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Abstract: Ni-doped Mo carbide with Ni/Mo atomic ratio of 0.1 was supported on SiO,, Al;O3, and a
porous carbon material (C), using a combination of gel combustion and impregnation methods. XRD,
XPS, XANES, and EXAFS analyses indicated that the main active sites for the supported catalysts
were metallic nickel and Mo carbides. The catalysts were evaluated in furfural hydrogenation to
produce 2-methylfuran (2-MF) in a batch reactor at 150 °C under a hydrogen pressure of 6.0 MPa.
The carbide materials supported on C showed the highest activity and selectivity towards 2-MF
formation, with a yield of 61 mol.% after 3.5 h. Using furfuryl alcohol as the feedstock instead of
furfural resulted in a high selectivity to 2-MF production. The carbon-supported sample was tested in
a fixed-bed reactor at 160-260 °C with a pressure of 5.0 MPa in the hydrogenation of furfuryl alcohol,
leading to the formation of up to 82 mol.% of 2-MF at 160-200 °C. The higher temperature (260 °C)
resulted in the formation of C5 alcohols and hydrocarbons, while the hydrogenation of furfural at the

same temperature led to 100 mol.% conversion, and up to an 86 mol.% yield of 2-MF.
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Production. Catalysts 2023, 13, 870. Currently, the processing of renewables contributes greatly to the sustainable devel-
https:/ /doi.org/10.3390/ opment of civilization. In particular, the use of lignocellulosic biomass as a feedstock for
catal13050870 producing fuels and their components has become an essential part of the development of

the consumption of “eco” products [1].

Great attention has been given to 2-methylfuran (2-MF), since this compound could
be produced by the hydrodeoxygenation of furfural [2]; it has promising properties for
applications as a high-octane additive. A heating value of 2-MF equals 30.4 MJ/kg, and
the blending research octane number (BRON) of 2-MF is 131 [3]. For comparison, the
BRONSs value for standard anti-knocking agents, such as ethanol or methyl tert-butyl
ether, are equal to 128 and 135, respectively. In addition, 2-methylfuran has a low boiling
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point of about 64 °C, making it possible to use for easier engine starting in cold climates.
2-Methylfuran has the most attractive properties that characterize its compatibility with
gasoline; moreover, it shows excellent solubility with fuels, in contrast with ethanol [4].
This article is an open access article  Lherefore, 2-methylfuran is a promising fuel additive, and searching for a way to obtain
distributed under the terms and  this additive is a topical challenge for the industry.

Copyright: © 2023 by the authors.
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conditions of the Creative Commons 2-Methylfuran is usually produced from furfural, which can be obtained from lig-
Attribution (CC BY) license (https://  nocellulosic feedstock through acidic hydrolysis [5,6]. The process is carried out by the
creativecommons.org/licenses /by / sequential hydrogenation of furfural to furfuryl alcohol (FA), followed by the formation of
40/). 2-methylfuran. The reaction may be held in a gas or liquid phase, using homogenous and
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heterogeneous catalysts [7]. The typical solid catalysts used for the production of 2-MF are
Cu- or Cu-Cr-based systems, and catalysts based on noble metals [8].

High yields of 2-MF were reached using copper chromite supported on carbon ma-
terial [9]. Nevertheless, Cu-Cr-based catalysts have several disadvantages, such as their
rapid deactivation due to coke formation, changes in the oxidation state of the copper, and
agglomeration of Cu particles under high temperature. Additionally, Cu-Cr-based systems
have a detrimental effect on the environment, due to the high toxicity of Cr®*. Catalysts
containing noble metals do not have these disadvantages. However, these catalytic systems
usually lead to a low yield of 2-MF [10,11]. Moreover, the high cost of noble metals makes
applying these catalytic systems less economically viable. Chromium-free transition metal
systems can be used as alternative catalysts for the hydrogenation of furfural to 2-MF,
which is possible because of the transition metals’ low costs, high catalytic activity, and low
toxicity [12,13]. However, these catalysts have low selectivity to 2-MF formation. Thus, the
development of an efficient catalyst is still ongoing.

Recently, systems based on molybdenum carbides have shown high activity and
selectivity toward target products in the hydroconversion of different molecules [14-16].
An essential feature of these catalysts is their ability to hydrogenate alcohol and carbonyl
groups without reducing unsaturated carbon bonds and aromatic systems. This approach
can be used to obtain 2-methylfuran. Lee et al. [17] studied molybdenum carbide in the
hydrogenation of furfural in the gas phase. The authors indicated that the selectivity
for 2-MF formation can reach 60% at temperatures of about 150 °C. Xiong et al. [18]
also confirmed the high selectivity of molybdenum carbide for the production of 2-MF
through high-resolution electron energy loss spectroscopy and density functional theory.
In addition, the presence of a furan ring conjugated with an aldehyde group led to an
additional loosening of the C=0O bond, which also contributed to deoxygenation. A similar
point of view was presented in the research of McManus et al. [19]. The authors noted that
the Mo,C/Mo(100) surface is active in the hydrodeoxygenation of adsorbed furfural to
2-ME, with preservation of the furan ring. Our previous research [15] with high-loading
silica-stabilized molybdenum carbide catalyst indicated only 19% conversion of furfural
during 3.5 h of reaction time over molybdenum carbide. Therefore, a modification of
molybdenum carbide by a small amount of Ni was suggested to increase the activity to
100% conversion of furfural, with the formation of 30% of 2-MF. However, metallic Ni
has high activity in the total hydrogenation of furfural with the formation of products
from furan ring saturation. Thus, it was established that the atomic ratio of Ni/Mo in an
Ni-doped Mo carbide catalyst must be lower than 1.0, in order to maintain high catalytic
activity and maintain its high selectivity toward 2-MF formation.

