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ABSTRACT: A new, sustainable catalytic route for the
synthesis of tetrahydrofuran-2,5-dicarboxylic acid (THFDCA),
a compound with potential application in polymer industry, is
presented starting from the bio-based platform chemical 5-
(hydroxymethyl)furfural (HMF). This conversion was success-
fully achieved via oxidation of tetrahydrofuran-2,5-dimethanol
(THFDM) over hydrotalcite (HT)-supported gold nano-
particle catalysts (∼2 wt %) in water. THFDM was readily obtained with high yield (>99%) from HMF at a demonstrated
20 g scale by catalytic hydrogenation. The highest yield of THFDCA (91%) was achieved after 7 h at 110 °C under 30 bar air
pressure and without addition of a homogeneous base. Additionally, Au−Cu bimetallic catalysts supported on HT were
prepared and showed enhanced activity at lower temperature compared to the monometallic gold catalysts. In addition to
THFDCA, the intermediate oxidation product with one alcohol and one carboxylic acid group (5-hydroxymethyl
tetrahydrofuran-2-carboxylic acid, THFCA) was identified and isolated from the reactions. Further investigations indicated
that the gold nanoparticle size and basicity of HT supports significantly influence the performance of the catalyst and that
sintering of gold nanoparticles was the main pathway for catalyst deactivation. Operation in a continuous setup using one of the
Au−Cu catalysts revealed that product adsorption and deposition also contributes to a decrease in catalyst performance.

KEYWORDS: Gold catalysts, Tetrahydrofuran-2,5-dimethanol, Hydrotalcite, Renewable chemicals, Oxidation catalysis

■ INTRODUCTION

The drive toward a sustainable chemical industry that relies on
renewable resources has led to intensified research in the
conversion of biomass to fuels and chemicals. A number of
interesting target molecules have been identified (platform
chemicals) based on criteria such as yields and potential for
chemical diversification.1 5-Hydroxymethylfurfural (HMF) is
among the most attractive platform chemicals with significant
market potential.2 It can be readily produced from C6 sugars
(e.g., D-glucose and D-fructose),3 which can be derived from
second generation lignocellulosic feedstocks. HMF can also be
the starting material toward many useful chemicals, such as
2,5-furan dicarboxylic acid (FDCA),4 tetrahydrofuran-2,5-
dimethanol (THFDM),5 tetrahydrofuran-2,5-dicarboxylic acid
(THFDCA),6 1,6-hexanediol,7 caprolactone, and caprolactam,8

as well as 1,2,4-benzenetriol (BTO) and cyclohexanone9

(Scheme 1), many of which can find application as polymer
building blocks. For example, FDCA has been used to replace
terephthalic acid in poly(ethylene terephthalate) (PET)
resulting in poly(ethylene furanoate) (PEF), which has several

superior properties compared to PET.10 The utilization of a
saturated furan compound such as THFDCA for new
polymeric materials11 is also of great interest as a nonaromatic
alternative to FDCA. THFDCA is also considered as an
appealing building block to produce adipic acid12−14 esters,15

or prodrugs.16

A previously reported strategy for the synthesis of THFDCA
from HMF involves the oxidation of HMF to FDCA followed
by reduction of the furan ring (route 1, Scheme 1). The
oxidation of HMF to FDCA has been extensively studied in
the past decade and is well established.4,17−20 Also, the
conversion to THFDCA from FDCA has been described using
several catalysts.6,12,13

The highest yield of THFDCA (88%) was achieved using a
Pd/SiO2 catalyst in acetic acid. However, the use of acetic acid
is not ideal due to its corrosiveness and difficulties regarding
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downstream processing. Additionally, during the reduction of
FDCA, byproducts such as 5-formylfuran-2-carboxylic acid and
2,5-diformylfuran (DFF) are formed. Such byproducts can be
avoided by taking an alternative route where HMF is reduced
to THFDM, which is subsequently oxidized to THFDCA
(route 2, Scheme 1). THFDM can be obtained in high yield
(>99%) by reduction of HMF using a Pd/Al2O3 catalyst under
mild conditions.5 To obtain THFDCA from THFDM, an
effective catalytic system for the oxidation step is still required.
Haworth et al. tried to oxidize THFDM to THFDCA by using
a homogeneous chromic anhydride catalyst, but only
degradation products were formed.13

