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Pd/C@Fe;04 catalyst showed high catalytic activity in the oxidation of
5-hydroxymethylfurfural into 2,5-furandicarboxylic acid under mild reaction
conditions
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In this study, Pd nanoparticles were immobilized on the core-shell structure C@Fe;0, (carbon is shell,
and Fe30y is the core) magnetic microspheres via in situ adsorption and reduction to generate
magnetically separable Pd/C@Fe;0, catalyst. In this method, no excess reductant and capping reagents
were required, which is a clean, simple and green process for the preparation of magnetic Pd nanocatalyst.
The Pd/C@Fe;0, catalyst showed high activity and extraordinary stability for the oxidation of biomass
derived 5-hydroxymethylfurfural (HMF) into 2,5-furandicarboxylic acid (FDCA) under mild conditions.
A study for optimizing the reaction conditions such as reaction temperature, reaction solvent and base
amount has been performed. Under optimal reaction conditions, HMF conversion of 98.4% and FDCA
yield of 86.7% were achieved after 6 h at 80 °C. After reaction, the Pd/C@Fe;0, catalyst could be easily
recovered by an external magnet and reused without the loss of its activity.

Introduction

Nowadays, there has been a growing interest in search of
renewable resources to replace non-renewable fossil resources for
the production of energy and chemicals. Biomass is the only
carbon-containing renewable resource, and it is abundant in
quantity as a substitute for fossil fuels.X? Currently, much effort
has been devoted to the conversion of biomass into useful
chemicals and valuable fuels.*® 5-Hydroxymethylfurfural (HMF)
can be readily generated from the dehydration of various
carbohydrates such as fructose, glucose, and cellulose.’® HMF
can be used as a promising precursor for the synthesis of bulk
chemicals, fine chemicals, polymers and liquid fuels. Therefore,
HMF has been identified as one of the key platform chemicals to
bridge biomass and fossil resources.’® 1! Oxidation of HMF can
generate several important furan chemicals such as 2,5-
diformylfuran (DFF), 5-hydroxymethyl-2-furancarboxylic acid
(HMFCA) and 2,5-furandicarboxylic acid (FDCA).**** The
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structure of FDCA is similar with that of terephthalic acid, which
is obtained from fossil resources and used as a monomer in the
3 synthesis of polymers. Thus FDCA can be used as a potential
biorenewable monomer to replace terephthalic acid in the
production of polyethylene terephthalate (PET).® In addition,
FDCA has also been used as value added intermediate for the
production of biomass-derived chemicals.®
2 In early reports, synthesis of FDCA was obtained by the
oxidation of HMF using stoichiometric oxidants such as
KMnO,.}" However, the cost was high and large amount of waste
was released to the environment. Later, the oxidation of HMF
into FDCA was catalyzed by homogeneous metal salts
45 (Co®*/Mn*/Br) under high pressure (70 bar air)."® However, the
use of the homogeneous catalysts showed some drawbacks such
as the difficulty in catalyst recycle and the toxic pollution to
environment. Therefore, great effort has been devoted to design
heterogeneous catalysts for the oxidation of HMF into FDCA. A
so number of previous publications reported the oxidation of HMF
to FDCA principally was mainly catalyzed by Pt, Pd, and Au-
based catalysts.®?* For example, Rass et al. demonstrated that
HMF was quantitatively oxidized to FDCA over C/Pt catalyst at
100 <C under 40 bar air with Na,COz/HMF molar ratio = 2.%
ss Davis et al. reported full HMF conversion were achieved by the
use of Pd/C and Pt/C catalysts with FDCA vyields between 71%
and 79% under 690 kPa O, pressure.?? Compared with other
metal nanoparticles, supported Au catalysts showed encouraging
catalytic performance and were received much more attention.
0 For example, Corma et al. reported that oxidation of HMF over
Au/CeO, catalyst afforded nearly quantitative FDCA vyield at 130
°C under 1 MPa air pressure and high concentration of NaOH
(Mole ratio of NaOH/HMF = 4).2 However, Au/CeO, catalyst
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was not stable, and its catalytic activity decreased rapidly in the
second run. Davis et al. reported that full HMF conversion and
FDCA vyield of 65% were obtained by the use of high
NaOH/HMF mole ratio of 20 over Au/TiO, under 345 kPa
oxygen.2* Most of the previous reported methods required hash
reaction conditions such as high pressure, high temperature or
high base concentration. Acknowledging these important
achievements, it is still a challenge to develop new catalytic
methods for the oxidation of HMF to FDCA under comparatively
mild reaction conditions.

