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Furfural is a promising renewable platform molecule derived from hemi-cellulose, which can be further
converted to fossil fuel alternatives and valuable chemicals due to its highly functionalized molecular
structure. This mini-review summarizes the recent progress in the chemo-catalytic and/or bio-catalytic
conversion of furfural into high-value-added chemicals, including furfurylamine, Cg carboxylic acid, i.e.,
furandicarboxylic acid, furfural alcohol, aromatics, levulinic acid, maleic acid, succinic acid, furoic acid,

and cyclopentanone, particularly the advances in the catalytic valorization of furfural into useful
Recelved 1ot June 2021 hemicals in the last f The possible reacti hanisms for th ion of furfural into bio-
Accepted 22nd July 2021 chemicals in the last few years. The possible reaction mechanisms for the conversion of furfural into bio
chemicals are summarized and discussed. The future prospective and challenges in the utilization of

DOI: 10.1039/d1ra04633k furfural through chemo- and bio-catalysis are also put forward for the further design and optimization of
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1. Introduction

With the depletion of fuel reserves and increasing demands for
fuel, great efforts have been devoted to developing novel
sustainable and renewable energies and resources.’” Biomass
is the only renewable organic carbon source in nature, which is
environmentally friendly, has abundant reserves and inexpen-
sive, providing unique advantages for the production of fuels
and industrially important chemicals.>” Furfural is a versatile
platform molecule, and thus has received considerable atten-
tion in recent years. The presence of an aldehyde group in
furfural makes it possible to further synthesize higher value
chemicals and polymer monomers, including furandicarboxylic
acid, furfurylamine, furfural alcohol, cyclopentanone, and lev-
ulinic acid and other molecules through oxidation, hydroge-
nation, and hydrolysis (Fig. 1).° Hence, the high-value
utilization of biomass-derived furfural is important for
sustainable development in the future.

Furfural is produced from agricultural resources containing
xylose or xylan, such as wood wastes and corn cob.® The main
producers of furfural are China (~70% total production
capacity), The Dominican Republic (Central Romana
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catalytic processes for the conversion of furfural.

Corporation, 32 kton per year), and South Africa (20 kton per
year). These three countries account for approximately 90% of
the global furfural capacity (280 kton per year).>*® In the past,
most studies have been carried out to reveal the reaction
mechanism for the conversion carbohydrates into furfural at
the molecular level. As shown in Fig. 2, initially, the formation
of furfural from hemicellulose-containing biomass includes the
acid-catalyzed depolymerization of the hemicellulose compo-
nent to form xylose. Subsequently, the isomerization of xylose to
xylulose occurs followed by a dehydration reaction to yield
furfural.** To date, various reaction systems such as biphasic
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Fig. 1 Furfural as a platform compound for diverse reactions.
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Fig. 2 Conversion pathway of hemicellulose component into furfural.

reaction systems and ionic liquids have been developed to boost
the yield of furfural.

Some excellent reviews about the conversion of hemi-
cellulose to furfural and the valorization of furfural into bio-
fuels have been published.>*"*'* A systematic review of the
conversion of xylan into furfural is beyond the scope of this
manuscript. However, a comprehensive summary of latest
advances in the valorization of furfural to value-added chem-
icals, especially the progress in the last five years, has not been
reported to date. This mini-review summarizes the recent
advances in the conversion of furfural into valuable chemicals
through chemo- and bio-catalysis. This mini-review mainly
focuses on the catalytic strategies for the valorization of furfural
into useful chemicals including selective oxidation reactions,
hydrogenation, hydrogenolysis, reductive amination, and
aromatization. The valuable products, include maleic anhy-
drides, maleic acid, succinic acid, furoic acid, furfurylamine,
furandicarboxylic acid, furfural alcohol, aromatics, levulinic
acid, and cyclopentanone, especially for advancements in the
catalytic conversion of furfural to useful chemicals in the last
few years. The possible reaction mechanisms for the conversion
of furfural into bio-chemicals are summarized and discussed.
In addition, future prospects are also provided to highlight the
challenges and opportunities for the valorization of furfural.

2. Catalytic conversion of furfural into
value-added chemicals

2.1 Aerobic oxidation of furfural into carboxylic acid

2.1.1 Oxidation of furfural to maleic acid (MA) and fumaric
acid (FA). MA and FA are a critical C, chemical intermediates in
the manufacture of vinyl copolymers, surface coatings, plasti-
cizers, and pharmaceuticals.">*® At present, maleic acid is
manufactured industrially through the aerobic oxidation of
butane, benzene, and butadiene, whereas FA can be produced
via the hydrolysis of maleic anhydride or biological trans-
formation with fungi.’® Alternatively, the production of MA and
FA starting from renewable lignocellulose such as furfural and
HMF is an emerging topic. Currently, HMF is generated from
edible and expensive monosaccharides such as fructose and
glucose, thus making it uneconomic to synthesize downstream
value-added chemicals on a large scale.””'® In comparison with
HMF, furfural is relatively cheaper and is currently manufac-
tured on an industrial scale. Thus, it is highly desirable to
consider furfural as a better starting material for the production
of MA and FA.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In the past years, numerous heterogeneous catalysts have
been applied to catalyze the oxidation of furfural to MA and FA.
This reaction was studied by Yin et al. with phosphomolybdic
acid as the catalyst in aqueous/organic biphasic reaction
systems.' In the biphasic reaction system, the aerobic oxidation
of furfural took place in the aqueous phase, while the organic
phase constituted a reservoir to gradually release the substrate
to the aqueous phase through phase equilibrium. A 34.5% yield
of MA with a selectivity of 68.6% was obtained with the furfural
conversion of 50.4%." In addition, a possible reaction mecha-
nism was also proposed, as illustrated in Fig. 3.* Firstly,
a furfural radical, compound 1, is formed through the first
hydrogen abstraction by either oxygen or phosphomolybdic
acid, and subsequently transfers an electron to phosphomo-
lybdic acid to produce the furfural cation (compound 2).
Secondly, the furfural cation is attacked by H,O to generate
compound 3, which can undergo 1,4-rearrangement to form
compound 4. Eventually, compound 4 is hydrolyzed to produce
compound 5, which may be further oxidized to MA.** However,
the catalysts were prone to deactivation owing to the leaching of
their active components. In the case of the Mo-V-O catalyst,
a total yield of MA and FA of up to 65% was afforded in acetic
acid solvent under 20 bar of O,, but the leaching of the V species
into the solution resulted in a decrease in the yield of MA and
FA in the catalyst recycling tests.* Significant leaching of Ti was
also observed for titanium silicate-1 (TS-1), which was used to
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Fig. 3 Proposed mechanism for the oxidation of furfural catalyzed by
phosphomolybdic acid. Reprinted from ref. 19. Copyright 2011, the
American Chemical Society.
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catalyze the transformation of furfural to MA with a maximum
yield of 78%.*> Recently, an iron-porphyrin catalyst was
employed for the aerobic oxidation of furfural into MA in the
aqueous phase. Under the optimized conditions, an MA yield of
up to 56.1% with a selectivity of 73.8% was obtained with the
furfural conversion of 76%.>* The FeT(p-Br)PPCIl/SBA-15 catalyst
exhibited good stability, which could be recycled at least five
times without a remarkable loss in activity. Obviously, a great
disadvantage of transition metal oxides such as V, Mo, and Ti
oxides is that they are unstable in liquid reaction systems
because of the leaching of the active metal species during the
oxidation of furfural into MA. Thus, it is of great significance to
design and develop some novel robust solid catalysts to boost
the aerobic oxidation of furfural into MA via different strategies
such as the use of “confined” catalysts embedded in zeolite and
porous materials and strong metal-support interaction.
Considering the high cost and poor recyclability of transition
metal oxide catalysts, some metal-free catalytic reaction systems
have been employed to catalyze the oxidation of furfural to MA.
Li et al. reported a facile metal catalyst-free system to transform
furfural into MA with H,O, as the oxidant and formic acid as the
solvent, which afforded an unprecedented MA yield of 95%."
Furthermore, this protocol is also efficient for the generation of
MA from other platform molecules, such as HMF and HMF
derivatives. Almost quantitative yield (99%) of MA was achieved
from furan, and good to excellent yields of MA (77-91%) were
also obtained as the furan ring was substituted with aldehyde
groups such as HMF and DFF."* When the furan ring was
substituted with carboxylic acid and methyl groups, a low MA
yield was obtained, implying that carboxylic acid and methyl
groups have an unfavorable effect on the MA yield.* Similarly,
an innovative technique was disclosed by Vigier et al. for the
valorization of furfural to generate MA and fumaric acid (FA)
with an overall yield greater than 90% using betaine hydro-
chloride (BHC) with H,0, as the oxidant.** BHC could be recy-
cled without significant loss in its activity after four successive
cycles, and it could be used to directly convert xylose to MA and

