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Lignocellulosic biomass holds promise for producing valuable chemicals. Among possible key reactions, the 5-
hydroxymethylfurfural (HMF) oxidation to 2,5-furandicarboxylic acid (FDCA) using O as a final oxidant and
supported Au catalysts is a promising route but that suffers from carbon balance issues. This study explores the
mechanism of HMF oxidation to FDCA on a Au(111) model catalyst using computational modeling. Our results
identify the main intermediate (HMFCA) and the major degradation pathways from HMF and HMFCA. Since we

HMF predict a higher degradation rate for HMF, we designed an experimental two-step approach, using a low tem-
perature to convert fully HMF and improve the carbon balance and then raising the temperature to convert the
HMFCA intermediate into FDCA. This approach was successful, reaching a high yield in FDCA (>90 %) in 8 hours
while keeping the carbon balance above 97 %.

1. Introduction

The utilization of bio-derived materials for chemical production is
being highlighted as a sustainable substitute for petroleum-based re-
sources. Numerous pathways involving the transformation of carbohy-
drates into fuels and chemicals are being explored, specifically focusing
on the production of furfural and 5-hydroxymethylfurfural (HMF)[1,2].
These compounds are recognized as pivotal platform chemicals, playing
a significant role in advancing bio-based fuels and chemicals [3]. Among
possible transformations of HMF, its oxidation into FDCA (2,5-fur-
an-dicarboxylic acid) is a notable reaction since FDCA is considered a
highly valuable chemical [4,5]. It can serve as a precursor for synthe-
sizing various high-performance polymers, such as polyethylene fur-
anoate (PEF), which has garnered significant attention as a bio-based
alternative to traditional plastics like PET [6].

The aerobic oxidation of HMF to FDCA typically involves the use of
catalysts. Gold-based catalysts are of particular interest due to their
selectivity and efficiency in this transformation [7]. They exhibit supe-
rior stability and selectivity in the aerobic oxidation of organic com-
pounds in aqueous environments compared to liquid-phase oxidation
catalysts relying on Pt and Pd [8]. This enhanced performance is
attributed to their heightened resistance to leaching in water and
oxidation by molecular oxygen. Still, to improve performance, they
usually require the use of an alkaline environment [9]. It has been
documented that the presence of a base enhances reaction rates, allows
for higher feed concentrations (up to 3 %), improves product solubility
in the reaction medium, and reduces FDCA adsorption on the catalyst
surface [10]. Many researchers have investigated the use of environ-
mentally friendly solvents and base-free conditions to minimize waste
and simplify downstream separation processes [11]. However, low rates
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were obtained in these cases.

The HMF oxidation to FDCA proceeds through several intermediates
and hence is a very interesting example of metal and conditions
dependent selectivity. The reaction network is depicted in Scheme 1.
The oxidation of HMF starts either with the oxidation of the alcohol side
group yielding 2,5-diformyl-furan (DFF) or the oxidation of the alde-
hyde side group, yielding 5-hydroxymethyl-2-furancarboxylic acid
(HMFCA). Using Au as a supported metal catalyst, HMFCA is generally
preferred [12] and may be identified as a product if the reaction is
stopped before full conversion into FDCA. Indeed, the rate-limiting step
is generally the conversion of HMFCA to 5-formyl-2-furancarboxylic
acid (FFCA), the penultimate intermediate on the path to FDCA. In
parallel, active oxygen species need to be generated from molecular
oxygen. This is a key role of the Au-supported catalyst. Working on the
aerobic oxidation of glycerol catalyzed by Au-supported catalysts, Zope
et al. [13] demonstrated that the oxygen atoms that are incorporated in
the oxidized product mainly originate from water, not O,. Hence, they
proposed that O, dissociation is activated on Au in the presence of water
to generate surface hydroxyls that are the active oxygen species. Gu et al.
[14] later proposed a DFT investigation of this process, mimicking
neutral and basic conditions. They concluded that basic conditions
facilitate the Oy bond split and hence the generation of those surface
hydroxyl but also that they are key in the desorption process of
carboxylate. Megias-Sayago et al. [15] show the pivotal role played by
the support surface, particularly its Bronsted acidity, in the rate-limiting
step of the reaction. But acidity is just one piece of this intricate puzzle.
The properties of the support, including its textural, redox, and elec-
tronic characteristics, are not the only parameters that determine the
efficiency of this process. The reaction conditions, pH, temperature, and
pressure influence not only the accessibility of active sites but also the
processes of reactive adsorption, HMF stability, product desorption, and
selectivity. Yet, despite the growing recognition of these support-related
factors as key influencers of catalytic activity, a comprehensive study
that correlates the chemical stability of HMF over gold-based catalysts
has been conspicuously absent. Therefore, this study aims to shed light
on the interplay between reaction conditions and the HMF oxidation
reaction. To achieve this, we investigated an Au/ZrO, catalyst, with
focus on seeking the optimal reaction conditions to reach the best cat-
alytic performances. To this end, comprehensive DFT studies coupled
with catalytic tests were performed.
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2. Materials and methods
2.1. Catalyst preparation

