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Kinetics and Mechanisms of Oxycondensation
Reaction in Methane Molybden-Marganets-
Zirconium Catalysis

N.l. Fayzullaev and Sh. B. Raxmatov

Abstract--- Based on the ultrafine molybdenum-manganese-zirconium-containing powder, an effective catalyst
has been developed for the oxidative dimerization of methane. To obtain molybdenum-manganese-zirconium-
containing compounds, the sol-gel method was used. The particle sizes and chemical composition of the obtained
compounds were determined. The use of the synthesized product as a catalyst allows to reduce the temperature of
the reaction, the oxidative dimerization of methane and to increase the selectivity of the process. In the presence of
the obtained catalyst, the kinetic laws of the oxidative dimerization of methane were studied, and a mechanism and

kinetic model of the reaction were proposed on their basis.

Keywords--- Temperature, Bulk Velocity, Adiabatic Reactor, Contact Time, Conversion, Diameter, Film

Thickness, Mass Transfer.

I. INTRODUCTION
Limited oil resources and rising oil prices stimulate research on the production of organic products from other

sources of carbon raw materials. Without underestimating the importance of coal and bioresources, it is natural gas
that should be considered the closest alternative to oil in the production of products of basic organic synthesis [1-2].
Uzbekistan occupies a special place both in explored reserves of natural gas (about 5% of world reserves) and in
terms of its production [2-3]. But the scale of production and production of gaseous hydrocarbons (including those
of petroleum origin) significantly exceeds the share of their qualified use. Due to the irrational use of hydrocarbon
gases, accompanied by their flaring, valuable chemical raw materials are irretrievably lost, and the environmental
situation in the oil and gas production and processing areas is constantly deteriorating. For Uzbekistan, the qualified
use of natural gas is also promising in connection with the existence of an effective gas pipeline system that allows

for the guaranteed supply of gas raw materials to the places of its processing to target petrochemical products [4-5].

Among the processes of direct processing of methane into organic products, starting from the 80s, the oxidative

dimerization of methane (ODM) with the formation of ethane and ethylene has been widely studied.

At the same time, it is known that methyl groups of other compounds, such as toluene, acetonitrile, etc. can also
enter into the processes of oxidative condensation with methane. Systems effective in the ODM process have also
been proposed as catalysts for these reactions. However, the conduct of these reactions in the presence of catalysts
based on lanthanide oxides has not been sufficiently studied, although these oxides are generally recognized to be

most active in ODM.
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The aim of this work is to study the influence of the nature of the support and texture characteristics on the
activity of Mn;Os) - (Na,M0Oy)y - (Zr0,),, (KCI),-(Mn,03),*(ZrO,) , catalysts effective in ODM and to reveal the

mechanism and kinetics process.

Il. EXPERIMENTAL PART
The specific surface area of the obtained catalysts was determined by the Brunauer-Emmett-Teller (BET)

method by thermal desorption of argon on a helium-argon mixture. The shape and particle size of the obtained
powders were determined by transmission electron microscopy (TEM). TEM images were obtained on an EMV-

100LM electron microscope with a resolution of 0.3 nm at an accelerating voltage of 100 kV.

The chemical composition of the powders was studied by electron diffraction and x-ray phase analysis methods.
The diffraction pattern of accelerated electrons was obtained on a transmission electron microscope in the micro
diffraction mode with sections up to 2 um in size. To establish the identity of the samples of the catalysts, X-ray
phase analysis was performed on a computer-controlled XRD-6100 apparatus (Shimadzu, Japan). CuK, radiation (§
filter, Ni, 1.54178 mode of current and tube voltage of 30 mA, 30 kV) and a constant detector rotation speed of 4
deg./min were used. in increments of 0.02 degrees. (o / 20 coupling), and the scanning angle varied from 4 to 80°.
To calculate the interplanar distances, Tolkachev tables were used, and the relative intensity of the I / I, diffraction

lines was determined as a percentage of the most pronounced reflection at the maximum [6-7].

