easily blended into 
gasoline within vapor pressure limitations than ethanol.

The other important derivatives from 5-HMF for bio-based fuels and chemicals 
include 2,5-furfuryldiamine, 2,5-furfuryldiisocyanate and di-5-hydroxymethyl fur-
fural ether. Industry has special interest in using these derivatives as building blocks 
for the production of polymeric materials such as polyesters, polyamides and poly-
urethane [54, 56–57]. Furan-based polymers display excellent physicochemical 
properties such as strong resistance to thermal treatment. Interestingly, the Kevlar-
like polyamides produced from furan diamine and the diacids exhibit liquid crystal 
behavior. Photoreactive polyesters have been used in the formulation of printing 
inks. Furthermore, furan-based polyconjugated polymers possess good electrical 
conductivity [54]. Although the length of the carbon chain in 5-HMF is relatively 
short, long-chain hydrocarbons can be produced from 5-HMF through condensation 
reactions [39, 75]. Catalytic selective hydrogenation of 5-HMF produces 
1,6-hexanediol directly, which is an intermediate for the production of caprolactam 
(monomer of nylon-6) via further amination [76, 77]. Further rehydration of 5-HMF 
yields low-molecular-weight organic acids such as formic and levulinic acids, 
which are generally employed in the preparation of fine chemicals [78, 79]. 
Moreover, the selective etherification of 5-HMF can also generate 5-alkoxymethyl 
furfural as diesel additives, or further produce alkyl levulinates from ethanolysis 
reaction which are used as organic solvents and as additives [80, 81].

In 1990s and 2000s, Kuster [82] and Lewkowski [54] reported on the kinetics of 
catalytic dehydration reactions of hexoses for the formation of 5-HMF, respectively. 
After that, progress in the synthesis of 5-HMF through conversion of fructose, glu-
cose, polysaccharides and biomass feedstocks has continued and is discussed in 
detail in the next section.

3.3  �Catalytic Production of 5-Hydroxymethylfurfural 
(5-HMF) from Fructose

3.3.1  �Mineral Acid and Organic Acid as Catalysts

The dehydration of fructose for 5-HMF production is generally catalyzed by min-
eral acids as well as by organic acids. The catalysts should possess either a proton 
or be a Lewis acid [83, 84]. Since the discovery of oxalic acid-mediated production 
of 5-HMF, nearly one hundred inorganic and organic acidic compounds have been 
listed as potential catalysts for 5-HMF production. The most commonly used inex-
pensive mineral acids are H2SO4, H3PO4 and hydrochloric acid (HCl) [85–87]. 
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Among the mineral acids, iodine-catalyzed dehydration of hexoses using hydroiodic 
acid (HI) has also been reported [88]. Although there are many choices of organic 
acids for 5-HMF dehydration, commonly used organic acid catalysts are oxalic, 
levulinic or p-toluenesulfonic acids [49, 89–92].

Early works almost 30 years ago reported on the synthesis of 5-HMF from the 
dehydration of fructose under supercritical and sub-critical water conditions [53, 
93]. Yields of 5-HMF as high as 53% are obtained at 250 °C. Bicker et  al. [32] 
investigated the synthesis of 5-HMF in the presence of H2SO4 when subcritical or 
supercritical acetone-water mixtures were employed as the reaction medium. 
Maximum yields of 5-HMF were about 78% at 180 °C. The advantage of using 
subcritical or supercritical aqueous solvents or solvent mixtures is that there is high 
carbon efficiency and low solid impurity formation.

A two-phase reactor that integrates 5-HMF production and separation into the 
reactor design was reported [33]. During the reaction, 5-HMF was continuously 
extracted into an organic methylisobutylketone (MIBK) phase containing 2-butanol 
that was used to enhance the partitioning from the reactive aqueous solution. This 
innovative approach led to 80% 5-HMF selectivity at a 90% conversion using a 
feedstock containing 10 wt% D-fructose. Other biphasic solvent systems were 
reported by Román-Leshkov and Dumesic [94] who investigated the solvent effect 
on the dehydration of fructose in the presence of inorganic salts, where tetrahydro-
furan exhibited high extracting ability as a reaction media resulting in 83% 5-HMF 
selectivity. For the aqueous phase dehydration of D-fructose to 5-HMF using HCl 
catalyst, the addition of dimethylsulfoxide (DMSO) and poly(1-vinyl-2-
pyrrolidinone) (PVP) suppressed the formation of byproducts. Improvement was 
made in HCl-catalyzed dehydration of fructose in aqueous solution using a continu-
ous flow microreactor system [95]. The process was designed to rapidly elevate 
reaction temperatures from room temperature to 185 °C and 17 bar within 1 minute, 
leading to 54% 5-HMF yield at 71% D-fructose conversion.

A synthesis procedure based on microwave irradiation was explored for produc-
tion of 5-HMF with inorganic acid catalysts. Hansen et  al. [96] investigated 
microwave-assisted dehydration of highly concentrated aqueous fructose solutions 
(27 wt.%) to form 5-HMF in the presence of HCl. Compared with conventional 
heating, microwave irradiation gave 52% fructose conversion and 63% selectivity to 
5-HMF within a short reaction time. Pawar et al. [97] found that the use of p-toluene 
sulphonic acid as catalyst for microwave (2.45 GHz) assisted dehydration of fruc-
tose and gave >98% fructose conversion with >90% 5-HMF yield in 90 s with iso-
propyl alcohol as solvent. Moreover, the dehydration of fructose in aqueous and 
organic media using three methods, i.e., conventional heating, ultrasonication and 
microwave irradiation was further investigated [98]. Results showed that the 5-HMF 
yield in organic reaction media was higher than in aqueous media, with the highest 
yields obtained from conventional, ultrasonicated and microwave-assisted reactions 
being 87%, 53%, and 38%, respectively. It was concluded that the microwave 
method was the fastest one, and the 5-HMF selectivity varied from 60 to 90% 
depending on the reaction media and assistance method.
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Caes et  al. [99] found that high yields of 5-HMF from D-fructose could be 
achieved with HBr as catalyst in sulfolane, in which a 93% yield of 5-HMF was 
obtained with 5 wt.% HBr at 100 °C for 1 h. Qi et al. [100] found that using sulfuric 
acid as the catalyst and γ-valerolactone (GVL) as solvent, a 75% yield of 5-HMF 
could be obtained. Swift et al. [101] carried out a kinetic study on dehydration of 
fructose and rehydration of 5-HMF at different reaction conditions by employing 
HCl and KCl to adjust pH value [reaction temperature 70–150 °C, pH values 0.7–
1.6, initial fructose concentration 5–20% (w/v), 5-HMF 2.5–10% (w/v)]. Scheme 
3.3 shows that the reaction network has three important proportions: (1) fructose 
tautomerization, (2) fructose dehydration illuminated by the microkinetic model 
according to Quantum Mechanics/Molecular Mechanic (QM/MM) simulations and 
KIE experiments and (3) a direct route from the fructose to formic acid. The net-
work includes five reactions R1-R5 which contain 4 directly detectable species 
(fructose, 5-HMF, formic acid, and levulinic acid) and 6 implicit species (five fruc-
tose tautomers and a reactive intermediate). The basic reaction mechanism includes 
two steps which are fast protonation and dehydration, followed by intramolecular 
hydride transfer as the rate-limiting step during reaction. These conclusions match 
the experimental kinetics and KIE experiments well. For dehydration of fructose, 
formic acid can be in stoichiometric excess relative to levulinic acid. Moreover, all 
reactions are found to be pseudo-first order for both catalyst and substrate.

Jiang et al. [102] studied the effects of mechanical agitation and addition of high-
concentration fructose solutions on the dehydration of D-fructose to 5-HMF using 
HCl as catalyst. For a stirring rate of 100 rpm, a 5-HMF yield of 81.7% was obtained 
in the presence of 0.3 M HCl. Yields of 5-HMF all exceeded 55% in the experiments 
with the addition of concentrated fructose solution (54.6 wt.%). Pedersen et  al. 
[103] performed simultaneous dehydration of fructose and glucose catalyzed by 
HCl in acetone-water mixtures, and it was found that a recirculating reactor con-
figuration was more effective, where the equilibrium controlled by-products (anhy-
droglucose and glucose dimers) were recirculated into the dehydration reactor. The 
model predicted a selectivity of 5-HMF close to 70% in a recirculating reactor under 

Scheme 3.3  Acid-catalyzed reactions of fructose and 5-hydroxymethyl furfural in aqueous solu-
tion (Reprinted from Ref. [101] with permission of American Chemical Society Publishing 
Corporation. 2014 Copyright © American Chemical Society)
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conditions where 5-HMF degradation was avoided. Brasholz et al. [104] reported 
that efficient conversion of D-fructose to 5-(chloromethyl) furfural (CMF) could be 
achieved using continuous flow reactor where ca. 81% yield was obtained in 32% 
HCl aqueous solution in only 60 s; then, the generated CMF was hydrolyzed to 
attain 5-HMF in a biphasic THF-H2O solvent and the isolated 5-HMF reached 74% 
under the suitable conditions.

3.3.2  �Solid Acids as Catalysts

Heterogeneous catalysis is thought to be preferable to homogeneous catalysis due 
to ease of product separation. Heterogeneous catalysts possess several advantages 
over liquid acid catalysts: a) they facilitate reactor design and product separation, 
which allows recycle of unconverted feedstock; b) they can be utilized at high tem-
perature to increase reaction kinetics therefore shortening the reaction time, increas-
ing 5-HMF selectivity and eliminating side reactions; c) their surface acidity can be 
adjusted to improve the selectivity of 5-HMF.  The surface characteristics of the 
heterogeneous catalysts greatly affect and are critical to the conversion of polysac-
charides and biomass feedstock. In the transformation of sugars, the solid acid cata-
lysts include H-form zeolites, ion-exchange resins, vanadyl phosphate and ZrO2 as 
supports or components of the catalyst design. Typical results for D-fructose dehy-
dration are summarized in Table 3.1.

Dehydration of D-fructose in the presence of the de-aluminated H-form morde-
nite was reported by Moreau and coworkers [105, 106]. The experiments were 

Table 3.1  Fructose dehydration with selected solid acid catalysts

Catalyst Solvent T (°C)
Time
(min)

Conv.
(%)

5-HMF 
yield (%) Ref.

H-form mordenite H2O-MIBK 165 60 76.0 69.2 [106]
vanadyl phosphate H2O 50 60 50.2 41.9 [107]
NbOPO4 H2O 100 120 61.4 21.6 [108]
C-ZrP2O7 H2O 100 30 44.4 44.3 [111]
Amberlyst-15 [BMIM]BF4 80 180 – 52 [125]
Dowex 50wx8–100 Acetone/H2O 150 15 95.1 73.4 [128]
Dowex 50wx8–100 Acetone/DMSO 150 10 96.4 82.1 [129]
D001-cc resin [BMIM]Cl 75 20 – 93.0 [130]
Anatase TiO2 H2O 200 5 83.6 38.1 [132]
ZrO2 H2O 200 5 65 30.5 [132]
Ag3PW12O40 H2O-MIBK 120 60 82.8 77.7 [134]
Lignin-derived carbon DMSO-[BMIM]Cl 110 10 98 84 [136]
SO4/TiO2-SiO2 DMSO 110 180 77 68.5 [141]
SO4

2−/SnO2-ZrO2 DMSO 120 150 – 75 [144]
KIT-6 DMSO 165 30 100 84.1 [146]
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carried out at 165 °C in a solvent consisting of water and MIBK, where a conversion 
of 76% and a 5-HMF selectivity of 92% were achieved. The shape selective cataly-
sis property of the solid acids was found to affect the performance of 5-HMF forma-
tion. The conversion of D-fructose and the selectivity towards 5-HMF are strongly 
influenced by catalyst micropore versus mesopore volume distribution. The Si/Al 
ratio of H-mordenite solid acids could affect the fructose transformation. The maxi-
mum reaction rate of D-fructose was obtained over H-mordenite catalyst with a Si/
A1 ratio of 11.

In solid acid-catalyzed dehydration of fructose, continuous product separation 
affects 5-HMF selectivity. A significant increase (ca. 10%) in 5-HMF selectivity 
was obtained by extracting 5-HMF into MIBK circulated in a countercurrent mode 
in a continuous heterogeneous pulsed column reactor [106]. Different from Si/Al 
based H-mordenite catalysts, vanadyl phosphate (VOP) was investigated by Carniti 
et al. [107] for the dehydration of D-fructose to 5-HMF in aqueous solutions. The 
results showed that using VOP as a catalyst, 40.2% and 32.9% 5-HMF yields were 
obtained when 6.0 wt.% and 30 wt.% aqueous fructose solutions were used as feed-
stock, respectively. In the literature, other VOP-based catalysts containing different 
trivalent metal ions (Fe3+, Cr3+, Ga3+, Mn3+ or Al3+) were also reported. When 
Fe-containing VOP catalyst was employed and 40 wt.% fructose solution was used 
as feedstock, 87.3% 5-HMF selectivity at 50.4% yield was obtained.

Another category of phosphate catalysts used in the dehydration of fructose is 
Nb-based phosphate [108–110]. Niobium phosphate (NbOPO4) and phosphoric 
acid treated niobium oxide exhibit high catalytic activity in dehydration of fructose. 
About 70–80% selectivity of 5-HMF at a D-fructose conversion of 30–50% was 
obtained at 100 °C without using any extraction solvent [108, 109]. The initial cata-
lytic performance of NbOPO4 catalyst was compared with niobate acid in the dehy-
dration of fructose in aqueous phase. Results showed that NbOPO4 catalyst was 
more active than niobate acid that was ascribed to the higher surface acidity of 
NbOPO4 in the polar liquid [110]. Other metal-promoted phosphate systems 
reported for dehydration of fructose are based on Zr and Ti [111]. Cubic zirconium 
pyrophosphate (ZrP2O4) exhibited excellent performance under mild conditions. A 
44.3% yield and a 99.8% selectivity for 5-HMF were obtained at 100 °C. Under 
similar reaction conditions, 35.3% yield of 5-HMF and 96.1% selectivity were 
obtained over γ-titanium phosphate catalyst.

There have been numerous reports on the application of ion-exchange resins for 
the synthesis of 5-HMF from sugars. Nakamura [112] examined a strong acidic ion 
exchange resin for D-fructose dehydration, where an 80% yield of 5-HMF was 
obtained. Using the Levatit® SPC-108 as a catalyst, Gaset and coworkers [113, 114] 
reported 39–80% 5-HMF yields. There are several categories of ion-exchange res-
ins among which Diaion® PK-216 resin is found to be more effective for D-fructose 
dehydration with about 90% yield of 5-HMF being obtained [115]. Although an ion 
exchange resin has advantages over homogeneous mineral acids as catalyst, 
improvement in 5-HMF selectivity is still a challenge [116–118]. Performance 
improvement over Diaion® PK216 resin was made by Chheda and Dumesic [119] 
who showed that the yield of 5-HMF from dehydration of fructose was enhanced in 
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water-MIBK biphasic systems which were generally modified by DMSO or NMP 
solvents.

Cottier et al. [120] reported that D-fructose could be effectively transformed with 
the ion-exchange resin in aqueous solution where the conversion was high, whereas, 
the yield of 5-HMF was low (ca. 28%) in water. It was further shown that the effi-
ciency may be increased by dilution. The possible reason for low yields in water is 
that there exists the hydronium species in the macropore of resins, which can pro-
mote 5-HMF to be further converted into byproducts such as levulinic acid and 
formic acid [121]. Many experimental investigations show that the use of DMSO as 
the solvent improves the selectivity of 5-HMF from D-fructose under common reac-
tion conditions [115, 122–124]. The primary merit of DMSO is due to its dipolar 
aprotic character which efficiently prevents the conversion of 5-HMF to generate 
levulinic acid or humins. However, there are some disadvantages when DMSO is 
used, for instance, separation of DMSO, 5-HMF and water are difficult and solvent 
decomposition can possibly occur during reaction that would release poisonous 
sulfur-containing compounds.

The D-fructose dehydration by Amberlyst-15 with ionic liquids as solvent was 
studied by Lansalot-Matras and Moreau [125]. Two kinds of usual ionic liquids, 
1-butyl-3-methyl imidazolium tetrafluoroborate ([BMIM]BF4) and 1-butyl-3-
methyl imidazolium hexafluoro phosphate ([BMIM]PF6), were used and the dehy-
dration was carried out in a micro batch reactor. The hydrophilic [BMIM]BF4 was 
found to be superior to hydrophobic ([BMIM]PF6) as solvent. As a result, up to 50% 
yield of 5-HMF was obtained in [BMIM]BF4 solvent at 80 °C for 3 h. Moreover, 
with DMSO as co-solvent, the catalytic reaction in both ionic liquids proceeded 
more rapidly than that in DMSO alone so that a yield of 5-HMF of nearly 80% 
could be obtained.

In the research of Ilgen et al. [126] yields of 5-HMF reached 40% in the presence 
of Amberlyst-15 catalyst for the mixture of choline chloride (ChCl) and fructose. 
Moreover, the influence of acetone, DMSO, ethanol, methanol, ethyl acetate, and 
supercritical CO2 as co-solvents of ionic liquids for the dehydration of fructose with 
Amberlyst-15 catalyst at room temperature was studied in detail [127].

Qi et al. [128] investigated fructose dehydration in the mixed acetone-water sol-
vent where a 73.4% yield of 5-HMF at 94.0% fructose conversion was obtained 
using cationic exchange resin Dowex 50wx8–100 as catalyst at 150 °C with micro-
wave heating. Recycle experiments indicated that the activity and selectivity of the 
resin remained practically unchanged after being used for five times. Moreover, 
they found that the production of 5-HMF was improved when acetone was used as 
co-solvent of DMSO for the fructose dehydration process [129].

Li et al. [130] reported that acidic ion-exchange resin and ionic liquid influenced 
the dehydration of fructose to 5-HMF, in which the macroporous strong-acid resin 
displayed better performance than a gel strong-acid resin when ionic liquid [BMIM]
Cl was used as the solvent. As a result, a 93.0% yield of 5-HMF was obtained at 75 
°C for 20 min with D001-cc resin catalyst in [BMIM]Cl. The macroporous resin 
had large pore diameters, many apertures, a large surface area and rapid ion exchange 
characteristics. The large surface area of resin provided many active sites for the 
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dehydration of fructose; the large pore diameter and apertures increased diffusion of 
fructose into the inner of resins; the rapid ion exchange characteristics facilitated the 
interactions of fructose with acidic sites of resin. In contrast, the small surface area 
of gel resin reduced the total number of active sites. Moreover, the pore diameter of 
gel resin is relatively small which affects the diffusion of fructose as shown in 
Fig. 3.2.

Watanabe et al. [131] and Qi et al. [132] found that the synthesis of 5-HMF was 
favorable when the D-fructose dehydration was performed with microwave heating 
in the presence of TiO2 and ZrO2 catalyst. With TiO2 as the catalyst, a 38.1% yield 
of 5-HMF with 83.6% conversion of D-fructose was achieved in 5 min at 200 °C 
while the yield of 5-HMF reached 30.5% at a 65% D-fructose conversion after 
5 min with ZrO2 as the catalyst. Shimizu et al. [133] studied the effect of water 
removal on the preparation of 5-HMF, and showed that 5-HMF yield could be 
improved in the dehydration with solid acids such as heteropoly acids, zeolite, or 
exchange resins when the reaction solution was handled through the evacuation at 
0.97 × 105 Pa of pressure. In particular, the 5-HMF yield was close to 100% in the 
presence of about 0.15–0.053 mm size of Amberlyst-15 particle catalyst in DMSO 
solvent, which is attributed to the efficient removal of water removal from the small 
resin powder during reaction.

Fan et al. [134] reported on synthesis of 5-HMF from fructose using a solid het-
eropolyacid salt Ag3PW12O40 as catalyst, on which fructose was selectively dehy-
drated to form 5-HMF with a yield of 77.7% and selectivity of 93.8% in 60 min at 
120 °C. Phosphates of alkaline earth metals, CaP2O6 and a-Sr(PO3)2 were found to 
catalyze fructose dehydration in hot compressed water, in which 34–39% yields of 
5-HMF were obtained [135]. Guo et al. [136] reported that lignin-derived solid acid 
catalyst efficiently catalyzed the dehydration of fructose, in which a 98% conver-

Fig. 3.2  Schematic diagram of the interaction between the different resins and fructose (Reprinted 
from Ref. [130] with permission of Elsevier B.  V. publishing corporation. 2014 Copyright © 
Elsevier)
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sion of fructose and 84% yield of 5-HMF were obtained under microwave irradia-
tion at 110 °C for 10 min. Lucas et al. [137] found that fructose could be efficiently 
dehydrated to produce 5-HMF with mesoporous AlSBA-15 catalysts under biphasic 
conditions. The catalyst with lower acid site density but medium to strong acid 
strength favors 5-HMF formation such that 5-HMF selectivity was as high as 88% 
at 59% conversion of fructose under the optimal conditions. Kruger et  al. [138] 
studied the aqueous-phase dehydration of fructose to prepare 5-HMF with zeolite 
catalysts. About 1–2 wt.% of zeolite dissolved in the aqueous-phase, resulting in a 
solution of aluminosilicate species with Al being 1.2–26.2 mg/L and Si up to 226 
mg/L. Active species dissolved from the zeolite are probably oligomeric alumino-
silicate fragments in which the Al-O-Si and Si-O-Si connectivity is similar to that of 
amorphous aluminosilicates.

Alam et al. [139] investigated the catalytic activity of titanium hydrogen phos-
phate, a dual acid catalyst, for the conversion of fructose, in which a 55% yield of 
5-HMF was obtained from fructose in a THF-H2O biphasic solvent. Xu [140] syn-
thesized a series of ordered mesoporous zirconium oxophosphates with different P/
Zr molar ratios via an evaporation-induced self-assembly method. The catalytic per-
formance of zirconium oxophosphate with P/Zr of 0.75 was measured. Conversion 
(up to 97.4%) and selectivity (79.6%) of 5-HMF were obtained under relatively 
mild conditions in DMSO solvent. Different sulfated catalysts including SO4/TiO2-
SiO2, SO4/Ti-SBA-15, SO4/ZrO2, SO4/AC, and SO4/SiO2 were investigated in fruc-
tose dehydration to 5-HMF, in which 89% selectivity at 77% fructose conversion 
was obtained over the SO4/TiO2-SiO2 catalyst owing to the highest amount of 
Brønsted sites on the catalyst [141]. Jain et al. [142] used mesoporous zirconium 
phosphate as catalyst for the conversion of fructose into 5-HMF, and ca. 80% yield 
of 5-HMF was obtained at 150 °C in 1 h using H2O-diglyme mixture as solvent. 
Metal-containing silicoaluminophosphate molecular sieves (MeSAPO-5) with dif-
ferent Si/Al ratios were found to be effective in the dehydration of fructose. A 
5-HMF yield of 73.9% was obtained over MeSAPO-5(0.25Si) catalyst at 170 °C in 
2.0 h [143].

Our group [144] studied the production of 5-HMF from the fructose in the pres-
ence of heterogeneous Sn-based catalyst. A mixed SnO2-ZrO2 catalyst was prepared 
from zirconiumn-propoxide and different metal Sn precursors using a sol-gel 
method. The sulfated SnO2-ZrO2 (SO4

2−/SnO2-ZrO2) was obtained by the impreg-
nation method using H2SO4 solution. When these materials were used in the dehy-
dration of fructose, it was found that a suitable ratio of Sn/Zr was 0.5, and the 
catalytic activity of SO4

2−/SnO2-ZrO2 was higher than that of SnO2-ZrO2 where 
more than 75.0% yield of 5-HMF was obtained in 2.5 h at 120 °C. Recycle experi-
ments showed that the catalytic activity remained constant after being used five 
times. Furthermore, selective dehydration of fructose to 5-HMF using heteroge-
neous Ge (IV) catalysts was successful. Based on GeO2 material, two catalyst sys-
tems are efficient for the dehydration process. In the presence of dual GeO2-Ge3N4 
catalyst, fructose is converted to 5-HMF in a 62% yield at 150 °C in 100 min. With 
sulfated GeO2 (SO4

2−/GeO2) as catalyst, a 68% yield of 5-HMF from fructose is 
obtained in DMSO solvent [145]. The existence of SO4

2− contributes to the increase 
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of more acid sites on the catalyst surface, leading to a high catalytic activity and 
high product yield.

Hafizi et al. [146] prepared well-ordered KIT-6 mesoporous silica via a sol-gel 
process and functionalized with sulfonic acid groups. Catalytic activity in the 
conversion of fructose to 5-HMF was measured. Results showed that 100% conver-
sion and 84.1% yield of 5-HMF was obtained in DMSO at 165 °C in 30 min reac-
tion time.

3.3.3  �Metal-Containing Catalysts

Transition metal-promoted selective transformation of fructose has been studied 
since the 1960s [147]. Trapmann and Sethi [148] demonstrated the catalytic perfor-
mance of thorium- and zirconium metals and showed that fructose is converted into 
5-HMF with these transition metals in dilute solutions. Ishida and Seri [149] 
reported that glucose could be transformed to 5-HMF through promotion by lantha-
nide metals, and 5-HMF was further decomposed during the reaction. It was 
revealed that a special relationship exists between the activity and atomic weight of 
the lanthanide (III) ions, which are double arc-formed shapes with an extreme point 
of Sm3+. This is quite useful to the development of novel catalyst. Further investiga-
tion showed that any of the lanthanide (III) ions (La3+- Lu3+) could accelerate effec-
tively the conversion of various hexoses into 5-HMF in aqueous solutions at 140 °C 
in which no levulinic acid forms [150, 151]. Moreover, kinetic experiments revealed 
that generation of La3+ complexes with hexose molecules is not relatively slow for 
dehydration. Therefore, it should not be the rate-determining step and is the subse-
quent process of a reactant-catalyst complex.

Metal-catalyzed transformation of hexoses to produce 5-HMF has had some 
exciting breakthroughs [152–154]. Zhao et al. [152] found that metal halides effi-
ciently catalyze the dehydration of hexoses in the ionic liquid [EMIM]Cl where the 
CrCl2 is highly active and ca. 70% yield of 5-HMF is obtained during the transfor-
mation of fructose and glucose. Yong et al. [153] revealed that N-heterocyclic car-
bene-Cr/ionic liquid has good catalytic performance for hexose dehydration. They 
found that about 96% yield of 5-HMF was obtained after extraction using diethyl 
ether. In addition, a considerable yield of 5-HMF could be achieved for high sub-
strate loading and the catalyst was recyclable. Moreover, the same group further 
reported that D-fructose dehydration occurred with WCl6 as catalyst in the [BMIM]
Cl ionic liquid-THF biphasic solvent system. As a result, 5-HMF yield could reach 
72% at 50 °C for 4 h reaction time [154].

Ilgen et al. [126] found that the D-fructose was effectively dehydrated to 5-HMF 
with CrCl3 as catalyst in a mixture of choline chloride and 50 wt.% of D-fructose 
where ca. 60% yield could be obtained under suitable conditions. Our group [155] 
also investigated the synthesis of 5-HMF using different metal chlorides as catalysts 
in the THF-H2O biphasic system and found that antimony chloride (SbCl3) was 
more effective than other metal chlorides for D-fructose dehydration in THF-H2O 
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solvent, in which about 84.0% of yield of 5-HMF was obtained with SbCl3-LiBr 
catalytic system at 120 °C in 1.5 h. The catalytic action of SbCl3 is due to its suitable 
acidic character, and the addition of LiBr can improve the stability of 5-HMF during 
the entire reaction.

To achieve recycle of metal catalysts, polymer-supported NHC-metals have been 
prepared from chloromethyl polystyrene resin via two-step reaction. As a result, 
1.6–16 mol % of metal components have been successfully loaded into total imid-
azolium, whereas the ionic liquid moiety in the imidazolium chloride salt remains 
almost unchanged [156]. When the polymer-supported NHC-metal catalysts were 
used for dehydration of fructose, about 70% yield of 5-HMF with high fructose 
conversion was attained in the presence of the polymer-supported NHC-FeIII 
catalyst.

3.3.4  �Other Catalytic Systems

In the dehydration of D-fructose, some other catalytic systems have been employed 
to increase reaction efficiency. Mednick [89, 157] found that production of 5-HMF 
was achieved in the presence of ammonium phosphate, triethylamine phosphate or 
pyridinium phosphate catalyst. The yield of 5-HMF was as high as 44% when pyri-
dinium phosphate was employed as the mediator. Fayet and Gelas [158] carried out 
the dehydration of D-fructose with pyridinium trifluoroacetate, hydrochloride, 
hydrobromide, perbromate or p-toluenesulfonate as catalyst, in which the 5-HMF 
yield could reach almost 70% at 120 °C after 30 min reaction time. Smith [159] 
found that ammonium sulfate or sulfite could be used as catalyst for the dehydration 
of D-fructose and reported that in the presence of NH4Al(SO4)2 catalyst, a 5-HMF 
yield as high as 50% was obtained after 12 s at 170 °C [160]. Activated carbon as 
adsorbent showed a positive effect on the acid catalyzed fructose dehydration [161], 
in which both the yield and selectivity of 5-HMF could be increased during 
reaction.

Nowadays, research on catalytic processes is closely related to methods of green 
chemistry [162, 163]. On the stability, low vapor pressure and recyclability, ionic 
liquids have been considered to have many merits for their use as reaction solvents 
or as catalysts [164–166]. Ionic liquids have advantages as solvents in sugar dehy-
dration with solid resins and metal chlorides [125, 153, 167]. The following discus-
sion concentrates on the conversion of hexoses using ionic liquids as catalyst.

Catalytic activity of pyridinium-containing ionic liquid was first demonstrated 
for D-fructose dehydration [158]. Moreau et al. [168] found that D-fructose could 
be effectively and selectively dehydrated at 90 °C with 1-H-3-methyl imidazolium 
chloride ([HMIM]Cl) as solvent and catalyst, in which the yield of 5-HMF reached 
92% for reaction times of 15 to 45 min. Bao et al. [169] investigated the catalytic 
performance of ionic liquids, 3-allyl-1-(4-sulfobutyl)imidazolium trifluorometh-
anesulfonate ([ASBI][Tf]), as well as its Lewis acid derivatives, 3-allyl-1-(4-
sulfurylchloride butyl) imidazolium trifluoromethanesulfonate ([ASCBI][Tf]) on 
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the dehydration of D-fructose and found that these type of ionic liquids have distinct 
effects on the dehydration process, namely, the Lewis acid ionic liquids are more 
efficient than Brønsted acid ionic liquids. Furthermore, the N-methyl-2-
pyrrolidonium based ionic liquids were found to very active on the dehydration of 
D-fructose. Among the different ionic liquids, the N-methyl-2-pyrrolidonium 
methyl sulfonate ([NMP][CH3SO3]) and N-methyl-2-pyrrolidonium hydrogen sul-
fate ([NMP][HSO4]) can efficiently catalyze the dehydration of D-fructose to pro-
duce 5-HMF with DMSO as the solvent under suitable conditions [170]. As a result, 
it is found that a 72.3% yield and 87.2% selectivity of 5-HMF was obtained in the 
presence of 7.5 mol% [NMP][CH3SO3] at 90 °C for 2 h reaction time.

The 1-methylimidazolium-based and N-methylmorpholinium-based ionic liq-
uids have been employed as catalysts for dehydration of fructose. Yields of 74.8% 
and 47.5% of 5-HMF are obtained from D-fructose and sucrose, respectively, at 
90 °C for 2 h under nitrogen atmosphere when N-methylmorpholinium methyl sul-
fonate ([NMM][CH3SO3]) is used as catalyst in an N, N-dimethylformamide-lithium 
bromide (DMF-LiBr) solvent system [171]. The 1-ethyl-3-methylimidazolium 
hydrogen sulfate ([EMIM][HSO4]) is effective for converting fructose into 
5-HMF. An 88% 5-HMF yield was obtained in 30 min using MIBK as a co-solvent 
[172]. In a biphasic system composed of choline chloride/citric acid ionic liquid and 
ethyl acetate, the yield of 5-HMF from fructose reached 91.4% with 93.6% 5-HMF 
selectivity at 80 °C in 1 h [173]. Kotadia et al. [174] further investigated the catalytic 
activities of symmetrical and unsymmetrical Brønsted acidic ionic liquids, and the 
results showed that the unsymmetrical [PSMBIM][HSO4] exhibited high activity 
with 72.8% yield of 5-HMF in DMSO at 80 °C for 1 h.

Our group [175] reported that the selective conversion of fructose to 5-HMF was 
achieved with N-bromosuccinimide (NBS) as a promoter. In the presence of single 
NBS, a 64.2% yield of 5-HMF from fructose was obtained in N-methylpyrrolidone 
for 2 h. The 5-HMF yield could be enhanced to 79.6% and 82.3% when FeCl3 and 
SnCl4 were used as the additives, respectively.

Brønsted acidic ionic liquid 1-methyl-3-(3-sulfopropyl)-imidazolium hydrogen 
sulfate has been employed to catalyze the production of 5-HMF from highly con-
centrated solutions of D-fructose (40 wt.%), in which 73% yield of 5-HMF with 
87% selectivity was obtained in 0.5 h at 150 °C [176]. Jackson et al. [177] synthe-
sized heterogeneous sulfonic acid catalysts using an amine-catalyzed atomic layer 
deposition process where the performance of 3-(mercaptopropyl) trimethoxy-silane 
was tested in the dehydration of fructose. We further [178] reported that the selec-
tive conversion of D-fructose to 5-HMF was achieved in the presence of of graphite 
derivatives such as graphite oxide (GO), reduced graphite oxide (RGO) and sulfated 
reduced graphite oxide (GSO3H). A 5-HMF yield of up to 60.8% was obtained in 
the presence of GO under suitable conditions. Mondal et  al. [179] reported the 
dehydration of fructose using graphene oxide (GO) as acid catalyst and choline 
chloride (ChCl) as additive in ethyl lactate with a 76.3% molar yield. Zhang et al. 
[180] investigated the dehydration of D-fructose to 5-HMF in the presence of tin 
salt and hydrogen phosphate. It is found that the precipitate freshly formed from 
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SnCl4 and (NH4)2HPO4 showed a good performance in a water-DMSO mixed sol-
vent. The highest 5-HMF yield of 71% was achieved at 135 °C in 1 h. The tin 
valence number, the type of phosphate and the molar ratio of Sn/PO4 all affect the 
5-HMF yield in D-fructose dehydration.

Haworth and Jones [49] developed a reaction mechanism for the fructose dehy-
dration to 5-HMF. Van Dam et al. [51], Antal et al. [53] and Kuster [55] supposed 
that the transformation of hexose was on the basis of two probable pathways: one 
depends on the conversion of ring compounds, while the another follows the acyclic 
molecules (Fig.  3.3). Generally, the possible reaction routes for the synthesis of 
5-HMF from hexoses are made up of the isomerization, dehydration, fragmentation, 
reversion and condensation reactions. Some investigations confirmed that produc-
tion of 5-HMF is via either open-chain 1, 2-enediol mechanism or based on fructo-
furanosyl compound [106, 181, 182]. However, Antal et al. [183] and Newth [184] 
suggested that the dehydration of fructose to form 5-HMF proceeded through inter-
mediate ring structures. The proof given by them mainly consisted of: 1) simple 
transformation of 2, 5-anhydro-D-mannose (a formed molecular enol during cyclic 
mechanism) to 5-HMF; 2) easily available production of 5-HMF from fructose, but 
low production from glucose that is based on dehydration of sucrose; 3) the absence 
of carbon-deuterium occurrence in 5-HMF relying on the keto-enol tautomerism in 
open-chain mechanism if the reaction took place in D2O solvent. Amarasekara et al. 
[185] proposed two main intermediates as (4R, 5R)-4-hydroxy-5-hydroxymethyl-4, 
5-dihydrofuran-2-carbaldehyde on the dehydration according to the information of 
1H and 13C NMR measurements.

Fig. 3.3  The possible mechanism for the dehydration of hexoses (Reprinted from Ref. [56] with 
permission of Elsevier B. V. publishing corporation. 2010 Copyright © Elsevier)
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3.4  �Catalytic Production of 5-Hydroxymethylfurfural 
(5-HMF) from Glucose

3.4.1  �Mineral Acids as Catalysts

Comparing glucose with fructose, the former is cheaper and a more plentiful feed-
stock [55], but the lower dehydration rate and the poor selectivity to 5-HMF limit 
glucose as a starting material for 5-HMF production. The dehydration of glucose 
with H3PO4 catalyst only affords 15.5% yield of 5-HMF at 190 °C [186], which may 
be ascribed to the rigid tending aldose formation. A small quantity of open-chain 
substrates in this reaction system result in low enolization rate, which is the route 
for generating 5-HMF. Nevertheless, motivation for developing a process using glu-
cose as feedstock to prepare high-value 5-HMF is very high.

The influences of solvents with mineral acids on the dehydration of glucose have 
been investigated [90]. With water as solvent, glucose dehydration had very low 
selectivity (ca. 6–11% for 5-HMF), while, if the aprotic polar DMSO was used as 
solvent, the 5-HMF yield was no more than 42% for a 3 wt.% concentration of sub-
strate. Interestingly, specially designed biphasic solvent systems such as mixtures of 
DMSO and water, or a mixed system including MIBK and 2-butanol (70: 30) can 
efficiently elevate the yield of 5-HMF during the glucose dehydration. When 10 
wt.% glucose was employed as substrate, the selectivity of 5-HMF was up to 53% 
in DMSO-water solvent mixtures, which is much higher than the selectivity of 11% 
in water [187].

Huang et al. [188] developed a novel and effective process for the synthesis of 
5-HMF from glucose transformation. The used mediator included glucose isomer-
ase and HCl and solvent in a mixture of water and butanol. It is found that 5-HMF 
yield reached 63.3% under mild conditions. Ståhlberg et al. [189] studied the boric 
acid-promoted dehydration of glucose to 5-HMF in imidazolium-based ionic liq-
uids, where a yield of 42% was obtained. It was confirmed that the formation of 1:1 
glucose-borate complexes facilitated the conversion pathway from glucose to fruc-
tose. Deuterium-labeling studies showed that the isomerization proceeded via an 
ene-diol reaction pathway, which is different from that of enzyme-mediated isom-
erization of glucose to fructose. Sulfuric acid has been used as catalyst for the trans-
formation of glucose to produce 5-HMF in the γ-valerolactone solvent system; 
however, only 13% yield of 5-HMF was obtained at 130 °C in 1 h reaction time 
[100].

3.4.2  �Solid Acids as Catalysts

Considering that solid acid catalyst probably accelerate glucose isomerization and 
fructose dehydration, Amberlyst-15 and Mg-Al hydrotalcite (HT) have been studied 
to promote the conversion of glucose and sucrose to 5-HMF [190]. Yields of 42–54% 
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of 5-HMF were obtained at 100 °C in DMF solvent. Furthermore, in the presence of 
TiO2 and ZrO2 catalysts, selective dehydration of glucose was also successfully car-
ried out, where TPD detection showed that the quantity of basic sites plays an 
important role in glucose isomerization; however, the acidity density and basicity 
density are responsible for the production of 5-HMF during reaction [131]. The fol-
lowing investigations further showed molecular sieves such as HY zeolite, 
aluminum-pillared montmorillonite, MCM-20 or MCM-41 can also efficiently cata-
lyze the transformation of glucose [191]; but, this route easily produces formic acid 
and 4-oxopentanoic acid. Hu’s group [192] mentioned that the 5-HMF yield could 
reach 47.6% at 403 K for 4 h with SO4

2−/ZrO2-Al2O3 in a 1:1 Zr/Al molar ratio as 
the catalyst. They also showed that stronger acidity and appropriate basicity in the 
solid acid is more beneficial to catalytic transformation of glucose to 5-HMF under 
certain conditions.

Nikolla et al. [193] studied the combination of Sn-Beta with acid catalysts to 
accelerate the synthesis of 5-HMF from glucose in the biphasic H2O/THF solvent 
system. A 79% conversion of glucose with 72% selectivity of 5-HMF was obtained 
under suitable conditions.

A foam-structured acid catalyst of a binderless zirconium phosphate (ZrPO) 
coating on aluminum foam was studied for dehydration of glucose to synthesize 
5-HMF in a biphasic solvent system [194]. Based on extensive investigations of the 
ZrPO catalyst, it was shown that excessive Lewis acidity could lead to conversion 
of glucose to humins with a decrease of 5-HMF selectivity. Accordingly, 35% yield 
of 5-HMF at 70% conversion of glucose was obtained over silylated ZrP-f/Al(lc)-10 
catalyst. The silylation procedure was found to be helpful in improving the 5-HMF 
selectivity over the foam catalyst, which was attributed to the deactivation of partial 
Lewis acid sites (Fig. 3.4).

Hara’s group [195] found that the phosphate-immobilized anatase TiO2 was effi-
cient to catalyze 5-HMF production from glucose in THF/water (90/10 vol.%) solu-
tions. An 81.2% yield of 5-HMF was obtained at 120 °C in 2 h reaction time, which 
was attributed to water-tolerant Lewis acid sites on phosphate/TiO2 catalyst. They 
further explored the reaction mechanism for the formation of 5-HMF from glucose 
in water over TiO2 and phosphate-immobilized TiO2 using isotopically labeled mol-
ecules and 13C NMR spectroscopy. They confirmed that stepwise dehydration of 

Fig. 3.4  Glucose dehydration over parent ZrPO catalyst (left) and that after silylation (right) 
(Figure is adapted from Ref. [194] with permission of John Wiley and Sons Publishing Corporation. 
2013 Copyright © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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glucose forms 5-HMF over the TiO2 catalysts, in which Lewis acid sites are effec-
tive for the dehydration of glucose and its derivatives [196]. Atanda et  al. [197] 
investigated the catalytic performance of nanosized phosphated TiO2 catalysts with 
different phosphate content on the conversion of glucose into 5-HMF, and discov-
ered that 15 wt.% phosphate loading was desirable. Under optimal reaction condi-
tions, a 97% glucose conversion and 81% 5-HMF yield was obtained in the 
water-butanol biphasic system. Jiménez-Morales et al. [198] employed aluminum 
doped MCM-41 silica as catalyst to effectively produce 5-HMF from glucose. By 
using a biphasic water/MIBK as reaction medium and a 30 wt.% of Al-MCM as 
catalyst, about 87% of glucose conversion and 36% of 5-HMF yield were obtained 
at 195 °C after 150 min. Furthermore, the conversion of glucose and yield of 5-HMF 
could be further enhanced to 98% and 63%, respectively, when a sodium chloride 
aqueous solution (20 wt.%) and MIBK were employed as reaction medium. It was 
also reported that for the conversion of glucose to 5-HMF on zirconium phosphate 
catalyst, a 63% yield of 5-HMF was obtained at 180 °C in 3 h in an H2O-diglyme 
mixture [142]. Wang et al. [199] synthesized a series of cerous phosphates with dif-
ferent crystal structures and studied their catalytic performance on the dehydration 
of glucose to 5-HMF, in which a 97% conversion of glucose and 61% yield of 
5-HMF were obtained using cerous phosphate with a hexagonal crystal structure as 
catalyst. It was shown that Lewis acidity played an important role in the dehydration 
of glucose to 5-HMF with cerous phosphate catalysts. Moreno-Recio et al. [200] 
investigated the catalytic dehydration of glucose to 5-HMF with ZSM-5 zeolites 
(H-, Fe- and Cu-ZSM-5). It is found that a glucose conversion of 80% and a 5-HMF 
yield of 42% were obtained using HZSM-5 as a catalyst at 195 °C after 30 min in a 
biphasic NaCl (20 wt.%) aqueous solution/MIBK system, which showed that the 
HZSM-5 catalyst was suitable Lewis/Brønsted molar ratio for conversion of 
glucose.

Kinetics of tandem glucose isomerization and fructose dehydration were deter-
mined by Swift et al. [201] who performed combined experimental and computa-
tional studies on catalytic production of 5-HMF from glucose in water. It is found 
that with a bifunctional zeolite HBEA-25, the octahedrally coordinated extra-
framework Al site was effective to catalyze the isomerization of glucose to fructose 
during reaction. The activation energy of isomerization on H-BEA-25 is between 
that of Ti-BEA and Sn-BEA zeolite. The connection of 5-HMF formation rate ver-
sus ratio of Lewis to Brønsted acid sites has a volcano-shaped curve when the total 
number of acid sites over catalyst is fixed (e.g. aluminosilicate zeolites). On the 
other hand, when Lewis and Brønsted acid sites are varied independently (e.g., in 
Sn-BEA and HCl), the formation rate of 5-HMF first increased and then remained 
constant along with the elevation of Brønsted acid site density. These results are 
consistent with common features of tandem processes using multiple or multifunc-
tional catalysts. Both the formation rate and yield of 5-HMF were at a maximum at 
an L/B ratio of 0.3, which is predicted to be close to 60% at 130 °C. It is considered 
that the degradation reaction of 5-HMF can be suppressed under certain 
conditions.
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3.4.3  �Metal-Containing Catalysts

Zhao et al. [152] studied the catalytic performance of metal halides for conversion 
of glucose in the ionic liquid [EMIM]Cl and found that CrCl2 exhibited high effi-
ciency for generation of 5-HMF, where nearly 70% yield of 5-HMF was obtained. 
Those authors proposed that the formed CrCl3

− anion was the active species in the 
reaction system that accelerated the process of glucose isomerization to produce 
fructose as reaction intermediate.

The N-heterocyclic carbene-Cr combined with an ionic liquid as catalyst for 
selective transformation of glucose to 5-HMF has been reported by Yong et  al. 
[153]. The yield of 5-HMF was as high as 81% and its isolated yield is very high 
when the mixture is extracted by diethyl ether after reaction. Particularly, a large 
amount of glucose as substrate also exists in this system in which the catalyst is 
stable and recyclable for the catalytic dehydration reaction. Furthermore, it is found 
that SnCl4 in the ionic liquid [EMIM]BF4 could catalyze the conversion of glucose 
to 5-HMF under mild conditions [167]. Based on the investigation of the catalytic 
mechanism, the Sn atom forms a chelate with molecular glucose that creates a pen-
tabasic cyclic intermediate that plays a crucial role in the efficient generation of 
5-HMF during the reaction. Li et al. [202] showed that about 90% yield of 5-HMF 
from glucose could be achieved using CrCl3 as catalyst in ionic liquids with the 
assistance of microwave.

Ståhlberg et al. [203] investigated the catalytic activities of YbCl3 and Yb(OTf)3 
in the transformation of glucose. These two salts were very efficient for the synthe-
sis of 5-HMF in alkylimidazolium chlorides and the promotion mechanism of lan-
thanides differs from that of the chromium compounds.

To realize the transformation at high concentrations of glucose, Ilgen et al. [126] 
employed choline chloride to dissolve more than 50 wt% of glucose and found that 
the 5-HMF yield still reached about 31% in the presence of CrCl3 catalyst. Yuan 
et  al. [204] studied the conversion of glucose to produce 5-HMF using CrCl2 or 
CrCl3 as the mediator in the DMSO and ionic liquids where some co-catalysts and 
solvents containing the halides were used. For these reaction systems, a 54.8% yield 
of 5-HMF was obtained in the presence of CrCl2 and tetraethyl ammonium chloride 
at 120 °C for 1 h under a N2 atmosphere. Bali et al. [205] proposed that Cr(III), 
instead of Cr(II), is the active species in the transformation of glucose to 5-HMF in 
ionic liquids, and the yield of 5-HMF can be high when a very weak ligand is pos-
sibly incorporated into the metallic Cr ion.

Our group [175] found that the conversion of glucose to 5-HMF occurred in the 
presence of NBS and CrCl3, in which a 57.3% 5-HMF yield was obtained under 
optimal conditions. Moreover, we studied the conversion of glucose to 5-HMF 
using a combination of SnCl4 and different quaternary ammonium salts [206] and 
found that tetrabutyl ammonium bromide was able to efficiently promote conver-
sion of glucose to 5-HMF in the presence of SnCl4. As a result, a 69.1% yield of 
5-HMF was obtained with SnCl4-tetrabutyl ammonium bromide (SnCl4-TBAB) 
system in DMSO for 2 h reaction time at 100 °C in air.
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Extensive studies on the catalytic mechanism of the glucose dehydration in the 
presence of metal chlorides have been performed and show that mutarotation and 
isomerization reactions are essential to the transformation of glucose [152, 167]. 
The cyclic reaction line plays a key role in dehydration of glucose to 5-HMF based 
on molecular simulations [181]. Pidko et al. [207] reported that the coordination of 
a metallic Cr center happens in the opening and closure of the sugar ring when 
CrCl2 is employed as catalyst. The rate-controlling H-shift reaction can be facili-
tated by transient self-organization of the Lewis acidic Cr2+ centers into a binuclear 
complex with the open form of glucose, which is possible due to dynamic nature of 
the Cr complexes and to the presence of moderately basic functional groups in the 
ionic liquid. As shown in Fig. 3.5, the isomerization of glucose is involved with 
mono- and binuclear Cr complexes, in which the free-energy barrier is low for the 
generation of the open form of D-glucose during reaction. Moreover, the O2-
deprotonated glucose intermediate can be stabilized with the participation of a sec-
ond Cr center.

Fig. 3.5  Catalytic cycle for isomerization of glucose in the presence of CrCl2 in a model 
1,3-dimethylimidazolium ionic-liquid medium. d-FF D-fructofuranose, d-GP D-glucopyranose 
(Adapted from Ref. [207] with permission of John Wiley and Sons Publishing Corporation. 2010 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

X. Tong et al.



103

Computational and experimental studies on the activation of glucose with Lewis 
acidic catalysts CrCl2, CuCl2 and FeCl2 in dialkylimidazolium chloride ionic liquids 
have been performed [208]. The results show that there exists a coordination 
complex between the Lewis acidic Cr2+ center and molecular glucose which directly 
affects transformation of glucose to fructose. It is further proven that formation of 
the intermediate compound is crucial to conversion of glucose. In case of Cu2+, the 
direct coordination of glucose to the copper (II) chloride is difficult. However, 
molecular glucose can be deprotonated by the Cl− ligand of CuCl4

2− complex. 
During the period of the reaction, the Cu2+ may be reduced to Cu+ ions. On the other 
hand, both of these two pathways do not occur for the FeCl2 catalyst.

3.4.4  �Other Catalytic Systems

Based on a comprehensive study on dehydration catalysts, direct conversion of glu-
cose to 5-HMF can be achieved by solely using acidic ionic liquid 1-butyl-3-
methylimidazolium chloride [C4SO3HMIM]Cl as catalyst in a single-pot reaction 
[209]. The mechanism for conversion of glucose to 5-HMF catalyzed by the 
[C4SO3HMIM]Cl ionic liquid was studied using density functional theory (DFT) 
[210]. It was shown that the transformation can proceed via two feasible pathways 
where the cation of the ionic liquid plays a significant role, acting like a mobile 
proton carrier to accelerate the transformation. The chloride anions function with 
the reactant and acidic protons in the imidazolium ring via hydrogen-bonding, and 
supply a polar environment to stabilize the intermediate with assistance of the imid-
azolium cation. Furthermore, the overall barriers of the two potential pathways were 
calculated for catalytic transformation of glucose, and they are 32.9 kcal/mol and 
31.0 kcal/mol, respectively.

Cao et al. [211] used an ammonium resin (PBnNH3Cl) as a single catalyst for 
glucose dehydration to produce 5-HMF. Greater than >80% product selectivity was 
achieved in a DMSO or biphasic system. Further, they proposed the reaction path-
way for glucose dehydration to 5-HMF by this ammonium resin catalyst (Scheme 
3.4). They considered that an amine-catalyzed glucose isomerization via an enediol 
pathway and ammonium salt or acid (P-BnNH2/HCl)-catalyzed fructose dehydra-
tion mechanism was feasible. The hydrogen bonds between N-H and O-H that exist 
in all intermediates and transition states should stabilize these compounds and facil-
itate the reaction. A sulfonic acid functionalized metal-organic framework MIL-
101(Cr)-SO3H was used as the catalyst for the glucose dehydration to 5-HMF in 
γ-valerolactone : water (9 : 1) solvent [212]. Under optimal conditions, a 44.9% 
yield of 5-HMF with a 45.8% selectivity was obtained. Analysis of the reaction 
kinetics showed that the glucose isomerization in this catalytic system is second-
order with an apparent activation energy of 100.9 kJ/mol. Moreover, the catalyst is 
highly stable and able to provide a steady 5-HMF yield in fixed-bed reactors.
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3.5  �Catalytic Production of 5-Hydroxymethylfurfural 
(5-HMF) from Polysaccharides

It is well-known that employing polysaccharides and cellulose as feedstocks for the 
direct production of 5-HMF is vital for sustainable processes. Chheda et al. [187] 
found that good selectivity for 5-HMF at high conversion from polysaccharides, 
such as sucrose, starch, cellobiose and xylan could be obtained using mineral acids 
(HCl, H2SO4 or H3PO4) as the catalyst, in a biphasic reaction phase consisting of 
water modified with DMSO and an organic extraction phase that was composed of 
a mixture of MIBK and 2-butanol (7:3, w/w).

Ilgen et al. [126] investigated the conversion of different polysaccharides in the 
choline chloride system with p-toluenesulfonic acid as the catalyst, where more 
than 50 wt% of substrate was used. Yields of 5-HMF reached 25% and 57% from 
the conversion of inulin and sucrose under the mild conditions. Moreover, the yields 
of 5-HMF from inulin and sucrose were 46% and 43%, respectively, when CrCl3 
catalyst was employed in the systems composed of choline chloride and more than 
50% sugar. Yields of 27% and 54% of 5-HMF were obtained from sucrose and inu-
lin using Amberlyst-15 solid acid catalyst in the mixture, respectively. Carlini et al. 
[108] reported that niobium phosphate had high activity in the transformation of 
sugars in aqueous medium, where the 5-HMF yields could reach 27% and 31% 
from solutions of 12.7% sucrose and 6.0% inulin, respectively. Chheda and Dumesic 

Scheme 3.4  Reaction pathway for glucose dehydration in PBnNH3Cl/DMSO catalytic system 
(Adapted from Ref. [211] with permission of Royal Society of Chemistry publishing corporation. 
2015 Copyright © Royal Society of Chemistry)
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[119] reported that a 69% or 43% yield of 5-HMF was obtained from inulin or 
sucrose with the Diaion® PK-216 resin as the catalyst in a biphasic system that was 
composed of water and NMP solvent (4: 6, w/w). For a continuous flow reactor, 
61% product yield was obtained in the dehydration of sucrose to 5-(chloromethyl) 
furfural within 60 s in the biphasic system including HCl aqueous solution and 
organic solvent [104]. The 5-(chloromethyl) furfural can be further converted to 
5-HMF through a simple hydrolysis process in the continuous flow reactor.

The conversion of disaccharides and polysaccharide to 5-HMF in imidazolium-
based ionic liquids with boric acid as a promoter have been reported, in which 66% 
5-HMF yield is obtained from sucrose and 33% 5-HMF yield is obtained from 
maltose or starch under suitable conditions [189]. Our group [175] found that the 
conversion of sucrose and inulin to 5-HMF occurred in the presence of NBS and 
CrCl3, in which a 68.2% or 62.4% yield of 5-HMF from sucrose or inulin was 
achieved. Besides, we studied the selective production of 5-HMF from inulin with 
graphite oxide as the catalyst, in which a 58.2% of 5-HMF yield was obtained at 160 
°C for 100 min in DMSO solvent [178]. A 61.2% of 5-HMF yield from inulin can 
be obtained in THF-H2O (3:1) mixture. Furthermore, 88.2% and 76.7% yields of 
5-HMF from sucrose and maltose are possible using a combination of [bi-
C3SO3HMIM][CH3SO3] and manganese chloride(MnCl2) as the catalyst in [BMIM]
Cl, respectively [213]. About 38% yield of 5-HMF from sucrose was obtained in the 
presence of 5 mol/L H2SO4 and 10 mL γ-valerolactone at 130 °C [100].

Jain et al. [142] reported that in the conversion of glucose to produce 5-HMF 
with the zirconium phosphate catalyst, a 53% yield of 5-HMF was obtained at 
180 °C for 2 h in the H2O-diglyme mixture. Zhang et al. [180] found that a 45% 
yield of 5-HMF was attained from sucrose with SnCl4 and (NH4)2HPO4 as catalyst 
in water-DMSO mixture (35: 65, w/w) at 135 °C after 1 h.

3.6  �Catalytic Production of 5-Hydroxymethylfurfural 
(5-HMF) from Biomass Feedstocks

Binder and Raines [214] reported that a combination of alkali metal halide and N, 
N-dimethylacetamide allows selective transformation of lignocellulosic biomass to 
5-HMF. The obtained yields are comparable to those from the dehydration of fruc-
tose, glucose and cellulose with mineral acid catalysts. For example, 5-HMF yield 
reached 92% from lignocellulosic biomass in DMAc-KI reaction medium when a 
solution of 6.0 mol% H2SO4 was used as catalyst.

The selective transformation of lignocelluosic biomass to 5-HMF was studied by 
Zhang and Zhao [215], who found that 45–52% yields of 5-HMF are obtained from 
corn stalk, rice straw and pine wood under microwave in 3 min. In particular, the 
direct synthesis of 5-HMF from cellulose could be efficiently carried out with the 
catalytic system composed of CuCl2 and CrCl2 in [EMIM]Cl solvent in which 55.4 
± 4.0% yield of 5-HMF was obtained [216]. Zhang et al. [217] reported that the 

3  Catalytic Production of 5-Hydroxymethylfurfural from Biomass…



106

conversion reaches 89% with CrCl2 using [EMIM]Cl and water as solvent. Kim 
et al. [218] carried out a one-pot transformation of cellulose into 5-HMF employing 
a combination of metal chlorides as catalysts with [EMIM]Cl solvent. Based on 
extensive screening of different metal chlorides, the combination of CrCl2 and 
RuCl3 was considered as the most effective catalyst. About 60% yield of 5-HMF 
was obtained from cellulose under certain conditions. Furthermore, this catalyst 
system was used to convert a lignocellulosic biomass feedstock Reed (Phragmites 
communis, Trin.) in 1-ethyl-3-methyl imidazolium chloride ([EMIM]Cl) solvent 
that gave yields of 5-HMF of ca. 41% using CrCl2/RuCl3 (4: 1) at 120 °C for 2 h in 
which the conversion of reed closely corresponded to the glucan content.

An efficient two-step process for converting microcrystalline cellulose into 
5-HMF with the acidic resin and CrCl3 in ionic liquids was demonstrated [219]. In 
the first step, high glucose yields of above 80% could be obtained from the hydro-
lysis of cellulose with the strong acidic cation exchange resin catalyst in ionic liquid 
[EMIM]Cl with gradual addition of water. In the second step, the used resin was 
separated from reaction mixture and CrCl3 was added, which resulted in a 5-HMF 
yield of 73% based on cellulose substrate.

Wang’ group [220] reported that the efficient transformation of microcrystalline 
cellulose to 5-HMF was achieved using the acidic ionic liquids and metal salts as 
the catalysts in the 1-ethyl-3-methylimidazolium acetate ([EMIM][Ac]) solvent. 
The results showed that 1-(4-sulfonic acid) butyl-3-methylimidazolium methyl sul-
fate ([C4SO3HMIM][CH3SO3]) and CuCl2 were most efficient for transformation of 
cellulose, in which a 69.7% yield of 5-HMF was obtained. The same group [213] 
further studied the direct transformation of cellulose into 5-HMF in the [BMIM]Cl 
solvent using dual-core sulfonic acid ionic liquids as catalysts and metal salts as 
co-catalysts. The combination of [bi-C3SO3HMIM][CH3SO3] and manganese chlo-
ride (MnCl2) was found to be the most effective catalyst in which 5-HMF was 
directly produced from cellulose in 66.5% yields. The catalyst could maintain its 
good performance for the cellulose conversion in this system even after being recy-
cled for four runs. Moreover, in their further study on lignocellulosic biomass mate-
rials, the transformation of filter paper and reed gave a 40.28% and 32.62% yield of 
5-HMF, respectively. The lowest yield was obtained from straw (without being acti-
vated) which was, nevertheless, as high as 28.54%.

Cai et al. [221] studied HY promoted hydrolysis of cellulose in ionic liquids and 
showed that 23.6% yield of 5-HMF could be obtained from cellulose in the presence 
of HY with the acid amount of 11.1 mol% by supplying water gradually during the 
period of reaction in [BMIM]Cl ionic liquid. Nandiwale et al. [222] systematically 
studied the catalytic synthesis of 5-HMF by hydrolysis of microcrystalline cellulose 
over bimodal-HZ-5 zeolite, in which bimodal-HZ-5 was prepared by post-synthesis 
modification of H-ZSM-5 with desilication. A 67% cellulose conversion and 46% 
yield of 5-HMF were obtained and the catalyst was found to be reusable for four 
cycles without loss of activity. Tan et  al. [223] found a feasible way to operate 
chemical process using inexpensive chromium catalyst and low catalyst loading to 
convert cellulose to 5-HMF at mild temperatures (<120 °C) in [BMIM]Cl) solvent. 
Under optimal conditions, a 47.5% yield of 5-HMF was obtained in the ionic liquid/
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zeolite/CrCl2 system, where the zeolite with moderate acidity was used to promote 
cellulose hydrolysis and to slow down the decomposition process of 5-HMF in 
side-reactions.

Tao et  al. [224] employed CoSO4 as catalyst in 1-(4-sulfonic acid) butyl-3-
methylimidazolium hydrogen sulfate ionic liquid for the hydrolysis of cellulose, 
affording an 84% conversion of cellulose at 150 °C after 300 min reaction time. In 
the presence of a catalytic amount of CoSO4, the yields of 5-HMF and furfural were 
up to 24% and 17%, respectively. The CoSO4-ionic liquid hydrolysis system exhib-
ited favorable catalytic activity over five repeated runs in the ionic liquid. They 
further investigated the effects of ionic liquids and metal ions on the hydrolysis of 
microcrystalline cellulose [225] and found that 1-(4-sulfonic acid) butyl-3-
methylimidazolium hydrogen sulfate showed the highest catalytic activity, and the 
promotion of Cr3+, Mn2+, Fe3+, Fe2+, Co2+ were much better than that of other metal 
ions (Zn2+, Al3+, Ni2+, La3+, Cu2+, Ce3+, Cs+, Sn2+). Catalytic activities of metal 
nitrates were not as high as expected as those of chlorides and sulfates. Typically, 
using MnCl2 as the co-catalyst, an 88.6% conversion of cellulose and 37.5% yield 
of 5-HMF was obtained at 150 °C and 2.5 MPa. Zhao et al. [226] reported on a 
novel method for the production of 5-HMF in high yields from cellulose using a 
Brønsted-Lewis-surfactant-combined heteropolyacid (HPA) Cr[(DS)H2PW12O40]3 
as the catalyst. It is found that a 77.1% conversion and 52.7% yield of 5-HMF was 
obtained at 150 °C within 2 h, and that the micellar HPA catalyst could be recycled 
by a simple separation process. Abou-Yousef et al. [227] studied the conversion of 
cellulose to 5-HMF which was performed by using single or combined metal 
chloride catalysts in 1-ethyl-3-methylimidazolium chloride ([EMIM]Cl) ionic liq-
uid. They found that CrCl3 was the most effective single metal catalyst for selective 
conversion of cellulose into 5-HMF with 35.6% yield, and the CrCl3/CuCl2 was the 
most selective combination to convert cellulose into 5-HMF with a 39.9% yield. 
Dutta et al. [228] reported that the direct transformation of cellulose into 5-HMF 
occurred using single or combined metal chloride catalysts in the DMA-LiCl sol-
vent system under microwave-assisted heating. Those authors showed that Zr(O)
Cl2/CrCl3 combined catalyst was most effective as it enables about 57% yield of 
5-HMF from cellulose fiber. Moreover, it is noteworthy that the combined Zr(O)Cl2/
CrCl3 catalyst was also effective for transformation of sugarcane bagasse to 5-HMF, 
in which a 38% product yield was obtained under optimal conditions.

Sawdust has been directly converted into 5-HMF in 1,3-dimethyl-2-
imidazolidinone (DMT) solvent using alkali halides with Cr(NO3)3·9H2O as cata-
lysts [229]. The alkali halides played an important role in the transformation of 
sawdust, in which a 28% or 25.5% yield of 5-HMF was obtained with the assistance 
of NaCl and KCl, respectively. Qu et al. [230] used ionic liquids as catalyst for the 
transformation of microcrystalline cellulose to 5-HMF under microwave irradiation 
in N,N-dimethylacetamide (DMAc) containing LiCl. They found that 
1,1,3,3-tetramethylguanidine tetrafluoroborate ([TMG][BF4]) showed high cata-
lytic activity and a 5-HMF yield of 28.63% was achieved. Moreover, Lee et al. [231] 
provided a novel method to realize transformation of cellulose to 5-HMF, and a 
46.1% yield was obtained by integrating a sequential enzyme cascade technique in 
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an aqueous system with solid acid catalysis in an organic solvent system, in which 
solid acid was the sulfonic acid-functionalized mesoporous silica nanoparticles 
(MSN), and the used enzyme system contain cellulase-Fe3O4@MSN and isomerase-
Fe3O4@MSN as catalysts.

The synthesis of 5-HMF from cellulose was investigated using phosphates as the 
catalyst, where a 31.2% product yield was obtained with subcritical water [232]. A 
53% yield of 5-HMF from cellulose has been reported with NaHSO4 and ZnSO4 as 
the catalyst in a biphasic H2O-THF solvent at 3.0 MPa pressure [233].

The acid (−SO3H) impregnated low cost cellulose-derived carbonaceous catalyst 
(CCC), a new mesoporous material`, is highly effective for the production of 5-HMF 
from cellulose in which a 40.5% product yield has been obtained [234]. Numerous 
CCC mesoporous materials can be synthesized using reducing sugars as starting 
materials. Zhang et al. [235] studied the transformation of cellulose to 5-HMF cata-
lyzed by the heteropolyacid HOCH2CH2N(CH3)3)xH3-xPW12O40 (abbreviated as 
ChxH3−xPW12O40,x = 1, 2 and 3) catalysts in the methyl isobutyl ketone-H2O solvent. 
An outstanding 5-HMF yield of 75.0% was obtained using the ChH2PW12O40 cata-
lyst at 140 °C in 8 h reaction time, which can be attributed to the high Brønsted 
acidity and thermo-regulatable nature compared with the homogeneous H3PW12O40 
catalyst. Moreover, a 27.6% yield of 5-HMF was obtained from raw lignocellulosic 
biomass straw under similar conditions.

Based on above discussion, it is concluded that metal salts as the catalysts have 
favorable reactivity in ionic liquids which can be attributed to the cellulose unit 
being distorted during the dissolution stage. After the metal salts (as Lewis acid 
catalyst) interact with the dissolved cellulose, a higher surface area is formed that is 
helpful for depolymerization to glucose monomers. The following glucose isomeri-
zation should depend on the stability of the metal ion complex in dimers in ionic 
liquids. The performance of metal salts is related to the character of the Lewis acid 
as well as to the stabilization of the dimers in the complex stage [236]. Zhang et al. 
[237] reported on a new approach to synthesize 5-HMF through a tandem pathway 
in a molten hydrate solution which allows decrystallization, depolymerization and 
conversion of microcrystalline cellulose (MCC). When a 71.62 wt% ZnCl2 aqueous 
solution was used as the reaction medium and methylisobutylketone (MIBK) as the 
extraction solvent, about 80.6% yield of 5-HMF was obtained with a 0.2 mol/L 
concentration of HCl as the catalyst under optimal conditions. The aqueous solution 
could be recycled without loss of catalytic activity.

An effective integrated process was developed for the transformation of cellu-
lose, straw and barley husk into 5-HMF with organic salts as bi-functional organo-
catalysts in biphasic water/MIBK systems [238]. A 52% yield of 5-HMF at 83% 
conversion of cellulose was obtained with sulphanilic acid as catalyst at 150 °C 
within 60 minutes under metal-free conditions. As depicted in Scheme 3.5, the 
hydrolysis of cellulose to glucose and the dehydration of fructose to 5-HMF are 
both acid-catalyzed processes. The isomerization of glucose was preferable to be 
carried out in the presence of an amine-based catalyst, which is similar to the glu-
cose isomerase enzyme in nature that uses an amino group. Thus, it was concluded 
that ammonium salts with an appropriate acidity/basicity balance could effectively 

X. Tong et al.



109

promote selective transformation of cellulose to generate 5-HMF in the presence of 
sulphanilic acid. The catalyst was further employed for the transformation of waste 
lignocellulosic biomass residues including the straw and barley husk. The experi-
mental data showed that lignocellulosic materials were selectively converted to 
5-HMF in approximately 41% yields. This catalyst and procedure provides a prom-
ising process for direct conversion of cellulose and raw biomass feedstocks to 
5-HMF and furanic derivatives.

3.7  �Conclusions and Future Outlook

In conclusion, 5-HMF is a useful and promising bio-based platform compound for 
the production of liquid fuels and highly valuable chemicals, and therefore can be 
regarded as a vital alternative to replace fossil-based energy resource in the future. 
Over the past decade, the synthesis of 5-HMF has primarily focused on the utiliza-
tion of homogeneous mineral acids, metal halides and heterogonous solid acid cata-
lysts in pure water or high boiling point solvents (DMSO, DMF, and ILs) alone or 
in modified high boiling point solvents mixed with aqueous media. Considerable 
improvement has been achieved in the conversion of fructose to 5-HMF, whereas 
the transformation of glucose, sucrose and cellulose are still relatively difficult. The 
main bottleneck for the conversion of glucose-based substrates to 5-HMF is the 
isomerization to fructose, which requires different conditions from the fructose 
dehydration reaction. Up until now, desirable methods rely on the two independent 
steps, in which several efficient catalysts composed of bases and acids or enzyme 
and acids have been developed and reported. To achieve large-scale industrial appli-
cations, further elevation of conversion and selectivity of 5-HMF for the catalytic 
transformation of biomass feedstocks and biomass-derived carbohydrates is essen-
tial. Thus, exploring the highly-active and selective catalysts and corresponding 

Scheme 3.5  Proposed mechanism for cellulose conversion into 5-hydroxymethyl furfural using 
bifunctional acid-base salt catalyst (Adapted from Ref. [238] with permission of RSC publishing 
corporation. 2016 Copyright © Royal Society of Chemistry)
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reactors to obtain high yields of 5-HMF from biomass feedstocks and biomass-
derived sugars will be necessary.

Based on trends in green chemistry and sustainable production, the future orien-
tation of catalytic technology will be focused on efficient, facile and environmen-
tally benign preparation of 5-HMF.  Especially, multifunctional heterogeneous 
catalysts that are synthesized by incorporation of solid acid or solid base catalysts 
with metal constituents needs to be developed. The application of the bifunctional 
metallic catalysts with both Brønsted acid and Lewis acid sites for the conversion of 
cellulose and hemicelluloses to furans via C6 and C5 sugars is very promising. 
Novel reactors for the application of the multifunctional catalysts need to be 
designed, which can be helpful to explore their economics. In addition, optimization 
of reaction conditions, use of mild condition for high substrate conversions that 
have high 5-HMF selectivity are desirable, in which these methods must be 
environmentally-friendly. The recyclability of heterogeneous catalysts and efficient 
separation and purity of the main products are also important topics to promote 
development in the catalytic field.
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Chapter 4
5-(Halomethyl)furfurals from Biomass 
and Biomass-Derived Sugars

Mark Mascal

Abstract  5-(Halomethyl)furfurals (XMFs) are biomass-derived platform chemi-
cals that are gaining traction as practical alternatives to 5-(hydroxymethyl)furfural 
(HMF). This chapter provides an overview of the historical role of XMFs in the 
chemical investigation of carbohydrates and describes multiple approaches to their 
preparation, including recent breakthroughs by which XMFs, and in particular 
5-(chloromethyl)furfural (CMF), are obtained in high yield directly from raw bio-
mass. Halomethylfurfurals have two basic derivative manifolds: furanic and levu-
linic, and this chapter will highlight commercial markets that can be unlocked by 
synthetic manipulation of CMF and its immediate derivatives.

Keywords  Biofuels • Biomass • Biorefinery • Chloromethylfurfural • Furans • 
Halomethylfurfurals • Hydroxymethylfurfural • Levulinic acid • Renewable 
polymers

4.1  �Perspective on the 5-(Halomethyl)furfurals

There are three general approaches to biomass processing: biocatalytic, thermo-
chemical, and chemocatalytic, and of these, the latter is currently the least practiced 
commercially, but considered to offer the greatest promise for future embodiments 
of the biorefinery [1]. Chemocatalytic methods have the advantage of being faster 
and generally cheaper than enzymatic/fermentative processes, and are much more 
selective than thermolysis.

The icon of the chemocatalytic method has long been 5-(hydroxymethyl)furfural 
1 (Fig. 4.1), or HMF, and to date over 1500 literature references include HMF in 
their title, while a Chemical Abstracts search of the structure of HMF gives >10,000 
hits. However, despite all this attention, the production of HMF has not been 
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commercialized, the reason being that the only high-yielding processes for obtain-
ing HMF employ fructose as the feedstock. Beyond this, the isolation of HMF from 
the media in which it is produced (aqueous solution, highly polar solvents, or ionic 
liquids) is hampered by its high polarity and hydrophilicity. Finally, HMF is gradu-
ally decomposed into humins under the conditions of its formation (acid catalysis), 
and thus methods that involve long reaction times and/or high temperatures gener-
ally suffer from low selectivity.

A potential solution to all of the drawbacks of HMF presents itself in the form of 
the halomethylfurfurals (XMFs), and in particular 5-(chloromethyl)furfural 2 
(CMF). CMF has the advantages of (1) being accessible in high yield directly from 
raw biomass; (2) being hydrophobic and thus easily extracted from aqueous media 
with common solvents; and (3) being comparatively stable in the presence of strong 
acid [2]. This chapter will describe the emergence of the halomethylfurfurals as 
platform chemicals with the disruptive potential to displace HMF as the go-to mol-
ecule of the chemocatalytic biorefinery movement.

4.2  �Historical Reports of 5-(Halomethyl)furfural 
Preparation

The first report of the preparation of a halomethylfurfural was published as early as 
1899 by Henry J. H. Fenton of Fenton’s reagent fame. The procedure involved pour-
ing an ethereal solution of hydrogen bromide onto solid fructose and allowing the 
mixture to stand for up to 24 h. The isolated product was 5-(bromomethyl)furfural 
(BMF) 3, the structure of which was correctly assigned [3]. The method was later 
extended to various forms of cellulose, which gave BMF in yields around 30% [4]. 
Following the same procedure as used to produce 3 from cellulose, treatment with 
dry hydrogen chloride in chloroform gave the first sample of CMF 2, albeit in only 
about 12% yield [5]. These works also describe multiple efforts to derivatize the 
halomethylfurfurals, including the preparation of HMF 1, acyloxymethylfurfurals 
6, and 5-methylfurfural 7, along with their hydrazone and oxime derivatives (see 
Scheme 4.2). In 1909, Fenton and Robinson described Friedel-Crafts reactions of 
CMF with benzene and toluene to give arylmethylfurfurals 8, as well as the 
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oxidation of CMF with HNO3 to give 2,5-furandicarboxylic acid 9 [6]. They also 
used the chemistry of the halomethylfurfurals to derive the correct structure for 
HMF, which had been previously misassigned, which was confirmed in work by 
Erdmann [7] and van Ekstein [8] the following year. Further derivative chemistry 
was undertaken by Cooper and Nuttall, which led to the report of alkoxymethylfur-
furals 10, their corresponding furoic acids 11, and 2,5-diformylfuran 12 [9, 10]. The 
celebrated carbohydrate chemist Emil Fischer undertook to develop a large-scale 
preparation of CMF and reported a yield of about 25% starting from 1 kg of sucrose 
[11]. The first report of an alkoxymethylfurfural acetal 13 also appears here. In 
1923, XMF chemistry was employed to shed light on the disputed nature of the cel-
lulose polymer itself. Thus it had been suggested that the negligible yield of BMF 
from glucose, versus its relatively good yield from fructose, was an indication that 
cellulose was composed of ketose monomers. It was shown however by Hibbert and 
Hill that glucose also could be converted into BMF, undermining the support for this 
theory [12]. CMF next appears as an intermediate in a 1934 Organic Syntheses 
procedure for the preparation of 5-methylfurfural 7 [13], essentially using the 
SnCl2-based method of Fenton and Gostling [5]. Yet another Nobel Prize winning 
sugar chemist, Norman Haworth, studied the preparation of CMF employing for the 
first time a two-phase system, although the yield from sucrose was only 21%. 
Hydrolysis of CMF in boiling water was also shown to give HMF 1 in 90% yield 
[14]. A series of patents later described the use of a two-phase system to produce 
CMF from simple sugars in good yield, particularly in the case of fructose [15–17], 
using ionic modifiers and surface-active agents, and this was followed up by papers 
[18–20]. At around the same time, Szmant and Chundry published a detailed param-
eter study of the production of CMF from fructose and reported an optimized yield 
of 95%. Glucose and starch performed less well, giving 45 and 21% yields under the 
same conditions, respectively [21]. Finally, the production of XMFs by the straight-
forward reaction of HMF with halogenating agents has also been described [22, 23].

4.3  �Modern Approaches to 5-(Halomethyl)furfural 
Preparation

Up until about the year 2000, multiple studies had been concluded describing the 
high-yielding production of halomethylfurfurals from fructose, but with less satis-
factory outcomes using other sugars or cellulose, as described above. In 2008, 
Mascal and Nikitin reported the conversion of either glucose, sucrose, or cellulose 
to a mixture of CMF 2 (71-76%), 2-(hydroxyacetyl)furan 14 (6-8%), HMF 1 
(4-8%), and levulinic acid (LA) 15 (1-5%) (Scheme 4.1) [24]. All three feedstocks 
gave similar product yields and showed similar kinetics, suggesting that hydrolysis 
of cellulose was not the rate-determining step of this reaction. The reactor setup 
involved a two-phase system of 35% hydrochloric acid and 1,2-dichloroethane 
(DCE) solvent, which extracted the products by continuous recirculation through 
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the reactor. At a reaction temperature of 65 °C, complete conversion was observed 
within 30 h. A key finding in this study was that cellulose performed nearly identi-
cally to the monomeric sugars, and indeed the following year the process was 
applied with equal effect to sources of raw biomass (cotton, newspaper, birch saw-
dust, corn stover, and straw). Based on a full carbohydrate analysis of one of these 
feedstocks (corn stover), the yield of CMF and minor co-products 1, 14, and 15 was 
shown to be essentially identical to when simple sugars or pure cellulose were used 
[25, 26]. A dramatic decrease in reaction time was later achieved by increasing the 
temperature of the system to 100 °C and operating in a closed reactor with periodic 
extractions in place of a continuous solvent loop. Under these conditions, CMF was 
the only product found in the organic phase and was isolated in yields of 70-90% 
depending on feedstock and loading, with a further 5–9% LA 15 in the aqueous 
phase [27]. Finally, a 2010 study extended the range of feedstock to include oil 
seeds, wherein the carbohydrate content (starch, sugars, fiber) was converted into 
CMF while the lipids were simply extracted into the organic phase. Thermolysis of 
the CMF-lipid mixture in ethanol gave a biofuel cocktail of ethyl levulinate and 
biodiesel ethyl ester [28].

In related work in the area of halomethylfurfural production, Bols and co-workers 
obtained up to 80% yields of BMF 3 from cellulose using essentially the method of 
Mascal and Nikitin [24] but substituting HBr for HCl [29]. Another study extended 
this same production method to various species of wood and also looked into the 
effects of varying the solvent, temperature, and presence of an LiBr additive [30]. A 
highly useful advancement in the carbohydrate to CMF conversion process was the 
adaptation of the reaction to continuous flow by Brasholz and co-workers [31]. 
Inputting 5 mL min-1 of a 10% solution of fructose in 32% HCl along with the same 
volume of CH2Cl2 and flowing through a coil at 100 °C with a residence time of 
about 2 min, 300 mg min−1 of CMF could be produced with a yield >80%. Another 
innovation in CMF production technology was the use of microwave radiation as 
the heat source, which heats the aqueous phase while avoiding excessive heating of 
the relatively microwave-transparent solvent layer. This led to a substantial accel-
eration of the reaction in batch mode while maintaining yields up to 85% [32, 33]. 
Although this study found DCE to be the most effective solvent for this process, 
cyclohexane was also shown to perform well. The same authors also demonstrated 
that the reduction of cellulose crystallinity by ball-milling pretreatment likewise 
increased CMF yield. Gao and co-workers studied the effect of using a mixed HCl-
H3PO4 acid system in the CMF process at only 45 °C, although yields of CMF from 
fructose were no better than 50% after 20 h [34, 35]. Another alternative medium 
involves the use of a choline chloride-based ionic liquid for fructose to CMF con-
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version in the presence of an immiscible organic solvent layer. Although the yield is 
relatively low (~50%), the formal need for an aqueous acid phase is removed [36]. 
In this case, it must however also be noted that a similar study in the 1980s likewise 
showed that ammonium salts were effective for the conversion of monomeric sugars 
into HMF and in some cases halomethylfurfurals [37]. Most recently, the effects of 
mass transfer, reaction temperature, Hansen solvent parameters, solvent fraction, 
and feedstock loading on yields of CMF from glucose have been studied in detail, 
and multiple lines of evidence suggest that the yield of CMF is mainly limited by 
the extraction of the HMF intermediate into the solvent phase [38]. This finding 
suggests that this partitioning effect increases CMF yields either by lowering the 
aqueous layer concentration of HMF and thereby shielding it from decomposition, 
or by providing a medium conducive to the conversion of HMF into CMF.

The production of halomethylfurfurals is also described in the recent patent lit-
erature, variously involving the use of Lewis acids, gaseous HCl, ionic modifiers, 
assorted feedstocks, and the effect of varying H+ and Cl– concentrations, tempera-
ture, and solvent [39–43]. However, these disclosures are largely redundant with 
previously published work.

Finally, the direct production of 5-(fluoromethyl)furfural (FMF) 4 from sugars or 
other carbohydrates is not known. The only reported routes to date involve the reac-
tion of BMF 3 with either AgF [44] or KF in the presence of a crown ether [45]. 
Although 5-(iodomethyl)furfural (IMF) 5 has been invoked as an intermediate in 
certain biomass transformation processes [46, 47], no report of its isolation and 
characterization has been published.

4.4  �Halomethylfurfural Derivative Chemistry – Furanic 
Manifold

Some of the most basic derivatization work involving the halomethylfurfurals was 
initially reported alongside the early synthetic approaches. Thus, as noted above, 
XMF hydrolysis, alcoholysis, acetolysis, and hydrogenolysis, alongside Friedel-
Crafts reactions and varying extents of oxidation, had all been described prior to 
1920. These simple derivatizations of CMF are summed up in Scheme 4.2. Later 
work has reproduced and in some cases improved access to these derivatives. For 
example, a 1982 patent describes the catalytic hydrogenation of CMF for the pro-
duction of 5-methylfurfural 7 [48], while in a 1985 paper the same reduction is 
performed electrochemically [49], both of which are improvements over the Organic 
Syntheses method that requires SnCl2 [13]. Acyloxymethylfurfurals 6 were origi-
nally prepared by reaction of 3 with silver salts of carboxylic acids [5]. Recent work 
has promoted 5-(acetoxymethyl)furfural (AMF) 6 (R=CH3) as a more hydrophobic 
and stable version of HMF and simplifies the synthesis by reaction of CMF with 
tetraalkylammonium acetate salts [50]. Acylation of CMF has also been carried out 
using a palladium-catalyzed carboxylative coupling reaction with allyltributylstan-
nane [51]. Related work involves the preparation of an η3 Pd(PPh3)2 complex 16 
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from CMF (Scheme 4.3) [52]. A study by Zhou and Rauchfuss in 2013 [53] involv-
ing the Friedel-Crafts reactions of CMF essentially reproduced results obtained 
more than a century earlier [6]. DFF 12 has been another recent XMF-derived target 
of interest, and while early work relied on gentle nitric acid oxidation to obtain 
modest yields of 12 from CMF [10], reaction under Kornblum oxidation conditions 
(heating in DMSO at 150 °C for 18 h) provides DFF in 81% yield [54]. More forc-
ing nitric acid oxidation of CMF gives 2,5-furandicarboxylic acid (FDCA) 9 [6], a 
reaction that was later repeated and found to proceed in 59% yield [31]. An alterna-
tive two-step process reported by Mascal and co-workers gave the bis(acid chloride) 
of FDCA, i.e. 2,5-furandicarbonyl chloride 17 [55] in high yield. Compound 17 is a 
platform for 2,5-furandicarboxylic esters 18 and can also undergo twofold Friedel-
Crafts acylations to give products such as 19. In the same paper, reaction of CMF 
itself with t-BuOCl gave 5-(chloromethyl)furan-2-carbonyl chloride 20, which 
reacts with alcohols under mild conditions to give 5-(chloromethyl)furan-2-carbox-
ylic esters 21, which themselves react with alcohols under more forcing conditions 
to give ester derivatives of 5-(alkoxymethyl)furan-2-carboxylic acids 11, i.e. 22 
[55]. 2,5-Dimethylfuran 24 is a high-octane fuel additive [56] and a precursor to 
p-xylene [57], the utility of which is described later. A high-yielding route to 24 via 
a CMF acetal 23 has been described [58]. Another method for producing novel 
CMF derivatives was reported in a 2012 patent whereby the combination of an 
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alcohol and N-heterocyclic carbene (NHC) catalyst leads directly to 5-methylfu-
roate esters 25 [59]. These compounds are being commercialized as renewable 
motor fuel blendstocks. The selective introduction of nitrogen and carbon nucleo-
philes to CMF is complicated by the presence of two different types of electrophile 
(aldehyde and primary alkyl halide). Reaction of CMF with cyanide fails to give a 
nitrile but succeeds with azide to give azidomethylfurfural 26 [60]. Protection of the 
carbonyl group of CMF as an acetal 23 enables reactions at the C-Cl bond with 
simple carbon nucleophiles such as cyanide and acetylenide as well as organometal-
lics, as will be discussed later. A selective carbon-carbon bond forming reaction at 
the carbonyl group, on the other hand, has been accomplished by Masuno and co-
workers by treatment of CMF with nitromethane to give 27 [61].

4.5  �Halomethylfurfural Derivative Chemistry – Levulinic 
Manifold

A key reaction of CMF is its hydrolysis or alcoholysis under forcing conditions to 
give levulinic acid 15 or levulinic esters 28 respectively, along with the correspond-
ing formate co-product 29 (Scheme 4.4) [62]. This same chemistry has been 
observed stemming from HMF 1 since the late 19th century [63], and the conversion 
of CMF to LA likely proceeds via 1. Since CMF can be produced from raw biomass 
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in yields around 80% [27], and the CMF to LA reaction proceeds in at least 90% 
yield [62], the overall yield of LA from biomass is >70%, which compares favor-
ably with the only industrially competitive technology for the production of LA 
(Biofine) [64]. Like CMF, LA is a platform chemical in its own right and appears in 
the NREL top 12 value added chemicals from biomass [65]. A number of high-level 
reviews of LA chemistry have been published and Chap. 6 of this volume is also 
dedicated to this molecule, therefore this contribution will not consider this topic 
further. Halomethylfurfurals have been employed as intermediates in a large num-
ber of synthetic studies across medicinal, polymer, macrocycle, biofuel, and value-
added product chemistries. Of these, selected highlights are covered below.

4.6  �Halomethylfurfural Derivative Chemistry – Advanced 
Targets

4.6.1  �Medicinal Chemistry

CMF can be used as the starting material for an efficient synthesis of the first $1 
billion selling drug ranitidine 33, which is used in the management of gastroesopha-
geal reflux disease (GERD) and the treatment of gastric and duodenal ulcers. First 
introduced in 1981, it is currently sold over the counter under the trade name Zantac. 
Mascal and Dutta published a novel, 4-step synthesis of 33 in 2011 involving an 
initial substitution of an N-protected 2-aminoethanethiol on CMF followed reduc-
tive amination with dimethylamine to give intermediate 31 (Scheme 4.5). 
Deprotection of the primary amino group and subsequent condensation with inex-
pensive, commercial N-methyl-1-(methylthio)-2-nitroethenamine gave ranitidine 
33 in 68% overall yield [66].