Table 1 Results for the oxidation of furfural to MA
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FA, thus offering a more cost-effective pathway for the produc-
tion of MA and FA directly from sugars.** Recently, a facile
method was revealed for the oxidation of furfural to both MA
and FA in a green deep eutectic solvent (DES) containing oxalic
acid and choline chloride (ChCl), and a total yield of both MA
and FA of up to 95.7% was obtained with the complete
conversion of furfural under mild conditions.*® Besides the
above-mentioned catalysts, some other catalysts and their
catalytic properties are summarized in Table 1.

As mentioned above, in contrast to heterogeneous catalysts,
homogeneous catalysts exhibit higher stability and selectivity,
but the reaction systems require the use of the expensive H,0,
as the oxidant. Obviously, it is more desirable and economical
to use O, as the oxidizer in the oxidation of furfural to MA.
However, it remains a great challenge to use O, as the oxidant in
the aerobic oxidation of furfural over non-noble metal oxide
catalysts under mild reaction conditions. Thus, it is promising
to develop novel photo- and electro-catalytic, even photo-
electrocatalytic techniques for the oxidation of furfural to MA in
the future.

2.1.2 Catalytic oxidation of furfural to maleic anhydrides
(MAnh). MAnh is a key chemical intermediate employed for the
production of lubricant additives, unsaturated polyester resins,
pharmaceuticals, plasticizers, etc.”****~*> At present, MAnh is
industrially manufactured via the gas phase oxidation of
benzene and n-butane at high temperatures.*® Considering the
increasing depletion of fossil sources and chemical sustain-
ability, the production of MAnh using renewable biomass
derivatives as the starting materials is highly promising.

It has been reported that MAnh may be generated with 5-
HMF as the starting material.** A high yield of MA of up to 79%
was obtained over a cheap V,O;5 catalyst.** However, although
the yield of MAnh from pure 5-HMF is good, the high cost of 5-
HMTF hinders the production of MAnh on an industrial scale.'®**
Alternatively, furfural possess a similar structure as 5-HMF and
may act as another feedstock for the production of MAnh.
Compared with HMF with a limited production volume, furfural

T (°C)/t Furfural con. MA yield TON
Entry Catalyst Oxidant (h) (%) (%) (mmol g™ 1) Ref.
1 FeT(p-Br)PPCl/SBA-15 O, 90/6 76.0 56.1 45.6 23
2 FeT(p-Cl)PPCl 0O, 90/6 49.6 33.0 — 25
3 VO-NH,-GO O, 90/4 99.8 95.3 20 26
4 CaCuP,0, 0, 115/18 62 31.8 3.1 27
5 TS-1 H,0, 80/4 100 62.0 84.8 28
6 Betaine hydrochloride (BHC) H,0, 100/4 — 61 — 24
7 — H,0, 50/24 100 95.7 — 16
8 N-doped carbon H,0, 80/5 100 61.0 20 29
9 SncCl, H,0, 120/10 20.8 20.8 — 30
10 P-doped carbon H,0, 60/10 100 76.3 12.7 31
11 KBr/g-C;N, H,0, 100/3 100 70.4 20 32
12 KBr-KOH H,0, 90/3 100 72.4 — 33
13 ZrP,0,-(VO),P,0,/KIT-6 H,0, 70/1 91.2 29.2 150 34
14 V,05/Sn0, H,0, 70/20 100 60 12 35
15 Cu-Pd@HPC H,0, 50/4 100 97.8 — 36
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is regarded as a more desirable starting material for the
production of MAnh.

In the past few years, several catalytic reaction systems
including homogeneous and heterogeneous catalysis have been
applied to catalyze the oxidation of furfural to MA. Yin et al.
explored a new homogeneous oxidation strategy in which
H;PV,M0,00,0 and Cu(CF3SO3), were used to catalyze the
aerobic oxidation of furfural to MAnh and furanone.*® Under
the optimal conditions, an MAnh yield of 54% was obtained
with 7.5% of 5-acetoxyl-2(5H)-furanone. Furthermore, a plau-
sible mechanism for the oxidation of furfural was proposed, in
which three different reaction routes were put forward. They
suggested that the dominant oxidation pathway is initiated by
hydrogen abstraction from the 5-position of furfural, and then
MAnh and 5-acetoxyl-2(5H)-furanone are produced simulta-
neously. As is well known, homogeneous catalysis has some
drawbacks in terms of product separation and environmentally
friendliness, especially for catalyst recycling.

In comparison with homogeneous catalysis, heterogeneous
catalytic systems have more advantages in the separation of
products and catalyst recycling. In 2012, Ojeda et al. reported
a heterogeneous catalytic system, giving an MAnh yield as high
as 73% through the gas oxidation of furfural at 593 K over VO,/
Al,0;.*° It was shown that furfural undergoes tandem oxidation
to generate furan, 2-furanone, and eventually MAnh. It was
revealed that Al,Oz-supported polyvanadates are more active
than monovandates (VO,) and V,05 oxides in the production of
MAnh and furan.*” Zhang and co-workers reported that plate-
like vanadium phosphorous oxides (VPO) exhibited good
activity in the oxidation of furfural to MAnh in the gas phase.**
An MAnh yield of up to 97% was achieved at 10 vol% of furfural
in the feed with air as the oxidant at 340 °C. The catalyst also
showed good stability with no remarkable loss in activity and
selectivity toward MAnh during 25 h reaction. Based on the
product distribution analysis, 2-furoic acid was proposed as the

J\ 050, 0.50,
<;)\CHO Q\COOH \
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main side-product and was also a key intermediate for the
synthesis of MAnh over the VPO catalyst. The possible reaction
pathway for the gas oxidation of furfural to MAnh was proposed,
as depicted in Fig. 4.** The authors assumed that the oxidation
of furfural to 2-furoic acid is the rate-limiting step for the
oxidation of furfural over the VPO catalyst because furan was
detected in a very trace amount or not produced.*

Granados et al. studied the deactivation process and mech-
anism for the gas phase oxidation of furfural to MAnh over
V,0s5/v-Al,O5 catalysts.*® The results showed that the catalyst
was readily deactivated because of the formation of maleates
and resins on its surface, especially when the fresh catalyst
initially contacted the reaction feedstock at a low temperature.
Moreover, increasing the temperature from low to high did not
lead to the removal of the deposits, but boosted their deposi-
tion. Thus, the yield of MAnh never exceeded 30% because of
the deactivation of the catalyst. In contrast, when the fresh
catalyst initially contacted the feedstock at high temperature,
the deposition rate of maleates and resins remarkably slowed
down. Therefore, the yield of MAnh significantly increased and
the deactivation rate was reduced substantially.*® In addition,
VO, immobilized on Schiff base-modified graphene oxide was
utilized to oxidize furfural to MAnh with 95.3% yield under the
optimized reaction conditions.”® The oxidation reaction results
of furfural to MAnh are summarized in Table 2.