The growing demand for environment-friendly chemical
processes has impelled many researchers to develop
heterogeneous catalysts, which can be facilely recovered and
reused. Recently, magnetically recyclable catalysts have proved
to be a kind of promising ones combining the advantages of high
activity and facile recovery.”® Among various magnetic materials,
core-shell structure C@Fe;04 composites have particularly been
attracted great interest.?® %’ In comparison to the common silica
shells, carbon shells exhibit superior properties such as much
higher stability in acid or base media, as well as at high
temperatures and pressures.?® More importantly, large amounts of
functional groups such as hydroxyl group and carboxylic groups
can be easily generated on the surface of carbon, which could
make a contribution to the adsorption of heavy metal ions and
stabilize metal nanoparticles.”® For example, Makowski et al.
reported that hydrophilic carbon spheres supported Pd
nanoparticles showed high catalytic activity in the hydrogenation
of phenol to cyclohexanone.*

Considering the obvious difficulty in the recycle of the small
size carbon particles, herein, the core-shell structure C@Fe;0,
microspheres were prepared by hydrothermal method, and used
to immobilize of Pd nanocatalysts (Pd/C@Fe;0,). The as-
prepared Pd/C@Fe;0, catalyst was used for the aerobic oxidation
of HMF into FDCA in water under mild reaction conditions.

Experimental Section

Materials

FeCl3.6H,O (99.5 %), polyvinylpyrrolidone (99.0%), ethylene
glycol (99.0 %), sodium acetate (99.0 %) and glucose (99.5%)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Acetonitrile (HPLC grade) was purchased
from Tedia Co. (Fairfield, USA). Sodium tetrachloropalladate(ll)
(98.0%) (NayPdCl,;) was purchased from Aladdin Chemicals Co.
Ltd. (Beijing, China). HMF (98%) was purchased from Beijing
Chemicals Co. Ltd. (Beijing, China). DFF and FDCA were
purchased from the J&K Chemical Co. Ltd., (Beijing, China). All
the solvents were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). All the chemicals were of analytical
grade and used without further purification. Ultrapure water was
used for the catalyst preparation and catalytic reactions.

Preparation of core-shell structure C@Fe;O, composites

Core-shell structure C@Fe;0, composites were prepared
according to the known method with a slight modification.®
Solvothermal of FeCl3.6H,0 in ethylene glycol in the presence of
polyvinylpyrrolidone and sodium acetate at 200 °C for 8 h
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generated black Fe;O, microspheres. The as-prepared Fe;O,
microspheres were homogeneously dispersed in an aqueous
solution of glucose with an assist of sonication, and then the
mixture was heated at 200 °C for 12 h to produce C@Fe;0,
microspheres.

Preparation of Pd/C@Fe;0, catalyst

C@Fe30,4 microspheres (80 mg) were homogeneously dispersed
in ethylene glycol (50 mL) with an assist of for 30 minutes. Then
Na,PdCl, (12 mg) in ethylene glycol (5 mL) was added dropwise.
The mixture was further heated at 105 °C for another 3 h under a
vigorous stirring. After cooling to room temperature, the catalyst
was collected by an external magnet and washed several times
with deionized water to remove the physically absorbed ions.
Finally, the purified catalyst was dried in a vacuum oven
overnight. The palladium deposited C@Fe;0,4 microspheres were
abbreviated as Pd/C@Fe;0, in the following.

