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Abstract: Mono- and bimetallic Ni- and Ru-modified micro-mesoporous ZSM-5 catalysts were
prepared by wet impregnation. The influence of the Ni content, the addition of Ru and the sequence of
the modification by two metals on the physicochemical properties of the catalysts were studied. They
were characterized by X-ray powder diffraction (XRD), N, physisorption, temperature-programmed
reduction (TPR-TGA), TEM and XPS spectroscopy. Formation of finely dispersed nickel and/or
ruthenium oxide species was observed on the external surface and in the pores of zeolite support. It
was found that the peculiarity of the used zeolite structure and the modification procedure determine
the type of formed metal oxides, their dispersion and reducibility. XPS study revealed that the surface
became rich in nickel and poorer in ruthenium for bimetallic catalysts. Ni had higher dispersion in
the presence of ruthenium, and TPR investigations also confirmed its facilitated reducibility. The
studied catalysts were tested in CO, hydrogenation to methane. 10Ni5RuZSM-5 material showed the
highest activity and high selectivity for methane formation, reaching the equilibrium conversion and
100% selectivity at 400 °C. Stability and reusability of the latter catalyst show that it is appropriate for
practical application.

Keywords: ZSM-5 zeolite; bifunctional catalysts; renewable methane production; gas phase reaction

1. Introduction

The ongoing intensive use of conventional fuels is associated with increasing carbon
emissions and their serious impact on the climate. The European Green Deal, as part
of the EU’s long-term strategy, aims to address climate change issues by eliminating net
greenhouse gas emissions by 2050, most notably CO,, whose emissions reach a record
amount of 420 ppm in 2020 [1]. In recent years, technologies have been developed and
industrialized to capture CO; from outgoing gas streams or directly from the atmosphere,
after which it can be utilized via transformation processes to chemical substances and
fuels [2]. This can be achieved by carboxylation reactions, where the CO, molecule is
used as a precursor for organic compounds, such as carbonates, acrylates and polymers,
or in reduction reactions to produce methane, methanol, synthesis gas, urea or formic
acid [3,4]. Moreover, CO; can be used as a feedstock for the production of fuels, for
example, by Fischer-Tropsch synthesis or by hydrogenation in the presence of efficient
catalysts [5,6]. The Sabatier-Senderens reduction for the hydrogenation of unsaturated
organic molecules into saturated ones over a nickel catalyst, later developed to the Fischer—
Tropsch synthesis to obtain liquid fuels from coal and natural gas, is today the basis of
power-to-gas technologies, based on the integration of the electrochemical production of
hydrogen by electrolysis of water by using energy from renewable energy sources and
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its further application for hydrogenation of CO, captured from flue gases from thermal
power plants or from industrial plants in order to obtain methane, or the so-called synthetic
natural gas (SNG) [7].