Thus, nickel-doped molybdenum carbide catalysts are promising systems for the
furfural hydrogenation of valuable chemicals, including 2-MF. Meanwhile, the production
of 2-MF is typically carried out in a fixed-bed reactor, which indicates a necessity for catalyst
molding. In contrast, considered Ni-doped Mo carbide systems have a total surface area
in the range of 1-11 m?/g [14,15]. Therefore, the consideration of supported Ni-doped
Mo carbide catalysts is an important topic for discussion. Hu et al. [20] used a molten salt
method to synthesize self-supported nanoflower-like electrocatalysts composed of ultrathin
Ni-doped Mo,C nanosheets on carbon fiber paper. As a result, this catalytic system
prepared at 1000 °C for 6 h exhibited an electrocatalytic performance for the hydrogen
evolution reaction in 0.5 M H,SOy that is comparable to that of commercial Pt/C and
Ru-based systems [21,22].

In this study, we used a new approach, including a combination of gel combustion and
wet impregnation methods for synthesizing supported Ni-doped Mo carbides. Further-
more, the effect of various supports (y-Al,O3, SiO,, and carbon) on the catalytic properties
of Ni-doped Mo carbide catalysts in the production of 2-methylfuran was studied. The
most promising carbide catalyst was used for the experiments in a fixed-bed reactor in the
hydrogenation of furfural and furfuryl alcohol.



Catalysts 2023, 13, 870

30f19

2. Results
2.1. Hydrogenation of Furfural on Supported Nig 1 MoC-Based Catalysts in a Batch Reactor

According to previous results [15], the atomic ratio of Ni/Mo in Ni-Mo carbide should
be lower than 1.0, in order to retain high selectivity toward the formation of products
with an unsaturated aromatic ring. In this case, the metal ratio Ni/Mo = 0.1 was chosen
as the standard ratio for all Ni-Mo carbide catalysts in this study. Due to high-loading
catalysts having a low surface area, they are poorly molded; thus, it is impossible to use
such catalysts in industry. To solve this problem, Niy1MoC/X catalysts were prepared,
where X is a solid support (y-Al,O3, SiO,, and C). The amount of active phase Nip;MoC
for all catalysts was 13 wt.%. The high-loading Nij ; MoC-5iO; catalyst was synthesized as
a reference sample.

The catalysts were studied in the hydrogenation of furfural in a batch reactor at 150 °C
and 6.0 MPa of hydrogen. According to the data obtained, the distribution of the reaction

products from the reaction time is presented in Figure 1. The reaction was carried out for
210 min.
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Figure 1. Dependence of the distribution of the reagent and product concentrations on the reaction
time for furfural hydrogenation over (a) Nig 1MoC-5iO,, (b) Nig1MoC/SiO,, (c¢) NigMoC/Al,O3,
and (d) Nig1MoC/C catalysts under the following reaction conditions: T = 150 °C, P = 6.0 MPa,
meat = 1.0 g, and furfural concentration in solution with isopropanol equal to 3.5 vol.%. Abbrevia-
tions: F—furfural; FA—furfuryl alcohol; 2-MF—2-methylfuran; 2-MTHF—2-methyltetrahydrofuran;
THFA—tetrahydrofurfuryl alcohol; FHIE—furfuryl-hydroxyl-isopropyl ether; FIE—furfuryl iso-
propyl ether; THFHIE—tetrahydrofurfuryl hydroxyl isopropyl ether.

According to the data obtained, the conversion of furfural on Niy1MoC-5iO; at the
end of the reaction was 92 mol.%, with the formation of 55 mol.% furfuryl alcohol (FA)
and 31 mol.% 2-methylfuran (2-MF). Additionally, insignificant amounts (less than 1%) of
tetrahydrofurfuryl alcohol (THFA) and 2-methyltetrahydrofuran (2-MTHF) were observed.
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At the initial reaction stage, condensation of furfural and isopropyl alcohol led to the
formation of furfuryl-hydroxyl-isopropyl ether (FHIE) up to 13 mol.%. Remarkably, after
25 min of the process, the concentration of FHIE decreased with furfural conversion. This
fact indicates that the reaction of the formation of FHIE is reversible. The substance FHIE
belongs to the class of hemiacetals. It is known that the formation of acetals and hemiacetals
usually takes place under acidic catalysts [23]. In addition, it is known that molybdenum
carbides have acidic properties [17], which contribute to FHIE formation.

It was shown that using supported samples led to catalytic performance that was simi-
lar to that for a high-loading sample. However, it must be considered that the active compo-
nent loading for supported samples was 7 times less compared with Nip;Mo-5iO,. During
furfural hydrogenation (up to 78 mol.% of conversion) over the catalyst Ny 1MoC/SiO,,
the yields of 2-MF and FA reached 15 mol.% and 9 mol.%, respectively. A major part of
the reaction mixture (41 mol.%) was furfuryl isopropyl ether, which is formed during the
etherification of furfuryl alcohol and isopropanol. It is well known that an etherification
reaction usually takes place in the presence of acidic catalysts [24,25]. Furthermore, there
are a couple of other products in small quantities, such as furfuryl-isopropyl ether (FIE)
and tetrahydrofurfuryl-hydroxyl-isopropyl ether (THFHIE), which could be produced on
acidic sites of the catalyst. As mentioned above, the molybdenum carbides have acidic
sites. In addition, Liu et al. [26] showed that in MoO3/SiO,, a maximum of Lewis acid sites
was reached at low MoOj3 loadings, while further deposition of MoOs3 decreased the total
acidity. They concluded that amorphous MoOj3 provides more available Lewis acid sites
on the catalyst surface than crystal MoOj3. Rajagopal et al. [27] showed that deposition of
MoOj3 on SiO; increased the acidity according to pyridine chemisorption at 473 K. This
result is in agreement with [28].

