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The sustainable and economic production of bio-monomer 2,5-furandicarboxylic acid (FDCA) remains a
major hurdle on the path to widescale adoption of biomaterials like polyethylene furanoate (PEF). PEF
offers several advantages over conventional petroleum-derived plastics, including enhanced material
properties and reduced environmental impact, making its economic feasibility a significant topic of study
in recent years. Overcoming the challenges of high catalyst costs, low product solubility, and reactant
degradation are key to improving the viability of the process. In recent years, significant research has
been reported using both noble and non-noble metal catalysts over a variety of supports including
activated carbons, transition metal oxides, and other polymer- or ceramic-based materials. Additionally,
heterogeneous catalysts have been investigated in aqueous, organic, and binary agueous/organic
solvent systems to address solubility concerns. In parallel, a better understanding of the reaction
mechanism and impact of reaction conditions such as temperature, time, and additives have provided
insight into the factors that influence FDCA production. In this review, we report the impact these
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factors have on 5-hydroxymethylfurfural (HMF) oxidation, with key focus on noble and non-noble
catalysts in both aqueous and organic solutions. Additionally, we present mechanistic insights related to
catalyst and solvent choice.
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Broader context

This paper reviews publications that discuss 5-hydroxymethylfurfural oxidation to 2,5-furandicarboxylic acid (FDCA) over heterogeneous catalysts from the last
few years. Interest in this topic has grown exponentially and this substantial review covers noble and non-noble metal catalytic systems in both aqueous and
organic solvent systems. Throughout the review, trends are discussed that were found when looking at the data from multiple papers collectively, and
guidelines are provided to improve the catalytic activity for FDCA production.

economic viability is achieved, there could be further commer-
cialization of biomass-derived plastics, an industry that holds

Introduction

Biomass is one of the most promising alternatives to replace
petroleum as a source of carbon to produce chemicals. In 2004,
the United States Department of Energy (DOE) identified the
most promising chemical precursors that can be obtained from
biomass' and in 2010, the list was revisited by Bozell.> Among
these building blocks, 2,5-furandicarboxylic acid (FDCA) has
become one of the most relevant, with widespread interest in
increasing yields to improve the economics of the process. If
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an estimated value of several billion dollars.” Bio-based plas-
tics have the potential to replace one of the most widely used
materials for consumer goods like beverage bottles, food packa-
ging, and textiles, polyethylene terephthalate (PET), which is
derived from petroleum.” The process to create bioplastics
starts from biomass to produce fructose, which is dehydrated
to 5-hydroxymethylfurfural (HMF) then oxidized to form FDCA
(Fig. 1). The final step is polymerization of FDCA to the bio-
plastic polyethylene furanoate (PEF). This is a similar process to
petroleum plastics with prior studies indicating that it would
be feasible for existing PET production lines to transition to
bioplastics production with minimal changes required.” PEF is
the primary bioplastic made from FDCA and is fully recyclable
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using the same sorting technologies that are used for PET re-
cycling.® Furthermore, PEF offers significant material advantages
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over PET including a higher glass transition temperature,
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Fig. 1 Simplified scheme to produce PEF starting from biomass to produce fructose, then dehydration to HMF, oxidation to FDCA, and the final

polymerization.

compostable under select conditions.® Although processes exist
to efficiently polymerize FDCA to PEF, a bottleneck for PEF
production persists in the economical production of FDCA.°
Increasing interest in producing FDCA can be seen in research
publications throughout the last 15 years (Fig. 2), including
several reviews of the subject,'®"" with the majority of the
publications focused on catalytic HMF oxidation. Today,
the most effective process to oxidize HMF uses a homogeneous
Mn/Co/Br catalyst and acetic acid as the solvent (AMOCO
process).'"? A pilot-scale production plant using the AMOCO
process is currently being operated in the Netherlands, but
the total cost to synthesize PEF is currently estimated at twice
that of PET."*'® Recent projections suggest that PEF will sell at
$4.73-$5.92 USD per kilogram, while prices between $1.78 and
$2.96 USD are necessaty to be competitive.'® Several research
groups have conducted techno-economic analyses (TEAs)
of FDCA production, consistently coming to similar conclu-
316718 EDCA production using the AMOCO process in its
current state is not economically feasible without subsidization,
and limits the sustainability and environmental benefits of the
process that heterogeneous catalysts could improve. However,
to drive the reaction to FDCA there is a high cost affiliated with
elevated reaction temperatures and pressures'® and in many
cases, the need for additives.'” Thus, there has been a slow adop-
tion of FDCA for plastics manufacturing. Recent research has
focused on both noble and non-noble metal catalysts using a
variety of catalyst supports including activated carbons,**>* mixed
metal oxides,>>*® and non-oxide ceramics.>* ! Research has also

sions.

250

200

—_

(&)

o
1

Documents
-—
o
o
1

(&)
o
1

0 . :
2010 2015 2020 2025

Fig. 2 Number of journal articles and reviews in the last 15 years (obtained
via Web of Science using: 2,5-furandicarboxylic acid (Topic) AND cat*
(Topic) and Article or Review Article (Document Types) and English
(Languages).**
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focused on a reduction in fouling®® and sintering,”® and an
increase in catalyst recyclability,”* to reduce economic considera-
tions, particularly for more active noble metal catalysts.

