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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 into biofuels and chemicals. Scientific and engineering challenges in bio-
mass production and conversion are covered that show technological advances and
approaches for creating new bioeconomies 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, thermochem-
ical and processing technologies. The text covers major fields of plant science, green
chemistry, economics and economy, biotechnology, microbiology, chemical engi-
neering, mechanical engineering, and energy.

Series description

Annual global biomass production is about 220 billion dry tons or 4,500 EJ,
equivalent to 8.1 times the world’s energy consumption in 2020 (556 EJ). On the
other hand, world-proven oil reserves at the end of 2020 reached 1732.4 billion
barrels, which can only meet 51.5 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 sulphur 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, biotechnol-
ogy, materials, 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.
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Preface

World demand for polymers and their many related products has led to an explosive
increase in the amount of plastic waste generated that is having serious consequences
on the environment, nature, and human health. Sustainable recycling of organic solid
waste (OSW), which includes municipal solid waste, organic sludge waste, polymer
solid waste, and agricultural waste, will become of ever increasing importance, as
world population increases and material recycle becomes a necessary characteristic
of innovative technology. This text provides a compilation of state-of-the-art tech-
niques for reducing, reusing, and recycling OSW and for converting these
underutilized carbon resources into valuable chemicals and biofuels with sustainable
methods. Chapter topics include manufacture of value-added products such as fuels,
commodity chemicals, and bio-based functional materials from OSW feedstocks as
well as methods for processing and handling many types of OSW. Aimed at
improving conversion effectiveness and developing innovative techniques for new
value-added products, this book was conceived as a collection of studies on state-of-
the-art techniques and developed specifically for producing fuels and chemicals from
multiple organic solid wastes via sustainable recycling methods. Discussion on
related topics in terms of recent advances and their assessment and the promise
and prospects of new methods or new technological strategies are provided to
readers in a concise and informative format. Each individual chapter was contributed
by globally selected experts or professionals and was peer-reviewed and edited for
content and consistency in terminology.

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

Part I. Introduction (Chap. 1)
Part II. Production of Biofuels and Chemicals by Thermo-Chemical Conversion

Processes (Chaps. 2–4)
Part III. Production of Biofuels and Chemicals by Biodegradation (Chaps. 5–7)
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Part IV. Production of Liquid Biofuels with New Technologies (Chaps. 8–12)
Part V. Techno-Economic Analysis (Chaps. 13 and 14)

Chapter 1 provides an introduction to the types, sources, and properties of organic
solid waste (OSW), and then outlines technologies including biological, chemical,
thermo-chemical, and photo-chemical technologies for sustainable recycle or con-
version of organic solid wastes into biofuels and chemicals. An overview of data-
bases used in life cycle assessment and related topics is provided with example
analyses. Chapter 2 presents a critical overview of the field of the catalytic
co-pyrolysis of biomass with waste polymers in facilities ranging from bench and
laboratory scale (thermogravimetric analysis and lab-scale reactors) to pilot scale,
providing insights into the potential of this technology for the production of high
quality bio-oils in a single-stage process, and discusses the most important of these
results as reported in the literature obtained in facilities ranging from
thermogravimetric reactors (technology readiness level (TRL 2) to pilot plants in a
relevant environment (TRL 5). Chapter 3 presents an overview of low-cost catalytic
processing of plastic wastes with a focus on biomass-derived activated carbons as
low-cost catalysts, and summarizes the co-processing of plastic wastes with ligno-
cellulosic biomass into high quality liquid fuels. Chapter 4 focuses on the extraction
of leaves with carbon dioxide (CO2) in its supercritical state (sc-CO2) for effective
recovery of valuable compounds (e.g., terpenes, phenolics, and phytosterols) and
proposes several extraction models to express the kinetics of extraction with sc-CO2

process. Chapter 5 summarizes the fundamentals of H2 and CH4 fermentation in
recirculated two-phase anaerobic digestion process, discusses its characteristics of
hydraulic separation, and highlights the potential and recent applications of R-TPAD
(recirculated two-phase anaerobic digestion) process in treating different types of
organic solid waste. Chapter 6 presents a comprehensive review of the science
underlying the anaerobic digestion (AD) process, different feedstock types, the
diverse array of microorganisms involved, process variables crucial for AD effi-
ciency, industrial scope of the different reactor modes, and the optimization and
pretreatment methods to improve process efficiency. Chapter 7 demonstrates the
utility of biodegradation to produce market-ready products from otherwise wasted
resources and discusses selected types of biodegradation, factors affecting each type,
how the composition of organic fractions affect the outcome of biodegradation
products, and the mitigation potential for recycling the organic fraction of municipal
solid waste via biodegradation. Chapter 8 discusses organic waste recovery through
photobiocatalytic processes, including enzymatic systems, electron reservoirs, and
final acceptors, and focuses on light-driven valorization of organic by-products
involving whole-cell biotransformation approaches. Chapter 9 gives several
approaches for obtaining defined monomers or other valuable chemicals from
different polyesters with sufficient high purity through highly selective reactions.
Chapter 10 introduces the historical development of mechanochemistry, types of
mechanochemical equipment, the relationship between mechanochemistry and
organic solid wastes (e.g., waste biomass) conversion into value-added products
(chemicals, fuels, and carbon materials) and presents the role and mechanism of
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mechanochemical technology on waste biomass transformation process. Chapter 11
gives an overview of methods for converting OSW into chemical products using
either hydrothermal (water) or solvothermal (ammonia) processing, discusses the
physical properties of solvent and mechanism of conversion process, and provides
fundamental principles for applying hydrothermal and solvothermal methods to
valorize organic solid wastes and concludes with potential research areas.
Chapter 12 discusses cultivation, extraction, enzymatic hydrolysis, and fermentation
strategies and provides an overview of micro- and macro-algae biomass conversion
into biofuels and other high value-added compounds in terms of the biorefinery
concept. Chapter 13 highlights important and state-of-the-art processes for exploring
fruit wastes for conversion into biofuel and biochemical production on the laboratory
scale and prospects for commercial scale industrial opportunities of bioeconomies.
Chapter 14 reviews and assesses waste management technologies in terms of waste
reduction, stabilization, material recycling, energy recycling, and GHG reduction
and discusses methods and nanomaterials that have been studied for increasing
process conversion efficiency, environmental sustainability, and the quality of
products for recycling and valorizing wastes using pyrolysis, gasification, and
anaerobic digestion technologies.

The text should be of interest to professionals in academia and industry who are
working in the fields of natural renewable materials, biorefinery of lignocellulose,
biofuels, and environmental engineering. It can also be used as comprehensive
references for university students with backgrounds in chemical engineering, mate-
rial science, and environmental engineering.

Nanjing, China Zhen Fang
Sendai, Japan Richard L. Smith Jr.
Nanjing, China Lujiang Xu
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Chapter 1
Sustainable Technologies for Recycling
Organic Solid Wastes

Lujiang Xu, Xianjun Zhou, Chengyu Dong, Zhen Fang,
and Richard L. Smith Jr

Abstract Sustainable management of organic solid wastes (OSW) within environ-
mental, economic, and social standards is becoming an increasingly important and
hot topic. This chapter gives a brief introduction to the types, sources and properties
of OSW and then outlines technologies for sustainable recycle or conversion of
OSW into biofuels and chemicals. In this chapter, features of biological, chemical,
thermochemical, and photo-chemical technologies are described. An overview of
databases used in life cycle assessment (LCA) of OSW and related topics are given.
Advantages and scope of each technology are given for converting OSW into
valuable products.

Keywords Organic solid wastes · Recovery · Technologies · Life cycle assessment ·
Advantages

1.1 Introduction

Since the industrial revolution, world population and economic development have
entered a period of rapid development. By 2030, the world’s population will increase
to 8.6 � 109 people [1] and with the bloom of modern science and technology, large
percentages of society will have migrated from rural areas to urban areas, which now
account for more than 55% of the population (>4 � 109 persons) in 2017 [2]. The
GDP of the world economy has been increasing at an annual rate of about 2% [3]
such that world health and prosperity depend on large amounts of basic materials

L. Xu · X. Zhou · C. Dong · Z. Fang (*)
Biomass Group, College of Engineering, Nanjing Agricultural University, Nanjing, Jiangsu
Province, China
e-mail: zhenfang@njau.edu.cn
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needed for survival, such as food, clean water, air, shelter, clothing, clean cooking
facilities and energy [4]. The World Bank (2020) reported that an average individual
generates nearly 0.74 kg of solid waste per day and that generation of solid waste in
2025 can be expected to increase to 2.2 � 109 tons per year [5]. Hence, appropriate
methods for processing solid waste with the aim of reducing and conserving
resources are requirements for achieving sustainable society.

A considerable part of solid waste contains carbon compounds and is referred to
as organic solid waste (OSW) in this book. According to the source and character-
istics of OSW, it can be divided into municipal solid waste (MSW), organic sludge,
polymer solid waste and agricultural waste [6, 7]. OSW has a complex composition
and creates environmental pollution due to its wide variety, changeable shape, and
properties. However, OSW still has some common characteristics, such as being
mainly composed of elements, C, H, and O and containing highly volatile com-
pounds and having high calorific value [8, 9]. Therefore, OSW cannot simply be
regarded as another type of polluting waste, but rather as an under-utilized resource.
In other words, OSW should be regarded as a new type of renewable resource that
contains large amounts of carbon and hydrogen. OSW has the potential to be used as
a renewable carbon source for producing energy and chemicals provided that
efficient and sustainable methods can be developed for its conversion. The concept
of OSW as a renewable resource for sustainable development should become an
essential element necessary for achieving ecological harmony.

Waste-to-energy and chemicals (WTEC) strategy is an economically viable and
environmentally sustainable proposal for recovering carbon from waste resources
through production of fuel, chemical, heat, and electricity [10, 11]. WTEC strategy
has a vital role for sustainable waste management and mitigation of environmental
issues and can also address global warming and climate change [12]. To date, many
techniques have been proposed and applied for the recovery of OSW. According to
the strategy, processing conditions, technology maturity, product, recycle methods
can be divided into conventional treatment and advanced treatment categories.
Conventional technologies are incineration, gasification, pyrolysis, hydrothermal
treatment [13–16] and bio-chemical methods (e.g., anaerobic fermentation, aerobic
fermentation, and enzymatic hydrolysis) [7, 17, 18]. Advanced technologies include
chemolysis, mechanochemical degradation, photodegradation and microbial fuel
cells [19–22].

This chapter provides a brief introduction to multiple solid wastes (type, sources,
and properties) and introduces conventional and advanced strategies for sustainable
recycle of OSW into biofuels and chemicals.

1.2 Classification, Properties of Organic Solid Waste

The origin and characteristics of OSW can be divided into four categories: (i) MSW,
(ii) organic sludge, (iii) polymer solid waste and (iv) agricultural wastes. OSW has
complex composition, wide variability and consists of an aggregate of many kinds of
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materials that can have very different physical properties which means that much
more attention needs to be given to its source for effective reuse and recycle.
Properties and characteristics of four typical OSW along with their variations
according to source will be introduced in the following sections.

1.2.1 Multiple Solid Wastes (MSW)

MSW refers to the materials that are discarded as a result of urban daily life or
activities, mainly coming from urban households, urban commerce, catering indus-
try, hotel industry, tourism, service industry, municipal sanitation, transportation,
industrial enterprises, water supply and drainage treatment sludge activities [23–
25]. MSW has the characteristics of being huge in quantity, wide in variety, and
complex in composition. Annual MSW generation can be expected to continue to
increase with changing lifestyles and increasing population [5]. As shown in
Fig. 1.1, 2.01 � 109 tons of MSW were generated in 2016, and 2.59 � 109 tons of
global MSW are expected to be generated annually by 2030. Moreover, MSW
generation across the world is expected to reach 3.40 � 109 tons in 2050.

Typical MSW includes organic wastes (kitchen discards, yard, or garden related,
paper, plastic) and inorganic wastes (glass, metal, electronics, construction)
[26, 27]. The composition of MSW not only depends on its region of generation,
but also on socioeconomic status and stage of human development (infancy, ado-
lescence, adulthood). Table 1.1 illustrates the composition of MSW collected from
different regions according to income level. Global food loss and green waste
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Fig. 1.1 Forecast of global MSW generation based on historical trends [5]
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(weeds, leaves, and grass cuttings) account for a large proportion of wastes for
middle- and low-income level households with the percentage of food and green
waste being over 50% [5]. The percentage of OSW in MSW decreases as income
levels increase. Compared with low-income countries, consumption waste, such as
paper and plastic, has higher percentage in MSW collected from high-income level
households. Moreover, the granularity of waste composition, such as detailed rubber
and wood waste, increases as household income levels increase. The percentage of
“Other” in MSW from low-income level households is up to 27%, which is much
higher than high-income level households, and implies that MSW from low-income
level households is less-defined than MSW from higher-income level households.
Nevertheless, MSW has value as a resource and it could be used to produce useful
chemical products within a certain scope, time, and conditions, rather than being
treated as something to be discarded.

1.2.2 Organic Sludge

Organic sludge is a solid residue generated from wastewater treatment operations.
Sources of organic sludge can be divided into three major categories: (i) sewage,
(ii) paper, and (iii) dye [28]. Sewage sludge, which is the largest source of solids, is
generated in quantities of more than 1.50 � 108 tons each year [29]. The main
component of sewage sludge is functional microbes and secreted extracellular
polymeric substances (EPS) that are suspended in wastewater [30]. Paper sludge is
derived from wastewater treatment operations in the pulp and paper industry for
which approximately (40–50) kg of paper sludge is generated per 1000 kg paper
produced in typical mills [31]. Paper sludge is rich in cellulose with low lignin
content, which makes it a useful raw material for renewable production of hydrogen,

Table 1.1 Category and composition of MSW (dry basis) according to different levels of house-
hold income levels. Income levels are relative according to country development

Category (%)

Household income level

High Up-middle Lower-middle Low

OSW 78 79 77 69

Food & green 32 54 53 56

Paper & cardboard 25 12 12 7

Plastics 13 11 11 6

Rubber & leather 4 1 1 –

Wood 4 1 1 <1

Inorganic solid waste (ISW) 11 6 5 3

Metal 6 2 2 2

Glass 5 4 3 1

Other 11 15 17 27

Data based on Ref. [5]
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bio-fuels and chemicals. Dye sludge is a waste stream generated by wastewater
treatment plants of the textile industry [32]. Currently, more than 2.1 � 107 tons of
dye sludge are generated each year in China, and its quantity continues to increase
annually [33]. In addition, many toxic components (dyes, pathogens, additives, and
heavy metals) are contained in dye sludge, which makes it a high priority to properly
dispose and treat the waste to prevent serious hazards to the natural environment and
public health [34]. The main characteristics of dye sludge are high water content,
high organic content, and low calorific value. Dye sludge is rich in nitrogen,
phosphorus, and other nutrients, but it can contain heavy metals ions. Table 1.2
shows the proximate analysis of organic sludge derived from three major sources.
Considerable opportunities exist for developing suitable recycle and reuse technol-
ogies for organic sludge.

1.2.3 Polymer Solid Waste

Polymer solid waste is generated from human daily life and industrial production for
which the source materials are mainly derived from petroleum [35, 36]. Polymer
solid waste can be divided into two categories, (i) plastics and (ii) rubber [37] and
they are mainly composed of carbon, hydrogen, oxygen (C, H and O) and some
metals. Polymer solid waste is difficult to degrade by nature according to its design
for durability in the environment, thus it causes environmental pollution, including
ecosystem disturbance and toxic substance release, with common examples being
microplastics and heavy metals [38, 39].

Waste plastic is a general term for plastics that have been used and eventually
eliminated or replaced in civil, industrial, and other applications. Due to their
favorable properties (e.g., lightweight, good processing characteristics, easy appli-
cation, chemical stability), plastics are widely used in consumer products [40–
42]. Plastic products are an indispensable part of daily life and are widely applied
in construction, healthcare, electronic components, agriculture, automotive, and
packaging industries. From 1950 to 2015, it is estimated that over 9 � 109 tons of
virgin plastic have been produced all over the world [43]. In 2018, approximately
3.60 � 108 tons of plastics were produced globally with increasing trends so that
production can be expected to increase to 5 � 108 tons in 2025 at an annual global
production growth rate of 8.4% [44]. Demand for plastics is mainly for polyethylene
(PE), polypropylene (PP), polyvinyl chloride (PVC), polyurethane (PUR), polyeth-
ylene terephthalate (PET), and polystyrene (PS) [43]. Correspondingly, generated

Table 1.2 Proximate analysis (dry basis) of major categories of organic sludge

Category of sludge (%) Moisture Volatile Ash Fixed carbon HHV (MJ/kg) Ref.

Sewage 6.0 64.1 11.2 6.6 7.6 30

Paper 3.6 60.6 32.3 3.4 7.1 31

Dye 6.9 66.9 12.4 13.7 16.8 32
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plastic waste is proportional to the above major plastic products. Waste plastics that
do not easily degrade in nature can persist in the environment for decades or
hundreds of years and can cause problems that affect the ecosystem and living
creatures [45–47].

Rubber is widely used as a raw material for producing many flexible polymeric
products that are widely used in transportation, industrial, agricultural, medical
treatment, and construction [48–50]. Rubber has become the second most used
polymer after plastics. In 2018, global rubber consumption reached 2.94 � 107

tons and has an annual growth rate of 3.4% which means that much waste rubber will
continue to be generated in the future [51]. Rubber differs from polymers in that a
vulcanization step or curing step is needed to make the product useful. Over 60% of
rubber is used as a raw material for producing tires, with more than 2 � 107 tons of
waste tires being generated in 2020, such that rubber has an annual growth rate of 8%
[52, 53]. Waste tires are challenging to recycle because of their complex ingredients
and additives that make them non-biodegradable by design, and furthermore, they
have lead to the phrase, “black pollution” that has become a global scale environ-
mental, public health and safety issue [54]. Waste rubber has high volatile content,
low ash content, high calorific value with a higher heating value (HHV) of (26–36)
MJ/kg that is similar to high rank coals, so that waste rubber can be considered as a
rich source of fuel and chemicals through technologies such as pyrolysis and
combustion [48].

1.2.4 Agricultural and Forestry Solid Waste

Agricultural and forestry solid waste refers to unwanted materials generated in
farming, forest management and animal husbandry that are required to maintain
the life of about 7� 109 people all over the world [55–57]. Agricultural and forestry
solid waste can be divided into two categories: (i) lignocellulosic waste, such as
straw, bagasse, discarded branches and palm kernel shells, and (ii) animal manure
waste, such as that generated from the production of poultry, dairy, or pig farming.
The properties and characteristics of lignocellulosic waste and animal manure waste
will be introduced next.

Lignocellulosic waste refers to biomass-like solid wastes such as rice straw,
wheat straw, bagasse, or wood sawdust some of which are also generated in
agricultural and forestry production processes [58]. Lignocellulosic waste is the
most abundant form of OSW and is composed of carbon, hydrogen, and oxygen,
but it can also include inorganics such as silica, potassium, calcium, sodium,
magnesium, and aluminum oxides [59]. Every year, more than 2 � 109 tons of
lignocellulose solid waste are generated worldwide [60]. Lignocellulosic waste is
composed of cellulose, hemicellulose, and lignin [61]. Cellulose is composed of
D-glucose monomers through the linear polymerization of β(1×4) glycoside bonds
and makes up about 40–80% of the content of lignocellulosic waste [62]. Hemicel-
lulose is composed of sugar monomers (C5 and C6) including glucose, galactose,
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mannose, xylose, arabinose, with xylose (C5) monomers or mannose
(C5) monomers being in larger proportions than C6 monomeric units with the
content of hemicellulose being about 25–35% in lignocellulosic biomass [63]. Lignin
is a complex three-dimensional polymer of propyl-phenol groups bound together by
C-O (β-O-4, α-O-4, 4-O-5 linkage) and C-C (β-5, 5–5, β-1, β–β linkage) bonds with
its content in lignocellulosic biomass being about 10–36% [64]. More than
5 � 107 tons of industrial lignin are generated annually in the paper and pulp
industry [65]. Lignocellulosic waste has the characteristics of being renewable,
having low pollution potential, being widely distributed and being available in
large amounts as a carbon neutral resource. Valorization of lignocellulosic waste
into high value-added, eco-friendly, eco-efficient, and recyclable products (e.g.,
biofuels, biochemical, materials) with sustainable methods is an important goal for
realizing renewable carbon circulation for a zero-waste society [66–68].

Animal manure is a solid waste obtained from livestock farming that has a wide
range of applications [69]. In 2014, the total mass of animal manure waste was
3.9 � 109 tons, and this amount will continue to grow at a rate of about 2% per year
[70]. By 2030, generation of animal manure is expected to reach at least
4.6 � 109 tons. Unlike lignocellulosic wastes, animal manure waste has high
nitrogen content and intrinsic metal content, which makes it highly recyclable as a
source of organic fertilizer or nutrients or as a source of energy and metals [71]. The
carbon/nitrogen (C/N) ratio, which is a key organic fertilizer quality parameter, is
inversely proportional to nitrogen immobilization in soil and favorable for animal
manure waste. The overall C/N ratio in the composting process is in the range of
10–30, but the appropriate C/N ratio for different substrates is different and requires
further research [72]. Apart from its use as an organic fertilizer, animal manure can
be used as an energy resource in the production of biogas. However, there are risks in
animal manure waste processing due to its potential as a biohazard, so that manage-
ment technologies are needed to realize its effective use [73].

1.3 Thermochemical Recycling Technology

Technologies for recovery of OSW are highly dependent on factors related to
technological, social, environmental, and economic impact. Moreover, properties
of OSW, such as type, composition, volume, and energy content, also depend on
region, population, and economy [5]. Thermochemical recycle technology, which
includes incineration, gasification, pyrolysis, and liquefaction, is widely applicable
for converting OSW into valuable products (e.g., biofuels, chemicals, biochar, and
heat) under appropriate conditions [74–76]. Figure 1.2 summarizes selected thermo-
chemical conversion technologies for recycling OSW along with their corresponding
products that will be discussed in detail below.
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1.3.1 Incineration/Combustion

Incineration or combustion is a treatment technology that can convert OSW into heat
and electricity through oxidation in air at short reaction times [77]. Due to the many
advantages of the technology, such as large processing capacity, small space
requirements, low labor requirements, low time consumption and low investment
and operating costs, incineration or combustion is the most common recycling
method for converting waste into energy and preferred in many cases over landfilling
wastes [78, 79]. During incineration, OSW is completely converted into flue gas,
bottom ash, fly ash, and slag that are accompanied with the release of a large amount
of heat at high temperatures that can be further used for generating electrical power.
Two types of incineration systems in general use are: (i) mass incineration and
(ii) modular incineration and they depend on process scale [26]. Mass incineration
systems are the most widely applied thermal treatment, in which unprocessed or
unsorted MSW is burned in large furnaces in the presence of excess air, which is
coupled to a boiler and a generator for producing electricity [80]. Modular inciner-
ation systems are mainly composed of a rotary kiln and fluidized bed, which are an
important supplement to mass incineration [81]. The compact nature of modular
systems makes it easier to transport and act as a mobile solid waste treatment device
than mass incineration systems.

Compared with landfilling, incineration has several important merits: (i) direct
treatment of virtually any waste without pretreatment, (ii) weight reduction by
80–85%, and (iii) volume reduction by 95–96%, thereby realizing low amounts
and volumes of solid waste while generating energy [82, 83]. Moreover, incineration
reduces maintenance and eliminates biohazards due to rodents, pests, flies, and foul
odors from microbial decomposition, and thereby increasing safety and health for
much of the surroundings. However, incineration also generates fly ash (solid
residue) or potentially releases dioxins (extremely harmful exhaust gases) depending
on the constituents of the substrates which can cause serious health problems to
humans and living creatures [84]. Therefore, the tail gas and tailings generated by
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Fig. 1.2 Thermochemical technologies for recycling OSW into valuable products
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incineration must be treated with effective techniques to remove solid and gaseous
pollutants. Incineration process generates large amounts of CO2 [85], so that carbon
capture and storage (CCS) or carbon capture and utilization (CCU) strategies must
be implemented.

1.3.2 Pyrolysis

Pyrolysis is a thermochemical transformation technology that depolymerizes OSW
into solid, liquid and gas products in an inert atmosphere [86]. Pyrolysis is one of the
main thermochemical technologies for converting OSW into energy-dense bio-oils
[87]. Transformation of OSW to bio-oils under pyrolysis conditions occurs via free
radical mechanisms, concerted mechanisms, and ionic mechanisms [88]. During the
pyrolysis process, many chemical reactions occur simultaneously, such as decom-
position, dehydration, cracking, isomerization, and hydrothermal reforming
[89]. Although pyrolysis is a complex thermodynamic degradation process and the
detailed pyrolysis product distributions are also complicated, much progress has
been made in elucidating its reaction schemes [90].

The main products produced via pyrolysis processes are bio-oil (liquid product),
bio-char (solid product), and gases [88]. The product distribution is greatly
influenced by catalyst, temperature, heating rate, vapor residence time, inert gas
flow rate, reactor geometry, feedstock type and properties such as moisture, particle
size, and elemental composition [91]. According to the heating rate and vapor
residence time, pyrolysis can be divided into several main types: (i) slow pyrolysis,
(i) fast pyrolysis, (iii) intermediate pyrolysis and (iv) flash pyrolysis [92]. Slow
pyrolysis is distinguished by its moderate temperature, low heating rate and longer
residence time compared with other types of pyrolysis, thus increasing the yield of
bio-char. Fast and flash pyrolysis processes are characterized by high temperatures,
high heating rates, and short residence times, which promote higher yields of bio-oil
than the other pyrolysis types. Pyrolysis can also be applied as a catalytic or non-
catalytic process [93]. Catalysts used in the pyrolysis process can improve bio-oil
quality and reduce costs [94]. Moreover, product distribution of bio-oil can also be
simplified with catalytic pyrolysis processes. Catalytic pyrolysis can be applied as an
in-situ or ex-situ process [95]. When the catalyst is mixed directly with the feedstock
in the pyrolysis reactor, the process is referred to as in-situ catalytic fast pyrolysis
(in-situ CFP), whereas when the catalysts are only contacted with pyrolysis gases,
the process is referred to as ex-situ catalytic fast pyrolysis (ex-situ CFP). Many
reactor types are used in pyrolysis processes, including fixed-bed, rotary kiln,
fluidized-bed, and tubular, which depend on the properties of the raw materials
and target products [96].

Pyrolysis has several advantages and disadvantages in its application
[97, 98]. Pyrolysis processes are applicable to a variety of OSW, such as waste
biomass, waste plastics, waste rubber, or MSW in which different targeted products
(e.g., bio-char, bio-oil and biogas) can be selectively produced by optimizing
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pyrolysis conditions. Pyrolysis processes have low operating cost and high flexibil-
ity making them simple and reliable for large-scale commercial applications. On the
other hand, pyrolysis processes tend to have complicated reactions, especially for the
case of non-catalytic pyrolysis, which results in a complex distribution of liquid
products along with a large amount of coke being formed, such that if catalysts are
used, they are prone to deactivation. Since the price of catalysts used in pyrolysis
processes tend to be relatively expensive, developing stable and inexpensive cata-
lysts are necessary for future development. Furthermore, the obtained bio-char and
pyrolysis gas can contain toxic components, which require further treatment
before use.

1.3.3 Gasification

Gasification technology is a thermal conversion process that can break OSW into
gaseous products such as syngas [99, 100]. Compared with pyrolysis processes, the
products of gasification process are much simpler with the main components being
CO, H2, CH4 and CO2 [101]. Syngas products can be further processed to produce
green diesel, higher alcohols, long-chain hydrocarbons, and gasoline-like products
via Fischer-Tropsch reaction [102].

According to the operating conditions, gasification processes can be divided into
two main types: (i) high temperature thermo-gasification and (ii) hydrothermal
gasification [26]. High temperature thermo-gasification involves partial or incom-
plete oxidation in presence of controlled amounts of oxidants (air, oxygen, steam) at
very high temperatures (550 �C–1200 �C) [103]. Hydrothermal gasification involves
cracking reactions under subcritical or supercritical water conditions [104]. For
hydrothermal gasification, water not only serves as reaction medium but also as
reactant. In hydrothermal gasification, water can be in a supercritical thermodynamic
state or a subcritical thermodynamic state [105, 106]. Water in a thermodynamic
state that is higher than its critical temperature (Tc � 374.1 �C) and critical pressure
(Pc � 22.1 MPa) is referred to as supercritical water; water in a thermodynamic
liquid state below its critical temperature (Tc < 374.1 �C) and critical pressure
(Pc < 22.1 MPa) is referred to as subcritical water. Gasification processes can be
catalytic or non-catalytic depending on the product requirements. Catalysts used in
gasification processes are generally nickel-based, because conditions can be mild
and reaction pathways can be regulated to form more H2 and CO than other products
[107]. Gasification processes can be implemented as downdraft or updraft fixed bed,
fluidized bed, entrained flow, or twin bed reactors depending on the product require-
ments [108]. Among the above gasification processes, fluidized bed reactors and
twin bed reactors have great potential for application to form syngas of high-quality
in scale-up.

Gasification processes are applicable to the same types of OSW as those used in
incineration and pyrolysis processes [13, 99, 100, 108], but they are much cleaner
than incineration and moreover, purification steps used for syngas products can be
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designed to eliminate emissions of poisonous gaseous impurities such as dioxins,
allowing gasification processes to be much simpler than those of pyrolysis. Further-
more, in gasification of OSW, there is less liquid and coke produced than either
pyrolysis or incineration, which make the technology easy to scale-up and to operate
on a continuous basis. On the other hand, operating conditions for gasification
processes are more severe regarding high temperatures for thermo-gasification and
high pressures for hydrothermal gasification and some preprocessing steps (shred-
ding, torrefaction, pelletization) are necessary to ensure uniform heat transfer and
product quality. Catalysts, purification steps instruments, and high standard gasifi-
cation reactors make the costs of gasification processes much higher than the other
methods, such that further technology development is still needed.

1.3.4 Liquefaction

Liquefaction is a thermochemical technology for producing high energy-density
liquid bio-oil from OSW by liquid phase decomposition of organic compounds
under high-temperatures and high-pressures [109]. In addition to bio-oil, adhesives
or epoxy resins may also be produced in the liquefaction process. Operating condi-
tions for liquefaction are usually in the range of (200–370) �C and (4–20) MPa,
which are milder than hydrothermal gasification processes [26]. Typical liquid phase
mediums used in liquefaction are water or organic solvents, such as methanol, ether,
butanol, or octanol [110]. Processes that use water as medium are referred to as
hydrothermal liquefaction, while those that use organic solvents as medium are
referred to as solvothermal liquefaction. Decomposition mechanisms in liquefaction
are complicated and involve a series of chemical reactions that may include degra-
dation, hydrolysis, cracking, steam reforming and isomerization [111]. Liquefaction
processes can be operated with or without catalyst depending on the target products.
Introducing catalysts into the liquefaction process can lower reaction temperature,
increase product selectivity, enhance reaction kinetics, reduce reaction time, and
improve bio-oil yields.

Liquefaction processes are suitable to treat high-moisture substrates, such as
algae, sewage sludge, kitchen waste, animal manure, and aquatic biomass when
water medium is used [110, 111]. When using water medium, raw materials do not
need to be dried, which lowers operating cost and saves much energy. Bio-oil yields
obtained from liquefaction processes are higher than those obtained from pyrolysis
processes, and OSW can be transformed into energy at nearly complete conversion.
On the other hand, liquefaction processes require somewhat harsh operating condi-
tions, which means that high standards for liquefaction reactors must be used
resulting in high equipment costs. The harsh conditions of high-pressure liquefaction
make scale-up less certain than other methods and for continuous production, solid
formation may limit OSW throughput.
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1.4 Biochemical Recycling Technology

Biochemical recycling technology is a process that can convert OSW into chemical
products through the presence of microorganisms or active enzymes, including
anaerobic fermentation, aerobic fermentation, and enzymatic hydrolysis [6, 9, 10,
12]. Figure 1.3 summarizes OSW biochemical recycle technologies and their
corresponding products. The processes shown in Fig. 1.3 will be discussed in detail
in the following sections.

1.4.1 Anaerobic Digestion (Biomethanation)

Anaerobic digestion, which is also referred to as biomethanation, is one of the most
important methods for converting OSW into energy [16]. In anaerobic digestion,
microorganisms degrade OSW into dissolved organic matter and produce gaseous
products such as CH4, H2 and CO2 in the absence of free oxygen [17, 26]. MSW,
animal manure, sewage sludge, food processing waste, fats, grease, agricultural crop
residues are among the wide ranges of biodegradable substrates that can be treated
with anaerobic digestion.

Anaerobic digestion process is mainly composed of four stages: (i) hydrolysis,
(ii) acidogenesis, (iii) acetogenesis, and (iv) methanogenesis [112]. In the hydrolysis
stage, OSW is hydrolyzed to form simple soluble monomers or oligomers (e.g.,
glucose, amino acids, glycerol, fatty acids) via promotion by a diverse population of
bacteria. In the acidogenesis stage, volatile fatty acids (e.g., acetic acid, propionic
acid, butyric acid, and other minor products) are produced by fermentative bacteria
that promote formation of small water-soluble molecules. In the acetogenesis stage,
volatile fatty acids are transformed into acetate, CO2 and H2 by acetogenic bacteria.
In the methanogenesis stage, acetic acid, H2 and CO2 are converted into CH4 and
CO2 by strictly anaerobic methanogenic bacteria. Biogas yield is highly affected by
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factors, such as substrate composition, microbial loading, and operating parameters
(temperature, pH, C/N ratio, water content, oxygen content, nutrition elements).

Anaerobic digestion has many advantages such as being able to: (i) treat many
types of OSW, especially those with high-moisture or high nitrogen content,
(ii) prevent manure and odor missions and (iii) improve air and water quality
[113, 114]. Biogas from anaerobic digestion can be harvested to generate energy
and thus reduce greenhouse-gas emissions, while solid residues can be used as
fertilizer to improve soil nutrient content and to reduce the use of chemical fertilizers.
Anaerobic digestion uses mild conditions and is a very simple process, which allows
the technology to be readily implemented on a large scale with low treatment cost.
However, anaerobic digestion has some weak points as a conversion technology
[115]. In anaerobic digestion, the proliferation of anaerobic microorganisms is slow,
making the entire treatment process require several weeks or even months. In the
anaerobic digestion process, much wastewater is generated, which must be treated
and so this increases the cost. Finally, the content of methane in the gas mixtures
produced by anaerobic digestion is typically below 70%, thus making the methane
gas purity very low. Moreover, because methane is an explosive gas, the reactor
needs to be explosion-proof and to have subsequent gas purification steps [116].

1.4.2 Aerobic Composting

Aerobic composting uses the natural decomposition of organic matter in the pres-
ence of air to form a semi-solid product with the help of living microorganisms,
worms and insects and their derived enzymes [42, 117]. Composting is a traditional,
widely used, cheap and simple technology that can effectively treat and valorize
OSW into useful products. Aerobic composting should be carried out in the presence
of sufficient oxygen, and good ventilation should be maintained [118]. The semi-
solid product formed is a type of organic fertilizer that typically has rich plant-
available nutrients and is widely applicable to agriculture, horticulture, landscape,
and other fields. In aerobic digestion processes, many types of substrates can be used
such as MSW, animal manure, sewage sludge, food processing waste, fats, grease,
and agricultural crop residues, showing that it has many similarities with anaerobic
digestion [119].

Aerobic composting process is regarded as a biological and chemical coupling
process that relies on aerobic bacteria to degrade organic matter [117, 120, 121]. In
the process of aerobic composting, small water-soluble organic molecules penetrate
microorganism cell walls and are absorbed, and then utilized by the microorganisms.
Insoluble macromolecular organic substances become attached to the microorgan-
ism and are decomposed into small water-soluble molecules that further support
microorganism bioactivity through the secretion of extracellular enzymes. Aerobic
composting is affected by many parameters, including organisms, use of cultures,
nutrients (C/N ratio), aeration, addition of sewage, characteristics of sewage sludge
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and operating parameters, such as temperature, pH, moisture, oxygen content, and
compost (container or pile) flip frequency [122].

Aerobic composting is a mature technology that can reduce the amount of waste
on a large scale, save much space, produce fertilizers, recycle humus and nutrients
into the soil, protect and improve microbiological diversity and generally improve
the quality of cultivated soils [26, 123]. Aerobic composting is an easily used
technology that has minimal equipment requirements and low operating costs,
however it carries the risk of secondary pollution, such as odor and potential
contamination [117]. Moreover, greenhouse gas emissions (CH4, CO2) can be
large for aerobic composting and if the OSW contains heavy metals or antibiotics,
there is risk for soil and groundwater pollution along with the transfer of pathogens
or chemicals into the life cycle [117]. Treatment of waste plastics and rubber is
generally ineffective with aerobic composting.

1.4.3 Enzyme Hydrolysis

Enzymatic hydrolysis breaks down macromolecules into small molecules or mono-
meric compounds via biocatalysts (enzymes) that become active in water
[124, 125]. In enzymatic hydrolysis, enzymes act on specific chemical bonds of
macromolecules [126] to achieve high selectivity at mild operating conditions that
can be under continuous reaction conditions. Enzymatic hydrolysis is widely used to
produce ethanol from lignocellulosic materials, in which lignocellulose undergoes
saccharification to form soluble monosaccharides with the help of cellulases. Enzy-
matic hydrolysis involves the following key steps [127, 128]: (i) enzymes transfer
from aqueous phase to substrate surface; (i) enzymes adsorb onto substrate to form
enzyme-substrate complexes, (iii) substrate undergoes hydrolysis, (iv) hydrolysis
products transfer from substrate surface to aqueous phase. For the case of cellulose,
cellodextrin, and cellobiose are further hydrolyzed into glucose in the aqueous
phase. Enzymatic hydrolysis rates are sensitive to substrate type, substrate chemical
structure, enzyme type, enzyme loading and operating conditions such as pH,
temperature, substrate concentration, product concentration and oxygen
content [128].

Enzymatic hydrolysis shows high conversion rates for specific substrates, high
selectivity for product compounds and little undesirable by-product formation, so
that it generates low amounts of aqueous waste [126, 128, 129]. Mild reaction
conditions make enzymatic hydrolysis possible to be performed in commonly
available equipment, thereby reducing equipment costs. However, reaction rates
obtainable with enzymatic hydrolysis are relatively low (hours to days) compared
with synthetic reactions and along with their low catalytic activity, there are few
types hydrolytic enzymes making their cost high and their recycle necessary which is
difficult for general OSW. Presently, enzymatic hydrolysis is limited to specific
feedstocks such as lignocellulosic-based waste or polyesters (e.g., PET, PLA).
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1.5 Advanced Technologies

1.5.1 Chemolysis

Chemolysis, which is also referred to as solvolysis or chemical depolymerization, is
a recovery method following the principles of sustainable development
[130]. Chemolysis is a process in which OSW can be treated to form chemical
compounds or OSW can be depolymerized into monomeric compounds via selective
breakage of C–O and C–N bonds [131]. Chemolysis is presently applicable to
natural polymers (cellulose, chitin), petro-based polyesters, polyamides,
polycarbonates, polylactides, polyethylenes terephthalates, polyurethanes, and
nylons [131, 132]. Chemolysis processes can placed into categories of
(i) hydrolysis, (ii) alcoholysis (e.g., methanolysis, glycolysis) or (iii) aminolysis as
appropriate to the required degradation processes and desired chemical products
[132]. Hydrolysis depolymerizes macromolecules in the aqueous phase using cata-
lysts. Alcoholysis degrades polymers into suitable monomers in alcohol medium
[133]. For example, when methanol is used as solvent, the process is called
methanolysis; when polyols such as ethylene glycol, glycerol are used, the process
is called glycolysis. Aminolysis uses nitrogen-containing solvents (e.g., ammonia,
ammonium formate) to catalyze the depolymerization of polymers to form nitrogen-
containing compounds [134]. Chemolysis is affected by substrate type and substrate
chemical structure, reaction chemistry and reaction conditions [20, 135, 136]. In
chemolysis processes, the type of catalyst is important for achieving desired product
selectivity, for reducing reaction time and reaction temperatures and for improving
reaction efficiency [20, 136]. Comparing with traditional thermochemical recovery
processes, chemolysis has advantages of high selectivity, high product value, and
high recovery rate [132]. Compared with traditional biochemical recovery process,
chemolysis has advantages of high efficiency, high recovery rate and high selectiv-
ity. However, low substrate concentration is necessary to reduce side reactions that
may occur during chemolysis processes, because byproducts complicate product
recovery and solvent recycle. Therefore, classification of OSW prior to application
of chemolysis is required. Development of robust chemolysis processes is required
for future applications to paraffin waxes and thermoplastic polymers.

1.5.2 Mechanochemical Treatment

Mechanochemical treatment is a method that can convert OSW into small molecular
compounds though coupling mechanical (shearing, grinding, compression, impac-
tion) and chemical reactions that can be promoted by homogeneous or heteroge-
neous catalysts [137]. During the mechanochemical treatment process, mechanical
stress changes the substrate physical structure by breaking weak chemical bonds,
lowering crystallinity, and increasing specific surface area while chemical reactions
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occur simultaneously [138]. In addition, oxygen atmospheres can assist mechano-
chemical conversion reactions by promoting the generation of free radicals that
accelerate degradation [139]. Therefore, mechanochemical treatment is applicable
to the degradation of some types of OSW [137]. Mechanochemical treatment does
not necessarily require solvent, which allows reduction of reagents and solvents and
avoids post-processing separation or solvent recycle steps [138]. Compared with
traditional recovery processes, mechanochemical treatment has advantages of simple
processing steps, mild reaction conditions, short processing time and ecological
safety [140]. Mechanochemistry has been regarded by the International Union of
Pure and Applied Chemistry (IUPAC) as one of the ten world-changing technologies
[141]. Although mechanochemistry has high potential for OSW valorization, energy
consumption limits its application for large-scale industrialization. Thus, protocols
that are both energy efficient and selective will be important for future development
of mechanochemical treatment as a recycling technology.

1.5.3 Photodegradation

Photodegradation, which is also referred to as photooxidative degradation, is the
process of decomposing polymers by absorbing energy from light to generate free
radicals in the presence of oxygen [142]. Generally, light sources that promote
photodegradation have near-ultraviolet wavelengths in the range of 290–400 nm
[132, 139]. In photodegradation processes, polymer decomposition reactions include
chain scission, crosslinking and secondary oxidative reactions, which are promoted
via generation and transfer of free radicals [143]. There are two methods for
generating free radicals in photodegradation: (i) irradiation of samples with ultravi-
olet light directly without catalyst and (ii) irradiation of samples with ultraviolet light
with catalyst. Compared with other degradation technologies, photodegradation has
the unique advantage of being spatiotemporally local, so that reactions can be
controlled in a facile, green, and independent way [144]. Photodegradation can
make use of sunlight in nature to degrade plastics for reducing time required for
subsequent biodegradation or to completely degrade plastics [46]. On the other hand,
photodegradation lacks product control and typically has low degradation rates
along with low catalyst stability, making development of effective photodegradation
systems a hot research topic.

1.5.4 Other Advanced Technologies

There are several other advanced technologies applicable to conversion of OSW that
should be mentioned: (i) microbial fuel cells, (ii) ozonation, and (iii) Fenton oxida-
tion. Microbial fuel cells are bio-electrochemical processes that can produce elec-
tricity through oxidizing organic compounds into adenosine triphosphate (ATP) in a

18 L. Xu et al.



series of continuous biochemical reactions [145, 146]. Ozonation and Fenton oxi-
dation (H2O2 with ferrous iron) generate oxygen species to degrade OSW into
chemical compounds [132, 147–149]. Although the number of research reports is
still relatively few, the unique attributes of these methods are bound to spark the
curiosity of scientists and engineers interested in developing new methods.

1.6 Life Cycle Assessment

To evaluate environmental impact, economic costs, and energy benefits in the scale-
up of recycling technologies, life cycle assessment (LCA) models are used to
analyze incineration, gasification, pyrolysis, anaerobic digestion and composting
with energy recovery. In LCA, all material and energy inputs and outputs (e.g.,
emissions to air, water, land and products like power, heat, chemicals, biofuels, and
fertilizers) are identified and quantified [150]. The quality of the database used in
LCA is important, which can govern the impact and validity of the model’s output,
and can even bias the conclusions [151]. Currently, databases used for LCA include
Ecoinvent, GaBi, Easewaste, Easetech, Triangle Institute (RTI) and GEMIS
[152]. Among them, Ecoinvent database is widely used and contains more than
more than 2500 processes. In addition to databases, software is also essential for
LCA. More than 20 kinds of LCA software have been used to conduct studies,
including SimaPro, GaBi, OpenLCA, and Easewaste. SimaPro is one of the most
popular LCA software platforms, as it has been employed in more than 30% of the
surveyed studies [152]. These LCA software tools allow estimation of mass and
energy flows and contain modules to include different waste treatment processes.
For waste to energy, the inputs and outputs of OSW and energy are used to estimate
the cost of energy and related processes, raw materials, pumps, pipes, transportation,
and construction of the processing plants. Emissions from processes are also
accounted for in the LCA analysis software. Table 1.3 shows some LCA results
on the energy generation potential and greenhouse gas (GHG) emissions due to
scale-up.

Table 1.3 Energy generation and GHG emissions from technologies that treat municipal solid
waste (MSW), organic solid waste (OSW) and food waste (FW) on dry food waste (dfw) basis

Technology Feed
Energy generation
kWh/t of waste

GHG emissions
kg CO2-eq/t of waste Ref.

Anaerobic Digestion OSW 404 370 [153]

Gasification MSW 466 271 [154]

Incineration MSW 400 285 [155]

Pyrolysis MSW 411 – [156]

Composting FW 34 �30 [157]

Ethanol Fermentation FW 6.9 (Ethanol) GJ /t dfw 430 [158]
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1.7 Conclusions and Outlook

Large amounts of organic solid waste (OSW) are generated every year which will
lead to serious environmental and energy consequences if not properly recycled.
Therefore, taking Reduce, Recycle and Reuse (3R’s) as important criteria, conver-
sion of OSW into raw materials for energy and chemicals will not only reduce world
dependence on fossil fuels, but also provide new avenues to eco-friendly restoration
of the Earth. This chapter has provided a brief overview of the types and character-
istics of substrates of OSW and introduced relevant technologies including thermo-
chemical (e.g., incineration, gasification, pyrolysis, and hydrothermal treating),
bio-chemical (e.g., anaerobic fermentation, aerobic fermentation, and enzymatic
hydrolysis) and several advanced methods (e.g., chemolysis, mechanochemical
degradation, photodegradation, microbial fuel cell, and Fenton oxidation) for
processing of OSW.

Recovery of OSW still faces many challenges: types of raw materials, collection
and transportation, land use, environmental and economic impact. In terms of types
of raw materials, the physical properties, chemical composition, and prices vary
greatly according to the source, type, and collection location of the raw materials. It
is difficult to establish a reproducible supply framework that has specific transfor-
mation methods for different types of raw materials for biological control or biofuels
with such a wide variation of material feedstocks. One possible solution is improved
consumer segregation or classification of materials that is being practiced at some
level in virtually every country. In terms of collection and transportation of OSW,
combined recovery technologies that require large amounts of OSW typically need
to be far away from the source in current methodology. The cost for collecting and
transporting large amounts of OSW is still high and challenging, such that local type
of processing systems need to be extensively developed. Furthermore, there are
increasing restrictions on land use: large areas of land would be required to
completely replace chemicals and petroleum-derived fuels with OSW. In terms of
sustainability aspects of each technology, appropriate monitoring and life cycle
assessments must be modeled to investigate detailed social, environmental, and
economic impact of OSW recovery methods. Finally, in developing new methods
and technologies for OSW, it is necessary to assess environment risks to society,
nature and the Earth.
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Part II
Production of Biofuels and Chemicals by
Thermo-Chemical Conversion Processes



Chapter 2
Recent Advances in the Catalytic
Co-pyrolysis of Lignocellulosic Biomass
and Different Polymer Wastes from
Laboratory Scale to Pilot Plant

Olga Sanahuja Parejo, A. Veses, A. Sanchís, M. S. Callén, R. Murillo,
and T. García

Abstract Nowadays, it is generally accepted that the production of biofuels through
the pyrolysis of lignocellulosic biomass may be an interesting alternative to fossil
fuels. The appeal of this renewable resource is due to its worldwide availability and
its environmentally friendly nature. The liquid fraction obtained from pyrolysis
processes, bio-oil, is the most valuable product given its further application as
biofuel, although it contains many oxygenated compounds and has a low heating
value and high acidity, which hinders its direct application or even storage. To
improve its quality, a dual strategy combining the two well-known upgrading
approaches of cracking catalyst addition and waste plastics co-feeding has recently
emerged as a promising solution since positive synergistic effects are achieved that
are more suited to the production of upgraded biofuels. The upgrading reaction
mechanism has mainly been associated with the presence of plastic wastes, which
serve as H2 donors to promote hydrocracking and hydrodeoxygenation catalytic
reactions, and accordingly, highly significant results have been achieved using this
dual strategy. This chapter discusses the most important of these results as reported
in the literature obtained in facilities ranging from thermogravimetric reactors
(technology readiness level (TRL) 2) to pilot plants in a relevant environment
(TRL 5).
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Abbreviations

CC Catalytic Cracking
DAEM Distribution activation energy model
FCC Fluid Catalytic Cracking
GC-MS Gas Chromatography –Mass Spectrometry
GS Grape seeds
HDO High Pressure Hydrodeoxygenation
HDPE High Density Polyethylene
HHV High Heating Value
LDPE Low Density Polyethylene
PET Polyethylene terephthalate
PLA Polylactic acid
PP Polypropylene
PS Polystyrene
PUR Polyurethane
PVC Poly (vinyl chloride)
RSO Rubber Seed Oil
TGA Thermogravimetric Analysis
TRL Technology readiness level
WT Waste tire

2.1 Introduction

The use and extraction of fossil fuels, associated with high levels of greenhouse gas
emissions [1, 2], come with a hugely negative environmental impact. They are the
world’s primary source of energy and owing to the high energy demand created by
the economic and social development of contemporary society, fossil fuels are also
becoming more costly. To counteract this, much scientific research is focused on the
search for alternative fuels or energy sources that are more widely available,
economic, and environmentally friendly. Great efforts have been made in recent
decades to satisfy the need for a sustainable development strategy with the potential
to reduce the environmental impact of energy production while favoring economic
and social development. In this sense, the use of biomass as a feedstock is emerging
as an attractive renewable energy resource [1, 3, 4]. Processing of biomass to
produce fuels began in the late nineteenth century, although it was only at the end
of the twentieth century that biomass started to be used as an energy resource. The
growth, development, and expansion of these processes were closely related to the
phenomenon of globalization. The surge in the use of biomass as an energy resource
came after the oil crisis of 1973, a consequence of the global repercussions felt by the
skyrocketing price of crude oil, particularly in countries without petroleum reserves.
The use of lignocellulosic biomass has grown considerably in recent years as it
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represents an opportunity to obtain value-added products from a renewable source,
with a significant reduction in environmental impact compared with the processing
of fossil fuels. Furthermore, the use of this renewable energy source can advance the
energy independence of non-oil-producing countries [5]. In particular, the use of
residual lignocellulosic biomass from forestry and agricultural residues, among
others, is considered to be of interest because it can be used as a raw material at a
local and regional level, thus providing a potential market for by-products, generat-
ing employment, and contributing to the sustainable forest management. Finally,
from an environmental perspective and when compared to fossil fuels, the use of
lignocellulosic biomass represents a reduction in greenhouse gas emissions, due to
its almost neutral character in CO2 emissions.

For all these reasons, the use of lignocellulosic biomass in thermochemical
processes such as pyrolysis, combustion, and gasification has achieved great impor-
tance in recent years. In particular, not only does pyrolysis provide an opportunity to
obtain biofuels (liquid, solid or gas) and chemical products of reasonable quality
from a renewable source, but a number of authors have also demonstrated that this
process is more environmentally friendly. Consequently, the pyrolysis of lignocel-
lulosic biomass is receiving renewed interest as it has the potential to become a
viable option for transforming a great variety of waste materials such as industrial,
agricultural, and forestry residues into value-added products in a profitable and
decentralized manner [1, 6, 7]. Interestingly, the development of small-scale pro-
duction units capable of efficiently processing a few tons of biomass per day could
reduce the costs associated with handling and transporting biomass to the end user.
In a pyrolysis process, the biomass is treated in a non-oxidizing atmosphere, usually
at temperatures between 400 �C and 700 �C [4, 8]. As a result, three fractions are
obtained: a solid fraction, also called biochar; a gas fraction, and a liquid fraction,
also called bio-oil [3, 9, 10]. A general schematic of the pyrolysis mechanism
involving the different endothermic and exothermic reactions of its main structural
components (cellulose, hemicellulose, and lignin) using grape seed as biomass is
shown in Fig. 2.1.

The origin of the lignocellulosic biomass strongly determines its characteristics
and composition, and in turn, its behavior under pyrolysis conditions. Structurally,
the basic composition of biomass is 25–50% cellulose, 15–40% hemicellulose,
10–40% lignin, 0–15% extractives, and a small fraction of inorganic minerals
[11]. The relationship between the organic and inorganic components of the biomass
depends on the environment in which it develops and the time at which it is
harvested. These main components of biomass can be seen in Fig. 2.1.

It should be also noted that the physicochemical properties of the biomass (fixed
carbon, volatile matter, moisture, and ash content), the type of reactor and its
operating conditions (temperature, pressure, gas and vapor residence time, and
heating rate) would also be factors that strongly influence product distribution
[8, 12] after pyrolysis. Accordingly, ultimate and proximate analyses are common
methods used to study biomass composition for further thermal processing. An
example of the composition of two representative lignocellulosic biomasses (derived
from forestry residues and agricultural residues) can be seen in Table 2.1. Volatile
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matter is the fraction that is released as condensable and non-condensable organic
compounds under pyrolysis conditions. Moisture is associated with the presence of
physically and chemically bound water. The amount of moisture is a parameter that
must be controlled since is closely related to the final quality of the bio-oil (values
lower than 10 wt% are commonly considered acceptable for pyrolysis processes).
Therefore, drying units should be integrated into pyrolysis installations, which
increases the energy requirements of the full process. Ash is the inorganic residue
resulting from the complete combustion of the biomass, which mainly comprises
Na, K, Ca, Mg, Si, and Fe. It should be noted that ashes can affect the pyrolysis
process and product distribution, given that this inorganic matter can act as a catalyst
to reduce the liquid yield [12]. Finally, fixed carbon is the organic matter that
remains after the moisture and volatile matter from the biomass have been
devolatilized [13], becoming the predominant component of the solid product.

In relation to pyrolysis conditions, a very important variable in the pyrolysis
process is temperature. The highest liquid yields are normally obtained in the range
of 400–600 �C. Above 600 �C, the liquid yield decreases because bio-oil is
converted into gas by secondary cracking reactions. Additionally, temperatures
higher than 700 �C further decrease the yield in liquid products since formation of
heavy polycyclic aromatic hydrocarbons (tars), which are deposited on the biochar
surface, is also promoted as a result of both decarboxylation and dehydration
reactions [3, 7, 8, 10]. Likewise, biomass particle size strongly influences heat

Table 2.1 Characterization of GS (grape seeds), Pine, PS (polystyrene), PP (polypropylene),
HDPE (high density polyethylene), PET (polyethylene terephthalate), PLA (polylactic acid), and
WT (waste tire) by ultimate and proximate analyses. All these samples came from waste sources (e.
g., polystyrene from food packaging and polyethylene terephthalate from waste liquid containers)
and were determined following standard methods

Properties GSa Pinea PSa PPa HDPEa PETa PLAa WTa

Proximate analysis (wt%)

Moisture 6.3 6.3 0.5 0.2 0.1 0.4 0.4 1.1

Ash 4.6 0.5 0.1 0.1 0.0 0.1 0.0 3.8

Volatile matter 69.5 84.5 97.7 99.8 100.0 89.2 99.3 63.6

Fixed carbon 25.9 15.0 0.5 0.00 0.0 10.3 0.3 31.8

Ultimate analysis (wt%)

C 57.6 52.5 90.3 85.4 85.5 62.7 51.1 87.9

Hb 6.3 6.3 9.1 14.5 14.5 4.4 5.8 7.4

N 2.5 0.1 0.3 0.0 0.0 0.0 0.0 0.3

S 0.2 0.0 0.0 0.0 0.0 0.0 0.0 1.1

Oc 33.4 41.2 0.3 0.0 0.0 32.8 44.0 3.3

HHV (MJ/kg) 23.5 20.6 42.1 43.1 43.1 22.2 17.2 38.6

Analyses performed at Instituto de Carboquímica
HHV Higher heating value
a Air-dried basis
b Hydrogen of moisture are contained
c Calculated by difference
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transfer rate, and therefore the distribution of final products. Large particles lead to
the presence of a large thermal gradient in the particle, so that longer solids residence
times are needed to complete the devolatilization of biomass. Additionally, a slower
devolatilization rate is achieved, decreasing vapor residence time, and therefore
promoting secondary reactions through the increased contact time between primary
vapors and hot char [12, 14]. Consequently, the use of biomass with large particle
size reduces liquid production. Related to this, the residence time of volatiles inside
the reactor is another parameter of considerable importance in a pyrolytic reaction.
This parameter depends on the inert gas flow used to perform the pyrolysis process.
A low inert gas flow leads to lower liquid yields caused by the promotion of cracking
and retrogressive reactions, which increase the amount of both light gases and tars.
Similarly, an increase in gas pressure could also lead to lower liquid yields since an
increase occurs in the concentration of volatiles inside the reactor, favoring the
presence of secondary reactions. A final key parameter in any pyrolysis process is
heating rate. As in the case of large biomass particles, low heating rates increase the
contact time between primary vapors and hot char, promoting secondary reactions
and therefore leading to lower liquid yields. Both vapor residence time and heating
rate also depend on the reactor design and will define the type of pyrolysis process.
Generally, pyrolysis can be classified into three different types, referred to as slow
pyrolysis, fast pyrolysis, and flash pyrolysis processes. The choice of the preferable
option depends on the required product. Slow pyrolysis is focused on maximizing
the solid product, whereas fast pyrolysis and flash pyrolysis maximize the liquid
fraction, as can be seen in Table 2.2. At this point, it should be also highlighted that
the liquids obtained from slow pyrolysis and fast/flash pyrolysis are remarkably
different and cannot be processed in the same manner. For this reason, fast pyrolysis
and bio-oil are carefully defined in standard specifications (ASTM D7544–12
(2017)).

The pyrolysis process has been studied in different types of reactors. At lower
scales (TRL (technology readiness level) 2), the most widely used reactors are the
thermogravimetric analyzer and the analytical pyrolyzer coupled with gas chroma-
tography mass spectrometry (GC/MS) [16, 17]. At laboratory-scale (TRLs 3 and 4)
the most prevalent are fixed-bed, autoclave, ablative, microwave, and entrained flow
reactors. At higher scales, pilot plant or commercial plants, fluidized bed (circulating
and bubbling), spouted bed, rotating cone, and auger reactors (single and twin) are
the most prominent [7, 18]. In particular, fluidized bed, rotating cone, and auger

Table 2.2 Types of pyrolysis [3, 15]

Slow Fast Flash

Yield For biochar production. Low
liquid yields (~30–35 wt%)

Liquid is the majority
product (~50 wt%)

Higher liquid yields
(up to 75 wt%)

Heating rate 0.1–1 �C/s ~100 �C/s 10–1000 �C/s
Residence
time

>30 min <2 s >0.5 s

Temperature 300–700 �C 400–650 �C 800–1000 �C
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reactors have the greatest commercial potential due to their robustness and attrac-
tiveness on the market [4]. Fluidized bed reactors have good temperature control and
high heat transfer to biomass particles due to the high density of the solids [4]. How-
ever, biomass particles of small size are required for high heat transfer, necessitating
additional pretreatment that significantly contributes to total operating costs. The
system for operating rotating cone reactors can be considered similar, considering
that the transport of sand and biomass is performed by means of centrifugal forces
operating in a rotating cone. An advantage of their design is that intense mixing is
possible without the use of an inert carrier gas, and the size of the equipment required
downstream is minimal. On the other hand, auger reactors have a simple design,
which allows their operation with low gas flows, and show high reproducibility and
stability [19, 20]. A limiting factor for the scaling up the use of auger reactors is heat
transfer owing to the use of external heating. Nevertheless, heating rates can be
significantly improved by using sand, stainless steel beads, or even inexpensive
minerals with catalytic properties, such as ilmenite, sepiolite, bentonite, attapulgite,
calcite, and dolomite, as heat carrier materials [21, 22].

As previously explained, the pyrolysis of biomass produces three types of
products: bio-oil, biochar and gas [3, 7]. The gas fraction has a low calorific value
(8–9 MJ/m3) [23] because it is basically composed of H2, CO, CO2, and light
hydrocarbons (e.g., methane (CH4) and ethane (C2H6)). Although this fraction can
be easily used for energy generation, its application is basically limited to meeting
the energy requirements of the actual process. Biochar is essentially the fixed carbon
and ashes (mineral fraction) derived from the biomass [3], although if the secondary
mechanisms of pyrolysis (cracking and polymerization) were to take place, part of
the volatile matter from the biomass would also contribute to increasing the char
fraction. The char has a relatively high caloric value (~30 MJ/kg) [24, 25], which
makes this product attractive for gasification and combustion applications, even
replacing coal for the generation of electricity. This fraction has a heating value
equivalent to that of coal, with the advantage that the SOx and NOx emissions
produced by its application as a fuel (by combustion) are lower than those produced
by conventional mineral carbons [26]. In addition, its textural properties give it the
potential for use as both as a natural fertilizer [27], contributing to fixed CO2, and as
a precursor for activated carbons [28]. At the commercial scale, its most common use
is to supply the energy required by the pyrolysis process. Finally, bio-oil is consid-
ered the most valuable product as it can be used as a fuel or as precursor for
chemicals. The bio-oils obtained from fast pyrolysis processes are dark brown,
corrosive liquids that consist of polar organic compounds (ca. 75–80 wt%) and
water (ca. 15–30 wt%). The chemical composition of bio-oils is very complex as
they are made up of a mixture of more than 400 compounds, including carboxylic
acids, alcohols, aldehydes, esters, ketones and aromatic species, certain polymeric
carbohydrates, and lignin-derivative compounds. In addition, lignocellulosic bio-
mass-derived bio-oils usually have a high H2O content (15–30 wt%) and high
density (in the range of 1.15–1.25 kg/m3), and they may contain some solids in
the form of fine char particles and ash (in the range of 0.1–1 wt%). Bio-oils have a
high oxygen content (35–40 wt%), which, together with its acidity, (pH 2.5–3.5)
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makes it corrosive and also accelerates its degradation (increased viscosity) by
polymerization and oligomerization reactions, leading to difficulties during storage
and transport [11]. Furthermore, its higher heating value (~15–20 MJ/kg) is gener-
ally less than half of that of mineral oils (~40 MJ/kg) [3, 29, 30] and, unfortunately,
bio-oils and mineral oils are not miscible.

The point should be made at this stage that the application of bio-oils is basically
limited to the substitution of heavy fuel oils in boilers [29, 31, 32]. It is of note,
however, that very interesting research is underway focusing on long-duration
experiments and accurate analytical test methods to allow the standardization of
fast pyrolysis bio-oils as a fuel, paving the way towards the future marketing of this
product. Nonetheless, the poor properties shown by bio-oil as a fuel and all the
negative issues associated with its use have led to the conclusion that bio-oil quality
should be improved by different upgrading strategies before it can be efficiently used
as a transportation fuel or source of high-value chemical products. For this reason, a
number of promising strategies have been postulated in recent decades to improve
bio-oil properties. These upgrading strategies are generally based on physical treat-
ments (such as the removal of light volatiles with acids, solvent addition, fraction-
ation, and filtration of hot vapors) and chemical treatments (such as esterification,
catalytic pyrolysis and co-pyrolysis, and co-processing of bio-oil in fluid catalytic
cracking facilities). In general, chemical upgrading methods can be divided in two
groups [15, 33, 34]: (i) ex situ (those produced after the pyrolysis process, where
there is no contact between the biomass and catalyst), and (ii) in situ (those produced
during the pyrolysis process itself, where the biomass and catalysts are in contact).
Both strategies can be adapted to existing pyrolysis systems [11, 32, 34, 35]. Within
the ex-situ strategies, we would highlight high pressure hydrodeoxygenation (HDO)
[10, 36] and catalytic cracking (CC) [10, 36]. HDO is a complicated process that
requires complex equipment, a high-performance catalyst, and pressurized H2. This
route leads to the partial deoxygenation of the bio-oil by the elimination of water
molecules and the CO2 generated by C–O bond breakage [12]. On the other hand,
CC is a process in which high-molecular-weight molecules are broken down into
low-molecular weight molecules, with the removal of the oxygen in the bio-oil
components, such as water, CO, and CO2. This upgrading process is usually
performed in either fixed or fluidized bed reactors, and it also makes use of high-
performance catalysts (usually tailor-made zeolites) [10]. This CC is based on the
fluid catalytic cracking (FCC) process designed for the oil refining industry, which is
an essential part of the refining process, transforming heavy crude oil into light
compounds, including liquefied petroleum gas (LPG) and transportation fuels. In the
FCC process, specific zeolite-based catalysts have demonstrated to be highly effi-
cient. Unfortunately, FCC catalysts have shown a limited performance for the ex situ
upgrading of bio-oils, mainly due to their fast deactivation and limited regeneration.
Therefore, new tailor-made catalysts should be developed for bio-oil upgrading
purposes [37, 38].

In-situ strategies require lower capital investment and offer better technical
benefits than ex-situ ones, given that higher efficiencies can be achieved. The most
popular in-situ upgrading strategy is catalytic pyrolysis, where the biomass
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devolatilization process is performed in the presence of a catalyst [15, 32, 34]. A
lower quantity of liquid product (~50 wt%) is usually obtained in a catalytic
pyrolysis process, but a good choice of catalyst allows improved bio-oils to be
obtained. A pyrolytic liquid obtained by catalytic upgrading usually has two differ-
entiated phases: an aqueous phase, which comprises mainly water, polysaccharides,
organic acids, hydroxyacetone, hydroxyacetaldehyde, furfural, and small amounts of
guaiacols [39]; and an organic phase, which comprises oxygenated compounds
(organic acids, aldehydes, ketones, alcohols, esters, furans, sugar derivatives, and
phenols, among others) [28, 29] and aliphatic and aromatic hydrocarbons
[40]. These two phases are easily separable, thus enabling valuable products to be
obtained from both phases and the economy of the process to be improved. As an
example, different industrial chemicals, including acids, levoglucosan,
hydroxyacetaldehyde, and furfural, can be recovered by solvent extraction of the
water phase. Moreover, catalytic steam reforming of the aqueous fraction is also
considered a potential route for renewable H2 production. As the different routes for
application of the aqueous phase are not the aim of this work, more information can
be found in the following references [41–43]. On the other hand, the organic phase
could be used as a low-quality biofuel for boilers or as source of chemical products.
However, as in the case of raw bio-oils from conventional fast pyrolysis processes, a
significant amount of oxygenated compounds remain and cause many of its negative
properties, such as low heating value, high corrosiveness, high viscosity, and
instability. All these issues greatly limit its further application, particularly as a
transportation fuel. Therefore, the introduction of further improvement processes is
strongly advised.

The catalytic pyrolysis process is not only affected by the same factors that
condition fast pyrolysis (reaction temperature, gas and solids residence time, heating
rate, physicochemical properties of the biomass, type of reactor) but also by those of
biomass-to-catalyst ratio and type of catalyst, which should be selected following
certain guidelines [44]: high activity in the production of non-oxygenated com-
pounds; resistance to deactivation due to coking, sintering, or fouling; stability and
reusability; mechanical strength; low cost; and wide availability. As a result, current
research is focused on the search for new catalysts that are able to meet these criteria.
Despite this, the most widely studied catalysts for this process are zeolites, which are
costly materials that present an important problem of deactivation resulting from
coke deposition in the active sites [45]. Although a thermal regeneration of the
zeolites can be postulated by ex-situ calcination together with biochar, as already
performed in FCC processes, deactivation by ash deposition (from the inorganic
content of biomass), in addition to their hydrothermal instability at high temperature,
prevents the feasible regeneration of their catalytic properties. An interesting
alternative to the use of zeolites could be readily available natural minerals or
commercially available metal oxides. This line of research has studied different
types of low-cost materials with relative success, including the use of different metal
oxides, such as MgO, ZnO, NiO, Fe2O3, and TiO2 [46–50], and different low-cost
minerals, such as sepiolite, bentonite, attapulgite, ilmenite, calcite, and dolomite
[22, 51–53]. While acid catalysts, such as bentonite, promote bio-oil deoxygenation
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and aromatization through the Diels–Alder reaction and hydrocarbon pool mecha-
nism, basic catalysts, such as MgO, calcite, and dolomite, can promote bio-oil
deoxygenation through ketonization, aldol condensation, and hydrogen transfer
reactions, thus minimizing acidity while enhancing light hydrocarbon components.
In summary, the use of low-cost materials has also demonstrated notable improve-
ments in the physicochemical properties of the organic fraction resulting in a bio-oil
with lower acidity, lower O2 content, and increased higher heating value, proving the
potential of this type of materials. Finally, it should be added that the biomass-to-
catalyst ratio is another important factor in a catalytic pyrolysis process because
optimum contact between both materials must be ensured. While a high biomass-to-
catalyst ratio could promote excessive cracking reactions that lead to the formation
of heavy polycyclic aromatic compounds, an insufficient biomass-to-catalyst ratio
would hardly improve the quality of the liquids [48, 50, 51].

Another in-situ upgrading strategy that has been receiving special attention in
recent decades is the incorporation of oxygen-free materials, such as waste poly-
mers, into the biomass pyrolysis process. It is well known that the demand for
polymers is increasing every year owing to their use in different applications, such as
toys, cars, packaging, electronics, and a wide variety of others. This demand has also
led to an increase in the amount of waste leftover from these applications. Plastic
waste consists mainly of high-density polyethylene (HDPE), low-density polyeth-
ylene (LDPE), polyethylene terephthalate (PET), polypropylene (PP), polystyrene
(PS), polyurethane (PUR), and polyvinyl chloride (PVC). The structures of the
different polymer repeating units can be seen in Fig. 2.2. The utilization of these
type of waste materials is of great interest, for example, about 17.8 million metric
tons of end-of-life plastics were collected for treatment in Europe in 2018, of which
42% were recycled, 39.5% were used for energy recovery, and 18.5% ended up in
landfills [54, 55]. This represents a huge environmental problem because of their
non-degradable nature; their potential health risks to water, land, and animals; and
their impact on environmental pollution. Furthermore, it has recently been reported
that end-of-life plastics that are not recycled will be subject to higher taxes. In
response to this problem, different solutions have been proposed for the management
of plastic waste, such as incineration and mechanical recycling [56]. Because incin-
eration negatively contributes to pollution through harmful and toxic emissions,
other alternatives need to be developed. On the other hand, the main drawbacks of
mechanical recycling are its high economic costs and the low quality of the final
products when pure streams are not used, emphasizing the key role to be played by
advanced pretreatment sorting and cleaning processes for efficient mechanical
recycling.

The global challenges for sustainable development in relation to plastic waste
management, clean energy, and efficient use of resources can be simultaneously
addressed by the production of high-value liquids by the pyrolysis of polymer
wastes. Unlike biofuels, these liquids can have fuel properties similar to those of
fossil fuels, particularly for the pyrolysis of polyolefins [57], where the absence of
oxygen, together with their high carbon and hydrogen content, does away with the
need for further improvement processes [58]. Compared to lignocellulosic biomass,
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see Table 2.1, the oxygen content in waste polymer materials can be considered
negligible, with the exception of PET and biopolymers such as PLA. Additionally,
synthetic waste polymers present a higher content in carbon (60–90 wt%) and
hydrogen (4.5–14.5 wt%), achieving higher heating values (40 MJ/kg). Again as
an exception, PLA and PET have a chemical composition similar to that of biomass.
Therefore, there is potential to produce high-quality liquid oils with high calorific
value and rich in compounds compatible with standard fuels by the pyrolysis of these
polymers [57, 58]. In a similar way to biomass pyrolysis, waste plastics are heat-
treated at temperatures ranging between 500 �C and 700 �C [59]. During the
pyrolysis of waste plastics, devolatilization takes place through radical mechanisms
(initiation, propagation, and termination), leading to a high liquid yield (higher than
80 wt% for PS and polyolefins). Obviously, catalytic pyrolysis processes have been
also studied for waste polymers, for which zeolites are again the most commonly
used catalysts. Under these pyrolysis conditions, higher yields to aromatic-rich oils
are usually obtained, likely related to the fact that zeolites significantly promote the
cracking of large aliphatic and olefin molecules and their further aromatization [60].

At this point, we would like to remark that liquids obtained from the pyrolysis of
biomass and waste plastic are completely immiscible owing to their different polarity

Fig. 2.2 Structures of the different polymer repeating units
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(polar for biomass and nonpolar for polymer). Therefore, a simple blending strategy
for the upgrading of bio-oil characteristics is not viable. However, a co-pyrolysis
strategy for the formation of a new, upgraded bio-oil through the interaction of the
radicals released by both feedstocks does seem to be a potential solution and can be
seen as a promising in-situ upgrading approach to enhance both the efficiency of the
process and the properties of bio-oil as fuel. At the same time, the addition of waste
plastics to biomass pyrolysis processes would also not only contribute to mitigate
their accumulation in the marine environment, or even in landfills, where they are a
source of greenhouse gas emissions [10], but could also contribute to reducing
processing costs and solve problems related to biomass availability. Interestingly,
this initial hypothesis has been already demonstrated in several studies [61–63] that
show the co-feeding of plastic wastes with biomass significantly improve the quality
of pyrolytic oils. Bio-oil upgrading using this strategy was reflected in the formation
of an organic fraction with improved properties (lower oxygen content and higher in
value-added compounds, mainly cyclic hydrocarbons and aromatics) and a higher
calorific value [57]. The upgrading mechanism was associated with the fact that
waste plastics could act as hydrogen donors to enhance hydrodeoxygenation and
hydrocracking reactions [61–63]. Accordingly, Brebu et al. [64] found that the
addition of PS, LDPE, and PP to the pyrolysis of pine sawdust (1:1 weight ratio)
in a fixed bed reactor at 500 �C produced a higher amount of bio-oil with lower
oxygen content and a remarkable higher calorific value. Suriapparao et al. [65]
recently studied the addition of PS to five different types of biomass (peanut shells,
bagasse, rice husk, Prosopis juliflora, and mixed wood sawdust) in a microwave
reactor. They found that a co-pyrolysis approach led to higher yields of an aromatic-
rich bio-oil with a high calorific value (38–42 MJ /kg�1), particularly when using
sawdust and rice husk. They also found that bio-oil viscosity was remarkably lower
than that obtained by the conventional fast pyrolysis of biomass. Finally, Akancha
et al. [66] investigated the co-pyrolysis of rice bran wax and PP in a semi–batch
reactor. They also found that not only higher liquid yields were obtained (using a 1:3
blend of PP and biomass) but also higher aliphatic compounds were found in the
final liquid, thus improving its quality. Although different mixtures have been
successfully studied in co-pyrolysis processes, as can be seen in Table 2.3, the
selection of feedstock components is also an important factor as both raw materials
should be devolatilized in the same temperature range under process conditions
[10]. Further tools for the proper selection of feedstock components in a catalytic
co-pyrolysis process will be provided in this chapter.

As could be expected, the use of a reasonable ratio of both feedstocks also plays a
crucial role in the catalytic co-pyrolysis process from the sustainability and technical
perspectives [67, 68], meaning that it is another parameter to be optimized. As an
example of the importance of the biomass-to-plastic waste ratio, Stančin et al. [68]
observed that although a high sawdust-to-PS ratio (25/75 wt%) led to higher liquid
yields, these conditions generated a larger amount of polycyclic aromatic hydrocar-
bons (PAHs) [68]. These compounds are considered hazardous to health and harmful
to the environment, thus limiting further bio-oil applications. Likewise, special
attention should be paid to the use of high proportions of polymers with a significant
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content in certain heteroatoms (e.g., sulfur and chlorine), since their thermal decom-
position could lead to the formation of compounds that pose a risk to human health
(dioxins formation from PVC pyrolysis) [69]. Therefore, although the quality of
bio-oil could be remarkably improved by co-pyrolysis, there are still some crucial
points to be resolved.

Against this background, a dual upgrading strategy involving the simultaneous
incorporation of catalyst and waste plastics into the biomass pyrolysis process has
recently emerged as a very promising approach for the production of upgraded
bio-oils in a relatively simple one-step process, enabling some of the previously
described problems observed in the conventional fast pyrolysis, catalytic pyrolysis,
and co-pyrolysis processes to be solved. This statement is supported by the increas-
ing number of articles regarding this process published in the last 10 years, as shown
in Fig. 2.3, in which catalytic co-pyrolysis processes for the production of high-
quality biofuels have been widely studied. The following sections of this chapter will
present a critical overview of the field of the catalytic co-pyrolysis of biomass with
waste polymers in facilities ranging from bench and laboratory scale
(thermogravimetric analysis and lab-scale reactors) to pilot scale, providing insights
into the potential of this technology for the production of high quality bio-oils in a
single-stage process. We will show, with some representative examples carried out
in our research group, how a proper selection of process conditions and feedstocks
could facilitate the direct integration of catalytic co-pyrolysis bio-oils in the energy
market as drop-in fuels. The use of drop-in fuels would increase the potential market
for this product as a fuel that is fully interchangeable and compatible with conven-
tional fossil fuels. This is advantageous because no costly adaptation of the fuel
distribution network would be required.

Table 2.3 Some representative studies of biomass/plastics co-pyrolysis

Biomass Polymer

Biomass/
polymer
ratio

T
(�C) Scale Reactor Reference

Pine
woodchips

WT 90/10
80/20

500 Laboratory
Demonstration

Fixed bed Auger [67]

Sawdust PS 75/25
50/50
25/75

600 Laboratory Stainless steel
fixed reactor

[68]

Palm shells PS 50/50 500 Laboratory Fixed bed [70]

Karanja and
niger seeds

PS 50/50 500 Laboratory Stainless steel
semi-batch
operation

[62]

Palm shells Truck
tires

25/75 500 Laboratory Fixed bed [63]
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2.2 Recent Advances in the Catalytic Co-Pyrolysis Process

The potential of catalytic co-pyrolysis processes for the production of high-quality
bio-oils has been addressed by several authors. It is generally accepted that the main
process parameters, such as temperature, heating rate, and gas and vapor residence
time, together with the selection of an optimum ratio between biomass, waste
polymer and catalyst, are crucial and must be carefully studied from laboratory
scale to pilot plant facilities, paving the way toward the development of commercial
catalytic co-pyrolysis processes. In accordance, this overview has been divided into
three different sections, depending on the technology readiness level (TRL) used
[71–73], hopefully providing the reader with the appropriate tools for the develop-
ment of catalytic co-pyrolysis processes able to produce high-quality bio-oils.

2.2.1 TRL 2: Bench-Scale Experiments in Microreactors

A useful tool for analyzing the first insights at TRL 2 of any catalytic co-pyrolysis
process is thermogravimetric analysis (TGA), which is an effective study to identify
the potential of any biomass/waste plastic/catalyst mixture. It should be pointed out,

Fig. 2.3 Evolution of the number of articles on catalytic co-pyrolysis in the last 10 years. Articles
found in Scopus using the keywords “catalytic co-pyrolysis biomass”

46 O. Sanahuja Parejo et al.



that although this technique is limited to micro scales, it is a simple, inexpensive, and
effective way to obtain useful data regarding the potential of the process. Accord-
ingly, numerous research groups have conducted TGA studies to determine the
thermal behavior of different materials, such as biomass, plastic wastes, and their
mixtures [16, 74–76]. This characterization technique determines the percentage of
mass loss of any material during heating and, in turn, its behavior during the
pyrolysis (devolatilization) process. Additionally, TGA is a very useful system to
determine the pyrolysis kinetic parameters under isothermal and non-isothermal
conditions. It is interesting to highlight that the TGA of lignocellulosic biomass
generally shows two ranges of decomposition that are linked with their main
constituents: 150–350 �C for the decomposition of cellulose and hemicellulose,
and 250–500 �C for lignin decomposition. However, this technique may present
several limitations when using heterogeneous samples such as municipal solid waste
[77], which contains numerous components including cellulose, hemicellulose,
lignin, PE, PP, PVC, and PET, whose correct identification can be limited due to
the overlapping of the devolatilization curves. As a guideline, however, it can be
considered that in the form of individual components, cellulose degrades at the
temperature range of 260–400 �C, lignin at 150–750 �C, PVC at 250–550 �C [77],
PP at 400–500 �C [77], PET at 375–500 �C [77], PE at 450–550 �C [77], PLA at
315–375 �C [78], PS at 300–500 �C [79], and WT at 450–550 �C [80]. Interestingly,
devolatilization profiles of the isolated components show that there is an operational
window where some of these feedstocks are simultaneously devolatilized, and their
devolatilization could therefore lead to interactions between the released compounds
under co-pyrolysis conditions.

In line with this, as can be seen in Fig. 2.4, the first insights obtained by our group
[81] using TGA studies applied to individual compounds already evidenced that the
devolatilization of lignocellulosic biomass and waste polymers, such as HDPE, PP,

Fig. 2.4 Experimental TGA (insets) and derivative thermogravimetry (DTG) curves at 20 �C/min
heating rate for (a) pine wood and plastic wastes (PLA (polylactic acid), PS (polystyrene), PET
(polyethylene terephthalate), PP (polypropylene), HDPE (high-density polyethylene), WT (waste
tire)), (b) grape seeds (GS) and plastic wastes
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PET, PS, PLA and WT, partially coincide within a common temperature range, and
therefore potential interactions between the radicals released during the pyrolysis
process could be taking place [16]. However, while a broad operational window is
observed in the case of some waste plastics, such as WT, PLA, and PS, this zone is
quite limited in the case of PET and polyolefins (Fig. 2.4). Very interesting results
were found when experimental TGA profiles of lignocellulosic biomass/PS mixtures
(Fig. 2.5) were compared to calculated profiles obtained from the sum of the
individual components. Thus, it was observed that while the devolatilization of the
biomass component in the mixture is highly comparable to that predicted by the
individual samples, a slower decomposition rate was clearly observed for PS
devolatilization, which seems to be related to the presence of biomass char
preventing PS depolymerization while promoting intermolecular hydrogen-transfer
reactions. Additionally, it was observed that a temperature about 600 �C could be
adequate to achieve the full conversion of both feedstocks.

The co-pyrolysis of biomass with polymer-type residues using TGA has been
also studied by other authors [62, 79, 80]. In line with our results, Hameed et al. [82]
studied the thermal behavior of biomass and different feedstocks such as sludge,
coal, and plastics. They also demonstrated that the presence of a common area where
volatiles could coexist, eventually leading to interactions between the radicals
released from these materials. Furthermore, Akancha et al. determined optimal
reaction parameters by TGA in order to obtain maximum conversion in the
co-pyrolysis of rice bran and PP [66]. Different reaction parameters were studied,
such as temperature, heating rate, and the proportion of each material in the mixture,
concluding that 550 �C and a biomass-to-waste plastic ratio of 1:3 were the optimum
pyrolysis process conditions. Similarly, Alam et al. [83] studied the devolatilization
of sawdust bamboo and LDPE. Significantly, they proposed that there could be
radical interactions between those volatiles released from both feedstocks, and that
the interactions would be enhanced at high waste plastic-to-biomass ratios. While
cellulose and hemicellulose devolatilization was not significantly modified by the

Fig. 2.5 TGA and DTG curves at 20 �C/min heating rate during co-pyrolysis of: (a) pine/PS
(80/20), (b) TGA and DTG of co-pyrolysis of GS/PS (80/20)
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presence of LDPE, it was observed that the radicals released during LDPE
devolatilization could boost lignin decomposition at temperatures ranging between
380 �C and 520 �C. Finally, Önal et al. [84] also used TGA to define the optimum
temperature for the co-pyrolysis of almond shells and HDPE, ensuring the full
conversion of both feedstocks at 550 �C.

The downside of all those interesting works on TGA is that they were only able to
provide data on devolatilization under slow or moderate pyrolysis conditions
because heating rates higher than 200 �C/min are not feasible. Interestingly, this
issue could be solved by applying a kinetic model to the TGA data. Kinetic
parameters, such as activation energy (Ea) and the pre-exponential factor (A), can
be obtained by means of different fitting models, including the one-step global
model based on the model-fitting method, global model based on the model-free
method, multi-step successive model, semi-global model, distribution activation
energy model (DAEM), and molecular modeling [85]. Although kinetic modeling
is beyond the scope of this chapter, detailed literature can be found in the following
references [85–92]. Among them, DAEM is the most widely used method to
determine the kinetics of the pyrolysis process as a first stage leading to the design
of the pyrolysis reactor. In this regard, very interesting results were reported by our
research group [81] when conducting a kinetic study of the co-pyrolysis of ligno-
cellulosic and different polymer wastes. In particular, forestry (pine woodchips) and
agricultural (grape seeds) residues were selected as lignocellulosic biomass samples.
Additionally, six different polymers were introduced into the feed for their further
analysis (PLA, PS, PET, PP, HDPE and WT). It was interesting to observe that a
higher process temperature than that initially foreseen from the experimental TGA
data (100 �C/min) should be used to ensure the full conversion of both feedstocks
under realistic fast pyrolysis conditions (1000 �C/min). Therefore, it can be con-
cluded that DAEM could be a very useful tool to predict the behavior of biomass/
waste plastic mixtures under true fast co-pyrolysis process conditions, which cannot
be experimentally obtained by TGA.

TGA was also used to identify the role of different catalysts in the devolatilization
of single biomass [93–95] and plastic wastes, as a further step toward the study of
biomass/waste plastic/catalyst mixtures [96, 97]. An interesting example of the
biomass catalytic pyrolysis using TGA was shown by Nishu et al. [95], who studied
the catalytic pyrolysis of cellulose extracted from rice straw using alkali-modified
zeolite as the catalyst. The biomass-to-catalyst ratio used was 1:4. Remarkably, the
use of catalysts slightly decreased the temperature needed for the full devolatilization
of the rice straw. Along similar lines, Lei et al. [93] studied the thermal decompo-
sition of cellulose in the presence of nickel dispersed on HZSM-5 zeolite. They
concluded that the presence of nickel also reduced cellulose devolatilization tem-
perature. However, they observed that the devolatilization rate was slowed down by
the formation of coke on the catalyst surface. On the other hand, the catalytic
pyrolysis of waste plastics was studied by Durmuş et al. [96], who studied the
thermal decomposition of PP using Beta, Mordenite, and ZSM-5 zeolites as cata-
lysts. As was found for cellulose, they demonstrated that the presence of zeolite in
the process also decreased the temperature for PP devolatilization and that there was
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a lower loss of mass resulting from the accumulation of coke on the surface and in
the pores of the zeolites. Similarly, our research group studied the effect of CaO
addition on the devolatilization of both lignocellulosic biomass and waste plastics. In
this case, grape seeds and pine woodchips were selected as biomass representatives,
while PS was chosen as the candidate for plastic waste. Fig. 2.6 shows the TGA and
derivative thermogravimetric (DTG) curves. It can be observed that the dehydration
and decarboxylation reactions of the biomass volatiles seem to have been promoted
by CaO at temperatures higher than 350 �C. Interestingly, the catalytic role of CaO
was not limited to these deoxygenation reactions since it was also observed that CaO
could be also promoting the cracking of intermediate liquid tar to produce gas at high
temperature, given that a decomposition rate higher than that theoretically expected
is obtained at 400–450 �C and 450–550 �C for the pine woodchips and GS,
respectively. As expected, both reactions were enhanced at a higher catalyst-to-
biomass ratio. It is worth mentioning that catalyst-to-biomass ratio is a key parameter
that also needs to be carefully evaluated at a higher TRL since an overbalanced
cracking of the volatiles could lead to the formation of heavy tars and light gases
instead of upgraded bio-oil. With this premise, we also performed TGA on PS/CaO

Fig. 2.6 TGA and DTG curves showing the effect of the catalyst amount on the catalytic pyrolysis
of: (a) pine woodchips, (b) GS, (c) PS
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mixtures. We observed that CaO leads to a slight decrease in the PS decomposition
rate, likely related to the addition of CaO promoting intermolecular hydrogen
transfer reactions instead of supporting the PS depolymerization process through
intramolecular hydrogen-transfer reactions.

Once the role of the different agents in the catalytic co-pyrolysis process was
identified, the performance of biomass/waste plastic/catalyst mixtures could be
studied by TGA. We would like to point out that the amount of data published in
the literature is somewhat limited, although there are several works of interest to be
found. As an example, Kim Y. M. et al. [98] studied two types of catalysts
(microporous (HZSM-5) and mesoporous (Al-MCM-41)) in the catalytic
co-pyrolysis of yellow poplar and HDPE. They showed that a large quantity of
HZSM-5 catalyst (10/1) significantly reduced the temperature of HDPE decompo-
sition so that yellow poplar and HDPE devolatilization overlapped at the range of
350–450 �C, whereas their simultaneous decomposition could not be observed
without the catalyst. Similar results were found by Zhang et al. [75] for the catalytic
co-pyrolysis of Douglas fir sawdust and LDPE using ZSM-5 as catalyst. These
authors also observed that the addition of catalyst decreased the decomposition
temperature of the biomass/plastic mixture, shifting the peak corresponding to
LDPE devolatilization to lower temperatures [99]. Likewise, we recently studied
the thermal devolatilization of different biomass/waste plastic mixtures using CaO as
catalyst, where both pine woodchips or grape seeds were selected as lignocellulosic
biomass samples and PS as waste plastic, the results of which can be found in
Fig. 2.7. Regardless of the biomass/waste plastic mixture, TGA data showed that the
addition of CaO only changed the devolatilization profile of those peaks related to
biomass decomposition (either pine woodchips or grape seeds). At temperatures
higher than 350 �C, CaO seemed to be promoting dehydration and decarboxylation
reactions in the hemicellulose and cellulose components of the biomass. This effect
was more apparent in the GS/PS/CaO mixtures. These results were in line with those
found during biomass/CaO devolatilization, as previously mentioned. Nonetheless,
it should be noted that there was only a marginal shift in the main peak to a lower

Fig. 2.7 Different catalytic co-pyrolysis experiments with: (a) pine/PS; (b) GS/PS CaO using the
biomass/plastic-to-CaO ratio of 4/1:5
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temperature, now involving both lignin and PS decomposition, likely pointing out
that the tar cracking reactions previously observed for the devolatilization of bio-
mass/CaO mixtures were not promoted under co-pyrolysis conditions. On the other
hand, PS depolymerization seemed to be strongly affected by the presence of both
CaO and biomass char, which may be explained by a significant decrease in the
devolatilization rate observed at 450 �C, whereas a higher temperature is required for
the full devolatilization of the PS component in the mixture. Again, it could be
assumed that the presence of both CaO and biomass char could be promoting
intermolecular hydrogen-transfer reactions instead of intramolecular ones, slowing
down the PS depolymerization process while promoting interactions between the
different volatiles in the mixture. This finding is quite important for the further
design of a catalytic co-pyrolysis process involving a GS/PS/CaO mixture since it
would require a higher temperature than that initially foreseen from the
devolatilization of the individual components. Thus, it can be concluded that the
use of TGA to study the depolymerization of biomass/waste plastic/catalyst mixtures
should be established as a first step toward any scaling up of catalytic co-pyrolysis
processes, given that the behavior of these complex mixtures cannot be extrapolated
from the data obtained from the individual components.

Complementary to the use of TGA, analytical pyrolyzer coupled with gas chro-
matography mass spectrometry (GC/MS) allow information to be obtained on the
composition of the volatiles. While this technique has been widely used for both the
catalytic and fast pyrolysis of single biomass components [100–103], the number of
works dealing with the catalytic co-pyrolysis of biomass/waste plastics is rather
limited [16, 17]. An interesting example of this is the study by Sarker et al. [104],
where a Pyroprobe-GC/MS was used to study the catalytic co-pyrolysis of poplar
wood sawdust and HDPE using acid-modified ZSM-5 zeolites. A biomass/HDPE
mixture (1:1) and a feedstock-to-catalyst ratio (1:1) were selected as experimental
conditions. The catalyst was modified with an acidic solution (H2SO4) of different
molarities (0.1, 0.3, 0.5, and 0.7 M). This treatment modified the amount and nature
of the acidic sites and, in turn, the efficiency of the catalyst for the production of
aromatic hydrocarbons. Interestingly, it was observed that catalytic co-pyrolysis
with HDPE provided a higher relative olefin content than biomass catalytic pyrol-
ysis, and the content of oxygenated compounds was significantly reduced, except for
alcohols. The ZSM-5 sample treated with an acidic solution 0.5 M was the most
selective catalyst for the formation of aromatic hydrocarbons. This behavior was
linked to its higher content of Brønsted acidic sites. Another interesting example was
reported by Xue et al. [105], who also used a Pyroprobe-GC/MS to assess the
performance of MCM-41 silica for the catalytic co-pyrolysis of cellulose and PP
mixtures. It was observed that the main products in the presence of catalyst were
olefins and aromatics, whereas the main products without catalysts were oxygenated
compounds. It can therefore be concluded that the use of an analytical pyrolyzer
could be a very interesting alternative to assessing and optimizing the performance
of different catalysts for the production of upgraded bio-oils since the composition of
the volatiles could be promptly determined. Unfortunately, the use of a pyrolysis gas
chromatography mass spectrometry (Py-GC/MS) is not a routine technique in most
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laboratories. Additionally, microreactors can provide fast useful data but they
present several limitations. These are mainly related to operational conditions,
mass transfer, temperature profile...etc., than differs in a great extent from those
conducted at higher or industrial scale [106].

2.2.2 TRL 3–4: Laboratory-Scale Catalytic Co-pyrolysis
Processes

A further step toward the development of catalytic co-pyrolysis processes at indus-
trial scale is based on the assessment of these types of processes in laboratory-scale
reactors at TRLs 3 and 4. This scale allows information to be obtained on the
influence of different process parameters, such as temperature, heating rate, solid
and gas residence time, biomass-to-waste plastic ratio and feedstock-to-catalyst
ratio, on both the yield and the composition of the pyrolysis products. Account
should also be taken of the fact that these final results will be strongly dependent on
the nature of the pyrolysis reactor. There are a large number of studies in the
literature related to fast and catalytic pyrolysis of a single biomass or plastic, and
very interesting information on the major aspects of these processes can be found in
different reviews [58, 105–109], where it is generally accepted that further
upgrading processes are needed to increase the quality of the liquid product and
that the addition of waste plastics is one of the most interesting alternatives. In this
respect, several interesting works can be found in the literature [59, 60, 63–65] at the
scale of TRLs 3 and 4 for co-pyrolysis processes. In these studies, PP, HDPE, LDPE,
PS, and WT are the most commonly used polymers. Interestingly, Brebu et al. [64]
studied the co-pyrolysis of plastic polymers (PE, PP, and PS) and biomass (pine
woodchips) mixtures (50/50) in a semi-batch reactor at 500 �C. They observed that
the liquid product yields were always higher than 60 wt%, reaching 69.7 wt% in the
case of the mixture with PS. Co-pyrolysis produced three different phases: aqueous,
organic, and tars. In all cases, the calorific values of the organic phase were higher
than 45 MJ/kg. While oxygenated polar compounds were distributed between the tar
and aqueous phases, the organic phase was predominantly composed of hydrocar-
bons, their nature being dependent on the type of synthetic polyolefin. PE produced
saturated and unsaturated hydrocarbons; PP produced branched hydrocarbons rang-
ing from dimers to heptamers of PP; and PS produced styrene monomers, dimers,
and trimers; all were similar to those obtained from the pyrolysis of the individual
waste polymers. In line with the conclusions found in microreactor studies, it should
be highlighted that unless process conditions are carefully selected, the formation of
three different phases will take place simultaneously and, therefore, which will not
favor interactions between the radicals released from the different components of the
mixture, resulting in an immiscible liquid product similar to that obtained by mixing
the individual components.
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Conversely, a careful selection of both process conditions and feedstock compo-
nents has demonstrated to be critical for the production of an upgraded bio-oil that
does not only involve products coming from the pyrolysis of both feedstock com-
ponents but also the compounds obtained through the interaction of radicals released
by their devolatilization. In fact, it has been observed that plastic wastes can act as
hydrogen donors, upgrading the pyrolytic oil through hydrogen transfer reactions
[62, 67]. However, some drawbacks remain, mainly those associated with the
plastic-to-biomass ratio. As previously explained, the choice of a reasonable ratio
plays a crucial role in this process, from both the sustainability and technical points
of view, given that the presence of significant amounts of bio-oil contaminants such
as sulfur- and chloride-containing compounds or PAHs could be greatly increased
[61, 65–67].

Progress toward the production of high-quality bio-oils at TRL 3–4 reactors has
been also accomplished by the incorporation of catalysts to the co-pyrolysis process.
Thus, different kinds of catalysts have been studied for this purpose: zeolites such as
ZSM-5 [110–112]; mesoporous silicas, such as SBA-15 [113–115] and MCM-41
[116–118]; alkaline and alkaline earth metal oxides, such as CaO and MgO
[17, 119]; different metal oxides of transition metals, such as Co, Ni, Cu, and Ga
[9, 120]; and even mixtures of these catalysts [38, 121]. The most widely studied and
used catalysts in catalytic upgrading processes at laboratory-scale facilities are ZSM-
5 zeolites owing to their high specific surface and intrinsic acidity, adsorption
capacity, ion-exchange capacity, and high hydrothermal stability. In addition,
ZSM-5 zeolites have a precise balance of acidic strength, micropores with appropri-
ate dimensions to inhibit the formation of large molecules that eventually lead to
coke formation, and high porosity and pore connectivity, favoring the diffusion of
reactives, products, and by-products to the internal acidic active sites. However,
while the ZSM-5 deoxygenation rate may be successfully improved by the incorpo-
ration of different metal active sites such as Ni, Co, Ga, and Mg, among others [122]
and/or the development of mesoporosity [38], the stability of ZSM-5-based materials
has been demonstrated to be very limited [123], with some of the main issues
commonly observed being coke formation under reaction conditions, and fouling
and sintering during regeneration processes. Nonetheless, several attempts have
been made to improve the stability of these very active materials. Zheng et al.
[124] studied the catalytic pyrolysis of biomass/rubber seed oil (RSO) (1:1) over
HZSM-5 at a feedstock-to-catalyst ratio of 1:2. They showed that RSO addition
decreased coke formation, also leading to an aromatic-rich bio-oil with a lower PAH
content. Interestingly, a similar effect was observed for the co-pyrolysis of poplar
wood and HDPE (50/50) using HZSM-5 zeolite as catalyst (ratio 1:1) [125], pointing
to the addition of plastics to the feedstock as a way of reducing coke formation.
Another approach to deal with this issue was reported by Lin et al. [126], where
lower coke formation during the catalytic co-pyrolysis of corn stover/HDPE (50/50)
was also achieved by the impregnation of ZSM-5 with potassium. Interestingly, it
was also observed that the addition of potassium promoted the formation of alkenes
and monoaromatic hydrocarbons while inhibiting PAH formation as coke precur-
sors. In this context, it should be noted that none of these works provided relevant
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data on catalyst stability under cyclic operation involving catalyst regeneration,
which should be carefully evaluated as coke formation was still observed, while
fouling and sintering during regeneration stages could be very important during this
stage. For this reason, it can be concluded that the future of zeolites in biomass
catalytic pyrolysis processes seems to be quite limited unless novel materials and/or
processes are developed that prevent these operational problems of paramount
importance from taking place.

Therefore, novel strategies have been developed following the guidelines for the
selection of new catalysts described in the introduction section [44]. Cao et al. [127]
compared the performance of two mesoporous silica solids (SBA-15, MCM-41)
versus acidic ZSM-5 zeolite for the co-pyrolysis of biomass/waste polymer mixtures
in a fixed-bed reactor. Interestingly, they observed that mesoporous silica materials
led to better results, particularly SBA-15, which enabled upgraded bio-oils with the
lowest oxygen content, density, and viscosity to be obtained. The authors observed
that mesoporous silicas could effectively decompose some of the large molecular
compounds into smaller ones, which could not be upgraded with ZSM-5 due to
limitations with their diffusion to internal acidic active sites. Another interesting
alternative consisted of using alkaline and alkaline earth metal oxides as catalysts. In
this respect, Ryu et al. [128] assessed the performance of MgO-supported catalysts
in the co-pyrolysis of biomass/HDPE in a semi-batch reactor. Three different
supports (activated charcoal, Al2O3, ZrO2) were selected for MgO impregnation,
with activated charcoal being the support that obtained the highest yield in an
aromatic-rich bio-oil. Positive effects were also found for CaO and BaO when
these metal oxides were impregnated into red mud. Mohamed et al. [129] observed
that these metal oxides significantly increased the deoxygenation rate of red mud.
However, the catalytic co-pyrolysis of biomass/LDPE (1/4) mixtures led to lower
aromatic yields. Again, we should note that there is a lack of data regarding the
stability of these catalysts under process conditions. On the other hand, red mud is a
highly available waste from the aluminum industry, which is likely to eliminate the
need for a regeneration stage and can be of interest from a cost standpoint. Therefore,
it can be concluded that although progress is being made on very interesting
synthesis strategies for the development of more active and stable catalysts, relevant
data regarding catalyst stability, cyclability, and operating costs are still required.

Against this background, we have recently reported [128, 129] some interesting
results from the catalytic co-pyrolysis of different biomass/plastic waste mixtures in
a TRL 3 fixed-bed reactor in which the influence of different relevant parameters of
the catalytic co-pyrolysis process was assessed with regard to the yield and charac-
teristics of the bio-oil produced. A comparison was made between the experimental
and theoretical results obtained by the rule of mixtures in all cases, allowing the
identification of possible synergetic effects. Initial insights into the stability of the
catalysts under cyclic operating conditions were also provided. Owing to the interest
of this approach, we proposed the use of several low-cost materials as potential
catalysts for the catalytic co-pyrolysis of biomass/waste polymer mixtures. Grape
seeds were selected as the sample for lignocellulosic biomass and PS and WT were
used as waste plastics. The catalytic role of CaO in the pyrolysis of the individual
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feedstock components was initially studied for comparative purposes. As expected,
the catalytic upgrading process led to a lower yield in the organic phase, the most
valuable product for further applications, and also resulted in a significantly lower
gas yield. This issue was related to the partial absorption of CO2 by the CaO
material, simultaneously promoting H2 formation through the CaO-enhanced
water-gas shift reaction. This higher hydrogen content seemed to play a key role
in the production of upgraded bio-oil since not only hydrodeoxygenation and
hydrocracking reactions could be favored for the formation of aromatics from
phenolic compounds, but also the production of olefins and cyclic hydrocarbons
through hydrocracking and hydrogenation reactions. Finally, we cannot rule out an
additional catalytic role of CaO given the slight increase in the number of ketones,
which could be pointing to the simultaneous occurrence of a decarboxylation
pathway via an acid ketonization reaction over CaO basic sites. On the other hand,
the CaO addition had a minor influence on the pyrolysis of PS in terms of liquid
yield. Similar results were found in the case of WT pyrolysis. However, it should be
remarked that a higher hydrogen concentration was observed in the gas fraction for
both waste plastics, likely associated with the promotion of light hydrocarbon
cracking reactions as these compounds were simultaneously reduced. The promotion
of cracking reactions was also observed in the composition of the liquid fraction,
given the significant reduction in PS depolymerization molecules, styrene mono-
mers, dimers, and trimers, which are the main oil components in non-catalytic fast
pyrolysis processes, while an increase in the production of monoaromatic––mainly
benzene, toluene, and xylenes––was observed. In contrast, the incorporation of CaO
into the WT mainly promoted hydrocyclization reactions of linear paraffins, leading
to the increase in cyclic hydrocarbons in the WT oils. These data were taken as a
baseline from which the possible synergistic effects produced by a dual strategy
based on the catalytic co-pyrolysis of plastic/biomass mixtures could be assessed.

In this light, in addition to CaO, our research group also assessed the applicability
of other materials as economical, stable, and reusable catalysts for catalytic
co-pyrolysis processes. Attapulgite [53], ilmenite [52], sepiolite [51], red mud
[52], and dolomite were also evaluated. Experiments were carried out in a fixed-
bed reactor using a GS/WT(80/20 wt%) mixture as the feedstock and a catalyst-to-
feedstock ratio of 1:1 (except with sepiolite, for which the ratio was 5:1 due to
the excessive cracking effect observed at higher ratios for biomass pyrolysis [22]).
The results of these experiments were also compared with those obtained from the
co-pyrolysis of grape seeds/WT (80/20 wt%). Table 2.4 provides a summary of some
of the results obtained in these experiments. Significantly, the presence of the
catalyst slightly increased the total liquid yield. An additional role of the catalyst
as heat carrier could explain this fact since the GS/WT control experiment was
carried out in absence of any inert material working as heat carrier. Additionally,
some differences can be observed in the distribution between organic and aqueous
phase. Thus, the organic phase yield was comparable for attapulgite, ilmenite and
sepiolite, whilst this yield decreased for CaO and dolomite. This effect can be
explained by the dehydrating effect of calcium-based catalysts, consequently
increasing the aqueous phase yield in the liquid product. As regards the properties
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of the organic phase, the oxygen content, heating value, and acidity of this phase
were only remarkably improved after the addition of CaO or dolomite, with oxygen
values remaining similar to those found in the non-catalytic experiments with the
other catalysts. In addition, a reduction was achieved in the sulfur-containing
compounds derived from the pyrolysis of WT, particularly when CaO was used,
simultaneously increasing the calorific value of the bio-oil. In fact, HHVs were
achieved close to those obtained for WTs (43.4 MJ/kg) and remarkably higher than
those obtained from non-catalytic co-pyrolysis (38.8 MJ/kg). Finally, the chemical
composition of this valuable fraction was also determined by GC/MS. Cyclic

Table 2.4 Yields of catalytic co-pyrolysis of GS/WT (80/20) with different low-cost catalysts and
product liquid quality

Experiment

Yields (wt%)

Liquid
phase
distribution
(wt.%) Organic fraction quality

Liquid Solid Gasa Total Org. Aq.