Au/ZrO, catalyst was synthesized using the sol-immobilization
technique. To obtain 1 g of the catalyst with 1 % wt of metal loading,
the metal precursor solution was prepared: 0.0209 g of HAuCl, * 3H;0 g
were dissolved in 385 mL of distilled water (1.3 x 10~* mol L’l;
5.31 x 107> mol) and the solution was stirred at room temperature.
After that, 1.188 mL of polyvinyl alcohol (PVA) aqueous solution pre-
viously prepared (0.1010 g in 10 mL of distilled water) was added,
keeping the solution stirred (PVA: Au = 1.2:1 wt ratio). After three
minutes, a fresh aqueous solution of the reducing agent NaBH4 was
added (NaBH4: Au = 5:1 molar ratio). The change of color of the solution
from yellow to dark red indicates the correct formation of gold colloidal
nanoparticles. After 30 min, the support ZrO, was added (0.99 g), and
the solution was acidified with sulfuric acid under the isoelectric point
of the support (pH = 5) to maximize the interaction between the
nanoparticles and the support. The solution was left under stirring
overnight, then it was filtered and the catalyst was washed with distilled
water (about 1 L) to remove the impurities until the washing water had
reached neutral pH. The catalyst was left to dry overnight at room
temperature and subsequently dried in an oven for 4 h at 80 °C. The
procedure is reported in Fig. 1.

2.2. Characterizations

The ICP-OES (Inductively Coupled Plasma Optical Emission Spec-
trometry) analysis was performed using Agilent 720-ES ICP-OES
equipment combined with Vulcan 42S automated digestion system.

Transmission Electron Microscopy (TEM) images were recorded by
placing a drop of the particle’s dispersion in isopropanol over a carbon
film supported on a copper grid. FEI Tecnai microscope was used for the
recording of the images. We observed the presence of gold particles in
the range of 0.9-4 nm. About 70 percent of the particles are less than or
equal to 2 nm. This agreement leads to the conclusion that the gold
particles have a dispersion close to 60 %. More than 600 particles were
used for the distribution size studies. It was performed using Image J
software.

X-ray Photoelectron Spectroscopy (XPS) analysis was performed on
an XPS Kratos, Axis UltraDLD “2009” with monochromatic Al Ka
(1486.6 eV) radiation as the excitation source and equipped with high-
performance hemispheric analyzer. Calibration of the binding energies
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: . — . .
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A pH=5
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Fig. 1. Sol-immobilization methodology for Au/ZrO, synthesis.
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was performed using the carbon C 1 s reference at 284.8 eV.

2.3. Catalytic tests

The oxidation of HMF was carried out in a 30 mL Top Industry
autoclave. 20mL of HMF aqueous solution (concentrations
45 mmol L™Y) and 33 mg of Au/ZrO, catalyst were loaded into the
reactor. All tests were performed with the addition of NaOH (noy./ngyr
= 3). After sealing, the autoclave was purged 3 times with air, pres-
surized with air to the required pressure (P,;; = 15 bar), and finally
heated to the reaction temperature (T =50-110 °C) under stirring
(600 rpm). During the experiment, liquid samples were collected to
follow the kinetics of the reaction. At the end of the reaction, air was
released, the reactor was cooled, and the catalyst was collected by
centrifugation. The reaction products such as HMFCA, FFCA, and FDCA
were analyzed by High-Performance Liquid Chromatography (HPLC,
Waters 2410 RJ) equipped with RI and UV (A = 253 nm) detectors and a
Rezex ROA-organic Acid H' column (@ 7.8 mm x 300 mm) at 25 °C.
Diluted HySO4 (5 mmol L%, 0.5 mL.min"!) was used as the mobile
phase. The products were identified by their retention times compared
to available standards that were also used to determine the response
factors.

