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CATALYTIC CONVERSION OF METHANE
INTO SYNGAS AND ETHYLENE

Abstract. The object of research is development technology of the new composite materials synthesis for the
processing of light alkanes into syngas and ethylene. The study varying technological parameters of the reaction
(temperature, volumetric rate, reaction mixture composition) oxidative conversion of methane into syngas and
ethylene. Paper presents data of developed methods of synthesis were developed and the catalysts physicochemical
characteristics were established. Optimized technological parameters of the process in an integrated automated
laboratory setup. It has been established that the active in syngas and ethylene formation in mixture oxidative
transformation of CH4+O,+Ar on 10%K-30%Mn-10%Nb/50% glycine catalyst prepared by the SHS (solution
combustion synthesis) method and 1.5%K - 3.5%Mn/AlSi catalyst prepared by impregnation method.

Key words: methane, catalytic oxidation, syngas, ethylene.

Introduction

The world's oil reserves are decreasing every day due to the continuous production and their
processing using the most modern technologies. Scientists all over the world are looking for various raw
materials and methods to use the vast resources of natural gas as a substitute for petrochemicals. In this
regard, great attention is drawn to natural gas as an alternative source of raw materials for petrochemical
industries.

According to the annual Statistical Review of World Energy — 2018, published by British Petroleum
(BP) at the end of 2017 proven natural gas reserves in the world are estimated at 193.5 trillion cubic
meters.

Kazakhstan ranks 15th in the world and 4th in the CIS of natural gas reserves. The prospects for the
development of the global gas processing industry are associated with the creation and introduction of new
catalytic environmentally friendly technologies for producing of olefins, based on production of polymers,
alcohols and motor fuels. Gas processing plants in Kazakhstan are currently engaged mainly in the
purification of gases from water, impurities of carbon dioxide and hydrogen sulfide for their use for
domestic purposes. This situation is associated with the lack or absence of new catalytic technologies for
the directed processing of light C;-C4 alkanes. There are no production facilities for the production of
olefins, plastics, motor fuels and other products whose demand is met by imports. Therefore, an important
task is the intensive development of the industrial processing of light hydrocarbon raw materials, the
reserves of which far exceed oil reserves.

It is known that natural gas is 90% methane. Oxidative dimerization of methane to ethylene, which
allows to obtain a number of petrochemical products, such as polyethylene, polystyrene and many other
chemical products, is of considerable interest. This is primarily due to the low cost of methane compared
to other hydrocarbons [1]. Development of new efficient catalysts for the selective oxidation of light
alkanes is still at the research and development stage [2-8].
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In the work of Karakaya [9] the Mn/Na, WO,/SiO, catalyst was studied for the oxidative dimerization
of methane. The catalyst was prepared by impregnation methods. The influence of temperature, volume
velocity and the ratio of reaction gases were investigated. It is determined that methane conversion is 38%
at a volume rate of 390 h”'. The maximum ethylene yield was 16% at 750°C and a gas ratio of CHy/O, = 2.

In [10] Sr-Al, La-Sr-Al and Na,WO,—Mn/SiO, series of catalysts were prepared by solution
combustion synthesis (SCS). The activity of catalysts was investigated at 450-850°C and CH4:0;:N, =
32:8:10 ratio, the linear velocity of gases was 50 ml/min. During the experiments it was determined that
catalysts were not active in the temperature range of 450-600°C. The Sr-Al series of catalysts, where Sr/Al
= 1.25, were active. It was found that the maximum yield of C, hydrocarbons on the Sr/Al = 1.25 catalyst
was 11.5% at ~ 800°C and C,H4/C,H¢ = 4.5 ratio. For each catalyst of the La-Sr-Al series, the C,
hydrocarbons yield and ethylene/ethane ratio were measured over a wide temperature range. The highest
ethylene yield of 12.3~13.0% was achieved at 720°C, and the C,H4/C,Hgs = 1.7 and 1.6 ratio, respectively.
It was found that the 10% Na,W0,—5% Mn/SiO, catalyst providing the maximum yield of C2
hydrocarbons ~ 21% at 750°C and the ethylene / ethane = 2 ratio is the most highly active and selective.

In [11] the Mn-Ce-Na,WO,/Si0O, catalysts prepared by the impregnation method were investigated for
oxidative dimerization of methane. In particular, due to the double advantages of the tubular membrane
reactor, a high methane conversion of 60.7% with selectivity of C,+ 41.6%, ethylene/ethane ratio of 5.8%
and ethylene yield of 19.4% at a space velocity of GHSV= 6050 ml-g"-h™" was achieved.

