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METHANE REFORMING BY CO,OR CO,-H,O
OVER Co-CONTAINING SUPPORTED CATALYSTS

Abstract: Co-containing catalysts promoted by noble metal and supported on alumina modified with rare earth
metal have been studied in dry and combined dry-steam reforming of methane. The effect of the amounts of additive
— noble and rare earth metals on the catalyst performance in both dry and combined reforming of methane have been
assessed. With this aim, the activity and stability of supported cobalt catalysts Co/y-Al,Osmodified with various
amounts of M and R additives have been investigated under atmospheric pressure, GHSV= 1000hr", varying the
process temperature within 300-800°C. It has been shown that modified catalysts exhibit a high stable activity for
the production of syngas with a variety of Ho/CO ratios depending on a type of process and its conditions.
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Introduction

The considerable use of fossil fuels dictates the development of alternative technologies based on
non crude oil feedstock with minimum environmental impact. Syngas (a mixture of hydrogen and carbon
monoxide) seems to be an important step of manufacturing chemicals, as well as liquid fuels via Fischer-
Tropsch (FT) synthesis [1]. Methane, mostly, is a main raw material and its price and availability affect
the economics of syngas production [2]. Therefore, methane containing feedstock as natural gas, biogas
etc. i1s becoming a critical carbon-based energy source. Methane is a major constituent of natural gas,
making up to 98% of the gas depending on its source, also it is a main component of biogas and processes
based on them will become more vital in the near future [3]. The most common processes to convert
methane into syngas are steam reforming (1), partial oxidation (2), and dry reforming (3) [4, 5]:

CH, + H,0 < CO+3H, AH = +206 kJ/mol (1)
CH, + 120, CO +2H, AH = -35.6 kJ/mol ©)
CH, + CO,2CO +2H,  AH = +247 kl/mol 3)

Among these processes, dry reforming is more attractive because it produces syngas with the H,/CO
ratio close to unity which suitable for oxo-synthesis, and FT synthesis [6, 7]. From environmental point of
view, methane and carbon dioxide are two main greenhouse gases their involving to process contributes to
carbon footprint reduction.

The dry reforming of methane is typically followed by reverse water-gas shift reaction (4), and it
appears to be the most important because of its dependence on the product hydrogen [8]:

H, + CO, <CO + H,0 AH = +46.1kJ/mol @
Due to the DRM works in presence of high concentrations of carbon-containing compounds which

lead to deactivation of the catalyst as carbon deposition, originating from methane decomposition (5) and
the Boudouard’s reaction (6) [9]:

CH4C + H2 AH = +74 9kJ/mol ()
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2C0-C02 + C AH = -172.5kJ/mol (6)

The coke deposition problem can be overcome either by developing catalysts that minimize coke
formation, by adding stecam or oxygen and working at low temperatures; the reaction (5) is
thermodynamically limited under these conditions [10].

Research on the catalyst development for the dry reforming of methane deals with the exploration of
catalysts, which are highly effective and stable to carbon deposition, sintering and forming of inactive
chemical species. DRM was first studied by Fischer and Tropsch on Ni- and Co-based catalysts [11],
afterwards a large number of catalysts have been tested and it has been demonstrated that all members of
group VIII metals with the exception of osmium, perform activity towards this reaction, among these
metals Rh and Ru have superior activity and stability, as respects, high cost of these catalysts, noble
metals on the whole, prevents their industrial application [12, 13].

Numerous studies of supported cobalt catalysts have been published for developing high active and
stable catalyst, factors as the preparation technique, the addition of promoter, the choice of support were
investigated to improve efficiency.

Supported cobalt catalysts have good stability against temperature changes. Also the mechanism of
carbon deposition on Co is probably different from that on Ni [12]. Co-based catalysts are potential
alternative catalysts.

In the present study, the effect of various amounts of noble metal — M and R — rare earth metal on
Co-based catalyst was investigated.

Experimental

The polymetallic Co-containing catalysts were prepared by impregnating alumina with a solution
containing metal salts followed by thermal treatment. The total content of Co+M metals was 5 wt.%. The
amount of noble metal — M is indicated as a percentage by mass based on metal content (Co+M). The
mass ratio of Co: M varied from 95:5 to 9:1. The amount of rare earth metal (R) was 2 and 5 wt.%.

The physico-chemical properties of the catalysts were studied using TPR and nitrogen
adsorption/desorption isotherms.

