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Abstract: 5-Hydroxymethylfurfural (HMF) has been considered as one of the most promising
versatile biomass based platform molecules. This review discusses recent advances in

catalytic oxidation of HMF towards 2, 5-furandicarboxylic acid (FDCA) as well as other
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HMF oxidation intermediates: 2,5-diformylfuran (DFF), 5-hydroxymethyl-2-furancarboxylic
acid (HMFCA), 5-formyl-2-furancarboxylic acid (FFCA) deploying noble, non-noble, metal-
free and biocatalytic systems in conventional batch protocols; reaction mechanisms and the
reaction conditions are well deliberated. Selective HMF downstream oxidation products are
obtained via catalyst modifications such as the nature of metal, preparative method as well the
property of deployed support. HMF oxidation, an important and integral biomass-—based

valorization process towards valuable chemicals, deserves more attention.

Keywords: 5-Hydroxymethylfurfural, Catalytic oxidation, Heterogeneous catalyst,

Conventional batch process

1. Introduction

With the rapid development of modern society, the depletion of non-renewable
resources, the ensuing greenhouse effect and environmental pollution has garnered more
attention, as-worldwide environmental issues have started to impact the quality of human life;
search for newer and greener strategies and alternative resources for the sustainable
development has intensified. Lignocellulosic biomass resources are the most abundant
renewable carbon resources on the planet, comprising-cellulose (40-50%), hemicellulose (20-
30%), lignin (10-25%) and other negligible groups (Fig. 1) [1]. Among them, cellulose with
B-1,4 bonds of anhydrous glucose unit [2], through hydrolysis to glucose, in situ
isomerization to fructose, followed by dehydration is converted to an important bio-based
platform compound: 5-hydroxymethylfurfural (HMF) [3-6]. Different reviews reported
general conversion of biomass such as HMF into bio-based compounds and fuels [7-9] and
one is specific on the catalytic oxidation of carbohydrates [10]. Nevertheless, specific

advances in catalytic oxidation of HMF were not reviewed in details.
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Fig. 1. Lignocellulosic structural units.

The oxidation of lignocellulosic platform molecules to value-added chemicals has been
laid out as an efficient pathway for valorization of biomass-based compounds. Four key
platform molecules namely glucose, HMF, furfural and levulinic acid, are recognized as
downstream high value compounds [11,12]. Among them, 2,5-diformylfuran (DFF), 5-
hydroxymethyl-2-furancarbonxylic acid (HMFCA), and 5-formyl-2-furancarboxylic acid
(FFCA) are the main intermediates of HMF oxidation (Scheme 1); each of them is important
biomass-based furan compounds with wide-spread applications. For instance, DFF is used for
synthesis of ligands, pesticide, antifungal agents, fluorescent materials and new polymeric
materials [13,14]. HMFCA has been reported as an interleukin inhibitor [15], which also
showed antitumoral activities [16]. Furthermore, FFCA has some unique structural
advantages for the synthesis of drug derivative as attested in two patents; structures of FFCA-

based drug derivatives are depicted in Fig. 2.
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Scheme 1. Oxidation pathway for HMF.

The final oxidation product, 2,5-furandicarboxylic acid (FDCA), has been considered as
the most promising candidate in furan family featuring the unique cyclic furan ring with
appended diacid group [17]; DuPont and DSM have commented on FDCA as "a sleeping
giant with unlimited potential." In 2004, US Department of Energy identified twelve bio-
based platform compounds currently considered most likely to replace more than 300
petroleum-based substitution products. Due to aromatic ring’s plane and rigid structure,

FDCA was the only bio-based platform compound-recommended [18].
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Fig. 2. FFCA-based drug derivatives.



2,5-Furandicarboxylic acid (FDCA)-has received significant attention due to its wider
applications in many fields. For instance, in the synthesis of biochemical compounds such as
succinic acid [19], 2,5-dihydroxymethylfuran, 2,5-dihydroxymethytetrahydrofuran, 2,5-
bis(aminomethyl)-tetrahydrofuran [18]. FDCA diethyl ester showed strong anaesthetic action
similar to cocaine [20], FDCA dicalcium salt was reported to inhibit the growth of Baccillus
megatorium spora [21] and FDCA-derived anilides 73 demonstrated anti-bacterial action [22].
FDCA by itself is a strong complexing agent, chelating ions such as Ca**, Cu** and Pb**
reportedly capable of-removing kidney stones [23]. In addition, FDCA has been deployed in
plasticizers, coatings, adhesives, metal-organic framework materials, among others.

Remarkably, another impressive application of FDCA lies in the bio-based polymer
industry as its structural similarity to p-xylene (PX) enables polymerization with diol, diamine
or other monomers to produce bio-based polymer materials. For instance, polyethylene 2,5-
furandicarboxylate (PEF) is an excellent biopolymer alternative to polyethylene terephthalate
(PET) which is obtained from fossil-based monomer terephthalic acid (TPA) [24] (Scheme
2). The starting material for PEF as sourced from biomass reduces the reliance on fossil
resources. Furthermore, taking into account the improved salient features such as excellent
gas barrier, recyclability and extend mechanical properties than PET [25], PEF is widely
employed in food and beverage packaging, and in textile fibers. The Coca Cola company has
collaborated with Avantium, Danone, and ALPLA to develop and commercialize PEF bottles.
In view of its extensive applications, the price of the high purity FDCA on Sigma-Aldrich is
rather expensive at 102 euros (5 g), thus suggestive of extensively studies on catalytic

synthesis of FDCA.
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Scheme 2. The comparative origins of PEF and PET.

5-Hydroxymethylfurfural (HMF) as a promising starting material for FDCA production
via chemical catalytic method started in the 19" century. A wide variety of reaction systems
have been investigated for the oxidation of HMF ranging from noble metal, non-noble metal,
metal-free and biocatalysts, benign oxidants like oxygen, air, H>O2, and KMnOs4 as well as
homogeneous- and heterogeneous-based approaches under conventional batch conditions.
Based on these premises, the aim of this review is centered on the most recent findings with a
critical discussion on HMF oxidation to FDCA as well as other HMF oxidation intermediates.
The underlying mechanisms in different catalytic systems ranging from noble-metal, non-
noble metal, metal--free as well as biocatalysts under divers-reaction conditions (HMF/metal
molar ratio, oxidant source and pressure, base type and amount, reaction temperature and

time) are also discussed.

2. Oxidation of HMF to FDCA — Conventional batch processes

2.1. Noble metal
The oxidation of HMF to FDCA over heterogeneous catalysts in conventional batch
processes has been extensively investigated and mostly, gold (Au), platinum (Pt), palladium

(Pd) ruthenium (Ru) and silver (Ag) occupied were deployed.



2.1.1. Gold (Au)

Au as a traditional noble metal as well supported on a variety of support have been
found to be very active for oxidation of HMF to FDCA [26,27]; studies have identified the
best supports and reaction conditions for improving FDCA yield [28,29]. Au/CeO. showed
significantly high HMF oxidation activity [30], as a series of Au- based catalysts on CeO2 was
studied by Albonetti et al. [31] and yield of FDCA attained was 52% under optimum
condition (10 bar O, 4eq. NaOH, 70 °C and 4 h) (Table 1, entry 1). With the increase in
temperature from 70 to 130 °C, FDCA yield increased from 52% to 96% despite HMF/Au
amount from 100 to 640 and 10 bar air (Table 1, entry 2). Not only the particle size of Au but
also the support plays a key role in HMF oxidation in the aqueous phase; CeO: served as a
superior support for HMF oxidation in numerous reports [32-36]. The easy Ce** /Ce** redox
transition increased significant oxygen mobility and storage capacity. Additionally, higher
number of oxygen vacancies on CeO> increased the proportion of cationic Au and more
interfacial Lewis acidic sites. A synergistic effect between the interfacial Lewis acid,
homogeneous base and neighbored Au particles promoted the oxidation reaction by
efficiently activating the hydroxyl, aldehyde and molecular Oz [37-40]. Au-CeO: stability
experiment was performed under the optimal conditions (Table 1, entry 2), where HMF
suffered a serious degradation during the reaction, only 20% HMFCA was obtained after the
first hour; active sites may be partially blocked by organic molecules adsorbed onto the
catalyst surface.

To decrease the formation of humins and enhance the catalyst’s stability, HMF with
1,3-propanediol generated an HMF acetal derivative (PD-HMF) as reported by M. Kim
research group [42], wherein the six-membered acetal ring can suppress the thermal

decomposition and self-polymerization of HMF; PD-HMF conversion was 99% and FDCA



yield of 91% was attained after prolonged reaction time of 15 h under optimal condition (PD-
HMF/Au molar ratio,-53, 5 bar Oz, 2eq. NaxCO3) even at elevated temperature of 140 °C
(Table 1, entry 3). The catalytic activity of Au/CeO> could be dramatically improved by
incorporating Bi** into the CeO> support nanostructure, due to the availability of lone pair
electrons (Bi**) which increased the Bi—-O—Ce linkages together with large proportions of
Ce** centers and oxygen vacancies; nearly quantitative HMF conversion and 99% yield of
FDCA (Table 1, entry 4) was obtained in only 2 hours over Au/Ceo9Bio.10>-5 catalyst at a
lower temperature (65 °C) while using a lower oxidant source pressure (1 bar Oz) when

compared to earlier cases (Table 1, entry 1 to 3).



Table 1

Oxidation of HMF to FDCA over Au-based catalysts.