We have developed polyoxide catalysts based on molybdenum, chromium and gallium, applied to
natural clays for catalytic oxidation of propane butane mixture into oxygenates and olefins [12-14] and
developed of composite materials by combustion synthesis method for catalytic reforming of methane to
synthesis gas [15-17].

Methods for synthesis of catalysts were presented in paper the physicochemical characteristics of
catalysts were established, as well as the optimization of technological parameters for the process of
synthesis of syngas and ethylene from methane in an integrated automated installation.

Experimental

Catalyst preparation

Paper presents results of the study of activity of developed following catalysts:

1.5% K - 3.5% Mn/AlS;i;

10% K - 30% Mn - 10% Nb/50% glycine;

10% K - 30% Mn - 10% Nb/ceramic block;

The catalytic systems were synthesized by the method of impregnation in air and by solution
combustion synthesis.

The developed compositions of catalysts were prepared by capillary impregnation of mixed aqueous
solutions of metal nitrate salts supported on carriers by moisture capacity, followed by drying at T = 473
K for 2 h. Calcinations of samples at T = 773 K for 2 h in air was carried out for decomposition of
supported metal salts and corresponding volatilization of nitrates from the catalyst surface.

The catalysts with using the SCS method were prepared [18-20]. Thus, certain amounts of nitrates of
the corresponding salts were weighed to prepare a catalyst. These salts are pre-ground in an agate mortar
and then mixed in a porcelain dish. Then 10 ml of distilled water is gradually added to this mixture of
salts, the mixture is stirred in air for several minutes until complete dissolution.

The muffle furnace was previously turned on to the required temperature (in our case, up to 500°C).
The prepared mixture from a porcelain cup is transferred to a 200 ml heat-resistant glass beaker and
placed in a heated muffle furnace. After 2-3 minutes with an incomplete opening of the door of the muffle
furnace, it is visually possible to observe burning in the solution, at which this mixture rises along the
walls of the glass during rapid boiling. Urea and glycine were added to the composition of SCS catalysts
to improve the combustion process. The presence of glycine or urea in the composition of catalyst
contributes to a change in the color of solution into brown color during combustion. Then the glass is
cooled in air and the finished catalyst is placed in glass cups.

The specific surface area and measurement of the pore distribution of the developed catalysts were
studied by the BET method (Bronauer-Emmett-Teller) on a GAPP V-Sorb 2800 analyzer (China).
Nitrogen with helium was used as carrier gas. BET method was carried out at Advanced Ceramics and
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Composites Laboratory, Institute of Nanoscience and Nanotechnology NCSR “Demokritos” (Athens,
Greece).

Characterization techniques

The analysis of the initial mixture and reaction products was carried out using a chromatograph
"Chromos GC-1000" with the "Chromos" software and on a chromatograph "Agilent Technologies
6890N" (USA) with computer software. Chromatograph "Chromos GC-1000" is equipped with packed
and capillary columns. The packed column is used for the analysis of H,, O,, N,, CH4, C;Hg, CoH,, C5-Cy
hydrocarbons, CO and CO,. A capillary column is used to analyze of liquid organic substances, such as
alcohols, acids, aldehydes, ketones and aromatic hydrocarbons. Temperature of the detector by thermal
conductivity — 200°C, evaporator temperature — 280°C, column temperature — 40°C. Carrier gas velocity
Ar = 10 ml/min. The chromatographic peaks were calculated from the calibration curves plotted for the
respective products using the "Chromos" software for pure substances. Based on the measured areas of the
peaks corresponding to the amount of the introduced substance, a calibration curve V = f (S) was
constructed, where V - amount of substance in ml, S - peak area in cm®. Concentrations of the obtained
products were determined on the basis of the obtained calibration curves. The balance of regulatory
substances and products was * 3.0%.

Results and discussion

The paper presents data of activity of 1.5%K - 3.5%Mn/AlSi catalyst prepared by impregnation for
the oxidative conversion of the 34% CH,+17% 0,+49% Ar mixture at 6500 h™' space velocity. As can be
seen from figure 1, the yield of the reaction products also increases with increasing the reaction
temperature from 650 to 900°C. The formation of products of partial oxidation - H, and CO, complete
oxidation - CO,, and the target reaction products - C,Hs and C,H, are observed in the oxidative conversion
of methane.

b
L
]

e H2 el O COZ e CIHG s C2HA

10 ~

Yields %, Hy, CO, COy, CoH,, Coll,

600 650 700 750 800 850 900
Temperature °C

Figure 1 - Effect of a reaction temperature on the product yield of the oxidative conversion
of methane on 1.5 % K - 3.5 % Mn/AlSi catalyst

It should be noted that the process goes towards the formation of H, and CO. The yields of products
increase with increasing reaction temperature. CO; is produced in smaller amounts, the yield of which also
increases with increasing temperature. The yield of ethylene does not exceed 5% at all temperatures.

