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ABSTRACT: Cr-doped ZnAl mixed oxide catalysts (Zn0.75CrAl-x-
c) were obtained via calcining the Zn0.75CrAl-x hydrotalcite
precursors and were applied in the selective oxidation of 5-
hydroxymethylfurfural (5-HMF) to 2,5-furandicarboxylic acid
(FDCA). Cr doping significantly enhanced the catalytic activity.
A 95.1% 5-HMF conversion with an 88.1% FDCA selectivity was
achieved over the Zn0.75CrAl-6-c catalyst at 130 °C under 0.6 MPa
oxygen for 4 h. The good performance was associated with the
high specific surface area and high oxygen vacancy concentration.
Moreover, the Zn0.75CrAl-6-c catalyst was used for five cycles
without a significant activity loss indicating excellent stability.

■ INTRODUCTION
Oxygen-containing chemical production from fossil resources is
often energy-intensive, and thus, exploitation and utilization of
oxygen-containing feedstocks such as lignocellulosic biomass
have aroused attention in the production of value-added
chemicals as well as fuels in the beginning of the 21st century.
The production of oxygen-containing chemicals such as furfural,
5-hydroxymethylfurfural (5-HMF), and 2,5-furandicarboxylic
acid (FDCA) from biomass resources will not only minimize the
energy consumption and cost of the feedstocks but also reduce
the environmental concerns in society.1−4

FDCA is one of the top 12 high-value chemicals derived from
biomass and has been used as an important renewable substitute
for terephthalic acid, which has been produced from petroleum,
to produce plastics, and as a raw material for the production of
medical anesthetics.5−7

Biomass-derived 5-HMF can be converted to FDCA through
an oxidation reaction, for which the formation of byproducts,
e.g., 2,5-diformylfuran, 5-hydroxymethyl-2-furancarboxylic acid,
and 5-formyl-2-furancarboxylic acid, has been a challenge. At
present, the main ways to realize the efficient catalytic
conversion of HMF to FDCA include thermal, electro-, and
photocatalysis. Among them, electro- and photocatalysis have
become promising catalytic routes for clean and green
preparation of FDCA from HMF due to the advantages of
mild reaction conditions, environmental friendliness, and high
selectivity. Liu et al.8 reported ternary NiCoMn-layered double
hydroxide (NiCoMn-LDH) nanosheets as efficient electro-
chemical catalysts with abundant oxygen vacancies, and a 91.7%
FDCA yield could be obtained under mild conditions for 2.5 h.

Xu et al.9 immobilized cobalt−sulfur porphyrin thioporphyrin
(CoPz) in g-C3N4 solution to prepare a CoPz/g-C3N4
photocatalyst and achieved a 95% FDCA yield after 14 h
under optimal reaction conditions. The current catalytic routes
based on electro- and photocatalysis show excellent perform-
ance. However, with the reaction device components not yet
standardized and usually requiring high production cost, they
are still in the stage of laboratory model studies.
For the preparation of FDCA, the thermal catalytic oxidation

of HMF has been extensively studied on various catalysts.
Homogeneous catalysts, such as Mn(III)−salen, Co(OAc)2/
Mn(OAc)2/HBr, etc.,10,11 usually have highly catalytic activity
and high selectivity. However, homogeneous catalytic systems
retain some intractable drawbacks, such as difficulty in reuse and
environmental pollution.11 Numerous studies have confirmed
that noble metal catalysts, such as Au, Pt, and Pd,12−15 generally
exhibit better activity and FDCA selectivity under mild reaction
conditions but also have disadvantages of excess strong base
additives and high price.16,17 Therefore, from the perspective of
environmental protection and economy, it is necessary to
develop efficient, stable, and low-cost nonprecious metal
catalysts for the oxidative conversion of 5-HMF to HMF.
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Hayashi et al.18 obtained a 74% FDCA yield over the MnO2
catalyst for 24 h under 1MPa O2 and at 100 °C.With cobalt and
cerium bimetallic catalysts, an 83.6% FDCA yield was achieved
at 130 °C in DMF for 4 h.19 All these studies showed that non-
noble metal catalysts are particularly economical and efficient in
the catalytic conversion of HMF to FDCA, but there are still
some drawbacks, such as nonenvironment-friendly catalyst
preparation, complicated steps, and harsh reaction conditions.
In recent years, mixed metal oxide catalysts, generally with a

