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Abstract. Dry reforming of methane (DRM) is an efficient method for utilizing
the main greenhouse gases — carbon dioxide and methane, where methane has even a
stronger greenhouse impact than carbon dioxide. The reaction results in the formation
of syngas — a mixture of hydrogen (H:) and carbon monoxide (CO), which is an
important building block for the chemical industry. Although this process is sufficiently
well studied, searches for the effective catalysts continue. In this study, a new Co-Fe
containing catalyst supported on alumina and modified with a small amount of Ir (0.2
mas.%) was synthesized, characterized by some physico-chemical studies such as TEM,
SEM, BET, XRD, and H,-TPR, and tested in dry reforming of methane. It was observed
that the catalyst demonstrated high activity and stability in syngas production by carbon
dioxide conversion of methane. The extents of conversion both of methane and carbon
dioxide over the 10%Co-Fe-Ir(4.9-4.9-0.2)/Al,0, were approximately the same ~ 95-
96%, while syngas with a ratio of H,:CO=1:1 was formed under the following reaction
conditions: CH,:CO,=1:1, t=800°C, P=1 atm, GHSV — 1000 h™'. No deactivation was
observed for this catalyst over a period of 10 hours on stream. No sintering of highly
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dispersed metal particles after reaction was shown by XRD and TEM. The catalyst with
a composition of Co-Fe-Ir can be considered as a prospective way to design a highly
stable and active catalyst for the CO,-CH, conversion.