The hydrogenation of CO; to CHy can proceed as a direct process or through the
formation of an intermediate CO, which is hydrogenated at a subsequent step [8,9]. CO,
methanation takes place in the temperature range 200-550 °C and pressures from atmo-
spheric to 80 bars, depending on the type of reactor and catalyst used. A high degree
of conversion of about 90% was found at 300 °C over a nickel catalyst at a pressure of
1 atm. and mole ratios of CO,/H; =1/4 and CO,/H; =1/5 [10]. Hydrogenation of CO, at
low temperature extends the life of catalysts as it prevents sintering, agglomeration and
deactivation by carbon deposition. The design of the reactor and the structuring of the
catalyst are critical to achieve thermal control over the process. Various approaches have
been investigated to control and lower the temperature in the reactor-recirculation of part
of the outgoing gas flow and cooling of the product gas, isothermal regime of the reactor,
which is realized in cooled reactors, where the heat from the reaction zone is brought
out to a cooling medium, adiabatic mode for several series-connected fixed-bed reactors
with the application of intermediate gas cooling stages or by stepwise addition of reaction
mixture [11]. With each of these approaches, difficulties arise related to high thermal stress
on the catalyst, occurrence of local overheating zones in the catalytic layer and unwanted
energy losses during cooling. Better thermal process control efficiency is expected for the
3D structured catalysts due to the improved packing hydrodynamics. Noble metals (Rh,
Ru, Pd, Pt) have been studied as catalysts for the CO, methanation reaction, due to their
high catalytic activity, but from the point of view of the industrialization of this process, of
greater interest are the transition metals (Ni, Co, Cu, Fe) due to their affordable price [12]. In
the study of the catalytic activity of various catalysts on the hydrogenation of the C-O bond,
the following order of activity was established [13]: Rh > Ru > Pd > Pt > Ni > Co >> Cu.
The catalytic phase is usually 1-5 wt.% for noble metals and 5-20 wt.% for transition metals.
Ni and Ru are extremely selective to produce methane, but due to its high cost, Ru is not
of interest despite its highest activity in the methanation reaction. The metals Pd, Pt, Rh,
Mo, Re and Au simultaneously catalyze the production of CHy, CH30H and CO. Preferred
catalysts should be characterized with high selectivity to methane over other hydrocarbons,
high activity, stability, lifetime and low cost. Currently, the most promising are catalysts
based on nickel (Ni) on supports of: Al,O3, MCM, SBA-15, ZrO,, CeO,, zeolites. At the
same time, catalytic supports have to provide maximum surface area, favorable hydro-
dynamics, high dispersion of catalytic centers, stability, mechanical strength and thermal
resistance [14,15]. Catalytic supports also influence the selectivity and activity of the entire
system in the methanation process. Potential candidates for large-scale applications are the
Ni/mesoporous SiO; and Ni/Al,Oj3 catalytic systems.

In this study, template-free micro-mesoporous ZSM-5 zeolite was synthesized and
modified with Ni and/or Ru. The obtained catalysts were thoroughly characterized and
investigated in the CO; hydrogenation to renewable methane.

2. Results and Discussion
2.1. Physico-Chemical Properties

XRD patterns of the parent and metal modified catalysts are shown in Figure 1. Typical
crystalline reflections of MFI structure can be observed, besides characteristic peaks of
NiO and RuO, with different intensities. ZSM-5 has a large orthorhombic unit cell with
dimensions a = 20.07 A, b = 19.92 A and c = 13.42 A, cell volume 5365.24 A3 and the
non-marked peaks in XRD patterns belong to its structure. The well-crystallized structure
of the modified zeolite materials indicate that the impregnation treatment did not create
any substantial harm to it. Crystallite sizes of metal oxides are presented in Table 1.
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Figure 1. X-ray powder diffraction patterns of the initial, and the Ni- and Ru-modified varieties of
ZSM-5 catalysts.

Table 1. Physico-chemical properties of the studied catalysts.

Sample Phase Composition Cell Parameters, A Crystallite Size, nm
10NiZSM-5 NiO (Fm-3m) 4.1815 (7) 16
Spent 10NiZSM-5 Ni (Fm-3m) 3.5241 (4) 33
5NiZSM-5 NiO (Fm-3m) 4.184 (2) 13
Spent 5NiZSM-5 Ni (Fm-3m) 3.534 (1) 15
4511 (1)
5RuZSM-5 RuO; (P4, /mnm) 3114 (1) 19
2.7098 (8)
Spent 5RuZSM-5 Ru (P63/mmc) 4285 (2) 19
. ] 4.186 (3)
5Ni5RUZSM-5 RuI\(I)lo(l(’lem/ fn?in) 4511 (1) 291
2% 3.112 (1)
o 3.533 (2)
Spent 5Ni5RuZSM-5 RSEEEH} ir:;)c) 2.699 (2) 194
3 4.271 (6)
. ] 4.186 (1)
10Ni5RuZSM-5 Rul\(I)lo(l(’lem/ fnri‘lin) 4514 (1) ;(1)
2% 3.110 (1)
o 3.5318 (9)
Spent 10Ni5RuZSM-5 Ni (Fm-3m) 2.696 (4) 19
Ru (P63/mmc) 426 (1) 7

