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The aim of this research was to develop the technology of new composite material synthesis
for the processing of natural gas methane into olefins. The effects of technological parameters
(temperature, volumetric rate, reaction mixture composition) on methane’s oxidative conversion
into important petrochemical products has been studied. The paper presents data on methods
developed for synthesis and physicochemical characteristics of catalysts. The technological
parameters of the process conducted by means of integrated automated laboratory setup were
optimized. It has been established that 10% K-30% Mn-10% Nb/50% glycine catalyst prepared
by the solution combustion synthesis (SHS) method in solution was active for olefin formation
at oxidative transformation of mixture 41.8% CH,+16.2% O,+42% Ar at a volumetric velocity of
3500 h. It was determined that at T=800°C, yields of C H, and CH, were 3.3 and 14.3%,
respectively.
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3epTTey MakcaTbl MeTaHAbl MaHbi34bl MYHANXMMUANBLIK eHimaepre KalTa eHaeyae
KaHa KOMMO3MTTI MaTepuangapibl cuHTesgey 6onbin Tabbinafbl. MeTaHHbIH, MaHbI3abl
MYHaUXMMUANBIK HIMmAepre TOTblfa allHaNy PeakUUACbIHbIH, TEXHONOTUANIK NapameTpaepiHiH,
(Temnepatypa, Kenemaik KbingamablKk, PeakuMANbIK KOCMNaHbIH, Kypambl) acepi 3epTTeniHai.
Makanaga AaliblHAANfFaH KaTaausaTopnapAblH CUHTe3aey aaicTepi MeH GU3NKa-XMMUANBIK,
KacueTTepi  yCblHbINFaH. ABTOMATTaHAbIPbINFAH  3epTXaHaNblK  KOHAbIPFbIAA  YPAICTIH,
TEXHO/IOTMANIK, NapameTpaepi oHTaWnaHAbIpbinFaH. EpiTiHAIAe e34iriHeH TapanaTbiH Kofapbl
Temnepatypanbl cuHTes (BTHKTC) saicimeH 10% K-30% Mn-10% Nb/50% ravumH aanbiHaanFaH
KaTanusatopaa 6aCTaI'IKbI peakumusanblk - Kocna  41,8% CH, +16,2% O,+42% Ar,  kenemaik
*KblngampblFbl 3500 caf?! TOTbIKTbIpFaHAa onebUHAEpPAiH, Tysmy 6enceH,a,|n|r| aHbIKTaIbIHAPI.
3epTTey HaTuenepi T=800°C kesiHge C, H,koHe C,H, weifbimaapsl 3,3% xaHe 14,3% KYPaWTbIHbI
aHbIKTaNbIHAbI.

TyiiiH ce3pep: MmeTaH; KaTaNu3AiK TOTbIFy; ©34iriHEH TapanaTbiH XOFapbl TemnepaTypanbl
CUHTE3; 3TUNEH; CyTeri.
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Lenbto paHHOro wuccnenoBaHua 6Obl1o paspaboTaTb TEXHONOTMIO CUHTE3a HOBbIX
KOMMO3MLMOHHbIX MaTepuanoB ANs nepepaboTKM MeTaHa B BaKHble HedTexumuuyeckue
npoayKTbl. MiccnenoBaHo BAWAHME TEXHONOMMYECKUX NapameTpoB (TemnepaTtypbl, o6bemHoM
CKOPOCTW, COCTaBa PEAKUMOHHOM CMECH) peaKkLun OKUCAWUTENBHOrO MPEBPALLEHUA MeTaHa
B Ba)XHble HedTexMmuuyeckue NpoAyKTbl. B cTaTbe npeacTaBneHbl AaHHble pa3paboTaHHbIX
MeTOA0B CWMHTE3a W YCTAaHOBAEHbl (GUIMKO-XMMUYECKME XapaKTEPUCTUKM KaTaAn3aTopoB.
ONTMMM3NPOBaHbI TeXHONormyeckune napameTpbl npouecca, nposeaeHHOro Ha
aBTOMaTU3MPOBAHHOM N1abopPaTOPHOMN YyCTaHOBKE. YCTAHOB/IEHO, YTO aKTUBHbIM MO 06pa3oBaHuUI0
oneduHoBNpm OKMCHMTeanOM npespawexnun cmecn41,8% CH,+16,2% O,+42% Arnpu obbemHol
ckopocTu 3500 4t asnsertcsa 10% K-30% Mn-10% Nb/SO% rnMu,MH KaTanm3aTop, NPUTrOTOB/IEHHbIN
MMEeTOLO0M CamMOopPacnpOCTPOHSAIOLLErocs BbiCOKOTEMNepaTypHoro cuHTe3a (CBC) B pacTtBope.
OnpeaeneHo, yto Npu T=800°C BbIXOA, C,H 1 CH, cocTasnner 3,3% 1 14,3%, COOTBETCTBEHHO.