The phase composition was determined by comparing the values of interplanar spacings obtained from the
diffraction patterns and the corresponding intensities of diffraction maxima with the values presented in the PDF
database (Powder Diffraction File) of the joint committee of standards - JCPDS (Join Committee on Powder
Diffraction Standards) [8-9].

The catalytic properties of the synthesized ultrafine molybdenum-manganese-zirconium-containing powders in
the oxidative methane oxidation dimerization reaction were determined in a flow unit in a differential quartz reactor
flow (P = 0.1 MPa, V¢ = 0.5 ml + 2 ml, CH4: 02 = 2 + 4 contact time 0.1 - 0.09 seconds) in the temperature range
from 750 ° to 850 ° C [10-14].

The weight of the catalyst was 0.5 g. The volumetric feed rate of the gas mixture to the catalyst was 1000 h™.
The catalyst was placed in a quartz glass reactor and heated in the reaction mixture at a temperature rise rate of 4

deg / min.

The composition of the initial reaction gas mixture and the composition of the final reaction gas mixture after the
reactor were determined chromatographically on a Colour-100 gas chromatograph. To determine the amount of by-
products in the oxidative dimerization of methane and to determine the selectivity of the catalyst, a chromatographic

analysis of the condensate was carried out on a Crystal Lux gas chromatograph [15].
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Figure 1 shows the x-ray of the obtained powder.
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Figure 1: X-ray of Catalysts
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I11.EXPERIMENTAL RESULTS AND THEIR DISCUSSION
To study the kinetic laws of the methane oxycondensation reaction, the effect of partial pressures of methane and

oxygen on the rate of ethylene formation at a temperature of 700 + 800°C and a volumetric velocity of 600 + 1200 h’

! was investigated.

In studying the effect of the partial pressures of the reagents on the transition laws of the process, the partial
pressure of one gas was kept constant by changing the pressure of the other. The required amount of pure argon gas
was sent to the reaction zone so that the linear velocity did not change. The size of the catalyst was adjusted to the

research conditions to maintain a constant relative speed.

Kinetic studies have shown an improvement in process performance with increasing contact time and

temperature rise.

An increase in the CH4: O, ratio leads to a decrease in methane and oxygen conversion. The introduction of
ethane, ethylene, CO and CO, into the reactor has been shown to reduce product formation. An increase in contact
time leads to an increase in methane and oxygen conversion and a decrease in selectivity over ethylene. As the
temperature rises, the conversion of methane increases and the selectivity for ethane and ethylene decreases.
Methane: As the oxygen ratio increases, the selectivity with respect to ethane increases, while the selectivity with

respect to ethylene remains unchanged.

As the temperature increases, the conversion of oxygen increases. At 700°C the oxygen conversion is 95% at 0.9
s, while at 1000°C the contact time is 0.009 s.

As the conversion of oxygen increases, the selectivity of the process decreases. However, this relationship with
temperature is complex. As the temperature increases, the selectivity of the process decreases to 700-800°C and then
increases to 850-950°C.

To select the experimental conditions, the methane oxidation dimerization reaction was carried out in an empty
quartz reactor of different diameters (without a catalyst) and in the presence of a catalyst in the flow of a mixture of

gases in different directions. The results obtained are presented in the following tables.

Table 1: Influence of Empty Reactor Volume on Product Composition in Methane Oxidation Dimerization Reaction

Vv=38,3cm’ | V=122.8 cm’
D=11mm | D=22mm
Conversion of methane | 56.8 384
Conversion of oxygen | 96.2 99.4
Selectivity, S¢, | C,H, | 6.4 19.3
C,H; | 20.2 25.2
C,Hs | 5.0 5.8
CoO 46.4 18.4
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Table 2: Influence of the Direction of Flow of Reaction Gases on the Catalyst Activity in the Oxidative

Dimerization Reaction of Methane

Submit from below | Submit from above

Conversion of methane | 58.6 61.3
Conversion of oxygen | 97.2 96.8
Selectivity, S¢, | C,H, | 6.4 4.7

CH, | 21.2 16.5

C,Hs | 3.8 2.8

CO 20.9 40.1
Am cat, mg +1.3 20.4

The data show that in the methane oxidation dimerization reaction, the conversion of the starting materials and
the selectivity for the products are strongly dependent on the diameter of the reactor and the direction of flow of the

gas mixture.

