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Abstract: High-loading Ni-Mo carbide catalysts were prepared by the modified gel-combustion
method under various thermal treatment conditions. All samples were studied by X-ray diffraction
(XRD) analysis, which showed that the catalysts could contain cubic and hexagonal molybdenum
carbides, nickel, nickel oxide and Ni-Mo solid solutions, depending on the thermal treatment
conditions. Study of catalyst activity and selectivity in the hydrogenation of furfural was carried
out in a batch reactor at 150 °C and hydrogen pressure 6.0 MPa. Analysis of the reaction products
showed that the highest yields of 2-methylfuran (2-MF) and furfuryl alcohol (FA) were achieved
using catalysts synthesized by calcination of the nickel-molybdenum-carbon precursor at 400 °C
with the following reduction in a stream of hydrogen at 600 °C. The best results for production of
FA with a yield of 80 mol % and 2-MF with a yield of 29 mol % were observed using NigMoC-S5iO,
(400/600) and NijMoC-5iO, (400/600) catalysts, respectively. It has been shown that the addition of
nickel to the carbide molybdenum catalyst significantly increases the activity of the catalytic systems.
In addition, nickel also contributes to the formation of products formed by hydrogenation of the
aromatic ring tetrahydrofurfuryl alcohol (THFA) and 2-methyltetrahydrofuran (2-MTHE).
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1. Introduction

An intensive growth of energy consumption has led to the search for new types of alternative
fuel and their comprehensive study. Against the background of a decrease in the reserves of fossil
hydrocarbons and a significant increase in the prices of oil-refining products, obtaining of valuable
chemicals and fuel derivatives from renewable raw materials has become very popular. Furfural is
a promising bio-renewable resource for processing into different derivatives [1,2]. A technology for
furfural production is the hydrolysis of hemicellulose, and the annual world production nowadays
amounts to about 300 thousand tons [3,4]. Hydrogenation is one of the key furfural processing methods.
Using this method, many substances, particularly 2-methylfuran (2-MF) and furfuryl alcohol (FA),
can be obtained.

Furfuryl alcohol is one of the most important products of furfural conversion. Approximately
65% of furfural production is processed into this chemical compound [5]. FA can be used in the
foundry resin manufacturing [6] or as an advanced solvent for highly effective chemical processes
of chlorination of aromatics and oxygenation of organic compounds [7]. Also, FA is used for the
production of polyesters, polyurethane foams and as a chemical building block for the synthesis of
some pharmaceuticals (e.g., ranitidine) and fragrances [5,8].

Another high-value derivative, which can be obtained from furfural by selective hydrogenation,
is 2-methylfuran. Due to its physical properties, 2-MF can be used as a fuel with an octane number of
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74 [9,10] and it also could be converted to hydrocarbons of diesel fraction [11,12]. Nowadays, special
attention is paid to the application of 2-methylfuran as a high-octane additive. This interest is based
on the physical properties of 2-MF. In comparison with other furfural derivatives, 2-MF has a higher
blending research octane number of 131. 2-MF has a low boiling point of 64 °C, which makes it
an attractive component of the fuel for cold-start exhaust emission test. In addition, 2-methylfuran
has already been tested as a part of a mixture with EN228 gasoline. In the study, a mixture containing
10 vol.% of 2-MF passed road tests on several vehicles with a total route length of 90 thousand
kilometres. It was found that the addition of 2-MF did not have negative influence on the engine or
the engine oil. Besides, the use of 2-MF as an additive leads to a fuel economy of 2% (compared to
a mixture of ethanol and gasoline) [13].

A method for the industrial production of 2-MF and FA from furfural includes the use of Cu-Cr
catalysts or catalytic systems based on Pt or Pd. For example, Wojcik et al. [14] have been investigating
the hydrogenation of furan compounds in the presence of Ni Raney and Cu—CrO catalysts. It was
found that the yield of FA using a copper-chromium oxide catalyst is 96-99% at 175 °C. Further
hydrogenation of FA over Cu—CrO leads to the production of 2-methylfuran (36%), pentanol (36%),
1,5-pentanediol (14%) and 1,2-pentanediol (14%). A nearly 99% yield of 2-MF can be achieved using
carbon supported Cu—Cr systems in the gas phase furfural hydrogenation [15,16]. However, a serious
disadvantage of processes in the gaseous phase over Cu—Cr catalysts is a rapid catalyst deactivation
associated with coke formation, change in the oxidation state of the copper, and agglomeration of Cu
particles during the reaction due to high temperature [17,18]. A typical example of such systems are
Cu—Cr catalysts investigated by Kai Yan and Aicheng Chen [19,20]. Authors found that Cu—Cr oxide
catalyst with the Cu?* /Cr®* ratio of 2 allows furfural to be hydrogenated with conversion of 95.0%
and FA yield equal to 90.1% at T = 200 °C, contact time of 4 h and H, pressure of 6.0 MPa. At the same
time, all Cu-Cr systems are vulnerable to carbon deposition and deactivation, consequently reusing of
the Cu—Cr sample with Cu?* /Cr3* ratio of 2 under the same condition leads to conversion of 83.3%
and FA yield of 75.3%. Moreover, Cu—Cr systems have high toxicity and a detrimental effect on the
environment. Supported noble metals also demonstrate high activity in the selective hydrogenation
of furfural and its derivatives. For example, Pd/TiO, prepared by the standard wet impregnation
method allows obtaining 2-MF from FA with a selectivity of 92.5% at room temperature [21]. However,
this type of Pd-based catalysts also promotes polymerization reactions and the formation of THFA.
Vetere et al. [22] showed a high selectivity of Pt supported on SiO, in the hydrogenation of furfural
to furfuryl alcohol and found that the catalytic activity can be increased by doping of Pt/SiO, with
a small amount of tin. It is possible to change selectivity and activity of Pt-based systems using
other supports. Like, for instance, the hydrogenation of furfural over the impregnated 5 wt % Pt
catalyst supported on Al,Oj3 results in a 46% feedstock conversion with keeping the FA selectivity at
98% [23]. In contrast, the use of Pt(5 wt %)/C catalyst decreases the FA selectivity to 28% and increases
the furfural conversion to 94% [24]. In this way, noble metal catalysts opened wide possibilities to
hydrogenate furfural. Nevertheless, Pt and Pd-based catalysts are less promising for the production
of FA and 2-MF than Cu—Cr systems. Furthermore, a high cost of noble metals makes exploitation of
these catalytic systems less economically viable.

Alternative catalysts for hydrogenation of furfural can be nickel-molybdenum carbide systems.
Previously, the catalysts based on molybdenum carbide, have already proven themselves as highly
effective catalysts for bio-oil and vegetable oil hydrotreatment [25,26]. An important feature of these
catalysts is their activity in the formation of aromatic hydrocarbons and selectivity in the hydrogenation
of alcohol and carbonyl groups [27-30]. Boullosa-Eiras et al. [31] compared Mo,C/TiO, with
MoOj3/TiOy, MopN/TiO; and MoP /TiO; catalysts in the process of phenol hydrogenation. Based on
the experimental data, molybdenum carbide was identified as the most active and selective catalyst
for the hydrogenation of phenol to benzene. However, the study of the catalysts’ stability showed that
the activity of Mo,C/TiO; has declined by some 10 percent after 400 min of reaction time. Authors
explain this catalyst behaviour by the deposition of coke on the catalyst surface and the decrease in the



Catalysts 2018, 8, 560 3of24

number of active sites. Lee et al. [32] investigated the activity of molybdenum carbide during the gas
phase hydrogenation of furfural. They showed that molybdenum carbide is able to hydrogenate the
aldehyde C=0O group, which makes it possible to achieve 60% selectivity for 2-MF at relatively low
temperatures about 150 °C. It is reported that the surface of the catalyst is presented by two types of
sites: carbide and metal-like ones. Carbide sites have acidic properties and participate in the furfural
chemisorption. The metal-like part of the surface interacts with molecular hydrogen and leads to its
dissociative adsorption. Xiong and colleagues [29,30] studied Mo,C in the deoxygenation of aldehydes
and alcohols. In particular, furfural and FA were used as model compounds. The dehydrogenation
reactions of molecules were explored using temperature-programmed desorption, the HREELS method,
and the theory of functional density. It was shown that molybdenum carbide is involved in a strong
interaction with the aldehyde group of furfural, which corresponds to a high selectivity of furfural
hydrogenation to 2-MF.

