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ABSTRACT In this work, nickel-copper-containing alloy catalysts with different contents of nickel oxide were
prepared and used in the furfural hydroconversion to 2-methylfuran and furfuryl alcohol. The most active
catalyst (7Ni19Cu61Fe13Al) was chosen. We selected the reaction conditions, providing a high yield of 2-
methylfuran (81 wt. %) at 100 % furfural conversion in a batch reactor: 7' = 200 °C, P(H2) = 5.0 MPa, reaction
time 4 h. The selected catalyst was studied by a complex of physicochemical methods; we determined the
phase and surface composition, the morphology of the active component, and the possible cause of catalyst
deactivation during the reaction due to the irreversible sorption of reactants and reaction products, as well
as their polymeric structures on the catalyst surface. We have demonstrated the possibility of obtaining 2-
methylfuran for the 7Ni19Cu61Fe13Al catalyst with a selectivity of 70 % at 87 % conversion of furfural in a
flow-type reactor without solvent at LHSV =6 h~', T = 200 °C, P(H) = 5.0 MPa.
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1. Introduction

Currently, due to the depletion of fossil resources, there is an increasing relevance in the search for new alternative
sources used to produce raw materials. One of the sources for obtaining valuable chemical compounds are hemicelluloses,
which are extracted during the processing of plant materials [1]. Hemicelluloses are of particular interest to the industry
due to their low content of heavy metals, sulfur, and nitrogen, making them safer to process.

Furfural is obtained through the acid hydrolysis of hemicelluloses (Fig. 1a), and its world production in 2021 ex-
ceeded 300,000 tons [2]. Furfural is a platform for the synthesis of various chemicals due to its reactive aldehyde groups
and conjugated double bonds [3]. Furfural derivatives are widely used to produce organic solvents, pharmaceuticals, agro-
chemicals, perfumes, biofuels, fuel additives, and synthetic resins or rubber [4]. One of the most interesting and common
methods for processing furfural is hydroconversion, as the products obtained have a high value added [5]. For example,
2-methylfuran (2-MF), which is used in the fuel industry as an octane-boosting additive due to its high octane number
(101) [6], as well as in medicine and pharmaceuticals as a precursor in the production of dietary supplements and drugs.
The hydroconversion of furfural to 2-MF can proceed in two ways: through the intermediate formation of furfuryl alcohol
(FA) or directly through the hydrogenolysis of the C=0 double bond (Fig. 1b) [7, 8].

Traditional catalysts for the furfural hydroconversion to target products (2-MF, FA) are high-percentage copper-
chromium ones [10], as well as catalysts based on noble metals [11, 12]. However, despite their high activity, these
systems have several disadvantages. Use of chromium catalysts can contribute to toxic emissions due to the tendency
of Cr%" compounds to dissolve in many organic and inorganic solvents, including furfural [13, 14]. During the catalyst
preparation stage, substances containing Cr®" are used, and Cr®™ is also present in the fresh oxide catalyst (for example,
in the following compounds: CuCrO,4, CuCrO4-Cu(OH)s, 2CuCrOy4 - 3Cu(OH)2-H20) [15, 16]. During preliminary
calcination or reduction in the preparation stage, the transition of chromium from the +6 state to the 43 state may be
incomplete, which subsequently leads to contamination of the target products. Additionally, in some cases, these catalysts
deactivate quickly, necessitating the use of high hydrogen pressure. In the case of noble metal catalysts, the primary
limiting factor is their high cost [17].
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FIG. 1. a) The scheme for obtaining furfural from hemicelluloses [9]; b) The scheme of furfural hy-
droconversion over catalysts

Transition-based chromium-free systems can act as an alternative to the above-mentioned catalysts. Copper is one of
the most active metals in the hydroprocessing of organic substances, particularly in the conversion of furfural into various
C5-C6 organic compounds [18, 19]. Yunlong Yao et al. found that the Zn-modified Cu-containing catalyst demonstrated
good results in the hydrogenation of furfural (100 % conversion) to FA (~ 100 % yield) under the following reaction
conditions: 120 °C, 2.0 MPa, 0.2 g catalyst, 100 mL/min Hy, WHSV 0.3 hfl) [20]. However, such systems are not
suitable for obtaining 2-MF with high selectivity.