uniform metal ion dispersion, large surface area, basic surface
property, and high stability, prepared with roasting hydrotalcite-
structured precursors have been used as efficient catalysts in
transesterification and oxidation reactions.20−22 However, only a
limited number of works focused on the selective oxidation of 5-
HMF. Nea̧u et al.23 used a manganese−copper mixed oxide
catalyst prepared from layered double hydroxide in HMF
selective oxidation and obtained a 90% HMF conversion and an
87% DFF selectivity under 8.0 MPa oxygen pressure in 24 h.
Raut and Bhanage24 reported a cobalt−aluminum hydrotalcite-
derivedmixedmetal oxide catalyst and applied the catalyst in the
one-pot and two-step DFF synthesis from fructose. A 77.0%
DFF yield was obtained at 120 °C for 8 h under 3.0 MPa O2.
Here, we report a zinc−chromium−aluminum mixed oxide,

derived from a hydrotalcite-structured precursor, as a promising
catalyst in the selective oxidation of HMF to FDCA.

■ EXPERIMENTAL SECTION
Materials. 5-HMF (98.0%), FDCA (97.0%), and DFF

(98.0%) were purchased from J&K Chemical Co., Ltd. (Beijing,
China). Sodium hydroxide (NaOH, 96.0%) was obtained from
Kermel Chemical Reagent Co., Ltd. (Tianjin, China).
Aluminum(III) nitrate hexahydrate (Al(NO3)3·6H2O, 99.0%)
was bought from Macklin Biochemical Technology Co., Ltd.
(Shanghai, China). Chromium(III) nitrate nonahydrate (Cr-
(NO3)3·9H2O, 99.0%) was from Yien Chemical Scientific Co.,
Ltd. (Shanghai, China). Zinc(II) nitrate hexahydrate (Zn-
(NO3)3·6H2O, 99.0%) was from Titan Scientific Co., Ltd.
(Shanghai, China). Anhydrous sodium carbonate (Na2CO3,
98.0%) was from Fengchuan Chemical Reagent Technology
Co., Ltd. (Tianjin, China). N,N-Dimethylformamide (DMF,
99.0%), dimethyl sulfoxide (DMSO, 99.0%), methanol (MeOH,
99.0%), and acetonitrile (MeCN, 99.0%) were purchased from
Aladdin Chemical Reagent Co., Ltd. (Shanghai, China). All the
chemicals were used without further treatment. Deionized
water, with a resistivity of >18.0 MΩ/cm, was prepared from a
Barnstead ultrapure water purifier.
Catalyst Preparation. All the catalyst samples were

synthesized with a coprecipitation method. In a typical
procedure, Zn(NO3)3·6H2O (5.59 g), Cr(NO3)3·9H2O
(0.36−0.69 g), and Al(NO3)3·9H2O (1.76−2.00 g) were
dissolved in deionized water under stirring with ultrasonication
to obtain a mixed salt solution. Then, the solution was slowly
dripped into 1 M Na2CO3 solution. Meanwhile, the pH value
was monitored with a pH meter in real time. Then, the mixed
solution was kept under vigorous stirring for 2 h at 70 °C, and
then, the pH was adjusted to 7.0 by gently adding 1 M NaOH
solution. The slurry was aged for about 4 h at 70 °C and then
filtrated with distilled water until the pH was 7.0 and dried
overnight at 70 °C. The obtained zinc−chromium−aluminum
hydrotalcite materials were denoted as Zn0.75CrAl-x. x
represents the molar ratio of Al and Cr.
The Zn0.75CrAl-x sample was calcined at 460 °C for 6 h to

obtain the hydrotalcite-derived mixed oxide catalyst

(Zn0.75CrAl-x-c). ZnO, Al2O3, and Cr2O3 samples were
obtained by the precipitation of Zn(NO3)3·6H2O, Al(NO3)3·
9H2O, and Cr(NO3)3·9H2O, respectively.