Keywords: Dry Reforming of Methane, Syngas, Supported Catalyst, Cobalt, Iron,
Iridium
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AnnoTtanusi. MeransblH Kyprak pugopmunri (MKP) Herisri napHHUKTIK Tazaapasl
— SIFHM KOMIPKBIIIKBUT Ta3bl MEH METAH]IbI JKOFOIBIH THIMJIL 9J1ici OOJBIN TaObLIAIbI,
JKOHE JIe METaH KOMIpPKBIILIKbII T'a3blHa KapaFaHa OflaH Ja KYIITi acep ereai. Peaknus
XMMHUST OHEPKACiOl YILIiH MaHbI3Ibl KYPBUIBIC MaTepHaibl 00k TadbutaThH cyTeri (Hz)
MeH keMipreri okcuiHiH (CO) Kocmacel, CUHTE3-Ta3 Ty3UlyiHe okeneai. by mporecc
JKAaKChl 3epTTENTeHIMEH, THIMIIPEK Karajiu3aTopiapibl i3aey omi Ae kanracyna. by
KYMBICTa OipKaTap (PU3HNKAIBIK-XUMHUSIIBIK 9ICTEPMEH CHIATTaIFaH TPAHCMHCCHSITBIK,
anexTponasl Mukpockonusa (TEM), ckanepaeymi anekrponabl Mukpockomnus (COM),
BOT, pentrennik KypbsutbiMael Tangay (XRD) skoHe TepMHSIIBIK KaJlblHa KeNTipy
Oarmapinamacel  (H.-TKKDB), jkoHe MeTaHHBIH KypFak puGOPMHUHT MpOLECiHAE
CBhIHAJIFaH ATIOMUHHN OKCHIHE KOHABIPBUIFaH koHe a3 menmepae Ir (0,2 mac.%) men
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Momudukanusimanran Co-Fe Oap »xaHa karainmsatop cuHTe3nenni. Karammzaropabia
CHHTE3-Ta3 OHIIpyAe JKOFapbl O€JCEeHIl JKOHE TYPaKTBUIBIK  TaHBITATHIHBI
aHbIKTaIABl. MeTaH MeH KeMipKbImKbul rasbiHbiH — 10%Co-Fe-1r(4,9-4,9-0,2)/
ALQOs xaramm3aTopbIHIAFsl KOHBEPCHS JIopexeci mamameH Oipmeit 6ombim, 95-96%
Kypaznpl, Oyn peakums keneci skarpaimapga xyprizimim: CHa:CO»=1:1, t=800°C,
P=1 arm, GHSV-1000 car™' cyreri Mmen kemiprek ToThiFbiHaH Typarbin H,:CO=1:1
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Annoranus. Cyxoit pudopmunr merana (YKM) siBisercst 9 HEKTHBHBIM METOIOM
YTUIM3alUN OCHOBHBIX IMAPHUKOBBIX Ta30B — JHOKCHIA YIJIEpoJa M MeTaHa, IMpH
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9TOM METaH OKa3bIBaeT Jake Oosiee CHIIbHOE MAapHUKOBOE BO3ACHCTBHE, YEM JUOKCHU]L
yrnepoaa. Peakuus mpuBoauT K 0Opa3oBaHMIO CHHTE3-Taza — cMmecu Bopoporda (Hz)
n okcuga yriaepoaa (CO), KOTOpPBIA SBISETCS BaKHBIM CTPOUTEIBHBIM OJOKOM
JUISL XUMHUYECKOW IMPOMBILUIEHHOCTH. XOTS 3TOT IPOLECC HOCTaTOYHO XOPOLIO
W3y4yeH, MOMCKU Oosee d(P(PEKTHBHBIX KaTaau3aTOPOB O CHUX TOP MPOAOJIKAIOTCS.
B nmannoii paboTte OblT CHHTE3MpOBaH HOBBIM KaTanuzarop, coxaepxamuii Co-Fe,
HAHECEHHBIH Ha OKCHJ ATIOMUHHS U MOIM(HUIMPOBAHHBIH HEOOJIBIINM KOJIMYECTBOM
Ir (0,2 wmac.%), oxapakTepu3OoBaHHBIA pPSIOM (PU3UKO-XUMHUECKUX METO/OB,
TAaKMX KaK TpocBeuMBaromas siekTponHas Mmukpockonus (TEM), ckanupyromas
anexTponHas Mukpockonust (SEM), BOT, pentrenoctpykrypHbsiii aHanu3 (XRD) u
TepMonporpaMmmupoBanHoe Bocctanosnenne (He-TIIB), u ucneiTaHHBIN B mporecce
cyxoro pudopmunra MeraHa. beiio 0OHapy»XeHO, YTO KaTaau3arop UMEET BBICOKYIO
AaKTHMBHOCTb M CTAaOWJIBHOCTH B NMPOU3BOACTBE CHHTE3-raza. CTeneHb MpeBpalieHus
METaHa U AUOKCHUJIA YITIEpOJa Ha KaTalu3arope 1O%Co—Fe—Ir(4,9—4,9—0,,2)/A12O3 ObLIa
MIPUMEPHO OAWHAKOBOM M coctaBmia 95-96%, mpu 3ToM 00pa3oBBIBAJICSI CHHTE3-Ta3
¢ coornomenuem H2:CO=1:1 npu cnenyromux ycnosusx peakuuu: CH,:CO,=1:1,
t=800 °C, P=1 atm, GHSV — 1000 u™!. Jle3akTuBamuu 3Toro karaauszaropa 3a 10 yacon
paboTel He HabmOgaI0Ch. MeTogaMu peHTTeHOBCKOM Au(pakiy U MPOCBEUNBAIOIIEH
ANIEKTPOHHOW MHKPOCKOIIMM HE OBLIO OOHApYKEHO CIEKaHUsl BBICOKOJHCIIEPCHBIX
Mertamnudeckux uvactul. Karammzarop cocraBa Co-Fe-Ir MoxxHO paccmarpuBarh
KaK IEpCINEKTHUBHBIA BapHaHT Uil pa3paOOTKH BBICOKOCTAOMIBHOTO U AKTHBHOTO
KaTajamM3aropa Juis KOHBEpCUH napHukoBbix razos CO,-CH,.

KioueBble ciaoBa: cyxoli puOpMHUHT MeTaHa, CHHTE3-ra3, HaHECCHHBIH
KaTaJIu3arop, KoOAJbT, KeJIe30, HpUIAun

@unancuposanue. Paboma evinonuena npu puHancosoti noodepcke no npocpamme
yenesoco gunancuposanus MOH PK UPH BR24992995.

