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1. INTRODUCTION

Biomass is any organic matter that is renewable over time. In
the context of energy, this is often used to mean plant-based
materials, such as agricultural residues, forestry wastes, and
energy crops. Among various renewable resources (e.g., solar
energy and wind, etc.), biomass is the only renewable organic
carbon resource in nature, which endows it with unique
advantage in producing value-added products.'~* The world-
wide energy crisis and related environmental impact have
provoked extensive research and development programs on
biomass conversion.””” In the context of the 2012 “Interna-
tional Year for Sustainable Energy for All” (SE4ALL), the
International Renewable Energy Agency has launched a global
roadmap “REMAP 2030” in a bid to help double the share of
renewable energy by 2030.° The Chinese National Energy
Administration has carried out a “National Twelfth Five-Year
Plan” on biomass energy.” In this project, the consumption of
biofuel (mainly ethanol and biodiesel) will reach 12 million
metric tons by 2020. The U.S. Department of Energy also set
an ambitious goal to generate 20% of the transportation fuel
from biomass by 2030. 10 Nowadays, about 10% of the world’s
primary energy is biomass. Biomass is primarily used to
generate heat and power, and it is the fourth largest source of
energy in the word (following oil, coal, and natural gas)
Lignocellulose is the most abundant form of blomass, with an
annual production of around 170 billion metric tons.'” Unlike
corn and starch, lignocellulose is inedible for human beings, and
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Figure 1. Summary of processes for conversion of lignin (Note: the abscissa represents the typical temperature range of the lignin conversion
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its use will not impose a direct negative impact on food
supplies, even though in some cases, competition for arable
land use occurs between lignocellulosic biomass and edible
biomass. Therefore, it has long been recognized as a promising
alternative for fossil-based fuels and chemicals.

There are mainly three components in lignocellulosic
materials: hemicellulose, cellulose, and lignin. Among them,
hemicellulose (20—30%) and cellulose (40—50%) are the
polymers of C5 and C6 sugars."” They have been studied for
long time, and some well-rounded utilization technologies have
been industrially applied for the production of biofuels and
important chemicals."*™'® In comparison with the above two
components, lignin is a complex three-dimensional amorphous
polymer consisting of methoxylated phenylpropanoid units of
various types.” The structure and composition of lignin
depend strongly on the type of biomass and even on the part of
the plant, and they are relatively intractable.'® Due to the
carbon-based inactive property, lignin is typically a waste stream
in most current biorefinery processes that is combusted to
produce heat and power for the biorefinery. Only 5% of lignin
is used in low-value commercial applications, as a low-grade fuel
for heat and power applications,'® or as concrete additive
(lignosulfonate).19 Several researchers have suggested that the
effective utilization of lignin could play a major role in
biorefinery conception: (1) Lignin accounts for 10—35% by
weight, up to 40% by energy in biomass,” the production
chemicals and/or fuels from lignin will greatly improve the
economics of the overall biorefinery process. (2) Lignin is by
far the most abundant renewable source composed of aromatic
units in nature; the chemical structure of lignin renders it a
sustainable candidate feedstock for aromatic chemicals.”' (3) In
raw lignocellulosic biomass, lignin protects hemicellulose and
cellulose from chemical and biological attack to a large extent.
Conversion of lignin will release carbohydrate fractions so that
they are more accessible to chemical and biological digestion."?
And (4) approximately 7 tonnes of black liquor are produced in
order to obtain one tonne of pulp;** therefore, utilization of

lignin byproducts will address the problem of environmental
impacts associated with the paper-making process and other
delignification processes.

Over the past few decades, research on the production of
value-added chemicals, alternative fuels, and platform com-
pounds from lignin has grown rapidly on account of the
importance of lignin in the biorefinery. Several reviews””** have
summarized the applications of lignin either directly or
chemically modified as renewable materials, such as bio-
dispersant, wood panel products, emulsifier, polyurethane
foams, automotive brakes, and epoxy resins for printed circuit
boards, as well as the principal component of thermoplastic
materials, in industry. Besides the above applications, the
depolymerization of lignin to aromatics as an alternative to the
petrochemical industry is probablz the most promising way to
sustainable utilization of lignin.”"** Development of technical-
and cost-effective depolymerization strategies with new
catalysts has now attracted ever-increasing attention. The
state-of-the-art strategies can be broadly classified into acid/
base catalyzed depolymerization/hydrolysis, pyrolysis (thermol-
ysis), hydrotreating (hydrodeoxynation, hydrogenation, hydro-
genolysis, and hybrid processes therein), chemical oxidation,
liquid-phase reforming, and gasification, as well as biodegrada-
tion.

A simplified summary of processes for lignin chemical
conversion is given in Figure 1. The developed processes occur
in an oxidating environment (with O,, H,0,, peracetic acid, or
air as an oxidant), in a reducing environment (with H, or a
hydrogen donor solvent as a reductant), or in a neutral
environment. Hydroprocessing involves thermal reduction in
the presence of a hydrogen source at temperatures typically
ranging from 100 to 350 °C, which has the potential to produce
simple bulk aromatic compounds such as phenols, benzene,
toluene, and xylene, and even alkane fuels via hydrogen
participated upgrading. Oxidation reaction occurs at lower
temperatures of 0—250 °C. It favors the production of aromatic
alcohols, aldehydes, and acids that are target fine chemicals or
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Figure 2. Structures of monolignols, the primary building blocks of lignin.

platform chemicals. In most of the oxidative treatment of lignin,
a radical chemistry mechanism plays an important role in the
production of functionalized aromatics, which will be discussed
in section 7. A radical mechanism is also found in other lignin
technologies, such as pyrolysis of lignin (typically at 450—700
°C) to produce a liquid product known as “bio-oil”.
Depolymerization reactions catalyzed by both acid (typically
at 0—200 °C) and base (100—300 °C) break the C—O or C—C
linkages between lignin units to offer small segments including
monomeric phenols. Integration of this strategy with hydro-
processing or oxidation is frequently attempted for lignin
conversion. Liquid-phase reforming (typically at 250—400 °C)
has been attempted for lignin conversion where authors have
produced hydrogen and light gases from the lignin. Gasification
is the process that produces synthesis gas (CO and H,) from a
range of real lignin feedstocks and model compounds.

Biocatalysis has also been used to try and degrade lignin in an
environmentally friendly way. The three main lignin degrading
enzymes are manganese peroxidase, lignin peroxidase, and
laccase.”® As this review focuses on the chemocatalytic
transformation of lignin, biocatalysis is out of the scope of
this review. For the history, microbiology, chemistry, and
potential applications of biocatalysis on lignin degradation, one
can read other literature.”’

In the last ten years, a large number of advanced analysis
techniques have been developed to understand the structure of
lignin at the molecular level. These developments in lignin
structure chemistry, accompanied by modern reactors such as
high pressure visual vessels, and advanced catalysis technolo-
gies, as well as characterization techniques, have promoted a
vast number of improvements in almost every topic of lignin
conversion technologies. These improvements are especially
embodied in hydrodepolymerization, oxidation, pyrolysis,
hydrolysis, and one-pot multicatalysis depolymerization® to
produce aromatic chemicals and liquid fuels. Recently,
Weckhuysen™ and co-workers provided an elegant review
regarding the valorization of lignin via the approaches of
(hydro)cracking, lignin reduction and oxidation reactions.
Ragauskas,”” Luque and their co-workers also nicely reviewed
the biosynthesis, characterization and recovery and briefly
summarized valorization of lignin as a whole. These reviews are
valuable for the development of lignin utilization technology.
Notwithstanding, comprehensive summary and analysis of the
latest advances in the chemical reactions of lignin and model
compounds, particularly those in recent five years, has not been
made. The present review gives a summary of the advances in
the production of chemicals, fuels, and materials from lignin.

2. LIGNIN: STRUCTURE, PROPERTY, AND ISOLATION

2.1. Structure: building blocks and linkage types

2.1.1. Building blocks. In raw lignocellulosic biomass,
lignin is primarily a complex cross-linked macromolecule that
adds strength and rigidity to cell walls. It is widely accepted that
lignin composition and its content in biomass differ between
the types of plants and also between the botanical species and
even between trees and morphological parts of the tree.”" For
example, lignin accounts for 30% by weight in softwood, while
this share falls to 20%—25% in hardwood.”® Grass lignin only
shares 10—15% of the total plant mass.*”

Lignin is mainly an amorphous tridimensional polymer of
three primary units: sinapyl (3,5-dimethoxy 4-hydroxycinnam-
yl), coniferyl (3-methoxy 4-hydroxycinnamyl), and p-coumaryl
(4-hydroxycinnamyl) alcohols, joined by ether and C—C
linkages. These three monolignols are also known as syringyl
(S), guaiacyl (G), and p-hydroxyphenyl (H) units (Figure 2),
respectively. All these monomeric units contain a phenyl group
and a propyl side chain; therefore, the typical aromatic unit in
lignin is generally called a phenylpropane unit (ppu). These
monolignols differ in the number of methoxy groups that are
attached to the aromatic moiety; that is, sinapyl alcohol has two
methoxy groups, coniferyl alcohol has one methoxy group, and
p-coumaryl alcohol has none. The content of each monolignol
in lignin is related to plant taxonomy. For example, softwood
(gymnosperm) lignin contains more guaiacyl units, hardwood
(angiosperm) lignin has a mixture of guaiacyl and syringyl units,
and grass lignin presents a mixture of all three aromatic units.”*
Based on the abundance of the three basic units in lignin, these
polymers can be classified as type-G (softwood lignin), type-G-
S (hardwood lignin), type-H-G-S (grass lignin), and type-H-G
(compression wood lignin).”’ Table 1 shows the typical
contegl}t of the three primary lignin units in different types of
plant.”

Table 1. Abundance of the Primary Lignin Units in Different
Types of Plants>

Monolignol Grass Conifer wood  Broadleaf wood
Sinapyl alcohol (S) 25-50% 0-1% 50—75%
Coniferyl alcohol (G) 25—-50% 90—95% 25-50%
p-Coumaryl alcohol (H) 10—25% 0.5—3.4% Trace

It should be noted that, besides the three primary building
blocks of H, G, and S units, some other molecular species can
also participate in the formation of the lignin polymer.”*** It is
accepted that no plant contains lignin that is only derived from
the three primary precursors. Noncanonical subunits that have
been identified include ferulic acid, ferulates (which form
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Figure 3. 2D NMR spectra revealing lignin unit compositions. Partial short-range "*C—"H (HSQC) correlation spectra (aromatic regions only) of
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Figure 4. Typical linkages between the primary units of lignin.

linkages between hemicellulose and lignin), coniferaldehyde,
sinapaldehyde, 5-hydroxyconiferyl alcohol, and acylated mono-
lignols containing acetate, p-hydroxybenzoate, or p-coumarate
moieties.*>*’ Figure 3 shows the aromatic region of high-
resolution solution-state 2D '*C—'H-correlated (HSQC) NMR
spectra from four whole cell wall materials, namely, poplar,
pine, corn, and Arabidopsis. It is evident that p-hydroxyben-
zoate, p-coumarates, as well as ferulate, etc. were detected in the
structures.”® It should be noted that the amount of ferulate
linkages is dramatically higher in corn stover.

2.1.2. Linkage types. Lignin monolignols are predom-
inantly linked either by ether or by C—C bonds. In native
lignin, two-thirds or more of the total linkages are ether bonds,
while the other linkages are C—C bonds. In order to categorize
the various types of linkages between two monolignols, the
carbon atoms in the aliphatic side chains of the monolignols are

labeled as a, f, and y and those in the aromatic moieties are
numbered 1—6. For instance, a #-O-4 linkage represents a bond
formed between the ff carbon of the aliphatic side chain and the
oxygen atom attached to the C4 position of the aromatic
moiety (Figure 4, the first structure model). The major linkages
between the structural units of lignin are §-O-4 (f-aryl ether),
p—p (resinol), and S-5 (phenylcoumaran).35 Other linkages
include a-O-4 (a-aryl ether), 4-O-5 (diaryl ether), 5—5, a-O-y
(aliphatic ether), and -1 (spirodienone), etc. Representative
structures of these linkages are shown in Figure 4, and typical
proportion values of these linkages and the functional groups in
lignin are listed in Table 2. It should be noted that these data
vary considerably even for the same plant species due to some
factors such as growing environment, area, and even analysis
methods.*”
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Table 2. Linkages and Functional Groups in Different
Lignins (Linkage/Functional Groups per 100 ppu) ‘&

Number/100 ppu Number/100 ppu

Functional

Linkage  Softwood Hardwood group Softwood ~ Hardwood
p-O-4 43-50 50—65 Methoxyl 92-96 132—-146
p-5 9-12 4-6 Phenolic 20-28 9-20

hydroxyl
a-0-4 6—8 4-8 Benzyl 16

hydroxyl
p—p 2—4 3-7 Aliphatic 120

hydroxyl
5-§ 10-2$ 4-10 Carbonyl 20 3-17
4-0-5 4 6—7 Carboxyl 11-13
p1 3-7 5—7
Others 16 7-8

The proportion of each linkage is determined by the
contribution of a particular monomer to the polymerization
process. As indicated in Table 2, 5-O-4 (f-aryl ether) is, by far,
the most frequent linkage in lignin, the frequency of which is
reported to vary from ca. 43% (softwood) to ca. 65%
(hardwood). G-type lignin (softwood lignin)28 contains more
resistant linkages (8-S, $S—S) than SG lignin (hardwood
lignin)*' because the Cg positions of G-type monolignols are
available for coupling whereas those in S units are sterically
inhibited (see the structures in Figure 2). These features result
in the fact that softwood possesses higher condensation degree
than hardwood lignin. Additionally, the steric effect of the
methoxy groups on the aromatic rings of S units causes more
linear structural forms in the hardwood lignin polymer
compared with softwood. In grass plants, more noncanonical
subunits such as ferulates/diferulates and acylated monolinols
are involved in the lignin biosynthesis process, which makes
grass lignin special in structure.”” A representative lignin
structure showing typical linkages is illustrated in Figure 5. This
model is not the accurate structural formula for lignin in the
usual sense, but is a model for illustrating the types of
monolignols. The model also describes the linkages between

adjacent monolignol units, as well as the proportions in which
they are believed to exist in lignin.

The linkages between monolignols basically determine the
reactivity of lignin. As #-O-4 (f-aryl ether) is the most frequent
linkage in lignin, its chemical reactivity dictates considerably the
resistance of lignin to chemical digestion. Another important
factor that affects the reactivity is the functional groups,
including methoxyl, benzyl alcohol, phenolic and aliphatic
hydroxyl, noncyclic benzyl ether, carboxyl and carbonyl groups,
etc. Table 3 shows the hydroxyl group content in the lignins
from hardwoods, softwoods, and grasses. The aliphatic hydroxyl
signal is typically dominant among various hydroxyl groups in
lignin, while the amount of carboxylic OH groups is usually the
smallest (i, 0.02—0.29 mmol-g™'). In softwood lignin, the
order of hydroxyl contents is as follows: aliphatic OH >
phenolic OH > carboxylic OH. The major phenolic hydroxyls
in softwood lignin (ie., pine, spruce, fir, redwood, etc; see
Table 3, entries 1—17) are guaiacyl phenolics with a minor
amount of phydroxyphenyl, while syringyl phenolics are usually
not detected, which is in agreement with the overall G/H/S
composition of softwood lignin. In hardwood lignin, the general
order of the hydroxyl group content (Table 3, entries 18—29) is
somewhat different from that in softwood lignin: aliphatic >
guaiacyl phenolic ~ syringyl phenolic > p-hydroxyphenyl ~
carboxylic OH. In comparison with the wood lignin, grass lignin
has much higher p-hydroxyphenyl content (Table 3, entries
30—41).

Previously, a variety of degradative methods are traditionally
used for cell wall compositional analysis, which usually cause
changes in structure and are actually not precise to some extent.
It is important to point out that recent advances in NMR
technology such as HSQC® have made it possible to rapidly
screen plant material and discern whole cell wall information
without the need to deconstruct and fractionate the plant cell
wall. This technology is efficient in elucidating lignin subunit
composition and lignin interunit linkage distribution, and it
should play a crucial role in analysis of the detailed lignin
chemistry that occurs during lignin conversion technologies.

p-Hydroxyphenyl unit

Figure 5. Representative structure models of lignin. Adapted from Weckhuysen et al.** and Rodrigues et al.*'

E
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Table 3. Hydroxyl Group in Lignin as Determined by *'P NMR Characterization”

Entry Lignin sample Aliphatic OH (mmol-g™")
1 Loblolly pine, MWL* 4.16
2 Loblolly pine, AP** 342
3 Loblolly pine, EOL** 4.70
4 Southern pine, CEL"

S Southern pine, MWL*

6 Southern pine, EMAL*

7 Blackspruce, MWL*® 4.27
8 Blackspruce, MWL 421
9 Blackspruce, MWL" 4.13
10 Blackspruce, EAL" 4.92
11 Norway spruce, MWL* 1.03
12 Norway spruce, MwL* 4.57
13 Norway spruce, EMAL"® 1.25
14 Norway spruce, CEL* 0.92
1S Douglas fir, EMAL*

16 White fir, EMAL*®

17 Redwood, EMAL*®

18 P.tremuloides, MWL"’ 4.53
19 P. tremuloides, EAL*’ 391
20 P. tremuloides, MWL*° 5.72
21 E. globules, EMAL*®

22 E. globules, Dioxane acidolysis40 88

23 E. ulmoides oliv, MWL®! 4,05
24 B. davidii, MWL** 4.51
25 B. davidii, EOL** 2.51
26 Poplar, WL*° S.72
27 Poplar, SE** 0.53
28 Aspen, SE>* 0.67°
29 Aspen, SE* 1.14
30 Wheat straw, MWL>® 3.49
31 Wheat straw, Dioxane acidolysis®® 3.80
32 Wheat straw, EOL*® 1.38
33 Wheat straw, EMAL®’ 1.26
34 Triticale straw, EOL®® 1.50
35 Corn residue® 1.39
36 Flax shives*° 2.95
37 Hemp hurds™ 1.19
38 Micanthus X giganteus, MWL* 5.54
39 Micanthus X giganteus, MWL** 4.00
40 Switchgrass, MWL 3.88
41 AP Switchgrass, MWL’ 2.83

Phenolic OH, (mmol-g™")

Cgsubstituted ~ Syringyl ~ Guaiacyl ~ p-Hydroxy-phenyl COOH (mmol-g™")
0.08 0.57 0.12 0.02
0.34 1.82 0.06
1.80 1.20 0.10
0.46 0.11
0.5 0.16
0.43 0.79 0.12 0.11
0.36 0.77 0.21
0.50 0.76 0.08 0.15
0.44 0.67 0.09 0.11
0.30 0.72 0.06 0.09
0.06 0.14 0.01 0.02

1.18 0.03 0.22
0.08 0.17 0.01 0.03
0.08 0.12 0.02 0.02
0.41 0.84 0.10 0.13
0.56 0.93 0.11 0.19
0.63 1.06 0.16 0.16
0.29 0.23 0.37 0.17 0.14
0.22 0.24 0.33 0.14 0.11
0.13 0.16 0.25 0.20 0.06
0.62 0.35 0.02 0.15
Total phenolic OH groups: 29° 4
0.19 0.19 0.03
0.27 0.43 0.03
0.98 1.53 0.17
0.13 0.16 0.25 0.20 0.06
0.34 0.18 0.08
0.23° 0.13¢ 0.06°
0.807 0.36 0.10 025
0.18 0.09 0.51 0.68 0.12
0.13 0.10 0.51 0.50 0.18
0.23 0.77 1.12 0.38 0.15
0.18 0.21 0.57 0.30 ND
0.12 0.69 0.79 0.42 0.17
0.11 0.78 0.88 0.94 0.23
0.19 0.56 1.20 0.02 0.02
0.49 1.53 1.20 0.17 0.01
0.14 0.38 0.32 0.18
0.22 0.67 0.64 0.13
0.20 0.48 0.32 0.29
0.35 0.57 0.33 0.33

“MWL: milled wood lignin; EMAL: enzymatic mild acidolysis lignin; CEL: cellulolytic enzymatic lignin; EAL: enzymatic/acidolysis lignin; AP: acid
pretreatment; EOL: ethanol organosolv lignin; SE: steam explosion. bPhenolic hydroxyls were analyzed by aminolysis, and total hydroxyl groups
were analyzed by acetylation, and carboxyl groups were determined by a chemisorption method with calcium acetate. Amounts of functional groups
were calculated per 100 ppu. “Expressed as mol/ppu. “The data is the total amount of C5 substituted and syringyl phenolic —OH groups.

2.2. Lignin isolation, type, and property

Due to the complicated physical and chemical linkages between
lignin and other components in plants, isolation of lignin from
lignocellulosic feedstocks is one of the most challenging, but
crucial, processes in a biorefinery cycle. The impurities
(minerals, organic acids) in natural biomass might also be
solubilized with the lignin streams. These impurities can
deactivate the catalysts and accumulate in continuous processes.
Therefore, the advanced fraction technologies for lignin
depolymerization must also analyze the impurities that would
be in these streams. A number of lignin fractionation
technologies have been developed during the last century, as
listed in Table 4. Cellulose, hemicelluloses, and lignin have a

wide range of solubilities in different solvents, Kim® and co-
worker sorted the fractionation technologies into two major
groups by solubility. The first group includes methods in which
carbohydrate fraction is removed by solubilization, leaving
lignin as an insoluble residue. The enzyme process, enzymatic
mild acidolysis process, and Klason method belong to this
group. The second group is the methods involving dissolution
and removal of lignin, leaving the carbohydrate fraction as
insoluble residues, followed by the recovery of lignin from the
solution. The Bjérkman process, the organosolv process, some
ionic liquid (IL) selective pretreatments, and the alkaline wet
oxidation pretreatment, as well as two major industrial
processes of the kraft and lignosulfonate processes are in the
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range of this category. Based on the nature of the cell wall
disruption, da Costa Sousa®' and co-workers categorized the
approaches into four groups, namely, solvent fraction (organo-
solv process, ILs pretreatment, etc.), biological process
(enzymatic), physical pretreatment (ie., ball milling), and
chemical pretreatment (acidic, alkaline, and oxidative). As these
isolation strategies have been well described by Zakzeski,”®
Lu,*® da Costa Sousa® and co-workers in recent literature,
herein we just compare and discuss their advantages and
disadvantages in a biorefinery manner instead of individually,
considering the detailed procedures of all methods for lignin
isolation and purification, with the aim to give an evaluation for
choosing the ideal isolation method for lignin study and
utilization.

