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ABSTRACT

The Ni-Al, Ni-Ce, and Ni-Ce-Al catalysts tested in the dry methane reforming (DRM) were studied. Catalysts
were synthesized by solution combustion synthesis and characterized by BET, XRD, and TEM. Catalytic
activity was studied at 600-900 °C with a 33%CH,:33%C0,:34%Ar (vol.%) fed with a total flow rate of 100
ml/min (3000 h''). The CH, and CO, conversion increased with the increase of Ce up to 15 wt.%, however, with
further increase in Ce content conversion of gases decreased. Carbon was formed as filaments when catalysts
worked at high temperatures. CeAlO; species could prevent the formation of filamentous carbon during DRM.
Solution combustion synthesis is an attractive method of preparation of catalysts, due to the high dispersion of

Ni particles, thus, the surface area is small, diminishing the coke deposition and enhancing the stability.

Keywords: synthesis gas, dry reforming of methane, solution combustion synthesis, Ni-Ce-Al catalysts

1. Introduction

The CO, conversion of methane or dry reforming
of methane stands as a pivotal process in the realm
of sustainable and environmentally conscious energy
production. In a world increasingly grappling with
the challenges of climate change and the need for
efficient energy utilization, DRM emerges as a
promising solution at the intersection of chemistry and
energy technology. This chemical reaction involves
the conversion of CH, with CO, to obtain synthesis
gas with the H,/CO ratio equal to unity, a valuable
precursor in the synthesis of various chemicals and
fuels [1]. The reaction of DRM is highly endothermic
(AH,5 = +247 kJ/mol).

Methane cracking, Boudouard reaction, and
reverse water-gas shift reaction can cause substantial
potential for coke deposition on surfaces. Another
significant challenge is the tendency for active metal
particles to sinter [2].

Several catalysts have been investigated in DRM
to decrease carbon deposition on catalyst surfaces and
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metal sintering. The use of transition metal catalysts,
such as supported Ni is abundant and cost-effective.
Since supported nickel catalysts tend to deactivate,
rare earth elements i.e. Ce and La can partially
prevent this problem. For instance, Ni supported on a
halloysite clay promoted with Co, Ce or La enhanced
stability by suppressing metal sintering during DRM
[3].

5 wt.% Ni incorporated into CeO,-Al,O; has been
stable during 40 h with CH,4 conversion of 60% and
CO, conversion of 79% [4]. It was reported that 3
wt.% Ce added to Ni/Al,O; and Ce, Ni,O, enhanced
the activity of the catalyst and resistance to carbon
formation in DRM [5, 6], while Ni incorporated to
Al,O; and Ni/CeO, catalysts deactivated rapidly due
to metal sintering and coke formation [7, 8]. In [9]
10 wt.% Ni/Al,O; catalyst contained NiAl,O, phase,
while an enhanced activity in DRM was obtained for
the catalyst with the addition of 5 wt.% CeO, due
to formation of CeAlO;, which enhanced carbon
resistance of catalyst. In addition, dry reforming at
low temperatures is also investigated [10]. The more
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active catalyst was Ni-Ce/Si0, than Ni-Ce/y-AlLO;.
The CH, conversion reached an equilibrium (60%),
while for Ni-Ce/y-Al,O; CO, conversion was higher.

Catalyst synthesis

The catalysts were prepared by solution
combustion synthesis. To synthesize 15Ni-35Ce 3 g
of Ni(NOs),-6H,0, 7 g of Ce(NO3);-9H,0 and 10 g of
urea were weighted on analytical balance. Deionized
water preheated to 80 °C (30 ml) was put into the
beaker with salts. The solution was mixed well in the
beaker. Then, the beaker containing the solution was
placed in the preheated furnace at 500 °C. After a few
minutes gas release occurred, and then the solution
was burnt with flame. Thereafter, the sample was
cooled and powder was obtained. 15Ni-35A1 and
15Ni-15Ce-20Al catalysts were prepared using the
same procedure.

Catalytic experiments

Ni-Ce-Al catalysts were studied in DRM at the
temperature range of 600-900 °C. The gas mixture
CH,/CO,/Ar was fed at a ratio of 1:1:1 with GHSV
of 3000 h'.

2 mL of catalyst powder was loaded into
a stationary bed quartz reactor. The catalyst
powder was poured onto a layer of quartz wool.
The gas chromatograph “Chromos GC-1000”
with Chromos software was used to analyze the
composition of the reactants and gaseous products.
X-ray diffraction was performed for analysis of the
phase composition in DRON-4-0.7 diffractometer
with CoKa tube using in the range 26 = 5-100°. Metal
particle size was studied using TEM analysis done
with the Jeol JEM-1400Plus instrument. The surface
area was evaluated using the Micromeritics 3Flex-
3500 instrument and calculated by the BET method.

