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A B S T R A C T

The oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid (FDCA) is key in producing bio- 
based plastics like polyethylene furanoate (PEF), a sustainable alternative to petrochemical materials. This work 
reports a systematic study on how the hydrotalcite (HT) support precursors—specifically using Na+ or NH4

+

precursors and the choice of synthesis method (deposition–precipitation, DP, or sol immobilization, SI) influence 
the catalytic performance and stability of Au/HT catalysts under base-free reaction conditions. Au/HTNa DP 
achieved 100 % HMF conversion and FDCA yield without an external base. This high activity is reflected in its 
turnover frequency (TOF), reaching 12.1 h− 1 per basic site and 287.4 h− 1 per gold site. The superior performance 
of Au/HTNa DP is attributed to the strong synergy between gold nanoparticles (AuNPs) and weak basic sites (OH– 

groups) of the HT, whose abundance is dictated by the choice of precursor. In contrast, Au/HTNH4 SI, despite 
higher Au dispersion, showed lower activity due to reduced basicity. Magnesium leaching was identified as the 
primary cause of catalyst deactivation, and a regeneration strategy employing Mg(OH)2 was developed to suc-
cessfully restore both the structure and basicity of the catalyst. These findings offer practical insights into the 
design of recyclable, base-free catalytic systems for sustainable FDCA production.

1. Introduction

The transition from fossil-derived to bio-based chemicals is critical in 
addressing global challenges such as climate change, resource depletion, 
and plastic pollution [1]. Bioplastics like polyethylene furanoate (PEF), 
derived from renewable resources, offer a sustainable alternative to 
conventional plastics, potentially transforming industries reliant on 
petrochemical feedstocks [2].

In this context, 2,5-furandicarboxylic acid (FDCA) has gained sig-
nificant interest in the chemical industry as a bio-based renewable 
substitute for terephthalic acid (TPA) in the synthesis of bio-based 
plastics, such as PEF [3,4]. The efficient and selective oxidation of 5- 
hydroxymethylfurfural (HMF) to FDCA, using environmentally benign 

oxidants, is essential for advancing sustainable materials and reducing 
reliance on fossil resources [5–7]. The synthesis of FDCA from HMF 
involves the selective oxidation of the alcohol and aldehyde groups in 
HMF to form the desired diacid (see Scheme S1) [8]. Two main path-
ways are reported: In the first pathway, the oxidation of the hydroxyl 
group to 2,5-diformylfuran (DFF) and then to FDCA via 5-formyl-2-fur-
ancarboxylic acid (FFCA); whereas, in the second pathway, the aldehyde 
group oxidizes to 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), 
followed by sequential oxidations to FDCA via FFCA [9,10].

The use of O2 or air as oxidants in FDCA production offers both 
economic and environmental advantages, aligning with green chemistry 
principles [11]. In addition to these oxidants, recent studies have 
explored alternative systems, such as the use of NaClO as an oxidant for 
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HMF oxidation to FDCA, which has shown high activity in aqueous 
media when combined with non-noble metal catalysts like CuOx-CoOy 
heterostructures on graphene [12]. Noble metals (such as Au, Pt, Pd, and 
Ru) remain widely employed due to their superior ability to activate 
molecular oxygen and catalyze selective oxidations [13–15]. These 
metals exhibit varied catalytic abilities: gold exhibits higher activity for 
aldehyde group oxidation (see Scheme S2), while platinum, ruthenium 
and palladium are more effective for alcohol group oxidation [16–20]. 
These differences are influenced by the type of metal and the structural 
properties of the catalyst, such as metal particle size and dispersion 
[21,22]. For example, Au/CeO2 (2.6 wt%) achieved nearly 100 % FDCA 
yield under mild conditions [23], whereas 1.6 wt% Au/ZrO2 reached 89 
% yield under elevated temperature while Au/ZrO2 (1.6 wt%) reached 
89 % yield at higher temperatures [24]. Similarly, Pt/Ce0.8Bi0.2O2-δ gave 
a 98 % FDCA yield in just 0.5 h [25], and PVP-stabilized Pd nano-
particles achieved a 90 % yield under moderate conditions [26]. In 
contrast, ruthenium catalysts generally exhibit lower efficiencies; for 
instance, Ru/Al2O3 yielded only 63 % FDCA [27].

Despite these high yields, the catalytic oxidation of HMF to FDCA 
typically requires the addition of external homogeneous bases, such as 
NaOH, Na2CO3, or KHCO3, to facilitate intermediate formation and 
product solubility [28–30]. For example, a study on Pd-Au nanoparticles 
supported on Mg-Al hydrotalcite showed that bimetallic catalysts with 
varying Pd/Au ratios performed well for the oxidation of HMF to FDCA 
in an alkaline aqueous solution, achieving a high yield of FDCA (90 %) 
with the addition of NaOH [31]. Similarly, in the selective oxidation of 
HMF to HMFCA over Ag–PVP/ZrO2 catalysts, Ca(OH)2 was found to 
outperform NaOH and Na2CO3 in promoting HMFCA formation under 
mild conditions, underscoring the critical role of base selection in in-
termediate yield and reaction efficiency [32]. However, this reliance on 
bases introduces significant challenges, including increased production 
costs, generation of inorganic salt by-products, and environmental 
concerns [33,34]. Strong alkaline conditions, sometimes requiring up to 
20 equivalents of NaOH [35], further intensify operational challenges 
due to corrosion and elevated material costs.

To overcome these limitations, research groups have explored the 
use of basic supports like hydrotalcite (HT), a layered double hydroxide 
with abundant surface OH− groups. HT has shown promise for sup-
porting metal nanoparticles and preventing aggregation of basic salts. 
However, its stability is compromised under acidic conditions, as mag-
nesium leaching occurs due to the acidic nature of FDCA (pKa = 2.28) 
[36]. This issue necessitates the addition of excess HT to maintain ba-
sicity during the reaction [37]. Strategies to address these challenges 
include optimizing the Mg/Al molar ratio in HT to enhance basicity and 
performance [38], using bimetallic catalysts such as PdPt-PVP/HT to 
eliminate the need for added bases [39], and employing synergistic 
supports like HT-activated carbon composites to improve activity and 
stability compared to conventional Au/HT or Au/AC systems [40,41].

Despite these advancements, gaps remain in understanding the in-
fluence of HT characteristics and preparation methods on catalytic ac-
tivity and stability. For example, the calcination temperature of HT 
significantly affects its structure and basicity, altering catalytic behavior 
[42]. In glycerol oxidation, Au/HT catalysts calcined above 373 K 
showed increased activity, but the product distribution varied compared 
to other Au catalysts, highlighting the impact of preparation methods on 
reaction pathways [43]. Moreover, the particle size of Au on HT and its 
interaction with the support can influence both activity and stability 
[44].

The biphasic system, consisting of an organic (i.e. methyl isobutyl 
ketone (MIBK)) and an aqueous phase, was chosen to mitigate secondary 
degradation reactions of HMF, which are prevalent in aqueous media 
[45]. This approach builds upon our previous work [46], where we 
demonstrated that the use of MIBK as the organic solvent significantly 
improved the yield of HMF from fructose, and was essential for the 
subsequent oxidation to FDCA. The current study focuses on optimizing 
the catalytic activity of the Au/HT catalysts, investigating how the 

composition of the HT support and catalyst preparation methods affect 
the activity and stability. Special emphasis is placed on the role of HT 
precursors (Na+ and NH4

+) and synthesis methods (deposi-
tion–precipitation and sol immobilization) in determining, gold 
dispersion, and basicity. Based on these findings, a reaction mechanism 
is proposed, which helps understanding the effect of deactivation on 
catalyst’s activity and selectivity. Furthermore, the most efficient cata-
lyst, capable of achieving a 100 % FDCA yield without an added base, 
can be regenerated through a simple method that restores its activity 
and selectivity.