The reusability of the molybdenum carbide catalysts was investigated many times before.
Rui Ma et al. [33] studied the process of guaiacol deoxygenation to monooxygenated phenols over
activated carbon supported molybdenum carbide. They showed that similar conversion and selectivity
towards the target products were achieved in three cycles of catalysts exploitation. At the same time,
XRD patterns of the recovered catalysts showed negligible changes in nanoparticle sizes, thus indicating
the high stability of these systems. Stability of molybdenum carbide under more aggressive conditions
was studied by Dhandapani et al. [34]. They investigated simultaneous hydrogenation of cumene,
hydrodesulphurization of dibenzothiophene, and hydrodeoxygenation of benzofuran over a 3-Mo,C
catalyst. Authors found that Mo,C had high hydrogenation activity for sulphur concentrations up to
30 £ 60 ppm S during 80 h, while the Pt catalyst deactivated immediately even with a small amount
of sulphur in the feedstock. In another research, carbon supported molybdenum carbide doped by
Ni was applied for selective hydrogenation of lignin [35]. According to this paper, the Ni-Mo,C/C
catalyst was tested with an initial H, pressure of 2 MPa and 250 °C for 2 h in a mixture of lignin and
isopropanol. After each using, the sample was removed from reactor and separated from solid residual
by a magnet. The yields of liquid product were almost unchanged during five runs and remained at
around 60%. Herewith, the Ni and Mo contents in the liquid reaction phase were 0.75 and 17.8 ug-L~!,
respectively. All these aspects also indicate good stability and reusability of Ni-Mo carbide catalysts.
An important factor is that there is a method for regeneration of carbide catalysts by sequential
oxidization of cemented metal carbide at a high temperature above 600 °C and carbonization with
a gas mixture of methane and hydrogen [36].

Based on the reasons mentioned here, it is possible to claim that furfural conversion has
an importance for modern industry and green chemistry. To reduce the impact on the environment,
it is necessary to change the catalytic systems for furfural hydrogenation, as one of the most demanded
processes. To avoid Cr-containing catalysts, molybdenum carbide could be suggested as an efficient,
stable and environment friendly system for furfural hydrogenation.

In our previous research, the effect of bimetallic Ni-Mo carbide catalysts on the hydrogenation of
anisole and ethyl caprate was studied [37]. It was shown that the presence of the Mo,C phase in the
catalyst promotes the removal of the methoxy group from anisole without aromatic ring hydrogenation.
At the same time, the addition of nickel in the catalyst significantly increases its activity and resistance
to coke formation. Thus, Ni-Mo carbides have a high potential for hydrogenation of aldehydes and
alcohols. An important application of these catalysts can be hydrogenation of furfural to FA and 2-MF.
In the present work, we studied the effect of heat treatment of Ni-Mo carbide on its composition
and catalytic properties in furfural hydrogenation to produce FA and 2-MF. It is important to note
that Ni-modified molybdenum carbides were studied for the first time in the process of furfural
hydrogenation. The catalysts are multicomponent systems resulting from the heat treatment of carbide
precursors at 600 or 700 °C in argon or from the sequential treatment in an inert gas (Ar) and hydrogen
at 400 and 600 °C, respectively. The X-ray diffraction (XRD) was used to determine the composition
of the active phase in the catalysts. In addition, samples are characterized by transmission electron
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microscopy (TEM), X-ray photoelectron spectroscopy (XPS), nitrogen porosimetry and CO pulse
chemisorption measurements. The carbon deposition during furfural hydrogenation is also studied by
CHNS analysis of catalysts before and after the reaction.

2. Results and Discussion

2.1. Catalytic Performance of Carbide Catalysts In furfural Hydrogenation Process

On the first step, the influence of the stabilizing SiO, additive on a sample of molybdenum carbide
MoC calcined at 700 °C was studied. It was found that molybdenum carbide synthesized without ethyl
silicate virtually does not catalyse furfural hydrogenation under the chosen conditions. The reaction
was carried out for 3.5 h, but the concentration of furfural did not change. However, the introduction of
silicon dioxide into the catalyst composition increases the activity and leads to the formation of target
products, FA and 2-MF. At the same time, the MoC-S5iO, (700) catalyst promotes the formation of the
condensation product of furfural and isopropyl alcohol, furfuryl-hydroxyl-isopropyl ether (FHIE).
This compound probably appears before hydrogen introduction into the reactor during heating.
Its concentration remains constant throughout the entire process (about 10 mol %). This indicates
the equilibrium between furfural, isopropanol and their condensation product. Earlier, the formation
of a similar product over bimetallic Ni-Cu catalysts was already observed by Khromova et al. [38],
but the reasons for implementation of this reaction pathway were not discussed. The effect of acidic
catalysts on the acetaldehyde and ethanol condensation was studied by Capeletti at al. [39]. Authors
note the high activity of acidic catalytic systems in the condensation of a monohydric alcohol with
the aldehyde to form a substance similar to FHIE. Thus, the formation of the furfural and isopropyl
alcohol condensation product over molybdenum carbide can be explained by the acidity of its active
sites, reported by Bennett et al. in [40]. Based on the reaction products analysis for sample MoC-5iO,
(700), a process scheme shown in Figure 1 was suggested. It includes the pathway for sequential
hydrogenation of furfural to FA and 2-MF and the formation of FHIE.

/l\ o o OH
0 o) | o o)
oL == OO
FA

FHIE Furfural 2-MF

Figure 1. Scheme of furfural hydrogenation over calcined catalyst MoC-5iO, (700) at T = 150 °C,
P = 6.0 MPa, mc,t = 1.000 g, and furfural/isopropanol molar ratio equal to 0.033.

Nevertheless, silica-stabilized molybdenum carbide showed a rather low activity. In the instance
using a sample of MoC-S5iO, (700) for 3.5 h, the FA yield was 16%, and the yield of 2-MF was only
3%. Therefore, nickel-doped catalysts that have higher activity in the furfural hydrogenation reaction
have been studied. The results obtained over nickel-containing catalysts synthesized under different
temperature treatment processes are presented in Table 1.

Table 1. The results of furfural hydrogenation over Ni-Mo carbide systems synthesized under
various heat treatment conditions. Reaction conditions: T = 150 °C, P = 6.0 MPa, m¢,; = 1.000 g,
and furfural/isopropanol molar ratio equal to 0.033.

Yields of Reaction Products, mol %

Entry Catalyst Contact Time, Min  Furfural Conversion, mol %
FA 2-MF THFA 2-MTHF
1 Nig 5MoC-SiO; (600) 180 58 54 4 - -
2 Ni;MoC-5iO; (600) 60 92 70 9 12 1
3 Ni,MoC-5iO; (600) 20 79 40 15 22 2
4 NigMoC-SiO, (600) 40 66 34 7 23 2
5 Nig 5MoC-SiO; (700) 140 95 67 15 12 1
6 Ni;MoC-5iO; (700) 80 85 56 16 11 2
7 Ni;MoC-SiO, (700) 30 86 58 6 20 2
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Table 1. Cont.

Yields of Reaction Products, mol %

Entry Catalyst Contact Time, Min  Furfural Conversion, mol %
FA 2-MF THFA 2-MTHF
8 NigMoC-5iO, (700) 20 89 41 10 30 2
9 Nig sMoC-5iO, (400/600) 210 69 55 14 - -
10 Ni; MoC-SiO; (400/600) 210 91 60 29 2
11 NipMoC-SiO, (400/600) 140 82 71 7 4
12 NigMoC-SiO;, (400/600) 140 95 76 5 14 -
13 NigMoC-SiO, (400/600) 80 94 80 4 9 1

For the majority of Ni-Mo catalysts, a rapid furfural conversion was observed. The main
products of furfural hydrogenation were furfuryl alcohol (FA), tetrahydrofurfuryl alcohol (THFA),
2-methylfuran (2-MF), and 2-methyltetrahydrofuran (2-MTHF). The weak formation of FHIE was
detected; its total amount did not exceed 4 mol % and was not taken into account. The formation of
hydrogenated furan ring products (THFA and 2-MTHF) was observed over all calcined catalysts and
over reduced NiyMoC-5iO, (400/600) systems with the atomic ratio with x >2. The accumulation
of THFA and 2-MTHEF was followed by a decrease in the FA and 2-MF concentration. Thus, for most
catalysts, the target product yields achieved a certain maximum, after which they decreased. Table 1
demonstrates the yields of main products and the corresponding contact times and feedstock
conversion values. From the data presented, it is clear that the nickel addition significantly increases
the total activity of carbide catalysts. In this instance, the 95% conversion can be achieved in 140 min
using the calcined at 700 °C catalyst with a minimal nickel content, Nip sMoC-5iO; (700). At the same
time, MoC-5iO, (700) converts only 19% of furfural in 3.5 h under the applied conditions. In addition,
Table 1 shows that the calcination regime of catalysts treatment significantly affects the maximal
yields of FA and 2-MF. To optimize the thermal treatment conditions for Ni-Mo carbide catalysts,
the dependences of FA and 2-MF maximal yields on the relative atomic ratio x = Ni/Mo were plotted
point by point and analysed (Figure 2).

