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Lignocellulosic biomass (LCB) is an abundant renewable energy resource. Hence, the conversion of
biomass into fuel and platform chemicals has recently attracted considerable attention. Furfural is an
important platform product that can be produced from xylan-rich lignocellulosic biomass. Hemicellulose
undergoes two stages, hydrolysis and dehydration, resulting in the production of furfural. In this review,
one-step and two-step strategies for furfural production and the subsequent techno-economic evalu-
ation of the integration of furfural and other co-products are presented. The direct one-step production
of furfural requires a one-time investment in severe pretreatment conditions or the use of more chemi-
cals, whereas the two-step production requires the separation of additional prehydrolysates, followed by
more drastic treatment conditions. In both strategies, water flow, steam flow, organic solvents, deep
eutectic solvents (DESs) or ionic liquids (ILs) can be used as solvent phases to hydrolyze hemicellulose.
Lewis acid and Brgnsted acid catalysts can effectively convert hemicellulose-derived pentose into furfural.
A biphasic solvent system can effectively prevent the degradation of furfural in water, thus increasing the
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yield and selectivity of furfural. The techno-economy assessment results indicate that biorefineries are
transitioning to adopting an integrate model of co-production of furfural and other products. Alternative
green approaches are increasingly being adopted to make the furfural industry more sustainable and

rsc.li/greenchem profitable.

However, the cell wall of cellulosic biomass is a cross-linked
layered complex. Hence, it is necessary to break the anti-degra-

1. Introduction

The rapid depletion of non-renewable petroleum resources is
driving the development of sustainable alternatives for the pro-
duction of high energy density fuels and high value-added
chemicals." Non-edible and abundant lignocellulosic biomass
materials are considered among the most promising feed-
stocks for the production of chemicals, fuels, and materials.>
Biomass mainly consists of 40-60% cellulose, 20-40% hemi-
cellulose, and 10-25% lignin along with minor extractives and
minerals.® Therefore, the valorization of the three polymers
into chemicals is critical for the efficient utilization of
biomass and has recently received significant attention.? At
least 30% of bulk chemicals is estimated to be derived from
renewable biomass by 2050.
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dation barrier formed by the cross-linkages between lignin,
cellulose, and hemicellulose.® Catalysts and solvents are criti-
cal for the effective depolymerization of the crosslinking
bonds and for utilizing all the components. Hemicellulose,
with the lowest degree of polymerization, can be separated
first and hydrolyzed to form hemicellulose-derived sugars
(xylo-oligosaccharides and xylose), which can be upgraded to
furfural via dehydration. Hemicelluloses account for 20-30%
of the total mass of three polymeric components of ligno-
cellulosic biomass, among which hardwood, crop waste, and
herbs are xylan-based polysaccharides.” Sugarcane bagasse
and corncobs are responsible for 98% of all furfural pro-
duction.® Approximately 140 billion tons of waste agricultural
residues are generated annually worldwide and are potent can-
didates for furfural production.’ Fig. 1 presents xylan-type
hemicellulose resources and furfural applications.

Furfural has been identified as one of the top 12 platform
chemicals and is mainly produced by the acid-catalyzed de-
hydration of hemicellulose-derived xylose.'® It is a water-
soluble, poisonous and flammable compound used as a pre-
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Fig. 1 Xylan-type hemicellulose resource and furfural applications.

cursor for fuels, solvents, and polymers in the fuel, pharma-
ceutical and plastic industries."’ Furfural can be converted
into a wide range of building blocks to replace fossil-derived
chemicals, such as levulinic acid, furan dicarboxylic acid, fur-
furyl alcohol, tetrahydrofurfuryl alcohol, furan, tetrahydro-
furan (THF), methyltetrahydrofuran (MTHF), dihydropyran,
and acetylfuran.®'* China is the largest furfural producer in
the world, with annual production exceeding 300 000 tons.*?
Recently, the conversion of xylan-type hemicellulose to a fur-
fural platform has been widely reported, which can be per-
formed by a one-step conversion process or two-step process
with pretreatment and separation of the hydrolysate for sub-
sequent upgrade.'* Well-optimized procedures usually include
the appropriate selection of catalysts, solvents, equipment,
and process technology upgrades; these parameters have been
considered for the integrated biorefineries and highly selective
furfural production. A techno-economic analysis is crucial for
evaluating the overall economic feasibility of industrial-scale
furfural production.” An integrated biorefinery process for the
co-production of furfural with other valuable chemicals can
maximize the potential of lignocellulosic biomass residues,
reduce waste and improve the overall economic viability. More
stringent requirements have been proposed for modern fur-
fural production processes based on the concept of green