The conversion of HMF at time t was calculated was calculated from
Eq. (1):

HMF _ ~HMF

Conversion, (%) = —2 CHMFt x 100 1)
0

where CHMF is the initial concentration of HMF and CHM™F is the con-

centration of HMF at time t. The yield of product (i) is calculated using
Eq. (2):

Yield! (%) — % « 100 @
0

in which C% is the concentration of product (i) at a given time t.

2.4. Computational details

Periodic DFT calculations were performed using the Per-
dew-Burke-Ernzerhof (PBE) functional [16] with a density-dependent
dispersion correction (dDsC) [17] as implemented in the Vienna Ab
initio Simulation Package (VASP) package [18,19]. A tight convergence
of the plane-wave expansion was obtained with a cut-off of 400 eV. The
electron-ion interactions were described by the projector augmented
wave method (PAW). The self-consistence field convergence criteria
were set to 1075 eV.

Au(111) were modeled using a p(4x4) cell, 4-layers, and a vacuum
of 15 A. The 2D Brillouin zone integration was performed at the gamma
point. The bottom layers were kept frozen at the bulk position (Au-Au
inter-atomic distances of 2.93 A) while the two top layers in contact
with the organic molecules were free to adjust during the geometry
optimization (Conjugate-gradient algorithm). The convergence of the
forces acting on atoms was set to equal or less than 0.02 eV/A. A
Monkhorst-Pack mesh K point was used for the 2D Brillouin zone inte-
gration. Transition state structures were optimized by combining the
climbing image Nudged Elastic Band (CI-NEB) method [20] and the
Dimer method [21]. Once the forces converged, a frequency calculation
confirmed the existence of a single imaginary frequency with a normal
mode corresponding to the expected reaction coordinate.

Gibbs reaction energies were evaluated at a temperature of 110 °C
(or 383 K) at the standard pressure. The entropy of the surface species
was neglected as well as the vibrational contribution. The rotational and
translational entropies were evaluated in the rigid rotor approximation
and the perfect gas approximation respectively.
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3. Results and discussion
3.1. Catalyst characterizations

Fig. 2 and Fig. 3 show respectively TEM images and histogram of the
mean Au particle size. From TEM images we can confirm a good
dispersion of the Au nanoparticles on the zirconia support.

The histogram shows an average particle size of 5.2 + 1.7 nm.
Nanoparticles of smaller and bigger dimensions are also present (with an
agglomeration of 15nm) but in smaller quantities. In Fig. 4, TEM
mapping of Au/ZrO; is reported, where the Au nanoparticles are high-
lighted in pink. The presence of ZrO; (O in green in Fig. 4) is also
highlighted.

XPS analysis was carried out on Au/ZrO; to investigate the Binding
Energy (BE) values of Au. In Fig. 5 the signal for Au (4 f) peaks are re-
ported. In particular, the signal at higher energy is the 4 f5,5, while the
signal at lower energy is the 4 f; 5. The area ratio of the two signals is %.
From the signal 4 f;,, is possible to determine the oxidation state of the
superficial gold: the peak is at a binding energy of 83.9 eV, indicating
the presence of Au in the metallic state. It is possible to exclude the
presence of Au™ and Au®" atoms because of the absence of peaks at
84.7 eV and 86 eV respectively.

3.2. Catalytic test at 110°C using Au/ZrO, catalyst

In Fig. 6 reports the temporal evolution of product concentrations
during the oxidation of 5-hydroxymethylfurfural (HMF) on Au/ZrO,
catalyst under the specific reaction conditions. The reaction was initi-
ated with a relatively high initial concentration of HMF (45 mmol L’l)
and was conducted under air pressure (20 bar) at a temperature of
110 °C, utilizing a catalyst load of 33 mg. Notably, the conversion of
HMF proceeded quite rapidly, reaching complete conversion within 2 h
of reaction time. The principal product that emerged from this reaction
was 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), which was
generated in significant quantities. Its concentration reached
12 mmol L' after 2 h. Although it displayed a slight reduction, it
remained at a substantial level of 9 mmol L™! by the end of the reaction.
In contrast, the formation of 2,5-furan-dicarboxylic acid (FDCA) and 2-
formyl-5-furancarboxylic acid (FFCA) was relatively continuous
throughout the reaction, but their concentrations remained notably

Fig. 2. TEM images for Au/ZrO, catalyst.
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Fig. 3. Nanoparticle size distribution for Au/ZrO, catalyst.

