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Catalytic conversion network for lignocellulosic
biomass valorization: a panoramic view

Shenyu Wang,t® Aohua Cheng,7® Fanhua Liu,? Junjie Zhang,® Tao Xia,® Xiang Zeng,®
Wei Fan ®*° and Ying Zhang @ *@

Efficient utilization of lignocellulosic biomass to substitute for fossil resources is an effective way to
promote the sustainable development of current society. Numerous lignocellulose valorization routes for
the production of value-added chemicals and fuels have been explored. Herein, we overview the catalytic
reaction routes, reaction types and key steps involved in the selective preparation of various important
products from lignocellulose. The information can facilitate the development of robust and selective
catalytic systems to address the challenges in the major reaction steps. We present four catalytic
conversion route maps starting from cellulose (including 5-hydroxylfurfural, HMF), hemicellulose and lignin,
respectively. The reaction route for the important platform molecules of HMF and furfural, passing through
critical intermediates to value-added chemicals and aviation fuels, is also highlighted. It provides a clear
and concise panorama for people interested in this field and facilitates identifying the products or
processes of interest with up-to-date research developments. We also put forward the current issues for
the large-scale valorization of lignocellulose and the possible resolution strategies, focusing on the rational
design of active and robust heterogeneous catalysts.

Keywords: Biomass; Lignocellulose valorization; Catalytic conversion network; Reaction routes; Renewable
chemicals.

1 Introduction

Fossil fuel consumption contributes to significant
greenhouse gas emissions, which are responsible for
increasing severe climate issues, such as extreme heat,
drought, and flooding, in recent years." It is crucial to explore
sustainable alternatives to the current industrial production
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of chemicals and fuels.”? Biomass, the most abundant
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renewable organic carbon resource in nature, can help reduce
the reliance on fossil fuels.>™

Lignocellulose, which is mainly composed of cellulose
(30-50 wt%), hemicellulose (20-35 wt%), and lignin (15-30
wt%),” is produced with an annual yield of about 180 billion
tons worldwide.® It is the most promising material among
biomass resources due to its carbon neutrality, affordability,
and ease of acquisition.>>®*"* The energy density of
lignocellulose is however much lower than that of fossil
fuels,"* which is because of the abundant oxygen-containing
functional groups in the molecular structure of
lignocellulose, such as hydroxyl, ether, aldehyde, ester, and
so on.""™ As a result, it is necessary to either deoxygenate
lignocellulose to increase the energy density for fuel
production or convert lignocellulose to chemicals with
various functional groups for industrial applications. Starting
with lignocellulose, a variety of routes for producing value-
added chemicals have been created, and more than 200
different types of valuable substances have been generated.®
However, because of the intricate composition and structure
of lignocellulose, even though (hemi)cellulose and lignin
have been separated by pretreatment, complex reactions and
pathways still interplay with each other in its downstream
conversion, which put serious challenges in selectively
producing the desired products.>%®

The valorization of lignocellulose to either chemicals or
fuels is the subject of a tremendous amount of research
papers, which have been comprehensively overviewed by
numerous excellent reviewers with emphasis on reaction
mechanism or catalyst performance for certain catalytic
conversion reactions.'*>"%197131720 Herein, based on a great
quantity of reviews, we draw panoramic reaction network
maps with critical steps for lignocellulosic biomass
valorization. Following the maps, we introduce and discuss
the conversions from cellulose to various valuable C2 to C6
chemicals, and reactions starting from or passing through
the platform molecules of 5-hydroxylfurfural (HMF) and
furfural to functional compounds and aviation fuels. We also
describe the oxidative and reductive depolymerization of
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lignin and the following selective hydrodeoxygenation steps
to various monomers. A number of valuable compounds in
the lignocellulose valorization network are overviewed along
with the reactions and active catalysts involved in their
synthesis from lignocellulose or the platform molecules. At
the end, we put forward and discuss the current issues for
the catalytic valorization of lignocellulose on a large scale
and the potential solutions, such as rational heterogeneous
catalyst design.

2 Valorization of cellulose
2.1 Conversion network of cellulose

As the major component of lignocellulose, cellulose is a
highly polymerized homopolymer with several polymorphs.*
It is composed of up to 10000 glucose units linked by
B-glycosidic bonds.® Cellulose and its derivatives can be
transformed into a variety of useful compounds via different
reactions such as hydrolysis, hydrogenolysis, hydrogenation,
dehydration, oxidation, isomerization, retro-aldol
condensation, and so on, which have emerged as the most
promising research area in sustainable chemical and fuel
production (Scheme 1).*>* Due to the inherent heterogeneity
and recalcitrance of lignocellulose, a pretreatment process is
necessary before cellulose and hemicellulose are converted,
which primarily includes treatment by acid, alkali, deep
eutectic  solvents, or the lignin-first strategy is
undertaken.>* ¢

The hydrolysis of cellulose to glucose is the starting point
for cellulose conversion,>””*® which is crucial to the entire
selective conversion routes. Glucose is a basic feedstock for
food production, pharmaceutics and other industrial sectors.
It is also an important platform chemical for lignocellulose
valorization. Through different catalytic pathways, glucose
can be converted to various products as shown in Scheme 1.

First of all, glucose can be transformed into sorbitol by
hydrogenation, a significant polyhydroxy sugar alcohol that is
extensively used in the chemical, food, and medical
industries. Different kinds of hydrogenation catalysts are
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Scheme 1 Cellulose conversion route map.

effective for converting glucose to sorbitol, the most common
of which are RANEY® nickel and Ru/AC.>° There are also a
lot of examples of one-pot catalytic systems for producing
sorbitol from cellulose, and the yields are considerably
impacted by metal species involved in the catalysts, cellulose
pretreatment or experimental parameters.***' Unfavorable
side reactions may occur during this process, such as retro-
aldol condensation, dehydration and condensation catalyzed
by acidic or basic sites of the catalysts. To maintain an
adequate balance of conversion and selectivity, the acidity
and hydrogenation activity of the catalyst should be
coordinated. Liu et al. developed a Ni/ZrP, catalyst with
moderate acidity and activity which could convert
microcrystalline cellulose into 60.8% sorbitol after 5 hours
under 5 MPa H, at 200 °C.** In particular, isosorbitol can be
obtained by dehydration of sorbitol, which can be used as a
novel solvent and the monomer for functional polymer
materials.®® In particular, the reaction pathway requires more
acidic sites than the synthesis of sorbitol because further
dehydration is crucial for the one-pot synthesis of isosorbitol
straight from cellulosic material.