Table 1 Hemicellulose content and the main types of selected lignocellulosic substrates
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chemistry. Therefore, the objective of this article is to provide
a systematic review of the catalytic transformation of ligno-
cellulosic biomass, either as separate components or in
entirety, into furfural using one-step and two-step strategies.
In addition, techno-economic evaluations of the integrated
biorefinery processes are provided and possible future out-
looks and the scope for furfural production are discussed.

2. Hemicellulose resource
2.1. Xylan-type hemicellulose and its structure

Lignocellulosic biomass resources (LBR) can be divided into
agricultural residues, forest residues, as well as herbaceous
and woody energy crops.’® The annual global production of
LBR can reach 200 million tons."” The various types of hemi-
celluloses in LBR include xylans, xyloglucans (XGs) and
f-glucans with mixed linkages and mannans, with xylans
being the most abundant.’® Xylan-type hemicellulose (xylans)
can be divided into six structural subclasses: homoxylans
(HOXs), (arabino)glucuronoxylans (AGXs), (glucurono)arabi-
noxylans (GAXs), glucuronoxylans (GXs), arabinoxylans (AXs),
and heteroxylans (HTXs).'” Mannans are hexose and the major
constituent of hemicellulose in softwoods.”® Xylans, which
have higher Cs sugar contents, are the optimal choice for XOS,
xylose, and furfural production. O-Acetyl-4-O-methyl-
glucuronoxylan (MGX) is the predominant component of hard-
wood hemicellulose (about 15-30%).>" Most crop residues and
grass seeds derived from food contain AGXs and AXs, respect-
ively.>” Unlike grass seeds, which are used as food ingredients,
crop wastes, such as bagasse, corn straw, corncobs, rice straw,
nut-shells, and oil crop waste, are the least utilized resources.
For example, sugarcane bagasse, which is the main by-product
of industrial sugar production, contains approximately about
26.5% hemicellulose and the hemicellulose content of corn

38-60

Classification Lignocellulosic substrate Hemicellulose (%) Main type and structure Ref.
Hardwood Eucalyptus 11-13 MoXe o R 38 and 39
Poplar 15-21 * o\ - 40
Birch 20-23 A LN L7 41and 42
Herbaceous plants and agricultural residues  Corncob 26-32.8 noe o R 43 and 44
Wheat straw 23.8 - Ve . 45
Corn stover 19-22 w\\%w\ FA=AUEY 46 and 47
Switchgrass 20-31 ,!\/_{ 48
Camellia oleifera shell 27.94 we 49
Sugarcane bagasse 26.5 . I . 50
Rice straw 18.3 w\\%w% 51
Miscanthus 20-23 ﬂ—{ - WX 52
Miscanthus x giganteus 223 ™ b g 53
Peanuts 13.2 54
Rice husk 18.3 55
Barley husk 28.7 56
Coconut husk 17.33 57
Sweet sorghum bagasse = 18-25.5 58 and 59
Empty fruit bunches 25.3-33.8 60
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cobs and corn stalks can be as high as 35%.>* Seed shells,
such as those of camellia, almonds, and walnuts, contain 25%
xylan. These crop residues can provide an abundant amount of
xylans for the selective preparation of functional oligosacchar-
ides (XOS), furfural, and fermentable sugar substrates that can
be used as sources of bioethanol.>*?® The hemicellulose
content, type, and structure of the various raw materials are
summarized in Table 1.