Data on the activity of the developed three-component 10%K-30%Mn-10%Nb/50%glycine catalyst
prepared by the SCS method for oxidative conversion of 41.8% CH4 + 16.2% O, + 42.% Ar mixture at a
space velocity of 3500 h" and CH4:0, = 2.5:1.0 ratio will be given. As can be seen from figure 2, the
three-component composition with the addition of niobium showed good activity in relation to the
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formation of ethylene compared with the two-component compositions of catalyst. The yield of ethylene
also increases with an increase in the reaction temperature from 600 to 800°C. At a temperature of 800°C,
the ethylene yield passes through a maximum and decreases again with increasing temperature to 900°C.
The yields of Hy, CO and CO; slightly change with increasing temperature and vary within 2-3%.

16 - —4—H2 —B-CO 02 ——CIHE —#—C2H4

Yieh:lﬂ %, H2, Cl:ﬂ-', Ct:‘-'z, CzHG, D2H4

600 650 700 750 800 850 900
Temperature °C

Figure 2 - Effect of reaction temperature on the product yield of oxidative conversion of methane
on 10%K-30%Mn-10%Nb/50% glycine catalyst

Thus, the optimal temperature for the formation of ethylene is 800°C at which the ethylene yield is

14.3%.
Developed active phase of 10% K -30% Mn - 10% Nb of catalyst was supported on ceramic block

(Fig. 3). The activity of this catalyst composition
—4—H? —B-CD (02 ——C2HE6 —#—C2H4
o 18 1
16 -

_1
F.-sc—’
[ —
e R £
I I

[

[
o]
1

Yields %, Hy, CO, CO,, CoH

o T T T T T

600 6350 700 730 800 850 900
Temperature °C

Figure 3 - Effect of reaction temperature on the product yield of the oxidative conversion
of methane on 10 % K —30 % Mn — 10 % Nb/ceramic block

CH,4 + 16.2% O, + 42% Ar mixture with a ratio of CH,:0, = 2:1.5 and at 6500 h™' space velocity.
Under these conditions, the catalyst was less active with respect to the formation of both ethylene and H,.
As the temperature rises, only the yield of CO increases.

Thus, the activity of the developed two- and three-component catalytic systems prepared by
impregnation and SCS method in the oxidative conversion of the methane of natural gas was investigated.
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It was established that 10%K-30%Mn-10%Nb/50%glycine catalyst prepared by the SCS method is the
most active in formation of ethylene and 1.5%K - 3.5%Mn/AlSi catalyst prepared by impregnation for the
oxidative conversion of methane into syngas.

In addition, the methods for synthesis of the developed catalysts were determined and the
physicochemical characteristics of the catalysts were established. Developed applied K-Mn catalyst was
studied by G. Kaumenova, a 3-year doctoral student at al-Farabi Kazakh National University during an
overseas internship (Fig. 4,5). Nitrogen with helium was used as carrier gas.

350

—+— Adsorption

300 4 —a— Desorption

250 1

200 4

150 -+

100 -+

S50 4

Quantity Adsorbed N2, V(cm3/g,STP)

01 02 03 04 05 06 07 08 09 1 11
Relative Pressure(P/P0)

Figure 4 — Isotherm of adsorption and desorption of applied K-Mn catalyst
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S
o 0064 05 %
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E 0,04 ; 035 =
20,035 | L 03 -
-
= 0,03 025 £
S 0,025 ; 02 &
£ 0021 015
0,015 | 0’1 S
0,01 1 F 0, &

0,005 1 - 0,05

0 r 0
1 10 100

Width(nm)

Figure 5 — Differential dependence of pore size distribution
on applied K-Mn catalyst

From the data of Figure 5, it can be seen that a significant amount of pores have a size of up to 10 nm.
This, in turn, is an important characteristic of catalyst, on the basis of which it can be concluded that the
developed catalyst is nanoscale.

Thus, the influence of technological parameters of reaction on the yield of target products was
established. The study of catalytic oxidative conversion of the main components of natural gas is methane
was carried out on the developed catalytic systems by varying the reaction temperature, space velocity and
ratio of the main gases in reaction mixture in order to obtain the optimal amount of desired reaction
products. Process parameters on an effective catalyst in an integrated plant were optimized.
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Conclusion

Thus, synthesis methods were developed and physicochemical characteristics of catalysts were
established. Technological parameters of the process in an integrated automated laboratory setup were
optimized.

