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Background and Overview

1.1 Introduction

The world currently is relying more and more on non-renewable fossil resources. In
2019, the global primary energy consumption reached 583.9 EJ (1 EJ=10'® 1) [1] and
the 84.3% of this energy consumption was from traditional fossil fueld resources:
coal, natural gas, and crude oil. Besides fuel production and energy output from
these resources, billions of tons of additional fossil resources are transformed into
chemicals and materials to support the explosive development of human civiliza-
tion. However, this represents the negative side of a double-edged sword because
the immoderate utilization of fossil resources has released billions of tons of CO,
into the atmosphere within the last century. This CO, release has considerably
exceeded the capacity of the earth’s ecological cycle and therefore caused global
climate problems such as global warming and problems deriving from global warm-
ing. Against this background of ecological problems, carbon peaking and carbon
neutrality have become topics of concern to all those concerned with the future of
humanity. Meanwhile, increasing awareness of dwindling fossil resources and the
ever-increasing need for more chemical feedstock and energy supply has led to
extensive research into more efficient and sustainable methods to meet these
demands. To make the carbon cycle more efficient and controllable, optimizing
existing technologies and reducing dependence on fossil resources will be insuffi-
cient and therefore utilizing sustainable carbon resources is an important and
promising option to help address the problem.

As one kind of carbon and solar energy storage form, biomass is any organic mat-
ter that is renewable over time and it is only renewable organic carbon resource in
nature. Biomass is generally plant-based and includes agricultural residues, forestry
wastes, and energy crops [2]. Every year, global photosynthesis can produce about
170 billion tons of lignocellulose (LC) by capturing the low concentration CO, from
the atmosphere, immobilizing the carbon, and releasing O, [3]. However, besides
the timber industry and papermaking, only a small proportion of biomass carbon
resources is utilized to prepare chemicals. The rest of biomass carbon is primarily
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Figure 1.1 The Carbon-Increasing Process Based on the Non-renewable Fossil Resources
Compared with the Carbon-neutral Cycle Connecting Solar Energy, H,0,and CO, with
Chemicals/Fuels via Biomass. Source: Zhang and Wang [38].

used to generate heat and power or abandoned. However, biomass is still the fourth
largest source of energy in the world after oil, coal, and methane, supplying 10% of
the world’s primary energy. Considering another perspective, we can reduce mil-
lions of years of fossil resources generation if we can efficiently transform the
renewable biomass resource to the desired chemical stocks with an acceptable CO,
release during their preparation [4-12]. This would reduce the concern regarding
increasing CO, concentration, primarily because CO, released during further utili-
zation of chemicals prepared in this way originates from CO, in the modern-day
atmosphere. It can be a perfect CO,-neutral cycle that transforms solar energy, H,O,
and CO, into chemical stocks and fuels via biomass (Figure 1.1).

1.2 Lignin: A Natural and Sustainable Aromatic Bank

Aromatic chemicals are important bulk chemicals widely used in the chemical
industry for the production of polymers, solvents, medicines, pesticides, and many
other materials. With the rapid development of economic and industrial globaliza-
tion, the demand for aromatic chemicals is increasing sharply every year. At pre-
sent, aromatic chemicals are primarily obtained through petroleum -catalytic
reforming or steam cracking followed by a complex functionalization process.

These chemical feedstocks are obtained primarily from fossil resources (coal and
oil) formed by the photosynthesis of ancient plants. Ancient plants used solar
energy to convert CO, into biomass, then the residue of animals and plants in food
webs were transformed to fossil resources after millions of years underground.

The technical revolution based on the utilization of these fossil resources to pro-
duce power and chemicals promoted the development of human society. However,
itis now clear that the inherent non-renewability of fossil resources and tough envi-
ronmental protection requirements have begun to affect the sustainable production
of aromatic chemicals [13]. Therefore, the development of new technologies to
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replace or supplement fossil resources to prepare aromatic chemicals has become
increasingly important [2, 14-16]. In the past decades of research, people have suc-
cessively developed methane aromatization [17], methanol aromatization [18], CO,
conversion [19], C, compound synthesis [20], and other routes. However, using
these low-carbon substrates as a raw material to obtain aromatic hydrocarbon mon-
omers with high selectivity is still a serious challenge [21].

