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A B S T R A C T   

The oxidation of 5-(Hydroxymethyl)furfural (HMF) to 2,5-furandicarboxylic acid (FDCA) is of high interest for 
the production of renewable monomers. To achieve a cost-efficient, sustainable process for the large-scale 
production of FDCA, it is important to use the as-synthesized crude HMF-solution without extensive purifica
tion steps. In this work, we present the direct oxidation of crude HMF-solution produced from fructose syrup with 
an AuPd/C catalyst. The catalyst shows good tolerance against various remaining impurities from the HMF- 
preparation. A 95% FDCA yield with a productivity of 75.5 molFDCA molAuPd

− 1 h− 1 could be achieved under 
increased temperature (140 ◦C) and pressure (40 bar) with only 2 eq. Na2CO3. We further improved the process’ 
efficiency by using a two-step oxidation with a split addition of the base in the same reactor. First, a mild 
oxidation (1 eq. Na2CO3, 100 ◦C, 1.5 h) of HMF afforded the intermediates HFCA and FFCA, which were then 
further oxidized under harsher conditions (3.3 eq. NaOH, 140 ◦C, 4 h) to FDCA. Due to the higher efficiency, this 
process enabled increasing the HMF concentration up to 0.3 M for crude solution and 0.6 M for purified solution 
while minimizing the degradation of HMF, leading to a more cost-efficient oxidation of crude HMF-solution, and 
facilitating the industrial implementation of renewable FDCA.   

1. Introduction 

Reducing the reliance on fossil resources within the chemical in
dustry has become an important aspect of research in recent years.[1] 
Establishing, a circular-economy with a short carbon cycle is crucial to 
achieve this goal, including the substitution of fossil-derived base-
chemicals by renewable alternatives.[2,3] Bio-based chemicals can play 
an important role towards a CO2-neutral chemical industry, leading to a 
significant reduction in greenhouse gas emissions.[4] One important 
bio-based platform molecule is 5-(Hydroxymethyl)furfural (HMF), 
which can be transformed to various different products.[5] The oxida
tion of HMF to 2,5-Furandicarboxylic acid (FDCA) offers the opportunity 
to produce a bio-based monomer poised to replace terephthalic acid in 
renewable polyesters.[6,7] Numerous catalytic and stoichiometric 
routes for HMF oxidation have been reported in literature.[8–12] 

Heterogeneously catalyzed processes offer a distinct advantage - an easy 
separation of the catalyst from the reaction mixture, facilitating the 
reusability of the catalyst. These catalysts often feature noble metals 
(such as Au, Pd, Pt, Ru) supported on metal oxides or carbon-based 
materials.[8,13] 

Current research on HMF-oxidation has mainly focused on the use of 
highly purified and diluted HMF-solutions in batch processes at small 
scale. There is a significant gap in experimentation involving crude 
HMF-solution produced directly from biomass or saccharides, without 
extensive and costly purification. Economic simulations on the hetero
geneously catalyzed oxidation of HMF showed that the HMF price and 
the catalyst cost are the two major contributions to the FDCA cost.[14] 
Therefore, applying crude HMF solution directly in the oxidation pro
cess eliminates the need for costly purification and crystallization steps 
associated with the production of purified HMF, thereby enhancing the 
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overall process cost-efficiency.[15] To further optimize the cost, it is 
crucial to use a tolerant catalyst suitable for converting crude HMF, 
which enables the efficient use of minimal catalyst amounts.[13] 

Earlier studies by Naim and Schade et al.[16] have underscored the 
detrimental impact of impurities arising from the HMF-synthesis on 
noble metal-based heterogeneous catalysts for HMF oxidation. A 
mixture of levulinic and formic acid, common by-products from 
HMF-synthesis, led to severe deactivation of an Au/ZrO2 catalyst.[16] 
The FDCA yield dropped from 100% to 0% while HMF conversion 
simultaneously declined from 100% to 56%. When applying harsher 
conditions (125 ◦C, 30 bar air, 8 eq. NaOH) monosaccharides could be 
tolerated, resulting in a remarkable FDCA yield of ≥ 94%. In addition, it 
was reported that cysteine, cystine, and arginine dissolved during the 
extraction of saccharides from chicory roots, used for the 
HMF-synthesis, can lead to a deactivation of noble metals used for the 
HMF-oxidation.[17] In that study, AuPd-alloys demonstrated the best 
stability. Zuo et al.[18] studied the oxidation of a crude HMF-solution 
produced by Archer Daniels Midland (ADM)[19] from a hexose syrup, 
which contained impurities like HMF dimer, 2-Hydroxyacetylfuran, and 
levulinic acid. A 4 wt% HMF-solution was efficiently oxidized to FDCA 
with a 90% yield using the AMOCO oxidation process. Naim and Schade 
et al.[16] oxidized crude HMF produced from a non-concentrated sugar 
syrup over an Au/ZrO2 catalyst, achieving an FDCA yield of 74%. 
Additionally, several two-step processes have been reported for the 
preparation of FDCA from biomass.[15,20–24] FDCA was produced 
from fructose in a single reactor employing a bi-functional Pd/CC 
catalyst giving a 85% FDCA yield in the second step and an overall yield 
of 64%.[25] Gupta et al. demonstrated the direct conversion of fructose 
to HMF and the further oxidation of the crude solution to FDCA using a 
Ni0.9Pd0.1 catalyst for both reactions in one-pot, achieving 22% FDCA 
selectivity.[26] 