2. Material and methods

2.1. Materials

The following reagents were used for the experiments: HMF (98 %), 
HMFCA (95 %), FFCA (98 %) and FDCA (98 %), were purchased from 
Sigma-Aldrich. The following solvent were used for the experiment: 
MIBK (99 %) purchased from Sigma-Aldrich. The following reagents 
were used for the catalyst preparation: HAuCl4⋅3H2O (99 %), NH3 (25 
%), Mg(NO3)2⋅6H2O (99 %), Al(NO3)3⋅9H2O (99 %), Na2CO3⋅10H2O 
(99.5 %), NaOH (99 %), (NH4)2CO3 (98 %), NaH4OH (97 %), PVA (99 
%), NaBH4 (97 %), PdCl2 (98 %) and TiO2 (99.5 %) were purchased from 
Sigma-Aldrich. Gold 1 % on zinc oxide granulate (AUROliteTM Au/ZnO) 
catalyst was purchased from Strem Chemicals, Inc. All chemicals were 
used without further purification.

2.2. Catalyst preparation

Synthesis of Mg/Al = 5 hydrotalcite with Na (HTNa): Following 
Gupta et al. [42] procedure, HTNa with a Mg/Al ratio of 5 was synthe-
sized by mixing 0.5 M Na2CO3⋅10H2O and 1.167 M NaOH solution with 
0.5 M Mg(NO3)2⋅6H2O and 0.1 M Al(NO3)3⋅9H2O solution. The first 
solution was added dropwise to the second solution until a pH of 10 was 
reached. The solution was heated at 65 ◦C for 3 h. The resulting gel was 
filtered, washed to pH 7, and dried 16 h at 110 ◦C.

Synthesis of Mg/Al = 5 hydrotalcite with NH4 (HTNH4): HTNa with a 
Mg/Al ratio of 5 was synthesized by mixing 0.5 (NH4)2CO3 and 
NaH4OH/H2O (1:1 in volume) solution with 0.5 M Mg(NO3)2⋅6H2O and 
0.1 M Al(NO3)3⋅9H2O solution. The first solution was added dropwise to 
the second solution until a pH of 10 was reached. The solution was 
heated at 65 ◦C for 3 h. The resulting gel was filtered, washed to pH 7, 
and dried 16 h at 110 ◦C.

Synthesis of Au/HTX by deposition–precipitation method (Au/HTX 
DP): Using the deposition–precipitation method [47], 0.1 mmol HAuCl4 
was dissolved in 40 ml water with 1 g HT. Ammonia solution (NH3, 25 
%) was added to reach pH 10, followed by stirring for 6 h and refluxing 
for 30 min at 100 ◦C. The solid was then filtered, washed to pH 7, and 
dried at 110 ◦C 16 h, followed by a heat treatment at 200 ◦C for 4 h.

Synthesis of Au/HTX catalyst by sol immobilization (Au/HTX SI): 
Using the sol immobilization method [48], an aqueous solution of the 
metal precursor HAuCl4⋅3H2O (2.5 mM) was added to 140 ml of water. 
Then, 2.5 ml of 22.7 mM concentrated PVA was added to the solution. 
Subsequently, a freshly prepared 5 ml of NaBH4 solution (0.1 M) was 
added immediately to the solution, forming a sol. After stirring the 
mixture for 30 min, 1 g of the support material (HTX) was added to the 
colloidal solution with stirring to facilitate the immobilization of the 
metal nanoparticles. After 3 h, the solid catalyst was recovered by 
filtration and washed with distilled water until a neutral pH of 7 was 
achieved. Finally, the catalyst was dried at 110◦C for 16 h.

Synthesis of Au/TiO2 catalyst by sol immobilization: Following 
Ahlers et al. [49] procedure, an aqueous solution of the metal precursor 
HAuCl4⋅3H2O (2.5 mM) was added to 140 ml of water in a 500 ml glass 
beaker. Then, 2.5 ml of 22.7 mM concentrated PVA was added to the 
solution. Subsequently, a freshly prepared 5 ml of NaBH4 solution (0.1 
M) was added immediately to the solution, forming a sol. After stirring 
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the mixture for 30 min, 1 g of the support material (TiO2, P25,) was 
added to the colloidal solution with stirring. 2 drops of concentrated HCl 
was added to facilitate effective immobilization of the metal nano-
particles to the support surface. After 3 h, the solid catalyst was recov-
ered by filtration and washed with distilled water until a neutral pH of 7 
was achieved. Finally, the catalyst was dried at 110◦C for 16 h.

Synthesis of Pd/HTNH4 catalyst by sol immobilization (Pd/HTNH4 SI): 
The procedure used for the synthesis of this material is similar to that 
listed in the previous section. However, for the synthesis of this catalyst, 
Au and Pd colloids were prepared separately. The metal precursors were 
combined with analogous quantities of PVA and reduced with an anal-
ogous quantity of NaBH4, in separate beakers. Once the colloids had 
been synthesized, they were combined into one beaker and the desired 
quantity of support was immediately added. After 3 h of ageing, the solid 
catalyst was recovered by filtration and washed repeatedly with 500 ml 
distilled water to remove Na+, BH4

− and BO2
− . Finally, the catalyst was 

dried at 110◦C for 16 h.

2.3. Characterization

Specific surface area: Textural properties were obtained from the N2 
adsorption–desorption isotherms at − 196◦C using an Autosorb iQ3 
(Quantachrome, USA). Prior to measurements, samples were outgassed 
at 100◦C for 8 h under vacuum to remove trapped moisture and other 
volatile species. Surface areas were calculated by the BET method.

X-ray diffraction (XRD) studies: X-ray diffraction patterns of the Au/ 
HT catalysts were acquired to study the hydrotalcitic structure using a 
PANalytical® X’Pert PRO apparatus. X-rays were generated by a copper 
anode (Kα 1.54184 Å). The samples were scanned between 2θ angles of 
10 and 80◦ with a step size of 0.008◦.

Inductively coupled plasma (ICP) studies: The samples for leaching 
studies were run on an Agilent 7900 ICP-MS with I-AS autosampler with 
platinum sampling and skimmer cones, concentric nebulizer and quartz 
double pass spray chamber. All analyses were run using helium (He 
mode) and the ORS cell to reduce interferences. For metal content 
determination in solids, ca. 2 mg of catalyst was dissolved in 10 ml 
aqua-regia for at least 12 h. The final solution was diluted to 50 ml with 
water in a volumetric flask. In all cases, further dilutions were done if 
required. All results were done in duplication and further analyses were 
performed if two results differed.

X-ray photoelectron spectroscopic (XPS) studies: Elemental analysis 
and atom oxidation states of the Au/HT catalyst surfaces were per-
formed on a Kratos Axis Ultra DLD photoelectron spectrometer utilizing 
a monochromatic Al Kα X-ray source operating at 140 W (10 mA x 14 
kV). Data was collected with pass energies of 160 eV for survey spectra, 
and 40 eV for the high-resolution scans with step sizes of 1 eV and 0.1 eV 
respectively. For analysis, samples were either pressed on to doubled 
silicon free sided Scotch tape (type 665). The system was operated in the 
Hybrid mode, using a combination of magnetic immersion and elec-
trostatic lenses and acquired over an area approximately 300 × 700 µm2. 
A magnetically confined charge compensation system was used to 
minimize charging of the sample surface, and all spectra were taken with 
a 90◦ take of angle. A base pressure of ~ 5 × 10-9 Torr was maintained 
during collection of the spectra. Data was analyzed using CasaXPS 
(v2.3.26) after subtraction of a Shirley background and using modified 
Wagner sensitivity factors as supplied by the manufacturer.

