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ABSTRACT: A nano-Fe;O,—CoO, catalyst was prepared via
a simple wet impregnation method. The nano-Fe;O,—CoO,,
catalyst showed good catalytic performance for the conversion
of S-hydroxymethylfurfural into 2,5-furandicarboxylic acid
(FDCA) with +BuOOH as the oxidant. Several important
reaction parameters were explored, with the highest FDCA
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yield of 68.6% obtained from HMF after 15 h at a reaction temperature of 80 °C. One-pot conversion of fructose into FDCA was
also successtul via two steps. Catalytic conversion of fructose over Fe;0,@SiO,—SO;H yielded 93.1% HMF, which was oxidized
in situ into FDCA with a yield of 59.8%. Furthermore, recycling of nano-Fe;0,—CoO, was accomplished with the help of a
magnetic field. Nano-Fe;0,—CoO, showed high stability in the reaction process. The use of nonprecious metals and no
requirement of a base additive made this method much more economical and environmentally friendly.
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B INTRODUCTION

Nanoparticles as catalysts have been extensively used in
chemical reactions in recent years."> Although using a catalyst
in nanometer dimensions may achieve a substantial enhance-
ment in its catalytic activity, recycling of nanocatalysts is
difficult, especially for large-scale processes. From the viewpoint
of green chemistry, it is beneficial to develop new catalyst
recycling methods to replace conventional procedures such as
centrifugation and filtration. In this context, magnetite
nanoparticles have been attracted much attention for various
organic reactions.’

Magnetite nanoparticles possess high thermal and mechan-
ical stability.* More importantly, their unique paramagnetic
properties and inherent insolubility allow them to be efficiently
separated from the reaction mixtures by a magnet.
Furthermore, the minimal workup procedures required and
the minimal amount of waste generated from their preparation
adequately satisfy the requirements of green chemistry
principles. In particular, magnetically recoverable catalysts
have been well designed and extensively used in many chemical
reactions including oxidation,’® hydrogenatlon, coupling
reactions,” cycloaddition,® acylation,” photocatalysis,"* and so
forth."!

On the other hand, with limited fossil resources, the search
for chemicals and fuels from renewable sources has recently
attracted considerable interest.'>'® Biomass is the only carbon
containing renewable resource."*'¢ 5-Hydroxymethylfurfural
(HMF) is regarded as a value-added platform chemical.'” = As
shown in Scheme 1, several important furan chemicals can be
obtained by the oxidation of HMF including S-hydroxymethyl-
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Scheme 1. Catalytic Oxidation Products of HMF
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2-furancarboxylic acid (HMFCA),*" 2,5-diformylfuran (DFF),
and FDCA.**** In contrast to HMFCA and DFF, FDCA has
received a great deal of attention as an excellent candidate as a
monomer for the synthesis of polymers.** FDCA has the ability
to replace terephthalic acid in the synthesis of polyamides,
polyesters, and polyurethanes.”®

There are many reports on the oxidation of HMF into
FDCA. In one such report, homogeneous metal acetate
catalysts including Co(OAc),, Mn(OAc), and HBr were
applied for the synthe31s of FDCA from HMF at 70 bar air
pressure in acetic acid.* Recently, a similar reaction system was
also developed for the transformation of HMF into FDCA in
the presence of homogeneous catalysts [Co(OAc),/Zn-
(OAc),/NaBr].”” However, it is difficult to recycle homoge-
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neous catalysts. Recently, heterogeneous catalysts have been
widely utilized for chemical reactions.”® Among various
heterogeneous catalysts, supported gold nanoparticles have
been extensively used for the oxidation of HMF into
FDCA.””7*! Although some of the reported methods produced
high FDCA yields, some drawbacks were still present, including
the high cost of the noble catalyst, high oxygen pressure, and
use of base additives.

Transition metal-based heterogeneous catalysts have trig-
gered much interest due to their low cost. It is reported that
cobalt-based heterogeneous catalysts demonstrated high
catalytic activity in alcohol oxidations.>* Herein, magnetite
Fe;O, nanoparticles were used to support Co nanoparticles to
construct a nano-Fe;0,—Co catalyst that was employed for the
synthesis of FDCA from HMF.