Doping of copper systems with nickel and cobalt accelerates furfural conversion and increases 2-MF yield [21, 22].
Munsuree Kalong et al. [23] describe monometallic copper samples supported on alumina, as well as the systems doped
with nickel and cobalt. The conversion of furfural in the batch reactor reached 100 % of all samples over a reaction time of
2 hours. However, the nickel-promoted catalyst proved to be the most efficient. The maximum 2-MF yield obtained was
47 — 50 % at a reaction time of 2 hours. The authors concluded that doping with nickel enhances the activity of the catalyst
and accelerates the reaction rate. In the work [24], the authors studied Ni—Fe catalysts obtained by co-precipitation; a 2-
MF yield of up to 80 % was achieved, with complete conversion of furfural and a reaction time of 10 hours in the batch
reactor over the catalyst. Apparently, high yields were due to the presence of fine metallic nickel particles and strong acid
sites on the catalyst surface, represented by metal oxides, which promote the activation of the aldehyde group and the
reduction of the C=0 bond. Acidic sites on iron oxide are often employed to activate oxygen in molecules of aldehydes,
acids, and alcohols [25], as well as in the Fischer—Tropsch process for the adsorption and activation of carbon monoxide
molecules [26].

It should be noted that the high content of transition metals promotes the hydrogenation of the furan ring, resulting in
the formation of tetrahydrofurfuryl alcohol (THFA), 1-pentanol, pentanal, 2-methyltetrahydrofuran (2-MTHF), etc. [27,
28]. However, at low concentrations, such additives enable the successful hydrogenation of the aldehyde group of furfural
while preserving the structure of the furan ring [29].

The work [30] examined CuFeAl catalysts, which were prepared by the fusion method. Metallic copper serves as
the active component of such systems. The modifying additives of aluminum and iron form a matrix for the active
component, promote the formation of fine particles of copper, prevent its sintering, and prolong the service life of the
catalyst. Nevertheless, this system is effective to produce FA; a higher content of a more active component is necessary in
the catalyst to obtain 2-MF. The addition of nickel to the composition of such a system can improve the 2-MF selectivity.
Previously, NiCu-containing catalysts were studied in the hydroconversion processes of bio-oil [31], as well as in its
model compounds (anisole, guaiacol) [32], and in the hydrotreatment of vegetable oils [33].

In this work, we considered high-percentage NiCu-containing alloy catalysts with different contents of nickel oxide
(5 - 10 wt.%) for the hydroconversion of furfural into FA and 2-MF. We tested the obtained catalysts in both a batch
reactor with diluted feedstock and a flow-type reactor with pure furfural. The first method is well-studied and found
in many works; however, the second method is less commonly used but more applicable for transition to industrial
conditions. We studied the physicochemical properties of such systems and selected the optimal metal content in the
catalyst to ensure maximum selectivity for the desired product (2-MF).

2. Experimental

We used the salt fusion method for the preparation of catalysts for the hydroconversion of furfural. We mixed the
calculated weights of aqueous nitrates of iron, aluminum, copper, and nickel in a quartz bowl and heated on an electric
stove to ~ 300 °C. Next, the catalyst was calcined in a muffle furnace at a temperature of 450 °C for an hour. As a result,
three catalysts were obtained: SNi19Cu63Fel13Al (5Ni), 7Ni19Cu61Fel13Al (7Ni), and 10Ni18Cu60Fe12Al (10Ni); value
indicates metal oxide content (wt. %) in the sample.
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The study of samples of the Ho-TPR method was carried out on a Chemosorb device (JSC Modern Laboratory
Equipment, Moscow, Russia).

The XRD, in situ XRD, XPS, HRTEM, CHNS methods, textural characteristics of the reduced catalysts, the amount
of chemisorbed CO on reduced catalysts at 250 °C, and qualitative and quantitative analysis of liquid products were
previously described in [19].

Furfural (GOST 10930-74) was used for hydroconversion experiments and was pre-purified in a vacuum distillation
unit. Isopropyl alcohol (GOST 9805-84) was used as a solvent to carry out the process in a batch reactor.