In addition to the gas-phase oxidation of furfural to MA,
solid-liquid reaction systems exhibit good performances in the
production of MA. For example, a binary Mo-V metal oxide was
used to catalyze the aerobic oxidation of furfural to MA, and an
MAyield of 65% was afforded on the Mo,VO,, catalyst under the
optimal reaction conditions.?* However, the recyclability test of
the Mo,VO,, catalyst showed that a certain amount of Vand Mo
components leaked into the solution, thereby leading to
a decrease in the activity and selectivity toward MAnh. Unlike
the gas-phase oxidation of furfural, the solid-liquid reaction

0, —
H,0

co,

Fig. 4 Possible reaction pathway for the oxidation of furfural to MAnh on VPO catalyst. Reprinted from ref. 41. Copyright 2018 Wiley.

Table 2 Various catalysts for the conversion of furfural to MAnh

Conversion of MAnh yield
Entry Catalyst Reaction type T (°C)/t (h) Oxidant (MPa) furfural (%) (%) Ref.
1 HsPV,M0,,0,0-xH,0 Liquid/CH;CN 110/3 0, (20 bar) 98.7 54.0 47
2 HgPV5M0y0, xH,0 Liquid/CH;CN 110/3 0, (20 bar) 98.7 54.0 47
3 V,05/Al,05 Gas-phase 310 10% O,/He 100 86 40
4 VPOyur Gas-phase 340 10% O,/He 99.2 97.9 41
5 Mo,VO,, liquid/AcOH 120/16 0, (20 bar) 100 65 48
6 VO,/Al,O4 Gas-phase 320 0, 100 73 37
7 VO,/Al,O; Gas-phase 300 0, — 55 42
8 VO-NH,-GO liquid/AcOH 90/4 0, (20 bar) 99.8 95.3 26

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The reaction results for the catalytic oxidation of furfural to SA
Conversion of SA yield

Entry Catalyst Reaction type T (°C)/t (h) Oxidant furfural (%) (%) Ref.
1 SO;H-CD* 60/1.5 H,0, 100 81.2 53
2 Amberlyst-15 Toluene — H,0, — 52.3 49
3 Sulfated zirconia — 75 H,0, 100 86.0 52
4 GO? H,O 70/24 H,0, 99.8 97.9 50
5 SO;H-carbon H,0 80/1 H,0, 100 93.0 51

¢ CD - B-cyclodextrin. ? GO - acidic metal-free graphene oxide.

easily results in catalyst deactivation, particularly for transition
metal oxide catalysts used in the reaction. Thus, it is crucial to
develop novel, cheap, robust solid catalysts for the oxidation of
furfural to MA in the future.

2.1.3 Catalytic oxidation of furfural to succinic acid (SA). In
addition to MA and MAnh, SA has been regarded as one of the
top 12 valuable chemicals generated from biomass. SA is
a versatile chemical, which is used for the production of fuel
additives, pharmaceuticals, biopolymers, and other fine chem-
icals.*~** Bio-based SA can be produced via microbial fermen-
tation and chemical synthesis. Although some advances have
been achieved in the manufacture of SA via the fermentation
process, several challenges still exist due to its high-cost sepa-
ration and purification process and strict fermentation condi-
tions, thus hindering its practical application.>>

Considering the wide application of SA, the development of
green, high-effective chemical synthesis techniques is an
important topic. In the past, SA was generated via hydration
and/or hydrogenation of petroleum-derived maleic anhydride
or maleic acid.”® Recently, bio-based MAnh or MA was obtained
via the oxidation of HMF, furfural, and levulinic acid (LA).
However, complex processes make it an uneconomic pathway if
the bio-based MA hydrogenation reaction is used in the
production of SA. Thus, the direct production of SA from cheap
and available bio-platform molecules via economical and envi-
ronmentally friendly pathways is of great significance.

Some homogeneous catalysts, such as formic acid, have been
employed in the selective oxidation of furfural. A summary of
the metal-free catalysts for the selective oxidation of furfural to
SA is presented in Table 3. Wang et al. studied the selective
oxidation of furfural to 2(5H)-furnanone, SA, and MA with for-
mic acid as the oxidant in an aqueous/organic biphasic
system.* In this reaction system, the total yield of SA and MA
was 15-20%, while the main product was 2(5H)-furanone with
excellent yield when formic acid was used as the catalyst. A
possible explanation is that formic acid reacts with H,0, to
form performic acid with strong oxidizing property. The plau-
sible reaction pathway was proposed based on the reaction
kinetics studies, as illustrated in Fig. 5. In pathway A, furfural
firstly undergoes the Baeyer-Villiger rearrangement reaction to
produce 2-formyloxyfuran, and then it is hydrolyzed to form 2-
hydroxyfuran and its tautomers, 2(5H)-furannone and 2(3H)-
furannone, which may be further converted to MA and SA,
respectively. In pathway B, furfural is subject to open cyclization
to form a dienol, which can undergo ketonization to diketo
aldehyde. Subsequently, the diketo aldehyde is oxidized to SA by
H,0,. It should be noted that pathway A and B co-exist in the
oxidation of furfural in the biphasic system.

Recently, solid acids have been used to catalyze the oxidation
of furfural to SA with H,0, as the oxidant, such as Amberlyst-15
cation exchange resin,*”** sulfonated graphene oxide (GO),*®
-SO;H-functionalized polymer,** and sulfated zirconia.*® An
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Fig.5 Possible reaction pathways for the oxidation of furfural. B-V refers to the Baeyer-Villiger reaction. Reprinted from ref. 54. Copyright 2016,

Elsevier.
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Table 4 Summary of the reaction results for the catalytic oxidation of furfural to FCA

Reaction T (°C)/t Conversion of SA yield
Entry Catalyst type (h) Oxidant furfural (%) (%) Ref.
1 Au/ZTC* 120/6 0O, 89 89 63
2 N-heterocyclic carbene DMSO 40/6 0, >99 >99 64
3 AuPd/Mg(OH), H,O 30 0, 99.5 84.5 57
4 ALDHs? Buffer 40 — >99 >99 62
5 E. coli Buffer® 30 — 100 99 61

“ ZTC - zeolite-templated carbons. 5 ALDHs - aldehyde dehydrogenases; buffer - KH,PO,/K,HPO,, pH = 8.5. ¢ Buffer - KH,PO,/K,HPO,, pH = 7.