B EXPERIMENTAL SECTION

Catalyst Preparation. The procedure for the preparation of the
nano-Fe;0,—Co0, catalyst followed those outlined in published
references.*>** FeCl,-6H,0 (5.4 g) and urea (3.6 g) were added to
deionized water (200 mL) at 90 °C and stirred vigorously for 2 h. The
mixture was then cooled to room temperature and FeSO,7H,0 (2.8
g) was added. Finally, 0.1 M NaOH solution was added dropwise to
adjust the pH to 10. The slurry was subjected to ultrasound at room
temperature for 30 min, after which the mixture was aged for 5 h.
Fe;O, nanoparticles were washed with water and dried in a vacaum
oven.

Fe;0, nanoparticles (2.0 g) and CoCL.6H,O (0.6 g) were added
into water (50 mL) and stirred at 25 °C for 1 h. Then NaOH (0.5 M)
was added dropwise until the pH value of the suspension reached 12.
The suspension was then stirred for 12 h, and the precipitate was
washed with deionized water. Next, the Co*" on the surface of the
Fe;0, nanoparticles was treated with 0.2 M aqueous NaBH, at 0 °C
until no gas was bubbled from the solution. Nano-Fe;0,—CoO,
nanoparticles were treated under ultrasonication for 10 min and
then purified with the eluent of water and ethanol in sequence. Finally,
the as-prepared catalyst was dried under vacuum at 60 °C for 24 h.

Catalyst Characterization. An FEI Tecnai G>-20 instrument was
used to collect transmission electron microscope (TEM) images. The
catalyst dispersed in ethanol was disposed onto copper grids for the
TEM test. X-ray powder diffraction (XRD) was performed on samples
using a Bruker advanced D8 powder diffractometer (Cu Ka). A
scanning rate of 0.016°/s was employed in the 26 range of 10—80°.
Thermo VG scientific ESCA multiLab-2000 spectrometer X-ray
photoelectron spectroscopy (XPS) was performed with a mono-
chromatized Al Ka source (1486.6 eV) at a constant analyzer pass
energy of 25 eV. All binding energies (BEs) were corrected based on
the C 1s (284.6 €V) peak of the contamination carbon as an internal
standard. The weight percentage of Co was determined by atomic
absorption spectroscopy (AA-6300, Shimadzu).

Catalytic Conversion of HMF into FDCA. HMF (70 mg), 70%
aqueous TBHP (0.5 mL), and Fe;0,—CoO, (100 mg) were added
into dimethyl sulfoxide (DMSO) (4 mL) and then stirred at 80 °C for
the desired reaction time. After the reaction, the nano-Fe;0,—CoO,
catalyst was collected using the force of a magnetic field, and furan
compounds in the liquid solution were quantified on an HPLC device.

Quantitative Determination of the Products Methods. A
ProStar 210 HPLC system was used for the quantitative determination
of furan compounds. The furan compounds showed high resolution
using a reversed-phase C18 column (200 mm X 4.6 mm) at a
wavelength of 280 nm. The mobile phase consisted of acetonitrile and
0.1 wt % acetic acid aqueous solution (v/v = 30:70). The eluent was
washed at a rate of 1.0 mL/min. Interpolation from calibration curves
was applied to calculate the amount of HMF and FDCA in the
samples.
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Bl RESULTS AND DISCUSSION

Characterization of Catalyst. Scheme 2 shows the
method of the nano-Fe;O,—CoO, -catalyst preparation.

Scheme 2. Schematic of Nano-Fe;0,—Co0O,, Catalyst
Preparation

@ CoOx
1) C 2+
Fe (I1) NaOH, Urea @) Co .@
+ e— o
2) NaBH
Fe (IID 90 °C = 4 oo

Magnetite Fe;O, nanoparticles were easily prepared by the
coprecipitation of Fe*" and Fe*" in a strong alkaline solution.
Then Fe;O, nanoparticles were impregnated with the CoCl,
solution, followed by chemical reduction to produce the nano-
Fe;0,—Co0, catalyst. The content of Co in the catalyst was
determined to be 6.95 wt % by atomic absorption spectroscopy.