KnioueBble €N0Ba: MeTaH; KaTa/IMTUYECKOE OKUC/IEHUE;
BbICOKOTEMMEPATYPHbIN CUHTES; 3TU/IEH; BOLOPOA,.
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1. 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,
considerable 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 15" in the world and 4" 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 orabsence of new catalytic technologies
for the directed processing of light C,-C, 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 obtaining 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 [2-5].

In the work of Karakaya [6], 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, volumetric rate 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 CH4/OZ=2.

In[7] Sr-Al, La-Sr-Al and NaZWO4—Mn/SiO2 series of
catalysts were prepared by solution combustion synthesis (SCS).
The activity of catalysts was investigated at 450-850°C and
CH,: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 at ~ 800°C was 11.5% with C2H4/CZH6=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 CZHA/C2H6=1.7 and 1.6 ratios,
respectively. It was found that the 10% Na,WO,- 5% Mn/SiO,
catalyst was the most highly active and selective one which
provides the maximum yield of C, hydrocarbons at 750°C (21%)
with the C,H,/CH =2 ratio.
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In [8] the Mn-Ce-Na,WO,/SiO, 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 volumetric
rate of gas hourly space velocity (GHVV)=6050 ml-g*-h* was
achieved.

It is known that self-propagating high-temperature
synthesis (SHS) contributes to the production of catalytically
active, heat-resistant, nanostructured and promising composite
materials. In the present work, the catalysts tested in the
process of oxidative conversion of methane into important
petrochemical products were prepared by the method of
combustion in a solution.

2. Experiment

2.1 Catalyst preparation

The experimental part presents the results of the study of
the activity of the following catalysts:

1.5% K —3.5% Mn/AlSi;

1.5% K —3.5% Mn/AlSi+50% urea;

10% K —30% Mn — 10% Nb/50% glycine.

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 200°C for 2 h. Calcinations of samples at
500°C 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 using the SCS method were prepared [9-11].
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 min 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.

2.2 Characterization techniques

Analysis of the initial mixture and the reaction products

was performed using “Chromos GC-1000” (Russia)
chromatograph, which was equipped with packed and capillary
columns. The packed column is used for the analysis of H, O,
N, CH, CH, CH, C-C, hydrocarbons, CO and CO,. A capillary
column is used to analyze 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.
The speed of the carrier gas (Ar) is 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%.

2.3 Physico-chemical methods

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
Composites Laboratory,
Nanotechnology NCSR “Demokritos” (Athens, Greece). Nitrogen
with helium was used as carrier gas.

Morphology, particles size, chemical composition of initial
and worked out catalysts were performed on transmission
electron microscope TEM-125K with enlargement up to 66000
times by replica method with extraction and micro diffraction.
Carbonic replicas were sputtered in universal vacuum station,
and carrier of catalysts was dissolved in HF. Identification of
micro diffraction patterns was carried out by means of ASTM
cart index (Ukraine).

Natural gas with a methane volume of at least 99.99%
(LLC “Cryogen”, Kazakhstan) is the main object of study.

Institute of Nanoscience and

3. 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 the volumetric rate
of 6500 h?. As can be seen from Figure 1, the yield of the
reaction products 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 —
CH, and CH, is observed in the oxidative conversion of
methane. 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 ethane and ethylene does not exceed
5% at all temperatures.
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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

The active phase of 1.5% K-3.5% Mn was introduced into
AlISi+50% urea mixture, followed by preparation of catalyst by
SCS method for oxidative conversion of 66% CH,+34% O,
mixture at CH,:0,=2:1 ratio and 6500 h™* space velocity without
diluting the reaction mixtures with argon. As can be seen from
Figure 2, the yield of reaction products increases with increasing
the reaction temperature from 650 to 900°C. In this case, H,,
CO, and CO,, the yield of which increases with increasing
reaction temperature, are also the main reaction products. The
yield of ethylene also does not exceed 5% at all temperatures.
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Figure 2 — Effect of reaction temperature on the product yield
of the oxidative conversion of methane on 1.5% K-3.5% Mn/
AlSi+50% urea catalyst