Here, we report for the first time the successful oxidation of
THFDM to THFDCA with excellent yield. In our system, no
side products such as esters were formed and the conversion of
both alcohols of THFDM to carboxylic acids was achieved
without the detection of significant amounts of aldehydes.
Additionally, this oxidation was performed using heteroge-
neous catalysts that operate in water as solvent, use air as
oxidant, and do not require the addition of a homogeneous
base. Moreover, this sustainable catalytic route also offers
access to 5-(hydroxymethyl) tetrahydrofuran-2-carboxylic acid
(THFCA), which is another interesting HMF-derived product
(Scheme 1). The first catalytic system that we studied
consisted of gold nanoparticles supported on hydrotalcite
(HT). Gold nanoparticles have proven to be very selective for
the oxidation of primary alcohols to carboxylic acids, but a
common major drawback is the need for homogeneous bases
such as NaOH or Na2CO3 to help formation of the required
alkoxide species.21,22 As an alternative, solid bases as catalyst
supports were explored.23,24 In addition, the gold has been
used as the active metal in which it was shown that the particle
size has a strong effect on the activity in alcohol
oxidations,25−27 especially for Au/HT catalysts. Fang et al.26

showed that for Au/HT catalysts with the same metal loading
the turnover frequency (TOF) for benzyl alcohol oxidation
increased as particle size decreased.

Polar solvents tend to accelerate the oxidation reaction of
primary alcohols.22 Therefore, water is an excellent choice for
the deep oxidation to carboxylic acid.28,29 Zope et al.28

reported that the catalytic decomposition of a peroxide
intermediate from molecular oxygen forms hydroxide ions,
which facilitate the oxidation of alcohols in aqueous media.
Later, the same group used labeled 18O2 and H2

18O to prove
that water rather than O2 was the source of oxygen atoms in
the oxidation of HMF to FDCA.29 Moreover, water as solvent
is environmentally benign, safe, cheap, and easy to handle.
Therefore, it is an ideal medium for the sustainable conversion
of biomass-derived feedstocks such as those reported in this
work.

■ EXPERIMENTAL SECTION
Materials. Hydrotalcites (HT) were kindly provided from Kisuma

Chemicals. THFDM was obtained with a high yield (>95%) by scale-
up reduction of HMF (20 g) using a commercial Pd/Al2O3 catalyst as
described in the literature5 and further purified by distillation (>99%
purity according to 1H NMR). Cis/trans ratio was determined to be
9:1 from the 1H NMR. Milli-Q water was used, HAuCl4 was obtained
from Strem, and other chemicals were purchased from Sigma-Aldrich.
All chemicals were used as received.

Catalyst Preparation. Synthesis of Au/HT Catalysts. Au/HT
samples (2 wt %) were prepared by a deposition−precipitation
method. Typically, 8 mL of HAuCl4·H2O aqueous solution (10 mg
Au/mL), 9.94 g of urea (urea/Au = 400:1 molar ratio), 4 g of
hydrotalcite, and 100 mL of H2O were mixed in a 250 mL round-
bottom flask, covered with aluminum foil to prevent interference from
light. The obtained orange color suspension was placed in an oil bath
at 80 °C, while stirring at 650 rpm for 6 h, after which it was stirred
overnight at room temperature. Subsequently, the suspension was
filtered and washed with water (4 L), the obtained yellow substance
was dried overnight at 85 °C. The product was ground and
subsequently calcined under a flow of air at 200 °C using a
temperature ramp of 3.33 °C/min from room temperature for 5 h.
After calcination, a purplish powder (>85% yield) was obtained.

Synthesis of Au−Cu/HT Bimetallic Catalysts. Au−Cu/HT
bimetallic catalysts were prepared by the sequential deposition−
precipitation method as described in literature.30 Typically, for a 3 wt
% Au−Cu/HT catalyst, copper was first deposited on the hydro-
talcite: 99.7 mg of Cu(NO3)2, 10.06 g of urea (urea/Cu = 400:1
molar ratio), 4 g of hydrotalcite, and 100 mL of H2O were mixed in a
250 mL round-bottom flask, covered with aluminum foil to prevent
interference from light. The obtained blue color suspension was
placed in an oil bath at 80 °C, while stirring at 650 rpm for 6 h, after
which it was stirred overnight at room temperature. Subsequently, the
suspension was filtered and washed with H2O (4 L). The obtained
blueish substance was dried overnight at 85 °C. Subsequently, gold
was deposited on the uncalcined Cu/HT by the same procedure. The
resulting green cake was ground into a fine powder and split into two
fractions. One of the fractions was calcined under a flow of air at 200
°C with a temperature ramp of 3.33 °C/min from room temperature
for 5 h (AuCu-A/HT), while the other batch was reduced under H2
instead of an air flow (AuCu-B/HT).