Hammett titration method: The basicity of the HT and Au/HT cata-
lyst were assessed using the Hammett titration method. 0.05 g of sample 
was dispersed in H2O (10 ml) and stirred for 30 min to ensure uniform 
dispersion. Hammett indicators with known pKa values—bromothymol 
blue (pKa=7.2) and phenolphthalein (pKa=9.6)—were used to evaluate 
the basicity. 1 ml of the indicator solution was added to the catalyst 
suspension. After the addition of the indicator, titration was performed 
using benzoic acid (0.1 mM) under continuous stirring. The color change 
of the indicator was monitored visually to determine the neutralization 
of basic sites on the catalyst, corresponding to the pKa of the indicator 

used.
Scanning transmission electron microscopy (STEM) studies: 

Elemental maps for the samples were obtained to calculate the mean 
particle size of the catalysts. On the one hand, a FEI Titan Cubed G2 
60–300 transmission electron microscope at 300 kV was used, equipped 
with a Schottky X-FEG field emission electron gun, a monochromator, 
and a CEOS GmbH spherical aberration (Cs) corrector on the image side. 
On the other hand, a Super-X EDX system was used under a high-angle 
annular dark-field (HAADF) detector for Z-contrast imaging under STEM 
conditions (camera length of 115 mm) using a pixel size of 2 nm, a dwell 
time of 900 s, and an image size of 512 × 512 pixels. In addition, EDX 
microanalyses were carried out with a Super-X EDX system, using a 
probe current of 240 pA and a semi-convergence angle of 10 mrad. 
HAADF STEM images were collected with an inner detector radius of 
63.5 mrad.

Particle size distribution histograms were generated by analysis of 
representative HAADF electron micrographs using ImageJ (version 
1.53f51). Additionally, the dispersion (D) of the catalysts, expressed as 
the percentage of active metal atoms exposed on the surface, was 
calculated using equation (1): 

D =
Nm⋅S⋅M
100⋅L

(1) 

where Nm is the number of metal atoms on the surface per particle (mol/ 
m2), S represents the surface area occupied by a single metal atom (in 
m2/g), M is the molecular weight of the supported metal (g/mol), and L 
is the percent metal loading of the supported catalyst.

Fourier Transform Infrared Spectroscopy (FT–IR): FT–IR spectra 
were recorded using a Bruker Vertex 70 spectrophotometer equipped 
with a Golden Gate Single Reflection Diamond ATR accessory, enabling 
analysis of solid samples without prior preparation. Spectra were 
collected in the mid-infrared region (4000–500 cm− 1) using a standard 
spectral resolution of 4 cm− 1. Each spectrum was obtained by averaging 
64 scans to improve the signal-to-noise ratio.

2.4. Catalytic activity and product analysis

The experimental procedures involved conducting catalytic re-
actions within a 50 mL glass colaver® reactor. Initially, a solution 
containing 0.1 g HMF in a 10 ml MIBK/H2O solvent mixture at a volume 
ratio of 3:1 was prepared and introduced into the reactor. Subsequently, 
the catalyst (170 mg) was suspended in the solution. The glass reactor 
underwent three oxygen purges and was adjusted to maintain a pressure 
of 3 bar consistently throughout the experiment, ensuring continuous 
replenishment of oxygen as it was consumed during the reaction. The 
reaction mixture was heated to 95◦C and stirred for the specified 
duration. After the reaction period, the reactor vessel was cooled in an 
ice bath for 10 min. Once cooled, the reactor was opened, and the two 
resulting phases were separated via decantation. Following the 
completion of the oxidation stage and the decantation of the aqueous 
phase, Na2CO3 was added at a 3:1 M ratio (salt/HMF) to dissolve FDCA 
in water and facilitate its quantification. The resulting solution was 
centrifuged for 3 min at 3000 rpm to separate the catalyst from the 
solution.

Analysis of the aqueous and organic phases was performed using 
High-performance liquid chromatography (HPLC) (HPLC 1260 Infinity 
equipped with a Hi-Plex H column, an infrared detector (RID), and a 
diode-array detection (DAD)). The conversions/yields of HMF, levulinic 
acid, and formic acid were determined using RID, whereas the yield of 
FFCA, DFF, HMFCA, and FDCA were measured using DAD with λ = 254. 
The HPLC parameters included a mobile phase of 10 mM H2SO4, a 
column temperature of 35◦C, and a flow rate of 0.6 mL/min. Equations 
(2) and (3) were utilized to calculate the conversion of HMF and the 
yield of the products. The turnover frequency (TOF) was also calculated 
to evaluate the catalytic activity of the samples, considering both the 
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basic sites (4) and the Au active sites (5): 

Xi (%) =
Ni

t=0- Ni
t=t

Ni
t=0 ⋅100 (2) 

Yj (%) =
Nj

t=t

Ni
t=0⋅100 (3) 

TOFOH-basic sites =
Ni

t=0- Ni
t=t

NOH-basic sites⋅t
(4) 

TOFAu active sites =
Ni

t=0- Ni
t=t

NAu active sites⋅t
(5) 

where, i denotes HMF, while j represents FDCA, FFCA, HMFCA, or DFF, 
N stands for the mole quantity and t is the reaction time.

2.5. Au/HTNa DP catalyst regeneration

This procedure involved preparing a saturated solution of Mg(OH)2 
in 20 mL of distilled water, from which 10 mL were taken and mixed 
with 0.25 g of the used catalyst. The mixture was stirred at 500 rpm for 
3 h and 30 min at room temperature to promote the reintroduction of 
magnesium into the catalyst structure. Afterward, the catalyst was 
filtered, thoroughly washed with distilled water to remove any residual 
Mg(OH)2, and dried at 100◦C for 16 h to restore its activity and stability.

3. Results and discussion

3.1. Catalytic activity

Fig. 1a shows the catalytic activity of different catalysts in the 
oxidation of HMF to FDCA under identical reaction conditions, while the 
selectivity values are summarized in Table S1. The tested materials 
include gold-based catalysts supported on hydrotalcite (Au/HT), pre-
pared via deposition–precipitation (DP) and sol-immobilization (SI) 
methods, as well as Pd/HT synthesized via sol-immobilization for 
comparison. For comparison, Au/TiO2 and a commercial Au/ZnO 
catalyst were also tested for the reaction under identical reaction con-
ditions. Additionally, a combination of the commercial Au/ZnO catalyst 
co-fed with Mg(OH)2 was tested to examine the influence of adding a 
homogeneous base to the reaction system.

Hydrotalcite-supported gold catalysts exhibit significantly higher 
catalytic performance, both in terms of HMF conversion and FDCA yield, 
compared to the non-hydrotalcitic catalysts. These results suggest that 
the basic nature of the HT might play a key role in the reaction mech-
anism. Among these, the Au/HTNa DP catalyst achieved complete HMF 
conversion with 100 % FDCA yield. The catalyst preparation method 
played an important role, as seen in the differences between DP and SI 
methods. For Au/HTNa, the DP method significantly outperformed SI, 
with the latter showing lower FDCA yield and substantial formation of 
intermediates. Conversely, for Au/HTNH4, the SI method exhibited bet-
ter performance compared to DP, although neither achieves complete 
HMF conversion or FDCA yield. Therefore, the choice of HT precursor 
and the synthesis method strongly influence catalytic behavior.

In contrast, Au/TiO2 and commercial Au/ZnO catalysts displayed 
moderate activity, with HMF conversions of 29.8 % and 34.5 %, 
respectively, and FDCA yielded below 15 %. Significant amounts of in-
termediates remained unconverted, highlighting the limited efficiency 
of these supports. The addition of Mg(OH)2 to Au/ZnO improved both 
HMF conversion (51 %) and FDCA yield (18.6 %), indicating that 
increased basicity in the aqueous medium enhances the reaction, but yet 
significantly below the results obtained with Au/HTNa DP and Au/ 
HTNH4 SI. The Pd/HT catalyst, despite being supported on hydrotalcite, 
showed lower activity and selectivity than its gold-based equivalents. 
This emphasizes the suitability of gold as the active metal in this reaction 

system, particularly when paired with a hydrotalcitic support.
Overall, the findings confirmed the central role of hydrotalcite as a 

support in enhancing activity of gold-based catalysts for the HMF 
oxidation reaction and the catalyst synthesis procedure. Next, charac-
terization results are shown to understand how the choice of the 
hydrotalcite precursor (Na or NH4) and gold incorporation method (DP 
or SI) affects the structure–activity relationship of Au/HT catalysts.