Oa

(wt
%)

S
(wt
%)

HHV
(MJ/kg) pH

GS 39 33 24 96 61 39 14.3 0.0 36.6 6.4

WT 44 38 15 97 100 0 0.1 0.6 43.4 7.5

GS:CaO (1:1) 38 42 22 102 56 44 16.6 0.0 34.9 9.8

WT:CaO (1:1) 46 30 24 100 100 0 1.7 0.4 42.5 9.0

GS/WT (80/20) 40 33 26 99 69 31 10.6 0.2 38.8 6.7

Catalytic
Co-pyrolysis

GS/WT (80/20):
CaO 1:1

44 40 16 100 55 45 5.3 <0.1 41.2 9.1

GS/WT (80/20):
CaO.MgO 1:1

44 40 16 100 52 47 3.2 0.3 42.1 8.9

GS/WT (80/20):
attapulgite 1:1

42 36 20 98 68 32 13.3 0.2 37.9 6.6

GS/WT (80/20):
ilmenite 1:1

42 33 21 96 69 31 14.3 0.1 37.3 6.4

GS/WT (80/20):
sepiolite 5:1

43 37 18 98 64 36 12.5 0.1 38.4 7.8

Cyclic operation

GS/WT (80/20):
CaO 1:1 C0

44 40 16 100 55 45 5.3 <0.1 41.2 9.1

GS/WT (80/20):
CaO 1:1 C1

34 47 19 100 67 33 5.3 0.2 40.5 9.3

GS/WT (80/20):
CaO 1:1 C2

38 45 17 100 60 40 5.2 0.3 40.5 9.0

GS/WT (80/20):
CaO 1:1 C3

37 47 15 99 72 28 6.2 0.3 39.1 9.3

Adopted with permission from ref. [130]. Copyright © 2018, Elsevier
aBy difference
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hydrocarbons and single ring aromatics were observed to have been synergistically
increased. Concurrently, there was a noticeably reduction in oxygenated com-
pounds, mainly phenols, esters, and fatty acids. This behavior was associated with
the additional promotion of hydrodeoxygenation, hydrocyclization, and aromatiza-
tion reactions resulting from the availability of a significant amount of H2 produced
through both the catalytic cracking of light hydrocarbons and the CaO-enhanced
water-gas shift reaction. Finally, calcium-based sorbents also promoted decarboxyl-
ation reactions, leading to a slight increase in the number of ketones. Therefore, a
reaction mechanism comparable to those observed for the catalytic pyrolysis of the
individual components was attained, although synergetic effects were observed in
terms of fuel properties (lower oxygen and sulfur contents and higher calorific
value), as shown in Table 2.4.

As previously stated, another important issue to be assessed is the performance of
the catalyst under cyclic operation. In this case, the regeneration stage was carried
out by combustion of the CaO/char mixture at 800 �C in air atmosphere. As a
preliminary study, three consecutive cycles were performed involving pyrolysis +
catalyst regeneration. We would highlight the fact that although the total liquid
yields significantly decreased after the first cycle, the yield to the organic fractions
were always close to that obtained in the initial experiment (about 25 wt%) since
higher fraction of organic phase was attained. Positively, the CaO deoxygenation
rate was maintained throughout the cyclic operation, leading to an upgraded bio-oil
with comparable properties in terms of oxygen content, HHV, and acidity, see
Table 2.4. Some significant differences were observed in the composition of the
non-condensable gas since the CO2 concentration increased while the H2 content
simultaneously decreased. As expected, this phenomenon could be associated to the
well-known decline in the CO2 absorption capacity of CaO natural sorbents,
suppressing the CaO-assisted water-gas shift reaction. Fortunately, negligible dif-
ferences were found in the composition of the bio-oil since cyclic hydrocarbons,
aromatics, phenols, and ketones remained at similar values in this fraction during
cyclic operation. These results corroborate the exceptional potential of CaO for use
in catalytic co-pyrolysis processes, as already observed in biomass pyrolysis.

As the results from the catalytic co-pyrolysis of grape seeds/WT mixtures using
CaO as catalyst were very encouraging, the applicability of this solid to other
biomass/waste plastic mixtures was also evaluated. Thus, we modified either the
nature of the polymer waste, using waste PS as biomass co-feedstock, or the type of
lignocellulosic biomass, using pine woodchips as feedstock. Again, higher liquid
yield was obtained in the upgrading process under catalytic co-pyrolysis conditions,
although the organic phase yield was lower than that of the co-pyrolysis experiment
(73.2 vs. 58.7 wt%). Regardless of the feedstock mixture, synergy between both
upgrading strategies was similarly observed through this dual approach in the quality
of the organic phase, leading to an upgraded bio-oil with a lower oxygen content and
higher calorific value than theoretically expected, as can be appreciated in Table 2.5.
On the other hand, GC-MS analysis of the liquid organic phase and chromatographic
analysis of the gas fraction confirmed our positive results, demonstrating that the
simultaneous addition of waste plastics and CaO to the biomass feedstock could lead
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to synergetic effects since hydrodeoxygenation, hydrocracking and hydrocyclization
reactions were promoted owing to the significant improvement in H2 availability.

2.2.3 TRL 5: Pilot Plant Catalytic Co-pyrolysis Processes

The next step in the scale-up of the catalytic co-pyrolysis process would be its
validation at TRL 5, where experiments in a relevant environment for further
industrial application should be performed.

First, it should be pointed out that certain companies, such as KiOR (currently in
bankruptcy proceedings), Anellotech [133], and the Gas Technology Institute (GTI)
[134, 135] have already attempted to undertake projects involving the catalytic
pyrolysis process at demonstration scale, and even commercial scale, with varying
degrees of effectiveness. As to be expected at this magnitude, it is a difficult task to
obtain specific information regarding product yields, bio-oil quality, and operational
issues. In addition, companies such as ABRI-TECH (Canada), PYREG (Germany),
and BIOGREEN-ETIA (France), and different research groups such as EBRI (Uni-
versity of Aston), IKFT-KIT (Germany), and ICB-CSIC (Spain) are developing
biomass pyrolysis-based technologies at an industry-relevant scale, TRLs 5 and
7. The aim of these companies and research groups has been to demonstrate on a
pilot scale level that pyrolysis, catalytic pyrolysis or even co-pyrolysis with different
feedstocks can be profitable technologies for biomass valorization. Although these

Table 2.5 Distribution of products and liquid quality of pyrolysis, catalytic pyrolysis,
co-pyrolysis, and catalytic co-pyrolysis of GS, Pine, and PS

Experiment

Yield (wt%)

Liquid phase
distribution (wt
%) Organic fraction quality

Liquid Solid Gasa
Org.
phase

Aq.
phase

Oxygen
(wt%)a

HHV
(MJ/Kg) pH

GS 39 33 28 61 39 14.3 32.3 6.4

Pine 50 25 25 60 40 38.8 21.2 2.8

PS 82 1.0 17 100 0 2.3 40.8 3.8

GS:CaO (1:1) 38 43 19 56 44 14.4 35.8 6.6

PS:CaO(1:1) 52 28 20 61 39 0.0 40.7 4.0

Pine:CaO (1:1) 53 20 27 57 43 15.8 37.9 2.9

GS/PS (80/20) 51 27 22 80 20 5.3 39.0 5.6

Pine/PS (80/20) 62 18 20 73 26 31.5 37.9 3.0

GS/PS (80/20):
CaO (1:1)

54 29 17 47 53 5.3 41.2 9.1

Pine/PS (80/20):
CaO (1:1)

25 61 14 59 41 20.2 39.1 3.9

Adopted with permission from Refs. [131, 132]. Copyright © 2020, Elsevier. Copyright © 2019,
Elsevier
aBy difference
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results are not included in this chapter for the purpose of simplicity, relevant
information can be attained elsewhere [21, 22, 67, 136–141]. Unfortunately, the
degree of catalytic co-pyrolysis process development currently stands at lower
TRLs, since scarce study has been given to the catalytic co-pyrolysis process at
TRL 5 or higher. Nonetheless, some interesting results have been already reported
by our research group using a single-screw auger reactor capable of processing up to
a rate of approximately 20 kg/h., providing the first insights into the viability of this
process in the relevant environment. Thus, we have assessed how process variables
could influence the yield and quality of the final products, significantly leading to the
production of an upgraded bio-oil fully compatible with conventional fuels. More
information on this facility can be found elsewhere [131].

We highlight the fact that the experimental conditions reached in the auger reactor
(temperature, heating rate and gas, vapor and solid residence time) can be considered
close to the operating conditions of industrial-scale plants. Significantly, the incor-
poration of heat carriers with catalytic properties into the pyrolysis process in auger
reactors, as first proposed by our research group, has demonstrated to be a key to the
resolution of certain major issues associated with biomass pyrolysis since, first, heat
transfer to the biomass particles is significantly increased and, second, the bio-oil is
highly upgraded because the catalytic properties of the heat carriers are in close
contact with the biomass and waste plastic particles. Based on the results found in the
laboratory-scale reactor, we proposed the use of different calcium-based materials as
heat carriers with catalytic properties, such as calcite and dolomite. As expected,
lower organic phase yields were obtained compared to the non-catalytic experiment
using sand as heat carrier without catalytic properties, but the oxygen content of the
bio-oil greatly decreased. It should also be noted that both acidity and calorific value
were also improved compared to the non-catalytic test, evidence that CaO materials
are able to promote hydrodeoxygenation, decarboxylation, and ketonization reac-
tions, as previously demonstrated in laboratory-scale reactors. Other low-cost min-
erals (sepiolite, bentonite, attapulgite and red mud) were also tested at TRL 5, but the
performance of these heat carriers was again notably inferior to that shown by
calcium-based sorbents. We would like to mention here that although calcium-
based materials are low-cost minerals, their cyclability in a two-stage integrated
process consisting of, first, biomass pyrolysis in the auger reactor and, second, char
combustion in a fluidized bed reactor for heating and regeneration of the heat carrier
was successfully demonstrated (Fig. 2.8), proving that biomass catalytic pyrolysis in
an auger reactor is a self-sustaining process [21, 141].

Based on these encouraging results for biomass catalytic pyrolysis, we have
recently tested the catalytic co-pyrolysis process at TRL 5 in order to see if the
process performance in a more relevant environment was consistent with that
achieved in the laboratory-scale fixed-bed reactor. These experiments were
conducted at atmospheric pressure using N2 as the inert carrier gas. The vapor
residence time was fixed at 2–3 seconds. As in the fixed-bed reactor, grape seeds
were selected as the lignocellulosic biomass, while PS and WT were the chosen
plastic wastes. GS/WT and GS/PS mixtures were used at the ratio of 80:20 and
90:10, in both the co-pyrolysis and catalytic co-pyrolysis processes. In line with
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previous biomass catalytic pyrolysis results, CaO was selected as the catalyst and the
feedstock-to-catalyst ratio was fixed at 2:1 since this heat carrier in recirculation was
enough to meet the energy balance demand of the integrated process proposed in
Fig. 2.8, while at the same time preventing the excessive cracking of volatiles
observed at a higher ratio.

Fortunately, catalyst addition to the GS/PS co-pyrolysis process replicated or
even enhanced those positive results observed at TRL 3 in the fixed-bed reactor.
Thus, a lower organic fraction yield with upgraded properties was again obtained
(Table 2.6). Significantly, the production of a fully deoxygenated organic phase with
an oxygen content close to 1 wt% for the 80:20 grape seeds/PS:CaO mixture was
achieved where the formation of a H2-rich gas stream with low CO2 concentration
and high calorific value (32.2 MJ/m3), which was again linked to the promotion of
both light HC cracking and Ca-enhanced water-gas shift reactions was observed. As
the addition of CaO to the GS/PS co-pyrolysis generated very promising results, the
use of WT as a waste polymer was also assessed. Very encouraging results were
again achieved since a higher yield in upgraded bio-oils was also obtained
(Table 2.7). As expected, the results from the single-screw auger reactor again
reproduced the trends observed in the TRL 3 fixed bed reactor, proving that the
addition of both CaO and WT to biomass pyrolysis can also promote synergetic
effects on the upgrading of bio-oil in terms of both yield and quality. In line with this,
the oxygen content achieved for the organic fraction was lower than 1 wt%, resulting
in a bio-oil with a very high calorific value of more than 40MJ/m3. Additionally, this
upgraded bio-oil obtained at the TRL 5 auger facility showed very interesting
physicochemical properties as a fuel since water content and acidity were signifi-
cantly improved, and a high content in aromatics and hydrocarbons was obtained. It

Fig. 2.8 Simple schematic of an integrated catalytic co-pyrolysis process using heat carriers
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should be highlighted that bio-oil upgrading process was actually more efficient in
the TRL 5 auger facility compared to that performed in the TRL 3 fixed-bed reactor.
Therefore, it can be concluded that although comparable upgrading routes were
identified at both TRLs, better contact between volatiles and CaO active sites was
promoted in the TRL 5 auger reactor, favoring the upgrading process.

Significantly, the bio-oils produced by catalytic co-pyrolysis of grape seeds with
polymer wastes were highly compatible with conventional fuels, as can be observed
in Fig. 2.9, showing the perfect blending achieved between this upgraded bio-oil and
gasoline/diesel. Therefore, this technology could be identified as a simple and
reliable solution for the production of drop-in biofuels.

2.3 Conclusions and Future Outlook

Insights into the potential of the catalytic pyrolysis of biomass and waste polymers at
TRL 5 have been shown. Although further research is still necessary, focusing
particularly on the optimizing of key parameters, such as i) the selection of an
efficient and low-cost catalyst, ii) the biomass/waste polymer mixture, and iii) the
optimization of the main operational parameters of the process (temperature and
volatile residence time), the exceptional potential of this process for the production
of transportation fuels in a single-stage process has been successfully revealed from
laboratory scale to pilot plant scale. Significantly, this dual strategy has proven to be
a robust and simple technology that enables high valuable liquids to be obtained for
direct use as drop-in fuels. In fact, an almost fully deoxygenated liquid with a large
proportion of valuable aromatics can be obtained using different types of biomass

a) b) c)MIXTURE FILTERED

10 VOL %    BIO -  OIL   GS/WT:CAO

Fig. 2.9 Bio-oil with conventional fuels compatibility: (a) commercial gasoline and diesel mixture
with bio-oil from catalytic co-pyrolysis (80 GSs/20 WTs/CaO). (b) Mechanical mixture of catalytic
co-pyrolysis bio-oil with gasoline and diesel. (c) Mixture of catalytic co-pyrolysis bio-oil with
gasoline and diesel after filtration process. Mixtures were prepared using a blend consisting of
90 vol% gasoline or diesel/10 vol % bio-oil. Adopted with permission from Ref. [130]. Copyright
© 2018, Elsevier
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(grape seeds or pine woodchips), waste plastic (polystyrene or waste tire), and
catalyst (calcite or dolomite) mixtures. Hopefully, these positive results will not be
only limited to these mixtures, and the study of other mixtures will also lead to the
efficient production of upgraded bio-oils. Therefore, the great versatility of this
process, linked with the wide range of feedstocks that can be treated (both biomass
and waste polymers) could enhance the potential of the catalytic co-pyrolysis
process so that it can reach the commercial level.
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Chapter 3
Roadmap to Low-Cost Catalytic Pyrolysis
of Plastic Wastes for Production of Liquid
Fuels

Oraléou Sangué Djandja, Dabo Chen, Lin-Xin Yin, Zhi-Cong Wang,
and Pei-Gao Duan

Abstract Catalytic pyrolysis is an emerging process that can help eliminate the
harmful effects of plastic wastes by turning them into liquid fuels. This chapter
presents an overview of low-cost catalytic processing of plastic wastes with a focus
on biomass-derived activated carbons (BACs) as low-cost catalysts. BACs are cost-
effective, environmentally friendly and exhibit high porosity, flexibility of surface
modification, and heteroatom surface functional groups, making them versatile as
catalysts. Types of biomass, chemical reagents used for activation, reagent to
biomass ratio and activation temperature influence the catalytic properties of
BACs. Excessive reagent to biomass ratio leads to a high number of acid sites on
the BAC that enhance cracking reactions and decrease liquid yield. Extreme activa-
tion temperature promotes degradation and volatilization of acid functional groups
and thus, reduces catalytic activity. Overall, enhanced aromatization, hydrogen
transfer and cracking reactions have been observed over biomass-derived BACs
that exhibit strong acidity, large surface area, and large total pore volume.
Coprocessing of plastic wastes with lignocellulosic biomass is a good option for
reducing the activation energy of plastic waste decomposition and improving the
composition of liquid fuels.
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3.1 Introduction

According to the World Bank, 2.01 billion tons of solid wastes including 242 million
tons of plastic wastes were generated in 2016, of which more 33% were not properly
managed, are responsible for 1.6 billion tons of CO2-equivalent greenhouse gas
emissions, which is about 5 percent of global emissions [1]. Table 3.1 presents
statistics about wastes generated around the world. It can be seen that large amounts
of wastes are released in the world, and significant growth in generation is expected
given the increasing population and industrial development. Statistics of each type of
waste vary according to region due to different kinds of activities and regulation
policies. In all regions presented, the wastes are disposed of mainly by open
dumping and landfill, which could explain the higher greenhouse gas emissions
associated with these wastes. In most regions, plastic wastes account for about 12%
of all solid wastes-nevertheless, plastics contributing enormously to our daily activ-
ities. Durability, flexibility, strength, lightness, ability to be molded into different
shapes, and endurance (thermal, electrical and chemical) are some physicochemical
characteristics that make plastics attractive [2]. In 2015, polyolefins accounted for
about 55% of global plastics materials demand, namely, 23% for Polypropylene

Table 3.1 Global solid waste management in 2016 with projections to 2050 [1]

Regions

Amount of waste
generated by region
(millions of tons per
year)

Waste
collection
coverage
(%)

Share of
plastic
(mass
fraction,
%)
2016

Share of most
represented
waste treatment
method

Share (%) of
recycling in
the treatment
method2016 2030 2050 Method (%)

Middle
East and
North
Africa

129 177 255 82 12 Open
dumping

52.7 9

Sub-Saha-
ran Africa

174 269 516 44 8.6 Open
dumping

69 6.6

Latin
America
and the
Caribbean

231 290 369 84 12 Landfill 68.5 4.5

North
America

289 342 396 99.7 12 Sanitary
landfill

54.3 33.3

South
Asia

334 466 661 51 8 Open
dumping

75 5

Europe
and Cen-
tral Asia

392 440 490 90 11.5 Landfill 25.9 20

East Asia
and
Pacific

468 602 714 71 12 Landfill 46 9

Global 2010 2590 3040 12 Landfill 36.7 13.5
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(PP), 15% for high-density polyethylene (HDPE) and 17% for low-density polyeth-
ylene (LDPE) and linear low-density polyethylene (LLDPE), followed by 16% for
polyvinyl chloride (PVC), 6% for polyurethane (PUR), 7% for polyethylene tere-
phthalate (PET) and 7% for polystyrene (PS) and expanded polystyrene (EPS)
[3]. The share of a total loss to the environment per year for PE, PP, PVC, PET,
PS, PUR are estimated to be 20%, 14%, 3%, 6%, 4%, and 1%, respectively [4],
which shows that the most abundant plastic materials in demand are among the most
abundant fractions of plastic wastes ending up in the environment. In India, plastic
wastes (daily generation of approximately 26,000 tons) accounts for 8% of the total
solid waste annually generated, with more than 50% of these plastic wastes not
recycled, and thus escaping into the environment [5]. In 2017, more than 70 million
tons of plastic wastes were reported for China [6]. Hence, these plastic wastes
required proper management.

Synthetic organic polymers in most plastic wastes are generally non-biodegrad-
able. The large proportion of monomers used to produce plastics, such as ethylene
and propylene, are made from fossil hydrocarbons. Thus, disposal of plastic wastes
in landfills not only creates significant environmental issues, such as soil leaching
and contamination of groundwater but also constitutes a major waste of fossil fuel
resources. Although incineration can help to reduce the amount of plastic waste,
costly treatment of large amounts of flue gases is required [7]. Although direct
recycling processes are being developed, they are limited, in contrast to single
component plastic waste. Real-world plastic waste is a mixture of many components,
including PVC, PET, PE, PP, PS, and other types of waste that can be difficult to
separate. Most of these components are not compatible with each other for
processing together during direct recycling. They vary in polymer type,
intermolecular bonding, and added inorganic fillers, stabilizers, and pigments that
affect their mechanical properties [8]. Another reason is that they are made of
different resin compounds and have different degrees of transparency and colors
[9]. Subsequently, a significant fraction of plastic wastes collected for recycling
cannot be processed, which is estimated to be 40% for post-consumer plastic wastes
collected in the European Union in 2012 [10]. Given these limitations, new tech-
nologies that can turn plastic wastes into valuables resources in an optimized way are
needed. These technologies would eliminate not only the harmful effects of plastic
wastes but also create an opportunity to recover resources such as fuels and
chemicals. Catalytic pyrolysis is one of these emerging technologies that can turn
plastic wastes into high-quality liquid fuels in an environmentally friendly way, and
that can help to alleviate energy shortages that the world is facing. However, widely
used catalysts are expensive, and their deactivation readily occurs with waste
plastics. Therefore, recent works are exploring new ways of low-cost catalysts
design, including biomass-derived activated carbon (BAC).

This chapter aims to highlight the positive impact that can provide low-cost
catalysts such as BAC and some industrial byproducts in the pyrolysis processing
of plastic wastes for liquid fuels production and to provide areas of future research
for further development. The advantages of the co-pyrolysis of plastic wastes with
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lignocellulosic biomass and sewage sludge are briefly introduced to illustrate chal-
lenges in the pyrolysis of real-world plastic wastes.

3.2 Pyrolysis Processing of Plastic Wastes: Why and How?

3.2.1 Motivation Behind Pyrolysis Processing of Waste
Plastics

Results of elemental and proximate analysis and higher heating value (HHV) of
different types of plastic wastes are presented in Table 3.2. In fact, plastic wastes
contain high-value chemicals and high energy density [11], with an HHV of (15–49)
MJ/kg (Table 3.2). Ash is composed of inorganic matter that comes from materials
employed for plastics manufacturing. Halogens in plastics include Cl, Br, and F,
while the most important metals include Pb, Al, Sb, Ti, Sn, Zn, Fe, Ni, Cu, Cd, Cr,
and Co. Sulfur and alkaline earth metal compounds such as Ca, Ba, Mg, are also
present. Typical concentration ranges of these elements in each type of plastic are
summarized in Ref. [12]. PE, PP, and PS have the highest volatile matter content and
HHV, with almost no ash and fixed carbon, while PET has high carbon content but
low hydrogen content [13]. Given the properties of plastic wastes and that large
proportions of monomers for plastics manufacturing are made from fossil hydrocar-
bons, pyrolysis is a suitable method to recover fossil hydrocarbons from plastic
wastes. A comparison of typical recycling and pyrolysis of plastic wastes is
presented in Fig. 3.1. Pyrolysis processes can significantly increase the recycling
rate as it can use a wider range of plastic wastes than traditional recycling
[14]. Although pyrolysis is a mature technology for char generation from solid
material [15, 16], it has been recently used extensively to produce liquid fuels
(Fig. 3.2). As depicted in Fig. 3.2, the liquid oil obtained can be used as transpor-
tation fuels, burned to generate heat/electricity or used to synthesize value-added
chemicals that can be used as fertilizers, resins, and light aromatics such as benzene,
xylene, toluene and dl-limonene. These chemicals can also be obtained directly from
the pyrolysis process, depending on chosen conditions, the catalyst employed, and
feedstock type. By-products, including gaseous and solid char products, can be used
in many fields, as showed in Fig. 3.2. During pyrolysis, the ash is melted, and
inorganic compounds such as glass and heavy metals are mainly fixed in the solid
product. They can be recovered as carbon black and reused for several applications
such as additives or fillers for other plastics.
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3.2.2 Overview of Pyrolysis Processing of Plastic Wastes

The pyrolysis process refers to organic matter decomposition in an oxygen-free
environment. The main factors impacting the distribution and properties of the
resulting liquid product include reactor type, process temperature, residence time,
heating rate, pressure, turbulence, and feedstock characteristics. Ranges of values
and combined factors that are commonly reported are presented in Table 3.3.
Although many works have reported on the influence of these factors on the

Fig. 3.1 Comparison of direct recycling and pyrolysis conversion of plastic wastes.

Fig. 3.2 Plastic wastes valorization through pyrolysis
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Table 3.3 Reaction conditions and expected products from pyrolysis processes [30–33]

Heating
mode

Residence
time

Heating
rate (�C/
s)

Temperature
(�C) Typical reactors Expected products

Slow >10 min 10 290–400 Cylindrical fixed-
bed, batch, rota-
tory kiln, and
packed bed

30% of liquid,
35% of char, and
35% of gas

Intermediate 5–10 min 1–1000 400–500 Auger screw, vac-
uum, rotary ovens,
microwave

50% of liquid,
25% of char, and
25% gas

Fast 0.5–5 s 10–200 425–650 Rotary kiln, bub-
bling fluidized
bed, spouted flu-
idized bed, rotat-
ing cone, vortex,
ablative, entrained
microwave, and
radiative/convec-
tive reactors

Maximization of
the bio-oil
(60–75% of liq-
uids, 12–25% of
char, and 10–20%
of gas)

Flash-liquid < 1 s >1000 > 650 Maximization of
bio-oil with low
water content

Flash-gas < 1 s >1000 > 650 Production of
chemicals and gas

Ultra < 0.5 Very
high

1000 – Production of
chemicals, gas

Vacuum 2–30s Medium 400 vacuum Reduction of the
nitrogen flow rate
requirements,
Maximization of
the bio-oil (mini-
mization of sec-
ondary reactions
and the enhance-
ment of the
devolatilization
process), the
resulted char has
more “open”
structure and
should be suitable
for activated car-
bon production.

Hydro-pyro. < 10s High < 500 – Maximization of
the bio-oil with an
increased yield of
hydrocarbons,

Methano-
pyro.

< 10s High > 700 – Production of
chemicals
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products, less information is available on the effect of turbulent flow conditions.
Lower temperatures (T < 700 �C) yield solids and waxes/oil, while higher temper-
atures favor light molecular weight hydrocarbons and non-condensable gases. The
effect of pressure is dominant at lower temperatures and reduces with increasing
temperature. Char formation is predominant at a lower heating rate, while a higher
heating rate enhances the bond cleavage. Computational models reveal that high
turbulence promotes heat and mass transfer in the core flow, leading to a uniform
distribution reaction [22]. Therefore, medium turbulence would promote liquid oil
yield, while higher turbulence would result in extensive destruction of the tar
[23]. Further investigations are needed to confirm reported observations. The low
thermal conductivity and melting temperatures of plastics make the design of
reactors very important, mainly from the viewpoint of heat and mass transfer
[24]. TGA, TG-MS, TG-FTIR, and Py-GCMS studies can help to confirm the
degradation ranges of plastics and the product trends and further set the pyrolytic
conditions for macro-scale operations [25, 26]. Although batch reactors can provide
information in terms of yields and quality on a lab scale, they are limited on an
industrial scale given the relatively high operation cost associated with feedstock
loading, product discharge and heat loss between different batches [24]. Reactors
that can be adapted to continuous operation mode are more promising than batch
mode reactors. Reactors commonly reported for plastics pyrolysis include bubbling
fluidized bed, conical spouted bed, vacuum, stirred tank and screw/rotary kiln
reactors [24, 27–29]. These reactors can provide high heat and mass transfer and
sufficient solid mixing regimes. Although microwave pyrolysis is an attractive way
for providing efficient heat transfer via core volumetric internal heating, this method
has some disadvantages such as poor mixing, uncertain scale-up factors and require-
ments for mixing plastics with heat adsorbent materials such as graphitic carbon or
inorganic oxides [25, 29]. However, a continuous microwave-assisted pyrolysis
system has been proposed that combines microwave heating with a mixed SiC
ball-bed as a promising system for energy recovery from plastic waste pyrolysis
on an industrial scale [24]. For PVC, cascade reactors with two steps
(a low-temperature step for dechlorination and a higher temperature step for degra-
dation) are convenient [27].

Besides the above studies, many research works focus on the use of catalysts that
can improve the composition and yield of the liquid oil. Over a high acidic catalyst
and well-selected reaction conditions, long-chain polymers of plastic wastes can be
easily degraded into smaller chain molecules via random chain scission, thereby
improving oil quality. The mixing of plastic waste with other feedstocks is also
another option that is being examined to promote liquid oil yield and to control the
oil liquid composition.
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3.3 Progress in Catalytic Pyrolysis of Plastic Wastes

3.3.1 Catalytic Pyrolysis Mechanism

Most plastic waste pyrolysis plants use high temperatures (700 �C) to moderate
temperatures (500 �C) in the presence of a catalyst [2]. The use of catalysts can alter
reaction kinetics during pyrolysis, helping to improve the properties of the pyrolysis
oil. Many types of catalysts have been examined for plastic wastes pyrolysis. Metals
impregnated fluid-cracking catalysts and acid silica-alumina and zeolites catalysts
exhibit enhanced selectivity for aromatics and alkenes, while others such as MCM-
41 and Al-MCM-41 promote yield and content of aliphatic compounds in the oil
[34–37]. Further improved performance has been achieved in staged catalysis
combining MCM-41 and ZSM-5 [34]. These catalysts promote carbocationic crack-
ing of volatiles, and subsequent isomerization, cyclisation, oligomerization, aroma-
tization and hydrogen transfer reactions [34, 35] to help achieve high quality and
high yield oil at relatively low temperatures compared with non-catalytic pyrolysis.
Acid strength, high specific surface area, and porosity of a catalyst are decisive
factors for achieving high catalytic performance [35]. The high acidity and micro-
porous structure of zeolites catalysts are responsible for forming lighter hydrocar-
bons [17, 38]. In fact, the microporous structure limits the range of higher molecular
weight hydrocarbons that can enter the pores of the catalyst for the reaction
[34]. Some recent papers have extensively discussed these catalysts [39, 40].

3.3.2 In-Situ and Ex-Situ Catalytic Pyrolysis

As shown in Fig. 3.3, catalytic pyrolysis of plastic wastes can be implemented as an
in-situ or ex-situ process. For the in-situ process, the catalyst is mixed into the
feedstock, and the mixture is pyrolyzed. The ex-situ process includes two main
steps. In the first step, the plastic waste is separately pyrolyzed, which causes thermal
degradation to produce relatively short chains radicals that undergo H shift and
rearrangement reactions during cooling down to room temperature to form stable
short polymers [35]. In the second step, products from thermal degradation are
conveyed to a catalytic bed for upgrading into fuel compounds. Although the
in-situ process is simple and does not require mechanical modification to existing
reactors as well as offering low degradation temperatures, it is difficult to recover the
catalyst from its mixture with the biochar. Also, high ash or metal elements contents
in the plastic waste feedstock can promote catalyst deactivation [41]. The ex-situ
catalytic pyrolysis requires an external catalytic bed and moderately high tempera-
tures. However, ex-situ catalytic pyrolysis is a good option when processing high
ash content plastic wastes as it favors the cracking reactions of pyrolytic volatiles
and facilitates subsequent separation between catalyst and pyrolysis solid
residues [35].
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3.3.3 Limits of Widely Used Catalysts and New Concepts
About Catalyst Design for Waste Plastics Pyrolysis

Despite the appreciable results with catalysts shown in Sect. 3.3.1, most of those
approaches are expensive. Quick deactivation induced by coke formation and
limited adaptability to feedstocks severely retard performance of many catalysts
[36, 38]. Therefore, it still a challenge to develop cost-efficient catalysts. In recent
years, activated carbons have received increased interest as catalysts [36, 42], due to
their relatively low production cost, high porosity structure, and surface modification
flexibility [36]. Enhanced aromatization, hydrogen transfer and cracking reactions
can be observed over an activated carbon that exhibits at the same time strong
acidity, large Brunauer-Emmett-Teller (BET) surface area, large total pore volume,
and low percentage of micropores [35].

3.3.4 Biomass-Derived activated Carbons as Catalysts
for Plastic Waste Pyrolysis

3.3.4.1 Preparation of Biomass-Derived Activated Carbons

As a material with a well-developed amorphous and porous texture, activated carbon
is commonly used as an adsorbent in industries [43, 44]. These porous carbon
materials constitute a large part of the support materials that are used to prepare
heterogeneous catalysts [45]. Their inert nature, especially under strongly acidic and
basic conditions, is an advantage as they do not decompose or only decompose very
slowly, and given that the interaction between carrier and active phase such as noble

Fig. 3.3 Possible pathways during catalytic pyrolysis of plastic wastes [14, 35, 36, 41].
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metals is small and that their pore size distribution and the chemical properties of
their surface can be adjusted (polarity and hydrophobicity) according to the intended
application, the possibility to recover the metal particles by simply burning the
carbon support, are some of the motivations behind their application as catalyst
supports. However, commercial activated carbons, having a small surface area and
poor adsorption properties, cannot provide good performance in the aforementioned
applications [46]. Thus, authors have explored many kinds of biomass feedstocks,
including coal, wood, and agriculture wastes, to produce BACs for catalyst or
catalyst support applications [45]. Besides being cost-effective and environmentally
friendly, BACs are characterized by high porosity and heteroatom surface functional
groups, making them suitable as catalysts or as catalyst supports [47].

As depicted in Fig. 3.4, activation of biomass for BAC preparation is commonly
performed by physical or chemical activation or a combination of the two methods
[48]. In physical activation, biomass is subjected to carbonization, and the obtained
char is activated at high temperatures in the second stage with steam, air or CO2. In
chemical activation, carbonization and activation processes occur in a single step and

Fig. 3.4 Typical preparation steps for biomass activated carbon (BAC)
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at relatively lower temperatures making the process faster [48, 49]. In the third
method that can be used for activation, the biomass feedstock is subjected to
carbonization, and the resulting biochar is impregnated with a chemical reagent for
activation. This can be qualified as a mixture of physical and chemical activation
processes and is usually applied to biochar obtained from thermochemical treatment
of biomass where other products are expected besides the biochar.

The BAC produced via chemical activation usually has a high specific surface
area, good pore development, and the method gives a high carbon yield compared
with that of physical activation [48, 49]. In fact, in chemical activation methods,
suitable modifications are made by the addition of chemical dehydrating reagents to
the biomass and the entire feedstock is then decomposed in an inert atmosphere
[49, 50]. To date, the chemical method is widely employed for BAC preparation for
plastic waste pyrolysis. To achieve good quality BAC (textural and surface proper-
ties), careful attention is required to a selection of the type of biomass and to the
activation conditions.

Biomass used for BAC should contain high carbon and low inorganic (ash)
content [43, 50–52], and it should be cheap, abundant, and able to be easily
activated. A wide variety of BAC with different characteristics can be obtained
from low-cost biomass, including cherry stones [51], nutshells and fruit stones [50],
bamboo, wheat straw, corn cobs, almond shells, sewage sludge, sugar cane bagasse,
grape processing industry waste, date stones, and coconut shells [49]. Differences in
cellulose, lignin and holocellulose content in the biomass impact the pore structure
and pore size distribution of the resulting BAC [43]. Biomass with a low-density and
a high volatile matter content can promote pore volume but decrease bulk density
[50]. Biomass with high bulk density, such as coconut shells or fruit stones, provides
a non-graphitizable activated carbon in granular form with a large pore volume and
can be used in many applications such as catalysts or catalyst support or materials for
supercapacitor electrodes. As shown in Table 3.4, at appropriate activation condi-
tions, corn cob, chestnut shell and wood chips provide BACs that exhibit good
catalytic properties on liquid oil obtained from pyrolysis of plastic wastes.

Activation with H3PO4 is commonly used for lignocellulosic material and at
lower temperatures [55]. Other reagents, such as zinc chloride (ZnCl2), potassium
hydroxide (KOH) and iron chloride (FeCl3) have been examined with promising
results [44]. For each type of biomass, there is an optimal value of activation agent
(H3PO4) to biomass ratio to keep for activation. At a very low ratio, biomass is
hardly destroyed, and pores are barely formed. Increasing the H3PO4 to biomass
ratio below the optimal value enhances BET surface area, micropore volume and
acidity of the resulting BAC. In contrast, at a ratio higher than the optimal value,
micropores react with excessive H3PO4 to convert into mesopores and macropores
[56], or some compounds such as phosphorus pentoxide are formed and block the
pore structure, decreasing the area and volume of micropores [54]. Especially for
liquid oil production, a very high number of acid sites on the BAC promotes C-C
random scission and cracking and rearrangement reactions, which would decrease
the liquid yield.
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Activation temperature is responsible for the carbonization of the biomass and is
an important factor in the production of BAC. Carbonization leads to a decrease in
volatile matter content of the biomass and increases elemental carbon content and the
formation of pores [49]. Compared with conventional heating, microwave heating
offers advantages such as uniform heating [46], rapid heating, negligible energy loss
and an easily controllable heating process [52]. Increasing temperature enhances the
devolatilization process, destroying BAC’s surface to a different extent with more
pores that can enlarge BET surface area resulting in more active sites. Above the
optimal temperature (e.g., 850 �C for chestnut shell [54]; 500 �C for corncob [56]),
increasing temperature enhances the reaction rate of C-H3PO4 and breaks up some
acid functional groups that are volatilized.

3.3.4.2 Pyrolysis of Plastic Wastes Over Biomass-Derived Activated
Carbon Catalysts

The use of BACs as catalysts is attracting attention in the processing of plastic
wastes. Good results have been pointed out by authors, making this way of catalyst
design a promising way for enhanced recycling of plastics wastes. The significant
catalytic effect of these alternatives low-cost catalysts is mainly attributed to the
conditions of activation and carbonization. From Table 3.4, one can see that at some
given conditions, BAC exhibits good quality and can promote yield and improved
properties of the liquid oil. Wan et al. [53] examined LDPE pyrolysis in a fixed bed
reactor at 500 �C over corncob BACs (activation with H3PO4). Without a catalyst,
the liquid produced by pyrolysis of LDPE (86.7% yield) turned into solid white wax
at room temperature. BACs prepared through different temperatures (400 �C to
700 �C) and H3PO4 to corncob ratios (0.2–1.6) had different pore size distributions
and acidities, corresponding to changes in their product distributions. At a catalyst to
LDPE ratio of 1, the BAC prepared at 500 �C and H3PO4 to corncob ratio of 0.8
provided the highest liquid yield with 93.13 area % of jet fuel-range hydrocarbons.
In comparison, BACs obtained at 400 �C and 600 �C with H3PO4 to corncob ratio of
0.8 produced a liquid yield of 60% (highest alkane content, 48.2 area %) and 49%
(highest aromatic content, 59.2 area %), respectively. Overall, BACs prepared at
500 �C and ratio of 0.8 were found suitable, which can be attributed to the relative
stronger acidity (0.4422 mmol/g) of the material. By varying the catalyst to LDPE
ratio from 0.3 to 1.5, liquid yield gradually decreased from 82% to 42%. The content
of C8-C23 alkanes in the liquid also decreased (C17-C23 completely absent at a ratio
of 1.5). In contrast, the aromatic content gradually increased to reach a maximum of
72.8 area % at a ratio of 1.5. These results imply that a higher catalyst to LDPE ratio
increased the number of acid sites, which enhances aromatic cyclization, and
scission reactions converting long-chain hydrocarbons into lighter ones. An exces-
sive amount of acid sites decreases liquid yield at the expense of increasing the
amount of gaseous product. Duan et al. [54] pyrolyzed LDPE at 550 �C over
chestnut shell BAC (H3PO4/ chestnut shell ratio of 0.8) at a catalyst to LPDE ratio
of 1. The authors observed that when using BACs activated at 550 �C and 650 �C,
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the obtained liquid oils remained in the solid phase at room temperature. For BACs
at high activation temperatures (750 �C to 950 �C), the BET surface area and total
volume of the BAC were enhanced, promoting the catalytic reaction of volatiles and
liquid yields decreased from 55.5 (thermal process) to 38%, while quality was
improved. The best results were found for BACs activated at 850 �C, which led to
44% of the liquid with 63.5 and 32.5 area % of mono-aromatics and polyaromatics,
respectively. It was also found that the liquid yield decreased for BACs obtained
with increasing H3PO4/ chestnut shell ratio from 0.4 to 1 (catalytic pyrolysis at
550 �C and catalyst to LPDE ratio of 1). The mono-aromatics and polyaromatics
content in the liquid increased gradually for ratios from 0.4 to 0.8 and decreased
thereafter. Zhang et al. [35] investigated the catalytic effect of corn stover BAC
(H3PO4 to corn stover ratio of 0.85) for pyrolysis of LDPE in a fixed bed at 500 �C.
At a catalyst to LDPE ratio of 2.5, the prepared BACs produced more content of
aromatic hydrocarbons (<C16) and C17-C23 alkanes, and lower contents of C8-C16

alkanes, in comparison to five commercial activated carbons, except one that was
also activated with H3PO4 and produced high aromatic hydrocarbon content (36.4
area %). The selectivity of alkanes and aromatic hydrocarbons in the liquid obtained
when the prepared BACs were used accounted for 48.0 and 28.7 area %,
respectively.

These results show that biomass-derived AC rich in P-containing functional
groups are favorable for aromatization reactions, and moreover, P-containing func-
tional groups can also provide effective catalytic acid sites (such as -C¼O and -PO)
that could promote the C-C and C-H bond cracking of LDPE, resulting in the
production of relatively light alkanes. For each type of AC, there is an optimal
catalyst to plastic wastes ratio. Ratios lower than this optimal value promote catalytic
activity that favors liquid product quality, while at ratios higher than this optimal
value, a very high number of acid sites are offered, which accelerates C-C random
scission and cracking and rearrangement reactions [54], which increases the content
of aliphatics while decreasing aromatics.

The desire to achieve a more eco-efficient process has lead researchers to
investigate the mixing of alternative BAC catalysts with other low-cost catalysts.
In this regard, Huo et al. [42] explored ex-situ catalytic pyrolysis of LDPE over a
mixture of corncob BAC (activation with H3PO4 at 600 �C) and MgO. The place-
ment of the catalysts and catalyst to LDPE ratio (0.1, 1, 2, and 3) were examined at
500 �C. Although homogeneous mixing of these catalysts provided a high liquid
yield (81%), the liquid was, unfortunately, mainly composed of waxes. The base
catalyst MgO blocks the pore structure of the acidic BAC, inhibiting its catalytic
effect for the pyrolysis process. When pyrolytic volatiles first flowed through MgO
and then BAC, the liquid yield was 72%, and almost 100% of the liquid belonged to
fuel hydrocarbons with the selectivity of aromatic hydrocarbons (<C16), and C8-C16

and C17–C23 alkanes accounting for (33.4, 65.3, and 1.3) area %, respectively. The
large average pore size of MgO favors long-chain hydrocarbons, which further
undergoes cracking and aromatization over-acidic sites of BAC to produce C8-C16

alkanes along with aromatic hydrocarbons(<C16). In contrast, when pyrolytic vol-
atiles first flowed through AC and then MgO, the selectivity of aromatic
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hydrocarbons (<C16), and C8-C16 and C17–C23 alkanes were (18.1, 58.9 and 20.8)
area %, respectively, which suggests that the remaining long-chain hydrocarbons
from the reaction over AC flowed through the large pore of MgO to form diesel
range alkanes. The authors also noticed that at low catalyst to LDPE ratios (0, 0.5,
and 1) for AC to MgO ratio¼1, waxes were the main product. With increasing
catalyst to LDPE ratio from 2 to 3, no waxes were formed, but the liquid yields
decreased. The content of alkanes decreased from 66.6 to 61.2 area %, while the
content of aromatic hydrocarbons (<C16) increased from 33.4 to 38.8 area %. The
selectivity of mono-ring aromatic hydrocarbons increased to reach a maximum of
29.3 area % at a ratio of 3, which can be attributed to an increase in acidic sites
according to the amount of catalyst that promotes cleavage of C-C bonds.

BAC activated with ZnCl2 has also been tested for pyrolysis of plastic wastes.
Sun et al. [36] conducted catalytic pyrolysis of mixed plastic wastes over wood chip
BAC (activated with ZnCl2 at 600 �C, ZnCl2/ wood chip ratio of 1). The non-
catalytic process yielded 61.6% of the liquid with the high alkenes (40.9 area %),
while alkanes and aromatics accounted for 23.4 and 35.1 area %, respectively. The
use of BAC reduced the liquid yield to 51.8% and its alkenes, while the selectivity of
alkanes and aromatics were improved to 27 and 47.5 area %, respectively. The
selectivity of two-ring aromatics was enhanced to 90.7 area % of aromatics, with
1,3-diphenylpropane occupying the highest area (40.9%). Zn species introduced on
the BAC during activation promotes the formation of Lewis acid sites, which
enhances the transformation of alkenes into aromatic and alkanes through dehydro-
genation, hydrogen transfer, alkylation and Diels–Alder reactions.

3.3.5 Pyrolysis of Waste Plastics with Other Low-Cost
Material Catalysts

Another means to increase the efficiency and the rate of waste recycling is to make
all kinds of waste profitable. In this regard, some industrial and municipal wastes are
being employed as catalyst or co-feedstock in the pyrolysis processing of waste
plastics. López et al. [57] used red mud, which is an inexpensive by-product of the
alumina industry, as a catalyst to pyrolyze a mixture of plastic wastes with mass
fractions of 40% PE, 35% PP, 18% PS, 4% PET and 3% PET. The red mud was
mostly composed of metal oxides (Fe2O3 (36.5%), Al2O3 (23.8%), TiO2 (13.5%),
SiO2 (8.5%), CaO (5.3%), Na2O (1.8%)). The catalytic effect of red mud was
significant at 500 �C, while no positive contribution was observed at 440 �C. At
500 �C, red mud catalyst provided more liquid yield (57%) than ZSM-5 (39.8 wt.%),
while the non-catalytic process provided 65.2%. The selectivity of aromatic com-
pounds in the liquid obtained at 500 �C with red mud was 89.6 area %, higher than
that obtained from the non-catalytic run (73.9 area %) and lower than that from
ZSM-5 (98.4 area %). The range of the liquid carbons from the red mud catalytic run
was the same as the zeolite (C7–C16), while the non-catalytic run liquid reached C19
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compounds. The Fe2O3 and TiO2 present in red mud promoted hydrogenation of
styrene to produce ethyl-benzene, while the acid nature of Al2O3 and SiO2 promoted
cracking reactions of styrene to form toluene. Na2O may hinder the catalytic activity
of red mud. Overall, the cracking ability of red mud is lower than that of the zeolite.
Fekhar et al. [27] also mentioned a significant reduction of the concentration of
chlorinated compounds and the acid number at higher ratios of red mud:Ca(OH)2:Ni/
ZSM-5 (0.5:0.25:0.25 and 0.25: 05:0.25) mixed catalyst, after having pyrolyzed a
mixture of HDPE, LDPE, and PVC at 550 �C. These ratios promoted light oil and
HHV while decreasing heavy oil content. A slight improvement in the liquid oil
properties was reported by Luo et al. [17], who pyrolyzed a reworked PP at 600 �C
over HCl-modified low-cost kaolin as a catalyst. Compared to the non-catalytic
process and the use of non-modified kaolin, the HCl-modified kaolin improved the
cracking of heavy components into diesel range components (alkanes and alkenes).
HCl modification enhances the catalytic effect via the increase of the number of
Al-O and Si-O bonds on the kaolin, which not only promotes the decomposition of
PP through b-scission reaction and carbonium ion mechanisms. But also enhances
secondary cracking of diesel components and aromatization and Diels-Alder reac-
tion of alkanes and alkenes. The liquid oil yields for this case decreased, while
aromaticity increased with high naphthalene content. A significant increase was
observed for a fraction of C6-C11 compounds, with reduced content of straight
alkenes and cycloparaffins being obtained.

3.4 Co-pyrolysis Processing of Plastic Waste
with Lignocellulosic Biomass and Sewage Sludge

Many works report on the co-pyrolysis of plastic wastes and biomass as a promising
way to improve the properties of the oil from biomass pyrolysis, with synergetic
effects being discussed in several reviews [26, 39, 40, 58]. In fact, hydrocarbons
from the hydrogen-rich plastics provide hydrogen for biomass-derived oxygenates,
which may decrease coke formation from dehydration and other deoxygenation
reactions of hydrogen deficient oxygenates [59]. Notable findings have been
reported for improving plastic wastes conversion. Through thermogravimetric anal-
ysis (TGA), Salvilla et al. [60] observed a significantly reduced activation energy of
decomposition of waste PP, LDPE and HDPE when pyrolyzed with wood and corn
stover in the temperature range of (30 to 850) �C. Similarly, after examination of the
co-pyrolysis of bamboo sawdust (BSD) and LLDPE using TGA at (30 to 900) �C,
Alam et al. [61] reported average apparent activation energies (isoconversional
method) of pure BSD, LLDPE and their mixtures at LLDPE:BSD ratios of 3 to be
294 kJ/mol, 204 kJ/mol, and 188 kJ/mol, respectively. It is believed that hydroxyl
groups resulting from the degradation of cellulose from lignocellulosic biomass react
with vinyl groups from polyolefin bond cleavage to produce alcohols, while furan
and its derivatives combine with unsaturated hydrocarbons to produce aromatic
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hydrocarbons through dehydration and Diels-Alder reactions [58]. During
co-pyrolysis of PVC with biomass, the degradation of PVC will generate HCl as
an intermediate that can act as an acid catalyst to accelerate cleavage of intra-ring in
glycosidic units promoting dehydration, remove -COOH from carbohydrates, pro-
mote depolymerization, and thereby providing high liquid yields with reduced
oxygenated compounds [62]. The presence of solid-solid and solid-gas interactions
affects synergism, as the biochar formed during the co-pyrolysis process is able to
act as a catalyst [63].

The co-pyrolysis of sewage sludge and waste LDPE through TGA was investi-
gated [63], where the authors observed significant synergetic effects for co-pyrolysis
and found mixture ratios of 1:1 to be optimal, as observed by lower activation energy
and lower char formation. The activation energies for sewage sludge, LDPE and
mixture, were 30.01 kJ/mol, 187.40 kJ/mol and 37.2 kJ/mol, respectively. In this
work, the active pyrolysis zone of sewage sludge and LDPE were in the same
temperature range of (200 to 600) �C, while in the case of lignocellulosic biomass
in the work of Salvilla et al. [60], biomass degradation occurred at (200 to 400) �C
and plastic degradation at (400 to 500) �C.

Although the above-mentioned works present co-pyrolysis as a possible alterna-
tive for enhancing the overall efficiency and economic feasibility of plastic wastes
and biomass pyrolysis, several issues have yet to be addressed. The chlorine content
in waste plastics, the increased viscosity of the produced oil can be listed among the
obstacles that need to be overcome [64]. Higher concentrations of intermediate HCl
can decrease aromatic yields at the expense of gaseous products, causing poor oil
quality, and can also promote the production of highly toxic chemicals such as
dioxins and furans [62]. Therefore, it is necessary to select an effective catalyst and
convenient reaction conditions that can address these limitations. As
eco-effectiveness of the co-pyrolysis process is expected for mixed wastes that
already contain both plastics and biomass or other wastes that are difficult to be
separated [64], such as real-world plastic wastes, further research is needed on the
processing of plastic wastes using inexpensive BAC catalysts.

3.5 Conclusions and Perspectives

Low cost and easily manufacturable BACs with high porosity and heteroatoms
surface functional groups are gaining more attention in pyrolysis processing of
plastic waste for liquid fuels production. However, catalytic properties of a BAC
depend on type of biomass, type of reagent, reagent to biomass ratio and activation
temperature, all of which can impact the BET surface area, total pore volume, and
acidity of the resulting BAC. Biomass having high carbon content and low ash
content is preferable among the many forms of biomass. H3PO4 is a common reagent
that can be used advantageously for activation of lignocellulosic biomass. When
activating with H3PO4, increasing carbonization temperature and H3PO4 to biomass
ratio promote the catalytic activity of the BAC by enhancing its BET surface area,
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volume of micropores and acidity. However, excessive values of each of these
parameters can be counterproductive because of enhanced devolatilization of acid
functional groups and reduction of micropores. When an excessive H3PO4 to
biomass ratio is used, a high number of acid sites on the BAC enhances scission,
cracking, and rearrangement reactions, thus decreasing liquid oil yield. Overall,
BAC rich in P-containing functional groups is favorable for aromatization and
C-C and C-H bond cracking reactions, resulting in the production of aromatics and
light alkanes. Red mud as a low-cost additive, has the ability to improve hydroge-
nation and cracking reactions, and dechlorination of the liquid oil. During
co-pyrolysis of plastic waste and lignocellulosic biomass, Diels-Alder reactions
are promoted between furan or its derivatives from cellulose and unsaturated hydro-
carbons from plastic waste, promoting aromatic hydrocarbons in the liquid oil.

The reported works that use BACs and the above mentioned low-cost wastes as
additives for catalytic pyrolysis of plastic wastes mainly examine single plastic
wastes or simulated mixtures of a given number of plastic wastes. More works are
expected to examine the co-pyrolysis process over BACs, as the real-world plastic
wastes contain both plastics and other types of waste that are difficult to separate.
New studies in this area would enhance the effectiveness of technology for plastic
wastes valorization. BACs prepared from high-carbon biomass activated with dif-
ferent reagents, including KOH, ZnCl2 and FeCl3, should also be examined for
catalytic pyrolysis of plastic wastes. BACs with high selectivity of high value-added
compounds such as naphtha can be expected one of the focal points in future
research.
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Chapter 4
Production of Valuable Compounds from
Leaves by Supercritical CO2 Extraction

Takafumi Sato

Abstract Although leaves contain many useful compounds, they are typically
considered as a waste. Extraction of leaves with carbon dioxide (CO2) in its
supercritical state (sc-CO2) allows effective recovery of valuable compounds due
to the unique properties of CO2. Recovered components such as terpenes, phenolics
and phytosterols can be isolated and depend on the types of leaves and conditions of
the extraction. The extraction kinetics consisted of three steps, that is, extraction of
accessible solute from the cells, slower extraction of the solute protected by the cell
walls and transition state of these situations. Antioxidants, phenolics and flavonoids
can be recovered by sc-CO2 extraction and antioxidant capacity (AOC), total
phenolic content (TPC) and total flavonoid content (TFC) in the extract are shown
in this chapter overview. The addition of co-solvent such as ethanol generally
increases AOC, TPC and TFC. The temperature and pressure influences AOC,
TPC and TFC depends on the contribution of solvent density and vapor pressure
of solute. Extraction of plant leaves with sc-CO2 can provides valuable new
chemicals from biomass and can create new sources of biochemicals.

Keywords Leaf · Supercritical carbon dioxide · Extraction · Antioxidant ·
Phenolics · Flavonoid

4.1 Leaf Extraction with Supercritical CO2

4.1.1 Background of Supercritical CO2 Extraction of Leaf

Leaves of many plants are typically treated as biomass waste. On the other hand, the
extracted liquid of some tea leaves is popular as a drink that contains desirable
compounds such as catechins. The process for recovery of these compounds from
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plant leaves by extraction can be used to produce supplements, food additives,
fertilizers and so on or to develop a product with added value and a system for
efficient use of biomass waste. The appropriate use of leaves contributes to the
establishment of a sustainable society.

The solvent for a separation process should be friendly to the human body and
environment. CO2 is an environmentally friendly solvent and safe for humans and
different from typical organic solvents, because it can be brought to its supercritical
state at temperatures just above room temperature. In particular, it is not necessary to
worry about residual solvent in extract where the extract is used for food additives.
The solvent properties of supercritical CO2 (sc-CO2) will be discussed in this chapter
that shows an effective extraction system for obtaining useful components from
plant materials including leaf [1].

Extracts from plant leaves contains bioactive compounds such as antioxidants
including phenolics and flavonoids. Antioxidants are important component because
they prevent neurodegenerative diseases such as cancer and Alzheimer’s disease and
have protective activity against a multitude of non-communicable human conditions
[2, 3].

In this chapter, the specific features of sc-CO2 for extraction solvent are firstly
introduced. After that, extraction of several kinds of leaves is explained from the
view point of extraction kinetics, extracted compounds, amount of antioxidants, and
compounds such as phenolics and flavonoids in the extract.

4.1.2 Properties of Leaf

The body of vascular plants consists of roots, stems and leaves. The leaf is typically
attached to the stem and has a flat shape. The most important function of leaves is
photosynthesis. Leaf exchanges water, carbon dioxide, oxygen and water outside of
itself and produces organic compounds.

Figure 4.1 shows the cross-section of the tissue of leaf. Each component repre-
sents a cell surrounded by cell walls. The major tissue in leaf is the epidermal system,
vascular system, and fundamental tissue system other than the former two systems.
The epidermal system is the outer layer of the leaf, which is impermeable to water
and covered with a cuticle that is the boundary separating the inner cell from the
outside. The roles of it are to protect the plant from water loss, regulation of gas
exchange and secretion of metabolic compounds. The vascular system consists of
veins located in the fundamental tissue system and transport water and nutrition. The
fundamental tissue system includes palisade tissue and spongy tissue. The palisade
tissue typically exists on the front side of the leaf and consists of one or two
vertically elongated cells. The sponge tissue typically exists on the backside of the
leaf. The cells in this area are not so tightly packed in an irregular arrangement and
there are large intercellular spaces and this is connected outside through the stoma to
transport gas to the photosynthetic system.
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Leaf contains some useful components such as phenolics [2] that have antioxidant
properties. Some phenolic compounds exhibit therapeutic benefits including cardio-
and neuroprotective effect and health benefits such as preventing many chronic
diseases and the integrity of DNA. The antioxidant property and total phenolic
content are important to understand the usefulness of extraction of the leaf.

4.1.3 Morphology of Leaf

The solvent power of sc-CO2 influences the morphology of leaves during extraction.
Figure 4.2 shows SEM images of unprocessed tea leaf and tea leaf after extraction of
sc-CO2 at 35 MPa [4]. In the case of the unprocessed leaf, there is an epidermal
system on the surface of the leaf. After the extraction with sc-CO2, the structure of
the leaf is cracked and pores in leaf tissue are opened. Sc-CO2 strongly influences the

Fig. 4.1 Cross-sectional schematic of leaf tissue

Fig. 4.2 Scanning electron micrographs of the unprocessed tea leaves and sc-CO2 processed tea
leaves. a: Untreated leaves; b: sc-CO2 processed leaves at 35 MPa, reprinted with permission from
[4] Copyright © 2015 Springer Nature
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structure of leaves such as tissue and cell wall to enhance mass transfer of solvent
into the inner side of the leaf, which helps release compounds from the matrix of the
leaf.

4.2 Properties of Supercritical CO2 as an Extraction
Solvent

4.2.1 Specific Properties of CO2

The critical point of CO2 is 304.1 K and 7.38 MPa as depicted in the P-ρ-T diagram
(Fig. 4.3) of CO2 [5]. Above the critical temperature and critical pressure, CO2 is in a
supercritical state and is thus called supercritical CO2 (sc-CO2) fluid. In the super-
critical state, the density of CO2 is continuously varied with temperature and
pressure without phase change. In particular, the magnitude of change in density
with temperature and pressure is large near the critical point. The high pressure and
low-temperature region produces high fluid densities, and the low pressure and high-
temperature region gives a low fluid density. Physical properties of CO2 such as
viscosity and diffusivity also greatly change according to the change in the density of
CO2.

The density of sc-CO2 is between those of a gas phase and a liquid phase. The
viscosity and diffusivity of sc-CO2 are also between those of the gas and liquid
phase. The higher density of sc-CO2 than that of gaseous CO2 enables sc-CO2 to
dissolve larger amounts of solute than that of the gaseous state. Further, the viscosity

Fig. 4.3 Pressure-density-
temperature diagram of CO2

based on data from Ref. [5]
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of sc-CO2 is lower and the diffusivity of sc-CO2 is larger than those respective
properties for liquid CO2, which leads to an improvement in the permeation of CO2

into leaf tissue. In sc-CO2 extraction of plant materials, bioactive compounds such as
phenolic compounds, flavonoids, phytosterol, tocopherols, carotenoids can be
separated [1].

In addition, sc-CO2 becomes gas by regulating pressure and the extract dissolved
in sc-CO2 is easily precipitated due to the decrease in solvent power by low density
in the low-pressure region. The separation of extract from solvent to obtain the
desired compounds is simple when sc-CO2 is used as solvent, because no CO2

remains in the substrate at atmospheric pressure in contrast to the case in which an
organic liquid solvent is used.

4.2.2 Properties of Mixture of CO2 and Co-solvent

The polarity of CO2 is low, which means that the solubility of compounds having
high polarity is low in CO2. The addition of high polarity solvent as co-solvent into
sc-CO2 improves the solubility of high polarity compounds in the solvent. The
co-solvents generally used are ethanol, methanol or water, because they are popular
substances and especially water and ethanol are relatively safe for the human body.
The dielectric constants of ethanol, methanol and water at ambient conditions are
25.3, 33.0 and 80.4, respectively [6] and the polarity of co-solvent is in this order.
The fraction of co-solvent is usually 5–20 wt%.

The phase behavior of the mixture of CO2 and co-solvent is important for the
extraction process. sc-CO2 + ethanol mixture is homogeneous above about 12 MPa
and below 333 K [7, 8]. sc-CO2 + methanol mixture is homogeneous above about
8 MPa below 323 K [8]. So the extraction with sc-CO2 + methanol and sc-CO2 + eth-
anol is usually operated under homogeneous conditions. On the other hand,
sc-CO2 + water mixtures are generally in the two-phase region. The vapor-liquid
equilibrium for sc-CO2 + water system from 308 K to 333 K can be estimated with
the Peng-Robinson type equation of state [9]. There are CO2-rich phase and water-
rich phase at least less than 30 MPa below 333 K. For example, the mole fraction of
CO2 in CO2-rich phase and in water-rich phase are 0.96 and 0.03, respectively, at
308 K and 20 MPa. At this condition, the volumetric ratio of the CO2-rich phase is
above 90% in the case of the molar ratio of water/CO2 being less than 0.3. CO2 rich
phase containing a few % of water would be a major situation of the solvent in the
sc-CO2 + water system.

A mixture of CO2 and polar co-solvent provides good solvent power for both
nonpolar and polar components by the contribution of sc-CO2 and co-solvent.
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4.2.3 Principles of Supercritical CO2 Extraction System

Figure 4.4 shows the typical CO2 extraction system in a laboratory scale. In the
literature, almost all of the extraction systems are semi-batch system. The principle
of a supercritical CO2 extraction system is as follows.

At first, the leaf is introduced into the extractor. The leaf is generally crushed and
sometimes dried before introducing the extractor. CO2 is supplied with a CO2 supply
pump that can supply CO2 by cooling the pump head to maintain CO2 in a liquid
phase. The co-solvent that is a liquid is supplied with a high-pressure pump. The feed
rate of CO2 and co-solvent are controlled with the flow rate of each pump. The CO2

and co-solvent are mixed in line and the mixture is supplied to the preheater as a
solvent. The preheater and extractor are in the thermostat that is a water bath or an
oven in the case of laboratory scale. In the case of large-scale extraction, preheater
and extractor are directly heated with a heater. The solvent is heated in the preheater
to the extraction temperature and then flows into the extractor. In the typical
extraction, the solvent contact with the leaf ground or whole leaf in the extractor
and then penetrates each tissue of a leaf to extract the components in the leaf. Then
the extract is moved into the solvent. After that, the solvent flows to the outlet of the
extractor.

The solvent dissolving extract is exhausted through a back-pressure regulator. In
some cases, a filter is set between the extractor and back-pressure regulator to protect
the regulator from dust. The extraction pressure, that is, the system pressure is
controlled with a back-pressure regulator. The solvent through the back-pressure
regulator is released to the trap to ambient pressure. If the solvent is homogeneous in
high pressure, a metering valve can be used instead of back-pressure regulator to
control the pressure and flow rate.

Fig. 4.4 Typical CO2 extraction system
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In the trap, the solvent dissolving extract is separated into CO2 gas and the
precipitated solid or liquid containing extract and co-solvent. The gas is released
into the atmosphere after measuring its flow rate. The precipitate in the trap is
recovered as the extract. In some cases, the liquid co-solvent is volatilized to obtain
the solid extract.

4.3 Extract Obtained by Supercritical CO2 Extraction of
Leaves

4.3.1 Compounds Extracted by Supercritical Extraction
of Various Leaves

The extraction of various leaves with sc-CO2 has been reported (Table 4.1). There
are over fifty kinds of leaves extracted with sc-CO2 and many compounds were
recovered. The structures of the main compounds are shown in Fig. 4.5. It was found
that the leaves are widely distributed and not limited. The typical co-solvent for leave
extraction process in sc-CO2 is ethanol, methanol and water.

In the extraction of Green Tea (Camellia sinesis) leaves with sc-CO2, triacontanol
((a) in Fig. 4.5) is an important compound that is straight-chain alcohol and improves
plant growth by its effect on photosynthesis and plant metabolism [10]. Caffeine
((b) in Fig. 4.5) is also one of the major compounds in tea leaves and should be
removed due to its significant effects on the cardiovascular system and gastric acid
secretion [11]. Sc-CO2, sc-CO2 + water and sc-CO2 + ethanol solvent extracted
caffeine [11–13] from tea leaves. The (�)-epiagllocatechin-3-gallate ((c) in Fig. 4.5)
was extracted with sc-CO2 + ethanol from Green Tea (Camellia assamica L.) leaves
and it has strong antioxidant and health benefitted potential [4].

In the case of the extraction from Spearmint (Mentha spicata L.) leaves, flavo-
noids such as catechin, epicatechin, rutin, luteolin, myricetin, apigenin and
naringenin [14] were extracted with sc-CO2 + ethanol. Carvone ((d) in Fig. 4.5),
Limonene ((f) in Fig. 4.5) and 1,8-cineole ((e) in Fig. 4.5) were extracted with
sc-CO2 [15, 16]. In the extraction of Peppermint with sc-CO2 + ethanol, l-menthol
((g) in Fig. 4.5) and menthone ((h) in Fig. 4.5) were major extracted
compounds [17].

Eugenol ((i) in Fig. 4.5) [18, 19] and 1,8-cineole ((e) in Fig. 4.5) [18] were
extracted from Tulsi (Ocimum sanctum) leaves with sc-CO2 and these compounds
have strong antioxidant potency.

Hempedu bumi (Andrographis paniculata) grows widely in the tropical area of
southeast Asia and is used for traditional medicine. Andrographolide ((j) in Fig. 4.5)
that is one of the main components of its leaves were extracted with sc-CO2 [20, 21].

Pharmacologically active anthraquinones such as aloe-emodin ((k) in Fig. 4.5)
and barbaloin ((l) in Fig. 4.5) were extracted with sc-CO2 from Aloe (Aloe vera L.)
leaves [22, 23].
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Table 4.1 Main components extracted from leaves with supercritical CO2

Name
Primary active compounds that are
extracteda

Co-
sol.b Ref.

Aloe (Aloe vera L.) Aloesin, Aloe-emodin (k), Barbaloin
(l)

[22]

Aloe-emodin (k), Barbaloin (l) [23]

Annual wormwood (Artemisia annua L.) Artemisinin E [64]

Asteraceae (Tithonia diversifolia) Tagitinine C (t) [33,
34]

Bamboo (Sasa palmata) β-Amyrene, α-Amyrin acetate,
Gluconic acid

E, W [52]

Balu (Rhododendron anthopogon) γ-Terpinene, Limonene (f),
β-Caryophyllene

[65]

Bright eyes (Catharanthus roseus) Vindoline, Catharanthine [66]

Bushy matgrass (Lippia alba (Mill.)
N. E. Brown)

Carvone (d), β-Guaiene, Thymol [67]

Cajuput (Melaleuca cajuputi) β-Caryophyllene, Humulene,
Eugenin

[68]

Common juniper (Juniperus communis
L.)

Limonene (f), β-Selinene,
α-Terpinyl acetate

[26]

Limonene (f), α-thoujone [27]

Congo Bololo (Vernonia amygdalina
Delile)

Hexadecanoic acid, 9,12-
Octadecadienonic acid, α-Linolenic
acid

[37]

Cupressaceae (Juniperus oxycedrus ssp.
oxycedrus)

Germacrene D (n), Manoyl oxide
(o), 1-epi-Cubenol (p)

[28]

Date palm (Phoenix dactylifera) Tetratriacontanol,
Tetratriacontanoic acid,
Hexadecanoic acid

[69]

Dandelion (Teraxacum officinale Ewber
et Wiggers)

β-Amyrin, β-Sitosterol [35]

Five leaved chaste tree (Vitex negundo
L.)

Benzoic acid, Caryophyllene,
Caryophyllene oxide

[70]

Ginkgo (Ginkgo biloba L.) Bilobalide, Ginkgolides M, E,
W

[71]

Grecian foxglove (Digitalis lanata
Ehrh.)

Digoxin, Acetyldigoxin M [72]

Green Tea (Camellia assamica L.) (�)-Epiagllocatechin-3-gallate (c) E [4]

Green Tea (Camellia sinesis) Triacontanol (a) [9]

Green Tea Caffeine (b) W [10]

Hempedu bumi (Andrographis
paniculata)

Andrographolide (j) [20,
21]

Herb (Orthosiphon stamineus) Sinensetin, Isosinensetin,
Rosmarinic acid

E [73]

Indian borage (Coleus aromaticus) Carvacrol (q) [74]

Jambú (Spilanthes acmella ver oleracea) Spilanthol E, W [53]

Lamiaceae (Origanum vulgare L.) Carvacrol (q) [29]

Carvacrol (q), trans-Sabinene
hydrate (r)

[30]

(continued)
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Table 4.1 (continued)

Name
Primary active compounds that are
extracteda

Co-
sol.b Ref.

Lantana (Lantana camera) Ar-curcumene, α-humulene,
α-Zingiberene

[75]

Laurel (L. nobilis L. Lauraccae) 1,8-Cineole (e), Linalool, α-Terpinyl
acetate

[38]

Lemon balm (Melissa officinalis L.) α-Citral, β-Citral [76]

Lemon-scented gum (Corymbia
citriodora)

Citronellal [77]

Limau purut (Citrus hystrix) Cinnamic acid, m-Coumaric acid,
Vanillic acid

E [61]

Lupine (Lupinus albescens) Stigmasterol, Ergosterol [39]

Maté tea Caffeine (b) E [11]

Caffeine (b), Theophylline,
Theobromine

[12]

Moringa (Moringa oleifera) α-Linoleic acid E [40]

Palo Negro (Leptocarpha rivularis) α-Thujone, β-Caryophyllene,
Resveratrol

E [54]

α-Thujone, β-Caryophyllene,
Caryophyllene oxide

[41]

Pandan (Pandanus amaryllifolius Roxb.) 2-Acetyl-1-pyrroline (s) [31,
32]

Pecah Kaca (Strobilanthes crispus) Rutin, Luteolin, Kaempferol E [62]

Peppermint l-Menthol (g), Menthone (h) E [17]

Pimento (Pimenta dioica Merrill.) Eugenol (i) [78]

Piper Betle 2,3-Dimethyl-benzoic acid,
9-Octadecenoic acid (Z)-, methyl
ester

[79]

Piper klotzschianum Germacrene D (n), Piper callosidine,
14-oxy-α-Muuroleno

M, E,
P

[42]

Physic nut (Jatropha curcas Linn.) Gallic acid M [80]

River red gum (Eucalyptus
camaldulensis Dehn.)

1,8-Cineole (e), Allo-
aromadendrene, Globulol

[81]

Rock Samphire (Crithmum maritimum
L.)

Dillapiole, γ-terpinene, thymol
methyl ether

[82]

Rose cactus (Pereskia bleo) Cholest-5-en-3-ol (3beta.)-,
Erythritol, 9-Octadecenoic acid

[58]

Rosemary (Rosmarinus officinails L.) Carnosic acid (m), 1,8-Cineole (e),
Camphor

[24]

Carnosic acid (m), Wogonin [25]

Rose-scented geranium (Pelargonium
graveolens)

Citronellol, Geraniol,
6,9-Guaiadiene

[83]

Sage (Salvia officinails L.) Carnosol, Fatty acids (C18),
Allobetulonlactone-1-en-2-ol

[25]

Seseli bocconi Guss. Subsp. praecox
Gamisans (Apiaceae)

β-Phellandrene, α-Humulene [84]

(continued)
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Rosemary (Rosmarinus officinails L.) has been recognized as the plant with a
high antioxidant capacity. The extraction of rosemary leaves with sc-CO2 gives
carnosic acid ((m) in Fig. 4.5) as the main product [24], and abietane-type
diterpenoids including carnosic acid ((m) in Fig. 4.5) and flavonoids including
wogonin were also detected in the extract [25].

The extraction of Common juniper (Juniperus communis L.) leaves with sc-CO2

was studied and the main product was limonene ((f) in Fig. 4.5)
[26, 27]. Cupressaceae (Juniperus oxycedrus ssp. oxycedrus) that is a big tree
being native to the Mediterranean region, the extraction of the leaves of it with
sc-CO2 provided germacrene D, manoyl oxide and 1-epi-cubenol (n, o and p in
Fig. 4.5, respectively) [28].

The extraction of Lamiaceae (Origanum vulgare L.) leaves with sc-CO2 was
conducted. Lamiaceae is a kind of oregano that is widely used in the flavoring of
food products as well as perfume compositions. The components in the extract were
slightly different depending on the region harvested [29], and the main components
for all samples were carvacrol ((q) in Fig. 4.5) [29, 30] and trans-sabinene hydrate
((r) in Fig. 4.5) [30].

Pandan (Pandanus amaryllifolius Roxb.) is a tropical plant and a source of
natural flavoring. The main component obtained in the extraction of Pandan leaves
with sc-CO2 was 2-acetyl-1-pyrroline ((s) in Fig. 4.5) [31, 32].

Table 4.1 (continued)

Name
Primary active compounds that are
extracteda

Co-
sol.b Ref.

Southern magnolia (Magnolia
grandiflora)

Parthenolide, Costunolide,
Cyclocolorenone

[85]

Spearmint (Mentha spicata L.) Luteolin, Apigenin, Naringenin E [14]

Carvone (d), Pulegone, Limonene
(f)

[15]

Carvone (d), 1,8-Cineole (e), Limo-
nene (f)

[16]

Swamp mallet (Eucalyptus spathulata),
Coolabah (Eucalyptus microtheca)

1,8-Cineole (e), α-Pirene M [43]

Sweet cherry (Prunus avium L.) DL-Malic acid, α,α-Trehalose, D-
(�)-Mannitol

[86]

Tasmanian bluegum (Eucalypus globulus
L.)

Eudesmol, 1,2-Benzenedicarboxylic
acid

[87]

Tulsi (Ocimum sanctum) Eugenol (i), 1,8-Cineole (e) [18]

Eugenol (i) [19]

Yerba mate folium (liex paraguariensis
A. St.-Hil., Aquifoliaceae)

Theobromine, Caffeine (b) [44]

aCharacter in parenthesis is chemical structure in Fig. 4.5
bCo-solvent, W: water, M: methanol, E: ethanol
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Fig. 4.5 Structure of primary compounds found in leaves obtained with supercritical CO2
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Asteraceae (Tithonia diversifolia) is a shrub and its general extract has been used
for the treatment of diarrhea, fever and malaria. The extraction of its leaves with
sc-CO2 gave tagitinine C ((t) in Fig. 4.5) as main product that has significant
antiproliferative activity [33, 34].

β-Sitosterol was extracted from Dandelion (Teraxacum officinale Ewber et
Wiggers) leaves [35]. β-Sitosterol is one of phytosterols that are useful components
because that provide health benefit to lower cholesterol.

There are many other compounds extracted as shown in Table 4.1. As a whole,
terpenes, phenolics and phytosterols were mainly detected as compounds extracted
from various leaves with sc-CO2.

4.4 Kinetics of Supercritical CO2 Extraction of Leaves

4.4.1 Extraction Model

Extraction of natural products such as leaf includes the extraction of components in
the cell and absorbed on the solid in the cell and bound to the cell, which leads to
complicated extraction kinetics. The extraction step consists of (1) penetration of
solvent into the cellular tissue, (2) dissolution of solute to the solvent, (3) transpor-
tation of solute from the cell to the surface of the solid matrix, (4) transportation of
solute from the surface of solid to bulk solvent in the laminar film of fluid. The
transportation step of (3) is often a rate-limiting step. A typical extraction curve is the
properties of extract such as extract yield against the total amount of solvent
supplied. The example of the extraction curve is shown in Fig. 4.6 afterward. In
the early extraction stage, the solubility of the solute controls the extraction rate
because there is a lot of solute in the extraction atmosphere and the extraction
proceeds towards saturated concentration. After that, the effect of transportation
inner the sample becomes major and the extraction rate decreases.

Several models for the extraction curve have been established. Eqs. (4.1)–(4.6) is
one of the basic models [36]. This model is based on the fixed-bed extractor that
solvent flows axially with superficial velocity through a bed of milled plant material
in a cylindrical extractor.

e ¼ qyr 1� exp �Zð Þ½ � ð4:1Þ
e ¼ yr q� qm exp zm � Zð Þ½ � ð4:2Þ

e ¼ x0 � yr
W

ln 1þ exp
Wx0
yr

� �
� 1

� �
exp W qm � qð Þ½ �xk=x0

� �
ð4:3Þ

zW
Z

¼ yr
Wx0

ln
x0 exp W q� qmð Þ½ � � xk

x0 � xk
ð4:4Þ
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Fig. 4.6 Kinetic yields of extracts obtained from Lupine (Lupinus albescens) by sc-CO2 and LPG
(For sc-CO2, ■: 313 K, 15 MPa, ♦: 313 K, 25 MPa, ▲: 333 K, 15 MPa, ●:333 K, 25 MPa, �:
323 K, 25 MPa; For LPG, ■: 298 K, 1.5 MPa, ♦: 298 K, 3.5 MPa, ▲: 318 K, 1.5 MPa, ●:318 K,
3.5 MPa, �: 323 K, 25 MPa; sold line: calculated results, reprinted with permission from [39]
Copyright © 2017 Elsevier)
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Z ¼ k f a0ρ
_q 1� εð Þ½ �ρs

ð4:5Þ

W ¼ ksa0
_q 1� εð Þ½ � ð4:6Þ

where a0: specific interfacial area [m
�1], e (¼E/N ): extract yield [�], E: weight of

extract [kg], kf: solvent-phase mass transfer coefficient [m s�1], ks: solid-phase mass
transfer coefficient [m�s�1], N: weight of initial sample [kg], Q: mass of solvent [kg],
q (¼Q/N): specific amount of solvent [�], _q: mass flow rate of solvent related to
N [s�1], x0: initial concentration of solute related to solute-free solvent [�], xk: initial
concentration of solute in easily accessible area related to solute-free solvent, yr:
solubility [g-solute/g-solvent], ε: void fraction [�], ρ: density of solvent [kg/m3], ρs:
density of sample [kg/m3].

Equations (4.1)–(4.3) indicate the extraction curve considering firstly extraction
of accessible solute from the cell (Eq. 4.1), then slower extraction of the solute
protected by the cell walls (Eq. 4.3) that is controlled by diffusion in the solid phase
and there is a transition state between these two situations (Eq. 4.2).

The extraction kinetics of leaves with sc-CO2 is analyzed for various leaves. The
profiles of the properties of extract such as extract yield against the amount of solvent
supplied or time are useful to analyze the kinetics [11–13, 15–17, 19–21, 23, 25, 29,
31, 33, 34, 37–51].

In the case of extraction of leaves, the complicated structure of leaf including the
existence of plant cell provides various barriers against dissolution and transfer of
solute, which leads to influences on extraction kinetics. The typical extraction curve
is shown in Fig. 4.6 that is the extraction curve for Lupine (Lupinus albescens) [39].
Although there are extraction curves of sc-CO2 and liquid propane in this figure, the
extraction curves of sc-CO2 were only concerned in this chapter. The figures in the
left row are sc-CO2 extraction. The parameter related to the extract, that is, extract
yield in this case, generally increases with increasing extraction time. The extraction
is classified into three steps [37, 39, 45]. The first step is the constant extraction rate
step (CER) corresponding to the firstly extraction of accessible solute from the cell.
The second step is the falling extraction rate step (FER) corresponding to the
transition state between the first step and third step. The third step is diffusion-
controlled (DC) step corresponding to slower extraction of the solute protected by
the cell walls that being controlled by diffusion in the solid phase.

Some researchers conducted a detailed analysis for extraction. The theoretically
mathematical model is proposed [11, 17, 20]. The mathematical model contains two
differential solute mass balances in fluid and solid phase, and local equilibrium
adsorption representing the relationship between the fluid and solid.

The mass balance of solute on the fluid phase is.

114 T. Sato



α
∂C
∂t

þ Us
∂C
∂z

¼ �k f apð1� αÞðC � CpsÞ ð4:7Þ

where C: solute concentration in the fluid phase, t: time, z: bed height, Cps: solute
concentration in pore at the surface of the particle, α: void fraction, ap: specific
surface area, Us: superficial velocity, kf: external mass transfer coefficient.

The mass balance for the solute on the solid phase is.

β
∂Cp

∂t
¼ De

∂2Cp

∂r2
� ð1� βÞ∂Cs

∂t
ð4:8Þ

where Cp: solute concentration in pores within the particle, β: particle porosity, De:
effective interparticle diffusion coefficient, r: particle radius, Cs: solute concentration
in solid phase.

Consequently, the cumulative fractional yield of solute extracted is.

F θð Þ ¼ A
1� α

h i
� exp a1θð Þ � 1

a1

� �
� exp a2θð Þ � 1

a2

� �� �
ð4:9Þ

a1 ¼
�bþ b2 � 4c

� 	1=2
2

ð4:10Þ

a2 ¼
�b� b2 � 4c

� 	1=2
2

ð4:11Þ

b ¼ ϕ
β þ 1� βð ÞK þ 1

α
þ ϕ 1� αð Þ

α
ð4:12Þ

c ¼ ϕ
β þ 1� βð ÞKα ð4:13Þ

A ¼ 1� αð Þϕ
β þ 1� βð ÞK½ �α a1 � a2ð Þ ð4:14Þ

where θ ¼ t/τ, ϕ ¼ Kp ap τ, K: equilibrium adsorption constant.
The most common regression calculation with the above equation and experi-

mental data is performed by mass transfer coefficient kf and the equilibrium constant
K as a fitting parameter.

The simple models are proposed by considering three steps in the extraction
[37, 39]. Confortin et al. [39] conducted the extraction of several parts of Lupine
(Lupinus albescens) at (313–333) K and (15–25) MPa with sc-CO2 and LPG. The
extraction curve of this system is shown as Fig. 4.6. The proposed sprine model is as
follows:
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Yield tð Þ ¼ b1t t � tCERð Þ ð4:15Þ
Yield tð Þ ¼ b1 þ b2ð Þ t � b2 tCER tCER < t � tFERð Þ ð4:16Þ

Yield tð Þ ¼ b1 þ b2 þ b3ð Þ t � b2 tCER � b3 tFER tFER � tð Þ ð4:17Þ

where bi: adjustable parameters of spline model, t: extraction time variable, tCER:
time-span period of CER region, tFER: time-span period of FER region.

Costa et al. [37] analyzed the extraction kinetics about Congo Bololo (Vernonia
amygdalina Delile) leaves for extract yield. They also proposed a similar simple
extraction model (Spline model) considering three extraction steps and claimed that
the Spline model presented the best fit to experimental data among other models and
was able to characterize constant and decreasing extraction rate periods. When three
steps are presented in the extraction curve, the spline model is one of the appropriate
models.

Further, a very simple model is shown in Eq. (4.18) and applied for Palo Negro
(Leptocarpha rivularis) [41].

q
q0

¼ k1t
1þ k2t

ð4:18Þ

where k1: the parameter related to extraction rate at the very beginning of the process
[min�1], k2: the parameter related to maximum extraction yield [min�1], q: amount
of extract [g�kg�1 d. s.], q0: maximum amount of extracted [g�kg�1 d. s.], t: time
[min].

Other very simple model is proposed in the case of Sage (Salvia officinails L.)
leaves [46].

Extract yield %½ � ¼ 100 1� exp a t þ bð Þð Þ ð4:19Þ

where t: extraction time, a, b: constant.
By using this model, the experimental data are correlated by using two

parameters.

4.5 Antioxidant Capacity, Total Phenolic Content and Total
Flavonoid Content in the Extract Obtained
with Supercritical CO2 Extraction of Leaves

4.5.1 Typical Experimental Conditions

Table 4.2 shows the experimental condition of sc-CO2 extraction of leaves for
evaluation of antioxidant capacity and total phenolic content in the extract. The
extraction conditions of these studies are almost at (313–333) K and (10–30) MPa.
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Table 4.2 Conditions used to obtain antioxidants and phenolics from leaves with supercritical CO2

Name Temp. Press.
Co-
sol.a AOCb TPCb Ref.

Aloe (Aloe vera) 305–323 K,
35–45 MPa

M + [59]

Bamboo (Sasa palmata) 323–483 K,
10–25 MPa

E, W + + [52]

Congo Bololo (Vernonia amyg-dalina Delile) 313–333 K,
20–25 MPa

+ [37]

Firespike (Odontonema strictum) 328–338 K,
20–25 MPa

E + [63]

Green Tea (Camellia sinensis L.) 313–333 K,
10–20 MPa

E + [55]

Hempedu bumi (Andrographis Paniculata) 333 K,
30 MPa

M + + [56]

Jambú (Spilanthes acmella ver oleracea) 323 K,
25 MPa

E, W + + [53]

Lemon balm (Melissa officinalis L.), Rose-
mary (Rosmarinus officinails L.), Spanish
lavender (Lavandula stoechas ssp.), Thyme
(Thymus serpyllum)

313–333 K,
20–30 MPa

+ [76]

Lemon-scented gum (Corymbia citriodora) 309–343 K,
5.18–10 MPa

+ [77]

Limau purut (Citrus hystrix) 313–333 K,
10–36.3 MPa

E + + [61]

Moringa (Moringa oleifera) 313–333 K,
10–20 MPa

E + [40]

Palo Negro (Leptocarpha rivu-laris) 313–333 K
10-20 MPa

E + [54]

313–333 K,
9–15 MPa

+ + [41]

Rose cactus (Pereskia bleo) 313–333 K,
25–45 MPa

E + [58]

Rosemary (Rosmarinus officinails L.) 313 K,
15–30 MPa

+ [24]

Rosemary (Rosemarinus officinails L.), Sage
(Salvia officinails L.)

313–373 K,
30 MPa

+ [25]

Spearmint (Mentha spicata) 313–333 K,
10–30 MPa

+ [60]

Strawberry (Fagaria ananassa) 308–333 K,
10–30 MPa

E, W,
Ac

+ + [50,
57]

Tasmanian bluegum (Eucalypus globulus L.) 313–353 K,
10–35 MPa

+ + [87]

aCo-solvent, W: water, M: methanol, E: ethanol, Ac: acetone
bAntioxidant capacity (AOC) and total phenolic content (TPC) +: Evaluated

4 Production of Valuable Compounds from Leaves by Supercritical CO2 Extraction 117



This is because of easy operation under relatively milder conditions in supercritical
states and considering the thermal stability of natural compounds. The extraction
temperature in a few studies is over 333 K and it is a rare case. The range for
optimization of temperature and pressure is conducted only 20 K and 20 MPa.
Further, co-solvent such as methanol, ethanol and water are sometimes used.

4.5.2 Antioxidant Capacity

Leaves contain antioxidants and the extraction of antioxidants with sc-CO2 have
been widely studied. Table 4.2 summarizes the studies of antioxidant and total
phenolic content in the extract obtained with sc-CO2 extraction of the leaf. One of
the major methods for antioxidant capacity is DPPH radical-scavenging assay
relative to 2,6-di-tert-butyl-p-cresol (Butylated hydroxytoluene). “Antioxidant
capacity (AOC)” in this chapter means the radical eliminating activity defined in
each literature and is not standardized value. It is difficult to organize the condition
of extraction and the magnitude of AOC in the extract obtained with sc-CO2 at this
time. In this section, the introduction of some examples of trends are introduced.

The effect of co-solvent for antioxidant capacity were studied [50, 52–57]. In the
extraction of Strawberry (Fagaria ananassa) leaf with sc-CO2 + co-solvent at
308 K, 20 MPa and 0.1 of co-solvent/CO2 molar ratio, the magnitude of AOC was
in the order of ethanol > acetone > water > without co-solvent [50]. The solvent
probably enhances the extraction of antioxidant compounds in the deep tissue of the
leaf. Both nonpolar and polar components were probably present in the extract as an
antioxidant because amphiphilic solvents such as ethanol and acetone were effective.
In the extraction of Green Tea (Camellia sinensis L.) [55], AOC increased
with increasing the flow rate of ethanol as co-solvent under constant temperature,
pressure and CO2 flow rate. The addition of polar solvents enhanced the change in
the structure of the cellar matrix via intra-crystalline and osmotic swelling and break
analyte-matrix bindings. The extraction of Rose cactus (Pereskia bleo) with
sc-CO2 + ethanol, AOC increased with increasing the ratio of ethanol to water
[58]. The increase in the amount of co-solvent significantly increased AOC. On
the other hand, in the case of extraction of Aloe (Aloe vera) with sc-CO2, the effect of
co-solvent on AOC was small [59].

In some cases, there is the optimal concentration of co-solvent. The extraction of
Bamboo (Sasa palmata) leaves with a ternary system of sc-CO2, ethanol and water
were conducted and 25:75 (mol:mol) ethanol-water composition gave the highest
AOC at 323 K and 25 MPa [52]. The phenolics contained in Bamboo leaves
probably consisted of both ethanol-soluble and water-soluble compounds. Similar
results were obtained in the extraction of Jambú (Spilanthes acmella ver oleracea)
leaves [53]. In the extraction of Strawberry (Fagaria ananassa) leaves with
sc-CO2 + water, AOC once increased increasing in water/CO2 molar ratio and
then decreased as shown in Fig. 4.7 [57]. The maximal AOC was 2.48 μmol-BHT/
g-sample. The existence of water that is a polar solvent enhanced the dissolution of
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antioxidants in the solvent. On the other hand, the phase behavior of sc-CO2 + water
is two-phase regions and the ratio of the volume of CO2 rich phase decreased with
increasing water/CO2 ratio, which leads to the suppression of the contact between
leaves and solvent in CO2 rich phase as main fluid. The optimal water/CO2 ratio was
probably determined by the balance of positive and negative effects.

The effect of temperature and pressure on AOC was evaluated. The extraction of
Strawberry (Fagaria ananassa) leaves with sc-CO2 + water at (308–333) K and
(10–30) MPa and 0.1 molar ratio of water/CO2 was examined [57]. The results were
correlated with temperature and pressure, and the response surface against temper-
ature and pressure were constructed as shown in Fig. 4.8. The typical method of
response surface analysis is as follows. At first, the experimental conditions such as
temperature, pressure and amount of co-solvent are converted to the simple param-
eter. The parameter is typically between �1 to 1 in the experimental range. After
that, the experimental results are correlated with a quadratic polynomial by the
determination of the parameters in the equation. AOC was high in higher tempera-
ture and lower pressure region. The maximal AOC was 5.65 μmol-BHT/g-sample at
333 K and 10 MPa. The density of solvent decreased with increasing temperature in
each pressure. For example, the density of CO2 decreases from 866 kg/m3 to
724 kg/m3 at 20 MPa when temperature increases from 308 to 333 K [5]. This
decrease in density is a factor that decreases the amount of solute dissolving in a
solvent. On the other hand, the solubility of compounds generally increases with
increasing temperature due to an increase in the vapor pressure of compounds. The
effect of change in solubility with temperature was probably the main factor in the
extraction of antioxidants from strawberry leaves. The extraction of Aloe (Aloe vera)
with sc-CO2 + methanol was examined and AOC was the highest at 305 K, 45 MPa
and 24% methanol [59]. The relatively lower temperature and higher pressure region

Fig. 4.7 Extraction yield,
AOC and TPC at 308 K,
20 MPa and
7.58 � 10�4 mol/s of CO2

flow rate for 120 min (○:
extraction yield, Δ: AOC,
□: TPC) of the extract in the
extraction of Strawberry
(Fagaria ananassa) leaves,
reprinted with permission
from [57] Copyright © 2021
The Society of Chemical
Engineers, Japan
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Fig. 4.8 Response surface
analysis of (a) extraction
yield, (b) AOC and (c) TPC
of the extract in the
extraction of Strawberry
(Fagaria ananassa) leaves
at 0.1 of H2O/CO2 molar
ratio and 7.58 � 10�4 mol/s
of CO2 flow rate for 120 min
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was preferred to obtain high AOC. The author of this paper claimed that higher
pressure contributed to the diffusion of polar components and a heat-sensitive
property of polar antioxidants suppressed AOC at high-temperature regions. In the
case of the extraction of leptocarpha rivularis leaves with sc-CO2, AOC was high in
higher pressure and lower temperature region [41]. The high density of solvent
probably promoted the extraction of antioxidants.

In some cases, AOC took a maximal value against temperature or pressure. Maran
et al. [55] conducted the extraction of Green Tea (Camellia sinensis L.) leaves with
sc-CO2 + ethanol at (313–333) K and (10–20) MPa. AOC once increased and then
decreased with increasing temperature and increased with increasing pressure. The
high solvent density at high pressure decreased the distance between the molecules
and thereby strengthening interactions between the fluid and matrix, which leads to
the acceleration of mass transfer rate and diffusion of the solvent into the system to
improve the extraction of solute. The increase in temperature increased the solute
vapor pressure and contributed to damage the particle cell walls increasing mass
transfer of solute whereas decomposition of antioxidants during the extraction would
occur. A similar trend is reported in the case of extraction of Spearmint (Mentha
spicata) with sc-CO2 [60]. AOC tended to higher in high-pressure region and once
increased and then decreased with increasing temperature. In the case of extraction
of Strawberry (Fagaria ananassa) leaf with sc-CO2 + ethanol, AOC had a maximal
value at 20 MPa and was independent of pressure at 308 K [50]. The balance of
vapor pressure and solvent density with temperature and pressure determined the
extraction of antioxidants. The extraction of Rose cactus (Pereskia bleo) was
conducted with sc-CO2 + ethanol [58] and AOC was relatively high in high-pressure
region and the low and high-temperature region. In the extraction of Bamboo (Sasa
palmata) leaves with sc-CO2 + ethanol or water, the effect of temperature and
pressure on AOC depended on the kind of co-solvent [52]. In sc-CO2 + ethanol,
AOC decreased with increasing temperature at 20 MPa, and once increased and then
decreased at 323 K. In sc-CO2 + water, AOC increased with increasing temperature
at 20 MPa and increased and became almost constant with increasing pressure at
323 K. Extraction of Limau purut (Citrus hystrix) leaves with sc-CO2 + ethanol was
examined [61] and the optimal condition was 323 K and 31.4 MPa estimated by
response surface analysis.

4.5.3 Total Phenolic Content

Total phenolic content (TPC) in the extract was evaluated in several studies. TPC is
typically measured by the Folin-Ciocalteu method and the content of phenolics is
evaluated relative to gallic acid as the standard. The referral of “TPC” in this chapter
means that the TPC values were determined according to procedures in each
literature reference.

The addition of a polar co-solvent increases TPC by enhancing the extraction of
phenolics. In the extraction of Strawberry (Fagaria ananassa) leaves with sc-CO2 at
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308 K and 20 MPa, TPC with sc-CO2 + ethanol, acetone and water were higher than
that with sc-CO2 [50, 57]. These results indicate that the polar solvent was effective
for the extraction of phenolic compounds. In the extraction of Bamboo (Sasa
palmata) leaves with sc-CO2+ co-solvent, a mixture of 25:75 (mol) ethanol-water
co-solvent gave the highest TPC in the whole composition of water-ethanol mixtures
[52]. The phenolic compounds consisted of both ethanol and water-soluble
compounds.

The trend of the effect of temperature and pressure on TPC resembled that on
AOC. In the case of TPC in the extraction of Strawberry (Fagaria ananassa) leaves
with sc-CO2 + water at (308–333) K and (10–30) MPa, TPC tended to increase with
increasing temperature and decreasing pressure as shown in Fig. 4.8, and the
maximal TPC was 31.0 μg-gallic acid/g-sample at 333 K and 10 MPa [57]. In the
extraction of Bamboo (Sasa palmata) leaves, TPC increased with decreasing tem-
perature and increasing pressure in sc-CO2 + ethanol while TPC increased with
increasing temperature and pressure in sc-CO2 + water [52].

In some cases, there were optimal conditions. The extraction of Green Tea
(Camellia sinensis L.) leaves was conducted with sc-CO2 + ethanol at (313–333)
K and (10–20) MPa, and TPC had an optimal value against temperature and
increased with increasing pressure [55]. In the extraction of Strawberry (Fagaria
ananassa) with sc-CO2 + ethanol at (308–333) K and (10–30) MPa, TPC had
maximal value for the temperature at 20 MPa and pressure at 308 K [50].

4.5.4 Total Flavonoid Content

Flavonoids are contained in plants, belong to a class of plant secondary metabolites
and contain polyphenolic structure [3]. The flavonoid in the extract from leaves are
analyzed. The total flavonoid content (TFC) is measured typically aluminum chlo-
ride method and also evaluated as the sum of individual compounds in some cases.
In the extraction of leaves with sc-CO2, the contents of flavonoids in the extract were
reported [14, 25, 51, 54, 56, 62, 63].

TFC was measured for Green Tea (Camellia sinensis L.) leaves [55], Hempedu
bumi (Andrographis paniculata) leaves [56] and Palo Negro (Leptocarpha rivu-
laris) leaves [54]. In the extraction of Green Tea (Camellia sinensis L.) leaves with
sc-CO2 + ethanol at (313–333) K and (10–20) MPa, the estimated maximal of TFC
by response surface analysis was 194.60 mg of quercetin equivalents per 100 ml of
extract at 323 K and 18.8 MPa [55]. In the extraction of Hempedu bumi
(Andrographis paniculata) leaves with sc-CO2, TFC was 179.81 mg per g of extract
at 333 K and 30 MPa [56].

The compounds classified as a flavonoid was detected in the extract. The struc-
tures of some flavonoids detected are shown in Fig. 4.9. In the extract of Pecah Kaca
(Strobilanthes crispus) leaves with sc-CO2 + ethanol at 333 K and 20 MPa, rutin (a),
luteolin (b), epicatechin (mixture of c, d), catechin (mixture of e, f), kampferol (g),
myricetin (h), naringenin (i) and apigenin (j) were contained [62]. In the extraction of
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Spearmint (Andrographis paniculata) leaves with sc-CO2 + ethanol at 333 K and
30 MPa, the amount of luteolin (b), apigenin (j), naringenin (i), myricetin (h),
epicatechin (c,d), ruin (a), cactechin (e,f) was large in this order [14]. The extract
from the extraction of Rosemary (Rosmarinus officinails L.) leaves with sc-CO2 at
373 K and 30 MPa, wogonin, genkwanin, oroxylin A, biochanin A, acacctin and
5,7-dihydroxy-6-methoxyflavone were detected in the extract [25].

Fig. 4.9 Structure of flavonoids extracted with supercritical CO2 extraction of leaves from Pecah
Kaca (Strobilanthes crispus) [62] and Spearmint (Andrographis paniculata) [14]
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4.5.5 Effect of Temperature and Pressure on Kinetics
of Supercritical CO2 Extraction

The effect of temperature and pressure on sc-CO2 extraction was discussed through-
out this chapter. Here, the contribution of temperature and pressure are summarized.
Fig. 4.10 shows the effect of vapor pressure of solute and solvent density with
temperature and pressure on sc-CO2 extraction of compounds from leaves.

In low temperature and high-pressure regions, the density of CO2 is high and the
solubility of compounds becomes high. In this case, there are a lot of solvent
molecules around the leaf tissue, which probably enhances the transportation of
solute from the leaf tissue to solvent by a high saturated concentration of solute in the
solvent. On the other hand, low-temperature conditions make the vapor pressure of
the solute low and so vaporization of solute from the leaf is suppressed.

In high temperature and low-pressure region, high temperature leads to the high
vapor pressure of solute and the solute easily vaporizes into the solvent. The solvent
density in high temperature and low-pressure region is low, which leads to the
decrease of the number of solvent molecules, which makes the solubility of the
solute low. The amount of solute such as antioxidants, phenolics and flavonoids at
each condition is determined by considering above factors [50] and the contribution
of these factors depends on the kind of leaves. So it is important to evaluate the effect
of solvent properties manipulated with temperature and pressure on the extraction
kinetics.

4.5.6 Comparison of Supercritical CO2 Extraction
and Conventional Extraction

The comparison of AOC and TPC obtained by sc-CO2 extraction and that by
conventional extraction such as Soxhlet and hydrodistillation were sometimes

Fig. 4.10 Effect of vapor pressure of solute and solvent density with temperature and pressure on
sc-CO2 extraction of compounds from leaves
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examined. In the extraction of Delile (Vemonia amygdalina) leaves, AOC and TPC
were larger in the order of ethanol > dichloromethane > sc-CO2 > hexane, which
indicates that high polarity of solvent was advantageous of the extraction of antiox-
idants [37]. In the extraction of Palo Negro (Leptocar pharivularis), AOC obtained
with hydrodistillation was lower than that with sc-CO2 extraction because high
temperature distillation probably enhanced decomposition of antioxidants. AOC
and TPC obtained from the distillation of ethanol-water mixture was larger than
sc-CO2 [41]. In the extraction of Bamboo (Sasa palmata) leaves, the ethanol -water
solvent (molar ratio 25:75) gave higher AOC than that obtained with sc-CO2 +
ethanol -water solvent (molar ratio 25:75), and TPC for those condition was similar
[52]. In the extraction of Jambú (Spilanthes acmella ver oleracea), TPC was in the
order of hydrodistillation > Soxhlet ethanolic distillation (ethanol-water mix-
ture) > sc-CO2 extraction [53].

These results indicate that the quantitative comparison was difficult because the
extraction system between conventional solvent and sc-CO2 were different, high
polarity of solvent is effective for extraction of antioxidants and phenolics as well as
sc-CO2. In the view of comparison of sc-CO2 extraction system with conventional
extraction one, the advantage of sc-CO2 system is reducing the amount of polar
solvent required for conventional extraction and easier separation of extract from
solvent, and disadvantage would be the system being complicated and difficult to
make it larger.

4.6 Conclusions and Future Outlook

Extraction of useful components such as antioxidants from leaves with supercritical
carbon dioxide (sc-CO2) is a promising technology for effective usage of biomass.
The properties of CO2 in its supercritical state give it high permeability and provide
high solubility of solutes compared with CO2 in the gas or liquid state. The addition
of a polar co-solvent improves extraction of compounds by promoting molecular
interactions that are attractive for polar compounds in leaves. Extraction of leaves is
typically conducted with a semi-batch system.

Considering the extraction studies of over fifty different types of leaves with
sc-CO2, recovered components such as terpenes, phenolics and phytosterols depend
vary widely with the type of leaves. There are three steps in the kinetics of extraction
with sc-CO2 due to the rigid structure of the cell in the leaf. The first step is the
constant extraction rate step corresponding to the firstly extraction of accessible
solute from the cell. The second step is the falling extraction rate step corresponding
to the transition state between the first step and third step. The third step is the
diffusion-controlled step corresponding to slower extraction of the solute protected
by the cell walls that are controlled by diffusion in the solid phase. Several extraction
models were proposed for the extraction curve and some models expressed the
extraction curve including the above three steps well.
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The total antioxidants (AOC), total phenolics (TPC), total flavonoid content
(TFC) in the extract were evaluated. The addition of polar co-solvent such as ethanol
and water increased AOC and TPC due to the improvement of solubility of polar
compounds in most cases. The effect of temperature and pressure differed according
to the kind of leaves. The contribution of both solvent density that becomes large in
low temperature and high-pressure region and vapor pressure of solute that becomes
large in high-temperature region probably governed the dependence of AOC, TPC
and TFC on temperature and pressure.

In the future, generalization of the extract process will be important by extending
the extraction conditions, especially to milder conditions. In this case, extraction
kinetics in liquid CO2 just below the critical temperature and critical pressure
becomes interesting due to the mingling of different phases. Co-solvents are neces-
sary for the extraction of polar components to compensate for low solubility of CO2

at low pressures. Water is an inexpensive and environmentally friendly solvent and
will become major co-solvent for application in extraction systems. Analysis of
extraction kinetics of multiphase systems for sc-CO2 + water will be necessary.

