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Converting methane into syngas via partial oxidation of methane (POM) is a promising energy-efficient
technology given its exothermic nature. Active nickel-based catalysts suffer from deactivation by carbon
deposition and sintering. This study explores the novel use of mordenite zeolite (CBV20A) as a catalytic
support for nickel (Ni) and using strontium (Sr) as a promoter. NisSr,/CBV20A samples with various Sr
loadings were prepared and characterized using Nj-sorption, X-ray diffraction, H,-temperature
programmed reduction, temperature programmed desorption of CO,, and Transmission Electron
Microscopy. Sr addition improved NiO reducibility at lower temperature and boosted basicity, enhancing
CH, conversion and H, yield. The optimal catalyst, NisSro/CBV20A, exhibited the highest performance
with 72% CH, conversion, 47% H, yield, and 2.6 H,/CO ratio at 700 °C and 14400 mL g~* h™%. Results
show that at a high gas hourly space velocity (GHSV) of 72000 mL g~ h™%, a combustion and reforming
reaction mechanism is preferred, while at a low GHSV of 14400 mL g*1 h~! a direct partial oxidation
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Introduction

Nowadays, the production of hydrogen (H,) and syngas,
a mixture composed mainly of hydrogen and carbon monoxide
(CO), is primordial to meet the increasing demand of the
chemical industry and the growing environmental awareness.
In this regard, hydrogen and syngas represent valuable feed-
stocks for the production of ammonia,* liquid hydrocarbons
and chemicals such as methanol and ethanol, among other
high value products.> While most of the hydrogen and syngas
are currently produced from fossil fuels,® the depletion of these
reserves calls for the urgent need for alternative production
methods.

Methane (CH,) is the major constituent of natural gas and
shale gas reserves.* It is also a major product from the anaerobic
digestion of biomass and municipal solid waste, disposed of
worldwide in large quantities.> Furthermore, methane is the

“Chemical Engineering Department, College of Engineering, King Saud University, P.O.
Box 800, Riyadh 11421, Saudi Arabia. E-mail: aalfatesh@ksu.edu.sa

*Petroleum Engineering Program, School of Engineering, Lebanese American
University, P.O. Box 36, Byblos, Lebanon. E-mail: nissrine.elhassan@lau.edu.lb
‘Department of Chemistry, Indus University, Ahmedabad, Gujarat 382115, India
“Institute of Refining and Petrochemicals Technologies, King Abdulaziz City for Science
and Technology (KACST), P.O. Box 6086, Riyadh 11442, Saudi Arabia

(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4ra06426g

© 2025 The Author(s). Published by the Royal Society of Chemistry

second most potent greenhouse gas, which is also emitted from
anthropogenic activities worldwide. The abundance and avail-
ability of methane makes it an attractive feedstock for fuels and
chemical synthesis. In this regard, the conversion of methane
into valuable syngas is highly beneficial. Hydrogen and syngas
can be produced from methane using steam reforming of
methane (SRM), dry reforming of methane (DRM), or partial
oxidation of methane (POM).*” The first two processes (SRM
and DRM) are highly endothermic and require high energy
demand. The high temperatures needed for these reactions
cause sintering and heavy carbon deposition, leading to catalyst
deactivation.” POM is an exothermic reaction that does not
require any heat supply; hence it is less energy intensive. In
addition, it generates H,-rich syngas (H,/CO ratio of 2), ideal to
produce methanol and synthetic fuels through Fischer-Tropsch
Synthesis (FTS).® This reaction is characterized by high methane
conversion, high selectivity to syngas,® and a rapid reaction rate.
It also requires smaller reactor, compared to conventional
reforming."