3.2. Catalyst characterization

The Au/HT materials were characterized using BET surface area 
analysis, XRD, XPS, ICP, STEM and Hammett titration method. The 
textural properties of the catalysts are summarized in Table S2. The 
HTNa exhibited a moderate surface area, which decreased slightly after 
Au deposition via deposition–precipitation, indicating minor pore 
blockage due to the presence of AuNPs. In contrast, the SI method led to 
a drastic reduction in surface area and a significant increase in pore 
diameter, suggesting partial structural collapse or severe pore obstruc-
tion. This loss of structural integrity may account for the significantly 
lower catalytic performance of Au/HTNa SI, which showed reduced HMF 
conversion and FDCA selectivity compared to its DP counterpart. In the 
case of the HTNH4–based catalysts, both DP and SI methods preserved 
similar pore sizes and volumes, although the SI method resulted in a 
slightly lower surface area. Notably, Au/HTNH4 SI exhibited substan-
tially higher FDCA selectivity and conversion than Au/HTNH4 DP, which 
correlates with the greater accessibility and dispersion of AuNPs 
observed in the SI catalyst. These findings highlight that the catalyst 
preparation method plays a critical role in preserving or disrupting the 
porous structure of the support, ultimately influencing the accessibility 
of active sites and, therefore, the overall catalytic activity.

The XRD patterns of the synthesized HT and Au/HT materials are 
shown in Fig. 1b-c. All materials displayed the characteristic diffraction 
peaks of layered double hydroxides (LDH), corresponding to the (003), 
(006), (009), (015), (018), (110), and (113) planes (ICDD-PDF no. 
00–041–1428) [50]. No additional crystalline phases were detected, 
indicating high phase purity of the HT and Au/HT samples. Notably, 
after the incorporation of Au nanoparticles onto HT, no diffraction peaks 
corresponding to Au were observed in the XRD patterns of the Au/HT 
catalysts. This absence suggests either a high dispersion of Au nano-
particles or their size being below the XRD detection limit (4 nm). The 
results confirm that the LDH structure of the HT support was preserved 
after the addition of Au nanoparticles, regardless of the choice of pre-
cursor or the gold incorporation method.

The surface composition of the catalysts was analyzed using XPS. 
Fig. 1d-g presents the high-resolution spectrum of the gold 4f core level. 
This spectrum is characterized by two distinct pairs of peaks, corre-
sponding to the spin–orbit coupling of Au 4f7/2 and Au 4f5/2 [51,52]. The 
spectral analysis indicates partial oxidation of the gold surface. Specif-
ically, the first and most prominent pair of peaks, with binding energies 
of 83.6 eV and 87.3 eV, corresponds to elemental gold (Au0), while the 
second pair is associated with gold in the + 1 oxidation state (Au1+), or 
more likely small Au particles at MgO defect sites [53] with binding 
energies of 85.1 eV and 88.8 eV [54,55]. Additionally, magnesium and 
aluminum were also detected on the surface, confirming the presence of 
these elements from the support material. No peaks associated with 
Au3+ were detectable. Table S3 presents the surface atomic percentages 
(At. %) for each element on the surface of the catalysts.

For the Au/HTNa DP catalyst, the surface concentration of Au0 was 
relatively low (0.56 %), with a minor presence of Au1+ (0.07 %). Despite 
this, the catalyst achieved exceptional performance, with complete HMF 
conversion and 100 % FDCA yield. This suggests that an abundance of 
metallic gold on the surface is not strictly required to achieve high 
catalytic activity, likely due to synergistic effects between the gold 
species and the hydrotalcitic support. In contrast, the Au/HTNa SI 
catalyst exhibited a significantly higher surface concentration of Au0 

(2.59 %) and Au1+ (0.25 %), yet its catalytic performance was lower, 
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Fig. 1. a) Catalytic activity of HMF oxidation into FDCA. Reaction parameters: 3 bar (O2), 95◦C, 500 rpm, 0.1 g HMF, 10 ml of total liquid phases, MIBK/H2O volume 
ratio = 3:1, 18 h, 0.17 g catalyst. XRD patterns of b) HTNa based catalysts and c) HTNH4 based catalysts. XPS spectra of d) Au/HTNa DP, e) Au/HTNH4 DP, f) Au/HTNa 
SI, and g) Au/HTNH4 SI catalysts. TEM images and particle size distribution of h) Au/HTNa DP, i) Au/HTNa SI, j) Au/HTNH4 DP and k) Au/HTNH4 SI catalysts.
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with only 18.8 % FDCA yield. When using an NH4
+–based hydrotalcite 

precursors, the surface composition and catalytic performance differ 
further. The Au/HTNH4 DP catalyst showed the lowest Au0 content (0.17 
%) and a similarly low concentration of Au1+ (0.08 %). The Au/HTNH4 SI 
catalyst demonstrated the highest surface concentrations of both Au0 

(4.02 %) and Au1+ (0.82 %), along with the highest Mg2+ content 
(24.39 %). This catalyst achieved 92 % HMF conversion and a moderate 
FDCA yield of 57.55 %. The XPS results highlight that SI method 
consistently leads to higher surface concentrations of metallic gold (Au0) 
compared to the DP method. In the SI method, colloidal AuNPs are 
formed ex situ through the reduction of HAuCl4 with NaBH4 in the 
presence of polyvinyl alcohol (PVA). This approach promotes the for-
mation of well-reduced gold clusters [48,56]. By contrast, in the DP 
method, gold is precipitated in situ onto the hydrotalcite surface [57].

To explore the influence of the preparation method on the size of 
gold nanoparticles (AuNPs), HT–based catalysts were characterized 
using TEM. Fig. 1h-k presents the TEM images and corresponding par-
ticle size distributions of the four catalysts, while EDS elemental map-
ping in Fig. S1 illustrates the spatial distribution of Au, Al, and Mg 
within the same catalysts. The following trend in average AuNPs size 
was observed: Au/HTNH4 SI < Au/HTNH4 DP < Au/HTNa DP < Au/HTNa 
SI. This result suggested that the SI method favors the formation of 
smaller nanoparticles compared to the DP method when NH4

+–based 
precursors were used. However, the catalytic activity does not follow a 
direct correlation with particle size alone. As shown in Fig. S2a, no clear 
trend was observed between Au dispersion and FDCA yield, reinforcing 
the idea that additional factors play a crucial role in determining cata-
lytic activity. Moreover, the EDS mapping in Fig. 1h-k corroborated the 
TEM results, clearly showing well-dispersed and small AuNPs in the 
catalysts. Additionally, Mg and Al are homogeneously distributed in all 
samples, which is characteristic of hydrotalcite-like structures observed 
in the XRD analysis.

While the SI method coupled with NH4
+–based precursors achieved 

the highest AuNPs dispersion and Au0 surface concentrations, the cat-
alytic results show that this is not sufficient to ensure high activity and 
selectivity. Therefore, other catalytic properties, like basicity, might 
play a critical role in the reaction mechanism. To this end, the Hammett 
titration method was employed to characterize the basicity of the 
catalysts.

Both the HT precursor and the preparation method significantly in-
fluence the quantity and strength of these basic sites (see Table S4). The 
basicity assessment revealed no color change with the 2,4-dinitroaniline 
(pKa=15) indicator, suggesting the absence of strong basic sites. In 
contrast, color changes were observed with phenolphthalein and bro-
mothymol blue, confirming the presence of weak and medium basic 
sites. Particular emphasis was placed on the weak basic sites, which are 
directly associated with the surface OH− groups [58]. For the HTNa 
precursor, the fresh material displayed a total basicity of 1.42 mmol/g, 
with a high content (0.81 mmol/g) attributed to weak basic sites. After 
incorporating gold via DP, the basicity of Au/HTNa DP decreased slightly 
to 1.17 mmol/g, and the contribution of weak basic sites dropped to 
0.58 mmol/g. This reduction suggests that the DP method partially 
blocks the support’s original basic sites, probably due to the interactions 
between the gold species and the weak sites.