innovative pathway has been reported for the conversion of
hemicellulose prehydrolysate to SA using Amberlyst-15 as the
catalyst and H,0, as the oxidant in a biphasic system.* In the
biphasic system, a key intermediate, furfural, which was
produced from the dehydration of xylose, was oxidized to SA
with a maximum yield of 52.3%. This work exhibits the poten-
tial for the valorization of inexpensive hemicellulose to the
value-added SA. Lv and co-workers synthesized a highly active
graphene oxide (GO) catalyst decorated with —-SO;H groups for
the oxidative conversion of furfural to SA with H,O, as the
oxidant.*® A maximum SA yield of 97.9% was achieved under the
optimized reaction conditions. They revealed that GO with
-SOzH groups exhibited superior activity and SA selectivity for
the oxidation of furfural than other common acid catalysts,
such as HCl, H,SO,, and ZSM-5. Moreover, the GO catalyst has
good reusability with no remarkable loss in furfural conversion
and SA yield after six consecutive recycles. The decrease in the
furfural oxidation activity was attributed to the leaching of the
oxygenated-containing groups and -SOz;H groups, as evidenced
by the XPS results. However, the active sites of the catalysts are
the -SO; groups and the oxidizing agent is the expensive H,0,.%°
In addition, Murzin and co-workers reported the oxidation of
furfural over sulfated zirconia in the presence of H,0,, and
many products including MA, SA, furoic acid, and 2(5H)-fur-
anone were generated, but the SA selectivity was low. Thus,

more efforts should be devoted to developing more robust and
effective catalytic systems besides the use of -SOz;H group-
grafted polymers or their functionalized catalysts with the use
of the inexpensive O, or air as the oxidant instead of the
expensive H,0, for the oxidation of furfural to SA in the future.
2.1.4 Oxidation of furfural to furoic acid (FCA). FCA is
a versatile chemical for the production of a variety of pharma-
ceutical drugs, fragrances, biofuels, etc. FCA is currently man-
ufactured commercially through a Cannizzaro reaction with an
inorganic base.”” However, this industrial process has many
drawbacks including low yield of FCA and difficulties in the
separation of the product. Thus, several efforts have been
undertaken to develop environmentally friendly approaches for
the conversion of furfural to FCA in recent years. Chemo- or bio-
catalysis has been applied to produce FCA via the selective
oxidation of furfural. It has been shown that the use of
heterogeneous catalysts to enhance the FCA yield is very chal-
lenging due to the formation of undesirable by-products.
2.1.4.1 Selective oxidation of furfural to FCA through chemical
conversion. Various heterogeneous catalysts such as Ag,0O/
CuO,*® AuPd/Mg(OH),,”” and Au/ZTC* catalysts, have been
utilized to catalyze the oxidation of furfural into FCA. A
summary of the solid catalysts for the selective oxidation of
furfural to FCA is provided in Table 4. Giordano et al. reported
the excellent performances of Au/ZTC, a carbon support

Resins

0 |o /
928 @)k"_’<

\ /
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Fig. 6 Proposed reaction routes for the selective oxidation of furfural to FCA over AuPd/Mg(OH); in the presence of NaOH. Reprinted from ref.

57. Copyright 2017, The Royal Society of Chemistry.
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synthesized using a carbon replica of BETA zeolite, in the
aerobic oxidation of furfural to FCA in the absence of base.>® An
89% furfural conversion with full selectivity toward FCA was
achieved in the absence of base, which provides a green
approach for the production of FCA from furfural. Hutchings
et al. reported that a 1% AuPd/Mg(OH), catalyst catalyzed the
selective oxidation of furfural to FCA with a yield of 84.5% in the
presence of NaOH.*” They revealed that the reaction proceeds
via many different pathways, and the addition of NaOH
promotes the Cannizzaro reaction between the furfural
compounds, leading to stoichiometric quantities of furfural
alcohol and FCA, as illustrated in Fig. 6. The catalyst enhances
both the direct conversion of aldehyde to the acid and the
tandem oxidation of furfural alcohol to furfural and then to
FCA.”” However, this reaction requires the addition of NaOH as
the base catalyst to promote the selective oxidation of furfural to
FCA, making it difficult to separate the products downstream
and increasing the production costs. Compared to the current
industrial process through the Cannizzaro reaction catalyzed by
an inorganic base, the use of solid catalysts for the selective
oxidation of furfural to FCA has more advantages such as easy
separation of the products and higher FCA yields.

2.1.4.2 Selective oxidation of furfural to FCA through bio-
catalysis. Besides the chemical synthesis of FCA, Peng et al. re-
ported an efficient one-pot chemo-enzymatic approach for the
conversion of rice straw to form FCA through a tandem catalyst
with Sn-sepiolite and whole-cell harboring horse liver alcohol
dehydrogenase (HLADH) under mild reaction conditions.® The
Sn-sepiolite could effectively convert rice straw to furfural in
42.2% yield at 170 °C for 20 min. Subsequently, the resulting
furfural could be completely oxidized to FCA with E. coli TS
whole-cells within 96 h at room temperature. In addition, the
inorganic catalyst and immobilized TS whole-cell biocatalyst
were recycled and reused. Li and co-workers also reported
a biocatalytic route for the selective oxidation of furfural to FCA
using recombinant E. coli cells harboring ASPDH from C. tes-
tosteroni SC1588.°* An FCA yield as high as 99% was achieved

\ /

0 _COOH HOOC. _O.
A O

@ — I on

O\/\/\O
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under the optimized reaction conditions. Moreover, the
recombinant strain showed good tolerance to FF up to
100 mM.** Mutti et al. presented a study on the oxidation of
furfural to FCA using three recombinant aldehyde dehydroge-
nases (ALDHs).®* A very high FCA yield of >99% could be ob-
tained in phosphate buffer at pH 8.5 and 40 °C.*> However, for
the biocatalytic oxidation of furfural toward FCA, the long-term
stability should be further improved through reaction engi-
neering strategies. In addition, the enhanced substrate toler-
ance is highly favorable for industrial application in future.

2.2 Catalytic transformation of furfural to C6 carboxylic acid

FDCA-based polyesters represent one of the important types of
furan-based polymers. At present, the production of FDCA is
mainly through the catalytic oxidation of HMF.* However, as
mentioned above, HMF has high production costs, which
impedes the large-scale commercial production of downstream
products such as FDCA and DFF. Furfural, a commercial bulk
biomass-based chemical, is a more desirable starting material
in the production of FDCA than HMF. Efforts have been
undertaken to explore some novel pathways for the generation
of FDCA from furfural to address the bottleneck of HMF
production.