Using Nig1MoC/Al,O3 and Nig 1 MoC/C led to 95 mol.% and 100 mol.% conversion
of furfural, respectively. Al- and C-based supports did not contribute to the formation
of FIE compared to SiO,. After 210 min of reaction, the carbon-supported catalyst had
61 mol.% of 2-MF and 5 mol.% of FA, while the Nip ;MoC/Al,Oj3 catalyst promoted the
formation of 19 mol.% of 2-MF and 68 mol.% of FA. The Ni-doped Mo carbide catalyst
supported on carbon allowed up to 20 mol.% of THFA and 12 mol.% of 2-MTHF to be
obtained. In general, the selectivity to 2-MF formation (28 mol.%) for carbon support was
higher compared to that (12 mol.%) for Al,O3 at 95 mol.% for the conversion of furfural. It
is remarkable that supported Ni-doped molybdenum carbide catalysts are compatible with
noble metals supported on carbon. For example, Makela E. et al. [11] studied Pt and Ru
catalysts supported on activated carbon in the liquid-phase hydrogenation of furfural. The
maximum yield of 2-MF was found to be 48% at a temperature of 230 °C and a hydrogen
pressure of 4.0 MPa. Fuente-Herndndez et al. [29] obtained 41.6% of selectivity to 2-MF
formation at 59.9% conversion of furfural at 300 °C and 1500 psi of hydrogen, using 3 wt.%
of Pt supported on a maple-based biochar. They also mentioned that the nature of the
solvent could change the hydrogenation rates and the formation of condensation products.

As mentioned above, the reaction scheme includes the sequential hydrogenation of
furfural to furfuryl alcohol, followed by the formation of 2-MF. One way to increase the
yield of 2-MF could be to change the initial reagent from furfural to furfuryl alcohol. Since
Nip 1MoC/C showed a high preference for 2-MF formation, it was chosen for the study in
the hydroconversion of furfuryl alcohol under the same reaction condition. The distribution
of reaction products is shown in Figure 2.

After 3.5 h of the reaction at 150 °C and hydrogen pressure of 6.0 MPa, the conver-
sion of furfuryl alcohol reached 74 mol.%. The main product of the hydrogenation of
furfuryl alcohol was 2-MF, with 58 mol.% of the yield. No saturated product, such as
2-methyltetrahydrofuran alcohol, was observed in the reaction mixture after 3.5 h. More-
over, the concentration of THFA was very low, and the maximum yield did not exceed
2 mol.%. The by-products of the hydrogenation of furfuryl alcohol were difurfuryl ether
(DFE) and furfuryl-isopropyl ether. The latter was formed as a result of the polymerization
of furfuryl alcohol on acidic sites of molybdenum carbide.
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Figure 2. Dependence of the distribution of the reagent and products on the reaction time for
hydrogenation of furfuryl alcohol over Nig;MoC/C under the following reaction conditions:
T=150°C, P =6.0 MPa, mt = 1.0 g, and furfuryl alcohol concentration in the solution with iso-
propanol equal to 3.5 vol.%. Abbreviations: FA—furfuryl alcohol; 2-MF—2-methylfuran; THFA—
tetrahydrofurfuryl alcohol; FHIE—furfuryl-hydroxyl-isopropyl ether; FIE—furfuryl isopropyl ether;
DFE—difurfuryl ether.

In general, furfuryl alcohol could replace furfural in 2-MF production. However, the
results showed that the conversion of FA is lower than the conversion of furfural under
the same reaction conditions. The conversion of furfural probably includes two pathways
for the formation of 2-MF. The first one is the sequential hydrogenation to FA followed by
2-MF formation, and the second one is direct hydrodeoxygenation of furfural to 2-MF.

Based on the observed results, catalyst NipjMoC/C is considered to be promising for
catalytic systems in furfural hydrogenation to 2-MF.

2.2. Characterization of Nig.1MoC-Based Catalysts

The BET method was used to investigate the textural properties of the samples. The
results are shown in Table 1. The Nip;MoC-SiO, catalyst was represented by mesoporous
material with a total surface area of around 11.3 m?/g, and an average pore diameter
of 4.3 nm, which is in agreement with previous data [15]. The use of supports allowed
us to increase the surface area by more than 10 times and increase the average pore
diameter. Thus, the Nip;MoC/SiO; sample had the highest surface area of 264 m?/ g.
The Nip1MoC/Al,O5 catalyst had a surface area of 168 m?/ g and an average pore size of
about 9.3 nm. At the same time, the Nig;MoC/C sample had a surface area of 148 m?/g
and an average pore size of 11.3 nm. The initial carbon material had a significantly
larger surface area (469 m?/g) and a smaller average pore diameter, about 6.4 nm. This
difference in texture properties can be associated with both partial destruction of the
carbon structure during catalyst reduction at 600 °C, and partial blocking of pores by
NiMoC-based components.

Figure 3 contains the diffraction pattern of high-loading and supported catalysts.
According to the XRD data for the Niy 1MoC-5iO, sample, wide reflexes from cubic molyb-
denum carbide fcc-MoC;_ are observed at angles 20 equal to 36.9°, 41.8°, 62.2°, and
74.5°. According to the Scherrer equation phase of fcc-MoCj_y, the average crystallite size
was 35 A, which is in agreement with the data obtained earlier for unpromoted molybde-
num carbide [15]. The presence of two small peaks at angles 20 equaled 44.5° and 52.0°,
and could be interpreted as reflexes from dispersed nickel. Thus, the obtained sample
Nip 1MoC-SiO;, is likely to be an X-ray amorphous silicate matrix with frequent inclusions
of molybdenum carbide crystallites and dispersed nickel particles.
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Table 1. Textural properties of supports and Nig;MoC-based catalysts.

Sample Surface Area BET, m?/g Average Pore Diameter, nm
Nio'lMOC-SiOZ 11.3 4.3
SiO, 365 74
v-AlL,O3 205 10.2
C 469 6.4
Ni()_lMOC/SiOZ 264 7.1
Nio'lMOC/Alzog, 168 9.3
Nip1MoC/C 148 11.3

carbon
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Figure 3. XRD patterns of NigjMoC-based catalysts: (a) Nip1MoC-SiO,; (b) Nig1MoC/Al,O3;
(c) Nig1MoC/SiO;; (d) Nig1MoC/C. PDF no.: fcc-MoCj_ [15-457]; hep-Mo,C [35-787]; Ni [4-850];
vy-AlLO5 [10-425].