The furfural hydroconversion was carried out in a batch reactor with a volume of 300 cm®. The reactor is equipped
with a mechanical stirrer with a magnetic drive, a thermocouple, and a pressure sensor, as well as a control system for
stirring speed, temperature, and pressure. Reduction conditions: 7" = 250 °C, hydrogen flow = 100 ml/min, ¢ = 1 h;
reaction conditions: P(H3) = 5 MPa, mixing speed = 1800 rpm, 7" = 160 — 250 °C, ¢ = 4 h.

The furfural hydroconversion in a flow-type unit was carried out using a reactor with a volume of 10 cm?, into
which we placed a catalyst weighing 1 g (fraction size 0.25 — 0.50 mm) mixed with quartz in a volume ratio of 1:4. We
used crystalline purified quartz with a fraction size of 0.25 — 0.50 mm. Reduction conditions: 7" = 250 °C, hydrogen
flow = 100 ml/min, ¢ = 1 h; reaction conditions: P(Hs) = 5 MPa, T' = 200 °C,LHSV =1-8 h.

The thermal analysis was carried out using an STA 449 C Jupiter synchronous thermal analysis instrument from
NETZSCH (Selb, Germany). For the study, the sample was placed in a crucible corundum. The rate of air supply to the
sample chamber was 30 ml/min. The sample was heated at a rate of 10 °C/min to 1000 °C. The experimental data were
analyzed using the NETZSCH Proteus Thermal Analysis software package (Selb, Germany).

3. Results and discussion
3.1. Characterization of fresh catalysts

We determined the reduction temperature of the obtained fresh catalysts using temperature-programmed reduction
with hydrogen (H2-TPR). The results showed that there are two regions of hydrogen uptake for all samples (Fig. 2). The
first region is in the low-temperature range (200 — 330 °C), where copper and nickel oxide particles are reduced. The
second region is in the high-temperature range (500 — 850 °C), where iron oxide is gradually reduced to metal.
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FI1G. 2. H,-TPR profiles of studied catalysts

Based on the data obtained from the Ho-TPR analysis, we chose a reduction temperature of 250 °C, which would
reduce fine copper and nickel oxides.

The study of unreduced catalysts to determine their phase composition was carried out using X-ray diffraction analysis
(XRD). For three catalyst samples (5Ni, 7Ni, and 10Ni) the X-ray patterns are similar (Fig. 3). The main peaks correspond
to reflections from hematite (Fe2O3), and the CuO reflection is also observed (the peak with a maximum at 260 = 38.8°
corresponds to the CuO reflection [111]). In the domain 260 = 35 — 37 °, there is a superposition of reflections [110] and
[11-1] of CuO and [110] of Fe;O3. The absence of reflections corresponding to NiO and Al,O3 can be explained by their
X-ray amorphous state.

The composition of the catalyst surface layer was studied using X-ray photoelectron spectroscopy (XPS). We exam-
ined three catalyst samples (5Ni, 7Ni, and 10Ni) after reduction at 250 °C.
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F1G. 3. X-ray patterns of unreduced catalysts

Figure 4a shows the Ni2p spectra of the studied catalysts. In the Ni2p spectra, we observed a reverse orbital splitting,
and two groups of peaks associated with the Ni2Zp3,5 and Ni2p, /» levels. In the spectra of the studied catalysts, a peak
for the Ni2p3 /5 bond was found in the region of 852.8 €V, along with a peak for plasma losses in the region of 858.9 eV.
Additionally, the presence of a peak in the region of 855.3 eV, accompanied by “main” satellite peaks in the regions of
857.1 and 862.0 eV, is typical for Ni>* compounds. Thus, after reduction treatment, a portion of the nickel is in the
metallic state (38 — 43 %), while the remainder is in the Ni?* state as nickel oxide (NiO) [34, 35].