Fig. 4. TEM mapping of Au/ZrO, catalyst.
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Fig. 5. : XPS Au 4 f peaks for Au/ZrO, catalyst.

lower compared to HMFCA, with FDCA at 3.8 mmol L™} and FFCA at
1.1 mmol L1, This product distribution confirms that HMFCA was the
dominant product of this catalytic process. However, a conspicuous
observation was the low carbon balance of the reaction, which stood at
only 32 %. This suggests that there were unaccounted carbon losses
during the reaction. These discrepancies could be attributed to the
thermal degradation of HMF under the reaction conditions, leading to
the formation of humins and humic acid, both of which can be
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Fig. 6. : Evolutions of the concentrations of products during HMF oxidation:
Concentrations are indicated as (ll) HMF, (®) HMFCA, (4) FFCA and (V)
FDCA, and (%) Carbon balance. Reaction conditions: 20 mL solution of HMF
(45 mmol L™Y), may/zr02 = 33 mg, PVA:Au weight ratio = 1.2, nyyp/nay = 500,
Nop./Numr = 3, 110 °C, 20 bar air, 7 h, 600 rpm.

considered as byproducts of the reaction. The low formation of FDCA
and the prevalence of HMF degradation at 110 °C contributed to this
reduced carbon balance, signifying that the fundamental reaction con-
ditions may need further optimization to address the carbon mass bal-
ance issue and enhance the overall efficiency of the process.

The degradation of HMF due to elevated temperatures and basic
conditions is a well-documented phenomenon in chemical processes
[14,22,23]. HMF is susceptible to degradation under these conditions,
impacting the overall yield and selectivity of reactions. At higher tem-
peratures, HMF may undergo reactions that result in the formation of
undesired byproducts, such as humins, furans, and other complex
compounds. Basic conditions can further exacerbate the degradation of
HMF. Under basic conditions, HMF may undergo various reactions,
including isomerization, dehydration, and fragmentation, leading to the
formation of less valuable products [24,25]. It is clear that to address
HMF degradation optimization of reaction conditions, minimizing un-
desirable side reactions and maximizing the yield of target products is
necessary. Therefore, understanding the mechanistic pathways of HMF
degradation under different conditions is crucial for the development of
more efficient and sustainable processes.

3.3. DFT study of the degradation routes

A better understanding of the possible degradation routes is provided
here using DFT to evaluate the stability of possible intermediates on Au
(111), a model surface that may very well represent the active sites
found on the large Au nanoparticles as determined experimentally here.
Surface intermediates are labeled with a prefix x (e.g., xOH for a
chemisorbed hydroxyl or xHMF for a chemisorbed HMF).

To start, we investigated the oxidation of HMF into FDCA on Au
using DFT calculations. The activation of O3 in the presence of two water
molecules can generate four surface hydroxyl (O; + 2 H,O + 4X — 4
xOH, Gnn = -0.97 eV) according to previous works [13,14]. In the
following, we will consider xOH being the active oxygen species that can
abstract a H from xHMF regenerating a water molecule or that can bind
to a C of the organic moiety yielding a gem-diol or a carboxylic acid. 6
xOH are required in total to oxidize HMF into FDCA. The reaction
scheme and the corresponding Gibbs reaction energies are reported in
Fig. 7. The adsorption of HMF is slightly endergonic (+0.26 eV) and is
followed by the oxidation of either the alcohol termination or the
aldehyde termination, yielding xDFF and xHMFCA respectively. The
oxidation of the aldehyde group of HMF is more exothermic than the
oxidation of the alcohol group on the Au(111) surface. This is in



T. Oyegoke et al. Catalysis Today 445 (2025) 115086

-0.97 OH
O, + 2H,0 + 4 Au(in) — 4 Au(111)
xOH
o] 0
\
\_/
Au(111)
2xH,0 xDFF 2 xOH

