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Summary: This study investigates the comparative structure—function relationships of Ni/zeolite
composites, Ni-X (X = CaA, NaX, CaX, NaY, ZSM-5, MOR, and clinoptilolite (CL)), for syngas
production via dry reforming of methane (DRM). Particular attention is paid to the influence of zeolite
framework topology, cationic composition, textural characteristics, and surface acid—base properties on
catalytic performance under identical experimental conditions.

Characterization of a representative sample by XRD and SEM/EDX demonstrated the successful
incorporation of nickel into the composite while maintaining the zeolite framework. In contrast to studies
focused on individual zeolite systems, this work presents a comparative evaluation of Ni/zeolite catalyst
representing a wide range of framework types, thus providing a robust basis for identifying structure—
function relationships and their quantitative trends. The quantitative correlations identified between
zeolite structure and the principal catalytic performance parameters for Ni/zeolites systems based on A-,
X-, and Y-type, together with the higher activity of the narrow-pore Ni-CaA and Ni-CL catalysts,
demonstrate the important role of framework topology in determining catalytic performance.
Furthermore, analysis of the relationship between catalytic performance and surface acid—base properties
highlighted the contribution of Lewis acidic and basic sites.

The work examines both structure—function relationships across different zeolite topologies and catalytic
changes induced within the same framework type by physicochemical modification. Clinoptilolite-based
catalysts demonstrated promising performance: acid activation of clinoptilolite enabled controlled tuning
of the SiO,/Al,O; ratio, porosity, and surface acidity, leading to enhanced catalytic behavior. Overall, the
catalytic performance of Ni-zeolite systems in DRM is governed by the interaction between framework
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structure, pore accessibility, cationic composition, and surface acid-base properties.

Keywords: Structure—function relationships, Ni/zeolite catalysts, Acid—base properties, Dry reforming of

methane, Natural zeolites, Clinoptilolite.
Introduction

Synthesis gas (syngas) is an important
feedstock for the production of a wide range of valuable
chemicals and is also considered a promising energy
carrier, particularly for environmentally friendly energy
systems, including fuel cells [1, 2]. Natural gas remains
the main source for syngas production due to the
availability of well-established processing technologies.
For gas streams containing significant amounts of CO,,
including biogas composed mainly of CH4 and CO,, dry
reforming of methane (DRM) represents a promising
route for syngas generation [2—4].

Dry reforming of methane (CHs + CO, —
2CO + 2H,) is attractive because it enables the
simultaneous utilization of two greenhouse gases and
converts CO2 -containing streams into valuable products
[5-9].

Nickel-based catalysts are widely used in
DRM due to their high activity in C—H bond activation
and relatively low cost compared to noble metals [10,
11]. However, their practical application is limited by
catalyst deactivation caused mainly by carbon

deposition and sintering of the active phase [12-14].
These effects strongly depend on the nature of the
support, nickel dispersion, and its surface properties [15-
18].

The use of composite catalysts based on
modified supports is an effective approach to improving
catalytic stability and performance [19-22]. In
particular, supports with basic properties or those
modified with alkali and alkaline-earth metals can
enhance nickel dispersion, improve CO,adsorption, and
suppress carbon formation [23-25]. Such approaches
are widely used in catalytic systems to increase
resistance to deactivation [26-35].

Among various supports, zeolites have
attracted considerable attention due to their well-defined
framework structure, tunable SiO,/Al,Os ratio, pore
architecture, and adjustable acid-base properties [36—
41]. Their three-dimensional framework forms a system
of interconnected cavities accessible through
well-defined  pore openings, near  which
charge-compensating exchangeable cations (e.g., Na,

*To whom all correspondence should be addressed.


mailto:rsevil7@gmail.com

Jafarova Sevil Tagi

Ca*, and K*) are located. Variations in the crystal
framework and in the nature of the exchangeable cations
largely determine adsorption and catalytic behavior [41—
43]. In addition, the zeolite framework can promote high
dispersion of metal particles by spatially isolating the
active species and inhibiting their aggregation [43-46].