NiO is dispersed relatively finely in the monometallic sample. The crystallite size
is 13 nm for 5NiZSM-5 and by increasing the amount of nickel, only a small increase in
crystallite size is observed (16 nm). Modification with ruthenium resulted in the forma-
tion of 19 nm RuO, particles on the external surface of the ZSM-5 phase. In bimetallic
preparations, the crystallite size of ruthenium oxide did not change, however, that of Ni
significantly decreased to 9-10 nm. It seems that the presence of ruthenium favors the
formation of smaller NiO particles. Even with double nickel content, the NiO crystallite
size did not increase. It is highly probable, based on our former study [16], that a part of
metal ions was incorporated into the lattice cationic positions of zeolite.
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In Figure 2, nitrogen physisorption isotherms of the initial ZSM-5 zeolite and metal-
containing varieties are presented. The corresponding calculated parameters are listed in
Table 1. The isotherms are a mixture of type II and IV characteristics for zeolitic materials
containing micro- and mesopores. The hysteresis loop is of the H3 type, meaning that the
pore size of mesopores shows a wide distribution. Formation of mesopores in zeolites is ad-
vantageous from the enhanced mass transfer point of view. Interaction of the support with
the modifying metal oxides can also be favored by mesopores, by confining metal /metal
oxide nanoparticles and preventing their agglomeration.
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Figure 2. Nitrogen adsorption/desorption isotherms of ZSM-5 and the Ni- and Ru-modified
ZSM-5 zeolites.

The impregnation procedure does not result in a decrease of the specific surface area
of the modified ZSM-5 zeolite, with exception of 10Ni5RuZSM-5, most probably because of
the deposition of metal particles on the external surface of the nanosized ZSM-5 blocking
part of its micropores (Table 2). Additionally, we can also assume the formation of particles
located in the zeolite pores of the latter sample.

Table 2. Textural properties of the studied catalysts.

Swmples  SSAT@) PVl (MigoPore  Micopore Sur
ZSM-5 307 0.177 0.095 231
5NiZSM-5 315 0.200 0.105 256
10NiZSM-5 322 0.189 0.107 261
5RuZSM-5 337 0.189 0.116 282
5Ni5RuZSM-5 306 0.180 0.103 250
10Ni5RuZSM-5 215 0.162 0.065 161

1 Specific surface area calculated by the BET method; ? Total pore volume calculated by the Gurvitch method;
3 Calculated by t-plot method.

TPR-DTG profiles of the nickel and ruthenium-modified mono- and bimetallic materi-
als are shown in Figure 3. TPR-DTG curves of 5RuZSM-5 samples show reduction peaks
with high intensity at 190 °C. 5NiZSM-5 and 10NiZSM-5 samples are characterized by
two peaks, at 195-205 °C with lower intensity and a higher one between 325-360 °C. The
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increase of Ni content leads to the shift of the reduction temperature to higher values for
both peaks. The two steps can probably be related to the reduction of NiO particles with
different dispersion on the external surface of the zeolite [17]. The bimetallic NiRu-modified
samples are presented in Figure 3B.

205

DTG, % min*t

286

| —— 10NiZSM-5 | | —— 5Ni5RUZSM-5
360 ——— BRUZSM-5 | | 203 268 —— 10Ni5RUZSM-5
190 —— 5NiZSM-5
4 T=const. 4 T=const.
200 400 600 200 400 600
Temperature, °C Temperature, °C

Figure 3. TPR-DTG profiles of the Ni- and Ru-modified monometallic (A) and bimetallic
(B) ZSM-5 zeolites.

Two reduction peaks are registered for the 5SNi5RuZSM-5 catalyst, at 203 °C and at
286 °C. However, TPR data for 10NiSRuZSM-5 is characterized by one broader peak with a
maximum at 268 °C. It is obvious that Ru has a beneficial effect on the reducibility of NiO
in both NiRuZSM-5 samples, by lowering the reduction temperature.