Figure 4b presents the spectra of the Cu2p catalysts. We observe back-orbital splitting, and two groups of peaks
associated with the levels of Cu2ps/; (in the regions of 932.6 and 946.0 — 949.3 eV) and Cu2p, /,. The shape of the
spectra allows us to assert that almost all copper in the near-surface layer of the catalyst is in the reduced state [36-38].
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F1G. 4. Spectra a) Ni2p; b) Cu2p of the studied catalysts

According to XPS data, aluminum is completely in the oxide form (AlyOg3). Furthermore, it was found that iron is
predominantly in the Fe3/Fe®T state, which likely corresponds to partially reduced iron oxide (Fe3Oy4), in which most
of the iron cations are in the Fe?™T state [39,40].

To determine the textural characteristics of the catalysts, we employed Ny physical adsorption (BET) and CO
chemisorption methods. Table 1 presents the results of the study on the fresh samples in oxide form and reduced catalysts.
It should be noted that the textural characteristics of the samples determined by using the BET method are practically
identical. However, based on the CO chemisorption data for pre-reduced samples (at 250 °C), it can be inferred that the
catalyst with 7 wt.% nickel oxide content may exhibit higher activity in the target process compared to the other sam-
ples. Apparently, in this case, the optimal Cu/Ni ratio is achieved, which promotes the formation of a larger number of
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active centers on the catalyst surface. Nickel doping of the 20Cu66Fe14Al catalyst increased the amount of adsorbed CO
from 31 pmol/gc,t [30] to 85 pumol/g.,:. Thus, we can assume that the main adsorption centers for the 7Ni sample are

predominantly nickel particles.

TABLE 1. Textural characteristics of catalysts in oxide® and reduced? forms

Catalyst | Aspr, m%/g Vpomgl, cm?®/g | Amount of adsorbed CO?, mol/g
5Ni 50 0.11 58
7Ni 55 0.10 85
10Ni 53 0.11 49

The data obtained from the Ho-TPR and CO chemisorption methods correlate with each other: the optimal reduction
temperature for the catalysts is 250 °C, at which finely dispersed nickel oxide particles transition to a metallic state and
copper oxide is completely reduced.

3.2. Catalytic performance in a batch reactor

To compare the obtained catalysts, we studied them during the hydrogenation of furfural in a batch reactor and
established correlations between the product composition, reaction temperature, catalyst composition, and mass of the
loaded catalyst.

FA is the main product for the 5Ni catalyst; its weight content at low temperatures (160 °C) is 98 % (Fig. 5a). As
the temperature rises (200 — 250 °C), 2-MF begins to form, with a maximum yield of 32 % at 250 °C. In addition, under
these conditions, small quantities of by-products (2-MTHF and THFA) are formed (4 wt.%) (Fig. 5a).

The formation of 2-MF requires more stringent hydrogenation conditions, such as the presence of a catalyst with a
higher nickel oxide weight content. Over the 7Ni catalyst, the hydrogenation of furfural is faster compared to the SNi
catalyst; at 200 °C, the yield of 2-MF increases to 20 %, though by-products (THFA and 2-MTHF) are also formed. At
higher reaction temperatures (250 °C), the content of the target product (2-MF) increases to 67 %.

Further, increases in the mass content of nickel oxide in the catalyst lead to greater formation of by-products. For
example, over the 10Ni catalyst at 200 °C, the yield of by-products (THFA and 2-MTHF) doubles compared to the 7Ni
sample. As the reaction temperature rises to 250 °C, the yield of 2-MF decreases to 48 %, while the yield of FA almost
doubles (from 23 to 40 %).

The data obtained for the hydroconversion of furfural correlate with the CO chemisorption results: the most active
catalyst in the target process is 7Ni.

Based on the dependencies obtained, we selected the reaction conditions to achieve 100 % selectivity for FA under
relatively mild conditions (Hy 5.0 MPa, 160 °C, mass of 7Ni catalyst is 0.3 g, reaction time 4 h). Additionally, we
determined that the optimal temperature for the hydroconversion of furfural to 2-MF is 200 °C.

To increase the yield of the desired product (2-MF) at this temperature, we increased the catalyst loading to 1 g.