2. Results and discussion
2.1 Characterization of catalysts

XRD results. The XRD patterns of catalysts are
shown in Fig. 1. Metallic Ni (Ni0) appears as peaks
at 52.5°, 61.4°, and 92.4° in fresh and spent catalysts.
The XRD pattern of bimetallic 15Ni-35A1 [11]
has only amorphous features (Fig. 1c), while the
amorphous content in 15Ni-35Ce is also large (Fig.
1a). In the latter, CeO, has more crystalline phases in
the fresh catalyst compared to other fresh catalysts.
The crystallinity of the catalyst tested in a short-term
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Fig. 1. XRD data of catalysts before and after reaction: a) 15Ni-
35Ce (TOS = 30 min); b) 15Ni-15Ce-20Al (TOS = 30 min, at
600-900-600 °C and 20 h TOS); ¢) 15Ni-35Al (TOS = 30 min).
Notation: 1. CeO,, 2. Ni° 3. CeAlQ;, 4. NiAlLLO,,

experiment at 850 °C is slightly higher and, crystalline
Ni° is also clearly present in addition to CeO,. The
crystallinity of fresh 15Ni-15Ce-20Al catalyst is very
low, as well as shows a high degree of amorphous
content is high. The cubic CeAlO; is found with a
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a.l_ 30 min TOS

Fig 2. Transmission Electron Microscope of: a) fresh 15Ni-15Ce-20Al; al) 15Ni-15Ce-20Al after 30 min TOS; a°) 15Ni-15Ce-20Al after
temperature cycling at 600-900-600 °C; a’) 15Ni-15Ce-20Al after 20 h TOS; b) 15Ni-35Ce spent.

few very weak peaks. The spent catalyst has also
amorphous content, however, peaks of metallic Ni can
be distinguishable from the background. No reflexes
of CeO, phase were identified in 15Ni-15Ce-20Al.

When this catalyst was used in a long-term stability
test (Figure 1b), increasing temperature, the CeAlO;
phase, with a better fit to peaks with a tetragonal unit
cell than cubic, was formed together with metallic Ni
as confirmed with the main peaks at 25°, 39.2°, 48.5°,
56.6° and 70.9° of CeAlO;.

15Ni-15Ce-20Al tested in stability at 850 °C for
10 h shows the appearance of a peak at 30.5°, which
becomes more visible after 20 h TOS.

TEM results were shown for Ni-Ce-Al catalyst
tested in DRM (Table 1).

In the TEM images of all spent catalysts, the
carbon nanotubes can be easily detected. As it can be
seen from Table 1, the average size of metal particles
is 15 nm for both 15Ni-35Ce and 15Ni-15Ce-20Al,

while for 15Ni-35Al [11] nickel particle size was
the lowest. The average particle size of metal was
not significantly affected by the temperature cycling
exposure for 15Ni-15Ce-20Al. However, metal
particles increased after stability. The type of carbon
deposited on Ni-Ce-Al catalysts is filamentous, while
Ni-Al has graphitic coke on its surface.

Ni particle size for *30 min TOS, temperature
cycling experiment 600-900-600 °C and 20 h TOS
at 850 °C.

The BET surface areas are demonstrated in
Table 2. The specific surface areas of the catalysts
prepared by solution combustion methods are very
small and the catalysts contain more mesopores than
micropores.

Table 2. BET surface areas of catalysts BR — before
and AR — after reaction.

Catalyst BR/AR SgET

Table 1. TEM results of the fresh and spent catalysts. m’/g
15Ni-35A1[11] AR 8
Catalyst Spent metal particle size (nm) 15Ni-15Ce-20Al BR 8
15Ni-15Ce-20Al 115,°18,°23 15Ni-15Ce-20Al AR 5
15Ni-35Ce 215 15Ni-35Ce BR 10
15Ni-35Al 212 15Ni-35Ce AR 5
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2.2 Catalytic results

Effect of Ce loading. Evaluation of catalytic
behaviour at short time-on-stream (TOS = 30 min)
of Ni catalysts with different Ce loadings in DRM
was done at 850 °C (Fig. 3). The conversions of CH,
and CO, gradually increased, while Ce was loaded
up to 15 % Ce, there after, decrease with higher Ce
loading. H, and CO yields were slighlthly decrease
with Ce content increasing. Ce loading very much.
Higher Ce loading does not strengthen the metal-
support interaction. Ni-Ce catalysts without Al can be
reduced difficult, thus decrease the catalytic activity,
for example, for 15Ni-35Ce.
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Fig. 3. Effect of Ce loading on a) conversion of gases, H,/CO and
b) yield of products.