An example which highlights the application of acetal formation to mask the 
reactive aldehyde of CMF is embodied in the synthesis of a furan fatty acid (FFA) 
36. FFAs are naturally-occurring dietary antioxidants which are proposed to have 
potent anti-atherosclerotic properties. They are found in high levels in fish and may 
be responsible in part for the cardioprotective effects of diets high in seafood. The 
synthesis of an FFA starting from CMF is shown in Scheme 4.6. Here, protection of 
the aldehyde function as an acetal is the key to implementing the required chain 
elongation at the methylene group. Thus CMF is converted to the dibutyl acetal 23 
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in nearly quantitative yield in n-butanol solution containing a few drops of aq HCl. 
Nickel-catalyzed sp3-sp3 coupling converts the chloromethyl function to a propyl 
group, and Wittig olefination of the deprotected aldehyde gives desmethyl interme-
diate 35. Methylation of the furan ring as shown completes the synthesis of FFA 36. 
The complete process from CMF to 36 involves seven steps and a 60% overall iso-
lated yield [67].
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An additional 27 research papers and patents to date describe molecules that 
incorporate CMF-derived 2,5-furandiyl units, which have been synthesized as 
potential drug targets for a diverse range of medicinal applications, including anti-
microbial, anti-fungal, anti-viral, anti-tumor, anti-muscarinic, anti-angiogenic, anti-
diabetic, anti-osteoporotic, and LDL-lowering activity. The range of structures is 
too diverse to include here, but it is clear that the furan moiety constitutes a useful 
pharmacophore.

4.6.2  �Macrocyclic and Polymer Chemistry

While Chundry and Szmant published a detailed paper describing the preparation of 
several novel monomers incorporating the –CH2(2,5-furandiyl)CHO group [68], 
only a few macrocycles and polymers have actually been produced directly from 
CMF. The substitution of chlorine of CMF with triphenylphosphine leads to a phos-
phonium salt 37 that can be deprotonated and undergo self-condensation to give 
either macrocycles 38 or poly(2,5-furanylvinylene) 39 [69]. A different approach 
was taken by Jira and Bräunling, who reacted CMF with either furan, pyrrole, or 
thiophene to obtain conjugated polymers of the formula 40 (Scheme 4.7) which, 
when doped, were shown to possess conductivities up to 10−2 S/m [70]. Cram and 
co-workers used CMF in the synthesis of crown ethers incorporating furan rings 
[71, 72].

In terms of current and potential commercial monomer markets, CMF has been 
employed to supply a renewable source of 2,5-dimethylfuran 24 [58], which under-
goes cycloaddition with ethylene to give para-xylene (PX) 41 (Scheme 4.8) [57]. 
This “bio-PX” can then be oxidized to terephthalic acid, which is used to produce 
the high volume polyester polyethylene terephthalate (PET) [73].

Yet another high-profile innovation in polymer chemistry that may be approached 
via CMF is the production of 2,5-furandicarboxylic acid (FDCA) 9. The furanic 
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equivalent of PET is polyethylene furoate (PEF), a novel polymer currently being 
commercialized not only as a green substitute for PET, but as a material possessing 
superior attributes (better gas barrier properties, higher Tg and lower Tm than PET) 
[74]. While FDCA is currently produced from fructose via HMF, a biomass-based 
approach via CMF is available that delivers the bis(acid chloride) of FDCA 17, from 
which polymers can be directly made. Intermediate 17 is also easier to work with 
than the highly insoluble FDCA itself. Other polymers of FDCA involving a variety 
of diols and diamines have been described and are under active investigation [75]. 
In fact, a Chemical Abstract search of FDCA based polymers shows >50 hits for 
binary copolymers and >200 that involve FDCA as a component of a higher-order 
blend.

Given its bifunctional nature, a range of novel monomers can be envisaged stem-
ming from CMF, many of which (42-50) have already been described. With their 
increased availability via CMF, these derivatives may help define a future polymer 
market based exclusively on renewables.

4.6.3  �Biofuels

Like furfural and HMF [76], CMF has been recruited as a platform for carbon chain 
extension via aldol and related reactions for the purpose of making biofuels. Since 
carbohydrate-based substrates are C6 or less, condensations are necessary to achieve 
the hydrocarbon volatility range required for automotive fuels. In most cases poly-
condensation products are catalytically hydrodeoxygenated with H2 to give linear 
alkanes which are suitable as diesel and jet fuels. The high degree of branching 
necessary for gasoline is on the other hand more difficult to achieve via biomass.
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A number of groups have used CMF either as an intermediate or a direct reactant 
in condensation reactions with simple aldehydes or ketones to give >C6 products. 
Thus, Corma describes the use of CMF as a precursor to 5-methyl-furfural 7, which 
undergoes various couplings to give a C9-C16 diesel grade biofuel [77]. Seck like-
wise hydrotreats mixtures of CMF-derived 5-methylfurfural and levulinate ester 
condensates to arrive at diesel and jet fuel formulations [78]. Another group con-
verted CMF into 5-(ethoxymethyl)furfural before condensation with acetone and 
mixing with fatty acid esters to give aviation fuel after hydrogenation [79]. Finally, 
a team from Los Alamos National Lab describes the direct condensation of CMF 
with ketones and hydroxyketones catalyzed by proline metal chelates and/or substi-
tuted benzimidazole catalysts to give C8-C15 hydrocarbon precursors [80].

4.6.4  �Miscellaneous Value-Added Products

Finally, CMF has also proved useful in the synthesis of chemicals with varied appli-
cations, some examples of which are given in Fig. 4.2. The first use of CMF in 
complex natural product synthesis was in an approach to dimethyl jaconate 51, a 
metabolite of the complex pyrrolizidine alkaloid jacobine. (±)-51 was produced in 
nine steps from CMF [81]. A simpler natural product, pichiafuran C 52, which is a 
metabolite of a marine fungus, could be synthesized in two steps from CMF [82]. 
Prothrin 53, a synthetic pyrethroid insecticide, was prepared in six steps and overall 
65% yield from CMF using a tactic which, like that of FFA 36, involved the di-n-
butyl acetal 23 in order to substitute the chloromethyl group without interference 
from the aldehyde [83]. A cyano analogue 54 was likewise produced but found to be 
less active than prothrin. Finally, CMF was used as the starting point for the most 
efficient synthesis to date of 5-aminolevulinic acid 55, a compound used in photo-
dynamic therapy but also of strong interest as a natural herbicide. The approach 
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took advantage of the ability to selectively introduce nitrogen at the chloromethyl 
group of CMF in the form of 5-(azidomethyl)furfural 26. Compound 26 is only two 
steps away from target molecule 55, which was obtained in an overall yield of 68% 
from CMF [84].

4.7  �Conclusions and Future Outlook

The modern concept of the biorefinery is characterized by the production of fuels, 
commodity chemicals, and value-added products from non-petroleum based carbon 
sources [85]. Biorefinery technologies will only be competitive when they have the 
following characteristics: (1) operate on raw biomass; (2) involve short reaction 
sequences running at high performance (high selectivity at high conversion); (3) 
involve no major waste streams; (4) operate under mild conditions; (5) produce 
multifunctional platform chemicals with the potential to unlock renewable fuel, 
materials, and bulk chemicals markets; and (6) outperform other biocatalytic, ther-
mochemical or chemocatalytic methods to the same products. As this chapter dem-
onstrates, the technology for producing XMFs from biomass has been proven by 
multiple studies to conform to the above six characteristics. This is in stark contrast 
to the processes leading to HMF 1 which, as discussed in Section 1.1, have perfor-
mance issues including low yield from raw biomass sources and difficult product 
isolation and catalyst recovery from the media in which it is produced. CMF 2 is the 
functional equivalent of HMF and can undergo virtually any reaction in which HMF 
can participate. Further, since CMF can be converted into HMF in high yield, all the 
derivative chemistry of HMF applies by proxy to CMF. CMF further benefits from 
greater stability, higher solubility in nonpolar solvents, and better reactivity in direct 
substitutions at the methylene group than HMF.

The only legitimate practical detraction from CMF commercialization involves 
the necessity for chloride management, both in the handling of HCl and its recovery 
after CMF derivatization. Here, it can only be recognized that the use of HCl has a 
long history in the chemical industry and multiple materials have been developed to 
accommodate it and other corrosives, including a range of metal alloys, glass- or 
ceramic-lined steel, and various plastics and elastomers for piping [86]. Multiple 
technologies for the recovery of HCl from solution are also practiced, including 
membrane distillation [87], pervaporation [88], acid-base couple extraction [89, 
90], solvent extraction [91–93], diffusion dialysis [94, 95], and electrodialysis [96]. 
Thus, although the use of HCl is a CAPEX issue, it is not a prohibitive one.

In conclusion, no single renewable technology will provide the solution to the 
economic, environmental, and political issues raised by the unabated worldwide use 
of petroleum. The integrated biorefinery represents a broad composite of processes 
which itself merges with non-biomass based alternative energy technologies to cre-
ate a better future world economy. Chemocatalytic technologies have a large and 
increasingly recognized role to play in this context, and the halomethylfurfurals, 
and in particular CMF, have the potential to become the dominant platform chemi-
cal representing the chemocatalytic approach to biomass valorization.
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Chapter 5
Levulinic Acid from Biomass: Synthesis 
and Applications

Buana Girisuta and Hero Jan Heeres

Abstract  Levulinic acid (LA) is a promising platform chemical that can be 
obtained from biomass. The potential to obtain useful chemical derivatives from 
levulinic acid is high due to the presence of both a ketone group and a carboxylic 
acid group. The synthesis of LA on the laboratory scale has been investigated exten-
sively using homogeneous or heterogeneous catalysts. The highest reported yields 
of LA from monosaccharides, polysaccharides and lignocellulosic biomass and 
their reaction conditions are summarized in this chapter. In addition, an overview is 
given on process technology studies including kinetic models and the status of large 
scale production of LA from biomass. Levulinic acid derivatives and their applica-
tion will be presented along with future prospects of LA synthesis in biorefineries.

Keywords  Biomass hydrolysis • Levulinic acid • Kinetic models • 
5-hydroxymethylfurfural • Catalysis

5.1  �Introduction

The world consumption of fossil resources has increased rapidly the last 3 decades 
(Fig. 5.1). Total consumption of fossil resources in 2012 was almost twice the con-
sumption in 1980. Several studies have projected that the world consumption of 
fossil resources will increase to 640 quadrillion BTU in 2040. These fossil resources 
are consumed to fulfill our energy needs, to produce transportation fuels and to 
manufacture a wide range of modern products like polymers, resins, textiles, lubri-
cants and fertilizers.
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Fossil resources are not-renewable and their availability is irrevocably decreas-
ing. Biomass-based technologies can provide alternative sustainable routes for the 
production of liquid transportation fuels and platform chemicals [2–5]. One of the 
platform chemicals that can be produced from sustainable resources is levulinic 
acid (LA). LA is accessible through the hydrolysis of lignocellulosic biomass at 
elevated temperatures (100–250 °C) using acid catalysts. The applications of LA 
and its derivatives have been widely reviewed [6–10].

Lignocellulosic biomass consists of three main biopolymers: cellulose, hemicel-
lulose, and lignin. Depolymerization of the cellulose and hemicellulose fractions is 
an important step for many conversion routes. On a molecular level, hydrolysis of 
lignocellulosic biomass is complex, involving many reactions and intermediates 
(Fig. 5.2). In the presence of an acid catalyst and at elevated temperatures, the cel-
lulose fraction is depolymerized to glucose, which is subsequently converted into 
5-hydroxymethylfurfural (HMF) and finally to LA and formic acid. The hemicel-
lulose fraction contains various sugar polymers such as xylan, arabinan, mannan, or 
galacto-glucomannan. During the hydrolysis reaction, these polymeric sugars are 
depolymerized to pentoses, hexoses, 4-O-methyl glucuronic acid, and acetic acid. 
All hexoses, like glucose, are converted to LA and formic acid as the final products. 
The pentoses are converted to furfural, which is known to be rather reactive under 
the prevailing conditions and may react further to form formic acid and other unde-
sirable decomposition products. The lignin fraction in lignocellulosic biomass can 
be partly solubilized (acid-soluble lignin) in water.
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Fig. 5.1  The world consumption of fossil resources 1980–2012 and its projection until 2040 
(Source: U.S. Energy Information Administration (EIA), May 2016, acknowledgement is given to 
EIA) [1]
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5.2  �Chemistry and Catalysis Towards the Formation of LA

5.2.1  �Reaction Mechanism of LA Formation from Sugars

Several reaction mechanisms for the formation of LA have been reported in the lit-
erature, see for instance, the review of van Putten et al. [11]. The first step in the 
formation of LA is the acid-catalyzed dehydration of the monosaccharides to form 
HMF. The mechanistic pathway for this dehydration reaction involves an acyclic or 
cyclic pathway (Fig.  5.3). The acyclic pathway assumes that the intermediate 
1,2-enediol is formed from the monosaccharides by a Lobry de Bruyn-Alberda van 
Ekenstein mechanism. This intermediate is converted to HMF through two consecu-
tive β-dehydration reactions, followed by a ring closure with water elimination. The 
cyclic pathway starts from the cyclic ketofuranose, which is dehydrated at C2 to 
form a tertiary carbenium cation. Subsequently, two consecutive β-dehydrations in 
the ring lead to the formation of HMF. In van Putten et al., it was concluded that 
fructose is more readily converted to HMF than glucose, and as a result the cyclic 
pathway for fructose is much more likely to occur than the acyclic pathway [11].
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Studies by Horvat et al. using nuclear magnetic resonance (NMR) have shown 
that the conversion of HMF to LA involves the addition of water to the C2 – C3 
bond of the furan [12] (Fig. 5.4). This mechanism was confirmed by a recent study 
using 13C–labeled fructose on the C1 and C6 position. It revealed that the carbonyl 
carbon of HMF is incorporated in formic acid, whereas the hydroxymethyl carbon 
forms the methyl carbon (C5) in LA [13].

The main byproducts of LA production from sugars are soluble and insoluble 
polymeric materials (mostly known as humins), which are formed by condensation 
of HMF with sugars through 2,6-anhydro-ß-D-fructofuranose as the intermediate 
product [14]. These humins not only cause blocking of pipes and other process 
equipment, but also lower the carbon efficiency of the conversions considerably [15, 
16]. In some cases, humins yields as high as 40% based on feed intake have been 
reported [17, 18].

A number of investigations have been reported on conversion methods of solid 
humins to higher value-added products. For instance, Hoang et al. studied the valori-
zation of humins by steam reforming with alkali-metal-based catalysts (900–1200 °C) 
[19, 20] and found that the highest activity was obtained when using Na2CO3 as  
the catalyst. The H2 to CO ratio of the produced syngas was about 2. However, sub-
stantial loss of carbon was observed during the heating up stage (up to 45%-wt. on 
intake). Humins derived from glucose can be depolymerized using a hydrotreatment 
with Ru/C in an isopropanol/formic acid mixture [21]. The reaction was carried out 
at 400 °C and humins conversions up to 69% were achieved [21]. Liquid products 
from that work were shown to consist of both mono- and oligomeric compounds,  
and the major GC detectable compounds were alkylphenolics, aromatics (mono and 
with multiple fused rings) and cyclic alkanes, though their yields based on humins 
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intake was relatively low (< 10%). It was shown that molecular hydrogen is formed 
in situ by the catalytic conversion of formic acid and that this in situ produced hydro-
gen can be used for hydrogenolysis and hydro(deoxygenation) reactions involving 
the humins structure. In addition, IPA was shown to be reactive under these condi-
tions and was (partly) converted into acetone and hydrogen. The latter finding shows 
that formic acid is possibly not required for the liquefaction reaction which would 
considerably simplify the process.

5.2.2  �Synthesis of LA

The first-study on the preparation of LA was reported in the 1840s by the Dutch 
professor G. J. Mulder [22]. Numerous studies on the synthesis of LA from various 
feedstocks under different catalytic conditions have been reported in the last 
decades. Even though various solvents have been applied, water is still the most 
commonly used solvent for the synthesis of LA from monosaccharides, polysac-
charides, and lignocellulosic biomass.

5.2.2.1  �Homogeneous Catalysts

Table 5.1 shows an overview of LA yields obtained from various biomass-related 
feedstocks using homogeneous catalysts. Mineral acids, such as HCl and H2SO4, are 
the most commonly used homogeneous catalysts. Depending on reaction condi-
tions, the maximum reported LA yields from fructose are 73% and 81%-mol when 
using H2SO4 and HCl as the catalyst, respectively. Lower yields of LA are obtained 
when using glucose as the starting material and HCl/H2SO4 as catalysts. Other types 
of homogeneous catalysts (e.g. InCl3 and methanesulfonic acid) have been tested 
for the synthesis of LA from glucose, and a significant improvement in LA yield 
(64%-mol) is obtained when methanesulfonic acid is used as the catalyst. 
Unfortunately, isolated yields are hardly reported, and most are based on GC, HPLC 
or NMR analysis of the liquid phase. In addition, mass balances closures are in most 
cases also not provided, mainly because the soluble humins are difficult to 
quantify.

The cyclic pathway shown in Fig. 5.3 requires glucose to isomerize to fructose 
prior to the dehydration to HMF. The addition of Lewis acid catalysts (e.g. CrCl3) 
enhances the rate of glucose isomerization to fructose, and a combination of Lewis 
and Brønsted acid catalysts is beneficial to obtain high yields of LA from glucose 
[23]. However, the reported yields are still lower than LA yields from fructose. 
Further research should focus on the screening and selection of novel Lewis acids 
and the optimization of reaction conditions.

LA yields from polysaccharides are close to those obtained from monosaccha-
rides [7]. However, when using polysaccharides, more severe reaction conditions 
seem to be required, i.e. longer reaction time or higher amounts of acid catalysts to 
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Table 5.1  Levulinic acid (LA) yields from various biomass-related feedstocks using homogeneous 
catalysts

Feedstock Catalyst
T 
(°C)

Reaction 
time

LA yielda

Ref.
(%-
wt)

(%-
mol)

Fructose H2SO4 0.1 M 120 24 h 40 62 [24]
H2SO4 1 M 140 30 min 47 73 [25]
H2SO4 2 M 170 30 min 28 43b [26]
HCl 2 M 100 24 h 52 81 [27]
HCl 2 M 170 30 min 32 49b [26]
Trifluoroacetic acid 0.5 M 180 1 h 37 57 [28]

Glucose H2SO4 1 M 140 2 h 38 59 [16]
H2SO4 2 M 170 30 min 26 41b [26]
HCl 0.1 M 160 2.5 h 35 54 [29]
HCl 2 M 170 30 min 31 49b [26]
InCl3 0.01 M 180 1 h 37 57 [30]
Methanesulfonic acid 
0.5 M

180 15 min 41 64 [31]

HCl 0.1 M + CrCl3 0.02 M 140 6 h 30 47 [23]
H3PO4 0.02 M + CrCl3 
0.02 M

170 4.5 h 32 50 [32]

Sucrose HCl 0.2 M 150 3 h 24 71c [33]
Extruded starch H2SO4 4%-wt 200 40 min 48 67 [34]
Cellobiose H2SO4 2 M 170 30 min 28 41b [26]

HCl 2 M 170 30 min 30 44b [26]
Cellulose H2SO4 1 M 150 2 h 43 60 [35]

H2SO4 2 M 170 50 min 23 34b [26]
HCl 0.927 M 180 20 min 44 60 [36]
HCl 2 M 170 50 min 31 46b [26]
CrCl3 0.02 M 200 3 h 48 67 [37]
[C3SO3Hmim]HSO4 160 30 min 32 45b [38]
[BSMim]HSO4 120 2 h 40 56 [39]

Water hyacinth 
(26%-wt glucan)

H2SO4 1 M 175 30 min 9 53 [40]

Pretreated hybrid 
poplar (92%-wt 
glucan)

H2SO4 5%-wt 190 50 min 18 60 [41]

Poplar sawdust 
(58%-wt glucan)

HCl 11.5 meq 200 1 h 21 37 [42]

Giant reed (35%-wt 
glucan)

HCl 1.68%-wt 190 20 min 22 30 [43]

Corncob residue 
(62%-wt glucan)

NaCl 6.8 M + AlCl3 
0.08 M

180 2 h 33 47 [44]

aLA yields measured using HPLC or GC analysis and are based on the amount of C6 sugars in the 
feedstock. bLA yields measured using NMR analysis with internal standard. cEach mol of sucrose 
contains 1 mol of fructose and 1 mol of glucose
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achieve similar LA yields as for monosaccharides. Several studies on the synthesis 
of LA from cellulose using a Lewis acid (CrCl3) as catalyst [37] or acidic ionic 
liquids have been reported. In the latter case, the ionic liquid acts as the catalyst and 
reaction medium [38, 39]. The reported LA yields from these studies are more or 
less comparable with LA yields obtained using mineral acids as catalyst.

A large number of studies have been carried out on the production of LA from 
various types of actual biomass. Apart from the reaction conditions and catalysts 
used, LA yields from biomass strongly depend on the biomass composition, espe-
cially the amount of hexose sugars present in each type of biomass (Table 5.1). 
Experimental results given in Table 5.1 are not exhaustive and additional data are 
reported in reviews [6, 7]. The presence of lignin in the lignocellulosic biomass may 
have a negative effect on the effectiveness of the hydrolysis of cellulose and hemi-
cellulose fractions and as such, also affects the yield of LA. For instance, Li et al. 
has published a review on correlations between lignin structure and biomass recal-
citrance [45]. In that review, the role of lignin on the pretreatment process and enzy-
matic hydrolysis are comprehensively reviewed. The presence of lignin leads to a 
reduction in the enzymatic hydrolysis rates through physical barriers and non-
productive binding to enzymes. As such, the presence of lignin in the early stage of 
enzymatic hydrolysis inhibits the conversion of cellulose to sugars [46]. One study 
has reported the effect of lignin on the rate of chemical hydrolysis of cellulose using 
an acidic ionic liquid, [BMIM]Cl as catalyst [47]. With an increase in the concentra-
tion of lignin, the glucose yield on cellulose intake decreased from 23 to 7%-wt., 
which indicates that lignin may also significantly inhibit the chemical hydrolysis of 
cellulose.

A consortium led by the University of Limerick completed a research project 
funded by the European Union entitled “Development of Integrated Biomass 
Approaches NETwork (DIBANET)”. The main objective of that project was to 
develop technologies for the synthesis of ethyl-levulinate from organic wastes and 
residues. As part of that project, Dussan carried out an extensive study to determine 
the compositions of 15 different lignocellulosic biomass sources and to evaluate 
compositional differences on the LA yields [48]. The biomass composition indeed 
played a major role and high hexose content was shown to have a positive effect on 
LA yield. In general, lower LA yields were obtained at higher temperatures, which 
is in line with previous studies where high temperatures have shown to decrease the 
LA selectivity. The study also revealed that the amount of inorganic materials in the 
lignocellulosic biomass plays an important role by neutralizing acid catalysts. As a 
result, lignocellulosic biomass with a higher content of base (for instance, potas-
sium hydroxide) such as in banana stalk, give lower yields of LA.

5.2.2.2  �Heterogeneous Catalysts

Heterogeneous catalysts have received high interest as catalysts for LA synthesis 
(Table 5.2). Heterogeneous catalysts offer several advantages compared with homo-
geneous ones, such as few issues with corrosion and ease in separation. Reported 

B. Girisuta and H.J. Heeres



151

LA yields from low molecular weight sugars (such as fructose, glucose and sucrose) 
using heterogeneous catalysts (e.g. zeolites or Amberlyst resins) are typically 
>50%-mol and comparable with yields obtained using homogenous catalysts. 
Remarkably high LA yields can be obtained from glucose (78%-mol) when using 
graphene oxide with sulfonic acid groups as catalyst [49]. However, when consider-
ing available data, this value seems to be overestimated, possibly due to experimen-
tal/analytical issues. The main disadvantage of the use of heterogeneous catalysts is 
deactivation due to the deposition of humins leading to blocking of the catalyst 
surface or active sites.

Many studies have been carried out on the synthesis of LA from polysaccharides 
using heterogeneous catalysts (Table 5.2). For instance, LA yields of up to 54%-mol 
from cellulose using ZrO2 as catalyst have been reported [55]. Heterogeneous cata-
lysts have been used for the synthesis of LA from lignocelluosic biomass, such as 
sugar cane bagasse [57] and empty fruit bunch [58] with reported LA yields of 45 
and 59%-mol, respectively. Even though heterogeneous catalysts are interesting 
catalysts for LA synthesis, the main challenge will be on the development of meth-
odology to prevent catalyst deactivation caused by excessive humin deposition.

Table 5.2  Levulinic acid (LA) yields from biomass-related feedstocks using heterogeneous 
catalysts

Feedstock Catalyst
T 
(°C)

Reaction 
time

LA yielda

Ref.
(%-
wt)

(%-
mol)

Fructose Amberlyst-15 120 24 h 34 52 [24]
LZY-zeolite 140 15 h 43 66 [50]
5-Cl-SHPAO b 165 1 h 43 66 [51]

Glucose Amberlyst-70 180 25 h 32 50 [52]
Fe/HY zeolite 180 4 h 43 66 [53]
5-Cl-SHPAOb 165 5 h 33 51 [51]
Sulfonated graphene 
oxide

200 2 h 50 78 [49]

Sucrose Amberlyst-36 150 3 h 18 53 [33]
5-Cl-SHPAO b 165 5 h 19 55 [51]

Starch 20%Ru-ZSM-5 300 1 h 21 32 [54]
5-Cl-SHPAOb 165 7 h 36 50 [51]

Cellulose ZrO2 180 3 h 39 54 [55]
Al–NbOPO4 180 24 h 38 53 [56]

Nordic pulp (91%-wt 
glucan)

Amberlyst-70 180 60 h 37 57 [52]

Dried sugarcane 
bagasse (51%-wt 
glucan)

Acid-activated 
bentonite

200 60 min 16 45 [57]

Empty fruit bunch 
(41%-wt glucan)

CrCl3 + HY zeolite 
hybrid

145 147 min 16 59 [58]

aLA yields measured using HPLC or GC analysis. b5-chloro-sulfonated hyper branched poly-
(arylene oxindole)
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5.2.2.3  �Biphasic Systems

Biphasic liquid-liquid systems are applicable to LA synthesis, for example through 
the use of an aqueous and organic solvent. This approach was introduced to improve 
LA yields and to facilitate catalyst recycling concepts. For instance, conversion of 
cellulose to LA in a biphasic system (water - γ-valerolactone) was examined using 
aqueous HCl saturated with 35%-wt. NaCl (1:1 aqueous to organic ratio) [59]. The 
highest LA yield was 72%-mol when using 1.25 M HCl (155 °C, 1.5 h). Synthesis 
of LA from rice straw using H2SO4 was examined in a biphasic system with acetone 
and water at 180 °C [60]. The highest LA yield was 10%-wt. (on straw) after 5 h. 
Bamboo fibers used as a source for LA synthesis in a biphasic system consisting of 
H2O/THF using sulfamic acid as the catalyst [53] allowed LA yields of up to 11%-
mol with microwave heating (500 W) for a H2O/THF phase ratio of 3 to 1.

5.3  �Process Technology

5.3.1  �Kinetic Studies on LA Synthesis

Reliable kinetic models are essential in the design of optimum processes for pro-
duction of LA. Kinetic studies of LA synthesis from various lignocellulosic feed-
stocks have been reported (Fig. 5.5). Most of the studies use the approach proposed 
by Saeman for Douglas fir [61]. In that study, two consecutive first-order reactions 
are used to model the hydrolysis reaction of biomass to glucose as the main product 
(Eq. 5.1).

	 Cellulosic biomass Glucose Decomposition products→ →
k k1 2

	 (5.1)

The effects of temperature (T) and acid concentration ([acid]) are included in the 
reaction rate constants (k1 and k2) as follows:

	
k A acid

m
E

RT
i o i

i
i

i= [ ] =
−

, exp ,1 2
	

(5.2)

Here, Ao,i is the frequency factor, mi is the reaction order in acid, R is the ideal gas 
constant and Ei is the activation energy. An overview of kinetic studies is given in 
Girisuta et al. [62] and the reported activation energies for the formation and decom-
position reactions of glucose from various feedstocks is shown in Fig. 5.5.

The activation energy of glucose formation from different types of lignocellulosic 
biomass or pure cellulose are between 165 and 190 kJ/mol [62]. These values show 
that hydrolysis of the cellulose fraction to glucose strongly depends on the type of 
feedstock. The lowest activation energy for glucose formation is observed when 
using cellobiose, which is apparently relatively easily hydrolyzed. Activation ener-
gies for glucose decomposition are relatively close and are between 130 and 140 kJ/
mol [62], indicating that the activation energy for the decomposition reaction of 
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glucose is relatively independent of the feedstock type. The data also reveal that the 
activation energies of glucose formation are higher than the activation energies of 
glucose decomposition. As a result, it is beneficial to conduct the hydrolysis reaction 
of lignocellulosic biomass at higher temperature to obtain higher glucose yields.

A generalized reaction scheme used for kinetic modelling studies on biomass 
conversion to LA is given in Fig. 5.6. Most of these kinetic studies assume that the 
consecutive reactions are first-order reactions in the substrates.
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Fig. 5.5  Activation energies of the formation and decomposition reactions of glucose
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For homogeneous acid catalysts, the literature shows that the activation energies 
to the desired products (glucose, HMF and LA) are lower than those for the forma-
tion of undesirable humin byproducts [35, 62–64]. This observation indicates that 
lower temperatures are favored to reduce the rate of formation of humins. Due to the 
contrary effects of temperature on glucose and LA formation, it is preferable to 
perform LA synthesis from biomass in two stages at different temperatures. The 
first-stage is operated at higher temperatures to optimize the glucose yield from the 
cellulose fraction; the second-stage is preferably operated at a lower temperature to 
optimize the yield of LA from glucose.

5.3.2  �Product Separation and Isolation

One of the main challenges in the production of LA when using homogeneous cata-
lysts is separation of the product from the aqueous phase containing the mineral 
acids [65]. A commonly used method to isolate LA from the product stream is by 
organic solvent extraction, for example with methyl isobutyl ketone (MIBK) [66]. 
The extraction solvent is separated from the LA in an evaporator and can be recy-
cled back to the extraction unit. Further concentration and purification of LA is 
carried out in a fractionation unit (e.g. vacuum distillation). In a 2014 DSM patent 
[67], a method was disclosed to isolate LA involving nanofiltration. The first-step is 
a solvent extraction to yield an organic phase with LA. The organic phase is sub-
jected to a nanofiltration step to remove soluble humins. Finally, LA is isolated after 
distillation and the solvent is recycled.

5.3.3  �Commercial Status of LA Production

Initial attempts to commercialize the production of LA were based on Biofine tech-
nology [68], which is schematically shown in Fig. 5.7. In this process concept, a 
carbohydrate-rich feedstock and sulfuric acid are mixed and fed into a reactor oper-
ated at 210–220 °C at a mean residence time of 12 s to effectively hydrolyze the 
polysaccharides into soluble sugar monomers and oligomers. The outlet stream of 
the first reactor is fed into a continuously stirred tank reactor operated at a lower 
temperature (190–200 °C) but having a longer mean residence time of 20 min than 
the first reactor. LA is removed as the liquid product from the second reactor, while 
formic acid and furfural are recovered from the vapor stream. Solid by-products are 
separated from the aqueous LA solution with a filter-press. Based on this technol-
ogy, a 1 ton per day pilot plant was built in New York, USA [69]. The current status 
of the Biofine process is unknown, but it is probable that a commercial scale plant 
is not in operation yet at the time of this writing.
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Another pilot plant for producing LA was built in 2013 by Segetis in Golden 
Valley, Minnesota [70]. The pilot plant was designed for a capacity of 80 metric tons 
of LA per year and uses corn sugar as the main feedstock, although the design 
allows the possibility of using a wide range of biomass feedstocks. Segetis intended 
to use the LA for the synthesis of levulinic ketals based on a highly selective process 
for esters of LA with alcohols derived from vegetable oils, e.g. glycerol. In 2016, 
Segetis was acquired by GFBiochemicals [71]. The latter company started LA pro-
duction in 2009 in a pilot plant facility with a capacity of 2000 metric tons per year 
in Caserta, Italy. In 2015, GFBiochemicals announced to start the commercial scale 
production of LA with the objective to produce up to 10,000 metric tons of LA per 
year by 2017.

5.4  �Potential Applications of LA and Its Derivatives

An overview of potentially interesting LA derivatives is presented in Fig. 5.8.

5.4.1  �Diphenolic Acid

Diphenolic acid (DPA) has been identified as a potential replacement for bisphenol 
A, which is one of the monomers for epoxy resins and polycarbonates. DPA can be 
made by the condensation reaction of LA with phenol in the presence of acid cata-
lysts (Scheme 5.1).

Fig. 5.7  Biofine process for the production of levulinic acid
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Table 5.3 gives DPA yields for selected homogeneous and heterogeneous cata-
lysts and reaction conditions. Some studies have reported DPA yields exceeding 
50%, although the yield of the reaction is reduced by the formation of the undesir-
able o,p′-DPA isomer byproduct. The molar ratio of both isomers has a significant 
effect on important polycarbonate properties, such as color stability and crystallin-
ity. One study suggests that the ratio of both isomers is a function of the temperature 
and that high reaction temperatures tend to lower the selectivity to the desired p,p’-
DPA isomers [72].

Fig. 5.8  Potentially interesting levulinic acid derivatives

O

O

OH

OH

2

p,p'-DPA isomer o,p'-DPA isomer

OH

O

OHHO

OH

O

OH

HO

Scheme 5.1  Synthesis of diphenolic acid from levulinic acid
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5.4.2  �Pyrrolidones

Reductive amination of LA is an effective route to synthesize N-(methyl, aryl, or 
cycloalkyl)-5-methyl-2-pyrrolidones (Scheme 5.2). These pyrrolidones may be 
used as solvents, surfactants, complexing agents and are important ingredients in 
topical formulations, such as ointments, creams, lotions, pastes and gels [77].

Manzer and co-workers have patented heterogenous catalysts for the reductive 
amination of LA in combination with molecular hydrogen. Examples are transition-
metals (e.g. Ni, Cu, Rh, Ru, Ir, or Pt) supported on silica, alumina or carbon [77, 
78]. The use of formic acid, which is the main byproduct of LA synthesis, instead 
of hydrogen, has gained high interest. Wang and co-workers have reported the use 
of homogeneous cyclometalated iridium complexes as catalyst for the reductive 
amination of LA using formic acid as the hydrogen source [79]. Shimizu’s group 
reported the use of Pt and MoOx on TiO2 as catalysts for the reductive amination of 
LA under solvent-free conditions [80]. Esposito’s group reported the use of a con-
tinuous reactor for the reductive amination of LA using inexpensive FeNi catalysts 
[81]. Catalyst stability was good and the conversion and selectivity were about con-
stant for runtimes up to 52.5 h. Sakai et al. demonstrated that In(OAc)3 is a good 
catalyst for the reductive amination of LA using PhSiH3 as the reducing agent [82].

Table 5.3  Diphenolic acid (DPA) yields for selected catalyst types and reaction conditions

Catalyst T (°C)
Reaction 
time(h)

Phenol:LA 
mol ratio

DPA 
yield (%)a Selectivity (%)b Ref.

H2SO4 (300%-wt of 
LA)

25 20 2:1 60 N.A. [73]

HCl (40%-mol of LA) 100 6 3:1 28 69 [74]
HCl (50%-mol of LA) 60 24 4:1 62 67 [75]
[BSMim]HSO4 
(50%-mol of LA)

60 30 4.5:1 80 100 [75]

Cs1.5H4.5–P2W18O62 150 24 4:1 71 88 [74]
Cs2.5H0.5–PW12O40 150 24 9:1 45 83 [74]
H3PW12O40 100 16 3:1 34 90 [76]
SHPAOc + Ethanethiol 100 16 3:1 53 95 [76]

aDPA yields based on molar amount of LA. bSelectivity of p,p′-DPA isomer. cSulfonated hyper-
branched poly-(arylene oxindole)
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Scheme 5.2  Synthesis of pyrrolidones from levulinic acid
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5.4.3  �Levulinic Ketals

Levulinic ketals are made by reacting LA or levulinate esters with a mono-alcohol 
or a diol in the presence of acidic catalysts (Scheme 5.3). The levulinic ketals may 
be used as building blocks in the production of plasticizers for PVC, or in polyols 
for polyurethane materials and in polymer synthesis [83].

Segetis has reported catalysts and reaction conditions to synthesize levulinic 
ketals from ethyl levulinate and glycerol (Table 5.4) [84]. The selectivity to ketal 
formation was usually >98% with almost full conversion. To shift the equilibrium 
reaction to the desired product, the reaction was carried out by continuously remov-
ing water under vacuum. Table 5.4 also shows that low acid loading is sufficient to 
achieve very high product selectivities.

Table 5.4  Production of levulinic ketals from ethyl levulinate and glycerol catalyzed by 
homogeneous and heterogeneous catalysts [84]

Ethyl 
levulinate 
(mol)

Glycerol 
(mol) Catalyst T (°C)

Reaction 
time (min)

Selectivity 
(%)

2.95 0.56 H2SO4 (3 mmol) 80 20 96.8
2.95 0.56 H2SO4 (0.03 mmol) 80 20 100
0.63 0.14 HCl (0.025 mmol) 110 30 100
0.63 0.14 NH3

+SO3
−  

(0.025 mmol)
110 30 100

0.28 0.14 Amberlyst 
15(0.024 mmol)

110 135 98.7
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Scheme 5.3  Synthesis of levulinic ketals from levulinic acid
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5.4.4  �δ-Aminolevulinic Acid

NREL showed that δ-Aminolevulinic acid (DALA) can be prepared from LA using 
a two-step procedure (Scheme 5.4). In the first step, LA is brominated in methanol 
to give methyl 5-bromolevulinate. This ester is reacted with a nitrogen-containing 
nucleophile, such as sodium diformylamide, to give DALA in high yields (>80 
mol %) and purity (>90%) [15]. A biotechnological approach for producing DALA 
is by using certain bacteria [85].

DALA can be used as a biodegradable herbicide [86] as well as a growth pro-
moter by increasing the chlorophyll content of cells. These effects are observed in 
potatoes, garlic, radishes and also blue-green algae (Spirulina platensis) [87]. In the 
medical field, DALA can be used to detect heavy-metal poisoning. Advanced medi-
cal applications of DALA involve its use in photodynamic therapies for cancer 
patients, for instance to treat brain tumors [88].

5.4.5  �Succinic Acid

Succinic acid may be obtained by the catalytic oxidation of LA with oxidants such 
as oxygen and peroxides (Scheme 5.5).
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Scheme 5.4  Synthesis of δ-aminolevulinic acid from levulinic acid
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Scheme 5.5  Synthesis of succinic acid from levulinic acid
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Podolean and co-workers investigated the utilization of Ru(III)/silica-coated 
magnetic nanoparticles for the oxidation of LA to succinic acid under mild condi-
tions and without the use of a base [89]. They reported 54%-mol conversion of LA 
with excellent selectivity (98–99%) to succinic acid. Dutta et al. showed that the 
reaction of LA with hydrogen peroxide with trifluoroacetic acid as the catalyst at 90 
°C and 2 h reaction time gives succinic acid in good yields (62%-mol) [90]. Those 
authors proposed a work-up procedure to isolate the product from the volatile cata-
lyst and byproducts (acetic acid, formic acid, and 3-hydroxypropanoic acid). Under 
basic conditions, those authors successfully converted LA to 3-hydroxypropanoic 
acid, which is a precursor to acrylic acid, in high yields [91].

5.4.6  �γ-Valerolactone

LA can be catalytically reduced to γ-valerolactone (GVL). A large number of stud-
ies have been conducted on the catalytic hydrogenation of LA to GVL, and several 
reviews are available [92–95]. GVL has been identified as a platform chemical to 
produce valuable chemicals such as α-methylene-γ-valerolactone which is an 
acrylic monomer that has structural similarities with methyl methacrylate [96]. 
GVL has also been used as starting material for adipic acid, a precursor for nylon 
production [97]. Further details on the synthesis of GVL and its applications are 
provided in another chapter of this book.

5.4.7  �Levulinate Esters

Levulinate esters are produced from the esterification of LA with alcohols using 
acid catalysts (Scheme 5.6).

Homogeneous catalysts, such as H2SO4 and HCl, are commonly used for the 
synthesis of levulinate esters from LA. Because these catalysts are difficult to sepa-
rate and recycle, heterogeneous catalysts have been developed and tested for the 
synthesis of levulinate esters. Examples are heteropolyacids [98–100], zeolites 
[101, 102], sulfonic resins [103] and sulfated oxides [104, 105]. Levulinate ester 
yields of up to 95%-mol have been reported using heterogeneous catalysts.
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Scheme 5.6  Synthesis of levulinate esters from levulinic acid
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The synthesis of levulinates esters directly from monosaccharides, polysaccharides 
and lignocellulosic biomass has gained a lot of interest. This method involves contact-
ing the biomass source with an alcohol in the presence of a homogeneous or hetero-
geneous catalyst. The yields of levulinate esters from these feedstocks are lower than 
from LA, due to the formation of by-products, such as formate ester, HMF ethers, 
HMF and humins. The presence of water, either from the biomass source or formed 
during the various intermediate reactions, may lead to incomplete esterification that is 
confirmed by the presence of LA in the reaction mixtures. In addition, under acidic 
conditions, the alcohol may be converted to the corresponding dialkylethers. It has 
been reported that humins formation is suppressed when using alcohols as the solvent 
[106]. The yields of levulinate esters from various feedstocks and using different types 
of catalysts are given in Table 5.5. Mostly, the yields are based on GC-FID measure-
ments, and only a few papers report the isolated yields [107].

When using H2SO4 as the catalyst, the yields of levulinate esters from fructose 
are higher than those for other feedstocks. Application of 30%-wt of H2SO4 as cata-
lyst allows operation at a lower reaction temperature and leads to higher yields of 
levulinate ester from cellulose [108]. However, conducting the reaction at higher 
concentrations of H2SO4 and elevated temperatures has some drawbacks such as 
corrosion and the decomposition of the alcohol to the corresponding dialkyl ether. 
Therefore, significant effort has been dedicated to the development of heteroge-
neous catalysts as evident by a review [109]. An example on the use of a heteroge-
neous catalysts (TiO2 and sulfated TiO2) is given in Fig. 5.9. It is clear that the yields 
of levulinate esters from fructose (and polysaccharides containing fructose moi-
eties) are higher than those from glucose (and polysaccharides containing glucose 
moieties). Direct conversion of biomass to levulinates esters using 2-naphthalene 
sulfonic acid as catalyst has been reported with yields up to 97% [110]. However, a 
latter study failed to reproduce these high yields and obtained ethyl levulinate in 
only ca. 20% yield [111].

Even though heterogeneous catalysts give promisingly high yields of levulinate 
esters, catalyst stability is a key factor when considering implementation on larger 
scales. So far, most studies on catalyst stability involve experiments in batch set-ups 
using multiple recycle experiments. For further scale up, studies in continuous units 
for prolonged runtimes will be required to properly assess catalyst stability.

The use of ionic liquids has been investigated for the synthesis of ethyl levulinate 
from fructose (70%), glucose (13%) and sucrose (43%) [107]. In the case of glucose, 
alkyl-D-glucopyranoside with yield up to 50% was present in the reaction mixture.

Levulinate esters have potential applications in the synthesis of polymers, per-
fumes and flavoring formulations, processes for degreasing metallic surfaces, and 
latex coating compositions. Levulinate esters have been proposed as additives for 
diesel, gasoline, and biodiesel. However, a study on the performance of ethyl- and 
butyl-levulinate as diesel blending components shows that the levulinate esters have 
a very low cetane number and poor solubility in diesel at low temperatures [118]. 
Another disadvantage of the use of levulinate ester as a fuel blend is that a mixture 
of 5% ethyl levulinate in gasoline leads to higher levels of elastomer swell and water 
pickup [119]. A promising application of levulinate esters is the use as a precursor 
for the synthesis of levulinic ketals (see Sect. 5.4.3).
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5.5  �Conclusions and Future Outlook

A considerable amount of research has been carried out to develop efficient, low 
cost, and environmentally benign processes for the production of levulinic acid 
from lignocellulosic biomass. Various studies have been reported dealing with the 
reaction mechanism of levulinic acid formation from various feedstocks on a 
molecular level. Better understanding of the formation of levulinic acid on a 

Table 5.5  Selected studies on the synthesis of levulinate esters from various substrates

Substrate Alcohol Catalyst t (h) T (°C)
Conversion 
(%-mol)a

Ester 
yield 
(%-mol)a Ref.

Fructose Ethanol H2SO4 (10%-mol) 30 120 >99 56 [112]
Glucose Methanol H2SO4 0.02 M 5 180 N.A.b 44 [113]
Cellulose Methanol H2SO4 0.02 M 5 180 N.A. 43 [113]
Cellulose n-Butanol H2SO4 30%-wt 5 130 >99 60 [108]
Cellulose Methanol H2SO4 0.2 M 2 170 N.A. 46 [114]
Eucalyptus 
wood 
(49%-wt 
glucan)

Methanol H2SO4 0.2 M 2 170 N.A. 44 [114]

Levoglucosan Methanol Amberlyst-70 3 170 >99 90 [106]
Fructose n-Propanol CNT-PSSAc 24 120 >99 86 [115]
Fructose n-Propanol Amberlyst-15 24 120 >99 80 [115]
Fructose Methanol SO4

2− / TiO2 2 200 N.A. 59 (60)d [116]
Glucose Methanol SO4

2− / TiO2 2 200 N.A. 33 (35)d [116]
Sucrose Methanol SO4

2− / TiO2 2 200 N.A. 43 (41)d [116]
Cellulose Methanol SO4

2− / TiO2 2 200 N.A. 10 (8)d [116]
Fructose Methanol TiO2 nanoparticles 1 175 >99 80 [117]
Glucose Methanol TiO2 nanoparticles 1 175 >99 61 [117]
Sucrose Methanol TiO2 nanoparticles 3 175 >99 65 [117]
Cellulose Methanol TiO2 nanoparticles 20 175 72 42 [117]
Fructose Ethanol [BPyr-SO3H]

[HSO4]e

24 140 >99 70 [107]

Glucose Ethanol [BPyr-SO3H]
[HSO4]e

24 140 >99 13 (50)f [107]

Sucrose Ethanol [BPyr-SO3H]
[HSO4]e

24 140 >99 43 (27)f [107]

aConversion of feedstocks measured by HPLC.  Yields of levulinate esters measured by 
GC-FID-MS. bNot available. cpoly(p-styrenesulfonic acid)-grafted carbon nanotubes. dValues in 
parentheses are isolated yields. e1-(4-sulfobutyl)pyridinium hydrogensulfate. fValues in parenthe-
ses are yields of ethyl-D-glucopyranoside
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molecular level is of high importance to develop strategies for improving levulinic 
acid yields and to suppress the formation of undesired humins. A wide range of dif-
ferent biomass feedstocks and catalysts have been tested for levulinic acid synthe-
sis, and reaction conditions have been optimized to maximise the levulinic acid 
yields. Monosaccharides feedstocks give the highest levulinic acid yields; however, 
the use of cheap feedstocks such as lignocellulosic biomass is preferred for the 
commercial-scale production of levulinic acid. Homogeneous catalysts are widely 
used in laboratory scale syntheses. However, the separation and recycle of the 
homogeneous catalysts is a major issue and will require substantial research atten-
tion. In this respect, the use of biphasic reaction systems may be advantageous. 
Heterogeneous catalysts have been applied as well and are easier to recover and 
recycle than homogeneous catalysts. However, levulinic acid yields from heteroge-
neous catalysts tend to be slightly lower than those obtained for homogenous cata-
lysts. In addition, humins deposition may have a negative effect on heterogeneous 
catalyst stability and advanced catalyst activation protocols may be required. 
Another issue is the possibility for loss in acidity of the solid acid catalyst by 
exchange of cations present in the mineral/ash fraction in most biomass sources. 
Kinetic studies and reactor development for the production of levulinic acid from 
biomass have also gained more and more interest in the last decade. A commercial 
scale levulinic acid production unit has been announced by GFBiochemicals and 
according to a recent press release, production started in 2016. This milestone will 
pave the way for the production of levulinic acid derivatives, which has so far been 
not possible due to the low market availability of levulinic acid.
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Chapter 6
Catalytic Aerobic Oxidation 
of 5-Hydroxymethylfurfural (HMF) into 
2,5-Furandicarboxylic Acid and Its Derivatives

Zehui Zhang and Peng Zhou

Abstract  Catalytic synthesis of value-added chemicals from biomass is important 
for reducing current dependence on fossil-fuel resources. The bifunctional com-
pound, 2,5-furandicarboxylic acid (FDCA) has wide application in many fields, 
particularly as a substitute for petrochemical-derived terephthalic acid in the syn-
thesis of polymers. Therefore, much effort has been devoted to the catalytic synthe-
sis of FDCA.  In this chapter, a concise overview of up-to-date methods for the 
synthesis of FDCA from 5-hydroxymethylfurfural (HMF) or directly from carbohy-
drates by one-pot reaction is provided with special attention being given to catalytic 
systems, mechanistic insight, reaction pathway and catalyst stability. In addition, 
the one-pot oxidative conversion of carbohydrates into FDCA, and the one-pot syn-
thesis of FDCA derivatives are discussed. It is anticipated that the chemistry detailed 
in this review will guide researchers to develop effective catalysts for economical 
and environmental-friendly synthesis of FDCA on a large-scale.

Keywords  Biomass • Carbohydrates • 2,5-furandicarboxylic acid • 
5-hydroxymethylfurfural • Catalytic oxidation

6.1  �Introduction

The worldwide consumption of petrochemical products and fossil fuels is increasing 
rapidly [1]. Therefore, there is an urgent need to produce fuels and chemicals from 
renewable resources [2]. Biomass is one of the most abundant renewable resources 
with annual production of 170 billion metric tons, and it has been considered as a 
unique and promising candidate [3] Biomass plays a crucial role in the earth’s 
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carbon cycle, as the generated CO2 output can be offset by CO2 fixation through 
photosynthesis of plant growth [4]. Conversion of biomass into fuels and chemicals, 
generally called “biorefinery technology”, has existed for centuries. Much effort is 
being devoted to develop new methods to convert biomass into valuable chemicals 
and fuels using various methods [5–8]. Catalytic oxidation of biomass or biomass-
based chemicals have received much attention for the production of value-added 
chemicals in recent years [9–11]. The platform chemical, 5-Hydroxymethylfurfural 
(HMF), which is the dehydration product of C6 carbohydrates, has been considered 
as key for the production of a wide variety of commodity chemicals [12]. For exam-
ple, as shown in Fig. 6.1, selective oxidation of HMF can generate several kinds of 
important furanic compounds such as maleic anhydride (MA), 2,5-diformylfuran 
(DFF), 5-hydroxymethyl-2-furancarboxylic acid (HFCA) and 2,5-furandicarbox-
ylic acid (FDCA) [13–15].

Among the platform chemicals, FDCA is listed as one of the top-12 value-added 
chemicals from biomass by the US Department of energy [15]. FDCA is very sta-
ble, it has a high melting point of 342 °C [16] and it is insoluble in most common 
solvents. FDCA has been found to be useful in many fields. The most important 
application of FDCA is that it can serve as a polymer building block for the produc-
tion of biobased polymers such as polyamides, polyesters, and polyurethanes [17–
19]. The most attractive way that FDCA can be used is to replace petrochemical-derived 
terephthalic acid in the synthesis of biobased polyesters. Terephthalic acid has been 
used as a monomer in polyethylene terephthalate (PET) plastics for a long time 
[20]. PET is usually used for production of films, fibers, and in particular, for bottles 
in the packaging of soft drinks, water and fruit juices. One promising biobased 
polymer is polyethylene furanoate (PEF), which is the esterification product of 
ethane-1,2-diol and FDCA [21–23] PEF has similar properties as the petroleum-
based PET. The Coca-Cola company has collaborated with Avantium, Danone, and 
ALPLA to develop and commercialize PEF bottles. Their research has shown that 
PEF bottles outperform PET bottles in many areas. Besides the main application as 
monomer for the production of biobased polymer, FDCA has been found to be 
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useful in organic synthesis, pharmacology, and metal-organic frameworks materials 
[24–26].

In view of its wide application, catalytic synthesis of FDCA has been extensively 
studied. The focus of this review is to summarize the most recent findings with a 
critical discussion of the catalytic oxidation of HMF into FDCA. Research on the 
conversion of carbohydrates into FDCA as well as on FDCA derivatives is also 
discussed.

6.2  �FDCA Production Using Different Methods in the Past

FDCA was first produced from the dehydration of mucic acid in the presence of 
strong acid catalyst (Fig. 6.2). In 1876, Fittig and Heinzelman first reported that the 
dehydration of mucic acid could produce FDCA using 48% aqueous HBr as the 
catalyst and the solvent [27]. Later on, other methods that changed dehydrating 
agents were reported for the synthesis of FDCA. However, the dehydration of mucic 
acid to FDCA requires severe conditions (highly concentrated acids, high reaction 
temperature 120 °C, long reaction times >20 h) and all the methods were non-
selective with yields less than 50% [25]. More importantly, mucic acid itself is a 
rare organic acid and its price is high. Therefore, this method has not been studied 
for the synthesis of FDCA in modern times.

Another method for the synthesis of FDCA is via the oxidation of furfural or 
HMF by using inorganic oxidants. As shown in Fig. 6.3, several steps are required 
to achieve FDCA using furfural as the starting material [28]. Furfural is first oxi-
dized to 2-furoic acid with nitric acid and the latter was then converted to its methyl 
ester. The ester undergoes chloromethylation at position C5 to give methyl 
5-chloromethylfuroate. The oxidation of 5-chloromethylfuroate with nitric acid 
affords dimethyl 2,5-furandicarboxylate, followed by hydrolysis to give FDCA.

The synthesis of FDCA from furfural is complex, and the total FDCA yield is 
generally low after many reaction steps. A simple method for the synthesis of FDCA 
is via the direct oxidation of HMF. In the past decades, the oxidation of HMF into 
FDCA has been performed using stoichiometric oxidants such as KMnO4 [29]. 
These methods, however, have some distinct drawbacks, such as low selectivity, 
high cost of oxidant, and generation of highly toxic waste to the environment.

6.3  �Current Methods for the Oxidation of HMF into FDCA

As mentioned as in Sect. 6.2, many older methods for the synthesis of FDCA are 
against the principle of green chemistry and practical significance. Thus, many 
environmental-friendly and economical methods are currently being developed for 
the oxidation of HMF into FDCA.

6  Catalytic Aerobic Oxidation of 5-Hydroxymethylfurfural (HMF)…
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6.3.1  �Electrocatalytic Synthesis of FDCA from HMF

Electrochemical oxidation is driven by electrochemical potential of an electrode 
and realizes electron transfer, without the use of O2 or other chemical oxidants. 
Thus, electrochemical oxidation has been considered as a clean synthetic method 
and has received great interest [30, 31]. Electrochemical oxidation can also offer the 
advantage of controlling the oxidation potential and the faradaic current, which can 
be used to monitor the thermodynamic driving force, the selectivity of the surface 
reaction and the reaction rate.

In 1995, the electrochemical oxidation of HMF into FDCA was first reported in 
a H-shaped cell [32]. HMF electrochemical oxidation occurred near the anode 
(nickel oxide/hydroxide as the anode material), affording FDCA in a yield of 71% 
after 4 h in 1 M NaOH solution at a current density of 0.016 A/cm2. However, the 
electrochemical oxidation of HMF has been scarcely explored after that work, pos-
sibly because the importance of FDCA has not been well recognized by researchers. 
However, the electrochemical oxidation of HMF has received fresh attention. 
Strasser and co-workers studied the electrochemical oxidation of HMF using a Pt 
electrode at pH 10 [33]. They found that a fraction of HMF was oxidized into DFF 
at a current density of 0.44 mA/cm2. However, FDCA was obtained with a negligi-
ble yield (less than 1%). The authors claimed that water oxidation was the major 
competing reaction and probably limited the faradaic efficiency for HMF oxidation. 
Later, Li and co-workers studied the electrocatalytic oxidation of HMF in alkaline 
solution over carbon-black supported noble metal catalysts.[34] They found that the 
reaction was affected by the potential and the electrocatalyst (Fig.  6.4). The 
oxidation of the aldehyde group in HMF was much easier than the oxidation of the 
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alcohol group over Au/C catalyst, affording HFCA as the intermediate, but high 
electrode potential was required for further oxidation of the alcohol group in HFCA 
to FDCA. In the oxidation of HMF over Pd/C catalyst, two competitive routes were 
observed for the oxidation of HMF into the intermediate FFCA, which depended on 
the electrode potential. Oxidation of aldehyde groups occurred much slower on 
Pd/C than on Au/C at low potentials, but was greatly enhanced at increased poten-
tials. It was found that Pd–Au bimetallic catalysts achieved highly oxidized prod-
ucts (FFCA and FDCA) at lower potentials than monometallic catalysts and the 
product distribution depended on the electrode potential and surface alloy composi-
tion. Bimetallic PdAu2/C catalyst significantly enhanced the efficiency of the elec-
trochemical oxidation of HMF, affording full HMF conversion and a FDCA yield of 
83% at a potential of 0.9 V, much higher than the monometallic catalyst, which was 
due to alloy effect [34]. However, FDCA was obtained with other oxidation inter-
mediates, mainly HFCA, making it difficult to purify the main product from the 
liquid solution.

Choi and co-workers reported on the electrochemical oxidation of HMF reaction 
system that had high efficiency [35]. As reported by Strasser and co-workers [33], 
the low efficiency of the electrochemical oxidation of HMF is the competitive oxi-
dation of water to O2. Strasser and coworkers found that the necessary overpotential 
to initiate HMF oxidation was significantly reduced using 2,2,6,6-tetramethylpiperidine 
1-oxyl (TEMPO) as the mediator, which inhibited the oxidation of water. The reac-
tion mechanism is illustrated in Fig. 6.5, and the electrochemical cell is shown in 
Fig. 6.6a. TEMPO is oxidized to its oxidation state of TEMPO+ in the vicinity of the 
Au electrode surface, which serves as a mediator and catalyst for HMF oxidation. 
High FDCA yield (≥ 99%) and faradaic efficiency (≥ 93%) were obtained in a pH 
9.2 aqueous medium. Kinetic study and cyclic voltammetry indicated that DFF was 
the reaction intermediate.
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Furthermore, Strasser and coworkers constructed a photoelectrochemical cell 
(PEC) (Fig. 6.6b) that used TEMPO-mediated photoelectrochemical oxidation of 
HMF as the anode reaction. In this cell, an n-type nanoporous BiVO4 electrode was 
used as a photo-anode that absorbed photons to generate and separate electron–hole 
pairs. After separation, electrons were transferred to the Pt counter electrode to 
reduce water to H2 (Eq. 6.1), whereas the holes that reached the surface of BiVO4 
were used for TEMPO-mediated HMF oxidation (Eq.  6.2). The overall reaction 
achieved by this PEC is shown in Eq. (6.3). The photoelectrochemical method also 
generated high FDCA yields (≥99%) and faradaic efficiency (≥93%). This method 
did not require adjustment of pH during the reaction process as HMF oxidation 
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Fig. 6.6  Schematic comparison of the photoelectrochemical and electrochemical cells. (a) 
Photoelectrochemical TEMPO-mediated HMF oxidation and (b) electrochemical TEMPO-
mediated HMF oxidation. CB conduction band, EF Fermi energy (Reprinted with permission from 
[35], Copyright © 2015 Nature Publishing Group)

Z. Zhang and P. Zhou



177

tended to offset the pH change at the cathode. This method not only afforded a high 
FDCA yield, but it also simultaneously produced H2 as a clean energy source.

	 Cathode reaction H O H: 2 6 3 62 2+ → +− −e OH 	 (6.1)

	 Anode reaction FDCA H O: HMF OH e+ → + +− −6 4 62 	 (6.2)

	 Overall H O FDCA H: HMF + → +2 32 2 	 (6.3)

Although favorable results on the synthesis of FDCA have been obtained with 
the electrocatalytic method, there are still some issues in its practical application. 
High FDCA yield I obtained at the expense of the addition of high amounts of 
TEMPO (1.5 equiv. TEMPO) [35], thus the cost of the synthesis of FDCA is high 
[35]. Further, it is difficult to separate FDCA from TEMPO or the byproducts and 
the electrolyte. In addition, the initial HMF concentration in the reported methods 
was low in order to achieve high FDCA yield. Therefore, it will be very crucial to 
design robust electro-catalysts that will promote the oxidation of HMF with full 
conversion at high concentrations and selectivities.

6.3.2  �Biocatalyst Method for the Synthesis of FDCA 
from HMF

Chemical oxidation reactions are typically performed at high temperature and high 
pressure. In contrast to chemical processes, biocatalytic transformations are typi-
cally carried out under relatively mild conditions and usually require fewer and less 
toxic chemicals [36]. Despite of these apparent advantages, biocatalytic approaches 
to FDCA production are less well-established.

Mara and co-workers reported that DFF could be oxidized to FDCA by in-situ 
produced peracids, which were formed in the presence of lipases as biocatalysts 
[37]. Using lipases as biocatalysts, alkyl esters as acyl donors, and aqueous solu-
tions of hydrogen peroxide (30% v/v) added stepwise, peracids were formed in situ, 
which subsequently oxidized DFF to afford FDCA with high yield (>99%) and 
excellent selectivity (100%) (Fig.  6.7). However, this method was inactive for 
HMF. The use of DFF as a feedstock for the synthesis of FDCA requires an addi-
tional step for the oxidation of HMF into DFF. Thus, this method is a high cost way 
to produce FDCA. A chloroperoxidase from Caldariomyces fumago was found to 
have the biocatalytic activity towards the oxidation of HMF into FDCA [38]. But, 
this method could not provide a complete HMF oxidation, affording FDCA yields 
of 60–75% as well as 25–40% yields of HFCA. This property renders the C. fumago 
chloroperoxidase a poor biocatalyst for FDCA production, especially when FDCA 
of very high purity is required for specific applications such as for polymer manu-
facture. Later, a fermentative process using Pseudomonas putida S12 to host the 
oxidoreductase from Cupriavidusbasilensis HMF was studied for the oxidation of 
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HMF into FDCA [39]. In fed-batch experiments using glycerol as the carbon source, 
FDCA was produced from HMF with a yield of 97%. FDCA was recovered from 
the culture broth as a 99.4% powder, at 76% recovery after acid precipitation and 
tetrahydrofuran extraction. This process relies on the activities of both oxidases and 
dehydrogenases. Most enzymes are restricted to either alcohol or aldehyde oxida-
tions, while the full oxidation of HMF to FDCA requires the enzyme to act on both 
alcohol and aldehyde groups. Fraaije and co-workers identified an FAD-dependent 
oxidase of the glucose-methanol-choline oxidoreductase (GMC) family, named 
HMF oxidase (HMFO), which showed high catalytic activity toward the HMF oxi-
dation [40, 41]. FDCA yields up to 95% with full HMF conversion were achieved 
at ambient pressure and temperature, but required a relatively long reaction time (24 
h) at a low HMF concentrations (2 mM). Experiments confirmed that the oxidation 
of HMF by this method underwent two routes (Fig. 6.8). The reaction rate was con-
trolled by the final step of the oxidation of FFCA to FDCA.

The conditions of biocatalytic oxidation are mild (room temperature and ambient 
atmosphere), but a long reaction time is required that use low concentration of 
HMF. Constructing enzymes by genetic engineering with high catalytic activity and 
stability that can oxidize HMF fast at high concentrations will make the biocatalytic 
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Fig. 6.7  Envisaged lipase-catalyzed peracid formation in the chemo-enzymatic oxidation of DFF 
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method much more competitive in large-scale production of FDCA. It would also 
be exciting to construct a microorganism with multiple enzymatic activities that can 
use carbohydrates directly to produce FDCA, which will greatly decrease the pro-
duction cost of FDCA.

6.3.3  �Chemical Synthesis of FDCA from HMF 
by Homogeneous Catalyst

Although methods such as electrochemical oxidation and biocatalytic oxidation 
have been reported for the synthesis of FDCA, synthesis of FDCA is mainly carried 
out via chemical catalytic methods using homogeneous catalysts or heterogeneous 
catalysts. Compared with heterogeneous catalysts, there are fewer reports on the 
synthesis of FDCA using homogeneous catalysts. In 2001, Partenheimer and 
Grushin studied the aerobic oxidation of HMF to FDCA at 125 °C under 70 bar air 
pressure in acetic acid solvent using Co(OAc)2, Mn(OAc)2 and HBr as the catalysts, 
commonly known as the Amoco Mid-Century (MC) catalyst [42]. Similar to para-
xylene oxidation into terephthalic acid over MC catalyst, the oxidation of HMF 
with the MC catalyst also proceeded via the formation of peroxyl radical in the 
chain propagation step. The peroxyl radicals were formed through the abstraction of 
H-atom of HMF by the bromide radical, generated in the catalytic cycle by the oxi-
dation of HBr with Co(III) or Mn(III), followed by reaction of aryl alkyl radical 
with O2. Although both hydroxymethyl and aldehyde groups of HMF could be 
simultaneously oxidized, the authors proposed that hydroxymethyl group might be 
possibly preferentially oxidized first. This method afforded FDCA with a yield of 
60.9% together with other byproducts. Similar homogeneous catalysts of Co(OAc)2/
Zn(OAc)2/NaBr were later used for the aerobic oxidation of HMF into FDCA [43]. 
DFF was observed as the sole oxidation product without an acid additive, but FDCA 
was obtained in a yield of 60% with trifluoroacetic acid as an additive.

Besides the use of oxygen as the oxidant, t-BuOOH was also used as the oxidant 
for the oxidation of HMF into FDCA. Riisager and co-workers studied the oxida-
tion of HMF into FDCA in acetonitrile with t-BuOOH as the oxidant and copper 
salts as catalyst [44]. The use of CuCl together with LiBr as the additive afforded 
FDCA in a low yield of 43% after 48 h at room temperature, and that was 45% using 
CuCl2 as the catalyst without additive. Homogeneous reaction systems suffered 
from two distinct drawbacks in practical applications. First, FDCA yield tends to be 
relatively low accompanied with the formation of some byproducts in the reaction 
solution. Second, it is difficult to recycle the homogeneous catalysts, and also sepa-
rate the FDCA from the metal salts. The use of heterogeneous catalysts can possibly 
overcome the drawbacks of homogeneous catalysts, as heterogeneous catalysts can 
be easily separated from the reaction solution.
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6.4  �Catalytic Synthesis of FDCA from HMF by Supported 
Noble Metal Catalysts

Catalytic aerobic oxidation of HMF into FDCA has been extensively studied over 
heterogeneous catalysts. The use of molecular oxygen as the oxidant is cheap and 
environmental-friendly as water is the only reduction product. The heterogeneous 
catalysts are easily recycled and reused. Thus, the use of oxygen and heterogeneous 
catalysts is in accordance with the concept of “green and sustainable chemistry”, 
which is the main philosophy for the synthesis of FDCA from HMF. As oxygen is 
not easy to be activated, supported Pt, Pd, Au and Ru catalysts with high activity are 
the main heterogeneous catalysts for the oxidation of HMF into FDCA.

6.4.1  �Synthesis of FDCA from HMF Over Supported Pt 
Catalysts

Compared with Pd, Au and Pd catalysts, supported Pt catalysts were found to be 
active towards the aerobic oxidation of HMF into FDCA (Table  6.1). In 1983, 
Verdeguer and co-workers studied the oxidation of HMF over Pt/C catalyst [45]. 
Those authors found that the addition of Pb greatly enhanced catalytic activity. 
Under reaction conditions (1.25 M NaOH solution, 25 °C, with O2 flow rate at 2.5 
mL/s), FDCA was obtained in a high yield of 99% within 2 h over Pt-Pb/C catalyst, 
while Pt/C catalyst only produced FDCA with a yield of 81% at HMF conversion of 
100% (Table 6.1, Entries 1 and 2). HFCA was the reaction intermediate, suggesting 
that the oxidation of the formyl group was much easier than that of the hydroxy-
methyl group over Pt-Pb/C catalyst. Besides the additive Pb, Bi was also observed 
to have a positive effect on the catalytic performance of Pt/C catalyst [46]. The 
Pt-Bi/C catalyst with a Pt-Bi molar ratio of ca. 0.2 afforded FDCA in a high yield of 
98% after 6 h at 100 °C, while it was 69% for Pt/C catalyst (Table 6.1, Entries 3 and 
4). Observed initial intermediates were HFCA and DFF, which were rapidly oxi-
dized to FFCA, and the oxidation of FFCA was the rate-determining step. The 
Pt-Bi/C catalyst demonstrated much higher stability than that of the Pt/C catalyst, as 
the addition of Bi increased the resistance to oxygen poisoning and prevented Pt 
leaching. The same group also observed superior catalytic activity and stability of 
Pt-Bi/TiO2 to Pt/TiO2 catalyst (Table 6.1, Entries 5 & 6) [47]. Besides active carbon, 
reduced graphene oxide (RGO) has been deemed as an excellent support due to its 
abundant surface functional groups to anchor metal nanoparticles. Tsubaki and co-
workers (Table 6.1, Entry 7) studied RGO supported metal nanoparticles for the 
oxidation of HMF at 25 °C.[48] Fora reaction time of 6 h, both Pt/RGO and Pd/RGO 
afforded 100% HMF conversion, and produced FDCA with yields of 40.6% and 
30.5%, respectively, while Ru/RGO and Rh/RGO could not afford FDCA.  This 
means that the catalytic activity of Pt catalysts was higher than that of the Pd, Ru 
and Rh catalysts. Prolonging the reaction time to 24 h, 84% FDCA yield was 
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obtained over Pt/RGO catalyst (Table 6.1, Entry 7). HFCA was observed as the only 
intermediate. The Pt/RGO catalyst could be reused with full HMF conversion in 
each run, but with a slight decrease of FDCA yield and a slight increase of HFCA 
yield. Similar to the results reported by Tsubaki and co-workers [48]. Davis and co-
workers [49] observed that carbon supported Pt catalyst (Pt/C) showed slightly 
higher catalytic activity than carbon supported Pd catalyst (Pd/C) [49]. Under the 
same reaction conditions (0.69 bar O2, 2 equiv. NaOH, 22 °C), HMF was com-
pletely converted over the two catalysts, but Pt/C catalyst produced higher FDCA 
yield (79%) after 6 h (Table 6.1, Entry 8) than that of Pd/C catalyst (71%).

Table 6.1  Oxidation of HMF into FDCA over supported Pt catalysts

Entry Catalyst Oxidant Base T (°C)
Time 
(h)

HMF 
Conv. 
(%)

FDCA 
Yield 
(%) Ref.

1 Pt-Pb/C 1 bar O2 1.25 M 
NaOH

25 2 100 99 [45]

2 Pt/C 1 bar O2 1.25 M 
NaOH

25 2 100 81 [45]

3 Pt-Bi/C 40 bar air 2 equiv. 
Na2CO3

100 6 100 >99 [46]

4 Pt/C 40 bar air 2 equiv. 
Na2CO3

100 6 99 69 [46]

5 Pt-Bi/TiO2 40 bar air 2 equiv. 
Na2CO3

100 6 >99 99 [47]

6 Pt/TiO2 40 bar air 2 equiv. 
Na2CO3

100 6 90 84 [47]

7 Pt/RGO 1 bar O2 5 equiv. 
NaOH

25 24 100 84 [48]

8 Pt/C 0.69 bar 
O2

2 equiv. 
NaOH

22 6 100 79 [49]

9 Pt/γ-A12O3 0.2 bar 
partial O2

pH = 9 60 6 100 99 [50]

10 Pt/γ-A12O3 1 bar O2 1 equiv. 
Na2CO3

75 12 96 96 [52]
140 12

11 Pt/ZrO2 1 bar O2 1 equiv. 
Na2CO3

75 12 100 94 [52]
140 12

12 Pt/C 1 bar O2 1 equiv. 
Na2CO3

75 12 100 89 [52]
140 12

13 Pt/TiO2 1 bar O2 1 equiv. 
Na2CO3

75 12 96 2 [52]
140 12

14 Pt/CeO2 1 bar O2 1 equiv. 
Na2CO3

75 12 100 8 [52]
140 12

15 Pt/Ce0.8Bi0.2O2-δ 10 bar O2 4 equiv. 
NaOH

23 0.5 100 98 [53]

16 Pt/CeO2 10 bar O2 4 equiv. 
NaOH

23 0.5 100 20 [53]

17 Pt/PVP 1 bar O2 No base 80 24 100 94 [55]

6  Catalytic Aerobic Oxidation of 5-Hydroxymethylfurfural (HMF)…



182

Besides carbon material supported metal catalysts, metal oxide supported Pt 
catalysts have been studied for the oxidation of HMF into FDCA. In 1990, Vinke 
et al. found that Pt/γ-A12O3 catalyst showed high catalytic activity towards oxida-
tion of HMF into FDCA [50, 51]. Near quantitative FDCA yields (>99%) were 
obtained (Table 6.1, Entry 9). However, the Pt/A12O3 catalyst became deactivated 
by oxygen chemisorption due to the high activity of Pt nanoparticles. Sahu and 
Dhepe compared the catalytic performance of metal oxide-supported Pt catalysts 
[52]. Under the same reaction conditions, Pt/γ-A12O3, Pt/ZrO2 and Pt/C showed 
high catalytic activity with FDCA yields being 96%, 94% and 89%, respectively, 
while Pt/TiO2 and Pt/CeO2 catalyst produced very poor FDCA yields (2 and 8%) 
even with HMF conversion of ca. 100%(Table 6.1, Entries 10 ~ 14). These results 
are evidence that non-reducible oxide (γ-A12O3, ZrO2 and C) supported Pt catalysts 
have higher catalytic performance than reducible oxide (TiO2 and CeO2) supported 
Pt catalysts. The authors claimed that the main reason was attributed to the different 
oxygen storage capacity (OSC) of each support. It is known that the OSC of cata-
lysts like Pt/γ-Al2O3, Pt/ZrO2 and Pt/C is quite low, which keeps the active sites in 
active form (not covered by oxygen), whereas, TiO2 and CeO2 have high OSC 
because of the presence of Ce4+/Ce3+or Ti4+/Ti3+ redox couple. Although high OSC 
is good for reactions such as CO oxidation, it is detrimental to HMF oxidation. 
Similar to the addition of Bi to Pt for Pt/C catalyst [46]. Yang and co-workers found 
that the addition of Bi to CeO2 support could greatly improve catalytic performance 
of Pt/CeO2 [53]. The Pt/Ce0.8Bi0.2O2-δ afforded 100% HMF conversion and 98% 
yield of FDCA, while HMF conversion was less than 20% over Pt/CeO2 catalyst 
(Table 6.1, Entries 15–16). As shown in Fig. 6.9, Pt nanoparticles react with the 
hydroxyl group in HMF to form the Pt–alkoxide intermediate, followed by β-H 
elimination with the help of hydroxide ions. Bi-containing ceria accelerates the oxy-
gen reduction process because of the presence of a large amount of oxygen vacan-
cies and the cleavage of the peroxide intermediate promoted by bismuth. Thus, 
surface electrons are consumed to reduce oxygen and the catalytic cycle can be 
smoothly continued. The Pt/Ce0.8Bi0.2O2-δ catalyst could be reused for five runs with-
out the loss of its catalytic performance (FDCA yield 98% in the first run vs 97% in 

O R
HO

O

O R
HO

Pt

+ OH-, - H2O
Pt

O R
-O

H

H - H2O

O R
O

+ OH-

+ Pt + 2 e-(a)

(b) CeBi* O2 H2O
+ 2 e-

CeBi*H2O2 2 OH-+ + 2 e-
CeBi* 4 OH-+

(c)
O R

O
+ H2O

OH-
O R

HO

HO

H + 2 OH-, - 2H2O

Pt

2 e-

R= CH2OH, CHO, COOH

R= CHO, COOH

+ +

+

Fig. 6.9  Proposed reaction mechanism for oxidation of HMF in alkaline aqueous solutions. CeBi* 
represents the oxygen vacancy accompanied with bismuth (Reprinted with permission from Ref. 
[53], Copyright © 2015 Royal Society of Chemistry)

Z. Zhang and P. Zhou



183

the fifth run). To produce FDCA on a large scale, Lilga et al. performed oxidation of 
HMF into FDCA over Pt/C and Pt/Al2O3 catalysts in a continuous reactor and 
obtained nearly quantitative yields of FDCA over two catalysts for a feed of 1 wt% 
HMF at 100 °C under 7 bar air (LHSV =4.5 h−1, GHSV =600 h−1) using stoichio-
metric aqueous Na2CO3 [54].

As shown in Table 6.1, aerobic oxidation of HMF over Pt catalysts is generally 
carried out in the presence of excess base. The disadvantages of basic feeds are that 
product solutions must be neutralized, and inorganic salts must be separated. Yan 
and co-workers found that PVP stabilized Pt nanoparticles (Pt/PVP) could promote 
base-free aerobic oxidation of HMF into FDCA in water and obtained 100% con-
version of HMF and 95% yield of FDCA at 80 °C after 24 h under 1 bar O2. It was 
observed by these authors that PVP/Pt catalyst showed a slight decrease of its cata-
lytic activity in the recycle runs. Although this base-free method is environmental-
friendly, a high catalyst loading of 5 mol%, a low content of the feedstock (0.29 
mmol in each run) and a long reaction time of 24 h were needed to achieve 84% 
yield of FDCA, which also makes the cost of producing FDCA high.

6.4.2  �Synthesis of FDCA from HMF Over Supported Pd 
Catalysts

Supported Pd catalysts show excellent catalytic performance towards the aerobic 
oxidation of HMF into FDCA. As described above, Davis and co-workers found the 
catalytic activity of Pd/C catalyst was comparable to Pt/C catalyst [49]. Under the 
given reaction conditions (Entry 1, Table 6.2), Pd/C catalyst afforded HMF conver-
sion of 100% and FDCA yield of 71% after 6 h, and Pt/C catalyst gave HMF con-
version of 100% and FDCA yield of 79% (Table 6.2, Entry 1 and Table 6.1, Entry 
4). DaSiyo and co-workers studied the aerobic oxidation of HMF over PVP stabi-
lized Pd nanoparticles (Pd/PVP) [56] Pd/PVP were prepared in ethylene glycol with 
the addition of NaOH, and the particle sizes could be controlled by the amount of 
NaOH. It was found that Pd/PVP catalyst with smaller Pd nanoparticle size afforded 
FDCA with higher yields. Under the given reaction conditions (Table 6.2, Entry 2), 
maximum FDCA yield of 90% with full HMF conversion was obtained after 6 h 
with Pd diameter of 1.8 nm (Table 6.2, Entry 2). FDCA yield decreased to 81% 
when the Pd diameter was 2.0 nm. The higher catalytic activity of Pd/PVP catalyst 
with smaller particle size should be due to a higher number of surface atoms and a 
higher amount of coordinately unsaturated metal sites. Interestingly, the catalyst 
activity was also found to be dependent on the oxygen flow rate. If the oxygen flow 
rate was far away from the optimum, Pd nanoparticles deactivated quickly, probably 
through blocking of the active surface sites by byproducts (oxygen flow rate too 
low) or by interaction of the Pd surface with oxygen (oxygen flow rate too high). 
The optimal oxygen flow rate was 35 mL/min in their catalytic system. Similar 
phenomenon of the effect of oxygen flow rate on the Pt/Al2O3 catalyst was also 
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observed by Sahu and Dhepe [52]. The reaction pathway of the oxidation of HMF 
over Pd/PVP catalyst was affected by the reaction temperature. At low reaction 
temperature below 70 °C, the rate of oxidation of HFCA into FFCA was slower than 
the rate of the oxidation of FFCA to FDCA, and the main product was HFCA. The 
rate of the oxidation of HFCA into FFCA was close to the rate of the oxidation of 
FFCA to FDCA at the reaction temperature of 90 °C. The stability of PVP/Pd in 
alkaline solution decreased during the reaction, and PVP/Pd was difficult to be recy-
cled and reused. To improve the stability of Pd nanoparticles and facilitate the cata-
lyst recycle, DaSiyo and co-workers further deposited Pd/PVP onto different metal 
oxides (TiO2, γ-Al2O3, KF/Al2O3, and ZrO2/La2O3) and studied their catalytic per-
formance toward HMF oxidation. Pd/ZrO2/La2O3 showed the highest catalytic 
activity with the highest FDCA yield up to 90% and a relatively stable catalytic 
performance than other supported Pd catalysts (Table  6.2, Entries 4–6). TEM 
images indicated that there was no obvious aggregation of Pd nanoparticles in the 
spent Pd/ZrO2/La2O3 catalyst, while others catalysts showed serious aggregation. 
XPS confirmed that most of the Pd was in its zero-valent form and that the elec-
tronic structure of the Pd nanoparticles was not changed in the spent Pd/ZrO2/La2O3 
catalyst. Nevertheless, the procedure of recycling the heterogeneous catalysts 
required a tedious recovery procedure via filtration or centrifugation and the 

Table 6.2  Oxidation of HMF into FDCA over supported Pd catalysts

Entry Catalyst

O2 partial 
pressure 
(bar) Base T (°C)

Time 
(h)

HMF 
Conv. 
(%)

FDCA 
Yield 
(%) Ref.

1 Pd/C 6.9 2 equiv. 
NaOH

23 6 100 71 [49]

2 Pd/PVP 1 1.25 equiv. 
NaOH

90 6 >99 90 [56]

3 Pd/ZrO2/La2O3 1 1.25 equiv. 
NaOH

90 6 >99 90 [57]

4 Pd/Al2O3 1 1.25 equiv. 
NaOH

90 6 >99 78 [57]

5 Pd/Ti2O3 1 1.25 equiv. 
NaOH

90 6 >99 53 [57]

6 γ-Fe2O3@
HAP-Pd

1 0.5 equiv. 
K2CO3

100 6 97 92.9 [58]

7 C-Fe3O4-Pd 1 0.5 equiv. 
K2CO3

80 4 98.1 91.8 [59]

8 Pd/C@Fe3O4 1 0.5 equiv. 
K2CO3

80 6 98.4 86.7 [60]
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inevitable loss of solid catalysts occurred during the separation process, which lim-
its its application. Some improvements on the aerobic oxidation of HMF into FDCA 
using several kinds of magnetic Pd catalysts [58–60]. Zhang et al. (Table 6.2 Entry 
6) prepared the magnetic γ-Fe2O3@HAP supported Pd catalysts (γ-Fe2O3@HAP-Pd) 
for the aerobic oxidation of HMF into FDCA [58]. The magnetic core γ-Fe2O3 was 
coated with a layer of HAP (HAP = hydroxyapatite, Ca10(PO4)6(OH)2), and the Ca2+ 
in the HAP layer can be changed with Pd2+, followed by reduction of the Pd2+ to 
Pd(0) nanoparticles. Catalytic oxidation of HMF over γ-Fe2O3@HAP-Pd catalyst 
afforded 97% (Table 6.2, Entry 6). The γ-Fe2O3@HAP-Pd catalyst could be easily 
separated from the reaction solution by an external magnet and reused without loss 
of catalytic activity. TEM images indicated that particle size of Pd nanoparticles did 
not change in the spent catalyst.

Graphene oxide and carbon have been widely used as supports for the immobili-
zation of metal nanoparticles due to its high surface area and abundant oxygen func-
tional groups. However, the recycling of carbon supported catalysts is difficult due 
to its small size. Magnetically separable graphene oxide supported Pd catalyst 
(C-Fe3O4-Pd), in which Fe3O4 nanoparticles and Pd nanoparticles were simultane-
ously deposited on graphene oxide by a one-step solvothermal route was prepared 
by Zhang et al. [59]. The C-Fe3O4-Pd catalyst showed excellent catalytic perfor-
mance in the aerobic oxidation of HMF into FDCA, giving high HMF conversion 
(98.1%) (Table 6.2, Entry 7). The C-Fe3O4-Pd catalyst could be easily recovered by 
an external magnet and reused without loss of catalytic activity. With the aim to 
achieve sustainability, the magnetic C@Fe3O4 supported Pd nanoparticles (Pd/C@
Fe3O4)were prepared for aerobic oxidation of HMF into FDCA under mild condi-
tions [60]. The core–shell structure C@Fe3O4 support was prepared by in situ car-
bonization of glucose on the surface of the Fe3O4 microspheres. HMF conversion of 
100% and FDCA yield of 87.8% were obtained over Pd/C@Fe3O4 catalyst after 6 h 
at 80 °C (Table 6.2, Entry8). The Pd/C@Fe3O4 catalyst showed good stability in 
subsequent recycling experiments and XPS measurements confirmed that zero-
valent Pd(0) remained in the spent catalyst. All catalytic systems for oxidation of 
HMF into FDCA over magnetic Pd catalysts showed common advantages: (a) they 
did not require a large amount of base; (b) they could be performed under atmo-
spheric oxygen pressure; (c) the catalysts could be easily separated by an external 
magnet and reused without the loss of catalytic activity.

6.4.3  �Synthesis of FDCA from HMF Over Supported Au 
Catalysts

Compared with Pt and Pd catalysts, Au catalysts were once considered to be inac-
tive in chemical reactions. The discovery in the 1980s that Au could behave as a 
catalyst has been one of the most stunning breakthroughs [61, 62] and opened up a 
new field of research that led to the discovery of very active catalysts for many 
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potential applications [63, 64]. Supported Au catalyst shave shown encouraging 
performance for aerobic oxidation of HMF to FDCA in water.

As discussed above, the catalytic performance of Pt and Pd catalysts towards 
HMF oxidation is greatly affected by its support. Corma and co-workers observed 
that the support has a large effect on the catalytic activity of Au catalysts [65]. Au/
CeO2 and Au/TiO2 catalysts afforded quantitative FDCA yields (>99%) after 8 h 
(Table 6.3, Entries 5 and 6), while Au/C and Au/Fe2O3 catalysts produced FDCA 
yields of 44% and 15%, respectively. Further experiments confirmed that Au/CeO2 
showed higher catalytic activity and selectivity over Au/TiO2, which was also 
observed by Albonetti et al. [66] High FDCA yields of 96% were obtained after 5 h 
over Au/CeO2 catalyst, while others were 84% after 8 h for Au/TiO2 catalyst 
(Table 6.3, Entries 1 and 2). For each case, HMF conversion was 100%. HFCA was 
determined to be the only intermediate. As shown in Fig. 6.10, the first step (very 
fast) in conversion of HMF to FDCA is the oxidation of HMF into HFCA via the 

Table 6.3  Oxidation of HMF over supported Au catalyst

Entry Catalyst Oxidant Base T (°C)
Time 
(h)

HMF 
Con. 
(%)

FDCA 
Yield (%) Ref.

