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Abstract: The selective hydrogenolysis of 5-hydroxymethylfurfural (HMF) platform molecule to
2,5-dimethylfuran (DMF) has attracted increasing attention due to its broad range of applications.
However, HMF, with multiple functional groups, produces various byproducts, hindering its use
on an industrial scale. Herein, a bimetallic Pt-FeOx/AC catalyst with low Pt and FeOx loadings
for selective HMF hydrogenolysis to DMF was prepared by incipient wetness impregnation. The
structures and properties of different catalysts were characterized by XRD, XPS, TEM, ICP-OES
and Py-FTIR techniques. The addition of FeOx enhanced Pt dispersion and the Lewis acidic site
density of the catalysts, and was found to be able to inhibit C=C hydrogenation, thereby im-proving
DMF yield. Moreover, the presence of Pt promoted the reduction of iron oxide, creating a strong
interaction between Pt and FeOx. This synergistic effect originated from the activation of the C-O
bond over FeOx species followed by hydrogenolysis over the adjacent Pt, and played a critical role
in hydrogenolysis of HMF to DMF, achieving a yield of 91% under optimal reaction conditions.
However, the leaching of Fe species caused a metal-acid imbalance, which led to an increase in ring
hydrogenation products.

Keywords: 5-hydroxymethylfurfural; 2,5-dimethylfuran; hydrogenolysis; Pt-FeOy/AC; synergis-
tic effect

1. Introduction

With the development of technology, the continued exploitation of fossil fuels is
causing more and more environmental problems, such as global warming owing to mas-
sive greenhouse gas emissions [1-4]. Biomass is extensively utilized in the production
of fuels and high value-added chemicals based on its abundant storage, wide distribu-
tion and renewability [5]. There is a large amount of oxygen in molecules derived from
biomass, to which the process of hydrodeoxygenation is often applied [6]. The compound
5-hydroxymethylfurfural (HMF), which can be produced by hydrolysis of cellulose by
using an acid catalyst, is considered one of the ten most important biomass platform
molecules [7]. Among HMF derivatives, 2,5-dimethylfuran (DMF) has been widely studied
as a nontoxic gasoline additive due to its high octane number (RON = 119), low oxygen
content (O/C = 0.17), ideal boiling point (92-94 °C), high energy density (30 kJ-cm3) and
poor water solubility (2.3 g-L~1) [8-11].

Previous studies have found that noble-metal catalysts (Ru [12,13], Pt [14,15], and
Pd [16]) exhibited excellent catalytic performance in the selective hydrogenation of HMF
to DMEF. Due to the high cost of precious metals, a large number of nonprecious metal-
based catalysts (Ni [17,18], Co [19], Cu [20] etc.) have also been extensively studied.
However, the majority of these catalytic systems require a large amount of metal loading
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and harsh reaction conditions such as high temperature and high H, pressure. It has
recently been found that bimetallic catalysts with metal—metal bonds and electronic
interactions demonstrate superior catalytic hydrogenation performance than single metal
catalysts, especially the combination of precious metals and transition metals. For example,
Luo and coworkers prepared Pt-Ni, Pt-Zn and Pt-Cu alloyed catalysts using carbon as
a support for HMF hydrogenolysis, and achieved DMF yields of 98%, 97% and 96%,
respectively, at a pressure of 3.3 MPa H; and between 160 and 200 °C [21]. Bimetallic
catalysts such as Ru-Co/SiO, [22], PtCo@HCS [23] and Cu—Pd@C [6] etc. have also
obtained more than 95% yields of DMFE. Moreover, it has been reported in the literature that
DMF can obtain a better yield in the presence of Lewis acid, HCI [24], H,SOy, formic acid
etc., although the presence of a corrosive liquid acid gives rise to the need for neutralization
after the reaction, resulting in an environmentally unfriendly process [25,26]. The study
found that the addition of transition metal additives which can easily form Lewis acid
under a hydrogen atmosphere is beneficial to the formation of DMF [27]. For example,
Yang et al. prepared Ru-MoOy/C catalysts and obtained a 79.4% yield of DMF due to the
synergistic effect between metallic Ru and acidic MoOy species, which showed effective
hydrogenation on Ru and accelerated hydrogenolysis over MoOy [28].

