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CATALYTIC CONVERSION OF METHANE INTO OLEFINS

Abstract. The worldwide use of olefins in the chemical industry is growing every year. This is due to increased
consumption of olefins for the production of chemically important products, such as polyethylene, ethylene glycol,
acetaldehyde and vinyl chloride. In the present work, the activity of the developed heteropolyacid (HPA) catalysts
based on phosphorus and tungsten in the oxidative conversion of methane to olefins was studied. The developed
catalysts were applied to various natural and synthetic carriers. The process of oxidative conversion of methane was
studied by varying the reaction temperature, the ratio of the reacting components, the space velocity, and the effect of
the addition of water vapor to the reaction mixture. When 5% of the HPA was applied to natural carriers, ethane,
ethylene, hydrogen and propylene were observed in the reaction mixture. The same activity was observed for
catalysts deposited on synthetic carriers. It has been established that the optimal conditions for the oxidative
conversion of methane on a catalyst of 5% HPA applied to a natural carrier are: T = 1073K, W = 3900h™, CH,: O, =
2 : 1. The positive effect of the addition of water vapor to the reaction mixture was determined.
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Introduction

Chemistry of lower alkanes is one of the most rapidly developing scientific fields [1-8]. The most
important source of alkanes in nature is natural gas, mineral hydrocarbon raw materials - oil and
associated oil gases. Natural gas consists of 95 percent methane [9]. Therefore, in the modem
petrochemical industry, saturated hydrocarbons are the basis for obtaining a variety of organic
compounds, an important raw material in the processes of obtaining intermediates for the production of
plastics, rubbers, synthetic fibers, detergents and many other substances.

It is estimated that over the next decades, the world situation will be when half of the existing oil
reserves will be spent and the expected production come into conflict with the growing demand for oil
[10]. The clash of these trends could lead to a shortage of oil, increase in the price of this kind resource
and will become a powerful resource and a prerequisite for the transition to alternative energy sources.
According to numerous forecasts of Russian and foreign analysts in the next 10-20 years the situation has
changed in favor of the priority of gas demand. Natural, economic and political factors, which together
determine the inevitability of change in the structure of world power balance in favor of growth in the
share of gas are at the heart of this process. Therefore, the widespread use of gas in areas focused on the
consumption of petroleum products is important program of the world economy, which is undoubtedly
important for Kazakhstan. The full range of products produced from petroleum, can be synthesized by
direct route from natural gas. The cost of such substances as synthesis gas, H,, ethylene, formaldehyde,
and benzene is 10-100 times higher than the original gas. They are the basic raw material for the synthesis
of methanol, polyethylene, alcohols, acids, liquid motor fuel, dimethyl ether, ammonia fertilizer and
hundreds of other compounds necessary for the development of chemical industry.
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The problem of processing of natural gas into organic compounds solved by steam, carbon dioxide
and oxidative conversion of alkanes to synthesis gas with subsequent production a mixture of paraffin,
olefins and alcohols [11,12]. Co-conversion of methane with C;-C4 hydrocarbons with formation of mono-
and polycyclic aromatic hydrocarbons, oxidative dimerization of methane to ethylene and ethane, selective
oxidation of methane to methanol can serve as example of one-step conversion of methane [13,14].
Produced hydrocarbons are readily oxidized to carbon dioxide and water in the presence of oxygen, which
significantly reduces the selectivity of the reaction at high conversion of methane. This leads to a higher
cost of hydrocarbons produced from methane than analogs of petroleum origin. In general, one-step
methane conversion processes are at the level of laboratory research, and finding new ways of effective
utilization of natural gas is an urgent task.

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 [15-17].

Light olefins are the most important building blocks for polymers and a variety of intermediate
products. The world demand for ethylene and propylene exceeds 180 MTA (about 2/3 of ecthylene
production) with annual growth of 4-5% in the next decade [18].