Lignocellulose (LC), with an annual production of around 170 billion tons, is the
most abundant biomass form [3]. The potential use of non-edible lignocellulosic
biomass for the production of value-added chemicals could provide an attractive
alternative for fossil-based processes is therefore of great significance. As shown in
Figure 1.2, LC comprises three main components: hemicellulose, cellulose, and
lignin. Among them, hemicellulose (20—30 w% of LC) and cellulose (40—50 w% of
LC) are the polymers of Cs and C¢ sugars (Figure 1.2) [22] that can be further con-
verted to the low-carbon alcohols, aldehydes, ketones, or acid. These compounds
can be used in some biomass-based reforming processes to obtain aromatic hydro-
carbon compounds, as exemplified by the BioFormPX project from the Virient
Company. Additionally, the Cs and C¢ polymers or their monomers can be trans-
formed to furan-based chemicals or other low-carbon chemicals, which can also be
used in Cq aromatization via a typical 442 Diels-Alder reaction [23-25]. At the same
time, lignin (10-35 w% of LC) is a complex three-dimensional amorphous polymer,
consisting of various methoxylated phenylpropanoid units, which can be regarded
as a potential resource to replace fossil resources to directly prepare functionalized
aromatic chemicals and non-aromatic hydrocarbon stocks/fuels [14, 26-28].
Therefore, the direct conversion of lignin in LC is a more attractive process. However,
the current paper industry and, more recently, biorefineries produce large quanti-
ties of lignin that is currently considered almost a by-product, not to mention the
transformation of the more complex native lignin. Not only from an economic
standpoint but also from a sustainability perspective, the misuse or even nonuse of
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Figure 1.2 Lignocellulose (LC) from Biomass and its Structural Composition.
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lignin appears to be a colossal mistake. Lignin, whether as native lignin from plants
or partially transformed by industrial separation procedures, is a complex material
with great potential by itself or as a source of chemicals. In a world where raw mate-
rials are in constant demand, having a renewable source such as lignin should be
considered a gift from nature to technology [29].

Unlike other bio-platform molecules with a distinct structure, lignin structures
are much more complex. The key issue for the lignin transformation/depolymeriza-
tion lies in the development of strategies with highly selective and active catalysts to
effectively cleave the ubiquitous C-O/C-C bonds [2, 14, 16, 30] while leaving the
aromatic benzene rings unconverted. Although lignin research can be traced back
to 1819, when the Swiss botanist A. P. Candolle (1778-1841) first used the term
lignin [31] from the Latin word lignum meaning wood, and various non-catalytic
and catalytic methods have been explored to cleave the various lignin C-C or C-O
linkages bonds from the 1920s [29], it remains a big challenge to selectively convert
lignin extracts, or even original lignin, to aromatics. For detailed reasons, this can be
attributed to the much more complex mechanism caused by disturbing the lignin
structure with various targeted linkages, combined with other factors such as trans-
formations of lignin structure and different condensation modes of lignin frag-
ments. With the development of lignin depolymerization in the last decade, many
efficient methods and strategies have been reported for lignin utilization to prepare
chemicals and materials [2, 14, 16, 32-35]. To better make use of lignin to prepare
aromatic chemicals, it is necessary to summarize the existing catalysts and pro-
cesses. Based on the obtained knowledge about lignin conversion regimens, we can
update the catalysts and develop new routes for lignin efficient conversion.

The critical target of this book is to provide an overview of key advances in the
field of lignin depolymerization to aromatics. Unlike previous review work, which
classified the research by the lignin substrate (native lignin, kraft lignin, organosolv
lignin, etc.), cleavage methods (oxidation, hydrogenation, etc.), or main products
(arenes, phenol, acid, etc.), we provide a brief introduction to lignin, past technolo-
gies, and new catalytic methods or strategies for lignin depolymerization to mono-
mers and then pay more attention to the relationships among the lignin
depolymerization strategies/methods, catalysts, and mechanisms viewed from
cleavage order and type of corresponding chemical bonds over various catalytic sys-
tems [36, 37]. Based on this summary of reported processes and their results, we
hope to partly pull off the lid of the black box of lignin depolymerization.

1.3 Structure of This Book

The structure, reactions, and utilizations of the lignins have been studied for about
two centuries from 1819 [31]. Lignin has been widely used in the preparation of
various functional materials, chemicals, fuels, medicines, polymers, and others. As
shown in Figure 1.3, entering the term “lignin into the SciFinder database by the
end of December 2020 generated more than 140,000 entries over the last 100 years.
Furthermore, the ever-increasing growth curve displays that about half of them
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Figure 1.3  Number of Entries Retrieved Using “Lignin” as the Research Topic in SciFinder
from 1920 to 2020.

(76554) have been published in the last 10 years and over 8000 references were
reported in each of the last four years, reflecting the fact that lignin is a popular and
evolving topic. As a star molecule, lignin and its utilization have drawn much atten-
tion from academia to industry worldwide.