It has been accepted that active metal sites for H, dissociation and Lewis acidic sites
for the activation of C=0 bonds are required for selective hydrodeoxygenation of HMF
to DMF by catalysis. In particular, the Lewis acidic sites which adsorb substrates via an
end-on mode of the O atom are the prerequisite to achieve high chemo-selectivity [29]. Pt
has extremely high hydrogenation activity with uncontrolled rate, attributed to a large
radial expansion of the d orbitals [30]. Therefore, it is easy to produce excessive hydro-
genation products, and the introduction of an appropriate additive is necessary to improve
chemo-selectivity. Fe is often used as an additive or support due to its poor catalytic
activity; however, the FeOy species with a certain acidity and oxophilic nature facilitate
the adsorption of the furan ring [31]. The Pt-FeOy interface, containing an ensemble of Pt
and Fe oxides or oxygen vacancies at the contacting boundary of Pt-FeOy, has been iden-
tified as the most efficient active site for a number of selective hydrogenation/oxidation
reactions [32]. For example, Wang et al. confirmed by theoretical calculations and tempera-
ture programmed desorption (TPD) experiments that the C=O bond of furfural was more
strongly bound to the surface on Fe/Pt(111) compared to Pt(111), which is more conducive
to C=0 bond cleavage [33]. In addition, Zanuttini et al. investigated the hydrodeoxygena-
tion of furfural compounds in the gas phase at 573 K using FePt/SiO;, and found that the
combination of Fe and Pt resulted in higher reaction rates and reduced coke formation [34].
However, there is little research on the synergistic effect of Pt and the acid additive FeOy in
the catalytic hydrodeoxygenation of HMF.

In this work, bimetallic Pt and FeOy containing catalysts with an activated carbon
support (Pt-FeOy/AC) were prepared via incipient wetness impregnation. TEM, XRD,
XPS, ICP-OES and Py-FTIR were utilized to characterize the structures of the catalysts and
the synergistic effect of Pt and FeOx species. Under optimized condition, the 0.5% Pt-2%
FeOx/AC catalyst achieved 91.1% DMF yield in 6 h at 180 °C. A plausible reaction pathway
and synergistic effect between metallic Pt and acidic FeOy are proposed in this paper.

2. Results and Discussion
2.1. Catalyst Characterization

The XRD patterns of catalysts are shown in Figure 1. Several diffraction peaks assigned
to Fe304 at 20 = 30.0° (220), 35.3° (311), 43.0° (400), 56.9° (511) and 62.5° (440) were clearly
observed [35,36]. In addition, the characteristic peak at 20 = 33.1° was attributed to the
(104) diffraction of «-Fe,O3 [37]. No diffraction peaks of Pt were observed in the XRD
patterns of catalysts, but ICP was performed to determine the existence of Pt, as shown in
Table 1. In addition, the Pt and Fe contents of different catalysts were slightly lower than
the theoretical values by ICP-OES analysis. This implies that the Pt particles, which were
too small to be detected by XRD measurement, were highly dispersed on the AC.
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Figure 1. XRD patterns of different catalysts.

Table 1. Physicochemical properties of different Pt-FeOy /AC catalysts.

p —

Catalysts dpt ® (nm) Db Pt< (wt %) <$:ff§1 2 Fe © (wt %) Lewis( 3;:3;;g§1tes Fe?*/Fe**  Pe*/pef
0.5%Pt/AC 47 +1.32 0.24 0.35 4.3 - 15.6 - 0.61

2%FeOy /AC - - - - 19 165 025 -

0.1%Pt-2%FeO, /AC 1.7 +£0.25 0.67 0.06 2.1 1.6 225 0.31 0.98
0.3%Pt-2%FeOy / AC 1.8 £0.26 0.63 0.21 6.8 15 26.2 0.47 0.91
0.5%DPt-1%FeOy /AC 43+117 026 045 6.0 1.0 20.9 099 0.73
0.5%Pt-2%FeOy / AC 2.8+ 0.67 0.40 036 7.4 16 29.9 0.89 0.82
Used-1st 0.5%Pt-2%FeOy / AC 33+1.03 034 035 6.1 12 - 052 0.14
0.5%Pt-5.83%FeO, /AC 46 +1.26 0.25 0.33 4.2 4.6 16.4 0.66 1.23