In such applications, nickel is an interesting active metal
because of its availability and more economical cost compared
to noble metals. Indeed, Ni-based catalysts are highly active in
POM;"** however, they are susceptible to deactivation by
carbon deposition and metal sintering at high temperatures.™
In this regard, studies have shown that the support plays
a major role in the stability of Ni-based catalysts in POM.**'* For
example, the strong interaction between Ni and La,O; support
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resulted in high catalytic activity, reaching around 80% CH,
conversion with more than 90% H, selectivity at 800 °C and
atmospheric pressure.** In contrast, the weak Ni-ZrO, interac-
tion led to catalyst deactivation because of Ni particles sinter-
ing."* Moreover, high syngas yield was achieved in POM using
fibrous Ni/Al,O; catalysts, owing to better Ni dispersion, higher
metal-support interaction and improved mass transfer,
compared to monolithic spherical catalysts.” In the same
context, the confinement of Ni nanoparticles inside well-
structured porous supports such as MCM-41'° or SBA-16'°
can enhance the metal-support interaction and improve the
durability of the catalyst by avoiding sintering and carbon
deposition. Among porous supports, zeolites are interesting
candidates for being available, cheap, and characterized with
well-defined structure, high surface area, high thermal stability,
and tunable active sites. Hence, they are expected to improve
the stability and durability of Ni-based catalysts.””*® The use of
mordenite as a support for Ni-based catalysts resulted in high
ethanol conversion and high hydrogen selectivity in steam
reforming of bioethanol.*® In partial oxidation of butane, the
use of mordenite as a support for Ni-based catalysts showed
better activity than ZSM-5 where butane conversion and
hydrogen selectivity reached 80% and 56%, respectively on Ni/
mordenite compared to only 73% and 48%, respectively on
Ni/ZSM-5 after 5 hours on stream at 700 °C.>* Mordenite-type
zeolites were found to be characterized with large pore size
which can promote product desorption in direct partial oxida-
tion of methane to methanol.”> Rhenium supported on mor-
denite showed better performance than other types of supports
such as Al,03, SiO, and MgO in partial oxidation of methane to
syngas, due to the easier reduction of Re species on this support
and to the stabilization of the resulting low-valent Re species.*
Furthermore, mordenite CBV20A proved to be efficient for
applications including benzene conversion to benzyl alcohol,**
benzene alkylation with propylene,” and as support for gold
nanoparticles in CO oxidation.>® Yet, its use in partial oxidation
of methane for syngas production remains limited. Only one
paper'” evaluated the use of mordenite CBV20A as a support for
Rh-based catalysts for POM, and the resulting Rh/MOR-IE
sample maintained around 84% methane conversion and
91% CO selectivity for 50 h at 600 °C and 1.2 x 106 mL g *h™".

In addition to the importance of selecting proper support,
the choice of promoter is a vital factor in achieving high cata-
lytic performance.®*”*®* Among the options available, alkaline
earth elements are gaining attention given their abundancy and
low cost. These group 2 elements include beryllium (Be),
magnesium (Mg), calcium (Ca), strontium (Sr), barium (Ba), and
radium (Ra) which is a radioactive element. Strontium has the
second largest atomic radius after barium and is thus charac-
terized by low charge/size ratio or charge density. The large size
of Sr stabilized CO, as bidentate species.>® Sr**-mediated CO,
was reported to be a good oxidizing agent.*® In indirect path-
ways of POM, greater interaction of CO, with the catalyst surface
facilitated the oxidation of CH,4 by CO, towards the formation of
syngas. Sr addition over Ni/La,0; catalyst was found to induce
the generation of high amount of lattice oxygen surface species
which promoted C-H activation.* The promotional addition of
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Sr over Ni-based catalyst supported over titania-zirconia,*
zirconia-alumina,® or tungsten-zirconia®** were found to
induce enhanced reducibility. The metallic Ni formed after
reduction of NiO is the active center of C-H dissociation.
Overall, the use of Sr seems to be advantageous in the mean of
C-H activation/dissociation as well as CO, stabilization/
activation during partial oxidation of methane. Furthermore,
strontium was found to be effective in enhancing metal
dispersion,*** increasing metal-support interaction,’®**
improving catalyst basicity,*> and boosting catalytic activity and
stability by limiting carbon deposition®***” in several applica-
tions such as dry reforming of methane,*”***”** steam reform-
ing of methane,* hydrogenation,* cracking,” and CO,
methanation.*®***>** In partial oxidation of methane, the use of
up to 1% Sr in Co/Al,O; enhanced the initial activity but the
catalyst quickly deactivated afterwards.** An amount of 2 wt% Sr
was needed to maintain the stability of the catalyst and achieve
82% CH, conversion, 89% H, selectivity, and a H,/CO ratio
close to 2. Moreover, the addition of 1 wt% Sr to Ni supported
on SAPO-5 boosted methane conversion and hydrogen yield to
47 and 42%, respectively, in comparison to 40 and 30%,
respectively, on the non-promoted sample at 600 °C.° Similarly,
the 2 wt% Sr-promoted Ni/TiZr sample reached 46% CH,
conversion and 42% H, yield and decreased the H,/CO molar
ratio from 4.25 on Ni/TiZr to 3.75.>' These two recent studies
show the promotional effect of Sr on Ni-based catalysts in POM
for syngas generation, in comparison to other types of
promoters. Yet, in the two studies, the Sr loading was fixed at
either 1 or 2 wt%. From this perspective, it would be interesting
to further increase Sr loading beyond these values, in an
attempt to achieve even higher performance in POM.

In this work, we try to combine the beneficial effects of
mordenite CBV20A support for improved catalytic stability and
durability with the advantages of Sr promoter in terms of
enhanced methane conversion and hydrogen yield. To date, the
use of Sr as a promoter for Ni catalysts supported on mordenite
zeolite support for POM was never addressed before. For this
purpose, Ni;Sr,/CBV20A samples are prepared with 1, 2 and
3 wt% Sr loading and evaluated in partial oxidation of methane
at 700 °C. The properties of the fresh and used catalysts are
evaluated using N, physisorption, TPR, XRD, CO,-TPD, FTIR,
TGA, Raman, TEM, and NH;-TPD, to determine the optimum
catalyst.

