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Preface

In many history books, 1973 was recorded as the year that the Yom Kippur War broke
out, which triggered the stoppage of oil export to the United States and several other
Western countries by members of the Organization of Arab Petroleum Exporting
Countries (OAPEC). For those of us who have engaged in energy research, that year
marked the opening of a new chapter in bioenergy development. The oil embargo
sparked a sudden interest in ethanol as an alternative transportation liquid fuel to
petroleum. Initially, corn and sugarcane juice were used as the main feedstocks
in the ethanol fermentation industry. The focus then was shifted to lignocellulosic
biomass as an alternative feedstock for ethanol production. Through the long course
of biomass ethanol process technology research, many valuable lessons have been
learned. Some of the most important ones include: (1) Itis not economically favorable
to produce ethanol as the only product; (2) In addition to ethanol, higher value-
added co-products can be produced and their production will improve the economic
feasibility and stability of the overall process; (3) Lignin is not simply a waste but
rather should be considered as a potential feedstock for the production of fuels and
value-added co-products; (4) Ethanol should not be used solely as a liquid fuel but
should also be considered as a feedstock for drop-in biofuel production, which can
be directly integrated into the existing petroleum refining infrastructure. These and
other lessons learned gave rise to the concept of a biorefinery, which is a highly
complex and integrated plant using biomass as the feedstock for the production of
various fuels and a wide range of chemicals and consumer products.

Numerous research efforts have been attempted to develop the technologies and
processes, which employed both biochemical and thermochemical approaches, for
the conversion of all the three major components of biomass, i.e., cellulose, hemi-
cellulose, and lignin, to fuels and chemicals. The main objective of this reference
book is to review and summarize the most recent results of these research efforts in
a single volume. Future research directions to improve the developed technologies
and to add to the current knowledge are also suggested and discussed. The authors of
the chapters have made their best efforts to present the most current developments.
However, since the advances in biomass conversion research progress so fast, by the
time the book is published, many new technologies and processes may have been
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developed. We hope, in the future, if this book is published again in its second edition,
these new advances will be included. On behalf of all the chapter authors, we would
like to thank the readers. We also look forward to receiving their comments, sugges-
tions, and criticisms on the contents of the book to help us make improvements in
our future projects.

Laguna Niguel, CA, USA Nhuan Phu Nghiem, Ph.D.
Ansan, Gyeonggi-do, Korea (Republic of) Tae Hyun Kim, Ph.D.
Syracuse, NY, USA Chang Geun Yoo, Ph.D.
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Chapter 1 ®)
Introduction Check for

Nhuan Phu Nghiem

Abstract The inevitable depletion of fossil fuels together with the concerns for
climate changes due to their production and utilization have called for a more sustain-
able industrial system, which will rely on renewable resources for the generation of
energy and production of chemicals. This chapter introduces the concept of a biore-
finery, which is similar to a petroleum refinery in many aspects, except that the
feedstock is lignocellulosic biomass. The basic processing steps for the conversion
of the three main components of this renewable feedstock are also introduced.

The heavy dependence of our modern society on fossil fuels, mainly oil and natural
gas, is indisputable. Almost all liquid transportation fuels that are currently in use
come from fossil sources. The petroleum oil refineries also generate precursors for the
manufacture of plastics, which are used to make products we are using in all aspects
of our lives. The inevitable depletion of fossil fuels together with the concerns for
climate changes due to the production and utilization of these fuels have called for
a more sustainable industrial system, which will rely on renewable resources for the
generation of energy and production of chemicals. Because of many reasons, which
are both political and technical in nature, the development of technology to achieve
that goal progressed at a rather slow pace. The turning point probably came with
the oil crisis in 1973, which led to the sudden surge in the interest in fuel ethanol
produced by fermentation. The global bioethanol production increased six-fold from
18 billion liters at the turn of the century to reach 110 billion liters in 2019 (USDA
2007; US DOE 2021). Bioethanol traditionally was produced from sugar-based and
starch-based feedstocks with sugarcane and corn being the two most widely used. The
concern on foods vs. fuels and the limited supplies of sugarcane and corn shifted the
attention to an alternative feedstock, and lignocellulosic biomass (or simply biomass)
appeared as the obvious choice. Biomass feedstocks have two main advantages: (a)
They can be grown in areas that are not used for food production and (b) they are
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Fig. 1.1 The main sources of biomass feedstocks

available in very large quantities. The main sources of biomass feedstocks, which
include forestry, agriculture, energy crops, and perennial plants and grasses, are
summarized in Fig. 1.1. It is estimated that the annual global availability of forest
products and residues, energy crops, and agricultural residues for the year 2050 is
1845, 4925, and 2831 million MT, respectively (Drapcho et al. 2020). The data for
perennial plants and grasses are not readily available.

The three main components of biomass are cellulose, hemicellulose, and lignin,
which can all be converted to ethanol via either the sugar platform or the syngas plat-
form. In the sugar platform, cellulose and hemicellulose are hydrolyzed by either
chemicals or enzymes to monomeric sugars, which subsequently can be fermented
to ethanol. Prior to enzymatic hydrolysis, a process called pretreatment is needed.
In the pretreatment process, part of the lignin is removed, which opens up the tight
biomass structure and allows higher accessibility of cellulases and hemicellulases
toward the substrates. Pretreatment, therefore, improves both the rates and yields of
the fermentable sugars. Initially, in the sugar platform, lignin was considered a waste,
which would be burned to provide thermal energy. Recently, the potential of lignin as
a feedstock for the production of high-value chemicals and liquid fuels has been real-
ized. Many attempts have been made to develop the processes and technologies for
lignin conversion to valuable products. In the syngas platform, all three components
of biomass are subjected to gasification, which produces a gaseous product known
as synthesis gas, or simply, syngas. The syngas thus generated can be converted to
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Fig. 1.2 Comparison of an oil refinery and a biorefinery

ethanol via fermentation or chemical catalysis. From a technological point of view, it
can be visualized that the processes developed for biomass-based ethanol production
can readily be adapted to the production of other chemicals by using suitable biocata-
lysts (i.e., microorganisms) or chemical catalysts. In other words, the biomass-based
ethanol technology can be modified for implementation in a more complex industrial
setting of a biorefinery where various chemicals and fuels are produced together. A
biorefinery is very similar to an oil refinery in many aspects. A comparison is shown
in Fig. 1.2. In both cases, the feedstock is first fractionated into its components, which
subsequently are converted to a wide range of products in various processes. The
key difference is the type of feedstock. In an oil refinery, the feedstock is crude oil.
The CO, generated in the production and utilization, e.g., combustion, of the fuel
products, enters the atmosphere. An oil refinery, therefore, is part of an open carbon
cycle where the CO, generated simply escapes to contribute to the accumulation
of greenhouse gases in the atmosphere. On the other hand, a biorefinery displays a
closed carbon cycle where the CO, generated is absorbed and incorporated back into
the new biomass feedstock during photosynthesis (Hiilsey 2018).

The individual processes and range of products are different from one biore-
finery to another. An example of a biorefinery is illustrated in Fig. 1.3. In this biore-
finery, the biomass feedstock first is subjected to pretreatment and fractionation to
separate the three main components. The C5 sugars are used for the production of
xylitol via fermentation. The C6 sugars are fermented to produce ethanol and animal
feed. Finally, the lignin is subjected to thermochemical depolymerization to produce
phenolic-rich bio-oil, which is then used as a feedstock for the isolation of chemicals
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Fig. 1.3 An example of a biorefinery. Note (1) HDO: Hydrodeoxygenation

or production of synthetic fuels via hydrodeoxygenation. The individual processes
and products in other biorefineries are different, but the general concept still is the
same as shown in Fig. 1.3.

The main focus of this book is to review the most up-to-date research efforts aiming
at the development of an economically feasible commercial biomass biorefinery.
The strategies for biomass fractionation are discussed in Chap. 2. The biochemical
conversion of cellulose is discussed in Chap. 3, which is followed by the discussion
of hemicellulose biochemical conversion in Chap. 4. The biochemical conversion
of lignin is discussed in Chap. 5. The thermochemical conversion of cellulose and
hemicellulose is discussed in Chap. 6, followed by the thermochemical conversion
of lignin in Chap. 7. The use of lignin in material applications is discussed in Chap. 8.
Finally, the evaluation of various biorefinery strategies by techno-economic analysis
(TEA) is discussed in Chap. 9.
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Chapter 2 ®)
Fractionation Strategies oo

Diep Trung Tin Le and Tae Hyun Kim

Abstract Lignocellulosic biomass has recently attracted attention as a promising
option for replacing non-renewable resources such as fossil fuels with biofuels
and biochemical production. In industrial biorefinery processes, the fractionation of
biomass into major or intermediate components plays an important role in converting
it into value-added products. However, current biomass fractionation processes still
have many technical and economic barriers to be industrialized, and further research
is necessary. This chapter examines the important factors that should be consid-
ered when designing an effective fractionation process that completely utilizes all
biomass components. Various chemical agents that can be used for effective frac-
tionation, process design, fractionation efficiency, and fates and characteristics of the
separated and recovered components are also discussed.

2.1 Introduction

Over the past decades, the rapid development of biorefinery research due to the critical
issues of fossil resource shortage and climate change has been observed. Lignocel-
lulosic biomass, which is a renewable material, has gained increased attention as a
promising alternative for fossil resources such as oils and coals.

In general, lignocellulosic biomass is categorized into several types such as
agricultural residues (e.g., corn stover, sugarcane bagasse, and rice straw), energy
crops (e.g., switchgrass, miscanthus, and fast-growing woods), forestry residues,
and various types of cellulosic wastes (e.g., municipal solid waste and pulp mill
sludges). Lignocellulosic biomass fundamentally comprises cellulose, hemicellu-
lose, and lignin plus smaller quantities of extractives and inorganic compounds. The
relative abundance of the three primary components depends on the type of biomass.
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Biomass normally contains 35-50% cellulose, 20—35% hemicellulose, and 10-25%
lignin (Cai et al. 2017).

Cellulose is the most abundant natural polymer on the earth, which consists of
linear chains of B—D-glucopyranose units (>10,000) linked together via 1,4-glycosidic
bonds (Fig. 2.1a) (Putro et al. 2016). Bundles of cellulose molecules are formed
together as the microfibrils, which contain highly ordered regions (crystalline cellu-
lose) along with less-ordered regions (amorphous cellulose). Cellulose has a wide
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Fig. 2.1 Chemical structure of the three main constituents of lignocellulosic biomass: a cellulose;
b hemicellulose; ¢ lignin
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range of applications in the pulp and paper industry, energy production, food industry,
cosmetics, pharmaceutical industry, and others (Balat et al. 2011; Gupta et al. 2019).
Hemicellulose, like cellulose, is another type of carbohydrate and consists of polysac-
charides grouped together in a lower degree of polymerization (100—400). Hemicel-
lulose mostly contains D-xylose (a five-carbon sugar) among five different types of
sugar units. (Fig. 2.1b shows arabinoglucuronoxylan as an example.) It is more amor-
phous than cellulose, has a highly branched structure, and is more readily hydrolyzed
by acids or enzymes to oligomers and monomers (Spiridon et al. 2008). Hemicellu-
lose can be hydrolyzed and further converted into numerous value-added chemicals
such as ethanol, xylitol, 1,2-butanediol, and lactic acid, which has made it a subject
of increased interest in its application research. In addition, hemicellulose can also
have a potential utilization in food, pharmaceutical, and paper industries as thick-
eners, emulsifiers, and gels (Chen et al. 2016; Farhat et al. 2017; Liu et al. 2019a,
b). Lignin is a polyphenolic compound, providing mechanical strength, rigidity, and
hydrophobicity to the plant cell walls while preventing cellulose and hemicellu-
lose from microbial degradation. Lignin consists of three major monolignols, which
include coniferyl alcohol, sinapyl alcohol, and p-coumaryl alcohol (Fig. 2.1c¢). Unlike
the other two components of biomass, lignin is usually recognized as industrial waste
and burned as a fuel. However, the full utilization of lignin as a potential feedstock
has been increasingly studied. Promisingly, lignin can be fully exploited as a base
material to produce aromatic compounds (benzene, toluene, and phenols) (Stewart
et al. 2008).

The development and application of lignocellulosic biomass fractionation tech-
nologies are still in the early stage and will be critically needed for fundamental
and applied research in the next few decades (FitzPatrick et al. 2010). One of the
major barriers to biomass application is the large volume of biofuel and biochemical
supply with relatively low energy content, seasonality, and discrete geographic avail-
ability of feedstock (Lipinsky 1981). Therefore, if an effective fractionation strategy
is applied and target building block components can be separated prior to the further
conversion processing in the chemical facilities, it will be beneficial to boost the
biorefinery development and make it become more economical and practical for
industrial applications.

This chapter discusses the desirable design strategy with consideration of various
fractionation technologies, which are the currently widely used methods. Different
solvents and reaction methods for effective extraction or separation of individual
components in biomass are discussed. Moreover, the changes of lignocellulosic
components in chemical structure, molecular weight distribution, and chemical—
physical properties after single-step or multi-step processing are also described. Other
aspects, including the outlook of desirable fractionation technologies and emerging
research trends for future commercial biorefinery, are also discussed.
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2.2 Fractionation vs. Pretreatment

Fractionation of biomass has been proposed as the first step of biomass processing ina
biorefinery in the study of Koukios and Valkanas (1982). The primary purpose of frac-
tionation is the separation of each component of lignocellulosic biomass (cellulose,
hemicellulose, and lignin) making it feasible for further conversion to value-added
products. After the fractionation, the resultant components can be utilized directly or
converted into the intermediates of various products. Consequently, the high purity
and recovery yield of each component are expected in the upstream process. Overall,
the ideal fractionation process must meet the expectation of high purity and recovery
of each component, and it has been acknowledged that an effective fractionation
process that could separate lignocellulose into its three usable forms is the key to
unlocking a multiple product integrated biorefinery.

On the other hand, pretreatment methods have generally been proposed and
developed to enhance the enzymatic saccharification yield and rate of cellulose and
hemicellulose; therefore, pretreatment is a pre-process developed for the purpose
of enzymatic saccharification and/or other subsequent processes in either biolog-
ical conversion or chemical conversion. In particular, pretreatment (by chemical,
mechanical, or biological method) is an essential step in the biological conversion
process because it improves the enzymatic saccharification reaction by allowing the
enzymes to effectively react with the lignocellulosic biomass (in particular, cellulose
and hemicellulose) through lignin removal.

2.2.1 Fractionation and Pretreatment in the Biorefinery
Concept

The biorefinery concept has been introduced because the bio-industry in the near
future can result in producing the replacement of oil refinery products with renew-
able feedstocks (Cherubini 2010). Biorefinery can be achieved by a wide range of
fractionation technologies, which are able to separate renewable biomass into primary
building blocks (carbohydrates, proteins, triglycerides), which subsequently can be
converted to value-added products, such as fuels and chemicals. This concept is
analogous to today’s petroleum refinery, which produces multiple fuels and products
from petroleum.

The primary purpose of fractionation is to produce value-added products from
the constituents in biomass. Therefore, the important factors to consider in the frac-
tionation process generally include recovery yields and purities, chemical struc-
tural modifications/changes, and economics of products and processes. On the other
hand, pretreatment mainly focuses on the removal extent of components that hinder
the following processes such as enzymatic saccharification and fermentation. For



2 Fractionation Strategies

11

Table 2.1 Comparison between biomass pretreatment and biomass fractionation

Items Pretreatment Fractionation

Purpose To enhance the reaction rate To isolate or recover specific
and yield in the following step | components with high purity
To enhance the enzymatic and yield
hydrolysis and bioconversion
yield

Mechanism Reduction of biomass Solubilization/hydrolysis of

recalcitrance
Removal of inhibitory
component

specific chemical components

Mechanical, chemical, or
biological

Process option Mechanical, chemical, or
biological
All building blocks (C5, C6,

lignin), proteins, lipids, etc.

Focused products/constituents | Mainly cellulose and

hemicellulose

example, the current pretreatment method primarily intends to enhance the rate and
yield of subsequent enzymatic hydrolysis of the pretreated biomass by breaking
down the lignin structure and disrupting the crystalline structure of cellulose (Alvira
et al. 2010). A detailed comparison between biomass pretreatment and biomass
fractionation is given in Table 2.1.

2.2.2 Desirable Fractionation Process Design

Unlike pretreatment, fractionation has been studied and developed to improve overall
biomass utilization. The production of high-value products from the building blocks
of lignocellulosic biomass can increase the economic value of biofuel and bio-based
products. In general, in the concept of desirable fractionation process design, the
following two points should be carefully considered and addressed (Shen et al. 2021):

(1) Low operating costs: mild reaction conditions, easy recycling, and reuse of
catalysts, minimal production of waste material, simple process/operation
scheme.

Low capital cost: non-corrosive chemical catalysts, minimal number of

equipment, and reasonable reaction conditions.

@)

Therefore, the desirable or ideal fractionation technologies should result in

e high purity of building blocks including cellulose, hemicellulose, lignin, etc., for
direct application or as a precursor for further conversion,
the chemical modification of products beneficial to the next stage of processing,
high recovery yield of products,
low degradation of biomass constituents,
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e Jow capital cost by using inexpensive construction materials and non-corrosive
chemicals,

e recycle and reuse catalysts, and

e simple process scheme for easy scale-up.

However, it should be noted that currently there is no single fractionation process
that meets all the above requirements. To date, many processes have been proposed
for biomass fractionation, which can be simply classified into three main approaches
based on target building blocks as follows:

(1) cellulose-first fractionation,
(2) hemicellulose-first fractionation, and
(3) lignin-first fractionation.

These fractionation concepts are discussed in the following section.

2.3 Fractionation Processes

2.3.1 Cellulose-First Fractionation Methods

Cellulose fractionation can be generally achieved by two approaches: (1) cellulose
retention after removal of lignin and hemicellulose and (2) cellulose regeneration
after complete dissolution of biomass. In both strategies, the relatively pure cellulose
can be obtained and further converted into value-added products. In the cellulose
retention method, solvents such as acid or alkali are used to remove lignin and
hemicellulose, thus remaining in the highly pure cellulose. On the other hand, in the
cellulose regeneration method, all components in biomass are completely dissolved
and then cellulose is regenerated by adding an anti-solvent.

2.3.1.1 Ionic Liquids (ILs) Method

Tonic liquids (ILs) have been considered as a green and highly selective solvent for
cellulose dissolution and regeneration. Ionic liquids are salts composed of an organic
cation and an organic/inorganic anion. ILs are in the liquid state at room tempera-
ture and are stable up to approximately 300 °C. Cellulose is mainly dissolved in
the process, and the regenerated cellulose can be formed by adding an anti-solvent
such as water, methanol, or ethanol. The regenerated cellulose can be obtained
as powders, tubes, beads, fibers, and films by altering the regeneration process.
The cellulose regenerated from the ionic liquid fractionation process was found
to have either an amorphous or crystalline structure depending on the regeneration
method (Zhu et al. 2006). Some widely used ILs are 1-butyl-3-methyl-imidazolium
chloride ([C4mim]Cl), 1-butyl-3-methylimidazolium dimethyl phosphate [C4mim]-
[MeO)(MeO)PO,], 1-ethyl-3-methylimidazolium acetate [Emim][CH3COO] plus
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others (da Costa Lopes et al. 2013; van Osch et al. 2017). However, toxicity,
poor biodegradability, and high chemical cost are considered the limitations in the
applications of ILs to biomass fractionation.

2.3.1.2 Deep Eutectic Solvents (DES) Method

Deep eutectic solvents with the properties of both ionic liquid and organic solvent
have shown a promising feature for cellulose fractionation. A DES is a homogenous
mixture, formed by mixing a hydrogen bond donor (HBD) and a hydrogen bond
acceptor (HBA) at certain composition, and has a melting point lower than that of its
constituents. The hydrogen bonding and van der Waals force between HBD and HBA
limit the recrystallization process of the individual components, therefore reducing
the melting point of the DES system. DES can also be considered the next generation
of ionic liquid, which is cheaper and easily recyclable. In lignocellulosic biomass
dissolution, the HBD type can be used such as carbohydrate, acid, polyalcohol,
or phenolic compounds, whereas the most used HBA is choline chloride (Tan et al.
2020; van Osch et al. 2017). DES can effectively reduce the cellulose crystallinity and
remove lignin and hemicellulose, which can enhance the saccharification efficiency
of the fractionated cellulose. More than 90% of hemicellulose from rice straw was
removed as well as 70% delignification was obtained by a choline chloride—oxalic
acid dihydrate DES solution. The cellulosic-rich materials were easily digestible by
the enzyme at over 80% yield, while the fractionated lignin has high purity (>82%)
(Hou et al. 2018). The cellulose-rich solid fraction has higher thermal degradability
and higher enzyme accessibility due to the large removal of the amorphous contents
(hemicellulose and lignin) (Fang et al. 2017; Yiin et al. 2017). The fractionated
cellulose can be further converted to sugar for bioethanol production or used to
produce cellulose nanocrystals.

2.3.1.3 Sulfite Method

Sulfite treatment includes active catalysts sulfite (SO3 2 ), bisulfite (HSO3 1), ora
combination of two of the three catalysts sulfite (SO5 2), bisulfite (SO3_2), and sulfur
dioxide (SO, or H,SO3), depending on the pH of the treatment liquor at the reac-
tion temperature (Ingruber et al. 1985). Sulfite ions can promote the dissolution of
lignin due to its nucleophilic properties, which can combine acid or alkali solvent to
effectively remove lignin and hemicellulose and preserve cellulose for further conver-
sion. During the sulfite treatment process, a considerable amount of hemicellulose
is removed in the form of fermentable sugars with a smaller number of inhibitors
generated (furfural and hydroxymethylfurfural (HMF)). It is worth mentioning that
the sulfonation of lignin enhanced its hydrophilicity, which also limited the adverse
effect on the subsequent enzymatic hydrolysis. Sulfite treatment under acidic condi-
tions combined with disk refining for size reduction showed a promising result
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for cellulose fractionation. The results indicated that after acidic sulfite pretreat-
ment to overcome recalcitrance of lignocellulose (SPORL) with 8—10% bisulfite and
1.8-3.7% sulfuric acid, large amounts of lignin and hemicellulose were dissolved.
More than 90% of cellulose was retained and subsequently converted to glucose via
enzymatic hydrolysis (Zhu et al. 2009).

2.3.1.4 Acid Method

Acid solvent has huge potential for sustainable lignocellulose fractionation for
making high value-added products. In addition to traditional methods using
sulfuric acid and hydrochloric acid, other acids such as aromatic sulfonic acid [p-
toluenesulfonic acid (p-TsOH)], dicarboxylic acid (maleic acid), and phosphoric
acid have been studied and applied for cellulose fractionation process (Zhu et al.
2021). In the study of Chen et al. (2017), poplar wood was fractionated by a p-TsOH
solution of 80 wt% concentration at 80 °C for 20 min and retained more than 80%
cellulose. The fractionated cellulose can be subsequently digested by enzymes to
produce glucose. Maleic acid has been reported as an effective catalyst due to its
easy recovery and being a much weaker acid (Su et al. 2021). It can esterify cellulose
via the Fischer-Speier reaction. Recently, investigators have examined the effects
of p-TsOH and maleic acid on switchgrass fractionation. The results indicated that
maleic acid obtained more rapid and higher maximal dissolution of lignin and hemi-
cellulose (88% and 63%, respectively) compared to p-TsOH (73% and 55%, respec-
tively). The fractionated cellulose was further fibrillated by a mechanical method for
making lignin-containing cellulosic nanofibrils (Su et al. 2021). In a study, it was
shown that 96% of glucan in a type of biomass (e.g., corn stover, switchgrass, etc.)
was retained in the solid form after fractionation with 84.0% H3;PO, at 50 °C for
60 min and subsequently was hydrolyzed by the enzyme (Moxley et al. 2008).

2.3.2 Hemicellulose-First Fractionation Methods

The structure of hemicellulose allows it to be easily fractionated by neutral
hydrothermal solvents or acid solvents and further degraded in these solvents.
Consequently, hemicellulose can be extracted from lignocellulosic biomass at
moderate operating conditions in the form of various sugars (xylose, arabinose, xylo-
oligosaccharides), furfural, and organic acids. However, the appropriate application
of the fractionation process for selective degradation and recovery of hemicellu-
lose as a target product must be carefully considered. If the desired product is a
polymer material, the extraction process should be conducted under mild conditions
to preserve its structural integrity and prevent its degradation. On the other hand,
if small molecule compounds such as platform chemicals and liquid fuels are the
targets, the simultaneous hemicellulose fractionation and degradation process should
be performed (Shen et al. 2021). It should be noted that the structure of hemicellulose
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and its compositions in the plant cell wall are also the main factors to consider for
solvent selection. It has been reported (Huang et al. 2019) that hemicellulose from
hardwood and herbage basically consists of xylan, whereas that from softwood is
primarily constituted of mannan. It is also mentioned that acid-based solvents are
favorable for xylan, while alkali solvents are preferred for mannan. In general, both
the hydrothermal process and acid process can be used effectively for hemicellulose
extraction from biomass (Zhuang et al. 2016; Carvalheiro et al. 2008).

2.3.2.1 Hydrothermal Method

The hydrothermal process or hot water treatment uses water as a solvent at elevated
temperatures (160-240 °C). Since there are acetyl groups in the hemicellulose struc-
ture, acetic acid can be formed during the hydrothermal stage and further results in the
auto-hydrolysis of hemicellulose in water. Under severe operating conditions, hemi-
cellulose will be significantly degraded into xylo-oligosaccharides (Zhuang et al.
2016; Moniz et al. 2013). Over 80% of hemicellulose in agricultural residues (corn
stover, bamboo, and sugarcane bagasse) are separated successfully (Xiao et al. 2013;
Mosier et al. 2005; Laser et al. 2002). The fermentation inhibitors (furfural, formic
acid, and lactic acid) normally are produced at very low concentrations in comparison
with other fractionation methods. Hemicellulose fractionation by the hydrothermal
process is considered an economical and eco-friendly technology due to its use of
water as a solvent without the addition of chemicals, little corrosion on reaction
equipment, and low concentrations of inhibitors (Zhuang et al. 2016).

2.3.2.2 Acid Method

Inorganic acids such as sulfuric acid (H,SO4), hydrochloric acid (HCI), phosphoric
acid (H3POy), and nitric acid (HNO3) have been widely used as solvents for hemicel-
lulose extraction. Concentrated acid or diluted acid require different reaction condi-
tions and have different impacts on hemicellulose fractionation efficiency. Concen-
trated acid extraction is usually conducted using an acid concentration of over 30% at
ambient to moderate temperatures (<100 °C) for several hours. In contrast, the dilute
acid method uses 0.5-5% acid concentration and is operated at higher temperatures
(120-250 °C) and below 10 atm. for 5-90 min (Jung et al. 2015). The strong acidity
of the solvent causes degradation of hemicellulose and results in the formation of
monosaccharides and furfural. The strong solvent acidity also leads to the partial
hydrolysis of cellulose and depolymerization of the oligomers formed from hemi-
cellulose. The inorganic acid fractionation technology has some drawbacks such as
corrosion of equipment materials, high acid recovery cost, and solvent toxicity, which
limit its application.

Recently, organic acids have been promoted due to their highly selective disso-
lution and control of the depolymerization of hemicellulose under mild conditions.
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The dicarboxylic maleic acid and oxalic acid are two potential alternatives to inor-
ganic acids. During the hemicellulose extraction by maleic acid, the extent of xylose
degradation is 3—10 times lower than that of sulfuric acid. These results indicate that
maleic acid can be applied as a more effective fractionation solvent by providing a
higher energy barrier to the degradation reaction of xylose to furfural (Jung et al.
2015). In a study using bagasse (Yan et al. 2018), 96.7% hemicellulose could be
extracted in the liquid fractions and the highest xylose yield of 95.7% was obtained
with 0.4 mol/L aqueous oxalic acid at 120 °C and 10 min.

2.3.3 Lignin-First Fractionation Methods

Lignin fractionation, or delignification, can also be considered a biomass pretreat-
ment process since lignin limits the accessibility of enzymes to cellulose and hemi-
cellulose, and hence its removal will improve both hydrolysis rates and yields of
fermentable sugars. Many chemical methods of lignin removal have been studied
and developed including alkali, organosolv, ionic liquids, and deep eutectic solvents.
Enzymes can also be used to assist lignin extraction by hydrolyzing the carbohydrates
(Xu et al. 2020). In terms of efficient utilization of lignin for potential applications, it
is very important to obtain high purity of lignin with excellent chemical reactivity for
further chemical or biochemical conversion. Lignin is mostly obtained in the liquor
after fractionation and is precipitated to collect the pure solid form. The overall
process of lignin extraction is illustrated in Fig. 2.2. Each fractionation technology
as well as reaction severity can give a wide variety of lignin types, molecular weight
distribution, chemical reactivity, and degree of polymerization (Jiang et al. 2020;
Galkin et al. 2016). To date, three major obstacles are encountered in the one-pot
lignin isolation process, which include:

(1) breaking the cell wall recalcitrance to release sugars and phenolic intermedi-
ates,

(2) reducing the oxygen contents of phenolic intermediates to produce stable fuels
with high calorific value, and

Lignocellulosic
Catalyst & H,0 Recydle

biomass s .
. e T P S — %
Fractionation Liquid ! Catalyst & H,0 recovery /[ |
-+ (Chemical, mechanical, f—————" neutralization {—= Product stream #1
or biological) gt (Optional) 1
Solid H;0
| . Washing & cleaning & Product stiaam #2

{Optional)

Fig. 2.2 Schematic of a simple fractionation process
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Table 2.2 Various alkaline fractionation processes and their effects on lignin extraction

Description Chemical catalysts

NaOH NH3 Ca(OH)> NayCO3
Operating conditions
Temperature 60-180°C |30-210°C |25-130°C 60-180 °C
Pressure Low Low-high Low Low
Catalyst concentration | 0.5-10% 5-30% 0.05-0.15 g/g biomass | 1-30%
Lignin recovery 60-80% 50-80% 60-80% 40-60%
Corrosiveness High Low Low Medium

Source Kim et al. (2016a, b, ¢), Wyman et al. (2005), Yang et al. (2012), Li et al. (2011)

(3) stabilizing the active phenolic intermediates under elevated reaction conditions
to prevent lignin re-condensation and enhance phenolic yields.

2.3.3.1 Alkaline Method

Alkaline fractionation technology has been studied for many years and applied on an
industrial scale. The alkaline catalysts include sodium hydroxide, ammonia, calcium
hydroxide, and sodium carbonate. These chemicals have been demonstrated to be
efficient catalysts for the extraction of up to 80% lignin from raw biomass. The rich
lignin fraction will exist in the black liquor after the fractionation stage and can be
precipitated to obtain solid lignin. Alkali-based fractionation processes are carried
out under mild conditions, thus eliminating the need of expensive materials and
special design to deal with corrosion issues and severe operating conditions. In some
of the alkaline processes, chemical catalysts such as ammonia can be recovered and
reused (Yoo et al. 201 1a, b). The operating conditions and other important technical
details of various alkaline lignin extraction processes are summarized in Table 2.2.

2.3.3.2 Organosolv Method

In the organosolv fractionation process, the organic solvent is used to dissolve
lignin from the plant cell walls to obtain high purity lignin after separation. The
organosolv solvents include organic alcohols (e.g., methanol, ethanol), organic
acids (e.g., formic acid, acetic acid), esters, and mixtures of solvents with or without
acid/alkaline catalysts. The alcohol-based fractionation solvents are more widely
used. The process temperatures range from 170 °C to 200 °C with a reaction time
of 60 min using 50-80% (wt.) ethanol (Teramoto et al. 2008; Aziz et al. 1989). One
of the main advantages of organosolv treatment is the extracted lignin is relatively
pure, undegraded, and sulfur-free, which allows it to be used directly to produce
value-added materials. At the optimal processing conditions, 20-78% of the total
lignin (acid-soluble and acid-insoluble) in the raw biomass could be recovered as
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ethanol organosolv lignin (Sannigrahi et al. 2013). On the other hand, there are
some limitations of alcohol-based organosolv process applications, which include
high temperature and high pressure.

Besides the alcohol-based organosolv process, organic acid-based fractionation
technology is a promising approach and has been extensively employed in lignin
extraction. Formic acid, acetic acid, maleic acid, and p-TsOH are primarily used. Hu
etal. (year) obtained promising results that showed approximately 80% of lignin was
separated from corn husk and had very high purity (~99%) by the one-step formic-
acid treatment at 85 °C in 5 h. Recently, investigators have examined the effects of
acid hydrotrope solution of p-TsOH on the lignin extraction of poplar wood. About
80% of lignin dissolution was achieved at 2.5 mol/L p-TsOH in 60 min using a
flow-through reactor at 90 °C (Wang et al. 2019).

2.3.3.3 Ionic Liquids (ILs) Method

Compared with other conventional fractionation approaches, IL fractionation tech-
nology is a novel promising method because it can selectively dissolve cellulose,
hemicellulose, and lignin. Another interesting point is that the tunability of IL phys-
ical properties for lignin fractionation can be achieved by an appropriate selection of
cations/anions. ILs also attract interest because of their low volatility and high thermal
stability. It should be noted that for lignin isolation, the H-bonding between biomass
and solvent molecules must be strong enough to break the inter- and intramolecular
H-bonding in the lignocellulosic feedstocks. ILs with anions having a strong H-
bond accepting ability were found to extract lignin effectively (van et al. 2017).
A longer alkyl chain length of the cation in ILs enhances the lignin extraction
yield since its hydrophobicity increases. Imidazolium-based ILs, such as 1-ethyl-3-
methylimidazolium acetate ([C2C1Im][OAc]), 1-butyl-3-methylimidazolium chlo-
ride ([C4C1Im][Cl]), and 1-ethyl-3-methylimidazolium chloride ([C2C1Im][Cl]),
have been studied and demonstrated as highly effective solvent in lignin fractiona-
tion for a variety of biomass feedstocks, including switchgrass, agave bagasse, poplar,
and pine wood (Shi et al. 2013; Perez et al. 2013; Varanasi et al. 2012).

2.3.3.4 Deep Eutectic Solvent (DES) Method

As previously mentioned, DES is known as the next generation of traditional ionic
liquids, having at least one hydrogen bond donor (HBD) and one hydrogen bond
acceptor (HBA). Recently, many research groups used acidic DES solvents made of
organic acid HBD for lignin extraction. A recent study reported that lignin dissolved
by acid DES method could be precipitated by using a simple water—ethanol anti-
solvent rinsing, whereas lignin isolated by near-neutral and basic DES extraction
methods could not be precipitated by applying the same methodology. Adjustment
of pH is needed to achieve lignin precipitation (Tan et al. 2020). It was pointed out
(Tan et al. 2019) that the functional group of acid in acidic DES solvents, which
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has more hydroxyl group and short alkyl chain, will improve the lignin extraction
efficiency. Choline chloride-lactic acid mixture is a promising DES solvent, which
could extract more than 60% of lignin. Additionally, it should be noted that the
extraction conditions play a critical role in the purity of the isolated lignin. It was
reported that the lignin purity increased from 90% to 95.4% when the extraction time
was extended from 6 to 24 h; meanwhile, the remaining carbohydrate content in the
lignin sample declined from 1.12 to 0.11% (Lyu et al. 2018).

2.3.3.5 Enzyme-Assisted Method

Enzyme can be considered an effective biological agent which can assist in lignin
extraction. The obtained lignin sample from mechanical methods such as milling
contains a significant amount of residual carbohydrates and therefore reduces the
lignin purity. Consequently, enzyme, which is mainly cellulase, is used to hydrolyze
the carbohydrate residues in milled lignin samples. The assistant function of the
enzyme improves the product yields of lignin extraction process, and the obtained
lignin can be called cellulolytic enzyme lignin (CEL). It was shown that the lignin
recovery yield from Eucalyptus wood could reach 95% yield after mild alkaline
swelling (4% NaOH, 25 °C, 24 h) and enzymatic hydrolysis. This combined mild
alkaline treatment and enzymatic hydrolysis had a minor change in the lignin structure
and produced syringyl-rich lignin macromolecules (Wen et al. 2015). The use of
enzymes in the lignin isolation process would reduce the use of toxic chemicals and
offer economic and environmental benefits (Li et al. 2018).

2.4 Fates of Biomass Components upon Process Options
and Designs

2.4.1 Fates of Components by Fractionation Methods

2.4.1.1 Chemical Methods

There are three main strategies based on chemical fractionation approaches including
cellulose-first fractionation, hemicellulose-first fractionation, and lignin-first frac-
tionation. The IL and DES are good choices for cellulose-first strategy and lignin-first
strategy (van Osch et al. 2017). Lignocellulose can be selectively dissolved to various
extents, and the cellulose-rich component with low lignin and hemicellulose contents
can be regenerated. Hemicellulose and lignin can be fractionated via precipitation in
the anti-solvent such as methanol, ethanol, or acetone, which allows for the separa-
tion and purification of lignocellulosic biomass components and further valorization.
Besides, alkaline hydrogen peroxide, sulfite solvent, and acid hydrotropic have been
demonstrated as promising catalysts for the delignification process in addition to
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preserving the cellular structure of cellulose and making it feasible for further conver-
sion (Shen et al. 2021). For the hemicellulose-first strategy, hydrothermal methods
including liquid hot-water and acid solvent treatment are mostly applied (Carval-
heiro et al. 2008; Ma et al. 2012). It is proven to be effective for hemicellulose
isolation. Hemicellulose exists in the liquid fraction and can be easily degraded to
xylo-oligosaccharides and xylose, while the cellulose-rich solid fraction has greater
surface accessibility and larger pore volume ready for the enzymatic hydrolysis. In
the chemical process for lignin isolation, lignin may be subjected to re-condensation
during the fractionation process. Lignin can be isolated by alkaline treatment or as a
by-product of the pulping process. Novel approaches such as IL and DES can also be
applied to achieve higher lignin yield and purity (Jiang et al. 2020; Xu et al. 2020).

2.4.1.2 Mechanical Methods

Mechanical fractionation is considered a crucial step to mainly result in higher carbo-
hydrate extraction yields and the structural transformation of biomass components.
The mechanical process has been demonstrated to affect the carbohydrate fractions
by increasing specific surface area and porosity, reducing particle size and fiber
thickness, and decreasing the crystallinity without producing toxic components in
downstream (Zhu et al. 2010). The mechanical methods that can be used include
grinding, chipping, and milling. These treatments lead to different size reduction
with “powdering” (m to cm), coarse milling (cm to mm), intermediate micronization
(cm to 100 wm), fine grinding (<100 pwm), ultra-fine grinding (<30 pwm), and nano-
grinding (<1 pm) (Barakat et al. 2013). Achieving higher fractionation yields and
retaining the integrity of the macromolecular structure of products are two primary
factors to determine the mechanical process efficiency. The performance and energy
consumption of a mechanical fractionation process mainly depends on the ratio of
particle size distribution before and after milling, moisture content, biomass sources,
and the equipment type and process parameters (feed rate, rotation speed, geometry,
etc.) (Barakat et al. 2014; Silva et al. 2012). However, with the heterogeneity of
lignocellulosic material, it is difficult to fully separate cellulose, hemicellulose, and
lignin into pure fractions solely by a mechanical process. Therefore, it is worthy to
mention that the mechanical method should be combined with the chemical method
to reduce energy consumption and total cost of the fractionation process, limit the
inhibiting effects caused by chemical treatments, preserve the cellulose structure,
and improve the enzymatic hydrolysis process. Moreover, the smaller particle size
has been proven to have a positive impact on the chemical fractionation efficiency
by improving mass diffusion and heat transfer rate. The impacts of typical mechan-
ical treatments on lignocellulosic biomass are listed in Table 2.3. A combination
of various forces such as impact, compression, friction, and shear stress is applied
in the mechanical fractionation process. Some illustrations of operation equipment
with different stresses generated are shown in Fig. 2.3.
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Table 2.3 Effects of mechanical fractionation methods on structural features of lignocellulosic
biomass (modified from Barakat et al. 2014; Barakat et al. 2013)

Effects Milling types

Ball milling | Disk milling | Hammer milling | Knife milling
Reduction of particle size | vV v v v
Increase of porosity v v v v
Increase of surface area 4 4 v v
Reduction of DP . . . .
Reduction of crystallinity | v/v v v v
Solubilization of cellulose | % % % 4
Energy consumption High High High High
Environmental toxicity ® % 3 ®
Pretreatment effect 4 4 v v

(V' = greatly positive effect, v' = very positive effect, * = minor positive effect, 8 = no effect)

(DP; degree of polymerization)
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2.4.2 Fates of Components According to the Process Designs

2.4.2.1 Single-Step Processing

Many studies have been conducted to isolate cellulose, hemicellulose, and lignin
by one-step treatment. In general, all the treatments leave an impact on indi-
vidual components to various extents. Depending on the desired purity of the prod-
ucts obtained from a fractionation process, an appropriate treatment with optimal
conditions should be applied. Some typical effective methods used for specific
biomass components are discussed in Sect. 2.4.1.1. This section discusses recent
studies, which showed promising features in fractionation efficiency. Corn stover was
successfully fractionated into cellulose fibers and lignin with yields of 38.9% and
25.4%, respectively, by a single-step process (Zhong et al. 2021). The optimal extrac-
tion conditions were 85.0% aqueous formic acid at 130 °C for 30 min. The obtained
cellulose fibers showed great mechanical properties whereas the sugar products
contained 61% xylose and 17% glucose. An environmentally friendly approach with
IL and DES has been demonstrated to separate each lignocellulosic biomass compo-
nent with high selectivity. Lynam et al. conducted an experiment with six different
DES mixtures, which included formic acid/choline chloride, lactic acid/choline chlo-
ride, acetic acid/choline chloride, lactic acid/betaine, and lactic acid/proline to eval-
uate the lignocellulose solubility by DES fractionation method (Lynam et al. 2017).
Several typical single-stage processes using chemicals for biomass fractionation are
presented in Table 2.4.

Besides typical chemical methods for biomass fractionation, the biological
approach by enzyme also is a promising and environmentally friendly process.
Enzyme can be utilized for enhancing the lignin extraction yield and purity by
hydrolyzing the carbohydrate fraction (Wen et al. 2015). Additionally, research from
Zhu et al. (2011) showed that cellulase enzymes could fractionate the amorphous
cellulose from a bleached Kraft eucalyptus pulp, producing highly crystalline and
recalcitrant cellulose at up to 70% yield for further application. Overall, the enzy-
matic method can play a role as an additional stage in the fractionation strategy,
which assists the isolation process in improving the component yield and purity.

2.4.2.2 Multi-step Processing

To date, the multi-step process has been considered as an effective method for
extracting individual components with higher purity and yield. The multi-step process
can enhance the biorefinery efficiency by fully utilizing the individual components
and creating synergistic effects of the combined process stages. The schematic
diagram of a representative two-stage fractionation process is shown in Fig. 2.4.
Cellulose, hemicellulose, and lignin can be collected in solid forms after the fraction-
ation and purification stages. The results of several studies on multi-step processing
are summarized together with the main features of these methods in Table 2.5. Gener-
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Table 2.4 Typical single-stage fractionation process

Fractionation method | Reaction conditions | Main features References
DES Acidic DES * 72.6-86.2% glucose Chen et al. (2018)
(Choline yield

chloride/ethylene * 69.4-79.5% lignin
glycol = 1:2) 130 °C, | removal
30 min, 20-27 wt%

solid loading

SPORL 9 wt% sodium * 92.5% cellulose Shuai et al. (2010)
bisulfite 180 °C recovery
30 min, L/S = 5:1 * 32% lignin removal

p-TsOH p-TsOH 80 °C, * 90% of lignin Chen et al. (2017)
20 min extraction yield

Acid hydrothermal H>S04 0.25-1.76% 87.9% hemicellulose Lee et al. (2013)
(w/v), 150-180 °C, yield

3-30 min * Only 15.3% glucose
yield
Hot-water Water, * 53% hemicellulose Moniz et al. (2013)
150 °C-240 °C, L/S recovery with 72%
=10:1 xylan was hydrolyzed
¢ Cellulose and lignin
were not substantially
affected
Aqueous ammonia Ammonia recycled | ¢ 70-85% lignin removal | Kim et al. (2003)
percolation, NH3 15 |+ 40-60% hemicellulose
wt%, 10-90 min, solubilized, cellulose
170 °C, flowrate intact
5 ml/min, 2.3 MPa
Sodium hydroxide NaOH 0.5-2.0 * 85.8% lignin removal Xu et al. (2010)

w/v%:; 21 °C, 50 °C, Sugar yield = 3.8 times
121 °C, 0.25-1;1-48; | raw biomass
1-96 h, L/S = 10:1

Note L/S: liquid/solid ratio

ally, the process can be a combination of chemical/chemical, chemical/mechanical,
or chemical/biological methods. The data in Table 2.5 shows promising results on
the fractionation efficiency with various degrees of component recovery and purity.
These components can be further converted to value-added products such as bioma-
terials, biofuels, and bioenergy. However, the techno-economic analysis of these
approaches should be further investigated to assess their economic feasibility and
potential implementation at the industrial scale.

Figure 2.4 shows a generalized two-step fractionation process for lignocellu-
losic biomass. In a multi-stage process, each fractionation stage must be oper-
ated under appropriate reaction conditions according to an adopted catalyst. Subse-
quent unit operations after each fractionation step typically include multiple catalyst
recovery/separation and product recovery units. The type of each product may have
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various process types depending on the type of catalyst applied and the reaction
conditions. For example, if an alkaline catalyst is used in Fractionation #1, a lignin
component may be produced in Product stream #1 or #2, and if an acid catalyst is
used in Fractionation #1, the lignin component will be more likely to be produced in
the Product stream #3, #4, or #5.

2.5 Fractionation Strategies for Future Commercial
Biorefinery

2.5.1 Valorization of Biomass Constituents Produced
Jrom Fractionation Process

Utilization of the fractionated components is the major step in the biorefinery
approach to produce the value-added products to enhance the economic and renew-
able value of the process. The natural and renewable biological resources from ligno-
cellulosic biomass can be further applied to various industrial sectors including mate-
rials and chemicals, bioenergy, and biofuels (Shen et al. 2021). However, the valoriza-
tion of the extracted components mainly depends on the purity of the isolated compo-
nents, the chemical transformation that occurs during the fractionation process, the
degree of polymerization, molecular weight distribution, and morphological struc-
ture modification. Therefore, an effective strategy for fractionation in addition to
an appropriate valorization process must be developed and implemented to obtain
the components suitable for conversion to high-value products in an economically
feasible process.
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2.5.1.1 Cellulose Valorization

Cellulose can be converted into various building blocks and precursors such as
glucose, alcohols (ethanol, ethylene glycol, and alditol), organic acids (gluconic
acid, lactic acid, and levulinic acid), and 5-hydroxymethylfural (5-HMF). Cellu-
losic ethanol production has been studied for many years and applied in the indus-
trial sector as a biofuel process. Typically, fractionated cellulose is hydrolyzed to
glucose by enzymes and subsequently fermented to ethanol by selected microbial
strains (Liu et al. 2019a, b). To date, several processes have been developed for
cellulosic ethanol production including separate hydrolysis and fermentation (SHF),
simultaneous saccharification and fermentation (SSF), simultaneous saccharification
and co-fermentation (SSCF), and separate hydrolysis and co-fermentation process
(SHCF). In each process, different types of enzymes and strains are used under
optimal conditions (time, temperature, pH, solid loading) for cellulose hydrolysis and
glucose fermentation. Commercial enzyme products, which contain both cellulases
and B-glucosidases, have been developed. The microorganism of choice for use in
industrial processes is Saccharomyces cerevisiae. In addition to ethanol, other prod-
ucts have been investigated. It was reported that the fractionated cellulose obtained
with maleic acid could be directly fibrillated through micro-fluidization to produce
lignocellulose nanofibrils (LCNF) (Cai et al. 2020). In comparison with the cellulose
nanofibrils obtained by directly hydrolyzed bleached pulp, the LCNF had a similar
diameter from several to ten nanometers. A high concentration of 2,3-butanediol
(90.2 g/L) was produced from the cellulose obtained by DES fractionation. The cellu-
lose was effectively saccharified at 89.6% glucose yield and subsequently fermented
to produce 2,3-butanediol (Chen et al. 2018).

2.5.1.2 Hemicellulose Valorization

Xylose, which is the major monomer unit obtained from hemicellulose in the
liquid fraction during the fractionation process, can be dehydrated to furfural
via acid catalysis. Various solvents such as water, y-valerolactone (GVL), 2-
methyltetrahydrofuran (2-MTHF), and dimethyl sulfoxide (DMSO) can be used for
the conversion of xylose to furfural (Luo et al. 2019). It was reported that the xylan-
based sugar products of hemicellulose in the DES fractionation liquor could reach the
concentration of 96.8 g/L xylose equivalents. This xylan-rich liquor was successfully
converted into furfural at 160 °C with an 84.6% yield (Chen et al. 2018).

