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Abstract: Aerobic oxidation of bio-sourced 2,5-bis(hydroxymethyl)furan (BHMF) to 2, 5-furandicarboxylic
acid (FDCA), a renewable and green alternative to petroleum-derived terephthalic acid (TPA), is of great
significance in green chemicals production. Herein, hierarchical porous bowl-like nitrogen-rich (nitrated)
carbon-supported bimetallic Au-Pd nanocatalysts (AumPdn/ N-BNxC) with different nitrogen content
and bimetal nanoparticle sizes were developed and employed for the highly efficient aerobic oxidation of
BHMEF to FDCA in sodium carbonate aqueous solution. The reaction pathway for catalytic oxidation of
BHMF went through the steps of BHMF—HMF—HMFCA —FFCA —FDCA. Kinetics studies showed
that the activation energies of BHMF, HMF, HMFCA, and FFCA were 58.1 k]-moL~?, 39.1 k]-moL !,
129.2 kJ-moL !, and 56.3 kJ-moL 1, respectively, indicating that the oxidation of intermediate HMFCA to
FFCA was the rate-determining step. ESR tests proved that the active species was a superoxide radical.
Owing to the synergy between the nitrogen-rich carbon support and bimetallic Au-Pd nanoparticles,
the AujPd; /N-BN,C nanocatalysts exhibited BHMF conversion of 100% and FDCA yield of 95.8%
under optimal reaction conditions. Furthermore, the nanocatalysts showed good stability and reusability.
This work provides a versatile strategy for the design of heterogeneous catalysts for the highly efficient
production of FDCA from BHMF.

Keywords: 2,5-bis(hydroxymethyl)furan; 2,5-furandicarboxylic acid; aerobic oxidation; nitrogen-doped
carbon; bimetallic Au-Pd nanoparticles

1. Introduction

Dwindling fossil stocks and increased environmental awareness have triggered a rush
to find renewable resources [1]. Biomass, derived from plant photosynthesis, is a new
source of cheap, available, and renewable energy and has been widely used to produce high
value-added fuels and chemicals [2—4]. Biomass has been identified as an ideal candidate
for the development of sustainable energy and value-added materials that can partially
replace current petrochemicals [5]. Therefore, research and development of renewable
biomass are of great significance and urgent need. 5-hydroxymethylfurfural (HMF) is a
biomass-based platform compound containing active aldehyde, hydroxyl, and furan ring
structures. Through further reaction, many downstream products can be derived from
HMEF, which is a crucial intermediate connecting biomass chemistry and petrochemistry.
Among them, 2,5-furandicarboxylic acid (FDCA) was the sole aromatic molecule among the
“twelve platform bio-based compounds” that the U.S. Department of Energy presented back
in 2004 and was subsequently significantly used in the synthesis of polyester, polyamide,
epoxy resin, and other polymers [6-8]. FDCA is considered as an ideal substitute for
the petroleum derivative terephthalic acid (TPA) due to its similar physical and chemical
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properties. In addition, compared to TPA-derived polyethylene terephthalate (PET), the bio-
based polyester 2,5-furandicarboxylate (PEF) produced by FDCA has better gas insulation,
thermal stability, and mechanical properties, and FDCA has broad application prospects
and high market potential [9-12].

Due to the great potential of FDCA, a variety of catalysts for FDCA production from
HMF have been developed in recent years [13-15]. In previous studies, homogeneous and
heterogeneous catalysts were used for the catalytic production of FDCA. It is difficult to
separate the homogeneous catalysts from the reaction medium, and their stability and recy-
clability are poor. The study of heterogeneous catalysts has greater commercial potential
and practical application as well [16]. At present, most research on catalytic oxidation for
FDCA preparation is focused on supporting precious metals (Pt [17], Au [18,19], Pd [20,21],
and Ru [16,22]) on multiphase catalysts. Davis et al. found that Au-based catalysts have
strong aldehyde oxidation activity in alkaline circumstances [23]. Lei et al. found that
palladium is more favorable for the oxidation of alcohols [24]. Combining the advantages of
Au and Pd, the preparation of a bimetallic catalyst for FDCA with high activity, high selec-
tivity, and high stability through catalytic oxidation of HMF is of great significance [25,26].
Although significant progress has been made in this regard [27-30], HMF is thermally
and chemically unstable, often leading to severe degradation that hinders its storage and
industrialization. To solve this problem, an alternative pathway is used, in which the 2,5-
bis(hydroxymethyl)furan (BHMEF) is first converted to HMF and then oxidized to produce
FDCA. Because of the better storage stability of BHMF, the BHMF-mediated pathway has a
brighter future for FDCA mass production [1,17,29].