Recent studies have shown that the
physicochemical properties of zeolites-supports strongly
influence metal dispersion, metal-support interaction,
and catalytic performance in a range of CHs and CO;
conversion reactions [47-49]. However, despite
numerous studies on Ni-based catalysts, a
comprehensive understanding of how zeolite framework
topology and surface acid-base properties jointly affect
catalytic performance in DRM remains limited [50].

The framework characteristics of zeolites are
strongly influenced by the aluminum content and the
corresponding SiO»/Al,O3 ratio, which significantly
affect the acid-base properties and catalytic behavior
[51-53]. Bransted acid sites are generally associated
with framework Si—-OH-AI groups, whereas Lewis acid
sites are related to extra-framework aluminum species.
Basic sites, in turn, are important for CO, adsorption
and activation. Nevertheless, the role of different acid—
base sites in methane activation and overall DRM
performance remains under discussion [37, 54-57].

Thus, the relationship between zeolite
structure, acid-base properties, and catalytic activity in
DRM remains insufficiently understood. Unlike most
previous studies, which often focus on individual
catalyst systems, this work attempts to establish
comparative and quantitative  structure—function
relationships for Ni/zeolite composites. Such an
approach may contribute to the rational design of
efficient catalysts for DRM.

Therefore, the aim of the present work was to
investigate comparative structure—function relationships
in Ni-X systems (X = CaA, CaX, NaX, NaY, ZSM-5,
MOR, and clinoptilolite) and to evaluate the influence
of zeolite framework structure, composition, textural
characteristics, and surface acid-base properties on
catalytic performance in the dry reforming of methane.

Experimental

A series of Ni-X composites was prepared
using granulated commercial synthetic zeolites with
well-defined framework topologies (A, X, and Y) as
reference matrices to enable a comparative evaluation of
structure—function relationships under identical DRM
conditions. Mordenite (MOR) and ZSM-5, synthetic
chabazite (Ch) were additionally included to assess the
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influence of framework structure and compositional
variations, whereas clinoptilolite (CL) was used to
examine such variations within a single framework type.

Thus, two series of Ni—X catalysts were
investigated. The first included zeolites with different
framework  structures, pore  topologies, and
compositions (X = CaA, NaX, CaX, NaY, ZSM-5, and
MOR), whereas the second comprised clinoptilolite-
based catalysts used to examine structural and textural
variations within the same zeolite framework type.

Natural clinoptilolite (SiO2/Al,O3 = 8.68) and
mordenite (SiO2/Al,O3 = 9.6; mineral content 70-75
wt.%) from the Aidag and Chananab deposits
(Azerbaijan), respectively, were used as catalyst
supports. The natural clinoptilolite consisted of 78 + 2
wt.% clinoptilolite, 15 + 1 wt.% quartz, and 2 £ 0.5
wt.% calcite.

The Ni—X catalysts were prepared by incipient
wetness impregnation method using an aqueous solution
of nickel (II) nitrate hexahydrate, Ni (NO3z),-6H,0 (0.58
M, 17.4 g per 100 g support for nominal 10 wt.% NiO).
The impregnated samples were dried at 110 °C for 4 h
and calcined in air at 500 °C for 6 h. Prior to catalytic
testing, the samples were reduced in a hydrogen flow
(45 mL min™) at 400 °C for 5 h.

For the second series of experiments, Ni-CL
catalysts with a modified support were prepared. To
obtain the modified support, natural clinoptilolite (2 mm
fraction) was treated with an HCI solution (0.5, 1, 2, and
10 M) at 60°C for 3 h (solid-to-liquid ratio 1:10). The
treated samples were washed with distilled water until
chloride-free (AgNO:s test), dried at 110°C, and calcined
at 400°C for 2 h. The obtained samples were designated
CL-0.5, CL-1, CL-2, and CL-10, respectively. The
physicochemical parameters of the acid-modified
supports were determined and, for clarity, are
summarized in Table 4. The subsequent procedure for
the preparation of Ni catalysts based on these modified
supports was analogous to that used for the Ni—-X
catalysts described above.