2.5.1.3 Lignin Valorization

Lignin is the most abundant aromatic natural compound, which has high potential in
commercial applications. Lignin typically is separated in the pulp and paper industry
and is being burned to supply heat and energy for the process. Moreover, lignin is an
important source of aromatic compounds, and it can be considered as a sustainable
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platform for the chemicals and materials manufacturing industries. Several chemi-
cals can be produced from isolated lignin such as vanillin, aromatic hydrocarbons
(benzene, toluene, xylene), and phenol (Schutyser et al. 2018). Lignin from the sulfite
pulping process can be used to produce vanillin on an industrial scale. The process
for vanillin production is mainly based on the alkaline oxidative depolymerization
of lignin in which treating the lignin-rich liquor with oxidants (O,) at alkaline pH
and high temperature (130-200 °C) and pressures to enable the depolymerization of
lignin (Fache et al. 2016). In addition, the production of low-cost and high-quality
carbon fiber from lignin precursors has been widely reported. Lignin is initially
converted into a fiber by a spinning process (wet spinning, melt spinning, or dry
spinning), then stabilized by oxidation at elevated temperatures in air or oxygen for
enhancing the integrity and stability of the lignin fibers via crosslinking. Finally, the
lignin fibers go through the carbonization stage at high temperatures (800-1400 °C)
in an inert atmosphere (Qu et al. 2021; Baker and Rials 2013). Thermoplastic elas-
tomers, polymeric foams, membranes, and resins can also be prepared from lignin
(Ragauskas et al. 2014).

2.5.2 Effective Strategies for Enhanced Values
in Large-Scale Production

The three potential benefits, including economics, environment, and society, that
biomass utilization to produce fuels, chemicals, and materials can bring were
mentioned in a recent study (Yamakawa et al. 2018). In terms of economic impact, the
great possibility of large investment in the biorefinery industry increases, resulting in
regional growth and competitiveness as well as reducing the dependence on fossil fuel
consumption. From the environmental perspective, renewable energy can cut down
waste and greenhouse gas emissions in addition to their adverse impacts on soil,
water, and atmosphere. Moreover, using renewable feedstocks from lignocellulosic
biomass for manufacturing processes can be considered a sustainable production
for complete utilization of carbon without raising the atmospheric carbon dioxide
concentration. Plants using carbon for growth in photosynthesis will be effectively
converted to valuable bio-based products. Subsequently, the carbon component will
be released at the end of the product life cycle and will be re-absorbed. The net
result is that there will be no carbon dioxide increase. Finally, in the social aspects,
the development of a bio-based economy promotes regional and rural growth and
creates more jobs in both the farming and industrial sectors. Therefore, it is crit-
ical to develop an effective fractionation strategy for the large-scale production of
high-value products discussed previously.

A biomass fractionation process suitable for commercial implementation should
be beneficial for both economic and environmental aspects. Such a process should

(1) allow easy recovery for complete utilization of all fractionated components for
the production of value-added products,
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(2) generate fractionated components with high yield and purity for further
conversion,

(3) allowrecycling and reuse of the fractionation catalysts for savings in production
costs,

(4) use low or non-corrosive chemicals to reduce capital costs,

(5) reduce energy consumption.
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Chapter 3 ®)
Biochemical Conversion of Cellulose Check for

Daehwan Kim, Youngmi Kim, and Sun Min Kim

Abstract The recovery of cellulose/hemicellulose fractions from renewable ligno-
cellulose and their integrated sugar platform processes is crucial for the production
of textiles, chemicals, polymers, biofuels, and economic value-added molecules. In
order to perform an effective sugar recovery, hydrothermal pretreatment is consid-
ered a valuable strategy to disrupt a complex crystalline structure of lignocellulose
and improve the hydrolysis of cellulose by solubilizing hemicellulose/lignin compo-
nents, and decreasing the feedstock recalcitrance. However, certain factors such
as types of substrates, chemical compositions, degree of cellulose/hemicellulose
polymerizations (DP), chemical properties, and pretreatment conditions (temper-
ature, retention time, catalyst) influence the generation of undesirable inhibitory
compounds, which can affect enzyme and microbial activities. This work aims to
address the current biorefinery technologies for cellulose conversion, primary param-
eters for efficient enzymatic catalysis, lignocellulose-derived soluble inhibitors, and
their performances on enzymes. Furthermore, the advanced strategies to avoid and/or
minimize the negative effects of potential inhibitors are summarized and discussed.

3.1 Introduction

Cellulose and hemicellulose are the major components in plant biomass. They play a
central role in the production of renewable biofuels and biomaterials as an alternative
feedstock to replace fossil-based fuels (e.g., petroleum, coal, and natural gas) and
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chemicals. Currently, traditional fossil-based fuels support approximately 80% of the
worldwide industrial/technological energy supply and need (Cérdenas et al. 2019).
Lignocellulosic biomass can replace fossil-based energy resources to resolve the
issues associated with these energy systems, such as limited energy resources, rapid
climate change, and other environmental issues caused by the heavy dependence on
fossil-based fuels and chemicals. Lignocellulosic materials, such as agricultural and
forestry wastes, field-grown grasses, crop residues, municipal wastes, and other plant
residues are regarded as competitive renewable energy sources due to their plentiful
availability and their large-scale feasibility at low cost.

Lignocellulosic ethanol, for example, has been considered a potential renew-
able transportation biofuel for several decades. The U.S. and Brazil are the leading
producers of biofuels (mainly ethanol) in the world. The U.S. produced 15.8 billion
gallons of ethanol fuel and Brazil produced around 7.1 billion gallons in 2017
(https://ethanolrfa.org/markets-and-statistics/annual-ethanol-production). However,
lignocellulosic bioethanol has not been widely commercialized because of the diffi-
culties associated with the complex structure of lignocellulose, technical challenges,
and cost efficiency. The physical structure of lignocellulose is defined by its cellulose,
hemicellulose, and lignin constituents, which are constructed from carbon dioxide,
water, and sunlight through photosynthesis. In particular, the lignin acts as a glue to
bind with cellulose and hemicellulose, providing physical strength and inflexibility
to the plant cell wall as well as protecting plant cells from foreign pathogens (Kim
2018; Kim and Ku 2018). Furthermore, the chemically stable aromatic structure of
lignin, crystallinity of cell walls carbohydrates, and the chemical linkages, such as
hydrogen, ester, and ether bonds that exist between the cellulose-hemicellulose and
cellulose-lignin make the plant cell wall recalcitrant to chemical or biological decom-
position. Thus, a pretreatment process is required to disrupt the highly sophisticated
and complex structure of the plant cell wall and enhance the enzyme accessibility of
cellulose for producing fermentable sugars.

Various pretreatment approaches have been applied to enhance cellulose conver-
sion at low enzyme loadings. However, pretreatments often generate undesirable
molecules that are inhibitory to cellulolytic enzymes and microbes during the subse-
quent fermentation process. For example, soluble sugars and phenolic compounds
released during hydrothermal pretreatments are known to inhibit or deactivate cellu-
lase enzymes, resulting in the decrease of final sugar titers. Additionally, inhibitory
compounds, such as furan derivatives and phenolics, also have negative effects
on cell viability during microbial fermentation. The presence of these inhibitory
compounds increases the processing costs as they necessitate the use of more enzymes
for hydrolysis and/or a pre-conditioning step to remove the inhibitory molecules
after pretreatment. The complex nature of lignocellulose, the need for pretreatment
steps to enhance enzymatic accessibility of cellulose, and the formation of inhibitory
compounds during the pretreatment are among the key obstacles to practical utiliza-
tion of lignocellulose as an alternative feedstock for fuels and chemicals. This chapter
reviews the recent progress in enzymatic hydrolysis of cellulose, discusses the types
of cellulase inhibitors and potential mitigation strategies, and provides the recent
advances in the microbial fermentation of lignocellulose-derived sugars.
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3.2 Biorefinery Technologies for Lignocellulosic Biomass
Conversion

Efficient conversion of cellulosic biomass to glucose requires several steps. One of the
essential steps in the initial process is pretreatment, which aims to increase enzyme
accessibility to cellulose while minimizing sugar losses. The enhanced enzyme acces-
sibility of lignocellulose could be achieved by decrystallizing cellulose, removing
hemicellulose, reducing lignin recalcitrance, increasing surface area and porosity,
and decreasing particle size. However, at harsh pretreatment conditions, sugars are
degraded and produce toxic compounds to enzymes and microorganisms. Consid-
ering various types of feedstocks including soft wood, hard wood, crops, industrial
hemp, corn stover, sugarcane bagasse, switchgrass, poplar, and corn fiber, it is hard
to select the best pretreatment method (Galbe and Wallberg 2019). An ideal pretreat-
ment should apply to a wide range of lignocellulose feedstocks, preserve more cellu-
lose while making it susceptible to cellulolytic enzymes, and minimize the formation
of degradation products that inhibit the subsequent steps (Kim 2018).

After pretreatment, saccharification and fermentation are carried out either sepa-
rately (separate hydrolysis and fermentation, SHF) or simultaneously (simultaneous
saccharification and fermentation, SSF). SHF allows both hydrolysis and fermenta-
tion to be performed at their optimal conditions, but end-products such as glucose
and cellobiose could inhibit enzyme actions, limiting cellulose conversion during the
saccharification step. SSF is performed in a single vessel where both hydrolysis and
fermentation occur at the same time. This can potentially lower the capital costs and
reduce end-product inhibition as sugars are fermented as they are being formed. Since
cellulases are most active at temperatures higher than the optimal temperature for
fermentation, SSF may require higher cellulase loadings than SHF to compensate for
the suboptimal enzyme activity. Typically, higher ethanol yields have been observed
by SSF than SHF, although final ethanol yields depend on pretreatment methods and
types of biomass (Sukhang et al. 2020). Steam-exploded corn stover had 13% higher
ethanol yields in SSF than SHF due to the reduction of glucose inhibition in the enzy-
matic hydrolysis during SSF, the detoxifying effect of fermentation, and the positive
effect of lower concentrations of some of the inhibitors on the fermentation (Ohgren
et al. 2007). For dilute acid and liquid hot water pretreated Arundo donax biomass,
ethanol concentration (g/L) at the end of SSF and SHF were comparable. Considering
overall process time, SSF had higher ethanol productivity (g/L h) compared to SHF
for both hot water and dilute acid pretreated samples (Loaces et al. 2017). Regardless
of detoxification methods applied, steam-exploded poplar wood had higher ethanol
productivities in SSF (0.64—1.08 g/L/h) than SHF (0.11-0.37 g/L/h) (Cantarella et al.
2004).

Consolidated bioprocessing (CBP) has the potential for low-cost production of
ethanol or bio-based chemicals. Enzyme production, saccharification, and fermenta-
tion are integrated within a single step using microorganisms that produce their own
cellulolytic and hemicellulolytic enzymes as well as ferment hexose and pentose
sugars. This can be achieved by either a “native cellulolytic” strategy, engineering
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native cellulolytic microorganisms to produce the desired product, or a “recombi-
nant cellulolytic” strategy, genetically modifying non-cellulolytic microorganisms
that possess high fermenting ability to have cellulolytic activities as well (Jouzani
and Taherzadeh 2015). According to the recent techno-economic analysis of SHF
vs. CBP of sugar cane bagasse pretreated with sodium hydroxide, 66 MM gal/y
and 76.2 MM gal/y ethanol can be produced from CBP and SHF, respectively, from
3,500 U.S. tons of feed per day (Raftery and Karim 2017). However, due to zero
enzyme cost in CBP, the ethanol selling price was estimated to be lower in CBP
($1.31 per gal) compared to SHF ($1.64 per gal). The ethanol selling price of CBP
was projected to be 20% lower than SHF, but assumptions for the analysis were based
on lab-scale experiments due to a lack of scale-up studies of CBP. Much progress
has been made in the area of CBP, but many challenges remain. Microorganisms
for CBP need to produce sufficient levels of cellulolytic enzymes without sacrificing
production yields, co-ferment hexose and pentose sugars, and have a high tolerance
to toxic compounds (Haan et al. 2014).

3.3 Primary Factors for Effective Enzymatic Hydrolysis

3.3.1 Types of Enzymes

Cellulases are enzymes that hydrolyze the p-1,4-D-glycosidic bonds of cellulose to
glucose, cellobiose, and cello-oligosaccharides. Three types of enzymes act together
synergistically to hydrolyze cellulose to glucose. Endoglucanases (EGs; EC 3.2.1.4)
randomly cleave inter-bonds of amorphous cellulose. Exoglucanases, also known as
cellobiohydrolases (CBHs), produce cellobiose either from reducing (CBH I; EC
3.2.1.176) or non-reducing (CBH II; EC 3.2.1.91) ends of oligosaccharide chains
generated by endoglucanases. B-glucosidases (BGs), also called cellobiases (EC
3.2.1.21), hydrolyze cellobiose or short oligosaccharides to glucose. BGs increase
glucose production rates by decreasing cellobiose inhibition (Shokrkar et al. 2018).

Lytic polysaccharide monooxygenases (LPMOs) were discovered recently
(Levasseur et al. 2013). It was found that LPMOs improve cellulose hydrolysis by
acting synergistically with cellulases. In the Carbohydrate Active Enzymes (CAZy)
database, LPMOs are classified in the “Auxiliary Activities” family (Levasseur et al.
2013). LPMOs are copper-dependent enzymes that cleave polysaccharides including
chitin, cellulose, xyloglucan, mixed-linkage glucan, glucomannan, and starch by an
oxidative process involving O,/H,0; and an electron donor (Caldararu et al. 2019).
LPMOs bind to the flat, solid, well-ordered surface of crystalline nano-fibrils in
cellulose and break inaccessible crystalline polysaccharides into shorter and thinner
insoluble fragments, promoting an overall faster and more complete surface degra-
dation (Fig. 3.1). By cleaving glycosidic linkages of crystalline nano-fibrils in cellu-
lose by hydroxylation at the C1 or C4 carbon, more new chain ends can be gener-
ated. As a result, substrates become more prone to attack by the classical EGs and
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CBHs (Eibinger et al. 2014). LPMOs are monooxygenases; however, H,O; is the
preferred co-substrate over O,. LPMOs can function in the absence of O,, but high
H,O; concentration leads to inactivation (Bissaro et al. 2017; Kuusk et al. 2018).
By controlling H,O, supply in anaerobic hydrolysis such as maintaining low H,O,
concentration or reducing H,O, supply over time, LPMO activity can be enhanced
resulting in improved saccharification yields of pretreated biomass (Bissaro et al.
2017; Miiller et al. 2018). Various electron donors activate LPMOs such as ascorbic
acid, glutathione, gallic acid, resveratrol, catechin, caffeic acid, sinapic acid, and
also hydroquinone. Moreover, the cell wall matrix, insoluble high molecular weight
lignin, also serves as an electron donor (Westereng et al. 2015). Lignosulfonates
produced from lignin during sulfite pretreatment also have the potential to act as
electron donors to activate LPMOs, which could reduce costs associated with the
addition of small molecule reductants (Chylenski et al. 2017b). Metal ions can also
enhance LPMO activities. Glycoside hydrolase 61 (GH61) proteins that belong to
the LPMO family lack measurable hydrolytic activity in the absence of metal ions,
but the presence of divalent metal ions can increase their activity (Jung et al. 2015).
Especially, the presence of cobalt (Co?*) enhanced GH61 activity 52-fold higher for
carboxymethyl cellulose substrate.
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3.3.2 Enzyme Accessibility to Cellulose

Cellulose is surrounded by hemicellulose and lignin, which are known to be a physical
barrier. For enzymes to reach cellulose, hemicellulose and lignin need to be disrupted
and removed to expose cellulose and alter the structural integrity of the cell wall
matrix. One of the main structural changes required to enhance enzyme accessibility
to cellulose is to increase fibril bundle interlamellar microfibril spacing. The increase
in fibril spacing results in increased nanoscale porosity and accessible surface areas
for cellulases (Crowe et al. 2017). Hemicellulose can be solubilized by pretreat-
ment as well as by xylanase enzymes. The extent of hemicellulose removal has been
shown to positively correlate with cellulose hydrolysis (Crowe et al. 2017). Low
and neutral pH pretreatments such as dilute acid and hydrothermal hydrolyze hemi-
cellulose to soluble oligosaccharides and monomeric sugars and fragment lignin,
generating lignin droplets (Trajano et al. 2013). It is suggested that lignin droplets
form as a result of the transition of lignin from a glassy state to a rubbery state,
followed by coalescence, migration, and extrusion from the cell wall. Lignin frag-
ments could impede cellulose accessibility and unproductively bind with cellulase
enzymes. Especially lignin droplets on the cellulose surface inhibit the procession
of enzymes along the surface and inner layers (Li et al. 2014a, b).

Although degrees of hemicellulose and lignin removal vary by pretreatment
methods and types of biomass, pretreatment, in general, aims to destroy the spatial
structure, expose the cellulose surface, and increase the pore volume of the plant cell
wall structure. At a severe acidic pretreatment condition, lignin is solubilized and
lignin structure is rearranged, which increases pore volume further (Hsu et al. 2010).
High-pH pretreatments disrupt lignin but have less impact on hemicellulose (Galbe
and Wallberg 2019). Alkali pretreatment could cleave ferulate and p-coumarate cross-
linkages between hemicellulose and lignin and could remove aromatic ring structures
of lignin, increasing pore volume (Alam et al. 2019). Similar work done by Yoo et al.
(2016) elucidated that the modification of ferulate and p-coumarate esters could also
improve the cellulolytic saccharification. The pore volume of liquid hot water, HSO4,
and NaOH pretreated Miscanthus were compared (Alam et al. 2019). At the optimal
conditions for each pretreatment method, the NaOH pretreated sample had the most
pore volume, as confirmed by multiple assays including Simons stain, Congo red
dye adsorption, cellulase enzyme adsorption, and N, adsorption. Pore volume had
a high correlation coefficient (0.9) with hexose yields and bioethanol yields. For
Populus, H,SO4 was more effective to increase pore area and cellulose accessibility
compared to liquid hot water and NaOH pretreatment (Meng et al. 2015). Dilute
acid pretreated samples had 4.3 times more total pore area with smaller pore diame-
ters than NaOH-pretreated samples. Hemicellulose removal was more important for
Populus to increase cellulose accessibility than lignin removal, but lignin restricts
xylan accessibility, which in turn controls the access of cellulase to cellulose. Similar
results were observed for sugarcane bagasse that removal of hemicellulose had a
stronger positive correlation with enzymatic digestibility than delignification (Lv
et al. 2013). Pore volume and specific surface area of corn stover were increased
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significantly after ultrafine grinding, alkaline hydrogen peroxide, dilute acid, and
ammonia fiber expansion pretreatments (Li et al. 2019). Especially pore volume and
specific surface area were increased by 13 and 25 times, respectively, by hydrogen
peroxide. Both pore volume and specific surface area had a positive correlation with
glucose yields.

3.3.3 Solids (Cellulose Substrate) Concentration

Along with low enzyme dosage, high titer from high solids hydrolysis is one of the
key approaches to make cellulose conversion economically feasible. Generally, high-
solids hydrolysis is considered above 15% (w/w) solids loading, but to be econom-
ically feasible, initial solids loading should be above 20% (w/w) (Chen and Liu
2017). It is challenging to conduct high-solids hydrolysis due to mass transfer limi-
tation, high viscosity, and high inhibitor concentration. Inhibitors such as phenolics,
acetic acid, furan compounds, and xylooligosaccharides can be removed by washing
after pretreatment (Liu and Kong 2016). Washing three times can remove almost
all inhibitors (Nogueira et al. 2018). However, a large amount of water is used in
the post-washing step consisting of 10-20% of total water consumption (Tan et al.
2020).

Various types of bioreactors such as stirred tank and membrane bioreactors and
operation modes such as batch, fed-batch, and continuous modes have been investi-
gated to perform high-solids hydrolysis (Pito et al. 2018). The most commonly used
bioreactors are stirred tank bioreactors, in which adequate mass and heat transfer can
be achieved by different types of agitation systems, such as Rushton turbine, Elephant
ear impeller, Helical ribbon impeller, Peg mixer, and Anchor impeller. Enzymatic
hydrolysis and separation can be done in membrane bioreactors, allowing inhibitor
removal and possible enzyme recovery and reuse. Fed-batch mode is promising
in high-solids loading hydrolysis, which provides better mixing and fast adjust-
ment of pH and temperature (Hernandez-Beltran and Herndndez-Escoto 2018). By
lowering viscosity throughout hydrolysis, high sugar conversion can be achieved in
fed-batch mode. High-solids loading (30%, w/v) in fed-batch mode had comparable
hydrolysis conversion efficiency to 10% solids loading in batch mode (Snatos-Rocha
et al. 2018). Fed-batch hydrolysis can increase solids loading up to 50% (w/v) when
combined with two-stage enzymatic hydrolysis and PEG 4000 addition (Cheng et al.
2020). Feeding substrate and enzyme mixture concomitantly resulted in better sugar
conversion than adding whole enzyme mixtures at the beginning. Especially enzyme
activity diminished gradually as enzymatic hydrolysis proceeded when adding the
whole enzyme mixture at once (Gong et al. 2020). In addition, feeding substrate
more frequently and in smaller amounts prevents accumulation of biomass, and
hence reduces the power required for agitation (Snatos-Rocha et al. 2018). When
enzymes and substrates were added simultaneously in fed-batch mode, 52% higher
energy efficiency was obtained than in batch mode (Corréa et al. 2016).
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3.4 Inhibitors of Cellulase Enzymes

3.4.1 Cellulose-Hemicellulose-Iignin-Derived Soluble
Inhibitors

In general, pretreatment of lignocellulose releases various compounds in the aqueous
phase that are inhibitory to hydrolysis and fermentation (Kim et al. 2013, 2011).
These inhibitory compounds, both naturally occurring and process derived, interfere
with the subsequent enzymatic and fermentation steps of the pretreated biomass. The
generation of soluble inhibitory compounds during pretreatment is considered one
of the most significant barriers to the enzymatic hydrolysis of lignocellulose (Ko
et al. 2015a, b). These soluble inhibitory compounds can be categorized into two
groups: sugars and non-sugar compounds. The sugar-based inhibitory compounds
include sugar monomers and oligomers (e.g., xylo-oligomers) derived from mostly
hemicellulose and extractive fractions of the biomass. The non-sugar inhibitors
include furan derivatives (e.g., furfural and 5-hydroxymethylfurfural (HMF)) and
other mostly phenolic compounds formed from the degradation of sugar monomers,
organic acids (acetic, levulinic, formic acids), low and high molecular weight
phenolics, and aromatic compounds released from lignin—carbohydrate complexes
(Palmqvist 2000a, b). Figure 3.2 summarizes the pathways of inhibitor formation
from lignocellulosic biomass.

The nature and levels of the soluble enzyme and fermentation inhibitors generated
during pretreatment depend on many factors: types of lignocellulose feedstocks, cata-
lysts used in the pretreatment, pretreatment severity (temperature, duration, acidity),
and solids loading (Kim et al. 2015). Regardless of the feedstock and pretreatment
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Fig. 3.2 The chemical composition of lignocellulosic feedstock and dominant lignocellulose—
hemicellulose-lignin-derived soluble inhibitors ((Modified from Kim 2018), “Physico-chemical
conversion of lignocellulose: Inhibitor effects and detoxification strategies: A mini review”)
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method applied, processing the lignocellulosic feedstock at a high concentration of
solids (>15% dry solids) is a requirement to reduce the water consumption and down-
stream processing costs of lignocellulosic conversion. However, the levels of soluble
inhibitors also increase with the solids loading in the pretreatment process. Thus, the
increased inhibitory effects of the water-soluble fraction of the pretreated slurry may
offset the benefit of high-solids loading pretreatment in the subsequent enzymatic and
fermentation processes unless the potential adverse effects of those soluble inhibitors
are avoided by applying a proper mitigation strategy. The enhanced accessibility of
enzymes to high-severity pretreated cellulose could also be partially canceled by the
increased presence of inhibitors released during the high-severity pretreatment. In
addition, the inhibitory effects of soluble inhibitors are often synergistic, suggesting
that the compounded inhibitory effects of the various soluble inhibitors are more
significant than the combined incremental inhibition of each inhibitor (Alam et al.
2019). In addition, the inhibitory impact of soluble inhibitors will be even more ampli-
fied at low cellulase loadings, which is required to make the lignocellulosic biopro-
cessing economically attractive (Jonsson and Martin 2016). Thus, developing an
efficient mitigation strategy to overcome the inhibitory impacts of soluble inhibitors
is a critical consideration in improving the economic feasibility of enzyme-based
lignocellulose processing.

3.4.1.1 Monosaccharides, Oligosaccharides, and Furan Derivatives

The hemicellulose fraction of lignocellulosic material releases mono- and oligomeric
pentose and hexose sugars during pretreatment. The resulting oligomers have a broad
distribution of degrees of polymerization (Moniz et al. 2016) and can be hydrolyzed
to monomeric sugars, which can be decomposed at more severe pretreatment condi-
tions, in other words, at high reaction severities. Depending on the combined severity
of the reaction and the acidity of the water resulting from the released acetic acid,
these hemicellulose-derived C5 and C6 mono- and oligomeric sugars may further
degrade to furfural and HMF through acid-catalyzed dehydration reactions. Subse-
quent rehydration of HMF leads to the formation of levulinic and formic acid.
Under harsh reaction conditions, these furan derivates can further proceed to form
condensation products called humins. Recent studies have shown that xylose and
xylose oligomers interfere with the binding of cellulase enzymes with cellulose by
obstructing the active sites of the cellulase enzymes (Cao et al. 2013; Qing et al.
2010). Interestingly, the inhibitory effect of xylose oligomers varies with cellulase
enzyme components. Studies have indicated that, while the presence of xylose and
xylose oligomers reduces overall cellulase activity, p-glucosidase was not impacted
by xylose and xylo-oligomers (Qing et al. 2010). It has been demonstrated in many
studies that sugar oligomers are generally more inhibitory than monomeric sugars
at the equivalent concentrations (Kim et al. 2011; Qing et al. 2010). The extent
of inhibition caused by sugar oligomers on cellulase enzymes varies. While some
studies claim that sugar oligomers are strong cellulase inhibitors (Fang et al. 2018;
Kumar and Wyman 2014; Qing et al. 2010), other studies have found the inhibition
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by sugar oligomers to be minimal or negligible (Kim et al. 2011; Zhai et al. 2016).
The study by Fang et al. (2018) utilized the pre-hydrolyzate of softwood (loblolly
pine), which contains a high level of mannose oligomers, to study its impact on cellu-
lase activities. The authors found that among the soluble inhibitors in the softwood
pretreatment liquid, oligomeric sugars were the most inhibitory to the commercial
and recombinant cellulase enzymes they tested. On the other hand, studies have also
suggested the minimal or limited impact of sugar oligomers on cellulose hydrolysis.
Kim et al. (2011) showed that less than a 10% yield increase was observed using
Solka-Floc® when all the xylo-oligomers in the pretreatment liquid were hydrolyzed
to xylose. The glucose yield ceased to increase even in the absence of xylo-oligomers
in the same study. These results suggest that the anticipated beneficial effect of
removing sugar-oligomers on cellulose conversion is limited due to the presence of
more potent enzyme inhibitors in the pretreatment liquid. Similarly, Zhai et al. (2016)
demonstrated that the oligomeric sugars derived from both softwood and hardwood
exhibited little inhibition in cellulose hydrolysis by enzymes and identified sugar
monomers and phenolics as the major contributors to cellulase inhibition.

3.4.1.2 Lignin-Derived Soluble Phenolics

Soluble phenolic compounds are released from the lignin and phenolic ester groups
within the hemicellulose fraction of lignocellulose during physicochemical pretreat-
ment (Jonsson and Martin 2016). Hydrothermal pretreatment, for example, partially
solubilizes lignin-derived phenolic compounds due to partial depolymerization of
lignin and lignin—carbohydrates complexes, generating a water-soluble fraction
containing the soluble lignin residues. The amounts and compositions of phenolic
compounds released during hydrothermal pretreatments also greatly vary depending
on the raw feedstocks, type and severity of pretreatment, and solids concentration
during pretreatment (Liu et al. 2020). The most common phenolic compounds found
in the water-soluble fraction of the pretreated lignocellulose include simple phenolic
acids (syringic acid, ferulic acid, vanillic acid, syringaldehyde, trans-cinnamic acid,
coumaric acid, p-hydroxybenzoic acid, gallic acid, and caffeic acid) and polymeric
phenolic residues (anthocyanins, lignans, tannic acid, ellagic acid, epicatechin, etc.)
(Gonzalez-bautista et al. 2017; Jonsson and Martin 2016). Among these phenolic
compounds, ferulic, vanillic, and syringic acids; vanillin; and syringaldehyde are
the most prevalent in the liquid obtained from hydrothermally pretreated hard-
woods. On the other hand, softwood releases ferulic, vanillic, p-hydroxybenzoic,
and syringic acids, as well as coniferyaldehyde as major phenolics during autohy-
drolysis (Dominguez et al. 2017). The presence of these soluble phenolics in cellulose
hydrolysis and microbial fermentation can be problematic as they may negatively
impact the conversion efficiencies of cellulose and fermentation yields (Ximenes
et al. 2010, 2011; Kim et al. 2017).

Inhibitory levels of the phenolic compounds vary depending on their structure and
composition. Studies indicated that non-productive lignin—enzyme interactions are
caused by phenolic hydroxyl groups of lignin compounds, which results in reduced
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cellulose and xylan hydrolysis (Boukari et al. 2011). The study by Li et al. (2014a, b)
used vanillin as a model phenolic compound to test the effects of different functional
groups (aldehyde, methoxyl, or phenolic hydroxyl group) in vanillin on cellulase
inhibition. Their results showed that the presence of aldehyde and phenolic hydroxyl
groups in vanillin strongly correlated with cellulase inhibition, while the effect of
the methoxyl group on cellulase inhibition was negligible. However, another study
by Zhai et al. (2018) has provided a contradictory result regarding the effect of the
hydroxyl group on cellulase inhibition. It has shown that the inhibitory effect of the
hydroxyl group in phenolic compounds derived from steam-pretreated hardwood was
negligible. The same study has indicated that the carbonyl group of phenolics is the
major contributor to cellulase inhibition. It has been suggested that phenolic carbonyl
compounds increase phenolic hydrophobicity, resulting in increased unproductive
interactions between phenolics and enzymes (Zhai and Hu 2018). Similarly, the
carboxylic acid groups of phenolics and lignin exhibited less inhibitory effects than
phenolics with aldehyde or alcohol groups due to the decreased lignin—cellulase
binding (Nakagame et al. 2011a; Qin et al. 2016; Zhai et al. 2018). The study by
Mathibe et al. (2020) used several model lignin derivatives to study their effects on
endo-1,4-B-xylanase and found that the presence of carbonyl groups in phenolics
exhibited more substantial inhibitory effects than hydroxyl groups on endo-1,4-8-
xylanase, resulting in over 50% reduction in activity at concentrations as low as
0.5 mg/ml.

The inhibitory effect can be even more pronounced with oligomeric phenolics,
such as tannic acid (Rasmussen et al. 2017; Tejirian and Xu 2011; Ximenes et al.
2011), than with simple monomeric phenolic compounds. Tannic acid, for example,
deactivates B-glucosidase in Aspergillus niger at a ratio of 1.5 mg tannic acid/mg
protein, resulting in an 80% loss of cellobiase activity. In contrast, simple phenolic
acids, such as gallic, cinnamic, ferulic, p-coumaric, and vanillin, resulted in less than
30% deactivation at the same mg inhibitor to mg protein ratio (Ximenes et al. 2011).
Rasmussen et al. (2017) have identified 26 oligo-phenol cellulase inhibitors formed
by pentose degradation and condensation reactions with phenolic compounds during
hydrothermal pretreatment of wheat straw. The study also has shown that oligo-
phenolics were significantly more inhibitory to cellulases than xylo-oligomers. On
the other hand, Zhai et al. (2018) have shown that smaller phenolics (<1 kDa) exhibit
about twice more potent inhibition than relatively high molecular weight lignin.

3.4.2 Enzyme Interactions with Lignin

Non-productive binding between the residual lignin in the pretreated lignocellulose
and cellulase enzymes is recognized as the primary cause of poor cellulose conversion
(Kim 2018; Azar et al. 2020; Bordignon et al. 2022). The residual lignin responsible
for causing unproductive binding with cellulase components includes both undis-
solved structural lignin and lignin fraction that has been solubilized, condensed, and
precipitated upon pretreatment (Liu and Kong 2016). The non-productive binding of
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cellulases with residual lignin also limits enzyme recyclability (Liu and Kong 2016).
The impact of non-productive binding tends to be emphasized at a low enzyme
loading, which is a necessary condition to make cellulose conversion economically
competitive. Because of the inherent structural and chemical complexity associated
with lignin and how it interacts with enzymes, alleviating the inhibitory effects of
residual lignin remains a significant obstacle in achieving sustainable biochemical
conversion of lignocellulose. While the impact of lignin on cellulase enzymes is
widely studied and extensively investigated, the relationships between the inhibition
and the properties of lignin are still not well understood due to the complex nature
of lignin and the significant variability in the physicochemical characteristics and
contents among the lignin sources. Recent studies suggest that lignin content alone
does not predict the extent of inhibition, and the inhibition effects vary depending
on the sources of lignin and the pretreatment methods applied (Qin et al. 2014). For
example, lignin isolated from softwood is more inhibitory than lignin from herba-
ceous materials (Wang et al. 2020a, b). Hao et al. (2019) showed that dilute acid
pretreatment generates more inhibitory lignin than alkaline pretreatment. Studies
found that the concentration, structure, molecular weight, and hydrophobicity of
residual lignin change with pretreatment, and the inhibitory effect of the residual
lignin on cellulases increases with the pretreatment severity (Kellock et al. 2019).
While residual lignin may act as a physical barrier to cellulases by blocking their
access to cellulose (Djajadi and Meyer 2018), the interactions of lignin and enzymes
leading to unproductive binding and loss of active cellulase enzymes have been iden-
tified as the major culprit of the inhibition caused by residual lignin (Hao et al. 2019;
Kellock et al. 2019). Studies have found that the governing interactions that result
in the unspecific cellulase adsorption to lignin include hydrophobic and electro-
static interactions and hydrogen bonding between the residual lignin and cellulases
(Michelin et al. 2016; Nakagame et al. 2011a; Qin et al. 2014; Strobel et al. 2016,
2015; Yarbrough et al. 2015). More than one type of interaction is likely involved in
the non-productive binding between lignin and cellulases (Guo et al. 2014; Lu et al.
2016).

3.5 Strategies to Improve Enzymatic Hydrolysis
of Cellulose

3.5.1 Enzyme Cocktail Optimization

Several research studies have been conducted to improve hydrolysis efficiency and
reduce operating costs by optimizing enzyme cocktails, engineering microorgan-
isms for improved enzyme properties and stability, and recycling enzymes (Adsul
et al. 2020; Binod et al. 2019; Bordignon et al. 2022). Enzyme cocktail optimization
to achieve synergistic effects of different classes of enzymes, auxiliary enzymes,
and supplements is required to lower enzyme loading and shorten hydrolysis time
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as well as increase sugar yields. Individual enzymes have specific modes of action
that would not be sufficient to hydrolyze cellulose completely. An enzyme cocktail
comprising various classes of enzymes enables one enzyme to act on the products of
another enzyme (Lopes et al. 2018). The types of enzymes and their ratio are impor-
tant in enzyme cocktail optimization. Recent work (Agrawal et al. 2018) optimized
cellulase enzyme cocktails through a central composite design. A Celluclast® 1.5L,
B-glucosidase, and xylanase cocktail in a protein ratio of roughly 1:2:2 resulted in
the highest hydrolysis yields (>95%) of cellulose at an enzyme dose of 49 mg per g
biomass. The optimized enzyme cocktail enabled a 25% reduction in enzyme dosage.
Sugar yields were improved by replacing cellulase with xylanase and LPMOs. The
relative amounts of xylanase and LPMOs that were needed to replace cellulase were
different at various solid loadings (Hu et al. 2015). At 20% solid loading, 1.3-2 times
more xylanase was needed, but 3.4-6.7 times fewer LPMOs were needed compared
to 2% solid loading to achieve the maximum sugar yields. A similar study (Berlin
etal. 2007) demonstrated that an optimized enzyme mixture using accessory enzymes
allowed for about a twofold reduction in the total protein required to achieve 99%
glucose yield and 88% xylose yield.

Synergistic effects between glycoside hydrolases including exo—exo synergism,
processive endo—endo synergism, endo—exo synergism, and intramolecular synergy
between catalytic domains and cellulose-binding domains are required for efficient
degradation of cellulose (Thoresen et al. 2021). However, cellulase interaction is
not always positive, so enzyme compatibility is important when optimizing enzyme
cocktails. For example, CBH can be obtained from various microorganisms such
as Hypocrea jecorina, Clostridium stercorarium, Trichoderma longibrachiatum, and
Clostridium thermocellum. CBH 1II enzymes from different microorganisms could
be exchangeable without sacrificing activity, while CBH I enzymes from different
microorganisms did not exhibit the same exchangeability. When designing enzyme
cocktails, the compatibility of endo- and exo-cellulase needs to be considered
(Thoresen et al. 2021).

One of the challenges for enzyme cocktail preparation is that specific tailoring is
necessary according to the types of biomass and pretreatment methods. For example,
xylanase supplementation was more effective for pretreatments that remove less
xylan, such as AFEX. Acetyl group removal during pretreatment increased xylanase
efficiency and enhanced the accessibility of cellulose and/or cellulase effectiveness
(Kumar and Wyman 2009). When the enzyme cocktail was optimized by adjusting the
ratioof EGII, CBH, and BG I, an enzyme mixture comprising more than 90% CBH I
was required for hydrolysis of dilute acid pretreated corncob residue and sulfuric acid
pretreated wheat straw at 20% solid loading, probably due to the strong adsorption
of CBH I on lignin. A high proportion of EG II (65%) in the enzyme mixture was
needed for hydrolysis of ammonium sulfite pretreated wheat straw, followed by CBH
1(21.2%) and BG1(13.8%) (Du et al. 2020). In another study, pectinases and laccase
had a positive impact on enzymatic hydrolysis of dilute acid pretreated wheat straw
while showing a negative impact on the hydrolysis of steam pretreated wheat straw,
which might be due to competition between enzymes for cellulase binding sites
and slight inhibition of B-glucosidase activity (Agrawal et al. 2018). Even when
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the same pretreatment conditions are applied, different types of biomass require
their enzyme optimization. In one example, steam-pretreated poplar and corn stover
required different enzyme ratios. At 20% solids loading, the highest sugar yields were
observed with enzyme cocktail of cellulase (Celluclast® 1.5L), xylanase, and LPMOs
in the proportion of 87%, 10%, and 3%, respectively, for steam-pretreated poplar, and
65%, 33%, and 2%, respectively, for steam-pretreated corn stover (Hu et al. 2015).
Similarly, sulfite-cooked sugarcane bagasse and Norway spruce required different
enzyme cocktails to maximize cellulose conversion. Relatively similar enzyme doses
were required to hydrolyze sugarcane bagasse, at 28%, 30%, and 30% of total protein
for TrCel7A (CBHI), TrCel 7B (EG 1), and TrCel6 A (CBH II), respectively. However,
acid sulfite-cooked Norway spruce required a higher proportion of endoglucanase
TrCel7B, which comprised nearly half (48%) of the total protein loading (Chylenski
et al. 2017a).

3.5.2 Conditioning/Removal of Soluble Inhibitory
Compounds

Mitigating the soluble inhibitors in lignocellulose bioprocessing is critical to reducing
the enzyme cost, one of the significant cost contributors of lignocellulose bioconver-
sion. Physical separation of the water-soluble fraction of pretreated biomass slurry
followed by hot water washing of the solids fraction of the pretreated biomass can
prevent the inhibitory effects of soluble inhibitors on the subsequent enzymatic
processing of the pretreated cellulose (Kim et al. 2013). The separated liquid fraction
of the pretreated slurry, which mainly contains sugars and sugar oligomers derived
from hemicellulose, could be processed separately from the cellulose-rich solids frac-
tion. Although the separation and hot water washing entail increased water and energy
consumption in the overall process, this approach enables a separate processing route
that can be optimized for hemicellulose utilization and more diversified end-products.
The potential applications of the hemicellulose recovered in the pretreatment liquid
have been widely studied. For example, hemicellulose obtained from lignocellu-
lose has been studied extensively as an ingredient for functional foods due to its
various health benefits such as prebiotic, antimicrobial, and anti-inflammatory effects
(Gullén et al. 2014; Moniz et al. 2016). Also, xylo-oligomers and pentose sugars in
the pretreatment liquid can be separated, purified, and processed into various func-
tional biomaterials, such as nutraceuticals, films, and hydrogel drug delivery vehi-
cles (Peng and She 2014; Sun et al. 2015). The soluble lignin-derived phenolics are
considered renewable and promising sources of bioactive compounds that exhibit
antioxidant, antimicrobial, and pharmacological activities (Dominguez et al. 2017).
Alternatively, the pretreatment liquid can be detoxified to mitigate the effects of
the soluble inhibitors and combined with the pretreated cellulose in the subsequent
hydrolysis and fermentation process, in which both hexose and pentose sugars are
utilized to produce a final product. These approaches ensure the maximum utilization
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of sugars derived from lignocellulose in producing a single identified product in the
co-fermentation process.

3.5.3 Chemical/Biological Detoxification with Additives

Various chemical/biological detoxification methods have been applied to mitigate
the effects of phenolic inhibitors, resulting in improved cellulose and fermentation
efficiencies (Kim et al. 2016). Examples of such approaches can be categorized into
chemical, physical, and biological methods. Chemical methods include overliming
(Zhang et al. 2018) and sulfite treatment (Larsson et al. 2001a, b). Examples of phys-
ical removal of phenolics include vacuum evaporation (Larsson et al. 2001a, b) and
removal by adsorbents, such as polymeric resins or activated carbon (Zhai et al. 2016).
Recently, fly ash has been suggested as an efficient, no-cost adsorbent to remove the
soluble phenolics in pretreatment liquids (Freitas and Farinas 2017). However, chem-
ical and physical detoxification approaches often result in the loss of fermentable
sugars and the generation of waste streams, which could add to the overall cost of
lignocellulose conversion. Biological methods utilize microorganisms or enzymes
to detoxify the soluble phenolic inhibitors. Several microorganisms, such as Cupri-
avidus basilensis, Coniochaeta ligniaria, and Kurthia huakuii have been identified
as promising candidates to metabolize the soluble phenolic inhibitors (Kim 2018;
Nichols et al. 2020; Saha et al. 2015). Bioabatement using Coniochaeta ligniaria
NRRL3061, for example, removed soluble cellulase inhibitors in hydrothermally
pretreated corn stover liquid, resulting in a 20-40% increase in sugar yields even at
low enzyme loadings (Cao et al. 2015; Kim et al. 2016). The effect was comparable
to overliming, while the approach did not require any chemicals and minimized the
generation of waste streams.

Lignin blocking additives that can prevent the non-specific binding between cellu-
lases and lignin have also been widely studied. Such agents include surfactants (such
as Tween, PEG, Triton X100, and polyvinylpyrrolidone) to increase cellulose accessi-
bility to cellulases by lowering the surface tension of lignocellulose and/or improving
the thermal stability of cellulases (Chen et al. 2018; Wang et al. 2020a, b); amphiphilic
lignin derivatives to enhance the activity, stability, and recyclability of cellulases
(Cheng et al. 2017; Lin et al. 2019); and ionic polymers (such as lignosulfonates
and polyacrylamide) to increase cellulase binding to cellulose while preventing the
unproductive binding of cellulases to lignin (Wang et al. 2015). Proteins and peptides,
such as bovine serum albumin (BSA), peptone, yeast extract, expansin, and artificial
peptides, have been extensively studied to reduce the interactions between residual
lignin and enzymes (Brondi et al. 2019; Florencio et al. 2016; Kim et al. 2021).
Among the lignin blocking agents, BSA has proven to be effective in various types
of pretreated lignocellulose to reduce the non-productive binding between cellu-
lases and lignin. However, its high cost prohibits application on a commercial scale.
Thus, low-cost alternative proteins that can perform similarly to BSA have also
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been studied. Such potential substitutes include soybean proteins, whey, and bacte-
rial expansin, all of which have shown a noticeable improvement in glucose yields
compared to the control conditions without the additives (Luo et al. 2019). In addi-
tion to the effectiveness of the mitigation method applied, the cost and availability
of additives would be essential in selecting the best strategy. Future research should
focus on developing effective mitigation strategies with minimal costs to the overall
processing.

3.5.4 Surface Hydrophobicity Modification of Lignin
and Cellulases

The adsorption affinity of cellulases towards lignin is inversely proportional to
lignin content and hydrophobicity (Heiss-blanquet et al. 2011; Yang and Pan 2015).
Hydrophobic interactions have been recognized as the dominant force, especially
between the carbohydrate-binding module (CBM) of cellulases (endoglucanases,
cellobiohydrolases) and lignin (Kawakubo et al. 2010). The amino acid sequence of
the CBM determines its hydrophobicity and affinity toward lignin. Costaouéc et al.
(2013) compared the lignin adsorption of EGI and CBHI and found that Cel7B (EGI)
CBM exhibited a higher level of hydrophobicity and affinity for lignin than Cel7A
(CBHI). Strobel et al. (2015) have demonstrated that adding negatively charged
amino acids to CBM through site-directed mutagenesis improved cellulose hydrol-
ysis. The study also showed that removing positively charged residues from the
linker reduced the adsorption specificity toward lignin. It has been suggested that the
hydrophobic interaction between CBM and lignin occurs at the three tyrosine amino
acid residues of CBM that dominate the binding with cellulose (Guo et al. 2014;
Rahikainen et al. 2013). The results suggest that mutation of the CBMs of cellulase
components could reduce lignin binding and improve cellulose hydrolysis.

A recent study by Wang et al. (2020a, b) investigated the adsorption/desorption
characteristics of different cellulase components on enzymatic residual lignin (ERL)
pretreated by dilute acid with different severities. The results indicate that the
hydrophobicity of residual lignin increases with the severity of dilute acid pretreat-
ment due to the increased formation of condensed aromatics and the elimination of
hydrophilic groups at higher severities. The same study found that the inhibitory
effect was more severe for endoglucanase (Cel5A) than cellobiohydrolase (Cel7A)
or B-glucosidase (Cel3A). The binding of each cellulase component by lignin, as
measured by assaying the cellulase activities in supernatants, increased with pretreat-
ment severity, while desorption was lower for ERL pretreated at higher severities
(Wang et al. 2020a, b).

Hydrophobicity of lignin varies depending on the sources of lignin and pretreat-
ment method and affects the loss of cellulases via hydrophobic attraction (Nakagame
etal. 2011a; Notley and Norgren 2010). Considering that lignin is more hydrophobic
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than cellulose, the increase in lignin content in the pretreated lignocellulose (espe-
cially for hydrothermal pretreatments that mainly solubilize hemicellulose) could
increase the hydrophobicity of the pretreated biomass, which in turn leads to
the loss of active cellulase through unproductive binding with lignin. The pH-
dependent behavior of non-productive binding also suggests that electrostatic attrac-
tions between lignin and cellulase may lead to the loss of enzymes during hydrolysis
(Lan et al. 2013; Nakagame et al. 2011a; Rahikainen et al. 2013; Yarbrough et al.
2015). For example, at pH 4.8, the positively charged enzymes Cel6A and Cel5A
adsorb more strongly to the net negatively charged lignin than Cel7A and Cel 7B,
which possess a net negative charge at the same pH (Nakagame et al. 201 1a). Studies
have also shown that charge modification of the amino acids in CBMs results in a
change in cellulase affinity toward lignin (Yarbrough et al. 2015). Similarly, surface
charge modification of lignin in the pretreated biomass, or carrying out the cellulose
hydrolysis at an elevated pH (pH 5.2—-6.2), has proven to be an efficient way to reduce
the non-productive binding between lignin and cellulases (Lan et al. 2013; Lu et al.
2017). Lastly, hydrogen bonding between cellulase components and dissolved lignin
components is identified as another culprit of the unproductive binding of enzymes to
lignin (Mhlongo et al. 2015; Michelin et al. 2016; Tejirian and Xu 2011). It has been
suggested that phenolic and aliphatic hydroxyl groups are involved in the adsorp-
tion of cellulases to lignin through hydrogen bonding (Nakagame et al. 2011b; Pan
2008; Sewalt et al. 1997). However, studies indicate that hydrogen bonding is not
a dominating attractive force between cellulase and lignin (Qin et al. 2014; Strobel
et al. 2015).