The catalyst preparation was successfully scaled-up to 20 g of Au/
HT-1, AuCu-A/HT, and AuCu-B/HT. The only deviation from the
above procedures was that in this case the catalysts were washed with
water until the pH value of filtered water equaled 7. The catalytic
performance results from different catalyst batches are collected in
Table S3.

Catalyst Characterization. Inductively coupled plasma-optical
emission spectrometry (ICP-OES) was used to determine the metal
loading on the support (Tables S1 and S2). The samples were
prepared by microwave treatment in aqua regia. The analysis was
performed on a PerkinElmer Optima 7000 DV apparatus using a
solid-state CCD array detector. Argon was used as purge gas and
yttrium (10 ppm) and scandium (10 ppm) as internal standards.

Scheme 1. Selection of HMF Derived Chemicals That Have
Potential As Renewable Monomers for Polymeric Productsa

aHighlighted are the two main strategies (routes 1 and 2) to obtain
THFDCA, the target product in this work.
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X-ray fluorescence (XRF) is also applied to determine the
magnesium and aluminum content of the support (Tables S1 and
S2). XRF data were recorded on a PANalytical Axios spectrometer or
a Philips PW 2404 spectrometer equipped with a Rh-tube. Samples
were prepared by destruction of the material in a flux. The substance
(1.8 g) was dissolved in 9 g of lithium borate flux (67% Li2B4O7/33%
LiBO2) at 1200 °C.
X-ray photoelectron spectroscopy (XPS) measurements were

performed on a Thermo Scientific K-Alpha, equipped with a
monochromatic small-spot X-ray source and a 180° double focusing
hemispherical analyzer with a 128-channel detector. Spectra were
obtained using an aluminum anode (Al Kα = 1486.6 eV) operating at
72 W and a spot size of 400 μm. Survey scans and region scans were
measured at a constant pass energy of 200 and 50 eV, respectively.
The background pressure was below 8.0 × 10−8 mbar. Data analysis
was carried out using CasaXPS, and binding energies were charge-
corrected using the C 1s = 284.8 eV peak of adventitious carbon as a
reference. Experimental error range is ±0.1 eV.
Transmission electron microscopy (TEM) images were measured

and obtained using a Tecnai T20 electron microscope (FEI) with a
high-angle annular dark-field (HAADF) scanning TEM (STEM)
detector operated at 200 kV. The average particle diameter was
calculated using eq 1 for at least 50 nanoparticles.

=
∑ +
∑ +

d
d d

d d

...

...

n
n

n
n

avg
1 1

3 3

1 1
2 2

(1)

Reaction Procedure and Product Analysis. THFDM oxidation
reactions at elevated pressure were performed in a stainless-steel
autoclave without insert. Typically the catalyst and 30 mL of 0.02 M
THFDM aqueous solution (THFDM/Au = 40:1, molar ratio) were
added to the metal insert, which was placed under the stirrer. The
reactor was closed, sealed, and pressurized to 30 bar air, below the
lower explosive limit assuming THFDM as methanol (which is 5% v/
v). Temperatures were varied, but typically the reaction would be
done at 90 °C for 5 h with a stirring speed of 600 rpm. After the
reaction, the reactor was cooled to room temperature and
depressurized. The catalyst was separated from the substrate/product
mixture with a syringe filter (0.45 μm). The filtered reaction solution
was analyzed by HPLC (Agilent Technologies 1200 series, a Bio-Rad
Aminex HPX-87H 300 mm × 7.8 mm column, T = 60 °C, with 0.5
mM H2SO4 as an eluent (flow rate 0.55 mL/min). 2-Butanone was
added to the HPLC sample as internal standard. After reaction, the
catalyst was collected and dried at 85 °C overnight for TEM analysis.
An analytically pure sample of THFCA was obtained using the