A detailed structural characterization (XRD,
SEM/EDX) of the Ni-CL sample was performed. This
sample was selected because clinoptilolite-based
catalysts served as a model system for studying the
effect of physicochemical changes on activity within the
same framework type. Unlike the commercial reference
zeolites used in this study, clinoptilolite exhibits less
uniform structural and compositional characteristics.
Therefore, detailed characterization was necessary to
verify preservation of the zeolite framework after Ni
incorporation.
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X-ray diffraction (XRD) analysis was
performed on a D2 Phaser diffractometer (Bruker,
Germany) using Cug, radiation (A = 1.54 A) with a
nickel filter in the 26 range of 5-80°.

Surface morphology was investigated by
scanning electron microscopy (SEM) on a Sigma VP
microscope (Carl Zeiss, Germany) at 15 kV and
~20,000x  magnification, coupled with energy-
dispersive X-ray spectroscopy (EDX) for elemental
composition.

Acid-base properties were examined using
molecular probes (acetone as an electron-acceptor
probe, n-butylamine as a proton-donor probe, phenol as
a basic probe) via adsorption followed by «Paulik-
Paulik-Erdei» derivatography [59]. Total acidity was
expressed as XKnuz (mmol g™') and determined from
NHs desorption. This approach was used to estimate the
concentration and nature of active surface sites and to
evaluate their correlation with catalytic performance in
DRM.

Catalytic performance was evaluated in a
laboratory-scale  continuous-flow quartz fixed-bed
reactor at atmospheric pressure (1 atm). The reaction
temperature (500-800°C) was measured by a chromel—-
alumel thermocouple at the catalyst bed center. Catalytic
activity for all catalyst systems was evaluated under
identical  DRM  conditions to ensure reliable
comparative evaluation. Catalytic tests were carried out
using a CH4—CO, mixture (CH4: CO; =1:1, GHSV 500
h™"); products were analyzed by LCHM-80 gas
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chromatograph [60]. Conversions (X, %) and selectivity
(S, %) were calculated as

Fi — Ff

X (CH4.C02) =

* 100%

F (H2)f
2 x (F(CH4)i — F{CH4)}f

S5(H2) = x 100%

€0) = F(CO)
sieo) = (F(CH4)i — FICH4)f) + (F(CO2)}i — F(COZ)f)

% 100%

where F and F¢ are initial/final concentrations.
Experiments were performed in duplicate to ensure
reproducibility. CH4 conversion, residual CO-, H; yield,
and H; selectivity were used as the main parameters for
evaluating catalytic performance. Since this work is a
comparative study of selected catalyst systems under
fixed DRM conditions (500-800 °C, CH4:CO, = 1:1,
GHSV 500 h™), the conclusions are focused primarily
on the observed structure — activity relationships, while
correlation coefficients (r) were used to quantify the
observed trends.

Results and discussion

To elucidate structure—activity relationships, a
comparative analysis of the catalytic behavior of Ni—X
systems with different zeolite framework types (X =
NaY, NaX, CaX, CaA) was initially performed under
identical conditions for DRM. The results of the study
are presented in Fig. 1.
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Temperature dependences of CH4 and CO. conversion and Hz and CO yields in DRM over: (a) Ni—

NaY, (b) Ni-NaX, (c) Ni-CaX, (d) Ni—CaA catalysts. Curves: (1) CH4 conversion, (2) CO;

conversion, (3) H yield, (4) CO yield.

Table-1: Relationship between zeolite framework type and the catalytic performance of Ni-X (X = NaY, NaX, CaX,
CaA) systems in DRM. Selected parameters at 700 °C, vol.%.