Modification of cellulolytic enzymes has been evaluated to change their hydropho-
bicity or surface charge, either through succinylation or acetylation (to reduce the
lignin—cellulase hydrophobic interactions) or through the construction of linker
peptide variants (to reduce electrostatic attractions between lignin and cellulases)
(Strobel etal. 2015). The binding capacities of cellulase enzymes also can be modified
through lignin modification. Attempts have been made to increase the hydrophilicity
of residual lignin through carboxylation, hydroxypropylation, or sulfonation (Ying
et al. 2018). A recent study by Ying et al. (2018) measured the effects of three
different chemical modifications (sulfonation, oxidation, carboxylation) of alkali
lignin on cellulase adsorption and found that they all improved the wettability of
lignin, phenolic hydroxyl contents, and negative charges, leading to reduced cellu-
lase adsorption to the modified lignin. Elevating the pH of hydrolysis to increase
the lignin surface charge and electrostatic repulsion between cellulases and lignin
has also been suggested as a potential strategy to reduce lignin-induced cellulase
inhibition (Lu et al. 2017). Laccase treatment has also been proven to improve cellu-
lase efficiency by reducing the binding of cellulase components to lignin through
delignification and lignin modification (Rico et al. 2014).
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3.6 Microbial Fermentation of Lignocellulose for Biofuels
and Biochemicals

3.6.1 Biofuels—Ethanol

Bioethanol is commonly produced from food crops (e.g., corn, sugarcane, and sugar
beet), which have high contents of carbohydrates to be converted into fermentable
sugars for ethanol production (C¢H;,0¢ —> 2 C,H50H + 2 CO,). The high octane
number of 108 in bioethanol is also attractive for an internal combustion engine
vehicle to meet anti-knocking requirements. However, the feedstock trend has shifted
from food crops to lignocellulosic biomass (inedible waste materials) to encourage
sustainable energy resources and achieve the environmentally friendly substitution of
gasoline and diesel at a low cost. For example, the recently reported prices of corn and
sugarcane were $185.9/ton and $60.9/ton, respectively, while their residuals of corn
stover and sugarcane bagasse were $58.5/ton and $36.38/ton, respectively (Bonomi
et al. 2016; Silva and Marques 2017). The recent annual world ethanol production
is represented in Table 3.1. Since early 2010, some start-up/large companies for
bioethanol production have been founded to support the domestic fuel demands with
export to other countries. However, most of the bioethanol production companies
were bankrupted or sold to other companies due to the business disparity between
cellulosic feedstock and cellulosic ethanol price, and technical process challenges
in pretreatment and subsequent operations https://ethanolrfa.org/statistics/annual-eth
anol-production/). A recent economic analysis determined that the cost for bioethanol
production from food crops (corn, sugar beet, or sugarcane) ranged from $0.81
to $2.35/gallon ethanol, while those from lignocellulosic biomass were estimated
between $1.91 and $3.48/gallon ethanol, requiring 2.36 times or higher costs for
lignocellulosic bioethanol (Rosales-Calderon and Arantes 2019).

Even though lignocellulosic biomass is a cost-competitive feedstock compared
to starch and sugar-rich crops, some challenges of feedstock (e.g., lignin-rich ligno-
cellulosic materials), processing technologies, and the relations between the cost
of biomass, ethanol, and gasoline prices remain barriers to economically feasible
bioethanol production. In the past few decades, a significant number of efforts have
led to the discovery and characterization of sugar-fermenting bacteria and yeast. They
can consume and metabolize the sugar compounds from enzymatically hydrolyzed
biomass (hydrolysate) and directly generate ethanol as a by-product. It is essential to
maximize the monosaccharide recovery rather than disaccharide or polysaccharide
since most of the fermentation bacteria and yeast prefer to digest monomers (mainly
glucose) in the hydrolysate as their energy resource. Zymomonas mobilis and Saccha-
romyces cerevisiae are frequently utilized as fermentation strains with the advantages
of simple preparation, rapid cell growth, high ethanol productivity, low cost, and
biocompatibility (Gandla et al. 2018; Orrego et al. 2018a, b), but they can natu-
rally only metabolize hexose sugars (e.g., glucose, sucrose, fructose, and mannose)
and not pentose sugars (e.g., xylose and arabinose). Candida shehatae, Pachysolen
tannophilus, and Scheffersomyces stipitis, have been introduced in fermentation for
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Table 3.1 A: Annual world fuel ethanol production (2018-2020, million gallons) and B: the major
ethanol-producing plants in the world. Data sources: Renewable Fuels Association (https://ethano
Irfa.org/statistics/annual-ethanol-production/)

A. Annual world fuel ethanol production (million gallons)

Region 2018 2019 2020 % of world
production
United States 16,091 15,778 13,926 53
Brazil 7,990 8,590 7,930 30
European Union 1,450 1,370 1,250 5
China 770 1,000 880 3
Canada 460 520 428 2
India 430 510 515 2
Thailand 390 430 400 2
Argentina 290 280 230 1
Others 529 522 500 2
Total 28,400 29,000 26,059 100
B. The start-up cellulosic ethanol plants in the worlds
Year Name Region Million Note
gallons/year
2012 Beta Crescentino, Italy 40 Sold in 2018
renewables
2015 DuPont Nevada, USA 30 Sold in 2017 to
Verbio Vereinigte
BioEnergie AG
(German company)
2015 Abengoa Kansas, USA 25 Bankrupt in 2016
2014 GranBio Brazil 20 Suspended
operations in 2016
and resumed in
2019
2014 Raizen Brazil 40 Use in sugarcane
residue
2014 POET-DSM | Iowa, USA 20-25 50/50 joint venture
Advanced company of Royal
Biofuels DSM (Netherlands)
and POET, LLC
(USA)
2017 Enviral Slovakia 16.7 -

their ability to consume both C5 and C6 sugars; however, they are not preferred due to
low production efficiency and their sensitivity to potential inhibitors, acid molecules,
and the final ethanol product (Demiray et al. 2018).

In order to achieve a higher product yield, engineered microorganisms are
employed, which are manipulated in xylose-utilizing genes (e.g., xylulokinase,
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xylose reductase, and xylitol dehydrogenase) and can simultaneously co-ferment
xylose and glucose into ethanol (Kwak and Jin 2017). Genetically modified strains
would be vulnerable to toxic compounds; for example, an evolutionarily adapted
fermenting strain was found to be incompatible when different pretreatment, feed-
stock, and/or other hydrolysates were applied for the fermentation (Hoang Nguyen
Tran et al. 2020). This is similar to engineered xylose-fermenting strains, where
successful utilization of both C5 and C6 sugars is observed in the absence of
inhibitors, but intolerance to organic acids, furan aldehydes, aliphatic compounds,
and lignin-derived molecules resulted in similar or lower productivity compared
to wild-type strains. Other approaches focused on improving selected microbes for
inhibitor tolerance, minimizing the generation of inhibitory compounds before enzy-
matic saccharification, and screening adequate biomass which is susceptible to be
degraded, for increasing ethanol productivity (Kim 2018; Kumari and Singh 2018).
Previous work reported that a thermostable and inhibitor-resistant strain (Fm13,
S. cerevisiae) showed high ethanol production (>90% theoretical yield) and was
compatible with other hydrolysates obtained from steam explosion pretreated sugar-
cane bagasse, showing 7.7 times higher ethanol production yield than those from the
S. cerevisiae benchmark strain control tests (Favaro et al. 2013). Similar research with
a fungus Trametes versicolor and bacterium Escherichia coli has demonstrated these
microbes as potential alternative ethanol-fermenting strains for spruce wood and
sugarcane bagasse hydrolysates, respectively (Jonsson 2001; Larsson et al. 2001a,
b; Wang et al. 2013). To address the current technological drawbacks and limita-
tions, multiple research efforts are underway to develop high-yielding, co-fermenting
strains that are tolerant to inhibitors and suitable for diverse hydrolysates.

3.6.2 Hydrogen

Hydrogen gas (H,) is one of the most attractive clean energy resources that can
replace the current fossil fuels and fossil-dependent energy without concerns of
environmental pollution while providing a higher energy generation (> 2.5 times,
122 kJ/g) than hydrocarbon resources (Cardenas et al. 2019, 2020). Since hydrogen
gas does not have carbon molecules (zero carbon), the energy is released when two
hydrogen molecules react with molecular oxygen, forming water molecules as a
by-product:

2H,(gas) + O, (gas) — 2H,0 + energy 3.1

With this unique and simple reaction ability with oxygen gas to generate energy,
hydrogen has not only been utilized for internal combustion engines in commercial
vehicles such as passenger cars and trucks but also for fuel cells that can convert
chemical energy into electric energy. In addition, the relatively high energy effi-
ciency of hydrogen fuel can be applied for hydrogen-powered aircraft/rocket propul-
sion, hydrogen fuel—cell propulsion systems, and as a primary backup power source
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for fuel cells. However, the current hydrogen fuel is traditionally generated from
fossil fuels via steam-methane reforming, partial oxidation of crude oil and methane,
and gasification of coal. These fossil-based processing methods are responsible for
approximately >90% yields of total hydrogen production (Brentner et al. 2010). Due
to the inadequacy of alternative technologies and lack of cost-effective resources,
a small proportion of hydrogen is formed by bio-catalytic approaches (e.g., photo-
decomposition of organic compounds, electrolysis of water, and gasification of agri-
cultural feedstock). Although the current petrochemical reforming processes widely
generate valuable chemicals, such as acetic acid, butyric acid, and hydrogen, biolog-
ical methods receive scientific attention as substitutable for fossil-derived chem-
icals. The fundamental concept of the biological process is to transform organic
wastes into hydrogen gas using microbes or disintegrate wastewater molecules in
an eco-friendly manner to release hydrogen molecules. Examples of microorgan-
isms include photo-metabolic active microalgae, cyanobacteria, and microbial strains
that can fix nitrogen and convert organic substrates in anaerobic conditions. The
common biological methods are (i) direct/indirect photo-dissociation (photo-lysis),
(ii) photo fermentation, and (iii) dark fermentation. Photo-decomposition uses the
photon energy from a diverse range of visible and invisible lights, such as ultravi-
olet, X-rays, and gamma rays, in photochemical reactions that result in the generation
of hydrogen. Hydrogen-producing microbes are capable of capturing light energy
and converting carbohydrates or organic materials into hydrogen and carbon dioxide
under anaerobic conditions. Nitrogen degrading enzymes (e.g., nitrogenase) secreted
from microbes are involved in a key process of nitrogen fixation during photo fermen-
tation to fix atmospheric nitrogen gas (N, ) and the conversion of N, to ammonia NHj3,
which can contribute toward the generation of hydrogen (Mishra et al. 2019).

Ce¢H1206 + 6H,0 + sunlight — 12H; + 6CO, (3.2)

Unlike photo fermentation, dark fermentation occurs in the absence of light,
and its hydrogen yield is relatively lower than other approaches in the presence of
light sources. Despite low hydrogen productivity, dark fermentation is considered a
promising biological process since various organic wastes and agricultural feedstock
can be applied as energy carriers with less energy demand, cost-effectiveness, and
a simple process and control. Carbohydrates in organic substrates are hydrolyzed to
monomeric fermentable sugars that subsequently undergo acidogenesis and acetoge-
nesis during dark fermentation. In biological digestion pathways, acetic acid, volatile
fatty acids, carbon dioxide, and hydrogen are formed as by-products. Experimental
factors such as substrate type, sugar content, pH, temperature, and carbon/nitrogen
ratio can determine the hydrogen yield. In the methanogenesis pathway, following
acetogenesis, hydrogen is metabolized to form methane and carbon dioxide; there-
fore, limiting methane generation or hydrogen consumption is important to increase
the hydrogen yield. Several studies observed that stable hydrogen production was
achievable when a high C/N ratio (around 53.4) organic substrate was anaerobically
cultivated, which inhibited the methanogenesis process. This batch fermentation
test continued producing hydrogen for 144 days with periods of four stages and
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different C/N ratios that resulted in changes in the production of hydrogen, carbon
dioxide, and methane. Hydrogen yield was improved with the C/N levels, which indi-
cates possible changes in the metabolic pathways in dominant hydrogen-producing
microbes and their activity (Herndndez et al. 2014; Jo et al. 2007; Saint-Amans et al.
2001). The theoretical maximum yield of hydrogen from a six-carbon monosaccha-
ride is 4 mol Hy/mol monomer, while actual hydrogen yields are lower than this
due to the formation of other by-products such as alcohols, butyric acid, malic acid,
lactic acid, and propionic acid (Hay et al. 2013). A five-carbon sugar (xylose), a sugar
alcohol (mannitol), and a simple polyol compound (glycerol) also can be anaerobi-
cally fermented into hydrogen with theoretical yields of 3.33 mol H,/mol xylose,
5 mol H,/mol mannitol, and 3 mol H,/mol glycerol, respectively. Since carbohydrate
monomers are the primary substrates in producing hydrogen, several pretreatments
are applied to agricultural wastes prior to dark fermentation to enhance hydrogen
efficiency. Comparative hydrogen production from different carbon sources (pure
sugars, lignocellulosic sugars, or organic wastes) and further fermentation condi-
tions are described in Table 3.2. Since the high concentration of monomeric sugars
is the primary factor driving fermentation pathways, further study is required with
respect to C/N rich organic materials, cellulose—hemicellulose containing agricultural
wastes, culture operations, mixing conditions, changes in metabolism, cell/product
inhibition, and fermentation types.

3.6.3 Other Applications for Biochemical Production

Methanol (CH3OH) is the most preferable industrial alcohol with several advantages,
including a high octane rating, cost-effective large-scale production from natural
gas and/or petroleum-based resources, and utility as a valuable raw material for
petrochemical applications such as formaldehyde, acetic acid, methyl fert-butyl ether
(MTBE), and alcohol for the esterification process (Khoshtinat et al. 2010). Methanol
is competitive with other hydrocarbon fuels in price, reactivity, and recoverability
(Siddiquee and Rohani 2011). To minimize the incremental costs for improving the
efficiency and environmental impact of internal combustion engines in the vehicle,
lignocellulosic feedstocks or waste materials have been utilized for bio-methanol
production. Various agricultural wastes are used for bio-methanol generation through
different pretreatment processes (Table 3.3A). Although bio-methane is a promising
biofuel and a substrate for the synthesis of biochemical hydrocarbon molecules,
fewer investigations have been conducted on the optimization and scale-up process
of bio-methane production.

Butanol (C4HoOH) is a simple four-carbon alcohol that is widely used as a
solvent in chemicals, cosmetics, textile processes, hydraulic/brake fluids, painting,
and other coating applications with ambient-cured enamels. It is also largely
applied as a chemical intermediate for butyl acrylate and fert-butoxide produc-
tion, and as a primary component in the manufacture of antibiotics, hormones,
and pharmaceuticals (Jouzani and Taherzadeh 2015). Compared to ethanol, butanol
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Table 3.2 Comparison of hydrogen yields from pure sugars, lignocellulosic biomass, and organic
wastes with and without pretreatment

Carbon source | Strain Pretreatment | Hy yield References
(mol/mol)
Glucose Ethanoligenens harbinense |— 2.62 Zhang et al.
YUAN-3 (2015)
Glucose Clostridium butyricum - 2.24 Yin and Wang
INET1 (2017)
Glucose Escherichia coli BW25113 |- 1.82 Mathews et al.
(2010)
Glycerol Halanaerobium - 0.58 Kivisto et al.
saccharolyticum (2010)
Galactose E. aerogenes - 1.26 Ren et al.
(2009)
Xylose Clostridium bei-jerinckii - 1.77 An et al. (2014)
Rice bran Enterobacter ludwigii Acid 545 mL/L H, | Tandon et al.
(2018)
Wheat straw Escherichia coli WDHL Dilute acid 269 mL Hy/g | Lopez-hidalgo
substrate etal. (2017)
Rice straw Clostridium lentocellum - 3 mmol Hp/g | Zhang et al.
substrate (2019)
Wood fibers C. thermocellum - 1.6 Xiong et al.
ATCC27405 (2018)
Wastepaper Ruminococcus albus - 2.29 Ntaikou et al.
(282.7L/Kg |(2010)
dry biomass)
Coftee Mesophilic mixed culture? | — 0.248 Cérdenas et al.
mucilage + (1.295 L Ho/L | (2020, 2019)
organic wastes substrate)

2 Dark fermentation was tested without an inoculum of pure strain

has a longer hydrocarbon chain and is more characteristically close to gasoline,
making it attractive as an alternative fuel. Since economical butanol production
is feasible when the final yield is over 25% of raw feedstock (Kumar and Gayen
2012), lignocellulose and waste materials are considered potential substrates. Simi-
larly, lignocellulosic materials have been utilized in pretreatment, hydrolysis, and
fermentation for bio-butanol production; however, this approach is limited with
a lack of technology and cost feasibility. The most common bio-butanol produc-
tion is performed through acetone—butanol-ethanol (ABE) microbial fermentation;
however, the formation of inhibitory compounds during the lignocellulosic biomass
pretreatment limits effective enzymatic saccharification and microbial performance.
To overcome these issues, inhibitor-resistant cellulolytic enzymes and/or geneti-
cally engineered microbes have been introduced to the consolidated bioprocessing
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Table 3.3 Utilization of lignocellulosic biomass for bio-methanol and bio-butanol production
(A) Bio-methanol

Biomass Pretreatment Yield References
Plant - 0.59 kg MeOH/kg dry solids Arteaga-pérez
feedstock et al. (2016)
Forest residue | Catalytic 62%—-66% MeOH/kg dry feedstock Carvalho et al.
gasification (2017)
(B) Bio-butanol
Biomass Pretreatment Microbe Yield References
Sugarcane H,0, and NaOH at | Mixed bacterial 1.95 g/L Cheng et al.
bagasse/rice 120 °C culture (bagasse), (2012)
straw 2.93 g/L (rice
straw)
Corn cobs Alkali A. cellulovorans 743B | 8.3 g/L Wen et al.
and C. beijerinckii (2014)
NCIMB 8092
Corn stover Deep eutectic Clostridium 5.63 g/L Guo-Chao et al.
solvents saccharobutylicum (2016)
Sucrose + - Engineered 16 g/L Zhang et al.
sugarcane Clostridium (2017)
juice tyrobutyricum

(CBP) method (Sheikh et al 2014). The CBP system comprises three major biolog-
ical processes (cellulolytic enzyme production, hydrolysis of pretreated biomass,
and microbial fermentation of both pentose and hexose sugars) in a single biore-
actor, which is able to minimize processing steps, costs, and management. Since
there is no natural microbe to satisfy all the desirable properties of the CBP system,
various kinds of metabolically engineered microbes could be capable of meeting the
current challenges. Some bio-butanol research using lignocellulosic feedstocks is
summarized in Table 3.3B.

3.6.4 Future Prospects

The fractionation of reducing sugars from cellulose/hemicellulose in agricultural
crop-based residues has been fulfilled for sugar platform processes, production of
various biochemicals, and further applications to foods, textiles, and liquid biofuels.
The use of waste crop solids has gained attention and inspired substantial research due
to the cheap and plentiful availability of these resources. During the past few decades,
significant advances have been made in bioprocess research for better utilization of
lignocellulosic feedstocks at a low cost; however, choosing the best method remains
a challenge because all methods have their virtues and demerits. Also, one approach
is not generally applicable for all lignocellulosic biomass since they have different
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properties of cellulose crystallinity, degree of polymerization (DP), chemical compo-
sition, and potential inhibitors that depend on pretreatment type and experimental
conditions (Kim 2018). Considering these challenges, recent research has concen-
trated more on the genetic/metabolic engineering of biomass, enzymes, and microbes
to enhance the yields of sugars and final products from feedstocks and subsequent
hydrolysates, respectively. Further advances in the knowledge and manipulation of
strains would be a feasible strategy for reaching industrial viability.
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Chapter 4
Biochemical Conversion of Hemicellulose o

Ryan J. Stoklosa

Abstract Renewable carbon from lignocellulosic biomass offers the opportunity to
displace petroleum products to foster greater bioeconomy development and sustain-
ability initiatives. Improvements continue to be made in biorefinery processes for
the complete utilization of all plant cell wall biopolymers. To achieve this goal,
fermentable sugars from hemicellulose should be effectively utilized alongside
glucose from cellulose. The polysaccharide xylan is the most abundant form of
hemicellulose present in common bioenergy feedstocks such as hardwoods, cereal
grasses, and agricultural industry residues. Once deconstructed, the xylan polysac-
charide produces the five-carbon sugar xylose. This pentose sugar can be biochemi-
cally converted to a wide array of products ranging from bioethanol, organic acids, or
higher value chemicals. This chapter explores biochemical conversion strategies for
utilizing xylose obtained from lignocellulose biomass to generate biofuels or other
value-added chemicals.

4.1 Hemicellulose Fractionation for Biochemical
Conversion

Lignocellulosic biomass provides the largest source of renewable carbon that can
be utilized to generate bio-based fuels or chemicals through biochemical processing
(Rogers et al. 2017). As more countries attempt to shift away from fossil-based
resources such as petroleum, more priority has been given to cultivating different vari-
eties of lignocellulosic biomass in order to provide new feedstock sources for biofuels
(Fultonetal. 2015), increasing crop value for rural development (Kim and Dale 2015),
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and offsetting greenhouse gas emissions through sustainable land management and
biochemical conversion practices (Dale et al. 2014). Although biomass cultivation
will vary from region to region, the plant cell wall components of cellulose, hemi-
cellulose, and lignin remain ubiquitous between lignocellulosic feedstocks but vary
in quantity. A remaining challenge is to develop biochemical conversion processes
for lignocellulosic feedstocks that can utilize and convert the entire gamut of plant
cell wall biopolymers.

Being the largest component in lignocellulose, the polysaccharide cellulose is of
primary interest for biochemical conversion. Most chemical pretreatments for ligno-
cellulosic feedstocks employ chemistries and processing parameters that operate by
preserving cellulose while altering or removing the hemicellulose and lignin frac-
tion from the plant cell wall (Nan et al. 2018; Shen et al. 2019; Wang et al. 2018).
The pretreatment process makes the cellulosic portion of the biomass amenable
to deconstruction downstream through enzymatic hydrolysis to obtain glucose for
fermentation to bio-based ethanol. These processes all occur within the setting of a
biorefinery, which is similar to current petrochemical refineries except plant biomass
is the feedstock used to produce liquid transportation fuels instead of petroleum.
Because profit margins are narrow for bioethanol production, biorefineries must also
consider generating value-added co-products from residual hemicellulose or lignin
to improve revenue and process economics (Humbird et al. 2011). Lignin’s aromatic
heterogeneity allows it to be valorized to a wide array of products ranging from
chemicals (Khwanjaisakun et al. 2020), bio-based resins or polymers (Fang et al.
2020), or hydrocarbon fuels (Saraeian et al. 2020); however, this same heterogeneity
can also present challenges for upgrading (Liu et al. 2019). Opposite lignin, hemicel-
Iulose can be more easily upgraded using a biochemical conversion strategy as long
as the polysaccharide can be recovered at high yield without substantial degradation
during chemical pretreatment (Stoklosa and Hodge 2015).

While cellulose is a homopolysaccharide with a crystalline structure, hemicellu-
lose is different by being an amorphous polysaccharide that is heterogenous and more
easily extracted from the plant cell wall using chemical pretreatment. Hemicellulose
composition can vary greatly among different biomass feedstocks, but, in general,
it accounts for 20-30% of the dry weight in the plant cell wall (Ebringerova 2005).
One of the most common forms of hemicellulose is xylan, which is a polysaccharide
of B(1-4) linked units of xylose that is predominant in feedstocks such as grasses,
hardwoods, and other agro-industrial residues (Deutschmann and Dekker 2012).
Different chemical moieties ranging from arabinose, acetic acid, and glucuronic acid
can be substituted at varying degrees along the xylan polysaccharide chain (Naran
et al. 2009; Carpita and Whittern 1986). Other forms of hemicellulose include gluco-
mannans and galactoglucomannans which are much more predominant in softwood
species ranging from pine to spruce (Ebringerovd 2005). Although hemicellulose
composition varies among biomass species, these fractions share similar traits of
being easily extractable under certain pretreatment chemistries. Historically, the pulp
and paper industry has exploited this feature of hemicellulose by designing alkaline
pulping processes that can remove large quantities of hemicellulose while retaining
the cellulose portion for downstream paper production (Stoklosa and Hodge 2014).
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The issue with a typical pulping step, such as the Kraft process, is the process severity
that degrades extracted hemicellulose to saccharic acids (Helmerius et al. 2010). More
recent research has focused on novel pretreatment processing of biomass that can
fractionate out the hemicellulose portion from the plant cell wall without significant
degradation.

Pretreatments that function by preserving hemicellulose and limiting polysaccha-
ride degradation can range from organic solvents, ionic liquids, or less severe alkaline
chemistries. These pretreatments function by either retaining hemicellulose within
the plant cell wall or by extracting hemicellulose and converting the polysaccharide to
soluble oligosaccharides. Ethanol organosolv pretreatment on hybrid poplar can solu-
bilize up to 60% of xylan after 50 min of pretreatment into a stable oligomeric form
while only removing 2.8% of the original cellulose (Bér et al. 2018). This allows the
pretreatment process to generate separate streams of fermentable sugars in the form of
hexoses from the cellulosic portion and dissolved pentoses from xylan to be biochem-
ically converted downstream. A similar processing approach has been utilized with
ionic liquid (IL) pretreatment on lignocellulosic biomass. ILs are salts comprised of
an organic cation with an organic or inorganic anion that maintains a liquid phase
at standard temperate and pressure conditions (Raj et al. 2018). ILs function in
a pretreatment by dissolving the entire plant cell wall biopolymer structure due to
strong interaction with hydrogen bonds (Usmani et al. 2020). Individual components
of the dissolved biomass can be recovered using distinct precipitation techniques such
as acetone or hot water to recover cellulose while organic solvents with water are able
to precipitate hemicellulose and lignin fractions (Usmani et al. 2020). The recovered
cellulosic fraction has typically shown reduced crystallinity in the polysaccharide
which leads to greater monomeric sugar yields from enzymatic hydrolysis (Raj et al.
2018). As with other pretreatments, the isolation and recovery of hemicellulose can
be problematic when using ILs. For example, the IL triethylammonium hydrogen
sulfate was able to provide up to 80% glucose yields from cellulose and greater than
85% delignification during pretreatment, but the dissolved hemicellulose was discov-
ered to be solubilized mostly into monomeric sugars that were then converted into
furfural due to dehydration during the pretreatment (Brandt-Talbot et al. 2017). Other
types of ILs that are known as deep eutectic solvents (DES) have shown to be more
favorable for hemicellulose recovery. An alkaline DES consisting of choline chloride
mixed with different alkaline hydrogen bond donors exhibited high xylan solubility
while maintaining a branched polysaccharide structure in solution without degrada-
tion (Yang et al. 2021). Other DES such as choline chloride mixed with urea and
copper chloride could provide high xylan solubility while controlling the polysac-
charide breakdown to monomeric xylose without unwanted dehydration byproducts
(Loow et al. 2018). Similarly, less severe alkaline pretreatments of biomass can also
provide hemicellulose extraction without unwanted degradation to the polysaccha-
ride. A two-stage alkaline pretreatment coupled with an oxidative delignification
on bamboo has indicated promising results for hemicellulose recovery. The overall
process was able to recover over 87% of the original sugars in the bamboo that led
to a 95.7% utilization of sugars during ethanol fermentation using a pentose-hexose
fermenting strain of Saccharomyces cerevisiae (Yuan et al. 2018). A similar process
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using corn stover and sugarcane bagasse determined that a mild NaOH treatment
could remove 66% of acetyl groups from the hemicellulose structure which lowered
the release of acetic acid during downstream liquid hot water pretreatment while
increasing the final glucose and xylose content for fermentation (Wang et al. 2019).

The overall goal with the pretreatments discussed above is oriented around
preserving hemicellulose fractions for downstream biochemical conversion. This
strategy has the ability to improve the overall process economics for biorefinery
processes. Techno-economic analysis for a biorefinery producing hemicellulosic
sugars from lignocellulosic biomass determined that the minimum selling sugar
price could be reduced from $446 per metric ton to $347 per metric ton when xylose
is utilized for xylitol production (Ou et al. 2021). Although any biorefinery process
that will incorporate additional hemicellulose sugar recovery and conversion will
increase overall capital costs, the chemicals and co-products generated from these
sugars should be of sufficient value to offset a portion of the cost increase (Ou
et al. 2021; Kim et al. 2021). Following pretreatment, the xylose recovered can be
biochemically converted to a wide array of products that provide high value within a
biorefinery for improving revenue. Figure 4.1 outlines a generalized process for using
xylose within a biorefinery. The products identified following pentose fermentation
in Fig. 4.1 can either be utilized for biofuel applications or as high-value chemicals.
Table 4.1 outlines each fermentation product and their potential applications.

This chapter focuses on current advances made on the utilization of hemicellulose
from biomass feedstocks for further downstream biochemical conversion to value-
added chemicals or bio-based fuels. Moreover, this chapter will predominantly focus
on the utilization of xylan hemicellulose given that this polysaccharide is the most
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Fig. 4.1 A simplified process diagram for the extraction and recovery of pentose sugars from
lignocellulosic biomass for downstream biochemical conversion to biofuels or high-value chemicals
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Table 4.1 Microbial fermentation products from xylose and applications
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Microbial Chemical Common organisms for Applications References
fermentation | type fermentation
product
Ethanol Alcohol Saccharomyces cerevisiae, Biofuels Lopes et al.
Scheffersomyces stipitis (2017), Lee
et al. (2021),
Song et al.
(2019), Biazi
et al. (2021)
Lactic acid Alpha Bacillus, Lactobacillus family Food additive, Alves de
hydroxy acid pharmaceuticals, | Oliveira et al.
precursor for (2019),
bio-based Parra-Ramirez
polylactic acid | et al. (2019)
(PLA) polymers
Succinic acid | Dicarboxylic | Actinobacillus succinogenes, Food additive, Moncada
acid genetically engineered pharmaceuticals, | et al. (2015),
Escherichia coli precursor for Harmsen et al.
bio-based (2014), Ong
polybutylene et al. (2019)
succinate
Xylitol Sugar Candida family, genetically Food additive Yang et al.
alcohol engineered Saccharomyces (2020),
cerevisiae Narisetty et al.
(2021)
Astaxanthin Carotenoid | Phaffia rhodozyma Aquaculture, Ytrestgyl and
nutritional Bjerkeng
supplements (2007),
Guerin et al.
(2003)
2,3-Butanediol | Vic-Diol Klebsiella, Enterobacter families, | Platform Haveren et al.
Paenibacillus polymyxa chemical for (2008), Ji

synthetic rubber,
hydrocarbons
for bio-jet fuel

etal. (2011)

abundant fraction in biomass feedstocks ranging from hardwoods, grasses, and agri-
cultural byproducts such as corn stover or cereal straws (Deutschmann and Dekker

2012).

4.2

Hemicellulose Fermentation to Bioethanol

Ethanol fermentation for biofuel applications is still a primary focus for hemicel-
Iulose utilization. One of the primary challenges faced during ethanol fermentation
of hemicellulose is the inability of wild-type Saccharomyces cerevisiae to ferment
pentose sugars such as xylose. This barrier has been removed in part due to advances
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in genetic modification of native yeast strains to give them the ability to co-ferment
glucose and xylose. The introduction of a fungal pathway that uses xylose reductase
and xylitol dehydrogenase in S. cerevisiae generated haploid and diploid yeast strains
that could metabolize xylose (Lopes et al. 2017). These modified strains were able
to be used in fermentations with pretreated switchgrass hydrolysates that contained
high levels of inhibitory compounds such as acetic acid, furfural, and hydroxymethyl-
furfural (HMF). Ethanol production in switchgrass hydrolysate maxed out at 38 g/L.
at a product yield of 0.48 g ethanol per g sugar (Lopes et al. 2017). Xylose fermen-
tation by S. cerevisiae can also be achieved by using directed evolution techniques
on respiration-deficient yeast strains (Lee et al. 2021). These strains of S. cerevisiae
were grown in the presence of xylose and oxygen that induced genetic changes
to the yeast to produce what is described as a Crabtree/Warburg effect for xylose.
The evolved strains contained a pathway expressing xylose isomerase that allowed
fermentation to ethanol in synthetic media and pretreated switchgrass hydrolysates
both aerobically and anaerobically (Lee et al. 2021). Other routes to ethanol produc-
tion from xylan hemicellulose include consolidated bioprocessing (CBP), which is
a processing strategy using a microorganism that can provide enzyme production,
polysaccharide hydrolysis, and fermentation in one step (Cripwell et al. 2019). Indus-
trial strains of S. cerevisiae that exhibit traits such as tolerance to higher temperatures
(40 °C) and resistance to inhibitors were adapted to include cell-surface production
of hemicellulase enzymes (Cunha et al. 2020). The adapted strains were grown on
corn cobs that underwent hydrothermal pretreatment and showed an ethanol produc-
tion up to 11.1 g/L at a sugar yield of 0.328 g ethanol per g xylose and glucose
(Cunha et al. 2020). Most of these strains have only been evaluated in a small-scale
laboratory setting, but there are several commercialized yeast strains that co-ferment
glucose and xylose at the industrial scale. The Danish company Terranol employs
a recombinant, co-fermenting glucose/xylose S. cerevisiae strain cv-110, that was
developed to express xylose isomerase during fermentation (Chandel et al. 2018).
Fed-batch fermentation with S. cerevisiae cv-110 showed >90% ethanol yield on
wheat straw hydrolysate with near-complete glucose and xylose utilization (Knudsen
and Rgnnow 2020). Terranol has also showed scalability for this strain from the 2 L
bioreactor scale to the 270,000 L demonstration scale (https://www.terranol.com/).
The Swedish company Taurus Energy AB has engineered a strain of S. cerevisiae
that goes by the trade name XyloFerm T13 that rapidly ferments xylose by adding
pathways for xylose reductase, xylose dehydrogenase, and xylulokinase (Drapcho
et al. 2020). This strain generates ethanol titers above 100 g/ with ethanol yields
ranging between 0.41 and 0.49 g per g sugar while also exhibiting inhibitor resis-
tance to furfural, hydroxymethyfurfural, and acetic acid (https://taurusenergy.eu/en/
about-taurus/product/). Mascoma, a division of the yeast company Lallemand based
in Canada, has also developed a co-fermenting glucose/xylose strain of S. cerevisiae
known as C5 Fuel that was engineered with improvements in the pentose phos-
phate pathway and increased xylose isomerase expression (Drapcho et al. 2020).
This strain was cultivated in high xylose content hydrolysates from corn stover and
wheat straw. Over 95% sugar consumption occurred for both glucose and xylose in
each hydrolysate with ethanol yields above 0.46 g per g sugar (Drapcho et al. 2020).
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While some companies have successfully implemented fermentation processes for
co-fermenting glucose and xylose with engineered strains of S. cerevisiae, native
microbial strains exist that already possess the ability to naturally ferment xylose to
ethanol.

The most well-known microorganism that can naturally ferment xylose to ethanol
is Scheffersomyces stipitis (formerly known as Pichia stipitis). S. stipitis is a haploid
yeast strain that possesses the best xylose fermentation capacity of any native strain
(Jeftries et al. 2007). Although this strain can easily ferment xylose, its performance
suffers at the industrial scale due to a low tolerance for both sugar and ethanol (Song
et al. 2019). Even with this limitation the performance of S. stiptis can be applied to
various fermentation process strategies to boost ethanol production. A dual fermen-
tation process with S. cerevisiae and S. stipitis was able to convert more sugars from
pretreated hardwood species to increase overall ethanol output by 12% compared to a
conventional fermentation process (Song et al. 2019). To overcome S. stipitis fermen-
tation inhibition, glucose was first fermented to ethanol using S. cerevisiae, and the
resulting ethanol was removed via pervaporation. This led to a secondary fermen-
tation broth with lower ethanol content but still containing xylose. The secondary
fermentation broth was inoculated with S. stipitis that resulted in 76.3% theoretical
yield of ethanol from xylose (Song et al. 2019). A similar study has shown how
further improvements in ethanol yield can be achieved by combining fermentation
processes using S. stipitis as suspended cells and the bacteria Zymomonas mobilis
as immobilized cells on polyvinyl alcohol (PVA) beads. This continuous process
used hydrolysate from pretreated sugarcane bagasse to co-ferment glucose using Z.
mobilis and S. stipitis to 81.18% theoretical yield and maximum ethanol productivity
of 1.868 g/L * hr (Wirawan et al. 2020). A membrane bioreactor process set up to
ferment xylose using suspended S. stipitis found that a high ethanol yield could be
maintained, but cell activity by S. stipitis continually declined without additional
nutrient supplementation (Wirawan et al. 2020). Other improvements to S. stipitis
ethanol output can be realized using product separation strategies or microbial adap-
tions. Kans grass hydrolysate containing 60 g/L glucose and 40 g/L xylose was shown
to produce an ethanol yield above 80% of the theoretical yield through a sequential
fermentation process with in situ ethanol distillation (Gehlot et al. 2022). In this
process developed by Gehlot et al., glucose was first fermented to ethanol using Z.
mobilis for 12 h followed by immediate ethanol removal through distillation. This
reduced the ethanol content in the fermentation broth to a suitable concentration in
order for xylose fermentation using S. stiptis to occur. At 14 h, S. stiptis was inoculated
and xylose was completely consumed after 32 h (Gehlot et al. 2022). This processing
strategy led to an overall ethanol concentration of 45.73 g/L at a productivity rate
of 1.45 g/L * h (Gehlot et al. 2022). The other route to improve a strain’s fermen-
tation performance can be accomplished through adaptation to improve tolerance to
inhibitors. Recycled batches of S. stipitis cells were inoculated into increasing media
levels of sugarcane bagasse hemicellulosic hydrolysate that contained xylose as a
carbon source and acetic acid as the primary inhibitor (Biazi et al. 2021). The adapted
strain of S. stipitis used in a fed-batch fermentation of hemicellulosic hydrolysate
could tolerate up to 2.6 g/L of acetic acid compared to the non-adapted strain that
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only tolerated 0.7 g/L (Biazi et al. 2021). Although a substantial amount of glucose
and xylose could be consumed with the adapted strain of S. stipitis, the overall ethanol
output was only 16.87 g/L ethanol at a volumetric productivity of 0.16 g/L * h (Biazi
et al. 2021). Although continued advances in fermenting xylose to ethanol using
native or modified yeast strains can provide increased biofuel output, there is more
value that can be gained by using different microorganisms for xylose fermentation
to generate higher value chemicals.

4.3 Hemicellulose Fermentation to Organic Acids

Fermentations that generate organic acids from xylose can be incorporated into a
biorefinery to improve revenue and profit margins. A number of organic acids are
considered important platform chemicals for their ability to be converted into higher
value products that can displace current petroleum-based products (Werpy, Petersen
2004). Organic acids are typically synthesized from petroleum, but they are also
naturally generated by all microorganisms through the citric acid (TCA) cycle (Yin
et al. 2015). With advances in genetic modifications, the TCA cycle in almost any
microorganism can be altered to overexpress or downregulate certain genes to boost
the production of any given organic acid. Most organic acids have value-added appli-
cations with respect to certain industries. For example, citric acid is not only widely
used in the food and pharmaceutical industry but can also be applied as a biocom-
patible polymer in medical materials (Yin et al. 2015). Two other organic acids that
are actively sought after as value-added co-products are lactic and succinic acids.
Lactic acid (LA) is commonly generated by bacterial strains and is associated
with fermentation contamination with respect to ethanol production, but it is also
a sought-after co-product for biorefineries. Unlike metabolism problems associated
with yeast strains that produce ethanol, most bacterial strains are able to consume
xylose during fermentation to organic acids. The bacterial strain Bacillus coagulans
was effectively cultivated on hemicellulosic hydrolysate from sugarcane bagasse for
the production of LA at high isomeric purity (Alves de Oliveira et al. 2019). Overall
lactic acid production reached around 56 g/L at a yield of 0.87 g LA per g sugar
with an isomeric purity of 99.4% (Alves de Oliveira et al. 2019). The hemicellulosic
hydrolysate underwent roto-evaporation to concentrate xylose at 48 g/L and the
cultivation of B. coagulans was not hindered by the high xylose content nor the
presence of HMF and furfural. In this respect, B. coagulans can be considered a
bio-detoxifying organism because it can actively consume HMF and furfural (Alves
de Oliveira et al. 2019). In another study, the lactogenic bacteria Escherichia coli
JU15 could be cultivated in simulated corn stover media containing over 30 g/L
xylose to produce 40 g/LL LA at a yield of 0.6 g LA per g total sugar (Parra-Ramirez
et al. 2019). The potential also exists to improve a strain’s uptake of xylose using
adaptive evolution techniques. The strain Lactobacillus pentosus naturally ferments
xylose, but through adaptive evolution, a new strain was produced when grown in
xylose media with pH control (Cubas-Cano et al. 2019). This new strain showed
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vast improvement in xylose uptake, better tolerance to more acidic conditions, and a
1.4-fold increase in LA generation in wheat straw hydrolysate with co-consumption
of xylose and other sugars (Cubas-Cano et al. 2019).

A second organic acid that is a valuable co-product for biorefinery production is
succinic acid (SA). This organic acid is of considerable interest because of its ability
to be upgraded to plastic materials such as polybutylene succinate and favorable
sustainability performance that is on par with bioethanol production (Moncada et al.
2015; Harmsen et al. 2014). Pretreated sugarcane bagasse containing a high xylose
concentration at 57.9 g/L can serve as a promising feedstock for fermentation with
Actinobacillus succinogenes ATCC 55618 to generate 21.8 g/L. succinic acid at a
yield of 0.45 g SA per g sugar (Klein et al. 2017). The same strain could also ferment
hemicellulosic sugars from pretreated sugar beet pulp to reach a slightly higher titer
at 30 g/L SA and a yield of 0.8 g SA per g sugar (Alexandri et al. 2019). The co-
fermentation of glucose and xylose can also be achieved with Yarrowia lipolytica.
Pretreated sugarcane bagasse hydrolysate cultivated with Y. lipotytica could generate
33.2 g/LLSA atayield of 0.58 g SA per g sugar through the simultaneous fermentation
of glucose and xylose (Ong et al. 2019). A different co-fermentation process can
also be utilized that simultaneously cultivates S. cerevisiae for ethanol generation
and A. succinogenes for SA production. This strategy takes advantage of glucose
fermentation by S. cerevisiae and redirects the CO; off-gas back into the fermentation
to synthesize SA production by A. succinogenes (Xu et al. 2021). In this process,
the fermentable sugars of glucose and xylose could be fully utilized from pretreated
sugarcane bagasse to generate 22.1 g/L. SA and 22.0 g/L ethanol, which corresponded
to 8.7 g SA and 8.6 g ethanol per 100 g of pretreated sugarcane bagasse (Xu et al.
2021). The wide applications of organic acids make their production via fermentation
of xylose an attractive processing step.

4.4 Hemicellulose Fermentation to Other Value-Added
Co-products

4.4.1 Astaxanthin

Fermentation processes that generate ethanol and organic acids from xylose are able
to improve the process economics for a biorefinery, but different classes of value-
added chemicals can also be generated using novel microorganisms that ferment
xylose. One such chemical of interest is the carotenoid astaxanthin. This carotenoid
is of particular interest due to its high-value applications in aquaculture feed and as
nutritional supplement with reported benefits for heart and liver function (Ytrestgyl
and Bjerkeng 2007; Guerin et al. 2003; Naguib 2000). The yeast strain Phaffia
rhodozyma is a well-known producer of astaxanthin that possesses metabolic versa-
tility with easy cultivation (Mussagy et al. 2021). P. rhodozyma also possesses the
natural ability to consume xylose for astaxanthin fermentation. Higher specific cell
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content of astaxanthin was achieved on xylose compared to glucose (1.84 mg astaxan-
thin per g xylose against 1.24 mg astaxanthin per g glucose) using fermentable sugars
from pretreated sugarcane bagasse and barley straw (Montanti et al. 2011). More
recent research with P. rhodozyma showed that the yeast strain has more preference
for xylose metabolism once glucose is depleted (Stoklosa et al. 2019a). Using detox-
ified hydrolysate from pretreated sugarcane bagasse P. rhodozyma could consume
most of the glucose within 48 h which then resulted in faster xylose uptake and
depletion within 72 h to produce an intracellular astaxanthin content of 2.07 mg
astaxanthin per gram sugar consumed (Stoklosa et al. 2019a). To assess improved
utilization of xylose in a biorefinery process, a recovered portion of xylose following
ethanol fermentation and recovery could be redirected to a secondary fermentation
process. A xylose-enriched post-ethanol fermentation stillage from pretreated sweet
sorghum bagasse was detoxified and fermented with P. rhodozyma that was able to
increase intracellular astaxanthin content to 3.9 mg astaxanthin per g sugar compared
to only 1.0 mg astaxanthin per g sugar in non-detoxified stillage media (Stoklosa et al.
2019b).

4.4.2 Xylitol

Xylitol is a high-value sugar alcohol within the food industry where it can be utilized
as a replacement for sucrose due to its low glycemic index (de Albuquerque et al.
2014). The strain Candida mogii efficiently utilizes xylose for biomass growth and
cell maintenance, but a co-factor imbalance leads to excess xylitol production (de
Albuquerque et al. 2014; Baptista et al. 2018). A separate fermentation process using
the same xylose post-ethanol stillage media found that the yeast strain C. mogii also
showed promising results for converting xylose to xylitol (Stoklosa et al. 2019b). It
was determined using the xylose-enriched post-ethanol stillage media that C. mogii
could be cultivated for high growth in non-detoxified stillage media (Stoklosa et al.
2019b). Following this fermentation, secondary cultivation using the recovered cells
occurred in a synthetic xylose media to produce a yield of 0.55 g xylitol per g
xylose consumed (Stoklosa et al. 2019b). This research indicated that xylose utiliza-
tion could be improved by using the post-ethanol stillage media for microorganism
growth, while a second-stage fermentation containing xylose from pretreated sweet
sorghum bagasse using hemicellulases would be operated for product generation
(Stoklosa et al. 2019b). While this dual-stage fermentation process with C. mogii
can improve xylitol output, a single-stage fermentation process using more robust
xylitol-producing yeast strains would ultimately be less cost intensive. Xylose from
pretreated sugarcane bagasse hydrolysate was fermented with Pichia fermentans
to produce 86.6 g/L xylitol and a conversion yield of 0.75 g xylitol per g sugar
consumed (Narisetty et al. 2021). Although high xylitol titers were achieved, the
fermentation with P. fermentans needed additional processing controls as glucose
concentrations in the hydrolysate above 10 g/L were found to reduce xylitol genera-
tion even with an increase in biomass growth (Narisetty et al. 2021). Another route
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for xylitol production includes co-generating the sugar alcohol and ethanol with S.
cerevisiae. An industrial strain of S. cerevisiae was engineered at different levels
of xylose specificity by overexpressing the XYLI gene from Candida tropicalis that
encodes for xylose reductase (Yang et al. 2020). In the fermentation of pretreated corn
stover hydrolysate, the engineered strain of S. cerevisiae could produce 45.41 g/L
xylitol and 50.19 g/L ethanol (Yang et al. 2020). This simultaneous production of
ethanol and a co-product in the form of xylitol provides for efficient utilization of
both glucose and xylose from lignocellulosic feedstocks.

4.4.3 2,3-Butanediol

Another promising platform chemical that is of more recent interest is 2,3-butanediol
(2,3-BDO). This chemical can be upgraded to a multitude of products ranging from
a form of synthetic rubber (Haveren et al. 2008), food-grade products such as acetoin
(Xiao and Xu 2007), or hydrocarbons that can serve as bio-jet fuel (Ji et al. 2011).
Most bacterial species that produce 2,3-BDO contain a metabolic pathway that can
consume xylose and generate organic acids (Celifiska and Grajek 2009). Detoxified
hydrolysate from hydrothermally pretreated sugarcane bagasse containing glucose
and xylose could be fermented with Enterobacter ludwigii to generate 63.5 g/L 2,3-
BDO at a yield of 0.36 g 2,3-BDO per g sugar and productivity of 0.84 g/LL * h
(Amraoui et al. 2021). The 2,3-BDO output was reduced by about half when non-
detoxified hydrolysate was used for fermentation, which was attributed to the pres-
ence of inhibitors and, primarily, an abundance of acetic acid (Amraoui et al. 2021).
Another type of bacteria that can produce 2,3-BDO is Klebsiella oxytoca. Hemicel-
lulose from corn cob was biologically pretreated with the fungus Aspergillus niger
to generate a hydrolysate with high xylose concentration at 34.6 g/L. (Sharma et al.
2018). An optimized fermentation process found that the newly isolated strain of
K. oxytoca XF7 could generate 12.18 g/L 2,3-BDO with a xylose conversion effi-
ciency of 96.65% (Sharma et al. 2018). Another recently isolated strain from an
environmental consortium known as Pantoea agglomerans could convert >75% of
xylose and arabinose from pretreated soybean hull hydrolysate and generate up to
14.02 g/L 2,3-BDO in 12 h of cultivation, which corresponded to a yield of 0.53 g
2,3-BDO per g sugar and productivity of 1.16 g/L * h (Ourique et al. 2020). A few
challenges remain for microbial 2,3-BDO production at the industrial scale, but one
of the more prominent limitations involves the choice of bacterial strain for fermen-
tation. 2,3-BDO-producing strains that are in the Enterobacter and Klebsiella family
are opportunistic pathogens in humans and any fermentation process that will require
scale-up must consider the biohazardous implications. Other bacterial strains that are
not pathogenic to humans are also available such as Paenibacillus polymyxa, which
can simultaneously utilize the sugars glucose, xylose, and arabinose during fermen-
tation. Pretreated wheat straw hydrolysate was fermented with P. polymyxa which
could generate up to 23 g/L 2,3-BDO in non-detoxified hydrolysate and showed an
added benefit of consuming the inhibitory compound HMF (Okonkwo et al. 2021).
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The wide versatility for 2,3-BDO as a platform chemical coupled with most bacte-
rial strains exhibiting native xylose consumption makes this compound attractive for
incorporation into biorefinery processes.