Catalyst Characterization

Nitrogen adsorption isotherms were measured with an Autosorb-
1 (Quantachrome, USA) at 77 K. Prior to the measurement, all
the sample was degassed at 200 °C for 6 h in a vacuum line. The
BET surface area was determined by a multipoint BET method
using the adsorption data in the relative pressure (P/Pg) range of
0.05-0.3. The mesoporous pore size distributions were derived
from desorption branches of isotherms by using BJH model.
Transmission electron microscope (TEM) images were obtained
using an FEI Tecnai G*-20 instrument. The sample powder were
firstly dispersed in ethanol and dropped onto copper grids for
observation. X-ray powder diffraction (XRD) patterns of samples
were determined with a Bruker advanced D8 powder
diffractometer (Cu Ka). All XRD patterns were collected in the
26 range of 10-80° with a scanning rate of 0.016°/s. X-ray
photoelectron spectroscopy (XPS) was conducted on a Thermo
VG scientific ESCA MultiLab-2000 spectrometer with a
monochromatized Al Ko source (1486.6 €V) at constant analyzer
pass energy of 25 eV. The binding energy was estimated to be
accurate within 0.2 eV. All binding energies (BEs) were
corrected referencing to the Cls (284.6 eV) peak of the
contamination carbon as an internal standard. FT-IR
measurements were recorded on a Nicolet NEXUS-6700 FTIR
spectrometer with a spectral resolution of 4 cm™ in the wave
number range of 500-4000 cm™. The Pd content in the Fe;0,@C-
Pd catalyst was quantitatively determined by inductively coupled
atomic emission spectrometer (ICP-AES) on an IRIS Intrepid Il
XSP instrument (Thermo Electron Corporation).

General procedure for the oxidation of HMF over Fe;O,@C-
Pd catalyst

Typically, HMF (50.4 mg, 0.4 mmol) and K,CO; (0.5 equiv, 27.6
mg) were firstly dissolved in water (8 mL). Then Fe;0,@C-Pd
(40 mg) was added and dispersed in the above solution by
sonication. After that, oxygen was flowed at a rate of 20 mL min’
! from the bottom of the reactor, and the reaction mixture was
stirred at 80 °C at a constant rate of 600 revolutions per minute
(rpm) for a certain time. Time zero was recorded when the
oxygen was flowed into the reaction mixture. The reaction was
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monitored and analyzed by characterizing the reaction mixture
using HPLC method.

Analytic methods

Products analysis was performed on a ProStar 210 HPLC system.
s Furan compounds were separated by a reversed-phase C18

column (200 % 4.6 mm) and detected by a UV detector at a

wavelength of 280 nm. Acetonitrile and 0.1 wt.% acetic acid

aqueous solution with the volume ratio of 30:70 was used as the

mobile phase, and the flow rate was 1.0 mL min’. The content of
1 furan compounds in samples was obtained directly by

interpolation from calibration curves.

HMF conversion and FDCA yield are defined as follows:

HMF conversion = moles of HMF/moles of starting HMF>=100%

FDCA vyield = moles of FDCA/moles of starting HMF <100%

15 Recycling of catalyst

After reaction, the Pd/C@Fe;0, catalyst was collected by a

permanent magnet and washed several times with deionized

water and ethanol three times, respectively. The spent catalyst

was then dried under vacuum at 50 °C overnight, and then it was
20 reused for the next cycle under the same reaction conditions.

Results and Discussion

Catalyst preparation and characterization

Scheme 1 illustrates the procedure of the synthesis of the
magnetic Pd/C@Fe3O, catalyst. FesO, microspheres were
25 prepared by the solvothermal method using FeCl; as precursor in
ethylene glycol. The core-shell structure C@Fe;O,4 microspheres
were prepared by the in situ carbonization of glucose on the
surface of Fe;O4 microspheres. Under hydrothermal conditions,
the surface of the carbon layer was enriched with multiple
a0 functional groups such as hydroxyl and carboxylic acid groups.
Thus, C@Fe;0, microspheres can be used to anchor Pd?" by the
interaction between the oxygen-containing groups with Pd?* to
form ligand-substituted complex.®* 3 The immobilized Pd** was
solvothermally reduced to Pd nanoparticles by ethylene glycol
35 and stabilized by oxygen-containing groups on the surface of
C@Fe304 microspheres. The Pd content was determined to be
3.85 wt.% by ICP-AEC. It is worth noting that the Pd/C@Fe;0,
catalyst can be well dispersed in water, which facilitates the
substrate to contact the active sites of the catalyst adequately for
40 chemical reactions in water. The texture of the prepared catalyst
was carried by the N, adsorption-desorption isotherms. The BET
surface area and pore size were determined to be 18 m? g, and
0.6 m® g%, respectively.