Lignin preparation techniques such as the Klason method®”
use strong mineral acids to reach a high lignin yield. The Kraft
Lignin Process®® uses strong alkalis to cleave the ester bonds
between hemicelluloses and lignin macromolecules. These two
strategies can be manipulated in large scale and have been
applied in industrial processes. However, they usually proceed
under drastic conditions and, thus, cause irreversible reactions
that severely change the structure of the isolated lignin. The
Klason method is more suitable for extraction of softwood
lignin, since hardwood lignin can be partly dissolved during the
acid hydrolysis. Generally, kraft lignin is highly modified and
hydrophobic, and it possesses lower molecular weight than the
original lignin and has low sulfur content. Another commonly
used treatment process in the pulp and paper industry is sulfite
pulping process. Most sulfite pulping delignification processes
involve acidic cleavage of ether bonds, accompanied by loss of
methoxyl groups and formation of new carbon—carbon bonds.
The electrophilic carbocations produced during ether cleavage
react with bisulfite ions to give lignosulfonates (R-O-R’ + H* —
R" + R'OH; R" + HSO;- — R-SO;H), also known as
sulfonated lignin, which can be recovered from the spent
pulping liquids by addition of excess calcium hydroxide.
Lignosulfonates have higher average molecular weights than
kraft lignin. They can be used as an additive in oil-well drilling
mud, as plasticizers in concrete and leather tanning, and as a
source of vanillin. These lignin feedstocks (lignosulfonates,
kraft lignin, and Klason lignin) are, however, not the ideal lignin
source in future biorefinery operation because of the
complicated processes and large amount of wastewater
generated from these processes.

One technique that is used to isolate lignin with little
structure change is the extraction of ball-milled wood by neutral
solvents (usually with dioxane/water, 9/1 of volume ratio)."
This so-called Bjorkman process was developed in 1954 by
Bjorkman.** The lignin obtained in this way is called milled
wood lignin (MWL), although MWL does not represent the
whole lignin because of possible depolymerization during
extensive milling and the low extraction yield (25—50% of
theoretical).”” The structure of MWL is considered most
similar to the unaltered lignin because of the mild extraction
condition and neutral solvent used. MWL has been proven to
be the best model for the elucidation of native lignin structure.
It should be noted, however, that new free-phenolic hydroxyl
groups may be generated through cleavage of f-aryl ether
linkages during the ball-milling process. This increases the
amount of a-carbonyl groups as a result of side-chain
oxidation.*”

Another isolation technique that is suitable for lignin
structure research is organosolv fractionation.”®”* Like the

Bjorkman process, it extracts lignin from biomass feedstock by
using organic solvents such as primary alcohols under mild
conditions in a green manner. Methanol- and ethanol-based
fractionation processes are used extensively, owing to their high
solubility for lignin and easy recovery by distillation.”* Formic
acid and acetic acid fractionations*’ have also proved to be
promising processes to achieve relatively complete isolation of
lignin in lignocellulosic materials without an impact on the
environment.”

In cellulosic ethanol biorefinery processes, cellulolytic
enzymes are commonly used to hydrolyze the carbohydrate
fraction, leaving behind a solid cellulolytic enzyme lignin (CEL)
residue. The enzyme process occurs at mild conditions,
producing some slight structural changes in the lignin. These
structural changes include decreasing the phenolic hydroxyl
group content, increasing the #-O-4 linkages, and increasing the
molecular weight compared to that of MWL.”® The major
drawback of cellulolytic enzyme lignin is the presence of
protein and carbohydrate impurities.”® In addition, it requires
long residence time (from several hours to few days) to obtain
a high yield of isolated li§nin. To avoid these disadvantages,
Argyropoulos’s group®”*® integrated enzymatic and mild
acidolysis methods to isolate lignin (EMAL, enzymatic mild
acidolysis lignin) from milled wood. Molecular weight
distribution analysis and comparison of the chemical structures
revealed that EMAL, MWL, and CEL showed only subtle
differences in structure.

Since Ragauskas’” and co-workers reported in 2007 that
some ILs could serve as superior solvents for lignin, the use of
ILs in separation of lignin has been studied intensively.””*~*°
A recent review by Hossain and Aldous® provided a
comprehensive summary of the multifunctional use of ILs in
lignin processing. Two major processes have been developed
for isolation of lignin using ILs. The first process was developed
by Rogers and co-workers.”” In this process, IL dissolves all
major components of the biomass, and then the polysacchar-
ides and lignin are stepwise precipitated by addition of an
antisolvent. However, this process is relatively time-, solvent-,
and energy-intensive. To improve the efficiency, selective
dissolving, and extraction of lignin, specialized ILs, such as
dialkylimidazolium cations in combination with acetates® and
alkylbenzenesulfonates,”” have been developed. Overall, the IL
process is a tunable strategy that could be conducted under
mild conditions. The obtained lignin has little structural change,
larger average molar mass, and more uniform molar mass
distribution compared to those of Kraft lignin. The precise
circumstances surrounding lignin dissolution in ILs have not
yet been fully understood. Many parameters, including
extraction conditions (temperature, time, etc.), purity of IL,
wood species, wood particle size, wood load, and both IL anion
and cation species, influence the extraction efficiency.*’
Although pretreatment of lignin with ILs has shown promise
in biorefinery processes, the problem of high IL cost and
recyclability issues hampers the use at a commercial scale.

Very recently, chemical treatment for the isolation of lignin
has received increased attention. Schiith and Rinaldi” reported
a novel fractionation process via a mechanocatalytic depolyme-
rization of lignocellulose. The carbohydrate fraction (cellulose
and hemicellulose) was converted to water-soluble products,
and lignin was precipitated as a sulfur-free material. Further,
Rinaldi*® and co-workers developed a catalytic hydrogen
transfer method that is able to isolate depolymerized lignin as
a nonpyrolytic bio-oil and producing pulp, which is susceptible
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Figure 6. Structures of organic N-bases developed for lignin depolymerization. Adapted from Ekerdt et al.'''

Scheme 1. Base-Catalyzed Cleavage of a-Aryl Ether Bonds in Phenolic Model Compounds®
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to enzymatic hydrolysis, as a byproduct. Another promising
method to obtain lignin with high purity is one-step
fractionation of lignocellulose components by the selective
organic acid-catalyzed depolymerization of hemicellulose in a
biphasic water/2-methyltetrahydrofuran system.”

Other pretreatment strategies for lignin extraction include
pyrolysis,90 steam explosion,@’91 alkaline wet oxidation,”"”* etc.
The typical properties of lignin produced in these processes are
reported in Table 4.

The ideal isolation approach should consider not only
technological factors, but also the economic and environmental
impacts. On the one hand, each process possesses its unique
advantages and shortages; on the other hand, different
lignocellulosic feedstocks, ranging from hardwoods, softwoods,
and grasses have different physical and chemical properties.
Hence, the fraction technologies, in most cases, are not used
solely in an isolation process.”” There is interdependence
between pretreatment, assistant technologies, the type of
substrate, and the way it is eventually processed. For instance,
CEL usually contains a certain amount of carbohydrates (ca. 13
wt %), while if this technology is in combination with alkaline
organosolv treatment, the purity of the lignin fraction could be
significantly improved, and the original structure of the lignin
macromolecule is basically kept.” If microwave irradiation was
used to replace oil-based heating during the mild acidolysis step
of the enzymatic mild acidolysis method, greater yield and
purity of EMAL could be obtained.”* Combining percolation-
mode ammonia pretreatment of poplar sawdust with mild
organosolv purification of the extracted lignin could also

produce lignin with high purity in up to 31% yield and 50%
recovery.

3. BASE-CATALYZED DEPOLYMERIZATION

Most lignin depolymerization processes are conducted at
temperatures of 250—650 °C, with or without catalysts. As a
result, a complex phenolic mixture of alkylated and
polyhydroxylated phenol compounds as well as volatile
components and char are formed, which presents challenges
for downstream processing to separate phenolic-like com-
pounds or upgrading to more homogeneous mixtures. Base-
catalyzed hydrolysis of lignin is one exceptional route for the
production of simple aromatic chemicals under mild conditions.
The catalytic reagents are cheap and commercially available
bases such as LiOH, NaOH, and KOH. As aryl-alkyl ether
bonds, 1nclud1ng P-O-4 bonds, are the weakest bonds in lignin
structure, cleavage of ether hnkages is a dominant reaction in
alkaline delignification processes.

An ideal base-catalyzed depolymerization would be a reaction
affording high yields of monomers aromatics while also
allowing their easy separation from the reaction mixture. In
the base-catalyzed lignin hydrolysis reaction, the selectivity and
yield of the products are particularly dependent on pressure,
temperature, time, concentration of the base, and lignin/solvent
ratio.””?”'% Equally important, the oil yield and products
composition vary strongly depending on the nature of the base.
Usually, stronger base gives higher conversion since the
polarization of the base governs the kinetics and the mechanism
of the depolymerization reaction.'””'> The kinetics of
reactions is faster in phenols’” or alcohols'” than in water
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Scheme 2. Mechanochemical Base Catalyzed Degradation of -O-4 Lignin Model Compounds by Solvent-Free Grinding”
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due to the ether linkages solvolysis effect. A higher temperature
and longer reaction time favor monomers generation. The
formation of a solid residue increases due to the condensation/
repolymerization reactions of the degradation intermediates/
products. Indeed, repolymerization reactions are believed to be
one of the main problems in the production of monomers.
Therefore, decreasing the rate of repolymerization and
oligomerization reactions during base-catalyzed lignin depoly-
merization is the key issue to enhance the yields of the
products.

One strategy that has been proposed to solve this problem
involves using a capping agent to capture the reactive species.
Lercher,” Adschiri,'® Labidi,'** Li,'®® and their co-workers
have attempted this approach and added boric acid, phenol, 2-
naphthol, and p-cresol in water to entrap reactive fragments,
such as phenolic compounds and formaldehyde, and mask
active sites, such as C, in the lignin structure. In these
approaches, complete conversion of lignin without char
formation was realized. The use of H-donating solvents, such
as formic acid,'”® and other stabilizing compounds, such as
alcohol,s'%”'® has also been shown to suppress char formation.
Other approaches that should be considered to tune the
reaction selectivity for base-catalyzed lignin depolymerization
include the development of more active catalysts that allow for
more milder conditions (e.g., synergetic catalysis of organic acid
and base,'”” sequential combination of base-catalyzed depoly-
merization, and hydrogenolysis''?) and the design of multi-
phase reactors (e.g,, in situ reaction—extraction system) that
extract monomers before undesired reactions occur. It should
be noted that, in base-catalyzed reactions, acidic molecules are
produced during depolymerization reactions, which, over time,
can induce the deactivation of the catalyst via acid/base
neutralization.

Organic bases have recently been used for lignin depolyme-
rization. Ekerdt''" and co-workers explored the combination of
an IL 1-butyl-2,3-dimethylimidazolium chloride ([BDMIm]CI)
and nonaqueous organic N-bases (Figure 6) in cleaving the -
O-4 bonds. 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) showed
the highest activity, leading to more than 40% f-O-4 ether
bond cleavage. It was proposed that two exposed nitrogen
atoms (N; and N,) in TBD enable it to work as a dibasic
nucleophile, both attacking the @- and f-carbon of quinone
methide in a manner similar to hydrosulfide anion (HS™, see in
Scheme 1) and thereby assisting the cleavage reaction. In the
same year, Song'’’ and co-workers developed a novel
hydrolysis strategy based on synergetic catalysis of organic
acid and base in a batch reactor to convert lignocellulosic
biomass. In their reaction system, oxalic acid acted as a proton

donor to cleave the glycosidic bond of polysaccharides, and
tetramethylammonium hydroxide catalyzed the depolymeriza-
tion of lignin. This strong synergetic effect afforded significantly
higher conversion of the biomass compared with the reactions
with either of them.

Mechanochemical strategies are commonly used for particle
size reduction as a pretreatment for a chemical depolymeriza-
tion processes. Bolm''” and co-workers first applied solvent-
free ball milling in the presence of a (solid) base for the
degradation of lignin (Scheme 2). It was found that 3.5 equiv of
sodium hydroxide or sodium tert-butoxide could effectively
degrade various lignin model compounds (compounds 1-7).
Importantly, 55—76% of the $-O-4 binding motifs present in
the untreated organosolv lignin or even naturally dried beech
wood were cleaved during the process. The reaction
mechanism was in agreement with the classical kraft pulp
process.'"” The initial deprotonation at the primary hydroxyl
group followed by intramolecular cleavage of the 3-ether bond
generates two products: an unstable epoxide 8 and guaiacol 9.

Although solvent-free mechanochemical transformation is
proposed as a sustainable alternative to conventional solution-
based and solvothermal chemical processes, its energy-
efficiency should be improved; in addition, the base quantity
is too large to be applied in large scale.

As has been discussed above, in most alkaline delignification
processes, cleavage of ether linkages is a dominant reaction.
Gierer''*™"'¢ et al. summarized these ether bonds into two
groups: (i) a-Aryl ether bonds if they contain a free alcoholic
OH group on the p-carbon atom or a free phenolic OH group
ion in the para-position of the a-aryl ether group. They are
readily cleaved by the conversion of the phenolate unit into the
corresponding quinone methide intermediate (Scheme 1). This
intermediate can be further transformed to guaiacol and
coniferyl alcohol in alkaline aqueous solution with a nucleophile
such as hydrogen sulfide. Alternatively, quinone methide can
generate reactive formaldehyde and alkali-stable vinyl ether via
base-catalyzed dealkylation reaction."'” This mechanism is also
in agreement with Ekerdt’s''' study about organic N-bases
catalyzed decomposition of phenolic lignin model compounds.
(ii) p-Aryl ethers as long as the a-position of the propane side
chain possesses a free alcoholic OH group and if the phenolic
OH group in the para-position to the f-aryl ether side chain is
etherified. The cleavage of f-aryl ether linkages in nonphenolic
units involves deprotonated hydroxyl groups in a- or y-carbon,
which serve as nucleophiles in replacing the neighboring aroxy
substituent by forming an oxirane ring, which is then opened by
addition of a hydroxide ion to form a glycol group, as
summarized in Scheme 3.
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Scheme 3. Base-Catalyzed Cleavage of f-Aryl Ether Bonds in Nonphenolic Model Compounds®
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During the base catalyzed degradation process (see Table 3),
it is suggested that the repolymerization (condensation)
reaction takes place simultaneously and that both reaction
pathways share the same intermediate state. Scheme 4
illustrates alkali-promoted condensation reactions in phenolic
units.'> In Route A, the condensation reaction of quinone
methide proceeds via Michael addition, while the same
intermediate generated in Scheme 1 degrades to guaiacol and
coniferyl alcohol with nucleophile. In the condensation
reactions, quinone methides are not the only acceptors.
Route B in Scheme 4 illustrates the reaction between
formaldehyde (generated from the dealkylation reaction, as
illustrated in Scheme 1) and two phenolate units."'® A
hydroxybenzyl alcohol, which was obtained from the addition
of the phenolic ion and formaldehyde, is first converted to an o-
quinone methide; this intermediate reacts with another
phenolic ion and generates the final diarylmethane structure.

4. ACID-CATALYZED DEPOLYMERIZATION

Historically, acid pulping was mainly used for isolation of lignin
fractions from the lignocellulose matrix, rather than in
designing the depolymerization of lignin into valuable aromatic
monomers.'*® The first acid-catalyzed lignin hydrolysis reaction
was reported in 1924, when Higglund and Bjorkman'®’
distilled lignin with 12% hydrochloric acid to obtain
thiobarbituric acid, phloroglucinol, and barbituric acid.
Recently, different types of mineral acids,'**”™"*" Lewis
acids,"** "% zeolites,"**"*® acidic ILs,"*~"*" as well as organic
acids'*”'* have been tested for hydrolysis of lignin and the
related model compounds.

Like the behavior of the base-catalyzed lignin hydrolysis
reaction, in acid-catalyzed delignification of wood and
lignocellulosic biomass, the hydrolytic cleava%es of a- and f-
aryl ether linkages also play a dominant role'*” because aryl—
aryl ether bonds, the phenolic C—O bond, and C—C bonds
between aromatic lignin units are more stable.””'**

4.1. Mineral acid

Adler et al. first tried mineral acid promoted hydrolysis of
Bjérkman lignin.'** Johansson and Miksche'** demonstrated
that the rate of hydrolysis of a-aryl ether was 102 times faster
than that of f-aryl ether. Furthermore, phenolic a-ethers
hydrolyze faster than nonphenolic ones. Meshgini and
Sarkanen'”” synthesized a series of a-aryl and p-aryl ether
compounds with different substitution groups (Figure 7,
compounds 1—10), and their hydrolysis rates promoted by
acid decreased in the order: 4-methoxy- > 3,4-dimethoxy- >
3,4,5-trimethoxybenzyl. On the other hand, varying structures
of the aryl ether moiety caused the following rate effects: 2,6-
dimethoxy- >> 2-methoxy-4-methyl- > 2-methoxyphenyl. It
was'*”'** also found that the hydrolysis rates of these linkages

are first-order with respect to both catalyst and substrate
concentrations. The range of activation energies for the
hydrolysis of the a-aryl ether bonds (80—118 kJ/mol) is
much lower than for the f-aryl ether hydrolysis (148—151 kJ/
mol).'***'% Thus, when lignin is subjected to acidic
degradation, the a-ether linkages depolymerize before the f-
aryl ether linkages (see Table 6).

Recently, Ekerdt"* et al. carried out the hydrolysis of the
phenolic 5-O-4 bonds of guaiacylglycerol-f-guaiacyl ether (GG,
Figure 7, compound 9) and nonphenolic veratrylglycerol-$-
guaiacyl ether (VG, Figure 7, compound 10) in dimethyl
sulfoxide (DMSO) with a catalytic amount of hydrochloric acid.
A moderate guaiacol yield of 55.2% was obtained from GG with
100% conversion. The activity of VG was lower than that of
GG. Higher HCI concentration appears to impose a minor
effect on the hydrolysis efficiency. Similar to base-catalyzed
hydrolysis reaction, most acid-catalyzed lignin hydrolysis
processes involve extensive condensation reactions. *%'?*
Barta and co-workers'”® provided a good example that
markedly suppresses such an undesired pathway by capturing
the unstable compounds with diols and by in situ conversion of
the reactive intermediates. In order to maximize the amount of
monomeric products, future research could focus on in-depth
mechanistic understanding of lignin conversion pathways and
the precise role of reaction intermediates.

In order to clarify the acid-catalyzed depolymerization
mechanism, several studies have been carried out on both
phenolic and nonphenolic model compounds. As previously
shown in Scheme 1, the phenolate unit is first converted into
the corresponding quinone methide intermediate in base-
catalyzed hydrolysis reaction of f-aryl ether linkages, whereas in
acid-catalyzed degradation (Scheme S), the primary step is a
dehydration reaction, yielding enol aryl ether (EE). This
dehydration step is the rate-determining step for S-phenyl ether
hydrolysis. EE intermediate can be rapidly hydrolyzed to
guaiacol and a-ketocarbinol. The latter is gradually converted
to a mixture of four compounds called “Hibbert’s ketones” via
allylic rearrangement.'*> This mechanism was later proved by
Ekerdt,"** Beckham,'*” and their co-workers using GG, VG
(Figure 7, compounds 9—10), and four other dimers as model
compounds.

For a-aryl ether linkages, acid-catalyzed hydrolysis reactions
follow predominantly a SN1-type mechanism with first-order
kinetics as outlined in the following two equations:'*”

Aryl-CH,0-Aryl' + H" — Aryl'OH + Aryl-CH,”"

Aryl-CH,* + ROH — Aryl-CH,OR

(ROH is water or low molecular alcohol)
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Scheme 4. Base-Catalyzed Condensation Reactions in Phenolic Units”

Route A [
HyCO HC—
HC—
OCHy OCH;
—_—
H3;CO )¢ H3CO ~H R= aryl group o o
3 3
o
Route B
Hé— !
HC— HC—
+ CHZO
—»
HsCO
o H3CO HsCO CHO" HsCO CH,OH
o
| -OH
HC—
|
HC—
HyCO ~H
O
H,CO = hico OCH, = HCO CHOH
(o) (o]

“Adapted from Chakar and Ragauskas.lB

HaCO
HsCO
5 H,C=0 cH, MO CH,0H
o CH, | HsCO. 0 HE=0
1 1
HoC HC—OOOCHs e HE- QR
3
R1 OcH R2 H3CO R2 H3CO R2 OR OCH3
3 OCH OCHs
1:R,=R,=H 6:R,=R;=H
2:R, =OCH,, R, =H 4R,=H 7:R,=H,R;=OCH;  9:R=H
3:R, =R, = OCH, 5:R,= OCH, 8: R, =R, = OCH, 10: R=CH,

Figure 7. Model compounds synthesized for acid-catalyzed hydrolysis kinetics. Adapted from Papadopoulos et al."*® and Meshgini et al.'*’

The kinetics of reactions is usually faster in phenols” or
alcohols'® than in water due to solvent effects. However,
phenol solvents should be carefully selected, as they are active
species that can initiate nucleophilic substitution reaction with

cations to form the corresponding phenolated byprod-
148,149
ucts.

4.2. Lewis acid

Lewis acid catalysts such as FeCl;, ZnCl,, BF;, and AICl; have
been used to depolymerize ll%mn, with the result that low yields
of phenols were produced.'”>'** This was proposed to be a
thermodynamically favorable process, since the performance
highly depends on the reactlon temperature 150

Studies by Ekerdt,"** Vuori,""! Thrmg, 32 and their co-
workers have demonstrated that Lewis acids became active for
lignin depolymerization when they were converted to their
Bronsted acid form. It was also found that the reactivity was not

an accurate match for the acidity sequence for the hydrolytlc
cleavage of C—O linkages in lignin model compounds.">”
Nevertheless, the catalytic activity of the Lewis acid form itself
is unclear. The formation of Bronsted acid is thought to occur
via a reaction of the Lewis acid with water, or alcohol. Hence,
Lewis acids are normally used in combination with water or low
molecular alcohol for lignin depolymerization.