Through controlled retro-aldol condensation, glucose is
also able to produce erythrose and glycolaldehyde. Erythrose
can be further hydrogenated to form erythritol or condensed
to glycolaldehyde via retro-aldol reaction, which can be
oxidized to glycolic acid or hydrogenated to ethylene glycol
(EG). Ethylene glycol is the most basic diol and is widely
employed in various industries as a synthetic polyester
material, hygroscopic agent, plasticizer, surfactants,
cosmetics, solvents, and antifreeze.*® Zhang's group first

190 | /nd. Chem. Mater., 2023, 1,188-206

View Article Online

Industrial Chemistry & Materials

d HG o
HOQ\/\O == HO\/‘\A
OH
OH OH

Erythrose Erythritol
l RAC
HG HG, DH

Ho/vo HO/\/OH — ~_-OH

Glycoaldehyde EG Ethanol
Oxidization
O
B on

OH
H H 4
Glycolate O\)\/o &

? 0 : OH
HO\)I\/OH / . )J\/OH HG __om
Dihydroxyacetone / "G PH 4 (o0 1,2-PG
IS “ n(.“
% HO, 0
OH HD, HS
DH S
Ho._J_o P HOH
Glyceraldehyde Lactic acid

Pyruvaldehyde
_
+\m)n.nsl DH
o}
HO, O
< aY

Methyl lactate Acrylic Acid

reported bio-ethylene glycol production via a highly efficient
one-pot catalytic conversion process from cellulose in 2008.*
Since then, EG production from cellulose or glucose has been
a hot and challenging process and has attracted great efforts
from researchers.>® Hydrolysis and retro-aldol condensation
are the key steps to produce EG from cellulose. While
hydrogenation is necessary, it may lead to sorbitol and
erythritol which cannot be further converted to EG; therefore,
the hydrogenation activity of the catalysts needs to be tuned
precisely. Other reactions involved in cellulose conversion
should be suppressed. Among the metal catalysts including
W, Mo, Cr, Sn, Pb, La, Ce, Y, V, Nb, Zn, Ti, and Zr, tungsten-
based catalysts exhibit the highest catalytic selectivity.>*

Further hydrogenation and dehydration of EG can form
ethanol. Ethanol is recognized as the most widely used
industrial raw material and can be mixed with gasoline to
reduce carbon dioxide emissions.*® Although using glucose
fermentation to prepare ethanol is currently widespread, it is
both time- and energy-consuming and suffers a significant
carbon loss.*® Chemical catalysis might be applied to remedy
this issue. One-pot ethanol generation from cellulose or
glucose necessitates a catalytic system with a higher acidity
and stronger hydrogenation activity than ethylene glycol
production, since further dehydration and hydrogenation
steps are involved. Multi-functional H,WO,-Pt/ZrO,, Mo/Pt/
WO, and Ru-WO,/HZSM-5 catalysts have been developed for
the one-pot production of ethanol from cellulose and even
biomass via the EG pathway and achieved promising results,
although the economic feasibility for production of ethanol
from the pathway needs to be further justified.*”*°
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In the reaction network, glucose can also be isomerized
into fructose, which is an important biomass platform
molecule. Similar to glucose, fructose can also be
hydrogenated to generate hexitols.” Through retro-aldol
condensation, fructose can be converted to dihydroxyacetone
(DHA) or glyceraldehyde (GLY) and then be further
hydrogenated to acetol and 1,2-propylene glycol (1,2-PG).*°
Acetol is a crucial intermediate for the preparation of
medicines, acrolein, heterocyclic compounds, and additives
for food and cosmetics. From cellulose to acetol, it undergoes
tandem reactions including hydrolysis, isomerization,
dehydration, and hydrogenation. As an intermediate, acetol
can be facilely converted into 1,2-PG by hydrogenation.
Therefore, it is of great significance to fine-tune the
properties of the catalyst to achieve efficient conversion of
cellulose to acetol. Basic catalysts can catalyze both
isomerization of aldose to ketose and retro-aldol
condensation. Therefore, Ni-Sn/SiO, and Co-Sn/SiO,
catalysts with the desired Lewis acid sites (for hydrogenolysis
of cellulose), strong basic sites (for isomerization of glucose
to fructose and the following retro-aldol condensation to C3
intermediates), and weak hydrogenation sites (for partial
hydrogenation) demonstrate synergistic catalytic activities
and achieve up to 61.6% yield of acetol via one-pot
conversion of cellulose.*"**

1,2-PG is a crucial commodity chemical utilized in the
chemical industry (such as pharmaceuticals, cosmetics,
fragrances, etc.).”> The transformation of cellulose to 1,2-PG
includes more reaction steps in comparison to those for EG
formation; a catalytic system with multifunctional active sites
is required.**

Lactic acid has been extensively utilized in food,
medicine, and cosmetics. It is a significant platform
molecule that can be used to create degradable polymers
and solvents.”> In 2010, Holm et al*® made a significant
advancement in the direct creation of methyl lactate from
glucose over the Sn Lewis acid zeolite catalyst. This
discovery paves the way for several studies on the chemical
catalytic synthesis of lactic acid and lactic acid derivatives.
From glucose to lactic acid, glyceraldehyde and
dihydroxyacetone derived from fructose via retro-aldol
condensation undergo dehydration to acetone aldehyde and
then 1,2-hydride shift to form the end product. This process
calls for a catalyst with multifunctional active sites. A range
of metal catalysts, including Sn, Pb, Y, Er, Al, and other
elements, demonstrate good efficiency in the production of
lactic acid/lactate.®"” Additionally, strong bases (like NaOH
and KOH) have received a lot of attention as homogeneous
catalysts in the reaction because they can break the C-C
bond in aqueous solution.

Acrylic acid, an important raw material, is used to
synthesize adhesives, polishing agents, coatings, textiles and
plastics. Using lignocellulosic biomass as feedstock, acrylic
acid can be obtained by dehydration of lactic acid, which is
an important way to synthesize the chemical from non-fossil
products.*>*®
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2.2 Conversion network of 5-hydroxymethylfurfural

For the exploitation of lignocellulose,
5-hydroxymethylfurfural (HMF) is one of the most significant
and researched platform molecules, thanks to its ability to be
converted into various value-added chemicals through
multiple pathways (Scheme 2).*°”>> HMF can be produced
from both glucose and fructose by a dehydration process, but
it is more common to use fructose as the starting material,
since the enolization of the sugar molecules is the rate-
determining step in the synthesis of HMF.*® In water,
fructose forms a 5-membered ring, which is closer to the
structure of HMF, while glucose is in the form of a
6-membered ring. Fructose has a higher enolization rate than
glucose because of its unstable ring structure.®® As a result,
fructose reacts considerably more quickly than glucose does
to produce HMF, which can inhibit by-product formation.
Isomerizing glucose to fructose first can also increase the
selectivity of HMF.”® Additionally, many studies in recent
years have concentrated on the direct production of HMF
from cellulose in a one-pot process, but there are also lots of
challenges like limited output, difficulty in product
separation, and production of humins and by-products.®>*~>°
Exploring a new catalyst system with high 5-HMF selectivity
at low reaction temperature is an important research
direction for glucose conversion to 5-HMF in the future.
Levulinic acid (LA) is an essential platform chemical
obtained from cellulose, which can be used to produce a
number of high-value compounds, such as levulinic esters,
y-valerolactone (GVL), valeric acid and ester, butene,
5-nonanone, and methyltetrahydrofuran.’” Through the
process of rehydration (involves several hydration,
dehydration and C-C bond cleavage steps),”®*° HMF can be
transformed into LA and formic acid. This process is usually
carried out in acidic systems. In particular, H,SO, and HCI
are widely used acid catalysts in this process, and the acid-
catalyzed conversion rate of HMF and the yield of LA are
closely related to the H' concentration. In addition, solid acid
catalysts have also been developed as efficient heterogeneous
catalysts for the synthesis of LA from HMF. For example, an
Al-doped mesoporous niobium phosphate (AI-NbOPO,) solid
acid catalyst can convert cellulose into levulinic acid in
aqueous solution with a yield of 52.9%, in which HMF is the
key intermediate.®® Strong acid strength and an appropriate
B/L acid molar ratio of this catalyst are responsible for the
high selectivity and yield of LA, and the authors found that
the strong Lewis acid could improve the selectivity to LA in
HMF conversion. Using a catalyst with the desired
hydrogenation activity can transform LA directly into
y-valerolactone, which is another significant bioderived
compound with several practical applications (such as solvent
for biomass conversion and fuel additives). HMF can also
react with alcohols to create HMF-derived ethers, which can
then be further converted to alkyl levulinate.®™®
Alternatively, alkyl levulinate can also be produced by
esterification of levulinic acid with alcohols. After that, alkyl