BUCHI Reveleris PREP purification system and a BUCHI C18
column (150 mm × 21.2 mm × 10 μm). Fractions were eluted
with a gradient of acetonitrile in water (0−100%) at a flow rate of 15

mL/min over 17 min. Detection of chemical compounds was
achieved with a UV and ELSD detector. UV detection was set at
three different wavelengths: 254, 280, and 560 nm. Based on the UV
and ELSD profiles, individual fractions were collected, and the solvent
was removed by rotary evaporation. The remaining solids were
dissolved in DMSO-d6 analyzed by NMR yielding a pure fraction that
was identified as THFCA.

Recycling of the Catalysts. For recycling studies, the catalyst was
separated from the reaction mixture by centrifugation at 3500 rpm for
5 min. The catalyst was then washed thoroughly with n-pentane,
methanol, and water and dried overnight, and a secondary run was
done following the same oxidation procedure at 90 °C. 2-Butanone
was added to the HPLC sample as internal standard.

THFDM Oxidation in a Continuous Setup. THFDM oxidation
reactions at elevated pressure and 101 °C were performed in a
continuous setup (Figure S6). The reactor tube was typically loaded
with 0.4 g of catalyst. The catalyst was mixed with silicon carbide
before addition to the fixed-bed to ensure a better flow. Before
reaction, the flow was tested with 0.5 mL/min water and 100 mL/min
air at 30 bar. Stock solutions used for this setup were 0.01 M THFDM
with dipropyl sulfone as internal standard. Samples were taken every 4
h automatically by an in-house made sampling robot. The samples
were analyzed by HPLC.

■ RESULTS AND DISCUSSION

Influence of Different HT Supports. We set out to
develop a catalytic system for the sustainable oxidation of
THFDM to THFDCA. For the reasons mentioned above, we
decided to start our study with gold nanoparticles on basic HT
supports. The gold catalysts (2 wt %) were prepared using
deposition−precipitation (Tables S1 and S2 for Mg/Al ratio
and basicity of the support, metal loading, and particle size of
the catalysts). Analysis by XRD of the hydrotalcite samples
before and after supporting of the metal nanoparticles showed
some changes upon metal deposition and calcination (i.e.,
broadening of the peaks, shift to higher angles of the peak at
11°, decrease in the intensity of the peak at 22°, see Figure S1).
Similar changes have been observed in previous work and are
likely to be caused by loss of order in the layered structure of
hydrotalcite, loss of interlayer water, and ion exchange of
carbonate ions with chloride ions originating from the gold
precursor (i.e., HAuCl4).

31−35 To investigate the effect of the
HT on the catalytic performance for THFDM oxidation in
water, three different HT supports were employed (HT-1, HT-
2, and HT-3 with Mg/Al molar ratios of 4.1, 2.9, and 1,

Table 1. Experimental Results for the Oxidation of THFDM Using Au/HT Catalystsa

yield (%)

entry catalyst time (h) temp (°C) conv. (%) THFCA THFDCA

1 HT-1b 5 110 8 0 0
2 Au/HT-1 7 110 97 17 80
3 Au/HT-2 7 110 89 36 49
4 Au/HT-3 7 110 98 6 91
5c Au/HT-1 5 90 79 ± 8 43.5 ± 6.5 35.5 ± 10.5
6 Au/HT-2 7 90 18 3 1
7 Au/HT-3 5 90 7 0 0.5
8 Au/HT-1 5 70 2 0 0

aReaction conditions: 30 mL of 0.02 M THFDM in water, THFDM/Au = 40:1 (molar ratio), catalyst amount ca. 0.17 g, 30 bar air pressure, 600
rpm. b0.2 g of catalyst. cError values represent standard deviations derived from results obtained from experiments using separately prepared
batches of this catalyst (Table S3).
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respectively). These catalysts were tested for the oxidation of
THFDM to THFDCA in batch reactors under 30 bar air
pressure at temperatures from 70 to 110 °C (Table 1).
An experiment with only HT loaded in the reactor proved