2.3 Effect of temperature cycling in DRM over
trimetallic Ni-Ce-Al catalyst

In order to investigate the stability of 15Ni-15Ce-
20Al during the increase of temperature, a catalytic
test was performed during 5 h using a 33% CH,:33%
CO0,:34% Ar at 600-900-600 °C as illustrated in Fig.
4. Catalytic activity did not decrease when turning
back to 600 °C due to formation of CeAlO; phase,
which helps with improving of activity.
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Fig. 4. Influence of temperature cycling on a) CH; and CO,
conversion, and H,/CO; b) yield of products.

2.4 Long time stability

Due to a relatively better performance of 15Ni-
15Ce-20Al catalyst, its stability was further elucidated
at 850 °C using GHSV 3000 h! for a longer time of
20 h. The conversion of CH, decreased linearly with
time. After 10 h of catalytic reaction, a non-linear
deactivation was considerable due to a small increase
in CO, and CH, conversion. Many studies revealed
that a filamentous type of coke is formed on Ce
promoted catalysts.

In this work decrease in conversion can be
attributed to the filamentous coke that leads to a
blockage of the active surface. As carbon filaments
continue to develop over time on the surface, they
gradually encase the nickel particles within them.
Additionally, there exists a crucial stage in the growth
of carbon nanotubes where catalyst deactivation
becomes significantly more noticeable.

3. Conclusions

Several Ni oxide catalysts were prepared via the
solution combustion synthesis, studied by XRD,
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Fig. 5. Influence of time-on-stream on a) CH4 and CO, conversion,
and H,/CO; b) yield of products.

BET and TEM analyses, and tested in DRM. The
surface areas of the prepared catalyst were in the
range of 5-10 m?g, which is typical for this type of
catalysts. The metal particle sizes varied between
12-23 nm. XRD results of the catalysts before and
after reaction showed that the crystallinity was low
for Ni-Al and Ni-Ce catalysts, as well as for Ni-Ce-
Al before reaction. However, the intensity of peaks
of the Ni-Ce-Al catalyst rose with during DRM,
simultaneously Ni® was formed. NiAl,O, and CeAlO;
phases appeared in Ni-Al and Ni-Ce-Al, respectively,
during reaction, which might facilitate better stability
of the catalyst.

Based on the initial catalyst screening, temperature
stability for trimetallic Ni-Ce-Al, was investigated
via cycling the temperature during DRM from 600
to 900 back to 600 °C. For this catalyst H,/CO molar
ratio was close to unity. 15Ni-15Ce-20Al did not lose
the activity in second cycle.

Long-term stability tests for Ni-Ce-Al catalyst
showed that the former catalyst exhibited relative
small deactivation after 10 h.
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BiausiHue nmpoMoOTHPOBAaHMSI LiepHeM HAa KaTaJlM-
THYEeCKYI0 AKTHBHOCTH KaTtanau3atopoB Ni-Al B
cyXoM pudopmMHuHre MeTaHa
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4JlabopaTopusi IPOMBINUIEHHON XUMHHU M PEAKIIMOHHOTO
WH)KUHUPUHTa, YHUBepcuTeT AOO0 Axazemu, yi.
XenbcuHTUHKATY, 2, Typky/A60, OuHISIHIUSL

SUHCTUTYT HaHOHayKd W HaHoTexHojormu NCSR
Hemokpurtoc, yin. Arua IlapackeBu, 15310, Adwunsi,
I'penus

AHHOTANIUA

Beutn n3yuens! katanuzaropsl Ni-Al, Ni-Ce u Ni-
Ce-Al, pazpaboranHbie B mpolecce cyxoro pudop-
muHra Metada (CPM). KaranmuzaTopsr ObuTH TIpHTro-
TOBJICHBI METOJIOM FOPEHHS PACTBOPA M UCCIICJOBAHEI
merogamu bOT, POA u [IOM. Katanutudeckyto ak-
THBHOCTH HCCIEAOBAIN Ipu TemmepaTtypax 600-900
°C mpu momaue 33%CH,:33%C0,:34%Ar (06.%) c
obmrei ckopocthio motoka 100 mu/mun (3000 ut).
Konsepcua CH, u CO, yBennuuBaiach ¢ yBenude-
HyeM uepus a0 15 mac. %, ogHako mpw MaidbHEH-
meM yBelnndeHun cozepxanus Ce KOHBEpCHUS Ta30B
CHIDKalach. YTiepoa o0pa3oBbIBAJICS B BUAE HUTEH,
KOTJIa KaTaJu3aTOphl pabOTaIH P BEICOKOHM TeMIle-
patype. Yacturel CeAlO; MOTYT IpeJOTBpaIiaTh 00-
pa3oBaHUE HUTEBUAHOrO yriepoaa Bo Bpemsi CPM.
CuHTE3 TOpeHusl pacTBOpa SIBJISCTCS MPUBJICKATEIb-
HBIM METOJIOM IMOJTyYeHHs KaTajlu3aTOpPOB M3-32 BbI-
COKOU IUCTIIEPCHOCTH dYacTHIl Ni, TakuM o0pa3oMm,
IJIOMAAh MMOBEPXHOCTH HEBEIWKA, YTO yMEHBIIAeT
OTJIOKEHHE KOKCA U MOBBIILAET CTA0MIBHOCTB.
Knwouegvie cnosa: cunTe3-ras, cyxodh puhOpMUHT
MeTaHa, CHHTEe3 TOPEHHUS PAacTBOpa, KaTaIH3aTOPHI
Ni-Ce-Al
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Hepuii nmpoMOTOPJILIFBIHBIH METAHHBbIH KYPFaK
pudgopmunricinge Ni-Al karanusaTopjapbIHBIH
KATAJIMTHKAJBIK AaKTHBTIJIiriHe dcepi