1 Au/CeO2 10 bar Air 4 equiv. 
NaOH

130 5 100 96 [65]

2 Au/TiO2 10 bar Air 4 equiv. 
NaOH

130 8 100 84 [65]

3 Au/Ce0.9Bi0.1O2-δ 1 bar O2 4 equiv. 
NaOH

65 2 100 >99 [67]

4 Au/HY 0.3 bar O2 5 equiv. 
NaOH

60 6 >99 >99 [68]

5 Au/CeO2 0.3 bar O2 5 equiv. 
NaOH

60 6 >99 73 [68]

6 Au/TiO2 0.3 bar O2 5 equiv. 
NaOH

60 6 >99 85 [68]

7 Au/Mg(OH)2 0.3 bar O2 5 equiv. 
NaOH

60 6 >99 76 [68]

8 Au/H-MOR 0.3 bar O2 5 equiv. 
NaOH

60 6 96 15 [68]

9 Au/Na-ZSM-5-25 0.3 bar O2 5 equiv. 
NaOH

60 6 92 1 [68]

10 Au/TiO2 20 bar O2 20 equiv. 
NaOH

30 18 100 71 [69]

11 Au-Cu/TiO2 10 bar O2 4 equiv. 
NaOH

95 4 100 99 [72]

12 Au8-Pd2/C 30 bar O2 2 equiv. 
NaOH

60 2 >99 >99 [74]

13 Au/HT 1 bar O2 none 95 7 >99 >99 [75]
14 Au-Pd/CNT 5 bar O2 none 100 12 100 94 [77]
15 Au-Pd/CNT 10 bar air none 100 12 100 96 [77]
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formation of the intermediate Hemiacetal 1. As no FFCA was observed in the reac-
tion process, it is probable that FFCA formed from the oxidation of HFCA was 
rapidly converted into FDCA through a second hemiacetal intermediate (Hemiacetal 
2). Substrate degradation was strongly diminished with increase in catalyst life by 
performing the reaction in two steps at different reaction temperatures, first the oxi-
dation of HMF into FDCA at are action temperature of 25 °C, and subsequent oxi-
dation of HFCA into FDCA at a temperature of 130 °C. Reductive pretreatment of 
the Au/CeO2 catalyst was shown to increase the catalytic activity because it increased 
the amount of Ce3+ and oxygen vacancies. The increased Ce3+ and oxygen vacancies 
were shown to have great influence in transferring hydride and activating O2 during 
catalytic oxidation of alcohols in a former report [65]. It was also proposed that Ce3+ 
centers (Lewis acid sites and stoichiometric oxidation sites of CeO2) and Au+ spe-
cies of Au/CeO2 could readily accept a hydride from the C–H bond in alcohol or in 
the corresponding alkoxide to form Ce–H and Au–H, with the formation of a car-
bonyl compound at the same time. The oxygen vacancies of ceria could activate O2 
and form cerium-coordinated superoxide(Ce–OO˙) species which subsequently 
evolved to cerium hydroperoxide by hydrogen abstraction from Au–H. The cerium 
hydroperoxide then interacted with Ce–H, producing H2O and recovering the Ce3+ 
centers. Au–H donated H and changed back to the initial Au+ species. To further 
improve the catalytic activity of Au/CeO2, Yang and co-workers found that the dop-
ing Bi3+ into the nano-CeO2 support could improve the O2 activation and hydride 
transfer of nano-CeO2, which was enhanced by the lone electron pair of Bi3+ [67]. 
Under the same reaction conditions (65 °C, 10 bar, HMF/Au = 150) as described by 
Corma and co-workers [65], Both Au/CeO2 and Au/Ce1-xBixO2-δ (0.08 ≤ x ≤ 0.5) 
gave 100% HMF conversion after 1 h, but FDCA yield largely increased from 39% 
over Au/CeO2 catalyst to about 75% over Au/Ce1-xBixO2-δ catalysts. After 2 h, FDCA 
was obtained in quantitative yield (>99%) over Au/Ce0.9Bi0.1O2-δ catalyst (Table 6.3, 
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Entry 3). More importantly, the Au/Ce0.9Bi0.1O2-δ catalyst showed much higher sta-
bility than the Au/CeO2 catalyst, albeit a slight decrease of FDCA yield was still 
observed in the recycling experiments. Xu and co-workers also found that the cata-
lytic performance of Au catalysts was greatly affected by the support [68]. HY 
zeolite supported Au catalyst (Au/HY) afforded quantitative FDCA yield (>99%) 
yield after 6 h under mild conditions, which was much higher than that of Au sup-
ported on TiO2, CeO2, and Mg(OH)2 and channel-type zeolites (ZSM-5 and H-MOR) 
(Table  6.3, Entries 4~9). Detailed characterization revealed that Au nanoclusters 
were well encapsulated in the HY zeolite supercage, which was considered to 
restrict and avoid further growth of the Au nanoclusters into large particles. The 
acidic hydroxyl groups of the supercage were proven to be responsible for the for-
mation and stabilization of the gold nanoclusters. TEM results indicated that the 
particle size was 1 nm for Au/HT catalyst, while it was (3–20) nm for other cata-
lysts. Moreover, the electronic modification of the Au nanoparticles, which is caused 
by the interaction between hydroxyl groups in the supercage and Au nanoclusters 
was supposed to contribute to the high efficiency in the catalytic oxidation of HMF 
to FDCA. The catalyst could be recycled, but a slight decrease in its catalytic activ-
ity was observed.

Besides the support, the amount of base also had a large effect on the oxidation 
of HMF over Au catalysts. Riisager and co-worker studied the effect of NaOH 
amount on the catalytic performance of Au/TiO2 catalyst toward HMF oxidation 
[69]. With the use of 20 equivalents of NaOH, 1 wt.% Au/TiO2 catalyst was found 
to oxidize HMF into FDCA in 71% yield at 30 °C after 18 h with 20 bar O2 
(Table 6.3, Entry 10). Low concentrations of base (i.e., corresponding to less than 
five equivalents) afforded relatively more of the intermediate HFCA compared to 
FDCA. The Au/TiO2 catalyst may become deactivated by the initially formed acids, 
as the conversion of HMF dropped to 13% under base-free conditions. In addition, 
FDCA precipitating on the catalyst surface due to low solubility may have also 
hampered the reaction without base. Similar results on the effect of base concentra-
tion on selectivity of FDCA were observed by Davis, in which Au/TiO2 catalyst was 
used for the oxidation of HMF [49]. Thus, an excess amount of base is generally 
required to obtain high FDCA yields over supported Au catalysts.

Au containing bimetallic catalysts have been used for the oxidation of HMF into 
FDCA. Their chemical and physical properties of bimetallic catalysts may be easily 
tuned by varying the size, composition, and degree of mixing, thus the catalytic 
activity of Au containing bimetallic catalysts was often observed to be higher than 
that of the monometallic Au catalysts [70, 71]. Pasini and co-workers demonstrated 
that Au-Cu/TiO2 showed higher catalytic activity and stability over Au/TiO2 towards 
HMF oxidation into FDCA [72]. All of the bimetallic Au-Cu/TiO2 catalysts with 
different Au/Cu mol ratio prepared via a colloidal route displayed improved activity, 
by at least a factor of 2 with respect to their corresponding monometallic Au cata-
lysts. The post-deposition of a PVP-stabilized gold sol onto Cu/TiO2 resulted in a 
less active catalyst as compared with the bimetallic sample, where a preformed 
Au-Cu sol was utilized. The post-deposited catalyst gave both lower yield and 
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selectivity of FDCA. Thus, it was concluded that homogeneous Au site isolation 
effect benefited from AuCu alloying as being the main reason for the excellent cata-
lytic activity of the Au-Cu/TiO2 catalysts prepared via a colloidal route towards 
HMF oxidation into FDCA. Under optimal reaction conditions, HMF conversion of 
100% and FDCA yield of 99% were attained after 4 h (Table  6.3, Entry 11). A 
strong synergistic effect was evident in terms of the catalyst stability and resistance 
to poisoning. The Au-Cu/TiO2 catalyst could be easily recovered and reused without 
significant leaching and agglomeration of the metal nanoparticles. A strong syner-
gistic effect of Au-Cu alloy was also observed by Albonetti et al. [67, 73], in which 
they used Au-Cu/TiO2 and Au-Cu/CeO2 catalysts for the oxidation of HMF into 
FDCA, respectively. Besides the strong synergistic effect of Au-Cu alloy, Villa and 
co-workers observed a synergistic effect of Au-Pd alloy during the aerobic oxida-
tion of HMF over Au-Pd/AC catalyst [74]. Under reaction conditions (30 bar O2, 2 
equiv. NaOH and 60 °C), Au/AC or Pd/AC catalysts afforded full HMF conversion, 
but with the major product of the intermediate HFCA after 6 h, while the Au8-Pd2/
AC catalyst produced quantitative FDCA yield (>99%) after 2 h (Table 6.3, Entry 
12). In addition, the Au8-Pd2/AC catalyst showed higher stability than the monome-
tallic Au/AC catalyst. The Au/AC catalyst showed good product selectivity, but it 
underwent deactivation, losing 20% of conversion efficiency after five runs. No Au 
leaching from the catalyst was detected, thus this deactivation was possibly due to 
irreversible adsorption of intermediates or Au particle agglomeration. However, its 
stability was increased extraordinarily by alloying Au with Pd. FDCA yield of 99% 
was still obtained even after five runs over Au8-Pd2/AC catalyst. Generally speaking, 
the monometallic Au catalysts easily suffers from deactivation due to byproducts or 
reaction intermediates. The alloying of another metal (e.g., Pd and Cu) with Au to 
form bimetallic alloy catalysts combines the advantages of different components in 
the atomic level and enhances the activity and stability.

The aerobic oxidation of HMF over Au catalysts is mainly carried out in the pres-
ence of excessive base, which needs additional acids to neutralize the base after 
reaction. Thus, base-free oxidation of HMF into FDCA should be an economical 
and environmentally benign way. There have been some reports on the oxidation of 
HMF into FDCA over Au catalysts without base. Ebitani and co-workers developed 
a base-free process for the oxidation of HMF into FDCA using hydrotalcite sup-
ported Au catalyst (Au/HT) [75]. FDCA was achieved with an excellent yield of 
99% after 7 h at 95 °C under 1 bar O2 in water (Table 6.3, Entry 13). Au deposited 
onto neutral supports (Al2O3, C) showed rare activity and acidic SiO2 with no activ-
ity, suggesting that the importance of the basicity of HT in the oxidation of HMF 
into FDCA. Although MgO is a strong base, Au/MgO showed a much poorer cata-
lytic activity with FDCA yield of 21% than Au/HT catalyst. TEM images indicated 
that the Au/HT catalyst had a particle size of 3.2 nm, while the particle size of Au/
MgO was larger (>10 nm). The large size and low dispersion of Au nanoparticles on 
MgO is probably the reason of the lower catalytic activity of Au/MgO. Thus, both 
the basicity of solid support and the metal active sites played important roles in 
HMF oxidation. HFCA was the main intermediate, which was the same for Au/TiO2 
and Au/CeO2 catalysts [65]. Au/HT catalyst could be reused, but with a slight 
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decrease in its catalytic activity, as complete conversion of HMF for all cycles was 
achieved with FDCA yields over 90% for the first 3 cycles. Although Ebitani and 
co-workers reported that Au/HT catalyst could be reused, Davis and co-workers 
observed that extensive leaching of Mg2+ from HT occurred inevitably for the 
oxidation of HMF over Au/TiO2 catalyst and HT as solid base, which was due to the 
chemical interactions between the basic HT and the formed FDCA [76]. Wang and 
co-workers developed an active and stable carbon nanotube (CNT)-supported Au 
− Pd catalyst for the base-free oxidation of HMF [77]. HMF conversion and FDCA 
selectivity over the Au − Pd/CNT catalyst could reach 100% and 94% after 12 h at 
373  K under 5 bar O2, respectively (Table  6.3, Entry 14). The Au − Pd/CNT  
catalysts showed high catalytic activity using air as the oxidant, affording HMF 
conversions of 100% and FDCA selectivities of 96% after 12 h at 373 K under 10 
bar air (Table 6.3, Entry 15). The authors identified that the carbonyl/quinone and 
phenol (especially the former) groups on CNT surfaces facilitated the adsorption of 
HMF and the intermediate (DFF) but not FDCA, which was believed to be signifi-
cant for the high catalytic activity of the Au − Pd/CNT catalyst. In addition to the 
support-enhanced adsorption effect, significant synergistic effect was present 
between Au and Pd in the alloy for the oxidation of HMF to FDCA. The catalytic 
performance of the Au-Pd bimetallic catalysts was much better than the monometal-
lic Au or Pd catalysts. DFF and FFCA were identified as the reaction intermediates 
(Fig. 6.11a), suggesting that the oxidation of hydroxyl group in HMF was faster 
than the oxidation of aldehyde group over Au-Pd/CNT catalysts. The Au/CNT cata-
lyst preferentially catalyzed the oxidation of the aldehyde group in HMF, forming 
HFCA, which was the same as the reaction pathway of other supported Au catalysts 
such as Au/CeO2 and Au/TiO2 in the presence of base [65]. But HFCA mainly 
underwent ring-opening and degradation reactions to form byproducts under base-
free conditions (Fig. 6.11b). For the Pd/CNT catalyst, the same reaction pathway 
was observed as the Au-Pd/CNT catalyst. The addition of Pd to the Au/CNT catalyst 
changed the main route from HFCA formation to DFF formation by accelerating 
the oxidation of the hydroxyl group in HMF. In addition, the incorporation of Pd 
further enhanced the oxidation of FFCA to FDCA, which is a difficult elementary 
step over monometallic Au catalyst under base-free conditions. More importantly, 
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the Au − Pd/CNT showed high stability. Although the selectivity of FDCA decreased 
slightly in the initial three recycles, both the HMF conversion and FDCA selectivity 
were sustained in the further recycling uses.

6.4.4  �Synthesis of FDCA from HMF Over Supported Ru 
Catalysts

The noble metal Ru is the same group of Pt and it also shows the catalytic activity 
towards HMF oxidation. In the oxidation of HMF, Ru catalysts are mainly used for 
the oxidation of HMF into DFF in organic solvents [12, 78–80], but a few examples 
have been reported for the oxidation of HMF into FDCA in water. Riisager and co-
workers deposited catalytically active Ru(OH)x species onto a series of metal oxides 
and studied their catalytic performance towards HMF oxidation in water without 
base [81, 82]. Under the reaction conditions (2.5 bar O2, 140 °C, 6 h), all catalysts 
were found to have catalytic activity toward HMF oxidation with FDCA yields 
ranging from 20% to 100%, but [Ru(OH)x] deposited onto basic carrier materials 
such as MgO, La2O3, and HT gave excellent catalytic performance with FDCA 
yields above 95%. The pH measurement of the post-reaction mixture indicated that 
the reaction solution with basic carrier supported Ru catalysts was higher than those 
with none-basic carriers supported Ru catalysts and Mg2+ was determined in the 
former reaction solution suggesting that basic supports act to promote the oxidation 
of HMF into FDCA. Through a series of control experiments, the authors found that 
DFF and HFCA were reaction intermediates at low temperatures and low pressures, 
but HFCA was the only intermediate at high temperatures and high oxygen partial 
pressures. These results indicate that the oxidation of aldehyde group is competitive 
with the oxidation of the alcohol group at low temperatures and low oxygen partial 
pressures and that the oxidation of the aldehyde group is much faster than the oxida-
tion of the alcohol group at high temperatures and high oxygen partial pressures. 
Besides the reaction in H2O, the same research groups studied the oxidation of HMF 
into FDCA over supported [Ru(OH)x] catalysts in ionic liquids [83]. However, this 
method showed no significance in the practical application. Firstly, the catalytic 
results were not satisfactory, with the maximum FDCA yield being around 48%. 
Secondly, the cost of ionic liquids is very high and it is also difficult to separate 
FDCA from ionic liquids.

According to the results of the aerobic oxidation of HMF over supported metal 
catalysts, much progress has already been achieved for the synthesis of FDCA in 
recent years. Au catalysts are more stable and selective for the aerobic oxidation of 
HMF into FDCA in water than Pt, Ru and Pd based catalysts, because the Au cata-
lysts can offer better resistance to water and O2. However, Au catalysts suffer from 
deactivation in some cases by the deposition of byproducts or intermediates on their 
active sites. To promote oxidation of HMF, an excess of base is required to acceler-
ate the reaction and to maintain the FDCA formed in aqueous solution as the salt of 
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the dicarboxylic acid, thus strong adsorption of the carboxylic acids on the catalyst 
is avoided. Selecting an appropriate support and the use of an alloy might improve 
of catalyst performance to be highly active and stable for base-free oxidation of 
HMF into FDCA.

6.4.5  �Mechanism of the Oxidation of HMF into FDCA 
Over Supported Metal Catalysts

Although many researchers have proposed reaction pathways for oxidation of HMF 
into FDCA over different supported metal catalysts based on the concentration 
change of HMF and the detectable intermediates such as DFF, HFCA, and FFCA 
and FDCA, no single unambiguous reaction mechanism for HMF oxidation exists 
so far. Attempts have been made to understand the reaction mechanism using iso-
tope labeling technology [84].

Davis and co-workers studied the mechanism of the oxidation of HMF into 
FDCA over supported Au and Pt catalysts by the isotope labeling technology [84, 
85]. The oxidation of HMF catalyzed by Au/TiO2 under 3.45 bar O2 at 22 °C with 2 
equivalents of NaOH gave mostly HFCA (≥98% selectivity after 6 h. To understand 
the role of O2, oxidation of HMF over Au/TiO2 catalyst was carried out using 18O2 
as the oxidant, but the product HFCA showed no incorporation of 18O atoms. Thus, 
the oxygen of HFCA most likely comes from the solvent H2O. To verify this, HMF 
oxidation was carried out in labeled water H2

18O. As expected, mass spectrum anal-
ysis revealed two 18O atoms were incorporated into HFCA and the Na-adduct of 
HFCA. Thus, O2 was not essential for the oxidation of the aldehyde group in HMF 
to produce HFCA. The aldehyde side chain is believed to undergo rapid reversible 
hydration to ageminal diol via nucleophilic addition of a hydroxide ion to the car-
bonyl and subsequent proton transfer from water to the alkoxy ion intermediate 
(Fig. 6.12, step 1). This step accounts for the incorporation of two 18O atoms in 
HFCA when the reaction is performed in H2

18O. The second step is the dehydroge-
nation of the geminal diol intermediate, facilitated by the hydroxide ions adsorbed 
on the metal surface to produce the carboxylic acid (Fig. 6.12, step 2). Production 
of the desired FDCA requires further oxidation of the alcohol side-chain of 
HFCA. Without base, no FDCA was formed even in the presence of Au and Pt cata-
lysts, indicating the base played a crucial role in the transformation of HFCA into 
FDCA. The base is thought to deprotonate the alcohol side-chain to form an alkoxy 
intermediate, which is a step that may occur primarily in the solution [86]. Hydroxide 
ions on the catalyst surface then facilitate the activation of the C–H bond in the 
alcohol side-chain to form the aldehyde intermediate (FFCA) (Fig. 6.12, step 3). 
The next two steps (Fig. 6.12, steps 4 and 5) oxidize the aldehyde side-chain of 
FFCA to form FDCA. These two steps are expected to proceed analogously to steps 
1 and 2 for oxidation of HMF to HFCA. The reversible hydration of the aldehyde 
group in step 4 to a geminal diol accounts for two more 18O atoms incorporated in 
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FDCA when the oxidation is performed in H2
18O. Thus, the sequence in Fig. 6.12 

explains the incorporation of all four 18O atoms in FDCA when the reaction is per-
formed in H2

18O. Molecular O2 is essential for the production of FDCA and plays an 
indirect role during oxidation by removing electrons deposited onto the supported 
metal particles.

The above mechanism involves the participation of base (OH−) in the oxidation 
of HMF into FDCA, thus the reaction mechanism of the base-free reaction should 
be different from it. Yan and co-workers used isotope labeling technology to study 
the mechanism of base-free oxidation of HMF into FDCA over PVP or poly[bvbim]
Cl stabilized Pd nanoparticles [55]. DFF and FFCA were found to be the reaction 
intermediates and HFCA was not determined during the reaction process. Other 
researchers have observed the same reaction pathway when the oxidation of HMF 
was performed without base or under low pH conditions [77, 85]. As shown in 
Fig.  6.13, the release of two H+ from the hydroxyl group in HMF generates 
DFF. Then, they studied the oxidation of HMF over PVP/Pt catalyst in H2

18O for a 
reaction time of 4 h. Mass spectrometric analysis of the reaction mixture revealed 

Fig. 6.12  Proposed mechanism for the oxidation of HMF in aqueous solution in the presence of 
excess base (OH−) and either Pt or Au [84, 85] (Reprinted with permission from [84], Copyright © 
2011 Royal Society of Chemistry)

6  Catalytic Aerobic Oxidation of 5-Hydroxymethylfurfural (HMF)…



194

that the oxidation products (FDCA and FFCA) incorporated 18O atoms. Peaks with 
m/z 163 and 161 correspond to four and three 18O atoms incorporated in FDCA and 
peaks with m/z 145 and 143 corresponding to three and two 18O atoms incorporated 
into FFCA. The aldehyde group is thought to undergo rapid reversible hydration to 
ageminal diol via nucleophilic addition of water to the carbonyl and subsequent 
proton transfer metal nanoparticles, which is similar to Fig. 6.12, step 1 in the above 
mechanism. Finally, the transfer of two H+ to the surface of the metal generate the 
carboxylic groups. Molecular oxygen reacts with the surface hydride to release 
H2O.

Although some information regarding the mechanism of HMF oxidation of HMF 
was obtained by the use of isotope labeling technology, much more effort should be 
devoted to obtain a deep understanding of the intrinsic kinetics and mechanisms by 
other methods. Understanding of the reaction mechanism will provide insight into 
the design of efficient and stable catalysts on the atomic level for the oxidation of 
HMF into FDCA.

6.4.6  �Catalytic Synthesis of FDCA Over Non-Noble Metal 
Heterogeneous Catalysts

Although noble metal catalysts generally show high catalytic performance towards 
the oxidation of HMF into FDCA, the industrially large-scale production of FDCA 
is limited by the use of noble metal catalysts due to their high cost. Inexpensive 
transition metal catalysts have been found to be active towards the oxidation of 
HMF into FDCA. Saha and co-workers prepared Fe catalyst by the incorporation of 
Fe3+ in the porphyrin ring center of porphyrin-based porous organic polymer (Fe–
POP) and studied the catalytic performance of the Fe–POP catalyst towards aerobic 
oxidation of HMF in water [87]. HMF conversion of 100% and FDCA yield of 79% 
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were attained after 10 h at 100 °C under 10 bar air. This catalytic system did not 
require the use of base, and is thought to proceed via a radical chain mechanism 
with the formation of peroxyl radical in the catalytic cycle through EPR spectra 
analysis. Zhang et  al. found that Merrifield resin supported Co(II)-meso-tetra 
(4-pyridyl)-porphyrin (abbreviated as Merrifield resin-Co-Py) showed high cata-
lytic activity towards the oxidation of HMF into FDCA with the use of t-BuOOH as 
the oxidant [88]. High HMF conversion of 95.6% and FDCA yield of 90.4% were 
attained in acetonitrile at 100 °C after 24 h. DFF was the intermediate of the oxida-
tion of HMF into FDCA over Merrifield resin-Co-Py catalyst. In addition, the cata-
lyst could be reused without significant loss of its catalytic activity. Later, Mugweru 
and co-workers performed the oxidation of HMF into FDCA in acetic acid by use 
of spinel mixed metal oxide catalyst(Li2CoMn3O8) and NaBr as the additive [89]. 
Full HMF conversion and 80% isolated yield of FDCA were obtained at 150 °C 
after 8 h under 55 bar air. The use of acetic acid and NaBr as the additive as well as 
the high reaction temperature and high pressure resulted in this catalytic system 
being less competitive for large-scale production of FDCA. To facilitate the recy-
cling of the catalysts, our group has reported a new method for the oxidation of 
HMF into FDCA over magnetic Nano-Fe3O4 − CoOx catalyst [90]. High HMF con-
version of 97.2% was obtained after 12 h at 80 °C, but FDCA yield was obtained at 
68.6%. The catalyst could be recovered by an external magnet and reused with little 
mass loss.

Compared with noble metal catalysts, the use of inexpensive transition metal 
catalysts is promising for practical synthesis of FDCA, due to their low cost. 
However, current reported methods do not show selective production of FDCA, and 
the reactions are sometimes carried out in organic solvents, such as acetic acid or 
the use of t-BuOOH as the oxidant, which are less desirable for the “green chemis-
try”. Therefore, further efforts should be devoted to developing new methods based 
on non-precious transition metal catalysts that can promote the oxidation of HMF 
into FDCA in water with high catalytic activity and selectivity with O2 as the 
oxidant.

6.5  �Catalytic Synthesis of FDCA from Carbohydrates

Although FDCA can be produced from HMF in nearly quantitative yields, the cost 
of HMF is high. Carbohydrates such as fructose, glucose and cellulose are much 
cheaper and more abundant than HMF. Therefore, it is more attractive to carry out 
the oxidative conversion of carbohydrates into FDCA by one-pot reaction over mul-
tiple functional catalysts combining acidic and metal sites.

The major problem of the direct conversion of carbohydrates into FDCA is the 
risk of simultaneous oxidation of carbohydrates. In 2000, Kröger and co-workers 
realized the one-pot conversion of fructose to FDCA using the strategy of two-phase 
system water/methyl isobutyl ketone (MIBK) [91]. As shown in Fig. 6.14. the reac-
tion was carried out in a membrane reactor divided with a polytetrafluoroethylene 
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membrane to prevent fructose from oxidation. Fructose firstly dehydrated into HMF 
in water with a Lewatit SPC (trade name) 108 as the solid acid catalyst. Then HMF 
was extracted into MIBK due to the higher solubility of HMF in MIBK, followed 
by oxidation into FDCA over metal catalysts, while fructose is insoluble in MIBK, 
avoiding the oxidation of fructose. This process yielded a maximum 25% of 
FDCA. Interestingly, the authors observed that in a pure MIBK phase, DFF was the 
major product in HMF oxidation with this catalyst. It was also claimed that water 
was needed as a co-substrate for the formation of FDCA as final product. The over-
all reaction rate was related to the diffusion through the membrane. In addition, 
levulinic acid (25% yield) was formed as the by-product. This method produced low 
FDCA yield, and it was difficult to purify FDCA from the byproducts. Later, Ribeiro 
and Schuchardt prepared a bifunctional catalyst by the encapsulation of Co(acac)3 
in sol-gel silica, combining the acidic and redox ability, and studied the one-pot 
conversion of fructose into FDCA, affording fructose conversion of 72% and 99% 
selectivity of FDCA [92]. Compared with the method reported by Kröger and co-
workers, both FDCA yield and selectivity was improved by a factor of several times. 
However, the reaction was carried out at 165 °C and at a high pressure of 20 bar air, 
which is difficult to be applied in practical applications.

Zhang and co-workers reported a two-step method to produce FDCA from fruc-
tose [93]. Firstly, fructose was dehydrated to HMF in iso-propanol with HCl as cata-
lyst. Then, iso-propanol was collected for the next run by evaporation. Finally, HMF 
was purified with water-extraction and oxidized to FDCA over Au/HT catalyst. An 
overall FDCA yield of 83% was achieved from fructose. The water-extraction step 
was very important for the whole process. Under the same conditions, the oxidation 
of HMF without extraction gave only 51% yield of FDCA even after a long reaction 
time of 20 h, while it was 98% in 7 h after water extraction. It was claimed that 

Fig. 6.14  Scheme of the processes in membrane reactor: 1 – HMF formation in water phase, 2 – 
diffusion of HMF in MIBK phase and 3 – HMF oxidation (Reprinted with permission from Ref. 
[91], Copyright © 2000 Springer)
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byproducts such as humins caused deactivation of the Au/HT catalyst. This method 
also afforded an overall FDCA yield of 52% when Jerusalem artichoke tuber (major 
component of fructose unit) was used as the feedstock. The same group later 
reported a similar routine, in which poly-benzylic ammonium chloride resins were 
used as a solid catalyst for the dehydration of fructose in the first step, affording 
FDCA with a yield of 72% from fructose [94].

Zhang and co-workers demonstrated a one-pot process for the production of 
FDCA from sugars using a triphasic reactor [95]. This triphasic system is composed 
of tetraethylammoniumbromide (TEAB) or water (phase I)—methyl isobutyl 
ketone (MIBK) (phase II)—water (phase III).In the designed triphasic setup, sugars 
(fructose or glucose) were first dehydrated to HMF in Phase I.  HMF was then 
extracted, purified, and transferred to Phase III via a bridge (Phase II). Finally, HMF 
was oxidized to FDCA over Au/HT catalyst in Phase III. Overall FDCA yields of 
78% and 50% were achieved with fructose and glucose feedstock, respectively. 
Phase II plays multiple roles: as a bridge for HMF extraction, transport and purifica-
tion. To facilitate the recycling of the catalysts and reduce the cost of the catalyst, 
Zhang et al. developed the one-pot conversion of fructose into FDCA via a two-step 
method by the combination of two paramagnetic catalysts [90]. Nano-Fe3O4 − CoOx 
catalyst showed high catalytic activity towards the oxidation of HMF into FDCA 
using t-BuOOH as the oxidant. A two-step strategy was applied for the synthesis of 
FDCA from fructose. HMF was first produced from the dehydration of fructose 
over the Fe3O4@SiO2 − SO3H acid catalyst in DMSO. The magnetic Fe3O4@SiO2 
− SO3H could be easily separated from the reaction system with an external perma-
nent magnet, and HMF in the remaining reaction solution was then oxidized into 
FDCA with t-BuOOH over nano-Fe3O4 − CoOx catalyst. FDCA was obtained in a 
yield of 59.8% after 15 h based on the starting fructose. The developed method 
shows the following two distinct advantages: (1) the use of paramagnetic catalyst 
facilitates catalyst recycle; (2) the use of transition metal catalyst makes this method 
much more economical for the practical synthesis of FDCA from renewable 
carbohydrates.

The direct conversion of carbohydrates into FDCA is much more attractive, but 
the current results are not satisfactory. The carbohydrates for FDCA production are 
focused on fructose. Much more work should be paid to the design novel catalysts 
with multiple catalytic sites for the conversion of other carbohydrates such as glu-
cose even cellulose into FDCA. To avoid side reactions, the isolation of multiple 
catalytic sites is essential to realize the one-pot conversion of carbohydrates to 
FDCA.  The acidic sites located in a hydrophilic environment would benefit the 
adsorption of the carbohydrates and promote the dehydration of carbohydrates into 
HMF, and the release of HMF into the reaction solution. The oxidative sites located 
in a hydrophobic environment enhance the absorption of the intermediate HMF and 
promote its oxidation to FDCA, and simultaneously release the high polar product 
FDCA in the reaction solution.
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6.6  �Catalytic Synthesis of FDCA Derivatives

Catalytic synthesis of FDCA from HMF can be obtained with high yields, but there 
are few reports on the purification of FDCA. As the oxidation of HMF into FDCA 
in most cases is carried out in the presence of excessive base, FDCA is in the form 
of its salts together with byproducts and the salts, making it difficult to purify 
FDCA. Hence, regarding FDCA purification, there is still a dearth of straightfor-
ward and eco-friendly methods. A possible way to overcome these issues is to pro-
duce the corresponding ester, 2,5-furandicarboxylicacid dimethyl ester (FDCDM), 
which can be easily purified through vacuum distillation and transformed into 
FDCA through a simple hydrolysis reaction. Moreover, instead of FDCA, FDCDM 
can also be used directly to synthesize polymers through transesterification 
reaction.

In 2008, Christensen and co-workers reported an effective way for the one-pot 
oxidative esterification of HMF into FDCDM over Au/TiO2 catalyst. FDCDM could 
be achieved in an excellent yield of 98% at 130 °C under 4 bar O2 in MeOH in the 
presence of 8% MeONa [96]. The addition of MeONa accelerated this reaction 
remarkably, because the reaction was incomplete without MeONa even when run 
for a long duration. Kinetic studies revealed that 5-hydroxymethyl methylfuroate 
(HMMF) was the reaction intermediate by the fast oxidative esterification of HMF 
(Fig. 6.15), which was then slowly converted to FDCDM, suggesting that the oxida-
tion of the aldehyde moiety of HMF was faster than the hydroxymethyl group, 
which was similar as the oxidation of HMF into FDCA in water over Au catalysts 
[65]. In contrast to FDCA, FDCDM can be easily purified by sublimation at stan-
dard pressure and 160 °C to afford colorless crystals. Later, Corma and co-worker 
improved the oxidative esterification of HMF into FDCDM over Au/CeO2 catalyst 
[97]. The Au/CeO2 catalyst showed high catalytic activity without base, affording 
high FDCDM yield of 99% after 5 h at 130 °C under 10 bar O2, whereas 8% MeONa 
was required to promote the reaction smoothly over Au/TiO2 catalyst. Therefore, 
Au/CeO2 showed higher catalytic activity than Au/TiO2 catalyst, which was due to 
the formation of peroxo-and superoxo-species in monoelectronic defects of nano-
crystalline ceria. Kinetic studies indicated that the oxidation of alcohol group was 
the rate-limiting step of the conversion of HMF into FDCDM, which was similar to 
the results reported by Christensen and co-workers using Au/TiO2 catalyst [96]. Au/
CeO2 could be easily recovered and reused with a little loss of activity while main-
taining high selectivity towards FDCDM.  Although high FDMCA yields were 
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obtained over Au/CeO2 and Au/TiO2 catalysts, the use of Au catalysts is high cost. 
Fu and co-workers developed an economical way for the oxidative esterification of 
HMF into FDCDM using cheap cobalt-based catalysts (CoxOy–N@C) [98]. 
However, the CoxOy–N@C catalyst is not as active as the Au catalysts. Under 10 bar 
O2 partial pressure at 100 °C for 12 h, 95% conversion of HMF was obtained, but 
the FDCDM yield was only 38%, with other products mainly including 
2,5-furandicarboxylic acid monomethyl ester (FDCMM) in a yield of 44% and 
5-hydroxymethyl-2-furoic acid methyl ester (HMFM) in a yield of 12%. To improve 
the oxidation of alcohol group to aldehyde group, the strong oxidant K-OMS-2 was 
used to promote functional group change. Although HMFM yield decreased from 
12% to 1%, FDCDM was still co-produced with FDCMM, in yields of 53% and 
41%, respectively.

Taking the above described methods into consideration, the oxidative esterifica-
tion of HMF into FDMC shows several advantages over the oxidation of HMF into 
FDCA, such as the facile product purification and the use of low catalytic amounts 
of base or even base-free conditions. Oxidative esterification of HMF to 
2,5-furandimethylcarboxylate should be a direction to effectively and economically 
transform carbohydrates into platform molecules and polymers. These described 
methods using noble metal Au catalysts are effective, while the inexpensive Co 
catalysts are much less active. Therefore, developing none-noble metal catalysts 
with high catalytic activity and selectively should be given much more attention 
than their noble metal counterpart.

6.7  �Conclusions and Future Outlook

6.7.1  �Conclusions

FDCA is a promising biomass-derived chemical and has wide application in many 
fields. More importantly, it can serve as a replacement for petrochemical derived 
terephthalic acid in production of bio-based polymers. Thus, effective catalytic 
methods for synthesis of FDCA will have huge economic benefits in the future, and 
will play a vital role in the development of sustainable economies. Currently, there 
are several methods for catalytic synthesis of FDCA from HMF or directly from 
carbohydrates by one-pot reaction, including biocatalytic, electrochemical and 
chemical catalytic approaches.

The chemical catalytic method is the main driving force for the synthesis of 
FDCA as it shows high potential for large-scale synthesis of FDCA by the use of 
molecular O2 in an economical way. Much effort has been devoted to the design of 
chemical catalytic systems for aerobic oxidation of HMF into FDCA mainly using 
supported noble metal catalysts (Au, Pt and Pd). The activity of the catalyst and the 
reaction pathways are affected by the catalyst itself (such as the active phase, sup-
port, particle size) and reaction conditions (such as oxygen pressure, oxygen flow 
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rate, pH and temperature). Au catalysts are more stable and selective than Pt and Pd 
catalysts because the Au catalysts can offer better resistance to O2. However, Au 
catalysts are deactivated by byproducts or by intermediates in some cases. The 
alloying of another metal (e.g., Pd, Cu, Pt) with Au to form bimetallic alloy catalysts 
generally show high catalytic activity and stability as compared with the monome-
tallic Au catalysts, due to alloying effect. HFCA is generally detected as the reaction 
intermediate in alkaline reaction solution especially for Au catalyst, while DFF is 
the reaction intermediate of base-free aerobic oxidation of HMF, suggesting that the 
oxidation of the aldehyde group in HMF is faster than the oxidation of alcohol 
group at low pH. Regardless of the reaction pathway, isotope labeling shows that the 
reaction mechanisms are similar for the oxidation of aldehyde group and alcohol 
group. The oxygen in FDCA is from water and molecular oxygen plays a key role 
in the catalytic recycle by removing electrons deposited into the supported metal 
particles. Finally, the diester of FDCA can be synthesized via the oxidative esterifi-
cation of HMF in one-pot reaction over supported Au catalysts.

6.7.2  �Future Outlook

Although significant achievements have been obtained in the catalytic synthesis of 
FDCA and its derivatives, further improvements are still needed in chemical aerobic 
oxidation of HMF for realizing the industrially large-scale and economical produc-
tion of FDCA and its derivatives as follows:

	(1)	 One challenge for the aerobic oxidation of HMF over supported noble metal 
catalysts is the instability of the catalysts. The stability of the catalyst can be 
improved from several aspects such as enhancing the interaction of metal 
nanoparticles and the supports, confining the metal nanoparticles in pores with 
a limited size to avoid their aggregation, improving the catalytic activity with 
full conversion and 100% selectivity to avoid catalyst deactivation by adsorp-
tion of byproducts, or by using bimetallic or trimetallic nanoparticles to improve 
the ability to prevent their poisoning;

	(2)	 Most of the current methods are performed in water in the presence of excess 
base, resulting in the process being less green and more expensive. More impor-
tantly, the neutralization of the salt of FDCA further increases the operating 
costs and produces additional salt byproducts, making the process less-desirable 
and less cost-effective. Therefore, much more effort is needed to develop more 
environmentally-friendly catalytic systems that can effectively promote base-
free oxidation of HMF into FDCA.

	(3)	 Compared to noble metal catalysts, non-noble-metal catalysts are much less 
studied. From the viewpoint of practical application, the development of effi-
cient, low-cost, and stable transition metal catalysts such as Co, Fe and Mn 
towards aerobic oxidation of HMF into FDCA is therefore very important.
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	(4)	 The use of carbohydrates or lignocelluloses as the feedstocks for the one-pot 
production of FDCA is strongly desirable, as these feedstocks are cheap and 
abundant, which will decrease the production cost. To realize this goal, multi-
functional catalysts, combining the metal sites and solid acid/base catalysts 
should be carefully designed. It is suggested that the acid/base sites used for the 
dehydration of carbohydrates into HMF should be located in hydrophilic envi-
ronments and the metal sites for oxidation reaction should be located in hydro-
phobic environments, thus the carbohydrates will easily be absorbed on the 
acid/base sites and the intermediate HMF will easily desorb from the hydropho-
bic metal size to be oxidized.

	(5)	 Very few studies have been performed to examine the kinetics and reaction 
mechanisms of catalytic synthesis of FDCA either from HMF or direct from 
carbohydrates. Deep understanding of the intrinsic kinetics and mechanisms 
will provide insights into rational design of more efficient and stable catalysts 
on atomic levels for the oxidation of HMF into FDCA or one-pot oxidative 
conversion of carbohydrates into FDCA.

	(6)	 Last, but not the least, catalytic synthesis of FDCA on a large scale is extremely 
important. Many current routes are technically feasible, but economically pro-
hibitive. Development of energetically and economically viable processes is a 
long-standing task, which involves interdisciplinary problems of chemistry, 
material science, and process engineering.
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Chapter 7
Production of Glucaric/Gluconic Acid 
from Biomass by Chemical Processes Using 
Heterogeneous Catalysts

Ayumu Onda

Abstract  Gluonic acid is a platform chemical that can be derived from biomass for 
making plastics and food additives, while glucaric acid is expected to be a sustain-
able precursor for producing adipic acid. This chapter provides an overview of the 
chemical processes for the production of gluconic acid and glucaric acid from 
mono-saccharides and poly-saccharides with a focus on heterogeneous catalysts. 
Because catalytic conversions of biomass are usually in aqueous solutions, the solid 
catalysts must be water tolerant. The oxidation of glucose into gluconic acid has 
been well-investigated using supported noble metals, such as Pt, Pd, and Au cata-
lysts and those bimetallic catalysts, such as PdAu and PtBi. For the heterogeneous 
catalytic oxidation of glucose in aqueous solutions, three hypotheses can be used to 
explain catalyst deactivation: (i) poisoning of the catalyst by oxygen or hydrogen, 
(ii) poisoning of the catalyst by products, and (iii) metal sintering and metal leach-
ing. Bimetallic catalysts with appropriate compositions have higher activity than 
those of monometallic catalysts to inhibit poisoning of oxygen, hydrogen, and 
acidic products. Supported Au catalyst also shows high yields of gluconic acid in 
aqueous solutions even without pH control. On the other hand, compared with oxi-
dation of glucose to gluconic acid, oxidation into glucaric acid is a challenging 
reaction because an oxidation step from gluconic acid to glucaric acid is slow. 
Among tested catalysts, supported Pt and PtCu catalysts show relatively high glu-
caric acid yields. Direct production of gluconic acid from polysaccharides using 
bifunctional catalysts is also discussed. Bifunctional catalysts, such as sulfonated 
activated-carbon supported platinum, have acidic active sites and redox actives sites 
that can provide efficient conversion of gluconic acid and glucaric acid from 
polysaccharides.
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7.1  �Production of Gluconic Acid from Glucose 
Over Heterogeneous Catalysts

Biomass is a promising sustainable chemical resource [1, 2]. Gluconic acid and 
glucaric acid, as high value-added chemical compounds, are mainly obtained from 
selective oxidation of glucose (Scheme 7.1). Gluconic acid is a carboxylic aldose 
and an important industrial product in the food and pharmaceutical industries or as 
water-soluble cleansing agent [3]. Many methods, including biochemical, heteroge-
neously catalytic, chemical and electrochemical procedures have been proposed to 
effectively oxidize glucose into gluconic acid. At present, gluconic acid is mainly 
produced by fermentation processes and enzymatic processes using glucose oxidase 
and glucose dehydrogenase [3, 4]. However, biochemical methods have some dis-
advantages, such as slow reaction rate, low space time efficiency, and difficulty in 
the separation of the enzyme from the product. To overcome these issues, inorganic 
heterogeneous catalysts, such as supported noble metal catalysts for oxidizing 
monosaccharides with oxygen or air have been proposed [5–12]. Here, some 
reported chemical processes using heterogeneous catalysts are introduced. The oxi-
dation of glucose to gluconic acid has been investigated using supported Pt, Pd, and 
Au catalysts [13–16] or their bimetallic catalysts, such as PtPd, PdAu, PtPdBi, 
PtAu, PtBi, and PdTe [17–24].

7.1.1  �Pd and Pt Monometallic Catalysts

In aqueous solutions, oxidation of D-glucose to D-gluconic acid was carried out by 
oxygen or air at atmospheric pressure of monometallic, such as Pd and Pt, catalysts 
at 30–80 °C [5]. Abbadi et al. reported results using 5% Pt/C catalyst at 50 °C as 
shown in Fig. 7.1 and Table 7.1 [9]. Glucose was converted under 0.2 atm of oxygen 
partial pressure and the main product was gluconic acid with initial rates being 
almost independent of pH control. However, in reaction without pH control, conver-
sion of glucose and yield of gluconic acid plateaued to be under 25% and 15%, 
respectively. The pH in reaction media decreased to about 2.6 because of production 
of gluconic acid. On the other hand, when the pH of reaction media was controlled 
by adding KOH, conversion of glucose and yield of gluconic acid increased with 
increasing of the pH.  Below pH  =  7, poisoning of the catalyst was markedly 
observed. The catalytic performance of Pt/C catalyst in the oxidation of glucose into 
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Scheme 7.1  Oxidation of glucose into gluconic acid and into glucaric acid
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gluconic acid showed a strong dependence on the pH of the reaction media. Product 
distribution was hardly affected by the pH control. The selectivity of the catalyst for 
the oxidation of D-glucose toward D-gluconic acid was reasonably good and ranged 
from 80% in acidic conditions to almost 90% in alkaline conditions. The by-
products, 2-keto-D-gluconic acid and oxalic acid were formed and those authors 
speculated that the termination of the reaction without pH control was caused by 
strong adsorption of the reaction products on catalysts. Besson et al. [25, 26] exam-
ined the effect of palladium particle size on the gluconic acid yield in the glucose 
oxidation over Pd/C catalyst. The catalyst with Pd particles larger than 3 nm con-
verted almost 100% of glucose, whereas Pd/C catalyst with Pd particles smaller 
than 2 nm gave about 60% of maximum conversion. This could indicate particle 
size dependence on the catalytic stability for oxygen poisoning in the oxidation as 
the smaller particles probably have stronger affinity for oxygen. For the heteroge-
neously catalytic oxidation of glucose in aqueous solution, three hypotheses to 
explain the deactivation of catalysts are suggested.

Fig. 7.1  Effects of pH on 
the oxidation of D-glucose 
to D-gluconic acid. □ No 
pH control, ○ pH = 5, ◇ 
pH = 7, △ pH = 9. 
Reaction conditions: 
0.05 mol·L−1 glucose 
aqueous solution 80 mL, 
5%Pt/C catalyst 40 mg, 
reaction temperature 
50 °C, total pressure 
1.0 atm (P(O2) = 0.2 atm) 
(Reprinted from Ref. [9], 
Copyright © 1995, with 
permission from Elsevier)

Table 7.1  Product distributions in the oxidation of D-glucose over Pt/C catalyst

pH
Conv. 
(%)

Yield (%) 
gluconic 
acid

Sel. (%) 
gluconic 
acid

2-keto-D-
gluconic 
acid

Guluronic 
acid

Glucaric 
acid

Arabinonic 
acid

Oxalic 
acid

9 85 75 89 0.3 4.2 1.2 0.6 4.5
7 45 36 79 2 2.2 0.4 0.7 3.9
5 28 22 81 1 0.7 – 0.4 3.7
No 
control

23 14 – 0.4 0.6 – 0.3 3.8

Reprinted from Ref. [9], Copyright © 1995, with permission from Elsevier
Reaction conditions: 0.05 mol L−1 glucose aqueous solution 80 mL, 5%Pt/C catalyst 40 mg, reac-
tion temperature 50 °C, total pressure 1.0 atm (P (O2) = 0.2 atm), reaction time = 6 h
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	 (i)	 Deactivation of the catalyst by poisoning due to oxygen or hydrogen adsorp-
tion. Noble metals have high stability for the oxidation, but even Pd and Pt are 
chemisorbed by oxygen, which can cause deactivation. Chemisorption of 
hydrogen is also often a cause of the deactivation of Pd and Pt catalysts. In the 
case of Pd and Pt, the phenomenon is reversible in the sense that the catalyst 
can be reactivated by hydrogen (or oxygen) and another reducing (or oxidiz-
ing) agent, such as glucose. When the reduced Pt/C catalyst is contacted with 
the substrate before the introduction of O2 gas, Pt/C catalyst show much higher 
catalytic activity than for catalysts contacted with substrate after introduction 
of O2 gas. Therefore, catalytic activity seems to depend on O2 adsorption on the 
catalysts [27].

	(ii)	 Deactivation of the catalyst by poisoning due to adsorption of products formed 
such as gluconate species. The active sites are at the surface of the Pd and Pt 
particles and the chemisorption of products formed can cause deactivation. In 
the case of chemisorption of gluconate species, the phenomenon can be revers-
ible in the sense that the catalyst can be reactivated by alkaline treatment. 
Therefore, in Fig. 7.1, higher pH results in higher glucose conversion.

	(iii)	 Deactivation of catalyst due to metal sintering and metal leaching. In aqueous 
solvent systems, metal leaching is a serious problem. Both Pt and Pd have rela-
tively high stability for sintering and leaching under aqueous conditions, even 
when the solution is hot and acidic. However, it has been reported [28] that in 
solutions of D-ribose and D-xylose, both platinum and aluminum from Pt/
Al2O3 catalysts undergo leaching with Pt leaching being much larger than Al 
for the reaction of D-ribose, since D-ribose is favorable for metal complexing. 
Sintering of metal particles also causes a decrease in catalytic activity . The 
support materials and preparation methods are important for inhibiting the 
growth of metal particle sizes during reaction and pretreatment [26, 29].

7.1.2  �Pd-M and Pt-M Bimetallic Catalysts

Alloy and bimetallic catalysts have been examined since the 1950s, and both alloys 
and bimetallic catalysts have been investigated for scientific interest in terms that 
the electronic and ensemble effects have on the catalytic activity and selectivity.

Many important catalytic processes that use bimetallic catalysts have been devel-
oped. The Pt–Re, Pt–Ir, and Pt–Sn catalysts are very important in petroleum reform-
ing [30, 31], however, at present, their improved catalytic activities or product 
selectivity compared with monometallic catalysts is still not well understood.

For the heterogeneous catalytic oxidation of glucose in aqueous solution, the 
catalytic activities and selectivities of supported monometallic palladium catalysts 
in the oxidation processes increase by addition of metals such as Bi, Tl, Co, Sn, and 
Pb [21, 24, 26]. Karski et al. studied the influence of added heavy metals on palla-
dium supported catalysts regarding their selectivity for glucose oxidation [23]. The 
highest selectivity for the reaction of liquid phase oxidation of glucose was achieved 
with bismuth.
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Fig. 7.2 shows the oxidation of glucose over Pd/C and Pd-Bi/C catalyst [26]. The 
rate of glucose oxidation was about 20 times larger on Pd-Bi/C than on Pd/C. The 
selectivity to D-gluconate was also improved to be 99.8% at a conversion of 99.6%. 
In recycling of the catalyst, there was no bismuth leaching and the activity and 
selectivity were almost constant. Besson et al. suggested the mechanism of glucose 
oxidation over Pd-Bi/C catalyst and interpreted the results in terms of bismuth play-
ing the role of protecting palladium from over-oxidation because Bi has a stronger 
affinity for oxygen than Pd, which was evident from calorimetric measurements 
[33]. Furthermore, oxygen bonded to Bi easily reacts with hydrogen bonded to Pd, 
which would maintain the catalytic activity of Pd0, as shown in Scheme 7.2.

7.1.3  �Supported Au Catalysts

For the oxidation of glucose, supported gold catalysts are interesting because of 
their high activity and stability under low pH conditions. Biella et al. reported that 
the oxidation of D-glucose into D-gluconic acid occurred using 1%Au/C catalyst 
[6]. As shown in Fig. 7.3, the catalytic activity of gold catalyst depends on pH for 

Fig. 7.2  Glucose conversion as a function of time for a catalytic ratio [glucose]/[Pd]  =  3150. 
Reaction conditions: 0.05 mol L−1 glucose aqueous solution 80 mL, 5%Pd/C (a) and Pd-Bi/C (b) 
catalyst 40 mg, reaction temperature 50 °C, total pressure 1.0 atm (P (O2) = 0.2 atm) (Reprinted 
from Ref. [26], Copyright © 1995, with permission from Elsevier)
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Scheme 7.2  The mechanism of glucose oxidation into gluconate on Pd-Bi catalyst (Reprinted 
from Ref. [26], Copyright © 1995, with permission from Elsevier)
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both Pt/C and Pd-Bi/C catalysts. The Au/C catalyst showed much higher activity 
than Pt/C and Pd-Bi catalysts, and its selectivity was comparable with Pd-Bi/C 
bimetallic catalysts. Moreover, Au/C catalyst gave 100% conversion of glucose 
under uncontrolled pH conditions and supported gold catalyst are active at pH as 
low as 2.5 as shown in Fig.  7.4 [6]. In recycling, gold is more stable towards 

Fig. 7.3  Glucose 
oxidation over 1%Au/C 
(•), 5%Pt/C (△), 5% 
Pd-5%Bi/C (■), and 
1%Pt-4%Pd-5%Bi/C (◆) 
catalysts under 
pH-controlled conditions 
by NaOH. Reaction 
conditions: glucose 4 wt%; 
glucose/M = 1000; O2 
flow = 20 ml/min; 
T = 50 °C: (a) the pH was 
maintained at 9.5; (b) the 
pH was maintained at 8; 
(c) the pH was maintained 
at 7 (Reprinted from Ref. 
[6], Copyright © 2002, 
with permission from 
Elsevier)

Fig. 7.4  Glucose 
oxidation at uncontrolled 
pH conditions using 
1%Au/C catalyst. Reaction 
conditions: glucose 4 wt%; 
glucose/M = 1000; 
pO2 = 300 kPa; T = 100 °C 
(Reprinted from Ref. [6], 
Copyright © 2002, with 
permission from Elsevier)
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deactivation than platinum and palladium catalysts. However, even for Au/C cata-
lysts, in the case of uncontrolled pH, ICP analysis shows that 10% of the metal is 
lost after two runs and about the 70% of metal is lost after six runs.

Comotti et al. compared the results of monometallic catalysts Au, Pt, Pd and Rh, 
and bimetallic catalysts in the aerobic oxidation of D-glucose into D-gluconic acid 
[32, 34]. Experiments of the catalytic reactions were performed under 300 kPa of O2 
partial pressure and at 50–90 °C using supported catalysts having average particle 
sizes of metals as 3–5 nm. Table 7.2 summarizes the catalytic activities of supported 
monometallic and bimetallic catalysts under uncontrolled pH experiments. 
Comparing activities of mono-metal catalysts, Au and Pt catalysts show much 
higher activity than Rh and Pd catalysts. On the other hand, the activity of bimetallic 
Au particles combined with Pd and Pt show higher activity than monometallic Au, 
Pd, and Pt catalysts. However, Au-Rh catalysts have lower activity than monometal-
lic Au catalyst. As shown in Table 7.3, in the presence of alkali at a controlled pH of 
9.5, the catalytic activity of Au for oxidation of glucose to gluconate is higher than 
activities of Pd and Pt, whereas Au-Pt and Au-Pd bimetallic catalystic activities 
improved over that of monometallic gold.

Table 7.2  Catalytic activities 
of supported monometallic 
and bimetallic catalysts on 
carbon in uncontrolled pH 
experiments

Metals Conversion (%) TOF (h−1)

Au 11 51
Pt 13 60
Pd <2 <2
Rh <2 <2
Au-Pt (1:1) 64 295
Au-Pd (1:1) 20 92
Au-Rh (1:1) <2 <2

Reprinted from Ref. [32], Copyright © 2006, 
with permission from Elsevier
Reaction conditions: 1  wt% noble metal on 
carbon; T = 70 °C; P(O2) = 300 kPa; glucose/
Au = 3000; reaction time = 6.5 h

Table 7.3  Oxidation with monometallic and bimetallic catalysts in the controlled pH experiments

Metals Type of catalyst Conversion (%) TOF (h−1)

Au Supported 43 17,200
Au-Pt (2:1) Supported 44 17,600
Au Unsupported 12 4600
Pt Unsupported <2 <500
Pd Unsupported 5 2000
Au-Pt (2:1) Unsupported 26 10,500
Au-Pd (1:1) Unsupported 28 11,600

Reprinted from Ref. [32], Copyright © 2006, with permission from Elsevier
Reaction conditions: pH 9.5. Glucose/Au = 20,000; T = 50 °C; reaction time = 2.5 h

7  Production of Glucaric/Gluconic Acid from Biomass by Chemical Processes…



214

As mentioned above, Au has catalytic activity so that there are many reports for 
the oxidation of glucose over supported gold catalysts [33]. However, one problem 
for Au-containing catalysts is the sintering of Au particles, because many metals 
become soluble in hot water under specific conditions. For example, unsupported 
gold particles without a protecting agent were initially as active as Au/C catalysts at 
30 °C in basic solution, but the as-is particles became sintered and their particle 
sizes changed from 3.6 to 10 nm. To circumvent this problem, mesoporous materi-
als with about 5 nm channels are effective as supports. Gold particles supported 
onto mesoporous materials remain unchanged [19, 32]. Metal–oxides (Al2O3, ZrO2, 
TiO2, CeO2) are also suitable supports for Au particles in which catalytic activity 
increases as particle size decreases [8].

Another effective method to prepare stable Au particles is to encapsulate them 
with polymers. Au particles protected by polymers show good product selectivity, 
but they are often less active than an Au/TiO2 catalyst prepared by a 
deposition-precipitation method [34]. To increase their catalytic activity, a series of 
not supported but PVP polymer-protected Au alloy nanoparticles have been synthe-
sized: Ag–Au, Au–Pd, Au–Pt, and Au–Pt–Ag [12]. Trimetallic Au–Pt–Ag (70:20:10) 
particles with an average diameter of about 2 nm were several times more active 
than monometallic and bimetallic particles having nearly the same size.

Hydrogen peroxide (H2O2) has higher activity than molecular oxygen or air for 
the oxidation of glucose over Au/Al2O3 catalyst [35]. Microwave-assisted oxidation 
of sugars, such as glucose, galactose, mannose, maltose, and cellobiose is effective 
with hydrogen peroxide over Au/Al2O3 and Au/CeO2 catalysts [36]. Although oxi-
dation with H2O2 can lead over-oxidation, the conversion and selectivity of glucose 
to gluconate exceeds 99% using 1 equivalent of H2O2 per unit of glucose even in 
aqueous solutions with high glucose concentrations (ca. 50 wt%) at 40 °C. Even at 
room temperature around 25 °C, glucose oxidation with H2O2 at pH 9 using a sus-
pended Au/SiO2 catalyst showed an 85% selectivity to gluconate at 100% conver-
sion with ultrasound [37].

7.2  �Production of Glucaric Acid Over Heterogeneous 
Catalysts

Glucaric acid is one of the value-added chemicals that can be obtained from bio-
mass, and it is a promising raw material for the production of biodegradable poly-
mers [38]. It can be an important precursor of adipic acid, which is conventionally 
produced from fossil resources (Scheme 7.3). However, production of glucaric acid 
from glucose has many challenges.

Current synthesis methods of glucaric acid are far from satisfactory. For exam-
ple, chemical oxidation using strong oxidants such as nitric acid to oxidize glucose 
are non-selective and expensive [39]. Moreover, processes that use nitric acid as 
oxidant result in NOx emissions [39]. In other methods, production of glucaric acid 
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is through electrochemical means or by stoichiometric oxidation using additives. 
Significant amounts of additives and formation of toxic by-products and inorganic 
salts are the major issues in terms of the sustainability and environmental compati-
bility of these methods. The use of environmentally-friendly oxidants such as air, 
molecular O2 or dilute H2O2 and solid catalysts are advantageous. Recently, 2, 2, 6, 
6-tetramethyl-1-piperidinyloxy (TEMPO) as catalyst for selective oxidation of pri-
mary alcohols of glucose to glucaric acid has been studied attracted for which the 
yield of glucaric acid was over 85% for the oxidation of glucose [40]. However, 
high cost and difficulty in recycling TEMPO are issues preventing this method from 
reaching industrial scale. To overcome these issues, inorganic heterogeneous cata-
lysts, such as supported noble metal catalysts and bimetallic catalysts, are expected 
to be effective for oxidizing monosaccharides into glucaric acid with oxygen or air 
[41–44].

7.2.1  �Productions of Glucaric Acid Using Solid Catalysts

In 1981, Dirkx et al. reported that glucaric acid could be formed from glucose with 
carbon-supported platinum catalysts [27]. Experiments were performed using 
5%Pt/C catalyst in aqueous solutions of gluconic acid and glucaric acid at 55 °C and 
at a pH of 10 controlled by adding NaOH. In the oxidation, glucose rapidly disap-
peared within 30 min and the yield of gluconic acid was about 60% in 15 min. In 
contrast, the formation rate of glucaric acid from gluconic acid was slower than that 
of gluconic acid. The yield of glucaric acid was about 50% in 120 min, and it almost 
remained unchanged up to 300 min reaction time. Their results indicated that the 
oxidation of gluconic acid to glucaric acid is apparently a slow step and it is not easy 
to obtain high yields of glucaric acid. In addition, they suggested that most of the 
by-products formed were from gluconic acid in the production of glucaric acid from 
glucose, and that L-guluronic acid was one of the by-products [27]. In consequence, 
the oxidation step of the intermediate gluconic acid into glucaric acid is slow and 
low selective is obtained in the glucaric acid production from glucose.

Lee et al. reported the oxidation of glucose into glucaric acid using supported 
5  wt% platinum catalysts [45]. Under 6.2  bar O2 partial pressure, glucose was 
immediately converted into gluconic acid and then glucaric acid was slowly pro-
duced as shown in Fig. 7.5. The highest yield of glucaric acid was 74% under 14 bar 
O2 gas partial pressure. The Pt/C catalyst was stable after five cycles without leach-
ing of Pt.
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Scheme 7.3  Possible route of adipic acid production from glucose via glucaric acid
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The product selectivity depended markedly on not only partial pressure of O2 
gas, but also on the support materials and pH. Pressurized oxygen can enhance the 
catalytic activity for the oxidation of intermediate gluconic acid, and support 
materials and pH can increase selectivity into glucaric acid by improving desorption 
of glucaric acid and inhibit formation of by-products. As shown in Table 7.4, glu-
caric acid yield under 14 bar O2 gas partial pressure was clearly higher than yields 
obtained under 6 bar and 3 bar O2 partial pressure which indicates that high pressure 
oxygen promotes oxidation of gluconic acid into glucaric acid. Pt/C catalyst in 
acidic aqueous medium using H2SO4 gave gluconic acid as a major product, while 
in basic solutions using NaOH, it gave significant amounts of low carbon chain 
carboxylic acids as by-products, such as dicarboxylic acids, tartronic acid and 
oxalic acid. When pH was not controlled, glucaric acid yield was higher than other 
acids in the solution controlled by NaOH and H2SO4. In addition, as shown in 
Fig. 7.6, carbon was an effective support in the oxidation of glucose, and Pt/C cata-
lyst showed higher catalytic activity and glucaric acid yield than Pt/Al2O3 and Pt/
SiO2 catalysts, which might be due to the adsorption ability for substrates.

Bimetallic catalysts, such as MnPt, CoPt, FePt, AuPt, and PtCu, are reported as 
effective catalysts for oxidation of glucose into glucaric acid as shown in Table 7.4 
[43–47]. Jin et  al. reported highly catalytic performance of bimetallic PtCu sup-
ported on titania for oxidation of glucose into glucaric acid with 1 bar of oxygen gas 
in alkali media [43]. Table 7.5 shows the conversion and glucaric acid selectivity for 
oxidation of gluconate over Pt, Pd, Cu, Co, and bimetallic catalysts. The major 
products formed from gluconate oxidation were glucaric acid, tartronic acid, and 
oxalic acid, and monocarboxylic acids such as glyceric acid, lactic acid, glycolic 
acid, and formic acid. The product selectivity was almost the same for all catalysts. 
Pt and Pd catalysts showed markedly higher catalytic activity than Cu and Co cata-
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Fig. 7.5  Glucose conversion and product selectivity for glucose oxidation in water on a Pt/C cata-
lyst as a function of reaction time (□ glucose conversion; ▲ gluconic acid selectivity; ● glucaric 
acid selectivity). Reaction conditions: 10 wt% glucose solution 20 mL, 80 °C, 6.2 bar O2, glucose/
Pt (mol/mol) = 54 (Reprinted from Ref. [45], Copyright © 2016, with permission from Royal 
Society of Chemistry)
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Table 7.4  Comparison of glucaric acid yields in the glucose oxidation using various monometallic 
and bimetallic catalysts

Catalysts
T 
(°C)

O2 
(bar)

Reaction 
Time (h)

(Initial pH) 
Base or Acid

Glucaric acid 
(Gluconic acid) 
Yield (%)

Ref.  
Year

Pt/C 55 1 2 (10) NaOH 50 (−) [44] 
1981

Pt/SiO2 80 5 5 no 34 (−) [47] 
2010

MnPt19/SiO2 80 5 5 no 38 (−) [47] 
2010

CoPt20/SiO2 80 5 5 no 34 (−) [47] 
2010

FePt/SiO2 80 5 5 no 28 (−) [47] 
2010

Pt/C 80 5 5 no 57 (−) [47] 
2010

AuPt/TiO2 112 27 5 no 70 (−) [46] 
2011

Pt/TiO2 60 1 6 NaOH 27 (−) [43] 
2015

PtCu/TiO2 60 1 4 NaOH 32 (−) [43] 
2015

Cu/TiO2 60 1 6 NaOH 0.9 (−) [43] 
2015

Pt/C 80 3 3 no 23 (54) [45] 
2016

Pt/C 80 6 3 no 47 (27) [45] 
2016

Pt/C 80 14 3 no 58 (21) [45] 
2016

Pt/C 80 6 1 (0.6) H2SO4 21 (58) [45] 
2016

Pt/C 80 6 1 (7.2) No 41 (48) [45] 
2016

Pt/C 80 6 1 (13) NaOH 9 (59) [45] 
2016

Pt/C 70 14 10 no 65 (9) [45] 
2016

Pt/C 80 14 10 no 74 (6) [45] 
2016

Pt/C 90 14 10 no 62 (2) [45] 
2016
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lysts. For bimetallic catalysts, PtCu showed higher catalytic activity than PtPd and 
PtCo catalysts. The catalyst support also affected the catalytic properties as well as 
the glucose oxidation. TiO2 showed better promotional effect for the oxidation into 
glucaric acid than CeO2.

Colmenares et al. reported on the photo-oxidation of glucose to glucaric acid in 
the presence of TiO2 as catalyst [48]. Experiments were performed typically as fol-
lows: 150 mL of a mixed solution of H2O:acetonitrile = 10:90, 150 mg of TiO2 cata-
lyst, and 0.42 mmol of glucose were added into a batch reactor at 30 °C for 10 min 
UV irradiation time. The conversion and selectivity depended significantly on the 
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Fig. 7.6  Gluconic and glucaric acid yields over three catalysts. Reaction conditions: 10 wt% glu-
cose solution 20 mL, 80 °C, 6.2 bar O2, glucose/Pt (mol/mol) = 54. TOFs were calculated at 20% 
conversion (Reprinted from Ref. [45], Copyright © 2016, with permission from Royal Society of 
Chemistry)

Table 7.5  Comparison of bimetallic catalysts for the oxidation of sodium gluconate

Catalyst Conversion (%)
Selectivity (%)
Glucaric acid Tartronic acid Oxalic acid Others

Pt/CeO2 28 47 31 6.4 16
Pt/TiO2 71 38 28 5.8 12
Pd/CeO2 51 37 27 10.9 16
Pd/TiO2 41 44 28 8.3 12
Cu/CeO2 1.6 29 31 11 19
Cu/TiO2 2.8 31 30 9.9 21
Co/CeO2 5.5 22 39 16 15
PtCu/CeO2 72 32 24 6.6 16
PtCo/CeO2 51 37 27 11 18
PtPd/CeO2 41 37 28 10 15
PtCu/TiO2

a 100 32 27 20 11

Reprinted from Ref. [43], Copyright © 2016, with permission from Elsevier
Reaction conditions: 3 g sodium gluconate, 1.0 g NaOH, 0.1 g solid catalyst, metal loading 2 wt%, 
T: 60 °C. Others of selectivity: glyceric, glycolic, and formic acids. Reaction time: 6 h
aReaction time: 4 h
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nature of TiO2 catalysts and the ratio of H2O to acetonitrile. In 100% H2O solvent, 
conversions of glucose were relatively high, but the selectivities of glucaric acid and 
gluconic acid were almost zero. In contrast, in a mixed-solvent system of 
H2O:acetonitrile = 10:90, TiO2 catalyst prepared by the sol-gel method gave 13% 
selectivity of glucaric acid and 14% selectivity of gluconic acid at 32% conversion 
of glucose. Although decarboxylation proceeded readily during photocatalytic oxi-
dation, significant amounts of gluconic acid and glucaric acid were observed by the 
photocatalytic oxidation of glucose. The glucaric acid yield was low, but improve-
ments of the photocatalytic method can be expected, as well as those of the conven-
tional oxidation methods.

7.2.2  �Oxidation of Uronic Acid Using Solid Catalysts

Uronic acids, such as glucuronic and galacturonic shown in Scheme 7.4, can be 
obtained from hemicelluloses and pectin. Uronic acids have a carboxyl group at the 
C6 carbon site similar to glucose and galactose. So, it is expected to be easier to 
prepare glucaric acid from uronic acid than from aldose sugars. Rautiainen et al. 
reported that uronic acid could be used as raw material for the synthesis of aldaric 
acids over Au/Al2O3 catalysts [49]. Commercially available D-gluconic acid and 
D-galacturonic acid were used as reactants. Typically, they added 50 mL of H2O, 
25 mg of Au/Al2O3 catalyst, 2.58 mmol of uronic acid (glucuronic acid and galact-
uronic acid), and 100 mL min−1 of flowing O2 into a batch reactor. The reaction 
temperature and pH were 25–60 °C and 8–10, respectively. As shown in Table 7.6, 
the pH had a significant effect on the initial reaction rate. At pH 10 at 60 °C, a TOF 
value close to 8000 h−1 was measured for glucuronic acid oxidation. The reaction 
rate was comparable with those of the oxidation of glucose and galactose into glu-
conic acid and galactonic acid. When the pH was 8 or 9 at 60 °C, the TOF was about 
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3000 h−1 or 6000 h−1, respectively. The TOF decreased with decreasing the pH. The 
apparent activation energy for glucuronic acid oxidation was dependent on pH 
which can be attributed to the higher energy barrier for desorption of acids at lower 
pH.

7.3  �Bifunctional Catalysts for Direct Production 
of Gluconic Acid

Heterogeneous catalytic processes for oxidation of monosaccharides with oxygen 
or air into sugar acids have been developed using Pd-Bi/C and Au/C catalysts as 
described previously. However, polysaccharides represent the largest sources of 
organic compounds in nature. Therefore, direct production of sugar acids from 
polysaccharides is of great significance as necessary for sustainable society. 
Development of bifunctional catalysts for the hydrolysis of polysaccharides into 
monosaccharides and the oxidation of monosaccharides into sugar acids can be 
anticipated. As known examples of bifunctional catalysts, noble metal supported 
solid acid catalysts, such as Pt/zeolites and Pt/sulfated-zirconia, have been reported 
to be effective for the dehydroisomerization of butane into isobutene and the isom-
erization of alkanes in gas-solid catalytic reactions [57–60]. On the other hand, for 
polysaccharide conversions in hot water, these bifunctional catalysts are easily 
destroyed or dissolved into water at low pH that is attributed to the production of 
organic acids. The selective hydrolysis of cellulose with a sulfonated carbon cata-
lyst and a sulfonated activated-carbon (AC-SO3H) catalyst and polyoxometalate 
catalysts have been reported [50–56, 61]. Carbon materials and POM complexes are 
highly stable in hot and acidic water. In this section, some bifunctional catalysts, 

Table 7.6  Oxidation of uronic acids and monosaccharides into corresponding aldaric and aldonic 
acids with Au/Al2O3

a

Entry Substrate pH
T 
(°C)

Specific activity (mmol per 
g Au per min) TOF (h−1) Selectivity (%)

1b Glucuronic acid 10 25 103 2270 >99
2 Glucuronic acid 10 60 297 7920 >99
3 Glucuronic acid 9 60 238 5970 >99
4 Glucuronic acid 8 60 130 3250 >99
5 Galacturonic acid 10 60 286 6840 >99
6 Glucose 10 60 391 10,300 >99
7 Galactose 10 60 276 6900 >99
8 Glucuronic acid 10 60 191 n/a >99

Reprinted from Ref. [49], Copyright © 2006, used with permission from Royal Society of 
Chemistry
aReaction conditions: 2.6  mmol substrate, 0.09  mol% Au, 50  ml water, 100  ml min_1 O2. 
Conversion >99% unless otherwise stated. bConversion 95%. Catalyst recycled by washing with 
water and drying. TOF not calculated due to changed dispersion
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such as acidic carbon materials and polyoxometalate catalysts supported noble 
metal catalysts are introduced as being effective for direct conversion of polysac-
charides into gluconic acid (Scheme 7.5) [62].

7.3.1  �Bifunctional Sulfonated Activated-Carbon Supported 
Platinum Catalyst

Gluconic acid can be produced from polysaccharides, such as starch and cellobiose, 
at relatively mild reaction conditions at 120 °C under 1 bar of air by a one-pot pro-
cess using a bifunctional sulfonated activated-carbon supported platinum (Pt/
AC-SO3H) catalyst. Pt/AC-SO3H was made by a two-step method that firstly pre-
pared Pt/AC by impregnation, and sulfonation of the Pt/AC that was carried out 
under concentrated sulfuric acid. Then, the material was hydrothermally treated at 
200 °C. The obtained Pt/AC-SO3H catalyst had strong acidic sulfo groups, platinum 
fine particles, and high surface area of 226 m2 g−1 and it was highly water-tolerant 
even under hot acidic water. The loading amounts of platinum was 4 wt%. As shown 
in Fig. 7.7, XRD patterns indicated the metallic state of the bulk of platinum parti-
cles and the platinum particle sizes were 4.7 nm for Pt/AC-SO3H catalyst as esti-
mated by the diffraction peaks of XRD.
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7.3.2  �Conversion of Starch

As shown in Fig. 7.8, activated carbon (AC) catalyst with carboxylic acid groups 
gave very low amounts of glucose and 68 C-% of the remaining fractions were 
adsorbed onto AC.  In contrast, sulfonated activated-carbon (AC-SO3H) catalyst 
gave glucose in 69 C-% yields and oligo-saccharides in 29 C-% yields. Glucose 
yields increased with increasing reaction time over the AC-SO3H catalyst, and the 
glucose yield reached values over 90% (Fig. 7.9a).

On the other hand, as shown in Fig. 7.8, the Pt/AC-SO3H catalyst gave gluconic 
acid in 40 C-% yields. The active sites for the glucose oxidation into gluconic acid 
are the platinum particles, because the catalysts without platinum gave no amounts 
of gluconic acid. After reaction, the loading amounts of platinum was 4.0  wt% 
determined by ICP and the average platinum particle size was estimated to be 

Fig. 7.7  XRD patterns of 
(a) activated-carbon,  
(b) AC-SO3H, (c) Pt/AC, 
(d) Pt/AC-SO3H

blank
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Fig. 7.8  Reaction of starch at 120 °C for 24 h. Starch 45 mg, water 5.0 mL, acatalyst 50 mg. 
bmixed catalyst 100 mg (50 mg of Pt/AC with 50 mg of AC-SO3H)
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4.5  nm by XRD, which were almost the same values as the fresh catalyst. This 
means that the platinum particles on sulfonated activated-carbon were mostly nei-
ther leached nor sintered during the reaction. Fig. 7.9b shows changes in product 
yields in starch hydrolysis over Pt/AC-SO3H catalyst. The yields of oligosaccha-
rides, glucose, and gluconic acid increased linearly with an increase in reaction time 
up to 9 h. Then, gluconic acid was produced and became the main product at 24 h. 
Molar ratios of gluconic acid to total S atoms and total Pt atoms in the catalyst were 
about 8 and 9, respectively, which indicates that the sulfo groups and platinum par-
ticles catalytically accelerated the hydrolysis of starch into glucose and the oxida-
tion of glucose into gluconic acid. The pH values before and after the starch reaction 
over the Pt/AC-SO3H catalyst were, nearly neutral (pH = 6) and acidic (pH about 3), 
respectively. The decrease in pH value was mainly due to the production of gluconic 
acid, because there was almost no sulfuric ions detected an ion chromatography. 
The catalyst was separated by filtration, and then it was used repeatedly. Furthermore, 
as shown in Fig.  7.9b, the yield of gluconic acid increased to about 60 C-% by 
adding fresh air into the reactor. These results show that the Pt/AC-SO3H catalyst 
remained mostly active under the reaction conditions. As a consequence, the cata-
lytic active sites, such as Pt nano particles and sulfo acidic groups, were stable and 
effective for direct conversion of starch into gluconic acid in aqueous solutions at 
120 °C.

7.3.3  �Conversion of Various Polysaccharides

As shown in Fig. 7.10, conversion of pullulan, which is a polysaccharide of glucose 
with α-glycoside bonds and is easily soluble in water at room temperature, was 
accelerated by Pt/AC-SO3H catalyst, as well as starch. Product yields from 

Reaction time (h)

Total WSOCs

Glucose

0      24   48                72

Oligo-sacharides

100

50

0

P
ro

du
ct

s 
yi

el
ds

 (C
-%

) Adding fresh air into the reactor

0            24    48  72

Reaction time (h)

Gluconic acid

Glucose

oligosaccharides

(a) (b)

AC-SO3H

Pt/AC-SO3H
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cellobiose were almost same as those from maltose. These results show that Pt/
AC-SO3H catalyst has bifunctional catalytic properties for direct production of glu-
conic acid from hydrothermally soluble poly- and di-saccharides even when they 
have a β-1,4 glycoside bond.

7.3.4  �Comparison of Pt/AC-SO3H Catalyst to Mixed Catalyst 
of AC-SO3H with Pt/AC

To consider the catalytic properties of Pt/AC-SO3H, AC-SO3H catalyst and Pt/AC 
catalyst were mixed and used as catalyst for starch conversion under air. As shown 
in Fig. 7.8, hydrolysis products with the mixed catalyst were in significantly smaller 
amounts than those with the Pt/AC-SO3H catalyst. The mixed catalyst gave glucose 
in 43 C-% yield and gluconic acid in 11 C-% yield and large amounts of adsorption 
of about 30 C-%, whereas, the Pt/AC-SO3H catalyst gave gluconic acid in 40 C-% 
and relatively small amounts of adsorption of about 10 C-% under the same reaction 
conditions. It can be suggested that the location of platinum nano-particles on acidic 
support is effective for direct production of gluconic acid from polysaccharides and 
to inhibit strong adsorption of polysaccharides onto neutral carbon supports as well 
as to promote desorption of gluconate from the platinum particles.

As a consequence of Sect. 7.3.1, a new bifunctional Pt/AC-SO3H catalyst was 
prepared by the impregnation and sulfonation method . The catalyst was highly 
water-tolerant and showed catalytic properties for the hydrolysis of polysaccharides 
and sequentially the air-oxidation into gluconic acid in a one pot process with hot 
water. Au/AC-SO3H catalyst showed an increased yield of gluconic acid from starch 
and cellobiose, and the results are being prepared as an original paper.
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7.3.5  �Cellobiose Conversion into Gluconic Acid Over Various 
Gold Catalysts

Gold nanoparticles have highly catalytic performance for the oxidation of glucose 
into gluconic acid as mentioned in Sect. 7.1. Some researchers have reported on the 
catalytic properties of supported gold catalysts for production of gluconic acid from 
cellobiose at 145 °C under pressurized oxygen. Because cellobiose is easily hydro-
lyzed under hydrothermal conditions at 145 °C, various kinds of support materials 
can be used. Specific surface area and concentration of gold nanoparticles and cata-
lytic properties of support materials are important for selective production of glu-
conic acid from cellobiose.

Tan et al. reported on the selective oxidation of cellobiose to gluconic acid with 
carbon supported Au nanoparticles in the presence of oxygen in water [18]. Table 7.7 
shows a summary of the conversion of cellobiose over Au fine particles on carbon 
materials and zeolites, at 145 °C under 5 bar of oxygen. The catalytic activity and 
selectivity markedly depended on the type of the support. Au/CNT catalysts showed 
the highest yields of gluconic acid. The CNT was a carbon nanotube treated with 

Table 7.7  Catalytic performances of Au catalysts loaded on various supports for cellobiose 
conversion at 145 °C

Catalyst
Surface area/
m2 g−1 Conversion (%) Selectivity (%) Ref.

Glucose Gluconic acid

Au/Al2O3
a 277 93 6.5 19 [18]

Au/MCM-41a 612 97 17 20 [18]
Au/H-ZSM-5a 285 77 39 41 [18]
Au/MgOa 106 100 0 10 [18]
Au/ACa 1200 38 82 14 [18]
Au/graphitea 4 48 40 31 [18]
Au/XC-72a 163 58 64 21 [18]
Au/CNTa 122 91 0 60 [18]
Au/CNTb – 84 0 86 [63]
Au/Cs1.2H1.8PW12O40

b 35 97 0 99 [63]
Au/Cs2.2H0.8PW12O40

b 56 96 1 95 [63]
Au/Cs3.0PW12O40

b 83 95 0 85 [63]
Au/H-ZSM-5b – 45 0 76 [63]
Au/Al2O3

b – 95 0 31 [63]
Au/CNTc – 91 – 72 [64]
Au/carbon xerogel_airc 624 73 – 78 [64]
Au/carbon xerogelc 522 77 – 53 [64]
Au/TiO2

d – 85 10 70 [65]
Au-Cu/TiO2

d – 85 5 80 [65]

Reaction conditions: Au loading of catalysts =0.5 wt% a or 1.0 wt% b, c, d; T = 145 °C; cellobiose 
concentration = 15 mmol L−1 a or 12 mmol L−1 b, c or 28 mmol L-1 d, P(O2) = 5 bar a, b, c or 10 bar d
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concentrated HNO3. Au catalysts using the other carbon supports, such as AC, 
graphite, and XC-72, showed lower cellobiose conversions and gluconic acid selec-
tivities, although they gave high selectivity for the hydrolysis products of glucose 
and gluconic acid. The CNT support might play a role not only to hydrolyze cello-
biose, but also to improve the oxidation catalytic activity of Au particles catalysts.

In contrast, Au/Al2O3, Au/MgO and Au/MCM-41, MCM-41 are mesoporous 
materials of silica that had high catalytic activity, but gave high yields of by-
products, which would be formed due to catalytic properties of the supports. Au/H--
ZSM-5 catalyst showed relatively high catalytic activity and selectivity as well as 
carbon supported Au catalysts, which would be due to the acidic property of 
H-ZSM-5.

The same group reported on the catalytic behavior of new bifunctional catalysts 
that were protonated polyoxometalate supported gold [63]. The reaction conditions 
were almost the same as ref. [18] in water at 145 °C under 5 bar of O2, except for 
loading amounts of gold. TEM observation clarified that the mean-sizes of the Au 
nanoparticles were in the range 2.5–3 nm for all samples. Au/Cs1.2H0.8PW12O40 cata-
lyst exhibited an excellent gluconic acid yield of 97%. A further increase in Cs 
content to x = 2.2 and 3.0 decreased the selectivity from 99% of x = 1.2 to 95% of 
x = 2.2 and 85% of x = 3.0 although conversions of cellobiose hardly depended on 
the Cs content (x). Au/Cs3.0PW12O40 catalyst is not protonated and has no strong 
acidity, but it gave high yields (81%) of hydrolysis products, which suggests that the 
strong acidity of the support materials is not effective for hydrolysis of cellobiose. 
The results are unexpected and may be due to the high reaction temperature 
(145 °C). In addition, in Table 7.7 the supports with basic sites, such as MgO and 
Al2O3, gave large amounts of by-products, which would indicate that protonating 
treatment of the support enhances the selectivity of gluconic acid to inhibit produc-
tion of by-products. Compared with 1% Au/CNT catalyst reported in ref. [63] and 
0.5% Au/CNT catalyst reported in ref. [18] (Table 7.7), 1% Au/CNT catalyst gave 
significantly higher gluconic acid selectivity (86%) and yield (72%) than 0.5% Au/
CNT catalyst. These results show that by-product would be produced over the sup-
port, but not over the gold particles. As shown in Table  7.7, Au/Cs3-xHxPW12O40 
catalysts with the larger surface area had the higher selectivity of gluconic acid and 
Au/CNT catalysts with the larger loading amounts of gold exhibited the higher 
selectivity of gluconic acid, which might indicate that the concentration of gold 
particles is important for gluconic acid selectivity from cellobiose. Eblagon et al. 
[64] reported on the cellobiose conversion into gluconic acid using carbon sup-
ported Au catalyst under almost the same reaction conditions as those of Wang’s 
group [63]. They showed that oxidized carbon supported Au catalysts with the 
higher concentrations of functional groups, such as phenolic groups, had higher 
selectivity of gluconic acid. It can be considered that the effect of the functional 
group on the selectivity is due to not only adsorption ability mentioned by Eblagon 
et al. [64], but also due to surface acidity that inhibits production of by-products as 
suggested by the overview given in this chapter.

Amaniampong et  al. reported the catalytic behavior of new bimetallic Au-Cu 
catalysts [65]. As shown in Table 7.7, Au/TiO2 catalysts allow high gluconic acid 

A. Onda



227

yields comparable with those of the Au/CNT catalyst and bimetallic AuCu/TiO2 
catalyst increased the selectivity and yield of gluconic acid. Bimetallic AuCu par-
ticles might have higher catalytic properties than monometallic` Au particle in the 
glucose oxidation. Although there needs to be attention given to the leaching of Cu 
species, the results are interesting for future development of this reaction system.

7.4  �Conclusions and Future Outlook

Gluonic acid and glucaric acid can be expected to become platform chemicals for 
making useful products, such as plastics and food additives from biomass. Especially, 
glucaric acid can be a promising sustainably-produced chemical as a route to pro-
duction of adipic acid. The highly selective oxidation of glucose using monometal-
lic and bimetallic catalysts, such as Au, PtPd, PdAu, and, PtBi supported on carbon, 
has been studied by many researchers. Supported Au catalyst is one of the appropri-
ate catalysts for glucose oxidation into gluconic acid, because Au is highly water 
tolerant and has suitable catalytic activity for the oxidation. For supports of Au cata-
lysts, carbon materials with acidic functional groups, such as phenol groups, are 
generally appropriate for the oxidation of sugars. Titania is also an appropriate 
material as support. However, the development of the production of glucaric acid 
from glucose is still not sufficient. A practical process will require progress in new 
oxidation catalysts that have high activity for the selective oxidation of both a pri-
mary alcohol group and an aldehyde group into carboxyl groups in the chemical 
structures of sugars. On the other hand, the direct conversions of natural polysac-
charides are still challenging processes. Practical processes will require progress in 
new bifunctional catalysts with oxidation active sites, acidic active sites, and they 
must have water tolerant properties.
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Chapter 8
Production of 1,4-Diacids (Succinic, Fumaric, 
and Malic) from Biomass

Qiang Li and Jianmin Xing

Abstract  The 1,4-diacids including succinic, malic, and fumaric acids are natu-
rally occurring C4 building blocks that are regarded as major metabolic intermedi-
ates in most eukaryotic or prokaryotic microorganisms. During the past decade, 
1,4-diacids have established themselves as forerunners of the biorefinery platform 
chemicals. There is significant global interest in producing bulk chemicals from 
renewable resources using microorganisms. Compared with conventional produc-
tion methods derived from fossil fuel feedstocks, the synthesis of 1,4-diacids from 
sugars or natural biomass using microorganism producers is highly efficient and has 
the potential to reduce world dependence on fossil fuels. This chapter reviews 
microorganism producers, cultivation, separation technologies, alternative sub-
strates of lignocellulosic biomass, and integration strategies to provide analysis of 
the strategies and economics of 1,4-diacid commercial-scale production.

Keywords  C4 dicarboxylic acids • Microbial production • Biomass • Cultivation 
strategies • Downstream processing • In situ product recovery • Techno-economics 
challenges

8.1  �Introduction

8.1.1  �Platform Chemical Production Using a Biorefinery 
Concept

Platform chemicals act as the elementary materials for synthesizing many chemical 
intermediates and useful polymers. Presently, most marketable platform chemicals 
are synthesized by petrochemical processes that use crude oil, natural gas, or coal as 
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the starting materials [1]. C4 platform chemicals mainly consist of carboxylic acids, 
dicarboxylic acids (such as succinic, malic, and fumaric acids), alcohols, amino (di) 
carboxylic acids, diols, diamines, and dienes [2]. In the past 10 years, biorefinery of 
C4 platform chemical from biomass has been considered as a substitute for 
petrochemical-based approaches, which would lower the risk of energy security, 
limit use of fossil oils, and reduce environment problems associated with green-
house gas emissions.

C4 platform chemical production from bio-resources includes efficient improve-
ment of natural strains or engineered microorganisms for fermentation, optimiza-
tion of separation and purification, integration of suitable unit operations. 
Price-competitive and sustainable resource-derived feedstocks are important for the 
entire cost evaluation. Succinic, together with fumaric and malic acids, have been 
well-known as the important building block chemicals that can be made from sugars 
or biomass substrates [3]. Figure 8.1 shows a bio-based strategy for the refinery of 
these three platform organic acids. Improvement of industrial strains capable of 
making the target products at high concentration, yields, and productivity is the first 
task. The optimization of downstream processes plays an important role in reducing 
the total production cost which is the major competing factor compared with exist-
ing petrochemical processes.

8.1.2  �Current State and Perspectives of C4 Dicarboxylic 
Acids—Succinic, Malic, and Fumaric Acids

Existing commercial production of C4 dicarboxylic acids remains dependent on pet-
rochemical production methods. The application extends to agricultural, pharmaceu-
tical, food, adsorbents, and polymer industries [4]. C4 dicarboxylic acids, together 
with their derivatives, have a 15 × 109 US dollar market as bulk chemicals [5].

The U.S. Department of Energy has listed succinic acid as one of the top twelve 
building block chemicals for over 10 years [3]. U.S. Food and Drug Administration 
has approved succinic acid as a safe chemical. Succinic acid acts as an anticarcino-
genic agent and as an insulinotropic agent in the pharmaceutical area.

Fig. 8.1  Production of succinic, malic, and fumaric acids using a biorefinery concept
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In the chemical industry, succinic acid is a precursor for the production of numer-
ous high value compounds such as 1,4-butanediol, N-methyl-2-pyrrolidone, 
γ-butyrolactone, tetrahydrofuran, and 2-pyrrolidone. Succinic acid is a precursor to 
many specialized polymers. For example, polybutylene succinic acid (PBS) is a 
promising biopolymer [3–5]. The production of succinic acid by microorganisms 
has been widely studied not only in traditional rumen bacteria, but also in many 
other host organisms. The major metabolic pathway uses the reductive branch of the 
tricarboxylic acid (TCA) cycle.