TPR profiles of the samples were recorded with ThermoScientific TPDRO 1100 equipped with a
TCD detector. The TPR profiles were obtained by exposing the samples to 5% H, in N, at a flow rate of
20 ml/min while the temperature was increased from ambient to 800°C at 5°C/min.

The processes were carried out in a laboratory flow quarts reactor with programmed heating and a
controlled feeding velocity, operated at atmospheric pressure, the volume of catalyst was 6 mL. The
temperature was varied from 300 to 800°C; the ratio of CH,/CO, was 1, and the gas hourly space velocity
(GHSV) was 1000 h'. Steam was added in amount 20% (vol.) in combined dry-steam reforming of
methane (or bireforming of methane). Duration of the catalyst test was 8-100 hours.

The initial and final reaction products were analyzed by on-line GC. The liquid products were
collected in a special cooling trap and analyzed after the process.

The conversion degrees of methane (Xcny, %) and carbon dioxide (Xcos, %), calculated according to
formulas 1 and 2, were used to determine and compare the catalysts activity.

XCH4:([CH4]in'[CH4]ﬁn) *]00%/[CH4]m (formula ])
XCOZZ([COZJin'[COZJﬁrJ *] 00%/[C02]1n O(‘OI”mMZa 2)

Where /CH,J and [CO,] are the concentrations of CH, and CO, respectively, and the subscripts in
and fin refer to initial feed and final products, respectively.

The conversion of water was not calculated because of the complexity resulting from differentiating
between unreacted water and water formed due to the secondary reactions.

Results

1. Catalyst test

To identify the effect of additives on Co alumina supported catalyst, the monometallic 4%Co/Al,O;
was investigated in methane dry reforming. The effect of the temperature on the dry reforming of methane
over 4%Co/AlL0O; is shown in Figure 1. The catalyst does not exhibit a high activity in the process at
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temperature lower than 800°C. The conversion of methane and carbon dioxide grows from 5.8 to 13.0%
while temperature increases from 400 to 750°C (Figure 1).

Conversion, %

T % T T o T y
300 400 500 600 700 800
Temperature, C

Figure 1 — Effect of the temperature on dry reforming of methane over the 4%Co/Al,O; catalyst

The monometallic 4%Co/Al,O; catalyst is not active in combined dry-steam reforming of methane.
Methane conversion is not high at 5%. The possible reason of that is formation of inactive Co hydroxides
observed by TEM [15].

To modify Co-containing catalysts the additives of noble metal and rare earth metal were introduced
to the catalyst composition. Compared to the monometallic catalyst modified catalysts showed significant
activity in the dry reforming of methane. It can be observed (Figure 2a) that all modified catalysts
exhibited a methane conversion of above 93.3%. The superior activity among them 5%Co-M (9:1)/A1,0;-
5%R and 5%Co-M(95:5)/A1,05-5%R catalysts have shown in conversion of CHy-CO,.

In Figure 2b, it is shown that complete conversion of carbon dioxide was observed over all the
catalysts in the dry reforming of methane. It should be noted, CO, conversion is higher compared to
methane conversion. The syngas with a ratio H,/CO close to unity is a main feature over all the tested

polymetallic catalysts.
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Figure 2 — Effect of the temperature on the degree of conversion of methane (a) and carbon dioxide (b) in the dry reforming

The same effect of the temperature on combined dry-steam reforming was observed over the
catalysts (Figure 3). Comparison of the dry reforming and bireforming of methane over the catalysts
demonstrates that complete methane conversion is achieved at lower temperature in bireforming. For
instance, the complete conversion of both CH, and CO, over the Co-M(95:5)-2%R/Al,0; in the dry
reforming of methane was achieved at 790°C while in the bireforming the complete conversion was lower
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by 90°C. Also, this pattern can be seen on the Co-M/AlLO;-R catalysts with a higher content of rare earth
metal — 5% and ratio of Co-M varied within 90-95:5-10, where difference between temperatures of
complete methane conversion in DRM and bi reforming is 20°C. Syngas enriched in hydrogen formed
during bireforming of methane, and the ratio of H,/CO reached a value is 2.1. Syngas with such a ratio is
suitable for FT synthesis.
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Figure 3 — Effect of temperature on the degree of conversion of methane (a)
and carbon dioxide (b) in the combined dry-steam reforming of methane
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To determine the stability, the catalysts with varied amount of noble metals: 5%Co-M(95:5)-5%R
and 5%Co-M(9:1)-5%R catalysts have been taken. The results of the long-term study of the catalysts in
both DRM and bireforming are presented for the catalyst with higher and lower content of noble metal in
Figures 4 and 5 respectively. Temperature was increased from 300 to 700°C for the first 8 hours and then