The extension of the present extraction system to different kinds of leaves is also
expected. The recovery of useful components from leave mixtures as a biomass
waste is one of the directions of development of this technology. The key factor is
finding high added value and highly biological activity compounds from the extrac-
tion. It is expected that there will be great progress by making detailed evaluations of
compounds obtained from sc-CO2 extraction of leaves.
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Production of Biofuels and Chemicals by

Biodegradation



Chapter 5
Recovery of Biohydrogen and Biomethane
by Anaerobic Fermentation of Organic
Solid Waste

Yu Qin, Aijun Zhu, and Yu-You Li

Abstract Organic solid waste, which mainly consists of biowaste, around the world
is increasing at an alarming rate. Much of the carbon in this biowaste originates from
photosynthesis of atmospheric CO2. Long before human existence, microorganisms
have been returning biomass carbon to the atmosphere to close the carbon cycle
loop. Nowadays, anaerobic biotechnology has been developed to intentionally
strengthen those microbial abilities to reduce waste and recover biofuels at the
same time. CH4 is one of the major components in the final product of anaerobic
digestion, and H2 is the gaseous intermediate product during the CH4 fermentation.
After years of intensive researches on hydrogen and methane fermentation,
co-production of H2 and CH4 via the R-TPAD (recirculated two-phase anaerobic
digestion) process has been found to be both feasible and desirable. In this chapter,
the fundamentals of H2 and CH4 fermentation are summarized. As the most out-
standing features of the R-TPAD process, its characteristics of hydraulic separation
are calculated and discussed. Then, the potential of R-TPAD is highlighted by recent
applications in treating different types of organic solid waste for co-production of H2

and CH4.

Keywords Hydrogen · Methane · Hythane · Anaerobic digestion · Fermentation ·
Food waste · Two-phase · Recirculation

5.1 Introduction

Biomass plays a complex role in the carbon cycle on the earth. Whether plant- or
animal- sources, the origin of biomass is photosynthesis, with the conversion of
atmospheric CO2 in the presence of solar energy. As it flows through the food chains,
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the biochemical energy in the biomass is released and utilized by ecological pro-
ducers, consumers, and decomposers. The decomposers, which in most cases are
microorganisms, clean up biomass at the ends of the food chains. This is one of the
great contributors to the self-cleaning capacity of the nature. As society has devel-
oped over time, the amount of biowaste has increased along with human activi-
ties and the efforts to find techniques to diminish this waste have been intensified
along with it.

Anaerobic digestion/fermentation can contribute to achieving sustainable devel-
opment goals. By applying anaerobic techniques, the direction of waste management
turns from a passive way of reducing biowaste into a proactive way of generating
valuable products, like gaseous biofuels. It provides sustainable alternatives for the
industrial ecology. Anaerobic digestion/fermentation is the natural degradability
enhanced by engineering methodologies. The final products of anaerobic fermenta-
tion are CH4 and CO2, with H2 being the gaseous intermediate product during
anaerobic fermentation process. Some liquid biofuels (e.g. bioethanol) or value-
added products (e.g. middle-chain fatty acids, lactic acid, or from glutamate to
antibiotics) can also be produced by fermentation [1]. Since all products and
by-products are converted from biomass, anaerobic fermentation is carbon neutral
[2]. From these considerations, anaerobic fermentation has a promising future.

Anaerobic fermentation involves a number of biochemical reactions conducted
by anaerobic or facultative microorganisms, where the organics or CO2 act as
electron acceptors rather than O2. The electron donors during the fermentation can
be other (functional groups of) organics or H2. The substrates considered for H2 and
CH4 fermentation are the types of biowaste that are generated in massive quantities.
Biowaste like sewage sludge, food waste, and paper waste can be collected from the
municipal system and other types of biowaste, like animal manure or corn stalk, can
be collected from agricultural fields. In recent times, certain agricultural industries
also produce such organic solid waste as algae, molasses and bagasse. All of these
types of biowaste have one point in common: their relatively high moisture content
makes them unsuitable for combustion.

Advantages of recovering H2 and CH4 from organic solid waste are many [3]:
(1) Fermentation can be conducted under standard pressure and mild temperature
conditions; (2) the gaseous biofuels, can be spontaneously separated from the liquid
phase; and (3) low cost of energy consumption, for extraction or evaporation. There
are, however, shortcomings of anaerobic fermentation, which are associated with the
key players in the process: the fermentative microorganisms. Since the biochemical
conversions are conducted under mild conditions, the reaction rates are much slower
than other methods, e.g. hydrothermal reactions or pyrolysis. Anaerobic microor-
ganisms have to be cultured under appropriate and stable conditions and extra time is
needed for domestication when encountering atypical organics. They can be
inhibited by some common molecules, e.g. NH3, H2S or long-chain fatty acids
(LCFA). Some other compounds, like lignin or synthetic polymers, are absent
from the menu of the anaerobic microorganisms. Therefore, while the successful
operation of anaerobic fermentation has many benefits, the system must be carefully
controlled to maintain stable performance.
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This chapter summarizes the basic principles and application of H2 and CH4

fermentation. The term “anaerobic digestion” is seen equivalent to “CH4 fermenta-
tion” when organic solid waste is treated. As an efficient combination of H2 and CH4

fermentation, R-TPAD (recirculated two-phase anaerobic digestion) process, is
introduced. To explain the effect of hydraulic separation within this process, hydrau-
lic characteristics are calculated. Applications of the R-TPAD process for treating
different types of organic solid waste are summarized.

5.2 Basic Principles in Methane and Hydrogen
Fermentation

5.2.1 Stoichiometry

The potential of methane production from biomass is determined by its elemental
components. Supposing that organic compounds are completely degraded and
converted to methane, the reaction equation of methane fermentation is

CaHbOcNd þ a� b
4
� c
2
þ 7d

4

� �
H2O ! a

2
þ b
8
� c
4
� 3d

8

� �
CH4

þ a
2
� b
8
þ c
4
� 5d

8

� �
CO2

þ dNH4HCO3 ð5:1Þ

where a, b, c, and d are the coefficients of C, H, O, and N in the (estimated) formula
of the organic compound, respectively. While the coefficients a, b, c, and d of the
same compound may differ according to the base elements, their ratios must be the
same. In other words, C5H7O2N must not be confused, for example, with
CH1.4O0.4N0.2. The nitrogen in the final products is ammonia nitrogen. While
nitrogen sometimes exists in the substrate in the form of nitrate and nitrite, the
majority of nitrogen should be derived from the amino group in the particulate
proteins. Ammonia is the source of alkalinity in anaerobic conditions, and its
alkalinity is transferred to the bicarbonate ion, which will be discussed in detail in
Sect. 5.2.3.2. Before anaerobic fermentation is started, the chemical oxygen demand
(COD) of the compound is analyzed with the unit of g-O/kg-biowaste. Although the
results may not be accurate due to incomplete oxidation of some aromatic com-
pounds, the COD determination with potassium dichromate is broadly used because
its oxidability is high enough while the nitrogen is still in the form of ammonia. In
elemental analysis with combustion, sulfur content can also be provided in addition
to C, H, N, and O. In practical cases, however, S is seldom quantified since it has
such wide viability with actual conditions.

More concisely, Eq. (5.1) can be rewritten as
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CaHbOcNd þ a 4þ ξð Þ
4

� c

� �
H2O ! a 4� ξð Þ

8
CH4 þ a 4þ ξð Þ

8
� d

� �
CO2

þ dNH4HCO3 ð5:2Þ

where ξ is the average oxidation state of C in the formula of the organics, aξ¼ – b +
2c + 3d. The relation between ξ and COD is

ξ ¼ 4� COD
8

=
TOC
12

¼ 4� 1:5� COD
TOC

ð5:3Þ

where TOC is the total organic carbon with the unit of g-C/kg-biowaste. The relation
between ξ and the CH4 content is shown in Fig. 5.1.

The stoichiometric coefficients in methane fermentation of common compounds
are listed in Table 5.1. Carbohydrates, proteins, and lipids are the three major
components in biomass, whose compositions determine the average ξ of the
biowaste. The carbohydrates category includes monosaccharides (glucose, fructose,
xylose, arabinose, etc.), disaccharides (maltose, sucrose, lactose, cellobiose, etc.),
and polysaccharides (starch, cellulose, hemicellulose, etc.). In the case of mono-
saccharides, members within the group of hexoses (C6H12O6) or pentoses (C5H10O5)
share the same equation as that for methane fermentation. Of the three major
components, only proteins provide nitrogen, and lipids own the highest potential
biomethane yield in theory.

The reaction equation for CH4 fermentation of carbohydrates can be written as:

0

25
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100

- 4 - 2 + 0 + 2 + 4
ξ = 4 ‒ 1.5 COD/TOC
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Fig. 5.1 Relation between
CH4 content in
produced biogas and ξ
(average oxidation state of
carbon) in substrate
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Cm H2Oð Þn þ m� nð ÞH2O ! m
2
CH4 þ m

2
CO2 ð5:4Þ

wherem and n are the coefficients of C and (H2O) in the formula of the carbohydrate,
respectively.

According to their chemical formula, the average oxidation state of C is 0. When
Eq. (5.4) is used to describe the anaerobic degradation of carbohydrates (neglecting
the cell growth), the ratios of CH4 to CO2 are fixed at 1:1.

Protein is an important component of biomass for methane fermentation because
it brings nitrogen and alkalinity to the liquid phase of the anaerobic system. Proteins
are synthesized after being dehydrated from diverse α-amino acids. Apart from –

NH2 and –COOH, the carbon chain of the amino acids consists of either methyl (–
CH3) or methylene (¼CH2). For this reason, the ratios of CH4 to CO2 in the biogas
are always greater than 1. Because some portion of CO2 will react with NH3 to
increase the solubility in the liquid phase, CH4 in the gas phase will be higher than
without proteins.

Lipids are important substances for all life forms since they are essential parts of
cell membranes. In organic solid waste, lipids are the fats, i.e. triacyl glycerol, which
is dehydrated from glycerol and LCFA. Because most carbons in the carbon chains
are saturated, the ratio of CH4 to CO2 in the degradation products of lipids is also
greater than 1. According to Table 5.1, lipids can potentially reach high CH4 yield,
but they are not the typical substrate of CH4 fermentation because of the strong
inhibition by LCFA. The major problems of lipid substrates are as follows: (a) their
hydrophobic nature limits mass transfer with the liquid (water) phase, and (b) they
have an inhibitory effect on anaerobes, especially methanogens. For oily biowaste,
extraction is required to recover bioenergy in the form of biodiesel.

According to Eqs. (5.1) and (5.2), the theoretical mass balance can be calculated.
The results are also listed in Table 5.1.

Water demand g‐H2O=g‐VS½ � ¼ 4a� b� 2cþ 7d
4M

� 18

¼ 18
M

aþ aξ
4
� cþ d

� �
ð5:5Þ

Biogas production NL=g‐VS½ � ¼ a� d
M

� 22:4 ð5:6Þ

CH4 production NL‐CH4=g‐VS½ � ¼ 4� ξð Þa
8M

� 22:4 ¼ a
M

� COD
TOC

� 4:2 ð5:7Þ
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CH4 content in biogas ½%� ¼ 4aþ b� 2c� 3d
8ða� dÞ � 100

¼ ð4� ξÞa
8ða� dÞ � 100

¼ 3a
16ða� dÞ �

COD
TOC

� 100

ð5:8Þ

Ammonia production g‐NH3‐N=g‐VS½ � ¼ d
M

� 14 ð5:9Þ

Alkalinity production g‐CaCO3=g‐VS½ � ¼ d
M

� 50 ð5:10Þ

where M is the relative molecular mass of CaHbOcNd, M ¼ 12a + b + 16c + 14d.
Ammonia or alkalinity production can be estimated using the biogas volume and

C/N ratio.

Ammonia production g‐NH3‐N=NL‐biogas½ � ¼ d
a� d

� 14
22:4

¼ 1
C=N� 1

� 5
8

ð5:11Þ

Alkalinity production g‐CaCO3=NL‐biogas½ � ¼ 1
C=N � 1

� 1
0:448

ð5:12Þ

Unlike the wide range of choices for CH4 fermentation, substrates for H2 fer-
mentation are carbohydrates in most cases. From hexose (glucose), hydrogen fer-
mentation proceeds along the following pathways.

ðacetate pathwayÞ C6H12O6 þ 2H2O ! 2CH3COOHþ 4H2 þ 2CO2 ð5:13Þ
ðbutyrate pathwayÞ C6H12O6 ! CH3CH2CH2COOHþ 2H2 þ 2CO2 ð5:14Þ

ðmixed acid pathwayÞ C6H12O6 þ H2O
! CH3COOHþ C2H5OHþ 2H2 þ 2CO2 ð5:15Þ

In some cases, some pathways compete or inhibit H2 fermentation.

ðhomolactic pathwayÞ C6H12O6 ! 2CH3CHðOHÞCOOH ð5:16Þ
ðpropionate pathwayÞ C6H12O6 þ 2H2 ! 2CH3CH2COOHþ 2H2O ð5:17Þ

Hydrogen can also be generated from lactate.
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ðlactate�sourceÞ 4CH3CHðOHÞCOOHþ 2CH3COOH
! 3CH3CH2CH2COOHþ 2H2 þ 4CO2 ð5:18Þ

A portion of butyrate may be converted to caproate. Chain elongation converts
volatile fatty acids (VFA, i.e. short-chain fatty acids, SCFA) into middle-chain fatty
acids (MCFA), which are also high-value products, for conditions of H2

fermentation.

ðchain elongationÞ CH3ðCH2Þ2COOHþ C2H5OH
! CH3ðCH2Þ4COOHþ H2O ð5:19Þ

These reactions suggest that acetate, butyrate and ethanol are the common
by-products of H2 fermentation. Theoretically, the acetate pathway exhibits the
highest yield as 4 mol-H2/mol-hexose. The existence of caproate does not affect
the hydrogen yield. Details will be discussed in Sect. 5.2.2.2.

5.2.2 Four Steps and Two Phases

The major reactions of anaerobic digestion are shown in Fig. 5.2. A complete map of
methane fermentation consists of many reactions that basically can be divided into
four steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis [9]. Another
way to describe the reactions is to classify them into two phases: the acidogenic
phase, which includes hydrolysis and acidogenesis, and the methanogenic phase,
which includes acetogenesis and methanogenesis.

5.2.2.1 Hydrolysis

Hydrolysis makes organic solids soluble and ready for a series of reactions. The
three major components of the organic solid waste undergo the following reactions:
polysaccharides are hydrolyzed into monosaccharides, proteins are hydrolyzed into
polypeptide and finally α-amino acids, and lipids, generally fats, are hydrolyzed into
glycerol and long-chain fatty acids.

Cellulose is the typical components in biowaste. The common cellulolytic bac-
teria, are Acetivibrio sp., Bacteroides sp., Cellulonomas sp., Clostridium sp.,
Ruminococcus sp., Spirochaeta sp., Fibrobacter sp. etc. Fungi are also considered
to be contributors to the anaerobic cellulolysis. The general proteolytic bacteria are
Bacteroides sp., Clostridium sp., Peptococcus sp., Bacterium sp., Bacillus sp., and
Thermobacteroides sp. Hydrolysis is generally performed by extracellular enzymes,
which proceed as first-order reactions. While the phenomenon of hydrolysis is
solubilizing the polymers into the liquid, it does not necessarily mean that they
become soluble only when the organics are fully hydrolyzed. During hydrolysis, the
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COD remains constant, whereas the TS (total solids) or VS (volatile solids) will
increase as a result of the free water added back onto the bonds where condensation
reactions occurred during synthesis.

5.2.2.2 Acidogenesis

Acidogenesis refers to reactions that generate VFA for the methanogenic phase.
When the operation involves a high-loading rate, the pH drops during this step. This
drop in pH is the basis of the term, “the acidogenic phase”. In the continuous
operation of CH4 fermentation, no pH drop is not always observed because the
produced organic acids are neutralized by the bicarbonate alkalinity.

Typically, acidogenesis occurs soon after hydrolysis. Acidogens could be obli-
gate anaerobic bacteria, e.g. Bacteroides sp., Butyrivibrio sp., Clostridium sp.,
Eubacterium sp., Fibrobacter sp., Fusobacterium sp., Peptococcus sp.,
Ruminococcus sp., and Selenomonas sp., etc., or facultative anaerobic bacteria,
e.g. Bacillus sp., Lactobacillus sp., Micrococcus sp., Staphylococcus sp., and
Streptococcus sp.

Hydrogen fermentation is the special case of acidogenesis of carbohydrates. It can
also be called dark fermentation, which sets it in contrast to H2 production via photo-
fermentation. Figure 5.3 shows the common pathways of dark fermentation [10], and
the reactions are listed above in Eqs. (5.13)–(5.15).

In those conversions, the electrons from dehydrogenation are transferred to
NADH and FdH2. When the FdH2 accumulates, the electrons and the protons escape
as molecular H2. Fd plays an important role in H2 fermentation by serving as the
active site of hydrogenase, which generally has a structure of iron-sulphur cluster.
Figure 5.4 shows the typical iron-sulphur cluster in a hydrogenase. Compared to the
[FeFe] hydrogenase, other types, e.g. [NiFe] hydrogenase and [NiFeSe] hydroge-
nase, have also been found [11]. Their existence indicates that the elements, S, Fe,
Ni, and Se, are important for the hydrogen and methane fermentation.

5.2.2.3 Acetogenesis

Acetogenesis includes the reactions that convert the products of acidogenesis into
acetates so that the methanogens can directly utilize them. Acetogenesis generally
oxidates the VFA into acetate and molecular hydrogen, where the acetate is the
oxidized product.

ðβ‐oxidationÞCH3ðCH2Þnþ2COOHþ 2H2O
! CH3ðCH2ÞnCOOHþ CH3COOHþ H2 ð5:20Þ

Molecular H2 can also be produced from the oxidation of VFA (acetogenesis).
However, the H2 from acetogenesis is different from that from acidogenesis (H2
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fermentation) because the former is thermodynamically unfavorable under standard
conditions. The VFA-oxidizing bacteria, i.e. acetogens, have to work syntrophically
with hydrogenotrophic methanogens, which reduce the partial pressure of the
produced H2.

glucose

2 NADH2

2 NAD+ 2 ADP+2 Pi

2 ATP

2 pyruvate

O

O

OH2
2 NADH2 2 NAD+

2 propionate

2
2 NADH2 2 NAD+

2 lactate

2

2 acetyl-CoA

S

O
CoA

FdH2

Fd2 CoASH

2 CO2
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O
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2
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OH
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CoASH

ADP+ Pi ATP

Fig. 5.3 Common pathways of dark fermentation. Fd/FdH2 is the oxidized/reduced state of
ferredoxin. CoA-SH is coenzyme A with its thiol group. NAD+/NADH2 is oxidized/reduced state
of nicotinamide adenine dinucleotide. Pi, ADP and ATP are free phosphate, adenosine diphosphate
and adenosine triphosphate, respectively
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5.2.2.4 Methanogenesis

Methanogenesis is the final step of CH4 fermentation. The electrons from the organic
compounds are transferred into CH4 to escape from the liquid. Four methanogenic
pathways are discovered as the elemental reactions for methanogens, as shown in
Eqs. (5.21)–(5.24) and Fig. 5.5 [12, 13]. For the CH4 fermentation from organic
solid waste, aceticlastic and hydrogenotrophic pathways are the major paths to
produce methane. From Eqs. (5.21) and (5.22), both the generated bicarbonate and
the consumed CO2 lead to a significant pH increase in the liquid phase.

ðaceticlasticÞ CH3COO
� þ H2O ! CH4 þ HCO�

3 ð5:21Þ
ðhydrogenotrophicÞ CO2 þ 4H2 ! CH4 þ 2H2O ð5:22Þ

ðmethylotrophicÞ 4CH3OH ! 3CH4 þ CO2 þ 2H2O ð5:23Þ
ðmethyl reductionÞ CH3OHþ H2 ! CH4 þ H2O ð5:24Þ

The factor F430 in coenzyme M is a nickel-containing compound. The methyl
group in CH3-H4MPT is firstly transferred to cobolamin then to coenzyme M
[14]. Cobolamin, i.e. vitamin B12, is a cobalt-containing compound. Again, these
factors highlight the importance of the trace elements Ni and Co in CH4

fermentation.
Recent studies have revealed that the direct interspecies electron transfer (DIET)

is a kinetically efficient pathway for syntrophic methanogenesis [15]. The electrons
from the oxidation of molecules were transferred through the (semi-)conductors,
which is much faster than the electron carriers through the mass transfer of liquid.
The DIET can occur by outer-surface c-type cytochromes, by the conductive pili or
endogenous nanowires (in Geobacter sp.) or by exogenous conductive materials
(activated carbon, nanoparticles or graphene) [16–18]. More mechanisms are being
discovered to accelerate the methanogenesis in different microflora.
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Fig. 5.4 Three common structures of ion-sulphur cluster in ferredoxin. Cys is short for cysteine
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5.2.3 Operational Parameters

5.2.3.1 Temperature

Both H2 and CH4 fermentation are conducted by microorganisms. The stable
production of those products requires the process to run stably at the appropriate
ranges of temperatures, especially in the case of CH4 fermentation, which needs
different microbes in order to cooperate with one another through all of the path-
ways. Generally, the temperature ranges can be divided into these domains: psy-
chrophilic (0–20 �C), mesophilic (30–38 �C), thermophilic (50–60 �C) and hyper-
thermophilic (65–90 �C).

For CH4 fermentation, mesophilic temperatures are most applied because the
energy input for heating is low. Because mesophilic conditions allow a large
microbial community to be retained, the system is more stable to the shock of
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Fig. 5.5 Pathway A, B, C, and D are aceticlastic methanogenesis, hydrogenotrophic
methanogenesis, methylotrophic methanogenesis, and methyl reduction methanogenesis, respec-
tively. CHO-MFR is formyl-methanofuran. CHO-H4MPT, CH�H4MPT, CH2¼H4MPT, and
CH3H4MPT are formyl-, methenyl-, methylene-, and methyl-tetrahydromethanopterin. CoB-SH
and CoM-SH are the thiol groups from coenzyme B and coenzyme M, respectively. F420/F420H2 are
the oxidized and reduced states of coenzyme F420. MePh/MePhH2 are the oxidized and reduced
states of methanophenazine. F430 is coenzyme F430. The substrates and the products of each
pathway are labeled by the subscript “in” and “out”, respectively
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loading rates or inhibitors. VFA accumulation tends to occur less frequently under
mesophilic conditions with better effluent quality. As the second most commonly
applied conditions, thermophilic conditions are associated with higher reaction rates
than those under mesophilic conditions, especially for cellulose. Under thermophilic
conditions, the performance of pathogen deactivation is better, as well [19]. Since
thermophilic conditions are associated with an increase in the leftover VFA, a low
diversity in the microbial community and an increased risk of instability, these
conditions are more suitable to pretreatment [20]. As for other ranges, psychrophilic
condition will greatly slower the reaction rates of microbes and hyper-thermophilic
condition will deactivate the aceticlastic methanogens.

In the case of H2 fermentation, temperature is less restricted because it is mostly
conducted by bacteria rather than methanogenic archaea. The thermophilic condition
is broadly used for its high conversion rates. Still, a relatively stable temperature is
necessary to avoid the malfunction of microbial communities.

5.2.3.2 pH and Alkalinity

The pH is the prime parameter for microorganisms to grow and function. Acidogenic
bacteria have a wide optimal range of 4.0–9.0 while the general pH range for
methanogenic archaea is 7.0–8.0. When discussing the inhibition caused by NH3

or H2S, their forms of free molecules are considered to be the direct cause of
inhibition because the neutral forms can permeate through the cell membrane by
free diffusion.

As shown in Fig. 5.6(a), the pH in the bulk liquid influences the distributions of
acid/base pairs. For certain acid/base pairs, e.g. NH3/NH4

+ or H3PO4/H2PO4
�/

HPO4
2�/PO4

3�, a given pH fixes the distribution coefficients in those different
forms under a certain temperature. The distribution coefficients are also determined
by the dissociation coefficient pKa of the acid/base pairs. Because different acid/base
pairs have different dissociation coefficients, the pH-buffering capacity, which could
be determined by Eq. (5.25), varies over different pH range. Still, the buffering
capacity is a monotonic function of pH. The pH that the solution presents is the
“compromised” result of all the acid/base pairs.

β ¼ 1
Vc

� dn
dpH

ð5:25Þ

where β is the buffering capacity; V is the volume of the solution (regardless of the
added strong acid or base); c is the total concentration of the acid/base pairs; and n is
the amount of proton or hydroxyl ions added to the system with a strong acid or base.

To obtain the integrated buffering capacity of a solution from one pH to another,
alkalinity is measured by titration. As shown in Fig. 5.7, the relation between
alkalinity and pH is given by
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Alkalinitya‐b ¼
X
i

ci

Zb

a

βidpH

0
@

1
A ð5:26Þ

where βi is the buffering coefficient of the acid/base pair i; ci is the total concentra-
tion of the acid/base pairs i; a and b are the initial and the terminal pH of titration,
respectively.

The word alkalinity can refer to the property of a matter to neutralize acids and the
measure of its capacity of neutralizing acids. When referring to the property,

0

20

40

60

80

100

0 2 4 6 8 10 12 14
pH

δ i
(%

)
δ0 δ1 δ2

0

20

40

60

80

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

β
(m

ol
-H

+ /m
ol

/p
H

) ammonia

VFA

bicarbonate

carbonate

(a)

(b)

Fig. 5.6 (a) Distribution coefficients of H2CO3 (δ0), HCO3
� (δ1), and CO3

2� (δ2) over pH with
pKa1¼ 6.38 and pKa2¼ 10.30; (b) the buffering capacity of carbonate, ammonia, and VFA systems
over pH, which were calculated by the grid of ΔpH ¼ 0.05
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alkalinity could be ranked by strength depending on how high the pKa is. When
referring to the capacity, it has the dimension of concentration and presents as the
equivalent content as that of CaCO3. It is difficult to calculate the alkalinity even if
all the concentrations of acid/base pairs are exhaustively known unless a numeric
approximation is considered reasonable. On the other hand, it is reasonably easy to
determine alkalinity via experimental titration.

As shown in Fig. 5.6(b), the acid anions of VFA also have buffering capacity in
the range of 4.0–5.0, which explains the stability of pH in the acidogenic phase even
after a considerable quantity of organic acids are produced. However, in the pH
range of methanogenesis, which is 7.0–8.0, bicarbonate is the most alkalinity
contributor.

Ammonia is considered the source of alkalinity in anaerobic digestion. The amino
groups in proteins are primarily degraded into free ammonia, which has the property
of alkalinity. Then, when the free ammonia reacts with carbonic acid as soon as it
was formed, its alkalinity is also “transferred” to the bicarbonate anion. Therefore,
the free ammonium and the produced bicarbonate have equivalent molar concentra-
tions. With regard to the properties, free ammonia has stronger alkalinity than
bicarbonate anions.

5.2.3.3 Retention Time

A high rate of treatment requires a short retention time, whereas the retention time
cannot be too short because the microorganisms take time to grow. In cases when
cell loss is at a faster rate than the cell growth, the process cannot run continuously.
The hydraulic retention time (HRT) is defined to assess the treatment capability of
the process and the sludge retention time (SRT) is defined to ensure the growth of the
microorganisms. In the fields of waste and wastewater treatment, many processes are
able to retain biosolids (microorganisms) within the process so that the SRT is longer
than the HRT, allowing enrichment with slow-growing microbes (especially

Fig. 5.7 Relations between alkalinity and buffering capacities.
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anaerobes) and the degradation of pollutants with high-loading rates. Typical pro-
cesses with this feature are the UASB (up-flow anaerobic sludge bed) and the MBR
(membrane biological reactor). The sludge in the UASB granulates itself with a good
settleability to precipitate before the outlets. The MBR retains sludge with mem-
brane rejection. In both of these processes, a high-solid content will result in failure
by either pushing out the granular sludge or blocking the pores on the membrane. For
those reasons, the CSTR (completely stirred tank reactor) is widely used for high-
solid biowaste. The HRT in the CSTR is equivalent to the SRT since, rather than
being separated, the sludge flows out of the process with the liquids.

5.2.3.4 Common Challenges in Methane Fermentation

The rate-limiting steps in CH4 fermentation can be either hydrolysis or
methanogenesis depending on a range of different phenomena. In most cases,
hydrolysis is the rate-limiting step due to the microbial limits by mild temperature
and the contact surface. Hydrolysis can be promoted by enhancing pretreatment or
solubilization, e.g. by heat treatment, steam explosion, acid/alkaline adjustment, or
adding external enzymes. The phenomena of low removal efficiency in combination
with the low accumulation of intermediate products (VFA) could imply the limita-
tion of hydrolysis.

The limitation of methanogenesis is more indirectly mentioned but it is more
frequently described as acidification or failure. Generally, the methanogenic archaea
have lower abundances and slower growth rates than the acidogenic bacteria. Slow
methanogenesis essentially loses the dynamic equilibrium with acidogenesis,
resulting in the accumulation of intermediate products (VFA, e.g. acetate, propio-
nate, etc.), and reducing the pH of the liquid until it is irreversible. The limitation of
methanogenesis can be caused by many factors, e.g. overly high-loading rates, an
overly short SRT, a lack of trace elements, the inhibition of NH3 (3–5 g/L), H2S
(0.1–0.8 g/L), and LCFA (0.74–2.56 g/L), etc [19, 21, 22]. Those factors share
similar consequences of acidification and VFA accumulation but some of them were
attributed to the characteristics of the biowaste. The limitation of methanogenesis
can be considered a limitation of the feeding materials unless the cause can be
removed.

5.2.3.5 Common Challenges in Hydrogen Fermentation

The key to carrying out H2 fermentation is to eliminate the hydrogenotrophic
methanogens while keeping the acidogenic bacteria. Since general natural inocula
contain both acidogenic and methanogenic microorganisms, the key option to
generate H2 is to inhibit the hydrogenotrophic methanogenesis. At present, H2

fermentation can be achieved by heat treatment, washing out and inhibiting
hydrogenotrophic methanogens. Heat treatment involves heating the inoculum, to
at 90 �C for 30 min, to deactivate the methanogens while the H2 producers,
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e.g. Clostridium sp., can preserve themselves as spores. It is also possible for
methanogenic inhibitors to deactivate the methanogens, but continuous addition is
required after being washed out. In the continuous operation, controlling the SRT
(¼HRT in CSTR) is the effective method to eliminate methanogens. The time course
of the microorganisms (sludge or volatile suspended solids, VSS) is described as

X tð Þ ¼ e μ�1
τð ÞtX0 þ 1

1� μτ
1� e μ�1

τð Þth i
� Xin ð5:27Þ

where X is the microbial concentration; X0 and Xin are the microbial concentration
in CSTR and in the feeding stream, respectively; τ is the HRT of the process, τ ¼ V/
Q; and μ is the (average) relative microbial growth rate, in a batch mode μ ¼ d(lnX)/
dt.

Supposing the microbe content in the influent is negligible and the relative
microbial growth rate remains constant, the ultimate concentration of the microbes
depends on whether the term (μ –1/τ) is positive or negative. Even if the
methanogens are growing, when their growth rates are not high enough (0 < μ <
1/τ), they will still be washed out from the CSTR.

Continuous H2 fermentation requires specific environmental conditions than CH4

fermentation. The pH values in the dark fermentation for H2 are kept low by the
accumulated VFA. One risk is that the pH may become uncontrollable by lactic acid
from the influent, and another is that typical bacteria may not grow under low pH. As
mentioned before, the digested effluent has a higher pH and alkalinity concentration.
An important design for the continuous process is introducing the effluent of CH4

fermentation to supply bacteria and alkalinity for the H2 fermentation [23]. After
years of trials, researchers have found that a configuration of R-TPAD process is
suitable and flexible for stabilizing and optimizing the H2 and CH4 fermentation.

5.3 Characteristics of recirculated R-TPAD process

5.3.1 Model of Two-Stage CSTR with Recirculation

Before introducing applications of R-TPAD processes, the characteristics of
R-TPAD need to be presented. In this section, the hydraulic characteristics of
recirculated two-stage CSTR process are explained.

A schematic diagram of a two-stage CSTR process is illustrated in Fig. 5.8. The
mixing in each reactor is presumably sufficient because they are CSTRs. The flow
rates in the influent and effluent are Q. The volume of the first and second reactors
are V1 and V2 (V1 6¼ V2 ), respectively. The concentration of the tracer in the feeding
stream, first, and second stages are cin, c1, and c2, respectively. R is the ratio of the
recirculated stream to the feeding stream. The hydraulic retention time (HRT) of
each stage is not defined at this point, because it alternates due to R. Still, the time
constants are defined as the ratio of the working volume over the flow rate, i.e. τ1 ¼
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V1/Q, τ2 ¼ V2/Q. All of the parameters above are constant in an operating condition
except c1 and c2, which are variant by time to discuss the transient properties. Thus,
the time course of c1(t) and c2(t) is described by the following equation set. All the
time course functions are defined on [0, +1) by default and turn out 0 for the rest of
the real numbers, i.e. the step function is invisibly multiplied.

V1
dc1
dt

¼ Qcin � ð1þ RÞQc1 þ RQc2

V2
dc2
dt

¼ ð1þ RÞQc1 � ð1þ RÞQc2

8><
>: ð5:28Þ

To efficiently solve the ordinary differential equation set, the Laplace transform is
applied,

sC1 � c1,0 ¼ 1
τ1
½cin=s� ð1þ RÞC1 þ RC2�

sC2 � c2,0 ¼ 1
τ2
½ð1þ RÞC1 � ð1þ RÞC2�

8><
>: ð5:29Þ

where C1 ¼ C1 sð Þ ¼ L c1 tð Þf g, C2 ¼ C2 sð Þ ¼ L c2 tð Þf g; c1,0 and c2,0 are the con-
stants denoting the initial concentrations of the tracer spiked into the first and second
stages, respectively.

The solutions of the set of equations, Eq. (5.30) are

C1 ¼ 1þ Rþ τ2s
sAðsÞ cin þ 1þ Rþ τ2s

AðsÞ τ1c1,0 þ R
AðsÞ τ2c2,0

C2 ¼ 1þ R
sAðsÞ cin þ

1þ R
AðsÞ τ1c1,0 þ 1þ Rþ τ1s

AðsÞ τ2c2,0

8>><
>>: ð5:30Þ

where A(s) ¼ (1 + R + τ1s)(1 + R + τ2s) – R(1 + R).
The roots of the quadratic equation A(s) ¼ 0 are ω1 ¼ �2

τ1þτ2�τΔ
and ω2 ¼ �2

τ1þτ2þτΔ
,

respectively, where the intermediate parameter τΔ≔
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ12 þ τ22 � 2τ1τ2 1�R

1þR

q
, which

can be regarded as the third side of a triangle when two sides (τ1, τ2) and the included
angle (θ, such that cos θ ¼ 1�R

1þR) are given.
Therefore, the time course concentrations are obtained after the inverse Laplace

transform of Eq. (5.30).

QX ,in )1( RQ �

RQ �

Q
11,VX 22 ,VX

Fig. 5.8 Recirculated
two-stage CSTR process
and process parameters
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c1 tð Þ ¼ 1
τΔ

1
ω2

eω2t � 1
ω1

eω1t

� �
þ 1þ eω2t � eω1t

1þ Rð ÞτΔ τ2

� �
cin

þ eω2t � eω1t

τΔ
þ ω2eω2t � ω1eω1t

1þ Rð ÞτΔ τ2

� �
τ1c1,0 þ eω2t � eω1t

1þ Rð ÞτΔ Rτ2c2,0 ð5:31Þ

c2 tð Þ ¼ 1
τΔ

1
ω2

eω2t � 1
ω1

eω1t

� �
cin þ eω2t � eω1t

τΔ
τ1c1,0

þ eω2t � eω1t

τΔ

� �
þ ω2eω2t � ω1eω1t

1þ Rð ÞτΔ τ1

� �
τ2c2,0 ð5:32Þ

The solutions above were sorted according to the sources of the tracers. The
coefficients of cin in the reactor are the integration of the corresponding coefficient of
τ1c1,0. Equations (5.31) and (5.32) can also be sorted as

c1ðtÞ ¼ �1
τΔω1

cin þ �τ2
ð1þ RÞτΔ cin þ�τ1

τΔ
c1,0 þ �ω1τ1τ2

ð1þ RÞτΔ c1,0 þ �Rτ2
ð1þ RÞτΔ c2,0

� �
eω1t

þ 1
τΔω2

cin þ τ2
ð1þ RÞτΔ cin þ τ1

τΔ
c1,0 þ ω2τ1τ2

ð1þ RÞτΔ c1,0 þ Rτ2
ð1þ RÞτΔ c2,0

� �
eω2t

þ cin

ð5:33Þ

c2ðtÞ ¼ �1
ω1τΔ

cin þ�τ1
τΔ

c1,0 þ�τ2
τΔ

c2,0 þ �ω1τ1τ2
ð1þ RÞτΔ c2,0

� �
eω1t

þ 1
ω2τΔ

cin þ τ1
τΔ

c1,0 þ τ2
τΔ

c2,0 þ ω2τ1τ2
ð1þ RÞτΔ c2,0

� �
eω2t þ cin ð5:34Þ

Both concentrations have the time-variant (transient-state) components and the
constant (steady-state) component. The time-variant components approach 0 since
they are controlled by the decaying items, eω1t and eω2t (ω1, ω2 < 0). The constant
components in both stages are the influent concentration cin, which is also the final
concentration of c1,0 and c2,0.

For a process with V1 ¼ V2, the above results are still functionable if R 6¼
0, whereas, if V1 ¼ V2 ¼ V and R ¼ 0, there will be τΔ ¼ 0 in the denominator of
the time-variant components. Since ω1 ¼ ω2 at the same time, the solutions can be
achieved by τ1 ! τ2 ¼ τ. In this case, where the cascaded CSTRs have been
intensively discussed, Eqs. (5.31)–(5.34) will be
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c1 tð Þ ¼ 1� e�
t
τ

� �
cin þ e�

t
τ � c1,0

c2 tð Þ ¼ 1� 1þ t
τ

� �
e�

t
τ

h i
cin þ t

τ
e�

t
τ � c1,0 þ e�

t
τ � c2,0

8><
>: ð5:35Þ

(
c1ðtÞ ¼ ðc1,0 � cinÞe�t

τ þ cin

c2ðtÞ ¼ ðc1,0 � cinÞ � tτ e
�t

τ þ ðc2,0 � cinÞe�t
τ þ cin

ð5:36Þ

Whether V1 ¼ V2 and R ¼ 0 or not determines the forms of the equations of the
time course. The hydraulic characteristics of the process are still continuous with
respect to the other parameters since the limits of V1 ! V2 on both sides are equal to
the case when V1 ¼ V2.

5.3.2 Spatial Distribution

The hydraulic characteristics of the recirculated two-stage process can be explained
as follows. Firstly, to obtain the total amount of the tracer from each source, the
equivalence between the initial amount and the final amount is utilized. The initial
concentrations in the first and second stage are from a pulse in the influent. When t¼
0, the function of the initial concentration can be described as c1,ini(t)¼ k1δ(t) and c2,
ini(t) ¼ k2δ(t).

Z þ1

�1
Qc1,iniðtÞdt ¼ input ¼ output ¼

Z þ1

�1
Q

∂c2
∂c1,0

c1,0dt

¼ Qc1,0
∂C2ðsÞ
∂c1,0

			
s¼0

¼ Qc1,0τ1 ð5:37Þ

where δ(t) is the unit pulse function;
Rþ1
�1 c2 tð Þdt ¼ Rþ1

�1 c2 tð Þe�stdt
h i			

s¼0
¼

L c2 tð Þ½ �js¼0 ¼ C2 sð Þjs¼0 ;
∂c2
∂c1,0

indicates the coefficient of c1,0 as its contribution to

the effluent concentration c2. Therefore, k1 ¼ c1,0τ1 and c1,ini(t) ¼ c1,0τ1δ(t). Simi-
larly, c2,ini(t) ¼ c2,0τ2δ(t).

The HRT of the tracers from the initial condition ci,0 till the outlet of the reactor
j is defined (i, j ¼ 1, 2) by

HRTi@j ¼
Rþ1
�1 t � Q ∂c jðtÞ

∂ci,0
ci,0dtRþ1

�1Qci,iniðtÞdt
¼ 1

τi
�
�
� d
ds

∂C jðsÞ
∂ci,0

			
s¼0

�
¼ μ1,i@j ð5:38Þ

Also, the hydraulic variance (2nd moment about the mean value) is calculated by
the 2nd moment about the origin point.
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μ2,i@j≔

Rþ1
�1 t2 � Q ∂c jðtÞ

∂ci,0
ci,0dtRþ1

�1Qci,iniðtÞdt
¼ 1

τi
� ð�1Þ2 d2

ds2
∂C jðsÞ
∂ci,0

			
s¼0

ð5:39Þ

σ2i@j≔μ2,i@j � μ21,i@j ð5:40Þ

The results of the HRT and the hydraulic variance are expressed in matrices.

M1≔
HRT1@1 HRT2@1

HRT1@2 HRT2@2

� �
¼

τ1 þ R
1þ R

τ2
R

1þ R
τ1 þ τ2ð Þ

τ1 þ τ2
R

1þ R
τ1 þ τ2

2
64

3
75 ð5:41Þ

M2≔
σ21@1 σ22@1

σ21@2 σ22@2

" #
¼

�
τ21 þ τ22 þ

2Rτ1τ2
1þ R

� 1 1

1 1

� �

� 1

ð1þ RÞ2
τ22 τ21 þ τ22
0 τ21

" #
ð5:42Þ

The results indicate that the Rwill increase the HRT and the hydraulic variance of
the tracers within the process. For the tracers that initially departed from the second
stage, recirculation makes it possible to retain those tracer in the first stage. The
number of theoretical plates N in the R-TPAD is defined as

N≔
μ21@2

σ21@2

¼ τ1 þ τ2ð Þ2
τ1 þ τ2ð Þ2 � 2τ1τ2= 1þ Rð Þ ¼

1
1� 2τ1τ2

τ1þτ2ð Þ2 = 1þ Rð Þ ð5:43Þ

The CSTR and plug flow reactor (PFR) are the two extremes of the typical
reactors. In the case of the CSTR, HRT ¼ τ, σ2 ¼ τ2. For PFR, HRT ¼ τ, σ2 ¼ 0.
It is clear that while HRT is always the quotient of V toQ regardless of the flow types
inside the reactor, the hydraulic variance is related to the flow type. The maximal
variance of the reactor is achieved in CSTR as τ2 and the minimum is in PFR as 0.

For the R-TPAD process, when R ¼ 0, M1 ¼
τ1 0

τ1 þ τ2 τ2

� �
, M ¼

τ21 0

τ21 þ τ22 τ22

" #
,N ¼ τ1þτ2ð Þ2

τ21þτ22
2 1, 2ð � . Without recirculation, the tracers departed

from the initial 1st or 2nd stage act as a 1-stage CSTR. There will not be a tracer from
the initial 2nd stage flowing back into the 1st stage. The tracer from the initial 1st stage
has to take averagely τ1 + τ2 to pass through the 2

nd stage, which represents the HRT of
the whole process. Compared to the 1-stage CSTR, the variance of the two-stage
CSTRs is reduced from the square of the HRT of the whole process (τ1 + τ2)

2 to the
sum of the square of the total HRT of each stage, i.e. τ1

2+τ2
2. It can be induced that the

hydraulic variance of n-stage CSTR is σ2n ¼
Pn

i¼1τ
2
i . When n goes to infinity, σ2n goes
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to 0, which is the reason why PFR can be regarded as the infinite stages of cascaded
CSTRs.

When R goes to infinity,M1!
τ1þτ2 τ1þτ2

τ1þτ2 τ1þτ2

� �
,M2! τ1þτ2ð Þ2 τ1þτ2ð Þ2

τ1þτ2ð Þ2 τ1þτ2ð Þ2
" #

,

N!1. Now the HRT of all the tracer in both stages increases to the same value as
τ1 + τ2, which is the HRT of the whole process, and all the hydraulic variances are
the same as well as the square of the HRT. Those characteristics suggest that the
two-stage CSTR becomes one-stage if the R is sufficiently large.

When R ¼ 1, M1¼
τ1þτ2

2
τ1þτ2

2

τ1þτ2
τ1
2
þτ2

2
4

3
5, M2¼

τ21þ
3
4
τ22þτ1τ2

3
4
τ21þ

3
4
τ22þτ1τ2

τ21þτ22þτ1τ2
3
4
τ21þτ22þτ1τ2

2
64

3
75,

N¼ 1
1�τ1τ2= τ1þτ2ð Þ22 1, 43


 �
. The HRT of all tracers from each stage is just the midpoint

between M1(R ¼ 0) and M1(R ¼ 1), which means the condition of R ¼ 1 places the
R-TPAD process right in the middle between the one-stage and two-stage CSTRs.

As for the number of theoretical plates N, when R¼ 0, the N in R-TPAD reaches a
maximum of 2 when τ1 ¼ τ2. The other limits is 1 when R goes to infinity and
whatever the τ1 and τ2 are. When R ¼ 1, τ1 ¼ τ2 also leads to the maximum of N but
the maximum is 4/3. The HRTs, τ1 and τ2, are fixed once the process was designed,
but R can be adjusted to finely control the hydraulic properties of N.

5.4 Applications of the R-TPAD Processes

5.4.1 Separation of Acidogenic Phase and Methanogenic
Phase

The co-production of H2 and CH4 from organic solid waste dates back to the
two-phase UASB process used to treat organic wastewater in 1971 [24, 25]. A
conventional methane fermentation reactor contains both an acidogenic phase and
a methanogenic phase within 1 stage. When the process is comprised of two stages
and the HRT in the first stage is shorter than 3–5 days, the first stage cannot retain
methanogens and the intermediate products, i.e. VFA and H2, accumulate, which is
referred to as “phase separation”. After decades of development, the process for
organic wastewater treatment has been adapted to treat organic solid waste. For
wastewater treatment, the feeding concentration is relatively low as 1–2% (on TS) or
10–20 g-COD/L, where UASB is applicable and the biosolids (wastewater/micro-
organisms) can be easily separated from the liquid within the reactor. However, in
the case of organic solid waste, the feeding concentration can reach 5–20% (on TS)
or 50–200 g-COD/L. High concentrations of solid waste require both higher con-
centrations of microorganisms and a longer time for hydrolysis. Hence, the CSTR is
used more widely in the treatment of organic solid waste.
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5.4.2 Coupling Recirculation

Besides phase separation, more requirements are needed for H2 production including
appropriate pH, functional microorganisms, and limited H2-consumers. The desired
pH range, about 4.5–6.0, can be achieved via pH adjustment by external alkaline and
acid. Typical H2 producers are rumen bacteria, many of which hardly grow in the pH
range of H2 fermentation. Low growth rates under a low pH range can result in the
H2-producers being washed out of the reactor. As shown in Fig. 5.9, coupling the
effluent recirculation to the two-phase process can solve the problems of adjusting
pH and losing H2-producers, with a third advantage of diluting the feeding materials.

The recirculated effluent also introduces a new problem: it introduces
H2-consumers in the form of hydrogenotrophic methanogens. Some researchers
have turned to conventional methods to deactivate or separate the methanogens,
like heat treatment, sedimentation, and aeration. Recently, researchers have been
focusing on the fine control of R, and have succeeded in running the reactor while
avoiding hydrogenotrophic methanogenesis. In Eq. (5.41), the HRT2@1 of the tracers
describes the hydraulic behavior of the methanogens in the first stage, which
increases from 0 to τ1 + τ2 with R from 0 to infinity. The equation suggests that
small R values are preferable so that HRT2@1 is short enough to wash out those
methanogens. The R also increases the HRT1@1 by τ2�R/(1+R), allowing more slow-
growing microbes to grow within the first stage and also to avoid the washout. Since
different cases may require different values or ranges of R to produce hydrogen, a
strategy was proposed to find out the appropriate R by narrowing the probable range
(Fig. 5.10). [26] Another strategy is to apply a dynamic R according to performance.
[27]

In the R-TPAD process, the acidogenic phase, as the first stage, can pre-convert
the feeding organic solid waste into soluble compounds and produce H2. It can also

Intermediate productsInfluent organics Gaseous products Acidogens Methanogens

starch

glucose HLa

HBu, HCa

HAc, ethanol

H2
CH4

cellulose glucose

VFA
Ac- H2

proteins lipids residue
..

cellulose
starch, 
HLa, etc.

Recirculation

growthgrowth

(inhibited)

Hydrogen 
fermentation

Methane 
fermentation

cellulose
VFA, etc.

B
IO

W
A
S
T
E

Alkalinity, H2 producers

Hydrolysis
Acidogenesis
Acetogenesis

Methanogenesis

Hydrolysis
Acidogenesis
Acetogenesis
Methanogenesis

Fig. 5.9 Mechanisms of H2 and CH4 fermentation in recirculated two-phase anaerobic digestion
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hydrolyze the biosolids in the recirculated sludge so that the total organic removal is
higher than that without recirculation. [28] The methanogenic phase, as the second
stage, degrades the leftover intermediate products after H2 fermentation, produces
CH4 and provides the alkalinity and H2-producers for the first stage. By coupling
recirculation in the two-phase process, fermentation of H2 and CH4 becomes mutu-
ally beneficial with R-TPAD.

5.4.3 Co-production of Hydrogen and Methane

5.4.3.1 Food Waste

Food waste (FW) is commonly used as the substrate for the co-production of H2 and
CH4. The largest or the second-largest fraction of municipal solid waste (MSW) is
FW [86]. Typical FW consists of starch, cellulose, proteins, and lipids with varying
compositions. During its storage before treatment, lactic acid fermentation occurs
even at a low temperature of 4 �C, resulting in high concentrations of lactic acid and
low pH in the feedstock. A low pH, at around 4.0, helps to reduce the pH in the
acidogenic phase. [87] On the other hand, after anaerobic degradation, the proteins in
FW can generate sufficient alkalinity to sustain the appropriate pH for CH4 fermen-
tation. The low pH makes FW the most suitable biomass for the co-production of H2

and CH4 with the R-TPAD. Similar types of biowaste, e.g. household solid waste,
fruit waste or vegetable waste are also suitable.

pH

R

CH4%
increase

(with pH>5.5)

Methanogens
exist

reduce

observe

decrease

pH<4 5

increase

insufficient
alkalinity 

start operation

pHpH<4.5

long-term observation

4.5 ≤ pH ≤ 5.5
CH4%→0

Fig. 5.10 Strategy of
adjusting recirculation ratio
R to produce H2 in R-TPAD
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Results of studies on H2 and CH4 fermentation of FW are listed in Table 5.2.
Initially, some cases could produce H2 and CH4 without pH adjustment and
recirculation. In most cases, however, pH adjustment and recirculation were
required, and in some cases the recirculated sludge required treatment, implying
that running the two-phase process by itself might not be sufficient to produce H2

due to different compositions of the source biowaste. Liquid/solid separation,
aeration, pH and heat treatment were used in the early studies. Many researchers
equipped online systems for automatic pH adjustment, where their target pH for
hydrogen fermentation is 5.5. Since methanogenesis converts the anions of organic
acids into bicarbonate, the increasing pH in the methanogenic effluent confirmed that
alkaline was consumed to adjust the pH in H2 fermentation. [55] A number of
different processes have met with success at promoting the stable operation of the
system by recirculating raw effluent with small R values of less than 1.0.

5.4.3.2 Agro-Industrial Waste

Crop processing industries produce carbohydrates in the form of starch, sugar, and
ethanol. The relevant wastes are root bagasse, sugarcane bagasse, and stillage, which
are lignocellulosic plant tissues. In traditional small-scale agriculture, such leftover
biomass was used as feed for livestock. There are, however, cases where the
biowaste does not meet the standards for husbandry feedstock. In large-scale indus-
try of modern agriculture, those residues tend to be converted into high-value
products. Fermentation for H2 and CH4 has great potential in the treatment of
agricultural biowaste. Results of studies on H2 and CH4 fermentation from agro-
industrial waste are listed in Table 5.3. Compared with FW, which is the mixture of
different sources of materials, whose nitrogen content is sufficient for buffering the
pH for CH4 fermentation, the deficiency of nitrogen and trace elements occurs in
most cases of agro-industrial waste, which is attributed to their being collected from
single sources [88]. For some types of waste, e.g. straw or algae, their compact
structures of lignocellulose were remained during the treatment of fermentation. The
compact structure is formed by the lignin wrapping around the cellulose
(or hemicellulose) fibers but the lignin is undegradable for anaerobic microorgan-
isms. Pretreatment is needed to destroy such structure and expose the cellulose or
hemicellulose, thus optimizing their pretreatment is a research topic for not only
two-phase processes, but also for any other types of fermentation.

5.4.3.3 Co-Digestion

Nitrogen-rich biowaste from municipal and agricultural sources, e.g. sewage sludge,
including primary sludge and waste activated sludge, or animal manure, can main-
tain the pH at levels higher than 7.0 during anaerobic degradation (CH4 fermenta-
tion). Sewage sludge and animal manure are typical materials for CH4 fermentation
since early times, but their acidification for H2 fermentation is almost impossible.
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Even at hyper-thermophilic temperatures, the pH was reported to be 6.5, at a stage
with an abundance of hydrogenotrophic methanogens and methane being produced
[89, 90]. As listed in Table 5.4, biowastes that were not considered suitable for H2

fermentation have been co-digested with other wastes, e.g. FW or FW-containing
MSW. The nitrogen-rich biowaste can provide nitrogen and alkalinity for the H2

fermentation of mixed waste. However, in the R-TPAD process, the nitrogen and
alkalinity from the influent become less necessary but the recirculated sludge from
CH4 fermentation can also provide the living H2-producers. Although co-digestion is
a hot topic in treating biowaste, increasing the nitrogen content of the feeding
mixture for R-TPAD is not as significant as other types of processes. Moreover,
alkaline fermentation is another way to generate H2 from nitrogen-rich waste. [85]

5.5 Conclusions and Future Outlook

In this chapter, the fundamentals of anaerobic fermentation for H2 and CH4 are
introduced. Methane fermentation is the natural reaction of anaerobic degradation,
but anaerobic H2 production requires a more controlled set of conditions since H2 is
an intermediate product of CH4 fermentation. Methane can be generated from a
diverse source of organic solid waste, while hydrogen can only be generated from
starch or soluble carbohydrates. The recirculated two-phase anaerobic digestion
(R-TPAD) process, which converts biowaste into H2 and CH4 simultaneously, can
be finely adjusted by the recirculation ratio to hydraulically separate the biological
phases. With regard to the sources of biowaste, food waste is the major source and
agro-industrial waste is the second most plentifully available source. The major
challenges of H2 and CH4 fermentation are that lignin cannot be degraded by
anaerobic microorganisms and that the conversion rates are slow compared to
other methods with high temperatures or high pressure, or other physical and
chemical treatments. Enhancing saccharification within the acidogenic phase can
increase the H2 yield from the source biomass.

Still, most of the studies on these systems have been conducted at the lab-scale or
in pilot-scale reactors, where some problems might be hidden in the continuous
operation of H2 and CH4 fermentation. This does not detract from the enormous
potential of anaerobic H2 and CH4 fermentation to fully realize the biogasification of
the organic solid waste. The combination of R-TPAD with recently attracting topics,
e.g. direct interspecies electron transfer, membrane bioreactor, etc., is considered to
be the remarkable studies in the recent future. Applying the automatic control and
artificial intelligence will also solve the problem of continuous stability. With
deepened understanding towards the process, configuration of R-TPAD can be
applied for other purposes or in other fields. For the whole R-TPAD process,
which can be seen as a multiple-input multiple-output system, more studies are
required to investigate the relations between the operation parameters to the vari-
ables of yields and stability. Further optimization of the R-TPAD should be
conducted both in theory and practice.
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Chapter 6
Recycling of Multiple Organic Solid Wastes
into Biogas via Anaerobic Digestion

Nima Hajinajaf, Manali Das, Pradipta Patra, Amit Ghosh,
and Arul M. Varman

Abstract The accumulation of solid organic wastes (SOW) has reached critical
levels globally and therefore, sustainable management of wastes is the key to
minimize the risks to human health, avoid depletion of natural resources, reduce
environmental burden and maintain the ecological balance. SOWs mainly include
food waste, animal manure, waste activated sludge, yard waste, and agricultural
waste. Anaerobic digestion (AD) is one of the most viable and popular technologies
for recycling the organic fraction of solid wastes for the production of renewable
energy in the form of biogas that can be crucial in meeting the world’s ever-
increasing energy demands. Employing sophisticated treatment techniques for the
diverse organic fractions present in solid wastes enable proper waste management as
well as add value to the economy. Detailed knowledge about the physical properties
of these SOWs to determine suitable operating conditions as well as research on the
genetic engineering of microbes involved in the AD process are needed to produce
biogas efficiently. This chapter summarizes the science underlying the anaerobic
digestion process, different feedstock types, the diverse array of microorganisms
involved, process variables crucial for AD efficiency, industrial scope of the
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different reactor modes, and the optimization and pretreatment methods to improve
process efficiency.

Keywords Renewable energy · Solid organic wastes · Anaerobic digestion models ·
Resource recovery · Pretreatment

6.1 Introduction

The energy crisis in the twenty-first century caused by global population swelling
and the development of industries has reached an unprecedented level. Currently,
fossil fuels are the main source of world energy which are non-renewable and cause
environmental pollution that has triggered scientists’ motivation to look for renew-
able, clean sources [1]. Besides, the world is currently witnessing a tremendous
increase in the production of solid wastes. A major quantity of the generated solid
wastes is organic by nature, and they originate from the municipal, industrial and
agricultural sectors. Municipal solid wastes (MSW) are one of the most common
organic solid wastes and it is projected that by 2025, the annual MSW production
could reach 2.2 billion tonnes [2]. Agricultural wastes are another class of biode-
gradable wastes that are generated during livestock and food production which can
be utilized for biogas production, thereby contributing to the economics of agricul-
ture. However, in many countries, a major percentage of the organic wastes end up in
landfills or are disposed off in water bodies, resulting in serious soil and water
pollution, which can affect human health and hygiene. Hence, using appropriate
processing methods to convert biodegradable organic wastes into biofuel such as
biogas is of utmost importance to allow energy recovery and prevent adverse
environmental effects. Anaerobic digestion (AD) is a simple yet powerful process
that can be used to overcome the challenge posed by organic wastes to the environ-
ment. AD is primarily used to convert organic wastes into gaseous biofuel, biogas
(biogas is a mixture of methane, carbon dioxide, and other trace gases). Biogas
produced in rural areas is mainly used for cooking and heating homes. Additionally,
the biogas produced in large scale plants can be used for steam generation in boilers
or combined heat and power (CHP) generation in power station or heat engines.
Through anaerobic digestion as the organic wastes which is usually released to the
environment or landfills is diverted for biogas production it helps in the fight against
greenhouse gas emissions by reducing methane and nitrous oxide emissions from
landfills. Furthermore, AD process can be used to promote soil fertility by using
digestates as a nutrient rich material for the production of compost and organic
fertilizer [3].

Although organic wastes appear in solid form, they contain up to 90% moisture.
This restricts the application of thermo-chemical treatment such as incineration for
energy recovery as the process would end up requiring excessive heat to overcome
the high-water percentage, making it energy intensive. AD overcomes this limitation
by allowing the controlled release of energy from the chemical bonds present in the
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organic compounds that makeup the wastes. Therefore, AD has become a prevailing
choice for the sustainable treatment of organic wastes having high moisture content.
It involves the microbial degradation of organic feedstocks through a series of
anaerobic stages to produce methane-rich biogas for renewable energy production
and use.

Based on the total solid content of the waste and the percentage of moisture
present, the AD can be classified as either liquid-state AD (solid content <15%) or
solid-state AD (solid content >15%) [4]. Liquid state AD, also called as wet AD, is
primarily used to treat substrates with high moisture content, such as waste activated
sludge and animal manures. However, the large water content in this process
significantly lowers the volumetric methane productivity as well as creating the
problem of generating a large amount of digestate as waste product [5]. On the other
hand, solid-state AD (dry AD) involves digestion of feedstocks with high organic
loading and minimal water content. Solid-state AD is generally preferred for diges-
tion of the organic fraction derived from municipal solid waste and agricultural
wastes, and often results in a high volumetric methane productivity. Moreover, the
heating-energy requirement and wastewater generation are also reduced in the solid-
state AD. However, due to inadequate mass transfer, solid-state AD has disadvan-
tages such as longer retention time, high cost, and a tendency to accumulate
inhibitors [6]. Thus, the major focus of this chapter is on the different methods of
AD of organic wastes and how matching the treatment process to the selected type of
waste can help in the maximization of the biogas production for renewable energy
generation. This chapter also deals with the different microbial conditions and
species required for facilitating the different stages of AD, synthetic biology
approaches for engineering strains towards AD as well as models available to better
understand the molecular processes. Also, the primary conditions such as organic
loading rate (OLR, a definition for OLR is provided in Sect. 6.4.5), biogas produc-
tion rates, and the influencing environmental conditions like temperature, pH,
alkalinity, etc., have been discussed that contribute significantly towards the suc-
cessful design and operations of the treatment process. In addition, this chapter also
highlights emerging technologies like solid-state AD and the different processes
available for large-scale AD.

6.2 Feedstocks for AD

Solid wastes are broadly grouped into three categories of municipal, industrial, and
agricultural-based on their source. Considering that, municipal solid waste genera-
tion will reach 6.1 million metric tonnes/day in 2025 [7], consolidated solid waste
management approaches such as AD are required to create a pollution-free environ-
ment. However, a more rigorous classification of AD feedstocks is necessary to
better manage the wastes and to optimize the operating conditions of AD. More
specifically, solid organic wastes are also classified into agricultural wastes (AW),
animal manure (AM), waste activated sludge (WAS), yard waste (YW), and food
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waste (FW). Figure 6.1 shows the classification of solid wastes fed into AD and the
applications of the products generated via AD.

6.2.1 Agricultural Waste

As the name indicates, residues of agriculture such as corn stover, rice straw, etc.,
can be used as the feedstock for the AD [8]. It has been estimated that around 90.7
million dry tonnes of primary crop residues are projected to be collected in the US
out of which 75% is corn stover [9]. These wastes are composed of cellulose,
hemicellulose, and lignin, which are hard to be broken down by natural enzymes
and consumed by bacteria, and therefore, AD of these materials without pretreatment
would not be effective. For instance, the corn stover silage is composed of 35%
cellulose, 25.2% hemicellulose, and 4.3% lignin in which using a biological
pretreatment (fungal) can increase methane yield by 23% [10]. Another strategy to
improve the anaerobic digestion of agricultural wastes is to reduce their particle size.
For example, Menardo et al. [11], adopted physical pretreatment to reduce the barley
straw’s size from 5.0 cm to 0.5 cm and this improved the methane yield by 54.2%. In
the same work, thermal pretreatment at 120 �C on barley and wheat straw increased
methane production by 40.8% and 64.3%, respectively. Table 6.1 provides the
composition of various lignocellulosic feedstocks found in agricultural wastes.

Fig. 6.1 Schematic depicting the different types of organic solid wastes fed into anaerobic digester
and the common applications of the products generated via AD

176 N. Hajinajaf et al.



6.2.2 Animal Manure

Animal manure is a good source of organic matter that can act as a feedstock for
biogas production. As the quality of different animal manure is subtly different from
each other, the conditions at which the AD operates are different as well [12]. A
study in 2011 showed that out of the total animal manure feedstock used for AD,
about 13.62% is recovered as energy in the form of biogas, while the remaining
73.14% is present as digestate [13]. The digestate also has the value of being used as
fertilizer [14]. Animal manure is considered as a complex waste which contains a
high amount of nitrogen that might cause reactor failure due to ammonia (NH3)
inhibition [15]. In this regard, when the concentration of NH3 in an AD process
exceeds a threshold, process failure might happen. Both free NH3 and ammonium
ion (NH4

+) can inhibit the process if their concentration surpass ~1800 mg.L�1 in
high-rate digesters [16, 17]. Various techniques for recovery from ammonia inhibi-
tion have been discussed by Yenigün and Demirel, such as periodic removal of
supernatants, reduction of protein content in wastewater feedstock, adjustment of pH
and C:N ratio, etc. [15].

6.2.3 Waste Activated Sludge

Sludge generated during the treatment of municipal wastewater is considered as
waste activated sludge. Its disposal can account for up to 50% of the wastewater
plant’s operating costs and one of the most preferred methods for sludge disposal
and recycling is AD [18]. The disposed sludge of wastewater treatment plant can
also be used as the feedstock which has a low carbon-to-nitrogen (C/N) ratio due to
the high amount of nitrogen present in this type of waste [19]. However, the optimal
C/N ratio of anaerobic digestion is around 20–30 [20]. To counterbalance the
nutrients and ammonia inhibition the sludge can be used in co-digestion along
with other wastes such as agricultural wastes that have a high C/N ratio.

Table 6.1 Composition of various lignocellulosic materials found in agricultural and yard wastes

No. Biomass Cellulose (%) Hemicellulose (%) Lignin (%) Ref.

1 Rice Straw 34.63 29.74 15.34 [24]

2 Wheat Straw 35.19 22.15 22.09 [25]

3 Sugarcane bagasse 46.21 20.86 22.67 [25]

4 Pinewood 44.50 28.00 26.80 [26]

5 Elmwood 46.40 26.30 26.20 [26]

6 Corn stover 42.62 22.99 12.75 [27]

7 Sunflower Stalks 34.00 20.80 29.70 [28]

8 Banana Waste 13.20 14.80 14.00 [29]
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6.2.4 Yard Waste

Yard waste or garden waste mostly includes leaves falling from trees and bushes,
grasses and other various parts of plants that are mostly aggregated in the green cities
and areas which can be used as the raw material of AD [21]. Table 6.1 provides the
composition of various lignocellulosic feedstocks found in yard wastes as well.
Garden wastes also have the same problem and difficulties to be used for AD as
agricultural wastes as they are also composed of lignin, cellulose and hemicellulose
which need to use pretreatments. For instance, Dussadee et al. [22] conducted AD of
Napier grass (Pennisetum purpureum) for biogas production with and without
pretreatment. After AD, they obtained 164 L biogas per kilogram volatile solids
(L/kg VS) without pretreatment, whereas by integrating AD with chemical
pretreatment they obtained 179 L/kg VS. In another study by Panigrahi et al. [23],
four different pretreatments of hot air oven, hot water bath, autoclave and microwave
applied on yard wastes and they obtained approximately 10% increase in biochem-
ical methane potential from 328.9 � 15 mL/g VS (untreated after 45 days) to
364.5 � 11 mL/g VS (after 26 days) using microwave pretreatment.

6.2.5 Food Waste

Food waste is another important organic solid waste that can be used to produce
biogas via AD, which mostly contains uneaten or discarded food from houses,
restaurants or even industrial sectors. A study conducted by European Union
reported that 88 million tonnes of edible and non-edible food wastes were generated
in 2012 [30], which is shocking as it is equal to 20% of the total food produced.
These food wastes can be used to produce biogas and further in electricity which
studies have shown that 9900 ton of corn silage can be replaced by 6600 ton of food
waste to reduce the carbon footprint by 42% [31]. Food wastes also are used as
co-digestion feedstock to balance the nutrients in an anaerobic digester and improve
the biogas production of various feedstocks. Yong et al. [32], investigated the biogas
production from food wastes as well as using it as a co-digestion with straw. They
obtained 0.16 m3 CH4 /kgVS from AD of food waste individually, while using it as
co-digestion improved the methane production yield of straw by 149.7% confirming
using food waste as a desirable feedstock for nutrient balancing in AD.

As mentioned earlier, characterizing the properties of these solid organic wastes
can provide researchers the necessary knowledge to design optimal conditions for
AD. Table 6.2 shows a literature review on the AD of various substrates for biogas
production and their operational conditions.
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6.3 Microbial Communities in AD

6.3.1 Microbial Communities Involved in the Four Stages
of AD

The AD process involves a series of biochemical reactions catalyzed by microbial
communities and is grouped into four stages: hydrolysis, acidogenesis, acetogenesis,
and methanogenesis as shown in Fig. 6.2 [48]. Hydrolysis is the first stage in which
the high molecular weight complex organic polymers such as starch, cellulose,
lipids, etc. are hydrolyzed into smaller chains/molecules. The breakdown of complex
substrate is catalyzed by hydrolases (amylases, proteases, and lipases) produced by
hydrolytic bacteria such as Bifidobacterium and Bacteroides [49]. Following hydro-
lysis, acidogenesis takes place, wherein anaerobes of the genera Bacillus, Pseudo-
monas, Micrococcus, Clostridium, Flavobacterium, and Proteobacteria like
Enterobacteriaceae break down the simpler molecules derived from hydrolysis
into short-chain organic acids (formic, acetic, butyric acids, etc.), alcohols (methanol
and ethanol), hydrogen and carbon dioxide [50, 51]. In one study, it was reported
that Proteobacteriamake up approximately 53.2% of the total microbial community
present in an up-flow anaerobic sludge blanket reactor, making them a crucial
phylogenetic group in this process owing to their involvement as glucose, butyrate,
propionate, and acetate-consuming microbes [52, 53]. The organic compounds
produced during acidogenesis can serve as both electron donors (dehydrogenation)
and acceptors (hydrogenation). The accumulation of electrons in the form of organic
acids is a bacterial response to the increasing hydrogen concentration in the solution,
which may not always be directly used by methanogenic bacteria for biogas pro-
duction, thus necessitating an intermediate step called acetogenesis. Both hydrolysis
and acidogenesis are carried out in acidic pH within the range of 5.2–6.3 [54]. During
acetogenesis, bacteria of the genera Syntrophomonas, Syntrophobacter,
Methanobacterium, etc. metabolize the organic acids to produce acetic acid along
with ammonium, hydrogen gas, carbon dioxide. Acetogenesis determines the effi-
ciency of the AD process because approximately 70% of total methane produced in
the AD process is derived from the acetate produced during acetogenesis. In
addition, this step accounts for approximately 25% of the total acetate as well as
11% of the hydrogen gas formed during AD [55]. The final stage of AD is
methanogenesis and is assisted by the activities of both acetotrophic (Methanosaeta)
and hydrogenotrophic methanogens (Methanosarcina). In methanogenesis, the
acetotrophic methanogenic bacteria decompose acetate produced during
acetogenesis to methane [56], while the hydrogenotrophic methanogens convert
the hydrogen and carbon dioxide gas into methane [57]. Generally, filamentous
Methanosaeta dominates the microbial population at low concentrations of acetate.
But higher concentrations of toxic byproducts of digestions, like volatile fatty acids,
hydrogen sulphide, etc. inhibit Methanosaeta and allow the growth of
hydrogenotrophic methanogens like Methanosarcina.
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6.3.2 Synthetic Biology and Genetic Engineering in AD

The efficiency of biogas production, particularly methane, from organic wastes
depends on the composition of the microbial consortium used, as well as the
behavior or action of the consortium. As the optimal conditions (e.g., temperature,
pH, etc.) of each stage are different, engineering the microbial consortium of each
stage can help scientists design and optimize the process to improve the biogas
production [58]. Till date, wild-type strains of anaerobic microbes are widely used
for facilitating the process of AD, however, the advent of genetic and metabolic
engineering can assist in improving the performances of these strains. Previously the
only option for genetic engineering was to create changes in the DNA sequences, but
the development of synthetic biology and metabolic engineering can provide means
to radically manipulate bacterial and fungal genes to change their characteristics in
order to produce enzymes that can improve the AD of wastes [59]. In recent years,
toolsets documenting the different bacterial consortia present in anaerobic digestion
cultures, their genomic information, and their physiology have become available,
which act as valuable resource for conducting further research. So far, genomic
sequences of 21 Archaebacteria and 205 Eubacteria have been sequenced, out of
which approximately 80% of the Archaebacteria comprises of methanogenic bac-
teria typically found in sludge or other anaerobic environments [59]. The availability
of the genomic and physiological properties can allow the discovery of
non-cultivable bacteria in the consortia [60] as well as enable genetic engineering
of either the hosts or particular enzyme activities for the enhancement of biogas
production from AD [61]. Other tools such as q-PCR, RT-PCR, Sanger sequencing,
T-RFLP, next-generation sequencing (NGS) etc., can benefit the researchers to make
libraries and identifying markers and genes from microbial consortia involved in AD
to assist in targeted redesigning of the entire metabolic pathway using synthetic
biology. Additionally, since most methanogenic enzymes function optimally at high
K+ ion concentrations, genes from other organisms encoding K+ transporters and
channels can be cloned into the microbes present in AD to increase their electro-
chemical activity, thereby increasing the efficiency of AD process to produce a
higher amount of biogas [62, 63].

Also, for easier analysis of microbial genome and their characteristics, analyzing
the 16S rRNA gene in the microbial community of AD has been proposed [58]. In
order to assess the microbial community in each stage of AD, the 16S rRNA gene
can act as a marker to help scientists specify the identity of organisms in the
anaerobic digester [64]. Rivière et al. [65], analyzed the microbial community
present in seven anaerobic digesters by creating a total of 9890 16S rRNA clones.
The analysis revealed that the Archaea community is represented by the following
operational taxonomic units (OTUs): Methanosarcinale, Methanomicrobiales, and
Arc I. Further phylogenetic affiliation and statistical analysis of the library revealed
that the bacterial community present in the anaerobic digesters can be grouped under
three categories: (1) a core group of phylotypes, which is common to most digesters;
(2) another group of phylotypes shared among a few digesters; and (3) a third group
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phylotype specific to each digester [65]. Finally, it is imperative that for improving
biogas yield through synthetic biology techniques, key points such as developing
efficient genome-editing tools, mapping and cloning of key genes from important
phylotypes associated with biogas production, creating metagenomics-based data
mining method, as well as further experiments from lab and pilot-scale to full-scale
application needs to be conducted for furthering AD research.

6.3.3 Insights into Microbial Community Dynamics in AD

To further understand and investigate the factors and mechanisms governing AD
process, studies on the microbial community dynamics are indispensable. They can
also be useful in investigating the transformation of compounds during the whole
AD process. Analyzing microbial community dynamics can also provide an idea on
the interactions and relative abundance of the microbes under different conditions
and thereby, help us in creating an appropriate and robust microbial consortium for
efficient substrate degradation and biogas production. For example, reactor perfor-
mance, as well as microbial community dynamics studies on solid-state AD of corn
stover conducted at mesophilic and thermophilic conditions revealed that thermo-
philic AD resulted in faster reduction of cellulose and hemicellulose in the first
12-days, compared to mesophilic conditions. It was found that there was a shift in
population of microbes over the 38 days of culture, compared to the initial inoculum.
When mesophilic cultures were used as inoculum for thermophilic conditions, it was
observed that the populations of thermophilic cellulolytic and xylanolytic microbes
were about 10–50 times greater than those in mesophilic ones [6]. The same group
investigated the effect of inoculation ratio on microbial community dynamics in
solid-state AD and highlighted that non-microbial factor of the inoculum, such as
alkalinity, were found to be more decisive on the final methane yield of corn stover.
Instead, the microbial population of methanogens affected the kinetics of volatile
fatty acids (VFA) consumption and methane production [5, 66]. Determination of
microbiome composition and their temporal succession in thermophilic and
mesophilic solid-state AD, as well as acidified solid-state AD reactors using Illumina
sequencing of 16S rRNA gene amplicons showed that the genus
Methanothermobacter dominated in the thermophilic solid-state AD reactors,
whileMethanoculleus dominated in the mesophilic reactors [5, 67, 68]. Also, acetate
oxidation coupled with hydrogenotrophic methanogenesis was found as an impor-
tant pathway for biogas production during thermophilic solid-state AD, and the
abundance of Methanomassiliicoccus was positively correlated to daily biogas
yield in the mesophilic solid-state AD process [67]. Additionally, studies were
also conducted to study the effect of inhibitors on the microbial community present
in solid-state AD. It was found that increasing acetate concentration impacted the
population dynamics of dominant hydrogenotrophic methanogenic microbial spe-
cies including Methanobacterium, Methanosarcina, and Methanocorpusculum
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[69, 70]. It was also discovered that increasing OLR impacted acetotrophic
methanogens more than hydrogenotrophic methanogens. This imbalance between
the two phylotypes (and the associated metabolic pathways) could lower methane
production.

6.3.4 Modeling of AD Systems to Study Molecular
Mechanisms

To gain insights into the molecular mechanisms of the reactions involved in the AD
process in the reactors, modeling has been used as an effective approach, which can
also help in facilitating process design as well as predicting system performance
[71]. Theoretical models developed for solid-state AD are diverse and utilize
different parameters like reactor designs, reaction kinetics, and mass transfer along
with the rate-limiting steps to provide better insights into the complex system
mechanisms. However, many of these models cannot be applied for robust simula-
tion of varying process conditions and input substrates as they are structurally and
numerical complex [72]. In parallel, liquid-state AD models have also been devel-
oped and the most popular among them is the Anaerobic Digestion Model No.1
(ADM1) [73]. In the development of ADM1 researchers have utilized both bio-
chemical reactions and physico-chemical reactions that takes place within an AD
process. More importantly the reactor design in ADM1 is based on the assumption
that the digester is a completely stirred tank reactor with a constant liquid volume
and a single input and output stream [73]. Using this most comprehensive liquid-
state AD model, the ADM1 as a template, several kinetic models have been further
developed that simulate the process of disintegration, acetogenesis and
methanogenesis steps of various complex organic substrates. [74–76]. Most of the
recent models focused on the effect of total solid content on methane yield and
production rate. These models assume that the total solid content is a key parameter
that affects the mass transfer of VFAs, H2, CO2, etc., between the gas-liquid-solid
phases. It was also assumed that the mass transfer effect in turn affected the
hydrolysis rate constant, the rate of accumulation of inhibitors [74, 76], maximum
microbial growth rate or half-saturation coefficient [74], and the maximum microbial
growth rate [77].

Additionally, linear regression models have also been created that calculate how
total solid content affects methane production in solid-state AD using artificial neural
network [69, 78]. Kinetic models, on the other hand, have also been developed
empirically and these models mainly captured the heterogeneous distribution of
inoculum in the substrate, which in turn caused heterogeneous accumulation of
VFA in the reactor. Kinetic model simulations suggest that vigorous mixing, highly
dispersed inoculum, and leachate recirculation can affect methane production during
solid-state AD, as these conditions result in the acidification of the inoculated
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organic particles by the VFAs [79]. As the experimental designs for the AD process
are becoming more advanced, so are the amount of data being generated as well and
utilizing these data for the development of mathematical models will play a major
role in revealing further details about the molecular mechanisms in AD process.

6.4 Process Variables that Influence AD

AD, like any other process, can operate under various operational conditions and
therefore, factors affecting the efficiency of the AD process can be optimized based
on the type of waste used. These factors are as follows:

6.4.1 Temperature

Temperature is one of the most important parameters in AD as microbial metabolism
and enzyme kinetics vary with temperature. Therefore, the optimal temperature to be
employed to obtain higher biogas production is based on the type of organism
employed in the AD process. This is due to the fact that psychrophilic (T < 20),
mesophilic (35< T< 40), and thermophilic (50< T< 65) organisms prefer to grow
better at their optimal temperature [59]. Comparing the preferred temperature of
various organism types shows that higher energy is required for thermophilic
organisms, compared to mesophilic bacteria while using thermophilic bacteria pro-
vides a higher volume of biogas generation and guarantees a faster production rate.
On the other hand, in processing waste streams that generate ammonium, mesophilic
digestion is more stable compared to thermophilic digestion owing to ammonium
toxicity [14]. Therefore, for the wastes containing a high amount of nitrogen, using
mesophilic digestion would make the process more efficient.

6.4.2 pH

pH is another critical parameter that can regulate the activity of organisms. For
example, methanogenic and acidogenic bacteria prefer different pH for their growth.
Various researches have reported different optimum pH for the biogas production in
the AD process in which generally, the optimal range for pH is reported to be
between 6 and 8 [59]. However, different stages of AD require different values of
pH as hydrolysis and acidogenesis bacteria prefer the pH of 5.2–6.3, whereas the
methanogenic bacteria desire 6.8–7.5 [80]. Therefore, choosing the AD process pH
based upon the AD process stage in operation would make the process more
efficient.

186 N. Hajinajaf et al.



6.4.3 Hydraulic Retention Time (HRT)

Hydraulic retention time, also hydraulic residence time (HRT) is the average time
that liquids remain in the anaerobic digester [81]. It is an important operational
parameter in AD as its duration depends on the type of feedstock and can affect the
conversion of volatile solids into biogas. Each AD requires a minimum HRT period
for completion. A low HRT can result in the accumulation of volatile fatty acids,
while a high HRT increases the process operation cost due to longer run-time.
Hence, researchers often attempt to lower the HRT to a certain period, where the
biogas production is optimum and the volatile fatty acids production is lowered
[82, 83]. Another form of retention time is called solid retention time (SRT) which is
the average time that microbes are in the digester. SRT and HRT will be the same
when the microbial culture and waste are present in the same phase which happens
while the waste is in the liquid form; however, when solid wastes are used, HRT and
SRT will have a different value. Obviously, the HRT changes with the nature of the
feedstock. The average reported HRT is 15–30 days for treating solid organic wastes
under mesophilic condition for the biogas production in AD [59]. Recalcitrant
wastes containing a high content of fiber or fat require a high HRT, while other
easily digestible wastes such as animal manure need a lower HRT. Besides, diges-
tion by mesophilic organisms needs a longer HRT as they are efficient at lower
temperatures, whereas thermophilic digestion can be accomplished at a higher rate
leading to a shorter HRT. It should also be noted that the size of waste particles can
also influence HRT. Due to their high surface area, smaller waste particles lower the
HRT and therefore faster digestion will happen.

6.4.4 Organic Loading Rate (OLR)

The amount of SOW necessary to be fed to the anaerobic digester per day per unit
working volume is called the organic loading rate [84]. As all the process variables
affecting the efficiency of the AD process are interconnected, various OLR have
been reported based upon the operating condition. Therefore, the temperature, pH,
feedstock characteristics, and hydraulic retention time can influence the organic
loading rate. A high OLR means a higher workload on the anaerobic bacteria to
convert wastes into biogas, which would result in the availability of a high amount of
VFAs in the anaerobic digester that leads to bacteria inhibition, whereas a low OLR
may reduce the nutrient availability and therefore, disrupt the performance of the
microbial community [85].
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6.4.5 C/N ratio

One other factor that affects the AD operation is the C/N ratio. Bacteria need the
right supply of carbon and nitrogen for their optimal growth and metabolism and
therefore, the C/N ratio of the feedstock is critical. The C/N ratio from 20:1 to 30:1
has been reported as optimal for AD [86]. A high C/N ratio results in a less efficient
AD as nitrogen is a vital element for microbial protein synthesis. On the other hand, a
low C/N ratio leads to build-up of ammonia and therefore, causes ammonia toxicity
[87]. It is noteworthy to mention that the C/N ratio is feedstock specific and it cannot
be changed unless wastes with different C/N values are mixed as feed to obtain an
optimal C/N ratio. Providing a feed with an optimal C/N ratio for the microbes will
maximize biogas production.

6.4.6 Feedstock-to-Inoculum (F/I) Ratio

Feedstock-to-inoculum ratio (F/I) is another important factor to be considered in the
AD of solid organic wastes and it can affect the pH as well as inhibitor production. A
very high F/I could result in the overproduction of VFAs due to excess organic loads
that can significantly lower the pH and inhibit the action of the methanogens [88]. It
was found that AD of palm oil mill residues achieved the highest methane produc-
tion rates at the lowest F/I ratio within the range of 2:1–5:1, while rapid hydrolysis at
F/I ratio of 4:1–5:1 resulted in a VFAs accumulation and low methane yield [89].

6.5 Pretreatment Techniques

Various techniques have been suggested to improve the biogas production of solid
wastes such as the addition of additives, co-digestion and using pretreatment
[59]. Using pretreatment techniques is helpful specifically for the wastes containing
a high percentage of lignocellulosic materials to increase the rate of hydrolysis and
thereby, achieve high biogas yield through maximum digestion of solid wastes.
Pretreatment of agricultural waste is generally divided into chemical, biological,
physical, and thermal or their combination. It is noteworthy to mention that a
pretreatment technique must not only be economical and environmental-friendly
but also should not repress or have a negative effect on the biomass or process
[90, 91]. Also, the pretreatment technique required for each waste type might be
different and factors such as the availability of lignocellulosic materials, crystallin-
ity, the surface area of the particles, availability of acetyl groups, and the degree of
polymerization should be considered [8].
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6.5.1 Physical Pretreatment

Organic wastes come in different particle sizes, and knowing the fact that smaller
particle size gains a higher surface area, physical pretreatment can be the first
solution to enhance the efficiency of any type of organic solid wastes. In physical
pretreatment, neither microorganisms nor chemicals are involved. Examples of
physical pretreatments are high-pressure homogenizer, electrohydrolysis, micro-
wave, milling, crushing, steam explosion, and ultrasound. Milling not only provides
a higher surface area of particles but also decreases the degree of crystallinity and
polymerization. Other physical pretreatments such as high-pressure homogenization
make an abrupt expansion to rupture the lignocellulosic biomass structure and
therefore increase the AD performance. Steam explosion of wheat straw increased
the methane yield by 30% [92]. Microwave pretreatment can be applied to the
substances that contain water inside their cell in which the sudden increase in
water volume, the cell will be destroyed, yielding a higher AD efficiency [93].

In order to reduce the particle size, proper equipment should be used regarding
the substrate type and the type of anaerobic digester to be used to not damage the
equipment and causing process failure. It should also be noted that the size of the
particle has to be within an optimum range as smaller particles might cause media
acidification in dry digestion as the result of acid production during fermentation,
while they might lead to the formation of foams in the wet digestion [33].

6.5.2 Chemical Pretreatment

Chemical pretreatment includes using acids, alkalis, ionic liquids, oxidants, etc., to
enhance the hydrolysis rate. The selection of suitable chemical pretreatment depends
on the type of substrate and its characteristics. Generally, the use of chemical
pretreatment has received more attention compared to physical pretreatment due to
its higher effectiveness on biogas production. It has been suggested not to use acid
pretreatments for readily degradable materials as it might cause the accumulation of
VFA, along with the degradation of soluble sugars to inhibitory compounds like
furfural [94]. However, this type of pretreatment (acid) is mostly used for lignocel-
lulosic substrates as the strong acid disrupts lignin and thereby, releases the cellulose
and hemicellulose rendering them more susceptible to enzymatic hydrolysis [95]. On
the other hand, dilute acid pretreatment is better to be applied on food wastes, along
with thermal pretreatment [96].

As mentioned, the generation of toxic or inhibitory chemicals in the chemical
pretreatment is likely to happen, and therefore, actions such as neutralizing the pH of
the biomass are recommended. Due to this fact, chemical pretreatment cost is mostly
higher than that of physical pretreatments, and therefore economical assessment of
chemical pretreatment in the industrial scale should be investigated for the process
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design. Currently, alkali hydrolysis is majorly used on solid organic wastes with low
lignin content in the industrial scale [97].

6.5.3 Biological Pretreatment

Biological pretreatment is being done by using biological agents such as enzymes
that can improve the degradation of biomass by breaking the covalent cross-linkages
and non-covalent bonds between hemicellulose and lignin without the generation of
any inhibitory chemicals [98], therefore, it can be very useful for AD of agricultural
and yard wastes.

Biological pretreatment includes enzymatic, bacterial, and fungal pretreatment.
The merits of using biological pretreatment are its low operation cost, less energy
requirement for operation, and environmental-friendly. However, the need for a long
process time is the main disadvantage of using biological pretreatment, which pre-
cludes its application at industrial scale. Also, some bacteria have the ability to
degrade cellulose along with hemicellulose, resulting in the reduction of final biogas
production [99].

Enzymatic: Laccase and versatile peroxidase are examples of enzymes used for
enzymatic pretreatment of lignocellulosic biomass as they can degrade lignin
[100]. Schroyen et al. [101], have investigated the effect of various enzymatic
pretreatment on corn stover and found 25% and 17% increase in biomethane
production after 24 h and 6 h incubation using laccase and peroxidase enzyme,
respectively. In another study, enzymatic pretreatment of sugar beet pulp and spent
hops yielded 19% and 13% increase in biogas production, respectively, compared to
control [102].

Bacterial: Studies on the microbial pretreatment of SOWs have also shown a
positive effect on biogas production. In the study of Zhang et al. [103], a microbial
consortium pretreatment was applied on cassava residues and 97% increase in
methane production from 131.95 mL/g-VS to 259.46 mL/g-VS was observed.
Findings of another research study also showed 35% decrease in the digestion
time of corn straw AD using a complex microbial agent pretreatment compared to
untreated feed [104]. In their study, pretreatment with microbial agents yielded 33%
and 76% increase in total biogas and biomethane production, respectively.

Fungal: Shi et al. [105] performed fungal pretreatment of cotton stalks by using
Phanerochaete chrysosporium and observed 19–36% of lignin being degraded
under various pretreatment conditions compared to the control (untreated). Another
study by Ge et al. [106] showed 24% lignin degradation using fungal pretreatment
on Albizia biomass that improved the methane yield by 3.7-fold. A study on
biological pretreatment by the fungus Ceriporiopsis subvermispora [107] that pro-
duces ligninolytic enzymes [108] showed 106% increase in methane production
from 21.6 L/kg volatile solid (control) to 44.6 L/kg volatile solid after pretreatment.
In general, studies on fungal pretreatments showed that lignin degradation of
biomass often improves the methane production.
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6.5.4 Thermal Pretreatment

Another type of pretreatment is thermal pretreatment that is applicable to all types of
solid organic wastes in a large scale. Thermal pretreatment can improve the solubil-
ity of chemical oxygen demand (COD), increase the process efficiency, and reduce
the hydraulic retention time. It can also be used for dewatering and improving the
digestibility of some type of organic wastes [109]. The two types of thermal
pretreatment are (1) thermal, in which only the temperature is controlled, and
(2) hydrothermal in which both pressure and temperature are controlled. Hydrother-
mal pretreatment is a specialized thermal pretreatment process, in which the biomass
to be digested is completely submerged in liquid water at both high temperature and
pressure. Hence, hydrothermal pretreatment is generally considered suitable for
treating wastes already containing high water content.

6.5.5 Combined Pretreatment Techniques

Each pretreatment method described has its own merits and demerits. Although
some pretreatment methods have been suggested to be used for some type of sub-
strates, no general suggestion can be made as each substrate type contains a large
variety of wastes. Researches have shown that combining two or three pretreatment
methods will also further improve biogas/methane production. Table 6.3 presents a
literature review on the different pretreatment methods applied to various substrates
and their effect on improving biogas production. Figure 6.3 summarizes the various
AD process parameters and parameters that need to be monitored during the AD of
SOWs, as well as the pretreatment methods that have been employed to improve the
product yield.

6.6 Process Operation Types

AD can be carried out in full scale using the following four different types of process
operations, depending on the raw material input method as well as number of stages
involved: (a) batch, (b) continuous operations, (c) single-stage and (d) multistage
operations. Each of the operation types has its pros and cons, and is discussed below
in detail.
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Table 6.3 Various pretreatment methods used for AD

Pretreatment
type

Pretreatment
method Feed

Pretreatment
conditions

Methane/
biogas
yield
increase Ref.

Physical Microwave Organic frac-
tion of munici-
pal solid waste
(OFMSW)

145 �C and 8 days of
digestion

26% meth-
ane
increase

[93]

Steam
explosion

Corn stover 160 �C for 2 min 22% meth-
ane yield
increase

[110]

High-pressure
homogenizer

Municipal solid
waste

40 MPa pressure 33% meth-
ane
increase

[36]

Ultrasound Organic frac-
tion of munici-
pal solid waste
(OFMSW)

Sonication time
30 mins;
Specific energy
7200 kJ/kg TS
Power density 0.6 W/
mL

15%
increase in
biogas

[35]

Electroporation Organic frac-
tion of munici-
pal solid waste
(OFMSW)

field strength: 24 kV/
cm
frequency
12.5 Hz

20%–40%
biogas
increase

[111]

Pulsed electric
field

Landfill
leachate

50 kW h/m3

Frequency 1.7 Hz
Electric field strength
20 (kV/cm)

44% meth-
ane
increase

[34]

Chemical Acid Rice straw 160 �C for 10 min 161% to
533%

[24]

Alkali Wheat straw 5 min with 5% w/w
H2O2 solid:liquid
ratio of 1:20

64% meth-
ane
increase

[25]

Alkali Sugarcane
bagasse

5 min with 5% w/w
H2O2 solid:liquid
ratio of 1:20

68% meth-
ane
increase

[25]

Alkali Napier grass
(Pennisetum
purpureum)

1, 2, and 3% sodium
hydroxide
(NaOH)

9.3%
increase in
biogas
yield

[22]

Biological Enzymatic Corn stover combination of
laccase and versatile
peroxidase
30 �C for 6 h

50.4%
increase in
methane
production

[100]

Fungal Corn Stover
Silage

Using
Phanerochaete
chrysosporium at
28 �C for 30 days

23% in
methane
production

[10]

(continued)
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6.6.1 Batch Operation

Batch operation is one of the most commonly used modes of operation for AD of
organic solid wastes. The batch operation is easier to maintain compared to contin-
uous operation as it requires less capital investment and lower operating costs with
fewer process control requirements. However, the amount of biogas produced
through batch operation would fluctuate with time and a major portion of the biogas
would be produced during the peak performance of the AD process. For example, it
was reported that in a 55-day batch solid-state AD of corn stover, more than 80% of
biogas was produced on day 36, when the AD was at the methanogenic phase
[112]. Moreover, the batch operation also requires a large amount of inoculum
(i.e., low F/I ratio); a high F/I ratio is known to produce volatile fatty acids in larger
amounts compared to biogas [113].

6.6.2 Continuous Operation

Continuous operation is another popular method of operating AD, with a continuous
supply of raw materials and resulting in biogas production at a steady state. Contin-
uous operation is primarily affected by OLR, and SRT, and these are the key
parameters in designing and evaluating a continuous AD [114]. Contrary to a
batch operation, in continuous operations, the solid-to-gas conversion capacity is
proportional to OLR. In general, high OLR is preferred as it can achieve a high waste
consumption rate in a relatively smaller digester. On the other hand, high OLR can
lead to VFA overproduction that can result in an imbalance between acidogens and

Table 6.3 (continued)

Pretreatment
type

Pretreatment
method Feed

Pretreatment
conditions

Methane/
biogas
yield
increase Ref.

Microbial Corn straw Combination of
yeast, cellulolytic
bacteria, and the lac-
tic acid bacteria
20–55 �C for 12 h to
20 days

33.07%
increase in
biogas
yield
75.57%
increase in
methane
yield

[104]

Thermal Thermal
autoclaving

Wheat straw 121 �C for 60 min 62% meth-
ane
increase

[25]

Thermal
autoclaving

Sugarcane
bagasse

121 �C for 60 min 58% meth-
ane
increase

[25]
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methanogens. A maximum OLR level in solid-state AD depends on various param-
eters such as reactor design, feedstock characteristics, microbial activity, tempera-
ture, pH, and toxicity level [115]. SRT is the second critical factor in continuous
operation. In a continuous AD operation with food waste as feedstock, increasing
SRT from 15 days to 35 days increased methane yield from 360 mL/kg to 454 mL/kg
volatile solids [116].

6.6.3 Single-Stage Operation

In addition to depending on the mode of raw-matter feed, another mode of operation
focuses on the stages of operation. In a single-stage AD system, all the four stages of
digestion are implemented in a single reactor vessel (Fig. 6.4). Thus, the reactor
system is easier to design and can be built with less capital costs. However, a major

Fig. 6.3 Summary of the various process parameters, parameters to be monitored, and pretreatment
techniques. In orange are the AD process parameters: Feed/inoculum ratio (F/I); organic loading
rate (OLR), carbon/nitrogen ratio (C/N) in the feed, and hydraulic retention time (HRT). In brown
are the parameters needed to be monitored during the AD of SOWs (pH, temperature, and
inhibitors). In green are the different pretreatment methods used to improve AD yield
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limitation is the OLR, because excessive OLR can cause rapid pH drop, thus limiting
the rate of digestion and overproducing VFAs [4].

6.6.4 Multi-stage Operation

A multiple-stage operation is another type of AD operation method in which the
different conversion stages are carried out in multiple reactor vessels. Generally, the
first two stages, i.e., hydrolysis and acidogenesis are carried out in one reactor while
acetogenesis and methanogenesis are carried out in a separate reactor (Fig. 6.5)
[117]. Thus, all the stages can be operated at their optimal process conditions (pH,
temperature, OLR, etc.).

It has been suggested that multistage operation perform better than single-stage
operations because the former results in a proper fermentation of the loaded wastes
with limited generation of inhibitors or by-products [2]. For example, the solid-state
AD of brewery spent grain (BSG) in a single-stage reactor was limited by the
inhibitors, such as weak acids, furan derivatives, and phenolic substances, generated
in the degradation of lignocellulose in BSG [118]. However, it is noteworthy to
mention that although multistage AD system has the advantage of improved AD
performance, the need for high capital investments and operating costs hampers its
implementation at a commercial scale. As a result, single-stage AD is still
predominantly used.

Fig. 6.4 Schematic representation of a single-stage AD operating system. In a single-stage AD all
the four stages of decomposition occurs in a single reactor to convert solid wastes into biogas
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6.7 Economic Benefits of Biogas Production in AD

As energy production is the main aim for AD operation, a cost-benefit analysis needs
to be considered. As stated earlier, apart from biogas production, AD can provide
various other benefits such as heat or electricity generation as well as compost and
high-quality fertilizer. AD systems can be used in small-scale (approximately
50–500 ft3) for heat production in rural areas or large-scale up to 300,000 ft3

[119, 120].
Most of the total cost of AD systems is spent on capital costs. Items such as

digester, piping system, liquid and gas pumps, electrical controllers and wiring,
power transmission lines, mixing tanks, the land where the whole system is located,
etc. are considered as the main contributor of AD. However, the type of feedstock
and its shipping costs are other factors that impact the generation costs. Therefore,
the use of centralized systems is prevalent in Europe in which co-digestion of animal
manure with other agricultural, yard or food wastes of several farms, provides energy
and fertilizer for the farmers.

As biogas is composed of methane and CO2, its heating value (600 btu/ft
3) is less

than that of natural gas (1000 btu/ft3) [121]. Hence, upgrading the biogas to
biomethane by removing CO2 should be evaluated economically, based on the aim
and location where the system is located. Biomethane has a similar characteristics as
natural gas; thus, it can be used as compressed natural gas (CNG) as transportation
fuel or to be transferred to other places.

Overall, a feasibility study is required to determine the payback period of
investments for AD or investigating based on the feedstock availability and type,
project site, community impact and vicinity, shipping, system size and total energy

Fig. 6.5 Schematic representation of a multi-stage AD operating system. The reactions occur in
separate chambers for conversion of solid wastes to biogas
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production estimations, environmental considerations, equipment, and worker costs,
etc. based on the location or country where the AD is to be done.

6.8 Conclusions and Future Outlook

Generation of biogas through the AD of organic wastes can not only solve the
problems of waste disposal, but also helps energy recovery. The generated biogas
can be utilized across different sectors for the production of heat and electricity or be
upgraded into biofuels. However, several problems associated with the production of
biogas from organic wastes using AD needs to be effectively addressed to implement
this method in a largescale globally. One of the primary gases released during the
AD process is methane. Methane is a greenhouse gas and therefore, proper design
and operation of the AD are required to avoid the release of methane into the
atmosphere. Additionally, the process requires a microbial consortium to operate
under a given set of operating conditions, lack of which can result in damaging the
stability of the system causing inefficient gas production. Moreover, natural gas is
readily available, whereas biogas requires the operation of a long lengthy AD
process, making the AD-generated biogas costly in comparison to natural gas. In
addition to researching the parameters such as temperature, pH, OLR, etc. engineer-
ing the microbial consortia could help in maximizing the methane content, which
would help inspire future AD developments.

Acknowledgments Authors are thankful to Scheme for Promotion of Academic and Research
Collaboration (SPARC), MHRD, Govt. of India (Grant No. SPARC/2018-2019/P265/SL). MD
thanks the support from the Council of Scientific and Industrial Research (CSIR). PP appreciates the
support from the Department of Science and Technology (INSPIRE, India for the award of
fellowships, DST). AG acknowledges the support from the Department of Science and Technology
(Grant No. CRG/2020/002080), Govt. of India. AMV acknowledges start-up funds from the School
for Engineering of Matter, Transport and Energy at Arizona State University.

References

1. Hajinajaf N, Mehrabadi A, Tavakoli O. Practical strategies to improve harvestable biomass
energy yield in microalgal culture: a review. Biomass Bioenergy. 2021;145:105941. https://
doi.org/10.1016/j.biombioe.2020.105941.

2. Zhou H, Wen Z. Solid-State anaerobic digestion for waste management and biogas
production. In: Steudler S, Werner A, Cheng JJ, editors. Advances in biochemical engineer-
ing/biotechnology. Cham: Springer International Publishing; 2019. p. 147–68. https://doi.org/
10.1007/10_2019_86.

3. Mostafazadeh-Fard S, Samani Z, Bandini P. Production of liquid organic fertilizer through
anaerobic digestion of grass clippings. Waste Biomass Valoriz. 2019;10:771–81. https://doi.
org/10.1007/s12649-017-0095-7.

6 Recycling of Multiple Organic Solid Wastes into Biogas via Anaerobic Digestion 197

https://doi.org/10.1016/j.biombioe.2020.105941
https://doi.org/10.1016/j.biombioe.2020.105941
https://doi.org/10.1007/10_2019_86
https://doi.org/10.1007/10_2019_86
https://doi.org/10.1007/s12649-017-0095-7
https://doi.org/10.1007/s12649-017-0095-7


4. Rapport J, Zhang R, Jenkins BM, Williams RB, Schwarzenegger A, Adams LS, Brown MR,
Chair B (2008) Current anaerobic digestion technologies used for treatment of municipal
organic solid waste.

5. Ge X, Xu F, Li Y. Solid-state anaerobic digestion of lignocellulosic biomass: recent progress
and perspectives. Bioresour Technol. 2016;205:239–49. https://doi.org/10.1016/j.biortech.
2016.01.050.

6. Shi J, Wang Z, Stiverson JA, Yu Z, Li Y. Reactor performance and microbial community
dynamics during solid-state anaerobic digestion of corn stover at mesophilic and thermophilic
conditions. Bioresour Technol. 2013;136:574–81. https://doi.org/10.1016/j.biortech.2013.
02.073.

7. Hoornweg D, Bhada-Tata P (2014) What a waste: a global review of solid waste management
cb, Washington, DC.

8. Ravindran R, Jaiswal AK. A comprehensive review on pre-treatment strategy for lignocellu-
losic food industry waste: challenges and opportunities. Bioresour Technol. 2016;199:92–102.
https://doi.org/10.1016/j.biortech.2015.07.106.

9. Perlack RD, Eaton LM, Turhollow Jr AF, Langholtz MH, Brandt CC, Downing ME, Graham
RL, Wright LL, Kavkewitz JM, Shamey AM (2011) US billion-ton update: biomass supply for
a bioenergy and bioproducts industry.

10. Liu S, Li X, Wu S, He J, Pang C, Deng Y, Dong R. Fungal pretreatment by Phanerochaete
chrysosporium for enhancement of biogas production from corn stover silage. Appl Biochem
Biotechnol. 2014;174:1907–18. https://doi.org/10.1007/s12010-014-1185-7.

11. Menardo S, Airoldi G, Balsari P. The effect of particle size and thermal pre-treatment on the
methane yield of four agricultural by-products. Bioresour Technol. 2012;104:708–14. https://
doi.org/10.1016/j.biortech.2011.10.061.

12. Lazarus WF. Economics of anaerobic digesters for processing animal manure. Extension Univ
Minnesota; 2015.

13. Banks CJ, Chesshire M, Heaven S, Arnold R. Anaerobic digestion of source-segregated
domestic food waste: performance assessment by mass and energy balance. Bioresour
Technol. 2011;102:612–20. https://doi.org/10.1016/j.biortech.2010.08.005.

14. Mortier N, Velghe F, Verstichel S. Organic recycling of agricultural waste today: composting
and anaerobic digestion. Amsterdam: Elsevier Inc; 2016.

15. Yenigün O, Demirel B. Ammonia inhibition in anaerobic digestion: a review. Process
Biochem. 2013;48:901–11. https://doi.org/10.1016/j.procbio.2013.04.012.

16. Melbinger NR, Donnellon J, Zablatzky HR. Toxic effects of ammonia nitrogen in high-rate
digestion (with Discussion). J Water Pollut Control Fed. 1971:1658–70.

17. Albertson OE. Ammonia nitrogen and the anaerobic environment. J Water Pollut Control Fed.
1961:978–95.

18. Appels L, Baeyens J, Degrève J, Dewil R. Principles and potential of the anaerobic digestion
of waste-activated sludge. Prog Energy Combust Sci. 2008;34:755–81. https://doi.org/10.
1016/j.pecs.2008.06.002.

19. Hallaji SM, Kuroshkarim M, Moussavi SP. Enhancing methane production using anaerobic
co-digestion of waste activated sludge with combined fruit waste and cheese whey. BMC
Biotechnol. 2019;19:1–10. https://doi.org/10.1186/s12896-019-0513-y.

20. Chow WL, Chong S, Lim JW, Chan YJ, Chong MF, Tiong TJ, Chin JK, Pan G-T. Anaerobic
co-digestion of wastewater sludge: a review of potential co-substrates and operating factors for
improved methane yield. PRO. 2020;8:39. https://doi.org/10.3390/pr8010039.

21. Yao Z, Li W, Kan X, Dai Y, Tong YW, Wang C-H. Anaerobic digestion and gasification
hybrid system for potential energy recovery from yard waste and woody biomass. Energy.
2017;124:133–45. https://doi.org/10.1016/j.energy.2017.02.035.

22. Dussadee N, Ramaraj R, Cheunbarn T. Biotechnological application of sustainable biogas
production through dry anaerobic digestion of Napier grass. 3 Biotech. 2017;7 https://doi.org/
10.1007/s13205-017-0646-4.