Experimental

Materials

Ni(NO3),6H,0 (Purity 98%, Alfa Aesar) and Sr(NO;), (Aldrich)
and commercial MOR (CBV20A, Zeolyst) were used in this work.

Catalyst preparation

The catalysts were prepared with 5 wt% Ni and varying amounts
of Sr (1, 2, and 3 wt%) supported on CBV20A zeolite using the
impregnation method. The appropriate amount of nickel
nitrate (Ni(NO3),-6H,0) and strontium nitrate (Sr(NO3),) were
dissolved in 20 mL of distilled water. The CBV20A zeolite

© 2025 The Author(s). Published by the Royal Society of Chemistry
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support was gradually added to each solution while stirring
continuously at 80 °C for sufficient time to allow complete
impregnation. After impregnation, the samples were dried at
120 °C overnight for 12 hours, and then calcined at 600 °C for 4
hours. The resulting samples with 5 wt% Ni and 1, 2, or 3 wt% Sr
supported on CBV20A zeolite were labelled NisSr,/CBV20A (x =
1,2, 3).

Catalyst characterization

The X-ray diffraction (XRD) analysis of fresh samples was con-
ducted by means of a Bruker D8-Discover diffractometer using
Cu Ko radiation (A = 0.15406 nm) operated at 40 mA and 40 kV.
The N, adsorption-desorption isotherms were obtained on
a Micromeritics Tristar II 3020 surface area analyzer using 0.2—
0.3 g of sample degassed and analyzed using the Barrett, Joyner
& Halenda (BJH) method. Temperature-programmed hydrogen
reduction (H,-TPR) and temperature-programmed carbon
dioxide desorption (CO,-TPD) measurements were performed
on a Micromeritics AutoChem II chemisorption device using
a thermal conductivity detector over 70 mg sample. In H,-TPR,
H, absorption is monitored up to 1000 °C under 10% H,/He gas,
whereas in CO,-TPD, CO, desorption is monitored upon raising
the temperature to 800 °C under 10% CO,/He gas. The Trans-
mission Electron Microscopy (TEM) was conducted at 200 kv
using an aberration-corrected JEM-ARM200F (JEOL) with
a CEOS corrector. The particle size distribution was estimated
by statistical counting of at least 175 spherical particles using
the software “Comptage des Particules, Laboratoire de
Réactivité de Surface, France”. The spent catalysts underwent
Raman analysis within the 1250-3000 cm ™" range using a Laser
Raman Spectrometer (JASCO, Japan) with a 532 nm beam
excitation and 1.6 mW laser intensity. The exposure time was
set to 10 seconds with 3 accumulations. The spectra were pro-
cessed using Spectra Manager Ver.2 software (JASCO, Japan).
The carbon deposition on the spent catalysts is measured using
thermogravimetric analysis (TGA-51 by Shimadzu, Kyoto,
Japan). In this analysis, 10-20 mg of the spent catalyst is heated
in the presence of nitrogen at a rate of 20 °C min~ . The FTIR
measurements were collected using a Nicolet Is-10 model (USA)
Infrared spectrophotometer adopting the KBr technique. The
samples were measured as KBr disks by mixing the sample with
KBr (spectroscopic grade), where the solid samples were trans-
ferred to the cell after melting using an infrared lamp. The
spectra of all the studied samples were measured under
ambient conditions between 400 and 4000 cm ™" with a suitable

scan resolution of 4 cm™* and a scan rate of 16 cm min™".

Catalyst activity test

0.1 g of catalyst sample was packed in a tubular stainless steel
fixed-bed reactor (PID Eng & Tech, 9 mm I. D.) equipped with
a K-type thermocouple fitted axially at the center of the catalyst
bed for temperature control. Before the reaction, each catalyst
was reduced by flowing hydrogen at a 30 mL min~* flow rate for
1 h at 800 °C. Afterward, the reactor was purged with N, to
remove the hydrogen gas from the system. Then the tempera-
ture was stabilized at 700 °C. The packed catalyst was exposed to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a mixture of CH, and O, gases in a 2: 1 ratio, with a total feed
rate of CHy, O,, and N, set to 24 mL min~" and the resulting
space velocity held at 14 400 mL ¢ ' h™". An additional test was
also performed at 72 000 mL g * h™*. The product stream is
analyzed by a gas chromatograph equipped with a Porapak Q
column, molecular sieve columns, and a thermal conductivity
detector. The composition of effluent gases was calculated by
the normalization method, and the equations for the determi-
nation of CH, conversion, H, yield, and H,/CO ratio used are as
follows:

CH, conversion = CH“%;{—S:{W x 100% (1)
. H2 out
o/ :
H, yield (%) = 3% CHin x 100 2)
& _ mole of H, produced 3)
CO  mole of CO produced
COZ.out

CO; yield (%) = % 100 @)

CH4,in

mole of CO in product

1oy
CO yield (%) = mol of CHy gy + mol of Osjy

x 100 (5)

For comparison, thermodynamic equilibrium data were
calculated using the HSC 10 Chemistry software, by selecting
CH,, O,, and N, as gaseous input at a molar ratio of CH, : O, : N,
= 2:1:1, identical to the reaction conditions. The resulting
products included CHy, O,, H,, CO, CO,, N,, and H,O, in
gaseous phase. The equilibrium composition was obtained at
700 °C and 1 atm, with and without considering solid carbon
deposition C(s) in the exiting stream.