Ne Zeolite SiO2/AlOsratio, Tsoe CHa, CH. conversion (XcHa) Hzyield Residual CO; concentration
(mol/mol) °C
1 CaA 19 590 93.0 49.9 44
2 NaX 2.75 622 95.6 45.0 7.8
3 CaX 29 605 95.6 46.3 6.2
4 NaY 5.6 615 96.4 414 8.7
Correlation 0.52 0.765 -0.92 0.815

For all catalysts, CHsand CO; conversions, as
well as Hz and CO vyields, increased with temperature,
reflecting the thermally activated nature of the process.
Complete methane conversion was achieved at 800 °C
for Ni-NaY, Ni-NaX, and Ni-CaX, whereas the Ni—
CaA catalyst reached full conversion at a lower
temperature of 750 °C, evidencing its higher catalytic
activity.

Additional experiments showed that the
corresponding nickel-free samples (NaY, NaX, and
CaX) exhibited no measurable catalytic activity under
DRM conditions, highlighting the essential role of
nickel sites in methane activation. In contrast, the
nickel-free CaA zeolite, which likely possesses a higher
CO- adsorption capacity, showed some activity, with
CH4 and CO, conversions of 11.46 + 0.74 vol% and
10.53 + 2.06 vol%, respectively. This was accompanied
by relatively low H, and CO vyields, both reaching 5.5 +
0.7 vol%. Taken together, these results suggest that
increased CO, uptake contributes to improved CHa
conversion on Ni—CaA. Consequently, the observed
differences between the Ni-X catalysts are attributed to
the influence of zeolite framework structure,
exchangeable cation type on nickel site accessibility and
surface acid-base properties.

Therefore, particular attention was paid to
methane conversion, residual CO, concentration and

hydrogen yield, since these parameters together reflect
the efficiency of syngas formation. Quantitative
relationships between catalytic parameters and zeolite
structural characteristics are summarized in Table 1.

Under these conditions, methane conversion
over Ni—X catalysts ranged from 93.0 to 96.4%,
confirming their high activity below complete
conversion temperatures. The Ni-CaA sample exhibited
the highest H. vyield, consistent with its enhanced
performance observed in the temperature-dependent
profiles. Catalysts containing Ca?* cations demonstrated
lower Tso% values than Na*-containing analogues,
indicating facilitated methane activation.

Residual CO; concentrations were consistently
lower for Ca-based systems, supporting the role of Ca2*
ions in promoting CO, adsorption and its subsequent
conversion. This observation is supported by the
stronger correlation between zeolite structure and
residual CO; concentration (r = 0.815) than with
methane conversion (r = 0.765).

The correlation analysis presented in Table 2
(a, b) provides further insight into the role of zeolite
framework type in governing both the surface chemistry
and catalytic performance of Ni-X (X = NaX, CaX,
CaA) catalysts in DRM.
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Table-2: (a) Concentration of surface acid—base sites in Ni—X catalysts (X = NaX, CaX, CaA) and

correlation with zeolite structure.

Nature of sites Catalyst Concentration of surface sites, mmol-g™! Correlation coefficient (r)

Electron-acceptor acidic sites Ni-NaX 0.370 -0.999
Ni-CaX 0.123
Ni-CaA 1.539

Proton-donor acidic sites Ni-NaX 0.734 -0.974
Ni-CaX 0.098
Ni-CaA 1.859

Basic sites Ni-NaX 0.207 -0.999
Ni-CaX 0.041
Ni-CaA 1.370

Note: Electron-acceptor, proton-donor acidic and basic sites were determined by the molecular probe adsorption method [57]. Correlation
coefficients were calculated to evaluate the relationship between the zeolite framework and the concentration of surface acid—base sites.

Table -2(b): Correlation between surface acid—base site concentration and catalytic performance

parameters of Ni—X catalysts in DRM.