198 N. Hajinajaf et al.

https://doi.org/10.1016/j.biortech.2016.01.050
https://doi.org/10.1016/j.biortech.2016.01.050
https://doi.org/10.1016/j.biortech.2013.02.073
https://doi.org/10.1016/j.biortech.2013.02.073
https://doi.org/10.1016/j.biortech.2015.07.106
https://doi.org/10.1007/s12010-014-1185-7
https://doi.org/10.1016/j.biortech.2011.10.061
https://doi.org/10.1016/j.biortech.2011.10.061
https://doi.org/10.1016/j.biortech.2010.08.005
https://doi.org/10.1016/j.procbio.2013.04.012
https://doi.org/10.1016/j.pecs.2008.06.002
https://doi.org/10.1016/j.pecs.2008.06.002
https://doi.org/10.1186/s12896-019-0513-y
https://doi.org/10.3390/pr8010039
https://doi.org/10.1016/j.energy.2017.02.035
https://doi.org/10.1007/s13205-017-0646-4
https://doi.org/10.1007/s13205-017-0646-4


23. Panigrahi S, Sharma HB, Dubey BK. Overcoming yard waste recalcitrance through four
different liquid hot water pretreatment techniques–structural evolution, biogas production
and energy balance. Biomass Bioenergy. 2019;127:105268. https://doi.org/10.1016/j.
biombioe.2019.105268.

24. Amnuaycheewa P, Hengaroonprasan R, Rattanaporn K, Kirdponpattara S, Cheenkachorn K,
Sriariyanun M. Enhancing enzymatic hydrolysis and biogas production from rice straw by
pretreatment with organic acids. Ind Crop Prod. 2016;87:247–54. https://doi.org/10.1016/j.
indcrop.2016.04.069.

25. Bolado-Rodríguez S, Toquero C, Martín-Juárez J, Travaini R, García-Encina PA. Effect of
thermal, acid, alkaline and alkaline-peroxide pretreatments on the biochemical methane
potential and kinetics of the anaerobic digestion of wheat straw and sugarcane bagasse.
Bioresour Technol. 2016;201:182–90. https://doi.org/10.1016/j.biortech.2015.11.047.

26. Mirmohamadsadeghi S, Karimi K, Zamani A, Amiri H, Horváth IS. Enhanced solid-state
biogas production from lignocellulosic biomass by organosolv pretreatment. Biomed Res Int.
2014, 2014; https://doi.org/10.1155/2014/350414.

27. Zhao X, Wang L, Lu X, Zhang S. Pretreatment of corn stover with diluted acetic acid for
enhancement of acidogenic fermentation. Bioresour Technol. 2014;158:12–8. https://doi.org/
10.1016/j.biortech.2014.01.122.

28. Monlau F, Barakat A, Steyer J-P, Carrere H. Comparison of seven types of thermo-chemical
pretreatments on the structural features and anaerobic digestion of sunflower stalks. Bioresour
Technol. 2012;120:241–7. https://doi.org/10.1016/j.biortech.2012.06.040.

29. Tumutegyereize P, Muranga FI, Kawongolo J, Nabugoomu F. Optimization of biogas pro-
duction from banana peels: effect of particle size on methane yield. Afr J Biotechnol. 2011;10:
18243–51.

30. Stenmarck Å, Jensen C, Quested T, Moates G (2016) Estimates of European food waste levels
(FUSION Reducing food waste through social innovation). Stock Sweden.

31. Bartocci P, Zampilli M, Liberti F, Pistolesi V, Massoli S, Bidini G, Fantozzi F. LCA analysis
of food waste co-digestion. Sci Total Environ. 2020;709:136187. https://doi.org/10.1016/j.
scitotenv.2019.136187.

32. Yong Z, Dong Y, Zhang X, Tan T. Anaerobic co-digestion of food waste and straw for biogas
production. Renew Energy. 2015;78:527–30. https://doi.org/10.1016/j.renene.2015.01.033.

33. Zhang Y, Banks CJ. Impact of different particle size distributions on anaerobic digestion of the
organic fraction of municipal solid waste. Waste Manag. 2013;33:297–307. https://doi.org/10.
1016/j.renene.2015.01.033.

34. Safavi SM, Unnthorsson R. Methane yield enhancement via electroporation of organic waste.
Waste Manag. 2017;66:61–9. https://doi.org/10.1016/j.wasman.2017.02.032.

35. Rasapoor M, Ajabshirchi Y, Adl M, Abdi R, Gharibi A. The effect of ultrasonic pretreatment
on biogas generation yield from organic fraction of municipal solid waste under medium solids
concentration circumstance. Energy Convers Manag. 2016;119:444–52. https://doi.org/10.
1016/j.enconman.2016.04.066.

36. Xu S, Kong X, Liu J, Zhao K, Zhao G, Bahdolla A. Effects of high-pressure extruding
pretreatment on MSW upgrading and hydrolysis enhancement. Waste Manag. 2016;58:81–
9. https://doi.org/10.1016/j.wasman.2016.07.012.

37. Amare DE, Ogun MK, Körner I. Anaerobic treatment of deinking sludge: methane production
and organic matter degradation. Waste Manag. 2019;85:417–24. https://doi.org/10.1016/j.
wasman.2018.12.046.

38. Zhang Y, Li H. Energy recovery from wastewater treatment plants through sludge anaerobic
digestion: effect of low-organic-content sludge. Environ Sci Pollut Res. 2019;26:30544–53.
https://doi.org/10.1007/s11356-017-0184-y.

39. Giménez JB, Aguado D, Bouzas A, Ferrer J, Seco A. Use of rumen microorganisms to boost
the anaerobic biodegradability of microalgae. Algal Res. 2017;24:309–16. https://doi.org/10.
1016/j.algal.2017.04.003.

6 Recycling of Multiple Organic Solid Wastes into Biogas via Anaerobic Digestion 199

https://doi.org/10.1016/j.biombioe.2019.105268
https://doi.org/10.1016/j.biombioe.2019.105268
https://doi.org/10.1016/j.indcrop.2016.04.069
https://doi.org/10.1016/j.indcrop.2016.04.069
https://doi.org/10.1016/j.biortech.2015.11.047
https://doi.org/10.1155/2014/350414
https://doi.org/10.1016/j.biortech.2014.01.122
https://doi.org/10.1016/j.biortech.2014.01.122
https://doi.org/10.1016/j.biortech.2012.06.040
https://doi.org/10.1016/j.scitotenv.2019.136187
https://doi.org/10.1016/j.scitotenv.2019.136187
https://doi.org/10.1016/j.renene.2015.01.033
https://doi.org/10.1016/j.renene.2015.01.033
https://doi.org/10.1016/j.renene.2015.01.033
https://doi.org/10.1016/j.wasman.2017.02.032
https://doi.org/10.1016/j.enconman.2016.04.066
https://doi.org/10.1016/j.enconman.2016.04.066
https://doi.org/10.1016/j.wasman.2016.07.012
https://doi.org/10.1016/j.wasman.2018.12.046
https://doi.org/10.1016/j.wasman.2018.12.046
https://doi.org/10.1007/s11356-017-0184-y
https://doi.org/10.1016/j.algal.2017.04.003
https://doi.org/10.1016/j.algal.2017.04.003


40. Klassen V, Blifernez-Klassen O, Wibberg D, Winkler A, Kalinowski J, Posten C, Kruse
O. Highly efficient methane generation from untreated microalgae biomass. Biotechnol
Biofuels. 2017;10:186. https://doi.org/10.1186/s13068-017-0871-4.

41. Kobayashi T, Wu Y-P, Lu Z-J, Xu K-Q. Characterization of anaerobic degradability and
kinetics of harvested submerged aquatic weeds used for nutrient phytoremediation. Energies.
2015;8:304–18. https://doi.org/10.3390/en8010304.

42. Rao MS, Singh SP. Bioenergy conversion studies of organic fraction of MSW: kinetic studies
and gas yield–organic loading relationships for process optimisation. Bioresour Technol.
2004;95:173–85. https://doi.org/10.1016/j.biortech.2004.02.013.

43. Bi S, Westerholm M, Qiao W, Xiong L, Mahdy A, Yin D, Song Y, Dong R. Metabolic
performance of anaerobic digestion of chicken manure under wet, high solid, and dry
conditions. Bioresour Technol. 2020;296:122342. https://doi.org/10.1016/j.biortech.2019.
122342.

44. He D, Xiao J, Wang D, Liu X, Fu Q, Li Y, Du M, Yang Q, Liu Y, Wang Q. Digestion liquid
based alkaline pretreatment of waste activated sludge promotes methane production from
anaerobic digestion. Water Res. 2021;199:117198. https://doi.org/10.1016/j.watres.2021.
117198.

45. Ma S, Wang H, Li L, Gu X, Zhu W. Enhanced biomethane production from corn straw by a
novel anaerobic digestion strategy with mechanochemical pretreatment. Renew Sust Energ
Rev. 2021;146:111099. https://doi.org/10.1016/j.rser.2021.111099.

46. Li W, Khalid H, Amin FR, Zhang H, Dai Z, Chen C, Liu G. Biomethane production
characteristics, kinetic analysis, and energy potential of different paper wastes in anaerobic
digestion. Renew Energy. 2020;157:1081–8. https://doi.org/10.1016/j.renene.2020.04.035.

47. Yue L, Cheng J, Tang S, An X, Hua J, Dong H, Zhou J. Ultrasound and microwave pre-
treatments promote methane production potential and energy conversion during anaerobic
digestion of lipid and food wastes. Energy. 2021;228:120525. https://doi.org/10.1016/j.
energy.2021.120525.

48. Zinder S. Microbiology of anaerobic conversion of organic wastes to methane: recent devel-
opments. Am Soc Microbiol News;(United States). 1984;50(7)

49. Uçkun Kiran E, Stamatelatou K, Antonopoulou G, Lyberatos G. Production of biogas via
anaerobic digestion. Cambridge: Elsevier Ltd.; 2016. https://doi.org/10.1016/B978-0-08-
100455-5.00010-2.

50. Ziemiński K. Methane fermentation process as anaerobic digestion of biomass: transforma-
tions, stages and microorganisms. Afr J Biotechnol. 2012;11 https://doi.org/10.5897/
ajbx11.054.

51. Ntaikou I, Antonopoulou G, Lyberatos G. Biohydrogen production from biomass and wastes
via dark fermentation: a review. Waste Biomass Valoriz. 2010;1:21–39. https://doi.org/10.
1007/s12649-009-9001-2.

52. Murdoch FK, Murdoch RW, Gürakan GC, Sanin FD. Change of microbial community
composition in anaerobic digesters during the degradation of nonylphenol diethoxylate. Int
Biodeterior Biodegrad. 2018;135:1–8. https://doi.org/10.1016/j.ibiod.2018.09.002.

53. Sidhu C, Vikram S, Pinnaka AK. Unraveling the microbial interactions and metabolic
potentials in pre-and post-treated sludge from a wastewater treatment plant using metagenomic
studies. Front Microbiol. 2017;8:1382. https://doi.org/10.3389/fmicb.2017.01382.

54. Moo-Young M. Comprehensive biotechnology. Amsterdam: Elsevier; 2019.
55. Schink B. Energetics of syntrophic cooperation in methanogenic degradation. Microbiol Mol

Biol Rev. 1997;61:262–80. https://doi.org/10.1128/.61.2.262-280.1997.
56. Karakashev D, Batstone DJ, Angelidaki I. Influence of environmental conditions on

methanogenic compositions in anaerobic biogas reactors. Appl Environ Microbiol. 2005;71:
331–8. https://doi.org/10.1128/AEM.71.1.331-338.2005.

57. Demirel B, Scherer P. The roles of acetotrophic and hydrogenotrophic methanogens during
anaerobic conversion of biomass to methane: a review. Rev Environ Sci Bio/Technol. 2008;7:
173–90. https://doi.org/10.1007/s11157-008-9131-1.

200 N. Hajinajaf et al.

https://doi.org/10.1186/s13068-017-0871-4
https://doi.org/10.3390/en8010304
https://doi.org/10.1016/j.biortech.2004.02.013
https://doi.org/10.1016/j.biortech.2019.122342
https://doi.org/10.1016/j.biortech.2019.122342
https://doi.org/10.1016/j.watres.2021.117198
https://doi.org/10.1016/j.watres.2021.117198
https://doi.org/10.1016/j.rser.2021.111099
https://doi.org/10.1016/j.renene.2020.04.035
https://doi.org/10.1016/j.energy.2021.120525
https://doi.org/10.1016/j.energy.2021.120525
https://doi.org/10.1016/B978-0-08-100455-5.00010-2
https://doi.org/10.1016/B978-0-08-100455-5.00010-2
https://doi.org/10.5897/ajbx11.054
https://doi.org/10.5897/ajbx11.054
https://doi.org/10.1007/s12649-009-9001-2
https://doi.org/10.1007/s12649-009-9001-2
https://doi.org/10.1016/j.ibiod.2018.09.002
https://doi.org/10.3389/fmicb.2017.01382
https://doi.org/10.1128/.61.2.262-280.1997
https://doi.org/10.1128/AEM.71.1.331-338.2005
https://doi.org/10.1007/s11157-008-9131-1


58. Cabezas A, de Araujo JC, Callejas C, Galès A, Hamelin J, Marone A, Sousa DZ, Trably E,
Etchebehere C. How to use molecular biology tools for the study of the anaerobic digestion
process? Rev Environ Sci Bio/Technol. 2015;14:555–93. https://doi.org/10.1007/s11157-015-
9380-8.

59. Zhang L, Loh KC, Zhang J. Enhanced biogas production from anaerobic digestion of solid
organic wastes: current status and prospects. Bioresour Technol Rep. 2019;5:280–96. https://
doi.org/10.1016/j.biteb.2018.07.005.

60. Cho K, Shin SG, Kim W, Lee J, Lee C, Hwang S. Microbial community shifts in a farm-scale
anaerobic digester treating swine waste: correlations between bacteria communities associated
with hydrogenotrophic methanogens and environmental conditions. Sci Total Environ.
2017;601:167–76. https://doi.org/10.1016/j.scitotenv.2017.05.188.

61. Lim JW, Ge T, Tong YW. Monitoring of microbial communities in anaerobic digestion sludge
for biogas optimisation. Waste Manag. 2018;71:334–41. https://doi.org/10.1016/j.wasman.
2017.10.007.

62. Pham TH, Rabaey K, Aelterman P, Clauwaert P, De Schamphelaire L, Boon N, Verstraete
W. Microbial fuel cells in relation to conventional anaerobic digestion technology. Eng Life
Sci. 2006;6:285–92. https://doi.org/10.1002/elsc.200620121.

63. Goswami R, Chattopadhyay P, Shome A, Banerjee SN, Chakraborty AK, Mathew AK,
Chaudhury S. An overview of physico-chemical mechanisms of biogas production by micro-
bial communities: a step towards sustainable waste management. 3 Biotech. 2016;6:1–12.
https://doi.org/10.1007/s13205-016-0395-9.

64. Su C, Lei L, Duan Y, Zhang K-Q, Yang J. Culture-independent methods for studying
environmental microorganisms: methods, application, and perspective. Appl Microbiol
Biotechnol. 2012;93:993–1003. https://doi.org/10.1007/s00253-011-3800-7.

65. Riviere D, Desvignes V, Pelletier E, Chaussonnerie S, Guermazi S, Weissenbach J, Li T,
Camacho P, Sghir A. Towards the definition of a core of microorganisms involved in
anaerobic digestion of sludge. ISME J. 2009;3:700–14. https://doi.org/10.1038/ismej.2009.2.

66. Shi J, Xu F, Wang Z, Stiverson JA, Yu Z, Li Y. Effects of microbial and non-microbial factors
of liquid anaerobic digestion effluent as inoculum on solid-state anaerobic digestion of corn
stover. Bioresour Technol. 2014;157:188–96. https://doi.org/10.1016/j.biortech.2014.01.089.

67. Li YF, Shi J, Nelson MC, Chen PH, Graf J, Li Y, Yu Z. Impact of different ratios of feedstock
to liquid anaerobic digestion effluent on the performance and microbiome of solid-state
anaerobic digesters digesting corn stover. Bioresour Technol. 2016;200:744–52. https://doi.
org/10.1016/j.biortech.2015.10.078.

68. Li YF, Nelson MC, Chen PH, Graf J, Li Y, Yu Z. Comparison of the microbial communities in
solid-state anaerobic digestion (SS-AD) reactors operated at mesophilic and thermophilic
temperatures. Appl Microbiol Biotechnol. 2015;99:969–80. https://doi.org/10.1007/s00253-
014-6036-5.

69. Xu F, Wang ZW, Li Y. Predicting the methane yield of lignocellulosic biomass in mesophilic
solid-state anaerobic digestion based on feedstock characteristics and process parameters.
Bioresour Technol. 2014;173:168–76. https://doi.org/10.1016/j.biortech.2014.09.090.

70. Nayak BS, Levine AD, Cardoso A, Harwood VJ. Microbial population dynamics in
laboratory-scale solid waste bioreactors in the presence or absence of biosolids. J Appl
Microbiol. 2009;107:1330–9. https://doi.org/10.1111/j.1365-2672.2009.04319.x.

71. Fdez-Güelfo LA, Álvarez-Gallego C, Sales D, Romero García LI. Dry-thermophilic anaerobic
digestion of organic fraction of municipal solid waste: methane production modeling. Waste
Manag. 2012;32:382–8. https://doi.org/10.1016/j.wasman.2011.11.002.

72. Weinrich S, Nelles M. Critical comparison of different model structures for the applied
simulation of the anaerobic digestion of agricultural energy crops. Bioresour Technol.
2015;178:306–12. https://doi.org/10.1016/j.biortech.2014.10.138.

73. Batstone DJ, Keller J, Angelidaki I, Kalyuzhnyi SV, Pavlostathis SG, Rozzi A, Sanders WTM,
Siegrist HA, Vavilin VA. The IWA anaerobic digestion model no 1 (ADM1). Water Sci
Technol. 2002;45:65–73. https://doi.org/10.2166/wst.2002.0292.

6 Recycling of Multiple Organic Solid Wastes into Biogas via Anaerobic Digestion 201

https://doi.org/10.1007/s11157-015-9380-8
https://doi.org/10.1007/s11157-015-9380-8
https://doi.org/10.1016/j.biteb.2018.07.005
https://doi.org/10.1016/j.biteb.2018.07.005
https://doi.org/10.1016/j.scitotenv.2017.05.188
https://doi.org/10.1016/j.wasman.2017.10.007
https://doi.org/10.1016/j.wasman.2017.10.007
https://doi.org/10.1002/elsc.200620121
https://doi.org/10.1007/s13205-016-0395-9
https://doi.org/10.1007/s00253-011-3800-7
https://doi.org/10.1038/ismej.2009.2
https://doi.org/10.1016/j.biortech.2014.01.089
https://doi.org/10.1016/j.biortech.2015.10.078
https://doi.org/10.1016/j.biortech.2015.10.078
https://doi.org/10.1007/s00253-014-6036-5
https://doi.org/10.1007/s00253-014-6036-5
https://doi.org/10.1016/j.biortech.2014.09.090
https://doi.org/10.1111/j.1365-2672.2009.04319.x
https://doi.org/10.1016/j.wasman.2011.11.002
https://doi.org/10.1016/j.biortech.2014.10.138
https://doi.org/10.2166/wst.2002.0292


74. Liotta F, Chatellier P, Esposito G, Fabbricino M, Frunzo L, Van Hullebusch ED, Lens PNL,
Pirozzi F. Modified Anaerobic Digestion Model No.1 for dry and semi-dry anaerobic digestion
of solid organic waste. Environ Technol (United Kingdom). 2015;36:870–80. https://doi.org/
10.1080/09593330.2014.965226.

75. Bollon J, Le-hyaric R, Benbelkacem H, Buffiere P. Development of a kinetic model for
anaerobic dry digestion processes: focus on acetate degradation and moisture content.
Biochem Eng J. 2011;56:212–8. https://doi.org/10.1016/j.bej.2011.06.011.

76. Abbassi-Guendouz A, Brockmann D, Trably E, Dumas C, Delgenès JP, Steyer JP, Escudié
R. Total solids content drives high solid anaerobic digestion via mass transfer limitation.
Bioresour Technol. 2012;111:55–61. https://doi.org/10.1016/j.biortech.2012.01.174.

77. Xu F, Wang ZW, Tang L, Li Y. A mass diffusion-based interpretation of the effect of total
solids content on solid-state anaerobic digestion of cellulosic biomass. Bioresour Technol.
2014;167:178–85. https://doi.org/10.1016/j.biortech.2014.05.114.

78. Motte JC, Escudié R, Bernet N, Delgenes JP, Steyer JP, Dumas C. Dynamic effect of total
solid content, low substrate/inoculum ratio and particle size on solid-state anaerobic digestion.
Bioresour Technol. 2013;144:141–8. https://doi.org/10.1016/j.biortech.2013.06.057.

79. Vavilin VA, Lokshina LY, Jokela JPY, Rintala JA. Modeling solid waste decomposition.
Bioresour Technol. 2004;94:69–81. https://doi.org/10.1016/j.biortech.2003.10.034.

80. Zhang C, Su H, Tan T. Batch and semi-continuous anaerobic digestion of food waste in a dual
solid–liquid system. Bioresour Technol. 2013;145:10–6. https://doi.org/10.1016/j.biortech.
2013.03.030.

81. Mao C, Feng Y, Wang X, Ren G. Review on research achievements of biogas from anaerobic
digestion. Renew Sust Energ Rev. 2015;45:540–55. https://doi.org/10.1016/j.rser.2015.
02.032.

82. Bi S, Hong X, Yang H, Yu X, Fang S, Bai Y, Liu J, Gao Y, Yan L, Wang W. Effect of
hydraulic retention time on anaerobic co-digestion of cattle manure and food waste. Renew
Energy. 2020;150:213–20. https://doi.org/10.1016/j.renene.2019.12.091.

83. Gaby JC, Zamanzadeh M, Horn SJ. The effect of temperature and retention time on methane
production and microbial community composition in staged anaerobic digesters fed with food
waste. Biotechnol Biofuels. 2017;10:1–13. https://doi.org/10.1186/s13068-017-0989-4.

84. Mattocks R (1984) Understanding biogas generation (Technical paper No. 4. volunteers in
technical Assistance, p. 13). Virginia Volunt Tech Assist, Arlington.

85. Zhang L, Loh K, Zhang J. Enhanced biogas production from anaerobic digestion of solid
organic wastes: current status and prospects. Department of Chemical and Biomolecular
Engineering , National University of Singapore , Singapore NUS Environment; 1936.
p. 1–6. https://doi.org/10.1016/j.biteb.2018.07.005.

86. Wang X, Zhang L, Xi B, Sun W, Xia X, Zhu C, He X, Li M, Yang T, Wang P. Biogas
production improvement and C/N control by natural clinoptilolite addition into anaerobic
co-digestion of Phragmites australis, feces and kitchen waste. Bioresour Technol. 2015;180:
192–9. https://doi.org/10.1016/j.biortech.2014.12.023.

87. Fricke K, Santen H, Wallmann R, Hüttner A, Dichtl N. Operating problems in anaerobic
digestion plants resulting from nitrogen in MSW. Waste Manag. 2007;27:30–43. https://doi.
org/10.1016/j.wasman.2006.03.003.

88. Zhou Y, Li C, Nges IA, Liu J. The effects of pre-aeration and inoculation on solid-state
anaerobic digestion of rice straw. Bioresour Technol. 2017;224:78–86. https://doi.org/10.
1016/j.biortech.2016.11.104.

89. Suksong W, Jehlee A, Singkhala A, Kongjan P, Prasertsan P, Imai T, O-Thong
S. Thermophilic solid-state anaerobic digestion of solid waste residues from palm oil mill
industry for biogas production. Ind Crop Prod. 2017;95:502–11. https://doi.org/10.1016/j.
indcrop.2016.11.002.

90. Choi JH, Jang SK, Kim JH, Park SY, Kim JC, Jeong H, Kim HY, Choi IG. Simultaneous
production of glucose, furfural, and ethanol organosolv lignin for total utilization of high

202 N. Hajinajaf et al.

https://doi.org/10.1080/09593330.2014.965226
https://doi.org/10.1080/09593330.2014.965226
https://doi.org/10.1016/j.bej.2011.06.011
https://doi.org/10.1016/j.biortech.2012.01.174
https://doi.org/10.1016/j.biortech.2014.05.114
https://doi.org/10.1016/j.biortech.2013.06.057
https://doi.org/10.1016/j.biortech.2003.10.034
https://doi.org/10.1016/j.biortech.2013.03.030
https://doi.org/10.1016/j.biortech.2013.03.030
https://doi.org/10.1016/j.rser.2015.02.032
https://doi.org/10.1016/j.rser.2015.02.032
https://doi.org/10.1016/j.renene.2019.12.091
https://doi.org/10.1186/s13068-017-0989-4
https://doi.org/10.1016/j.biteb.2018.07.005
https://doi.org/10.1016/j.biortech.2014.12.023
https://doi.org/10.1016/j.wasman.2006.03.003
https://doi.org/10.1016/j.wasman.2006.03.003
https://doi.org/10.1016/j.biortech.2016.11.104
https://doi.org/10.1016/j.biortech.2016.11.104
https://doi.org/10.1016/j.indcrop.2016.11.002
https://doi.org/10.1016/j.indcrop.2016.11.002


recalcitrant biomass by organosolv pretreatment. Renew Energy. 2019;130:952–60. https://
doi.org/10.1016/j.renene.2018.05.052.

91. Derman E, Abdulla R, Marbawi H, Sabullah MK. Oil palm empty fruit bunches as a promising
feedstock for bioethanol production in Malaysia. Renew Energy. 2018;129:285–98. https://
doi.org/10.1016/j.renene.2018.06.003.

92. Bauer A, Leonhartsberger C, Bösch P, Amon B, Friedl A, Amon T. Analysis of methane yields
from energy crops and agricultural by-products and estimation of energy potential from
sustainable crop rotation systems in EU-27. Clean Techn Environ Policy. 2010;12:153–61.
https://doi.org/10.1007/s10098-009-0236-1.

93. Shahriari H. Enhancement of anaerobic digestion of organic fraction of municipal solid waste
by microwave pretreatment. Unversity of Ottawa. (Ph.D. Dissertation); 2011. https://doi.org/
10.20381/ruor-4874.

94. Vavouraki AI, Angelis EM, Kornaros M. Optimization of thermo-chemical hydrolysis of
kitchen wastes. Waste Manag. 2013;33:740–5. https://doi.org/10.1016/j.wasman.2012.
07.012.

95. Sarto S, Hildayati R, Syaichurrozi I. Effect of chemical pretreatment using sulfuric acid on
biogas production from water hyacinth and kinetics. Renew Energy. 2019;132:335–50. https://
doi.org/10.1016/j.renene.2018.07.121.

96. Ariunbaatar J, Panico A, Frunzo L, Esposito G, Lens PNL, Pirozzi F. Enhanced anaerobic
digestion of food waste by thermal and ozonation pretreatment methods. J Environ Manag.
2014;146:142–9. https://doi.org/10.1016/j.jenvman.2014.07.042.

97. Shah FA, Mahmood Q, Rashid N, Pervez A, Raja IA, Shah MM. Co-digestion, pretreatment
and digester design for enhanced methanogenesis. Renew Sust Energ Rev. 2015;42:627–42.
https://doi.org/10.1016/j.rser.2014.10.053.

98. Panigrahi S, Dubey BK. A critical review on operating parameters and strategies to improve
the biogas yield from anaerobic digestion of organic fraction of municipal solid waste. Renew
Energy. 2019;143:779–97. https://doi.org/10.1016/j.renene.2019.05.040.

99. Kiran EU, Stamatelatou K, Antonopoulou G, Lyberatos G. Production of biogas via anaerobic
digestion. In: Handbook of biofuels production. Elsevier; 2016. p. 259–301. https://doi.org/10.
1016/B978-0-08-100455-5.00010-2.

100. Schroyen M, Vervaeren H, Vandepitte H, Van Hulle SWH, Raes K. Effect of enzymatic
pretreatment of various lignocellulosic substrates on production of phenolic compounds and
biomethane potential. Bioresour Technol. 2015;192:696–702. https://doi.org/10.1016/j.
biortech.2015.06.051.

101. Schroyen M, Vervaeren H, Van Hulle SWH, Raes K. Impact of enzymatic pretreatment on
corn stover degradation and biogas production. Bioresour Technol. 2014;173:59–66. https://
doi.org/10.1016/j.biortech.2014.09.030.

102. Ziemiński K, Romanowska I, Kowalska M. Enzymatic pretreatment of lignocellulosic wastes
to improve biogas production. Waste Manag. 2012;32:1131–7. https://doi.org/10.1016/j.
wasman.2012.01.016.

103. Zhang Q, He J, Tian M, Mao Z, Tang L, Zhang J, Zhang H. Enhancement of methane
production from cassava residues by biological pretreatment using a constructed microbial
consortium. Bioresour Technol. 2011;102:8899–906. https://doi.org/10.1016/j.biortech.2011.
06.061.

104. Zhong W, Zhang Z, Luo Y, Sun S, Qiao W, Xiao M. Effect of biological pretreatments in
enhancing corn straw biogas production. Bioresour Technol. 2011;102:11177–82. https://doi.
org/10.1016/j.biortech.2011.09.077.

105. Shi J, Sharma-Shivappa RR, Chinn M, Howell N. Effect of microbial pretreatment on
enzymatic hydrolysis and fermentation of cotton stalks for ethanol production. Biomass
Bioenergy. 2009;33:88–96. https://doi.org/10.1016/j.biombioe.2008.04.016.

106. Ge X, Matsumoto T, Keith L, Li Y. Fungal pretreatment of albizia chips for enhanced biogas
production by solid-state anaerobic digestion. Energy Fuel. 2015;29:200–4. https://doi.org/10.
1021/ef501922t.

6 Recycling of Multiple Organic Solid Wastes into Biogas via Anaerobic Digestion 203

https://doi.org/10.1016/j.renene.2018.05.052
https://doi.org/10.1016/j.renene.2018.05.052
https://doi.org/10.1016/j.renene.2018.06.003
https://doi.org/10.1016/j.renene.2018.06.003
https://doi.org/10.1007/s10098-009-0236-1
https://doi.org/10.20381/ruor-4874
https://doi.org/10.20381/ruor-4874
https://doi.org/10.1016/j.wasman.2012.07.012
https://doi.org/10.1016/j.wasman.2012.07.012
https://doi.org/10.1016/j.renene.2018.07.121
https://doi.org/10.1016/j.renene.2018.07.121
https://doi.org/10.1016/j.jenvman.2014.07.042
https://doi.org/10.1016/j.rser.2014.10.053
https://doi.org/10.1016/j.renene.2019.05.040
https://doi.org/10.1016/B978-0-08-100455-5.00010-2
https://doi.org/10.1016/B978-0-08-100455-5.00010-2
https://doi.org/10.1016/j.biortech.2015.06.051
https://doi.org/10.1016/j.biortech.2015.06.051
https://doi.org/10.1016/j.biortech.2014.09.030
https://doi.org/10.1016/j.biortech.2014.09.030
https://doi.org/10.1016/j.wasman.2012.01.016
https://doi.org/10.1016/j.wasman.2012.01.016
https://doi.org/10.1016/j.biortech.2011.06.061
https://doi.org/10.1016/j.biortech.2011.06.061
https://doi.org/10.1016/j.biortech.2011.09.077
https://doi.org/10.1016/j.biortech.2011.09.077
https://doi.org/10.1016/j.biombioe.2008.04.016
https://doi.org/10.1021/ef501922t
https://doi.org/10.1021/ef501922t


107. Zhao J, Zheng Y, Li Y. Fungal pretreatment of yard trimmings for enhancement of methane
yield from solid-state anaerobic digestion. Bioresour Technol. 2014;156:176–81. https://doi.
org/10.1016/j.biortech.2014.01.011.

108. Martinez AT, Ruiz-Dueñas FJ, Martínez MJ, Del Río JC, Gutierrez A. Enzymatic
delignification of plant cell wall: from nature to mill. Curr Opin Biotechnol. 2009;20:348–
57. https://doi.org/10.1016/j.copbio.2009.05.002.

109. Skiadas IV, Gavala HN, Lu J, Ahring BK. Thermal pre-treatment of primary and secondary
sludge at 70 C prior to anaerobic digestion. Water Sci Technol. 2005;52:161–6. https://doi.org/
10.2166/wst.2005.0512.

110. Lizasoain J, Trulea A, Gittinger J, Kral I, Piringer G, Schedl A, Nilsen PJ, Potthast A,
Gronauer A, Bauer A. Corn stover for biogas production: effect of steam explosion
pretreatment on the gas yields and on the biodegradation kinetics of the primary structural
compounds. Bioresour Technol. 2017;244:949–56. https://doi.org/10.1016/j.biortech.2017.
08.042.

111. Carlsson M, Lagerkvist A, Ecke H. Electroporation for enhanced methane yield from munic-
ipal solid waste. ORBIT 2008 Mov Org Waste Recycl Towar Resour Manag Biobased Econ.
2008;6:1–8.

112. Liu CM, Wachemo AC, Yuan HR, Zou DX, Liu YP, Zhang L, Pang YZ, Li XJ. Evaluation of
methane yield using acidogenic effluent of NaOH pretreated corn stover in anaerobic diges-
tion. Renew Energy. 2018;116:224–33. https://doi.org/10.1016/j.renene.2017.07.001.

113. Capson-Tojo G, Trably E, Rouez M, Crest M, Steyer JP, Delgenès JP, Escudié R. Dry
anaerobic digestion of food waste and cardboard at different substrate loads, solid contents
and co-digestion proportions. Bioresour Technol. 2017;233:166–75. https://doi.org/10.1016/j.
biortech.2017.02.126.

114. Fagbohungbe MO, Dodd IC, Herbert BMJ, Li H, Ricketts L, Semple KT. High solid anaerobic
digestion: Operational challenges and possibilities. Environ Technol Innov. 2015;4:268–84.
https://doi.org/10.1016/j.eti.2015.09.003.

115. Amani T, Nosrati M, Sreekrishnan TR. Anaerobic digestion from the viewpoint of microbi-
ological, chemical, and operational aspects: a review. Environ Rev. 2010;18:255–78. https://
doi.org/10.1139/A10-011.

116. Wu D, Lü F, Shao L, He P. Effect of cycle digestion time and solid-liquid separation on
digestate recirculated one-stage dry anaerobic digestion: use of intact polar lipid analysis for
microbes monitoring to enhance process evaluation. Renew Energy. 2017;103:38–48. https://
doi.org/10.1016/j.renene.2016.11.016.

117. Fox P, Pohland FG. Anaerobic treatment applications and fundamentals: substrate specificity
during phase separation. Water Environ Res. 1994;66:716–24. https://doi.org/10.2175/wer.66.
5.8.

118. Panjičko M, Zupančič GD, Zelić B. Anaerobic biodegradation of raw and pre-treated brewery
spent grain utilizing solid state anaerobic digestion. Acta Chim Slov. 2015;62:818–27. https://
doi.org/10.17344/acsi.2015.1534.

119. Nielsen HB, Angelidaki I. Codigestion of manure and industrial organic waste at centralized
biogas plants: process imbalances and limitations. Water Sci Technol. 2008;58:1521–8.
https://doi.org/10.2166/wst.2008.507.

120. Surendra KC, Takara D, Hashimoto AG, Khanal SK. Biogas as a sustainable energy source for
developing countries: opportunities and challenges. Renew Sust Energ Rev. 2014;31:846–59.
https://doi.org/10.1016/j.rser.2013.12.015.

121. Korres N, O’Kiely P, Benzie JAH, West JS. Bioenergy production by anaerobic digestion:
using agricultural biomass and organic wastes. New York: Routledge; 2013.

204 N. Hajinajaf et al.

https://doi.org/10.1016/j.biortech.2014.01.011
https://doi.org/10.1016/j.biortech.2014.01.011
https://doi.org/10.1016/j.copbio.2009.05.002
https://doi.org/10.2166/wst.2005.0512
https://doi.org/10.2166/wst.2005.0512
https://doi.org/10.1016/j.biortech.2017.08.042
https://doi.org/10.1016/j.biortech.2017.08.042
https://doi.org/10.1016/j.renene.2017.07.001
https://doi.org/10.1016/j.biortech.2017.02.126
https://doi.org/10.1016/j.biortech.2017.02.126
https://doi.org/10.1016/j.eti.2015.09.003
https://doi.org/10.1139/A10-011
https://doi.org/10.1139/A10-011
https://doi.org/10.1016/j.renene.2016.11.016
https://doi.org/10.1016/j.renene.2016.11.016
https://doi.org/10.2175/wer.66.5.8
https://doi.org/10.2175/wer.66.5.8
https://doi.org/10.17344/acsi.2015.1534
https://doi.org/10.17344/acsi.2015.1534
https://doi.org/10.2166/wst.2008.507
https://doi.org/10.1016/j.rser.2013.12.015


Chapter 7
Recycling of Multiple Organic Solid Wastes
into Chemicals via Biodegradation

Trevor J. Shoaf and Abigail S. Engelberth

Abstract Much of the solid waste produced annually is high in organic content, and
while the definition of what exactly is considered to be organic waste differs based
on locale, the sheer volume of organic waste produced is shocking. Organic waste
contributes to greenhouse gas (GHG) emissions and often carries costly disposal
fees. Redirecting the organics from the waste into a higher value use can (1) mitigate
emissions, (2) potentially reduce cost, (3) save time and effort on producing primary
resources, (4) produce valuable goods and commodity chemicals. The organic
fraction of municipal solid waste (OFMSW) can be recycled via biodegradation
into readily used methane gas or into chemical building blocks such as acids or
alcohols. Biodegradation may include anaerobic digestion, fungal transformation,
and composting. This chapter will explore selected types of biodegradation, factors
affecting each type, how the composition of the organic fraction affects the outcome
of the biodegradation products, and the mitigation potential for recycling OFMSW
via biodegradation. Upcycling, recycling, or repurposing carbon-rich wastes will
enhance the carbon circular economy and reduce the burden on primary production.
This chapter aims to demonstrate the utility of biodegradation to produce market-
ready products from otherwise wasted resources.
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7.1 Introduction

Global waste generation and disposal has become a salient issue after the turn of the
century. In an effort to shift from a linear to a more circular economy, reuse and
conversion of wastes away from the landfill and into more suitable and higher value
products is necessary. A potential solution is to use the carbon present in the organic
fraction of municipal solid waste (OFMSW) – in the form carbohydrates (i.e.
sugars) – as a resource for biochemical degradation and conversion. OFMSW is
rich in both simple and complex sugars: food waste has been shown to have
concentrations of up to 71.5% total sugars on a dry basis [1], and cotton waste fibers
are around 95.4 wt % cellulose [2].

Sugar-rich waste is an ideal candidate for biodegradation to mitigate the ever
growing stream of organic waste by diverting it from a landfill and into a process by
which microorganisms consume the sugars to produce higher-value products. The
aim of this chapter is to highlight recent findings and to demonstrate the current
understanding of how OFMSW and other organic wastes can act as a feedstock for
biodegradation.

Biodegradation of OFMSW into valuable products – specifically commodity
chemicals or petro-chemical replacements – reduces demand on virgin resources
and assists in the goal for national energy independence. In 2007, the United States
passed the “Energy Independence and Security Act” with a goal to reduce reliance
on foreign entities for their energy sources [3]. While energy independence is a
significant driving force, reduction in volume of organic solid wastes annually
landfilled is another. Of the 268 million tons of municipal solid waste (MSW)
produced in the USA in 2017, the majority (53%) was landfilled [4]. Due to the
organic nature of the OFMSW, degradation continues regardless of final resting
place. When landfilled, OFMSW degrades resulting in both leachate and greenhouse
gas emissions [5]. The leachate, which is the liquid excreted from landfills to the
environment, levels increase with OFMSW decomposition and can reduce landfill
gas collection operation [6]. Landfilling as a waste management solution for organic
wastes also increases the negative impacts on human health (e.g., cardiovascular,
pulmonary) by the waste treatment chemicals used [7, 8].

Background and current status of research into OFMSW and other waste organics
as they pertain to biodegradation to produce either liquid or gaseous products that
have a demonstrated market demand will be elucidated [3]. First, liquid-based
products produced through the acetone-butanol-ethanol (ABE) fermentation schema
will be discussed followed by the sequential production of lactic acid and methane
gas.

The major organic wastes that will be discussed are categorized as either agri-
cultural residues or organic fraction of municipal solid wastes. All wastes discussed
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are organic in composition and have either been previously studied as potential
candidates for a biodegradation or have a high potential for conversion to higher
value products.

7.1.1 Agricultural Residues

Agricultural residues are considered to be wastes derived from agricultural
processing. The term ‘agricultural processing’ refers to anything from tapioca
production, resulting in cassava bagasse, to rice harvesting, resulting in rice straw
generation. The defining characteristic of agricultural residues, as applied to this
chapter, is that these parts of the crop are generally deemed inedible and are
conventionally discarded as refuse [9]. The term bagasse is used to describe the
more fibrous waste of a crop [10]. The agricultural residues highlighted in this
chapter are cassava bagasse, three different straws (rice, barley, and wheat), sugar
beet pulp, and corn stover.

Cassava is predominately found in diets of the people living in Asian, African,
and Latin American locales, making cassava the sixth most important global food
crop. The major solid wastes from cassava processing are bagasse and peels, which
are inedible due to their deadly concentration of cyanide [11]. For every 250–300
tons of edible tubers of cassava processed, about 280 tons of bagasse and 1.6 tons of
peels are produced [9]. Cassava bagasse contains water, residual starches, and
cellulose fibers, where the residual starches and cellulose fibers can be used in
microbial biodegradation [3, 12]. The global production of cassava in 2019 was
304 million tons, up from 287 million tons in 2017 [13].

Rice straw is the residue remaining in the field after harvest [14, 15]. The volume
is dependent upon the techniques employed for grain removal, including the cutting
height, as well as the choices by the growers regarding the treatment of the straw not
harvested with the grains. When these factors are considered, the global rice straw
production in 2019 was between 370 and 520 million tons [13]. Of the rice straw
production in 2017 the United States produced only 4.3 million dry tons and the
United States Department of Energy (DOE) forecasts there to be 10.8 million dry
tons by 2030 [3]. The DOE used an estimate of the moisture content of the grain to
be 13.5% and a ratio of 1 dry gram of rice to 1 dry gram rice straw [16]. While grown
to a lesser extent globally than rice, barely straw is also a significant agricultural
residue to consider. The worldwide production of barley straw in 2019 was 159 mil-
lion tons and it is estimated that between 0.33 to 0.53 kg of straw is produced per kg
of barley [17].

Sugar beets are mainly grown for use as a source of crystalline sugars with
270 million tons produced annually with a dry basis of five million tons of sugar
beet pulp annually, 20% of which is produced within the USA [18, 19]. The process
to transform sugar beets into crystalline sugar also results in three major byproducts:
tops, pulp, and molasses [20]. While sugar beet molasses has been used in
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fermentation to produce alcohol and methane, sugar beet pulp is the reside of focus
for this chapter due to its high-solids composition [20, 21].

Corn stover is the solid agricultural waste byproduct created when growing corn;
generally, corn stover is most every part of the grass that is not the ear. [22]. Barley
straw and rice straw account for less than a 1:1 ratio for their product by weight, corn
stover accounts for 1 kg stover per kg grain [3]. This fact, along with the fact that
corn takes up over 12 times more land in the USA for growing than barley and rice
combined, makes corn stover an attractive potential waste residue for
biodegradation [3].

7.1.2 Municipal Solid Wastes (MSW)

The specific organic content of OFMSW is highly dependent on source, season, and
region [17, 23, 24], though is usually abundant in food wastes (FW), whether they be
from residences, markets, or restaurants [24]. In 2015 the DOE reported that 15.1%
of OFMSW was food wastes, 6.2% was wood, 13.3% from yard trimmings, and
25.9% was non-recycled paper products [25]. OFMSW tends to have higher mois-
ture content than MSW and varied concentrations of rejected materials. Materials
that may inhibit a biodegradation process and are present to varying degrees within
OFMSW include plastics, cardboard, paper, metal, glass, bones, and fruit kernels
[16]. Glass (4.4% of MSW), metals (9.1% of MSW), plastics (13.1% of MSW), as
well as “other inorganic species found in MSW” (3.6% of MSW) are not usable as
feedstock for anaerobic digestion [16, 26]. It is estimated that between 1.6 and 2.0
billion tons of MSW are produced globally per year. Of that, around 70% is
landfilled, and only around 19% is recycled [27]. The production of MSW is around
three times that of the combined production of agricultural residues of rice straw
(520 Mt), barley straw (84 Mt), and cassava bagasse (76 Mt).

Food wastes are not the only organic-rich feedstock in MSW; textiles are another
fraction of MSW and have a cellulosic makeup between 30 and 40% on average
[28, 29]. In the United States, over the past two decades, the production of textile
MSW by weight has increased 80%, from 9.48 million tons in 2000 to 17.03 million
tons in 2018 [30]. Of the textile waste produced in these two decades, on average,
66% was landfilled, which is equivalent to 11.3 million tons in 2018 [30].

In 2019, the fraction of textile waste in MSW found in Lahore, Pakistan was
9.21%. This percentage was determined through a case study and does not define the
percent of textiles found in MSW worldwide. In 2015 the fraction of MSW that can
be attributed to rubber, leather, and textiles was 9.3% [26]. In the textile market
globally, cotton is attributed to 30% of the market share and cellulose from cotton
requires significantly more time to degrade naturally as compared to amorphous
cellulose [2].
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7.1.3 Biodegradation Processes Overview

The biodegradation processes discussed in this chapter focus on the production of
either a liquid or gaseous product. The focus will be on two general schema, acetone-
butanol-ethanol (ABE) and anaerobic digestion for the production of lactic acid and
methane. Each will be discussed in detail in the Sects. 7.3 and 7.4. Table 7.1 is
included here to highlight and summarize microorganism type and use on the
substrates of interest. Table 7.1 displays strain, along with key operating parameters,
sorted by process and also highlights the feedstocks pertinent to the present work.

Table 7.1 Key operating parameters for highlighted microorgansms

Process Microorganism
pH
range

Temperature
range (�C)

Relevant
feedstocks References

ABE Clostridium acetobutylicum 5.0–7.0 30–42 Barley Straw [31–33]

Rice Straw

Cotton
Fibers

OFMSW

Clostridium beijerinckii 5.0–6.8 34–40 Barley Straw [34–36]

Switchgrass
and Corn
Stover

Packing
Peanuts

Clostridium tyrobutyricum 5.0–6.0 20–37 Cassava
Bagasse

[37–39]

Clostridium thermocellum
and Clostridium
saccharoperbutylacetonicum

5.0–6.0 30 Rice Straw [40–42]

Lactic
Acid

Bacillus coagulans 6.0–6.4 50–52 OFMSW [43, 44]

Lactobacillus casei 6.5 30–45 Cassava
Bagasse

[45]

Lactobacillus delbrueckii
sp. Bulgarcus

– – Corn Stover [46]

Lactobacillus plantarum 6.25 35 Food Waste [1]

Streptococcus sp. 6 35 Food Waste [24]

ABE—acetone-butanol-ethanol
OFMSW—organic fraction of municipal solid waste
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7.2 Pretreatment to Overcome Substrate Challenges

To maximize yield of a desired product from organic solid waste, pretreatment may
be required [36, 47–52]. Pretreatment methods that have been employed for organic
wastes and agricultural residues can be categorized by one of the following groups:
mechanical, physical, chemical, physicochemical, or biological. The prevalence and
availability of these methods depends upon the scale of the study, the composition of
the waste, and the availability of the resource. Section 7.2 aims to provide sufficient
background to more acutely explain the differences in parameters and reasons for
increased yield in each of the products discussed. Table 7.2 illustrates how different
combinations of the pretreatment methods are related to each of the main feedstocks
and how the pretreatment methods relate to the final products of interest. Note that
while other pretreatment methods exist and are common for lignocellulosic materials
that are not considered waste, such as switchgrass grown for energy production, they
will only be discussed if they have demonstrated use in the pretreatment of organic
solid wastes as well.

7.2.1 Physical and Mechanical Pretreatments

Physical and mechanical pretreatments employ either a physical or mechanical
action or change to the substrate to increase yields of target components (e.g.,
cellulose, hemicellulose) [51]; examples include ultrasonication [67, 68], grinding
[69, 70], rotary drum reactor [59, 63], and microwave treatment [65, 71, 72].

Grinding is a basic pretreatment that uses mechanical blades or impellers to
reduce the size of the substrate [69, 70]. A hammer mill was used to grind wheat
straw, barley straw, and corn stover with the goal of determining the physical
properties at three particle sizes (0.8 mm, 1.6 mm, and 3.2 mm screen sizes)
[70]. The bulk density achieved for the wheat straw, barely straw, and corn stover
was highest for the smallest hammer mill screen sizes tested [70]. A household
garbage disposal, which imparted the same type of action as a hammer mill, was
compared to a bead mill to reduce FW particle and increase VFA production and
methane yield [69]. A household garbage disposal was tested as a pretreatment
option due to the distributed nature and volume of food waste production. It was
reported that reducing FW particle size below a lower limit threshold of 0.6 mm
particles resulted in VFA accumulation and decreased methane yield, as well as a
reduction in FW particle solubility in the anaerobic chamber. The optimal particle
size for methane production from FW was 0.62 mm [69]. Note that standard garbage
disposal was only able to reduce the FW particles to 0.88 mm, whereas the bead mill
achieved the optimal size of 0.62 mm and could further reduce the FW particles to
0.4 mm [69].

Ultrasonication uses targeted sound waves to sunder substrates prior to fermen-
tation [67, 68]. Ultrasonic waves between 10 kHz and 20 MHz are emitted and
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weaken cell walls and break down lignin to improve accessibility of sugars to
microorganisms [73]. The ultrasonic waves cause the formation of cavitation bub-
bles that, when disrupted, create a high pressure burst to lyse cells
[73]. Ultrasonication was used on sugar beet pulp pellets that had been ground to
2 mm pieces to increase methane production 26% and methane concentration 79%
when ultrasonication was paired with enzyme pretreatment, a magnetic field
pretreatment, and grinding [74].

The rotary drum reactor has the same technological basis to traditional
composting techniques, in that air is added to drums from the unloading side to
assist in aerobic biodegradation and mechanical force degradation [59, 63]. A rotary
drum reactor was able to separate biodegradable materials from MSW which
resulted in a feedstock that was consistent in biogas yield to the quantity produced
from FW alone [63]. A rotary drum reactor was successfully scaled-up to a 100-L
capacity for use in the pretreatment of sugar cane bagasse to produce ethanol using
SSF operating conditions [59].

Microwave pretreatment irradiates substrates with electromagnetic waves,
between 0.3 and 300 GHz frequency, and can be used concurrently with chemical
pretreatments to enhance cellulose concentrations from organic solid wastes by
disrupting cells through polar and dielectric molecular interactions [65, 71,
72]. Microwave pretreatment has shown to increase glucose concentrationswhile
reducing the concentration of fermentative inhibitors (e.g., 5-hydroxymethylfurfural
and furfural) [71]. When microwave pretreatment was applied to a stand-in version
of OFMSW, formulated based on previous characterization of Canadian kitchen
waste, after size reduction pretreatment, resulted in an increased biogas production
between 4 and 7%, suggesting synergy from combining pretreatments [65].

7.2.2 Chemical Pretreatments

Chemical pretreatments employ solvents – often acids – to reduce the long chain
carbohydrates into shorter chain sugars that are more readily consumed during
biodegradation. Organosolv is conventionally used for delignification of lignocellu-
losic biomass and it relies on an organic solvent (e.g., MgSO4, HCl, (NH4)3PO4) to
degrade the lignin barrier of biomass [75]. For rice straw, an ethanol organosolv
pretreatment (with a solid-to-liquid ratio of 1:8 and 75% (v/v) aqueous ethanol
containing 1% (w/w) sulfuric acid catalyst) was shown to improve butanol produc-
tion from 43.6 g/kg rice straw to 80.3 g/kg rice straw [56].

Alkaline pretreatment was considered as an alternative to organosolv to improve
the yield of ABE from rice straw [52]. Alkaline pretreatment is often viewed as a
promising path for pretreatment of agricultural residues due to its ability to simul-
taneously increase the internal surface area, decrease in cellulose crystallinity, and
disrupt the lignin [52].

Phosphoric acid-acetone is a combination of two organic acids for enhanced
organosolv pretreatment that has been shown to effectively pretreat cotton-based
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textile wastes to recover cellulose [2, 76]. The two-step method follows: (1) phos-
phoric acid (H3PO4) is used to treat solid textile cotton waste (2) acetone
((CH3)2CO) is used to recover cellulose. Step 1 dissolved 94% solids using 19 g
H3PO4/g cotton compared to the initial solid mass. Step 2 recovered 97% cellulose
using 41 g (CH3)2CO/g solid. Recovered cellulose here is defined by: grams
cellulose precipitated per gram of dissolved cellulose [2]. Phosphoric acid-acetone
pretreatment was shown to increase the glucose yield compared to untreated rice
straw from 101.8 g glucose/kg rice straw [52].

7.2.3 Physiochemical Pretreatments

Physiochemical pretreatments take advantage of the discord between physical and
chemical properties to synergistically create a force that breaks the barrier between
complex substrates and fermentation. Examples of physiochemical pretreatments are
hydrothermal pretreatment [50, 58], steam explosion [55, 77], and the use of
supercritical CO2 (SC-CO2) [60, 78, 79].

Hydrothermal pretreatment (HTP) uses a high temperature water bath, between
160 �C and 180 �C for 30–60 min, to surround a vessel containing the substrate of
interest in an effort to increase the hydrolysis rate [58]. HTP structurally changes
organic solid wastes to allow more straightforward degradation and increases the
soluble chemical oxygen demand by degrading insoluble organic carbohydrates and
proteins [50]. The production of inhibitory compounds (i.e., melanoidins) is an
inherent pitfall of HTP due to interactions between carbohydrates and amino acids
during HTP, but it is possible to design the reaction vessel to counteract this by
addition of acid consuming bacteria (i.e., Lactobacillus plantarum SF5.6) [50]. A
two-phase anaerobic digestion of MSW was coupled with HTP and it was deter-
mined that biogas production in the two-phase anaerobic digestion was 31.5%
higher if HTP was employed first as compared to the control; two-phase anaerobic
digestion could reach a net energy output 97.4% higher than the one phase anaerobic
digestion with HTP [50].

Steam explosion is an attractive pretreatment method for lignocellulosic biomass
since it requires no chemical bar water and generates small amounts of waste
[55]. Steam explosion and hydrothermal pretreatments both take advantage of high
temperature water, but steam explosion uses saturated steam, whereas hydrothermal
pretreatment uses the liquid phase of water [77]. The scientific basis behind steam
explosion is that the high temperatures and high pressure is applied to the biomass,
followed by a rapid drop in pressure, causing an explosive decompressive state that
breaks down the hemicellulose [77].

Supercritical CO2 (SC-CO2) is another temperature dependent physiochemical
pretreatment technique, but it uses CO2 to break down complex organic wastes
[79]. When SC-CO2 was used to pretreat sugarcane bagasse resulting in an increase
in fermentable sugar by 280%, compared to untreated sugarcane bagasse [60]. This
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pretreatment is favorable when used on biomass or organic solid waste because it
does not result in the formation of harmful solvent byproducts [78].

7.2.4 Biological Pretreatments

Biological pretreatments use microorganisms, enzymes, or a combination thereof to
reduce substrates, with similar complexity as to what is found in organic solid waste,
and to maximize the fermentative production potential improving the carbon acces-
sibility in the substrates [73, 80, 81].

Enzymatic hydrolysis may be necessary to access the organic solid waste as a
carbon source in the fermentation media [73]. Selection of enzymatic hydrolysis
over other pretreatment methods is based on both substrate composition and the
downstream degradation process. The main goal of the enzymes used for
pretreatment of organic solid wastes is to reduce carbon chain length [73, 82]. Enzy-
matic hydrolysis often targets hydrogen bonding within a carbon chain at designated
bonding sites to reduce chain length [82]. Microorganisms can more readily con-
sume a shortened carbon chain and thus increase the yield of a given product of
interest. Cellulase, amylase, and β-glucosidase are commonly used enzymes for
cellulose hydrolysis [81]. Microbial selections involving some Clostridia species,
render enzymatic hydrolysis unnecessary, due to the innate enzymatic production of
these microbes [83–85]. Section 7.3.1 will explore these features of Clostridium
bacteria in more depth.

One of the microorganism-based approaches uses fungus to synthesize enzymes,
with the goal of reducing operational cost increases seen from the use of industrially
produced enzymes [28]. One example of such a fungus is Aspergillus niger which
produces several hydrolysis enzymes such as α-amylase, β-glucosidase, xylanase,
and cellulase [28].

7.3 Acetone-Butanol-Ethanol (ABE) Process

ABE fermentation is an anaerobic process reliant upon bacteria to produce acetone,
butanol, and ethanol [86]. While early reports of butanol production using the ABE
process revolved around the Clostridia genus, more recent industrial processes have
used genetically modified Clostridium or Saccharomyces cerevisiae [87]. Fermenta-
tions with these specific species have controlled the genetics greatly, but use of
mixed cultures has also been explored; combining Clostridium cellulovorans and
Clostridium beijerinckii [88]. Mixed culture fermentation (MCF) is often employed
in the fermentation of organic solids, but does not always lead to increased yields
[57, 85, 89–91]. ABE fermentation uses a bi-phasic schema of acidogenesis, which
produces butyrate, hydrogen, and CO2, followed by solventogenesis
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[86]. Microorganisms consume the products of the acidogenic phase and produce
acetone-butanol-ethanol during a second phase called the solventogenesis
phase [92].

ABE fermentation emerged in response to a growing acetone market during
World War I, but production began to wane in the 1980s, as the petrochemical
industry expanded its reach and portfolio [87, 93]. However, due to the rise of
interest in alternative liquid fuels and renewable chemicals – namely in the form of
biobutanol – research on ABE fermentation has reemerged [87, 93]. Butanol is
commonly considered a drop-in ready liquid fuel and is an intermediate for the
production in three disparate industries: artificial flavoring, solvents, and
cosmetics [94].

Figure 7.1 depicts a generic process flow for an ABE fermentation. The unit
operations shown in Fig. 7.1 include: pretreatment and enzymatic hydrolysis, fer-
mentation, in situ separations, and a final separation to purify the product of interest
from the mixture. The pretreatment and enzymatic hydrolysis steps are optional and
depend on the substrate used; the fermentation contains an optional in situ separation
process to assist in increasing yield as butanol is toxic to the microbes present.

The ABE production process – outlined in Fig. 7.1 – is a biphasic process where
microorganisms (historically Clostridia) consume feedstock to produce acetic acid
and butyric acid in the acidogenic phase (phase 1), and acetone, butanol, and ethanol
in the solventogenic phase (phase 2) generally in a ratio of 3:6:1 respectively
[87]. Variables that have been explored in the optimization of ABE production in
terms of butanol production will be discussed. Butanol is produced in the second
phase of the ABE fermentation, when microorganisms convert the organic acids
produced in the solventogenic phase into acetone, butanol, and ethanol. The micro-
organisms that produce butanol through ABE fermentation at the industrial and lab
scales are reviewed and then the organic solid substrates are presented and ranked by
yield of butanol, and finally the impact of in situ separation of inhibitory compounds
produced during the biodegradation mechanisms is discussed.

Organic 
Solid

Waste

Optional
Pretreatment

Optional Enzymatic
Hydrolysis

Bioreactor Optional
In situ separations

Separations

Byproduct(s)

End Product(s)

Fig. 7.1 Generic process flow diagram for Acetone-butanol-ethanol (ABE) fermentation. Dotted
lines represent operations that are not required but may be implemented based on the feedstock or
desired yield
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7.3.1 Microorganisms

Aerobic conditions, pH, and temperature used within a given ABE fermentation
depend on microorganism selection. The genus Clostridia is often selected for this
fermentation due to Clostridia’s ability to produce butanol [95]. Issues regarding use
of Clostridia will be discussed and have led to increases in research into genetically
modifying Escherichia coli and Saccharomyces cerevisiae [94, 96]. Of the Clos-
tridia species, biobutanol is most prevalently produced from Clostridium
acetobutylicum and Clostridium beijerinckii, however the exploration of other
species with similar characteristics have been explored, but to a lesser extent
[61, 97].

7.3.1.1 Clostridia

The Clostridia species most prevalent in the production of butanol are Clostridium
acetobutylicum, Clostridium beijerinckii, Clostridium saccharoperbutylacetonicum,
and Clostridium saccharobutylicum [95]. Clostridia bacteria digest sugar, starch,
cellulose, and lignin – a trait that is especially advantageous when using an alterna-
tive feedstocks like agricultural residues and OFMSW [87]. These species produce
butanol under the following optimal conditions: 30–40 �C, pH between 6.0 and 7.5,
and anaerobic conditions [87]. The effect of pH on butanol production using a
non-waste feedstock was reported; the initial pH of 6.2 yielded the highest concen-
tration of butanol (6.28 g/L) of the pH values tested (5.0, 5.5, 6.0, 6.2, 6.5, 7.0) on
the C. acetobutylicum YM1 strain [33]. Table 7.3 displays the range of pH values
that have been used for ABE production along with the organic solid substrates used
and their butanol yields.

Optimal temperatures used in ABE fermentation using Clostridia species are
reported in Table 7.3 as well, however there has been interest in increasing the
optimal temperature for this process by genetically modifying Clostridium strains to
improve cellulase activity and hence butanol production. A shift towards tempera-
tures around 42 �C yields 0.18 g/g-substrate compared to between (0.08 and 0.12) g/
g-substrate in usual simultaneous saccharification and fermentation (SSF) processes
using temperatures of 36 �C [32].

SSF processes allow for the reduction of unit operations due to the removal of
pretreatment steps that take place in the same SSF reactor [32]. One of the major
challenges of SSF was the temperature optimization conundrum due to the fact that
enzymatic hydrolysis operates mostly between 45 �C and 50 �C, whereas Clostrid-
ium fermentation for ABE operates between 30 �C and 40 �C
[32, 76]. Non-isothermal simultaneous saccharification and fermentation (NSSF) is
a process designed to circumnavigate the temperature-based challenges of SSF,
namely the differences in the optimal temperatures of enzymatic hydrolysis and
fermentation, where the operation is set to the optimal enzymatic temperatures until
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the enzymatic hydrolysis has achieved the desired hydrolysis before shifting the
temperature within the reactor to a more desirable fermentative temperature [81, 98].

One development to counteract downsides of SSF and NSSF is consolidated
bioprocessing (CBP). The main aspect to CBP that sets it apart from SSF and NSSF
is the use of a single organism to produce enzymes and carry out the fermentation
[81]. This strategy takes advantage of the advances of recombinant DNA technology
that have allowed extensive modification of microbial species to carry out these tasks
[81]. A few reports on these genetic modifications on Clostridium have shown
enhanced yields of up to 0.39 g/g of butanol and ethanol using CBP [81, 99].

7.3.1.2 Escherichia coli and Saccharomyces cerevisiae

Escherichia coli and Saccharomyces cerevisiae are model organisms due to the
abundance of information and genomics surrounding their use and functionality
[100]. A strong baseline knowledge of both E. coli and S. cerevisiae allow for
reasonable modifications to optimize ABE fermentation processes and to improve
butanol yield.

A butanol production pathway was added into the native bacterial chassis of
E. coli which resulted in 33 native gene deletions and five heterologous gene
introductions [101]. The strain was enhanced to produce a 34% yield with 20 g/L
of butanol from a synthetic medium; a marked increase over engineered Clostridia
strains which can produce 18.9 g/L with yield of 29% [101].

S. cerevisiae is another model organism that has been modified to include a
butanol production pathway [102–106]. One goal behind implementing
S. cerevisiae, co-cultured with C. acetobutylicum, was to raise the butanol toxicity
threshold [107]. From this exploration, the butanol concentration was able to reach
16.3 g/L, over double the threshold of 8 g/L discussed in Sect. 7.3.3 [107].

7.3.2 Substrate Selection

OFMSW has been either homogenized or left as a heterogenous mixture for use as
the carbon source in ABE fermentation. Table 7.3 compares the output of butanol, as
it pertains to various organic solid substrates, and is sorted by highest to lowest
butanol yield, while maintaining categorical separation between OFMSW and agri-
cultural residues.

The fermentations shown in Table 7.3 were conducted with the Clostridia genus,
with the majority (60%) of those being of C. acetobutylicum, followed by 30% from
C. beijerinckii, while only one used C. tyrobutyricum. Microorganism selection is
consistent with research trends in the past few years. It should be noted that each
fermentation was performed at 36 � 1 �C with 70% of the fermentations conducted
at 37 �C. Only two studies used agitated vessels, with the final yield not among the
highest yields achieved indicating that agitation may not be required. The highest
yield of butanol per kg of agricultural residue was achieved from cassava bagasse at
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300 g/kg [38], whereas the lowest yield from an agricultural residue was from rice
straw at 112.7 g/kg [56]. Of the municipal solid waste substrates, the OFMSW from
Isfahan, Iran and was pretreated with a combination of ethanol extraction, dilute acid
pretreatment, and enzymatic hydrolysis, demonstrated the lowest yield of 83.9 g
butanol/kg substrate [108]. The decreased yield in butanol for OFMSW as compared
to agricultural residues may indicate that the sugars may not be accessible for the
microorganisms and that additional pretreatment may be required to increase yield.

7.3.3 Separation

In situ separation processes are advantageous due to the inhibitory effect of butanol
at concentrations greater than 8 g/L with regards to ABE production from Clostrid-
ium bacteria [39]. Pervaporation [110–113] and gas stripping [112, 114, 115] are
conventional separation processes employed for product recovery during fermenta-
tion. Gas stripping removes the solvents produced from the media throughout the
fermentation process by bubbling hydrogen or carbon dioxide through the fermen-
tation broth, effectively stripping away ABE products as they are produced
[115]. Pervaporation relies on membrane permeabilities to allow selected vapors to
pass through the membrane pores with assistance of a vacuum [111]. This procedure
partially vaporizes the fermentation broth by increasing the temperature of the feed
broth to the heat of vaporization, then the vaporized broth passes by the membrane at
which point the ABE products are pulled through the membrane via vacuum and
condensed back into a liquid on the other side [111].

Gas stripping has been shown to maintain butanol concentrations below the
critical inhibitory concentration of 8 g/L [112, 114]. When using a gas recycle
flowrate between 0.3 and 0.6 vvm (gas volume per liquid volume per minute),
18.6 g/L of butanol was produced from industrial juices, such as sugar cane juice
and sweet sorghum juice, when gas-stripping was used, compared to 10.5 g/L
butanol from industrial juices without gas stripping [115]. When gas-stripping was
applied to cassava bagasse hydrolysate, the butanol yield shifted from 0.22 g/g to
0.25 g/g, but the fermentation was able to produce 59.81 g/L with gas-stripping, and
only 9.71 g/L without gas stripping [31], demonstrating that the more significant
impact of in situ gas stripping lies in production over time, and not the yield.

Pervaporation relies on a liquid-to-vapor phase change, along with membrane
technology, to separate butanol, along with other ABE products, from the fermen-
tation media [110]. A model of a pervaporation membrane was constructed to
determine efficacy in ABE production and was determined that an in situ process
showed 250% higher butanol concentrations compared to control with no in situ
separation [111]. A techno-economic analysis on the feasibility of pervaporation,
along with gas-stripping, determined that biobutanol from MSW an economically
viable process only if these two separations were incorporated. Pervaporation
remains a relatively new yet technologically advanced separation technique
[111, 112]; the most appropriate membranes for this separation are likely still
under development.
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7.4 Lactic Acid and Methane Process

Lactic acid and methane are generally concurrently produced – especially during
anaerobic digestion. First, current approaches for optimizing production of lactic
acid from organic solid wastes will be discussed followed by variables that can be
modified to optimize lactic acid production and consequently achieve higher meth-
ane yields in the second phase. Lactic acid (LA) can be used in the production of
various marketable products (e.g., anti-aging moisturizers, chemical cleaning agents,
food preservatives, and dialysis solutions) [24]. The market size of lactic acid is
estimated to increase by 254%, from $2.64 billion to $9.0 billion, between 2018 and
2025 [116]. Lactic acid produced by biodegradation is viewed as a more cost-
effective and environmentally beneficial alternative to chemical synthesis because
of the ability to utilize in-expensive waste streams as substrates and because chem-
ical synthesis to produce lactic acid requires elevated temperatures and higher energy
input [117].

Figure 7.2 illustrates a generic process flow for LA production via biodegrada-
tion, followed by optional methanogenesis of the volatile fatty acids (VFA). The unit
operations shown in Fig. 7.2 include: pretreatment and enzymatic hydrolysis,
acidogenic fermentation, optional in situ separation, separation of LA as a purified
product, optional methanogenesis of remaining VFAs and media, in situ separation,
and a final separation to purify the methane.

Figure 7.2 shows both the acidogenesis step and the methanogenesis step of
organic solid waste fermentation. Methanogens transform organic acids into meth-
ane [118, 119]. The dotted line flowing from “Other Organic Acids” to

Fig. 7.2 Generic flow diagram for lactic acid and methane production from organic solid wastes.
The dotted lines indicate an optional process or connection between processes
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“Methanogenic Bioreactor” represent an optional step to harvest the lactic acid and
utilize the remaining broth, including other VFAs, produced during acidogenesis to
produce methane. This flow is one potential route to maximize the profitability of
methane production [120, 121].

The sequential production of lactic acid and methane is advantageous in anerobic
digestion because it overcomes an economic hurdle of methanogenesis [24]. In the
European Union (EU), LA fermentation production costs can range between 0.72
and 1.13 €/kg lactic acid with the market value at 1.36 €/kg lactic acid [24].

The microorganisms that are involved in acidogenesis include: lactic acid bacteria
(LAB) [122] and Saccharomyces cerevisiae [121], whereas methanogenesis is
carried out by: Methanomicrobium mobile [123] and Methanosarcina [21]. Similar
to ABE production, lactic acid production has been carried out with mixed cultures,
such as the combination of LAB monocultures with various fermentative abilities
that were used to produce lactic acid from sugar beet pulp [49].

7.4.1 Lactic Acid

Anaerobic digestion is performed as either a single or two-stage process with the
transformation occurring in four phases beginning with hydrolysis, followed by
acidogenesis, then acetogenesis, and finally ending with the methanogenesis
[50, 124–126]. While anaerobic digestion can be conducted using a single reactor,
or in sequential reactors; the choice between one or two reactors for the production of
lactic acid and/or methane influences both microorganism selection and operating
conditions [24].

7.4.1.1 Microorganisms

Microorganisms for lactic acid production from municipal solid wastes often include
a mix of various lactic acid bacteria (LAB) [122, 127], and S. cerevisiae
[120, 121]. Refer to Table 7.1 for a summary and Table 7.4 for more specifics.

7.4.1.1.1 Lactic Acid Bacteria (LAB)

LAB is a classification that encompasses a wide variety of bacterium that effica-
ciously produce lactic acid; the two genera encompassed by LAB are Enterococci
and Lactobacilli [128, 129].

The Enterococci genus includes species that operate at higher temperatures than
any currently known Lactobacilli strain [128, 129]. Enterococcus faecium has been
studied in a scale-up operation from 3 L to 100 L. It was concluded that E. faecium
was a feasible option for industrial uses with a pilot scale production rate of 3.91 g/L-
h. The lab scale production rate was 4.96 g/L-h, but the slower rate in the pilot scale
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was deemed a significant hurdle as the yield was not significantly different between
the 3 L and 100 L scales [129].

Lactobacilli is the other main genus represented within LABs, spanning over
200 species of microorganisms [118]. With the abundance of species represented in
LABs a versatility is present allowing operation anywhere from 2 �C to 53 �C as well
as an ability to operate under many oxygenated states for growth [118].

7.4.1.1.2 Saccharomyces cerevisiae

S. cerevisiae can be engineered to produce D-lactic acid at a purity of 99.9%
[46, 121]. The two enantiomeric forms of lactic acid that can be produced by
fermentation are D and L forms of lactic acid. When used in the production of
biologically derived plastics, L-lactic acid is more susceptible to thermal modifica-
tions at temperatures as low as 58 �C, lower than D-lactic acid [46, 128]. Furthermore,
mixtures of D and L enantiomers of lactic acid can form an enhanced racemic crystal
stereo-complex capable of increasing the melting temperature of the bioplastic by
around 50 �C [130].

S. cerevisiae, combined with indigenous microorganism consortium within food
waste, rich in Enterococcus spp., was used to determine the effectiveness of breaking
down FW by measuring metabolite yield. The results showed that the use of both the
indigenous consortium of bacteria and yeast together achieved metabolite yields of
81%, and the conclusion stated that this is a feasible combination of microorganisms
to produce lactic acid through a more targeted fermentation than the one tested in this
study [131].

7.4.1.2 Substrate Selection

Substrate selection for the production of lactic acid through anaerobic digestion is
shown in Table 7.4. As can be seen in Table 7.4, mixed cultures are a popular choice
for lactic acid production in the organic solid waste sector, with 55% of studies listed
utilizing this approach. Interestingly, each of the reported pH values for this
acidogenic fermentation are skewed acidic. It should also be noted that the results
from the studies using specific organisms, and not mixed cultures, mostly achieved
higher yields than any of the mixed culture studies reported here with the average
lactic acid yield for single culture studies being 79.3 g/L and the average lactic acid
yield for mixed cultures being 30.7 g/L.

7.4.1.3 Separations

Commonly used separation techniques for lactic acid include precipitation, solvent
extraction, adsorption, distillation, electrodialysis, and nanofiltration [134–
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136]. Section 7.4.1.3 will explore solvent extraction, electrodialysis, and
nanofiltration as they have been applied to lactic acid produced from the substrates
of interest.

Electrodialysis (ED) is a membrane separation technology that operates based on
differences in electric potential of the solutes [134]. ED poses issues with scaling on
the membrane, resulting in shorter membrane life or requires costly descaling
techniques. To improve upon ED challenges, the coupling of nanofiltration mem-
branes with electrodialysis or the use of anion-exchange membranes along with
electrodialysis was explored and it was determined that both combinations resulted
in greater deacidification, and demineralization, but these approaches are generally
more energy intensive than more traditional electrodialysis configurations [134].

Solvent extraction is a liquid-liquid extraction technique used to isolate lactic acid
post fermentation. Solvent extraction takes advantage of the solubility differences
between extraction solvent and lactic acid. However, this extraction method is not
often employed industrially due to the weaknesses that economically feasible sol-
vents have demonstrated when separating lactic acid. Environmental impact can be
addressed when choosing solvents for this liquid-liquid extraction; the lower misci-
bility is proportional to reductions in environmental impacts [136].

Nanofiltration has its merits individually in the separations of lactic acid, but it
operates even better coupled with the other previously discussed extraction tech-
niques. Nanofiltration is generally less energy intensive as it uses crossflow filtration
which does not require as much energy input when compared to other separation
techniques [134–136].

7.4.1.4 pH Control

Lactic acid was produced using three inocula under different pH values and pro-
cedures and it was determined that for the methanogenic sludge, the highest yield of
lactic acid (20.7 g/L) was at pH 5 after 72 h compared to the same sludge producing
9.7 g/L of lactic acid after 144 h with uncontrolled pH [45]. The same methods were
tested on anaerobic sludge and showed similar trends. The uncontrolled pH trial with
anaerobic sludge produced 11.5 g/L of lactic acid after 120 h, versus the pH 5 trial
with anaerobic sludge, producing 22.6 g/L after 84 h. The pH-controlled experi-
ments were completed in a shortened time frame as compared to the uncontrolled
experiments due to the noticeably faster rate of carbohydrate degradation [133].

7.4.2 Methane

Lactic acid production can be coupled with methane production (see Fig. 7.2) as the
acidogenesis phase is a precursor in methane production. Section 7.4.2 will explore
biodegradation of organic solid feedstocks used for the production of methane gas as
part of the anaerobic digestion process.
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7.4.2.1 Microorganisms

Methanogens are a class of archaea microorganisms known for the production of
methane from organic acids [119, 137]. These archaea are a part of the phylum
Euryarchaeota, consisting of seven orders: Methanococcales, Methanobacteriales,
Methanosarcinales, Methanomicrobiales, Methanopyrales, Methanocellasles, and
Methanomassiliicoccales [119, 137].

The environments that methanogens can withstand are vast and diverse, but
always anoxic [119, 137]. There have been reports of methanogens in extreme
locations: hydrothermal vents and saline lakes; simple environments: rice fields
and marshes; the feces of animals: cattle and horses; the human body: human
feces and human dental plaques; man-made environments: landfills and biogas
plants [137, 138].

Two of the more important parameters for biogas production are pH and temper-
ature [119]. The temperature ranges that methanogens operate under are range from
4 �C to 65 �C . Values for pH in which the production of methane from methanogens
is optimized is similarly large (between 5.1 and 9.5, with most methanogens
exhibiting optimal production near neutral pH) [119].

7.4.2.2 Substrate Selection

Table 7.5 shows selected studies to produce methane from agricultural residues and
OFMSW. Five aspects of the studies have been reported here: substrate used, the
number of bioreactor stages used, hydraulic retention time (HRT), temperature, and
yield. Note that Table 7.5 does not list microorganism information; this omission is
intentional as methanogenic processes most often use mixed cultures and not specific
organisms [21, 24, 50, 58, 139].

Table 7.5 Substrate yields for methane gas production

Substrate Stages
HRT
(days)

Temperature
(�C) Yield (Nm3/kgVS) Reference

Agricultural
residues

Sugar Beet
Molasses

2 – – 7.43 L/working
volume/day

[21]

Sugar Beet
Pulp

1 28 37 502.50 L /kg VS
accumulated

[58]

OFMSW FW 2 20 37 0.398 [24]

OFMSW 1 – 33 73.2 m3/metric
ton feedstock

[50]

Wool Tex-
tile Waste

1 46 55 0.43 [139]

VS—volatile solids
HRT—hydraulic retention time
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7.5 Technoeconomic Comparisons for Biodegradation
Processes

Technoeconomic assessment (TEA) is often employed as a tool to compare nascent
or inchoate processes to probe into potential trade-offs – both in terms of cost and
energy use. TEA provides insight in early stages of process design and allows for
early directional shifts if it is clear that a particular unit operation will be cost
prohibitive for a conversion. While TEA is a useful predition tool, it is not as widely
reported as expected. Table 7.6 is included to demonstrate the dearth of TEA reports
for organic wastes as feedstocks within biodegradation transformations. Of the
multitude of studies published, only two were identified which included any eco-
nomic information on the process. This lack of information indicates that further
research is needed to demonstrate the potential utility – or lack thereof – for these
types of feedstocks. A general assumption may be that since the feedstocks of
interest are considered to be wastes, then the process will be profitable since material
costs will be low. However, this is not necessarily the case and cursory TEA may
indicate that a particular process may never be fruitful since yield or some other such
variable might be too low to overcome. Food waste upgrading is best performed in a
facitlity focused on producing a variety of products with more than one feedstock
entering the facility [5].

7.6 Conclusions and Future Outlook

Use of organic wastes and agricultural residues as substrates to produce valuable
chemical products is possible. While many substrates have specific challenges, these
can be overcome through additional unit operations; ABE fermentation of cassava
bagasse has been shown to produce upwards of 76 g/L of butanol when in situ
separation techniques were applied as compared to 9.71 g/L without [31]. Not only
are modifications to process configuations a possibility to for increasing production,
genetic manipulations of the micrroorganisms themselves may prove most
beneficial.

Increasing the tolerance to butanol within certain Clostridium bacteria for ABE
fermentation or reducing required feremention time are two of the most promising
directions regarding microbial manipulations [150]. A significant focus on metabolic
engineering has been to increase the butanol titers from ABE fermentation by
modifications to Clostridium cellulovorans [99, 151], Clostridium cellulolyticum
[150, 152], as well as genetic modifications of other Clostridium species. Metabolic
engineering of Clostridium cellulovorans has focused on improving butanol titers
for cellulosic biomass through consolidated bioprocessing (CBP) [99, 151]. Modifi-
cations to Clostridium cellulovorans can increase butanol production at least
138 times, from 0.025 g/L to 3.47 g/L after only 84 h, when using cellulose,
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indicating that genetic manipulations of this organism show enough potential for
additional investigation with a lower-cost feedstock [99].

The use of Clostridium cellulolyticum could be advantageous for the lignocellu-
losic agricultural residues, such as rice straw, due to its ability to digest the lignin
[152]. However, proof-of-concept studies for Clostridium cellulolyticum show lim-
ited potential; sometimes only achieving a titer of 0.04 g/L up to 0.12 g/L of butanol
[150, 152].

The combination of Thermoanaerobacterium thermosaccharolyticum and Clos-
tridium acetobutylicum was studied to determine their ability to produce butanol
from hemicellulose and with 13.28 g/L of butanol produced, the concept was
promising enough to explore with food waste, namely corncob [153]. With untreated
corncob, CBP produced 7.61 g/L of butanol, signifying an advance in the field of
butanol production through fermentation sans pretreatment [153, 154]. However,
there remains many routes for expanding the use of biodegradation of agricultural
residues or OFMSW.

An engineered strain of Clostridium beijerinckii was used on corn stover hydro-
lysate to increase the production in the solventogenic phase of ABE fermentation
showing comparable results, of 20.7 g/L total solvents, to the solventogenic produc-
tion when using corn alone as feedstock [154]. The histidine kinases in
C. beijerinckii were altered to to increase butanol titer and production rate, conclud-
ing that deletion of cbei2073, a histidine kinase coding region, increased production
rate by 40% and increased the butanol biosynthesis by 40.8%, from 9.8 g/L to 13.8 g/
L of butanol [144]. This provides evidence of the role in histidine kinase in butanol
production and provides insight into specific strategies moving forward in metabolic
engineering of Clostridium strains for enhanced butanol production.

When anaerobic digestion is used, the production of lactic acid and methane
generally rely on the use of a consortia of microorganisms rather than a specific
strain like that of ABE fermentations. For this reason, only minimal effort has been
spared with respect to strain development. Though there is significant attention paid
to research in mixed microbial communities [57, 88, 155]. In the coming years,
significant attention on the economic feasibility of biodegradation processes of
organic wastes should be given. Economic potential and profitability are seminal
for commercialization of these potentially valuable feedstocks.

References

1. Ye Z-L, Lu M, Zheng Y, Li Y-H, Cai W-M. Lactic acid production from dining-hall food
waste by Lactobacillus plantarum using response surface methodology. J Chem Technol
Biotechnol. 2008;83:1541–50. https://doi.org/10.1002/jctb.1968.

2. Seifollahi M, Amiri H. Phosphoric acid-acetone process for cleaner production of acetone,
butanol, and ethanol from waste cotton fibers. J Clean Prod. 2018;193:459–70. https://doi.org/
10.1016/j.jclepro.2018.05.093.

3. Oak Ridge National Laboratory. 2016 billion-ton report. U.S. Department of Energy; 2016.
https://doi.org/10.1089/ind.2016.29051.doe.

7 Recycling of Multiple Organic Solid Wastes into Chemicals via Biodegradation 233

https://doi.org/10.1002/jctb.1968
https://doi.org/10.1016/j.jclepro.2018.05.093
https://doi.org/10.1016/j.jclepro.2018.05.093
https://doi.org/10.1089/ind.2016.29051.doe


4. American Society of Civil Engineers. ASCE’s 2021 infrasturcutre report card: solid waste,
2021.

5. Engelberth AS. Evaluating economic potential of food waste valorization: Onward to a diverse
feedstock biorefinery. Green Sustain Chem. 2020;1–6:100385. https://doi.org/10.1016/j.
cogsc.2020.100385.

6. Xu Q, Qin J, Ko JH. Municipal solid waste landfill performance with different biogas
collection practices: Biogas and leachate generations. J Clean Prod. 2019;222:446–54.
https://doi.org/10.1016/j.jclepro.2019.03.083.

7. Laurent A, Bakas I, Clavreul J, Bernstad A, Niero M, Gentil E, Hauschild MZ, Christensen
TH. Review of LCA studies of solid waste management systems—Part I: Lessons learned and
perspectives. Waste Manag. 2014;34(3):573–88. https://doi.org/10.1016/j.wasman.2013.
10.045.

8. Giusti L. A review of waste management practices and their impact on human health. Waste
Manag. 2009;29(8):2227–39. https://doi.org/10.1016/j.wasman.2009.03.028.

9. John RP. Chapter 11: Biotechnological potentials of Cassava Bagasse. In: Pandey A, Nigam
PS-N, editors. Biotechnology for agro-industrial residues utilisation. Dordrecht: Springer;
2009. p. 225–37. https://doi.org/10.1007/978-1-4020-9942-7.

10. Food and Agriculture Organization of the United Nations. Cassava Production Globally, 2019,
from http://www.fao.org/faostat/en/#data/QC, accessed 3-5-2021.

11. Parmar A, Sturm B, Hensel O. Crops that feed the world: Production and improvement of
cassava for food, feed, and industrial uses. Food Security. 2017;9(5):907–27. https://doi.org/
10.1007/s12571-017-0717-8.

12. Teixeira EDM, Pasquini D, Curvelo AAS, Corradini E, Belgacem MN, Dufresne A. Cassava
bagasse cellulose nanofibrils reinforced thermoplastic cassava starch. Carbohydr Polym.
2009;78(3):422–31. https://doi.org/10.1016/j.carbpol.2009.04.034.

13. van Hung N, Maguyon-Detras MC, Migo MV, Quilloy R, Balingbing C, Chivenge P,
Gummert M. Rice straw overview: availability, properties, and management practices. In:
Gummert M, van Hung N, Chivenge P, Douthwaite B, editors. Sustainable rice straw
management. Cham: Springer International Publishing; 2020. p. 1–13. https://doi.org/10.
1007/978-3-030-32373-8_1.

14. González-García S, Morales PC, Gullón B. Estimating the environmental impacts of a brewery
waste–based biorefinery: Bio-ethanol and xylooligosaccharides joint production case study.
Ind Crop Prod. 2018;123:331–40. https://doi.org/10.1016/j.indcrop.2018.07.003.

15. Garcia-Garcia G, Rahimifard S. Life-cycle environmental impacts of barley straw valorisation.
Resources Conserv Recycl. 2019;149:1–11. https://doi.org/10.1016/j.resconrec.2019.05.026.

16. Office of Energy Efficiency & Renewable Energy. (2019). Waste-to-energy from municipal
solids wastes, U. S. Department of Energy.

17. Alibardi L, Cossu R. Composition variability of the organic fraction of municipal solid waste
and effects on hydrogen and methane production potentials. Waste Manag. 2015;36:147–55.
https://doi.org/10.1016/j.wasman.2014.11.019.

18. Maitah M, Řezbová H, Smutka L, Tomšík K. European sugar production and its control in the
world market. Sugar Tech. 2016;18(3):236–41. https://doi.org/10.1007/s12355-016-0439-9.

19. Alexandri M, Schneider R, Papapostolou H, Ladakis D, Koutinas A, Venus J. Restructuring
the conventional sugar beet industry into a novel biorefinery: fractionation and bioconversion
of sugar beet pulp into succinic acid and value-added coproducts. ACS Sustain Chem Eng.
2019;7(7):6569–79. https://doi.org/10.1021/acssuschemeng.8b04874.

20. Cheesman OD. Use and impacts of by-products. In: Environmental impacts of sugar produc-
tion: the cultivation and processing of sugarcane and sugar beet. Wallingford, UK: CABI
Publishing; 2004. p. 151–72. https://doi.org/10.1079/9780851999814.0151.

21. Chojnacka A, Szczęsny P, Błaszczyk MK, Zielenkiewicz U, Detman A, Salamon A, Sikora
A. Noteworthy facts about a methane-producing microbial community processing acidic
effluent from sugar beet molasses fermentation. PLoS One. 2 015;10(5):1–23. https://doi.
org/10.1371/journal.pone.0128008.

234 T. J. Shoaf and A. S. Engelberth

https://doi.org/10.1016/j.cogsc.2020.100385
https://doi.org/10.1016/j.cogsc.2020.100385
https://doi.org/10.1016/j.jclepro.2019.03.083
https://doi.org/10.1016/j.wasman.2013.10.045
https://doi.org/10.1016/j.wasman.2013.10.045
https://doi.org/10.1016/j.wasman.2009.03.028
https://doi.org/10.1007/978-1-4020-9942-7
http://www.fao.org/faostat/en/#data/QC
https://doi.org/10.1007/s12571-017-0717-8
https://doi.org/10.1007/s12571-017-0717-8
https://doi.org/10.1016/j.carbpol.2009.04.034
https://doi.org/10.1007/978-3-030-32373-8_1
https://doi.org/10.1007/978-3-030-32373-8_1
https://doi.org/10.1016/j.indcrop.2018.07.003
https://doi.org/10.1016/j.resconrec.2019.05.026
https://doi.org/10.1016/j.wasman.2014.11.019
https://doi.org/10.1007/s12355-016-0439-9
https://doi.org/10.1021/acssuschemeng.8b04874
https://doi.org/10.1079/9780851999814.0151
https://doi.org/10.1371/journal.pone.0128008
https://doi.org/10.1371/journal.pone.0128008


22. Kim S, Dale BE, Jenkins R. Life cycle assessment of corn grain and corn stover in the United
States. Int J Life Cycle Assess. 2009;14(2):160–74. https://doi.org/10.1007/s11367-008-
0054-4.

23. López-Gómez JP, Latorre-Sánchez M, Unger P, Schneider R, Coll Lozano C, Venus
J. Assessing the organic fraction of municipal solid wastes for the production of lactic acid.
Biochem Eng J. 2019;150:107251. https://doi.org/10.1016/j.bej.2019.107251.

24. Demichelis F, Pleissner D, Fiore S, Mariano S, Navarro Gutiérrez IM, Schneider R, Venus
J. Investigation of food waste valorization through sequential lactic acid fermentative produc-
tion and anaerobic digestion of fermentation residues. Bioresour Technol. 2017;241:508–16.
https://doi.org/10.1016/j.biortech.2017.05.174.

25. Gutberlet J. Cooperative urban mining in Brazil: collective practices in selective household
waste collection and recycling. Waste Manag. 2015;45:22–31. https://doi.org/10.1016/j.
wasman.2015.06.023.

26. Office of Energy Efficiency & Renewable Energy. Agricultural residues and energy crops. U.-
S. Department of Energy; 2016.

27. Azam M, Jahromy SS, Raza W, Raza N, Lee SS, Kim KH, Winter F. Status, characterization,
and potential utilization of municipal solid waste as renewable energy source: Lahore case
study in Pakistan. Environ Int. 2019;134:105291. https://doi.org/10.1016/j.envint.2019.
105291.

28. Hu Y, Du C, Pensupa N, Lin CSK. Optimisation of fungal cellulase production from textile
waste using experimental design. Process Saf Environ Prot. 2018;118:133–42. https://doi.org/
10.1016/j.psep.2018.06.009.

29. Hu Y, Du C, Leu SY, Jing H, Li X, Lin CSK. Valorisation of textile waste by fungal solid state
fermentation: an example of circular waste-based biorefinery. Resources Conserv Recycl.
2018;129:27–35. https://doi.org/10.1016/j.resconrec.2017.09.024.

30. EPA. (n.d.). 1960–2018 Data on Textiles in MSW byWeight (in thousands of U.S. tons), from
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/textiles-material-
specific-data. Accessed 1-5-2020.

31. Lu C, Zhao J, Yang ST, Wei D. Fed-batch fermentation for n-butanol production from cassava
bagasse hydrolysate in a fibrous bed bioreactor with continuous gas stripping. Bioresour
Technol. 2012;104:380–7. https://doi.org/10.1016/j.biortech.2011.10.089.

32. Wu Y, Wang Z, Ma X, Xue C. High temperature simultaneous saccharification and fermen-
tation of corn stover for efficient butanol production by a thermotolerant Clostridium
acetobutylicum. Process Biochem. 2021;100:20–5. https://doi.org/10.1016/j.procbio.2020.
09.026.

33. Al-Shorgani NKN, Kalil MS, Yusoff WMW, Hamid AA. Impact of pH and butyric acid on
butanol production during batch fermentation using a new local isolate of Clostridium
acetobutylicum YM1. Saudi J Biol Sci. 2018;25(2):339–48. https://doi.org/10.1016/j.sjbs.
2017.03.020.

34. Jin Q, Qureshi N, Wang H, Huang H. Acetone-butanol-ethanol (ABE) fermentation of soluble
and hydrolyzed sugars in apple pomace by Clostridium beijerinckii P260. Fuel. 2019;244:
536–44. https://doi.org/10.1016/J.FUEL.2019.01.177.

35. Mutschlechner O, Swoboda H, Gapes JR. Continuous two-stage ABE-fermentation using
Clostridium beijerinckii HRRL B592 operating with a growth rate in the first stage vessel
close to its maximal value. J Mol Microbiol Biotechnol. 2000;2(1):101–5.

36. Lépiz-Aguilar L, Rodríguez-Rodríguez CE, Arias ML, Lutz G, Ulate W. Butanol production
by Clostridium beijerinckii BA101 using cassava flour as fermentation substrate: enzymatic
versus chemical pretreatments. World J Microbiol Biotechnol. 2011;27(8):1933–9. https://doi.
org/10.1007/s11274-010-0630-1.

37. Li L, Ai H, Zhang S, Li S, Liang Z, Wu ZQ, Yang ST, Wang JF. Enhanced butanol production
by coculture of Clostridium beijerinckii and Clostridium tyrobutyricum. Bioresour Technol.
2013;143:397–404. https://doi.org/10.1016/J.BIORTECH.2013.06.023.

38. Huang J, Du Y, Bao T, Lin M, Wang J, Yang ST. Production of n-butanol from cassava
bagasse hydrolysate by engineered Clostridium tyrobutyricum overexpressing adhE2: kinetics

7 Recycling of Multiple Organic Solid Wastes into Chemicals via Biodegradation 235

https://doi.org/10.1007/s11367-008-0054-4
https://doi.org/10.1007/s11367-008-0054-4
https://doi.org/10.1016/j.bej.2019.107251
https://doi.org/10.1016/j.biortech.2017.05.174
https://doi.org/10.1016/j.wasman.2015.06.023
https://doi.org/10.1016/j.wasman.2015.06.023
https://doi.org/10.1016/j.envint.2019.105291
https://doi.org/10.1016/j.envint.2019.105291
https://doi.org/10.1016/j.psep.2018.06.009
https://doi.org/10.1016/j.psep.2018.06.009
https://doi.org/10.1016/j.resconrec.2017.09.024
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/textiles-material-specific-data
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/textiles-material-specific-data
https://doi.org/10.1016/j.biortech.2011.10.089
https://doi.org/10.1016/j.procbio.2020.09.026
https://doi.org/10.1016/j.procbio.2020.09.026
https://doi.org/10.1016/j.sjbs.2017.03.020
https://doi.org/10.1016/j.sjbs.2017.03.020
https://doi.org/10.1016/J.FUEL.2019.01.177
https://doi.org/10.1007/s11274-010-0630-1
https://doi.org/10.1007/s11274-010-0630-1
https://doi.org/10.1016/J.BIORTECH.2013.06.023


and cost analysis. Bioresour Technol. 2019;292:121969. https://doi.org/10.1016/j.biortech.
2019.121969.

39. Zhang J, Zong W, Hong W, Zhang ZT, Wang Y. Exploiting endogenous CRISPR-Cas system
for multiplex genome editing in Clostridium tyrobutyricum and engineer the strain for high-
level butanol production. Metab Eng. 2018;47:49–59. https://doi.org/10.1016/J.YMBEN.
2018.03.007.

40. Nakayama S, Kiyoshi K, Kadokura T, Nakazato A. Butanol production from crystalline
cellulose by Cocultured Clostridium thermocellum and Clostridium
saccharoperbutylacetonicum N1-4. Appl Environ Microbiol. 2011;77(18):6470–5. https://
doi.org/10.1128/AEM.00706-11.

41. Thang VH, Kanda K, Kobayashi G. Production of Acetone-Butanol-Ethanol (ABE) in direct
fermentation of cassava by Clostridium saccharoperbutylacetonicum N1-4. Appl Biochem
Biotechnol. 2010;161(1–8):157–70. https://doi.org/10.1007/s12010-009-8770-1.

42. Kiyoshi K, Furukawa M, Seyama T, Kadokura T, Nakazato A, Nakayama S. Butanol pro-
duction from alkali-pretreated rice straw by co-culture of Clostridium thermocellum and
Clostridium saccharoperbutylacetonicum. Bioresour Technol. 2015;186:325–8. https://doi.
org/10.1016/j.biortech.2015.03.061.

43. Payot T, Chemaly Z, Fick M. Lactic acid production by Bacillus coagulans—kinetic studies
and optimization of culture medium for batch and continuous fermentations. Enzyme Microb
Technol. 1999;24(3–4):191–9. https://doi.org/10.1016/S0141-0229(98)00098-2.

44. Cubas-Cano E, Venus J, González-Fernández C, Tomás-Pejó E. Assessment of different
Bacillus coagulans strains for l-lactic acid production from defined media and gardening
hydrolysates: Effect of lignocellulosic inhibitors. J Biotechnol. 2020;323:9–16. https://doi.
org/10.1016/J.JBIOTEC.2020.07.017.

45. Hujanen M, Linko YY. Effect of temperature and various nitrogen sources on L (+)-lactic acid
production by Lactobacillus casei. Appl Microbiol Biotechnol. 1996;45(3):307–13. https://
doi.org/10.1007/s002530050688.

46. Wang X,Wang G, Yu X, Chen H, Sun Y, Chen G. Pretreatment of corn stover by solid acid for
D-lactic acid fermentation. Bioresour Technol. 2017;239:490–5. https://doi.org/10.1016/j.
biortech.2017.04.089.

47. Mussatto SI, Dragone GM. Biomass pretreatment, biorefineries, and potential products for a
bioeconomy development. In: Biomass fractionation technologies for a lignocellulosic feed-
stock based biorefinery. Elsevier Inc.; 2016. p. 1–22. https://doi.org/10.1016/B978-0-12-
802323-5.00001-3.

48. Yang B, Wyman CE. Pretreatment: the key to unlocking low-cost cellulosic ethanol. Biofuels
Bioprod Biorefining. 2007;6(3):246–56. https://doi.org/10.1002/bbb.49.

49. Ziemiński K, Kowalska-Wentel M. Effect of different sugar beet pulp pretreatments on biogas
production efficiency. Appl Biochem Biotechnol. 2017;181(3):1211–27. https://doi.org/10.
1007/s12010-016-2279-1.

50. Li W, Guo J, Cheng H, Wang W, Dong R. Two-phase anaerobic digestion of municipal solid
wastes enhanced by hydrothermal pretreatment: viability, performance and microbial commu-
nity evaluation. Appl Energy. 2017;189:613–22. https://doi.org/10.1016/j.apenergy.2016.
12.101.

51. Lomovsky O, Bychkov A, Lomovsky I. Mechanical pretreatment. In: Mussatto SI, editor.
Biomass fractionation technologies for a lignocellulosic feedstock based biorefinery. Amster-
dam: Elsevier; 2016. p. 23–55. https://doi.org/10.1016/B978-0-12-802323-5.00002-5.

52. Moradi F, Amiri H, Soleimanian-Zad S, Ehsani MR, Karimi K. Improvement of acetone,
butanol and ethanol production from rice straw by acid and alkaline pretreatments. Fuel.
2013;112:8–13. https://doi.org/10.1016/j.fuel.2013.05.011.

53. Yang M, Kuittinen S, Zhang J, Vepsäläinen J, Keinänen M, Pappinen A. Co-fermentation of
hemicellulose and starch from barley straw and grain for efficient pentoses utilization in
acetone-butanol-ethanol production. Bioresour Technol. 2015;179:128–35. https://doi.org/
10.1016/j.biortech.2014.12.005.

236 T. J. Shoaf and A. S. Engelberth

https://doi.org/10.1016/j.biortech.2019.121969
https://doi.org/10.1016/j.biortech.2019.121969
https://doi.org/10.1016/J.YMBEN.2018.03.007
https://doi.org/10.1016/J.YMBEN.2018.03.007
https://doi.org/10.1128/AEM.00706-11
https://doi.org/10.1128/AEM.00706-11
https://doi.org/10.1007/s12010-009-8770-1
https://doi.org/10.1016/j.biortech.2015.03.061
https://doi.org/10.1016/j.biortech.2015.03.061
https://doi.org/10.1016/S0141-0229(98)00098-2
https://doi.org/10.1016/J.JBIOTEC.2020.07.017
https://doi.org/10.1016/J.JBIOTEC.2020.07.017
https://doi.org/10.1007/s002530050688
https://doi.org/10.1007/s002530050688
https://doi.org/10.1016/j.biortech.2017.04.089
https://doi.org/10.1016/j.biortech.2017.04.089
https://doi.org/10.1016/B978-0-12-802323-5.00001-3
https://doi.org/10.1016/B978-0-12-802323-5.00001-3
https://doi.org/10.1002/bbb.49
https://doi.org/10.1007/s12010-016-2279-1
https://doi.org/10.1007/s12010-016-2279-1
https://doi.org/10.1016/j.apenergy.2016.12.101
https://doi.org/10.1016/j.apenergy.2016.12.101
https://doi.org/10.1016/B978-0-12-802323-5.00002-5
https://doi.org/10.1016/j.fuel.2013.05.011
https://doi.org/10.1016/j.biortech.2014.12.005
https://doi.org/10.1016/j.biortech.2014.12.005


54. Luo H, Zeng Q, Han S, Wang Z, Dong Q, Bi Y, Zhao Y. High-efficient n-butanol production
by co-culturing Clostridium acetobutylicum and Saccharomyces cerevisiae integrated with
butyrate fermentative supernatant addition. World J Microbiol Biotechnol. 2017;33(4) https://
doi.org/10.1007/s11274-017-2246-1.

55. Cebreiros F, Risso F, Cagno M, Cabrera MN, Rochón E, Jauregui G, Boix E, Böthig S, Ferrari
MD, Lareo C. Enhanced production of butanol and xylosaccharides from Eucalyptus grandis
wood using steam explosion in a semi-continuous pre-pilot reactor. Fuel. 2020;290 https://doi.
org/10.1016/j.fuel.2020.119818.

56. Amiri H, Karimi K, Zilouei H. Organosolv pretreatment of rice straw for efficient acetone,
butanol, and ethanol production. Bioresour Technol. 2014;152:450–6. https://doi.org/10.1016/
j.biortech.2013.11.038.

57. Berlowska J, Cieciura W, Borowski S, Dudkiewicz M, Binczarski M, Witonska I, Otlewska A,
Kregiel D. Simultaneous saccharification and fermentation of sugar beet pulp with mixed
bacterial cultures for lactic acid and propylene glycol production. Molecules. 2016;21
(10) https://doi.org/10.3390/molecules21101380.

58. Ziemiński K, Romanowska I, Kowalska-Wentel M, Cyran M. Effects of hydrothermal
pretreatment of sugar beet pulp for methane production. Bioresour Technol. 2014;166:187–
93. https://doi.org/10.1016/j.biortech.2014.05.021.

59. Lin YS, Lee WC, Duan KJ, Lin YH. Ethanol production by simultaneous saccharification and
fermentation in rotary drum reactor using thermotolerant Kluveromyces marxianus. Appl
Energy. 2013;105:389–94. https://doi.org/10.1016/j.apenergy.2012.12.020.

60. Benazzi T, Calgaroto S, Astolfi V, Dalla Rosa C, Oliveira JV, Mazutti MA. Pretreatment of
sugarcane bagasse using supercritical carbon dioxide combined with ultrasound to improve the
enzymatic hydrolysis. Enzyme Microb Technol. 2013;52(4–5):247–50. https://doi.org/10.
1016/J.ENZMICTEC.2013.02.001.

61. Qureshi N, Saha BC, Dien B, Hector RE, Cotta MA. Production of butanol (a biofuel) from
agricultural residues: Part I—Use of barley straw hydrolysate. Biomass Bioenergy. 2010;34
(4):559–65. https://doi.org/10.1016/j.biombioe.2009.12.024.

62. Chu CY, Wu SY, Tsai CY, Lin CY. Kinetics of cotton cellulose hydrolysis using concentrated
acid and fermentative hydrogen production from hydrolysate. Int J Hydrogen Energy.
2011;36, Pergamon:8743–50. https://doi.org/10.1016/j.ijhydene.2010.07.072.

63. Gikas P, Zhu B, Batistatos NI, Zhang R. Evaluation of the rotary drum reactor process as
pretreatment technology of municipal solid waste for thermophilic anaerobic digestion and
biogas production. J Environ Manage. 2018;216:96–104. https://doi.org/10.1016/j.jenvman.
2017.07.050.

64. Farmanbordar S, Amiri H, Karimi K. Simultaneous organosolv pretreatment and detoxifica-
tion of municipal solid waste for efficient biobutanol production. Bioresour Technol.
2018;270:236–44. https://doi.org/10.1016/j.biortech.2018.09.017.

65. Shahriari H, Warith M, Hamoda M, Kennedy KJ. Anaerobic digestion of organic fraction of
municipal solid waste combining two pretreatment modalities, high temperature microwave
and hydrogen peroxide. Waste Manag. 2012;32(1):41–52. https://doi.org/10.1016/j.wasman.
2011.08.012.