In addition to catalyst considerations, solvent stability and
product solubility impose additional barriers to the HMF
oxidation process. Solubility is of particular importance when
dealing with diacids, such as FDCA, that have limited solubility
in most common commercial solvents. For example, FDCA has
a solubility of 0.2 wt% in water®* and 1 wt% in ethanol®® at STP,
necessitating large solvent volumes and increased expenses
with reactor sizing, material costs, and potential environmental
impact. Low FDCA solubility has also been reported to result in
separations and recovery challenges since FDCA can crystallize
on the catalyst surface."®*® Though solubility can be partially
mitigated by working at elevated temperatures,®® this increases
utilities costs and can lead to the degradation of sensitive furan
compounds.’” Thus, many studies have focused on reducing
the expense of FDCA manufacturing by improving reaction
conditions®® and minimizing material costs using novel
catalysts’?° and solvents.’® While the focus of this review is
on heterogeneous metal-based catalysis, other oxidative appro-
aches have demonstrated success in HMF upgrading. Electro-
catalysis, particularly using bimetallic oxides*'™** and layered
double-hydroxide catalysts,** has achieved high selectivity
towards FDCA under mild conditions. Similarly, photocatalysis
has enabled HMF oxidation using visible-light-driven materials,
achieving promising results at ambient conditions.”™’

In 2023, a comprehensive overview of catalyst selection was
published by Prasad et al.*® that described the state of the field
and promising directions for further catalysis research. In recent
years, significant progress has been made in improving FDCA
solubility and in catalyst development. This present review furthers
previous work by discussing insights to the mechanism of the
HMF to FDCA reaction and highlighting recent advancements in
the application of heterogeneous metal catalysts to produce FDCA,
with a focus on the impacts that solvent, catalyst, and catalyst
support selection can have on reaction efficiency and yield.

Mechanistic insights

The oxidation of HMF to FDCA proceeds through a series of
intermediates, shown broadly in Scheme 1, with the specific
reaction pathway being influenced by catalyst type, solvent
choice, and reaction conditions. While the process involves
several oxidation steps, the overarching theme is the stepwise
conversion of functional groups attached to the furan ring.
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This begins with an alcohol and aldehyde group on HMF
and progresses to two carboxylic acid groups on FDCA. Under-
standing the mechanism of this transformation provides
greater insight into solvent and catalyst behaviors, potentially
leading to more targeted development of reaction systems. The
following section outlines the primary reaction pathways for
the conversion of HMF to FDCA, discusses key intermediates,
and provides insight into factors that influence selectivity.

In the initial steps of HMF oxidation, reaction conditions
dictate whether the reaction proceeds through 5-hydroxymethyl-2-
furancarboxylic acid (HMFCA) via initial oxidation of the alde-
hyde group or 2,5-diformylfuran (DFF) via initial oxidation of the
alcohol group (Scheme 1). The overall oxidation process starts
with HMF, a furan ring with an alcohol group attached in the
2 position and an aldehyde group attached at the 5 position.
The reaction then proceeds via one of two intermediates,
either through DFF or the less common HMFCA, depending
on which functional group is oxidized first.** The pathway
followed is affected by the catalyst, solvent, and reaction
conditions chosen, which will be discussed in more detail
later in the review. From either the DFF or HMFCA intermedi-
ate, additional oxidation results in the formation of 5-formyl-
2-furancarboxylic acid (FFCA), which contains an aldehyde at
the 2 position and a carboxylic acid at the 5 position. The final
oxidation step takes place at the aldehyde of FFCA, resulting
in two carboxylic acid groups in the 2 and 5 positions and the
formation of FDCA.

These oxidations are facilitated by the breaking and reform-
ing of bonds through interactions with oxidants, such as tert-
butyl hydroperoxide (TBHP),>*>" 0,,"°? or by interactions with
alternate oxygen sources like water,*>* and over a wide variety
of catalysts including both noble and non-noble metals. It is
advantageous to tailor the oxidant to the specific system being
studied for the minimization of side products, particularly
when using organic solvents or solvent blends. However, it
has been shown that oxygen pressure above 2 MPa®> has
minimal impact on the conversion of HMF to FDCA and that
a homogeneous oxygen source, such as water or TBHP, is more
effective.”® In some specific cases, an excess of oxygen has been
observed to lead to catalyst poisoning,”” suggesting that mod-
erate pressures and concentrations may be optimal for HMF
oxidation.

(1 o
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Initial 5-hydroxymethylfurfural reaction

For the first, more common pathway, the alcohol group of HMF
is oxidized to an aldehyde, forming DFF (Scheme 2), which
according to Chen, G. et al,>* had a 29% lower activation
energy than forming HMFCA using a Co-Mn-Br catalyst. This
may be due to steric hindrance on the bulkier aldehyde group,
making it more energetically favorable for the alcohol to
coordinate with a catalyst. This alcohol coordination can also
be facilitated through the presence of Lewis acid-base chemis-
tries. Lewis-base sites on the metal catalyst surface interact with
the mildly acidic hydroxyl hydrogen and weaken the carbinol
C-H bonds, preparing the site for attack by a hydroxy radical.
This radical can be sourced from either a peroxide, such as
TBHP or hydrogen peroxide (H,0,), from water, or a homo-
geneous base such as sodium hydroxide (NaOH).>® The hydroxy
radical reacts with a scavenged hydrogen from HMF and forms
water, while the carbinol carbon is left with an unbonded
electron pair (Scheme 2, top). This remaining lone pair facil-
itates the formation of a pi-bond with the oxygen in the alcohol,
weakening the O-H bond and allowing for an oxidant radical,
such as (*OH), to accept the hydrogen, resulting in a side
product and the formation of DFF (Scheme 2, bottom). For
example, using TBHP as an oxidant and terz-butyl alcohol (TBA)
as a solvent,>® TBHP decomposes to form two radicals: tert-
butoxy (-BuO®) and hydroxy (*OH). The hydroxy oxidizes the
-OH group of HMF, forming DFF, while the tert-butoxy radical
reforms as TBA via the addition of hydrogen ions.