Regarding the effect of the preparation method on the total basicity, 
the following trend as observed: Au/HTNa DP > Au/HTNH4 DP > Au/ 
HTNH4 SI > Au/HTNa SI. This result indicates that the DP method is more 
effective than the SI method in preserving weak and medium basic sites 
on the catalyst. However, similar to Au dispersion, no direct correlation 
was found between the total amount of basic sites and catalyst activity. 
Interestingly, when focusing on weak basic sites, a strong linear rela-
tionship between the yield of FDCA and the quantity of weak basic sites 
was observed (Fig. S2b). Hence, it seems that these surface OH− groups 
are the active ones in the reaction mechanism.

Collectively, the characterization of the Au/HT catalysts revealed 
that the basicity of the hydrotalcite support—especially the abundance 

of weak basic sites—was a critical factor in determining catalytic ac-
tivity. The DP method generally preserved these basic properties more 
effectively than the SI approach, although the choice of hydrotalcite 
precursor influenced the final basicity profile.

To further elucidate the activity of the catalysts, the turnover fre-
quencies (TOFs) of the two most active samples—Au/HTNa DP and Au/ 
HTNH4 SI—were obtained at similar conversion values (Table S5). The 
Au/HTNa DP catalyst reached these conversions (i.e. 18 %) after the 
same reaction time but using nine times lower catalyst loading than Au/ 
HTNH4 SI. While Au/HTNH4 SI exhibited higher Au dispersion, the Au/ 
HTNa DP catalyst benefited from a much higher density of OH− basic 
sites, which likely enhanced reactant activation. This synergy led to 
substantially higher TOF values when normalized by either the number 
of basic sites (12.1 h− 1) or the gold sites (287.4h− 1), underscoring that 
the superior performance of Au/HTNa DP arose not only from gold 
dispersion but also from the synergy with the weak basic sites of the HT 
support. A literature comparison (Table S6) [23,24,28,59–66] shows 
that most monometallic Au catalysts achieving similar HMF conversion 
and FDCA yield require stoichiometric or excess soluble base and higher 
O2 pressures; in contrast, both Au/HTNa DP and Au/HTNH4 SI deliver 
comparable performance under base‑free conditions, highlighting the 
critical role of support basicity in substituting for homogeneous base 
addition.

3.3. Reaction mechanism proposal

In the next sections, a detailed reaction mechanism for the three step 
oxidation of HMF to FDCA using Au/HT catalysts is proposed. This 
mechanism integrates the roles of AuNPs, surface hydroxyl groups, ox-
ygen, and water.

3.3.1. Oxidation of HMF to HMFCA
Initially, HMF adsorbs on a surface hydroxyl group, by interacting 

with the electrophilic carbon of the aldehyde group (–CHO) (Fig. 2a) 
[11]. This interaction leads to the formation of a hydroxylated inter-
mediate (–CH(OH)2) [23], which is stabilized on the catalyst surface 
(Fig. 2b).

Subsequently, the oxidation of this intermediate occurs. AuNPs 
activate O2 through electron transfer [67,68], generating reactive oxy-
gen species (ROS). The simultaneous hydride elimination in the hy-
droxylated intermediate by the ROS (Fig. 2b-I), and the nucleophilic 
attack of the hydroxyl ion (Fig. 2b-II) facilitate its transformation into a 
carboxylic acid (–COOH), leading to the formation of HMFCA. This 
mechanism is supported by the experimental data (Table S7), which 
show that oxygen is essential for the conversion of HMF to HMFCA. In 
the absence of O2 (Table S7, entry 2), minimal HMF conversion is 
observed, while the presence of oxygen (Table S7, entry 1) significantly 
enhances transformation. Water stabilizes the intermediates, provides 
hydroxide ions and facilitates HMFCA desorption from the catalyst 
surface [38]. In contrast, when the reaction is performed in MIBK, there 
is almost no reaction due to the lack of hydroxide ions and because the 
HMFCA molecule has difficulty desorbing from the hydrotalcite surface, 
preventing the oxidation reaction from proceeding (Table S7, entry 3).

As observed in Table S7, entry 2, in the absence of oxygen, water can 
minimally oxidize HMF, converting it into HMFCA. Therefore, the role 
of AuNPs may extend beyond O2 activation, potentially promoting water 
activation and generating hydroxide ions that drive oxidation [69]. The 
absence of HMF conversion (Table S7, entry 7) further supports this 
hypothesis, as HT alone is unable to activate either O2 or water 
efficiently.

3.3.2. Conversion of HMFCA to FFCA
The second step involved the oxidation of the hydroxymethyl group 

(–CH2OH) in HMFCA to an aldehyde group (–CHO), producing FFCA. 
Initially, the carboxylic acid group of HMFCA interacts with a hydroxyl 
groups present on the catalyst surface (Fig. 2d). Previously shown 
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activity (Table S1) and characterization data supports this mechanism: 
while the Au/TiO2 catalyst—lacking significant surface OH− group-
s—shows an accumulation of HMFCA (≈50 % selectivity), the HT-based 
catalysts follow a similar trend. In fact, HMFCA selectivity follows the 
order Au/HTNa DP < Au/HTNH4 SI < Au/HTNa SI < Au/HTNH4 DP, 
which is the inverse of the trend observed for surface hydroxide group 
concentration via Hammett analysis. This inverse relationship suggests 
that higher HMFCA selectivity means the reaction slows down at this 
intermediate stage. The lack of surface hydroxyl sites makes it harder for 
HMFCA to adsorb onto the catalyst, preventing its further oxidation. 
Once adsorbed, ROS generated by AuNPs induces a β-hydride elimina-
tion (Fig. 2e-I). Subsequently, as illustrated in Fig. 2e-II, a hydroxide ion 
from water abstracts a second hydrogen, ultimately leading to the for-
mation of the aldehyde (–CHO) group [38,70–72] (Fig. 2f).

The rapid conversion of FFCA to FDCA observed under O2 in a 
biphasic MIBK/H2O system (Table S7, entry 8) underscores the crucial 
role of water—not only provides hydroxide ions, but it also facilitates 
the desorption of FFCA, enabling complete oxidation. In contrast, when 
the reaction is carried out under O2 in MIBK alone (Table S7, entry 10), 
FFCA is formed exclusively with only 9.5 % conversion, indicating that 
the absence of water hinders further oxidation. Similarly, under a N2 
atmosphere in the biphasic system (Table S7, entry 9), the reaction 
slows markedly. These results suggest that while hydroxide ions pro-
duced from water in the presence of AuNPs can drive limited 
oxidation—as observed in the initial HMF to HMFCA step—the syner-
gistic effect of both ROS and hydroxide ions is necessary to achieve high 
yields of FDCA. This is consistent with recent findings on Au–ZrOx cat-
alysts, where oxygen vacancies and interfacial sites were shown to 

facilitate O2 activation into ROS, accelerating the hydroxymethyl 
oxidation of HMFCA to FFCA — identified as the rate-determining step 
[62]. A similar conclusion was reached using AuPdPt/TiO2@HNTs 
catalysts, where the oxidation of HMFCA was also identified as the 
limiting step, and enhanced ROS generation through multi-metal syn-
ergy and oxygen vacancies enabled high FDCA yields under mild con-
ditions [73].

3.3.3. Conversion of FFCA to FDCA
The final step, the oxidation of FFCA to FDCA, mirrors the mecha-

nism of HMF to HMFCA. The aldehyde group (–CHO) in FFCA adsorbs 
on a surface hydroxyl group, by interacting with the electrophilic carbon 
of the aldehyde group, followed by oxidation to a carboxylic acid group 
(–COOH) (Fig. 2g-i). The role of water is crucial in this process, as 
provides hydroxide ions and facilitates FDCA desorption from the 
catalyst surface. This is further supported by literature, where a study on 
the solubility of FDCA in various solvents reports that water has a higher 
solubility for FDCA than MIBK [74]. This enhanced solubility in water 
likely aids in the effective desorption of FDCA and supports the overall 
oxidation mechanism.