2.2. Important furfural platform and formation mechanism

Furfural properties, derivatives and application. Regarding
the physical properties, furfural can be directly used as an
organic solvent to selectively extract aromatics and unsaturated
compounds owing to its polarity and aromatic nature.'*
Chemically, two important groups (furan ring and aldehyde
group) in furfural are highly reactive in various reactions, such
as acetylation, acylation, reduction to alcohols, alkylation,
hydrogenation, oxidation, decarboxylation, and amination
reactions.”” Furfuryl alcohol, 2-methylfuran, 2,5-dimethyl-
furan, and 2-methyl tetrahydrofuran can be obtained via the
catalytic hydrogenation of furfural.'* Maleic anhydrides, such
as succinic, malic, and fumaric acids, can be obtained by
selectively oxidizing furfural.?® Furan, which is the simplest
five-membered heterocyclic compound containing oxygen can
be obtained by decarboxylation of furfural, which can be
further hydrogenated to tetrahydrofuran.?® Fuels and fuel addi-
tives, such as methylfurans, can be obtained via the etherifica-
tion of furfural derivatives. Approximately 70% of the furfural
produced is converted to furfuryl alcohol, solvents (tetrahydro-
furan and 2-methyl tetrahydrofuran), fuel additives, and mono-
meric components for manufacturing polymeric materials and
chemical intermediates for various synthetic applications.*
Furan alcohol, the most important chemical derived from fur-
fural, is primarily used in the production of resins in the
foundry industry, and as a chemical building block for the syn-
thesis of tetrahydrofurfuryl alcohol, ethyl furfuryl ether, levuli-
nic acid, and y-valerolactone (GVL).”® Tetrahydrofuran is poly-
merized to polytetramethylene oxide and is also used as an
industrial solvent for the production of polyvinyl chloride.!
2-Methylfuran and 2-methyltetrahydrofuran are good liquid
fuel additives and solvents in organic and polymer chemistry,
as well as chemical intermediates for drug synthesis.>” The
applications of furfural and its derivatives are listed in Table 2.

Furfural industry and market. Furfural was firstly isolated in
1821, and firstly industrialized by the Quaker Oats Company
(Chicago, Illinois, USA) in 1921.%* Later, other companies, for
example, SupraYield® (South Africa, Australia), Westpro
(China), Vedernikov (Russia), CIMV (France) and TU Delft
(Netherlands) were also established based on the Quaker Oats
technique.*® These companies conventionally applied dilute
sulphuric acid catalyzed percolation process for furfural pro-
duction.*® In the first step, the initial feedstock containing
xylan, mainly sugarcane bagasse, crop straws or corncob, is
hydrolyzed to produce pentoses, which are then cyclodehy-
drated to furfural in the second step. The furfural formed is
recovered by steam distillation and fractionation.
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Table 2 The applications of furfural and its derivatives3*%61

Chemical name Structure Application

Solvent, lubricants,

specialist adhesives,

| / coatings, foams, weed
killer, and flavour

enhancer

Resin, hypergolic

starter fluids, surface

‘ / coatings, mortar,
resistant resins,

boiler floor grouting,

and adhesives

Furfural (FF) /OH

Furfuryl alcohol (FA) OH

o]

2-Methylfuran (2MF) 0 Pesticides, perfumes,
£>/ pharmaceuticals, and
/ fuel additives
Furan O, Chemical
@ intermediates
2- 0, Gasoline additives,
Methyltetrahydrofuran £>/ solvents, and
(2MTHF) chemical
intermediates
Furoyl chloride /0 Drugs and
O, . P
insecticides