Results and discussion

The N, sorption isotherms of all calcined samples (Fig. 1)
exhibit type IV isotherm, characteristic of mesoporous mate-
rials.** The presence of H4 hysteresis loop is typical of meso-
porous zeolites.** Upon addition of Sr, the BET surface area
decreases from 373 m* g " for Nis/CBV20A to 331 and 333 m>
¢! for NisSr;/CBV20A and Ni;Sr,/CBV20A, respectively, and
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Fig. 1 (a) N, sorption isotherms and (b) adsorption and (c) desorption
porosity distribution for fresh Nis/CBV20A and NisSr,/CBV20A (where
Xx = 1-3 wt%) samples.
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Table 1 Textural properties, total hydrogen consumption and desorbed CO, amounts of fresh Nis/CBV20A and NisSr,/CBV20A (where x = 1-

3 wt%) samples

Sample Surface area (m”> g~')  Pore volume (cm® g™')  Pore size (nm)  H, consumption (cm® g~')  CO, desorbed (cm® g™*)
Nis/CBV20A 373 0.14 8.0 14.97 5.58
Ni5Sr;/CBV20A 331 0.12 7.8 17.75 3.91
Ni5Sr,/CBV20A 333 0.13 7.9 20.07 4.26
Ni5Sr;3/CBV20A 315 0.12 8.1 18.01 4.89

further decreases to 315 m”> g~ ' when 3 wt% Sr is added to Nis/
CBV20A (Table 1). Similarly, the pore volume slightly decreases
from 0.14 cm® g for Ni5/CBV20A to 0.12 and 0.13 cm® g " for
NisSr;/CBV20A and NisSr,/CBV20A, respectively. This is also
accompanied by a negligible reduction in the pore size from
8.0 nm for Nis/CBV20A to 7.8 and 7.9 nm when 1 and 2 wt% Sr
are added to Nis/CBV20A, respectively. The slight decrease in
pore volume and pore size upon Sr addition might be indicative
of the presence of Ni and Sr species outside the zeolitic
framework. Compared to other types of zeolites, the samples
supported on mordenite CBV20A presents lower pore size
(Table 1) than those supported on mordenite CBV10A (15.7 nm)
and ZSM-11 or CP810B (13.7 nm),* yet higher than comparable
Ni-based samples supported on ZSM-8 (CBV3024E) having
a pore size of 5.55 nm * or on ZSM-5 with a pore size of 3.4 nm.*

The XRD patterns of fresh Nis/CBV20A and Ni;Sr,/CBV20A
samples (Fig. 2) show characteristic peaks of the mordenite
structure, principally between 20 and 35°.*° In detail, the peaks
observed at 19.6, 22.2, 23.1, 25.6, 26.3, 27.7, 30.8, and 35.6°,
indexed as (330), (150), (241), (202), (350), (511), (332), and (442),
respectively, are typical of mordenite (JCPDS 00-006-0239) with
an orthorhombic crystal system and a space group of Cmc2;.
The representative peaks of NiO at 37.2, 43.2, and 62.7°* and
SrO, at 26.9, 28.4, 35.6, 45.2, 48.5, and 51.2°, indexed as (002),
(101), (110), (112), (103), and (200), respectively, are barely
distinguishable from the support. Interestingly, this indicates
the formation of very small NiO and SrO, nanoparticles highly
dispersed inside the mordenite zeolitic structure.

During H,-TPR, NiO and SrO, nanoparticles are reduced into
metallic Ni and SrO, respectively. The reduction takes place in
two major steps (Fig. 3), the first between 300 and 370 °C,

NisSr,/CBV20A

NigSr,/CBV20A

Intensity (a.u.)