Ind. Chem. Mater., 2023, 1,188-206 | 191


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2im00054g

Open Access Article. Published on 21 February 2023. Downloaded on 10/16/2025 11:37:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

Industrial Chemistry & Materials

o

H, o

OH
P S 5
! -H,0

OH OH OH
Glucose - Fructose Formic acid Levulinic acid GVL
T +ROH
o .nl()J &%
Hydrolysis . g_o

HO, o)

OH

S0 OR
o. /| Etherification \@/‘m 0(,”
% { ) +ROM
°%o MF Alkyl Ievullnate
=l HMF i

dl'o ena .

tiop o OHH,

HQ, [e]
+nzol

IOIl

FDCA

Cellul idati 2 —%
ellulose Ox|dat|onJl()l H, ﬁ// v HO
BHMF

HMFCA N MAH 2-oxoglutar|c acid

[0] G 9 MFA BHMTHF HCPN
\Q/{ w P Q )WOH
HO OH HO
\ / _<=>_ o} H,|-H,0 IIZJ—II:() l[zJ
MA SA

HHD

WS u 2
™ 2 A nlJ.n:()
OH HQO OH HQ
e 0 O O

5-MF

HO

+ROH +CH3;0H I

H, o

B e U“

»|-H,0 \g H, \Q/ ;

OH
3

0 DMF DMTHF %\ HCPL
H, H,

Esterification FDMC y-butyrolactone H,0 H,0
o OH
-~ PR | )K/\“/ Hi /l\/ Ho™ S OH
_(XE/\\ {D:> \O/ \Oé o OH
DMCPD 3-MCP 2,5-Hexanedione 2,5-Hexanediol 1,6-Hexanediol

Scheme 2 HMF transformation route map.

levulinate can be further hydrogenated to produce
y-valerolactone. The catalytic conversion of LA using
heterogeneous catalysts has been the subject of substantial
research over the past ten years. Weng et al.®* overviewed the
LA conversion to y-valerolactone and its derivatives, including
the choice of solvent, product distribution, catalytic stability,
catalytic reactivity and strategies for improvement of this
process.

Through hydrogenolysis or hydrogenation, HMF can be
transformed into 5-methylfurfural (5-MF) or
2,5-bishydroxymethylfuran (BHMF). 5-MF continues to
transform through the 5-MF — MFA — DMF process to
realize the conversion of HMF to 2,5-dimethylfuran
(DMF).***> BHMF can also be hydrodehydrated to MFA and
then to DMF.**®” DMF has a number of obvious benefits,
including a high octane number, a reasonable boiling point
for a liquid fuel, and a low solubility in water, which make it
a viable liquid transportation biofuel component.®®®® Active
sites efficient on both hydrogenation and hydrogenolysis can
promote DMF production from HMF. For instance, Co/t-ZrO,
has a higher hydrogenation activity of carbonyl, while Co/m-
ZrO, has higher efficiency for the hydrogenolysis of the C-
OH group.”’ The Co catalyst supported on ZrO, with both
tetragonal and monoclinic phases achieves the highest yield
of DMF (90.7%) under mild conditions. Different catalysts
with a synergistic effect on C=0O hydrogenation and C-OH
hydrogenolysis also received satisfying results. Hydrolyzation

192 | /nd. Chem. Mater., 2023, 1,188-206

of DMF can produce 2,5-hexadione. Cellulose can be
selectively converted into 2,5-hexadione in the presence of
HCI and Pd/C catalysts through the HMF intermediate with a
high yield of 71.4% at 100 °C and 1 MPa H,.”" 2,5-Hexanediol
can be obtained by hydrogenation of 2,5-hexadione.

BMHF can be converted to
2,5-bishydroxymethyltetrahydrofuran (BHMTHF) after the
furan ring is saturated. According to the report of Fulignati
et al,”” commercial Ru/C catalysts can selectively
hydrogenate HMF to 2,5-bishydroxymethylfuran (BHMF)
under mild conditions (50 °C, 6 h, 30 bar H,) with a yield of
more than 93 mol%, whereas under relatively harsh
conditions (100 °C, 6 h, 50 bar H,), HMF can be selectively
converted to BHMTHF in aqueous solution with a yield of
more than 95 mol%. By selective catalytic transfer
hydrogenation (CTH), which uses alcohols like 2-butanol as
both hydrogen donor and solvent, HMF can also be converted
into BHMF without H,.*>*””® The transformation of HMF to
BHMF is quite simple by using typical hydrogenation
catalysts such as Cu, Co, and Ni. However, due to their
special adsorption structure with the substrate and
intermediate, only Ni-based catalysts among them can
successfully hydrogenate the furan ring, resulting in the
formation of BHMTHF.”* Hydrogenolysis of the two C-OH
bonds of BHMTHF results in 2,5-dimethyltetrahydrofuran
(DMTHF), while the cleavage of the C-O bond in the
tetrahydrofuran ring followed by hydrogenolysis can produce
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1,6-hexanediol (1,6-HDO) or 2,5-hexanediol. He et al”®
demonstrated that the Pt-WO,/TiO, catalyst could convert
BHMTHF to the high-value 1,6-HDO with a yield of up to
70% through a two-step process. The high activity and
selectivity of Pt-WO,/TiO, depend on the synergistic
interaction between Pt and WO,. Xiao et al.”® reported that
biomass-derived HMF could be directly and effectively
converted into 1,6-HDO over Pd/SiO, or Ir-ReO,/SiO,
catalysts; 57.8% yield of 1,6-HDO was obtained. DMTHF can
also be obtained by hydrogenation of the furan ring of
DMF‘77,78