80 B Ni MoC-SiO, (600)
@ Ni MoC-Si0, (700)

A Ni MoC-SiO, (400/600)

70

60

504

404

Maximal yield of FA (mol.%)

Maximal yield of 2-MF (mol.%)

30 T T T T T T T T
0 1 2 3 4 ] 6 0 1 2 3 4 5 6

Atomic ratio x = Ni/Mo Atomic ratio x = Ni/Mo

(a) (b)

Figure 2. A comparison of FA (a) and 2-MF (b) yields for the catalysts obtained under different
temperature treatment regimes. Conditions of furfural hydrogenation: T = 150 °C, P = 6.0 MPa,
meat = 1.000 g, and furfural/isopropanol molar ratio equal to 0.033.

N

The graphs in Figure 2 demonstrate that the catalysts with x >0.5 obtained without the reduction
stage have lower yields of the target products than the reduced systems. The maximal yield of FA fixed
for the calcined catalyst NijMoC-S5iO; (600) is 70 mol %, while the system NigMoC-5iO; (400/600)
gives the yield of FA equal to 80 mol %. The same situation was observed for 2-MF, which can be
obtained using the catalyst NijMoC-S5iO, (400/600) with the yield of 30 mol %, whereas unreduced
catalysts are able to hydrogenate furfural to 2-MF with the yield only of 18 mol %. In addition,
the NiyMoC-SiO, (400/600) series is characterized by a monotonic increase in the FA yield with
a growth in the nickel content. This feature indicates the possibility of FA production by using the
Ni-Mo catalysts with high nickel content. Probably, this behaviour of the catalytic properties of
unreduced systems is due to the difference in the composition of the active component. Based on these
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reasons, the catalysts obtained by calcination and subsequent reduction were recognized as the most
promising in the hydrogenation of furfural to 2-MF and FA. Therefore, they were studied in more
detail in the catalyst characterization part.

2.2. Phase Composition of Ni-Mo Carbide Catalysts

All the catalysts considered in this paper were studied by X-ray diffraction analysis immediately
after synthesis. Figure 3 shows the X-ray diffraction pattern of the MoC-5iO; catalyst calcined at 700 °C
in an argon flow. It exhibits broad reflections of cubic molybdenum carbide fcc-MoC_, and narrow
low-intensity peaks of hexagonal form hcp-Mo,C. The diffraction pattern of fcc-MoC; _ slightly differs
from the reference data: the peaks are anisotropically broadened and slightly shifted. This behavior
may be connected with the crystallites shape or the presence of stacking faults. The average crystallite
size for fcc-MoC1 _, was estimated from the 111 reflection to be about 40 A.

*fee-MoC, . MoC-SiO, (700)
1 hep-Mo,C
-~
=
- %
g |
£ vl
2 ¢
2 Ly ¥
= [ / W
L] M \l\( 'I y ¢* *
4 !
fﬁh / LI 1”!» F/“'\
" Lo i !
M‘*Wawmn” qMMWJ’IM%WMI \"Ww"" *y
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200)

Figure 3. XRD pattern of the calcined MoC-S5iO; (700) catalyst.

X-ray analysis demonstrates that the calcination conditions of nickel-molybdenum-carbon
precursors have a critical effect on the formation of phases. Thus, for samples obtained by calcination
in an inert atmosphere at 600 °C, broad peaks corresponding to NiO and Ni reflections are observed,
but there are no reflections of molybdenum-containing phases (Figure 4).

Intensity (a.u.)

Figure 4. XRD patterns of the calcined catalysts: (a) Nip5MoC-SiO, (600); (b) NijMoC-SiO, (600);
(¢) NipMoC-5iO, (600); (d) NigMoC-SiO, (600).

The absence of molybdenum reflections on the X-ray patterns can be explained by the formation
of highly dispersed phases or amorphous carbide forms that are not visible by XRD. In particular,
the formation of highly dispersed carbide forms was reported by Vitale et al. [41]. The presence of
broadened peaks in molybdenum carbide synthesized at low temperatures was reported in their work.
Table 2 lists the phase ratios and average crystallite sizes determined by the Rietveld method for the
Ni,MoC-5iO, (600) series.
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Table 2. Phase composition and average crystallite sizes for calcined Ni,MoC-SiO, (600) catalysts.

Average Crystallite Size of

. . Average Crystallite Size of
0, 0,

Catalyst Ni Content, wt % Ni, A Ni Content, wt % NiO, A

NipsMoC-5iO; (600) 25 100 75 35

Ni; MoC-SiO, (600) 40 115 60 25

Ni;MoC-SiO; (600) 40 130 60 27

NigMoC-SiO; (600) 88 85 12 45

Thus, the formation of carbide phases that can be observed by XRD does not occur under
calcination conditions at 600 °C. However, for samples calcined at 700 °C, the diffraction pattern
changes significantly (Figure 5).

L hcp-Mozc NiMo alloy
|
*fcc-MoC . !
m Y NiMo alloy NiMo allo
=. | | v
o ' '
>
N
-
7
(=]
[}
~
=]
o
% '
a | T y g s
20 30 40 50 60 70 80
260 ()

Figure 5. XRD patterns of the calcined catalysts: (a) Nig5MoC-SiO, (700); (b) NijMoC-SiO, (700);
(¢) NipMoC-SiO; (700); (d) NigMoC-SiO, (700).

All the samples calcined at 700 °C have reflections of hcp-Mo,C and nickel-molybdenum
alloy Ni-Mo. Furthermore, there are wide peaks in the angular range of 26 = 35-40° and 40-45°,
which apparently belong to the fcc-MoC;_, phase. In the Ni,MoC-S5iO; (700) series, the reflections of
the cubic form are broadened and shifted also for MoC-5iO, (700). X-ray diffraction patterns of the
catalysts differ in relative intensity, which corresponds to different phase ratios (Table 3).

Table 3. Phase composition of the calcined NiyMoC-5iO, (700) catalysts.

Average Crystallite

Lattice Parameter of

Catalyst Phase Content of Phase, wt % Size, A Ni-Mo alloy, A
hep-Mo,C 23 160
Nig5MoC-SiO; (700)  fec-MoCy_y 49 -
Nio_glMOO_Og 28 150 3.559
hcp-Mo,C 30 400
Ni; MoC-5i0O; (700) fce-MoCy_y 34 -
NiO.92M00A03 36 350 3.558
hep-Mo,C 29 630
Ni;MoC-5i0O, (700) fcc-MoCy_y 8 -
NiO.92M00408 63 220 3.556
hep-Mo,C 4 250
NigMoC-SiO, (700) fce-MoCq_y 19 -
Nip.9sMog 07 77 130 3.554

As follows from Table 3, the largest content of Ni-Mo alloy is found in the NigMoC-SiO, (700)
sample, which corresponds to the initial loading. When the nickel content decreases, the amount
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of Ni-Mo alloy decreases too. The maximum amount of fcc-MoC;_, was found in the catalyst
Nig5MoC-5iO; (700). At the same time, the quantity of the cubic form decreases with an increase in the
total Ni concentration. These dependences indicate a direct effect of the nickel content on the amount of
carbide phase. Probably, nickel participates in the decomposition of the complexing agent and promotes
carbon conversion to the gaseous products. Another way is also possible, in which molybdenum
forms a more thermodynamically stable phase of Ni-Mo alloy without carbides formation. The lattice
parameter for the Ni-Mo alloy is in the range of 3.554-3.559 A, while that for pure nickel is equal to
3.535 A (JCPDS card no. 4-850). Based on the calibration (see the Supplementary Material, Figure S1),
the composition of the nickel-molybdenum alloy was determined for each catalyst. The nickel content
in solid solutions was in the range of 91-93%.