Comparing the three catalysts (Fig. 5b), we observed a greater reaction depth for the sample with a nickel oxide mass
content of 7 %. 2-MF was obtained in high yield, with relatively low concentrations of side products. The 7Ni catalyst
was chosen for further study, as it exhibits the highest activity in the target process and demonstrates a high yield of 2-MF
(81 %, 1 g of catalyst, 200 °C, 4 hours).
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FI1G. 5. The composition of the reaction mixture in the furfural hydroconversion over catalysts with
different nickel contents. Reaction conditions: batch reactor, P(Hz) = 5 MPa, V (furfural) = 4.8 ml,
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3.3. Study of the 7Ni catalyst morphology and phase composition by HRTEM and XRD in situ methods

We used high-resolution transmission electron microscopy (HRTEM) and in situ X-ray diffraction (XRD) methods
for a detailed study of the surface morphology and phase composition of the reduced 7Ni catalyst.

Figure 6 shows the in-situ X-ray diffraction patterns of the catalyst during stepwise reduction. In the temperature
range of 30 — 175 °C, we do not observe any changes in the diffraction pattern. At a temperature of 200 °C, intense
reflections of Cu appear at 20 = 43.2° and 50.3 °.
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F1G. 6. In situ Hy XRD patterns for the 7Ni catalyst

With a further increase in temperature to 250 °C, the reflections of CuO and Fe;Oj3 disappear. Peaks corresponding
to reflections of iron oxide Fe304 and metallic copper appear. When the reduction temperature reaches 450 °C, there is a
significant decrease in the intensity of the Fe3O4 reflections and a reduction in the corresponding lattice parameter (from
8.38 to 8.21 A). Presumably, it is observed due to aluminum being incorporated into the lattice of iron oxide. The spinel
Feo AlO, forms, and a narrow peak appears at 44.6 °, corresponding to the metallic iron reflection. The diffraction pattern
at 550 — 600 °C predominantly shows reflections from Cu and Fe.

Based on the HRTEM data for the 7Ni catalyst reduced at 250 °C and passivated with ethyl alcohol, we can identify
several structural features of this sample. Copper is represented by a metallic phase (10 — 50 nm) covered with an oxide
layer (Fig. 7b). Aluminum and iron exist in the form of individual oxide phases (Fig. 7a), sized 2 — 3 nm and 10 — 20 nm,
respectively; these oxides create a matrix over which the copper and nickel phases are distributed. Nickel is primarily
represented by an oxide phase, sized 2 — 3 nm, distributed over the surface of the iron and aluminum oxides (Fig. 7b).
Additionally, nickel forms a core-shell structure with copper, where the core is nickel oxide, and the shell is copper oxide;
the total size of such particles varies from 3 to 5 nm (Fig. 7c).

Summarizing the data obtained for the 7Ni catalyst in both oxidized and reduced forms, we can draw a conclusion
about its phase composition and morphology. The fresh sample contains individual oxide phases of all metals. During
reduction (250 °C), copper is completely converted into a metallic form, while nickel is partially reduced to metal, and
iron and aluminum remain in oxide form (Fe3O4 and Al;QOg, respectively). Based on the obtained data, we assume that
the active component of the 7Ni catalyst is represented by finely dispersed metal particles of copper and nickel.

3.4. Study of spent 7Ni catalyst

At relatively high temperatures and due to the high activity of the catalyst, furfural and its hydroconversion products
can polymerize on the catalyst surface, resulting in the formation of polymer structures that deactivate the active sites.

To confirm the theory of catalyst deactivation during the reaction, a complex of physicochemical methods was used
to examine the spent 7Ni sample. The HRTEM results indicate that carbonization occurs on the catalyst surface. Mostly,
amorphous carbon is located on the particles of iron and aluminum oxide, forming filament-like structures with a metal-
containing center (Fig. 8a). Additionally, carbon is adsorbed on the catalyst surface, leading to its gradual deactivation
(Fig. 8b—c). The average particle size of the catalyst does not significantly increase, indicating that dispersity is preserved
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F1G. 7. HRTEM images: a) phases of hematite and aluminum oxide; b) individual phases of copper
oxide (2.52, 2.54 A are the interplanar distances corresponding to the [002] and [—111] reflections,
respectively) and nickel oxide (2.05, 2.09 A are the interplanar distances corresponding to the [200]
reflection); ¢) NiCu-O core-shell structure (2.12, 2.24 A — interplanar distances corresponding to reflec-
tions [200] of NiO and [200] of CuO, respectively)

during the reaction. On the surface of the spent sample, all metals are present in their oxide forms: CuzO, NiO, Fe30y,
and Al,Og3 (Fig. 8d).