Only broad peaks of supports were observed in XRD patterns for the Nig 1MoC/SiO,
and Nip;MoC/Al,O3 samples. The XRD profile of the Nip1MoC/C catalyst had broad
peaks corresponding to cubic molybdenum carbide fcc-MoC; _. In addition, there were
increases in the background at angles 20 equal to 39.3° and 42.6°. This could indicate the
presence of small amounts of hexagonal molybdenum carbide hcp-Mo,C in the catalyst.
The data presented here demonstrate broad peaks of carbon. No nickel signals were
observed. Most likely, Ni was in the metallic state or in the form of a NiMo alloy. Due to
the sample Nip1MoC/C being selected as the best catalyst for the production of 2-MF, it
was additionally studied with transmission electron microscopy (TEM). The images from
the electron microscope are presented in Figure 4.
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Figure 4. TEM images of the supported Nip;MoC/C sample.

According to the data obtained by TEM, the sample Niy1MoC/C was presented by
particles of the active component that were observed in the form of contrasting round spots,
with particles of sizes 2 to 30 nm deposited on the carbon matrix with a size range from
50 to 500 nm. The interplanar spacing of the supported particles (2.4 A) corresponded to the
crystal structure of hcp-Mo,C (PDF number: 35-787). In addition, nanoparticles with sizes
of about 0.3-1.0 nm were observed. According to energy-dispersive X-ray spectroscopy
(EDX), these particles can be attributed to molybdenum oxides. At the same time, the
composition of large particles corresponded to the stoichiometry of initial loading, where
the atomic ratio of Ni/Mo is equal to 0.1.

Furthermore, the catalyst Nip;MoC/C was investigated using X-ray photoelectron
spectroscopy (XPS). Lines corresponding to Mo, Ni, O, and C were detected in the XPS
spectra. No other elements were found. The relative atomic concentrations of the detected
elements are presented in Table 2.

Table 2. Relative atomic concentrations of elements on the surface of Nip;MoC/C catalyst.

Catalyst [Nil/[C] [Mol/[C] [OVIC] [Nil/[Mo]
Nip1MoC/C 0.0017 0.019 0.11 0.088

The XPS data confirmed that the Ni/Mo ratio was close to 0.1, which corresponded to
the initial loading of the metals. The presence of oxygen on the surface is explained by the
formation of metal oxides during the passivation of the samples after reduction. Figure 5
shows the Ni2p3,, and Mo3d spectra of the catalyst studied.
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Figure 5. (a) Ni2p and (b) Mo3d core-level spectra of the Nip1MoC/C catalyst.

The intense peak at 853.1 eV and a low-intensity peak of plasmon losses were observed
in the spectrum for Ni2p3,,. The binding energy (853.1 eV) and the shape of the spectrum
correspond to nickel in the metallic state [30,31]. In the spectrum of Mo3d, there is only
one doublet Mo3d5,,-Mo3d3,, with a binding energy in the region of 228.4 eV, which
corresponds to Mo? [32]. Nevertheless, it was hardly possible to distinguish molybdenum
in the form of a metal or carbide on the basis of the XPS data. It is most likely that Mo
presented as a carbide, in accordance with the XRD and TEM results.

Since XRD analysis is unable to detect molybdenum carbide or nickel spaces in the
case of samples supported with alumina and silica, the XANES and EXAFS methods were
used to characterize the Nip1MoC/Al,O3 and Nip1MoC/SiO, catalysts. Figure 6 presents
XANES spectra for the samples obtained based on reference samples and Ni and Mo.

The absorption edge was determined from the maximum of the first derivative of the
XANES spectra; for metallic molybdenum, the absorption edge was at 20,000 eV [33]. The
XANES spectra of the Mo K-edge of the studied samples (Nip ;MoC/Al,O3, Nig1MoC/SiOy,
and Mo,C/5i0;) had a similar shape, which is close to the spectrum of Mo,C-5iO,. This
suggests that the samples contain molybdenum carbide. However, by this method, it is
not possible to establish which type of carbide (fcc-MoC;_y or hcp-Mo,C) the catalysts
contained. The Mo K-edge in the spectra of the samples under study was shifted, relative
to the absorption edge of metallic molybdenum, by 6 eV towards higher energies; this was
due to the transfer of a negative charge from molybdenum in Mo, C to the support [34,35].
The Nip 1Mo/ Al,O3 spectrum sample showed a small shoulder at the absorption edge in
the region of 20,007 eV. Such a feature in the XANES spectra is observed when electronic
transitions occur from 1s to 4d and 5p hybridized molecular orbitals of molybdenum mixed
with 2p orbitals of oxygen. The mixing occurs due to the centrosymmetric environment of
molybdenum atoms with oxygen atoms [36]. A similar shoulder at the absorption edge
was observed in the spectrum of MoQOj3, while in the spectrum of MoO,, such a shoulder
was not observed. Molybdenum oxide MoOj3 has a layered structure consisting of distorted
molybdenum octahedra [MoOg] combined into double layers, where molybdenum is in
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the oxidation state 6+ [37]. Molybdenum oxide, MoO,, where molybdenum is in the
4+ oxidation state, has a disordered rutile-type structure. From the analysis of the XANES
spectrum of the K absorption edge of molybdenum, it can be argued that the samples
contain molybdenum in the oxidation state 6+. No clear edges were found for MoO5.

(a) Ni, ;MoC/AL,O, (b)_
Mo K-edge Ni K-edge
20,000 Ni, ;MoC/Si0, Ni, sMoC/ALO,
MOC/Si02 8333
= Mo,C-8i0,| 5 Nig 4MoC/SiO,
© ©
c c
2 )
—— —
o o
— —
o o
(%2] (72]
o] Q
< Mo <
19,980 20,000 20,020 20,040 20,060 8320 8340 8360 8380
Energy, eV Energy, eV

Figure 6. XANES spectra at (a) Mo K-edge and (b) Ni K-edge of the NigiMoC/Al,O3 and
Nip1MoC/SiO; samples. The spectra of the reference samples (Mo, MoO;, MoO3;, MoC-SiO,,
Ni, and NiO) are provided for comparison.