(
ethylene glycol Glucose ethylene glycol.' o
FeCl; ‘ ‘ jr— '.
Solvothermal Hydrothermal NapdCl, ® o e"
FE3O4 C@Fe304 Pd/C@F8304
. ® = Pd nanoparticles
Scheme 1 Schematic illustration for the synthesis of
Pd/C@Fe;0, catalyst.

0.2 pm 0.2 um

so Figure. 1 TEM images of the C@Fe30, microspheres (a) and the
Pd/C@Fe;0, catalyst (b).

The morphology of C@Fe;O0, and Pd/IC@Fe;O, was
characterized by TEM technology. Figure 1 (a) presents the
typical TEM images of the as-synthesized C@Fe;O, composite.
ss The obtained C@Fe;O, microspheres exhibited a relatively
uniform size of 600 nm. However, some C@Fe;O,4 microspheres
with small diameter were also observed. As shown in Figure 3 (a),
core-shell structure C@FesO4 microspheres were clearly
observed after the hydrothermal of glucose in the presence of
Fe30,4 microparticles. The dark Fe;O, microspheres were coated
with a grey layer of carbon with the shell thickness of about 20
nm. TEM image of a typical Pd/C@Fe;O, microsphere is
presented in Figure 1 (b). Due to the presence of numerous
functional groups such as carbonyl and hydroxyl moieties on the
surface of C@Fe;O, microspheres, Pd nanoparticles were
successfully anchored on the carbon shell of the C@Fe;0,
microspheres. As shown in Figure 1 (b), Pd nanoparticles were
not uniform in size. Some aggregation of Pd nanoparticles were
also observed. As far as the Pd nanoparticles size, it can be
70 estimated from the full width at half maximum of a peak in the
diffraction pattern of the nanoparticle according to Scherrer’s
equation (as shown in the following), and the average crystallite
size of Pd nanoparticles size was determined to be 10 nm.

6

S

6

o

Transmittance (%)

3500 3000 2500 2000 1500 1000 500

Wavenumber(cm'l)

Figure 2. FTIR spectra of the Pd/C@Fe;0, catalyst.

This journal is © The Royal Society of Chemistry [year]
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In order to provide more information about the surface functional
groups of the prepared Pd/C@Fe;0, catalyst, it was further
characterized by FT-IR technology. As shown Figure 2, a strong
absorption peak at 586 cm™ was the characteristic absorption
band of Fe—0,*® suggesting Fe;0, was present in the catalyst. The
band observed at 1640 cm™ was assigned to the stretching
vibration of C=C. * In addition, these peaks of 1400, 1450 and
1500 cm* were the characteristic vibration aromatic ring, which
supported an aromatization of glucose during the hydrothermal
treatment.® The absorption peak at 1700 was assigned to the
stretching vibration of C=0 and it was verified the presence of
carboxylic group (-COOH).* The band at 3400 cm® was
attributed to the stretching vibration of O-H band. The band at
1040 cm-1 was assigned to the C-OH stretching vibration.
Through the FI-IR analysis, after the hydrothermal reaction, there
were large numbers of hydrophilic functional groups (mainly
including —COOH, and —C-OH) on the surface of C@Fe;0,,
which facilitated the absorption of Pd®* on the C@Fe;0, surface
and then immobilized Pd nanopartiles. The surface atomic ratio
of oxygen and Pd in the catalyst was determined to be 15.8 by
XPS. This result clearly indicated that the surface oxygen group
was enough to anchor the Pd nanoparticles.

Intensity (a.u.)

1

1S}

1000 800 600 400 200 0

Binding Energy (eV)

1
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Pd 3d region in the fresh catalyst

2
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Intensitity (a. u.)
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Figure 3. XRD diffraction patterns of the Pd/C@Fe;0,
25 microspheres.