Entry Catalyst HMF/metal Oxidant Base T Time  Conv Yield Ref.
molar ratio [eq.] [°C] [h] (HMF) (FDCA)
[%] [%]
1 Au/CeO2 100 O2 (10 bar) NaOH (4 eq) 70 4 100 52 [31]
2 Au/CeO2 640 air (10 bar) NaOH (4 eq) 130 5 100 96 [41]
3 Au/CeO» 53 Oz (5 bar) NaxCOs3 (2eq) 140 15 99 91 [42]
4 Au/Ceo9Bio.102-5 149 O2 (1 bar) NaOH (5 eq) 65 2 100 99 [43]
5 Au/TiO> 110 Oz (3 bar) NaOH (5 eq) 60 6 99 85 [29]
6 Au/TiO> 150 air (10 bar) NaOH (4 eq) 130 8 100 99 [41]
7 Au/TiO2 100 O2 (10 bar) NaOH (20 eq) 30 18 100 71 [26]
8 Au/TiO> 100 180, (3.4 bar) NaOH (20 eq) 25 22 100 69 [27]
9 Au-Cu/TiO2 100 air (10 bar) NaOH (4 eq) 95 4 100 99 [44]
10 Au-Pd/IRA-743 100 air (10 bar) NaxCOs (1eq) 100 4 100 93 [45]
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Au-Pd/Ac
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100

50

40

100

384

72
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90

80
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60
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93
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12

14
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TiO> is another common support that has captured attentions for HMF oxidation to
FDCA [58-60]. Cai et al. [29] reported Au supported on TiO;, CeO2, Mg(OH), and HY
zeolite to produce FDCA in water under mild conditions (60 °C, 3 bar O), 85% FDCA could
be observed (Table 1, entry 5). Higher yield of FDCA was attained (99% yields) (Table 1,
entry 6) when temperature and oxidant were both increased (60 °C to 130°C, 3 bar O> to 10
bar air) despite the increase of HMF/Au molar ratio from 110 to 150. TiO» displayed much
higher HMF oxidation performance when compared to other supports, such as Fe,Osz or
activated coal which afforded FDCA 15% and 44%, respectively under the same reaction
conditions [41]. Gorbanev et al. [26] also reported the formation of FDCA and the yield of
intermediate HMFCA depend on the amount of added base and the oxygen pressure; 71%
FDCA yield was attainable under room temperature with addition of more base (20 eq.)
(Table 1, entry 7). Davis et al. [27] achieved 69% FDCA yield (Table 1, entry 8) under
almost the same optimal condition (Table 1, entry 7) with the delineation of mechanism using
the labeling experiments conducted with 802 and H2'®0. As seen from Scheme 4, hydroxyls
ions play an important role in HMF oxidation which can catalyze aldehyde groups originating
from HMF and FFCA to geminal diols in water (Scheme 3, steps 1 and 4). For the next step,
the H atom from C-H and O-H groups of alcohol or geminal diol can be abstracted by OH"
ions, which are adsorbed on Au surface or at the Au based support interface, to afford
carbonyl and carboxylic groups, respectively (Scheme 3, steps 2, 3 and 5). Then, the hydroxyl
groups could be regenerated by oxygen scavenged electrons (Scheme 3, steps 2, 3 and 5, right

side).
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Scheme 3. Overall mechanism for oxidation of HMF-to FDCA.

Since Au supported on CeO> and TiO> were reported to lose activity rapidly due to the
active sites being blocked by organic adsorption, so called humins [41], and Au leaching [26],
the bimetallic Au-Cu catalysts displayed a superior activity and stability as compared to
monometallic Au, as-was shown by Pasini et al. [44]. The obtained yield of FDCA was 99%
at 95 °C, in 4 h (Table 1, entry 9). Notably, after reaction, the performance of Au—Cu
catalysts showed no significant loss of activity and selectivity. Bimetallic Au-Pd alloy
nanoparticles supported on basic anion-exchange resin (AER) also performed well [45,46] as
HMF was oxidized to FDCA in 93% yield (Table 1 entry 10) under optimum conditions with
1:1 ratio of Au-Pd alloy nanoparticles over Amberlite IRA-743 resin. In a comparative study,
bimetallic performance with simple mixture of the two monometallic catalysts (1% Au/IRA-
743 plus 1% Pd/IRA-743) gave only a 52% FDCA selectivity under the identical conditions.

The bimetallic catalyst could be used 6 times without any significant loss of activity. Wang et



al. [46] reported MPIL-based ionic copolymers (amphiphilic PECN) supported Au-Pd alloy
NPs as catalyst which could increased the catalytic performance, under mild condition, 100%
HMEF conversion and 99% FDCA achieved (Table 1, entry 11). The encouraging performance
has been attributed to the hydrophilic and hydrophobic properties on the support surface. Zinc
hydroxycarbonate (ZOC) was found to be the another good support for improving the yield of
FDCA [47], the basicity property of ZOC support being an important factor on the
enhancement of catalytic activity. Au-Pd/ZOC with an Au:Pd (molar ratio 1:1) showed the
highest catalytic activity towards HMF oxidation in water at relative mild conditions,
attaining > 99% yield of FDCA (Table 1, entry 12). Noticeable, recyclability of Au-Pd/ZOC
revealed no significant loss in seven consecutive runs. Villa et al. [48] demonstrated the
modification of Au/Ac catalyst by adding Pt or Pd for HMF oxidation to FDCA (Table 1,
entries 13-15); bimetallic catalysts Au-Pd/AC showed an enhanced activity when compared to
the monometallic Au/Ac and bimetallic Au-Pt/AC (the yield of FDCA 95% vs. 36% and 62%,
respectively). In terms of catalyst’s durability metric, Au/Ac was not stable in recycling
experiments. However, the stability and activity could be dramatically enhanced by alloying
Au with Pd, AugPd>/Ac can be recycled for up to while 5 times maintaining 99% selectivity to
FDCA. These experiments proved sufficiently that the Au alloy-based catalyst can not only
enhanced the HMF oxidation performance but also the catalyst durability.

From the perspective of green chemistry, the aerobic oxidation of HMF to FDCA under
base-free condition is highly desirable. An efficient and stable basic nanosized NiO supported
Au-Pd nanoparticles (6:4 Au/Pd atomic ratio) were reported for HMF oxidation with 100%
HMF conversion and 99% FDCA (Table 1, entry 16) under optimized condition in
homogeneous base-free system [49]. The impressive results were attributed to the significant
synergistic effects between Au and Pd in the alloy as well as NiO. La-doped Ca—Mg—-Al

layered double hydroxide (La-CaMgAI-LDH) supported AuPd bimetallic nanoparticles [50]



under base-free conditions was investigated for the aerobic HMF to FDCA, 99% FDCA yield
obtained under optimized reaction conditions (Table 1, entry 17). The encouraging
performance of the catalyst is believed to be correlated with not only the higher surface
basicity of La-CaMgAI-LDH support but also the synergy between Au—Pd atoms. Several
other basic support as matrix were examined to support Au—Pd like Au-Pd/AlLOs3, Au-
Pd/MgO, Au-Pd/HT and Au-Pd/CNT by Wan et al. [51]; Au-Pd/CNT showed the highest
efficiency as a recyclable catalyst for HMF conversion to FDCA under base-free conditions
as quantitative HMF conversion with 91% FDCA vyield was discerned over the Au-Pd/CNT
after 18 h (Table 1, entry 18). The functionalization of CNT surface was crucial for the
formation of FDCA, the carbonyl/quinone and/or phenol groups enhanced the adsorption of
HMF and the possible intermediates onto the CNT surfaces, thus increasing the catalytic
performance. In contrast, the carboxyl groups on the surface are disadvantageous for the
adsorption of these molecules.

In this regard, Donoeva et al. [61] compared FDCA selectivity using Au supported on
both acidic and basic carbon materials. The results showed basic carbon supports that were
positively charged under reaction conditions displayed a higher adsorption of substrate, the
local concentration of hydroxyl ions which acted as co-catalysts attributed to the synergy with
Au, thus enhancing the catalyst’s performance. Negatively charged surface groups of acidic
carbons repel hydroxyls and the intermediate, which leads to lower catalytic performance and
a low selectivity towards FDCA.

Monometallic Au NPs catalyst under base-free condition have also been widely
reported. Au NPs supported on MgO, NiO, TiO», ZrO,, CeO> were prepared for the oxidation
of HMF [52] where Au/MgO was identified as the most efficient-in catalyst screening with
quantitative HMF conversion and 91% FDCA yield (Table 1, entry 19); FDCA yield (in the

bracket) followed the order MgO (91%) > NiO (33%) > TiO2 (11%) = ZrO> (6%)~= CeO>



(8%). It was revealed that the support played a crucial role in the oxidation reactions and-the
activity related to the basic sites on the surface of a metal oxide. Alkali-free Mg-Al
hydrotalcites were identified as excellent solid base catalysts for the aerobic oxidation HMF
to FDCA and garnered much attention in recently years-[53,54, 62-64]. Noticeable, Gupta et
al. [53] reported that Au/HT was a highly effective heterogeneous catalyst for selective
oxidation of HMF to FDCA; complete HMF conversion and the highest FDCA yield was
obtained using 50 mL/min oxygen flow as oxidant (Table 1, entry 20) and the catalyst could
be reused at least three times without significant loss of activity and selectivity.

In this context, physical milling of HT and AC as matrix support for Au also showed
good catalytic performance with 99% FDCA yield in 24 h under base-free conditions (Table
1, entry 21) [54], catalyst was stable up to 6 cycles without any decrease in selectivity for
FDCA. The impressive performance was attributed to a large surface area, basic sites, surface
hydroxyl and carbonyl groups on the surface of HT-AC, being very ideal for high dispersion
of Au nanoparticles and adsorption of HMF as well as intermediates.

Other support such as ZrO», Al>O3, SiO, with homogeneous base were rarely reported
(Table 1, entries 22-24). Au/ZrO; afforded 89% yield of FDCA under optimum condition
(Table 1, entry 22). Gupta [53] reported that Au/SiO; in the absence of a base was inactive
for the oxidation of HMF. Later, Masoud [56] prepared Au/SiO> produced 74% FDCA yield
under base conditions (Table 1, entry 23). Noticeably, Megias-Sayago et al. [57] prepared
Au/AlOs3 through direct anionic exchange (DAE) method, which enabled the fast and direct
interaction between Au species and the support leading to a very efficient and active catalyst
for HMF oxidation; 99% FDCA yield was achieved (Table 1, entry 24). The stability and
reusability study of the catalyst in 5 subsequent cycles without any noticeable deactivation,

showed its prowess as an efficient and novel catalyst for this synthesis methodology.