The carrier in the supported metal catalyst not only disperses and stabilizes the metal
nanoparticles, but the synergistic interaction between the carrier and the metal particles
also leads to interfacial charge transfer, metal structure change, molecular adsorption
modulation, and other phenomena, thus affecting the activity, selectivity, and stability of
the catalyst. Carbon materials are promising supports for metal nanoparticles, especially
fuel cell catalysts and catalysts for reactions in aqueous medium, due to their high stability
over a wide pH range and the ease of surface functionalization through the incorporation
of other elements, such as oxygen and nitrogen [31-33]. In general, for faster reaction
rates and better product solubility, selective BHMF oxidation must be carried out in more
alkaline conditions. However, use of strong alkalis will make it hard to separate the
finished product, which will cause the active phase to leak out of the reactor and will result
in corrosion [34]. In our previous study, nitration improved the adsorption capacity of the
substrate, allowing the reaction substrate to more easily come into contact with the active
site on the catalyst surface and improving the desorption ability of the product (FDCA) [35].
Nitrogen-doped carbon materials show excellent performance in the field of catalysis,
which is expected to become a forward-looking field of catalyst development and promote
the progress of related industrial technology [7]. In this study, nitrogen-doped carbon
material after nitrification, which can provide basic sites, was used as support to synthesize
a highly efficient catalyst. Due to the introduction of nitrogen, nitrogen-doped carbon
materials have a special structure and have more advantages than traditional catalysts [36].
The nitrogen doping process can introduce defect sites and nitrogen species, improve the
physical and chemical properties of catalysts, and interact with active species to improve
catalytic performance. The interaction between nitrogen species and active components,
such as metal components or metal oxides, can effectively improve the dispersion and
stability of active species and adjust their redox properties, thus realizing improvements in
catalytic performance [37].

In this work, hierarchical porous bowl-like nitrogen-rich carbon-supported bimetallic
Au-Pd nanocatalysts (AumPdn /N-BNyC) were synthesized by precipitation polymerization
employing uniform silica nanospheres as a template, which was followed by carbonization,
removal of S5iO; spheres, and loading of Au-Pd bimetallic procedures. Auy,Pdyn/N-BN,C
catalysts were obtained by adjusting the polymerization ratio and Au-Pd ratio. The catalysts
were characterized by TEM, XRD, TGA, SEM, Raman spectroscopy, FT-IR spectroscopy, N



Catalysts 2023, 13, 435

30f15

adsorption/desorption isotherms, and XPS, and catalytic reactive species were determined
by ESR spectroscopy. Through aerobic oxidation of BHMF to FDCA experiments, the
influences of nitrogen content and metal ratio on the catalytic performance of catalysts were
explored, and the influences of reaction factors such as time, temperature, and pressure were
considered. The catalytic performance of the catalyst was elucidated. The possible reaction
pathway and catalytic mechanism were proposed. Finally, the stability and reusability
of the catalyst were evaluated through cyclic experiments. An alternative pathway was
used to solve the problem regarding hydroxymethylfurfural being unstable in heat and
chemistry, which often resulted in serious degradation. This is of great significance to the
industrial production of FDCA.

2. Results and Discussion
2.1. Preparation and Characterization of the Au,,Pd,/N-BNxC Nanocatalysts

As shown in Scheme 1, employing SiO; nanospheres as a template, AumPd,/N-
BN, C nanocatalysts were prepared via precipitation polymerization, carbonization, SiO,
sphere removal, nitrification, and the loading of Au-Pd bimetal nanoparticles. According
to the SEM image of Figure 1a and Figure S1, compared to the smooth surface before
polymerization, an uneven flower-like polymerization layer appeared on the surface after
polymerization, showing that the precipitation polymerization effectively covered SiO,
spheres. By altering the proportion of AM and MBA monomers (1:1, 2:1, 3:1), polymers with
different nitrogen content were obtained. As shown in Figure 2(al-a3), it was observed
that the thickness of the polymerization layer changed obviously with the adjustment
of the proportion of polymerization monomer. The polymer layer was then carbonized
via calcination at 800 °C under the protection of nitrogen, and the SiO, nanospheres
(510,@NC) were wrapped by a thin and uniform nitrogen-doped carbon shell.