66. Gholamzad E, Karimi K, Masoomi M. Effective conversion of waste polyester-cotton textile
to ethanol and recovery of polyester by alkaline pretreatment. Chem Eng J. 2014;253:40–5.
https://doi.org/10.1016/j.cej.2014.04.109.

67. Lee KM, Hong JY, Tey WY. Combination of ultrasonication and deep eutectic solvent in
pretreatment of lignocellulosic biomass for enhanced enzymatic saccharification. Cellulose.
2021;28(3):1513–26. https://doi.org/10.1007/s10570-020-03598-5.

68. Elbeshbishy E, Nakhla G. Comparative study of the effect of ultrasonication on the anaerobic
biodegradability of food waste in single and two-stage systems. Bioresour Technol. 2011;102
(11):6449–57. https://doi.org/10.1016/j.biortech.2011.03.082.

69. Izumi K, Okishio YK, Nagao N, Niwa C, Yamamoto S, Toda T. Effects of particle size on
anaerobic digestion of food waste. Int Biodeter Biodegr. 2010;64(7):601–8. https://doi.org/10.
1016/j.ibiod.2010.06.013.

7 Recycling of Multiple Organic Solid Wastes into Chemicals via Biodegradation 237

https://doi.org/10.1007/s11274-017-2246-1
https://doi.org/10.1007/s11274-017-2246-1
https://doi.org/10.1016/j.fuel.2020.119818
https://doi.org/10.1016/j.fuel.2020.119818
https://doi.org/10.1016/j.biortech.2013.11.038
https://doi.org/10.1016/j.biortech.2013.11.038
https://doi.org/10.3390/molecules21101380
https://doi.org/10.1016/j.biortech.2014.05.021
https://doi.org/10.1016/j.apenergy.2012.12.020
https://doi.org/10.1016/J.ENZMICTEC.2013.02.001
https://doi.org/10.1016/J.ENZMICTEC.2013.02.001
https://doi.org/10.1016/j.biombioe.2009.12.024
https://doi.org/10.1016/j.ijhydene.2010.07.072
https://doi.org/10.1016/j.jenvman.2017.07.050
https://doi.org/10.1016/j.jenvman.2017.07.050
https://doi.org/10.1016/j.biortech.2018.09.017
https://doi.org/10.1016/j.wasman.2011.08.012
https://doi.org/10.1016/j.wasman.2011.08.012
https://doi.org/10.1016/j.cej.2014.04.109
https://doi.org/10.1007/s10570-020-03598-5
https://doi.org/10.1016/j.biortech.2011.03.082
https://doi.org/10.1016/j.ibiod.2010.06.013
https://doi.org/10.1016/j.ibiod.2010.06.013


70. Mani S, Tabil LG, Sokhansanj S. Grinding performance and physical properties of wheat and
barley straws, corn stover and switchgrass. Biomass Bioenergy. 2004;27(4):339–52. https://
doi.org/10.1016/j.biombioe.2004.03.007.

71. Mikulski D, Kłosowski G, Menka A, Koim-Puchowska B. Microwave-assisted pretreatment
of maize distillery stillage with the use of dilute sulfuric acid in the production of cellulosic
ethanol. Bioresour Technol. 2019;278:318–28. https://doi.org/10.1016/j.biortech.2019.
01.068.

72. Mishra P, ab Wahid Z, Singh L, Zaid RM, Tabassum S, Sakinah M, Jiang X. Synergistic effect
of ultrasonic and microwave pretreatment on improved biohydrogen generation from palm oil
mill effluent. Biomass Convers Biorefinery. 2021; https://doi.org/10.1007/s13399-021-
01285-4.

73. Rudakiya DM. Strategies to improve solid-state fermentation technology. In: New and future
developments in microbial biotechnology and bioengineering: from cellulose to cellulase:
strategies to improve biofuel production; 2019. p. 155–80. https://doi.org/10.1016/B978-0-
444-64223-3.00010-2.

74. Pessoa M, Sobrinho MAM, Kraume M. The use of biomagnetism for biogas production from
sugar beet pulp. Biochem Eng J. 2020;164:107770. https://doi.org/10.1016/j.bej.2020.
107770.

75. Brodeur G, Yau E, Badal K, Collier J, Ramachandran KB, Ramakrishnan S. Chemical and
physicochemical pretreatment of lignocellulosic biomass: a review. Enzyme Res. 2011;
https://doi.org/10.4061/2011/787532.

76. Li H, Kim NJ, Jiang M, Kang JW, Chang HN. Simultaneous saccharification and fermentation
of lignocellulosic residues pretreated with phosphoric acid-acetone for bioethanol production.
Bioresour Technol. 2009;100(13):3245–51. https://doi.org/10.1016/j.biortech.2009.01.021.

77. Carrere H, Antonopoulou G, Affes R, Passos F, Battimelli A, Lyberatos G, Ferrer I. Review of
feedstock pretreatment strategies for improved anaerobic digestion: from lab-scale research to
full-scale application. Bioresour Technol., Elsevier Ltd,. 2016:386–97. https://doi.org/10.
1016/j.biortech.2015.09.007.

78. Schacht C, Zetzl C, Brunner G. From plant materials to ethanol by means of supercritical fluid
technology. J Supercrit Fluids., Elsevier. 2008:299–321. https://doi.org/10.1016/j.supflu.
2008.01.018.

79. Gu T, Held MA, Faik A. Supercritical CO2 and ionic liquids for the pretreatment of lignocel-
lulosic biomass in bioethanol production. Environ Technol (United Kingdom). 2013;34
(13–14):1735–49. https://doi.org/10.1080/09593330.2013.809777.

80. Ng CH, He J, Yang KL. Purification and characterization of a GH11 Xylanase from
biobutanol-producing Clostridium beijerinckii G117. Appl Biochem Biotechnol. 2015;175
(6):2832–44. https://doi.org/10.1007/s12010-014-1470-5.

81. Jouzani GS, Taherzadeh MJ. Advances in consolidated bioprocessing systems for bioethanol
and butanol production from biomass: a comprehensive review. Biofuel Res J. 2015;2(1):
152–95. https://doi.org/10.18331/BRJ2015.2.1.4.

82. Singh-Nee Nigam, P.; Pandey, A.; Gupta, N. (2009). Chapter 2: Pre-treatment of agro-
industrial residues. In: P. Singh-Nee Nigam, A. Pandey (Eds.), Biotechnology for agro-
industrial residues utilisation utilisation of agro-residues, Dordrecht, pp. 13–33.

83. Paquet V, Croux C, Goma G, Soucaille P. Purification and characterization of the extracellular
α-amylase from Clostridium acetobutylicumATCC 824. Appl Environ Microbiol. 1991;57(1):
212–8. https://doi.org/10.1128/aem.57.1.212-218.1991.

84. Szymanowska-Powałowska D, Orczyk D, Leja K. Biotechnological potential of Clostridium
butyricum bacteria. Braz J Microbiol. 2014;45(3):892–901. https://doi.org/10.1590/
S1517-83822014000300019.

85. Cai J, Wang R, Wu Q, Wang G, Deng C. Characterization of a hydrogen-producing bacterium
Clostridium sp. 5A-1. Int J Green Energy. 2021; https://doi.org/10.1080/15435075.2021.
1875469.

86. Ahmad A, Banat F, Taher H. A review on the lactic acid fermentation from low-cost renewable
materials: recent developments and challenges. Environ Technol Innov. 2020;20:101138.
https://doi.org/10.1016/j.eti.2020.101138.

238 T. J. Shoaf and A. S. Engelberth

https://doi.org/10.1016/j.biombioe.2004.03.007
https://doi.org/10.1016/j.biombioe.2004.03.007
https://doi.org/10.1016/j.biortech.2019.01.068
https://doi.org/10.1016/j.biortech.2019.01.068
https://doi.org/10.1007/s13399-021-01285-4
https://doi.org/10.1007/s13399-021-01285-4
https://doi.org/10.1016/B978-0-444-64223-3.00010-2
https://doi.org/10.1016/B978-0-444-64223-3.00010-2
https://doi.org/10.1016/j.bej.2020.107770
https://doi.org/10.1016/j.bej.2020.107770
https://doi.org/10.4061/2011/787532
https://doi.org/10.1016/j.biortech.2009.01.021
https://doi.org/10.1016/j.biortech.2015.09.007
https://doi.org/10.1016/j.biortech.2015.09.007
https://doi.org/10.1016/j.supflu.2008.01.018
https://doi.org/10.1016/j.supflu.2008.01.018
https://doi.org/10.1080/09593330.2013.809777
https://doi.org/10.1007/s12010-014-1470-5
https://doi.org/10.18331/BRJ2015.2.1.4
https://doi.org/10.1128/aem.57.1.212-218.1991
https://doi.org/10.1590/S1517-83822014000300019
https://doi.org/10.1590/S1517-83822014000300019
https://doi.org/10.1080/15435075.2021.1875469
https://doi.org/10.1080/15435075.2021.1875469
https://doi.org/10.1016/j.eti.2020.101138


87. Veza I, Muhamad Said MF, Latiff ZA. Recent advances in butanol production by acetone-
butanol-ethanol (ABE) fermentation. Biomass Bioenergy. 2021;144:105919. https://doi.org/
10.1016/j.biombioe.2020.105919.

88. Valdez-Vazquez I, Sanchez A. Proposal for biorefineries based on mixed cultures for ligno-
cellulosic biofuel production: a techno-economic analysis, Biofuels. Bioprod Biorefining.
2018;12(1):56–67. https://doi.org/10.1002/bbb.1828.

89. Xue C, Zhao J, Chen L, Yang ST, Bai F. Recent advances and state-of-the-art strategies in
strain and process engineering for biobutanol production by Clostridium acetobutylicum.
Biotechnol Adv. 2017;35(2):310–22. https://doi.org/10.1016/j.biotechadv.2017.01.007.

90. Uçkun Kiran E, Trzcinski AP, Liu Y. Platform chemical production from food wastes using a
biorefinery concept. J Chem Technol Biotechnol. 2015;90(8):1364–79. https://doi.org/10.
1002/jctb.4551.

91. Detman A, Chojnacka A, Mielecki D, Błaszczyk MK, Sikora A. Inhibition of hydrogen-
yielding dark fermentation by ascomycetous yeasts. Int J Hydrogen Energy. 2018;43(24):
10967–79. https://doi.org/10.1016/j.ijhydene.2018.05.004.

92. Zakaria ZA, Boopathy R, Dib JR, editors. Valorisation of agro-industrial residues – Volume I:
Biological approaches. 1st ed; 2020.

93. Bharathiraja B, Jayamuthunagai J, Sudharsanaa T, Bharghavi A, Praveenkumar R,
Chakravarthy M, Devarajan Y. Biobutanol – an impending biofuel for future: a review on
upstream and downstream processing tecniques. Renew Sustain Energy Rev. 2017;68:788–
807. https://doi.org/10.1016/j.rser.2016.10.017.

94. Swidah R, Ogunlabi O, Grant CM, Ashe MP. n-Butanol production in S. cerevisiae:
co-ordinate use of endogenous and exogenous pathways. Appl Microbiol Biotechnol.
2018;102(22):9857–66. https://doi.org/10.1007/s00253-018-9305-x.

95. Moon HG, Jang YS, Cho C, Lee J, Binkley R, Lee SY. One hundred years of clostridial
butanol fermentation. FEMS Microbiol Lett. 2016;363(3) https://doi.org/10.1093/femsle/
fnw001.

96. Swidah R, Wang H, Reid PJ, Ahmed HZ, Pisanelli AM, Persaud KC, Grant CM, Ashe
MP. Butanol production in S. cerevisiae via a synthetic ABE pathway is enhanced by specific
metabolic engineering and butanol resistance. Biotechnol Biofuels. 2015;8(1):1–9. https://doi.
org/10.1186/s13068-015-0281-4.

97. Qureshi N, Saha BC, Hector RE, Dien B, Hughes S, Liu S, Iten L, Bowman MJ, Sarath G,
Cotta MA. Production of butanol (a biofuel) from agricultural residues: Part II—Use of corn
stover and switchgrass hydrolysates. Biomass Bioenergy. 2010;34(4):566–71. https://doi.org/
10.1016/j.biombioe.2009.12.023.

98. Ibrahim MF, Ramli N, Kamal Bahrin E, Abd-Aziz S. Cellulosic biobutanol by Clostridia:
challenges and improvements. Renew Sustain Energy Rev., Elsevier Ltd. 2017:1241–54.
https://doi.org/10.1016/j.rser.2017.05.184.

99. Yang X, Xu M, Yang ST. Metabolic and process engineering of Clostridium cellulovorans for
biofuel production from cellulose. Metab Eng. 2015;32:39–48. https://doi.org/10.1016/j.
ymben.2015.09.001.

100. Müller B, Grossniklaus U. Model organisms: a historical perspective. J Proteomics. Elsevier.
2010:2054–63. https://doi.org/10.1016/j.jprot.2010.08.002.

101. Dong H, Zhao C, Zhang T, Zhu H, Lin Z, Tao W, Zhang Y, Li Y. A systematically
chromosomally engineered Escherichia coli efficiently produces butanol. Metab Eng.
2017;44:284–92. https://doi.org/10.1016/j.ymben.2017.10.014.

102. Galazzo JL, Bailey JE. Fermentation pathway kinetics and immobilized Saccharomyces
cerevisiae. Enzyme Microbial Technol. 1990;12(3):162–72.

103. Lin Y, Zhang W, Li C, Sakakibara K, Tanaka S, Kong H. Factors affecting ethanol fermen-
tation using Saccharomyces cerevisiae BY4742. Biomass Bioenergy. 2014;47:395–401.
https://doi.org/10.1016/j.biombioe.2012.09.019.

104. Patnaik PR. Oscillatory metabolism of Saccharomyces cerevisiae: an overview of mechanisms
and models. Biotechnol Adv. Elsevier Inc,. 2003:183–92. https://doi.org/10.1016/S0734-9750
(03)00022-3.

7 Recycling of Multiple Organic Solid Wastes into Chemicals via Biodegradation 239

https://doi.org/10.1016/j.biombioe.2020.105919
https://doi.org/10.1016/j.biombioe.2020.105919
https://doi.org/10.1002/bbb.1828
https://doi.org/10.1016/j.biotechadv.2017.01.007
https://doi.org/10.1002/jctb.4551
https://doi.org/10.1002/jctb.4551
https://doi.org/10.1016/j.ijhydene.2018.05.004
https://doi.org/10.1016/j.rser.2016.10.017
https://doi.org/10.1007/s00253-018-9305-x
https://doi.org/10.1093/femsle/fnw001
https://doi.org/10.1093/femsle/fnw001
https://doi.org/10.1186/s13068-015-0281-4
https://doi.org/10.1186/s13068-015-0281-4
https://doi.org/10.1016/j.biombioe.2009.12.023
https://doi.org/10.1016/j.biombioe.2009.12.023
https://doi.org/10.1016/j.rser.2017.05.184
https://doi.org/10.1016/j.ymben.2015.09.001
https://doi.org/10.1016/j.ymben.2015.09.001
https://doi.org/10.1016/j.jprot.2010.08.002
https://doi.org/10.1016/j.ymben.2017.10.014
https://doi.org/10.1016/j.biombioe.2012.09.019
https://doi.org/10.1016/S0734-9750(03)00022-3
https://doi.org/10.1016/S0734-9750(03)00022-3


105. Lau MW, Dale BE. Cellulosic ethanol production from AFEX-treated corn stover using
Saccharomyces cerevisiae 424A(LNH-ST). Proc Natl Acad Sci U S A. 2009;106(5):
1368–73. https://doi.org/10.1073/pnas.0812364106.

106. Jin H, Liu R, He Y. Kinetics of batch fermentations for ethanol production with immobilized
Saccharomyces cerevisiae growing on Sweet Sorghum Stalk Juice. Procedia Environ Sci.
2012;12:137–45. https://doi.org/10.1016/j.proenv.2012.01.258.

107. Nanda S, Dalai AK, Kozinski JA. Butanol and ethanol production from lignocellulosic
feedstock: biomass pretreatment and bioconversion. Energy Sci Eng. 2014;2(3):138–48.
https://doi.org/10.1002/ese3.41.

108. Farmanbordar S, Karimi K, Amiri H. Municipal solid waste as a suitable substrate for butanol
production as an advanced biofuel. Energy Convers Manage. 2017;157:396–408. https://doi.
org/10.1016/j.enconman.2017.12.020.

109. Jesse TW, Ezeji TC, Qureshi N, Blaschek HP. Production of butanol from starch-based waste
packing peanuts and agricultural waste. J Ind Microbiol Biotechnol. 2002;29(3):117–23.
https://doi.org/10.1038/sj.jim.7000285.

110. Shao P, Huang RYM. Polymeric membrane pervaporation. J Membr Sci. 2007;287(2):
162–79. https://doi.org/10.1016/j.memsci.2006.10.043.

111. Azimi H, Tezel H, Thibault J. Optimization of the in situ recovery of butanol from ABE
fermentation broth via membrane pervaporation. Chem Eng Res Des. 2019;150:49–64. https://
doi.org/10.1016/j.cherd.2019.07.012.

112. Cai D, Chen H, Chen C, Hu S, Wang Y, Chang Z, Miao Q, Qin P, Wang Z, Wang J, Tan
T. Gas stripping-pervaporation hybrid process for energy-saving product recovery from
acetone-butanol-ethanol (ABE) fermentation broth. Chem Eng J. 2016;287:1–10. https://doi.
org/10.1016/j.cej.2015.11.024.

113. Qureshi N, Blaschek HP. Production of acetone butanol ethanol (ABE) by a hyper-producing
mutant strain of Clostridium beijerinckii BA101 and recovery by pervaporation. Biotechnol
Prog. 1999;15(4):594–602. https://doi.org/10.1021/bp990080e.

114. Lin Z, Liu H, Yan X, Zhou Y, Cheng K, Zhang J. High-efficiency acetone-butanol-ethanol
production and recovery in non-strict anaerobic gas-stripping fed-batch fermentation. Appl
Microbiol Biotechnol. 2017;101(21):8029–39. https://doi.org/10.1007/s00253-017-8520-1.

115. Rochón E, Ferrari MD, Lareo C. Integrated ABE fermentation-gas stripping process for
enhanced butanol production from sugarcane-sweet sorghum juices. Biomass Bioenergy.
2017;98:153–60. https://doi.org/10.1016/j.biombioe.2017.01.011.

116. López-Gómez JP, Pérez-Rivero C, Venus J. Valorisation of solid biowastes: the lactic acid
alternative. Process Biochem. 2020;99:222–35. https://doi.org/10.1016/J.PROCBIO.2020.
08.029.

117. KimMS, Na JG, Lee MK, Ryu H, Chang YK, Triolo JM, Yun YM, Kim DH. More value from
food waste: lactic acid and biogas recovery. Water Res. 2016;96:208–16. https://doi.org/10.
1016/j.watres.2016.03.064.

118. Duar RM, Lin XB, Zheng J, Martino ME, Grenier T, Pérez-Muñoz ME, Leulier F, Gänzle M,
Walter J. Lifestyles in transition: evolution and natural history of the genus Lactobacillus.
FEMS Microbiol Rev. 2017;41(1):S27–48. https://doi.org/10.1093/femsre/fux030.

119. Enzmann F, Mayer F, Rother M, Holtmann D. Methanogens: biochemical background and
biotechnological applications. AMB Express. 2018;8(1):1–22. https://doi.org/10.1186/
s13568-017-0531-x.

120. Baek SH, Kwon EY, Bae SJ, Cho BR, Kim SY, Hahn JS. Improvement of d-lactic acid
production in Saccharomyces cerevisiae under acidic conditions by evolutionary and rational
metabolic engineering. Biotechnol J. 2017;12(10):1–7. https://doi.org/10.1002/biot.
201700015.

121. Ishida N, Suzuki T, Tokuhiro K, Nagamori E, Onishi T, Saitoh S, Kitamoto K, Takahashi
H. d-Lactic acid production by metabolically engineered Saccharomyces cerevisiae. J Biosci
Bioeng. 2006;101(2):172–7. https://doi.org/10.1263/jbb.101.172.

240 T. J. Shoaf and A. S. Engelberth

https://doi.org/10.1073/pnas.0812364106
https://doi.org/10.1016/j.proenv.2012.01.258
https://doi.org/10.1002/ese3.41
https://doi.org/10.1016/j.enconman.2017.12.020
https://doi.org/10.1016/j.enconman.2017.12.020
https://doi.org/10.1038/sj.jim.7000285
https://doi.org/10.1016/j.memsci.2006.10.043
https://doi.org/10.1016/j.cherd.2019.07.012
https://doi.org/10.1016/j.cherd.2019.07.012
https://doi.org/10.1016/j.cej.2015.11.024
https://doi.org/10.1016/j.cej.2015.11.024
https://doi.org/10.1021/bp990080e
https://doi.org/10.1007/s00253-017-8520-1
https://doi.org/10.1016/j.biombioe.2017.01.011
https://doi.org/10.1016/J.PROCBIO.2020.08.029
https://doi.org/10.1016/J.PROCBIO.2020.08.029
https://doi.org/10.1016/j.watres.2016.03.064
https://doi.org/10.1016/j.watres.2016.03.064
https://doi.org/10.1093/femsre/fux030
https://doi.org/10.1186/s13568-017-0531-x
https://doi.org/10.1186/s13568-017-0531-x
https://doi.org/10.1002/biot.201700015
https://doi.org/10.1002/biot.201700015
https://doi.org/10.1263/jbb.101.172


122. Hayek SA, Ibrahim SA. Current limitations and challenges with lactic acid bacteria: a review.
Food Nutr Sci. 2013;4:73–87.

123. Dworkin M, Falkow S, Rosenberg E, Karl-Heinz Schleifer ES. Bacteria: firmicutes
cyanobacteria. Prokaryotes. 2006;4

124. Paudel SR, Banjara SP, Choi OK, Park KY, Kim YM, Lee JW. Pretreatment of agricultural
biomass for anaerobic digestion: current state and challenges. Bioresour Technol. Elsevier Ltd.
2017:1194–205. https://doi.org/10.1016/j.biortech.2017.08.182.

125. Zhang Q, Wang M, Ma X, Gao Q, Wang T, Shi X, Zhou J, Zuo J, Yang Y. High variations of
methanogenic microorganisms drive full-scale anaerobic digestion process. Environ Int.
2019;126:543–51. https://doi.org/10.1016/j.envint.2019.03.005.

126. Yabu H, Sakai C, Fujiwara T, Nishio N, Nakashimada Y. Thermophilic two-stage dry
anaerobic digestion of model garbage with ammonia stripping. J Biosci Bioeng. 2011;111
(3):312–9. https://doi.org/10.1016/j.jbiosc.2010.10.011.

127. Doyle N, Mbandlwa P, Kelly WJ, Attwood G, Li Y, Ross RP, Stanton C, Leahy S. Use of
lactic acid bacteria to reduce methane production in ruminants, a critical review. Front
Microbiol. 2019;10 https://doi.org/10.3389/fmicb.2019.02207.

128. Zhang Y, Yoshida M, Vadlani P v. Biosynthesis of d-lactic acid from lignocellulosic biomass.
Biotechnol Lett. 2018;40(8):1167–79. https://doi.org/10.1007/s10529-018-2588-2.

129. Nolasco-Hipolito C, Carvajal-Zarrabal O, Kelvin E, Tan YH, Kohei M, Nyoel SA, Shoji E,
Dieng H, Bujang K. Scaling up of lactic acid fermentation using Enterococcus faecalis. IOP
Conference Series: Mater Sci Eng. 2019;495(1) https://doi.org/10.1088/1757-899X/495/1/
012049.

130. Sarasua, J. R.; Arraiza, O.; Balerdi, P.; Fundací, I. M. (n.d.). Crystallization and thermal
behaviour of optically pure polylactides and their blends.

131. Peinemann JC, Rhee C, Shin SG, Pleissner D. Non-sterile fermentation of food waste with
indigenous consortium and yeast – effects on microbial community and product spectrum.
Bioresour Technol. 2020;306:123175. https://doi.org/10.1016/j.biortech.2020.123175.

132. John, R. P.; Nampoothiri, M.; Pandey, A. (2006). Simultaneous saccharification and fermen-
tation of Cassava Bagasse for L-(+)-lactic acid production using lactobacilli.

133. Tang J, Wang XC, Hu Y, Zhang Y, Li Y. Effect of pH on lactic acid production from
acidogenic fermentation of food waste with different types of inocula. Bioresour Technol.
2017;224:544–52. https://doi.org/10.1016/j.biortech.2016.11.111.

134. Beaulieu M, Perreault V, Mikhaylin S, Bazinet L. How overlimiting current condition
influences lactic acid recovery and demineralization by electrodialysis with nanofiltration
membrane: comparison with conventional electrodialysis. Membranes. 2020;10(6):1–19.
https://doi.org/10.3390/membranes10060113.

135. Laube H, Schneider R, Venus J. Investigation of spiral-wound membrane modules for the
cross-flow nanofiltration of fermentation broth obtained from a pilot plant fermentation reactor
for the continuous production of lactic acid. Bioresour Bioprocess. 2017;4(1) https://doi.org/
10.1186/s40643-016-0133-5.

136. Komesu A, Maciel MRW, Filho RM. Separation and purification technologies for lactic acid: a
brief review. BioResources. 2017;12(3):6885–901. https://doi.org/10.15376/biores.12.3.
6885-6901.

137. Thauer RK, Kaster AK, Seedorf H, Buckel W, Hedderich R. Methanogenic archaea: ecolog-
ically relevant differences in energy conservation. Nat Rev Microbiol. 2008;6(8):579–91.
https://doi.org/10.1038/nrmicro1931.

138. Condrad R. Importance of hydrogenotrophic, aceticlastic and methylotrophic methanogenesis
for methane production in terrestrial, aquatic and other anoxic environments: a mini review.
Pedosphere Soil Sci Soc China. 2020;25–39 https://doi.org/10.1016/S1002-0160(18)60052-9.

139. Kabir MM, Forgács G, Sárvári Horváth I. Enhanced methane production from wool textile
residues by thermal and enzymatic pretreatment. Process Biochem. 2013;48(4):575–80.
https://doi.org/10.1016/j.procbio.2013.02.029.

140. Kheyrandish M, Asadollahi MA, Jeihanipour A, Doostmohammadi M, Rismani-Yazdi H,
Karimi K. Direct production of acetone-butanol-ethanol from waste starch by free and

7 Recycling of Multiple Organic Solid Wastes into Chemicals via Biodegradation 241

https://doi.org/10.1016/j.biortech.2017.08.182
https://doi.org/10.1016/j.envint.2019.03.005
https://doi.org/10.1016/j.jbiosc.2010.10.011
https://doi.org/10.3389/fmicb.2019.02207
https://doi.org/10.1007/s10529-018-2588-2
https://doi.org/10.1088/1757-899X/495/1/012049
https://doi.org/10.1088/1757-899X/495/1/012049
https://doi.org/10.1016/j.biortech.2020.123175
https://doi.org/10.1016/j.biortech.2016.11.111
https://doi.org/10.3390/membranes10060113
https://doi.org/10.1186/s40643-016-0133-5
https://doi.org/10.1186/s40643-016-0133-5
https://doi.org/10.15376/biores.12.3.6885-6901
https://doi.org/10.15376/biores.12.3.6885-6901
https://doi.org/10.1038/nrmicro1931
https://doi.org/10.1016/S1002-0160(18)60052-9
https://doi.org/10.1016/j.procbio.2013.02.029


immobilized Clostridium acetobutylicum. Fuel. 2014;142:129–33. https://doi.org/10.1016/j.
fuel.2014.11.017.

141. Qureshi N, Li XL, Hughes S, Saha BC, Cotta MA. Butanol production from corn fiber xylan
using Clostridium acetobutylicum. Biotechnol Prog. 2006;22(3):673–80. https://doi.org/10.
1021/bp050360w.

142. Luo H, Ge L, Zhang J, Ding J, Chen R, Shi Z. Enhancing acetone biosynthesis and acetone-
butanol-ethanol fermentation performance by co-culturing Clostridium acetobutylicum/Sac-
charomyces cerevisiae integrated with exogenous acetate addition. Bioresour Technol.
2016;200:111–20. https://doi.org/10.1016/j.biortech.2015.09.116.

143. Wen Z, Li Q, Liu J, Jin M, Yang S. Consolidated bioprocessing for butanol production of
cellulolytic Clostridia: development and optimization. J Microbial Biotechnol. 2020;13(2):
410–22. https://doi.org/10.1111/1751-7915.13478.

144. Xin X, Cheng C, Du G, Chen L, Xue C. Metabolic engineering of histidine kinases in
Clostridium beijerinckii for enhanced butanol production. Front Bioeng Biotechnol. 2020;8:
1–8. https://doi.org/10.3389/fbioe.2020.00214.

145. Zhang J, Jia B. Enhanced butanol production using Clostridium beijerinckii SE-2 from the
waste of corn processing. Biomass Bioenergy. 2018;115:260–6. https://doi.org/10.1016/j.
biombioe.2018.05.012.

146. Xu M, Zhao J, Yu L, Tang IC, Xue C, Yang ST. Engineering Clostridium acetobutylicum with
a histidine kinase knockout for enhanced n-butanol tolerance and production. Appl Microbiol
Biotechnol. 2015;99(2):1011–22. https://doi.org/10.1007/s00253-014-6249-7.

147. Ezeji TC, Qureshi N, Blaschek HP. Acetone butanol ethanol (ABE) production from concen-
trated substrate: reduction in substrate inhibition by fed-batch technique and product inhibition
by gas stripping. Appl Microbiol Biotechnol. 2004;63(6):653–8. https://doi.org/10.1007/
s00253-003-1400-x.

148. Probst M, Walde J, Pümpel T, Wagner AO, Schneider I, Insam H. Lactic acid fermentation
within a cascading approach for biowaste treatment. Appl Microbiol Biotechnol. 2015;99(7):
3029–40. https://doi.org/10.1007/s00253-015-6414-7.

149. Kwan TH, Hu Y, Lin CSK. Techno-economic analysis of a food waste valorisation process for
lactic acid, lactide and poly(lactic acid) production. J Clean Prod. 2018;181:72–87. https://doi.
org/10.1016/j.jclepro.2018.01.179.

150. Gaida SM, Liedtke A, Jentges AHW, Engels B, Jennewein S. Metabolic engineering of
Clostridium cellulolyticum for the production of n-butanol from crystalline cellulose. Microb
Cell Fact. 2016;15(1):1–11. https://doi.org/10.1186/s12934-015-0406-2.

151. Wen Z, Ledesma-amaro R, Lin J, Jiang Y. Improved n-butanol production from clostridium
cellulovorans by integrated metabolic and evolutionary engineering. Appl Environ Microbiol.
2019;85(7):1–17. https://doi.org/10.1128/aem.02560-18.

152. Fedorova I, Arseniev A, Selkova P, Pobegalov G, Goryanin I, Vasileva A, Musharova O,
Abramova M, Kazalov M, Zyubko T, Artamonova T, Artamonova D, Shmakov S,
Khodorkovskii M, Severinov K. DNA targeting by Clostridium cellulolyticum CRISPR-
Cas9 Type II-C system. Nucleic Acids Res. 2020;48(4):2026–34. https://doi.org/10.1093/
nar/gkz1225.

153. Jiang Y, Lv Y, Wu R, Lu J, Dong W, Zhou J, Zhang W, Xin F, Jiang M. Consolidated
bioprocessing performance of a two-species microbial consortium for butanol production from
lignocellulosic biomass. Biotechnol Bioeng. 2020;117(10):2985–95. https://doi.org/10.1002/
bit.27464.

154. Liu J, Jiang Y, Chen J, Yang J, Jiang W, Zhuang W, Ying H, Yang S. Metabolic engineering
and adaptive evolution of Clostridium beijerinckii to increase solvent production from corn
stover hydrolysate. J Agric Food Chem. 2020;68(30):7916–25. https://doi.org/10.1021/acs.
jafc.0c03048.

155. Yousuf A, Bastidas-Oyanedel JR, Schmidt JE. Effect of total solid content and pretreatment on
the production of lactic acid from mixed culture dark fermentation of food waste. Waste
Manag. 2018;77:516–21. https://doi.org/10.1016/j.wasman.2018.04.035.

242 T. J. Shoaf and A. S. Engelberth

https://doi.org/10.1016/j.fuel.2014.11.017
https://doi.org/10.1016/j.fuel.2014.11.017
https://doi.org/10.1021/bp050360w
https://doi.org/10.1021/bp050360w
https://doi.org/10.1016/j.biortech.2015.09.116
https://doi.org/10.1111/1751-7915.13478
https://doi.org/10.3389/fbioe.2020.00214
https://doi.org/10.1016/j.biombioe.2018.05.012
https://doi.org/10.1016/j.biombioe.2018.05.012
https://doi.org/10.1007/s00253-014-6249-7
https://doi.org/10.1007/s00253-003-1400-x
https://doi.org/10.1007/s00253-003-1400-x
https://doi.org/10.1007/s00253-015-6414-7
https://doi.org/10.1016/j.jclepro.2018.01.179
https://doi.org/10.1016/j.jclepro.2018.01.179
https://doi.org/10.1186/s12934-015-0406-2
https://doi.org/10.1128/aem.02560-18
https://doi.org/10.1093/nar/gkz1225
https://doi.org/10.1093/nar/gkz1225
https://doi.org/10.1002/bit.27464
https://doi.org/10.1002/bit.27464
https://doi.org/10.1021/acs.jafc.0c03048
https://doi.org/10.1021/acs.jafc.0c03048
https://doi.org/10.1016/j.wasman.2018.04.035


Part IV
Production of Liquid Biofuels with New

Technologies



Chapter 8
Producing Value-Added Products from
Organic Bioresources via
Photo-BioCatalytic Processes

Silvia Magri and David Cannella

Abstract The interplay between light and bioprocesses represents an opportunity to
develop high-value products from organic waste. In the past decade, the field of
green chemistry was overturned by applications of photobiocatalysis, despite being
investigated since the early 1900s. New developments allow fine-tuning control and
accelerated kinetics of enzymatic redox reactions by light. Indeed, solar irradiation
can be deployed either to directly activate or to ensure the in-situ regeneration of
reducing equivalent promoting redox enzymes activity. Till now, organic wastes are
only partially utilized as biomass growth support in biorefinery processes and its
fully exploitation is far to be achieved. Photobiocatalysis exemplifies a strategic way
to design new biotransformation processes. In this context, the production of high-
value molecules is achieved by using organic waste as primary chemical precursors
that provides electrons upon oxidation, also widely defined as sacrificial molecules.
In this chapter, the organic wastes recovery though photobiocatalytic processes,
including enzymatic systems, electron reservoirs and final acceptors, are discussed.
In addition, a special focus will be given toward the light-driven valorisation of
organic by-products involving whole-cell biotransformation approaches. These
technologies are considered as the new frontiers in the biorefinery field.
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8.1 Introduction

At its onset, life on Earth started with sparkles of energy ultimately caused by
electromagnetic radiations originating from the Sun. Sunlight driven reactions
were probably the very first happening on primordial Earth and could have contrib-
uted on generating the reservoir of prebiotic molecules, necessary for the incumbent
evolution of life [1]. Since then, light had become the basic energy input for the Earth
ecosystems, and its energy conversion through photosynthesis produce today
100–200 Gton/year of reduced carbon compounds, which represents a vast resource
to look at if we want to harness the very first source of renewable energy available,
with the goal of guiding the transition of our society out of the fossil-based era.

For long, scientific challenges reproducing in vitro the biological photosynthesis
able at splitting water for production of viable electrons, had been endured in what is
known today as artificial photosynthesis. Thought with limited success, in terms of
quantum efficiency, this had laid the fundaments of new domain of studies among
which the Photobiocatalysis (PBC) is emerging.

The PBC concept sees the use of light-excitable photosensitizers coupled with
biocatalysts, i.e., redox enzymes, fueled directly or via electron’s conveyor pig-
ments, ultimately sacrificing an inexpensive source of electrons. PBC provides us
with a basic tool to initiate and expand research on the biggest challenges within
chemistry, physics and biology: a completely renewable/green technology capable
of converting light energy into chemical energy. In a PBC system the light energy is
used to promote the electron transfer among the catalytic components and to allow
thermodynamic challenging reactions.

The substrate-to-product conversion in a classic PBC setup is usually achieved by
the concerted action of four main elements: (i) photosensitizer (PS), (ii) electron
mediator (EM), (iii) biocatalyst (i.e., enzymes) and (iv) electron donor (or sacrificial
molecule). Photosensitizers are single molecules or complexes able to absorb light
and generate photoexcited electrons, and their exposure to their specific wavelength
is considered the starting event in PBC. Then, the excited photosensitizer (PS*) can
either reduce the biocatalyst (usually a single redox enzyme) with a direct electron
transfer or alternatively activate it by an indirect electron transfer through the
reduction of an electron mediator (usually a prosthetic group of enzymes). In both
cases, the presence of a sacrificial external electron donor is needed for the regen-
eration of the photosensitizer (or to fill the electron void) and thus assuring the
photocatalytic turnover (Fig. 8.1). Depending on the specific system, the electron
mediator can be either a small artificial redox molecule or the natural cofactor of the
enzyme catalyzing the reaction. Inspired by this basic architecture, various PBC
systems have been developed to cope with specific reaction conditions, component
incompatibilities or electron transfer optimization. For example, an additional medi-
ator can be added to improve the indirect electron transfer from the photosensitizer to
the biocatalyst. The use of a whole-cell approach, in which the biocatalyst is the
entire recombinant cells expressing the enzyme of interest, can bypass the addition
of expensive cofactors or improve the overall system stability.
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This chapter will provide the reader with insights on the basic working principles
of photobiocatalysis and on the features of the main bioresources that can be
valorised through it. Some examples of the latest advancements in the still young
PBC field are reported, mainly as proof-of-concept studies at small scales, yet
representing valid greener alternatives to actual harsh chemical or fossil-based
processes (summarized in Table 8.1). We will start by introducing the first elements
for PBC as choice of light sources and photosensitizers aiming at practical applica-
tion of the technology at lab scale and discuss possible up-scaling. Then we will
report the most important examples based on light-driven enzymes couple to com-
mon biowaste sources of their substrates (summarized in Table 8.2), indeed a unique
point of view not yet covered in the literature.

8.2 Light Sources and Pigments

Exposure to appropriate light energy induces changes in the electronic structure of a
photosensitizer thus promoting its transition from the ground state (more stable) to
an energy-rich state namely excited state. At the excited state, a charge separation
occurs resulting from the formation of electron-hole pair in the conduction and
valence band of the photosensitizer, respectively. In a photocatalytic process, the
light-driven charge separation is used as driving force for thermodynamically chal-
lenging redox reactions. As only the absorbed light is effective and photosensitizer
compounds display intrinsic absorbing properties at specific wavelength, the choice
of the appropriate light source is of primary relevance for the accomplishment of the
photoinduced reaction. The light spectrum currently exploited in PBC systems spans
form 280–700 nm, being composed by UV light (mainly UVB and UVA) and visible
light, strictly depending on the aimed photosensitizer, electrochemical features and
the process applications. Beside the type of light source, another parameter influenc-
ing photoconversion is the light energy supply in terms of quantity (light intensity)
and duration/period (continuous or intermittent). The formation of electron-hole
pairs linearly increases with the light intensity until a certain low threshold, but at
high photon intensity, the rate of electron-holes recombination outcompetes the rate
of redox reactions between the photosensitizer and the catalyst. Therefore, a tunable
light dosage is not only necessary for the economy of the process but also for its

Fig. 8.1 Schematic diagram of photobiocatalysis process via direct or indirect photoelectron
transfer from photosensitizer to enzymatic active site
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intrinsic electrochemistry. Moreover, the use of intermittent light has been seen to
reduce the electron-holes recombination phenomenon and prevent the
overproduction of highly reactive ROS species thus improving the quantum yield
and stability of the photobiocatalysis conversion [2]. Here we provide the reader
with an overview of the most common light sources investigated up to date.

Table 8.1 Summary of PBC systems reviewed in this chapter. Photoactivation mode (direct/
indirect), enzyme, cofactor, photosensitizer and substrate class are listed

Direct/
indirect
electron
transfer Enzyme Cofactor Photosensitizer

Generic
substrate Ref.

Direct TtAA9E,
TtAA9H,
TaAA9A

— Chlorophyllin, thylakoid,
Water-soluble chloro-
phyll-binding protein

Polysaccharide [12, 13,
56]

BsAA10,
CPB21

— V-TiO2, chlorophyllin Polysaccharide [14]

LAC3 — V-TiO2, chlorophyllin Cyclic alkene [15, 60]

Commercial
Laccase

— Laccase/carbon dots dec-
orated with phosphate
groups complex

Low-molecu-
lar weight
mediator

[61]

AaeUPO — Carbon nitride (CN-OA-
m)

Cyclic alkene [6]

AaeUPO — Sodium
AnthraquinoneSulfonate
(SAS)

Cyclic alkene [70]

AaeUPO — Nitrogen-doped Carbon
Nanodots (N-CNDs)

Cyclic alkene [71]

CiVCPO — Sodium
AnthraquinoneSulfonate
(SAS)

Cyclic alkene [70]

Indirect CHMO NADPH Intact cyanobacterial pho-
tosystem (whole-cell)

Cyclic alkene [21]

CHMO NADPH Au-TiO2, g-C3N4 Cyclic alkene [8]

CHMO,
HAPMO

NADPH Sodium
AnthraquinoneSulfonate
(SAS)

Ketoalkene [76]

CvFAP FAD FAD Fatty acids [78, 79]

YqjM NADPH Intact Cyanobacterial
photosystem (whole-cell)

Alkenes [81]

YersER FMNH Iridium complex
[Ir-(dmppy)2(dtbbpy)]PF6

Alkenes [82]
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8.2.1 Sunlight

Natural sunlight is an ideal starter for highly sustainable PBC processes being
renewable, economical and offering a complete array of suitable electromagnetic
radiation. However, its supply is discontinuous due to changes between day and
night, seasonal turnover and latitudinal variations that are important constraints for
developing robust industrial processes. The sun electromagnetic spectra radiation
reaching the Earth’s surface is also influenced by the weather conditions, whereas on
a cloudy day, direct sunlight is less intense and short wavelengths are strongly
reduced [3]. Sunlight-fueled approaches are well developed for biomass and high-
valued compounds production using photoautotroph microorganisms as in the case
of microalgae cultivation in open-ponds and outdoor photobioreactors. The effect of
discontinuous sunlight supply on outdoor plants productivity can be modelled and
mathematical predictions are a powerful tool for adaptation to other tunable param-
eters e.g. for preventing cell self-shading or photoinhibition mechanisms [4]. Photo-
synthetic organisms are naturally provided with adaptative mechanisms enabling
them to cope with fluctuating illumination, while artificial PBC systems are more
sensible to environmental light variations. It is thus necessary to intensify investi-
gation on the electrochemical properties of photosensitizers to further develop more
stable and efficient molecules for assuring constant photoconversion yields under
variable conditions. Xanthene-based organic dyes are reported to successfully medi-
ate in vitro light catalyzed production of molecular hydrogen (H2) through a
cyanobacterial hydrogenase under ambient daylight irradiation [5]. The
bio-inspired simplified system activated by visible light and stable H2 productivity
has been reported [5] despite daily light intensity variations, proving the possibility
of its application outside standardized laboratory conditions.

8.2.2 Gas Discharge Lamps

Gas discharge lamps are widely used light sources composed of tiny glass ampules
containing two electrodes and a mixture of noble gases at low pressure. The
composition of the gas mixture determines the emission spectrum of the lamp.
Neon bulbs are characterized by emission wavelengths in the red-orange (above
600 nm) range while argon lamps are shifted towards blue-violet (below 500 nm).
Fluorescent lamps are typically mercury-based and a phosphor coating is used to
produce visible light that appear white to the human eye. Despite fluorescent light is
perceived as a homogenous beam, its spectrum is quite discontinuous, displaying
discrete high intensity emission peaks related to the noble gas employed. Generally,
gas discharge lamps present a substantial time delay in the full intensity emission
since the current supply, this can hamper their application in PBC reaction with an
intermittent illumination setup.
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8.2.3 Light Emitting Diode—LED

Light emitting diodes (LEDs) are a relative recent light source having huge interest
in industrial applications as their price is continuously decreasing and the technology
improving leading to remarkable decrease in electricity consumption for amount of
light produced. The light emission spectrum of a LED is narrow enough to be
depicted by a single wavelength. The actual range of semiconductor materials
suitable for this technology allow a wide diversification of LED colors and, a broader
overall emission spectrum can be achieved by LEDs combinations (like RGB LED
array) or by recent white LED. Having a spectral width in the range of 20–50 nm,
LED devices allow a fine control of photocatalytic conversions where combination
and alternation of irradiation with different wavelengths is required to drive specific
reactions [6]. LED are nowadays replacing conventional lighting systems, such as
incandescent bulbs and fluorescent tubes, because of the lack of infrared emissions
ascribed to heating of the radiated surfaces thus reducing the need of cooling systems
for the reactor volumes. When intermittent illumination is needed, LED technology
represents a reliable light source being able to assure on/off cycles within a time
range in the order of milliseconds. Notably, the use of LED in pulsed mode results in
an extended lifespan and diminished power dissipation and heating generation.
Lastly, the main challenge for LEDs implementation in photobiocatalytic processes
at industrial scale, is the low in-depth penetration power of the emitted beam. This
limitation must be taken in account especially for applications where UV-LEDs are
used to drive biocatalytic conversions in high turbidity streams.

8.2.4 Pigments Photo-Oxidation/Reduction

Nowadays several photosensitizers have been identified for PBC processes that are
either biologically derived and thus renewable, or chemically synthesized. Gener-
ally, after absorbing light, the photosensitizer is promoted to its excited state (PS*),
and interacts with other molecules via electron transfer, energy transfer or atom
transfer pathways. In PS*, an electron in the highest occupied molecular orbitals
(HOMO, or valence band) is promoted to the lower unoccupied molecular orbital
(LUMO, or conduction band) leading to charge separation. PS* is thus a strong redox
agent and tend to undergo electron transfer by donating it to an appropriate electron
acceptor (reductive quenching) or by receiving it from an electron donor (oxidative
quenching). The photosensitizer is then regenerated via a second electron transfer
that restore the ground state. The electron transfer direction and thermodynamic
feasibility depends on the redox potentials of the involved species and competes with
other relaxation mechanisms such as the radiative deactivation by emission of less
energetic photon and the nonradiative deactivation by heat dissipation [7]. Thus, to
achieve efficient photoconversion, the photobiocatalytic system must be careful
designed by coupling the redox partners favoring the electron transfer over other
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concurrent deactivation mechanisms. After light excitation, intersystem crossing can
promote the PS to its triplet excited state (3PS*) allow the direct energy transfer to
ground state substrate causing the formation of triplet excited substrate (3SUB*).
This event is commonly occurring after light exposition of chlorophyll in aerobic
condition. The excited pigment interacts with molecular oxygen leading to the
formation of highly reactive oxygen species which then disproportionate forming
H2O2. Light-driven in-situ production of hydrogen peroxide is a mechanism exten-
sively used to activate peroxygenases in photobiocatalytic conversions [8, 9]. Each
photosensitizer possesses only one ground state but multiple excited states with
specific energetic levels, physiochemical features, and lifetimes. Excited triplet
states are usually preferred than singlet states due to their longer lifetime
(in microseconds and nanoseconds order, respectively) making the electron transfer
more efficient. Lasty, a PS* can interact with other molecules by atom abstraction
from a suitable substrate usually displaying an accessible hydrogen atom. A com-
mon chemical structure features of photosensitive molecules is the presence of large
and stable π-aromatic configuration which assure electron delocalization making
them excellent electron donors/acceptors [10]. In current PBC reactions, the suc-
cessful use of a wide range of photosensitizers is reported, including natural and
natural-derived pigments or complexes, organic dyes, transitions metal complexes
and carbon-base nanomaterials (Fig. 8.2).

8.2.4.1 Natural Chlorophyll and Derivatives

Taking inspiration from photosynthesis, which is the most powerful natural process
for storing light energy into chemical energy, a wide number of PBC setups have
implemented porphyrin-based molecules as the light harvesting component.
Photoactive porphyrins display a large and rigid tetrapyrrolic conformation coordi-
nating a transition metal (e.g. Mg, Fe), in which the extended conjugated system
determine a strong absorption in visible electromagnetic spectrum (Fig. 8.2a). Mod-
ifications in the peripheral decoration or in the transition metal allow a fine tuning of
their physiochemical properties such as the modulation of the ground- and excited-
state optical and electronic features, excited state stability and absorption shift
[11]. The abundance in natural feedstock and the plasticity of these chromophores
attracted the interest of researchers working on sustainable PBC processes. Water-
soluble chlorophyl complexes and chlorophyl copper substituted derivative,
(chlorophyllin), were used to photoactivate oxidative enzymes active on polysac-
charides [12–14], while a zinc-based porphyrin was shown to perform multielectron
transfer to laccase enzyme via long stable triplet excited state [15].

8.2.4.2 Complexes Phycobilisomes, Thylakoids, Cell Lysates

In higher photosynthetic organisms (plants) the light energy absorption take place in
well organized and compartmentalized environment (the chloroplast) in which series
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Fig. 8.2 Structures of commonly used photosensitizers grouped by class: (a) natural chlorophyll;
(b) Quantum dots and functionalized materials; (c) microbial derived xanthenes; (d) metal
complexes
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of light harvesting complexes (photosystems) concentrate the incident photons and
the electron transport chain maximize the charges separation across the membrane of
the thylakoids (Fig.8.2a). Exploiting this kind of structure can be beneficial for some
reactions in which the orientation of the electron flux and the presence of a compat-
ible interface between the photocatalyst and the biocatalyst are needed [16]. Isolated
photosystems have been used to create in vitro chromophore-enzymatic complexes
for efficient H2 at the only expense of water oxidation [17, 18]. Many attempts are
reported to artificially reproduce photosynthetic processes and mimic chloroplast
organized and stable environments. A bio-based artificial photosynthetic system was
produced by Park and co-workers using lignocellulosic derivatives to encapsulate
hydrophobic porphyrins and regenerate enzymatic redox cofactors [19]. Other
whole-cell biocatalytic approaches demonstrated the possibility to exploit natural
photosynthesis to drive the production of target compounds via metabolic engineer-
ing of cyanobacteria. Photosynthetic direct electron transfer or reducing agent
production (in form of NAD(P)H) can be employed for enzymatic production of
bioactive-compounds, organic molecules and their oxy-functionalization [20–22].

8.2.4.3 Microbial Derived Xanthenes

Alongside photosynthetic pigments, other biobased compounds present ideal fea-
tures for green photobiocatalytic applications. Xanthenes and xanthenes derivatives
are organic dyes with heterocyclic structure able to absorb light in the central region
of visible spectrum (500–600 nm) and, when photoexcited, are able to undergo
reductive and oxidative quenching. Eosin Y and E, Rose Bengal and flavin-based
compounds are the most widely used in light driven reactions being able to direct
activate the catalytic site of redox enzymes [23, 24] to sustain the photoregeneration
of several redox cofactors or to photoactivate substrate for further enzymatic con-
version [25]. Photophysical and electrochemical properties of xanthene can be
tailored by specific structure modifications and peripheral functionalization with,
for example, halide groups (Fig. 8.2c). Aromatic heterocycles with broad absorption
properties are abundant secondary metabolites naturally produced by plants and
microorganisms during symbiotic and pathogenic interactions [26]. New natural
structures are constantly discovered and characterized, thus representing an unlim-
ited source of green photosensitizer building blocks.

8.2.4.4 Metal Complexes

Photocatalysts containing precious metals like iridium, platinum and ruthenium
(Fig. 8.2d) are broadly used to drive challenging redox reactions due to their high
chemical stability and long-lived excited states. However, the actual need for more
environment friendly and affordable conversion strategies resulted in the develop-
ment of new metal complexes with on Earth more abundant first-raw transition
metals such as copper, zinc and nickel and titanium. UV absorbing titanium oxides
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are the most exploited photosensitizers especially for in situ generation of hydrogen
peroxide, electron donor transfer [9, 14, 27] and reducing agent regeneration [28] for
oxidoreductase activation. TiO2 nanoparticles can also be doped with other metal
oxides (like Cu20) to improve their stability and modulate the absorbance range [29]
or be incorporated in bioderived carrier, such as cellulose, for application in
photocatalytic-biodegradation coupled processes [30]. A subsequent evolution of
metal complex is the design of metal-organic frameworks (MOFs) in which metal
clusters are coordinated with organic ligands allowing multidimensional structures
(Fig. 8.2d). Structure and properties depend on the nature of the ligand (valence and
functional groups) and of the coordination preference of the metal. MOFs can thus
be designed to host stable pores which improve the contact surface area with the
reactants, target goal especially for application in H2 storage and CO2 capturing and
fixation. Ligand electron delocalization and introduction of antenna groups (�OH;
�NH2) can broaden and shift from UV range the absorption spectrum and favor
charge transfer kinetics of MOFs rendering them suitable photosensitizers [31].

8.2.4.5 Quantum Dots and Functionalized Materials

Developments in nanomaterial science led to the design of practical semiconducting
nanoparticles called quantum dots (QDs, Fig. 8.2b). QDs find application in a broad
range of technologies like microelectronic, biomedical, bioimaging and solar cell,
just to mention few. Due to their unique photophysical characteristics, QDs are
successfully used as photosensitizer in PBC. QDs absorption spectra, emission
quantum yield and excited state lifetime are all features depending on the particle
size and atom composition allowing high degree of freedom in their design and
adaptability. Common sizes span from 2 to 10 nm in diameter, with smaller crystals
absorbing high light intensity (UV – blue spectrum region) and bigger size being
excited at longer wavelengths. Contrary to organic dyes and pure pigments, QDs are
more prone to photobleaching, thus showing a higher stability over repeated cycles
of excitation. Moreover, nanocrystals optical and photo-physic characteristics can be
further shaped by varying their composition using different transition metals for their
fabrication [32]. Besides, metal based QDs, more sustainable and less toxic semi-
conducting nanoparticles are now made upon carbon structure (Fig. 8.2b). Carbon
quantum dots (BQDs) can be synthesized either with a top-down approach by
fragmentation of graphite and carbon nanotubes structures or by bottom-up pro-
cesses where small precursors (e.g., sugars and citrate) are assembled via hydrother-
mal or solvothermal treatments. This latter production approach allows their
straightforward synthesis from simple carbohydrate-rich natural biomass such pear
juice, peach blossom and agricultural waste hydrolysates [33–35]. CQDs are suitable
photosensitizers for PBC thanks to their high solubility in aqueous solution, bio-
compatibility, light harvesting and electron transfer properties. All these character-
istics can be tuned by surface groups modifications and modulated by the
environmental pH conditions [36].
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8.3 Biocatalysts- Enzymes and Whole Cell Applications

The term biocatalyst usually refers to the specific isolated enzyme that catalyzes the
aimed substrate-to-product conversion. Commonly, PBC conversions are based on
the use of enzymes belonging to the oxidoreductase class (EC 1) which catalyze the
electron exchange between a donor and an acceptor molecule. To perform the
reaction, these enzymes often require the presence of reduced nicotinamide (NAD
(P)H) cofactors or prosthetic groups such as metal-ions, flavins and heme groups.
Oxidases and oxygenases use O2 as an electron acceptor, the latter directly incor-
porate at least one oxygen atom into the substrate. H2O2 is the co-substrate of
peroxygenases, while dehydrogenases use molecules other than oxygen as electron
acceptors [37]. Many approaches have been proposed for the regeneration (reduc-
tion) of monooxygenases or for their cofactor, spanning from chemical, electro-
chemical to enzymatic approaches but all at the expenses of a valuable donating
electron molecule [38]. When considering applying these enzymes in biotechnolog-
ical processes, electron donation can pose a limitation due to the high costs of these
reducing agents. A renewable and inexpensive source of electrons that can regener-
ate these molecules, or that can bypass it and directly donate the electrons to the
enzymes, will finally enable to exploit all the potentials of these enzymes. In a
broader definition a biocatalyst can be used to depict the whole organism able to
express (produce) the enzyme and ideally sustain its activity over time by continu-
ously providing suitable cofactors, as a part its endogenous metabolism [39].

8.3.1 Pigment Mediated Photo Excitable Enzymes Without
Cofactor

8.3.1.1 Lytic Polysaccharide MonoOxygenases - LPMOs

Lytic Polysaccharide MonoOxygenases (LPMOs, EC 1.14.99.-) discovered in 2010
[40], are redox enzymes able at cleaving by oxidation the β-1,4-glycosidic bond in
numerous polysaccharides. This had abruptly changed all our understanding of
polysaccharide degradation. The new scenarios see LPMOs creating rupture in the
fibers tension via oxidative cleavage of polysaccharide chains leaving new entry
sites for the further depolymerization actuated by cellobiohydrolase enzymes, that
were thought to operate in synergy only with endoglucanases [41]. LPMOs were
firstly identified in bacteria (Serratia marcescens, SmAA10A) but shortly after,
numerous LPMOs-coding sequences were found in many different organisms
including archaea, eukaryotes and viruses. Up-to-date, according to the CAZy
classification [42] LPMOs are grouped into 7 families of Auxiliary Activity enzymes
(AA9-11, AA13-15 and AA16). The AA9s, AA11s, AA13s, AA14s and AA16s are
widespread in eukaryotes, while the AA15s are also found in insect and viruses and
the AA10s are mostly common in bacteria [43]. The highly conserved catalytic site
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host a single copper atom (type II copper) coordinated with a T-shaped histidine–
brace [44, 45]. The enzyme activation requires the electron transfer from an external
donor to reduce the catalytic copper which then can oxidatively cleave the glycosidic
bond using either O2 or H2O2 as co-substrate [46, 47]. This cleavage leads to the
production of oxidized oligosaccharides and their non-oxidized counterpart. Upon
enzyme reduction, the catalytic site performs a hydrogen abstraction from carbon in
position 1 or 4 in the pyranose ring. The resulting radical intermediate is then
hydroxylated causing the subsequent break of the glycosidic bond [48, 49]. The
oxidation at C1 or C4 position leads to the formation of aldonic acids or 4-ketoaldose
gemdiols, respectively. Moreover, some LPMOs are able to release double oxidated
products acting on both sides of two different monomers [50].

The first industrial application of LPMOs was their implementation in cellulolytic
cocktails for the digestion of pretreated lignocellulosic biomass to obtain molasses of
monosaccharides suitable for any bio-productions upon biological fermentations:
biofuels, bioplastics and biochemicals [51]. Among other factors, the optimization of
LPMOs activity clearly depends on the chemical nature of the electron donor and on
its redox potential. Several reducing agents such as small molecules, enzymatic
partners, mono- and poly-lignols, and photoexcited pigments have been reported to
activate LPMOs [12, 27, 52–55]. In the first study of light-driven cellulose oxidation
by LPMOs, the water-soluble form of chlorophyll (chlorophyllin) and isolated
thylakoids were used to activate the monocopper enzyme via direct electron transfer
(Fig. 8.1). Furthermore, the oxidized pigment was continuously regenerated at the
only expense of ascorbic acid. The Photobiocatalytic system dramatically increased
the product yield of the fungal TtAA9E, and more interestingly revealed a secondary
activity on a different substrate (xyloglucan), not detectable under dark conditions
[12]. A more recent work highlighted a possible double role played by the light
supply in boosting the activity of LPMOs. Along with the electron delivery to the
catalytic center, the excited photosensitizer promotes the in situ generation of
hydrogen peroxide that can be used as a co-substrate by the redox enzyme
[14]. The importance and influence of other factors on the efficiency and robustness
of this light-driven system are currently under investigations. The balance between
all the reaction components (enzyme, photosensitizer and reducing agent) was
assessed in a recent study where free or complexed chlorophyll (WCSP-Chl a)
were used to mediate the light energy conversion. By optimizing the reducing
agent concentration and the light intensity it was possible to prevent early enzyme
inactivation which may occur in presence of an excess of H2O2 [13]. Finally, a
beneficial effect on the system stability over time and an energy input gain is assured
by the use of illumination on/off cycles [56].

8.3.1.2 Laccases

In nature, the degradation and modification of lignin, which is one of the most
abundant and recalcitrant organic polymers, is enabled by the activity of powerful
redox enzymes such as class II peroxidases, dye peroxidases and laccases. These
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latter are an evolutionary old a family of extracellular copper-containing polyphenol
oxidases (EC 1.10.3.2) widespread among the tree of life spanning from fungi,
bacteria, plants and in a lesser extent in animals. Expression and secretion of
polyphenol oxidases in fungi is also one of the first response lines when harmful
conditions are “sensed” such as in the presence of bioactive compounds, xenobiotic
toxins and antagonistic microorganisms. Moreover, laccases play a crucial in path-
ogenetic mechanisms by producing melanin and melanin-like pigments recognized
as antimicrobial and virulence factors. The abundance of laccases coding genes
reflects the wealth of architecture diversity, substrate specificity and kinetic proper-
ties displayed by this enzymatic class. Other biological functions of laccases are
metal homeostasis/oxidation, morphogenesis, cell pigmentation, plant lignification
and wound healing. Laccases molecular masses vary from 40 to 180 kDa having
generally slightly acidic pH optima with the exception of bacterial laccases prefer-
ring alkaline conditions (e.g., SLAC from Streptomyces coelicolorwith pH optimum
9.4.). Peculiar feature of laccases is the presence of cupredoxin-like domains hosting
the binding site for type I copper (strongly distorted coordination sphere) and of one
or two other domains supporting the coordination of one type II copper (planar
coordination) and two type III coppers (oxygen bridged Cu-Cu dimer) [57]. The
multicopper center allows the oxidation of a variety of phenolic substrates while
performing the four electrons reduction of molecular oxygen to water. The substrate
is oxidized at the type I copper site which then transfer the electrons to the tri-copper
cluster in which the reductive generation of water takes place. The driving force for
the substrate oxidation is the redox potential difference between the fully oxidized
catalytic cluster and the phenolic compound. Based on their redox potential, laccases
are categorized as low-redox-potential enzymes (mainly in bacterial and plants) and
high-redox-potential enzymes (mostly found in white rot fungi). An expansion in
substrate scope, including non-phenolic lignin subunits, is possible when low
molecular weight mediators (such as ABTS; 2,2-azinobis-(3-ethyl-
benzothiazoline)-6-sulfinic acid) are firstly oxidized by the laccase and then target
the substrate performing the final oxidation [58]. Thanks to their substrate versatility,
temperature and pH stability, cofactor and hydrogen peroxide independence,
laccases are ideal powerful oxidative enzymes for industrial biotechnological appli-
cation in a wide range of fields like biofuel production, bioremediation, chemical,
pharmaceutical and clothing industry, just to mention few.

Classic photoactivation mechanism supports single electron-transfer while the
accumulation of multicharges or holes needed to activate metal-cluster enzymes
remain challenging. The first complete reduction of a fungal laccase (from Trametes
sp. strain C30) by light was achieved in 2011 by Tron and co-workers [59]. Excita-
tion with white light of a RuII-polypyridine-type complex in presence of an exoge-
nous electron donor induced the delivery of four electrons to the multicopper-cluster.
The fully reduced laccase was then able to generate water molecules by reducing
dioxygen. In a follow up work, the authors overcame the need for the external
electron donor and coupled the laccase oxygen reduction with the oxidation of
unusual olefin substrates. The model reaction led to the photo-epoxidation of p-
styrene sulfonate (alkene) mediated by Ruthenium complex using O2 both as
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electron acceptor as well as O atom donor and laccase as electron sink (Fig. 8.3)
[60]. Further investigations on laccase light activation led to the development of a
tunable enzymatic-photosensitizer hybrid system showing higher catalytic activity
compared to free laccase. Hydrophilic carbon dots decorated with phosphate groups
(PCDs) were connected through noncovalent bonds to the type I coppers in the
laccase catalytic center, resulting in a hybrid complex with improved oxidative
activity and stability. Photoexcited PCDs possess strong electron donating and
accepting properties which can favor the electron transfer between the
low-molecular weight mediator (ABTS) and the laccase multicopper-cluster. More
interestingly, the laccase/PCDs hybrid was sharply regulated by light illumination
specifically responding to the provided light intensity and to on/off activation cycles
[61]. Lignin removal from lignocellulose biomass is a high energy demanding and
fundamental step in carbohydrate derivatization and refinery. The laccase/mediator
systems are now exploited for lignin deconstruction in biotechnological processes
and more recently the new concept seeing lignin as a precious reservoir of bio-
chemicals is attracting the research interest for their customization. Low-molecular
weight lignin (LMWL) pools derived from laccase/ABTS oxidation of steam-
exploded sugarcane bagasse and wheat straw have been demonstrated boosting the
LPMOs oxidative breakdown of cellulose via long-range electron transfer
[62]. Another possible synergism between the two oxidative activities (of laccases
and LPMOs) has been recently envisioned when the two enzymes work simulta-
neously. The phenolic radicals produced by laccases can interact with molecular
oxygen forming hydrogen peroxide which in turn promotes LPMOs catalysis
[63]. Moreover, lignin valorization via grafting desired compounds in lignin fraction
is a further biotechnological route where laccase/mediator systems can be applied. It
has been showed that laccase oxidation via ABTS efficiently deconstructs lignin
polymers, prevents possible subsequent repolymerization event between phenolic
radicals forming relative stable adduct with phenolic lignin dimers [64].

8.3.1.3 Unspecific Peroxygenases – UPOs

Recently discovered Unspecific PerOxygenases (UPOs, EC 1.11.2.1) are extracel-
lular fungal enzymes grouped under a unique family of peroxygenases due to their
broad substrate scope. Few UPOs have been currently isolated and biochemically

Fig. 8.3 Epoxidation of
styrene to styrene epoxide
by photoactivated Laccase
in which the molecular
oxygen (O2) has the double
role of electron acceptor and
O atom donor
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characterized, the first one, Agrocybe aegerita (AeUPO) was found within the
Basidiomycota phylum. Current phylogenetic analysis show the presence of diver-
sified putative UPOs sequences in almost 30 classes of Basidiomycota, Ascomycota
and fungus-like Oomycota, with some of the hosting species living in extreme pH
conditions or saline environments [65]. Like the well-known Cytochrome P-450 and
Chloroperoxidases (CPOs), they host in the active site an heme-thiolate prosthetic
group with an iron atom coordinating a proximal cysteine residue. UPOs are small
monomeric proteins with molecular masses and isoelectric points varying from 32 to
46 kDa and from 3.8 to 6.1, respectively. Because of the high degree of glycosyl-
ation, UPOs are appreciated for their water-solubility and stability. Furthermore, the
large variety of reactions they can catalyze is attracting the research attention for the
design of new biocatalytic routes [66]. At the only expense of hydrogen peroxide
(used as electron acceptor) UPOs catalyze the formation of alcohol products starting
from short and medium-chain alkanes, and unlike CPOs, also from aromatic com-
pounds and recalcitrant heterocycles [65]. Over 300 possible molecules are reported
as a possible substrate for UPOs catalysis, including naphthalene, toluene, pyrene
and p-nitrophenol among the aromatic rings and pyridine, dibenzofuran and various
others as recalcitrant heterocycles.

Vinyl monomers are industrially important commodity chemicals used to pro-
duce polyacrylate, polystyrene, adhesive, protectives coatings, resins, rubbers, and
other copolymers. Avasthi et al. [67] reviewed recent catalytic transformation
strategies used to produce three important vinyl monomers such as acrylic acid
(AA), methacrylic acid (MA) and styrene (ST) which precursors (itaconic acid,
glycerol, allyl alcohol, lactic acid and acrolein) can be biomass-derived. Styrene is
derived from oxidative dehydrogenation of ethylbenzene. Ethylbenzene can be
obtained from selective lignin depolymerization[68]. Ethylbenzene, together with
other valuable arenes (benzene, toluene and xylene) are now obtained from
lignin [69].

Kroutil and co-workers [6] developed a photocatalytic process for the
stereoselective conversion of ethylbenzene to 1-phenylethanol. Highly pure (S)- or
(R)-enantiomers were obtained by simply tuning the visible light wavelengths used
to activate a carbon nitride (CN-OA-m) photocatalyst. When the carbon nitride is
irradiated with green light (528 nm), electron holes with lower oxidation potential
are formed and hydrogen peroxide is photocatalitically produced from the water
molecules present in the solution. On the contrary, the irradiation of CN-OA-m with
more intense photons (440 nm) leads to the formation of a stronger oxidant excited
state affording the C-H bonds oxidation to produce acetophenone. In situ generation
of H2O2 supports the asymmetric hydroxylation of ethylbenzene catalyzed by the
unspecific peroxygenase from A. aegerita (AeUPO), leading to the formation of
enantiopure (R)-1-phenylethanol (99% e.e.) (Fig. 8.4). An alcohol dehydrogenase
(ADH-A) from Rhodococcus ruber is instead employed to enantioselectively con-
vert acetophenone to (S)-1-phenylethanol. The two light-driven reactions are wave-
length specific enabling a fine control of the entire photobiocatalytic system by
simple governing the emission light stimuli. More interesting, a protective effect
against AeUPO deactivation was revealed upon green light illumination compared to
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blue light due to minor production of ROS species. The substrate scope of AeUPO
was also partially investigated with a series of methyl and halide substituted ethyl-
benzene. This elegant proof-of-concept pointed out, one more time, the importance
of the rational design to assure a full exploitation of the photobiocatalytic system and
to maximize its stability. Overoxidation of cyclohexane is a desirable reaction for the
production of ε-caprolactame (key precursor of nylon polymers). AeUPO can be
used for the conversion of cyclohexane into the corresponding ketone via a self-
sustainable PBC system exploiting visible light energy. The excited state of the
organic dye sodium anthraquinone sulfonate (SAS) was used to both yielding H2O2

via oxygen reduction, to drive the substrate hydroxylation catalyzed by AeUPO, and
to mediate the further oxidation of the alcohol into cyclohexanone [70]. The same
PBC system was also able to sustain the halogenation of thymol (a common natural
terpenoid) catalyzed by a vanadium-dependent chloroperoxidase from Curvularia
inequalis (CvVCPO) [70]. In the two above mentioned works, substrate solubiliza-
tion is required to afford the reaction in an aqueous solution. A study by Selin and
colleagues [71] overcame the need for additional solvent supplementation, thus
decreasing the number of pre-processing steps. In this case, an engineered AeUPO
(AaeUPO PaDa-I) was immobilized into calcium alginate beads assuring good
enzymatic stability in organic media. In situ hydrogen peroxide generation was
concomitantly provided by light excitation of nitrogen-doped carbon nanodots and
the strategy afforded the production of cyclohexanol in neat cyclohexane solution.

8.3.2 Cofactor Dependent Enzymes

Monooxigenases are a powerful class of enzymes that catalyze the insertion of one
oxygen atom (oxidation or hydroxylation) into a wide variety of organic substrates
for their functionalization. Monooxygenases can selectively oxidize alkenes, ammo-
nia, methane, cyclohexanones, styrene, dyes and phenols, just to mention few of
their substrate [38]. To do that these enzymes have to activate molecular oxygen, and
this activation occur only if coupled with donation of electrons to molecular oxygen,
and some di-copper monooxygenases share similarity with mono-copper LPMO in
the mechanism of activity [72]. Almost all monooxygenases depend upon cofactors

Fig. 8.4 Agrocybe aegerita
(AaeUPO) oxidation of
ethylbenzene to
1-phenylethanol driven by
in situ photocatalytic
production of H2O2
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to obtain the electrons (i.e. mostly NADH and NADPH) which implies that this
reducing agent equivalent molecule is oxidized then must be regenerated [73].

8.3.2.1 Baeyer-Villiger MonoOxygenases - BVMOs

Baeyer-Villiger monooxygenases (BVMOs) are FAD-containing redox proteins
which activate O2 for the incorporation of one oxygen atom into the substrate and
reduce the other forming H2O (EC 1.14.13.X). BVMOs are largely widespread
among the tree of life and currently more than hundred eukaryotic and prokaryotic
representatives have been isolated, characterized and crystallized for structure deter-
mination. Generally, they catalyze the conversion of ketones and cyclic ketones into
esters and lactones, respectively. The binding of a NAD(P)H cofactor and the
following two electrons flavine reduction are needed for initiate the catalysis of
BVMOs, representing the first reductive half-reaction. During the second half-
reaction, dioxygen is activated through the formation of an unprotonated
peroxyflavin intermediate that attacks the carbonyl group in the substrate. In the
absence of a suitable substrate, the uncoupling reaction leads to the production of
hydrogen peroxide, as commonly happens for all monooxygenases. The broad
substrate scope and variety of specific reactions catalyzed by BVMOs render this
enzyme highly attractive for biotechnological applications but only recent research
advances made them suitable for industrial uses [74]. One example is the Cyclohex-
anone monooxygenase (CHMO) from Acinetobacter sp. NCIMB 9871 which shows
an impressive substrate scope as well as exquisite chemo-, regio-, and
enantioselectivity and is currently employed for the enantioselective sulfoxidation
of pyrmetazole to produce esomeprazole [75]. The full exploitation of BVMOs
potential at industrial scale lies on some limiting factors such as poor enzyme
stability in solution (being intracellular enzymes), sustainable cofactor regeneration
and substrate/product inhibition.

A common strategy assuring continuous cofactor regeneration is the use of a
whole-cell approach where the biocatalysis is supported by an engineered microor-
ganism overexpressing the aimed enzyme. In 2017, Böhmer and co-workers [21]
showed an interesting solution to cope with BVMO cofactor regeneration avoiding
the depletion of energy-rich organic molecules, such as glucose in the case of whole-
cell approach with heterotroph, or preventing the use of artificial photocatalysts
when the reduction of NAD+ is mediated by light (Fig. 8.5). By engineering the

Fig. 8.5 Cyclohexanone
MonoOxygenase (CHMO)
catalyzed oxidation of
cyclohexane to
ε-caprolactone driven by
photocatalytic regeneration
of NADPH cofactor
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cyanobacteria Synechococcus elongatus with the NADPH-dependent Baeyer-
Villiger cyclohexanone monooxygenase (CHMO) from Acinetobacter
calcoaceticus, the authors were able to exploit the natural photosynthetic production
of reducing power for the CHMO activity. The cyclohexanone substrate was
completely converted into δ-valerolactone within 48 h without affecting the cells
viability, thus allowing for further re-cultivation after the biotransformation.
Whereas the inhibitory effect of high substrate concentration can be relieved by
adopting sequential or simultaneous reaction configurations where the true enzy-
matic substrate is produced over time by a preliminary (photo)catalysis. The com-
bination of the photocatalysis and enzymatic conversion was developed by
Hollmann and colleagues [76] by designing a universal two-phase system for the
C-H functionalization of simple alkanes. In this approach the organic phase acts as
substrate reservoir while the aqueous phase contains the photocatalyst and the
selected enzymes together with the relative cofactor, when needed. The reaction
was taking place at the interface between the organic and the aqueous phase
preventing the incompatibilities between the photo-organo catalyst and the biocat-
alyst, such as premature substrate degradation and enzyme inhibition caused by
light-driven ROS generation or high substrate concentration. The light energy is
directly used to drive small molecules oxidation into aldehydes or ketones by mean
of the organophotocatalyst SAS (sodium anthraquinone sulfonate), and specifically
in the above-mentioned work, cyclohexanol was oxidized to cyclohexanone. The
further substrate functionalization is then catalyzed by CHMO or HAPMO
(4-hydroxy-acetophene) yielding ε-caprolactone or phenyl formate, respectively.
The compartmentalization into two phases was beneficial for the system productivity
compared to what has been achieved by the same system but in a homogeneous
environment. Alternatively, a photo-biocatalytic cascade reaction can be designed to
build a hybrid system where the catalytic substrate preparation is followed by the
enzymatic conversion with a whole-cell approach [8]. The one-pot two-step reaction
consists in a first oxidation of the cyclohexane to obtain the relative lactone using in
situ photocatalytical generation of H2O2. Secondly, the whole-cell approach is used
to support the biocatalytic Baeyer-Villiger oxidation of the cyclohexanone into the
desired ε-caprolactone employing a cell suspension of E. coli expressing the cyclo-
hexane monooxygenase from Acinetobacter calcoaceticus (AcCHMO). Here, the
photooxidation of cyclohexane mediated by Au-TiO2 or g-C3N4 assured a clean and
specific production of the cyclohexanone intermediate and the use of the cell
suspension instead of the free extract contributed to the AcCHMO stabilisation.

8.3.2.2 FAP – Fatty Acid Photodecarboxylase

A new natural photo-enzyme named Fatty Acid Photodecarboxilase (CvFAP, EC
4.1.1.106) was discovered in the microalgae Chlorella variabilis, by Sorigué and
colleagues [77]. This FAD-dependent enzyme belongs to the GMC (glucose-meth-
anol-choline) oxidoreductase family and, contrary to the other members, it is
involved in the lipid metabolism by converting fatty acids (FAs) into alkanes in
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response of blue light (Fig. 8.6). This discovery pointed out that in nature the light-
driven catalysis does not only relay in the photosynthetic processes or in the repair of
UV damages in DNA, but it is also exploited in metabolic pathways. The catalytic
site of CvFAP is composed by a narrow hydrophobic tunnel harboring the FAD
cofactor and allowing the stabilization of the fatty acid substrate. WT CvFAP is able
to oxidatively remove the carbonyl group of a wide range of fatty acids but showing
higher efficiency for C16–C17 chains. The turnover number measured for palmitic
acid decarboxylation is 0.86 + � 0.13 s�1 with a quantum yield higher than 80%
[77]. The discovery of FAP is revolutionizing the paradigm of biofuels production.
The classical approach is based on the conversion of fatty acids in the corresponding
methyl and ethyl esters (FAMEs and FAEEs). The transesterification process carried
out in mild condition is an equilibrium reaction in which significant molar surpluses
of alcohols are required to arise the conversion yield and subsequent purification
steps are needed to remove the formed soap. The possibility to enzymatically
decarboxylate FAs offers a sustainable alternative for the conversion of waste
bio-oils into biofuels having even a slightly higher specific heat of combustion
(ca.9%) compared to classical FAMEs.

Huijbers and co-workers [78] developed a bienzymatic two-step cascade for the
conversion of non-edible oils and fats into biofuels. The process allows the enzy-
matic hydrolysis of triolein to free oleic acids and glycerol using a lipase from
Candida rugose. The subsequent intermediates are then subjected to
photodecarboxylation to obtain the corresponding C1-shortened alkanes. The irre-
versible reaction of photodecarboxylation is catalyzed by a natural photoenzyme
derived from Chlorella variabilis (CvFAP) which is activated upon blue light
illumination leading to the photoexcitation of the FAD cofactor present in the active
site. CvFAP is characterized by a high substrate scope and good tolerance toward
organic solvent (up to 50% DMSO). Higher activity and robustness were achieved
performing the catalysis in presence of the cell crude extract rather than with the
purified enzymatic preparation. In another approach spores of Bacillus subtilis were
used as cell factories for the recombinant expression on CvFAP and physical support
for the enzyme immobilization. The CvFAP was cloned in frame with an abundant
endogenous coating protein assuring the localization in the outer layer of the spore
coating. Microbial oils and olive oil were used for the hydrocarbon production in a
one pot bienzymatic reaction. Commercially available lipase catalyzed the release of

Fig. 8.6 Light-driven
CvFAP (Fatty Acid
Photodecarboxilase)
decarboxylation of palmitic
acid
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free fatty acids and their decarboxylation was conducted under blue light irradiation
by CvFAP [79].

8.3.2.3 Ene-Reductases

Ene-reductases (EC 1.3.1.31), belonging to the Old Yellow Enzyme (OYE) family,
are flavin mononucleotide (FMN)-containing redox enzymes catalyzing the reduc-
tion of C¼C double bonds of a wide range of substrates at the expense of a
nicotinamide cofactor. Several biocatalytic processes have been developed to sustain
the regeneration of the natural reducing agent (NAD(P)H), to expand the enzymatic
scope as well as combine various reactions to diversify the product range. Asym-
metric chemical reduction yielding chiral products is an essential reaction for the
synthesis of pharmaceutical and valued-chemical compounds. The stereoselective
saturation of C–C double bonds in alkenes is currently achieved employing precious
metal catalysts and hydrogen gas. Although the chemical conversions boast a perfect
atom efficiency, new biocatalytic approaches represent a valid alternative when
milder conditions, metal-free reactions and highly enantiopure products are desired
[80]. Increasing research efforts are resulting in the enzymatic alkene reduction
using ene-reductase as a key biocatalyst.

A first attempt for the sustainable regeneration of reducing power using water and
light was proved by Köninger et al. [81] by developing a whole-cell biocatalytic
approach based on a recombinant cyanobacteria (Synehocystis sp. PCC6803)
overexpressing the enoate reductase YqjM from Bacillus subtilis. A broad range
of cyclic prochiral alkenes were enantioselectively reduced by the viable biocatalyst
upon irradiation with visible light and at the only expense of water oxidation
(Fig. 8.7). Despite the high enantiopurity of the products (> 99% for
2-methylsuccinimide) and the fine light control of the reaction, further process
optimizations are envisioned to achieve industrially relevant product yields. How-
ever, the cell tolerance toward high substrate concentration and the repression of side
reactions leading to product (or substrate) degradation are still the common main
challenges for most of the whole-cell technologies. In a recent work by Wang and
colleagues [82] the light energy supply is exploited to both drive the ene-reductase
activation and the substrate isomerization from a less to a higher reactive form.
Based on the light dual utilization concept, the authors conceived a chemoenzymatic
system aimed to convert mixture of alkene isomers into an enantiopure product using

Fig. 8.7 Photocatalytic
cofactor regeneration for
Ene-reductase
(ER) reduction of 2-methyl-
N-methylmaleimide to (R)-
2methyl-N-
methylsuccinimide
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blue light irradiation. Mixtures of alkene substrates are often low isomeric homoge-
neous, and some isomers (E) are preferentially targeted by ene-reductases than the
(Z ) counterpart causing a loss of conversion yield. A photosensitized energy transfer
process mediated by an iridium catalyst, is used to drive the alkene isomerization
from Z-alkenes to E-alkenes. Those reactive intermediates are then subjected to
asymmetric reduction by specific ERs via photoinduced electron transfer for the
regeneration of the flavin coenzyme (FMNHred). The chemoenzymatic system has
been tested for the conversion of several aryl alkenes with specific reductase
enzymes, all of them yielding products with high optical purity (> 95% ee, in
average). An improved final yield was observed when the two light-driven reactions
worked in a cooperative manner rather than sequentially performed. This is likely
due to the benign competition among chemo and enzymatic reactions that prevents
the non-specific alkene reduction mediated by the photoexcited free FAD cofactor.

8.3.3 New Proposed System for Conversion of Biomass
and CO2 to Value-Added Bio-alkanes

Very recently Lin and colleagues [83] envisioned a circular cascading system for the
production of bio-based fuels combing the latest bioeletrochemical technologies
such as electro-fermentation, microbial CO2 electrosynthesis and photobiocatalysis.
Through electro-fermentation, renewable feedstocks can be converted in short chain
carboxylic acid (such as acetic and butyric acid) and CO2 which are then subjected to
chain elongation to obtain e.g., caproic acid via microbial CO2 electro synthesis.
Finally, the specific calorific value of medium chain carboxylic acids is enhanced by
removing their carbonyl groups yielding relative alkanes through the
photoenzymatic catalysis step using CvFAP. The application of an electrical field
in fermentation processes allow a fine regulation of the microbial redox metabolism
leading to an increased carbon usage efficiency and improved products selectivity
compared to traditional fermentation [84]. In this context, the working electrode
(acting as electron donor) favors cathodic reactions resulting in the reduction of the
substrate and the product enrichment in volatile fatty acids [85]. CO2 is then used as
principal substrate for the sequential carbon chain elongation of short chain carbox-
ylic acids by a microbial electro synthesis driven by reducing power externally
supplied from a cathode with higher potential [86]. The entire biorefinery process
is envisioned to end up with the photobiocatalytic oxidation to alkanes performed by
FAP enzymes under mild conditions. Despite the recent discovery of these
photoenzymes, several studies have resulted in an improvement of its catalytic
stability and in substrate preference tuning [87].
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8.4 Bioresources for Photobiocatalysis and Applications

The PBC processes are particularly attractive for their potential applications to
bioresources and biomass transformations, a key strategy to enhance the circularity
aspects of our modern biobased society oriented towards the zero-waste goal. The
transition from a fossil-based to a greener society is not only linked to consumption
of bioderived or renewable goods, but also aims at increasing the sustainability of
current productions methods still often entirely based on petrol-derived catalysts,
toxic metals additives, and non-renewable energy inputs. Therefore, PBC based on
natural pigments, sorted directly from the biomass or produced by microorganisms,
are particularly attractive in these regards. Imagining a self-sustainable PBC process,
an ideal bioresource should then be made of: (i) the substrate for the photoactive
enzyme, or contain platform molecules (i.e. glucose) to be converted by a cell-based
PBC system; (ii) moreover, should have sacrificial molecules to recharge the PS or to
work as electron donors; (iii) and optionally a natural pigment, either sorted directly
from the bioresource (i.e. chlorophyll-derived from green grasses), or produced by
the cell. Finally, combinations of bioresources and/or waste streams could allow the
instauration of the above-mentioned conditions, and if the same bioresource could
sustain the endogenous production of the enzymatic catalysts, then it would further
increase the entire sustainability of the process towards stand-alone conditions as
well. The coupling of photocatalytic and biodegradative process is a relatively recent
strategy allowing efficient removal of pollutants contained in waste waters [88] but
still differs from PBC as the photoelectron are not directly transferred to the
enzymatic active site, and needing of a porous carrier for instauration of a microbial
film. The process is known as intimate coupled photocatalysis and biodegradation
ICPB, and already found several fields of applications and a patented technology
(WO2009023578A1) for general abatement of organics, phenolics removal [89];
and tannery waste waters often containing dyes [90, 91]. Therefore, such waste
waters could be blended with lipids rich or lignocellulosic rich slurries for achieving
simultaneous removal of toxicants and conversion of the primary organic waste into
the desired products.

Several available bioresources or organic wastes could sustain entirely or partially
a PBC system and could be divided as naturally occurring bioresources or anthro-
pogenic biowaste. In this paragraph we classified them following the chemical class
of the major substrates that are target of enzymatic conversion, specifying the type of
PBS that could be sustained by the specific biowaste, their source and sector of
application (Fig. 8.8 and Table 8.2).

8.4.1 Lignocellulose

Nonedible lignocellulose bioresources are common in the biorefinery sector for
production of bioethanol, lignols and second-generation hydrolysates/molasses.
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The main source are woody materials, agricultural waste and residues of dedicated
crops (i.e., sugarcane bagasse). They originate from plant cell walls that are
composed of a limited chemical diversity mainly carbohydrate polymers and
phenol-based hetero-molecules: respectively cellulose, hemicellulose and lignin.
Polysaccharides are made of relatively few types of monosaccharide building blocks
(glucose, xylose, mannose, arabinose and galactose among the others, Fig. 8.8a).
Moreover, their composition is further reduced after chemical-physical pretreatment
needed for preparing the lignocellulose for subsequent enzymatic hydrolysis steps.
Often only glucans- and xylan-based polymers dominate the entire saccharide
fractions of pretreated lignocellulose, but still organized in recalcitrant ultrastructure
surrounded by phenolic heteropolymer. This highly cross-linked molecule, referred
to as lignin does not have a proper polymeric organization as distinct repeating units
are not evident, but for easiness of definition is synthesized from three main phenolic
units: para-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) (Fig. 8.8b). It is
polymerized in a 3D structure enveloping the polysaccharides, filling the voids
among them, finally providing inaccessible barrier. The composition of lignin varies
among plant species. Softwood (gymnosperms) is rich in G units (G:S:H 94:1:5 in %
of total lignin [93]) while angiosperms in general have more G and S lignin (wheat
straw, G:S:H 45:46:9 in % of total lignin [94]) and an overall lower amount
compared to softwoods.

The role of lignin during enzymatic hydrolysis has been subject of extensive
studies often showing negative effects to glycosyl hydrolases inhibition occurring
through irreversible non-productive adsorption mainly [95, 96]. However, this
paradigm had been recently challenged thanks to seminal discoveries that have
seen the lignin derived phenolics being able at activating key redox enzymes,
i.e. LPMO [52, 62, 97], that consequently increase the activity of glycosyl hydro-
lases. In addition, lignin derived molecules could even provide electrons to photo-
reduced photosensitizers, also able at donating photo-excited electrons to LPMO,
i.e. chlorophyllin [12], therefore making lignin the ultimate donor of electrons in the
role of sacrificial molecule for PBC [12]. Because lignin is regarded often as the
waste of biorefineries, this confers it the label of the most attractive sacrificial
molecule to be used for powering photocatalytic system owing to its wide range of
redox potential, availability and low costs [98].

Of note, is that all evidence on the role of lignin as LPMO activator has always
dealt with pretreated lignin often using hydrothermal or organosolvent strategies,
that tend to preserve the native phenolic structure [12, 99], compared instead to the
highly oxidizing technology like alkaline based methods which are found detrimen-
tal for preserving the reducing ability of lignin [100]. Potentially photoactive
enzymes, such as laccases and peroxydases, have been found that depolymerize
lignin [101], laying a major route for future development in the light driven
conversion of lignocellulosic biomass. To summarize, the potential uses of ligno-
cellulosic biomass in PBC based on LPMO enzymes are linked to the productions of
either cello-oligosaccharides and xylan-oligosaccharides using waste lignin as elec-
tron donors and leaving a semi-treated lignocellulose material to ease subsequent
enzymatic hydrolysis for molasses productions.
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On the side of freshly harvested lignocellulosic resources, it is worth mentioning
the green grasses, an emerging source of various components of interest also for
PBC. Often green grasses are treated immediately after mowing, leaving the chlo-
rophyll derived pigments still active in donating electrons to redox enzymes
although still anchored to the semi-lysates thylakoids membranes from chloroplasts
[12]. This is due to the gentle screw-press separation which fractionates the liquid
part of green grass (green juice) containing water soluble proteins, thylakoids, sugars
and cell lysates, from the fibers, mostly composed of water insoluble polysaccha-
rides and minimal fraction of phenolics. The fiber so obtained could undergoes
subsequent physical-chemical pretreatment and later being reunited with the green
juice to sustain a PBC process based for example on photoactivable redox enzymes
acting on the cellulose fibers for production of oligosaccharides (Table 8.2). Alter-
natively, other enzymes able at receiving electrons from photoexcited thylakoids
could be coupled.

8.4.2 Chitin

Chitin is considered the second most abundant polysaccharide in nature after
cellulose, with which it shares many chemical and structural similarities, so that
often it is referred to as the “animal cellulose”. The backbone of chitin polymers is
made of N-acetylglucosamine linked through a β-1,4-glycosidic bond, thus featuring
both amorphous and crystalline regions, it can also be isolated in form of nanofibrils.
Today, many industrial process and specialty chemical applications are based on
chitin rendering this molecule attractive for biotechnological purposes from food
additives (edible protective films) to plant elicitors and bio-stimulants. Common into
the cell walls of fungi and exoskeleton of insects and mollusks, chitin is often sorted
in quantity from different man-made wastes: industrial fishery, fungal cultures, and
food-waste. In biocatalysis research, chitin had been a precursor of several discov-
eries regarding degrading enzymes that later had been also confirmed or applied to
cellulose degradation, as for example the discovery of the LPMO class (namely the
CPB21 enzyme [40]. Therefore, after proving the photoactivation of LPMO on
cellulose substrate, it was also found that similar PBC system could be applied on
chitin-active LPMOs AA10 giving an array of native and oxidized chito-
oligosaccharides, also confirming an higher turn-over rate when exposed to light
and using chlorophyllin as PS [14].

8.4.3 Lipids

Lipids and fatty acids represent a wide class of substrates for photoactive enzymes
either in PBC mode or whole cells PBC. They are extracted from bioresources or
produced as metabolites from growing cultures that often contains also natural
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photosensitizers and sacrificial molecules. The major source of renewable lipids for
biofuels applications are agricultural dedicated productions (first-generation crops,
i.e., palm seeds, soybean, rapeseed), or their direct or processing waste (i.e.,
not-edible olive oil pomace and their black waste waters, second generation
biofuels); then algal productions (advanced biofuels or third generation); and finally,
food industry waste (i.e., waste cooking oil - WCO). Those mentioned represent the
more common sources of lipids worldwide but obviously there exists many other
sources. Particularly at local scale one could find more abundant availability from
man-made activities or local biomass productions, and often with already established
chains of disposal and collections that could enhance further the feasibility and
circularity of their bioprocessing [102].

8.4.3.1 Algal Culture

Algal cultures produce fatty acids for carbon storage purposes (up to 50% in dry
weight) or alternatively as secondary metabolites. Starting from CO2 algae could
virtually photo-convert this into any given substrate either naturally or via genetic
modifications. For example new cyanobacterial strain, Synechococcus sp. PCC
11901, was discovered recently and engineered to produce free fatty acids in yields
over 6mM (1.5 g L�1), an amount produced autotrophically and comparable to that
achieved by similarly engineered heterotrophic organisms [103]. The literature is
vast on bioresources production form algal cultures [104] (the reader is also
redirected to Chap. 12 of this book).

The fatty acids produced by algae are a mixture of saturated and monounsatu-
rated, and different lengths often ranging commonly from 14 to 20 carbons, called
polyunsaturated fatty acids (PUFAs). Often their particular ratio or profile is unique
for each strain and/or cultivation conditions [105]: among others linoleic, linolenic
and arachidonic acids are the most commonly found algal PUFAs
[106]. Phycobilisomes are the light harvesting antennae supercomplexes of
cyanobacteria and red algae and consist of three types of phycobiliproteins:
allophycocyanin, phycoerythrin, phycocyanin [107]. These phycobiliproteins are
responsible for absorbing light in the region of 500-650 nm usually not permitted
by chlorophyll pigments. Anchored on the surface of thylakoids, they can be used as
PS for donating electrons to redox enzymes. Thylakoids of the cyanobacterium
Synechococcus sp. PCC 7002 were used in combination with LPMO enzymes for
successful oxidation of cellulose fibers [12]. Finally, an array of secondary metab-
olites is usually produced by algal and microbial cultures of which several could
serve as sacrificial molecule once the cells are lysate: organic acids (ascorbate,
gallate, 3HAA, etc.), phenolics, aromatics.
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8.4.3.2 Food Waste

An important source of lipidic substrates is society-made linked to the food waste of
various sectors. As for example, we analyze here the waste cooking oil, that in many
parts of the world is separated from the general household waste through a dedicated
collection system, therefore enabling potentially a series of tailored bioprocesses.
The United States generates approximately ten million tons of WCO annually [108],
while considering urban scale a particular indicative case is that of Hong Kong.
There three million tons of municipal waste is produced every year and based on data
reported by Karmee et al., the lipid fraction could sum up to approximately 400 thou-
sand tons, which is attractive for local biodiesel production [102]. The chemical
variety of waste cooking oil or lipid fraction of municipal waste can variate greatly
among various regions, and in Shanghai in 2010 was reported to be made of linoleic,
oleic and palmitic acid (55%, 21% and 8% respectively) (Fig. 8.8c) [109].

8.4.4 Microbial Production of Relevant Substrates

Continuous development on genetic engineering technologies, like CRISPR-Cas for
example, are easing synthetic biology approaches for isolation of unique cultures for
production of chemicals. Virtually no limits could be posed to the variety of
molecules achievable with genetically modified strains. Today several de novo
enzymes could be introduced in various hosts, for reconstituting entire biosynthetic
pathways or creating new enzymatic cascades for producing the desired molecule. In
photobiocatalysis these approaches are becoming popular either for producing the
substrates to be used for photoactive enzymes or to form entire photocatalytic living
cells, where the photosensitizers, enzymes, and substrates are assembled to produce
the final product upon light energy and a carbon source (often CO2). This latter
approach is described in paragraph 2 dedicated to enzymes and whole cell applica-
tions of PBC, here we limit our discussion in the use of biologically derived
substrates for PBC.

8.4.4.1 Terpenoid and other natural hydrocarbons

Terpenoids from plants represent probably the largest class of compounds in terms
of chemical diversity. Many terpenoids are the building block for the production of
several commodities such as whole are considered platform chemicals. Also, many
have optimal reducing ability for donating electrons to exhausted photosensitizer,
besides being themselves photoactive or photo-reducing. Olive oil waste waters and
solid waste of olive processing often contain several terpenoids [110] and the
reducing ability or antioxidant is retained for long time after harvesting or processing
[111]. Many interesting compounds are today biorefined enzymatically from this
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agricultural waste. Although natural sources are available, many studies are now
focusing in producing terpenoids using microbial cells factories using the principle
of synthetic biology purposely for increasing yield and ease downstream separation.
Often the strategy adopted involves also photoactive enzymes (i.e. P450 enzyme)
along the biosynthetic pathway reconstructed in microbial hosts [112]. The latter if
also naturally containing photosynthetic complexes or modified to express some
could indeed represent a self-sustaining cell-based photobiocatalytic process [24].

Farnesene is linear sesquiterpenoid (Fig. 8.8d) of various biological function and
substrate of the OYEnzy or ENE reductases which catalyze the double bond
rearrangement also in other alkene so allowing production of special stereoisomers
of various molecules. Upon improvement by addition of farnesene synthase gene
from Artesemia annua, S. cerevisiae strain could produce farnesene at a yield, when
fed with glucose a conversion of 0.12 g/g was achieved [113]. Few other aromatics
hydrocarbons are also produced microbiologically. In nature toluene [114] and
naphthalene [115] (Fig. 8.8d) have been found in the environment of their relative
ecosystems being produced for specific ecological purposes that are still not eluci-
dated yet. However, the existence of the biosynthetic pathways in distinct organisms
poses the fundaments for developing future biotechnologies for the enhanced
bio-productions of such chemical commodities for direct use as substituent of actual
petrol-based production, or as common substrate of photo-catalytically active
enzymes for subsequent transformation into other necessary molecules. Styrene is
a cyclic alkene (Fig. 8.8d) that can be oxidized to its epoxy form by
monooxygenases like laccases [60]. Polystyrene it is probably one the most pro-
duced plastic in the world. It has been demonstrated that styrene can also be formed
by micro-organisms from renewable substrates such as glucose [116].

8.5 Conclusions and Future Outlook

The idea of converting light-energy directly into chemical-equivalent, biofuels and
biomaterial is the Holy Grail for a sustainable fossil-free society. To that end
photobiocatalysis applied to the transformation of society-made waste and
bioresources represent the closest technological option in our hands. Although the
goal is still far as generally accepted, PBC is at its infancy, yet today we can count
several scalable enzymatic systems on which could be focused on for future stable
application. The scalability of the technology then is influenced upon few basic
barriers being the choice of the sacrificial molecule and photosensitizer; the sourcing
and composition of organic substrate to be converted; and other engineering aspects
like, light supply, volumes/surface, bioreactor design etc.

There exist several classes of molecules that can be used as photosensitizer in
PBC, from organic biologically extracted pigments, synthetic molecules based on
metal, and semiconducting nanoparticles of which either industrial application
already exists (i.e., chlorophyllin) or which its production is facile (carbon and
graphene-based nanoparticles). The conversion of the light energy into chemical
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energy primarily depends on the ability of a photosensitizer to absorb a photon, be
promoted to its excited state, and donate the electron at the conduction band to an
external acceptor before return to the ground state. This would leave the organic
photosensitizer oxidized or photobleached preventing a new round of photoexcita-
tion almost immediately after light exposure, yet given to its abundance in case of
biologically derived (thylakoids etc.) this would be a tolerable cost. Instead, when
using metal complexes for photoexcitation, this causes electronic holes that need to
be quenched, although more expensive than biologically derived carbon
nanoparticles could still undergo several cycles before exhausting.

It is therefore evident that in any photosensitizer option that one could choose,
there is a need for refilling the electron photoexcited, and a sacrificial molecule must
always be added to PBC. In nature, this is achieved by water molecule splitting, that
is considered the most successful photo-biocatalytic example, representing though
the final aim of artificial photosynthesis or PBC. Meanwhile, since we have not yet
achieved the goal, still an equivalent electron donor has to be sacrificed. Their choice
is crucial for the sustainability of the PBC as their chemical and economical value
must be lower than the of the final product. Therefore, photobiocatalysis systems
based on organic waste, carrying their own pool of sacrificial molecules otherwise
not exploitable by any other bioprocesses (i.e., low concentration), are becoming
attractive.

Regarding the waste composition as emerged here, several biowastes are found
suitable for PBC processes, some bringing all the components needed, substrate,
pigments, sacrificial molecule or possibly enzymes. The major problematic issues
associated with the use of bioresources in general is then linked to the solid particles,
fibers, and membranes that cause light scattering and shading which impair a
uniformed transmittance of light. To that end, slurry clarification by dedicated
decanter units or membrane-based technology are a valid option as already used at
commercial scale for cellulosic ethanol biorefinery. Another beneficial aspect of
these strategies is also avoidance of hydrophobic adsorption of PS or enzymes on
fibers and lignin.

Although many successful PBC systems have been reported in the literature
(Table 8.1), the conversion yields and reaction volumes are still performed on
laboratory scales making it difficult to obtain a reliable estimate of their scalability.
The lack of studies investigating the robustness and reproducibility of PBC reactions
in increasing volumes hamper the transition from “proof-of-concept” set up to the
design of platforms at industrial relevant scale, and this is where the next research
should be focused. However, the design and development of PBC large-scale
reactors may benefit from what it has been already done concerning the optimization
of photobioreactors for microalgal cultivation, sourcing then from decades of
research for a quick adaptation of the technology to PBC.

Overall, the nascent field of photobiocatalysis holds all the premises for rapid
development from lab-scale to commercial scale technology, especially if coupled
with transformation of inexpensive substrates today considered waste, into added
value chemicals, platform chemicals, and or material. Key to this success will be the
adaptation of mature technologies developed for biorefinery and algal cultures.
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Chapter 9
Depolymerisation of Fossil Fuel
and Biomass-derived Polyesters

Guido Grause

Abstract Monomer recovery from waste plastic is an essential part of any waste
treatment concept. In particular, the depolymerisation of poly(ethylene terephthal-
ate) (PET) by glycolysis and hydrolysis is well established. In addition to the classic
products of PET solvolysis, bis(2-hydroxyethyl)terephthalate and terephthalic acid,
terephthalic acid amides and rather unconventional terephthalic acid alcohol esters
are also obtained. Reactions can take place in ionic liquids or in a microwave oven.
Products of depolymerisation can be used as raw materials for virgin polyesters,
polyurethanes or bitumen additives. Another group of polyesters that is attracting
increasing attention is obtained from biomass. Polymers such as poly(lactic acid),
poly(butylene succinate) or polyhydroxyalkanoates are biodegradable. However, the
entire effort of production is lost if these materials are returned to the environment
untreated. Therefore, recycling of these polymers is an act of resource conservation.
Poly(lactic acid) is depolymerised during methanolysis to produce methyl lactate,
which can be converted into lactide as a starting material for new polymers. Poly
(butylene succinate) and poly(3-hydroxybutyric acid) can be hydrolysed at higher
temperatures in the presence of lipases, yielding monomers such as succinic acid,
3-hydroxybutyric acid, and crotonic acid. There are a variety of options for the
depolymerisation of polyesters that are examined in this chapter. The increasing
number of new polyester monomers requires special solutions for each individual
polymer.
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9.1 Introduction

Polyesters comprise a group of polymers obtained by the reaction of dicarboxylic
acids and diols. Sometimes block building units are derived from hydroxycarboxylic
acids or lactones. The most commonly used polyester is poly(ethylene terephthalate)
(PET), known as the material for soft drink bottles. PET is also used for other food
contact applications and for fibres. All aromatic polyesters, including poly(butylene
terephthalate) (PBT) and poly(ethylene naphthalate) (PEN), have in common that
they are made from fossil fuels, although bio-based routes are available [1]. As
society strives to decarbonise, carbon sources may become scarce and the need for
resource recovery increases.

Bio-based aliphatic polyesters offer an alternative to these fossil fuel-based poly-
mers, such as poly(lactic acid) or polyhydroxyalkanoates. These materials are
biodegradable and can be disposed of in composting facilities. This concept is
advantageous when plastic is littered; however, all the effort (harvest, work, energy)
required to produce these materials is lost when they are biodegraded [2]. Therefore,
recycling is also desirable for these polyesters.

The most beneficial way of recycling is to reuse the material as it is (mechanical
recycling). However, the material properties are often modified by dyes and other
additives. These can affect the optical properties and the intrinsic viscosity, which
makes chemical recycling more attractive [3]. In addition, polyesters are generally
sensitive to hydrolysis, and the reaction with other protic compounds offers the
possibility of recovering monomers or oligomers.

This process is briefly described by the term depolymerisation, which is defined
in this chapter as the recovery of monomers or other valuable chemicals rather than
the conversion of polymers into fuel. The aim is to obtain defined compounds with a
sufficient high purity through highly selective processes. The product is to be used
for the production of polymers or other useful materials after minimal processing.

For the depolymerisation of polyesters, solvolytic processes are the most prom-
ising options. Glycolysis and hydrolysis are well established for the
depolymerisation of PET, while methanolysis can rather be considered a historical
process, as the synthesis of PET from dimethyl terephthalate is obsolete. The
strategies successfully used for the depolymerisation of PET are also considered
for novel polyesters. However, many researchers favour enzymatic pathways, which
in turn can provide alternative routes for the degradation of aromatic polyesters.
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9.2 Technologies Used in the Depolymerisation
of Polyesters

The depolymerisation of polyesters with sub- or supercritical water has a long
tradition [4]. Such methods require high temperatures and pressures, which makes
the processes energy intensive and expensive. In addition, sensitive monomers such
as ethylene glycol or hydroxyalkanoates could be destroyed in the process [5, 6].