An alternative reaction pathway to FDCA is to first oxidize
the aldehyde group on the HMF molecule (Scheme 1).
Some selectivity to HMFCA is observed even under reaction
conditions that favor the DFF pathway; however, researchers
have reported that the addition of peroxide® or use of specific
catalysts can increase selectivity towards the HMFCA path-
way.*>®! 1t has been found that silver (Ag) catalysts are of
particular use for selectivity towards HMFCA, with the most
common choice being in the form of AgO, or AgNO;.°%%*
In aqueous media, the alkaline nature of the Ag(i) catalyst can
prime the acidic carbonyl carbon of the aldehyde for conversion
towards the diol intermediate (Scheme 3), as has also been
reported in other aldehyde oxidation reactions.®®* Additionally,
other novel catalysts have recently been found that are selective to
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Scheme 1 HMF to FDCA reaction pathway with kinetic parameters from a semi-batch reaction using an acetic acid solvent and Co/Mn/Br catalyst at

413 K (adapted from Chen et al.*°).
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Scheme 2 Reaction mechanism for the oxidation of HMF to DFF. A hydroxy
radical attacks the carbinol carbon of the alcohol before a secondary oxidant
facilitates the formation of a n-bond.

HMFCA including those incorporating Mn in the 4+ valence
state®® and Mo in the 6+ valence state.®*

The geminal diol intermediate, though unstable and not
observed as a side product, is critical for converting the
aldehyde to a carboxylic acid (Scheme 3). Following its for-
mation, the geminal diol acts as a Brgnsted-Lowry acid and
gives up a hydrogen ion from its B-carbon. This elimina-
tion forms water or another side product and allows for the
formation of a n-bond between the B-carbon and one of the
alcohol groups. This alcohol group releases a hydrogen ion as
well, completing the transition to HMFCA. As observed for the
formation of DFF, a range of different oxidants can be used for
the conversion to HMFCA, though the most common include
water and peroxides like H,0,.>>°

Intermediates to 2,5-furandicarboxylic acid

The reaction mechanisms from DFF or HMFCA to FFCA and
FDCA follow similar chemistries to those presented for the
conversion of HMF to DFF (an alcohol oxidation) and HMF to
HMFCA (an aldehyde oxidation). DFF has two aldehyde groups,
one at the 2 position and one at the 5 position, and both of
these aldehydes must be converted to carboxylic acids for the
formation of FDCA (Scheme 4). For HMFCA, both the alcohol
and the carboxylic acid groups undergo oxidation (Scheme 5).
For DFF, the first oxidation targets one of the aldehydes
and proceeds through the previously presented geminal diol
intermediate (Scheme 4). The second oxidation targets the
unconverted aldehyde group, ultimately forming FDCA (Scheme 6).
The alcohol group first oxidizes to an aldehyde via the hydroxy
radical attack and n-bond formation, producing FFCA (Scheme 5).
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Scheme 5 Reaction mechanism for the oxidation of HMFCA to FFCA. A
hydroxy radical attack first targets the carbinol carbon of the alcohol group
before a second oxidant results in the formation of a m-bond.

It then undergoes further oxidation via the geminal diol inter-
mediate and B-elimination to form FDCA (Scheme 6).

As reported by the mechanistic and kinetic studies of Chen
et al.,* the activation energies required to proceed along the
reaction pathway increase with each subsequent oxidation step,
likely increasing with molecular bulkiness and increasing steric
hindrance. (Scheme 1) Following this trend, the limiting step of
the overall HMF to FDCA process is the final aldehyde oxidation
of FFCA to FDCA.* Starting with HMF and progressing through
either DFF or HMFCA to FFCA and ultimately FDCA, the
oxidation process presents opportunities for intricate reaction
engineering through alteration of solvents, catalysts, and
reaction conditions.

Aqueous reactions

Water, with or without the addition of a base (such as NaOH) is
the most reported solvent for the oxidation of HMF to FDCA
due to its low cost, availability, and in the case of bases,
increased solubility of FDCA."'**® Water has been shown to be
an effective solvent for HMF oxidation, often achieving FDCA
yields exceeding 80% across a range of reaction conditions.
This is largely due to water’s donation of hydroxy radicals and
its low interactivity with the functional groups present in furan
compounds (Scheme 1).**

Despite high HMF conversion and FDCA yields, purely water-
based reactions are typically run at low HMF concentrations

(o}
0.
HO \ /) OH + H,0 + ROH

Geminal Diol HMFCA

Scheme 3 Reaction mechanism for the oxidation of HMF to HMFCA. The conversion of the aldehyde to a carboxylic acid is facilitated through a geminal

diol intermediate followed by a B-hydride elimination.

o)
OWO*H\

DFF

Geminal Diol

(0]

FFCA

Scheme 4 Reaction mechanism for the oxidation of DFF to FFCA. The conversion of an aldehyde to a carboxylic acid progresses through the geminal
diol intermediate before a B-hydride elimination allows the formation of a new C—0O bond.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 Reaction mechanism for the oxidation of FFCA to FDCA. The remaining aldehyde of FFCA is converted to a carboxylic acid via a geminal diol

intermediate and a B-hydride elimination.