Catalysts prepared by calcination in an inert atmosphere with the following reduction under
hydrogen flow contain hcp-Mo,C and fcc-MoC;_, phases and Ni-Mo alloy. In addition, peaks of the
mixed molybdenum and nickel nitride Mo3Ni;N were observed on the diffraction patterns. Earlier,
the presence of these peaks had already been observed [37] and they were interpreted as reflections
from the MozCNi, phase. Figure 6 shows the X-ray diffraction patterns of the catalysts of NiyMoC-5iO,
(400/600) series.

NiMo alloy
|
]
¥Ni , Mo v
0.96 004 VY ' 73 .
" hcp-MoZC : NiMo alloy
%fce-MoC, :
#Mo CNi, Y

Intensity (a.u.)

b Liie Ly

=]
«
-]
«
.
e
*
&«
o __

0 50 60 70 80
20 (%)
Figure 6. XRD patterns of the calcined and reduced catalysts: (a) Nig5MoC-SiO, (400/600);

(b) Ni; MoC-SiO, (400/600); (c) NixMoC-SiO, (400/600); (d) NizMoC-SiO5 (400/600); (e) NigMoC-SiO,
(400/600).

(]
=
w
=

A special feature of the system is the formation of two solid solutions Nig gsMog 14 and Nig 95Mog g5
for NigMoC-SiO; (400/600) catalyst. There are wide peaks in the angular range of 26 = 35-40° and
40-45° in the sample Nig sMoC-5iO, (400/600). They probably belong to the fcc-MoCj_,. It follows
from the X-ray diffraction pattern that nickel addition into reduced catalytic systems increases the
content of nickel-molybdenum alloy. In particular, the largest content of the Ni-Mo solution equal
to 96 wt % is found in the NigMoC-5i0O; (400/600) sample. The least amount of the alloy is detected
in the Nip sMoC-5iO; (400/600) catalyst and reaches 28 wt %. More detailed information about the
phase content, average crystallite sizes, and lattice parameters is listed in Table 4.
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Table 4. Phase composition of the calcined and reduced Ni,MoC-SiO, (400/600) catalysts.

Catalyst

Phase

Content of Phase, wt %

Average Crystallite Lattice Parameter of

Size, A Ni-Mo alloy, A
hep-Mo,C 17 -
Nip5MoC-5i0;  fcc-MoCq_y 51 - 3,586
(400/600) Mo3CNip 4 - ’
Nio g4Mog 16 28 70
hep-Mo,C 17 220
NilMOC—SiOZ fCC—MOCl_X 0 - 3.573
(400/600) Mo3CNip 41 350 ’
NiO,88M00.12 42 160
hep-Mo,C 14 170
NizMOC—SiOz fCC—MOC] —x 0 - 3.577
(400/600) Mo3CNip 2 - ’
NiO.87MOO_13 84 110
hep-Mo,C 8 220
NigMoC-SiO, fce-MoCq_y 0 - 3576
(400/600) Mo3CNip 2 - ’
Nio.87M00‘13 90 160
hep-Mo,C 1 -
NigMoC-5i0,  [MoC1+ 0 ) 3.580
(400/600) Mo;CNi; 3 j 3.545
Nio.86M00‘14 65 160 :
NiO.95M00‘05 31 680

Table 4 demonstrates that the lattice parameters of Ni-Mo alloys range from 3.545 to 3.586 A,
which correspond to a nickel content from 84% to 95%. The Nig 95Moy g5 phase has a lattice parameter
close to pure nickel. It happens probably due to the release of the Ni phase from the Ni-Mo solution.
The average crystallite size increases with the growth of the atomic ratio x = Ni/Mo. For example,
the catalyst Nig5MoC-SiO, (400/600) has the average crystallite size equal to 70 A, whereas for
NigMoC-SiO, (400/600) this size reaches 160 A (for the Nigo5Mog,o5 phase it is 680 A). It is worth
noting that the total content of carbide phases decreases during the increase in the Ni loading
(Figure 7). All these data indicate that nickel contributes to the carbide phase decomposition, whereas
molybdenum prevents sintering of the catalyst particles.

Total content of carbide
phases determed by XRD (wt.%)

80

70
60+
50+
40
30
204
10+

01

0

1

2 3 4 5 6

Atomic ratio x = Ni/Mo

Figure 7. Dependence of the total content of carbide phases on the atomic ratio x = Ni/Mo for the
calcined and reduced NiyMoC-5iO, (400/600) catalysts.

According to data presented, it is important to note that there are two different types of phases
in the composition of reduced Ni-Mo carbon containing catalysts. The first is the carbide phase,
represented by three compounds (hcp-Mo,C, fce-MoCq_,, Mo3CNip). The second is the Ni-Mo alloy
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with a high nickel content (more than 86 wt %). The role of each type will be considered in the following
research in the discussion of kinetics.

2.3. Texture Characterization, Active Surface and Carbon Content of Reduced Catalysts

In order to evaluate the quantity of active sites, the reduced samples of NiyMoC-S5iO, (400/600)
catalysts were studied by CO chemisorption. The number of active sites was calculated from the total
adsorption of carbon monoxide according to the rigorous stoichiometry of one CO molecule per one
active site. The data obtained are shown below in Table 5.

Table 5. The number of active sites in calcined and reduced Ni,MoC-5iO, (400/600) catalysts.

Catalyst The Number of Active Sites Determined by CO Chemisorption, umol/g
Nio_5MOC—Si02 90.4
Ni;MoC-S5i0O, 64.7
NizMOC—SiOz 65.5
NigMoC-S5iO, 8.0
NigMoC-5iO, 11.9

According to Table 5, the number of active sites decreases with increasing the nickel content.
Apparently, it is connected with sintering processes, where nickel can play an important role
as a component actively interacting with hydrogen at the reduction stage. On the other hand,
this dependence correlates with the elemental analysis data. According to this analysis, there is
a difference between total carbon content and carbon content calculated from XRD patterns (Figure 8).
However, the difference is nearly absent for NigMoC-5iO; (400/600) and NigMoC-SiO, (400/600)
catalysts. Remarkably, these samples are virtually free from carbide phases detected by XRD analysis,
and they have the lowest number of active sites among other catalysts (see Table 5).

27+
A B XRD analysis | fresh catalysts

244 @ CHNS analysis | fresh catalysts
21 ] A CHNS analysis | spent catalysts

18+
154

Carbon content (wt.%)

Atomigc ratio x = Ni/Mo

Figure 8. Relation of the total carbon content and carbon content determined from XRD data with
atomic ratio x = Ni/Mo for the calcined and reduced NiyMoC-SiO, (400/600) catalysts and calcined
MoC-SiO; (700) catalyst.

From the data presented, it is clear that the difference between total carbon amount and carbon
amount included in carbide phases is equal to approximately 4 wt % for NiyMoC-5iO; (400/600) with
x =05, 1, 2; for MoC-5iO, (700) the difference is equal to 11 wt %, and for other two catalysts the
difference is absent. The existence of the discrepancy between results of elemental analysis and XRD
patterns may indicate both the presence of a significant amount of highly dispersed carbide phases in
the samples and the presence of amorphous free carbon. In any case, this feature indicates the complex
composition of the obtained catalysts. Also, the existence of phases invisible for XRD analysis could
explain high CO uptakes for NiyMoC-5iO; (400/600) with x < 4 in comparison with NigMoC-5iO,
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(400/600) and NigMoC-SiO, (400/600). Thus, exact determination of the active sites number by
CO chemisorption is complicated due to the lack of data about composition of X-ray amorphous
phases, and information about the nature of sites for furfural adsorption and CO adsorption may differ.
Nevertheless, the data obtained were used for calculation of the catalysts turnover frequencies (TOF),
whose results and discussion are presented below. Besides, Figure 8 demonstrates the difference in the
carbon content of catalyst before and after reaction. There is a tiny gap between curves belonging to
fresh and spent catalysts. It could be noted that in the case of monometallic catalyst MoC-SiO; (700) the
greatest increase in the carbon content was observed. With an increase in the nickel content, the amount
of settled carbon in the catalyst decreases. Thus, the carbon deposition for catalyst MoC-5iO, (700)
is 3.5%, while for catalyst NijMoC-5iO, (400/600) this value does not exceed 2.2%, and for system
NigMoC-5iO, (400/600) the increase in carbon content reaches only 0.3%. This feature of Ni-Mo
carbide systems could be explained by their phase composition. The higher stability of bimetallic
samples with high Ni content is apparently due to the fact that nickel contributes to the hydrogenation
of carbon deposits with the formation of gaseous products. Herewith, carbides, prevailing in the
catalysts with a low nickel content have a distinct acidity, which makes them vulnerable to coke
formation. Nevertheless, Ni-containing catalysts Ni,MoC-5iO, (400/600) show high resistance to
carbon deposition and could be considered as stable and promising.