Catalyst Characterization. X-ray diffraction (XRD)
patterns of the samples were acquired with a D8-Focus
diffractometer made by Bruker AXS Co., Ltd., using a Cu Kα
radiation source (λ = 1.5418 Å) in the 2θ range of 10−70° at a
scanning rate of 10°/min. The analysis was taken at 40 kV and
200 mA. The specific surface area of the catalyst was obtained
under the conditions of 78.3 K nitrogen physical adsorption
(QUA211007, Quantachrome, USA). Before the measurement,
the sample was degassed for 4 h in vacuum at 150 °C. The
surface morphology of the catalysts was observed with a Hitachi
Regulus 8100 scanning electron microscope (SEM). The
valence state changes and oxygen species of Co and Cr in the
catalyst were measured with an ESCALAB-250Xi X-ray
photoelectron spectroscopy (XPS) instrument from Thermo
Fisher Scientific, and the results were calibrated referring to the
C 1s peak at 284.8 eV. The chemical composition of the samples
was reconfirmed by inductively coupled plasma-optical emission
spectroscopy (ICP-OES) with an iCAP7000 series spectrom-
eter.

Catalytic Activity Measurement. Catalytic reactions were
carried out in a 150 mL Teflon-lined stainless-steel autoclave
equipped with an oil bath with a magnetic stirrer. In a typical
experiment, about 50 mg of catalyst, 50 mg of Na2CO3, and 1
mmol of HMF were added into the autoclave reactor containing
25 mL of DMF. The reactor was sealed and afterward purged
with O2 three times. The reactor was then pressurized up to 0.6
MPa O2 and heated up to the required temperature with a
stirring rate of 500 rpm. After the reactor was cooled down to
room temperature, the reaction mixture was collected and
separated using a 0.2 μm polytetrafluoroethylene filter. The
products were analyzed with a high-performance liquid
chromatograph (HPLC) equipped with a UV detector and a
reversed-phase C18 column. A mixture of acetonitrile and water
with a volume ratio of 3:7 was used as the mobile phase at 25 °C
with a flow rate of 1 mL/min. The corresponding peaks of the
products were identified with standard samples, and the
products were quantified with the external standard curve
method. The conversion of HMF, selectivity, and yield of
products were calculated with eqs 1, 2, and 3, respectively.

=
n n

n
conversion (%) tHMF,0 HMF,

HMF,0 (1)

=
n

n n
selectivity (%)

t

product

HMF,0 HMF, (2)

=
n

n
yield (%) product

HMF,0 (3)

nHMF,0 is the initial molar amount of 5-HMF, nHMF,t is the
molar amount of 5-HMF after the reaction, and nproduct is the
molar amount of the product after the reaction.

■ RESULTS
Characterization of the Catalyst. The XRD patterns of

the hydrotalcite-like precursors and mixed solids calcined at 460
°C are displayed in Figure 1. For Zn0.75Al, Zn0.75CrAl-6, and
Zn0.75CrAl-9 samples, all the peaks in the patterns at 2θ = 11, 23,
34, 39, 46, 60, and 61° are characteristic of the hydrotalcite
structure,25,26 corresponding to the (003), (006), (012), (015),
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(018), (110), and (113) crystal planes, respectively. Two
obvious diffraction peaks appear near 2θ = 60°, which indicate
that the interlayer cations and the layer anions are evenly
arranged.27,28 It is noted that the peak width of the characteristic
peaks increases due to the doping of chromium. Considering the
Scherrer formula, this suggests that the twoCr-doped precursors
have relatively smaller crystallite sizes, which contribute to the
high dispersion of the corresponding calcined samples. The
XRD pattern of the derived composite oxide Zn0.75CrAl-6-c,
from the calcination of Zn0.75CrAl-6, is also plotted in Figure 1,
showing only the diffraction peaks of ZnO (PDF no. 36-1451)
and Zn6Al2O9 (PDF no. 51-0037) phases. The diffraction peaks
of Cr-containing phases are not observed, suggesting the
formation of solid solution of Cr3+ with both ZnO and
Zn6Al2O9 phases.
The specific surface area of the catalysts was measured with