The K-edge of metallic nickel corresponded to 8333 eV [33]. The XANES spectrum of
metallic nickel is characterized by the presence of two peaks in the region of 8350-8360 eV
of approximately the same intensity at the K-edge, as well as a pre-edge feature in the
form of a shoulder in the region of 8335 eV (1s — 3d transition). In contrast to the XANES
spectrum of metallic nickel, the NiO spectrum had an intense peak at the absorption edge
in the region of 8350 eV [36,38]. The XANES spectra of the Ni K-edge of the catalysts had a
pronounced peak at 8351.0 eV, which is characteristic of NiO, the XANES spectra of nickel
oxide. The spectra of the samples under study also exhibited a near-edge characteristic in
the form of a shoulder at 8335 eV, which is characteristic of the XANES spectrum of nickel
foil. We can assume the existence of a mixture of two phases of nickel in the metallic and
oxidized states in the samples. However, the possibility of the presence of nickel carbide
particles in the samples studied should not be ruled out, as the XANES spectrum of nickel
carbide was similar to that of metallic nickel [39]. Two peaks in the region of 8350-8360 eV
of approximately the same intensity in the metallic nickel changed their intensity when
carbon was added. The peak at 8350 eV decreased, and the peak at 8360 eV increased; thus,
an intense peak remained in the Ni3C nickel carbide Ni3;C, with a maximum in the region
of 8360 eV.

Table 3 shows the results of the XANES modelling of the spectra of the samples into a
linear combination of the spectra of reference samples (Mo, MoO,, MoO3, Mo, C-5iO;, and
Ni, NiO). As a result of the decomposition of the K-absorption edge spectra from Mo of the
studied samples into a linear combination of the spectra of the reference sample spectra, it
was found that in the Mo,C/SiO, sample, approximately 75% of molybdenum was in the
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composition of molybdenum carbide; the rest of the molybdenum was in the Mo®* state in
the composition of the MoOj3. The Nij 1 MoC/SiO, sample decomposed into a linear combi-
nation of Mo, MoOj3, and Mo,C-5i0; in a ratio of 10:34:56. In the Nip ;MoC/Al,O3 sample,
molybdenum was in the composition of MoO3 and Mo,C in a ratio of approximately 58:42.
No metallic component of molybdenum was found in Nig ;MoC/Al,Os.

Table 3. Relative atomic concentrations of elements on the catalyst surface.

Mo K-Edge Ni K-Edge
Sample
MO, % MOOz, % M003, % M02C, % Ni, % NiO, %
Nip1Mo/AlL,O3 0 0 58 42 32 68
Nip1Mo/SiO, 10 0 34 56 49 51
Mo,C/SiO, 0 0 25 75 - -

An analysis of the Ni K-edge showed that, in the Nig ;Mo/Al,O3 sample, approxi-
mately 68% of nickel atoms were in the NiO composition, and approximately 32% were in
the metallic state (the possible presence of nickel carbide was not taken into account). In
the Nig1Mo/SiO; sample, the nickel atoms had a local environment similar to NiO and Ni
in approximately equal proportions (51% and 49%). The presence of nickel carbide could
not be established due to the absence of the XANES spectrum of bulk Ni3C.

Therefore, the Nig 1Mo/ Al,O3 sample contained a large amount of molybdenum and
nickel oxides, molybdenum carbide, and nickel in the metallic state. The Nijp;Mo/SiO;
sample also contained molybdenum and nickel oxides, but their proportions in this sample
were lower than that of Nig1Mo/Al,Os, indicating its better oxidation resistance. In
addition to oxides, this sample contains molybdenum carbide, nickel, and molybdenum
in the metallic state; therefore, the possibility of forming a nickel-based bimetallic Ni-Mo
compound could not be ruled out. However, in order to determine the presence and
composition of bimetallic particles, a larger amount of this component is necessary.

The EXAFS Fourier transforms of the K-edge Mo (a) and Ni (b) of the studied samples
are shown in Figure 7. For the Nig1Mo/Al,O3, Nig1Mo/5iO,, and Mo,C/SiO; samples,
peaks in the regions of 1.1 A and 1.6 A were observed that corresponded to the Mo-O
distances for MoOs. This indicates that there was no local ordering beyond 3 A in the
samples under study, i.e., molybdenum oxide was probably in an amorphous state, either in
the form of a thin film or in a highly dispersed state. Obtained data confirmed the presence
of amorphous MoQOj on the SiO,, providing more available Lewis acid sites on the catalyst,
and promoting the esterification reaction. A peak at 2.5 A (for metallic molybdenum) was
observed in the EXAFS curves of the Nip1Mo/SiO, and Mo,C/SiO; samples, as well as
Mo,C-5iO,. Taking into account the results of the analysis of the XANES spectra, it can be
argued that, on the EXAFS curves of the studied Nip1Mo/SiO; and Mo,C/SiO, samples,
the main contribution to the peak at 2.5 A comes from the Mo-Mo scattering paths in the
Mo, C structure. In the curve of the Nip1Mo/Al,O3 sample, the peak at 2.5 A, related to
the Mo—Mo distance, is of low intensity; therefore, the molybdenum carbide was present in
a highly disordered form.

At the edge of nickel absorption in the Nig 1MoC/Al,O3 and Nip1MoC/SiO, samples,
two peaks were observed in the regions of 1.6 and 2.2 A, which corresponded to the Ni-O
distance in nickel oxide and the Ni-Ni distance in metallic nickel. This confirmed the
presence of nickel in the sample in two forms. However, in nickel oxide, there was an
intense peak at 2.6 A that corresponded to the Ni-Ni distance, which was not observed in
the EXAFS curves. From this, we can conclude that the local order in the oxide component
of nickel-containing samples was formed only within ~2 A. With a high probability in the
samples, nickel oxide, like molybdenum oxide, is in an amorphous state, either in the form
of a thin film or in a highly dispersed state.
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Figure 7. EXAFS Fourier transforms of the (a) Mo and (b) Ni K-edges of the studied samples in
comparison with the spectra of the reference samples Mo, MoO,, MoO3, M0,C-5i0;, Ni, and NiO.

Based on the analysis of the XANES spectra, it can be concluded that the Nig 1 MoC/Al,O3
and Nip1MoC/SiO, samples contain metallic Ni. Most of the active metals were found in
oxidic or carbide forms. The metal oxides and carbides included in the composition of the
samples were in a highly amorphous state. Oxides could be formed due to the interaction of
metals with atmospheric oxygen after the reduction stage.

Thus, it was found that the composition of the active component of supported carbide
catalysts includes molybdenum carbides, Ni and Mo oxides, and metallic nickel. This is in
agreement with the XRD and TEM data obtained for the sample with carbon as support.