Figure 1 shows the TEM image of the nano-Fe;0,—CoO,
nanoparticles. Magnetite Fe;O0,—CoO, nanoparticles were

Figure 1. TEM image of the nano-Fe;0,—CoO, catalyst.

observed to be of spherical morphology with nanosize range.
However, some aggregations/coalescences of individual
Fe;0,—Co0, nanoparticles were also observed.

The crystallinity and phase composition of the nano-Fe;O,—
CoO, catalyst were characterized by XRD technology. XRD
spectra of nano-Fe;O,—CoO,, catalyst is presented in Figure 2.
The sharp and strong peaks confirmed that the catalyst was well
crystallized. Six characteristic diffraction peaks with 26 = 30.2°,
35.6° 43.3°, 53.8°, 57.3° and 63.0° were attributed to (220),
(311), (400), (422), (511), and (440), respectively, of Fe;O,
(JCPDS No. 19-0629).>° However, there was no diffraction
peak for Co species, possibly due to fact that Co species in
small size were homogeneously dispersed on the surface of the
Fe;O, nanoparticles.

The XPS spectrum of the nano-Fe;0,—CoO, catalyst is
shown in Figure 3. The survey spectrum gives signals mainly
associated with Co 3p, O 1s, Fe 2p, and Co 2p species,
indicating that the nano-Fe;O,—CoO, catalyst was composed
of Co, O, and Fe elements. Two peaks at 710.9 and 724.5 eV
were assigned to Fe 2p;/, and Fe 2p,,, respectively, which
represent the characteristic peaks of Fe** in Fe;O, This is in
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Figure 2. XRD patterns of the nano-Fe;0,—Co0O, catalyst.
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Figure 3. XPS spectra of the nano-Fe;0,—CoO, catalyst. (a) Survey
scan of nano-Fe;0,- CoO, and (b) Co 2p region.

agreement with the reported results for the magnetite Fe;0,.*®
As shown in Figure 3b, two peaks at 780.8 and 796.3 eV were
also present and were assigned to Co 2p3/2 and Co 2pl1/2
peaks, respectively. In addition, both peaks are accompanied by
broad shakeup satellites located approximately 6.5 eV above the
primary BE peak. It is not easy to determine the Co valence
state, and it is reported that CoO or Co;0, show similar Co 2p
spectra.’® The energy gap between the main peak and satellites
can be applied to detect the valence state of Co. If the satellites
are located about 6 eV above the primary BE peak, the spectra
is usually attributed to Co®". In contrast, if the satellites are
located about 10 eV above the primary BE peak, the peak is
usually attributed to Co;0,.>” As shown in Figure 3b, it is
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observed that Co 2p was present in combination with a small
satellite peak. In addition, an approximate shift of about 6.5 eV
revealed that the valence state of Co was +2 and in the form of
CoO. Although Co*" was reduced to a Co(0) nanoparticle by
NaBH, during the catalyst preparation, it was oxidized to a high
valence state species. It is reported that metal nanoparticles are
active and sensitive to oxygen. For instance, it has been
reported that metallic Ru was transformed into a high oxidation
state when exposed to oxygen during storage.*®

The results of the oxidation of HMF by various
oxidants. Initially, three common oxidants including O,,
H,0,, and +-BuOOH were used for the oxidation of HMF over
the nano-Fe;0,—CoO, catalyst. Poor results were obtained
when using O, and H,0, as oxidants (Table 1, entries 1 and 2).

Table 1. Catalytic Conversion of HMF into FDCA Using
Various Oxidants®

time HMEF FDCA yield DFF yield
entry  oxidant (h) conversion (%) (%) (%)
1® 0, 12 134 42 6.6
2° H,0, 12 9.0 1.0 13
37 tBuOOH 12 972 68.6 7.7

“Reaction conditions: nano-Fe;0,—Co0O, (100 mg), HMF (70 mg),
80 °C, and DMSO (4 mL). *Flow rate of O, was 20 mL min~". °I mL
of H,0, was used. %0.5 mL of 70% aqueous -BuOOH was used.