Bright Field (BF) TEM images, presented in Figure 4a,c,e, reveal the morphology of the
studied samples. Small particles with sizes around 10 nm are visualized in the monometallic
Ni-containing catalyst, which is in accordance with the results of XRD analysis. These
particles, even very tiny, are well crystallized and generate a good polycrystalline Selected
Area Electron Diffraction (SAED) pattern (Figure 4b) consisting of reflexes of NiO (cubic,
a=4.16840 A, COD #96-101-0094). Specific elongated and well faceted crystalline particles
are found in the Ru-containing monometallic sample. Almost all reflexes registered in the
SAED pattern (Figure 4d) correspond to these of RuO; (RuO, tetragonal, a = 4.49680 A,
¢ =3.10490 A, COD #96-100-0059) and one is specific to ZMS-5 (MFI zeolite, orthorhombic,
a = 20.50800 A, b = 20.14400 A, c = 13.46500 A, COD #96-154-8623). In the bimetallic
10Ni5RuZSM-5 sample, the BF TEM image (Figure 4e) reveals the presence of the tiny
particles, typical for the 10NiZSM-5 catalyst (highlighted in the circle) and large and well
faceted plates, attributed to the zeolite substrate. Elongated crystalline particles, visualized
in the 5RuZSM-5 catalyst, are not found here. However, the co-existence of the three phases:
NiO, RuO; and zeolite in this sample is proved by the SAED pattern.
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Figure 4. TEM images of 10NiZSM-5 (a), 5RuZSM-5 (c) and 5Rul0ONiZSM-5 (e) zeolites and SAED
patterns of 10NiZSM-5 (b), 5SRuZSM-5 (d) and 5Rul0ONiZSM-5 (f).

The surface chemical composition was calculated from the ratio of the corresponding
intensities of O 1s, Si 2p, Al 2p, Ni 2p3,, and Ru 3d photoelectron peaks corrected by the
Scofield’s photoionization cross sections and the obtained data are presented in Table 3.
The nickel content in 10NiSRuZSM-5 is exposed to the zeolite surface and can participate
in the reaction as active sites whereas only a small part of Ru is accessible for the reactant
molecules. The surface nickel content is higher on the bimetallic sample and ruthenium is
lower compared to monometallic varieties. The results are in good agreement with TPR
data, showing easier reduction of nickel in bimetallic preparations, which can be due to the
high density of nickel nanoparticles on the surface.

2.2. Catalytic Activity for CO, Hydrogenation to Methane

Zeolite catalysts were studied in hydrogenation of CO; to methane (Figure 6). Activity
was increased with increasing temperature for all samples, until equilibrium was achieved
at 400 °C only for 10Ni5RuZSM-5.
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Figure 5. Ru3d and Ni2p3,, XPS spectra of the reduced 10NiZSM-5, 5RuZSM-5 and 10Ni5RuZSM-
5 zeolites.

Table 3. Surface chemical composition of the parent catalysts.

Samples O (at.%) Si (at.%) Ni (at.%) Al (at.%) Ru (at.%)
10NiZSM-5 58.5 32.2 3.9 5.4 -
5RuZSM-5 59.5 35.8 - 2.7 2.0
10Ni5RuZSM-5 54.0 29.1 6.8 8.9 1.2
1001 —+ 5NIZSM5 | 100
dib T *— BRUZSM-5
Equilibrium —*— 10Ni5RUZSM-5
801 —+— 5Ni5RUZSM-5 80
S —+— 10NiZSM-5
: g
5 60 ?g
g >
g )
8 404 <
Q <
O X
204

0+ T T T T T T T T —0
200 250 300 350 400 200 250 300 350 400
Temperature, °C Temperature, °C