3.4. Stability of the catalysts

Besides activity and selectivity, stability is the third pillar of het-
erogeneous catalysis. To evaluate this property, the two most active 
catalysts—Au/HTNa DP and Au/HTNH4 SI—were selected as represen-
tatives of the DP and SI methods, respectively.

The reusability of the Au/HTNa DP and Au/HTNH4 SI catalysts was 

Fig. 2. Proposed reaction mechanism for the oxidation of HMF to FDCA over Au/HT catalysts. White spheres represent H+, red spheres O2–, dark red spheres O2*, 
blue spheres Mg2+, gray spheres Al3+, and yellow spheres Au. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
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evaluated over four consecutive reaction cycles, as shown in Fig. S3. For 
Au/HTNa DP (Fig. S3a), a gradual decline in conversion and FDCA yield 
was observed in subsequent cycles. By the fourth cycle, the FDCA yield 
decreased to approximately 30 %, while the intermediate products, 
FFCA and HMFCA, began to accumulate. In contrast, the Au/HTNH4 SI 
catalyst (Fig. S3b) exhibited greater stability over the four cycles. The 
initial FDCA yield was 57 %, and while a slight reduction was observed 
in the later cycles, the catalyst maintained approximately 40 % FDCA 
yield by the fourth cycle. Furthermore, HMF conversion remained 
consistently high, with larger yields of the intermediate products 
compared to Au/HTNa DP. These results indicate that while Au/HTNa DP 
offers superior initial conversion and FDCA yield, its activity decreases 
more significantly over repeated uses. On the other hand, Au/HTNH4 SI 
demonstrates better stability, maintaining a more consistent activity 
throughout the cycles.

To understand the deactivation mechanisms, fresh and used catalysts 
were characterized through ICP analysis and Hammett titration. ICP 
data (Table S8) revealed progressive magnesium leaching in both cat-
alysts. For Au/HTNa DP, the Mg/Al ratio decreased from 2.4 in the fresh 
catalyst to 1.5 after the first use (36.2 % leaching), 1.07 after the third 
use (18.6 % leaching), and finally to 0.9 after the fourth use. A similar 
trend was observed for Au/HTNH4 SI, where the Mg/Al ratio dropped 
from 2.5 to 1.8 after the first use (29.3 % leaching), 1.3 after the third 
use (18.1 % leaching), and 1.1 after the fourth use. Minor fluctuations in 
the Au/Al ratio suggested possible redistribution of AuNPs but 
confirmed that gold remained firmly attached to the support. Interest-
ingly, no gold leaching was observed in any of the catalysts, which is 
noteworthy given that gold leaching is a common issue in similar cata-
lytic systems; for example, Au/Mg(OH)2 catalysts have been reported to 
experience gold leaching as high as 10.4 wt% under similar reaction 
conditions [75].

Hammett titration results (Table S4) further corroborated the loss of 
catalyst basicity. For Au/HTNa DP (Table S4, entry 6), the total basicity 
decreased from 1.17 to 0.19 mmol/g, with a similar reduction observed 
for Au/HTNH4 SI (Table S4, entry 7). This decline in basicity, associated 
with the loss of surface hydroxyl groups and magnesium leaching, 
suggests that the leached compound is primarily Mg(OH)2. It is note-
worthy that in the used catalysts, the medium basic sites—typically 
associated with Mg–O pairs [58]—are likely lost first due to magnesium 
leaching. This initial loss is then followed by a reduction in the weak 
basic sites, further diminishing the overall basicity. Table S4 (entries 6 
and 7) clearly illustrates this sequential degradation.

Experimental tests confirmed that the leached Mg species lacked 
catalytic activity by their own, as no changes in conversion or product 
yield were observed when the catalyst was removed after the first hour 
(Fig. 3), confirming that the observed catalysis was heterogeneous. 
However, brucite was proposed to facilitate the deprotonation of hy-
droxyl groups, thereby accelerating their oxidation to diacid products. 
This promoter role of brucite was supported by experimental observa-
tions, including a significant reaction acceleration when it was used as a 
co-catalyst with the Au/HTNa DP catalyst (Table S7, entry 4).

Moreover, reuse experiments revealed that reduced magnesium 
leaching correlated with lower FDCA production (Table S9), confirming 
the key role of weak basic sites, associated to Mg(OH)2 in the reaction 
mechanism. One possible reason for magnesium leaching was the for-
mation of the acid product (FDCA) and intermediates (HMFCA and 
FFCA), which lowered the pH of the reaction medium. This pH decrease 
destabilized the hydrotalcite structure [36], promoting further magne-
sium leaching.

To assess whether higher substrate loading could influence catalyst 
activity or accelerate support degradation, the effect of increasing HMF 
concentration was studied (from 40 to 160 g/L) while maintaining the 
HMF/catalyst ratio. As shown in Fig. S4, HMF conversion and FDCA 
yield remained consistently high (>95 %) across the entire concentra-
tion range, indicating that the catalyst remains highly active under more 
concentrated conditions. Furthermore, ICP analysis of the used catalysts 
(Table S10) revealed that magnesium leaching levels remained un-
changed regardless of HMF concentration. These results indicate that 
higher FDCA concentrations, resulting from increased HMF loadings, led 
to greater magnesium leaching; however, the relative extent (percent-
age) of leaching remains constant as the FDCA:Mg ratio is maintained. 
Importantly, no gold leaching was detected at any HMF concentration, 
confirming that the AuNPs remain stably anchored to the hydrotalcite 
support even under intensified reaction conditions.

3.5. Strategies for improving the reusability of the Au/HTNa DP catalyst

3.5.1. Au/HTNa DP catalyst with Mg(OH)2
To enhance the reusability of the Au/HTNa DP catalyst, Mg(OH)2 was 

introduced as a co-catalyst (Fig. S5). As previously observed, the pres-
ence of brucite accelerated the reaction by facilitating the deprotonation 
of hydroxyl groups, promoting their oxidation to diacid products. In 
addition to this catalytic role, Mg(OH)2 is intended to help maintain the 
basicity of the reaction medium, preventing the pH drop that 

Fig. 3. Time course of product distribution. Reaction parameters: 3 bar (O2), 95 ◦C, 500 rpm, 0.075 M HMF, 10 ml of total liquid phases, MIBK/H2O volume ratio =
3:1: a) 0.06 g Au/HT; b) 0.06 g Au/HT and after 1 h, the catalyst was filtered off.
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destabilizes the hydrotalcite structure.
However, activity tests revealed that this approach was not effective. 

As shown in Fig. S5a, a significant decline in catalytic activity was 
observed, indicating that the incorporation of Mg(OH)2 did not enhance 
the structural stability. This was further corroborated by XRD analysis, 
which showed the degradation of the characteristic peaks of the 
hydrotalcitic phase (Fig. S5b). Notably, the XRD pattern of the used 
catalyst also exhibited peaks corresponding to Mg5(CO3)4(OH)2(H2O)4, 
suggesting that the carbonates present in the interlayer of the hydro-
talcite may have reacted with the brucite, forming a new compound. 
These results suggest that the presence of Mg(OH)2 was insufficient to 
preserve the layered structure of the catalyst, ultimately failing to pre-
vent its deactivation. Some studies indicate that this strategy yields 
stable catalysts [76]. However, since these tests are performed at com-
plete conversion, potential deactivation effects may go unnoticed. 
Similarly, reports of recyclable catalysts without an external base are 
based on 100 % conversion [41,77,78], suggesting that further evalua-
tion under milder conditions is needed to fully assess long-term stability.

3.5.2. Au/HTNa DP catalyst regeneration
In order to enable the reusability of the Au/HTNa DP catalyst caused 

by magnesium leaching during the oxidation of HMF to FDCA, a 
regeneration strategy using Mg(OH)2 was implemented. As detailed in 
section 2.5, the regeneration procedure involved treating the used 
catalyst with a saturated Mg(OH)2 solution under controlled conditions, 
followed by washing and drying steps. The addition of Mg(OH)2 is 
supposed to serve a dual purpose: it reintroduces Mg2+ ions to help 
restore the hydrotalcite structure of the catalyst, and it replenishes the 
surface hydroxide basic sties that play a key role in the reaction 
mechanism.