In addition, oxygen was produced after the addition of H,O,,
suggesting nano-Fe;0,—CoO, catalyzed the decomposition of
H,0, into O,. In fact, Co species have showed catalytic activity
in the transformation of H,0, into O,.>° Therefore, the use of
H,0, was not suitable for this kind of reaction over the nano-
Fe;0,—CoO, catalyst due to the decomposition of H,O,
(Table 1, entry 2). Among the three oxidants, 70% aqueous
t-BuOOH gave the best results (Table 1, entry 3). Besides O,
and H,0,, the use of +-BuOOH as the oxidant has also been
popular in oxidation reactions. In our reactions, the mole ratio
of -BuOOH to HMF was close to 7, which seemed a little high.
In fact, the oxidation of one HMF molecule into one FDCA
molecule required three +-BuOOH molecules based on the
electron transfer in the redox reaction. After the reaction, the
amount of -BuOOH remaining in the reaction solution was
determined to be 34.2% of the starting -BuOOH. This value is
a little lower than the theoretical value (57.1% of the starting t-
BuOOH), which could be caused by the decomposition of t-
BuOOH into other products during the reaction process.
Catalytic Oxidation of HMF into FDCA with t-BuOOH
in Various Solvents. Generally speaking, the efficiency of
chemical reactions is greatly affected by the reaction solvent, as
each solvent has different polarities, dielectric constants, steric
hindrance factors, and acid—base properties.** Therefore, the
effect of the solvent on this reaction was studied. H,O is the
most preferable solvent in terms of sustainable chemistry but
produced a low HMF conversion of 48.3% and FDCA yield of
10.7% (Table 2, entry 1). The lowest HMF conversion and
FDCA yield were obtained in protic ethanol with low boiling
point (Table 2, entry 2). Although a high conversion of 94.2%
was reached in low boiling point aprotic acetonitrile (CH;CN),
the selectivity of FDCA was only 45.6% (Table 2, entry 3).
HMF conversion reached 98.7% in methyl isobutyl ketone
(MIBK) but gave a low FDCA vyield of 32.1% (Table 2, entry
4). The best results were achieved in DMSO (Table 2, entry S),
which generated FDCA in a yield of 68.6%. In our reaction
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Table 2. Effect of Solvent on Oxidation of HMF”

HMF DFF FDCA
time conversion ~ FDCA yield selectivity

entry  solvent (h) (%) yield (%) (%) (%)

1 H,O0 12 48.3 10.7 44 22.1

2 ethanol 12 114 6.3 2.1 583

3 CH;CN 12 94.2 43.0 18.2 45.6

4 MIBK 12 83.4 32.1 10.4 38.5

S DMSO 12 97.2 68.6 7.7 70.6
6" DMSO 12 8.5 05 13 0
7¢ DMSO 12 13.2 1.0 2.4 0

“Reaction conditions: Fe;0,—CoO, (100 mg), HMF (70 mg), 80 °C,
70% aqueous t-BuOOH (0.5 mL), and solvent (4 mL). ®No catalyst
was used. “Fe;O, was used for this reaction.

system, DFF, FDCA, and very little HMFCA were determined
as the oxidation products for all the cases, and there were no
other furans compounds. This indicated that HMF degradation
such as the ring opening of the furan ring occurred during the
oxidation process in all solvents. Reactions were also performed
without a catalyst or with Fe;O,. Low HMF conversions and
products yield were obtained (Table 2, entries 6 and 7).
Comparing the results in entries 6 and 7 with those in entry S,
it can be concluded that the Co species were the active center
for this reaction.

Catalytic Conversion of HMF at Various Temper-
atures. The good results at 80 °C prompted us to perform this
reaction at lower reaction temperatures of 60 and 25 °C. As
depicted in Table 3, the oxidation of HMF was greatly

Table 3. Effect of Reaction Temperature on Conversion of
HME“

temperature  time HMF FDCA yield DFF yield
entry F"C) (h) conversion (%) (%) (%)
1 80 12 97.2 68.6 7.7
2 60 12 48.5 19.3 19.8
3 25 12 8.0 2.6 4.2
4 100 6 99.5 25.7 2.4
S 100 12 100 26.1 1.5

“Reaction conditions: nano-Fe;0,—Co0O, (100 mg), HMF (70 mg),
70% aqueous +-BuOOH (0.5 mL), and DMSO (4 mL).