2.1.2. Palladium (Pd)

Au-Pd bimetallic catalyst demonstrated efficient catalytic activation towards HMF
oxidation and stability than monometallic Pd based catalyst as listed in Table 1 [65-66].
Nevertheless, monometallic Pd based catalysts were still-widely investigated for HMF
oxidation initially. Starting with variety of carbon-based supports, Davis et al. [67] compared
Pd/C and Au/C for HMF oxidation under the identical reaction condition (7 bar O, 2 eq.
NaOH, 70 °C, 4 h), Pd/C yielded FDCA 71% (Table 2, entry 1). The yield of the intermediate
product HMFCA-was 92% while the yield of FDCA was only 8% when using Au/C. It
revealed the oxidation of HMF aldehyde side chain to carboxylic group was more efficient
over Au/C. Pd oxidized and activated the alcohol side chain of HMFCA to FDCA effectively.
Another carbon-based support (through carbonization of glucose) as matrix, Pd/CC-reportedly
displayed efficient catalytic activation towards HMF oxidation to FDCA, 85% FDCA
achieved (Table 2, entry 2) [68].-Espinosa et al. [69] investigated Pd supported on few-layers
graphene (FLG), carbon nanotubes (CNT) and carbon nanofibers (CNF) to determine how the
carbon-based support with different structures influence the catalytic activity on HMF
oxidation to FDCA. Pd supported on FLG was initially the most active catalyst for HMF
oxidation (Table 2, entries 3-5) in 5 hours, but it undergoes deactivation to significant extent
in catalyst recycling experiment. However, Pd/CNF presented a compromised balance
performance between catalytic activity and stability up on reuse results. It was revealed that
Pd dispersion was not the only parameter, the nature and proportion of the basal, non-basal
and defective planes of the support were of additional decisive importance in determining the
activity and stability of the Pd-based carbon support. Other C-based catalyst comprising Pd,
Bi, and Te supported on activated carbon were shown to be highly effective for the oxidation
of diverse benzylic and aliphatic primary alcohols [70], HMF oxidation under optimum

conditions, afforded 95% yield of FDCA (Table 2, entry 6); extended stability under



continuous flow conditions for oxidation bodes well for the application on large-scale. Pd
supported on nitrogen and phosphorus codoped graphene sheets (HPGSs)-Pd/HPGSs has been
reported [71]. The graphene sheets were produced by thermal pyrolysis under an inert
atmosphere at 1000 °C, followed by decomposition and condensation to Cs3Ns-like
intermediate and subsequent release of nitrogen, oxygen, and phosphorus atoms to generate a
large space and mesopores to establish a porous structure. It was demonstrated that HPGSs
enhanced the fraction of surface Pd** species, thus increased catalytic performance as fully
HMEF conversion and 83% FDCA yield could be achieved (Table 2, entry 7).

Pd/PVP catalyst with a Pd diameter of 1.8 nm produced highest 90% FDCA yield after
6 h at 100 °C (Table 2, entry 8), while FDCA yield diminished to 81% for Pd NPs diameter
with a size of 2.0 nm and finally to 61% for the 6.3 nm sized Pd NPs [72]; smaller size of Pd
NPs dispersion was more efficient for the HMF oxidation reaction. Another study deploying
PVP-stabilized single-crystalline Pd examined the facet- and size-dependent effect on the
catalytic performance [73]. The facet effect of Pd nanocrystals was found to be another
pivotal factor, Pd-NCs enclosed by {111} facets were more efficient than Pd-NCs enclosed
by {100} facets towards HMF aerobic oxidation. Furthermore, Pd/ PVP deposited on four
different kind of metal oxides (TiO2, y-AloO3 KF-Al,O3 and ZrO;-La>O3) were also examined
[74]; Pd NP deposited on Al>O3 or TiO> (Table 2, entries 9-10) led to lower FDCA yields of
78% and 52%, respectively while Pd/KF-Al>,Os3 could afford 91% FDCA yield (Table 2, entry
11). Unfortunately, in view of the catalyst stability, FDCA yield decreased from 91% to 55%
during the first and the second run but for Pd/ZrO;-La>,O3; material (Table 2, entry 12), the
FDCA vyield decreased slightly from 90% to 86% after three runs, exhibiting good catalytic

performance and stability.



Table 2

HMF oxidation to FDCA over Pd based catalyst.

Entry Catalyst HMF/metal Oxidant Base T Time  Conv Yield Ref.
molar ratio [eq.] [°C] [h] (HMF) (FDCA)
[%] [%]
1 Pd/C 150 O2 (7 bar) NaOH (2 eq) 70 4 100 71 [67]
2 Pd/CC 16 02 (20 mL min™) K2COs3 (3 eq) 140 30 100 85 [68]
3 Pd/FLG 83 Oz (5 bar) K>COs3 (2 eq) 160 5 100 85 [69]
4 Pd/CNT 83 Oz (5 bar) K>COs3 (2 eq) 160 5 100 60 [69]
5 Pd/CNF 83 Oz (5 bar) K>COs3 (2 eq) 160 5 100 70 [69]
6 Pd-Bi-Te/C 100 O2 (1 bar) KOH (3.4 eq) 50 6 100 95 [70]
7 Pd/HPGSs 60 0> (500 mL min™) NaOH (1 eq)) 50 6 100 83 [71]
8 Pd/PVP 100 Oz (1 bar) NaOH (1.2 eq) 90 6 100 90 [72]
9 Pd/TiO: 100 Oz (1 bar) NaOH (1.2 eq) 90 8 100 52 [74]
10 Pd/ALO3 100 Oz (1 bar) NaOH (1.2 eq) 90 8 100 78 [74]
11 Pd/KF-Al,03 100 Oz (1 bar) NaOH (1.2 eq) 90 8 100 91 [74]
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Zhang group [75-77] has made several contributions to the valorization of biomass-
based compounds. A magnetically separable catalyst (Pd/C—Fe;04) exhibited an impressive
FDCA yield (92%) under optimized condition (Table 2, entry 13); catalyst was easily
collected by an external magnet and reused without significant loss of catalytic activity [75].
Another similar magnetic catalyst Pd/C@Fe304 was successfully prepared by the deposition
of Pd nanoparticles on the core—shell structure of C@Fe3O4 composites [76] which afforded
nearly quantitative HMF conversion with 86.7% FDCA yield (Table 2, entry 14) and barely
any loss of its activity up on recycling. Again, y-Fe;O3 @HAP-Pd(0) magnetic catalyst led to
93% FDCA yield (Table 2, entry 15), while retaining its catalytic effectiveness in five
consecutive runs [77]. These efforts (Table 2, entries 13-15) provided a greener and
sustainable option for the production of valuable chemicals from renewable resources with
easy catalyst recovery and durable catalyst performance.

Base-free catalytic systems deserved attention as well. Wang et al. [78] reported a series
of solid base Mg/AICO3 hydrotalcites with varying Mg/Al molar ratios and deployed them as
matrixes to support Pd nanoparticles. Not only Pd loading amount, but also the Mg/Al molar
ratio had significant influences on the catalytic activity and selectivity;-2% Pd/HT exhibited
the highest activity and FDCA selectivity, > 99.9% FDCA yield were attained in 8 h under
mild conditions (Table 2, entry 16), catalyst recycling 5 times without any obviously
deactivation. Another base-free system using series of mono- and bimetallic Au-, Pd-, and Pt-
based catalysts were reported by Choudhary and Ebitani [79]; bimetallic catalysts were found
to be superior to their monometallic counterparts where PdoPtgo-PVP/HT emerged as the
most efficient heterogeneous catalyst for HMF oxidation to FDCA in > 99% yield (Table 2,
entry 17). Another bimetallic catalyst Ni-Pd afforded 100% HMF conversion and 86% FDCA

yield-(Table 2, entry 18). The presence of Ni help transfer the electronic charge to Pd center,



which makes Pd more electron rich and facilitated the adsorption of more O; on the surface of
Pd, thus enhancing the catalytic performance and stability. The conversion from fructose to
FDCA has also been investigated under optimum condition, 22% FDCA selectivity was
discerned with no obvious catalyst deactivation in 6 catalytic runs. The low cost and high
performance of bimetallic Ni-Pd system no doubt broadens the perceptions towards Pd
catalyst applications in biomass based transformation [80].

The possible mechanism for Pd-catalyzed aerobic oxidation of HMF is like Au as
shown in Scheme 6 with HMFCA being the main intermediate for oxidation to FDCA. The
aldehyde group undergoes reversible hydration to form the geminal diol intermediate
(Scheme 4, steps 1), followed by dehydrogenation of geminal diol on the surface of Pd**
species via formyl to carboxylic group; the Pd>* species serving as an electron acceptor
(Scheme 4, steps 2). The metallic Pd’ sites are generally responsible for activation of
adsorbed oxygen to the formation of new hydroxide ions (Scheme 4, step 6). The oxidation of
hydroxyl group of HMFCA into aldehyde group of FFCA is the rate-determining step and the
formation of Pd alcoholate species via Pd-hydride shift with the aid of Pd** and OH can
accelerate this process (Scheme 4, steps 3) [71]. Furthermore, the repeat of step 2 will

generate germinal diol intermediate that ensue FDCA.
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Scheme 4. Aerobic oxidation of HMF into FDCA over Pd catalyst.