Prccipitat-lon (Iarbonizaiion Desiliconizq‘ tion‘ Loading Au 0

olymerizatio and nitration Pd metal

\ AuPd \ N//‘ Pyrrolic-N

Pyridinic-N \ AuPd
Scheme 1. Schematic illustration for preparing AumPdn /N-BNxC nanocatalysts.

To obtain the porous structure, the SiO, template was removed with hydrofluoric acid.
The porous structure can be clearly seen in the SEM (Figure 1b) and TEM (Figure 2(b1-b3))
images. The porous bowl structure had a very large contact area with the substrate, named
BNC, which effectively improved the adsorption of the substrate. However, the contact
angle test found that the carrier had superhydrophobicity at this time (Figure S2). On this
basis, the carrier was treated with nitric acid to weaken its hydrophobicity, and N-BN,C
was obtained (Figures 1c and 2(c1—3)). Finally, the bimetal was loaded onto the carrier
using the injection reduction method, and the final samples were named Aup,Pdy /N-BNC.
TEM images showed that the metal particles had been successfully loaded [7]. The metal
nanoparticles were well dispersed across the surface of the carrier, as shown in Figure 2(d1-
d3), and the particle sizes of the metal particles with different polymerization thicknesses
were also different. The average metal particle size of AuyPd;/N-BN;C, Au;Pd; /N-BN,C,
and Au;Pd; /N-BN3C was 11.26, 10.65, and 11.88 nm, respectively.
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Figure 1. SEM images of SiO,@N,P (al-a3), BNxC (b1-b3), and N-BNxC (c1-¢3) (x =1, 2, 3, corre-
sponding to MBA:AM = 1:1, 1:2, 1:3, respectively).
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Figure 2. TEM images of SiO,@Polyy (al-a3), BNxC (b1-b3), N-BN,C (c1-c3), and AujPd; /N-BN,C
(d1-d3) nanocatalysts (x = 1, 2, 3, corresponding to MBA:AM = 1:1, 1:2, 1:3, respectively).

Furthermore, the components of the representative Au;Pd; /N-BN,C nanocatalyst were
characterized by HR-TEM, SAED, and EDS. HR-TEM images (Figure 3a,b) of Au;Pd;/N-
BN,C showed the crystal planes of Pd (111), Pd (200), and Au (311), which were 0.2219 nm,
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0.2034 nm, and 0.1153 nm, respectively. In addition, selective electron diffraction (SAED) of
the AuyPd; /N-BN,C catalyst (Figure 3c) also showed the (111), (200), and (311) crystal faces
of Au and Pd, respectively. The representative AujPd; /N-BN,C nanocatalyst was composed
of C, N, O, Au, and Pd elements (Figure 3d). Moreover, the bimetallic nanoparticles were
uniformly loaded on the support surface (Figure 3e—i).

5 1/nm 100 nm

Figure 3. HR-TEM (a,b), SAED (c), EDS (d), HAADF (e) and element mapping images(f-i) of the
representative AuyPd; /N-BN;C nanocatalysts.

A nitrogen adsorption—desorption experiment was used to investigate the pore size
distribution and BET specific surface area of materials. As shown in Figure 4, the H4 hys-
teresis loop could also be seen in the adsorption and desorption isotherms [38], indicating
the existence of a cavity in BNxC and N-BNC carriers. Correspondingly, it could be clearly
seen in the transmission diagram of Figure 2 that there were indeed many holes. According
to the adsorption data, the pore size of the N-BN,C sample was similar, while the pore
size of the BN3C sample was slightly different from that of BN;C and BN,C. Table 1 shows
the pore structure data of different catalysts. By comparing the data of different carriers,
the specific surface area decreased from 53.9, 35.1, and 119 to 9.4, 13.2, and 11.4 mZg_l
after nitric acid treatment. We speculate that nitrification alters the pore structure of carbon
materials, resulting in a reduction in specific surface area and a change in pore size, but
that the fundamental morphology of carbon materials remains largely unchanged. The
porous structure improves the penetrability of the catalyst and the speed at which carriers
transfer mass. According to the results of TEM, BET, and elemental analysis, it could be
determined that porous nitrogen-doped carbon carriers were successfully prepared.
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—=— BN,C [ —=—BN,C
100 | —— BN,C f —— BN,C
— "
) BN;C "l 0.015 BN,C
& 80— N-BN,C ‘ = —v— N-BN,C
= —— N-BN,C = —+— N-BN,C
L 60t . nanc 200101 —« N-BN,C
Las]
£ ]
S dop
S 0.005 |-
20}
GINIS ISV ST == =
0 SONUPNIN===—r— v 0.000 T —
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Figure 4. N, adsorption-desorption isotherms (a) and pore diameter distribution (b) of BNxC and
N-BNxC (x =1, 2, 3, corresponding to MBA:AM = 1:1, 1:2, 1:3, respectively).
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Table 1. Pore structure and nitrogen content of BN,C and N-BN,C.