Considering the above-mentioned reasons, texture characteristics of catalysts NiyMoC-SiO,
(400/600) were studied using nitrogen porosimetry method. All the samples had an adsorption
isotherm corresponding to the structure of a micro-mesoporous material The analysis of results,
including the total surface areas determined by Brunauer-Emmett-Teller (BET) method Aggr, the total
porous volumes V and the average pore sizes D, are presented in Table 6.

Table 6. The total surface area Apgt, the average pore size D and the total pore volume V for the
calcined and reduced NiyMoC-5iO, (400/600) catalysts.

Catalyst Apgr, m?/g  V,ecm®/g D, nm
Nig 5MoC-5iO, (400/600) 11.29 0.0149 5.27
Ni; MoC-5iO, (400/600) 11.35 0.0189 6.67
NipMoC-SiO; (400/600) 27.75 0.0307 4.42
NizMoC-SiO; (400/600) 43.43 0.0512 4.71
NigMoC-SiO; (400/600) 23.17 0.0574 9.91

According to the data in Table 6, the total surface area Aggr is in the range from 11.29 to 43.43 m?/ g.
These values exceed the previous ones obtained for similar catalysts [37], whose maximal surface area
was Aggr = 10 m2/ g for the system NigMoC-5iO, (400/600). This difference is most likely due to the
influence of ethylene glycol, which is a good complexing agent and leads to an increase in the catalyst
surface area. The high value of the catalysts surface area could be connected also with the existence of
highly dispersed phases.

It was shown that the average pore diameter varies between 3.92 and 9.91 nm. These sizes
characterize the mesoporous adsorbents. The total pore volume Vpore, determined from the maximum
nitrogen uptake, increases with the rise of nickel content. This dependence is apparently explained by
the high activity of nickel in hydrogenation reactions. In particular, nickel may catalyze the process
of carbon removal on the stage of catalyst precursor reduction. Therefore, the introduction of nickel
into the catalyst precursor ultimately leads to the release of the pores occupied by carbon. Earlier,
Zhao et al. [42] showed that nickel allows improving the porous structure of the molybdenum carbide
catalyst. Authors studied the catalysts surface images taken by scanning (SEM) and transmission
(TEM) electron microscope. They found that the MoC sample had a dense structure without the pore
system, while modification by nickel increases the specific surface area and results in the appearance
of a developed pore structure. The data obtained by Zhao et al. [42] have a good agreement with the
TEM catalysts characterization obtained in the current work and presented below. As a result, porous
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analysis of carbide catalysts NiyMoC-5iO, (400/600) has shown that the systems are mesoporous
materials. The addition of ethylene glycol as a complexing agent and the introduction of nickel take
an important place in the formation of their structure.

2.4. Surface Composition of Ni-Mo Carbide Catalysts

The relative atomic concentrations of the main elements determined by XPS are given in
Table 7. It was found that the systems are multi-phased and heterogeneous. The samples include
the components that could be described as molybdenum oxides on SiO;, a mixture of nickel and
molybdenum carbides on S5iO,, and nickel oxide on SiO;. In contrast to XRD data, oxygen was detected
on the surface of catalysts by XPS. This oxygen may belong to Ni or Mo oxide formed after passivation.
Nickel content on the surface increases with nickel content in the catalyst. It was found that the Ni/Mo
ratio observed by XPS is less than the values of molar ratio x = Ni/Mo in the catalyst, which indicates
that the surface is enriched with molybdenum. The carbon content for x = 4 and 6 is low, which is in
agreement with XRD and CHNS analysis.

Table 7. XPS data and atomic ratio of elements on the surface of the calcined and reduced Ni,MoC-SiO,
(400/600) catalysts.

Catalyst Ni/Si Mo/Si O/Si C/Si Ni/Mo

Ni;MoC-SiO, (400/600) 087  3.04 484 202 0.9
Ni,MoC-SiO;, (400/600)  0.69 1.08 275 224 065
NigMoC-SiO, (400/600) 045 024 155 0.20 1.50
NigMoC-SiO, (400/600) 077  0.18 154 034 456

2.5. Catalysts Characterization by Transmission Electron Microscopy

Figure 9 presents TEM images and corresponding patterns of Energy-dispersive X-ray spectroscopy
(EDX) for NijMoC-5iO, (400/600) catalyst. The images are typical for whole series of reduced
NixMoC-S5iO, (400/600) systems.

Intensity (a.u.)
Intensity (a.u.)

1 2 3 4 5 6 7 8 9 10 4 5 6 7 8 9 10
Energy (keV) Energy (keV)

Figure 9. TEM images of the reduced Ni;MoC-5iO, (400/600) catalyst with corresponding EDX patterns.



Catalysts 2018, 8, 560 13 of 24

According to TEM data, there are large particles of Ni-Mo alloy (400-500 nm) with around 10 wt %
of Mo (Figure 9a). In addition, we detected inclusions of small 1-2 nm particles of molybdenum
carbide in a silica matrix (Figure 9b). The small size of the carbide phase confirms that there are highly
dispersion phases in catalysts compound, which cannot be detected by XRD that correlates with the
mentioned earlier difference between CHNS and XRD analysis. Herewith, analysis of different TEM
images showed, that the appearance of carbon-containing particles decreases with growth in atomic
ratio X = Ni/Mo in the catalyst, while small molybdenum oxide inclusions were observed. It indicates
that dispersed carbide phase is replacing by oxide phase. It was noted that in most cases Ni-Mo
alloys particles have significant sizes. It means Ni-Mo phase has low active surface and could barely
participate in the sorption and transformation of furfural and its derivatives, but it could be involved in
highly efficient spill over of atomic hydrogen from Ni sites to molybdenum carbide or oxide. As shown
previously molybdenum oxides have high activity in the hydrogenation of aromatic ring [43], and they
could be an active site for the non-selective adsorption of furfural and furfuryl alcohol leading to
hydrogenation of furan ring and formation of THFA and 2-MTHF.

2.6. Kinetics Modeling of Furfural Hydrogenation over Reduced Ni-Mo Carbide Catalysts

To study the activity and selectivity of the reduced catalysts, the dependences of reagent and
products concentrations on the reaction time were studied (Figure 10). As it follows from the kinetic
profiles of the reaction, the main products of furfural hydrogenation for the catalysts Nig5MoC-SiO,
(400/600) and Ni;MoC-5iO, (400/600) were FA and 2-MF. THFA was detected for the reduced systems
Ni,MoC-5iO, (400/600) with x > 1. The formation of 2-MTHF was observed in small amounts up to
6 mol % for the NigMoC-5iO, (400/600) catalyst with a high nickel content. Also, during the reaction,
the formation of FHIE and its hydrogenation products was observed, but their total amount was low,
and the total content did not exceed 5 mol %, therefore these compounds were not taken into account
in kinetic calculations. As it follows from the graphs in Figure 10, the conversion rate of the feedstock
increases with the growth of nickel amount in the catalyst. However, together with the increase in the
nickel content, the yield of furan ring hydrogenation products (THFA and 2-MTHF) also increases.
An important feature of the reduced systems is the kinetics shift zone, which is observed for catalysts
Nig sMoC-S5iO, (400/600) and Ni;MoC-S5iO, (400/600) after 110 min of reaction. The presence of this
zone is reflected by the rapid change in the reaction profile. It is accompanied by a fall and subsequent
reduction of the catalyst activity near 110 min. The existence of such a region may be explained by
changes in the composition of the catalyst active component during the reaction.
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Figure 10. Dependence of reagent and products concentrations on the reaction time for the calcined
and reduced Ni,MoC-SiO, (400/600) catalysts: (a) NigsMoC-SiO, (400/600); (b) Ni;MoC-5iO,
(400/600), (c) NipMoC-5iO, (400/600); (d) NigMoC-SiO, (400/600), (e) NigMoC-5iO, (400/600);
symbols—experimental data, lines—calculated data; reaction conditions: T = 150 °C, P = 6.0 MPa,
Meat = 1.000 g, and furfural/isopropanol molar ratio equal to 0.033.