Ni;/CBV20A

5 15 25 35 45 55 65 75 85
2-theta (°)

Fig.2 XRD patterns of fresh Nis/CBV20A and NisSr,/CBV20A (where x
= 1-3 wt%) samples.
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attributed to the reduction of free NiO species*® or NiO in weak
interaction with the support,*” and the second between 370 and
600 °C, for NiO species in strong interaction with the support.*
The addition of Sr causes an increase in the area of the first
peak, implying an easier reduction of NiO into metallic Ni at
lower temperature. This suggests lower metal-support interac-
tion and improved NiO accessibility and reducibility upon the
addition of Sr, unlike previous reports showing a higher metal-
support interaction achieved upon Sr addition to Ni/Al,05.>%3*
Indeed, the reduction of Sr** to metallic Sr is not easy because it
is a highly electropositive element (doubly charged positive
ion). Yet, Sr** has a larger ionic radius than Ni**, which may
cause lattice distortions and introduces oxygen vacancies or
defects. Such oxygen vacancies can facilitate the reduction of
Ni*" to Ni° by increasing the mobility of surface oxygen species,
allowing their reduction at lower temperature, as reported on
Ce0,* and Y,0; % supports and on Rh/Ce-SBA-15 catalysts.>
Such behavior has been also described on Sr-doped Ni-La,O3
catalysts.® A similar enhancement of reducibility at lower
temperature was observed upon the addition of 2 wt% Sr to Ni/
TiZr*' and up to 3 wt% Sr to Ni/WOj; + ZrO, catalytic systems.>* It
is worth noting that the addition of Sr increases the hydrogen
consumption from 14.97 em® g~ for the Sr-free Nis/CBV20A
sample to 17.75 and 20.07 cm® g~ " as the Sr content increases to
1 and 2 wt%, respectively (Table 1). These values are relatively
close to the theoretical values of 18.99, 21.55 and 24.10 cm® g~ *
hydrogen consumption upon the reduction of either 5 wt% Ni
or 5 wt% Ni promoted with 1 or 2 wt% Sr, respectively. These
numbers suggest that more than 80% reduction is achieved on
these samples, under the employed experimental conditions,

— Nig/CBV20A
— NizSr,/CBV20A
— NiSr,/CBV20A
— NizSr,/CBV20A

Intensity (a.u.)

50 150 250 350 450 550 650 750 850
Temperature (°C)

Fig. 3 H,-TPR profiles of Nis/CBV20A and NisSr,/CBV20A (where x =
1-3 wt%) samples.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 CO,-TPD profiles of Nis/CBV20A and NisSr,/CBV20A (where x
= 1-3 wt%) samples.

and further validate the higher mobility of surface oxygen
species.>*

The basicity of the samples is evaluated using CO,-TPD
(Fig. 4). It is commonly recognized that peaks at low tempera-
tures, between 50 and 200 °C, are attributed to low basic sites,
between 200 and 400 °C to moderate basic sites, and above 400 °©
C to strong basic sites.** For all samples, the small peak
observed at around 100 °C can be assigned to the presence of
low strength basic sites, as also observable on Sr-promoted Ni/
Al,O; catalysts.* On the Nis/CBV20A sample, most of the basic
sites fall between 200 and 400 °C, characteristic of moderate
strength. The increase in Sr content from 1 to 3 wt% increases
the amount of CO, adsorbed from 3.91 to 4.89 cm® g7,
respectively, implying an improvement of the surface basicity
and an increase in the concentration of basic sites. In addition,
as the Sr content exceeds 2 wt%, the peak at around 470 °C
becomes more intense, suggesting an improvement in the
strength of the basic sites. The presence of an additional peak at
around 620 °C for Nis;Sr,/CBV20A and NisSrz/CBV20A and an
extra one at around 750 °C NisSr;/CBV20A is indicative of the
presence of very strong basic sites on the surfaces of these two
samples. The beneficial effect of Sr in boosting the basicity of
the catalyst was also reported elsewhere on Ni/Al,O; catalysts
for dry reforming of methane® and Ni/MCM-41 for dry and
steam reforming of methane.*

The FTIR spectra of Ni;/CBV20A and Ni;Sr,/CBV20A samples
in the 400-4000 cm™ " range are reported in Fig. 5. The bands

Transmittance (a.u.)

— Nig/CBV20A
— NigSr,/CBV20A
— NigSr,/CBV20A

— NigSr,/CBV20A
SR it

L T
400 800 1200 1600 2000 2400 2800 3200 3600 4000
Wavelength (cm™)

LI e e e e e

Fig. 5 FTIR spectra of Nis/CBV20A and NisSr,/CBV20A (where x = 1-
3 wt%) samples.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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observed at about 3400 cm ™" and 1640 cm ™" are attributed to
the stretching and bending vibrations of OH hydroxyl groups in
water, respectively.’’” The bands between 450 and 1200 cm ™'
confirm the presence of zeolite structures.> In detail, the band
in the range of 350-470 cm ' corresponds to pore opening
mode and the one around 550-650 cm ™' is assigned to the
vibration of double five-membered rings. The bands at around
806 and 1050 cm ™" are attributed to symmetric and asymmetric
stretching of Si-O-Si bridges, respectively.>*®

The partial oxidation of methane (eqn (6)) generates H,-rich
syngas, while the complete oxidation (eqn (7)) produces CO,
and H,0. The production of syngas can be enhanced through
dry reforming (eqn (8)) and steam reforming (eqn (9)). Addi-
tionally, methane decomposition (eqn (10)) may occur, causing
unintended carbon deposition on the catalyst surface. The
hydrogenation of CO (eqn (11)) or CO, (eqn (12)) is part of the
methanation process.