Binding Energy (eV)

Figure 4. XPS spectra of the Fe;0,@C-Pd microspheres. (a)
a5 Survey scan of PA/C@Fe;0y4; (b) Pd 3d region in the fresh

XRD pattern of the Pd/C@Fe30, catalyst is shown in Figure 3. catalyst; (c) Pd 3d region in the spent catalyst;

Diffraction peaks at 20 = 30.1°, 35.5°, 43.1°, 53.6, 57.0°, and 63.3
° were assigned to (220), (311), (400), (422), (511) and (440)

Bragg reflections of face-centered cubic lattice of Fe;O,4, which

w0 matched well with the standards of Fe;O, (JCPDS 65-3107).%
For the Pd nanoparticles, three peaks at 20 = 40°, 47° and 68°
were the characteristic diffraction peaks of the face centered
cubic crystalline phase of palladium nanoparticles. The intensity
of the peak at 20 = 40° was much stronger than the other two

35 peaks.®® As shown in Figure 3, a peak at 26 = 40.1° was observed,
which was attributed to the interplanar-spacing for the 111 of Pd
(0). The disappearance of the peaks at 20 = 47° and 68° was
mainly due to the lower weight percentage as compared with
Fe30y,.

40

XPS is a powerful tool to study the external surface of catalysts.
XPS study is able to determine the chemical composition and
oxidation degrees of components present on the catalyst surface.

so Therefore XPS technology was employed to investigate the

surface chemical composition and valence state of the element Pd.
Figure 4(a) shows the survey scan spectrum of the Pd/C@Fe;0,
catalyst. These peaks with a binding energy of about 285, 531,
and 338 eV were attributed to C 1s, O 1s, and Pd 3d, respectively,

ss which confirmed elements C, O and Pd were present on the

surface of the catalyst. Meanwhile abundant C and O species
indicated the presence of versatile oxygen-containing functional
groups on the surface after the hydrothermal reaction of glucose.
The confirmation of Fe;O, by XPS technology was usually by the

4 | Green Chem., [2014], [vol], 00-00
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observation of the characteristic Fe 2py2 and Fe 2p,, of Fe,
which had a high binding energy at 711.9 and 725.3 eV,
respectively.® As shown in Figure 4, the two peaks were not
observed in the XPS survey spectrum, suggesting that Fe;O, was
successfully coated with a carbon shell. High resolution XPS
spectrum of Pd 3d is shown in Figure 4(b). Two peaks with
binding energies of 335.8 and 341.2 eV were observed in Figure
4(b), which were assigned to Pd 3ds, and Pd 3ds,, respectively.
The two peaks were the characteristic peaks of metallic Pd,
similar to that seen in Pd/C or Pd powder.*°

The valence state of the Pd nanoparticle in the spent catalyst
was also analyzed by XPS technology. As shown in Figure 4(c),
there was no difference in the Pd 3d between the fresh catalyst
and the spent catalyst. After reaction, Pd was still present in the
form of metallic state. That is the reason our prepared catalyst
showed a high stability during the catalyst recycling experiments.
Our results were consistent with those previous results, in which
they also found the supported Pd nanoparticles were stable for the
oxidation of alcohols.** Although Pd nanopartilces are exposed
to oxygen during the oxidation reactions, they have the risk to be
oxidized to high valence state Pd?*. Even though some part of
Pd(0) was oxidized into Pd?*, the Pd?" could be reduced by
solvent or substrate (alcohol) to Pd(0). For example, Zhang et al.,
recently reported that the organic ligands stabilized Pd?" showed
high catalytic activity for the oxidation of alcohol with molecular
oxygen and they found that some Pd** was reduced to metallic
Pd(0) after reaction.*?
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Figure 5. Hysteresis loops for the Pd/C@Fe;0, catalyst at 300 K

Magnetic measurement of the Pd/C@Fe;0, catalyst was carried
out by a vibrating sample magnetometer (VSM) and the
isothermal magnetization curve of the Pd/C@Fe;0, catalyst is
shown in Figure 5. The measurement was conducted at 300 K in
the applied magnetic field from —30000 to +30000 Oe. As
illustrated in Figure 5, the isothermal magnetization curve
showed a rapid increase with the increase of the applied magnetic
field. The saturated magnetization value of the catalyst was
determined to be 42.7 emu g™. The superparamagnetic property
of Fe;0,@C-Pd catalyst not only benefited their dispersibility
and redispersibility in the solution, but also guaranteed the quick
response of these nanoparticles to external magnetic fields, which
should be promising in the in practical applications.