influenced by the reaction temperature. Compared with the
results obtained at 80 °C, a lower HMF conversion of 48.5%
was obtained at 60 °C with a FDCA vyield of 19.3% (Table 3,
entry 1 vs 2), suggesting that the catalytic activity of nano-
Fe;0,—Co0O, decreased by decreasing the reaction temper-
ature. As expected, HMF conversion further decreased to 8.0%
at 25 °C (Table 3, entry 3). FDCA and DFF were the main
oxidation products at all three reaction temperatures (Table 3,
entries 1—3). Compared with the results obtained at 25, 60, and
80 °C, the selectivity of FDCA was improved by increasing the
reaction temperature, while the trend was opposite for DFF
selectivity (Table 3, entries 1—3). The reason is likely that DFF
was the intermediate for the conversion of HMF into FDCA. In
addition, it was also found that the total selectivity of DFF and
FDCA increased with a decrease in reaction temperature
(Table 3, entries 1—3), which indicated that many more side
reactions occurred at higher reaction temperatures. For
comparison, the reaction was also performed at 100 °C. It
only needed 6 h to get 99.5% conversion of HMF, but the yield
of FDCA was only 25.7% (Table 3, entry 4). Interestingly,
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FDCA yield was almost the same after 12 h (Table 3, entry 4 vs
S).

Products Concentration during Oxidation of HMF
into FDCA. Figure 4 presents the concentration of each

100 | —=— HMF conversion
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_ —A— HMFCA yield
£ 80 v DFFyield
=
o]
=60 -
9
S
g 40
»
s
>
5 20
®]
0+
1 1 1 1 1 1 1 1 1 J
0 2 4 6 8 10 12 14 16
Time (h)

Figure 4. Products analysis during the procedure of the oxidation of
HMF. Reaction conditions: HMF (70 mg), nano-Fe;0,—CoO, (100
mg), 70% aqueous +BuOOH (0.5 mL), DMSO (4 mL), and 80 °C.

product at different reaction time points. HMF conversion
increased gradually during the reaction process. It is worth
noting that the increasing trend of HMF conversion was sharp
in the initial 5 h due to the high concentration of HMF at an
early reaction stage. Then, it slowly increased from 75.2% at S h
to 100% after 15 h. The FDCA yield also increased gradually
during the reaction process, and the maximum FDCA yield of
69.4% was achieved after 15 h. Other oxidation products
including DFF and HMFCA were also detected and were
believed to be the intermediates. The DFF yield and HMFCA
yield first increased at an early reaction stage and then
decreased gradually at the late reaction stage. These results
confirmed that DFF and HMFCA were both the intermediates
in the transformation of HMF into FDCA, which suggested
that both the hydroxyl group and the aldehyde group in HMF
could be simultaneously oxidized in the first step (Scheme 3).

Scheme 3. Possible Catalytic Routes for Conversion of HMF
into FDCA over Nano-Fe;0,—Co0, Catalyst

o (]
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o 0 o. ~o [0] HOWQH
o” OH O —
\ / Main Rou:\@/\ FDCA

However, as shown in Figure 2, DFF yield was much higher
than HMFCA yield, which indicated that oxidation of the
hydroxyl group in HMF was the main reaction. According to
the above results, reasonable routes for the transformation of
HME into FDCA over the Fe;O,—Co catalyst were proposed
in Scheme 3.
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Scheme 4. Conversion of Fructose into FDCA from Fructose via Two Steps

CH,OH

OH

Fructose

o ot Fe;0,@Si0,-SO;H HOOC_O
k OVZ €304@510,-503 0. nano-Fe;04-Co
< - OW\OH \(\_/7/

HMF

COOH

FDCA

Synthesis of FDCA from Fructose via Two Consec-
utive Steps. Finally, the one-pot conversion of fructose into
FDCA was studied. Fe;O,@SiO,—SO3;H was used as the acid
catalyst with the aim of the facile separation of the reaction
solution. Synthesis and characterization of Fe;O,@SiO,—SO;H
were described elsewhere in our previous work. ™ Initially,
synthesis of FDCA from fructose by a one-pot reaction method
was applied, in which Fe;O,@SiO,—SO;H catalyzed the
dehydration reaction and the nano-Fe;O0,—CoO, -catalyst
promoted the oxidation reaction. Unfortunately, this method
produced HMF and DFF at low yields of 5.3% and 2.6%,
respectively. This may be caused by the possible oxidation of
fructose, resulting in other undesired byproducts.**