2.1.3. Platinium (Pt)

Platinum (Pt) based catalysts has been disclosed for the activation for HMF oxidation
reaction, among the-other noble metal catalysts [81,82]. Pt/C was a good catalyst candidate
for HMF oxidation to FDCA [83]. Verdeguer et al. focused on Pt/C under normal reaction
condition (1.25 M NaOH solution, 25 °C, with O flow rate at 2.5 mL s™!), which resulted in
100% HMF conversion and 81% FDCA yield [84]. Bi was found to have a positive effect for
Pt/C catalytic system on the HMF oxidation to FDCA (Table 3, entries 1 and 2) as under the
optimum condition, Pt/C gave only 69% yield of FDCA, while Pt-Bi/C could dramatically
increase that yield to 99% [85]. Additionally, the addition of Bi could also improve the
stability of the catalyst. Furthermore, the same research group observed the superior of Bi
activity and stability when compared Pt/TiO; with Pt-Bi/TiO; (Table 3, entries 3 and 4) under

the same reaction condition; FDCA yield increased from 84% to 99% [86]. Miao et al. also



found that the addition of Bi to the CeO> support could greatly improve the catalytic
performance of Pt/CeQOz; Pt/CeosBio202-5 afforded 100% HMF conversion and 98% yield of
FDCA, while HMF conversion was less than 20% over Pt/CeO, catalyst (Table 3, entries 5
and 6) [87,88]. The mechanism among Bi and Ce-catalyzed reaction garnered interest. The
first step entailed Pt—alkoxide intermediate formation under alkaline condition, hydroxide ion
through nucleophilic attack. H-Elimination was achieved when hydroxide intermediate
captured the hydride which transferred to aldehyde groups, with concomitant release of
metallic Pt and two electrons. Furthermore, the aldehyde group was changed to carboxylic
group (Scheme Sa-c). The intermediate geminol diol generated under alkaline condition and
being on the surface of Pt** species, underwent dehydrogenation to carboxylic group and
deposited two electrons. The electrons then transferred O, and water to CeBi peroxide
intermediate, which upon dissociation formed new hydroxide ion. Ce-based catalyst afforded
oxygen vacancy accompanied by Bi (Scheme 5d). The oxygen reduction process could not
occur, because CeO> showed a lower redox activity at low temperature with a small amount
of oxygen vacancies. Concurrently, Bi accelerated the dissociation of the O—O bond of the

formed peroxide intermediates.
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Scheme 5. The proposed reaction mechanism for the oxidation of HMF with CeBi*

representing the oxygen vacancy accompanied with the bismuth.

Another Pt-CeO» catalyst with nitrogen-doped-carbon-decorated (Pt/NC-CeO>) was
reported by Ke et al. for the aerobic oxidation of HMF [89]. Under homogeneous base
conditions, 99% FDCA yield was attained (Table 3, entry 7), the impressive results were
attributed to the abundant surface defects, enhanced surface basicity, and favorable electron-
deficiency; new catalyst showed good stability and reusability. Another nitrogen-doped

carbon-based protocol was described using ethylenediamine (EDA) as nitrogen source (Pt/C-



EDA-4.1) which afforded 96% FDCA yield (Table 3, entry 8). The introduction of N element
introduced the basic site on catalyst surface, specially, the pyridine-type nitrogen with basicity
of N-6 site showed higher FDCA selectivity performance than graphene-type nitrogen (N-Q),

or pyrrole-type nitrogen (N-5) [90].



Table 3

The oxidation of HMF to FDCA over Pt--based catalyst.

Entry  Catalyst HMF/metal Oxidant Base T Time Cony Yield Ref.
molar ratio [eq.] [°C] [h] (HMF) (FDCA)
[%] [%]
1 Pt/C 100 air (40 bar) NaxCOs3 (2 eq) 100 6 100 69 [85]
2 Pt-Bi/C 100 air (40 bar) NaxCOs3 (2 eq) 100 6 100 99 [85]
3 Pt/TiO: 100 air (40 bar) NaxCOs3 (2 eq) 100 6 99 84 [86]
4 Pt-Bi/TiO» 100 air (40 bar) NaxCOs3 (2 eq) 100 6 99 99 [86]
5 Pt/CeO» 200 O2 (10 bar) NaOH (4 eq) 23 0.5 100 20 [87]
6 Pt/Ce.3Bi0202-5 200 O2 (10 bar) NaOH (4 eq) 23 0.5 100 98 [87]
7 Pt/NC-CeO> 163 O2 (4 bar) Base free 150 4 100 99 [89]
8 Pt/C-EDA-4.1 50 O2 (10 bar) Base free 110 12 100 96 [90]
9 Pt/RGO 40 0> (50 mL min™") NaOH (5 eq) 25 24 100 84 [91]
10 Pt/CNT 200 02 (30 bar) Base free 100 12 100 97 [92]
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Carbon-based supports namely actived carbon,—reduced graphene oxide (RGO) and
carbon nanotubes (CNT) as matrixes to support Pt has attracted tremendous attention in recent
years with adequate coverage on the underlying, reaction parameters and synergistic effect of
Pt for HMF oxidation process [99]. Carbon-based supports can afford not only a large number
of acidic sites and basic sites together with numerous functional groups, but due to its
relatively stable physical properties, render them a good candidate for HMF oxidation to
FDCA. As an example, Pt/RGO was prepared using ethylene glycol reduction [91], that
afforded quantitative HMF conversion and 84% FDCA yield at room temperature in 24 h
(Table 3, entry 9) and could be recycled three times without obvious deactivation; HMFCA
being a major intermediate during the catalytic process. Pt/CNT, Pd/CNT, Ru/CNT were
synthesized under base-free conditions to investigate the oxidation of HMF to FDCA where
Pt/CNT displayed the highest selectivity and activity towards FDCA formation with complete
HMF conversion and 97% FDCA yield (Table 3, entry 10) [92]. The functional groups on the
surface of CNT enhanced the adsorption of HMF as well as the reaction intermediates;
carbonyl/quinone and phenol played an important role in FDCA formation [100].
Additionally, sp® network of CNT facilitated the desorption of FDCA, thus enhancing the
catalytic performance for FDCA selectivity and yield. After 5 cycles, the selectivity for
FDCA and the yield decreased marginally, which showed the stability of catalyst. Similar
results were reported by Zhou et al. using Pt/CNT [93], where FDCA yield attained was 98%,
with complete HMF conversion under mild conditions (Table 3, entry 11). The data presented
in entries 11, 12, 14, 16 and 17 (Table 3) was obtained under the same reaction conditions
(HME/Pt=100, 5 bar O, base free, 95 °C, 14 h) which affirms that Pt loaded on carbon-based
supports exhibited better performance (Pt/CNTs, Pt/GO yielded FDCA 98% and 95% in

entries 11 and 17) than loaded on typical metal oxide (Pt/Al,O3, Pt/ZrO> yielded FDCA 26%



and 8% in entries 12 and 14); notably, Pt/HT could also attain 97% FDCA yield (Table 3,
entry 16) but had a problem of poor catalyst recycling due to the leaching of solid base in an
aqueous solution. Sahu et al. [88] reported that by decreasing HMF/Pt molar ratio from 100 to
43 and increasing the reaction temperature from 94 °C to 140 °C, and by deploying
homogeneous base Pt/a-Al,Os catalyst, FDCA yield could be increased from 26% to 96%
(Table 3, entry 12 vs. 13). Pt/ZrO» also improved the catalytic performance through catalyst
synthesis processes. In comparison with Pt/ZrO,, Pt/ZrO,-ALD-x (atomic layer deposition x
refers to the number of deposition cycles) [93,94] enhanced the FDCA yield from 8% to 97%
(Table 3, entry 14 vs.15); striking improvement was attributed to the homogeneous dispersion
of the Pt nanoparticles and high dispersion of active sites and the higher C=0 adsorption
properties.

Another interesting porous carbon-based support was prepared by the carbonization of
chitosan with KoCO3 at 600-800 °C and were adorned with PVP-capped Pt nanoparticles;
improved active sites resulted in 100% HMF conversion and 100% FDCA yield under base-
free conditions (Table 3, entry 18), and displayed good stability over five cycles without
significant deactivation. Furthermore, Pt/C-O-Mg secured by coating MgO particles with
resorcinol carbonation at 800 °C was used as catalyst towards HMF oxidation under base-free
conditions [96], 97% FDCA obtained (Table 3, entry 19); surface of catalyst support being
alkaline due to the formation of a C-O-Mg bond. Notably, further scaling up of the reaction
for 4 and 20 times afforded 75% isolated yield of FDCA with high purity (99.5%) thus
making it a good candidate for industrial application.

Cerium coordination polymer (CeCP) synthesized with 1,3,5-benzenetriboxylic as the
ligand for a new catalyst CeCP@Pt was revealed by Gong et al. [97] which afforded 96%
yield of FDCA under optimum conditions (Table 3, entry 20); besides nearly quantitative

HMF conversion capacity (HMF/Pt=5000 mole ratio),—as a robust catalyst, it could be



recycled five times with no apparent catalyst deactivation.

Last but not least, a magnetic Fe304@C@Pt, which comprised a core-shell Fe3O4 with
amorphous carbon as matrix to support Pt, was reported by Zhang [98] with three different
variants of 90-Fe3;04@C@Pt, 100-Fe3;04@C@Pt and 110-Fe;04@C@Pt. Under optimum
conditions, 110-Fe;04@C@Pt attained 100% FDCA yield after 4 h (Table 3, entry 21). The
impressive catalytic performance was ascribed to the high reflux temperature, thus leading to
high degree of crystallization; 110-Fe;04@C@Pt with well-crystallized Pt nanoparticle
clusters and unique islet morphology enhanced the yield of FDCA than the other two

catalysts.

2.1.4. Ruthenium (Ru)

Ru has attracted more interest because of its impressive activity attained at a reasonable
cost; price of Ru is ~ 4% of Au and Pt costs per gram [101]. Carbon-based supported Ru have
been predominantly investigated as illustrated by Yi et al. [102] who used Ru/C as catalyst
using different kind of base in dilute substrate solution (HMF/Ru=0.02); various bases were
screened ranging from strong base to weak base like NaOH, K>CO3, NaxCO3; when full HMF
conversion occurred and the yield of FDCA increased from 69%, 80% to 93%. The study
indicated that strong alkaline environment favors the degradation or condensation of HMF.
Notably, the deployment of 1 eq. CaCOs3 under optimum conditions, offered 95% FDCA yield
(Table 4, entry 1). Interesting, in dilute substrate concentration (HMF/Ru=0.01) and
prolonged reaction time to 10 h under base-free conditions, 88% FDCA yield could be
attained (Table 4, entry 2). Chen et al. [103] discussed Ru/C as catalyst with aqueous H>O» as
oxidant obtaining 91% FDCA yield after 6 h (Table 4, entry 3). Kerdi et al. [104] achieved
75% FDCA vyield under 40 bar of air pressure with a relative high HMF concentration

(HMF/Ru=100). Xie et al. reported the use of Ru/C in toluene which provided 95% yield of



DFF [105], Ru being superior to Pt, Pd, Rh and Au in attaining higher DFF selectivity. The
same research group [106] using 0.5 eq (HT) as base obtained 78% FDCA yield (Table 4,
entry 5). Zheng et al. [107] disclosed that Ru/C with 4.3 eq. Mg(OH): for an impressive 97%
FDCA vyield at 108 °C in 8 h under 10 bar of O, (Table 4, entry 6). ZrO,, TiO> and Al,Os
have been reported for alcohol oxidation reaction [108], under the same optimum condition
with Ru/C (Table 4, entries 6 to 9); FDCA yield (82-86%) were lower than attained using
active carbon (FDCA yield 97%) despite lower HMF loading from 40 to 30.-Furthermore,
ZrO», TiO2 and AlxOs led to a lower carbon balance than active carbon (86-88% vs 97%)
possibly due to the favorable formation of unidentified degradation or polymerization of HMF
than inert carbon [109]. Water apparently is an ideal solvent for HMF oxidation to FDCA [27]
and not surprisingly, most of aforementioned HMF oxidations used water as a solvent.
Recently, Liu et al. explored the use of DMSO/H>0 solvent system with commercial Ru/C to
attain 93% FDCA yield (Table 4, entry 10) [110].-Besides, 65% FDCA yield could be
achieved from concentrated fructose solution through a two-step process, when compared to
pure HoO and DMSO solution; HMF was more stable in DMSO/H>O solvent system in an
alkaline medium. These finding are suggestive of lowering the cost of FDCA synthesis
process which bodes well for a large industrial scale up production. Such comparative
analysis, from entry 1 to 10 in Table 4, indicated that inert activate carbon is a preferable
support for HMF oxidation reaction which may broaden the perspective of its application in

intensified processes.