A.M. Manab6aesa'?, C.A. TynrarapoBa’?,
P.O. Copcenosa?, [1.10. Myp3un®, I'.I'. Kcangomnyo?

'Kazak-bpuTaHabIK TEXHUKAJIBIK YHUBEpCUTET, Toje Ou
K-ci, 59, Anmartsl, Kazakcran

2J1.B. COKOJBCKHMM aTBHIHAAFBI JKaHAPMaid, KaTaau3 >KOHe
ANIEKTPOXUMHUST WHCTUTYT ToIuinBa, KoHaeB k-ci, 142,
Anmatsl, Kazakcran

30n-Dapabu arbiHgarsl Kazak ¥ITTHIK YHHBEPCHTETI,
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‘OHpipicTik XUMHS MEH pEaKUUSUIBIK HHXUHHUPHHT
3€pTXaHachl, Abo Axkanemu YHHBEPCHTETI,
XenbcUHTUHKATY K-Ci, 2, Typky/A60, OuHnsHaus
SHaHOFBUTBIM MEH HaHOTEXHOJOTHS HHCTHTYTHI NCSR
Hemokpuroc, Arma IlapackeBu k-ci, 15310, Adwunsi,
I'penus

AHJIATIA

MetannbiH ~ Kyprak  pudopmunrici  (MKP)
yaepiciame Ni-Al, Ni-Ce xone Ni-Ce-Al karanm-
3aropiapel 3eprrengi. Karamuzaropnap epitinmine
JKaHy 9Jlici apKbUIbI JaibIHAAIABI XKoHE (PUZUKO-XU-
MusiblK BOT, POT xone TOM opicTepiMeH Tai-

Jayiap JKacaJblHABl. bacTankpl peknusbIK Kocma
33%CH4:33%C0,:34%Ar W=3000 car' T=600-900
°C TeMmrmiepaTypanapja aFbIHAbl KATATUTUKAIBIK KOH-
JBIPFBIZIA KaTanu3 ik Oencenniniri 3eprrenni. Kara-
nu3atop KypamblHgarel Ce KOHIEHTpanusachiH 15%
keteprenge CH, xxone CO, KOHBEPCUSCHI apTThl, all
kepiciame Ce KOHIEHTPANUSICHIHBIH apTyhl ra3aap-
JIbIH KOHBEPCHUSCHIHBIH TOMCHJICYIHE aJIbIll KEJCIi.
JKoraps! TeMrieparypaja KaTaan3aTopiapaslH OETiH-
Jie Kim Topi3ai xkemiprek Tysinmi. MKP ynepicinge
CeAlO; KOCBITBICHI KIN TOpi3Ai KOMIpTEKTiH Iaii-
Ja OoiybIHa >xoi Oepmeiimi. MeHmnikri OeT ayna-
HBIHBIH TOMEHJEYiMEH KOKCTBIH TY3UIyl a3aibIm,
TYPaKTBUIBIFBIHBIH apTybl HOTIIKECIHJIE epiTiHAiae
xaHy cuHTe31 Ni OemeKTepiHiH KOFapFbl JUCTIEp-
CTiITiHE OalIaHBICTHI KaTaJM3aTOPJIap/bl d3ipiey-
IH TAIMOI 941C1 OOMBIN TaObIIAIBbI.

Tytiinoi co30ep: cUHTE3-Ta3, METAHHBIH KYPFaK pH-
¢dhopmuHrici, epitinaine xany cuatesi, Ni-Ce-Al ka-
TaIU3aTopIIaphl.