The oxidative conversion of alkanes to ethylene in place of the use of petroleum feedstock is of
practical interest, since ethylene and propylene are the basis for the production of approximately 50% of
all organic products in the chemical industry. At present, their annual output is one of the main indicators
of the potential of industrial development. It is known that the petrochemical potential of many countries
is estimated by the volume of production of ethylene and propylene, which are the basic raw materials for
the production of polyethylene, polypropylene, plastics and other products. The literature reports an
increase in ethylene prices and an increase in olefin production in Asia, Europe and America [19].
Expansion of production and construction of new petrochemical complexes is also in Russia and China.
For Kazakhstan, which has huge reserves of natural gas, a significant part of which is flared, the
development and implementation of technologies for processing alkanes is a strategic task.

There are two main ways of producing valuable chemicals from methane - indirect and direct
conversion. Currently, the most commonly used method is indirect conversion, i.e. methane is first
converted to a synthesis gas with various C/H ratios by either reforming or partial oxidation, and then the
synthesis gas is converted to raw chemicals by Fischer-Tropsch synthesis, converting the synthesis gas to
an olefin, converting the synthesis gas to gasoline , synthesis of ammonia or many other processes.
However, indirect conversion of methane is always accompanied by complicated installations, high
production costs and, in particular, large CO, emissions. Consequently, the study of the direct conversion
of methane into valuable chemicals has recently attracted special attention [20].

Experimental

Catalyst preparation

The method of catalyst preparation has been previously developed in the laboratory of oxidative
catalysis of JSC "D.V. Sokolsky Institute of Fuel, Catalysis and Electrochemistry" [21]. The catalysts
were prepared by the capillary impregnation method of mixed aqueous solutions of nitrate salts of metals,
supported on carriers.

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 Technologics
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,, CH,, C,Hy, C;H,, C;-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
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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 influence of nature of carriers, as well as reaction temperature during partial oxidation of
methane on catalysts supported on various natural and synthetic carriers on the basis of H;PW;,04, and
H,SiW 1,04, was investigated. The reaction was investigated under the following conditions: the ratio of
initial reaction mixture CH,:0, = 7:1 (36.0%: 5.0%, the rest - Ar); V = 7800 h' by varying the reaction
temperature from 873 to 1173 K. The formation of hydrogen, as well as the C,, C;, and C4 hydrocarbons
occurred in this temperature range. Conversion (X) of methane was varied from 0.5 to 35.6%.

When supporting of 5% HPA on natural carriers: TC, EKC, diatomite, CC, TWC, ZE conversion of
methane was varied from 2.7 to 15.6%. Selectivity (S) on the main product - ethylene varied from 6.2 to
41.9%. At 1023 K on the catalyst supported on ZE observed the formation of ethane with yield (Y) 3%,
44 4% selectivity at 6.7% conversion of methane. With further increase of reaction temperature to 1173 K
the yield of ethane decreased to 1.6% (selectivity 23.9%). Starting from 1073-1123 K there was the
formation of ethylene. Conversion at the same time kept constant and the selectivity of ethylene increased
from 33.6 to 40.1%. Hydrogen began to form at 973 K increasing at higher temperatures, the selectivity of
its grown from 15.3% to 24.7%. Propylene was also observed in small amounts in the reaction products.

Effect of synthetic carriers on the activity of 5% H;PW;,04 catalyst in reaction of partial conversion
of methane was investigated. It was investigated a series of synthetic carriers: CaA, Siral-10, Siral-20,
Siral-30, NaX, AlSi and 20% Al,0;+80% H-ZSM-5. Hydrogen, C,, C;, and C, hydrocarbons, and CO are
formed on synthetic carriers as well as on natural in this temperature range. Conversion of methane was
varied from 1.3 to 19.7%.

Comparing the data obtained on 5% H;PW;,0,, catalyst supported on synthetic and natural carriers,
revealed that the optimal catalyst leading ODM reaction toward the formation of C, hydrocarbons is 5%
HPA, supported on East Kazakhstan zeolite. At 1023 K observed the formation of 3% ethane and 2.7%
cthylene at 1123 K. 5.17% hydrogen at 900°C formed on the catalyst supported on TWC.