that the support has no oxidation activity for THFDM (Table
1, entry 1). If the reaction was carried out at 110 °C, the
conversion of THFDM exceeded 89% for all Au/HT catalysts
(Table 1, entries 2−4). The main oxidation products from
THFDM were THFCA (vide infra) and THFDCA, with some
differences in THFDCA yield. An excellent yield of 91% for
THFDCA was obtained using Au/HT-3, demonstrating the
potential of these catalysts. In all cases, the cis/trans ratio was
determined to be around 9.5:1 by 1H NMR analysis. This was
close to the 9:1 ratio determined for THFDM obtained from
the reduction of HMF using Pd/Al2O3 in ethanol,5 which was
used as substrate for these reactions. To illustrate the merit of

this new route to THFDCA, the calculated E-factor of
THFCA/THFDCA via THFDM was 0.07 based on these
initial results, which is already an improvement over a
previously reported representative route via FDCA (0.22)6,18

(see calculation details in Table S6), where the higher E-factor
for the latter route is caused mainly by the low selectivity in the
challenging hydrogenation of FDCA to THFDCA.
Further investigations focused on exploring less severe

conditions. At lower temperature (90 °C) and a shorter
reaction time, Au/HT-1 still exhibited a good activity (conv. >
72%, Table 1, entry 5), whereas Au/HT-2 and Au/HT-3
showed almost no significant activity (conv. < 20% and <5%
yield of combined oxidized products, Table 1, entries 6−7).
When the reaction temperature was further decreased to 70
°C, Au/HT-1 also showed no significant activity (Table 1,
entry 8). The batch reproducibility was investigated using

Figure 1. TEM images (left) and particle size distributions (right) of Au/HTs: (a) Au/HT-1; (b) Au/HT-2; (c) Au/HT-3.
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separately synthesized batches of the Au/HT-1 at 90 °C and 5
h reaction time (Table 1, entry 5). These experiments showed
a maximum error in substrate conversion and product
formation of 10 mol %, which could be due to experimental
fluctuations between the heating profiles for different batches
that arose from the use of different reactor set-ups.
TEM images showed particle size distributions from 0.5 to

4.5 nm (Figure 1) confirming the synthesis of nanoparticles on
the all HT supports, which are smaller compared to those
earlier reported for ammonia precipitation on HT support18

but comparable to those obtained from urea precipitation on
titania.30 X-ray photoelectron spectroscopy (XPS, Figure 2)
indicated that all gold is in the metallic Au0 oxidation state with
a binding energy of 83.2 eV (Table S4 and Figure S10). This is
below the range of bulk Au0 with a typical Au 4f7/2 binding
energy between 87.9 and 84.2 eV. However, in the case of
more spherical Au particles, the binding energies can be
lowered down to 83.0 eV.36,37 The high activity of all Au/HT
catalysts at 110 °C can be related to the average small gold
particle size. On the other hand, at the lower temperature, the
high Mg/Al ratio (4.1, which decreased to 3.7 after metal
loading, Tables S1 and S2) and low basicity of the HT-1
support (Table S1) can lead to increased activity. Basic sites

derived from hydroxyl groups and Mg−O pairs can activate the
aldehyde intermediate toward formation of the corresponding
carboxylic acid. Similarly, Wang et al. showed that a Mg/Al
ratio close to 4.9 had a positive effect on HMF oxidation in
experiments using HT with different Mg/Al ratios loaded with
Pd nanoparticles.24 Au/HT-2 and Au-HT-3 might suffer from
rate limitation related to ineffective product desorption due to
the higher number of basic sites of the supports (Table S1).

Reaction Pathways and Possible Mechanism. The
main intermediate product (THFCA) was successfully isolated
and characterized by 1H NMR and 13C NMR spectroscopy
(structure in Scheme 2a and NMR data in Figures S2 and S3).
In our experiments, no aldehyde intermediates were identified,
although some unidentified minor products could be observed
in our HPLC profiles (Figure S4). The observation of THFCA
as a major intermediate demonstrates that the oxidation
sequence does not proceed through the diformyl intermediate
as is observed for the oxidation of HMF with some oxidation
systems.18−20,24,35,38−45 In our experiments, the hydroxyl group
of THFDM is first oxidized to the aldehyde group, which is
readily transformed into the carboxylic acid in both the first
and the second step of the oxidation sequence (Scheme 2a).
This reaction pathway from THFDM toward THFDCA is

Figure 2. XPS data for full region of fresh Au/HT-1 catalyst. Au 4f and Mg 2s peaks were deconvoluted by constraining the Mg 2s peak position,
area, and fwhm to the Mg 2p peak. The black lines represent the overall fit of the data.