NS

Tetrahydrofuran (THF) Solvent, fuels, and

fuel additives

Butane Transportation fuels

5

1,4-Butanediol Plastic

I
%
o
I

Currently, the largest producer of furfural is located in
China (~70% total production capacity).”> Other countries,
such as South Africa (20 000 t) and the Dominican Republic
(32 000 t) contribute significant furfural production.”® China
and EU represent the largest and the second-largest markets
with 55% and 15% of the global demand of furfural globally,
respectively, which is expected to increase to 200 000 tons per
year by 2030.%° In 2004, furfural was listed as one of the
12 most promising platform chemicals by the U.S. Department
of Energy.”” Nowadays, the cost of furfural fluctuates between
800 and 1600 € per ton;*° furthermore, its global market size
was valued at USD 556.74 million in 2022, which is projected
to increase to 700 $ million by 2024 at a compound annual
growth rate of 4.9%.>”

Mechanism for furfural formation. Furfural is the degra-
dation product of hemicellulose, which undergoes hydrolysis
to form pentose, followed by dehydration and cyclization to
form furfural.

Glycoside bond hydrolysis of hemicellulose to form xylose.
Bronsted acids (inorganic acids and organic acids with car-
boxylic and sulfonic functional groups) can be dissociated in
water at high temperatures to release protons (H;O'); sub-
sequently, the glycosidic linkage is initiated by protonation of
either the glycosidic oxygen or ring oxygen to form a carbo-
nium cation, which is followed by the C-O disruption of p-1,4-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Hydrolysis mechanism of xylan by acid catalysis.®%%3

glycoside and hydrolysis of xylans to form XOS and xylose.®>
Lewis acids also can form H;O" in high-temperature aqueous
solutions. Water can be used as a Lewis base, and Lewis acids
serve as electron pair acceptors that can react with a Lewis
base to form a Lewis adduct, which can be expressed as [M
(H,0),]"" (where M is a metal element, x is the valence state,
and n is a solvation number between four and nine).*® In
addition to H;O", the metal cations also are responsible for
the coordination of the glycosidic oxygen to facilitate the
breakage of the glycosidic linkages (C-O-C).** Specifically,
H;0" from water autoionization at high temperatures is a co-
catalyst in the additional acid hydrolysis process of hemi-
cellulose, which synergistically accelerates the degradation of
xylan into XOS and monosaccharides. Fig. 2 presents the
hydrolysis mechanism of xylan-type hemicellulose by the cata-
lysis of Brgnsted acids and Lewis acids.

Xylose dehydration to form furfural. The formation of furfural
from xylose with Bregnsted acids catalysis involves two types of
dehydration mechanisms:®*>*® acyclic and cyclic dehydration.
Acyclic dehydration involves the formation of 1,2-enediol inter-
mediates via enolization or a direct dehydration to produce
2,3-(a,p-) unsaturated aldehyde via f-elimination. In cyclic de-
hydration, the action of the H" on the O-2 of xypyranose
results in the loss of one water molecule, forming 2,5-hydroxy-
furanose via an intramolecular rearrangement, followed by two
dehydration steps to produce furfural. Differently, Lewis acids
catalyzed isomerization of xylose into xylulose via 1,2-hydrogen
transfer, following further dehydration into furfural. The
mechanism of the xylose dehydration process is shown in
Fig. 3.

3. One-step and two-step
approaches for furfural production

Because the production of furfural from lignocellulose hemi-
cellulose first requires hemicellulose hydrolysis followed by

This journal is © The Royal Society of Chemistry 2024
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the dehydration of pentosans, the strategy for furfural pro-
duction can be divided into one-step and two-step approaches.

3.1. One-step approach for furfural production with
homogeneous catalysts

The one-step approach involves the direct production of fur-
fural from lignocellulose. The one-step approach for furfural
production is listed in Table 3. A one-step conversion can also
be conducted in a semi-batch process. Furfural can be
obtained from biomass hemicellulose when a volatile stream
(CO,, water vapor, and acetic acid vapor) is used as a mobile
phase in a semi-batch reactor. Continuous vapor is necessary
to extract furfural into the stream from the feedstock as a fixed
bed, and the vapor is then cooled to obtain liquid furfural.
Mao et al.*’” proposed acetic acid as the volatile stream for the
one-step extraction of furfural (Fig. 4a). The solid residue in
the reactor was then processed via steam explosion to obtain a
mixture of cellulose, soluble sugars, and lignin. Lignin can be
obtained via alkali extraction and the soluble sugars can be
obtained via direct water extraction. Specifically, the resulting
furfural wastewater can be reused as an acetic acid source
instead of a pure acetic acid stream for the next repetition, and
recycled following the same procedure. The results demon-
strated a higher furfural yield of 72.93% and selectivity of
73.49%; a comparable furfural yield can be obtained with reu-
tilized acidic furfural wastewater.