2.3. Hydrogenation of Furfuryl Alcohol and Furfural on Niy1MoC/C Catalyst in a Flow Reactor

Considering that Nip 1MoC/C showed the best catalytic performance for 2-MF produc-
tion, this catalyst was studied in the hydrogenation of both furfural and furfuryl alcohol in
a fixed-bed reactor. The last one was chosen as a feedstock for screening of different reaction
temperatures, due to the formation of a minimal amount of side products during 2-MF
production in the batch reactor. To investigate the stability of the catalyst, the experiments
were performed without solvent, and the furan derivatives were not subjected to additional
purification before the experiments. The samples were taken every hour. However, no
products were observed in the collector system after 1 h.

In the first stage, the process was carried out at different temperatures (160, 200, and
260 °C) at 5 MPa of hydrogen and LHSV = 1 h~! for 7 h of time on stream (TOS) using
furfuryl alcohol (molar ratio Hy /FA = 23). The data obtained on the effect of reaction
temperature on the selectivity and activity of Ni0.IMoC/C are presented in Figure 8.

At temperatures of 160 °C, the initial conversion was 83 mol.% and increased to
99 mol.% at 4 h of the reaction, followed by a decrease in the conversion to 96 mol.% at
7 h of TOS. This dependence could be related to the additional activation of the metallic
active component during the beginning of the reaction under high-pressure hydrogen, with
subsequent deactivation of the catalyst due to the formation of polyfurans. For example,
the yield of the condensation products of two furanic molecules reached up to 9.6 mol.%
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in the reaction mixture after 7 h of TOS. The main product was 2-MF with the selectivity
of the formation of 82 mol.% after 7 h of TOS. During the reaction, a decrease in the
selectivity of 2-MTHF from 28 mol.% to zero was observed, which also confirmed the
catalyst’s deactivation. The selectivity of the THFA formation was kept the same during
TOS (6 mol.%).
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Figure 8. Conversion and selectivity toward the formation of products during the hydrogenation of
furfuryl alcohol on the Nip 1 MoC/C catalyst. Reaction conditions: temperatures (a) 160 °C, (b) 200 °C,
(c) 260 °C; P = 5.0 MPa, mcat = 1.9 g, LHSV =1 h~1, H, /feedstock molar ratio = 23.

The use of a higher reaction temperature of 200 °C did not dramatically change the
catalytic performance of the catalyst, leading to a slight increase in FA conversion with the
same reaction products and selectivity similar to the production of 2-MF, 2-MTHE THFA,
and difurans. In general, the results obtained in the flow reactor at 160-200 °C were in
agreement with the results in the batch reactor. The main difference was the presence of
bifurans, the formation of which was suppressed in the batch reactor because of a high
amount of solvent that prevented the condensation of furanic molecules.
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Finally, several side reactions occurred at a high temperature of 260 °C. At this tem-
perature, the total conversion of FA was established with the formation of 2-MTHEF as the
main product. The yield was 66 mol.% at the beginning, and 43 mol.% after 7 h of TOS.
Along with hydrogenation and hydrodeoxygenation, the opening of the furanic ring with
the appearance of pentanol-1, pentanol-2, and pentane was one of the main reactions. The
maximum yield of pentane was 31 mol.%. This change in the product distribution and
availability of new reaction pathways may have been caused by the use of high temperature,
transferring the reaction into a gas phase reaction. The boiling point of furfuryl alcohol is
170 °C under standard pressure.

A decrease in FA conversion was observed during all temperatures considered. CHNS
analysis of the Nip1MoC/C sample before and after the test showed that the carbon deposit
formation during FA hydrogenation occurred nonhomogeneously over the catalyst volume.
A likely explanation could be the uneven distribution of the pore sizes in the carbon
structure. For temperatures of 160 and 200 °C, the amount of carbon deposits in the catalyst
were 2.4 and 3.1 wt.%, respectively. At a temperature of 260 °C, the carbon amount formed
during the reaction reached 6.7 wt.%.

In the next stage of the research, the NipMoC/C catalyst was studied directly in the
furfural hydrogenation process. Taking into account the tendency of furfural to condense
under high temperatures, the process was carried out without using a solvent, at a temper-
ature of 260 °C, for 30 h to study the stability of the catalyst. The results are presented in
Figure 9.

100 1 céey o6 8 1) [0 [l B O B R RS B B £
o B 34
?E) 80 | 40
— 53
Q‘ 1 L 59 59 61 61
QS 60|72
3 77 -
3 83
e 85| |86 |g3 _—
5 40 781173 L
o 65| | ¢ —
> 204 ||| 45| 138/ |38 35/ |33
11241 [47 |
0 4 el | |
1 v 1 v I v 1 v 1 T 1 v 1 v I v 1 T I v 1 T I v 1 T I v 1
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
TOS, h

[ JFA[_]2-MF[___]2-MTHF[___ ] polyfurans

Figure 9. Yields of products formed during hydrogenation of furfural on Nip;MoC/C catalyst. Reaction
conditions: T =260 °C, P = 5.0 MPa, m¢t =19 g, LHSV =1 h~1, H, /feedstock molar ratio = 23.

Throughout the process, the conversion of furfural was kept at 100 mol.%. The main
products of furfural conversion under the chosen reaction conditions were 2-MTHF, 2-MF,
and FA. In addition, after 14 h, the appearance of furfural (difurans) self-condensation
products was observed, the yield of which in the reaction mixture increased to 6 mol.% by
the end of the reaction. Despite the complete conversion of the feedstock throughout 30 h,
a gradual drop in catalyst activity was observed according to the product distribution. The
decrease in the yield of 2-MTHEF as a product of the complete hydrogenation of furfural
was observed. The yield of the target product 2-MF also decreased, from the maximum
achieved value of 87 mol.% up to 35 mol.% after 30 h of TOS. The use of carbide catalysts
has an advantage over transition metal catalysts. For example, Guerrero-Torres et al. [40]
tested Cu-based catalysts supported on sepiolite in vapor-phase hydrogenation of furfural,
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which reached a maximum furfural conversion above 80% after 5 h of reaction at 230 °C
and 48% of the yield of 2-MF using 1CuZnO-Sepiolite catalyst.