F1G. 8. a) HRTEM image of filament-like C—Al and Fe—Al structures; mapped HRTEM images for
b) iron, copper, nickel; c) carbon; d) HRTEM image of nickel, copper, aluminum, ferric oxide, and
amorphous carbon

CHNS analysis of the spent 7Ni catalyst sample showed that the mass content of carbon in the catalyst reaches
4.7 wt.%.

A spent sample of the 7Ni catalyst was studied using thermal analysis (Fig. 9) to determine the content of adsorbed
water and organic compounds. The TG curve indicates that mass loss of the sample occurs in four steps. Analyzing the
DTG curve, the temperatures at which changes in the rate of weight loss occur were identified. The maximum values on
the DTG are illustrated by extremum points. The first extremum is detected at approximately 99 °C, which corresponds
to the evaporation of adsorbed water (4.4 wt.%). Additionally, two more regions of mass loss are observed at 239 °C
(2.6 wt.%) and 435 °C (0.9 wt.%), where reagents and products from two different groups of active sites of the catalyst
are likely desorbed. With a further increase in temperature, high-molecular compounds (0.7 wt.%) evaporate.

Based on the data obtained for the spent 7Ni catalyst, we can draw conclusions about the nature of deactivation
in such systems. During the reaction, products and reagents are adsorbed on the surface of active centers, leading to
their polymerization and the formation of high-molecular compounds. To reduce the amount of carbon deposits on
the catalyst surface and prevent its deactivation, it is necessary to either increase the hydrogen pressure in the system
or to preliminarily purify the raw material before the experiment (furfural is prone to polymerization during long-term
storage). These methods for reducing carbonaceous deposits are widely used in industry for hydroconversion processes
involving furfural. Additionally, the catalyst can be regenerated after the reaction in a stream of hydrogen at the reduction
temperature. For example, in the work [42], a copper-zinc catalyst was studied during the hydroconversion of furfural in
a batch reactor. The catalyst maintains its activity over 6 cycles of reaction and regeneration.
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F1G. 9. TG and DTG curves for the spent 7Ni catalyst

3.5. Testing the selected catalyst in a flow type reactor

To understand how the selected 7Ni catalyst will behave under near-industrial conditions, we conducted a series
of experiments in a flow-type reactor. The reaction conditions were established based on experiments conducted in a
batch reactor (flow reactor, P(Hs) = 5.0 MPa, T = 200 °C, meyt = 1.0 g, catalyst fraction = 0.25 — 0.50 mm,
catalyst:quartz = 1 : 4 (vol.)). By varying the liquid hourly space velocity (LHSV, 1 — 8 h™!), we obtained different ratios
of products; however, the conversion of furfural and selectivity to 2-MF were identified as the most important parameters
(Fig. 10).
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F1G. 10. Diagram of dependencies of furfural conversion and product selectivity on LHSV. Reaction
conditions: flow reactor, P(Hs) = 5.0 MPa, T' = 200 ° C, m¢at = 1.0 g, catalyst fraction = 0.25 —
0.50 mm, catalyst:quartz = 1 : 4 (vol.)

Based on the data obtained for furfural conversion and 2-MF selectivity, we chose a deliberately high LHSV value
(6 h™1), which allows for a faster evaluation of catalyst performance under severe conditions. Regarding the lower LHSV
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values in the range of 1 to 4, there is a complete furfural conversion but low selectivity for 2-MF. It is due to the reaction
of furan ring hydrogenation, resulting in the formation of 2-MTHF and THFA. At higher LHSV values, the conversion
of furfural decreases significantly due to a reduction in contact time. Thus, we obtained the dependence of furfural
conversion and 2-MF selectivity on the reaction time at LHSV = 6 h™!. During the first 4 hours of the reaction in flow
mode, the catalyst retains its activity (furfural conversion of 80 — 90 %, selectivity for 2-MF of 75 — 80 %). However,
after 4 hours, there is a decrease in selectivity to 60 — 65 %, while maintaining furfural conversion.