Table 1 - The influence of ratio of CH4:O, in oxidative conversion of methane
on 5.0% HPA/NC catalyst

Concentration Ratio, X, %0 Yield, %
CH4:OQ, % CH4:OQ

H2 C2H6 C2H4
50,0 : 50,0 1,0:1.,0 significant formation of hydrogen with sparks
67,0:33,0 2,0:1,0 14,0 28,0 2,8 10,8
75,0:25,0 30:1,0 22,0 - 2,75 9,12
80,0: 20,0 4,0:1,0 significant formation of hydrogen with sparks
84.0:160 50:1,0 15,0 | - | 1.4 | 52

Note - T=1073K, V=3900 h'.

Series of experiments at a space velocity of reaction 3900 h™' and the temperature range 973-1173 K
on the investigation of reactants ratio CH,: O, within 1:1,2:1,3:1,4:1,5:1 was performed (Table
1). It was determined that the highest yield of ethylene 10,8% is observed at ratio of CHy: O, =2 : 1 at
reaction temperature 1073 K.

Effect of the changes in space velocity (1000, 3900, 10000, 12000 and 15000 h') of process on the
catalytic activity in oxidative conversion of methane was investigated. It was determined experimentally
that the best in the conversion of methane to 28% H, and 13,6% C, hydrocarbons is space velocity 3900 h°
"and contact time 0.9 s (Table 2).

Addition of water vapor into the reaction mixture at a ratio of CH,: H,O = 1: 0.5, space velocity 3900
h' and the temperature range of 973-1173 K, CH, : O, = 2: 1 was examined. It was shown that with the
addition of water vapor into the reaction mixture ethylene yield remained constant at 10,8% at 1073 K.
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Table 2 - Effect of space velocity on the performance of process
of oxidative conversion of CH, on 5,0% HPA/NC catalyst

Space velocity, Y Yield, %

I G 40 H, C,H, C,H,
1000 13 26 1,9 8.8
3900 13,9 28 2,8 10,8
10000 6,0 4,3 3,0 32
12000 15,0 4,0 8,1
15000 20,0 1,0 12

Note- T=1073K, V=3900h' CH,: 0,=2:1.

Also, we investigated the increase in the volume of catalyst to 5ml and decrease of space velocity to
1560 h' which shows that with increase of catalyst sample the yield of ethane and ethylene at 1073K was
respectively 26% and 4,6% with sharp decrease of ethane up to 3% and increase of ethylene to 10,7% with
increase in the reaction temperature on 50 K (Figure 1). It was shown that the yield of ethane and ethylene
at 1073 K was 2,6% with slight increase in the amount of ethane to 4,8% and ethylene 4,5% at raise of
reaction temperature to 1123 K with increase of space velocity up to 3900 h™.

"1073K
s 1123K

1 2

1-1560 ", 2 - 3900 h'. Catalyst — 5ml

Yield of C2H6 and C2H4, %
>

Figure 1 - Effect of space velocity and temperature of reaction
in the oxidative conversion of CH, on 5,0% HPA/NC catalyst

Thus, the optimal conditions for the oxidative conversion of methane on 5% HPA/TWC catalyst were
determined: the ratio of reactants CH,: O, =2 : 1, 1073 K temperature and space velocity 3900 h™.

On the example of 5-15% catalysts based on H,SiW;;04 and its salts on aluminosilicate was
established the formation of C,Hg, C,H,, CO,, H,, the ratio of which was determined by temperature of
reaction in oxidative dimerization of methane (ODM). The ratio C,H4:C;Hg in products increased toward
the formation of C,H, with increasing temperature and transition from high-percentage to low-percentage
catalysts. Catalysts 5% H;SiW1,0,40/AlSi (Scoms = 51.5%, Scome = 80.0%) and 15% H;PW,,04,/AlS1
(Scons = 39.2%, Scanc = 60.2%) had a maximum selectivity by C,-hydrocarbons. CaAZ, CaX, minerals
containing MgO, Si0,, and NaA can be recommended as a carrier. The yield of C;H, from CH, achieved
13,5-18,5% at conversion of CH, 23-32% and the ratio of C;H,: C,Hg 3,6-7.5, Figure 2.