By opening the furan ring of BHMF, 1-hydroxyhexane-2,5-
dione (HHD) can be produced. According to a study by Fujita
et al.,”® nickel phosphide nanoparticles (Ni,P NPs) function
as an effective heterogeneous catalyst for the conversion of
HMF into HHD with a yield of up to 84%. The Ni species
serve as the H, activation sites, while P-OH species serve as
the surface acid sites. Ni,P NPs combine their hydrogen-
activating capacity and surface acidity, resulting in the
excellent HHD selectivity. Hydrogenolysis of HHD and BHMF
can produce 3-hydroxymethyl-cyclopentone (HCPN), which is
regarded as a potential intermediate for the synthesis of
high-value perfumes, insecticides, and polymers. As shown
by Deng et al.,*® Pd supported on Lewis acid pyrochlore (Pd/
Y,(Sny;Ce3),0,-5) can effectively convert HMF to HCPN,
with the HCPN yield as high as 92.5%. According to Ramos
et al.,*" the Cu-Al,O; catalyst is effective in converting HMF
to HCPN in the presence of H, in aqueous solution, whereas
Co-AlL,0; primarily transforms HMF to
3-hydroxymethylcyclopentanol (HCPL), with selectivity of 86%
and 94%, respectively.

Oxidation is another important HMF valorization process.
Common oxidants are O, or H,O,. The oxidation of HMF to
2,5-furanedicarboxylic acid (FDCA) is the most studied route.
The first step of this route is the oxidation of HMF to
5-hydroxymethyl-2-furan  carboxylic acid (HMFCA) or
2,5-diformylfuran (DFF).>® HMFCA is an intermediate of the
oxidation of HMF to FDCA, which is produced by the
selective oxidation of the formyl group in HMF. Au is typically
used in this step as the catalyst can synthesize HMFCA under
alkaline circumstances.®” DFF, formed by the selective
oxidation of HMF hydroxyl, can be obtained with a high
selectivity on Co, Cu, MnO,, V,05 and other catalysts.>>%*%
FDCA can be produced by both DFF and HMFCA oxidation
via a 5-formyl-2-furan carboxylic acid (FFCA) intermediate.
FDCA is an important precursor for the production of
medicines and degradable polymers, e.g., polyethylene
furanoate (PEF), to replace polyethylene terephthalate
(PET).**®" With alcohols, FDCA can also be used to
synthesize the corresponding esters, such as furan-2,5-
dimethylcarboxylate (FDMC). FDMC is a viable replacement
for FDCA in the polymer sector, and it can also be generated
by direct oxidation of HMF. For example, ZIF-67 derived
Co@C-N catalysts can realize oxidative esterification of HMF,
yielding 95% FDMC.* No DFF intermediate was found,
demonstrating that the oxidative esterification of aldehyde
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preferentially proceeded on these catalysts. In a critical
review, Xu et al.®® compared the mechanism and oxidation
pathways of five noble metal catalysts (Au, Pt, Pd, Ru and Ag)
on the HMF oxidation reaction in detail and discussed the
effects of reaction conditions (such as temperature, pressure,
time, etc.) on the catalytic performance of the metal catalysts.
The challenges in the noble metal catalyst system (such as
poor durability, high cost, etc.) and prospects for the
development of HMF oxidation catalysts were also presented
in the literature.

Maleic anhydride (MAH) and maleic acid (MA), important
feedstocks for synthesizing unsaturated polyester resin, can
also be obtained by oxidation of HMF.”**" Usually, this
process is carried out on vanadium-based catalysts. Li et al.®®
achieved a MA yield of up to 79% from HMF on a simple
vanadium oxide catalyst, and 50% overall yield of MA was
achieved in one-pot two-step reactions from the conversion
of fructose. Vanadium-oxo nanosheets (VONs) supported on
graphene oxide (GO) catalyze HMF oxidation, with a 90.9%
yield of maleic anhydride.®® In the presence of methanol, MA
can synthesize diethylmaleate (DEM) through esterification
reaction. DEM is a crucial chemical for the production of
spices, insecticides, and polymers.”

HMF oxidation can produce valuable dicarboxylic acids
like succinic acid (SA).*”°' For instance, Tirsoaga et al.’>
reported that 92.7% SA selectivity with a HMF conversion of
78.6% can be obtained using a transition metal (Fe;0,)
instead of a noble metal as catalyst. Subsequently, SA can be
transformed into value-added chemicals like y-butyrolactone
(GBL) and 1,4-butanediol (BDO) through hydrogenation.
Numerous studies have shown that GBL is the primary
product when monometallic catalysts are used; however, the
addition of secondary metal promoter can improve the
selectivity of BDO and accelerate the conversion of SA.*?

It is worth noting that from HMF, 3-methyl-2-cyclopenten-
1-one (3-MCP) via the 2,5-hexadione intermediate can be
produced.”"** After that, a few procedures can then be
followed to prepare high-density aviation fuel RJ-4.°> The
process begins with intramolecular condensation to produce
3-methylcyclopent-2-enone, which is subsequently reduced to
enol. Dehydration  and  cycloaddition = of  MCP
(3-methylcyclopent-2-en-1-ol) result in the production of
DMCPD (methylcyclopentadiene dimers) at 25 °C, which can
be further converted into RJ-4 fuel by hydrogenation with an
overall yield of 74.4%.

3 Valorization of hemicellulose

Hemicellulose is an amorphous polymer with about 200 C5
and C6 sugar units linked by B-glycosidic bonds and varies
depending on the lignocellulose source.® Similar to cellulose,
hemicellulose can also be transformed into useful
molecules.*>*® Acid hydrolysis of hemicellulose can provide a
variety of sugars such as xylose and arabinose from the C5
units (e.g. xylan), which can then be further processed to
create various compounds including xylitol, furfural, lactic
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acid, diols and ethanol.””*° The C2 and C3 products can be
formed from xylose via retro-aldol condensation and the
following conversion is similar to that from C6 sugar
described in the above section.

Furfural is a crucial chemical used in the production of
fuel additives and polyester monomers.'*>'®" Industrially,
furfural is produced using lignocellulosic biomass with a
high xylan content such as corn cobs and bagasse via
aqueous H,SO, hydrolysis and dehydration, with a global
production of approximately 370000 tons per year.® Current
strategies for improving furfural production focus on the
development of environment-friendly catalytic systems.'®
For example, a recent report reveals that 1,4-dioxane and
HpB =zeolites can synergistically promote the selective
conversion of xylose to furfural with a high yield of 93.6%
at 140 °C."® The high density of acid sites from Hp in
1,4-dioxane solvent medium speeds up the transformation
of xylose to furfural. 1,4-Dioxane solvent performed as a
barrier to protect the acidic center and crystal structure of
HP during the reactions, which can prevent furfural from
polymerizing.