the BET method (Table 1). The Zn0.75CrAl-6 sample gives a

higher specific surface area than that of the Zn0.75CrAl-9 sample,
no matter whether in the dried or calcined state. All the surface
areas of the Zn0.75CrAl-x samples increase after calcination.
Among the samples, Zn0.75CrAl-6-c has the largest specific
surface area of 75 m2 g−1. The chemical composition in the
samples was reconfirmed according to the ICP-OES results. The
data in Table 1 show that the compositions of all samples are
basically consistent with the prescribed values, with reasonable
variation within the experimental error range of the ICP
technique.
The morphologies of Zn0.75CrAl-x and Zn0.75CrAl-x-c are

examined with the SEM technique. Figure 2a,c shows that both
samples Zn0.75CrAl-6 and Zn0.75CrAl-9 before calcination are
composed of platelet-like agglomerated crystals, which represent
the characteristics of layered clay materials.29,30 Compared to

Zn0.75CrAl-9, the structure of Zn0.75CrAl-6 becomes fluffier,
which makes it have a larger external surface area.31 After
calcination at 460 °C, the hydrotalcite structure collapses and
both the samples become flocculent (Figure 2b,d)
The O 1s and Cr 2p spectra of the fresh Zn0.75CrAl-6-c and

used Zn0.75CrAl-6-c catalyst samples are given in Figure 3. In
Figure 3a, the O 1s spectra display 3 major oxygen species with
the corresponding peaks at 529.8, 531.4, and 532.8 eV, which are
assigned to lattice oxygen (OLattice), oxygen vacancies or surface-
adsorbed oxygen ions and/or OH groups (OVacancies), and
adsorbed molecular water (OAdsorbed), respectively.

32,33 The
oxygen vacancy content on the fresh Zn0.75CrAl-6-c (36.2%) is
higher than that on the used Zn0.75CrAl-6-c (17.3%). As shown
in Figure 3b, both the fresh and used Zn0.75CrAl-6-c Cr 2p
spectra have two main peaks, corresponding to Cr 2p3/2 and Cr
2p1/2.

34 These two main peaks are deconvoluted into four
separate components. The peaks at 576.0 and 586.6 eV are
ascribed to Cr3+ species on the catalysts surface, while the peaks
at around 578.5 and 584.8 eV are responsible for the existence of
Cr6+. The contents of Cr6+ species are calculated to be 49.9 and
47.4% for the fresh and used Zn0.75CrAl-6-c samples,
respectively.

The Oxidation Reaction. The catalytic activity measure-
ment results of all the prepared catalyst samples are summarized
in Table 2. When the Zn0.75Al-c catalyst was employed, only a
24.0% conversion ofHMF and a 75.8% selectivity of FDCAwere
obtained. The great improvements of both 5-HMF conversion
(58.8%) and FDCA selectivity (78.4%) were achieved over the
Zn0.75CrAl-9 catalyst. The higher Cr doping amount also shows
a positive effect on the HMF conversion and FDCA selectivity,
where a 61.2% conversion of 5-HMF and a 79.2% selectivity of
FDCA were observed with the Zn0.75CrAl-6 catalyst. The
Zn0.75CrAl-6-c catalyst showed the best activity in the oxidation
of 5-HMF to FDCA with a 95.1% 5-HMF conversion and an
88.1% FDCA selectivity. As a comparison, ZnO and Al2O3 as
catalysts were also measured but exhibited only moderate
activities, with 36.9 and 35.8% HMF conversions and 70.7 and
78.7% FDCA selectivities, respectively. When Cr2O3 was used
alone as a catalyst, the HMF conversion was 89.9% and the
FDCA selectivity was 79.2%.