4.3. lonic liquid mediated acid catalysis

Ionic liquid (IL) solvents are advantageous for lignin
conversion because they readily dissolve lignin®’”*"*>%* and
favor carbocation-forming reactions.>”'>* When Lewis acid
catalysts such as metal chlorides are applied in ILs, they are
more effective in cleavmg the #-O-4 bond of lignin and model
compounds (Scheme 6)."** In this process, the real catalytic
species is the hydrochloric acid, which is formed in situ by the
hydrolysis of the metal chlorides. GG gave higher conversion
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Scheme 5. Mechanism of Acid-Catalyzed Hydrolysis of f-Phenyl Ether Linkages of Lignin®

:©/ +H"
- HZO
H,CO

HO. HO
o = OH (o] " “OH
Eaa
H,CO H,CO HsCO HyCO
OH OH OH

Hibbert's Ketones

/ o d
+H" =
Z 70 —H> O\
a
H,CO HyCO HaCO
OH OH

3-(4-hydroxy-3-methoxyphenyl)prop-2-ene-1,2-diol

“Adapted from Ekerdt et al."*’

Scheme 6. #-O-4 Bond Cleavage of Lignin Model Compounds GG and VG*

A

HaCO
OR

| B-ring
HO © 5 mol% AICl/H0 |
HO —_— - '
O [Bmim]Cl, 150 °C, 3 h o + | Hibbert's ketones
B -O-4 bond cleavage

-ring

GG: R =H, conversion 100%, guaiacol yield 80%
VG: R = CH;, conversion 75%, guaiacol yield 50%

“For the structures of Hibbert’s ketones, please refer to Scheme 5. Adapted from Ekerdt and co-workers.

134

Scheme 7. GG and VG Degradation Pathways in Acidic ILs”

x- - Rearrangement tof
X- "HO HO Hibbert's Ketones]
H,0
‘ﬂ\’& 0\0 +HOH‘\ \ /@
&% @“0
{ 0°°
HO.__ O / 0
HO o OR OR uaiacol
/ Enol Ether
+
Q%\H\ HOY O
H;CO Co,, e
3 001271}78.‘ By, +HOHﬂ s :@ HO o
OR 22, o, (6} 7 )
%8 o5, 2 -H,0 (8] . o
GG:R=H, ‘o * fo) H.CO ~
- ~ 3 :
VG: R=CH; -HCHO H Guaiacol
O
X =1L anion H,CO H,CO ¢
OR OR OR
Vinyl Ether OCH,

“Adapted from Ekerdt and co-workers." .

and guaiacol yield than VG, suggesting that the phenolic
hydroxide group in the “A-ring” of GG (Scheme 6) may also
serve as a proton donor to provide HCl in situ by the
interaction with metal chlorides.

Using acidic IL as both catalyst and solvent for the hydrolysis
of lignin model compounds has also been tested. Ekerdt'* and
co-workers employed 1-H-3-methylimidazolium chloride
([Hmim]Cl) for the treatment of GG and VG. These two

model compounds underwent catalytic hydrolysis to produce
guaiacol as the main product with yields higher than 70% at 150
°C. The reactivity and mechanism of the model compounds in
the IL depend not only on the acidity, but also on the nature of
cations and anions, and their interaction with the substrate.'*
For ILs with bromide, chloride, and hydrogen sulfate as the
anions, these ILs could stabilize the hydroxyl group and prevent
deprotonation through coordination. The hydrolysis follows a

(o] DOI: 10.1021/acs.chemrev.5b00155
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Scheme 8. Synthesis of Furfural Resin Based on Hydrolysis of GG and Dehydration of Glucose in IL”

/ HO
HO O
0 ..
Dehydratlon Z 0 Acid hydrolysis Oji)
—_—
H
© HaCO
[0 H,CO Guaiacol OH
OH
EE Rearrangement I
HO.
o o)
OH (@]
OH HMF
O < -
H3CO \ / HaCO
OH OH HaCO
Furfural resin Acetovanillone OH

“Adapted from Chang et al.'*

Scheme 9. Lignin Pyrolysis Reaction Routes as Predicted by NMR Results”

OR,

w) . 7 o
Rio
-y
-
Ryg OCH, OCHy
OH o

1.2-phanyl
shift

4 20
19 N
l -
OH

“1, hypothetical lignin source representing the most common bonds in acid precipitated black liquor; 2, relatively stable $-5 product in the primary

decomposition step; 3, a-O cleavage product; 4, methyl guaiacols; 5, aldehydes; 6,

styrenes; 6a (“reduced vinyl-”) ethyl-phenols; 7, stilbenes; 8,

phenoxy radicals; 9, guaiacols; 10, catechols; 11, 13, 14, 17, 19, transient radicals; 12, aliphatics; 15, phenols; 16, 18, condensation products (e.g. 4-
0-$ dimers); 20, cresols. Question mark shows possible 5-5 bond breakage, detailed in the *'P NMR section. R, cinnamyl group (propanoid unit);
Ry, R, Rg ¥ carbons in cinnamyl groups; Rs s, Ry, Rg.1; H, CH; or whole phenylpropanoid units/macromolecules. Reprinted with permission from ref

160. Copyright 2011 Royal Society of Chemistry.

typical Bronsted acid catalyzed reaction mechanism (Scheme 7,
Route A). Using IL as a solvent with a less coordinating anion
such as BF,”, a significant amount of vinyl ether (VE) and
formaldehyde were formed through deprotonation of the y-
hydroxyl group following break-off of the y-carbon (Scheme 7,
Route B). It should be noted, however, that repolymerization of

lignin fragments via alky-aryl radical coupling reaction occurred

concomitantly in the IL reaction mixture'*' and that the result
of real lignin conversion is not given in this catalytic system.
The ability of ILs to swell or dissolve lignocellulose makes it
possible to obtain the direct conversion of raw biomass under
mild conditions without pretreatment.">* Argyropoulos'*” and
co-workers showed that the acidic pretreatment of the raw
wood species in IL [Amim]Cl resulted in not only the complete
hydrolysis of cellulose and hemicellulose but also lignin

DOI: 10.1021/acs.chemrev.5b00155
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depolymerization to obtain phenols. In the one-pot hydrolysis
of GG and dehydration of glucose in IL with the Lewis acid
CrCl,, furfural resin was obtained via the reaction of the
dehydration product HMF and the lignin hydrolysis product
acetovanillone (Scheme 8)."** As has been pointed out in
section 2.2, there are several challenges with using ILs for
biomass conversion, including their high cost, downstream
separation issues, and high viscosity.

5. PYROLYSIS OF LIGNIN

Pyrolysis is one of the primary thermochemical methods for
producing bio-oil directly from lignocellulosic biomass.'*° It is
the rapid heating of biomass at temperatures between 450 and
600 °C often in the absence of oxygen to generate a mixture of
noncondensable gases, liquid oil, and solid, with or without any
catalyst.””” It represents a straightforward strategy to break
down lignin into smaller fragments.

Fast pyrolysis,>® or pyrolysis with rapid heating of the
biomass (above 100 °C/s), has received particular attention
because it has been shown to be the thermochemical process
that produces the highest yield of a liquid product called a
pyrolysis oil or bio-oil."** Lignin pyrolysis produces CO and
CO, (by reformation of C=0 and COOH functional groups),
and H,O, gaseous hydrocarbons (CH,, C,H, C,H, C;H,,
etc.), volatile liquids (benzene and alkyl substituted derivatives,
methanol, acetone, and acetaldehyde), monolignols, mono-
phenols (such as phenol, syrinbgol, guaiacol, and catechol), and
other polysubstituted phenols,” as well as the thermally stable
products char and coke. The composition of each fraction and
the yield of individual compounds are strongly dependent on
the lignin source and the isolation methods."®*™'** For
instance, klason lignin produces fewer liquid products
compared with steam explosion lignin."®

The proportion of each prolysis product is dependent on the
process variables, particularly the temperature and heating
rate.'®* At low temperatures, ether bonds and hydroxyl groups
attached to £ or y carbons are readily cleaved to form
condensable volatile products and water. A large fraction of
methoxyl phenols, such as syringol and guaiacol, are contained
in the condensable volatile products due to the fact that the
methoxyl groups are more resistant than the ether linkages
against thermal degradation. C—C is the most stubborn bond in
all chemical transformations; its breaking only occurs at very
high temperatures.'®®

The reaction chemistry of lignin pyrolysis is very complicated
and occurs over a very broad temperature range. Klein
proposed that lignin pyrolysis occurs by free radical
chemistry.'®° Whereafter, Britt and co-workers further con-
firmed that the thermal degradation of lignin principally follows
a multiple, parallel radical, and rearrangement pathway.'®”
Similar pathways were also regorted by Chu,'*® Mullen,'*’
Evans,'”’ Kotake,'”" Custodis,'”* and Huangln173 et al. in
their study on lignin pyrolysis with or without catalyst. The
main lignin pyrolysis reaction routes were summarized by
Ragauskas and co-workers'® (Scheme 9).

Beste and Buchanan'”* disclosed the role of carbon—carbon
phenyl migration in the pyrolysis of f-O-4 lignin model
compounds using density functional theory. The activation
energy for products produced by f-scission of the oxygen—
carbon bond was 15 kcal/mol lower than that produced by
carbon—carbon bonds. Therefore, the oxygen—carbon shift
reaction was an inert part in the pyrolysis mechanism of
phenethyl phenyl ether (PPE) and its derivatives, while the

carbon—carbon shift only accounted for ca. 15% of S-radical
conversion at 618 K (Scheme 10).

Scheme 10. Shift Reactions and the Subsequent f-Scission
Reaction in the Pyrolysis of PPE and a-Hydroxy PPE”

[

Ph B-scisslon . e
o Ph Y = Ph-CH, + Ph-C* ()
g 0 H
oL ;
o
ph O ¥
" Ph o CH, B-sclssion LJOI’
5, M Ph=-Q+* + Ph-C~ [} |
e o : H
OH
I[PPF(OH)] Ph B-scission H 40 )
' & Ph =  Ph-C' + Ph-C” o
[ 0 oM H
oM 0 '
PhJ\/D“‘ph , < OH m
. e e HE R-scisslon .
¥ = Ph-0+ + Ph-C” "OH (4)
Yy Ph U’P“ ki H ;

“Reprinted from ref 174 with permission. Copyright 2012 American
Chemical Society.

5.1. Kinetics of lignin pyrolysis

Knowledge of lignin pyrolysis kinetics is critical for predicting
the pyrolysis behavior and optimizing the pyrolysis parameters
in order to obtain the target products. A number of studies have
estimated the lumped kinetic parameters of lignin pyrolysis as
summarized in Table 7. In most cases, the apparent activation
energies (E) of lignin pyrolysis are between S0 and 150 kJ-
mol ™!, with the majority of the kinetic models being first order,
single step reactions (Table 7, entries 1—16). However, these
publications investigated different types of lignins and used
different approaches to measure the kinetics, making it hard to
compare the various studies. In a comprehensive study, Cai et
al. used a distribution activation energy model to fit pyrolysis
data of 7 different biomass feedstocks.'”> The distributed
activation energy model assumes that the pyrolysis has a range
of activation energies that are centered on an average value. In
this model both the average activation energy and the standard
deviation of the pyrolysis values are obtained. The lignin
pyrolysis could be fit to a model that had an activation energy
ranging from 234 to 270 kJ/mol for all 7 biomass samples. The
cellulose and hemicellulose portions of the biomass samples
had a very narrow standard deviation (less than 6 kJ/mol) while
the lignin samples had a very broad standard deviation (30—40
kJ/mol), demonstrating that lignin pyrolysis occurs over a
broader temperature range than cellulose and hemicellulose
pyrolysis. Jiang et al.'”® conducted a systematic investigation on
the pyrolysis kinetics of various types of lignins using a dynamic
TGA technique. The results (Table 7, entry 17) showed that
the estimated apparent activation energies (134—172 kJ-mol™")
depended on both separation methods and the plant species,
and were higher than most of reported values, while the
frequency factor (A) was independent of either separation
methods or plant species. Importantly, while the pyrolysis of
organosolv lignin, alkali lignin, and hydrolytic lignin were
proved to be the first order reactions via unimolecular
decomposition, Klason lignin had a reaction order of 1.5
because its condensed structure underwent a bimolecular
decomposition mechanism.

Wang'”” and Cho'®* et al. used more complicated kinetic
models for lignin pyrolysis. These two research groups
proposed a two-step pyrolysis mechanism relying on the

DOI: 10.1021/acs.chemrev.5b00155
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.5b00155
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.5b00155&iName=master.img-017.jpg&w=239&h=131

Chemical Reviews

Table 7. Reported Kinetic Parameters for Lignin Pyrolysis®

Temp range

Entry Lignin type Method (°c)
1 Klason (Douglas fir) TGA 25-600
2 Periodate (spruce) TGA 20—600
3 Kraft (pine) Microwave 160—680

reactor
4 Milled wood (sweetgum Microwave 500—1000

hardwood) reactor

N Kraft (unknown species) TGA 25-800
6 Alcell (unknown species) TGA 25—800
7 Steam exploded (aspen) TGA 25-800
8 Klason (hardwood) TGA 226—435
9 Unknown type and species TGA 390—-500
10 Organosolv (Eucalyptus) TGA 30—-900
11 Unknown type, birch Microwave 300—-600

reactor
12 Alkali (bamboo + hardwood) TGA 25-900
13 Alcell (hardwood) TGA 25-300
14 Unknown type and species TGA 25-600
15 Alcell (hardwood) TGA 25-700
16  Enzymatic (Douglas-fir) TGA 300—650
17 Various types and species TGA 105—-900
18  Klason (hardwood) TGA-FTIR 154-527
19 Klason (soft wood) TGA-FTIR 149-492
20  Enzymatic (Maplewood) TGA-MS 250—400

“TGA is the abbreviation of “thermosgravimetric analyzer”.

E(KkJ/mol) Reaction order (1) A (min™") ref
79.8 1 179
54.6 1 179
25.2 1 47 X 10% 180
82.0 1 2.0 X 107 181
129-361 1 33 %107 to 1.8 x 10° '
80—158 1 62 % 10" t0 9.3 x 1022 82
58.6-291.6 1.09 2.7 % 10° 183
12.5, 39.4, 42.6 0.5 184
70.7 1 1.26 X 107 185
19.1-42.5 0.3-0.74 186
75 1 12 X 10° 187
47.9-54.5 1 6.8 X 10> to 6.6 x 10* '
8.5—67.9 1 189
120.7-197.3 1 1.0 X 10° to 5.5 x 102 '*°
83—195 1 191
213 1 22 x 10%* 192
134172 1.5 (Klason), 1 24%100t09.4x 102 17

(others)

87.2 (E1), 141.7 Two-step reactions 13x10°t079x 10 77

(E2)

729 (E1), 136.9 Two-step reactions 6.8 x 10%to 52 x 10° '/
(E2)

83 x 10° 164
2.3 X 10°

74 (E1), 110 (E2) Two-step reactions

reaction temperature (Table 7, entries 18—20). In the first
pyrolysis step, lignin undergoes fast decomposition to solid
polyaromatics and volatile products at a low temperature.
These primary products are then converted to gases, volatiles,
tar, and coke by a variety of reactions, including thermal
decomposition, radicals recombination, water gas shift reac-
tions, reforming, and dehydrations.l(""178 In these models, the
first step in lignin pyrolysis occurs at ca. 450—700 K with an
activation energy of 72.9—87.2 kJ-mol™". The second step has a
higher activation energy (110—141.7 kJ-mol™") at a temper-
ature above 700 K which produces polyaromatics. This model
is able to predict lignin pyrolysis behavior in a temperature
range of 250—400 °C.'°" Despite the above progresses, a
comprehensive reaction-transport lignin pyrolysis model is
currently not available because of the complexity of reactions
that occur during lignin pyrolysis. Therefore, we recommend
that a future area of research is to try and develop a detailed
comprehensive reaction-transport lignin pyrolysis model that
accurately models the reaction chemistry in all three phases:
solid, liquid, and gas.l71

5.2. Thermal pyrolysis

The gases used during pyrolysis can change the reaction
chemistry that occurs. Dellinger'”* et al. compared pyrolysis of
lignin in N, and in 4% O, in N,. The majority of products from
conventional pyrolysis peaked between 400 and 500 °C, while
oxidative pyrolysis peaked between 200 and 400 °C. It is
interesting to note that the presence of oxygen could not clearly
change the type and distribution of the products. In both cases,
the phenolic compounds contributed over 40% of the total
products detected, and the principal products were guaiacol (2-

methoxy phenol), syringol (2,6-dimethoxy phenol), phenol,

and catechol. EPR (electron paramagnetic resonance) results
suggested that methoxyl, phenoxy, and substituted phenoxy
radicals were the precursors of the major products.

A good solvent could enhance the pyrolysis efficiency. Thring
et al.'”* proposed that the presence of ethanol could increase
the solubility of lignin and thus increase the amount of ether-
soluble phenols. Using ethanol—water binary solvent, Chang et
al.'”® developed a process for the hydrothermal depolymeriza-
tion of cornstalk lignin, and phenolics with the yield of ca. 70 wt
% were obtained. With an appropriate reagent that absorbs
microwave radiation, rapid heating throughout the entire
reactor can be achieved. For example, liquefaction of
lignocellulosic materials in methanol under microwave
irradiation at 180 °C for the short time of 15 min afforded
the conversion of 75%. The lignin conversion increased to 88%
when a glycerol-methanol mixture was used as solvent.'*®

5.3. Catalytic pyrolysis

The addition of a catalyst to the pyrolysis reactor is in favor of
controlling the product distribution to valuable hydrocarbon
compounds.'®”"?77"% Zeolites are one type of catalyst that
have often been used in the literature for catalytic pyrolysis of
lignin to gasoline range hydrocarbons.”**™>%> It has been
proposed that zeolite plays two roles in the lignin pyrolysis
process.””" The acid zeolite sites catalyze the depolymerization
of lignin into desirable and more stable products. The small
volume inside the pores could prevent repolymerization and
coke formation reactions. By tuning of the acidity and pore size
of zeolites, the selectivity to desired products and the yield of
liquid can be controlled. However, low yields (less than 30 wt
%)'"® of liquid hydrocarbon products are obtained during
catalytic pyrolysis of lignin. Another challenge is that coke/char
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Scheme 11. Proposed Lignin Fast Pyrolysis Pathway with or without Catalyst”
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“Reprinted with permission from ref 201. Copyright 2012 Elsevier.

forms on the zeolites, which will cause deactivation of the
catalyst upon both pore blockage and active site poison-
ing."”?” The coke/char can be removed by a clination
treatment of the zeolite.”">*** Nevertheless, a gradual decrease
in the regenerated catalyst activity was observed due to some
irreversible poisoning effect.

Incorporation of cerium into hierarchical HZSM-5 could
reduce acidity and thereby slightly decrease coke formation and
shift the pyrolysis products from typical HZSM-5 products
(benzene, toluene, and xylenes) to valuable oxygenated
chemicals (furans, aldehydes, ketones)."”® The addition of
cerium to a Pd/TiO, catalyst was also helpful in the fast
pyrolysis of lignin in poplar wood into monomeric phenols.'””

Another challenge with zeolites is their low hydrothermal
stability in steam and especially in hot liquid water.”*® It has
been reported that ZSM-S is stable in liquid water between 150
and 200 °C for 6 h regardless of the SiO,/Al,O; ratio, while
zeolite Y degraded through the hydrolysis of Si—O—Si bonds
under the same conditions.””® Therefore, when considering
aqueous-phase processing for lignin conversion, further study
and optimization of the stability of zeolites in the presence of
water or steam is an arduous task.

Scheme 11 illustrates the dual roles of zeolite in the lignin
pyrolysis reaction, namely, the role of porosity to stabilize
intermedlates and of acid sites to cleave C—O and C-C
bonds.””" Thermal pyrolysis without catalyst first generates
depolymerization intermediates via a radical mechanism.*"’
These active primary products are readily repolymerized to
produce solid, or stabilized to form low molecular weight
aromatics.””” In the presence of porous materials without acidic
sites, such as Na-ZSM-5 and silicalite, the intermediates are
stabilized by adsorption in the porous materials; thus, the yield
of solid is decreased with the increasing of the liquid yield.
Addition of acid functionality results in the cleavage of C—O
and C—C bonds. The strong acid sites in zeolites can even
induce decarboxylation, dehydration, dealkylation, isomer-
ization, cracking, and oligomerization reactions. In all the
above processes, the gases mainly consist of CO,, CO, and

CH,, which are probably generated from cracking of different
side-chain structures and the methoxy groups on aromatic ring,
via a direct hydro%en -transfer mechanism, via a radical coupling
mechanism,"’**% or from pyrogallol via an o-quinone
intermediate.'”® Guo and co-workers™” reported that, under
pyrolysis conditions, the pyrolytic lignins generate 40%
aromatics based on carbon yield at 600 °C and more than
90% of which are phenols.

Zaror and co-workers”'? showed that the addition of
Na,CO;, K,CO;, KCl, and NaCl could accelerate dehydration
and promote recombination reactions among the volatile
species to yield more char than untreated wood, while Shanks
and co-workers”'" observed no significant difference in the char
yield when inorganic salts were added to corn stover organosolv
lignin. A recent study by Yin and co-workers”'” showed that
both inorganic and organic Na salts could reduce the pyrolysis
temperature of alkali lignin. Furthermore, organic Na could
increase the yields of phenol and guaiacol by the elimination of
alkyl substituents, while inorganic Na promotes the formation
of ethers by the elimination of phenolic hydroxyl groups. The
basic additives such as KOH were also reported to improve the
depolymerization efficiency.”'> When a Lewis acid ZnCl, was
used in the pyrolysis of different types of lignins (steam-
explosion, kraft, and ball-milled lignins), an increased amount
of guaiacol and methylguaiacol, accompany with carbonyl-
containing compounds such as homovaillin, acetovanillone, and
coniferaldehyde appeared in the liquid products (compared to
the results with no catalyst)."”