CHa) + %02(8) = COyg) + 2Hyy (6)
CHyeg) + 2023 = COxg) + 2H,0(g) (7)
COsg) + CHy) = 2CO(q) + 2Hy (8)
HO(g) + CHag) = COg) + 3Ha, ()

CHyg) = C(s) + 2Hyg) (10)
CO) + 3Hy) = CHa + HaO(g) (11)
COxg) + 4Hy(g) = CHagg) + 2HOy (12)

In literature, two mechanisms have been proposed for the
reaction: the Direct Partial Oxidation (DPO) or the Combustion
and Reforming Reaction (CRR)."** In direct partial oxidation,
the CH, and O, reactants dissociate on the active sites and the
adsorbed species directly react and combine towards syngas
formation. In combustion and reforming reaction, methane
undergoes total combustion to CO, and H,O (eqn (7)), and the
dry and steam reforming reactions between CH, and either CO,
(eqn (8)) or H,O (eqn (9)) generate the final syngas product.

The catalytic activity of Nis/CBV20A and NisSr,/CBV20A
samples was compared in partial oxidation of methane using
a CH,4/O, ratio of 2 at 700 °C and a GHSV equivalent to 14
400 mL g~ " h™" (Fig. 6). At equilibrium, under uniform reaction
conditions (CH,:0,:N, = 2:1:1 at 700 °C), the CH, conver-
sion, H, yield, and H,/CO molar ratio achieve 86%, 86% and 2.4,
respectively without accounting for carbon deposition, and
88%, 88%, and 2.5, respectively, when considering carbon
deposition. The Sr-free Nis/CBV20A sample shows the lowest
CH, conversion of about 63% after 240 min on stream, with an
H,/CO ratio of 2.62. On this sample, the H, and CO yields
reached 40 and 19%, respectively, while the CO, yield was
around 21%. All the promoted samples showed higher CH,
conversion and better H, and CO yields. The best performance
was observed on the Ni;Sr,/CBV20A sample that exhibited the
highest CH, conversion of about 72% with an H,/CO ratio of
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Fig. 6 Variation of (a) CH4 conversion, (b) H,/CO molar ratio, (c) CO
yield, (d) H yield, and (e) CO, yield with time on stream for Nis/
CBV20A and NisSr,/CBV20A (where x = 1-3 wt%) catalysts at 700 °C
and 1 atm (GHSV = 14400 mL g™t h™9).

2.60. On this sample, a maximum H, yield of 47% was achieved
with the minimum CO, yield of 19%. These values are the
closest to the thermodynamic equilibrium values calculated
using the HSC Chemistry software, as indicated previously. This
indicates the beneficial effect of Sr addition to Ni-based cata-
lysts in promoting methane conversion and boosting hydrogen
production during the partial oxidation of methane. On the Sr-
free sample, the decrease in methane conversion and hydrogen
yield with time suggests the occurrence of the methanation
reactions (eqn (11) and (12)) where hydrogen is consumed to
produce more methane. The addition of Sr on the promoted
samples limits the occurrence of these undesirable side reac-
tions, in favor of the main POM reaction for syngas production.
At the reaction temperature of 700 °C, Al-Fatesh et al. have
found that the direct POM pathway, which generates syngas in
a single step, is dominant over Sr-promoted Ni-based samples.**

When the samples are tested at higher gas hourly space
velocity (72 000 mL g~ " h™"), the promoted catalyst maintained
a higher catalytic performance compared to the unpromoted
sample (Fig. 7). The NisSrs/CBV20A catalyst reached 39% CH,
conversion, 37% H, yield, and 28% CO, yield compared to only
31%, 29%, and 22%, respectively on Nis/CBV20A at 700 °C. This
means that the promotional effect of Sr remains effective, even
when the samples are tested under more severe conditions.
Nevertheless, these values are much lower than those achieved
at low GHSV. Chang-lin et al.*® observed similar behavior on Sr-
promoted Co-based catalysts and clarified that a higher GHSV
does not allow sufficient time for the reactants on the surface of
the catalyst. In more detail, the CO, resulting from the total
oxidation reaction (eqn (7)) does not have enough time to react
further with residual methane through the reforming reactions
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(eqn (8) and (9)) to generate syngas. This explains the higher
CO, yield achieved at high GHSV. The competition between
steam and dry reforming of methane can also be a reason
behind the high CO, yield.** In such cases, steam reforming
would be more efficient than dry reforming, which results in
high hydrogen production and high H,/CO molar ratio in the
range of 3.48-4.27.%' However, since the H,/CO molar ratio is
much lower in the current case (2.3-2.4), this means that the
reforming reactions are not taking place, and the presence of
CO, is majorly coming from the total oxidation reaction.