This study delves into employing crude HMF-solution for the HMF 
oxidation process, with emphasis on assessing the FDCA yield and pro
ductivity. The aims include evaluating the feasibility of increasing HMF- 
concentration and reducing the catalyst mass. These aspects will enable 
the price a reduction and streamline the up-scaling of FDCA-production. 
For this study, we used AuPd-alloys supported on carbon black Vulcan® 
XC72 and synthetic air in the oxidation process. We focused on the in
fluence of temperature, pressure, and the added base equivalents on the 
FDCA yield. Moreover, we developed a two-step oxidation process 
characterized by a progressive two-step increase in basicity. This 
approach enables the utilization of higher concentrations of HMF- 
solution in a single reactor while suppressing side-reactions effectively. 

2. Experimental 

2.1. Catalyst preparation 

52:48 (molar ratio) AuPd was prepared using a slightly modified 
synthesis protocol reported earlier by our group.[17] PdCl2 (m =
0.0222 g) and HAuCl4•3 H2O (m = 0.0533 mg) were dissolved in 3 mL 
conc. HCl and 77 mL H2O by stirring for about 3 h. 620 mL of H2O and 
poly(vinylalcohol) (PVA; m(Au+Pd):m(PVA) = 1:0.95; m = 37.8 mg) 
were added to the solution. After about 10 min of stirring a diluted 
NaBH4 solution (n(NaBH4):n(Au+Pd) = 4:1; m = 39.4 mg) was added. 
The suspension was stirred for about 30 min before adjusting the pH to 1 
with 50 vol% H2SO4 solution. Then carbon black Vulcan® XC72 (m =
1.96 g) was added to the suspension to achieve a AuPd-loading of 2 wt%, 
stirred for about 2 h and filtered off. The supported catalyst was washed 
thoroughly with about 400 mL of H2O and dried at 80 ◦C overnight. 
More details on the chemicals and materials used can be found in the 
supporting information. 

2.2. Catalyst characterization 

For elemental analysis, the catalysts were dissolved in a mixture of 

6 mL H2O2, 2 mL conc. HNO3 and 4 mL conc. HCl under microwave 
irradiation of 600 W for 90 min prior to the determination of the metal 
loading by inductively coupled plasma-optical emission spectrometry 
(ICP-OES, Agilent 725 spectrometer, Agilent Technologies Inc.). A 
plasma excitation of 40 MHz and 2 kW was used. 

Powder X-ray diffraction (XRD) was performed with a PANalytical 
X’pert Pro diffractometer using Cu-Kα radiation and a Ni-Filter. Data 
were recorded with a step size of 0.017 ◦ in a 2θ-range from 5 to 120 ◦ by 
averaging 8 scans. The crystallite size was estimated by fitting the data 
with Origin2019 and applying the Scherrer equation (cf. ESI).[27] LaB6 
was used as reference. 

Scanning transmission electron microscopy (STEM; ThermoFisher 
Themis 300 (S)TEM) was performed with a high-angle annular dark- 
field (HAADF) detector to obtain images of the supported nano
particles. Energy dispersive X-ray (EDX) spectroscopy was conducted 
with a ThermoFisher Scientific Super-X EDX detector. Standard Lacey 
carbon grid with Cu mesh was used for sample preparation. Agglomer
ated particles were not considered in the particle size distribution. 

X-ray absorption spectroscopy (XAS) was performed for determina
tion of the oxidation state and estimation of the homogeneity of alloy
ing. AuPd/C, Au-foil, Pd-foil and PdO references were measured at P65 
beamline at PETRA III (Deutsches Elektronen Synchrotron, Hamburg). 
[28] The measurements were performed at Pd K-edge (24.35 keV) and 
Au L3-edge (11.919 keV) in transmission mode using ionization cham
bers and an 11 period undulator. A pair of plane mirrors (Pt-coated Si for 
Pd K-edge, Si for Au L3-edge) rejected higher harmonics and the energy 
was selected with a double-crystal monochromator with Si(311) or Si 
(111) crystal pairs with a beam size of 1.2 ×0.3 mm. The powder 
catalyst was filled densely in a 6 mm diameter plastic tube. Athena and 
Artemis from the Demeter software package (version 0.9.26) were used 
for data analysis.[29] For data reduction and extraction of the extended 
X-ray absorption fine structure (EXAFS) part (χ(k) function), a Rbkg 
value of 1 was considered. For fitting of the EXAFS part of the spectra, a 
k range of 3–12 Å− 1 and an R value of 1.5–3.5 Å were taken into account. 
The amplitude reduction factors (S0

2) were obtained by fitting the 
respective foil references. 