Scheme 2. Oxidation Routes Using Au/HT Catalysts for (a) THFDM to THFDCA and (b) HMF to FDCA
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consistent with the oxidation mechanism of HMF to FDCA
presented by Gupta et al.,18 over similar Au/HT catalysts, but
prepared using a different reducing agent yielding larger Au
particles, which proceeds through the monoacid intermediate
5-hydroxymethyl-2-furancarboxylic acid (HMFCA) and thus
also shows relatively faster oxidation of the aldehyde compared
to the alcohol (Scheme 2b). However, the 49% yield of
THFDCA at 89% conversion using Au/HT-1 (Table 1, entry
4) differs significantly from HMF oxidation,35 for which a
threshold conversion >80% of HMF to HMFCA (step 1) was
reported to be required before effective oxidation of HMFCA
to FDCA was observed (step 2). On the other hand, it was
shown that when using HMFCA as the starting substrate, the
formation of FDCA was not limited by substrate or
intermediate inhibition. It was concluded that high concen-
trations of HMFCA from the first oxidation step compared to
the substrate (HMF) are needed to compete effectively with
the relatively stronger adsorbed aldehydes on the catalyst. This
limitation can be avoided by protection of the aldehyde group
of HMF using a diol to give improved FDCA yields.39 The
contrast to our results arises from the different non-aldehyde-
containing starting material (THFDM). Because the oxidation
of aldehydes is relatively fast, no buildup of the aldehyde
intermediates is observed. This limits the effect of competitive
adsorption between the substrate and these intermediates in
these batch experiments.
Catalyst Stability. A spent Au/HT-1 catalyst, originally

obtained from a scale-up synthesis, was reused after extensive
washing and drying at 90 °C in batch reactors (Figure 3,

columns 1 and 2). Disappointingly, this showed that the
activity of the catalyst dropped drastically after one use.
Chemical analysis (ICP) of Au/HT-1 revealed no leaching of
Au (Table S4). XPS results (Figure 4, right; Figure S5 for full
region) indicated gold is still in the metallic Au0 oxidation
state. Figure 4 also shows the gold nanoparticles of the spent
Au/HT-1 catalyst (left) after reaction by TEM analysis. The
mean particle size of Au/HT-1 increased from 2.2 to 9.1 nm
after one run. The agglomeration of gold nanoparticles is the
most likely reason for the observed deactivation of these
catalysts. In terms of the stability of the support, 5.4 wt % loss
of the magnesium from the support was observed (Table S4).

To exclude the hypothesis of leached support acting as a
homogeneous base, we also performed a reaction with the
same amount of MgCl2 as was observed to be lost from the
catalyst. In this experiment, no THFDM conversion was
observed (Table S5, entry 1). Additionally, we physically
mixed a HT support with another supported gold catalyst (Au/
TiO2), which gave no improved reactivity compared to (Au/
TiO2) by itself (17% after 5 h at 110 °C, Table S5 entries 2
and 3). Based on above results, we believe that a synergistic
effect between the gold nanoparticles and the HT support
results in the observed activity and selectivity in these
reactions. Interestingly, Au/TiO2 mixed with another Ba(OH)2
as external base did show improved catalyst activity (97%
conversion, 89% THFDCA, Table S5, entry 4).

The Influence of the Addition of Copper. As the
potential for reuse of the monogold catalysts was limited,
bimetallic catalysts were targeted next. The oxidation activity,
selectivity, and stability of gold catalysts can be modified by
alloying Au with another metal such as Pd,40,46 Pt,47 and Cu.48