Table 4

The oxidation of HMF to FDCA over Ru based catalyst.

Entry Catalyst HMF/metal Oxidant Base T Time  Conv Yield Ref.
molar ratio [eq.] [°C] [h] (HMF) (FDCA)
[%] [%]
1 Ru/C 0.02 O2 (2 bar) CaCOs (1 eq) 120 5 100 95 [102]
2 Ru/C 0.01 02 (2 bar) Base free 120 10 100 88 [102]
3 Ru/C 10 H>02 (35 wt %) Na>COs (1 eq) 75 6 100 91 [103]
4 Ru/C 100 Air (40 bar) NaHCOs3 (4 eq) 100 2 100 75 [104]
5 Ru/C 80 02 (20 bar) HT (0.5 eq) 140 0.3 100 78 [106]
6. Ru/C 40 O2 (10 bar) Mg(OH): (4.3 eq) 108 8 100 97 [107]
7. Ru/ZrOs 30 O2 (10 bar) Mg(OH)2 (4.3 eq) 108 8 100 82 [107]
8. Ru/TiO; 30 O2 (10 bar) Mg(OH)2 (4.3 eq) 108 8 100 80 [107]
9 Ru/ALOs3 30 O2 (10 bar) Mg(OH)2 (4.3 eq) 108 8 100 86 [107]

10. Ru/C 42.8 O2 (40 bar) NaHCOs3 (2 eq) 130 12 100 93 [110]
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A novel basic support K-OMS-2 (K-exchanged octahedral molecular sieve-2) as matrix
to adorn Ru was explored by Lucas et al. [111] which attained 93% FDCA yield under
optimum conditions (Table 4, entry 11); the basicity of K-OMS-2 was inadequate.

Ru-based catalyst under base-free condition has been widely investigated as Ru clusters
supported on covalent triazine frameworks (CTFs) were discussed by Artz and Palkovits
[112]; mesoporous CTFs (37% FDCA yield) showed better catalytic performance than
microporous—version of CTFs (8.2% FDCA yield) in catalyst screening. Thus, porosity,
specific area, and hydrophilicity of the solid support influenced the catalytic performance
when 78% FDCA yield was obtained under optimum conditions (Table 4, entry 12) with
good recyclability exhibited by Ru/CTFs. Pichler et al. [113] studied Ru supported on ZrO; in
depth with three variations of the synthesized support: ZrO;-H-aero, ZrO>-H-SBA, ZrO;-soft
and two commercial ZrO;-C-mono, ZrO>-C-tet. Ru/ZrO;-H-aero showed the highest
activation with 97% FDCA yield (Table 4, entry 13); which attributed to the higher surface
area and smaller Ru nanoparticles size than the others. However, the catalyst suffers from the
significant deactivation upon recycling. Ru supported on hydroxyapatite has been reported
[114], which afforded 99% FDCA (Table 4, entry 14) while Ru/MnCo0204 [115] gave 99%
FDCA yield (Table 4, entry 15). The impressive results were attributed to the Lewis and
Brgnsted acidic active sites on the surface of support which enhanced the catalytic
performance; synergetic effect between Ru and Mn, Co directed the reaction via the formation
of DFF and FFCA formation rather than through HMFCA to FDCA and the catalyst
reusability showed five successive runs without obvious deactivation. MnOx-CeO2 composite
displayed excellent performance for HMF oxidation with 91% FDCA yield under 20 bar O
pressure and homogeneous basic conditions [120]. A modification of Ru/Mne¢Ce Oy as a

catalyst was reported by Gao et al. [116] wherein an exceptional 99% FDCA yield was



achieved in 15 h with higher HMF/Ru mole ratio (80) (Table 4, entry 16); synergistic effect
between Mn and Ce and higher surface concentration no doubt increased the available and
mobility of active oxygen species thus enhancing the catalytic activity.

Ru(OH)x as active sites showed selective aerobic oxidation of aromatic and aliphatic
alcohol to aldehydes and ketones [121-123] and Ru(OH)x supported on three different types
of Mg-based carrier materials (MgO, HT or MgAl,04,) was examined for HMF oxidation to
FDCA (Table 4, entries 17, 18 and 19); Ru(OH)/MgO and Ru(OH)/HT afforded 100%
FDCA yield under optimum conditions. ICP analysis confirmed the presence of 26% and 38%
Mg ions in HT and MgO post-reaction solution, respectively, corresponding to high pH
alkaline environment that favored the FDCA formation. In contrast, Ru(OH)x/MgAl>O4
delivered 60% FDCA yield after 42 h when 35% formic acid was observed. The formation of
HMFCA was found to be rate-limiting step. Furthermore, to avoid Mg ions leaching, the same
group employed diverse metal oxide supports (TiO2, Al>O3, ZrO,, CeO; and Fe30a) as carriers
to support Ru(OH)x (Table 4, entries 20-24), all of them under base-free condition, the yield
of FDCA was lower than 50%. Ru(OH)x/Al2O3 and Ru(OH)x/ZrO, induced the formation of
formic acid. Ru(OH)x/Fe3Os displayed the highest selectivity for FDCA formation, however,
the formation of humins was still approximately 30%. Ru(OH)x/CeO- could increase the yield
of FDCA from 40% to 60% up on prolongation of the reaction time to 16 h. Later, the same
group evaluated these catalyst in ionic liquid, the highest performance was discerned for
Ru(OH)x/La;03 when [EMIm][OAc] was employed as solvent at 30 bar O2, 100 °C during 5
h, 48% FDCA yield and 12% HMFCA was attained (Table 4, entry 25).

Trimetallic catalyst ZnFej65Ru03504 [124] was synthesized for HMF oxidation, which
gave the maximum FDCA yield of 91.2% at 130 °C during 16 h in H2O/DMSO (1:2, v/v).
Furthermore, when ZnFeis5Ru03504 was employed to oxidize HMF (obtained through

fructose dehydration process), 70.5% FDCA yield was obtained under optimum conditions.



2.1.5. Silver (Ag)

Ag, another important noble metal, was explored initially for HMF oxidation in 1953;
Ag>O oxidized HMF to HMFCA with high selectivity [125-127]. Homogeneous Ag(l)-
catalyzed a wide range of aliphatic and aromatic aldehydes in water with oxygen as an
oxidant to corresponding carboxylic acids quantitatively [128], which indicated Ag could be

used as an excellent candidate for HMF oxidation reaction.



Table 5

Oxidation of HMF-over Ag-based catalyst.

Entry Catalyst HMF/meta Oxidant Base [eq.] T Time Conv Yield Yield Yield Ref.
1 molar [°C] [h] (HMF) (DFF) (HMFCA) (FDCA)
ratio [%] [%] [%] [%]
1 Ag/ZrOs 100 Air (10 bar) NaOH (4eq) 100 5 100 -- 92 5 [55]
2 Ag/TiOz 100 Air (10 bar) NaOH (4eq) 100 5 100 - 14 3 [55]
3 Ag/CeO, 100 Air (10 bar) NaOH (4eq) 100 5 100 - 74 3 [55]
4 Ag/MgO 100 Air (10 bar) NaOH (4eq) 100 5 100 - 60 1 [55]
5 Ag-PVP/ZrOx(1:1) 130 0 (60 mL min')  NaOH (4 eq) 20 2 100 -- 98 -- [129]
6 Ag-OMS-2 6 Air (15 bar) Base free 165 4 99 99 0 0 [130]
7 Ag0 2 H>0O» Na;COs (4eq) 90 1 100 -- 98 0 [131]




Insights into metal and supports for catalytic HMF oxidation, Au/ZrO,, Ag/ZrO; as
well as other supports TiO2, CeO2, MgO were examined [55]. Ag/ZrO- catalyst demonstrated
exclusively highest HMFCA yield (> 92%) under the identical optimized conditions (Table 5,
entry 1) when compared to other supports TiO2, CeO; and MgO (Table S, entries 2, 3, 4),
while Au/ZrO, afforded high FDCA selectivity (Table 1, entry 22). Furthermore,
poly(vinylpyrrolidone) (PVP) stabilized AgNPs supported on ZrO2 was optimized in terms of
base types, the size of Ag particle as well as Ag loading for HMF oxidation. Comparison
among no PVP capped catalyst in the synthesis process-Ag/ZrO», 2.5% Ag—PVP/ZrO(1:1)
showed displayed higher efficiency, 98.2% HMFCA yield obtained in room temperature in 2
h (Table 5, entry 5), the weak interaction between Ag NPs and ZrO; contributed to high
HMFCA selectivity [129]. Another study uncovered that Ag-OMS-2 (octahedral molecular
sieve) as catalyst, K-OMS-2 being a mixture of valence forms of manganese (Mn?*, Mn** and
Mn**), makes it a good redox type support for HMF oxidation [130]. Furthermore, the
incorporation of Ag improved the activity of the catalyst which afforded 99% DFF yield
under base-free conditions (Table 5, entry 6). Our own investigations with Ag>O in aqueous
H>0; as oxidant for HMFCA production, under optimum condition (90 °C, 4 eq. Na2CO3 in 1
h) afforded 98% HMFCA yield (Table 5, entry 7) [131]. During the catalytic process, Ag*
was reduced to Ag® while at the same time aldehyde group oxidized to carboxylic group, and
the addition of H2O, closed the catalyst cycle, oxidizing Ag’ to Ag* thus motivating the
reaction further. MW-assisted reaction shortened the reaction time, thus increasing
productivity. These investigations with Ag no doubt paved the way for the selective oxidation

of HMF to high value intermediates, like HMFCA.