2 dp; represents the mean diameter of the Pt particle measured by TEM images. ® Dp; represents the dispersion of the Pt particle, estimated
by the previous reference [38]. ¢ Pt (wt %) and Fe (wt %) represent the Pt and Fe loading from ICP analysis. 9 Ptg,, (umol/g) represents the
density of Pt on the metal particle surface, which is calculated by Dp; x Pt (wt %)/Mp; (Mpy, relative atomic mass of Pt). © Lewis acidic sites
(umol/g) represents the density of Lewis acidic sites from Py-FTIR. f Fe?* /Fe** and Pt** /Pt’ represent the atomic ratio via peak fitting
from XPS analysis.

The metallic Pt and Fe oxide particles in the 0.5% Pt-2% FeOy/AC were uniformly
dispersed on the activated carbon (Figure 2a); the average size of the Pt nanoparticles was
about 2.8 nm (Figure 2c). As shown in Figure 2b, lattice spacings of 0.224 nm and 0.254 nm
were observed, which were recognized as Pt (111) and FezO4 (311) [39,40], respectively.
The EDS mapping profiles revealed that Pt, Fe and O were uniformly distributed on the
activated carbon (Figure 2d-g). A TEM image and particle size distribution histogram
of the 0.5% Pt/AC catalyst are also shown in Figure 3. It can be seen that the average
size of the Pt nanoparticles was about 4.7 nm, indicating that the addition of FeOx greatly
enhanced the Pt dispersion. Moreover, Figure S1 shows TEM images and particle size
distributions of other catalysts with different Pt and Fe loadings. In addition, the dispersion
of Pt was estimated from the average particle size obtained by TEM, and the number of
active sites of Pt on the catalyst surface was calculated by combining the real Pt content
and the dispersion of Pt, as shown in Table 1.
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Figure 2. (a,b) TEM images with low and high magnification, respectively; (c) particle size distribution histogram; (d—g) EDS
mapping profiles for (e) Pt, (f) Fe, and (g) O of 0.5% Pt-2% FeOy/AC catalyst.

Figure 3. TEM images of 0.5% Pt/AC (a,b), 2% FeOx/AC (d), and particle size distribution histogram
of 0.5% Pt/ AC (c).

We performed an XPS analysis to investigate the surface element composition and
chemical valence state. As shown in Figure 4a, the Fe 2ps,, peaks at 710.1 and 711.5 eV
could be attributed to the Fe?* and Fe>" species, respectively. In addition, there were two
peaks in the Fe XPS spectra at binding energies of 715.2 and 719.0 eV, which corresponded
to the satellite peaks of the Fe?* and Fe3*, respectively [41]. Compared with 2% FeOy/AC,
the introduction of Pt caused partial Fe>* to be reduced to Fe?* and the binding energies
for Fe 2p to be transferred to lower values with an increase of Pt loading. This indicated
that the redox properties of Fe3O, changed after introducing a small number of Pt species,
confirming the interaction between Pt and FeOy species [35]. The Fe?* /Fe3* ratios estimated
by XPS peak deconvolution increased with the increase of Pt loading, as shown in Table 1.
Moreover, Figure 4b shows the Pt 4f XPS spectra for different catalysts; the Pt** /Pt’ ratios
are also shown in Table 1. After curve fitting, the spectrum consisted of two blue peaks
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(71.3 and 74.7 eV) and two magenta peaks (72.4 and 75.6 eV), which could be assigned
to Pt” and Pt?*, respectively [42,43]. The binding energies for Pt 4f transferred to higher
values with the increase of Fe loading, accordingly. When the loading of Fe was the same
but with a decrease in the Pt/Fe molar ratio, the value of Pt>* /Pt’ increased, indicating
that more electrons were transferred from Pt to Fe [38]. This further proves the electron
transfer effect between Pt and Fe moieties due to the strong interaction. The XPS spectra
of C and O are also presented in Figures S2 and S3. The peaks at 530.7, 531.8, 532.7, 533.7
and 535.0 eV were attributed to the lattice O of Fe-O, C=0, C-O, O-H and chemisorbed
O+H;0, respectively [44]. The Cls XPS spectra was shown in Figure S3, which can be
deconvoluted into four C species, corresponding to CC (around 284.7 eV), C-O (around
285.3 eV), C=0 (around 286.2 eV) and O-C=0 (around 289.2 eV), respectively [45]. As
shown in Table S1, for the fitted data, the proportion of Fe-O bond decreased with an
increase of Pt loading, which may be attributed to the fact that Pt promoted the reduction
of Fe species.