2x0H 1 xH,0
-0.43 4
o

O
\ ) OH 2 xOH HOWOH

u(111) Au(111) Au(111)
xHMF -1.43 -0.44 xFFCA -1.48 xFDCA
2 xOH 1 xH,0
\\Q)L 2 xH,0
1 XHzo \ /
Au(111) 2 xOH
xHMFCA

Fig. 7. Oxidation of HMF into FDCA on Au(111) using xOH as an active oxygen species. Gibbs reaction energies are indicated for each step in eV at 1 bar and 110°C.
Reactions are balanced with the appropriate number of xOH, xH,0, and pristine Au(111) slab.
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agreement with the greater exothermicity found to oxidize acetaldehyde
vs. ethanol on Au(111) (—2.02 vs. —1.21 eV) by Gu et al. [14]. Besides,
the same study determines that the oxidation of acetaldehyde by xOH on
Au(111) is a barrier-less process while the oxidation of ethanol is limited
by the C-H bond scission (with a +0.42 eV barrier). Thus we infer that
the HMF oxidation on Au(111) is predicted to process through the
oxidation of the aldehyde, through the xHMFCA intermediate, which is
in agreement with the experimental findings (i.e. identification of
HMFCA in the course of the reaction). The next oxidation step produces
FFCA, consuming again 2 xOH, a step that is exergonic (-0.44 eV from
HMFCA). Finally, the remaining aldehyde group is easily oxidized
(-1.48 eV) and xFDCA is obtained. The catalytic cycle closes with the
exergonic desorption of FDCA and 6 water molecules, with no thermo-
dynamic limitation along the process. The optimized structures of
xHMF, xHMFCA, xDFF, xFFCA, and xFDCA are represented in SI. They
are all weakly bound to the Au(111) surface, the furanic cycle parallel to
the surface at around a 3 A distance of the surface.

Possible degradation routes were explored such as (1) the two
possible C-C scissions that yield the loss of one of the two substituents of
the furanic ring, (2) the furanic ring opening through C-O scission and
(3) the scission of the C-H bonds of the furanic ring or the aldehyde.
Those degradation processes may occur starting from HMF, competing
with the HMF oxidation into HMFCA but they may also happen starting
from the long-lasting intermediate HMFCA, competing with its desorp-
tion and more importantly with its conversion into FFCA and then
FDCA. In HMFCA, we also considered the O-H scission and the C-OH
scission of the carboxylic moiety. The reaction energies of those
degradation pathways are reported in Fig. 8. The C-C scissions are sys-
tematically strongly endothermic with reaction energies above 1.48 eV.
The C-OH scission in HMFCA is also strongly endothermic (1.38 eV). As
a consequence, the corresponding activation barriers are so high (above
the corresponding reaction energy) that those processes are too slow to
compete with the oxidation of HMF that is operated at 110 °C. In
contrast, the C-H scission within the furanic ring appears as a more
plausible step towards degradation, with a milder endothermicity (from
+0.27 eV to +0.42 eV). Interestingly, the scission of the furanic C-H is
easier in HMF (+0.27 eV, in beta position relative to the carbonyl group)
than in HMFCA (40.32 eV, in beta position relative to the carboxylic
acid group). This trend is confirmed when computing the activation
barriers corresponding to the H abstraction of this furanic H by xOH: the

Co-adsorbed State

HMF

Transition State
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first degradation step is easier in HMF than in HMFCA, with an activa-
tion barrier of 0.71 eV vs. 0.79 eV. The structural geometries of the co-
adsorbed state, the transition state, and the final state of the degradation
routes for HMF and HMFCA are presented in Fig. 9. The structures are
quite similar when comparing the HMF degradation route and the
HMFCA degradation route. Noticeably, the transition state is earlier in
HMFCA than in HMF with a shorter C-H bond (1.34 A in HMFCA vs.
1.42 A in HMF) and longer (HO)-H bond (1.28 A in HMFCA vs. 1.19 A
in HMF). Finally, since the C-H scission in the furanic cycle of xHMF is
below 0.75 eV, this degradation reaction is faster than the ring opening
of xHMF and xHMFCA that has to overcome a barrier greater than the
endothermicity of the reaction (+0.75 eV and +0.76 eV in xHMFCA and
xHMF respectively).

In short, we predict that HMF is more sensitive to degradation than
HMFCA and that this degradation starts with the abstraction of the
furanic H in the beta position relative to the carbonyl group.