As a result, it can be noted that the activity of the 7Ni catalyst does not fall over time, and furfural conversion
is maintained at 80 — 90 % for 5 hours. During the reaction, there is a trend toward a decrease in selectivity for 2-
MF; however, selectivity for FA rises (Fig. 11). It is possible that during the reaction, the nickel centers, on which
hydroconversion to 2-MF partially depends, become deactivated [7,43]. Copper centers may also become deactivated, but
their quantity is higher than that of nickel centers due to the higher copper content in the catalyst. Thus, by choosing the
optimal reaction conditions over this catalyst, it is possible to achieve a high yield of both FA and 2-MF.

[]2-MTHF [ 2-MF [ FA

Selectivity, %

1 15 2 25 3 35 4 45 5 55 6 65
Time, h

F1G. 11. Diagram of dependencies 2-MF, FA, and 2-MTHF selectivity on time. Reaction conditions:
flow reactor, LHSV = 6 h™ !, P(H3) = 5.0 MPa, T = 200 °C, mca; = 1.0 g, catalyst fraction = 0.25 —
0.50 mm, catalyst:quartz = 1 : 4 (vol.)

The work [44] also studied the gas-phase hydroconversion of furfural in a flow reactor over copper-zinc catalysts.
The reaction was carried out in the gas phase at a temperature of 200 °C, and as a result, the yield of 2-MF reached 95 %
with 100 % conversion of furfural. Due to the lower LHSV (1.5 h™!) compared to our work, the catalyst retained its
activity after 10 hours of reaction. This process was also studied in liquid phase mode in work [45]. Hydroconversion
of furfural took place at 180 °C and elevated hydrogen pressure (1 MPa) over a cobalt-containing catalyst. As a result,
the conversion of furfural was 100 %, and the yield of 2-MF was 94 %, with a relatively low value of LHSV = 0.5 h~!
(calculated from the approximation that the bulk density of the catalyst is 1 g/cm?).

Thus, the advantage of our method lies in higher LHSV values and, consequently, higher productivity. However, the
service life of the catalyst is reduced due to carbonization of the active sites. Possible ways to reduce the carbonization of
the catalyst include increasing the flow rate and pressure of hydrogen [46], as well as prepurifying the feedstock used in
furfural refineries.

4. Conclusions

New NiCu-containing catalysts with different nickel oxide contents were prepared by the alloy method for furfural
hydroconversion to 2-MF and FA. As a result of testing the obtained systems in a batch reactor in the target process, the
7TNi19Cu61Fel13Al (7Ni) catalyst was chosen as the most active. 100 % conversion of furfural and 81 % yield of 2-MF
are achieved over 7Ni catalyst.

Analysis of the most active 7Ni catalyst by a complex of physicochemical methods showed that the fresh sample
contains individual oxide phases of all metals. When this catalyst is reduced (250 °C), copper is completely converted into
a metallic form, nickel is partially reduced to metal, and iron and aluminum are oxides (Fe3O,4 and Al»Og, respectively).
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The active component of the catalyst is represented by metallic copper (10 — 50 nm) and nickel (3 — 5 nm), which do not
form joint phases. During the reaction, the catalyst is deactivated due to the irreversible sorption of reagents and reaction
products on the surface, as well as their polymerization on the catalyst active sites. The total carbon content after the
reaction in a batch reactor was 4.7 wt.%.

The selected 7Ni catalyst was tested in a flow reactor in solvent-free furfural hydroconversion. We have shown the
possibility of obtaining 2-MF with a selectivity of 75 — 80 % at 80 — 90 % furfural conversion for 4 hours. After that, the
trend in selectivity changes: for FA it rises to 55 — 60 %, and for 2-MF it decreases to 35 — 40 % while maintaining the
furfural conversion. Compared to other catalysts used in this process, 7Ni demonstrates good results at a higher LHSV,
and therefore has higher productivity.
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