The growing succinic acid market is stimulating the commercialization of bio-
based succinic acid. Many famous companies, such as Reverdia, Myriant, Succinity 
and BioAmber, have already touched the stage of industrialization.

Fumaric acid is generally used as beverage ingredient and food acidulant [6], or 
antibacterial agent in the feed industry. Fumaric acid can be polymerized to biode-
gradable polymers. Fumaric acid is regarded as a key intermediate in the production 
of L-malic acid and L-aspartic acid, which are used in sweeteners, beverages and 
other areas [7]. Bio-based fumaric acid was studied previously, but biorefinery of 
fumaric acid is being replaced by petrochemical synthesis methods in the market. 
Rhizopus species are well-known as native producers of fumaric acid via TCA path-
way. Until now, few efforts have been made to improve the production processes of 
Rhizopus sp. through metabolic engineering, which suggests that this field is rich in 
potential opportunities. Many other microorganisms, including S. cerevisiae and 
genetic modified E. coli, have been engineered for fumaric acid production.

Malic acid has various applications in the food, beverage, metal cleaning, phar-
maceuticals and plastics industries [3, 8]. The naturally occurring Malic acid is 
L-form, whereas L- and D-malic acid are prepared synthetically as a racemic mix-
ture. Malic acid can be formed in metabolic cycles in both the TCA and glyoxalate 
cycles; it offers cells with carbon skeletons or energy. Because the current chemical 
synthetic method makes a racemic mixture of L- and D-malic acid, biorefinery of 
malic acid remains superior in terms of stereo-selectivity. Malic acid can be mainly 
produced by fungal species. However, when fungal fermentation reaches the pilot or 
industrial scale, some difficulties will need to be overcome, such as oxygen transfer 
and especially morphological problems. Potential toxin formation is another 
question. An alternative way to produce L-malic acid is biorefinery by well-
characterized microorganisms, such as yeast and E. coli.

Downstream processes require separation and purification of the 1,4-diacid prod-
ucts, which remains the main economic hurdles in the commercialization of bio-
based production. Downstream unit operations of the C4 dicarboxylic acids from 
the fermentation broth have much more similarities. Adsorption, precipitation meth-
ods and in situ product recovery strategies are widely applied to downstream pro-
cesses. Separation and purification techniques, including precipitation, extraction, 
adsorption, electrodialysis and membrane separation, have been effectively used for 
the recovery of bio-based C4 dicarboxylic acids. One challenge to successful sepa-
ration of 1,4-diacids from crude broths is how to apply purification technologies on 
the industrial-scale that have good productivity and yields as those in the laboratory. 

8  Production of 1,4-Diacids (Succinic, Fumaric, and Malic) from Biomass



234

For years, these technological challenges are considered as frontline issues of an 
economically-sustainable biorefinery.

8.2  �Upstream Processing

In spite of many benefits and the growing attention to biotechnology, common com-
mercial routines in biorefinery processes are constrained by time and cost. Various 
methods and tools are essential to the natural or engineered strains required in which 
scientists and engineers to develop effective production processes.

8.2.1  �Microbial Producers

Most prokaryotic and eukaryotic microorganisms produce succinic, malic, and 
fumaric acids as naturally major metabolic intermediates as shown in Fig.  8.2. 
Different kinds of genetic changes and modification have been made to wild type 
microorganisms, and many engineered strains have been retained in the current 
1,4-diacid production in bioreactors. Host strain engineering research is carried out 
with the following objectives: (1) to decrease by-products, (2) to improve both 
redox availability and energy efficiency, (3) to recognize the blocks to the target 
formation through diagnostic research.

Succinic acid can be made as a fermentation end-product or as an intermediate 
of the central metabolism via the reductive TCA branch [9]. Traditional microor-
ganisms for succinic acid production are well known as Anaerobiospirillum 
succiniciproducens, Actinobacillus succinogenes, Mannheimia succiniciproducens 
and recombinant Escherichia coli strains (Table 8.1) [10–12]. Theoretically, two 
molecules of succinic acid are synthesized from one molecule of monosaccharide 
anaerobically. Carbon dioxide consumption (one mole CO2 per mole succinic acid) 
makes the synthesis environmentally-friendly [13, 14]. Corynebacterium 

Fig. 8.2  Anaplerotic pathways that produce succinic, fumaric, and malic acids from glucose
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glutamicum is a quick-growing microorganism used for a long period in industrial 
production of organic acids, amino acids, and nucleic acids. C. glutamicum, can 
produce organic acids such as lactic, succinic, and acetic acid using glucose as a 
carbon source with high-density cells and high productivity [15]. Besides C. glu-
tamicum, genome sequence of Saccharomyces cerevisiae is clearly and physiologi-
cally well characterized, and it can make 1,4-diacids at very low pH cultivation 
conditions. Efforts to genetically modify S. cerevisiae for succinic acid production 
have been reported [16]. Genetic improvement and industrial utilization of S. cere-
visiae have been established, which makes S. cerevisiae suitable for the succinic 
acid refinery.

An inclusive range of microorganisms produces fumaric acid as a naturally 
occurring intermediate in the TCA branch, or as a product in the urea cycle. 
Succinate dehydrogenase can convert succinate to fumaric acid by oxidation. 
Fumarase can convert fumarate to malate. Some microorganisms make fumaric acid 
as the fermentative product. Particularly, fungi are recognized as fumaric acid pro-
ducers [17]. Fumaric acid producers are normally identified as Rhizopus, 
Cunninghamella, Mucor, and Circinella species, among which Rhizopus species 
(Table 8.2) is one of the best-known producers. Rhizopus species can yield fumaric 
acid in both aerobic and anaerobic cultivation conditions. However, it should be 

Table 8.1  Typical 
microorganisms used for 
succinic acid fermentation

General 
producer Type Species

Natural Bacteria A. succinogenes

A. succiniciproducens

M. succiniciproducens

Bacteroides fragilis

Enterococcus flavescens

Klebsiella pneumoniae

Succinivibrio dextrinosolvens

Fungi Aspergillus niger

Paecilomyces varioti

Penicillium simplicissimum

Engineered Bacteria E. coli

C. glutamicum

Yeast S. cerevisiae

Table 8.2  Typical 
microorganisms used for 
fumaric acid fermentation

Producer Type Species

Natural/
engineered

Fungi R. arrhizus

R. formosa

R. nigricans

R. oryzae

Bacteria E. coli
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noted that not all R. oryzae species are able to make fumaric acid. R. oryzae can be 
categorized into two categories: type I merely forms fumaric acid, with little or no 
lactic acid production; type II forms lactic acid with little or no fumaric acid produc-
tion [18].

Natural malic acid producers at high production levels such as Aspergillus flavus, 
are presently disqualified as a result of special growth requests and some mycotox-
ins. Because A. oryzae is a close relative or even one ecotype of A. flavus, the high-
level malic acid production with a GRAS status (generally regarded as safe) can be 
integrated with current large-scale production capability [19]. Genetic engineering 
has been used to improve malic acid production capacity of fungi, bacteria and 
yeasts. Table 8.3 summarizes several representative microorganisms used for malic 
acid production.

8.2.2  �Metabolic Engineering Toward Higher Yield

As intermediates of the TCA cycle, succinic, fumaric and malic acids are end prod-
ucts if sugar or glycerol are used as the carbon source [20]. Many pathways are used 
for these three 1,4-diacids fermentation such as the reductive branch of the TCA 
cycle, the oxidative TCA cycle, or the glyoxylate pathway. Figure 8.3 shows the 
TCA pathway and reductive carboxylation pathway to succinic, fumaric and malic 
acids accumulation of E. coli, and succinic acid production pathway of A. succino-
genes. The formation of one mole of succinic acid through the reductive pathway is 
considered to fix one mole of CO2 and consume two moles of nicotinamide adenine 
dinucleotide hydride (NADH). One mole of glucose can furnish two moles of 
NADH by the glycolytic pathway. Consequently, the redox balance as well as high 
yield is thoroughly linked to the level of NADH. Thus, the current metabolic fluxes 
and regulation tools require enhanced schemes of optimized metabolic engineering 
of E. coli for succinic acid production. Systematic engineering has been applied to 
develop succinic acid biorefineries [20–22].

A. succinogenes, A. succiniciproducens, M. succiniciproducens are recognized 
as natural producers. Many efforts have been put afford to improve the yield by 

Table 8.3  Typical 
microorganisms used for 
malic acid fermentation

Producer Type Species

Natural/
engineered

Fungi Aspergillus flavus

A. niger

A. oryzae

Aureobasidium pullulans

Bacteria Escherichia coli

Thermobifida fusca

Yeast Saccharomyces cerevisiae

Zygosaccharomyces rouxii
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fermentation engineering [23]. Because E. coli, C. glutamicum, and S. cerevisiae 
are not natural producers, fully genetic engineered pathways are required for 
improving facilities to produce succinic acid. In the improvement of metabolic 
engineering, many strategies have been taken for host strains’ application. Several 
attempts have been made to overcome the existing limits of host strains, that include 
introduction of an ATP-dependent glucose transport system, knockout of ADHE or 
LDH encoding genes that leading to by-product formation pathway, positive change 
of the ATP formation and control of pyruvate accumulation [24]. Better understanding 
of metabolic circumstance of native succinic acid strains and heterologous host 
strains is critical to pursue economic and biotechnological production of succinic 
acid. Much work needs to be done to realize the preferred target.

Internal redox balance for example, enhances overexpression of key enzymes, 
and amends pathways of by-product formation as one approach that leads to high 
levels of production. Taking overexpression of genes that code for anaplerotic 
enzymes in the resultant strain C. glutamicum ΔldhA-pCRA717 for example, when 
pyruvate carboxylase activity is enhanced, the production rate of succinic acid by 
the mutant strain is 1.5-fold higher than that of the control parental strain. When the 
dry cell weight of the mutant strain reached 50 g/L, succinic acid could be produced 
as well with the recurrent addition of Na2CO3 and sugar under oxygen deprivation. 

Fig. 8.3  TCA cycle pathway and reductive carboxylation pathway to succinic, fumaric, and malic 
acids accumulation of E. coli: 1 pyruvate formate lyase (PFL); 2 lactate dehydrogenase (LDH); 3 
ack-pta; 4 alcohol dehydrogenase (ADH); 5 phosphoenolpyruvate carboxylase (PEPC); 6 pyruvate 
carboxylase (PC); 7 malate dehydrogenase (MDH); 8 fumarase; 9 citric synthesis; 10 malic 
enzyme; 11 isocitric lyase (LCL); 12 fumarate reductase (FRD); 13 glucose phosphotransferase. 
Succinic acid production pathway by A. succinogenes: 1 phosphoenolpyruvate carboxykinase 
(PEPCK); 2 malate dehydrogenase (MDH); 3 FRD; 4 pyruvate kinase (PK); 5 pyruvate oxidase/
reductase; 6 acetate kinase (AK); 7 alcohol dehydrogenase (ADH); 8 LDH
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Succinic acid titers reached almost 150 g/L, and the yield was over 0.9 g/g with a 
productivity of over 3 g/L/h [25].

The usage of S. cerevisiae has been intensively investigated for the production of 
ethanol. Because succinic acid is not normally produced at high levels in S. cerevi-
siae, metabolic engineering provides an important strategy to increase succinic acid 
formation. Many studies so far focus on approaches using the TCA cycle in the 
route of oxidative or glyoxylate shunt leading to synthetic succinic acid. At present, 
the highest level succinic acid fermentation is 43 g/L, with a productivity of 0.45 
g/L/h in S. cerevisiae (Reverdia) [26]. Yan et  al. [27] modified the S. cerevisiae 
pathway for succinic acid manufacture. The engineered S. cerevisiae could produce 
6.17 ± 0.34 g/L of succinic acid via the fabricated path. The succinic acid produc-
tion increased to over 8 g/L when GPD1 was deleted. After regulation by biotin and 
urea, succinic acid titer was nearly 10 g/L with a yield of over 0.3 mol/mol glucose. 
By suitable CO2 supplement in the bioreactor, the genetic modified strain could 
produce almost 13 g/L succinic acid with a yield of over 0.2 mol/mol glucose. The 
whole fermentation process was conducted at pH 3.8. Thus, the planned engineer-
ing scheme is effective for the production of free acid at low pH values. The ability 
to grow and produce succinic acid at low pH is a good economic advantage of yeast 
strains compared with other succinic acid producing microorganisms.

C3 together with C1 mechanism relating to the CO2 fixation is catalyzed by pyru-
vate carboxylase under aerobic cultivation conditions, which explains the high 
yields and productivity in fumaric acid production by microorganisms [6]. This type 
of CO2 fixation process can lead to the formation of oxaloacetic acid; thus, interme-
diates in C4 citrate cycle can be reserved for biorefinery during aerobic cultivation 
conditions. When the nitrogen resource becomes restrictive, the growth phase ends, 
while utilization of the glucose and CO2 fixation processes continue, which makes 
C4 1,4-diacids continue to accumulate. Theoretically, the maximal yield is two 
moles of fumaric acid per mole of glucose consumed. Reductive pyruvate carboxyl-
ation results in two moles of CO2 fixation. Strains cannot produce ATP for the pur-
poses of maintenance and transport if the reductive pyruvate carboxylation is the 
only pathway. Consequently, the TCA cycle is also active during fumaric acid pro-
duction [17]. Metabolic engineering has been conducted to fumaric acid production 
by non-fumaric acid producers. The chief difficulty of fumaric acid fermentation by 
Rhizopus species is their morphology control in bioreactor. The Rhizopus species 
are less genetically accessible than S. cerevisiae and E. coli.

For the route from glucose to malic acid, adenosine triphosphate (ATP) is neu-
tral. This process can lead to the fixation of one mole of CO2 per mole of malic acid. 
For this case, the maximum theoretical yield is two moles malic acid per mole of 
glucose [8]. This kind of cytosolic pathway is usually denoted as the reductive tri-
carboxylic acid (rTCA) pathway, which is utilized by many Aspergillus species that 
natively produce malic acid. Yeast synthesizes malic acid by either cytosolic or 
mitochondrial pathway. The enzymes that are intricate in the malic acid metabolic 
pathway have an impact on the production amount of malic acid such as fumarase 
overexpression in the TCA cycle, malate dehydrogenase overexpression in the 
reductive TCA cycle, the malate synthase in glyoxylate pathway, the pyruvate 

Q. Li and J. Xing



239

carboxylase in the reductive pathway, and even the cytosolic malate dehydrogenase. 
Nakayama et al. characterized malic acid production mechanism in sake yeast, and 
found high-level production of malic acid by yeast could be realized by the suppres-
sion of mitochondrial activity [28]. In bacteria T. fusca muC, the synthesis pathway 
of malic acid was shown to be derive of from phosphoenolpyruvate to oxaloacetate, 
followed by the reduction process from oxaloacetate to malate. The yield of malic 
acid by the engineered T. fusca muC-16 was increased by 47.9% compared with the 
parent strain muC. The muC-16 strain can grow on 100 g/L cellulose with 62.76 g/L 
malic acid in batch fermentation [29]. In another attempt, the phosphoenolpyruvate 
(PEP) carboxykinase of M. succiniciproducens MBEL55E was overexpressed in 
recombinant E. coli. The final malic acid production was about 10 g/L after only 12 
h aerobic fermentation [23].

8.2.3  �Cofactor Engineering of Strains

Metabolic engineering of the 1,4-diacid producer can be used to debottleneck the 
1,4-diacid pathway, improve product transportation, and enhance paths straightly 
involved in the 1,4-diacid manufacture [30]. However, the carbon flux shift to the 
1,4-diacid route is insufficient to govern the formation of some metabolite by-
products, although it is frequently used to disallow pathways involved in by-product 
formation. Moreover, optimization of the yield and productivity can be realized by 
arrangement of the genetic operations.

Evolution coupled with genetic modification is performed to grow overproduc-
ing strains for succinic acid biorefineries. To keep the redox or ATP stability, Singh 
et al. cloned a gene encoding the ATP-generating PEPCK enzyme, to eliminate the 
pathway for forming ethanol and acetate to improve succinic acid production in the 
ldhA, pflB, ptsG mutant strain. The recombinant strains can make succinic acid 
with a 60% increased production compared with the control E. coli [31]. In engi-
neered E. coli KLPPP, phosphoenolpyruvate carboxykinase was overexpressed with 
the deletion of lactate dehydrogenase, phosphotransacetylase–acetate kinase, pyru-
vate formate lyase, and pyruvate oxidase genes. The recombinant strain showed a 
high conversion yield of succinic acid on galactose (1.2 mol/mol) compared to glu-
cose (0.48 mol/mol). The concentration of succinic acid was over 22 g/L, and the 
molar yield was about 1.1 mol/mol total sugar [32]. One type of E. coli strain with 
ptsG mutation and homologous or heterologous (cyanobacterial) ppc gene expres-
sion was engineered for production of succinic acid. Oxaloacetate was the precursor 
of succinic acid. As a result of ppc gene overexpression, the PEP carboxylase activ-
ity was enhanced, and then the PEP carboxylation ability of producing oxaloacetate 
was improved. The recombinant strain had good performance in succinic acid fer-
mentation, especially using glucose and xylose mixtures as the carbon source [33].

It is not easy to produce fumaric acid via genetic modified microorganisms. 
From another perspective, it provides possible chance or solution for improving 
fumaric acid fermentation by recombinant strains. In the study of Xu et al., both 
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malate dehydrogenase (RoMDH) and fumarase (RoFUM1) originating from R. ory-
zae was introduced into S. cerevisiae [34]. In their study, when pyruvate carboxyl-
ase was overexpressed, a novel cytosolic fumaric acid biosynthetic pathway was 
reconstructed.

E. coli can produce fumaric acid. However, carbon flux to acetyl-CoA, acetate, 
formate, and succinate must be restricted or blocked. Besides E. coli and Pichia 
pastoris, Rhizopus spp. has also been genetically modified. However, most Rhizopus 
species are unaffected by antibiotics, such as ampicillin, chloramphenicol and strep-
tomycin. Uracil auxotrophic isolates of Rhizopus spp. can usually be utilized by 
genetic changes; however, it is not easy to isolate the target. Compared with E. coli 
or S. cerevisiae, there are seldom effective genetic methods available for Rhizopus 
spp. Thus, it has been largely unexplored for fumaric acid production via genetic 
alteration of Rhizopus spp. There is one disadvantage of fumaric acid production by 
E. coli: the cultivation has to be conducted at near-neutral pH because the acidic 
circumstances prohibit the growth of organisms. A low-pH fermentative process 
would be advantageous especially for separation processing. Thus, many Rhizopus 
and S. cerevisiae species would be useful host organisms, which are tolerant of 
acidic conditions.

As production hosts, Aspergillus offers several prospective advantages when 
scaling up, one of which is that the strains can be genetically modified to produce 
high levels of malic acid. A general genetic tool always comprises available mark-
ers, selective promoters, and gene knockout/transformation methods. Most impor-
tantly, a number of species’ genome sequences should be annotated. High-throughput 
screening methods can be used to evaluate established mutagenesis systems [35, 
36]. Besides S. cerevisiae and E. coli, there is no native replicating extrachromo-
somal vectors; thus, the unstable artificial ones are usually selected and developed. 
However, engineered A. oryzae has been engineered by overexpression of native 
genes for improvement of malic acid production. In this way, rTCA pathway was 
conjunct with a C4 dicarboxylic acid transporter. Malic acid productivity increased 
27%. By A. oryzae NRRL 3488 overexpressing three genes, the final malic acid titer 
was 154 g/L in 164 h. The productivity was 0.94 g/L/h, and the conversion yield of 
glucose was almost 1.4 mol/mol, which was a very high malic acid production in the 
literature [37].

8.3  �Fermentation Process Engineering

Optimization and enhancement of fermentation process is determined by techni-
cal maturity and economics. Fermentation performance dictates the whole strat-
egy and effectiveness of the biorefinery process [38]. Main performance factors 
including concentration, yield, productivity, and process efficiency, whereas 
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techno-economic analysis can provide a direct data-driven understanding of the 
fermentation cost.

Titer is defined as the fermentative 1,4-diacid concentration in the fermentation 
broth. Titer is normally stated in the unit of g/L (grams of 1,4-diacid/liter of fermen-
tation broth). High fermentative titers result in importantly cheap costs from the 
upstream to the downstream stage with less energy and substance consumption. 
Productivity is normally stated in the unit of g/L/h (grams product/liter of fermenta-
tion broth/time), which is defined as the production rate of 1,4-diacid per bioreactor 
volume. The productivity factor controls the overall fermentative volume for the 
achievable capacity goal. An increase in productivity decreases the number or vol-
ume of requisite fermenters and otherwise reduces the related operation capital. 
Productivity improvement of a designed plant can help increase the plant capacity 
utilization. Yield is defined as the conversion efficiency from one or more feedstock 
fraction to the target 1,4-diacid product. The unit is g/g sugar or mol/mol sugar. The 
yield answers the question of the number of feedstocks required for a particular 
amount of the 1,4-diacid production. The theoretical maximum to the product yield 
is determined by the stoichiometry of product pathway and the connected metabolic 
pathways. Because a fraction of the feedstock is necessary for metabolic growth and 
energetic systems maintenance, the maximum theoretical yield is usually unachiev-
able. Fermentations with low yields not only increase the cost of net feedstock, but 
also raise the downstream costs because vacant feedstocks or surplus by-products 
must be separated from the crude broth.

Fermentation process engineering involves assessing many process parameters, 
such as media proposal, seed cultivation and inoculum, pH and temperature control, 
gas transfer, time control and feedstock feeding approach. Some scale-dependent 
factors, such as partial pressure of CO2 for anaerobic cultivation, and agitation 
speed, are studied to assess the producers’ sensitivity for commercial-scale condi-
tions, which is necessary for guaranteeing probable performance across scales. 
Sometimes, different engineered strains are used for different scale-up conditions in 
developing a process on the industrial scale.

Table 8.4 summarizes common feed strategies for succinic, fumaric and malic 
acids production. Process engineering approaches can be used to change the fer-
mentative efficiency, but usually this is not enough. Media components and fermen-
tation control are the straightforward methods to obtain a high-level manufacture of 
1,4-diacids. As the seed and preferred fermentation ensilage constantly have a range 
of nutrient components, the effect of one single component and the relationship 
between different constituents need careful study and experimental design. Factor 
screening can be performed by some methods such as response surface methodology 
(RSM), Plackett-Burman design (PBD), or central composite design (CCD), to find 
the most significant aspects.
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8.3.1  �Production of Succinic, Fumaric and Malic Acids Acid 
from Sugar

Most research on 1,4-diacid fermentation uses sugars as the feedstock. Glucose is 
always used as one type of carbon source in most organisms. Use of glucose as a 
carbon source in cells is by either aerobic or anaerobic fermentation. All of these 
processes follow from an earlier metabolic pathway named glycolysis. The first step 
of glycolysis is the glucose phosphorylation by hexokinase, which creates glucose 
6-phosphate.

Except glucose, many other monosaccharides, disaccharides, even polysaccha-
rides are generally used in succinic acid production. Effect of various sugars on the 
fermentation of succinic acid has been broadly tested [13–15]. For the production of 
fumaric acid, glucose is not the only appropriate monosaccharide for Rhizopus strains 
[39]. Xylose, fructose, can be used and converted as well, but the yields are relatively 
low. Among the disaccharides, maltose can be transformed into fumaric acid while 
lactose is slow, and sucrose cannot yield fumaric acid. Fumaric acid can be produced 
by R. arrhizus NRRL 2582 using starch because the strain has amylase. The perfor-
mance of the fermentation is not efficient as that with glucose as the carbon source, 
but it is still cost effective [40]. Carbon sources for malic acid fermentation include 
starch, molasses, and the cellulosic hydrolytes such as crop stock hydrolyte. If the 
fermentation can be scaled-up, a green process would be realized for crop stock con-
version, which can be used in food or chemical fields. Joint production of malic acid 
and succinic acid is possible with a sugar tolerant yeast named Zygosaccharomyces 
rouxii V19. The maximum produced amount of malic acid is about 75 g/L, and the 
glucose consumption yield is about 33 8% yield with 0.5% supplement of glutamic 
acid, when a little succinic acid and malic acid are added to the media [36].

Table 8.4  Common feed strategies for succinic, fumaric and malic acids production

Feed strategy Main principles

Constant Constant set rate, cell specific growth rate gradually reduces, cell mass 
rises linearly

Speed variation Accelerated speed in cultivation process (gradient or linearity), specific 
growth rate is altering

Index feeding Feed speed rises exponentially, specific growth rate remains relentless, 
the cell mass rises exponentially

pH-governed Cell growth state valuation based on the pH, and control the glucose 
feed speed to regulate the pH to a constant rate

Dissolved oxygen 
-governed

Dissolved oxygen (DO) controlling, adjusted the feed velocity of the 
feedstocks

Dissolved oxygen-stat To preserve a constant DO by adjusting the dissolved oxygen, the 
mixing speed and feeding speed

CO2 release rate 
(CER)-control

The nutrition feed speed is adjusted by identifying the CER and the 
feedstocks utilization estimation

Biomass response Controlling the quantity of feedstocks by measuring the cell mass and 
adjusting the nutrient consumption
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8.3.2  �Alternative Substrates from Lignocellulosic Biomass

There is a major focus worldwide on conversion of renewable lignocellulosic bio-
mass to platform chemicals [41]. It is forecast in 2025 that nearly 30% of the raw 
materials used for chemical production will be from biomass resources [42]. The 
effective exploitation of renewable sources can play a key role in the economic 
viability of cellulosic 1,4-diacids. Figure 8.4 shows cellulosic C4 diacids produc-
tion processes. Lignocellulose is the main structure of plants that consists of cellu-
lose, hemicellulose and lignin (Fig. 8.4) whereas cellulosic feedstocks should be 
non-food based crop residues, wood residues, dedicated energy crops, and industrial 
wastes. It is therefore, a big challenge to transform the sugars derived from these 
feedstocks into 1,4-diacids since there is much variability in their cellulosic content. 
The conversion processes usually contain five major steps: biomass type, biomass 
pretreatment, choice or production of saccharolytic enzymes-cellulases and hemi-
cellulases, fermentation of hexoses or pentoses, and downstream recovery. New 
technologies can provide a broad range of residual feedstocks that are suitable for 
sustainable 1,4-diacids fermentation with less costs or by-products [43].

An eco-friendly process for conversion of polysaccharides to monomeric sugars 
is via hydrolysis enzymes, i.e., hemicellulases, which promote cellulose hydrolysis 
by exposing the cellulose fibers. Nearly 50 years have passed since the hydrolysis 
process of cellulose was conducted by cellulolytic enzymes [44]. After pretreatment 
by different techniques, biomass can be used as the feedstocks using various sac-
charification and fermentation strategies. Separate hydrolysis and fermentation 
(SHF) is used widely as a separate hydrolysis and fermentation process marked as a 
traditional two-step procedure. Firstly, the lignocellulose is hydrolysed by the 
special enzymes. Secondly, the reducing sugars produced are fermented to 
1,4-diacids.

Simultaneous saccharification and fermentation (SSF) trials have been con-
ducted on the saccharification of the lignocellulosic biomass and the subsequent 
conversion of the sugars to 1,4-diacids. Biomass, enzymes and fermentation microbe 
were placed in the same reactor. A successful SSF process relies on many factors 
such as pH, substrate, temperature, agitation, and feed strategy. Simultaneous sac-
charification and co-fermentation (SSCF) has been known as one of the possible 
choices for xylose-rich lignocellulosic materials conversion. Numerous genetically 
engineered microorganisms have been used to test SSCF for end products glucose 
and xylose. Efficient process design plays an important role. When a single unit is 

Fig. 8.4  Multi-stage cellulosic C4 diacids production
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used and several different operations are performed for these integration processes, 
it is possible for the engineer to increase the performance efficiency of the coupled 
process [45, 46].

The problem with hydrolysates fermentation by E. coli is that the pentose in 
hydrolysis mixtures is usually delayed that tends to incomplete consumption [47, 
48]. If the preferred feedstock, such as glucose, has a certain concentration in the 
media, the passage and metabolism of other sugars can be inhibited until the glu-
cose is exhausted in many cases. However, fermentation of xylose to succinate can 
be enhanced via ATP supply in metabolically engineered E. coli K12 [49]. A mutant 
strain E. coli AFP184 can simultaneously consume xylose and glucose for succinic 
acid fermentation [50]. Moreover, detoxification is usually necessary to decrease 
many toxic components that are formed in the pretreatment process, although the 
extra detoxification increases operation cost. Efficient fermentation process for 
making succinic acid from corn stalk hydrolysates can be realized by a ptsG mutant 
E. coli [51–56]. Fungi can grow in hydrolysates, which originate from the acid 
hydrolysis of corn straw. Through a two-stage corn straw utilization strategy for 
making fumaric acid by R. oryzae, the final fumaric acid production can reach about 
28 g/L, with 0.35 g/g yield and 0.33 g/L/h productivity, respectively [40].

Solid-state fermentation by filamentous fungi, particularly direct bioconversion 
or coupled hydrolysis and fermentation from lignocellulosic feedstock, has poten-
tial to be an important biotechnology for fumaric, and malic acid production [57]. 
Aspergillus species can make malic acid from thin stillage [58]. Li et al. reported 
that Rhizopus Delemar can produce malic acid at high levels from corn straw hydro-
lytes [59]. Consequently, malic acid yield can be improved by the regulation of the 
metabolic network of the host strain. R. Delemar can make over 120 g/L malic acid 
after 60 h fermentation. Zou et al. reported that a novel A. pullulans can make poly-
malic acid (PMA) and malic acid from hydrolysates of xylose and corncob. The 
results showed that fed-batch cultivation with xylose in a five-Liter fermenter 
achieved a high PMA titer (about 80 g/L) with about 91 g/L of malic acid after 
hydrolysis. The maximum PMA productivity was 0.52 g/L/h [60].

Biomass derived bio-oil have been investigated intensively as an alternative of 
diesel and gasoline fuels. Production of bio-oil via pyrolysis/thermochemical con-
version of biomass has attracted much attention. Bio-oil has a high energy density 
and has potentials for partial replacement of fuels. However, the oxygen content of 
bio-oil is as high as 50 wt/wt%, the water content of bio-oil is 15–30 wt/wt%, and 
the C/H ratio is high; thus, it cannot be used directly as transportation fuel. Deep 
deoxygenation is regarded as one of key upgrading technologies, which is critical to 
the treatment of bio-oil. Adding water can help separate bio-oil into two fractions, 
an aqueous fraction (AP-bio-oil) together with a heavy organic fraction. The heating 
value of the organic fraction is always bigger than the value of crude bio-oil as a 
result of its low oxygen content. So, it is a nice method to recovery bio-oil from the 
aqueous phase and the organic phase before it is upgraded. However, there are many 
different components in AP-bio-oil. The AP-bio-oil is able to offer many carbon 
sources and some nitrogen sources to support microbe growth. The transgenic E. 
coli named MG-PYC can live in modified M9 media, which contains 20 v/v% 
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AP-bio-oil, and produces 0.38 g/L succinic acid. When glucose at a concentration 
of 4 g/L in the media is used by addition of 20 v/v% AP-bio-oil, succinic acid pro-
duction increased from 1 to 2.4 g/L. When the carbon source was replaced by enzy-
matic hydrolysates of corn stock, the final succinic acid production was 10 g/L. This 
media by addition of 212.5 v/v% AP-bio-oil can result in about 12 g/L succinic acid 
concentration [61]. The paper industry produces paper solid waste (PSW) as part of 
its processing pulp. PSW can be used for fumaric acid production. The filamentous 
fungus R. oryzae 1526 can make fumaric acid through submerged and solid state 
fermentation. The results showed that the PPSW can provide carbon source and 
trace elements for the growth of the fungus R. oryzae and fumaric acid can be 
formed during fermentation [62, 63].

There are carbohydrates in lignocellulose, but it is difficult to use, because the 
pretreatment process is expensive and the conversion rate to bioproducts is low. 
However, with the development and improvement of pretreatment technology and 
microbial metabolic engineering, lignocellulose is regarded as an important bioma-
terial resource for value-added chemical production. Lignocellulose is more com-
petitive as substrate than sugar or starch for 1,4-diacid production in the future. 
Cellulose can be effectively dissolved by ionic liquids (ILs) in mild conditions in 
recent studies. In this process, the linkage between cellulose, hemicelluloses and 
other components are broken. In addition, pretreatment by ILs can destroy the crys-
tallinity of cellulose, which renders the biomaterials more susceptible to the hydro-
lysis process by enzymes. Among them, most types of wood such as hardwood and 
softwood can completely dissolve in 1-allyl-3-methylimidazolium chloride 
(AmimCl). Various biomass pretreated by ILs has been studied for production of 
biochemicals or biofuels. In the study of Wang et al. [64], both pinewood and corn 
stover were pretreated by AmimCl and then used as a media for succinic acid pro-
duction. Results confirmed that cellulose can be effectively extracted from pine-
wood, and pinewood was in degraded into a uniform pulp with the help of AmimCl. 
The enzymatic hydrolysis rate of pinewood extraction reached over 72%. Moreover, 
corn stover can be effectively treated by AmimCl pretreatment integrated with either 
team explosion or hot compressed water. Extract of pinewood can make over 20 g/L 
succinic acid. The average yield was about 0.4 g/g biomass. Workflow calculations 
revealed that pinewood pretreated with ILs can reach a 57% theoretical yield of suc-
cinic acid.

Macroalgae are regarded as “Third generation biomass”, and are viable renew-
able feedstocks for biochemicals or biofuels. Compared to many land-based crop 
materials, macroalgae show many attractive features: (i) land is not required for the 
cultivation of macroalgae, (ii) fertilizers are not required and (iii) freshwater is not 
needed so that it does not compete with food-crops. Moreover, due to lack of hemi-
cellulose and lignin, few pretreatment steps are needed to release fermentative sug-
ars, which can indeed reduce the operation costs. In the study of Bai et  al., the 
engineered E. coli BS002 was constructed to make succinic acid from Laminaria 
japonica (a typical macroalgae, Fig.  8.5a) [65]. After several pretreatment steps 
coupled with enzymatic hydrolysis, L. japonica hydrolysates can produce about 
10.3 g/L glucose and 10.1 g/L mannitol. L. japonica hydrolysates were used for 
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succinic acid fermentation by the engineered E. coli BS002 as the substrate. Finally, 
about 18 g/L succinic acid was made from the hydrolysates by a 72 h dual-phase-
fermentation strategy to obtain a yield of 1.24 mol/mol total sugar, which was 73% 
of the maximum theoretical yield. Succinic acid was similarly produced by engi-
neered E. coli KLPPP using red macroalgae (Palmaria palmate, Fig. 8.5b). The P. 
palmata hydrolysates were full of glucose and galactose, which were used effec-
tively for succinic acid fermentation. The production of succinic acid was about 22 
g/L, and the yield was 1.13 mol/mol total sugars, which was 66% of the maximum 
theoretical yield. These results demonstrate macroalgae has novel and economical 
features for the production of biochemical [32, 65].

8.3.3  �Cultivation Strategies with High Production Levels

Simple anaerobic cultivation does not facilitate cell growth and metabolism of many 
microbes such as E. coli. Dual-phase fermentation strategy, which is defined as 
aerobic cell growth followed by anaerobic fermentation, has been developed to 
enhance the cell mass accumulation and subsequent 1,4-diacid production [9]. 
Engineered E. coli strain was conducted in the dual-phase fermentation process. 
Cell mass was a significant signal for the time of transition from aerobic to anaero-
bic phase. Great cell density in the bioreactor by the DO-control strategy is usually 
used to improve the cell mass of the cell during the aerobic stage. In a dual-phase 
fermentation process in bioreactor, initial aerobic growth of E. coli SD121 facili-
tates the subsequent anaerobic production of succinic acid by ptsG mutation. The 
final concentration of succinic acid was about 60 g/L with a yield of 0.87 g/g sugar 
[33]. Jiang et al. studied the effect of growth phase feeding methods on succinic acid 
production by E. coli AFP111 [66]. The physiological state of the aerobically grown 

Fig. 8.5  Succinic acid production from macroalgae, which is termed 3rd generation biomass, (a) 
Laminaria japonica, (b) Palmaria palmate
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cells was critical for the subsequent anaerobic fermentation of succinic acid. For 
example, some environmental and physiological factors of the aerobic phase played 
a key role in the improvement of succinic acid production. A novel membrane-
bioreactor-electrodialysis system was built for succinic acid production with high 
concentration, productivity and yield. In this system, ultrafiltration membrane was 
applied to attach fermentation and separation process, and to clarify the fermenta-
tion broth. Under the optimized conditions, biomass concentration and succinic acid 
concentration were over 40 g/L and 14 g/L, respectively, which were 20 times 
higher compared with the batch cultivation process in the study of Meynial-Salles 
et al. [67]. More in situ product recovery strategies are discussed in Sect. 8.4.3.

Up until now, for Rhizopus strains, fermentation processes described have made 
126 g/L fumaric acid with 1.38 g/L/h productivity and the conversion yield of glu-
cose was 0.97 g/g. This required optimization factors such as pH, aeration, and 
carbonate/CO2 supply [7, 17]. Limitations of the Rhizopus strains are pH tolerance 
and morphology. Especially, the accessibility for genetic engineering and versatility 
to the alternative carbon sources are other limitations. The energetic mechanism of 
fumaric acid exportation by Rhizopus should be carefully investigated for host 
strains. In a SSF process with starchy materials (the total sugar concentration of 
cornstarch was 100 g/L.), 2-deoxyglucose-resistant mutant strains of R. Oryzae can 
make as high as 44 g/L fumaric acid. During the SSF process with degermed corn 
powder (100 g/L initial total sugar) by DG-3, the maximum fumaric acid concentra-
tion was about 33 g/L with 0.44 g/L/h productivity [39].

Malic acid is usually made by a “two-step fermentation” process. Fumaric acid 
is made and then converted to malic acid by fumarate hydratase. In the synthesis 
pathway, malic acid can be catalyzed from fumaric acid synthesized absolutely via 
a chemical synthetic method. A one-step-fermentation is always an optimal strategy 
since it makes malic acid using normal sugars as carbon resource. Furthermore, CO2 
fixation also remains in the fermentation process of malic acid. During fermentation 
process by Saccharomyces spp., L-malic acid can be made by the fumarate pathway 
that was catalyzed by cytosolic fumarase or mitochondrial fumarase, or by oxalo-
acetic acid that was catalyzed by malate dehydrogenase (MDH), but the titer was as 
low as 0.5–1 g/L [35]. A continuous system was set up for L-malic acid conversion 
from fumaric acid in a novel micro-reactor with surface-immobilized fumarase, 
which indicated the possibilities for micro-reactor-based biotransformation [68].

8.4  �Downstream Processing

It is critical to decrease the production cost of the biorefinery process so as to com-
pete with traditional petrochemical production. In general, over 60% of the total 
production cost (TPC) is made by the downstream processing whose target is abso-
lute separation of the products from the crude broth [69]. Solid/liquid separation is 
usually the first downstream processing unit operation carried out by centrifugation 
or microfiltration, commonly followed by ultrafiltration to separate cells or cell 
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fragments, proteins and other solid compounds from the supernatant broth. Different 
unit operations have been used, for example, precipitation processes with calcium 
hydroxide or ammonia, traditional membrane separation processes such as electro-
dialysis, and predispersed solvent extraction or reactive extraction. Adsorption and 
crystallization unit operations are usually used for the final purification of the iso-
lated 1,4-diacids. These unit operations are described and their features are dis-
cussed with their possible application for the industrial separation of C4 1,4-diacids 
crystals.

8.4.1  �Main Separation Unit Operations

The classical manufacturing approach for the separation of carboxylic acids from 
crude fermentation broth is a precipitation process using calcium oxide or calcium 
hydroxide. With the help calcium oxide or calcium hydroxide, the calcium salts of 
1,4-diacid can be filtered from the aqueous broth and then reacted with sulfuric acid. 
By this means, the free 1,4-diacid is purified. By-product is a large amount of gyp-
sum. It is a remarkable fact that many other organic acids in the broth will be pre-
cipitated together with succinic acid, fumaric acid and malic acid at the same time 
[69, 70]. Precipitation with ammonia has been widely studied for succinic acid 
separation.

Ion-exchange remain the main operation for separation and purification of 
1,4-diacids from aqueous broths. Ion-exchange is mainly used for the removal of 
residual anions or cations. Generally, ion-exchange steps are usually applied in 
extraordinary purification stages as selectivity is not high enough, thus, the product 
yields remain low.

Liquid–liquid extraction is a widely-used technique in the separation of 
fermentation-based 1,4-diacids on the lab scale. However, liquid–liquid extraction 
is not widely applied on the large-scale as most traditional extraction reagents show 
unfavorable distribution coefficients for different 1,4-diacids. To improve the extrac-
tion yield and the selectivity, many researchers use different reactive components 
for the liquid–liquid extraction of 1,4-diacids from an aqueous phase, such as 
amines, which can dissolve in miscible organic solvents. Amines have a great affin-
ity for negatively charged components because of their high basicity, which makes 
them appropriate for the extraction. The pre-treatment of fermentation broth as well 
as the preparation of succinic acid ammonium using ammonia in the re-extraction 
can be used to improve the extraction yield of succinic acid produced by microbial 
fermentation. The amine reacts with the 1,4-diacids at the interface between the 
organic phase and aqueous phase, which leads to the reaction of amine–1,4-diacid–
complexes. These complexes are then solubilized into the organic phase. The mech-
anism consists of proton transfer and ion pair construction relying on the types of 
amines and the organic solvents. Predispersed solvent extraction (PDSE) is a novel 
method for separating solutes from extremely dilute solution by solvent extraction 
quickly. The use of colloidal liquid aphrons (CLAs, micron-sized solvent droplets 

Q. Li and J. Xing



249

surrounded by a thin aqueous film) in predispersed solvent extraction may amelio-
rate the problems such as emulsion formation, reduction of interfacial mass transfer 
and low interfacial mass transfer areas in solvent extraction process.

Electrodialysis is a favored method in the food field for removal of citric acid 
from juices. The application of electrodialysis for downstream separation of 
1,4-diacids has been investigated on the lab-scale [69]. Shortcomings of electrodi-
alysis are its high energy consumption, the cost of the membrane material, and the 
low selectivity and capacity. Another question is the problem of binary ions, which 
are hard to treat via the electrodialysis membrane. Membrane fouling is another 
problem presently in the continuous electrodialysis process.

Membrane-based technology, together with centrifugation, has been generally 
used for the removal of solids from liquid solutions. This process can result in low 
operation cost and energetic consumption. Investigators have reported the applica-
tion of filtration in the separation of proteins, acids, and other natural organic com-
pounds which is a feasible strategy for clarifying complex solid–liquid mixture 
systems. Moreover, several membrane systems can be conducted on fermentative 
systems to recycle strain cells and obtain product. In integrated systems, permeant 
can be drawn off at times, which can reduce the concentrations of the target prod-
ucts around cells. In integrated systems, separation is coupled with fermentation 
without coagulant, so it is widely used in the centrifugation process.

As one of the oldest but effective processes for the preparation of 1,4-diacid 
crystals, crystallization process can be used as a final purification step. As succinic, 
fumaric and malic acids are solid forms in room temperature, direct crystallization 
might provide the desired target in solid form without extra unit operations. 
However, the product yield is low because many salts of 1,4-diacids remain as resid-
uals in the crystal broth. The low-purity product is hard to use as monomer for many 
polymerization reactions. To obtain a high purity (>99%) of 1,4-diacids, further 
purification process is needed to remove residual ionic impurities.

Examination of small differences on the molecular-scale structure of organic 
acids has had an effect on understanding the mechanisms of adsorption. Hwang 
et al. studied the adsorption behavior of C4-dicarboxylic acids at a hematite/water 
interface [72], and indicated that orientation of the two carboxylic groups and pKa 
values of the organic acids substantially affected the adsorption density as well as 
the position and characteristics of the pH adsorption edges. Succinic acid has higher 
molecular flexibility. Fumaric acid with transconfiguration appears to bind to 
hematite mainly as a deprotonated outer-sphere complex using only one carboxylic 
group.

8.4.2  �Separation and Purification from the Crude Broth

Most of the proposed process schemes described above for the separation of 
1,4-diacids from crude broth do not have sufficiently high (ca. 95%) selectivity. 
Since the final purification results determine one important cost factor, the 
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production of by-products such as acetic acid, formic acid, pyruvic acid in the TCA 
branch should be reduced to a minimum level by metabolic engineering of the 
microbe producers and optimization of the cultivation processes. The contaminants 
of the post-fermentation broth usually include left-over glycerol, enzymes, other 
proteins, salts and other acids formed in the process of microbial cultivation and 
metabolism. Thus, the final standard of bioconversion success is determined by the 
purification process. Figure 8.6 shows batch and fed-batch succinic acid fermenta-
tion processes simulated by software SuperPro Designer. It can be seen that unit 
operations of the downstream process are numerous and important.

One effective unit operation can influence the entire recovery yield of the down-
stream process. In crystallization, carboxylic acids show varied distribution between 
dissociated and free-acid forms at various pH values. Undissociated 1,4-diacids 
have various solubilities. Li et a.l [73] found that the solubility of free succinic acid 
was less than 30 g/L at 4 °C and pH 2.0. In this condition, the other by-product 
acids, such as lactic, acetic and formic acids, were totally water miscible. So succinic 
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acid crystallization from fermentation broth was realized at 4 °C and at low pH, and 
by-product acids remained in the solution. By this one-step recovery strategy, suc-
cinic acid could be selectively crystallized with 70% yield and 90% purity, 
respectively.

Ultrafiltration can be another important unit to clarify the succinic acid fermenta-
tion broths [74]. Various ultrafiltration membranes such as PES (100 kDa, PES 30 
kDa, PES 10 kDa) and RC (10 kDa) have been tested and the results show ultrafil-
tration is achievable for succinic acid from fermentation broth [75], for which 
99.6% microorganism cells could be removed from the broth and proteins could be 
separated well. The highest removal rate of proteins was 87% for membrane PES10 
kDa. A clear permeate was obtained after ultrafiltration compared to centrifugation. 
Study of membrane fouling mechanisms in ultrafiltration revealed that many are 
fouled by concentration polarization or the cake layer by resistance-in-series model. 
Hermia’s model as well as its four individual sub-models was used to analyze the 
predominant fouling mechanism. Results indicated that the fouling of RC and PES 
(30 kDa) was controlled by the blocking mechanism, while PES (100 kDa) was 
controlled by the intermediate blocking and PES (10 kDa) was controlled by the 
cake layer.

The most common method used for fumaric acid capture is precipitation. CaCO3 
suspension has always been used as a neutralizing reagent as its Ca2+ salt slowly 
dissolves during the period of fumaric acid production. CaCO3 also results in vis-
cosity and foaming problems as a result of the less solubility of calcium fumarate. 
As a result of the higher solubility of sodium fumarate and magnesium fumarate, 
fumarate production using neutralizing reagents, such as Na2CO3 or MgCO3 can 
lead to alternative downstream operations. If CaCO3 acts as a neutralizer, the broth 
is firstly filtered to remove the cells, and then acidified to obtain the acid crystals. 
When Na2CO3 or MgCO3 is used, heating is avoided because the cell might be pos-
sibly reused.

Membrane separation can be regarded as one of the recovery steps in the process 
of removal of organic acid from simulated or actual fermentation broths [70]. 
Staszak et al. evaluated concentration and separation of fumaric acid from simu-
lated and actual fermentation broth by ceramic membranes [71]. They showed that 
the retention of fumaric salt rose with the increasing pH values in the feed solution. 
The retention of uncharged chemicals such as fumaric acid or glycerol, were less 
than 2%.

Nanofiltration and bipolar electrodialysis in a hybrid system has been proposed 
to obtain fumaric acid from fermentation broths [76], which showed that fumaric 
acid can be isolated and concentrated efficiently, with no additional costs related to 
waste generation and regeneration. Adsorption can be used as an alternative method 
for recovering the low-concentration fumaric acid in the filtrate after crystallization. 
Acetone was applied to effectively desorb fumaric acid from the column packed 
with activated carbon. The desorption process was followed with acetone removal 
by evaporation and washing with water to produce highly purified fumaric acid 
crystals. Both activated carbon and acetone can be recovered and reused in the 
repeated adsorption − desorption process [77].
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Different configurations of microbial electrolysis desalination cell have been 
examined for the production of malic acid. The microbial electrolysis desalination 
and chemical-production cell (MEDCC) has a less internal resistance. And among 
the reactors, the anode-biofilm population had a high Geobacter percentage [78]. 
MEDCC as a new system for malic acid production was successfully coupled to 
biological electrodialysis with bipolar membranes. The specific electricity usage of 
the MEDCC was around 10% to 30% of the electricity consumption in this electro-
dialysis process [79].

8.4.3  �In Situ Product Recovery (ISPR)

Many integrated biotechnology platforms have been developed for sustainable pro-
cesses [69, 70]. Inhibition caused by accumulative acidic products is a chief cause 
for small production of a target product in fermentation broths. The concentration 
of the product can be increased by a method called in situ product removal strategy 
and coupled systems. Table 8.5 summarizes integrated bioprocesses for the produc-
tion of succinic acid. The significance of the integrated process is understood as 
“good integration = high efficiency”. Initial assistance from process engineering 
concerning commercially viable proposal principles is a vibrant element of many 
technological platforms. Successful platforms of process integration can provide 
streamlined workflows for the “design-build-check-learn” cycles, which not only 
encourage multidisciplinary collaboration, but also fundamental understanding of 
biological ISPR processes [1].

An appropriate ISPR technique should be selected according to the physical and 
chemical properties of the target products and the process fermentation process. A. 
succinogenes 130Z can make succinic acid in a batch fermentation process. The 
batch cultivation is effective carried out with alkaline anion-exchange adsorbents as 
the solid pH neutralizing reagent. Alkaline anion exchange adsorbent is used for in 
situ removal of succinic acid from the broth and the hydroxyl groups of the acids 

Table 8.5  Platforms of process integration for succinic acid production by in situ product recovery 
(ISPR) methods

Microbe ISPR routine
Production 
(g/L)

Productivity 
(g/L/h)

Yield 
(g/g)

Time 
(h) Ref.

C. glutamicum Membrane for 
cell recycling

146 3.17 0.92 46 [25]

A. succiniciproducens Electrodialysis 84 10.4 0.89 350 [66]
A. succinogens In situ adsorption 3.96 0.11 0.44 36 [80]
A. succinogens Expanded bed 

adsorption
145.2 1.3 0.52 126 [81]

E. coli MG-PYC 
(pTrchisA-pyc, 4ldhA)

Membrane 
separation

73 0.56 0.68 130 [82]
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react with the alkaline anion exchange adsorbent at the same time [80]. Meynial-
Salles et al. established a novel fermentation-membrane-separation system that pro-
duced a concentrated succinic acid broth with over 80 g/L titers by the strain A. 
succiniciproducens [67]. For this system, fouling of membranes as well as flux 
throughput in the modules should be carefully monitored. Li et al. [81] applied an 
ISPR technique to A. succinogenes fed-batch fermentation (Fig. 8.7, ISPR unit cou-
pled in yellow frame). Expanded bed adsorption using anion exchange adsorbents 
was used to directly remove succinic acid from the bioreactor efficiently. The united 
fermentation-separation system could eliminate inhibitory effects of succinic acid 
for continuous high level production. The coupled process could prolong cell growth 
cycle and reduce the number of downstream steps. The final succinic acid produc-
tion was over 140 g/L, and the conversion yield was about 0.5 g/g glucose. However, 
the adsorption coupled fermentation generally yielded a huge amount of wastewater 
and eluting/regeneration reagents. A unique membrane separation based fermenta-
tion system was set up for succinic acid production with less water and energy 
consumption [82]. In this combined system, product inhibition was improved by in 
situ recovering acids and reloading the fresh broth. Cell density remained high for a 
longer time up to 130 h, and succinic acid production rose to over 70 g/L. Succinic 
acid could be crystallized with 90% recovery. HPLC and 1H NMR analyses showed 
that the purity of the separated solid succinic acid surpassed 99%.

Fumarate salts can cause inhibitory effects on fermentation to some extent [83]. 
Production of soluble sodium or potassium fumarate can inhibit cell growth and 
metabolism when the titers of fumarate reach about 40 g/L by R. arrhizu. It is clear 
that free fumaric acid can inhibit strain production more seriously than dissociated 
sodium fumarate. When the pH is low, produced fumaric acid by the fungi inertly 
diffuses back over the plasma membrane, thus reducing the intracellular pH until 
the fermentation becomes terminated. In an integrated process of fermentation and 
crystallization, upon cooling and seeding, fumaric acid can directly crystallize from 
fermentation broths which can actually lead to an extreme decrease in the consump-
tion of neutralizing base required during fermentation and of acidification in the 
product recovery process [84, 85]. However, one difficulty of in situ separation via 
Rhizopus species is the morphological problem of the fungi clumps, which are 
inclined to grow on the bioreactor walls and even on the stirrers. Morphology prob-
lems lead to separation unit constraints. Thus, much effort is put into improving 
morphology of the fungi producers.

ISPR processes have shown greatly benefit in improving production, recovery 
yield and productivity of the fermentation processes. Compared to the in situ pre-
cipitation strategy, the efficiencies of many other separation units are not high, and 
some are much more complicated. The industrial achievability of ISPR processes 
remains to be recognized systematically, and thorough knowledge of the integration 
process needs further investigation for application.

In summary, Table 8.6 compares common separation methods and unit opera-
tions used for 1,4-diacid purification in downstream processes.

8  Production of 1,4-Diacids (Succinic, Fumaric, and Malic) from Biomass



254

P-
14

 / 
PF

F-
10

1

SA
 s

ol
id

 s
ep

ar
at

io
n

P-
18

 / 
PF

F-
10

2

P&
F 

Fi
ltr

at
io

n

S1
30

-W
as

h 
w

at
er

P
-9

 / 
P

M
-1

01

Fl
ui

d 
Fl

ow

P-
13

 / 
PM

-1
02

Fl
ui

d 
Fl

ow

P
-1

7 
/ P

M
-1

03

Fl
ui

d 
Fl

ow

P-
12

 / 
V

-1
02

Ca
(O

H)
2 

re
ac

tio
n

P-
16

 / 
V

-1
02

H2
SO

4 
re

ac
tio

n

P-
8 

/ F
R-

10
1

Fe
rm

en
ta

tio
n

S1
08

-N
 s

ou
rc

e

S1
14

S1
31

-C
aS

O
4 

w
as

te

P-
15

 / 
SC

-1
01

Sc
re

w
 C

on
ve

yi
ng

P-
19

 / 
G

A
C-

10
1

Ad
so

rb
er

S1
33

-H
Cl

S1
34

-W
W

P-
21

 / 
CR

-1
01

Cr
ys

ta
lli

za
tio

n

P-
24

 / 
SC

-1
02

Sc
re

w
 C

on
ve

yi
ng

P
-2

5 
/ T

D
R

-1
02

Tr
ay

 D
ry

in
g

S1
45

S1
46

-W
W

P-
1 

/ V
-1

03

St
or

ag
e 

G
lu

c.
 s

ol
,

S1
02

-W
at

er

12
53

.4
0 

kg
/b

at
ch

 
P-

4 
/ S

T-
10

1

H
ea

t S
te

ril
iz

at
io

n
S1

07

P-
11

 / 
RV

F-
10

3

Bi
om

as
s 

re
m

ov
al

P-
10

 / 
V

-1
04

St
or

ag
e 

-1

S1
16

S
11

7-
w

as
h 

w
at

er

S
11

8-
B

io
m

as
s

11
8.

30
 k

g/
ba

tc
h 

P-
22

 / 
RV

F-
10

2

SA
-c

ry
st

al
 re

m
ov

al

S
13

9-
W

as
h 

w
at

er

S1
43

P-
20

 / 
M

X-
10

1

M
ix

in
g

P-
23

 / 
FS

P-
10

1

Fl
ow

 S
pl

itt
in

g

S1
42

S1
41

-P
ur

ge
 s

tre
am

83
9.

30
 k

g/
ba

tc
h 

S1
36

S1
38

S1
37

-W
W

P
-3

 / 
M

X
-1

03

M
ix

in
g

S1
05

-W
at

er

S1
15

S1
06

P
-2

 / 
P

M
-1

04

Fl
ui

d 
Fl

owS1
04

S1
03

P-
5 

/ V
-1

05

S
to

ra
ge

 M
g.

S1
09

-M
g

P
-6

 / 
P

M
-1

05

Fl
ui

d 
Fl

ow
S1

10
-w

at
er

S1
11

P-
7 

/ S
T-

10
1

He
at

 S
te

ril
iz

at
io

n

S1
12

S1
13

P-
26

 / 
V

-1
06

Ac
tiv

e 
Ch

ar
co

al

S-
10

1

A
ct

iv
e 

ch
ar

co
al

P-
27

 / 
RV

F-
10

3

Ch
ar

co
al

 re
m

ov
al

S-
10

3

S-
10

4
w

as
h 

w
at

er

P-
28

 / 
V

-1
07

ad
so

rb
er

S-
10

2 
re

si
n

S-
10

7

S1
01

 G
lu

co
se

15
58

.7
7 

kg
/b

at
ch

 

P-
30

 / 
V

-1
08

S
to

ra
ge

S-
11

3 
Na

O
H

P-
31

 / 
CS

P-
10

1

S-
10

2

S-
10

8

S-
11

3

P-
29

 / 
CS

P-
10

2
S-

10
9

S-
11

0 
re

si
n 

fo
r r

ec
yc

le

P-
32

 / 
G

A
C-

10
1

Ad
so

rb
er

S-
11

4S
-1

16
 H

C
l

P-
33

 / 
V

-1
09

St
or

ag
e

S-
11

6 
W

W

S-
11

7

P-
34

 / 
V

-1
09

St
or

ag
e

S-
11

5

S-
11

9

S
-1

20
 H

C
l

S-
11

2

S-
11

1

S-
10

5

S-
10

6 
Ca

(O
H)

2

S-
10

6

S-
12

2
S-

12
3 

w
as

h 
w

at
er

S-
12

3 
W

W

S-
12

3
S-

12
4

S-
12

5 
H2

SO
4

S-
12

5
S-

12
6

S-
11

8

P-
35

 / 
CR

-1
01

Cr
ys

ta
lli

za
tio

n

P-
36

 / 
SC

-1
02

Sc
re

w
 C

on
ve

yi
ng

P-
37

 / 
TD

R-
10

1

Tr
ay

 D
ry

in
g

P-
38

 / 
RV

F-
10

2

SA
-c

ry
st

al
 re

m
ov

al

P-
39

 / 
M

X-
10

2

M
ix

in
g

P-
40

 / 
FS

P-
10

2

Fl
ow

 S
pl

itt
in

g

P-
42

 / 
V

-1
11

St
or

ag
e

S-
12

7

S-
12

8 
W

W

S-
12

9

S-
13

0

S-
13

2

S-
13

3 
Pu

rg
e 

st
re

am

10
3.

89
 k

g/
ba

tc
h 

S-
13

4

S-
13

5

S-
13

6

S-
14

3
S-

12
1

S-
13

8
S-

13
1

P
-4

1 
/ M

X
-1

04

M
ix

in
g

S-
11

0

S-
11

6

S-
12

0 
SA

 c
ry

st
al

 p
ro

du
c

11
83

.4
3 

kg
/b

at
ch

 

C
om

po
ne

nt
 S

pl
itt

in
g

C
om

po
ne

nt
 S

pl
itt

in
g

F
ig

. 8
.7

 
Fe

rm
en

ta
tio

n 
an

d 
IS

PR
 p

ro
ce

ss
 f

or
 th

e 
su

cc
in

ic
 a

ci
d 

pr
od

uc
tio

n 
de

si
gn

ed
 b

y 
so

ft
w

ar
e 

Su
pe

rP
ro

 D
es

ig
ne

r

Q. Li and J. Xing



255

8.5  �Final Remarks

8.5.1  �Techno-Economics Challenges

Design and realization of an adequate process for the production of 1,4-diacids from 
fermentation broth depends not only on the scalability and robustness, but also on 
the overall recovery yield and total costs. A suitable factory scheme must embody a 
plan that can make a product with profit. Cost sensitivity as well as many other fac-
tors can allow for optimization of plant factors to minimize the production cost. 
This sensitivity analysis can provide information about the range of possible out-
comes and about the extent to which the outcome responds to thinkable variations 
in uncertain parameters. Although many biomass-derived C4 1,4-diacid production 
processes are successful on the lab-scale, it is still challenging for large-scale opera-
tions. Much effort is necessary for developing a thorough understanding of biomass, 
stable engineered strain and unit operations enhancement in upstream and down-
stream processes. Researchers will need to focus on biomass conversion with com-
petitive and sustainable approaches.

Process simulation is challenging and critical for the understanding of the bio-
based process designs of C4 1,4-diacid production from biomass. Taking techno-
economics of biomass pretreatments as an example, one economical pretreatment 
approach for a feedstock may not be suitable for another type of biomass, even 
though the bioresources belong to the same species. Hindrances of the current pre-
treatment methods contain inadequate recovery of cellulose or lignin, accumulation 
of by-products which result in inhibitory effect on the end-product fermentation, 
high chemical/energy consumption, and unwanted by-product production. Most of 
the techno-economic studies are based on process simulations for C4 1,4-diacid 

Table 8.6  Downstream processing strategies

Unit operation Benefits Drawbacks

Precipitation Low-cost precipitants and few 
technological obstacles

Large amounts of precipitants; 
accumulation of by-products

Adsorption Operation and scale-up simple 
and routine

Large amounts of acids, alkalis and 
water consumption; regeneration of 
resin required; low selectivity;

Extraction High capacity and low- energy 
consumption

Broth pretreatment required; many 
expensive extraction agents

Membrane  
separation/ 
Electrodialysis

Relatively mild conditions; 
suitable for continuous or in situ 
separation

High energy consumption; 
expensive membranes; low 
selectivity and contamination

Crystallization Operation and scale-up simple 
and routine without additional 
reagents

Low yield and purity; 
recrystallization or refining unit 
required

In situ separation Integration with the fermentation 
process; eliminates product 
inhibition

Relatively complicated processes; 
regeneration of separation sorbent 
is required
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production from biomass to make acid-soluble lignin content and produce fermen-
tative sugars (glucose, xylose or arabinose).

8.5.2  �Conclusions and Future Outlook

The scientific literature provides many cases of microorganisms modified to make 
C4 1,4-diacids. Traditionally, the gentle way to the commercialization stage is real-
ized by typical mutagenesis, fermentation process, separation and purification. The 
fully integrated technology platform leverages a realistic methodology to strain 
improvement coupled to the next generation tools in synthetic biology, systematic 
engineering, high-throughput screening (HTS), fermentation enhancement, and 
efficient separation tools. Developing methods, skills, and data bases that can be 
quickly integrated and used to improve a potential production platform are neces-
sary. The traditional petrochemical synthetic methods mainly depend on crude oil as 
the feedstock. Delivery periods and costs, available storage factory, weather and 
international markets, availability of cash and economy can all affect the price of 
oil. Nevertheless, presently, both WTI crude oil price and Brent crude oil price are 
about US $45, which are much less than the crude oil prices in 2008. Concerning 
global energy security and the environmental sustainability, a safe and reliable bio-
refinery plant for platform chemical production will attract growing attention as an 
alternative to the traditional petrochemical factory.

The market availability for succinic acid and its derivatives is predicted to be 
245,000 tons per year [20]. Actually, petrochemical industry dominates most com-
mercial succinic acid production. Extraordinarily, the noteworthy development in 
the economically competitive route of succinic acid production from renewable bio-
mass has being carried out years ago. Presently, industrial plant of succinic acid 
from natural feedstocks has been realized in the world [3]. Right now, succinic acid 
is being produced commercially through the fermentation of glucose from renew-
able feedstock by several companies. Commercial biotechnological succinic acid 
production is reported by Requette and Bioamber. In Spain, Succinity is a joint 
venture between BASF SE and Corbion Purac., which produces 10,000 tons suc-
cinic acid per year. In USA, Myriant, together with ThyssenKrupp Uhde, has a 
13,600 t/y capacity. A joint venture between DNP Green Technology, ARD, and 
Mitsui & Co. in France, named BioAmber, built a demonstration plant with 3000 t/y 
capacity in 2015, whose biorefinery processes for producing succinic acid will lead 
to a total reduction in CO2 emissions and a 60% reduction of energy consumption 
(www.bio-amber.com). “Bio-succinic acid makes the big time.” On March, 2016, 
BioAmber announced that she has successfully started up its first commercial-scale 
platform for bio-based succinic acid production, bringing a reliable source of the 
versatile bio-based material to the market (www.icis.com). In Italy, there is also a 
10,000 t/y succinic acid capacity in Reverdia [26], which is a joint venture between 
Royal DSM N.V. and Roquette Frères. Organisms used by these manufacturers 
include Basfia succiniciproducens, E. coli, S. cerevisiae, et al. According to a survey 
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report from MarketsandMarkets (M&M, an international market research and man-
agement advisory company established in 2001) [86], the market of succinic acid is 
anticipated to grow at a speed of 18.7% from 2011 to 2016. The worldwide market 
of succinic acid in terms of profits is evaluated to be worth over $182 million in 
2010, and is likely to be worth $496 million by 2016. Asia-Pacific is the third suc-
cinic acid consuming region and will probable to be the largest rising market in the 
future due to the strong demand from developing countries such as India and China. 
The increasing demand of succinic acid is promoting scientists and engineers to 
develop cost effective synthesis routes to support its overgrowing markets.

Commercially fumaric acid is presently only produced by catalytic isomerization 
from petroleum-derived maleic acid, resulting in a conversion yield of over 90%. 
Maleic anhydride can be transformed into maleic acid through the catalytic oxida-
tion of hydrocarbons including benzene, butene and butane. According to Roa Engel 
et al. [6], annual production of maleic anhydride is crudely 1.8 million tons, 3% of 
which is used for the refining of fumaric acid. The amount of fumaric acid produced 
is roughly 90,000 tons per year. Prices of the petroleum-based fumaric acid are 
estimated to be about $1–2 per kg or $0.7–0.8 per lb. The rough price is nearly 10% 
higher than the price of maleic anhydride, which is used as the raw material.

Malic acid has a prospective market. It is a crude material for the manufacture of 
polymalic acid (PMA). PMA is a new biodegradable polymer similar to polylactic 
acid, however, it relies on the economic and process feasibility of the manufacture. 
Many bulk retailers report the prices of malic acid at about $0.9 per kg [57]. Racemic 
malic acid can be made by the double hydration of maleic anhydride, and the U.S. 
production capacity was about 5000 tons in 2000 [87]. Chiral resolution of the race-
mic mixture gives the (S)-enantiomer that can be selectively obtained from the 
fumaric acid fermentation process. The production of L-malic acid has already been 
industrialized. At present, many companies pay attention to the L-malic acid pro-
duction as it is an intermediate-volume compound. Its annual world production is 
roughly 40,000 tons [7]. It is assessed that the demand request of L-malic acid could 
be up to 200,000 tons per year. The main global companies producing malic acid 
include Bartek (Canada), CIA Quimica (Mexico), Croda colloids/Tate & Lyle PLC 
(UK), Fuso/Kawasaki Kasei/Kyowo Hakko Kogyo (Japan), Lonza (Switzerland), 
Merck KGaA (Germany), Rifa Industrial/Yongsan Chemicals (Korea), Thirumalai 
Chemicals (India), and Nanjing Kokhai Biotechnical/Changzhou Changmao 
(China). Presently, the raw materials for the synthetic processes are derived from 
crude oil or natural gas. Nevertheless, the increased demand for food and drug 
safety will compete with industrial routes in the not too distant future. Microbial 
production is a potential option for economic manufacture of C4 1,4-diacids.
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Chapter 9
Production of Sorbitol from Biomass

José R. Ochoa-Gómez and Tomás Roncal

Abstract  Sorbitol is a natural occurring sugar alcohol with a current industrial 
demand of about 2,000,000 t.year−1 showing its huge worldwide commercial inter-
est, encompassing uses in chemical, food, textiles, pharmaceutical, and health care 
and cosmetic industries. The current interest for substituting oil derived chemicals 
by biomass derived ones has boosted the interest in sorbitol production because in 
2004 it was identified by US Department of Energy as one of the 12 top chemicals 
derived from carbohydrates which could be potentially used as platform chemicals 
for producing valuable chemical intermediates and materials for industry, and inclu-
sion of sorbitol in the listing currently remains. This review analyzes both sorbitol’s 
current market and its potentiality as a platform chemical. Subsequently, current 
state of sorbitol production by chemical, electrochemical and biotechnological 
methods is revised, and includes a key issue for industrial success: its recovery and 
purification. Finally, some prospects about the direction of future research for over-
coming current bottlenecks for further development are discussed.

Keywords  Sorbitol chemical production • Sorbitol as a platform chemical • 
Sorbitol electrosynthesis • Sorbitol biotechnological production • D-glucose 
reduction
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GHSV	 gas hourly space velocity, h−1

HRTEM	 high-resolution transmission electron microscopy
NAD+	 oxidized form of nicotinamide adenine dinucleotide
NADH	 reduced form of nicotinamide adenine dinucleotide
NADP	 Nicotinamide adenine dinucleotide phosphate
NCNT	 nitrogen doped carbon nanotubes
NP	 nanoparticles
RPBR	 continuous recycle packed-bed reactor
TOF	 turnover frequency, s−1 or h−1

TOS	 time on stream
WHSV	 weight hourly space velocity, h−1

9.1  �Introduction

Sorbitol (D-glucitol, D-sorbitol, D-glucohexane-1,2,3,4,5,6-hexol, CAS Number 
50-7-4) was discovered in 1872 by the French chemist Boussingault in the berries 
of the mountain ash (Sorbus aucuparia L.) and is now known to occur naturally in 
a wide range of fruits and berries. During several decades it was only obtained from 
natural sources and scarcely consumed at prices corresponding to a fine chemical 
with almost no practical interest outside of the medicinal practice. However, during 
the Great Depression, the Atlas Powder Co. (since 1971 ICI Americas Inc.) under-
took a program for investigating production methods and industrial uses of the 
higher polyhydric alcohols. This led to the operation of a pilot plant during 1935 
and 1936 and finally, as a consequence of the rapidly growing demand, to the con-
struction of a facility for manufacturing 1400 t.year−1 of sorbitol and mannitol by 
electroreduction of D-glucose resulting from corn starch [1]. A few years later the 
electrochemical process was discontinued and displaced by the more economical 
high-pressure catalytic hydrogenation, which is currently the single worldwide 
operated chemical process for sorbitol manufacturing.

Since that time, the industrial importance of sorbitol has been increasingly higher 
becoming a commodity as shown by a current worldwide demand of about 2000 
kt.year−1 and a price around 0.55–0.65 $.kg−1 as a 70% syrup, the more usual com-
mercial form. This importance is likely to grow in the coming future due to the 
current worldwide trend for moving from the petro-economy to the bioeconomy, 
requiring the use of biomass-derived chemicals as building blocks for manufactur-
ing the intermediates and materials needed for maintaining the standard of living. In 
fact, sorbitol was identified by US Department of Energy as a top 12 chemical 
derived from carbohydrates that could be used as a platform chemical [2], and inclu-
sion of sorbitol in the list currently remains [3].

Undeniably, the growing industrial importance of sorbitol is attracting strong 
interest in improving methods in its production as well as in looking into new 
processes. The objective of this chapter is to give an overview of sorbitol production 
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processes. Section 9.2 is devoted to justify the interest in continuous development 
of sorbitol production methods as well as in improvement of the current one by 
highlighting the industrial importance of sorbitol from two perspectives: the current 
one and the future one. The former is set forth by describing its market and applica-
tions (Sect. 9.2.1) while the latter (Sect. 9.2.2) by means of its growing use as a 
platform building block for manufacturing valuable chemicals such as, e.g., isosor-
bide, lactic acid, sorbitan esters, lower glycols such as ethylene glycol, propylene 
glycols and glycerol, hydrocarbons and aromatics.

Section 9.3 is devoted to describe the different sorbitol production methods: 
hydrogenation of D-glucose, electrochemical reduction of D-glucose and biotech-
nological conversion of fructose. Chemical production of sorbitol by hydrogenation 
of D-glucose (Sect. 9.3.1) is by far the most studied process, because it is the pri-
mary industrial process. After a short process description, the three main pillars 
supporting further developments of this production technology are addressed: cata-
lysts, operation mode and alternative biomass raw materials. Catalyst performance 
and stability play a key role in process feasibility. Hydrogenation conditions are 
reviewed using catalyst nature as leitmotif, from the oldest nickel Raney catalysts to 
the more recent supported Ruthenium-based catalysts. While the more usual opera-
tion mode is still the batch one (actually semi-batch because H2 pressure is kept 
constant by continuous feeding of hydrogen) due to both good use of the catalyst 
and good temperature control, two driving forces are pushing for use of continuous 
processes: (i) avoid the catalyst removal for recycling needed in batch methods 
leading to increased recovery costs and progressive catalyst deactivation, and (ii) 
the growing sorbitol market requiring high productivities. Finally, the use of alter-
native biomass raw materials, mainly the direct conversion of cellulose into sorbitol, 
is discussed due to its very likely future industrial importance because: (a) the grow-
ing demand for sorbitol requires increasing amounts of D-glucose which currently 
is obtained from starch, a key polysaccharide for food production, and consequently 
alternative non-food D-glucose containing raw materials are needed, with cellulose 
being an obvious alternative because it can be obtained from the broadly available 
lignocellulosic materials; and (b) boosting the use of sorbitol as a platform chemical 
will require a further decrease in its manufacturing cost (for instance, for manufac-
turing fuels) and one way to lower the cost is by manufacturing sorbitol directly 
from cellulose in a one-pot process, avoiding the step of hydrolysis to D-glucose 
and purification of the resulting syrup.

Section 9.3.2 discusses the electrochemical production of sorbitol from 
D-glucose. Bibliography (both papers and patents) devoted to this issue is negligible 
in comparison with that related to chemical synthesis. However, while currently not 
used industrially, it could have some industrial importance in the future taking 
advantage of development of new cell designs, ion exchange membranes, anodes 
and decorated porous cathodes in other fields such as in chlor-alkali industry and 
fuel cells. These advancements could allow working at high apparent current 
densities while keeping both a low cell voltage and a very high sorbitol selectivity 
resulting in both lower CAPEX and OPEX, thus making the electrochemical 
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production of sorbitol not only competitive at some production capacities, but also 
attractive due to safe issues as absence of hydrogen handling and operation at ambi-
ent pressure.

Section 9.3.3 deals with the biotechnological production of sorbitol, which could 
be used at industrial scale in the future, provided that high space-time-yields, high 
sorbitol concentration in culture broth and a straightforward downstream procedure 
for sorbitol recovery are achieved. Production methods using the bacterium most 
extensively studied, Zymomonas mobilis, are described but also those using Lactic 
Acid Bacteria such as Lactobacillus plantarum and Lactobacillus casei.

Recovery and purification are essential points in industrial production. 
Consequently, this key issue for the economic feasibility of a chemical process is 
discussed in Sect. 9.3.4. Finally, the chapter ends with Sect. 9.4 devoted to conclu-
sions and prospects highlighting the key issues for further process development, 
such as catalyst improvement and implementation of continuous processes.

9.2  �Sorbitol Industrial Importance

9.2.1  �Sorbitol Market

The sorbitol market was about 1830 kt in 2013 and is expected to grow at 3.6% 
CAGR from 2014 to 2020, until a total of about 2337 kt affording a global market 
of around USD 3.9 billion by 2020 [4]. It is sold in both liquid and solid forms, with 
liquid sorbitol marketed as a 70 wt% aqueous syrup accounting for about 83% of 
demand in 2013. Shares by end-use segments in 2013 were: cosmetics and personal 
care, 32.8%; food, 29.4%; chemical end-use segment, 24%; and pharmaceuticals, 
6%, with chemical end-use segment expected to have above average growth rates up 
to 2020 as a consequence of its increasingly use as a platform chemical [5].

By application, “diabetic and dietetic food and beverages” is the largest use and 
was valued over USD 400 million in 2013 (24% market share), due to the increasing 
importance of functional foods with low calorie and sugar free ingredients. 
Toothpaste was the second largest application segment accounting for more than 
20% of the total volume, and is expected to grow significantly because the high 
refractive index of sorbitol allows its use as crystals in transparent gels. Vitamin C 
accounted for about 15% of the total market. Other applications include surfactants 
(in the form of wetting and foaming agents, dispersants, detergents, and emulsifi-
ers), tobacco for providing a mild effect in sniff, softener and color stabilizer in 
textiles, softener in leather industries and rigid polyurethane foams manufacturing. 
Key players are Roquette, Cargill and Archer Daniels Midland which together 
accounted for a market share of over 70% in 2013.
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9.2.2  �Sorbitol as a Platform Chemical

Chemicals that are currently manufactured or could be manufactured from sorbitol, 
and their applications, are depicted in Fig. 9.1.

Interest in using sorbitol as a platform chemical was shown as early as 1928 by 
IG Farbenindustrie AG [6] which developed a process for dehydrating sorbitol. 
Although the chemicals obtained were not identified it is obvious in the light of cur-
rent knowledge that isosorbide was one of them. A few of the important chemicals 
currently being produced from sorbitol are:

–– Vitamin C has been produced until recently through the Reichstein-Grüssner 
process, wherein D-sorbitol is converted to L-ascorbic using a first fermentation 
step resulting in sorbose followed by several chemical steps. Industrial produc-
tion involves the use of two first fermentation steps leading to the key intermedi-
ate 2-keto-L-gulonic acid that is finally chemically converted into vitamin C [7].

–– Isosorbide is obtained by a double dehydration of sorbitol via sorbitan using 
acidic catalysts. Isosorbide is also a chemical platform with increasing industrial 
interest as shown by the new manufacturing facility put into full-scale operation 
by Roquette Group in Lestrem (France) with a 20,000 t.year−1 production capac-
ity [8]. Isosorbide applications encompassing the synthesis of isosorbide dini-
trate, used in pharmaceuticals as a vasodilator, dimethyl isosorbide used today 
as  a solvent in cosmetics, isosorbide diesters (plasticizers) and dicarbonates 

Fig. 9.1  Sorbitol platform. Green: currently manufactured. Blue: potentially obtainable in the 
future on an industrial scale
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(polymer synthesis), and polymers such as PEIT (poly(ethylene terephthalate-
co-isosorbide terephthalate)) for packaging, other polyesters for inks, toners, 
powder coatings, packaging and durable goods, polycarbonates, in substitution 
of bisphenol A, for durable goods and optical media, epoxy resins for paints and 
polyurethanes for foams and coatings [9–12].

–– Sorbitan, as a mixture of 1,4-anhydrosorbitol, 1,5-anhydrosorbitol and 
1,4,3,6-dianhydrosorbitol with the first being the predominant product, is manu-
factured by single dehydration of sorbitol but at a lower temperature than that 
leading to isosorbide. It is used as raw material for manufacturing non-ionic 
surfactants: sorbitan esters (marketed with the trade mark of Spans) and ethoxyl-
ated sorbitan esters (marketed with the trade name of Tweens), both useful as 
solubilizers and emulsifiers in food, pharmaceuticals and cosmetics.

–– Sorbitol-based polyether polyols, which are considered to be the universal poly-
ols for rigid polyurethane foams, useful in applications such as thermoinsulation, 
wood imitations, packaging, flotation materials and so on [13].

Other chemicals could be produced in the future according to increasing litera-
ture related to the production of industrially valuable sorbitol derivatives:

–– Glycols, such as ethylene glycol, glycerol and propylene glycol. Hydrogenolysis 
of sorbitol resulting in ethylene glycol and propylene glycols was described as 
early as 1940 [14]. This reaction proceeds better in alkaline medium [15] prob-
ably because C-C cleavage by retro-aldols reactions is a key step to lower glycols 
[16]. Catalysts based in many metals, such as Ni, Cu, Ru, Pt and Pd, have been 
used, with Ru showing the highest catalytic activity [17]. Reported reactions are 
carried out at 423–523 K and 1.4–8 MPa [18] leading to sorbitol conversions of 
70–100% with total C2-C3 glycols selectivities of 60–80%. In fact, Global 
BioChem Technology Group produces industrially 1,2-propylene glycol, ethyl-
ene glycol, 1,2-propanediol and 2,3-butanediol from sorbitol since 2008 in a 200 
kt.year−1 facility at Changchun (China) [19].

–– Lactic acid is used for manufacturing green solvents, such as ethyl lactate, and in 
the synthesis of poly(lactic acid) (PLA), which is increasingly used for produc-
ing biodegradable packaging. Likewise, it is also a chemical platform from 
which other valuable chemicals such us acrylic acid, acetaldehyde, 
2,3-pentanedione, pyruvic acid and 1,2-propanediol can be obtained [20]. 
Racemic lactic acid (non-useful for PLA synthesis but useful for the other above 
mentioned uses) can be obtained by alkaline hydrothermal conversion of sorbitol 
in 39.5% yield at 553 K using a NaOH/sorbitol molar ratio of 2 [21].

–– Alkanes, ranging from C1 to C6, can be produced by aqueous-phase dehydration/
hydrogenation involving a bi-functional pathway in which sorbitol is repeatedly 
dehydrated by a solid acid (SiO2–Al2O3) or a mineral acid (HCl) catalyst and 
then hydrogenated on a metal catalyst (Pt or Pd) [22]. A yield of hexane as high 
as 56% at 50 g.L−1 of aqueous sorbitol, 523  K and 4  MPa of H2 using a Pt/
NbOPO4 catalyst has been reported [23].

–– Aromatics, together with cyclic-hydrocarbons are the key components of jet fuel. 
Conventional technologies need further aromatization and isomerization for 
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producing these chemicals. However, a 40.4 wt% yield oil containing 80.0% of 
aromatics (69.7%: Toluene, xylenes, alkylbenzenes, indenes and naphtalenes) 
and cyclic-hydrocarbons (10.30%: Methyl-cyclopentane, cyclohexane, methyl- 
cyclohexane, ethyl-cyclohexane) is produced via aqueous catalytic hydrodeoxy-
genation of sorbitol over a Ni-HZSM-5/SBA-15 catalyst in a fixed-bed reactor at 
593 K, WHSV of 0.75 h−1, GHSV of 2500 h−1 and 4.0 MPa of hydrogen pressure 
[24].

9.3  �Sorbitol Production from Biomass

9.3.1  �Chemical Production of Sorbitol

Sorbitol production by hydrogenation of aqueous solutions of D-glucose using 
metal-based reducing catalysts such as Ni is a well-established process [25, 26]. A 
schematic diagram of a typical process is depicted in Fig.  9.2. The D-glucose, 
resulting e.g. from starch hydrolysis, for hydrogenation must be of the highest 
purity to prevent the catalyst becoming poisoned. Ion exchange, carbon treatment 
and/or crystallization are techniques normally used to achieve the necessary purity.

In a typical process [27] the sugar syrup containing 30–60 wt% D-glucose is 
reacted in a batch slurry reactor at pH 7–9 with hydrogen at high temperature (typi-
cally, 373–443 K) and high pressure (typically, 3–15 MPa) in the presence of a 
suitable hydrogenation catalyst, with Raney-type nickel catalysts being the most 
used until recently, in an amount of 2.5 to 12 wt% relative to the D-glucose solution. 
For batch production, reaction times are in the order of 1–3 h depending on reaction 
conditions. When using a Raney-nickel catalyst suitable reaction pH range is 8.0–
9.0, but a pH of about 7.5 is used in industrial production for preventing D-glucose 
isomerization into mannose leading to mannitol by hydrogenation. The resulting 
crude sorbitol aqueous solution is treated with activated charcoal for decolorization, 
subjected to an ion exchange treatment to remove dissolved metal catalyst, and then 
vacuum evaporated to obtain a 70 wt% sorbitol syrup, which may be spray dried or 
further concentrated to be crystallized to obtain crystalline sorbitol. Handling and 
storage after hydrogenation must be carried out according to good manufacturing 
practice to ensure microbiological problems are avoided. Continuous processes 
have been tested since the 1980s [28]. A D-glucose conversion of 100% and a selec-
tivity to sorbitol higher than 99% are typically obtained.

Fig. 9.2  Schematic flow diagram for sorbitol production by D-glucose hydrogenation
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Catalysts  Nickel-based catalysts are still those mostly industrially used due to 
their low costs in comparison with other suitable metal-based catalysts later herein 
discussed, such as ruthenium-based catalysts. However, soon after its industrial use 
its drawbacks became apparent: deactivation by sintering, leaching into the reaction 
mixture leading to enhanced purification costs, and poisoning. The industry required 
more stable and active catalysts. Strategies for achieving such a goal have been: (a) 
Addition of promoters to Raney nickel catalysts; (b) Use of supports for nickel cata-
lysts; and (c) New catalysts, with Ru-based ones being largely preferred.

(a) Addition of Promoters to Raney Nickel Catalysts  It has been found that the 
addition of some metal promoters enhances notably the activity and stability of 
Raney Nickel catalysts. Thus, Court et al. [29] prepared catalysts from Ni2-xMxAl3, 
(where M = Cr, Fe, Co, Cu, Mo and x ≤ 0.4) and found that the promoter metal, 
except cobalt, favors aluminum retention in the catalyst and ascribed at least par-
tially the increase of the nickel activity observed to this high residual aluminum 
content. The activity of Cr or Mo promoted catalysts was about twice that of the 
unpromoted Raney nickel. Cobalt and copper present in small amounts did not 
change the properties of the Ni-Al system.

Gallezot et al. [30] used Mo, Cr, Fe and Sn as promoters for Raney nickel cata-
lysts. No data about conversions and selectivities were reported because the study 
was aimed at studying the activity of catalysts by measuring initial conversion rates. 
The activities of Mo- and Cr-promoted catalysts decrease only very slightly with 
recycling due to surface poisoning by cracking products formed in side reactions. 
Fe- and Sn-promoted catalysts deactivated very rapidly due to leaching away from 
the surface, but while iron was leached to the liquid phase tin remained in the cata-
lyst micropores. They suggested an acid-base catalyst concluding that promoters in 
a low-valent state on the nickel surface act as Lewis adsorption sites for the oxygen 
atom of the carbonyl group, which is then polarized favoring its hydrogenation via 
a nucleophilic attack on the carbon atom by hydride ions. The same conclusion was 
reached by Li et al. [31] studying the activity of a Ni–B/SiO2 amorphous catalyst, 
without and with metal promoters, in the liquid phase hydrogenation of a 50 wt% 
aqueous solution of D-glucose at 373 K, 4.0 MPa and 6 h in a stainless steel auto-
clave containing 1 wt% of catalyst vs. D-glucose. The addition of W, Mo and Cr 
increased conversion from 30% to 35%, 42% and 49%, respectively, with the opti-
mum contents of W, Mo and Cr being 10, 5 and 10 wt%, respectively. Above said 
concentrations a decrease in the activity was observed since too many Ni active sites 
were covered by these oxides. Selectivities were closed to 100%.

Hoffer et al. [32] studied the influence on Raney-type Ni catalysts of Mo and Cr/
Fe as promoters in the hydrogenation of an aqueous solution of D-glucose (10 wt%) 
using a three-phase slurry reactor at 4.0 MPa of H2 and 393 K. Selectivity to sorbitol 
was >99%. The promoter concentrations (wt%) were different at bulk (1.4% Mo, 
2.4%/3.6% Cr/Fe) and surface (8.7% Mo, 3.8%/5.9% Cr/Fe) catalyst, being essen-
tially as oxides. It was shown that promoters enhanced and stabilized the BET sur-
face area leading to an increase of the catalysts activity. The BET surface areas 
increased from 56 m2 gcat

−1 in the Raney nickel catalyst to 77 and 112 m2 gcat
−1 in the 
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Mo and Cr/Fe promoted catalysts, respectively. The activity of catalysts increased 
accordingly, from 0.35 kg−1 s−1 to 0.50 and 0.90 kg−1.s−1, respectively. However, 
even when the performance of catalyst is normalized to its surface area, the pro-
moted systems still exhibit an enhanced activity [33]. Consequently, the enhance-
ment of the reaction rate by the promoters was ascribed to the promoters being more 
electropositive than Ni and acting as adsorption sites for D-glucose, which gener-
ates an ionized species that is susceptible to attack by hydrogen. Catalyst stability 
was also enhanced by promoters as shown by a lower loss in activity (30% and 16% 
for Mo- and Cr/Fe-promoted catalysts, respectively) than that in unpromoted cata-
lyst (48%) after 3 recycles. However, promoters were unable to keep long term 
stability as shown by the continuous loss in activity, which after 5 recycles were 
45.6% and 40.1% for Mo- and Cr/Fe-promoted catalysts, respectively. Mo was not 
leached while Fe was severely leached (27%) while Cr was slightly leached (1.7%), 
although according to authors loss in activity was not mainly due to Fe loss but to 
poisoning of the active sites by D-gluconic acid, which was formed via a Cannizzaro-
type reaction of D-glucose induced by an alkaline environment in the presence of 
nickel.