3.4. Catalytic tests in two steps

Taking into account input from DFT studies, new catalytic tests were
performed aiming at limiting the degradation during the conversion of
HMF into FDCA.

Firstly, the catalytic test in two isolated steps reactions was carried
out (Fig. 10). The first step was performed under the same reaction
conditions as previously (Fig. 6) but using a lower reaction temperature
(T = 50 °C) to limit the degradation of HMF. HMF was smoothly con-
verted to reach 100 % conversion after 7 h. HMFCA was the main
product formed (41 mmol L1 after 7 h) while FFCA and FDCA were
minor products. As hypothesized based on our DFT calculations, the
carbon balance was enhanced by 61 % (from 32 % using our initial
conditions to 93 % after 7 h at 50 °C). At the end of this first step (after
7 h), the solution was recovered, a fresh catalyst was added to the
reactant solution (ngmpca/nay = 500) and the temperature was
increased to 110 °C. The HMFCA was totally converted at the end of this
second step in 3 h. FDCA was the main product formed, with a maximum
concentration reaching 40 mmol L™! after 10 h. Finally, the carbon
balance slightly decreased to 81 % but still remained above the one we
obtained using our initial one-step strategy (32 %, see Fig. 6). This is a
clear advantage of using isolated two-step reactions, converting HMF at
a low temperature to avoid the formation of by-products through

Final State

Ga = 0.79 eV

Fig. 9. Optimized structures along the furanic H abstraction by xOH in HMF and HMFCA. The H is positioned in the beta of the carbonyl in HMF and of the acid in
HMFCA. Main distances are indicated in A. Gibb’s activation energy is defined using the separated reactants as a reference and is reported in eV.
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Fig. 10. Evolution of the concentrations of different products as a function of
time in two isolated steps reactions with solution recovery. (ll) HMF concen-
tration, (@) HMFCA concentration, (o) FFCA concentration, (v) FDCA con-
centration (*) Carbon balance. Reaction conditions: 20 mL solution of HMF
(45 mmol L™1), Mayzr02 = 33 mg, PVA:Au weight ratio = 1.2, ngvp/Nay
=500, nop/nyyr =3, 0-7h at 50°C, 7-10h at 110°C, 20 bar air,
7 h, 600 rpm.

degradation, recovering the solution and adding fresh catalyst, and then
raising the temperature to convert HMFCA and reach a high yield in
FDCA.

The two-step reaction sequence was repeated omitting the interme-
diate solution recovery step and using the same reaction conditions. The
results are depicted in Fig. 11. As expected, the results observed after the
initial step (at a temperature of 50 °C) were identical to those obtained
previously. HMF underwent complete conversion within 6 hours,
resulting in an HMFCA concentration of 45 mmol L™}, and a remarkable
97 % carbon balance was achieved. Following this first step, the solution
was not subjected to recovery, instead, a gradual temperature ramp was
applied to elevate it to 110 °C. This second phase of the reaction
exhibited an evolution similar to the previously isolated two-step re-
actions. Notably, the advantages of conducting the entire process as a
one-pot reaction became evident, particularly in terms of achieving a
significantly improved carbon balance, with a noteworthy 97 % balance
compared to the 81 % obtained when the steps were isolated. This
highlights the efficiency and advantages of a one-pot approach over the
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Fig. 11. Evolution of the concentrations of different products as a function of
time in a one-pot reaction without solution recovery. (ll) HMF concentration,
(@) HMFCA concentration, (a) FFCA concentration, (v) FDCA concentration (*)
Carbon balance. Reaction conditions: 20 mL solution of HMF (45 mmol L),
May,zr02 = 33 mg, PVA:Au weight ratio = 1.2, nyyr/na, = 500, noy./npmr = 3,
0-6 h at 50 °C, 6-9 h at 110 °C, 20 bar air, 7 h, 600 rpm.
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two separate-step reactions.