4.5 Conclusion

The biochemical conversion of lignocellulosic biomass could improve bioeconomy
applications through the simultaneous production of biofuels and value-added chem-
icals. Better process economics for biofuel production can be achieved by identi-
fying biochemical conversion processes that utilize the entire contents of the plant
cell wall. Hemicellulosic sugars, primarily the five-carbon sugar xylose, can be
fermented to a wide array of products ranging from biofuels or high-value chemicals
to displace similar petroleum products. Yeast strains that generate ethanol such as
S. cerevisiae require some form of genetic modification or evolution to fully utilize
xylose. Improved xylose utilization can be achieved for ethanol fermentation by
using strains that naturally ferment xylose such as S. stipitis. Bacterial strains that
generate organic acids such as lactic acid and succinic acid can also be included in
biochemical processing options to produce intermediate chemicals for upgrading.
More novel yeast strains could ferment xylose to astaxanthin for application in
high-value aquaculture feed or the sugar alcohol xylitol as a sucrose replacement
in certain food items. Similarly, bacterial strains that generate the platform chem-
ical 2,3-butanediol can also be incorporated into a biochemical conversion strategy
for their native xylose utilization. Overall, these fermentation products from xylose
could improve the economic output of biorefinery processes and make them more
competitive with their petroleum-based counterparts.
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Chapter 5 ®)
Biochemical Conversion of Lignin e

Nhuan Phu Nghiem

Abstract Lignin is one of the three major components of lignocellulosic biomass. It
is highly resistant to either chemical or biochemical degradation due to the presence
of the ether and C—C linkages in its heterogeneous structure. In the early attempts
to develop processes for the bioconversion of biomass to fuels and chemicals, lignin
was considered as a waste by-product and burned to supply heat for internal uses.
Recently, it has been realized that in order to make a biorefinery economically
feasible, lignin must also be used as a feedstock for the production of high-value prod-
ucts, in addition to cellulose and hemicellulose. Processes for the bioconversion of
lignin subsequently were developed. A typical lignin bioconversion process consists
of three steps, which include depolymerization, funneling, and product formation. In
the first step, depolymerizing enzymes are used to break down lignin to its monomer
and oligomer units. These monomers and oligomers then are converted to metabolic
intermediates by a process normally referred to as funneling. Finally, the intermedi-
ates, which can enter the central metabolism, are converted to the desired products
by various microbial species in fermentation processes. This chapter discusses the
recent developments in the bioconversion of lignin and the potential commercial
products that can be made. The future research directions that are needed to develop
a complete biorefinery, which includes a component for lignin bioconversion to
high-value products, are also discussed.

5.1 Overview

Lignin is a complex aromatic heterogeneous biopolymer, which is composed of
phenylpropanoid aryl-C; units. These units in lignin are linked together via various
types of ether and C—C bonds. The ether and C—C linkages in lignin are not suscep-
tible to hydrolytic attack, either chemically or biologically, which makes lignin highly
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resistant to degradation (Bugg et al. 2011). In nature, however, several microorgan-
isms, which include fungi and bacteria, have emerged with the capability of degrading
lignin. The potential applications of these organisms for biotransformation of lignin
derived from biomass in a biorefinery recently have attracted considerable attention.

Lignin consists of three major subunits, namely p-hydroxyphenyl (H unit),
guaiacyl (G unit), and syringyl (S unit). The corresponding precursors that form
these subunits during lignin synthesis are p-coumaryl alcohol, coniferyl alcohol, and
sinapyl alcohol, respectively. The chemical structures of the lignin subunits and their
precursors are shown in Fig. 5.1. The inter-connections of the subunits in a typical
lignin structure are shown in Fig. 5.2. The relative abundances of the subunits in lignin
from various sources are shown in Table 5.1. The data in Table 5.1 were obtained by
a 2D-NMR technique (Mansfield et al. 2012), which were in general agreement with
those obtained by other methods such as thioacidolysis (TA) (Rolando et al. 1992),
nitrobenzene oxidation (NBO) (Yamamura et al. 2010), and derivatization followed
by reductive cleavage (DFRC) (Lu and Ralph 1997).

OH OH OH
f OMe MeO’ f OMe
OH OH OH
p-coumaryl alcohol coniferyl alcohol sinapyl alcohol
dj\om MeO~ i “OMe
o.. o.. ...
p-hydroxyphenyl unit guaiacyl unit syringyl unit

Fig. 5.1 Chemical structures of lignin subunits and their precursors (adapted from Li and Zheng
2020)
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Fig. 5.2 The inter-connections of the subunits in the structure of poplar lignin (Li et al. 2016)

:t?l?rz(ei:riiesrl;llfesflel)ligi‘iz in Species Lignin units

lignin from various sources S (%) G (%) H (%)

(Mansfield et al. 2012) Poplar (hardwood) 61.9 37.8 0.3
Pine (softwood) 0 98.3 1.7
Corn stalks 58.9 38.3 2.8
Arabidopsis 20.1 77.1 2.8

The major linkages that connect the subunits in lignin are shown in Fig. 5.3 and
their relative occurrences are shown in Table 5.2.

The key steps in the biochemical conversion of lignin are illustrated in Fig. 5.4.
The first step is depolymerization where lignin is broken up into the three subunits
H, S, and G by enzymes, which include laccase, lignin peroxidase (LiP), manganese
peroxidase (MnP), versatile peroxidase (VP), and dye-decolorizing peroxidase (DyP)
(Li and Zheng 2020; Kamimura et al. 2019). The next step, which is referred to as
funneling, involves a series of reactions that convert the three lignin subunits to
vanillic acid, protocatechuic acid, and gallic acid. These products subsequently go
through various ring-cleavage pathways to form the intermediates, which can enter
the central metabolism.

5.2 Lignin Biotransformation

5.2.1 Depolymerization

Lignin depolymerization is caused by enzymes produced and secreted by fungi,
which include white-rot and brown-rot fungi, and bacteria. White-rot fungi, so named
because when they degrade lignin, they leave the delignified wood in a fibrous state
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Fig. 5.3 Major linkages in lignin (adapted from Li and Zheng 2020)

Table 5.2 Relative occurrences of major linkages in lignins from various sources (Rinaldi et al.
2016)

Type of linkages and their occurrence (%)

B-aryl ether | Phenylcoumaran | Resinol | Dibenzodioxocin | Biphenylether
Softwood | 45-50 9-12 2-6 5-7 2
Hardwood | 60-62 3-11 3-12 <1 2
Grasses 74-84 5-11 1-7 Not determined Not determined

and whitish in color, are the most efficient lignin degraders. The white-rot fungi that
have been studied include Phanerochaete chrysosporium, Pleurotus ostreatus, Cori-
olus versicolor, Cyathus stercoreus, Ceriporiopsis subvermispora, Phellinus pini,
Phlebia spp., Pleurotus spp., Trametes versicolor, Heterobasidion annosum, and
Irpex lacteus. Brown-rot fungi degrade wood polysaccharides and partially modify
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Fig. 5.4 The key steps in the biochemical conversion of lignin (adapted from Li and Zheng 2020;
Kamimura et al. 2019)

lignin, leaving the decayed wood in a distinct brown color due to the oxidized lignin
(Abdel-Hamid et al. 2013).

5.2.1.1 Fungal Enzymes

The fungal lignin-degrading enzymes include the phenol oxidase laccase and the four
heme-containing peroxidases LiP, MnP, VP, and DyP. These fungal lignin-degrading
enzymes have been the subjects of several reviews (Falade et al. 2016; Sugano and
Yoshida 2021; Hofrichter 2002; Arregui et al. 2019; Ravichandran and Sridhar 2016).
Peroxidases catalyze the oxidation of various substrates in the presence of hydrogen
peroxide according to the general reaction below

2S + H,0, + 26~ — 2Sox + 2H,0 (5.1)

where S is an electron-donating substrate and Sy is the oxidized substrate (Falade
et al. 2017). The H,O, required by LiP, MnP, VP, and DyP is generated by other
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accessory enzymes, which include glyoxal oxidase, glucose oxidase, and veratryl
alcohol oxidase. The four peroxidases LiP, MnP, VP, and DyP function in a cyclic
manner, similar to that of horseradish peroxidase (Sugano and Yoshida 2021). In
general, the catalytic cycle of the four heme-containing peroxidases consists of three
reactions, as illustrated in Fig. 5.5. In the first reaction, the native ferric enzyme
[Fe(II)] is oxidized by H,O, to form a compound I oxo-ferryl intermediate (two-
electron oxidized form). In the second reaction, compound I is reduced by a reducing
substrate A and receives one electron to form compound II (one-electron oxidized
form). Compound II then receives a second electron from the reduced substrate to
return the enzyme to its native Fe(III) state in the third reaction to complete the cycle
(Sugano and Yoshida 2021; Abdel-Hamid et al. 2013).

LiP has high redox potentials and hence is capable of oxidizing non-phenolic
components of lignin, which constitute 90% of the structures of the biopolymer
(Martinez et al. 2005). In addition, LiP has the capability to oxidize a variety
of phenolic compounds, which include ring-and N-substituted anilines, guaiacol,
acetosyringone, catechol, vanillyl alcohol, and syringic acid (Falade et al. 2016).

The catalytic cycle of MnP is similar to that of LiP. However, unlike LiP, which
directly targets lignin molecules, MnP catalyzes the degradation of lignin via the
oxidation of Mn?*, which is available widely in soil, to Mn3* in the presence
of HyO,. The Mn?" generated can cleave the alkyl-aryl linkage and catalyze a-
oxidation in lignin. The generated Mn?** ions can also oxidize some organic sulfur
compounds (e.g., glutathione, L-cysteine) and unsaturated fatty acids (e.g., linoleic
acid) to sustain the lignin degradation process (Hofrichter 2002). MnP, however,
cannot oxidize the more recalcitrant non-phenolic compounds like LiP (Li and Zheng
2020). As the name suggests, VP has the catalytic capability of both LiP and MnP.
It can oxidize both phenolic and non-phenolic compounds. Although the catalytic
mechanism of VP is similar to that of LiP and MnP, VP can oxidize compounds over
a wider range of redox potentials. The protein structure of VP provides binding sites
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Fig. 5.5 The general steps in the catalytic cycle of LiP, MnP, VP, and DyP (adapted from Sugano
and Yoshida 2021)
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Fig. 5.6 Proposed mechanism of substrate oxidation by laccase in the presence of a mediator
(adapted from Christopher et al. 2014)

for different substrates, and hence it can perform its catalytic function effectively
without the need for mediators (Li and Zheng 2020). DyP is produced by both fungi
and bacteria. The role of this type of enzyme in the biodegradation of lignin by fungi
in nature, however, is still not clear.

Laccase is a copper-containing phenol oxidase which can oxidize both phenolic
and non-phenolic substrates. This enzyme does not require hydrogen peroxide and
catalyzes the oxidation reaction with the concomitant reduction of molecular oxygen
to water by a radical-mediated mechanism (Bourbonnais et al. 1997). Laccase can
effectively degrade phenolic lignin compounds, but the presence of redox mediators
is required for the degradation of the non-phenolic compounds. A mediator is a small
molecule that can be continuously oxidized by the enzyme and subsequently reduced
by the substrate. The role of the mediator is to serve as an electron carrier, which
shuttles electrons between the substrate and the enzyme active sites (Christopher et al.
2014). The proposed mechanism of substrate oxidation by laccase in the presence of
a mediator is illustrated in Fig. 5.6.

Both synthetic and naturally occurring mediators are effective in assisting laccase
catalytic function. Naturally occurring mediators, however, are preferred in practice
since they are less expensive and non-toxic. Some of these naturally occurring medi-
ators include 3-hydroxyanthranilic acid, 4-hydroxybenzoic acid, phenolsulfonph-
thalein, acetosyringone, syringaldehyde, vanillin, and methyl syringate (Christopher
et al. 2014).

5.2.1.2 Bacterial Enzymes

Bacteria, which include strains of Streptomyces, Rhodococcus, Pseudomonas, and
Bacillus, have been found to have the capability of lignin degradation (Lee et al.
2019). Bacterial LiP, MnP, DyP, and laccase have been identified (Chauhan 2020;
Atiwesh et al. 2021). Among these, DyP and laccase are more commonly found
and believed to play a more important role in lignin degradation by bacteria (Lee
et al. 2019). Compared to fungal DyP, bacterial DyP has lower oxidizing power,
and its substrates are limited to the less recalcitrant phenolic moieties in lignin (de
Gonzalo et al. 2016). Bacterial laccases have been known to be stable under various
conditions of pH, temperature, organic solvents, and salt concentrations (Guan et al.
2018). Laccase from Bacillus subtilis exhibited a half-life of 250 min at 70 °C,
and laccase from Streptomyces viridochromeogenes showed a half-life of 30 min
at 80 °C compared to the half-life of 10 min at the same temperature observed
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with laccase from the fungus Cerrena unicolor. Generally, bacterial laccases prefer
neutral or alkaline pH, in contrast to fungal laccases, which prefer acidic pH. The
optimum pH for bacterial laccases, however, depends strongly on the substrates.
Laccases from Marinomonas mediterranea and Bacillus halodurans can tolerate
1 M or higher NaCl concentrations. Laccase from Bacillus pumilus W3 showed high
tolerance to mixtures of water and organic solvents including ethanol, methanol,
dimethylformamide, acetonitrile, acetone, and dimethylsulfoxide (Arregui et al.
2019).

5.2.2 Monomer Funneling

It is generally accepted that lignin is depolymerized by fungi to monomers, which
subsequently are funneled by bacteria into metabolism intermediates for further use
in the biosynthesis of final products (Xu et al. 2019). The G-lignin is depolymerized
to ferulic acid-type monomers. Ferulic acid, therefore, is considered as a standard
model compound for G-lignin. The degradation of ferulic acid in bacteria follows
four pathways, which include the nonoxidative decarboxylation pathway, the coen-
zyme A (CoA)-dependent non-B-oxidation pathway, the CoA-dependent $-oxidation
pathway, and the side chain reduction pathway. These four pathways all converge
at vanillic acid, which subsequently is converted to protocatechuic acid and then to
catechol. The H-lignin is depolymerized to p-coumaric acid-type monomers. Similar
to the case of ferulic acid and G-lignin, p-coumaric acid is considered as a model
compound to represent H-lignin. The degradation of p-coumaric acid in bacteria
follows three pathways, which include the CoA-dependent p-oxidation pathway,
the CoA-dependent non-f-oxidation pathway, and the CoA-independent pathway.
These three pathways all converge at p-hydroxybenzoic acid, which subsequently is
converted to protocatechuic acid and then to catechol (Xu et al. 2019). The pathways
for the degradation of ferulic acid and p-coumaric acid are summarized in Fig. 5.7.
Upon formation, catechol and protocatechuate are subjected to the aromatic ring
cleavage process, which is catalyzed by the O,-dependent dioxygenase. The ring
cleavage is the first step of a series of reactions required to bring the carbon from
lignin into the central metabolism. The degradation pathways of catechol are shown
in Fig. 5.8. In the meta-cleavage, catechol is ultimately degraded to acetaldehyde and
pyruvate. In the ortho-cleavage, catechol is degraded via the f-ketoadipate pathway
(Hardwood and Parales 1996). The product of this pathway, i.e., B-ketoadipate, is
further converted to succinate and acetyl-CoA. The conversion of f-ketoadipate to
succinate and acetyl-CoA is shown in Fig. 5.9. The degradation of protocatechuate
follows three pathways, which are the ortho-cleavage pathway, the 2,3-meta-cleavage
pathway, and the 4,5-meta-cleavage pathway. The three pathways of protocatechuate
degradation are shown in Fig. 5.10. The product of the ortho-cleavage of protocat-
echuate is B-ketoadipate, which is subsequently converted to succinate and acetyl-
CoA (Fig. 5.9). In the 2,3-meta-cleavage of protocatechuate, the final products are
pyruvate and acetyl-CoA. Pyruvate is the sole product of the 4,5-meta-cleavage of
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Fig. 5.8 The degradation pathways of catechol (adapted from Li and Zheng 2020)

protocatechuate. In this pathway, two molecules of pyruvate are formed per molecule
of protocatechuate.

The aromatic ring of S-lignin contains two methoxy groups compared to one
for G-lignin and none for H-lignin. The presence of two methoxy groups makes
the degradation of S-lignin more difficult than the other two lignin types. Syringic
acid is normally considered as the model compound for S-lignin. Most of the
studies on S-lignin and syringic acid degradation have been performed with Sphin-
gomonas sp. SYK-6 (Xu et al. 2019). The degradation pathway for syringic acid
is shown in Fig. 5.11. Syringic acid is first demethylated to 3-O-methylgallate
(B3MGA). There are three pathways after this point, which involve gallic acid, 4-
carboxy-2-hydroxy-6-methoxy-6-oxohexa-2,4-dienoate (CHMOD), and 2-pyrone-
4,6-dicarboxylate (PDC) as intermediates. These pathways converge at the formation
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2020)

of 4-oxalomesaconate (OMA), which is also an intermediate of the 4,5-meta-cleavage
pathway of protocatechuate. The degradation pathway of syringic acid and the
4,5-cleavage pathway of protocatechuate, therefore, converge at 4-oxalomesaconate.

All of the compounds formed at the end of the pathways for degradation of lignin
monomers can enter the central metabolism and be utilized for the synthesis of
cellular matters and target products. The yields of these products, therefore, are
dependent on the recovery of carbon in the degradation pathways. From this perspec-
tive, it can be stated that in the degradation of catechol, the ortho-cleavage pathway is
more efficient than the meta-cleavage pathway since in the ortho-cleavage pathway,
all six carbons in the starting compound are recovered in the products, i.e., succi-
nate and acetyl-CoA, compared to only five carbons recovered in the products of
the meta-cleavage pathway, i.e., acetaldehyde and pyruvate. Similarly, in the degra-
dation of protocatechuate, the ortho-cleavage and 4,5-meta-cleavage pathways are
more efficient than the 2,3-meta-cleavage pathway since in the first two pathways
six carbons are recovered from seven carbons in the starting compound compared
to five carbons recovered in the other pathway. In the degradation of syringic acid,
seven carbons are recovered from nine carbons in the starting compound.

The lignin degradation products can also be fed directly into subsequent path-
ways for the production of value-added products. For example, pyruvate can be used
as a substrate for the production of ethanol, lactic acid, and succinic acid. It has
been shown that when the catechol ortho degradation pathway, which is endogenous
to Pseudomonas putida KT2440, was replaced with an exogenous meta-cleavage
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pathway from Sphingobium sp. SYK-6, the yield of pyruvate from benzoic acid,
which is the precursor of catechol, was increased by almost five-fold (Johnson and
Beckham 2015). This study demonstrated that the degradation pathways of lignin
monomers could be modified to improve the yield of the desired end product for use
as a substrate for the subsequent production of value-added products.

5.2.3 Potential Products

Various products can be produced from the lignin monomers. Some of these products
are discussed in this section.

Dicarboxylic acids. Cis,cis-muconic acid (MA) is a dicarboxylic acid with important
applications. It can be chemically converted to adipic acid and terephthalic acid,
which are monomers for plastics and also are used in many cosmetic, pharmaceutical,
and food applications. Attempts have been made to develop microbial strains that
can synthesize MA from lignin monomers. The general strategy is to enhance the
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formation of MA from catechol and prevent its conversion to other metabolites
(Fig. 5.12).
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Kohlstedt et al. (2018) used Pseudomonas putida KT2440 as a host to create
genome-based strains for MA production. Strain P. putida MA-6, which had the catB
and catC genes deleted, was provided with a synthetic pathway module consisting
of catA genes under the control of the P., promoter. This strain displayed higher
catechol tolerance and increased MA production. In a fed-batch process, 64.2 g/L
MA was produced from catechol at 100% yield. In this process, however, glucose was
needed to support growth and the product/feed ratio was 2.4 mol MA/mol glucose. A
similar strategy, i.e., deletion of catB and over-expression of catA under the control of
the Py, promoter, was applied to strain Corynebacterium glutamicum 13032 to create
aMA-producing strain (Becker et al. 2018). The resultant strain C. glutamicum MA-2
produced 85 g/LL MA from catechol in a fed-batch process with glucose as the growth
substrate. More recently, a strain was created with the capability of producing MA
directly from a lignin depolymerization stream (Almgqvist et al. 2021). Cytochrome
P450 and ferredoxin reductase were introduced into a P. putida KT2440-derived
strain, which had catB and catC already deleted, for guaiacol conversion to catechol.
A guaiacol-rich stream, which was obtained by chemical depolymerization of an
industrial lignin (Indulin AT) followed by extraction and purification, was used as the
feedstock for MA production. In shake-flask experiments using media supplemented
with glucose to support growth, 14 g/l. MA was produced.

PDC is a potential precursor of polyesters. A strain of Novosphingobium aromati-
civorans DSM 12444 was genetically engineered for PDC production (Perez et al.
2019). In the engineered strain, the genes responsible for the conversion of PDC
to OMA and the diversion of carbon in 3MGA from PDC synthesis were deleted
(see the pathway that is illustrated in Fig. 5.11). In batch experiments using defined
media, the engineered strain converted several lignin degradation products obtained
by chemical depolymerization of poplar lignin, which included some non-natural
compounds, to PDC with yields from 22 to 100%.

Vanillin. Vanillin is an intermediate of the degradation pathway of G-lignin and
is a high-value chemical that has many food and polymer applications (Fache et al.
2015). The majority of commercial vanillin product is currently produced in chemical
processes. Attempts to develop the technology for the production of vanillin from
a natural source have been focused upon because “natural” vanillin has a much
higher selling price than synthetic vanillin. Several microbial species are capable of
producing vanillin from ferulic acid, which can be derived from G-lignin (Converti
et al. 2010). A commercially feasible fermentation process for vanillin production
from ferulic acid is difficult to achieve because of two main reasons: 1. Lignin-
degrading organisms that produce vanillin normally continue the degradation process
and convert vanillin to vanillic acid; and 2. Both ferulic acid and vanillin are toxic.
Many attempts have been made to overcome these problems. A strain derived from
Escherichia coli B was engineered by insertion of the genes encoding feruloyl-
CoA synthetase (fcs) (conversion of ferulic acid to feruloyl Co-A) and enoyl-CoA
hydratase/aldolase (ech) (conversion of feruloyl Co-A to vanillin) from Pseudomonas
fluorescens BF13 into its chromosome. In shake-flask experiments using an agarose
gel matrix entrapping ferulic acid to control its release, the engineered E. coli strain
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was able to produce vanillin at 4.3 g/L (Luziatelli et al. 2019). Streptomyces sp. strain
V-1 was used for vanillin production from ferulic acid in shake-flask experiments
where an adsorbent was added at 8% (w/v) to remove some of the produced vanillin
and thus reducing its toxicity. In these experiments, 45 g/L ferulic acid could be
added continually and 19.2 g/L vanillin was obtained in 55 h (Hua et al. 2007). When
the vdh gene encoding vanillin dehydrogenase in Amycolatopsis sp. ATCC 39116,
which was selected for its high tolerance of vanillin, was deleted, the conversion
of vanillin to vanillic acid was reduced by 90%. Upon further improvement was
made via constitutive expression of fcs and ech, 19.3 g/L vanillin with a molar yield
of 94.9% was obtained. In a fed-batch mode, 22.3 g/L vanillin was obtained but
at a lower yield (Fleige et al. 2016). Although the final concentrations of vanillin
were relatively low, they were actually above the minimum concentration that allows
effective crystallization for recovery, which was reported to be only 10 g/L (Converti
et al. 2010).

Microbial lipids. Several Rhodococcus strains, for example, R. opacus and R. jostii
can utilize lignin-derived compounds to produce lipids (He et al. 2017), which in turn
can be used as a feedstock for the production of biodiesel and in other applications.
The liquid stream from the two-stage NaOH and NaOH/H, O, pretreatment of corn
stover, which contained extracted lignin, was used as the substrate for lipid production
by R. opacus PD 630, R. opacus DSM 1069, and R. jostii DSM 44719 T. The highest
yield was obtained with R. opacus PD 630, which converted 6.2% of organic content
to produce lipid at 1.3 g/L. and 42.1% of the cell dry mass after 48 h (Le et al. 2017).
When laccase was added to the detoxified liquid stream obtained from the two-stage
1% H,S04/1% NaOH pretreatment of corn stover, 1.83 g/L lipid was produced by
R. opacus PD 630 in a fed-batch fermentation (Liu et al. 2018).

Polyhydroxyalkanoates (PHAs). PHAs are a class of biodegradable and biocompat-
ible polyesters that can be produced by several microbial species (Kumar et al. 2019).
In an investigation using P. putida KT2440 for PHA production in a defined medium
containing p-coumarate, ferulate, and benzoate, it was found that PHA production
is favored by high C/N ratio (60) and highly aerobic conditions (oxygen transfer
rate > 20 mmol/L-h) (Ramirez-Morales et al. 2021). PHA production by P. putida
KT?2440 using a lignin-containing stream obtained from a sequential dilute H,SO4
pretreatment/cellulase and xylanase hydrolysis/NaOH treatment of corn stover and
supplemented with laccase, which also contained low levels of glucose, was inves-
tigated. The highest yield of PHA at 1.5 g/LL was obtained with a lignin stream
containing 6 g/L glucose (Liu et al. 2019). In the follow-up study employing a
similar procedure, the lignin stream was analyzed before and after the fermentation.
The results indicated that p-coumaric acid was the major lignin component that was
utilized (Arreola-Vargas et al. 2021). In addition to P. putida, other microorganisms
are capable of producing PHA from lignin-derived compounds. Cupriavidus necator
DSM 545 was investigated for polyhydroxybutyrate (PHB) production using a lignin-
rich stream obtained from the NaOH pretreatment of corn stover. In a fed-batch
fermentation performed in a 1.7-L fermentor, 4.5 g/L. was obtained (Li 2019).
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5.3 Future Research and Potential Commercial
Implementation

The process for the production of high-value products from lignin must be designed
to be a component that can be integrated into the biorefinery. The majority of the
research efforts in the area of lignin bioconversion, however, usually focused on lignin
only and did not examine how this component could be integrated with cellulose and
hemicellulose bioprocessing. These efforts also had their scopes usually narrowed to
the individual steps, i.e., depolymerization, funneling, and product formation. More
often than not, the investigations on monomer funneling and product formation used
standard compounds that are considered as representatives of the three types of
lignin as starting materials and rarely extended the findings to the real feedstocks,
i.e., the fractions obtained by lignin depolymerization. In a few cases, the entire
process, which included biomass pretreatment, enzymatic hydrolysis for production
of fermentable sugars, and lignin recovery, depolymerization, and bioconversion,
was investigated (Liu et al. 2019, 2021; Arreola-Vargas et al. 2021). To successfully
develop a commercially feasible technology for lignin bioconversion that can be
integrated with other components of the biorefinery, much more research is needed
in the areas discussed below.

5.3.1 Feedstock Development

Feedstock development and characterization probably is the most important area
for future research, not only because it is the starting point but also because the
characteristics of the lignin feedstock will strongly influence the decisions on the
target products and the processes for their production. For example, since softwood
has very high contents of G-lignin, which can be depolymerized and funneled to
catechol, muconic acid will be a good candidate to consider in the development of
lignin-based value-added products for this type of feedstock. In a biorefinery, the
characteristics of the lignin streams generated from the biomass feedstock are linked
very closely to the processes employed for the production of fermentable sugars and
their subsequent fermentation. In Renmatix’s Plantrose® process, sub- and super-
critical water were used to extract C5 and C6 sugars from biomass. A highly pure
lignin product, which was sulfur-free and contained <1% sugars and <0.1% ash,
was extracted from the solid residue obtained after the sugar extraction of a hard-
wood mixture (Capanema and Balakshin 2015). The lignin feedstocks obtained in
other biomass processing schemes may not have that high level of purity. The lignin
obtained after enzymatic hydrolysis and subsequent fermentation of the pretreated
biomass may contain sugars (from the carbohydrate fractions) and proteins (from
enzymes and cell mass). Even the lignin obtained prior to enzymatic hydrolysis, for
example, in an H,SO4-catalyzed organosolv extraction process, may contain carbo-
hydrate impurities (Huijgen et al. 2014). These impurities, however, may actually
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be helpful in the downstream. Sugars can serve as readily fermentable substrates,
and proteins can supply nitrogen for the growth of the microorganisms used for
conversion of the lignin-derived compounds to the target products. The potential
negative effects of sugar and protein impurities on the enzymatic depolymeriza-
tion of the lignin feedstock, however, need to be investigated. The structural and
chemical modifications of the lignin feedstocks that occur in the extraction process
should also be considered. When Scots pine (Pinus sylvestris) and silver/white birch
(Betula pendula/pubescens) wood chips were subjected to various alkaline pretreat-
ments, it was found that increasing the alkaline charge substantially increased the
average molecular weights of the solubilized lignin (Lehto et al. 2015). The effects of
molecular weight on the depolymerization of lignin and subsequent funneling of the
monomers need studies. The intensity of process parameters used in biomass pretreat-
ment also has significant effects on the characteristics of the extracted lignin. Low
pH in acid pretreatment and excessive base charge in alkaline pretreatment caused
lignin condensation, which may negatively affect depolymerization and funneling.
The chemical structures of the extracted lignin also are significantly changed in
both acid and alkaline pretreatments (Narron et al. 2016). In addition to purity,
the lignin products obtained in the aforementioned Plantrose® process were thor-
oughly analyzed by various techniques (Capanema and Balakshin 2015, 2016). The
reported characteristics of the lignin products can serve as a good template for the
characterization of potential lignin feedstocks in future research.

5.3.2 Production of Lignin-Depolymerizing Enzymes

Several lignin-depolymerizing enzymes are commercially available. The purchasing
costs, however, may be economically prohibitive. This has been one of the key issues
encountered by the cellulosic ethanol industry. The current commercial cellulosic
ethanol plants have been designed to include a unit dedicated to on-site enzyme
production using some of the sugars obtained by hydrolysis of the biomass feedstock.
This option should be considered for lignin bioconversion as a component of the
biorefinery. Some recent studies on the production of lignin-depolymerizing enzymes
have been reviewed (Iram et al. 2021). Except for one study, all of the reported
investigations used expensive nitrogen sources such as peptone and yeast extract. A
less expensive nitrogen source such as urea, ammonium sulfate, corn steep liquor, or
hydrolysates obtained by acid or thermal hydrolysis of the spent microbial biomass
in the biorefinery should be examined. A suitable recovery and purification process
for the enzymes produced should also be investigated. It may not be necessary to
purify these enzymes to very high purity. A partial purification actually may allow
some of the residual nutrients to be used in the subsequent fermentation steps, i.e.,
funneling and conversion.
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5.3.3 Lignin Depolymerization Kinetics

As discussed previously, there are several lignin-depolymerizing enzymes. The suit-
ability of each class of enzymes for depolymerization of specific types of lignin
should be investigated. The effects of pH, temperature, salt concentration, and sugar
and protein impurities on enzyme activity and stability should be studied. The
potential feedback inhibition by the resultant oligomers and monomers on these
enzymes should also be investigated. If feedback inhibition is significant, a simul-
taneous depolymerization and funneling/conversion process probably is preferred
over a process that employs two separate steps. This situation is similar to the choice
between the simultaneous saccharification and fermentation (SSF) process and the
separate hydrolysis and fermentation (SHF) process in cellulosic ethanol production.

5.3.4 Fermentation Development

The development of fermentation processes for the production of lignin-derived
products should be performed using the real substrates instead of the lignin model
compounds. Model compounds when used as substrates in a fermentation process
almost always yield better results compared to the real substrates, especially at the
laboratory scale. The potential toxicity toward the selected microorganisms of the
compounds formed during the depolymerization and funneling stages, although may
be at low concentrations, should be examined.

5.3.5 Process Integration

Integration of lignin bioconversion with the other processes in the biorefinery is
also an important area that deserves more research. For example, research should
be performed to determine if and how much of the sugar streams obtained from
cellulose and hemicellulose hydrolysis should be used to support the growth of the
microorganisms used for the production of lignin depolymerizing enzymes and the
production of the target value-added products. The case of softwood utilization as a
biomass feedstock is another example of process integration. After G-lignin is used
to generate catechol, which can be used for muconic acid production, research should
be performed to determine whether the remaining lignin fractions should be used for
the production of a second value-added product or sent to the anaerobic digestion
unit for the production of methane to be used for internal energy requirement.
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5.4 Conclusion

Lignin valorization by biochemical processes has attracted significant attention
recently. These efforts have generated many important and useful discoveries on the
bioconversion of lignin to various value-added products. To successfully bring these
achievements to implementation in a commercial biorefinery, much more research
is needed, both in basic science and process engineering technology.
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Chapter 6
Thermochemical Conversion of Cellulose Geda
and Hemicellulose

Anh Quynh Nguyen and Ly Thi Phi Trinh

Abstract Thermochemical conversion process is an important and potential route
to transform biomass feedstocks into powers, fuels, and a variety of chemical plat-
forms. The chapter describes general characteristics of thermochemical processes
of biomass including combustion, pyrolysis, liquefaction, and gasification, with the
focus on the thermal decomposition of individual biomass components such as cellu-
lose and hemicellulose. Thermochemical processes occur at a wide range of temper-
atures and pressures with or without catalysts, in which cellulose and hemicellu-
lose undergo serial primary and secondary reactions to form a variety of product
types and yields. Primary reactions of cellulose and hemicellulose are associated
with the dehydration and depolymerization process to smaller fragments, monosac-
charides units, and volatiles which further decompose to low molecular weight
compounds at severe conditions of temperature, times, pressures, and catalysts.
Thermochemical decomposition of cellulose and hemicellulose typically produces
various fuel sources including bio-char, bio-oil, bio-crude, and syngas, along with
diverse substances such as anhydrosugars (levoglucosan, mannosan, galactosan),
furans (furfural, 5-hydroxymethylfurfural), organic acids (acetic acid, formic acid,
levulinic acid), ketones, and aldehydes. Cellulose and hemicellulose are the most
abundant constituents in lignocellulosic biomass. Understanding the mechanism of
thermochemical conversion of cellulose and hemicellulose leads to the choice of
suitable biomass feedstocks and the transformation process for targeted production.
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6.1 Introduction

Thermochemical conversion processing is the use of heat to decompose and trans-
form biomass feedstocks into power, fuels, and chemical products. Thermochemical
processing occurs at high temperatures from several hundred to 1000 °C or even
higher. Therefore, thermochemical processes take place in a short time, in seconds
or minutes, compared to hours or days for biochemical processing. Thermochemical
processes can be classified into combustion, pyrolysis, gasification, and liquefaction.
Biomass combustion has long been used to supply heat and power in the industry.
Combustion is the complete oxidation of all organic matters in biomass using suffi-
cient oxygen, while gasification of biomass is performed by partial oxidation of
solid biomass feedstocks to produce a mixture of gases at high temperatures using a
controlled amount of oxygen. Pyrolysis is the thermal decomposition of biomass into
bio-char, bio-oil, and syngas in the absence of oxygen. Liquefaction produces liquid
fuels and various chemical platforms from biomass that occurs at mild temperatures
in the presence of pressurized water or solvent (Buendia-Kandia et al. 2020; Robert
and Kaige 2017). Each process has its own characteristics and uses different reaction
conditions, such as temperature, heating rate, residence time, pressure, purge gas
flow rate, and catalyst. The yield and composition of the product depend not only on
the operating parameters but also on the physicochemical properties of biomass feed-
stock. Lignocellulosic biomass is mainly composed of cellulose, hemicelluloses, and
lignin. Cellulose is rigid and dense because of its highly ordered structure. Hemicel-
Iuloses are heterogeneous polymers of hexose and pentose sugars and are less stable
than cellulose. Lignin is much more difficult to completely decompose as compared
to cellulose and hemicellulose due to its complex aromatic structure. These compo-
nents that vary from one biomass to another are able to make interactions with
each other during thermochemical processes, thus resulting in diverse products with
different yields and qualities (Patel et al. 2020). For a better understanding of the
mechanism of thermochemical biomass conversion, the processing of the individual
components such as cellulose and hemicellulose have been widely performed and
investigated. Understanding the decomposition mechanism of each biomass compo-
nent can provide important information for the effective transformation of biomass
into target products, such as energy, power, or chemical products. In this chapter, we
discuss the characteristics and behaviors of thermochemical conversion processes
of cellulose and hemicellulose including combustion, pyrolysis, liquefaction, and
gasification, and their main products (Fig. 6.1).
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Fig. 6.1 General behaviors of thermochemical conversion technologies and their main products.
Dotted line: conversion of hemicellulose; solid line: conversion of cellulose

6.2 Cellulose

Cellulose is the most abundant organic polymer on earth, which is an important struc-
tural component of the plant cell wall (Borjesson and Westman 2015). Cellulose is a
linear homo-polysaccharide composed of D-glucose monomers linked together by 8-
1,4 glycosidic bonds. The degree of polymerization of cellulose depends on its source
and ranges from several hundred to over ten thousand. Structurally, cellulose is made
up of highly ordered crystalline regions and amorphous parts (Amenaghawon et al.
2021; Collard and Blin 2014; Hendriks and Zeeman 2009). These crystalline regions
give mechanical stability, hydrophobicity, and chemical recalcitrance to cellulose
microfibrils. These microfibrils are arranged and bound to biomass matrices such
as hemicellulose and lignin to form bundles or macrofibrils. In addition, multiple
hydroxyl groups in the cellulose can form intermolecular hydrogen bonds among
different cellulose chains or intramolecular hydrogen bonds within the polymer itself.
The high crystallinity and high degree of hydrogen bonds in the cellulose microfibrils
give cellulose fibers strength and stiffness (Borjesson and Westman 2015; Pinkert
et al. 2009).

6.3 Hemicellulose

Hemicellulose is a heterogeneous and complex polymer of different sub-constituents
such as pentoses (xylose and arabinose), hexoses (glucose, mannose, galac-
tose), hexuronic acids (4-O-methyl-D-glucuronic acid, D-glucuronic acid, and D-
galacturonic acid), acetyl groups, and small amounts of L-rhamnose and L-fucose
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(Patel et al. 2020; Zhou et al. 2018). Hemicellulose accounts for 15-30% of ligno-
cellulosic biomass compositions (Wang et al. 2021). Compared to cellulose, hemi-
cellulose has a lower molecular mass and degree of polymerization. Unlike cellu-
lose, hemicellulose is made up of amorphous regions and branched, making it less
stable and more prone to decomposition than cellulose (Amenaghawon et al. 2021;
Laureano-Perez et al. 2005). Hemicellulose is cross-linked with cellulose and lignin
to strengthen the plant cell wall structure. The types and compositions of hemicellu-
lose vary according to their source. Xylan is the predominant hemicellulose in hard-
wood and herbaceous biomass, while mannan is found mainly in softwood (Carrier
etal. 2011; Zhou et al. 2016). Xylan usually consists of a backbone of f -(1-4)-linked
xylose monomers which might attach side chains containing 4-O-methyl-glucuronic
acid, glucuronic acid, arabinose, galactose, and glucose (Ebringerovi et al. 2005).
Mannan is composed of a backbone of B-(1-4)-linked mannose units or B-(1-4)-
linked mannose and glucose (glucomannan) with/without galactose-containing side
chains (Amenaghawon et al. 2021; Zhou et al. 2016) (Table 6.1).

6.4 Combustion

Combustion is the most feasible and conventional way to utilize biomass as a renew-
able energy source by cleaving the chemical bonds of fuel and generating a series
of reactions in the presence of air or oxygen under the heat. To evaluate combustion
performance, it is important to recognize the chemical composition and physical
characteristics of biomass. Thermogravimetric analysis (TGA) is typically used to
investigate thermal decomposition characteristics of solid materials based on weight
change at the determined heating rate as a function of time or temperature. The struc-
ture and chemical composition of lignocellulosic fibers (cellulose, hemicellulose, and
lignin) greatly influence their thermal degradation, and the differential thermal anal-
ysis is an effective method to investigate the thermal behavior of the biomass (Chen
et al. 2017; Jiang et al. 2017; Sefain et al. 1985).

6.4.1 Combustion of Cellulose

TGA analysis showed that the combustion of pure cellulose showed only one peak,
which could be explained by the occurrence of only the combustion of the volatile
fraction of cellulose (Boukaous et al. 2018). Combustion kinetics can be gained by
using a multi-Gaussian-distributed activation energy model and density-functional
theory (Wang et al. 2021; Yu et al. 2021). For combustion of cellulose, reactive
force field molecular dynamics (ReaxFF-MD) simulations were applied to study
the thermal decomposition of amorphous and partially crystalline cellulose (i.e.,
microfibrils). By following the complete transformation of cellulose into low molec-
ular weight products, scientists found the decomposition begins with glycosidic bond
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cleavage. Particularly, the crystallinity has no appreciable effects on the mechanism
or kinetics of chain scission (which is generated by glycosidic bond cleavage occurs
during cellulose decomposition), the evolution of the molecular weight distribution,
or the low molecular weight products (Paajanen et al. 2021).

Stochastic reactive molecular dynamics (RMD) simulations were used to identify
and analyze the primary thermal decomposition reactions of an isolated cellulose
molecule at a range of temperatures from 1400 to 2200 K (1127-1927 °C), and the
results suggest that the decomposition occurs primarily through random cleavage of
the (1-4)-glycosidic bonds by an activation energy of (171 & 2) kJ.mol-1(Paajanen
and Vaari 2017). When cellulose is combusted at temperatures above 300 °C, levoglu-
cosan (1,6-anhydro-p-D-glucopyranose) is the most abundant monosaccharide anhy-
dride that was released. Levoglucosan is considered as a molecular marker for the
combustion of cellulose (Kuo et al. 2008; Li et al. 2019; Ruan et al. 2020; Segato
et al. 2021).

Cellulose combustion typically releases carbon monoxide and carbon dioxide.
The mechanism of carbon monoxide release in cellulose combustion was investigated
by using molecular dynamics (MD) simulations together with ReaxxFF to analyze
reactions of cellobiose oxidation at different temperatures. Basically, this approach
uses molecular dynamics simulations equipped with a reactive force field to study
the formation of cellobiose from the cellulose oxidation process. The production of
carbon monoxide is highly dependent on the abundance of formyl and carboxyl
groups, which are formed through cellobiose decomposition. Elevated tempera-
tures cause more carbon monoxide to be released. Subsequently, the formed carbon
monoxide is oxidized into carbon dioxide, where reaction steps for the formation
and decomposition of the carboxyl group are involved. The simulation results help
to identify critical reaction steps and lead to the development of a method to reduce the
concentration of free radicals, which then allows the formation of carbon monoxide
to be reduced (Barzegar et al. 2020; Hao et al. 2020; Luo et al. 2018).

6.4.2 Recent Applications of Cellulose Combustion

A new synthetic method known as combustion synthesis (CS) has emerged and gained
considerable research attention due to it being fast and economic and involving
simple synthesis steps. Using a thin cellulose paper, the technique called “Cellu-
lose Assisted Combustion Synthesis” (CACS) or “Impregnated Layer Combustion
Synthesis” (ILCS) has been applied for the synthesis of electrode materials, metal
oxides, ceramics, catalysts, plus other products (Kumar 2019). Cellulose-based mate-
rials with their excellent film-forming properties, mechanical properties, and flame-
retardancy, have found application in the battery industry. In this process, cellulose
was prepared in a membrane, with excellent infiltration of the electrolyte and flame-
retardant performance, namely DOPO-Cinnamoyl Cellulose (DCC), then assembled
into a lithium-ion battery. The corresponding battery characterization was then tested
for its cycle and rate stability. The test results showed excellent characteristics and
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enhanced battery performance making the cellulose-based composite materials a
very promising separator for high power applications, which broadens their uses in
the field of energy storage devices (Liu et al. 2021).

Cellulose combustion can also be applied in making Ni-MgO catalysts with cellu-
lose paper being impregnated with Mg(NOs3),, Ni(NOs3),, glycine solutions, and their
different combinations. It was established that the combustion mechanism changes
as a function of the impregnated media composition, and after combusting, the
resulting materials had a highly porous, sponge-like microstructure (Danghyan et al.
2020). Using a single-step nitrate-cellulose combustion synthesis, a novel method
was proposed to produce MnO/carbon composites, in which the MnO nanoparticles
were embedded into a porous carbon matrix, that resulted in a MnO/carbon composite
with enhanced cycling performance and capacity retention, as it had potential to be
an anode alternative for high-performance lithium-ion battery (Zhu et al. 2016).

To have a deep understanding of the mechanism, scientists developed a novel
model for the combustion of reactive solutions impregnated into a cellulose carrier,
which were shown to be effective in the synthesis of metallic oxides with a nanoscale
microstructure, that made the cellulose-assisted combustion materials suitable for
catalyst applications. Basically, the model involved three reactions: (1) combustion
of the carrier matrix, (2) an endothermic reaction related to the decomposition or gasi-
fication of the synthesis reaction precursors, and (3) the exothermic oxide synthesis
reaction. The results indicated that manipulation of the cellulose burning reaction
was the most favorable to increase the reaction yield of the composite materials
(Lennon et al. 2011).

6.4.3 Combustion of Hemicellulose

Hemicellulose combustion occurs via a two-step process: (1) Reduced degree of
polymerization in the first step; and (2) Decomposed into volatiles and char in the
second step. The ignition temperature is the temperature at which the combustion
reaction begins, while the final temperature indicates the end of the combustion
reaction, which is essential to ensure the perfect design of the combustor and avoid
unburned solid fuel at the outlet of the reactor. In the first step, hemicellulose requires
the lowest ignition temperature and also gains the lowest final temperature. However,
in the second step, the ignition and final temperature of hemicellulose are higher
than those required for the other components and just only lower than that of lignin.
TGA characteristic curves showed the presence of three peaks, two of them were
completely overlapped and could be explained by the heterogeneity of hemicellulose,
which is mainly constituted of xylose along with small parts of glucuronic acid and
other sugars (Boukaous et al. 2018). Through the process, mannosan and galactosan
are considered as molecular markers for the combustion of hemicellulose (Kuo et al.
2008; Li et al. 2019; Ruan et al. 2020; Segato et al. 2021).
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6.5 Pyrolysis

Pyrolysis is the thermochemical conversion process of biomass feedstock in the
absence of oxygen to break down the large complex polymers present in the biomass
into smaller fragments and molecules. The pyrolysis process is initiated by the evapo-
ration of water, followed by primary decomposition and secondary reactions. Primary
decomposition consists of three pathways including char formation, depolymeriza-
tion, and fragmentation (Collard and Blin 2014; Lu et al. 2011; Van de Velden et al.
2010; Wooten et al. 2003). The charring process involves the formation of aromatic
polycyclic structures of chars in which benzene rings are formed, combined, and
rearranged (Cho et al. 2010; McGrath et al. 2003). Depolymerization breaks down
the linkages in the biomass polymers, resulting in a decrease in the degree of polymer-
ization of the chains and releasing volatile compounds (Azeez et al. 2011; Madhua
et al. 2020). Fragmentation occurs in the linkage of the polymers even within the
monomer units, leading to the formation of small condensable organic compounds
and incondensable gases (Collard and Blin 2014; Kostetskyy and Broadbelt 2020).
Secondary reactions include cracking or recombination (Chen et al. 2019a). Cracking
reactions involve the breaking of chemical bonds within the unstable and volatile
compounds, which results in the formation of lower molecular weight molecules
(Collard and Blin 2014; Neves et al. 2011). In contrast, released volatile compounds
can be recombined together to yield higher molecular weight molecules (Orcid et al.
2017; Wei et al. 2006). The products of pyrolysis are divided into three groups
including carbon-rich solids (char), liquid products of condensable vapors (tars and
oils), and non-condensable species (Abhijeet et al. 2020; Patel et al. 2020; Robert and
Kaige 2017). The yield of each fraction depends on the heating rate and residence
time. The slow heating rates and long residence times favor the production of solid
char, while high heating rates and short residence times facilitate the production of
vapor products. It is considered as slow pyrolysis when the heating rate is below
10 °C/s, fast pyrolysis when it is higher than 100 °C/s, and flash pyrolysis when
the process is performed at higher than 500 °C/s. Biomass pyrolysis has been used
for centuries and continually improved since it provides many benefits and serves
as a sustainable means of producing biofuels, biochemicals, and other commodities
(Amenaghawon et al. 2021; Robert and Kaige 2017).

6.5.1 Slow Pyrolysis

Slow pyrolysis is the oldest form of biomass pyrolysis that usually occurs over a
long period of time using slow heating rates to produce charcoal or bio-char as
the main product. Lower heating rates and long residence times facilitate the re-
polymerization reactions of the biomass constituents, which may generate a poly-
cyclic carbon structure and maximize the yield of solid bio-char. Most of the slow
pyrolysis literature focused primarily on the production of carbon-rich solids, thus
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the process is called carbonization (Gabhane et al. 2020). Carbonization is carried
out over a wide temperature range from 300 to 900 °C.