2.2. Non-noble metal-based catalyst



It is well known that the cost of noble metal catalyst restricts their practical application
in the production of FDCA. Consequently, research focus has shifted to non-noble metal
catalysts for HMF oxidation from the economical point of view; predominantly, Mn, Co, Cu,

Fe, Mo and V were studied in more detail.

2.2.1. Manganese (Mn)

Among non-noble metal catalysts, Mn-based catalysts were widely investigated toward
oxidation reaction, owing to their variety of oxidation states, ease of oxygen absorption,
reduction as well as higher storage capacity [132]. Based on this premise, it is meaningful to
develop an economical and greener Mn-based catalyst for HMF oxidation producing FDCA
or other high value compounds like DFF, HMFCA and FFCA.

Hayashi et al. reported the use of MnO2 [133] with 3 eq. NaHCO3 under 10 bar Oz, 120
°C, 24 h for oxidation and obtained 95% FDCA yield (Table 6, entry 1); MnO>-NaHCO3
catalytic system can also convert furfural and furfuryl alcohol to furfuryl carboxylic acid with
99% and 95% yield, respectively and MnO: can be easily recycled 3 times with no apparent
deactivation by calcination 300 °C in air. The same group [134] delineated that MnO: crystal
structure plays an important role in HMF oxidation to FDCA. The relationship between
structure and activity for six types of crystalline MnO2 (a-, B-, y-, 0-, &-, and A-MnO> were
investigated in depth which showed that the vacancy formation energies at - MnO; was
lowest than the others for the abundant planar oxygen sites, which renders it a good candidate
for HMF oxidation; 91% yield of FDCA could be obtained under optimum conditions (Table
6, entry 2). Additionally, the conversion of FFCA to FDCA was found to be the rate-limiting
step, and the catalytic performance can be improved through increase the area surface of [3-

MnO:.



Table 6

HMF oxidation over Mn--based catalyst.

Entry Catalyst Oxidant Base [eq.] T Time  Conc. Yield Yield Yield Yield Ref.
[°C] [h] (HMF) (DFF) (HMFCA) (FFCA) (FDCA)
[%] [%] [%] [%] [%]
1 MnO> O2(10 bar) NaHCO; (3eq) 120 24 100 0 0 0 95 [133]
2 MnO> O2(10 bar) NaHCO; (3eq) 100 24 100 0 0 0 91 [134]
3 MC-6 0O2(20 bar) KHCOs (4 eq) 75 15 98 0 0 1 91 [135]
4 Mn0.75Fe0.25  O2(8 bar) NaOH (4 eq) 90 24 79 0 0 69 9 [136]
5 MnFexOq4 TBHP Base free 100 5 -- -- -- -- 85 [137]




Mn-based bimetallic catalyst showed impressive performance as exemplified by-MnOx—
CeO, composite for the oxidation of HMF [135]. Compared with mono MnQO: as catalyst,
Ce’* and Mn** displayed synergistic interaction, where Mn** ions were the active sites and the
lattice oxygen transfer from CeO2 to MnOx enhanced the catalytic performance under mild
condition; 91% yield of FDCA could be obtained with MnOx-CeO2(Mn/Ce=6) under
optimum conditions (Table 6, entry 3) with recyclability up to five times without
deactivation. Neatu et al. reported Mn0.75/Fe(.25 composite as catalyst for one-pot oxidation
of HMF to FDCA (Table 6, entry 4) when only 9% FDCA was obtained, the major
intermediate being FFCA in 69% yield [136]. Furthermore, in the absence of catalyst under 8
eq. NaOH and 8 bar O, 87% FFCA yield was attained in half an hour. Acidification and
filtration of FFCA then oxidation with Mn(0.75Fe(0.25 as catalyst afforded ~ 90% FDCA yield
in a new reaction system (0.05 g of catalyst, 2 mmol NaOH, 8 bar O, for 24 h at 90 °C).
Various magnetic ferrites catalyst such as CuFe204, CoFe2O4, MnFe204, MgFe204 and Fe3O4
have been screened for the oxidation of HMF [137]; MnFe>O4 displayed the highest
activation, and 85% FDCA yield could be obtained using TBHP as an oxidant under base-free
conditions (Table 6, entry 5). The better performance was due to the variable oxidation state
of Mn and the synergetic effect between Mn and Fe>O4; magnetic property facilitated the easy
recovery and reuse up to—four times without noticeable deactivation. Other Mn-based
bimetallics such as Fe304/Mnz0O4, Mno7Cuo0s5Alo2s and octahedral MnO> molecular sieve
exhibited high efficient for DFF selectivity [138-140]. These studies have shown that Mn can
be used for the oxidation of HMF because of active sites or support and deserve further

investigations and application in the future.

2.2.2. Cobalt (Co)



Homogeneous Co-based catalyst namely, Co/Mn/Br [141], [Co(OAc)2/Zn(OAc)>/NaBr]
[142] and [Co(OAc)2/Mn(OAc)2/NaBr] [143] have been used for the oxidation of 5-HMF
oxidation with satisfatory performance. Co-Mn heterogeneous catalysts were identified as
excellent candidates. A nanoscale center-hollowed heterogenous MnCo30s synthesized by
thermal method exhibited quantitative HMF conversion and 71% FDCA yield under O>
atmosphere under mild conditions (Table 7, entry 1). The lowest reduction peaks by H-TPR
improved oxygen mobility thus enhancing the catalytic performance. Another Co-Mn
composite mixed oxide with different mole ratio was prepared simply by solid-state grinding
method and Co-Mn-0.25 secured 99% HMF conversion and 95% FDCA yield (Table 7, entry
2); compared to traditional liquid-state co-precipitation method, a much easier-operation and
green preparative method showed ~-40% FDCA yield advantage with larger BET area, high
lattice oxygen mobility and variety of valence states of Mn contributing to better catalytic
performance. Successful recycling 5 times and ICP analysis affirmed its stability as negligible
concentration of Mn and Co could be seen in leachate solution. Furthermore, Co encapsulated
in graphitic carbon and tailored with Mn and N on lignin complex (Co-Mn/N@C) was
reported as catalyst for HMF oxidation to FDCA [144]; 96%-yield of FDCA was obtained
(Table 7, entry 3). The N-doped carbon as support increased not only the catalyst surface
basicity, but also the content of pyridinic N, functioning as electron acceptor for the
dispersion of Co NPs, thus contributing to catalytic activation with good stability and
recyclability up to six cycles. Another catalyst, Li,CoMn3Ogs—used urea and citric acid as
agents through pyrolysis method and displayed efficient HMF oxidation, 80% isolate FDCA
yield obtained in AcOH solution with NaBr as catalyst (Table 7, entry 4). Another tri-
elemental catalyst Co/Mn/Br (molar ration 1/0.015/0.5) was reported to afford 90% FDCA
from HMF at 180 °C and 30 bar [145], the synergism between Co and Mn facilitated the rapid

generation of bromo radicals in three steps. In this regard, the reaction proceeds smoothly



under the complete redox catalytic cycle.



Table 7

HMEF oxidation over Co-based catalyst.

Entry Catalyst Oxidant Base[eq.] TI[°C] Time Conv Yield Yield Yield Yield Ref.
[h] (HMF) (DFF) (HMFCA) (FFCA) (FDCA)
[%] [%] [%] [%] [%]
1 MnCo0204 O> (10 bar)  KHCOs (3 eq) 100 24 100 - - - 71 [146]
2 Co-Mn-0.25 O> (10bar) NaHCOs(2eq) 120 5 99 0 0 0 95 [147]
3 Co-Mn/N@C Oz (1 bar) Na;COs (1 eq) 85 12 99 -- 1 2 96 [144]
4 Li>CoMn3Og Oz (55bar)  NaBr (0.03 eq) 150 8 100 - - - 80 [148]
5 CoxOy-N@C  Ox(10bar) K>COs3 (0.2 eq) 100 6 100 - 1 - 96" [149]
6 Co-Sac/N@C Oz (1 bar) NaxCOs (1 eq) 85 8 100 0 0 0 99 [150]
7 Resin-Co-Py TBHP Base free 100 24 96 3 -- -- 91 [151]

a: yield of FDCAM (2,5-furandicarboxylic acid methyl)



Co supported on variety of carbon-based catalysts have been reported as exemplified
by CoxOy-N@C obtained by pyrolyzing the ligand (homogenous Co salt and 1,10-phen after
adsorption on active carbon) under N> flow at 800 °C [149] and affording 96% yield of
FDCAM (2,5-furandicarboxylic acid methyl) (Table 7, entry 5). Furthermore, Zhou et al.
[150] reported another N-doped carbon supported Co single-atom catalyst (Co-SAs/N@C) for
HMF oxidation with 99% FDCA yield (Table 7, entry 6). Interestingly, FDCA synthesized
via C5 route with furfural as starting material with Co-SAs/N@C as catalyst in CO; flow gave
86% FA conversion and 72% yield of FDCA with good stability and recyclability. Gao et al.
[151] reported Merrifield resin-supported Co(II)-meso-tetra(4-pyridyl)-porphyrin (Merrifield
resin-Co-Py) as catalyst in CH3CN with zerr-BOOH as oxidant to afford FDCA in 91% yield
at 100 °C during 24 h (Table 7, entry 7); DFF was the major intermediate, with no significant
loss in six recyclings. Another meaningful research showed that starting from fructose,-FDCA
was obtainable in one-pot with 72% fructose conversion and 99% FDCA selectivity using Co
acetylacetonate encapsulated in sol-gel silica [152]. SiO»-gel is suitable for the dehydration of
fructose, while Co metal functioned in the HMF oxidation, the cooperative effect of acidic

matrix and metal give rise to high selectivity of FDCA.