To further assess the sensitivity of HMF to degradation, the one-pot
reaction was repeated, with no intermediate solution recovery but a
rise in temperature before reaching the full conversion of HMF (Fig. 12).
After 1.6 hours, a notable 68 % conversion of HMF was achieved at
50 °C, and the sole product formed was HMFCA, with a yield of 60 %
(equivalent to 30 mmol L™1). The carbon balance was meticulously
recorded and demonstrated a commendable 97 % efficiency. At this
stage, the reaction solution consisted of 32 % HMF and 63 % HMFCA. As
the temperature was subsequently increased to 110 °C, the fate of HMF
became apparent. It either underwent conversion into HMFCA, reaching
a maximum concentration of 33 mmol L1 or transformed degraded
products, which contributed to a decrease in the overall carbon balance
(82 % after 4.5 hours). This observation underscores the importance of
fully converting all available HMF into HMFCA during the initial step of
the reaction at 50 °C. Subsequently, an increase in temperature can be
employed to facilitate the formation of FDCA at 110 °C, ensuring a more
efficient and controlled reaction pathway.

The recyclability of the Au/ZrO, catalyst was studied at a reaction
temperature of 50°C under 20 bar of air, utilizing NaOH as a base (as
illustrated in Fig. 13). In the initial run, the catalyst exhibited robust
performance, achieving a substantial 77 % conversion of HMF and
yielding a 72 % HMFCA after a 2-hour reaction. For the subsequent runs,
the catalyst underwent a straightforward recovery process. It was
recovered through centrifugation and then subjected to an overnight
drying step at 110 °C, with no additional regeneration steps. However, a
noticeable decline in catalytic activity was observed during these sub-
sequent runs. In the third run, the conversion rate dropped to 22 %.
Nonetheless, it is noteworthy that throughout these recycling runs, the
carbon balance was consistently maintained at levels exceeding 97 %,
underscoring the efficient and sustainable nature of the catalytic pro-
cess. The primary product, HMFCA, remained dominant, reinforcing the
feasibility of recycling the Au/ZrO, catalyst for multiple reaction cycles.
One recycling test on a two-step process was also performed but the
overall activity followed the same deactivation trend as for the test at
50 °C. It suggests that the deactivation of the catalyst is linked probably
to the deposition of carbon species on the gold surface.

4. Conclusions
The oxidation of HMF into FDCA using Au/ZrO catalysts was per-

formed at 110°C but was limited by a critically low carbon balance
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Fig. 12. : Evolution of the concentrations of different products as a function of
time in a one-pot reaction without catalyst recovery. (ll) HMF concentration,
(@) HMFCA concentration, (a) FFCA concentration, (v) FDCA concentration (*)
Carbon balance. Reaction conditions: 20 mL solution of HMF (45 mmol L),
Mayzr02 = 33 mg, PVA:Au weight ratio = 1.2, nyyr/nay = 500, nop./Npmr
=3,0-1.6 h at 50 °C, 1.6-4.5 h at 110 °C, 20 bar air, 7 h, 600 rpm.
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Fig. 13. : Catalyst recyclability test. Reaction conditions: 20 mL solution of
HMF (45 mmol L™1), May/zro2 = 33 mg, PVA:Au weight ratio = 1.2, ngmp/Day
= 500, nop./numr = 3, 50 °C, 20 bar air, 2 h reaction, 600 rpm.

(32 %) and a low yield in the targeted product. To better understand the
origin of this carbon low, the mechanism of the oxidation of HMF into
FDCA on gold was investigated using periodic DFT calculations. This
computational study has proven that HMF oxidation starts with the
aldehyde oxidation generating HMFCA as a key intermediate that was
then oxidized into FFCA and FDCA. Then, degradation routes were
explored, starting from HMF and HMFCA. Based on the reaction en-
ergies, ring opening and cracking around aldehyde, hydroxyl, and acid
functional groups were discarded while the hydrogen abstraction from
the furan rings was identified as a major degradation route. A compar-
ison of the degradation intensity across HMF and HMFCA on Au (111)
using reaction and activation energies confirms that HMF is more prone
to degradation than HMFCA on Au(111) through abstraction of the
furanic H in beta to the aldehyde functional group. Those results guided
the design of a two-step approach to experimentally convert HMF into
FDCA while limiting carbon loss. Starting with a lower temperature
(50 °C) allows to convert HMF into HMFCA with limited carbon loss.
Once a full conversion in HMF is reached, raising the temperature to
110 °C allows to rapidly reach a high yield in FDCA while still main-
taining the carbon balance above 97 %. Complementary tests confirmed
the advantage of using a one-pot procedure vs. a two-isolated steps
procedure and the importance of raising the temperature once HMF has
reached a 100 % conversion. Recyclability tests confirm the robustness
of this approach, keeping the carbon loss above 97 % after three runs.
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