Figure 6. Catalytic activity vs. temperature for the studied catalysts (H,:CO, = 4:1; GHSV = 30,000 mL
-1 -1
8cat h™).
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It can be observed that two times higher Ni content leads only to a slight improvement
of catalytic activity. This is in connection with dispersion of metallic nickel on the catalysts.
A higher amount of metal makes agglomeration of metallic nanoparticles more probable,
decreasing the accessible number of active sites on the surface. As could be expected, Ru-
containing samples are more active than Ni-containing ones even with higher nickel content.
A higher temperature is needed for transition metal containing catalysts to achieve the same
activity. Bimetallic samples show higher catalytic activity than monometallic ones. The
10Ni5RuZSM-5 catalyst performs much better than any other catalyst, even 5NiSRuZSM-
5 material, reaching equilibrium at 400 °C. The selectivity to methane is following the
same trend as activity, which is indicative of a typical stepwise reaction in which CO was
an intermediate in the process of CH, formation. The 100% selectivity can be reached
only with the most active catalyst, 10Ni5RuZSM-5, at 400 °C. Comparing the selectivity
of the different catalysts at the same activity, around 25% (Table 4), it can be seen that
monometallic catalysts show somewhat lower values, and bimetallic create a group with
higher, but rather similar selectivity. Based on the literature, the Ru loading (up to 5 wt.%)
favors the CHy formation, which is due to the improved dissociation of Hy and hence,
increased H; adsorption capacity [20]. The latter could explain the higher selectivity to CHy
on monometallic 5RuZSM-5 and bimetallic 5SNi5RuZSM-5 and 10NiSRuZSM-5 catalysts in
comparison to Ni-containing ones.

Table 4. CHy selectivity of the catalysts at similar catalytic activity (25%).

Sample CHy Selectivity, %
5NiZSM-5 20
10NiZSM-5 19
5RuZSM-5 25
5Ni5RuZSM-5 29
10Ni5RuZSM-5 31

CO; conversion to methane is a consecutive reaction, the first step is the reduction of
CO; to CO (adsorbed) on the surface of metal(s) followed by hydrogenation to CHy4 [21,22].
However, according to Kwak et al. [20], direct CO formation on a different active center
cannot be excluded.

When small metal nanoparticles (around 10 nm) are present, the initially formed CO
can easily be hydrogenated to CHy on these particles [23]. It has been previously observed
that both Ni and Ru can adsorb CO, [24]. In our case, the zeolite support favors the
adsorption of CO,, promoting a better metal-support interaction. Moreover, the addition
of Ru facilitates the reducibility of the Ni species, thus favoring the formation of smaller
nanoparticles and diminishing their aggregation under reaction conditions. The high
density of the Ni and Ru particles in our bimetallic catalysts helps the activation of CO,
and CO on the metallic sites [25]. The use of zeolite support favors the formation of small
NiO crystallite and also improved the reducibility and the stability of the metallic particles
under reaction conditions. Additionally, the procedure for metals deposition, including as
a first step ruthenium deposition followed by nickel deposition, allows obtaining smaller
NiO crystallites in bimetallic samples. It is well known that the catalytic activity increases
up to a Ni loading of 10 wt.%, above which a decrease in catalytic activity is observed due to
catalysts sintering and non-uniform metal distribution. The addition of Ru to the Ni-based
catalyst decreased NiO particle size and improved the H, dissociative adsorption capacity.
Similar NiO nano crystallites were detected for both bimetallic samples despite a two
times higher amount of Ni in 10NiSRuZSM-5. The differences between both Ni-containing
catalysts could justify the different improvements in the methanation reaction produced by
Ru addition. Besides, a higher XPS surface proportion of Ni (6.8 at.%) in 10Ni5SRuZSM-5 in
comparison with Ni in monometallic 10NiZSM-5 (3.9 at.%) was observed.