Fu and co-workers reported the multistep catalytic conver-
sion of furfural to poly(butylene 2,5-furandicarboxylate) (PBF)
via the disproportionation of furoate to furan and 2,5-fur-
andicarboxylate with total carbon utilization, as shown in
Fig. 7.° The reaction pathway includes four steps as follows:
firstly, the oxidation of furfural to furoate is catalyzed. Secondly,
the resulting furoate undergoes disproportionation to give rise
to furan and 2,5-furandicarboxylate. Subsequently, furan is
subjected to hydrogenation, and then hydrolysis to form 1,4-
butanediol (1,4-BDO). Finally, polymerization of 1,4-BDO with
2,5-FDCA is performed to form PBF. The critical step of this
pathway is the selective disproportionation of furoate into furan
and 2,5-furandicarboxylate, which provides a key linkage

COOH

O
\_/

n

Fig. 7 Multistep conversion of furfural to the 2,5-furandicarboxylic acid-based polyester PBF. Reprinted from ref. 66. Copyright 2013 Wiley.
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Fig. 8 Schematic illustration of the overall diagram for the production of FDCA from biomass through furfural using CO=2~

FDCA

-promoted C—H

carboxylation. Recovery of the alkali cations is achieved by protonation of the FDCA salt and bipolar membrane electrodialysis of the resulting
alkali chloride salt. Reprinted from ref. 67. Copyright 2016, The Royal Society of Chemistry.

between commercialized furfural and the furan-based polymer
monomer FDCA.%*

Another emerging pathway has been reported by Kanan
et al., where a C-H carboxylation reaction was firstly carried out
to generate 2-furonic acid and CO, in high yield followed by
protonation to convert 2-furoic acid to FDCA (see Fig. 8).*” This
reaction was performed by heating a salt mixture consisting of
caesium furoate (the deprotonated form of 2-furoic acid) and
Cs,CO; under a CO, atmosphere. A maximum FDCA yield of
89% was achieved on a 1-10 mmol scale after 5 h of reaction,
with only 5% degradation product. After carboxylation,
protonation with strong acid (e.g., HCI) in water precipitated the
FDCA product and an aqueous salt solution (e.g., MCI). The
stoichiometric base and acid consumed in this synthesis could
be regenerated via bipolar membrane electrodialysis of the salt
solution. This CO;> -promoted carboxylation pathway to FDCA
has a number of great potential advantages over conventional
hexose-based routes. Firstly, the oxidation of furfural into 2-
furoic acid is easier than oxidizing HMF to FDCA. Next, no
solvents or transition metal catalysts are required in this
strategy, which is an environmentally friendly route to synthe-
size FDCA. Considering that 2-furoic acid can be readily
generated from lignocellulose, CO;* -promoted C-H

@/COOH

1

I EtOOC COOEt
carbonylatlon/91 % \O/

I: bromination;

I:carbonylation;

carboxylation opens a new avenue to convert inedible biomass
and CO, into a valuable chemical.

Recently, Liu and co-workers reported an integrated process
for the full conversion of lignocellulosic materials and CO, to
form FDCA using a single-atom Co on N-doped carbon catalyst
(Co SAS/N@C).*® During the carboxylation reaction of furfural,
Cs,CO; was employed as a base additive, which boosted the
carboxylation reaction of the 5-position of furoic acid. An FDCA
yield of 71.7% with a selectivity of 82.9% was obtained from the
oxidation-derived product of furfural, which is comparable to
the previous work (76% FDCA yield with 82.6% selectivity).
Moreover, the Co SAS catalyst was found to afford an FA yield as
high as 96.9% in the aerobic oxidation of furfural to FA, out-
performing the state-of-the-art non-noble metal catalysts.*®

In addition to the disproportionation and carboxylation
routes of furoate, Yin et al explored a new approach to
synthesize FDCA from 2-furoic acid through consecutive
bromination, esterification, carbonylation, and hydrolysis with
65% total yield in four steps and above 80% isolated yield in
each step (Fig. 9).* The first step, i.e., bromination, was per-
formed by reacting furoic acid with bromine to obtain 5-bromo-
furoic acid with a yield of 86%. In the next step, ethyl 5-bromo-
furan-2-carboxylate (3) was feasibly generated by refluxing 5-
bromo-furoic acid (2) in ethanol with the use of concentrated

I Br- O COOH I Br- O COOEt
——

0.
IV HOOC. COOH

\ /

5

96%

II: esterification;

IV: hydrolysis.

Fig. 9 Synthetic strategies for FDCA from furoic acid. Reprinted from ref. 69. Copyright 2017, the American Chemical Society.
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H,SO,, which afforded 87% yield of isolated product. In the
third step, carbonylation of 5-bromo-furan-2-carboxylate was
conducted using a homogeneous Pd catalyst, and a high yield of
91% was obtained. In the final step, the hydrolysis of diethyl
furan-2,5-dicarboxylate (4) was conducted in the presence of
H,SO, at 160 °C for 8 h. After the solution was cooled to room
temperature, a white solid precipitate was obtained after
filtration, resulting in 96% isolated yield. It is noteworthy that
this strategy has some disadvantages, such as the use of a toxic
bromine in the bromination step and use of H,SO, as the
catalyst, which are environmentally unfriendly agents. Overall,
this approach offers an alternative way to produce FDCA for the
sustainable utilization of furfural and CO.

2.2.1 Bio-catalysis. Recently, Leys et al. reported that the
enzyme HmfF can catalyze the carboxylation of furoic acid into
FDCA in the presence of CO, in vitro.” It has been shown that
FDCA can be produced from the carboxylation of furoic acid by
PtHmfF, and the reaction results also demonstrated that
KHCO; plays a crucial role in the production of FDCA. However,
the FDCAYyield in this route is low even under high CO, pressure
given that the carboxylation reaction is an unfavorable equi-
librium and the carboxylation of furoic acid and de-
carboxylation of FDCA is a reverse reaction.”” Nevertheless,
this work offers an innovative pathway for the generation of
FDCA, which is an environmentally friendly approach in
comparison with the above-mentioned chemical conversion
methods. Future efforts focused on elevating the FDCA yield for
this route likely need to in situ convert furoic acid to inhibit the
reverse decarboxylation reaction.

2.3 Catalytic conversion of furfural to furfurylamine

2.3.1 Chemical conversion. The production of furfuryl-
amine via the selective reductive amination of furfural has
gained widespread attention because of its many potential
applications in the manufacture of pharmaceuticals, antihy-
pertensives, pesticides, etc.”>’* In general, the amination reac-
tions of carbonyl compounds such as aldehydes or ketones are
usually carried out using hydrogenation catalysts with additives
and gaseous ammonia in dioxane or alcohol solvents, where the
most common catalysts are Ni and Co-based catalysts.”"”*7”
However, some of the great challenges of this process include
the deactivation of the catalyst, unselective hydrogenation of
aromatic and furan rings and the formation of secondary and
tertiary amine byproducts.

It was reported that Au, Pt and Ir colloids supported on
sulfonic acid-functionalized silica were employed for the
reductive amination of furfural using aniline.” This was
proposed that the acidic SOz;H sites facilitate the formation of
imine and subsequent hydrogenation to amine by metal parti-
cles. However, the yield was relatively low due to the PVP
molecules covering the metal active sites, thus leading to low
activity.”® Chatterjee et al. provided a more efficient approach
for the amination of furfural, which afforded 92% furfuryl-
amine selectivity over the commercial 5% Rh/Al,O; catalyst,
with the use of 28% ammonia and molecular hydrogen as the
reactants.”* They further revealed that the hydrogenation of
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Fig. 10 Possible reaction path for the formation of furfurylamine
under the studied reaction conditions. Reprinted from ref. 71. Copy-
right 2016, The Royal Society of Chemistry.

imines to furfurylamine is the main reaction pathway, while the
transformation of the Schiff base-type intermediate to furfural
amine and secondary amines is the minor pathway (see Fig. 10).
However, the activity of the catalyst declined after five succes-
sive recycles, which could be due to the presence of some
adsorbed species (e.g., amine) blocking the active sites.” This
study offers an environmentally friendly pathway for the
synthesis of amines, which can also be further extended to the
reductive amination of other aldehydes. Recently, a similar
work was reported by Vigiera et al., where a facile and efficient
protocol for the synthesis of furfural-derived amines was
developed with a high yield in the presence of methyl isobutyl
ketone, NH;, H,, and Ru/C catalyst.”” The catalytic system can
effectively hydrogenate C=C bonds and the reductive amina-
tion of carbonyl groups under mild reaction conditions.