The catalytic results obtained in this work suggest that, at
low GHSV, the direct pathway of POM is preferred on the Sr-
promoted sample (Fig. 10). In this case, the CH, and O, reac-
tants dissociate on the nickel active sites and the adsorbed
species directly react and combine towards syngas formation.
The production of H, and CO thus occurs in a single step. This
can be confirmed by the H,/CO molar ratio close to 2.** At high
GHSV, the increase in CO, yield on the Sr-promoted sample
implies the occurrence of the indirect pathway, known as the
Combustion and Reforming Reaction (CRR). In this case,
methane undergoes total combustion to CO, and H,O (eqn (7)),
and the reforming reactions between CH, and CO, (eqn (8)) or
H,O (eqn (9)) generate the final syngas product (Fig. 10). This
indirect pathway was found to be also preferential at high GHSV
on Sr-promoted Co-based catalysts.*

At low GHSV, the Ni;Sr,/CBV20A sample showed a deactiva-
tion of only 1% in CH, conversion and 8% in H, yield,
compared to 6% and 15%, respectively on the non-promoted
Nis/CBV20A sample. Similarly, at high GHSV, the NisSr;/
CBV20A sample showed a deactivation of less than 7% in CH,
conversion with a stable H, yield, while the deactivation
reached 16% and 17% in CH, conversion and H, yield,
respectively on Nis/CBV20A. These values show a much higher
catalytic stability of the Sr-promoted samples compared to the
non-promoted one. Indeed, the addition of Sr to Nis/CBV20A
improved the basicity of the samples by creating strong and very
strong basic sites on the surface of the catalyst. The presence of
these strong basic sites favors the adsorption and dissociation
of CO,, resulting from possible side reactions, thus creating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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more oxygen-free spaces on the surface and contributing to the
elimination of carbon deposits.**** The lower carbon formation
extends the lifetime of the catalyst and limits its deactivation
over time. This explains the higher performance and better
catalytic stability of NisSr,/CBV20A at 14400 mL g ' h™" and
NisSrs/CBV20A at 72000 mL g * h™! compared to the non-
promoted sample.

While comparisons with other catalytic systems might not be
evident due to either large differences in catalyst compositions
or variations in the catalytic test conditions, it can be noted that
NisSr,/CBV20A is slightly more performing than 5Ni + 1Sr/
SAPO-5 sample® and Ni;Sr,/CBV20A is less performing than
Ni/TiZr promoted with 2 wt% Sr under similar test conditions.*
In numbers, the Ni5Sr;/CBV20A sample shows around 67% CH,4
conversion compared to 64% on 5Ni + 1Sr/SAPO-5 and the
Ni5Sr,/CBV20A shows around 72% CH, conversion and 47% H,
yield compared to 77% and 82%, respectively on NiSr/TiZr at
700 °C and 14 400 mL g~ " h™". This can be correlated to the pore
size of CBV20A (around 7.8-7.9 nm), which is larger than that of
SAPO-5 (7.0 nm) yet lower than that of TiZr support (8.7 nm).
Indeed, the presence of larger pore diameters facilitates the
transport of reactants in and products out from the support
structure resulting in higher catalytic performance.

After catalytic testing, carbon deposition was first quantified
by TGA (Fig. 8a). On the TGA curves, the major weight loss
detected at temperatures lower than 200 °C is assigned to the
removal of physisorbed water.>® On all the spent catalysts, the
total weight loss does not exceed 6%, suggesting limited carbon
deposits. This is in agreement with the previous discussion
about the effect of Sr addition in favoring POM and limiting
undesirable side reactions. It is interesting to mention that the
NisSr,/CBV20A sample presents the lowest weight loss of only
4.5%, indicative of its high resistance to carbon deposition. The
subsequent increase in weight after 400 °C can be attributed to
Ni re-oxidation on the surface.”®

Raman spectroscopy was then employed to evaluate the
quality of carbon deposition (Fig. 8b). The first peak observed at
around 1350 cm™ ' is the D-band representative of amorphous
carbon or any defective or disordered carbon,’ the second one at
around 1580 cm ' is the G-band characteristic of sp>-bonded
planar graphene sheets or crystalline graphite,® and the third
peak at around 2690 cm " is known as the G’-band, attributable
to a two-phonon, second order scattering that describes long-
range order of crystalline carbon.*® The intensity ratio of the
D-band with respect to the G-band (Ip/I) can be used to assess
the degree of graphitization of the deposited carbon. On the

(a) (b)
D-band G-band G-band
A____NigSry/CBV20A (1,/15=0.97) /\
N\ ~__NigST,/CBV20A (I5/15=1.98) /\
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Fig. 8 (a) TGA profiles and (b) Raman spectra of the used Nis/CBV20A
and NisSr,/CBV20A (where x = 1-3 wt¥%) catalysts.
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NisSr,/CBV20A sample, the D-band is larger and more intense
than the G-band, suggesting that the carbon deposited on this
promoted sample is amorphous carbon. The highest Ip/I; ratio,
close to 2 (Fig. 8b), obtained in this case indicates the formation
of the minimum graphitic carbon over Ni;Sr,/CBV20A catalyst.>”
Consequently, carbon deposited on NisSr,/CBV20A can be easily
gasified during the reaction, resulting in a superior perfor-
mance in POM.