The study of the spent catalyst via CHNS analysis revealed 14.3 wt.% of carbon
deposits, presumably representing a mixture of condensation products of furfural and FA,
which is one of the main reasons for the catalyst deactivation.

In general, Ni-doped molybdenum carbide supported on carbon showed high activity
in furfural conversion, and a high yield of 2-MF. However, deactivation of the catalyst was
observed. Further research may be aimed at improving the stability of the catalyst. Several
approaches may be used, one of which involves modification of the support to control
the activity of the catalyst and its stability. German et al. [41] showed that the catalytic
performance of the catalysts based on carbon support (Sibunit) with diazonium salts of
Pd and Pd-Au in furfural hydrogenation can be tuned by changing the surface chemistry
of the support using different functional groups (butyl, carboxyl, or amino groups). The
second approach includes using additional promoters (Cu, Fe, etc.), which we used to
modify catalysts for conversion of different biomass-based derivatives [31,42,43].

3. Materials and Methods
3.1. Catalyst Preparation

The high-loading carbide catalyst Nij 1MoC-5iO;, with an Ni/Mo molar ratio of 0.1 was
prepared by the modified gel combustion method [15]. Ammonium molybdate tetrahydrate
((NH4)sMo7094-4H,0, >98%, Reachem, Moscow, Russia) and nickel (II) nitrate hexahydrate
(Ni(NOg3),-6H,0, >98%, Reachem, Moscow, Russia) were used as Mo and Ni sources, while
citric acid (C¢HgOy, >98%, Reachem, Moscow, Russia) was used as a complexation agent
and as a source of carbon for the carbide formation. For the synthesis of the high-loading
sample, the corresponding quantities of Ni and Mo salts in a mixture with citric acid were
dissolved in water under vigorous stirring at 80 °C. Citric acid was taken in an amount
equal to the molar sum of metals. When the homogeneous solution was obtained, ethyl
silicate-32 ((CoH50)45i, >98%, Reachem, Moscow, Russia) was added in an amount of
10 wt.% counted for the calcined sample. The solution was heated to form a viscous
substance and dried at 100 °C. The ground powder of the obtained precursor was heated
in a quartz reactor in the Ar flow at 400 °C for 2 h. The obtained sample was reduced at
600 °C in a hydrogen flow for 2 h. Each temperature treatment was accompanied by the
passivation of the sample by ethanol at room temperature without air access.

The preparation of supported carbide catalysts was carried out in accordance with the
insipient wetness impregnation technique and modified gel combustion method described
above. (NH4)sMoyO,4-4H,0, Ni(NO3),-6H,0O, and citric acid were used to prepare the
impregnating solution. Silica dioxide (5iO,, >98%, Reachem, Moscow, Russia), aluminum
oxide (Al,O3, Sasol, Sandton, South Africa), and the porous carbon material (C-Sibunit (BIC,
Omsk, Russia)) were taken as supports in the synthesis of supported catalysts Nig ;MoC/X,
where 0.1 was the molar ratio of Ni/Mo, and X was the support. To prepare the impregnat-
ing solution, a mixture of Ni and Mo salts with Ni/Mo molar ratio of 0.1 was dissolved
with citric acid in water at 80 °C. The cooled solution was poured into a volumetric flask
and diluted with water so that the summary metal concentration was 1.25 M. The synthesis
of supported catalysts was carried out using incipient wetness impregnation. Before the
procedure, all supports were dried at 200 °C. After impregnation, the total composition
of the metals in the catalysts was 13 wt.%. The impregnated supports were dried at 80 °C
in air, calcined in an argon atmosphere at 400 °C (2 h), cooled down, and passivated. The
pretreated samples were reduced under hydrogen flow at 600 °C (2 h). Passivation with
ethanol was performed at the end of each temperature treatment to avoid the catalyst
oxidizing in air.

3.2. Catalytic Activity Tests

The study of the activity and selectivity of the catalysts in the process of furfural
hydrogenation was carried out in a 300 mL stainless steel batch reactor (Parker Auto-
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clave Engineers, Erie, PA, USA). Before the reaction, 1 g of catalyst (fine powder with
size < 0.071 mm) was placed in an autoclave and activated in situ in 300 mL/min flow
of H, at 350 °C for 60 min. Then, 60 mL of 3.5 vol.% furfural (C5H40O,, >98%, Reachem,
Moscow, Russia) or furfuryl alcohol (>98%, Sigma-Aldrich, Burlington, USA) in isopropanol
(C3H50O, >99%, Reachem, Moscow, Russia) was added into the reactor at room temperature,
and heated to 150 °C under a hydrogen atmosphere at 0.1 MPa. When the required tem-
perature was reached, H, was fed into the reactor to reach 6.0 MPa. The stirring rate was
1800 rpm. During the whole process, samples were taken for analysis, and the pressure in
the reactor was kept at 6.0 MPa.

The conversion of furfural without solvent over carbide catalyst was conducted in
a fixed-bed flow reactor with a diameter of 1 cm, operating at 5.0 MPa H, pressure, and
reaction temperatures of 160, 200, and 260 °C. The catalyst fraction (3 mL, mesh size of
0.25-0.5 mm) was diluted with 3 mL of quartz (mesh size of 0.25-0.5 mm) to avoid localized
overheating. The sample was activated via in situ reduction in hydrogen flow (300 mL/min)
at 350 °C for 1 h. After the activation stage, the reactor was cooled to the target temperature
(160, 200, and 260 °C), and hydrogen was fed into the reactor (300 mL/min) to reach
5.0 MPa. Pure furfural/furfuryl alcohol was pumped into the reaction zone by HPLC
(Kvarta LLC, Novosibirsk, Russia), with a flow rate of 3 mL/h. During the process, the
resulting reaction mixture was accumulated in the collector for one hour, and then it was
taken for analysis.

After each experiment, the catalyst was removed from the reactor and separated
from the liquid phase by filtration. The samples were washed with acetone and dried at
room temperature.