2.3. HMF preparation 

The HMF production was performed by hydrothermal dehydration of 
an aqueous solution of 2 wt% fructose at Hohenheim’s Biorefinery 
Research Center at “Unterer Lindenhof”. Details on the HMF-synthesis 
procedure were reported recently by Świątek et al.[30] Sulfuric acid 
was used as a catalyst at a pH of 2. For the synthesis, 180 ◦C, a pressure 
of 24 bar inside the reactor and a residence time of 18 min were applied. 
The fructose solution was pumped with a piston pump after reaching the 
set temperature in the reactor. Afterwards, the solution is cooled down 
to room temperature in a cooler. Solid residues were removed by a mesh 
filter. Fructose conversion was 47.2%, HMF selectivity was 71.5%, and 
HMF yield was 33.6%. Following the HMF synthesis, HMF was separated 
from the reaction mixture, using Hohenheim’s novel separation pro
cedure.[31] In brief, HMF is adsorbed on activated carbon from the 
aqueous reaction solution. Then, HMF is desorbed from activated carbon 
applying ethanol as solvent. 90–95% HMF could be recovered from the 
activated carbon. After the separation process, ethanol was removed by 
distillation and the crude HMF was dissolved in water. No residual 
ethanol could be determined in HPLC analysis. 

2.4. HMF oxidation procedure 

The crude HMF solution was diluted with H2O to the corresponding 
concentration (0.1–0.3 M). A sample (diluted 1:50) was taken prior to 
each experiment to determine the HMF concentration via HPLC analysis. 
The solution (8 mL) was filled in a poly(tetrafluoroethylene) (PTFE) 
inset (50 mL volume) in an autoclave reactor. Next, the AuPd/C catalyst 
(28.8–172.8 mg) and the base (169.8–635.9 mg Na2CO3 or 256.0 mg 
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NaOH) were added to the solution. The autoclave was purged with 
synthetic air three times, and pressurized at the specified air pressure 
(10–50 bar). The reactor was heated to the reaction temperature 
(70–150 ◦C). The time when reaching the aimed reaction temperature 
was taken as starting point for the reaction time. After the reaction 
(1–6 h), the autoclaves were rapidly cooled down in an ice bath, dep
ressurized and opened. A second sample was taken for determination of 
the conversion, HFCA/FFCA/FDCA-yields and the C-balance. For 
calculation of the C-balance, HMF and its oxidation products HFCA, 
FFCA, and FDCA were taken into account. 

For the two-step process, the reaction was initiated as described 
previously. After the reaction time of the first step was completed 
(0–2 h), the autoclave was cooled rapidly in an ice bath to about 40 ◦C. 
Then, it was depressurized, and opened briefly to add the base for the 
second step (1017 mg Na2CO3 or 192.0–480.0 mg NaOH). Afterwards, 
the autoclave was closed again, purged three times with synthetic air, 
and pressurized at 50 bar. The autoclave was heated to a reaction 
temperature of 140 ◦C, and the time (1–4 h) for the second reaction step 
was started after reaching the set temperature. Afterwards, it was 
continued as described for the one-step reaction. 

High-performance liquid chromatography (HPLC) was used for 
determination of the concentration of the different compounds using a 
column of type Aminex HPX-87 H (BioRad Laboratories Inc.) and a 
UV–VIS detector. The eluent was 4 mM H2SO4. The measurements were 
performed at 25 ◦C and a flow rate of 0.65 mL min− 1. Additional in
formation can be found in the supporting information. 

Additional information on materials and characterization methods 
can be found in the supporting information. 

3. Results and Discussion 

3.1. Catalyst characterization 

The ICP-OES elemental analysis of the catalyst showed an Au-loading 
of 0.9 ± 0.1 wt% and a Pd-loading of 0.6 ± 0.1 wt%. This corresponds to 
a 45:55 (Au:Pd) molar ratio, which is close to the intended ratio of 
52:48. The AuPd particles had a mean particle diameter of 4.5 ± 1.6 nm 
as determined by STEM (Fig. 1(a),(b)). EDX mapping of the catalyst 
showed a homogeneous distribution of Au and Pd in the particles indi
cating the formation of a homogeneous alloy (Fig. 1(c)). The EDX 
spectrometry of the particle gave a molar Au:Pd ratio of 55:45 (± 3%), 
which deviates slightly from the ICP-OES result. 