This regeneration strategy proved to be effective. The regenerated 
Au/HTNa DP catalyst recovered its initial catalytic activity. As illustrated 
in Fig. 4a, HMF conversion reached 92 %, with an FDCA yield of 74 %, 
values comparable to those of the fresh catalyst. XRD analysis was 
employed to observe structural changes in the fresh, used, and regen-
erated Au/HTNa DP catalyst (Fig. 4b). After use in the oxidation of HMF, 
a reduction in peak intensity was observed, suggesting partial degra-
dation of the layered structure, likely due to magnesium leaching and 
layer collapse. In the regenerated catalyst, peaks corresponding to the 
HT phase reappeared with intensities approaching those of the fresh 
catalyst, indicating substantial restoration of crystallinity. Additionally, 
new peaks corresponding to Mg(OH)2 were detected, confirming its 
incorporation during regeneration. This is consistent with the high weak 
basicity observed in Table S4, entry 8, as Mg(OH)2 mainly contributes to 
the recovery of weak basic sites. Meanwhile, the medium basic sites 
were only partially restored, suggesting that while the addition of bru-
cite helps reestablish basicity associated to weak basic sites, the refor-
mation of Mg–O pairs remains incomplete.

Furthermore, STEM-EDS analysis (Fig. 4c-h) provided deeper insight 
into the elemental distribution within the hydrotalcite structure. In both 
the fresh and regenerated catalysts, aluminum and magnesium were 
found to be homogeneously distributed, evidencing a uniform reinte-
gration of Mg. In contrast, the used catalyst displayed a non-uniform Mg 
distribution, which did not correlate well with the Al mapping, high-
lighting the extent of Mg leaching. Importantly, no significant change in 
the AuNPs size or agglomeration was observed after regeneration, 
confirming that the process selectively restored the hydrotalcite struc-
ture without adversely affecting the dispersion of active gold sites. The 
basicity of the regenerated catalyst was determined using the Hammett 
titration method, with the results summarized in Table S4, entry 8. The 
analysis revealed notable differences in the total basicity and the dis-
tribution of basic sites among the fresh, used, and regenerated catalysts. 
Following regeneration, the catalyst exhibited a substantial recovery in 
basicity, reaching a total of 1.77 mmol/g with a pronounced increase in 
weak basic sites. This enhancement—surpassing the basicity of the fresh 
catalyst—can be attributed to structural modifications or the 

incorporation of new OH− associated active sites during regeneration. 
These findings underscore the effectiveness of the regeneration strategy 
in not only restoring lost basicity but also in significantly increasing the 
catalyst’s overall activity.

Additional insight into the regeneration mechanism was obtained via 
FTIR-ATR spectroscopy (Fig. S6a-c), which revealed changes in the 
carbonate and hydroxyl environments associated with the hydrotalcite 
structure. In the 1800–1200 cm− 1 region (Fig. S6b), all samples 
exhibited characteristic bands attributable to interlayer carbonate spe-
cies [79]. Notably, the regenerated catalyst showed a carbonate 
stretching band centered at 1361 cm− 1—shifted to higher wavenumbers 
compared to the fresh (1347 cm− 1) and used (1355 cm− 1) samples. This 
trend suggested an increase in the Mg/Al ratio and improved structural 
ordering following regeneration. Interestingly, the used sample exhibi-
ted slightly more intense and better-defined carbonate bands than the 
fresh catalyst. This may reflect local structural rearrangements or 
changes in carbonate coordination during catalytic operation, possibly 
due to partial dehydration or redistribution of interlayer species. 
Moreover, the FTIR spectra normalized to the 557 cm− 1 band displayed 
broad asymmetric OH– stretching bands across all samples in the 
3700–2800 cm− 1 region (Fig. S6c). The regenerated catalyst, showed a 
distinct shoulder at ~ 3078 cm− 1, which could be attributed to hydroxyl 
groups engaged in strong hydrogen bonding [80]— a feature also 
discernible in the fresh sample but absent in the used one. In summary, 
the spectra in Fig. S6a-c reflected a clear enhancement of both car-
bonate and OH-related vibrations in the regenerated sample. The pres-
ence of sharper bands, increased intensity, and frequency shifts 
consistent with higher crystallinity confirmed the successful reintegra-
tion of OH– groups into the catalyst framework.

4. Conclusion

This study highlights the critical role of HT support composition and 
catalyst preparation methods in determining the activity and stability of 
Au/HT catalysts for HMF oxidation to FDCA. The Au/HTNa DP catalyst 
achieved complete HMF conversion and 100 % FDCA yield without 
requiring an external base, with turnover frequencies of 12.1 h− 1 

(normalized by basic sites) and 287.4 h− 1 (normalized by Au sites). The 
results demonstrate that the support precursor significantly influences 
the number and strength of weak basic sites—mainly surface OH– 

groups—which, in combination with AuNPs, play a crucial role in 
governing the catalytic activity. Mechanistic insights reveal that the 
oxidation of HMF to FDCA proceeds via a three-step pathway, where 
surface hydroxyl groups play a key role in activating HMF through in-
teractions with its electrophilic carbonyl group. Gold nanoparticles 
contribute by promoting oxygen activation to generate reactive oxygen 
species (ROS) and facilitating water activation to supply hydroxide ions, 
both essential for efficient oxidation. The biphasic MIBK/H2O solvent 
system further enhances FDCA formation by stabilizing intermediates 
and facilitating their desorption from the catalyst surface.

Beyond activity, this work identifies magnesium leaching as the 
primary cause of catalyst deactivation, resulting in the loss of weak basic 
sites. A regeneration strategy employing Mg(OH)2 was demonstrated to 
be effective in restoring both the structural integrity and catalytic per-
formance of the material. This approach enables the long-term reuse of 
the catalyst under base-free conditions. These findings emphasize the 
importance of support composition and synthesis strategy not only in 
enhancing activity but also in ensuring stability. Furthermore, the 
mechanistic insights gained from this study provide valuable guidelines 
for the rational design of more durable and efficient catalysts for the 
sustainable production of FDCA and other bio-based chemicals.
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Fig. 4. a) HMF oxidation to FDCA over Au/HTNa DP catalyst during first, second, and regenerated use. Reaction parameters: 0.1 g HMF, 10 ml of total liquid phases, 
MIBK/H2O volume ratio = 3:1, 3 bar (O2), 95◦C, 500 rpm, 3 h, 0.17 g Au/HTNa DP catalyst; b) XRD patterns of fresh, used and regenerated Au/HTNa DP catalyst. 
STEM-EDS elemental mapping of Au/HTNa DP catalysts: c) fresh, d) used, and e) regenerated samples. TEM images and corresponding particle size distributions of f) 
fresh, g) used, and h) regenerated catalysts.
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[69] Daté M, Haruta M. Moisture effect on CO oxidation over Au/TiO2 Catalyst. J Catal 
2001;201:221–4. https://doi.org/10.1006/jcat.2001.3254.

[70] Davis SE, Zope BN, Davis RJ. On the Mechanism of selective oxidation of 5- 
hydroxymethylfurfural to 2,5-furandicarboxylic acid over supported Pt and Au 
catalysts. Green Chem 2012;14:143–7. https://doi.org/10.1039/c1gc16074e.

[71] Davis SE, Ide MS, Davis RJ. Selective oxidation of alcohols and aldehydes over 
supported metal nanoparticles. Green Chem 2013;15:17–45.

[72] Lolli A, Albonetti S, Utili L, Amadori R, Ospitali F, Lucarelli C, et al. Insights into 
the reaction mechanism for 5-hydroxymethylfurfural oxidation to FDCA on 
bimetallic Pd-Au nanoparticles. Appl Catal A 2015;504:408–19. https://doi.org/ 
10.1016/j.apcata.2014.11.020.

[73] Zhang Y, Liu Y, Xia Q, Chen Y, Kong L, Yan X, et al. Ambient temperature catalyzed 
air-oxidation of 5-hydroxymethylfurfural via ternary metal and oxygen vacancies. 
Green Energy Environ 2025. https://doi.org/10.1016/j.gee.2025.02.003.