Temperature plays the most important role in the production of bio-char by slow
pyrolysis. The processing temperature determines the structural and physicochemical
properties of bio-char such as surface area, pore structure, surface functional groups
and elemental composition (Tag et al. 2016). It was found that high pyrolysis temper-
ature resulted in increased specific surface area, pore-volume, and carbon content of
bio-char but reduced bio-char yield, nitrogen, oxygen, and hydrogen content (Chat-
terjee et al. 2020; Dhar et al. 2020; Ferraro et al. 2021; Moradi-Choghamarani et al.
2019; Salam et al. 2020). Bio-char with a high specific surface area, large pore size,
and elevated carbon content have potential applications in pollution remediation, soil
fertility improvement, and carbon sequestration (Agnieszka et al. 2020; Tag et al.
2016).

Torrefaction is another type of slow pyrolysis which is performed at mild tempera-
tures between 200 and 300 °C in the absence of oxygen to produce torrefied biomass
(Boateng, 2020). During the torrefaction process, water and volatile compounds
in the biomass feedstock are released resulting in the formation of a dark solid
material (torrefied biomass) that exhibits higher energy density and greater homo-
geneity compared to the original feedstock (Amenaghawon et al. 2021). Currently,
torrefaction has been investigated intensively and is gaining a high capability to be
implemented at an industrial production scale.

6.5.1.1 Torrefaction of Cellulose

Previous studies mainly investigated the effects of torrefaction pretreatment on the
chemical structure and pyrolysis behaviors of whole biomass, while a few studies
focused on the structural transformation of cellulose. The reaction temperature signif-
icantly affects the distribution of the products from cellulose pyrolysis. The torrefac-
tion of cellulose slowly occurred at 200 °C to produce solid char as the main product,
along with a small amount of bio-oil, but no gaseous products were generated at
below 250 °C. As the temperature was increased, the yield of bio-char decreased
while bio-oil production was elevated (Zhang et al. 2021). The formation of an inter-
mediate product called “active cellulose” or anhydrocellulose was reported during
the processing below 300 °C (Paajanen and Vaari 2017). Active cellulose is obtained
from partial depolymerization of the cellulose, whereas anhydrocellulose is formed
after the dehydration reactions. For application, cellulose can be directly used for the
production of hydrocarbon-rich bio-oil using integrated microwave torrefaction and
ZSM-5 catalyst, but the results are not equal in comparison to those from biomass
(Buetal. 2021; Shen and Gu 2009; Zhou et al. 2020). Significant influences of metal
salts, such as chlorides (CaCl,, ZnCl,, MgCl,, and Al,03), hydroxides (Ca(OH),
and Mg(OH),), and acetates (Ca(CH3COO),) on the torrefaction of cellulose, indi-
cated that the conversion mechanism of torrefaction process needed to be intently
considered before scaling up to the industrial application (Atienza-Martinez et al.
2017; Tancredi et al. 2017; Zhao et al. 2020; Zhou et al. 2020).
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6.5.1.2 Torrefaction of Hemicellulose

According to the TGA profile, the thermal decomposition of hemicellulose occurs
at a temperature range of 200-350 °C (Collard and Blin 2014; Zhou et al. 2016).
The lower thermal stability of hemicellulose compared to cellulose is attributed to
its amorphous structure and its lower degree of polymerization. Therefore, hemicel-
lulose requires lower temperature and activation energy for thermal decomposition
(Chen et al. 2019b; Negi et al. 2020; Zhou et al. 2016). The structural changes
in hemicellulose after torrefaction, even disappeared at higher torrefaction temper-
atures (250-300 °C), probably is caused by the removal of hydroxyls in hemi-
cellulose resulting in the generation of carboxyl and conjugated ketone, based on
two-dimensional perturbation correlation analysis using Fourier transform infrared
spectroscopy (Chen et al. 2015; Wang et al. 2016a). After torrefaction, oxygen
content decreases significantly, leading to the increase of a high heating value. The
results obtained from analyzing two-dimensional perturbation correlation based on
diffuse reflectance infrared Fourier transform spectroscopy showed that the dehy-
dration of hydroxyls and the dissociation of branches were the main reactions at low
torrefaction temperature, but when the temperature was increased, the depolymeriza-
tion of hemicellulose and the fragmentation of monosaccharide residues occurred.
Via the activation energy model, the results showed that hemicellulose torrefaction
process enhanced the activation energy but decreased the yields of torrefied prod-
ucts (Cahyanti et al. 2021; Wang et al. 2016b). The torrefaction process strongly
affects the degradation of hemicellulose, that leads to the increase of carbon content,
decreased H/C and O/C ratios, increased mass energy density, higher heating value,
better grindability, higher hydrophobicity, and resistance to biodegradation (Niu et al.
2019; Zheng et al. 2021).

6.5.2 Fast Pyrolysis

In contrast to slow pyrolysis, fast pyrolysis involves the use of a high heating rate,
short residence time (<2 s), and rapid vapor cooling to obtain bio-oil, mixed gases,
and solid char (Pawar et al. 2020). During the fast pyrolysis process, rapid decom-
position of the biomass occurs with the formation of vapors and aerosols, which are
condensed after quenching to recover a darkish brown liquid known as bio-oil. Slow
pyrolysis gives high solid yields with low liquid yields, while fast pyrolysis gives
high liquid yields with low solid yields (Amenaghawon et al. 2021). Fast pyrolysis is
the most popular technique for the production of liquid fuels and various commodity
chemicals.

Recently, bio-oil produced through the fast pyrolysis process has attracted consid-
erable attention since it provides potential uses as renewable biofuels source, biofuel
additives, and as a precursor for the production of specialty chemicals (Patel et al.
2020). The quality and yield of bio-oil produced by fast pyrolysis are affected by
not only processing conditions but also the chemical composition of the biomass
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feedstock. Many studies have shown that the optimum temperatures for obtaining
high liquid yields were between 450 and 550 °C, and bio-oil yields varied according
to the type of biomass used. It was reported that biomass feedstocks with moisture
content less than 10% and particle size of 2-3 mm were the primary requirements
for achieving a high heating rate and heat transfer during fast pyrolysis (Pandey et al.
2015).

Moreover, the pyrolysis reactor must be designed and controlled to heat up the
biomass rapidly and cool the vapor phase to make it condense to form the bio-oil
products in seconds (Robert and Kaige 2017). Several configurations of reactors are
used for pyrolysis including bubbling fluidized bed, circulating fluidized bed, conical
spouted bed, ablative reactor, rotating cone, vacuum pyrolysis reactor, entrained flow
reactor, wire mesh reactor, and auger (twin screw) reactor. The fluidized bed is the
most widely used pyrolysis reactor because it is simple to design, construct, and
operate. Moreover, it is proven to exhibit a high heat transfer rate, good tempera-
ture control, temperature uniformity, and large heat storage capacity (Boateng 2020;
Pandey et al. 2015). A circulating fluidized bed reactor is similar to a bubbling
fluidized bed except for the velocity of the gas used to fluidize the bed. In the circu-
lating fluidized beds, the gas velocity is set high enough to transport char and heat
carrier particles (e.g., sands) to the second combustor. The sand stream is reheated
through the char combustion process and then recirculated to the fluidized bed to
heat up the biomass feedstock. Circulating fluidized bed reactors have been used for
obtaining a high yield of bio-oil from sugarcane bagasse (78%) (Treedet and Sunti-
varakorn 2018), sawdust, giant Miscanthus, and empty fruit bunch (60%) at pilot
scale (Park et al. 2019). Another technology is the rotating cone reactor in which
biomass feedstock and hot sand are fed near the bottom of a cone at the same time.
The centrifugal forces generated by the rotation of the cone enable the particles to
move upwards without the need for large volumes of carrier gas. Hot sand is then
recycled back to the rotating cone reactor. The Biomass Technology Group (BTG)
has commercialized this reactor that converts biomass feedstock into bio-oil as the
main product in just 2 s. It has been reported that a conical spouted bed reactor is
suitable for the fast pyrolysis to obtain high bio-oil yields from rice husk (70%)
(Alvarez et al. 2014) and eucalyptus waste (75.4%) (Maider Amutio et al. 2015).
The outstanding features of the spouted bed reactor include high heating and mass
transfer rates, short residence time, and continuous char removal, which accelerate
de-volatilization reactions and minimize the cracking of these components (Alvarez
et al. 2014; Amutio et al. 2012).

6.5.3 Flash Pyrolysis

Efforts have been carried out to increase the heating rate and minimize the residence
time of the vapor phase to improve the production yield of bio-oil from biomass
pyrolysis. High bio-oil yields of 75-80% can be achieved by flash pyrolysis occurring
at high temperatures (>800 °C) using very high heating rates (>1000 °C/s) and
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very short residence times (<0.5 s) (Pawar et al. 2020). Feedstock particle size less
than 0.2 mm is a primary requirement to achieve such a high heating rate and heat
transfer rate (Amenaghawon et al. 2021; Balat et al. 2009; Dada et al. 2021). Rotating
cone and conical spouted bed reactors are considered good configurations for the
flash pyrolysis process due to their high heat transfer rates and short residence time
(Amutio et al. 2012; Papari and Hawboldt 2015).

6.5.4 Pyrolysis of Cellulose

TGA is the most common analytical method used to study the mechanism of polymer
degradation. TGA of cellulose showed that the cellulose is thermally degraded at a
temperature range of 300—400 °C with the highest decomposition rate between 330
and 370 °C (Collard and Blin 2014; Zhou et al. 2016). The reaction temperature
significantly affects the distribution of the products from cellulose pyrolysis. Bio-oil
yield increased with increasing temperatures and was maximized at 450-500 °C.
Further increase in the temperature resulted in a gradual decrease in the yield of
tar and bio-oil. In contrast, the conversion of cellulose into gaseous products was
dominant at above 600 °C and the yield of syngas including CO, CO,, CHy4, and H,
significantly increased with increasing temperatures (Zhang et al. 2021).

Pyrolysis of cellulose produces several products classified into three groups:
anhydrosugars, low molecular weight (LMW) compounds, and furans. Anhydro-
sugars are formed by transglycosylation reactions (Junior et al. 2020). Levoglucosan
(LG) is the most abundant anhydrosugar (up to 80% in relative peak area) from
cellulose pyrolysis (Collard and Blin 2014; Junior et al. 2020; Yang et al. 2020a).
The yield of levoglucosan is affected by processing temperatures, residence times,
and the degree of polymerization of the cellulose chains (Wang et al. 2020a; Yang
et al. 2020a). The subsequent decomposition of LG produces LMW compounds,
such as 1-pentene-3,4-dione, acetaldehyde, 2,3-dihydroxypropanal, and propanedi-
aldehyde from C —O bond breaking reactions (Zhang et al. 2012). The levoglu-
cosan vaporized above 500 °C contributes mainly to gaseous and liquid streams
rather than solid char formation (Banyasz et al. 2001; Basu 2013). Other anhydro-
sugars were found in much smaller proportions than LG, such as levoglucosenone,
1,4:3,6-dianhydro-a-D-glucopyranose, 2,3-anhydro-D-mannosan, and 1,6-anhydro-
B-D-glucofuranose. LMW compounds from cellulose pyrolysis include glycoalde-
hyde, pyruvaldehyde, hydroxyacetone, and glyceraldehyde (Patwardhan et al. 2011;
Yang et al. 2020a). Organic acids such as formic acid, acetic acid, and propionic
acid also were detected among the LMW pyrolytic products (Patwardhan et al.
2011; Wamg et al. 2012, 2020b). Furans are formed by open-ring reactions and
dehydration from the glucopyranose structure (Junior et al. 2020). The yields of
furans (5-hydroxymethyl furfural, furfural, 2-furan methanol, 3-furan methanol, and
5-methyl furfural) varied with operating conditions. It is noted that the furan ring
is very stable, but its side groups (methyl or oxygenated groups) are less stable and
are readily cleaved or rearranged with increasing temperatures. Decomposition of
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furans led to an increase in the formation of low molecular weight compounds and
gaseous species. 5-Hydroxymethyl furfural (5-HMF) and furfural, the attractive plat-
form chemicals, were found to be the most abundant furans (Patwardhan et al. 2011;
Yang et al. 2020a). In a previous study, the furans content reached the highest value,
about 35% (in relative peak area), and changed little with increasing temperature.
It is proven that the thermal degradation of pentose sugars (xylose and arabinose)
tends to yield furfural, whereas the processing of hexose sugars (glucose, mannose,
and galactose) tends to produce 5-HMF (Zhou et al. 2016). Further decomposition
of 5-HMF via fast pyrolysis at 600 °C was performed and resulted in the release of
72.8% furfural. This evidence demonstrated the presence of furfural as a predomi-
nant secondary product of cellulose pyrolysis reported in the literature (Collard and
Blin 2014; Wang et al. 2012).

6.5.5 Pyrolysis of Hemicellulose

According to the TGA profiles, the entire thermal degradation of hemicellulose could
take place in three steps. The first step includes the dehydration and cleavage of the
side chains of hemicellulose with slight mass loss. The dissociation of side chains in
xylan occurs readily due to its relatively low energy of activation (Dai et al. 2021).
Acetic acid was reported as the major product in xylan pyrolysis which was formed by
the cleavage of acetyl groups attached to the backbone of xylan (Zhou et al. 2016).
The main pyrolysis, which occurs in the second step, is responsible for the most
mass loss through a sequence of reactions such as dehydration, decarboxylation, and
decarbonylation. Finally, in the third step, further decomposition of hemicellulose
occurs to release volatiles from the residue resulting in a slight mass loss (Collard
and Blin 2014; Peng and Wu 2010).

Xylan is the most abundant hemicellulose in nature. Xylan is typically used
as a model compound for understanding the mechanism of hemicellulose pyrol-
ysis. Pyrolysis of xylan typically yields 20-30% char, 10-20% non-condensable
gas species, and 40-60% bio-oil (Zhou et al. 2018). The non-condensable gaseous
products include H,, CO, CO, and light hydrocarbons such as CHy4, C;Hg, and
C3;Hg. Bio-oil mainly includes acids (acetic acid and formic acid), furans (furfural),
anhydrosugars (anhydroxylose and dianhydroxylose), aldehydes, ketones, and minor
aromatic compounds (Zhou et al. 2016, 2018).

Hemicellulose is composed of heterogeneous and diverse monomers. Pyrol-
ysis of hemicellulose generates more complicated and various product distributions
compared to cellulose pyrolysis. Hemicellulose pyrolytic products are mainly cate-
gorized into two groups including light oxygenated compounds and furans. Light
oxygenated compounds mainly include glycoaldehyde, acetaldehyde, 1-hydroxy-2-
propanone, 4-hydroxy-5,6-di-hydro-(2 H)-pyran-2-one, and 1-hydroxy-2-butanone,
among which glycoaldehyde is detected as the most abundant compound (Werner
et al. 2014). Furfural is widely reported as a major furan in hemicellulose pyrolysis
(Zhou et al. 2018). Furfural is derived from thermal degradation of pentose units or by



6 Thermochemical Conversion of Cellulose and Hemicellulose 121

secondary decomposition of 5-hydroxymethyl furfural (5-HMF) (Usino et al. 2020).
Hemicellulose rich in acetyl groups attached to its backbone yields more acetic acid
as a major product (Wang et al. 2015). Furans and acetic acid contents decrease with
increasing temperatures (Wang et al. 2015).

6.6 Liquefaction

Liquefaction (hydrothermal liquefaction) is a process responsible for the conversion
of lignocellulosic biomass into bio-liquid and/or crude oil-like products at tempera-
tures of 280-370 °C and pressures of 10-25 MPa in the absence of oxygen (Khati-
wada et al. 2021; Yang et al. 2020a). This technology has much attraction to produce
renewable fuels due to its low operating temperatures and fast reaction rates, and
the use of wet feedstocks without the need for an energy-intensive drying process
(Amarasekara and Reyes 2020; Khatiwada et al. 2021; Song et al. 2020). There are
two types of liquefaction, which include aqueous liquefaction (using water) and non-
aqueous liquefaction (using organic solvents such as methanol, ethanol, isopropanol,
phenol, and others). The aqueous liquefaction is typically carried out in subcritical
water and requires catalysts such as Brgnsted or Lewis acids and metal oxides such as
MnO, CaO, CeZrOx, Raney Ni-NaOH, Na,COs3, Fe-zeolite, Na,CO3-Fe. Aqueous
liquefaction generally gives higher quality and quantity of bio-oil compared to non-
aqueous liquefaction (Amarasekara and Reyes 2020; Feng et al. 2018; Song et al.
2020; Yang et al. 2020a).

6.6.1 Liquefaction of Cellulose

Under thermochemical liquefaction, cellulose is mainly hydrolyzed into monosac-
charides and further to acids, aldehydes, ketones, and other products. Cellulose
is decomposed into soluble sugars (cellobiose, lactose, and glucose) as primary
products in subcritical water at 200—300 °C. Soluble sugars subsequently undergo
secondary reactions of isomerization, dehydration, and retro-aldol condensation to
form D-erythrose, glycolaldehyde, and furfural, which are further degraded to smaller
species. A significant decrease in soluble products was observed with increasing
reaction times because the sugars were readily degraded to carboxylic acids, ketone,
and aldehydes (Gagic et al. 2018; Wang et al. 2020a). These products then can be
upgraded to liquid fuels, platform biochemicals, and commodity chemicals such as
ethanol, liquid alkanes, 5-hydroxymethylfurfural (5-HMF), furfural, and acetic acid.
The results obtained in several studies showed that cellulose could be liquefied with
high efficiency (Li et al. 2020; Peng et al. 2018; Wang et al. 2020b; Xu et al. 2019).

Catalyst is one of the key factors that affect the quantity and quality of liquefaction
products. In addition to acidic, alkali, and metal catalysts, glycol organosolv and
supercritical ethanol (with 2,2,6,6-Tetramethylpiperidinooxy-TEMPO) processes
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have recently received much attention, due to their environmental benefits, low
viscosity, and high solubility (Jasiukaityté-Grojzdek et al. 2021; Liu et al. 2020;
Sun et al. 2020a). Hydrothermal liquefaction with metallic-Fe catalyst is still the
most effective process for producing water-soluble fraction, thereby enhancing the
hydrocarbon yield (Hirano et al. 2020).

Cellulose liquefaction shows great promise for using cellulose as a supporting
substrate or template material in photothermal plastic due to its renewability, degrad-
ability, abundant availability, and low cost. In fact, cellulose composite materials
have been successfully developed and applied in various fields such as antibacterial
compounds, UV shielding, catalysis, flame retardant, fluorescence, metal ion adsorp-
tion, and supercapacitor (Sun et al. 2021b; Zimmermann et al. 2021). In liquefaction
technology, solvent is one of the key factors. Water, low-carbon alcohols, supercrit-
ical fluids, and hydrocarbon-based solvents such as n-alkanes are often employed in
cellulose liquefaction (Li et al. 2021).

The increasing trends of using biomass as an alternative to fossil fuels lead to
the formation of the biorefinery concept, which now utilizes a range of biomass
and known conversion technologies to produce green chemicals and polymers
without impacting food and feed security. Among them, biopolyols and polyurethane
obtained by direct conversion of separated cellulose or lignocellulosic biomass
through liquefaction technology were listed among the “Top 10” platform chem-
icals in a report prepared by the Pacific Northwest National Laboratory (PNNL)
and the National Renewable Energy Laboratory (NREL) (Ge et al. 2018). Interest-
ingly, polyurethane foams were produced via cellulose liquefaction in the presence
of crude glycerol, which indicated that cellulose could be a good alternative material
to produce polyurethane (Ge et al. 2018; Kosmela et al. 2018).

6.6.2 Liquefaction of Hemicellulose

Due to its heterogeneous and complex structure, the product profile of hydrothermal
liquefaction of hemicellulose is complicated and includes a variety of chemicals
such as oligosaccharides, monosaccharides, furfural, glyceraldehyde, acetic acid,
lactic acid, plus others (Ghimire et al. 2021; Song et al. 2020; Yang et al. 2020a).
Hemicellulose decomposition in subcritical water at below 220 °C yielded monosac-
charide sugars, mainly xylose and 4-O-methylglucuronic acid, which were further
degraded into small molecule products such as furfural, formic acid, and acetic acid
at temperatures higher than 220 °C. Xylan usually is used as a model compound in
many studies. Xylan liquefaction resulted in different product distributions through
hydrolysis and oxidation reactions depending on operating conditions. Hydrolysis
occurs via the depolymerization of xylan to soluble sugars, while oxidation promotes
the formation of organic acids. The released organic acids subsequently catalyze the
degradation of the hydrolyzed products into small molecules. Catalysts are typically
used in liquefaction. The presence of a high concentration of oxidizing agent (H,O,)
and/or pressurization facilitates strong oxidative reaction and/or acidic hydrolysis,
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yielding xylo-oligosaccharides, xylose, arabinose, glucose, acetic acid, and their
decomposition compounds, which include furans and organic acids (Phaiboonsilpa
et al. 2020; Zhou et al. 2016). In the presence of ethylene glycol, xylan was decom-
posed and transferred to the liquid phase, with the average molecular weight of
xylan significantly decreasing after liquefaction. The products from the liquefac-
tion of xylan in ethylene glycol are ethylene glycol derivatives, alcohols, aldehydes,
ketones, some acids, and their esters (Wang et al. 2016a).

6.7 Gasification

Gasification is a thermochemical conversion process that involves complex reac-
tions, pressure changes, and heat and mass transfer. In general, gasification is used to
convert solid fuels (coal or biomass) into value-added products or to release heat for
heating and power generation at high temperatures without combustion. Gasifica-
tion requires oxygen, air, and steam to convert carbonaceous materials into gaseous
fuels. Fixed bed and fluidized bed gasifiers are common technologies. Basically,
gasification consists of four steps: (1) Drying or dehydration, in which evaporation
of moisture occurs under 150 °C; (2) Pyrolysis, in which devolatilization occurs
at a temperature range of 150-700 °C; (3) Combustion, in which fuel constituents
oxidize and exothermic reactions occur in the temperature range of 700-1500 °C;
and (4) Reduction, in which endothermic reactions occur in the temperature range
of 800-1100 °C (Ong et al. 2019; Soomro et al. 2018; Yang et al. 2020a; Yu et al.
2018).

6.7.1 Gasification of Cellulose

Cellulose consists of several hundred to many thousands of B-glycosidic bonds
linking D-glucose units, which are not stable and tend to cleave at high temperatures.
It was observed that cellulose began to decompose at 180 °C and the reaction rate
was much faster with increasing temperature and residence time, leading to sugar
degradation to carboxylic acids, ketone, and aldehydes. Glucose was completely
decomposed in 60 s at 300 °C, but only in 0.5 s at 460 °C (Yang et al. 2020a).
Degradation of levoglucosan, the major volatile intermediate being produced from
cellulose gasification, was completed at a temperature range of 550-700 °C within
only 0.11-0.45 s (Fukutome et al. 2017).

Normally, gasification requires a catalyst to increase efficiency while reducing
temperature and time. Among these, alkali and alkaline earth metals and Ni-based
catalysts are commonly used in the gasification process (Ong et al. 2019). Cellulose
gasification produces the largest amount of H; in the absence of steam and catalyst,
but adding the Ni-based catalyst significantly increases the gas yield, particularly for
H, production (Hassan et al. 2020). Moreover, nickel-based catalysts were used and



124 A. Q. Nguyen and L. T. P. Trinh

gained the highest H, yield from gasification, especially in the presence of SiO; (Sun
et al. 2020b; Taylor et al. 2020). To enhance H, production, scientists have proposed
using pure cellulose instead of lignocellulosic biomass and also suggested that a
combination of gasification of cellulose and dark fermentation may give a higher
hydrogen yield (Hassan et al. 2020). Ca-Fe oxygen carrier is a potential material for
efficient lignocellulose conversion and hydrogen-enriched syngas production, acting
as catalysts to promote cellulose decomposition (Tang et al. 2021). CaO sorption
enhanced the gasification efficiency of biomass for hydrogen-rich syngas production,
demonstrating its potential as an inexpensive catalyst for the gasification process
(Mbeugang et al. 2021). In addition, the highest carbon monoxide (CO) concentration
was found in cellulose gasification compared to those originated from hemicellulose
and lignin, which may be due to the abundance of C—O compounds in cellulose
(Hassan et al. 2020).

Reliance on catalysts is one of the bottlenecks of gasification, so scientists have
proposed other options, in which physical catalysts (Ce/Fe, Ni, etc.) were not used
but replaced by a plasma-catalyst system to produce a cleaner syngas. The results
provided an alternative and cleaner way for gasification, although it still needs to be
evaluated further (Craven et al. 2020; Zou et al. 2018). Recently, scientists proposed
a very low temperature gasification system for cellulose (around 50 °C) by using
glow-discharge plasma. Due to the low temperature, pyrolysis did not occur, but a
very long retention time (90 h) was required. Interestingly, no tar formation was
observed, indicating that all of the cellulose was decomposed into gaseous products.
This achievement demonstrated that clean and complete gasification of cellulose
and/or hemicellulose could be achieved with plasma technology (Minami et al. 2018).

6.7.2 Gasification of Hemicellulose

Xylose and 4-O-methylglucuronic acid were mainly detected in the degradation of
hemicellulose at a temperature below 220 °C, but low molecule weight products such
as furfural, formic acid, and acetic acid were observed at higher temperatures (Berthet
etal. 2016; Hassan et al. 2020). Xylose was completely decomposed in less than 5 s at
a temperature of 300-450 °C and 25 MPa. The decomposition behavior was similar
to that of glucose as they have a homoeologous molecule structure, except that xylose
has one less CH-OH group than glucose. The formation of furfural via dehydration of
xylose was considered to be analogous to that of dehydration of glucose (Fukutome
et al. 2015; Hassan et al. 2020; Tang et al. 2021).

Hydrothermal gasification in either subcritical or supercritical water is an attrac-
tive approach to produce hydrogen from cellulose and hemicellulose, in which
hydrogen yields from hemicellulose normally were higher than those from cellulose
(Garcia-Jarana et al. 2020; Okolie et al. 2020). Moreover, the use of hemicellulose
isolated from biomass not only helps to understand and analyze the catalytic gasifi-
cation characteristics of natural biomass material with high hemicellulose content,
but also gives a considerable method to produce H, from only hemicellulose, with
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the highest amount of H, produced but a lower amount of gasification solid residues
than the whole biomass used (Gokkaya et al. 2020).

6.8 Conclusion

For efficient use of biomass, technologies that employ thermochemical conversions,
including combustion, pyrolysis, liquefaction, and gasification, have demonstrated
high efficiencies and improved environmental performance, leading to their recogni-
tion worldwide. Process mechanisms and characteristics of each technology applying
to cellulose and hemicellulose, which are two main components of biomass, have
been investigated and the reported results have been helpful in identifying poten-
tial applications and useful products. Before they can be implemented in industrial
applications, the related technologies need more research and development efforts
followed by a demonstration at semi-commercial scales. Among the thermochemical
conversion processes, combustion offers potential direct applications, especially in
the innovation of new materials, whereas liquefaction may become a new route for
the production of liquid fuels. Pyrolysis, particularly torrefaction, has been applied
widely for heat and electricity generation, but the technology required sophisticated
designs for specific equipment in industrial scales, while gasification often consumes
extensive energy to reach the required temperatures and pressures. Advances in
biomass processing such as pretreatments and fractionation as well as in system and
engineering process design may enhance the effectiveness of biomass thermochem-
ical conversion into fuels and value-added products with better performance and cost
competitiveness.
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Chapter 7 )
Thermochemical and Catalytic oo
Conversion of Lignin

Charles A. Mullen

Abstract The development of efficient processes to produce high-value chemicals
from lignin remains one of the largest technical hurdles in the development of compet-
itive, sustainable biorefineries. This chapter details progress in thermo-catalytic
lignin conversion with a focus on processes that produce liquid products largely
comprising high-value aromatic monomers. The processes examined include both
pyrolysis and solvent liquefaction. The pyrolysis section covers both non-catalytic
fast pyrolysis and catalytic pyrolysis, while the solvent liquefaction section covers the
liquefaction process catalyzed by acids, bases, and active metals. Both reductive and
oxidative processes will be covered. Also, the recently developed lignin-first biore-
finery concept, where in sifu lignin depolymerization occurs concurrently with its
fractionation from the biomass, leaving a carbohydrate-rich by-product, is covered.
Finally, a summary of the remaining technical challenges in lignin depolymerization
is presented.

7.1 Introduction

Lignocellulosic biomass is the most abundant source of renewable carbon on Earth,
and its efficient conversion to fuels, chemicals, and materials is the foundation of
a bioeconomy that can displace our society’s dependence on fossil fuels. In the
United States alone, more than one billion tons of lignocellulosic biomass can be
sourced annually without interfering with food production (Langholtz et al. 2016).
This biomass is composed primarily of cellulose, hemicellulose, and lignin along
with minor amounts of other constituents such as protein, lipids, resins, and minerals
(ash). Existing biorefineries, including pulp mills and biochemical conversion-based
cellulosic ethanol plants, can efficiently convert the carbohydrate fractions (particu-
larly cellulose) of the biomass to products, but both generate an underutilized lignin-
rich by-product. Pulp mills, which have operated for a much longer time than more
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modern biorefineries, utilize only 2% of their lignin for higher value products, and
the remainder is used only for heat generation (Gosselink et al. 2004; Ha et al. 2019).

Lignin is the most abundant natural source of aromatic compounds in the
biosphere, which makes it an attractive renewable feedstock to produce biofuels,
commodity chemicals, and other value-added products. However, given its function
in living plants, to provide rigid structure, strength, and defense, lignin is understand-
ably difficult to convert. Lignin is an amorphous, three-dimensional biopolymer
composed of phenolic units cross-linked by C-C and ether bonds. Unfortunately,
unlike cellulose, few effective biochemical and/or enzymatic methods have been
developed for the depolymerization of lignin. Similarly, even the thermochemical
conversion process utilizing whole biomass achieves conversion to fuel and chem-
ical products from the carbohydrate fractions, but the lignin carbon is often untimely
found in biochar or coke. These deficiencies in lignin conversion leave at least 20% of
biomass carbon extremely underutilized, and this represents an enormous opportu-
nity that must be realized for biorefineries to improve their economic outlook and for
many bio-products to become cost-competitive with their fossil-based counterparts.

This chapter will cover the thermochemical and catalytic conversion of lignin.
The focus will be on the utilization of isolated (technical) lignin or lignin-rich frac-
tions, in contrast to the processing of whole biomass resulting in a simultaneous
reaction of lignin and carbohydrate fractions because the former comes with its own
unique opportunities and challenges. However, it will also cover “lignin-first” routes
to depolymerization, where native lignin within the biomass is converted first, and
the carbohydrate fraction is a by-product to be converted separately (Abu-Omar et al.
2021; Schutyser et al. 2018). This chapter considers processes leading to liquid fuels
and renewable chemicals, especially phenolics. Many of the monomeric phenolics
that can be produced via thermo-catalytic conversion of lignin are shown in Fig. 7.1.
Much of the research focused on the thermochemical conversion of lignin for these
products falls into one of two categories. The first is pyrolysis, which involves the
rapid heating of the lignin to high temperatures (400-700 °C) under an inert atmo-
sphere to produce biochar, bio-oil (organic liquids and water), and noncondensable
gases (Ha et al. 2019; Leng et al. 2022; Fan et al. 2017; Schutyser et al. 2018; Liu
et al. 2020; Cao et al. 2019). The second is solvent phase depolymerization also
called solvent liquefaction or solvolysis (Ha et al. 2019; Patil et al. 2020; Ragauskas
et al. 2014; Rinaldi et al. 2016; Schutyser et al. 2018; Ahmed et al. 2020; Kumar
et al. 2021; Cao et al. 2019; Bourbiaux et al. 2021). There are many different types
of processes that can occur in the solution phase including reductive and oxidative
depolymerization, and their classification depends on catalysts and conditions used.
This chapter does not cover gasification in depth as the technologies used for lignin
are similar to other materials and have been well described (Sansaniwal et al. 2017;
Lee et al. 2021; Braghiroli et al. 2019; Cao et al. 2021; Guo et al. 2021; Hu et al.
2020; San Miguel et al. 2012; Wang et al. 2021a, b). Additionally, carbonization,
(Ragauskas et al. 2014; Elkasabi and Mullen 2021; Stanzione et al. 2016) (Snowdon
et al. 2014) a slower pyrolysis-type process, that is useful for the production of solid
carbon materials such as biochar, carbon black, coke, carbon fiber, and graphite has
also been covered extensively in the literature and will not be covered in this chapter.
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Fig. 7.1 Selected phenolic monomers produced from thermochemical conversion of lignin. Struc-
ture abbreviations found throughout the text and tables of this chapter are defined. True phenolic
types are shown in box, H, G, S, and C

7.2 Lignin Structure and Types

Lignin is situated between cellulose and hemicellulose in plant cell walls and provides
plants structural integrity and defense against natural biological and chemical threats.
It is biosynthesized via radical coupling reactions of three major monolignols,
sinapyl, coniferyl, and p-coumaryl alcohols. These compounds differ based on the
number of methoxy groups on the aromatic ring, as shown in Fig. 7.2. They give
rise to syringyl (S), guaiacyl (G), and p-coumaryl (H) lignin units. Other lesser
concentrated lignin units include the ferulate subunit, most highly concentrated in
herbaceous plants, and the caffeyl (C) unit found in certain species (Ralph et al.
2019). Hardwoods contain predominantly S-lignin units, softwoods nearly exclu-
sively G-lignin units, and grasses contain a mixture of all three. These units are

HO HO HO HO HO._.O
x = = = =
MeO MeO OMe HO MeO
OH OH OH OH OH
H G s c FA
p-Coumaryl Alcohol Coniferyl Alcohol Sinapyl Alcohaol Caffeyl Alcohol Ferrulic Acid

Fig. 7.2 Lignin monomers
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linked by various boding motifs. The most common linkage is the aryl-ether f-O-4
linkage which accounts for 40-60% of the total. Others include the phenyl coumarin
(B-5), resinol (B-B), B-1, and 5-5. All the linkage types vary in their concentration
in the native lignins by species. Ranges for each of the units and linkages found in
major types of species can be found in Table 7.1, and a representative structure that
depicts the linkages can be found in Fig. 7.3 (Abu-Omar et al. 2021).

The above descriptions apply to native lignins, but most of the major biomass frac-
tionation strategies influence the lignin structure significantly. The resultant lignins
are referred to as technical or isolated lignins. There are several practiced methods
that lead to a technical isolated lignin product. The pulp and paper industry accounts
for most of the technical lignins available via Kraft, soda, and sulfite pulping. Soda

Table 7.1 Structural breakdown of lignin from different plants. Compiled from various sources
(Liu et al. 2020; Lourengo and Pereira 2018)

Aromatic unit type (%) | C-O linkages (%) C-C linkages (%)
H |G s p-04 |a-0-4 [4-0-5 [5-5 [p-p |p5 [p-1
Native
Hardwood | 0-8 25-50 |46-75 |50-65 | <1 6-7 <l |3-12 |3-11 |17
Softwood <5 >95 0 43-50 |5-7 4 5-7 |2-6 9-12 | 1-9
Grass 5-33 |33-80 |20-54 |74-84 1-7 5-11
a. Softwood o pC
B H B 1enylcoumaran ([
MO g C resinol (B—B) FA ferulate
g e C’ tetrahydrofuran (B—§) Ac acetate
et = D dibenzodioxocin (5-5/4-0-f) T tricin
i ~; E biphenyl ether (5-0-4)
P, g Y H p-Hydroxyphenyl unit
Hof AN X! X G Guaiacyl unit
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Fig. 7.3 Representative 11-mer lignin structures depicting major linkages. Reproduced with
permission from the Royal Society of Chemistry (Abu-Omar et al. 2021)
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and Kraft use alkaline (aqueous NaOH) conditions at temperatures of 140-170 °C
to decouple lignin from carbohydrates. A key difference between Kraft and soda
pulping is that Kraft pulping uses sodium hydrosulfide, which introduces sulfur to
the side chain of the lignins (Liu et al. 2020; Vishtal and Kraslawski 2011; Santos et al.
2013). However, both processes result in a significant reaction of the f-O-4 linkages,
resulting in condensed lignin structures where the aromatic groups are mainly linked
via C-C bonds. Another major lignin isolation procedure is the organosolv process
(Liu et al. 2020; Vishtal and Kraslawski 2011). There are variations in this process
using various organic solvents (methanol, ethanol, acetone, THF (tetrahydrofuran),
etc.) or mixtures of organic solvents and water. After acidic workup, lignins can be
isolated. Again, this process results in a reduction in the number of B-O-4 structures
in favor of condensed mostly C-C linked structures, with the degree of condensa-
tion depending on the severity of the conditions used. Hydrolysis of lignin comes
from dilute acid and/or enzymatic treatment of biomass usually as a pretreatment
of the biomass for fermentation of sugars from cellulose (e.g., cellulosic ethanol
production) (Cao et al. 2012; Moxley et al. 2012). Other less common methods for
lignin isolation include the use of ionic liquids (Gillet et al. 2017) or deep eutectic
solvents (DES) (Zhou et al. 2022). Table 7.2 illustrates the decrease in natural bonding
linkages from native to technical lignins. As we will see in the following sections,
these condensed and C-C-containing linkages are much more recalcitrant to thermal
and catalytic breakdown, with the bond dissociation energies increasing from about
75 kcal/mol for B-O-4 linkages to 90—120 kcal/mol for the condensed C-C structures
(Rinaldi et al. 2016).

7.3 Pyrolysis of Technical Lignins

Pyrolysis is the heating of organic materials in an inert atmosphere causing the
breaking of chemical bonds usually resulting in the production of smaller molecules.
For biomass, most of these molecules can be condensed into a liquid called bio-oil.
Biomass fast pyrolysis is typically conducted at temperatures of 450-650 °C, with
500-550 °C considered the temperature that will maximize bio-oil yield. Lignin
decomposes over a wider temperature range than does cellulose; therefore, variation
in the optimum temperature for pyrolytic depolymerization can occur. Upon pyrol-
ysis, the input of thermal energy induces bond breaking that can occur via homolytic
(free radical), heterolytic (ionic), or concerted mechanisms (Zhou et al. 2016a, b;
Leng et al. 2022; Kawamoto 2017). For pyrolysis of lignin, it is unclear which is
the dominant reaction, but most researchers invoke radical mechanisms to explain
their observations. The complexity of the lignin structure means that many pathways
are in competition and that the major mechanism may change with specific lignin
structures, reaction conditions, or reactor types. There are many more operational
mechanisms active than can be discussed here, but two radical mechanisms for the
thermal breaking of the p-O-4 linkage are shown in Fig. 7.4 (Kawamoto 2017). Bond
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Table 7.2 Characteristics of technical lignins. Compiled from various sources (Liu et al. 2020;
Vishtal and Kraslawski 2011; Poveda-Giraldo et al. 2021; Cao et al. 2012)

Type Biomass Notes Remaining native linkages MW (g/mol)
separation (per 100 aromatic rings)
conditions B_o4 B_B B_S
Kraft (or NaOH/Na,S | High S 3-6 2-13 | 1-5 1,500-5,000 (up
Alkali) 150-180 °C | content, to 25,000)*
condensed
structures.
Methoxy
group loss
Soda NaOH, Low S 3-6 1-6 ~0 1,000-3,000 (up
90-150 C content, to 15,000)?
condensed
structures
Organosolv | Various Structural | 0-4.3 0-1 2-5 500-5,000
organic changes
solvents vary with
90-210 °C severity
Acid H,SOyq, Decrease in | 40-50 5,000-10,000
hydrolysis 120 °C aryl-ether, | (Hardwood)
decrease in
S/G ratio
Enzymatic | Enzyme, 4,500-9,500
hydrolysis 2045 °C
Milled Mechanical Most like 34-60 11,000—-40,000
ball milling native
followed by structure,
extraction low
with isolation
1,4-dioxane | yield
and water

@ Typical range of MW is shown. The highest value observed is in parentheses

breaking by thermal homolytic cleavage is controlled by the bond dissociation ener-
gies of the various bonds, so as temperatures increase, more types of bonds can be
broken. Therefore, as pyrolysis temperatures increase, the number and complexity of
substituents on the aromatic rings decrease. At lower pyrolysis temperatures (~300—
400 °C), guaiacols and syringols with unsaturated side chains can be produced, but
as the temperature increases, less oxygenated alkyl phenols become more prominent
(Fig. 7.5).

On a more general level, there is debate about how the product mixture, which
includes monomeric phenols, oligomeric phenols (also called pyrolytic lignin), char,
and permanent gases, is formed. One proposal was that primary products include char,
gases, and monomeric phenols, and oligomeric products are formed via secondary
repolymerization reactions of the monomers. Another possible mechanism, referred
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Fig. 7.4 Radical mechanisms for the pyrolytic cleavage of $-O4 linkages in lignin. Adapted with
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to as the thermal ejection route, proceeds via a liquid intermediate phase from which
vapor or aerosolized oligomers are released from the surface of this intermediate
(Leng et al. 2022; Kawamoto 2017). Many monomeric phenols present are formed
during secondary reactions of the oligomeric fraction. Whichever chemical pathway
is operable, the result is that in most cases, pyrolysis of lignin results in a mixture
of phenolic monomers and lignin-like oligomers, with most researchers aiming to
maximize the production of monomers. The following sections will detail outcomes
from process variations on pyrolysis of isolated lignins.

7.3.1 Pyrolysis of Neat Lignins

Results of batch micro- (i.e., pyrolysis-GC/MS or pyrolysis-MS) and laboratory-scale
pyrolysis of lignin are well reported in the literature. Micro or analytical pyrolysis
systems such as pyrolysis-GC/MS systems have been used to characterize the lignin
structure (Faix et al. 1987). Based on the observable monomeric products, one can
estimate the relative amounts of H-/G-/S- lignin units or the level of ferulate present,
for example. They have also been used to evaluate the potential for production of
monomers via pyrolysis of various lignin samples and can evaluate how pyrolysis
behavior may change based on lignin type or chemical modification (Faix et al. 1987).
These types of studies have also been invaluable for mechanistic studies leading to
the knowledge of the thermal breakdown of lignin described above. Batch laboratory
systems, where the amount of lignin input is increased to the order of grams, are useful
to obtain mass balances and more detailed characterizations of the bio-oil, biochar,
and gases produced. Entries 1-9 in Table 7.2 report selected observations obtained
from the batch-wise pyrolysis of neat lignins (Choi and Meier 2013; Zhou et al.
20164, b).

As shown in Table 7.3, the yields of bio-oil from the pyrolysis of isolated lignin
can range from about 15 wt% up to about 40 wt% depending on the type of lignin
and pyrolysis conditions. The bio-oils produced from lignin pyrolysis are a mixture
of phenolic monomers and oligomers. Oligomers tend to be more concentrated than
monomers, because of incomplete depolymerization or secondary repolymerization
of intermediate monomers produced as described above. At higher temperatures,
further deoxygenation can be achieved, and small amounts of aromatic hydrocar-
bons may also be present (see Fig. 7.5). While some utility can be imagined for
phenolic oligomers, the aim of most researchers has been to increase the produc-
tion of monomers. Zhou et al. compared organosolv lignin and milled wood lignin
(MWL) from oak (hardwood), pine (softwood), and corn stover in a microreactor
(Zhou et al. 2016a, b). The bio-oil yields obtained were in a range from 43-55 wt%,
but in the MWLs, all performed slightly better than their organosolv counterparts in
terms of yield. The corn stover lignins yielded a significantly higher proportion of
lignin monomers (~16 wt%) than did the wood-derived lignins.

Moving from batch-wise to continuously fed reactor systems has proved diffi-
cult for the pyrolysis of technical lignins. The reason for this is that the physical
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properties of isolated lignins have made the process of pyrolyzing lignin using a
continuously fed fluidized bed reactor challenging for scientists and engineers, espe-
cially compared with the relative ease in which non-fractionated biomass materials
are pyrolyzed. A diagram of a typical continuous fluidized bed fast pyrolysis system
used for biomass pyrolysis is shown in Fig. 7.6. The lower melting temperature
of isolated lignins results in clogged feeding tubes, agglomerates with bed media,
and accumulation of unreacted feeds all of which eventually lead to process shut-
downs (Fig. 7.7) (Nowakowski et al. 2010; Pienihiikkinen et al. 2021; Trinh et al.
2013; Ghysels et al. 2020; Beis et al. 2010). These problems were well described
by Nowakowski et al., who distributed both isolated soda lignin and a residue from
ethanol production containing up to 50% cellulosic material in addition to lignin

ELECTROSTATIC
PRECIPITATOR

CONDENSER

BUBBLING
FLUIDIZED
BED

BI0-0IL

= NCG

BIOMASS

BIOCHAR

Fig. 7.7 Clogged process tubes and char-sand agglomerates, the typical results of feeding tech-
nical lignins continuously to fluidized bed reactors. Reproduced with permission from Elsevier
(Nowakowski et al. 2010)
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to fourteen laboratories for fluidized bed pyrolysis (Nowakowski et al. 2010). Each
of the laboratories reported extreme difficulties with processing the isolated lignin
while the lignin diluted with cellulosic material was easily pyrolyzed. Pienihakkinen
et al. reported being able to overcome bed agglomeration problems by incorpo-
rating reactor modifications (Pienihédkkinen et al. 2021). In one instance, they added
a mechanical mixer to a bubbling fluidized bed reactor, and in another instance, a
highly agitated circulating fluidized bed reactor was used. However, although they
were able to eliminate agglomeration, their process was still under shutdown by the
buildup of deposits in cyclones and gas lines. Other types of reactors have not been
immune to these problems either. Trinh et al. have reported the use of a centrifuge
reactor for the pyrolysis of hydrolyzed lignin and also observed the rapid formation
of deposits and plugging of the biochar and bio-oil product collection units (Trinh
et al. 2013).

7.3.2 Pyrolysis of Lignin with Additives

Because of the difficulties presented by pyrolyzing neat lignin, several researchers
have explored additives to aid in the delivery of lignin to the heated reactor in a
continuous fashion (Ghysels et al. 2020; Bai and Shuai 2019; Zhou et al. 2015;
Case et al. 2015; Mukkamala et al. 2012; Patel et al. 2020). Although some of these
substances may act as both additives to aid in the physical ability to pyrolyze the
lignin and catalysts to influence the thermal depolymerization chemistry, we will
consider those with the former as the primary goal in this section and those with the
latter as the main goal in the following section.

Table 7.4 presents selected results of lignin pyrolysis with an additive. The most
common additives tested include alkaline earth metal hydroxides and various clays.
The clay acts as a diluent, making the lignin become less prone to melting. Further-
more, when pelletized as done by De Wild et al., the particles become more robust
and easier to feed (de Wild et al. 2012, 2017). That group reported success in feeding
lignins with 30 wt% palygorskite-family clay as extrudates using a cooled feeding
screw which slowed the melting of lignin allowing feeding without material accumu-
lating in the feed screw or agglomeration of the bed material (sand). Kraft, soda, and
organosolv lignins were successfully pyrolyzed; however, the monomer yields were
modest, and the average molecular weights remained high (>1000 g/mol) compared
with some other results. These oils were also subjected to hydrotreatment which
increased the yield of monomeric phenols. Ghysels et al. also reported the use of
a palygorskite clay (attapulgite) for pyrolysis of organosolv lignin (Ghysels et al.
2020). Their loading was higher (50%) than that used by de Wild, and their mixtures
were not extruded. They obtained a similar yield of monomeric phenols but reported a
molecular weight distribution weighted lower than that reported by de Wild. Further-
more, they also tested Ca(OH), and NaCOOH as additives. Ca(OH), provided a
higher concentration of lignin monomers in the liquid with high selectivity for alkyl
phenols. NaCOOH had a lower concentration of monomers overall but with higher
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selectivity for methoxy phenols. Ca(OH), is converted to CaO during pyrolysis,
and it was suggested that the Ca>* can catalyze deoxygenation reactions leading to
the formation of polyaromatic, while the role of NaCOOH was to quench radicals
leading to retention of methoxy groups. DeSisto has also similarly reported the use of
Ca(OH),, Ca(COOH),, and Mg(COOH), with comparable results (Case et al. 2015;
Mukkamala et al. 2012; Patel et al. 2020). Their work indicates that the divalent
formate salts of Ca and Mg enhance the yield of liquid products in contrast to the
findings of Ghysels et al. for monovalent sodium formate.