Samples

Surface Area ?

Average Pore ?

Pore Volume 2

Nitrogen Content P

(m2g—1) (nm) (cm3g~1) (%)

BN;C 53.9 14.5 0.20 4.0
BN,C 35.1 13.6 0.12 7.2
BN3C 119 5.3 0.16 9.0
N-BN;C 9.4 24 0.06 9.7
N-BN,C 13.2 24.3 0.08 10.1
N-BN;C 11.4 16.6 0.05 11.6

2 Brunauer—-Emmett-Teller (BET) surface area is determined by nitrogen adsorption and desorption isotherms.
b Nitrogen content is calculated by elemental analysis.

To better understand the influence of the temperature of calcination on carbon mor-
phology and whether nitrification also has an impact, Raman tests were conducted, as
shown in Figure 5a. There were obvious peaks at 1350 m~! and 1590 m~!, which were the
D and G bands of carbon [34]. The defect stretching vibration of the sp® carbon in support
was visible in the D band, while the stretching vibration of the sp? carbon was visible in the
G band [39]. The high Ip /I value indicated that the carbon frame structure had defects,
which may be because of the structure breaking down due to the bowl structure formed by
the removal of silica during the processing process. In addition, the defect concentration of
the catalyst increased after nitrification, and the defect concentration of N-BN,C was 1.1.

—~BNc—Bnc| b
— N-BN,C— BN,C
— N-BN,C— BN, C
1590 cm™!

) Au,Pd,/N-BN,C'
g"ﬁﬁ%”ﬁ%mﬁwﬁmwma@ml@
e AP G/N-BNC

Intensity (a.u.)

v
Pd/N-BN,C

Il,lh(;=o.97
I

500 1000 1500 2000 250

Raman shifts (cm™) 20 (Degree)

Figure 5. Raman spectra of BN,xC and N-BNC (a) and XRD spectra of AumPdn/N-BNC (b) (x =0,
1,2, 3).

As shown in Figure 5b, XRD was used to characterize nitrifying samples under dif-
ferent AM:MBA and different Au:Pd ratios. Due to the high-temperature treatment of
the sample, the polymer gel was graphitized during calcination; thus, diffraction peaks
appeared at 17° and 25°, which were the (111) and (002) crystal planes of the graphite
structure. XRD peaks appear at 38°, 44°, 64°, and 77° in the Au/N-BN,C diagram, cor-
responding to the (111), (200), (220), and (311) crystal planes of Au. In the Pd/N-BN,C
diagram, XRD peaks appeared at 39° and 46°, corresponding to the (111) and (200) crystal
planes of Pd [39,40]. It was found that the diffraction peaks of gold at 38° and 44° weakened,
and the diffraction peaks at 64° and 77° almost disappeared when the two precious metals
were grafted simultaneously. The diffraction peak of Pd overlapped with the diffraction
peak of Au, indicating that the Au-Pd alloy had been successfully loaded. The successful
synthesis of the Au-Pd alloy on support was confirmed by XRD.
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In order to identify different types of nitrogen functional groups in catalysts, these
materials were characterized by FI-IR analysis, as shown in Figure S3. To examine the
chemical state and composition of the samples, XPS analysis was then performed. The XPS
spectra of N 1s, C 1s, Pd 3d, and Au 4f orbits are shown in Figure 6. It can be seen that the
binding energy peaks of the C-O bond and C-N bond of SiO,@N,P appeared at 288 eV
and 285 eV, respectively. With carbonization, SiO, removal, and nitrification, their binding
energies increased and their peak values decreased. For the C=C bond, the binding energy
peak appeared at 284 eV, and there were no significant changes after subsequent treatment.
However, the peak values of C-O and C-N bonds were increased when a single metal was
loaded. In the N1s spectrum of SiO,@NP, only the peak of quaternary-N (N-Q), with a
binding energy of 400 eV, indicated that MBA and AM had been successfully introduced
into the SiO; carrier. After calcination, SiO, removal, and nitrification, pyrrolic-N (N-5) and
pyridinic-N (N-6) appeared, with binding energies of 404 eV and 398 eV, respectively [7].
The binding energies of quaternary-N were unchanged, and the peak value of pyridinic-N
decreased slightly after nitrification. After loading the gold—palladium bimetal, the peak
value of pyridinic-N decreased, but the peak value of quaternary-N and pyrrolic-N did not
change obviously. The peak value of pyridine decreased while that of pyrrole-N increased
with the loading of Au or Pd. The 4F5,, and 4F;,, binding energies of gold peaked at
87.85 eV and 84.15 eV, respectively. The binding energies for 3ds,, and 3d3,, in palladium
peaked at 338 eV and 343 eV, respectively. The peaks of Au and Pd shifted to a higher energy
level, and the N-5 and N-6 peaks changed to a lower level of energy. The results showed
that there was an interaction between the metal and the support, which improved catalytic
performance. The thermal stability of BNC and N-BNxC was tested using the TG-DSC
method. As shown in Figure 54, all the catalysts had relatively good thermal stability.