XRD was used to confirm the alloy formation and composition of the 
AuPd-nanoparticles within the AuPd/C catalyst. Besides broad re
flections of graphite, distinct reflections of a fcc-phase were observed at 
a 2θ value of 39.02 ◦ (Fig. 2(a)). The reflections of metallic Au and 
metallic Pd are expected at 38.2 ◦ (ICSD collection code: 64701) and 
40.1 ◦ (ICSD collection code: 648676), respectively. Due to the different 
atomic sizes of Au and Pd, the incorporation of Au into the Pd lattice 

results in a lattice expansion. The variation of the lattice parameter 
exhibits a linear correlation with the mixing ratio, causing the reflection 
position to shift linearly.[32,33] A 1:1 AuPd alloy would yield a 
reflection at 39.15 ◦ 2θ. The observed deviation to 39.02 ◦ in the 
reflection fitting of the AuPd/C catalyst aligns with a mixing ratio of 
57:43 (Au:Pd), suggesting a slight enrichment of Au in the particle core. 
The fitted curve of the 39.02 ◦ reflection was used to estimate the 
nanoparticles’ crystallite size by using the FWHM in the Scherrer 
equation, yielding a crystallite size of 4.8 (± 0.3) nm. 

To further validate the presence of an alloyed phase, XAS measure
ments of AuPd/C at the Au L3-edge and Pd K-edge were performed 
(Figures S1-S5 and Table S1). The X-ray absorption near-edge structure 
(XANES) of both Au and Pd were similar to the metallic foils but with 
slight variations typical of alloyed AuPd particles (Figure S1 (a) and (b)). 
[17] The Fourier transformed extended X-ray absorption fine structure 
(EXAFS) spectra (Fig. 2(b)), revealed two peaks at a radial distance of 
2.2 and 2.9 Å for the Au L3-edge (not corrected for the phase shift), and 
1.9 and 2.8 Å for the Pd K-edge. Interference of Au-Au and Au-Pd 
backscattering leads to a splitting of the respective peaks, providing 
direct evidence of alloying.[34,35] In addition, data fitting of the 
EXAFS-spectrum measured at Au L3-edge confirmed scattering of Au-Au 
and Au-Pd in the first shell.[29] A radial distance of 2.8 Å (Table S1) 
obtained in the fitting aligns with expected literature values for Au-Pd. 
[17,35,36] The coordination numbers (CN) from fitting are 3.7 ± 0.4 for 
Au-Pd and 7.6 ± 0.7 for Au-Au, with a total CN of 11.3, close to the CN of 
12 in the bulk fcc-structure. Hence, the contribution of surface Au-atoms 
is rather low. The ratio of the CNs of Au-Pd to Au-Au deviates with 2:1 
from the ratio found by ICP-OES, which is close to 1:1. Combining both 
observations from the fitting, suggests potential enrichment of Pd to
wards the surface while Au might be concentrated in the particle core. 
[37] 

3.2. Crude HMF-solution evaluation 

The HMF was synthesized by hydrothermal dehydration of fructose 
syrup.[30] The HMF synthesis produces a solution that may contain 
other impurities along with HMF.[16,17] The chemical analysis of the 
crude, concentrated HMF-solution used in this work is given in Table 1. 
Notably, it contained 660 g L− 1 HMF, which corresponds to about 
5.2 M. The HMF-solution was diluted to the specified concentration 
prior to the oxidation reaction. However, the initially high concentra
tion provided an opportunity to explore higher starting concentrations 
than those typically reported in literature. This approach aimed to reveal 
the maximum feasible HMF-concentration for the oxidation of both 
crude and purified solutions. In reported studies involving pure 
HMF-solutions, the concentration of HMF typically ranged from 0.02 to 
0.15 M.[38–45] Higher concentrations in previous studies could only be 
achieved by complex multi-step processes, including the protection of 
the aldehyde function of HMF with an additional auxiliary, and the 

Fig. 1. (a) Particle size distribution (particle count: 273), (b) HAADF-STEM image, and (c) EDX-mapping of AuPd/C.  
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subsequent deprotection.[46,47] 
The crude HMF-solution contained mainly fructose as impurity due 

to incomplete dehydration, accompanied by other impurities, in 
particular glucose, levulinic acid, and methylglyoxal, albeit in lower 
concentrations (<5% compared to HMF, cf. Table 1). Complete con
version of fructose to HMF was deliberately avoided, guided by evidence 
that fructose can be tolerated by noble metal-based oxidation catalysts. 
[16] This strategic choice allowed to minimize concentrations of levu
linic and formic acid in the solution, which can deactivate the catalytic 
system. 

3.3. Oxidation of crude HMF-solution on AuPd/C under varying reaction 
conditions 

We systematically investigated the selective oxidation of crude HMF- 
solution using a specially developed AuPd/C catalyst. Employing a 
0.1 M HMF-solution as substrate, we studied the influence of varying the 
base (Na2CO3, NaOH) concentration, reaction temperature, and pres
sure on HMF oxidation (Fig. 3). As reference, we conducted oxidation 
experiments on a pure HMF-solution (0.1 M, 100 ◦C, 10 bar air, 5 h, 
2 eq. Na2CO3, HMF:M 120:1) yielding 100% FDCA at quantitative HMF 
conversion. In the oxidation of crude HMF-solution, absence of base 
limited the HMF conversion to 17% (Fig. 3(a)), underscoring the 
indispensability of base for the reaction. The highest FDCA yields of 94% 
and 93% were obtained with the addition of 2 and 4 eq. Na2CO3, 
respectively. However, marginal differences were observed among all 
tested concentrations of added base, resulting in an average FDCA yield 
of 88%. Hence, we opted for a more sustainable cost-efficient approach 
by selecting a lower amount of Na2CO3 (2 eq.) for the subsequent in
vestigations. While the use of NaOH as base was also tested, its appli
cation led to increased HMF degradation, due to the stronger alkalinity, 
particularly at higher concentrations, limiting further optimization 
(details, cf. Figure S6). Therefore, we kept Na2CO3 as the chosen base for 