Recently, Pasini et al.49 showed that bimetallic gold−copper
catalysts display superior activity compared to monometallic
gold catalysts in the oxidation of HMF. Due to copper being an
abundant element and thus the most sustainable option, CuAu
nanoparticles supported on HT-1 were prepared by sequential
deposition−precipitation. Two different gold−copper bimet-
allic catalysts were prepared, by calcination either in air
(AuCu-A/HT-1) or in H2 (AuCu-B/HT-1) at 200 °C. XPS
analysis showed that the gold was exclusively in the metallic
state, matching with literature data on similar catalysts,30 while
copper was present also in higher oxidation states (Figure
S11). Additionally, the gold exhibited higher binding energy
(83.5 eV for AuCu-A/HT-1 and 83.4 eV for AuCu-B/HT-1)
compared to that in the monometallic samples (83.2 eV for
Au/HT-1) suggesting less spherical gold particles in the Au−
Cu catalysts (Table S4 and Figure S11).36,37 TEM analysis of
the prepared bimetallic catalysts showed particle sizes of 0.9
and 1.0 nm for AuCu-A/HT-1 and AuCu-B/HT-1 respectively
(Figure S6a,b). These were smaller compared to the 2.2 nm
particle size obtained for the monometallic Au/HT-1. The
small particle size and low loading of these particles meant that
no signals for these metals were observed in XRD (Figure S1),
and TEM-EDX was not successful due to the low metal
loading and particle size.
Next, these catalysts as well as a separately prepared CuO/

HT-1 catalyst were applied in the oxidation THFDM at 90 °C.
No conversion was found for the CuO/HT-1 catalyst (Table 2,
entry 1), which proved that gold is required for the oxidation
of THFDM under these conditions. AuCu-A/HT-1 showed
somewhat lower conversion of THFDM compared to Au/HT-
1, whereas AuCu-B/HT-1 showed similar THFDM conversion
(Table 2, entries 2 and 3, compared to Table 1, entry 5). Both
bimetallic catalysts were slightly less selective to THFCA and
THFDCA compared to the monometallic Au/HT-1 catalyst.
No other intermediates could be identified from the solution,
although buildup of other oxidation intermediates on the
surface could not be excluded. Overall, no significant
improvement was found in the reaction at 90 °C compared
to Au/HT-1. However, when the reactions were performed at
70 °C, the bimetallic catalysts showed significant oxidation
activity, while the monometallic catalysts did not (Table 2,
entries 4 and 5, compared to Table 1, entry 8). An explanation
for the increased activity of AuCu bimetallic catalysts at lower
temperature is that the Cu in the form of CuO contains an

Figure 3. Recycle study of catalysts for THFDM oxidation. Reaction
conditions: 30 mL of 0.02 M THFDM aqueous solution, THFDM/
Au = 40:1 (molar ratio), catalyst amount ca. 0.17 g, 30 bar air
pressure, 600 rpm, 5 h, 90 °C.
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oxygen atom that is basic enough to abstract the proton from
the hydroxyl group and thus act in synergy with the hydride

abstraction by Au.50 Unfortunately, TEM images of the
bimetallic catalysts after 24 h reaction (Table 2, entries 6
and 7) also showed particle agglomeration (Figure S6c,d). The
mean particle sizes of AuCu-A/HT-1 and AuCu-B/HT-1
increased from 0.9 and 1.1 nm to 3 and 3.6 nm, respectively.
This indicates increased stability compared to the mono-
metallic Au catalysts, which could be related to the observed
less spherical shape of the gold nanoparticles, which is known
to lead to higher stability.36,37 In these experiments, AuCu-A/
HT-1 showed overall higher activity as well as a smaller particle
size increase, which could indicate that even though the initial
activity is lower this catalyst has better long-term stability.
The reuse of spent AuCu-A/HT-1 and AuCu-B/HT-1

catalysts (now prepared from a 20 g scaled-up catalyst
preparation) after extensive washing and drying was conducted
at 90 °C in batch reactors (Figure 3, column 3−6). Also for
these catalysts, the activities significantly decreased in the
second run, which is in line with the observed particle size
increase.

Figure 4. TEM image (left) and XPS data (right) of the spent Au/HT-1 catalysts with average particle size in the lower right corner (Figure S8 for
distribution). Au 4f and Mg 2s peaks were deconvoluted by constraining the Mg 2s peak position, area, and fwhm to the Mg 2p peak. The black
lines represent the overall fit of the data.