A one-step conversion is more conducted in a batch process
usually operated in a high-temperature and high-pressure
autoclave. Mild initial temperatures and extremely acidic
environment or higher initial temperatures and mild acidic
environment are required for furfural production. In a concen-
trated acidic system, hemicellulose tends to first degrade into
xylose, and the cellulose then begins to swell and dissolve
when using concentrated hydrochloric acid (>20 wt%), sulfuric
acid (>70 wt%), nitric acid (>42.24 wt%), or phosphoric acid
(>80 wt%) as acid catalysts.”" The separation of biomass hemi-
cellulose and high furfural production can be achieved at mild

Green Chem., 2024, 26, 6318-6338 | 6321
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Fig. 3 Xylose dehydration for furfural formation via acyclic (a—b), cyclic dehydration (c) and 1,2-hydrogen transfer (d).5>%¢

temperatures (100-150 °C). The furfural yield of 50 mol% was
obtained with concentrated formic acid (>64.40 wt%) at
150 °C.°> However, concentrated acids are highly corrosive to
equipment and are not sustainable. Dilute acid treatment is
alternatively considered more accessible for commercialization
than the aforementioned concentrated acid pretreatment
owing to its lower corrosive effect on equipment, high catalytic
effectiveness, low acid catalyst cost, and reduced acidic waste
production.”® Hemicellulose in dilute acid systems is mainly
degraded into xylose, oligomers, and furfural according to a
reported kinetic study.”“®> Higher furfural yield can be
achieved at higher treatment temperatures (>150 °C) with
dilute acid catalysts. Ouyang et al.®® investigated the use of
dilute sulfuric acid for the one-step production of furfural
from oil palm empty fruit bunches in a batch reactor (Fig. 4b).
They developed a mechanism for the intermittent discharge of
steam and proposed non-isothermal kinetics based on a con-
siderable amount of xylan solubilized during the heating
stage. The results demonstrated that the intermittent strategy
resulted in a furfural yield of 71.4% at 160 °C for 5 h.
Homogeneous chloride-based salt solutions have been
widely used for one-pot furfural production. Chen et al.®®
ducted a one-pot conversion of switchgrass to furfural,
ethanol, and lignin using an aqueous choline chloride/methyl
isobutyl ketone (ChCI/MIBK) biphasic solvent system. An
acidic ChCl solution (0.6 wt% sulfuric acid) was used in the

con-

6322 | Green Chem., 2024, 26, 6318-6338

system for the pretreatment of switchgrass and further conver-
sion of xylose; methyl isobutyl ketone (MIBK) was used as the
organic upper layer for furfural extraction. Under optimized
conditions (170 °C, 60 min, 10.7 wt% solid loading), a furfural
yield of 84% was achieved; high-purity lignin and highly diges-
tible pulp were simultaneously obtained. Jiang et al.°® studied
the role of ChCl as an additive in acidified water for furfural
production starting from a highly concentrated xylose feed.
The synthesis of choline xyloside was confirmed for the first
time by HPLC-MS analysis. They proposed two possible reac-
tion pathways: (1) 1-O-ChXyl protonation of choline xyloside,
generation of oxocarbenium, and then formation of the tetra-
hydrofuran intermediate (Fig. 5a). (2) The generated choline
xyloside intermediate undergoes ring contraction to form an
oxonium ion while incorporating the choline fragment
(Fig. 5b).