The Effect of Reaction Conditions. The amount of
catalyst shows a significant effect on the 5-HMF conversion and
FDCA selectivity in Figure 4a. Without a catalyst, the 5-HMF

Figure 1. X-ray diffraction patterns of catalysts and precursors.

Table 1. Surface Area and Chemical Composition of the
Synthesized Catalyst Samples

nominal content ICP results

catalyst
surface area
(m2/g)

Zn/Al
ratio

Al/Cr
ratio

Zn/Al
ratio

Al/Cr
ratio

Zn0.75CrAl-6 51 3.5 6 3.53 5.70
Zn0.75CrAl-9 35 3.3 9 3.27 8.85
Zn0.75CrAl-6-c 75 3.5 6 3.51 5.60
Zn0.75CrAl-9-c 49 3.3 9 3.23 8.79

Figure 2. SEM micrographs of Cr-doped catalysts and precursors. (a)
Zn0.75CrAl-6, (b) Zn0.75CrAl-6-c, (c) Zn0.75CrAl-9, and (d) Zn0.75 CrAl-
9-c.
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conversion and FDCA selectivity were 30.3 and 35.5%,
respectively. In the range of 0−100 mg, both the 5-HMF
conversion and FDCA selectivity increased with the increase of
the catalyst amount. Nevertheless, the increases of both the
conversion and selectivity are moderate in the range of 25 to 100

mg. The conversion of 5-HMF kept a monotonic increase from
78.1 to 98.7% when the reaction temperature increased from
110 to 150 °C, but the FDCA selectivity exhibited the maximum
value of 88.1% at 130 °C (Figure 4b). Figure 4c depicts the effect
of reaction time on the oxidation reaction. The 5-HMF
conversion kept a monotonic increase to 95.1% in the initial 4
h and then reached 97.7% at 6 h. The selectivity of FDCA gave a
maximum value of 88.1% at 4 h. After that, the FDCA selectivity

Figure 3. XPS spectra of (a) O 1s and (b) Cr 2p scans of the fresh
Zn0.75CrAl-6-c and used Zn0.75CrAl-6-c samples.

Table 2. The Oxidation of 5-HMF to FDCA over the Catalyst
Samples

selectivity (%)b

entrya catalyst conversion (%) FDCA DFF others

1 Zn0.75CrAl-6 61.2 79.2 2.1 18.7
2 Zn0.75CrAl-9 58.8 78.4 2.7 18.9
3 Zn0.75CrAl-6-c 95.1 88.1 0.9 11.0
4 Zn0.75CrAl-9-c 83.8 85.5 1.2 13.3
5 Zn0.75Al-c 24.0 75.8 24.2
6 ZnO 36.9 70.7 1.5 27.8
7 Al2O3 35.8 78.7 21.3
8 Cr2O3 89.9 79.2 1.4 19.4

aReaction conditions: 1 mmol of 5-HMF, 50 mg of catalyst, 50 mg of
Na2CO3, 25 mL of DMF, 130 °C, 4 h, 0.6 MPa O2, and 500 rpm
stirring. bThe results are obtained by HPLC with the external
standard technique and a GC−MS instrument.