7.3.3 Catalytic Pyrolysis of Lignin

Catalytic fast pyrolysis (CFP) processes for biomass are often aimed at reducing the
oxygen content of the bio-oils to reduce the level of deoxygenation required during
hydrotreatment to produce hydrocarbon fuels (Table 7.5). Alternatively, catalytic
pyrolysis can be aimed at generating a certain chemical or chemical class to use as a
renewable chemical source. Catalytic cracking of pyrolysis vapors over zeolites,
particularly the ZSM-5 zeolites, has been the most practiced form of biomass
catalytic pyrolysis. ZSM-5-type zeolites promote deoxygenation and selectively
produce aromatic hydrocarbons from a wide variety of substrate molecules at pyrol-
ysis temperatures. Catalytic pyrolysis of lignocellulosic biomass over ZSM-5-type
zeolites can produce aromatic hydrocarbons with carbon yields ranging from 20-35%
and from isolated cellulose, and the carbon yields of aromatic hydrocarbons can reach
up to 40% (Mullen 2019). However, when the same processes are used with isolated
lignins as the feedstocks, the yields of aromatic hydrocarbons are much more modest,
with most researchers reporting about 10% carbon yield of aromatic hydrocarbons.
The major drawback of these catalysts is their susceptibility to deactivation by the
formation of coke, a problem which for biomass has been directly attributable to
the lignin content of the biomass. Another drawback is the possibility of irreversible
poisoning by alkali metals contained in biomass (Mullen and Boateng 2013). Despite
these drawbacks, zeolites, particularly ZSM-5 types, are still the most tested catalyst
for catalytic pyrolysis of isolated lignins. Catalytic cracking over zeolites is also
strongly dependent on the total number of the acid sites per substrate, a function
of the Si/Al ratio of the material, the catalyst substrate ratio, and/or the substrate
residence time (space velocity). Like non-catalytic pyrolysis, nearly all the work on
lignin pyrolysis has been limited to micro or small laboratory-scale batch reactors.
In one of the few examples of catalytic pyrolysis using a continuous reactor, Bond
et al. reported very low yields of aromatic hydrocarbons (2.2 wt%) and very high
coke formation (69%) of CFP of hydrolysis lignin over HZSM-5 (Bond et al. 2014).

ZSM-5 is a microporous catalyst, and its pore structure limits the molecules which
can enter the confined space around its active site. This shape selectivity is respon-
sible for the selective formation of aromatic hydrocarbons, but the large size of many
lignin-derived pyrolysis vapors is why its effectiveness is limited for the production
of aromatics from lignin. ZSM-5 will accommodate substrate molecules with kinetic
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7 Thermochemical and Catalytic Conversion of Lignin 149

diameters of up to about 5 A, and some cracking of oligomeric species can happen
on the surface of the catalysts but even monomeric guaiacols and syringols have
kinetic diameters of about 8 A and up. Therefore, there has been interest in using
mesoporous materials, such as those based on Al-SBA-15 (Wang et al. 2021a, b),
or larger pore zeolites such as zeolite Y or f. Others have considered a variety of
metal oxides as a catalyst. While these materials have generally been less useful
than ZSM-5 for deoxygenation of lignocellulosic pyrolysis vapors, for lignin where
the best approach may be depolymerization with limited deoxygenation, these cata-
lysts may have more interest. Shafaghat et al. tested several catalysts at relatively
low catalyst-to-lignin ratios (2/1) including alumina, zeolites Y and B, HZSM-5,
and MgO (Table 7.5, entries 7-12) (Shafaghat et al. 2017). While most of the cata-
lysts decreased the overall liquid yield, they generally also exhibited a decrease in
oligomers which is attributed to cracking reactions. A corresponding increase in
monomers was also observed, particularly the presence of demethoxylated alkyl
phenols. Some completely deoxygenated compounds were also present, but at low
loadings, the process was more selective for phenolics.

There have also been efforts to introduce mesoporosity into microporous zeolites
to overcome the diffusion problem. This type of hybrid pore structure is often referred
to as “hierarchical” or the materials called “hierarchical zeolites” (Mardiana et al.
2022). This type of pore structure can be achieved by partially desilylating ZSM-
5 by treatment with NaOH or can be introduced during the zeolite synthesis via
templating. Much of the literature on testing these types of materials has been for
catalytic pyrolysis of lignocellulosic biomass, but Li et al. have reported testing
mesopore containing HZSM-5 for catalytic pyrolysis of isolated lignin and have
shown 33% increase in the yield of aromatic hydrocarbons compared with the parent
HZSM-5 (Li et al. 2014).

Catalysts with metal functionality have been used in reactive atmospheres (low
pressure H,) to enhance the production of hydrocarbons from biomass. These reactive
catalytic processes have been mostly applied to whole biomass, but there are a few
examples of small-scale studies with isolated lignins. MoO3-based catalysts are most
commonly used for this. In this case, the role of the hydrogen is thought to be to
create an oxygen vacancy on the metal surface by reacting with metal-bound oxygen
to generate water. An oxygen atom is then abstracted from the biomass-derived
substrate to fill the vacancy, deoxygenating the biomass carbon structure. Nolte et al.
have reported using MoOjs for reactive catalytic pyrolysis of organosolv lignin using
0.5 atm partial pressure of H, and achieved 35.7 carbon yield (C%) of hydrocarbons
higher than C4 (Nolte et al. 2017). Xue et al. have used bifunctional catalysts, MoO3
or Ni supported on ZSM-5 for the conversion of milled corn stover lignin to aromatic
hydrocarbons (Xue et al. 2020). For both supported catalysts and ZSM-5 alone, the
yield of aromatics was enhanced when performed under an H, atmosphere, with
a maximum Yyield of 27.1 C% of aromatic hydrocarbons using the MoO3;ZSM-5
catalyst. Although the enhanced yields under H, suggest that it helps mitigate catalyst
deactivation via coke deposition, more research is needed to access catalyst lifetimes
for these types of processes.
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7.4 Solvent Phase Lignin Depolymerization

Solvent-assisted thermal depolymerization pathways have long been considered as
an alternative method to pyrolysis to produce bio-oil. Hydrothermal (water is the
solvent) liquefaction of biomass has received significant attention over the years as
an alternative to pyrolysis (Kumar et al. 2018). While its ability to accommodate
wet feedstocks can be an advantage over pyrolysis, particularly for resources like
sludges, animal wastes, and algae, its drawbacks include the need for pressurized
equipment. While hydrothermal liquefaction has been tested for isolated lignins with
some success at supercritical conditions, more often, organic solvents are utilized
for lignin depolymerization. The solvent has many roles in lignin depolymerization
chemistry. One role is as a diluent to decrease the concentration of intermediates to
limit their repolymerization rate. Solvents can also act as hydrogen donors in reduc-
tive depolymerization routes, where the solvent can also quench radicals and limit
repolymerization reactions. Solvents in both sub- and supercritical conditions have
been considered, as have ionic liquids. Many types of catalysts have been considered
for solvent liquefaction including both homogeneous and heterogeneous catalysts.
Simple homogeneous catalysts such as bases (NaOH), acids (H,SO4), and metal salts
are often used to increase the solubility of lignin and induce the breaking of C-O
bonds at lower temperatures than required for non-catalytic liquefaction. Heteroge-
neous catalysts (e.g., zeolite and transition metals) are often used to induce other
types of reactions such as decarbonylation, demethoxylation, and hydrogenation (in
the presence of H, or transferred from an organic H-donor) which can increase the
yield of phenolic monomers. The literature on solvent liquefaction is extensive, with
a wide variety of combinations of solvents, additives, catalysts, temperatures, and
atmospheres being explored. These can generally be classified as acid/base reactions,
reductive catalytic depolymerization, and oxidative catalytic depolymerization.

7.4.1 Non-catalytic Solvent Liquefaction

Although usually performed with a catalyst, non-catalytic solvent-assisted depoly-
merization is possible. These reactions are usually performed on the harsher end of
the reaction condition spectrum, to make up for the lack of catalyst. For technical
lignins, yields of monomers in the absence of catalysts are generally limited to less
than 10 wt% (Patil et al. 2020); however, non-catalytic conditions can still be effec-
tive for depolymerization leading to lower molecular weight oligomers. Experiments
without catalysts can also give insights into the role of solvent in depolymerization
chemistry. Table 7.6 presents selected results for the non-catalytic lignin solvent
liquefaction.
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Simple hydrothermal treatment of technical lignins has not proved an effective
method for the production of monomers or any liquid products (Zhou 2014; Onwudili
and Williams 2014; Toledano et al. 2012). Zhou et al. reported hydrothermal treat-
ment of Kraft lignin with a maximum bio-oil yield of 10.6% at 130 °C, with slightly
lower yields at higher temperatures (Zhou 2014). The major monomer produced was
guaiacol. Similarly, Toledano reported a 7% yield of bio-oil and a 2.5 wt% yield of
monomers from hydrothermal treatment of soda lignin (Toledano et al. 2012).

Organic solvents have proven slightly more effective, owing atleast in part to better
initial solubility of the lignins. Alcohols are the most common solvent used, particu-
larly ethanol. The use of hydrogen donor solvents such as tetralin, isopropanol, and
formic acid has proven effective. Kim et al. compared the conversion of lignin in
tetralin, isopropanol, and naphthalene and achieved an 11 wt% yield of monomers in
tetralin at 400 °C (Kim et al. 2014). This was higher than found in naphthalene, the
product of dehydrogenation of tetralin. The average molecular weight of the bio-oil
was also lower when it was produced in tetralin. The authors suggested that using
the hydrogen donating solvent suppressed repolymerization reactions.

The addition of formic acid has proved effective for increasing monomer produc-
tion. Although formic acid is a hydrogen donor and could be considered an acidic
catalyst, in the absence of another catalyst, we are classifying its use as a non-catalytic
process and discussing it in this section. The addition of formic acid to water greatly
increased the yield of bio-oil compared with water alone. In one report, 75.5% bio-
oil yield was reported from Kraft lignin (Onwudili and Williams 2014). Riaz et al.
thoroughly investigated the role formic acid plays in solvent liquefaction in ethanol
(Riaz et al. 2018). Compared with neat ethanol (9.6 wt%), they found a large increase
in monomer production when a 5/1 ethanol to the formic acid solvent system (36.7
wt%) was at 350 °C. They also found a significant decrease in the consumption of
ethanol via its thermal conversion to other liquid products.

7.4.2 Base-Catalyzed Depolymerization

Solvent depolymerization of lignin can be catalyzed by both acids and bases
(Ferndndez-Rodriguez et al. 2017). These reactions are usually performed in the
absence of a dedicated oxidizing or reducing agent. Oxidative and reductive depoly-
merization methods will be covered in the following sections. Selected base-catalyzed
lignindepolymerizationresults are shown in Table 7.7. Bothhomogeneous and hetero-
geneous bases have been tested as simple catalysts for lignin depolymerization. One
advantage of using a soluble strong base (e.g., NaOH) as a liquefaction catalyst is
the improved solubility in water and water/alcohol mixtures allowing for the use
of the most environmentally sustainable medium. These processes are similar to
some lignin isolation techniques as the alkaline aqueous solutions aid in breaking
lignin-carbohydrate bonds in addition to the destruction of lignin-lignin ether bonds.
Furthermore, these processes are more effective on native lignins where there are many
remaining B-O4 linkages remaining than on technical lignins (Katahira et al. 2016).
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Fig. 7.8 Mechanisms for NaOH-catalyzed cleavage of $-O4 linkages in lignin

This is demonstrated in the work by Katahira, where they studied NaOH (aq) mediated
depolymerization of several lignins (selected results in Table 7.7, entries 3-6) where
they found fewer structural changes correlated with higher oil yield (Katahira et al.
2016). The mechanism of the breaking of the f-O4 linkage is shown in Fig. 7.8. Both
the Na*™ and OH™ ions participate in polarizing the C-O bond and reducing the energy
foritsionic cleavage withthe OH™ accepting a proton from the a-carbon. However, the
resulting phenolate species are still quite reactive, making these processes susceptible
to repolymerization reactions much like other lignin depolymerization methods.

The selectivity of the monomer production in NaOH-catalyzed depolymerization
is very sensitive to temperature and solvent selection. High temperatures (>300 °C)
favor the production of catechol while when lower temperatures are employed the
selectivity shifts to methoxyphenols (Schutyser et al. 2018; Ferndndez-Rodriguez
et al. 2017). For example, Beauchet et al. reported an increasing yield of monomers
but a decreasing yield of oil when the temperature of NaOH-catalyzed depolymer-
ization of Kraft lignin was increased from 270 to 315 °C (Beauchet et al. 2012).
At 270 °C, the most concentrated monomers included guaiacol and vanillin while
at 315 °C catechol was the dominant species present. The selectivity towards cate-
chol was also observed for other bases. According to Toledano et al., the presence
of several bases (Table 7.7, entries 7-11) increased the oil yield and shifted the
monomer selectivity from guaiacols and syringols to catechol compared with non-
catalytic depolymerization in water (Table 7.6, entry 4) at 300 °C (Toledano et al.
2012). The monomer yield was increased over the non-catalytic case for the most
effective bases tested (NaOH, KOH) but was only about 8.4 wt%. However, coke
yield was higher without a catalyst, and most of the bases showed a significant shift
towards lower molecular products (monomers, dimers, and trimers) compared with
no catalyst. Ca(OH), was not an effective catalyst for yield or oil quality. Performing
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NaOH-catalyzed lignin depolymerization in ethanol instead of water has generally
led to lower yields of monomers, but there is some evidence that monomer yields
may be slightly higher in a mixed water/ethanol solvent mixture than in neat solvents
(Thring 1994; Cornejo et al. 2020).

Solid bases have also been used as heterogeneous catalysts for lignin depoly-
merization (Table 7.7, entries, 23-27); metal oxides and basic zeolites have been
used for this purpose. These reactions perform better in organic solvents as hetero-
geneous bases do not aid in water solubility as homogeneous bases do. Long et al.
tested various solvents for the MgO-catalyzed depolymerization of lignin isolated
from sugarcane bagasse using ionic liquids (Long et al. 2014). They found that THF
provided a higher yield of monomers (12.8 wt%) than other solvents, a result the
authors attributed to better solubility. Neat water was about 10 times less effective,
though a water/ethanol mixture performed better than neat alcohols, indicative of
hydrolysis reactions aiding in the depolymerization. Chaudhary and Dhepe screened
a variety of metal oxides and basic zeolites for the depolymerization of kraft lignin
in EtOH/water. Generally, they found the zeolites to perform better and found the
highest yield of bio-oil (51%) and phenolic monomers (18 wt%) using Na-zeolite X
(Chaudhary and Dhepe 2017). The major monomeric products were guaiacols in this
case. In some cases, the choice of solvent can affect not only the yield but also the
selectivity for base-catalyzed lignin depolymerization. Over nitrate-loaded hydrotal-
cites, Kruger et al. found high selectivity for 4-vinylphenol in 3-methyl-3-petananol;
in contrast, phenol and guaiacol were the major monomers formed in water (Kruger
et al. 2016). With these catalysts, yields of monomers were maximized at about 9
wt% from acid hydrolysis lignin from corn stover.

As seen from the above discussion, similar to pyrolysis or non-catalytic solvent
liquefaction that although the products of base-catalyzed depolymerization exhibit
drastically reduced molecular weight ranges, the yield of monomers is still generally
limited by repolymerization reactions. Some attempts to reduce these reactions by
providing an alternate quench mechanism for reactive intermediates using a “cap-
ping” reagent have been made. Barrett et al. (2016) reported using dimethyl carbonate
(DMC) in combination with a copper-doped porous metal catalyst for depolymer-
ization of organosolv lignin. The average molecular weights of the bio-oils produced
with and without DMC were similar; however, O-methylated phenolics were the
major monomers detected by GC. Similarly, Dabral et al. (2018) have reported using
DMC to produce depolymerized lignins containing methoxy capped monomers; in
this case, using a CsCOj as the base catalyst, respectively. They found up to 4.0 wt%
yield of T13 from organosolv lignin. Utilization of boric acid was also reported to
prevent repolymerization reactions by the formation of borate esters at the phenolic
hydroxy group. The use of boric acid in combination with NaOH leads to an increase
in bio-oil yield from about 22 wt% to 59 wt%, and the bio-oil was mainly comprising
monomers, dimers, and trimers (Roberts et al. 2011). Recently, Gan and Pan have
reported phenolation in combination with NaOH-catalyzed depolymerization of kraft
lignin, observing phenolation in both the oligomeric (51%) and small molecule (13%)
portions of the products (Gan and Pan 2019).
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7.4.3 Acid-Catalyzed Depolymerization

Acid-catalyzed solvent depolymerization, much like base-catalyzed, is very effective
for breaking down the B-O4 linkages. However, unlike the use of aqueous bases, the
addition of acid does not significantly improve the solubility of lignins in water. Like
non-catalytic and base-catalyzed methods, the product selectivity is very sensitive
to the temperature and solvents used, as well as the properties of the acids. Many
different types of acids have been tested as catalysts, including both solid (including
zeolites) (Wanmolee et al. 2018; Deepa and Dhepe 2014a, b) and soluble Bronsted
acids as well as homogeneous Lewis acids. As shown in Table 7.8, there is a large
spread in the reported yields of monomers from acid-catalyzed depolymerization
methods. Some of this may be attributable to the observation that acid-catalyzed
depolymerization efficiency seems to be very correlated to the amount of remaining
B-aryl-ether linkages in the substrate lignin (Schutyser et al. 2018; Deuss et al. 2017).
Acid is very effective at promoting the cleavage of these bonds. Additionally, acid
catalysis can also promote significant reactions of solvent, which in some cases can
be exploited as capping reagents to prevent repolymerization reactions but can also
mean solvent cannot be completely recycled adding expense to the process.

Deepa and Dhepe have screened a variety of solid acid catalysts and also compared
them with the use of strong mineral acids (Deepa and Dhepe 2014a, b). They
have found very high yields of THF solubles (highly concentrated with phenolic
monomers) with zeolites and other alumina-silica materials, maximizing yields with
HUSY and HZSM-5 zeolites, and Al,03-SiO, at near 60 wt% for conversion of
commercially available dealkaline lignin. It is possible that some ethanol-derived
compounds are included in this, but they also found a high selectivity to vanillin
(G10) (~9 wt% yield). With HCI and H,SOy, the yields of the same THF soluble
fractions were 29 and 39 wt%, respectively, but the oil composition had a higher
proportion of dimers, trimers, and oligomers compared with those from the solid
acids (Deepa and Dhepe 2014a). The yield was also reduced when organosolv lignin
was used in place of the dealkaline lignin, to about 32 wt%. However, when Wang
et al. used HZSM-5 for the depolymerization of organosolv lignin under similar
conditions, they only obtained a monomer yield of 12.5 wt% (Wang et al. 2018a, b,
¢). Guvenatam et al. have screened several Lewis acids based on the acetate, chloride,
and triflate salts of Fe, Cu, Co, and Al for the depolymerization of soda lignin in
ethanol/water at 400 °C (Giivenatam et al. 2016a, b). They found the highest phenolic
monomer yield at 12.6 wt% using copper acetate, but produced bio-oil with overall
lower molecular weights from the metal triflates. However, in all cases, significant
conversion of the ethanol solvent was observed and interfered with determining the
actual depolymerization rate of the lignin by GPC. Additionally, ethanol acted as a
reactant in alkylation reactions that capped reactive intermediates, preventing some
char formation.

Duess et al. have also had success utilizing a capping agent to suppress repolymer-
ization reactions during acid-catalyzed depolymerization (Deuss et al. 2017, 2015,
2016). In their early work, they reported that cyclic acetals (H16, G16, S16, H17,
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Fig. 7.9 Production of cyclic acetals from acid-catalyzed depolymerization of lignin with interme-
diate trapping by ethylene glycol. Adapted with permission from The Royal Society of Chemistry
(Deuss et al. 2016)

G17, and S17) can be produced in high yield from $-O4 model dimers using triflic
acid catalysis in the presence of various diols (Deuss et al. 2015). The pathway for
the formation of the acetals is trapping of an intermediate aldehyde from breaking of
the B-aryl-ether bond, forming the acetal on one end of the bond, and releasing the
phenolic monomer from the other (Fig. 7.9). When they applied this methodology to
organosolv lignin depolymerization in 1,4-dioxane at 140 °C, they found the yield
of monomers increased from 2.0 wt% without ethylene glycol to 6.4 wt% in its pres-
ence. Furthermore, the yield of soluble bio-oil-containing monomers and other lower
molecular weight species increased from 10 to 27% while the yield of insoluble was
reduced from 44 to only 9% (Deuss et al. 2015). They went on to optimize the system
by using Fe(OTf)s as the optimum catalyst, obtaining 19 wt% monomer yields from
walnut shell organosolv lignin (Deuss et al. 2016). With this catalyst, they were able
to obtain up to 35.5 wt% of monomeric acetals from a $-O4 rich organosolv lignin
isolated from walnut shells (Deuss et al. 2017). In another case, they were able to
obtain 16.5 wt% yield of a single acetal compound (G16) from an organosolv lignin
from pine wood. However, in technical lignins with lower levels of $-O4 linkages,
such as commercially available kraft or soda lignins, the yields were much lower,
and <10 wt% of the acetals were formed.

7.4.4 Reductive Depolymerization

Solution phase lignin depolymerization can also be performed in a reductive manner,
which includes a metal catalyst and a hydrogen source. The hydrogen source can
be H, or it can be obtained via a transfer hydrogen route from an organic donor
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molecule which can be the solvent or an additional additive to the reaction mixture.
Common organic donors include formic acid, isopropanol, and other alcohols. When
molecular hydrogen is the reductant, the process is often called hydrotreating, while
when an organic hydrogen donor is used, the process is sometimes referred to as
liquid phase reforming. Like other depolymerization methods, the reaction conditions
for reductive depolymerization play a large role in the product selectivity. When
mild conditions, usually considered as processing temperatures less than 300 °C,
the product mixtures generally retain the methoxy substituent and monomers consist
of alkyl guaiacols and alkyl syringols. Oxygenated groups remaining on the alkyl
substituents are less common in this case than in acidic or basic depolymerization
because of the ease of the hydrodeoxygenation of these groups. As seen in the
other processes, as the severity increases more demethoxylation of the ring occurs,
and alkyl phenols become the major products. Under the harshest conditions, in
solventless hydrocracking at higher temperatures, some complete deoxygenation to
aromatic hydrocarbons and polyaromatics can occur. These processes are more akin
to hydrodeoxygenation of biomass pyrolysis oils but act directly on the lignin rather
than first producing the bio-oil intermediate. Under both mild and harsh conditions,
repolymerization reactions hinder the overall yield of monomers.

7.4.4.1 Hydrotreating

Mild hydrotreating of isolated lignins is often done using traditional hydrogena-
tion catalysts such as Ru, Pd, Pt, or Ni usually supported on carbon, alumina, or
silica-based materials (Shuai et al. 2016; Tymchyshyn et al. 2020; Shu et al. 2015,
2018; Van den Bosch et al. 2015a, b; Torr et al. 2011; Bouxin et al. 2015; Lance-
field et al. 2016; McVeigh et al. 2016; de Albuquerque 2020; Zhao et al. 2019;
Kim et al. 2015). Solvents are often alcohols or water/alcohol mixtures because
these provide good solubility for the lignins. Table 7.9 provides selected results of
hydrotreating various isolated lignins. Kim et al. screened carbon-supported Pt, Pd,
Ru, and Ni for the depolymerization of soda lignin in alcohols at 350 °C under 3 MPa
H, pressure (Kim et al. 2015). The yield of phenolic monomers was only slightly
increased by the presence of the catalysts compared with the non-catalytic control;
4-ethylphenol (HS) and 4-ethylguaiacol (G5) were the most concentrated monomers
in the bio-oils. However, the catalysts did increase the overall yield of bio-oil and
decreased the production of biochar. Those bio-oils produced in ethanol had lower
oxygen content compared to those produced in methanol or isopropanol. The average
molecular weight of the bio-oils was reported to range from about 650-900 g/mol,
compared with about 3,600 g/mol for the raw lignin. Zhao et al. have also reported
high selectivity towards ethyl phenol, in this case for the hydrotreating of organosolv
lignin over Ni catalysts (Zhao et al. 2019). They screened supports for the Ni catalyst
including MgO, Al,O3 and SiO;, finding a 20% Ni loading on MgO most effective
for the production of monomeric phenols and producing the bio-oil with the lowest
overall weight average molecular weight (My,). Monomeric phenols were produced
in 13.5 wt% yields, with a yield of ethyl phenol (HS) of 5.1 wt%. Similarly, Ma et al.
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have also reported the use of a Ni/ZrPO4 catalyst for depolymerization of organosolv
lignin with monomer yields up to 15 wt%, with high selectivity for ethyl phenol (HS)
(Ma et al. 2019). Zaho et al. have suggested that the nickel catalysts help promote
decarboxylation of p-coumaric acids or esters that are intermediate depolymerization
products (Zhao et al. 2019).

Bouxin et al. have reported testing Pt/Al,O3 catalyst for hydrotreating lignins
(Bouxin et al. 2015; Lancefield et al. 2016; McVeigh et al. 2016; de Albuquerque
2020). Their work has found a correlation between the quantity of f-O4 linkages
remaining in the lignin and the yield of monomers produced from the process, as has
been the case for other depolymerization processes. The correlation is not perfect,
however, and other factors must have an influence. They found a higher yield of
monomers from lignin isolated from poplar (14 wt%) and/or wheat straw by an
ammonia process (9.7 wt%) which preserved a large fraction of the aryl-ether link-
ages than from organosolv (6.6 wt%) or soda lignin (5.7 wt%) in reactions done in a
1/1 methanol/water mix under 20 bar H; at 300 °C (Bouxin et al. 2015). In the case
of the ammonia lignins, the monomeric products contained higher concentrations of
alkylated phenolics, while those from soda and organosolv lignins were more selec-
tive for non-alkylated products. However, in another study, they found their highest
yields (23 wt%) from an oak organosolv lignin that had lower $-O4 content than the
ammonia poplar lignin (Lancefield et al. 2016). They also screened other metal cata-
lysts including Rh/Al, O3 and Ir/Al, O3 and found that Rh was more active on a weight
basis, but Pt was more efficient on a molar basis (McVeigh et al. 2016). In the case
of Ir, the activity of the catalyst was only slightly higher than the Al,O3 support, and
the product selectivity was shifted towards demethoxylated and dealkylated prod-
ucts. Similarly, others have found correlations between the method of isolation and
yield of monomers in the hydrotreating of lignins, with those milder methods that
produce structures with aryl-ether content similar to native lignins performing better
than those leading to a more condensed structure (Van den Bosch et al. 2015a, b;
Torr et al. 2011).

On the other hand, Shu et al. have reported a methodology that has been successful
at producing a relatively high yield of phenolic monomers from kraft lignin in their
process which uses Lewis acids in combination with Pd/C for hydrotreating (Shu
et al. 2015, 2018). They screened several metal chlorides as Lewis acids and found
that the use of CrCl; and AICl; produced the highest yields of phenolic monomers.
When the optimized conditions (280 °C, 5 h, MeOH, and 4 MPa H,) were used, 35.4
wt% yield of monomers was reported. Interestingly, monomer yield using only CrCl;
in the absence of Pd was still at 24 wt%, whereas yield with Pd/C but without the
Lewis acid was only 6.8 wt%. Their more recent work suggests that the selectivity
can be controlled by choice of the metal chloride, with CrCl; providing selectivity
towards phenols and ZnCl, providing selectivity towards guaiacols, and this was
confirmed via testing on a $-O4 model dimer (Shu et al. 2018).

Remarkably high selectivity for catechols from the hydrotreatment of candlenut-
derived organosolv lignin over Cu supported on porous metal oxides was observed by
Barta et al. (2014). Whereas most other hydrotreatments of lignin at mild conditions
produce guaiacols or phenols, this particular lignin catalyst combination yields 63.7
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wt% yield of only four catechols. This narrow product distribution has allowed for
the isolation of the compounds via standard column chromatography and isolation
of 4-propanolcatechol (C9) in 43.3% yield.

As mentioned above, there is a strong correlation between the aryl-ether linkage
content of the lignin materials used and the yield of phenolic monomers and other
lower molecular weight products for most of the methodologies summarized in this
section. Shuai et al. have reported a lignin isolation procedure using formaldehyde
to protect the B-O4 during acid-catalyzed lignin removal that preserves the f-O4
linkages and prevents the formation of condensed structures (Shuai et al. 2016). The
yields of monomers from subsequent hydrotreating of the lignins isolated by this
method over Ru/C in THF are much higher than when the lignin is isolated without
formaldehyde Figure 7.

Some studies have added a hydrogenation-activating metal to an acidic supporting
catalyst, with the aim of coupling depolymerization, hydrogenolysis, and hydrogena-
tion in one step. These are sometimes called bifunctional catalysts or the process
bifunctional hydroprocessing (Kasakov etal. 2015; Luo et al. 2020; Chen et al. 2017).
These processes can convert lignin directly into cycloalkanes resulting from both the
deoxygenation and saturation of the lignin-derived phenolics. Table 7.9, entries 34-
39 report selected results for hydrotreating over these types of catalysts. Kasakov
et al. have reported using Ni on acidic zeolites (HZSM-5 and HBEA) to produce
mono and bicyclic alkanes (Kasakov et al. 2015). The reactions were performed
in n-hexadecane with a hydrogen pressure of 20 bar, and the optimum temperature
found was 320 °C. The selectivity of the product was influenced by the properties
of the silicate support with Ni/SiO, providing a mixture of cyclic alkanes and alco-
hols, while the acidic zeolite supports provided exclusively hydrocarbons demon-
strating the importance of the acidic support in achieving complete deoxygenation.
Ni/HBEA provided the highest yield of hydrocarbons (70%). Luo et al. have also
reported the use of silicate-supported Ni catalyst for the production of cyclic alkanes
(Luo et al. 2020). When silicate-1 was used as the support, 33 wt% of the lignin was
converted to cyclic alkanes with a high selectivity towards ethylcyclohexane. They
then demonstrate that the C8 compound could be isolated by distillation and nearly
quantitatively dehydrogenated to ethylbenzene using a Pt-Sn/Al,O3 catalyst. They
proposed a scheme where this valuable chemical is produced while the remaining
cyclic alkanes are used in gasoline and jet fuel formulations. Other reports for the
production of cyclic alkanes via bifunctional catalysts have focused on Ru and Pd on
zeolites and other aluminosilicate materials, with yields of cycloalkanes from lignin
ranging from about 20 wt% to about 40 wt% (Schutyser et al. 2018).

7.4.5 Reductive Depolymerization by Transfer Hydrogenation

Transfer hydrogenation of liquid phase reforming processes obtains hydrogen from
the solvent or other organic additive and avoids the need for adding hydrogen gas. The
reactions are still often pressurized with inert gas so that they are run at supercritical or
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near supercritical solvent conditions. Catalysts for these reactions include the same
classes of catalysts as used for mild hydrotreating, and the solvents and reaction
conditions are similar. In general, higher average yields of monomers are reported
than for mild hydrotreating, but a drawback is the necessary consumption of solvent.
Table 7.10 provides some selected results for depolymerization via liquid phase
reforming or transfer hydrogenation.

Zakzeski et al. compared the reductive depolymerization via hydrotreating and
liquid phase reforming (Zakzeski et al. 2012). In the liquid phase reforming
route,hydrogen was transferred from ethanol and was catalyzed by Pt/Al,O3; with
acidic and basic co-catalysts tested while the hydrotreating was tested with catalysts
including Ru/C, Pd/C, Ni/SiO,, and a direct comparison with the Pt/Al,O3 catalyst.
They found higher monomer yields were obtained in the liquid phase reforming
process, which was carried out in a water-ethanol mixture at 225 °C (12.8-17.6)
with H,SO4 performing the best as a co-catalyst. For hydrotreating under the same
conditions, the best monomer yield was 6.2 wt%, also obtained with Pt/Al,Os3.

Catalysts based on Cu, Ni, and Mo (Ma et al. 2014; Ma et al. 2015a, b) have
been among the most effective catalysts for reductive depolymerization with transfer
hydrogenation from alcohols. Hung et al. have reported the use of Cu-Mg-Al mixed
metal oxides as an effective catalyst for depolymerization of soda lignin in ethanol
(Huang et al. 2014, 2015, 2017a, b, 2021). They reported monomer yields up to 86
wt% from Kraft lignin, 60 wt% from soda lignin, and 62 wt% from organosolv lignin
at 380 °C (Huang et al. 2015). Pt and Ni catalysts on the same Mg-Al oxide support
were less effective catalysts (Huang et al. 2014). They reported a strong temperature
dependence on the chemistry observed; at lower temperatures (<300 °C), recon-
densation of reactive intermediates is dominant, whereas at temperatures between
300-380 °C, hydrogenation of non-ring carbon-carbon bonds and capping and alky-
lation reactions from ethanol are active (Huang et al. 2017a, b). Furthermore, more
thermal cracking of bonds that are more recalcitrant than the aryl-ether bonds begins
at this temperature. However, at even higher temperatures (380-420 °C), char forming
reactions become dominant.

Cheng et al. have reported the use of Ni-Cu/C for depolymerization of organosolv
lignin in an ethanol/isopropanol mixture at 270 °C (Cheng et al. 2020). They obtained
a maximum monomer yield consisting mostly of alkyl guaiacols and alkyl syringols.
The bimetallic Ni-Cu catalyst proved better at transferring hydrogen from the solvents
than Ni or Cu alone, while Ni-W was not an effective catalyst. Biswas recently
reported the use of a bimetallic Ni-Co catalyst supported on biochar-derived activated
carbon for lignin depolymerization in methanol. Although monomer yields were not
quantified, high selectivity towards vanillin production was observed (Biswas et al.
2021). Chen et al. have reported a trimetallic W-Ni-Mo catalyst on sepiolite as the
support which was selective for the production of guaiacol (G1) and ethyoxyphenol
(OEt-H1) which could be produced in 4.2 wt% and 6.2 wt%, respectively, from
Kraft lignin at 280 °C in ethanol (Chen et al. 2021a, b). Ma et al. have reported
various Mo-based catalysts for the depolymerization of Kraft lignin in ethanol, with
monomer yields reaching up to 33.3 wt% (Ma et al. 2014; Ma et al. 20154, b).
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After alcohol solvents, the most studied hydrogen donor molecule is formic acid.
Xu et al. used Pt/C in combination with formic acid as the hydrogen donor in the
depolymerization of organosolv lignin from switchgrass (Xu et al. 2012). Performing
the reactions in ethanol at 350 °C, they reported a maximum monomer yield of 21
wt% with a reaction time of 4 h. The monomers were alkyl phenols and guaiacols. At
longer reaction times (20 h), monomer yields were increased but the average molec-
ular weight of the entire bio-oil was higher, indicating that repolymerization reactions
were likely occurring. Other hydrogenation active metals tested for transfer hydro-
genation from formic acid include Pd/C (Zhu et al. 2016; Onwudili and Williams
2014) and Ru/C (Kloekhorst et al. 2015). Zhu et al. reported monomer yields of
7-11 wt% from alkali lignins in methanol in formic acid over Pd/C at 280 °C. Pre-
methylation of the benzyl hydroxy groups increased those yields to 10.3-16.8 wt%
(Zhu et al. 2016). Under similar conditions, but using water as the solvent, Onwudili
and Williams reported 26 wt% of monomer production from kraft lignin with cate-
chol as the major monomeric product (Onwudili and Williams 2014). At higher
temperatures and using Ru/C as the catalyst in a 1/1 mixture of isopropanol and
formic acid, Kloekhorst et al. reported both depolymerization and hydrodeoxygena-
tion of organosolv lignin yielding a bio-oil product at 71 wt% yield (Kloekhorst et al.
2015). The monomer yield was greater than 30 wt% with alkyl phenols, catechols,
and aromatic hydrocarbons produced. Other effective hydrogen donor additives have
included tetralin and glycerol.

7.4.6 Oxidative Depolymerization

As the name suggests, oxidative lignin depolymerization is usually induced by a cata-
lyst in the presence of an oxidant (Table 7.11). Usually, this oxidant is O, provided
as pure molecular oxygen or air. Other oxidants have been used in lignin oxidation
for characterization purposes. Lignin oxidation can occur in acidic or basic aqueous
solutions or in organic solvents. In contrast to reductive depolymerization, the prod-
ucts of oxidative lignin depolymerization tend to completely retain their oxygen
functionalities or even contain further oxidized carbon atoms. When stronger oxida-
tion conditions are used (e.g., high O, pressure and/or longer reaction times), further
oxidation can occur to open the aromatic ring and produce non-aromatic carboxylic
acids and dicarboxylic acids. However, under most reported conditions, aromatic
aldehydes such as vanillin (G10) and carboxylic acids are commonly the most
concentrated monomers in the produced bio-oil mixture. In fact, vanillin produc-
tion is one of the few value-added commercial products ever produced from lignin,
produced via oxidative conversion of sulfite pulping lignin as early as 1936 (Fache
et al. 2015). At one time, this process supplied the majority of the world’s vanillin,
but today that share has dropped to 15%, and most vanillin is synthesized from fossil
sources (Kumar et al. 2021). However, around 3000 tons/year are still commercially
produced from lignin. Because of this past commercial success, there are many
studies on oxidative cleavage of lignin model compounds in attempt to understand
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Fig. 7.10 Possible mechanism for oxidative depolymerization of lignin $-O4 linkage yielding
vanillin. Adapted with permission from Springer (Tarabanko et al. 2004)

and improve the process. This section, however, focuses on the results of the studies
on technical lignins.

The commercial production of vanillin is accomplished via the aerobic oxidation
of lignin in a basic (NaOH) solution, and therefore, these reaction conditions have
received significant attention in the literature. The studied reaction conditions vary
in oxygen pressure from 2—14 bar and 120-190 °C, with the oxygen supplied by an
O, or air atmosphere. The mechanism is not completely understood but is thought to
be initiated by electron abstractions from a phenoxy anion to form phenoxy radicals
(Tarabanko et al. 2004). The mechanisms based on both reactions of various reactive
positions with O, or additional radical reactions and nucleophilic -OH attacks that
lead to bond cleavage have been proposed. The -OH attack mechanism (Fig. 7.10) is
supported by an observation of higher rates at very high pH (>13) (Tarabanko et al.
2004). Fargues et al. studied the effect of oxygen partial pressure and temperature and
found an optimized yield of 10.8 wt% of vanillin at 133 °C at 2.8 bar of O, (9.7 bar
total pressure) from Kraft lignin (Fargues et al. 1996). Higher temperature or higher
oxygen partial pressure led to the oxidative breakdown of the vanillin, reducing the
yield.

The addition of metal catalysts to the basic aqueous solution can enhance the
production of monomers. Most catalysts tested have shown moderate increases in
monomer yield over the process described above. The most common catalyst used is
CuSOy, sometimes in combination with FeCls, but other metals such as Pd, Mn, and
Mo have also been tested. For example, Xiang and Lee studied the depolymeriza-
tion of poplar hydrolysate lignin to form vanillin (G10) and syringaldehyde (S10) as
the major monomers (Xiang and Lee 2001). They found an increase in the yield of
monomers from 10.0 wt% non-catalytically to 13.8 wt% with the addition of CuSO4
and 16.2 wt% with the addition of CuSO4 and FeCl; (Table 7.11, entries 2-6). The
Cu is thought to aid in the formation of the phenoxy radical via acceptance of an elec-
tron, while Fe is thought to activate and deliver dissolved oxygen. Perovskite-type
mixed metal oxides (LaMnOs3) have also been well studied as a catalyst for alka-
line oxidation of lignin (Tarabanko et al. 2004). For enzymatic hydrolysis of lignin
from corn stover, an increase in the yield of vanillin and particularly syringaldehyde
was noted when the perovskites were added. Doping the catalysts with Cu and Fe
(LaFe( g§Cug03) provided an even higher yield of the aldehydes, with the maximum
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yield of the two aldehydes combined reaching 16.1 wt%, compared with 8.7 wt%
without a catalyst. Recently, Rawat et al. have reported producing a 12.5 wt% yield
of monomers, with a 9 wt% yield of vanillin using a MoPO/CeO, catalyst at 150 °C
under 5 bar O, (Rawat et al. 2020). Under these conditions, 55 wt% yield of ethyl
acetate soluble bio-oil was also obtained.

Oxidative depolymerization can also occur in an acidic solution. Vanillin is the
major product targeted in these types of depolymerization. Voitl and Rohr found
H3;PMo,,04¢ as a more effective acid than H, SOy for the oxidative depolymerization
of Kraft lignin under O, in a mixture of methanol and water for the production of
vanillin and methylvanillate (G13) (Voitl and Rudolf von Rohr 2018). The yields were
higher in the presence of methanol than in neat water, and methylvanillate was not
detected in water alone. The authors suggest that methanol plays a role in preventing
repolymerization reactions by quenching radical intermediates and suggest a variety
of mechanisms that could explain the formation of methylvanillate from vanillin and
methanol.

Aromatic acids can also be produced via oxidative depolymerization of lignin.
Partenheimer reported producing 11 wt% of a monomeric mixture consisting of
predominately vanillic (G12) and syringic (S12) acid in concentrated acetic acid at
180 °C over a Co/Mn/Zr/Br catalyst system (Partenheimer 2009). Gonclaves and
Schuchardt similarly used a Co/Br catalyst in acetic acid at 210 °C to produce a
5% yield of vanillin and vanillic acid. In an example using an organic oxidant, Ma
et al. have reported the use of peracetic acid for depolymerization. In water at only
60 °C, they achieved 18 wt% and 22 wt% yield of monomers from Kraft lignin and
enzymatic hydrolysis-derived lignin, respectively. The addition of Nb, Os as a catalyst
further increased those yields to 35 and 47 wt%. In this case, the major monomers
produced were 4-hydroxy-2-methoxyphenol (G21), p-hydroxybenzoic acid (H12),
vanillic acid (G12), syringic acid (S12), and 3,4-dihydroxybenzoic acid (C12).

Oxidative lignin depolymerization can also take place in organic solvents or
neutral aqueous solutions. These procedures have the advantage of not using corro-
sive basic or acidic solutions. These reactions usually occur with metal catalysts under
O, or air atmosphere. Metals used included Pd, Cu-V, Co, Co-Fe, and Au. Deng et al.
have reported oxidatively depolymerizing organosolv lignin in methanol at 185 °C
under 1 bar O, using a Pd/CeO; catalyst. They obtained a bio-oil with monomers
at 8.5 wt% yield, with the major products being vanillin, 4-hydroxybenzaldehyde
(H10), and guaiacol (Deng et al. 2015). Zhu and Lu have reported the use of Co(salen)
supported on graphene oxide (Zhou and Lu 2016). They used mild conditions, only
80 °C under air in methanol, and obtained about 8.5 wt% of monomers, with vanillin
and vanillic acid as the major monomeric components. The graphene oxide support
had a considerable effect as the yields were better than zeolite or mesoporous alumina
supports. Gold nanoparticles have been reported by Song et al. to be effective catalysts
for aerobic oxidation of the benzylic alcohol position in lignin (Song et al. 2018).
These reactions take place in dimethylformamide (DMF) at 120 °C under 1 bar
O, for 24 h. After oxidation of the benzylic group, the lignin is easily hydrolyzed
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using a NaOH solution to afford a bio-oil-containing monomers. In the case of y-
valerolactone (GVL) extracted lignin, the yield of monomers was 40 wt%, with aceto-
vanillone (G11), ferulic acid, and vanillic acid as the most concentrated components.
From Kraft lignin, however, the yield of monomers was only 9 wt% with vanillin
as the major component. The authors attributed the difference to the availability of
the benzylic position to be oxidized in the GVL lignin, while benzylic alcohols were
of lesser concentration in the more processed Kraft lignin, limiting the effectiveness
of this method for that technical lignin. Zhao has reported triazine frameworks as
metal-free catalysts for lignin oxidation (Zhao et al. 2018). Although neither the
liquid nor monomer yields were reported, they did report a breakdown of 80% of the
B-O-4 linkages in organosolv lignin after reaction in methanol at 180 °C under O,.

7.4.7 “Lignin-First” in situ Depolymerization

A common theme of the above sections has been that most thermal and catalytic
lignin depolymerization methods are more effective on lignins that retain more of
the aryl-ether 3-O-4 linkages from their native structures than those that contain more
condensed structures. We have also seen that another major factor contributing to low
monomer yields is repolymerization reactions. An approach that has gained signif-
icant traction in recent years is to combine the lignin fractionation and depolymer-
ization into a single step; this allows for operation on native lignin with a maximized
fraction of B-O4 linkages to break. This approach has been dubbed an “early stage”
or “lignin-first” in contrast to most biorefinery schemes which would be considered
“carbohydrate-first” because lignin is removed while cellulose is depolymerized to
release sugars (Fig. 7.11) (Liu et al. 2020). In the lignin-first approach, the products
are a lignin oil, rich in phenolic monomers, and a carbohydrate fraction sometimes
called the pulp that can be converted to other products separately (Renders et al.
2019; Abu-Omar et al. 2021; Liu et al. 2020).

The depolymerization methods used are the same as many of the above-described
solvent phase methods. The large majority of lignin-first methods use reductive
depolymerization methods (in this case often referred to as catalytic reductive frac-
tionation), either with H, gas or via hydrogen donation from an alcohol solvent or
cellulosic portions of the biomass; although acid (Kramarenko et al. 2021) or base-
catalyzed and oxidative (Hafezisefat et al. 2020) methods have also been reported.
The conditions used are on the mild side to minimize side reactions of the carbo-
hydrate residue. The one-pot lignin-first approach can be considered as a three-step
process, (1) solvent extraction of lignin from the biomass, (2) depolymerization
of the lignin via catalytic or solvolysis mechanisms, and (3) stabilization of reac-
tive intermediates, usually via hydrogenation (Renders et al. 2019). The nature of
the process, where contact between the solid biomass and the catalyst is unneces-
sary, lends itself to performance in semi-continuous flow-through reactors, and the
catalytic stabilization step can occur in the same or a separate unit operation from
the solvation (Kumaniaev et al. 2017; Renders et al. 2019; Kramarenko et al. 2021).
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Fig. 7.11 General schematic for variations of lignin-first biorefineries. Reproduced with permission
of Wiley (Liu et al. 2020)

However, flow-through reactors tend to increase solvent consumption, and longer
residence times of the lignin lead to familiar concerns about repolymerization reac-
tions (Renders et al. 2019). Table 7.12 reports selected lignin-first results. Yields are
reported on a lignin basis in Table 7.12 and in the following paragraphs.

As a result of the combination of operating on a high concentration of rela-
tively labile B-O-4 linkages and rapid stabilization of monomers, the yields of
monomers produced via lignin-first reductive depolymerization are generally higher
(~25-60 wt% under optimized conditions) than those found from isolated lignin,
with the variation found between biomass sources, catalysts, and reaction condi-
tions. The monomeric product distribution is also narrower than found for conver-
sion from isolated lignin. Most products are propyl, propenyl, or propanol-substituted
methoxyphenols (e.g., H/G/S7-9). The usually mild conditions used lead to retention
of most of the methoxy groups. Most reports have used traditional hydrogenation
catalysts such as heterogeneous supported Pd, Pt, or Ni materials. Catalyst and condi-
tions play a crucial role in monomer selectivity. Under an H, atmosphere, Pt/C, Ru/C,
and Rh/C have each been reported to be selective for propyl substituted guaiacols
and syringols, whereas under similar conditions, the well-studied Pd/C or Ni/Al,O3
catalysts have proven not to remove the y-OH group leading to a high selectivity
for propanol guaiacols and syringols. For example, Van den Bosch et al. (2015a, b)
reported a similar yield of monomer from birch wood using Ru/C (48 wt%) or Pd/C
(47 wt%) catalysts at 250 °C in methanol under 3 MPa Hj, but using Ru/C, a 75%
selectivity towards propyl substituted guaiacols and syringols was observed while
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Pd/C provided 91% selectivity for the propanol substituted compounds (Van den
Bosch et al. 2015a, b). In contrast, without H, but instead using hydrogen transfer
from ethanol, Galkin et al. reported 35% yield from birch with high selectivity for
4-propylsyringol (S7) using Pd/C at 210 °C. The selectivity can also be tuned with
additives (Galkin et al. 2016). For example, the addition of Lewis Acids with Pd/C
can shift the selectivity back towards the elimination of the alkyl hydroxy group
even under H,. Klein et al. found ZnCl, in addition to Pd/C most selective for
the propylmethoxyphenols (Klein et al. 2016). Huang et al. found metal triflates
in combination with Pd/C to produce methoxypropylguaiacol (G15) and syringols
under H; in methanol, with the Lewis Acid catalyzing the methylation of the hydroxy
group (Huang et al. 2017a, b; Huang et al. 2017a, b; Huang et al. 2016). Al1(OTf);
and Yb(OTf); were the most effective additives providing monomers in 45 and 43
wt%, respectively. This process simultaneously produced methylated sugars from
the carbohydrate fraction of the biomass.

The identity of the biomass has a larger influence on the product yield and distribu-
tion in lignin-first approaches than from isolated lignin. For isolated lignin, the most
important structural differences are influenced by the isolation procedure. With that
step removed, the influence of biological structures between species becomes more
noticeable. For reductive catalytic fractionation, phenolic monomer yields are often
highest from hardwood, followed by herbaceous species, and softwoods provide the
lowest yield of monomers. This is directly related to the number of $-O-4 linkages.
(S)-lignin which has its highest concentration in hardwoods is known to be correlated
with the amount of B-O-4s. For example, Van den Bosch et al. reported monomer
yields of 50 wt%, 44 wt%, 27 wt%, and 21 wt% for Ru/C-catalyzed reductive frac-
tionation from birch, poplar, miscanthus, and mixed softwoods, respectively (Van den
Bosch et al. 2015a, b). Similarly, Galkin et al. found higher yields from hardwood
than softwood for the Pd/C catalyzed process (Galkin et al. 2016).