(<1.25 wt% HMF) due to the low solubility of FDCA which
can precipitate on the catalyst surface and deactivate the cata-
lyst.>®%%¢ Adding bases to form the corresponding FDCA salt
increases solubility across a range of additives including KHCO3,*”
NaHCO3,°® Na,CO;,%° and, most commonly, NaOH,**”® which
helps avoid catalyst deactivation resulting in higher FDCA
yields when operating at HMF concentrations greater than
2 wt%. However, the use of an excess of base should be carefully
considered. It has been shown that a 0.3 M NaOH solution
converted 10% HMF even without catalyst present (¢ = 0.5 h;
T =295 K),”* and an overly caustic of a reaction solution can
cause HMF degradation to formic acid and 2,5-bis(hydroxy-
methyl)furan (BHMF).”" Vuyyuru and Strasser reported that
during a 10 h observation period at 333 K, nearly 80% of HMF
degraded in the presence of NaOH (pH 13).”° Caustic reaction
solvents also lead to increased safety hazards, reactor vessel and
piping material considerations, and additional processing steps to
neutralize solvents before discharge. While increased base con-
tent and the subsequent presence of hydroxide ions improves
FDCA solubility and catalytic activity, carbon loss due to furan
degradation must be considered.

A growing movement towards base-free oxidation focuses on
using specially engineered catalysts or non-caustic additives to
improve reaction efficiency.’®”>”’* For example, with the addi-
tion of metal or oxide catalysts, higher HMF conversions and
FDCA yields have been shown possible at comparable tempera-
tures and at higher initial HMF concentrations (>2 wt% HMF)
in batch reactors.?>*>>%”" In the following sections, the impact
of additives, catalyst type, and reaction conditions will be
discussed to determine key trends for improving HMF conver-
sion and FDCA yields in aqueous solvent systems.

Noble metal catalysts

Noble metal catalysts, such as platinum (Pt), palladium (Pd),
gold (Au), silver (Ag), and ruthenium (Ru), are commonly used
in industrial processes for the upgrading of organic molecules.”>””
This is true for HMF oxidation as well, with many publications
prior to 2020 focusing on the use of noble metals as catalysts,
which offer advantages such as overcoming high reaction
activation energy and exhibiting better reusability, while
non-noble metal catalysts are desirable for their lower cost
and lesser environmental impact. Noble metals also have
significant advantages such as improved catalytic activity,
anticorrosion properties, and stability. These properties are
corollary behaviors to the highly stable structures of noble
metals, which have fully or mostly filled d-electron orbitals
and only two or three possible oxidation states (Table 1).'° The
exception to this statement is Ru, which has been frequently

600 | EES Catal, 2025, 3, 595-620

Table 1 Oxidation states and electron orbital configurations of different
noble metals

Metal Possible oxidation states Electron orbital configuration
Pt 0, +2, +4 [Xe] 4f14 5d° 6s’

Pd 0, +2, +4 [Kr] ad

Au 0, +1, +3 [Xe] 4f™* 5d'° 65’

Ag 0, +1 [Kr] 4d™ 5sl

Ru 0, +2, +3, +4, +6, +8 [Kr] 4d” 5s"

applied in HMF catalysis in unique ways compared to other
noble metals.

These metals can be supported on a range of materials
including activated carbon (AC), transition metal oxides, or
non-oxide ceramics. Such materials often enhance the catalytic
activity of the metals on the support by increasing electron
transfer, particle distribution, or increasing the available sur-
face area for reactant adsorption.

Platinum

Platinum catalysts typically provide high HMF conversion, high
FDCA yields, and are resistant to fouling, allowing hydroxide
ions to adsorb and interact with reactants more efficiently.”®
They have been effectively applied to the oxidation of HMF for a
range of solvents and reaction conditions and often serve as a
baseline for novel catalyst development. In regards to HMF
oxidation, Pt catalysts have been used at a range of tempera-
tures and have been shown to be active on various supports.
On a carbon support with no base addition, a recent study by
Ryu et al. observed that higher catalyst to HMF ratios for
shorter reaction times (Table 2, index 1) resulted in 10% more
FDCA compared to longer reactions at lower catalyst load-
ings (Table 2, index 2), with yields ranging from 80-90%.
In another study, Yang et al. prepared platinum catalysts sup-
ported by nitrogen-doped carbon (NC), then stabilized the Pt
nanoparticles (NPs) using polyvinyl alcohol (PVA). The NC
supports were made from pomelo peel and attained different
surface areas based on the carbonization temperature (673,
873, or 1073 K). The reactions used NaHCO; as a base additive.
The supports studied, NC-400 (Table 2, index 3), NC-600
(index 4), and NC-800 (index 5), had Sggr values of 513, 740,
and 809 m”> g ', respectively, with both pore volume and
average pore diameter increasing in parallel to overall surface
area. Compared to both a traditional, commercially available
AC support (Table 2, index 6) and the lower Sggr prepared
supports (indices 3 and 4), the NC-800 support (index 5) that
was synthesized with the highest carbonization temperature,
reported the highest FDCA yields of 83.9% at 100% HMF
conversion and lower percentages of intermediates.””