Figure 4. Catalytic performance of Zn0.75CrAl-6-c at different (a)
catalyst amounts, (b) reaction temperatures, and (c) reaction times. (a)
Reaction conditions:W(HMF) = 0.126 g; V(DMF) = 25 mL; T = 130
°C; P(O2) = 0.6 MPa; t = 4 h;W(Na2CO3) = 0.05 g; 500 rpm stirring.
(b) Reaction conditions: W(HMF) = 0.126 g; V(DMF) = 25 mL;
W(catalyst) = 0.05 g; P(O2) = 0.6 MPa; t = 4 h;W(Na2CO3) = 0.05 g;
500 rpm stirring. (c) Reaction conditions: W(HMF) = 0.126 g;
V(DMF) = 25mL;W(catalyst) = 0.05 g;T = 130 °C; P(O2) = 0.6MPa;
W(Na2CO3) = 0.05 g; 500 rpm stirring.
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turned stable as the time continued. The selectivity of the
intermediate HMFCA increased to 3.1% in the initial 1 h and
then gradually decreased along with the reaction time. The DFF
and FFCA selectivity reached the highest value at 2 h and started
to decrease afterward. These results indicated that the oxidation
of HMF to FDCA over the Zn0.75CrAl-6-c catalyst is a multistep
tandem pathway reaction, as shown in Scheme 1.
Recyclability. The recycle experiment with the Zn0.75CrAl-

6-c catalyst sample was carried out in five consecutive runs under
the identical optimal conditions: 1 mmol of 5-HMF, 50 mg of
Zn0.75CrAl-6-c catalyst, 50 mg of Na2CO3, 25 mL of DMF, 0.6
MPa O2, and 500 rpm stirring. After each run, the solid catalyst
was separated and washed with deionized water three times. The
solid sample was dried in air for 12 h before characterization. As
shown in Figure 5, the conversion and FDCA selectivity were

95.1 and 88.1%, respectively, for the first run, and in the fifth run,
the two values were 89.4 and 82.8%, respectively. It can be
concluded that the Zn0.75CrAl-6-c catalyst sample exhibits good
stability in the HMF oxidation reaction.

■ DISCUSSION
The Precursor and Catalysts. The XRD characteristic

peaks of the Zn0.75Al-x coprecipitate precursors are similar to
that of the Zn0.75Al sample, and the XRD patterns of all the
precursors are consistent with that of the standard XRD pattern
of the hydrotalcite-like double-layer hydroxide compound.
These results mean that the preparation of a uniform mixed
oxide catalyst is successful. The SEM micrographs of the Cr-

containing hydrotalcite-like compounds have a typical layered
structure. After calcination, the double-layer hydroxide structure
collapsed due to the loss of water and carbonate ions. The
resulting mixed oxide does not show any peaks of Cr oxides in
the XRD pattern, but the pattern only indicates the existence of
the solid solution containing Cr3+ and taking the structures of
Zn6Al2O9 and ZnO. The Zn0.75CrAl-6-c sample exhibits a loose
morphology in the SEM micrograph and has a large value of the
BET surface area, which improves the contact between the
catalyst and the reactant, thus enhancing the catalytic activity.
According to the XPS results, three types of oxygen species exist
on the Zn0.75CrAl-6-c surface. OLattice acts as a nucleophilic
reagent and is responsible for the selective oxidation reaction.35

OVacancies help to improve the high catalytic activity and promote
the rate of oxygen replenishment on the catalyst surface.36,37

The signal of lattice oxygen decreased and the oxygen vacancies
increased on the used Zn0.75CrAl-x-c, implying that the
oxidation of 5-HMF to FDCA proceeded via the Mars−van
Krevelen mechanism and the lattice oxygen was involved in the
oxidation reaction.