3.3. Products Analysis

The gas chromatography—-mass spectrometer Agilent 7000B (Santa Clara, CA, USA)
was used for qualitative analysis of reaction products; the Agilent 7000B was equipped
with a triple quadrupole analyzer and quartz capillary column (CD Wax).

An Agilent Technologies GC-7820A gas chromatograph (Santa Clara, CA, USA) was
used for quantitative analyses. The GC was equipped with a flame ionization detector
(FID) and capillary column (HP-5 with stationary phase (5%-phenyl)-methyl polysiloxane,
30 m10.32 mm 1 0.25 um).

The furfural (F)/furfuryl alcohol (FA) conversion was determined as follows:

Cor/ra = CLF/FA 1000,
Co,r/Fa

Conversion =

where Cg p/pa and C; pp4 are the initial and current (at time t) furfural/furfuryl alcohol
concentrations, respectively.

The yield of i product was calculated as follows:
Cui
0,F/FA

Yield; = -100%

where C; is the concentration of i product at time ¢; Cy r/r4 is the initial concentration of
furfural/furfuryl alcohol.

The selectivity of the formation of i product was calculated as the ratio of the current
concentration of i product to the concentration of unreacted furfural/furfuryl alcohol:

. . Cti
lectivity, = : 100%
Selectivi yl (C(],F/FA —_ Ct,F/FA) 00

3.4. X-ray Diffraction

X-ray diffraction analysis on a Bruker D8 Advance X-ray diffractometer (Bruker Cor-
poration, Berlin, Germany) was used for the study of the phase composition of Nig1MoC-
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based catalysts. The X-ray diffractometer was equipped with a Lynxeye linear detector.
Monochromatic CuK« radiation (A = 1.5418 A) was applied for the analysis. XRD patterns
were obtained in the 26 range from 15° to 80°, with a step of 0.05° and accumulation time
of 3 s at each point.

3.5. X-ray Photoelectron Spectroscopy

An XPS study was carried out using a photoelectron spectrometer (SPECS Surface
Nano Analysis GmbH, Berlin, Germany). The spectrometer was equipped with a high-
pressure cell that makes it possible to treat samples under gaseous mixtures. The spectra
were measured using monochromatic Al Ka radiation (hv = 1486.74 eV). The relative
concentrations of elements were determined from the integral intensities of the core-level
spectra, using the cross sections according to Scofield [44]. The spectra were fitted into
several components after background subtraction by the Shirley method [45]. Before the
analysis, all of the catalysts were additionally reduced under 1.0 MPa of H; at 350 °C for
30 min in the high-pressure cell.

3.6. X-ray Absorption Spectroscopy

The phase composition and structure of catalysts were investigated using X-ray absorp-
tion spectroscopy. The XAS study was carried out at the Structural Materials Science Station
of the Kurchatov synchrotron radiation source (Kurchatov Institute, Moscow, Russia) [46]
and the EXAFS spectroscopy beamline of the Siberian Synchrotron and Terahertz Radiation
Center (Budker Institute of Nuclear Physics, Novosibirsk, Russia). The Mo K-edge and Ni
K-edge spectra were processed using the DEMETER software package [47].

3.7. Elemental Analysis

The carbon content in the catalysts, before and after the reaction, was measured with
a Vario El III elemental analyzer, CHNS version (Elementar Analysensysteme GmbH,
Langenselbold, Germany).

3.8. Transmission Electron Microscopy

High-resolution transmission electron microscopy (HRTEM) was used to examine the
structure and microstructure of the catalysts. For the measurements, a JEM-2010 electron
microscope (JEOL, Tokyo, Japan) was used.

3.9. Texture Characteristics

The specific surface area (Apgr) of fresh catalysts and supports was calculated with the
Brunauer—-Emmett-Teller (BET) method, using nitrogen adsorption isotherms measured
at liquid nitrogen. The nitrogen adsorption isotherms were measured with an automated
volumetric adsorption ASAP 2400 sorptometer (Micromeritics Instrument Corp., Norcross,
GA, USA). Prior to taking the measurements, the samples were outgassed at 150 °C at a
pressure 0.13 Pa for 4 h.

4. Conclusions

This study indicated that a high-loading catalyst Nip 1 MoC-5iO; containing a cubic
molybdenum carbide modified with nickel metal particles provided a 31 mol.% yield of
2-methylfuran in furfural hydrogenation at 150 °C under a hydrogen pressure of 6.0 MPa
in a batch reactor. An Ni/Mo ratio of 0.1 was used to synthesize the supported catalyst
using a combination of gel combustion and insipient wetness impregnation methods. The
study of catalysts with 13 wt.% of active phase Nip ;MoC supported on SiO;, Al,O3 and
porous carbon material (C) showed higher activity in furfural conversion compared with
the high-loading catalyst. The carbide materials supported on C showed a 100 mol.%
conversion of furfural, with a yield of 61 mol.% of 2-MF after 3.5 h in a batch reactor at
150 °C under 6.0 MPa hydrogen pressure. Using different physical-chemical methods (XRD,
XPS, XANES, and EXAFS analyses), it was confirmed that during the thermal treatment
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of the Niy1MoC/X precursors, the formation of carbides (hcp-Mo,C and fcc-MoCj_y,)
and metallic nickel as active components occurred. Molybdenum oxide was also detected;
however, the formation of this oxide may have been related to the oxidation of the catalysts
by oxygen present in the air after the reduction stage. The Nip;MoC/C catalyst was tested
for furfural hydrogenation in a batch reactor at 150 °C under a hydrogen pressure of
6.0 MPa with the formation of 2-methylfuran (yield of 58 mol.%).

It was established that hydrogenation of solvent-free furfuryl alcohol over Nip ; MoC/C
catalyst in a fixed-bed reactor led to the formation of 2-methylfuran with a yield of 82 mol.%
in a temperature range of 160-200 °C and a hydrogen pressure of 5.0 MPa. At the same
time, the temperature of 260 °C was too high for producing 2-methylfuran, and led to
the formation of 2-MTHE, pentanols, and n-pentane. In contrast, the hydrogenation of
solvent-free furfural at 260 °C resulted in 100 mol.% conversion, and a yield of 2-MF of up
to 86 mol.%.
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