2.3.2 Bio-catalytic conversion. In recent years, the bio-
catalytic amination of biomass into amine has received much
attention because it can afford high selectivity toward amines
under mild reaction conditions. Transaminase (TAm) enzymes
have been used for the transformation of pro-chiral ketones and
aldehydes to the corresponding chiral secondary or primary
amines.”> However, the use of TAms with furfural analogues has
attracted less interest. Hailes et al. used TAms to convert
furfural and derivatives to obtain amines (see Fig. 11).”> In most
cases, higher yields in excess of 90% were obtained. Moreover,
the process using isopropanol (IPA) allowed the reactions to be
conducted at a preparative scale with good yields in a one-step
reaction. Approaches using sustainable biomass derivatives as
starting materials for the synthesis of furfurylamine and
derivatives have significant potential in applications for
manufacturing drug synthons and monomers used in polymer
production.

2.3.3 Chemoenzymatic conversion. Recently, He et al
developed a tandem catalysis strategy, where an Sn/ZrO, solid
acid catalyst and transaminase bio-catalysis were integrated to
convert corncob-derived furfural to furfurylamine with r-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Conversion of aldehydes and ketones to produce amines
using TAms with co-factor pyridoxal-5-phosphate (PLP). The reaction
conditions: Chromobacterium violaceum DSM30191 (CV-TAm); 200
pL total reaction volume; isopropylamine (IPA) (100 mM), PLP (1 mM),
potassium phosphate buffer (100 mM, pH 8 for IPA), amine acceptor
(10 mM when IPA was used) and crude cell lysate (20 pl) at 35 °C with
IPA for 24 h. Reprinted from ref. 72. Copyright 2017, The Royal Society
of Chemistry.

alanine as the amine donor.*® In this approach, an acidified Sn/
ZrO, catalyst was applied to convert pretreated corncob into
furfural. Subsequently, E. coli CVPRSFDuet whole cells were
added to hydrolysate for the bio-catalytic conversion of furfural
without separation of the Sn/ZrO, catalyst, which afforded
84.0% yield of furfurylamine with 100% selectivity. Therefore,
a novel tandem chemoenzymatic synthesis pathway from
lignocellulose has been exploited by the combination of
heterogeneous catalysis and bio-catalysis for the first time. In
comparison with the use of heterogeneous catalysts, the bio-
catalytic amination reaction does not require the use of H,
and the reaction conditions are very mild. However, in the first
step of the process, the conversion of corncob into furfural
requires the addition of homogeneous acids, and thus involves
a neutralizing step using alkali prior to enzymatic catalysis.

Table 5 Various catalysts for the conversion of furfural into FOL
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Therefore, green and eco-friendly approaches for the synthesis
of furfural need to be further explored without the addition of
homogeneous acids in future research. Conversely, L-alanine is
an expensive amine donor compared to NH;, which is usually
used for heterogeneous reductive amination reactions.

2.4 Hydrogenation of furfural to furfuryl alcohol (FOL)

Furfuryl alcohol is the most important hydrogenated product
derived from furfural and accounts for nearly 62% of the annual
downstream products of furfural." Currently, its industrial
production in the liquid or gas phase is mainly through the
selective hydrogenation of furfural.®* Although the cost-effective
gas reaction process is more suitable for industrial applications,
this process only gives a low yield of FOL, which cannot be
properly addressed.' Therefore, the production of FOL in the
liquid phase has become the trend of current research.

For liquid phase hydrogenation, a variety of catalysts can
achieve an FOL yield greater than 90%. The commonly used
catalysts are Cu-Cr catalysts.?” Although this type of catalyst can
give high FOL yields, the catalyst tends to deactivation because
of the strong adsorption of byproducts on its active metal sites,
and the Cr element is toxic. Furthermore, the hydrogenation
process of furfural with Cu-Cr catalysts is environmentally
unfriendly. Thus, in recent years, environmentally benign
catalysts for the hydrogenation of furfural have been extensively
explored using green reaction systems, and some excellent
works are summarized in Table 5.

Li et al. used a Pd/H-UiO-6 catalyst to catalyze the hydroge-
nation of furfural to FOL and a high yield was achieved under
mild reaction conditions.** The Pd-Cu/MgO and Ru/UiO-66
catalysts afforded excellent FOL yields of 99% and 94%,
respectively.?”®® Halilu et al. synthesized low-cost, recyclable
Fe(NiFe)O,-SiO, for the hydrogenation of furfural, which
resulted in 93% FOL yield in heptane solvent.* In addition,
some durable, efficient catalysts such as Cu-Fe oxides,” Ni-Fe
alloys,”*®” and PtSn alloy®* have also been employed in the
hydrogenation of furfural to produce FOL in recent years. It is

Furfural con. FOL yield

Entry Catalyst Solvent T (°C)/t (h) H, (MPa) (%) (%) TOF (h™) Ref.
1 Cu-SiO,-1 2-Propanol 110 10 66.3 — 0.009 83
2 3% Pt/SiC-C H,O 25/3 1.0 80.2 26.5 —

3 Pd/H-UiO-6 H,O0 60/3 0.5 >99 >99 66.7 84
4 Pt/(Fe,Co)-BTC 2-Propanol 70/2 1.0 98.0 97.0 1044 85
5 PtNi nanoframes 2-Propanol 100/1 1 100 99 2.56 86
6 Pd-Cu/MgO H,O 110/1.3 0.6 100 99 — 87
7 Ru/UiO-66 H,O0 20/4 0.5 95 94 — 88
8 Fe(NiFe)0,4-SiO, Heptane 90/4 2 94 93 — 89
9 Ru-PES* H,O0 70/7 0.7 26.1 >99 48 000 90
10 Cu/C 2-Propanol 170/3 — 75.0 72.5 14.4 91
11 Pt-Sn/SiO, 2-Propanol 100/8 — 100 96 — 92
12 Ni-SAs/NS? 2-Propanol 130/3 95.6 92.5 623 93
13 PtSn@HMSNSs 2-Propanol 100/5 1.0 100 94.5 — 94

“ PES refers to polyethersulfone. ? SAs refer to single atom catalysts.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Reaction pathway for the hydrogenative ring-rearrangement
of furfural into cyclopentanone. Reprinted from ref. 115. Copyright
2019, Elsevier.

highly desirable to design and develop cheap, robust, efficient
catalysts for the hydrogenation of furfural, but noble metal
catalysts should not be the first choice because they are
expensive and increasingly exhausted.

Besides the use of H, as a hydrogen source, catalytic transfer
hydrogenation (CTH) is a potential alternative protocol for the
hydrogenation of furfural to FOL.****** Zr-based catalysts,'***
CuNi@C,"" single-atom Ni catalyst,*® metal-organic framework
(MOF) materials,'**'%*'*'°” noble metal catalysts such as Pd, Pt,
and Ru,'® ' and transition metal catalysts such as Fe oxides'*
have been used to catalyze the reaction. MOF-808 has been
shown to be the most active catalyst in the CTH of FUR to FOL
among the Zr-MOFs due to the facile modification of the metal
node mediating the acid-base properties by the introduction of
coordinatively unsaturated sites, hydroxyl and methoxy groups
in the framework of the Zr-MOF, which favor the adsorption of
furfural and 2-propanol. For the in-depth understanding of the
CTH mechanism, a computational study based on DFT was
conducted, and two feasible geometries of Zr nodes were
proposed, i.e., singly and doubly modified Zr nodes of MOF-
808.'* It was disclosed that the hydride transfer from alkoxy
carbon to carbonyl carbon is the rate-limiting step based on
DFT studies.'® Considering that the hydrogenation of furfural
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is a relatively easy reaction, some cheap and robust supported
catalysts are more desirable for the reaction compared to
expensive noble metal catalysts.