Fig. 2. (a) Powder XRD pattern of AuPd/C (below) and fitting of AuPd and graphite reflection (top). Marking of AuPd reflections according to ICSD reference 
crystallographic data (Collection code: 58571). (b) Fourier-transformed k3-weighted EXAFS spectra of AuPd/C measured at Au L3-edge (top) and Pd K-edge (bottom). 
Au foil, Pd foil and PdO references are shown. 

Table 1 
Content of crude, fructose-based HMF solution.  

Compound Concentration / g L¡1 

HMF  660 
Fructose  120 
Glucose  10 
Levulinic acid  20 
Methylglyoxal  10  

Fig. 3. Influence of (a) Na2CO3 equivalents, (b) temperature, and (c) air pressure on the HMF oxidation with AuPd/C (0.1 M HMF, 5 h). (a) 100 ◦C, 30 bar air, HMF: 
M 120:1; (b) 30 bar air, 2 eq. Na2CO3, HMF:M 230:1; (c) 130 ◦C, 2 eq. Na2CO3, HMF:M 230:1. 

D. Neukum et al.                                                                                                                                                                                                                                



Catalysis Today 432 (2024) 114615

5

the investigation of the influence of other reaction parameters. 
We tested HMF:M ratios of 120:1 and 230:1 in the oxidation reaction 

with 2 eq. Na2CO3, resulting in a drop of the FDCA yield from 90% to 
78%. For investigating the FDCA yield dependence on temperature and 
pressure, keeping a lower initial yield helped to accentuate the effect, 
presenting a more sensitive analysis. In addition, the reduced amount of 
used catalyst in this scenario confers economic advantage. When vary
ing the reaction temperature, complete HMF conversion was observed 
over the entire temperature range, with improved FDCA selectivity at 
higher temperatures (Fig. 3(b)). The highest FDCA yield of 91% was 
obtained at 140 ◦C, beyond which a decline in FDCA yield was observed 
due to HMF and intermediates’ degradation. Temperatures below 100 
◦C hindered the complete conversion of HFCA and FFCA to FDCA. 
Interestingly, HFCA was not the main side product, which is in contrast 
to earlier observations of the HMF-oxidation under alkaline conditions. 
[38] This suggests that the oxidation of the alcohol-function in HFCA 
does not seem to be the rate-determining step, or other side reactions 
may be at play at lower temperatures for the crude solution. Thus, the 
oxidation of the alcohol-function in HFCA to FFCA, and the oxidation of 
the aldehyde-function in FFCA to FDCA appeared to occur with similar 
reaction rates, indicated by the FFCA accumulation in the solution. This 
observation may be attributed to the use of Na2CO3 as a base or an in
fluence of the crude solution. Nevertheless, the oxidation of the alcohol 
function of HMF to DFF was not observed in any experiment of our 
study. 

Finally, the influence of the air pressure on the FDCA yield was 
monitored (Fig. 3(c)). Air was used as oxidant instead of pure oxygen in 
all experiments to achieve a greener process owing to its easier handling 
and cost-effectiveness. We observed an almost linear increase of the 
FDCA yield with increasing air pressure, reaching a peak of 92% at 
40 bar - the highest tested pressure. Employing the optimized reaction 
conditions (140 ◦C, 40 bar air, 5 h, 2 eq. Na2CO3, HMF:M 230:1) for the 
oxidation of the crude HMF-solution yielded an impressive FDCA yield 
of 95% (14.8 g L− 1). This corresponds to a remarkable productivity of 
34.5 molFDCA molAuPd

− 1 h− 1. 
The reusability of AuPd/C and the stability of its structure after 

consecutive runs is reported in detail in the supporting information 
(pages S10 – S11). In brief, AuPd-alloys showed a high stability with no 
visible phase segregation or oxidation of the noble metals. However, a 
deactivation was found in the third run, which was ascribed to the 
blocking of active sites by organic residues. 