(b) Pt 4f

4y pUV“\N/VMfm
NIy N Pt
200 A n f

. ) fia
AR

~ e, I —~
= W ! = 1 N =
< o.SA)Pt-l%Fe3o4/Ac ' e =
o 2
'@ E
2 - Mo, A 5
E < el o Z
T
O3%Pt 2%Fe3 /AC T bl
W
il
2%Fe,0,/AC
h = anl o1
R T T T T ST LA 0.5:)/0P ‘AC
740 735 730 725 720 715 710 705 700 85 80 75 70 65

Binding energy (eV) Binding energy (eV)

Figure 4. Fe 2p (a) and Pt 4f (b) XPS spectra of different catalysts.

Py-FTIR spectra were used to qualitatively and quantitatively analyze the Lewis and
Brensted acid. The peak at 1545 cm ! was assigned to pyridine coordinated to the Bronsted
acid sites (B), and the band at 1490 cm~! was attributed to the overlap of Brensted and
Lewis acid sites (L) [46]. The characteristic infrared bands of adsorbed pyridine at Lewis
acid sites (L) were observed at 1450 cm ! and around 1600 cm ! [47]. As shown in Figure 5,
the catalyst samples contained a large number of Lewis acidic sites, while the Brensted
acidic sites at 1545 cm~! were almost unobservable. Moreover, the Lewis acidic sites at
1450 cm ™! at a desorption temperature of 150 °C were quantified; the data is presented
in Table 1. It can be observed that the AC carrier had a certain number of Lewis acidic
sites, and that the increase was not significant with the addition of small amounts of Pt or
FeOy. However, there was an obvious increase in Lewis acidic sites after the introduction
of bimetallic Pt and FeOy, and the Lewis acidic sites increased with increased Pt loading,
which may be attributed to the fact that Pt promoted the reduction of iron oxide to form
more unsaturated Fe®* with low coordination. Hence, the results of the Py-FTIR spectra
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indicated that the synergy of Pt and FeOx mainly increased the number of Lewis acidic
sites that were conducive to the hydrogenolysis of C-O bonds for the catalyst [28].
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Figure 5. Py-FTIR spectra of different catalysts after pyridine adsorption at 50 °C and desorption at 150 °C (a) and 250 °C (b).

2.2. Catalytic Performance

The performance of different catalysts is summarized in Table 2. Without catalyst
or with the use of a carbon support only, the conversion of HMF to DMF was extremely
poor, i.e., below 10%, and no DMF was produced. Moreover, the 2% FeOy/AC catalyst
showed poor catalytic activity and carbon balance, with no DMF production, implying
that Fe species alone have very poor hydrogenation ability. Based on previous literature, it
was speculated that the relatively low carbon balance may have been due to the formation
of condensation compounds [5,48]. When the 0.5% Pt/AC catalyst was used, the yield
of DMF reached 36.1%, with 70.3% conversion of HMF within 2 h, with a small amount
of over-hydrogenation byproduct DMTHEF being formed, suggesting that Pt species were
probably the essential active sites for selective hydrogenolysis of HMF to DMEF. The catalytic
performance of bimetallic catalysts with different loadings of Pt and Fe was also studied. It
was found that no BHMF was detected in the reaction products of any of the catalysts, but
a large amount of MF was present, indicating that HMF was first hydrogenolyzed to obtain
MEF on Pt-FeOy/AC catalysts at 180 °C, and then hydrodeoxygenated to obtain DMF. As
the Pt loading increased, the yield of DMF continued to increase. When the Pt loading was
the same, little difference in the selectivity of DMF was observed, while the addition of a
moderate amount of FeOy facilitated the conversion of HMF. The higher HMF conversion
was attributed to the fact that FeOy improved the dispersion of Pt and increased the Lewis
acidic sites. However, too much FeOy caused the aggregation of Pt particles, resulting in
inferior catalytic activity.