2.2. Catalytic Performance of Au,,Pd,/N-BN,C Nanocatalysts

The transformation of BHMF with Au;Pd; /N-BN,C was investigated regarding re-
action time. As shown in Figure 7a, the yield of FDCA reached 95.8% after 24 h reaction.
There were no significant changes in the FDCA yield when the reaction time was prolonged.
Therefore, the reaction time was fixed at 24 h and other reaction conditions were discussed.
Finally, it was discussed how the reaction pressure, temperature, and amount of catalyst
affect the yield of FDCA (Figure S5). The catalytic activity of Au;Pd;/N-BN,C was investi-
gated in a variety of temperatures. When the reaction was carried out at 80 °C, the yield of
FDCA was 30.2%. When the temperature was increased to 90 °C, the yield increased to
57.4%. The yield of FDCA approached 95.8% when the reaction temperature was gradually
increased to 100 °C. Therefore, 100 °C was chosen as the reaction temperature. Additionally,
the effect of oxygen pressure on the catalytic activity of the catalyst was also studied. With
increasing oxygen pressure, FDCA yield increased from 40.8% (1.0 MPa) to 58.6% (1.5 MPa).
The yield of FDCA increased to 95.8% when oxygen pressure was increased to 2.0 MPa.
When pressure was further increased to 2.5 MPa, the production of FDCA did not change.
In addition, the influence of the dosage of the catalyst on the catalytic activity of the catalyst
was studied. The yield of FDCA increased from 43.8% (30 mg) to 70.6% (40 mg) with an
increase in catalyst dose. The yield of FDCA improved to 95.8% when the catalyst dose was
increased to 50 mg. The yield of FDCA dropped when the catalyst dose was increased to
60 mg. Therefore, the optimal conditions were 24 h treatment, 100 °C reaction temperature,
2.0 MPa oxygen pressure, and 50 mg of catalyst.
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Figure 6. C 1s (a,b), and N 1s (c,d) XPS spectra of SiO,@N,P, BN,C, N-BN,C, Au/N-BN,C, Pd/N-
BN,C, and Au;Pd; /N-BN,C. Au 4f (e) and Pd 3d (f) XPS spectra of Au/N-BN,C, Pd/N-BN,C, and
ALI1 Pd1 /N-BNzc.