In summary, thermal depolymerization of lignin follows a
series of random and complicated reactions that produce low
yields of a complex product mixture. Wet lignin from an
aqueous-based biorefinery or from most pulping processes
must be dried before entering a pyrolysis process decreasing the
viability of this process because the evaporation of a large
amount of water present in lignin feedstock requires a lot of
energy. Jones and Zhu conclude that lignin pyrolysis at present
is not economically attractive.”'* Fast pyrolysis oil, or bio-oil, is
a potential feedstock to make liquid transportation fuels. The
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pyrolysis oil consists of up to 50 wt % of pyrolytic lignin, which
is thought to derive from pyrolysis of the lignin structure of
biomass.”'® This suggests that the hemicellulose and cellulose
somehow play a role in stabilizing the lignin pyrolysis
intermediates during pyrolysis of the entire biomass species.
The bio-oil is a low quality liquid fuel, that is an emulsion of
several phases that has many undesired characteristics,
including low pH, high viscosity, low energy density (high
oxygen content), and stability problems, and it cannot be
blended with conventional petroleum fuels.”'™*'® Several
companies, including KiOR,”"” are developing technology to
produce liquid transporation fuels from biomass by pyrolysis
and hydrotreating. The obtained oil must be upgraded (see in
section 6.2) to meet the requirements of a desired trans-
portation fuel before use.

DeSisto”*’ and Kleinert et al. recently described a
novel integrated lignin liquefaction process based on pyrolysis
at a temperature above 350 °C with the participant of formic
acid or formate. In the inert atmosphere, the formic acid and
formate serve as hydrogen donors that facilitate the HDO of
the bio-oil in situ to produce liquid oil with very low oxygen
content that is suitable as a blending component for motor fuel
applications. This method provides significant improvements
over conventional pyrolysis technologies through decreasing
the oxygen/carbon ratio and increasing the carbon yield in the
liquid product.

221,222

6. HYDROPROCESSING

Hydroprocessing involves thermal reduction of the feed by
hydrogen. It is one of the most popular and efficient strategies
applied in deconstruction of lignin into components such as
low depolymerized lignin, phenols, and other valuable
chemicals, and upgrading of the small compounds to
hydrocarbon fuels. This section is organized according to the
reaction types of hydroprocessing, in the order of hydro-
genolysis, hydroalkylation, hydrodeoxygenation, hydrogenation,
and integrated hydrogen-related reactions. The iron-group-
based catalysts, the group VI metal-based catalysts, the
platinum-group-based catalysts, and the bimetallic catalysts, as
well as the bifunctional catalysts systems will be reviewed for
the aforementioned reactions. In this regard, we focus on the
updated results since 2010, while earlier results are only briefly
mentioned.

6.1. Hydrogenolysis

Hydrogenolysis describes a chemical reaction whereby carbon—
carbon or carbon—heteroatom bonds are cleaved by hydrogen
according to eq 1:**

(1)

Generally, the X represents an alkyl chain or other functional
group containing heteroatoms (OH, SH, NH,, OR, NR, etc.).
Hydrogenolysis is an important reaction for lignin upgrading,
particularly in cleaving of C—O bonds. Hydrodeoxygenation
(HDO), removing oxygen from the phenolic molecules to
produce hydrocarbons, is also included in the scope of
hydrogenolysis. HDO is a paramount important process in
bio-oil up-grading and thus will be discussed thoroughly in
section 6.2. In this section we discuss cleavage of etheric C—O
bonds. This reaction usually takes place under basic conditions
with su?l_)ported metal catalysts such as Pt, Ru, Ni, Pd, and
Cu.?**** In the generation of fuels and chemicals, selective
hydrogenolysis of aliphatic C—O bonds is preferred, while the
aryl C—O bonds are far less active, and require high
temperatures and/or high hydrogen pressures. The harsh
hydrogenolysis condition, in turn, leads to undesired
concurrent cleavage of aliphatic C—O bonds and hydrogenation
of aromatic rings.

Nickel-based catalysts used for lignin hydrozgenation/hydro—
genolysis can be dated back to the 1940s.>*° In 1979, Ni-
complexes were reported as a potential hydrogenolysis catal;fst
toward aryl C—O bonds with Grignard reagents by Wenkert.”*”

Sergeev and Hartwig'*® recently made great progress on
soluble nickel complex catalyzed hydrogenolysis of diaryl
ethers. Their catalytic system is composed of Ni(COD), and
SIPr-HCI (20 mol %) as a catalyst (where COD is 1,5-
cyclooctadiene, and SIPr-HCl is a N-heterocyclic carbene
ligand precursor) and NaOtBu (2.5 equiv) as an additive. The
reactions were conducted under only 0.1 MPa H, at around
100 °C to afford high yields (54—99%) of the corresponding
phenols and arenes. This catalytic system is suitable for fairly
broad substrates including both electron-rich and electron-poor
diaryl ethers, and the activity to cleave aromatic C—O bonds is
in the order of Ar-OAr > Ar-OMe > ArCH,-OMe. A
heterogeneous Ni catalyst was developed subsequently by the
same group via in situ decomposition of the Ni(COD), or
Ni(CH,TMS),(TMEDA) precursor.”** Even at loadings down

H,,cat.
R-X —— R-H + H-X
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Table 8. Hydrogenolysis of Lignin and Lignin Model Compounds over Ni-Based Catalysts

Catalyst Support Reaction conditions Lignin (model) Major products Conv. (%) Note Ref
compound

T(°C) P(MPa) solvent

Ni(COD),, None 120 0.1 m-Xylene > 85% R=H, Me, 120

SIPr-HCI H@“@R q:@ o @ﬁn m-OMe, CF;

Ni(COD)s, None 120 0.1 m-Xylene Ak 100 Alk=Hexyl, Me 120
“OO .OO AlKOI
SIPr-HCI

Ni(COD),, None 120 0.1 m-Xylene J@\PN* ) awon 85 Alk=Hexyl =
SIPr-HCI Ph Ph
Ni(COD),, None 120 0.1 m-Xylene OR? @”'nr{,.. > 85% R'='Bu, H;R* ™
SIPr-HCI @*R’ R = Ph, Me; R =

R H, Ft

Heterogeneous None 120 0.1 m-Xylene 30, B 72 ws
Ni oo 00

Heterogeneous None 120 0.1 m-Xylene =0 19 BuONa, 28
g0 © .
.2 equiv
Heterogeneous None 120 0.1 m-Xylene e 84 BuONa, w
= SHEE (1.0 cquiv)
.0 equiv
Heterogeneous None 120 0.1 m-Xylene OﬂO @ ”fk@ 100 BuONa 2
Ni @5 iv)
.5 equiv
228
Ef:terogeneous None 120 0.1 m-Xylene @\‘_‘g \@ @ _ @/W =90 BuONa
' e e g gt (2.5 equiv)

228

Heterogeneous None 120 0.1 m-Xylene At 80~99 BuONa
|
i o0 C
R

(2.5 equiv)

Heterogeneous None 120 0.1 m-Xylene o o § 75~97 BuONa 2
Ni BSAG »f ﬁ;)
R

(2.5 equiv)
Heterogeneous None 120 0.1 m-Xylene ~OPh Y etn 98 BuONa 28
Ni o |54
(2.5 equiv)
Heterogeneous None 120 0.1 m-Xylene i 80~93 BuONa b
MeO . R (2.5 equiv)

229

Ni Si0, 120 0.6 H-0 O/\/DO @) ©’° 6~21

Raney Ni None 90 5 MeOH Oﬂ@ O “f’\@ 12.4 242

Raney Ni None 90 5 EtOH Oﬂ@ @ “f@ 33 e
Raney Ni None 90 5 2-Propanol OUD QOH 2T
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Table 8. continued

Catalyst Support Reaction conditions

T("C) P(MPa) solvent

Raney Ni None 90 5 Decaline or
methylcycloh
exane

Ni-TiN None 150 1.2 EtOH

Ni-TiN None 125 1.2 EtOH

Ni-TiN None 150 1.2 EtOH

Ni AC 200 5 EG

Ni AC 200 5 H-0

Ni AC 200 3 Cyclohexane

Ni 6 200 0.1 (Ar) MeOH,
EtOH, EG

Ni-W-C AC 235 6 H-0

NigsRus None 130 1 H-0

NigsRhys None 130 1 H-0

Nigipdm None 130 1 H30

NizAu; None 170 1 H:0

Lignin (model) Major products Conv. (%) Note Ref

compound

oo g #=F

o0 oo ”
=09 239

O/\-,/O U l|ﬂ’0

C\)Jﬁ =99 22

Lignosulfonate Monophenols 68 =

Lignosulfonate Monophenols 0 E

Lignosulfonate Monophenols 0 2L

Birch sawdust ~ Monophenols 48~54 23

Raw woody Monophenols 46.5 s

biomass

Organosolv Monophenols 42 ot

lignin

Organosolv Monophenols 50 24'

lignin

Organosolv Monophenols 56 A

lignin

Organosolv Monophenols 14 i

lignin

to 0.25 mol %, the catalyst can selectively cleave the aryl C—O
bonds of aryl ethers without hydrogenation of aromatic rings in
the presence of BuONa. It should be noted that strong bases
are favorable in these hydrogenolysis reactions, though the
effects are still in debate. More interestingly, the selectivities of
the homogeneous and the heterogeneous catalysts are quite
different for electronically varied aryl ethers (shown in Figure
8), implying that the mechanisms of these two catalysts are
quite different.

Zhao and Lercher” reported a novel SiO, supported Ni
catalyst to selectively cleave aromatic C—O bonds of aryl ethers
in the aqueous phase. This catalyst is not water sensitive, unlike
the homogeneous catalysts. The C—O bonds of a-O-4 and p-
O-4 are cleaved by hydrogenolysis, while the 4-O-5 linkage is
cleaved through parallel hydrogenolysis and hydrolysis, due to
the employment of aqueous solvent. In their report, however,
hydrogenation of phenol proceeded over Ni catalysts along
with the hydrogenolysis under the investigated conditions; thus,
cyclohexanol was also observed in the products.

Ni catalysts, supported on carbon and magnesium oxide, not
only are active for C—O bond cleavage of model compounds,
but also are promising catalysts to selectively hydrogenolyse the
aryl ether C—O bonds of #-O-4 without disturbing the arenes,

even when using lignosulfonate as the feedstock in methanol
solvent.”>**" Inspired by Agapie’s work on model com-
pounds,”*” Wang and Xu*** showed that the hydrogenolysis of
real lignin could also be conducted in alcohol solvent, including
methanol, ethanol, and ethylene glycol. In this reaction the
alcohol solvents can also be used as a hydrogen donor.
Rinaldi*® and co-workers also found similar hydrogen transfer
reactions for the depolymerization of lignin with poplar wood
as the feed using Ni-based catalysts.

It was well documented that the introduction of a second
metal to a monometallic catalyst can enhance the catalytic
performance in many reactions.””* Zhang and co-workers
disclosed that carbon supported Ni—W,C catalyzes not only
the direct conversion of cellulose into ethylene glycol,”*>~>*
but also the hydrogenolysis of the lignin component in various
woody biomass into monophenols with the yield of 46.5%.”*
Interestingly, neither Ni/AC nor W,C/AC afforded the yield of
monophenols higher than 20%, implying the synergistic effect
between Ni and W,C in lignin conversion. Similar synergistic
effect was also reported on Ni-TiN,**? NiAu,>*° and three NiM
(M = Rh, Ry, and Pd)**' catalysts for organosolv lignin
hydrogenolysis. Mechanistic investigation”*"*** indicated that
the synergistic effect could be attributed to three factors: (1)
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Figure 9. Comparison of products in the hydrogenolysis of guaiacyl glycerol-f-guaiacyl ether (GG) over Ni/C and Pd/C. The benzene ring yield is
defined as the ratio of the sum of benzene rings of the aromatic products to the added GG doubled by two (containing two benzene rings).
Reprinted with permission from ref 231. Copyright 2012 Royal Society of Chemistry.

increased fraction of catalytically active surface atoms, (2)
improved H, and substrate activation capability, and (3)
inhibited benzene ring hydrogenation. The latest hydogenlysis
results of lignin model compounds and real lignin over Ni
catalysts are listed in Table 8.

The platinum-group metals (abbreviated as PGMs), such as
Pd, Pt, Ru, Rh, and Ir, possess outstanding catalytic properties
in hydrogen involved reactions. In contrast to Ni catalysts,
PGMs bear higher intrinsic activity and, hence, are widely used
in direct hydrogenolysis of raw and pretreated lignins.
Nevertheless, milder conditions are preferred over PGM
catalysts, considering that the products of hydrogenolysis (the
linkage of C—C and the alcohol) are not stable in the presence
of PGM under severe conditions. Under mild hydrogenolysis
conditions, pinus radiate and olive tree pruning lignins are
degraded into monomeric, dimeric, and oligomeric compounds
over Al-SBA-15 supported Ni, Pd, Pt, Ru,”** and Pd/C*** via
selective cleavage of the aryl-O-aliphatic and aryl-O-aryl
linkages, while corn stalk lignin with different ratios of H, G,
and S units are selectively hydrogenolyzed to 4-ethylphenolics
(4-EP), in particular over Ru/C.”** Noting that lignins from
different feedstocks and extraction methods possess signifi-
cantly different structures, Bouxin and co-workers”** investigate
the impact of the lignin structure on the hydrogenolysis
products over Pt/Al,O;. It was found that the proportion of f-
0O-4 linkages in the lignin was critical for obtaining higher yields
of monomeric products. Highly condensed lignin generated
mainly nonalkylated phenolic products while uncondensed

lignin generated mainly phenolic products retaining the 3-
carbon side chain.

Due to their high hydrogen transfer ability, PGMs generally
catalyze not only the hydrogenolysis process, but also other H-
related reactions. As exemplified by model compounds (Figure
9), the products over Pd/C consist mainly of dimers and
cyclohexane, remarkably different from that over Ni/C, and this
confirms that Pd/C hydrogenates the arenes concurrently with
the hydrogenolysis of -O-4 bonds.”*' Abu-Omar**” and co-
workers demonstrated that introducing Zn in Pd-based
catalysts is far more effective than Pd/C alone for the cleavage
of f-O-4 bonds in model monomeric/dimeric and artifial
polymer lignin model compounds. More importantly, the
hydrogenolysis is followed by a HDO of the aromatic alcohols
without hydrogenating the arenes, therefore maintaining the
aromaticity of the feedstock and decreasing hydrogen
consumption. In regard to real lignin feedstock, addition of
tiny amounts of mineral acids”*® or solid acid”*’ allows the
hydrogenolysis under milder conditions and accordingly
enhances the depolymerization efficiency. Usually, hydro-
genation is closely associated with hydrogenolysis over PGM
catalysts.”*” Depending on reaction conditions, both processes
may occur successively or simultaneously.

Besides the aromatic ethers, it should be remembered that
aliphatic ethers and furans also constitute a significant
component of lignin biomass; however, in the absence of
allylic or benzylic junctures, the C—O bonds are typically
unreactive. Marks”' and co-workers used a homogeneous
transition metal triflate and supported Pd nanoparticle catalyst
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system to catalyze ether hydrogenolysis in IL media with a
thermodynamically based tandem strategy. The cleavage of the
C—O bond is coupled via a microscopic reverse of endothermic
alkene hydroalkoxylation (Cycle A in Figure 10) with
exothermic C=C hydrogenation (Cycle B in Figure 10);**!
thus, saturated alcohols are yielded without any loss of
aromaticity. If the reaction was performed with Hf(OTf), +
Pd/C in a solvent-free system, the reactant scope could be
expanded to aliphatic ethers and furans.”>

Homogeneous Ru catalysts also displayed high hydro-
genolysis reactivity toward the cleavage of $-O-4 ethanol aryl
ethers without disturbing the arene species.”””**”*** In
contrast to the thermal tandem strategy, homogeneous Ru,
such as Ru(Cl),(PPh,),, RuH,(CO)(PPh,),, and Ru-xantphos,
catalyzed lignin hydrogenolysis proceeds by a redox neutral
approach, ie. a tandem dehydrogenation/C—O bond cleavage
process (as shown in Scheme 12).

Scheme 12. Mechanism of Ru-Catalyzed C—O Bond
Cleavage of Lignin-Related Polymers®

CIJH OAr
Ar” SAOAF L,Ru
1 (0]
H'Hz Ar Ha
o RuHXL, Aro
7 ArCOCH
Ar)k/OAr‘ \ L,Ru-0 1

HX
\\ OAr'
Ar'OH Lth.l.l-—H

1

“Reprinted with permission from ref 253. Copyright 2010 American
Chemical Society.

6.2. Hydrodeoxygenation

HDO is considered the most efficient method for bio-oil
upgrading. Herein, we focus on the recent advances of HDO
achieved using different types of catalysts. More fundamental
knowledge on HDO of lignin model compounds has recently
been reported by Gates and Rahimpour.”>

6.2.1. Monometallic catalysts. Molybdenum oxide,
sulfide, nitride, and carbide were studied as catalysts for the
HDO reaction of lignin and model compounds as early as in
the 1980s.”°° In MoO;-catalyzed HDO of lignin model

compounds, it was found that MoO; preferentially cleaved
phenolic Ph-O-Me bonds over weaker aliphatic Ph-O-Me
bonds.”®” The same phenomenon was observed in Mo,C-
catalyzed HDO of anisole.”® Investigation of different supports
and nitridation methods showed that the supports can modify
the property of active sites and hence are responsible for the
products’ selectivity, while the dispersion and the nitridation
degree of molybdenum are crucial to the activity of the HDO
reaction.””*** 'When MoS, supported on carbon was
employed as the catalyst for lignin HDO, the properties of
MoS, active sites are independent of the textural and chemical
properties of different carbon supports.”®® Smith®*" and co-
workers compared HDO activities of different unsupported
low-surface-area Mo-based catalysts, namely, MoS,, MoO,,
MoO;, and MoP, using 4-methylphenol as the substrate. The
catalyst turnover frequency (TOF) based on CO uptake
decreased in the order MoP > MoS, > MoO, > MoO;, while
the activation energy increased in the order MoP < MoS, <
MoO, < MoOj;. The activity is related to the electron density of
the Mo among the catalysts. The latest HDO results of lignin
model compounds over Mo-based catalysts are listed in Table
9.

Transition metal phosphides Ni,P, Fe,P, Co,P, and
WP have been a phed in the HDO of lignin-derived
feedstock recently.”***®” The superiority of these transition
metal phosphides catalysts to noble metal catalysts is their high
selectivity without compromising the substrate conversion,
while their superiority to commercial hydrotreating CoMoS
catalysts is thelr high stability in the gas-phase HDO
process.”****® Considering that FeS, usually has lower activity
for aromatic nucleus hydrogenation, Rinaldi**’ and co-workers
supported FeS, on active carbon, SBA-15, SiO,, and Al,O; to
catalyze the selective HDO of dibenzyl ether and toluene, with
yields up to 100% realized. Meanwhile, Ni-based catalysts with
different stabilizing components (SiO,, Si0,—ZrO,, CeO,—
ZrO,, and 5-Al,0;) were also studied in the HDO of bio-
oils."””*”? Especially, the addition of Cu facilitated reduction of
nickel oxide at lower temperatures”’' and decreased the coke
formation rate.””” Correspondingly, Cu promoted sol—gel Ni
catalysts exhibited good performance in guaiacol HDO.””’ I
addition, Cu mixed metal oxide catalysts tend to have weak
acidity, low hydrogenation reactivity, and high hydrogenolysis
activity; therefore, they are also considered promising catalysts
for HDO."””*”* The HDO results of different catalysts systems
are listed in Table 10.
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Table 9. HDO of Lignin Model Compounds over Mo-Based Catalysts

Reaction conditions

P Lignin model
Cat. Support T (°C) (MPa) solvent compd Major products Conv. (%) Reactor ref
MoS,  ALO; 250—450 3.4 1- 4-Propylguaiacol ~ Propylphenols, 38-99 Batch 262
Methylnaphthalene propylbenzenes
MoS, 350 Decalin 4-Methylphenol ~ Toluene 60 Batch 261
MoS, AC 300 Decalin Guaiacol Phenol 30 Batch 260
Mo,C 150 0.1 Anisole Benzene 100 Packed 258
bed
Mo,N 300 S Decalin Guaiacol Phenol 10 Batch 263
Mo,N  ALO; 300 S Decalin Guaiacol Catechol 66 Batch 223
Mo,N  SBA-15 300 5 Decalin Guaiacol Phenol 44 Batch 223
MoN  AC 300 S Decalin Guaiacol Phenol 9.0 X 107 (mol/gcat.- Batch 29
s
MoP SiO, 300 0.1 Guaiacol Benzene, phenol 54 Packed 264
bed
MoP 350 4 Decalin 4-Methylphenol ~ Toluene 90 Batch 261
MoO, 350 4 Decalin 4-Methylphenol ~ Toluene 55 Batch 2ot
MoO; 350 4 Decalin 4-Methylphenol ~ Toluene 100 Batch 261
MoO; 320 0.1 m-cresol Toluene 48.9 Packed 27
bed
MoO; 320 0.1 Anisole Benzene 78.7 Packed 27
bed
MoO, 320 0.1 Guaiacol Phenol, benzene 74.2 Packed 27
bed
MoO; 320 0.1 Diphenyl ether ~ Benzene, phenol 82.6 Packed 27
bed
Table 10. HDO of Lignin Model Compounds over Various Metallic Catalysts®
Reaction conditions
T P Conv. Sele.
Catalyst Support (°C) (MPa) Solution/Gas conc (%) Major products (%) Reactor ref
Ni,P Si0, 300 0.1  0.024% GUA; 80% H,, N, rest 80 Benzene 60  Packed 264
bed
Co,P Si0, 300 0.1  0.024% GUA; 80% H,, N, rest 70 Benzene 52 Packed 264
bed
Fe,P Si0, 300 0.1  0.024% GUA; 80% H,, N, rest 64 Phenol 94  Packed 264
bed
FeS, AC 250 10 Dibenzyl ether in cyclohexane 98 Toluene 100 Packed 269
bed
Nig;Cupos  Ce0,~ZrO, 320 17 99% GUA 942  O-containing aliphatics C5—C7 92.5  Batch 270
Niy,;Cus;,  ALO; 320 17 99% GUA 80.3  Aliphatics C5—C7+ benzene 499 Batch 270
Nig;oCuy  SiO, 320 17 99% GUA 87.1  Aliphatics C5—C7 + benzene 72.7  Batch 270
NiggsCupy  ZrO,—SiO,— 320 17 99% GUA 85.6  Aliphatics C5—C7 + benzene 80.1 Batch 270
La,0;
Nigs 4 Sio, 320 17 99% GUA 97.7  Aliphatics C5—C7 + benzene 90.9  Batch 270
Zn/Pd AC 150 2 GG in MeOH 90 GUA and 4-propyl-GUA 85  Batch 47
Zn/Pd AC 150 2 Vanillin in MeOH >99  Creosol 81  Batch d
Zn/Pd AC 150 2 4-(Methoxymethyl)-GUA in >99 Creosol 81 Batch 7
MeOH
Zn/Pd AC 150 2 Vanillyl alcohol in MeOH >99 Creosol 80  Batch 27
Zn/Pd AC 150 2 P-O-4 synthetic lignin polymer in 100 4-Propyl-GUA; dihydroconiferyl 80 Batch 27
MeOH alcohol

“GUA is the abbreviation of guaiacol.