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Platinum catalysts that have been studied for aqueous-based HMF oxidation

Index Catalyst Support Base t(h) T(K) Po,(MPa) Cuwmr,; (Wt%) HMF/Cat. (mol mol™") HMF Conv. (%) FDCA yield (%) Ref.
1 Pt Carbon — 2.5 393 1 1.00 50 100 89.7 52
2 Pt Carbon — 3 393 1 3.00 75 100 80 52
3 Pt NC-400 NaHCO; 24 383 0.5 0.63 200 98.8 1.3 79
4 pt NC-600 NaHCO; 24 383 0.5 0.63 200 99.9 2.5 79
5 Pt NC-800 NaHCO; 24 383 0.5 0.63 200 100 83.9 79
6 Pt Carbon NaHCO; 24 383 0.5 0.63 200 100 66.8 79
7 Pt Uio-66 — 14 408 0.5 0.31 200 99 68 74
8 Pt MIL-101 (Cr) — 14 408 0.5 0.31 200 98 28 74
9 bt Boehmite — 14 408 0.5 0.31 200 98 19 74
10 Pt PVP-UiO-66 — 14 408 0.5 0.31 200 99 46 74

120 the catalytic activity of Pt nanoparticles (NPs) on metal-organic

100 frameworks (MOFs). At 98-99% HMF conversion, Pt without

EDCA = surfactant on a zirconium oxide MOF (UiO-66) support resulted

. 80 A ) " in the highest FDCA yields of near 70% (T = 408 K, Po, =

2 0 . - 0.5 MPa; Table 2, index 7). Comparatively, a MIL-101 (Cr) MOF

% 60 1 reported a 28% yield (index 8), Boehmite reported a 19% yield

> 40 - (index 9), and polyvinylpyrrolidone (PVP)-stabilized Pt on UiO-

66 reported a 46% yield (index 10). Both catalysts with and

20 without PVP-stabilization produced 2% FFCA as a side product

0 , , { whereas the Boehmite and MIL-101 (Cr) supported catalysts

0 0.2 0.4 0.6 0.8 resulted in 7% and 20% FFCA, respectively.”* Much like the

Phosphorus loading (P/Mn surface ratio) supports studied by Hou .et a.l.., the U10-§6 MOF was proposed

to offer the greatest availability of basic sites and adsorbed

Fig. 3 Impact of P dopant amount on the surface of the catalyst (deter-

mined by XPS) on FDCA (m) and FFCA (m) yields for MnP, O, catalyst (100%
HMF conversion for all). Reaction conditions: 100 :1 HMF : Pt molar ratio,
1.25 wt% HMF, T = 383 K, Po, = 1 MPa, 24 h.>®

A base-free study by Hou et al.>® found that although the
surface area of the catalyst did trend with FDCA yield, in most
cases, the amount of phosphorus (P) on the support also
contributed to the activity of the catalyst (Fig. 3). Maintaining
standard reaction conditions, levels of P doping on a manganese
(Mn) oxide support were varied and compared to non-doped
MnO,, which converted 100% of the HMF with 67% FDCA
selectivity. Increased ratios of P/Mn on the catalyst surface peaked
at the highest P/Mn surface ratio evaluated and resulted in 98%
FDCA selectivity at 100% HMF conversion (Fig. 3). However, this
catalyst did not have the highest P/Mn bulk ratio (determined by
ICP-MS). Increasing the P/Mn ratio from the optimal 0.50 to 0.55
and 0.59 decreased the FDCA yield to 73% (0.57 P per Mn surface
ratio) and 66% (0.42 P per Mn surface ratio), respectively, while
increasing the FFCA yield.

The decreased activity of the catalyst at increased P concen-
trations may be due to the lower P amount at the surface or the
formation of stronger Mn-P-O interactions that decrease
the availability of oxygen for use as an oxidizing agent. The
presence of phosphorus in the support was noted to help
maintain the metallic (Pt’) state of Pt and facilitate the
reduction of MnO, to stabilize at Mn** and Mn*" states.”® This
aligns well with prior discussion of P-doping and its impact on
catalytic activity elsewhere in the literature.®°

The importance of maintaining Pt in its metallic (Pt°) state
was also reported by Seehamongkol et al.,”* who investigated