The catalytic activity of Auy,Pd,/N-BNyC nanocatalysts with different nitrogen con-
tent and gold-palladium ratios in the oxidation reaction from BHMF to FDCA was investi-
gated, and Table 2 shows the results. The catalytic performance of the Au;Pd; /N-BN,C
nanocatalyst with moderate nitrogen content was the highest, and the Au;Pd; /N-BN,C
nanocatalyst could obtain the highest FDCA yield (95.8%). The thickness of the polymer-
ization layer and the in situ doping of nitrogen could be adjusted using the polymerization
method; thus, the thickness and nitrogen content of N-BNC could be adjusted. Nitrogen
doping was able to interact with active species to enhance the adsorption of BHMF and
improve catalytic performance. In our previous study, CO,-TPD was used to detect basic
sites on the surface of similar nanocatalysts, and the basic sites of materials increased with
the increase in AM mole content [7]. Moreover, in the XPS analysis in Figure 6, the peak
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of pyridine nitrogen can be observed. The catalyst had strong alkalinity due to its high
pyridine nitrogen content. Thus, nitrogen doping also provided the bases that allowed the
weak base to replace the strong base in the reaction. Nitrogen atoms also provide an anchor
point for the metal particles, enhancing the interaction between the metal and the carrier.
There was a significant interaction between Au and Pd in the bimetallic catalyst, which led
to the achievement of 100% BHMEF conversion and prominent FDCA yield under alkaline
conditions. The recyclability of the catalyst was critical to this research and its performance
was tested (Figure 7b). The catalytic performance of Au;Pd;/N-BN,C decreased slightly,
and both were able achieve to 100% BHMEF conversion after five cycles, showing good
stability. The recycled AuyPd;/N-BN,C was analyzed by TEM, XRD, Raman spectroscopy,
and XPS, and the results are shown in Figures 56 and S7. It was also discovered that the
support cracks and the metal particles decreased. We speculate that the loss of catalyst
activity during the cycle may be due to metal shedding and support fragmentation.
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Figure 7. Effect of reaction time on the catalytic performance of the representative catalyst Au;Pd; /N-
BN,C-800 (a) and a study on the circulation of the optimal Au;Pd;/N-BN,C nanocatalyst (b).
Arrhenius plots of In k based on different temperatures (c) and the catalytic oxidation performance of
Aupy Pdy /N-BN,C (d).

2.3. Kinetics and Catalytic Mechanism Studies

In the reaction process, we also detected that the intermediate substances were mainly
HMTF, 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), and 5-formyl-2-furancarboxylic
acid (FFCA), but we did not find any DFF. It could be speculated that the predicted reaction
path is shown in Figure 8a. A kinetic model of BHMF transformation was proposed based
on the summary of the previous experimental results, in which Ki represents different rate
constants [7]. The influence of the concentration of BHMF and reaction temperature on the
reaction rate was studied using the power function form of the kinetic reaction equation.
The concentration of sodium carbonate was kept at 0.04 moL-L~1; thus, the effect of sodium
carbonate concentration on the reaction rate was ignored. Moreover, when the pressure
of O, was higher than 3.0 MPa, the influence of O, pressure on the activity of the catalyst
was almost zero; thus, its influence on the rate of reaction was ignored [7]. In the catalytic
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reaction, a linear relationship between the BHMF conversion rate at 0.5 h and the amount
of catalyst was discovered, and the kinetic reaction equation could be determined as:

dCy
r=——=kCj 1
dt 0 ( )
where k is the constant for the reaction rate; n is the order in which the various concentra-
tions of the material react; r is the initial reaction rate of various materials, moL-L~1-h~1;
and the initial concentration of various materials is Cy, moL-L™1.

Table 2. Catalytic activity in the aerobic oxidation of BHMF by different Aum,Pdyn/N-BNxC nanocata-
lysts and the Au/Pd content of Auy,Pdy, /N-BN,C.

BHMF HMF HMFCA FFCA FDCA Pd Au
Sample Conversion Yield Yield Yield Yield Content Content
(%) (%) (%) (%) (%) (wt%) (wt%)

Au/N-BN,C 100 0 15.9 3.6 43.9 0 1.58
Pd/N-BN,C 100 0 40.6 5.8 8.7 1.67 0

AuyPd; /N-BN,C 100 0 5.5 0 78.9 0.38 1.16

AuPd; /N-BN,C 100 0 0 0 95.8 0.63 0.76

AuzPd; /N-BN,C 100 0 25.7 0 49.6 0.26 1.35

Au;Pd; /N-BN;C 100 0 10.5 3.8 38.9 0.58 0.81

AupPd; /N-BN3C 100 0 15.6 43 50.6 0.55 0.72

a

Reaction condition: catalyst = 0.05 g; nBHMF: 1Na,COj3 = 1:4; 100 °C; 24 h; 2.0 MPa O5.
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Figure 8. Reaction path of BHMF-catalyzed oxidation to FDCA (a), the mechanism of catalytic
oxidation of BHMF to FDCA over Aupy,Pdn/N-BNyC nanocatalysts (b), and ESR spectra (superoxide
radicals) of Au;Pd; /N-BNxC (c) (x =1, 2, 3, corresponding to MBA:AM = 1:1, 1:2, 1:3, respectively).