Compared to lignin model compounds, relatively limited
studies have been conducted on HDO real lignin feedstocks.
Water-soluble ammonium heptamolybdate (AHM) was studied
in hydro-treating of five Kraft lignins and one organoslov
1ignin,274 and the degree of HDO over AHM was as high as
98%. Recently, Li demonstrated that, over carbon supported
tungsten phosphide, an appreciable yield of mixed phenols (67
mg/g lignin) could be obtained in catalytic HDO of alkaline

Y
lignin.

It should be noted that, besides HDO reactions, Li and co-
workers””> recently reported that complete ethanolysis of Kraft
lignin could be catalyzed over a-molybdenum carbide in an
inert atmosphere at 280 °C. In their study, both the catalyst and
the solvent are crucial for the liquid oil yield and product
composition, whereas hydrogen plays a negative role for the
formation of soluble aromatics.

As mentioned in 6.1, platinum group metal (PGMs) (Pt, Pd,
Ru, Rh) catalysts alone are not a good choice for the target
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Figure 11. Reaction network of guaiacol conversion over Pt/y-Al,O; under H, pressure at 573 K. H, is omitted for simplicity. Reprinted from ref

278 with permission. Copyright 2011 American Chemical Society.

HDO process,”°"*’% as they tend to saturate benzene rings,
owing to their high hydrogenation activity. For instance, the
reaction network of guaiacol HDO over Pt/y-Al,O; includes
intramolecular transalkylation, hydrogenolysm, and three
bimolecular transalkylations (Figure 11).””* To modlfy the
catalytic activity of noble metal catalysts, Wang”’” and co-
workers synthesized Pd nanoparticles supported on meso-
porous N-doped carbon, and the resulting PA@CN, 3, catalyst
showed high catalytic activity (100% conversion, 100%
selectivity for 2-methoxy-4-methylphenol) in HDO vanillin at
low H, pressure under mild conditions in aqueous media. In
addition, synergistic catalysis of the combination of noble metal
with a second metal is found in the HDO of aromatic
compounds,”*” and will be described in the following section.

6.2.2. Bimetallic catalysts. In comparison with the
monometallic catalyst, the use of bimetallic catalysts is an
interesting strategy, as it offers the possibility to modify the
catalyst property and tailor the selectivity to a particular
product. Mixed sulfides of Co, Ni, Mo, and W, as well as other
bimetallic catalyst systems, such as PtSn,”*° PtRh,*”” NiRe,*!
PtRe,”*” and ZnPd,”" are used most frequently in lignin HDO.
These bimetallic catalysts usually show a significant improve-
ment in HDO selectivity compared to a monometal. As early as
in the 1980s, CoMo catalysts have been shown to be promising
for the HDO of phenol.”” Later studies showed that a series of
aromatic compounds exhibited significant improvement in
HDO rate over Co or Ni promoted Mo catalysts compared to a
sulfided Mo catalyst alone.”**~%%

Generally, HDO of lignin proceeds through two main routes:
hydrogenation—deoxygenation or direct deoxygenation.”*>**’
Some reports proposed that the addition of Co or Ni to Mo
catalysts could strongly enhance the direct deoxygenation
pathway versus the former one,”® while others reported that
the improvement of HDO performance was attributed to the
enhancement of demethoxylation and deoxygenation path-
ways.”*"?%¢ For sulfided CoMo catalytic systems, a clear
support effect was observed in guaiacol HDO. Compared to y-
alumina and titania, zirconia was a preferred carrier for the
CoMoS phase in the HDO reaction, as it delivered much higher
catalytic activity.”®

In lignin HDO reactions, CoMo catalysts are superior to Ni
analogs, due to their lower hydrogenation ability to keep the
aromaticity of feeds intact.”*******” For the different substrates,
Weckhuysen”® and co-workers found that the -O-4 and f-5
ether bonds have higher cleavage rates than 5—5’ linkage under
HDO conditions, and the major products are incompletely
deoxygenated phenol or/and cresol over CoMo sulfide
catalysts.

The advantages of adding a second metal can be classified in
three main aspects: (i) increase catalytic activity, (ii) improve
catalyst stability, and (iii) modify the selectivity. These
advantages may arise from four different effects, namely,
geometric (or ensemble) effects, electronic (or ligand) effects,
synergistic effects, as well as bifunctional effects (which will be
discussed in the next section).”” Typically, the catalytic activity
and selectivity are mainly affected by geometric and electronic
effects, while the reaction rate is normally improved with
synergistic and bifunctional effects; it should be noted that the
latter two effects may also lead to the creation of new reaction
pathways.

It should be pointed out that although the advantages of
using bimetallic catalysts are evident, there are still several
challenges to be overcome. First, the carbon deposition over
(Co, Ni) and (Mo, W) catalysts™" is a big problem in HDO:
the coking increases with the increasing acidity of the catalysts,
but the acid sites are required in the HDO mechanism.””*
Second, sulfide catalysts are easily deactivated via the oxidation
of active sites due to the high ratio of oxygen/sulfur in the bio-
0il.””* Both the nature of the oxygenated compound (substrate)
and the surface properties of the support are reported to be
crucial to poisoning.””* To solve this problem, Yan and co-
workers developed a series of amorphous (Co, Ni)-(Mo, W)-B-
based catalysts,””>*”> of which tungsten oxide or molybdenum
oxide act as the Bronsted acid sites for the dehydration reaction
while Ni or Co species act as the catalyst for hydrogenation.”””
Third, the interactions between the catalysts and impurities are
yet unclear so far. This problem stands out when real
feedstocks with many impurities are used. Therefore, more
fundamental studies are required to establish correlations
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Scheme 13. Proposed Reaction Pathway for Phenolic Aromatics HDO over Pd/C in the Presence of Acid”

OH o] OH OH
R OCH; . R OCH; =~ R OCH; .. R OH Dehydration
— . — + CH;0H —— N CH30H
Pd Pd Hydrolysis Eg:gggf;?én
R' R R
OH OH
- R OH OH H,OH" 1
or + CH;0H — or + CH;0H © or Q +CH;0H — + CH,OH|
Pd Dehydration Pd
R R R R R’ R!
“R = H, OCHj; R! = alkyl. Adapted from Lercher et al.**°
Table 11. HDO of Lignin and Model Compounds over Bifunctional Catalysts
Reaction conditions
T Conv.

Cat. (°C) P (MPa) Solvent Lignin (model) compd Major products Sele. (%) (%) ref
Pd/C + H;PO, 250 S H,0 Cerulignol Propylcyclohexane 66 100 296
Pd/C + H;PO, 250 S H,0 Eugenol Propylcyclohexane 65 99 296
Pd/C + H;PO, 250 S H,0 4-Hydroxy-3- Propylcyclohexane 71 100 2%

methoxyphenylacetone
Pd/C + H;PO, 250 5 H,0 Methoxyeugenol Propylcyclohexane S8 92 296
Pd/C + H;PO, 250 S H,0 Phenol Cyclohexane 98 100 301
Pd/C + H;PO, 250 S H,0 Catechol Cyclohexane 87 100 301
Pd/C + H;PO, 250 S H,0 4-Methylguaiacol Methylcyclohexane 78 100 301
Pd/C + H,;PO, 250 S H,0 4-Ethylguaiacol Ethylcyclohexane 80 100 301
Rh NPs 130 4 [Bmim][BF,] Phenol Cyclohexane 67 95 302
Ru NPs 130 4 [Bmim][BE,] Phenol Cyclohexane 97 77 302
Pt NPs 130 4 [Bmim][BF,] Phenol Cyclohexane 98 48 302
Rh NPs 130 4 [Bmim][NTF,]  Phenol Cyclohexane 84 98 302
Rh NPs 130 4 [Bmim][NTF,]  Anisole Cyclohexane 99 73 302
Rh NPs 130 4 [Bmim][NTF,]  p-Cresol Methylcyclohexane 98 86 302
Rh NPs 130 4 [Bmim][NTF,]  4-Ethylphenol Ethylcyclohexane 99 84 302
Rh/Ru NPs 130 4 [Bmim][NTF,]  4-Ethylphenol Ethylcyclohexane 99 99 302
Pd/C + HZSM-S 200 S H,0 Phenol Cyclohexane 100 100 303
Pd/C + HZSM-5 200 5 H,0 4-Methylguaiacol Methylcyclohexane 100 88 303
Pd/C + HZSM-5 200 S H,0 4-Ethylguaiacol Ethylcyclohexane 100 89 303
Pd/C + HZSM-5 200 S H,0 Phenethoxybenzene Cyclohexane; 100 46/54 303
ethylcyclohexane
Pd/C + HZSM-5 200 S H,0 Benzyl phenyl ether Cyclohexane; 100 48/52 303
methylcyclohexane
Pd/C + HZSM-5 200 S H,0 Diphenyl ether Cyclohexane 100 100 303
Pd/C + HZSM-5 200 S H,0 2,2"-Biphenol Bicyclohexane 100 100 303
Ru/HZSM-$ 200 S H,0 2,2"-Biphenol Bicyclohexane 100 78 298
Ru/HZSM-5 200 S H,0 3,3’-Oxydiphenol Cyclohexane 100 97 28
Ru/HZSM-5 200 S H,0 Eugenol Propylcyclohexane 100 85 298
Ni/Si0,—ZrO, 300 S Dodecane Guaiacol Cyclohexane 100 97 304
Raney Ni + Nafion/SiO, 300 4 H,0 Phenol Cyclohexane 100 93 308
Raney Ni + Nafion/SiO, 300 4 H,0 Guaiacol Cyclohexane 100 71 305
Raney Ni + Nafion/SiO, 300 4 H,0 4-Methylguaiacol Methylcyclohexane 100 74 305
Raney Ni + Nafion/SiO, 300 4 H,O 4-Ethylguaiacol Ethylcyclohexane 100 71 305
Raney Ni + Nafion/SiO, 300 4 H,0 4- Propylphenol Propylcyclohexane 100 91 305
Raney Ni + Nafion/SiO, 300 4 H,0 Methoxyeugenol Propylcyclohexane 89 62 o1
(Ru, Rh, Pt over AL, O;) + 250 4-5 H,0 Steam explosion lignin Toluene and alkylbenzenes 35—-60 6570 306
acidic zeolite

Ni/HZSM-5 220 0.1 (Ar) MeOH-H,0 Kraft lignin Alkyl substituted phenols 97 55 307

and oligomers

between structure and catalytic performance on real lignin

sulfide-based HDO catalysts. Kou and Lercher””®

reported that

feedstock.

6.2.3. Bifunctional catalysts. Bifunctional catalysts,
containing both metal and acid components, were developed
to solve the deactivation problem caused by the conventional

AA

a bifunctional combination of Pd/C, Pt/C, Ru/C, or Rh/C and
phosphoric acid could selectively catalyze the HDO of phenolic
components into cycloalkanes and methanol. During the
reaction, metal-catalyzed hydrogenation and acid-catalyzed
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hydrolysis/dehydration were supposed to couple togeth-
er’?*™*% (Scheme 13), which differs from the mechanism for
sulfide catalysts.”””*% A systematic kinetic study’’' revealed
that the dual catalytic functions are indispensable and that the
acid-catalyzed steps determined the overall HDO reaction;
hence, high concentrations of acid sites were required in
efficient HDO catalysis. Further, Kou and Dyson®”” substituted
the Pd/C and mineral acid by metal nanoparticles and Bronsted
acidic IL, providing a more efficient and less energy-demanding
upgrading process. (See Table 11.)

Solid Bronsted acids were also found
bifunctional catalysts combination for HDO.
Especially, HZSM-S showed higher reaction rate and lower
apparent activation energy compared to other tested solid acids
(sulfated zirconia, Amberlyst 1S, Nafion/SiO,, and
Cs, sHysOW,04), due to its relatively high acid concentration
in the zeolite pores.g’03 Moreover, the combination of Pd/C and
HZSM-5 was not only able to catalyze the HDO of phenolic
monomers, but also the HDO of phenolic dimers. The latter
one requires a cascade metal-acid-catalyzed cleavage of C—O
bonds (f-O-4, S-S, etc.) and integrated hydrogenation and
dehydration reactions.’*® This actually comprises the process of
hydrogenolysis (mentioned in 6.1) and HDO and thus opens
an efficient pathway for upgrading lignin-derived phenolic oils.
Ni-based hydrogenation catalysts such as Raney Ni combined
with Nafion (or SiO,),’*® Ni/HZSM-5,>""*"" and Ni/Al,O,—
HZSM-5,°” instead of precious metal catalysts, were also
effective in the bifunctional HDO catalysts system.””” The
hydrogenation of phenol was the rate-determining step in the
Ni/HZSM-S and Ni/Al,0;—HZSM-5 system; hence, high Ni
dispersions were required in efficient catalysis.*"’

Although widely employed as solid acids, the abundant
micropores in zeolite may greatly confine the diffusion of real
lignins, as well as limit the accessibility of acid sites. Therefore,
efficient methods (ethanol and dilute alkali extraction) were
applied to obtain reactive lignin oligomers from corn stover
first, and subsequently HDO the oligomeric technical lignins
with a promising conversion (35%—60%) and selectivity
toward toluene (65%—70%), in the presence of PGMs catalysts
and solid acid zeolites.**®

effective in the
303,305,308—310

6.3. Hydrogenation

Hydrogenation is a chemical reaction which employs a pair of
hydrogen atoms to reduce or saturate organic compounds. The
double or triple carbon—carbon bonds, as well as C=0 bonds,
are saturated during hydrogenation and increase the percentage
of H in the final products. The selectivity for hydrogenation
toward aromatic C=C, linear C=C, C=0, C=C(, etc. varies
drastically due to the different nature of catalysts®>*'* and is
controllable via fine manipulation of the catalyst system and
reaction conditions. Generally, hydrogenation occurs with
hydrogenolysis simultaneously, or is included in the process
of hydrogenolysis, HDO, and other upgrading methods.
Recently, zerovalent metals (Al, Fe, Mg, and Zn) were
reported to be active for hydrogenation of the C=0O groups
within the bio-oil at ambient temperature and pressure to
increase the chemical stability (pH value) of the obtained bio-
oil.”"* As a pseudo precious metal catalyst, Mo,C/C prepared
via a facile microwave irradiation was found to be highly active
in the selective hydrogenation of naphthalene into tetralin with
a 100% selectivity.”"> Despite this progress, precious metals are
still considered more gromising hydrogenation catalysts in spite
of their higher costs.”'®*'” Based on the intrinsic activities of

AB

different precious metal catalysts and manipulation of reaction
engineering, Vispute et al.”'® developed a tandem catalytic
process that converted pyrolysis oils into industrial chemical
feedstock. In this system, Ru/C and Pt/C were respectively
employed for the hydrogenation of pyrolysis oil to produce
polyols and alcohols. The hydrogenated products were then
converted into light olefins and aromatic hydrocarbons over
zeolite.

For the hydrogenation of lignin and model compounds
catalyzed with supported metal, the support nature and metal
dispersion, the choice of solvent, as well as the alkenyl
substituent of the substrate are all crucial in determining the
hydrogenation selectivity.”'®*'® Highly polarized groups in
lignin interacting with water will to some extent protect its
interaction with the metal surface and result in selective
hydrogenation of the aromatic ring.’"**"”

In comparison with conventional catalysis, electrocatalytic
hydrogenation is a new technique in biomass conversion that
has been reported as a way to stabilize and upgrade the
biomass-derived bio-oil. Saffron, Jackson, and co-workers
recently shown that Ru/C’*° and RANEY Nickel’”' were
effective cathodic catalysts for electrocatalytic hydrogenation
and partial hydrodeoxygenation of phenolic compounds; better
results were obtained under mild conditions (<80 °C and
ambient pressure) compared to other reduction methods.

Besides the aforementioned strategies, much research
focused on different hydrogen sources and H-transfer was
also widely undertaken to achieve the upgrading process under
low-severity conditions,””>">*> as described in Laurenczy’s

S 326
recent review.

6.4. Integrated hydrogen-processing

Due to the extremely complicated multifunctional groups of the
lignin substrate, it is hard to obtain only one product from
lignin conversion. In the aforementioned hydroprocessing
reactions, they actually include various minor reactions
undiscussed. Integrated hydrogen-processing that includes
deconstruction of lignin and upgrading of small components
to expected products is favorable. The catalyst systems which
directly convert lignin to bio-oils and chemicals, or catalyze
several reactions in a batch subsequently, will not only reduce
the complexity of the lignin transformation and benefit the
economy of the conversion process, but also increase the
possibility to scale up the lignin biorefinery process.

Integrated hydrogen-processing of lignin and model
compounds, including upgrading of pyrolysis oils, involves all
the reactions mentioned above, such as hydrogenolysis, HDO,
hydrogenation, transalkylation (hydroalkylation), etc. HDO,
hydroalkylation, and dehydration reactions are favored at higher
temperatures, with up to 99.9% removal of oxygen attributed to
these reactions, while hydrogenolysis and hydrogenation are
dominant at lower temperatures.”>’ Almost all the hydro-
genation catalysts, including bimetallic catalysts, can activate the
aldehydes, ketones, phenols, and unsaturated carbon—carbon
bonds of lignin.**® The activity and selectivity depend mainly
on the nature of the catalyst, and factors such as the solvent,
hydrogen pressure, and temperature, etc. Most studies use
model compounds, such as phenol, guaiacol, cresol, and anisole
instead of raw lignin as substrates to identify the products and
the reaction network due to the complicated structure of raw
lignin.

Gates and co-workers did extensive work on
determining the reaction network of model compounds and
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Scheme 14. Reaction Network for the Hydrotreating of Lignin-Derived Compounds (each compound shown in red was used as

a reactant) with Pt/y-Al,0; at 573 K and 140 kPa“
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“HDO, hydrogenolysis, and hydrogenation (or dehydrogenation) reactions are represented by dashed green, blue, and black arrows, respectively.
Transalkylation reactions are represented by solid black arrows. H, is omitted for simplicity. Reprinted with permission from ref 329. Copyright 2012

Royal Society of Chemistry.

real lignin catalyzed by various metallic catalysts, such as Pt/y-
AL O, in the presence of H, (Scheme 14). In their described
network, the most important reaction types were hydro-
genolysis, HDO, hydrogenation, and intramolecular (or
bimolecular) transalkylation.””* Some reactions are reversible
(e.g, cyclohexanone produces phenol), while most others
appeared irreversible. Transalkylation usually occurs in the
presence of an acid such as y-Al,O;, while the other three
reactions are kinetically significant in the presence of a metal
catalyst and H,.

The above reaction network is probably the most
comprehensive description of the hydrotreating of lignin-
derived compounds. However, it is incapable of depicting the
interaction between different types of hydrocarbons and
oxygenated compounds during processing. To clarify the
behavior of actual lignin feedstocks, one should explore the
effects of linkages between the primary units, the types of
lignins, and even the isolation methods.

Integrated catalytic hydrogen-processing of lignin for the
production of biofuels and chemicals within the latest 5 years is
summarized in Table 12. Although a large number of studies

AC

have been carried out regarding hydroprocessing of model
compounds, systematic studies on real lignin, most of which
have been discussed in the aforementioned section, are still very
limited due to the complex structures, cross-linkages, and
impurities of real lignin resources. Therefore, the reaction
network of real lignin, including reaction kinetics, and the roles
of the catalysts need to be more deeply understood to guide the
design of the catalyst and control the product selectivity.
Further research is required to address the following challenges:
(1) Upgrading of pyrolysis bio-oil. This crude oil is particularly
challenging for hydroprocessing; as it contains up to 50% of
water and many highly oxygenated compounds, processing this
feedstock may result in severe catalyst deactivation and reactor
plugging because of coke formation. (2) A more efficient
catalyst with multifunctional effects and long-term stability is to
be developed to treat the much more complicated lignin
materials. (3) Optimizing/reducing hydrogen consumption
while maintaining product quality and specifications, since the
cost of the hydrogen source determines to a large extent the
application prospect of a conversion technology. Clarke and co-
workers give an example for the deoxygenation of lignin-
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from Herrmann®*" and Crestini et al.>*®

derived phenols without a hydrogen source via cross-couplin: than $ 2.00/gallon with greater than 90% reduction in
reaction to replace C—O bonds with C—C bonds.*** Marker** greenhouse gas emissions, rendering IH®> a promising
and co-workers developed an integrated hydropyrolysis technology for large-scale application.

(pyrolysis carried out in a pressurized hydrogen atmosphere)
plus hydroconversion (IH*) technology for the conversion of 7. OXIDATION
biomass to hydrocarbon gasoline and diesel blending
components (Figure 12). The liquid products produced in
this process are fully compatible with petroleum-based gasoline
and diesel, contain less than 1% oxygen, and have less than 1

Oxidative depolymerization of lignin is a valorization strategy
that focuses on producing polyfunctional aromatic compounds.
The oxidative cracking reaction includes the cleavage of the aryl

total acid number (TAN). Compared to the traditional fast ether bonds, carbon—carbon bonds, aromatic rings, or other
pyrolysis plus upgrading route, IH? offers three key technical linkages within the lignin. Nitrobenzene, metal oxides,
and economic advantages: (1) No external source of hydrogen molecular oxygen, and hydrogen peroxide are the most popular
or methane is required for upgrading. (2) A high quality oxidants for lignin. The oxidation products of lignin are mainly
fungible hydrocarbon product which has low TAN and low polyfunctional monomeric compounds, ranging from aromatic
oxygen content is directly produced. (3) Capital and operating aldehydes to carboxylic acids, such as vanillin, syringaldehyde,
costs are lower than those of other biomass-to-fuel 4-hydroxybenzaldehyde, and muconic acid, which are alter-
technologies. The DOE funding enabled rapid development native to fossil fuels derived chemicals. The catalytic systems
of the IH* technology from initial proof-of-principle experi- that have been used for lignin oxidation can be divided into six
ments through continuous testing in a 50 kg/day pilot plant. types: organometallic catalysis, metal-free organic catalysis, acid
Technoeconomic work and lifecycle analysis showed that TH? or base catalysis, metal salts catalysis, photocatalytic oxidation,
technology can convert biomass to transportation fuels for less and electrocatalytic oxidative cleavage of lignin.