The effects of reaction parameters over 0.5% Pt-2% FeOy/AC catalyst were investi-
gated (Figure 6). As shown in Figure 6a, the effect of reaction temperature on the selective
hydrogenolysis of HMF was studied. The reaction temperature played an extremely impor-
tant role in the hydrodeoxygenation of HME. At 100 °C, BHMF was observed as the main
product; however, both BHMF and MF were observed at 140 °C. When the temperature
was further increased to 160 °C, BHMF disappeared, but there was still 15.7% MF. This
demonstrated the temperature dependent DMF formation pathway. The yield of DMF
reached 75.8% at 180 °C and remained basically unchanged at higher temperatures. In
addition, the carbon balance increased and then decreased with increasing temperature.
According to our previous report, if the reaction temperature is too high, HMF is prone to
coking [49], which affects the progress of the hydrodeoxygenation process. Moreover, the
production of DMTHE, an overhydrogenation product of furan rings, also increased with
an increase in reaction temperature.
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Table 2. HMF hydrogenolysis to DMF over different catalysts.

Yield (Selectivity) 2 (mol %)

Catalysts HMF Conversion DMF DMTHF R MFA . OHBHMF Carbon Balance P
(mol %) > . o J (mol %)
T Y ¢

0.5%Pt/AC 70.3 36.1 (51.3) 9 (5.5 15.5 (22.0) 6.2 (8.8) - 87.8
2%FeOy/AC 30.7 - - 24 (7.8) - 7.8
0.1%Pt-2%FeOy /AC 441 2.6 (5.9) - 13.4 (30.3) 7.9 (17.9) - 542
0.3%Pt-2%FeOy / AC 56.2 8.1(14.4) - 26.4 (47.0) 11.1(19.7) - 81.1
0.5%Pt-1%FeOy /AC 80.3 42.3 (52.7) 1(3.9) 205 (25.5) 5.0 (6.2) - 88.3
0.5%Pt-2%FeOy / AC 86.4 46.5 (53.8) - 23.8 (27.5) 7.6 (8.8) - 90.2
0.5%Pt-5.83% FeOy /AC 65.3 36.9 (56.5) - 18.1 (27.7) 2.7 (4.1) - 88.4

2 The data in brackets are the selectivity of product. ® The carbon balance was the ratio of the carbon mole concentration of the detected
products to the carbon mole concentration of the converted HMEFE. Reaction conditions: T = 180 °C, p(H;) = 1.5 MPa, t = 2 h, stirring
speed = 600 rpm, mpmr = 250 mg, Meatalyst = 50 mg, and Vi putanor = 20 mL.
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Figure 6. Effect of reaction temperature (a), reaction time (b) and catalyst loading (c) on HMF hydrogenolysis over
0.5% Pt-2% FeOx/AC. Reaction conditions: (a) P(H;) = 1.5 MPa, t = 6 h, stirring speed = 600 rpm, myp = 250 mg,
Meatalyst = 50 M, Viputanol = 20 mL. (b) T = 180 °C, P(Hp) = 1.5 MPa, stirring speed = 600 rpm, mvr = 250 mg,
Meatalyst = 50 MG, Vi putanol = 20 mL. (¢) T =180 °C, p(Hp) = 1.5 MPa, t = 6 h, stirring speed = 600 rpm, mpmr = 250 mg,
Vibutanol = 20 mL.

The effect of reaction time at 180 °C was studied, and the results are shown in Figure 6b.
The conversion of HMF increased with increasing reaction time, and complete conversion
was achieved at 4 h. As time continued to increase, intermediate products MF and MFA
were further converted into DMF, but the yield of DMF remained basically unchanged
after 6 h. Figure 6¢c shows the conversion of HMF and product distribution with different
catalyst loadings. When the loading of the catalyst was 30 mg, the conversion of HMF
reached 99.7%, but the yield of DMF was only 59.1%, and there were still a large number of
intermediate products such as MF. As catalyst loading increased from 30 to 100 mg, the
number of active sites increased, resulting in an increase in the DMF yield. At 100 mg, the
yield of DMF reached a maximum of 91.1%. However, further increasing the catalyst load-
ing to 150 mg, the yield of DMF was nearly unchanged, indicating that the active sites with
100 mg catalyst were sufficient for the conversion of HMF. Moreover, the carbon balance
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was basically maintained at around 90%. The yield of DMF reached a maximum of 91.1%
at 180 °C for 6 h and 100 mg catalyst loading. Following a comparison with the literature,
it was observed that the formation rate of DMF over a 0.5% Pt-2% FeOy /AC catalyst was
relatively high, and that the low loading of Pt presented an advantage considering the
DMEF yield and average reaction rate (Table S2).