Metal halide salts have also been widely investigated as
Lewis acid catalysts for one-step production of furfural. The
selectivity of five metal salt catalysts (AlCl;, CuCl,, CrCls,
FeCl;, and ZrOCl,) was evaluated for the one-step furfural pro-
duction using tetrahydrofuran/water as the solvent phase.””
The pH of the salts in high-temperature aqueous solution was
in the order of ZrOCl,-8H,0 < FeCl;-6H,0 < CuCl,-2H,0 <
AlCl;-6H,0 < CrCl;-6H,0 when xylose was used as a substrate.
CrCl;-6H,0 catalysts achieved both the highest furfural selecti-
vity and conversion rate. FeCl; reacted slower and required

This journal is © The Royal Society of Chemistry 2024
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Table 3 Acid catalysts used for the production of furfural from cellulosic biomass via a one-step process
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Pretreatment conditions
(temperature-dosage-retention

Optimal furfural

Catalyst (organic solvent) Raw material Reactor time) yield Ref.
Acetic acid + FeCl; + HCI Corncob Semi-batch 190 °C-60 mM FeCl;-30 min 72.93% 67
tubing-bomb
reactor
Sulfuric acid Oil palm empty Batch autoclave 160 °C-0.5%-5 h 71.4% 68
fruit bunch
ChCl (MIBK)“ Switchgrass Glass pressure 170 °C-70 wt% ChCl + 0.6 wt% 84.04% 69
tube H,S0,-60 min
CuCl, Poppy stalks Autoclave 200 °C-0.03 M-30 min 79.86% 70
SnCly Corncob Microwave reactor 190 °C-1%-0 min 9.0 wt% (based on 71
the dry weight of
corncob)
FeCl; (THF)* Maple wood Tube reactors 170 °C-0.1 M-30 min 95% 72
AlCl; + [BMIM]CI1* Corncob Microwave reactor 170 °C-0.25 mmol AICl; +2 g 84.8% 73
[BMIM]CI-10 s
LiBr-3H,0 (dichloromethane)® Corn stalk Batch autoclave 120 °C-0.35 g LiBr-3H,0 + 72.5% 74
0.05 mol L™ H,S0,-90 min
H-ZSM-5 (y-valerolactone) Corn cob Batch autoclave 190 °C-35 g L™'-60 min 71.68% 75
H-ZSM-5 Flax straw Batch reactor 250 °C-1 g-0 min 7.6% 76
Glu-TsOH-Zr (MTHF) Fax straw Batch autoclave 190 °C-0.5 g-120 min About 22% 77
PA-FCB (GVL) Corncob Batch autoclave 195 °C-0.1 g —120 min 96.06% 78
ZnCl, + HCl + S0,>7/Sn0,-diato- Corncob Batch autoclave 170 °C-0.5 wt% HCI + 3.6 wt% 68.9% 79
mite (GVL) S0,%7/Sn0,-diatomite + 15 g L™"
ZnCl,-30 min
S0,””/CX-DMSn Corncob Batch autoclave 180 °C-0.32g-5h 65.74% (66.83% of 80
selectivity)
ImmHSO,-IL + NacCl (toluene) Rice husk Glass bottle 180 °C-25 mg ImmHSO,-IL + 74.6% 81
1.80 g NaCl-90 min
FeCl; + NaCl (THF) Enteromorpha Batch autoclave 190 °C-12.5 Mm FeCl; + 2% 45.0 wt% 82
prolifera NaCl-60 min
SnCl, + EMIMBr Corn stalk Glass vial 130 °C-23 mg SnCl, + 1000 mg 54.5% 83
EMIMBr-3 h
HCI Fax shives Microwave reactor 180 °C-0.1 M HCI-20 min 72.2%. 84
H-SAPO-34 (GVL)® Eucalyptus Batch autoclave 210 °C-30 g L™'-20 min 99.28% 85
sawdust
p-Hydroxybenzenesulfonic acid- Corn stover Batch autoclave 190 °C-0.2 g-100 min 50.3% 86
formaldehyde resin (GVL)
Al,(S04)3-18H,0 Cannabis sativa L. Bench scale 160 °C-5%-90 min 62.7% 87
shives reactor
PW,,/ZSM-5 + LiBr Aspen Pressure tube 170 °C-25% LiBr + 10% PW,,/ 29.9% 88
ZSM-5-6 h
$0,>7/Sn-TRP-N (DMSO) Corn stover Batch autoclave 190 °C-10 wt%-3 h 77.82% 89
AICl; + NaCl (MTHF) Sugar cane Microwave reactor 190 °C-0.1 M AICl; + 10 wt% 58.6% 90
bagasse NaCl-45 min