AE DOI: 10.1021/acs.chemrev.5b00155
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Scheme 15. Selective Oxidation of 1,2,3-Trimethoxy-5-methylbenzene (1) to 2,3-Dimethoxy-5-methyl-p-benzoquinone (2) over

MTO/H,0, and HBE,"

o
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Figure 14. Salen complexes that have been applied in lignin oxidation.

7.1. Organometallic catalysis

Since the discovery of hydroformylation by Roelen in 1938,**

catalytic applications have paved the way of organometallic
compounds in industry. In recent years, several researchers
have used organometallic catalysis for oxidation of lignin model
compounds. Few studies have reported on the conversion of
actual biomass derived lignin; thus, more research is required
before this approach could be used industrially.

7.1.1. Catalysis by methyltrioxo rhenium. Methyltrioxo
rhenium (MTO, compound 1 in Figure 13a)**" is one of the
simplest organometallic compounds that can be used for
catalytic activation of the oxidizing species, molecular oxygen or

342—345
and co-

hydrogen peroxide. In recent years, Crestini’
workers made systematic progress on MTO-catalyzed lignin
oxidation reactions. The results showed that MTO in
combination with H,O, was most efficient for lignin oxidative
transformation.>*>* In this catalytic process, activation of
hydrogen peroxide happens via the formation of two
peroxorhenium intermediates, a monoperoxo #°-complex
[MeRe(0,)0,] (compound 2 in Figure 13a) and a bis-peroxo

n*-complex [MeRe(0O,),0] (compound 3 in Figure 13a); these

AF

species are not only stable to peroxide, light, acid, and water,
but also to high temperature in the presence of excess of
H,0,%

MTO monoperoxo and diperoxo intermediates to the substrate
by a butterfly transition state (compound 4 in Figure 13a) has
been proposed.”*>**

A wide range of phenolic and nonphenolic lignin model
compounds, including simple phenols,”™ methoxybenzene
species,”” typical model dimers resembling the main linkages
in native and technical lignins,?’%’?’45 and even raw lignin
samples,”* have been used as feedstock for oxidative
transformation over H,O,/MTO. These transformations take
place at the alkyl side chain with oxidation and fragmentation
reactions and at the aromatic moieties by demethylation,
hydroxylation, and oxidative ring-opening cleavage reactions.
Complex product mixtures are obtained, including both
carboxylic acid and aldehyde derivatives that originate from
oxidation of side chains, and benzoquinones and some ring
oxidative cleavage products. One such example is the oxidation
of a recalcitrant model compound 1,2,3-trimethoxy-5-methyl-

benzene (1) to 2,3-dimethoxy-S-methyl-p-benzoquinone (2) in

A concerted mechanism for the oxygen transfer from

DOI: 10.1021/acs.chemrev.5b00155
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Scheme 15. The MTO/H,0, oxidation of 1 at room
temperature in ethanol in the presence of HBF, afforded
95% conversion with the yield of 2 up to 79% within 4 h. The
transformation groceeded via a rather complex cascade
mechanism®* ™ including formation of a reactive 1,2-arene
oxide intermediate, ring opening, dehydration, demethylation,
and further oxidation. Side reactions of overoxidation,
hydroxylation, and ring opening generated byproducts 3—5.%*

The treatment of various lignin samples®** (sugar cane lignin,
hardwood lignin extract, red spruce kraft lignin) in a MTO/
H,O, system results in extensive oxidation on the aliphatic side
chain and aromatic ring-cleavages, which generates more
soluble aromatic fragments with extensive degradation, as
indicated by the high amounts of carboxylic acid content and
low contents in aliphatic and condensed OH groups.

With the aim to develop robust and environmentally friendly
heterogeneous catalysts, polymer-supported MTO and poly-
styrene encapsulated MTO catalysts”* (Figure 13b, MTO 2—
4) are designed in promoting oxidation of various lignin model
compounds such as monomeric and dimeric, phenolic and
nonphenolic lignin model compounds, and technical lignins.
These heterogeneous catalysts exhibited longer lifetime and
lower Lewis acidity, which guide their reactivity toward Dakin-
like reactions and aliphatic C—H insertion rather than aromatic
ring oxidation, thus leading to a final product with more
phenolic guaiacyl groups. The mass balance measured for
heterogeneous oxidations was much better than that obtained
with homogeneous MTO, implying that further oxidation
reactions or polymeric reactions are significantly restrained with
heterogeneous oxidations.

It is important to point out that Kiihn’s group recently
developed an efficient method for the cleavage of several f-O-4
over-catalytic amounts of MTO without any oxygen source.’*’
The mechanism study showed that the reduction of Re'" to
Re" by the substrate itself generated the catalytically active
species, methyldioxorhenium, which is responsible for the C—O
bond activation. This work is probably the first case of
nonoxidative MT O-catalyzed lignin degradation.

7.1.2. Catalysis by salen complexes. Salen (N,N'-
bis(salicylidene )ethylenediamine) complexes of various tran-
sition metals ([M(salen)]) are widely used in organic reactions
for a great number of substrates’ oxidation or epoxidation. In
comparison with other metal complex catalysts, salen
complexes have several advantages, in that they are cheap,
easy to synthesize, and relatively stable.”>' Therefore, they have
been tested in the oxidation of lignin and model compounds.*>*
The hitherto reported salen complexes for lignin oxidation are
illustrated in Figure 14, and the last 10 years of oxidation results
are listed in Table 13. The oxidation cases before 2005 can be
referred to Zakzeski’s review.”®

Cobalt salen ([Co(salen)]) complexes are used most
frequently in lignin oxidative degradation reaction,”**™*%*
considering that they are compatible with aqueous reaction
media. Over Co salen complex, oxidation of aliphatic-OH, f-O-
4 cleavage, ring-opening reaction, and demethoxylation may
take place.”>* A broad variety of substrates, ranging from basic
guaiacol to more complex phenolic and nonphenolic model
compounds, have been tested for the oxidative production of
aromatic acids, alkyl-phenyl ketones, benzoquinone derivatives,
as well as densely functionalized phenoxyacrylaldehydes and
benzofuran.”* The reactivity of a phenolic lignin model
compound is usually higher than that of the nonphenolic
compound (Table 13, entries 1-2).>*° Varying the substitution

AG

pattern of the aromatic ring in the salen ligand is a powerful
strategy to modify the electronic and steric properties of the
catalyst in terms of solubility and reactivity for oxidation.****%!
Canevali*®® and co-workers compared the treatments of
unbleached thermomechanical pulp (TMP) fibers with
molecular oxgen, in the presence of either [Co(salen)] in
methanol or [Co(sulphosalen)] in water. The former catalyst
exhibited better reactivity than the latter one based on the
quantitative evaluation of the predominant intermonomeric
units in lignin (such as 8-O-4, 8-5, and B-8 units) and the
radical formation during the oxidation process, as has been
characterized by 2D-HSQC-NMR, "*C NMR, GPC, and EPR.
In addition, the activity and stability of Co-Schiff base catalysts
are strongly determined by the reaction medium, the
coordination state of the complex, and pH.>*® For example,
the catalytic activities of S-coordinated Co-Schiff bases (Table
13, entries 12—13) are much higher than that of a 4-
coordinated Co-Schiff base (Table 13, entry 14) because
stronger oxygen binding occurs with S-coordinate com-
plexes.* In an aqueous alkaline reaction medium, both
phenolic and nonphenolic model compounds’ aerobic oxidation
could be catalyzed by water-soluble Co-sulphosalen.®®®
However, the catalytic activity decreases rapidly at pH higher
than 10, mainly because the hydrolysis of the imine structure
occurs in Co-Schiff base complexes at high pH.***7*" A
homogeneous vanadium complex V(salen)**® was also tested
for the conversion of dimeric lignin model compounds
containing a 8-O-4 linkage (Table 13, entry 15). Benzylic
alcohol oxidation product was obtained as the major product in
addition to small amounts of C—O bond cleavage products.

Dissolution is a critical factor for the oxidation of biomass.
High oxygen and lignin solubility in IL makes it é)ossible that
the oxidation proceeds under mild conditions.*” Weckhuy-
sen”>”?”" and co-workers reported that model compound
veratryl alcohol could be rapidly oxidized to veratraldehyde
over Co(salen) in IL 1-ethyl-3-methylimidazolium diethylphos-
phate ([Emim]DEP) with a maximum TOF of 1300 h™" (Table
13, entries 16—19), which was almost equal to that obtained
with homogeneous catalyst CoCl, (1440 h™).70 1f lignin was
employed, several alcohol functional groups are oxidized to the
corresponding aldehyde, leaving the ether and carbon—carbon
linkages intact.””*

Fadini’’' and co-workers demonstrated that the use of
various PF4~ anion-based ILs in the oxidative cleavage of
benzopinacol and hydrobenzoin showed a positive effect in the
efficiency of the (Pyr)Mn"(salen) (OAc) catalyst (increase of
the yield: 10—60%). Specifically, the above Mn-catalyst in IL N-
octyl-3-picolinium hexafluorophosphate ([OPic][PF,]) is one
of the most efficient systems for the C—C bond oxidative
cleavage of benzopinacol, affording a quantitative yield (>99%)
of benzophenone after 2 h at 60 °C (Table 13, entry 20).
Unfortunately, this kind of ILs exhibit poor dissolubility for real
lignin materials.

Badamali*** and co-workers immobilized Co(salen) on SBA-
1S and used it for phenolic dimer apocynol oxidation under
microwave irradiation. The heterogeneous Co(salen)/SBA-1S
catalyzed reaction gave a significantly superior TON and much
higher yield of 2-methoxyphenol as compared to the
homogeneous Co(salen). Another example is the synthesis of
Salen metal complex encapsulated in Y zeolite by “impregna-
tion” (marked as “Metal(salen)/Y-IM”) and flexible ligand
“ship-in-a-botttle” (marked as “Metal(salen)/Y-SB”) methods.
These two reusable catalysts showed almost equal activity to

DOI: 10.1021/acs.chemrev.5b00155
Chem. Rev. XXXX, XXX, XXX—XXX
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Table 13. continued

Result (%)

Reaction condition

ref
3

Conv.
(%)

Yield (%)

Product

Substrate

P Time
(MPa)  (h)

NS

T (°C)

70

Solvent

Oxidant

Catalyst

Cu(salen)/Y-SB®

Entry

487

Oxygen delignified pulp

Kraft pulp

2

H,0

Peracetic

37

acid

372

474

Oxygen delignified pulp

Kraft pulp

2

NS

70

H,0

Peracetic
acid

Cu(salen)

38

“«

“MI is the abbreviation of “Microwave irradiation”, NS is the abbreviation of “
encapsulated in NaY by the “ship-in-a-bottle method”. “The result refers to

Not stated”. “Cu(salen) complex was encapsulated in NaY by the “impregnation method”. “Cu(salen) complex was

»

the delignification degree”.

Al

the corresponding neat complexes for the eucalyptus oxygen
delignified kraft pulg sing peracetic acid as an oxidant (Table
13, entries 36—38).°>%"*

Various mechanisms have been suggested for salen complex
promoted oxidation reactions. The most accepted one™>***" is
described in Scheme 16. In the presence of oxygen, Co-Schiff
base forms metal-O, complex oxygen—superoxocobalt I. The
resulting Co(salen) superoxo adduct I abstracts a hydrogen
from the phenolic substrate to produce a phenoxy radical II,
which reacts with a second molecule of I via the rearrangement
intermediate III and forms a p-quinone product IV and
formaldehyde (Scheme 16, Route A). If the substrate is a
nonphenolic compound such as veratryl alcohol, the abstraction
of a hydrogen happens on the substitutional group to generate
a benzyl radical which reacts with a second molecule of I to
form the final product veratryl aldehyde (Scheme 16, Route B).
The generation of hydrogen peroxide and the subsequent
reactions play a key role in Co-sulphosalen catalyzed lignin
oxidation.”® According to Sippola’s study,”® the Co-
sulphosalen catalyzed veratryl alcohol oxidation follows first-
order kinetics.

Weckhuysen®® and co-workers elucidated a somewhat
different mechanism of Co(salen)-catalyzed oxidization of
veratryl alcohol by dioxygen in alkaline aqueous solution with
in situ ATR-IR, Raman, and UV/vis spectroscopy (Scheme 17).
In their mechanism, the reaction starts by formation of a bis-u-
hydroxo[Co(salen)], species (A); substrate coordination to
(A) releases water and an alkoxo intermediate (B); two
intermediates (B) react with oxygen to form a nonplanar -
peroxo bridge intermediate (C), which obtains a hydrogen
atom from the substrate and releases veratraldehyde (D) and
the initial active species (A). In the overall cycle, two veratryl
alcohol molecules are oxidized to aldehyde, and the rate-
limiting step is the detachment of the product molecule.

7.1.3. Catalysis by other metal complexes. Barroso’
and co-workers synthesized two mononuclear octahedral
manganese(III) complexes (Mn-opba la and 1b in Figure
15), which are similar to the Mn(salen) compex in structure.
Accordingly, these complexes exhibit activity in aerobic
oxidative cleavage of aromatic vic-diols to produce the
corresponding aldehydes or ketones in good yields under
mild conditions. Complex 1b shows lower efficiencies and
selectivities than la due to the stabilization effect of axial
pyridine ligand coordination. Binucleus Mn(IV) complexes
Mn(IV)-Me,DTNE or Mn(IV)-Me,;TACN (see Figure 15) are
also demonstrated to catalyze lignin model compounds
oxidation.””>?’® These complexes are more effective for
softwood pulps than hardwood pulps.

Recently, Barker, Hanson,”**773%! Toste,**® and co-
workers have started to use cheap vanadium(V) complexes
and air for the oxidative degradation of lignin model
compounds (Figure 15). The reduced vanadium species can
be rapidly regenerated by air after reaction.**® The solvent may
play an important role in product selectivity. C—H, C—C, and
C—O bond cleavages (Table 14, entry 22) occurred for the
oxidation of 1,2-diphenyl-2-methoxyethanol in DMSO over
vanadium 1 in Figure 15, while mostly C—C bond cleavage
(Table 14, entry 23) was observed in pyridine solvent.””” On
the other hand, the ligand of the vanadium complex displayed
different selectivities for the aerobic oxidation of lignin. Taking
the phenolic model compound syringylglycerol-$-guaiacyl ether
(SG) as a substrate (Scheme 18), Salen-type catalyst (dipic)-
V'(0)(O'Pr) (vanadium 2 in Figure 15) affords C—O bond

4
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Scheme 16. Reaction Mechanism Proposed for Co(salen)-Catalyzed Lignin Model Compounds’ Oxidation”
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oute

OCH,3 OCH, OCHs OCHOCH3 u

OCHj3 Ln-Co-0-OH  OCHj3 OCHj Ln-Co-0-OH 3

“Adapted from Sippola et al.>***** and Bozell et al.**'

Scheme 17. Suggested Mechanism for Co(salen)-Catalyzed
Veratryl Alcohol Oxidation with Dioxygen in Alkaline
Aqueous Solution”
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“Reprinted with permission from ref 360. Copyright 2005 by John
Wiley & Sons, Inc.

cleavage products 1 and 2, and ketone 3 via cleavage of the
benzylic C—H bond. In contrast, bis(oxyquinolinate) complex
(HQ),V'(0)(O'Pr) (vanadium 3 in Figure 15) could catalyze
the C—C bond cleavage to give 2,6-dimethoxybenzoquinone 4
and acrolein derivative 5, and the benzylic C—H bond cleavage
product 3.%*°

Other metal complexes include robust iron tetraamido
macrocyclic ligand (TAML), copper-diimine complexes bis(o-
phenanthroline)Cu, and bis(2,2 -bipyridine)Cu.***7**®  An
inexpensive water tolerant complex Cp,Ti(BTMSA) (titanium
1 in Figure 15) was recently employed in ambient-temperature
C—O bond cleavage of an a-aryloxy ketone to produce
acetophenone and phenol.”*

7.1.4. Biomimetic metal complex catalysts. The
motivation for using biomimetic metal complexes originates
from the desire to mimic the activity of lignin peroxidase
(LiP)*” and manganese dependent peroxidase (MnP).”®” These
two enzymes produced from white-rot basidiomycetes are
known to oxidatively catalyze delignification of woody tissues
while leaving cellulose and other polysaccharides untouched.
The structures of regorted biomimetic metal complexes are
shown in Figure 15.2%#°%

A)

Synthetic metalloporphyrins (Figure 16, complexes 1—3) are
typical biomimetic catalysts for lignin oxidation that can yield
highly oxidized metallo-oxo species similar to those generated
from LiP and MnP.*** These catalysts have high activity for
lignin oxidation because of the structural similarity between the
active site of the enzyme and metalloporphyrin complexes.
These catalysts have several advantages over the enzyme-based
variants: highly functionalized porphyrins bearing aryl sub-
stituents in the meso positions of the ring are resistant to
oxidants, and their solubility and redox potential can be finely
tuned by modification of the substituents’ properties. Metal-
lophthalocyanines®® ™" (Figure 16, complexes 4) are another
type of biomimetic peroxidases for lignin oxidation. This kind
of catalysts have the advantages that the phthalocyanines are
readily available and inexpensive, and the iron(Ill) and
manganese(III) complexes are able to catalyze the oxidation
of various lignin and model compounds. However, their
stability is highly dependent upon pH and the oxidant
property.390

The comparative reactions between Mn(TClgPPS,)Cl and
Fe(TClgPPS,)Cl (Figure 16, complex 1f) showed that the
manganese porphyrin was more active than the iron one in
extensive oxidation of 5—5’ condensed and diphenylmethane
lignin model compounds.” In addition, fewer condensation
reactions occurred with manganese porphyrin.*****> The major
disadvantage of porphyrin complexes with respect to large scale
application is that they are subject to self-destruction or to
forming inactive p-oxo complexes under catalytic oxidation
conditions.*”® To avoid this problem, the immobilization of
metalloporphyrins on solid supports such as silica gel’”* and
naturally occurring clays®”* was developed for lignin oxidation.
Because the catalytic center of metalloporphyrin was finely
protected in this kind of heterogeneous catalysts, they are
recyclable and their reactivity can be tuned by the choice of
supports and immobilization characteristics.

Heterogeneous biomimetic catalysts induce a new problem
of the kinetic barrier for the approach of the lignin
macromolecules to the active metal site. To solve this problem,
an advanced clay-porphyrin mediator system (clay-PMS) with
TPyMePMn(OAc)s/clay catalyst in the presence of veratryl
alcohol (VA) and 1-hydroxybenzotriazole as diffusible redox
mediators was developed.’” In this improved system, the redox
mediator plays the role of a shuttle of the oxidation, being first
oxidized by the active metal center and then diffusing to the
redox potential outside the clay matrix to lignin. This novel
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Figure 15. Vanadium, titanium, and manganese catalysts used for the aerobic oxidation of lignin and model compounds.

catalytic system had a higher reactivity than TPyMePMn-
(OAc)s/clay alone, and was very stable and recyclable.
Oxidation of the lignin model compounds by metal-
loporphyrins probably takes 7place via a single electron transfer
(SET) mechanism.*******7 Such a mechanism has been
usually proposed for benzylic oxidation of lignin models by
species including nitrobenzene and metallophthalocyanines and
for redox reactions involving metallophthalocyanines. Taking
the oxidation of 1,2-bis(4-methoxyphenyl)propane-1,3-diol as
an example, the general reaction mechanism for both C—C and
C—H bond cleavage with iron(II) porphyrin catalyst in the
presence of active oxygen donor is illustrated in Scheme 19.
First, the two electron-deficient oxo-iron(IV) porphyrin-
cation radical species (X) which is formed from iron(III)
porphyrin catalyst in the presence of active oxygen donor
removes one electron, for example, from aromatic ring B,
forming cation radical (Ya). Ya undergoes heterolytic CCg
bond cleavage yielding p-anisaldehyde 2, and the possible
hydroxymethyl radical intermediate (Z) as the cleaved
products. The carbon centered radical (Z) is then attacked
by molecular oxygen at a diffusion-controlled rate to form the
dioxygen adduct (Za) or the related hydroperoxide inter-
mediate. Thus, the radical intermediate (Z) is eventually
converted via the common intermediate Za to the hydroxylated
product 3 (Route a in Scheme 19) or to the a-ketol 4 via
Russer’s mechanism,*”® involving the formation of equimolar
amounts of 3 and 4. Alternatively, under anaerobic conditions,
Z undergoes the second electron transfer to form the benzyl
cation (Zb) and the subsequent hydroxylation to form 3 with
water (Route b in Scheme 19) or the oxo-iron porphyrin
complex (X) whose oxygen atom is exchanged with water.
When another type of cation radical intermediate (Yb) is
formed by the one-electron transfer to the oxidizing species
(X), as the fourth possibility, the same products (2—4) as

AK

described above might be produced after the homolytic C,-Cy
bond cleavage of the intermediate Yb, accompanied by a
smaller amount of 8-ketol § produced by the C,-H bond
cleavage.

In addition to the one-electron transfer mechanism
proposed, there are other mechanisms, such as the concerted
mechanism®”” reported for the oxidative cleavage of the CoCg
bond.

In the case of biomimetic oxidative degradation of aryl benzyl
ether bonds, the formation of degradation products follows the
process suggested by Baciocchi and co-workers.**’ Scheme 20
shows iron(I1I) porphyrin (Complex 1c in Figure 16, M = Fe)
catalyzed verbutin oxidation using hydrogen peroxide as oxygen
source. This process is started by the release of hydrogen from
the substrate to form the corresponding radical 1, which readily
reacts with the hydroxy radical attached to the central iron
atom of the catalyst to form the unstable hemiacetal 2; this
intermediate is then rapidly hydrolyzed to give carbonyl
compound 3,4-dimethoxyphenyl-ethanone 3 and the corre-
sponding alcohol (Route a). It is worthy of notice that ring
oxygenated products quinones 6—8 are detected in this
oxidation mixture. The formation of ring oxygenated products
proceeds via a more complicated pathway (Route b).**"*%*
This step involves the abstraction of the aromatic hydrogen
atom at the Cé6-position to give the corresponding radical
cation 4. The radical center of 4 combines with ferryloxy
porphyrin to give intermediate 5. Water acting as a nucleophile
reacts with the electrophilic center of $ to afford the hemiacetal
6, which is transformed to quinone 7 by loss of methanol. The
released methanol then attacks the same center of § to give a
quinone acetal 8.