Here, in order to explore the reaction pathway over a 0.5% Pt-2% FeOy/AC catalyst,
two controlled experiments were carried out using BHMF and MF intermediates as the
feedstock (Table 3). When BHMF was used as the substrate, only 21.7% conversion was
observed, and the DMF yield was only 9.5%. However, the yield of DMF reached 61.7%
when MF was used as the substrate. Hence, it can be inferred that the hydroxyl group
in HMF was first hydrodeoxygenated to form the MF intermediate, and then further
hydrodeoxygenated to form DMF at 180 °C. This is consistent with the results obtained by
analyzing the intermediate products at different temperatures and times. Generally, the
selective hydrogenolysis of HMF is considered a pseudo-first-order reaction [49], and the
activation energy of the intermediates was calculated according to the Arrhenius formula,
as shown in Figure 7. It can be observed that the activation energy of MF (10.4 k] /mol)
is lower than that of BHMF (25.4 k] /mol), further confirming that MF is facilitates DMF
formation in this reaction.

Table 3. Controlled experiments for DMF production from hydrogenolysis of intermediates.

Conversion Product yield (mol %)
Entry Substrate o
(mol %) DMF MF MFA
1 BHMF 21.7 9.5 0 5.3
2 MF 82.5 61.7 175 194

Reaction conditions: Mgypstrate = 2 mmol, Meatalyst = 100 mg, T = 180 °C, p(Hy) = 1.5 MPa, t = 1 h, stirring
speed = 600 rpm, and V', pytanor = 20 mL.

-7.5
e E, (MF) = 10.4 kJ/mol
-8.0 \
[ )
—
« - N -
=
A —_
-10.5 E, (BHMF) = 25.4 kd/mol
-11.0 T T T T
0.0022 0.0023 0.0024 0.0025

UT (KY)

Figure 7. Profiles of Arrhenius plots of different intermediates in the selective hydrogenolysis of
HMF over 0.5% Pt-2% FeO, /AC.

The possible reaction mechanism is shown in Scheme 1, based on the synergistic effect
of metal and Lewis acid, as we previously reported [49]. Generally, there are two pathways
to produce DMF by selective hydrogenolysis of HMF, accompanied by the intermediates
MF or BHME, respectively. Path 1 is HMF hydrogenolysis at high temperature to MF
intermediate. The activation of the C-OH groups in HMF occurred via the oxygen vacancies
of acidic FeOy species (Lewis acid), followed by splitting the C—O bond to form MF by the
attacking of dissociated H atoms from the neighboring Pt. Then, the C=O bond in MF was
adsorbed by the Lewis acidic sites of FeOy for hydrogenation to MFA over Pt. Finally, the
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hydroxyl group was further hydrogenolyzed to obtain the final product, DMF, through a
similar synergistic effect of metal and Lewis acid as the first step. At low temperature, path
2 causes the first C=0 hydrogenation of HMF to yield the BHMF intermediate, and then to
produce DMF via the hydrogenolysis of two sequential hydroxyl groups of BHMF via a
similar process of cooperative metal hydrogenation and acid activation.
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Scheme 1. Reaction route for the hydrogenolysis of 5-hydroxymethylfurfural.