45

Catalytic aerobic oxidation of HMF in various solvents

Table 1. The results of HMF aerobic oxidation in different
solvents

HMF FDCA DFF
Entry Solvent . h .
conversion yield yield
(%) (%) (%)
1 Toluene 5.9 0 4.7
2 Acetonitrile 9.7 0 8.6
Dimethyl
3 15.5 0 4.2
sulfoxide
4 Ethanol 19.1 16.1 1.2
5 H,O 86.5 76.9 3.2
6 H,0 20.6 11.9 7.1

& Reaction conditions: HMF (50.4 mg, 0.4 mmol), H,O (8 mL),
Pd/C@Fe;0, (40 mg), K,CO3 (27.6 mg, 0.2 mmol), oxygen
flow rate (30 mL min'%), 80 °C, 4 h.

® The reaction was carried out in the absence of K,COs.
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To evaluate the catalytic activity of the as-prepraed Pd/C@Fe;0,
catalyst, aerobic oxidation of HMF was used as a model reaction.
It is konwn that various solvents have different properties such as
polarity, dielectric constant, steric hindrance, acid-base property,
which would affect chemical reactions.*® Therefore, experiments
were initially carried out in various solvents to screen the best
reaction medium. In addition, 0.5 equiv of K,CO; was also used
as additive, as the oxidation of alcohol over Pd based catalysts
generally required the use of base. As shown in Table 1, HMF
conversion was low in toluene and acetonitrile. (Table 1, Entries
1-2). One of the main reasons was that K,CO3; was insoluble in
toluene and acetonitrile, which blocked the catalytic acitivity of
Pd/C@Fe;0,4. DFF was obtained in a relatively high selectivity
without the formation of FDCA, indicating other side reactions
such as the degradation of HMF was not obvious. Although HMF
conversion was slightly improved to 15.5% in dimethyl sulfoxid
(Table 1, Entry 3), DFF was the only product with a low
selectivity of 27.1%. Interestingly, It is noted that FDCA was the
major product when reactions were carried out in the protonic
solvents (Table 1, Entris 4 & 5). However, the catalytic activity
of Pd/C@Fe;0, in ethanol and H,O was quite different. Low
HMF conversion of 19.1% and FDCA vyield of 16.1% were
obtained in ethanol (Table 1, Entry 4), while the reaction in water
produced high HMF conversion of 86.5% and FDCA vyield of
76.9% (Table 1, Entry 5). It is quite appealing to use H,O as the
solvent for the synthesis of important chemicals from biomass
based chemicals, due to its low cost and without toxic pollution in
line with green chemistry. In addition, control experiment was
also carried out in water without K,CO;. Compared with the
results in the presence of K,COs;, HMF conversion and FDCA
selectivity greatly decreased without K,COs (Table 1, Entries 5 vs
6). These results clearly indicated that the base played a crucial

This journal is © The Royal Society of Chemistry [year]
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role in the aerobic oxidation of HMF into FDCA over
Pd/C@Fe;0, catalyst.

One important reason is for the use of base in the oxidation of
HMF to FDCA is that base was used to neutralize the
dicarboxylic acid (FDCA), as FDCA can be absorbed on the
surface of metal nanoparticles. The salt of FDCA was dissolved
in the reaction solution, and kept the catalyst activity stable. In
fact, most of the reported methods required to use excessive
NaOH (2~20 mole times of HMF). For example Davis et al.
reported that full HMF conversion and FDCA vyield of 65% were
obtained by the use of high NaOH/HMF mole ratio of 20.%* In our
developed method, we just only required the stoichiometric
amount of K,CO; to netrulize FDCA in theroy, which greatly
decreased the release of the waste to the envrioment.