2.2.3. Copper (Cu)

Cu-based homogeneous catalysts were found to be active for DFF production [153-
155]. Recently, Ren et al. [156] performed DFT calculation for HMF adsorption on the
surface of CuO (111) and Co304 (110) with both exhibiting promise as candidate catalysts.
Cu or Co ion bound to the HMF oxygen in end-on-structure, HMF molecular is inclined to
bridge adsorption. The adsorption energy relies on both the coordination type of surface

oxygen to which the hydrogen binds and the possible formation of H-bond involving hydroxy



and formyl groups on the adsorbed HMF. Consistent with DFT calculation, 99% yield of
FDCA was obtained with CuO as catalyst under mild conditions (Table 8, entry 1). Under
same reaction condition, 96% yield of FDCA was attained using Co3O4 as catalyst. Therefore,

both CuO and Co304 proved as good candidates for the oxidation of HMF-to FDCA.



Table 8

HMEF oxidation over Cu-based catalyst.

Entry Catalyst Oxidant Base T Time  Conv  Yield Yield Yield Yield Ref.
[eq.] [°C] [h] (HMF) (DFF) (HMFCA) (FFCA) (FDCA)
[%] [%] [%] [%] [%]
1 CuO NaClO NaOH (0.08 eq) 40 2 100 - - - 99 [156]
2 CuO 0> (9 bar) Base free 100 15 33 2 3 14 9 [157]
3 CuO-CeO2 O2 (9 bar) Base free 100 15 99 0 0 90 0 [157]
4 CuCl TBHP Base free RT 48 100 -- - -- 50 [158]
5 SBA-NH, (Cu®**/ VO*) O, (3 bar) Base free 110 12 99 63 5 - 29 [159]




Another CuO catalyst for HMF oxidation was reported by Ventura et al. [157] using
oxygen as an oxidant under base-free conditions, 33% HMF conversion with 14% FFCA
yield and 9% FDCA yield was obtained (Table 8, entry 2); thus, oxidation was difficult
without base despite higher temperature 100 °C or prolonged reaction time of 15 h. CuO-
CeO, synthesized by high energy milling (HEM) as catalyst under identical condition leads to
a quantitative HMF conversion and 90% FFCA yield. Compared to the physical mixture of
CuO and CeO: in 1:1 molar ratio (which gave 5% HMF conversion and 3% FFCA yield), it
implied that CuO-CeO: is not just a simple mixture of two oxides. Further characterization
indicated the catalytic performance can be ascribed to correct acid/base sites on CuO-CeOs.
Mannam et al. [160] reported a general protocol using CuCl as catalyst, fert-BuOOH as
oxidant for the oxidation of primary alcohols to carboxylic acid in MeCN at room temperature
[161]. Furthermore, Hansen [158] deployed CuCl and TBHP under mild conditions to obtain
50% FDCA yield under base-free conditions in MeCN (Table 8, entry 4). The formation of
FDCA-Cu salt in the catalytic system account for the further reaction inhibition. Liu [159]
reported SBA-NH, immobilized vanadyl (VO*") and cupric Cu>* ions for HMF oxidation,
29% FDCA yield could be obtained (Table 8, entry 5). The addition of Cu** promoted the
generation of active V>* species, as the Cu* can be easily oxidized into Cu®* by oxygen, thus a
whole catalytic recycle ensured reaction proceeds; no vanadium and copper leaching could be
discerned in recycling experiments indicating that SBA-NH, immobilized Cu** and VO**

successfully.

2.2.4. Iron (Fe)
Iron as a cheap and earth-abundant element that has been used as a support or an alloy

with noble metal for the oxidation of HMF; some representative examples are: Fe, Pd alloy



(Table 2, entries 13, 14, 15), a core-shell Fe3O4 with amorphous carbon as matrix supported
Pt (Table 3, entry 21), Ru(OH), (Table 4, entry 24) and MnFe>O4 displayed activation in
HMF oxidation (Table 6, entries 4, 5). These evidences indicated that Fe is an active element
for the oxidation of HMF oxidation as detailed below for Fe-based catalysts.

Fe in—homogeneous form as a catalyst was reported by Fang et al. [162] where
Fe(NO3)3-9H>0 system (Fe/TEMPO) in DCE at room temperature in air during 4 h, afforded
92% yield of DFF. The addition of CI" from NaCl functioned as a special electron-donating
ligand to provide electrons to the d orbitals of Fe** to accelerate the coupling with TEMPO.
Furthermore, starting from isolated DFF to FDCA, 80% FDCA yield could be attained.

Fe in heterogeneous form as a catalyst Fe/SBA-15 gave poor FDCA vyield (4%) with
quantitative HMF conversion [163]. Fe304@SiO, afforded 21% DFF and 10% FFCA
selectivity under normal conditions (110 °C, 10 bar O, 8 h) [164]. Sha et al. [165] reported
79% FDCA formation deploying Fe'-POP-1 as catalyst under mild conditions (base-free,
100 °C, in 10 h, at 10 bar O.); high surface area and metal active sites on Fe"-POP-1 played
an important role in HMF oxidation, the recovered catalyst suggested Fe®* oxidation state
remained intact after the catalysis. Another base-free, Fe-Co based catalyst nano-Fe304-CoOx
[166] delivered 68% FDCA under TBHP as an oxidant. Remarkably, the decorated nano-
Fe304-Si0> with -SOsH for catalytic conversion of fructose to FDCA via two steps, afforded
60% yield of FDCA with no Fe or Co leaching from nano-Fe304-CoOx. The economical, and
environmentally-friendly advantages of catalyst synthesis and impressive performance-makes
it an excellent candidate for scaled-up reaction. Zhang et al. contributed substantially to
valorization of biomass-based compounds in ionic liquid (ILs) [167]. A serious of Fe-based
catalyst (FexZro41-xO2) were synthesized for HMF oxidation, FeoZro4O> was found to be the
most efficient catalyst in ILs-[Bmin]Cl. The smaller particle size, high specific surface area as

well as oxygen vacancy in Feo¢Zro40> benefits—+te the redox properties and these advantages



no doubt enhanced the catalyst’s oxidation strength which could be successively reused for

five times.

2.2.5. Molybdenum (Mo), Tungsten (W) and Vanadium (V)

Molybdenum (Mo) is a common element that appears in HMF oxidation reactions. For
instance, montmorillonite K-10 as a matrix to support molybdenum (VI) complex (K-clay-
Mo) was optimized in terms of oxygen, solvent, temperature and base; quantitative HMF
conversion with 87% HMFCA yield was obtained in toluene with flushing of oxygen at 110
°Cin 3 h (Table 9, entry 1) [167]. Magnetic y-Fe.O; @HAP-Mo was optimized as a reusable
catalyst in terms of solvent, and temperature; which afforded 96% HMF conversion and 20%
FDCA yield as well as 68% DFF yield and 9% HMFCA yield in 4-chlorotoluene under
oxygen flow conditions (Table 9, entry 2) [168]. However, the use of aromatic solvents
resulted in lower intermediate selectivity which restricted its—further applications. Another
study compared ammonium octamolybdate and ammonium dectungstate in aq. H2O for the
oxidation of HMF. The insights into the catalytic performance is depicted where both,
quaternary ammonium dectungstate and quaternary ammonium octamolybdate adorn a
number of single and double epoxy groups in-presence of H>O. In both cases, the double
epoxy groups functioned as the main active sites for the conversion of HMF to FDCA, but
this process was inhibited by steric hindrance for the double epoxy groups-attached by a
quaternary ammonium in the case of tungsten (W). No steric hindrance occurs in the case of
molybdenum (Mo), thus affording 99% FDCA yield with tetra-1-ethyl-3-methylimidazolium

octamolybdate ([EMIM]4MogO2¢) as catalyst (Table 9, entry 3) [169].



Table 9

HMF oxidation over Mo and; V--based catalysts.

Entry  Catalyst Oxidant Base T Time Conv Yield Yield Yield Ref.
[eq.] [°C] [h] (HMF) (DFF) (HMFCA) (FDCA)
[%] [%] [%] [%]

1 K-10 clay-Mo 02 (20 mL min™) Base free 110 3 100 -- 87 -- [167]
2 v-FeoO3; @HAP-Mo 02 (20 mL min™) Base free 120 12 96 68 9 20 [168]
3 [EMIM ]uMogO26 H>02 (0.16 mol) NaOH (2eq) 100 2 99 0 0 99 [169]
4 VOx-ms 02 (30 bar) Base free 130 1 94 89 -- 2 [171]
5 V205 02 (30 bar) Base free 130 1 83 77 -- 0 [170]
6 VO, 02 (30 bar) Base free 130 1 75 66 -- 1 [170]
7 V203 O2 (30 bar) Base free 130 1 63 57 - 0 [170]




The effect of vanadium-based homogeneous catalysis in HMF oxidation involved a
catalytic cycle that involved the reduction of V°* to V# during HMF coupling which was
further oxidized V** to V3" by O, [171] in Vox/TiOx system [172]. Vanadium phosphate oxide
(VPO) based heterogenous catalysts, C14VOPO4 and C14VOHPO; delivered 83% DFF yield
in toluene using Oz at 110 °C [173]. Furthermore, Yan et al. synthesized nanobelt-arrayed
vanadium hierarchical microspheres (VOx-ms) which gave 93% HMF conversion and 89%
DFF yield, an advantage when compared to the commercial V2Os, VO2 and V,03 under
identical optimum conditions for HMF conversion and DFF yield (Table 9, entry 4 vs 5-7)
[170]. Mechanistically, HMF adsorbed preferably on the catalyst surface V=0 sites on facet
(010) due to the strong hydrogen adsorption capability (Step 1). Subsequently, the
intermediate RCH2OVOH is irreversibly oxidized to form DFF by lattice oxygen of V=0
(Step 2). Finally, the third step was the regeneration of V=0 by oxygen.