© 2025 The Author(s). Published by the Royal Society of Chemistry

oxygen species. Also, in the case of Pt/UiO-66, the relative oxida-
tion state distribution of Pt° was higher compared to Pt-PVP/
UiO-66 and Pt/MIL-101(Cr) resulting in higher FDCA produc-
tion. Additionally, the researchers hypothesized that the PVP-
stabilized catalyst had lower activity due to the limited sub-
strate accessibility as a result of polymers blocking active
sites,”* which has also been seen in prior literature.’®®"
Temperature is another relevant factor in FDCA selectivity,
as reported in multiple places in the literature, as kinetic
studies on the decomposition of HMF have shown that the
decomposition rate constant doubles with every 25 K of increas-
ing temperature.®” When the Pt/MnP, 5,0, catalyst was tested
across a range of temperatures, an expected increase in FDCA
yield occurred (Fig. 4; filled squares).>® A similar increase in
FDCA yield from 11% (368 K) to 68% (408 K) was observed when
using the previously discussed Pt/UiO-66 catalyst; however, at
423 K, the FDCA yield decreased to 62% (Fig. 4; open
squares).”* This decrease in yield was hypothesized to be due
to HMF degradation at the higher temperature,”* which has
been shown in other studies as well. HMF degradation has been
reported to typically begin around 403 K with some variability
due to reaction conditions like solvent selection or the presence
of additives, decreasing selectivity. Similar observations have
been reported in the literature, with downturns in FDCA
production at 423 K in methanol®*® and above 393 K in ACN.*’
Among the most significant factors impacting catalyst activ-
ity were overall surface area, the addition of stabilizers such as
PVA or PVP, and reaction temperature. Polymeric stabilizers
run the risk of reduced yields, as they can block active sites and
reduce effective catalyst surface area. Higher surface areas for a
given catalyst type correlated with higher FDCA yields due to an

EES Catal., 2025, 3, 595-620 | 601
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Fig. 4 Effect of reaction temperature on FDCA yield with a Pt/UiO-66
catalyst (0)74 and a Pt/MnPg 500, catalyst (m).>® Reaction conditions for Pt/
UiO-66 catalyst: HMF : Pt 200 : 1 molar ratio, Po, = 0.5 MPa, t = 14 h™* and
for Pt/MnPg500, catalyst: HMF:Pt 100:1 molar ratio, P02 = 1 MPa,
t=24h8

increased number of active sites and capacity for reactant
adsorption on the surface of the catalyst. Additionally, the
availability of Lewis-base sites and surface-adsorbed oxygen
species to promote the oxidation of furan compounds must
be considered. Pt was most effective in its metallic state (Pt°),
likely because it was most capable of accepting or donating a d-
orbital electron. Increasing temperature and time improved
HMF conversion and yield, but with diminishing returns as
temperatures above approximately 408 K resulted in lower
FDCA yields, likely due to HMF degradation.

Gold and palladium

In recent years, Au has been commonly reported for the cata-
Iytic oxidation of HMF,**®" often as a bimetallic catalyst with
Pd,>*** Ag,°® Ni, Fe, and Cu”® as secondary metals. The additional
metal stabilizes Au NPs, as pure Au tends to leach from supports
or sinter into larger particles at elevated temperatures.*® Larger
particles tend to be less evenly dispersed, have lower surface area
to volume ratios, and have fewer active sites compared to an
equivalent weighting of smaller, more evenly distributed particles.

Kharlamova et al.®® evaluated multiple synthesis techniques
that resulted in different average particle sizes of Au, Pd, and
bimetallic AuPd over a ZrO, support (Table 3). They found that
for pure Au, decreasing particle size correlated with increasing

Table 3 Effects of different catalyst synthesis techniques for aqueous HMF oxidation using ZrO, supports®® and CaZSM-5 supports (marked with *).

View Article Online

EES Catalysis

FDCA yields. Deposition—precipitation had the smallest grain
size (9 nm) and highest yield (13.4%), followed by impregna-
tion-reduction under basic conditions (15 nm; 12.3%), impreg-
nation-reduction under acidic conditions (30 nm; 5.0%), and
incipient wetness impregnation (70 nm; 5.9%). Somsri et al.
similarly noted higher yields with smaller particle sizes when
comparing Au catalysts on CaZSM-5 supports synthesized via
two different methods, incipient wetness (IW; Table 4, index 1)
and deposition-precipitation (DP; Table 4, index 2). The cata-
lysts produced using an incipient-wetness method resulted in a
smaller average size of Au particles and led to significantly
higher FDCA yields compared to catalysts synthesized with a
deposition-precipitation method (Table 3).*° The contrast in
particle size relative to preparation method in the two studies
indicates that there are additional factors influencing the
effectiveness of the preparation method but highlights the
importance of smaller Au particles for increasing FDCA yields.

The same correlation between particle size and FDCA yield
was not seen with Pd (Table 3), where larger particle sizes
resulted in the highest FDCA yields. In most Pd reactions, the
conversion of HMF was low and for both the single metal Au
and Pd reactions the majority of HMF converted to HMFCA and
FFCA (Fig. 5).% The alkaline conditions were more effective for
the pure Au catalyst while the acidic chemical reduction
technique resulted in higher FDCA yields for both the pure
Pd and the bimetallic AuPd catalyst. For the bimetallic AuPd
catalysts, the synthesis method had a much larger impact,
where incipient wetness and deposition—precipitation methods
resulted in low FDCA yields, but impregnation-reduction meth-
ods resulted in higher conversions and yields (Table 3). For
basic conditions, the FDCA yield was 37.3% and for acidic
conditions, impregnation-reduction synthesis resulted in
FDCA yields of 77.9%. The researchers attributed this higher
activity to the presence of Au,;_,Pd, nanoparticles that cause a
synergistic effect due to the electron redistribution of the
metals, which favors initial HMF oxidation through the hydro-
xyl group (Scheme 2) versus the HMFCA intermediate.®’

When comparing the Au/Pd catalysts produced by impreg-
nation-reduction under acidic conditions on ZrO, supports to
those produced by depositing Au on a commercial Pd/C catalyst
using a deposition-precipitation method, both achieved high
HMF conversion, but the product distributions differ (Fig. 5).
On the ZrO, support, single metal catalysts of Au and Pd showed