Effect of base amount on the aerboic oxidation of HMF

In order to give more insights into the role of K,CO; on the
oxidation of HMF into FDCA over Pd/C@Fe;O, catalyst,
expriments were carried out in water at 80 °C with different
amounts of the catalyst. As shown in Figure 6, HMF conversion
and FDCA vyield simultaneously increased with the incrase of the
base loading. HMF conversion greatly improved from 34.9%
with K,CO3/HMF mole ratio of 0.125 to 63.1% with with
K,COs/HMF mole ratio of 0.25. Further incrasing K,COz/HMF
mole ratio to 0.5, HMF conversion further increased to 86.5%.
The change trend of FDCA yield was similar with that of HMF
conversion. Besides the major product FDCA, DFF was also
detected as one of the oxidation product. It is intresting to note
that the ratio of FDCA and DFF (also FDCA selectivity)
gradually increased with the increase of base amount. 0.5 equiv
of K,CO; (K,COs/HMF mole ratio = 0.5) is the stoichiometric
amount to neutralize the resultant FDCA in theroy. These results
clearly indicated that K,COj; indeed promoted the oxidation of
HMF into FDCA in water over Pd/C@Fe;O, catalyst. As
reported by others on the role of base in the oxidation of HMF
over supported Au nanocatalyst,**?* the base was used to timely
neutralize the produced FDCA. Thus the use of base can avoid
FDCA to adsorb on the surface of the Pd nanoparticles, keeping
the catalytic activity of Pd/C@Fe;0, catalyst stable.

When the mole ratio of K,COs/HMF was further ehanced to 1,
full HMF conversion was obtained. However, FDCA vyield in this
case was close to that with 0.5 equiv of K,COs. It should be noted
that the K,COz have a dual effect on this reaction. As it known to
us, HMF was is stable under acidic or alkaline conditions due to
the co-presence of the aldehyde and hydroxyl group in its
structure. For instance, Rass et al. also found that the treatment of
Na,CO; (2 equiv) aqueous solution of HMF at 100 °C resulted in
HMF degradation upto 50% after 2 h.* Therefore, too much use
of K,COj; also accelerated the degradation of HMF besides the
promotion of the oxidation reaction, and K,COs/HMF mole ratio
of 0.5 was appropriate amount (the stoichiometric amount to
neutralize the FDCA).

E=JFDCA selectivity
100 - %2222 DFF yield
N\ FDCA yield
XXX2 HMF conversion
80

60

40

Percentage (%)

20

o [EAE
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&
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0.25 05
Mole ratio of KoCO3/HMF
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Figure 6. The results of HMF oxidation with different amount of
K,COs3. Reaction conditions: HMF (50.4 mg, 0.4 mmol), H,O (8

ss mL), Pd/C@Fe;0, (40 mg), oxygen flow rate (30 mL min™), 80

°C,4h.

Effect of reaction temperature on the oxidation of HMF

With the aim to optimize the reaction conditions to get the
highest FDCA Yyield, oxidation of HMF was also carried out at

eo different reaction temperatures in the range from 298 K to 373 K,

and the results are show in Table 2. It is worth noting that the
aerobic oxidation of HMF was sensitive to the reaction
temperature. The higher the reaction temperature was, the higher
the HMF conversion was. Low HMF conversion of 28.6% was

es Obtained at 25 °C. HMF conversion greatly enhanced from 28.6%

to 60.1% by the increase of the reaction temperature from 25 to
50 °C. Further inceasing the reaction temperature to 80 °C, HMF
conversion still greatly increased to 86.5%. Full HMF conversion
was achieved at a 100 °C. Much more molecules would contact

70 with catalyst active sites at higher reaction temperature. Therefore,

HMF conversion increased with an increase of reaction
temperature. Besides HMF conversion, FDCA selectivity was
also greatly affected by the reaction temperaure. FDCA and DFF
were both formed during the oxidation of HMF. It was found that

75 the ratio of FDCA to DFF (FDCA selectivty) increased with the

increase of reaction temperature from 298 K to 353 K (Table 2,
Entries 1~3). Thsese results indicated that high reaction
temperature not only promoted the oxidation of HMF into DFF,
but also benefited the following oxidation of DFF into FDCA.

s However, the selectivity of FDCA at 100 °C was a little lower

than that obtained at 80 °C (Table 3, Entries 3 vs 5). The highest
FDCA yield was obtained in 86.7% after 6 h at the reaction
temperature of 80 °C (Table 3, Entry 4). Although HMF
conversion at 100 °C was a little high than that at 80 °C, FDCA

e yield at 100 °C was a little lower than taht at 80 °C. The possible

reason should be that the degradation of HMF was much more
serious at higher reaction temperature of 100 °C. As we
mentioned above, HMF molecule contain s three functional
groups such as hydroxyl group, aldehyde group, and furan ring, it

90 Was not stable in acidic or alkaline solution, which can degraded

into humins. Vuyyuru et al. *® found HMF was degraded into
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humins (dark brwon color) and the degradation became more
serious with the increase of the reaction temperature.