Stability of the best performing catalyst was checked at 400 °C for 6 h. The activity
loss was below 5%. Moreover, regeneration in air and repeated reduction in hydrogen
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at 400 °C did not change the activity of the catalyst. In contrast, monometallic variety
with 10% Ni showed a 40% decrease during the same period. In order to explain the regis-
tered changes in the catalytic activity, XRD measurements of the spent 10Ni5SRuZSM-5 and
10NiZSM-5 catalysts were performed. The results show the increase of the Ni® nanoparti-
cles in 10NiZSM-5, whereas a small increase of the Ni particles and decrease of Ru particles
sizes in 10NiSRuZSM-5 were detected. The redispersion of Ru could be a reason for the
good catalytic stability of the bimetallic 10NiSRuZSM-5 catalyst. The formation of car-
bon deposits on the surface of the spent catalysts was determined by TG analysis. The
results show 4.0 wt.% coke formation for the 10NiZSM-5 catalysts and 3.7 wt.% for the
10Ni5RuZSM-5 catalysts. It is a well-known phenomenon that the presence of noble metals
reduced the tendency of coke formation [23].

Considering the high activity of the bimetallic 10NiSRuZSM-5 sample, it is important
to compare its activity with other types of catalysts used for CO, methanation [18,26-28]
(Table 5). Among noble metal-containing catalysts, Ni-Ru/Al,O3 showed the best perfor-
mance for CO; hydrogenation to CHy [18], but the reaction is carried out at lower GHSV
(GHSV = 9000 mL gcat_l h~1). However, the information about the catalyst stability is
scarce in the cited literature but the stabilization of highly dispersed metal nanoparticles is
difficult but very important to obtain for practical application.

Table 5. Comparison of the catalytic activity of the supported catalysts from the literature studied in
this reaction.

Catalysts Reaction Conditions Catalytic Activity, % Reference
Ni/SiO; T = 350 °C; 5 wt.% Ni; GHSV = 15,000 mL geat ' h™! X = 64.7%; Scis = 97.5% [25]
Ni-Rh/ALO; T =400 °C; 3.1 wt.% Ni; 0.5 wt.% Rh; GHSV = 60,000 mL gea¢ —* h~? X = 65%; Scpa = 95% [26]
Ni-Co/Al,O3 T =350 °C; 10 wt.% Ni; 10 wt.% Co; GHSV = 133,000 mL geat ' h™! X =61.5%; Scpa = 95% [27]
Ni-Ru/Al, O3 T =400 °C; 10 wt.% Ni; 1 wt.% Ru; GHSV = 9000 mL geat ' h~! X = 82%; Scpa = 100% [18]
Ru-Ni/CeZr T =400°C; 15 wt.% Ni; 1 wt.% Ru; GHSV = 24,000 mL gea ' h~? X = 62%; Scra = 90% [28]

Ni-Ru/ZSM-5 T =400 °C; 10 wt.% Ni; 5 wt.% Ru; GHSV = 30,000 mL gt h™! X = 82%; Scrs = 100% This work

Summarizing the catalytic activity results, it was found that bimetallic catalysts have
higher activity and selectivity to methane formation, and the catalyst stability was also
significantly improved. We can point out that the higher amount of non-noble transition
metal (nickel) in the bimetallic catalysts has a positive effect in both activity and stability in
the studied reaction.

3. Experimental
3.1. Materials

The reagents used for the preparation of nanosized ZSM-5 zeolite are sodium hydrox-
ide (NaOH, analytical grade, Aldrich, St. Louis, MO, USA), NaAlO, (Aldrich), aluminum
sulphate (Al(SO4)3-18H,0, analytical grade, Aldrich), sodium carbonate (Na;CO3, an-
alytical grade, Aldrich), tetraethyl orthosilicalite (TEOS, analytical grade, Aldrich), sili-
con(IV)oxide, 40% in H,O colloidal dispersion (SiO,, analytical grade, Aldrich) and H,SO4
(Aldrich). Ni(NO3)2-6H,0 and RuCl; were purchased from Aldrich.