).24

For synthesis methods: IW = incipient wetness impregnation; DP = deposition—precipitation; IRB = impregnation—reduction under basic conditions;

IRA = impregnation—reduction under acidic conditions

Au Pd AuPd
Synthesis Particle HMF FDCA Particle HMF FDCA Particle HMF FDCA
method Wt% size (nm) Conv. (%) yield (%) Wt% size (nm) Conv. (%) yield (%) Wt% size (nm) Conv. (%) yield (%)
W 2.1 70 74.5 5.9 2.0 2.3 6.5 0.1 1.2/0.9 NR 10.5 0.6
w* 0.8 3.6 100 75.1 — — — — — — — —
DP 1.2 9 100 13.4 2.5 2.2 15.5 0.8 0.4/0.9 NR 26.3 1.3
Dp* 0.84 1.3 99.8 20.6 — — — — — — — —
IRB 1.2 15 93.6 12.3 1.6 5.2 72.5 6.4 1.3/0.9 NR 95.2 37.3
IRA 2.0 30 91 5 1.6 25 76.9 6.5 1.4/0.7 24 100 77.9
602 | EES Catal, 2025, 3, 595-620 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Index Catalyst Support Base t(h) T(K) Po,(MPa) Cuwmr,; (Wt%) HMEF/Cat. (mol mol™') HMF Conv. (%) FDCA yield (%) Ref.
1 Au-Pd(imp) ZrO, NaHCO; 24 353 0.5 0.63 100 13.8 0.5 83
2 Pd-Au(imp) ZrO, NaHCO; 24 353 0.5 0.63 100 59.1 4.6 83
3 Au, sPd C NaOH 6 333 0.3 5.93 110 99 70 20
4 Au, sPd C NaHCO; 6 363 0.3 5.93 110 96 27 20
5 Au MnO, — 12 373 0.1 0.99 20.9 75.7 52 65
6 Au MnO, — 12 373 0.1 0.99 9.3 99 93.2 65

100 N base, which resulted in the formation of a geminal diol inter-

mediate and a preference for the HMFCA pathway as shown in

80 1 Au-Pd Scheme 3.%° Peng et al. also evaluated different Au loadings

onto the 10% Pd/C catalyst, ranging the percent of Au from

&5 o APdc 0.75 to 4.5 wt%. Changing the Au loading had a limited effect

H PdC_ on the HMF conversion (92-97%) or the FDCA yield (23-31%)

o

8 when NaOH (Table 4, index 3) or NaHCOj; (Table 4, index 4)

e bases were added. However, when they evaluated the rate of

reaction with NaHCO; as the base, the reaction rate increased

20 A Pd as the amount of Au on the catalyst increased.?® Zeng et al. also

I studied the effect of metal loading by investigating Au catalysts

o [l ' ; ‘ [ on an MnO, support at loadings of 2.5 and 5.6 wt% Au.

HMF Conv. FDCA HMFCA FFCA DFF

Fig. 5 Product yields for reactions using impregnation—reduction under
acidic conditions synthesized catalysts using Au (1), Pd (M), and Au—-Pd
(m) on ZrO,% and deposition—precipitation method on Au/C (), Pd/C
(m), and Au—Pd/C (m) catalysts.2° Reaction conditions for impregnation—
reduction catalyst: 100:1 HMF: catalyst molar ratio, 0.2 mol NaHCOs3,
0.63 wt% HMF, T = 353 K, Po, = 0.5 MPa, and t = 24 h.** For deposition-
precipitation catalyst: 110:0.93:0.07 HMF : Pd : Au molar ratio, 20 mmol
NaHCOs, 5 mmol HMF, T = 363 K, Po, = 0.3 MPa, and t = 6 h.?°

low FDCA yields, favoring HMFCA and FFCA under the reaction
conditions. In contrast, the bimetallic Au-Pd/ZrO, catalyst exhib-
ited high selectivity to FDCA.** On carbon supports, both single
metal and bimetallic Au and Pd catalysts produced FDCA yields
ranging from 24-35%. Pure Au produced more HMFCA (41%
yield) while both Pd and Au/Pd catalysts generated more FFCA
(49% and 53% yields, respectively) after 6 h. Extending the
reaction time for the Pd/C catalyst to 9 h increased both HMF
conversion and FDCA yield by approximately 4% while the FFCA,
HMFCA, and DFF yields all decreased slightly.”® Kharlamova et al.
ran reactions for 24 h and achieved higher FDCA yields, compara-
tively. However, when the Au-Pd/ZrO, catalyst was run at shorter
times (4 h), the HMF conversion (~78%) and FDCA yield (~5%)
were lower while yields of intermediate products increased:
HMFCA (~18%) and FFCA (~55%).%® This indicates that the
intermediates may have been converted to FDCA if the reaction
was run for a longer time over the carbon supported catalysts.
Another option to improve the reaction is to add base. When
a strong base, NaOH, was used, the HMF conversion increased
to nearly 100% for both single metal Au and Pd catalysts at all
ranges of the Au-Pd catalysts. Additionally, the FDCA yields
increased to approximately 70% for the bimetallic Au-Pd
catalysts with single digit percents of HMFCA forming and no
detectable DFF or FFCA present (Table 4; index 3). This was
attributed to the presence of hydroxide ions from the strong