Nature of sites Hayield Sh2 Ts0% of CHs conversion Residual CO; concentration
Electron-acceptor acidic sites 0.91 0.935 -0.75 -0.79
Proton-donor acidic sites 0.81 0.85 -0.60 -0.65
Basic sites 0.93 0.95 -0.78 -0.82

Note: Correlation coefficients (r) were calculated to evaluate the relationship between the concentration of surface acid—base sites and the
catalytic performance parameters. Catalytic performance parameters were obtained from DRM catalytic tests.

A strong correlation between the zeolite
structure and the concentration of surface acid—base
sites confirms that the acid-base properties are
primarily dictated by the framework composition and
topology (Table 2 (a)).

In agreement with the trends discussed
above, an increase in the SiO2/Al,O3 ratio leads to a
decrease in the concentration of both acidic and basic
sites, due to the reduced fraction of aluminosilicate
units responsible for active site formation. In the
present study, the proton-donor acidic sites
determined by molecular probe adsorption can be
associated predominantly with Bronsted acidity of
the aluminosilicate framework, whereas the electron-
acceptor acidic sites correspond mainly to Lewis
acidic centers related to coordinately unsaturated
cations and defect sites.

The CaA-based catalyst, characterized by
the smallest pore aperture, exhibits the highest
density of surface sites, which likely promotes
stronger confinement effects and a greater density of
accessible acid-base centers (Table 2(a)). This
behavior is consistent with its superior catalytic
performance observed in Fig. 1 and Table 1. In
particular, basic and Lewis-type acidic sites show the
strongest correlation with catalytic performance
parameters (Table 2(b)). Strong positive correlations
with H yield and selectivity (Sg), together with
negative correlations with Tsoy, indicate that an
increased density of these sites promotes methane
activation and enhances overall reaction efficiency.

Furthermore, the negative correlation between the
concentration of basic sites and residual CO:
concentration confirms their key role in CO;
adsorption and activation.

Overall, the combined analysis of Tables 1
and 2 and Fig. 1 demonstrates that the catalytic
performance of Ni—X systems is governed by an inter
play between zeolite structure, pore geometry, and
surface acid—base properties.

To further expand the comparative analysis
of structure—activity relationships in DRM, Ni—-ZSM-
5 (MFI-type) and Ni-MOR (MOR-type) catalysts
were also investigated. These zeolites possess distinct
framework topologies and channel architectures and
are characterized by relatively high SiO2/Al,Os ratios
compared with the previously investigated zeolites,
allowing further evaluation of how these structural
features may influence reactant accessibility and
catalytic behavior. According to literature data [61],
ZSM-5 possesses channel openings of approximately
0.54-0.56 nm, whereas MOR is characterized by
larger 12-membered-ring channels (about 0.65-0.70
nm), which can facilitate diffusion and improve
accessibility of reactants and products; in addition,
the 8-membered side channels of MOR are less
accessible and may be partially blocked by cations or
impurities. In contrast, ZSM-5 exhibits a more
pronounced molecular-sieve effect. The results are
presented in Fig. 2.
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CHs conversion and (b) residual CO;
concentration over Ni-ZSM-5 and Ni-MOR
catalysts in DRM. Curves: (1) Ni-ZSM-5
and (2) Ni-MOR.

As shown in Fig. 2, CHs conversion over
Ni—ZSM-5 reached 98.4% at 700 °C, whereas for Ni—
MOR it was 81.6%. This difference can be attributed
to the more effective contribution of acidic sites in
the ZSM-5-based catalyst. At the same time, Ni-
MOR exhibited lower residual CO; concentrations
(1.2 vs. 3.1 vol.% at 800°C), likely due to the
presence of associated minerals containing alkaline-
earth metal oxides (Ca and Mg), which enhance CO;
adsorption via acid-base interactions and promote
CO; activation.