3.4. Oxidation at higher HMF-concentration by use of a one-pot two-step 
process with sequential base addition 

Upon increasing the HMF concentration beyond 0.1 M, we observed 
a steady decrease of the FDCA yield under the previously optimized 
reaction conditions (140 ◦C, 50 bar air, 5 h, 1 eq. Na2CO3, HMF:M 
230:1), reaching a minimum of 57% at 0.4 M (cf. Figure S7). To inves
tigate whether the activity loss was due to a lack of active catalytic sites 
at higher HMF concentrations, we tested different HMF:M ratios at a 
concentration of 0.3 M (Fig. 4). The FDCA yield dropped from 70% to 
52% as the HMF:M ratio increased from 120:1–460:1 (Fig. 4). At the 
same time, the productivity surged from 25.4 to 75.5 molFDCA molAuPd

− 1 

h− 1. This underlines that the catalyst mass is not the bottleneck for a 
high FDCA yield when increasing the HMF concentration. However, side 
reactions, including the degradation of HMF to humins, increased. This 
occurrence may be due to the higher probability of HMF and hydroxide 
ions reacting in the liquid phase before reaching the catalyst surface. 
Nevertheless, the achieved productivity of 75.5 molFDCA molAuPd

− 1 h− 1 

exceeded most of the productivities reported for the oxidation of pure 
HMF-solution, attesting to the remarkable activity of the AuPd-alloy 
catalysts.[38] 

The main challenge in increasing HMF-concentration lies in the 
higher occurrence of side reactions, causing the HMF degradation to 
humins. The formation of humins occurs mainly through aldol- 

condensation reactions involving the aldehyde function of HMF.[48] 
This happens mostly under elevated temperatures or high alkalinity, as 
the aldol condensation can be catalyzed by a homogeneous base.[49] 
Thus, the aldol condensation of HMF under high alkalinity in concen
trated solution has to be suppressed. To enable the selective oxidation of 
HMF in higher concentration, we devised a two-step oxidation process 
(Scheme 1). In the initial step, we aimed to oxidize HMF predominantly 
to intermediates, HFCA and FFCA, under mild conditions with the 
addition of only one eq. Na2CO3 to minimize the base quantity. While 
these conditions may not achieve quantitative oxidation to FDCA, they 
have the potential to suppress HMF degradation. Subsequently, in the 
second step, additional base is introduced into the solution, and the 
temperature is raised to enable the complete oxidation of the in
termediates to FDCA under harsher reaction conditions. This split of the 
HMF oxidation reaction into two steps allows for a streamlined process 
within the same reactor by simply adding the extra base on the second 
step. As a result, our approach eliminates the need for additional pro
tection of the aldehyde function with an auxiliary or the draining of the 
reactor between the steps, rendering it economically more viable. 

To limit the amount of varying parameters during the optimization 
process, we focused on two key parameters for the first step: the reaction 
temperature and the duration. For the second step, the reaction time and 
amount of additional base were addressed. The choice of 140 ◦C for the 
second step was clued by its ability to give the highest FDCA yield for 
0.1 M HMF-concentration, aiming at fast conversion of the in
termediates to FDCA. The reaction pressure was 50 bar of synthetic air 

Fig. 4. Oxidation of HMF at different HMF:M ratios (0.3 M HMF, 140 ◦C, 
50 bar air, 5 h, 1 eq. Na2CO3). 

Scheme 1. Schematic representation of a one-pot two-step process for the 
oxidation of HMF with a first, short reaction step with the addition of 1 eq. 
Na2CO3, and a second, longer reaction step involving the addition of more base. 
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for both steps, since the catalytic activity was increasing linearly with 
higher air pressure, which does not influence side reactions. 

When investigating the influence of temperature increase during the 
first reaction step, an increase of the FDCA yield (Fig. 5(a)) was found. 
However, the C-balance peaked at 100 ◦C with FFCA being the main 
oxidation product in the reaction solution. The decrease of the C-balance 
at higher temperatures can be attributed to HMF degradation at higher 
temperatures. This effect is more pronounced at HMF-concentration 
higher than 0.1 M, at which 140 ◦C was found to be the optimum tem
perature (Fig. 3). At 70 ◦C, an incomplete conversion of HMF was 
observed after 1 h, leading to the identification of 100 ◦C as the optimal 
temperature. The C-balance under 80% for all experiments in Fig. 5(a) is 
ascribed to solubility issues of FDCA and FFCA with only one eq. Na2CO3 
added to the solution. Hence, a second step with additional 3.3 eq. 
NaOH to ensure complete dissolution of all compounds was performed 
with the aim to optimize the reaction time in the first step. The second 
step was performed at 140 ◦C and 50 bar air pressure for 4 h while only 
the time for the first step was varied in Fig. 5(b). The FDCA yield reached 
a maximum at 1.5 h reaction time in the first step. Longer reaction times 
led to a decrease in FDCA yield, likely due to the degradation of in
termediates in the solution. Consequently, initiating the second reaction 
step after 1.5 h resulted ideal to sustain an optimal FDCA production. 