2.5 Furfural to cyclopentanone (CPO)

Cyclopentanone (CPO) is a versatile compound derived from
furfural, which is widely used in the synthesis of fuels, phar-
maceuticals, rubber chemicals, fungicides, and flavor and
fragrance chemicals.”*™¢ It is well-accepted that the most
important reaction step in the conversion of furfural to cyclo-
pentanone is the hydrogenative ring-rearrangement of furfural,
but the reaction mechanism is still under debate, and various
reaction routes and reaction intermediates have been proposed,
which may be dependent on the catalyst type, reaction condi-
tions, etc."'***" In general, furfural is firstly hydrogenated to
produce furfuryl alcohol, followed by a ring-opening reaction to
give 2-pentene-1,4-dione (2-PED) accompanied by the formation
of a tetrahydrofurfuryl alcohol (THFA) byproduct. Subsequently,
2-PED undergoes an aldol reaction to give 4-hydroxy-2-
cyclopentenone (HCPEO), and then further hydrogenated to
form 3-hydroxycyclopentanone (HCPO). Eventually, HCPO is
converted to CPO by hydrogenation.® The possible reaction
pathway is displayed in Fig. 12.

Various monometallic catalysts such as supported Cu,
Pt,"** Ru,">"** and bimetallic catalysts, e.g., supported Co-Ni,
Cu-Co,"® and Pd-Co,** have been shown to have high catalytic
activity for the transformation of furfural to CPO, and their
catalytic performances are listed in Table 6. Among the catalysts
used in this reaction, Cu-based catalysts are the most thor-
oughly studied because of their low cost and high catalytic
activity. Wang and co-workers demonstrated that a CuNiy s@C
bimetallic catalyst fabricated via the pyrolysis of Cu-based
metal-organic frameworks provided a high CPO yield of
96.9% with the almost complete conversion of furfural.'*® 2-
Cyclopentenone is prospected as the reaction intermediate
involved in the reaction,"® which is consistent with the
assumption by some researchers that 4-hydroxy-2-
cyclopentenone is the reaction intermediate.'*>**°

In addition to Cu-based catalysts, other noble metal catalysts
also possess appreciable activity for the generation of CPO from

121-123

127

furfural **4116:120124126,134136 - Apatase  TiO,-supported  Au

Table 6 The conversion of furfural into CPO over various catalysts
T (°C)/t H, pressure Conversion of CPO yield

Entry Catalyst Solvent (h) (MPa) furfural (%) (%) Ref.
1 CuZnAl-LDH H,0 140/2 2 100 86.5 131
2 Cu/Zr0, H,0 150/4 1.5 100 91.3 121
3 Cu/Fe;0, H,0 170/4 3 100 91 123
4 CuNi@C H,0 130/5 5 99.3 96.9 132
5 Cu-Co@C-500 H,0 150 0.5 90.2 128
6 PtCo/C Toluene/H,O 180 1 100 75 133
7 Pt/N-doped carbon H,0 150/4 3 >99 >76 124
8 Pd-Co@UIO-66 H,0 120/2 3 >99 96 116
9 Pd/FeZn-DMC H,0 150 4 100 96.6 114
10 Co-Ni/TiO, H,0 150 4 100 53.3 127
11 Ru/CNTs H,0 160/3 1 99 91 126
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nanoparticles were found to effectively inhibit the side reaction
and achieve nearly 100% CPO yield in the conversion of furfural
to CPO."™* Deng et al. showed that a double-metal cyanide
(DMC)-supported bi-functional Pd catalyst had high efficiency
for the hydrogenative ring-rearrangement of furfural to cyclo-
pentanone." It has been revealed that Lewis acid sites play an
important role, e.g., Pd/FeZn-DMC with moderate Lewis acidity
gave a cyclopentanone yield of 96.6%, whereas Pd/FeNi-DMC
and Pd/FeCo-DMC with weak Lewis acidity afforded a furfuryl
alcohol yield of 91.2%.

2.6 Hydrogenolysis of furfural to pentanediol

Pentanediol, which is considered to be a promising bio-fuel,
monomer of polyesters, and fine chemical intermediate, can
be generated via the one-pot reaction of furfural or the hydro-
genolysis of THFA."** However, compared to THFA hydro-
genolysis, the direct transformation of furfural to pentanediol is
more challenging because it is very difficult to achieve high
selectivity toward pentanediol and it tends to yield many
byproducts.**4°

Much effort has been focused on exploring some novel
catalysts for the hydrogenolysis of furfural to pentanediol. For
instance, a Pd-Ir-ReO,/SiO, bi-functional catalyst was used for
the one-pot hydrogenolysis of furfural to 1,5-pentanediol with
THFA as the intermediate and gave a maximum 1,5-pentanediol
yield of 71.4%."* Hydrotalcite-supported Pt nanoparticles ach-
ieved a 1,5-pentanediol yield of up to 73% from furfural without
any additives.™** Besides 1,5-pentanediol and 1,2-pentanediol,
1,4-pentanediol (1,4-PeD) could also be produced by the direct
hydrogenolysis of furfural catalyzed by hydroxyapatite-
supported Pt-Mo bimetallic catalysts."*®

2.7 Aromatization of furfural to aromatics

Aromatics are an important type of chemicals, especially for the
production of polymers, solvents, pharmaceutical, fragrances,
etc. Aromatics can be produced from fossil resources, either via
the catalytic reforming of naphtha or steam cracking of hydro-
carbons.>**** This is an emerging and alternative way to
produce aromatics using biomass as starting materials. Bio-
based aromatics can be typically produced via the catalytic
fast pyrolysis of lignocellulose, depolymerization or cracking of
lignin, and conversion of carbohydrates via the furanic plat-
form."**'** In many cases, these processes mainly generate
benzene, toluene, and xylene (BTX) through sequential Diels—
Alder (DA)/aromatization reactions with ethylene over acid
catalysts. Bio-based BTX can be further converted without any
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modification of current and
applications.