The kinetic laws of the process of oxidation of methane in the presence of an acceptable catalyst containing
(Mn,03) * (Na;MoOQ,), * (ZrO,), were studied under differential reactor conditions at different values of partial

pressures and temperatures of the starting materials and a kinetic model of the process was developed.

The kinetic equation for the catalytic oxidation dimerization reaction of methane is similar to the first-order

reaction equation:
W = Kes - Cep,
ke - the effective constant of the reaction and represents the combination of the true rate constants of the
occurrence of the elementary reactions, the development and cessation of the elementary reactions. Ccy,-
concentration of methane.
It is known that when using the flow method, the assumptions of the ideal compression mode are generalized and

the system is considered to be in a quasi-stationary state. In this case, the following equation is appropriate for the
products of the ideal squeezing regime in the reaction zone:

1 1
Kef =;ln

where, the conversion rate of a-methane; t-contact time (ratio of the volumetric velocity of the flow through the

reactor to the volume of the reactor).
The activation energy was calculated using the following equation based on experimental data obtained using the
least squares method:
ef
In ke= In A - 2o
RT

The coke formed in the methane oxidation dimerization reaction was studied using electron microscopic analysis
on a scanning probe microscope (SZM Solver PRO). The results obtained by this method were also confirmed by

the results of IR spectroscopy:

The kinetic and activation parameters of the methane oxidation dimerization reaction were determined by
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plotting the relationship between In ﬁ and the contact time .

The activation energy of the methane oxidation dimerization reaction and the accumulation of ethylene and

methane were found to be based on the relationship between Ink and 1/ T.

Kinetic models of methane oxycondensation reaction [16-20]:
4CH, + O; — 2C,Hg + 2H,0 wy = k1P 0,
2CH4 + 02 g C2H4 + 2H20 Wy = k2 . PO2

2C2H6 + 02 i 2C2H4 + 2H20 W3 = k3 -P CoH, . PO

2

CH4 + 202—>C02+2H20 W4:k4'P CH, .PO

2

CH,+1,50,—CO+2H,0 Ws=ksP ¢y P g

2

C2H4 + 202 — 2CO +2H20 Wg = k6 . PC2H4. PO

2

CeHy +30, — 2C0O, + 2H,0 w7 = k7 - Py - Py

2

As a result of kinetic studies and calculations, the following values of Kinetic parameters were obtained:

Igk;=24,56-18020/T; Igk,=10,0-9997/T; Igks;=38,72-34073/T; Igk, = 13,48-2855/T; lgks = 18,21-6104/T; lgks =
13,01-10904/T; lgk; = 12,87-10114/T;

where T-temperature, K.

The rate of adsorption of methane and oxygen on the catalyst surface was taken as the decisive (limiting) step in
the derivation of the kinetic equation of the catalytic oxycondensation reaction of methane. The adsorption process
on the surface of the catalyst is monomolecular, with methane and oxygen being adsorbed separately on the active

sites.
Based on the data obtained from experimental studies, it is possible to write the basic reaction rates:

W, = 0.015 exp (-6134/T) C&#, - €45
W, = 0.6 exp (-11908/T) €3, - €41
W; = 1.0-10™%exp(-772/T) €25 - C4°
W, = 1.0-10"%xp(26461/T)C2S,, - C4°

