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The effect of the support nature (SiO,, Al,O3, Si0,-Al,03)
on the catalytic performance of Ni-based catalysts prepared
by the incipient wetness method was explored in the dry
reforming of methane reaction, and the catalysts were
characterized by TG-DTA, SEM-EDX, XRD and UV-VIS
methods. The results demonstrate that NiO supported on
SiO,-modified Al,O; exhibits superior catalytic performance
in methane dry reforming in the temperature range of
650-700 °C.
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Dry reforming of methane (DRM) with carbon dioxide to produce
synthesis gas has attracted much attention from both environmental
and industrial aspects.! The environmental impact of the DRM
reaction is related to utilization and consumption of two abundant
greenhouse gases (CH, and CO,).>* Syngas is one of the most
important intermediate products in chemical industry and can be
used for the Fischer-Tropsch or methanol synthesis to produce
high-value chemicals.>® The main disadvantage of the DRM
reaction is the use of high temperatures, which results in sintering
of active metal particles, coke formation and loss of activity of
catalysts.”® Noble metal catalysts such as Ru, Rh, Pd, Ir and Pt are
the most catalytically active and stable ones in DRM, but their high
cost makes the process economically impractical.'®'? Currently,
nickel-containing catalysts supported on Al,O3, SiO,, ZrO,, TiO,,
MgO and zeolite ZSM-5 are a good and cheap alternative due to
their similar or even higher activity.'3~'8 The catalyst support plays
a decisive role in supported metal catalysts, since the catalytic
properties depend not only on the nature of the active metal, but
also on its dispersion and interaction with the support.'?

The aim of our work was to investigate the effect of the
support such as SiO, with different specific surface areas

(Si0,-LS with a low specific surface area and SiO,-HS with a
high specific surface area), Al,03 and SiO, modified with Al,O5
(SiO,—AlL,03) on the catalytic properties of Ni-containing
catalysts in the DRM reaction. Herein, the synthesis of the
supported Ni-containing catalysts is described.” The prepared
supported Ni catalysts were characterized by TG-DTA,
SEM-EDX, XRD and UV-VIS spectroscopy. The TG-DTA
studies revealed the conditions of decomposition of the supported
precursor. The thermogravimetric (TG) and corresponding
differential thermogravimetric (DTG) and differential thermal
analysis (DTA) curves of the dried samples after impregnation
on different supports are shown in Figures S1-S4 (see Online
Supplementary Materials). Decomposition of supported phases
proceeds stepwise and depends on the support. Two major mass
loss regions were observed on the TG curve of all nickel samples:
(I/)a slow decrease in the weight at 80-220 °C with heat
absorption and (2) rapid weight reduction with heat absorption at
240-350 °C. The loss of the weight during heat consumption at
a temperature up to 220 °C is most likely due to the smooth
release of structural water. The second endothermic weight loss
may be assigned to the decomposition of nickel nitrate. The

" Supported 10 wt% Ni catalysts were synthesized by the incipient
wetness impregnation of the pre-evacuated supports y-Al,O5, SiO, with
the different specific surface areas (SiO,-HS, SiO,-LS), Si0,—Al,05 with
an aqueous solution of metal precursors, Ni(NO;), -6 H,0O, with a required
concentration, followed by drying at 110 °C for 12 h in a drying oven.
Then the dry samples were subjected to thermal treatment in air at 800 °C
for 24 h. Commercial y-ALO; (Sggr =260 m? g5 V.= 0.83 cm?® g7!;
Saint-Gobain), SiO-LS (Spgr = 108 m? g7!; V.= 1.05 cm® ¢!, KSKG
trade mark, Chimmed), SiO,-HS (Spgr = 260 m? g3 V. = 1.01 cm? g,
Saint-Gobain) and SiO,~Al,05 (SiO, modified with Al,O3, 75-95%
Si0,, 5-25% ALO;, Sper=400m*g; V,,.=0.6cm’g!; Saint-
Gobain) were used as supports for Ni-containing nanoparticles. The
synthesized materials were marked as Ni/X, where X is the support.

© 2024 Mendeleev Communications. Published by ELSEVIER B.V.
on behalf of the N. D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences.

The DRM reaction was performed in a tubular fixed-bed continuous-
flow reactor that consisted of a quartz tube with an inner diameter of
8 mm under atmospheric pressure. The calcined samples were
examined in the DRM reaction without an additional activation step.
The loading (0.5 g) of a shaped catalyst (0.25-0.5 mm) was mixed with
quartz so that the total volume was 2 cm? and the sample was placed at
the center of the reactor. Before the catalytic experiment, the reactor
was purged with argon. The reaction was carried out in the temperature
range of 550-700 °C with a step of 25 °C, the molar ratio of CO,/CH,
was equal to 1.2. The gas composition of reactants and products were
analyzed on-line using a Crystal 5000 gas chromatograph equipped
with four columns for each gas, TCD detector and flame ionization
detector.
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Figure 1 XRD patterns of Ni catalysts.

maximum total weight loss was 23% for the sample supported
on Si0,—Al,05, while it did not exceed 19% for catalysts on
other supports.