View Article Online
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Due to its chemical and structural complexity, furfural can
be converted directly or indirectly to more than 80 valuable
compounds, mainly through reduction and oxidation.'* The
paths for furfural transformation into major platform
molecules are depicted in Scheme 3. Furfuryl alcohol (FFA) is
a crucial monomer in the production of furan resins, which
are widely utilized as casting/foundry resins, cements,
adhesives, coating materials, and some fine chemical
products, such as vitamin C, lysine, etc.'°>'°® The catalyst for
the production of FFA from furfural should have a mild
hydrogenation activity and low acidity in order to avoid the
hydrogenation of the furan ring and the cleavage of C-O
bonds. A copper-based catalyst is utilized for selective
hydrogenation in the gas or liquid phase of furfural to
produce FFA in industrial production.’®®'%” Catalytic transfer
hydrogenation from a hydrogen donor to furfural is an
efficient strategy for FFA preparation. Effective catalysts for
catalytic transfer hydrogenation include solid acid-base
catalysts (particularly Hf- and Zr-based -catalysts) and
transition metal catalysts (such as Pd, Pt, Ru, Ir, Au, Cu, Ni,
etc.)."%®
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Further hydrogenolysis of the side C-O bond of FFA can
form 2-methylfuran (MF), which can be used as a biofuel and
fuel additive and as a green solvent and feedstock for the
production of pharmaceuticals, pesticides, perfume
intermediates, etc. Catalysts with high C-OH and C=—O
hydrogenolysis activity but low furan ring hydrogenation
activity are suitable for 2-MF production.'®™** The furan
ring saturation by catalysts with higher hydrogenation activity
leads to 2-methyltetrahydrofuran (MTHF) formation." For
example, Pd is a well-known metal with high hydrogenation
activity. Bimetallic Cu-Pd catalysts display controlled catalytic
activity toward the production of MF and MTHF in the
presence of the hydrogen donor 2-propanol. MF (with lower
Pd content) or MTHF (with higher Pd content) could be
produced as the dominant product in a selective manner by
adjusting the Pd ratios in the Cu-Pd catalyst.""®

Tetrahydrofurfuryl alcohol (THFA) is a green solvent in the
pharmaceutical industry. Supported Ni catalysts are used in
industrial processes to produce THFA from FFA under mild
reaction temperatures (50-100 °C). Transition-metal-based
catalysts with good hydrogenation activity can be employed
for catalytic hydrogenation of furfural to THFA.'®> For
instance, Li et al. achieved full conversion of furfural under
mild conditions (40 °C, 1 MPa H,) with 100% selectivity for

THFA over a palladium catalyst supported by
hydroxyapatite."*® Hydrogenolysis of the side C-O bond can
also produce MTHF from THFA.

pentanediols such as 1,2-pentanediol (1,2-PeD) and

1,5-pentanediol (1,5-PeD) are the desired monomers for
polyesters, polyurethanes, polyamides, and intermediates for
low-toxicity microbicides as well as potential fuels (or
additives) and solvents. 1,2-PeD can be obtained by opening
the furan ring of FFA at the C-O bond far from the side chain
followed by hydrogenation."'”"*® 1,5-PeD can also be
obtained from FFA by the cleavage of the C-O bond in the
furan ring that is close to the side chain. However, due to
side reactions, it is difficult to achieve satisfactory selectivity
of 1,5-PeD directly from FF or FFA. Furan ring saturation
followed by C-O bond cleavage can selectively produce
1,5-PeD. The active catalysts include Rh, Ir, Pt combined with
the oxide of Re, Mo, V or W.'?1122

Apart from HMF, levulinic acid (LA) can also be produced
from furfural by selective hydrogenation of furfural to FFA
and the hydrolysis of FFA over Brgnsted acids.

Cyclopentanone (CPO) is another useful C5 molecule
obtained from furfural. CPO can be used to manufacture
fuels, medicines, fungicides, flavor and fragrance
compounds and rubber chemicals.'** FFA undergoes
protonation and rearrangement reactions over catalysts in
water, leading to 2-cyclopentenone, and is transformed
into CPO by hydrogenation. Water solvent and catalysts
with the desired hydrogenation activity and desired acid-
base properties are important for this process.'’ Cu
combined with other metals are the most investigated
catalysts."***® Cu-Pd catalyst achieves 92% yield of CPO.
Increasing the hydrogenation activity and H, pressure and
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prolonging the reaction time can further convert CPO into

CPL."” Cyclopentane can be produced from CPL by
hydrogenolysis.

Furan, the simplest five-membered heterocyclic
compound containing oxygen, can be obtained by

decarbonylation from furfural in both the gas and the
liquid phases. Wang et al.'*® used the catalyst Pd@S-1-OH
and obtained 99.9% furan yield. The realization of high
selectivity is attributed to the fact that zeolites can adsorb
furfural and by-products but timely and effectively desorb
furan. Apart from reductive conversion, furfural can also be
oxidized to important compounds such as furoic acid,
maleic acid (MAc), maleic anhydride (MA), succinic acid
(SAc), furanones, and furoate esters. Zhu et al'®'
the routes and catalysts for the oxidation of furfural to
furoic acid or furanone and further synthesis of maleic
acid, fumaric acid and succinic acid, in which catalysts
with vanadium are frequently utilized.”* In particular, furoic
acid generated from oxidation of the aldehyde group of
furfural has several functions in the agrochemical,
pharmaceutical, taste, and fragrance industries. The
common method of oxidizing furfural is to use noble
metals like Pd, Pt, Au, or Ag, which are supported on a
wide range of metal oxides (Fe,O3, NiO, C0304, CuO, CeO,,
TiO,, or Bi,O;, etc) in an oxygen atmosphere.'* The
formed furan from furfural can be further converted to
tetrahydrofuran (THF) and 1,4-butanediol.”*®

In addition to obtaining the various value-added
chemicals mentioned above, furfural can also be utilized to
prepare jet fuels that are primarily made up of C8-C16
hydrocarbons. This approach will promote long-term
development in the future by lowering air pollution and
reducing carbon emissions in the environment and
therefore has attracted extensive attention from the
academic community.”® The most common way to
synthesize aviation fuel in bioconversion starts from the
condensation reaction of furfural with other organic
molecules.”*""*> The alkanes in the fuel range can be
subsequently obtained by one or several steps of HDO/
hydrogenation or other processes.'*>'** The catalytic system
consisting of well-dispersed Ru/HAP and acid zeolite HZSM-
5 demonstrates excellent performance in HDO for nine
oxygenated compounds which are obtained through the
condensation of furfural with other lignocellulose
derivatives under mild conditions. Incorporation of Pd to
Ru/HAP can further increase the HDO activity. Besides, JP-
10 is a high-density fuel that is extensively used for
aircraft.”*>'*® Biobased JP-10 is successfully created by
using furfuryl alcohol. First, furfuryl alcohol is rearranged
to  form  4-hydroxycyclopenta-2-enone  followed by
hydrogenation to 1,3-cyclopentanediol, dehydration to
cyclopentadiene, and a Diels-Alder process to dicyclopenta-
diene (DCPD). Finally, endo-tetrahydrodicyclopentadiene
(endo-THDCPD) is generated by hydrogenation and further
isomerizes to exo-tetrahydrodicyclopentadiene (exo-THDCPD,
JP-10).
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4 Conversion network of lignin