(b) Use of Supports for Nickel Catalysts  Use of supports both to increase metal 
dispersion and to have large exposed surface area has revealed to be a good strategy 
for improving Ni activity and stability. Thus, a number of carriers such as C, SiO2, 
TiO2, Al2O3, ZrO2, and mixtures thereof, have been tested. Kusserow et al. [34] stud-
ied both catalyst preparation method (precipitation, impregnation, sol-gel and tem-
plate syntheses) and support nature (SiO2, TiO2, Al2O3 and carbon) in the batch 
hydrogenation of a 40–50 wt% aqueous D-glucose solution to sorbitol at 393 K and 
12 MPa H2, for 5 h using a catalyst load of 1 wt% vs. D-glucose, comparing the 
results with a Ni commercial catalyst (Ni(66.8 wt%)/SiO2, KataLeuna GmbH 
Catalysts, Leuna, Germany). Regarding the specific activities (μg of sorbitol.g−1 
nickel.s−1), they found that the activity follows the sequence Al2O3 (100–210) > 
TiO2 (80–170) > SiO2 (5–50) ≈ commercial catalyst > C (0–15). Generally, cata-
lysts prepared by impregnation had a higher activity than those prepared by incipi-
ent wetness. On the other hand, the selectivity (expressed as the amount of 
by-products) followed the sequence SiO2 (2.1–4.1 wt%) > C (3.4–6.3 wt%) > Al2O3 
(5.5–7.5 wt%) > TiO2 (~8 wt%). The same research group [35] demonstrated the 
importance of particle size for preventing Ni leaching. They prepared Ni catalysts 
with different metal loadings (5, 10, and 20 wt%) by impregnation with nickel eth-
ylenediamine complexes, which had small nickel particles (mean diameter: 2–3 nm) 
even for high metal loadings (20 wt%). These catalysts showed almost no nickel 
leaching compared with the commercial Ni/SiO2 above described in D-glucose 
hydrogenation. Unfortunately, they were slightly less active (TOF (number of 
D-glucose molecules converted per second and per surface Ni site): 2 to 10 × 10−3 
s−1) than the commercial nickel/silica catalyst (TOF: 14 × 10−3 s−1) and gave lower 
yields to sorbitol (3–42% compared to 60%). Catalyst activity was strongly depen-
dent on pretreatment conditions performed. Calcination before reduction led to 
higher conversion (19–45%) and selectivity to sorbitol (81–92%) than direct 
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reduction without calcination pretreatment (conversion: 10–16% and selectivity: 
21–59%) after 5 h of reaction time, respectively. The difference was ascribed to 
complete decomposition of the nickel ethylenediamine precursor being achieved 
only when calcination pretreatment was performed.

Geyer et  al. [36] studied the performance of Ni catalysts supported on ZrO2, 
TiO2, ZrO2/TiO2, ZrO2/SiO2 and MgO/Al2O3/SiO2, in comparison with a Ni/SiO2 
catalyst, all of them prepared by precipitation. Batch hydrogenation tests were car-
ried out with a 50 wt% D-glucose aqueous solution for 4 h at 393 K and 12 MPa H2 
using a catalyst concentration of 1.5 wt%. Ni contents in catalysts ranged between 
39.9 and 51.2 wt%. No conversion data were reported. However, sorbitol yields 
were as follows: Ni/ZrO2/SiO2 (97.8%) > Ni/TiO2 (97.5%) > Ni/ZrO2/TiO2 (96.7%) 
> Ni/ZrO2 (93.2%) > Ni/SiO2 (92.4%) > Ni/MgO/Al2O3/SiO2 (83.9%), while TOFs 
(10−3 s−1): Ni/TiO2 (44.8) > Ni/ZrO2/TiO2 (35.3%) > Ni/ZrO2 (28.2) > Ni/ZrO2/SiO2 
(26.5) > Ni/SiO2 (18.2) > Ni/MgO/Al2O3/SiO2 (14.3). Assuming that yields between 
96.7% and 97.8% were equal due to the analytical uncertainty it can be concluded 
that only the TiO2 containing catalysts had a better catalytic performance than the 
commercial Ni/SiO2 catalyst. Surprisingly, no correlation between the metal disper-
sion and specific hydrogenation activity was found which was ascribed to the prob-
able hydrogenation activity of the catalysts being determined not only by dispersion 
but also by a metal support interaction. The stability of the metal dispersion under 
reaction conditions was investigated with selected catalysts by a treatment in the 
reaction mixture over a period of 100 h. Ni/ZrO2 catalyst had a higher stability of 
the Ni dispersion than Ni/SiO2 due to a reduced leaching of the ZrO2 support.

High activity and stability for the continuous hydrogenation of 10 wt% D-glucose 
to sorbitol in aqueous solution in a stainless steel fixed-bed reactor were reported by 
Li et al. [37] using 60%Ni/AlSiO catalysts prepared by the co-precipitation method, 
in which AlSiO were the composite supports with different Al2O3/SiO2 mass ratios. 
They found that the catalyst with an Al2O3/SiO2 mass ratio of 4 (Ni/AlSiO-4) in the 
support hydrothermically treated at 423 K exhibited the high hydrothermal stability 
when the supported nickel particles were small (about 5.2 nm) and highly dispersed, 
confirming the importance of particle size in catalyst stability. D-glucose conver-
sions and sorbitol selectivities were 100% between 373 and 413 K at 4 MPa of H2 
pressure and a WHSV of 1 h−1. In comparison, a Ni/SiO2 catalyst (particle size 
15–30 nm) deactivated quickly due to the fast aggregation of supported Ni particles. 
Increase in activity was attributed to the higher H2 uptake of smaller Ni particles.

(c) New Catalysts  Due to their higher activity and better selectivity in various 
hydrogenation processes, the Ni-metalloid amorphous alloy catalysts have been 
studied as potential substitutes for Raney Ni catalysts. Li et al. [38] prepared a novel 
skeletal Ni-P amorphous alloy catalyst (Raney Ni-P, containing 68 wt% Ni, 25 wt% 
Al and 7 wt% P) by alkali leaching a Ni-P-Al amorphous alloy obtained by the rapid 
quenching technique of a melting solution (1673 K) containing 48.2 wt% Ni metal, 
48.7 wt% Al metal, and 3.1 wt% red P. The performance of this catalyst compared 
with a Raney Ni one in the liquid phase D-glucose hydrogenation was tested under 
the following experimental conditions: catalyst loading, 3 wt% vs. D-glucose; 
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D-glucose concentration, 50 wt%; 393 K; PH2 4.0 MPa; stirring rate, 1200 rpm; 
reaction time, 6.0 h. While selectivity to sorbitol was 99.5% for both catalysts, con-
versions and TOFs were 55.8% and 0.40 s−1 for Raney Ni-P catalyst, and 17.2% and 
0.11 s−1 for the Raney Ni one. Authors concluded that this huge increase in perfor-
mance was apparently the result of promotion of Ni-active sites by phosphorus lead-
ing to a significantly higher density of Ni surface atoms. The amount of Ni dissolved 
in the reaction mixture was less than 1.0 ppm, < 7.3 × 10−3 wt% of the initial Ni 
content in the catalyst. The catalyst was used repetitively until an abrupt decrease in 
the activity was observed. No significant decrease in activity was observed in the 
first 5 cycles of the hydrogenation. It was also found that the deactivated catalyst 
could be easily regenerated by treating it again in a 6.0 M NaOH solution, suggest-
ing the idea that the Ni leaching was not the main cause of deactivation. Unfortunately, 
no data about Ni leaching with the number of reaction cycles were given.

As mentioned above in (a), Li et al. [31] reported the activity of a Ni–B/SiO2 
amorphous catalyst (6.4 wt% Ni, no data about B content) in the liquid phase hydro-
genation of a 50 wt% aqueous solution of D-glucose at 373 K, 4.0 MPa of H2 and 6 
h in a stainless steel autoclave containing 1 wt% of catalyst vs. D-glucose. The 
amorphous catalyst exhibited much higher activity than other Ni-based catalysts, 
such as the corresponding crystallized Ni–B/SiO2 catalyst, the Ni/SiO2 catalyst and 
the commercial Raney Ni one. Thus, TOF was two times higher for amorphous 
Ni–B/SiO2 (0.024 s−1) than for Raney Ni (0.0135 s−1). While selectivities were near 
to 100%, conversions were strongly dependent on catalyst characteristics and reac-
tion conditions, ranging from 30% to 82%. Catalyst activity was kept almost con-
stant for 5 cycles and only less than 1.0 ppm Ni in the product mixture was detected 
by ICP, 0.027% of the initial Ni content in the catalyst, showing the increase in 
stability of the Ni–B/SiO2 amorphous catalyst. Besides the high dispersion of the 
Ni–B/SiO2 amorphous catalyst, its high activity was mainly attributed to its favor-
able structural characteristics, such as the high concentration of coordinately unsat-
urated sites and the strong union between Ni active sites, and the electronic 
interaction between Ni and B making Ni electron-rich. The increased electronic 
density on Ni weakens the adsorption of D-glucose on catalyst surface, via the 
donation to Ni of one electron pair from the oxygen of the carbonyl group, thereby 
favoring the competitive adsorption of hydrogen against the C = O group. Therefore, 
more hydrogen could be adsorbed on the Ni–B/SiO2 amorphous catalyst which in 
turn enhanced its hydrogenation activity.

However, substitution of Ni-based catalysts by other typical hydrogenation sup-
ported noble metal-based catalysts seems to be the more promising way for further 
process development from an industrial standpoint. Catalysts based on platinum, 
palladium, rhodium, and ruthenium have been tested [34, 39]. Taking into account 
that, on one hand, the order of activity for D-glucose hydrogenation found was Ru 
> Ni > Rd > Pd, with specific activities of Ru catalysts being about 50 times higher 
than those of Ni catalysts; and, on the other hand, that ruthenium is not leached 
under the usual reaction conditions for D-glucose hydrogenation [39], Ru based 
catalysts have been by far the more studied with the aim of designing more active 
Ru-based catalysts with the lowest possible cost to compensate the high cost of Ru.
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The superior performance of supported Ru-based catalysts in comparison with 
other Pt-group metals for hydrogenating carbonyl groups into the corresponding 
alcohols in water solutions has been discussed by Michel and Gallezot [40]. They 
identified two mechanisms, both involving water. The first mechanism is related to 
the interactions, via hydrogen bonds, between the C=O group adsorbed on the Ru 
surface and adjacent adsorbed water molecules, lowering the energy barriers lead-
ing to an easier hydrogenation of carbonyl groups by dissociated hydrogen. The 
second mechanism is that the dissociation of adsorbed water on the ruthenium sur-
face increases the surface concentration in hydrogen atoms, thus favoring the hydro-
genation reaction. They concluded that more studies are needed for determining the 
respective importance of these two mechanisms and, mainly, to confirm the role of 
water as a source of hydrogen.

Hoffer et al. [33] studied carbon supported Ru catalysts as better alternatives for 
Raney-type Ni catalysts. They found that the Ru/C catalysts had higher activities, 
Ru does not leach, and the activity is proportional to the Ru surface area and inde-
pendent of the preparation method. A selectivity higher than 98% (no conversions 
given) was obtained in a three-phase slurry reactor at 393 K and 4.0 MPa hydrogen 
pressure using a 10 wt% D-glucose solution. All Ru catalysts were at least two times 
more active than the Ni catalysts per kg of catalyst. The strong stability of Ru-based 
catalysts in comparison with Ni-based ones was unequivocally demonstrated by 
Kusserow et al. [34] by operating a continuous process for 1150 h time on stream 
using a Ru(0.47 wt%)/Al2O3 catalyst, as later discussed in the next section. No Ru 
losses were detected.

Guo et al. [41] prepared a Ru-B amorphous alloy catalyst in the form of ultrafine 
particles. The Ru-B catalysts were more active than that of Co-B, Ni-B amorphous 
catalysts as well as Raney Ni catalysts for the D-glucose hydrogenation. The Ru-B 
amorphous catalyst exhibited higher activity than its corresponding crystallized 
Ru-B and pure Ru powder catalysts, showing the promoting effects of both the 
amorphous structure and the electronic interaction between the metallic Ru and the 
alloying B. A 50 wt% aqueous solution of D-glucose was converted in 2 h into sor-
bitol in 95.1% conversion and 100% selectivity to sorbitol using an amorphous 
Ru88.9B11.1 (amounts by weight) catalyst (1 wt% vs. D-glucose) at 353 K and 4.0 MPa 
of H2 pressure. Under same conditions, Ni-B, Co-B, crystallized Ru-B, pure Ru, and 
a commercial Raney Ni (3 wt% vs. D-glucose) catalysts gave conversions of 58.8%, 
47.8%, 23.1%, 22.2% and 16.7%, respectively.

Catalyst development until 2013 has been reviewed by Zhang et al. [42], includ-
ing Ru catalysts. Studies have been devoted to determine the influence on Ru-based 
catalyst activity of preparation methods, supports (SiO2, γ-Al2O3, MCM-41) and Ru 
precursors (Ru acetate and Ru trichloride). After analyzing the bibliography Zhang 
et al. concluded there are three key points that can serve for further development: (a) 
pore and BET surface area (related to catalyst dispersion – size): catalyst perfor-
mance increases as both increase; (b) preparation methods, having an important 
influence of catalyst performance; and (c) catalyst life: a critical issue due to the 
high cost of Ru, so that studies should be focused on improving catalyst life through 
developing effective Ru carriers and cheap catalyst regeneration methods.
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Thus, Guo et al. [43] studied the influence of preparation method and the support 
nature in the hydrogenation of D-glucose to D-sorbitol over Ru/ZSM-5 catalysts. 
An incipient wetness impregnation method and a one-step template-free process 
(Ru/ZSM-5-AT catalyst) were used. For the conventional impregnation method 
both mesoporous ZSM-5 supports created by desilication in alkaline medium (Ru/
ZSM-5-AT catalyst) and commercial microporous (Ru/ZSM-5-MS catalyst) were 
tested. The hydrogenation of a 25 wt% D-glucose aqueous solution was performed 
for 2 h at 4.0 MPa of H2 and 393 K using a catalyst concentration of 4 wt% relative 
to D-glucose, and compared with those obtained using the HZSM-5 zeolite and a 
commercial Ru(5 wt%)/C as catalysts. Catalyst characteristics and hydrogenation 
results are given in Table 9.1.

As shown in Table 9.1, Ru catalyst prepared by the one-step template-free pro-
cess was highly dispersed in the ZSM-5 framework and exhibited higher catalytic 
activity than others, with conversions and yields exceeding those obtained with 
catalysts prepared by the conventional impregnation method with microporous or 
desilicated ZSM-5 supports, and also with the support alone and the commercial 
Ru/C catalyst. The catalytic activity increased with increasing Ru loading up to 4.1 
wt% but, more importantly, the formation of undesirable by-products, i.e. D-fructose 
and D-mannitol, was significantly minimized with increased metal loading, as 
shown by the increase in sorbitol selectivity from 15.9% when the content of Ru 
was 1.2 wt%, to 99.6 when it was 4.1 wt%. From an industrial standpoint two fea-
tures shown by Ru/ZSM-5-TF are very significant. On one hand, it leads to a selec-
tivity of 99.6%, meaning a simpler purification procedure, while that obtained with 
Ru/ZSM-5-MS and Ru/ZSM-5-AT catalysts were 97.4% and 98.6% respectively. 
On the other hand, it showed high stability against leaching and poisoning and could 
be reused several times, meaning a longer life span than that of the other catalysts. 
The catalyst regeneration proved to be key for maintenance of catalyst performance. 
When Ru/ZSM-5-TF was only dried at 393 K in air, and reused without further 

Table 9.1  Hydrogenation of D-glucose to sorbitol over ZSM-5, Ru/C and Ru/ZSM-5 catalysts 
[43]

Catalystsa

SBET 
(m2.g−1)

Db 
(nm)

Acid 
(mmol.g−1) Dispersion

Conversion 
(%)

Sorbitol 
yield (%)

TOF 
(h−1)

Ru(5 wt%)/C – – – 0.23 81.3 61.7 13
ZSM-5 358 0.55 3.6 – 30.2 1.2 2
Ru/
ZSM-5-TF

383 0.52 3.1 0.54 99.6 99.2 32

Ru/
ZSM-5-MS

339 0.26 2.1 0.46 98.4 95.8 15

Ru/
ZSM-5-AT

345 0.66 3.4 0.48 98.8 97.4 18

Hydrogenation conditions: 25 wt% D-glucose solution, 2 h, 4.0 MPa H2, 393 K, catalyst concen-
tration: 4 wt% vs. D-glucose
aSiO2/Al2O3 ratio: 38, except for Ru/ZSM-5-AT: 30
bAverage pore diameter
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treatment, the sorbitol yield decreased from 99.2 to 89.2% after five runs. However, 
when the spent catalyst was washed with water and subsequently washed with etha-
nol or acetone three times each, there was no obvious loss of the catalytic reactivity. 
Consequently, the deactivation was probably due to the accumulation of organic and 
inorganic species adsorbed on the catalyst surface. These results clearly showed that 
Ru/ZSM-5-TF was effective for the hydrogenation of D-glucose and had good sta-
bility during the reaction process. Their excellent catalytic behavior and stability 
were ascribed to the extensive dispersion of the Ru particles, the strong interaction 
between the Ru species and the ZSM-5 support, as well as its suitable surface 
acidity-basicity balance. That is to say, the catalytic performance is strongly depen-
dent on the catalyst preparation method and its method of maintenance.

Mishra et al. [44] studied the performance of HY zeolite supported ruthenium 
nanoparticles catalysts using a HY zeolite with Si/Al ratio = 80 (referred to as 
HYZ). Catalysts were prepared by using conventional impregnation–reduction 
method using NaBH4 in ethanol as reducing agent. The activity tests were carried 
out with a 20 wt% aqueous solution of D-glucose for 20 min at 393 K and 5.5 MPa 
H2 using a Ru(1 wt%)/HYZ catalyst in a concentration of 2.5 wt% relative to 
D-glucose and comparing results with Ru(1 wt%)/NiO-TiO2 and Ru(1 wt%)/TiO2 
catalysts previously studied by the same research group [45] and a Ru(5 wt%)/C 
commercial catalyst. Metal dispersions were 23.6, 8.6, 4.4 and 6.7 for Ru(1 wt%)/
HYZ, Ru(1 wt%)/NiO-TiO2, Ru(1 wt%)/TiO2 and Ru(5 wt%)/C, respectively. 
Hydrogenation tests were carried out with a 20 wt% aqueous solution of D-glucose 
for 20 min at 393 K and 5.5 MPa H2 with a catalyst level of 2.5 wt% relative to 
D-glucose. Ru(1 wt%)/HYZ showed a higher conversion (19.4%), selectivity 
(97.6%) and TOF (1275 h−1) than the other catalysts. TOF was 1.08-, 1.19- and 5.4-
fold higher that with Ru(1 wt%)/NiO-TiO2, Ru(1 wt%)/TiO2 and Ru(5 wt%)/C cata-
lysts, respectively. After further optimization a 100% conversion and a 98.7% 
selectivity were achieved under the same experimental conditions by increasing 
reaction time up to 2 h. It was concluded that the acidity (mild acidity) of zeolite 
support plays an important role in increasing both the selectivity and the activity to 
sorbitol.

Aho et al. [46] have studied the influence of metal dispersion in the semi-batch 
hydrogenation of a 18 g.L−1 D-glucose aqueous solution at 393  K and 1.9  MPa 
hydrogen pressure over several Ru/C catalysts. Those with ruthenium particle sizes 
between 1.2 and 10 nm were investigated. All were active with selectivity to sorbitol 
being 87–96%, except for the 10  nm catalyst (28.8%). TOF was maximum for 
ruthenium nanoparticles of 2.9 nm.

Lazaridis et  al. [47] reported the hydrogenation/hydrogenolysis of D-glucose 
over Pt and Ru catalysts supported on activated micro/mesoporous carbon (AC), at 
1.6  MPa and 453  K and low D-glucose concentration (2.7 wt%). The effects of 
metal content (1–5 wt%), method of metal pre-treatment/reduction (H2 at 623 K or 
NaBH4) and reaction time (1–12 h) were studied. All the Ru and Pt/AC catalysts 
were very active (conversion ≥97%) with the Pt/AC catalysts being also very selec-
tive toward sorbitol (selectivity ≥90%) irrespective of metal content, method of 
reduction and reaction time. However, the maximum selectivity was 95%, a low 
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value in comparison with that industrially desired due to the high temperature used 
causing hydrogenolysis resulting in various lower sugar alcohols, such as 
1,2,5,6-hexanetetrol, arabinitol, threitol, glycerol and 1,2-propanediol. Conversely, 
the Ru/AC catalysts exhibited a wide range of sorbitol selectivity values (55–93%) 
depending on metal loading, method of reduction and reaction time. Thus, the 93% 
selectivity was only achieved with a metal content of 3 wt% and a reaction time of 
1 h using NaBH4 as a metal reducing agent. Under the same experimental condi-
tions, the sorbitol selectivity increased when the reaction time decreased from 12 h 
to 1 h and when Ru loading increased from 1 wt% to 3–5 wt%. Moreover, the sor-
bitol selectivity was higher for the hydrogen reduced catalysts than for those reduced 
with NaBH4. The higher selectivity of the Pt/AC catalysts toward sorbitol could be 
related to the abundance of well formed, single crystal Pt nanoparticles (2–6 nm) 
compared to the less crystalline Ru/AC catalysts. Thus, using HRTEM measure-
ments the co-existence of small crystalline metallic Ru nanoparticles together with 
amorphous Ru(O)x

δ+ species within relatively larger aggregates (20–30 nm) was 
identified. Based on this Ru morphology, the authors proposed a model of formation 
of protonic acid sites Ru(O)xH+, as well as of protons released in the aqueous solu-
tion from the Ru(O)xH+ species, in the presence of hydrogen. Thus, Ru(O)xH+ spe-
cies are formed by spillover of the formed hydrogen atoms by the dissociative 
adsorption of molecular H2 on the metallic Ru(0) nanoparticles to adjacent Ru(O)x

δ+ 
species, with simultaneous electron transfer from the H atoms to the positively 
charged Ru-O species. The authors proposed that hydrogenation of glucose to sor-
bitol occurred by the dissociative adsorption of molecular H2 on the metallic Ru(0) 
nanoparticles and the subsequent addition of the pair of hydrogen atoms to the 
hemiacetal group of glucose, leading to the cleavage of the C-O bond and the forma-
tion of the hydroxyl group, as it generally accepted [18, 42]. However, the protonic 
Ru(O)xH+ acidic sites as well as the released H+ in solution induced the conversion 
of the sorbitol to 1,2,5,6-hexanetetrol via dehydration and hydrogenation reactions. 
Likewise, this acidic environment induced hydrogenolysis of the C3-C4 bond of 
sorbitol resulting in glycerol, which in turn can be then converted to 1,2-propanediol 
via dehydration and hydrogenation, while this molecule can be also formed via 
hydrogenolysis of the C3-C4 bond of 1,2,5,6-hexanetetrol. According to this mech-
anism, the selectivity to sorbitol of the Ru/AC catalysts could be strongly improved 
by means of a catalyst preparation method preventing the formation of Ru(O)x

δ+ 
species.

The good performance and industrial possibilities of Ru-B amorphous alloys as 
catalysts for sorbitol synthesis from D-glucose previously shown by Guo et al. [41] 
and discussed in this section have been recently confirmed by Wang et al. [48] as 
well as the importance of a suitable carrier. They synthesized a highly dispersed 
Ru–B amorphous alloy catalyst by loading Ru–B amorphous alloy nanoparticles 
(NPs) on a matrix consisting of a highly ordered mesoporous silica nanospheres 
(MSNS) externally covered by methyl groups but internally grafted by aminopropyl 
groups. The amino and methyl groups acted synergistically as effective functional-
ities for highly dispersing Ru–B NPs within the pore channels of the mesoporous 
host. Such catalyst was used in the liquid-phase D-glucose hydrogenation to 
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D-sorbitol under the following conditions: 50 wt% D-glucose aqueous solution, 
3.0 MPa H2, 373 K, 3 wt% catalyst relative to D-glucose, reaction time of 80 min. 
The amorphous Ru89–B11/NH2&CH3-MSNS catalyst with a Ru load of 4.4 wt% pro-
vided a 100% D-glucose conversion with 100% selectivity to sorbitol while conver-
sions were 4.5%, 23% and 22% for a commercial Raney Ni catalyst, a commercial 
Ru(5 wt%)/C catalyst and the crystallized Ru89–B11/NH2&CH3-MSNS catalyst, 
respectively. The amorphous catalyst kept its activity for 9 cycles, showing good 
potential for industrial use.

These researchers also compared the activity of this catalyst with those of amor-
phous Ru-B alloys deposited on pure MSNSs and mono-functionalized MSNSs 
(NH2-MSNS and CH3-MSNS). Activities decreased in the order Ru–B/NH2&CH3-
MSNS > Ru–B/NH2-MSNS > Ru–B/CH3-MSNS > Ru–B/MSNS, i.e. in the order in 
the same order than the particles dispersion as shown by the surface areas. Moreover, 
TEM images showed as Ru-B NPs were located differently depending on the matrix 
type. Thus, in the Ru–B/MSNS catalyst Ru–B nanowires within the channels of 
MSNSs were observed probably due to the agglomeration of the Ru–B NPs located 
inside the pore channels together to form nanowires during the preparation process. 
Furthermore, a portion of Ru–B NPs was situated on the external surface of MSNS 
because some particles were larger than the pore size of MSNS. For Ru–B/NH2-
MSNS, nanowires were absent, which was attributed to the coordination effect of 
amino groups in the interior of pores on Ru3+ ions. Reduction of these coordinated 
Ru3+ ions with BH4− led to the location of Ru–B NPs inside the mesoporous chan-
nels. However, some large NPs were still observed on the external surface. Large 
NPs located on the external surface were absent for Ru–B/CH3-MSNS due to the 
high hydrophobic external surface, but Ru–B nanowires appeared between the walls 
of MSNSs, which was ascribed to the absence of stabilizing groups inside the pore 
channels. Moreover, Ru–B NPs-aggregates were observed in Ru–B/CH3-MSNS 
due to the fall of Ru–B NPs from the pore channels of support. For Ru–B/NH2&CH3-
MSNS no aggregated Ru–B NPs were observed, which was explained as due to 
both the stabilizing effect of amino groups on Ru3+ ions and the high hydrophobic 
external surface deriving from methyl groups. Consequently, the superior activity of 
the amorphous Ru89–B11/NH2&CH3-MSNS catalyst was attributed to this difference 
in Ru-B location. The location of non-aggregated Ru–B NPs inside the pore chan-
nels together with the increased D-glucose concentration in the channels owing to 
the microreactor effect [49, 50] would lead to an increase in the collision frequency 
between reactants and Ru active sites and, therefore, to an increase in catalyst activ-
ity. As pointed out by authors, the results of their study demonstrate that region-
selectively functionalizing the surface of ordered mesoporous materials with diverse 
groups allows for molecular-level fine-tuning of catalytic performance of the intro-
duced guest materials.

Dabbawala et al. [51] studied the aqueous phase hydrogenation of D-glucose to 
sorbitol using Ru supported on amine functionalized nanoporous hypercrosslinked 
polystyrene polymer based catalysts (Ru/AFPS) prepared by simple impregnation-
chemical reduction method. The interest of this study relies also in that it represents 
one of the first studies about utilization of porous polymeric supports to stabilize Ru 
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nanoparticles in D-glucose hydrogenation. Catalyst performance tests were carried 
out using a 4 wt% D-glucose aqueous solution at 353–383 K and 3.5–6.0 MPa H2 
for 60 min, with a catalyst concentration of 5 wt% relative to D-glucose. At 373 K 
and 5.5 MPa H2, the catalytic activity of Ru(5 wt%)/AFPS catalyst was much higher 
than those of Ru(5 wt%)/Polystyrene, Ru(5 wt%)/C, Ru(5 wt%)/TiO2, Ru(5 wt%)/
Al2O3 and Ru(5 wt%)/SiO2 as shown by a TOF of 230 h−1, about 2.5-fold higher 
than that of the unfunctionalized support (Ru(5 wt%)/PS) and about 1.3 times higher 
than the second more active catalyst (Ru(5 wt%)/C). Likewise, the Ru(5 wt%)/
AFPS catalyst led to a 67.6% sorbitol yield, the higher of all catalysts studied, with 
a selectivity to sorbitol of 98%, equal to that obtained with Ru(5 wt%)/PS and 
higher than those obtained with the remaining catalysts. This higher catalytic per-
formace was attributed to the functional amine groups present in AFPS polymer 
surface which stabilize Ru nanoparticles and enhance the dispersion of Ru nanopar-
ticles, provide a better wettability thereby improving the mixing with water com-
pared to Ru/PS catalyst. On the other hand, the AFPS catalyst nanoporous structure 
with its wide range of pores was considered to be of key importance. Thus, the 
presence of micropores in AFPS catalyst leads to a better control of Ru nanoparti-
cles size, while the presence of mesopores allows substrate molecules to easily 
approach the Ru active metal center without diffusion limitations. Ru(5 wt%)/AFPS 
was reused up to five times without significant loss in activity and selectivity. This 
stability was attributed to the strong interaction between support and active Ru 
species.

Operation Mode  It is worth mentioning that although most production methods 
described in the literature are referred to as batch processes, most of them operate at 
constant hydrogen pressure such that hydrogen is continuously fed as it is consumed 
which makes them semi-batch processes. Batch (semi-batch) processes have a good 
use of the catalyst as well as good temperature control as main advantages which 
explain their wide industrial use for sorbitol production. However, the catalyst 
removal for recycling is a great disadvantage leading to increased costs and progres-
sive catalyst deactivation. The importance of the reactor type on catalysts stability 
in D-glucose hydrogenation has been highlighted by Doluda et al. [52] who have 
shown that the use of common batch and shaker type reactor systems results in high 
losses of the initial catalysts, due to catalysts grinding on the reactor impeller and 
reactor walls and during the catalysts separation and washing. Besides, selectivity is 
also negatively affected by formation of gluconic acid due to the presence of trace 
oxygen. On the other hand, the continuous increase in sorbitol demand requires 
more productive processes. Consequently, the development of continuous methods 
is imperative due to the higher space-time yields and the absence of an expensive 
catalyst separation step.

Boyers and Flushing [53] disclosed a method for the catalytic hydrogenation of 
carbohydrates in the presence of suspended finely divided ruthenium carrier cata-
lysts, method which could be continuously carried out although no example with 
this operation was given. However, the use of a finely divided catalyst suspension 
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catalyst involved a complicated filtration separation and made the quantitative 
recovery of the precious catalyst difficult.

Lepper and Schütt [54] described a continuous method for the hydrogenation of 
carbohydrates in the presence of a catalyst solid bed of Ru(2 wt%)/C in lumps 
(cylindrical form, diameter 2 mm, length 2 to 5 mm). The process involved the use 
of two series-connected reactors with a capacity of 4.2 liters and each having an 
inside diameter of 70 mm. Working a 423 K and a hydrogen pressure of 25.0 MPa, 
10,400 kg of a 50 wt% aqueous solution of D-glucose were converted into sorbitol 
in 1550 h (1.7 kg-D-glucose.h−1.m−2) with a conversion of 99% and a selectivity of 
99.7%. The catalyst activity was 0.30 mol-D-glucose.h−1.gRu

−1, corresponding to a 
turnover frequency (TOF) of 30.3, 3.4 times larger than that obtained using a ruthe-
nium catalyst in suspension.

Selectivity of Lepper and Schütt process is within the desired one but conversion 
while being as high as 99% was below the target of 100% for decreasing purifica-
tion costs. Looking for this goal Déchamp et  al. [55] studied the continuous 
D-glucose hydrogenation to sorbitol in a trickle-bed reactor in the presence of 
kieselguhr-supported nickel catalysts with cocurrent downflow mode in the tem-
perature range 343–403 K and in the pressure range 4–12 MPa, but catalyst perfor-
mance decreased with time due to continuous leaching of both nickel and support. 
Similar catalyst deactivation was observed by Tukac [56] with same reactor type in 
the temperature range 388–438 K at 0.5–10 MPa starting from a 40 wt% aqueous 
solution of D-glucose and using commercial supported nickel catalysts.

Ruthenium-based catalysts are a clear alternative to nickel for achieving 100% 
conversions but process conditions must be carefully chosen to avoid deactivation 
as shown by Arena [57] who used Ru/Al2O3 catalysts that became deactivated 
because of the presence of iron and sulfur impurities and because the physical prop-
erties of the alumina support were modified. To overcome this problem, Gallezot 
et al. [58] studied the same process at 373 K under 8 MPa of hydrogen but using 
ruthenium catalysts (1.6–1.8 wt%) supported on active charcoal pellets (cylinders of 
0.8 mm-diameter for minimizing internal diffusion limitation) instead of nickel 
catalysts, with the metal under the form of 1-nm particles homogeneously distrib-
uted throughout the support. The reactor was a trickle-bed one of stainless steel 
(length, 330 mm; internal diameter, 15.8 mm; internal volume, 60 cm3) and the feed 
was a 40 wt% aqueous solution of D-glucose (0.17 kg-D-glucose.h−1.m−2). 
D-glucose conversion was 100% and sorbitol selectivity 99.2% while catalyst activ-
ity was 1.1 mol-D-glucose h−1 gRu

−1, corresponding to a TOF of 111.2, 3.67 times 
larger than that reported by Lepper and Schütt with the Ru(2 wt%)/C in lumps [54] 
and under milder conditions, very likely due to the lower catalyst particle size and 
its better dispersion on the support. It was found that selectivity strongly depended 
on residence time, with the highest one obtained just when 100% conversion was 
achieved. Above this point, mannitol was formed by epimerization of sorbitol, as 
well as iditol and galactitol (both by C-2 and C-4 epimerization of sorbitol, respec-
tively) and arabitol (by hydrogenolysis of sorbitol). The catalyst activity was stable 
over several weeks and no leaching of ruthenium was detected.
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Longer tests on continuous hydrogenation of D-glucose to sorbitol have been 
reported by Kusserow et al. [34] who in a study took more than 1100 h time on 
stream (TOS) and investigated the deactivation of an industrial Ni(66.8 wt%)/SiO2 
catalyst (1100 TOS) and a Ru(0.47 wt%)/Al2O3 catalyst (1150 TOS) with a particle 
size of 1.9 nm. Experiments were carried out in a trickle bed reactor (Catatest, Vinci 
Technologies, France, no dimensions data provided), under the following condi-
tions: 40 wt% D-glucose solution was delivered at a flow rate of 40 mL.h−1 to the 
reactor packed with 40 mL of catalyst, H2 flow was 23 L.h−1 at a pressure of 8.0 
MPa, reaction temperature was 353 K. At the beginning of the experiment, the con-
version of D-glucose was 99.3% for the nickel catalyst and 99.9% for the ruthenium 
catalyst. Selectivity to sorbitol was 98.8% and 99.0%, respectively and remained 
unchanged during the experiments for both catalysts. The conversion dropped below 
98% after 770 h TOS for the Ni catalyst, and after 1080 h TOS for the Ru catalyst. 
After 1100 h TOS for Ni catalyst and 1150 h for Ru catalyst, conversions were 95% 
and 97%, respectively. No leaching of Ru could be detected by ICP-OES (detection 
limit 80 μg.L−1). Conversely, the Ni level in the product production ranged between 
0.005 and 0.05 wt% in the first 250 h TOS, while it was constant (~0.008 wt%) over 
the remaining reaction time. The nickel content of the catalyst decreased by ~25% 
(from 66.8% to 50.5 wt%) during the experiment with a visible disintegration of the 
support, not surprising for silica under hydrothermal conditions. The BET surface 
decreased by 60% (from 180 to 85 m2.g−1), the fraction of mesopores increased 
while that of micropores decreased. It was concluded that the permanent drag-out of 
nickel and silica with the product solution was caused by the hot and acidic reaction 
media (pH 4 in the product solution) and the chelating properties of D-glucose and 
sorbitol. The small deactivation observed in Ru catalyst was attributed to poisoning 
by metal impurities leaching out of the working material (stainless steel) of the 
reactor.

Aho et al. [59] studied the continuous hydrogenation of D-glucose over carbon 
supported ruthenium catalysts in trickle flow reactors (12.5 mm inner diameter and 
120 mm length) operated in co-current mode at 402 K and 2 MPa of hydrogen pres-
sure. Long-term (100 h) stability testing of a commercial Ru/C catalyst and Ru/
nitrogen doped carbon nanotubes (NCNT) catalysts was performed. It was found 
that Ru/NCNT worked without significant deactivation for more than 100 h, while 
the commercial catalyst underwent substantial deactivation within this period. The 
increased stability of the NCNT supported Ru catalyst was ascribed to stronger sup-
port–Ru interactions as compared to the Ru/C catalyst. No ruthenium leaching was 
observed for the Ru/NCNT catalyst, while leaching from the commercial activated 
carbon catalyst was found to be significant. Catalyst activities were similar to those 
reported by Gallezot et al. [58] but this process needs further optimization because 
maximum D-glucose conversion and selectivity were low relative to the industrial 
requirements: 91.4% and 98.2%, respectively, with mannitol and fructose as the 
main impurities. Likewise, D-glucose concentration in the aqueous feed was very 
low, 3.5 wt%, 11–14.5-fold less than in current industrial batch processes, leading 
to an economic penalty in the evaporation step needed for achieving the sorbitol 
concentration (70 wt%) in the commercial product. Conversion could be increased 
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by increasing both the hydrogen pressure and the residence time, but care must be 
taken with the increase of the latter because could lead to a higher amount of 
impurities.

Alternative Biomass Raw Materials  Although D-glucose is the only raw material 
industrially used for production of sorbitol, it is obvious that a large cost reduction 
could be achieved by starting directly from a D-glucose source that is directly con-
verted into sorbitol in a one-pot reaction. The idea is to carry out simultaneously the 
hydrolysis of the D-glucose-containing polysaccharide and the hydrogenation of 
the free D-glucose, a process requiring the combined use of both acid and metal 
catalysts, for hydrolysis and hydrogenation, respectively.

Starting directly from lignocellulosics would be an ideal scenario for economic 
production of sorbitol. However, due to the compositional complexity of this bio-
mass, selectivity is not high and a mixture of sugar alcohols is obtained leading to 
enhanced separation costs. Thus, milled Japanese cedar wood chips containing 40.9 
wt%, 24.8 wt%, and 33.4 wt% of cellulose, hemicellulose and lignin, respectively, 
were directly converted into sugar alcohols using 4%Pt/C (93 wt% relative to chips 
mass) as a catalyst in water without any acid catalysts at 463 K under a H2 pressure 
of 5 MPa [60]. Total sugar conversion was 94.1% in 16 h while sugar-alcohol yields 
were 36%, 12.6%, 2.3%, 6.9% and 4.3% for sorbitol, mannitol, galactitol, xylitol 
and arabitol, respectively. Total sugars conversion decreased to 44% when unmilled 
chips were used, showing the huge importance of both surface area, as the hydroly-
sis step to sugars is a heterogeneous process, and the decrease of the cellulose crys-
tallinity due to the milling.

Therefore, attempts have been focused on polymeric D-glucose precursors, i.e., 
starch and cellulose. Cellobiose (4-O-β-D-glucopyranosyl-D-glucose) has been 
also converted directly to sorbitol, but it is more a simple model compound resem-
bling cellulose because it is the repeat unit of cellulose ((1,4-O-β-glucopyranosyl)n-

1-D-glucose). Consequently, its conversion will not be discussed herein. Readers 
can, e.g., consult references [61, 62].

Starch  The simultaneous hydrolysis and hydrogenation of starch has been known 
for a long time, Thus, in 1950 Hartstra et al. [63] reported a process in which a sor-
bitol yield of 60% was obtained in 75 min by hydrogenating a 37.5 wt% starch 
water suspension in the presence of 0.01–1 wt% relative to the amount of starch of 
a Lewis acid such as magnesium chloride, nickel sulfate or stannous chloride, and a 
nickel-kieselguhr hydrogenation catalyst (10 wt% based on starch amount) under a 
hydrogen pressure of 5–20 MPa at a temperature of 433–473 K. The sorbitol was 
purified by crystallization to 97% purity.

A much more effective process than that of reference [63] for sorbitol production 
from starch was developed by Jacobs and Hinnekens [64]. Aqueous 10–30 wt% 
corn starch was 100% batch-wise converted within 1 h into sorbitol with a selectiv-
ity higher than 95% at 403–453 K and 5.5 MPa of H2 using Ru (3 wt%) supported 
on H-USY zeolite as a catalyst. The amount of Ru metal was 0.12–0.36 wt% rela-
tive to starch. The acidic zeolite support catalyzes the starch hydrolysis to D-glucose 
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which is then hydrogenated to sorbitol on the ruthenium surface. Catalyst was 
17-fold recycled with no loss in activity.

Some processes have also been developed starting from starch hydrolysates 
mainly composed of D-glucose but also containing D-glucose oligomers. 
Hydrogenation is carried out with both nickel [65] and ruthenium catalysts [66] 
under the same conditions used starting from D-glucose. However, a mixture of 
sorbitol, maltitol and hydrogenated oligomers, such as maltotriitol, is produced 
boosting the sorbitol separation and purification costs. In fact, hydrogenated starch 
hydrolysates are marketed as such and used as sweeteners and humectants.

Cellulose  Cellulose is an especially attractive alternative raw material due to its 
huge abundance and because it does not interfere with the food chain, unlike starch. 
The hydrolytic hydrogenation of cellulose to sorbitol has been reviewed by Van de 
Vyver et al. [67], Zhang et al. [42], Yabushita et al. [68] and Li et al. [69]. The reac-
tion consists of two steps: (i) hydrolysis of cellulose to D-glucose, and (ii) hydroge-
nation of glucose to sorbitol, with the step (i) being the limiting step of the overall 
reaction. Consequently, it is not strange that, on one hand, efforts have been focused 
on developing catalytic systems with an acidic component able to speed up the 
hydrolysis of cellulose, and, on the other hand, the performance of heterogeneous 
catalysts is very dependent on the presence of acidic functional groups on the sup-
ports. An obvious strategy is that used by Balandin et al. in its pioneering work [70, 
71], consisting of using mineral soluble acids together with a hydrogenation catalyst 
such as Ru/C. They reported a total 82% yield of mannitol and sorbitol (no specific 
sorbitol yield was reported) under 7 MPa of hydrogen and 433 K in 2 h in the pres-
ence of sulfuric acid. Although this strategy has been followed by several research 
groups [72, 73], using both mineral acids and heteropolyacids together with hydro-
genation catalysts containing Pd, Pt or Ru, soluble acids result in a more difficult 
separation procedure, generate a large amount of waste sludge in the acid neutral-
ization step and also can cause corrosion of the reactor.

Therefore, the use of heterogeneous catalysts combining a metal hydrogenation 
catalyst and an acidic support is being investigated as a more industrially efficient 
and sustainable alternative. Thus, microcrystalline cellulose (0.8 wt%) was hydro-
genated into sorbitol in a 25% yield in 24 h using Pt(2.5 wt%)/γ-Al2O3 as a catalyst 
at 5 MPa and 463 K [74, 75]. The ability of the catalyst for hydrolyzing cellulose to 
D-glucose was thought to the due to the acidic surface of the support. Also, the 
metal seems to participate directly in the cellulose hydrolysis by increasing the H+ 
concentration by heterolytic H2 dissociation on its surface [76]. Han and Lee [77] 
reported one-pot conversion of cellulose to sorbitol using catalyst combining metal 
nanoparticles (Ni, Pd, Pt or Ru) and sulphonic groups on the surface of an activated 
charcoal (M/AC-SO3H) support in a neutral aqueous solution. Using a 4.2 g.L−1 
aqueous suspension of ball-milled cellulose and a 40 wt% catalyst load relative to 
cellulose, a 95% cellulose conversion and a 71.1% sorbitol yield were obtained at 
438 K in 36 h with Ru(10 wt%)/AC-SO3H. The Ru-to-S ratio and the metal load 
were shown to be important parameters for effective conversion. No deactivation 
was observed even after 5 repeated reactions. Pt/AC-SO3H showed a comparable 
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catalytic activity to Ru/AC-SO3H while Pd/AC-SO3H and Ni/AC-SO3H gave poorer 
sorbitol yields.

Water has been reported as a key solvent because experiments with Ru/C, i.e. 
with a non-acidic support, as a catalyst as well as substitution of water by other 
solvents have shown the need of hot water for hydrolyzing cellulose which is 
thought to be due to the in situ production of H+ [78]. Nevertheless, the key role of 
acidic supports has been highlighted by Deng et al. [79] who found that Ru sup-
ported on carbon nanotubes (CNT) was the best catalyst for obtaining sorbitol in a 
36% yield from cellulose. By using NH3-TPD and H2-TPD characterizations the 
authors concluded that plenty of acid sites and unique hydrogen species over the 
Ru/CNT were important for sorbitol formation.

The insolubility of cellulose in the aqueous reaction media means that reaction 
proceeds in heterogeneous phase and consequently cellulose particle size and crys-
tallinity are important factors as shown by Ribeiro et al. [80] who using Ru/AC cata-
lysts obtained a cellulose conversion of 36% in 5 h with a sorbitol of 40% when 
microcrystalline cellulose was the raw material, while a conversion of 90% and a 
sorbitol selectivity close to 80% were obtained if the catalyst was ball-milled 
together with cellulose. The catalyst showed excellent stability after repeated use. 
Disruption of cellulose crystallinity can be achieved by several methods such as 
ball-milling, rod-milling and planetary ball-milling in less than 1 h while jet-milling 
is not effective [81].

All reported processes starting from cellulose lead to sorbitol yields below 70%, 
with selectivities generally well below 80%. Typically, lower alcohols, such as xyli-
tol, glycerol, propylene glycol, ethylene glycol and methanol, resulting from hydro-
genolysis of sorbitol and soluble oligomers are also formed, together with some 
amounts of mannitol, coming from hydrogenation of mannose which in turn in 
formed by epimerization of D-glucose, and sorbitan and isosorbide, both resulting 
from sorbitol dehydration. Consequently, cellulose is still far away of being a good 
raw material for industrial production of sorbitol due, on one hand, to its extremely 
low water solubility and low reactivity leading to a low productivity, and, on the 
other hand, to the low sorbitol selectivity obtained so far relative to the industrial 
processes currently used.

To overcome these drawbacks attempts have been focused on using ionic liquids 
(IL) as reaction media because a number of them solubilize cellulose [82] by break-
ing the hydrogen bonds preventing cellulose solubilization, thereby increasing the 
cellulose hydrolysis rate and consequently the productivity of the process. For 
example, 1-butyl-3-methylimidazolium chloride (BMImCl) dissolves up to 25 wt% 
of cellulose, while 1-allyl-3-methylimidazolium chloride and 1-ethyl-3-
methylimidazolium acetate dissolve 14.5 wt% and 16 wt% at 353 K and 363 K, 
respectively. Thus, Ignatyev et al. [83] demonstrated that a combination of a hetero-
geneous Pt or Rh catalyst and a homogeneous Ru catalyst can completely convert 
cellulose to a sorbitol/D-glucose mixture in 1-butyl-3-methyl imidazolium chloride 
([BMIM]Cl). A full cellulose conversion with a 74% sorbitol yield were achieved at 
423 K, 3.5 MPa of H2 in 48 h with a cellulose concentration of 5 wt% using water 
(60 μL.g−1 cellulose) and KOH (0.34 wt% relative to cellulose) as co-catalysts and 
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a mixture of a heterogeneous (Rh(5%)/C catalyst, 7.6 wt% relative to cellulose, and 
a homogeneous one (HRuCl(CO)(PPh3)3, 6.6 wt% relative to cellulose. The homo-
geneous catalyst was needed due to the low solubility of hydrogen in ionic liquids. 
No reaction was observed in its absence, even when pure D-glucose was used as raw 
material. Important drawbacks of this process are the use of a homogeneous pre-
cious metal based complex catalyst which difficult product separation and the low 
hydrogen solubility, inherent to IL, leading to long reaction times. These problems 
together with the added difficult for separation the polar sorbitol from the polar IL 
represent strong pitfalls for industrial use in the short and medium term.

9.3.2  �Electrochemical Production of Sorbitol

The electrochemical production of sorbitol was one of the first industrial processes 
for producing an organic chemical by electrosynthesis. Anodic reaction was the 
water oxidation resulting in oxygen and protons while cathodic reaction was the 
reduction of D-glucose to sorbitol as main product and mannitol as a byproduct. 
Anodic and cathodic compartments were separated each other by a diaphragm 
(Fig. 9.3). In 1937 the Atlas Powder Company (since 1971 ICI Americas Inc.) built 
a facility for manufacturing 1400 t.year−1 of sorbitol and mannitol by electroreduc-
tion of D-glucose (Fig. 9.4) resulting from corn starch [1].

The electrochemical reactor (cell) was an open-top rectangular tank 3.96 m long, 
1.83  m wide and 0.91  m deep, fitted with amalgamated-lead cathodes and lead 
anodes. 35 anodes and 36 cathodes, each one of 1.66  m2, were connected in 
monopolar mode in each cell. Anodic and cathodic compartments were separated by 
a diaphragm of unglazed porcelain. The anolyte was a diluted aqueous solution of 
sulfuric acid while the catholyte was an aqueous solution of sodium hydroxide, 
sodium sulfate which was needed for increasing electrical conductivity for lowering 
power consumption without increasing pH excessively, and D-glucose. The plant 
contained 12 cells working batchwise at 85 A.m−2 and room temperature at a volt-
age of 20 V.cell−1. In the alkaline medium D-glucose isomerized partially to man-
nose and both D-glucose and mannose were reduced to sorbitol and mannitol, 
respectively. For both improving sorbitol mass transfer from the bulk solution to the 
cathode surface and controlling reaction temperature, the D-glucose solution was 
continuously circulated through the cell and a double pipe counter-current cooling 
coil. The productivity of the cell was later improved by working at 400 A.m−2 at 
358–373 K [84].

After batch completion, water was partially removed from the catholyte by vac-
uum evaporation leaving a residue of sorbitol, mannitol and sodium sulfate. The 
residue was treated with hot ethyl alcohol for dissolving sorbitol and mannitol. The 
sulfate was filtered out the hot solution and the filtrate was sent to a crystallizer to 
remove the mannitol by crystallization and subsequent centrifugal separation. 
Mannitol was purified by repeated recrystallization from distilled water. The 
alcoholic sorbitol solution was evaporated to remove the ethyl alcohol resulting in 
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Fig. 9.4  Flow diagram for Atlas Powder Company electrochemical production of sorbitol from 
cornstarch-derived D-glucose

Fig. 9.3  Anodic and 
cathodic reactions in the 
electrosynthesis of sorbitol 
from D-glucose using 
divided cells
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85 wt% water solution of sorbitol which was decolorized with activated carbon, 
filtered and drummed for shipment. D-glucose and sodium sulfate were present in 
small amounts as impurities.

As known, the electrochemical process was displaced a few years later by the 
more cost-effective high-pressure catalytic hydrogenation. Since then, the bibliog-
raphy (both papers and patents) devoted to electrochemical synthesis is extremely 
low in comparison with that related to chemical synthesis and even microbiological 
synthesis, with efforts being focused on reducing the manufacturing costs. Cost 
reduction requires decreasing power consumption and/or increasing cell productiv-
ity by obtaining simultaneously a valuable chemical at the anode (paired 
synthesis).

Reduction in power consumption could be dramatic if an undivided cell could be 
used due to the decrease in inter-electrode gap as well as the removal of the voltage 
drops due to the anolyte and the diaphragm. However, the aldehyde group in 
D-glucose is more easily oxidizable than water which requires the use of an anodic 
depolarizer of lower oxidation potential than that of D-glucose. Thus, Hefti and 
Kolb [85] developed a method in which sorbitol was synthesized by electroreducing 
an aqueous solution of D-glucose and sodium sulphite in an undivided cell with an 
amalgamated lead cathode and a graphite anode. The anodic oxidation of sulphite to 
sulfate prevents the D-glucose oxidation. Chemical and current yields were 95% 
and 90%, respectively. However, 0.8 kg of sodium sulphite.kg−1 of D-glucose was 
needed increasing significantly the raw materials costs. Other strong drawback of 
this procedure was the low current density used (50 A.m−2) requiring an electrode 
area 8-fold higher than that in the Atlas Powder process.

The paired electro-oxidation and electroreduction of D-glucose for manufactur-
ing gluconic acid and sorbitol, respectively, has been reported [86, 87]. As depicted 
in Fig. 9.5 for a divided cell, the cathodic reaction is the direct electroreduction of 
D-glucose to sorbitol while the anionic one is an indirect electro-oxidation in which 
the bromine, electrogenerated by electro-oxidation of bromide, oxidizes chemically 
D-glucose to gluconic acid regenerating at the same time the bromide ion, which in 
this way is used cyclically. Both undivided and divided cells can be used. Thus, an 
undivided packed-bed electrode flow reactor fitted with a Raney Ni powder cathode 
and a graphite chip anode was reported by Park el al [86]. Electrolyte was an aque-
ous solution of 1.6 M D-glucose and 0.4 M CaBr2. Working at 333 K, pH 5–7, a 
current of 250 A.kg−1 of nickel powder and a flow rate of 6 L.h−1 current yields were 
100% for both gluconic acid and sorbitol. However, these favorable results were 
obtained by circulating a low electrical charge corresponding to 20% of the theoreti-
cal one leading to a low D-glucose conversion of 20%. On the other hand, this type 
of cell is difficult to scale-up for industrial purposes.

Li et al. [87] used a divided filter press cell in which the Pb sheet cathode was 
separated from a dimensionally stable anode (DSA) by a cation exchange mem-
brane. Gluconic acid and sorbitol were obtained in 90% chemical yields and over 
80% current efficiencies by paired electrolysis of D-glucose at 333 K, 500 A.m−2 
and an electrical charge equal to 110% of the theoretical one. The anolyte was 66.7 
wt% D-glucose and 2 wt% NaBr in water, and the catholyte 66.7 wt% D-glucose, 
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2.5 wt% NaOH and 2.5 wt% Na2SO4 in water, respectively. The anodic process is an 
three-step indirect one in which bromide anion is electro-oxidized to bromine in a 
first step, which oxidizes chemically D-glucose to gluconolactone in a second step, 
step in which the bromide anion is regenerated. Finally, gluconolactone is hydro-
lyzed to gluconic acid in a third step. The cathodic reaction is the direct electrore-
duction of D-glucose to sorbitol. A low 4 V cell voltage leads to a power consumption 
of 1.6 kWh.kg−1-sorbitol.

The process of Li et al. [87] is easy to scale-up but about 1.1 kg of gluconic acid 
is produced per kg of sorbitol, which is a major drawback because the small glu-
conic acid market (about 5%) compared to that of sorbitol. Therefore, this process 
is only suitable for low volume sorbitol facilities able to produce an amount of 
gluconic acid easily absorbed by the market. An anodic reaction yielding a chemical 
of similar market volume than sorbitol is needed for large scale sorbitol production 
through this procedure.

9.3.3  �Biotechnological Production of Sorbitol

An interesting alternative to the chemical production methods is based on biotech-
nology, and involves the use of enzymes and microorganisms as (bio)catalysts to 
convert biomass-derived feedstocks into sorbitol. It is generally accepted that bio-
technological methods show a number of advantageous properties compared with 
chemical methods, such as ambient temperature and pressure operation, which 

Fig. 9.5  Paired electrosyntheis of gluconic acid and sorbitol from D-glucose. CEM Cation 
exchange membrane
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reduces energy costs, and a high selectivity and specificity, which minimizes by-
product generation.

A complete review about biotechnological production of sorbitol was previously 
published by Silveira and Jonas [88], containing the knowledge up to 2002 on this 
topic.

Zymomonas mobilis, a Bacterium Able to Produce Sorbitol  The possibility of 
producing ethanol using other microorganisms different to Saccharomyces cerevi-
siae, which is the yeast used on the industrial scale, has been considered. Among 
potential candidates, special attention has been paid to Z. mobilis, a gram-negative 
bacterium that can be found in sugar rich plant materials and fermented plant juices. 
Z. mobilis shows several advantages over yeasts as a bioethanol producing microor-
ganism: (1) a higher sugar uptake rate; (2) a higher growth rate; (3) a higher ethanol 
yield; (4) a lower biomass production; (5) a higher ethanol tolerance; (6) it does not 
require controlled addition of oxygen during the fermentation; and (7) it is amend-
able to genetic manipulation. These advantageous features have allowed this bacte-
rium to be considered as a potential platform for future biorefineries [88]. The only 
limitation of Z. mobilis compared to the yeast is that its range of usable carbon 
sources is restricted to D-glucose, fructose and sucrose.

Z. mobilis shows an unusual property regarding carbohydrate metabolism: it uses 
the Entner-Doudoroff pathway anaerobically to degrade D-glucose [89]. In this pro-
cess, 1 mol D-glucose is converted to almost 2 mol, the one of ethanol and the other 
of CO2, that is, it is able to produce ethanol, at near theoretical levels. Fructose and 
sucrose, the latter following hydrolysis to D-glucose + fructose, are metabolized 
through the same pathway. Carbohydrate metabolism also generates 1 mol ATP and 
results in a limited biomass formation, accounting for not more than 2–5% of the 
carbohydrate consumed.

It is known that Z. mobilis converts up to 95% of added D-glucose or fructose to 
ethanol, but when grown on sucrose the alcohol yield is greatly reduced. As some 
strains produced levan when cultured on sucrose, it was first considered that part of 
the sugar was directed to the synthesis of this fructose polysaccharide. However, the 
amount of levan produced accounted for only a small proportion of the missing 
carbon. Further studies showed that the fraction of sucrose not dedicated to ethanol 
or levan synthesis resulted in the production of an additional product: sorbitol [90, 
91].

Sorbitol was shown to be solely derived from the fructose, but it was only pro-
duced when both fructose and D-glucose were present. Very interestingly, sorbitol 
formation was accompanied by an equimolar production of gluconic acid, which 
suggested that two enzymes coupled together by an unknown cofactor to catalyze 
these conversions [92].

The actual mechanism was soon elucidated, showing that a previously unknown 
enzyme was responsible for both steps, the oxidation of D-glucose to glucono-δ-
lactone and the reduction of fructose to sorbitol [93]. The enzyme, named as 
D-glucose-fructose oxidoreductase (GFOR; EC1.1.199), contains a tightly bound 
NADP as a cofactor and acts through a classical ping-pong mechanism, where 
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D-glucose is first converted to gluconolactone, which leaves the enzyme, and then 
fructose is reduced to sorbitol. GFOR is a homotetramer located at the periplasm, 
whose physiological function is proposed to be the regulation of osmotic stress of 
the cell when grown on high sugar concentrations. Additionally, it was found that 
gluconolactone leaving GFOR was converted to gluconic acid by the enzyme glu-
conolactonase, although the hydrolysis reaction may also occur spontaneously, 
which makes GFOR-catalyzed reaction being almost irreversible in vivo and in 
vitro.

A schematic representation of the steps and enzymes involved in sugar conver-
sion into sorbitol and gluconic acid is shown in Fig. 9.6.

The principal advantage of GFOR catalyzing D-glucose/fructose conversion into 
gluconic acid/sorbitol is twofold. On the one hand, it is a self-regenerating redox 
enzyme system and, on the other hand, it does not require the exogenous addition of 
expensive and unstable adenine nucleotide cofactors due to the NADP being tightly 
bound to the enzyme.

Biotechnological Production of Sorbitol Using Z. mobilis  In usual co-
fermentation of D-glucose and fructose by Z. mobilis, sorbitol accumulates in the 
culture medium (the bacterium cannot metabolize it) while gluconic acid is metabo-
lized through the Entner-Doudoroff pathway, resulting finally in the production of 
ethanol and CO2. So, it was proposed that in a cell-free system or with the purified 
GFOR it would be possible to avoid gluconic acid metabolism and ethanol forma-
tion, and only obtain the primary products, that is, sorbitol and gluconic acid. 
According to this strategy, a toluene-permeabilized suspension of Z. mobilis cells, 
previously grown and concentrated, was used to treat mixtures of D-glucose and 
fructose [94, 95]. Cell permeabilization was intended to increase their permeability 
and remove soluble co-factors and high energy compounds needed to carry out 
gluconic acid metabolism, so avoiding its conversion into ethanol and other prod-

Fig. 9.6  Mechanism of sucrose conversion into sorbitol and gluconic acid by Z. mobilis. 1: 
Invertase; 2: GFOR; 3: gluconolactonase
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ucts. With this system, concentrations as high as 290 g.L−1 sorbitol were achieved in 
batch, reaching yields close to 95%. The use of Ca-alginate immobilized cells 
instead of free cells rendered similar results in batch and, for the first time, a con-
tinuous process was developed showing only a small loss of enzyme activity (less 
than 5%) after 120 h operation.

Alternative methods to toluene treatment of cells were evaluated to block ethanol 
production, finding that a drying treatment of cells appeared to selectively inactivate 
enzymes responsible for the conversion of D-glucose or fructose to ethanol, while 
GFOR and gluconolactonase retained their activities [96].

Other different permeabilization methods for Z. mobilis cells were developed. 
One of them was described by Bringer-Meyer and Sahm [97], involving freezing at 
253 K and thawing at room temperature, and resulting in a production of sorbitol of 
233 g.L−1 from a mixture of 234 g.L−1 D-glucose and 234 g.L−1 fructose, that is, an 
almost quantitative conversion was achieved (98.5% yield), with an excellent pro-
ductivity of 46.6 g.L−1.h−1.

Permeabilization of Z. mobilis cells using cationic detergents such as cetyltri-
methylammonium bromide (CTAB), increased sorbitol production from 240 to 295 
g.L−1 from equimolar fructose and D-glucose mixtures up to 60% (w/v), and avoided 
ethanol production. With these permeabilized cells, in a two-stage continuous pro-
cess with κ-carrageenan-immobilized and polyethylenimine-hardened cells, no sig-
nificant decrease in the conversion yield (>98%) was observed after 75 days [98]. 
Both the use of Z. mobilis CTAB-permeabilized cells in the production of sorbitol 
and the method for cell immobilization were later patented by Rehr and Sahm [99, 
100]. Operational stability of the system could be enhanced by either drying or add-
ing polyols to κ-carrageenan beads, which increased their rigidity, achieving the 
best results with a two-stage continuous packed bed reactor, where a sorbitol con-
centration of 178.6 g.L−1 with a productivity of 25 g.L−1.h−1 was obtained [101].

In the course of reaction, gluconic acid formation leads to a pH decrease causing 
enzyme inhibition, an event that must be avoided through alkali addition to the 
medium. As a feasible alternative, the coupling of an electrodialysis unit to a system 
containing permeabilized and immobilized Z. mobilis cells, was evaluated in order 
to efficiently remove gluconic acid and prevent acidification and enzyme inhibition, 
allowing an evident improvement in the stability of the enzyme, which maintained 
its reaction rate unchanged for 60 h of operation [102].

Most of the previous work on biological sorbitol production involves the use of 
permeabilized Z. mobilis cells as biocatalyst. However, with the aim of reducing 
production costs, the use of intact, non-permeabilized cells, was also proposed [103, 
104]. Applying this method, Silveira et al. [104] found that the use of up to 650 
g.L−1 of an equimolar mixture of D-glucose and fructose resulted in an almost com-
plete bioconversion to sorbitol and gluconic acid, without ethanol formation and 
reaching yields over 91% for both products. This result was explained by the effects 
that the high substrate concentration could cause on the cells, mainly the loss of cell 
viability due to the high osmotic pressure and the inhibition of the normal ethanolo-
genic metabolism, resulting in a preferential utilization of substrates via GFOR. 
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Therefore, the use of free-untreated cells of Z. mobilis, despite their slightly lower 
yields compared to those obtained with permeabilized cells, appeared as an attrac-
tive option.

The biotechnological production of sorbitol using Z. mobilis suffers a problem 
related to the relatively high cost of fructose compared to product value. As a result, 
the use of alternative, low cost, substrates has been considered and evaluated.

A feasible alternative is sucrose, a disaccharide composed of two monosaccha-
rides that are co-substrates of GFOR. Toluene-permeabilized Z. mobilis cells were 
co-immobilized in calcium-alginate beads with invertase, and applied to the produc-
tion of gluconic acid and sorbitol from sucrose in a RPBR [105]. Maximum produc-
tivities for sorbitol of 5.20 g.L−1.h−1 were achieved at a dilution rate of 0.053 h−1 and 
a sucrose concentration of 20% when recirculated at the rate of 1200 mL.h−1. The 
co-immobilized enzymes were reported to remain stable for 250 h in the RPBR 
without any loss of activity.

Another substrate checked was Jerusalem artichoke, an inulin-rich plant source. 
Inulin is a fructan, that is, a fructose-rich polysaccharide, so it could substitute pure 
fructose as GFOR co-substrate. Therefore, toluene permeabilized Z. mobilis cells, 
co-immobilized with inulinase (the inulin depolymerizing enzyme) in calcium-
alginate beads were used to convert D-glucose and Jerusalem artichoke into glu-
conic acid and sorbitol [106]. In a RPBR, the maximum productivity for sorbitol 
was found to be 26 g.L−1.h−1, showing the co-immobilized enzymes full stability for 
250 h without any loss of activity.

Sugar cane molasses, which is a by-product of the sugar industry, has been con-
sidered as an attractive substrate for sorbitol production [107]. Molasses contains 
not only a high sucrose concentration, but in addition other important substances 
beneficial for the fermentation process and it has low cost. Cazetta et al. [107] car-
ried out an optimization study for sorbitol production by Z. mobilis in sugar cane 
molasses, finding that the best conditions for sorbitol production were 300 g.L−1 
total reducing sugars, where around 14 g.L−1 sorbitol were produced, only repre-
senting a 23% of the fructose utilized. This reduced sorbitol production was attrib-
uted to the high concentration of salts present in sugar cane molasses that may have 
raised the osmotic pressure above acceptable levels, reducing cell viability and sup-
pressing sorbitol production.

Two low-cost feedstocks, inulin and cassava starch, have been tested to produce 
sorbitol [108]. The process involved the use of a commercial glucoamylase enzyme 
for the simultaneous saccharification of inulin and starch into high titer D-glucose 
and fructose hydrolysate, replacing the expensive and not commercially available 
inulinase enzyme. Conversion was carried out using immobilized whole cells of a 
recombinant GFOR over-expressing Z. mobilis strain, achieving a titer of 180 g.L−1 
sorbitol in batch [108].

Following a strategy of introducing metabolic engineering technologies into 
biotechnological production of sorbitol, another recombinant Z. mobilis strain 
over-expressing GFOR was constructed, showing a specific activity at least twofold 
greater than that in the wild type strain [109]. Addition of divalent metal ions, 
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especially Zn2+, to freezing and thawing permeabilized recombinant cells was found 
to improve the bioconversion process, by inhibiting the Entner-Doudoroff pathway 
enzymes, resulting in a drastic reduction in ethanol and a significant increase in 
sorbitol yields. Using an equimolar D-glucose/fructose mixture as substrate, ethanol 
production was reduced from 16.7 to 1.8 g.L−1 and sorbitol yield was increased to 
virtually 100%, up to 161.1 g.L−1.

Besides D-glucose, GFOR can also accept other alternative donor substrates, 
including monosaccharides as xylose and galactose, or disaccharides as maltose and 
lactose, which are oxidized to their corresponding aldonic acids. Conversion of a 
mixture of lactose and fructose into lactobionic acid and sorbitol by permeabilized 
Z. mobilis cells carrying GFOR and gluconolactonase enzymes was studied, using 
either mobilized or Ca-alginate immobilized cells. Under optimal operating condi-
tions, an almost quantitative conversion of 350 mM fructose into sorbitol can be 
achieved [110].

As an alternative to the use of Z. mobilis cells, either permeabilized or not, as 
biocatalyst, some attempts were made to develop a process employing cell-free 
GFOR [111]. This strategy was explained by the higher enzyme concentrations that 
could be applied and by the lack of mass transfer limitations that could be expected 
using free GFOR, which might increase productivity. However, the free enzyme 
was found to rapidly inactivate during the time course of its own catalytic action, 
requiring supplementation with thiol-protecting agents to increase GFOR stability.

A continuous process in an ultrafiltration membrane reactor was developed using 
a crude cell extract of Z. mobilis, where enzyme inactivation was almost completely 
avoided by adding to reaction medium weak bases, such as Tris or imidazol, to neu-
tralize gluconic acid produced, and dithiothreitol to protect thiol groups [112]. This 
system was reported to operate over a time period of more than 250 h without sig-
nificant decrease in substrate conversion or enzyme activity, resulting in a sorbitol 
productivity of 4.37 g.L−1.h−1 and a yield close to 40%. The use of a tangential 
ultrafiltration loop reactor allowed increasing substrate conversion and productivity 
up to more than 85% and 5 g.L−1.h−1, respectively, from 3 M sugar [113].

A compilation of the main achievements in biotechnological production of sor-
bitol using Z. mobilis is shown in Table 9.2. Sorbitol synthesis with Z. mobilis is a 
biocatalytic process, and not a fermentation, contrary to some reports. Biocatalyst is 
GFOR enzyme, which is bound to bacterial cells, so it can be considered as a whole-
cell biocatalyst. The process comprises two separate steps: (1) biocatalyst genera-
tion and (2) biocatalytic reaction. The step of biocatalyst generation is carried out 
by culture of the microorganism to obtain as much biomass as possible to be used 
thereupon in the biocatalysis. Therefore, the first step is certainly a true 
fermentation.

Space-time yields shown in Table 9.2 actually correspond to productivities of the 
second step, the biocatalytic step, and not to that of the whole process. As substrates 
and time consumed in biocatalyst generation are not taken into account, the actual 
productivities of the whole process could be considered to be lower than those val-
ues shown in Table 9.2.
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Largest space-time yields are associated, not surprisingly, to high cell (biocata-
lyst) loads, greater than 15 g cells (dry weight).L−1 [97, 99, 101, 104, 109] as occurs 
in any catalytic reaction. In turn, specific productivities of Z. mobilis catalyst, which 
give an idea of its specific activity, depend primarily on the strain used, but also on 
reaction conditions, including whether cells are permeabilized or not, and the per-
meabilization method. Specific productivities, when available, are reported to be 
between 0.6 and 1.9 g.g−1.h−1 (Table 9.2). As expected, overexpression of the GFOR 
enzyme results in an increased specific productivity, amounting to more than 3 
g.g−1.h−1 [108].

Other Microorganisms Producing Sorbitol  In addition to Z. mobilis, only a few 
microorganisms have been described as natural sorbitol producers. An example is 
the methanol-utilizing yeast Candida boidinii, which was shown to produce sorbitol 
from D-glucose using an intact cell system, with methanol as the energy source for 
generating NADH for the reduction of D-glucose to sorbitol. With this system, max-
imum amounts of sorbitol of 8.8 and 19.1 g.L−1 were obtained from 20 g.L−1 of 
D-glucose and fructose, respectively [114]. Sorbitol was directly produced from 
fructose in a reduction catalyzed by a sorbitol dehydrogenase enzyme [115].

Another yeast, Saccharomyces cerevisiae strain ATCC 36859, has also been 
shown to be able to produce sorbitol when cultured in Jerusalem artichoke juice 
[116]. The yeast produced ethanol from the beginning of the process, and sorbitol 
production occurred only after D-glucose depletion. When the juice was supple-
mented with 3% yeast extract, sorbitol concentration reached a 4.6%, with a yield 
of 0.259 g.g−1 sugar consumed.

Engineering strategies have been applied to some lactic acid bacteria in order to 
obtain new sorbitol producers. All of these strategies involve a few manipulations of 
carbon and energy metabolism, including overexpression of the key enzymes for 
converting a substrate to sorbitol, blocking re-utilization of the produced sorbitol, 
decreasing other by-product synthesis, and improving redox balance [117–119].

Lactic acid bacteria do not produce sorbitol at detectable levels, but some of 
them have the ability to use sorbitol as a carbon source through the genes contained 
in the sorbitol operon. In Lactobacillus casei and L. plantarum two D-sorbitol-6-
phosphate dehydrogenase-encoding genes have been found, which catalyze oxida-
tion of sorbitol-6-phosphate to fructose-6-phosphate. As this reaction is reversible, 
the possibility of sorbitol production from fructose exists, although it is very 
unlikely because both genes are tightly controlled by catabolite repression and sub-
strate induction.

So, in order to avoid this and to revert the sorbitol catabolic pathway toward 
sorbitol synthesis, a strain of L. casei was constructed by integration of a D-sorbitol-
6-phosphate dehydrogenase-encoding gene (gutF) in the chromosomal lactose 
operon, and the resulting recombinant strain was shown to produce small amounts 
of sorbitol from D-glucose with a yield of 2.4% [117]. Subsequent inactivation of 
the L-lactate dehydrogenase gene led to an increase in sorbitol production (yield, 
4.3%), suggesting that the engineered route provided an alternative pathway for 
NAD+ regeneration. However, the recombinant L. casei strain suffered from two 
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drawbacks that diminished sorbitol production: after D-glucose depletion sorbitol 
was reutilized, and mannitol was also produced. The first problem was avoided by 
deleting the gutB gene, responsible for uptake and reutilization of the synthesized 
sorbitol, and the second one by inactivating the mtlD gene, encoding the enzyme 
catalyzing the conversion of fructose-6-phosphate to mannitol-1-phosphate. The 
resulting strain was able to convert lactose into sorbitol with a yield of 9.4% using 
an optimized fed-batch system and whey permeate as a substrate [118].

A similar strategy was used with L. plantarum, which was metabolically engi-
neered to produce sorbitol by constitutive overexpression of the two sorbitol-6-
phosphate dehydrogenase genes (srlD1 and srlD2) in a mutant strain deficient for 
both L- and D-lactate dehydrogenase activities [118]. Using resting cells under pH 
control with D-glucose as substrate, sorbitol yield approached to 65%, which is 
close to the maximal theoretical value of 67%.

Nevertheless, reported sorbitol production by all these microorganisms, though 
possible, falls far below that obtained with Z. mobilis, so they are not currently 
alternatives.

9.3.4  �Recovery and Purification of Sorbitol

Main by-products in sorbitol production [33, 120] are depicted in Fig. 9.7. D-glucose 
can isomerize to fructose and mannose, especially in alkaline medium. Hydrogenation 
of mannose yields mannitol while hydrogenation of fructose yields mannitol as well 
as sorbitol. L-iditol can be formed by sorbitol isomerization, mainly at the end of 
the reaction due to the high concentration of sorbitol. Gluconic acid can be formed 
by D-glucose oxidation but its formation can be prevented by deoxigenating the 
reaction mixture before reaction. Additionally, xylitol and lower sugar alcohols 
could be formed by hydrogenolysis of sorbitol mainly at high temperatures, but they 
are not present under usual industrial conditions.

Formation of such a by-products can be largely prevented by carefully selecting 
the reaction conditions as shown by the fact herein reported that in the catalytic 
hydrogenation of D-glucose a 100% D-glucose conversion and a higher than 99% 
selectivity to sorbitol are obtained. The typical procedures for recovery and purifica-
tion of sorbitol manufactured by catalytic hydrogenation and electroreduction of 
D-glucose have been depicted in Figs. 9.2 and 9.3, respectively. Also, chromato-
graphic methods are currently industrially used for separating mixtures of sorbitol 
and mannitol, such as the PuriTech’s ION-IX continuous countercurrent technology 
[121] by means of which a typical blend of mannitol/sorbitol with a content of man-
nitol between 20% and 50% is separated to produce both chemicals in a purity 
≥98%.

Relative to the biotechnological production, the sorbitol recovery and purifica-
tion is only addressed in a few papers. Ferraz et al. [122] reported the use of an 
electrodialysis (ED) system coupled to the bioreactor to simultaneously remove 
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gluconic acid from the medium as it is produced. Gluconic acid is a weak acid (pKa 
3.86) meaning that at the pH (6.2–6.5) of the medium it is fully dissociated and, 
therefore, it is obvious that it can be separated and concentrated in the concentration 
compartment of a 2-compartments ED cell, while sorbitol remains in the diluted 
compartment. However, we consider that full removal of gluconic acid by ED is not 
economically feasible. Below a concentration of 1–5 g.L−1 the sorbitol solution 
must be treated by ion exchange for separating the residual gluconic acid. Chun and 
Rogers [94] reported the separation of the products using a basic anion exchange 
resin and a solution of Na2B4O7/H3BO3 as eluent, and Silveira et al. [123] proposed 
a method for recovering sorbitol and sodium gluconate by selective precipitation of 
sodium gluconate with organic solvents like methanol and ethanol. Anyway, it is 
obvious that a full recovery procedure of sorbitol from the complex biotech reaction 
media has not developed yet, and further and intensive research must be carried out 
to achieve this goal. One possibility to investigate is the use of the aqueous two-
phase extraction technique, taking advantage of the salting-out effect created by 
saturating the aqueous solution with a highly soluble salt. This method has given 
very good results for recovering and concentrating 2,3-butanediol from a fermenta-
tion broth using an ethanol/phosphate system [124]. A 98.1% 2,3-butanediol recov-
ery was achieved.

Fig. 9.7  Main by-products in sorbitol production
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9.4  �Conclusions and Future Outlook

Three reported processes for sorbitol production have been reviewed: (i) catalytic 
hydrogenation of D-glucose, (ii) electroreduction of D-glucose and, (iii) biotechno-
logical production from fructose using the enzyme D-glucose-fructose oxidoreduc-
tase (GFOR) from Z. mobilis.

While the electroreduction of D-glucose was the first process industrially oper-
ated, it was soon replaced by the catalytic hydrogenation of the same raw material 
using Raney Ni catalysts due to both the high power consumption and low produc-
tivity of the former. In fact, the latter is the process exclusively used currently at 
industrial level due of course to its higher productivity, but especially because a 
100% D-glucose conversion is achieved with a selectivity of sorbitol higher than 
99%, which simplified strongly the purification process. The early problems related 
to nickel deactivation by sintering, leaching into the reaction mixture and poisoning 
have been largely solved by using some promoters, such as Cr and Mo, developing 
Ni supported catalysts to increase metal dispersion and large exposed surface area 
resulting in improved Ni activity and stability, and using new catalysts, with 
ruthenium-based ones being the most used due to the much higher activity of Ru (up 
to 50-fold higher than Ni) and because Ru is not leached. These features make the 
catalytic hydrogenation of D-glucose an extremely solid production process which 
will be difficult to be displaced. However, in the next 5 years sorbitol worldwide 
demand will exceed 2300 kt and it is expected to grow continuously which repre-
sents a challenge for increasing the productivity at lower costs. This challenge will 
be the driving force for further improving the catalytic chemical production of sor-
bitol through three ways in which research efforts should be focused on:

	1.	 Developing more efficient continuous processes, which potentially are also more 
environmentally friendly as shown by LCA analysis [27];

	2.	 Designing new more efficient and stable catalysts for working both at lower 
temperatures and pressures than present. It is worth to mention that hydrogena-
tion pressures used in sorbitol production are much higher (10–15 MPa) than 
those usually employed in most industrial hydrogenation processes (<1.5 MPa). 
Ru-based catalysts with enhanced activity and stability by introducing metal 
promoters and modified supports appear to be the more promising way; and

	3.	 Developing industrially cost-effective methods for using directly the polymeric 
sources of D-glucose as raw materials, mainly cellulose because it does not inter-
fere with the food chain. Taking into account both the low cellulose concentra-
tions in the current reported processes and that cellulose hydrolysis is the limiting 
step the one pot option does not appear to be the appropriate choice. Probably, a 
two-step process involving a first step of cellulose fast hydrolysis and a second 
one of hydrogenation of the hydrolysate. The fast hydrolysis step could be car-
ried out by the method developed by Fang [125] consisting of putting lignocel-
lulose biomass in pure water in concentrations up to 51.5% and heating rapidly 
the mixture to 603–676 K at 19–42 MPa. As a result, 89 ~ 99% of the lignocel-
lulose biomass is dissolved and rapidly hydrolyzed to saccharides in 3.38 ~ 
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21.79 s, or by the Ultra-Fast Hydrolysis (UFH) method reported by Cantero et al. 
[126] using a continuous facility with instantaneous heating and cooling and 
with reaction residence times as low as 20 milliseconds. At 673 K and 23 MPa 
cellulose was hydrolyzed into soluble sugars with a selectivity of 96% on a car-
bon basis at a residence time of 30 milliseconds with an extremely low selectiv-
ity to 5-hydroxymethylfurfural, a known inhibitor of fermentations, of 0.01%. 
Reducing the residence time of a continuous process to milliseconds is a key 
breakthrough in process intensification opening the possibility of moving from 
the conventional reactors (m3 volume) to microreactors (cm3 volume).

Since its replacement by the catalytic hydrogenation of D-glucose, the research 
efforts devoted to the electrochemical production of sorbitol from D-glucose have 
been scarce and basically devoted to look for an anodic reaction producing a valu-
able chemical, ascorbic acid, for reducing production costs. However, the sorbitol 
and ascorbic acid market volumes are so unbalanced that this is not a suitable 
approach for revival of sorbitol electrochemical production. However, the electro-
chemical method has several important advantages. Namely, it operates at ambient 
pressure, it does not use hydrogen and it works at a lower temperature than the 
chemical hydrogenation. In other words, it is attractive due to safety issues associ-
ated with hydrogen handling and the electrochemical process operates at ambient 
pressure. Moreover, the strong drawbacks that led to its displacement by the cata-
lytic hydrogenation, i.e. high power consumption and low productivity, could be 
overcome by the great advances in electrochemical technology since that time. 
Thus, the use of decorated (with Ni and Ru) porous cathodes has shown to be very 
effective in the reduction of carbonyl moieties to alcohol ones [127] and could allow 
to work at higher apparent current densities, i.e. higher productivities, while keep-
ing both a low cathode potential and a very high sorbitol selectivity resulting in both 
lower cost and OPEX. On the other hand, much lower power consumption could be 
achieved by using the zero gap cells [128] in which both anode and cathode are in 
contact with the membrane, i.e. inter-electrode gap is equal to membrane thickness 
(between ~150 and 250 μm, depending on membrane type). Consequently, the elec-
trochemical production of sorbitol could have a niche in low volume production 
plants (below 10,000 t.year−1) where the facility needed in a catalytic hydrogenation 
process for in situ hydrogen production is not economically feasible.

Regarding the sorbitol biotechnological production, the use of GFOR from Z. 
mobilis constitute currently the best method. However, it still bears some weak-
nesses that make it uncompetitive with respect to chemical methods. One of them is 
that the enzyme requires a co-substrate in addition to the substrate (fructose) to be 
converted into sorbitol. Therefore, when D-glucose is the co-substrate, as usually 
occurs, one mole of gluconic acid is obtained per mole of sorbitol produced. This 
means that, in order to favor the cost-effectiveness of the biotechnological process, 
it would be necessary to find a suitable outlet for such gluconic acid, which allows 
increasing its market well above its current volume. Perhaps, other donor substrates 
alternative to D-glucose could be favorably introduced, providing that their result-
ing aldonic acids have a larger market than that of gluconic acid. Another factor that 
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hinders progress in the application of this biotechnological process is that the sub-
strate is fructose, a monosaccharide having a relatively high cost compared to prod-
uct value. So, the use of low cost substrates, such as molasses or inulin/fructan-rich 
feedstocks, alternative to pure or semipure fructose preparations, must be a priority. 
Likewise, the application of recombinant DNA technologies could drive progress in 
this field, through the improvement of the catalytic properties of GFOR and its 
large-scale production to allow its use as an efficient biocatalyst. Finally a critical 
issue so that the biotechnological production of sorbitol has an industrial possibility 
is the development of a cost-effective separation and purification procedure. This is 
a current major bottleneck for further development. Few papers are devoted to 
aspects of separation and purification of sorbitol. Researchers in the field need to be 
aware of its key importance and increase dramatically their efforts to develop an 
industrially acceptable solution.
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Chapter 10
Biotechnological Production of Xylitol 
from Biomass

Felipe Antonio Fernandes Antunes, Júlio César dos Santos, 
Mário Antônio Alves da Cunha, Larissa Pereira Brumano, Thais Suzane dos 
Santos Milessi, Ruly Terán-Hilares, Guilherme Fernando Dias Peres, 
Kelly Johana Dussán Medina, Débora Danielle Virginio da Silva, 
Sai Swaroop Dalli, Swapnil Gaikwad, and Silvio Silvério da Silva

Abstract  Xylitol is a polyol of interest to food, dental and pharmaceutical indus-
tries because of its favorable characteristics such as sweetening capacity, insulin-
independent metabolism effects and its lack of carcinogenic properties. It is usually 
produced by chemical processes that are expensive due to their high energy con-
sumption and many purification steps. Biotechnological routes are promising 
because they can be carried out using mild conditions and have the possibility of 
using hydrolysates from renewable sources as raw materials without the need of 
extensive purification of xylose before the fermentation step. Different lignocellu-
losic materials have been studied as alternative raw materials in the fermentative 
process for xylitol production. However, the structure of lignocellulose is recalci-
trant and a pretreatment step is necessary to release monomeric sugars that does not 
form compounds toxic to microorganisms. Another challenge for xylitol production 
by fermentation is the identification of efficient microorganisms for converting the 
pentose sugars present in hemicellulosic hydrolysates. Different strategies have also 
been investigated, aiming to optimize the biotechnological way, such as use of dif-
ferent configurations of bioreactors, process options and downstream steps. This 
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chapter will explore biotechnological xylitol production from the selection and 
preparation of the raw material to fermentative process conditions, downstream 
strategies and future perspectives. These topics will be discussed to offer readers a 
better understanding of biotechnological routes to xylitol as well as their potential 
and future prospects.

Keywords  Xylitol • Hemicellulosic hydrolysate • Lignocellulosic biomass • 
Pentose fermentation • Biotechnological process

10.1  �Introduction

Xylitol is a sugar alcohol with different applications, largely used in food, odonto-
logical and pharmaceutical industries, with an increasing global market. It has a 
number of interesting characteristics, e.g. a sweetener whose power is similar to that 
of glucose and with antimicrobial and anti-cariogenic properties [1, 2]. Moreover, 
xylitol can be used in other applications, for example, for the synthesis of esters and 
polymers [3, 4].

Conventional production process of this polyalcohol uses purified xylose 
obtained by acid hydrolysis of lignocellulosic materials as substrate in a chemical 
route using metal as catalyst at severe conditions of pressure and temperature. 
Biotechnological alternative also use hemicellulosic hydrolysates from biomass as 
raw material with the conversion of pentose sugars by bacteria or yeast. Fermentation 
of the pentose sugars by suitable microorganisms is an environmental-friendly pro-
cess that can be carried out under mild conditions such as atmospheric pressure and 
ambient temperature, avoiding also the need for purification of xylose, which is the 
major cost-intensive step in conventional catalytic processes [5, 6]. In addition to 
traditional fermentation, other alternatives have been evaluated for biological pro-
duction of process. Xylitol production from xylose using enzyme technology can be 
an attractive alternative to both fermentation and chemical processes [7]. Future 
approaches can include techniques of metabolic engineering modification for fila-
mentous fungus that can produce xylitol using the same metabolic pathway of 
yeasts [8].

Optimization of biotechnological xylitol production is another key issue 
addressed in the literature. For example, evaluation of the use of different biomass 
sources can be fundamental to decreasing the process cost and expanding the use of 
this compound. In this way, different techniques for biomass pretreatment and 
detoxification have been evaluated for enhanced yields in xylose produced from the 
hemicellulosic fraction of the material. Different strategies of fermentation for xyli-
tol production have been carried out such as batch, fed-batch and continuous pro-
cess, as well as the use of immobilized cells and bioreactors. In the downstream 
process, studies about the composition, purity, scale-up and operation costs have 
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been performed for choosing suitable purification processes. In the sections below, 
different approaches regarding current and developed studies about xylitol biotech-
nological production from biomass will be contextualized with more details.