The observed differences indicate that
catalytic behavior is governed not only by the acidity
of the zeolite matrix, but also by pore topology and
accessibility of active sites. The higher CH4
conversion over Ni-ZSM-5 is associated with a more
favorable distribution of accessible active centers for
methane activation, whereas the lower residual CO-
over Ni-MOR reflects a stronger contribution of CO,
adsorption and activation processes related to its
mineral composition.
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Further insight into the role of exchangeable
cations was obtained using synthetic chabazite-based
Ni—Ch catalysts as a controlled model system,
allowing evaluation of the cationic effect within a
comparable framework topology. This comparison
was motivated by the results obtained for zeolite
containing different exchangeable cations, which
suggested that the nature of exchangeable cations
may influence DRM behavior.

Fig 3 shows the temperature dependence of
CH. conversion over Ni—Ch catalysts containing
different exchangeable cations in DRM. The Na-form
exhibits complete methane conversion, whereas the
K-form reaches a maximum conversion of only about
85.8%, indicating a stronger contribution of the Na-
form to the catalytic activity. This difference
indicates a more favorable interaction between the
zeolite matrix and Ni species in the Na-form catalyst,
which is consistent with the lower onset temperature
for Hp-reduction [58]. These results confirm that the
nature of the zeolite cations has a significant impact
on catalytic activity.
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Fig. 3: Temperature dependence of CH4 conversion

over Ni-Ch catalysts containing different
exchangeable zeolite cations in DRM.
Curves: (1) K*sform and (2) Na*-form
catalyst.

Table 3 summarizes the effect of the Na ion
concentration on catalytic activity and carbon
deposition. Increasing Nna+ beyond the optimum
value leads to a decrease in catalytic activity, most
likely due to the formation of stable surface
carbonate species. This indicates that the beneficial
effect of alkali-metal incorporation has a limit and is
associated mainly with an increased concentration of
oxidizing species on the -catalyst surface and
enhanced carbon gasification. Carbon deposition is
minimized at moderate Nna+ Values, whereas both
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lower and higher concentrations result in increased
coke formation. The highest coke amount is observed
at the lowest Nna+, Which can be attributed to the
relatively high rate of carbon formation compared
with CO, gasification. This interpretation is
supported by the higher residual CO, content in the
reaction products for the corresponding sample.
Correlation analysis shows a positive relationship
between Nna:+ and Tgo (r=+0.689), while coke
formation correlates almost perfectly with the
concentration of strong acidic sites (r=+0.999),
confirming the important role of acidity in
determining catalytic performance. Overall, the Na-
form provides higher CH,4 conversion and the optimal
Nna+ level ensures the best balance between carbon
formation and gasification rates.

In addition to the synthetic zeolite-based
systems, special attention was also paid to the use of
natural zeolites as supports for Ni catalysts in DRM,
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with the Ni—CL system based on natural clinoptilolite
being selected as a representative example.

Considering its structural and compositional
characteristics, natural clinoptilolite represents an
economically and  technologically  attractive
alternative to conventional catalyst supports. For
example, natural clinoptilolite (HEU-type) contains
alkali and alkaline-earth metals (Na + K: 3.73-4.1
wt%; Ca + Mg: 4.32-4.72 wt.%), which is
comparable to the promoter content in industrial CH,4
conversion catalysts (up to 7 wt.%). In addition, its
specific surface area (7—25 m2/g) and well-developed
microporous structure facilitate the formation of a
highly dispersed nickel active phase [58].

Fig. 4 shows the X-ray diffraction pattern of
the Ni—CL sample, and Fig. 5 presents (a) the SEM
micrograph and (b) the corresponding EDX spectrum
with the elemental composition of the Ni-CL
catalyst.

Table-3: Dependence of catalytic activity and carbon deposition from the number of Na* ions.