Bimetallics incorporating Mo and V have been widely reported in heteropolyacid or
polyoxometalate based catalysts [174]. The synergetic effect between Mo, V and other
elements as well as the unique physical mesoporous, morphology, multifunctional sites of
redox, acidic/basic support property were attributed to HMF oxidation. However, most of
them showed low catalytic activity towards FDCA, although—intermediates like DFF,
HMFCA were broadly reported. For instance, polyoxometalate
HsPMo10V2040/S102(HPMoV/Si02) gave 89% DFF yield in presence of oxygen at 120 °C
during 8 h [175]. Furthermore, Li et al. reported that HPMoV @surf(n)/CeO> delivered 95.3%
DFF yield with complete HMF conversion in DMSO as a solvent under 10 bar O, at 120 °C

in 6 h [176].

2.3. Metal free catalsts



Metal-free conditions, from the economic and green chemistry point of view has

garnered more attentions as a sustainable alternative to metal-based catalysts.

2.3.1. Carbonaceous material

Nitrogen-doped carbon materials (NCs) were among the first ones reported for HMF
oxidation. For instance, Nguyen et al. obtained nanoporous nitrogen-doped carbon (NNC) via
the pyrolysis of zeolitic-imidazole framework (ZIF-8). And the ensuing graphitic nitrogen (N-
Q) structure in NNC-900 contributed to FDCA formation, 80% FDCA yield under optimum
conditions (3 eq. K>COs, 100 ml/min oxygen flow, 80 °C during 48 h) [177]. Another
investigation reported N-doped AC as catalyst that could afford 24% HMF conversion with
93% DFF selectivity under mild condition (80 °C, 15 h) [178]. Furthermore, nitrogen-doped
graphene material with 2,2,6,6-tetramethylpiperidin-oxyl (TEMPQO) as co-catalyst has been
examined for HMF oxidation to DFF [179]. The synergistic effect between TEMPO and
nitrogen species doped on graphene lattice as well as molecular oxygen contributed to 100%
HMEF conversion, 99.5% DFF yield under optimum conditions (NG-900 in acetonitrile,
TEMPO 1 mmol, 1 bar Oz in 100 °C, 3 h); proposed catalytic cycle-being depicted in Scheme
6. Molecular oxygen initially adsorbed on the graphitic type nitrogen atom, TEMPO was
oxidized to oxoammonium cation, HMF was oxidized to DFF at the same time, with the
formation of hydroxylamine. Sequentially, the hydroxylamine derivative was re-oxidized by
oxygen molecular to generate TEMPO to realize a new catalytic cycle. The N species
involved in graphitic active sites play an important role in adsorbing and activating the

oxygen.
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Scheme 6. Possible reaction pathway for oxidation of HMF in NG-TEMPO catalytic system.

J. Zhao et al. [180] reported a variety of substituted anthraquinones for the catalytic
oxidation of alcohol to the corresponding carbonyl compounds; 42% DFF and 56% FDCA
yields were obtained using 2,6-dihydroxyanthraquinone (DAQ) as catalyst under optimum
conditions (toluene as solvent, 10 bar Oz, at 130°C, in 2 h).

Another carbonaceous material, porous chitosan-derived material (PCNx) (via
calcination of chitosan at 300 °C in nitrogen atmosphere for 4 h) served as a catalyst for the
oxidation of HMF to FDCA was reported by Verma et al. [181], 83% FDCA was obtained
under optimum conditions (1 eq. KoCO3s, 70°C, 36 h). The graphitic nitrogen in PCNx plays
an important role in oxygen activation. The impressive FDCA yield and good recyclability,
up to five successive runs, paved the way towards the rational design of marine-based nano-

catalysts for special catalytic transformations.

2.3.2. Biocatalysts

Biotransformation is eco-friendly process that often involves mild reaction condition,
less toxic chemicals requirement or regeneration. However, biocatalyst for HMF oxidation
showed less efficiency when compared to metal-based catalysts as they required longer

reaction times, final oxidation product-FDCA was rarely formed, importantly, catalyst



recyclability is hard. Therefore, the bioactive HMF oxidation still remains a big challenge for
research community.

Biocatalysis involves whole-cells and enzymes as two main processes. For instance,
whole-cell biocatalyst Deinococcus wulumugiensis R12 used in HMF oxidation to HMFCA
reported by Cang et al. [182]; 90% HMFCA was obtained when HMF concentration was 300
mM during 36 h, a higher productivity of 44 g L' per day by employing a fed-batch process.
Remarkably, the cells were able to transform a variety of aldehyde compounds into
corresponding  carboxylic  acid. = Another  impressive  whole-cells  biocatalyst
Gluconobacteroxydans DSM 50049 gave 94% HMFCA yield within 17 h [183] where high
purity of recovered HMFCA was achieved by anion exchange resins (Amberlite IRA-400).
Furthermore, Cupriavidus basilensis HMF 14 resulted in 30.1 g L'! FDCA productivity at a
yield of FDCA 97% in fed-batch experiment [184].

Likewise, enzymatic methods, for instance, lipases and oxidases have been widely
reported for the oxidation of HMF-[185]. Krystof et al. [186] reported a commercial lipases B
from Candida Antarctica for oxidation of HMF to DFF which was then converted to FDCA
in 93%-yield deploying lipases as biocatalyst and alkyl esters as acyl donors upon addition of
H>0> (30% v/v). Carro et al. [187] investigated fungal aryl-alcohol oxidase (AAQO), which was
unable to oxidize FFCA into FDCA; 98% yield of FFCA was obtained using AAQO as catalyst
with the generation of H>O». Further addition of another oxidase (A. aegerita, UPO) assisted
the conversion of FFCA to FDCA in 91% yield, in 120 h. Lately, Serrano et al. found that in
AAO biocatalytic system, the produced H>O» in the first step has an inhibitory effect for next
oxidation step. The use of catalase to remove H>O; from the system leads to 99% conversion
of HMF to FDCA without addition of another biocatalyst [188]. Mckenna et al. [189] reported
a continuous oxidation of HMF to FDCA using galactose oxidase M35 variant (GOaseM3.s),

periplasmic aldehyde oxidase (PaoABC) and horse radish peroxidase (HRP), the synergetic



effect between three oxidases afforded 100% FDCA yield under optimum conditions (100
mM HMF, 0.2 mM Kpi PH=7, 37 °C, 3 h). A cloning of gene from Methylovorus sp. Strain
MP688 encode HMFO (a member of glucose-methanol-choline (GMC-type) oxidase family),
delivered 92% FFCA and 8% FDCA obtained with HMFO as a catalyst [190]. Remarkably,
the same group reported HMFO as biocatalyst to secure 95% FDCA yield under another
optimum condition (25 °C, potassium phosphate buffer pH=7, 24 h) [191] with four

consecutive oxidation steps by recycling of HMFO.

3. Conclusions and perspectives

The oxidation of HMF to produce FDCA and other high value intermediates was
illustrated in highly efficient pathways. The tremendous value of these compounds not only
play an important role in biomass-based products to generate financial reward advantages, but
also reduce the reliance on fossil-derived resources, to achieve the goal of green chemistry
and environmental protection. Catalytic system for the oxidation of HMF in conventional
batch condition has been investigated, comprehensively. Heterogeneous catalytic systems
show easy separation and good catalyst recycling advantages than homogeneous catalyst, and
hence being widely investigated. With different noble metals, HMF oxidation routes are
different. For instance, the oxidation of aldehydic side chain of HMF to carboxylic group was
more efficient over Au-based catalyst, while Pd, and Pt oxidize and activate the alcoholic
portion of HMFCA to FDCA effectively under basic condition. However, mono-noble metals
have limitations of higher cost, and poor recyclability. Non-noble catalysts are good
alternatives but they have the drawbacks of low HMF/metal molar ratio, and low FDCA yield
and selectivity. The bimetallic alloy catalysts display improved catalytic performance as well
as catalytic recyclability. The use of oxygen as oxidant possess salient advantages than other

oxidants. Noticeably, isotope labeling analysis showed that the oxygen is incorporated from



water to FDCA rather than oxygen. From the mechanistic viewpoint, oxygen scavenged the
electrons to close the catalytic cycle, and suppress the side reactions thus realizing the
durability aspects of the catalyst but high oxygen pressure is required which is the reason
water has been used as a common solvent for HMF oxidation. Homogeneous catalysts can
accelerate nucleophilic attack of aldehyde group to carboxylic group, thus accelerating the
reaction rate. Heterogeneous base catalysts show the alternative pathway from the perspective
of economic and green chemistry although they still suffered from leaching and low
selectivity for FDCA. Catalyst support, particle size, the active sites distribution on the
support dramatically influenced the results as well as temperature, oxidant pressure and HMF
concentration. Biocatalysts displayed-quantitative HMF conversion and FDCA yield under
mild conditions, however, the low HMF substrate concentration and the catalyst productivity
have been a barrier for their application.

Despite all the efforts expanded on the oxidation of HMF-in the laboratory settings,
these are some drawbacks that hinder the industrial production of FDCA via the oxidation of
HMF from—derived high value intermediates. From the point view of keeping a balance
between green chemistry and commercial economics, three major challenges need to be
addressed in future: i) high cost of processing, ii) defects in catalytic systems, and iii)
complete assessment of the intensification processes.

FDCA production process rely more on the oxidation of HMF. In some cases, HMF has
an equal or even higher price than FDCA. The starting material, HMF itself, deserves more
attention for industrialization production. The complete utilization of other lignocellulosic
biomass resources like cellulose, glucose and fructose as starting material for FDCA or other
value oxidation intermediates secured in one-pot operation deserves more exploration. In that
case, cheaper starting materials, avoiding the for separation of need HMF will no doubt

improve the economic feasibility.



Bimetallic catalysts or alloying with other metals as catalyst showed promising results
with improved catalytic ability and stability when compared to mono noble metal. Non-noble
metals certainly deserve exploratory attentions. Additionally, muti-functional catalysts need
rational designe for use in lignocellulosic resources as starting material to target compounds
in one-pot operation.

Large-scale production of chemicals needs to be emphasized in relation to laboratory-
scale curiosity-driven catalytic reaction. Many current methods are technically feasible, but
not economical. We believe that further progress will be realized in future biorefineries by
particularly exploiting multidisciplinary approach and multi-functional heterogeneous

catalysts to ensure the highly coveted and desirable sustainable development.
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