was held constant (700°C for more than 70 hours).
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Figure 4 — Dependence of methane and carbon dioxide conversion on the time on stream in (a) DRM and (b) bireforming

over the 5%Co-M(9:1)/A1,05-5%R catalyst at CH,/CO,=1, GHSV=1000h!, t=700°C

During the test the catalysts retained its activity and produced syngas with the same selectivity. The
average CH, conversion was higher in the bireforming than in the DRM over both the catalysts.
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Figure 5 — Dependence of methane and carbon dioxide conversion on time on stream in the DRM and bireforming over the
5%C0-M(95:5)/ALO5-5%R catalyst at CH,/CO,=1, GHSV=1000hr"", t=700°C

2. Catalyst characterization

Both additives — M and R has an effect on Co reproducibility.

The TPR profiles of the catalysts are shown in Figure 6. The area under the TPR curve is directly
proportional to the amount of hydrogen consumed. According to the literature, the reduction of pure
Co50;, takes place as a two-step reduction process via Co;0,—Co0O—Co° [14]. The peak observed at
276-400°C for 4.5%Co/Al,O; catalyst was attributed to the reduction of Co3;05,—Co0/Co° and the peak
seen at 400-750°C was attributed to the reduction of CoO—Co° or Cos+ and CoO-Al,O; to Co°.

Bimetallic samples exhibited a complex reduction profile. The addition of noble metal — M has a
significant effect on the reducibility of cobalt supported alumina catalyst. The temperature of Co oxides
reduction is shifted to lower values. This shift is increased with increasing amount of M. Two main
reductive peaks were observed at 223, 344°C for 5%Co-M(9:1)/Al,0; and 233, 362°C for the catalyst
with less amount of M — 5%Co-M(95:5)/A1,0;.
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Figure 6 — H,-TPR profiles of the catalysts

Introduction of rare earth metal to the Co-M/Al,O; catalyst is accompanied with substantial increase
in the hydrogen consumption.
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Discussion

Temperature plays the most important role for CH; reforming, because of its endothermic
characteristics. In both DRM and bireforming increasing temperature substantially enhances CH,
conversion. Comparison of DRM and bireforming of methane over the studied catalysts shows that
bireforming (combined dry-steam reforming) of methane is more effective process from the point of view
of lower temperature of complete methane conversion. In the combined reforming higher CH, conversion
can be achieved at the same temperatures that in accordance with our earlier work [16]. It should be noted
that this is characteristic for the certain catalysts. Monometallic Co-containing catalyst is not active in
combined reforming of methane.

The additional advantage of bireforming process is controlling a ratio of Hy/CO, which is a critical
ong for further syngas application.

Also, the positive effect of steam is in removal of surface carbon.

TPR data prove the promotion effect of noble metal on Co reproducibility. The temperatures of Co
oxides reduction are significantly shifted to the lower values. That can be explained by formation of new
type of active bimetallic Co-M particles.

The introduction of rare earth metal assists to the strengthening reduction of the Co-particles. That
can be a reason of higher activity and stability of the studied catalysts in DRM and combined reforming in
comparison with the monometallic catalysts.

Conclusions

The studied catalysts perform a high stable activity in both the processes — dry and combined dry-
steam reforming of methane.

The addition of noble metal allowed increasing the activity and stability of Co/Al,Oscatalyst.

The role of the rare earth metal is in stabilizing the high dispersed and reduced state of Co over the
alumina.
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! 11.B. COKOIBCKHIT ATHIHIAFBI Kanapwmaii, Kataams sxkoHe 3J1EKTPOXUMHUSA HHCTUTY ThI,
Konaes kemeci 142, 050010, Amvatsr, KazakcTaw;,
“Surface Chemistry and Catalysis Group, Materials and Chemical Engineering, School of Engineering, University of
Aberdeen, AB24 3UE, otnasmus, ¥ 1610pHTAHASA