Therefore, strategies have been developed over the years to reduce the heat and
pressure requirements. Catalysts have been developed to lower the reaction temper-
ature, as described in the following sections. This trend culminates in the use of
lactases and other enzymes [7, 8], pushing reaction temperatures close to ambient
temperatures. Although the temperature requirements are drastically reduced, the
reaction time can extend to days.

Another strategy is to change the reaction medium. Today, glycolysis is the most
studied process for the depolymerisation of PET. One of the main reasons is that the
reaction can be carried out below the boiling point of ethylene glycol (196 �C) and
therefore pressure reactors are not required. Steam can be used as a reaction medium
for the hydrolysis of polyesters [5]. This reduces the pressure requirements but
requires temperatures above the melting point of the polymer, which can lead to
the destruction of some products.

Most reactions are carried out in autoclaves or in pressureless vessels. With
conventional heating, heat is only transferred at the interface between the reactor
and reaction medium. From there, the heat is distributed by the thermal conductivity
of the medium and by free or forced convection. Reaching thermal equilibrium
requires time. Commonly, the reaction time starts when the reaction temperature is
reached. By this time, a considerable part of the polymer may already have been
degraded [9].

Microwave technology offers an alternative way of heating [10]. Microwave
radiation is directly absorbed by various types of materials. Depending on the
absorber and the microwave power, rapid heat transfer can be achieved. Water and
ethylene glycol are good microwave absorbers because their polar structure is forced
by microwave fields into a rotational motion called dipolar polarization. This motion
is converted into heat and only material near the absorber is heated. Polymers do not
usually act as absorbers. Even if they have a polar structure, they lack the necessary
flexibility to follow the electromagnetic field of microwaves. Catalysts with a polar
structure can also absorb microwaves and heat up the reaction medium in their
vicinity. Ionic catalysts can additionally absorb microwaves by ionic conduction and
convert translational energy into heat. Both effects can significantly accelerate the
reaction.

9 Depolymerisation of Fossil Fuel and Biomass-derived Polyesters 285



9.3 Depolymerisation of Aromatic Polyesters

The most important aromatic polyester is PET. Therefore, most of this section will
deal with this polymer. Besides PET, PBT, and PEN are of interest. The best way of
reusing these polymers is mechanical recycling, which can be combined with solid
state polycondensation (SSP) to obtain a material appropriate for most applications
[11]. However, highly contaminated or degraded materials might become inappro-
priate for this pathway. Then depolymerisation should be considered.

Recent research focuses on glycolysis, hydrolysis, and aminolysis. The products
of all these methods can be used for the production of new polymers. Since the
production of PET is a two-step process in which terephthalic acid reacts first with
ethylene glycol to form bis(2-hydroxyethyl)terephthalate (BHET), which undergoes
in a second step further condensation to high molecular weight PET, terephthalic
acid from hydrolysis and BHET from glycolysis can directly be reused in this
process.

Many works make use of three values for their description of the depolymerisation
process [10]. It is important to understand that these values are often used in a
different manner than in common chemical technology. The conversion is not
identical with the number of depolymerisation reactions as one would expect. It
describes rather the dissolution of polymer, which is commonly seen as the differ-
ence between the weight of the polymer before the depolymerisation process starts
and the residual polymer afterwards. As PET is insoluble in any common solvent,
residue can be recovered by filtration. The molecular weight might be reduced
without changing the solubility significantly. Only short chain oligomers are suffi-
cient soluble in the reaction medium used for the depolymerisation. Therefore, the
selectivity defines the fraction of desired product in relation to the dissolved fraction
of PET. The classical definition assumes that selectivity is reduced when desired
product is lost by the formation of undesired by-product. However, low selectivity
during the depolymerisation of PET is most likely related to the incomplete reaction
of oligomers, which can still be converted into product by changing reaction
conditions. That is that the definitions of both conversion and selectivity differ
from those commonly used. Only the definition of the yield as the ratio of practical
and theoretical amount of product is conventionally used.

9.3.1 Glycolysis of Poly(Ethylene Terephthalate)

Most attention in the field of PET depolymerisation in recent years has been given to
processes associated with glycolysis. Compared to other solvolytic processes, the
high boiling point of ethylene glycol at 197 �C allows operation at considerably
lower pressure. Below the boiling point, no additional pressure is required. The
compatibility of polarity between PET and ethylene glycol reduces the temperature
requirement and depolymerisation can be carried out below the melting point of
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PET. However, this comes at the price of long reaction times, which require the
presence of suitable catalysts and advanced reaction systems. Therefore, current
research focuses on developing new catalysts and performing glycolysis reactions in
ionic liquids or microwave ovens.

The glycolysis reaction itself is the reverse second step of the PET polyconden-
sation described earlier and leads to the formation of BHET as the desired main
product (Fig. 9.1). The reaction must be catalysed to proceed at a reasonable rate.
Efficient catalysts are ionic materials, such as salts [12], ionic liquids [10, 13, 14],
protic ionic salts [15], and deep eutectic solvents (DES) [16, 17]. The product BHET
can be used directly for the production of PET [3].

Both cation and the anion of the catalyst have a part in the reaction. The cation is
coordinated to the ester group and increases its electrophilicity. Liu, et al. [16]
reported that the activity of metal ions in deep eutectic solvents decreased in the
series Zn2+ > Mn2+ > Co2+ > Ni2+ > Cu2+ > Fe3+ when 1,3-dimethylurea was
used, which is consistent with the activity of acetate catalysts providing the series
Zn2+ >Mn2+ > Co2+ > Cu2+ > Na+ [18], with Pb2+ being less active than Zn2+ and
Mn2+ [19]. The activity series differed slightly in the presence of urea [17]. The
anion should have significant Brønstedt basicity, allowing the coordination of the
hydroxyl hydrogen of ethylene glycol (Fig. 9.2). The effect can be enhanced by
ligands with the ability to form different types of hydrogen bonds with the ethylene
glycol. This substantially increases the nucleophilicity of the attacking alcohol. To
this end, the catalysts should not have bulky groups that could prevent attack on the
polymer chain [10, 13, 16]. Since the reaction is catalysed in both directions, the
glycolysis reaction is finished when equilibrium between ethylene glycol, BHET,
and oligomers is reached [20].

Fig. 9.1 Polycondensation of bis(2-hydroxyethyl) terephthalate (BHET) and glycolysis of poly
(ethylene terephthalate) (PET)
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Glycolysis at temperatures below the melting point of PET takes place at the
interface between PET and solvent [21]. The initial reaction causes chain scission at
the surface without the formation of soluble products, which can be observed as an
induction time during which no conversion of PET or formation of BHET is
observed. As the number of chain ends increases, the probability of BHET formation
increases and a loss in weight of the solid phase is observed. Although the particle
size decreases with time, the surface area increases due to the formation of cracks as
amorphous regions of the semi-crystalline polymer are affected first [22]. Finally, the
remaining oligomers are dissolved by the solvent and the reaction proceeds
homogeneously [23].

The equilibrium is strongly affected by the molar ratio between PET and ethylene
glycol [15]. It is often observed that a molar ethylene glycol/PET repeat unit ratio of
more than 15 is required to raise the BHET yield to its maximum of about 80%.
Several papers reported a decreasing BHET yield after exceeding the optimal
reaction time, which is explained by the formation of dimers from BHET after
complete glycolysis of PET. This behaviour requires explanation, as the equilibrium
holds over the entire reaction time (Fig. 9.3). However, it can be observed that BHET
is formed at the expense of PET long chains, while the amount of dimers remains
constant [24]. This leads to high BHET yields at high ethylene glycol concentrations
as long as long PET chains are still present in the reactor. Glycolysis of these last
chains at the end of the reaction then reduces the ethylene glycol concentration,
causing a shift in the equilibrium from BHET to the dimer. The formation of
diethylene glycol and triethylene glycol as by-products from PET long chains can
also reduce the ethylene glycol concentration [25]. In addition, the reaction of BHET
with ethylene glycol di- and trimers, as well as with water formed during the
condensation of ethylene glycol, would reduce the BHET yield. This behaviour is
poorly understood and the temporal changes in the molecular weight distribution of
PET during glycolysis have not yet been studied. The reaction is endothermic with
an enthalpy of reaction of 12 kJ mol�1 at 196 �C [23] and a free energy between�11
and �62 kJ mol�1 at temperatures between 300 and 450 �C [25]. The equilibrium
shifts to higher BHET yields at higher temperatures.

Fig. 9.2 Proposed poly
(ethylene terephthalate)-
catalyst complex (Cat:
cation, An: anion)
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A kinetic model was developed by Viana, et al. [21] for glycolysis in the presence
of zinc acetate, based on a model that considers the reaction of glycol and PET at the
interface. The authors found an activation energy of 42 kJ mol�1 at temperatures

Fig. 9.3 Glycolysis of poly
(ethylene terephthalate)
(PET): Random chain
scission takes place on the
surface of the PET particle,
steadily reducing its size.
Soluble oligomers are
formed, which become
dimers and bis
(2-hydroxyethyl)
terephthalate (BHET).
Initially, the BHET/EG
(ethylene glycol) ratio in the
solution is low. As the
conversion progresses, the
BHET proportion increases
and the EG fraction
decreases. At the end, an
appreciable part of the EG is
consumed. Glycolysis of the
remaining oligomers
consumes even more EG,
resulting in the formation of
additional dimers
from BHET
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above 180 �C and 100 kJ mol�1 below this temperature, suggesting that diffusion
plays an important role in the reaction at low temperatures. Goje and Mishra [26]
found an activation energy of 46 kJ mol�1 and a pre-exponential factor of 1.0 � 105

for a boundary controlled reaction.
The rate of depolymerisation was found to be proportional to the reaction time,

while the reaction rate decreased with particle size. The molecular weight of the
remaining PET changed only slightly, leading to the assumption that the reaction
occurred favourable at the PET-ethylene glycol interface [26]. Reducing of the PET
particle size by 40% could reduce the activation energy by 40–50% [18]. Therefore,
the shrinking-core model was often adopted for kinetic studies. Choline acetate used
as catalyst showed an apparent activation energy of 131 kJ mol�1 and a pre-
exponential factor of 1.21 � 1013, which was still higher than that of metal-based
catalysts [13]. The activation energy (149 kJ mol�1) of the deep eutectic solvent
system zinc acetate/1,3-dimethylurea was even higher [16]. Other researchers
assumed first-order kinetics. The catalyst [bmin][OAc], based on 1-butyl-3-
methylimidazole, proceeded with an activation energy of 59 kJ mol�1 [20]. The
reaction in the presence of Na2CO3 showed first-order kinetics with an activation
energy of 185 kJ mol�1 and a pre-exponential factor of 9.4 � 1021 [23].

The parameters that are usually adjusted to optimise BHET yield are temperature,
PET/ethylene glycol molar ratio and catalyst concentration. It was found that the
most important parameter for the zinc acetate catalysed reaction is the PET/ethylene
glycol molar ratio and the other factors have a little influence [12].

Glycolysis without any catalyst requires high temperatures. The reaction gave
BHET yields of about 95% after 30–35 min at 450 �C and a pressure of 15.3 MPa
under supercritical conditions for different types of PET. Longer reaction times
caused a decrease in BHET yield, while the concentrations of the dimer and
oligomers rose. The concentrations of diethylene glycol and triethylene glycol
increased simultaneously. The reaction under subcritical conditions between
300 and 350 �C required 120 and 70 min, respectively [25].

One of the earliest catalysts used was zinc acetate. A BHET yield of almost 70%
was achieved after 1 h at 196 �C [3]. Raising the temperature above the boiling point
of ethylene glycol accelerates the reaction. Optimum conditions were found to
obtain 85–89% BHET at an ethylene glycol/PET weight ratio of 6:1 after 150 min
at 208 �C [12, 27]. A phase transfer reaction in which BHET accumulated in the
xylene phase while PET and ethylene glycol formed immiscible droplets, gave 80%
BHET and 20% dimer at 220 �C. It was suggested that the separation of BHET from
the ethylene glycol phase could shift the equilibrium towards the BHET
product [28].

Zinc chloride and didymium chloride (PrNdCl6) required between 7 and 8 h to
reach equilibrium conditions and BHET yields of more than 70% were obtained at
197 �C [29]. In ethylene glycol, soluble Na2CO3 gave BHET yields of about 60%
after 1 h reaction time at 196 �C [23]. Sodium sulphate, which has a low solubility in
ethylene glycol, achieved such BHET yields only after 7 h reaction time [30]. Similar
results were obtained for acetic acid, LiOH, and K2SO4. These values are lower than
those for zinc salts; however, sodium salts are less toxic than heavy metal ions and
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therefore provide an environmental viable alternative [3, 30]. For both zinc and
sodium salts, it can be assumed that the catalytic activity is limited to the cation.

Heterogeneous catalysts require temperatures above the melting temperature of
PET at about 240 �C to support glycolysis, as only the molten PET in such a system
can make the required contact with the catalyst. However, the higher temperature
should shorten the reaction time and shift the equilibrium towards BHET, thus
increasing the yield. The use of silica nanoparticle carrying Mn3O4 provided a
BHET yield of more than 90% after 80 min at a temperature of 300 �C and a
pressure of 1.1 MPa [31]. A BHET yield of 92% was obtained in the presence of the
spinel ZnMn2O4 at a temperature of 260 �C and a pressure of 0.5 MPa after 60 min.
The use of CoMn2O4 required 80 min under the same conditions, which was
attributed to the smaller surface area and the smaller number of strong acid sites
on the surface of this catalyst [24].

The catalytic activity of metal salts acting as Lewis acids can be enhanced by the
presence of hydrogen bond acceptors forming deep eutectic solvents. Before the use
of deep eutectic solvents was considered, it was already found that the presence of
cyclohexyl amine and NaOH in addition to zinc acetate as a catalyst accelerated the
reaction rate of glycolysis [26]. The combination of zinc acetate and urea in a ratio of
1–4 gave a BHET yield of 81% after 30 min at 170 �C [17]. It was suggested that the
formation of hydrogen bonds between ethylene glycol and amine increased the
nucleophilicity of the hydroxyl group and thus facilitated the attack on the PET
ester group (Fig. 9.2). A similar result was obtained after 20 min at 190 �C when
1,3-dimethylurea was used instead [16]. The electron-withdrawing effect of the
methyl groups in 1,3-dimethylurea increases the basicity of the amine, while more
bulky groups sterically prevent any catalytic activity. It was assumed that the ratio of
1–4 was related to the complexation of the metal ion by the amine.

Heterogeneous solid catalysts offer the advantage that they can be easily sepa-
rated from the reaction solution by filtration or centrifugation. Zinc modified layered
double hydroxides gave a maximum BHET yield of 76% after 3 h at a reaction
temperature of 196 �C [32].

Sodium titanate nanotubes are comparable to zinc acetate in their catalytic
activity. Both catalysts gave comparable results with a BHET yield of about 80%
over a time of 2–4 h. Titanate nanotubes gave higher yields for virgin PET, zinc
acetate for PET waste. The recovered BHET showed no evidence of the presence of
oligomers [33].The reaction most likely proceeded by coordination of the PET
carbonyl oxygen at the titanate Lewis acid site. The adjacent oxygen could act as a
Lewis base and increase the nucleophilicity of the ethylene glycol [34].

In recent years, magnetic catalysts have been used that could be recovered after
glycolysis. The first, nano-sized γ-Fe2O3 (maghemite) provided a BHET yield of
90% after 70 min at 300 �C [35]. The reaction conditions required a pressure of
1.1 MPa. At 255 �C, a yield of more than 80% was still obtained after 80 min. The
catalyst acted as a mild acid and had no basic component that could have improved
the performance. The nanoscale demobilisation of γ-Fe2O3 on nitrogen-doped
graphene combines the Lewis acidity of Fe2O3 with the Brønstedt basicity of the
nitrogen bound to the graphene [36]. In addition, terephthalate units are adsorbed on
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the graphene through strong π-π interactions, which provides a reduced distance
between catalyst and PET. Magnetite (Fe3O4) attached to multi-walled carbon
nanotubes (MWCNTs) also acted as an excellent catalyst [37]. Both catalysts
yielded 100% BHET at a reaction temperature of 195 �C. The Fe3O4-enhanced
MWCNTs required only 2 h, while the maghemite-based catalyst took 3 h to
complete the reaction. The reaction in the presence of the ionic liquid coated
nanoparticles Fe3O4@SiO2@(mim)[FeCl4] resulted in complete conversion after
24 h at 180 �C [38]. These catalysts are recovered after the reaction due to their
magnetic properties.

In recent years, research has focussed on ionic liquids, many of which contain
zinc or cobalt ions. These can cause concerns about environmental problems arising
from the removal of metal ions from the final product [13]. Imidazolium-based ionic
liquids also have moderate toxicity. Choline-based ionic liquids are considered less
toxic and biodegradable [13].

The Lewis neutral ionic liquids [bmin][Br] and [bmin][Cl] dissolved 1.8 and
2.7 wt% of PET at 180 �C. Solubility increased in the presence of water, which was
associated with decreasing pH. Even higher PET solubilities were obtained with
[bmin][OAc] and [bmin][AlCl4] [27]. Although PET was partially soluble in [bmin]
[Br] and [bmin][Cl], little catalytic activity was observed in the glycolysis of PET
[14, 20]. The catalytic activity can be increased by the addition of ZnCl2. The
resulting catalyst [bmin]ZnCl3 gave a BHET yield of 83% after 2 h of reaction at
190 �C. Similar results are obtained with high concentrations of [bmin]MnCl3 as
catalyst. However, the Mn-based catalyst was less effective at low concentrations
due to the lower Lewis-acidity of the MnCl�3 -anion [14]. A BHET yield of 58% was
obtained after 3 h at 190 �C when [bmin][OAc] was used as the catalyst [20]. A
decreasing pH of the reaction medium could indicate the interaction of ethylene
glycol with the ionic liquid, leading to the release of acetic acid. Other imidazolium-
based catalysts gave yields of about 80% after 24 h reaction time. The catalyst
(dimim)[FeCl4] showed higher catalytic activity than (dimim)2[Fe2Cl6(μ-O)],
caused by a higher Brønstedt basicity of the anion and a lower steric hindrance of
the cation. Reducing the particle size of the PET dramatically increased the yield by
providing a larger surface area for catalyst and ethylene glycol to attack [10]. Choline
formate and acetate gave BHET yields of more than 80% in 3 h at 180 �C [13].

The guanidine-based catalyst 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)
degraded PET at 190 �C in ethylene glycol in a period of less than 10 min. However,
the catalyst was rapidly deactivated by atmospheric CO2 and other acidic impurities
that may be present in PET waste [39]. This drawback was prevented by forming an
organic salt with methanesulfonic acid, resulting in BHET yields of about 90%. No
inert gas atmosphere is required and glycolysis can be carried out in an air atmo-
sphere [15]. Similar activity to TBD was observed for the reaction with betaine. [40].

The reaction can be accelerated if microwave radiation is used to heat the reaction
medium. The reaction time was reduced from 24 h to 2 h for PET waste using the
imidazolium-based catalysts (dimim)[FeCl4] and (dimim)2[Fe2Cl6(μ-O)]. The sec-
ond catalyst proved to be the more active one, as the polar structure of the iron(III)
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complex acted as an additional microwave absorption mechanism besides ionic
conduction [10].

Since the glycolysis of PET waste is a recycling process, it is important to avoid
the formation of production waste from spent reaction medium and catalyst during
processing. Therefore, in addition to economic factors, many researchers also
investigated the reusability of the reaction system. A pilot plant with a capacity of
200 tons per year could provide BHET at a price of 4.23 €/kg using zinc acetate as
the catalyst. Ethylene glycol consumption was identified as the highest cost factor.
Up-scaling to 8000 tons per year and reducing the ethylene glycol/PET ratio could
reduce the cost to 1.99 €/kg [12]. The glycolysis process with zinc acetate can also
tolerate complex waste fractions containing polyolefins from closures and labels,
which are solid balls after the process [12]. However, coloured waste fractions led to
discoloration of the BHET and require additional purification steps [3].

Cholin-based catalysts are cheaper than imidazolium-based ionic liquids, with a
price of about US$1100 per tonne [13]. Due to the lower price and lower toxicity,
choline acetate is considered the better catalyst, even though formate has the slightly
higher activity.

The recyclability of the catalyst must also be considered for the economic
evaluation [10]. In many homogeneous catalytic systems, the catalyst remains in
the reaction medium, which is reused after BHET separation. As a result, contam-
inations can accumulate in the reaction medium and reduce the quality of the
product. The ionic liquid [bmin][OAc] was recovered by vacuum distillation after
filtration of solid BHET and used six times in succession without loss of activity
[20]. The deep-eutectic solvent system zinc acetate/1,3-dimethylurea can be recycled
at least 5 time. However, in the last cycle only a quarter of the initial catalyst
concentration was still present in the reaction medium. Tighter control of the catalyst
loss is required [16]. When using the protic salt formed from methanesulfonic acid
and triazabicyclo[4.4.0]dec-5-ene, no loss of activity was observed [15].

Heterogeneous catalysts, such as layered double hydroxides [32], can be removed
from the reaction medium by filtration or centrifugation. This allows the replacement
of the ethylene glycol and the removal of impurities. Catalysts based on Fe3O4 [37]
or γ-Fe2O3 [35, 36], were completely separated from the solvent by their magnetic
properties. The recovery of the ionic liquid coated nanoparticles Fe3O4@SiO2@
(mim)[FeCl4] required 3 min [38]. These catalysts were reused at least 5 times
consecutively without loss of activity.

9.3.2 Hydrolysis of Poly(Ethylene Terephthalate)

Besides glycolysis, hydrolysis is the most studied process for the depolymerisation
of PET. Hydrolysis occurs when PET reacts with water and as a result terephthalic
acid and ethylene glycol are formed, both of which can be reused in the production
of new PET. This reaction requires high temperatures and pressures when carried out
in aqueous solutions under sub- or supercritical conditions. Therefore, catalysts are
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commonly used to reduce these drastic conditions. Most catalytic approaches use
acidic [41–43] or basic catalysts [12, 44, 45], but some neutral catalysts are also
known [46, 47]. Both acidic and basic catalysts have serious disadvantages. Basic
catalysts form terephthalic acid salt solutions that must be neutralized with strong
mineral acids to obtain terephthalic acid. Acidic catalysts are commonly strong
mineral acids that must be diluted with water to recover terephthalic acid; the mineral
acid is disposed of as waste. In addition, like terephthalic acid, these catalysts have
the disadvantage of causing corrosion to the equipment. Therefore, attempts have
been made to reduce the harsh conditions and instead carry out the reaction in a
steam atmosphere [5, 48–50]. More recent approaches try to avoid water as a solvent
and use less volatile solvents [46, 51, 52] or use enzymes [53–56] to accelerate the
reaction under more ambient conditions.

When hydrolysed in water above the melting point of PET and without a catalyst,
an apparent activation energy of 56 kJ mol�1 was observed [4]. The activation
energy did not change between 250 and 265 �C when zinc acetate was used as a
catalyst. A decreasing activation energy was only observed at a lower temperature,
which was explained by a change in the emulsion state [47]. The uncatalysed
reaction proceeded in a 75 vol% steam atmosphere with an apparent activation
energy of 140 kJ mol�1 and a pre-exponential factor of 1.6 � 109 according to
kinetics that most closely follows the models of a contracting cylinder or sphere
[49]. Hydrolysis of PET fibres from PVC-coated woven fabrics followed the same
models with an activation energy of 56 kJ mol�1 and a pre-exponential factor of
1.3 � 106 [44]. Alkaline hydrolysis of PET with NaOH proceeded with an apparent
activation energy of 99 kJ mol�1 [45]. The reaction was diffusion controlled in
ethanol/water [57]. In the presence of KOH, an apparent activation energy of
69 kJ mol�1 and a pre-exponential factor of 419 L min�1 cm�2 were observed.
The reaction was assumed to be first-order in terms of both PET surface area and
KOH concentration [58]. A much higher apparent activation energy of 173 kJ mol�1

was found for the alkaline hydrolysis carried out in ethylene glycol [52].
A value of 89 kJ mol�1, was achieved by developing a modified shrinking core

model for the hydrolysis of PET in sulphuric acid, taking into account the partial
dissolution of the PET in the acid [42]. Another modified shrinking core model was
applied for the reaction in nitric acid. Taking into account the precipitation of
terephthalic acid on the PET surface, a value of 101 kJ mol�1 was obtained
[43]. The reaction in supercritical CO2 was more likely to proceed by a first-order
reaction with an apparent activation energy of about 12.5 kJ mol�1 at 160 �C when
sulphated TiO2 was used as a solid acid catalyst [41].

Activation energies ranged from 12.5 to 173 kJ mol�1 depending on the condi-
tions used. Phase boundaries were present in any case; PET was either in the form of
solid or molten polymer; the mobile phase was either an aqueous solution, an organic
solution, or a gas phase. This implies that in any case mass transfer resistance was
present, which had a strong influence on the observed results. It is to be expected that
higher activation energies indicate systems with a high degree of chemical control,
while lower values indicate an obstruction by phase boundaries.
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The hydrolysis of PET in the absence of a catalyst requires high temperatures and
pressures. The yield of terephthalic acid was more than 90% at 350 �C after 60 min
reaction time [59]. At higher temperatures, the yield decreased because the
terephthalic acid was degraded to benzoic acid [60]. The yield of ethylene glycol
was lower than that of terephthalic acid. The increasing acid concentration caused
the degradation of ethylene glycol. Acetaldehyde, di- and triethylene glycol were
found as by-products [59]. Reducing the temperature requires longer reaction times.
The reaction was completed after 5 h at 265 �C, with terephthalic acid and ethylene
glycol as the main products. A degradation of ethylene glycol was not observed. An
equilibrium constant of 0.664 was found, which means that complete hydrolysis of
PET cannot be achieved [4].

The addition of zinc or sodium acetate as a catalyst increased the reaction rate by
only about 20% compared to the uncatalysed reaction [47]. It was assumed that these
catalysts did not directly influence the hydrolysis reaction, but stabilized the emul-
sion and reduced the droplet size. This was supported by the fact that the apparent
activation energy between 250 and 265 �C was equal to the uncatalysed one. When
the reaction was catalysed with zinc acetate in xylene, using a minimum amount of
water and a detergent to form an emulsion, the average molecular weight of the
resulting product at 160 �C was greatly reduced. This process lowered the reaction
temperature and pressure and facilitated product recovery, as the recovered ethylene
glycol contained little water and PET oligomers were obtained as a fine white
powder [46].

The alkaline hydrolysis of PET at 150 �C was completed after 4 h reaction time at
a PET/NaOH ratio of 1:2.4. The yield of terephthalic acid was 90% with a purity of
more than 95% when PET waste was used [12]. A comparable reaction gave 98%
terephthalic acid after 1 h at 200 �C [45]. The reaction temperature was reduced to
80 �C in ethanol/water with a volume ratio of 60–40 with comparable yields [57].

When KOH was used at 160 �C, terephthalic acid with a yield of 91% and
ethylene glycol were the only products obtained. The remaining PET hardly changed
and retained its high molecular weight even at the end of the reaction, indicating that
depolymerisation took place only on the PET surface [58].

Alkaline hydrolysis can also be used to separate PET fibres from poly(vinyl
chloride) (PVC) in woven fabrics. The yield of terephthalic acid reached 99% after
2 h at 180 �C in 1 M NaOH solution. Dechlorination of PVC occurred simulta-
neously and reached 22% at the end of the reaction. Both the hydrolysis of PET and
the dechlorination of PVC proceeded independently without the formation of shared
by-products [44].

Alkaline hydrolysis in ethylene glycol resulted in complete PET conversion after
1 min at 185 �C. The usual mass transfer resistance caused by the formation of
sodium terephthalate at the sample surface was overcome by vigorous stirring. In
addition, the molecular weight reduction caused by hydrolytic degradation during
processing and aging was also found to shorten the processing time [52]. The
reaction with 9 M KOH in Cellusolve (CH3OCH2CH2OH) gave a terephthalic
acid yield of 82% after 2.5 h at 120 �C. It was assumed that a higher yield was
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prevented by product formation on the PET surface, as potassium terephthalate was
not soluble in the reaction medium [45].

Concentrated sulphuric acid (18 M) is able to dissolve PET at room temperature.
During the slow hydrolysis of the dissolved polymer, more and more end-groups,
carboxylic acids and hydroxyl-groups, are formed. The investigation of precipitated
product by XRD showed that amorphous regions are dissolved first before the
dissolution process also covers PET crystallites [61]. The solubility of PET
decreases with the sulphuric acid concentration, which also leads to a delay in the
hydrolysis reaction. Complete hydrolysis at 150 �C was achieved at a concentration
of 9 mol L�1 after 2 h, whereas with sulphuric acid at a concentration of 3 mol L�1,
only 90% of the PET was degraded after 12 h [42, 62]. The reaction of PET in 13 M
HNO3 resulted in a weight loss of about 80 wt% after 12 h at 100 �C. Removal of
terephthalic acid from the surface was able to accelerate the reaction. Ethylene glycol
was oxidized to oxalic acid, which was obtained as the second major product [43].

Hydrolysis carried out in the ionic liquid [Bmin][Cl] in the presence of [HSO3-
pmim][HSO4] (where pmim stands for 1-methyl-3-(3-sulfopropyl)-imidazol) as an
acid catalyst gave a yield of 89% of terephthalic acid after 4.5 h at 170 �C. Even
without any catalyst, the ionic liquid gave a terephthalic acid yield of 76% [51].

The reaction can be strongly accelerated by the use of microwave radiation. The
presence of sodium methoxide as catalyst reduces the reaction time in dimethyl
sulphoxide and methanol as solvent to 5 min at 70 �C. The reaction yields a mixture
of dimethyl and monomethyl terephthalate and terephthalic acid. The terephthalic
acid is recovered from the solution after addition of water. The yield was reported to
be about 74% for terephthalic acid [63].

An alternative possibility for hydrolysis is the reaction in supercritical CO2. The
gas acts as a plasticizer under supercritical conditions, promoting swelling and
migration within the polymer. However, it also induces crystallization of amorphous
PET, which can slow down the hydrolysis process. The reaction in supercritical CO2

using the solid superacid catalyst SO2�
4 /TiO2 was complete after 5 h at 200 �C at any

pressure. Hydronium ions were able to migrate together with dissolved water into the
polymer matrix. The reaction took place both on the surface and in the bulk
material [41].

High pressure can be avoided if hydrolysis is carried out in a steam atmosphere.
The reaction in a fluidised bed requires temperatures above 400 �C to ensure
volatilization of the terephthalic acid. At 450 �C, a terephthalic acid yield of about
70% was achieved, while ethylene glycol was almost completely degraded when
quartz sand was used as bed material. Up to 24% of the terephthalic acid remained
bound in oligomers. Decarboxylation also occurred with the formation of benzoic
acid and acetylbenzoic acid [5]. Experiments with 18O-labelled steam showed that at
temperatures between 340 and 440 �C, both pyrolysis and hydrolysis occurred in the
degradation of PET and other aromatic polyesters. The selectivity of hydrolysis
shifted from 46% to 11% in this temperature range when a 75 vol% steam atmo-
sphere was present [49].
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Terephthalic acid from the steam hydrolysis of PET can be converted to benzene
using CaO as a catalyst. This reaction required 9 h at 450 �C, which could be reduced
to 90 min at 550 �C. The benzene yield and purity were between 52 and 65% and
between 82 and 89%, respectively. While the benzene yield reached its maximum at
500 �C, the highest purity was obtained at 450 �C. An even higher benzene yield of
74% and a purity of 97% were achieved when a heating rate of 2 K min�1 was
applied from 300 to 500 �C [48]. At a heating rate of 5 K min�1, more than 50% of
the carbon was converted to benzene. Benzene was obtained as a liquid with a high
purity of 99%. Naphthalenes and biphenyls observed during pyrolysis of PET in the
presence of CaO are minor impurities and no oxygen-containing compounds were
observed [50]. When bottle-PET was hydrolysed at 450 �C and the volatile
terephthalic acid was decarboxylated over CaO at 700 �C, benzene was obtained
with a yield of 74% and a purity of 96%. The benzene yield from various composites
such as X-ray film and magnetic tape decreased to values between 32 and 35%. The
main by-product was biphenyl from the secondary reaction of benzene. Oxygenated
compounds were negligible [64].

A new way of hydrolytically decomposing PET waste is the use polyester
degrading bacteria and their enzymes [65]. In the past, carboxylic acid hydrolases,
lipases, serine esterases and carboxylesterases have been reported to be effective in
the hydrolysis of PET [56]. Among these, cutinases, which belong to the group of
carboxylic acid hydrolases, are the most efficient. It was found that Humicola
insolens cutinase (HiC) is more than 20 times faster than other known PET
degrading enzymes. One reason for this could be the small size of cutinases
compared to other enzymes, which allows better contact with the rigid structure of
PET. Terephthalic acid and mono(2-hydroxyethyl)terephthalate (MHET) were the
main products of the degradation.

Cutinases are natural polyester hydrolases that have proven to be very efficient in
the hydrolysis of PET at a temperature of around 70 �C. Terephthalic acid could then
be recovered by filtration and ethylene glycol after distillation. The biodegradation
route could be less energy intensive and thus more cost-effective at lower temper-
ature and pressure. However, the biochemical process is more time consuming.
Complete hydrolysis of PET film by Thermobifida fusca cutinase TfCut2, expressed
by Bacillus subtilis and isolated from E. coli, takes approximately 120 h at 70 �C.
With other packaging materials, 50% of the PET was not degraded. The reason for
the differences in degradation behaviour was thought to be the inability of the
enzyme to attack crystalline and rigid amorphous fractions, neither of which offer
sufficient flexibility for an enzymatic reaction [53].

This obstacle is overcome by studying enzymes that are active at temperatures
above 70 �C. Degradation of PET by the Thermobifida cellulosilytica derived
cutinase Thc_Cut1 caused increasing crystallinity, which may also indicate prefer-
ential hydrolysis of the amorphous region [66]. When the thermophilic bacterium
Clostridium thermocellum expresses leaf and branch compost cutinase (LCC) at
60 �C, about 62% of the amorphous PET was converted into terephthalic acid and
MHET over a period of 14 days [7]. The stability of LCC against aggregation was
improved by glycosylation. The stabilized enzyme showed high activity between
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70 and 80 �C. The thickness of an amorphous PET film with a crystallinity of 7%
was reduced by 60 μm day�1 [54]. With improved thermal stability, LCC was able to
depolymerise PET by 90% in less than 10 h in a pilot-plant scale set-up. The
recovered terephthalic acid was purified and used to make new PET. The bottles
made from this material showed similar properties to those made from commercial
PET [67].

The hydrolysis of PET in blends with polyethylene or polyamide is accelerated
when Thc_Cut1 is used as an enzyme [66]. The enzymatic hydrolysis of highly
crystalline PET fibres requires a pretreatment step. Only after hydrolysis of PET
fibres at a temperature of 250 �C and a pressure of 39 bar was HiC able to convert the
remaining oligomers into terephthalic acid. The presence of zinc cations as hydro-
lysis catalyst inhibited the action of the enzyme [55]. Furthermore, MHET [56, 68]
and BHET [66] showed inhibitory effects on cutinases. Countermeasures are the
addition of Candida Antarctica lipase B (CALB), which degraded MHET to
terephthalic acid [56] or the use of an ultrafiltration membrane reactor to continu-
ously remove MHET [68]. A reduced particle size is favourable for the hydrolysis of
PET by enzymes [66].

Terephthalic acid can be produced by alkaline hydrolysis at 150 �C at a cost of
2.71 € kg�1. The main cost factor is the wastewater management in terms of the
organic content and the salt load due to the neutralisation of the highly basic solution
for the precipitation of the terephthalic acid. The price could be reduced to 1.02 €

kg�1, if the wastewater is treated within the production plant [12]. The reaction in
ethanol/water at 80 �C could reduce greenhouse gas emissions compared to the
energetic conversion of PET waste [57].

The recyclability of production waste from PET hydrolysis is rather poor. Waste-
water with an extreme pH is often disposed of. When neutralising the reaction
solution from alkaline hydrolysis to recover terephthalic acid, saline solutions are
produced from which the salt could be recovered. More promising is the use of ionic
liquids as the reaction medium, as the two can be easily separated. Ionic liquid and
catalyst were reused eight times in a row without loss of catalytic activity [51].

9.3.3 Aminolysis of Poly(Ethylene Terephthalate)

Poly(ethylene terephthalate) reacts with ammonia (ammonolyis) or organic amines
(aminolysis) to form aromatic amides. Strongly basic amines react faster than amines
with a low basicity. The reactivity is reduced by steric hindrance [69]. Depending on
the amine used, a catalyst may be required. A catalyst is more likely to be needed for
the reaction of lipophilic amines than for hydrophilic amines [70]. Since the amine-
group is more nucleophilic than the hydroxyl-group, amino alcohols give always
terephthalamides [70].

The reaction takes place below the melting temperature of PET at the particle
surface. It was observed that methylamine preferentially attacks amorphous areas,
while ammonia attacks both amorphous and crystalline areas from the beginning.
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This was attributed to the higher nucleophilicity of methylamine [71]. Increasing
temperatures cause a softening of the material and facilitate the migration of the
amine beyond the surface, which is even more easily penetrated when the temper-
ature exceeds the melting point of PET. The molecular weight of PET has been
found to decrease with increasing PET conversion, indicating a random scission
process [72].

The apparent activation energy of the aminolysis of PET in ethanolamine was
determined to be 153 kJ mol�1 using a modified shrinking core model [72].

Terephthalamides can be obtained from ammonia or various primary or second-
ary amines. Often, after optimisation the reaction does not require a catalyst [70]. If
necessary, catalysts such as zinc acetate [73], sodium sulphate, acetate or bicarbon-
ate [74] are used. Reaction of PET with ammonia under pressure at ambient
temperature resulted in complete conversion to terephthalamide after 45 days in
the absence of any catalyst and 15 days in the presence of zinc acetate [73]. Reaction
with ethanolamine gave bis(hydroxyethyl)terephthalamide (BHETA) after 2 h at
140 �C [70]. Precipitation of the product was observed at high conversion. Reaction
of fibres and bottle wastes under reflux in the presence of sodium acetate yielded
91 and 83% of BHETA after 8 h, respectively. The lower rate of degradation of
bottle waste was explained by its higher molecular weight and broader molecular
weight distribution [75].

The reaction of ethylenediamine with PET required 17 h at 100 �C in the absence
of a catalyst. The yield of bis(2-aminoethyl)terephthalamide (BAET) reached 75% at
an ethylene diamine/PET ratio of 16. Lower ratios yielded less BAET. The
by-products were α,ω-aminoligo(ethylene terephthalamide)s (AOETs), oligomers
from the condensation of BAET. The dimer was the most abundant fraction of the
AOETs, although trimers and tetramers were also present [76]. The equilibrium
shifted towards the AOET with temperature, reaching about 70% at 250 �C [77]. The
reaction of triethylenetetramine with PET gave the corresponding terephthalamide
after refluxing for 2 h at 130–140 �C [78].

The guanidine derivative 1,5,7-triazabicyclo [4.4.0] dec-5-ene (TBD) accelerated
the aminolysis of PET with various aliphatic and aromatic amines. Aminolysis in the
presence of ethylenediamine was completed after 1 h at 120 �C. Aminolysis in
aniline took 24 h at 180 �C due to its lower basicity. Although piperidine is a strong
base, the reaction was slow due to steric limitations [69]. Aminolysis in
ethylenediamine in the presence of a TBD derivative (Fig. 9.4) as catalyst gave
complete conversion of PET with BAET as the main product after 10 min at 120 �C.
The reaction in ethanolamine required only 3 min at 190 �C and gave BHETA [79].

The reaction time can also be shortened by using a microwave reactor. The yield
of BAET in the presence of ethylenediamine reached a maximum of 30% after
10 min at 250 �C and a pressure of more than 1 MPa. The main product after the
complete conversion of PET was AOET. The reaction rate decreased significantly
when the reaction was carried out below the melting point of PET [77]. Aminolysis
in the presence of ethanolamine and NaHCO3 as catalyst required 5 min for PET
fibre waste and 7 min for PET bottle waste to obtain BHETA yields of about 90%
under reflux [74]. The reaction time could be reduced to 2 min in the absence of a
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catalyst at a microwave power of 150 W when an autoclave was used. The temper-
ature rose above the melting temperature of PET and the pressure exceeded 1 MPa.
No reaction was observed below 180 �C [72].

The reaction in the presence of ethanolamine catalysed by dibutyltin oxide gave a
complete conversion after 60 days in a sand bath heated by solar radiation in the
Egyptian summer [80].

The product of PET depolymerized in ethanolamine, BHETA can be used for the
production of polyurethanes [81] and corrosion protection paints [80]. The reaction
of BAET with cardanol and paraformaldehyde resulted in bis-benzoxazines deriva-
tives, which were converted to thermosets by ring-opening polymerisation (Fig. 9.5).

Fig. 9.4 TBD (1,5,7-
triazabicyclo [4.4.0] dec-5-
ene) based aminolysis
catalyst

Fig. 9.5 Thermosets from bis(2-aminoethyl)terephthalamide (BAET) and cardanol
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Cardanol is obtained from cashew nut shells and provides a route of bio-based resin
production [77].

Products from the aminolysis of PET can be used as additives in asphalt [70]. The
in-situ polymerisation of BHETA with methylene diphenyl diisocyanate in bitumen
at 90–130 �C resulted in a binder suitable for the construction of roads with high
traffic loads [82].

9.3.4 Solvolysis Using Other Types of Alcohols

In addition to the reactions described in the sections above, solvolysis can also be
carried out in the presence of other alcohols, methanol being the most important.
Methanolysis was of some importance in the early days of research, but lost
importance when PET production was no longer carried out via the
transesterification of dimethyl terephthalate (DMT).

The reaction mechanism is similar to that of the glycolysis process. The same
catalytic systems are also applicable. The use of deep eutectic solvents [83] has been
reported. A special feature of alcoholysis processes with solvents other than ethylene
glycol is that at least two alcohols are present in the system and mixed products can
be expected [84, 85]. An ATR-FTIR investigation could show that the Gauche
conformation disappeared faster than the Trans conformation during methanolysis.
The crystalline fraction also decreased faster than the amorphous fraction [86]. It was
found that the transesterification of PET with 2-ethyl-1-hexanol in the presence of
choline chloride/zinc acetate as catalyst proceeds by a first-order reaction with an
activation energy of 95 kJ mol�1 [83].

The use of methanol requires high pressure due to the low boiling point of
methanol (65 �C). The reaction is usually carried out in the supercritical state
above the critical point of 239 �C and 8.09 MPa [85]. It is shown that PET cast
film was readily penetrated by methanol already at 150 �C, although the low
activation energy of 6 kJ mol�1 suggested an impeded mass transfer [86]. However,
sufficient solubilisation only occurred under critical conditions. Below the critical
pressure, the depolymerisation rate decreased significantly [85]. Below the melting
point of PET, degradation occurred mainly at tie molecules reducing the molecular
weight to one third. Catalysts can accelerate the formation of oligomers and
DMT [87].

Under supercritical conditions, PET is melted and the effect of mass transfer
resistance is reduced. It was found that PET dissolution is improved under super-
critical conditions [88]. The depolymerisation was completed after 40 min at tem-
peratures between 253 and 273 �C and a pressure of 11 MPa. Most of the
by-products are converted into DMT under these conditions and DMT with a purity
of 98% could be recovered from waste materials after purification [85]. At a
temperature of 300 �C and a pressure of 20 MPa, PET with an average molecular
weight of 47 kDa was depolymerised to 3 kDa after 5 min and 1 kDa after 10 min.
The main products after 20 min were methyl 2-hydroxyethyl terephthalate, DMT,
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and terephthalic acid monomethyl ester (TAMME). The yield of TAMME decreased
after reaching its maximum after 15 min. The molecular weight distribution was
successfully simulated over the reaction time [89]. The optimal conditions for the
uncatalysed reaction were found at 298 �C for 112 min, yielding 99.8% DMT
[88]. The addition of toluene promoted swelling and increased the DMT yield in
the presence of aluminium isopropoxide as catalyst from 67% in pure methanol to
89% in methanol/toluene (80:20) at a temperature of 200 �C [87]. The temperature
and time requirements can be reduced by using microwave reactors. Methanolysis in
the presence of zinc acetate gave a DMT yield of 87% after 30 min at 180 �C. After
reaching a maximum of 1.6 MPa, the pressure dropped to 1.2 MPa during the
reaction, caused by the consumption of methanol [84].

The reaction in supercritical ethanol at a temperature of 255 �C and a pressure of
11.65 MPa gave a diethylterephthalate yield of 80% from multilayer packaging PET
coated with aluminium and polyethylene [90].

High boiling alcohols do not require high pressure for their reaction with PET.
The reaction with 1,4-butanediol and triethylene glycol can be carried out at 220 �C
in the presence of zinc acetate as catalyst. The main product after 10 h of the reaction
with 1,4-butanediol was bis(4-hydroxybutenyl)terephthalate with the dimer being
the main by-product. When triethylene glycol was used, mainly oligomers with
molecular weights between 700 and 800 g mol�1 were obtained [91]. Solvolysis in
the presence of 2-ethyl-1-hexanol gave a dioctyl terephthalate yield of 84% after 1 h
reaction time and with choline chloride/zinc acetate (molar ratio 1:1) as deep eutectic
solvent catalyst. The product could replace phthalate plasticizers and reduce the
environmental hazard they pose [83].

9.3.5 Other Aromatic Polyesters

The most common aromatic polyesters besides PET are PBT and PEN. While PBT is
used for many applications in the automotive industry and for electrical and elec-
tronic equipment, PEN is used as an alternative material to PET for packaging
applications due to its better gas barrier properties and higher glass transition
temperature. The depolymerisation processes are similar to those for PET.

The hydrolysis of PEN in aqueous ammonia solution at 240 �C was controlled by
mass transfer [92]. The activation energy of the hydrolysis of PEN was 95 kJ mol�1

[93], higher than that observed for PET with 56 kJ mol�1 [4]. The activation energies
for hydrolysis of PBT and PEN in steam atmosphere were 156 and 161 kJ mol�1,
respectively, which were slightly higher than that for PET under the same conditions
[49]. For the random scission of PBT in methanol, an activation energy between
84 [9] and 87 kJ mol�1 [94] was determined, which is about 10 kJ mol�1 lower than
that for the reaction of PET [9].

Depolymerisation of PEN in hot water is not observed below 227 �C. Yields of
2,6-naphthalene dicarboxylic acid (NDA) and ethylene glycol reached 98 and 86%
after 1 h at a temperature of 300 �C [59]. When PEN was heated in water, swelling
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was first observed, then above 200 �C the state changed to a liquid. This process
ended at 270 �C, after which PEN was dissolved and a homogeneous aqueous phase
was formed. The hydrolysis of PEN resulted in 83% of NDA and 80% ethylene
glycol after 60 min at 260 �C [93].

The reaction of PBT and PEN catalysed by Ca(OH)2 in a steam atmosphere led to
the formation of benzene and naphthalene, respectively, as was also observed for
PET. The highest product yields were observed at 700 �C for PBT and 600 �C for
PEN [95]. Pyrolytic processes were also observed during the hydrolytic degradation
of PBT and PEN in a steam atmosphere. Pyrolysis increased drastically from 19 to
73% for PBT hydrolysis between 320 and 440 �C, while the contribution of
pyrolysis remained constant at about 75% for PEN [49].

The hydrolysis of PBT in hot water can cause the degradation of terephthalic acid
and 1,4-butanediol. Benzoic acid and tetrahydrofuran are observed as products
instead [60]. During the hydrolysis of PEN, the resulting NDA can be
decarboxylated to form naphthalene, which is oxidised to phthalic anhydride and
hydrolysed to phthalic acid (Fig. 9.6) [93].
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(PEN) in hot water
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In methanol, PBT was completely depolymerised at 240 �C after 22 min. The
highest DMT yield of 95% was observed after 75 min at 290 �C [94]. Shibata, et al.
[9] observed complete depolymerisation after 10 min at the same temperature and a
pressure of 6 MPa. By the time the reaction temperature was reached, about 50% of
the two monomers had already been recovered. Alcoholysis of PBT is faster in
methanol than in ethanol or propanol. Complete conversion was achieved in meth-
anol after 20 min at 250 �C, while 25 and 42% of the PBT remained as residue in
ethanol and propanol, respectively. The highest yields of dialkyl terephthalates were
observed after 75 min at 310 �C with 98.5% of DMT and 76% of diethyl terephthal-
ate [96]. One reason for this behaviour could be the good miscibility of molten PBT
with methanol [9].

9.4 Depolymerisation of Aliphatic Polyesters

In contrast to aromatic polyesters, aliphatic polyesters are biodegradable. These
include poly(lactic acid) (PLA, polylactide), poly(butylene succinate) (PBS),
polycaprolactone (PCL), polyhydroxyalkanoates (PHAs) and others. Despite their
biodegradability, these polyesters should be recycled to reduce the environmental
impact of their production [97]. Most of these polymers can be successfully
converted into monomers and other feedstocks for the production of new materials.

9.4.1 Depolymerisation of Poly(Lactic Acid)

The production of PLA begins with the fermentation of sugary biomass by lacto
bacteria. The resulting lactic acid is dimerised to lactide in a conventional chemical
process and then further converted to PLA by ring-opening polymerisation. Lactic
acid occurs in two enantiomers, both produced by different species of Lactobacillus.
Since usually only one of the enantiomers is used for the production of one type of
PLA, the aim of depolymerising used PLA is to recover lactide or other lactic acid
derivatives without racemisation [98].

The mechanism of catalysed depolymerisation of PLA is often analogous to that
of PET glycolysis (Figs. 9.1 and 9.2) with the cation acting as a Lewis acid and the
anion increasing the nucleophilicity of the reactant, water or alcohol [99, 100]. The
reaction of PLA in the presence of a zinc catalyst is faster than that of PET. It has
been suggested that PLA is able to chelate the zinc ion (Fig. 9.7), while the rigid
structure of PET prevents chelation [101]. High solubility of PLA is favourable for
the reaction. Ionic liquids with a low ability to dissolve PLA showed limited
conversion, while the reaction proceeded easily when PLA was sufficiently
dissolved. Small polymer chains were more rapidly dissolved and depolymerised
by a random scission process than longer ones, resulting in an extraordinary reduc-
tion in polydispersity [100].
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Hydrolysis in water and NaOH solution showed comparable activation energies
of 82 kJ mol�1 and 72 kJ mol�1, respectively [102]. The activation energy was
significantly higher at 134 kJ mol�1 when the reaction was catalysed by [Bmin]
[OAc] [100]. Methanolysis using a zinc ring-opening catalyst proceeded by random
chain scission with an activation energy of (39 and 65) kJ mol�1 [103]. Using an
ethylenediamine-zinc(II) complex, an activation energy of about 40 kJ mol�1 was
observed [104].

Pyrolysis is the simplest route of PLA depolymerisation, but also the most
energy-intensive. In the presence of zinc catalysts at temperatures between
190 and 245 �C, lactide was obtained as the main product with an enantiomeric
excess of more than 99% and a yield of up to 92% [105]. However, racemisation
occurs in the presence of some fillers. It was observed that in the presence of MgO
less than 3% of the lactide was racemised at temperatures below 270 �C. The extent
of racemisation increased above this temperature. The presence of CaO resulted in
10–20% racemisation below 250 �C, while above this temperature racemisation
decreased to below 2%. It was suggested that racemisation occurred by a backbiting
process, while L,L-lactide was obtained by an unzipping reaction [106, 107].

Hydrolysis of PLA in water and NaOH solution gave lactic acid yields between
92% and 98% at 160 �C [102]. Similar results were obtained in the presence of
[Bmin][OAc] as catalyst, resulting in a PLA conversion of 94% at a temperature of
130 �C. After precipitation with Ca(CO3), a calcium lactate yield of 76% was
obtained [100]. High enantiomeric purity was achieved with Escherichia coli
strains [102].

Methanolysis in the presence of KF as catalyst gave methyl lactate yields of more
than 99% at 180 �C. The catalyst was able to degrade PLA and poly(bisphenol-A-
carbonate) side by side, while PET and nylon-6 interfered with the degradation and
reduced the yield of PLA [99]. Reaction in methanol with 4-dimethylaminopyridine
(DMAP) as a catalyst resulted in 97% yield of methyl lactate as determined by NMR
after heating in a microwave oven at 180 �C for 10 min. The catalysts
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD) even achieved yields close to 100% under the same conditions

Fig. 9.7 Chelation of zinc
ions by poly(lactic acid)
PLA. The R-groups
represent PLA chains
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[108]. Microwave methanolysis at 160 �C gave reaction yields of more than 99%
after 20 min in the presence of tin(II) 2-ethylhexanoate. High turnover frequencies
close to 4 � 104 h�1 were observed [109]. The reaction of PLA with methanol,
ethanol and butanol was completed after 2 min at room temperature in the presence
of TBD. The reaction of sterically hindered alcohols was strongly delayed due to the
space requirements of the catalyst. Acidic alcohols deactivated the basic catalyst
[110]. Methanolysis in the presence of zinc acetate gave a methyl lactate yield of
70% after 15 h of heating under reflux [101]. The reaction in tetrahydrofuran using a
zinc ring-opening catalyst was completed within 60 min and gave 100% methyl
lactate although depolymerisation was already observed at 40 �C [103]. Methyl
lactate yields of 100% were obtained from PLA waste after 4 h at 110 �C in the
presence of an ethylenediamine-Zn(II) complex as catalyst [104].

The reaction of PLA with diamines gave oligomers when carried out under reflux
in xylene. The reaction proceeded with 1,6-diaminohexane without catalyst and after
1 h an oligomer with a molecular weight of 5.5 kg mol�1 was obtained containing
both lactic acid and diamine units. Oligomers were also obtained in the presence of
tin(II) 2-ethylhexanoate as catalyst when 1,3-propanediol was the degradation agent
[111]. Ionic liquids could be recovered from PLA hydrolysis and reused 7 times in a
row without loss of activity [100].

Lifecycle assessment showed that chemical recycling and polymerisation of
virgin PLA from 1 tonne of waste PLA could reduce the global warming potential
by 780 kg CO2-eq. [97]. The energy requirement for the production of lactic acid
could be reduced from 55MJ kg�1 for the production from corn starch to 14MJ kg�1

for the hydrolysis of PLA [98].

9.4.2 Depolymerisation of Other Aliphatic Polyesters

Other aliphatic polyesters include PBS, PCL, PHAs, and other mostly biomass
derived thermoplastics. Although these materials are often biodegradable,
depolymerisation for the purpose of recycling has been an emerging issue in recent
years. In this section, only a few examples are presented.

It can be seen that many concepts that were successfully applied to the
depolymerisation of PET were also adopted for aliphatic polyesters. The reaction
mechanisms found for the reaction catalysed by ionic liquids [112, 113] were
analogous to those for PET (Figs. 9.1 and 9.2). The hydrolysis of PBS and poly
(butylene succinate/adipate) (PBSA) in hot water proceeded with activation energies
of 64 and 58 kJ mol�1 [114]. The low activation energy of 27 kJ mol�1 in the
methanolysis of PHB catalysed by [Bmin]FeCl4 [112, 113] indicated mass transport
hindrance.

The thermal degradation of PHAs at 190 �C leads to a significant reduction in
molecular weight after only 30 min [115]. If PHB was pyrolysed at 310 �C,
unsaturated acids are obtained. A yield of about 78% was achieved, including
trans-crotonic acid as the main product and 2-pentenoic acid and cis-crotonic acid
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as by-products. This method can be used to separate PHB from polypropylene,
which is degraded at higher temperatures [116].

The hydrolysis of PBS and poly(butylene succinate/adipate) (PBSA) in hot water
provided lower acid yields between 180 and 300 �C than comparable experiments
from PET. The highest succinic acid yield of 80% was achieved from PBS after
about 30 min at temperatures between 270 and 300 �C. In the same temperature
range, the succinic acid and adipic acid yields from PBSA reached 65 and 70%,
respectively [114].

The most common strategy for the depolymerisation of aliphatic esters is the use
of enzymes. Lipases in particular offer the advantage of wide commercial availabil-
ity [117]. Such lipases were able to reduce the molecular weight of poly
(3-hydroxybutyrate-co-4-hydroxybutyrate) from 300 kg mol�1 to below 5 kg mol�1

after 72 h at 37 �C. The reaction of PCL in toluene required 24 h at 50 �C in the
presence of Candida antarctica lipase B (CALB) for conversion to di-, tri-, and tetra-
oligomers. ε-caprolactone was also observed as a by-product. Depolymerisation
proceeded by a random chain scission mechanism. After reaching a minimum after
24 h, the molecular weight increased again significantly [8]. The time required for
depolymerisation at moderate temperatures is still too long for technical application.
Therefore, higher temperatures are aimed for.

Depolymerisation in the presence of CALB using a twin screw extruder drasti-
cally reduced the molecular weight of PBS from 82 kg mol�1 to 2000 g mol�1 after
5 min at a temperature of 120 �C. A maximum succinic acid yield of 44% was
achieved, while 1,4-butanediol was not observed among the products. This reaction
required catalyst concentrations of up to 10 wt% and the catalyst lost more than 60%
of its activity during the process [118]. The depolymerases Est-H and Est-L isolated
from the bacterium Roseateles depolymerans TB-87 were able to degrade various
aliphatic and aliphatic-aromatic polyesters. Succinic acid and 1,4-butanediol were
obtained from PBS. In addition, adipic acid was observed in the degradation of poly
(butylene succinate-co-adipate) and terephthalic acid and isophthalic acid in the
degradation of poly(butylene succinate/terephthalate/isophthalate)-co-(lactate). The
depolymerisation of aliphatic-aromatic polyesters proved to be slower than that of
purely aliphatic polyesters [119]. The depolymerisation of poly(hexamethylene
succinate-co-hexamethylene-hexylthiosuccinate) with CALB reduced the molecular
weight from 78 kg mol�1 to 800 g mol�1. All products were cyclic oligomers.
Subsequent ring-opening polymerisation with the same catalyst gave a polymer with
a molecular weight of 70 kg mol�1, proving the recyclability of this type of
polyester [120].

Methanolysis under reflux in the absence of a catalyst at a temperature of 200 �C
and a pressure of 18 bar for a period of 6 h converted PHB to methyl crotonate. The
product could be used to obtain propylene and methyl acrylate by metathesis
[6]. Methanolysis of PHB in the presence of the ionic liquids [Bmin]FeCl4 and
[MIMPS]FeCl4 (1-(3-sulfonic acid)-propyl-3-methylimidazole ferric chloride) as
ferromagnetic catalysts gave methyl (3-hydroxybutyrate) yields of 85 and 87%
after a reaction time of 3 h at 140 �C, respectively. The purity of the monomer
was over 98%. The catalysts were recovered and used six times in succession
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without loss of activity [112, 113]. The reaction carried out under a microwave
heating in the presence of methanol or ethanol gave a mixture of 3-hydroxybutyric
acid, crotonic acid, and the 3-alkyl butyric acid ethers [121].

9.5 Conclusions and Future Outlook

Climate change will force plastics manufacturers to find new sources of carbon in
future, when fossil fuels are no longer considered suitable for technical applications.
Fossil carbon could be replaced to some extent by biomass. However, it is question-
able whether enough biomass can be made available to meet the increasing demand
for plastics. Plastic producers could face carbon scarcity in a future world, which
would force them to keep the “harvested” carbon in the cycle.

Established polymers such as PET, PBT, and PEN have been developed from
monomers that are readily available from fossil fuels. This paradigm could change if
biomass becomes the main feedstock for carbon loss replacement. Biomass as a
feedstock provides different types of monomers. New polymers, such as PLA, PBS,
and PHAs, are the result and others may follow. The structure of the new polymers
may depend strongly on the type of biomass used. This could result in an even wider
range of polymers than we see today—and all these polymers have their own process
requirements for recycling if monomers are to be the target.

We have seen in this chapter that different types of polyesters require different
processes for depolymerisation. However, we have also seen that some processes
allow the separation of different types of polymers: PET can be separated from PVC
[44]; PLA from PET and nylon-6 [99]; PHB from polyolefins [116]. The increasing
number of polymers in the waste stream could make the separation of individual
polymers more difficult than it is today. Combining chemical recycling methods for
monomer recovery may have some advantages, and therefore there is still much
work to be done to develop solutions that offer the possibility of fractional
depolymerisation and stepwise monomer recovery. To keep track of the increasing
number of possible monomers, more of these solutions will be needed in the future.
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Chapter 10
Producing Value-added Products from
Organic Solid Wastes
with Mechanochemical Processes

Haixin Guo, Xiao Zhang, and Feng Shen

Abstract Mechanochemical process is a versatile technique that is induced by
mechanical forces such as shearing, friction, compression, stretching, and grinding.
Recycling organic solid wastes (e.g. biomass) to value-added products from organic
solid wastes via mechanochemical processes has received increasing interest due to
its high efficiency, low cost and eco-friendly nature (solvent-less or solvent-free). In
this chapter, a brief overview of the historical development of mechanochemistry,
kinds of mechanochemistry equipment, the relationship between mechanochemistry
and organic solid wastes (e.g. waste biomass) conversion into value-added products
(chemicals, fuels, and carbon materials) will be introduced for the general reader.
Emphasis is placed on typical mechanochemical processes for conversion of waste
biomass to chemicals (glucose, xylose, furfural, 5-HMF, sorbitol, phenol, etc.) and
functional carbon materials (adsorbents, catalysts, electrodes, etc.). The role and
mechanism of mechanochemical technology on the waste biomass transformation
into value-added products were also presented. Limitations and opportunities asso-
ciated with the mechanochemical synthesis of valuable products from organic solid
wastes (biomass) are highlighted.
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10.1 Introduction

Mechanochemistry process technology refers to chemical reactions induced by the
application of mechanical energy. Shear and compressive forces are developed
through grinding and impacts [1]. The mechanochemical reaction process provides
a new way to reduce or avoid the use of solvents. In solvent-free or solvent-less
conditions, new synthetic is realized, improving the product selectivity, yield or
reaction rate. Mechanochemistry, especially when implemented in a continuous
process, has been identified by the International Union of Pure and Applied Chem-
istry (IUPAC) [2] as one of the ten world-changing technologies.

In 2000, Boldyrev, V. V and co-workers reported one of the earliest applications
of mechanochemistry in the book “On Stones” in 315 B.C, which discussed the
grinding of cinnabar and acetic acid with a mortar and pestle could produce
elemental mercury (Hg) [3]. Since then, mechanochemical reactions were almost
ignored by twentieth century scientists until the last few decades. In 1820, Faraday
et al. [4] discovered that silver chloride could be reduced to its elemental form by a
solvent-free grinding method. Then, M. Carey Lea (1823–1897) performed system-
atic investigations on the mechanochemical reaction and thus he is known as “the
father of mechanochemistry.” During the past two decades, mechanochemistry has
been rapidly established as a green and environmentally friendly synthetic method.

Investigations using a mortar and pestle were the first to implement mechano-
chemical reactions since they are cheap and convenient tools [5]. However, manual
grinding is susceptible to variable factors that are difficult to control, such as operator
variability and laboratory environments. These factors frequently render results
obtained by mortar and pestle unrepeatable. Today, machine-driven ball milling
has become one of the most important tools for mechanochemical reactions. As
shown in Fig. 10.1, laboratories typically implement two different kinds of ball
milling equipment that represent different applications of mechanical force. These
are the shaker (or mixer) mill and planetary mill. In shaker mills, the reaction jars are
rapidly oscillated from side to side, or in complex paths which results in the enclosed
ball bearings applying shear and compressive force to realize grinding [6]. While in
the planetary mills (Fig. 10.1), the reaction vessels are spun at high speed,

Fig. 10.1 Typical automatic ball milling equipment used for mechanochemical reactions
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counter-rotatory to the main spinning “sun wheel” (thus, the term planetary) results
in the balls grinding the solids within the jars.

Recently, mechanochemical reaction technology has been applied in various
fields such as materials synthesis, industrial chemistry, extractive metallurgy, min-
erals engineering, and bioengineering [7]. Mechanochemical processing offers a lot
of advantages such as ecological safety and process simplicity when compared to
solution-based wet processing. Practically, the mechanochemical treatment pro-
cesses not only avoid the complex post-treatment steps (e.g. reuse of solvent and
separation of product) but also the use of large amounts of solvents. Importantly,
most mechanochemical reaction systems are completed within minutes to hours.
Another advantage of mechanochemistry is enabling applications under mild con-
ditions (e.g. at ambient temperature). These factors make mechanochemical
approaches an attractive solution for biomass waste management. Considering
environmental and economic factors, mechanochemistry offers a time-saving, eco-
friendly and labor-saving process for the conversion of waste biomass into sustain-
able platform chemicals, fuels, and functional carbon materials.

10.2 Chemicals from Waste Biomass

10.2.1 Reducing Sugars

The efficient hydrolysis of carbohydrates (e.g. cellulose and hemicellulose) of the
biomass into reducing sugars (RS) is essential for the organic solid wastes transfor-
mation process. It is due to the RS (C5 sugars and C6 sugars) can be further
transformed into value-added products (e.g. biofuels and chemicals) [8, 9]. However,
the hydrolysis of biomass offers great challenges because raw biomass has a
recalcitrant structure that protects its carbohydrate from degradation/attack by the
enzymes [10]. Therefore, pretreatment is an essential step for waste biomass hydro-
lysis into reducing sugars, which can reduce the crystallinity of the cellulose and
particle size of the biomass thus increasing the cellulose accessibility.

Pretreatment methods (e.g. chemical pretreatments including acid, alkaline and
organic solvents, steam explosion, biological, and hydrothermal methods) have been
used to promote the biomass hydrolysis into reducing sugars, however, these
methods are usually limited by their corrosivity, recyclability of solvents, and
waste generated. Most pretreatment methods of biomass limits the production of
undesirable dehydration products (such as levoglucosan, levoglucosenone and
5-hydroxymethylfurfural) and improves susceptibility towards further hydrolysis
through enzymatic processes [11]. Practically, chemical pretreatment methods
limit further enzymatic hydrolysis [12]. So, it is necessary to develop environmen-
tally friendly pretreatments methods that avoid strong acid and alkalis. Various
equipment has been developed to implement mechanochemical processes such as
automated mortar grinders, shaker mills, screw extruders and drum mixers [13].
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Mechanical pretreatment processes enabled by the ball milling of raw biomass
have appeared as an environmentally friendly, efficient, and economically feasible
alternative the traditional pretreatment process. This approach was pioneered by
Blair (dry) [14] and Schüth (wet) [15] for the realization of C5 and C6 sugars from
cellulose and biomass. Larger scale experiments showed improved energy consump-
tion [16–18]. Table 10.1 given the effect of mechanical pretreatment on the yields of
total reducing sugar by hydrolysis of various raw biomass. Compared with direct
hydrolysis of biomass, the TRS yields increasing 1.1–14.8% after ball pretreatment
of biomass (Table 10.1). Gu et al. [12] reported that after pre-milled Douglas-fir
forest residuals, the crystallinity of cellulose was reduced from 40% to 11%. The
particle size of samples on D 90% decreased from 416 μm to 41 μm and on D 10%
decreased from 20 μm to 3 μm after ball milled. Scanning electron microscopy
(SEM) images result show that the particle size of rice straw after 60 min dry ball-
milling pretreatment decreases from 500 μm to 2 mm to less than 30 μm (Fig. 10.2),
and the surface changed from smooth to rough which lead to an increase in the
overall surface area [19]. Wide-Angle X-ray Diffraction (WAXD) and ATR-FTIR
analysis showed that both the mean size of the crystalline domains and crystallinity

Table 10.1 Effect of mechanical pretreatment on total reducing sugar (TRS) yields by biomass
hydrolysis

Substrate Milling time TRS yields (%) Ref.

h Without pretreatment With pretreatment

Bagasse 2 <150 mg/g 531.6 mg/g [25]

Jatropha hulls 24 29.5 35.4 [26]

Plukenetia hulls 24 34.0 40.8 [26]

Rice straw 1 23.4 89.4 [19]

Cellulose 6 20.9 84.5 [27]

Oil palm 2 11.4 71.9 [28]

Fig. 10.2 Scanning electron micrographs of pretreated rice straws. (a) rice straw cutter milled to
less than 2 mm and (b) rice straw ball milled for 60 min. (Reprinted with permission from
[19]. Copyright © 2009, Elsevier)
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index were decreased after 2–60 min of treatment with ball milling [20]. The average
length of the fibers decreased to 12 μm from 200 μm after 60 min of ball milling.
Proton NMR and 13C NMR spectra were used to investigate the functional structure
of the biomass during the ball milling process [21, 22]. It was shown that ball milling
broke chains in cellulose (or hemicellulose), resulting in a disruption of the biomass
structure and conversion into oligosaccharides or monosaccharides [22, 23]. More-
over, Zhang et al. [17] reported that the rolling mode (shear > compressive) pro-
motes cellulose conversion into glucose, while the shaking mode
(compressive>shear) promotes the levoglucosan formation. Wu et al. [24] reported
that glucose yield from enzymatic hydrolysis of biomass greatly increased from
38.7% to 66.5% after the introduction of intermittent ball milling by enhancing the
adsorption of enzymes into cellulose.

In conclusion, mechanical pretreatment (milling/grinding) is an efficient way to
promote biomass hydrolysis into total RS. Mechanical pretreatment offers advan-
tages through changes in the structure of biomass including the amorphization of
biomass crystalline structures, breaking hydrogen bonding, decreasing the degree of
polymerization (DP) of biomass and increasing the accessible surface area. Due to
avoid strong acid and alkalis, the mechanical pretreatment (e.g. ball milling) as an
environmentally friendly is also beneficial for enzymatic hydrolysis of biomass to
reducing sugars.

10.2.2 Furfural and 5-HMF

Furfural and 5-hydroxymethylfurfural (5-HMF), which are obtained from the acid
dehydration of C5/C6 sugars, are regarded as important biomass-derived platform
compounds of the biorefinery [29–31], moreover furfural and 5-HMF offers a rich
source of derivatives that are potential biofuel components such as ethyl levulinate
(EL) [32], methyl tetrahydrofuran (MTHF) [29], 5-ethoxymethylfurfural (5-EMF)
[32], 2,5-dimethylfuran (DMF) [33]. Extensive research has been carried out on
direct preparation of furfural and 5-HMF from fructose and xylose with a homoge-
neous and heterogeneous acid catalyst such as modified biochar, zeolite, and AlCl3
[30, 34, 35]. However, it is still a challenge to efficiently producing furfural and
5-HMF direct from raw biomass (e.g. long reaction times and harsh reaction
conditions) so that the large-scale production of platform chemicals (furfural and
5-HMF) is still not feasible at reasonable prices. As shown in the above section,
mechanical pretreatment (e.g. ball milling treatment) is beneficial for the hydrolysis
of biomass into total RS (glucose, fructose and xylose), in this section the catalyst-
assisted mechanochemical (or mechanocatalytic) process for the preparation of
platform chemicals (furfural and 5-HMF) from raw-biomass (e.g. Cellulose, Bam-
boo powder) is discussed.

As shown in Table 10.2, compared with synthesis platform chemicals (5-HMF
and furfural) single catalyst reaction, the objective product (5-HMF and furfural)
yields increased via catalyst-assisted mechanochemistry reaction. As Fig. 10.3
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shows, Shen et al. [36] using ball-milling with Al2(SO4)3-assisted pretreatment in
preparation of 5-HMF from cellulose, in which Al2(SO4)3 not only acts as a catalyst
but also promotes cellulose comminution during the milling pretreatment step.
Mechanochemical pretreatment also reduces reaction time, with ball milling, a
79% yield of 5-HMF and 80% yield of furfural were obtained after 9 min at
170 �C from glucan and xylan, respectively [37, 38]. This is due to soluble
molecules obtained in the catalyst-assisted mechanochemical biomass pretreatment
step. It is demonstrated that the catalyst-assisted mechanochemical method is an
efficient technology in biomass transformation into furfural and 5-HMF, in which
the objective product yield increase and short reaction time are possible compared to
the traditional solution-based catalytic method.

10.2.3 Sorbitol

Sorbitol is notable among biomass-related materials, as it can be used for the
production of pharmaceutical intermediates, monomers of polymers or fuels
[42]. Sorbitol can be synthesized from cellulose via acidic hydrolysis into sugars
and their further hydrogenation in the presence of hydrogen donor sources
[43, 44]. Although some processes have succeeded in the conversion of cellulose

Table 10.2 Conversion of C5/C6 sugars into furfural and 5-hydroxymethylfurfural via catalyst-
assisted mechanochemical method (BM: ball-milling)

Substrate Catalyst Product Without BM (%) With BM (%) Ref.

Cellulose Al2(SO4)3 5-HMF 39.8 44.6 [36]

α-cellulose AlCl3 5-HMF – 79 [37]

C. japonica [Py]Cl 5-HMF <3 wt. % 6.9 wt.% [39]

Pine sawdust AlCl3 Furfural <82 85 [40]

Bamboo powder Zeolite Furfural 55 ~65 [41]

Fig. 10.3 Al2(SO4)3-assisted mechanochemical synthesis of 5-HMF from cellulose (Reprinted
with permission from [36]. Copyright ©2020, Springer)
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into sorbitol with various metal catalysts such as Ru-containing composites [45, 46],
there are still many challenges, such as the limit sorbitol selectivity and harsh
reaction conditions.

In the previous section, mechanical pretreatment of biomass and acid catalyst-
assisted mechanochemical ball milling pretreatment of biomass promoted biomass
hydrolysis and dehydration. Results show that the selectivity of sorbitol and cellu-
lose conversion can be increased after pretreatment by single ball milling [47] or
catalyst ball-milling together with biomass (Table 10.3) [48–50]. Geboers et al. [47]
reported a 27% yield of sorbitol with a 65% yield of sugar alcohol from ball milled
cellulose. Ribeiro et al. [48, 51] reported that after milling cellulose with catalyst, the
activity of catalyst and selectivity of sorbitol can be greatly increased. A 69% yield
of sorbitol was realized by shaker milling a Ru/AC catalyst with cellulose without
any acidic catalyst [51]. With cellulose ball-milled together with Ru-Ni/CNT cata-
lyst, a yield of sorbitol of 70.8% was achieved from cellulose after just 1 h reaction
time (Table 10.3). Based above section, the selectivity to sorbitol can be related to
the improved physical contact between the catalyst and the solid substrate after ball-
milling treatment. For both Ru-Ni/AC and Ru-Ni/CNT, the conversions of cellulose
achieved with mixed-balling were higher than that without ball-milling pretreatment
or single ball milling pretreatment (Fig. 10.4). The concurrent milling of catalyst and

Table 10.3 Catalytic results
for single ball-milling of bio-
mass and mixed ball-milling

Catalyst Conv. (%) Sorbitol (%) Ref.

Ru/AC 86 17 [50]

(Ru/AC)mix 100 46 [50]

Ru/AC 88 42 [48]

(Ru/AC)mix 89 69 [51]

Ru-Ni/AC 54.1 31.7 [51]

(Ru-Ni/AC)mix 86.1 74.3 [51]

Ru-Ni/CNT 74.5 41.4 [51]

(Ru-Ni/CNT)mix 99.3 70.8 [51]
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Fig. 10.4 Conversion of cellulose via a mixed feedstock/catalyst milling process. (a) Ru- -Ni/AC
ball-milled together with cellulose and (b) Ru-Ni/CNT ball-milled together with cellulose. (Reac-
tion conditions: cellulose 0.75 g, catalyst 0.3 g, water 300 mL, at 205 �C under 5MPa H2 (Reprinted
with permission from [51]. Copyright © 2017, Springer)
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cellulose gives a significant increase in the initial reaction rate (Fig. 10.4) that is due
to mix-milling that can facilitate good solid-solid contact between substrate and
active sites that become accessible to cellulose and promote the cellulose hydrolysis
[50, 52]. In summary, the selectively and yield of sorbitol from hydrogenation of
biomass can be increased if the reaction substrate is ball-milled together with
catalyst.

10.2.4 Phenol

Phenol is a key feedstock in the chemical industry. It is mainly used for synthetic
pharmaceuticals, herbicides, polymer precursors, resins, and plasticizers such as
bisphenol-A [53–55]. Traditionally phenol is synthesized from petrochemical
sources. However, there growing concerns about the environmental impact of
petrochemical technologies and the declining reserves of such sources. Lignin has
attracted much attention for supplanting petrochemicals for chemical precursors, due
to it being a rich source of aromatics [56, 57]. Lignin (15–20%) along with cellulose
(40–50%) and hemicellulose (25–35%) are the main basic structural components of
lignocellulosic materials [58]. The procedure for the synthesis of lignin into phenol
involves the separation of lignin from lignocellulosic materials and catalytic lignin
depolymerization, dehydrogenation/oxidation into phenol [53, 59].

In the conversion of lignin into phenol, the most important step is mechanical
milling (e.g. ball-milling and ultrafine grinding) of raw biomass (e.g. wood, corn
stover, wheat straw) to disrupt the lignocellulosic cell wall polymers and promote the
separation of lignin with cellulose/hemicellulose (Fig. 10.5) [22, 60–62]. The lignin
in biomass is likely a branched polymer and cross-linked (Fig. 10.5) [63]. Some
works have reported a schematic for heterogeneity of ball-milled treatment in lignin
separation [64, 65]. In general, ball-milled pretreatment can reduce native cell wall

Lignin

Cellulose
Hemicellulose

Lignin

Raw 
Biomass 

Ball 
milling

Solvent 
extraction

Hemicellulose
/Cellulose 

Ball

Depolymerization

Fig. 10.5 Separation of lignin with cellulose and hemicellulose with ball-milling pretreatment
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recalcitrance, modify the supramolecular structure of the lignin-cellulose-
hemicellulose matrix and depolymerization the cell wall of waste biomass
(Fig. 10.5), which results in increasing the lignin separation.

The limited phenol yield from lignin is also due to the complex structure,
heterogeneity and variety of lignin [66]. Mechanochemical processes (e.g. ball-
milling) were also used in the second step to promote lignin depolymerization into
lower molecular weight liquid products and further catalytic cracking into phenols
[62, 67–70]. Chemical catalysis with mechanochemical treatment of biomass (e.g.
ball milling treatment methods) has become a promising technology for lignin
conversion into phenol. Bolm et al. [69] develop mechanochemical base-catalyzed
degradation of lignin to the phenol derivatives under mild conditions. This was
followed by Dabral et al,[71] who obtained excellent yields of phenol derivatives
from lignin through mechanochemical-oxidation of lignin with HO-TEMPO/KBr in
presence of ozone. Jang et al. [62] showed that that in the extraction of lignin, the
total extracted phenolic compounds (TPC) concentration after ball milling
pretreatment increased (Fig. 10.6). Moreover, Nair et al. [67] developed a combined
mechanochemical and photocatalytic (titania consisting of anatase and rutile) oxi-
dation process that transformed lignin into phenol. High yields of phenolic com-
pounds from ball-milled lignin were obtained after 3–4 h of UV exposure and
phenolic compounds formed even when milled without light. Compared to
photocatalysis-assisted dry milling, catalysis of wet-milled mixtures with water or
organic solvents (hexane) resulted in high yields of phenolics. Powder X-ray

Fig. 10.6 Concentration of total phenolic compounds (TPC) (g/L) of hydrothermal conversion of
lignin after ball-milling pretreatment (Reprinted with permission from [62]. Copyright © 2020,
Springer)
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diffraction of pristine lignin milled with titania produced a new diffraction peak at
31.7 � which was only realized after wet milling of lignin with acetone and water.
This was attributed to the interaction between lignin and catalyst (Fig. 10.7).

Mechanochemical processes are highly effective that can be used in various waste
biomass transformation steps, such as hydrolysis to reducing sugars, dehydration of
reducing sugars to 5-HMF and furfural, hydrogenation for the realization of sorbitol,
and lignin depolymerization, dehydrogenation-oxidation into phenol. Application of
mechanochemical pretreatments (e.g. ball milling) can efficiently disrupt the crys-
talline structure of biomass, reduce particle sizes (comminution), break complex
molecular and macromolecular networks. Many works have developed catalysis-
assisted mixed mechanochemical processes to reduce the reaction time and improve
product yields. This is due to the mechanochemical pretreatment not only produces
comminution but also facilitates catalytic processes during the pretreatment step.

Fig. 10.7 Diffractograms of titania, lignin, and other milled samples under wet condition
(Reprinted with permission from [67]. Copyright © 2016, Royal Society of Chemistry)
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10.3 Functional Materials from Waste Biomass

Using waste biomass as a carbon source has emerged as an efficient way to synthesis
high-value functional carbon materials. Mechanical ball milling technology has been
widely used for the valorization of waste biomass to carbon-based materials such as
adsorbents, catalysts, electrodes, flame retardants, and soil remediation agents.

10.3.1 Adsorbents

Carbon materials synthesized from waste biomass are potential substitutes for
binder/filter media in adsorption areas. Generally, the adsorption capacity was
observed to increase with higher surface areas, rich electrostatic interactions, and
abundant functional groups. Mechanical treatment is an efficient way to improve the
total surface area of functional carbon materials [72]. The physical- and chemical-
properties of carbon material induced by ball milling are controlled by preparation
temperatures of pristine biochar, pretreatment times, substrate-ball mass ratios
(BPR), and milling media. After a ball milling pretreatment, the specific surface
area can be greatly increased to ~350 m2/g from 2 to 10 m2/g [72]. With treatment by
ball milling, high surface area carbon materials were obtained through particle size
reduction of porous biochar [73]. Additionally, the ball mill pretreatment of biochar
influences the oxygen-containing functional groups resulting in improved diffusion
properties, the introduction of ionic defects, and the formation of graphitic
structures [74].

Biochar or biochar-based composites materials synthesized via ball milling are
efficient for the removal of inorganic and heavy metal pollutants (Ni, Hg, Cr, As and
Cd) from wastewater [75]. For instance, the adsorption capacities of ball-milled bone
biochar for Cd(II), Cu(II) and Pb(II) were 165.8 mg/g, 287.6 mg/g and 558.9 mg/g,
respectively (25 �C, pH 5.0), which was much higher than that the un-milled biochar
(75.2 mg/g, 163.8 mg/g and 389.5 mg/g, respectively) [76]. The mechanism inves-
tigated showed that the enhancement of the adsorption capacity of the biochar is due
to the increased total surface area and oxygen-containing groups on the carbon frame
after ball-milling treatment.

Carbon materials from waste biomass via ball-milling were reported to be
effective in the adsorption and removal of antibiotics [77, 78]. For instance, negli-
gible sulfonamide antibiotics were removed by biochars synthesized directly from
raw bamboo, bagasse, and hickory chips. However, ball milling biochars prepared
from the above waste biomass all showed high removal efficiencies of sulfameth-
oxazole from 33.4% to 83.3% and sulfapyridine from 39.8% to 89.6% [79]. The
introduction of oxygen and nitrogen-containing groups into the biochar via ball
milling resulted in improved adsorption capacities for antibiotics [80] which can be
attributed to the interaction of the biochar functional groups with the adsorbate
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through the formation of hydrophobic interaction, π-π interaction, and electrostatic
interaction.

Ball milled carbon materials also show good adsorption performance for gaseous
molecules due to internal pore structures developed during processing. The surface
area of hickory wood biochar increasing to 285 m2/g from ~10 m2/g after ball
milling. The adsorbent had a high capacity for different VOCs (toluene, cyclohex-
ane, chloroform, ethanol, and acetone) [81]. In addition to an improvement in the
total surface area, the increased polarity of carbon materials induced by ball milling
pretreatment also benefits adsorption of VOCs.

Hierarchical porous carbon adsorbents, with application in Hg0 removal, can be
fabricated mechanochemically using waste biomass rice straw. Large numbers of
oxygen-containing functional groups were generated simultaneously after removal
of a hard CaCO3 template. The ball milled carbon adsorbent showed higher removal
efficiency for Hg0 from flue gas than that of conventional biochar (65% vs. 40) due
to its hierarchical porous structures and oxygen-containing functional groups [82].

Ball milling is also a feasible method for the modification of biochar. Lyu et al.
[83] obtained thiol-modified biochar from poplar wood biochar with
3-mercaptopropyltrimethoxysilane via the ball-milling treatment process. The
thiol-modified biochar that has -SH groups, larger surface area and more negatively
charged surface. It was demonstrated to be efficient for removal of CH3Hg

+ and
Hg2+ (CH3Hg

+:104.9 mg/g and Hg2+: 320.1 mg/g), which is much higher than the
pristine biochar (CH3Hg

+:8.21 mg/g and Hg2+: 105.7 mg/g).[83].

10.3.2 Catalysts

Waste biomass-derived biochars/biochar-metal composites with catalytically-active
groups introduced via mechanochemical processing have been used for
photocatalysis [77], thermocatalysis [84], and electrocatalysis [85].

In a photocatalytic reaction system, the electrons of carbon defects in waste
biomass derived-biochars were excited and shifted to oxygen-containing groups
thus leading to the formation of ∙O2

� and H+. It was demonstrated that the milling
process generally produced in more oxygen-containing functional groups as well as
more reactive oxygen species on the carbon materials. Xiao et al. [86] reported that
the concentrations of oxygen-containing groups including carboxyl, lactic, and
phenolic hydroxyls of unmilled biochar were 0.1–0.3, 0–1.1, and 0.1–0.7 mmol/g,
respectively. The concentrations of the above oxygen-containing groups increased to
0.2–0.5, 0.4–1.2, and 0.2–1.1 mmol/g, respectively after ball milling. The O/C ratio
of biochar from poplar at 300 �C increased from 28.4% to 35.0% after ball milling.
Photocatalysis experiments showed that the ball milled biochar exhibited a much
higher enrofloxacin degradation rate (80.2%) compared with unmilled biochar
(13.9%). Additionally, the mineralization ability improved from 0% to 66.4% after
ball milling [86].
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When being used as thermal catalysis, waste biomass could be
mechanochemically converted into biochar with more surface defects and rich
catalytic sites such as heteroatoms (B, O, S). Due to the high stability of carbon
materials under reaction conditions, catalytically active waste biomass-derived
biochars could be employed as heterogeneous catalysts for different catalytic reac-
tions. For example, surface-oxidized coke powder could be used as catalyst in the
hydrolysis of cellulose [52, 87]. In conventional approaches, oxidation of biochar
involves large amounts of liquid waste and requires high temperatures. Fukuoka
et al. [88] reported a solvent-free ball milling strategy to fabricate -COOH rich
biochars, in which the oxidant of persulfate salts (e.g. KHSO5 and (NH4)2S2O8) was
mixed with biochars by ball milling. By this way, highly carboxylated porous carbon
materials were produced without the use of solvent. In this strategy, ball milling
enhanced the contact between the biochar support and the persulfate salts and the
mechanical processing gradually introduced surface defects in the carbons. The
modified biochar obtained possessed a high-density of -COOH groups and showed
good activity for the acid hydrolysis of cellulose into glucose with yields of
85% [68].

Metal/biochar composite catalysts can be directly synthesized via a physical
solvent-free ball milling process. There are two ways to prepare metal/biochar
composite as shown in Fig. 10.8. The first way is to prepare biochar and then ball
mill the biochar with metal oxide. In another way, the waste biomass can be mixed
with metal precursors by first milling a mixture of metal catalyst with waste biomass
followed by pyrolysis to realize carbon/metal oxide composites.

Fig. 10.8 Metal/biochar composites can be realized through the milling of catalysts with biochar or
milling of precursors followed by pyrolysis (Reprinted with permission from [5]. Copyright
© 2020, Springer)

10 Producing Value-added Products from Organic Solid Wastes with. . . 329



In this way, the milling process can ensure complete dispersal of metal/metal
oxides into waste biomass-derived biochars and facilitate carbon precursor particle
refinement. He et al. [89] prepared an iron sulfide and biochar (FeS@BC) composite
through ball milling and applied it to the to the oxidative degradation of tetracycline.
The FeS@BC showed excellent performance which could be attributed to the fact
that the milling process reduced the agglomeration of FeS, and increased the total
surface area of the biochar.

Mechanochemically synthesized carbonaceous materials from waste biomass
have also shown great potential in the electrocatalytic reactions. Lyu et al. [85]
used ball- milled biochar as glassy carbon electrodes. These electrodes showed high
electrocatalytic activity towards reduction of Fe(CN)6

3�. The electrochemical prop-
erties including electrical conductivity, peak-to-peak separation, series resistance,
and charge transfer resistance where are all improved after the milling pretreatment.
Such properties play an important role in promoting electron transfer kinetics and
reducing the interface resistance of carbon support materials [86].

10.3.3 Electrodes

Porous conductive carbons from waste biomass with a high surface area are desired
materials for electrodes especially for electrical double-layer (EDL). The electro-
chemical performance is greatly affected by surface area since micropores provide
abundant adsorbing sites for the electrolyte ions and mesopores promote diffusion of
electrolyte ions [90]. Ball milling can greatly increase the surface area, pore-volume,
oxygen-containing functional groups, hydrophilicity, crystallinity, and graphitiza-
tion of waste biomass-derived carbons [74, 85]. This special structure facilitates
electron transfer and reduces interface resistance of carbon materials as electrodes.
To further improve the electrochemical performance of carbon electrodes, it is
essential to increase the total microporous surface area of carbon materials. Mechan-
ical ball milling could provide a powerful force for mixing waste biomass with other
solid reagents. It can then be integrated into the chemical activation process to
produce porous carbon materials from waste biomass and applied as electrodes for
energy storage and electrochemical applications.

Traditional methods to prepare porous carbon materials are chemical activation
via impregnation of waste biomass with KOH or KHCO3 solutions and then
pyrolysis at high temperatures [91, 92]. Mechanical ball milling provides an alter-
native solvent-free way to fabricate porous carbon materials. Zhai et al. [93] mixed
the waste biomass of vinasse with the activating agent KOH via ball milling under
solvent-free conditions. The ball milling process enhances homogenous contact
between carbon precursor and KOH and improves pore production. Additionally,
the ball milling process improves surface wettability of carbon materials since more
surface defects are formed. In this way, porous carbons with surface area up to 3047
m2/g have been obtained and have excellent characteristics for supercapacitor
electrodes.
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To further improve the electrochemical performance of carbon-based electrodes,
heteroatom (N, S, B) doped porous carbon could be obtained from waste biomass via
a one-pot ball milling method [94]. In this facile approach, waste biomass is
employed as a carbon precursor, urea or melamine are used as heteroatom precursor,
and K2CO3 (or KHCO3) is used as the activator [95]. After ball milling and high
temperature pyrolysis, high-surface porous carbons (up to 3000 m2/g) with a high
concentration of covalently modified heteroatoms are formed. In this way, the
specific capacitances of the carbon materials can reach 302.7 F/g at a current density
of 0.5 A/g in 6M KOH.

10.3.4 Flame Retardants

Flame-retardants are a class of compounds that are added to combustible materials to
prevent fires or slow the ignition of fire. Phosphorylation is one of the most
important ways to fabricate flame-retardant carbon materials. Traditionally, phos-
phorylated carbons are obtained via the direct treatment of waste biomass with
concentrated liquid phosphoric acid which is corrosive and difficult to recycle
[96]. Fiss et al. [97] describe a facile, green, solvent-free and previously unreported
way for direct phosphorylation of cellulose and lignin via ball milling method with
solid phosphorus pentoxide (P2O5). Based on 31P MAS NMR and TGA analysis, it
was shown that phosphorus groups could be grafted onto the carbon support via
mechanochemical treatment, and the obtained cellulose nanocrystals have high
thermally stability.

10.3.5 Soil Remediation Agent

Because of the high content of carbon, large specific surface area and unique surface
properties (i.e., more functional groups), carbon materials prepared from waste
biomass via the mechanical milling process have been applied in the soil remedia-
tion. The biochar-soil composites prepared by sing-step dry ball milling wheat straw
could be used for the retention of organic pollutants. Yan et al. [98] reported that the
complexation of biochar with soil minerals was enhanced after ball milling of
biochar due to its rich oxygen-containing functional groups. In this way, the sorption
capacity and uptake rate of biochar-soil composites for phthalate esters in soil was
greatly improved.
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10.4 Conclusions and Future Outlook

Waste biomass as renewable and sustainable sources have a strong potential for
supplanting traditional fossil sources in the production of platform chemicals, fuels
and high-value carbon materials. However, it is still a challenging task due to the
complex characteristics and robust structure of the waste biomass. This chapter has
provided an overview of mechanochemical technology that can be developed into a
green and efficient process for transformation of waste solid biomass. The mecha-
nochemical treatment (e.g. ball milling) is an important step in conversion of waste
biomass into chemicals and functional carbon materials, since it can disrupt the
recalcitrant structure of biomass, break hydrogen bonding in biomass, decreasing the
polymerization degree of biomass and facilitate the good solid-solid contact between
catalyst and biomass substrate.

Generally, high yields of chemicals (e.g. reducing sugars, 5-HMF, furfural,
sorbitol, phenol) can be obtained from waste biomass via mechanochemical
pretreatment (e.g. ball milling) and selective hydrolysis, dehydration, hydrogenation
or oxidation reactions. It is found that mechanochemical assisted conditions such as
the type of ball milling method (single ball milling or mixed ball milling method),
milling mode, milling time, ball material, ball size and other parameters, can greatly
affect the yield of products. Practically, homogeneous catalyst ball-milled together
with biomass prior to use in biomass transformation reactions, where the mechanical
process promotes good physical contact between the catalyst and biomass, increases
solid-solid mass transfer and increases chemical productivity.

Mechanochemistry provides a new way to design and fabricate functional carbon
materials from waste biomass. Compared with conventional wet processing, the
mechanochemical approach is solvent-lite or solvent-free, requires short reaction
times, and can be performed at ambient temperatures. Highly porous carbon mate-
rials with surface area surface area up to 3047 m2/g have been obtained by
mechanochemically-assisted (ball-milling treatment) from waste biomass. The
mechanochemical processing can promote the introduction of active sites such as
oxygen-rich groups, metal oxides and heteroatoms into the carbon materials. The
obtained functional carbon materials have a range of applications such as adsorbents,
catalysts, electrodes and soil amendments.

Despite the outstanding contribution of mechanochemistry in waste biomass
valorization, high consumption of energy limits its large-scale industrialization.
Combining mechanical ball milling with other methods such as enzyme and
cryoprocessing is a potential way to reduce energy input. Energy savings are also
realized when processes are scaled beyond the laboratory. Unfortunately, such large-
scale studies may be resource prohibitive. In addition, the impact of the mechano-
chemical process on the conversion of solid waste biomass at the molecular level is
not yet fully understood and further investigations are needed to quantify and model
frictional effects on reactive materials. As research in this field expands, many of
these hurdles will be overcome and mechanochemical processing will become a
mainstay in chemical plant design for sustainable society.
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Chapter 11
Fundamentals of Hydrothermal Processing
of Biomass-Related Molecules
for Converting Organic Solid Wastes into
Chemical Products

Taku Michael Aida

Abstract Organic solid wastes (OSW) are derived from biomass and related bio-
molecules that are the products of agricultural or chemical processing. In this
chapter, an overview of methods is given for converting OSW into chemical
products using either hydrothermal (water) or solvothermal (ammonia) processing.
First, the physical properties of water and ammonia are discussed according to their
variations with temperature and pressure. Then, the chemistry of simple carbohy-
drate conversions in subcritical and supercritical water as developed by the author is
shown. Rapid heating techniques provide an effective methodology for hydrother-
mal conversion of OSW to chemicals. Biopolymers can be converted to organic
acids, proteins can be converted to peptides, nutrients in OSW, or municipal waste
can be recycled into microalgae cultivation systems. In the top-down approach with
hydrothermal and solvothermal methods, large molecule substrates are converted to
smaller size functional oligomers or heterocyclic compounds. This chapter provides
some of the fundamental principles for applying hydrothermal and solvothermal
methods to valorize organic solid wastes and concludes with potential research areas.
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11.1 Introduction

The development of sustainable methods for chemical products is an important topic
for present and future society. With the world dependent on energy for the well-
being of its population, renewable energy resources have become vital for social
progress. In fact, due to Covid-19, demand for low carbon and renewable energies
has exceeded demand for coal in the production of primary energy since 2019 and
this trend is likely to continue in the coming years with more primary energy being
produced by renewables (wind, solar) [1]. Thus, production methods for chemical
products are currently in the spotlight.

Present research trends for developing chemical industries based on renewable
feedstocks use the concept of biorefineries within the biorefinery classification
developed by the International Energy Agency (IEA) Bioenergy Task 42 [2]. For
example, agricultural wastes can be converted into formic acid via fast pyrolysis,
acid hydrolysis, wet oxidation, catalytic oxidation, photocatalysis, or electrocatalysis
methods [3]. The formic acid thus produced can be used in chemical-related appli-
cations as catalysts, platform chemicals, or solvents, or energy-related applications
in fuel cells, as H2 carriers, or in bio-oil upgrading operations. In this chapter, the
focus is on “top-down” approaches, which convert large molecules into small or
smaller molecules that can be used as chemical products as opposed to the “bottom-
up” approach that takes small molecules and converts them to large molecules. A
related special issue on hydrothermal and solvothermal techniques for processing
organic solid wastes has been published [4].

The chemistry of the reaction and solvent systems is important for converting the
biomass-related wastes into the desired chemical products. Water, especially in its
liquid state at high-temperature, is an effective reaction solvent for many types of
biomass conversions, however, it has low-selectivity in its typical application
[5]. Processing organic solid wastes (OSW) tends to create solid products especially
at long reaction times when using water as a reaction solvent, the feedstock can be
more suitable for producing biochars or functional biocarbon materials that can be
used as adsorbents or catalysts. The processing of OSW to produce carbonaceous
solids that have adsorptive or catalytic properties is discussed in other chapters of
this book. In this chapter, reaction systems and methods are shown that can greatly
improve the selectivity of high-temperature liquid water for converting OSW into
liquid chemical products.

The arrangement of the chapter is as follows. First, the properties of water in its
liquid state and supercritical state are discussed and relationships are given for using
water in reaction systems that employ fast-heating of substrates to reaction condi-
tions are shown in a brief tutorial that includes reaction systems for fast-heating of
substrates with water or solvents. The chemistry of carbohydrate conversions in
water at high-temperatures is described in detail. Then, applications are shown for
(i) producing organic acids from alginate and related compounds, (ii) production of
low molecular-weight peptides from proteins, (iii) production of bio-oil (bio crude)
from lignin and lipids, (iv) recycle of nutrients from municipal sludge for microalgae
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production, (v) coupling of municipal waste with hydrothermal processing for
nutrient recycling, (vi) recycle of nutrients from microalgae and (vii) an overview
for producing aminated products. One key point of techniques introduced in this
chapter is the use of fast-heating of water (or solvent) in reaction systems so that
chemical products can be obtained with high selectivity. When high selectivity is not
needed, then water can be used to recycle nutrients or for making microalgae
production systems efficient for bio-oil production. Studies that will be introduced
in this chapter including studies conducted by the author and are given in Table 11.1.

11.2 Hydrothermal and Solvothermal Processing

According to the Merriam-Webster dictionary [18], hydrothermal is an adjective that
means “of or related to hot water“which was first used in 1849. In science and
engineering, hydrothermal refers to hot water in its liquid state that is at a temper-
ature of 100 �C or higher. Similarly, solvothermal is an adjective that means “of or
related to hot solvents in the liquid state”, whereas the temperature can be expected
to be higher than room temperature, but typically lower than the boiling point of the
solvent or solvent mixture. In the next sections, the physical properties of water will
be mainly discussed to the extent necessary to show how hydrothermal processing
systems are assembled and used to take advantage of the properties of water
for converting OSW into chemical products. Ammonia-water mixtures can be
used for aminating reaction environments in similar types of systems as those
described for hydrothermal processing, which properties will also be described at
the end of this section.

11.2.1 Physical Properties of Water

Figure 11.1 shows a pressure-temperature (P-T ) diagram and a pressure-density-
temperature (P-ρ-T ) diagram of water. In the P-T diagram (Fig. 11.1), the saturated
liquid state is shown by the vapor pressure curve that gives the equilibrium condi-
tions between the liquid state and vapor state of water. The vapor pressure, which is
also called the liquid-vapor curve, boiling point curve, or saturation curve, termi-
nates at the critical point of water (374 �C) in which the liquid and vapor densities of
water become equal. Water at hydrothermal conditions is commonly applied to
processing organics at temperatures between 100 �C to 250 �C (P-T diagram,
Fig. 11.1) due to the favorable variation of properties as discussed below. Water at
hydrothermal conditions can be used at its saturation (autogenous) pressure, but
practically, the pressure of the hydrothermal process is controlled, so that water is in
a compressed liquid state which avoids boiling and saves energy by inhibiting
vaporization. The P-ρ-T diagram shows the equilibrium states of liquid and vapor
at hydrothermal conditions.
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Table 11.1 List of experimental conditions of hydrothermal treatment (HT) studies introduced in
this chapter

Substrates Topic (sections) HT-conditions Products Ref.

Sugars (glu-
cose, fructose,
xylose)

Carbohydrate
conversion
(Sect. 11.3.2)

Flow, (350–400) oC,
100 MPa, (0.1–5) s, fast
heating rates

Aldehydes, organic
acids, aromatic
compounds

[6],
[7],
[8]

Sodium
alginate

Chemical
production
(Sect. 11.4.1)

Flow, (350–400) oC,
40 MPa, (0.1–5) s, fast
heating rates

Organic acids, low
molecular weight algi-
nates, ketones

[9]

Batch, 150 �C, (30–90)
min. Slow heating rates
(1.46 �C�s�1)

Organic acids, alginate
oligomers

[10]

Protein
(bovine serum
albumin:
BSA)

Controlled depo-
lymerization
(Sect. 11.4.2)

Flow, (200–260) oC,
25 MPa, (0.1–5) s, fast
heating rates
(135–180) oC s�1)

Low-molecular-weight
peptides (1500 Da to
8300 Da)

[11]

Batch, 250 �C, (30–90)
min. Slow heating rates
(0.25 �C s�1)

Protein aggregates,
peptides, amino acids,
ammonia

[11]

Lignin Depolymerization
(Sect. 11.4.3)

Flow, (300 and 400) oC,
26 MPa, 60 ms, fast
heating rates

Bio oil (aromatic oil) [12]

Lipids (sun-
flower oil,
model food
wastes)

Hydrothermal liq-
uefaction (Sect.
11.4.3)

Batch, set point temper-
ature 600 �C, 1 min.
Heating rates
(6.7 �C s�1)

Bio crude [13]

Municipal
sludge

Nutrient recycle
for microalgae
cultivation
(Sect. 11.5.1)

Two-step liquefaction,
first step; batch, 225 �C,
15 min, second step;
acid saccharification of
solid residue in
aqH2SO4, slow heating

1st step: Solid (cellu-
lose), liquid products
(nitrogen and phospho-
rous compounds),
second step: Liquid
product (glucose)

[14]

Defatted
microalgae

Nutrient recycle
for microalgae
cultivation
(Sect. 11.5.2)

Batch, (175–350) oC,
(10–90) min, slow
heating

Liquid products (nitro-
gen and phosphorous
compounds)

[15]

Chitin
(mechanically
milled)

Liquefaction of
nitrogen-
containing feed-
stocks (Sect. 11.6)

Batch, 220 �C and
400 �C, (1–20) min,
slow heating

Liquid products and
solid residue

[16]

Hyaluronic
acid

Depolymerization
for medical appli-
cations (Sect.
11.6)

Flow, (180–220) oC,
25 MPa, (0.7–18) s, fast
heating rates
(417–750) oC s�1

Low-molecular-weight-
hyaluronic acids

[17]

Batch, (120–180) oC,
slow heating rates
(0.6–0.7) oC s�1

Low-molecular- weight
degraded hyaluronic
acid

[17]
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Water has an extensive network of hydrogen bonds that change with conditions
of temperature and pressure in many curious ways as summarized nicely on Martin
Chaplin’s site [19]. As the temperature of liquid water increases, vapor pressure
increases according to Fig. 11.1, but water molecules gain increased kinetic energy,
and therefore, hydrogen bonds weaken, and water undergoes self-ionization as
discussed below. The effect of temperature (and pressure) on the hydrogen bonds
of water causes many changes in its density, relative permittivity (dielectric con-
stant), ion product (self-ionization), viscosity, thermal conductivity, diffusivity, heat
capacity, and other physical and transport properties, all of which affect the solubil-
ity and reactivity of compounds in solution or contact with water.

Figure 11.2 shows two important properties of water under hydrothermal condi-
tions which are the dielectric constant (relative permittivity) and ion product (self-
ionization product or Kw) [20, 21]. As water is heated along its saturation curve, its
dielectric constant changes to values equal to those of organic solvents at 25 �C,
namely, acetonitrile, methanol, and acetone for temperatures of 180 �C, 230 �C, and
300 �C, respectively. This result means that water temperature can be used to control
its dielectric constant which affects the solubility of salts and ionic compounds
according to the Born equation (Fig. 11.2). Furthermore, Fig. 11.2 shows the
temperature dependence of the pKw of water. Liquid water in the temperature
range of 180 �C to 300 �C has a minimum in its pKw values, which corresponds to
a maximum in its self-ionization (Kw). This phenomenon suggests that although
water is completely neutral under hydrothermal conditions, high concentrations of
H3O

+ and OH� provide an effective reaction environment for promoting hydrolysis
and ionic reactions. However, water under hydrothermal conditions hydrolyzes
organic compounds in a highly non-selective way, therefore, proper system design
and contact methods are necessary for obtaining favorable results for hydrothermal

Fig. 11.1 Physical properties of water: (a) pressure-temperature (P-T ) diagram and (b) pressure-
density-temperature (P-ρ-T ) diagram of water, Blue oval (left diagram) indicates the density region
of liquid phase commonly used for hydrothermal reactions (100–250 �C). Properties of water
calculated with Excel programs based on the Wagner equation as in “Introduction to Supercritical
Fluids” (Smith, Inomata, Peters), Elsevier Science, 2011
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processing of OSW as described in this chapter. The fundamentals of basic system
design are described in the next section.