© 2025 The Author(s). Published by the Royal Society of Chemistry

Increasing the loading of Au from 2.5 wt% (Table 4, index 5)
to 5.6 wt% (Table 4, index 6) increased HMF conversion from
75.7% to 99%, and FDCA yields from 70.2% to 97.7%.° As the
number of active sites available increased with Au loading,
the catalytic performance also increased. They also attributed
improved catalytic activity to the higher ratio of Au:Mn as
metal-metal interactions were reported to form superoxide
ions (0,7), leading to enhanced oxidation.®®

Su et al. also used a metal oxide support, MgAlO,, which
held Au particles in a negative state and improved oxidation.”
Additionally, they created Au-based bimetallic catalysts that
contained approximately 1.1 wt% Au and 0.018 to 0.031 wt%
of the additive metal, finding that the metal altered product
selectivity and changed the electron density of Au species.
Across all bimetallic Au-M catalysts studied, FDCA yields were
observed to increase, except for Au-Cu. The Au-Ni catalyst
achieved the highest conversion (100%) and yield (76.6%)
amongst the studied bimetallic catalysts (Fig. 6).”> Fe and Ni
were both observed to promote HMF and HMFCA oxidation,
while Pd was more effective at the promotion of FFCA oxida-
tion. Pd has been previously cited as enhancing the stability of
Au catalysts through improved electron transfer and modula-
tion of electron structure in bimetallic catalysts,** making it a
commonly used additive metal to Au. The lower activity of the
Au-Cu catalyst may be attributed to the similar electron struc-
tures of the two metals, which are both group 11 elements with
one valence electron. Differing valence structures, such as those
observed in the Au-Ni catalyst (with 1 and 2 valence electrons,
respectively), may lead to greater electron density and thus
catalyst activity. Furthermore, the improved FDCA yields over
Au-Ni compared to Au-Pd may also relate to the atomic
structures of the dopant metal. Ni, a smaller atom, has three
fewer electron shells than Pd, making it more reactive even
though they are both group 10 metals. This higher reactivity
may correlate to better reactant adsorption compared to the

EES Catal,, 2025, 3, 595-620 | 603
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Fig. 6 Yields and conversion of adding metals to an Au/MgAlO, catalyst
Reaction conditions: 70 :1 HMF : metal molar ratio, 0.25 wt% initial HMF,
T=363K Po,=05MPa,andt=2h"

more stable Pd, allowing the Au portion of the catalyst to more
effectively oxidize towards FDCA.

Using a SiO, support, de Boed et al.”® synthesized bimetallic
catalysts using various amounts of Au and Ag but maintained
an HMF: catalyst molar ratio of 72:1. They found that with
a pure Au catalyst the HMF conversion was 100% and that
approximately 40% FDCA and 60% HMFCA were produced.
When Ag was added up to 0.18 mass fraction, the HMF
conversion remained at 100%, but the FDCA yields increased
to over 90% while the HMFCA dropped proportionately
(Fig. 7a). Increasing the mass fraction of Ag to over 0.2
decreased the HMF conversion and FDCA yield, again favoring
HMFCA production. Using only Ag on SiO,, there was no FDCA
or HMFCA produced even though the HMF conversion was
81%.%% Ke et al.®° also found that using a pure Ag catalyst
resulted in no FDCA production. Continuing to add up to
0.4 mg of Pt to the initial 0.1 mg of AgNO;, decreasing the
mass fraction of silver to 0.2 still did not produce FDCA
(Fig. 7b). Below the Ag mass fraction of 0.2, as the Pt loading
and the overall ratio of catalyst to reactant increased, both
conversion of HMF and selectivity to FDCA increased. The
initial metal ratio of 2.8:1 Pt:Ag (143:1 HMF: catalyst)
resulted in 26% HMF conversion, primarily to HMFCA. How-
ever, increasing the Pt loading further while keeping the AgNO;
at 0.1 mg (12:1 HMF: catalyst), increased FDCA yields up to
approximately 86% FDCA at 100% HMF conversion.®® As pre-
viously observed during discussion of mechanistic insights,
Ag'" negatively impacted FDCA selectivity by targeting HMFCA
production instead.

As noted in the Pt section, temperature can also affect the
reaction. Zeng et al.®® studied temperature effects over a range
of 333 K to 373 K using the previously mentioned 5.6 wt% Au/
MnO, catalyst. As the temperature increased, the HMF conver-
sion stayed relatively constant around 90% until 373 K, at
which point it was almost 100% (Fig. 8). However, the product
selectivity varied across the temperature range. At low tem-
peratures, HMFCA was present in significant amounts, with
lower yields of FDCA and little FFCA, but as the temperature
increased, higher amounts of FDCA and FFCA were produced,
reaching 94.1% FDCA selectivity at 373 K,*® which indicates
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Fig. 7 Effect of silver loading on a bimetallic (a) Au/Ag SiO, catalyst
(conditions: 79:1 HMF: Au molar ratio, 0.4 mmol NaHCOs, T = 353 K,
Po, = 1 MPa, and t = 6 h)®€ and (b) Pt/Ag catalyst where the x-axis
represents the mass fraction of Ag of the total mass of the metals. Reaction
conditions: 50:1 HMF : Pt molar ratio, 0.8 mmol NaHCOs, T = 373 K, O,
bubbling at 75 mL min~%, and t = 1 h.%°

that