3.2. Preparation of Seed Crystals

ZSM-5 seed crystals were prepared with the molar ratio of 12Nay0:805i0,:2Al,05:2500H, 0.
The synthesis procedure was as follows: NaOH and NaAlO, were dissolved in distilled
water, followed by the addition of silica sol dropwise with stirring for 5 h. Then, the
mixture sol was transferred to a Teflon-lined autoclave and crystallized at 220 °C for 4 h.
The products were separated by centrifugation, washed with distilled water for three times
and dried at 80 °C for 12 h.
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3.3. Synthesis of ZSM-5 Zeolite

The synthesis of ZSM-5 was carried out by template-free synthesis with some modifi-
cations [29]. In brief, NaAlO, and NaOH were mixed, and the colloidal silica was added
to the solution under continuous stirring for a few minutes. Then, 1 wt.% of the seed
suspension was added to the gel mixture. Al,(SOy4)3-18H,0, and 15 mL deionized water
were added and stirred at room temperature for 4 h to prepare a mixed gel. Finally, the
final gel was transferred to a Teflon-lined autoclave and hydrothermally crystallized for
24 h at 165 °C. After that, ZSM-5 powder was filtered, washed with water and dried at
100 °C overnight.

3.4. Modification with Ni or/and Ru Nanoparticles of ZSM-5 Zeolite

An impregnation technique with nickel and ruthenium salts was applied for loading of
5 wt.% and 10 wt.% metals, respectively. The supports were heated at 160 °C for 2 h before
the impregnation procedure. A monometallic Ni-modified ZSM-5 sample was prepared
by the following procedure: 130.3 mg Ni(NO3),-6H,O was dissolved in 5 mL ethanol and
added to 500 mg ZSM-5 support by stirring for 10 min. The sample was then dried at 80 °C
for 18 h and calcined at 450 °C for 3 h at a rate of 1 °C/min.

The sample was denoted as 10Ni/ZSM-5. A monometallic 10Ni-modified ZSM-5 sam-
ple was prepared by dissolving 275 mg Ni(NO3),-6HO in 5 mL ethanol and subsequently
added to 500 mg ZSM-5, which was heated at 160 °C for 2 h before the impregnation
procedure. The sample was supported by stirring for 10 min. After this procedure, the
sample was dried at 80 °C for 18 h and calcined at 450 °C for 3 h at a rate of 1 °C/min.

The monometallic Ru-modified ZSM-5 sample was prepared by dissolving 160.9 mg
RuCl; in 40 mL water and subsequently adding the solution to 1500 mg ZSM-5 support
by stirring at room temperature for 12 h. The solvent was removed in a rotary vacuum
evaporator at 40 °C. The sample was then dried at 110 °C for 12 h and calcined at 450 °C
for 3 h at a rate of 1 °C/min. The sample was denoted as 5SRuZSM-5.

The bimetallic 5 wt.% Ru- and 5 wt.% Ni-modified ZSM-5 sample was prepared by
the following procedure: A solution of 130.31 mg Ni(NO3)2-6H,0 in 4 mL ethanol was
added to 500 mg 5RuZSM-5, which was heated at 160 °C for 2 h before the impregnation
procedure. The sample was supported by stirring for 10 min. After this procedure, the
sample was dried at 80 °C for 18 h. The precursor salt was decomposed in air at 450 °C at a
rate of 1 °C /min for 3 h. The sample was denoted as SNiSRuZSM-5.

Bimetallic 5 wt.% Ru- and 10 wt.% Ni-modified ZSM-5 samples were prepared by
the following procedure: 275 mg Ni(NO3),-6H,O was dissolved in 5 mL ethanol and
subsequently added to 500 mg 5RuZSM-5, which was heated at 160 °C for 2 h before the
impregnation procedure. The sample was supported by stirring for 10 min. The precursor
salt was decomposed in air at 450 °C at a rate of 1 °C/min for 3 h. The sample was denoted
as 10NiSRuZSM-5.

3.5. Characterization

Powder X-ray diffraction patterns were collected on a Bruker D8 Advance diffrac-
tometer with Cu Ka radiation and a LynxEye detector with a constant step of 0.02° 26. For
the identification of crystalline phases, the ICDD-PDEF2 database (2021) was used. Mean
crystallite sizes were determined by the Topas-4.2 software.