Introduction. The increasing global energy demand due to population growth
and the use of fossil fuels has led to environmental problems such as greenhouse gas
emissions. This has ultimately led to many problems including climate change and global
warming, which will affect people's living standards (Jeffry et al., 2021; Styring et al.,
2023). Many strategies have been proposed to further reduce excessive greenhouse gas
emissions (Su et al., 2022; Yang et al., 2025). Among the most promising methods to
combat global warming, the process of the carbon dioxide conversion of methane, also
called dry reforming of methane (DRM) has attracted considerable attention from both
academia and industry. Carbon dioxide conversion of methane into syngas (a mixture
of H> and CO) is a key initial reaction in a chemical technology production line that has
dual functionality: a highly efficient method for producing intermediate fuel products
and a method for capturing and neutralizing greenhouse gases (Eq.1) (Nguyen et al.,
2024; Sharifnattaj et al., 2025). Dry reforming shows 74.8% lower net CO, emissions
than industrially used steam reforming of methane (SMR). With the increasing carbon
tax, dry reforming becomes the most cost-competitive route (Lee J. et al., 2025).
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CH, + CO, <2CO + 2H, (AH = +247 kJ/mol) (Eq.1)

The main obstacle in the implementation of the DRM process is the high
endothermicity of the reaction (Eq. 1) due to the exceptional stability of CH, and CO,
molecules. To achieve the desired conversion degrees in the DRM process, elevated
temperatures ranging from 700 to 1200°C are required (Olowoyo et al., 2024). DRM is a
complex catalytic process with different reaction mechanisms depending on the catalyst
and reaction conditions. The key step of the reforming process is believed to be the
adsorption and decomposition of methane on the catalyst surface. At low temperatures,
methane decomposition occurs gradually, and at high temperatures, it is completely
decomposed to form carbon. Various experiments confirm that most of the carbon is
formed through the methane decomposition reaction (Eq. 2). Carbon is easily deposited
on the catalyst surface in the dry methane reforming reaction (Chen S. et al., 2020; Sun
et al., 2024). This is the main cause of catalyst deactivation.

CH, <> C + 2H, (Eq.2)

To realize the full potential of the DRM process, significant limitations need to be
overcome, such as the strong endothermic properties and high activation energy of
DRM, as well as coke formation. Suitable catalysts need to be developed to accelerate
the reaction (Escalante et al., 2024). The most active and selective catalysts for DRM
usually contain noble metals: Ir, Pt, Ru, Pd, and Rh, but their high cost makes them
impractical for widespread use (Anil et al., 2020). However, high resistance to coke
formation or the absence of carbonization of noble metals allows them to be used in
small quantities as modifiers to accelerate the DRM (Boleubayev et al., 2023).

Materials and methods such as Co and Ni, with abundant reserves and low prices,
exhibit excellent performance and are widely used as active metals in DRM.
However, nickel has a strong tendency to form coke. At the same time, Co is
characterized by sintering of metal particles, which is one of the main causes of its
deactivation (Zafarnak S. et al., 2024). The coke resistance of catalysts depends on a
number of factors, including the interaction between metals and between metal and
support, the acid-base properties of the support, and the reducing and oxidizing
properties of additives. Therefore, numerous studies are focused on the design of
catalysts with high temperature stability and good thermal conductivity. Attention
should be paid to controlling the particle size of the active metal during the
preparation of the catalysts and their changes during the reaction.

The performance of catalysts used for the dry reforming of methane strongly depends
on the selection of active metals, supports, and promoters. Support plays an important
role in the adsorption and activation of carbon dioxide. Designing an economically viable
catalyst that maintains high catalytic activity and stability can be achieved by exploiting
the synergic effects of combining noble and/or non-noble metals to form highly active
and stable bi- and tri-metallic catalysts (Aramouni et al., 2018; Yentekakis I.,2021). The
secondary metals can modify the electronic and surface properties, thereby enhancing
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catalytic performance and improving coke resistance. By fine-tuning the relationship
between the structural characteristics and the catalytic activity of various metal centers,
a pronounced synergistic effect can be achieved in a multifunctional catalyst system.
This approach can significantly suppress coke formation on the surface and ensure
prolonged catalytic stability (Ma et al., 2024).