Table 2 The results of HMF oxidation at different reaction
temperatures

Reaction HMF FDCA DFF FDCA

Entry temperature conversion yield yield selectivity
) (%) (%) (%) (%)

1 25 28.6 11.9 151 416

2 50 60.1 36.6 18.9 609

3 80 86.5 76.9 3.2 88.9

4 80 98.4 86.7 13 881

5 100 100 83.6 0 83.6

# Reaction conditions: HMF (50.4 mg, 0.4 mmol), H,O (8 mL),
K,COj3 (27.6 mg, 0.2 mmol). Pd/C@Fe;0,4 (40 mg), oxygen flow
rate (30 mL min%), 4 h.

® The reaction temperature was 6 h under otherwise the same
reaction conditions as above.

Catalyst recycling experiments

The recycle and stability are two important characteristics for the
use of heterogeneous catalysts. Therefore, the recycling
10 experiments of the Pd/C@Fe;O, catalyst were studied. The
oxidation of HMF at 80 °C with the use of 0.5 equiv of K,CO;
was used as the model reaction. After reaction, the Fe;0,@C-Pd
catalyst could be easily collected by an external magnet, washed
successively with water and ethanol, followed by drying in
15 Vacuum at 50 <C. The magnetic recycle of the catalyst can avoid
the weight loss of the catalyst, which usually occurs in filtration
processes. As shown in Figure 7, FDCA vyields were almost stable
after five consecutive cycles. However, there was still a very little
decrease of FDCA yield. FDCA yield in the first run was 86.7%,
20 and that was 83.7% in the fifth run. In addition, HMF conversion
was also observed to show a very little decrease from 98.4% in
the first run and 94.6% in the fifth run. We have determined the
content of Pd in the spent catalyst after the fifth run, and
calculated that the total weight percentage of Pd was lost about
25 2.3% after the fifth run.

HMF conversion

100 4 E=S FDCA yield

80
g
- 60
(=2}
£
c
S 40
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20

0
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Figure 7 Recycle experiments of the Fe;0,@C-Pd catalyst.

% Reaction conditions: HMF (50.4 mg, 0.4 mmol), H,O (8 mL),
K,COj3 (27.6 mg, 0.2 mmol). Pd/C@Fe;0,4 (40 mg), oxygen flow
rate (30 mL min™), 80 °C, 6 h.

Conclusion

In summary, the Pd/C@Fe;0, catalyst was successfully prepared
35 by the deposition of Pd nanoparticles on the core-shell structure
Pd/C@Fe3;0, composites and well characterized by TEM, XPS,
FT-IR, XRD technologies. The Pd/C@Fe;O, catalyst showed
high catalytic activity in the aerobic oxidation of HMF into
FDCA in water under mild reaction conditions. It was found the
10 base K,CO3; was crucial for the aerobic oxidation of HMF into
FDCA. In addition, the base dosage, the reaction temperature and
the solvent also showed a great effect on HMF conversion and
FDCA vyield. Under optimal reaction conditions, HMF conversion
of 100% and FDCA yield of 87.8% were obtained after 6 h at 80
4 °C. Moreover, the Pd/C@Fe;0, catalyst could be easily separated
from the reaction mixture by an external magnet. Compared with
other reported methods, our catalytic system shows some distinct
advantages: (a) The use of Pd/C@Fe;0, catalyst did not require
large amount of base; (b) This method could be conducted under
so atmospheric oxygen pressure, not requiring the high oxygen
pressure; (c) The catalyst could be easily separated by an external
magnet and reused without the loss of the catalytic activity.
Therefore, the developed method shows a promising potential in
the practical production of FDCA from the renewable biomass-
ss based platform chemical.
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