One important utilization approach is to efficiently depolymerize the natural
lignin polymer to easily-handled monomers as this is a precondition of lignin utili-
zation to prepare chemicals that may be potential alternatives to fossil resources. In
recent decades, many attempts have been carried out to achieve this target
[2, 12, 14, 16, 37]. Given the complexity of lignin structure, numerous strategies and
methods taking varying approaches from different research fields have been devel-
oped to effectively degrade lignin into monomer chemicals by targeting linkages
and chemical bonds cleavages. These include the traditional methods of pyrolysis,
gasification, liquid-phase reforming, supercritical solvolysis, chemical oxidation,
hydrogenation, reduction, acidolysis, alkaline hydrolysis, and alcoholysis, as well as
the newly developed redox-neutral process, biocatalysis, and combinatorial strate-
gies. Therefore, there is a strong demand to summarize this research, providing a
research history to show the connections among different research published in dif-
ferent periods and also providing an overview of current research into lignin depo-
lymerization, which may provide useful suggestions for this vigorous research field.

Although it is quite a challenging project to give a systematic summary of so
much research from different research fields with different backgrounds, it is pos-
sible using a viewpoint that is not just based on the reaction types or what kinds of
catalyst are needed to achieve lignin depolymerization. Classifying the related
strategies/methods and establishing their connections needs to come from a deeper
perspective. Taking the perspective of a detailed discussion of mechanisms, this
book examines the science and technology of lignin depolymerization conversion
by using a multidisciplinary approach. About 2000 bibliographical references have
been compiled to provide the reader with a complete and systematic overview
of research into lignin depolymerization to produce chemicals, mainly aromatic
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chemicals. To handle such a vast amount of information about different lignin con-
version strategies/methods, this book is divided into several parts that give a wide
vision of the science and technology of lignin.

Considering that not all readers are professionals in the field of lignin research,
we added some brief introductions about lignin near the beginning of the book
(Part II, Chapter 2, and Chapter 3). In Chapter 2, we briefly introduce the biosynthe-
sis of lignin from monolignols generation to their transport and then polymeriza-
tion to the lignin molecule. Then, we provide an introduction of the lignin structure,
viewing from the lignin linkages, linkages generation mechanism, structure models
of different kinds of protolignin, and lignin-carbohydrate complex. In Chapter 3,
after a brief introduction about the lignin polymer physical properties and methods
to isolate lignin from lignocellulose, we present a basic introduction about the spec-
troscopy properties for the lignin structure characterization. At the end of Chapter 3,
lignin chemical properties related to pre-chemical modification are discussed.

Next, focusing on lignin depolymerization, Part ITI, Chapter 4 first provides a dis-
cussion about scientific questions regarding lignin conversion and new biorefinery
approaches. Next, we summarize scientific questions focusing on the topic of lignin
depolymerization to aromatic monomers. Then, two different approaches for the
foundation of lignin depolymerization strategies are introduced: direct lignin con-
version and the bottom-up approach. To provide a macro-level understanding of the
research field of lignin conversion, the classification of lignin conversion methods
by reaction types is summarized. Then, as an important complementary issue, a
brief list of systems for lignin/models conversion based on the catalysts is provided
and targeted to provide knowledge about the catalyst/reagent that can be used in
the lignin conversion via corresponding reaction types. The chapter concludes with
summary of systems recently reported for native/technical lignin conversion.

Part IV, Chapters 5 to 11, comprises the main part of this book. As discussed in
Chapter 4, multitudinous methods have been developed to depolymerize lignin to
provide aromatic monomers. It is hard work to systemically summarize all of these
strategies. Facing this question in Chapter 5, inspired by retrosynthetic analysis of
the natural product to confirm the synthons and synthetic equivalents, we put for-
ward an inverse disassembly analysis (IDA) method to explore the efficient strate-
gies for lignin depolymerization. The IDA method, which can be used in the
classification and discussion of various methods of lignin conversion, considers the
cleavage order and type of corresponding chemical bonds over various catalytic sys-
tems. Then, to generalize as many lignin conversion methods with various routes
and intermediates as possible, four thinking modes based on the IDA for lignin con-
version are emphasized: (1) tailoring mode; (2) wedging mode; (3) protection mode;
and (4) cascaded mode. With the p-O-4 linkage as the main lignin model, we further
introduce the lignin depolymerization strategies with the IDA method from
Chapters 6 to 11.

In Chapter 6, we firstly review the stoichiometric reactions and catalytic systems
for the direct cleavage of ether bonds with a strong nucleophile or a strong electro-
philic reagent. Then, modifying and updating the above methods, Bronsted/Lewis
acid and metal systems, base/organometallic systems, and other heterogeneous
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catalysts used in the direct hydrogenative cleavage of C-OAr ether bonds are systemi-
cally introduced. In addition, for the direct reductive cleavage of ether bond, a brief
review of the lignin conversion methods with hydride reagents, and the e~ species
from chemical conversion or surface of the cathode or semiconductors is provided.