Co-KYPAMJIBI KOHJBIPLIIFAH KATATTH3ATOPJIAPJA CO,
HEMECE C0,-H,0 KOMETIMEH METAHHBIH KOHBEPCHSACEI

AnHOTammst. ByJ1 JKyMBICTa QMIOMHHUH OKCHIIHEC KOHABIPBIIFAH CHPEK KOHE aChLI METANJAPAbIH KOCIaja-
psIMeH mpoMoTHpiieHereH Co-KypaMmIbl KaTaaM3aTopAapAblH AKTUBTLIIT METAHHBIH KOMIPKBIIIKBIIIBI KOHE OYIIbI
KOMIPKBIIKBITIS PHGOPMHHT Tpomecinme seprremmi. Kememmik sxsuimammersl — 1000 car’., Temmepatypa
aybITKy bl 300-800°C mamachHaa xsHe arMoc(iepablk KbICHIMIA OTKI3IITCH METAHHBIH CYChI3 KOHE OIpIKTIpIIreH
pudopmunr npouecrepinae Co-KypaMIbl KaTalIu3aTOPAbIH KACHETiHE achLI METAII MEH CHPEK 3JICMEHT KOCHAChI
MOJIICPiHIH 3Cepl aHBIKTANABL. 3epTreiiHreH karamm3aroprap H,/CO xaTbiHACHI TPOIECTIH TYPIHE KOHE ary
JKaFIalbIHA Toyeli OOMAaThIH CHHTE3-Ta3 OHAIPICIHAE SKOFAPBI TYPAKTHI OCICEHIIMIKTI KOPCETETIHAIT OaHKAIIBI.

Tyiiin ce3aep: METaHHBIH Cycbl3 pu(OpPMHHTI, OipIKTIpiAreH KeMIpKbIIKbUIAB pudopmuHr, Co-KypamIasl
KaTajJIu3aTop, CHHIE3-ras.

E.E. HpraKaHOBl, A.J. McCué?, J.A. Anderson?, I11.C. I/ITKyJIOBal, LK. KycaHOBa1

1I/IHcrHryT TOILTHBA, Karaau3a u snekrpoxuvun M. J[.B. Coxompckoro, Kynaesa 142, 050010, Ammarst, Kazaxcras,
“Surface Chemistry and Catalysis Group, Materials and Chemical Engineering, School of Engineering, University of
Aberdeen, AB24 3UE, ornanaus, BemixoOpuranns

KOHBEPCHUS METAHA JUOKCHJOM YIJIEPOAA UJIH CO,-H,0
HA Co-COAEP/KAIIINX HAHECEHHbBIX KATAJIM3ATOPAX

AnHotamusi. B mannO# padoTe m3yueHa akTHBHOCTH CO-COoaep KaIInX KaTaIN3aTOpOB, HAHECCHHBIX HA OKCHI
ATIOMHHAS, TPOMOTHPOBAHHBIX J00AaBKAMM OJArOPOAHOTO M PEAKO3EMEIBHOTO METALIOB, B IIpOIEccax
VITICKUCJIOTHOTO ¥ TAPOYT-JIICKUCIOTHOrO puopmuHra Merana. OmNpeneicHO BIMSHHE KOIMYCCTBA AOOABOK —
01aropoJHOro MeTalIa H PeAKO3EMENIbHOIO 3/IEMEHTa Ha noseacHue Co-coaep KaIero KaTaau3aTopa B MPoLeccax
cyxoro u komOuHHpoBaHHOTO (CO,-H,O) prpopmuHra MeTana, MpOBOJUBINKXCS HMPH aTMOC(EPHOM TABJICHUH,
o0BeMHOH cropocTH — 1000 ' ® BapsHPOBAHHE TeMmEpaTypsl B mpeaenax 300-800°C. OGHAPYKEHO, 4UTO
H3YUCHHBIC KATATM3aTOPbl MPOSABILIOT BHICOKYIO CTAOWILHYIO AKTHBHOCTh B TPOW3BOJACTBE CHHTE3-TA3a,
cootaomeHue Hy/CO, B KOTOPOM 3aBHCHT OT BH/IA MPOLCCCA M YCIOBHH CT0 MPOTCKAHMA.

KioueBsbie ciioBa: cyxoif pu)opMHUHT METaHA, KOMOMHHUPOBAHHBIH MAPO-YIICKUCIOTHRINH pudopmunr, Co-
COZCPIKAIIMH KAaTaaM3aTOP, CHHTE3-Ta3.
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