Based on the reaction products distribution, a furfural hydrogenation scheme was proposed for
catalysts Ni,MoC-SiO, (400/600) (Figure 11).

OH

o OHk
O
e

Furfural 5 o
(O
\
2-MF 2-MTHF

Figure 11. Scheme of furfural hydrogenation over calcined and reduced Ni,MoC-SiO, (400/600)
catalysts at T = 150 °C, P = 6.0 MPa, mcat = 1.000 g, and furfural/isopropanol molar ratio equal to 0.033.

This scheme includes the route of furfural hydrogenation to FA, which can be converted to 2-MF
or THFA. The aromatic ring of 2-MF can be hydrogenated to form 2-MTHE. All kinetic constants kq-k3
were determined according to the proposed scheme and the reaction products. Since the hydrogen
pressure did not change during the experiment, the dependence of the reaction rates on the hydrogen
pressure was taken into account in the rate constants.
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The kinetic modelling was based on the proposed scheme of reactions (Figure 11), and calculations
were carried out with the use of the following model:

dc;
dTZ =R, @
Ri = Zrm (2)
m
*m = kmCp" 3)

where k;;, is the rate constant, C; and C,, are the mole fractions of each component, R; is the reaction
rate, and # is the order of the reaction (1 =1 for all reactions). An experimental point serves as t =0,
C; and C, are equal to the mole fractions of the corresponding compounds at the first point.

The set of equations was solved by the numerical integration using the Runge-Kutta method,
and kinetic parameters were found by minimizing the sum of squared differences of the estimated
and experimental values of the mole fraction of each compound for each experimental point.
The minimizing function has the form:

B Cijexp — Cijcalc ?
b= ;;( Cl] exp ) @
where j is the number of the experimental point; and i is the serial number of the compound from the
reaction scheme.
The concentration variations of the reactant and products in the reaction mixture as a function of
reaction time and kinetic modelling results are displayed in Figure 10.
For determination of the reactions rate constants, the experimental points to 110 min were taken.
This choice is due to the presence of kinetics shift zone for low-nickel catalysts (x = 0.5, 1), which can be
associated with a change in the state of the active component during the reaction. Thus, reaction rate
constants for all NiyMoC-5iO, (400/600) catalysts were obtained and their values are listed in Table 8.

Table 8. Reaction rate constants of the furfural conversion over calcined and reduced NiyMoC-SiO,
(400/600) catalysts at T = 150 °C, P = 6.0 MPa, mcat = 1.000 g, and furfural /isopropanol molar ratio

equal to 0.033.
Catalyst ko-10%, min—1 k1-103, min—1 k2-10%, min—1 k3+103, min—1
Niy5MoC-5iO, 34+0.1 - 3.6£0.7 -
Ni;MoC-SiO, 53+0.1 - 32+£05 -
Ni,MoC-SiO, 15+ 0.6 1.1+02 26+03 -
NizMoC-SiO, 21+ 05 1.6 +0.2 1.3+0.1 -
NigMoC-SiO, 39+2 24402 1.3+02 24402

The calculated data demonstrated that, for the reduced catalytic systems, there is a linear increase
in the effective rate constants of furfural hydrogenation to FA with an increase in the nickel content in
the catalyst (Figure 12).



Catalysts 2018, 8, 560 16 of 24

40- =
35
30
25-
20-

k,-10° (min™)
[
o
||

10
54 ]

0 2 T T T T T T T T T T -
0 1 2 3 4 5 6

Atomic ratio x = Ni/Mo

Figure 12. Dependence of the reaction rate constant k( for different calcined and reduced catalysts
NiyMoC-SiO, (400/600) and calcined sample MoC-5iO, (700) on the atomic ratio x = Ni/Mo. Reaction
conditions: T =150 °C, P = 6.0 MPa, mc,t = 1.000 g, and furfural/isopropanol molar ratio equal to 0.033.

The values of rate constants were used to calculate the selectivity for the formation routes of 2-MF
and THFA from FA. This calculation was carried out according to the formulas below. The possibility
of 2-MF hydrogenation to 2-MTHF was not taken into account since this route was found only for the
NigMoC-5iO, (400/600) catalyst and was not observed for other systems.

__k 0

Selz,MF = m 100% (5)
_ 0

SEZTHFA = kl T k2 -100% (6)

Here, k1 is the reaction rate constant for hydrogenation of FA to THFA, and k; is the rate constant

for hydrogenation of FA to 2-MF.
It was shown that selectivity of 2-MF formation from FA decreases with an increase in the atomic

ratio x = Ni/Mo (Figure 13).

—&— Selectivity for 2-MF

100+
—&— Selectivity for THFA

801
60 -

40

Selectivity (mol.%)

0 I 1 2 3 4 5 | 6
Atomic ratio x = Ni/Mo

Figure 13. Dependence of selectivity for 2-MF and THFA formation from FA on the atomic ratio
x = Ni/Mo. Reaction conditions: T = 150 °C, P = 6.0 MPa, m¢,¢ = 1.000 g, and furfural/isopropanol
molar ratio equal to 0.033.

According to Figure 13, the highest selectivity for 2-MF formation is achieved for the catalysts
with a low nickel content. The maximum selectivity of ca. 100% is achieved over Niy5MoC-SiO,
(400/600) and Ni;MoC-5iO; (400/600) catalysts. Comparing the selectivity values and the data of
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catalysts surface composition, it can be found that in the NiyMoC-5iO, (400/600) series with x =1, 2,
4, 6, an exponential decrease in the selectivity is observed with an increase in nickel content on the
catalyst surface (Figure 14).

110
? J
S0 m Ni MoC-Si0, (400/600)
= AY
E 904 \
A Y
= \
80
70 W Ni MoC-Si0, (400/600)
=) ~
et 60 N
Z N
~
2 50 S o
S Ni MoC-SiO, (400/600) “H.
S 40 =~
wn J -~ -
204 Ni MoC-Si0, (400/600)
T T T T T T T T T T T T T

20 30 40 50 60 70 80 90
Surface Ni content (mol.%)

Figure 14. Relation of the selectivity for 2-MF formation from FA with the surface nickel content.

As it follows from Figure 14, the optimal nickel content in the surface layer for efficient 2-MF
production does not exceed 22%. At the same time, saturation of the surface with nickel leads to
a decrease in the selectivity. In particular, when the Ni quantity in the surface layer achieves 65%,
the selectivity of such catalyst does not exceed 44%. It is important to note that the NigMoC-5iO,
(400/600) sample containing the highest quantity of Ni-Mo alloys (96% according to XRD) keeps
the selectivity for 2-MF equal to 35%. In addition, within the limit of 100% Ni content on the
catalyst surface, the selectivity remains equal to 28%. As it was mentioned earlier, catalysts with
the atomic ratio x = Ni/Mo of 4 and 6 do not actually contain carbide phases. Their main component is
a nickel-molybdenum alloy, which promotes the formation of THFA and 2-MTHEF. Thus, molybdenum
carbide exhibits a high selectivity in the formation of 2-MF.