In Chapter 7, lignin depolymerization strategies beginning with the first
activation/transformation of the neighboring lignin phenolic hydroxyl group or
aromatic rings to the active radicals are summarized, which includes the following
strategies: (1) lignin C,,—C bond cleavage of after the first phenolic hydroxyl group
dehydrogenation to the phenolic radical; (2) lignin C-C bond cleavage via the first
single-electron transfer from the aromatic ring; (3) lignin C-O bond cleavage of via
the first semi-hydrogenation/addition of one aromatic ring to a cyclohexenyl ether;
and (4) lignin C-O or C-C bond cleavage via the first inserting a cleavage reagent
(metal catalyst center or extra radical) between the target bond with the assistance
of the aromatic rings conjoint groups.

In Chapter 8, strategies for lignin linkages cleavage beginning with C,O-H/
ArO-H heterolysis or C,—~OH bond heterolysis are summarized, which is mainly
focusing on the lignin alkaline hydrolysis, acidolysis, and their corresponding tan-
dem processes.

In Chapter 9, strategies for lignin catalytic depolymerization which begin with the
activation of C,~H, C,—~OH, or C,O-H bonds via a non-ionized route are mainly
summarized. The first cleavage of C,O0-H and C,—H bonds to a f-O-4 ketone inter-
mediate can weaken the Cg—OAr bond and make a slightly stronger C,-Cg bond, but
with an active Cg—H. Therefore, focusing on this molecule intermediate, the lignin
depolymerization strategies of catalytic transfer hydrogenation, dehydrogenation/
oxidation-hydrogenation (reduction), and the multiple oxidation process are first
summarized. Given that the Baeyer-Villiger oxidation and Beckmann rearrange-
ment can be used in the cleavage of C-C bonds in lignin linkages that contain a
ketone substrate site, the corresponding strategies and their derivative methods are
then summarized. In addition, the first oxidation of C,—OH can promote lignin
hydrolysis, so an embellished p-O-4 linkage hydrolysis method involving the
C,~OH first oxidation and C,-OH transformation is discussed. In addition to
the first cleavage of C,O-H and C,-H bonds to C,=O at the beginning of the
B-O-4 model transformation, some catalytic strategies beginning with the C,—H or
C,O-H activation to the corresponding active radical intermediates can also lead to
the cleavage of the lignin fragments. The first activation of C,~OH(-H) to a
C, radical intermediate can reduce the bond dissociation enthalpy (BDE) of the
Cp-OAr bond for the following self-cleavage of p-O-4 linkage. Additionally, the first
activation of C,O-H bond to the CaO" via a hydrogen atom transfer (HAT), proton-
coupled electron transfer (PCET) oxidation, or redox-neutral ligand-to-metal charge
transfer (LMCT) process can lead to the selective cleavage of C,~Cg bonds.

In Chapter 10, lignin cleavage strategies beginning with Cg-H, C,~-H, or C,0-H
direct activation are summarized. These mainly describe some photocatalytic strate-
gies with direct activation of Cg—H bonds that introduce the cleavage agent O*, lead-
ing to the cleavage of the C,~Cs bondsin -1 and p-O-4 linkages, and some retro-aldol
strategies with first -C,H,OH activation to -C,HO/-C,O0R (R=H or alkyl).
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In Chapter 11, the main topic is promoting the lignin linkages cleavage with con-
sidering the potential lignin fragments condensation. After a summary of the poten-
tial lignin fragments condensation mechanism, we briefly introduce the developed
methods for restraining the potential condensation of lignin fragments. The meth-
ods are divided into six categories as follows: (1) pre-protection of the active groups
to inhibit the condensation; (2) first transformation of the active groups to promote
the depolymerization; (3) in-situ converting the active intermediates and scaveng-
ing the unwanted species; (4) modifying and designing the catalysts; and (5) inten-
sifying reaction systems; (6) employing “ideal lignins” as the substrates.

Finally, in Part V (Chapter 12), we first briefly introduce the research process of
lignin utilization to prepare versatile materials. Then, considering the steps from
lignin depolymerization to aromatic chemicals and the issue of how to make lignin
depolymerization profitable, we provide our viewpoint for the outlets of lignin
resources and emphasize the importance of high-value medicine and synthetic
block preparation or the lignin utilization from natural polymer to artificial poly-
mer. To accelerate the lignin utilization from lab to industry application, we discuss
the critical roles of standardized lignin substrate and standardized products, during
which we hold the idea that funneling and functionalization of a mixture of lignin-
derived monomers into a single high-value chemical is fascinating and promising.
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