The focus is now on more affordable materials as well as improving their properties
through additives and new synthesis methods. Among metals, iron is less studied in
DRM due to its lower activity. However, Fe catalysts have several advantages: they
are resistant to coke formation at high temperatures, are cheaper than others, operate
over a wide temperature range, and are well-suited for Fischer-Tropsch synthesis.
Additionally, the redox properties of Fe species can contribute to improved reducibility,
further enhancing the overall performance of the catalyst (Su et al., 2022).

In this research, the performance of Co-Fe-based catalysts with a mass ratio of Co: Fe
= 1:1, modified with small amounts of iridium (0.2 mass%) and supported on alumina,
was studied in DRM.

Experimental. A polymetallic catalyst containing Co-Fe-Ir was prepared by co-
impregnation of alumina with the corresponding metal salts. The total amount of metals
was 10 mas.%. The Co:Fe ratio was 1:1 and Ir was added to Co-Fe in an amount of 2
mas.%. That corresponds to the composition of 10%Co-Fe-Ir(4.9-4.9-0.2)/A1,0,. The
synthesized catalyst was tested in the carbon dioxide conversion of methane (DRM).
The DRM process was carried out in a quartz flow reactor under atmospheric pressure,
a CH,/CO, ratio was 1:1, a gas hourly space velocity (GHSV) was 1000 h™', and varying
temperatures within a range of 400-800°C. The initial and final reaction products were
online analyzed using gas chromatography (GC). The catalyst was characterized by
using transmission electron microscopy (TEM), scanning electron microscopy (SEM),
BET, X-ray diffraction (XRD), and H,-TPR methods.

Results and discussion. The 10%Co-Fe-Ir(4.9-4.9-0.2)/Al,0, catalyst was found to
exhibit high activity in the CO, reforming of methane to produce synthesis gas. Figure
1 demonstrates the effect of temperature on the conversion of CH, and CO, (X, and
X o Tespectively) and the yield of H, and CO (Y, and Y, respectively) under the
following conditions: atmospheric pressure, CH,-CO, ratio — 1:1, gas hourly space
velocity (GHSV) — 1000 h''. In the range of 400-800 °C, methane and carbon dioxide
conversion gradually rises from 1.5 to 95.9% and from 2.9 to 95.3%, respectively, and
the yield of products increases from 0.15 to 13.37 and 0.66 to 13.28 micromoles per 1
gram of catalyst per second (umol/gxs), respectively. In the range of 400-650°C, the
conversion of CO, is slightly higher than the conversion of CH,; however, a further
increase in temperature to 700-800 °C leads to a nonsignificant predominance of CH,
conversion.
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Figure 1 — Effect of temperature on CH, and CO, conversion and the yield of H,, CO over 10%Co-Fe-
1r(4.9-4.9-0.2)/Al1,0, catalyst in DRM (CH,:CO,= 1:1, P= 0.1 MPa, GHSV = 1000 h™)

A similar pattern is shown for the yields of H, and CO, which increase symbatically
with temperature growth. Thus, at a temperature of 600°C, the yields of H, and CO are
6.64 and 7.27 pmol/(gxs), respectively. At 800°C, the yields of H, and CO are 13.37 and
13.28 umol/(gxs), respectively. At lower temperatures, the resulting syngas has a Ho/
CO ratio less than one, whereas with increasing temperature it exceeds one (Table 1).

Table 1 — DRM over 10%Co-Fe-Ir(4.9-4.9-0.2)/A1,0, (CH,:CO,=1:1, P=0.1 MPa, GHSV=1000h")

Conversion degree, % Product yield, pmol/gxs
t,°C CH, co, H, co H,/CO
600 54.2 57.6 6.64 7.27 0.91
700 85.1 83.7 11.56 11.54 1.00
800 95.9 95.3 13.37 13.28 1.01

X-ray diffraction (XRD) analysis was performed for fresh (before reaction) and
spent (after DRM) samples of 10%Co-Fe-Ir(4.9-4.9-0.2)/A1,0,. Both samples are
X-ray amorphous. Reflexes attributed to the aluminum oxide phase (10-425, ASTM) are
presented in both samples. In the fresh sample, the Co, Fe, and Ir phases are not detected
(Fig. 2). The metallic Co phase appears after operation in DRM (ASTM 15-806). This
can be caused by reductive effect of CO-H, medium, which is formed during the CO -
CH, reaction. That indicates high-dispersed state of metals. TEM analysis confirmed a
high-dispersed state of metals.
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Figure 2 — XRD analysis of fresh and spent samples of 10%Co-Fe-Ir(4.9-4.9-0.2)/Al,0, catalyst