For non-phenolic lignin model compounds containing alkyl
aryl ether bonds such as 2-hydroxyethyl apocynol, the final
oxidative cleavage product is acetovanillone,””’ which is
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Table 14. Organometallic Catalytic Systems for the Oxidation of Lignin Model Compounds®

Reaction condition Result (%)
Entry Catalyst Oxidant  Solvent T P Tim  Substrate Product Yield Conv. Ref
(°C) (MPa) e (h) )" (%)
1 MTO Hx0.  AcOH o 01 6 SO o g e 118 98 -
P G o &
2 MTO H,0; AcOH it 0.1 6 GHOH o oot 8.5 98 45
G Qo & X
e pelh T 8 o
QOCH,
3 MTO3 H:0.  AcOH to 01 6 St T e ol 431 98 W
- OCH; u B, [ - {wa: l%], o
4 MTO 2 H,0; AcOH it 0.1 6 e o oy ey o oF 757 98 4
W = a0 Oty -
LR G Q0™
5 MTO H>0, AcOH it 0.1 6 e L e S G or? 524 98 =%
6 MTO 4 H,0, AcOH it 01 6 ) " oo GO R o v 625 97 e
“’ﬁ/’j”ﬁ 8 A =dyme &
oo Qs W)
7 MTO 2 H:0, AcOH w01 6 G oo oo 56.9 78 &

- oo ow P
LG & g &

OCHCHy OCHCHy QCHCHy
8 H:0; AcOH it 3| 6 . . 24 8 e
M2 202 5 b /@ ,Eih ) A mixture of 6 aromatic ketone, 4
e o alkene, and acids.

9 Vanadium 6 Air Toluene 80 0.1 65 ,DU_, - 99 et ]
al)

356

10 Vanadium 5 Air Toluene 80 0.1 65 fx@\i ﬂ@\, 80 -
O &

A mixture of 6 aromatic ketone,

11 Vanadium 6  Air Toluene 100 0.1 48 [ S oy - 84 =24
s alkene, and acids.

356

12 Vanadium 6  Air Toluene 100 0.1 N O]ij P D\é;“ 19 20

385

13 Vanadium 3 Air Dichloroeth 60 0.1 24 A Lo 99 -
Vs Qe
14 Vanadium 3  Air Dichloroeth 60 0.1 24 on i 90-98 -- 2
ane /L\ AT
Ayl R
15 Vanadium 2 Air CH:CN 80 0.1 24 ‘@ g (b - =95 W
o v ion P> e b o
16 Vanadium 2 Air CH;CN 80 0.1 24 oH o 50 55 368
c:-ggo’@j:j
QCH, cmo’@ri):j
OCH;
17 Vanadium 4  Air CH;CN 80 0.1 24 o oo o oo 59 86 8
CaHs0, Q. [N, o,
pepaciNecon >
18 Vanadium 7  Air CH;CN 80 0.1 24 on oo, @ 58-80 95 308
CaHs0. . o
SO0 ' 20
CyHy Q
OCH;
AL DOI: 10.1021/acs.chemrev.5b00155
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Table 14. continued

Reaction condition Result (%)
Entry Catalyst Oxidant  Solvent T P Tim  Substrate Product Yield Conv Ref
('C)  (MPa) e(h) %) (%)
19 Vanadium 1 Air DMSO 100 0.1 168 7 — o - 20 i
U—n oH @—o o H—{'D"
20 Vanadium 1 Air DMSO 100 0.1 168 N ) a - 95 s
o Ho. i o o
c¥E O OGO
21 Vanadium 1 Air DMSO 100 0.1 20 oy oo o f - 94 A
A ga) afa¥eadealoas
22 Vanadium 1 Air Pyridine 100 0.1 20 o, sen a0 . 7 . 4 = 99 2
Cm m (D)J‘fm G)Lon @’l TCH,
23 bis(o-phenan O, Water 90 0.8 0.5- o -0 - H
throline)Cu 3 xojil aH -..Oﬁ 1 0
(pH 12)
24 Mn-opba la  Os Acetonitrile 40 0.1 3 o 10 19 %

25 Mn-opba 1b  Os Acetonitrile 40 0.1 3 o @\F 47/18 -
@\;D e
26 Mn(IV):-Me  H,0; Acetone 60 NS 0.17 o T o Y 0 Totall 90-95 ™
\.U/@\?\ ‘\E/ﬁn/ /‘E:Lﬁu’ “OD“‘D

JDTNE ¥ 60

27 Mn(IV):-Me  Ha0s Acetone 60 NS 0.17

5 0, 50 50
4DTNE \::@L ‘“o:[g\/‘o

28 Mn(IVl-Me H.0: Acetone 60 NS 017 o 40 40 E
JDTNE @’\'@ m

29 Ru(PPh:);Cl, O, PhCF; 60 0.1 15 oH 85 92 e
. L O~

30 Ru(PPhi):Ch O, PhCF; 50 0.1 15 i P 71 96
IAC ©:°” QﬁU

“Structures of MTO catalysts are shown in Figure 12. Structures of vanadium, titanium, and manganese catalysts are showed in Figure 15. NS is the
abbreviation of “Not stated”. “The data refer to the total yield of all the listed products.

Scheme 18. Oxidation of the Phenolic Lignin Model Compound Syringylglycerol-f-guaiacyl Ether with Vanadium Catalyst
(dipic)Vv(O)(OiPr)for C—O Bond Cleavage, and with (HQ),V'(0)(O'Pr) for C—C Bond Cleavage”

OCH; OCH; H,CO OCHj3
H3CO (d1p1c)V"(O)(0‘Pr) H3CO \© (HQ),V'(0)(O'Pr) I;r + H)‘j( \©
Air, 80 °c NE& ocH3
OCH3 OCH, air, 80 °C
OCH, 0 OCHS|
H,CO Syringylglycerol-B -guaiacyl ether (SG) H3CO O\©
+
HO OH
OcH, OCHj
3
3
“Adapted from Hanson et al.**
obtained either via initial oxidation to the ketone 2- (Scheme 21). The dealkylation reaction follows an alkali-
hydroxyethyl acetovanillone, followed by dealkylation (major catalyzed reaction via a neighboring group mechanism*”®
route), or by dealkylation to apocynol followed by oxidation similar to that suggested for nonphenolic 8-ether cleavage
AM DOI: 10.1021/acs.chemrev.5b00155
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Figure 16. Structures of reported porphyrin and phthalocyanine catalysts used for lignin oxidation.

Scheme 19. Single-Electron Transfer Mechanism for Oxidation of the Lignin Model Compound L Catalyzed by Iron(III)
Porphyrin“®

-
B - ©
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“Adapted from Shimada et al.**®
(see Scheme 3), rather than through interaction with alkaline environment (pH = 10.5). According to the known
biomimetic catalyst. TEMPO mechanism (Scheme 22, left route), two NaOCI

molecules are consumed for the selective oxidation of a
hydroxymethyl group to carboxyl.**®

The oxidation system that is composed of 2,2,6,6-tetramethyl- Air is possibly the cheapest and most environmentally
piperidine-1-oxyl radical (TEMPO), NaBr, and NaClO has friendly oxidant in nature. Stahl**® and co-workers developed a

7.2. Metal-free organocatalytic system

been proven to be effective in the transformation of the primary series TEMPO-based organocatalytic system for lignin aerobic
hydroxyl groups of polysaccharides to carboxyl groups with oxidative conversion. The catalyst consisting of 4-acetamido-
high selectivity,""***> and this catalytic system has also been ~ TEMPO in combination with HNO; and HCI exhibited the
used for lignin oxidation recently.”>*7* A portion of lignin best performance for chemoselective oxidation of secondary
was converted to a water-soluble fraction when the benzylic alcohols. A wide variety of lignin model compounds
thermomechanical pulp was treated by TEMPO-mediated afforded the corresponding benzylic carbonyl compounds in
oxidation.”'*!" Zhai’*’ and co-workers demonstrated that, in 74—98% isolated yield (Scheme 23). The researchers were able
a TEMPO-mediated oxidation system, the conversion efliciency to expand the substrates to natural lignin (Aspen lignin). The

is determined by the oxidizing agents, radical (TEMPO), and catalytic cycle is the same as that described with NaClO as

AN DOI: 10.1021/acs.chemrev.5b00155
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Scheme 20. Proposed Mechanism for the Biomimetic Oxidation of Verbutin®

CHg CH CH
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HaCO T~ HsCOD/&oH HT ©
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H H,CO o]
- —C'—=—CH, HsCO : R 3 ;

“Adapted from Keserii et al.**' and Dolphin et al.**

Scheme 21. Proposed Mechanism of Biomimetic Oxidation of Non-phenoliclignin Model Compound Verbutin®
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“Adapted from Robinson et al.**”

Scheme 22. Simplified TEMPO-Based Organocatalytic Cycle for the Oxidation of Alcohol”
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o EOWATE
. H . :

OBr CI)H +H :

%jv
1
(0]

H,0
1120, NO
R R
(o]
Sowars
N02 HJr +
OH *+H

“Adapted from Kaddami,*® Stahl,**® and their co-workers.

oxidant (Scheme 22, right route), except that this catalytic
system employs a catalytic nitroxyl species in combination with
an inorganic nitrogen oxide as cocatalyst.

Based on the above progress, the same group further
developed a two-step strategy, i.e. oxidation followed by C—O
bond cleavage with formic acid, to deconstruct lignin into more

than 60 wt % yields of low-molecular-weight aromatics.*"” It is

AO

important to point out that the redox-neutral cleavage of C—O
bonds results in no net consumption of formic acid, which is in
contrast to other methods'” that employ formic acid as a
hydrogen source.

9-Azanoradamantane N-oxyl (AZADO),**® with similar
structure as TEMPO, and nitrogen-containing graphene
material*"® were also reported to be efficient in oxidation of
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Scheme 23. Chemoselective Metal-free Aerobic Oxidation of Lignin Models”

OH
R,

AcNH-TEMPO (5 mol%)
Ry HNO; (10 mol%) Ry
HCI (5 mol%)

R3

CH,CN:H,0 (19:1)
I atm O,, 45°C, 24 h

Rz

OMe
2e, 98%

OMe
2f, 77%

MeO

2h, 87%

OMe
3,92%

OMe

vanillin (R = H)
vanillic acid

(R=0H)

“Conditions: 1 mmol of alcohol 1a—j (0.2 M in 19:1 CH,CN/H,0). “Ten mol % AA-TEMPO after 36 h. “Yield after 36 h. Adapted from Stahl**®

and co-workers.

Scheme 24. Reaction Mechanism Proposed for Alkaline Oxidation of Lignin To Produce Vanillin®

-H,0

HO
JHO R
OCH,
&
I

HO HO. HO o

N

| H._O
Z R —e Z "R | R Z R H,0
e _— —_— D — + J//O
OCHj4 OCH; OCH,4 OCH, OCH3 R

o O- o o o
i I 1\ A\

VI

“Adapted from Tarabanko** and co-workers.

p-O-4 and a-O-4 types of lignin model compounds.
Specifically, Westwood and co-workers reported for the first
time that 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
could catalyze not only the oxidation of $-O-4 linkages,""* but
also the modification of the p—p linkage in Kraft lignin.“’
Compared to many existing methods, this protocol, which can
be achieved in one pot, is highly selective and gives rise to a
simple product mixture that can be readily purified to give pure
compounds.

7.3. Base and acid catalysis

7.3.1. Base catalysis. Alkaline is not merely an efficient
reagent for lignin hydrolysis depoymerization, it also exhibits
remarkable activity in the lignin oxidation reaction. In the
alkaline oxidation of lignin, NaOH, KOH, and Na,CO; are

AP

used most frequently.‘”(’_418 Nitrobenzene, metal oxides, and

oxygen are mild oxidants which can preserve the lignin
aromatic ring and aldehydes intact,"***° while hydrogen
peroxide and permanganate may not be the preferred oxidants
if the target products are aldehydes. Lignin with the native
structure is easier to be cracked and oxidized than technical
lignin.420 The origin of the lignin, oxidant concentration, and
pH value also have impacts on the conversion effi-
ciency 421422

Different mechanisms of alkaline catalyzed lignin oxidation to
produce aldehyde have been proposed in the literature. The
most acceptable one is the radical chain mechanism (Scheme
24) proposed by Tarabanko®*” and co-workers. This
mechanism begins with dehydration of the lignin structure
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Scheme 25. Cleavage of Phenolic #-O-4 Bonds in the Presence of HPA-5“

/
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/
o
HO
o
HyCO
OH

C HPA-5,,

/
o

H* ~ o
—_—
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-H,0
H;CO
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o)

S J@
HO'
HyCO HyCO

Guaiacol

Route a: Acidolytic splitting of the g -0-4 linkage

HPA-5.4 / |
o] o]
HO 0" cooH
0 -H', -1e HO. o H,0 HO. o
O & _H OH > @/
lco HPA-5,, HPA-5.4 HI’AS HPASw o
¢ H;CO HaCO OCHj 3

Route b: Oxidation by HPA via two consecutive one-electron oxidations.

“Adapted from Evtuguin®’ and co-workers.

Scheme 26. HPA-S Catalyzed Oxidative Cleavage of Non-phenolic 8-O-4 Bonds“”

-
H3CO
/ / H,0 3
o HiCO —>H+ HO OH
g _
HO_ _CH,- HO_ _CH,OH
V) = vav) L = ) :
Hy,CO H3CO - NG
OCH;g OCHjz -le
H;CO HsCO H3CO
(V(V) OCH, OCH, OCHs
vav)y
<|3Hz' (|)H2+ (I)HZOH
Ho /Q o:@ VeV 7= vav) o H,0 o H* HO:@
[®) e —_— —_—
: _o HyCO -le HaCO -H HaCO -HCOH  HyCO
|HsCcO HO
OCHs — | CHOH /
- e (o) COOCH
HsCO 'CHsoH j@ VoY) = vav) jg/ V) Vv
OCH;

“V(V) and V(IV) are in the composition of VO,* and VO ions, respectively. “Adapted from Evtuguin®’

and co-workers.

units (I), followed by the detachment of one electron from the
phenoxyl anion II to yield the phenoxyl radical III. This radical
then undergoes either disproportionation or proton detach-
ment, followed by oxidation to form quinonemethide IV. The
nucleophilic addition of the hydroxide ion to IV generates
coniferaldehyde V. Finally, retro-aldol cleavage of V gives
vanillin VL.***

7.3.2. Acid catalysis. Over 120 million tons of kraft pulp is
produced from the kraft process worldwide every year, which
delivers about 72 million tons of kraft lignin.*** As kraft lignin
only affords very low yield of vanillin (<4 wt % in most cases)
by alkaline oxidation, acid is an alternative to alkaline oxidation
of kraft lignin for the production of vanillin.****** A yield of 7
wt % vanillin plus methyl vanillate can be obtained when
oxidative depolymerization of kraft lignin was conducted in a
batch reactor with polyoxometalate H;PMo,,0,, as a
homogeneous catalyst.””® Furthermore, ca. 60 wt % of

AQ

oligomeric products that have a much lower molecular weight
than kraft lignin were accumulated in this reaction.

Very recently, Rudolf von Rohr’s group™**~*** developed a
novel continuous microreactor for the acidic oxidation of kraft
lignin, which overcomes the drawbacks of batch autoclaves,
such as limited experimental freedom due to safety issues,
challenges with running continuous reactions, and long
heating/cooling times. In their entirely different reaction
circumstance, the selectivity of the products might be different
from those obtained with base catalysts. For instance, in H,0,
oxidation of lignin, oxalic acid and formic acid prevailed in the
alkaline environment, while formic acid and acetic acid are the
dominant products in the acidic environment.””’ H,0,
oxidation of guaiacol over titanium silicalite TS-1 (acidic
zeolite) goes through a novel oxidative ring opening
mechanism to maleic acid with the yield of ca. 20—30%."*
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2 CH;O0H —> CH;OCH; + H,0 (4)

CH;0CH; — CH;0- + CH;*  (5)

H3CO

Ox o
Radical coupling
_—

H;CO

+ CH3'

OH OH

Figure 17. Formation of radical scavengers from methanol and the coupling reaction with lignin fragments. Adapted from Voitl and Rudolf von

Rohr.***

7.4. Metal salt catalysis

7.4.1. Polyoxometalates. Polyoxometalates (POMs
are a class of metal oxygen cluster anions with general formulas
of M,0,"” or X,M,0,"~ (M = Mo, W, V, Nb, or Ta; X = P, Sj,
B, Ge, and others). They have the property of reversible
oxidation and are soluble in aqueous and organic media. Several
papers have been written about oxygen delignification
technology using POMs. The overall stoichiometric reactions
for delignification with POMs****"*** can be summarized by
eqs 2 and 3:

Lignin + POM_, — Lignin* + POM, 4

)426

@)

POM,, + 4H' + O, - POM_, + 2H,0 (3)

where POM,, and POM,4 are the oxidized and reduced forms
of POMs, respectively, and Lignin* is the oxidized form of
lignin (low molecular weight or polymeric products). Under
aerobic conditions, POM is an oxidative catalyst*> and this
redox cycle is continuously repeated, while under anaerobic
conditions, POM acts as a regenerable oxidative reagent and
eqs 2 and 3 take glace in two separate stages."**

Weinstock™>**° and co-workers reported that heteropolyan-
ion [SiW;;VO,,]°” only catalyzed anaerobic oxidation of the
phenolic model compounds. Interestingly, both phenolic and
nonphenolic units were reactive with a heteropolyanion
[PMo,V;0,0]*" (known as HPA-5) catalyst.*’” Phenolic 8-
aryl ether structures have a conversion, at least, five-times
higher than the corresponding nonphenolic structures. Further
study of the oxidation of 88-aryl ether dimers showed that the
reaction mechanisms involved are different.””” The cleavage of
phenolic 8-O-4 bonds occurs predominantly through a
heterolytic mechanism, which includes the hydrolytic cleavage
of the alkyl-phenyl bonds in the phenolic structural units
oxidized by [PMo,Vs0,,]® (Scheme 25, Route a) and the
typical acid-catalyzed splitting of the 8-O-4 linkages (Scheme
25, Route b; see also Scheme S). In contrast, the oxidative
cleavage of nonphenolic f3-aryl ether proceeds by one-electron
oxidation of aromatic groups with VO," released from
[PMo,V;0,,]%" followed by homolytic cleavage of 8-O-4
ether and C,-Cj linkages (Scheme 26).*7

Kadla™**” and co-workers extensively studied the oxidation
of various lignin model compounds with K[SiVW,,0,,], in
sodium acetate buffer (I = 02 M, pH = 5.0). A dramatic
increase in reactivity was observed upon addition of methoxyl
groups in ortho-positions to the phenolic hydroxyl group.
Syringyl units reacted faster than guaiacyl units. The reaction
rates of para-substituted guaiacyl and syringyl model
compounds showed a strong dependency on the nature of
the substituents. The reaction rate of a 5—5" dimer lignin model
compound was extremely fast. The addition of an electron-
donating group in the ortho-phenol substituent not only
increased the electron density of the aromatic ring, but also
helped stabilize the intermediate phenoxy radical through
resonance stabilization and delocalization. Kinetic study™’ of

AR

lignin oxidation with POM anions ([AIMn™(OH,)W,,0,0]%~
and [SiMn™(OH,)W,,05,]°") showed that cation concen-
tration and pH have a remarkable effect on the reactivity of the
POM:s.

As discussed above, the degradation of lignin over POMs
generates various lignin radical intermediates. The coupling of
these radical fragments can lead to significant repolymerization
that inhibits the degradation efficiency.*”” Rudolf von
Rohr*****° and co-workers disclosed that low molecular
alcohols such as methanol could effectively prevent the
repolymerization by reducing lignin—lignin condensation
reactions in aqueous solvent: first, condensation of methanol
catalyzed by H;PMo;,0,, can produce dimethyl ether (eq 4 in
Figure 17). Then, homolytic cleavage of the C—O bond in
DME generates CH;O® and CH,* radicals (eq S in Figure 17),
which are radical scavengers that couple with the lignin
fragments before repolymerization occurs (Figure 17).

7.4.2. Other transition metal salts. Transition metal salts
are another sort of homogeneous catalysts for lignin oxidation.
Taking the advantages of IL-stabilized metal nanoparticles and
the high solubility of lignin in ILs, Zhu and co-workers*"’
reported a recyclable catalyst system, comprising nano-
palladium(0) and iron bis(dicarbollide) pyridinium salt as a
cocatalyst, for the oxidation of benzyl alcohol and organosolv
lignin in a mixed solvent of [Bmim]PF/[Bmim][MeSO,] (2:1
v/v) under oxygen atmosphere (Table 15, entries 3—7). This
strategy overcomes the solubility limitation and favors the
oxidative conversion of lignin model compounds. Palladium
supported on y-Al,O; was used as an efficient catalyst for
catalytic wet air oxidation of lignin obtained from sugar cane
bagasse with an aromatic aldehyde yield of 12%.**" The
reactions in the lignin degradation and aldehyde production
were described as a system of complex parallel and consecutive
reactions, in which pseudo-first-order steps are found.