10.2  �Xylitol-Producing Microorganisms and Metabolism

Xylitol is produced by different organisms such as plants, raspberry, strawberry, 
yellow plum, endive, lettuce and cauliflower. However, xylitol concentration in 
these vegetables is lower than 1% on dry weight mass, which makes the extraction 
of this biomolecule uneconomical [9]. In humans and animals, xylitol is produced 
as an intermediate of carbohydrate metabolism [10]. Regarding microorganisms, a 
considerable number of bacteria, fungi and yeasts can produce D-xylitol in their 
metabolism, secreting it extracellularly as a metabolic byproduct of ethanol produc-
tion or as the mainly product from D-xylose. Among microorganisms, yeasts stands 
out, especially those from Candida genus [11]. However, studies reporting the use 
of filamentous fungi and bacteria for xylitol production are also found in the litera-
ture, as shown in Table 10.1.

Yeasts have been considered the best option for xylitol production process, due 
to its higher production capacity compared to other microorganisms. Among them, 
strains from genus Candida, as C. guilliermondii, C. tropicalis, C. parapsilosis and 
C. boidinii, have been quite investigated [9]. From previous studies, Guo et al. [19] 
investigated 274 yeast strains selected for xylitol. Among these screening, the five 
best xylitol producers were selected; all of them belong to the genus Candida. 
Studies that screened bacteria and filamentous fungi for xylitol production found 
relatively small quantities of xylitol produced by these microorganisms [33, 34]. 
For example, while the xylitol production using xylose as substrate by Candida 
yeasts as Candida guilliermondii Xu264 reached 26.07 g L−1 [19], studies using 
bacteria and filamentous fungi (not genetically modified) reached much lower val-
ues, such as 4.6 and 0.52 g L−1, by Enterobacter and Penicillium crustosum, respec-
tively [29, 33].

An ideal microorganism for xylitol production is one that is easily cultivated, 
shows high capacity of xylitol production and has excellent tolerance to stress and 
toxic compounds [19, 35]. Within this context, researchers have been making efforts 
to discover new xylitol-producing microorganisms [19, 26] and to optimize produc-
tion conditions [9]. Studies in the field of molecular engineering [36] have also been 
developed to increase xylitol biotechnological production and improve its economic 
viability.
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Table 10.1  Natural xylitol-producing microorganisms and some values of concentration, yield 
and productivity reported in literature

Microorganism
Achieved xylitol 
concentration (g∙L−1)

Yield  
(g g−1)

Productivity  
(g L−1 h−1) Ref.

Yeast
Candida boidinii 59.3 0.57–

0.68
0.32–0.46 [12]

Candida mogii NRRL Y-17032 30 0.65 0.40 [13]
Candida parapsilosis 210 0.7 3.18 [14]
Candida peltata n/a 0.56 n/a [15]
Hansenula polymorpha 58 0.62 0.60 [16]
Debaryomyces hansenii 
UFV-170

76.6 0.73 n/a [17]

Candida tropicalis 130 0.93 n/a [18]
Candida maltosa Xu316 n/a 0.49 0.97 [19]
Candida guilliermondii 54.6 0.78 0.58 [20]
Pichia stipitis FPL-YS30 n/a 0.61 0.18 [21]
Candida amazonenses 25.2 0.59 0.52 [22]
Pachysolen tannophilus n/a 0.80 n/a [23]
Debaryomyces hansenii 56.23 0.95 2.34 [24]
Kluyveromyces marxianus 
CCA 510

12.73 0.36 n/a [25]

Cyberlindnera galapagoensis 
f.a., sp. nov.

24 0.64 0.33 [26]

Cyberlindnera xylosilytica sp. 
nov.

33.02 0.726 0.459 [27]

Bacteria
Corynebacterium sp. 69.0 n/a n/a [28]
Enterobacter liquefaciens 33.3 n/a n/a [29]
Mycobacterium smegmatis 11.3 0.56 n/a [30]
Filamentous fungi
Fusarium oxysporum 1.0 – 0.02 [31]
Petromyces albertensis 39.8 – 0.16 [32]
Penicillium crustosum 0.52 – 0.005 [33]
Aspergillus niger 0.36 – 0.003 [33]
P. griseoroseum 0.16 – 0.006 [33]
P. italicum 0.16 – 0.003 [33]
P. roqueforti 0.27 – 0.003 [33]
P. citrinum 0.27 – 0.004 [33]
P. expansum 0.15 – 0.003 [33]
P. purpurogenum 0.14 – 0.003 [33]
P. janthinellum 0.29 – 0.006 [33]

n/a not available
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10.2.1  �Metabolism of Xylitol Production

Biotechnological xylitol production has been reported from D-xylose, sometimes 
using co-substrates such as D-glucose, ethanol, and glycerol [37]. Microorganisms 
assimilate and ferment glucose more readily than xylose. However, there are some 
bacteria, yeasts and fungi that can ferment pentoses as xylose to produce interesting 
compounds [38].

In the past, xylitol was considered only a by-product in the ethanol fermentation 
production from xylose [38]. Nevertheless, the use of xylose as a substrate for xyli-
tol production has an interesting potential, considering that it can be obtained from 
agro-industrial waste and, unlike chemical synthesis, it does not require pure xylose, 
thus making the process more cost-effective [39].

Xylose metabolism depends on the type of microorganism: yeasts, bacteria or 
filamentous fungi. Some pathways are shown in the diagram below according to the 
different microorganisms (Fig. 10.1).

10.2.1.1  �Bacteria

In metabolism of xylose by bacteria, xylose is converted to xylulose in a single step 
(Fig. 10.1) by the enzyme xylose isomerase (EC 5.3.1.5), and after that, phosphory-
lated to xylulose-5-phosphate by xylulokinase (EC 2.7.1.17). Xylulose-5-phosphate 

Fig. 10.1  Metabolic pathway of xylose assimilation by bacteria and yeasts. XI xylose isomerase, 
XK xylulose kinase, XR Xylose reductase, XDH xylitol dehydrogenase, Red-lined pathway: xylose 
metabolism in bacteria; Blue-lined pathway: xylose metabolism in yeast
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can be converted into glyceraldehyde-3-phosphate and acetylphosphate by action of 
xylulose-5-phosphate phosphoketolase (EC 4.1.2.9) or enter in the pentose phos-
phate pathway (PPP). In addition, there are some bacteria that can present different 
flow, since they also have the oxidoreductase pathway in addition to/instead of 
xylose isomerase system (i.e., genes for xylose reductase (XR) and xylitol dehydro-
genase (XDH)) [28, 30] and, thus, they can produce xylitol. For example, according 
to Yoshitake et al. [40], E. liquefaciens is able to use both enzymatic routes, such as 
XR and xylose isomerase, for initial xylose degradation. Other bacteria have been 
reported as xylitol producers, such as Corynebacterium sp. and Mycobacterium 
smegmatis.

10.2.1.2  �Filamentous Fungi

Unlike bacteria, fungi (filamentous and yeast) metabolize D-xylose into D-xylulose 
in two steps (Fig. 10.1). D-Xylose is firstly reduced to xylitol by either NADH- or 
NADPH dependent D-xylose reductase (XR) (EC 1.1.1.21). The resulting xylitol is 
either excreted or further oxidized to D-xylulose by NAD+-dependent D-xylitol 
dehydrogenase (XDH) (EC 1.11.9). Details of these steps are discussed in the topic 
of yeast metabolism. There are few reports on xylitol production by fungi and its 
yield depends on the fungus in use and cultivation conditions. For example, as pre-
sented in the Table 10.1, the filamentous fungi Penicillium crustosum was found to 
produce 0.52 g L−1 of xylitol, Fusarium oxysporum produced 1.0 g L−1 and 
Petromyces albertensis produced 39.8 g L−1 of xylitol. These differences can be 
explained not only by the difference among the strains but also due to cultivation 
conditions. In the work with Penicillium crustosum, initial xylose concentration was 
11.50 g L−1 of xylose, with consumption of 76% of this substrate in 96 h [33]. In the 
other works, Fusarium oxysporum was cultivated in a medium containing 50 g L−1 
of xylose for 48 h under aerobic conditions [31] and Petromyces albertensis, which 
produced the higher concentration of xylitol, was cultivated in a medium within 100 
g L−1 of xylose for 240 h [32].

10.2.1.3  �Yeasts

Among microorganisms, yeasts are considered to be more efficient producers of 
xylitol than bacteria or fungi. Xylitol production in yeasts occurs as a natural inter-
mediate during D-xylose metabolism. Xylitol is accumulated between the two steps 
of bioconversion pathway from xylose to xylulose. The first step involves reduction 
of xylose to xylitol by XR (EC 1.1.1.21), whereas in the second step, intermediary 
xylitol is oxidized to xylulose XDH (EC 1.1.1.9). D-xylose reductase (XR) (EC 
1.1.1.21) is a NADPH-dependent enzyme, while D-xylitol dehydrogenase (XDH) 
(EC 1.11.9) requires NAD+ or NADP+ (Fig. 10.1) [24].

Cofactor imbalance results in the secretion of xylitol as a by-product of D-xylose 
fermentation. Actually, availability of oxygen (aeration) is decisive for xylitol 
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accumulation in yeasts, because it influences the activities XR and XDH, and 
thereby regulates xylose metabolism [37, 39]. In process with high aeration, oxida-
tion of NADH to NAD+ favors oxidation of xylitol to xylulose, and this compound 
is directed for biomass production pathway as well as for other cell activities. On 
the other hand, xylitol accumulation is favored under low oxygen availability, once 
an imbalance between XR and XDH activities occurs due to the reduction in the rate 
of oxidative pathway. In this way, xylitol oxidation to xylulose is limited and the 
polyalcohol can be accumulated and excreted [41].

Silva and Felipe [42] reported on the influence of the presence of other carbohy-
drates such as arabinose and glucose in the activities of xylose reductase and xylitol 
dehydrogenase in fermentations using sugarcane bagasse hemicellulose hydroly-
sate. Others factors as pH, temperature, agitation rate, oxygen transfer rate, percent-
age of inoculum, inoculum age, and initial xylose concentration are important and 
affect xylitol production [11]. The optimum conditions for these parameters depend 
on the microorganism. In addition, catabolite repression is known as one of the fac-
tors that affect xylitol production for influencing xylose assimilation.

10.2.1.4  �Strategies Relative to Microorganisms and Their Metabolism 
to Increase the Production of Xylitol

Seeking to improve biotechnological production of xylitol, some biological 
approaches have been developed by using natural microrganisms or genetically-
modified strains. Among applied methodologies, there are traditional methods, such 
as screening for new strains or mutagenesis, metabolic engineering and enzymatic 
synthesis. Traditional methods are the main approach found in the literature, although 
these methodologies have a lower success rate and require high labor [19, 43].

Screening and characterization of new strains for xylitol production are mostly 
focused on microorganisms that are able to consume xylose as the carbon source. 
The strains can be obtained by isolating them from the environment or by mutating 
and selecting strains in the laboratory [22]. Some studies focus on the isolation of 
microorganisms from forests at lignocellulosic materials, insects and soil [19, 27, 
29, 33, 34].

Investigations about engineering strains have been explored to improve the xyli-
tol biotechnology process economically. After xylitol production by recombinant 
Saccharomyces cerevisiae was first reported by [36], various microorganisms have 
been developed to produce xylitol [37]. Most of the genetic modifications are 
focused on optimization of the metabolic pathway, simultaneous utilization of 
mixed sugars, disruption of xylitol uptake and secretion of xylitol (Table 10.2) [43].

Various strategies have been explored aiming to overcome the limitations of 
microbial conversion of xylitol from xylose at cellular and molecular level. 
Currently, approaches such as metabolic pathway engineering, increasing in xylose 
transport by heterologous expression of transport gene, changes in cofactor depen-
dency and use of enzyme technology for increased level have been studied to 
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increase xylitol production. However, the use engineered strains present some chal-
lenges to be overcome as increase in their metabolic stability and tolerance to inhib-
itors presence [39].

Another possibility reported in literature is enzymatic method for xylitol produc-
tion, that can result in high yield of xylose conversion. Compared to the fermenta-
tion process, the enzymatic method is expected to make a substantial increase in 
productivity considering no production of other metabolics. This method of produc-
tion is an alternative biotechnological approach [58]. Studies in characterization, 
extraction and purification of XR from yeast cells have been carried out aiming to 
enhance the fermentative process or for direct use in conversion of xylose into xyli-
tol [39, 59]. However, as observed in the metabolism pathway, for favorable xylitol 
production, coenzymes are a limiting factor in biocatalysis reactions. Thus, the 
addition of coenzymes, necessary for the use of isolated intracellular enzymes, 
makes this process expensive and, according to Branco et al. [59], an alternative 
could be the use of an enzymatic in situ regeneration system approach.

10.3  �Use of Different Biomass for Xylitol Biotechnological 
Production

Because of their composition, the potential of lignocellulosic materials as raw mate-
rials for production of high value-added products, such as xylitol, has been investi-
gated [60]. After a pretreatment step, that aims at releasing fermentable sugars from 
biomass, some carbon sources can be obtained, such as glucose and xylose. Thus, 
the conversion of these sugars, mainly xylose, into xylitol, has significant economic 
importance for the total use of biomass in biorefineries [61].

Although lignocellulosic materials are composed mainly of cellulose, hemicel-
lulose and lignin, the composition proportion of these three main components is 
different according to each material, as exemplified in Table 10.3. This proportion 
directly influences the recalcitrant structure of biomass and consequently the sugar 
release profile and efficiency of the pretreatment step.

Availability of raw material is a key factor for choosing a profitable biomass for 
use in a bioprocess. For example, In Brazil, sugarcane is the most abundant agricul-
tural crop, with an annual output higher than 600 million tons [68]. In this country, 

Table 10.3  Examples of the composition of lignocellulosic raw materials

Raw material Cellulose (%) Hemicellulose (%) Lignin (%) Ref.

Sugarcane bagasse 45.0 25.8 19.1 [62]
Sugarcane straw 33.6 28.9 31.8 [63]
Rice straw 43.4 22.9 17.2 [64]
Corn stover 34.4 22.8 18.0 [65]
Corncob 38.8 44.4 11.9 [66]
Wheat straw 40.1 32.8 14.1 [67]

F.A.F. Antunes et al.



321

the juice of milled sugarcane is largely used as carbon source for bioethanol genera-
tion as well as for sugar industry. However, large production of this vegetable gener-
ates high amounts of sugarcane bagasse (140 kg of bagasse are generated per ton of 
processed sugarcane [69]). This by-product, when generated in a high amount, can 
be potentially used as a source of carbon in biotechnological processes, such as 
xylitol production. As with sugarcane bagasse, a wide variety of lignocellulosic 
materials have been investigated for the production of xylitol such as rice straw, 
corncob, corn stover, sunflower stalks, and others (Table 10.4).

As shown in Table 10.4, the source of lignocellulosic material is one of the vari-
ables that directly influences xylitol yield and productivity. Canilha et al. [74], who 
used wheat straw as a raw material, obtained a xylitol yield of around 0.9 g g−1, which 
was high value compared to Martínez et al. [75], who reported only 0.023 g g−1 from 
sunflower stalks.

Regarding sugarcane bagasse, there are a number of studies in the literature. 
Silva et al. [70], investigated xylitol production from hemicellulosic hydrolysate of 
this material (obtained with dilute sulfuric acid hydrolysis) by using the wild yeast 
Candida guilliermondii. The authors observed a xylitol yield of 0.59 g g−1 and pro-
ductivity of 0.53 g L−1 h−1 from 46 g L−1of initial concentration of xylose in the 
hydrolysate. In another study, Martini et al. [77], searching for new pentose fermen-
ters microorganisms, evaluated xylitol production from sugarcane bagasse using a 
new yeast Meyerozyma guilliermondii, isolated from sugarcane juice. In that inves-
tigation, authors observed that this yeast was able to produce xylitol from acid 
hydrolysates, although it also produced ethanol as a byproduct.

Disruption of recalcitrance of lignocellulosic materials and release of sugars 
depend on the source of biomass as well as the type of pretreatment. Thus, the 
choice of the binomial pre-treatment + raw material is pivotal in the search for pro-
cess viability. The next section contains further explanation about some techniques 
of biomass pre-treatment, aimed at the release of sugars, that may be used for xylitol 
production.

10.3.1  �Pre-treatment of Biomass and Detoxification 
of Hemicellulosic Hydrolysates to Produce Xylitol

Maximum use of fermentable sugars present in carbohydrate polymeric fractions of 
biomass, such as glucose and pentoses, is necessary to make bioprocess more eco-
nomically competitive, within the biorefinery concept of Silva et al. [78]. However, 
hydrolysis of polysaccharides contained in biomass into monomeric sugars requires 
a pretreatment method.

For xylitol production, dilute acid hydrolysis of hemicellulose is the most impor-
tant technique used. Compounds as hydrochloric acid, phosphoric acid and sulfuric 
acid have been used to generate a hydrolysate rich in pentose sugars, such as xylose 
and arabinose, [79–81]. For example, in the work of Carvalho et al. [79], authors 
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obtained sugarcane bagasse hemicellulosic hydrolysate with 17.1 g.dm−3 of xylose, 
by using 70 mg of phosphoric acid/gram of bagasse. In addition, Nguyen et al. [81] 
recovered 50% for glucose and 70–98% of other sugars in hydrolysate obtained from 
diluted sulfuric mixed softwood forest thinnings pre-treatment. Moreover, Kumar 
et al. [82] studied xylitol and ethanol co-production from sugarcane bagasse hemi-
cellulosic hydrolysates by a thermotolerant Kluyveromyces sp. The authors used two 
types of hydrolysates obtained through two-stage acid hydrolysis. In the first stage 
(8% sulfuric acid, 100 °C, 90 min and 1:4 solid liquid ratio), a hydrolysate rich in 
xylose was obtained for xylitol production, while a hydrolysate composed mainly by 
glucose was achieved in the second stage (40% sulfuric acid, 80 °C, 90 min and 1:4 
solid liquid ratio) aiming at ethanol production. There were xylitol and ethanol yields 
of 0.61 and 0.43 g g−1, respectively.

Physicochemical pretreatment is another category of methods known as hydro-
thermal, wet oxidation, ammonia recycle percolation, aqueous ammonia, organo-
solv, and others. For example, hydrothermal pretreatment is classified in 
physico-chemical methods commonly used in extraction of hemicellulosic biomate-
rial, noted by Ma et al. [83], in a process that offers hydrolysates rich in pentose 
sugars, mainly carbohydrates used as a source of carbon in xylitol production.

After pretreatment of lignocellulosic biomass, along with a high amount of 
monomeric sugars, some byproducts are produced, e.g., phenolics, other aromatics, 
aliphatic acids, furan derived compounds and inorganic ions [84]. These compounds 
can act as microbial growth inhibitors in the fermentation process. According to 
Rehman et al. [85], there are four ways to decrease the effect of inhibitors on the 
fermentation process to obtain better yields of desired products. They are: (i) effi-
cient hydrolysis of biomass by reducing the byproduct formation; (ii) purification or 
detoxification of the hydrolysate using different techniques; (iii) use of metabolically 
engineered microorganisms; and (iv) chemical conversion of byproducts into non-
toxic compounds [85].

Various detoxification methods have been reported in the literature such as enzy-
matic detoxification [86], alkali treatment [87], solvent extraction [88], anion and 
cation exchange resins, activated charcoal [89], heating and evaporation [90]. 
Among different detoxification methods, activated charcoal is generally one of the 
most often used to purify hemicellulosic hydrolysates because of its lower costs and 
lesser amount of labor involved. Various factors such as pH, temperature and incu-
bation time have a significant effect on the efficiency of this method. According to 
Villarreal et al. [91], most of the phenolic compounds are removed in this treatment 
at acidic pH whereas organic acids are removed at alkaline pH [91]. In a study con-
ducted by Kamal et al. [92], use of 2.5% of activated charcoal for the detoxification 
of sago trunk cortex hydrolysate for 60 min yielded maximum xylitol concentration 
of 19.53 g L−1. Moreover, combining activated charcoal with other methods usually 
results in high efficiency processes. According to various works in the literature, 
detoxification methods using charcoal and ion exchange resin have been effective so 
far [91, 93]. For example, Prakash et  al. [94] evaluated xylitol production from 
sugarcane bagasse using a thermotolerant strain of Debaryomyces hansenii. The 
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hydrolysate was obtained through acid hydrolysisof steam-exploded sugarcane 
bagasse followed by activated charcoal and ion exchange detoxification, achieving 
xylitol yields and productivity of 0.69 g g−1 and 0.28 g L−1 h−1 respectively. Actually, 
anion exchange resins have been widely studied for their efficiency in removing 
most of the inhibitors from the hydrolysate [91]. In a study conducted by Mancilha 
et al. [95], the use of ion-exchange resins A 103 S and A 860 S showed 99% and 
100% removal of furfural and acetic acid, respectively, with 94–100% recovery of 
xylose [95]. The fermentation of the resulting hydrolysate gave high yields (0.41 g 
g−1) of xylitol. Vithanage et al. [93] also studied the effect of Amberlite IRA 400 
chloride form ion-exchange resin which resulted in a significant increase (348%) in 
the fermentative production of xylitol by C. guilliermondii. Moreover, treatment of 
hemicellulosic hydrolysate with alkaline solutions is believed to improve the fer-
mentability of sugars in the production of high value added products [87]. A well 
studied alkaline solution is Ca(OH)2 in a method called overliming. There are sev-
eral studies on overliming of the hydrolysate before fermentation in the literature, 
aiming at xylitol production [96–98].

10.4  �Different Fermentation Strategies for Xylitol 
Production

In the last few years, different fermentation strategies for xylitol production have 
been reported, for example, batch, fed-batch and continuous configuration. 
Moreover, the use of different kinds of bioreactors has been evaluated, including 
options such as: stirred tank reactor (STR), basket-type stirred tank reactor (BSTR), 
fluidized bed reactor (FBR) and airlift reactor. Some strategies for improving the 
efficiency of xylitol production are also related to the fermentation process using 
free or immobilized cells. In this section, strategies for xylitol production are 
reported, focusing the use of hydrolysates of lignocellulosic biomass.

10.4.1  �Batch Fermentation of Xylitol

This configuration is reported as one of the most often used for the production of 
xylitol and other bioproducts, because of advantages such as easy control of con-
tamination. For xylitol production in batch configuration, stirred tank reactor (STR), 
basket-type stirred tank reactor (BSTR) and fluidized bed reactor (FBR) (Fig. 10.2) 
have been reported in the literature.

Zhang et al. [6], reported xylitol production from horticultural waste hemicellu-
losic hydrolysates (22.38 g L−1 of glucose, 123.42 g L−1 of xylose, 12.40 g L−1 of 
mannose and 9.30 g L−1 of arabinose) by Candida athensensis SB18. In that report, 
the fermentation process was carried out in a STR  - BIOSAT® 2-L Microbial 
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Bioreactor (Sartorius Stedim Biotech, France) with agitation speed of 200 rpm, air 
flow rate of 0.7 L.min−1 and temperature of 30 °C. After 102 h of batch fermenta-
tion, there were maximal xylitol production (100 g L−1) and productivity (0.98 g L−1 
h−1), with an efficiency of 89% of the theoretical yield (0.917 g of xylitol.g−1 of 
xylose).

In another work, Wang et  al. [99] evaluated xylitol production from corncob 
hydrolysates using immobilized Candida tropicalis. Polyurethane foam was used as 
a carrier for cells, and the fermentation was carried out in a 5 L STR bioreactor 
(B. Braun Biotech International, Germany) in the following established parameters: 
temperature of 30 °C; stirring of 200 rpm; dissolved oxygen (DO) value: first 24 h: 
1.2 min−1, then 0.6 min−1; and initial pH value of 6. The initial concentration of 
sugars in corncob hydrolysates was 140 g L−1 of xylose, 14.41 g L−1 of glucose, 
12.02 g L−1 of arabinose and 6.98 g L−1 of acetic acid. The authors found that the use 
of immobilized cells offered high yield of xylitol and stable cell performance. In 
multi-batch fermentation, the average values of volumetric productivity and xylitol 
yield using immobilized cells were 5–10% higher than the ones achieved with free 
cells, and the average batch period was 7–15% shorter than the one in fermentations 
using free cells.

Some authors reported use of techniques such as cell immobilization over free 
cells for enhanced xylitol process yields and productivity, given some advantages 
such as high cell density, easy biocatalyst recovery, comparatively easier reuse or 
continuous use of cells, reduction of the lag phase, higher conversion of substrate, 
reduction of fermentation time and lesser inhibition by substrate or product [100, 
101]. By using immobilized cells, another kind of bioreactor evaluated for xylitol 
production is the fluidized bed reactor (FBR). The use of FBR is adequate when 
working with microorganisms sensible to high shear stress and for immobilized 
cells, once STR can break up the immobilized systems. A fluidized bed reactor 
(Bioengineering AG, Wald, Switzerland) was used in a batch configuration for 

Fig. 10.2  Some reactors used for xylitol production. (a) Immobilized cells in a basket-type stirred 
tank reactor (BSTR) and (b) Immobilized cells in a fluidized bed reactor (FBR)
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xylitol production using immobilized cells [102]. In that study, hydrolyzed sugar-
cane bagasse (57.3 g L−1 of xylose, 1.97 g L−1 of glucose and 5.79 g L−1 of arabi-
nose) was fermented in xylitol using the yeast Candida guilliermondii FTI 20037 
immobilized in porous glass beads (pore size <300 μm, porosity of 62% and abso-
lute density of 2.42 g.mL−1). The authors evaluated the influence of air flow rate and 
observed that the increase in air flow rate from 25 to 140 mL.min−1 increased the 
volumetric xylitol productivity from 0.19 to 0.28 g L−1 h−1, but decreased the yield 
from 0.54 to 0.36 g of xylitol.g−1 of xylose. As also shown in that study, aeration rate 
is an important parameter that directly influences xylose consumption and conse-
quently xylitol production, therefore an optimization work is necessary for each 
specific reactor. Moreover, Sarrouh and da Silva [98] studied repeated batches using 
Candida guilliermondii FTI20037 cells immobilized in calcium alginate beads. 
Seven repeated batches were carried out in a fluidized bed reactor (FBR; 
Bioengineering AG, Wald, Switzerland). The average xylitol yield from sugarcane 
bagasse hydrolysates during six repeated batches was 0.7 gp.gs

−1 with a volumetric 
productivity of 0.42 g L−1 h−1, considering the total time (432 h). Xylitol yield 
decreased by 44% after six batches.

Immobilization of cells (Candida guilliermondii) for xylitol production using 
hydrolyzed sugarcane bagasse was reported by Carvalho et al. [96] and da Silva 
et al. [6]. In those studies, many different parameters (e.g. carrier and immobiliza-
tion technique) that affect the efficiency of xylose conversion by immobilized cells 
were evaluated and some of the influence can be attributed to mass transfer condi-
tions, considering the carrier used for immobilization. Using sugarcane bagasse 
hydrolysates, a comparative between BSTR and STR for xylitol production was 
reported by Carvalho et al. [97]. In that study, xylitol production and yield were 
higher in STR (23.5 g L−1, 0.58 g of xylitol.g−1 of xylose) than in BSTR (15 g L−1, 
0.46 g of xylitol.g−1 of xylose).

One problem generally associated with batch fermentation is the susceptibility of 
microorganisms to high osmotic pressure when using high xylose concentration in 
the medium or because of high product concentration, which results in inhibition of 
cell growth. Nevertheless, during fermentation in batch configuration using xylose 
as substrate and the yeast Candida athensensis SB18, Zhang et al. [6] observed that 
an increase in xylose concentration from 100 to 250 g L−1 did not result in cell 
growth inhibition, although the use of 300 g L−1 of xylose resulted in a decrease in 
xylitol yield. In addition, by using another microbial species (Candida tropicalis), 
Tamburini et al. [9] observed that an increase in xylose concentration from 30 to 80 
g∙L−1 increased xylitol productivity from 0.14 to 0.6 g L−1 h−1, but higher concentra-
tions significantly decreased xylitol productivity due to a higher fermentation time.

10.4.2  �Fed-Batch Fermentation of Xylitol

Fed-batch fermentation presents some advantages as better yield and productivity in 
xylitol and other microbial metabolites [103]. In a studied conducted in the 1990s, 
Vandeska et al. [12] studied xylitol production from xylose by Candida boidinii in 
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a fed-batch process using a stirred tank reactor (New Brunswick Scientific Co.) with 
a working volume of 1 L. In that work, the reactor was operated, in the first phase, 
in a batch process for up to 72 h at 30 °C, pH 5.5, using 100 g L−1 of xylose, aeration 
of 0.3 min−1 and agitation of 370 rpm. After 72 h, xylose feeding was started, with 
a flowrate of 0.8 g L−1 h−1 for 8 days, with a concomitant aeration decrease to 
0.25 min−1 and agitation of 250 rpm. In the first phase, xylose concentration dropped 
from 100 to 43.5 g L−1 (55% of consumption), reaching 18.3 g L−1. Maximum pro-
duction of xylitol in the batch phase was about 20 g L−1, a value that was increased 
to 59.3 g L−1 during the fed-batch step. At the end of the fed-batch phase, xylose 
concentration was 110 g L−1, because feeding flow exceeded the xylose consump-
tion rate by the yeast.

Fed-batch systems have also been studied more recently for xylitol production. 
Tamburini et al. [9], for example, reported the use of Candida tropicalis in a fermen-
tation process carried out in a stirred tank reactor with aeration of 0.5 min. The 
authors reported that this yeast is a promising strain for industrial application, given 
the possibility of working under non-sterile conditions. In that work, the fed-batch 
fermentation process was started when the biomass reached the exponential phase 
and xylose concentration dropped to 40 g L−1. The xylose solution was fed to keep 
the concentration of this sugar at a medium level (about 80 g L−1). The best condi-
tion used initial xylose concentration in the range of 60–80 g L−1, at pH 5.5 and 37 
°C, achieving 90% of theoretical xylitol yield. The optimized initial xylose concen-
tration in that study was lower than the value of 100 g L−1 previously established by 
Kim et al. [104] for Candida tropicalis ATCC 13803 in a fed-batch process. These 
authors observed, in the optimized condition, 187 g L−1 of xylitol production, yield 
of 0.75 g of xylitol.g−1 of xylose and 3.9 g L−1 h−1 of volumetric productivity.

Repeated fed-batch production of xylitol (three stages) by Candida magnoliae 
TISTR 5663 was reported by Sirisansaneeyakul et al. [105]. These authors evalu-
ated a process carried out in a 2  L stirred-tank fermenter (Biostat B, B.  Braun 
Biotech International, Germany) under oxygen limited condition (agitation speed of 
300 rpm, aeration rate of 1.0 min−1). When xylose was totally consumed in the first 
batch, part of the fermentation broth was removed and a new medium (xylose and 
nitrogen source) started to be fed in order to achieve 60 g L−1 of xylose, 2.3 g L−1 of 
urea and 1.0 g L−1 of casamino acids. Xylitol production in the feed-batch I, II and 
III were 235 g L−1, 284 g L−1 and 280 g L−1, respectively. As observed in the repeated 
feed-batch process, the quantity of biomass is totally viable and productive. Also, 
feed rate manipulation can be controlled by the concentration of the limiting nutri-
ent in the medium and reduce inhibition by the substrate.

10.4.3  �Continuous Fermentation of Xylitol

Continuous production of xylitol or other metabolites has some advantages com-
pared to batch processes: a significant reduction in total processing time by elimina-
tion of idle times (charge, discharge, cleaning and sterilization of vessel), reduction 
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in equipment size considering the same rate of production, in addition to easier 
instrumental control [106–108]. For continuous xylitol production, the use of differ-
ent kinds of reactor has been reported, e.g., STR [107, 109], packed bed [110] and 
membrane systems [111, 112] (Fig. 10.3).

Continuous processes are also useful for evaluation of process parameters that 
influence fermentation, for example, aeration rate. This can be illustrated by the 
study about the effect of oxygen transfer rate carried out by Martínez et al. [107]. 
These authors evaluated continuous xylitol production from hemicellulosic 
hydrolysates containing 3 g L−1 of glucose, 51 g L−1 of xylose, 4.3 g L−1 of arabi-
nose and 4.4 g L−1 of acetic acid in a 1.25-L STR (BIOFLO III; New Brunswick 
Scientific, NJ) using C. guilliermondii FTI 20037. In that study, maximum xylitol 
production rate was obtained by using lower kLa values (10 and 20 h−1). The best 
xylitol yield and volumetric productivity were 0.58 g of xylitol.g−1 of xylose (63% 
of theoretical yield) and 0.69 g L−1 h−1, respectively. An increase of kLa from 20 to 
30 h−1 significantly decreased xylitol yield from 0.58 to 0.24 g g−1. A similar study 
was performed by Martínez et al. [109], using hemicellulosic hydrolysates and C. 
guilliermondii FTI 20037. In that study, the effect of pH and dilution rate (D) was 
evaluated. Highest xylitol production (28.7 g∙L−1) and yield (0.63 g g−1) were 
obtained in the following condition: pH 4, kLa of 30 h−1, D of 0.01 h−1.

Continuous conversion from xylose to xylitol by C. guilliermondii was evaluated 
by Faria et al. [111], using a membrane bioreactor. The best established conditions 
corresponded to a maximum pore diameter of membranes of 0.2 μm and permeabil-
ity of 42.9 L.m−2∙h−1 bar−1. Initially, a batch process was performed and when 
xylose concentration dropped to 2 g L−1 (after 60 h), a medium containing 50 g L−1 
of xylose was continuously fed and the fermented broth was continuously removed. 
The system was continuously operated for 140 h and the highest xylitol production 
was reached using dilution rate (D) of 0.03 h−1 and kLa of 42 h−1, corresponding to 
86% of conversion and volumetric productivity of 1.14 g L−1 h−1.

Fig. 10.3  Bioreactors used for xylitol production. (a) Membrane reactor (MR) and (b) packed bed 
reactor (PBR)
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Another work using membrane bioreactor was reported for co-production of 
ethanol and xylitol from rice straw hydrolysates (75 g L−1 glucose and 40 g L−1 
xylose) using Saccharomyces cerevisiae NCIM 3090 and Candida tropicalis NCIM 
3119 [112]. The highest ethanol (37.8 g L−1) and xylitol (24.2 g L−1) production was 
achieved in an optimized dilution rate (D) of 0.03 L h−1 after 150 h of process in a 
STR. Continuous fermentation for co-production of ethanol and xylitol was carried 
out by coupling a cross-flow microfiltration membrane with pore size of 0.45 μm 
and surface area of 0.1 m2. The continuous process was started after complete con-
sumption of glucose and xylose (72 h). Using this membrane bioreactor, 55 g L−1 
(yield of 0.70 g g−1) of ethanol and 31 g L−1 (yield of 0.78 g g−1) of xylitol were 
obtained after 150 h, resulting in higher values than those obtained in single batch 
and co-culture conditions. A continuous process with co-cultures has some advan-
tages in comparison with a batch process, such as reduction in the overall produc-
tion cost, possibility of simultaneous production of valuable products such as xylitol 
and ethanol, and high concentration of the product.

Another strategy for xylitol production in a continuous configuration was pro-
posed by Roca et al. [110]. In this case, an immobilized recombinant Saccharomyces 
cerevisiae S641 was used in a continuous packed-bed reactor (PBR), by using syn-
thetic solutions of xylose and glucose as substrate. The authors evaluated the influ-
ence of hydraulic residence time (HRT), substrate/co-substrate ratio (SCSR), 
recycling ratio and aeration in the performance of the process. The highest overall 
xylitol yield (0.6 g g−1) was achieved using a higher HRT (3.8 h), lower SCSR (0.5), 
recycling ratio of 10 and anaerobic condition.

10.5  �Methods for Xylitol Separation and Purification

The downstream process of products obtained by fermentation plays an important 
role in industrial processes. The purification step is one of the bottlenecks of the 
fermentation production of xylitol due the complexity of fermented broth as well as 
the requirement to obtain a product with high purity that could be used for human 
consumption [113].

Although many studies have been reported regarding fermentation processes for 
xylitol production from hemicellulosic hydrolysates, just a few techniques of recov-
ery and purification of polyols with the aim of obtaining uniform and high-purity 
crystals have been reported [114–116].

In some reports of the process for xylitol purification, crystallization was chosen 
as the main unit operation. Actually, crystallization creates thermodynamic condi-
tions that lead molecules to approach and clump into highly organized structures, 
called crystals. However, in some cases, the operating conditions do not allow one 
to obtain pure crystals, and there are impurities that also have high affinity for the 
solute. According to Mullin [117], in general, there are three steps involving 
crystallization.
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Figure 10.4 shows the main steps of the crystallization process. This unit opera-
tion is based on mass and momentum transfer. The driving force for crystallization 
is the existence of supersaturation in the liquid mixture, e.g., the existence of a 
higher solute concentration in solution at saturation concentration (solubility limit).

The first step in the crystallization process is nucleation, required to create condi-
tions for the molecules to approach and create the crystal. Agitation or circulation 
of the liquid mixture, which causes approach and collision between the molecules, 
occurring momentum transfer, is necessary for crystallization to occur. This mixing 
results in primary nucleation, in which the solid surface of the crystallizer may be 
nucleating agents [117]. Once the first crystals have been formed, small fragments 
of these crystals may be transformed into in the new nuclei. This step is called sec-
ondary nucleation. After forming, the crystals nuclei start to grow, entering the crys-
tal growth step. The speed of agitation or circulation in the crystallizer, the degree 
of supersaturation, temperature, solution purity and cooling rate, are operative 
parameters that influence the growth speed of crystals and the characteristics of the 
final product [118]. Many nuclei are formed simultaneously and the final product is 
formed by small crystals [117].

Many parameters have been reported for xylitol purification, such as the type of 
techniques, solvent, time and temperature conditions using synthetic and lignocel-
lulosic hydrolysates as fermented medium. Chromatography has been studied and 
used on an industrial scale for xylitol purification, particularly when xylitol produc-

Fig. 10.4  Main steps of crystallization process
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tion occurs through the chemical route. Nevertheless, for xylitol purification from 
fermented hemicellulosic hydrolysate, more efficient processes are required, since 
the fermented broth has impurities and low xylitol concentration [119].

Processes involving anion or/and cation exchange resin columns allow one to 
obtain solutions with high xylitol concentration before crystallization. In a study 
performed in the 1990s, Gurgel et al. [120] purified xylitol produced by fermenta-
tion on sugarcane bagasse hydrolysate by using column with anion and cation 
exchange resins and concluded that this technique resulted in low yield (46–57%) 
and was considered to be expensive on an industrial scale. However, Martínez et al. 
[114] tested a combined treatment with resins and crystallization as processes for 
xylitol purification and found better results. In that study, xylitol was obtained for 
fermentation of sugarcane hemicellulosic hydrolysate. Before the crystallization 
stage, the fermented broth was centrifuged, filtered, treated with cation and anion 
resins and concentrated. Crystallization was performed twice (initially 10 °C and 
after 2.5 °C) and pure crystals (92–94%) were obtained.

Liquid-liquid extraction and precipitation using activated charcoal followed by 
vacuum concentration and crystallization also offer an option to remove undesirable 
impurities. For example, Misra et al. [121] investigated various purification strate-
gies aiming at maximum xylitol purification. Xylitol was produced from corncob 
hemicellulosic hydrolysates, and liquid-liquid extraction using ethyl acetate was 
evaluated, reaching 67.44% xylitol recovery. By combining activated charcoal treat-
ment (15 g L−1), vacuum concentration (10 times as much supersaturation as that of 
the initial concentration), and crystallization (first −20 °C and after 8 °C) tech-
niques, they had 43.93% yield. This yield was improved by increasing crystalliza-
tion cycles (4 cycles), obtaining 76.20% and 98.99% pure crystals.

Columns containing adsorbents have also been studied to purify the complex 
fermented broth, combined with crystallization procedures for crystal xylitol pro-
duction. Wei et al. [116] purified and crystallized xylitol from fermented corncob 
hydrolysates by combining those techniques. The authors used activated carbon and 
two ion exchange resin columns for broth purification. The purified solution was 
concentrated up to supersaturation (750 g L−1) and crystallized (−20 °C). 
Crystallization yield was 60.2% with 95% purity, and regular tetrahedral crystals 
were obtained. Mussatto et al. [122] studied adsorption using silica gel with differ-
ent solvents, followed by the concentration stage (6.5-fold) and crystallization pro-
cess for xylitol recovery, produced by fermentation of sugarcane bagasse 
hemicellulosic hydrolysates. The suitable condition in the adsorption stage that 
optimized xylitol recovery used a mixture of ethanol and ethyl acetate as solvents. 
The authors reached 60% crystallization yield and 33% efficiency in global xylitol 
recovery. Moreover, Sampaio et al. [123] studied the clarifying process as a step for 
xylitol recovery before crystallization, using synthetic fermented broth. For the 
clarifying step, activated charcoal was used in different concentrations and in the 
crystallization procedure, different temperatures and initial xylitol concentration 
were evaluated. The authors concluded that the clarifying treatment was efficient 
when 20 g L−1of activated charcoal was used. The lower temperature (−10 °C) of 
the crystallization process allowed them to increase the yield (0.42); however, the 
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crystal showed 11% of impurities and 85.3% xylitol concentration. The highest 
xylitol concentration (99.2%) and the lowest impurities (0.18%) were achieved by 
using a high temperature (15 °C). This study showed that they could operate crystal-
lization at a low initial xylitol concentration and at a high temperature, indicating a 
positive effect when the residual xylose was present.

Moreover, some studies reported a process that combined low-pressure evapora-
tion and cooling with crystallization. For example, De Faveri et  al. [124] tested 
combined low-pressure evaporation and cooling for xylitol purification using a high 
concentration of fermented broth (xylose + xylitol). The results showed that the 
concentrated solution (730 g L−1) and high cooled temperature (−5 °C) showed 50% 
yield and crystals with more than 0.90 purity degree.

Another approach was based on processes involving membrane combined with 
crystallization techniques, which were proposed for xylitol recovery from fermented 
broth by Affleck [119]. The author stated that this technology uses less energy and 
is feasible to obtain pure fermented broth before crystallization steps. The polysul-
fone membrane (10,000 nominal molecular weight) had a capacity to retain 49.2–
53.6% impurities of fermented broth. After crystallization, crystals with 90.3% 
purity were obtained.

10.6  �Market and Future Outlook

Due to the its favorable properties and benefits for human health, thousands of tons 
of xylitol are being produced per year. World xylitol production was around 160,000 
metric tons in 2013, which makes the global market for xylitol to be around US$670 
million per year. In 2020, market analysts have projected production levels of 
around 242,000 metric tons making the market to be approximately US$1bn [124].

Xylitol global market is driven mainly by application in food, dental and phar-
maceuticals [1, 2, 125]. In food manufacturing, this polyalcohol is largely used due 
to its natural sweetener property, that can be used by diabetic patients since xylitol 
has metabolic pathways independent of insulin [126], as well as it has 40% less 
calories [127] compared with other sugars. Regarding health concerns, production 
of this polyalcohol for use in foods aiming to reduce diseases such as obesity, hyper-
cholesterolemia, as well heart issues, represents significant portion of the xylitol 
market growth [128]. Other important sectors that has been leveraging xylitol pro-
duction is the chewing gum industry, with projection of manufacturing to be 163,000 
metric tons in 2020 for this single application [129]. Moreover, xylitol is largely 
produced for use in beverages and candies industry and in pharmaceutical applica-
tions, such as oral rinses, nasal decongestants, drugs for respiratory infections pre-
vention, otitis, osteoporosis, and others [130]. Thus, the xylitol market is growing 
and there are many possibilities for taking advantage of the interesting properties of 
this molecule. For the next few years, perspectives includes enhancement of bio-
technological process performance, including the production of xylitol from ligno-
cellulosic materials in the context of biorefineries that will contribute to the integral 
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use of carbohydrate fractions of agroindustrial and forest residues and by-products. 
Progress can includes strategies such as the use of different kinds of bioreactors, 
application of molecular genetic techniques to increase xylitol productivity by 
microorganisms and new developments in downstream steps.
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Chapter 11
Production of Diols from Biomass

Keiichi Tomishige, Yoshinao Nakagawa, and Masazumi Tamura

Abstract  Most building blocks in biomass refineries are oxygenates with high 
oxygen content. Substitution of petrochemicals with biomass-derived chemicals 
requires further transformations. One of the promising targets is the conversion into 
diols which have two OH groups in one molecule, especially since diols have been 
used for monomers of the production of polymers such as polyester and polyure-
thane. Since biomass-derived building blocks typically have OH, COOH and/or 
furan functional groups, the diols can be produced by removal of OH groups, hydro-
genation of COOH to CH2OH, and/or ring-opening C-O hydrogenolysis. This chap-
ter summarizes development of heterogeneous catalysts for these reactions to 
produce diols.

Keywords  Heterogeneous catalysis • Hydrogenolysis • Hydrogenation • 
Dehydration • Retro-aldol reaction • Deoxydehydration • Hydrodeoxygenation

11.1  �Diols from Petroleum

Diols have been derived from petroleum-based building blocks such as ethylene, 
propylene and benzene. Ethylene glycol has been the most abundantly produced 
diol because it is one of the monomers for production of polyethylene terephthalate. 
Ethylene glycol has been synthesized by the oxidation of ethylene with O2 to ethyl-
ene oxide and the subsequent hydration of ethylene oxide to ethylene glycol. 
Usually, ethylene is supplied from the thermal cracking of naphtha from petroleum 
refining. Ethylene can be supplied from dehydration of bioethanol and this enables 
production of biomass-derived ethylene glycol. Therefore, the production of ethyl-
ene glycol is not discussed here; recent researches for ethylene glycol synthesis 
from biomass are summarized in a review [1].

C3 diols are 1,2-propanediol (propylene glycol) and 1,3-propanediol. 
1,2-Propanediol has been produced by the oxidation of propylene to propylene 
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oxide and the hydration of propylene oxide to 1,2-propanediol. On the other hand, 
the production of 1,3-propanediol is not as easy as that of 1,2-propanediol. Two 
industrial chemical production routes to 1,3-propanediol have been used in the past. 
The first route is the oxidation of propylene to acrolein, the subsequent hydration of 
acrolein to 3-hydroxypropionaldehyde and then the hydrogenation to 
1,3-propanediol. The second route is the hydroformylation of ethylene oxide to give 
1,3-propanediol. Both methods are not so economical, and so the present practical 
method is the fermentation of glucose to 1,3-propanediol developed by DuPont [2].

C4 diols are 1,2-butanediol, 1,4-butanediol, 1,3-butanediol and 2,3-butanediol, 
in particular, 1,4- and 1,3-butanediols have been important in terms of the industrial 
field. The oxidation of n-butane to maleic anhydride and the subsequent hydroge-
nolysis of maleic anhydride produces 1,4-butanediol. 1,3-Butanediol is currently 
produced via 3-hydroxybutyraldehyde from aldol condensation of acetaldehyde, 
which is produced by the Wacker oxidation of ethylene.

Important C5 and C6 diols are 1,5-pentanediol and 1,6-hexanediol. These diols 
are produced by the hydrogenation of corresponding dicarboxylic acids, namely 
glutaric acid and adipic acid. Adipic acid has been produced by the oxidation with 
nitric acid of the mixture of cyclohexanol and cyclohexanone, which is supplied by 
the auto-oxidation with air of cyclohexane produced by the hydrogenation of ben-
zene. Gultaric acid is a byproduct of adipic acid production process by the oxidation 
of cyclohexanol and cyclohexanone, and therefore, the yield of glutaric acid is not 
high. The production process of diols by the hydrogenation of dicarboxylic acids 
derived from the oxidation of petroleum-derived hydrocarbons is not energy-
efficient because of the reduction reactions such as hydrogenation of the more 
deeply oxidized substrates. Therefore, energy-efficient production methods of diols 
from biomass-derived are needed.

11.2  �Substrates for the Production of Biomass-Derived Diols

Generally speaking, chemical composition of the feedstock from biomass and 
biomass-based building blocks has much higher oxygen content than that from fos-
sil resources including petroleum. The target of the present chapter is diols, which 
have been used as monomers for polymer synthesis. The building blocks proposed 
for biomass refinery include glycerol, lactic acid, succinic acid, levulinic acid, 
furans (furfural, 5-hydoxymethylfurfural), xylitol, and sorbitol [3]. In 2006, Schlaf 
described the importance of the development of the catalytic process for the produc-
tion of α,ω-diols from biomass in the excellent and pioneering review article, which 
mainly focused on the homogeneous catalysis [4]. On the other hand, this review 
article also stimulated the field of heterogeneous catalysis and contributed to the 
progress in the field of development of heterogeneous catalysts. At present, the cata-
lytic conversion of biomass to chemicals is one of the hot topics in chemical and 
engineering fields [5, 6]. In this chapter, recent progress in the field of heteroge-
neous catalysis for the production of biomass-derived diols is described.
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11.3  �Production of Biomass-Derived C3 Diols

11.3.1  �Product 1,2-Propanediol from Glycerol and Lactic Acid

Glycerol is one of the most promising building blocks in the biomass refinery 
because glycerol is a byproduct in the biodiesel production by the transesterfication 
of vegetable oils with methanol. Lactic acid is a typical biomass-based carboxylic 
acid that is produced practically by fermentation of sugars. Catalytic and chemical 
production of lactic acid from lignocellulose raw material, cellulose, sugars, and 
glycerol is nevertheless a research topic [7, 8].

Figure 11.1 shows the reaction network for C-O hydrogenolysis of glycerol. 
1,2-Propanediol is one of the products. Many effective catalysts for the selective 
C-O hydrogenolysis of glycerol to 1,2-propanediol have been reported in this 
decade and are described in reviews [9–11]. The C-O hydrogenolysis of glycerol 
seems to proceed in a single step, however, in fact, the conventional reaction route 
is a multistep sequence. Fundamentally, it has been known that the glycerol hydro-
genolysis to 1,2-propanediol proceeds in two routes: one is dehydration + hydroge-
nation route and the other is dehydrogenation + dehydration + hydrogenation route. 
Figure  11.2 shows the thermodynamic profiles of dehydration + hydrogenation 
route in the C-O hydrogenolysis of glycerol.

Regarding the dehydration + hydrogenation route (Fig. 11.2), glycerol dehydra-
tion gives acetol and 3-hydroxypropanal, and the dehydration proceeds more pref-
erentially under more acidic conditions judging from the thermodynamic stability 
of acetol. The consecutive hydrogenation of acetol and 3-hydroxypropanal give 1,2- 
and 1,3-propanediols, respectively. As a result, the main product can be 
1,2-propanediol in this route. For example, the combination of Ru/C as a hydroge-
nation catalyst with an ion exchange resin as a solid acid catalyst enhanced the 
formation rate of 1,2-propanediol in the hydrogenolysis of glycerol [12–16]. An 
interesting point is that the reactivity of 1,2-propanediol in the hydrogenolysis 
(dehydration + hydrogenation) is much lower than that of that of glycerol. This 
tendency is strongly related to high yields of 1,2-propanediol in the glycerol 
hydrogenolysis.

The dehydrogenation + dehydration + hydrogenation route is preferential to the 
dehydration + hydrogenation route, for example, under more basic conditions with-
out the addition of acid catalysts. Figure 11.3 shows the thermodynamic profiles of 
dehydrogenation + dehydration + hydrogenation route in the C-O hydrogenolysis of 
glycerol. Glycerol dehydrogenation can give two products: glyceraldehyde and 
dihydroxyacetone. An important point is the formation of these two dehydrogena-
tion products from glycerol is endothermic and the glyceraldehyde formation is 
more thermodynamically unfavorable than the dihydroxyacetone. Dehydration of 
glyceraldehyde can proceed because of the high acidity at C-H neighboring to for-
myl group, and this reaction is exothermic and thermodynamically favorable, which 
promotes the dehydrogenation reaction. However, dehydration of dihydroxyacetone 
is difficult to proceed, and this suppresses the dehydrogenation of glycerol to 
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dihydroxyacetone. As a result, the glycerol is converted to 2-hydroxyacrolein or 
pyruvaldehyde via glyceraldehyde and subsequent hydrogen of 2-hydoxyacrolein 
or pyruvaldehyde gives 1,2-propanediol. It should be noted that retro-aldol reaction 
of glyceraldehyde can give the C-C cracking products such as ethylene glycol as a 
side reaction. Consecutive reaction of 1,2-propanediol is difficult to proceed because 
the dehydrogenation products of 1,2-propanediol such as acetol and 2-hydroxy-
propanal cannot be dehydrated.

A very important point in both routes (Figs. 11.2 and 11.3) is that glycerol tends 
to be converted to 1,2-propanediol and the further reaction of 1,2-propanediol can 
be suppressed. Therefore, 1,2-propanediol can be produced from glycerol in high 
yield in principle. In fact, high yields of 1,2-propanediol above 90%, mainly over 
Cu catalysts, have been frequently reported [9–11].
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Another approach for the production of 1,2-propanediol is the hydrogenation of 
lactic acid (Fig. 11.4). Effective Ru heterogeneous catalysts such as Ru/TiO2 [17], 
magnesia-supported poly-γ-aminopropylsiloxane–ruthenium complex (MgO-
NH2-Ru) [18], Ru-MoOx [19] catalysts have been reported, and high yields of 
1,2-propanediol (>90%) are obtained. The use of Ru as an active species is due to 
its very low activity in the hydrogenolysis of 1,2-propanediol.

In the case of Ru-MoOx, addition of a small amount of Mo to Ru/C and Ru/SiO2 
enhances the activity significantly [19]. The reaction conditions for the hydroge-
nolysis reaction are similar to those for the hydrogenation of carboxylic acids, and 
high activity in the hydrogenolysis of 1,2-propanediol can cause a decrease in the 
yield of 1,2-propanediol in the hydrogenation of lactic acid. Characterization results 
provide evidence that Ru is in a metallic state and Mo species are highly dispersed 
with about +4 valence, and these Mo species partially cover the surface of Ru metal 
by direct interaction between Mo and Ru. It is proposed that high activity of carbox-
ylic acid hydrogenation can be due to the reactive hydride species from the hetero-
lytic dissociation of H2 on the Ru metal located near MoOx species [19]. The 
reusability of Ru-MoOx/C catalyst without loss of activity and selectivity has been 
also confirmed.

Another important aspect of this reaction is the selective hydrogenolysis of 
l-lactic acid to (S)-1,2-propanediol. For example, Ru-MoOx/C (Ru 5 wt%, Mo/Ru 
= 1/16) gave 98% ee (90% l-lactic acid conversion, 97% selectivity to 
1,2-propanediol) at 353 K, 8 MPa H2 in the aqueous phase. It is characteristic that 
the catalyst maintained high ee at higher reaction temperature (87% ee, 87%  
l-lactic acid conversion, 94% selectivity to 1,2-propanediol at 413 K) [19]. 

D G
re

ac
tio

n(
X®

Y)
/k

J 
m

ol
-1

Reaction coordinate

glycerol

glyceraldehyde

dihydroxy-
acetone

2-hydroxy-
acrolein

1,2-propanediol

OHHO
OH

OH
HO O

O
HO OH

OH
O

OH
OH

+34.0

+18.8
-36.1

-91.9

glycolaldehyde
+ HCHO

+23.1 O
OH

-30.2

ethylene 
glycol+
HCHO

OH
OH

G2MP2 level theory, 298.15 K, 0.1 MPa in gas phase 

Fig. 11.3  Thermodynamic profiles of dehydrogenation + dehydration + hydrogenation route in 
the C-O hydrogenolysis of glycerol

11  Production of Diols from Biomass



348

Generally speaking, higher reaction temperature can decrease ee through racemiza-
tion of the substrate and the product with dehydrogenation + hydrogenation of 
C-OH groups and keto-enol tautomerism. It is verified that the Ru-MoOx/C catalyst 
has comparable activity of (S)-1,2-propanediol racemization to Ru/C with modifica-
tion with MoOx in spite of much higher lactic acid hydrogenation activity of 
Ru-MoOx/C than Ru/C, suggesting that the addition of MoOx promotes the hydro-
genation of lactic acid without the increase in the recemization activity. It has been 
also reported that the modification of MoOx on Rh catalysts is very effective for 
hydrogenation of amino acids [20, 21] and amides [22].

Another approach for the production of biomass-derived 1,2-propanediol is the 
catalytic conversion of saccharides and the derivatives such as cellulose, sorbitol 
and xylitol. Conversion of cellulose to 1,2-propanediol is catalysed by WO3 + Ru/C 
catalyst system. The reaction route of cellulose to 1,2-propanediol is proposed as 
follows: (1) hydrolysis of cellulose to glucose catalysed by WO3, (2) the isomeriza-
tion of glucose to fructose catalysed by the carbon surface, (3) the retro-aldol reac-
tion of fructose to glyceraldehyde or dihydroxyacetone, (4) the dehydration of 
glyceraldehyde to pyruvaldehyde (5) the hydrogenation of pyruvaldehyde to 
1,2-propanediol catalysed by Ru. This reaction system has various kinds of side 
reactions. Therefore, the yields of 1,2-propanediol are about 30–40%. Various cata-
lysts have been proposed to be effective: WO3 + Ru/C [23], Ca(OH)2 + supported 
noble metals [24], Ca(OH)2 + Cu-SiO2 [25, 26], Ca(OH)2 (or CeO2) + Ni/C [27], 
Pt-SnOx/Al2O3 [28], Ni-SnOx/Al2O3 [29], and Ni-W2C/AC [30, 31].

11.3.2  �Product 1,3-Propanediol from Glycerol

Among the products in the glycerol hydrogenolysis such as 1,2- and 1,3-propanediols, 
ethylene glycol, 1- and 2-propanols and propane, the most valuable one is 
1,3-propanediol. Therefore, the importance of conversion of glycerol to 
1,3-propanediol has been recognized.

Effective heterogeneous catalysts for the selective hydrogenolysis of glycerol to 
1,3-propanediol have been recently discovered [32], however, catalytic systems for 
this reaction are very limited to Ir-ReOx and the combination of Pt with acidic cata-
lysts such as WOx or mordenite. The Ir-ReOx/SiO2 catalyst for the glycerol conver-
sion was firstly reported in 2010, and showed the highest yield (38%) of 
1,3-propanediol at that time [33, 34]. The Ir-ReOx/SiO2 catalyst shows the highest 
selectivity (~70% in initial stage of the reaction) to 1,3-propanediol among various 
combinations of noble metals and MOx (M = Re, Mo, W) on SiO2 support. An 
important point is that monometallic Ir/SiO2 and ReOx/SiO2 show almost no activity 
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in the glycerol hydrogenolysis under the same reaction conditions, suggesting that 
the synergy exists between Ir and ReOx in the catalytic activity of Ir-ReOx. The 
activity increases with increasing amount of Re up to Re/Ir = 2 at constant Ir loading 
(4 wt% Ir/SiO2) [35]. Based on the characterization results, the surface of Ir metal 
nanoparticles is partially covered with three-dimensional ReOx clusters and the 
direct Ir-Re bond was formed [36, 37]. The synergy between Ir and Re suggests that 
the interface between Ir metal surface and ReOx clusters is the catalytically active 
site for the glycerol hydrogenolysis.

The reaction mechanism of the glycerol hydrogenolysis to 1,3-propanediol over 
Ir-ReOx/SiO2 was investigated in detail [33–39]. It is characteristic that the reaction 
order with respect to the glycerol concentration is almost zero, indicating that the 
adsorption of glycerol on the catalyst surface is almost saturated and the interaction 
between the glycerol and the active site is due to the formation of 1-glyceride on 
ReOx species. On the other hand, the reaction order with respect to H2 pressure is first 
order, suggesting that one hydrogen molecule gives one active hydrogen species. 
From the reaction orders with respect to glycerol and H2, the adsorption site of glyc-
erol and H2 can be different because the reaction order with respect to glycerol does 
not become negative and does not suppress H2 adsorption. As a result, glycerol is 
adsorbed on ReOx by the formation of alkoxide, and H2 is adsorbed on Ir metal. In 
particular, the first reaction order with respect to H2 pressure indicates that the reac-
tion rate can be controlled by the coverage of the adsorbed active hydrogen species, 
and this means that it is important to elucidate the active hydrogen species. To dis-
cuss the active hydrogen species, the reactivity of polyols in the hydrogenolysis was 
compared (Table 11.1) [39–41]. From the selectivity values, it is found that Ir-ReOx 
catalyzes the C-O dissociation neighboring to –CH2OH group in the reaction of poly-
ols. An important point is that the reactivity of ethylene glycol is much higher than 
that of other polyols such as 1,2-butanediol, 1,2,4-butanetriol, glycerol and erythri-
tol. This high reactivity of ethylene glycol is thought to exclude the acid-catalyzed 
C-O hydrogenolysis with a proton as the hydrogen species, considering the lower 
stability of primary carbocation than that of secondary carbocation. The reactivity of 
1,2-butanediol is clearly higher than that of glycerol, erythritol and 1,2,4-butanetriol. 
From these tendencies, the reactivity can be concluded to be strongly influenced by 
the steric hindrance of the carbon atom in the dissociated C-O bond, suggesting that 
the C-O bond is dissociated with the SN2-like attack and the active hydrogen species 
can be hydride. This SN2-like attack by hydride is also supported by the first reaction 
order with respect to H2 pressure. This mechanism is only applicable to the substrates 
that can have an anti-conformation of the dissociated C-O bond to the neighboring 
C-OH group. In fact, for 1,2-cyclohexanediols substrates which cannot have such an 
anti-conformation, the reaction order with respect to H2 pressure is negative, suggest-
ing a different mechanism [37]. The reaction mechanism proposed in the glycerol 
hydrogenolysis to 1,3-propanediol over the Ir-ReOx catalyst is novel and different 
from those in the glycerol hydrogenolysis to 1,2-propanediol (dehydration + hydro-
genation and dehydrogenation + dehydration + hydrogenation), and it is regarded as 
“direct” SN2-like attack C-O hydrogenolysis (Fig. 11.5). It should be noted that the 
Ir-ReOx catalysts with some modifications have been used by several research groups 
[42–47] for glycerol hydrogenolysis.
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Reaction conditions: substrate 1 g, water 4 g, Ir-ReOx/SiO2 0.3 g, H2 SO4
(H+/Ir=1), 373 K, H2 8 MPa, 4 h.

Table 11.1  Reaction results of the hydrogenolysis of polyols on Ir-ReOx/SiO2 (Re/Ir = 1) (Drawn 
based on the data in Ref. [41])
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A very important point is that Ir-ReOx catalysts work for C-O hydrogenolysis at 
much lower reaction temperatures (for example, at 393 K) than many metal cata-
lysts for the glycerol hydrogenolysis to 1,2-propanediol as mentioned above and 
than Pt-based catalysts for the glycerol hydrogenolysis to 1,3-propanediol as men-
tioned below. This low reaction temperature implies very high activity of Ir-ReOx. 
The fact that significant amount of propanols are also formed from glycerol 
(Table 11.1) shows that Ir-ReOx also has some activity in the dissociation of C-O 
bonds without neighboring OH groups. The activity enables the application of 
Ir-ReOx to deeper C-O hydrogenolysis of saccharides and the derivatives such as 
cellulose, sorbitol and xylan into the corresponding alkanes (n-hexane or n-pentane) 
and monoalcohols [48–53]. This performance is also related to very low C-C hydro-
genolysis of the Ir-ReOx catalyst. Moreover, Ir-ReOx shows excellent performance 
in the selective C=O hydrogenation of unsaturated aldehydes to unsaturated alco-
hols, which can be caused by the ability of heterolytic activation of H2 molecule to 
hydride and proton [54, 55].

Other effective catalyst systems for the selective hydrogenolysis of glycerol to 
1,3-propanediol are Pt-based catalyst systems. Since the report on Ir-ReOx catalysts 
in 2010 [33], various Pt-based catalysts giving high yields of 1,3-propanediol in the 
glycerol hydrogenolysis have been reported. This section is limited to the catalysts 
giving higher 1,3-propanediol yield than that of Ir-ReOx (38%).

Pt-sulfated zirconia gave 55% yield of 1,3-propanediol (66.5% conversion, 
83.6% selectivity) at 443 K using 1,3-dimethyl-2-imidazolidinone (DMI) as a sol-
vent [56]. In this reaction system, the DMI solvent was essential to high selectivity 
to 1,3-propanediol, and water solvent was found to be unsuitable to this reaction 
system, and the main product in water was 1,2-propanediol. Further investigation on 
Pt-sulfated zirconia catalysts has not been reported, and the field of this catalyst 
system is less-advanced.

Pt-AlOx/WO3 catalysts are effective for selective hydrogenolysis of glycerol to 
1,3-propanediol and 40% yield of 1,3-propanediol (90% conversion) was reported 
at 453 K and 3 MPa H2 in water [57]. It has been proposed that the aluminium oxide 
plays an important role on the formation of 1,3-propanediol which is promoted by 
the formation of primary aluminium alkoxide of glycerol. The secondary OH group 
in the adsorbed alkoxide of glycerol can be activated by the proton supplied from 
the surface of WO3 support, and the hydrogenolysis reaction can proceed via sec-
ondary carbocation intermediate. Further development of this catalytic system 
brought some remarkable results. The same research group reported the catalyst 
with higher performance than Pt-AlOx/WO3. The improved catalyst, boehmite-
supported Pt/W (Pt-WOx/AlOOH), gives 66–69% yield of 1,3-propanediol (100% 
conversion) at 453 K and 5 MPa H2 in water [58]. This yield of 1,3-propanediol is 
the highest at present. Moreover, the reusability of Pt-WOx/AlOOH has been 
confirmed.

Regarding the results using fixed bed flow reaction systems, Pt-WOx/Al2O3 (2 
wt% Pt, 10 wt% WOx) showed high yields of 1,3-propanediol (42.4% at 64.2% 
conversion) at 433  K and 5  MPa H2 [59]. It is characteristic that the yield of 
1,3-propanediol has a linear correlation with the number of Brønsted acid sites over 

11  Production of Diols from Biomass



352

Pt-WOx/Al2O3 catalysts with 0–20 wt% WOx. This strongly suggests that the 
Brønsted acid sites activate the secondary OH groups of glycerol.

Pt/H-Mordenite (Pt 2 wt%, SiO2/Al2O3 = 20) has been recently reported to be 
effective for selective hydrogenolysis of glycerol to 1,3-propanediol in vapor phase, 
giving 46% 1,3-propanediol yield (94.9% conversion, 48.6% selectivity) at 498 K 
and atmospheric pressure of H2 [60]. The average particle size of Pt was determined 
to be 4 nm, meaning that Pt metal particles were supported on the outer surface of the 
zeolite. In addition, Pt-Cu/H-Mordenite (2 wt% Pt, Cu 5 wt%) catalyst gave 53% 
1,3-propanediol yield (90% conversion, 58.5% selectivity) at 488 K and atmospheric 
pressure of H2 [61]. It is proposed that the key step is the formation of secondary 
carbocation by the attack of the proton on the Brønsted acid sites in the zeolite.

In both cases of Pt-WOx and Pt-zeolite catalysts, Brønsted acid sites play a cru-
cial role in the activation of glycerol to the secondary carbocation, however, a dif-
ferent point is the alkoxide species (Fig. 11.6). In the case of Pt-WOx, primary OH 
groups can be protected by the formation of primary alkoxide and the proton attacks 
the secondary carbon atom [57, 58]. In contrast, in the case of Pt-zeolite, the forma-
tion of a secondary alkoxide has been proposed [60]. In both cases, further investi-
gation is necessary to elucidate the reaction intermediate.
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11.4  �Production of Biomass-Derived C4 Diols

Building blocks with four carbon atoms for biomass refineries are highly limited. 
Since succinic acid is produced by the fermentation of glucose in good yield, it is 
regarded as a C4 building block. On the other hand, various studies on the fermenta-
tion of glucose and glycerol for the production of erythritol have been carried out. 
The highest yield of erythritol from glucose reached 61% [62]. Erythritol produc-
tion by fermentation of glucose has been already commercialized. In addition, it has 
been also reported that the yield of erythritol from glycerol reached 56% [63]. 
Therefore, it is thought that erythritol can be a candidate for C4 building blocks 
considering the limited available C4 building blocks. In particular, the merit of 
erythritol as a building block is that all of the carbon atoms in erythritol are func-
tionalized. In the case of succinic acid, only the α and ω positions are functional-
ized, and so it is difficult to transform succinic acid to the products with functional 
groups at 2- and 3-positions such as 1,2-, 1,3-, and 2,3-butanediols. Here, the pro-
duction of butanediols from succinic acid and erythritol is described. Production of 
C4 alcohols including diols from biomass-derived materials has been reviewed [64].

11.4.1  �Product 1,4-Butanediol from Succinic Acid

The hydrogenation of carboxyl group of succinic acid is used for the production of 
1,4-butanediol (Fig. 11.7). In the case of hydrogenation of carboxylic acids to cor-
responding alcohols, the carboxylic acids are usually transformed to the esters by 
the reaction of alcohols before the hydrogenation reaction. On the other hand, the 
production process by fermentation gives succinic acid, rather than its ester. 
Therefore, hydrogenation of succinic acid without esterification has been 
investigated.

It is known that Re catalyst obtained by in-situ reduction of Re2O7 is effective for 
the reaction for a long time, providing high yields of 1,4-butanediol (94%; 483 K, 
H2 25 MPa, no solvent) [65]. Re(3.6 wt%)-Pd(2 wt%)/TiO2 catalyst provides high 
yield of 1,4-butanediol (83%) at 433 K and 15 MPa in water [66]. Re(0.3 mol%)-
Ru(0.3 mol%)/mesoporous carbon (MC) also shows 71% yield of 1,4-butanediol at 
473 K and 8 MPa H2 in 1,4-dioxane [67]. It has been reported that 89% yield of 
1,4-butanediol at 413 K and 8 MPa H2 in 1,4-dioxane is observed using Re-Pd/SiO2 
(Re 14 wt%, Re/Pd = 8) [68], which has been developed for the hydrogenation of 
higher carboxylic acids such as stearic acid [69]. This yield of 1,4-butanediol is 
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Fig. 11.7  Hydrogenation of succinic acid to 1,4-butanediol via γ-butyrolactone
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obtained at the reaction time of 96 h, and at shorter reaction time (24 h) high yield 
of γ-butyrolactone (85%) is obtained [68]. This indicates that the hydrogenation of 
succinic acid gives γ-butyrolactone first, and then the consecutive hydrogenation of 
γ-butyrolactone gives 1,4-butanediol. An important point is that the reactivity of 
γ-butyrolactone is comparable to that of succinic acid over Re-Pd/SiO2 (Re 14 wt%, 
Re/Pd = 8) [68] (Table 11.2), meaning that the hydrogenation of γ-butyrolactone 
can be suppressed in the presence of succinic acid and as a result, high yields of 
γ-butyrolactone are obtained at shorter reaction time.

Generally speaking, it is difficult to determine the structure of Re species on 
Re-rich catalysts because Re species have various valence states. However, some 
Re-based catalysts for the hydrogenation of carboxylic acids have been character-
ized and the results suggest the structure of active Re species on Re-Pd/SiO2 [68, 
69] and Re-Pd/TiO2 [70]. The Re-Pd/SiO2 catalysts have Pd0, Re0(HCP), Re0(FCC), 
Re3+ and Re4+, and the surface of Pd0, Re0(HCP) and Re0(FCC) can be covered with 
Re3+ and Re4+ species. The reduction degree of Re species influences the distribution 
of Re0, Re3+, Re4+, and Re6+ species. High catalytic activity seems to be achieved 
when there is balanced distribution of these species. Therefore, both too high and 
too low degrees decrease the catalytic activity of the catalysts. This suggests that the 
presence of both Re0 and Ren+ species such as Re3+ and Re4+ can be connected to 
high catalytic activity [68, 69]. It also suggests that the role of Pd is to make the 
interaction between the substrate and the catalyst surface strong, and Ren+ species 
on the metal surface can promote the heterolytic dissociation of H2 to give active 
hydride species in the hydrogenation reaction.

The activation (reduction) method of the catalysts is important. On the Re-Pd/
SiO2 with ex-situ liquid-phase (in only 1,4-dioxane solvent) reduction with H2, the 
catalyst shows much higher activity than that with in-situ liquid-phase (in the mix-
ture of dicarboxylic acid and 1,4-dioxane) and gas-phase reduction with H2 in the 
hydrogenation of succinic acid [68]. These tendencies suggest that the presence of 
succinic acid during the pre-reduction treatment suppresses the reduction of Re spe-
cies to Re0 on the calcined catalysts, which can be interpreted by the strong interac-
tion of high valent (+7) Re species with succinic acid.

Substrate
Conv.

(%)

Selectivity (%)

g-
Butyrolactone

4-
Hydroxybutyric 

acid
1,4-Butanediol 1-Butanol Others

HOOC
COOH

Succinic acid
26 96 - 3.0 0.3 0.9

O O
g-Butyrolactone

26 - - 94 5.8 0.0

Reaction conditions: substrate 1 g, 1,4-dioxane 19 g, Re-Pd/SiO2 0.1 g, 413 K, H2 8 MPa, 4 h.

Table 11.2  Comparison of the reactivity of succinic acid and γ-butyrolactone over Re-Pd/SiO2 
(Re 14 wt%, Re/Pd = 8)

Drawn based on the data in Ref. [68]
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11.4.2  �Butanediols from Erythritol and 1,4-Anhydroerythritol

Erythritol is a C4 sugar alcohol so that two-time C-O hydrogenolysis gives butane-
diols. However, a variety of the products can be formed in the hydrogenolysis of 
erythritol. Compared to the case of the glycerol hydrogenolysis, the reports on the 
erythritol hydrogenolysis are very limited. The reaction network of the C-O hydro-
genolysis of erythritol is shown in Fig. 11.8. As mentioned for glycerol hydroge-
nolysis to 1,3-propanediol, Ir-ReOx shows very high catalytic activity of C-O 
hydrogenolysis, and this enables the C-O hydrogenolysis to occur at lower reaction 
temperatures like 393 K, which is suitable to suppress side reactions such as the 
dehydration to 1,4-anhydroerythritol. The result of the application of Ir-ReOx cata-
lyst to the erythritol hydrogenolysis is shown in Fig. 11.9 [41]. The selective forma-
tion of diols such as 1,4-butanediol and 1,3-butanediol is not easy even using 
Ir-ReOx catalyst which has high selectivity in the glycerol hydrogenolysis to 
1,3-propanediol.

Another approach for the production of butanediols from erythritol is the use of 
1,4-anhydroerythritol as a starting material because 1,4-anhydroerythritol is 
obtained selectively from the acid-catalyzed dehydration of erythritol. The selective 
hydrodeoxygenation of 1,4-anhydroerythritol to 3-hydroxytetrahydrofuran using 
WOx-Pd catalysts has been reported [71] (Fig.  11.10), where the yield of 
3-hydroxytetrahydrofuran reaches 74% in 1,4-dioxane solvent. In addition, Ir-ReOx/
SiO2 (Re/Ir = 2) catalyzes the selective C-O hydrogenolysis of 
3-hydroxytetrahydrofuran to 1,3-butanediol in water to obtain 81% selectivity at 
24% conversion [37] (Fig.  11.10). At present, higher conversions have not been 
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reported, however, this reaction route can contribute to the development of 1,4-anh
ydroerythritol-to-1,3-butanediol catalytic system.

Another approach is the use of deoxydehydration reaction of vicinal diols. It has 
been known that Re, V, and Mo homogeneous catalysts, especially Re, are active in 
the deoxydehydration of vicinal OH groups to give corresponding alkenes. 
Deoxydehydration, which can be regarded as the reverse reaction of cis-
dihydroxylation of alkenes, usually requires reducing agents such as secondary 
alcohols, PPh3, sulfite, metal, and hydroaromatics [72, 73]. In these catalyst sys-
tems, H2 is not a suitable reductant. On the contrary, it has been recently reported 
that heterogeneous ReOx-Pd/CeO2 catalyst shows excellent performance for simul-
taneous hydrodeoxygenation of vicinal OH groups using H2 as a reducing agent, 
where hydrodeoxygenation consists of deoxydehydration of the substrates with 
vicinal OH groups to the compounds with C-C double bond and the subsequent 
hydrogenation of the C-C double bond [74–76]. Deoxydehydration is catalyzed by 
high valent Re species stabilized on CeO2 surface, and the hydrogenation of C=C 
bond is catalyzed by very small Pd metal particles dispersed on CeO2 with the modi-
fication of lower valent Re species. Simultaneous hydrodeoxygenation of vicinal 
OH groups using H2 reducing agent over ReOx-Pd/CeO2 converts erythritol to 
1,2-butanediol and 1,4-butanediol as the main product and the byproduct, respec-
tively (Fig. 11.11) [74]. In the reaction mechanism, an important reaction intermedi-
ate is the diolate of Re species, and the much higher yield of 1,2-butanediol than that 
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Reaction Conditions: 

20 wt% erythritol aq.  5 g, Ir-ReOx /SiO2 (Re/Ir=1) 300 mg, H2SO4 (H+/Ir = 1), 393 K, 8 MPa H2, 24 h. 

Fig. 11.9  Results of the hydrogenolysis of erythritol over Ir-ReOx/SiO2 catalyst (Drawn based on 
the data in Ref. [41])
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of 1,4-butanediol suggests that the 1,2-diolate from erythritol and Re species is 
more stable than the 2,3-diolate. In addition, the ReOx-Pd/CeO2 catalyst is very 
effective to hydrodeoxygenate vicinal OH groups in 1,4-anhydroerythritol to tetra-
hydrofuran with higher yield than 99%. The estimated turnover frequency per Re 
atom of the conversion of 1,4-anhydroerythritol to tetrahydrofuran in 1,4-dioxane at 
443 K is about 300 h−1. The stability of ReOx-Pd/CeO2 was verified by the recycle 
use of the catalyst, and the large total turnover number per Re atom (about 10,000) 
was demonstrated [74, 75].

Another reported route for 1,4-butanediol production from biomass consists of 
two consecutive reaction steps: selective oxidation of furfural to furanones and 
hydrogenation of the mixture of furanones to 1,4-butanediol. Pt/TiO2-ZrO2 (Ti/Zr = 
1/1) is a very effective catalyst for both oxidation and hydrogenation reactions [77]. 
The oxidation of furfural with H2O2 proceeds at 298  K in HCOOH/H2O/MeOH 
(v/v/v = 10/10/80). After the reactor is purged with nitrogen, the hydrogenation of 
furanones proceeds at 393 K and 3.5 MPa H2. The yield of 1,4-butanediol reached 
85%.

11.5  �Production of Biomass-Derived C5 Diols

As described above, one strategy for production of C4 diols is twice C-O dissocia-
tions of erythritol. When the same strategy is applied to the production of C5 diols 
from C5 sugars and sugar alcohols, three C-O dissociations are required. However, 
this means that highly selective production of one specific C5 diol is more difficult 
than the case for C4 diol. Therefore, a different strategy is necessary.

The C5 building blocks include furfural and levulinic acid. Furfural is commer-
cially produced by the acid-catalyzed dehydration of hemicellulose, and levulinic 
acid can be produced by the decomposition of 5-hydroxymethylfurfural along with 
formic acid. Selective production of one specific diol has been attempted from fur-
fural and levulinic acid [78–80]. It is known that the ring-opening reaction of furfu-
ryl alcohol, which is commercially produced from furfural by hydrogenation, to 
pentanediols is catalyzed by CuCr2O4 catalyst (Fig. 11.12) [81]. CuCr2O4 catalyst is 
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a conventional hydrogenation and hydrogenolysis catalyst, indicating that the reac-
tion is not selective at all. Therefore, a selective production method of one pentane-
diol such as 1,5-pentanediol is needed. A possible starting substrate is 
tetrahydrofurfuryl alcohol, which is given from the total hydrogenation of furfural, 
and is dehydrated to dihydropyran. The dihydropyran is hydrated to the mixture of 
2-hydroxytetrahydropyran and δ-hydroxyvaleraldehyde, and the subsequent hydro-
genation using CuCr2O4 gives 1,5-pentanediol [82]. In Fig. 11.13, the values of the 
yield were obtained from the results using pure substrates in each step, and the yield 
of 1,5-pentanediol was estimated to be about 70%, meaning that the purification of 
the products in each step is necessary [82]. These works were reported in 1931 and 
1946, and in 2006 Schlaf described in a review article as follows [4]: “a process that 
would allow a direct hydrogenation and hydrogenolysis of furfural to 1,5-pentanediol 
with higher selectivity and yield (possibly using homogeneous catalyst) would how-
ever still be desirable.” In 2009, a selective hydrogenolysis of tetrahydrofurfuryl 
alcohol to 1,5-pentanediol using heterogeneous Rh-ReOx and Rh-MoOx catalysts 
has been reported [83, 84], and the related works promoted the catalysis field on the 
selective conversion of various biomass-derived substrates. Progress in the field of 
the production of C5 alcohols including diols is available in a review article [64].
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Fig. 11.12  Conversion of furfuryl alcohol using Cu catalyst in the presence of hydrogen (Drawn 
based on the data in Ref. [81])
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11.5.1  �Product 1,5-Pentanediol from Furfural 
and Tetrahydrofurfuryl Alcohol

Furfural is a very important building block, however, it is highly reactive so that it 
readily polymerizes to humins at many reaction conditions [85]. This is the reason 
why the saturated tetrahydrofurfuryl alcohol was selected as a starting compound 
for the multistep production of 1,5-pentanediol (Fig. 11.13). The selective hydroge-
nation of furfural to tetrahydrofurfuryl alcohol is therefore needed. Selective cata-
lysts for the partial hydrogenation of furfural to furfuryl alcohol have been reported, 
whereas, in contrast, reports on the total hydrogenation of furfural to tetrahydrofur-
furyl alcohol are very limited, especially in water solvent [86–89]. Figure 11.14 
shows the reaction network of the total hydrogenation of furfural. Ni-Pd/SiO2 (Ni/
Pd = 7/1) gives 96% yield of tetrahydrofurfuryl alcohol under the conditions of 
furfural (0.5 M aq.; 10 ml), acetic acid (5.7 μl, 0.1 mmol), 0.1 g catalyst, H2 (8 MPa) 
and 313 K [86]. Here, the leaching of Ni species was observed in the aqueous phase 
and this was connected to the catalyst deactivation in the repeated use of the cata-
lyst. In contrast, the leaching of Pd was not observed. To overcome the leaching 
problem two different approaches have been taken.

The first approach is the gas phase catalytic hydrogenation of furfural using the 
Ni catalysts. Gas-phase hydrogenation of furfural to tetrahydrofurfuryl alcohol pro-
ceeds selectively over Ni/SiO2 with <4 nm Ni metal particle size prepared by the 
reduction of Ni(NO3)2 on SiO2, and the yields of tetrahydrofurfuryl alcohol reach 
94% [87]. The reaction proceeds in two separated steps: hydrogenation of formyl 
group in furfural and subsequent hydrogenation of furan ring.

The second approach is the development of non-Ni catalysts. It has been reported 
that Pd-Ir/SiO2 is effective for total hydrogenation of furfural in water [89]. In par-
ticular, the Pd-Ir/SiO2 shows higher catalytic performance in the activity and selec-
tivity than monometallic Pd/SiO2 and Ir/SiO2, which means that its high performance 
is due to synergistic effects between Pd and Ir by the formation of the alloy. High 
activity allows the reaction temperature to be decreased to values as low as 275 K, 
and this low reaction temperature suppresses the side reactions. As a result, the yield 
of tetrahydrofurfuryl alcohol reaches 94%. Further, the catalyst is recyclable.
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As shown above, furfural can be converted to tetrahydrofurfuryl alcohol, and it 
can be regarded as a substrate for the production of biomass-derived C5 diols. The 
ring-opening C-O hydrogenolysis of tetrahydrofurfuryl alcohol gives 1,2-pentanediol 
and 1,5-pentanediol (Fig. 11.15). Rh/SiO2 shows some activity in the hydrogenoly-
sis of tetrahydrofurfuryl alcohol to 1,2-pentanediol. Although the selectivity is not 
so high, the formation of 1,2-pentanediol is clearly preferable to that of 
1,5-pentanediol [83]. The steric hindrance of –CH2OH group can explain the prefer-
able formation of 1,2-pentanediol; the mechanism of this reaction has been also 
investigated theoretically [90]. On the other hand, Rh-ReOx and Rh-MoOx catalysts 
show much higher activity than Rh/SiO2 and very high selectivity to 1,5-pentanediol 
[83, 84, 91–94]. It should be noted that ReOx/SiO2 and MoOx/SiO2 have no activity 
in the hydrogenolysis of tetrahydrofurfuryl alcohol. Similar behavior is also 
observed in the hydrogenolysis of glycerol [95–97]. These behaviors indicate that 
synergy between Rh metal and MOx (M = Re, Mo) exists that remarkably promotes 
the selective hydrogenolysis. This synergy is probably due to the structure of 
Rh-ReOx and Rh-MoOx. According to the EXAFS analyses of the catalysts, the 
interaction of the Re and Mo species with Rh metal surface is direct and the Re and 
Mo species are the small two-dimensional ReOx clusters and the isolated MoOx spe-
cies on the Rh metal surface, respectively. The synergy suggests that the active site 
is formed at the interface between Rh metal and MOx species. An important point is 
that the ring-opening C-O hydrogenolysis of tetrahydrofurfuryl alcohol to 
1,5-pentanediol is similar to the glycerol hydrogenolysis to 1,3-propanediol from 
the viewpoint of regioselectivity: the C-O bonds neighboring to –CH2OH groups are 
dissociated. Ir-ReOx, which is an effective catalyst for glycerol hydrogenolysis to 
1,3-propanediol, also catalyzes the selective hydrogenolysis of tetrahydrofurfuryl 
alcohol to 1,5-pentanediol. Therefore, a similar reaction mechanism has been 
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proposed: the hydride species formed at the interface between Rh metal surface and 
MOx (M = Re, Mo) can attack the carbon atom neighboring the –CH2OH group 
adsorbed by the formation of the alkoxide on MOx species [37, 91]. Another reac-
tion mechanism has been proposed: selective C-O hydrogenolysis of polyols and 
cyclic ethers proceeds by acid-catalyzed dehydration reactions with Re-OH species 
coupled with metal-catalyzed hydrogenation [98, 99].

Based on the findings of selective hydrogenolysis of tetrahydrofurfuryl alcohol 
to 1,5-pentanediol over Rh-ReOx, Rh-MoOx and Ir-ReOx, catalyst systems of noble 
metals combined with oxophilic metals have been applied to similar reactions [100–
103]. The highest yield of 1,5-pentanediol was obtained as 94% on Rh-ReOx/C (Rh 
4 wt%, Re/Rh = 0.25) under the conditions of aqueous tetrahydrofurfuryl alcohol 
solution (5 wt %, 20 ml), catalyst (100 mg), 373 K, 8 MPa H2, 24 h [94].

After selective catalysts for the hydrogenolysis of tetrahydrofurfuryl alcohol to 
1,5-pentanediol were identified, one-pot conversion of furfural to 1,5-pentanediol 
was attempted by the addition of the function for the total hydrogenation of furfural 
to the selective catalysts [104, 105]. The results show that Pd-Ir-ReOx and Rh-Ir-
ReOx catalysts are effective for one-pot conversion of furfural. The reaction tem-
peratures should be set to be largely different for the total hydrogenation of furfural 
and for the hydrogenolysis of tetrahydrofurfuryl alcohol. A one-pot two-step con-
trolled temperature reaction gives 71% yield of 1,5-pentanediol over Pd-Ir-ReOx 
from diluted aqueous furfural (10 wt%) at 313 K for 8 h and 373 K for 72 h [104]. 
Rh-Ir-ReOx catalyst gives a higher yield of 1,5-pentanediol (78%) from diluted 
aqueous furfural at 313 K for 8 h and 373 K for 32 h [105]. In addition, high yields 
of 1,5-pentanediol from highly concentrated aqueous furfural (50 wt%) are obtained 
over Rh-Ir-ReOx (71%; at 313 K for 8 h and 373 K for 24 h) [105].

11.5.2  �Pentanediols from Furfural and Furfuryl Alcohol 
via Opening of Furan Ring

The key step in the production of pentanediols from furfural and the derivatives is 
the ring-opening reaction. In the case above, pentanediols are formed via teterahy-
drofurfuryl alcohol, which is the product of the total hydrogenation of furfural, and 
the hydrogenolysis of the C-O bond in the tetrahydrofuran ring. Another method for 
the production of pentanediols from the substrates with furan ring such as furfural 
and furfuryl alcohol is the direct ring-opening reaction of furan moiety.