The first reaction step was subsequently performed at 100 ◦C and 
50 bar air pressure for 1.5 h with the addition of 1 eq. Na2CO3. Next, the 
optimal reaction time for the second step was assessed. In the second 
reaction step, a FDCA-yield of 77% was obtained after just 1 h (Fig. 5 
(c)). A marginal increase of the FDCA-yield was observed with extended 
reaction time up to a maximum at 4 h. However, no intermediate 
products were detected in the solution at any reaction time. Therefore, 
the gradual increase of the FDCA yield over 3 h might be due to a slow 
dissolution of the remaining FDCA from the surface of the noble metal 
particles. This underlines the importance of maintaining a sufficient 
high alkalinity in the solution for the complete dissolution of FDCA 
when working at elevated concentrations (~ 0.3 M). 

Lastly, we investigated the influence of the base in the second re
action step (Fig. 5(d)). The addition of no further base or of four more 
equivalents Na2CO3 in the second step gave low FDCA yields of 65–66%. 
This indicated that the addition of Na2CO3 alone was not sufficient to 
increase the solubility of FFCA and FDCA, impeding a fast conversion of 

the intermediates HFCA and FFCA in the second step. The intermediates 
were partially consumed by degradation. In contrast, adding NaOH in 
the second reaction step led to a significant increase in FDCA yield with a 
maximum value of 87% with 3.3 eq. NaOH – the optimal amount for the 
second step. A further increase of the base amount induced a slight 
decrease in FDCA yield, due to the formation of undesired side products. 
Employing these optimized reaction conditions (1st step: 100 ◦C, 50 bar 
air, 1.5 h, 1 eq. Na2CO3, HMF:M 230:1; 2nd step: 140 ◦C, 50 bar air, 4 h, 
3.3 eq. NaOH), we successfully oxidized a 0.3 M (37.8 g L− 1) crude 
HMF-solution, yielding 87% FDCA (40.7 g L− 1) with our specially 
developed AuPd/C catalyst. 

To underline the importance of adding the base in two steps for the 
oxidation of crude HMF solution at increased concentration (0.3 M), we 
performed the reaction in one step adding both 1 eq. Na2CO3 and 3.3 eq. 
NaOH, and heating the reaction directly to 140 ◦C (Fig. 6). The FDCA 
yield plummeted to a mere 28%. When NaOH was added directly at the 

Fig. 5. Influence of (a) temperature, (b+c) time, and (d) base equivalents on the FDCA yield in a one-pot two-step oxidation process of crude HMF solution (0.3 M 
HMF, 50 bar air, HMF:M 230:1). (a): 1 eq. Na2CO3, 1 h; (b): 1st step: 100 ◦C, 1 eq. Na2CO3, 2nd step: 140 ◦C, 3.3 eq. NaOH, 4 h; (c): 1st step: 100 ◦C, 1 eq. Na2CO3, 
1.5 h, 2nd step: 140 ◦C, 3.3 eq. NaOH; (d): 1st step: 100 ◦C, 1 eq. Na2CO3, 1.5 h, 2nd step: 140 ◦C, 4 h. 

Fig. 6. Comparison of one- and two-step process for the oxidation of crude 
HMF solution (0.3 M HMF, 50 bar air, HMF:M 230:1). (a): 1st step: 100 ◦C, 
1.5 h, 1 eq. Na2CO3; 2nd step: 140 ◦C, 4 h, 3.3 eq. NaOH. (b): 140 ◦C, 5.5 h, 
3.3 eq. NaOH, 1 eq. Na2CO3. (c): 1st step: 100 ◦C, 1.5 h, 3.3 eq. NaOH, 1 eq. 
Na2CO3; 2nd step: 140 ◦C, 4 h. 
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beginning, HMF degradation predominated, leading to humin formation 
through aldol condensation reactions before oxidation to intermediates 
could occur. The FDCA yield improved slightly to 31%, if the reaction 
was kept at 100 ◦C before increasing the temperature to 140 ◦C. The 
temperature of the first step influences the FDCA yield as shown here, 
however, splitting of the addition of the base appeared to be the most 
crucial factor for improving the FDCA yield. This “one-pot two-step” 
approach proved instrumental in accommodating the use of crude HMF 
solutions with a concentration up to 0.3 M. The achieved FDCA yield of 
87% corresponds to a high productivity of 31.6 molFDCA molAuPd

− 1 h− 1. 
Remarkably, the AuPd/C catalyst demonstrated robustness against im
purities such as fructose, levulinic acid, and humins from the HMF 
synthesis, even at high concentrations. Despite a slightly lower pro
ductivity compared to the diluted 0.1 M HMF-solution, this approach 
offers economic viability through significant reduction in reaction vol
ume. In addition, it simplifies the product separation by precipitation 
due to the low solubility of FDCA in water. 

A further increase of the HMF-concentration using the crude HMF- 
solution lead to a decrease of the FDCA yield below 70%. However, 
refining the reaction conditions, in particular in the first step, to mini
mize base quantity could effectively suppress the HMF degradation even 
at elevated concentrations. In addition, employing a lower temperature 
with an extended reaction time proved advantageous for higher con
centrations. This two-step approach was tested with a commercial 1% 
Au/TiO2 catalyst (abcr, lot 1368421), but it did not sufficiently convert 
HMF to FDCA. This emphasizes the necessity for a tailor-made catalyst, 
enabling a high stability against impurities and high FDCA selectivity 
from crude solution. 