In parallel to cellulose and hemicellulose, lignin valorization
has also been explored for fuel and chemical production. As
the most abundant and sustainable aromatic resource in
lignin accounts for 15% to 30% of the mass content
in most plants.”"?” Syringyl (S), p-hydroxyphenyl (H) and
guaiacyl (G) account for most moieties in lignin,® which are
polymerized together by various C-O and C-C bonds, such as
a-0-4, B-O-4, 4-O-5, B-B, and B-5 linkages."*® The inherent
heterogeneity and recalcitrance of lignin are the major
technical barriers for its into value-added
compounds. As a result, lignin has been treated as a waste or
low-grade fuel for a long time. With the increase in demand
for renewable chemicals and liquid fuels to replace their
petroleum-derived counterparts, more and more efforts have
been devoted to the research on lignin valorization. Several
outstanding reviews have been published to comprehensively
overview lignin depolymerization strategies and different
catalytic systems for lignin upgrading.®”'3%7'*?

nature,

conversion

4.1 Oxidative depolymerization

Oxidative depolymerization has been employed for a long
time. During this process, the oxidative cleavage of inter-unit
linkages of lignin and the oxidation of the side chains of the
produce unique aromatic compounds with
polyfunctionalities, such as aromatic aldehydes and acids.®
In addition to aromatic products, quinones can be obtained
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by further oxidation of the side chain and aromatic ring, and
then dicarboxylic acid can also be produced by subsequent
ring cracking (Scheme 4).'** Various oxidants together with
transition metal ion or polyoxometalate catalysts have been
explored to obtain the above substances. The main factors

affecting the product distribution during oxidative
depolymerization are the reaction temperature, the reaction
medium, oxidant, catalyst, reaction time and lignin

composition. Higher temperature and alkalinity, stronger
oxidizing agent and catalyst usually lead to deeper oxidation
products.

Vanillin  (4-hydroxy-3-methoxybenzaldehyde) is an
important food flavor additive and ideal intermediate in
the synthesis of fine chemicals and polymers. It can be
produced on an industrial scale through partial oxidation
of lignin. The global vanillin market reached 20000 metric
tons in 2015, 20% of which came from the valorization of
lignin."*® Benzoquinones can be used as raw materials for
the production of dyes and bioactive compounds,
electrolytes in supercapacitors and redox flow batteries, and
cathodes in solid-state batteries. They can be produced
from lignin via aromatic aldehyde and acid intermediates.
Using the cobalt-Schiff base complex as the catalyst, the
yield of benzoquinone based on lignin is as high as 43%.
Under the catalysis of polyoxymethylene ionic liquid
[BSmim] and CuPW,;,0,4, the oxidation of lignin can
prepare diethyl maleate via a benzoquinone intermediate.'*
More interestingly, this catalytic system can simultaneously
convert the three components of lignocellulose into diethyl
maleate with high productivity of 404.8 mg g and
selectivity of 72.7%.

4.2 Reductive depolymerization

Reductive depolymerization is one of the most widely used
and effective methods for generating lignin monomers in
recent years. With H, or a hydrogen donor (such as
methanol, ethanol, 2-propanol, and even lignin itself) as
hydrogen source, lignin can be depolymerized into lower
molecular weight phenolic compounds (phenol oil) over Ru-,
Pt, Pd-, Ni-, Rh-, Co- and Cu-based catalysts via
hydrogenolysis, hydrocracking, hydrogenation, and
hydrodeoxygenation (HDO).® These fragmented phenolic
compounds usually bear methoxy groups and other different
O-containing functional groups, which cannot be utilized
directly. Catalytic HDO is the most promising strategy to
produce value-added monomers from lignin depolymerized
phenol oil. Through selective HDO, precisely controlled
reactions  including  hydrogenolysis, = hydrogenation,
dehydration, and direct deoxygenation, different lignin
fragments can be further tailored into various value-added
monomers (such as alkylphenol, phenol, cyclohexanone,
cyclohexanol, cyclohexane, alkybenzene, benzene, etc.)
(Scheme 4).'*>'%77151  The catalytic HDO of aromatic
oxygenates typically follows two well-accepted reaction
pathways: (1) ring hydrogenation and C-O bond breakage via
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hydrogenolysis and (2) straight deoxygenation via C-O bond
cleavage, leaving the aromatic ring unchanged."*

Alkylphenols can be produced from the S and G type
compounds (methoxy phenols) in phenol oil through
selective cleavage of the methoxy groups via hydrogenolysis
without the hydrogenation of aromatic rings (Scheme 4).
Phenol is a monomer for the production of polycarbonates
and epoxide resins. It can also be synthesized from
alkylphenols via dealkylation reaction over catalysts with the
desired acidity and porosity.">® During the HDO conversion
of methoxy phenols, if the catalysts possess higher
hydrogenation activity, the aromatic ring is prone to
saturation either before or after (alkyl)phenol formation,
producing cyclohexanediols or wvia cyclohexanones to
cyclohexanols, respectively. Cyclohexanols can be employed
to produce pharmaceuticals, pesticides and cosmetics as well
as used as fuel additives for diesels or synthetic diesels from
gas-to-liquid (GTL) processes. Cyclohexanone is the precursor
of caprolactam, the building block of nylon-6. It can be
efficiently converted from phenol over Pd/C with a Lewis acid
or PA/HAP catalyst.">*'>* Cyclohexanone can also be formed
from dehydrogenation of cyclohexanol. When acidic sites
exist, cyclohexanols will be further dehydrated and
hydrogenated to form cyclohexane or alkylcyclohexane, as
either fuel or solvent.'”®

To precisely tailor methoxy phenols to compounds in the
abovementioned tandem conversion route, catalysts with
controlled active sites are essential. For example, the
CoNx@NC catalyst can convert eugenol to propylcyclohexanol
with a yield of more than 99.9% at 200 °C and 2 MPa H,
through cracking the C,,;~OCH; bond before hydrogenation
of the aromatic ring."*® This reaction path requires lower
activation energy than hydrogenating the aromatic ring
before the cleavage of the C,,~OCH; bond. It is the main
reason that cobalt-based catalysts can convert lignin-derived
phenols to cyclohexanols under milder conditions than Ni,
Pd and Ru catalysts. When HZSM-5 solid acid was added to

the above reaction system, further dehydration and
hydrogenation reactions occurred, leading to
propylcyclohexane with a yield of 99.1%. To obtain the
chemical intermediate, alkylphenols, aromatic ring

hydrogenation must be suppressed. The incorporation of a
small amount of Fe into CoONx@NC catalyst (Co1-Fe0.1@NC)
significantly inhibited the further hydrogenation of the
4-propylphenol intermediate by weakening the adsorption
capacity of the catalyst to 4-propylphenol, resulting in the
selective preparation of 4-propylphenol from eugenol in
88.3% yield. Moreover, alkylphenols were successfully
prepared from birch and corn stover by a lignin-first strategy.