The Role of the Catalyst and Catalytic Sites. The HMF
oxidation reaction happens without a catalyst, but both the
conversion and yield are low. With the presence of Zn0.75Al as a
catalyst, the HMF conversion reached 24.0% and the FDCA
selectivity achieved 75.8%. Meanwhile, a large amount of other
products, 24.2%, was measured in the product stream, indicating
a low selectivity. Zn0.75Al has a low activity in redox reactions
due to the high electron exchange energy barriers of the
composing metal ions. Therefore, Zn0.75Al mixed oxides often
show an intrinsic property as a solid base. The conversion of 5-
HMF on this mixed oxide may be due to the coexistence of weak
redox Zn−O−Al pairs and the weak basic sites (OH− groups).
However, such basic site-catalyzed oxidation reactions are not
selective enough. Similar results were obtained when ZnO,
Al2O3, and Cr2O3 were used as the catalysts, see entries 6−8 in
Table 2. With the doping of Cr to the Zn−Al hydrotalcite-
structured compound, both the conversion of HMF and the
yield of FDCA are enhanced. After calcination of the double
hydroxide precursor, the mixed oxide catalysts containing Cr are
further improved toward HMF selective oxidation to FDCA.
The sample Zn0.75CrAl-6-c exhibits an HMF conversion of
95.1% and an FDCA selectivity of 88.1%. This excellent activity
and selectivity can be explained by the XPS results. For the
Zn0.75CrAl-6-c catalyst, after the reaction, the contents of Cr6+
and lattice oxygen were both decreased, and those of Cr3+ and
oxygen vacancies were both increased, demonstrating that Cr6+
and lattice oxygen were converted and reduced to Cr3+ and
oxygen vacancies, respectively. Thus, the reaction could be
following the Mars−van Krevelen mechanism.

Effect of the Reaction Conditions. With the increase of
the catalyst amount from 0 to 50 mg, both 5-HMF conversion
and FDCA selectivity increased notably, demonstrating that the

Scheme 1. Reaction Pathways for Aerobic Oxidation of HMF to FDCA

Figure 5.Recyclability tests for theHMFoxidation over the Zn0.75CrAl-
6-c catalyst. Reaction conditions: 1 mmol of 5-HMF, 50 mg of
Zn0.75CrAl-6-c, 50 mg of Na2CO3, 25 mL of DMF, 0.6MPaO2, and 500
rpm stirring.
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availability of catalytic active sites is crucial to the acceleration of
the reaction rate. When 100 mg of catalyst was used, the number
of active sites reached the maximum value and the further
increase of the catalyst amount did not improve the conversion
and selectivity further.
The increase of the reaction temperature increases the HMF

conversion, but above 130 °C, a further increase of the
temperature leads to the decrease of the FDCA selectivity,
indicating that the positive effect of molecular activation is
limited in an appropriate range.38 The instability of HMF at high
temperatures and the side reactions in an oxidation atmosphere
lead to the formation of byproducts such as ring-opened
molecules and other deep oxidation species, which has been
discussed in the literature.36,39,40 In this work, 5-HMF
conversion reached 95.1% at 130 °C for around 4 h.
In the period of 2−4 h, the FDCA yield increased with the

time increased. After 4 h, both the yields of FDCA and FFCA,
the major byproduct, become quite stable until 6 h with low
yield values of FFCA, indicating that FFCA is an intermediate to
FDCA and during the prolonged time period of >4 h, the
reaction approaches the thermodynamic equilibrium with low
concentration values of FFCA in the system.

■ CONCLUSIONS
In this work, Cr-doped ZnAl mixed oxide catalysts were
prepared through a novel method involving the calcination of
hydrotalcite-like structured precursors for the selective catalytic
oxidation of 5-HMF to FDCA. A calcined catalyst named as
Zn0.75CrAl-6-c achieved a 95.1% HMF conversion and an 88.1%
FDCA selectivity at 130 °C under 0.6 MPa O2 pressure for 4 h.
In addition, the catalyst can be reused more than five times
without an obvious loss of activity (around 5%). The good
catalytic performance of the Zn0.75CrAl-6-c catalyst was
attributed to its high specific surface area and high oxygen
vacancy concentration, which promote the lattice oxygen
replenishment of the catalyst via the Mars−van Krevelen
mechanism. We believe that Zn0.75CrAl-6-c is a promising
catalyst and has great potential application in the production of
value-added chemicals from biomass-derived compounds.
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