To show the potential of our simplified “one-pot two-step” process 
for higher HMF-concentrations, and to highlight challenges associated 
with crude HMF utilization, we performed the selective oxidation of a 
purified HMF-solution at 0.6 M. Applying almost the same reaction 
conditions as previously optimized (1st step: 100 ◦C, 50 bar air, 1.5 h, 
1 eq. Na2CO3; 2nd step: 140 ◦C, 50 bar air, 4 h, 1.7 eq. NaOH), we 
achieved an impressive FDCA yield of 93% with AuPd/C using a 0.6 M 
HMF-solution. The NaOH-equivalents were reduced to 1.7 eq., since less 
alkaline conditions can be applied for the oxidation of a purified HMF- 
solution. In addition, we were able to increase the HMF:M ratio to 
290:1. The use of a high HMF:M ratio and an increased HMF- 
concentration enhances the economic viability of this process by 
reducing the requirement for expensive noble metals and substantially 
decreasing of the reactor and solvent volumes. In addition, the absence 
of extra reaction steps involving the protection and deprotection of HMF 
with an auxiliary simplifies the process, reducing the complexity, cost, 
and dead time of the process. Through further optimization of reaction 
conditions, similar high concentrations might be reached with crude 
HMF-solutions. Economic simulations of the HMF oxidation process 
have shown that the HMF price and the cost of the noble metal-based 
heterogeneous catalyst were key determinants of the final FDCA-price, 
comprising over 50% of the overall cost.[14] Thus, the direct use of 
crude HMF-solution, which avoids expensive and complex purification 
steps following the HMF synthesis, coupled with enhanced concentra
tion and reduced catalyst mass, are significant steps towards lowering 
the cost of FDCA in a potential heterogeneously catalyzed process. 

Nevertheless, several challenges must be addressed to effectively 
compete with other processes, in particular the homogeneously cata
lyzed oxidation of HMF to FDCA. Optimization of reaction conditions 
and base dosing, as demonstrated in our study, is crucial to increase the 
HMF concentration up to 0.6 M. However, the concentration of HMF in 
the homogeneous catalytic process is up to about 20 wt%,[18] 
prompting for further optimization of the heterogeneously catalyzed 
reaction. The use of concentrated solution is of high importance for 
decreasing the transportation costs. Moreover, developing an efficient 
product separation method is essential. Unlike in homogeneous catalysis 
where FDCA precipitates directly due to the use of acetic acid as solvent, 
facilitating product separation, preventing catalyst blockage in 

heterogeneous catalysis requires suppressing precipitation inside the 
reactor. Thus, the product separation has to be performed afterwards. 
While literature discusses acidification-induced FDCA precipitation 
followed by product washing, it is crucial to note that humins, formed 
particularly from impurities in crude HMF-solution, may also precipitate 
under such conditions. Therefore, efficient product separation is vital for 
the future viability of this oxidation route. Finally, further detailed 
studies on the long-term stability of the catalyst are warranted to justify 
the investment in noble metal catalysts. 

4. Conclusion 

Our study demonstrates the applicability of crude, bio-based HMF- 
solution for the oxidation to FDCA using AuPd-alloys supported on 
carbon black. Avoiding preliminary purification steps hold the potential 
to substantially reduce the production costs of FDCA from biomass. 
Optimizing of oxidation conditions, involving higher temperature (140 
◦C) and pressure (40 bar), enabled a maximum FDCA yield of 95%. In 
addition, we developed a “one-pot two-step” process, featuring addition 
of base in two steps into the same reactor and a transitioning from mild 
(1st step) to more rigorous conditions (2nd step). This approach allows 
the utilization of crude HMF-solution with a concentration of 0.3 M. In 
the initial step, HMF was oxidized under milder conditions - lower 
temperature (100 ◦C), less base (1 eq. Na2CO3), and under short reaction 
time (1.5 h) - yielding intermediates HFCA and FFCA, effectively sup
pressing HMF degradation to humins. In the second step, the in
termediates were oxidized to FDCA with an 87% yield under more 
rigorous conditions - higher temperature (140 ◦C), more alkaline base 
(3.3 eq. NaOH), and an extended reaction time (4 h). The threefold 
concentration increase reduces the reactor volume significantly, which 
is an important aspect for process up-scaling. Using purified HMF- 
solution allowed to increase the HMF-concentration up to 0.6 M corre
sponding to a high HMF:M ratio of 290:1, and a FDCA yield of 93%. 
Future investigations should explore the transferability of this process, 
including the split addition of base, into a continuous flow system to 
enhance overall process efficiency and catalyst utilization. The efficient 
oxidation of crude HMF-solution produced from abundant agricultural 
bio-waste to FDCA holds promise to facilitate the up-scaling and in
dustrial implementation of FDCA production. 
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