In order to make the calculation more accurate, the determination and calculation
were carried out before the rate of substrate conversion was lower than 20% [41]. The
results of the experiment showed that the curve of InCy-Inr was drawn (Figure S8), and the
first-order dynamics constant was obtained (Tables S1-54). We find that all rate constants
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increase with temperature, as we would expect. The Arrhenius equation could be used to
determine the activation energy (E,) and the pre-exponential factor (A):

Ea
Ink = InA ~RT 2)
where k is the rate constant, A is the pre-exponential factor, r is the ideal gas constant, and
E, is the activation energy.
The activation energies of BHMFE, HMF, HMFCA, and FFCA were 58.1 kJ-moL~1,
39.1 kJ-moL 1, 129.2 k]-moL !, and 56.3 k]-moL !, respectively. It was found that the acti-
vation energy required for HMFCA conversion to FFCA was the largest, which means that
the conversion of HMFCA to FFCA was the rate-determining step of the whole experiment.
ESR spectroscopy with DMPO as the spin-trapping agent was used to further un-
derstand the active species involved in the oxidation process of the Au;Pd;/N-BN,C
catalyst. As shown in Figure 8c, the characteristic peaks for DMPO--O,~ were observed,
and the signal intensity of AujPd; /N-BN,C was the highest, which had supreme catalytic
performance. It is speculated that the formation of reactive oxygen species (-O, ) further
enhanced catalytic performance [15]. Combined with ESR spectroscopy and catalytic reac-
tion, the selective oxidation mechanism of BHMF was speculated, as shown in Figure 8.
The O, absorbed at the surface active center of the catalyst was transformed to -O,” by
eliminating the electrons deposited on the Au nanoparticles. The interaction of superoxide
radicals with water produces OH™, which promotes the breakage of the C-H bond in
the alcohol side chain of the BHMEF to yield HMF. In an alkaline environment, OH™ will
attack the aldehyde group of HMF, forming an alkoxide ion intermediate (geminal diol).
The geminal diol intermediate was subsequently dehydrogenated to generate HMFCA,
which was aided by the OH™ absorbed on the surface of Au nanoparticles. Subsequently,
HMFCA was converted to FFCA through the same reaction pathway as BHMF, and FFCA
was eventually converted to FDCA through the same reaction pathway as HMF.

3. Materials and Methods
3.1. Materials

All of the chemicals were analytical grade and could be utilized right away. Tetraethyl
silicate (TEOS), acetonitrile, acrylamide (AM), 3-methacryloxy propyl trimethoxy silane (KH-
570), methylene-bis-acrylamide (MBA), 2,2-azobisisobutyronitrile (AIBN), nitric acid (HNO3),
palladium chloride (PdCly, 99.9%), and gold acid chloride trihydrate (HAuCly-3H,0O, 99.9%)
were acquired from Aladdin Reagent Co., Ltd. (Shanghai, China). Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) provided the deionized water, ammonium hydroxide
(NH350H, 25~28%), polyvinyl alcohol (PVA), sodium borohydride (NaBHy, 98%), ethanol,
BHME, HMF, HMFCA, FFCA, FDCA, and sodium carbonate (Na,CQO3). Acetic acid, methanol,
and acetonitrile were high-performance liquid chromatography (HPLC) grade.

3.2. Preparation of the Au,,Pd,/N-BN,C Nanocatalysts

The specifics involved in preparing the catalysts are described in the Supplementary
Materials.

3.3. Catalyst Characterizations

The morphology of samples was distinguished by transmission electron microscopy
(TEM), scanning electron microscopy (SEM, Nova TM Nano SEM 230), and high-resolution
TEM (HR-TEM). Fourier transform infrared (FT-IR) spectroscopy (Nicolet Nexus 470) was
used to observe the changes that occurred in the functional groups of the samples. X-
ray diffraction (XRD) was used to examine the samples. The scanning range was 10-80°
with a scan speed of 7°min~!. Raman spectra were evaluated by Renishaw in a Via
model Raman microscope with a CCD detector. Nitrogen adsorption-desorption isotherms
were utilized in the process of determining Brunauer-Emmett-Teller (BET) surface area.