11.2.2 Physical Properties of Water and Ammonia:
Variations with Temperature and Pressure

Water is a working fluid of high technological importance and because of its use in
lots of physical, chemical and energy systems, there is a dedicated organization
called the International Association for the Properties of Water and Steam (IAPWS)
[22] that develops recommended formulations for the physical properties of water.
The current president of IAPWS is Professor Masaru Nakahara of Kyoto University
(Japan). Guidelines and formulations produced by the IAPWS are available for the
many properties of water and steam that are implemented in numerous sites and
provide convenient calculation of properties at user conditions.

In the U.S.A., the National Institute of Standards and Technology (NIST) pro-
vides properties of 75 pure fluids (water, nitrogen, carbon dioxide, ammonia,
hydrocarbons, alcohols, refrigerants, etc.) through the NIST Chemistry Webbook,
SRD 69 online system [23]. The NIST Chemistry Webbook can provide tabulations
and simplified figures of property variations for user conditions based on IAPWS
formulations that can be viewed online or exported into spreadsheet programs such
as Microsoft Excel. The NIST site is widely used and cited in the scientific literature
for property evaluation.

Fig. 11.2 Properties of water: (a) relative permittivity and (b) pKw of water at hydrothermal and
supercritical conditions calculated with programs in Refs. [20, 21]; NA avogadro constant, z charge
of ion, e elementary charge, ε0 permittivity of free space, r0 effective radius of ion, εr dielectric
constant of the solvent
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The Russian National Committee (RNC) of IAPWS through Moscow Power
Engineering Institute provides an online calculation source for pKw and other
properties which are implemented through a MathCad server [24]. The RNC site
conveniently displays equations being used for the calculation of water properties.

Although the sites mentioned above are useful for obtaining tabulated values and
reference property values, in this chapter, properties are calculated with IAPWS
formulations with programs available in Refs. [20, 21], because the properties of
water are available as visual basic for application (VBA) functions and can be used
directly in iterations or complicated functions in a spreadsheet (Microsoft Excel)
format.

Figure 11.3 shows a few of the functions for the properties of water in which
density has units of kg/m3, temperature has units of oC and pressure has units of
Pa. For example, a function written as ¼ P_RT2(1065,425) in an Excel cell would
return a value of 1107.45 � 106 Pa or 1107.45 MPa. These functions can be used in
material and energy balance calculations to obtain adiabatic mixing temperatures

Fig. 11.3 Property functions (top) and adiabatic mixing of two streams (bottom) as a key feature
for hydrothermal processing of organic compounds and materials calculated with Microsoft Excel
programs in Refs. [20, 21]
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(Fig. 11.3) that are useful for design. According to the calculation shown (Fig. 11.3),
Stream 1 (S1) is combined with Stream 2 (S2) under steady-flow conditions at
constant pressure to generate effluent Stream (S3). Although the pressure is equal
in all streams, the stream temperature and flow rates are variable according to the
system design. For the case shown (Fig. 11.3), S1 (1 g/min, 20 �C) is combined with
S2 (10 g/min, 162.673 �C) to produce S3 (11 g/min, 150 �C) at 3 MPa. Although the
calculation is purely educational and lacks a rigorous system design, it shows that a
feed (S1) may be heated theoretically instantaneously to the desired temperature in a
thermodynamic sense by combining a cold feed with a substrate (S1) with a hot
stream that is pure water (S2). Thus, Fig. 11.3 shows the basis for some types of
hydrothermal processing in a continuous flow type reactor that converts substrates to
desired products with high selectivity using fast heating that is described in later
sections of this chapter.

There are many possible system designs used in hydrothermal processing that
consist of simple pressurized autoclaves, semi-batch reactors that allow for the
extractive reaction of materials, or flow systems that allow for continuous production
of products. System design for a simplified flow system uses an adiabatic mixing tee
as shown in Fig. 11.4. In the flow system shown (Fig. 11.4), a stream with reactants
(S4, S5) is pressurized to the system pressure and mixed with a heated and pressur-
ized water stream (S1, S2, S3) and combined in an adiabatic mixing tee as described
above. However, in this case, components of the system are specified such as reactor
tubing length and inner diameter so that reactor volume is known. Then, profiles of
the mass flow ratios between the feed and reactants (m5/m6) at constant water feed
temperature (T3) and water mass flow rate (m3) can be calculated as shown in
Fig. 11.4. Assuming that the reactants are diluted in an aqueous solution, the reactor
space time (τ) in units of seconds and space velocity (SV) in units of reciprocal
seconds, are defined as:

τ ¼ Reactor volume
Volumetric feed rate

¼ Reactor volume
mass flow rateð Þ= feed densityð Þ ¼ s½ � ð11:1Þ

SV ¼ 1
τ
¼ Volumetric feed rate

Reactor volume
¼ mass flow rate

Reactor volumeð Þ feed densityð Þ
¼ s�1

� � ð11:2Þ

Equations (11.1) and (11.2) are used for estimating average residence times and
reactor volumes that can be processed by a system.

Consider the calculation of conditions required for reacting a stream at 250 �C
with fast heating. For a reactant stream with mass flow rate of 0.015 g/min (Fig. 11.4)
that will be heated with water at 0.045 g/min to the reaction temperature of 250 �C,
the water will need to be heated to 316.19 �C, assuming no heat gain or loss during
mixing. For this case system pressure is chosen to be at any pressure higher than the
vapor pressure of water at the highest temperature and was set at 30 MPa for
purposes of the example. The temperature of the pure water stream (T3) can be
chosen according to any desired ratio of reactant feed (m5) to reactor feed (m6) as
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shown in Fig. 11.4, according to profiles shown for pure water stream temperatures
of 300 �C, 400 �C, and 500 �C. The space time, τ, which is the time required to
process one reactor volume, can be calculated at given reactor feed flow rates (m6)
according to desired operational pressures. Thus, the availability of the physical
properties of water is essential for the design of hydrothermal processing systems
that use fast heating techniques.

Hydrothermal and solvothermal systems that use batch processing with auto-
claves generally require knowledge of pressure-density-temperature (P-ρ-T) rela-
tionships. Figure 11.5 shows the P-ρ-T properties for pure ammonia and an
ammonia-water mixture calculated with the NIST reference fluid thermodynamic
and transport properties (REFPROP) database [25]. Version 10.0 of REFPROP
includes 147 pure fluids, 5 pseudo-pure fluids (e.g. air), and some mixtures with
up to 20 components.

For batch processing, detailed physical properties (enthalpies, entropies) are used
for estimating minimum energy requirements or maximum pressure in the system.
For systems that use fast heating techniques, detailed properties are required in a

Fig. 11.4 Simplified hydrothermal processing system (top) and reactor specifications (bottom)
showing reactor temperature and reactor space time (τ) according to conditions calculated with
programs in Refs. [20, 21]. Note that figures and calculations shown are for illustrative
purposes only
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flow sheet as given in the examples in Fig. 11.4 or REFPROP 10.0 (Fig. 11.5). In the
next sections, examples are given for hydrothermal processing of organic feedstocks.
Although, many solvothermal methods use alcohols to convert wastes into chemical
products [26, 27] the use of ammonia-water mixtures are introduced in the last
section of this chapter, because these type mixtures provide a means for both
hydrothermal treatment of wastes and aminating biomolecule feedstocks, which
can be used for sustainable production of nitrogen-containing compounds for phar-
maceutical production.

Fig. 11.5 Properties of (top) ammonia and (bottom) ammonia-water (xNH3 ¼ 0.2) calculated with
REFPROP 10.0 (NIST). Note that isotherms are shown in units of Kelvin according to available
REFPROP 10.0 options
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11.3 Carbohydrate Conversion Chemistry in Water
at High-Temperatures

Cellulose is one of the major components of organic solid wastes derived from
biomass and agricultural waste. Carbohydrates, such as D-glucose, which is the unit
monomer of cellulose, are considered as one type of platform chemicals for future
biomass refinery processes. For this reason, the understanding of the basic chemistry
of carbohydrate reactions in aqueous solutions is important for developing success-
ful hydrothermal processes. In the following section, the basic chemistry of carbo-
hydrate conversions in aqueous solutions will be introduced and then extended to
sub- and supercritical conditions emphasizing the product yields and their depen-
dence on water density.

11.3.1 Reactions of D-Glucose in Aqueous Solutions

Many of the reactions of D-glucose and D-fructose that occur in aqueous solutions
under acidic and basic conditions also occur in high-temperature water. The reac-
tions of carbohydrates (monosaccharides, polysaccharides) in aqueous systems at
various initial pH at or above 100 �C are reviewed extensively in the literature
[28, 29]. The characteristic base-catalyzed reactions of monosaccharides in aqueous
systems (Scheme 11.1) are: (i) retro-aldol reaction, a decomposition reaction;
(ii) benzylic rearrangement reaction, a reaction to form carboxylic acids (saccharic
acid) from aldehydes (aldose); (iii) the Lobry de Brun-Alberta van Ekenstein
(LBAE) transformation, an aldose-ketose isomerization reaction; (iv) aldol addition,
a nucleophilic addition of an aldehyde or ketone enolate to the carbonyl group of an
aldehyde or ketone; (v) α-dicarbonyl cleavage reaction, a decomposition of
α-dicarbonyl to carboxylic acid and aldehyde; and (vi) β-elimination reaction, an
elimination reaction of enediol to dicarbonyl compounds. In acidic aqueous condi-
tions, monosaccharides undergo dehydration reactions as shown in Scheme 11.2. It
is well known that various aromatic products such as 5-hydroxymethylfurfural
(5-HMF) can be obtained from D-fructose under acidic aqueous conditions. Other
various aromatic products besides 5-HMF can also be obtained by treating D-glu-
cose and D-fructose in aqueous acidic conditions [30]. This finding is interesting
from the point of view of chemical processing since carbohydrates can provide a
variety of compounds having linear or aromatic structures [31].
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Scheme 11.1 Base catalyzed reactions of monosaccharides in aqueous solutions [28, 29]
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11.3.2 Reaction Chemistry of Simple Saccharides
in Sub- and Supercritical Water

As introduced in section 11.1, the chemical and physical properties of high-
temperature water can be easily controlled by tuning the temperature and pressure,
making it both a reactant and a catalyst. These properties of high-temperature water
can be used to influence reaction pathways of D-glucose and D-fructose. Reactions
of D-glucose and D-fructose in water at high temperatures (350 �C and 400 �C) and
high pressures (40 MPa–100 MPa) at reaction times below 5 s were conducted by a
continuous flow reactor to elucidate reaction pathways and reaction kinetics by the
authors [6, 7]. The reaction pathways of D-glucose and D-fructose are dependent on
water density at constant temperature under sub and supercritical conditions
(Fig. 11.6) [6, 7]. The products obtained from the hydrothermal treatment of

Scheme 11.2 Mechanism of acid-catalyzed dehydration for 2-methyl-2-butanol as an example
[28, 29]

Fig. 11.6 Reaction pathways of D-glucose (1) and D-fructose (2) in high-temperature high-
pressure water based on Refs. [6, 7]
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D-glucose and D-fructose were furfural, 5-HMF, glycolaldehyde, glyceraldehyde,
dihydroxyacetone, pyruvaldehyde, hydroxyl acetone, lactic acid, and formaldehyde.
These studies showed that various reaction products from linear to cyclic hydrocar-
bons can be obtained in one-pot synthesis from D-glucose and D-fructose using
hydrothermal treatment. In high-temperature water, higher pressures (higher water
densities) favor dehydration reactions whereas moderate pressures (low water den-
sities) favor retro-aldol reactions [32]. This trend was also the same for the reactions
of pentose (D-xylose) in sub and supercritical conditions [8]. The selectivity of
competitive reactions can be explained by the different roles of water molecules in
the transition states of the reaction such as (i) transition states where water takes part
in the transition state as in dehydration and hydration reactions and (ii) transition
states where water does not take part in the transition state such as in retro-aldol
reaction [6].

11.4 Reactions of Biopolymers into Chemicals

The reaction chemistry for converting biopolymers into chemicals in hydrothermal
systems often relies on the chemical and physical structure of the polymer. Espe-
cially, at high-temperature conditions, chemical reactions are fast (on the order of
seconds) due to the high kinetic energy. Therefore, even when the final reaction
temperatures are the same, hydrothermal reactions conducted at slow and fast
heating rates show large differences in product diversity and yields. Rapid heating
and short reaction times are essential for improving and achieving product selectiv-
ity, especially when undesirable competing reactions exist [33]. In the following
sections, the effectiveness of fast heating for hydrothermal conversion into
chemicals from model organic waste compounds such as polysaccharides, proteins,
lignin and lipids will be demonstrated.

11.4.1 Conversion of Alginate into Organic Acids
in High-Temperature Water Using Fast Heating Rates

Chemical conversion of cellulose (glucose) to organic acids does not readily occur
[34–41] due to structural differences of native biomass and organic acids, and for
this reason, the addition of metal salts [42], base catalysts [43] and oxidation agents
such as hydrogen peroxide [44–46] are required.

Alginate is a natural polymer found in sea algae. Its chemical structure consists of
two hexuronic acids each containing a carboxylic acid in the structure [47]. Unlike
biopolymers that do not contain carboxylic acids in their chemical structure, such as
cellulose, one can obtain organic acids by simple decomposition of the alginate and
preservation of the native carboxylic acid. Hydrothermal treatment of alginate at
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temperatures above 250 �C results in various organic acids such as formic acid,
acetic acid, glycolic acid, lactic acid, 2-hydroxybutyric acid, succinic acid, malic
acid, mannuronic acid, and guluronic acid (Fig. 11.7) [9, 10]. The maximum total
yield of the organic acids was obtained when fast heating rates were applied to the
hydrothermal treatment resulting in 46% at 350 �C, 40 MPa, and 0.7 s reaction time.
The production of organic acids gave evidence that the carboxyl group structure of
the alginate was preserved during the hydrothermal decomposition of the alginate
[9]. The existence of dicarboxylic acids revealed that not only decomposition
reactions but also oxidation reactions occur during the hydrothermal treatment.
The vast product distribution indicates that the reaction chemistry is complicated
and both acid and base-catalyzed reactions occurred during the hydrothermal treat-
ment of alginate. Further investigation of the hydrothermal treatment of the unit
hexuronic acid (mannuronic acid and guluronic acid) resulted in the production of
the same organic acids, indicating the reaction from alginate to these organic acids
proceeds via the formation of hexuronic acid (Fig. 11.7). These results suggest that
hexuronic acids can play a role as platform chemicals for future biorefinery
processes.

Fig. 11.7 Product distribution obtained from the hydrothermal treatment of sodium alginate and
hexuronic acids in high-temperature water at temperatures at 350 �C and 400 �C. Adapted with
permission from Ref. [9], Copyright © 2012, Elsevier
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11.4.2 Controlled Hydrolysis of Proteins into Peptides Using
Fast Heating Rates

Peptides are biopolymers that are consisted of 10–50 amino acid monomers linked
by peptide bonds. Peptides obtain unique bioactivity such as, lowering blood
pressure [48, 49] improving the metabolism of cholesterol [50] and enhancing skin
repair [51], making them valuable chemicals for medical, food, and cosmetic
industries. Currently, peptides are produced from proteins by biochemical methods
using enzymes or with chemical methods using acid and base catalysts. Proteins can
be converted into the desired peptides by biochemical methods, however, large
amounts of enzymes are required to increase productivity, and multiple separation
steps are needed to recover the expensive enzymes, which makes the process
economically infeasible [52, 53]. Chemical methods using acid and base treatment
can be used to convert proteins to peptides, however, the molecular weight of the
product peptide is difficult to control, and undesirable neutralization steps are
required for the downstream chemical processing [54, 55]. Previous studies on the
decomposition of proteins under hydrothermal conditions conducted in batch reac-
tors report protein solid aggregates and liquid products containing amino acids with
low selectivity [56–59].

As proteins are high in molecular weight with a complicated chemical and
physical structure, it has been reported that the hydrolysis of proteins fully depends
on the local hydrophilicity and the location of the amino acid segments [60]. How-
ever, in previous research on hydrothermal treatment of a protein, bovine serum
albumin (BSA), the decomposition of the protein differed greatly between fast-
(135 �C s�1 to 180 �C s�1) and slow-heating rate (0.25 �C s�1) conditions [11]. In
this study, the kinetic analysis showed evidence that the decomposition of BSA
proceeded under a random scission mechanism only when the hydrothermal treat-
ment was conducted at fast heating rates and not when the heating rates were slow
(Fig. 11.8). At room temperature conditions, BSA takes the form of an unfolded state
(unfolded-BSA) in water. However, BSA is known to aggregate around tempera-
tures at 80 �C [61]. This aggregation may have occurred significantly during the
slow heating, leading to selective hydrolysis at the solid–liquid interface of the
aggregated protein at elevated temperatures [62]. Shenan et al. [63] conducted
investigations on hydrothermal treatment of BSA under relatively slower heating
rates (2.9 �C s�1 to 5 �C s�1) and higher temperatures (350 �C) which gave 50% of
primary and secondary amino acids and 40% NH3 with no peptides above 5 kDa.

Hydrothermal treatment of proteins with fast-heating rates allows depolymeriza-
tion of proteins to peptides with controllable molecular weights by inhibiting protein
aggregation. This key technique applies not only to proteins, but also to many natural
polymers so that there are wide opportunities for fast-heating of water with proteins
for future food, pharmaceutical, cosmetic industries, and also for waste treatment
and biomass refineries.
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11.4.3 Reactions of Other Biopolymers (Lignin and Lipids)
Under Hydrothermal and Fast Heating Rates

Biopolymers such as lignin and lipids are also major compounds found in organic
solids. Lignin is one of the major biopolymers found in lignocellulosic biomass next
to cellulose and hemicellulose, which can be present in amounts of (20–30) wt %
depending on the type of biomass [64, 65]. Lignin is an aromatic polymer with a
high molecular weight (~100 kDa) similar to phenolic resin, consisting of 3 main
types of structural units, p-coumary alcohol, coniferyl alcohol, and sinapyl alcohol,
connected to each by C-C and ether bonds [66, 67], giving a highly complex 3-D
structure. Due to the highly aromatic and cross-linked chemical structure of lignin,
lignin is more difficult to controllably degrade than other biopolymers such as
cellulose and raw biomass (saw dust, rice hull) under hydrothermal conditions
(280 �C, 15 min) [68] . Thermo-chemical processes of lignin have also been under
investigation such as liquefaction, gasification and combustion [64]. Hydrothermal
reaction of lignin often results in low molecular weight phenolic fragments and high
molecular weight crosslinked char as shown in Fig. 11.9. [69–73]. The yields of

Fig. 11.8 Different decomposition mechanisms of Bovine serum albumin protein BSA in high-
temperature water as a function of heating rates: (a) fast-heating-rates (135 �C s�1 to 180 �C s�1),
(b) slow-heating-rates (0.25 �C‧s�1). Adapted with permission from Ref. [11], Copyright © 2017,
American Chemical Society
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phenolic compounds can be controlled according to the temperature pressure and
heating rate of the hydrothermal treatment [12, 74]. Fast heating hydrothermal
reaction of lignin conducted at sub and supercritical water conditions using a
continuous flow reactor by Abad-Fernandez et al. [12], who reported that higher
oil yields were obtained at high temperatures and short reaction times (seconds)
compared with low temperature and long reaction time conditions. Those authors
speculated that enhancement of oil at high temperatures and short reaction times was
due to enhanced fragmentation of the lignin and the reduction of secondary reactions
to form char [12]. Further details on lignin conversion can be found in reviews
[64, 66, 75].

Lipids are biomolecules found in biomass. The lipid content can reach up to
20–30% for microalgae [76]. Lipids consist of one tryglyceride and three fatty acid
linked by a ester bonds. Lipids can be converted into biodiesel, fatty acid methyl
esters (FAME), by transesterfication using a catalyst. Biodiesel can be used as fuel
for diesel engines directly or after simple modification. Details of these processes can
be found in the literature [76–79]. Lipids can also be converted into liquid fuel via
production of biocrude and hydrogenation using catalysts [80]. Biocrude is a
substance obtained by often the hydrothermal liquefaction process (HTL) of
microalgae and various organic solids. Hydrothermal liquefaction has an advantage
for processing organic solids with high water content as no drying is required. The
reaction mechanism of biocrude under hydrothermal conditions is considered to start
with the fragmentation of the individual biopolymers often through the hydrolysis
continued with secondary condensation reactions between the fragmentated com-
pounds to form biocrude compounds as shown in Fig. 11.10 [81, 82]. Fast heating
hydrothermal liquefaction of organic solids to obtain biocrude from feedstocks such
as bacteria and yeast monocultures [83], green marine alga [84], chitin [85],
microalgae [86], polysaccharides [87], sewage sludge [88], and model food wastes
[13] have been reported by the group of Savage [13, 83–88], indicating that fast
heating rates increase the biocrude yields compared to slow hydrothermal heating
conditions often discussed by the suppression of condensation reactions to result in
the formation of char. The interested reader is referred to reviews in the literature for
more detailed studies on hydrothermal liquefaction processes [80, 81, 89].
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11.5 Recycle Nutrients fromMunicipal Sludge and Defatted
Microalgae for Microalgae Production

In this section, examples are introduced on hydrothermal methods for converting
actual organic solid wastes such as municipal sludge and defatted microalgae into
liquid nutrients for developing a sustainable microalgae cultivation process.
Microalgae is a fast-growing, non-food competitive, and high lipid content biomass
feedstock making it a promising source for producing chemicals and liquid fuels
[76–79]. However, the mass production of bio-oil from microalgae has yet to be
realized [90, 91]. One big issue is the supply of nutrients such as nitrogen and
phosphorous for microalgae cultivation [90–94]. The nutrients required for
microalgae cultivation will compete with agricultural commercial fertilizer and
lead to a cost increase of the bio-oil and food [95, 96]. Therefore, to achieve

Fig. 11.10 Proposed reaction mechanism of algae to crude bio-oil (biocrude) by hydrothermal
liquefaction process (DCO decarbonylation,DCO2 decarboxylation,DAM deamination,HYD hydro-
lysis). Adapted with permission from Ref. [81], Copyright © 2020 American Chemical Society
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sustainable production of bio-oil, methods to recycle nutrients from organic solid
wastes such as wastewater [97–99], microalgae [100–104], and lipid extracted
(or defatted) microalgae [105] need to be considered. In the following sections, we
will introduce the nutrient recovery from municipal waste and defatted algae for
microalgae cultivation.

11.5.1 Coupling of Municipal Waste with Hydrothermal
Processing for Nutrient Recycling

Municipal wastewater from treatment plants contains liquid and solid components
that are rich in nitrogen, phosphorus, and undigested organic carbon compounds. The
liquid portion of wastewater can be used as a nutrient source for cultivating autotro-
phic microalgae [99]. Municipal sludge, which is the solid portion of the wastewater
stream, especially primary sludge, which is sludge before anaerobic digestion, is a
mixture of natural polymers such as proteins and polysaccharides (cellulose) that
contains nitrogen, phosphorous, and carbon in their chemical structures. However,
unlike the liquid portion of wastewater, the nitrogen, phosphorous, and carbon in the
municipal sludge cannot be absorbed by microalgae in solid form. As shown in the
previous sections, these natural polymers, proteins, and polysaccharides can be
converted into amino acids and sugars by hydrothermal methods, which then can
allow them to be used as nutrients for algae cultivation. Currently, wastewater
treatment facilities apply anaerobic digestion to produce biogas, and the sludge is
dewatered for incineration or landfill [106, 107]. Where incineration is used as an
integral part of the wastewater treatment plant, as for the case in Japan, coupling
municipal waste with hydrothermal processing for nutrient recycling is promising as
waste heat can also be recycled for generating the hydrothermal conditions.

An investigation for converting the solid portion of municipal sludge into nitro-
gen and carbon liquid nutrients that can be used for microalgae cultivation was
conducted by the authors [14]. Liquid products obtained from hydrothermal treat-
ment of municipal sludge at relatively harsh reaction conditions (275 �C, 60 min),
where cellulose and proteins readily undergo decomposition were found to be
insufficient as a nutrient for algae cultivation. The formation of toxic compounds
(melanoidin) produced through Maillard reactions between sugars and amino acids
was found to be responsible for the inhibitory effects of hydrothermal processing.
The problem can be solved by applying a two-step method. A two-step hydrothermal
method applied to municipal sludge allows one to obtain liquid products without the
formation of melanoidin as shown in Fig. 11.11. In the first step, hydrothermal
treatment is conducted at mild temperatures (225 �C, 15 min), where (i) protein
decomposition occurs that forms liquid products containing nitrogen and
(ii) cellulose decomposition does not occur, thus isolating the cellulose as a solid
residue. In the second step, acid saccharification of the residue (cellulose content
60 wt%), is conducted to obtain a glucose solution. The liquid products obtained are
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effective as nutrients for both mixotrophic microalgae (Euglena gracilis) and het-
erotrophic microalgae (Aurantiochytrium). However, not discussed in this paper, the
choice of hydrothermal conditions where the decomposition of lignin to phenolic
compounds (growth inhibiting agents) are suppressed may be key issues to consider
in future studies, especially for lignocellulosic organic matter with high lignin
content. The coupling of hydrothermal treatment with microalgae cultivation within
a wastewater treatment process not only allows internal recycling of heat and
chemicals for biofuels but also reduces the mass of the municipal sludge that is
incinerated and so increases the efficiency and sustainability of the overall process.

Hydrothermal carbonization of residual biomass to produce materials with high
carbon content (hydrochar) has been a topic under heavy investigation [108–
111]. Hydrothermal carbonization (HTC) is similar to pyrolysis (PY) as both are
conducted at high temperatures (HTC: 180 �C–250 �C, PY:>400 �C) except HTC is
conducted in water or with organic material with high water content [108]. The
production of hydrochar by hydrothermal carbonization of municipal sludge
[94, 112] as well as processes for recovering nutrients such as nitrogen and phos-
phorous that can be used for agricultural purposes have also been reported [113]. The
interested reader is encouraged to explore reviews on the utilization of municipal
sludge with hydrothermal treatment [5, 108, 109, 114].

11.5.2 Nutrient Recycling from Microalgae
with Hydrothermal Processing

Microalgae are considered to be a third-generation feedstock for biofuels [76–
79]. Compared with conventional biomass feedstocks, microalgae have a fast growth

Fig. 11.11 Two-step hydrothermal method for nutrient (nitrogen, phosphorous, and glucose)
recycle from municipal sludge; first step: municipal sludge (1) is treated under hydrothermal
conditions (2) to separate nitrogen and phosphorous in the liquid product (3) and isolate cellulose
in the solid (4), second step; acid saccharification (5) of solid (4) into liquid (6) containing glucose.
By this method, production of poisonous compounds (melanoidin) for microalgae cultivation can
be avoided thus making microalgae cultivation (7) from liquids (3) and (6) feasible and environ-
mental. Adapted with permission from Ref. [14], Copyright © 2016 Elsevier
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rate and high lipid content and do not compete with food. Methods to isolate not only
lipids and valuable by-products from the microalgae have been reported in the
literature, but the production of biofuels also have not reached industrial scale
[90, 91]. Sustainability issues such as obtaining cheap nutrients arise when the
production of bio-oil from microalgae on an industrial scale is analyzed. For this
reason, methods for recycling nutrients from defatted microalgae have been studied
[90–93]. Currently, converting defatted microalgae into gas and biocrude has been
achieved through anaerobic digestion [90], catalytic hydrothermal gasification [115],
hydrothermal liquefaction [116], and pyrolysis [117]. The author developed a
hydrothermal method for recovering nitrogen and phosphorous nutrients from
defatted microalgae for microalgae cultivation [15] (Fig. 11.12.) where hydrother-
mal treatment was conducted on the representative defatted microalgae
(Aurantiochytrium limacinum SR21) at 175–350 �C for reaction times of
10–90 min. Nitrogen and phosphorous nutrients were obtained in the water-soluble
fraction (WS) from the hydrothermal treatment. Depending on the condition of the
hydrothermal treatment, up to 100% of the nitrogen and phosphorous in defatted
microalgae was converted into compounds in the water-soluble (WS) fraction. The
distribution of the nitrogen containing compounds such as proteins, amino acids and
ammonia also showed to change with the hydrothermal treatment condition
(Fig. 11.13). At mild hydrothermal conditions (175 �C), nitrogen in the WS fraction
is likely to take the form of high molecular weight proteins while as the hydrother-
mal conditions get severe (350 �C), the decomposition of proteins into smaller
compounds, such as amino acids and ammonia occur. The individual maximum
yields of nitrogen containing compounds in WS fraction were obtained according to
the hydrothermal conditions: proteins (43%), amino acids (12%) and ammonia
(60%), obtained at hydrothermal treatment temperatures of 175 �C, 250 �C and
350 �C, respectively. The maximum yield (100%) of phosphorous in WS was
obtained at a treatment temperature of 250 �C. The WS fraction from hydrothermal

Fig. 11.12 Nutrient recycling from defatted microalgae (Aurantiochytrium limacinum SR21) for
microalgae (Aurantiochytrium limacinum SR21) cultivation using hydrothermal treatment. Adapted
with permission from Ref. [15], Copyright © 2017 Elsevier
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treatment of defatted microalgae is an effective nitrogen and phosphorous nutrient
source for microalgae cultivation (A. limacinum SR21).

11.6 Top-Down Approach with Hydrothermal
and Solvothermal Methods of Large Molecules into
Smaller Size Functional Chemicals

The production of chemicals containing nitrogen in the chemical structure is of great
importance for current and future chemical industries [118]. However, many bio-
mass feedstocks considered for biomass refinery such as lignocellulose biomass do
not have sufficient nitrogen content for producing nitrogen-containing chemicals.
Strategies for converting large molecule substrates with high-temperature water,
water-ammonia mixtures under hydrothermal conditions, or supercritical water -
ammonia mixtures to produce aminated products are given in Fig. 11.14 [118].

One strategy is to employ an external nitrogen source in the hydrothermal
treatment process. For example, when hydrothermal treatment of lignocellulosic
materials with ammonia-water mixtures is conducted, pyrrole, pyridine, indole,
and other heterocyclic nitrogen compounds are obtained. Another strategy is to
choose a biomass feedstock containing nitrogen and to transform it into small-
sized nitrogen-containing functional chemicals. For example, when chitin is used

Fig. 11.13 Distribution of nitrogen-containing compounds in water-soluble fraction obtained from
hydrothermal treatment of defatted microalgae (Aurantiochytrium limacinum SR21) as a function of
temperature and treatment time: (a) 150 �C, (b) 175 �C, (c) 200 �C, (d) 250 �C, (e) 350 �C. Total
nitrogen yield is given as solid lines and individual nitrogen-containing products are given as bars:
black (proteins), white (amino acids), gray (ammonia), dotted (nitrites), hatched (nitrates). Adapted
with permission from Ref. [15], Copyright © 2017 Elsevier
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as the biomass feedstock, glucosamines can be obtained and when proteins are used,
peptides are obtained as described in the above sections. Among the strategies in
Fig. 11.14, HTW with fast-heating is the simplest way to modify a protein
selectively.

In these top-down approaches, pretreatment methods to increase the affinity
between water and biomass feedstock are important for obtaining controllable results
and sufficient product selectivity. For example, in the hydrothermal decomposition
of hydrophilic polymers such as chitin, hydrolysis reactions tend to be restricted to
the solid-liquid interphase. In a previous study by the authors [16], pretreatment of
chitin was conducted by mechanically milling resulting in reduced crystallinity and
increased solubility in water. The solubility of chitin in room temperature water
increased from 3% to 35% by this mechanical milling pretreatment thus allowing
higher liquid product yields (73%) than that of the raw chitin (6%) [16]. In that study
[16], hydrothermal treatment was conducted in batch-type reactors, where the
heating rates are slow. Hydrothermal treatment of the dissolved chitin in aqueous
solutions with fast heating techniques can convert these polymers efficiently and in a
controllable manner to the desired chemicals. Hydrothermal treatment with ammo-
nia-water mixtures would drastically change the reaction chemistry to produce
chemical products that include highly functional nitrogen-containing chemical struc-
tures giving a promising path to N-containing compounds [119].

Table 11.2. summarizes selected studies in the literature along with those
presented in this chapter. With fast-heating techniques, a wide variety of organic

Fig. 11.14 Top-down approach with hydrothermal and solvothermal methods to convert large
molecules into smaller size functional compounds. Adapted with permission from Ref. [118]
Published by The Royal Society of Chemistry”
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solid wastes can be readily and rapidly converted into less definable mixtures such as
bio-crudes. On the other hand, with careful choice of feedstock, pretreatment
measures, and reaction conditions that may include catalysts, fast-heating techniques
can be advantageously used to produce targeted chemical products such as formate,
formic acid, acetic acid, acetonitrile, uronic acids, terephthalonitrile, or low molec-
ular weight peptides. The reader is encouraged to explore other substrates with fast-
heating with water and solvothermal methods which allow selectivity control.

11.7 Conclusions

Organic solid wastes derived from biomass can be converted into chemicals using
top-down methods using either hydrothermal (water) or solvothermal (ammonia,
water-ammonia) processing. Controllable physical properties of water and ammonia
with temperature and pressure combined with fast-heating rates change reaction
chemistry and product selectivity. By using fast-heating hydrothermal techniques,
one can convert organic solid wastes into a wide range of chemical products.
Optimization of hydrothermal treatment methods includes choice of temperature,
pressure, heating rate, and reaction time, but also depends greatly on the physical
properties of the substrate. Pretreatment to increase the affinity of the substrate for
water such as reducing its crystallinity and intra-molecular-hydrogen-bonding are
effective methods for increasing the efficiency of the hydrothermal reactions. Here,
mechanochemical methods have been applied as a pretreatment method to reduce
substrate crystallinity or to introduce additives, nitrogen sources, or catalysts into the
feedstocks. The addition of a nitrogen source such as ammonia to the hydrothermal
environment allows the further introduction of nitrogen into the product chemical.
Further understanding of fundamental principles for applying hydrothermal and
solvothermal methods to various organic solid wastes will give opportunities for
research and development for future biorefineries. These techniques can also be
applied for producing advanced materials for advanced medical and pharmaceutical
applications.
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Chapter 12
Third Generation Biorefineries Using
Micro- and Macro-Algae

Rohit Saxena, Gilver Rosero-Chasoy, Elizabeth Aparicio, Abraham Lara,
Araceli Loredo, Armando Robledo, Emily T. Kostas,
Rosa M. Rodríguez-Jasso, and Héctor A. Ruiz

Abstract Algal biomass, which contains a range of biochemical components such
as carbohydrates, lipids, and protein, has emerged as a possible alternative to
traditional feedstocks for third-generation biofuel production and industrially high
value-added bioproduct extraction. Micro- and macro-algae are gaining popularity
as viable feedstock for biofuels such as biodiesel, biogas, bioethanol, and
biohydrogen. Other high-value-added bioproducts must be extracted from algal
biomass under the biorefinery concept to improve the economic feasibility of algal
biofuel production. In this chapter, techniques for algal biofuel production are
discussed, such as biochemical and chemical conversion routes, extraction of
bioproducts, and advanced techniques in cultivation, extraction, and starch sacchar-
ification along with biofuel and bioenergy conversion schemes. Overall, micro-and
macro- algae biorefineries open up new possibilities for many new products. The
multiproduct biorefinery technique is expected to make micro-and macro-algal
technology highly competitive and pave the way for large-scale applications.
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Nomenclature

CBP Consolidated bioprocessing
GHG Greenhouse gases
ORP Open raceway pond
SHF Separated hydrolysis and fermentation
SSCF Simultaneous saccharification and co-fermentation
SSF Simultaneous hydrolysis and fermentation
ppm Part per million
dw Dry weight
PLE Pressurized liquid extraction
SFE Supercritical fluid extraction

12.1 Introduction

Over the last few decades, unrestricted population growth, rapid industrialization,
and economic development have resulted in an escalation of the global energy crisis
and, as a result, exponential deterioration in non-renewable energy resources such as
coal, natural gas, and oil. In addition to the energy crisis, the prolonged use of
petroleum-based fuels has resulted in pollution and global climate change. Crude oil
(34%), coal (28%), and natural gas (23%) have all contributed significantly to global
energy generation [1]. Furthermore, the overabundance of plentiful non-renewable
resources has resulted in excess greenhouse gases (GHG) such as CO2, CH4, and
others, resulting in global climate health being disrupted. Global temperature has
been reported to be rising at an alarming rate of 0.07 �C per year, with CO2 levels
increasing at a rate of 3 ppm per year, with the maximum level being 410 ppm
[1]. Researchers are seeking alternative resources that are less destructive to the
environment and economically affordable. Renewable energy options have been on
the experts’ radar for the past decade [2–4].

In this chapter, extraction of energy products in a usable form from natural
sources is referred to as primary energy production, for example, in coal mines,
crude oil fields, and hydropower facilities [5]. Aside from that, renewable energy
resources are receiving much attention in developed countries. For example, the
European Union has maintained its 2030 mandatory objective of 27%, which was
pushed backward in 2014 to 32% in June 2018 [4, 6]. At the same time, the US is
working to improve renewable energy resources.

One of the critical motivations for using renewable energy resources is to
consider ecologically favorable energy sources. Environmental awareness is high
for the world population at this time; it is believed that previous reliance on fossil
fuels has resulted in carbon dioxide (CO2) emissions, greenhouse gas (GHG)
concerns, and pollution [4].
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Nowadays, research has investigated alternate sources of clean biofuels derived
from renewable sources that are referred to as first-generation, second generation,
and third generation. Biological biofuels are produced by biological routes like
pretreatment, harvesting, and biochemical conversion processes under the
biorefinery concept.

Biofuels like bioethanol, biodiesel, and biogas are considered clean and renew-
able. Each has massive advantages over other fuels like environmentally friendly,
low toxicity, and low burn pollutant environments for replacing fossil fuels [3]. They
can be produced from sugarcane, corn starch, and other cellulosic feedstocks.
However, although these feedstocks are less expensive than fossil fuels, their use
can influence food costs [7]. Therefore, researchers are examining alternative
sources, which do not affect the food chain and agriculture.

Micro- and macro-algal biofuels are considered to be renewable and sustainable
energy sources. Micro- and macro-algae are recognized as superior biomass as
compared to terrestrial plants—in terms of solar energy storage, nutrient assimila-
tion, and potential for biofuel production—due to significant advantages such as
higher photosynthetic efficiency, higher biomass yield and rates, and reduced toxic
gas emissions in the environment [8]. Micro- and macro-algae provide a new path to
biomass production as a sustainable material for bioethanol and other high value-
added bioactive compounds production under the biorefinery concept, shown in
Fig. 12.1 [7, 9, 10]. For example, microalgae are tiny photosynthetic microorgan-
isms, primarily existing as small cells of about 2–200 μm and inhabitants of
freshwater, seawater, and even wastewater [11]. Microalgae efficiently convert
solar light and atmospheric carbon dioxide to produce biomass by photosynthetic
process [10, 12]. Microalgae are one of the favorable possibilities for eliminating
CO2 from the atmosphere by CO2 bio-fixation. Microalgae can consume CO2 in
three ways: CO2 from soluble carbonates, atmospheric CO2, and CO2 present in the

Fig. 12.1 Third generation biorefinery with biofuels and other high value-added compounds
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stack and discharge gases from industries. Microalgae are described as unicellular/
multicellular photosynthetic microscopic cyanobacteria used to produce renewable
fuels [10]. Micro- and macro-algae has significant oil content that allows biodiesel
production and energy-containing polysaccharides like starch which can be
degraded chemically or enzymatically that allows bioethanol production via
fermentation [12].

This chapter intends to provide an overview of micro-and macro-algae biomass
conversion into biofuels and other high value-added compounds in terms of the
biorefinery concept. This chapter also covers cultivation, the extraction process,
enzymatic hydrolysis, and fermentation strategies.

12.2 Biorefinery of Microalgae

12.2.1 Microalgae Overview and Growth Culture
in the Accumulation of Starch

Microalgae and cyanobacteria are photosynthetic microorganisms with a cell size of
2–200 μm [12]; they can convert solar energy into chemical energy by CO2 fixation
primary carbon source [13]. There are four significant modes for microalgae culti-
vation: photoautotrophic, heterotrophic, mixotrophic, and photoheterotrophic culti-
vation [13]. Therefore, they may use another carbon source, different CO2, to
produce a large amount of biomass, containing carbohydrates, lipids, proteins [12],
high-value-added compounds such as vitamin pigments, and some organic
acids [14].

Microalgae are assimilating inorganic nitrogen and phosphorus during all their
growth phases. Nitrogen source and concentration have been reported as parameters
that significantly affect lipid yields to the inside of the microalgae. Various nitrogen
sources, such as ammonia (NH4

+), nitrate (NO3
�), nitrite (NO2

�), and urea
(CH4N2O), can be used for the culturing microalgae, and the choice of nitrogen
source will strongly depend on the type of microalgae [15, 16]. On the other hand,
the limitation of phosphorus (PO4

3�) source within culture medium has negatively
impacted the formation of carbohydrates and growth rate in several microalgae
strains compared with other macronutrients [17]. Environmental parameters such
as light intensity, nitrogen, carbon nutrient levels, salinity, temperature, and others
significantly impact microalgae‘biomass and chemical composition. In general,
microalgae‘growth rate and biomass production rely primarily on nitrogen availabil-
ity in culture ingredients [18]. Under nitrogen-sufficient circumstances, the majority
of oleaginous microalgae grow faster and produce less lipid. Instead, nitrogen loss or
famine causes increased lipid accumulation in microalgae, which is most likely
related to the movement of metabolic carbon from carbohydrate and protein pro-
duction to lipid production. Thus, understanding the trade-off connection between
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microalgae biomass, lipid, and nitrogen levels in a system during the culture phase is
critical for optimizing lipid and protein synthesis, among other bioproducts [19].

Microalgae are currently contributing to the global bioeconomy by providing
significant biomass for human-related uses like pharmaceuticals, cosmetics, food,
and feed [20]. Microalgae biomass is considered potential biomass for biofuel
production, such as bioethanol, biodiesel, biohydrogen, and biomethane. Therefore,
they will play a significant role in the renewable energy sector and in the uptake of
inorganic matter [21].

Microalgae are also being studied as a viable biomass feedstock for biofuel
production and play a valuable role in the renewable energy sector. However,
cultivating microalgae to meet only world transportation fuel demands utilizing
microalgal biomass as feedstock raises various practical concerns and substantial
limits, such as high land usage, high energy, water, and fertilizer consumption. The
use of wastewater streams and seawater for microalgae growth may reduce the
consumption of inorganic fertilizer while treatment of the wastewater occurs. They
are of enormous importance due to their rich content in nutrients, which can fulfill
the microalgal cyanobacterial nutrient needs. Wastewater and seawater are charac-
terized by containing several different nutrients like carbon, nitrogen, phosphorus,
and potassium (macro-nutrients) such as Mg, S, Ca, Na, Cl, Fe, Zn, Cu, Mo, Mn, B,
and Co (micro-nutrients) [21]. It should be highlighted that wastewater streams limit
biomass applications because they may have various pollutants present in the
wastewater. Therefore, microalgae produced in wastewater can be mainly used to
make biofuels rather than food or feed applications [21]. For many years, microalgae
cultivation systems have been investigated. The factors more critical to microalgae
growth are; illumination, photoperiod, pH, carbon and nitrogen sources concentra-
tion, and temperature [22, 23].

These factors can be monitored in open raceway pond (ORP) and controlled in
closed PBRs since these devices offer suitable conditions for its investigation. The
open PBRs have been developed for large-scale microalgae cultivation because they
are easy to make and relatively simple to operate. These ORP generally use outdoors,
which permits microalgae to CO2 uptake from the atmosphere with a poor mass
transfer rate inside the culture medium, higher risk of contamination, and a high
evaporation water rate. The closed PBRs are more complex systems because these
do not allow direct mass transfer between culture media and atmosphere, and its use
to pilot or large scale is usually considered nonviable by the enormous consumption
amount of energy, despite allowing to attain a higher yield of microalgae biomass
without risk of contamination, in comparison with open PBRs. When high-value-
added chemicals are manufactured, such as biopharmaceuticals, top-grade cos-
metics, and human health foods, closed PBRs are widely accessible [24]. Figure 12.2
shows photobioreactor technology used for microalgae culture.

The major challenge in PBRs design and scale-up is increasing the CO2 transfer
rate in the gas-liquid interface into the microalgae suspension because microalgae
cannot directly use the CO2 bubbles injected inside PBRs as the gas aerated into
solution is sparingly soluble in the culture medium. The way of dissolving CO2

bubbles in the culture medium is through decreasing the bubble diameter, which
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increases the gas-liquid contacting area. It prolongs the retention time of the bubble
in the microalgae suspension so that the dissolved CO2 can be captured by the
microalgae cells and converted into organic matter to form biomass through
photosynthesis [25].

The culturing of some microalgae like Chlorella, Dunaliella, Chlamydomonas,
Scenedesmus, and Spirulina in PBRs has massive carbohydrate amounts (�20% of
dryweight), which is excellent biomass for bioethanol production [26, 27]. Compared
with conventional crops, there are various advantages to employing microalgae for
bioenergy production, including: (1) the capacity to be farmed on marginal areas
without causing land-use change, (2) high exponential growth rates potential to
utilize CO2 from industrial flue gas (1 kg of dry algae biomass uses about 1.83 kg
of CO2) and nutrients (mainly nitrogen and phosphorus) from wastewater, (3) semi-
continuous to continuous harvesting and (4) variable lipid content in the range of
5–50% dry weight of biomass [28, 29]. The accumulation of carbohydrates, fatty
acids, and pigments inside microalgae happens in the chloroplast, and this organelle
is in charge of the photosynthesis process [30]. The accumulated carbohydrate by
microalgae can be converted directly to ethanol under anaerobic conditions and dark
[31]. Table 12.1 shows the content of carbohydrates some microalgae cultivated in
PBRs, which can be used for bioethanol production.

Fig. 12.2 Photobioreactors (PBRs) technology used for microalgae culture
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12.3 Extraction of Starch from Microalgae

Starch is a polysaccharide that consists of numerous glucose units joined by glyco-
sidic bonds, found naturally in green plants for energy storage. Starch content
depends on plant species, environmental conditions, and biotic or abiotic factors of
the aquatic ecosystem [38]. It is expected that third-generation biofuels produced
from algae and aquatic plants will become carbon-neutral since they use atmospheric
CO2 for the energy acquiring process.

Most microalgae species contain around 37% of starch (Table 12.2); even some
strains such as Dunaliella, Scenedesmus, Spirulina, and Chlamydomonas can have
more than 50% starch [39].

Starch originates in the chloroplasts of microalgae as semi-crystalline granules
(Fig. 12.3). Anhydrous starch granules of mainly consist of two major unbranched,
and large polymers such as amylose, which is a linear polysaccharide composed
entirely of D-glucose units, joined by α-1,4-glycosidic linkages polymer, and amy-
lopectin, which is a branched-chain polysaccharide consisting of glucose units
linked primarily by α-1,4-glycosidic bonds, but with few α-1,6-glycosidic bonds,
that are responsible for the branching [48]. Starch in the microalgae cell requires
disruption of the outer cell wall composed mainly of pectin, agar, and alginates;
meanwhile, the inner cell wall comprises cellulose hemicellulose glycoprotein [49].

Dilute acid/alkali processes and enzymatic hydrolysis are traditional algae cell
disrupter methods; nevertheless, pressurized liquid extraction, supercritical fluid
extraction, ultrasonication, bead beating, microwave, and pulse electric fields have

Table 12.1 Carbohydrate content in microalgae biomass for bioethanol production

Microalgae

% (g /
dry
weight)

PBRs
type Cultivation References

Tribonema sp. 14.5 Bubbles
column

– [32]

Chlorella vulgaris
FSP-E

51.0 Glass
vessel

2% CO2/air, 28 �C, pH 6.2, agita-
tion 300 rpm, and a light intensity
60 μmol. m�2 s�1

[33]

Synechococcus
elongatus PCC7942
(transgenic cells)

90.0 Glass
vessel

5% CO2/air (0.2 vvm), 28 �C, and a
light intensity 200 μmol. m�2 s�1

[34]

Synechococcus PCC
7002

60.0 Bubbles
column

5% CO2/air, pH 8.0–8.5, 28 �C, and
a light intensity 100 μmol. m�2 s�1

[35]

Synechococcus
sp. PCC 7002

60.0 Bubbles
column

1% CO2/air, 38 �C, and a light
intensity 250 μmol. m�2 s�1

[36]

Pseudochlorella sp. 36 Glass
vessel

Air at 0.3 vvm, 27 �C, 150 rpm, and
a light intensity 60 μmol. m�2 s�1

[37]

Chlamydomonas
mexicana

50

Chlamydomonas
pitschmannii

23
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been evaluated as novel methods to achieve algal cell hydrolysis [12, 50]. After cell
wall hydrolysis, the soluble fraction needs to be separated from the solid fraction,
which conserves the starch content, usually by centrifugation. Water washes and the
centrifugation process should be repeated using a Percoll gradient to isolate pure
starch. Figure 12.4 summarizes the starch extraction process from microalgae.

Pressurized liquid extraction (PLE): Compared to conventional procedures, PLE
uses fewer solvents and delivers quicker extractions due to the fast mass transfer rate.
Solvents have enhanced solubility and lower viscosity due to the higher tempera-
tures, which helps boost mass transfer rates and penetration into the matrix.

Table 12.2 Starch content in microalgae

Microalgae
Starch content (%
weight) References

Dunaliella, Scenedesmus, Spirulina and
Chlamydomonas

~50 [39]

Tetraselmis subcordiformis 62.1 [39]

Chlorococcum sp. 26 [40]

Chlorella vulgaris 60 [41]

Chlamydomonas reinhardtii 49 [42]

Chlorella sorokiniana 40 [43]

Neochloris oleoabundans 27 [44]

Tetraselmis subcordiformis 44.1 [45]

Chlorella sp. 19.3–38.2% [46]

Oscillatoria sp. 63.85 [47]

Fig. 12.3 Microalgae cell basic structure for starch localization
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Furthermore, while water is kept in its liquid state, a rise in temperature causes a
significant drop in the dielectric constant (ɛ). This number is typically used to
determine the polarity of a solvent. In this way, though water has a dielectric
constant of around 80 at room temperature when heated to 250 �C under appropriate
pressure to keep it liquid, it drops to approximately 30, equivalent to some dielectric
constants organic solvents like ethanol or methanol [51].

Supercritical fluid extraction (SFE): Carbon dioxide is the most often used
supercritical fluid for extracting natural sources, including microalgae. Its low
critical temperature and pressure (31.1 �C and 73.8 bar) are easily attained, and it
is GRAS for the food sector, inexpensive and safe. Another unique feature of this
method is that supercritical CO2 (sc-CO2) is a very selective solvent. The most
significant factors during extraction are temperature and pressure, which together
govern the density of the sc-CO2. Hence, it is the capacity to selectively remove
particular compounds from the natural matrix [51].

Diluted acid/alkali hydrothermal process: This is a chemical, non-mechanical,
cheap, and fast method for microalgae cell wall disruption. Nevertheless, it uses the
breakdown of essential compounds and produces toxic elements that usually inhibit
fermentation [52]. Acidic or alkali hydrolysis is a non-specific reaction, generally
performed with concentrations between 1 and 10% w/v and temperatures of
100–160 �C [39, 50]. These chemicals limit used in more significant amounts during
hydrolysis; then, pH adjustment before the fermentation process is needed that
releases more salt, inhibiting yeast activity [50].

Enzymatic hydrolysis: Classified as the most efficient biological and
non-mechanical pretreatment, particularly for microalgae [53], hydrolysis made by
enzymes is a costly and slow procedure but environmental-friendly. This biological

Fig. 12.4 Process stages for
starch obtention from
microalgae
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hydrolysis often requires expensive pretreatment processes to enhance efficiency
[52]. Apart from the pretreatment and enzyme costs, enzymatic hydrolysis provides
a more specific disruption with low heating cost and no degradative effects derived
from the mild temperature and pressure used [50].

Ultrasonic treatment: Ultrasonic pretreatment is a mechanical technology that
produces alternating low- and high-pressure waves (20–100 MHz) in the aqueous
phase, causing the formation and vigorous collapse of microbubbles [52, 54]. The
microbubbles’ violent failure occurs within a few microseconds inducing the occur-
rence of cavitation. All processes generate theoretical temperatures and pressures of
up to 5000 K and 500 bar and initiate powerful hydro-mechanical shear forces and
highly reactive radicals [55].

Bead beating: Another mechanical method is the bead-beating method, which
involves applying glass or steel beads into a vessel where the high-speed agitating
movement of beads can disrupt the algal cell wall. Bead beating is used for both
disruption and extraction [56]. This disruptive mechanical method is considered an
efficient technique [57].

Microwave: Microwave method is based on the perpendicular mixture of electric
and magnetic waves that fluctuate at defined frequencies ranging from 0.3 to
300 GHz [58]. Microwaves use high-frequency waves to create water molecule
vibrations inside microalgae biomass, increasing the humidity and pressure caused
by water evaporation, causing cell wall rupture [12, 57]. Microwaves have various
advantages like fast heating, uni-directional heat flow and mass, selective energy
dissipation, more rapid, increase purity and yield capacity of the anticipated
product [52].

Pulsed electric field lysis: In this technique, cells in a liquid media are subjected to
pulses of a strong electric field ranging from 100 V/cm to 300 kV/cm within a short
period of nanoseconds or milliseconds, which principally affects the formation of
pores in the cell wall [12, 52]. The pores formed in the cell wall allow biochemical
components to leach out from the cell. Pretreatment methods for microalgae used as
feedstock for biofuels are summarized in Table 12.3.

12.4 Enzymatic Hydrolysis of Microalgae Starch

Enzymatic hydrolysis (saccharification) is the critical step for converting polysac-
charides into monosaccharides that requires the action of cellulolytic enzymes
sequentially and synergistically for subsequent fermentation and bioethanol produc-
tion [12, 65]. Enzymatic saccharification of starch is performed at high temperatures,
and it is separated into three parts: gelatinization of starch, liquefaction, and
saccharification.

Gelatinization of starch and liquefaction involves breaking starch granules into a
gelatinized suspension at 105 �C followed by converting oligosaccharides from
gelatinized starch at 95 �C by using an α-amylase enzyme that has thermostable
properties as shown in Fig. 12.5. The saccharification process converts saccharide
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polymer to monomers like glucose with additional disaccharides like maltose and
isomaltose at significantly lower concentrations. Glucoamylase and isoamylase
enzymes are added during the process to break down α-(1 ! 4) glycosidic bonds
as well as α-(1 ! 6) glycosidic bonds at 65 �C [66–69].

Enzymatic hydrolysis efficiency depends on enzymes, substrate loading, pH,
temperature, and incubation time, such as Synechococcus sp. PCC 7002, a marine
cyanobacterium with a rich source of carbohydrates, was used for bioethanol
production as feedstock when boosted accumulation was induced by nitrogen

Table 12.3 Pretreatment processes for starch extraction from microalgae sources

Source Pretreatment Operational conditions Yield (%) References

Chlorella Salina Physiochemical Megazyme total starch
analysis kit (90 �C,
30 min)

323.1 � 32.03
(increment)
96.60 � 2.73
(starch
recovery)

[59]

Chlorella
sorokiniana
Nannochloropsis
gaditana
Scenedesmus
almeriensis

Enzymatic 15 FPU for Celluclast
1.5 L and 15 IU for
Novozyme 188 per g of
DW

6.7a

~1.4a

~2.7a

[60]

Chlorella
sorokiniana
Nannochloropsis
gaditana
Scenedesmus
almeriensis

Enzymatic 240 α-amylase units and
750 amyloglucosidase
units for Liquozyme SC
DS and Spirizyme fuel

10.1a

~6.0a

~4.0a

[60]

Chlamydomonas
fasciata

Ultrasonic 30 W and 20 kHz for
0–40 min

93.8 [61]

Scenedesmus
obliquus

30 W for 25 min 91.0 [50]

Chlorella Salina 30 W and 25 kHz for
5 min

35.7 [59]

Chlorella Salina Bead beating 950 mg of glass beads
(15.8 g of glass beads/1 g
of biomass) at 5 min

65.4 [59]

Chlorella sp. Microwave Irradiation power of
530 W at 2450 MHz fre-
quency, for 45 s

82b [62]

Nannochloropsis
oculata

Irradiation power of
943 W at 2450 MHz fre-
quency, for 5 min

~70b [63]

Ulva ohnoi Pulse electric
field

Field strength of
1 kV cm�1, pulse dura-
tion of 50 μs, and pulse
repetition rate of 3 Hz

59.4 [64]

aYield % referred to a total carbohydrate
b% of cell rupture
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sources like nitrate [36, 70]. Optimizing the enzymatic hydrolysis process is essen-
tial in developing a cost-effective and efficient saccharification strategy for increased
sugar concentration. The optimal enzymatic hydrolysis process conditions vary
depending on the configuration of carbohydrates between the green, brown, and
red algae [71]. Enzymatic saccharification structures use mild temperatures and have
lesser ruin risks. Enzymes, typically amylases, cellulases, and pectinases (separately
or together), are used to saccharify microalgae biomass [72].

Enzymatic hydrolysis is an eco-friendly process for the environment due to the
low energy consumption and fermentable sugars produced from the feedstocks
under light operational conditions, absence of corrosive problems, and excellent
yields of free and limited byproducts [73]. Enzymatic hydrolysis uses mild operating
conditions, gives high sugar yields, has high selectivity, and generates minimal
byproducts formation [74]. Enzymatic hydrolysis has other advantages like proce-
dure conditions with ensuing low energy requirements, high selectivity and biolog-
ical specificity, and straightforward scale-up [75, 76]. However, enzymatic
hydrolysis has disadvantages like the capital cost of enzymes and problematic
recovery, making the process uneconomical. Enzymatic hydrolysis primary effec-
tiveness depends on operation limits like temperature, pH, time, enzyme type and
concentration, and parameter optimization for obtaining high yields and reducing
capital costs [75].

Amylase enzyme is one of the most popular enzymes because it catalyzes starch
to glucose precisely and effectively, as shown in Table 12.4. For example, α-amylase
can randomly cut α-1-4-glucoside bonds of amylose or amylopectin, resulting in
short-chain dextrin and maltose [76, 77]. In contrast, glucoamylase can cut α-1-6-
glucoside bonds in amylopectin, which α-amylase cannot attack [76, 78]. The
α-amylase and glucoamylase enzymes coordinate to complete the hydrolysis process
for ethanol production from starch converted into glucose by fermentation.
α-Amylases (EC 3.2.1.1) are endo-acting enzymes used to arbitrarily cut of α-1,4
glycosidic bonds present inside the starch and quickly break down the starch
completely and release non-reducing ends for glucoamylase. Glucoamylases
(EC 3.2.1.3) is an exo-acting enzyme that cut α-1,4 glycosidic bond and α-1,6
glycosidic bond to produce monomers sugar, the non-reducing ends that released
from the starch degradation [79, 80].

Fig. 12.5 Starch gelatinization, liquefaction, and saccharification
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For cellulose, endo β-(1–4)-glucanase arbitrarily hydrolyzed amorphous areas of
cellulose β-(1–4)-glycosidic bond and creating an innovative chain end. The exo
β-(1–4)-glucanase enzyme performances on non-reducing ends of cellulose

Table 12.4 Bioethanol production from microalgae using amylolytic enzymes with optimal
operating conditions

Algae species
Enzymes and operational
condition Concentration Product References

Chlorella
sorokiniana

α-Amylase
Amyloglucosidase

0.464 � 0.013 g/g
reducing sugar

Bioethanol [83]

Chlorella
sorokiniana

Cellulase, amylase
(150 rpm, 72 h,
pH 5.5–6.5)

58.78% total reducing
sugar
0.504 gethanol/gglucose

Bioethanol [84]

Chlorella
vulgaris

α-Amylase
Amyloglucosidase
CTec2
(50 �C, 200 rpm, 72 h)

54.5%
Reducing sugar

Bioethanol [85]

Mixed
microalgae

Cellulase (50 �C, pH 4.5) 96.3%
Maximum sugar yield

Bioethanol [86]

Mixed
microalgae
Neochloris sp.,
Scendesmus
sp., chlorella
sp.

Cellclast, β-Glucosidase,
α-Amylase,
Amyloglucosidase (pH 5,
60 �C, 150 rpm)

0.126 gethanol/gdried
algae

Bioethanol [87]

Rhizoclonium
sp.

Mixed enzyme
Cellulase
Amylase
Xylanase
Pectinase
(45 �C, 48 h)

140.72 mg/g reduc-
ing-sugar
195.84 mg/g reducing
sugar

Bioethanol [71]

Spirulina
platensis

Amylase 6.5 g/L ethanol Bioethanol [88]

Synechococcus
sp.

Lysozyme (100 mg/L,
37 �C for 3 h),
α-Amylase 240 U/g
(85 �C for 1.5 h),
Amyloglucosidase 750 U
pH 5.5–6

0.27 gethanol/gcell dry
weight

Bioethanol [36]

Tetraselmis
subcordiformis

α-Amylase (AmyP) with
calcium (40 �C, 2 h)

74.4% from 4% or
53% from 8% raw
microalgae starch
hydrolysate

Biofuel [89]

Arthrospira
platensis

Amylolytic enzyme (-
α-amylase 0.3 U/L,
glucoamylase 0.1 U/L)
168 h

43 g/L glucose con-
centration (without
lysozyme or CaCl2)
67 g/L glucose con-
centration
(with lysozyme or
CaCl2)

Bioethanol [90]
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molecule and cellodextrins and redeeming cello-oligomers and cellobiose units
(each unit has two β-(1–4) bonded glucose molecules). Hydrolysis is the final step
to produce glucose monomers using β-glucosidase of these β-linkages of cellobiose
molecules [81, 82]. Hemicellulose is like xylose, galactose, mannose, and other
sugars with β-(1–4) and β-(1–3) linkages. These linkages are cut by enzymes like
xylanases, α-L-arabinofuranosidase, and β-glucosidase and change into glucose
monomer‘s sugars. Starch and glycogen have α-(1–4) D-glucosidic bonds that are
hydrolyzed in a liquefaction process using α-amylase. Maltodextrin is a mixture of
polymers of glucose having three or more α-(1–4)-linked D-glucose units. By the
saccharification process, maltodextrin transforms into glucose oligomers by using
amyloglucosidase. Saccharification process performance depends on both α-(1–4)
and α-(1–6) D-glucosidic bonds [82].

Many authors have worked on enzymatic hydrolysis and its strategies on
microalgae biomass. For example, Choi et al. [75] showed that hydrolysis efficiency
improves to around 94% with a fermentation yield of approximately 60% for
S. cerevisiae S288C in enzymatic hydrolysis of Chlamydomonas reinhardtii (ini-
tially carbohydrate content 59.7%), treated by SHF with amylases enzymes, in
which α-amylase (0.005% v/w) from Bacillus licheniformis was used at 90 �C for
30 min, and with pH 6 to liquefaction and amyloglucosidase (0.2% v/w) from
Aspergillus niger at 55 �C for 45 min, and pH 4.5 to saccharification [75].

Ho et al. [33] used a mixture of enzymes that contained endoglucanase
(0.65 U mL�1), β-glucosidase (1.50 U mL�1), and amylase (0.09 U mL�1) for
enzymatic hydrolysis on C. vulgaris biomass. This biomass had initial carbohydrates
51% and glucose 93.1%. Feedstock and enzyme ratio was 10 g mL�1, at 200 rpm for
shaking on 45 �C with 20 g L�1 and reported results as 0:461 gglucose/galgae dw
(~97%) after 48 h. Furthermore, those authors compared results with dilute acid
hydrolysis biomass performed at 1% H2SO4, 121 �C, 20 min, and 50 g/L of biomass.
Lastly, 23.6 g/L (~100%) glucose concentration yields a similar yield by enzymatic
hydrolysis [33].

Kim et al. [91] studied two enzymes separately for analyzed the enzymatic
hydrolysis effect of microalgae, 1% (w/v): cellulase (Celluclast 1.5 L) and pectinase
(Pectinex SP-L). The activities of these enzymes were 0:122 FPU/mg of protein and
240 UI/mg of protein. These enzymes were added (1.88 mg protein/g) on C. vulgaris
biomass (22.4% of total carbohydrates) for bioethanol production, at 50 �C,
200 rpm, pH 4.8, 72 h. After enzymatic hydrolysis, sugar released from cellulase
and pectinase 10% and 45%, respectively, liberating 0:1 g glucose/g algae
dw. Various methods for cell lysis applied on C. vulgaris with bead beating
combined with pectinase enzyme that extracts from Aspergillus aculeatus. After
that, sugar extraction improved between 45% to 70%, and 89% ensuing fermentation
yield after 12 h with S. cerevisiae KCTC 7906. The pectinase enzyme seems more
practical than cellulases, amylases, and xylanases [91].

Moller et al. [36] reported Synechococcus sp. PCC 7002 biomass for enzymatic
hydrolysis. They used 3 g/L of biomass concentration to afford 60% carbohydrate
content efficiency for enzymatic hydrolysis and achieved 80% sugars with hydro-
lyzed after enzymatic treatment. These enzymes are lysozyme and α-glucanases
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Liquozyme SC DS, and Spirizyme for biofuel. Ethanol yields reached 86% of the
theoretical maximum rate with the help of S. cerevisiae [36].

Mahdy et al. [92] used urban wastewater to cultivate C. vulgaris have carbohy-
drate 39.6% and protein 33.3%. They used two enzymes separately, like 2.5 L
alcalase (0:585 AU/g dw), and viscozyme (36:3 FBG/g dw), to solubilize protein-
carbohydrate. These two enzymes alcalase with pH 8 (3.2% w/v), and 5.5%
viscozyme, were carried out in enzymatic hydrolysis at 50 �C, for 3 h, in which
pH was maintained during the process. The authors reported that the hydrolysis
efficiency of organic matter was 54.7% for proteins (alcalase) and 28.4% for
carbohydrates (Viscozyme) [92].

12.5 Conversion of Microalgae starch into Monomers
for Ethanol

Starch is the principal polysaccharide formed in microalgae and can be converted
into bioethanol using enzymes and microorganisms. Enzymes such as α-amylase
and glucoamylase break the glycosidic bonds present in starch, then S. cerevisiae
yeast is used in fermentation to reduce sugars [46]. Fermentation is a metabolic
process, principally converting monosaccharide sugars into bioethanol and other
value-added products using fermentative microorganisms [82, 93]. In the fermenta-
tion process, yeast and bacteria are commonly used as fermentative microorganisms.
Some fermentative organisms play an essential role in fermentation, like
S. cerevisiae, Z. mobilis, E. coli, P. stipitis, Kluyveromyces fragilis, K. marxianus,
and Klebsiella oxytoca; the result is microalgal photosynthesis and intracellular
anaerobic fermentation-derived bioethanol [93]. Saccharomyces and Zymomonas
fermentative microorganisms are frequently used for bioethanol production, such as
molasses, starch-based substrate (like algae), sweet sorghum cane extract, lignocel-
lulose, and other wastes. Z. mobilis is a natural ethanologenic microorganism that
has many advantageous properties, such as higher ethanol tolerance efficiency up to
16% and ethanol yield in a varied pH between 3.5 and 7.5. Z. mobilis does not need
controlled aeration during fermentation time, which reduces the product capital cost.
Z. mobilis is an appropriate industrial microbial biocatalyst used for the commercial
production of bioproducts through metabolic engineering [94]. Zymomonas is a
gram-negative bacteria with several advantages, including a higher specific rate of
sugar uptake, a higher ethanol yield, lower biomass production, and the absence of
the need for controlled oxygen addition during fermentation [95], and it is used for
bioethanol production from starch and glycogen in fermentation [70, 96]. Theoreti-
cally, ethanol yields (0.49 to 0.50) g/g, or ethanol yields of up to 97% of theoretical
values, can be obtained [97].

S. cerevisiae may play a critical role in the industrial biotechnology sector to
develop a green replacement for petrochemical products due to its outstanding
productivity to convert monomer sugars like glucose into ethanol and its high
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tolerance. In addition, Saccharomyces is generally recognized as a harmless micro-
organism according to generally recognized as safe (GRAS) criteria. While growing,
it produces flocs in the fermentation media that quickly settle down and separate.
S. cerevisiae has a higher tolerance for alcohol, higher glucose uptake, and higher
bioethanol yield than Zymomonas microorganism [70, 98]. Theoretically, 1 kg of
glucose and xylose produce 0.51 kg ethanol with 0.49 kg of CO2 [82, 93, 99].

One of the main complications of effective fermentation is the incapability of
commonly used microorganisms that convert pentose sugars into bioethanol. There-
fore, economic bioethanol production must use all potential feedstocks (i.e., cellu-
lose and hemicellulose). Naturally occurring microorganisms that convert primary
pentose sugar from hemicellulose like xylose into bioethanol exist, for example,
specific bacteria, fungi, and yeasts [74]. Fermentation processes are represented by
the following strategies [74, 93, 100]:

1. Separated hydrolysis and fermentation (SHF)
2. Simultaneous hydrolysis and fermentation (SSF)
3. Simultaneous saccharification and co-fermentation (SSCF)
4. Consolidated bioprocessing (CBP)

SSF and SHF are primarily used to produce bioethanol from microalgae using
different fermentation strategies with various fermentative microorganisms
(Table 12.5). The total valuation of the fermentation process is usually based on
cell growth, consumption of reducing sugar, and bioethanol production. Environ-
mental and operational factors greatly influence bioethanol production from algal
biomass, like (i) nutrient levels; (ii) alkalinity; (iii) concentration of toxic substances;
(iv) temperature; and (v) optimum pH of the fermenting microorganism [74].

12.5.1 Separated Hydrolysis and Fermentation (SHF)

Enzymatic saccharification of starchy biomass is carried out first in a SHF process at
the optimum temperature using a saccharifying enzyme. The saccharified solution is
then fermented using suitable microorganisms [93]. These advantages of SHF are
the low capital cost of chemicals, short residence time, and simple equipment
systems, which inspire its large-scale processing [93, 100]. The SHF process is
usually active in research studies to enhance the operative conditions such as pH,
temperature, and time of both stages, which help determine the diverse mechanisms
involved in the process and the effect as displayed by several parameters and
continuous fermentation with cell recycling. Nevertheless, the operation procedure
of SHF has some drawbacks. When compared with SSF (Sect. 12.5.2 below), the
SHF process has disadvantages such as higher capital cost due to the large mechan-
ical setup for separation steps, and elevated enzyme concentrations and low solids
loading required to achieve good ethanol yields.

Moreover, the longtime running of the process may lead to contamination of the
substrate by microorganisms [108]. The main advantage of the SHF process is that
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enzymatic hydrolysis and fermentation work at their optimum conditions. However,
the operational disadvantage of the SHF process is an accumulation of sugars that
inhibit enzyme activity [100, 109].

12.5.2 Simultaneous Saccharification and Fermentation
(SSF)

SSF process uses both saccharification (enzyme hydrolysis) and fermentation pro-
cesses in a single reactor or vessel, unlike SHF. In this process, feedstocks, enzymes,
and yeast are added in an organized and orderly way to release fermentable (mono-
mer) sugars, and then monomer sugars are converted into bioethanol [93, 100]. SSF
is an effective process over the dilute acid or high-temperature water pretreated
biomass, providing more exposure to the hydrolase enzymes. Saccharides are
converted into fermentable sugars using cellulases and xylanases enzymes in SSF
[93, 110]. SSF process required compatible conditions with similar pH, temperature,
and optimum substrate concentration [93, 111].

Many studies specify that SSF provides better processing than other methods due
to reduction in capital cost, due to the requirement of a small number of enzymes,
processing time, lower risk of contamination, minor inhibitory effects, and higher
production of ethanol [93, 99, 108, 112, 113].

12.5.3 Simultaneous Saccharification and Co-Fermentation
(SSCF)

Fermentative microorganisms like Saccharomyces cerevisiae are used in fermenta-
tion for bioethanol production. Still, these fermentative microorganisms are not able
to convert carbohydrates like pentose sugars into bioethanol under mild conditions,
which leads to impurities in biomass and decreases bioethanol production. Geneti-
cally engineered yeasts can be used to convert leftover pentose sugars into
bioethanol. Genetically modified yeasts and cellulase enzyme complex are used in
the same vessel or equipment for ethanol production from feedstock in SSCF. SSCF
process is usually the same as the SSF process [114]. SSCF process has many
advantages like eliminating end products of enzymatic saccharification that inhibit
cellulases or β-glucosidases enzymes and higher yield of ethanol and efficiency than
separate hydrolysis and fermentation (SHF), and reduced capital cost [115].

SSCF is a capable process for bioethanol production from both pentose sugars
(hemicellulose) and hexose sugars (cellulose) in which saccharification and fermen-
tation coincide in a single vessel and reactor [74, 93]. SSCF is a recommended
process when a significant contribution of the pentoses sugars (C5) originates after
hydrolysis. Genetically modified microorganisms like S. cerevisiae and Z. mobilis
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are primarily used in the SSCF to break down glucose and xylose. To reach the
higher ethanol yield route, Peralta-Ruíz et al. [116] did the handling of simulated
technological paths by ASPEN PLUS 7.1 software which was based on experimen-
tal information; simulation results showed the advancement of ethanol yield by
23.6% in the SSCF pathway, 20.1% enhancement by SSF pathway as well as
18.5% advancement by the SHF pathway also. Therefore, SSCF can achieve the
hydrolysis and co-fermentation of pentose and hexose sugars in the same vessel or
reactor without restrictive ethanol made from cellulosic biomass [93, 117]. SSCF
process can break down glucose and pentoses in the same vessel or reactor. Simul-
taneously, SSF is separated from pentoses in fermentation, but both approaches have
a quick enzymatic hydrolysis process, low capital cost, and higher ethanol yield than
SHF [93, 118].

12.5.4 Consolidated Bioprocessing (CBP)

CBP integrates hydrolysis (saccharification) and fermentation of feedstock to the
desired bioproduct, requiring fewer energy inputs and fewer equipment requirements
than the conventional multi-step fermentation process [119]. Microorganisms, which
have been modified to enhance the production of ethanol as well as tolerance of
ethanol. Instead of this, there is no single commercially available consolidated
bioprocessing (CBP) organism reported. One single genetically engineered micro-
organism is used for hydrolysis and fermentation steps in the biological approach to
CBP. A consortium consists of an enzyme-producing strain that can hydrolyze the
biomass and another two different strains that can ferment C5 and C6 sugars into
ethanol. Brethauer and Studer [120] proposed a model utilizing Trichoderma reesei,
which necessitates aerobic conditions for resourceful enzyme secretions; Saccharo-
myces cerevisiae breakdown hexoses sugar to ethanol. Scheffersomyces stipitis is
one of the best natural yeasts that uses pentose sugars and capably produces ethanol
under microaerophilic conditions. In a biofilm membrane reactor, all of these
microbes convert lignocellulosic biomass into ethanol, and the approach seems
reasonable. Still, the primary obstacle of CBP is controlling the consortium. It is
also challenging to find microorganisms with identical fermentation conditions
[100], potentially reducing capital costs and increasing process efficiency. However,
microorganisms producing enzymes for hydrolysis of biomass and fermentation of
released sugars are still in the early stage of development [121].
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12.6 Macroalgae Biorefinery

Macroalgae can constitute the raw materials for third-generation biorefineries as
these are composed of fermentable carbohydrates and have the advantage of not
having lignin in their structure. This section will review the chemical and structural
characteristics of macroalgae that can be used in a biorefinery.

According to their photosynthetic pigment, macroalgae, also known as “sea-
weed,” are photosynthetic aquatic organisms divided into red, green, and brown
varieties. Thus, these are Chlorophyta (green algae), Rhodophyta (red algae), and
Phaeophyta (brown algae). Macroalgae do not compete for space in farmed areas
since they are aquatic plants. Water makes up 90–85% of its content, in addition to
collecting CO2 from the atmosphere [122, 123].

Macroalgae have structures similar to land plants since they have leaves, stems,
and some roots, as shown in Fig. 12.6, and are listed as:

• The Thallus: which is a body-like structure that can perform photosynthesis.
• Lamina or blades: lamina is a leaf-like structure, having great property to absorb

sunlight, and it is one of the keys of photosynthetic systems.
• Stripe: it a stem-like structure that provides support and exists only in some

species. It can be long and challenging that transports sugars from the blades and
acts as an attachment.

• Floats: floating structures filled with a kind of gas that is located on the lamina and
stipe. They hold mainly carbon monoxide, and the primary function is to maintain
the edges in shallow waters where light is easily captured.

• Holdfast: it is a root-like structure that assists in holding the plant on the surface of
rocks and does not penetrate in the sand. It does not support gathering nutrients
from the surroundings.

• Frond, commonly referred to as the combination of the blade and stipe [124]

Fig. 12.6 Morphology characteristics of macroalgae
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The required components for growth are frequently available in the coastal
environment; therefore, seaweed production does not require arable land or fertilizer.
Furthermore, macroalgae biomass outputs can be higher than most terrestrial crops
throughout a growing season [125]. In this regard, using seaweed biomass to make
biofuels seems to be a potential approach for supplementing and securing energy
supply while also reducing reliance on fossil fuels, which is in line with the EU’s
goal [8].

Macroalgae are extremely important, since they can control pollution, eutrophi-
cation, and increase biomass in water bodies due to increased nutrients such as
nitrogen and phosphorus. They also have characteristics that make them good
candidates for application in the biorefinery. Macroalgae have higher efficiency in
photon conversion than terrestrial plants and accumulate large amounts of carbohy-
drate biomass from inexpensive nutrient sources. Because they are buoyant, they do
not produce structural polysaccharides like hemicellulose and lignin, so the process
for ethanol production, in the pretreatment part, is much more straightforward
[26]. Biomass production from red algae produces more energy than other biomass
sources. Like terrestrial plants, macroalgae contain high value-added chemicals like
carbohydrates, lipids, proteins, and other compounds, such as chlorophyll or carot-
enoid pigments. Carbohydrates are divided into polysaccharides and monosaccha-
rides. These carbohydrates are in the cell walls and are generally alginates, agar,
carrageenan, cellulose, fucoidan, and hemicellulose [124]. Macroalgae have advan-
tages over terrestrial plants because several of these carbohydrates are different from
glucose polysaccharides. These compounds can be used in various processes, almost
always stabilizing thickening or gelling agents [126]. Also, macroalgae contain
sulfur carbohydrates (sulfated carbohydrates) such as fucoidan, which has immuno-
modulatory and anti-inflammatory activities, lower blood lipid levels, and anticoag-
ulant, antithrombotic antivirus antitumor, and antioxidant activity and activity
against hepatopathy and renal disease, among others [127]. In the same way,
mannitol, sugar alcohol, has hydrating and antioxidant activity and has a sweet
taste, so it is used as a sweetener and reduces the crystallization of sugars.

Red algae, also called Rhodophyta, have agar and carrageenans in their cell wall,
composed of sulfated galactan [128]. Green algae or Chlorophyta have three
heteropolysaccharides in their cell wall: glucuronoxylorhamnans,
glucuronoxylorhamnogalactans, or xyloarabinogalactans. Finally, the brown algae
or Phaeophyta’s cell wall comprises alginate, a uronide polymer comprising
mannuronate and guluronate residues, and laminarin, a pillar of β-1,3-linked glucose
moieties with β-1,6-linked branches [129].

As can be inferred, the composition of the different types of algae varies. Of the
10–15% of the dry matter that makes up algae, 60–65% is carbohydrates, and like all
plants, this composition is influenced by the growing conditions and the climate
[26]. In general, the carbohydrate composition is as follows:

• Green algae. Polysaccharides: mannan, ulvan, starch, cellullose. Monosaccha-
rides: glucose, mannose, uronic acid.
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• Red algae. Polysaccharides: carrageenan, agar, cellulose, lignin. Monosaccha-
rides: glucose, galactose, agarose,

• Brown algae. Polysaccharides: laminarin, mannitol, alginate, glucan, cellulose.
Monosaccharides: glucose, galactose, uronic acid.

Compared to other compounds, brown and red algae have less lipid content than
green algae. In contrast, green algae species have higher cellulose content than red
and brown algae and may contain starch. Furthermore, macroalgae have a higher
range of alkali metals and halogen content [122].

Enzymatic hydrolysis research is focused on producing high-value products from
seaweed biomass since the product yields could be more profitable in focused
markets than biofuels. Seaweed is known to contain a wide array of naturally
occurring bioactive compounds; carotenoids, fatty acids, phycocolloids, sterols,
and an extensive range of secondary metabolites [130]. Compared with terrestrial
biomass sources, algal biomass is composed mainly of lipids and proteins and has a
faster growth rate, thus increasing photosynthetic efficiency [131]. This hydrolysis
could imply a reliable source for biofuels and high added-value products. Table 12.6
lists some of the research reported for producing higher value-added compounds
from seaweed biomass.

Considering the growing markets worldwide, such as the surge in some popula-
tional sectors demanding healthy products for consumption and some species of
seaweed have been consumed historically in Asian cultures for millennia [132],
opportunities exist for using edible seaweed biomass food formulations. Several
studies propose the implementation of bioactive extracts in meat and meat derived
products since the current overview of meat have been dwindling and is no longer
considered essential in the human diet; polysaccharides, protein, omega-3 fatty
acids, carotenoids, phenolic compounds, vitamins, and minerals could transform
meat into a functional food since some formulations can improve the “bad” nutri-
tional aspects but the most significant drawback encountered is the organoleptic
modification of the meat, that impact negatively in consumer acceptance [133].

Biologically active compounds could become the backbone of some biorefinery
processes. Laminaria japonica is a reliable source of alginate oligosaccharides that
possesses a wide assortment of exploitable qualities: antioxidant, prebiotic activity,
cytokine-inducing activity in mononuclear blood cells, and plant rooting enhancers,
which are usually obtained with environmentally harsh procedures. It has been
confirmed that a combination of commercial cellulases for the saccharification
process and an engineered yeast (Yarrowia lipolytica) obtain a yield of 91.7% [16]
and an oligosaccharide purity of 92.6%, with the added benefits of being an
environmentally friendly procedure. Bioactive peptides with pharmaceutical activi-
ties are also obtainable since seaweed can be utilized as another alternative protein
source, peptides are a given, and some peptides available from macroalgae present
antioxidant, antihypertensive, anti-inflammatory, and antidiabetic activities, this,
however, is limited to the variation of the protein content influenced by several
factors, and the obtention can be difficult since the complex constitution of seaweed
hinders the obtention of bioactive peptides. Also, there is a lack of proteomic studies
to reduce the scope of peptide utilization and identification [134].
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Macroalgal biomass is predominantly used for high value-added byproducts and
food production around the world. The biorefinery approximation for biofuels,
bioactive compounds, and biomaterials production is currently under development
[135]. The number of algal fuel producer companies is increasing globally, and there
is undeniable potential for the utilization of enzymes for the marine biomass
transformation industry.

12.6.1 Enzymatic Hydrolysis of Macroalgal Biomass

The more widespread utilization of enzymes in biorefinery is the hydrolysis of the
structural polysaccharides to promote a more effective saccharification process to

Table 12.6 High value-added bioproducts obtainable from macroalgal biomass using specific
enzymes

Algae

Enzyme
utilized/
methodology

Bioproduct
obtained Purposed outlook References

Hizikia fusiforme Commercial
cellulases

Fucoidan Antioxidant for food
or cosmetic
application

[136]

Sargassum
horneri

Recombinant
fucoidanase
FFA1

Fucoidan Anticancer and
radiosensitizer action

[137]

Macrocystis
pyrifera

Commercial
cellulases

Bioactive proteins Antioxidant, potential
antihypertensive

[138]

Chondracanthus
chamissoi

Commercial
cellulases

Bioactive proteins Antioxidant [138]

Palmaria
palmata

Cellulases/
alkaline
extraction

Protein Protein-rich feed for
poultry or fish

[139]

Laminaria
japonica

Alginate lyase/
thermo—acid
pretreatment

Low-molecular-
weight polysaccha-
rides rich in uronic
acid

Anti-obesity agent [140]

Sargassum
fulvellum

Commercial
cellulases

Bioactive
carbohydrates

Antioxidant [141]

Porphyra dioica Prolyve®1000
and
Flavourzyme®

Bioactive proteins Antioxidant [142]

Gracilaria
lemaneiformis

H2O2-assisted
enzymatic
method

Sulfated rich agar Improved gel strength [143]

Laminaria
japonica

Cellulase and
recombinant
alginate lyase

Alginate
oligosaccharides

Prebiotic,
immunomodulating,
antioxidant and plant
rooting agent

[16]
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widen the availability of assimilable sugars for posteriors biotransformation via
microorganism‘s metabolism. Since the financial implications regarding the cost of
the whole saccharification process do not allow the sole utilization of enzymes
[7, 144], some methodologies have been coupled to synergize and lower the targeted
production costs of biofuel or high added value products. All costs can provide
seaweed biomass even in countries with cold weather; Nordic countries have limited
light levels and low temperatures that hinder first-generation biofuels, but the vast
coastlines are rich in marine biomass. For example, Saccharina latissima known for
its high carbohydrate content, is widely available in the warm cost and studies to
have been made for its utilization in methane production; an enzyme complex of β-1-
3/1–4-glucanase, cellulase, xylanase, β-glucosidase, β-xylosidase,
α-˪-arabinofuranosidase was utilized to improve the reducing sugar release of
alkaline treated pulp for anaerobic digestion. Enzymatic hydrolysis of macroalgal
biomass can potentially harness 1760 m3 per hectare of the productive seafloor for
S. latissima [145].

Industries revolving around marine biomass residues can be a good source for
biofuels and high added-value products. An estimated 57,500 tons of carrageenan
are annually produced, and as long the hydrocolloid industry is growing, its waste
will increment accordingly. The waste obtained from the carrageenan extraction of
Kappaphycus alvarezii can be transformed with an acid pretreatment and later
enzymatically hydrolyzed to enhance the saccharification of galactose and glucose
13.8 g/L of ethanol yield after a fermentation process utilizing a modified Saccha-
romyces cerevisiae (ATCC 200062) [146]. Agar is another phycocolloid obtained
from red algae, and the agar extraction industry for Gelidium and Gracilaria
seaweeds produces around 100,000 tons of carbohydrate-rich residues each year;
this residue still has potential for the extraction of valuable compounds, according to
a study [147] that hydrolyzed the residues using a sulfamic acid pretreatment and
enzymatic hydrolysis.

12.6.2 Conversion of Sugars into Ethanol from Macroalgae

Bioethanol can be produced from macroalgae by converting sugars released in the
enzymatic saccharification process [148] by fermentation using various microorgan-
isms [149], as shown in Table 12.7. Fermentation is a process in which alcohol and
CO2 (carbon dioxide) are converted from glucose; stoichiometrically, 1 g of glucose
produces 0.51 g of ethanol along with 0.49 g of CO2 after fermentation. Bioethanol
yields are highly dependent on temperature, pH level, growth rate, alcohol tolerance,
osmotic resistance, and genetic stability of the fermenting microorganism. Among
the organisms that can be employed in bioethanol production, the mainly used
Saccharomyces cerevisiae, Pichia angophorae, Pichia stipitis [150, 151],
Kluyveromyces marxianus [152], Zymomonas mobilis [153], among others shown
in Table 12.6.
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K. marxianus is a species of yeast that is thermotolerant with proficiency to
ferment an extensive range of substrates. Some advantages involve the consumption
of several sugars at elevated temperatures and weak glucose repression.
K. marxianus can work at temperatures up to 47 �C with a solid affinity for xylose
[152] and possesses high growth rates and less tendency to ferment when exposed to
excess sugars [154]. Z. mobilis is a bacterium facultatively anaerobic and
nonsporulating ethanologenic that converts sugars to ethanol through the Entner-
Doudoroff pathway; this microorganism accumulates less biomass during fermen-
tation more sugar can be converted to ethanol, increasing its observed yield.
Z. mobilis metabolizes glucose, fructose, and sucrose. It can endure high sugar
concentrations [155]. P. stipitis, also known as Scheffersomyces stipites, is a homo-
thallic yeast that can ferment pentose sugar like xylose. The fermentation starting is
not dependent on sugar concentration. However, it is regulated by a decrease in
oxygen availability. It possesses a greater respiratory capacity owing to the existence
of an alternate respiration system. It also includes the enzyme dihydroorotate
dehydrogenase, which grants the ability to grow anaerobically [152]. Pichia
angophorae showed that fermentation could occur with hydrolysates containing
laminarin and mannitol present in brown macroalgae [151]. Other microorganisms
have been used, like the marine yeast Meyerozyma guilliermondii, which can be a
candidate for the marine bases substrates [156], non-adapted Pachysolen
tannophilus, and the marine fungus Cladosporium sphaerospermum have also
been studied on macroalgae feedstock for bioethanol production [157, 158]. How-
ever, Saccharomyces cerevisiae are the most employed microorganisms mainly due
to their effectiveness, resistance to high ethanol and inhibitor concentrations, and
high osmotic resistance [150, 151]. S. cerevisiae is the most exploited yeast in
industrial for bioethanol production [157]. Besides that, S. cerevisiae has an excep-
tional function in high sugar concentrations that merge passive sugar transport with
high glucose flux through glycolysis to ethanol production, despite the presence of
oxygen, thereby having a strong positive Crabtree effect. These are an excellent
advantage in the extensive industrial configuration where anaerobiosis has an addi-
tional level of difficulty, namely removing available oxygen in a closed batch
bioreactor or fed-batch bioreactor using setting at the time of fermentation and
avoiding the integration of ethanol at the final step of fermentation [159].

Another critical parameter is the fermentation strategy chosen. The primary users
are SHF, Separate Hydrolysis and Co-Fermentation (SHCF), SSF, Simultaneous
Saccharification and Co-Fermentation (SSCF), and Pre-Simultaneous Saccharifica-
tion and Fermentation (PSSF), for bioethanol production based on first and second-
generation. Table 12.8 shows all strategies in detail.

Studies have been reported for bioethanol production from macroalgae. Tan et al.
[171], used Saccharomyces cerevisiae PE-2 under SSF strategy and reached 12.23
and 14.19 g/L of ethanol concentration employing water and hydrolysate from
hydrothermal pretreatment as a medium, respectively, obtaining a conversion yield
of 81%. Hou et al. [162] used Laminaria digitate as a feedstock for bioethanol
production under SSF and SHF strategies using S. cerevisiae (Quick Yeast, Doves
Farm Foods Ltd.), their results were 14.7 � 0.3 g/L of ethanol equivalent to a
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conversion yield of 50.5% under SSF strategy, and 20.7 � 0.5 g/L of ethanol
equivalent to a conversion yield of 70.6 � 1.8 under SHF strategy. They concluded
that the lesser ethanol produced is due to the low efficiency in the enzymatic
hydrolysis stage (enzymes work at optimal conditions at 50 �C, and the experiment
was carried out at 32 �C. Kim et al. [163] investigated bioethanol production from
autoclave treated Gelidium amansii as biomass. The research study states that the
comparative analysis of SHF and SSF for 2% (w/v) supports the SSF process for the
highest bioethanol conversion yield corresponding to 90.7% with 3.33 mg/mL and
84.9% with 3.78 mg/mL, respectively. On proceeding for the SSF process at 15%,
solid loading (w/v) gives a satisfactory result with an increment in bioethanol
concentration 25.07 mg/mL with 76.9% conversion yield. Lee et al. [161] worked
with thermotolerant yeast S. cerevisiae DK 410362 under SSF strategy, scaling from
3 to 6% (w/v) of solid loading. They achieved 3.84 and 6.65 g/L of maximum
ethanol concentration for 3 and 6%, reaching 78.41 and 67.39% ethanol yield,
respectively. Another study, El Harchi et al. [158], adapted Pachysolen tannophilus
to ferment Ulva rigida biomass under SHF strategy; they reached 11.92 g/L of
ethanol concentration 72.35% conversion yield.

The studies highlight that sugars from macroalgae could be a potential feedstock
for bioethanol production. However, additional research is needed to achieve an eco-
friendly and economically viable process. Further, more studies are required to fully
comprehend the antiviral action mechanisms of algal chemicals and reap the benefits
of their utilization as functional additives in the pharmaceutical and food sectors.

12.7 Conclusions and Future Outlook

Micro- and macro-algae biomass can produce novel bioproducts and are used as an
indigenous biological source serving as a bridge between the environment and
changing climatic conditions by creating eco-friendly energy products with exten-
sive food, medicine, bioenergy, and cosmetics industries in terms of biorefinery.
Micro- and macro-algae biofuel production under the biorefinery strategy is
expected to significantly enhance algae biofuels’ overall cost-effectiveness. How-
ever, integrating diverse biomass conversion methods in a whole algal biorefinery
operation remains a fundamental problem. Before industrial use of algal technology
and the commercialization of microalgal biofuels becomes realized, considerable
technological breakthroughs and increased biomass production are required. In
terms of biorefinery, technical advancements in extraction technique and enzymatic
saccharification are necessary to improve the cost-effectiveness of end products such
as micro-and macro-algae biofuels. Nonetheless, algal biorefinery processes can be
implemented in the near future if the expense of biofuels is compensated by revenue
from bioproducts for the circular bioeconomy.
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Chapter 13
Prospects and Perspectives for Producing
Biodiesel, Bioethanol and Bio-Chemicals
from Fruit Waste: Case Studies in Brazil
and Serbia

Danijela Stanisić, Marija Tasić, Olivera Stamenković, and Ljubica Tasić

Abstract Fruits are some of the most valuable agro-industrial products with high
nutritional value and considered very healthy food. Nevertheless, fruit residues
resulting from fruit processing represent organic waste and can make up almost
1/2–3/4 of the entire year of fruit agribusiness production. These semi-solid fruit
residues are being landfilled at an alarming rate and can even become dangerous
organic wastes that might cause pathogen proliferation and disturb environmental
microbiota. In developing countries, fruit waste is even greater because of low or no
investment in refrigerated transport and cold storage facilities after harvest of the
fresh fruit. Therefore, there is a strong appeal in reusing this waste and adding-in
higher value to the fruit residues such as manufacture of nutritive supplements,
biochemicals and biofuels. In the area of biofuel research, by far the bioethanol
production from the fruit residues is an interesting topic to discuss and explore, as
well as biodiesel production, which depend on chemical composition and charac-
teristics of different types of fruit biomass. Some fruit derived biopolymers such as
pectin, lignin, hemicelluloses and cellulose based polymers are very valuable com-
modities already explored. But some fine chemical products such as pigments,
fragrances, essential oils, organic molecules, and many bioactive substances can
be obtained from fruit residues and even if not the greatest in quantity, for sure may
add-in great value into fruit agri-business. Brazil is one of the top-five world fruit
producers and leading the world market of orange fruit production, which is one of
the biomasses taken as an example for biochemicals and bioethanol production. On
the other side, fruit residues in Serbia can become valuable resources for biodiesel
and other commodities production. This chapter brings some important and updated
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state-of-the-art processes for exploring fruit waste for biofuel and biochemicals
production in the laboratory scale and prospection about bioeconomy for industrial
exploitation. Finally, the brief discussion on liquid and solid residues generated in
some of the proposed processes are disclosed.

Keywords Fruit waste · Biopolymers · Active ingredients · Flavones · Pigments ·
Biofuels

13.1 Introduction

Fruit waste generation can occur in any stage of food production and supply chain.
One-third of produced food each year is wasted, according to The United Nation
Food and Agriculture Organization [1]. In the EU, approximately 88 million metric
tones of food waste are generated, which is 20% of produced food annually
[1, 2]. Industrial food waste produced in large amounts, generates great loss of
valuable materials, and raises serious management problems, both from the envi-
ronmental and economical point of view. Many of these residues, however, have the
potential to be reused in other production systems, through e.g., bio-refineries
[3]. Some of the contributing factors for augmented food waste are irrational
purchase planning and preparation non-sufficient meal planning and shopping pro-
motions, misunderstanding of data value, “use by” and “best before” labels, portion
size in canteens and restaurants, stock and supplies management issues, product and
packaging damage, inadequate transport and storage, overproduction or demand
lack. All these factors could be a problem in all stages of the food chain [4].

During the period from 1960 to 1990, Brazil experienced expansion and devel-
opment in agriculture through adoption of modern and innovative production tech-
niques, investment in research and development and innovation in the agricultural
sector. Nowadays, Brazil is one of the top five producers and exporters in the
agricultural industry and in the third place in fruit production. Food waste and
post-harvest losses issues have been more and more present in the media since
2015. Social inequality, combined with high unemployment and the large differ-
ences in purchasing power in Brazil, increases the risks of accessibility to food [5].

Agro-waste processing nowadays covers several practical techniques for food
waste treatment, such as anaerobic digestion, vermification, pyrolysis. Anaerobic
digestion is a microbial process where biomass is converted in biogas and nutrient-
rich fertilizers. Vermification is an eco-friendly and low-cost technique that employs
microbes and earthworms to break down organics, and forms little or no sludge, uses
little to no electricity, and is odor free. Lignocellulosic wastes are transformed
through pyrolysis to the biochar. Biochar is known to be useful in water restricted
areas and on infertile soil [6].

Agro-waste material increases tremendously, and the recovery of waste makes it
possible to benefit from low-cost reinforcements and protect the environment. Agro-
waste residues are a significant resource and low cost, environmentally friendly,
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renewable, and readily available materials for various utilizations. The crop waste is
abundant in natural fibers. The agriculture waste fibers can be obtained from rice
straw, orange peel, cotton stalk, banana peel, pineapple leaf, soy pods, flax, hemp,
potato peel, rice husk, garlic straw, grape skin, among others. Agro-waste biomass
products can be used in multitude applications like the textile industry, composites,
paper, furniture, constructions and medical fields [4].

Brazil, according to FAOSTAT metadata, annually produces around 17 million
tons of oranges, making them leader in the World production of citrus fruit (for 2019
citrus fruit production was ~79 millions of tonnes), 6 million tonnes of bananas, 2.4
million of tonnes of pineapple, 2.3 million tonnes of watermelon, 2 million tonnes of
mangoes and around 1.5 million tonnes of grape [7].

13.2 Fruit Waste Biorefinery Circular Economy

Modern industrial development is toward implementation of the circular economy
model to foster sustainability.

For sustainable development of natural resources, all linear and extractive pro-
duction models should be substituted with the circular economy model. This means
that all industrial waste should be used as a source for obtaining value-added
products. Figure 13.1 shows the perspective of winemaking biorefineries based on
the circular economy model.

The whole process includes producing wines, grape liquor, biofuels, bio-active
compounds, cattle feed, heat, and ashes that can be used to produce construction
materials. Alternatively, wine shoots can be used for composting.

Fig. 13.1 Grape biorefinery circular economy model
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Including biofuels production in the existing winemaking process contributes to
reduce emissions of greenhouse gasses 1responsible for climate change. The pro-
posed advanced process will provide sustainable production and valorization of
wastes.

13.3 Biofuels

Simultaneously with the increased fruit production and use, the fruit waste generated
by the fruit processing industry increased. The fruit residues are usually discarded as
industrial waste. However, they can be exploited as oil and sugar sources and, based
on their physico-chemical characteristics, used for biodiesel (methyl or ethyl esters
of fatty acids) and bioethanol production. According to the global fruit production
data in the last decade [7], the widely grown fruits in Serbia and Europe are apples,
plums, watermelons, and grapes. Bioethanol, biogas, and biodiesel, alternatives to
fossil fuels, can be produced from waste biomass. The production from waste
biomass gives an inexpensive and alternative to the harsh chemicals used during
industrial processes, and the possibility of controlling pollution from the waste
discarded to the environment. The bioethanol, biodiesel and biogas can be utilized
in the further production of industrially important chemicals, as solvents and build-
ing blocks of new chemicals [8]. In the ‘90., Grohmann and colleagues explored
sugars from citrus waste and performed hydrolysis, which led to fermentation with
Saccharomyces cerevisiae (S. cerevisiae) and Escherichia coli (E. coli) to produce
ethanol [9, 10]. Prior to any hydrolysis it is necessary to remove d-limonene and/or
any other essential oils that can inhibit the fermentation process [11]. Two main
techniques, simultaneous saccharification and fermentation, and further hydroxyl-
ation and fermentation, combine enzymatic and microbial fermentation in one single
step, simplifying ethanol production. Production costs are reduced and involve less
investments, which significantly increase interest in processing agro-waste
materials [8].

13.3.1 Apple Waste Processing

Over 87.2 million tonns of apples are produced annually in the World [12]. Approx-
imately 26% of the total apple production is used for processing purposes
[13]. Apple processing generates liquid (waste waters, 60–70%) and solid (apple
pomace, 30–40%) wastes [14]. Since both contain high biological oxygen demand
values (highly biodegradable), disposing of them brings environmental problems
[15]. Currently, wastewater is disposed of into landfills or used for feed production.
There is no evidence that wastewater can be used for bioethanol production, most
likely due to the low nitrogen and phosphorus [15]. Apple pomace, a waste of juice
extraction, is disposed of in landfills, although it has high residual acidity
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[15]. Occasionally, it is spread on land or used as bioethanol feedstock. Apple
pomace usually contains cellulose, hemicellulose, lignin, and some amounts of
reducing sugars [16]. However, compared to other agricultural wastes, apple pomace
is rich in pectin and has a markedly less lignin portion [17]. Therefore, the enzymatic
hydrolysis of cellulose and hemicellulose is more efficient [14]. Since pomace is
waste during mechanical apple pressing, it contains rice husks, too (10% of the
pomace’s total weight) commonly used as a pressing aid in the industry [18]. Acid
hydrolysis and enzymatic saccharification were the most common pretreatment
methods for the release of fermentable sugars from the lignocellulosic structure of
apple pomace (Table 13.1). Microwaves cause swelling of the fiber and increase
surface area leading to better enzymatic binding and hydrolysis [19].

As can be seen from data shown in Table 13.1, the average submersed ethanol
yield was about 0.4 g/g. Higher ethanol yields were related to higher sugar content
and supplement addition (i.e., soluble soy protein). Although S. cerevisiae was the
most common production microorganisms, higher ethanol yields were obtained by
Pichia stipitis (P. stipitis) or Kluyveromyces thermotolerans (K. thermotolerans).
Both P. stipitis and K. thermotolerans are pentose fermentative yeasts. While
P. stipitis utilize cellobiose and maltose, K. thermotolerans can utilize maltose
[20] and xylose [19]. Both strains consume sugars slower than S. cerevisiae, so
they have a longer fermentation time [21]. Working temperature mainly did not
exceed 30 �C independently on type of fermentation—solid or submerged state.
Comparing submersed and solid-state fermentation of apple pomace (Table 13.1)
was not possible due to different ethanol fermentation results.

One study reports that the submersed fermentation efficiency of 76.9% is higher
than the range of 70–94% and 72.6–90% in a solid-state fermentation system
[18]. Moisture and mixing rate are determining factors for solid fermentation
[26]. By increasing the moisture and mixing rate, ethanol productivity rises as well
as the fermentation time. The highest ethanol yield (16.09 v/w) in solid-state
fermentation was achieved with co-cultures of S. cerevisiae (ethanol producer),
Aspergillus foetidus (A. foetidus, pectinase producer), Fusarium oxysporum
(F. oxysporum, cellulose producer). Fermenting microorganisms should utilize
most of the apple pomace sugars and therefore provide high ethanol production
rates. That means to be able to produce both cellulase for degradation of cellulose
and to ferment sugars to ethanol.

Since all research (Table 13.1) was conducted at a laboratory scale, bioethanol
was usually separated via a rotary vacuum evaporator at 78 �C, with usual minor
losses. Ethanol concentration depends on apple variety, processing conditions,
including the amount of press aid used [17]. However, a minimum concentration
of 4% v/w is required for economic ethanol production [24]. Ethanol must be further
treated in the distillation columns, which requires about 79% of the available energy
[17]. For occurring submerged fermentation, a four-to-five-part dilution of the
pomace is necessary, making ethanol concentration too low. To the best of authors’
knowledge, just one study was performed about bioethanol apple pomace produc-
tion’s economic feasibility. Since costs of apple pomace are negligible, the reported
ethanol price (during the 1996 year) was 0.16 US$/L [27]. This price could be lower
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if revenues by selling residual fermentation waste as animal feed could be
included [27].

13.3.2 Plum Waste Processing

The world plum production in 2019 was 13 million tonnes, from which 559 thousand
tonnes were produced in Serbia, so Serbia ranks third in plum production [7]. Based
on the plum production data in 2019 and the plums stones’ average content of 4.3%
[29], the stone’s amount is estimated to be 559 and 24 thousand tonnes for the World
and Serbia, respectively. About 19% of plum stones are plum kernels [29]. The oil
content in plum kernels is in the range of 32% [30] to 45.9% [31]. Plum kernel oil is
rich in unsaturated fatty acids, and the main is oleic acid, which contents range from
62.0% [31] to 77.0% [32], followed by linoleic acid in amounts from 15.9% [33] to
29.6% [31].