In addition to reductive fractionation, other processes developed for the conver-
sion of isolated lignin have similarly found success when adapted to a lignin-first
approach. For example, De Santi et al. (2020) have reported the production of cyclic
acetals from softwood by using ethylene glycol to trap reactive intermediates, similar
to their process for isolated lignin (De Santi et al. 2020). The maximum yield of one
guaiacyl-derived acetal (G16) is 9 wt% from pinewood using H,SO, as the catalyst
in dimethyl carbonate at 140 °C. In addition to that acetal, the ethylene glycol is well
incorporated into other lignin structures via this process as well, and a high level
of depolymerization is achieved. In another acid-catalyzed process, Kramarenko
et al. have reported in situ depolymerization of lignin from birch, spruce, and walnut
shells, maximizing monomer yield at 17 wt% from birch (Kramarenko et al. 2021).
Hafezisefat et al. (2020) have reported a lignin-first non-catalytic oxidative method
that produced 10.5 wt% of phenolic aldehydes and acids from oak wood in perflu-
orodecalin under O, (Hafezisefat et al. 2020). The high solubility of oxygen in
fluorocarbons is noted as the reason a catalyst is unnecessary.
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7.5 Downstream Processing: Separations and Upgrading

As we have seen in the above sections, the primary conversion of lignin has
made many advances towards bio-oils containing high concentrations of monomeric
compounds. However, in most cases, the concentration of any one compound is low,
and the required separations for isolation only make sense for the highest value prod-
ucts. Furthermore, even with significant advances in monomer production, nearly all
the reported bio-oil mixtures still also contain higher molecular weight species.
Therefore, there is a significant need to upgrade the phenolic mixtures to more
fungible products via novel separation technologies or further conversion (upgrading)
that reduces the chemical complexity to fit the needs of potential end products.

Methods for separations of the phenolic bio-oils include liquid-liquid extraction
(Wang et al. 2018a, b, c; Sun et al. 2020) and distillation (Sun et al. 2020; Koelewijn
etal. 2018; Chan et al. 2020; Mante et al. 2018). Liquid-liquid extractions are useful
for the separation of monomers from heavier portions on the bio-oil but are of limited
value for obtaining high purities of any single compound, although some limited
concentrations can be achieved based on differences in pKa of the phenolic hydroxy
proton and careful use of varying the pH of the aqueous phase (Elkasabi et al. 2020).
Distillation of phenolic fractions has also been reported as useful, particularly if the
compounds isolated are of high value. Koelewijn et al. have reported distillation
of hexane-extracted lignin-derived bio-oils rich in 4-propylguaiacol (G7) and 4-
propylsyringol (S7) (Koelewijn et al. 2018). Their distillation conditions allowed for
recovery of the 4-propylsyringol in > 98% purity and the 4-propylguaiacol in 67%
purity, with high recovery yields (>94%) for both compounds.

The most reported form of upgrading for bio-oils from lignocellulosic biomass
is hydrotreating (Schutyser et al. 2018; Shu et al. 2020; Kim et al. 2019), and bio-
oils from lignin are no exception to this. Hydrotreating of bio-oils from pyrolysis
or liquefaction of lignocellulosic biomass has been studied for decades and exten-
sively reported (Elliott 2007). We will only consider briefly the specific hydrotreating
of lignin-derived bio-oils here. Hydrotreating ranges a spectrum from complete
deoxygenation and saturation leading to cycloalkanes to selective removal of oxygen
from side chains providing alkyl aromatics or selective hydrogenation of the rings
leading to cyclohexanols. Lignin oligomers can also be cracked to monoaromatics or
cycloalkanes during hydrotreating. Severe hydrotreating can also be applied directly
to technical lignins to directly produce hydrocarbons without the intermediate bio-
oil. Most hydrotreating of lignin or lignin bio-oil is ultimately aimed at the produc-
tion of hydrocarbon biofuels. Selectivity for the types of aromatics produced can be
controlled by the utilization of different catalysts and conditions (Schutyser et al.
2018; Shu et al. 2020; Kim et al. 2019). Aromatic hydrocarbons can be produced
via direct hydrogenolysis of ArC-O bonds. Catalysts used for this purpose include
widely used petroleum refining hydrotreating catalysts such as sulfided CoMo and
NiMo catalysts (Shu et al. 2020; Schutyser et al. 2018). Other catalysts active for this
type of transformation include MoO3 (Li et al. 2021) and bimetallics such as PtMo,
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Fig. 7.12 Summary of catalysts and products form hydrotreating of lignin or depolymerized lignin
liquids

PtRe, RuLa, RuZr, PdNb, and PdZr (Agarwal et al. 2019; Ohta et al. 2014; Li et al.
2017; Yohe et al. 2016). Cyclohexanes can be produced from lignin-derived pheno-
lics by highly hydrogenation-active metal catalysts (e.g., Pd/C, Pt/C, Ru/C, Ni/C) in
combination with an acidic moiety that can dehydrate the cyclohexanol intermedi-
ates (Wang et al. 2017; Agarwal et al. 2019; Rover et al. 2015; Lin et al. 2020; de
Wild et al. 2017). In the absence of the acidic co-catalyst, a mixture of cyclohexanes
and cylcohexanones is often produced (Teles et al. 2021). The use of Ru/Al,O3 and
acidic Y-zeolite has been used to access a mixture of C7-C18 cycloalkanes, a range
suitable for use in jet fuel, via one-pot depolymerization, HDO, and coupling of
monomers from alkali lignin (Wang et al. 2018a, b, c; Shen et al. 2018). A summary
of hydrotreating chemistry is provided in Fig. 7.12. A key upcoming challenge will
be developing higher value, non-fuel uses for depolymerized lignin, and separations
of the mixed phenolics and subsequent chemical conversion will be at the forefront
of lignin conversion research.

7.6 Summary and Outlook

Efficient conversion and utilization of lignin have been a long-standing impediment to
the development of environmentally and economically sustainable biorefineries. As
has been demonstrated in this chapter, the last decade has seen tremendous progress
in the development of catalytic methods that have greatly increased the chemical effi-
ciency of lignin depolymerization. New chemistries have focused on breaking C-O
aryl-ether (B-O-4) linkages that make up most native lignin structures. At the same
time, there has been a recognition that technical lignins have largely altered structures
with few of these types of bonds. Mild isolation methods or methods that use protec-
tive chemistry to prevent the formation of condensed C-C linked aromatic units have
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been utilized to realize lignins that these newly developed catalytic processes are
most effective on. From pyrolysis to solvent phase depolymerization under acidic,
basic, reductive, or oxidative conditions, new highs in the yields of lignin monomers
have recently been reported thanks to this combination of more reactive native-like
lignins and new catalytic chemistry. Furthermore, lignin-first methods have pushed
yields even higher by operating directly on native lignins, converting them to phenolic
bio-oils as a first step, and yielding a carbohydrate pulp that can be converted to fuels
and chemicals by a variety of fermentation and/or thermo-catalytic technologies.
Still, there are technical hurdles to overcome to make these lignin depolymeriza-
tion methods commercially relevant. While the nearly quantitative breaking of C-O
linkages has been achieved, there are still persistent C-C linkages even in native lignin
that led to the presence of higher molecular weight lignin oligomers in the phenolic
mixtures. Additionally, the largest sources of lignin from industrial processes remain
technical lignins, which come largely from pulp producers and carbohydrate-first
biorefineries, nearly 50 million tons worldwide annually. There are still few processes
that efficiently convert these types of materials, so methods for depolymerizing C-C
linked in condensed lignins remain a significant breakthrough still to be achieved.
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Chapter 8 ®)
Material Applications of Lignin e

Mandeep Poonia, Jeong Jae Wie, and Chang Geun Yoo

Abstract Recently, lignin has extensively been investigated for its material applica-
tions such as biocomposites, hydrogels, surfactants, and other materials. Owing to its
aromatic nature, three-dimensional network structures, and abundance of functional
groups, lignin is beneficial for replacing petroleum resources and is compatible with
other commercial resins, expanding its applications. However, the applications of
lignin-based materials are still at an early stage compared to cellulose-based mate-
rials due to the inherent molecular complexity and heterogeneity of lignin with tech-
nical challenges in its processing. This chapter introduces recent progress in lignin-
based composites and hydrogels among various approaches. To better understand
lignin-based materials, the impacts of lignin species, contents, synthesis/fabrication
methods, and other co-components on the technical performance and characteris-
tics of the lignin-based composites and hydrogels in recent studies are reviewed.
In composite applications, lignin can enhance thermal, chemical, and dimensional
stability, as well as biodegradability, UV blocking, antioxidant property, and antimi-
crobial activity. Similarly, lignin-based hydrogels demonstrate excellent biocompat-
ibility with antibacterial and antioxidant properties. Current challenges and future
perspectives of lignin-based materials are also discussed in this chapter.
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8.1 Introduction

Recent resource scarcity and environmental concerns increased the demand for green
technology to replace petroleum-based chemicals with renewable and sustainable
resources. Biomass is one of the promising resources for diverse industrial appli-
cations from traditional construction, papermaking, and direct combustion energy
source to biofuels, biochemicals, and renewable materials. Except for direct appli-
cations of whole biomass for construction and furniture, papermaking is the most
typical biomass application. While cellulose has been highlighted as a promising
renewable material for paper, nanocrystals, and nanofibers, lignin has been consid-
ered an undesired component in most biomass applications. Lignin is an aromatic
macromolecule, mainly composed of syringyl, guaiacyl, and p-hydroxyphenyl units
with different C-O and C-C bonds like p-O-4, B-f, p-5, a-O-4, and 5-5 linkages.
Lignin provides structural strength to the plant fibers and protects polysaccharides
in the plant cell walls from microbial attacks in nature. However, lignin is a major
recalcitrance factor in biological conversion processes since it limits cellulose access
to enzymes and deactivates enzymes (Yoo et al. 2020). Similarly, lignin has been
removed from biomass during the pulping process to enhance the quality of paper.
For these reasons, a certain amount of lignin is necessary to be removed from biomass
to accomplish effective biomass utilization. Through mechanical, thermochemical,
and biological treatments like pretreatment and pulping, unwanted fractions such
as lignin and other extractives are separated from cellulose. The generated lignin
has been considered a waste stream or a byproduct in many traditional biorefinery
processes. However, lignin has great potential, due to its aromatic structure, relatively
high energy content, and sustainability, for industrial applications. Unfortunately,
only 2% or less of the generated lignin is used in limited applications such as wood
adhesive, surfactant, and other chemical or material uses, while the rest is directly
combusted as an energy source (Bajwa et al. 2019). Therefore, further investigation
of lignin and its applications is necessary for effective lignin utilization. Valorization
of lignin can contribute to the economic competitiveness as well as carbon neutrality
of biomass-derived products including pulp products and cellulosic biofuels.

The importance of lignin has been highlighted in many recent publications. More
than 64,000 lignin-related articles have been published during the recent four years
(2018-2021) according to Web of Science.! These articles include fundamental
lignin chemistry and biochemistry, lignin-related plant science, lignin utilization,
and others. Among these lignin-related publications, articles on “lignin material”
or “lignin-based material” were exported for the network map using the keyword
co-occurrence analysis in 1006 scientific publications by the full counting method
of VOSViewer (Perianes-Rodriguez et al. 2016). As Fig. 8.1 shows, lignin mate-
rial applications in various fields such as polyurethane, activated carbon, electrodes,
fibers, nanoparticles, nanofibers, and films, as well as composites and hydrogels are
mainly covered in this chapter.

I Searching date: December 27, 2021.
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Fig. 8.1 The network map on “lignin material” or “lignin-based material” in the scientific
publications from 2018 to 2021

8.2 Lignin-Based Composite Materials

For emerging technologies, the requirements for new materials are increasing with
unique properties and multifaceted performance (e.g., lightweightness with high
mechanical strength/toughness, flexibility, biodegradability, chemical/thermal resis-
tance). Toward this end, composite materials have been investigated to achieve
desirable performances not found in a single material. Typically, the discontin-
uous constituent is called filler (or reinforcement), and the continuous constituent
surrounding the filler is called matrix. The tailored combination of constituent
materials enhances their performances and/or imparts new properties with a facile
tunability for a wide range of industrial applications. In particular, biocomposites
composed of one or more phase(s) derived from a biological origin have been
highlighted due to their environmental-friendly characteristics and sustainability.
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8.2.1 Fabrication Methods of Lignin-Based Composites

The interaction of lignin with other composite constituents, particle size of lignin,
target product shape and size, and other technical and economic factors are consid-
ered to determine the proper composite fabrication strategy. The current progress
of lignin-based composite fabrication has not yet reached the industrial production
level; therefore, among these factors, the interaction of lignin with matrix materials
has mostly been discussed at the laboratory scale in previous studies. For maxi-
mizing the interfacial areas between materials, homogeneous blending is crucial.
However, dispersion of lignin in matrix materials is often challenging because lignin—
lignin interaction is stronger than polymer—lignin interaction, resulting in aggrega-
tion of lignin molecules. Hence, the dispersion quality of lignin in the polymer
matrix depends on the interaction of lignin with the polymer matrices. For instance,
Szabd et al. (2017) studied the interaction of lignosulfonate with polypropylene (PP),
polystyrene (PS), polycarbonate (PC), and glycol-modified poly(ethylene terephtha-
late) (PETG) matrix. The authors reported that 7t electron interactions between lignin
and PS, PC, and PETG resulted in better compatibility compared to the reference
polymer (i.e., PP) blended by dispersion forces. Also, the authors discussed that
the formation of hydrogen bonds between functional groups of PC and PETG with
lignosulfonate makes the interactions stronger than the one with PS, which has only
aromatic rings without functional groups (Szabé et al. 2017). In this chapter, the fabri-
cation strategy for lignin-based composites is introduced by the dispersion methods:
(1) solvent casting, (2) melt-mixing, and (3) extrusion methods (Table 8.1). The
applications of lignin-based composites are also discussed with their advantages and
disadvantages.

8.2.1.1 Solvent Casting

For the fabrication of lignin-based composite materials, lignin and matrix mate-
rial(s) are dissolved in a solvent and transferred to substrates or a predefined three-
dimensional (3D) mold (Ye et al. 2019). Filler is dispersed in a solvent along with
polymer and has a large interparticle distance. The solvent is allowed to evaporate,
which increases the solute concentration and thereby increases the viscosity of the
composite solution. The increased viscosity reduces the diffusion of the fillers and
eventually makes them immobilized in polymer matrices. For the solvent casting
method, finding a common good solvent for both lignin and matrix materials is
a prerequisite based on the solubilities of lignin and matrix materials. For instance,
dimethylsulfoxide (DMSO) was used for the solvent casting of sulfonated poly(ether
ketone) (SPEEK) and lignin (Ye et al. 2019), and dimethylformamide (DMF) was
applied for that of Nafion and lignin (Ye et al. 2021). Alkali lignin was dissolved in
water along with agar for the composite formation (Shankar et al. 2015). Some lignins
were chemically modified prior to the dissolution in common solvents to increase
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their compatibility with the matrix materials. For instance, Kim et al. (2017) acety-
lated kraft lignin to improve its compatibility with poly(lactic acid) (PLA) and reduce
the lignin aggregation by decreasing its hydrogen bond strength (Kim et al. 2017).
In addition, Guo et al. (2019) used ionic liquids (i.e., N,N-dimethylacetamide/LiCl
solvent) to dissolve both cellulose and lignin for the formation of the composite film
(Guo et al. 2019). After the solvent casting, the resultant mixture was kept at ambient
temperature to form a film, and then the film was washed with distilled water and
dried.

Solvent casting method can also be applied with the mixture of two different
solvents with homogenization treatment (Crouvisier-Urion et al. 2017). Crouvisier-
Urion et al. (2017) individually dispersed chitosan in 1% (w/w) lactic acid aqueous
solution and dispersed lignin in ethanol, and then formed the solution by mixing two
solutions for solvent casting. For better dispersion of lignin, the blended solution
was further homogenized. Light scattering and two-photon microscopy showed that
the homogenization process reduced the particle size of lignin from 5 to 0.6 wm and
enhanced the distribution of lignin in the chitosan matrix. The authors also discussed
that the reduced lignin particle size via homogenization made the composite film
more hydrophobic by exposing more hydrophobic groups like C—C groups of the
subunits of lignin at the surface of the film.

The advantage of solvent casting is the superior mixing performance of lignin in
the polymer matrix as the starting materials are solubilized at a molecular level prior
to the fabrication of the composites. Relatively high lignin loading is applicable in
the solvent casting method because of the better dispersion of lignin in the matrix
materials. While solvents can enhance the blending of lignin and matrix materials,
only limited solvents have good solubility for both lignin and matrix materials. More-
over, many of these solvents have a certain level of toxicity and require additional
processing steps for solvent removal, which cause additional operation and equip-
ment costs for the handling of the waste chemicals; therefore, minimal solvent use
is desired.

8.2.1.2 Melt-Mixing

Lignin composite materials can also be fabricated by batch-type melt-mixing using
an internal mixing machine (Jaafar et al. 2019). In this process, both the matrix
material and the filler (i.e., lignin) are added to a mixing chamber of the internal
mixing machine. Melting of the matrix material takes place due to the applied heat
and friction between mixing components and the equipment rotor. A high-speed
mixer (3000 rpm) was used for the fabrication of PLA-lignin composite with 0, 5,
10, and 15 wt% of hardwood kraft lignin loading (da Silva et al. 2019). Homogeneous
composite was obtained after 1 min of mixing and molded into a film using a hot press.
Nguyen et al. (2018a) fabricated nylon—lignin composite using a Brabender Plasti-
Corder Torque Rheometer fitted with a mixing chamber and high-shear twin roller
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blades for melt-mixing of nylon and lignin (Nguyen et al. 2018a). Nylon 12 was pre-
melted at 190 °C at 90 rpm for 5 min, then mixed with organosolv hardwood (HW)
lignin (40-60 wt%) for 15 min to form the composites. Dominguez-Robles et al.
(2020) also fabricated poly(butylene succinate)-lignin composite using a Brabender
plastograph internal mixing machine. Softwood kraft lignin was melt-mixed with
poly(butylene succinate) in the mixing chamber at 150 °C at 80 rpm for 10 min for
the composite production (Dominguez-Robles et al. 2020).

Compared to the solvent casting method, melt-mixing does not require processing
solvents for fabricating composite materials. However, the challenges of the melt-
mixing method are its large energy consumption, high equipment cost, and potential
thermal degradation of lignin and/or polymer matrix. Melt-mixing is performed in
a batch process; hence, quality variation can occur with each batch, and the mass
production of the composite materials is difficult.

8.2.1.3 Extrusion

The other lignin-based composite fabrication method is extrusion which utilizes
elevated temperature and shear forces. As the temperature of the extruder increases,
solid polymer pellets become polymer melt and form a continuous matrix, and lignin
works as a reinforcement constituent. Polymer matrix coats the surface of lignin
particles to form the composite. The temperatures of the extruder heating zones are
adjusted according to the fluidity of the matrix material (Balasubramanian 2016).
Dominguez-Robles et al. (2019) fabricated PLA-lignin composite using a single
screw extruder (Dominguez-Robles et al. 2019). PLA pellets were mixed with soft-
wood kraft lignin and castor oil and then extruded at 170-190 °C with an extruder
speed of 5 rpm. Xiongetal. (2020) fabricated poly(butylene adipate-co-terephthalate)
(PBAT)-lignin composite using a twin screw extruder (Xiong et al. 2020). Kraft lignin
was obtained from eucalyptus and methylated with dimethyl carbonate to reduce the
lignin aggregation. Maleic anhydride (MAH)-grafted PBAT was used as a compat-
ibilizer. The temperature profile from the feed port to the discharging hole of the
extruder was: 130, 135, 142, 138, and 130 °C, with the feed port screw speed at
30 rpm and extruded twin screw at 50 rpm. The process of extrusion was repeated
three times, and then the composite was dried at 60 °C for 12 h. Vaidya et al. (2019)
fabricated polyhydroxybutyrate (PHB) composite filaments using biorefinery lignin,
formed by mechanical pulping and enzymatic hydrolysis (Vaidya et al. 2019). A twin
screw with a 40:1 length to diameter ratio (L/D) was used for extrusion at 300 rpm.
Lignin was dry-blended with PHB powder at 10, 20, and 50 wt%. A reverse extruder
barrel temperature profile, which has a hotter rear zone than the final downstream
temperature zone, was used to avoid any potential thermal degradation of the polymer.
The temperature profile of this study was: feeder to zone 3: 170 °C, zone 5 to zone
9: 160 °C, and zone 10 and die: 145 °C. The composite filament was cooled at room
temperature and used for 3D printing applications with enhanced layer adhesion.
Extrusion has similar advantages (e.g., solvent-free processing) and disadvantages
(e.g., high energy consumption, high equipment cost, potential thermal degradation
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of lignin or polymer matrix) as melt-mixing methods possess. However, extrusion is
a continuous process that can fabricate composite materials with consistent quality.
Also, 3D printer filaments and masterbatch pellets can be fabricated by the extrusion
process.

8.2.2 Impacts of Lignin on the Properties of Lignin-Based
Composites and Their Applications

The content and characteristics of lignin affect the composite properties. Ye et al.
(2019, 2021) reported that the chemical stability of the composite increased with
the lignin content. The authors fabricated the lignin-based composites by dissolving
SPEEK and lignin in DMSO (Ye et al. 2019) and Nafion and lignin in DMF (Ye
et al. 2021), and the resulted composites showed better chemical stabilities under
acidic and oxidizing conditions. These composites were used for vanadium redox
flow batteries as hydroxyl groups of lignin provided a transportation path for protons
and suppressed vanadium ion permeability through the composite film (Ye et al.
2019, 2021). However, the impact of lignin on the hydrophobicity of the lignin-based
composites varied. Vaidya et al. (2019) reported that the increase in biorefinery lignin
content improved the hydrophobicity of the PHB-lignin composites (Vaidya et al.
2019). On the contrary, Shanker et al. (2015) reported a decrease in the hydropho-
bicity of the composite by blending alkaline lignin in the agar composite (Shankar
et al. 2015). The authors discussed that the alkaline lignin was more hydrophilic
than agar, resulting in the lower water contact angle (i.e., higher hydrophilicity) of
the agar—lignin composite than that of the neat agar film. The effect of incorporation
of lignin on the hydrophobicity of lignin-based composites depends upon several
factors, including relative hydrophobicity of lignin compared to the polymer matrix
and exposure of hydrophobic C—C groups on the composite film surface. Incorpo-
rating PLA matrix with kraft lignin increased the water vapor permeability (WVP)
of the composite, while the incorporation with acetylated kraft lignin reduced the
WYVP because of the increased hydrophobicity of lignin by acetylation (Kim et al.
2017). The increase of lignin content in agar—lignin composite decreased WVP of
the composite because the strong intermolecular interaction between agar and lignin
led to good compatibility of these constituents and increased the tortuous path for
water molecules (Shankar et al. 2015). The dimensional stability of the composite
was also improved by increasing lignin content due to the intermolecular hydrogen
bonding of lignin with polymer matrix, rigid benzyl structure of lignin (Ye et al.
2021), and less swelling nature of lignin (Shankar et al. 2015).

The impacts of lignin on the mechanical strength of the lignin-based composite
materials were also investigated in previous studies. Ye et al. (2019) reported that
the increase of lignin content (up to 15%) showed a positive impact on the mechan-
ical strength of the SPEEK-lignin composite (Ye et al. 2019), while the addition of
lignin reduced the tensile strength of the PLA-lignin composite (Kim et al. 2017).
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Shanker et al. (2015) also reported that the tensile strength of the composite was
improved by up to the inclusion of 3 wt% lignin in agar-lignin composite; however,
the tensile strength decreased when the lignin content was increased further. The
authors discussed that the lack of uniform dispersion and agglomeration of lignin
beyond a certain lignin content reduced the tensile strength (Shankar et al. 2015).
The mechanical strength of the composite material was also affected by the compat-
ibility of lignin in the polymer matrix (Xiong et al. 2020). The compatibility can
be increased by either chemical modification of lignin (e.g., methylation) or using
a compatibilizer. For example, during the fabrication of PBAT-lignin composite,
methylated lignin had less lignin aggregation due to the reduced intermolecular
hydrogen bonding between hydroxyl groups of lignin molecules. This reduced lignin
aggregation enhanced the compatibility of lignin in the composite. Compatibilizer in
the polymer matrix also reduced lignin aggregation by increasing interfacial attrac-
tion between lignin and polymer matrix. Both methylation of lignin and the addition
of a compatibilizer enhanced the tensile strength of the composite film compared to
that of PBAT-unmodified lignin composite. The compatibility of lignin in the polymer
composite can be further increased by employing primary chemical bonding between
lignin and other constituent materials as compared to secondary intermolecular forces
such as hydrogen bonding or -7 interactions. Gil et al. (2019) synthesized PP-lignin
composite reinforced with glass fiber (GF) via reactive extrusion. Sodium lignosul-
fonate lignin is utilized with 10 wt% loading in the composites, and PP-grafted
maleic anhydride (PP-g-MAH) is used as a compatibilizer. For primary bonding,
isophorone diisocyanate (IPDI) was introduced in-situ during the extrusion process
for the urethane reaction with hydroxyl groups of lignin and GF. An increase of the
IPDI content to 7.5 wt% improved the tensile strength of PP-lignin composites from
28 MPa of 0 wt% IPDI counterpart to 35 MPa by the urethane formation. Above 10
wt% of IPDI content, the crosslinking reaction occurred between IPDI and urethane
via allophanate reaction, which further increased the tensile strength to 46 MPa at
20 wt% IPDI content (Gil et al. 2019).

During FDM (fused deposition modeling) 3D printing, the high melt viscosity
of polymers often causes clogging at the printing nozzle and reduces the deposition
throughput. This problem can be solved by fabricating the composite with a shear-
thinning profile. Nguyen et al. (2018a) fabricated the nylon—lignin composite, which
showed a shear thinning behavior. At 230 °C and a shear rate of 100 rad/s, nylon
12 showed a high melt viscosity of 1050 Pa - s, while the composite containing
40, 50, and 60 wt% lignin showed a significantly lower melt viscosity of 150, 91,
and 32 Pa - s, respectively (Nguyen et al. 2018a). The shear-thinning behavior of
the composite was attributed to the formation of spherical lignin particles in the
composite, which behaved like a lubricant phase and mobilized the nylon molecules.
Vaidya et al. (2019) fabricated a lignin-based composite with biorefinery lignin in
the PHB matrix (Vaidya et al. 2019). Melt rheology analysis showed that the melt
viscosity of this composite was lower than that of pure PHB. The reduction in shear
viscosity (shear thinning profile) enhanced the layer adhesion during 3D printing.
However, due to the other impurities such as cellulose and hemicellulose, which have
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much lower thermal degradation temperatures than lignin and PHB, this biorefinery
lignin-based composite material has limited application temperature.

The addition of lignin in the polymer matrix can improve the UV barrier and
antioxidant properties of the composites, making them suitable for applications in
food packaging. Dominguez-Robles et al. (2019) showed that increasing the lignin
content in PLA-lignin composite enhanced the radical scavenging activity. The
concentration of residual 2,2-diphenyl-1-picrylhydrazyl (DPPH) after 5 h reduced
from 100% with PLA composite to 40, 35, 30, and 25% with 0.5, 1, 2, and 3
wt% lignin content in PLA-lignin composite, respectively (Dominguez-Robles et al.
2019). Biodegradability of the composite is also important in food packaging appli-
cations because the package is usually discarded in the waste. According to the
biodegradability of PLA-lignin composite in garden soil over 180 days, neat PLA
had a negligible reduction in mass, while PLA-lignin composite with 10 wt% lignin
content showed a 5 wt% of mass reduction (da Silva et al. 2019).

As discussed earlier, lignin-based composites have various advantages in future
material applications. However, there are still several technical challenges in lignin-
based composite applications. The amount of lignin loading in the composite mate-
rials is currently limited because high lignin content composite showed a poor
mechanical strength due to weak cohesive energy of phase separated lignin parti-
cles, operating as defect sites in the polymer composites. Also, the surface of
composite materials became rough with an increase in lignin loading due to aggre-
gation of lignin, which can cause abrasiveness in the composite. Lignin feedstock
variability on the composite performance should be addressed with a deeper funda-
mental understanding. Further study is necessary to fully elucidate the unrevealed
processing-structure—property-performance relationships in lignin-based composite
toward practical use of lignin in future composite materials.

8.3 Lignin-Based Hydrogels

Hydrogels are 3D network structures having high water absorption and retention
capacity. In the swollen state, hydrogels can retain water up to thousands of times
their own dry weights (Meng et al. 2019b). Hence, hydrogels are useful in various
applications such as water absorbents for soil water retention in arid and semi-arid
regions, enzyme immobilization, drug delivery, wound dressing, tissue engineering,
electrodes, biosensors, and food packaging. Petroleum-based monomers and poly-
mers (e.g., acrylic acid, polyacrylamide) are widely used for hydrogel synthesis.
However, these petroleum-based hydrogels are limited in biological degradation, and
their decomposition compounds have biological toxicity (Song et al. 2020). Natural-
based materials like cellulose and lignin have been explored for hydrogel synthesis
due to their biodegradability, eco-friendliness, and sustainability (Teow et al. 2018;
Song et al. 2020). For instance, cellulose-based hydrogel crosslinked with epichloro-
hydrin showed an excellent swelling capacity (4650%) and biodegradability (79.5%
weight loss in 10 days) (Teow et al. 2018). Lignin also has great potential in this
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application due to its inherent characteristics such as antibacterial and radical scav-
enging activity (e.g., antioxidant) (Li et al. 2019; Zhang et al. 2019b). Lignin-based
hydrogels showed antibacterial and antioxidant properties, whereas cellulose-based
hydrogels need additional Ag nanoparticles or ZnO nanoparticles for these proper-
ties (Yadollahi et al. 2015). In this section, synthesis methods and applications of
lignin-based hydrogels will be introduced with recent studies.

8.3.1 Synthesis Methods of Lignin-Based Hydrogels

Depending on the crosslinking nature, the synthesis of lignin-based hydrogels
can be categorized into three approaches: (1) physical crosslinking, (2) chemical
crosslinking, and (3) hybrid double crosslinking. Hydrogels prepared via physical
crosslinking are also known as reversible hydrogels because some of them are ther-
mally and mechanically reversible due to the relatively weak bond strength of the
crosslinks (Morales et al. 2020). Chemically crosslinked hydrogels have an excel-
lent mechanical strength; however, their synthesis often involves toxic chemicals,
which can cause environmental issues and limit their applications in some fields like
biomedical applications. Hybrid double-crosslinked hydrogels adopt the advantages
of both chemical and physical crosslinking. Chemical crosslinks distribute the stress
throughout the structure, and physical crosslinks dissociate to absorb more energy
(Liu et al. 2020a). The hydrogel synthesis strategy can be determined according to the
desired properties for the targeted applications. Table 8.2 summarizes lignin-based
hydrogel synthesis methods with their potential applications.

8.3.1.1 Physical Crosslinking

Lignin-based hydrogels can be synthesized via several physical interactive forces
such as hydrogen bonding, hydrophobic association, interpenetrating polymer
networking, and electrostatic attraction (Thakur and Thakur 2015). Lignin can form
hydrogel via intermolecular hydrogen bonding because of its abundant hydroxyl and
carboxyl groups. Lignin-based hydrogel can also be formed by its mt-m interaction
with other hydrophobic materials. The hydrogel can be synthesized by partial inter-
lacing of lignin with other polymers at the molecular scale in a polymer matrix
through an interpenetrating polymer network (IPN) (Karak 2012). In addition,
anionic groups of lignin like hydroxyl, carboxyl, and sulfonate groups can have
an electrostatic attraction with other polymers having cationic groups like chitosan
for the hydrogel synthesis (Ravishankar et al. 2019).

The mechanical strength of physically crosslinked hydrogels is relatively weak
because of their low interactive forces. In general, the physical crosslinking approach
for hydrogel formation has been applied through: (i) dissolution of lignin and other
polymers such as cellulose, polyvinyl alcohol (PVA), chitosan, etc.; (ii) freeze—thaw
cycles of the solution for physical crosslinking; and (iii) washing unreacted polymers
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to obtain the hydrogel. For example, Zhang et al. (2019b) individually dissolved the
PVA in deionized water, chitosan in 2% acetic acid solution, and lignosulfonates
in deionized water. These solutions were homogeneously mixed for casting (Zhang
et al. 2019b). The casted solution in the mold was frozen at —18 °C for 8 h and
thawed at room temperature. The freeze—thaw cycle was performed five times to
obtain PVA—chitosan-lignin hydrogel, as described in Fig. 8.2. The hydrogel was
formed via ionic bonding between amino groups of chitosan and sulfonic groups
of lignin, hydrogen bonding between hydroxyl groups of PVA and chitosan, and
hydrogen bonding between lignin and PVA as well as lignin and chitosan (not shown
in Fig. 8.2). The increase of lignin content from 0 to 30 wt% improved the tensile
strength of the hydrogel from 38.55 to 46.87 Mpa. Different freezing and thawing
temperatures, time, and numbers of the cycle were investigated in previous studies
(Yangetal. 2018; Morales et al. 2020). Yang et al. (2018) synthesized PVA—chitosan—
lignin hydrogel with lignin nanoparticles (LNPs) formed by nanoprecipitation of
lignin (Yang et al. 2018). The authors reported that the hydrogel formed with 1
wt% LNP had more uniform micropores and better swelling properties than the one
with 0 and 3 wt% LNP. As compared to PVA-chitosan hydrogel, the swelling rate of
hydrogel with 3 wt% LNP didn’t improve despite more homogeneous pore structures.
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Fig. 8.2 Physical crosslinking mechanism of PVA-chitosan-lignin hydrogel (Reprinted from Mater.
Sci. Eng., C 104, 110,002, Zhang, Y., Jiang, M., Zhang, Y., Cao, Q., Wang, X., Han, Y., Sun, G.,
Li, Y., Zhou, J., Novel lignin—chitosan—PVA composite hydrogel for wound dressing, Copyright
(2019), with permission from Elsevier)
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Fig. 8.3 Synthesis of polymer-grafted lignin via atom transfer radical polymerization (ATRP)
(Reproduced with permission from Kai et al. (2015), Copyright 2015 American Chemical Society)

Lignin-based hydrogels were also synthesized via physical crosslinking by the
inclusion complexation of lignin-based copolymers with a-cyclodextrin (a-CD) (Kai
etal. 2015). As shown in Fig. 8.3, lignin-based copolymers were synthesized by atom
transfer radical polymerization (ATRP) of kraft lignin with poly(ethylene glycol)
methyl ether methacrylate (PEGMA). Firstly, lignin-based organic halide was synthe-
sized, and it worked as a macroinitiator and a polymer backbone for ATRP reaction. In
the second step, PEGMA-graft lignin copolymer was synthesized through the ATRP
reaction. For the synthesis of hydrogel, PEGMA-lignin copolymer was dissolved
in phosphate buffered saline (PBS) and mixed with the a-CD solution in PBS. The
mixed solution was kept at room temperature for the formation of hydrogel via phys-
ical crosslinking by the inclusion complexation between PEGMA-grafted lignin and
a-CD.

8.3.1.2 Chemical Crosslinking

Lignin has plenty of phenolic and aliphatic hydroxyl groups (Rico-Garcia et al.
2020), which enable chemical reactions between lignin and crosslinking agents to
synthesize lignin-based hydrogels. Strong covalent bonds in the polymeric networks
make it difficult to change the shape of chemically crosslinked hydrogels; there-
fore, these are often referred to as permanent hydrogels (Thakur and Thakur 2015).
Lignin-based hydrogels can be synthesized by chemical crosslinking of lignin with
other polymers such as cellulose, PVA, chitosan, poly(ethylene glycol) diglycidyl
ether (PEGDGE), polyacrylamide, and polyacrylonitrile with crosslinking agents
such as epichlorohydrin, formaldehyde, PEGDGE. Also, unsaturated monomers such
as acrylamide and N-isopropylacrylamide can be grafted on the lignin backbone
and synthesize hydrogels by radical polymerization of monomers and crosslinkers.
Dai et al. (2020) synthesized lignin-based hydrogel with hardwood kraft lignin and
PEGDGE as a polymer as well as a crosslinker at 40 °C for 12 h (Dai et al. 2020). The
phenolic hydroxyl groups of lignin reacted with epoxy rings of PEGDGE to form the
hydrogel by chemical crosslinking. Mazloom et al. (2019, 2020) formed the hydrogel



218 M. Poonia et al.

by crosslinking alkali lignin with PEGDGE at different crosslinker concentrations
(0.3,0.4, 0.5, 0.75, and 1.0 mmol/g of lignin) in three types of solvents (deionized
water, 1.5 M NaOH, and 3 M NaOH) (Mazloom et al. 2019, 2020). The hydrogel
was not formed in deionized water, while it formed in NaOH solutions. Higher
swelling capacity (34 g/g-hydrogel) was observed with 1.5 M NaOH compared to
16 g/g-hydrogel with 3 M NaOH. Dai et al. (2019) synthesized lignin-containing
cellulose hydrogel with epichlorohydrin (ECH) as a crosslinking agent. Microcrys-
talline cellulose was dissolved in NaOH/urea solution, and then ECH and alkali
lignin were added. Crosslinking reaction was allowed at 60 °C for 12 h to form the
hydrogel (Dai et al. 2019). Agarose-lignin hydrogel was also prepared with ECH
as a crosslinker. Agarose was dissolved in water at 68 °C and crosslinked with kraft
lignin for hydrogel formation (Sathawong et al. 2018). Free radical polymerization
by grafting the unsaturated monomers on lignin was also applied for the lignin-based
hydrogel synthesis (Meng et al. 2019b). In brief, free radicals can be generated by
the thermal decomposition of azobisisobutyronitrile (AIBN) (Fig. 8.4a). Free radical
is transferred to lignin to generate a phenoxy radical (Fig. 8.4b). The phenoxy radi-
cals attack the carbon double bond of monomer N-isopropylacrylamide (NIPAAm)
and crosslinker N,N’-methylenebisacrylamide (MBAAm) to form the initial prop-
agating chain (Fig. 8.4c). The crosslinked structure of hydrogel is constructed by
chain elongation (Fig. 8.4c) (Zerpa et al. 2018). The hydrogel is rinsed with acetone
to remove the unreacted monomers. The lignin-based hydrogel had a more porous
structure than synthetic hydrogel. Lignin was also modified with functional materials
to tailor the hydrogel properties (Gao et al. 2021). Hydrothermally extracted lignin
was modified with glycine, which contains amino and carboxyl groups. Glycine—
lignin-based hydrogel was synthesized by free radical polymerization with acry-
lamide as a monomer, MBAAm as a crosslinker, and ammonium persulfate as an
1nitiator.

8.3.1.3 Hybrid Double-Crosslinking

The performances of lignin-based hydrogels can be improved by synthesizing hybrid
double-crosslinked hydrogels via a two-step network formation: (1) formation of
covalent bonds through chemical crosslinking reaction; and (2) physical crosslinking
formed by hydrophobic interactions, ionic interactions, and/or hydrogen bonding
(Chen et al. 2019; Liu et al. 2020a). A schematic diagram of the hybrid double
crosslinking is shown in Fig. 8.5 (Liu et al. 2020a). Chemical crosslinking reaction of
ring-opening polymerization was carried out at 50 °C for 2 h with phenolic groups in
lignin and epoxy rings of PEGDGE crosslinker for the formation of single crosslinked
(SC) hydrogel. For physical crosslinking, the SC lignin hydrogel was immersed in
1 M H,SOq for 12 h to obtain a double-crosslinked (DC) hydrogel. The protonation
of unreacted phenol and carboxyl groups of lignin induced the hydrophobic interac-
tions among lignin chains. The DC hydrogel resulted in 40-fold higher compressive
mechanical strength (4.74 MPa) than that of SC hydrogel (0.12 MPa). The covalent
crosslinks in the hydrogel efficiently distribute the stress throughout the network and
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Fig. 8.4 Synthesis of lignin-based hydrogel by free radical polymerization. a thermal decomposi-
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maintain the hydrogel shape to ensure recovery to the original state. The reversible
physical crosslinks can dissociate to absorb energy and sustain deformations. The
DC hydrogel had high ionic conductivity (0.08 S/cm), which was comparable to
that of pure H,SOy solution. The DC lignin hydrogel electrolyte-based supercapac-
itor showed nearly 100% capacitance retention after 500 cycle numbers and 85%
capacitance retention at 80% compressive strain.

The single-step hybrid double-crosslinked hydrogel was also performed with
lignin nanoparticles (Chen et al. 2019). LNPs with an average particle size of 200 nm
were synthesized by ultrasonication. Hydrogen peroxide/ascorbic acid, acrylamide,
and MBAAm were used as a redox initiator, a monomer, and a crosslinker, respec-
tively. Hydroxyl free radicals were produced via the reduction of H,O, by ascorbic
acid, which had a strong interaction with LNPs and formed phenoxy free radicals
on the LNP surface. Free radical polymerization was initiated on the surface of
LNPs by the phenoxy free radicals and propagated. Then, MBBAm crosslinked
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the polyacrylamide (PAM) chains by connecting the neighboring LNPs. Some PAM
chains were covalently bonded, and others were intertwined with LNPs via hydrogen
bonding. PAM-LNP hydrogel showed higher toughness, elasticity, and stretchability
as compared to PAM hydrogel. The inclusion of LNP into PAM hydrogel increased
the fracture stress from 0.04 to 7.87 MPa, the toughness from 0.68 to 45.26 kJ/m3,
and the elongation at break from 190 to 750%. No serious deformation or strength
degradation was observed after 100 loading—unloading cycles at 80% strain.

8.3.2 Applications of Lignin-Based Hydrogels

Lignin-based hydrogels have a wide range of applications such as soil water retention,
adsorbent, flexible supercapacitor, food packaging, wound dressing, drug delivery,
and tissue engineering because of their biodegradability, biocompatibility, antibac-
terial property, antioxidant activity, higher mechanical strength, and chemical and
thermal stability.

8.3.2.1 Adsorption Applications

Lignin-based hydrogels showed a highly porous structure and negatively charged
phenolic and aliphatic hydroxyl groups, making the lignin-based hydrogels ideal
adsorbents. They were applied for the adsorption of both organic (Wang et al. 2017;
Dai et al. 2019) and inorganic materials (Zhang et al. 2019a). Large varieties of dyes
are used in textile dyeing, leather tanning, printing, and food packaging. These dyes
are carcinogenic and mutagenic and need to be removed from wastewater before
discharging into the environment. The lignin-based hydrogel was applied to adsorb
methylene blue dye, a cationic dye, at pH 1-11 (Wang et al. 2017). The adsorption
capacity of lignin-based hydrogel increased as the solution pH increased and leveled
off when the pH reached 7 and higher. Protons at low pH competed with dye for
adsorption sites, which resulted in poor dye removal. In contrast, high solution pH
increased the negatively charged hydroxyl groups, which increased the dye adsorp-
tion by higher electrostatic attraction. The adsorption capacity of methylene blue dye
on lignin-based hydrogel was up to 9.65 g/g of the hydrogel.

The chemically crosslinked cellulose-lignin hydrogel was also used for the frac-
tionation of alkali lignin (Dai et al. 2019). The hydrogel was immersed in an alkali
lignin solution, which had a weight average molecular weight (My,) of 1054 g/mol
with a polydispersity index (PDI) of 1.43. Lower molecular weight lignin (M, of
499 g/mol) with PDI of 1.13 was adsorbed on the hydrogel, while the unadsorbed
lignin showed M,, of 1220 g/mol with PDI of 1.21 in the filtered solution. This
lignin-based hydrogel fractionated more uniform lignin fractions with narrow molec-
ular weight distribution. The fractionation of lignin with the lignin-based hydrogel
was attributed to smaller pore size and noncovalent w—7 interactions between
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aromatic rings of alkali lignin and the lignin present in the hydrogel. Heteronu-
clear single quantum coherence (HSQC) nuclear magnetic resonance (NMR) and
3P NMR results showed that the adsorbed and filtered lignin had very similar lignin
composition and hydroxyl group contents.

Lignocellulosic (LC) hydrogels were used for the adsorption of copper and lead
ions (Zhang et al. 2019a). Biomass with different lignin contents (6.5, 11.6, and
18.4 wt%) was obtained from poplar wood chips by the kraft pulping process
using different alkali concentrations of cooking liquor. Lignin-free biomass was
also obtained by bleaching the kraft pulp. These biomass solids were dissolved in
N-methylmorpholine-N-oxide, and the hydrogels were obtained by solvent exchange
with ethanol followed by water. As the lignin content increased up to 11.6 wt%, the
adsorption of heavy metal ions (Cu?* and Pb?*) on lignin was improved, while the
adsorption decreased when the lignin content was 18.4 wt%. The highest adsorption
by the hydrogels with 11.6 wt% lignin content was attributed to the porous network
of the hydrogel, which exposed more phenolic groups of lignin and hydroxyl groups
of carbohydrates for the complexation with metal ions. However, further increase of
lignin content in the hydrogel reduced the uniformity of pore structure due to the
aggregation of lignin particles and led to the destruction of the network structure
resulting in the decrease of active sites for heavy metals adsorption.

8.3.2.2 Biomedical Applications

Biocompatibility, antibacterial property, antioxidant activity, and low cytotoxicity
of lignin (Kai et al. 2018; Dominguez-Robles et al. 2019; Zhang et al. 2019b; da
Silva et al. 2019) make lignin-based hydrogels a potential material in biomedical
applications such as wound dressing, drug delivery, and antimicrobial coatings.
Physical hydrogels and hydrogels crosslinked by non-toxic crosslinkers have been
investigated for biomedical applications (Larrafieta et al. 2018; Ravishankar et al.
2019; Zhang et al. 2019b). Hydrophobic drug loading was improved by the inclu-
sion of hydrophobic materials in the hydrogel structure (Larrafieta et al. 2018). The
lignin-based hydrogel was loaded with curcumin, a polyphenolic compound, for drug
delivery applications. Higher loading of curcumin was available with higher lignin
content in the hydrogel as both the lignin and curcumin contain aromatic rings.
Lignin-based hydrogels were also explored for wound dressing. The ideal require-
ments for a wound dressing material are a physical barrier with higher mechan-
ical strength, antibacterial activity to avoid infections, high absorption capacity to
clean up the metabolites, moisture-holding capacity, free radical scavenging, and
antioxidant properties (Zhang et al. 2019b). Lignin-based hydrogels fulfill these
requirements for wound dressing. For instance, PVA—chitosan-lignin hydrogel was
prepared, which improved the mechanical strength from 38.55 to 46.87 MPa, protein
adsorption capacity from 5 to 45 mg/g, and wound closure from 80% to nearly
100%, when lignin content increased from O to 30 wt% (Zhang et al. 2019b).
Although the antibacterial activity of lignin has been demonstrated in previous studies
(Larrafieta et al. 2018), Zhang et al. (2019b) reported that the antibacterial activity
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of the PVA—chitosan-lignin hydrogel was mainly due to cationic groups of chitosan.
The authors reported that the increase of lignin content in the hydrogel reduced the
antibacterial activity due to partial neutralization of cationic groups from chitosan
with anionic groups of lignin. Chitosan-lignin hydrogel synthesized by physical
crosslinking (electrostatic attraction) was also investigated for its wound dressing
application (Ravishankar et al. 2019). Cytotoxicity of this hydrogel was evaluated
in vitro and in vivo against mesenchymal stem cells and zebrafish, respectively.
Hydrogels synthesized with alkali lignin were non-toxic, while those with sodium
lignosulphonate were highly toxic. Cell viability was 114 £ 0.2% with alkali lignin,
99 + 2% with chitosan, 99 £ 3% with chitosan—alkali lignin, while it was relatively
low with sodium lignosulphonate (~60%).

8.3.2.3 Agricultural Applications

Hydrogels are used in arid and semi-arid regions for soil water retention and
controlled release of fertilizers in the soil. However, synthetic materials-based
hydrogels can cause soil pollution due to their limited biodegradability and/or
biological toxicity of the degraded products. Lignin-based hydrogel, synthesized
by crosslinking of lignosulfonate (L), konjaku flour (KJ), and sodium alginate (SA),
was used for controlling the release of water and nutrients for tobacco plants (Song
et al. 2020). The pore size of soil affects the saturated hydraulic conductivity of
the soil. The addition of SA-KJ-L (sodium alginate-konjaku flour-lignosulfonate)
hydrogel in the soil reduced the water loss during the infiltration process by blocking
the soil pores and increasing friction between soil particles, hydrogel, and water.
Saturated hydraulic conductivity of soil was reduced from 0.020 cm/min in no-
hydrogel soil to 0.008 cm/min in 0.375% hydrogel soil, 0.003 cm/min in 0.650%
hydrogel soil, and 0.002 cm/min in 0.975% hydrogel soil. The maximum water
holding capacity (MWHC) of soil without hydrogel was 52.66% (i.e., 52.66 g of
water in 100 g of dry soil). The MWHC increased to 61.63% with the addition of
0.975% lignin-based hydrogel. Nitrogen (N), phosphorus (P), and potassium (K)
are the three main macronutrients in the fertilizers used for plant growth (Song et al.
2020). These nutrients entered the SA—KJ-L hydrogel molecular structure along with
water which reduced the leaching and infiltration of nutrients in the soil. The addition
of 0.975% hydrogel reduced the leaching of nitrate nitrogen, ammonium nitrogen,
total phosphorus, and plant available potassium by 38.83%, 32.35%, 28.22%, and
26.89%, respectively, compared to the soil without hydrogel. Proline and reducing
sugar are protective substances against tobacco stress, and their contents are used
to identify the degree of drought in crops. The increase of proline content indicates
the higher drought stress. Proline contents in plants treated with 0.375, 0.650, and
0.975% of SA-KJ-L hydrogel were lower (~0.40 pg/g, ~0.35 pg/g, and ~0.30 pg/g,
respectively) than that of the untreated plants (0.88 pg/g).