Probably, molybdenum carbide is responsible for the adsorption of furfural in a conformation
which leads to the formation of FA and 2-MF, whereas nickel contributes to the activation of molecular
hydrogen. Indeed, Shi et al. [44] performed detailed density functional theory (DFT) and microkinetic
calculations to provide a fundamental understanding of the mechanism of furfural hydrogenation
over molybdenum carbide surface. They showed that there are five adsorption configurations of
furfural on the Mo, C surface. The most stable is the cis-furfural absorbed via the n2(C=0) bonding
configuration with the C=0O bond elongated, and furan ring tilted away from the surface. From this
configuration, two competitive pathways are possible, which include C-H scission that leads to furan
formation, and hydrogenation that results in formation of intermediate product F-CH,O, where F
is 2-furanyl radical. She et al. shown that the C-O dissociation of F-CH,O into F-CH;,+O is more
favoured than F-CH,O hydrogenation into furfuryl alcohol both kinetically and thermodynamically.
Once FA (F-CH;OH) is formed, it can easily go back to F-CH,O under equilibrium condition due to
the much low back energy barrier. Therefore, the most favoured surface species are the co-adsorbed
F-CH; and O, which are used for the formation of 2-methylfuran. Herewith, the pathway of F-CH,O
formation occurs when the catalyst surface is covered by hydrogen, especially in the case of 4H
pre-covered surface. On the other hand, it is clearly known that Ni is a highly reactive catalyst for
organic compounds hydrogenation. In the instance, Rodiansono et al. [45] showed that Raney-Ni—clay
composite catalysts immediately hydrogenate furfural to THFA through the quiet formation of FA
at 120 °C and 2.0 MPa of Hj. Such behavior of Ni in hydrogenation reaction indicates unselective
chemisorption of furfural on the surface by different parts of its structure, both the ring and the C=O
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bond. In our case, the samples include Ni-Mo alloy and its activity, apparently, differs from the activity
of pure nickel, however, common properties remain the same. Besides, in accordance with TEM
analysis, there are large particles of Ni-Mo alloy and highly dispersion molybdenum oxide in catalysts.
Therefore, apparently, the Ni-Mo particles participate in hydrogen activation followed by transfer to
molybdenum carbide or oxide sites. Molybdenum carbide allow converting furfural to FA and 2-MF,
while molybdenum oxide leads to formation of THFA and 2-MTHE.

In order to evaluate the specific catalytic activity, we used results of CO chemisorption
measurements. The specific activity was determined as the initial conversion rate of furfural over one
active site. This definition corresponds to the formula:

40
ko nfurfural
nas

TOF = @)

where ky is the rate constant of furfural hydrogenation to FA; n?u rfural 1 the initial amount of furfural
equal to 0.0254 moles; and 71 45 is the number of active sites. The data obtained are listed in Table 9.

Table 9. TOF values for calcined and reduced Ni,MoC-S5iO, (400/600) catalysts. Reaction conditions:
T =150 °C, P = 6.0 MPa, mc,t = 1.000 g, and furfural/isopropanol molar ratio equal to 0.033.

Catalyst TOE, s 1

Nig5sMoC-5iO, 0.016 £ 0.001
Ni;MoC-5iO, 0.035 £ 0.001
NiyMoC-5iO, 0.097 £ 0.004
NigMoC-5iO, 1.11 +£0.03
NigMoC-5iO, 1.39 £ 0.07

Analysis of Table 9 shows that the first four samples with the atomic ratio of x = 0.5-2 have
relatively similar values of specific activity. At the same time, the NiyMoC-5iO, (400/600) and
NigMoC-5iO, (400/600) systems are characterized by a significantly higher specific activity up to
1.2-1.4 s7!, which may be due to a change in the nature of active component or a change in their
surface composition, which were discussed earlier.

Remarkably, the specific activity of the carbide catalyst with atomic ratio x = Ni/Mo is equal
to 0.5 and 1 is comparable with the activity of highly dispersed Ni supported on SiO;. For instance,
the Ni;MoC-5iO; (400/600) sample has TOF equal to 0.035 s~1, whereas TOF of the Ni/SiO,
sample prepared by impregnation method has a maximum of 0.036 s~! under similar conditions
of furfural hydrogenation [46]. Pushkarev et al. [47] reported that Pt nanoparticles supported on
MCF-17 mesoporous silica are able to hydrogenate furfural to FA with the selectivity of 68%. Authors
tested Pt/MCF-17 samples with different particle sizes in the vapor-phase furfural hydrogenation
at atmospheric pressure and 443—513 K. They found that the most selective Pt-based catalysts
have specific activity between 0.04 and 0.08 s~!. In our case, systems NigMoC-SiO, (400/600) and
NigMoC-SiO, (400/600) have the turnover number 1.11 and 1.39 s~! and their selectivity to FA
formation is also high enough. Cu based catalysts, which were investigated in the liquid-phase
furfural hydrogenation, also demonstrated low activity in comparison with carbides. For instance,
Villaverde et al. [48] examined the CuZnAl, CuMgAl and Cu-Cr catalyst, which were synthesized by
co-precipitation, in a bath reactor at 110 °C and pressure 1.0 MPa. In all cases, the selectivity to furfuryl
alcohol reached 100% under the specified conditions. However, the TOF values for CuMgAl, Cu-Cr
and CuZnAl were 0.049, 0.022 and 0.006 s~ 1, respectively. Bhogeswararao and Srinivas [23] reported
about Pt systems supported on y-Al,O3, which were tested in gaseous phase furfural hydrogenation at
25 °C over the pressure range from 2.0 to 6.0 MPa. The maximal yield (91%) of FA was achieved using
the Pt (5 wt %)/ Al,Oj3 catalyst. Furthermore, the TOF number for this system was 3.06 s~1. This value is
much higher than the maximal turnover number detected for Ni-Mo carbides considered in this work.
Therefore, a comparison of specific activities of the obtained catalysts with other alternative systems
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shows that Ni-Mo carbides have a rather high efficiency in furfural hydrogenation. Nevertheless,
there are catalytic systems with beter catalytic properties, and searching for the ways to increase the
activity of carbides remains an actual challenge.

Thus, it is necessary to note that the investigated Ni-Mo catalysts consist of a carbide phase
responsible for the selective furfural adsorption and formation of FA and 2-MF, a Ni-Mo alloy
involved in the hydrogen activation, and molybdenum oxide responsible for the non-selective furfural
adsorption. Therefore, the exact combination of these phases, carbide and metal, allows maintaining
high activity and selectivity of the catalyst. Thus, further development of a catalyst with a high content
of molybdenum carbide, promoted with a small amount of Ni, can lead to high yields of 2-MF in
furfural hydrogenation.

3. Materials and Methods

3.1. Catalyst Preparation

The precursors of carbide catalysts NiyMoC-S5iO; with the atomic ratio x = Ni/Mo equal to 0, 0.5, 1,
2,4, and 6 were prepared by the modified gel-combustion method [42,49] using citric acid and ethylene
glycol as the complexation agents. The source of Mo and Ni was the salts of (NH,)sMoyOy4-4H,O
(98%, Reachim) and Ni(NO3),-6H,0O (98%, Reachim), respectively.

For the synthesis of catalysts, the corresponding quantities of (NH4)sMo7094-4H50,
Ni(NO3),-6HO and citric acid were dissolved in water under vigorous stirring and heating to 80 °C.
Citric acid (CA) was introduced into the mixture with a molar ratio n = CA/(Ni + Mo) equal to 1.
Further, ethylene glycol was added to the solution in the same amount as CA. When the homogeneous
solution was obtained, ethyl silicate-32 was added (the amount of SiO; was 10 wt % for all samples
excluding the amount of carbon). The solution was heated to form a viscous substance. The obtained
samples were dried at 100 °C until the moisture was completely removed.

The dried and ground powder of the precursor was calcined in a quartz reactor under various heat
treatment conditions. Catalytic systems NiyMoC-5iO, (600) and NiyMoC-5iO, (700) with the atomic
ratio x = Ni/Mo equal to 0, 0.5, 1, 2, 6 were prepared by calcination of the corresponding precursors
in the Ar flow at 600 and 700 °C, respectively. The reduced catalysts Ni,MoC-5iO, (400/600) with
x =Ni/Mo of 0.5, 1, 2, 4, and 6 were synthesized by calcination in the Ar flow at 400 °C and following
reduction in an H, atmosphere at 600 °C. Molybdenum carbide without SiO, was synthesized by
calcination at 700 °C in an inert atmosphere. After every temperature treatment, the samples were
cooled to room temperature without air access and passivated by ethanol impregnation.

3.2. X-ray Diffraction

The phase composition of Ni-Mo carbide catalysts was investigated by X-ray diffraction analysis.
In this study, a D8 Advance X-ray diffractometer (Bruker, Frankfurt, Germany) equipped with
a Lynxeye linear detector was used. Monochromatic CuK« radiation (A = 1.5418 A) was applied
for the analysis. XRD patterns were obtained in the 20 range from 15° to 80° with a step of 0.05°
and accumulation time of 3-5 s at each point. The average crystallite size was determined using the
Scherrer equation from the integral width of the diffraction lines.