On a Thermo ESCALAB 250 equipped with a monochromatic Al X-ray source, X-ray
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photoelectron spectroscopy (XPS) measurements were carried out. Inductively coupled
plasma mass spectrometry (ICP-MS, Agilent 7700E) was used to measure the amounts of
Au and Pd. Thermogravimetric analysis (TGA) treatment of the catalyst was carried out
by heating the catalyst from an ambient temperature to 800 °C (heating rate 5 °C /min)
with a Diamond TG/TGA instrument under nitrogen protection. The catalyst was tested
via electron paramagnetic resonance (ESR) spectroscopy in deionized water with the same
amount of catalyst and DMPO acting as a trapping agent. The resulting solution was
sampled at 80 °C for 5 min in an oxygen environment for ESR detection to search the
reaction system for reactive oxygen species.

3.4. BHMF Oxidation Reaction

The aerobic transformation of BHMF into FDCA was carried out in a batch-type
teflflon-lined stainless-steel autoclave (100 mL). The detailed reaction process was as
follows: 50 mg BHMF, 50 mg catalyst, and 16.68 mg Na,CO3; were added to a high-pressure
reactor containing 40 mL water. The reactor was pressurized to a predetermined pressure
and cleaned with oxygen at least three times. After that, the reaction mixture was stirred at
600 rpm and heated to a predetermined temperature. After a fixed reaction time, a certain
amount of solution was taken out for centrifugal filtration. On an Agilent 1260 series
high-performance liquid chromatograph (HPLC) equipped with a UV detector (280 nm),
the liquid product was analyzed with the Agilent TC-C18 column set to 30 °C. The mobile
phase had a flow rate of 0.6 mL-min~! and was made up of acetic acid aqueous solution
(0.1 wt%) and acetonitrile (V:V = 92:8).

The equation that follows was used to calculate the conversion rate of BHMF and the
yield of the product.

e moles of reacted BHMF
BHMEF conversion (%) = moles of initial BHMF

x 100 @)

moles of HMF, HMFCA, FFCA, or FDCA

HMF, HMFCA, FFCA, or FDCA yield (%) = x 100 (4)

moles of initial BHMF

In addition, the kinetics of the reaction were studied and calculated through catalytic
experiments using BHMFE, HMF, HMFCA, and FFCA as substrates.

3.5. Recyclability Test of Catalysts

The optimum reaction conditions were determined by optimizing reaction tempera-
ture, pressure, and time. Under ideal conditions, the recyclability of the catalyst for the
aerobic oxidation of BHMF to FDCA was investigated. The reaction mixture was used to re-
cover the catalyst through centrifugation and thorough cleaning with an ethanol/deionized
water mixture before the catalyst was finally dried completely in a vacuum oven. After
that, the recovered catalyst was used in the above method 5 times in a row, and the FDCA
yield was recorded each time.

4. Conclusions

In summary, hierarchical porous bowl-like nitrogen-rich carbon-supported bimetal-
lic Au-Pd nanocatalysts (AumPd, /N-BNC) with different nitrogen content and bimetal
nanoparticle sizes were successfully prepared and employed for the highly efficient aer-
obic oxidation of BHMF to FDCA. In the catalytic system, BHMF was oxidized to FDCA
through three series steps of BHMF—HMF—HMFCA —FFCA—FDCA. Kinetic experi-
ments showed that HMFCA —FFCA was the rate-determining step of this reaction. Oxygen
transferred electrons from the nitrogen-doped carbon to the metal surface to form su-
peroxide radicals, which were the active substance of the reaction. The nitrogen-doped
carbon support facilitated the dispersity of Au-Pd bimetallic nanoparticles. In particular,
the alloying effects in bimetallic Au-Pd nanoparticles favored the catalytic oxidation of
the hydroxymethyl and the aldehyde groups, thus improving FDCA yield. Combined
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with the synergistic effect of bimetal and metal size, the Au;Pd;/N-BN,C nanocatalyst
exhibited the highest catalytic activity, with BHMF conversion of 100% and FDCA yield of
95.8% in sodium carbonate aqueous solution. Moreover, the Au;Pd; /N-BN,C nanocatalyst
revealed good stability and could be reused at least five times without a significant loss
in catalytic activity. Therefore, this work provides a versatile and promising strategy for
the development of heterogeneous catalysts for effective catalytic oxidation of bio-sourced
BHMEF to FDCA in practical industrial applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13020435/s1.
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