When furfural is used as a starting substrate, two kinds of effective catalysts have 
been reported. Li-modified Pt/Co2AlO4 gives 34.9% yield of 1,5-pentanediol, 31.3% 
yield of tetrahydrofurfuryl alcohol, 16.2% yield of 1,2-pentanediol at 413 K and 
1.5 MPa in ethanol solvent [106]. The selectivity is not so high in this case. High 
yield of tetrahydrofurfuryl alcohol implies its low reactivity over Li-modified Pt/
Co2AlO4, suggesting that the reaction proceeds by direct ring-opening reaction 
before hydrogenation of the furan ring. Another proposed catalyst is hydrotalcite-
supported Pt nanoparticle (Pt/HT). Pt/HT shows 73% yield of 1,2-pentanediol, 14% 
yield of tetrahydrofurfuryl alcohol, and 8% yield of 1,5-pentanediol in 2-propanol 
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solvent at 423  K and 3  MPa H2 [107]. The catalyst is reusable. When Pt/HT is 
applied to the reaction of furfuryl alcohol, 80% yield of 1,2-pentanediol is obtained. 
In both cases of furfural and furfuryl alcohol, Pt/HT gives 1,2-pentanediol 
selectively.

When furfuryl alcohol is used as a starting substrate, two kinds of effective cata-
lysts have been reported. Ru/MnOx catalyst gives 42.1% yield of 1,2-pentanediol 
and 37% yield of tetrahydrofurfuryl alcohol in water solvent at 423 K and 1.5 MPa 
H2 [108]. The reactivity of tetrahydrofurfuryl alcohol and tetrahydrofuran is much 
lower than furfuryl alcohol over Ru/MnOx, and high reactivity of furfuryl alcohol 
can be due to the furan ring. The preferable formation of 1,2-pentanediol to 
1,5-pentanediol can be interpreted as being due to steric hindrance of –CH2OH 
group in furfuryl alcohol. Other reported catalysts are Cu-based ones such as 
Cu-Al2O3 and Cu-Mg3AlO4.5 [109, 110]. Cu-Mg3AlO4.5 catalyst gives 51.2% yield 
of 1,2-pentanediol and 28.8% yield of 1,5-pentanediol in ethanol solvent at 413 K 
and 6 MPa H2 [110].

Regarding the proposed catalysts for the direct ring-opening reaction of furan, 
the structural analysis of the catalysts and the elucidation of the reaction mechanism 
are needed in future studies.

11.5.3  �Product 1,4-Pentanediol from Levulinic Acid

The reactivity of carbonyl group is higher than that of carboxyl group, therefore, 
hydrogenation of levulinic acid can give 4-hydroxypentanoic acid first, and the 
dehydration of 4-hydroxypentanoic acid easily proceeds to γ-valerolactone 
(Fig. 11.16). Hydrogenation of the carboxyl group in 4-hydroxypentanoic acid or 
hydrogenolysis + hydrogenation of γ-valerolactone gives 1,4-pentanediol. One by-
product is 2-methyltetrahydrofuran which is formed by dehydration of 
1,4-pentanediol or hydrogenation + hydrogenolysis of γ-valerolactone (Fig. 11.16). 
Various kinds of catalysts have been proposed, however, the reaction scheme is 
essentially the same.

It has been reported that Cu/ZrO2 (Cu 30 wt%) is very effective for hydrogenoly-
sis of γ-valerolactone to give 96% yield of 1,4-pentanediol in ethanol solvent at 
473 K and 6 MPa H2 [111]. As the next step, aqueous phase hydrogenation of levu-
linic acid has been developed. Rh-MoOx/SiO2 (4 wt% Rh, Mo/Rh = 0.13) shows 
high performance in the aqueous phase selective hydrogenation of levulinic acid to 
1,4-pentanediol, and it gives 70% yield of 1,4-pentanediol at 353 K and 6 MPa H2 
[112]. This catalyst was developed for C-O hydrogenolysis of saturated compounds 
such as tetrahydrofurfuryl alcohol [84, 91, 113], and therefore the yield of 
1,4-pentanediol can be limited by consecutive reaction of 1,4-pentanediol via C-O 
hydrogenolysis as a side reaction. The change of the active metal from Rh to Pt 
(Pt-MoOx/SiO2) decreases the performance of 1,4-pentanediol production: the main 
reaction of levulinic acid on Pt-MoOx/SiO2 is the hydrogenation + dehydration to 
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γ-valerolactone [112]. On the other hand, hydroxyapatite-supported Pt-Mo bimetal-
lic nanoparticles (Pt-Mo/HAP) catalyzes the selective conversion of levulinic acid 
to 1,4-pentanadiol in water [114]. The yields of 1,4-pentanadiol reach 93% on 
Pt-Mo/HAP (Pt 2 mol%, Mo 0.5 mol%) at 403 K and 5 MPa H2. The Pt–Mo/HAP 
catalyst is reusable. In this case, the formation of γ-valerolactone is not detected, 
and this can be interpreted as high activity of Pt-Mo/HAP in the hydrogenation of 
carboxyl group or ester group, where the reduced Mo species having oxygen vacan-
cies can act as Lewis acid sites activating the carbonyl moieties of 4-hydroxypentanoic 
acid and γ-valerolactone.

11.6  �Production of Biomass-Derived C6 Diols

The α,ω-C6 diol, 1,6-hexanediol, is an important monomer and has been supplied 
by the hydrogenation of adipic acid (or its ester). Adipic acid is also a very impor-
tant monomer and produced in a large scale from petroleum. The C6 building blocks 
include 5-hydroxymethylfurfural and sorbitol. The selective conversion of 
5-hydroxymethylfurfural to specific diols has been developed and will be discussed 
in Sect. 11.6.2. On the other hand, it is not so easy to use sorbitol as a precursor for 
the production of C6 diols because quadruple C-O hydrogenolysis is required. 
Another strategy for the synthesis of the C6 diols from biomass has been developed 
based on the derivation of pentanediols from furfural (Fig. 11.17). Tetrahydropyran-
2-methanol is a key intermediate in this strategy. Tetrahydropyran-2-methanol is 
given from the total hydrogenation of acrolein dimer. While acrolein is currently 
supplied by oxidation of petroleum-derived propylene, acrolein can be produced by 
dehydration of glycerol, which means that tetrahydropyran-2-methanol can be an 
intermediate in the biomass refinery.
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11.6.1  �Product 1,6-Hexanediol 
from Tetrahydropyran-2-Methanol

It has been reported that tetrahydropyran-2-methanol can be converted to 
1,6-hexanediol via 2,3,4,5-tetrahydrooxepine [115]. The 42% yield of 1,6-hexanediol 
from tetrahydropyran-2-methanol is obtained by the dehydration and subsequent 
hydrogenation.

The selective ring-opening C-O hydrogenolysis of tetrahydropyran-2-methanol 
was reported at almost the same time as that of tetrahydrofurfuryl alcohol [83], and 
the catalytic behavior of the hydrogenolysis of tetrahydropyran-2-methanol is sim-
ilar to that of tetrahydrofurfuryl alcohol, however, the selectivity of 1,6-hexanediol 
is lower than that of 1,5-pentanediol. For example, Rh-ReOx/SiO2 (Re/Rh = 0.5) 
shows 94% 1,5-pentanediol selectivity at 57% conversion of tetrahydrofurfuryl 
alcohol, and it shows 90% 1,6-hexanediol selectivity at 32% conversion of 
tetrahydropyran-2-methanol (393 K, 8 MPa H2) [94]. To obtain higher selectivity 
and higher yield of 1,6-hexanediol formation, Rh-ReOx/C was developed [94]. 
Rh-ReOx/C (Re/Rh = 0.25) gives 84% yield of 1,6-hexanediol in the hydrogenoly-
sis of tetrahydropyran-2-methanol, which is clearly higher than that (42% yield) in 
the conversion via 2,3,4,5-tetrahydrooxepine mentioned above, while Rh-ReOx/
SiO2 (Re/Rh = 0.50) gives 56% yield of 1,6-hexanediol as the highest yield obtained 
from experiments with different reaction times [94]. Later, Dumesic’s group has 
reported the same reaction using Rh-Re, Rh-Mo, Pt-Mo catalysts [116–118]. Good 
to excellent selectivities (80–97%) are obtained at low conversion levels, although 
the maximum yields that would be obtained at longer reaction time have not been 
searched.
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Fig. 11.17  Production routes of 1,6-hexanediol via tetrahydropyran-2-methanol
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11.6.2  �Product 1,6-Hexanediol from 5-Hydroxymethylfurfural 
and Its Derivatives

The total hydrogenation of 5-hydroxymethylfurfural proceeds selectively by using 
the catalysts for the total hydrogenation of furfural to tetrahydrofurfuryl alcohol. 
Ni-Pd/SiO2 (Ni/Pd = 7/1) gives 96% yield of 2,5-bis(hydroxymethyl)-tetrahydrofu-
ran under the conditions of 5-hydroxymethylfurfural (0.5 M aq.; 10 ml), acetic acid 
(5.7 μl, 0.1 mmol), 0.1 g catalyst, 8 MPa H2 and 313 K [86], and Pd-Ir/SiO2 (Pd 2 
wt%, Ir/Pd = 1/1) gives 95% yield of 2,5-bis(hydroxymethyl)-tetrahydrofuran under 
the conditions of 5-hydroxymethylfurfural (5 mmol) in water (9 g), 0.15 g catalyst, 
8 MPa H2, 275 K [89]. These works indicate that 2,5-bis(hydroxymethyl)-tetrahy-
drofuran can be synthesized from 5-hydroxymethylfurfural by catalytic total 
hydrogenation, and the researches on the conversion of 2,5-bis(hydroxymethyl)-
tetrahydrofuran to 1,6-hexanediol have been carried out as mentioned below. 
Figure 11.18 shows the production routes of 1,6-hexanediol from 5-hydroxymeth-
ylfurfural via 2,5-bis(hydroxymethyl)-tetrahydrofuran.

One-pot conversion of 2,5-bis(hydroxymethyl)-tetrahydrofuran using Rh-Re/
SiO2 (6.5 wt% Rh, 6 wt% Re) and Nafion SAC-13 catalysts under the conditions of 
0.9 mmol substrate, 0.010 g Rh-Re/SiO2, 0.015 g Nafion SAC-13, 2  ml water, 
8  MPa H2 and 393  K gives 86% yield of 1,6-hexanediol and the 14% yield of 
1,5-hexanediol [119–121]. Surprisingly, the reaction system does not give 1-hexanol, 
which is an expected by-product by the further reaction of 1,6-hexanediol, although 
the side reaction giving 1-hexanol and 1-pentanol has been often observed in the 
production of 1,6-hexanediol and 1,5-pentanediol, respectively. Two formation 
routes of 1,6-hexanediol have been proposed. One route is 2,5-bis(hydroxymethyl)-
tetrahydrofuran → 1,2,6-hexanetriol → 1,6-hexanediol and the other route is 
2,5-bis(hydroxymethyl)-tetrahydrofuran → 1,2,6-hexanetriol → tetrahydropyran-2-
methanol → 1,6-hexanediol. It has been verified that the reaction of 1,2,6-hexanetriol 
to tetrahydropyran-2-methanol is easily catalyzed by acid [119]. The acid-catalyzed 
dehydration of 1,2,6-hexanetriol has been also investigated in detail [122], and it 
can be concluded that a ring closing dehydration reaction to a tetrahydropyran is the 
dominant reaction pathway.
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One-step conversion of 5-hydroxymethylfurfural to 1,2,6-hexanetriol using 
Ni-Co-Al mixed oxide catalysts has been also reported [123]. Ni-Co-Al ((Ni + Co/
Al = 3), Ni/Co = 0.2) catalyst gives 65% yield of 1,2,6-hexanetriol in the hydro-
genolytic ring opening of 5-hydroxymethylfurfural in methanol solvent at 393 K 
and 4 MPa H2, and the main by-product is 2,5-bis(hydroxymethyl)-tetrahydrofuran 
(about 20% yield) by the total hydrogenation reaction. The formation route of 
1,2,6-hexanetriol is probably composed of the hydrogenolytic ring opening reaction 
of 2,5-bis(hydroxymethyl)-furan and the subsequent hydrogenation. Further inves-
tigation on the catalyst characterization and the elucidation of the role of Ni and Co 
are necessary.

Direct conversion of 5-hydroxymethylfurfural to 1,6-hexanediol has been 
attempted. Zirconium phosphate supported Pd catalyst (Pd/ZrP, Pd 7 wt%) shows 
43% yield of 1,6-hexanediol from 5-hydroxymethylfurfural in ethanol solvent using 
formic acid as a reductant at 413 K [124]. The by-products were 2,5-hexanedione 
and 2,5-bis(hydroxymethyl)-tetrahydrofuran. The Brønsted acidity of zirconium 
phosphate support most likely promotes cleavage of the C-O bond in the furan ring.

Synthesis of 1,6-hexanediol from 5-hydroxymethylfurfural using the double-
layered catalysts of Pd/SiO2 + Ir-ReOx/SiO2 in a fixed-bed reactor has been reported 
[125]. This is the combination of 5-hydroxymethylfurfural hydrogenation to 
2,5-bis(hydroxymethyl)-tetrahydrofuran catalyzed by Pd/SiO2 and the C-O hydro-
genolysis of 2,5-bis(hydroxymethyl)-tetrahydrofuran catalyzed by Ir-ReOx/SiO2. 
As the results of optimization of catalysts and reaction conditions including the 
solvent, 58% yield of 1,6-hexanediol is obtained using Pd/SiO2 (Pd 0.6 wt%) and 
Ir-ReOx/SiO2 (5 wt% Ir, 5 wt% Re) at 373 K and 7 MPa H2 in the mixed solvent of 
water + tetrahydrofuran (2:3). The by-products are 1,5-hexanediol, 1,2,6-hexanetriol 
and 1-hexanol. The stability of Pd/SiO2 + Ir-ReOx/SiO2 has been verified for 24 h 
reaction time.

11.6.3  �Products Hexanediols from Sorbitol

Production of hexanediols from sorbitol requires removal of four OH groups. Like 
the case of the butanediol production from erythritol, the deoxydehydration reaction 
of vicinal diols can be used. When the ReOx-Pd/CeO2 catalyst was applied to the 
reaction of sorbitol, the obtained yields of 1,2-hexanediol, 1,4-hexanediol, 
3,4-hexanediol, and 1,6-hexanediol are 36%, 32%, 11%, and 6%, respectively, at 
433 K and 8 MPa H2 in 1,4-dioxane solvent [74]. The selectivity of the specific 
hexanediol is not high, however, the sum of the yields of hexanediols is as high as 
85%. The methods for the selective formation of specific diols are desired.
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11.7  �Conclusions and Future Outlook

The production of diols from biomass is one of important strategies for conversion 
of biomass as a renewable raw material to chemicals because of the relative high 
versatility and value of diols. At present, selective conversion to diols is becoming 
possible on the basis of the fundamental research introduced in this chapter. 
Catalysis technologies are essential for practical synthesis of biomass-derived diols. 
Improvement in selectivity to one specific diol is necessary for many target diols, 
especially for longer ones such as pentanediols and hexanediols. Because many 
systems use expensive active metals as catalysts, long catalyst life is also essential. 
Some systems show good reusability of catalysts for several runs; nevertheless 
industrialization requires verification of much longer catalyst life.

Some of reaction routes introduced in this chapter have been discovered recently, 
and therefore other new catalytic reactions and new types of catalysts will be dis-
covered in the future. The new catalytic reactions as well as the reactions in this 
chapter with improved catalysts will have an expanding role in achieving practical 
biomass refineries in sustainable society.
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Chapter 12
Production of Ethanol from Lignocellulosic 
Biomass

Antonio D. Moreno, Pablo Alvira, David Ibarra, and Elia Tomás-Pejó

Abstract  Ethanol fuel is leading the transition towards a post-petrol era in the 
transport sector worldwide. Ethanol is produced via sugar fermentation processes 
by yeasts or bacteria. Although the current industrial production of ethanol mainly 
involves the use of starch- and sugar-based feedstocks, lignocellulosic biomass is 
expected to play a key role as renewable, carbohydrate-rich raw material. With the 
aim of placing lignocellulosic ethanol into the market, the scientific community has 
made great efforts to develop and implement efficient conversion technologies. 
Prior to fermentation, lignocellulosic biomass must be pretreated and hydrolysed to 
obtain the fermentable sugars. Biomass processing is, however, a major limiting 
step since it is hindered by the native structure of lignocellulose and generates dif-
ferent biomass-derived compounds that are inhibitors of the subsequent microbial 
conversion. In this context, different pretreatment, delignification and detoxification 
methods have been investigated to produce less inhibitory pretreated materials. 
Furthermore, several strategies such as working at high gravity conditions, high 
temperatures and/or different process configurations, have been shown to maximize 
ethanol production from lignocellulosic materials. The development of robust 
microbial strains tolerant to inhibitory compounds and capable of converting sugar 
mixtures is also needed for cost-effectiveness of the process. This chapter compiles 
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recent advances in lignocellulosic ethanol production processes, from novel raw 
materials or fermenting microorganisms to new processing technologies addressed 
to commercialization.

Keywords  Pretreatment • Lignocellulosic ethanol • Enzymatic hydrolysis • 
Detoxification • Delignification • Sugar fermentation • Process integration • 
Microbial robustness

12.1  �Introduction

The implementation of a sustainable bio-based economy is considered a priority in 
today’s society. To reach such a goal, lignocellulosic biomass – the major renewable 
organic matter in nature – has been recognized as a valuable raw material for the 
production of biofuels and several chemical building blocks within the biorefinery 
concept. Among lignocellulosic biofuels, bioalcohols are very attractive and prom-
ising alternatives for the transport sector, as they can share current fuel distribution 
systems and are easily stored and handled, in comparison to biogas and biodiesel 
[1].

With a long history, ethanol is the most widespread alcohol fuel. It has a low 
boiling point (78 °C), a high research octane number (RON; 107) and its energy 
content is comparable to that of gasoline (two thirds of the gasoline energy content) 
[1, 2]. Direct use of ethanol as fuel is possible in neat form (100% pure) or in blends 
with gasoline (e.g. E85: 85% ethanol and 15% gasoline). Ethanol can be converted 
to ethyl tert-butyl ether (ETBE), which is used as fuel additive.

Traditionally, bioethanol has been produced from sugar- and starch-based feed-
stocks such as sugarcane juice and molasses, and corn. Since January 2013, bioetha-
nol also started to be produced from lignocellulosic feedstocks at commercial scale 
[3]. However, current prices for lignocellulosic ethanol are 0.57–1.20 USD/L, while 
conventional ethanol cost about 0.40–0.45 USD/L [4, 5]. To ensure a competitive 
lignocellulosic industry, some challenges both in biomass processing (such as hav-
ing a good balance between biomass hydrolysability and biomass degradation) and 
microbial conversion processes (including the increase of the tolerance of ferment-
ing microorganism to lignocellulose-derived compounds and the conversion of all 
lignocellulosic sugars into ethanol with high rates and yields) still need to be 
addressed. The present chapter reviews the current advances for a cost-effective 
lignocellulosic bioethanol production, from the use of novel raw materials and the 
development of new pretreatment technologies, to the investigation and engineering 
of fermentative microorganisms.
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12.1.1  �Lignocellulosic Bioethanol: A Process Overview

Ethanol production is based on sugar fermentation processes. With about 75% car-
bohydrate content on dry weight basis, lignocellulose represents an interesting feed-
stock for ethanol production [6]. However, in contrast to conventional bioethanol 
production technology, lignocellulosic ethanol production is very challenging due 
to the highly recalcitrant structure of lignocellulose. Lignocellulosic biomass is 
composed of three polymers: cellulose, hemicelluloses and lignin. The structural 
polymer, cellulose, is bonded with both hemicelluloses and lignin, forming a diffi-
cult to disrupt complex matrix.

Lignocellulosic ethanol production consists of pretreatment, enzymatic hydroly-
sis and fermentation steps. Pretreatment is needed to alter the structural characteris-
tics of lignocellulose and increase the accessibility of cellulose and hemicelluloses 
to hydrolytic enzymes that are responsible for the hydrolysis of polysaccharides 
into fermentable sugars. Pretreatment is an important process since it has a great 
impact on final conversion yields and contributes to 30–40% to the overall process 
costs [7]. As it is further discussed in Sect. 12.3, there is no best pretreatment tech-
nology although dilute-acid pretreatment, steam explosion or certain ammonia-
based technologies are effective methods that can be applied to a wide range of 
lignocellulosic feedstocks [8–10]. In pretreatment, high temperatures and pressures 
and/or the addition of solvents and chemical catalysts are required, which leads to 
biomass degradation, generating different enzymatic and microbial inhibitors that 
limit the subsequent saccharification and fermentation steps [11, 12]. Different 
physical, chemical, and biological detoxification methods have been evaluated with 
the aim of decreasing the inhibitory power of pretreated materials. Another impor-
tant limiting factor is the residual lignin, which can unspecifically bind hydrolytic 
enzymes, decreasing saccharification yields. In a similar way to detoxification 
methods, different biological and chemical delignification processes have been also 
studied as complementary steps to enhance saccarification yields.

Considering the steps required for lignocellulosic ethanol production, different 
process configurations can be proposed as depicted in Fig. 12.1. There are three 
main process configurations, which are explained in detail in Sect. 12.4: separate 
hydrolysis and fermentation (SHF), simultaneous saccharification and 
(co)fermentation (SSF/SSCF) and consolidated bioprocessing (CBP) [13]. In these 
processes, different yeast, bacterial or fungi strains have been used for ethanol pro-
duction as discussed in Sect. 12.5. However, microbial conversion processes are 
highly dependent on the composition of pretreated materials. The use and develop-
ment of more robust fermentative microorganisms is therefore of the utmost impor-
tance and represents an interesting alternative to the aforementioned detoxification 
methods. Several metabolic and evolutionary engineering strategies have been used 
to obtain fermentative strains with increased capacity to convert and/or tolerate high 
concentrations of inhibitory compounds [14–16]. The ability of tolerating high tem-
peratures and osmotic pressures, and converting the full range of sugars present in 
lignocellulosic feedstocks are important traits to take into consideration [17].
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12.2  �Novel Promising Lignocellulosic Feedstocks

Lignocellulosic biomass has an estimated annual production of more than 1010 MT 
worldwide [18]. The most commonly used lignocellulosic sources include forestry 
woody feedstocks (spruce, eucalyptus, birch, etc.) and agricultural residues (cereal 
straw, sugarcane bagasse, corn stover, etc.). However, materials such as energy 
crops (poplar, switch grass, giant reed, elephantgrass, Miscanthus giganteus, etc.), 
industrial residues (brews’ spent grains, paper mill residues, cheese whey, etc.), 
municipal solid wastes and marine algae (Saccharina latissima, Laminaria sp., 
Gracilaria sp., etc.) are considered attractive alternatives with high potential for 
biofuel production [19–21].

From the chemical point of view, lignocellulose is a highly heterogeneous mate-
rial. Glucose, xylose, mannose or arabinose are the main sugar units in cellulose and 
hemicelluloses, while lignin is formed by guaiacyl, syringyl and p-hydroxyphenyl 
phenylpropanoid units. As no other class of material in nature, such a versatile com-
position of lignocellulose offers the possibility of its revalorization into a wide 
range of products with tremendous applicability.

The specific composition of the plant cell wall and its components varies depend-
ing on plant species, tissue type, and developmental state of the tissue [22]. Altering 

Fig. 12.1  Process 
integration during 
lignocellulosic ethanol 
production. SSF 
simultaneous 
saccharification and 
fermentation, CBP 
consolidated bioprocessing 
(enzyme production, 
enzymatic hydrolysis and 
fermentation take place 
simultaneously)

A.D. Moreno et al.



379

the qualitative traits of lignocellulosic biomass, including reducing recalcitrance to 
degradation or optimizing sugar composition for better fermentability is highly 
desired for optimal biofuel production. Specific genetic engineering approaches 
such as (1) reducing/altering the lignin polymer, (2) lowering the endogenous com-
ponents that exert an inhibitory action on enzymes and fermentative microorgan-
isms, and (3) increasing the abundance of sugars that are easily fermentable, have 
been investigated in several plants with the aim of enhancing the conversion of lig-
nocellulose into biofuel [23].

Modifying the amount of lignin and its composition is one of the preferred 
approaches for reducing biomass recalcitrance. Yang et al. [24] were able to reduce 
about 20% lignin content in Arabidopsis thaliana by exchanging the promoter 
responsible for the expression of the cinnamate 4-hydroxylase with a vessel-specific 
promoter, without compromising plant cell growth. On the other hand, Wilkerson 
et al. [25] incorporated a feruloyl-CoA monolignol transferase in poplar for intro-
ducing monolignol ferulate esters that are more label towards a mild alkaline 
pretreatment.

Lignocellulose is also composed of acetyl esters, methyl esters and ethers. These 
groups of compounds act as inhibitors for the fermentation and enzymatic hydroly-
sis steps once they are released from biomass [11, 12]. Decreasing the concentration 
of those compounds in plant cell walls is therefore beneficial for the conversion of 
pretreated materials. For instance, the acetyl content or ferulate esters in biomass 
can be reduced by genetically interfering with the synthesis of the acetylated poly-
saccharides or reducing feruloylation, respectively [26, 27].

Another crucial engineering strategy that is being considered to enhance biomass 
conversion is to alter pentose content in lignocellulose. Pentoses such as xylose are 
fermented with lower efficiencies than hexoses. Thus, increasing the hexose:pentose 
ratio in raw materials would be of interest. Adjusting carbon partitioning from cell 
primary metabolism to wall glucan biosynthesis has been successful in poplar by 
the overexpression of a sucrose synthase [28]. Also, engineering glycan synthases 
and glycosyltransferases (which are directly involved in wall polymer synthesis) is 
a promising option. However, attempts to increase cellulose accumulation by over-
expressing the multiple transmembrane spanning protein CesA in poplar results in 
a reduction of cellulose content instead [29].

Algal biomass is also considered a very interesting alternative since they do not 
require arable lands and can use seawater and wastewater instead of synthetic media 
[30]. In contrast, the low carbohydrate content and its complex composition (algi-
nate, laminarin), and the low biomass density hamper its conversion into ethanol 
and makes imperative the discovery of new hydrolytic enzymes and fermenting 
microorganisms.

To make lignocellulosic biomass a suitable raw material for biofuel production, 
new engineering strategies and techno-economical modeling must be devised for 
genetically modifying plants/algae and obtaining the desired structural and chemi-
cal properties.
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12.3  �Important Aspects and Limitations of Biomass 
Processing

Different technologies have been evaluated for lignocellulose-to-ethanol conver-
sion, with the biochemical platform being the most advantageous for scale-up [19]. 
However, biochemical processes are hindered by the high recalcitrant structure of 
lignocellulosic biomass that limits the accessibility of cellulose and hemicelluloses 
to the hydrolytic enzymes and prevent the release of sugars.

Pretreatment of biomass is essential to alter its composition and structure so that 
efficient and rapid enzymatic hydrolysis of carbohydrates can occur [31]. Since dif-
ferent lignocellulosic materials have different physicochemical characteristics, it is 
necessary to adopt suitable pretreatment technologies based on the properties of 
each raw material.

Another critical step in lignocellulosic ethanol production is the enzymatic 
hydrolysis of cellulose and hemicelluloses into fermentable sugars. This stage is 
affected by several factors including the composition and structure of feedstocks, 
the pretreatment technology applied, the type of enzymes used and the enzyme 
loadings [32]. Costs and catalytic efficiencies of enzymes represent a major bottle-
neck for improving the economy of the bioethanol industry. Optimization of enzyme 
cocktails for enzymatic hydrolysis is therefore crucial to make the lignocellulosic 
ethanol production economically viable.

12.3.1  �Pretreatment and Hydrolysis of Lignocellulosic 
Biomass

Cellulose, hemicelluloses and lignin are strongly intermeshed and bonded through 
non-covalent and covalent cross-linkages, forming a lignocellulosic matrix. These 
structural characteristics make lignocellulosic materials very recalcitrant to the 
action of hydrolytic enzymes. To alter the structure of lignocellulose and facilitate 
the production of fermentable sugars, a suitable pretreatment process is needed 
[31]. The main goal of pretreatment is to break down lignin polymer and disrupt the 
crystalline structure of cellulose. Factors such as lignin and hemicelluloses content 
[33], degree of polymerization of cellulose [34], and porosity level of lignocellu-
losic materials [35] are among the main parameters to consider when subjecting 
lignocellulose to pretreatment processes.

The effectiveness of pretreatment determines the overall efficiency of the ethanol 
production process, and there are factors both upstream and downstream of the pre-
treatment step that should be taken into consideration. In the upstream steps, pre-
treatment can be considered by the selection of the raw material, since biomass 
harvesting and storage may affect pretreatment conditions such as residence time, 
temperature and/or the addition of chemical/biological catalysts. On the down-
stream processing steps, pretreatment highly influences enzymatic hydrolysis and 
microbial fermentation by affecting enzyme loadings and enzymatic hydrolysis 
rates, and cell viability and final ethanol yields and productivities, respectively [36].
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As mentioned previously, lignocellulose pretreatment has a high impact on the 
economy of biochemical ethanol production. In fact, Lynd [2] calculated pretreat-
ment costs to be about one third of the total costs, while Mosier et al. [31] described 
it as one of the most expensive processing steps in the lignocellulose-to-ethanol 
conversion. Cost-effectiveness of pretreatment is dependent on factors such as sugar 
release, biomass degradation, byproduct formation, energy demand, addition of 
chemical and/or biological catalysts, feedstock particle size and moisture content 
[8].

In addition to pretreatment, enzymatic hydrolysis represents another technologi-
cal and economical bottleneck in lignocellulosic ethanol processes [37]. During 
enzymatic hydrolysis, carbohydrates are depolymerized into soluble sugars. This 
process is influenced by both enzyme-related and substrate-related factors [38]. 
Enzyme-related factors include end product inhibition, thermal stability, synergism 
between different enzyme activities and the unspecific adsorption of enzymes to 
lignin. On the other hand, crucial substrate-related factors are cellulose crystallinity 
and its degree of polymerization, the available surface area of cellulose and the 
lignin and hemicelluloses content.

Complete hydrolysis of lignocellulose requires the action of different enzyme 
activities, grouped in cellulases, hemicellulases and ligninases (Fig. 12.2). Cellulases 
(endoglucanases, cellobiohydrolases and β-glucosidases) are needed to hydrolyze 
cellulose into glucose monomers, while hemicellulases (xylanases, β-xylosidases, 
α-L-arabinofuranosidases, esterases, etc.) and ligninases (laccases, ligninolytic per-

Fig. 12.2  Schematic representation of the enzymes involved in cellulose (a), hemicellulose (b; 
adapted with permission from Ref. [38], Copyright © 2013 Springer), and lignin (c) biodegrada-
tion. L lignin
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oxidases, oxidases generating extracellular H2O2, reductases, etc.) are involved in 
breaking down hemicellulose and lignin polymers, respectively. A novel group of 
non-hydrolytic enzymes called polysaccharide monooxygenases (LPMOs) have 
been discovered that are highly promising enzymes for improving the efficiency of 
cellulases. Although their action mechanisms have not been completely elucidated, 
these LPMOs can oxidize crystalline regions of cellulose, creating new reducing 
and non-reducing ends for cellulases [39]. Finally, non-catalytic proteins such as 
swollenins and expansins have attracted some attention for enzymatic hydrolysis of 
lignocellulose. These proteins do not catalyze hydrolytic reactions but aid in dis-
rupting the crystalline structure of cellulose, making it more accessible to hydrolytic 
enzymes [40].

Enzyme production costs have great impact on the overall process costs. Thus, 
different programs have funded studies to improve the enzyme production and make 
it affordable from the economic point of view. Also, combining and incorporating 
new enzyme activities in commercial preparations is required to provide an appro-
priate enzyme mixture. Significant advances have been achieved towards this aim. 
However, enzymatic mixtures still need to be optimized and adapted to different 
feedstocks and pretreatments [38]. Enzyme cocktail optimization involves different 
strategies such as engineering of cellulolytic microorganisms and/or their specific 
enzymes, screening of novel enzyme-producing microorganisms, enzyme recycling 
(enzyme immobilization, insoluble solids recycling, enzyme ultrafiltration, enzyme 
re-adsorption) and/or the addition of surfactants to avoid unproductive adsorption of 
hydrolytic enzymes to residual lignin.

12.3.1.1  �Recent Development in Pretreatment Technologies

Pretreatment research has been focused on identifying, evaluating, developing, and 
demonstrating promising approaches to enhance enzymatic hydrolysis of pretreated 
biomass, lowering enzyme dosages and shortening process times. Over the years, a 
large number of pretreatment technologies have been investigated on a wide variety 
of feedstocks [8, 32]. Pretreatment methods can be roughly divided into physical, 
chemical, physicochemical and biological processes. Some advantages and disad-
vantages of pretreatments processes are summarized in Table 12.1.

Combinations of pretreatment methods are usually needed to improve efficien-
cies. The complexity of lignocellulosic matrix depends very much on biomass feed-
stock. In this context, pretreatment effectiveness varies greatly among raw materials, 
and pretreatment optimization is therefore a must for each individual type of bio-
mass. In the following sections, the most important pretreatment processes are sum-
marized, and the most recent developments are highlighted. The impact of 
pretreatment methods on lignocellulosic materials and their effect on the subse-
quent enzymatic hydrolysis are discussed.
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Table 12.1  Advantages and disadvantages of the most important pretreatment processes

Pretreatment Advantages Disadvantages Ref.

Milling Increases the available 
surface area of cellulose

High energy consumption [41]

Reduces cellulose 
crystallinity

Extrusion Increases the available 
surface area of cellulose

High energy consumption [9, 42]

Higher efficiencies when 
combined with chemical/
biological catalysts

Diluted acid Hemicellulose solubilisation High formation of 
lignocellulose-derived 
inhibitors

[41, 43]

Low cost Difficulties for chemical 
recovery

Alkaline Reduces the content of 
lignin and hemicellulose

High pollution [44, 45]

Low cost High costs of chemical 
recovery

Oxidative Efficient in reducing lignin 
content

High cost of reagents [32]

Organosolv, 
COSLIF, CELF

Causes lignin and 
hemicellulose hydrolysis

High cost of organic 
solvents

[46–48]

Recovery of lignin with 
high quality

Risk from operation with 
flammable solvents

ILs pretreatment Reduces cellulose 
crystallinity

High cost of ILs [32, 49]

Steam explosion Hemicellulose solubilisation 
and fibber destructuration

High formation of 
lignocellulose-derived 
inhibitors

[8, 32]

Lignin redistribution and 
partial solubilization

High equipment cost

Cost-effective
AFEX Increase accessible surface 

area
High equipment costs [50]

Low formation of 
lignocellulose-derived 
inhibitors

Lower efficiencies with 
lignin-rich materials

EA pretreatment Recovery of lignin with 
very high quality

High ammonia loadings [10]

Reduces cellulose 
crystallinity

High energy inputs

Biological Degrades lignin and 
hemicellulose

Low process rates [12]

Environmentally friendly and 
low energy consumption
Low formation of 
lignocellulose-derived 
inhibitors
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Physical Pretreatment

Physical pretreatment is aimed to increase the accessible surface area of lignocel-
lulose to hydrolytic enzymes by reducing its particle size or disrupting the structure 
regularity. Such effects can be produced by a combination of shear stresses. Typical 
physical pretreatment includes chipping, grinding or milling processes [41]. 
However, the high energy input required in milling and refining processes makes 
them economically unfeasible.

Extrusion has been applied to improve the enzymatic hydrolysis of lignocellu-
losic materials. This technology is based on subjecting lignocellulosic biomass to 
shearing and heating stress factors, resulting in physical and chemical modifications 
(defibrillation, fibrillation and shortening of the fibers). In contrast to milling pro-
cesses, extrusion represents a promising method for lignocellulosic biomass pre-
treatment due to its adaptability to process modifications (it can be combined with 
chemical and/or biological catalysts such as alkali or enzymes) and its versatility 
regarding the use of different raw materials [9, 42].

Irradiation with microwave, electron beam or gamma rays is also considered 
within physical pretreatments. These pretreatment methods are usually combined 
with alkalis, acids, ionic liquids (ILs) or salts for improving the digestibility of lig-
nocellulosic materials [51, 52].

Chemical Pretreatment

Chemical pretreatment uses different reagents to modify the structure and composi-
tion of lignocellulosic biomass. The main chemicals used are acids, alkalis, ILs, 
oxidant agents and organic solvents.

Of the chemical pretreatment methods, dilute-acid technology is very favorable 
for industrial applications. It has been studied to pretreat a wide range of lignocel-
lulosic feedstocks including herbaceous crops, hardwoods and softwoods [41]. This 
technology is based mainly in hemicelluloses hydrolysis and solubilization, and can 
be performed at high or low temperatures with different residence times. Nonetheless, 
it promotes extensive biomass degradation, which generates several inhibitory com-
pounds from both sugar degradation and partial lignin solubilization [43]. Mineral 
acids such as H2SO4 or HCl are the most used acid catalysts. However, organic acids 
including acetic acid, fumaric acid or maleic acid are appearing attractive alterna-
tives [53].

In contrast to acid pretreatment, alkaline reagents increase cellulose digestibility 
by lignin removal [44]. Alkaline pretreatment can be performed at room tempera-
ture, with residence times ranging from seconds to days, and have shown to be more 
effective on agricultural residues than on woody materials [45]. Although some 
inhibitory compounds are generated during the process, alkaline pretreatments 
cause less sugar degradation than acid pretreatments. Among alkali catalysts, 
NaOH, KOH, Ca(OH)2 and NH4OH and NH3 are the most widely used [45]. Alkali-
pretreated feedstocks usually show saccharification yields of about 50–70%. 
However, higher saccharification yields (up to 95%) can be obtained by combining 
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alkali-based processes with other pretreatment methods (e.g. mechanical or biologi-
cal pretreatments) or with oxidant agents such as H2O2 or copper-catalyzed alkaline 
hydrogen peroxide [12, 50, 54].

Oxidative delignification is a pretreatment method that uses ozone, oxygen, 
hydrogen peroxide, chlorine dioxide or elemental chlorine as oxidation reagents, 
causing a remarkable oxidative fragmentation and lignin removal [32]. Oxidative 
delignification is, in contrast, quite costly and it is normally used in combination 
with other traditional acid or alkaline pretreatments for removing residual lignin 
[32].

Organic solvents have also shown to be effective for pretreating lignocellulosic 
feedstocks. Pretreatment such as organosolv, COSLIF (cellulose and organic 
solvents-based lignocellulosic fractionation) or CELF (co-solvent enhanced ligno-
cellulosic fractionation) are attractive technologies [46–48]. These processes can 
partially solubilize sugar components. However, the main action of these technolo-
gies is delignification, resulting in the recovery of a rather pure lignin fraction that 
can be used for further revalorization.

Pretreatment with ILs is a novel and promising alternative to improve ethanol 
production [32]. ILs are salts which exist as liquids at relatively low temperatures. 
Imidazolium salts are very common ILs [49]; however, tertiary amines derived from 
lignin and hemicellulose polymers (also called bioionic liquids) have also recently 
applied to pretreat lignocellulosic biomass [55]. One of the major advantages of ILs, 
is that their solvent properties can be adjusted in different ways for producing a 
simultaneous solubilization of sugars and lignin. Also, it should be highlighted that 
generation of inhibitory byproducts is avoided. In contrast, ILs can act as inhibitory 
compounds themselves, and an energy-efficient recycling method is required to 
compensate the high costs of these compounds.

Physicochemical Pretreatment

Physicochemical pretreatment has been used for lignocellulosic ethanol production 
[8, 32, 56]. Of the developed types of physicochemical pretreatment, steam explo-
sion, liquid hot water, ammonia fiber explosion/expansion (AFEX), extractive 
ammonia (EA), wet oxidation, and CO2 pretreatment are the most important. Among 
them, steam explosion is the most widely used pretreatment technology and is one 
of the methods applied on the commercial scale. During steam explosion pretreat-
ment, biomass is subjected to saturated steam at high temperatures and pressures, 
where acetyl groups are solubilized, promoting the autohydrolysis of hemicellulosic 
sugars [57]. Afterwards, there is a sudden depressurization that provokes a mechani-
cal fiber deconstruction. Steam explosion has been successfully used for ethanol 
production from a wide range of agriculture residues [58, 59] and hardwoods [60]. 
In contrast, acid catalysts are needed for steam pretreating softwoods feedstocks, 
which have a lower content of acetyl groups [61]. The major drawback of steam 
explosion pretreatment is the extended biomass degradation, which limits the sub-
sequent hydrolysis and fermentation steps [8, 32].
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Ammonia-based pretreatments such as AFEX and EA are very promising pre-
treatment technologies, since ammonia is an inexpensive commodity chemical with 
easy recycling. AFEX technology is similar to steam explosion pretreatment [62]. It 
uses temperatures around 60–100 °C and high pressures (1.7–2.1 MPa). During 
AFEX pretreatment biomass composition is not very much altered and biomass 
accessibility is enhanced by a swollen effect that increases the water retention val-
ues in pretreated biomass [50]. EA is a novel pretreatment technology that uses 
liquid ammonia at elevated temperatures to solubilize lignin polymer [10]. EA can 
also alter crystallinity of cellulose, allowing the better hydrolyzability of pretreated 
materials. Although process conditions have to be optimized, EA pretreatment rep-
resents a very promising technology since it requires about 60% lower enzyme 
loadings to reach similar saccharification yields than those obtained with AFEX 
technology. A high purity lignin with a native-like structure is recovered after EA 
pretreatment, which offers a good possibility for lignin revalorization.

Biological Pretreatment

Several microorganisms and/or their enzymes have been used to pretreat lignocel-
lulosic materials before enzymatic hydrolysis [63–68]. Some brown-, white-, and 
soft-rot fungi are capable of degrading lignin, hemicelluloses and small amount of 
cellulose. White-rot fungi are the most effective ligninolytic microorganisms due to 
their ability to produce enzymes (laccases and peroxidases), which can partially 
degrade lignin and/or modify its molecular structure [69]. White-rot basidiomycetes 
such as Phanerochaete chrysosporium, Trametes versicolor, Panus tigrinus, 
Ceriporiopsis subvermispora, Pycnoporus cinnabarinus, Irpex lacteus, Ceriporia 
lacerata, Stereum hirsutum, Polyporus brumalis, Ganoderma austral and Pleurotus 
ostreatus have been examined on different lignocellulosic feedstocks, showing high 
delignification efficiencies [12]. Although only white-rot basidiomycetes can degra-
dade lignin extensively, some ascomycetes can also colonize lignocellulosic bio-
mass and consequently improve saccharification yields [67]. Besides fungi, certain 
bacterial strains such as Bacillus macerans, Cellulomonas cartae, Cellulomonas 
uda and Zymomonas mobilis have also shown delignification abilities [12].

The use of ligninolytic enzymes (especially laccases) instead of microorganisms 
is another feasible alternative. Those enzymes show high reaction rates and are 
substrate specific, which offer the possibility to reduce the overall process time from 
weeks to hours without any loss in the sugar content [12].

The main advantages of biological pretreatment are their low capital costs, low 
energy demand and mild reaction conditions. Furthermore, these processes do not 
require the addition of chemical catalysts and do not release inhibitory byproducts. 
In contrast, major drawbacks include longer reaction times in comparison to other 
pretreatment technologies and the high enzyme production costs [8, 12].

Biological pretreatments can be combined with a mild acid/alkali pretreatment, 
organosolv, hydrogen peroxide, and thermal pretreatments to increase sugar recov-
ery yields and reduce reaction times [67].
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12.3.2  �Inhibitory Compounds and Residual Lignin

Current pretreatment technologies still present several drawbacks that significantly 
influence saccharification and fermentation steps. Among them, residual lignin and 
biomass-degradation products are the most significant factors to consider for down-
stream processing.

Residual lignin promotes the unspecific adsorption of hydrolytic enzymes in pre-
treated materials, thus decreasing saccharification yields. It has been shown that the 
chemical and physical structure of residual lignin plays a large role in determining 
hydrolysis yields, which in turn, is heavily dependent on pretreatment conditions. 
Cellulases have been proposed to adsorb to residual lignin via hydrophobic, electro-
static and hydrogen bonding interactions [35]. Taking into account this negative role 
of residual lignin, a delignification process can be of benefit for increasing sacchari-
fication yields in pretreated materials.

On the other hand, lignocellulosic-derived compounds released during pretreat-
ment process can act as inhibitors of the hydrolytic enzymes and fermentative 
microorganisms [11, 70–73]. Inhibitory compounds include furan derivatives (fur-
fural and 5-hydroxymethylfurfural (5-HMF)), aliphatic acids (acetic acid, formic 
acid and levulinic acid), and phenolic compounds (4-hydroxybenzoic acid, 
4-hydroxybenzaldehyde, vanillin, p-coumaric acid, ferulic acid, dihydroconiferyl 
alcohol, coniferyl aldehyde, syringaldehyde, syringic acid, and Hibber’s cetones, 
etc.) [70]. Also, inorganic compounds and extractives (terpenes, fats, waxes and 
phenolics) can cause inhibitory effects. The nature and concentration of all these 
products is strongly dependent on the feedstock and pretreatment process [73]. 
Similar to delignification methods, several detoxification methods have been 
proposed to reduce the inhibitory power of pretreated substrates and increase sac-
charification and fermentation yields.

12.3.2.1  �Delignification of Pretreated Materials

Different chemical and biological processes have been investigated to reduce the 
lignin content in pretreated materials. In comparison to the chemical delignification 
methods previously described as pretreatment processes (alkaline pretreatment, oxi-
dative pretreatment, organosolv, EA, etc.), biological delignification is a promising 
technology due to the lower environmental impact and higher product yields.

Among the different biological strategies, the application of laccases has gained 
considerable attention in the last years [12]. Laccases are multicopper oxidases that 
catalyze the oxidation of substituted phenols, anilines and aromatic thiols to their 
corresponding radicals. The low redox potential of laccases only allows the direct 
oxidation of phenolic lignin units (Fig. 12.3), which represent only a small percent-
age of the whole lignin polymer [74]. However, in the presence of low molecular 
weight compounds (also called mediators) laccases can also oxidize non-phenolic 
lignin units (Fig. 12.3) [75]. In general, fungal laccases and laccases-mediator sys-
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tems (LMS) have shown to be effective in modifying and/or partially removing 
lignin, increasing final hydrolysis yields of different pretreated materials [12, 65, 
68]. Nevertheless, enzyme production costs and the use of costly synthetic media-
tors are still considered major drawbacks for the proper integration of these biologi-
cal delignification methods in the current ethanol production process.

Fig. 12.3  Role of laccase or laccase-mediator systems (LMS) in lignocellulosic ethanol produc-
tion. Catalytic reactions include ether bond degradation, C–C degradation and aromatic ring cleav-
age as main delignification reactions, while oxidative polymerization is the main detoxification 
reaction
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12.3.2.2  �Inhibitors Removal and Detoxification of Pretreated Materials

One way of reducing the amount of inhibitory compounds released from pretreat-
ment is by using milder pretreatment conditions. However, mild pretreatment con-
ditions usually lead to lower hydrolysis yields [73]. Therefore, a good balance 
between the accessibility of biomass to hydrolytic enzymes and biomass degrada-
tion is required during pretreatment processes. Another possibility to reduce the 
concentration of inhibitory compounds is to physically remove inhibitors or to per-
form a detoxification step prior to enzymatic hydrolysis and/or fermentation pro-
cesses. Filtration and washing have been the most common methods employed to 
remove inhibitory compounds from pretreated materials. However, these processes 
involve the need of extra equipment, additional and expensive steps, loss of soluble 
sugars, waste of freshwater and production of wastewater [76].

Other methods developed to overcome the effects of inhibitory compounds 
include either physical, chemical or biological processes (Table  12.2). Vacuum 
evaporation for reducing volatile compounds such as furfural, acetic acid and vanil-
lin is probably the most commonly applied physical method [77]. Ion-exchange 
resins or activated charcoal can adsorb different inhibitors [78, 79], while ethyl 
acetate and other solvents can extract them from hydrolysates [80]. Overliming 
processes with Ca(OH)2 is among the most common chemical detoxification methods 

Table 12.2  Major considerations for the different methods used for inhibitor removal and/or 
detoxification of pretreated materials

Method Observations Ref.

Evaporation Removes volatile compounds (furfural, acetic acid and 
vanillin)

[77, 79]

Concentration of non-volatile compounds (sugars, 
extractives and lignin derivatives)

Overliming 
Ca(OH)2

Reduces the content of furfural, 5-HMF, and phenols [77]
Produces sugar loss

Ion exchange resins Reduces the content of lignin-derived compounds, acetic 
acid, and furfurals

[78, 79]

High costs
Activated charcoal Reduces phenol content [79]

Cost-effective
No sugars loss

Ethyl acetate 
extraction

Removes acetic acid, furfural, 5-HMF, vanillin, and 
hydroxybenzoic acid

[80]

Bio-abatement Wide range of inhibitors profile modification [12, 81, 82]
Feasible and environmentally friendly
Few side-reactions and low energy requirements
Slow reaction time
Produces sugar loss

5-HMF 5-hydroxymethylfurfural
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and can partially remove phenolic compounds, furfural and 5-HMF, improving 
hydrolysate fermentability [77].

Combination of different detoxification methods have also been used to detoxify 
pretreated materials [11]. For instance, chemical detoxification with Ca(OH)2 has 
been combined with activated charcoal or ion-exchange resins, being one of the 
most efficient combinations [77].

Similar to biological delignification processes, biological detoxification methods 
with microorganisms or enzymes offer many advantages such as mild reaction con-
ditions, no chemical addition, fewer side-reactions and less energy requirements 
[12, 81]. Among different microorganisms, fungi such as Trichoderma reesei have 
been mostly studied for this purpose [77, 82]. Moreover, this fungus can produce 
hydrolytic enzymes while detoxification take places [82].

Bacteria and yeasts have also been used for detoxification purposes [12]. For 
instance, most of Saccharomyces cerevisiae strains can convert furan derivatives 
into less inhibitory compounds (furfural to furfuryl alcohol and 5-HMF to 
5-(hydroxymethyl)furfuryl alcohol). This yeast also possesses the capacity to 
metabolize several phenolic compounds and can convert some aromatic carboxylic 
acids to the corresponding vinyl derivatives [12, 81].

The most common enzymes used for enzymatic detoxification are laccases and 
peroxidases, which derive from diverse white-rot fungi (T. versicolor, Trametes vil-
losa, Coriolopsis rigida, P. cinnabarinus, Coltricia perennis, Cyathus stercoreus) 
and bacteria [12, 81]. These enzymes act selectively to remove phenolic compounds 
and generate unstable phenoxy-radicals that polymerizes into less toxic aromatic 
compounds (Fig. 12.3) [83]. After laccase treatment, glucose consumption rates, 
ethanol volumetric productivity and ethanol yields are usually improved [77, 84–
86]. Nevertheless, as discussed above, enzyme costs can limit the use of these 
biocatalysts.

For better economy in these processes, enzyme detoxification methods can be 
combined with robust fermenting microorganisms to reduce enzyme dosages. Also, 
the cloning of these enzymes into cellulase-producing microorganisms or their 
reutilization can reduce the costs of producing these detoxifying biological agents.

12.4  �Process Integration

Pretreatment, enzymatic hydrolysis and fermentation steps need proper integration 
to achieve an efficient industrial ethanol production process. Strategies and condi-
tions employed for each step have an important influence on the rest, making the 
process configuration crucial in each particular case.

The main configurations used have typically been SHF and SSF [6, 87]. 
Nevertheless, other configurations such as integrating pretreatment and hydrolysis 
in a bioextrusion process [9], or the combination of enzyme production, enzymatic 
hydrolysis and microbial fermentation in a single step (CBP) [88–90] have been 
developed.
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12.4.1  �Separate Hydrolysis and Fermentation (SHF)

SHF processes have been the strategy traditionally used in bioethanol production. In 
SHF, enzymatic hydrolysis and fermentation are performed in separate and sequen-
tial steps. The main advantage of this approach is the possibility of running both 
steps at optimal conditions of pH and temperature. Optimal temperature for fungal 
hydrolytic enzymes is in general higher (45–50 °C) than the optimal temperature for 
fermenting microorganisms (30–37 °C). Another advantage of SHF processes is the 
possibility of removing the insoluble solids after enzymatic hydrolysis. This allows 
performing liquid fermentation, facilitating the reutilization of the fermentative 
microorganisms [13].

The main disadvantage of SHF is the accumulation of sugars (free and oligo-
meric forms) during enzymatic hydrolysis. Sugar accumulation promotes end-
product inhibition on hydrolytic enzymes and consequently reduces enzymatic 
hydrolysis yields [91, 92]. The in situ removal of sugars by dialysis has been pro-
posed as an attractive option to solve this problem [93].

12.4.2  �Simultaneous Saccharification and Fermentation (SSF)

In SSF, enzymatic hydrolysis (saccharification) and fermentation are performed 
simultaneously in the same vessel. This implies a cost reduction and a great advan-
tage of an integrated process [94]. Another advantage of SSF in comparison to SHF 
is the reduction of end-product inhibition during the enzymatic hydrolysis step 
(sugars are simultaneously consumed by fermenting microorganisms). This results 
in higher hydrolysis yields, shorter reaction times and the possibility of reducing 
enzyme loadings [87, 95]. Furthermore, contamination risks are lower, since glu-
cose is converted to ethanol as soon as it is released.

SSF processes require, in contrast to SHF processes, compatible fermentation 
and saccharification pH and temperature conditions. Thus, the main disadvantage of 
SSF process is the necessity of running enzymatic hydrolysis at suboptimal tem-
peratures. The utilization of thermotolerant yeasts such as Kluyveromyces marxia-
nus capable of fermenting at temperatures above 40 °C, involves a relevant advantage 
and has been evaluated in bioethanol production [96, 97]. Using high temperatures 
in SSF processes also implies other advantages such as less risk of contaminations 
and the reduction in cooling costs. In contrast, higher temperatures may involve 
fluidification of cell membranes (the physical protective barrier), reducing the toler-
ance of fermentative microorganisms towards inhibitory compounds [98].

When combining pentose-rich feedstocks and pentose-fermenting microorgan-
isms, the process is called simultaneous saccharification and co-fermentation 
(SSCF) [15, 99]. As it is detailed later in this chapter, the use of native and engi-
neered strains with the capacity of co-fermenting hexoses and pentoses represents a 
great advantage with higher potential for increasing ethanol production [96, 100].
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In general, the choice between SHF and SSF approaches depends strongly on the 
process conditions: type of biomass, pretreatment method, solids loading, hydro-
lytic enzymes and fermentative microorganism. As an example of this variability, it 
has been recently reported that using pretreated wheat straw at high solids loading 
and applying an older generation of enzyme cocktails (Celluclast + Novozym188), 
a SSF process resulted in significant higher yields in comparison to SHF [101]. 
Interestingly, using new generation of improved enzymatic cocktails (Cellic CTec 
2), SHF resulted in 20% higher final ethanol yield compared to SSF [101].

12.4.3  �Consolidated Bioprocessing (CBP)

CBP involves the integration of enzyme production, enzymatic hydrolysis and fer-
mentation in a single bioprocessing system. The integration of all these biological 
processes needed for ethanol production entails great potential to save capital and 
operational costs [100, 102]. Different cellulolytic and non-cellulolytic microorgan-
isms have been proposed as candidates for CBP processes, being bacteria from 
genus Clostridium (such as Clostridium thermocellum or Clostridium phytofermen-
tans) the most studied [88–90]. These anaerobic bacteria display extracellular enzy-
matic systems or cellulosomes, which are attached to the cell surface and can 
degrade cellulose into soluble sugars [103]. Other bacteria including Escherichia 
coli, Thermoanaerobacterium saccharolyticum or Caldicellulosiruptor bescii have 
been also engineered and/or studied as CBP systems [104–106].

As an alternative to bacterial strains, genetically modified yeasts displaying cel-
lulolytic mechanisms, can be also used in CBP processes. Examples of this strategy 
have been developed in S. cerevisiae [107, 108], K. marxianus [109] or Yarrowia 
lipolytica [110] strains.

CBP processes seem the logical endpoint in the evolution of ethanol production 
from lignocellulosic biomass. Application of CBP implies no operating cost or 
capital investment for dedicated enzyme production (or purchase), reduced diver-
sion of substrate for enzyme production or compatible enzyme and fermentation 
systems. Nevertheless, most CBP organisms identified and developed up to date 
have limited overall performance when using real lignocellulosic substrates, either 
because they still need supplementation of exogenous enzymes, or because they 
show low ethanol titers, low tolerance to ethanol or limited growth [100, 111].

12.4.4  �Operational Strategies

In general, SHF, SSF and CBP processes can be performed in batch, fed-batch or in 
continuous mode. In addition, other operational strategies such as including a pre-
hydrolysis step or the use of immobilized cells or membrane bioreactors have been 
studied for ethanol production.
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Being a very simple method, batch processes (a closed culture system which 
contains an initial amount of substrate that is subjected to fermentation) are the most 
common fermentation strategies [111]. However, fed-batch processes (where sub-
strate, culture medium and other required components and nutrients are loaded at 
specific time points) have shown to be effective for improving ethanol production 
when working at high substrates concentrations, mainly due to a better mixing and 
the presence of low concentration of inhibitor compounds, which facilitates their 
conversion by the fermenting microorganism. Combining substrate, enzyme and 
yeast feed in SSF processes, Koppram and Olsson [112] obtained 40 g/L of ethanol 
from a non-detoxified slurry (steam-exploded spruce) at a final substrate concentra-
tion of 20% (w/w) WIS (water insoluble solids), which showed to be totally inhibi-
tory in a normal batch SSF process. Similarly, a multi-feed SSCF strategy was used 
by Wang et al. [113], increasing the final substrate (steam-exploded wheat straw) 
concentrations up to 22% (w/w) WIS (water insoluble solids) without observing 
mixing problems, both in a standard bioreactor and DEMO scale (10 m3), and reach-
ing ethanol concentrations as high as 57 g/L. Another variation of SSF/SSCF pro-
cesses when using high solids loading is the introduction of a prehydrolysis or a 
presaccharification step (also known as Semi-Simultaneous Saccharification and 
Fermentation, SSSF). This presaccharification step allows a rapid liquefaction of 
the medium, offering more suitable conditions for fermentation and allowing higher 
ethanol yields [114, 115]. In the absence of cells, the prehydrolysis is performed at 
optimal conditions for enzymes for 1–80 h, after which the fermentative microor-
ganism is inoculated. In a recent approach, a two stage hydrolysis configuration 
involving a quick liquefaction with strong mixing and a longer saccharification with 
no mixing was proposed to reduce the power required for mixing at high substrate 
loadings [116].

The use of immobilized cells by encapsulation has also been tested for lignocel-
lulosic ethanol production. This strategy allows a better inhibitory tolerance of the 
fermenting strains and an optimal co-utilization of glucose and xylose [117]. A bet-
ter inhibitory tolerance can be also obtained by working at high cell densities in 
membrane bioreactors. In this context, Ylitervo et al. [118] designed a membrane 
bioreactor with a cross-flow membrane to allow cell retention during a continuous 
process (substrate, culture medium and other required components and nutrients are 
loaded continuously), which enabled continuous ethanol production in the presence 
of high concentrations of acetic acid (up to 20 g/L).

12.5  �Fermenting Microorganisms for Lignocellulosic 
Ethanol Production

In the biochemical conversion of lignocellulose, sugars contained in raw materials 
are converted to ethanol by microbial fermentation. Ethanologenic microorganisms 
ferment the glucose released during enzymatic hydrolysis into ethanol via 
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glycolysis, with the consequent production of ATP and CO2. The stoichiometric 
conversion of glucose to ethanol is 0.51 g/g. However, it is very difficult to reach 
such conversion yield, since microorganisms divert a certain part of the consumed 
carbon into cellular metabolism and growth.

In contrast to the conventional ethanol production processes from starchy/sugary 
feedstocks, lignocellulosic sugars are converted in a highly challenging environ-
ment. This fact, together with other inherent characteristics of the process, demands 
robust fermenting microorganisms with high tolerance to biomass-derived inhibi-
tors, ethanol and/or mechanical and osmotic stress. Also, they must be able to fer-
ment the wide range of lignocellulosic sugars and/or tolerate relatively high 
temperatures.

The yeast S. cerevisiae is the most commonly employed microorganism for 
industrial alcoholic fermentation. The most attractive characteristics of S. cerevi-
siae, are: (1) it is generally recognized as safe (GRAS), (2) it can consume all kinds 
of hexoses, (3) it reaches ethanol yields close to the theoretical and (4) it can pro-
duce ethanol at concentrations as high as 18% (v/v) [119]. Apart from monosac-
charides, some strains of S. cerevisiae are also able to utilize disaccharides such as 
sucrose and maltose, or trisaccharides like maltotriose and raffinose [120]. 
Furthermore, the resistance of S. cerevisiae to lignocellulose-derived inhibitors is 
high and therefore it is the preferred microorganism for lignocellulosic ethanol pro-
duction. In spite of showing all these interesting features, the main drawback of S. 
cerevisiae is its inability to ferment xylose, which is the second most important 
sugar after glucose in lignocellulose.

More than 2000 yeast species have been studied in the literature so far. Some of 
them show very interesting characteristics in overcoming the limitations inherent to 
S. cerevisiae. In this sense, researchers are exploring new alternatives in non-
conventional yeasts or bacteria to boost the lignocellulosic ethanol production. 
Non-conventional yeasts are usually isolated from extreme environments in which 
they develop specific mechanisms to survive under harsh conditions. This makes 
these non-conventional yeasts incorporate relevant industrially attractive traits such 
as the ability to utilize complex substrates and/or having high tolerance to different 
stress factors [17].

Besides yeasts, other microorganisms like ethanologenic bacteria have shown 
promising results in terms of xylose fermentation and thermotolerance, which moti-
vates researchers to explore the benefits of using these organisms in lignocellulosic 
ethanol production processes.

The following sections describe different fermentative microorganisms with 
interesting traits for lignocellulosic ethanol production and discuss advances in the 
development of novel strategies for strain engineering.
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12.5.1  �Hemicellulosic Sugars Fermentation

Efficient fermentation of all sugars present in lignocellulosic materials is crucial to 
increase the profitability of biological conversion of lignocellulose into ethanol. 
Since xylose is the second most abundant carbohydrate in nature, its commercial 
fermentation is essential to improve the global economy of the process.

A small number of native xylose-fermenting yeasts has been identified. Candida 
tropicalis, Candida shehatae, Pachysolen tannophilus, Scheffersomyces stipitis and 
Spathaspora passalidarum are among the xylose-utilizing yeast. These yeast spe-
cies, however, present low ethanol yields, low tolerance to ethanol and inhibitors, 
require microaerophilic conditions and are very sensitive to pH changes, which 
limit their application on the industrial scale. Notwithstanding, advances have been 
made towards the improvement of these yeast species for their utilization in ligno-
cellulosic ethanol production [121, 122].

As previously discussed, the yeast S. cerevisiae is one of the preferred microor-
ganisms for lignocellulosic ethanol production as it has demonstrated to be highly 
tolerant towards lignocellulose-derived inhibitors and the end product ethanol. 
However, since wild-type S. cerevisiae strains are not able to ferment pentoses, hard 
efforts have been addresses to develop efficient engineered xylose-fermenting S. 
cerevisiae strains.

Among the three different metabolic pathways for xylose assimilation, only two 
of them have been introduced in S. cerevisiae: the oxidoreductive pathway, which 
involves xylose reductase (XR) and xylitol dehydrogenase (XDH) enzymes; and the 
xylose isomerase (XI) pathway. The product of both pathways, xylulose, is phos-
phorylated by the action of a xylulose kinase (XK) and metabolized via the pentose 
phosphate pathway (PPP). The XYL1 and XYL2 genes (mainly from S. stipitis) 
involved in the XR/XDH pathways have been cloned in several S. cerevisiae strains. 
However, these two enzymes have a different co-factor preference, which is trans-
lated in co-factor imbalance and xylitol accumulation. In this context, altering the 
co-enzyme preference of the XR and XDH has been one of the most effective 
approaches to decrease xylitol formation and enhance ethanol yields [123, 124]. 
The expression of XI from bacteria, which directly converts xylose into xylulose, 
does not present limitations regarding xylitol accumulation. In both pathways, the 
over expression of the endogenous XKS1 gene encoding for XK enables S. cerevi-
siae to ferment xylose to ethanol more rapidly [125].

Besides xylitol accumulation, other constrains regarding xylose fermentation by 
recombinant S. cerevisiae strains have been ascribed to poor xylose uptake and limi-
tation in the PPP and other metabolic fluxes. Thus, big efforts have been recently 
addressed to overcome these challenges by means of metabolic engineering tech-
niques [126–128].

Directed adaptation or evolutionary engineering of yeast in the presence of 
xylose has been proven as one interesting strategy to develop more efficient xylose-
fermenting strains. In this context, evolutionary engineering of xylose-fermenting S. 
cerevisiae strains to lignocellulosic hydrolysates not only led to an increase in 
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xylose fermentation capacity but also in better results in terms of tolerance to inhibi-
tors and ethanol yields, when compared with non-adapted cells [15, 129]. 
Furthermore, as it is detailed latter in this chapter, short-term adaptation of recom-
binant S. cerevisiae cells to hydrolysate rich in xylose and inhibitors during the 
propagation phase, also resulted in increased xylose fermentation in the subsequent 
ethanol production process [130, 131].

Apart from yeasts, xylose fermentation has also been reported with some fungi 
such as Fusarium oxysporum, Mucor circinelloides and Rhizopus oryzae [132, 
133]. In comparison to xylose-fermenting yeasts, filamentous fungi are more toler-
ant to the inhibitors but they show slow fermentation rates for a competitive indus-
trial process [134]. The ethanologenic xylose-fermenting bacteria that show the 
most promising characteristics for lignocellulosic ethanol production are E. coli and 
Klebsiella oxytoca. Both organisms utilize also a wide spectrum of sugars; however, 
they are inhibited at low sugar and ethanol concentrations, and the fermentation 
processes lead to considerable by-product formation.

12.5.2  �Increased Tolerance to Inhibitors

The use of fermenting microorganisms that can cope with the inhibitory compounds 
released during pretreatment is crucial for achieving a cost-competitive production 
process. Several strategies to develop robust S. cerevisiae strains with improved 
tolerance to inhibitors have been described. The overexpression of genes that encode 
enzymes which confer resistance to specific inhibitors has improved the tolerance 
of S. cerevisiae to these degradation compounds [135, 136].

A significant increase in furfural tolerance has been observed by disrupting the 
SIZ1 gene in S. cerevisiae [137]. The genome shuffling technique has also been used 
with success to improve the acid tolerance of S. cerevisiae [138]. Among non-
metabolic engineering techniques, evolutionary engineering has been proposed as 
an effective method to improved tolerance to inhibitors in S. cerevisiae strains [129, 
139]. During evolutionary engineering, microorganisms are subjected to high inhib-
itor concentrations over extended periods, which provoke random genetic changes 
that confer increased tolerance to the stress factors. Besides the long-term adaptation 
gained during evolutionary engineering, short-term adaptation of yeast to lignocel-
lulosic hydrolysate during propagation has also been proven to increase detoxifica-
tion rates of furfural and 5-HMF, reduce the lag phase of microorganisms and 
increase sugar consumption rates and ethanol yields in the subsequent fermentation 
step [130, 131, 140]. As introduced before, since tolerance to inhibitors is affecting 
sugar consumption rates, these strategies are very interesting for producing more 
efficient xylose-consuming strains, highly tolerant to lignocellulose-derived 
inhibitors.

In addition to all efforts addressed for increasing yeast tolerance to lignocellulose-
derived inhibitors, little is known about the superior inhibitor tolerance detected in 
certain non-conventional yeasts. Among non-Saccharomyces species, Pichia kudri-
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avzevii has been reported as an extremely robust microorganism, coping with up to 
7 g/L of 5-HMF [141] and about 8 g/L of acetic acid [142]. Zygosaccharomyces 
bailii is the most acetic acid-tolerant specie described so far, showing the same 
growth rate reduction at 24 g/L of acetic acid than S. cerevisiae at 9 g/L [143].

Besides the described evolution and genetic engineering approaches, different 
alternatives such as cell retention, encapsulation, and flocculation of fermentative 
microorganisms have been developed to increase the intrinsic tolerance or the inher-
ent detoxification capacity of some microorganisms [12, 81].

12.5.3  �Ethanol Tolerance

S. cerevisiae has been described as the most ethanol-tolerant yeast species [141]. 
Similar to S. cerevisiae, Dekkera bruxellensis have shown to have similar ethanol 
tolerance levels. The common trait for the high ethanol tolerance in these two men-
tioned yeast species is reported to be the duplication of their alcohol dehydrogenase 
encoding genes. D. bruxellensis strains isolated from wine fermentation have dem-
onstrated ethanol tolerance to concentrations ranging from 10 to 16% (v/v) [144]. In 
spite of the very promising features present in this yeast, genetic modification of this 
species is very difficult, which slows down the progress in using this organism for 
bioethanol production. Other highly ethanol-tolerant yeast species are P. kudriavze-
vii, and Wickerhamomyces anomalus which are able to tolerate 13% and 11% (v/v) 
ethanol concentrations, respectively [141].

12.5.4  �Thermotolerance

The employment of thermotolerant yeasts in ethanol processes from lignocellulose 
is advantageous when applying SSF configurations, since the optimal conditions for 
enzymatic hydrolysis and fermentation are different. As mentioned before in this 
chapter, most hydrolytic enzymes perform better at 50 °C while most fermenting 
microorganisms have an optimum temperature of 30–37 °C. Thus, hydrolysis yields 
are increased when using thermotolerant microorganisms, owing to the higher tem-
perature of SSF processes. There are other advantages that could be exploited when 
running SSF processes at higher temperatures, such as energy savings through a 
reduction in cooling costs, a significant reduction in contamination risks and the 
possibility of continuous ethanol removal by evaporation. Some studies conclude 
that an increase of 5 °C in the SSF temperature could considerably reduce the etha-
nol production costs [98].

Thermotolerant yeast strains of Saccharomyces, Kluyveromyces and Fabospora 
can grow at temperatures above 40 °C and produce ethanol at temperatures of 40 
°C, 43 °C and 46 °C, respectively [98]. K. marxianus grow well at temperatures as 
high as 45–52 °C and can efficiently produce ethanol at temperatures of between 38 
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°C and 45 °C. Several strains belonging to the yeast species K. marxianus have been 
successfully employed in SSF processes from lignocellulose such as wheat straw 
[145], barley straw [146], eucalyptus [147], switchgrass [148] or even recycled 
paper sludge or waste [149, 150]. Apart from K. marxianus, some thermotolerant 
strains of S. cerevisiae and K. fragilis have also been successfully employed in SSF 
processes [151, 152].

Ogataea polymorpha is a yeast species able to grow at temperatures higher than 
50 °C. This fact, together with its ability to ferment xylose and cellobiose to ethanol, 
makes O. polymorpha an interesting microorganism with high potential for use in 
SSF processes.

The use of thermophilic bacteria with broad substrate range and high yields may 
be another good option for ethanol production from lignocellulosic biomass. Highly 
ethanologen thermophilic bacteria are typically members of the genera 
Thermoanaerobacterium, Thermoanaerobacter, Clostridium or Caldanaerobacter 
[153]. Most thermophilic strains within the genus Clostridium have an optimum 
temperature in the range of 45–65 °C. On the other hand, Thermoanaerobacterium 
species have an optimum temperature ranging from 55 to 65 °C and have demon-
strated good ethanol yields on lignocellulosic substrates. Thermoanaerobacter spe-
cies have slightly higher optimum temperatures (65–75 °C) than 
Thermoanaerobacterium. Both Thermoanaerobacter ethanolicus and 
Thermoanaerobacter J1 have been proven to produce ethanol with high yields from 
lignocellulosic sugars [154, 155]. Other very promising ethanol producing thermo-
philic bacteria are the wild type strains of Caloramator boliviensis that have already 
been used in SSF processes from cassava starch [156].

12.5.5  �Osmotolerance

Running the bioethanol production process at high substrate concentrations (>15% 
(w/w)) results in improved overall productivity, reduced capital costs and lower 
energy input, when compared to processes at lower consistencies [157]. The high 
initial sugar concentrations in the broth may cause an increase in the osmolarity of 
the fermentation medium, which can lead to water loss and cell shrinking. S. cere-
visiae can grow and ferment in media containing as much as 400 g/L glucose, which 
is one important advantage of this microorganism for producing ethanol at high 
substrate loading [158].

Two non-Saccharomyces yeast species isolated from sugar rich habitats (floral 
nectar and sugar beet juice) [141] show even higher osmotolerance than S. cerevi-
siae. Candida bombi grows well on rich media with 70% glucose. In the same study, 
Starmerella bombicola reached the same growth level as that of C. bombi on 60% 
glucose.

The application of extremely osmotolerant non-conventional yeast has recently 
appeared as interesting options in this kind of processes. Zygosaccharomyces rouxii 
is one of the most halotolerant and osmotolerant yeast species since it can cope with 
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up to 90% (w/v) sugar concentration [159]. Studies have suggested that this extreme 
osmotolerance could rely on two plasma membrane transporters (ZrFfz1 and 
ZrFfz2) phylogenetically distant from any other fungal transporter [160].

Some attempts have been made to engineer new bacterial strains to cope with 
increased osmotolerance in ethanol production processes at high substrate loading. 
This is the case of recombinant E. coli strain FBR 5, which is able to ferment acid-
treated wheat straw hydrolysates with 150 g/L total sugars. In this study, E. coli 
FBR5 was able to ferment both xylose and glucose with a final ethanol yield of 0.47 
g/g [161].

12.6  �Conclusions and Future Outlook

There is no doubt on the importance of developing and implementing a cost-
effective lignocellulose-based industry, which will place into the market several 
renewable biofuels and other value-added products. Lignocellulosic ethanol is lead-
ing such scenario and quite a few commercial lignocellulosic ethanol plants have 
been opened in the last 3–4 years (BetaRenewables, Abengoa, Raizen, GranBio, 
Poet-DSM, and DuPont). However, there are still some challenges that should be 
addressed for establishing a competitive lignocellulosic ethanol industry.

The highly recalcitrant structure and the heterogeneous chemical composition of 
lignocellulosic materials hinder their utilization as sugar sources. Interesting 
approaches regarding the development of novel genetically modified feedstocks 
such as those having lower lignin content and/or a higher proportion of easily fer-
mentable sugars have been reported.

During biomass processing, pretreatment is one of the most important steps in 
both process and economic terms. Different pretreatment processes have been 
developed to overcome the recalcitrant structure of lignocellulose and increase bio-
mass digestibility. An optimal pretreatment process would be able to guarantee a 
proper balance between the increase in biomass digestibility and the extension of 
biomass degradation. Also, it would facilitate the recovery of a highly pure lignin 
fraction, thus offering possibilities for its revalorization. Methods such as steam 
explosion, dilute-acid pretreatment, extrusion, EA, CESF or ILs represent promis-
ing processes with high potential for industrial applications.

Enzymatic hydrolysis is another important process in biomass processing. 
Recent studies in saccharification processes have elucidated the need of incorporat-
ing new enzyme activities in the hydrolytic cocktails for the complete hydrolysis of 
lignocellulose. Some of these activities are LPMOs, hemicellulases, ligninases and 
other non-hydrolytic enzymes such as swollenins and expansins.

The development of more robust fermentative strains with abilities to cope with 
all the different stresses is also needed for the optimal conversion of the highly chal-
lenging hydrolysates. Different delignification and detoxification methods have 
been developed for increasing the hydrolyzability and fermentability of hydroly-
sates. However, promoting the in situ conversion and/or the tolerance of the inhibi-
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tory compounds present in hydrolysates would be economically beneficial. In 
addition, all lignocellulosic sugars must be converted during fermentation processes 
for increasing final ethanol concentrations and conversion yields. Strains with high 
pentose-conversion efficiencies are therefore very interesting options for lignocel-
lulosic ethanol production.

Finally, although each process should be individually studied and optimized, 
proper process integration should be also evaluated in considering the selected pre-
treatment method, the enzyme cocktail and the fermentative microorganism. In this 
context, the development of an efficient CBP process where enzyme production, 
enzymatic hydrolysis and fermentation are integrated in one single step would be 
convenient for cost-effectiveness of lignocellulosic ethanol production.

In brief, it can be concluded that the breakthrough of key technologies both in 
biomass processing and fermentation processes, and the optimal integration of all 
the steps involved, are among the crucial aspects to overcome for the realization of 
a global bio-based economy, where lignocellulosic ethanol plays a key role.
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Chapter 13
Production of γ-Valerolactone from Biomass

Kai Yan and Huixia Luo

Abstract  This chapter surveys the methodology and recent advances in the pro-
duction of γ-valerolactone (GVL) from different renewable biomass-derived 
sources, from the pioneering studies to the present state of the art. The mechanism 
for the production of GVL is discussed. An overview of the different methods and 
advances in the synthesis of GVL are then analyzed and compared. Different 
advanced catalysts (e.g., homogeneous as well as heterogeneous catalysts) and cata-
lytic systems (e.g., different hydrogen sources) are highlighted. More emphasis is 
placed on a comparative analysis of recently developed methods for GVL produc-
tion in terms of efficiency, selectivity and cost-effectiveness. Challenges and areas 
that need improvement are also given. Specific examples are reviewed with empha-
sis on different synthetic systems, comparing the behavior of different metal cata-
lysts and reaction parameters. The main prospects and constraints related to the 
several conversion routes are presented including the technical barriers, promise of 
scale-up, and potentially environmental issues.

Keywords  Biomass • Gamma-valerolactone • Production • Catalysts • Catalytic 
system • Activity

13.1  �Introduction

Biomass often refers to the organic material of renewable sources [1, 2], it is the 
only renewable source of carbon neutral which can be used for the production of 
fuels and value-added chemicals as an alternative to reduce the use of fossil 
resources [3–6]. Figure 13.1 describes the typically chemical structures of the major 
component of biomass, hemicellulose, cellulose and lignin [2, 7]. Lignocellulosic 
biomass mainly contributes to the structural integrity of plants (as shown in 
Fig.  13.2), which consists of three polymeric components, the percentages have 
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Fig. 13.1  The chemical structure of the major components of biomass and their typically upgraded 
products (Reprinted with permission from Ref. [2]. Copyright © 2006, American Chemical 
Society)

Fig. 13.2  The structural organization of the plant cell wall (Source from the Office of Biological 
and Environmental Research of the U.S. Department of Energy Office of Science. science.energy.
gov/ber/)
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difference based on the species of origin and the distributed locations [8, 9]. 
Cellulose (up to 40–80%) is the main component in the plant cell walls (Fig. 13.2), 
consisting of the glucose unit linked unbranched chains [10, 11]. The parallel 
unbranched D-glucopyranose units linked by β-1,4-glycosidic bonds would form 
the crystalline and highly organized microfibrils through numerous internal and 
intramolecular hydrogen bonds and Van der Waals forces. Hemicellulose (between 
15% and 30%) is made of C5 and C6-derived sugars through the hydrogen bonds 
[12, 13]. Lignin is formed by substituted phenolic units and accounts for 15–25% of 
biomass composition [14–17]. The investigation of energy- and chemical processes 
is to efficiently transform biomass into fuel candidates, value-added chemicals, and 
materials. Similar to the petrochemical industry, the fully integrated biorefinery pro-
duces a variety of products upon the advanced catalysts and efficient catalytic 
system.

Considering the transformation of renewable biomass into the highly attractive 
biofuels, a high effective H/C ratio has the direct relationship to high energy content 
per carbon (i.e. heating value or combustion enthalpy). As shown in Fig.  13.3, 

Fig. 13.3  Effective H/C ratio vs the degree of processing. Note: HMF 5-hydroxymethylfurfural, 
BTX benzene, toluene, xylene, EO ethylene oxide, BHMF 2,5-bis-(hydroxymethyl)furfural, DMF 
2,5-dimethylfuran, DMTHF 2,5-dimethyltetrahydrofuran, EG ethylene glycol, PG propylene gly-
col, PE polyethylene, PP polypropylene (Reprinted with permission from Ref. [18]. Copyright © 
2015, Royal Society of Chemistry)
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different resources including renewable and non-renewable, platform intermediates, 
and target chemicals have been classified based on their effective H/C ratios.

Along the line of these value-added candidates, GVL is one of the most promis-
ing biofuel and valuable chemical. Due to its attractive physical-chemical properties 
and unique fuel characteristics as depicted in Table 13.1, it has attracted a voluminous 
body of work and intensive efforts over the last several decades. GVL is renewable, 
has a low melting point of −31 °C, a high boiling point of 207 °C and flash point of 
96 °C, a definitive but acceptable smell for easy recognition of leaks and spills, low 
toxicity, and high solubility in water to assist biodegradation. Besides, GVL has 
similar combustion energy to ethanol (29.7 MJ kg−1) and a higher energy density in 
comparison with ethanol fuel. A number of researchers have focused on the devel-
oping efficient catalytic system for the production of GVL from different lignocel-
lulosic biomass-derived sources [5, 7, 20–25]. Horvath et  al. [26, 27] have 
demonstrated that GVL neither hydrolyzed under neutral conditions nor formed 
measurable amounts of peroxides in a glass flask under air in weeks, making it a 
safe and promising material for the industrial applications. Using the criteria H/C 
ratio to compare the variously value-added chemicals, the effective H/C ratio of the 
hydrodeoxygenation of carbohydrates was 0, the H/C ratio of levulinic acid (LA) 
was 0.4, and the ratio of GVL was 0.8. The combustion enthalpies per carbon atom 
for methane and octane are 890.4 and 683.8 kJ/mol, respectively, compared to 485.4 
kJ/mol for LA and 463.5 kJ/mol for 5-hydroxymethylfurfural (HMF) [18]. Horvath 
et al. [26, 27] further studied the mixture of 90% (v/v) conventional gasoline with 
10% GVL and 10% ethanol, having particularly the same octane number and simi-
lar physical properties [26–28], which has been suggested as an attractive liquid 
fuel. GVL, an ideal sustainable green solvent and chemical intermediate, can be 
further hydrogenated to produce fuel additives (e.g., 2-methyltetrahydrofuran 

Table 13.1  Main physical 
properties of γ-valerolactone 
in comparison with ethanol 
fuel

Terms Ethanol GVL

M (g mol−1) 46.07 100.12
Carbon (wt %) 52.2 60
Hydrogen (wt %) 13.1 8
Oxygen (wt %) 34.7 32
Boiling point (°C) 78 207
Melting point (°C) −114 −31
Flash Point (°C) 13 96.1
Density (g mL−1) 0.789 1.0485
Solubility in water/ 
(mg/ml)

Miscible ≥100

Octane number 108.6 –
Cetane number 5 –
ΔHvap (kJ mol−1) 42.590 −54.8
ΔcH°liquid (kJ mol−1) −1367.6 ± 0.3 −2649.6

Reprinted with permission from Ref. [19]. Copyright © 
2015, Elsevier
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(MTHF)), or value-added chemicals (e.g., 1,4-pentanediol) as shown in Fig. 13.4. 
Biomass-derived polymers can be produced from the intermediate 1,4-pentanediol, 
while MTHF can be used as solvent and fuel additive [22, 29].

13.2  �Mechanism Studies on the Production of GVL

Among different methodologies and catalytic system to produce GVL, the most 
efficient synthesis of GVL is the direct hydrogenation of LA [30–37], where LA is 
often produced from biomass as shown in Step I of Fig. 13.5. Although many issues 
(e.g., mechanisms) are associated with the production of LA are not clear yet, the 
production of LA have obtained many progress. Detailed reviews have been com-
mented on the production of LA [5, 8, 43–47]. It was proposed that the first step 
during the hydrogenation reaction is chemisorption of molecular hydrogen and liq-
uid LA on the metal support [34, 48]. Three endergonic reaction pathways are dis-
cussed in literature for GVL formation then, which depend on the order of the 
hydrogenation and dehydration step (Fig. 13.5) [49]. The first mechanism assumes 
the formation of pseudolevulinic acid by an intramolecular addition of the carboxyl 
on the carbonyl group in an equilibrium reaction. Pseudolevulinic acid is then dehy-
drated to α-angelica lactone which is finally hydrogenated to GVL.  The second 

Fig. 13.4  Catalytic upgrading of γ-valerolactone to fuels, fuel additives and value-added chemi-
cals (Reprinted with permission from Ref. [20]. Copyright © 2015, Elsevier)
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pathway starts with the hydrogenation of LA to 4-hydroxypentanoic acid. Then 
simple lactonization will give GVL. Which of these pathways occurs preferentially 
is certainly a function of the solvent (water free conditions favor route 1) and the 
hydrogen pressure (high values more prefer route 2). As a side reaction, water elimi-
nation of 4-hydroxypentanoic acid to penteonic acid occurs which tends to form 
pentanoic acid under these hydrogen rich reaction conditions [8, 19, 29]. GVL can 
also be generated from the hydrogenation of esters of LA. In the first step, a hydroxyl 
levulinic ester is produced from the hydrogenation of levulinate esters. In the sec-
ond step, GVL and the corresponding alcohol will be produced through an intramo-
lecular transesterification.

In 2004, Manzer et al. [50] studied the reaction of LA in an autoclave reactor at 
a temperature of 150 °C for 4 h at 3.4 MPa H2, dioxane solvent and 5% Ru/C cata-
lyst, whereas nearly perfect conversion and a high GVL selectivity of 97% were 
reported. Manzer and Hutchenson [51] further described a continuous flow hydro-
genation of LA in supercritical CO2 (scCO2), which was carried out in a tubular 
reactor under the reaction conditions of 200 °C, 20 MPa and 1% Ru/Al2O3 catalyst. 
Ninety-eight percent conversion of LA and perfect selectivity of GVL were reported 
[51, 52]. In 2007, Bourne et  al. [53] studied another method for the continuous 
hydrogenation of LA in scCO2, where water was used as a co-solvent and 10 MPa 
H2 was used in a 3 molar excess to LA at 200 °C and Ru/SiO2 catalyst. Almost per-
fect conversion of LA and full selectivity of GVL were reached. The main advan-
tage of the catalytic system was the solubility of GVL in the combined water/scCO2 
mixture, allowing continuous separation of GVL without extra energy input. In 

Fig. 13.5  Different reaction pathways to produce γ-valerolactone [7, 8, 38–42]
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2009, formic acid was reported as the hydrogen source for the hydrogenation of LA 
since it was a co-product of LA in the dehydration of biomass [54]. The formic acid 
will supply the hydrogen source, avoiding the external sources of H2 and separating 
of LA from formic acid in the aqueous reaction mixture. In 2010, Lange et al. [55] 
screened a number of ~50 catalysts for the hydrogenation of LA. The best perfor-
mances were reported using Pt on TiO2 or ZrO2 at 200 °C and 40 bar H2, where a 
high selectivity of GVL (> 95 mol%) was produced and a marginal deactivation of 
catalyst was found after 100 h. In 2011, Dumesic and coworker [56] did a pioneer-
ing work on the catalytic production of GVL from LA and its ester through 
Meerwein–Ponndorf–Verley (MPV) reduction using alcohol as hydrogen donor, 
where the MVP reaction is also often called as catalytic transfer hydrogenation 
(CTH) process. They found that reduction of LA and its esters to GVL can be 
accomplished over various metal oxide catalysts (e.g., ZrO2, MgO/Al2O3) using the 
secondary alcohols (e.g., isopropanol, ethanol, butanol) as the hydrogen donor, 
where the ZrO2 was demonstrated to be the most active catalyst in both batch and 
continuous flow reactor. In 2012, Dumesic and coworkers further studied the pro-
duction of GVL along with LA and furfural from the integrated conversion of hemi-
cellulose and cellulose [57]. The catalytic system was either a monophasic medium 
composed of GVL and an inorganic acid (e.g., HCl), or a biphasic system compris-
ing an organic layer of GVL and an immiscible aqueous layer. During the process, 
LA was selectively converted into GVL at the mild conditions of 180 °C and 35 bar 
H2 with Ru or Sn-based catalysts. The GVL acted as a product, also worked as a 
solvent, offering several clear advantages in the system: (1) GVL was a product of 
the system, it reduced the steps in the separation; (2) GVL solubilized the cellulose 
and hemicellulose, avoiding the formation of deposits on catalyst; (3) As they 
reported, the GVL decreased the rate of furfural degradation and enhanced the con-
version of cellulose.