It was established that 10% K - 30% Mn - 10% Nb/50% glycine catalyst prepared by SCS method is
active for production of 14.3% C,H, in oxidative conversion of 41.8% CH4 + 16.2% O, + 42% Ar at
800°C and space velocity of 3500 h™' and 1.5%K - 3.5%Mn/AlSi catalyst prepared by impregnation
method is active for obtaining of 17.3% H, and 23.8% CO in the oxidation of 34% CH4+17% O,+49% Ar
at space velocity of 6500 h™'.

From the above results, it follows that it is possible to optimize the process of oxidative conversion of
methane by selecting the reaction technological parameters and improving the composition of inserted
catalysts.
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METAHHBIH CUHI'A3 )KOHE 3TUJIEHTE JIEMTH KATAJIMTUKAJIBIK KOHBEPCUSCHI

AnHoTauusl. 3epTTey HBICAaHBI TaOWFW Ta3 MeTaHABl oOJeUHIepre KaWTa eHAEyne >KaHAa KOMITO3UTTI
MaTepualiaapasl CUHTe37ey Oouibill TaObuIafpl. OneduHaepre TOThIFA aifHAy PEAKIUACHIHBIH TEXHOJIOTHSIIBIK
mapaMeTpIIepiHiH (TeMIepaTypa, KeJIeMIiK KbUIIAMABIK, PEaKIHIIBIK KOCIIAHBIH KypaMbl) e3repicTepi 3epTTemiHIi.

Makanana JalblHAAIFAH KaTalu3aTOPIapAblH CHHTE3NEY oicTepi MeH (H3MKa-XUMHSJIBIK KacHeTTepi
YCHIHBUIFAaH. ABTOMATTaH[ABIPHUIFAH 3€PTXAHANBIK KOHJIBIPFbIA  YPIICTIH TEXHOJOTHSUIBIK —IapaMeTpliepi
OHTaNJIaHABIPbLUIFaH.

Epitingine ©XXC ogmicimen 10%K-30%Mn-10%Nb/50% riavuuH gadblHIAIFaH KaTaau3aTopia KOHE CIHIpY
omicimen madbiHmanFan 1,5%K-3,5%Mn/AlSi karanuzatopbl Oactankel peakinusiiblk Kocrna CH4+O,+Ar cunras
YKOHE ITUJICH TY3YA€ OCICCH T aHBIKTAIBIH/IbI.

Tyiiin ce31ep: MeTaH, KATATUTHKAIBIK TOTHIFY, CHHTa3, STHIICH.
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KATAJIMTHNYECKASI KOHBEPCHUSI METAHA B CHHI'A3 U OTHUJIEH

AnHotanus. OOBEKTOM UCCIICIOBAHUS SBISCTCS pa3pabOTKa TEXHOJOTHH CHHTE3a HOBBIX KOMITO3UIIHOHHBIX
MaTepUaNIOB JJisl IepepabOTKU MPUPOTHOIo ra3a MeTaHa B oie()UHbL. BbUI0 U3y4eHO BaphbHUPOBAHUE TEXHOJIOTHYEC-
KUX TMapaMeTpoB peakiuu (TeMmmeparypa, oObeMHas CKOPOCTb, COCTaB PEAKIMOHHOW CMECH) OKHUCIHTEIbHOTO
MpEBpalIeHHs METaHa TIPUPOHOTO Ta3a B OJICUHBI.

B crartee mpencraBieHbl JaHHbIE Pa3paOOTaHHBIX METONOB CHHTE3a M YCTAaHOBIICHBI (PU3NKO-XUMHUYECKHE
XapaKTEePUCTUKU KaTaau3aTtopoB. ONTUMU3UPOBAHBI TEXHOJIOTHYECKHE MapaMeTphl Mpollecca B aBTOMATH3UPOBaH-
HOW J1a00paToOpHON yCTaHOBKE.
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Y CTaHOBIIEHO, YTO AKTHBHBIM 10 00Pa30BAHUIO CHHIA3a M ATUJICHA NPU OKHCIUTEILHOM NPEBPAIEHUH CMECH
CH4+0O,+Ar sBistoress  10%K-30%Mn-10%Nb/50%rmunmH  katanuzatop, OpurotoBileHHBIH Metogom CBC B
pactBope u 1,5%K-3,5%Mn/AlSi karann3zaTop IpUroTOBICHHBIH METOXKAOM MPOIUTKH.

KiroueBble cj10Ba: METaH, KATATUTUIECKOE OKUCIIEHNE, CHHTa3, STHIICH.
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