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% CH,+16.2% O,+42.% Ar mixture at a space velocity of
3500 h™ and CH,:0,=2.5:1.0 ratio will be given. As can be seen
from Figure 3, the three-component composition with the
addition of niobium showed good activity in relation to the
formation of olefins compared with the two-component
compositions of catalysts prepared in various ways. The yield of

ISSN 1563-0331
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C,H,and CH, also increases with an increase in the reaction
temperature from 600 to 800°C. At a temperature of 800°C, the
yield of C,H, passes through a maximum and decreases again
with increasing temperature to 900°C. The yields of H,, CO and
CO, slightly change with increasing temperature and vary within
2-3%. Thus, the optimal temperature for the formation of CH,
at which the yield is 14.3%.

Yield (%)

600 650 700 750 800 850 900
T (%)

Figure 3 — 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 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. 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 C,H,among the
studied compounds. It was found that 800°C is the optimum
temperature for the formation of 3.3% CH, and 14.3% CH, in
the process of oxidative conversion of the mixture
41.8% CH,+16.2% 0O,+42% Ar with a ratio of CH,:0,=2.5:1.0and a
space velocity of 3500 h?.

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 the BET method (Figures 4
and 5).

It is known that five types of hysteresis loops were
identified and correlated with various pore shapes by De Boer.
Hysteresis type A corresponds to cylindrical supports, type B is
associated with slit-like pores, hysteresis type C and D are
wedge-shaped pores, and hysteresis type E is produced by the
pores of the neck of the bottle. The isotherm of adsorption and
description of applied K-Mn catalyst shown in Figure 4
correspond to the first type of hysteresis A [12].

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.

Chemical Bulletin of Kazakh National University 2019, Issue 2(93)
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Figure 4 — Isotherm of adsorption and desorption of applied
K-Mn catalyst

This conclusion is also confirmed by electron microscopic
studies of catalysts. Figure 6 shows the electron microscopy
and electron microdiffraction data of the accumulation of
particles whose sizes vary from 5-10 nm to 50 nm or more. The
microdiffraction (a) pattern is represented by symmetric and
separate reflexes and can be related to the phase mixture:
a-KO, (JCPDS, 8-351), e-MnO, (JCPDS, 12-141), KAIO, (JCPDS,
2-897), Mn.AlSi.0, 3H,0 (JCPDS, 18-1286) and perhaps
MnALO, Galaxite (JCPDS, 29-880), K,Si, 0, (JCPDS, 26-1463),
AIZMn408 (JCPDS, 16-205).

Figure 6b shows small accumulations of small dense
particles with a size of 4-5 nm. The microdiffraction pattern is
represented by a small set of weak diffuse rings and can be
attributed to a mixture of phases: a-Mn,0, (JCPDS, 24-508) and
K,0, (JCPDS, 32-827). Figure 6c shows large translucent and
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Figure 5 — Differential dependence of pore size distribution on
applied K-Mn catalyst

dense particles with sizes ranging from 50-100 nm to 200 nm or
more. The microdiffraction pattern is represented by a small set
of reflexes and can be attributed to a mixture of phases:
a-K,Si0,(JCPDS, 31-1076), Mn,(SiO,),(OH), Allghanyite (JCPDS,
22-726), B-MnO, Pyrolusite (JCPDS, 24-735), e-MnO, Akhtanslite
(JCPDS, 30-820) and K, , Mn, ,,0,(JCPDS, 30-950).

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.

L >
_ S00mM 1000 HM

Figure 6 — Electron microscopic images of the 5% K-Mn catalyst (x 66000)

4. Conclusions

Thus, synthesis methods developed, and

physicochemical characteristics of catalysts were established.

were

Technological parameters of the process, conducted 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% CH, +16.2% O,+
42% Ar at 800°C and space velocity of 3500 h*.

It follows from the results that it is possible to optimize the
process of oxidative conversion of methane by selecting the
optimal technological parameters of the reaction and improving
the composition of the catalysts.
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