The HDO reaction can straightly remove all of the oxygen-
containing functional groups in lignin-derived phenols via
C-O bond cleavage but leave the aromatic ring unchanged,
which can finally produce arenes. The reaction conditions
are critical for selective production of arenes. Higher
temperature can promote HDO and low H, pressures are
favorable to decrease the ring hydrogenation. Applying
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hydrogen donor reagents such as methanol and formic acid
instead of H, is also effective for arene production. In
addition, the design of the catalytic activity center is also
essential. Metals with relatively strong oxophilicity, such as
Ru, Re, Mo, W, Fe and Co, can lower the dissociation barrier
of C-O bonds."*®"*”**% small-sized metal particles and acidic
supports are favorable for C-O cleavage. Surface defects (such
as oxygen vacancies) or coordinately unsaturated metal cation
sites can effectively bind O atoms and activate C-O bonds."*®
Tuning the electronic state of the active metal can help
weaken the binding strength to the aromatic ring and thus
suppress the ring hydrogenation. Moreover, the substrate
adsorption mode can change the reaction path and affect the
distribution of HDO products. The planar adsorption of
lignin-derived phenols on the active site leads to the
chemical adsorption of the benzene ring on the active site,
which is beneficial to the ring hydrogenation. When the
lignin-derived phenols are nonplanar adsorbed (vertical and
tilted), the active site has chemical adsorption with the
oxygen-containing functional groups instead of the benzene
ring, which is conducive to C-O breaking and retaining the
aromatic ring."**"¢

Besides HDO, through demethylation, (alkyl)catechol, an
important precursor in the pesticide, perfume, and
pharmaceutical industries, can be obtained by the cleavage
of the CayiO-CH; bond."*>'*® Usually, Brensted acid sites
tend to promote demethylation and increase the selectivity of
(alkyl)catechol.

Among the various interunit linkages of lignin monomers,
the C-C bond accounts for about 30% of all bridging bonds.
The C-C bond has a higher dissociation energy (226-494 k]
mol™) than the C-O bond (209-348 kJ mol™), and the C-C
bond is the most recalcitrant bond in lignin, which requires
very harsh conditions to break."**'®>"®* Therefore, the design
of the catalytic activity center for breaking the C-C bond is
the key to further improve the yield of lignin monomers and
achieve the fullest valorization of lignin.'®* Metal sulfides,
such as CoS, and FeS,, have a good catalytic effect on C-C
bond dissociation, but metal sulfides have a limited
structural stability, and sulfur loss will affect the subsequent
process.'®® Strong Bronsted acid sites can protonate the
benzene ring, thus promoting the cleavage of the C-C
bond.***

From the information above, we can know that lignin has
been demonstrated to be a versatile starting material for the
synthesis of many products. However, the inherent
heterogeneity and recalcitrance of lignin inevitably lead to
harsh reaction conditions and low single-platform chemical
yield; the products typically comprise a variety of
substances.>'® Tremendous efforts have to be devoted to
future studies in designing practical conversion processes
and high-selectivity HDO catalysts. One-pot conversion is also
a viable method for using lignin in industrial applications as
compared to multi-step methods since it reduces the number
of reactors and separation procedures. Cycloalkanes,'®” %

aromatic hydrocarbons,'*®*’*'”* and aromatic phenols’’*"”?
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Table 1 Suggested metrics for novel catalytic processes to manufacture fuels and commodity chemicals (reprinted with permission from ref. 182.

Copyright 2021 Springer Nature)

Minimum

Criteria requirement Ideal value Comments

C footprint” (tco, per tproa) <6 <4 Defined from well-to-gate,
including feed and utility

Waste production (tyaste PEI tproa) <5 <1 Defined as by-products, fuel and
inorganic chemicals

Selectivity Stoichiometry > target Experimental > target Target selectivity defined in footnote”

Reactor productivity >0.1 >0.5 Determined by catalyst loading and

(tproa per m® cace per h) intrinsic activity

Product concentration (wt%) >3 >10 Determined by feed dilution and
conversion per pass

Catalyst consumption (Kgca¢ Per tproq) <1 <0.1 Determined by catalyst lifetime and
intrinsic activity

Distillation resistance (°C™") <15 <10 Defined in footnote®

“ These targets have been defined for commodity chemicals; they should be tightened for fuel. * Target selectivity (tproa Per treea) > (feed price
+ CC) (USS per teeq)/product price (US$ per tyroq). CC, conversion cost. ¢ Distillation resistance Q (°C™") = 100 x 3_(f/AT;), where f; is the weight
fraction in the stream (wt/wt) and 7 represents the various components present in the stream; 7; is the temperature in °C. Prod, product; react,

reactor; cat, catalyst.

have been successfully synthesized by lignin reduction in one
pot using catalysts with varied hydrogenation properties.

In addition to synthetic hydrocarbon fuels and functional
monomers, a variety of useful functional polymers can be
synthesized from lignin as well such as polyurethanes,"””*'””
polyesters,'”®"”” epoxy resins,'”®'”? etc. Recently, many great
reviews of lignin synthetic polymers have been
published.”**'8! Through these cutting-edge studies, people
can better understand and utilize the second-richest
renewable polymer in the world. The effective use of these
green and renewable synthesis methods will not only help
reduce carbon dioxide emissions but also promote the
sustainable development of the polymer industry.

5 Conclusions and perspectives

In conclusion, starting from cellulose, hemicellulose and
lignin, respectively, we draw a clear network for
lignocellulosic biomass valorization in a panoramic view and
summarize the reaction routes and reaction types involved in
the preparation of various important chemicals from
lignocellulosic biomass. In detail, hydrolysis of cellulose
generates glucose, which can be isomerized to fructose. The
two hexoses can also produce a variety of crucial C2, C3 and
C4 chemicals through retro-aldol condensation together with
other reactions. After dehydration, fructose is able to
transform into HMF, an important platform molecule that
can be employed to produce a number of high-value
chemicals and fuels. Moreover, furfural is a key compound in
the upgrading pathway of hemicellulose. It can be used to
create a variety of C4-C5 chemicals and aviation fuels. Lignin
is the only renewable feedstock in nature that comprises
aromatic rings and it can be utilized to obtain essential
aromatic or naphthenic chemicals that include aromatic
aldehydes, aromatic ketones, aromatic acids, phenols,

198 | /nd. Chem. Mater., 2023, 1, 188-206

cycloalkanes, and other important chemicals by oxidative or
reductive depolymerization.