Phase contents were obtained using calibration graphs constructed from the calculated diffraction
patterns for Ni, fcc-MoC; _,, and hcp-Mo,C. Finally, the Rietveld method [50] was employed to refine
the lattice parameters and the phase ratio.

3.3. Texture Characteristics

The texture characteristics of the reduced catalysts were examined using the low-temperature
nitrogen porosimetry. An automated volumetric adsorption analyser ASAP 2400 (Micromeritics
Instrument Corp., Norcross, GA, USA) was used for the analysis. Before recording the nitrogen adsorption
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isotherms, the samples were outgassed at 150 °C and pressure 0.13 Pa for 4 h. The experimental data
were then used to calculate the surface area Aggr.

3.4. CO Pulse Chemisorption Measurements

The number of active sites in the reduced catalysts Ni,MoC-5iO, (400/600) were determined by
CO pulse chemisorption measurements using a Chemosorb analyser (Modern Laboratory Equipment,
Novosibirsk, Russia). Before analysis, the catalysts were reduced in a stream of Hj at 350 °C. Further,
the samples were cooled to 25 °C into Ar atmosphere and CO was pulsed into the reactor until
complete sample saturation was observed. The total CO uptake was used to calculate the number of
active sites.

3.5. Elemental Analysis

The carbon content in the catalysts before and after reaction was determined using a Vario E1 111
elemental analyser, CHNS version (Elementar, Germany).

3.6. X-ray Photoelectron Spectroscopy

The XPS measurements were made using a photoelectron spectrometer (SPECS Surface Nano
Analysis GmbH, Berlin, Germany) equipped with a PHOIBOS-150 hemispherical electron energy
analyser, a FOCUS-500 X-ray monochromator, and an XR-50 X-ray source with a double Al/Ag anode.
The spectrometer was also equipped with a high-pressure cell that makes it possible to heat samples
before analysing under gaseous mixtures at pressures up to 0.5 MPa. The spectra were recorded
using monochromatic Al Ka radiation (hv = 1486.74 eV) and a fixed analyser pass energy of 20 eV
under ultra-high vacuum conditions. Since SiO; is included into the catalyst composition, the binding
energy scale was calibrated by the internal standard method against the Si2p line of silicon. Relative
concentrations of elements were determined from the integral intensities of the core-level spectra using
the cross sections according to Scofield [51]. For detailed analysis, the spectra were fitted into several
peaks after background subtraction by the Shirley method [52]. The fitting procedure was performed
using the CasaXPS software. The shape of lines was approximated by the convolution of Gaussian and
Lorentzian functions. Before the analysis, all catalysts were additionally reduced under 1 bar of H, at
350 °C for 30 min in the high-pressure cell.

3.7. Transmission Electron Microscopy

The structure and microstructure of powders were examined by high-resolution transmission electron
microscopy (HRTEM) on a JEM-2010 electron microscope (JEOL, Tokyo, Japan) at an accelerating voltage
of 200 kV and point-to-point resolution of 0.14 nm. The microscope was equipped with a XFlash
energy-dispersive X-ray (EDX) spectrometer (Bruker, Ettlingen, Germany) with energy resolution,
125 eV. Prior to electron-microscopic examination, the particles were immersed in ethanol and applied
to holey carbon substrates (hole diameter near 1 pm) secured on copper grids. The particles were
applied using a UZD-1UCh2 ultrasonic processor, which allowed us to achieve a uniform distribution
of the particles over the substrate surface. After the particles on the carbon substrate and grid were
withdrawn from the ethanol, it was evaporated.

3.8. Catalytic Activity Tests

The study of catalysts activity in the furfural hydrogenation was carried out in a batch reactor
(Autoclave Engineers, Erie, PA, USA) equipped with a 300 mL stainless steel reactor. Before the reaction,
a pre-ground catalyst (1 g of a fine powder with the size <0.071 mm) was placed in an autoclave
and activated in situ in an Hj stream at a temperature of 350 °C for 60 min. The hydrogen flow was
300 mL/min. After activation, 60 mL of 5 wt % furfural in isopropanol was added into the cooled
reactor. The reactor was then sealed, and the mixture was heated to 150 °C for 40 min. When the
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specified temperature was reached, 6.0 MPa of H, was fed into the reactor. The onset and endpoint
of the reaction corresponded to the times when stirring was turned on and off. The stirring rate was
1800 rpm. During the whole process, samples were taken for analysis, and the pressure in the reactor
was held at 6.0 MPa. Liquid samples were taken at intervals of 2, 5, 10, 20, 30, and 40 min.

To evaluate carbonization degree of the catalysts, each sample after reaction (the total contact time
was 310 min for every experiment) was removed from the chilled reactor and separated from the liquid
phase by filtration at room temperature. Further, all the samples were carefully washed with acetone
and then dried at 60 °C. The washed and dried catalyst was used for evaluation of the carbon content.

Qualitative analysis of the liquid products was carried out using an Agilent 7000B (Santa Clara,
Calif., United States) gas chromatography—mass spectrometer equipped with a triple quadrupole
analyser and quartz capillary column CD Wax. NIST.11 database was used to identify the components
of the analysed sample. Quantitative analysis of the liquid products of furfural hydrogenation
was carried out using an Agilent Technologies GC-7820A (Santa Clara, Calif., United States) gas
chromatograph equipped with a flame ionization detector (FID), HP-5 capillary column (stationary
phase (5%-phenyl)-methyl polysiloxane, 30 m 10.32 mm | 0.25 pm) and CM-WAX capillary column
(stationary phase 100% polyethylene glycol, 30 m10.32 mm | 0.25 pm). The temperature program for
both columns was: 50 °C held for 4 min, 8 °C/min to 240 °C, and holding the final temperature for
3 min. The injector and detector temperatures were 300 and 360 °C, respectively. Argon was used as
a carrier gas. The 0.6 uL samples of were injected into the gas chromatograph with a chromatographic
syringe. The reaction mixture components were identified by retention times, which were determined
separately for each component in the calibration. The HP-5 column was used to identify and separate
2-MF and 2-MTHF. Determination of the other components was carried out using the CM-WAX column.

4. Conclusions

The experiments demonstrated that the introduction of stabilizing SiO, additive into the
molybdenum carbide catalyst significantly increases the activity of MoC during hydrogenation of
furfural. It has been shown that the Ni,MoC-5iO, catalysts synthesized by reduction of nickel
molybdenum-carbon precursor are able to hydrogenate furfural to 2-methylfuran and furfuryl
alcohol with higher yields than the catalysts obtained by calcination in an inert. It has been
found that the introduction of nickel significantly increases the specific activity of reduced Ni-Mo
carbide catalysts in the hydrogenation of furfural from TOF = 0.016 s~! for Nig5sMoC-SiO; to
TOF = 1.39 57! for NigMoC-SiO,. It was found that the nickel introduction increases the yields
of furfuryl alcohol and products of complete hydrogenation of furan ring—tetrahydrofurfuryl alcohol
and 2-methyltetrahydrofuran. The presence of carbide and metal phases in the samples was revealed
by XRD analysis. In accordance with the catalytic activity of systems with different Ni content,
we found that the metal part represented by Ni-Mo alloy is apparently responsible for the hydrogen
activation. At the same time, the carbide part, including such phases as hcp-Mo,C, fcc-MoCy_,
and Mo3CNij, participates in loosening of the C=0O bond of furfural, which leads to the formation
of furfuryl alcohol and 2-methylfuran. Molybdenum oxide particles, detected from TEM patterns,
participate in non-selective furfural and furfuryl alcohol adsorption leading to the hydrogenation of
the aromatic ring. According to the values of reaction rate constants and the proposed reaction scheme,
the selectivity of 2-methylfuran formation from furfuryl alcohol was calculated. The maximal selectivity
of furfuryl alcohol processing to 2-methylfuran reaches 100% for the low-nickel systems. As a result
of this evaluation, the reduced catalysts Nip sMoC-5iO, and NijMoC-5iO; can be considered as the
most promising catalysts for selective furfural hydrogenation to produce the ecological high-octane
additive, 2-methylfuran. Furthermore, it has been demonstrated that the reduced carbide catalysts
with the atomic ratio Ni/Mo from 1 to 2 can provide the greatest yield of the target products at 150 °C
and hydrogen pressure 6.0 MPa, with the maximal yield of furfuryl alcohol reaching 75 mol %, and the
yield of 2-methylfuran reaching 30 mol %.
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