Nnas (x10%) Max. CHs Xcnaat 700°C Residual CO: at 800 °C (%) Sco at 800°C, (%) Carbon deposition (g g *
conversion (%) (%) catalyst)
0,9 100 79.2 14.6 454 0.058
1,2 100 83.0 7.7 45.2 0.009
2,1 86,8 71.8 8.9 425 0.011
11004 | ]
] I
1000 3 I e NiO (PDF 010784376)
~ | A Na-clinoptilolite (PDF 010711425)
3 1 .
@ 9001 I m Si0y, quartz (PDF 000461045)
>
= 8004
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5001
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ot

Fig. 4: X-ray diffraction patterns of Ni—-CL sample.
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The X-ray diffraction pattern of the Ni—CL
sample (Fig. 4) confirmed preservation of the
clinoptilolite framework after Ni introduction,
indicating that the structure remains stable.
Reflections of NiO were observed in the crystalline
matrix, proving successful loading of the active
phase; their low intensity suggests high dispersion or
small Ni crystallite sizes.

SEM micrographs (Fig. 5 (a)) revealed
agglomerated particles with a developed surface
morphology and interparticle porosity. The EDX
spectrum (Fig. 5(b)) showed the presence of Ni
together with the main clinoptilolite framework
elements (Si, Al, and O), exchangeable cations
characteristic of the natural zeolite matrix, as well
as minor components associated with micro-
inclusions and mineral impurities. The percentages
of elements in the sample were presented in the
table. Overall, taken together with the XRD results,
these observations indicate preservation of the HEU
framework after Ni incorporation and the presence
of the NiO phase in the composite.

Catalytic tests showed that complete CHa
conversion over Ni-CL was achieved at 700 °C,
while the temperature required to reach 80%
conversion (Tsox) is 615 °C (Fig.6). These values are
consistent with the free volume fraction of the
dehydrated zeolite (0.34) and suggest that the
structural parameters of the zeolite matrix play an
important role in determining catalytic performance.
In comparison with Ni-MOR (Tsos = 695 °C; free
volume fraction 0.28), clinoptilolite exhibits a more
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(a) SEM micrograph and (b) corresponding EDX spectrum with elemental composition of Ni—-CL

favorable combination of textural and acid-base
properties.
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Fig. 6: Temperature dependence of CH4 and CO2

conversion and H: and CO selectivity over
the Ni—CL catalyst in DRM. Curves: (1)
CHa conversion, (2) CO- conversion, (3) CO
selectivity, and (4) H: selectivity.

In addition, a separate systematic analysis
was performed for clinoptilolite-based catalysts,
where the influence of acid modification, SiO,/Al,O3
ratio, pore characteristics, and total acidity on
catalytic performance was investigated within the
same structural framework.
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Table-4; Effect of activating acid concentration on the physicochemical parameters of zeolite (CL) and
characteristics of the resulting Ni-containing systems derived from them.

Sample HCI SiO2/AlOsratio,  Water adsorption

Limiting sorption

Ni-CL characteristics

concentration, M mol/mol capacity, mmol-g™' volume, cm*g™* “Total acidity “Tso% for CHa ""CHa conversion
ZKxn, mmol-g?  conversion, °C (%) at 700°C
CL 0 8.6 6.81 0.124 0.08 610 100
CL-05 0.5 10.1 6.65 0.121 - 680 84
CL-1 1 10.4 8.61 0.153 0.34 665 93
CL-2 2 11.7 8.90 0.161 0.12 540 100
CL-10 10 42.3 7.15 0.125 0.10 650 99

Note: "The total acidity was evaluated based on NH; desorption measurements.
**Catalytic performance parameters were obtained from DRM catalytic tests.

The Ni—CL catalyst also exhibits stable CO;
conversion and relatively high Hz and CO selectivity
over the investigated temperature range. This
behavior indicates the effective participation of both
reactants in the DRM process and confirms a
favorable balance between methane activation and
CO; conversion on the catalyst surface. The observed
catalytic performance may be associated with the
developed microporous structure of clinoptilolite,
which facilitates dispersion of the active nickel
phase. In addition, naturally occurring alkali and
alkaline-earth  components may promote CO;
adsorption and its conversion during the DRM.