The TEM images of Nis/CBV20A and NisSr,/CBV20A before
and after catalytic testing in POM (Fig. 9) confirm the absence of
carbon deposition on the used samples, in agreement with the
limited weight loss observed on the TGA curves. The results
show an increase in particle size from 17.7 to about 19.9 nm on
the spent Nis/CBV20A catalyst and from 13.9 to about 21.8 nm
on the spent Ni;Sr,/CBV20A catalyst. Thus, the dispersion of
metallic nanoparticles is quite maintained, despite the sinter-
ing observed on the promoted sample. The nanoparticles on
Nis/CBV20A and Ni5sSr,/CBV20A samples seem to be larger than
the catalysts pore sizes of about 8 nm evaluated by phys-
isorption, implying the presence of Ni and Sr species outside
the zeolite. Furthermore, the NiO nanoparticles observed on
CBV20A are larger than those observed on ZSM-5 catalyst re-
ported in another study for DRM.* This can be attributed to the
larger pore size of CBV20A compared to ZSM-5, as described
earlier.

The samples presented in this work show superior perfor-
mance of the Sr-promoted Ni-based catalysts. The use of
CBV20A support was beneficial in maintaining the stability of
the catalysts for the tested duration. The addition of 2 wt% Sr
was sufficient to achieve higher CH, conversion, lower H,/CO
ratio, closer to 2, higher H, and CO yields, as well as lower CO,
yield compared to the non-promoted sample.

The catalytic evaluation of Nis/CBV20A and NisSr,/CBV20A
samples for longer test duration under the same operating
conditions at 700 °C, 1 atm, and GHSV = 14400 mL g " h™"
show a preservation of high and constant CH, conversion with
a steady hydrogen yield of the Sr-promoted sample after more
than 20 hours on stream (Fig. Slaf). In numbers, the CH,
conversion and H, yield decrease from 74% and 50% after 1

Fig. 9 TEM images and average particle size of (a) fresh Nis/CBV20A,
(b) used Nis/CBV20A, (a') fresh NisSr,/CBV20A and (b') used NisSr,/
CBV20A catalysts.
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Fig. 10 Proposed reaction mechanism at low and high gas hourly
space velocity.

hour on stream to only 66% and 45%, respectively, after 21
hours on stream. However, upon testing the Nis/CBV20A
sample, the CH, conversion decreases from 66% to 61% while
the H, yield declines from 48% to 38% after 21 hours on stream.
Consequently, it appears the hydrogen yield is reduced by 21%
for Nis/CBV20A, compared to only 7.5% for NisSr,/CBV20A.
After catalytic testing, the TGA and Raman results (Fig. S1b and
ct) show limited weight loss that does not exceed 6%, con-
firming the limited carbon deposition, that can be easily gasi-
fied, on both samples. These results confirm, once again, the
promotional effect of Sr that leads to higher methane conver-
sion and hydrogen yield and provides enhanced stability,
particularly in terms of hydrogen yield, due to enhanced NiO
reducibility.

Conclusions

The partial oxidation of methane to syngas using Ni-based
catalysts supported on mordenite (CBV20A) and promoted
with strontium (Sr) was investigated in this work. The catalytic
performance of Nis/CBV20A and NisSr,/CBV20A (where x = 1, 2,
and 3 wt%) catalysts was evaluated at 700 °C and different
GHSV. The addition of Sr favored the reduction of NiO at lower
temperatures, enhancing NiO reducibility and accessibility. It
also increased the amount and strength of basic sites on the
surface of the catalysts. All Sr-promoted samples exhibited
higher CH, conversion, and H, and CO yields compared to the
Sr-free Nis/CBV20A catalyst, highlighting the promotional effect
of Sr in POM. Among the tested samples, NisSr,/CBV20A
showed the best catalytic performance with a CH, conversion of
about 72%, a H, yield around 47%, and an H,/CO ratio of 2.60 at
700 °C and 14400 mL g ' h™". The superior activity of the Sr-
promoted samples compared to the unpromoted sample was
maintained at higher GHSV, indicating the effectiveness of Sr
addition even under more severe conditions. Moreover, it was
shown that the direct pathway of POM was preferred on the Sr-
promoted samples at low GHSV, given the H,/CO molar ratio
close to 2. At high GHSV (72000 mL g ' h™"), the indirect
pathway, involving the total combustion of methane to CO, and
H,0 followed by reforming reactions to syngas, was more
prominent, as indicated by the increased CO, yield. These
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findings highlight the potential of Sr-promoted Ni/mordenite
catalysts for efficient syngas production via POM.
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