The XRD pattern of the calcined nickel catalysts supported
on Si0, and Si0,—Al, 05 (Figure 1) has shown the peak positions
at 37.3, 43.3, and 62.8°, which manifests signals for cubic nickel
oxide NiO (JCPDS #47-1049).2° The diffraction patterns
of the calcined samples Ni/Al,O; and Ni/SiO,—Al,O5 contain
reflections at 26 of 37.6, 45.8, and 66.8°, which can be attributed
to the (311), (222), and (400) faces of y-Al,0; ICDD-PDF map
no. 04-088),2! however, the cubic structure of the NiAl,O, phase
(peaks positions at 37.0, 44.5, 59.6 and 65.5°)>? was found only
in the Ni/Al,O5 catalyst.

The results of the UV-VIS study of the synthesized catalysts
are shown in Figure 2. Nickel nanoparticles supported on SiO,
and SiO,—Al,0; demonstrate bands in the range of 200-800 nm
characteristic of the NiO phase, two intense bands in the UV
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Figure 2 UV-VIS diffuse reflectance spectra of the calcined supported Ni
catalysts.

Table 1 Distribution of the main elements on the surface of catalysts based
on the SEM-EDX data.

Element content (wt%)

Catalyst

Ni“ (¢} Si Al
Ni/Al,O; 11.38 47.33 - 41.29
Ni/Si0,-HS 11.71 46.53 42.76 -
Ni/Si0,-Al,05 14.69 46.87 26.99 11.45
Ni/Si0,-LS 9.45 51.15 38.24 0.15

4Set content of Ni during the synthesis of all the catalysts was 10.00%.

region of 220-270 and 280-310 nm can be attributed to the
charge transfer O>"—=Ni?*, and the other four bands in the visible
region correspond to d—d transitions.”> Alumina-based nickel
catalysts exhibit bands in the ultraviolet region at 220 and
345 nm responsible for the charge transfer of O>—Ni%**. The
bands in the range of 380-720 nm belong to the d—d transitions
of the nickel atom characteristic of NiAl,O, particles, which is
consistent with the XRD data for this sample.?*

SEM microphotographs of all the samples and the detailed
composition determined by the EDX method can be found in
Online Supplementary Materials, Figures S5-S8. The obtained
images show that nickel nanoparticles in all supported catalysts
are uniformly distributed over the surface of all supports.
However, it can be noticed that the particles in the samples
deposited on the supports SiO, and SiO,—Al,O5 have an average
size of 0.2 to 0.5 um, while larger particles up to 2 pm are
observed on Al,Os. The generalized results of the EDX studies
are presented in Table 1. Based on the results obtained, it can be
seen that the theoretical and experimental ratios of the active
element Ni on the SiO, and Al,O5 supports are preserved. For
the supported samples on SiO,—Al,O3, overestimated values of
the mass content of nickel on the surface relative to the specified
content at the stage of preparation of catalysts were obtained (see
Table 1). This is probably achieved by depositing metal
precursors preferably at the outer surface of the samples.
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Figure 3 The temperature dependence of the methane conversion on the
supported Ni catalysts.

Table 2 Catalytic properties of nickel-containing catalysts in methane dry reforming.

Entry Catalyst Reaction conditions” Conversion (%) Selectivity (%) Ref.
Ni/(Nd,05,Ca0) 700 °C, CH,/CO, =1:1 80 80

2 Ni/Laj Mg ,AlO, ¢ 1 bar; 700 °C, CH4/CO,/Ar=1:1:2 75 no data available 3
WHSV =96000 ml h~! ¢!

3 Ni/SiO, 800 °C, 1 bar, CH,/CO,=1:1 70 no data available 4
WHSV =20000 ml h~! g!

4 Ni/Al,O4 625 °C; CH4/CO,/N, =1:1:5 60 100 25
GHSV =42000 ml h™! g!

5 Ni/Al,03-ZrO, 800 °C, CHy/CO,/N, =2:2:1 33 100 26
WHSV =11160 ml h! ¢!

6 Ni/SiO,-Al,04 700 °C, CO,/CH,=1.2 81 100 This work

@Unit g~ in the WHSV/GHSV parameters stands for gram of the catalyst.
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The prepared catalysts were investigated in DRM in the
temperature range of 550-700 °C at an atmospheric pressure.
The activity test results are shown in Figure 3. It was revealed
that the CH, conversion increased gradually with increasing
temperature, which was caused by the strong endothermic
reaction of methane reforming. Catalysts with a similar nickel
content supported onto various carriers showed significant
differences in the catalytic characteristics of the DRM reaction,
which illustrated the significant effect of the nature of the support
on the activity of the catalyst. Nickel nanoparticles supported on
Al,O5 were not active, the reason for this was the formation of
the NiAl,O, phase at the calcination stage during the synthesis
of the sample. When using SiO, instead of Al,O5 as a support of
the nickel catalyst, the CH, conversion greatly increased.
However, the use of SiO,-LS with a smaller specific surface area
led to almost twofold increase in the conversion over the entire
temperature range. The Ni/SiO,—Al,O5 catalyst exhibited the
optimal catalytic performance among the four catalysts, and the
CH, conversion for this catalyst at temperatures of 650-700 °C
was above 80%. This catalyst was active for 40 h at a temperature
of 700 °C (Figure S9). The product selectivity for all catalysts
was 100%.

Table 2 presents the results of methane dry reforming on
nickel-containing catalysts obtained in this work compared to
the previously described ones. It can be seen that in order to
reach a high conversion of methane, high reaction temperatures
are required.

This work was supported by the Ministry of Science
and Higher Education of the Russian Federation (grant
no. 075-15-2023-585).

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2024.02.020.
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