It is worth mentioning that the structure of hemicellulose/
cellulose and lignin is different, which leads to the different
chemistries and difficulties for their conversion. Both
hemicellulose and cellulose are composed of sugar units
linked by glycosidic bonds; the chemistry in them is similar.
However, because hemicellulose is an amorphous polymer
while cellulose is a crystalline polymer with
polymorphs, it usually requires harsher depolymerization
conditions for cellulose than hemicellulose. Furfural derived
from hemicellulose is the most mature and widely applied
commodity chemical made from lignocellulosic biomass.
Levulinic acid has been produced from furfural alcohol or
directly from cellulose or hydrolysis in commercial scale.
With technology progress, HMF and FDCA are being
produced in semi-commercial facilities. Lignin is a complex
and recalcitrant phenolic polymer randomly cross-linked by
various C-C and C-O bonds. Controlled and complete
depolarization of lignin is rather difficult. Except for vanillin
which realizes commercialization due to its high value and
high demand, the vast majority of the compounds converted
from lignin are still in the laboratory scale. The technology
readiness for chemicals and fuels from the lignocellulosic
biomass conversion network has a great difference.

Currently, except for the few commercial and semi-
commercial products (furfural, levulinic acid, vanillin, and
HMF, FDCA) available from lignocellulose or its main
components, most of the aforementioned research efforts are
still at a laboratory scale. Going beyond the “proof-of-
concept” stage to the “proof-of-value” stage is urgently
required. The concept of an integrated biorefinery can only
succeed if the costs of chemicals produced from
lignocellulosic biomass are comparable or lower than those
from fossil fuels. A set of metrics addressing resource
efficiency (carbon footprint and waste production), catalyst

several
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performance (selectivity, activity and consumption) and
product recovery (Table 1) proposed by Lange'®” can serve as
an initial guideline in evaluating what feedstock, chemistry
and technology deserve further exploitation or in defining
preliminary performance targets to unlock the industrial
potential.

For the C footprints defined in Table 1, a much lower
value was expected for lignocellulosic feedstock than fossil
resources.’®® Nonetheless, poor feedstock efficiency and/or
excessive energy and/or H, requirements may offset the bio-
feedstock advantage. Conversion processes with milder
reaction conditions and fewer steps are highly desirable. If
any of the three main components of lignocellulose cannot
be rationally utilized, waste production during lignocellulose
conversion could be relatively high. Therefore, it is crucial to
develop efficient strategies to fractionate lignocellulose into
separate components for further and full applications.
Moreover, the transformation of lignocellulose to chemicals
involves  various reactions, including  hydrolysis,
hydrogenation, dehydration, decarbonylation,
decarboxylation, rearrangement, condensation, etc. In most
cases, several reactions occur simultaneously or sequentially.
The side reactions are difficult to avoid, resulting in a
significant number of by-products that are hard to separate,
and thus, high waste production. For the same reason, the
stoichiometry selectivity might be higher than the target one,
but the experimental results could be lower than the limit for
profit.

Achieving high selectivity often presents trade-offs with
the metrics of reactor productivity, product concentration,
and/or the distillation resistance shown in Table 1. In fact,
studies that report good selectivity and yield in the catalysis
literature frequently employ diluted feed (~1 wt%) to reduce
the unintended formation of humins and other side
products. However, the low feed concentration limits
productivity and raises production cost. Therefore, it is more
important for scalable industrial production to employ a
higher concentration and meanwhile achieve good selectivity
and productivity. Additionally, besides distillation, more
attention should be paid to the separation and purification
of target products to put the process forward to practical
applications. In fact, the development of highly stable,
efficient, and cost-effective heterogeneous catalysts working
under mild and eco-friendly conditions is essential to meet
almost all of the metrics listed in Table 1 for the conversion
of lignocellulose. Great challenges still remain in designing
and developing industrially feasible heterogeneous catalysts
for the conversion of lignocellulose into value-added
chemicals and fuels:

(i) Successful synthesis of robust and easily regenerated
catalysts

Most catalysts tend to deactivate in a short time when raw
biomass-derived feedstocks were used due to the following
facts: minerals and heteroatoms in biomass are prone to
poison catalysts by irreversibly binding to the active sites.
The catalytic conversion of lignocellulosic biomass usually
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involves high temperature and pressure and hence coke or
tar will easily accumulate on the active sites via
polymerization. Thermal processing of the -catalysts is
necessary to regenerate the active sites, but this may cause
sintering. Besides, some acids used or generated in liquid-
phase reactions are prone to dissolve and extract metal atoms
out from the metal catalysts, particularly non-noble metal
catalysts. The hot liquid water itself can make the porous
structure of the catalyst collapse, which may impair the
lifetime of the catalyst seriously. Therefore, it is of great
significance to develop efficient and robust heterogeneous
catalysts for the conversion of lignocellulose.

Several strategies may address these issues, including
exploring advanced catalyst preparation methods to stabilize
metal particles and supports by enhancing the strong metal-
support interaction (SMSI), incorporating heteroatoms such
as N, P, B or C into metallic catalysts or developing multi-
functional supports that exhibit superior stability under
hydrothermal conditions. For example, following these
principles, the Co,PL/MnP-3 catalyst was developed with a
strong metal phosphide and phosphate interaction
(SMPSI)."** It combines the advantages of metal phosphide
and phosphate support and possesses superior selective
hydrogenation catalytic activities, excellent anti-acid and anti-
oxidant capability, and remarkable stability. The SMPSI is
universal and has great potential to be utilized to construct
low-cost and robust non-noble metal catalysts for large-scale
biomass valorization.

(ii) Precision design of multifunctional catalysts with high
activity and selectivity

It is important to adjust the catalyst morphology and
hydrophilicity/hydrophobicity to improve the accessibility of
reactants and intermediates to the active sites. Various active
sites with the desired adsorptive or catalytic capacities need
to be precisely modulated to regulate the reaction
intermediates going through the target pathway, rather than
a bypass. Compared with single-metal catalysts, bi- or multi-
metallic and heteroatom-anchoring catalysts have a unique
synergistic effect, besides stability, which may also improve
the activity and selectivity of catalysts. The main synergistic
effect enables the generation of new reaction sites and
promotes charge transfer. The active sites can be
geometrically and electronically modified by the above effects
and ultimately enhance their catalytic performance.

(iii) Thorough understanding of the reaction mechanism

Due to the intricate nature of the lignocellulose
conversion process, it is essential to gain in-depth insight
into the reaction mechanisms including identification of the
key reaction intermediates, the rate-limiting step in the
reaction pathway, the surface/interface reaction Kkinetics,
active sites involved in the catalytic cycle, etc. Currently, a
more fundamental understanding of the reaction process,
active sites and structure-activity relationship of catalysts has
been achieved via in situ or operando characterization studies
of catalysts combined with quantum chemical or density
functional theory calculations. This significantly promotes
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further optimization of the catalyst structure to obtain better
catalytic performance.

Besides thermocatalytic conversion, photocatalysis and
electrocatalysis have also been employed for lignocellulose
transformation and demonstrated great potential for future
application. Artificial intelligence (AI)-driven synthesis can
also be employed to facilitate the screening of excellent
catalysts and the development of efficient and economic
pathways for the valorization of lignocellulosic biomass to
value-added chemicals and liquid fuels. Hopefully in the near
future, with the cooperation of scientists, engineers,
economic appraisers, entrepreneurs and policymakers, some
of these lignocellulose-derived substances can be produced
on a massive scale to partially replace equivalent
petrochemical counterparts.
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