Therefore, two consecutive steps (Scheme 4) were used for
the synthesis of FDCA from fructose. HMF was first produced
from fructose over the Fe;O,@SiO,—SO;H catalyst. As shown
in Figure 5, dehydration of fructose proceeded fast in a short

100
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40

Yield (%)

20

Time (h)

Figure S. Synthesis of FDCA from fructose via two-step method.
Reaction conditions for the first step: Fructose (100 mg) and Fe;0,@
Si0,—SO;H (150 mg) were added into DMSO (4 mL), and the
mixture was carried out at 100 °C. Reaction conditions for the second
step: Nano-Fe;0,—Co0,, (100 mg) and 70% aqueous +-BuOOH (0.5
mL) were added into the reaction solution, and the mixture was stirred
at 80 °C.

reaction time, with HMF reaching a maximum yield of 93.1%
after 2 h at 100 °C. The Fe;0,@SiO,—SO;H catalyst was then
magnetically collected, and the nano-Fe;O0,—CoO, and 70%
aqueous t-BuOOH were added into the liquid solution. The
following reaction was carried out at 80 °C. As depicted in
Figure 5, FDCA was obtained in a yield of 59.8% after 15 h
based on the starting fructose. Other methods were also used
for the synthesis of FDCA from fructose. Kroger et al. also
reported two steps for the production of FDCA from
fructose.* In the first step, the dehydration of fructose
generated HMF, which was extracted from the reaction
solution by MIBK. Then PtBi/C catalyzed the subsequent
oxidation reaction. The total yield of FDCA by Kroger et al.
was lower than that obtained by our method.* In addition, this
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method required using MIBK as the second solvent and the use
of a noble metal catalyst. Thus, the cost of this method is higher
than our method and is not economical for the production of
FDCA from fructose. Ribeiro and co-workers also reported the
conversion of fructose into FDCA by a cobalt catalyst, in which
fructose conversion reached 72% with FDCA selectivity of
99%.* The cost of this method was lower than that by Kroger
et al.*> However, it was carried out under harsh conditions at a
high reaction temperature of 160 °C and at 20 bar air pressure.

Study of Stability of the Catalyst. Finally, the stability of
nano-Fe;0,—CoO, was studied. Synthesis of FDCA from
HMF at 80 °C was used as the mode reaction. After the
reaction, the nano-Fe;0,—CoO,, catalyst was dispersed in the
reaction solution (Figure S1 a, Supporting Information), but it
was quickly collected on the side of the bottle with the
assistance of an external magnet (Figure S1 b, Supporting
Information). The nano-Fe;O,—CoO, catalyst was washed
three times with water and then dried in a vacuum oven at 50
°C for 12 h. Then, the recovered nano-Fe;0,—CoO, was
reused in the second run under the same reaction conditions as
the first cycle. FDCA yields in the subsequent cycles were
almost the same as in the first cycle (Figure S2, Supporting
Information) suggesting that the catalytic activity of nano-
Fe;0,—Co0, showed no significant decrease. In addition, the
reaction solution was analyzed by atomic absorption spectros-
copy, and no Co species were found to remain in the reaction
solution, indicating that there was no leaching of the active site
Co during the reaction process.

B CONCLUSIONS

The nano-Fe;0,—CoO, catalyst showed high catalytic activity
in the oxidation of HMF into FDCA with +-BuOOH as the
oxidant. The highest FDCA yield of 68.4% was obtained after
12 h at 80 °C in DMSO. The one-pot conversion of fructose
into FDCA was also successfully realized via two consecutive
steps with the total FDCA yield reaching 59.8%. The Fe;O,—
CoO, catalyst was also magnetically separable, and its catalytic
activity showed no significant loss during the recycling
experiments.
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Separation of the catalyst simply by a magnet and the recycle
results. This material is available free of charge via the Internet
at http://pubs.acs.org.
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