Elemental analysis and morphology of fresh and spent 10%Co-Fe-1r(4.9-4.9-0.2)/
ALQO, catalyst samples were studied using SEM/EDS (scanning electron microscopy
and energy-dispersive X-ray spectroscopy) (Fig.3). The chemical composition of the
catalyst surface was determined using three spectra; the values were normalized and
presented as mass percent. Average elemental composition values for fresh and spent
samples is presented in Table 2.

& -

SEl  20kV WD10mm  SS35 10um
Sample 19312 03 Oct 2024

SEl 20kV wD10mm  $$35 x1,000  10pm  —
Sample 19257 01 Oct 2024
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Table 2 —EDS analysis data of 10%Co-Fe-Ir(4.9-4.9-0.2)/Al,0,

Composition, mas. %)
Sample
(0] Al Si Fe Co Ir Total
fresh 43.58 46.76 0 4.16 5.50 0.00 100
spent 39.12 49.54 0.48 4.80 6.06 0.00 100

Figure 3 shows the SEM images of the catalyst surface of the fresh and spent samples
(3% and 3°, respectively) and results of elemental analysis of the fresh and spent samples
(3¢ and 3¢, respectively) of the catalyst. After operation of the 10%Co-Fe-Ir(4.9-4.9-0.2)/
Al O, catalyst in DRM, an increase in iron and cobalt content was observed in the DRM,
which may indicate the surface saturation with the active phase due to exposure to the
reaction medium. This, in turn, causes a decrease in oxygen and aluminum content due
to partial replacement of the oxide matrix by active components. Ir was not detected in
the spectra of both fresh and spent samples, likely due to its low content. The appearance
of silicon in the spent sample can be explained by contamination with quartz, which is
used as an inert catalyst diluent to prevent localized overheating of the catalyst grains.

H,-TPR analysis of the 10%Co-Fe-Ir(4.9-4.9-0.2)/Al,0, catalyst demonstrate
the presence of three peaks at 256, 275, and 376°C (Fig.4). They can be related with
the stepwise reduction of iron (Jabbour et al., 2022) and cobalt (Nguen et al., 2004;
Nurmakanov et al., 2016) oxides (Egs. 3 and 4).

10%Co:Fe:Ir(4.9:4.9:0.2)/A1203
impregnation

256

H, consumption {a.u.)

200 300 400 500 700

Temperature, °C

Figure 4 — H,-TPR spectra of 10%Co-Fe-Ir(4.9-4.9-0.2)/A1,0, catalyst

Fe,O,— Fe,0,— FeO— Fe (Eq. 3)

Co,0,— CoO— Co (Eq.4)

The highest temperature most likely corresponds to the reduction of iron oxide.
Determining precisely which metal oxides are reduced at given temperatures is difficult
due to possible peak overlap and the identical temperature regions for the reduction of
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cobalt and iron oxides. It is known that  incomplete reduction of Fe,O,  iron oxide
into metallic Fe , under hydrogen, is a challenge for iron-based catalysts limiting

)

their industrialization for methane reforming or decomposition (Jabbour et al., 2022).
The reduction temperatures of metal oxides in the studied polymetallic 10%Co-
Fe-Ir(4.9-4.9-0.2)/Al,0, catalyst is quite lower than for individual metals. That is an
evidence of synergetic effect because of Co-Fe-Ir interaction.

Conclusion. A new Co-Fe-Ir containing catalyst supported on alumina exhibits high
activity in the process of carbon dioxide conversion of methane to synthesis gas. The
degree of conversion of methane and carbon dioxide reaches ~ 95% at 800°C over the
10%Co-Fe-1r(4.9-4.9-0.2)/A1,0,. Such particularly outstanding performance of Fe-Co
catalysts modified with a small amount of Ir in DRM is due to their synergistic effects
on activity and stability. Further studies of catalyst are planned in order to scale the
synthesis gas production process using the DRM process.
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