The studied cations as part of HPC form series on the effectiveness of influence on yield of C,H, (%)
from CH.:

-for 5% [SiW1,]/Si0,: Na (13,7) > Mg (11,9) > Ce (11,1) > Cd (10,7) > Ni (10,0) > Pb (9,7) > Ca
(6,9) > Cr (8,1) > Fe (7,3) > Bi (7,0);

-for 5%[PW,]/Si0,: Mg (14,2) > Cs (12,7) > Pb (11,7) > Ba (10,0) > Cr (9.8).
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The composition of reaction mixture, % vol.:CH, - 20.5; O, - 15,4; Ar - 64,1; water vapor.

Figure 2 — Eftect of the nature of carrier of 5% [SiW|,] catalysts on conversion and yield of C, hydrocarbons in oxidative
dimerization of methane

The transition from supported HPA to their salts optimized ODM process. It was shown that Y and S
formation of C,H, increases with increasing ratio of CH; 0O, from 1:1 to (1,5-30):1 on 0,5%
H4SiW1,04/AlS1), Table 3. The composition of mixture, mol: CHy - 0018-0-0,0031, O, - 0,0013, inert gas
- 008-0-0,004 is optimal for synthesis of C,Hi. The positive effect has introduction of water vapor
(CH4:0; = 1:0,21, mol) into reaction mixture.

Table 3 — Influence of CH, and O, in mixture on yield and selectivity of C, hydrocarbons
on 0,5% H4SIW12040/AISI

Composition of reaction mixture, mol Yield, % Selectivity, %

C,Hg C,H, C,H, C,H,
CH,4-0,0013, 0,-0,0013, Ar-0,006 2.2 9.5 5,9 25,7
CH,4-0,0018, 0,-0,0013, Ar-0,0056 34 8.8 16,6 43,0
CH,4-0,0031, 0,-0,0013, Ar-0,0042 3.1 10,2 11,2 38,6
CH,4-0,0044, 0,-0,0013, Ar-0,0030 3,0 8,9 48,0 20,9
CH,-0,0018, 0,-0,0004, Ar-0,0065 5,1 5,2 284 29.0
CH,4-0,0018, 0,-0,0004, Ar-0,006 4.1 7.4 13,6 24.6
Note — T=750°C, 1=0.46s. By-products: CH,0, H,, CO,.

ODM process can be intensified by additional oxidative dehydrogenation of ODM product - C,Hs into
C,H..

Conclusion

Thus, it follows from the above results that optimization of the ODM process can be achieved by
rigorous selection of the process parameters of the reaction, by improving the composition of the
supported catalysts, for example, by substituting the protons of the HPA for metal cations of Groups I and
I, by applying GPC to silicon-containing carriers (Si0,, pentasils, aluminosilicates, and synthetic
zeolites).
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METAHHBIH OJIE@AHAEPTE JENIH KATAJTUTAKAJIBIK KOHBEPCHACHI

AnnHotamust. XuMmus eHAipicinae onehuHICpAiH 2neMIik KomMmaHBLTYyBl KbIT 6TKCH CaWblH ecyae. byn
TIOJMATHIICH, STHUJICHTIINKOIb, AETATbACTU JKOHE BHHIUIXJIOPHA CEKULTI XUMHUSIIBIK MAHbI3IBI OHIMACPAL 6HIIPYTE
apHayFaH oneuuaepai KonmaHbUTy bIHBIH apTyBIMEH OAHIAHBICTEL ¥ CHIHBUIFAH XKYMBICTA METAHHBIH OJe(hUHICpPTE
TOTBIFY KOHBCPCHACHIHAA (ocop xoHEC BOMB(QpPaM HETI3IHACTI KACANBIHFAH TeTePONMOTUKBIIKeLIabl (I TIK)
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KATATH3aTOPIAPABIH  OCJICCHAIMTIHG 3CpPTTICYNCp JKYprisimmi. ©Op TYpal CHHTICTHKANBIK JKOHE TaOWFH
TaCBIMAJIIAFBIINKA OTHIPFBI3BIIFAH KATATH3ATOPIAP KACATBIHABL. MCTAHHBIH TOTHIFA AHHATY YPHAiCi OapBICHIHIA op
TYPJI TEMIIEPAaTypa MEH KOIEMIIK SKbIIIAMIBIKTA PCAKLUMAFa TYCETIH KOMIOHECHTTEpAiH KatbHacel, coHpmaii-ak
peaxmsueik Kocmara ¢y OybIHBIH ocepi seprrenai. Tadwrm Tackmmanmarsmuka 5% [TIK ¢HTisreHae peakuusIbIK
Kocmaman 3TaH, 3THJICH, CYTCK JKOHC NPONMAWICH TY3UIreHi Oaiikamapl. CHHTCTHKANBIK TAChIMAIAFBIIIKA
OTHIPFBI3BITFAH KATATH3ATOPIIAP YIIiH AC OCBIHAAN OCACCHALTIK OaiKanapl. MCTaHHBIH TOTHIFA AHHAY KOHBCPCHACH
YIIiH TAOWFU TACHIMAIIAAFBIIKA OTHIPFRI3BLTFAH 5% [TIK KaTanu3aTOPBIHBIH OHTAMIIBI KAFJAHBIHBIH mapTTapsl T =
1073K, W=3900 car', CH,: O, = 2 : 1 Goxbm Tabbimagsl. PeakImsIbIK KOCIAFA Cy OYbIH KOCKAHIAFHI OCEPi OH
HOTIKE KOPCETETIHI AaHBIKTAIIBL.
Tyiiin ce3aep: KaTaTMTHUKAIBIK TOTHIFY, KATAIN3aTOPAApP, METAaH, O HUHACD.
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KATAJIMTHYECKAA KOHBEPCHSI METAHA B OJIE®@HUHBI