In 2010, Weckhuysen®”® and co-workers reported the
molecular oxygen oxidation of lignin using several transition
metal catalysts, such as CoCl,:6H,0, Co(acac);, Co(acac),,
Co(OAc),4H,0, Co(NO,),:6H,0, Mn(NO;),, Mn(OAc),,
FeC,0,, FePO,, Cu(acac),, and Ni(NOs;),, etc. under mild
conditions in the IL 1-ethyl-3-methylimidazolium diethylphos-
phate ([Emim]DEP) medium. The activities of the catalysts
were much improved compared to that in aqueous solvent
(TOF: 1440 h™' vs 10—15 h™"). The general activity order of
the investigated transition metal cations was Co > Cr > Fe > Ni
> Mn > Cu. Among the transition metal salts tested, CoCl,-
6H,0 in [Emim]DEP exhibited particularly high activity. The
catalyst rapidly catalyzed the oxidation of benzyl and other
alcohol functionalities in lignin, and left the phenolic
functionality and the £-O-4, 5—5', and phenylcoumaran
linkages intact. In-situ spectroscopic investigation™ showed
that the reaction proceeds via the coordination of alcohol-
containing substrates to the Co center followed by formation of
a Co-superoxo species (Scheme 27). The requisite condition
for coordination of the alcohol is the presence of hydroxide.
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Table 15. continued

Results

Reaction conditions

ref
447

Conv.
(%)

Yield
(%)"

Product

Substrate

Time
(h)

P (MPa)

0.2

T (°C)
120

Solvent

2 M NaOH sol-

Oxidant

Catalyst

Entry

46.1

16.6

Oligomer (15.1) and vanillin (1.5)

Kraft lignin

0,

LaMnO,

22

ution

2 M NaOH sol-

447

87.2

412

Oligomer (38.6) and vanillin (2.6)

Kraft lignin

1

0.2

120

0,

LaFe);5sMny,50;

23

ution
2 M NaOH sol-

447

87.3

404

Oligomer (37.6) and vanillin (2.8)

Kraft lignin

0.2

120

0,

LaFe,sMn, O3

24

ution

2 M NaOH sol-

447

86.0

39.2

Oligomer (36.4) and vanillin (2.8)

Kraft lignin

1

0.2

120

0,

LaFe,sMng 7505

25

ution
2 M NaOH sol-

447

84.6

37.1

Oligomer (34.1) and vanillin (3.0)

Kraft lignin

0.2

120

0,

Lay ¢Sry;MnO;y

26

ution

2 M NaOH sol-

20 448

15

Vanillaldehyde, p-hydroxybenzaldehyde, syringaldehyde

Enzymatic steam explo—

0.5
sion lignin

o, 120 0.5

LaFeO,

27

ution
2 M NaOH sol-

448

34

18

Vanillaldehyde, p-hydroxybenzaldehyde, syringaldehyde

Enzymatic steam explo-
sion lignin

0.5

0.5

120

0,

LaFe;gCug,0;3

28

ution
2 M NaOH sol-

445

20

14.5

Vanillaldehyde, p-hydroxybenzaldehyde, syringaldehyde

Enzymatic Steam explo-

0.5
sion lignin

o, 120 0.5

LaMnO;

29

ution

“The data refer to the total yield of all the listed products. *VSC

acid), and cinnamyl C (p-coumaric acid, ferulic acid) type.

Sum of major 8 lignin phenols of the vanillyl V (vanillin, acetovanillone, vanillic acid), syringyl S (syringaldehyde, acetosyringone, syringic

AT

Byproduct hydrogen peroxide underwent rapid disruption to
yield water and molecular oxygen. The presence of IL greatly
enhanced the catalytic activity by stabilizing reactive
intermediates. This strategy represents a potential method in
a biorefinery scheme to increase the oxygen functionality in
intact lignin or depolymerized lignin. When an extraction
solvent such as methylisobutylketone™** was added to the IL
system, the deep oxidation of the products could be avoided,
resulting in improved yield of aromatic aldehydes (Table 15,
entries 13—15).

Compared with the high cost of noble metals and associated
contaminations caused by transition metal ions, the affordability
and stability properties of perovskite-type oxides (with the
chemical formula ABO,) have placed them in a promising
position as catalysts for wet air oxidation of lignin.**>*%*!
These perovskites include LaCoOj;, LaMnOj;, and
LaFeO;."**%™* They possess high activity and stability in
the lignin oxidation reaction, and the catalytic activity can be
increased by the partial substitution of A- or B-site cations. As
an example, Wang447 and co-workers found that LaFe Mn,_,O,
and Lag¢Sry ;MnOj; hollow nanospheres synthesized via a urea-
assisted solvothermal-calcination method showed much better
catalytic performance in catalytic wet air oxidation of lignin
than perovskite prepared by the traditional sol—gel method. Lin
and co-workers also disclosed that Cu-doped Fe- and Co-based
perovskite-type oxides LaFe,_ Cu,0;"** and LaCo,_,Cu,0;**
exhibited enhanced catalytic activity in comparison to the
copper-free counterparts. These substitutions were suggested to
increase the concentration of oxygen vacancies of perovskites,
which promoted the amount of adsorbed oxygen surface active
site [Fe(surf)**0,7] or [Co(surf)**O,”] species and improved
the yield of activated species [Cu(surf)**O,"]. The proposed
oxidation mechanism™*¥*** catalyzed by Cu-doped perovskites
is illustrated in Scheme 28. Substitution of the B-site is
considered to be more efficient than that of the A-site.">*

Wu et al.*'**° obtained 14.6 wt % aromatic aldehydes
(including 4.7 wt % vanillin) from steam-explosion hardwood
lignin with CuSO, and FeCl; catalysts in a 13.5% NaOH
solution. As an electron acceptor, Cu®* accelerates the
formation of the phenoxy radical and thus speeds up the
radical oxidation reaction. As for the role of Fe’* in the
oxidative degradation of lignin, it acts as oxygen carrier to form
an intermediate O,—Fe’*lignin complex in the oxidation
process, as illustrated in Scheme 29.*° The O,—Fe**"lignin
intermediate attacks the phenolate anion in the lignin structure
to form the oxidation intermediates, which are further oxidized
to acids via the ionic reaction route. For more details on lignin
oxidation using Fe-based catalytic systems (including bivalent
and trivalent iron in the form of salts, Fenton’s reagent), one
can resort to a recent review' written by Ferreira and co-
workers.

Aromatic aldehydes and acids in yields of 10.9% were
produced by oxidation of a hardwood organosolv lignin in
acetic acid/water with a Co/Mn/Zr/Br catalyst.458 Since the
function of the catalyst is assumed to be based on its redox
potential as reported for delignification studies,”
redox potential below the redox potential of oxygen (O,/H,0
= 1.21 V) is necessary for the reoxidation of the catalyst. The
catalytic action of the transition metal salts can be ascribed to
both cation and anion, rather than to the cation alone.**”

the cation
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Scheme 27. Proposed Oxidation Mechanism of Veratryl Alchol to Veratraldehyde in [EMIM][DEP] Reported by Weckhuysen
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Scheme 28. Proposed Mechanism of Lignin Oxidation in the Presence of Cu-Substituted Perovskite Catalysts (M = Fe or Co)“
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7.5. Photocatalytic oxidation

Heterogeneous photocatalysis for lignin degradation**”**" has

been studied as a way to minimize the organic pollutants in gas
and liquid phases.”*” ™" The catalyst used most frequently is
TiO, due to its high activity, chemical stability, commercial
availability, and low cost.*®® Other semiconductor materials,
such as ZnO, and CdS, have also been used.**>*’® The photo-
oxidative destruction of lignin is initiated when TiO, absorbs
ultraviolet (UV) light. The short wavelength and high energy of
UV light trigger reactions of two different pathways, namely,
electron hole reaction and OH radical oxidation, to complete
the photolysis process.””' ™" Both pathways have very fast
reaction rates.”’**”*

The photocatalytic ability of TiO, can be enhanced by
doping TiO, with a noble-metal such as Pt."”* The addition of

AU
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ferrous ions,”’” nanostructured CeO,, La,O;, and carbon®’
was also reported to enhance the catalytic activity of TiO,.
Moreover, several groups®’>*’**”? disclosed that the oxidative
degradation efficiency of lignin can be significantly improved by
applying a simultaneous photoelectrochemical process using a
Ti/Ruy,Sny¢Ti 30, electrode, a quartz reaction device, and an
artificial ultraviolet light, or by applying a hybrid process that
combines photocatalytic processes (TiO, and UV light) and
other catalytic strategies (such as enzyme) to degrade lignin.
Although TiO, catalyst has shown excellent performance in
decomposition of lignin, it was found that lignin tended to form
stable suspensions with TiO,, which made the recovery of fine
TiO, powder a big challenge. This problem can be solved, in
part, if TiO, is immobilized on inert supported materials such

as sepiolite," "™ or activated carbon fibers.""" The well
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Scheme 29. Proposed Oxidation Mechanism with Cu*" and Fe®' as the Catalysts”
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Scheme 30. Mechanism for the Photocatalytic Oxidative Degradation of Lignin over TiO, Proposed by Kamwilaisak and

Wright”
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accepted lignin degradation mechanism by TiO,/UV is
illustrated in Scheme 30.%7%*%>

7.6. Electrocatalytic oxidation

Electrochemical oxidation has been proposed as a potential
alternative in lignin oxidative degradation.”™~*** The first
report on this togic was made by Bailey and co-workers in
1940s."* Chen® and co-workers fabricated four different
IrO,-based electrodes (Ti/Ta,05—IrO,, Ti/SnO,—1rO,, Ti/
RuO,-IrO,, and Ti/TiO,—IrO,) and systematically studied
their stability and electrochemical activity for lignin degradation
to produce vanillin and vanillic acid. It was found that the

AV

electrochemical oxidation of lignin followed pseudo-first-order
kinetics, with the Ti/RuO,—IrO, electrode displaying the
highest activity and stability. The same group further
demonstrated that the Ti/TiO,NT/PbO, electrode was also
promising for the treatment of lignin wastewater and the
production of value-added chemicals.””" Moodley,*”* Parpot,*”?
and their co-workers investigated the electro-oxidation
reactions of kraft lignin and calcium-spent liquor effluent in
batch or flow cells on Ni, Au, Pt, Cu, DSA-O,, and PbO,

anodes. Enhanced vanillin and syringaldehyde yields were
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Scheme 31. Possible Vanillin Oligomerization Pathway as a Model of Side Reactions in the Lignin Oxidative Fragmentation
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obtained through continuous extraction, which could avoid
further decomposition reactions.

Almost all ILs have high conductance, and some of them can
dissolve lignin effectively. Owing to these features, protic IL
triethylammonium methanesulfonate*”* and N-hydroxyphthali-
mide (NHPI)*” have been proved to be excellent mediators
for selective C-a-carbonylation of nonphenolic 8-O-4 structures
in an electronic mediator system. These reactions proceed
through hydrogen atom transfer in the IL-mediated electro-
oxidation to afford the corresponding C-a-carbonyl products in
high yields (85—97%) regardless of monomer or dimeric lignin
model compounds.

Although electrochemical oxidation is a potentially promising
technology for lignin oxidation or modification, the high cost
and the electrode fouling caused by polymerization restrict its
application.”” Future work in this area should concentrate on
the development of electrocatalysts with high activity, long
lifetime, and low cost for lignin oxidation.

It should be noted that, in most of the strategies for lignin
oxidation, the rearrangement and oligomerization of inter-
mediate products of lignin fragmentation are inevitable side
reactions. Di Renzo*”® and co-workers have extensively studied
vanillin oligomerization as a model of side reactions in lignin
fragmentation. It was found that hydrothermal treatment of
vanillin under oxidative conditions can produce a wide variety
of byproducts. The main oligomerization reactions involved are
summarized in Scheme 31. In a water solvent, extensive
demethylation and oxidative pathways occur via vanillic acid or
quinonic intermediates. These reactive low molecular inter-
mediates then underwent condensation by several mechanisms,

AW

such as condensation of quinonic radicals,*’
dimerization,™® or diol-aldehyde condensation to acetals.
For quinonic intermediates, they can undergo ring-opening
reactions to form dicarboxylic acids, or consecutive decarbon-
ylate to cyclopentadienes. The nature of the catalyst and
solvent significantly affect the products formed. For most
developed lignin oxidation catalytic systems, the yields of the
products, as yet, are too low to make the overall process
economically viable. This is, to some extent, attributable to the
complex lignin structure. Therefore, design of robust catalysts
that fit with the complex structure and increase the product
selectivity are promising directions for the development of
lignin oxidation technology.

Oxidation of lignin and model compounds with the use of
ILs represents a new opportunity for the efficient trans-
formation of lignin to value-added chemicals. As aforemen-
tioned, there have been several good examples using ILs as
solvents for the production of aromatic chemicals from lignin
and model compounds. More details on lignin oxidation in ILs
can be found in a critical review provided recently by Rogers
and co-workers.**

phenolic
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8. OTHER DEPOLYMERIZATION PROCESS

8.1. Gasification

Gasification of lignin produces synthesis gas (syngas) which is a
mixture of hydrogen and carbon monoxide.’®*~>°* The
synthesis gas can then be converted into liquid fuels by two
different commercial processes: Fischer—Tropsch synthesis™*
or methanol/dimethyl ether synthesis.’”* Several reports in the
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Figure 18. Scheme of the PRAGA (uP dRAft GAsification) plant for updraft gasification and gas cleaning: (1) gasifier; (2) screw feeder; (3)
scrubber; (4) biodiesel tank; (5) filter; (6) pump; (7) high-temperature coalescence filter; (8) low-temperature coalescence filter; (9) blower; (10)
flare. On the right, details of the gasifier: (1a) air inlet; (1b) grate; (1c) layer of expanded clay; (1d) heating lamp; (1e) thermocouples multipoint

system; (1f) gas outlet; (1g) biomass inlet.>'?

Scheme 32. Aqueous-Phase Reforming Pathway of the -O-4 and 5-5' Model Compounds over Pt/Al,0; Catalyst®
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Weckhuysen.

literature use supercritical water (374 °C, 218 atm) for
gasification of lignin.*>***~*"’ In terms of thermal efficiency,
this process offers the advantage of eliminating the need to dry
the biomass, which is especially important for lignin with high
moisture content. Four main processing units are needed for
the above two routes: a lignin material gasifier, a gas cleanup
unit, a water—gas shift reactor in certain cases to produce
hydrogen with the coformation of carbon dioxide, and finally a
syngas converter. By optimization of the reaction conditions
and the catalysts, numerous products, ranging from synthetic
natural gas, olefins, and alcohols to various transportation fuels,
such as gasoline, jet fuel, and diesel, can be fabricated through
the gasification step.’”® Catalysts are required for several
downstream processes, including (1) cracking of tars; (2) steam
reforming of gas in order to increase H, content; and (3)
synthesis-gas conversion.””

Although syngas routes for the production of chemicals are
well established for coal and natural gas conversion, there are
still huge challenges regarding lignin gasification.”’ One
possible opportunity for future application is process
intensification, which focuses on hybrid/combining processes
to reduce cost.’”® Biomass gasifiers are still in the
developmental stage with relation to producing a clean
synthetic gas. Among the few reported attempts at lignin

AX

gasification at the pilot scale, Zimbardi’'® and co-workers
carried out autothermal gasification of lignin-rich fermentation
residues to evaluate the performance of a pilot plant with a
feeding rate of 20—30 kg h™'. The main components of the
plant are schematically shown in Figure 18. The core reactor of
the plant is an autothermal fixed bed updraft gasifier, operated
slightly above atmospheric conditions. The average production
of raw syngas was 1.94 kg per kg of dry residue, of which H,
and CO were 27.2 and 696 g, respectively. The efliciency of
energy conversion from solid to cold gas was 64% and reached
about 81%, including the contribution of the condensable
organic fraction. It should be noted that as lignins from
different plants and isolation methods represent significantly
different structures and reactivity, adequate assessment of the
specific lignin types in a given gasification system is needed.
Jacoby™'! and co-workers have shown that the gasification
thermodynamic state changes are functions of elemental
composition, not biomass species.

8.2. Liquid-phase or steam reforming

The liquid-phase reforming (LPR) of biomass refers to the
conversion of biomass at temperatures lower than those
required for gasification or pyrolysis (500 K for LPR vs 773
K for pyrolysis).”'* The preferred catalysts for these reactions
are supported Group VIII transition metals, and their alloys and
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mixtures, with Pt, Ru, or Rh having the highest stability and
activity.”'* Various liquids, including water,”'*'* ethanol/
water,”'>>16 supercritical ethanol,”"” and liquid ammonia,”'®
have been used in LPR of lignin at low/moderate pressures and
temperatures. Ethanol and ammonia can readily dissolve lignin,
but water is probably the preferred solvent due to its low cost
and wide availability. The challenge with water as a solvent is
that lignin has a low solubility in water. In the aqueous-phase
reforming process, lignin was first depolymerized via cleavage of
the abundant $-O-4 and S5—5’ linkages to form aromatic
monomers (Scheme 32). The alkyl chains on these monomers
were then reformed to produce simple aromatics and hydrogen.
Hydrolysis of the methoxy groups produced methanol, which
was finally reformed to form carbon dioxide and hydrogen. It is
interesting to note that the combination of an LPR reaction
with a sequential HDO step over a CoMo/AL,O; or Mo,C/
CNF catalyst allowed the production of BTX.>"

Steam reforming of lignin to produce synthesis gas has also
been reported based on a two-stage process: bio-oil is first
generated by fast pyrolysis of pine sawdust, and then catalytic
steam reforming of the crude oil produces hydrogen.”** This
two-step procedure can be summarized by eq 6:

CH, O, + (n — k)H,0 & nCO + [(n + m/2 — k)]H,
(6)
If excess steam is used in the process, carbon monoxide can
further undergo the water gas shift reaction as shown in eq 7:

nCO + nH,O0 < nCO, + nH, 7)

Taken together, the stoichiometric maximum yield of
hydrogen that can be obtained by reforming/water gas shift
equals 2 + (m — 2k)/2n moles per mole of carbon in the feed
material.>*° Since the above two reactions are reversible, some
carbon monoxide and methane are detected in the gas product.
Therefore, hydrogen yield will always be lower than the

stoichiometric maximum yield.

9. CONCLUDING REMARKS

Currently commercial aromatic chemicals are all derived from
petrochemical feedstocks. Lignin is the only renewable
feedstock in nature that comprises aromatic rings. Production
of aromatic chemicals from lignin is highly atom-economic
because most of the carbon, hydrogen, and oxygen atoms are
well reserved in the products. Despite the renewed interest in
the development of lignin valorization, no process produces
liquid transportation fuels or bulk commodity chemicals (with
the exception of lignosulfates) from lignin conversion due to
the low overall carbon yield and separation problems.
(LignoTech™" is one company that has over 60 years of
experience in the commercial production of lignosulfanates and
lignin-based chemicals, such as dispersants, binding agents, etc.
Another successful commercial process is the conversion of
lignosulfonates, a byproduct of the sulfite pulping industry, to
produce vanillin.*'®)

Design of new processes to produce value-added products
and scale-up of these processes to produce lignin derived
products at the commercial scale is a goal of a number of
researchers working in utilization of lignin. Catalysis is a key
technology for biomass conversion and for the valorization of
lignin in particular. With the development of catalysis
technology as well as the improvement of advanced analysis
techniques, our knowledge of lignin chemistry is refined and
our ability to rationally design robust catalysts has been
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significantly enhanced over the past years. This review
comprises the most representative examples and the recent
achievements in the field of catalytic conversion of lignin for the
production of valuable products through selective acid/base
depolymerization, hydroprocessing degradation, oxidation,
pyrolysis, gasification, or sequential processes in single reactor
units. Among the above strategies, gasification and pyrolysis
offer near-term solutions to the challenge presented by lignin
recalcitrance, while hydroprocessing degradation of lignin into
liquid biofuel requires a large amount of additional hydrogen.
From a longer-term application viewpoint, production of
aromatic chemicals, regardless of by acid/base depolymeriza-
tion, reduction, or oxidation reaction, or integrated cascade
reactions, is a promising way in terms of the use of the unique
structure of lignin, and the following research fields on lignin
chemistry are to be further explored.

1. The further understanding of the structure and
fundamental organic chemistry of real lignin streams: Besides
2D-NMR such as HSQC, other techniques, such as GPC, SEC,
3P NMR, ICP and IR, two-dimensional gas chromatography,
and even 3D NMR or long-range correlation (HMBC) spectra,
have been used to elucidate lignin structure. This knowledge
will allow for the assessment of the reactivity of various lignins
under basic, acidic, reductive, and oxidative conditions, and for
the rational design of new catalysts. Currently it is hard to
compare the results of different research groups, providing that
each lignin resource has the inherent variability of the chemical
composition and pretreating may often make it even more
complex. The field needs standard protocols for the extraction
of lignin, comparison of materials, catalyst, and analysis tools, so
as to make the results possibly comparable.

2. Lignin model compound reactions: A lot of approaches for
model compounds conversion have been tried, and certain of
them have failed to realistically depolymerize real lignin because
the model compounds do not represent the complexity of the
lignin structure. More complex lignin model compounds should
be developed. More rigorous mass balances for lignin are
required, and several previous studies on lignin conversion fail
to do a rigorous material balance and report artificially high
yields of lignin products.

3. Thermodynamics data on lignin can provide important
insight about the chemistry of lignin conversion. There is
limited literature related to the thermodynamics of real lignin
due to the notorious complicated reaction pathways. This could
be an important area of future research.

4. Robust and recyclable catalysts which are tolerant to
impurities should be developed. This approach should be
combined with novel strategies (e.g, atom layer deposition
technology’**°**) for the preparation of highly active and
stable catalysts. In-depth investigations on changes in surface
chemistry, structure (phase transition), and chemical compo-
sition of the catalysts are the focal points to be studied. In the
meantime, a big challenge in the design of robust catalysts in
lignin processing is to develop multifunctional catalysts that are
active for different functional groups, which could be used in
cascade reactions allowing process intensification. While noble
metal catalysts exhibited high efficiency in some depolymeriza-
tion strategies, cheaper catalyst is preferable. Atomic scale
control of solid catalysts’>* combined with the single-atom
catalysis®>*°** should be another way to minimize the cost of
the catalyst. Combination of new reaction media such as IL and
novel conversion technologies such as microwave irradiation
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and ultrasonic activation could also improve reaction efliciency,
although there is a long way to go for practical application.

S. Development of renewable lignin-based products requires
improved technologies coupled with lignin production
processes. Although kraft pulping is presently the dominant
process for lignin production, several pilot plants have adjusted
their processes so that lignin could be used for other purposes.
Researchers should work more closely with the lignin suppliers,
so that the developed technologies adapt to the lignin
molecular structure and the price and quality of the products
are economically competitive with those obtained from fossil
resources.

6. In comparison with conventional processes focusing on
single reactions, combining multiple catalysts in either
sequential or one-pot cascade catalysis provides distinct
advantages by reducing time and yield losses associated with
the isolation and purification of reaction products.”> These
features render multicatalysis or hybrid catalysis as a potentially
cost-effective approach for lignin conversion, e.g. IH?
technology (which has been discussed in Section 6.4).
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