ISSN 2518-1491 (Online),
ISSN 2224-5286 (Print)

KA3AKCTAH PECITYBJIMKACBHI
YJTTBIK FBUJIBIM AKAJJEMUACBIHBIH

XABAPIIAPDI

N3BECTUA NEWS

HALIMOHAJIBHOM AKAJIEMUU HAVK OF THE ACADEMY OF SCIENCES
PECITYBJIMKU KA3AXCTAH OF THE REPUBLIC OF KAZAKHSTAN

XUMMUSA KIOHE TEXHOJIOI'UA
CEPUSCHI

¢

CEPUA

XUMHUHU U TEXHOJIOI'NA

¢

SERIES

CHEMISTRY AND TECHNOLOGY

5 (419)

KbIPKYMEK — KA3BAH 2016 .
CEHTSBPb — OKTSIBPH 2016 1.
SEPTEMBER - OCTOBER 2016

1947 XKbUITJIBIH KAHTAP AVIBIHAH IIIFA BACTAFAH
U3JJAETCSH C SSIHBAPA 1947 TOA
PUBLISHED SINCE JANUARY 1947

KBbUIBIHA 6 PET IIBIFAZIBI
BBIXOIUT 6 PA3 B T'O/]
PUBLISHED 6 TIMES A YEAR

AJIMATBI, KP ¥FA
AJIMATBI, HAH PK
ALMATY, NAS RK



bac peanakTopsl
X.F.I., ipod., KP ¥FA akagemuri M.JK. Kypbinos

Pemakxuusa ankachsbl:

ArabexoB B.E. npod., akagemuk (benopyc)

Boaxkos C.B. mpod., akanemuk (YkpanHa)
Bopoteinues M.A. ipod., akamemuk (Peceit)
I'azanueB A.M. npo¢., akanemuk (Kazakcran)
Epro:xun E.E. npod., akanemuk (Kazakcran)
KapmarambetroBa A.K. npod. (Kazakcran), 6ac pea. opsiaOacapbl
Kopoobekona LK. npod., akagemuk (KpiprpicTan)
Hrkynosa HI.C. npod. (Kazakcran)

Manrtamsia A.A. ipod., akageMuk (ApMeHus)
Ipanues K. /. npod., akagemuk (Kazakcran)

Baemor A.B. nipod., kopp.-myieci (Kazakcran)
Bypkit6aes M.M. npod., kopp.-mymreci (Kazakcran)
Jxkycunoexon Y. K. mpod. kopp.-mymreci (Kazakcran)
MoagaxmeroB M.3. pod., kopp.-mymeci (Kazakcran)
Mamncypos 3.A. npod. (Kazakcran)

HaypoizoaeB M.K. mpod. (Kazakcran)

Pyaux B. mpod.,akanemuk (Momnmosa)

Crpeasnnos E. npod. (benopyc)

Tomrimos JL.T. ipod., kopp.-mymeci (Kazakcran)
Toaepam U. nmpod., akagemux (Mommgosa)

Xamukos JI.X. mpod., akagemuk (ToxkikcTaH)
®ap3aaueB B. npod., akagemuk (O3ipOaiixan)

«KP ¥T'A Xaoapuaapbl. XUMHS 5K9HE TeXHOJOTHS CEPUSICHD».

ISSN 2518-1491 (Online),

ISSN 2224-5286 (Print)

Menmrikrenymi: «Kazakcran PecrmyOnukachiHBIH ¥ATTBHIK FBUIBIM - aKaJeMHsIChD PecmyOiMKanblK KOFaMIBIK
GipnecTiri (Aamarsl K.)

Kazakcran pecryOnukachbliHblH MosieHHET TEH akmnapar MHHHUCTPIINHIH AKnapar >XoHe MyparaT KOMHTETIHIEe
30.04.2010 k. 6epinren Ne1089-K mep3imik 0acbUIbIM TipKeyiHE KOWBLTY Typajbl KyaJliK

Mep3iMIiTiri: )KeUIbIHA 6 peT.
Tupaxsr: 300 naHa.

Penakuusueig Mmekerkaiibl: 050010, AnMmartsl K., IlleBuenko keur., 28, 219 Gei., 220, ten.: 272-13-19, 272-13-18,
www:nauka-nanrk kz / chemistry-technology.kz

© Kazaxcran PecrryOnukachHbIH ¥ATTHIK FRUIBIM akaaeMusichl, 2016

Tunorpadusubsiy Mexerxkaiibl: «ApyHna» XK, Anmars k., Myparbaesa keur., 75.