The specific surface area, pore volume and size of all samples were determined
from N; physisorption isotherms collected at —196 °C using AUTOSORB iQ-C-MP-AG-
AG (Quantachrome Instruments (Anton Paar brand), Ashland, VA, USA). Samples were
pretreated at 150 °C under vacuum for 15 h.

The TEM images were taken on JEOL JEM 2100 HRTEM (200 kV, Tokyo, Japan). The
samples were suspended in a small amount of analytical grade ethanol and a drop of the
suspension was deposited onto a copper grid covered by carbon supporting film and dried
at ambient atmosphere.
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The temperature-programmed reduction-thermogravimetric analysis (TPR-TGA) in-
vestigations were performed by a STA449F5 Jupiter type instrument of NETZSCH Geréte-
bau GmbH (Selb, Germany). In a typical measurement, 20 mg of sample was placed in a
microbalance crucible and heated in a flow of 5 vol.% H in Ar (50 cm?/min) up to 500 °C
at 5 °C/min and a final hold-up of 1 h. Prior to the TPR experiments, the samples were
treated in situ in an air flow (10 °C/min) up to 500 °C, followed by a hold-up of 1 h.

The composition and the chemical properties of the selected samples were analyzed by
X-ray photoelectron spectroscopy (XPS). XPS measurements were performed in the UHV
chamber of an ESCALAB-Mk II (VG Scientific, Waltham, MA, USA) electron spectrometer
with Al K 2 radiation (hv = 1486.6 eV). The surface composition was obtained from the
ratio of the corresponding intensities of O 1s, Si 2p, Al 2p, Ni 2p3/, and Ru 3d photoelectron
peaks corrected by the Scofield’s photoionization cross sections. The spectra were calibrated
according to the Si 2p peak at 103.4 eV.

3.6. Catalytic Activity Measurements

Prior to the catalytic tests, samples were pretreated for 1 h in hydrogen (60 mL/min)
up to 673 K. Hydrogenation of methane was studied at an atmospheric pressure using
a fixed-bed flow reactor. In the reaction, the 100 mg sample (particle size 0.2-0.8 mm)
was tested, diluted with 100 mg glass beads of the same diameter, previously checked
to be inactive. The reactor itself was a quartz tube of a 15 mm inner diameter, with the
catalyst bed at the middle. A thermocouple was positioned in the catalyst bed for accurate
measurement of the catalyst temperature. All gas lines of the apparatus were heated
continuously at 383 K in order to minimize reactant and products adsorption on the tube
walls. The CO, reactant was fed in the reactor with a flow rate of 50 mL/min H,, CO, and
Nj (20%) (H2/CO, is 4/1) and catalytic tests were carried out in the temperature range
250-400 °C. The reaction steady state was established after 30 min in each temperature.
On-line analysis of the reaction products was performed using on NEXIS GC-2030 ATF
with a VALCO Plot VPHS-D CFS-PD3053-200 (30 m x 0.53 mm x 20.0 pm).

4. Conclusions

A series of Ni- and/or Ru-modified ZSM-5 zeolite catalysts were prepared by the wet
impregnation method. The applied Ni content, the addition of Ru as a second metal and
the sequence of the modification by two metals are of key importance for the preparation
of bimetallic catalysts with appropriate physico-chemical characteristics. Finely dispersed
nickel and ruthenium oxide nanoparticles were registered to be formed on the external
surface of zeolite by precursor salt decomposition. XPS data reveal that in bimetallic
systems, the surface is richer in nickel than in monometallic ones, due to higher dispersion
of Ni, enhanced by the presence of ruthenium. However, surface density of ruthenium is
lower in bimetallic preparations compared to the monometallic one. In connection with
former facts, TPR study confirmed the facilitated reducibility of nickel oxide particles in the
presence of noble metal. Among the studied catalysts, 10Ni5SRuZSM-5 composition shows
the highest activity and high selectivity for methane formation, reaching the equilibrium
conversion and 100% selectivity at 400 °C. High stability and good reusability were found
for the bimetallic 10Ni5RuZSM-5 catalyst.
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