[74] Zhang Y, Guo X, Tang P, Xu J. Solubility of 2,5-furandicarboxylic acid in eight pure 
solvents and two binary solvent systems at 313.15-363.15 K. J Chem Eng Data 
2018;63:1316–24. https://doi.org/10.1021/acs.jced.7b00927.

[75] Cai C, Xu J, Wang H, Xin H, Zhang Q, Wang C, et al. Homogeneous base-free 
oxidation of 5-hydroxymethyfufural to 2, 5-furandicarboxylic acid over Au/Mg 
(Oh)2 catalysts. ChemistrySelect 2020;5:12785–90. https://doi.org/10.1002/ 
slct.202003408.

[76] Takagaki A, Takahashi M, Nishimura S, Ebitani K. One-Pot Synthesis of 2,5- 
Diformylfuran from Carbohydrate Derivatives by Sulfonated Resin and 
Hydrotalcite-Supported Ruthenium Catalysts. ACS Catal 2011;1:1562–5. https:// 
doi.org/10.1021/cs200456t.

[77] Gao D, Fang F, Waterhouse GIN, Han F, Li YSP. Modified CoFe-LDH derived CoFeS 
and CoFeP-400 catalysts efficiently catalyze the oxidation of HMF to FDCA. Cat Sci 
Technol 2024;14:1191–200. https://doi.org/10.1039/d4cy00010b.

[78] Kumar R, Lee HH, Chen E, Du YP, Lin CY, Prasanseang W, et al. Facile synthesis of 
the atomically dispersed hydrotalcite oxide supported copper catalysts for the 

A. Bueno et al.                                                                                                                                                                                                                                  Fuel 403 (2026) 136088 

12 

https://doi.org/10.1016/j.fuel.2024.132745
https://doi.org/10.1016/j.cattod.2018.05.050
https://doi.org/10.1016/j.cattod.2018.05.050
https://doi.org/10.1021/acssuschemeng.8b05916
https://doi.org/10.1021/acssuschemeng.8b05916
https://doi.org/10.1016/j.cattod.2020.10.038
https://doi.org/10.1016/j.mcat.2023.113811
https://doi.org/10.1039/c1gc15355b
https://doi.org/10.1039/c1gc15355b
https://doi.org/10.1016/j.clay.2010.11.027
https://doi.org/10.1016/j.clay.2010.11.027
https://doi.org/10.1007/s11244-012-9777-3
https://doi.org/10.1021/acssuschemeng.6b00965
https://doi.org/10.1021/acssuschemeng.6b00965
https://doi.org/10.1246/cl.160178
https://doi.org/10.1002/slct.201904497
https://doi.org/10.1016/j.mcat.2017.06.034
https://doi.org/10.1016/j.mcat.2017.06.034
https://doi.org/10.1039/c0gc00911c
https://doi.org/10.1246/cl.2011.150
https://doi.org/10.1246/cl.2011.150
https://doi.org/10.1002/chem.201002469
https://doi.org/10.1002/chem.201002469
https://doi.org/10.1016/j.jaecs.2022.100062
https://doi.org/10.1016/j.jiec.2024.12.060
https://doi.org/10.1016/j.jiec.2024.12.060
https://doi.org/10.1021/ja053038q
https://doi.org/10.1038/s41586-022-04397-7
https://doi.org/10.1002/cssc.201402212
https://doi.org/10.1016/j.apcato.2024.206954
https://doi.org/10.1016/j.apcato.2024.206954
https://doi.org/10.1016/j.mcat.2023.113361
https://doi.org/10.1016/j.apcata.2010.05.039
https://doi.org/10.1016/j.apcata.2010.05.039
http://refhub.elsevier.com/S0016-2361(25)01813-7/h0265
http://refhub.elsevier.com/S0016-2361(25)01813-7/h0265
http://refhub.elsevier.com/S0016-2361(25)01813-7/h0265
https://doi.org/10.1016/j.jiec.2016.02.011
https://doi.org/10.1016/j.jiec.2016.02.011
https://doi.org/10.1016/j.jiec.2014.08.036
https://doi.org/10.1039/c3cy00260h
https://doi.org/10.21926/cr.2201001
https://doi.org/10.21926/cr.2201001
https://doi.org/10.1016/j.clay.2014.02.003
https://doi.org/10.1002/chem.201301735
https://doi.org/10.1016/j.apcatb.2014.08.026
https://doi.org/10.1002/ange.201805457
https://doi.org/10.1016/j.cej.2023.141644
https://doi.org/10.1039/c9cy00211a
https://doi.org/10.1039/c9cy00211a
https://doi.org/10.1016/j.mcat.2019.03.026
https://doi.org/10.1016/j.cattod.2018.04.024
https://doi.org/10.1016/j.cattod.2018.04.024
https://doi.org/10.1016/j.cattod.2012.05.039
https://doi.org/10.1021/acscatal.9b00682
https://doi.org/10.1021/acscatal.9b00682
https://doi.org/10.1039/d2gc02775e
https://doi.org/10.1006/jcat.2001.3254
https://doi.org/10.1039/c1gc16074e
http://refhub.elsevier.com/S0016-2361(25)01813-7/h0355
http://refhub.elsevier.com/S0016-2361(25)01813-7/h0355
https://doi.org/10.1016/j.apcata.2014.11.020
https://doi.org/10.1016/j.apcata.2014.11.020
https://doi.org/10.1016/j.gee.2025.02.003
https://doi.org/10.1021/acs.jced.7b00927
https://doi.org/10.1002/slct.202003408
https://doi.org/10.1002/slct.202003408
https://doi.org/10.1021/cs200456t
https://doi.org/10.1021/cs200456t
https://doi.org/10.1039/d4cy00010b


selective hydrogenation of 5–hydroxymethylfurfural into 2,5-bis(hydroxymethyl) 
furan. Appl Catal B 2023;329. https://doi.org/10.1016/j.apcatb.2023.122547.

[79] Frost RL, Spratt HJ, Palmer SJ. Infrared and near-infrared spectroscopic study of 
synthetic hydrotalcites with variable divalent/trivalent cationic ratios. 

Spectrochim Acta A Mol Biomol Spectrosc 2009;72:984–8. https://doi.org/ 
10.1016/j.saa.2008.12.018.

[80] Gueta R, Natan A, Addadi L, Weiner S, Refson K, Kronik L. Local atomic order and 
infrared spectra of biogenic calcite. Angewandte Chemie - International Edition 
2007;46:291–4. https://doi.org/10.1002/anie.200603327.

A. Bueno et al.                                                                                                                                                                                                                                  Fuel 403 (2026) 136088 

13 

https://doi.org/10.1016/j.apcatb.2023.122547
https://doi.org/10.1016/j.saa.2008.12.018
https://doi.org/10.1016/j.saa.2008.12.018
https://doi.org/10.1002/anie.200603327

	Aerobic oxidation of 5-Hydroxymethylfurfural to 2,5-Furandicarboxylic acid over Au/Hydrotalcite catalyst − role of support  ...
	1 Introduction
	2 Material and methods
	2.1 Materials
	2.2 Catalyst preparation
	2.3 Characterization
	2.4 Catalytic activity and product analysis
	2.5 Au/HTNa DP catalyst regeneration

	3 Results and discussion
	3.1 Catalytic activity
	3.2 Catalyst characterization
	3.3 Reaction mechanism proposal
	3.3.1 Oxidation of HMF to HMFCA
	3.3.2 Conversion of HMFCA to FFCA
	3.3.3 Conversion of FFCA to FDCA

	3.4 Stability of the catalysts
	3.5 Strategies for improving the reusability of the Au/HTNa DP catalyst
	3.5.1 Au/HTNa DP catalyst with Mg(OH)2
	3.5.2 Au/HTNa DP catalyst regeneration


	4 Conclusion
	Declaration of Generative AI and AI-assisted technologies in the writing process
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary material
	Data availability
	References