FmaBHBIY pegakTop
I.X.H., ipod.,akanemuk HAH PK M. 7K. ) Kypunos

Pe,Z[aKLII/IOHHaH KOJIICTH A:

Ara6exoB B.E. npod., akagemuk (benapycs)
Boakos C.B. npod., akagemuk (Ykpanna)
Bopoteinues M.A. ipod., akamemuk (Poccus)
I'azanuneB A.M. po¢., akanemuk (Kazaxcran)
Epro:xun E.E. npod., akanemuk (Kazaxcran)
Kapmaramb6eroBa A.K. mpod. (Kazaxcran), 3am. ri1. pen.
Kopobexona L.7K. ipod., akagemuk (Keipre3cran)
HNrrynosa HI.C. npod. (Kazaxcran)

ManTtamsia A.A. ipod., akageMuk (ApMeHus)
Mpaaues K./. npod., akagemuk (Kazaxcran)
Baemor A.B. nipod., wi.-kopp. (Kazaxcran)
Bypkur6aes M.M. npod., ui.-xkopp. (Kazaxcran)
Jxycundexon Y. K. mpod. wi.-kopp. (Kazaxcran)
MyanaxmeroB M.3. pod., @wi.-kopp. (Kazaxcran)
Mancypos 3.A. npod. (Kazaxcran)

HaypoizdaeB M.K. mpod. (Kazaxcran)

Pynuk B. pod.,akanemux (Monmosa)
Crpeannos E. npod. (benapycs)

Tammumos JL.T. npog., un.-kopp. (Kazaxcran)
Toaepam U. npod., akagemux (Mommgosa)
Xaaukos JI.X. npod., akagemuk (TamKuKucTan)
®ap3aaues B. npod., akagemuk (AzepOaiimxan)

«M3Bectusi HAH PK. Cepusi XUuMUM ¥ TeXHOJIOT M.

ISSN 2518-1491 (Online),

ISSN 2224-5286 (Print)

CobctBennuk: Pecmybnmkanckoe oOmecTBeHHOe oObenmHeHue «HammonanmpHas akamemust Hayk PecmyOuumkn
Kazaxcran» (r. Anmarsl)

CBHUIETENBHCTBO O MIOCTAHOBKE HA y4eT MEePUOJUUYECcKOro neyatHoro mifanus B Komurere nHpopManmum u apXuBoB
MunucrepcTBa KyabTypsl 1 uHGopmanuu Pecriyonuku Kazaxcran Ne10893-7K, soinannoe 30.04.2010 r.

[TepuoguaHOCTH: 6 pa3 B TO1
Tupax: 300 3x3eMIUTSIpOB

Anpec pegakuuu: 050010, r. Anmarsl, yia. LlleBuenko, 28, koM. 219, 220, ten. 272-13-19, 272-13-18,
http://nauka-nanrk.kz / chemistry-technology.kz

© HanmonaneHas akagemusi Hayk PecryOnuku Kaszaxcran, 2016

AJnlpec penaxium: 050100, r. Anmmarsr, yi. Kynaesa, 142,
WuctutyT oprannueckoro karanmsa u anekrpoxumud uM. J{. B. Cokonbckoro,
ka0. 310, Ten. 291-62-80, paxc 291-57-22, e-mail:orgcat@nursat.kz

Anpec tunorpaduun: UIT «ApyHay, r. Anmartsl, yi. Mypartbaesa, 75




Editorinchief
doctor of chemistry, professor, academician of NAS RK M.Zh. Zhurinov

Editorial board:

Agabekov V.Ye. prof., academician (Belarus)

Volkov S.V. prof., academician (Ukraine)

Vorotyntsev M.A. prof., academician (Russia)
Gazaliyev A.M. prof., academician (Kazakhstan)
Yergozhin Ye.Ye. prof., academician (Kazakhstan)
Zharmagambetova A.K. prof. (Kazakhstan), deputy editor in chief
Zhorobekova Sh.Zh. prof., academician ( Kyrgyzstan)
Itkulova Sh.S. prof. (Kazakhstan)

Mantashyan A.A. prof., academician (Armenia)
Praliyev K.D. prof., academician (Kazakhstan)
Bayeshov A.B. prof., corr. member (Kazakhstan)
Burkitbayev M.M. prof., corr. member (Kazakhstan)
Dzhusipbekov U.Zh. prof., corr. member (Kazakhstan)
Muldakhmetov M.Z. prof., corr. member (Kazakhstan)
Mansurov Z.A. prof. (Kazakhstan)

Nauryzbayev M.K. prof. (Kazakhstan)

Rudik V. prof., academician (Moldova)

Streltsov Ye. prof. (Belarus)

Tashimov L.T. prof., corr. member (Kazakhstan)
Toderash 1. prof., academician (Moldova)

Khalikov D.Kh. prof., academician (Tadjikistan)
Farzaliyev V. prof., academician (Azerbaijan)

News of the National Academy of Sciences of the Republic of Kazakhstan. Series of chemistry and technology.
ISSN 2518-1491 (Online),

ISSN 2224-5286 (Print)

Owner: RPA "National Academy of Sciences of the Republic of Kazakhstan" (Almaty)

The certificate of registration of a periodic printed publication in the Committee of Information and Archives of
the Ministry of Culture and Information of the Republic of Kazakhstan N 10893-K, issued 30.04.2010