“Indicates the furfural yield can reach 70% in moderate conditions (120-170 °C, <90 min or 180-210 °C <30 min) with alternative inorganic acid

catalysts.

20 min to reach a similar furfural selectivity of 65%. Notably,
when the reaction substance was changed to maple wood,
CrCl; did not produce high furfural yields despite having high
Lewis acidity, which caused xylose to rapidly dehydrate and
degrade. FeCl; demonstrated the best performance and
achieved the highest furfural yield of 95%, outperforming sul-
furic acid and the other four metal halides. Hosgiin et al.”®
found that CuCl, demonstrated an extreme performance and
presented a maximum efficiency for furfural production
(79.86%) from poppy stalks under one-pot hydrothermal reac-
tion conditions at 180 °C. Wang et al.®’ found that SnCly,
which had the lowest pH, achieved a superior furfural yield
from beech xylan compared to other high-valence chloride
salts (InCl;, GeCl,, AlCl; and FeCl;). Furthermore, the

This journal is © The Royal Society of Chemistry 2024

2-MTHF/water (2/5, v/v) system improved the furfural yield and
selectivity. The optimal furfural yield was 78.1% in a 2-MTHF/
H,0 biphasic system using SnCl, as an effective catalyst. The
ratio of organic solvent/H,O is an important variable. The
other optimal ratios of GVL/H,O (25%, v/v) and H,O/DMSO (5/
5, v/v) were also confirmed to be desirable for promoting the
formation of furfural and suppressing side reactions.’®*°
However, a study indicated that the efficient synthesis of SnCl,
and MgCl, as catalysts in a single ionic liquid, 1-ethyl-3-
methylimidazolium bromide (EMIMBr), for the one-pot con-
version of corn stalk to furfural was more effective than that in
organic solvent/EMIMBr biphasic systems, with furfural yields
as high as 54.5%.%% In a study conducted by Zhang et al., the
paired CrClz/AlICl; catalyst demonstrated a higher furfural

Green Chem., 2024, 26, 6318-6338 | 6323
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yield from corncobs than that of other paired salts and CrCl;
alone in the following order:”® CrCl;/AlCl; > FeCl;-6H,0/AICl,
> CuCl,-2H,0/AICL; > SnCl,-2H,0/AICl; > CeCl,y-7H,0/AICL; >
CrCls. In addition, Lyu et al.'® proposed three tools (Lewis
acid strength, oxidizing properties, and solubility products of
the corresponding hydroxides) to quickly screen ideal catalysts
for furfural production and to investigate the factors that
inhibit furfural production. Metal ions with higher Lewis acid
strengths are more favorable for furfural production. A higher

6324 | Green Chem., 2024, 26, 6318-6338

standard reduction electrode potential (SREP) of an ion (more
positive) indicates its stronger oxidizing property. High solubi-
lity products of metal hydroxides can decrease the consump-
tion of catalysts during hydrolysis. The degradation of furfural
can be observed based on the formation of humins and oxi-
dation of the reaction substrate (CO, and CO gas composition
change). Therefore, they concluded that the ideal catalyst for
furfural production should have a strong Lewis acid strength,
weak oxidizing property, and high solubility product of the

This journal is © The Royal Society of Chemistry 2024
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corresponding hydroxide; the factors that inhibit furfural pro-
duction are humins and the oxidation reaction of corncobs
and xylose. The order of the Lewis acid strengths of several
metal ions, the standard reduction electrode potentials, and
solubilities of the corresponding hydroxides are shown in
Fig. 6.