Table 2. Experimental Results for the Oxidation of THFDM
Using Au−Cu/HT Catalystsa

yield (%)

entry catalyst
time
(h)

temp
(°C)

conv.
(%) THFCA THFDCA

1 CuO/HT-1 5 90 0 0 0
2 AuCu-A/HT-1 5 90 52 25 17
3 AuCu-B/HT-1 5 90 73 36 28
4 AuCu-A/HT-1 5 70 20 18 2
5 AuCu-B/HT-1 5 70 19 17 2
6 AuCu-A/HT-1 24 70 66 38 11
7 AuCu-B/HT-1 24 70 47 24 4

aReaction conditions: 30 mL of 0.02 M THFDM in water, THFDM/
Au = 40:1 (molar ratio), catalyst amount ca. 0.17 g, 30 bar air
pressure, 600 rpm.

Figure 5. Results of AuCu-A/HT-1 catalyst in a continuous setup. Reaction conditions: flow 1.25 mL/min, 0.01 M THFDM aqueous solution with
dipropyl sulfone as internal standard, 101 °C, 30 bar air pressure.
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THFDM Oxidation in a Continuous Setup. Catalyst
activity and stability were further investigated using a
continuous setup in which the product formation can be
monitored over time (the setup is schematically depicted in
Figure S7). Based on the results from 24 h batch reactions,
AuCu-A/HT-1 was chosen to investigate the catalyst perform-
ance in time as this catalysts showed the lowest particle size
increase and was thus suspected to suffer the least from catalyst
deactivation. Figure 5 shows that at the start of the reaction full
conversion of THFDM was achieved as well as high yield of
THFDCA (up to 88%). Nevertheless, The catalyst deactivated
rapidly over the first 5 h but reached a relatively steady state
after 20 h at which the catalyst showed 10−15% THFDM
conversion and mainly THFCA as oxidation product. After 24
h, a wash was performed only using water while maintaining
the reaction temperature to see if the intermediate or end-
product adsorption on the catalyst could be a cause for
deactivation. Although the activity was not fully restored,
which was in line with the recycling experiment performed in
batch, the conversion activity for THFDM to THFCA and
THFDCA was partially recovered showing around 40%
conversion of THFDM and around 15% and 25% yield of
THFDCA and THFCA, respectively. The overall deactivation
in time is in line with the catalyst recycle studies in batch and is
likely mainly due to particle agglomeration. However, the fact
that washing the catalyst with water partly recovered catalyst
activity indicated that poisoning by product adsorption can
also be affecting the reaction. This was confirmed in a
continuous reaction in which a crude oxidation mixture was
collected, containing substrate and a mix of all intermediates
and products and fed over a fresh catalyst bed resulting in no
significant conversion. After washing the catalyst bed, the
catalyst showed a conversion of 8% when a fresh THFDM
stock was applied. This indicated that the deactivation of the
catalysts can be related to the strong adsorption of oxidation
intermediates or end products on the catalyst. Extrapolating
data from early work on HMF oxidation, it is likely that
aldehyde intermediates are the culprits causing catalyst
deactivation by strong adsorption on the catalyst surface.51

An experiment with a longer run time showed that the catalyst
appears to reach a steady state (Figure S12). Here THFCA
yield remains stable at about 10% even after 50 h.

■ CONCLUSION
Overall, this work demonstrates a new green route to access
THFDCA and THFCA from HMF, which is achieved via a
sequential catalytic reduction of HMF to THFDM followed by
catalytic oxidation providing an overall yield of over 85% after
two steps. This route can overcome selectivity problems that
occur upon HMF oxidation to FDCA, as illustrated by a
slightly beneficial overall E-factor. Gold-based catalysts
supported on hydrotalcite provide an efficient catalytic system
to oxidize THFDM to THFDCA with a high yield in a batch
setup under relatively mild reaction conditions (91% yield, 30
bar air, 110 °C, 7 h). Smaller gold nanoparticle size and a lower
number of basic sites of the HT support seem to positively
influence the activity of the catalyst. Bimetallic gold copper
catalysts were active at lower temperatures (70 °C). Both the
monometallic and the bimetallic catalytic systems suffer from
deactivation, which is mainly due to particle agglomeration and
further affected by poisoning by oxidized intermediates.
Additionally, some leaching of the support material was
observed. Future work will focus on designing more stable

catalysts for this reaction in order to increase the viability of
the production of THFCA and THFDCA via this route, thus
leading to further utilization of these compounds in renewable
chemical product applications.
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