Researchers have more focused on the developing of new supports to improve 
the catalytic performances, catalyst stability, recycle and regeneration. Different 
metal oxides [45, 58, 59], mesoporous supports [60–62], carbon support [33, 63, 
64], polymers [65] have been designed for this purpose. Catalyst recycle and regen-
eration in the hydrogenation of LA still need more efforts for future studies.

13.3  �Production of GVL Using Homogeneous Catalysts

In homogeneous catalytic reaction, the reactants, products and catalyst are all dis-
solved in the same solvent and in one phase. Water is the most often solvent used 
due to environmental considerations, thus the transition metal ion catalyst is often 
designed and developed [66–70]. In contrast, homogeneous catalysts have a higher 
activity and are more selective under mild conditions. Burtoloso and coworkers [71] 
have reported that the Fe3(CO)12 catalyst was effective in the hydrogenation of LA 
using formic acid as hydrogen source and 92% yield of GVL was produced at 
180 °C. While the crude liquor from the acid hydrolysis of sugarcane biomass was 
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directly converted into 50% yield GVL without the need for isolating LA. 
Transitional metal Pd-complex such as (dtbpe)PdMe2 and (dtbpe)PdCl2 (dtbpe = 
1,2-(bis-di-tert-butylphosphino)ethane) were also reported to be efficient catalysts, 
where perfect yield of GVL was obtained at 100 °C in water solvent and formic acid 
as the hydrogen source [72]. Ru- or Ir-based homogeneous complex such as 
RuCl2(PPh3)3, Ru(acac)3/PBu3, Ru(acac)3/P(n-Oct)3 and [Ir(COE)2Cl]2 catalysts 
have been designed and synthesized. The typical Ru- and Ir-complex as shown in 
Fig. 13.6 for the hydrogenation of LA has been frequently reported with good con-
version of LA and high selectivity of GVL [68, 70, 73–76].

Horvath et al. did some pioneering works and studied the addition of the Shvo 
catalyst in the dehydration of fructose, where a high yield of 55% GVL was pro-
duced in one-step [77, 78]. In 2012, Dumesic and coworkers further reported the 
production of GVL along with LA and furfural from C6- carbohydrate or 
C5-carbohydrate [57]. The direct conversion of biobased carbohydrates to GVL 
would be more promising. Besides, if the produced side product formic acid can be 
further utilized as hydrogen source for the in-situ hydrogenation of LA (as shown in 
Fig. 13.7), the whole process will be more economic and attractive, albeit many 
reactions occurred simultaneously. More typical works of the advanced catalysts 
and catalytic system for the hydrogenation of LA to GVL have been compared in 
Table 13.2.
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13.4  �Production of GVL Using Heterogeneous Catalysts

13.4.1  �Supported Noble-Metal Catalysts

The supported Noble-metal catalysts often present good crystallinity, mechanical 
stability, fine particle sizes, large surface area and many exposed active sites on the 
surface. These parameters have important influence on their physical and chemical 
properties, influencing their catalytic performances in a significant way. Besides, 
through tuning the interaction of the support and metal nanoparticles, specific func-
tions can be introduced for particular utilizations. The synergic effect between metal 
nanoparticle and support can also make great contribution to the high activity and 
stability. The most commonly supported Noble metal catalysts are Ru, Rh, Pd, Pt 
and Au particles that are often used for the production of GVL from various sub-
strates. Manzer et al. studied various metals (e.g., Ir, Rh, Ru, Pt, Ni and Pd) sup-
ported on carbon for GVL synthesis at 150 °C and 34.5 bar H2 in dioxane, where the 
Ru/C catalyst display the highest activity with 97% yield [50]. Chang et al. [37] 
further investigated Noble metal (e.g., Ru, Pt and Pd) on carbon for the selective 
vapour phase hydrogenation of LA using a continuous flow fixed-bed reactor sys-
tem, where 5% Ru/C catalyst presented 100% selectivity of GVL.  Recently, 
Venugopal et al. [85] reported the vapor phase hydrogenation of aqueous LA over 
Pd, Pt, Ru, Cu and Ni on hydroxyapatite, where the supported Ru catalyst display 
much better performance in term of GVL yield and TOF value. Besides, except the 
change of metal type, it was found the support has also crucial influence on the yield 
of GVL. Du et al. [86, 87] have reported the various Noble metals (e.g., Pd, Pt, Ru, 
Au) supported on different types of supports (e.g., TiO2, SiO2, C and ZrO2), whereby 
~97% yield of GVL was generated on Au/ZrO2 catalysts.

The green solvent CO2 has been used for the LA hydrogenation over the Ru/
Al2O3 and Ru/SiO2 catalysts showing 99% conversion of LA with complete selec-
tivity to GVL under conditions of 200 °C and 200 bar H2 [53]. CO2 is the most often 
used fluid because it is cheap, nonflammable, nontoxic and exhibits easily accessi-
ble critical parameters (Pc = 73.8 bar, Tc = 30.98 °C). CO2 has been proven to offer 
a number of interesting opportunities as a medium for performing various catalytic 
reactions [88]. We have synthesized a series of Pd nanoparticles on the SiO2 and 
Al2O3 supports in CO2 (liquid phase) for the selective hydrogenation of LA, where 
these catalysts displayed good catalytic performance as well as high durability 
[33–35].

Ebitani et al. [36] found the Au nanoparticle catalyst was efficient for the synthe-
sis of GVL through the comparison of Ru/C, Ru/SBA, Au/ZrC and Au/ZrO2 cata-
lysts in the hydrogenation of LA, whereas 90% yield of GVL was obtained in water 
solvent. The Au/ZrO2 catalyst have presented good stability and it can be used over 
five runs [36]. Wettstein et  al. [89] reported a biphasic reaction system for the 
efficient synthesis of LA and GVL from the depolymerization of cellulose using 
GVL as a solvent in the biphasic reaction system. Yang et al. [64] synthesized Ru 
nanoparticle (NP) on the porous carbon nanofiber through the transformation of 
Ru-functionalized metal organic framework. The authors utilized different 
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proportional RuCl3, Zn(Ac)2·2H2O, trimesic acid in N,N-dimethylformamide sol-
vent to construct the fiber precursor. The fiber precursor went through the high-
temperature pyrolysis to form the uniform Ru NPs of ca. 12–16  nm on the 
hierarchically porous carbon fiber. The resulting Ru-catalysts display good perfor-
mances in the liquid-phase hydrogenation of LA to GVL with 96.0% yield obtained 
[64]. More typical Noble metal catalysts used for the synthesis of GVL from various 
biomass-derived substrates was depicted in Table 13.3. In general, the vapor phase 

Table 13.3  Production of γ-valerolactone using the supported Noble-metal catalystsa

No. Substrate Catalyst Other conditions YGVL (%) Ref.

1 LA Ru/C Dioxane, 150 °C, 34.5 bar H2, 
4 h

97 [50]

2 LA Ru/SiO2 H2O + CO2, 200 °C, 100 bar H2 >99 [53]
3 LA Ru-P/SiO2 H2O, 150 °C, HCOOH, 6 h 30 [90]
4 LA Ru/C H2O, 150 °C, 40 bar H2, 1 h 30 [90]
5 LA Ru/TiO2 H2O, 150 °C, 1 h, HCOOH +40 

bars H2

63 [90]

6 LA Ru/C CH3OH, 130 °C, 12 bar H2, 3 h 91 [48]
7 LA Pd/Al2O3 220 °C, HCOOH, 12 h 29 [91]
8 LA 5% Ru/C Dioxane, 265 °C, 1–25 bar H2, 

50 h
98.6 [37]

9 LA 5%Ru/C Dioxane, 201 °C, H2 + CO2 
(201 bar)

73.2 [92]

10 LA 5% Ru/Al2O3 Dioxane, 201 °C, H2 + CO2 
(200 bar)

75.3 [92]

11 LA 5% Rh/C Dioxane, 141 °C, H2 + CO2 
(247 bar)

98.9 [92]

12 LA 5% Ir/C Dioxane, 141 °C, H2 + CO2 
(250 bar)

43.0 [92]

13 LA Au/TiO2 H2O, 150 °C, formic acid, 6 h 55 [86]
14 LAb Au/ZrO2-VS H2O, 180 °C, formic acid, 3 h 99 [86]
15 BLc Au/ZrO2 H2O, 170 °C, 6 h 95 [90]
16 LA 5%Ru/C H2O, 150 °C, formic acid, 5 h 90 [36]
17 LA 5%Au/ZrO2 H2O, 150 °C, formic acid, 5 h 97 [36]
18 Fructose Au/ZrO2 H2O, 150 °C, formic acid, 5 h 48 [36]
19 Fructose Au/ZrC H2O, 150 °C, formic acid, 5 h 47 [36]
20 Fructose Ru/SBA-15 H2O, 150 °C, formic acid, 5 h 26 [36]
21 Fructose Ru/C H2O, 150 °C, formic acid, 5 h 21 [36]
22 LA 5%Au/ZrO2 H2O, 150 °C, formic acid, 5 h 66 [36]
23 LA Ru−Ni/Meso-C 150 °C, 45 bar H2, 2 h 96 [93]
24 LA 5% Ru/hydroxyapatite H2O, 70 °C, 5 bar H2, 4 h 99 [94]

Adapted and reprinted with permission from Ref [19]. Copyright © 2015, Elsevier
aNote: Y: yield of GVL; bZrO2-VS: acid-tolerant ZrO2; cBL: butyl levulinate
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hydrogenation often displays good activity, while it is more energy sensitive with 
the vaporization of LA [95]. In comparison, the liquid-phase hydrogenation is 
simpler and more economical, albeit the activity is relatively lower than the vapor 
phase [95, 96].

13.5  �Non-Noble Metal Catalysts

Albeit good catalytic performances have been frequently reported, the high cost and 
limited existence have hindered the application of Noble-metals in the production of 
GVL. As an alternative, Non-noble metal catalysts have obtained much attention 
[48]. Al2O3-supported Ni-Cu bimetallic catalysts have been studied for the LA 
hydrogenation, where high yield of GVL up to 96% was obtained [97]. It was found 
the decline of activity at 265 °C and 25 bars H2 over silica supported copper cata-
lysts during the time on stream. To reduce the coke formation during the time on 
stream, the addition of Ni will promote the activity and stability. Haan et al. [98] 
reported 71% yield of GVL over a Ni catalyst. Rao et al. [99, 100] reported Ni cata-
lysts over the supports of Al2O3, SiO2, ZnO, ZrO2, TiO2 and MgO for the vapour 
phase hydrogenation of LA to GVL without using any organic additives. The char-
acterizations results by pyridine adsorbed IR showed the Lewis and Brønsted acid 
sites play an important role to generate GVL in the dehydration of the intermediate 
4-hydroxy pentanoic acid.

The addition of another metal to the pristine metal as a bimetallic catalysts will 
change the electronic structure, which will change the catalytic activity some of 
extent [101]. For example, Al2O3 supported Ni-Cu bimetallic catalysts for the 
hydrogenation of LA, where the highest yield of GVL with 96% was obtained at 
250 °C, 6.5 MPa and 2 h [102]. Recently, we have shown bimetallic Cu-derived 
catalysts were facilely synthesized from Cu-hydrotalcite (i.e., CuCr-, CuAl-, CuFe-) 
precursors highly efficient for the hydrogenation of LA as well as furfural [11, 103–
106]. Hengne et  al. [107] reported nanocomposites of Cu–ZrO2 and Cu–Al2O3 
quantitatively catalyzed the hydrogenation of LA and its methyl ester to give 
90–100% selectivity to GVL in methanol and water respectively. More typical 
works are compared in Table 13.4. The future investigations on various catalytic 
systems, further optimization of reaction parameters still require more efforts.

13.6  �Different Hydrogen Sources Utilized 
for the Hydrogenation of LA

13.6.1  �Formic Acid as Hydrogen Source

Formic acid (HCOOH), a colorless and non-toxic liquid has a highly pungent, pen-
etrating odor at room temperature [114]. It is miscible with water and most polar 
organic solvents, thus it is often sued as an important intermediate in chemical 
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Table 13.4.  Production of γ-valerolactone from levulinic acid, levulinates esters and furfural 
using Non-noble metal catalystsa

No. Substrate Catalyst Other reaction conditions YGVL (%) Ref.

1 LA Raney Ni ~200 °C, 48.3 bars H2 94 [108]
2 LA Raney Ni 220 °C, 48 bars H2, 3 h 94 [109]
3 LA Ni-MoOx/C 140 °C, 8 bars H2, 5 h 97 [101]
4 LA Ni/TiO2 140 °C, 8 bars H2, 5 h 38 [101]
5 LA Ni-MoOx/C Toluene solvent, 140 °C, 8 bar 

H2, 5 h
21 [101]

6 LA Cu/SiO2 265 °C, 10 bars H2 99.9 [97]
7 LA Cu-ZrO2 H2O solvent, 200 °C, 34.5 bar 

H2, 5 h
100 [107]

8 LA Cu-ZrO2 Methanol solvent, 200 °C, 34.5 
bar H2, 5 h

90 [107]

9 LA Cu-Al2O3 H2O solvent, 200 °C, 34.5 bar 
H2, 5 h

100 [107]

10 LA Cu-Al2O3 Methanol solvent, 200 °C, 34.5 
bar H2, 5 h

86 [107]

11 LA Cu-Cr oxide H2O solvent, 200 °C, 70 bar H2, 
10 h

90.7 [103]

12 LA Cu-Fe oxide H2O solvent, 200 °C, 70 bar H2, 
10 h

88.9 [105]

13 MLb Cu-ZrO2 Methanol solvent, 200 °C, 34.5 
bar H2, 5 h

92 [107]

14 ML Cu-Al2O3 Methanol solvent, 200 °C, 34.5 
bar H2, 5 h

88 [107]

15 ELc 10% Ni/Si 200 °C, HCOOH 40 [98]
16 EL 10% Ni/Si 250 °C, HCOOH 73 [98]
17 LA PtO2 Ethyl ether solvent, 250 °C, 44 h, 

3 bar H2

87 [110]

18 LA CuCr-oxide 190 °C, 1.3 h, 200 bars H2 94 [109]
19 LA Zr-Beta-100 2-propanol, 250 °C, 1 bar 

pressure
>99 [111]

20 LA Zr-Beta-100 2-pentanol solvent, 118 °C, 10 h 96 [111]
21 LA Zr-Beta-100 Cyclohexanol solvent, 150 °C, 6 h 82 [111]
22 LA ZrAl-Beta-100 2-pentanol solvent, 118 °C, 6 h 72 [111]
23 LA ZrO(OH)n-400 2-butanol solvent, 150 °C, 16 h 41 [111]
24 BLd MgO/Al2O3 2-butanol solvent, 150 °C, 16 h 14.6 [56]
25 BL CeZrOx 2-butanol solvent, 150 °C, 16 h 15.8 [56]
26 BL ZrO2 2-butanol solvent, 150 °C, 16 h 84.7 [56]
27 EL ZrO2 Isopropanol solvent, 150 °C, 4 h 62.4 [56]
28 LA Zr-beta 2-butanol solvent, 120 °C, 11 h >98 [112]
29 ML Zr-beta 2-butanol solvent, 120 °C, 5 h >97 [112]
30 ML Al-beta Butanol solvent, 120 °C, 5 h 10.8 [112]

(continued)
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synthesis [115]. Besides, formic acid was often used to promote transfer hydrogena-
tion reactions [116] due to the generation of H2 and CO2 from the decomposition 
based on a simple equation 13.1 [117]:

	 HCOOH H→ +CO2 2 	 (13.1)

The selectivity of the product depends on the types of catalyst used, CO and water 
as side-products were often produced simultaneously following the formula 
(Eq. 13.2):

	 HCOOH H O→ +CO 2 	 (13.2)

recent investigations reported that several transition-metal complexes or Noble 
metal catalysts could act as catalysts to improve the selectivity of H2 in the decom-
position of formic acid. Laurenczy et al. [118] studied the decomposition of formic 
acid into H2 and CO2 in aqueous solutions catalyzed by [Ru(H2O)6]2+, [Ru(H2O)6]3+, 
and RuCl3 xH2O in the presence of TPPTS (TPPTS = meta-trisulfonatedtriphenylp
hosphine). The decomposition of formic acid is slow, unless sodium formate is pres-
ent as an initiator. Beller and co-workers studied the promotion effect through the 
addition of different amines (i.e. triethylamine, N,N-dimethylhexylamine, N,N-
dimethylaminoethanol) in the catalytic decomposition of formic acid in the aqueous 
mixture of HCOOH and HCOONa [119]. Under such conditions, the reaction was 
observed even at room temperature over Ru-based catalysts including [RuCl2(p-
cymene)]2 and [RuCl2(Benzene)]2 /(PPh3)3. Ogo et al. studied a homogeneous Ru 
catalyst [(η6-C6Me6)Ru(bpy)(H2O)][SO4] able to promote the transfer hydrogena-
tion of LA with HCOONa in liquid water solutions and the possible pathway was 
proposed in Fig. 13.8, where the GVL and 1,4-pentanediol were obtained in 25% 
yield [120]. Heeres et al. [84] studied a one-pot synthesis of GVL from the conver-
sion of C6-sugars using trifluoroacetic acid, Ru/C catalyst, and formic acid as the 
hydrogen donor.

Table 13.4.  (continued)

No. Substrate Catalyst Other reaction conditions YGVL (%) Ref.

31 Furfural Zr-beta 
+Amberlyst-70

2-butanol solvent, 120 °C, 24 h 66 [112]

32 EL Zr(OH)4 2-butanol solvent, 200 °C, 1 h 81.3 [13]
33 LA β-Mo2C Water, dioxane, 180 °C, 30 bar H2 >81 [113]

Adapted and reprinted with permission from Ref. [19]. Copyright © 2015, Elsevier
aNote: Y: yield of γ-valerolactone (GVL); bML: methyl levulinate; cEL: ethyl levulinate; dBL: butyl 
levulinate
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13.6.2  �Hydrogen

Hydrogen probably is the most used sources for the hydrogenation. Among the dif-
ferent catalytic system, batch autoclaves and continuous flow reactor are the most 
often utilized. As previously discussed, the pioneered works reported for the hydro-
genation of LA to GVL on Raney-nickel catalyst and platinum oxide with good 
yield of GVL [109, 121]. The supported Ru, Pd and Pt nanoparticles have been 
frequently used for the hydrogenation of LA to GVL using hydrogen has received 
much attention in both continuous and batch reactor [82, 122–124]. Al-Shaal et al. 
[125] studied the Ru on the activated carbon, Al2O3, TiO2 and SiO2 as catalysts for 
the GVL synthesis in batch autoclaves using different solvents, where the best activ-
ity was obtained at 20 bar H2 and 130 °C. It has been reported that the bimetallic 
systems can enhance the catalyst stability, especially for Ru-derived system. For 
example, Yang et  al. [93] investigated Ru–Ni bimetallics in ordered mesoporous 
carbons for the hydrogenation of LA to GVL. A high TOF (>2000 h−1) was reported, 
and the Ru0.9Ni0.1–OMC catalyst can be used at least 15 times without obvious loss 
of its catalytic performance. Ftouni et al. [126] investigated the Ru-based catalysts 
supported on TiO2, ZrO2, and C for the hydrogenation of LA to GVL at 30 bar of H2 
and 423 K in dioxane solvent. All catalysts display good activity for the synthesis of 
GVL. However, high yields over several runs were only obtained on the Ru/ZrO2 
catalyst. The authors further utilized different analysis tools of XPS, CO/FT-IR, 
TGA, STEM, and physisorption-IR to explore the deactivation and found the partial 
deactivation was due to the reduction of the titania support and the partial coverage 
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on the catalyst surface. Besides, the addition of water was reported to promote the 
selective hydrogenation reaction. The groups of Manzer [50] and Poliakoff [53] 
have performed the continuous flow reactor for the hydrogenation of LA, where 
high selectivity of GVL has been reported. Continuous production of GVL has 
many advantages compared to batch processes and it may deserve more attention 
for future studies.

13.6.3  �Meerwein-Ponndorf-Verley Reaction

The conversion of LA and its esters to GVL via transfer hydrogenation was pio-
neered by a study of Chia and Dumesic [56]. GVL production through MPV reduc-
tion is beneficial due to the use of inexpensive metal oxides or zeolites without 
external hydrogen source. ZrO2 was reported to be the most active metal oxide for 
the transfer hydrogenation, where GVL yields up to 85% under the conditions of 
2-butanol solvent using butyllevulinate reactant at 150 °C and 16 h [111]. Hwang 
et  al. [127] reported a series of zirconium-based metal–organic frameworks 
(Zr-MOFs) using isopropanol solvent for catalytic transfer hydrogenation of ethyl 
levulinate (EL) to GVL as shown in Fig. 13.9. 92.7% yield of GVL was achieved in 
2 h at 200 °C using the UiO-66(Zr) catalyst and it can be recycled over five times 
without a notable change in catalytic activity and product selectivity.

Luo et al. [128] investigated the reaction kinetics of the MPV reduction of methyl 
levulinate (ML) to GVL catalyzed by Lewis acid zeolites. Reaction kinetics studies 
show the hydride shift is the rate-limiting step. Secondary alcohols exhibit higher 
reaction rates than primary alcohols with lower apparent activation energies. 
Besides, the authors also found the increasing polarity of the hydrogen donor would 
cause the decrease of reaction rates. Han et al. [129] reported the catalytic transfer 
hydrogenation of EL to GVL using isopropanol solvent over a porous Zr-containing 
catalyst with a phenate group in its structure that was prepared by the coprecipita-
tion of 4-hydroxybenzoic acid dipotassium salt and ZrOCl2 (Zr-HBA) in water. 
Zr-HBA was very active for the hydrogenation and 94.4% yield of GVL was 
reported. The existence of a phenate in the structure of Zr-HBA was found to be 
favorable for the CTH of EL. Lin et al. [13] studied a series of metal hydroxides and 
ZrO(OH)2·xH2O was found to be most active, whereas 93.6% conversion of EL and 
94.5% selectivity of GVL were reported when 2-propanol was used as a hydrogen 
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donor at 473 K with a reaction time of 1 h. The ZrO(OH)2·xH2O catalyst exhibited 
good stability over ten times. Typical works on the transfer hydrogenation to pro-
duce GVL have been depicted in Table 13.5.

13.7  �Conclusions and Future Outlook

This chapter summarizes recent research works on the synthesis of GVL using dif-
ferent catalytic system ranged from different advanced catalysts and hydrogen 
sources. Many progress on the homogeneous, heterogeneous catalysts and the reac-
tion systems utilizing them for the efficient conversion of biorenewable feedstocks 
to GVL have been commented in this work. The future direction may require more 
attention to the following direction:

	 (i)	 The hydrogenation of platform chemical LA is still the main route for the pro-
duction of GVL. A more promising for GVL is more directly from lignocellu-
losic biomass-derived monomers, then more pristine biomass in a large scale. 
Lignocellulosic biomass conversion is still performed under harsh environment 
(e.g., acidic medium, high temperature and pressure). Development of a robust 
catalyst with ecofriendly property is more attractive for future studies.

Table 13.5  Typical works on the transfer hydrogenation to produce γ-valerolactonea

No. Substrate Catalyst Alcohol
Other 
conditions YGVL (%) Ref.

1 MLb ZrO2/SBA-15 2-propanol 150 °C, 3 h, 
10 bar Ar

95 [130]

2 LA ZrO2/SBA-15 2-propanol 150 °C, 3 h, 
10 bar Ar

>90 [130]

3 ML ZrO2/SBA-15 Ethanol 150 °C, 3 h, 
10 bar Ar

41 [130]

4 ELc ZrO2/SBA-15 2-propanol 150 °C, 3 h, 
10 bar Ar

91 [130]

5 BL ZrO2/SBA-15 2-propanol 150 °C, 3 h, 
10 bar Ar

71 [130]

6 EL Al-Zr mixed oxides 2-propanol 220 °C, 4 h 83.2 [131]
7 BLd MgO/Al2O3 2-butanol 150 °C, 16 h 14.6 [56]
8 BL CeZrOx 2-butanol 150 °C, 16 h 15.8 [56]
9 BL ZrO2 2-butanol 150 °C, 16 h 84.7 [56]
10 EL ZrO2 Isopropanol 150 °C, 4 h 62.4 [56]
11 LA Zr-beta 2-butanol 120 °C, 11 h >98 [112]
12 ML Zr-beta 2-butanol 120 °C, 5 h >97 [112]
13 ML Al-beta 2-butanol 120 °C, 5 h 10.8 [112]
14 Furfural Zr-beta + 

Amberlyst-70
2-butanol 120 °C, 24 h 66 [112]

aNote: Y: yield of γ-valerolactone (GVL); bML: methyl levulinate; cEL: ethyl levulinate; dBL: butyl 
levulinate
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	(ii)	 Heterogeneous catalytic production of GVL still faces the issues of operating 
conditions and product purification. The use of heterogeneous catalysts in con-
tinuous flow reactor process would be more attractive for industrial application 
due to the simpler processes and more economical.

	(iii)	 Transfer hydrogenation still faces the problems of product separation and puri-
fication. It requires more efforts from the engineering and reactor design. 
Besides, the hydrogen source produced by gasification of biomass or other 
sustainable processes (e.g., water splitting using electrocatalysis [132] or pho-
tocatalysis [133]) for the production of GVL would be more sustainable.

References

	 1.	Li H, Fang Z, Smith Jr RL, Yang S. Efficient valorization of biomass to biofuels with bifunc-
tional solid catalytic materials. Prog Energy Combust Sci. 2016;55:98–194.

	 2.	Huber GW, Iborra S, Corma A. Synthesis of transportation fuels from biomass: chemistry, 
catalysts, and engineering. Chem Rev. 2006;106:4044–98.

	 3.	Dutta S, De S, Saha B, Alam MI. Advances in conversion of hemicellulosic biomass to fur-
fural and upgrading to biofuels. Cat Sci Technol. 2012;2:2025–36.

	 4.	Kikas T, Tutt M, Raud M, Alaru M, Lauk R, Olt J. Basis of energy crop selection for biofuel 
production: cellulose vs. lignin. Int J Green Energy. 2016;13:49–54.

	 5.	Alonso DM, Bond JQ, Dumesic JA.  Catalytic conversion of biomass to biofuels. Green 
Chem. 2010;12:1493–513.

	 6.	Gallezot P.  Catalytic conversion of biomass: challenges and issues. ChemSusChem. 
2008;1:734–7.

	 7.	Climent MJ, Corma A, Iborra S. Conversion of biomass platform molecules into fuel addi-
tives and liquid hydrocarbon fuels. Green Chem. 2014;16:516–47.

	 8.	Yan K, Jarvis C, Gu J, Yan Y. Production and catalytic transformation of levulinic acid: a 
platform for speciality chemicals and fuels. Renew Sust Energ Rev. 2015;51:986–97.

	 9.	Li C, Zhao X, Wang X, Huber GW, Zhang T. Catalytic transformation of lignin for the pro-
duction of chemicals and fuels. Chem Rev. 2015;115:11559–624.

	 10.	Luo J, Fang Z, Smith Jr RL. Ultrasound-enhanced conversion of biomass to biofuels. Prog 
Energy Combust Sci. 2014;41:56–93.

	 11.	Yan K, Wu G, Lafleur T, Jarvis C. Production, properties and catalytic hydrogenation of fur-
fural to fuel additives and value-added chemicals. Renew Sust Energ Rev. 2014;38:663–76.

	 12.	Noordermeer LPAMA.  Biomass to biofuels, a chemical perspective. Green Chem. 
2006;8:861–7.

	 13.	Tang X, Chen HW, Hu L, Hao WW, Sun Y, Zeng XH, Lin L, Liu SJ. Conversion of biomass 
to gamma-valerolactone by catalytic transfer hydrogenation of ethyl levulinate over metal 
hydroxides. Appl Catal B Environ. 2014;147:827–34.

	 14.	Ragauskas AJ, Beckham GT, Biddy MJ, Chandra R, Chen F, Davis MF, Davison BH, Dixon 
RA, Gilna P, Keller M, Langan P, Naskar AK, Saddler JN, Tschaplinski TJ, Tuskan GA, 
Wyman CE.  Lignin valorization: improving lignin processing in the biorefinery. Science. 
2014;344:1246843.

	 15.	Upton BM, Kasko AM. Strategies for the conversion of lignin to high-value polymeric mate-
rials: review and perspective. Chem Rev. 2016;116:2275–306.

	 16.	Saidi M, Samimi F, Karimipourfard D, Nimmanwudipong T, Gates BC, Rahimpour 
MR. Upgrading of lignin-derived bio-oils by catalytic hydrodeoxygenation. Energy Environ 
Sci. 2014;7:103–29.

K. Yan and H. Luo



431

	 17.	Rinaldi R, Jastrzebski R, Clough MT, Ralph J, Kennema M, Bruijnincx PCA, Weckhuysen 
BM. Paving the way for lignin valorisation: recent advances in bioengineering, biorefining 
and catalysis. Angew Chem Int Ed. 2016;55:8164–215.

	 18.	Hengst K, Schubert M, Kleist W, Grunwaldt JD.  Hydrodeoxygenation of lignocellulose-
derived platform molecules. In: Catalytic hydrogenation for biomass valorization. Cambridge: 
The Royal Society of Chemistry; 2015. p. 125–50.

	 19.	Yan K, Yang Y, Chai J, Lu Y. Catalytic reactions of gamma-valerolactone: a platform to fuels 
and value-added chemicals. Appl Catal B Environ. 2015;179:292–304.

	 20.	Lange JP. Lignocellulose conversion: an introduction to chemistry, process and economics. 
Biofuels Bioprod Biorefin. 2007;1:39–48.

	 21.	Werpy T, Petersen G, Aden A, Bozell J, Holladay J, White J, Manheim A, Eliot D, Lasure L, 
Jones S. Top value added chemicals from biomass. Volume 1-Results of screening for poten-
tial candidates from sugars and synthesis gas, www.nrel.gov/docs/fy04osti/35523.pdf (2004).

	 22.	Gallezot P. Conversion of biomass to selected chemical products. Chemical Society Review. 
2012;41:1538–58.

	 23.	Bond JQ, Wang D, Alonso DM, Dumesic JA. Interconversion between γ-valerolactone and 
pentenoic acid combined with decarboxylation to form butene over silica/alumina. J Catal. 
2011;281:290–9.

	 24.	Bond JQ, Upadhye AA, Olcay H, Tompsett GA, Jae J, Xing R, Alonso DM, Wang D, Zhang 
T, Kumar R, Foster A, Sen SM, Maravelias CT, Malina R, Barrett SRH, Lobo R, Wyman CE, 
Dumesic JA, Huber GW.  Production of renewable jet fuel range alkanes and commodity 
chemicals from integrated catalytic processing of biomass. Energy Environ Sci. 
2014;7:1500–23.

	 25.	Bond JQ, Martin Alonso D, West RM, Dumesic JA. γ-Valerolactone ring-opening and decar-
boxylation over SiO2/Al2O3 in the presence of water. Langmuir. 2010;26:16291–8.

	 26.	Fabos V, Koczo G, Mehdi H, Boda L, Horvath IT. Bio-oxygenates and the peroxide number: 
a safety issue alert. Energy Environ Sci. 2009;2:767–9.

	 27.	Horvath IT, Mehdi H, Fabos V, Boda L, Mika LT. [gamma]-valerolactone-a sustainable liquid 
for energy and carbon-based chemicals. Green Chem. 2008;10:238–42.

	 28.	Fegyverneki D, Orha L, Láng G, Horváth IT.  Gamma-valerolactone-based solvents. 
Tetrahedron. 2010;66:1078–81.

	 29.	Yan K, Lafleur T, Wu X, Chai J, Wu G, Xie X. Cascade upgrading of [gamma]-valerolactone 
to biofuels. Chem Commun. 2015;51:6984–7.

	 30.	Abdelrahman OA, Heyden A, Bond JQ. Analysis of kinetics and reaction pathways in the 
aqueous-phase hydrogenation of levulinic acid to form γ-valerolactone over Ru/C.  ACS 
Catal. 2014;4:1171–81.

	 31.	Tang X, Hu L, Sun Y, Zeng XH, Lin L. Conversion of biomass to novel platform chemical 
gamma-valerolactone by selective reduction of levulinic acid. Prog Chem. 
2013;25:1906–14.

	 32.	van de Graaf WD, Lange JP, Haan RJ. Conversion of furfuryl alcohol into ethyl levulinate 
using solid acid catalysts. ChemSusChem. 2009;2:437–41.

	 33.	Yan K, Lafleur T, Liao J. Facile synthesis of palladium nanoparticles supported on multi-
walled carbon nanotube for efficient hydrogenation of biomass-derived levulinic acid. 
J Nanopart Res. 2013;15:1–7.

	 34.	Yan K, Lafleur T, Wu G, Liao J, Ceng C, Xie X. Highly selective production of value-added 
γ-valerolactone from biomass-derived levulinic acid using the robust Pd nanoparticles. Appl 
Catal A Gen. 2013;468:52–8.

	 35.	Yan K, Jarvis C, Lafleur T, Qiao Y, Xie X. Novel synthesis of Pd nanoparticles for hydrogena-
tion of biomass-derived platform chemicals showing enhanced catalytic performance. RSC 
Adv. 2013;3:25865–71.

	 36.	Son PA, Nishimura S, Ebitani K. Production of [gamma]-valerolactone from biomass-derived 
compounds using formic acid as a hydrogen source over supported metal catalysts in water 
solvent. RSC Adv. 2014;4:10525–30.

13  Production of γ-Valerolactone from Biomass

http://www.nrel.gov/docs/fy04osti/35523.pdf


432

	 37.	Upare PP, Lee JM, Hwang DW, Halligudi SB, Hwang YK, Chang JS. Selective hydrogena-
tion of levulinic acid to [gamma]-valerolactone over carbon-supported noble metal catalysts. 
J Ind Eng Chem. 2011;17:287–92.

	 38.	Lange JP, van de Graaf WD, Haan RJ. Conversion of furfuryl alcohol into ethyl levulinate 
using solid acid catalysts. ChemSusChem. 2009;2:437–41.

	 39.	Raspolli Galletti AM, Antonetti C, Ribechini E, Colombini MP, Nassi o Di Nasso N, Bonari 
E. From giant reed to levulinic acid and gamma-valerolactone: a high yield catalytic route to 
valeric biofuels. Appl Energy. 2013;102:157–62.

	 40.	Serrano-Ruiz JC, West RM, Dumesic JA.  Catalytic conversion of renewable biomass 
resources to fuels and chemicals. Annu Rev Chem Biomol Eng. 2010;1:179–00.

	 41.	Yan K, Wu G, Wen J, Chen A. One-step synthesis of mesoporous H4SiW12O40-SiO2 catalysts 
for the production of methyl and ethyl levulinate biodiesel. Catal Commun. 2013;34:58–63.

	 42.	Chen B, Li F, Huang Z, Lu T, Yuan Y, Yuan G. Integrated catalytic process to directly convert 
furfural to levulinate ester with high selectivity. ChemSusChem. 2014;7:202–9.

	 43.	Yan K, Luo H. Recent development of metal nanoparticles catalysts and their use for efficient 
hydrogenation of biomass-derived levulinic acid. Green Processes for Nanotechnology: 
Springer; 2015. p. 75–98.

	 44.	Pileidis FD, Titirici MM. Levulinic acid biorefineries: new challenges for efficient utilization 
of biomass. ChemSusChem. 2016;9:562–82.

	 45.	Tong X, Ma Y, Li Y. Biomass into chemicals: conversion of sugars to furan derivatives by 
catalytic processes. Appl Catal A Gen. 2010;385:1–13.

	 46.	West RM, Kunkes EL, Simonetti DA, Dumesic JA. Catalytic conversion of biomass-derived 
carbohydrates to fuels and chemicals by formation and upgrading of mono-functional hydro-
carbon intermediates. Catal Today. 2009;147:115–25.

	 47.	Zhou CH, Xia X, Lin CX, Tong DS, Beltramini J. Catalytic conversion of lignocellulosic 
biomass to fine chemicals and fuels. Chem Soc Rev. 2011;40:5588–617.

	 48.	Yan ZP, Lin L, Liu S. Synthesis of γ-Valerolactone by hydrogenation of biomass-derived 
levulinic acid over Ru/C catalyst. Energy Fuel. 2009;23:3853–8.

	 49.	Bond JQ, Wang D, West RM, Dumesic JA. Integrated catalytic conversion of γ-Valerolactone 
to liquid alkenes for transportation fuels. Science. 2010;327:1110–4.

	 50.	Manzer LE.  Catalytic synthesis of [alpha]-methylene-[gamma]-valerolactone: a biomass-
derived acrylic monomer. Appl Catal A Gen. 2004;272:249–56.

	 51.	Manzer LEW, Hutchenson KWLU, Process for the production of y-methyl-a-methylene-y-
butyrolactone from reaction of levulinic acid and hydrogen with recycle of unreacted levu-
linic acid followed by reaction of crude y-valerolactone and formaldehyde, both reactions 
being carried out in the supercritical or near-critical fluid phase. United States Patent 
Application 20060100447.

	 52.	Manzer LEW, Production of 5-methyl-N-(methyl aryl)-2-pyrrolidone, 5-methyl-N-(methyl 
cycloalkyl)-2-pyrrolidone and 5-methyl-N-alkyl-2-pyrrolidone by reductive amination of 
levulinic acid with cyano compounds United States Patent Application 20040204592 .

	 53.	Bourne RA, JaStevens JG, Ke J, Poliakoff M.  Maximising opportunities in supercritical 
chemistry: the continuous conversion of levulinic acid to γ-valerolactone in CO2. Chem 
Commun. 2007:4632–4.

	 54.	Deng L, Li J, Lai DM, Fu Y, Guo QX. Catalytic conversion of biomass-derived carbohydrates 
into gamma-Valerolactone without using an external H2 supply. Angew Chem Int Ed. 
2009;48:6529–32.

	 55.	Lange JP, Price R, Ayoub PM, Louis J, Petrus L, Clarke L, Gosselink H. Valeric biofuels: a 
platform of cellulosic transportation fuels. Angew Chem Int Ed. 2010;49:4479–83.

	 56.	Chia M, Dumesic JA. Liquid-phase catalytic transfer hydrogenation and cyclization of levu-
linic acid and its esters to [gamma]-valerolactone over metal oxide catalysts. Chem Commun. 
2011;47:12233–5.

	 57.	Alonso DM, Wettstein SG, Mellmer MA, Gurbuz EI, Dumesic JA. Integrated conversion of 
hemicellulose and cellulose from lignocellulosic biomass. Energy Environ Sci. 
2013;6:76–80.

K. Yan and H. Luo



433

	 58.	Li H, Fang Z, Yang S. Direct catalytic transformation of biomass derivatives into biofuel 
component gamma-valerolactone with magnetic nickel-zirconium nanoparticles. 
ChemPlusChem. 2016;81:135–42.

	 59.	Li H, Fang Z, Yang S. Direct conversion of sugars and ethyl levulinate into γ-valerolactone 
with superparamagnetic acid–base bifunctional ZrFeOx nanocatalysts. ACS Sustai Chem 
Eng. 2016;4:236–46.

	 60.	Yan K, Lafleur T, Liao J, Xie X. Facile green synthesis of palladium nanoparticles for effi-
cient liquid-phase hydrogenation of biomass-derived furfural. Sci Adv Mater. 
2014;6:135–40.

	 61.	Yan K, Wu X, An X, Xie X. Novel preparation of nano-composite CuO-Cr2O3 using CTAB-
template method and efficient for hydrogenation of biomass-derived furfural. Funct Mater 
Lett. 2013;6:1350007.

	 62.	Yan K, Lafleur T, Jarvis C, Wu G. Clean and selective production of γ-valerolactone from 
biomass-derived levulinic acid catalyzed by recyclable Pd nanoparticle catalyst. J  Clean 
Prod. 2014;72:230–2.

	 63.	Upare PP, Lee M, Lee SK, Yoon JW, Bae J, Hwang DW, Lee UH, Chang JS, Hwang YK. Ru 
nanoparticles supported graphene oxide catalyst for hydrogenation of bio-based levulinic 
acid to cyclic ethers. Catal Today. 2016;265:174–83.

	 64.	Yang Y, Sun CJ, Brown DE, Zhang L, Yang F, Zhao H, Wang F, Ma X, Zhang X, Ren Y. A 
smart strategy to fabricate Ru nanoparticle inserted porous carbon nanofibers as highly effi-
cient levulinic acid hydrogenation catalysts. Green Chem. 2016;18:3558–66.

	 65.	Xue Z, Jiang J, Li G, Zhao W, Wang J, Mu T. Zirconium-cyanuric acid coordination polymer: 
highly efficient catalyst for conversion of levulinic acid to [gamma]-valerolactone. Cat Sci 
Technol. 2016;6:5374–9.

	 66.	Deuss PJ, Barta K, de Vries JG. Homogeneous catalysis for the conversion of biomass and 
biomass-derived platform chemicals. Cat Sci Technol. 2014;4:1174–96.

	 67.	FÁBOS V. Gamma-valerolactone, and its synthesis by catalytic transfer hydrogenation of 
levulinic acid, Ph. D. Thesis, Eötvös Loránd University (Hungary), (2009).

	 68.	Geilen FMA, Engendahl B, Hölscher M, Klankermayer JR, Leitner W. Selective homoge-
neous hydrogenation of biogenic carboxylic acids with [Ru(TriPhos)H]+: a mechanistic 
study. J Am Chem Soc. 2011;133:14349–58.

	 69.	Geilen F, Engendahl B, Harwardt A, Marquardt W, Klankermayer J, Leitner W. Selective and 
flexible transformation of biomass-derived platform chemicals by a multifunctional catalytic 
system. Angew Chem Int Ed. 2010;49:5510–4.

	 70.	Braca G, Raspolli Galletti AM, Sbrana G. Anionic ruthenium iodorcarbonyl complexes as 
selective dehydroxylation catalysts in aqueous solution. J  Organomet Chem. 
1991;417:41–9.

	 71.	Metzker G, Burtoloso ACB. Conversion of levulinic acid into [gamma]-valerolactone using 
Fe3(CO)12: mimicking a biorefinery setting by exploiting crude liquors from biomass acid 
hydrolysis. Chem Commun. 2015;51:14199–202.

	 72.	Ortiz-Cervantes C, Flores-Alamo M, García JJ. Hydrogenation of biomass-derived levulinic 
acid into γ-valerolactone catalyzed by palladium complexes. ACS Catal. 2015;5:1424–31.

	 73.	Joó F, Tóth Z, Beck MT. Homogeneous hydrogenations in aqueous solutions catalyzed by 
transition metal phosphine complexes. Inorg Chim Acta. 1977;25:L61–2.

	 74.	Li W, Xie JH, Lin H, Zhou QL. Highly efficient hydrogenation of biomass-derived levulinic 
acid to [gamma]-valerolactone catalyzed by iridium pincer complexes. Green Chem. 
2012;14:2388–90.

	 75.	Brewster TP, Miller AJM, Heinekey DM, Goldberg KI. Hydrogenation of carboxylic acids 
catalyzed by half-sandwich complexes of iridium and rhodium. J  Am Chem Soc. 
2013;135:16022–5.

	 76.	Delhomme C, Schaper LA, Zhang-Preße M, Raudaschl-Sieber G, Weuster-Botz D, Kühn 
FE.  Catalytic hydrogenation of levulinic acid in aqueous phase. J  Organomet Chem. 
2013;724:297–9.

13  Production of γ-Valerolactone from Biomass



434

	 77.	Qi L, Horváth IT. Catalytic conversion of fructose to γ-valerolactone in γ-valerolactone. ACS 
Catal. 2012;2:2247–9.

	 78.	Mehdi H, Fabos V, Tuba R, Bodor A, Mika LT, Horvath IT. Integration of homogeneous and 
heterogeneous catalytic processes for a multi-step conversion of biomass: from sucrose to 
levulinic acid, gamma-valerolactone, 1,4-pentanediol, 2-methyl-tetrahydrofuran, and 
alkanes. Top Catal. 2008;48:49–54.

	 79.	Yang W, Cheng H, Zhang B, Li Y, Liu T, Lan M, Yu Y, Zhang C, Lin W, Fujita SI, Arai M, 
Zhao F. Hydrogenation of levulinic acid by RuCl2(PPh3)3 in supercritical CO2: the signifi-
cance of structural changes of Ru complexes via interaction with CO2. Green Chem. 
2016;18:3370–7.

	 80.	Deng L, Kang B, Englert U, Klankermayer J, Palkovits R. Direct hydrogenation of biobased 
carboxylic acids mediated by a nitrogen-centered tridentate phosphine ligand. ChemSusChem. 
2016;9:177–80.

	 81.	Osakada K, Ikariya T, Yoshikawa D.  Preparation and properties of hydride triphenyl-
phosphine ruthenium complexes with 3-formyl (or acyl) propionate [RuH(ocochrchrcor′)
(PPh3)3] (R --- H, CH3, C2H5; R --- H, CH3, C6H5) and with 2-formyl (or acyl) benzoate 
[RuH(o-OCCOC6H4COR′)(PPh3)3] (R′ --- H, CH3). J Organomet Chem. 1982;231:79–90.

	 82.	Tukacs JM, Kiraly D, Stradi A, Novodarszki G, Eke Z, Dibo G, Kegl T, Mika LT. Efficient 
catalytic hydrogenation of levulinic acid: a key step in biomass conversion. Green Chem. 
2012;14:2057–65.

	 83.	Tukacs JM, Jones RV, Darvas F, Dibo G, Lezsak G, Mika LT. Synthesis of [gamma]-valero-
lactone using a continuous-flow reactor. RSC Adv. 2013;3:16283–7.

	 84.	Heeres H, Handana R, Chunai D, Rasrendra CB, Girisuta B, Heeres HJ. Combined dehydra-
tion/(transfer)-hydrogenation of C6-sugars (D-glucose and D-fructose) to γ-valerolactone 
using ruthenium catalysts. Green Chem. 2009;11:1247–55.

	 85.	Sudhakar M, Kumar VV, Naresh G, Kantam ML, Bhargava SK, Venugopal A. Vapor phase 
hydrogenation of aqueous levulinic acid over hydroxyapatite supported metal (M = Pd, Pt, 
Ru, Cu, Ni) catalysts. Appl Catal B Environ. 2016;180:113–20.

	 86.	Du XL, Bi QY, Liu YM, Cao Y, Fan KN. Conversion of biomass-derived levulinate and for-
mate esters into γ-valerolactone over supported gold catalysts. ChemSusChem. 
2011;4:1838–43.

	 87.	Du XL, He L, Zhao S, Liu YM, Cao Y, He HY, Fan KN. Hydrogen-independent reductive 
transformation of carbohydrate biomass into γ-valerolactone and pyrrolidone derivatives 
with supported gold catalysts. Angew Chem Int Ed. 2011;50:7815–9.

	 88.	Leitner W. Supercritical carbon dioxide as a green reaction cedium for catalysis. Acc Chem 
Res. 2002;35:746–56.

	 89.	Wettstein SG, Alonso DM, Chong Y, Dumesic JA. Production of levulinic acid and gamma-
valerolactone (GVL) from cellulose using GVL as a solvent in biphasic systems. Energy 
Environ Sci. 2012;5:8199–203.

	 90.	Deng L, Zhao Y, Li J, Fu Y, Liao B, Guo QX. Conversion of levulinic acid and formic acid 
into γ-Valerolactone over heterogeneous catalysts. ChemSusChem. 2010;3:1172–5.

	 91.	Kopetzki D, Antonietti M. Transfer hydrogenation of levulinic acid under hydrothermal con-
ditions catalyzed by sulfate as a temperature-switchable base. Green Chem. 
2010;12:656–60.

	 92.	Manzer LE. Production of 5-methylbutyrolactone from levulinic acid, US Patent 6,617,464, 
2003.

	 93.	Yang Y, Gao G, Zhang X, Li F. Facile fabrication of composition-tuned Ru–Ni bimetallics in 
ordered mesoporous carbon for levulinic acid hydrogenation. ACS Catal. 2014;4:1419–25.

	 94.	Sudhakar M, Lakshmi Kantam M, Swarna Jaya V, Kishore R, Ramanujachary KV, Venugopal 
A.  Hydroxyapatite as a novel support for Ru in the hydrogenation of levulinic acid to 
γ-valerolactone. Catal Commun. 2014;50:101–4.

	 95.	Wright WRH, Palkovits R. Development of heterogeneous catalysts for the conversion of 
levulinic acid to γ-valerolactone. ChemSusChem. 2012;5:1657–67.

K. Yan and H. Luo



435

	 96.	Zhang J, Wu S, Li B, Zhang H. Advances in the catalytic production of valuable levulinic acid 
derivatives. ChemCatChem. 2012;4:1230–7.

	 97.	Upare PP, Lee JM, Hwang YK, Hwang DW, Lee JH, Halligudi SB, Hwang JS, Chang 
JS.  Direct hydrocyclization of biomass-derived levulinic acid to 2-methyltetrahydrofuran 
over nanocomposite copper/silica catalysts. ChemSusChem. 2011;4:1749–52.

	 98.	Haan R, Lange JP, Petrus L, Petrus-Hoogenbosch C. Hydrogenation process for the conver-
sion of a carboxylic acid or an ester having a carbonyl group, US.  Patent Application 
11/680,437, 2007.

	 99.	Mohan V, Raghavendra C, Pramod CV, Raju BD, Rama Rao KS. Ni/H-ZSM-5 as a promising 
catalyst for vapour phase hydrogenation of levulinic acid at atmospheric pressure. RSC Adv. 
2014;4:9660–8.

	100.	Mohan V, Venkateshwarlu V, Pramod CV, Raju BD, Rao KSR. Vapour phase hydrocyclisa-
tion of levulinic acid to [gamma]-valerolactone over supported Ni catalysts. Cat Sci Technol. 
2014;4:1253–9.

	101.	Shimizu KI, Kanno S, Kon K. Hydrogenation of levulinic acid to [gamma]-valerolactone by 
Ni and MoOx co-loaded carbon catalysts. Green Chem. 2014;16:3899–903.

	102.	Obregón I, Corro E, Izquierdo U, Requies J, Arias PL. Levulinic acid hydrogenolysis on 
Al2O3-based Ni-Cu bimetallic catalysts. Chin J Catal. 2014;35:656–62.

	103.	Yan K, Chen A. Efficient hydrogenation of biomass-derived furfural and levulinic acid on the 
facilely synthesized noble-metal-free Cu–Cr catalyst. Energy. 2013;58:357–63.

	104.	Yan K, Liao J, Wu X, Xie X. A noble-metal free Cu-catalyst derived from hydrotalcite for 
highly efficient hydrogenation of biomass-derived furfural and levulinic acid. RSC Adv. 
2013;3:3853–6.

	105.	Yan K, Chen A. Selective hydrogenation of furfural and levulinic acid to biofuels on the 
ecofriendly Cu–Fe catalyst. Fuel. 2014;115:101–8.

	106.	Yan K, Wu G, Jin W. Recent advances in the synthesis of layered double-hydroxide-based 
materials and their applications in hydrogen and oxygen evolution. Energ Technol. 
2016;4:354–68.

	107.	Hengne AM, Rode CV. Cu-ZrO2 nanocomposite catalyst for selective hydrogenation of levu-
linic acid and its ester to [gamma]-valerolactone. Green Chem. 2012;14:1064–72.

	108.	Kyrides LP, Craver JK. Process for the production of lactones, US Patent 2,368,366, 1945.
	109.	Christian RV, Brown HD, Hixon RM. Derivatives of γ-Valerolactone, 1,4-Pentanediol and 

1,4-di-(β-cyanoethoxy)-pentane. J Am Chem Soc. 1947;69:1961–3.
	110.	Schuette HA, Thomas RW. Nomral valerolactone. III Its preparation by catalytic reduction of 

levulinic acid with hydrogen in the prsence of platinum oxide. J  Am Chem Soc. 
1930;52:3010–2.

	111.	Wang J, Jaenicke S, Chuah JK. Zirconium-Beta zeolite as a robust catalyst for the transforma-
tion of levulinic acid to [gamma]-valerolactone via Meerwein-Ponndorf-Verley reduction. 
RSC Adv. 2014;4:13481–9.

	112.	Bui L, Luo H, Gunther WR, Román-Leshkov Y. Domino reaction catalyzed by zeolites with 
Brønsted and Lewis acid sites for the production of γ-Valerolactone from furfural. Angew 
Chem Int Ed. 2013;52:8022–5.

	113.	Quiroz J, Mai EF, Teixeira da Silva V. Synthesis of nanostructured molybdenum carbide as 
catalyst for the hydrogenation of levulinic acid to γ-Valerolactone. Top Catal. 
2016;59:148–58.

	114.	Youn DH, Bae G, Ham DJ, Lee JS. Electrocatalysts for electrooxidation of methyl formate. 
Appl Catal A Gen. 2011;393:309–16.

	115.	Ferenc J. Breakthroughs in hydrogen storage – formic acid as a sustainable storage material 
for hydrogen. ChemSusChem. 2008;1:805–8.

	116.	Zhang J, Blazecka PG, Bruendl MM, Huang Y. Ru-TsDPEN with formic acid/Hünig’s base 
for asymmetric transfer hydrogenation, a practical synthesis of optically enriched N-propyl 
pantolactam. J Org Chem. 2009;74:1411–4.

13  Production of γ-Valerolactone from Biomass



436

	117.	Zhou X, Huang Y, Xing W, Liu C, Liao J, Lu T. High-quality hydrogen from the catalyzed 
decomposition of formic acid by Pd-Au/C and Pd-Ag/C.  Chem Commun. 
2008;14(30):3540–2.

	118.	Fellay C, Yan N, Dyson PJ, Laurenczy G.  Selective formic acid decomposition for high-
pressure hydrogen generation: a mechanistic study. Chem Eur J. 2009;15:3752–60.

	119.	Boddien A, Loges B, Junge H, Gärtner F, Noyes JR, Beller M. Continuous hydrogen genera-
tion from formic acid: highly active and stable ruthenium catalysts. Adv Synth Catal. 
2009;351:2517–20.

	120.	Ogo S, Abura T, Watanabe Y. pH-dependent transfer hydrogenation of ketones with HCOONa 
as a hydrogen donor promoted by (η6-C6Me6)Ru complexes. Organometallics. 
2002;21:2964–9.

	121.	Thomas RW, Schuette HA. Studies on levulinic acid I: its preparaton from carbohydrate by 
digestion with hydrochloric acid under pressure. J Am Chem Soc. 1931;53:2324–8.

	122.	Adams RD, Boswell EM, Captain B, Hungria AB, Midgley PA, Raja R, Thomas 
JM. Bimetallic Ru–Sn nanoparticle catalysts for the solvent-free selective hydrogenation of 
1,5,9-Cyclododecatriene to cyclododecene. Angew Chem Int Ed. 2007;46:8182–5.

	123.	Al-Naji M, Yepez A, Balu AM, Romero AA, Chen Z, Wilde N, Li H, Shih K, Gläser R, 
Luqueb R. Insights into the selective hydrogenation of levulinic acid to γ-valerolactone using 
supported mono- and bimetallic catalysts. J Mol Catal A Chem. 2016;417:145–52.

	124.	Hengst K, Schubert M, Carvalho HWP, Lu C, Kleist W, Grunwaldt JD.  Synthesis of 
γ-valerolactone by hydrogenation of levulinic acid over supported nickel catalysts. Appl 
Catal A Gen. 2015;502:18–26.

	125.	Al-Shaal MG, Dzierbinski A, Palkovits R. Solvent-free [gamma]-valerolactone hydrogena-
tion to 2-methyltetrahydrofuran catalysed by Ru/C: a reaction network analysis. Green 
Chem. 2014;16:1358–64.

	126.	Ftouni J, Muñoz-Murillo A, Goryachev A, Hofmann J, Hensen EJM, Lu L, Kiely CJ, 
Bruijnincx PCA, Weckhuysen B. ZrO2 is preferred over TiO2 as support for the Ru-catalyzed 
hydrogenation of levulinic acid to γ-valerolactone. ACS Catal. 2016;6:5462–72.

	127.	Valekar AH, Cho KH, Chitale SK, Hong DY, Cha GY, Lee UH, Hwang D, Serre C, Chang JS, 
Hwang YK.  Catalytic transfer hydrogenation of ethyl levulinate to γ-Valerolactone over 
zirconium-based metal-organic frameworks. Green Chem. 2016;18:4542–52.

	128.	Luo HY, Consoli DF, Gunther WR, Román-Leshkov Y. Investigation of the reaction kinetics 
of isolated Lewis acid sites in Beta zeolites for the Meerwein–Ponndorf–Verley reduction of 
methyl levulinate to γ-valerolactone. J Catal. 2014;320:198–207.

	129.	Song J, Wu L, Zhou B, Zhou H, Fan H, Yang Y, Meng Q, Han B. A new porous Zr-containing 
catalyst with a phenate group: an efficient catalyst for the catalytic transfer hydrogenation of 
ethyl levulinate to [gamma]-valerolactone. Green Chem. 2015;17:1626–32.

	130.	Kuwahara Y, Kaburagi W, Osada Y, Fujitani T, Yamashita H. Catalytic transfer hydrogenation 
of biomass-derived levulinic acid and its esters to γ-valerolactone over ZrO2 catalyst sup-
ported on SBA-15 silica. Catal Today. 2016; doi:10.1016/j.cattod.2016.05.016.

	131.	He J, Li H, Lu Y-M, Liu YX, Wu ZB, Hu DY, Yang S. Cascade catalytic transfer hydrogena-
tion–cyclization of ethyl levulinate to γ-valerolactone with Al–Zr mixed oxides. Appl Catal A 
Gen. 2016;510:11–9.

	132.	Yan K, Maark TA, Khorshidi A, Sethuraman VA, Peterson A, Guduru PR. The influence of 
elastic strain on catalytic activity in the hydrogen evolution reaction. Angew Chem Int Ed. 
2016;128:6283–9.

	133.	Yan K, Wu G, Jarvis C, Wen J, Chen A. Facile synthesis of porous microspheres composed of 
TiO2 nanorods with high photocatalytic activity for hydrogen production. Appl Catal B 
Environ. 2014;148:281–7.

K. Yan and H. Luo

http://dx.doi.org/10.1016/j.cattod.2016.05.016


437© Springer Nature Singapore Pte Ltd. 2017 
Z. Fang et al. (eds.), Production of Platform Chemicals from Sustainable 
Resources, Biofuels and Biorefineries 7, DOI 10.1007/978-981-10-4172-3_14

Chapter 14
Production of Amino Acids (L-Glutamic Acid 
and L-Lysine) from Biomass

Yota Tsuge and Akihiko Kondo

Abstract  Since the discovery of Gram-positive bacterium Corynebacterium glu-
tamicum over a half century ago, amino acid fermentation has been one of the larg-
est microbial-based industries, with L-glutamic acid and L-lysine accounting for the 
majority of amino acids produced. After considerable effort at generating over-
producing mutants by random mutagenesis, advances in metabolic and genetic 
engineering techniques and sequence analysis have greatly facilitated rational 
design of over-producing strains with expanded carbon utilization. Recent enthusi-
asm on the utilization of biomass to produce fuels and chemicals has reached the 
field of amino acid fermentation, and many studies have reported methods to pro-
duce L-glutamic acid and L-lysine from biomass. Although L-glutamic acid and 
L-lysine are predominantly used as flavor enhancers and animal feed additives, 
respectively, these two amino acids have received considerable attention as platform 
chemicals for synthesizing building blocks of polymers and carbon fibers. This 
chapter provides an overview of the microbial production of L-glutamic acid and 
L-lysine as platform chemicals from biomass.
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14.1  �Introduction

L-Glutamic acid and L-lysine are essential amino acids that are used as additives in 
the food and animal feed industries. Currently, almost all amino acids, including 
L-glutamic acid and L-lysine, are produced through microbial fermentation pro-
cesses. As amino acids are the essential building blocks of proteins, and concentra-
tions of amino acids in microbial cells were long thought to be strongly limited. 
However, in 1956, the bacterium Corynebacterium glutamicum was isolated and 
was found to accumulate and excrete L-glutamic acid [1, 2]. This finding allowed 
for the bulk production of L-glutamic acid through microbial fermentation, as prior 
to the isolation of C. glutamicum, L-glutamic acid was produced through extraction 
from kelp or protein hydrolysis. In this bacterium, the production of L-glutamic acid 
is induced by biotin limitation, addition of fatty acid ester surfactants such as Tween 
40, or β-lactam antibiotics, such as penicillin [3–5]. To date, several amino acids, 
including L-glutamic acid and L-lysine, have been produced industrially using C. 
glutamicum [6].

Worldwide production of amino acids has doubled to nearly 5,000,000 tons 
within the past decade [7]. L-Glutamic acid, which is exclusively used as a flavor 
enhancer and represents the largest share of the amino acid market, and L-lysine, 
which is primarily used as an additive in animal feed, have attracted attention as 
economically feasible sources of nitrogen-containing building block chemicals for 
the synthesis of polyamides and carbon fibers, as large amounts of energy are 
required to incorporate nitrogen into hydrocarbons by chemical-based processes 
[8–11]. In industry, the amino acids are produced from sugar molasses or starch 
hydrolysates that contain sucrose and glucose, respectively, as the main components 
[12]. Because the demand for amino acids continues to increase, the use of inedible 
biomass, such as lignocellulose and chitin, as a feedstock for amino acid production 
is highly desirable [13–17].

In this chapter, metabolic engineering strategies are introduced that have been 
applied for L-lysine overproduction. Then, advances are summarized on expanding 
the carbon availability of C. glutamicum for allowing the production of L-glutamic 
acid and L-lysine from biomass. Future utilization of L-glutamic acid and L-lysine 
as building block chemicals for synthesizing commodity chemicals and non-protein 
amino acids, particularly cadaverine, 5-aminovaleric acid, gamma-aminobutyric 
acid, 5-aminolevulinic acid, and putrescine is discussed. The chemical conversion 
of L-glutamic acid into succinonitrile and acrylonitrile is also described.

14.2  �Metabolic Engineering of C. glutamicum for Improving 
L-Lysine Production

L-Glutamic acid is synthesized in a one-step reaction catalyzed by glutamate dehy-
drogenase from the tricarboxylic acid [TCA] cycle intermediate 2-oxloglutarate. 
Genetic engineering is not necessary for L-glutamic acid production in C. glutami-
cum; however, the decreased activity of 2-oxoglutarate dehydrogenase [ODH] has 
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been shown to lead to L-glutamic acid overproduction [18, 19]. Regulatory mecha-
nisms for controlling ODH activity have been found. A small protein OdhI binds to 
the E1o subunit of ODH [OdhA] depending on its phosphorylation state [20]. OdhI 
synthesis is induced by addition of Tween 40 or penicillin, and most synthesized 
OdhI is unphosphorylated, resulting in a decrease in ODH activity. The decreased 
ODH activity triggers the L-glutamic acid overproduction [21].

L-lysine is synthesized from oxaloacetate through the L-lysine biosynthesis 
pathway (Fig. 14.1). In contrast to L-glutamic acid, L-lysine biosynthesis is tightly 
regulated by feedback resistance involving aspartokinase [22]. In addition, four 
moles of the reducing equivalent NADPH are required to produce one mole of 
L-lysine (Fig. 14.1). Therefore, deregulation of feedback resistance and increased 
NADPH availability are necessary for L-lysine overproduction [6]. In the pre-
genomic era, classical strategies based on mutagenesis and screening were used to 
generate L-lysine-overproducing strains [23]. However, with the completion of the 
genomic sequences of C. glutamicum strains [24–26], knowledge on the metabo-
lism and pathway regulation in C. glutamicum could be coupled with metabolic 
engineering for rational design of strains with high productivity and yields of target 
compounds.

To increase L-lysine productivity in C. glutamicum, the following strategies have 
been used: [i] release of feedback regulation in the key enzyme for L-lysine biosyn-
thesis; [ii] increase of the supply of NADPH and [iii] increase of carbon flux into the 
L-lysine biosynthesis pathway. The metabolic engineering approaches in C. glu-
tamicum for improving L-lysine production are summarized in Fig. 14.1. Prior to 
the genomic era, deregulation of feedback resistance was typically achieved through 
the screening of mutants resistant to an L-lysine analogue [27]. Feedback resistant 
aspartokinase [encoded by the lysC gene] was demonstrated to be critical for 
L-lysine overproduction in C. glutamicum [28]. Although several mutations that 
lead to the deregulation of feedback resistance of aspartokinase were identified, the 
substitution of threonine at residue 311 with isoleucine was found to be highly 
effective for increasing L-lysine production [28, 29]. Strains with limited L-threonine 
synthesizing capability also exhibit elevated L-lysine production, because asparto-
kinase is inhibited through the concerted feedback by L-lysine and threonine. The 
substitution of valine with alanine at residue 59  in homoserine dehydrogenase 
[encoded by the hom gene] contributed to this effect [28].

Because NADPH is mainly produced in the pentose phosphate pathway [PPP], 
increasing the cellular carbon flux toward the PPP is required for increasing L-lysine 
production by C. glutamicum. The mutation of serine at residue 361 to proline in 
6-phosphogluconate dehydrogenase [encoded by the gnd gene] effectively increases 
the availability of NADPH [28]. As a more direct approach to increase the carbon 
flux toward the PPP, overexpression of the tkt operon, which is comprised of the tkt, 
tal, zwf, and pgl genes in the PPP has also been shown to markedly increase L-lysine 
production [30]. Overexpression of the fbp gene, which encodes the gluconeogenic 
enzyme fructose 1,6-bisphosphatase, also improves L-lysine yields by increasing 
the availability of NADPH [31, 32]. As an alternative approach to promote NADPH 
production by C. glutamicum, the native NADH-generating glyceraldehyde 
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3-phosphate dehydrogenase [GAPDH; encoded by the gapA gene] can be replaced 
with a NADPH-generating GAPDH from Streptococcus mutans [encoded by the 
gapN gene] harboring a suppressor mutation with improved growth [33–35]. In 
addition, the co-factor specificity of the endogenous GAPDH can be changed from 
NAD+ to NADP+ using a rational protein design strategy by targeted mutagenesis 
[36]. Targeted mutagenesis has also been used to deregulate the feedback inhibition 
of phosphoenolpyruvate carboxylase [PEPC; encoded by the ppc gene] and results 
in the increased flux toward the PPP, leading to the increased supply of NADPH and 
acceleration of L-lysine production [37].

Fig. 14.1  Metabolic engineering strategies used for improving L-lysine production in C. glutami-
cum. Green arrows indicate genes that have been amplified; red arrows indicate proteins with 
amino acid substitutions shown in brackets; purple arrows indicate genes reduced expression level 
by either promoter exchange or nucleotide exchange; blue arrows indicate genes that have been 
deleted
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To increase the carbon flux into the L-lysine biosynthesis pathway, several genes 
in this pathway have been overexpressed in C. glutamicum. For example, overex-
pression of the genes encoding deregulated aspartokinase and diaminopimelate 
decarboxylase [lysA], together with those encoding NADPH-consuming  
dihydrodipicolinate reductase [dapB] and diaminopimelate dehydrogenase [ddh] 
that converts L-2,3-dihydrodipicolinate into D,L-diaminopimelate through 
L-tetrahydrodipicolinate, results in the overproduction of L-lysine [30]. To promote 
the accumulation of oxaloacetate, which is an important precursor for L-lysine bio-
synthesis, a mutated pyruvate carboxylase [encoded by the pyc gene] with increased 
activity due to a substitution of proline at residue 458 with serine has been overex-
pressed [38, 39]. Deletion of the pck gene [encoding phosphoenolpyruvate car-
boxykinase] also contributes to oxaloacetate accumulation and results in increased 
L-lysine production [40].

Reducing the metabolic flux into the TCA cycle also increases the carbon flux 
toward the L-lysine biosynthesis pathway, because oxaloacetate can be synthesized 
from pyruvate via anaplerotic reaction as described above. To this end, decreasing 
the expression of the icd gene [encoding isocitrate dehydrogenase] by replacing 
adenine in the start codon with guanine increases L-lysine production by C. glu-
tamicum [38]. The level of citrate synthase [encoded by the gltA gene] activity has 
also been found to correlate with L-lysine production, with decreased enzyme activ-
ity resulting in increased L-lysine production [40]. Replacing the native promoter of 
the aceE gene [encoding the E1p subunit of the pyruvate dehydrogenase complex 
[PDHC]] with a weaker promoter results in a decrease in growth rate and PDHC 
activity, but an increase in L-lysine production [41]. In the succinylase branch of the 
L-lysine biosynthesis pathway, succinyl-CoA is utilized in a reaction catalyzed by 
tetrahydrodipicolinate N-succinyltransferase [encoded by the dapD gene], and suc-
cinate is then released by the activity of succinyl-diaminopimelate desuccinylase 
[encoded by the dapE gene]. Therefore, the succinylase branch may function as a 
bridging reaction to convert succinyl-CoA to succinate in the TCA cycle. Indeed, 
deletion of the sucCD gene [encoding the subunits of succinyl-CoA synthetase] 
increases L-lysine production [42]. A nonsense mutation of tryptophan at residue 
224 in the mqo gene [encoding malate:quinone oxidoreductase] has been also dem-
onstrated to improve L-lysine production [23]. As the strain expressing the mutated 
mqo exhibits down-regulation of TCA cycle genes in DNA microarray experiments, 
it is likely that mqo gene deletion down-regulates the flux of the TCA cycle to main-
tain redox balance and results in redirection of the metabolic flux from oxaloacetate 
towards L-lysine biosynthesis [23].

14.3  �Expanding the Carbon Availability of C. glutamicum 
for L-Glutamic Acid and L-Lysine Production

The ability to use a wide range of carbon substrates is key for bio-based production 
of chemicals from biomass that contains many types of complex polysaccharides 
and sugars. Although wild-type C. glutamicum has a relatively narrow substrate 
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range compared with Escherichia coli, C. glutamicum is capable of utilizing several 
monosaccharides and disaccharides, including glucose, fructose, sucrose and  
maltose, for growth [43]. However, C. glutamicum is unable to utilize a number of 
polymeric carbon sources, such as starch, cellulose, hemicellulose, and chitin, or 
many of their monomeric constituents, including xylose, arabinose, and 
N-acetylglucosamine (Fig. 14.2).

14.3.1  �Utilization of Edible Biomass

Starch, in addition to molasses, is a major feedstock for industrial amino acid pro-
duction. However, prior to utilization by C. glutamicum, starch must be enzymati-
cally hydrolyzed into glucose due to lack of starch-degrading enzymes in this 
organism (Fig. 14.2). The heterologous expression and secretion of α-amylase from 
Streptomyces griseus in C. glutamicum enables cell growth on starch as a sole car-
bon source [44]. Surface display of α-amylase from Streptococcus bovis fused with 
the anchoring protein PgsA from Bacillus subtilis also enables the direct utilization 
of starch by C. glutamicum [45]. Another anchoring protein, Ncgl1221, has also 
been shown to be effective for displaying α-amylase on the surface of C. 

Fig. 14.2  Schematic representation of biomass utilization in C. glutamicum. Red text indicates 
poly-, di- and monosaccharides that the wild type C. glutamicum strain is unable to utilize. Dotted 
lines indicate multi-step enzymatic reactions
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glutamicum cells [46]. This surface display system has been confirmed to be stable 
for repeated use of the cells [47]. Direct production of L-glutamic acid and L-lysine 
from starch by C. glutamicum cells with surface-displayed or secreted α-amylase 
has been demonstrated by several groups [44–46].

14.3.2  �Utilization of Inedible Biomass and Derived Sugars

Lignocellulose is the most abundant renewable resource on Earth. The use of ined-
ible biomass as a substrate for the microbial production of building block chemicals 
is considered ideal to avoid competition with the food supply. For example, bagasse 
and corn stover, which are inedible lignocellulosic materials obtained from sugar-
cane and maize after sugar purification and grain removal, respectively, contain 
cellulose [40–50%], hemicellulose [20–30%], and lignin [10–20%] [48], and can-
not be directly utilized by most microorganisms, including C. glutamicum. However, 
cellulose, which is a linear chain of glucose molecules, can be utilized as a suitable 
carbon source following depolymerization by chemical or enzymatic processes. 
Similarly, hemicellulose, which consists primarily of glucose and the C5 sugars 
xylose, arabinose and galactose, also requires pretreatment by acidic or enzymatic 
hydrolysis. However, because C. glutamicum is only able to utilize glucose among 
the monosaccharides derived from lignocellulose, the engineering of metabolic 
pathways is required to use other hemicellulose sugars for target compound 
production.

Xylose is converted to xylulose-5-phosphate in the PPP in a two-step reaction 
catalyzed by xylose isomerase [encoded by the xylA gene] and xylulokinase 
[encoded by the xylB gene] (Fig.  14.3). Although C. glutamicum possesses an 
endogenous xylB gene, xylose utilization in C. glutamicum was first demonstrated 
in strain simultaneously overexpressing the xylA and xylB genes from E. coli [49]. 
Production of L-lysine and L-glutamic acid from xylose was demonstrated in a 
strain expressing xylA from Xanthomonas campestris and endogenous xylB, which 
shows fast consumption of xylose [50]. Arabinose utilization has also been achieved 
by heterologous expression of the E. coli araBAD operon, encoding arabinoisomerase, 
ribulokinase, and ribulose 5-phosphate 4-epimerase, respectively, which generates 
xylulose-5-phosphate as in Fig. 14.3 [51]. Production of L-lysine and L-glutamic 
acid from arabinose has been demonstrated by introducing the same araBAD operon 
[52]. The hemicellulose sugar galactose could also be assimilated by C. glutamicum 
through the heterologous expression of the galK [encoding galactokinase], galT 
[encoding UDP-glucose-1-phosphate uridylyltransferase], galE [encoding UDP-
galactose-4-epimerase], and galM genes [encoding aldose-1-epimerase] from 
Lactococcus lactis subsp. cremoris MG1363 as in Fig. 14.3 [53].

The amino sugars glucosamine and N-acetylglucosamine, which have the poten-
tial to serve as a combined carbon and nitrogen source for the production of L-lysine 
and L-glutamic acid, are the monomeric components of chitin (Fig. 14.2). Chitin, 
which is found in the exoskeletons of crustaceans and insects, is the second most 
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abundant organic compound in nature after cellulose. Although C. glutamicum pos-
sesses genes for glucosamine utilization, the rapid growth on glucosamine as a sole 
carbon and nitrogen source requires overproduction of endogenous glucosamine-6-
phosphate deaminase [encoded by the nagB gene] as in Fig. 14.3 [54]. To enable the 
growth of C. glutamicum on N-acetylglucosamine, the N-acetylglucosamine-
specific phosphotransferase system [PTS] gene nagE from Corynebacterium gly-
cinophilum, in addition to the endogenous nagB and nagA genes [encoding 
cytoplasmic N-acetylglucosamine-6-phosphate deacetylase], have been overex-
pressed as in Fig. 14.3 [55]. Using these two metabolic engineering approaches, 
L-lysine production from glucosamine and N-acetylglucosamine has been achieved 
[54, 55].

C. glutamicum has been genetically modified to allow the direct utilization of 
multi-saccharides present in lignocellulosic biomass and eliminate the need for 
enzymatic hydrolysis procedures. For example, a strain of C. glutamicum 
ATCC13032 that is capable of utilizing the disaccharide cellobiose, which is formed 
during enzymatic hydrolysis of cellulose by endoglucanases and exoglucanases, 
was established by anchoring β-glucosidase [Sed1394] from Saccharophagus 
degradans on the cell surface. This allowed production of L-lysine directly from 
cellobiose without the requirement for enzymatic hydrolysis by β-glucosidase prior 
to fermentation [56]. Although C. glutamicum ATCC13032 requires genetic engi-
neering to use cellobiose, C. glutamicum R is able to degrade cellobiose without 

Fig. 14.3  Overview of the metabolic pathways for the production of L-lysine and L-glutamic acid 
in C. glutamicum from various sugars. Dotted lines indicate multi-step enzymatic reactions. 
Substrate sugars are written in green, and target compounds are written in blue. Green arrows 
indicate genes that were heterologously or endogenously overexpressed to assimilate the corre-
sponding sugars

Y. Tsuge and A. Kondo



445

genetic engineering because of a single amino acid substitution in the β-glucoside-
specific enzyme IIBCA component [BglF] of the phosphotransferase system [57]. 
C. glutamicum has also been genetically modified to allow it to use xylan, which is 
a polymer of xylose. In addition to optimizing the expression of xylA, xylB, and 
xylose transporter xylE genes, an endoxylanase gene [xlnA] from Streptomyces coe-
licolor A3 [2] and a xylosidase gene [xynB] from Bacillus pumilus have been 
expressed with a signal peptide under the control of an optimized promoter to effi-
ciently secrete both enzymes into the culture medium for degrading xylan to xylose 
[58]. In this modified strain, L-lysine is directly produced from xylan.

14.4  �L-Glutamic Acid and L-Lysine as Platform Chemicals

14.4.1  �L-Lysine-Derived Chemicals

Environmental concerns and continued depletion of oil reserves have prompted 
many governments to fund research into the development of environmentally benign 
and sustainable processes for the production of bio-based chemicals and fuels from 
renewable resources. In particular, L-glutamic acid and L-lysine have attracted 
attention as an economically feasible source of nitrogen-containing platform chemi-
cals for the synthesis of polymer building blocks that are currently generated from 
petroleum.

Cadaverine [1,5-diaminopentane], which is a five-carbon diamine, is a promising 
candidate for the synthesis of “green” nylon [59] and is generated by the one-step 
decarboxylation of L-lysine (Fig.  14.4). The microbial production of cadaverine 
was first demonstrated by introducing the lysine decarboxylase gene [cadA] from E. 
coli into C. glutamicum, in combination with the deletion of the endogenous hom 
gene [encoding homoserine dehydrogenase] [60]. Cadaverine was also directly pro-
duced from starch with an α-amylase secreting C. glutamicum strain [61]. The 
Wittmann group extensively examined cadaverine production by C. glutamicum. 
They used another lysine decarboxylase-encoding gene, ldcC, from E. coli instead 
of cadA, because the LdcC protein prefers neutral pH [62]. However, approximately 
20% of the intracellular cadaverine produced by the recombinant strain was acety-
lated [63]. The group later identified the gene responsible for cadaverine acetylation 
[Ncgl1469, encoding diaminopentane acetyltransferase] in C. glutamicum [64]. 
Genome-wide transcriptional analysis led to the identification of a cadaverine 
exporter gene [cg2893], the product of which was later determined to additionally 
transport putrescine as described in the following section. The overexpression of 
cg2893 in C. glutamicum increases cadaverine secretion by 20% [65]. The resultant 
strain produces 88 g/L cadaverine, corresponding to a molar yield of 50% [66]. The 
generated cadaverine polymerizes with a bio-based C10-dicarboxylic acid [sebacic 
acid] to allow synthesize of 100% bio-polyamide [nylon 5,10] that has a comparable 
melting point [215°C] and glass transition temperature [50°C], but a higher  
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transparency than that of the petrochemical-based polymers nylon 6 and nylon 6,6 
[66]. The same research group also produced cadaverine from xylose at a high titer 
[103 g/L] and product yield [32%] by introducing the E. coli xylA and xylB genes 
into C. glutamicum [67, 68].

The non-protein amino 5-aminovaleric acid [5-AVA] is a potential C5 building 
block chemical for synthesizing glutarate, 5-hydroxyvalerate, and 1,5-pentanediol 
[69]. With increasing demand for nitrogen-containing bulk chemicals, 5-AVA is 
also considered to be useful for the production of bio-polyamides, such as nylon 5. 
The 5-AVA is naturally produced by Pseudomonas putida as an intermediate in the 
L-lysine degradation pathway via 5-aminovaleramide in reactions catalyzed by 
lysine 2-monooxygenase [encoded by the davB gene] and delta-aminovaler amidase 
[encoded by the davA gene] (Fig. 14.4). E. coli cells expressing the davAB genes 
from P. putida have been used for 5-AVA production in both batch and fed-batch 
fermentations from glucose, and by the bio-conversion of L-lysine as a precursor 
[70, 71].

The non-protein amino acid L-pipecolic acid [L-PA], a precursor of immunosup-
pressants, peptide antibiotics, or piperidine alkaloids, can also be synthesized from 
L-lysine (Fig. 14.4). To enable production of L-PA by a L-lysine-producing strain, 
the L-lysine 6-dehydrogenase gene lysDH from Silicibacter pomeroyi and the 
endogenous pyrroline 5-carboxylate reductase gene proC, an enzyme of L-proline 
biosynthesis in many bacteria including C. glutamicum, were overexpressed as syn-
thetic operon [72].

Fig. 14.4  Reactions for converting L-lysine to cadaverine and 5-aminovaleric acid. Target com-
pounds are written in blue
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14.4.2  �L-Glutamic Acid-Derived Chemicals

The non-protein amino acid 5-aminolevulinic acid [5-ALA] is in increasing demand 
in many fields, including medicine, cosmetics, and agriculture. The 5-ALA is syn-
thesized from L-glutamic acid in three steps in the C5 pathway (Fig. 14.5). In this 
pathway, the five-carbon skeleton of L-glutamate is first converted to glutamyl ade-
nylate, which is then transferred to a specific tRNA to form glutamyl-tRNA by the 
action of glutamyl-tRNA ligase [encoded by the gltX gene]. The resulting glutamyl-
tRNA is converted to glutamate-1-semialdehyde by glutamyl-tRNA reductase 
[encoded by the hemA gene] and is then transaminated in a reaction catalyzed by 
glutamate-1-semialdehyde aminotransferase [encoded by the hemL gene] to gener-
ate 5-ALA [73]. Because C. glutamicum possesses an endogenous gltX gene, the 
hemA gene from Salmonella typhimurium or S. arizona, and the hemL gene from E. 
coli is introduced into C. glutamicum to generate a strain capable of producing 
5-ALA [74–76].

Putrescine [1,4-diaminobutane] is a four-carbon diamine that is industrially pro-
duced by chemical synthesis involving the addition of hydrogen cyanide to acrylo-
nitrile, followed by the hydrogenation of the resulting succinonitrile. Putrescine, in 
combination with adipic acid, is used for the synthesis of nylon 4,6 [distributed by 
DSM as Stanyl], which possesses mechanical and physical properties, including 
melting point, glass transition temperature, tensile strength, solvent resistance, and 
crystallization rate that are comparable, or even superior, to those of nylon 6,6 [77]. 
Putrescine can be biologically synthesized from L-ornithine through a single decar-
boxylation reaction catalyzed by ornithine decarboxylase [encoded by speC/speF] 
(Fig.  14.5). To date, the highest titer of microbial-produced putrescine has been 
obtained using an engineered strain of E. coli that overexpresses the potE gene 
[encoding putrescine/ornithine antiporter] and contains deletions of puuP [encoding 
putrescine importer] and the genes encoding enzymes of competitive and degrada-
tion routes for putrescine [78]. The native promoters of the key putrescine biosyn-
thetic genes, which consist of the argECB operon, encodes N-acetylornithine 
decarboxylase, N-acetyl-γ-glutamyl-phosphate reductase, and N-acetylglutamate 
kinase, respectively, argD [encoding N-acetylornithine aminotransferase] and speC, 
are replaced with a stronger promoter (Fig. 14.5). The resultant strain is capable of 
producing 24.2 g/L putrescine [78]. C. glutamicum has higher tolerance to putres-
cine compared with E. coli and S. cerevisiae [79]. Although the putrescine metabolic 
pathway has not been identified in C. glutamicum, introduction of the speC gene 
from E. coli enables C. glutamicum to synthesize putrescine [79]. Deletion of the 
argF gene [encoding ornithine transcarbamylase] effectively increases putrescine 
production by increasing the supply of ornithine [80]. Furthermore, the gene respon-
sible for putrescine acetylation, snaA, was identified through a systematic gene 
deletion approach of 18 N-acetyltransferase genes. The gene is the same as the 
one responsible for cadaverine acetylation, and the deletion of the gene minimizes 
the generation of acetylputrescine as by-product [81]. As mentioned above, the 
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decreased activity of ODH in C. glutamicum is associated with glutamate overpro-
duction. When ODH activity was made to decrease five-fold by exchanging the 
translational start codon of a subunit gene odhA from GTG to TTG and exchanging 
the threonine residue 15 of OdhI, which inhibits the ODH complex, putrescine pro-
duction by C. glutamicum increased by 28% [82].

Gamma-aminobutyric acid [GABA] is a non-protein amino acid that is used in 
the pharmaceutical and food industries. GABA is readily cyclized to form the highly 
stable lactam 2-pyrrolidone, which can be chemically converted to bio-based 
polyamide 4 [83, 84]. GABA is synthesized in a one-step decarboxylation reaction 
catalyzed by glutamate decarboxylase [encoded by the gad gene] ([Fig. 14.5). 
Heterologous expression of the glutamate decarboxylase gene from E. coli or 
Lactobacillus brevis in C. glutamicum results in GABA production under culture 

Fig. 14.5  Reactions for converting L-glutamic acid to succinonitrile, acrylonitrile gamma-
aminobutyric acid, 5-aminolevulinic acid and putrescine. Target compounds are written in blue. 
Purple arrows indicate chemical reactions; green arrows indicate biological reactions. Gene 
names encoding the corresponding enzymes are written in parentheses
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conditions that stimulate L-glutamic acid production, as described above in Sect. 
14.1 [85–88]. Moreover, a protein specific for importing GABA [GabP[Cg]] 
encoded by Ncgl0464 was identified, and deletion of the gene improved extracellar 
GABA concentration by 12.5% [89]. Very recently, a new metabolic route for the 
production of GABA through putrescine by two-step reactions was identified 
(Fig. 14.5). Putrescine is firstly converted to γ-aminobutyraldehyde by putrescine 
transaminase encoded by patA. GABA is then synthesized by γ-aminobutyraldehyde 
dehydrogenase encoded by patD [90].

L-Glutamic acid is a useful starting chemical for the synthesis of nitrogen-
containing compounds, such as acrylonitrile and succinonitrile. In particular, the 
demand for acrylonitrile has largely increased in the past decade for use as a build-
ing block material for carbon fibers. Although the target compounds are synthesized 
by chemical conversion of L-glutamic acid, use of L-glutamic acid as a starting 
chemical would alleviate the need for fossil fuels in these processes [91]. 
Acrylonitrile can be chemically produced from L-glutamic acid in a two-step pro-
cedure without the use of additional ammonia (Fig.  14.5). In the first step, 
3-cyanopropanoic acid is generated through the oxidative decarboxylation of 
L-glutamic acid in water, followed by a decarbonylation-elimination reaction using 
a palladium catalyst to produce acrylonitrile [92]. L-glutamic acid can also be con-
verted to succinonitrile, which is an industrial precursor of putrescine, in a four-step 
reaction (Fig. 14.5). L-Glutamic acid is first esterified using methanol to form glu-
tamic acid 5-methyl ester, which is then oxidatively decarboxylated to generate 
3-cyanopropanoic acid methyl ester. This reaction is followed by amidation of the 
ester in aqueous ammonia to form 3-cyanopropanoic amide, which is then dehy-
drated to generate succinonitrile [93].

14.5  �Conclusions and Future Outlook

Microbial strains capable of producing high yields of L-glutamic acid and L-lysine 
from biomass have been generated and optimized using metabolic engineering 
approaches. In particular, expanding the carbon source availability for C. glutami-
cum through the use of metabolic engineering technology is a desirable goal for 
large scale bio-production of nitrogen-containing platform chemicals for synthesiz-
ing polyamide and carbon fiber materials. Utilization of L-glutamic acid and 
L-lysine as platform chemicals is expected to help reduce environmental burden 
associated with the use of petroleum-based materials. Further challenges remain in 
giving C. glutamicum tolerance to various stresses such as low pH and elevated 
temperatures. Being able to culture the bacterium at low pH and at elevated tem-
peratures would reduce a significant amount of downstream purification and cool-
ing costs and thus would improve process economics. High tolerance of bacterium 
to fermentation inhibitors that are produced during pretreatment of lignocellulosic 
biomass is also required for the practical processing of lignocellulose. Further 
optimization of the enzymes and transporters involved in the production and 
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extracellular secretion of these platform chemicals and target compounds through 
protein engineering, evolutionary engineering, and synthetic biology is expected to 
enable more efficient redirection and acceleration of carbon flux toward the target 
chemicals and to further increase their yields.
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