2.3. Catalyst Stability

The stability of the 0.5% Pt-2% FeOy /AC catalyst for selective hydrogenolysis of HMF
was investigated (Figure 8a). It was observed that the yield of DMF in the first three
cycles decreased slightly. However, in the fourth cycle, the DMF yield decreased rapidly,
and a large amount of excessive hydrogenation product, i.e., DMTHE, was formed. In
order to explore the reasons for the deactivation of catalyst, the liquid product after the
reaction was measured by ICP (Table 1); it was found that 28.5% of the Fe had leached into
the solution after one reaction. As shown in Figure 9b, the characteristic peak of Fe;O4
decreased with the increase in the number of reaction runs, ultimately almost disappearing.
Moreover, as shown in Figure 9, it was observed in the TEM image of the applied catalyst
that the average Pt particle size increased slightly. The Fe, Pt, C and O XPS spectra for
the applied catalysts are also shown in Figure S5. As the reaction run increased, Pt was
gradually reduced to zero valence due to the presence of H, during the reaction, which is
beneficial to the hydrogenation of C=C for furan saturation, while the Fe-O bond gradually
disappeared, resulting in a larger proportion of C-O signals. This indicated that the loss of
Fe species caused a metal-acid imbalance, thereby reducing the selectivity of DMFE.
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Figure 8. (a) Stability of 0.5% Pt-2% FeOy/AC catalyst. Reaction conditions: T = 180 °C, p(Hy) = 1.5 MPa, t = 6 h, stirring
speed = 600 rpm, mpmE = 250 mg, Meapalyst = 100 Mg, Vi putanol = 20 mL. (b) The XRD patterns of freshly-reduced, first-use
and fourth-use 0.5% Pt-2% FeOy/AC catalyst.
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Figure 9. TEM images of freshly-reduced (a,d), first-use (b,e) and fourth-use (c,f) 0.5% Pt-2% FeOy/AC; particle size
distribution histogram of freshly-reduced (g), first-use (h) and fourth-use (i) 0.5% Pt-2% FeOy/AC.

3. Materials and Methods
3.1. Materials

All materials were used without further purification. HMF, DMF, BHME 5-methylfurfural
(MF), 5-methylfurfuryl alcohol (MFA) and 2,5-dimethyltetrahydrofuran (DMTHF) were
purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). H,PtCls-6H,O was
obtained from Aladdin Reagent Co., Ltd. (Shanghai, China). Activated carbon (AC),
Fe(NO3)3-9H,0, n-butanol and cyclohexanone were purchased from Chemical Reagent
Factory (Xi’an, China).

3.2. Catalysts Preparation

First, 0.5 g activated carbon (AC) and 0.0723 g Fe(NOj3)3-9H,O were mixed and ground
for 10 min. Then, the black powder was annealed at 5500 °C for 4 h at a rate of 5 °C/min
under nitrogen atmosphere. Next, 0.133 mL H,PtClg aqueous solution (0.05 g/mL H,PtClg)
and 10 mL deionized water were added to the prepared FeOx/AC, and the mixed sus-
pension was sonicated for 0.5 h and dried overnight at 100 °C. The dried black powder
was annealed at 500 °C for 1 h at a rate of 5 °C/min under nitrogen atmosphere. The
prepared 0.5% Pt-2% FeOy /AC (0.5% and 2% represent the weight percentages of Pt and
Fe, respectively) catalyst was reduced at 200 °C for 1 h under 40 mL/min hydrogen flow
before reaction and characterization. Other catalysts with different loadings of Pt and Fe
were prepared following a similar procedure.

3.3. Catalyst Characterization

XRD (X-ray diffraction) was used to identify the crystal structure of the sample;
this was carried out on a X'Pert-ProMPD X-ray Diffractometer (PANalytical Company,
Almelo, The Netherlands) with Cu K« radiation (A = 0.154 nm). XPS (X-ray photoelectron
spectroscopy) was used to analyze the valence and composition of catalysts; this was
performed using a Escalab 250 Xi photoelectron spectrometer (Thermo Fisher Scientific
Inc., Waltham, MA, USA) with Al K« radiation. The binding energies used C 1 s at 284.8 eV
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for calibration. The loadings (wt %) of Pt and Fe in the catalyst was analyzed using
an Agilent 7900 inductively coupled plasma emission spectrometer (ICP-OES, Agilent
Technologies, Santa Clara, CA, USA), and the leaching of Pt and Fe after the reaction
was also measured by ICP-OES by following the same procedure. Transmission electron
microscope (TEM) images were obtained on JEM-2100 (Japan) with an energy-dispersive
X-ray spectrometer (Thermo Scientific UltraDry, Waltham, MA, USA) at 200 kV. Assuming
that the Pt particles were spherical, their size distribution was obtained by counting the size
of approximately 150 individual particles on the TEM image using the Digimizer software
(V4.5.1, MedCalc Software Ltd., Ostend, Belgium, 2005). The average particle size was then
calculated according to the equation: d = Ynid;3 /End;2 [50,51]. A Nicolet 6700 infrared
spectrometer (IR, Nicolet Instrument Company, Orlando, FL, USA) was used to determine
the distribution of Brensted (B) and Lewis (L) acidity in the catalysts. Prior to analysis,
50 mg sample was treated under vacuum (10~% mmHg) at 200 °C for 0.5 h. After cooling to
50 °C, the IR spectra were recorded. Next, the sample was exposed to pyridine atmosphere
for 15 min. Finally, the spectra were again recorded after vacuum desorption at 150 °C for
0.5 h, and the recorded background spectrum was subtracted. The number of Brensted
and Lewis acidic sites in the sample was analyzed by calculating the peak areas based on
the absorption peaks at around ~1545 cm ™! and ~1450 cm !, respectively. The formulae,
as described in, are as follows [52,53]:

C (pyridine on B sites)= 1.88 IA(B)R*/W 1)

C (pyridine on L sites)= 1.42 IA(L)R*/W (2)

C is the acid amount of catalyst (mmol/g catalyst), IA (B, L) is the absorbance integral
of the B or L absorption peak, and R and W are the radius and mass of the self-supporting
disc of the catalyst, respectively.

3.4. Catalytic Performance

A catalytic performance test was performed in a 70 mL autoclave with magnetic
stirring. In a typical experiment, a reaction mixture of 250 mg HMEF, 20 mL n-butanol
and 50 mg freshly reduced 0.5% Pt-2% FeOx/AC catalyst was added to the autoclave.
Subsequently, the reactor was sealed and the air was removed by repeatedly filling and
emptying with Hj (five times). Afterwards, the reactor was pressurized to 1.5 MPa H, and
heated to 180 °C. After a certain reaction time, the autoclave was cooled in ice water and the
products were centrifuged to collect the supernatant. For the stability test, the centrifuged
catalyst was collected after drying at 60 °C for 1 h, and then used directly in the next reaction.
The products were analyzed by gas chromatography (GC-950, Haixin Chromatography
Instruments Co., Shanghai, China) equipped with a flame-ionized detector and a KB-Wax
capillary column (30 m x 0.32 mm x 0.5 um). The quantification of the products was
determined using cyclohexanone as the internal standard. All values were measured three
times, and the error was within £5%. The conversion of HMF and the product yield were
defined as:

B final moles of HMF
initial moles of HMF

HMEF conversion (%) = (1 ) x 100% (©)]

) o moles of product (e. g., DMF o
Product yield (%) = initig’l e (O - éMP ) 100% )

4. Conclusions

A bimetallic Pt-FeOx/AC catalyst was prepared by following a simple procedure, i.e.,
by loading Fe followed by Pt; the Pt was uniformly distributed on the support, with an
average particle size of 2.8 nm. The addition of FeOy not only improved the dispersion of
Pt, but also increased the Lewis acidic sites. The Lewis acidic sites and adjacent Pt atoms
were necessary for HMF hydrogenolysis to DMF via activation of C-O bonds over FeOx
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and hydrogenation over Pt, obtaining a maximal yield of DMF of 91.1% under optimal
conditions. Reaction temperature could mediate the DMF formation pathway via the key
intermediate, i.e., BHMF at low temperature and MF at high temperature.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ catal11080915/5s1. Figure S1: TEM images and particle size distribution histogram of 0.1% Pt-
2% FeOy /AC (a,b), 0.3% Pt-2% FeOy/AC (c,d), 0.5% Pt-1% FeOy/AC (e,f), 0.5% Pt-5.83% FeOx/AC
(g/h), Figure S2: The O 1s XPS spectra of different catalysts, Figure S3: The C 1s XPS spectra of
different catalysts, Table S1: The O 1s and C 1s XPS peak fitting data of different catalysts, Table S2:
Reports on the hydrogenation of HMF to DMF over Pt based catalysts, Figure S4: Effect of Hp
pressure on HMF hydrogenolysis over 0.5% Pt-2% FeOy /AC, Figure S5: The Fe 2p (a), Pt 4f (b), O 1s
(c) and C 1s (d—f) XPS spectra of fresh reduced, used-1st and used-4th 0.5% Pt-2% FeOy/AC catalyst.
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