AnnoTtamus. MuUpoBoe IMpUMEHEHHE OJC()UHOB B XUMHYCCKONW IMPOMBIIIICHHOCTH PACTET C KAXKIBIM TOTOM.
3T0 CB3aHO C YBEIMUYCHHUEM MOTPEOICHIUS OJC(HHOB IS TPOM3BOICTBA XHMHUCCKH BAXKHBIX IPOAYKTOB, TAKUX KaK
TIOJMATHIICH, 3THJICHTIMKOJb, aCTANbACTH M BHHUI XJIOpHI. B mpeacrasieHHON paboTe MPOBEACHO HCCIIC0OBAHNIE
AKTHBHOCTH paspadoraHHbIX rereponommkncaoTHex ([TIK) karammsatopoB Ha ocHoBe (hocdopa W Boab(ppama B
OKHCIIMTCITFHON KOHBCPCHH MeTaHa B onc(uHBL Pa3paboTaHHBIC KATATH3ATOPHI OBLTH HAHCCCHBI HA Pa3IIHYHBIC
TPUPOJHBIE M CHHTCTHUYCCKHE HOCHTENH. [IpOIECC OKWCIMTENPHOTO NPEBPAIICHHS METAHA WCCICIOBAJICA TPH
BAaPbUPOBAHMH TEMIICPATYPHI PEAKIMH COOTHOIICHHE PEardpyFOINNX KOMIIOHCHTOB, OOBEMHOH CKOPOCTH, a TAKKE
H3YUCHO BJIWSHHC 00ABICHUC IApOB BOJBI B PEaknuOHHYIO cMmech. IIpm Hamecenmu 5% [TIK Ha mpuponHbie
HOCHTEIH B PEAKIHOHHON CMECH HAOMOmaixoch 0OpPa30BAHME 3TaHA, ITHIICHA, BOJOPOJA WM NPOIMMIICHA. Takas ke
AKTHBHOCTh HAOIOAANACh W U1 KAaTaTM3aTOPOB HAHCCCHHBIX HA CHHTCTHUCCKHE HOCHTEIH. YCTAHOBICHO, HTO
ONTHMANHbHBIMH YCIOBHSIMH OKHCIUTCIHHOH KOHBEpCHHM MeTaHa Ha Karammsarope 5% ITIK HaHeceHHOM Ha
npupoHsIi HocuTesb apmorea: T = 1073K, W=3900u", CH,: O, =2 : 1. OnpeieIeHO TMONOKUTETHHOE BITHAHIC
J00aBICHNUS TAPOB BOJBI B PEAKIIHOHHYFO CMECh.

KimoueBnbie c/10Ba: KaTaIuTHIECKOE OKHUCICHHE, KaTaIM3aTOPBI, METaH, OJIC(UHBL.
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