The plum is an important feedstock in the food processing industry for obtaining
jams, marmalades, and prunes from plum flesh and skin, while plum stones remain
as waste. Amounts of plum stones and kernels are significant for obtaining the value-
added products, which could ensure environmental and economic benefits. So far,
plum kernels are used as: (i) lignocellulosic activated carbon adsorbent precursor for
commercial dyes and Pb2+ [34] and NO2 [35] and (ii) raw material for obtaining the
pyrolysis oil [36]. Depending on the plum variety, kernels are rich in tocopherols,
especially γ- and α-tocopherol, and could be exploited to extract and prepare various
products [37]. Plum kernels could also be used to obtain the peptides with antiox-
idant and antihypertensive activity [38]. Plum kernel oil is a considerable source of
carotenes, phenolic compounds, and significant raw material in food and cosmetic
industries [39]. Nowadays, plum kernel oil is considered as feedstock for biodiesel
production due to its favorable fatty acid composition. However, only two studies
are dealing with the use of plum kernel oil in biodiesel production.

Górnaś et al. [29] investigated the properties of plum kernel biodiesel using the
experimental data of oil fatty acid composition and empirical correlations for
calculating physicochemical properties of biodiesel (the kinematic viscosity, cetane
number, higher heating value, density, iodine value, cold filter plugging point, and
oxidation stability). Calculated biodiesel properties of 21 plum varieties were in the
range of European biodiesel standard EN14214 except for oxidation stability. Such
behavior can be attributed to the natural antioxidants (tocochromanols and caroten-
oids) in the oil, whose amounts were not included in the calculations [40]. Kostić
et al. [32] reported the use of plum kernel oil as feedstock for biodiesel production.
Due to the high free fatty acids (FFA) content (15.8%) in the oil, the biodiesel was
produced via a two-step process. The first step included H2SO4 catalyzed esterifica-
tion of FFA, which was investigated at various reaction conditions (methanol:oil
molar ratio in the range 1.8:1–10.2:1, H2SO4 amount 0.66–2.34%, based on the oil
mass, and temperature, 33.2 �C to 66.8 �C, to find the optimal one for achieving the
lowest acid value of the oil. The esterified oil (acid value of 0.47 mg KOH/g) was
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processed to the base-catalyzed methanolysis (second step) in the presence of CaO
as a catalyst (5% based on the oil mass), at methanol:oil molar ratio of 9:1 and at
60 �C. The properties of purified biodiesel were within the biodiesel standard
EN14214 specifications.

13.3.3 Grape Pomace Processing

Total world production of grapes in 2019 was 77 million tonnes, and the leading
producers were China, Italy, USA, Spain, and France. Grape is the third most-
produced fruit in Serbia, with 164 thousand tonnes annual production in 2019
[7]. Grapes are the source of various processed products, such as wine, juice,
sweet spreads, grape seed extracts, and vinegar. About 50% of this quantity is
used in the wine industry, and almost 25% of this grape weight represents waste
[41], where 75% makes wastewaters [42]. The wine solid waste mainly consists of
pomace (20%, [43]). According to the estimations, 1 kg of grape pomace is gener-
ated for each 6 L of wine [44]. Winery waste contributes to pollution via low pH,
high phytotoxic content, and biologically non-degradable antibacterial phenolic
substances [45]. Irrigation with pretreated winery wastewaters and anaerobic diges-
tion are used as dominant waste-water treatment methods [46]. In contrast, no reports
were found about wastewater implementation for bioethanol production. The known
possibilities for waste pomace utilization include composting, the production of
steam or electricity, as cattle feed, methane or ethanol fermentation, and extraction
to obtain various bio-compounds.

The main components of grape pomace are grape skins, pulp, seeds, and stems.
Grape pomace is composed of neutral polysaccharides, acid pectic substances,
insoluble proanthocyanidins, lignin, structural proteins, and phenols [47]. Grapeseed
is another waste of wine production that is obtained after pressing the juice. Seeds
present 2–5% of fresh grapes, while their grape pomace amount is 38–52%
[48]. Grape pomace is nontoxic, but both high production volumes and organic
matter content make it a serious environmental problem. On the other hand, grape
pomace has been proposed for producing bioethanol, biodiesel, fertilizer, animal
feed, and polyphenols [49]. Generally, grape pomace is produced seasonally and
therefore needs storage. A common way to facilitate its storage is drying. However,
drying increases costs and brings the risk of accidental or spontaneous combustion
and demands rehydration since fermentation occurs in aqueous conditions. The
alternative technique is ensilage via lactic acid fermentation [49]. Since ensilage
increases production costs, it is better not to store but to use the pomace immediately.

Some authors showed that stalks [50, 51] or skin [52] could be separated from
pomace and used in bioethanol production. It is known that grape pomace can be
used for grape spirit (pomace brandy) production. However, spirit production can
utilize only one part of grape pomace, soluble sugars. A large part of insoluble sugars
(complex lignocellulosic forms) remains unused. Therefore, it is evident that grape
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pomace as a feedstock for bioethanol production gives a greater opportunity to
utilize it wastefully.

Grape pomace fermentation can be conducted in a direct (solid-state) or indirect
(with previous hydrolysis, submersed state) manner. A review and schematic pro-
cesses of grape pomace bioethanol production are shown in Table 13.2 and
Fig. 13.3, respectively. White and red grape pomaces reported in Table 13.2 were
waste from white and red grape wine making processes, respectively. White grape
pomace comes out as waste from mechanical pressing, while red grape pomace
passes pressing and fermentation to give aroma to red wine (Fig. 13.2). The recovery
of the residual ethanol in the grape pomace must be made before further bioethanol
production. Acid hydrolysis, enzymatic saccharification, pH adjusting, nutrient
supplementation, and autoclaving were common pretreatment methods of grape
pomace before submerged fermentation. Using Kluyveromyces marxianus
(K. marxianus) Y885 can reduce pretreatment steps since this strain can simulta-
neously hydrolyze cell wall’s sugars and ferment substrate to ethanol [53]. As shown
(Table 13.2), white grapes contain more residual sugars than red grapes and therefore
provide more ethanol. It is because water-soluble carbohydrates were enriched with
released sugars from cell wall components. However, Corbin et al. [54] reported that
the white grape pomace bioethanol process could run profitably even if only water-
soluble carbohydrates are used as feedstock. Untouched cell wall fraction may be
used as animal feed, fertilizer, or a source of polyphenol.

Compared to submersed, yields in ethanol production are greater in solid-state
fermentation (Table 13.2). Furthermore, in solid-state fermentation, there was no
need for pH adjusting, supplementary nutrition, or higher energy demand for
maintaining higher operation temperatures than 28 �C. One of the advantages of
solid-state grape pomace fermentation is the reduction of mass residues to be
disposed of Rodríguez et al. [55] showed that at 96 h, the final dried weight was
18% lower regarding initial dried grape pomace weight.

Grapes would not be the first-choice raw material for ethanol production in
Europe since the net energy output derived from them is up to 50% lower than
wheat, sugar beet, sweet sorghum, or Jerusalem artichoke [57]. Kavargiris et al. [58]
reported that higher grape yields, lower chemical inputs, mechanization, and max-
imization of ethanol yields could improve grapes ethanol’s production energy and
financial balances. If the grape pomace bioethanol reaches high industrial commer-
cialization, E20 blend (blend of grape pomace ethanol of 20% and oxygen-free
gasoline) can reduce SI engines exhaust emissions (CO, NOX, HC, and CO2) during
cold operating conditions [59]. Furthermore, fuel consumption using E20 blend or
commercial gasoline are almost the same.

Grape seeds consist of fiber, oil, protein, sugar, complex phenol, and minerals.
The oil content in grape seeds is about 6–20% depending on the fruit variety
[60, 61]. Grapeseed oil is rich in unsaturated fatty acid (82.9–90.13%), from
which linoleic acid is dominant, with the amount varying from 53.62% [62] to
75.10% [48], followed by oleic acid which content is from 14.50% [48] to
30.63% [62].
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As grapeseed oil is rich in linoleic acid, vitamin E, phytosterols, and hydrophilic
phenols, it can be a valuable raw material for the pharmaceutic, food, and cosmetic
industry [61]. Nowadays, grapeseed oil has been considered as feedstock for
biodiesel production, and various processes for alkyl esters synthesis have been
investigated: conventional homogeneous base-catalyzed alcoholysis [62–67],
enzyme-catalyzed process [60], and in situ biodiesel production processes
[63, 64]. Grapeseed oil ethyl esters have been intensively studied due to their
advantages: completely renewable fuel due to the possibility for using bioethanol
obtained from winery wastes, higher specific energy and cetane number, better
lubricity, and cold flow properties. Generally, the objectives of the investigations
of grapeseed biodiesel production are optimizing the alcoholysis reaction conditions
for achieving the highest alkyl esters yield and determination of biodiesel fuel
properties.

The process operating conditions, including reaction temperature, methanol
amount, catalyst concentration, and reaction time, were optimized using central
composite rotatable design [66], Taguchi method, artificial neural network, and
adaptive neuro-fuzzy inference system [67]. In some cases, grapeseed oil was
pretreated to make it suitable for biodiesel production via direct base-catalyzed
alcoholysis. The pretreatment methods include dewaxing [62], acid conditioning,
deacidification, and drying [64] of the grapeseed oil. As a result, FFA contents,
water, and phosphorus are reduced, allowing the production of good quality
biodiesel.

Fig. 13.3 Pectin extraction from the fruit residues

13 Prospects and Perspectives for Producing Biodiesel, Bioethanol and. . . 427



The biodiesel production from grapeseed oil via enzyme-catalyzed alcoholysis
was also studied [59]. The enzyme-catalyzed process is a relatively new biodiesel
production method, considered environmentally friendly and economically favor-
able. Grapeseed oil methanolysis was studied in the presence of lipase from
Thermomyces lanuginous physically immobilized on magnetic nanoparticles of
Fe3O4/Ag coated by tartaric acid [59]. The process was performed at 45 �C, at
overall methanol:oil molar ratio 6:1 (methanol addition in three steps), and enzyme
amount of 10% to oil mass. The achieved esters yield was 94% in 24 h of reaction
that is significantly higher than using free lipase (77%).

Due to efficient enzyme removal in a magnetic field, the esters phase separation
and purification were much simpler than the homogeneous base-catalyzed process.

The direct biodiesel production from the grapeseed, known as in situ process, was
also studied [63, 64]. The main advantage of this process is eliminating extraction,
and possible purification of the oil that could decrease the overall process cost. The
methyl esters’ content and oil yield depended on the used catalyst. The highest
methyl ester content (95.5%) and oil yield (10%) were achieved in the presence of
KOH as a catalyst. When NaOH and CH3OK were used, the efficacy of the process
was significantly lower [64]. The oxidation stability of the obtained biodiesel did not
depend on catalyst type, and in all cases, it was high (20–28 h). This behavior could
be attributed to the methanol extraction of natural antioxidants from the seeds.
Donoso et al. [63] compared the oxidation stability of methyl and ethyl ester
obtained by alcoholysis catalyzed by CH3ONa and CH3CH2ONa, respectively, in
in situ and in the conventional process. Conventionally obtained methyl esters had
higher oxidation stability than ethyl esters because of the higher antioxidant extrac-
tion capacity of methanol. However, the oxidation stability of both ester types is
much below the standard limit. In situ obtained esters had higher oxidation stability,
which was increased by seed soaking in alcohol for 24 h.

Grapeseed oil biodiesel properties are, generally, within biodiesel standard spec-
ification (EN 14214 or ASTM D6751) except for iodine value [65] and oxidation
stability [62–65, 67]. Both properties are the consequence of high unsaturation
degree levels and the absence of antioxidant compounds. The biodiesel properties
could be improved by using the oil extracted with the hexane-methanol mixture,
performing the biodiesel production via in situ processes, or adding additives and
antioxidants to biodiesel.

13.3.4 Watermelon Waste Processing

Watermelon is a popular crop with many varieties grown all over the World.
However, there are differences between the varieties which are grown in different
regions. Also, various taxonomic classifications have been used in the scientific
literature, as reported by Jarret and Levy [68]. The total watermelon production in
2019 was 100 million tonnes, from which 2.28 million tonnes are produced in Brazil
and 163 thousand tonnes in Serbia [7]. Watermelon content of flesh, ring, and seeds
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is 68%, 30%, and 2%, respectively [69]. Watermelon is cultivated for its juicy and
sweet fruit that contains about 92% water, 7.5% total carbohydrates, 0.6% proteins,
low fats, and significant amounts of vitamins C and A [70]. Watermelon can be used
for obtaining jam, oil, proteins, sugars, xylanase, polygalacturonase, cutin, lycopene,
and L-citrulline, an adsorbent for the removal of heavy metals, pesticides, and
animal feed [69]. Watermelon is also a valuable feedstock for biofuel (bioethanol,
biodiesel, and hydrocarbons) production because ~1/5 of annual watermelon pro-
duction is refused from the fruit market and remains in the field. Additionally, the
large amount of waste stream, rich in sugars, is produced during lycopene and
L-citrulline extraction. Based on previously published papers, there are three types
of watermelon waste: (i) crop with surface blemishes or misshapen (20%, [71]),
(ii) watermelon rind [72], and (iii) watermelon lycopene free juice [71]. More than
90% of these watermelon wastes are left on fields and cause environmental
problems [69].

If only watermelon peels are used, pretreatment (usually acid-hydrolysis) must be
performed to yield 0.37 g/g of ethanol using Metschnikowia cibodasensis
(M. Cibodasensis) Y34 yeasts [73]. The combination of two microorganisms
(Zymomonas mobilis (Z. mobilis) and S. cerevisiae) in simultaneous saccharification
and fermentation of watermelon rind provides 5.86% (v/v) of ethanol [72]. The
laboratory cellulolytic bacterium isolates are also tested for waste watermelon
bioethanol production. These bacterium isolates are batch cultivated in aqueous
extract of watermelon rinds and sugarcane bagasse and can yield 7.4% (v/v) ethanol
for 6-days fermentation [74]. Fermentation of watermelon waste crops may be
performed in the shortest time of 30 h, shaken at 120 rpm with the yeast amount
of 5 g [75]. Under these conditions is obtained the highest ethanol yield of 0.355 g/g.
In contrast, deseeded watermelon crops enriched with nitrogen provide a higher
ethanol yield of 0.467 g/g at 30 �C in medium with S. cerevisiae [76]. Z. mobilis is
tested to utilize hydrolyzed watermelon waste crops and produces 27.62% (v/v) of
ethanol [77].

Watermelon contains about 300–500 seeds per fruit, used as cheap animal feed or
simply rejected as waste. Muhammad et al. [78] reported that Citrullus lanatus fruit
grown in Malaysia (with an average mass of 425.49 g) contains 330.6 seeds
(65.652 g) on average, which corresponds to 15.4% of fruit mass. The average
fruit skin and fruit flesh were 39.318 g and 320.52 g, respectively. Based on the fruit
production per hectare, it was estimated that about 2.3 tons of seeds (with about
1000 L of oil) could be produced [78]. The watermelon seeds are rich in oil and
proteins and can prevent cancers, cardiovascular and gastroenterological diseases,
and diabetes [79–81]. The watermelon seeds’ oil content is 41.32% [82] to about
50% [83, 84]. Primary fatty acids in the watermelon seed oil are unsaturated, and the
most abundant is linoleic acid, present in an amount from 56.9% [69] to 68.3% [84],
followed by oleic acid in an amount from 13.25% [84] to 15.2% [85]. Palmitic and
stearic acids are the main saturated fatty acids in the watermelon seed oil [79, 84–
86]. The remaining waste after the oil extraction from seeds is rich in proteins (about
20%) and can be used as a meat substitute, for protein production, or as livestock
feed. Recently, the watermelon seed oil is investigated as feedstock for biodiesel
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production. An overview of the biodiesel production from watermelon seed oil is
shown in Table 13.3. The investigations have been directed towards the biodiesel
properties, fuel performances of biodiesel-diesel blends, and optimization of the
reaction conditions. The homogeneous base catalysts have been mostly used for
biodiesel production from watermelon seed oil, whereby the alkali hydroxides are
predominant. Although the catalytic activity of NaOH was higher compared to
KOH, NaOCH3, KOCH3 at the same concentration, the slightly higher biodiesel
yield was achieved in the presence of methoxides due to the absence of side
saponification reaction. However, hygroscopicity and the high price of methoxides
limited their use in biodiesel production [87]. According to literature searches made
by the authors, only Rao et al. [88] used heterogeneous magnesium carbonate
(MgCO3) catalyst in biodiesel production from watermelon seed oil. The high
biodiesel yield was achieved under mild reaction conditions (Table 13.3) with
avoiding the problems in esters purification that is characteristic for homogeneous
catalysts. Recently, ionic liquids have been considered as prospective catalysts for
biodiesel production from oils having FFA content>1% due to their low corrosivity,
easy separation from reaction mixture, reusing ability, and simple esters purification
without wastewater formation. Elsheikh [89] used four different pyrazolium based
ionic liquid: 2-(3-sulfopropyl) pyrazolium hydrogensulfate (SPPHSO4),
2-(4-sulfobutyl) pyrazolium hydrogensulfate (SBPHSO4), 1-methyl-2-
(3-sulfopropyl) pyrazolium hydrogensulfate (MSPPHSO4) and 1-methyl-2-
(4-sulfobutyl) pyrazolium hydrogensulfate (MSBPHSO4) as catalysts in
methanolysis of oil having FFA content of 3.18%. The highest catalytic activity
was seen for SBPHSO4 which was attributed to its high acidity. Additionally,
SBPHSO4 was recovered by separation and reused in seven methanolysis cycles
without significant loss in catalytic activity. Methanolysis in the presence of ionic
liquids, compared to base catalyzed process, is performed at higher methanol
amount, catalyst concentration and reaction temperature (Table 13.3).

Two-step processes that include acid catalyzed FFA esterification and base-
catalyzed methanolysis of esterified oil were applied for biodiesel production from
acidic watermelon oil [90, 91]. The FFA esterification of oils with an acid value of
6.16 mg KOH/g was conducted in the presence of ionic liquids as a catalyst:
1-methyl-3-(4-sulfobutyl)-imidazolium hydrogensulfate, 1-methyl-2-(4-sulfobutyl)-
pyrazolium hydrogensulfate [80], 1,3-disulfonic acid imidazolium hydrogensulfate
and 3-methyl-1-sulfonic acid imidazolium hydrogensulfate [92]. Base catalyzed
methanolysis was carried out in the presence of KOH as catalyzed. The ionic liquids
showed high catalytic activity and achieved FFA conversion was above 95%. The
esterified oil having an acid value of 0.46 mg KOH/g [90] and 0.29 � 0.021 mg
KOH/g [92] was subjected to KOH catalyzed methanolysis, whereby methyl esters
purity >98% was achieved.

The reported fuel properties of produced biodiesel are within the standard ASTM
D6751 or EN 14214 specification [90, 92] except for oxidation stability [93, 94] and
cold flow properties [88]. Blend B10 of conventional diesel with watermelon seed
oil biodiesel had similar fuel and combustion performances as diesel and improved
emission characteristics. Namely, the emission of hydrocarbons, CO2 and O2 were
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lower than diesel, while CO and NOx emissions were the lowest for the B10 blend
compared to B20 and B30 [94]. Therefore, the watermelon seed oil is a promising
feedstock for biodiesel production, especially in regions where the watermelon is
cultivated in high amounts.

13.4 Fruit Waste Biochemicals

Brazil, as a World leader in fruit production (50% of world production of sweet
oranges), produces around 17–20 million tonnes of oranges (Citrus sinensis), annu-
ally with 13–15 million tonnes of this total being obtained in state of Sao Paulo
according to CitrusBr.com. Only half of the fruits are used in the process for
obtaining juice, thus the citrus juice industry generates about eight to ten million
tonnes of waste that is underutilized [98]. After the juice extraction, citrus fruit is still
extraordinarily rich in many different materials as: sugars, vitamins, lipids and
waxes, proteins, polysaccharides, bioflavonoids. Orange waste shows high moisture
contents, around 80% [99]. The common citrus waste presents high sugar and pectin
content (15–30%, on dry basis, low lignin content - up to 4.5%, on dry basis), and
high cellulose content (18%, on dry basis), hemicellulose (10.5%), lipids (1.95%),
proteins (6.50%), soluble sugar content (16.5%) [9]. An efficient process for limo-
nene, carotenoids, hesperidin, pectin, soda lignin, and cellulose extraction from
industrial orange peel waste that could be applied for any agro-industrial bagasse
is presented in literature [99–102].

The world production of mangoes, mangosteens, and guavas is over 55 million
tonnes for 2019 according to FAOSTAT [7]. Brazil aggregates around 2.4 million
tonnes of world production, which is around 4.4%. Mango waste contains 40% of
fruit weight, consisting of peel and seed (internal kernel and husk) [103]. The most
profitable mango waste treatment scheme is generation of pectin and oil seed
[2, 103]. After the pulp is separated from peel and seed, it is transformed into
juice, jellies, and jams. The husk is utilized for cellulose production and the kernel,
oily core is used for mango oil production. Mango kernel oil is widely used in the
cosmetic industry as a substitute for cocoa oil [103–105]. Mango kernel contains
about 9–13% of lipids per dry basis, where 94% account for neutral lipids, 4% are
phospholipids, and 2% glycolipids [2]. Mango fruit is also rich in carotenoids, there
is an intense orange colour. Through the process of ripening, mango’s peel changes
colour from green to intense orange, due to the difference in carotene content, adding
important assessment to the consumer selectivity and nutritional value of the
fruit [106].
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13.4.1 Essential Oils and Limonene

Essential oils are volatile compounds responsible for aromas in various plants and/or
their parts, and they have been used since ancient times [107]. Common processes
for extraction of essential oils are different versions of cold pressing, hydro-
distillation, and extraction with organic solvents, usually followed by purification
stages that include centrifugation and additional distillation [108]. Quality of essen-
tial oils depends on their main components, chemically classified into terpenes,
oxyterpenes, and other organic substances - alcohols, aldehydes, ketones, acids,
esters. The cyclic monoterpene (C10H16), limonene is present in two optical isomers:
d-limonene, which gives major fragrance to orange and l-limonene, which fragrance
is similar to the turpentine. The higher limonene extraction yield, by Battista and
colleagues [109] was obtained using non-polar solvent n-hexane (1.31% w/w), and
diethyl-ether (0.77% w/w) at 85 �C and in 3:1 (w/v) for orange: n-hexane proportion
[109]. Steam hydrolyzation processes obtain around 1.5% of d-limonene from fresh
orange peel. The essential oils are usually removed, before further fruit waste
fermentation, because they act as yeast inhibitors [99].

The new era of green chemistry extraction reduces energy consumption and
provides a natural safe, ecologically friendly, and economically acceptable process
[110]. Supercritical extraction optimal conditions were 30 MPa and temperature of
40 �C, with the extraction yield of 3.13 g per 100 g of peel and limonene content
51.7% [111]. A biorefinery concept considers extraction and isolation of two or more
products from fruit residues in a row. Hilali et al. [110] employed a solar hydro-
distillation process for extraction of essential oils from orange peel, in a continuous
process. For example, the same peel was used for extraction of polyphenols,
naruritin, and hesperidin, which will be commented on in a section of bioflavonoids.
The essential oil yield was around 1.03% for solar method and for conventional was
around 1.05% [110].

13.4.2 Carotenoids

Carotenoids are mostly C40 terpenoids, a class of compounds that take part in various
biological processes in plants, such as photo-protection, photosynthesis, develop-
ment, and photomorphogenesis [112]. Carotenoids belong to group of tetraterpenes
and can be classified into two groups: carotenes (alpha-carotene, beta-carotene,
lycopene) and xanthophylls (zeaxanthin, lutein and beta-cryptoxanthin)
[113]. They are the important precursors of vitamin A [114]. The conventional
methods for carotenoids extraction are maceration, hydrolyzation, and more utilized
Soxhlet extraction. Ultrasonication, microwave, and high shear dispersion are some
of the new techniques implemented in carotenoid extraction. Baria et al., [109] tested
above mentioned techniques for extraction. The highest carotenoid content was with
high shear dispersion at 20,000 rpm [115]. Alternative for the organic solvent
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extraction is use of the new green solvent as d-limonene application for recovery of
carotenoids. Recently, the demand for greener biodegradable and non-dangerous
solvents is a principal concern. Compared with other solvents, d-limonene is recog-
nized as a safe solvent by the US Food and Drug Administration. Solvent free
microwave extraction and steam distillation compared, obtained 4.02% and 4.16%
of carotenoids from orange peel [114].

13.4.3 Bioflavonoids: Phenolic Compounds

Waste from peel and fruit pomace such as apple, grape, orange, banana, mango,
pineapple, and pomegranate are low-cost sources of antioxidant molecules
[116]. The major phenolic compound in oranges is hesperidin [100, 101], while in
mango are found mangiferin, and quercetin 3-O-galactoside [103]. Flavonols (quer-
cetin, rutin, kaempferol, myricetin, piceatannol), flavan-3-ol (epicatechin, catechin,
procyanidin B1 and B2, catechin-O-gallate), glutathione, and phenolic acids (ferulic,
caffeic, caftaric, gallic, fertaric and coumaric acid) are some of the main products of
grape waste processing [117]. Hesperidin is a secondary plant metabolite and one of
the principal bioflavonoids in citrus fruits, orange, lemon, and tangerine. This
flavanone and its aglycone form, hesperetin, are present in relatively high quantities
(1–2%) specifically in sweet oranges (C. sinensis) [100, 101]. Many different
bioactive properties of bioflavonoids are reported, such as antioxidant, anti-
inflammatory, hypo-lipidemic, vaso-protective, and anti-cancerogenic [100]. The
bioflavonoids are secondary metabolites of plants and represent a great portion of
polyphenols found in semen, cortex, roots, fruits, leaves and flowers of various
species. Hesperidin can be present in high quantities – up to 14% (w/w) of immature
orange fruit. It is proposed, after different in vitro studies, that hesperidin plays a role
in plant defense, and acts as an antioxidant. Many different procedures are already
described in literature and used for extraction of hesperidin from various starting
materials, including maceration [118], Soxhlet extraction [99, 102], alkaline extrac-
tion [100, 119], extraction assisted with ultrasound [120], high hydrostatic pressure,
microwave assisted extraction [121], extraction by an enzymatic process, and
supercritical fluids extraction [111]. New and green methods, without using organic
solvents and with low energy consumption, were implemented for extraction of
hesperidin from fresh orange bagasse, with yield up to 1.5% [100–102]. Hesperidin
extracted in this manner is safe and biocompatible for various applications
[100]. Combination of two techniques, supercritical fluid extraction and ultrasound
assisted extraction were implemented for combined extraction of hesperidin and
limonene. Optimization of the two methods obtained limonene (purity grade up to
89%) around 3.23% and hesperidin 23.0 μg/mL. Ultrasound assisted extraction
optimal conditions for hesperidin were temperature 68 �C, time 45 min, solvent–
solid ratio 41 mL/g, and ethanol:water ratio 61% (v/v), with the predicted hesperidin
content being 23.2 μg/mL [111]. Hesperidin and naruritin, known as bioflavonoids,
or polyphenol glycoside, were isolated in the solar-distillation process. The highest
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reported yield of hesperidin in such a method was around 1.95% and for naruritin
from the same peel, was around 0.3%. Further, the same peel was used for pectin
extraction, obtaining around 8.3% of product, compared with the conventional
method, which obtained 12.08% of pectin [110]. Traditional, volatile organic sol-
vents extraction are nowadays substituted with new green alternative methods,
choline-chloride based deep eutectic solvents. One of these methods is deep eutectic
solvents extraction in combination with heating, mechano-chemical extraction and
microwave extraction [122]. Polarity of solvents plays an important role in bioactive
compound extractions, as optimization of the process condition in purpose to obtain
high yields from citrus. Choline chloride/levulinic acid/N-methyl urea showed the
highest extraction yield of total flavonoids, with a yield of 1.88% of
polymethoxylated polyphenols [123]. Extraction of flavonoids from grapefruit peel
with deep eutectic solvents (DES) (lactic acid/glucose) and aqueous glycerol, com-
bined with high-voltage electrical discharges, were proposed by El Kantar and
authors [124]. Concentration of naringin extracted in this study, was for water
extraction 0.58%, for 50% ethanol/water (v/v) was 2.09%, for 20% aqueous glycerol
(w/v) was 1.96%, and finally for DES-6 (lactic acid: glucose, w/w) was 1.86%
[124]. Efficient extraction method using DES as an extraction solvent was developed
for isolation of four major active compounds narirutin, naringin, hesperidin, and
neohesperidin from bitter orange (Aurantii fructus). A series of DESs were prepared
and investigated by mixing betaine or choline chloride with different hydrogen-bond
donors, and betaine/ethanediol was found to be the most suitable solvent. The best
extraction yields were investigated, considering extraction efficiency, water content
in DES, such as hydrogen-bond acceptor/hydrogen-bond donor ratio, solid/liquid
ratio, extraction temperature, and extraction time. The optimal conditions were 40%
of water in betaine/ethanediol (1:4, v/v) at 60 �C for heated extraction of 30 min and
solid/liquid ratio 1:100 g/mL. The extraction yields of narirutin were
8.4 mg/g, naringin 83.98 mg/g, hesperidin 3.03 mg/g, and neohesperidin
35.94 mg/g. The present study showed that DES could be promising eco-friendly,
and efficient solvents for extraction of the bioactive ingredients from traditional
Chinese medicine [125]. Ultrasound alcohol assisted DES liquid phase
microextraction was employed for quercetin extraction from wine. The method
was validated and investigated by repeatability, reproducibility, and recovery assays,
as well as, by comparing the obtained results for real samples with the reference method.
The recommended process was successfully applied for the pre-concentration, extrac-
tion, and quantification of quercetin in wine and food samples [126].

13.4.4 Pectin

The main insoluble carbohydrate in orange, apple, apricot, peach, grapefruit, and
other fruit pulp is pectin, a hydrocolloid present in the primary wall and intercellular
layers (upper lamella) of the upper plants. This polysaccharide provides flexibility to
the solid structure contributing to cell adhesion [127]. It is composed from around
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65% of galacturonic acid connected by α-1,4-glycosidic bonds forming the
homogalacturonan chain [128]. Pectin is a heterogeneous polysaccharide composed
of a main chain of galacturonic acid interspersed by methoxy galacturonic acid,
which has in its side chain branches containing pentoses and hexoses, such as
galactose, xylose, arabinose. A major part of pectin complex structure is a
homogalacturonan component, accounting for around 65–75% of pectin, made
from linear polymer of α-1,4-galacturonic acid. The rest belongs to
rhamnogalacturonan I, which is composed of repeating galacturonic acid and rham-
nose units, partially methyl-esterified and/or acetylated. Therefore, pectin is classi-
fied into two major groups: highly methoxylated pectin (> 50% of esterification
degree) and low methoxylated pectin (< 50% of esterification degree) [129]. Around
2–10% of pectin is rhamnogalacturonan II [130]. Being present in high amounts in
the cell wall of plants, it forms skeletal tissue, which makes the plant chemically
stable and physically strong. In addition to being abundant in the albedo, the white
part of the orange that stands between the peel and the fruit pulp. The citrus waste has
around 20–42% of pectin, which differs according to the variety of the oranges. The
extracted pectin can be implemented in different products. Pectin is used in its
polymer form, especially in the food industry as thickener for juices, drinks, and
jellies production. The extraction of pectin before orange waste hydrolysis is
achieved by heating the residue with water in ratio 1: 2 (w/v) with 0.05%
hydrochloric acid at 100 �C for 1 hour (Fig. 13.3). The liquid is filtered and is
further cooled, and the solid is a residue of extraction. The other liquid portion is
joined first, and there is added an ethanol solution (95%) acidified with 0.05%
hydrochloric acid, using doubled ethanol volume. Filtered and washed with 65%
ethanol and acidified, the solid is put to dry in an oven at 40 �C [131, 132]. Pectin
and other bio components from waste can be obtained as illustrated in Fig. 13.3.
Process takes four consecutive steps, and the second step in this process results in a
solid residue that can be used for lignin and cellulose production.

The structural and functional properties of pectin may be influenced by type of the
extraction greatly [133]. For example, acid extraction, and hot water extractions of
pectin gave products with high homogalacturonan (Gal acid) content,
homogalacturonan units >65%. Alkaline treatment can lead to pectin degradation,
affecting homogalacturonan stability. Alkaline extracted pectin usually shows a high
quantity of rhamnogalacturonan oligomers branched fraction [134]. Kaya and col-
leagues [135] compared nitric acid and oxalic acid pectin extraction from orange,
lemon lime and grapefruit, through several conditions. The extraction yields varied
from 16.7 to 33.6% depending on the extraction condition and peel source, therefore
the lowest yield was for orange and the highest for the lime peel [135]. Ohmic
heating or Joule heating is an alternative uniform heating method applied to pectin
extraction. Ohmic heating occurs due to alternating electrical current passing
through the food, with heating effects caused due to the electrical resistance of
food. This type of extraction increased the yield of pectin more than conventional
heating. The maximum yield of pectin was 14.32% applying the highest voltage
gradient 15 V/cm (per dry orange mass). All pectins, extracted in this manner, had
high esterification degrees and the emulsification stability were extremely high
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[136]. One other alternative method for pectin extraction is sonication. Patience et al.
[137] obtained 11% of pectin from orange dry peel, with continuous ultrasonic
irradiation at 0.24 w/mL [137]. Ultrasound extraction generally decreases time of
process and improves pectin yield [129]. One of the alternative methods for pectin
extraction was applied by Jin et al., [138]. The array-induced voltage of 1000 V, at
0 �C phase difference and 3 x 3 in-phase voltage array led to 10.34% of pectin from
grapefruit fruit. The impact of used voltage, the physicochemical properties, as yield
and kinetics were investigated. The yield was increased following the increment of
the electrical field [138].

Therefore, pectin is industrially produced from fruit. Almost all industrial pro-
cesses use acid-based treatment at high temperature applied for a short time to avoid
pectin hydrolysis, followed by an alcoholic purification step. Most of the processes
use HCl (1–3%), for the extraction and different alcohol to water ratio for precipi-
tation, and lately are followed by ultrasonication to shorten time of process and
increase efficacy of the pectin isolation [139]. Besides, pectin extraction can be more
effective if used chelating agents (EDTA), which interact with bivalent ions and
increase pectin solubility in hot acid solutions (pH ¼ 1–3), consequently, the pectin
yields are higher. It is also important to evaluate if fruit waste is rich in carotenoids,
other lipids and soluble pigments, which must be removed before pectin can be
extracted and purified. In this case, fruit waste is pretreated with ethanol and acetone,
until whitened with ethanol (95%) and then dried in acetone to so called - alcohol
insoluble residue (AIR). This residue is treated for isolation of different types of
pectin [140].

13.4.5 Lignin

Lignin is an aromatic biopolymer constructed through natural polymerisation of
sinapyl alcohol, p-coumaryl alcohol, and coniferyl alcohol. Its structure ledge is
made of guaiacyl, syringyl, and p-hydroxyphenyl units [141, 142]. The exact
percentage of monomers can vary and is specific for each type of the plant. The
process of isolation may also have significant influences on the lignin final compo-
sition. Residual carbohydrates, such as arabinan, xylan, galactan, mannan and
glucan are found to be covalently bonded to lignin compounds, and their contents
can vary from 0.2–2.4%. The principal role of lignin in plants is to provide the
structural integrity, microbial decay resistance and water-impermeability [143]. The
lignin can be used in the dispersant formulation [144], or as an adhesive, also as an
antioxidant in small concentrations in dyes, paints, UV-light adsorbents, phenolic
resins, and fuels [141, 145]. Few studies have been published on lignin extracted
from oranges. Barros and collaborators (2018) [142] isolated the soda lignin with
1.5% yield based on dry orange bagasse mass. After removal of essential oils and
bioflavonoids, orange peel was subjected to pectin removal, and subsequent lignin
extraction (Fig. 13.4). Residues from each step can be used for other valuable
commodities production.
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Alkali soluble lignin was isolated with 0.3% NaOH solution and precipitated with
H2SO4. The low content was expected having seen that bagasse material is usually
poor in lignans, when compared to the woody materials [142]. Lignin can be
obtained from other fruit or agro-waste materials using different processes, which
share some common features as in chemical, physical, biological, or mixed methods.
Chemical methods use base (NaOH, KOH) or acid (H2SO4, HCl, H3PO4), and high
temperatures. Presence of alkali in lignin extraction in synergism with high temper-
ature activates the surface area and microporosity of source material [146]. Soda and
Kraft pulping are two alkaline methods, applying sodium sulfide and sodium
hydroxide [141]. Kraft lignin production is a global pulping process with about
90% of total production capacity [143].

The highest content of lignin is successfully isolated from organo-solvent lignins,
then alkaline lignin which can also contain more residual sugars. Arabinan and
manan can be found present in straw and spruce lignin, and xylan is present in all
lignins [141]. When applied to increased concentrations of HCl (20%), increased
lignin yields were obtained (15.6%), from oil palm residues. The concentration of
methoxyl content increased with increment of HCl concentration in the extraction
solution. Hydayati and colleagues identified 34 compounds from lignin extraction,
by GC-MS [145]. Two organic-solvent processes including sulfuric acid/ethanol and
formic acid/acetic acid solvent mixtures, from banana biomass residues were com-
pared. Sulfuric acid/ethanol showed higher extraction yield and better purity of
lignin. The banana rachis straw was first soaked in a mixture of formic acid/acetic
acid solvents for 30 min (solid to liquid ratio 1/25 w/v), and then the mixture was
heated up to 107 �C for 3 h. The extraction was stopped, and the pulp was directly
filtered in a vacuum filter (vacuum pore >100 um). Further, the pulp was washed
with hot water, washes were collected and diluted with distilled water to pH around

Fig. 13.4 Lignin is obtained from fruit waste in sequential extraction processes
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2 for lignin precipitation. The process with sulfuric acid/ethanol/water in ratio 5.4/
92/2.6% v/v/v, was performed in the microwave. Microwave extraction was carried
out in an 80 mL reactor at 1200 W power. The reaction duration was 10 min at
temperature plateau (161 �C), after which reaction was stopped. After cooling for
about 10 min the mixture was filtered and diluted with water to the pH value of
around 2.0 for lignin precipitation. The yield of lignin extracted with formic/acetic
acid was 45.3%, and for sulfuric acid/ethanol was 58.7% [147].

13.4.6 Cellulose and Nanocellulose

Cellulose is a linear semi-crystalline homopolymer, based on 1,4-beta glyco-
sidic linkage of the D-glucose monomers [148]. In plants, two glucose monomer
units are around 1 nm, united in long chains, fibrils can reach up 10–20 nm or
more in width. Several parallel fibrils organized in microfibrils, which are united
with resinous mass, lignin, make up the biggest part of extracellular biomass. Plants
like kenaf, giant reed, cotton, stalks, miscanthus, switchgrass, olive tree, and almond
tree are considered softwood and have high content of cellulose and moderate
quantities of lignin. Compared to the softwood biomass, agri-food waste has mod-
erate to high content of cellulose material, and exceptionally low content of lignin.
Therefore, cellulose isolation is faster, easier, and less expensive than from soft and
hard wood materials. Lignocellulosic biomass requires elimination of non-cellulosic
parts of plants such as tannins, fat, free sugars, flavonoids, resins, terpenes, waxes,
and fatty acids. Such pretreatment processes can be performed using different
physical, biological and chemical methods, or combining all at once [149]. These
methods allow separation and isolation of pure raw cellulose from bulk, breaking the
linkage between hemicellulose, lignin, and cellulose [150]. There are two main
segments of cellulose isolation, mechanical (physical), and chemical processes.
The use of mechanical force is represented in the wood industry, where the content
of the lignin in the tree is exceedingly high and it is necessary to use great force to
separate the lignocellulosic fibers and isolate cellulose. Chemical processes can be
divided in isolation with chemical solvents and enzymatic extraction, with the
around 18% yield calculated per dry orange bagasse [131, 148, 151–154]. In the
last 20 to 30 years, the interest in cellulose nanofibers and nanocellulose whiskers
has increased demand for cellulose production [149, 155]. There are different
sources of cellulose, and since the extraction is much more efficient and easier
from soft biomass, corn husk, coffee residues, sugarcane bagasse, orange bagasse,
and other fruit and vegetables are more used for cellulose extraction [156]. Mariño
and colleagues [156] compared cellulose yield and their crystallinity, isolated from
orange bagasse, sugarcane straw, coffee residues and orange bagasse. All four
biomasses, corn, coffee, orange, and sugarcane were subjected to alkaline hydrolysis
with 4% NaOH solution in autoclave at 120 �C for 20 min. Further, the cellulose was
bleached with a solution of sodium chlorite at 120 �C for 20 min. The obtained yield
was 10.8% for orange bagasse, 38.5% for corn husk, 24% for sugarcane and 33% for
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coffee residues. The highest crystallinity value was obtained for corn husk, (crys-
tallinity index ~0.75), for orange bagasse was ~0.72, for sugarcane ~0.69 and for
coffee residues ~0.65 [156]. Corn straw, bamboo and rice straw were used for four to
six step extractions of cellulose nanofibers with 3% KOH at 90 �C (1 h). First step
was for hemicellulose separation, and consequently the biomass was treated with
acidified NaCl and further with 8% KOH at 90 �C for 1 h. The yield was in a range
from 13 to 18%, depending on the raw materials [157]. The autoclaving processes
with alkaline solutions apparently are more efficient methods for cellulose extraction
from crop and agro-industrial waste. Mantovan et al., [158] tested 3 different
chemical biomass treatments (sodium hydroxide, peracetic acid, peroxide alkaline)
for cellulose extraction from orange bagasse, combining them with autoclave
(30 min, 121 �C, 1 bar) and ultrasound (50% power output, 1 h, 25–60 �C).
Hypochlorite can be substituted by peracetic acid that is an efficient bleaching
agent also. Ultrasound was less efficient in removing hemicellulose and lignin
from orange bagasse, compared to autoclave. Despite the high temperature and
ultrasound power, all samples demonstrated characteristic infrared bands of hemi-
cellulose, lignin and pectin presence, probably due to the short process time
[158]. Banana peel is also widely used for cellulose extraction. Chemical process,
alkaline treatment with 5% KOH and bleaching with NaClO2 1% followed by acid
hydrolysis with 0.1, 1, or 10% and mechanical (high pressure homogenizer) treat-
ments can be utilized. The unripe banana peel was first pretreated with potassium
metabisulfite (1% w/v) and after 24 h dried in an air convection oven at 60 �C. Acid
hydrolysis with sulfuric acid is used to remove amorphous cellulose and increase the
crystallinity. The yield of cellulose nanofibers varied from 27.1% up to 71.2%,
depending on the acid concentration [159]. The five repeated cycles microwave
method combined with ball milling was used to obtain cellulose fibers from banana,
after Soxhlet extraction. Ball milling is an old method used in modern acid treat-
ments of cellulose fiber for removal of amorphous parts. The final step was bleaching
with 5% H2O2 for 30 min at 70 �C, resulting in 55.5% of microcellulose fiber from
residual banana peel [160]. Enzymatic processes are employed in fermentation of
lignocellulosic biomass generally after pretreatments by alkali, acids, organic sol-
vents and autohydrolysis. The enzymes are mostly used to disrupt the linkage
between the glucose in cellulose and obtain bioethanol [161]. Some natural poly-
mers, macromolecules (lignin), and polysaccharides, such as pectin and cellulose
[162], extractions are mentioned in Table 13.4.

13.5 Conclusions and Future Outlook

Nowadays, the world’s industrialization and the growth of the food industry are
reaching a crucial point for handling the extremely high quantities of fruit waste
biomass being generated, so that an extreme measure for waste and wastewater
management must be taken, as soon as possible. We must reduce, recycle, and reuse
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waste; and some of the best options for waste treatment are the production of
biodiesel, bioethanol, and bio-chemicals. Some strategies adopted for the fruit
waste treatment were shown in this chapter, and cite reuse of the waste as biomass,
which can bring a gain in energy recovery, and diminish or sometimes avoid,
disposal of organic waste. When dealing with different types of fruit waste, it is
very important to analyze and evaluate their chemical composition, to propose
ecologically correct, viable, cost-effective ways to produce cleaner commodities
that pollute less. For example, we have summarised processes that are used for
bioethanol, biodiesel, and some commodities, such as, pectin, lignin, cellulose, or
bioactives - essential oil, other lipids, flavones.

Fruit waste biomasses explored in two continents (Europe, and South America),
and obtained in different climates, were discussed. The case studies were selected
and disclosed because of the two factors: (1) the climates found in Serbia, which is
continental, and Brazil, tropical, can be found in many other countries, therefore,
typical fruits for such climates are omnipresent in the World, as well, (2) the fruit
waste reuse and recycling shown for the top four fruit residues are applicable for any
other fruit waste. It was shown that fruit seeds can be a great option for biodiesel
production, but other lipids and fine chemicals can be obtained from such biomass. If
rich in sugars and easily hydrolyzable polysaccharides, waste can be used for
bioethanol production. On the other hand, biopolymers, such as pectin, lignin,
cellulose, and others, some not covered herein, can be isolated, purified, and
obtained in processes that explore extraction and are very interesting options for
biomass utilization. Other appealing alternatives count on fine chemical production
from waste, such as bioflavonoids isolated and purified from citrus waste that can be
further explored as pharmaceuticals and nutraceuticals. Anyway, the future pro-
cesses must take into account those value-added products that can be produced from
the same starting material - fruit waste, and propose a cleaner, low-cost scale-up of
many, still concepts that prove laboratory-scale, options for sequential treatment of
fruit waste. It could be seen that many different strategies can be employed for fruit
waste treatments, and many are adaptable for different purposes and types of waste.
Different types of new residues are being produced in described processes, yet there
is scarce data on what should be done to their treatment and/or disposal.
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Chapter 14
Sustainable Recycling and Valorization
of Organic Solid Wastes for Fuels
and Fertilizers

Lijun Wang, Bahare Salehi, and Bo Zhang

Abstract Recycle and valorization of organic solid wastes can produce fuels,
fertilizers and reduce their disposal costs and negative environmental impacts.
Municipal solid wastes (MSW) are traditionally dumped in landfills and some
MSW components are incinerated to reduce their landfilling volume and recover
part of their energy. Composting is widely used to convert biodegradable wastes
such as animal manure and food wastes into a compost as a fertilizer. Those
traditional technologies have low energy recovery efficiency and low reduction of
negative environmental impacts of the wastes due to leachate and emissions gener-
ated during those processes. Pyrolysis, gasification, anaerobic digestion (AD) are
three advanced technologies with higher recovery efficiencies of energy and mate-
rials, and lower environmental emissions that are widely studied to convert organic
solid wastes into energy and fertilizer products. However, more studies are needed to
improve the economics and environmental impact of those advanced processes by
increasing conversion efficiency and the quality of the products, and minimize the
negative impacts of hazardous materials in the wastes. Various methods and
nanomaterials have been studied to improve the process conversion efficiency and
environmental sustainability, and the quality of products for recycling and valorizing
various wastes.
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14.1 Introduction

Global population growth is increasing society’s dependence on fossil fuels which
causes many environmental issues such as global warming, air and water pollution,
and the depletion of these resources. Therefore, there is an increasing demand for
sustainable clean energy resources [1]. On the other hand, population growth
increases production of industrial, municipal, and agricultural wastes which must
be treated and managed due to their associated issues of disposal cost and land use,
human and ecological health, and soil, water, and air pollution. Solid wastes can be
categorized as biodegradable (bio-wastes) and non-biodegradable wastes
[2]. Bio-wastes include manure, crop residues, forest residues, food wastes, and a
large portion of municipal solid waste (MSW). The large variation in the physical
and chemical properties of solid wastes affects their valorization and profit [2].

Waste management generally follows three principles including (1) identification
and evaluation of waste types and quantities, (2) reduction of waste production and
(3) reuse and recycle of wastes into value-added products [3]. Waste characteristics
such as content of water, biodegradable organic compounds, carbohydrates, and
lipids, heating value, particle size, and potential contaminants affect the selection of
waste management methods. The water content of wastes plays a key role in the
selection of a management approach. Wet wastes such as animal manure are more
suitable for biochemical conversion techniques such as anaerobic digestion (AD),
composting, and fermentation, whereas the dry wastes are more suitable for ther-
mochemical processes such as incineration, pyrolysis, and gasification. As the water
content of wastes can also affect handling and transportation costs, those wastes may
have to be treated onsite at a specific scale corresponding to the available amount of
the wastes. Furthermore, some technologies can only be used to treat a specific type
of wastes. Fermentation and transesterification require wastes with high carbohy-
drate content and high lipid content, respectively [4]. The main challenges in waste
management include minimization of emissions, recovery of fertilizer nutrients,
production of high-quality products and closed material recycling loop with free
wastes [2]. The wastes can be considered as secondary raw materials to produce
industrial products, compared to non-renewable sources [5, 6]. This chapter reviews
advantages and disadvantages of waste management technologies in terms of waste
reduction, stabilization, material recycling, energy recycling, and GHG reduction.
We also discuss methods and nanomaterials that have been studied to improve
process conversion efficiency and environmental sustainability, and the quality of
products for recycling and valorizing different wastes using three advanced technol-
ogies, namely, pyrolysis, gasification, and anaerobic digestion.
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14.2 Organic Solid Wastes

MSW and agricultural wastes are two major sources of organic solid wastes that
have been used for the production of fuels and fertilizers. It is estimated that global
agricultural waste production is more than four and a half times that of MSW. On
average, each person around the world generates 3.35 kg of agricultural wastes per
day, compared with 0.74 kg of MSW per day. Agricultural wastes are usually
managed separately from MSW and a large portion of agricultural wastes are used
as inputs for agricultural production activities [7].

14.2.1 Municipal Solid Waste

MSW consists of all organic and non-organic refuses including wet wastes such as
kitchen wastes, food wastes, crop straws, garden trimmings and sawdust, and dry
wastes such as glass, plastics, metals and ash [8]. Figure 14.1 shows the amounts of
MSW generated by region around the world in 2016 [7]. The total annual amount of
MSW is estimated to reach 2.2 billion tons globally by 2025 [9]. The quantity and
quality of MSW generated depend on the economical, demographic, educational and
social status of a region [10, 11]. The United States produced about 258 million tons
in 2014 [8, 9]. China collected 191 million tons of MSW in 2015 [12].

The composition of MSW is affected by geographic locations, the areas of
collection (such as rural, urban, industrial or commercial areas), seasons, and

Fig. 14.1 Global municipal solid waste (MSW) generation by region in 2016, reprinted with
permission from reference [7]. Copyright @ 2018, The World Bank
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recycling levels [13, 14]. Figure 14.2 shows the average composition of MSW
around the world. On average, food and green wastes makes up 44% and dry
recyclables including plastics, paper, cardboard, metal, and glass are another 38%.
MSW around the world contains 70% to 80% organic compounds on average
including 44% food and green wastes, 2% wood, 17% paper and cardboard, 12%
plastics, and 2% rubber and leather [7]. MSW in China consists of 58.8% food and
green waste, 8.5% paper, 12% plastic and rubber, 3.2% fabric and leather, 5% glass,
4.6% metal, 3.9% ceramic, and 7.9% ash. MSW in Europe consists of 32% food and
green waste, 29% paper and board, 8% plastics, 11% glass, 5% metals, 2% textile
and 13% other materials [8]. MSW in the USA contains 27% paper, 15% food
wastes, 14% yard trimmings, 13% plastics, 9% leather, rubber and textiles, 9%
metals, 6% wood waste, 4% glass and 3% of other materials [12].

MSW usually contains a large amount of moisture due to the presence of food and
yard wastes. Improper management and treatment of MSW may produce large
amounts of leachates containing toxic materials likes heavy metals, odors and
greenhouse gases causing pollution of soil, water and air [10, 15]. Furthermore,
high moisture content and low energy content of MSW result in a low energy
recovery rate if the MSW is used as a feedstock in thermochemical conversion
processes such as incineration [12]. Large portions of MSW such as food wastes are
easily biodegradable and converted to landfill gas (LFG) in a landfill [12]. Besides

Fig. 14.2 Global municipal solid waste (MSW) composition, reprinted with permission from
reference [7]. Copyright @ 2018, The World Bank
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the negative environmental impact, improper MSW management results in a loss of
resources [16]. Appropriate MSW classification and treatment can minimize the
negative environmental impact of MSW, but also convert MSW into energy and
other value-added products to reduce the use of fossil-based fuels and products. It is
recommended to classify raw MSW as an available resource. Different countries
have different waste classification methods. Both environmental and economic
factors should be considered in the MSW classification [17]. MSW is commonly
classified into three groups including i) biodegradable fraction of food waste and
green waste, ii) high calorific value components (HCVCs) of plastic, fabric, and
paper, and iii) residual fraction of metal, glass, ceramic, and ash. Biological pro-
cesses such as AD can be used to convert the biodegradable fraction of MSW while
the HCVCs can be treated by thermochemical processes such as incineration and
pyrolysis to achieve high conversion efficiency [12].

Figure 14.3. shows the current global MSW treatment and disposal methods.
Almost 40% of MSW around the world is disposed of in landfills including con-
trolled landfills, sanitary landfills, and other unspecified landfills and another 33% of
MSW is dumped in open fields. Only 13.5%, 5.5%, and 11% of MSW undergo
recycling, composting, and incineration [7]. Among the 258 million tons of MSW
generated in the USA in 2014, 34.6 wt % was recycled and composted, and 12.8 wt
% was combusted with energy recovery, and more than 50 wt% was landfilled
[8, 9]. A dominant portion or 63.7% of the 191 million tons of MSW collected in

Fig. 14.3 Global municipal solid waste (MSW) treatment and disposal, reprinted with permission
from reference [7]. Copyright @ 2018, The World Bank
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China in 2015 was landfilled, another 34.3% was incinerated, and 2% was treated in
biological processes [12].

14.2.2 Agricultural Wastes

Agricultural production has increased more than three times over the last 50 years
due to accelerated growth of population. Agriculture produces an average of 23.7
million tons of foods worldwide each day. Agricultural production generates large
amounts of organic wastes including animal manure, crop residues, and food
processing wastes. Agriculture is responsible for 21% of greenhouse gases
emissions [18].

Animal manure. Rapid population growth has increased the demand for animal
products [19], which has resulted in the production of large quantities of animal
wastes. The estimated amount of animal manure produced in 12 major livestock-
producing countries is 9 billion tons each year. In the USA, the amount of manure
produced by top three livestock animals, cattle, pigs, and chickens were 1166,
91, and 164 million tons per year, respectively [20]. The amount of manure produced
in Canada was estimated at 51 million tons that consisted of 49.181 million tons of
water and 2.589 million tons of solid materials including 1.761 million tons of
organic matter, 143,000 tons of nitrogen, 46,000 tons of phosphorous, 93,000 tons
of potassium, and 545,000 tons of other solids [21]. As shown in Table 14.1 and
Table 14.2, there are large variations in quantities and composition for different
types of animal manure due to variations in the physiology and anatomy of different
animals, body weight, diets, and geographical locations [22, 23].

Animal wastes endanger environment, human health, and animal health due to
the potential presence of microbial flora and pathogens. Furthermore, landfilling of
those wastes causes gaseous and leachate emissions [19]. The decomposition of
organic wastes generates unpleasant odors and releases chemical pollutants into the
atmosphere. Moreover, the direct use of extra amounts of animal manure as a
fertilizer can accumulate fertilizer nutrients in soil, which leach into surface water
and ground-water [19]. However, animal manure can be used to produce value-
added products such as (i) fertilizer and soil conditioner, (ii) biofuels and biopower,
and (iii) irrigation water [21].

Crop residues. Crop residues are another type of abundant waste from agricul-
tural production. The estimated annual production of crop residues around the world

Table 14.1 Daily feces and urine production for several kinds of livestock. Reprinted with
permission from reference [22]. Copyright @ 2018, Elsevier

Beef cattle Dairy cows Fattening pigs Layers Broilers

Solid (kg/head/day) 13.28 29.70 1.29 0.132 0.139

Slurry (kg/head/day) 8.52 14.07 2.93 – –

Total (kg/head/day) 21.80 42.77 4.22 0.132 0.139
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was about 3.8 billion tons in 2011 [24, 25]. About 111 million dry tons of primary
crop residues are generated in the USA each year with more than 76% of them being
corn stover, and the remaining 24% being wheat and other grains (USDOE, 2011). A
number of studies have shown that the sustainable removal rate of crop residues
varies between 30% and 70% [26]. The total amount of biomass available for
sustainable removal in 25 EU member countries in 2020 was estimated to be
235 million tons including 39 million tons from forestry, 96 million tons from
agriculture, and 100 million tons from other wastes [27, 28]. Crop residues are
usually burnt or used as animal feed [29]. Crop residues have been considered as an
important global renewable resource of biomass for biofuel production [24].

Food processing wastes. It is estimated that more than 50% of food materials, or
globally over 1.3 billion tons of foods per year for human consumption, are wasted
before and after reaching the customer. Food waste is a complex of lipids, carbohy-
drates, amino acids, phosphates, vitamins and carbonaceous and can be divided into
organic crop residues, catering waste and derivatives including used cooking oils,
animal by-products, and mixed domestic food waste. In contrast to other types of
waste streams, food wastes undergo biological degradation during handling,
resulting in decreased nutrient and energy recovery potential and increased pollutant
emissions. Therefore, food wastes are more affected by local conditions and process
timing than other types of wastes [30].

Agricultural wastes cause environmental pollution, public health issues, and loss
of valuable resources. Sustainable and intensive agricultural production demands

Table 14.2 Average elemental composition of fresh manure. Reprinted with permission from
reference [23]. Copyright @ 2015, Elsevier

Compositions

Type of manure

Pig Dairy Beef Layers Broiler

Proximate analysis (%) Moisture content 71.99 75.59 75.66 72.26 63.88

Volatile matter 66.12 60.60 64.58 62.56 62.47

Fixed carbon 10.54 11.73 13.73 6.48 10.45

Ash 24.18 28.20 22.64 32.44 27.76

Ultimate analysis (%) C 37.74 34.42 37.64 33.02 33.62

H 5.62 4.91 5.26 4.81 5.06

O 28.90 30.44 31.90 25.74 30.75

N 2.79 1.92 2.16 3.39 3.70

S 0.63 0.65 0.59 0.81 0.89

Mineral element (g/kg) P 19.86 6.00 6.07 12.83 11.07

K 15.35 9.39 12.04 23.86 23.35

Na 2.56 2.29 3.33 3.08 3.90

Ca 18.44 16.01 12.40 45.17 23.46

Mg 12.08 8.59 6.54 10.47 7.88

Fe 3.61 4.04 3.23 2.95 3.68

Cu 0.66 0.066 0.056 0.082 0.088

Zn 1.39 0.16 0.13 0.35 0.32
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sustainable management of agricultural wastes. Animal manure is typically applied
to soil as a fertilizer. However, traditional manure management increases global
climate change due to emission of methane and nitrous oxides. Runoff of N and P in
manure can impair ground and surface water [20]. Innovative conversion technolo-
gies for the valorization of agricultural wastes are crucial in the circular economy for
transition to sustainable agriculture [31]. Agricultural wastes have been considered
as main feedstocks for production of biofuels and biochemicals [32, 33]. AD is an
effective technology for converting manure and other wet agricultural wastes to
biogas (a gaseous mixture of CH4 and CO2) as an alternative to natural gas and
digestate as organic fertilizers [34]. Thermochemical technologies of pyrolysis and
gasification have been studied to convert dry agricultural wastes into heat, power and
biofuels [33, 35].

14.3 Recycle and Valorization of Organic Solid Wastes
for Circular Economy and Environmental
Sustainability

14.3.1 Circular Economy and Environmental Sustainability
Via Recycling and Valorizing Wastes

Conversion of wastes to energy is a typical way to solve two problems at once,
reducing fossil fuel consumption and disposing of the wastes [36]. Conversion of
waste materials into a wide range of valuable products such as foods, feeds,
bioproducts and bioenergy provides both economic and environmental benefits

Fig. 14.4 Schematic view
of circular economy (CE).
Reprinted with permission
from reference
[5]. Copyright @ 2019,
Elsevier
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[37, 38]. From the economic viewpoint, it can change the linear economy into a
circular economy (CE) by closing the loop of economic value chains as shown in
Fig. 14.4, which can save resources and promote environmental sustainability [5].

Reusing or recycling waste materials extends their usability by creating new
products in a sustainable manner [5, 39]. It is estimated that the transformation to
a circular economy can bring net savings around EUR 600 billion to the manufactur-
ing sector in the EU. Valorization of wastes to energy and products not only
decreases the dependency on fossil fuels, but also protects the environment by
decreasing GHG emission and consequent climate change, and the land used for
the disposal of wastes [36, 37]. Implementation of integrated waste management
strategies to reduce the amount of wastes treated by conventional technologies such
as landfilling and incineration can significantly reduce their GWP and other negative
environmental impacts. Waste management is significantly affected by the techno-
logical development, socio-economic and environmental factors. A waste manage-
ment plan should take into account all environmental, economic and social factors
for selecting the most appropriate waste practice in a region. The main criteria for
selection of the waste treatment method are long-term sustainability, eco-friendli-
ness, economics and efficiency. In addition, the volume of final residues which still
impose an extra burden on the environment and their potential use such as construc-
tion materials must be considered [40].

Nitrogen (N), phosphorus (P) and potassium (K) are primary macronutrients that
are vital to support plant growth. The increase in world population sharply increased
demand for fertilizers that are needed to secure the supply of foods. P and K
fertilizers are achieved via mining phosphate rock reservoirs and potash reserves.
N fertilizer is chemically produced through a Haber-Bosch process. Although N is
considered as a renewable nutrient element in air, the Haber-Bosch process con-
sumes a significant amount of energy for nitrogen fixation, which is around 1–2% of
world’s total energy consumption [38]. With the current mining rate of phosphorus,
P reserves may be exhausted in near future. Potassium is a nutrient element with
finite reserves in the earth. Besides recovery of energy from wastes, fertilizer
nutrients of N, P, and K can be recovered from the waste streams with significant
amounts of N, P, and K such as food wastes, manure, and sewage [5]. There are
significant amounts of NPK in organic solid wastes that can be recovered and reused
as fertilizers in a sustainable and economic manner. Approximately, 15% and 19%
of agricultural nitrogen inputs end up in wastewater and animal manure, respec-
tively, which make them to be good sources for nitrogen recovery. MSW and
agricultural wastes contained about 15% and 40% of total mined phosphorus,
which make them to be good sources for phosphorus recovery. More than 90% of
potassium in agricultural production ends up in animal wastes. These macronutrient
elements can be present in the wastes in various forms. For example, P is in the form
of free phosphate, polyphosphate, ATP, DNA/RNA and phospholipids. K can be in
the form of free potassium ion, while N can be in the form of ammonia/ammonium,
nitrate/nitrite, amino acids, DNA/RNA and chlorophyll, respectively [38].
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14.3.2 Traditional Technologies for Treatment of Organic
Solid Wastes

Landfilling, composting, and incineration are three major commercial technologies
for treatment of organic solid wastes. Landfilling and composting are biological
processes that decompose organic wastes in the absence and in the presence of air,
respectively. Landfilling produces methane-rich landfill gas (LFG), which can be
recovered as an energy product. Composting converts biodegradable wastes into a
compost as a fertilizer. Incineration is a thermochemical process to burn organic
wastes to generate heat and power.

Landfilling. Landfilling is the primary method for MSW management around the
world. In Europe, 23% of the MSWwas landfilled in 2017 [41]. Figure 14.5 shows a
schematic view for landfilling with and without landfill gas (LFG) energy recovery
[12]. Landfilling performance is evaluated by LFG collection and oxidation effi-
ciency at the surface of a landfill over time. In a well-controlled sanitary landfill,
LFG collection efficiency increases from 40% of the total amount of LFG produced
in the first year to around 80% in years 2–25 following initial establishment. Surface
oxidation increases from 15% of the LFG produced in years 1–9 to 20% of the LFG
produced after 10 years. LFG can be recovered to generate electricity at an energy

Fig. 14.5 Schematic view of landfilling wastes. Reprinted with permission from reference
[12]. Copyright @ 2017, Elsevier
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recovery rate up to 30% or 2234 MJ LFG energy per ton of MSW with a higher
heating value of 6216 MJ/t. However, the amount of LFG energy that can be
recovered from MSW with high content of food wastes and moisture content is
significantly lower [12]. Therefore, as LFG collection efficiency is usually low,
landfilling is not an efficient approach to reduce the GWP of MSW, particularly
for wastes having high moisture content. Operation of a landfill consumes energy. It
has been reported that it requires about 66 MJ diesel energy and 54 MJ electricity to
treat the leachate from each ton of MSW in a landfill [12].

Incineration. Direct burning or incineration is an ancient method to treat organic
solid wastes [42]. Incineration converts dry organic materials into gaseous oxides by
exposing them to high-temperatures which produces heat and ash. Incineration is the
most widespread waste-to-energy technology used around the world [43]. Half of
MSW was incinerated in China in 2020 [12] and an average of 29% of MSW was
incinerated in Europe in 2017 [44]. During incineration, almost all organic materials
in the wastes are transformed into gaseous oxides such as CO2 and only a small
portion of mineral elements remains in the ash [42]. As the ashes from the inciner-
ation of MSW contains heavy metals and dioxins, they are considered as hazardous
wastes and are usually disposed of in special landfills [43]. The ash from the
incineration of agricultural wastes contains recoverable P and K, which can be
used in fertilizers [38]. Incineration can significantly reduce the volume of wastes
and destroy any pathogenic organisms. Grate-fired furnaces are widely used to
incinerate MSW [43]. For example, it has been reported that incineration of one
ton of MSW with an average moisture content of 32.5% produced 20.1 kg of fly ash
and 181.6 kg of bottom ash and the overall thermal efficiency of a boiler connected
to an incineration furnace was 81.2% [12]. Heat in the flue gas from incineration can
be used to dry MSW to further increase the overall energy recovery efficiency [30].

Composting. Composting is an aerobic digestion process to transform organic
solid wastes into a compost in the presence of oxygen through oxidation of long-
chain organic materials to short-chain products by aerobic microbes, while produc-
ing a mixture of gases including CO2, NH3 and a small amount of methane
[38]. Properly prepared composts normally have 11–14% water content, 90% dry
matter, and a C/N ratio of 15–30, which can be affected by the type of feedstocks and
composting time. During composting, microorganisms generate heat, which not only
promotes physical degradation, but also deactivates plant pathogens and weed seeds
present in the wastes. The produced composts have higher pH and lower electrical
conductivity than the original wastes due to the removal of volatile organic acids and
salts [42]. Aerobic digestion during composting can reduce around 50–75% of the
biodegradable compounds in wastes. The generated heat and air injection during
composting increase water vaporization and volatilization.
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14.3.3 Advanced Technologies for Valorization of Organic
Solid Wastes

Both advanced thermochemical processes such as pyrolysis and gasification, and
biological processes such as AD have been studied to convert organic solid wastes to
fuels and fertilizers. Pyrolysis and gasification, which are alternative thermochem-
ical processes to conventional incineration, can convert organic wastes to chemicals
and fuels by reducing the amounts of nitrogen oxides and sulfur oxides emitted to the
atmosphere. Furthermore, the solid residue of biochar produced by pyrolysis and
gasification is more valuable than the ash from incineration. AD is an alternative
biological process for converting biodegradable wastes into biogas as a fuel and
digestate as a fertilizer.

Pyrolysis. Pyrolysis is a non-oxidative thermochemical process for decomposing
organic materials in the absence of oxygen or in an atmosphere of inert gas at an
elevated temperature [8, 38]. Pyrolysis produces three main products: non-condens-
able syngas, liquid oil, and solid char [38] with yields that depend on the type of
feedstock and the operating parameters of temperature, heating rate, and residence
time [8, 45, 46]. The main economic advantage of pyrolysis over incineration is that
pyrolysis produces high-quality products of oil, syngas and char instead of heat
[46]. Pyrolysis is operated at lower temperatures than incineration [8] and is typically
conducted at (500 to 550) oC for producing oil as the main product as higher
temperatures increase the yield of syngas. In pyrolysis, the residence time varies
between few seconds to 2 h. The increase of residence time can increase syngas yield
due to tar cracking, and improve the oil quality by reducing its water content and
waxy compounds. High heating rates used in flash or fast pyrolysis can increase oil
and gas yields and decrease char yield [46]. Pyrolysis is the main approach for
producing char with almost all inorganic compounds in the original waste and a
considerable fraction of heavy oil compounds dispersed through the solid porous
structure. Biochar can be used as a solid fuel, because it has a heating value close to
that of coal. Biochar can be upgraded into activated carbon. Biochar contains
significant amounts of carbon, nitrogen, phosphorus and potassium, which can be
used as fertilizers and soil conditioners by increasing nutrient and water retention in
soil, and supporting microorganisms [38].

Gasification. Gasification is the partial oxidation of feedstocks in the presence of
an oxidant such as air or pure oxygen at amounts lower than those needed for
stoichiometric combustion [47, 48]. Air, pure oxygen, steam and carbon dioxide
have been used as gasifying agents that can facilitate the conversion of carbonaceous
compounds into gases through endothermic and exothermic reactions [49]. The
required heat during gasification can be supplied by oxidation reactions if air or
pure oxygen is used as the gasifying agent. However, external supply of heat is
required if steam or carbon dioxide is used as the gasifying agent [49]. As shown in
Fig. 14.6, gasification can convert the carbonaceous compounds in wastes into the
main product of syngas which can be further utilized for power generation or
synthesis of various fuels and chemicals [49].
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It has been reported that the electricity efficiency based on gasification is above
27% which is higher than incineration efficiency of 15–20% [9]. Gasification occurs
at much higher temperatures (ca. 1000 �C) than pyrolysis (ca. 500 �C) [48, 50]. Dur-
ing gasification, nitrogen-containing compounds in the wastes are transformed into a
volatile phase and inorganic phosphorus and potassium can be recovered from the
ash [38]. The main economic benefit of gasification of organic wastes is that it can
convert wastes into syngas for on-site electricity and heat generation, and subsequent
synthesis of chemicals and fuels [49]. Gasification can also significantly reduce the
volume of wastes (up to 90% reduction) to minimize land requirements and costs for
waste disposal. Like pyrolysis, gasification can achieve much higher conversion
rates and efficiencies than biochemical methods, decompose organic contaminations
such as halogenated hydrocarbons, destroy any pathogens, concentrate inorganic
elements in ash, and significantly reduce GHG emissions compared with landfilling.

Anaerobic digestion. AD is the degradation of organic materials (Fig. 14.7) by
microorganisms in the absence of oxygen for the purpose of producing biogas,
which is a mixture of mainly CH4 and CO2 as an energy product and digestate
residues as a fertilizer product or soil amendment [42, 51]. AD of agricultural wastes
can decrease dependency on chemical fertilizers and fossil energy in the agricultural
industry [52].

Biogas contains 60–70% methane with the balance being 30–40% carbon dioxide
and is the main product of AD. Besides production of biogas, AD can significantly
reduce the volume of wastes, transform organic nitrogen-containing compounds into
a recoverable form, and produce digestate with concentrated NHþ

4 and K+ species
that can be recovered as fertilizers [38, 47]. The destination of phosphorus in AD is
significantly affected by other chemicals such as calcium, magnesium, and iron

Fig. 14.6 Conversion of waste materials to energy via gasification. Reprinted with permission
from reference [49]. Copyright @ 2018, IntechOpen
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which can precipitate phosphorus in the effluent [38]. It has been reported that AD of
one ton of waste consumes 50 kWh electricity and that biogas can be used to
generate electricity at an overall efficiency of 35%. An increasing number of studies
on AD-based biorefineries are being conducted to improve the efficiency of feed-
stock utilization and nutrient recovery, thus AD is becoming a promising method to
recycle organic wastes [37].

14.4 Environmental Impact of Technologies for Recycling
and Valorizing Organic Solid Wastes

14.4.1 Life Cycle Assessment of Environmental Sustainability
of Wastes Management

Life cycle assessment (LCA) is a widely used tool to assess the environmental
impact of the entire use of a product, process or service. LCA includes four steps:
scope and goal, inventory data, impact assessment, and interpretation by ISO

Fig. 14.7 Schematic diagram of anaerobic digestion (AD) process. Reprinted with permission
from reference [42]. Copyright @ 2018, Elsevier
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standards 14,041–14,045. Major environmental indicators for LCA according to the
Centrum voor Milieukunde Leiden (CML) method include global warming potential
(GWP), acidification potential (AP), eutrophication potential (EP), aquatic deple-
tion, photochemical ozone formation to human health (POFH) [53]. GWP is eval-
uated by the emissions of methane (CH4), nitrogen monoxide (N2O) and carbon
dioxide (CO2). The total GWP can be computed in terms of CO2 as an equivalent
substance. The AP is defined as the acidifying substances in the emissions including
SO2, NOx and NH3, which lower soil and water pH. AP can be measured in terms of
equivalent SO2 emissions (kg SO2 eq). EP is referred to as the increase in the rate of
inorganic matter in the ecosystem including NH3, NOx and PO3þ

4 and is mainly
measured in terms of PO3þ

4 [45]. Aquatic depletion is the impact of waste residues on
marine and fresh aquatic categories. Vanadium, copper, selenium, nickel, zinc,
antimony and metallic substances are the main concerns in aquatic depletion
[40]. POFH is caused by NOx, SO2, HCl and HF [50]. LCA has been used to
compare the environmental impact of technologies used for treating and valorizing
organic solid wastes [45, 54–56].

14.4.2 Comparison of Environmental Sustainability
of Various Waste Treatment Technologies

Landfilling. One of the environmental issues associated with landfilling of wastes is
the leachate. It has been reported that one ton of MSW generates around 500 L of
leachate through landfilling which contains 2–4% biological source carbon (BSC).
Several approaches have been used to treat leachate, which includes upflow anaer-
obic sludge blanket (UASB), membrane bioreactor (MBR), nanofiltration, and
reverse osmosis. It is estimated that 1.68 kg diesel and 30 kWh electricity are
required to treat one ton of typical leachate in a landfill [12]. Furthermore, the
high moisture content of MSW reduces LFG collection efficiency, which may
cause around 10% of BSC to be released into the atmosphere as methane. Another
environmental issue associated with landfilling of MSW is that fossil-based carbon
in MSW such as plastics cannot be decomposed in landfills, which thus reduces
overall waste reduction efficiency. The environmental impact of landfills are affected
by waste composition, LFG treatment and climatic conditions. The GHG emissions
for 1 ton of MSW in landfills in Europe was reported to be (124–841) kg CO2

eq. [41]. Another study showed that net GHG emissions from each ton of MSW in a
landfill was 192.2 kg CO2-eq without LFG recovery, and 116.7 kg CO2-eq with LFG
recovery. The increase of biodegradable waste fraction in MSW increases LFG
generation, which increases the GHG emissions [12]. Besides GHG emissions,
landfills have environmental impact in factors such as human toxicity, ecotoxicity,
terrestrial and aquatic toxicity, eutrophication and land use, all of which must be
assessed.
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Incineration. During incineration, moisture in MSW is removed and almost all
organic compounds are decomposed to a mineralized form (i.e., CO2) at high-
temperatures. For example, during incineration it has been reported that 97.8% of
organic compounds can be decomposed and mineralized and 79.2% of inorganic
matter is reduced, while the remaining portions of organics and inorganics become
fly and bottom ash [12]. The ashes are considered as hazardous waste due to their
content of heavy metals and dioxins. Useful metal compounds such as iron and
aluminum can be extracted from the ashes that are usually landfilled, but increasing
efforts have been made to use the ashes as construction materials after extraction of
metals and stabilization of the residual waste [43].

Incineration can significantly reduce and stabilize organic solid wastes while
producing heat and power to minimize GHG emissions. Research has shown that
incineration of 1 kg of horticulture waste with 40% leaf could recover 4.57 MJ
energy in heat and reduce 0.28 kg CO2 eq emissions from the credit of thermal
energy generated [47]. However, energy recovery efficiency from incineration of
wastes with a high moisture content is very low [12]. Incineration generates a large
amount of flue gas with CO2 diluted by nitrogen gas from the air used in the process.
Compared to the advanced thermochemical conversion technologies of pyrolysis
and gasification, incineration has the highest GWP because the flue gas containing
CO2 is directly released into the atmosphere [30]. In general, incineration has higher
environmental burden in AP, EP, GWP, human toxicity and aquatic toxicity than
pyrolysis or gasification, but less AP and EP than composting and AD [40] [30]. It
has been estimated that incineration of one ton of MSW releases 1600 g nitrogen
oxide, 42 g sulfur dioxide, 58 g hydrogen chloride, 1 g hydrogen fluoride, 8 g VOCs,
0.05 g cadmium, 0.05 g nickel, 0.005 g arsenic, 0.05 g mercury, 4 � 10�7 g dioxins
and furans, 0.0001 g polychlorinated biphenyls and 1 ton carbon dioxide [57]. Fur-
thermore, the environmental impact of the bottom ash generated by incineration
should be considered. Studies show that phasing-out incineration could reduce its
environmental impact of GWP, AP, EP, POFH and human toxicity cancer if the
biodegradable wastes can be separated and treated by a biological process such as
AD and composted to mitigate the potential increase in landfill rate [44]. Paper,
plastic, and glass in MSW can be recycled as well to mitigate the potential increase in
landfill rate.

Pyrolysis. Among the technologies of landfilling, incineration, AD, and pyrolysis
for treatment of 1 kg of MSW, pyrolysis has the lowest GWP (1.194 kg CO2 eq)
which is 36.8% of AD, 18% of incineration and 21.8% of landfill values. Further-
more, AP and EP of pyrolysis were only 4.80% and 0.08% of AD, 4.56% and 0.08%
of incineration, and 4.79% and 0.07% of landfilling, respectively [45]. The GHG
emission of pyrolysis was found to be highly affected by bio-oil yield and a 15%
variation of bio-oil yield from baseline values can change GWP from �5.6% to
9.9% [45]. Pyrolysis can decrease the required area for landfilling MSW [45]. The
main environmental advantages of pyrolysis over incineration is that pyrolysis
generates lower emissions by converting most of the carbon in waste into energy
products and char. Pyrolysis of wastes with a high protein content such as food
wastes and animal manure releases nitrogen in the three main products, which is
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desirable in biochar as a fertilizer, but undesirable in bio-oil and syngas as fuels.
Furthermore, the application of char from wastes must be evaluated carefully for any
significant negative impact on environment and human health, because waste-
derived char may contain significant amounts of heavy metals and other hazardous
elements depending on the kind of wastes.

Gasification. In comparison with the conventional incineration, gasification pro-
vides easier and cheaper control of air pollution by using a limited amount of air or
other oxidizing agents to convert organic wastes into syngas mainly CO, CO2, CH4,
and H2. Unlike incineration, gasification does not release flue gas into the atmo-
sphere [40]. Gasification using steam, carbon dioxide and metal oxides as oxygen
carriers instead of air can avoid the large amount of nitrogen in syngas, which can
increase the syngas heating value [49]. The composition of syngas and the emission
of gasification are significantly affected by feedstocks and gasification technology as
show in Table 14.3 [48].

Gasification of 1 kg of horticulture waste with 40% leaf waste in a downdraft
gasifier with 89.7% carbon conversion efficiency recovers 10.2 MJ energy and
decreases 1.46 kg CO2-eq. emissions due to the credits of recovered energy and
carbon-neural source of biomass [47]. It has been reported that gasification of wastes
had a 28–83% decrease in AP, EP, PPOFH, and NOx generation, compared with
incineration. Furthermore, syngas, which has a much smaller volume than flue gas
from incineration of the same amount of wastes, can be purified by removing its acid
gases to further reduce the emissions for downstream combustion of syngas
[50]. Combustion of syngas from gasification has lower emissions than combustion
of bio-oil and char from pyrolysis [50]. Furthermore, syngas from gasification can be
used in a gas turbine to generate electricity, which has higher energy recovery
efficiency and lower emissions than electricity generated by a steam turbine using
heat from incineration [40, 50]. However, gasification of wastes needs to be
improved to meet safety and health requirements. The yield and composition of
bottom and fly ash are affected by feedstock composition and gasification technol-
ogy [49]. More attention must be paid to the toxic impact of the bottom and fly ash. It
should be noted that both gasification and pyrolysis have high energy demand in the
steps of waste pretreatment, syngas cleaning, and endothermic pyrolysis reactions.

Composting. Composting of organic wastes can decrease GHG emissions over
that of landfilling, by stabilizing the biodegradable fraction of the wastes and
minimizing methane generation [12]. Emissions from composts contain carbon
and nitrogen compounds and the amounts of emissions depend on water content,
oxygen exposure, C/N ratio, and type of feedstocks. The emissions come from
composting treatment and later use as fertilizer. N2O and CH4 emissions from
composting have significant impact on the overall GWP of composting, while
NH3 emissions contribute to acidification and eutrophication. Moreover, leachate
and related emissions from composting can often be assumed to be negligible
[30]. Emissions of N2O, CH4, and NH3 in an air-controlled composting plant can
be treated by biofilters to minimize their environmental impact. Composting of one
ton of waste consumes approximately 15.6 kWh electricity for the composting
operation and treatment of leachate and gases. One study shows that the net GHG
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reduction by composting was not significant at �32.3 kg CO2-eq per ton waste
composted due to the use of electricity and trace GHGs leakage during composting
that contribute to 30.3 kg CO2-eq and 26.4 kg CO2-eq for each ton of wastes
composted, respectively [12]. It should be noted that GHG emissions of composting
depend on waste type and composition (e.g., kitchen organics and garden waste),
technology type (e.g., open systems, closed systems, home composting), efficiency
of off-gas cleaning at enclosed composting systems, and the use of the compost. It is
reported that the overall global warming factor (GWF) for composting varies
between significant savings (�900 kg CO2-eq ton �1 wet waste) and a net load
(300 kg CO2-eq ton

�1) [58]. Material recovery from composting is practical by land
application of the compost as a biofertilizer. The use of compost as a fertilizer can
recover and recycle fertilizer nutrient from wastes, which can avoid emissions and
energy usage for synthetic fertilizer production. The content of nitrogen, phospho-
rous and potassium in compost affect its value as a fertilizer and depends on N, P,
and K content in the wastes. The effect of carbon sink of the compost should also be
taken into account as the application of compost as organic fertilizer promotes, over
time, a build-up of carbon in the soil which could prove to be a powerful sink for the
carbon sequestered in the soil. The potential of carbon sequestration can vary as
(133–213) kg CO2�eq per ton of mature compost [59].

Compost yield is usually very low, which means that 6–17% of wet wastes,
compared with 13–35% of wet waste for digestate yield of AD [30]. Studies show
that the net energy recovery rate of composting is only about 9.5% [12]. Another
study shows that composting of 1 kg of horticulture waste with 40% leaf could
recover 0.28 MJ energy in compost and reduce 0.1 kg CO2-eq emissions from the
credit of compost as a fertilizer [47]. The emissions from carbon and nitrogen
compounds in wastes during composting are a great environmental concern about
composting in terms of its overall GWP, acidification, and eutrophication if the
process is not properly managed. Composting needs a long period of time and the
conditions need to be controlled for optimum conversion of wastes into
fertilizers [30].

Anaerobic digestion. AD can convert wastes into biogas as an alternative fuel and
digestate as an alternative fertilizer. Due to credits given for alternative fuels and
fertilizers produced by the technology, AD has a much lower GWP than that of
composting, incineration, or gasification. It has been reported that AD of 1 kg of
horticulture waste with 40% leaf waste reduces GWP by 1.48 kg CO2-eq due to the
recovery of 8.94 MJ including 7.83 MJ of biogas and 1.11 MJ of digestate-based
fertilizer, compared with 0.1 kg CO2-eq for composting, 0.28 kg CO2-eq. for incin-
eration, and 1.46 kg CO2-eq. for gasification [47]. This comparison did not take into
account the energy and emissions associated with collection and transportation. In
general, AD is more favorable than composting in terms of energy recovery and
GWP reduction for biodegradable wastes such as food wastes, animal manure, and
crop residues. However, as composting produces less methane than AD by nature,
comparison of GHG emissions is usually done without release of methane from AD
[47]. There is not a common agreement on the fugitive emissions of methane during
AD, which may contribute a significant amount of GHG emissions. However, it has
been reported that the amount of methane leakage in AD could be in the range of
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0–10% of produced biogas [60]. Another study shows that fugitive emissions of CH4

are in the range of (0–8) g/kg waste (dry weight) or (0–11) % methane production
[30]. GHG emissions from AD can be reduced by increasing the decomposition rate
and minimizing GHG leakage during AD [12].

It is common practice to use digestate as a biofertilizer in land applications.
However, the low quality and potential environmental risk of the digestate due to
the presence of harmful chemicals may limit its direct land application [12]. The
value and safety of digestate and compost based fertilizers depend on the quality of
wastes. AD and composting are promising methods for the conversion of door-to-
door separate organic wastes, and conversion of agricultural residues into fertilizers.
Table 14.4 gives the median values of main characteristics, NPK composition, and
concentrations of key elements of 12 digestate samples including 6 generated by AD
of pig slurry and another 6 generated by AD of cattle slurry [61]. The digestates from
AD of animal manure have high fertilizing potential in terms of NH4-N content, but
their land application might be restricted due to their Cu and Zn content, salinity,
biogegradability, phytotoxicity, and hygiene characteristics [61].

Summary. Table 14.5 shows a comparison of GHG emissions and environmental
impact of solid waste management methods. Environmental impact of waste

Table 14.4 Average characteristics, NPK composition and key element concentration of digestate
generated by anaerobic digestion of pig slurry and cattle slurry. Reprinted with permission from
reference [61]. Copyright @ 2012, Elsevier

Digestate from AD of pig
slurry

Digestate from AD of cattle
slurry

pH 7.91 7.42

Electrical conductivity (dS m�1) 25.0 10.9

Dry matter (g L�1) 28.9 31.4

Total organic carbon, TOC (g L�1) 8.4 13.6

Dissolved organic carbon (g L�1) 3.6 6.8

Biochemical oxygen demand (g L�1) 4.4 8.3

Total nitrogen, TN (g L�1) 3.6 1.7

NH4-N (g L�1) 2.8 0.9

P (g L�1) 0.9 0.3

K (g L�1) 2.9 1.4

TOC/TN 2.2 9.0

S (mg L�1) 384 155

Ca (mg L�1) 1345 1293

Mg (mg L�1) 499 290

Na (mg L�1) 698 525

Cl (mg L�1) 1606 558

Fe (mg L�1) 103 106

Mn (mg L�1) 19.1 10.3

Zn (mg L�1) 55.8 14.4

Cu (mg L�1) 8.1 6.9

B (mg L�1) 2.9 2.6
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Table 14.5 Comparison of environmental impacts of various solid waste management methods

Treatment
methods

Type of
wastes Main assumptions

GHG
emissions
(kg CO2

eq/ton)

Other major
environmental
impacts Reference

Landfills MSW Energy recovered,
waste collection and
source separation not
included

124–841 • Leachate
• LFG
emission

[41]

MSW No energy recovery,
waste collection and
transport included

5476 [63]

Incineration MSW Energy recovered,
waste collection,
transport, and residual
disposal included

6640 • Hazardous
fly and bottom
ash
• A large
amount of flue
gas
• N2O, HCl,
and SO2

emissions

[63]

Horticulture
wastes

Energy recovered,
waste collection and
transport not included,
product credits
included

�281 [47]

Pyrolysis MSW Energy recovered,
waste collection,
transport, and residual
disposal included

1194 • Hazardous
fly and bottom
ash

[45]

Corn Stover Energy recovered,
waste collection,
transport, and
pretreatment included

�864 [64]

Gasification Horticulture
wastes

Energy recovered,
waste collection and
transport not included,
product credits
included

�1460 • Hazardous
fly and bottom
ash

[47]

Composting Horticulture
wastes

Energy recovered,
waste collection and
transport not included,
product credits
included

�100 • Low compost
yield
• High GHGs
leakage

Anaerobic
digestion

MSW Energy recovered,
waste collection,
transport, and residual
disposal included

3245 • Digestate
treatment
• Methane
leakage

[63]

Horticulture
wastes

Energy recovered,
waste collection and
transport not included,
product credits
included

�1480 [47]
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treatment depends on many factors such as type and composition of the wastes,
collection, transportation, local climate conditions, treatment processes, recovery
efficiency of energy and materials, and residual waste treatment [62]. There is a large
variation in the data of the environmental impact of solid waste management
methods reported in the literature due to inconsistencies in the LCA methodology
with scope definition and assumptions for the collection of inventory data, impact
assessment, and interpretation. In LCA, CO2 emissions from the conversion of
organic solid wastes may come from a biogenic carbon source such as agricultural
residues, food wastes, and animal manure or a fossil origin carbon source such as
plastics. Biogenic CO2 emissions are usually treated as carbon neutral (i.e., GWP of
zero). Recovered energy and materials are counted as carbon credits with negative
carbon emissions [62]. In general, the conversion of MSW that contains fossil
carbon sources of plastics usually generates positive GHG emissions due to low
energy recovery efficiencies and large amounts of residue that have to be disposed of
while conversion of green wastes such as agricultural residues generates negative
GHG emissions due to high energy recovery efficiencies, and low amounts of
residue requiring disposal. The scope of LCA with and without the consideration
of collection, transportation, pretreatment, and residual ash treatment also contrib-
utes to significant variations in the assessed environmental impact.

14.5 Challenges and Perspectives of Advanced Waste
Conversion Technologies

14.5.1 Pyrolysis of Organic Solid Wastes

Pyrolysis of wastes can reduce corrosion and emissions by retaining alkali and heavy
metals, sulfur and chlorine within the products. Pyrolysis operates at much lower
temperatures than traditional incineration and can also reduce thermal NOx forma-
tion. Furthermore, as pyrolysis generates a small volume of fuel gas, compared to a
large volume of flue gas generated in incineration, it reduces the cost of cleaning
emissions. However, Cl and S species such as HCl and SO2 (or H2S) may be present
in the fuel gas produced by pyrolysis, which have to be removed. Liquid oil and solid
char products produced by pyrolysis may contain contaminants such as heavy metals
which must be removed [46]. Pyrolysis can be further developed by improving the
energy recovery and product quality, reducing emissions, and minimizing the
requirement of waste pretreatment [8].

The main challenge for pyrolysis of organic wastes, particularly MSW is in the
control of emissions and contamination of products. During pyrolysis, Cl, N and S
volatiles are generated at (230–400) oC for HCl, (300–600) oC for SO2 and above
260 �C for NH3, which present in gas and liquid products [46]. Mineral elements
such as K, S, P, Cl, Ca, Zn, Fe, Cr, Br and Sb present in the pyrolysis oil and fuel gas,
which decreases their quality and application. The amounts of those elements in
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pyrolytic oil and gas depends on temperature and composition of the feedstock
[46]. NaCl in wastes reacts with water. Pyrolysis of PVC at high temperatures forms
HCl, which presents in the oil and gas products, leading to corrosion of processing
facilities. It has been found that the toxicity equivalent (TE) of products from wastes
in a rotary kiln was approximately three folds higher than that of the original waste
due to the formation of less chlorinated dioxins and furans and polychlorinated
dibenzodioxins (PCDD/F). These contaminants limit the applications of the pyro-
lytic oil. The char produced by the pyrolysis of wastes also has organic and/or
inorganic contaminants which limit its applications. Therefore, pyrolysis of wastes
should be improved by reducing emissions of HCl, SO2 and NH3 in the products,
upgrading the quality of the products, and avoiding the use of wastes containing
certain components. Several approaches such as gas scrubbing and catalytic conver-
sion can be used to remove HCl, SO2 and NH3 in the pyrolytic products [46].

More studies are needed to improve the quality of pyrolytic products and reduce
environmental pollution during the pyrolysis of organic wastes. There is a large
variation in pyrolysis characteristics among the wastes. Pretreatment and separation
of wastes are effective ways to control undesirable elements in the pyrolytic products
[65]. Dehalogenation of plastic wastes can remove halogens prior to pyrolysis to
prevent formation of HCl in oil and gas products. Separation of wastes is also an
effective way to prevent contaminants from entering oil and gas products. Pyrolysis
of food wastes in MSW leads to the formation of higher concentrations of Cl and S in
pyrolytic oil, and low heat value due to the high moisture content of food wastes.
Food wastes can be separated fromMSW and processed using other methods such as
composting and AD. Pyrolysis can also be combined with gasification or combus-
tion methods to reduce overall contaminants [46]. Removal of nitrogen compounds
in protein-rich wastes prior to pyrolysis can reduce the nitrogen content in the
pyrolytic oil [65].

Pyrolysis of organic solid wastes affords bio-crude oil, which is considered as a
promising alternative to petroleum for the production of transportation fuels and
other valuable chemicals [66]. The pyrolytic oil can be catalytically upgraded using
catalysts containing iron (Fe�) and calcium (Ca�) that have good performance in
bromine and chlorine removal, respectively. Although the bio-oil usually has a lower
sulfur content and thus fewer emissions of SO2 than conventional fuels, it has some
undesired properties, such as the high oxygen content due to oxygenated compounds
(ketones, phenols, aldehydes, esters), high viscosity, and high corrosiveness. There-
fore, it is necessary to upgrade the bio-oil into transportation fuel. Upgrading of bio-
oil can be carried out through emulsification, esterification, catalytic cracking,
solvent extraction, or hydro-deoxygenation [67, 68].

14.5.2 Gasification of Organic Solid Wastes

Gasification has been investigated to convert organic solid wastes into syngas for
heat and power generation, synthesis of liquid fuels, and production of hydrogen.
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Significant advances have been made in gasification technology and syngas utiliza-
tion [69]. However, more research is needed to address several critical issues in
gasification including ash agglomeration, syngas quality control and cleaning, and
efficient syngas utilization [69]. The toxic and explosive nature of syngas increases
safety concerns and necessitates reliable control equipment. Moreover, two-step
conversion of organic solid wastes into energy products via gasification of the
solid wastes into syngas and downstream utilization requires a complex plant with
strict operational and maintainence schedules. Conditioning and cleaning syngas for
downstream utilization is costly [48]. One of the main obstacles in gasification of
organic wastes is instable operation due to the heterogeneity of wastes with large
variation in composition, especially MSW, which requires pretreatment of the
wastes prior to gasification. Furthermore, although a gas turbine has higher energy
efficiencies and lower emissions than a steam turbine to generate electricity from the
syngas produced by gasification, syngas from gasification of organic solid wastes
cannot meet the quality requirements of a gas turbine. The main potential areas
which need to be developed for gasification of organic solid wastes include
(1) increasing the gasification efficiency, (2) using selected waste streams, and
(3) syngas cleaning and upgrading to be used for synthesis of liquid fuels and
chemicals [50].

A chemical looping gasification (CLG) process uses lattice oxygen in an oxygen
carrier such as metal oxides as an oxidant agent to avoid direct contact between fuel
and air [70]. CLG can increase gasification efficiency, avoid introduction of a large
amount of nitrogen in air into syngas, and reduce tar and carbon dioxide in the
syngas [71]. A CLG process is usually implemented as dual fluidized bed reactors to
ensure high rates of heat and mass transfer via fluidization. An oxygen carrier is used
as the bed material of the gasification reactor to supply oxygen and heat. The reduced
oxygen carrier is then transported into the second reactor where it is oxidized with air
for re-use. The overall reaction of both reactors using an oxygen carrier is exother-
mic that is the same as biomass gasification with pure oxygen. It has been reported
that CLG of biomass with natural hematite as an oxygen carrier increases carbon
conversion and gas yields by 7.45% and 11.02%, respectively, while decreasing tar
content by 51.53% compared with steam gasification [72]. A number of Ni, Co, Cu
and Fe-based materials have been tested as oxygen carriers. Pure metal oxides often
do not satisfy all the favorable traits of an oxygen carrier and the reaction rates of
pure metal oxides are reduced greatly after a few reduction and oxidation cycles
[73]. Bimetallic oxygen carriers and metal oxides on novel porous supports have
been studied to enhance the performance of CLG [71, 74]. Chemical looping
processes with an oxygen carrier of metal oxides can be used to combust organic
solid wastes and syngas, or gasify organic solid wastes [75–77]. Some metal oxides
such as CaO, MgO, and BaO can be used not only as an oxygen carrier to supply
oxygen for completely or partially oxides organic solid wastes, but also an adsorbent
to remove H2S, HCl, and CO2 from the product gas [76, 78, 79].
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14.5.3 Anaerobic Digestion of Organic Solid Wastes

AD produces biogas as a renewable energy product from various biodegradable
wastes at different yields [80]. Biodegradability of organic wastes in AD depends on
the complexity and accessibility of the organic materials, and their physical proper-
ties including particle size and porosity. Biodegradability of organic wastes can be
assessed by biochemical methane potential test (BMP) [51]. Various physical,
chemical and biological pretreatment methods have been studied to improve the
digestibility of agricultural wastes, particularly lignocellulosic crop residues
[81]. Co-digestion of manure and crop residues can increase biogas production by
providing a feedstock with an optimum C/N ratio. Anaerobic co-digestion of manure
and pretreated crop residues significantly increases biomethane production [82]. One
of the main challenges in AD of organic solid wastes is reducing emissions of
methane, carbon dioxide, ammonia and other odorous gases to the atmosphere,
because this results in greenhouse gas and contributes to air pollution, and lowers
the energy value of the wastes [42].

Nanomaterials have been studied as additives to improve the performance of AD,
which can be classified into four categories: nanoscale zero valent metals (NZVMs)
(e.g. Fe, Ni, Cu, Co, Ag, Au), metal oxide NPs (e.g. ZnO, CuO, TiO2, MgO, NiO,
Fe2O3), carbon based nanomaterials (e.g. graphene, diamond, nanotube and
nanofibers), and multi-compound NPs [80, 83]. Nanomaterials with nano-sized
structures and specific physicochemical properties can have positive and negative
effects on the rate of AD through interaction with feedstock and microorganisms
[83]. Studies have shown that ZnO, CuO, Mn2O3 and Al2O3 significantly reduce
biogas production rate that can be attributed to the toxicity of these materials. The
impact of TiO2 and CeO2 is completely dependent on their concentrations in the
reactor and digestion time. Nano-iron oxide (Fe3O4) has a remarkable positive
impact that can increase methane production by 234% due to the presence of
non-toxic Fe3+ and Fe2+ ions. It has also been reported that addition of nano zero-
valent iron (NZVI) results in a mixed effect on methane production depending on its
concentration. The addition of silver or gold nanoparticles result in either a decrease
or no change in biogas production rate, depending on their concentration in the
reactor. Addition of micro/nano fly ash and micro/nano bottom ash has a positive
impact and considerably increases biogas production, but the addition of fullerene
(C60) and silica (SiO2) nanoparticles, and single-walled carbon nanotubes had no
effect on cumulative biogas production. The ZnFe nanocomposite can significantly
improve methane production by up to 185%. Moreover, ZnFe with 10% carbon
nanotubes (ZFCNTs) and zinc ferrite with 10% C76 fullerene (ZFC76) showed a
positive effect on hydraulic retention time and enhanced methane production up to
162% and 146%, respectively [80].

Since the AD digestate is used as a fertilizer, the nutrient recovery becomes
significant which can be improved by decreasing nitrogen emission and increasing
the conversion of polyphosphate to orthophosphate. The digestate is usually
composted prior to its land application. The loss of nitrogen to the atmosphere can
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be controlled by properly designing the composting process and adjusting operating
conditions such as aeration mode and rate, water content, porosity, and temperature.
Decrease of the anoxic or anaerobic microenvironment and the water content can
lower denitrification and consequently NO2 emissions, and increase the N recovery
potential [38].

Another challenge of AD is that it is still not common for widespread land
application of composting and digestate as biofertilizer because of its low quality
and environmental risk. Some countries restrict direct use of the digestate as fertilizer
due to concerns on its quality and safety [12]. The chemical composition of the
digestate is highly dependent on the feedstock composition. The digestate usually
has higher concentrations of nitrate, ammonia, Ca and Mg than the original wastes.
The quality of digestate can be improved by optimizing the AD process and
pretreatment of the organic wastes. AD generates a large amount of liquid effluent
with dissolved N, P, and K fertilizer compounds. Instead of direct land application of
the digestate, the solid digestate can be converted into biochar that can be used to
recover fertilizer nutrients in the digestion effluent to produce high-quality fertilizer
and recycle the water [68, 84].

14.5.4 Perspectives of Advanced Organic Solid Wastes
conversion Technologies

Advanced thermochemical conversion technologies, pyrolysis and gasification, have
been studied as environmentally-friendly alternatives to traditional incineration for
the recovery of energy from organic solid wastes. AD has been studied as an
alternative to composting to recover both energy and fertilizer nutrients from organic
solid wastes. However, selection of a waste conversion technology should consider
the type of wastes, the process efficiency, and the desirable products. Table 14.6
summarizes the challenges and recommendations of advanced conversion technol-
ogies for the valorization of various organic solid wastes. In general, thermochem-
ical processes of pyrolysis and gasification can be applied to convert dry biomass
wastes, waste plastics, waste paper, and cardboard into petroleum-like oil, syngas,
and char as main products. Thermochemical conversion of organic wastes faces
challenges of high HCl, NH3, and SO2 emissions due to the presence of Cl, N and S
containing compounds in the wastes, ash agglomeration due to the use of high
temperatures, quality control of char, oil, and syngas products, and safety control
of the explosive and toxic syngas products. More studies on pretreatment and
separation of wastes, catalytic upgrading of products, and novel process develop-
ment are needed for the commercialization of pyrolysis and gasification technologies
to valorize organic solid wastes. The biological process of AD can be applied to
convert wet biogenic wastes of agricultural residues, animal wastes, food wastes, and
yard waste into biogas and fertilizers as main products. Biogenic waste usually has
high moisture content and is more suitable for AD than for thermochemical
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conversion. However, AD faces the technical barriers of low digestibility, unbal-
anced C/N ratio in the wastes, and generation of large amounts of solid digestate and
effluent. Therefore, studies are needed to increase the digestibility of wastes via
pretreatment, co-digestion, and biologically active additives, and for processing
digestate and effluent.

Thermochemical conversion and AD can be used to efficiently convert different
types of organic solid wastes, therefore, it is critical to separate and sort those wastes.
In this case, the inorganic wastes of metals, glass, ceramic and ash should be
removed from the organic solid wastes prior to conversion. Dry non-biodegradable
wastes of plastic, rubber, fabric and leather can be converted by pyrolysis or
gasification, while wet green biogenic wastes of food and yard wastes, agricultural
residues, and animal wastes can be converted by AD. Dry biogenic wastes such as
paper, cardboard, agricultural and forestry residues can also be converted by pyrol-
ysis and gasification.

14.6 Conclusions and Future Outlook

This chapter has evaluated the advantages and disadvantages of waste management
technologies in terms of waste reduction, stabilization, material recycling, energy
recycling, GHG reduction, and other environmental factors. Feedstock composition

Table 14.6 Challenges and recommendations for the valorization of organic solid wastes with
advanced conversion technologies

Processes
Type of
wastes Challenges Recommendations Reference

Pyrolysis /
gasification

• Dry agricul-
tural /forestry
residues
• Waste plas-
tics
• Waste paper
and
cardboards

• HCl emissions from
polyvinyl chloride
(PVC) in MSW
• NH3 emissions from
protein-containing
wastes
• SO2, and
• Ash agglomeration
• Product quality con-
trol
• Syngas safety control

• Pretreatment and separa-
tion of cl, S and N
containing compounds
• Catalytic conversion and
upgrading products
• Syngas cleaning and
upgrading
• Novel gasification
technology

[46, 50,
65, 78]

Anaerobic
digestion

• Wet agri-
cultural resi-
dues
• Animal
wastes
• Food wastes
• Yard waste

• Low biodegradability
• Undesirable C/N
ratio in the wastes
• Large amounts of
digestate and effluent

• Pretreatment to increase
digestibility
• Co-digestion to adjust
C/N ratio
• Application of
nanomaterials and addi-
tives for enhanced effi-
ciency
• Value-added processing
of digestate and effluent

[81, 84]
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and technical conditions used in those technologies can affect efficiency, economics
and environmental sustainability of each technique, and portfolio and quality of
products. Landfilling, incineration, and composting are three traditional commer-
cialized methods for treatment of organic wastes. Conversion of waste materials into
a wide range of valuable products provides both economic and environmental
benefits. Both advanced thermochemical processes such as pyrolysis and gasifica-
tion, and biological processes such as anaerobic digestion have been studied to
convert organic solid wastes to value-added products such as fuels and fertilizers.
Although thermochemical methods including incineration, pyrolysis, and gasifica-
tion have faster conversion rates and higher waste reduction efficiencies than
biochemical methods of composting and anaerobic digestion, the exhaust gas
cleanup needs to be improved to meet safety and health requirements. Pretreatment
and separation of wastes are effective ways to control undesirable elements in the
products produced by thermochemical conversion technologies. On the other hand,
biochemical approaches, specifically anaerobic digestion, have better nutrient recov-
ery and can remarkably reduce emissions and energy usage for producing biogas as
an energy product and digestate as a nutrient rich co-product of fertilizers. However,
anaerobic digestion needs to be improved by removing some hazardous materials
from the wastes, increasing biogas production efficiency, and enriching nutrient
content. Nanomaterials have been studied to improve conversion efficiency and
quality of products for recycling and valorizing organic wastes and are possibly
practical for land application of the digestate and compost as a biofertilizer. How-
ever, low quality and potential environmental risk of the digestate and compost due
to the presence of harmful chemicals may limit its direct land application. Value and
safety of digestate and compost based fertilizers depend on the quality of wastes.
Anaerobic digestion and composting could be promising methods for conversion of
selected organic wastes such as food processing wastes and agricultural residues into
fertilizers. Digestates from anaerobic digestion of animal manure have high fertiliz-
ing potential in terms of NH4-N content but their land application might be restricted
by their Cu and Zn content, salinity, biogegradability, phytotoxicity, and hygiene
characteristics.
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