To date, very few studies have been reported on the
production of functionalized and industrially relevant
aromatics from biomass, such as benzonitrile, benzaldehyde,
and benzylamine derivatives. Among the biomass-derived
aromatics, meta-xylylenediamine (MXD) is an important chem-
ical, which is widely used in the production of polymers
including polyamide and polyurethane. To date, MXD is
produced at 100 kT per year from fossil feedstocks. Recently, the
renewable MXD was synthesized from biomass-derived furfural
and acrylonitrile.'*” However, the D-A reaction of furfural with
acrylonitrile did not occur because the electron-withdrawing
formyl group in furfural is thermodynamically unfavorable
with a significantly positive free energy according to DFT
results. Therefore, a novel strategy was employed via the ace-
talization derivatization of furfural with ethylene glycol to give
2-(furan-2-yl)-1,3-dioxolane, which afforded a thermodynami-
cally favorable reaction when it reacted with acrylonitrile (as
shown in Fig. 13).""” Subsequently, aromatization of D-A with
acrylonitrile gave 86% yield of aromatic cycloadducts catalyzed
by CH;ONa in DMSO. After aromatization, the meta-aromatic
isomer underwent deprotection in the presence of HCI to
produce ethylene glycol and meta-cyanobenzaldehyde in quan-
titative yield. Finally, reductive amination of the aldehyde with
ammonia using RANEY® Co yielded 70% MXD. Moreover, all
the steps (protection, DA/aromatization, deprotection and
hydrogenation) are highly selective and chemical intermediates
can be directly used in the next step without purification.
Therefore, this novel strategy provides a sustainable, alternative
way to produce MXD with high yield from biomass-derived
furfural and acrylonitrile.

downstream processes

2.8 Furfural to other useful chemicals

Tetrahydrofurfuryl alcohol (THFA) is a liquid compound with
a high boiling point, which is transparent and completely
miscible with water. It is a green solvent for agricultural appli-
cations, electronic cleaners and printing inks."*®* THFA can be
produced directly from furfural. The typical approach for the
production of THFA from furfural is a two-step hydrogenation
reaction through the furfuryl alcohol intermediate over Cu-Cr
and noble metal catalysts separately.’*® However, this cumber-
some process increases the production cost of THFA. Recently,
the synthesis of THFA from furfural via a “one-pot method”
addressed this problem. For example, in the study conducted by
Rode et al., 95% THFA yield was achieved in the presence of an

+ NC, NG H,N
=0 o= OF O

Fig. 13 Pathways to meta-xylylenediamine (MXD) from furfural and acrylonitrile. Reprinted from ref. 147. Copyright 2018, Wiley.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fe catalyst by direct hydrogenation of furfural using a “one-pot
process”.**

Levulinic acid can also be produced from furfural, where the
conversion of furfural to LA firstly involves the selective hydro-
genation of furfural to form FA, followed by hydrolysis to yield
levulinic acid."* Maldonado et al. used different experimental
methods to study the hydrolysis of FA to LA with Amberlyst-15
in the aqueous phase.”™ Different reaction pathways were
systematically investigated in this process, in which 4,5,5-
trihydroxypentan-2-one was considered to be a key interme-
diate.'® Sulfuric acid was employed to hydrolyze hemicellulose
to LA in a bi-phasic reactor consisting of alkylphenol solvents
and water.” The bi-phasic reaction system effectively sup-
pressed the undesirable polymerization reactions and obtained
a yield of 72%. Recently, an LA yield greater than 70% was
achieved using H-ZSM-5 as a catalyst in an H,O/tetrahydrofuran
(THF) biphasic reaction system.'*

y-Butyrolactone (GBL), an important intermediate, is
widely used as a fine chemical, medicine, etc. At present, GBL
is produced in the petrochemical industry such as the hydro-
genation of maleic anhydride. Wang et al. reported a two-step
approach for the synthesis of GBL from furfural.*** Firstly,
furfural oxidation was conducted to form 2-furanone with
HCOOH as the catalyst and H,0, as the oxidant. Subsequently,
the purified 2-furanone was further converted to GBL via
hydrogenation reaction. The oxidation products include
maleic acid and succinic acid besides 2-furanone, and formic
acid was found to give a high yield of 2-furanone of up to
61.5%. It was revealed that the TOF values of supported group
VIII metals for the hydrogenation of 2-furanone exhibit
a volcano-type correlation with the d-band center relative to
the Fermi level, and Pd/SiO, shows the best performance. This
work provides a novel approach for transforming biomass-
derived furfural to a useful chemical. It is of great impor-
tance to develop heterogeneous catalysts to afford a higher
yield of 2-furanone in the first step, and thus decrease its
downstream separation cost to realize the large-scale produc-
tion of GBL in the future.

3. Conclusions and outlook

This review presented a comprehensive overview on the latest
advancements in the catalytic valorization of furfural into
value-added chemicals through chemo- and bio-catalysis
approaches, focusing on the development of catalysts and
the reaction mechanisms of furfural conversion. The wide
utilization of biomass-derived furfural opens a new avenue to
reduce the dependence on oil and fossil resources and
provides a sustainable development for mankind. Despite the
great progress achieved in the efficient utilization of furfural to
produce useful chemicals including furandicarboxylic acid,
aromatics, and cyclopentanone, and the fact that some
bottlenecks have been addressed and some emerging strate-
gies have been exploited, there are still critical challenges that
hinder the utilization of furfural to produce value-added
chemicals on a large scale.
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(1) The bio-catalytic conversion of furfural provides a green
protocol to valuable chemicals. Compared to chemo-catalysis,
bio-catalysis has some advantages including high product
selectivity and environmentally friendly nature, but it has some
limitations, such as low productivity and low feedstock
concentration, leading to extensive energy consumption for
product separation and purification in the downstream
processes. Thus, it is urgent to develop some novel processes by
integrating bio-catalysis and chemo-catalysis to make full use of
their advantages and overcome their drawbacks in the trans-
formation of biomass into useful chemicals.

(2) Significant challenges remain in designing and devel-
oping industrially feasible reaction pathways through hetero-
geneous catalysts and/or bio-catalysts for the conversion of
furfural into useful chemicals including diacids, diols,
aromatics, and cyclopentanone. To date, most research on the
utilization of furfural is still in its infancy, such as the
production of furandicarboxylic acid, aromatics, succinic acid,
and cyclopentanone. Thus, great efforts need to be further
undertaken to meet the commercial-scale application require-
ments. Recently, artificial intelligence (AI)-driven synthesis has
been shown to be a very strong tool in organic synthesis,
materials design, etc. This novel technique will remarkably
facilitate the screening of excellent catalysts and the develop-
ment of efficient and economic pathways for the valorization of
furfural to value-added chemicals.

(3) In general, the catalytic conversion of furfural to bio-
chemicals requires cascade reactions, especially for hydroge-
nation and hydrodeoxygenation, which are usually conducted
under harsh reaction conditions at high temperatures and
pressures. These harsh reaction conditions result in the
degradation of furfural to produce other by-products or
humins, which will increase the production cost of the desired
products. In addition, the hydrothermal reaction conditions
easily lead to leaching of the active components and even
deactivation of solid catalysts. Thus, it is of great significance to
develop efficient and robust heterogeneous catalysts for the
conversion of furfural. Recently, the photo-, electro-, and
photoelectron-catalytic conversion of biomass into bio-fuels
and bio-chemicals have attracted increasing attentions due to
their mild reaction conditions, high selectivity, and environ-
mentally friendly nature. The development of photo-
electrochemical processes can minimize the energy input, while
affording high conversion efficiency and selectivity. It can be
expected that some innovative reaction pathways and novel
valuable bio-chemicals will be yielded through these new
techniques.

(4) It is necessary to have an in-depth understanding of the
reaction mechanism for further improving the design and
catalytic properties of solid catalysts. Besides the identification
of the key reaction intermediates, the surface/interface reaction
kinetics also need thorough studies. However, it is a significant
challenge to in situ dynamically identify and follow the evolu-
tion of reaction intermediates, especially under the harsh
hydrothermal reaction conditions. Thus, in situ and even oper-
ando characterization techniques and theoretical calculation
may act as useful tools for this goal, which can propel our

© 2021 The Author(s). Published by the Royal Society of Chemistry
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understanding of the structure-activity relationship of catalysts
and promote the development of high-efficient catalysts for the
valorization of furfural.
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