Molten metal-salt systems can achieve higher furfural yields
under mild conditions. Li et al.”* evaluated the conversion of
corn stalk to glucose and furfural in a molten salt hydrate/
organic solvent biphasic system (LiBr-3H,O/dichloromethane).
Under the optimal reaction conditions (0.05 mol L™ H,SO,,
120 °C, 90 min), 58.9% glucose and 72.5% furfural were yielded
by the one-step process. LiCl-3H,O acted both as the solvent
and catalyst for the synthesis of furfural from xylan, reported by
Liu et al.'®" A close furfural yield of 41.63% was achieved in a
more severe condition (140 °C for 2 h) compared to that of the
aforementioned study by Li et al. The GVL solvent was found to
be more effective than other polar aprotic solvents (MIBK, THF,
DMSO, sulfolane) used to enhance the furfural yield; an increas-
ing yield (56.68%) was observed in the biphasic system. A
maximum furfural yield of 77.22% was achieved with a
1:2 mass ratio of GVL to LiCl-:3H,0 combined with 0.15 mmol
of Al,(SO,4); as the co-catalyst. The reaction pathway for the con-
version of xylan to furfural in the GVL/LiCl-:3H,O biphasic
system was revealed. Xylan is initially depolymerized into xylose
under the catalysis of Brensted acid followed by isomerization,
cyclization, and dehydration (Fig. 7a). The catalysts were first
hydrolyzed to form the intermediates [Li(H,0)s]" and [Al
(OH)s(aq)]", and [Al(OH),(aq)]" and CI~ then promoted the trans-
fer of 1,2-hydrogen between C1 and C2 (Fig. 7b).

The introduction of metal salts into DES systems can
promote the production of furfural. An AlCl;-catalyzed ChCl-

This journal is © The Royal Society of Chemistry 2024

oxalic acid/MIBK biphasic system was developed for furfural
production from eucalyptus, which obtained a yield of 70.3%
under the optimal pretreatment conditions (at 140 °C for
90 min).'** The performance of FeCls, AICl;, SnCl,, and TeCl,
in an aqueous choline chloride-oxalic acid (16.4 wt% H,O)
DES system was investigated for producing furfural from oil
palm fronds (OPFs).'® In this co-catalyst system, Brgnsted
acid supplied by oxalic acid from DES is responsible for break-
ing the p-1,4 glycosidic bonds of hemicellulose to form xylose
via hydrolysis; subsequently, the Lewis acids catalyze the iso-
merization of xylose to xylulose via an intramolecular 1,2-
hydride shift pathway similar to that in the previous study. The
y/7” values, denoting the electric field gradient around the
cation, of four metal chlorides were found to obey the follow-
ing trend: Te** > Sn** > AI** > Fe*". The results demonstrated
that although ADES-TeCl,-OPFsOPFs achieved a relatively
lower furfural yield of 55.6% than ADES-AICI;-OPFs (60.2%)
and ADES-SnCl,-OPFs (59.4%), the lower amounts of TeCl,
(2.5%) and SnCl, (0.25%) were required for a similar furfural
yield. Therefore, they concluded that TeCl, with a higher y/r*
value demonstrated to be the stronger Lewis acid, thus more
quickly catalyzed the degradation reaction of furfural.
Furthermore, the addition of Lewis acids also enhanced the
acidity of the Breonsted acid via synergistic DES-Lewis acid
catalyst interactions. Fig. 8 presents the proposed mechanism
of the SnCl, and ChCl-oxalic acid interactions for furfural
production.

Acidic ILs can be used as catalysts and (or) solvents for the
one-step production of furfural. Peleteiro et al.'®* reported the
production of furfural from eucalyptus wood using a Brgnsted
acid ionic liquid (1-butyl-3-methylimidazolium hydrogen
sulfate) as both a solvent and a catalyst in the presence of a co-

Green Chem., 2024, 26, 6318-6338 | 6325
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