Periodicity: 6 times a year
Circulation: 300 copies

Editorial address: 28, Shevchenko str., of. 219, 220, Almaty, 050010, tel. 272-13-19, 272-13-18,
http://nauka-nanrk.kz / chemistry-technology.kz

© National Academy of Sciences of the Republic of Kazakhstan, 2016

Editorial address: Institute of Organic Catalysis and Electrochemistry named after D. V. Sokolsky
142, Kunayev str., of. 310, Almaty, 050100, tel. 291-62-80, fax 291-57-22,
e-mail: orgcat@nursat.kz

Address of printing house: ST "Aruna", 75, Muratbayev str, Almaty




ISSN 2224-5286 Cepus xumuu u mexronoeuu. Ne 5. 2016

NEWS
OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

SERIES CHEMISTRY AND TECHNOLOGY
ISSN 2224-5286
Volume 5, Number 419 (2016), 5 — 11

UDC 661.961.6

Y.Y. Nurmakanovl, AJ. McCuez, J.A. Andersonz, S.S. Itkulova], S.K. Kussanova'

D.V. Sokolsky Institute of Fuel, Catalysis and Electrochemistry, 142, Kunaev str., Almaty, 050010,
Republic of Kazakhstan;
*Surface Chemistry and Catalysis Group, Materials and Chemical Engineering, School of Engineering,
University of Aberdeen, AB24 3UE, Scotland, United Kingdom

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 Hy/CO ratios depending on a type of process and its conditions.

Keywords: methane dry reforming, combined dry-steam reforming, Co-containing catalyst, syngas.

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. is 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, + 1/20,<> CO+2H, AH = -35.6 kJ/mol )
CH, + CO,>2CO +2H,  AH = +247 kJ/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]:

CH4-C + H2 AH = +74.9kJ/mol (5)

— §
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2CO0-~C02 +C AH = -172.5kJ/mol (6)

The coke deposition problem can be overcome either by developing catalysts that minimize coke
formation, by adding steam 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 CH4/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 (Xcus, %) and carbon dioxide (Xco2, %), calculated according to
formulas 1 and 2, were used to determine and compare the catalysts activity.

Xews=([CH ] ur[ CHyf 1) ¥100%/[CH,] i (formula 1)
Xco:=([CO:]i-[CO ) *100%/[CO;] (formula 2)

Where /[CH,/ and [CO,] are the concentrations of CH4 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/Al,O; 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).

] [—a—cH,]

—=—CO,|

Conversion, %

. . . r . T . .
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)/Al,0;-
5%R and 5%Co-M(95:5)/A1,03-5%R catalysts have shown in conversion of CH4-COs,.

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 Hy/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 CH4 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

E i
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by 90°C. Also, this pattern can be seen on the Co-M/Al,O;-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.

100
—=— Co-M(95:5)-2%R 1004 CoMDET AR
—e— Co-M(9:1)2%R o Co (91 2R
—a— Co-M(95:6)-5%R s & Co-M(85:5)}5%R
804 | s Co-M(@:1)-5%R 80 | —v— Co-M(Z:1)-5%R
= 60 Y, =
& 5 60
@ ®
g ¢
5 §
g 40- 8 40
T o}
5} o
20 - 204
[ ]
0 T T T T T T T T d 0 T T T T
300 400 500 600 700 300 400 500 600 700
Temperature, C Temperature, C
a b

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

To determine the stability, the catalysts with varied amount of noble metals: 5%Co-M(95:5)-5%R
and 5%Co0-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).

100 | A’ A A ' 8A
WwAAAAAAAAAABAALALL 6030060058 %
R OY (o3 o0 o0 & 95 o CH“-- 4
" Qo090 o0 R -
- = 904 il
§ "] [ocn 18
‘0 A Co, ]
o 85 1 o 85 |
= z
o ]
O 804 1O 804 4
75 i 75 - .
70 T T T T T T T T 70 T T T T T T T
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
Duration, h Duration, h
a b

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)/Al,05-5%R catalyst at CHy/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)/AL,05-5%R catalyst at CH,/CO,=1, GHSV=1000hr", t=700°C
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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
Co;0, takes place as a two-step reduction process via Co;04—CoO—Co° [14]. The peak observed at
276-400°C for 4.5%Co/Al,O; catalyst was attributed to the reduction of Co;04;—Co00O/Co° and the peak

seen at 400-750°C was attributed to the reduction of CoO—Co° or Cos+ and CoO-Al,05 to Co°.
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ooeo©©©©QOoooooooo°oooo

b) Bireforming

T ¥ T
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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)/Al,05.

Hydrogen consumed, a.u.

5%Co-M(95:5)-5%R

5%Co-M(95:5)-2%R

5%Co-M(9:1)-5%R

5%Co-M(9:1)-2%R
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5%Co-M(9:1)

_H’_-\_

4.5%Co

T
100

T
200

1 L] I L 1
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Temperature, °C

T T T T T
600 700 800

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 CHy reforming, because of its endothermic
characteristics. In both DRM and bireforming increasing temperature substantially enhances CH,4
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,4 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 H,/CO, which is a critical
one 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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