Hydrogel crosslinked with alkali lignin and PEGDGE was applied to alleviate
drought stress in maize and compared with the hydrogel synthesized with sodium
polyacrylate (Mazloom et al. 2020). Maize plants were taller in soil amended with
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both hydrogels. In general, the P content in maize shoots declines with water shortage.
In this study, the lignin-based hydrogel amended soil showed higher P contents
(1.48-1.56%) in maize shoots than the content with no-hydrogel condition (0.44%).
These were comparable to the P contents with the synthetic hydrogel amended soil
(1.45-1.50%). Proline content in the maize grown in soil amended with lignin-based
hydrogels was lower (0.6 and 1.4 jumol/g) than the contents with synthetic hydrogels
(1.6 and 4.2 pmol/g) and no-hydrogel condition (4.8 jumol/g). The drought stress can
also be identified by electrolyte leakage which occurs mainly due to cell membrane
damage under drought-induced oxidative stress. The electrolyte leakage reduced
from 71% in no-hydrogel condition to 62% with sodium polyacrylate hydrogel
as well as lignin-based hydrogel treated soils due to alleviation in drought stress.
Sodium polyacrylate hydrogel had a detrimental impact on soil chemistry due to the
dissolution of sodium. The soil pH increased with sodium polyacrylate hydrogel,
which interferes with the nutrient uptake by plants, while the pH was not increased
with the lignin-based hydrogel because methoxyl, carbonyl, carboxyl, and hydroxyl
functional groups of lignin contributed to soil buffering.

8.3.2.4 Other Applications

Lignin has a unique pH-stimuli-responding property currently used for the disso-
lution and precipitation of lignin at different pH (Dai et al. 2020). At low pH,
hydroxyl and carboxyl groups of lignin remain protonated; hence reduction in repul-
sive forces decreases the swelling of lignin-based hydrogels. Conversely, the increase
of pH deprotonates these groups and induces swelling due to electrostatic repulsion
(Meng et al. 2019b). The hydrogel was synthesized by chemically crosslinking lignin
with PEGDGE, and its pH-stimuli responsiveness was tested (Dai et al. 2020). The
hydrogel filament was bent when immersed in an acidic solution, while the fila-
ment recovered its original shape in an alkaline solution. Mechanical switches and
actuators can be synthesized by using the pH-responsive behavior of lignin-based
hydrogels.

Although the above applications have been investigated, lignin-based hydrogels
have not yet been successfully produced at industrial scales. Extraction of lignin at
a certain molecular weight with narrow polydispersity is challenging. Most lignins
are biocompatible and non-toxic, but some sulfur-containing technical lignins are
not. For example, sodium lignosulfonate showed high cytotoxicity, which may not
be proper for biomedical applications (Ravishankar et al. 2019). As mentioned
earlier, physically crosslinked hydrogels have relatively low mechanical strength,
while many chemically crosslinked hydrogels are still formed with toxic chemicals.
Further study is required to form a lignin-based hydrogel with superior or at least
comparable performances to synthetic hydrogels without toxic chemical uses.
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8.4 Conclusion and Future Perspectives

Current lignin-based materials still have many technical limitations in their perfor-
mances and processing methods. Lignin alone cannot meet the mechanical strength
and/or flexibility; therefore, it is applied with other co-materials as a composite to
overcome these challenges. Since two or more materials will be chemically and/or
physically blended to form the materials, feedstock compatibility is a crucial factor.
To improve the performances of lignin-based materials, refining or modification of
lignin prior to the synthesis or processing of materials would be beneficial. Feed-
stock variability is another challenge in lignin utilization. Compared to cellulose,
the properties and composition of lignin have relatively large variations depending
on biomass species, growing environments, and processing methods (e.g., pulping
and pretreatment) and conditions. Since the performance of lignin-based materials
can be influenced by lignin, the understanding of lignin characteristics via proper
analyses is essential. Machine learning can be applied with a sufficient experimental
database to identify the best methodology based on the lignin source as well as
the target performance of the products. Also, environmental aspects of lignin-based
materials need to be considered further. One of the key features of lignin-based mate-
rials is carbon negativity; however, most studies simply discussed the alternation of
petroleum resources with lignin. For developing true eco-friendly future materials,
it is necessary to design carbon negative lignin-based materials on a cradle-to-grave
life cycle basis.
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Chapter 9 ®)
Techno-Economic Analysis oo
for Evaluating Biorefinery Strategies

Deepak Kumar, Tristan Brown, Shashi Kant Bhatia, and Vinod Kumar

Abstract Advanced biorefineries aiming to utilize all major components of biomass
to produce a wide spectrum of bioproducts and fuel are seen to play a key role in
implementing a biobased economy. However, due to the low technology readiness
levels, it is critical to assess the commercial feasibility and economic competitive-
ness of these biorefinery approaches using techno-economic analysis (TEA) before
making investment decisions and policy regulations. This chapter discusses the
basic concepts of TEA and summarizes the studies on various advanced biorefinery
concepts. Focus is given on three approaches: (i) biorefineries processing cellulosic
feedstocks where sugars are converted to biofuel and part of the lignin is converted to
fuel or high-value biochemical products, (ii) biorefineries converting hexose sugars to
biofuel and pentose sugars to high-value chemicals, and (iii) biorefineries processing
engineered lipid-producing energy crops.

9.1 Introduction

Increased energy demand due to rapidly growing population and industrialization,
limited energy sources, and environmental concerns from fossil fuels necessitates the
development of biobased energy technologies. The transportation sector accounts for
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about one-third (29.84 trillion MJ) of the total energy used in the United States, and
95% of this is derived from petroleum (Kumar et al. 2021). Moreover, 28% (1854
Tg CO, equivalent) of anthropogenic greenhouse gas (GHG) emissions are gener-
ated from the transportation sector alone (Fasahati et al. 2019; Kumar et al. 2021).
Bioethanol and biodiesel are promising alternatives to fossil liquid transportation
fuels that are produced from renewable feedstocks, and they produce relatively low
life cycle net GHG emissions. Bioethanol and biodiesel can be blended with gaso-
line and petroleum diesel, respectively, at various fractions (e.g., E10, E85, B5, and
B20) and used in normal or flexible-fuel vehicles. Both biofuels are commercially
produced in the United States, but mainly from food-based crops. The US produces
more than 16 billion gallons (60 billion liters) of ethanol, but more than 90% of
this is produced from corn starch. Similarly, out of 1.8 billion gallons of biodiesel
produced in the US, more than 80% was produced by transesterification of vegetable
oil obtained from soybean, canola, and corn.

Biofuel production from food crops is not a long-term sustainable solution due to
several challenges, such as food versus fuel priority, capacity limitations, intensive
agricultural inputs and cultivation costs, and land and freshwater use. Alternatively,
the use of lignocellulosic feedstock, such as agricultural residues (e.g., corn stover,
rice straw), agro-processing wastes (e.g., bagasse, shells, fruit pomace), forestry
products and wastes, and dedicated energy crops (e.g., switchgrass, miscanthus,
energycane) can address these challenges and provide a sustainable source of renew-
able biofuels and bioproducts. Considering the constraints of the limited availability
of conventional oil crops (e.g., soybean, canola) and their high cultivation costs,
significant efforts have been made in recent years to identify or develop alterna-
tive feedstocks that can provide oil/lipids for biodiesel production. One successful
approach in that area is to use metabolic engineering and plant genetics to geneti-
cally modify the highly productive biomass crops like sugarcane, energycane, and
sorghum to accumulate triacylglycerols (TAGs) in their vegetative tissues. It is a
highly promising approach that could allow the production of far more industrial
vegetable oil than previously possible. In addition to high productivities, most of these
crops have relatively low cultivation costs and are water-use efficient and drought
tolerant. For example, sorghum consumes about 33% less water compared to corn
(Fasahati et al. 2019). Lignocellulosic biomass and engineered energy crops do not
compete with food or feed, have alow economic value, and provide relatively superior
environmental benefits, especially when used in a biorefinery approach. Similar to
petrochemical refineries, biorefineries are based on the concept of producing multiple
products from various constituents of the biomass using a series of advanced biopro-
cess and thermochemical technologies. The concept allows sustainable transforma-
tion of all fractions of biomass to biofuels and bioproducts, achieving maximum
resource utilization and revenue. Lignocellulosic biomass is composed of three major
constituents: cellulose (30-50%), hemicellulose (8—50%), and lignin (7-30%) (Baral
and Shah 2017). Cellulose is a homopolymer of D-anhydro-glucopyranose units
linked with B-1,4 glycosidic bonds. Hemicellulose is a heteropolymer of several
sugars, including xylose, arabinose, glucose, mannose, and galactose. Lignin is
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a very complex 3-D heteropolymer of phenyl-propane units jointed by carbon—
carbon and ether bonds. The cellulose and hemicellulose can be hydrolyzed to sugar
monomers that can be subsequently fermented to biofuels and bioproducts. Lignin
can be combusted for heat and power generation (conventional biorefinery) or could
be recovered and used for the production of biofuels and high-value bioproducts
(advanced biorefinery).

A wide array of biorefinery approaches have been developed and investigated on
the lignocellulosic feedstocks and these engineered energy crops. Although most of
these proof-of-concept biorefinery approaches look attractive based on the results
from laboratory or pilot scale studies, the processing and manufacturing costs might
be prohibitively high. It is critical to understand the commercial-scale viability and
economic trade-offs between various options before their commercial deployment.
In addition to the economic profitability, detailed material and energy balances of the
whole system and individual unit processes included in the biorefinery are needed to
determine product yields, scale of operation, raw materials requirement, and energy
efficiency for successful implementation of these technologies. Techno-economic
analysis (TEA) using process simulation models is used to conduct such investi-
gations and determine the venture risk. The TEA can act as a connecting bridge
between laboratory research and industrial application by allowing to foresee the
process economics (Saini et al. 2020). This chapter discusses the TEA in the context of
biorefinery systems. The main focus is for three types of biorefineries (i) biorefineries
processing cellulosic feedstocks where both carbohydrate fractions are converted to
ethanol (or other liquid fuel such as butanol) and part of the lignin is converted to fuel
or high-value biochemical products, (ii) biorefineries similar to those in (i) except
that the C5 sugars are converted to high-value chemicals instead of being used for
ethanol production, (iii) biorefineries processing engineered lipid-producing energy
crops.

9.2 Techno-Economic Analysis (TEA)

TEA is an effective approach to evaluate the commercial-scale feasibility (technical,
energetic, and economics) of process technologies, especially the early-stage tech-
nologies. The analysis provides detailed process economics, such as equipment cost,
capital investment, annual operational costs and their breakdown (e.g., labor, util-
ities, raw materials), rate of return, etc. Over the last two decades, the TEA has
become an integral part of research both in industry and academia. In addition to
the overall economic feasibility, TEA helps in identifying the bottlenecks/hot-spots
and primary cost drivers in the process that can direct the research to improvise the
process. For any biomass-based biorefinery, there are several possible technology
choices. Even to produce the same main product, different process routes could be
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used. For example, during biomass to bioethanol production, there are numerous
choices of pretreatment processes, hydrolysis (acid vs. enzymatic), lignin valoriza-
tion (simple combustion vs. conversion to value-added products), and many other
processes. Within any specific technology also, there is a choice of selecting the
process parameters that affect the process yield. However, with that change in the
product yield, there are always associated costs of energy and economics. Similarly,
a trade-off between energy savings and capital investments is commonly encoun-
tered in biorefineries. TEA can help in understanding that trade-off and making the
choice of technology and process parameters based on multiple constraints (product
yield, economics, energy, etc.). Previous reports have demonstrated these trade-offs
in the choice of technologies for various biorefineries (Kumar et al. 2021, 2018;
Kumar and Murthy 2011; Kurambhatti et al. 2020; Somavat et al. 2018). A compre-
hensive TEA provides ample details of technical evaluation of biorefinery, such as
equipment capacity requirement based on the scale of operation, heating and cooling
energy requirement, power usage, skill requirement, etc. (Murthy 2022; Shah et al.
2016). In terms of economics, there are various accuracy levels of TEA: (i) Order of
magnitude estimate (accuracy level: £10-50%), (ii) sturdy estimate (accuracy level:
+30%), (iii) preliminary estimate (accuracy level: +20%), (iv) definitive estimate
(accuracy level: +£10%), and (v) detailed estimate (accuracy level: £5%) (Murthy
2017). The choice is made based on the objective of the analysis, resources available,
and the budget.

The analysis includes several steps, starting with the detailed process model
design. The model is developed based on the actual biorefinery design (sequence
of unit operations) and should take into account all technical and operational details
of the essential unit operations and associated equipment and accessories. Figure 9.1
depicts the process model of a biorefinery co-producing ethanol and biodiesel

Fig. 9.1 Flowsheet of a process model of biorefinery co-producing ethanol and biodiesel from
engineered energy cane (Adapted from Kumar et al. 2021)
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from genetically engineered energycane. Various commercial (e.g., Aspen Plus,
SuperPro Designer, CHEMCAD) and open-source platforms/tools (e.g., DWSIM,
BioSTEAM, SIM42) can be used to develop these process models (Cortes-Pefia
et al. 2020). The data associated with the operating conditions and process efficien-
cies (e.g., enzyme dosage, solid loading, conversion efficiencies of cellulose and
hemicellulose during enzymatic hydrolysis) of all unit processes can be obtained
from lab and pilot scale studies, mathematical models, and commercial facilities,
which is input into the process model. The simulation models (both commercial
and open-source) allow conducting a mass and thermodynamically rigorous energy
balance to determine the equipment design specifications and their capacities, product
yields (from an individual unit operation and overall process), utilities (amounts of
heating and cooling agents, electricity), and waste streams. Comprehensive reports
are generated from the model simulations, and the data is further analyzed to obtain
more meaningful results.

The monetary value estimations of the process include capital cost, operational
costs, and revenue, which are further used to calculate the overall profitability in
terms of return on investment (Shah et al. 2016; Towler and Sinnott 2012). The total
capital investment consists of direct fixed capital (DFC), startup cost, and working
capital. Out of these three costs, DFC is the main cost that accounts for designing
and installing a plant. DFC includes equipment purchase costs and several asso-
ciated direct (e.g., installation, piping, insulation, electrical facilities) and indirect
costs (e.g., engineering and construction). The costs of equipment for the respec-
tive capacities (estimated from the process model simulations) can be obtained from
various sources, including vendor quotations, trade journals, literature, and built-in
cost models in the simulation software (Murthy 2017). Since the equipment capaci-
ties vary among various options, the cost of the equipment for a specific capacity can
be calculated from the extrapolation of the exponential scaling equation (Eq. 9.1).
The value of “exp” in the equation varies between 0.4 and 0.9 depending on the
type of equipment and industry, but an average value of 0.6 is commonly used in the
biorefinery TEA studies (Shah et al. 2016). The associated direct and indirect costs
are dependent on the type of industry and can be determined using multiplication
factors obtained from the previous reports or process modeling textbooks in Chem-
ical Engineering. These values can be estimated on an individual context or could be
lumped into a single factor, known as the Lang factor. Both approaches have been
used in the published biorefinery TEA studies, and DFC value is typically estimated
3 to 4 times that of the equipment purchase cost (Huang et al. 2016b; Kumar et al.
2021, 2018; Kumar and Murthy 2011; Somavat et al. 2018). The startup cost is a
one-time investment to prepare a new refinery for operation. The working capital
corresponds to funds required to operate the biorefinery for initial some time till
revenue is generated. Most of the TEA studies estimate working capital as 5% of
DFC (Huang et al. 2016a; Khounani et al. 2019; Kurambbhatti et al. 2020; Ntimbani
et al. 2021; Shen et al. 2019; Somavat et al. 2018).

9.1

new size \ P
New Cost = Base Cost % | ———
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Annual operating cost is calculated by accounting for several expenditures asso-
ciated with raw materials, utilities, labor, quality analysis, plant maintenance, and
waste disposal. The quantities of raw materials and demand of utilities and labor are
determined from process simulations and are multiplied by the respective purchase
prices to calculate the total cost. The unit cost of the product (e.g., $/L biofuel) is
calculated by dividing operational costs by the product yield. Revenue is calculated
from the sale of the main product and co-products. The quantities (annual production)
of products are calculated from the process models and are multiplied by the selling
price to estimate total revenues. As biorefineries produce multiple products, there are
various approaches to calculate the cost of one product. Most of the studies identify
one output as the main product and calculate its cost based on the net operational
costs (total operational cost—co-product revenue) (Kumar et al. 2018; Somavat et al.
2018). In another approach, the production cost of all products produced from biore-
finery is calculated based on their amounts and market values (Huang et al. 2016a).
After calculating capital costs, annual operational costs, and revenues, a detailed
cash flow analysis is conducted using these cost numbers to determine the overall
profitability of the process. Considering the scope of this chapter, only a brief discus-
sion on the TEA methodology is provided here, and the readers can refer to other
book chapters that provide basics and details of the TEA methodology (Murthy 2022,
2017; Shah et al. 2016).

9.3 TEA of Lignocellulosic Biomass-Based Biorefineries

Considering the need for analysis, various studies have investigated the TEA of
biomass-based biorefineries. The conventional biorefineries TEA considered the
conversion of structural carbohydrates (cellulose and hemicellulose) to bioethanol
and the burning of the lignin-rich stream for in-house steam and electricity produc-
tions. This is the common practice used to utilize lignin in the pulp and paper indus-
tries with the burning of more than 95% of total extracted lignin (50 million tons
annually) (Baral and Shah 2017; Shen et al. 2019). Most of the TEA studies of conven-
tional biorefineries studies concluded that the energy produced from the burning of
lignin was higher than that of biorefinery requirement and the excess steam was
converted to electricity and sold to the grid (Hasanly et al. 2018; Humbird et al. 2011;
Kazi et al. 2010; Kumar and Murthy 2011; Rajendran and Murthy 2017; Sanchez
et al. 2013). Kumar and Murthy (2011) conducted a TEA of cellulosic refineries for
four pretreatment technologies using grass straw as feedstock and found that lignin
energy was sufficient to meet the energy requirement of biorefinery in all the cases.
The excess electricity ranged from 0.77 to 1.78 kWh per L of ethanol production
(Kumar and Murthy 2011). Similar observations have been reported for the biore-
fineries producing butanol (Baral and Shah 2017). Although the direct combustion
of lignin stream is the current practice, several recent studies have emphasized the
importance of converting lignin to high-value chemicals and bioproducts instead of
burning it. The low oxygen-to-carbon ratio (O/C ratio) and ring structure of lignin
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provide an opportunity to produce various high-value aromatic compounds, biochem-
ical, and biomaterials with a wide application to replace petroleum-derived counter-
parts (Shen et al. 2019). Some examples of these products include epoxies, phenolic
resins, adhesives, biopolymers (PHAs; polyhydroxyalkanoates), vanillin, jet fuel, etc.
Moreover, there is a large capital investment associated with steam and electricity
production system. According to a comprehensive TEA study conducted by Humbird
et al. (2011), the steam and electricity generation system (boiler/turbogenerator)
accounted for more than 25% of the total installed equipment cost. In this chapter,
the studies where not all of the lignin was burnt for thermal energy needs but part of
it was used for biofuel and bioproduct production are discussed. The details of these
studies are summarized in Table 9.1.

To keep the biorefineries self-sustainable, a part of lignin can be burnt to produce
steam and electricity to meet the energy demand of the biorefinery and the remaining
lignin can be valorized to produce high-value chemicals and bioproducts. Bbosa
etal. (2018) evaluated the feasibility of biorefinery valorizing lignin fraction (80% of
lignin from the ethanol process) through hydrothermal liquefaction (HTL) process
and found the process highly profitable, with the minimum ethanol selling price
(MESP) of $1.03/gal ($0.27/L), significantly lower than the reference ethanol price
(selling price in Iowa of $1.94/gal ($0.51/L)). Although the production cost was low,
the capital cost was relatively higher due to the high equipment cost associated with
the lignin valorization section (~40% of the total installed equipment cost). They
also conducted a comprehensive uncertainty analysis and concluded that the uncer-
tainty level is high due to the low maturity level of lignin valorization technology.
Shen et al. (2019) conducted a TEA of biorefinery co-producing bioethanol (from
carbohydrates) and jet-fuel (from lignin) using corn stover as a feedstock. The lignin
fraction from the distillation column of the bioethanol process was converted to jet
fuel using the hydrodeoxygenation (HDO) route. Three scenarios for various ratios of
lignin stream distribution between power generation (100, 76.1, and 23.6%) and jet-
fuel were evaluated. The capital investment for the scenarios producing jet fuel from
lignin was up to 8% higher compared to the base case (lignin burning). Correspond-
ingly, the minimum ethanol selling price (after accounting for co-product credit from
electricity and/or jet-fuel) was also slightly higher ($2.88/gal ($0.76/L) vs. $2.85/gal
($0.75/L) ethanol). It is important to note that although there was not much benefit
in terms of process economics, it is critical to establish jet-fuel production tech-
nologies using feedstock other than conventional oil crops. It was also reported that
the ethanol and jet-fuel co-producing biorefinery could be more profitable with the
improvement in the jet-fuel production yields and increase in jet-fuel market price
(Shen et al. 2019). Baral and Shah (2017) compared the techno-economic feasi-
bility utilization of stillage (lignin stream from distillation) from cellulosic butanol
refinery in two pathways: direct combustion and fast pyrolysis to produce bio-oil.
They concluded that although significant quantities of bio-oil and biochar can be
produced through the fast pyrolysis route, the direct combustion process is more
economically feasible. The stillage processing cost in fast pyrolysis was found to be
12% lower compared to the direct combustion route. By conducting the sensitivity
analysis, they found that the cost can be reduced, and the pyrolysis process can be
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profitable as the technology is matured and the process conditions of all operations
are optimized considering the process intensification (Baral and Shah 2017).

Considering the challenges of fermenting C5 sugars to ethanol using current indus-
trial yeast strains, some TEA studies have investigated the feasibility of valorizing
CS5 sugars to chemicals instead of fermenting them to ethanol. Giuliano et al. (2018)
conducted one such analysis in which they compared the process economics of three
scenarios: (i) ethanol production from both glucose and xylose, (ii) ethanol from
glucose and xylitol from xylose, (iii) ethanol from glucose, and furfural from xylose.
Due to the high value of xylitol (three times the selling price compared to ethanol),
the payback selling price of ethanol for the third case was 51% lower compared to the
base case (only ethanol) (Giuliano et al. 2018). Similar results were reported by Ntim-
bani et al. (2021) with the TEA of one-stage furfural and cellulosic ethanol from the
mixture of sugarcane bagasse (70%) and harvesting residues (30%). The minimum
ethanol selling price for integrated biorefinery scenarios (—$0.02 and $0.42/L) was
significantly lower than the sole-ethanol scenario ($0.595/L) at the internal rate of
return (IRR) used in the study. Due to relatively large capital investments ($305-
$327 million) compared to the sole-ethanol process ($294 million), the MSEP was
highly dependent on the IRR value. The integrated biorefinery was more profitable
at an IRR of 10%. However, at an IRR of 15% or higher, the MSEP from integrated
biorefinery was at least 37% higher ($1.14-$2.23/L) compared to the sole-ethanol
process ($0.83/L) (Ntimbani et al. 2021). Rajendran and Murthy (2017) performed
a TEA of bana grass and energy cane-based biorefineries where C5 sugars were
converted to ethyl acetate through a process of producing acetic acid from the C5
sugars followed by reactive distillation with ethanol. Although the ethanol produc-
tion was lower in these scenarios (due to C5 diversion and using some ethanol for
reactive distillation), the return on investment was found to be significantly higher
(~5% vs. —9.0% for bana grass and ~5% vs. —9.3% for energy cane) compared to
the base case (only ethanol production). Zang et al. (2020) conducted a TEA of an
integrated biorefinery co-producing ethanol, furfural, and lignin from switchgrass
through a one-pot biomass fractionation process using a biphasic solvent (aqueous
choline chloride (ChCl) and methyl isobutyl ketone (MIBK)). Processing of 1 MT
of feedstock (20% moisture) using this integrated system resulted in the production
of 124 kg ethanol, 109 kg furfural, and 97 kg lignin. Unfermented carbohydrates
and unrecovered lignin were burnt to produce steam and electricity to partially meet
the energy demands of the biorefinery. The process was found to be economically
feasible, with the minimum selling price of furfural at $625/ton, which was about
35% lower compared to the market price (Zang et al. 2020).

Although several of the studies discussed above highlighted the importance and
benefits of converting lignin and C5 sugar fractions into high-value compounds,
further research is needed to improve these technologies. The decision on the utiliza-
tion of lignin and C5 sugars for the production of high-value products will depend on
the type of feedstock and the technology used because in some cases, the quantities
of lignin or CS5 sugars might not be sufficient to justify the capital investment on the
technologies required for their valorization. Also, the market price of potential prod-
ucts from lignin valorization would play a role in making these decisions. It would
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be important to point out that the market price and selling price assumptions can
vary among studies and that variation causes inconsistency. The purchase or selling
prices of raw materials keep fluctuating, and the fluctuation could be very high for
biofuels and bioproducts. For example, the wholesale price of ethanol ranged between
$1.09 and $3.51/gal ($0.29-$0.93/L) during 2010-2020 (Kumar et al. 2021). The
assumptions of the selling price of products and co-products would directly affect
the TEA results. Although several studies use the current year price for the anal-
ysis, using a historical average (e.g., 10-year average) could make the analysis more
rigorous. Moreover, sensitivity analysis or uncertainty analysis could be conducted
to understand the feasibility of biorefineries under various potential scenarios (e.g.,
considering extreme low and high values of selling prices). More detailed discussion
can be found in a published paper (Brown 2018), which focused on the effect of
commodity price uncertainty on the TEA feasibility study of cellulosic biorefineries.

9.4 TEA of Engineered Lipid-Producing Energy
Crops-Based Biorefineries

Considering this new technology, only a handful of studies have been conducted
to evaluate the commercial-scale feasibility of engineered lipid-producing energy
crops-based biorefineries (Table 9.2). As these crops are under development stage
and there is uncertainty about the actual composition of these feedstocks, most of
these studies evaluated various scenarios by varying the TAG levels in the biomass.
The chemical composition of feedstocks under these scenarios was estimated based
on energy balance (Fasahati et al. 2019; Huang et al. 2016a, b; Kumar et al. 2018).
This approach assumes that sucrose and lipids are two major energy reserves, and
after substituting sucrose with lipids, the remaining mass ends up as fiber in the
biomass (Huang et al. 2016a; Kumar et al. 2018). Based on this assumption, Huang
etal. (2016a) considered that the fiber content in the lipid-producing sugarcane (with
20% lipids) was 73% (dry basis) compared to 43.3% for normal sugarcane. Using a
similar assumption, Fasahati et al. (2019) assumed about an 8% increase in cellulose
(16.21 vs. 15.02%) in engineered sorghum (5% lipids) compared to non-engineered
sorghum.

The first study on the TEA of engineered lipid-producing energy crops-based
biorefinery was conducted by Huang et al. (2016a) to evaluate the feasibility of
co-producing ethanol and biodiesel from lipid-producing sugarcane, also known as
lipid-cane. The biorefinery was found economically feasible, with an IRR of 13.7—
24.0% compared to 15% for the soybean biodiesel process. An inverse relationship
was observed between the process economics and lipid content in the biomass. With
an increase in lipid content from 2 to 20% (dry basis), the biodiesel production cost
decreased by more than 30% ($0.59/L for 20% lipids vs. $0.89/L for 2% lipids)
(Huang et al. 2016a). Similar observations were made by Kumar et al. (2018) from



D. Kumar et al.

240

(panunuoo)
}00)Spad)
o ut prdy 907-S
‘uoneIduasd romod
0) UOISIOAUOD
asseseq
¢ssooo01d VIH uononpoid (s1seq
Sursn spidi] woiy KJ101109[9 reny 3of (1eak/sAep | 1om) uol/Ge$ — ($
(8102) [enJ 1ol ‘asoions 1eng-1of [ongy 3o ‘Teny-3af | pue joueye | Teuonerado 00g) | 9107) Queoredns
‘Te Jo rewny woip oueyd | /€9 SIS | 6L T$-EL0$ CTIse-1'8¢C ‘oueyyg pajersoju] Kep/LIN 0008 | Suronpoxd-pidry
Y001Spady
o ut pidi %07-C
‘uonerauasd romod
0) UOISIOAUOD
asseSeq [oueyio uononpoid (s1seq
*spidiy woxy T/9%'0$-0t"0$ Aoinospo [osa1polq (1e0k/sKep | 10m) u0Y/Ge$ — ($
(®9107) | [°sa1poIq “@sorons {[osarpoiq ‘[9se1poiq | pue [oueyla | [euonerado 0g7) |  £107) Suedredns
‘[e 30 Suny woly [oueyy —| 1/68°0$-650$ 661-6'8S1 |  ‘fouepg | paerSouy | Kep/LIN 0008 | Suronpoid-prdry
(uorprut
douq Suryes $) JUQUNSOAUT (3500 sseurorq
SQOURIJOY B REN| WNWIUIA | 1S00 UonoNpoid rende) sjonpoiq ssoo0ld | Anoedesjueld | <1eak §) sseworg

sdo1o A310u9 pareduISud Sulsn SALIOUYAIOIQ SNOLIBA JO SISA[EUE JIWOU0I-0UYI], 7°6 dqBL



241

9 Techno-Economic Analysis for Evaluating Biorefinery Strategies

(D7) [ouey
JISO[N[[32 10
uornerouag romod

0) UOISIOAUOD (s1seq
assedeq ¢spidip [oueyjo 19M) U0Y/GES
Wo1j [9S91polq T/SY0$-6€°0$ Aronoso (1eak/skep | — ($ 6107) oued
0202) pue aso1ons ‘Jesa1porq ‘[esarpoiq reuonerado (00g) | AS1oug oueoreSns
Te 30 Tewny| woly [oueyy —| 1/18°0$-690%| 990v-L'8ET ‘[oueyg Kep/LIN 0008 | Suronpoxd-pidig
spidip
woIJ [9SAIPOIq uononpoid (s1seq
‘sajeIpAyoqred Kromooa [9sa1polq 1o9M) U0Y/QH§ —
6102) [eInonns [oueyld ‘[eserpolq | pue [ouBYy)d wnygios A1p | ($110¢) wnysios
‘Te 39 neyeseq woly joueyny 1/59°0$ - L'66v ‘loueyyg porersoiu] Kep/LIN 000C | Suronpoid-pidry
Uuoseas-JJo
Queo-pidi
oy ur skep (9
Joy jueld Qwres
oy ur 3urssaooid
wnys3Ios ‘skep 007
10y Surssaooxd (skep (s1seq
Qued-pidry [euonippe 09) Jom) wny3ios
uornjerouag remod Kep/unygios uoy/ze$ ‘(siseq
0) UOISIOAUOD 1IN jom) aued-pidy
assedeq [oueyo uononpoid | )ogL ‘(Teak/sKep uoy/Ge$ —
*spidiy woxy 1/87°0$-8€°0$ Aoinoso [esatpolq | [euonerado ()07) | ($ €10¢) wnysios
(99107) | TeserpoIq ‘asorons ‘Jesa1porq ‘[esaIpolq |  pue Joueye | Kep; oued-prdip pue aueoresns
‘Te 30 Sueny woly [oueyy - T¥80$-950$ —| ‘louemg |  pajersauy LN 0008 | Suronpoxd-prdry
(uorpru
oo11g Suryes $) JUQUNSOAUT (3500 ssewrorq
S90UAIRJOY SyTewoy WNWIUIA | 1509 Uononpoid rende) sjonpoid ssoo0ld | Anoedesjueld | f1eok §) sseworg

(ponunuoo) 7'6 dIqEL



242 D. Kumar et al.

the TEA of biorefinery co-producing ethanol and jet fuel from this engineered sugar-
cane. The jet fuel production cost decreased from $1.79/L to $0.73/L with an increase
in the lipid content of sugarcane from 5 to 20%. However, at the same time, the capital
investments were estimated to be relatively higher to process biomass with high lipid
levels. Kumar et al. (2018) reported that 48% higher capital investment ($351.2 vs.
$238.1 million) is needed to process 20% lipid-containing sugarcane compared to 5%
lipid-containing sugarcane. This increase was due to capital-intensive jet fuel produc-
tion technology. As the biodiesel production process is not that capital-intensive,
Huang et al. (2016a) reported only an 11.6% increase in capital investment to process
20% lipid-containing sugarcane compared to 5% lipid-containing sugarcane. Both
studies considered the utilization of bagasse to produce steam and electricity. In
both cases, the energy from bagasse burning was sufficient to meet the biorefinery
demand and the excess electricity was sold to the grid. The surplus electricity for
20% lipid-containing sugarcane was estimated at 217.2 and 156.9 kWh/MT biomass
processed for ethanol-biodiesel biorefinery and ethanol-jet fuel biorefinery, respec-
tively (Huang et al. 2016b; Kumar et al. 2018). Moreover, considering the high
productivity of sugarcane, the biodiesel yield per unit of land was estimated up to 13
times higher than that of soybean (Huang et al. 2016a). Considering the harvesting
time (6—7 months/year) of sugarcane, both of these studies assumed a 200-day annual
operational time in the process model development. In a follow-up study, Huang et al.
(2016b) investigated the TEA of a biorefinery processing lipid-producing sugarcane
and lipid-producing sorghum in the same plant. Since the harvesting time of sugar-
cane and sorghum is different, with integration of sorghum processing into the lipid-
cane biorefinery, the plant could be operated for additional 60 days without adding
more capital costs. This integration resulted in a decrease in the production cost
of ethanol and biodiesel by $0.02/L and $0.03/L, respectively. The IRR was calcu-
lated to be 29.2% compared to 24% for the lipid-cane-only biorefinery (Huang et al.
2016b). In another TEA study on lipid-producing sorghum-based biorefinery, Fasa-
hati et al. 2019 reported that for the base case (10% lipids in sorghum), the minimum
selling price of ethanol (MSPE) from this advanced biorefinery was about 20% lower
($0.65/L vs. $0.82/L ethanol) compared to the ethanol-only process (conventional
process). From the sensitivity analysis, they concluded that the MSPE could meet
the market price if engineered sorghum contains at least 13% oil and costs less than
$65/ton (dry basis).

In the most recent study, Kumar et al. (2021) investigated the TEA of biorefinery
processing lipid-producing energy cane for co-production of ethanol and biodiesel.
However, unlike previous TEA studies assuming ethanol production only from the
sucrose in the juice, this study evaluated the feasibility of biorefinery under two
scenarios: (i) biodiesel from TAGs and ethanol production only from the sucrose
in the juice and bagasse burning for power generation, (ii) biodiesel from TAGs
and ethanol production from both sucrose and structural carbohydrates in bagasse
(Kumar et al. 2021). The cellulosic ethanol production analysis was important in
this case because energy cane contains almost twice the amount of fiber compared
to sugarcane. For the same reasons, the maximum oil content in energy cane was
estimated at 7.7% compared to 20% in the case of sugarcane. The biorefinery was
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found economically viable and more profitable compared to the soybean biodiesel
process, with biodiesel production costs in all scenarios (at various levels of TAGs
in biomass) lower ($0.66/L-$0.9/L vs. $0.91/L) compared to soybean diesel cost.
Due to the lower maximum possible oil content (7.7 vs. 20%) compared to lipid-
producing sugarcane, the biodiesel production per unit of land was relatively lower
but was still five times that of soybean. Based on the Monte Carlo simulations, it was
concluded that the biorefinery was profitable with a 29-65% probability (Net present
value; NPV > 0), mainly controlled by the biodiesel market price and feedstock
composition. This study also highlights the importance of TEA in understanding the
trade-off of energy, economics, and productivity among various processing options.
For example, the total biofuel produced in scenario-2 was about five times higher
compared to scenario- 1. But at the same time, capital investments were also up to 60%
higher than in scenario-1 ($394-$406 million vs. $238-$244 million). Moreover, the
scenario-1 biorefinery was self-sustainable in energy and produced surplus electricity
that could avoid the use of fossil-based energy and power. Whereas the in-house
steam and electricity productions are not sufficient to meet the biorefinery demands
in scenario-2. Using these TEA results, a detailed life cycle assessment could further
help in understanding the environmental benefits trade-off among these technology
options.

Overall, all of these studies demonstrated that the engineered lipid-producing
biomass-based biorefineries could be cost-competitive and provide significant advan-
tages in terms of fuel production per unit land compared to conventional oil crops.
Moreover, considering the potential of growing these crops in marginal lands with
low agricultural outputs, the development and processing of these crops could play
a critical role in solving the energy issues in the United States and possibly other
places, and meeting the renewable fuel mandates. At the same time, these TEA
studies concluded that high oil levels need to be achieved in these crops before large
investments can be made.

9.5 Summary

Through the integration of thermochemical and biological processes, the biorefinery
approach aims to maximize resource utilization by converting all fractions of biomass
to fuel, power, and bio-products. Considering the low technology readiness levels of
these concepts, techno-economic analysis using process simulations could play a crit-
ical role in determining the economic viability and associated risks at the commercial-
scale application. The analysis becomes even more crucial for the biorefineries based
on engineered-energy crops that are currently in the conceptual phase only and lack
the actual experimental data. The TEA can guide the research and development by
identifying the technical bottlenecks and target levels (in terms of biomass compo-
sition or product yields) required to achieve economic viability and shorten the time
between lab to commercialization.



244 D. Kumar et al.

References

Baral NR, Shah A (2017) Techno-economic analysis of utilization of stillage from a cellulosic
biorefinery. Fuel Process Technol 166:59-68

Bbosa D, Mba-Wright M and Brown RC (2018) More than ethanol: A techno-economic analysis of
a corn stover-ethanol biorefinery integrated with a hydrothermal liquefaction process to convert
lignin into biochemicals. Biofuels Bioprod Biorefin 12(3):497-509

Brown TR (2018) Price uncertainty, policy, and the economic feasibility of cellulosic biorefineries.
Biofuels Bioprod Biorefin 12(3):485-496

Cortes-Pefia Y, Kumar D, Singh V, Guest JS (2020) BioSTEAM: a fast and flexible platform for
the design, simulation, and techno-economic analysis of biorefineries under uncertainty. ACS
Sustain Chem Eng 8(8):3302-3310

Fasahati P, Liu JJ, Ohlrogge JB, Saffron CM (2019) Process design and economics for production of
advanced biofuels from genetically modified lipid-producing sorghum. Appl Energy 239:1459—
1470

Giuliano A, Barletta D, De Bari I, Poletto M (2018) Techno-economic assessment of a lignocel-
lulosic biorefinery co-producing ethanol and xylitol or furfural. In: Computer aided chemical
engineering, vol 43. Elsevier, pp 585-590

Hasanly A, Talkhoncheh MK, Alavijeh MK (2018) Techno-economic assessment of bioethanol
production from wheat straw: a case study of Iran. Clean Technol Environ Policy 20(2):357-377

Huang H, Long S, Singh V (2016a) Techno-economic analysis of biodiesel and ethanol co-
production from lipid-producing sugarcane. Biofuels Bioprod Biorefin 10(3):299-315

Huang H, Long SP, Clemente TE, Singh V (2016b) Technoeconomic analysis of biodiesel
and ethanol production from lipid-producing sugarcane and sweet sorghum. Ind Biotechnol
12(6):357-365

Humbird D, Davis R, Tao L, Kinchin C, Hsu D, Aden A, Schoen P, Lukas J, Olthof B, Worley M
(2011) Process design and economics for biochemical conversion of lignocellulosic biomass to
ethanol: dilute-acid pretreatment and enzymatic hydrolysis of corn stover. National Renewable
Energy Lab. (NREL), Golden, CO (United States)

Kazi FK, Fortman JA, Anex RP, Hsu DD, Aden A, Dutta A, Kothandaraman G (2010) Techno-
economic comparison of process technologies for biochemical ethanol production from corn
stover. Fuel 89:S20-S28

Khounani Z, Nazemi F, Shafiei M, Aghbashlo M, Tabatabaei M (2019) Techno-economic aspects
of a safflower-based biorefinery plant co-producing bioethanol and biodiesel. Energy Convers
Manage 201:112184

Kumar D, Murthy GS (2011) Impact of pretreatment and downstream processing technologies on
economics and energy in cellulosic ethanol production. Biotechnol Biofuels 4(1):1-19

Kumar D, Long SP, Singh V (2018) Biorefinery for combined production of jet fuel and ethanol
from lipid-producing sugarcane: a techno-economic evaluation. Geb Bioenergy 10(2):92-107

Kumar D, Long SP, Arora A, Singh V (2021) Techno-economic feasibility analysis of engineered
energycane-based biorefinery co-producing biodiesel and ethanol. GCB Bioenergy 13(9):1498—
1514

Kurambhatti C, Kumar D, Rausch KD, Tumbleson ME, Singh V (2020) Improving technical and
economic feasibility of water based anthocyanin recovery from purple corn using staged extraction
approach. Ind Crops Prod 158:112976

Murthy GS (2017) Techno-economic assessment. In: Li Y, Khanal SK (eds) Bioenergy: principles
and applications, vol 1. Wiley, pp 507-520

Murthy GS (2022) Techno-economic assessment. In: Biomass, biofuels, biochemicals. Elsevier, pp
17-32

Ntimbani RN, Farzad S, Gorgens JF (2021) Techno-economic assessment of one-stage furfural and
cellulosic ethanol co-production from sugarcane bagasse and harvest residues feedstock mixture.
Ind Crops Prod 162:113272



9 Techno-Economic Analysis for Evaluating Biorefinery Strategies 245

Rajendran K, Murthy GS (2017) How does technology pathway choice influence economic viability
and environmental impacts of lignocellulosic biorefineries? Biotechnol Biofuels 10(1):1-19

Saini R, Osorio-Gonzalez CS, Hegde K, Brar SK, Magdouli S, Vezina P, Avalos-Ramirez A (2020)
Lignocellulosic biomass-based biorefinery: an insight into commercialization and economic
standout. Curr Sustain/Renew Energy Rep 1-15

Sanchez A, Sevilla-Giiitrén V, Magaiia G, Gutierrez L (2013) Parametric analysis of total costs and
energy efficiency of 2G enzymatic ethanol production. Fuel 113:165-179

Shah A, Baral N, Manandhar A (2016) Technoeconomic analysis and life cycle assessment of
bioenergy systems. In: Advances in bioenergy, vol 1. Elsevier, pp 189-247

Shen R, Tao L, Yang B (2019) Techno-economic analysis of jet-fuel production from biorefinery
waste lignin. Biofuels Bioprod Biorefin 13(3):486-501

Somavat P, Kumar D, Singh V (2018) Techno-economic feasibility analysis of blue and purple corn
processing for anthocyanin extraction and ethanol production using modified dry grind process.
Ind Crops Prod 115:78-87

Towler G, Sinnott R (2012) Chemical engineering design: principles, practice and economics of
plant and process design. Elsevier

Zang G, Shah A, Wan C (2020) Techno-economic analysis of an integrated biorefinery strategy
based on one-pot biomass fractionation and furfural production. J Clean Prod 260:120837



	Preface
	Contents
	About the Editors
	1 Introduction
	References

	2 Fractionation Strategies
	2.1 Introduction
	2.2 Fractionation vs. Pretreatment
	2.2.1 Fractionation and Pretreatment in the Biorefinery Concept
	2.2.2 Desirable Fractionation Process Design

	2.3 Fractionation Processes
	2.3.1 Cellulose-First Fractionation Methods
	2.3.2 Hemicellulose-First Fractionation Methods
	2.3.3 Lignin-First Fractionation Methods

	2.4 Fates of Biomass Components upon Process Options and Designs
	2.4.1 Fates of Components by Fractionation Methods
	2.4.2 Fates of Components According to the Process Designs

	2.5 Fractionation Strategies for Future Commercial Biorefinery
	2.5.1 Valorization of Biomass Constituents Produced from Fractionation Process
	2.5.2 Effective Strategies for Enhanced Values in Large-Scale Production

	References

	3 Biochemical Conversion of Cellulose
	3.1 Introduction
	3.2 Biorefinery Technologies for Lignocellulosic Biomass Conversion
	3.3 Primary Factors for Effective Enzymatic Hydrolysis
	3.3.1 Types of Enzymes
	3.3.2 Enzyme Accessibility to Cellulose
	3.3.3 Solids (Cellulose Substrate) Concentration

	3.4 Inhibitors of Cellulase Enzymes
	3.4.1 Cellulose–Hemicellulose–Iignin-Derived Soluble Inhibitors
	3.4.2 Enzyme Interactions with Lignin

	3.5 Strategies to Improve Enzymatic Hydrolysis of Cellulose
	3.5.1 Enzyme Cocktail Optimization
	3.5.2 Conditioning/Removal of Soluble Inhibitory Compounds
	3.5.3 Chemical/Biological Detoxification with Additives
	3.5.4 Surface Hydrophobicity Modification of Lignin and Cellulases

	3.6 Microbial Fermentation of Lignocellulose for Biofuels and Biochemicals
	3.6.1 Biofuels—Ethanol
	3.6.2 Hydrogen
	3.6.3 Other Applications for Biochemical Production
	3.6.4 Future Prospects

	References

	4 Biochemical Conversion of Hemicellulose
	4.1 Hemicellulose Fractionation for Biochemical Conversion
	4.2 Hemicellulose Fermentation to Bioethanol
	4.3 Hemicellulose Fermentation to Organic Acids
	4.4 Hemicellulose Fermentation to Other Value-Added Co-products
	4.4.1 Astaxanthin
	4.4.2 Xylitol
	4.4.3 2,3-Butanediol

	4.5 Conclusion
	References

	5 Biochemical Conversion of Lignin
	5.1 Overview
	5.2 Lignin Biotransformation
	5.2.1 Depolymerization
	5.2.2 Monomer Funneling
	5.2.3 Potential Products

	5.3 Future Research and Potential Commercial Implementation
	5.3.1 Feedstock Development
	5.3.2 Production of Lignin-Depolymerizing Enzymes
	5.3.3 Lignin Depolymerization Kinetics
	5.3.4 Fermentation Development
	5.3.5 Process Integration

	5.4 Conclusion
	References

	6 Thermochemical Conversion of Cellulose and Hemicellulose
	6.1 Introduction
	6.2 Cellulose
	6.3 Hemicellulose
	6.4 Combustion
	6.4.1 Combustion of Cellulose
	6.4.2 Recent Applications of Cellulose Combustion
	6.4.3 Combustion of Hemicellulose

	6.5 Pyrolysis
	6.5.1 Slow Pyrolysis
	6.5.2 Fast Pyrolysis
	6.5.3 Flash Pyrolysis
	6.5.4 Pyrolysis of Cellulose
	6.5.5 Pyrolysis of Hemicellulose

	6.6 Liquefaction
	6.6.1 Liquefaction of Cellulose
	6.6.2 Liquefaction of Hemicellulose

	6.7 Gasification
	6.7.1 Gasification of Cellulose
	6.7.2 Gasification of Hemicellulose

	6.8 Conclusion
	References

	7 Thermochemical and Catalytic Conversion of Lignin
	7.1 Introduction
	7.2 Lignin Structure and Types
	7.3 Pyrolysis of Technical Lignins
	7.3.1 Pyrolysis of Neat Lignins
	7.3.2 Pyrolysis of Lignin with Additives
	7.3.3 Catalytic Pyrolysis of Lignin

	7.4 Solvent Phase Lignin Depolymerization
	7.4.1 Non-catalytic Solvent Liquefaction
	7.4.2 Base-Catalyzed Depolymerization
	7.4.3 Acid-Catalyzed Depolymerization
	7.4.4 Reductive Depolymerization
	7.4.5 Reductive Depolymerization by Transfer Hydrogenation
	7.4.6 Oxidative Depolymerization
	7.4.7 “Lignin-First” in situ Depolymerization

	7.5 Downstream Processing: Separations and Upgrading
	7.6 Summary and Outlook
	References

	8 Material Applications of Lignin
	8.1 Introduction
	8.2 Lignin-Based Composite Materials
	8.2.1 Fabrication Methods of Lignin-Based Composites
	8.2.2 Impacts of Lignin on the Properties of Lignin-Based Composites and Their Applications

	8.3 Lignin-Based Hydrogels
	8.3.1 Synthesis Methods of Lignin-Based Hydrogels
	8.3.2 Applications of Lignin-Based Hydrogels

	8.4 Conclusion and Future Perspectives
	References

	9 Techno-Economic Analysis for Evaluating Biorefinery Strategies
	9.1 Introduction
	9.2 Techno-Economic Analysis (TEA)
	9.3 TEA of Lignocellulosic Biomass-Based Biorefineries
	9.4 TEA of Engineered Lipid-Producing Energy Crops-Based Biorefineries
	9.5 Summary
	References