Chemical modification of the support with
HCI solutions of different concentrations allowed the
relationship between porous structure, SiO2/Al,Os
ratio, surface acidity, and the catalytic activity of Ni—
CL to be established. The results describing the
changes in the porous structure of the support during
acid activation, as well as their influence on the
properties of Ni—CL, are summarized in Table 4.

It was shown that the sample with the
optimal sorption space volume (sample CL-2)
exhibited the lowest Tsoy Value together with
complete CHs conversion at 700 °C, whereas
excessive acid treatment (sample CL-10) leads to
partial framework destruction and an increase in the
SiO2/Al;O5 ratio, accompanied by a decrease in both
acidity and catalytic activity. A strong correlation
was found between the total acidity of the support
and the performance of the catalytic system (r =
—0.96), as well as moderate correlations with the
sorption volume (r = 0.50) and the SiO2/Al,Os ratio (r
= 0.47). These results suggest that both structural and
acid-base parameters contribute to the observed
catalytic behavior of Ni—CL systems.

Special attention was paid to resistance
toward carbon deposition. The amount of carbon
deposits formed on samples CL-0 and CL-2,
normalized per hour of catalyst operation, was
estimated as 0.0066 and 0.008 g-g'cat-h™,
respectively. These deposits were characterized by

combustion temperatures of approximately 700 + 50
°C, indicating their predominantly amorphous nature
and relatively weak carbon-surface interactions,
which may reduce the tendency toward rapid catalyst
deactivation. Furthermore, the relationship between
acidity and the amount of carbon deposited confirms
the influence of acid sites on catalytic properties.

Thus, the Ni—CL systems combine several
important advantages: high catalytic activity,
resistance to coking, the absence of any need for
additional promotion, and reduced material and
energy demands of the process.

Overall, the comparative analysis of the
investigated Ni/zeolite systems demonstrates that
DRM performance depends on zeolite topology,
acid—base properties, and the nature of exchangeable
cations. While synthetic zeolites provide more
uniform and controllable structural characteristics,
natural clinoptilolite appears to be a promising
support owing to its high catalytic activity, low
coking tendency, and potential economic and
environmental advantages.

Conclusion

In this study, the comparative structure—
function relationships of Ni/zeolite composites in
DRM were systematically investigated. Most studies
of this kind focus on zeolites with a single framework
type, whereas the present work provides a
comparative analysis of the catalytic behavior of
zeolites with different framework topologies and
samples of one structural type with varying degrees
of physicochemical modification.

A detailed analysis of Ni catalysts based on
A-, X-, and Y-type zeolites showed that catalytic
performance is governed primarily by zeolite
structural features, including framework topology,
pore architecture, and the nature of exchangeable
cations, as well as by the concentration of basic and
electron-acceptor  surface  sites.  Quantitative
correlations between framework type and both
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methane conversion (r = 0.765) and residual CO;
concentration (r = 0.815), as well as between the
concentrations of basic and electron-acceptor sites
and the H, yield (r = 0.93 and 0.91, respectively),
confirm the key role of structural and surface
properties in determining catalytic behavior.

Moreover, the favorable combination of
framework topology, pore dimensions, and surface
active sites in the Ni-CL, Ni-ZSM-5, and Ni-CaA
systems affords particularly advantageous conditions
for DRM.

For clinoptilolite-based  systems, acid
treatment enables controlled adjustment of the degree
of dealumination and sorption volume, thereby
favorable the balance between porosity and acidity
and tuning the structure—property relationships of the
resulting nickel composites.

These results further demonstrate the

important role of zeolite framework characteristics
and surface properties in determining the
performance of Ni-based DRM catalysts.
From a practical perspective, the use of natural
clinoptilolite may reduce both the cost and
complexity of catalyst preparation, making it a
promising inorganic support for nickel catalysts in
DRM.
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