V. MECHANISM OF METHANE OXYCONDENSATION REACTION
It is known from the literature that the slowest step in methane activation is the disruption of the C-H bond. CH,

+ OZ — CH; + OHZ The energy barrier for the activation of the methane molecule by the reaction is = 230 kJ / mol
[21]. It should also be noted that the energy of activation of the methane molecule by OH - radicals is = 23 kJ / mol
[22]. The following is the change in Gibbs energy when activating a methane molecule with hydroxyl and hydrogen

radicals:
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CH, + OH —CH; + H,0 AG29g = —64,3 K]

CH, + H - CH; + H, AGY9g = —4,8 K]

The calculated value of the energy of activation of the methane molecule by hydrogen radical is E, = 40 ki/mol

[23].

Optimized intermediate state structure of methane molecule activation reactions with OH - and H - radicals

(Figure 1):
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Figure 2: Optimal intermediate state structure of methane molecule activation reactions with OH - and H - radicals

The results of quantum chemical calculations of activation reactions CH, + OH — CH; + H,0 and CH, + H' —

CH; + H, are given in the following tables.

Table 3: The results of quantum chemical calculations of the total energy E.q., zero vibration energy Eq and absolute

entropy S2 for the basic and intermediate states (OH) of the molecule, as well as the reaction of activation of the

methane molecule with OH-radicals A, Gog, A, Hog and A, S5 thermodynamic quantities

CH,+ OH -» H;C —H—0OH - CH; + H,0

Molecular system (electron

B3LYP/6-311++G(3df,3pd)

Experimental amount

condition) Total energy Energy zero S9s S8 A, Hog
Etotal =) (kJ/mOl)a J/mol-K J/mol-K kJ/mol
CH4('A) -40.537394 117.0(0) 197.5 186.4 -74.60
+
OH(°1T) -75.766245 22.0(0) 478.2 183.7 +38.99
)
OX(?A) -116.300514 133.6(1) 258.2 - -
Figure 1.a AE, iw =
1 =82kJ/mol |817cm?
CH;(CA™,) -39.858357 194.3 194.2 +145.7
+ 78.0(0)
H,0 (*Ay) -76.464512 188.6 188.8 -241.8
------------------- 55.9(0)
AGg = —52.0 k] ArHgoq A, S%g A, S0 A, Hq
= —49.8kJ =+7.2J/K +129J/K = —60.5kJ
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Table 4: The results of quantum chemical calculations of the total energy E;q., zero vibration energy Eq and absolute

entropy Sgog for the basic and intermediate states (OH) of the molecule, as well as the reaction of activation of the

methane molecule with H - radicals A, G29g, A,Hog and A,.S3eg thermodynamic quantities CH, + H — HC —
H - H s CH3 + H2

Molecular system (electronic B3LYP/6-311++G(3df,3pd) Experimental amount
state) Total energy Ewr | Energy zero Eo S29s S29s A Hog
(kJ/mol) J/mol-K J/mol-K kJ/mol
CH.(*A) -40.537394 117.0(0) 197.5 186.4 -74.60
+
OH(*P) -0502257 114.6 114.6 +218.0
l
OH(*A) -41.024411 111.5(1) 227.1 - -
Figure 1.b AE, iw=1124cm®
l = 40,0 kJ/mol
CH3(’A",) -39.858357 194.3 194.2 +145.7
+ 78.0(0)
H,0('Ay) -1.180034 130.25 130.5 0.0
------------------- 26.4 (0)
A.Glog = —52,0 kJ ArHeg = —9,3K] A.S3og A.S3og A Hog
=+12,4//K = +23,7J/K =+2,3k]

The proportion of ethylene in C,-hydrocarbons is slightly higher when halogen catalysts are used than when
oxide catalysts are used. The authors [24-27] hypothesized that the dehydrogenation of C,Hg in the gas phase was

accelerated by CI' radicals:

1. HyO'*Z + 2KCI <5 K,0 + 2HCIZ
2. HCI'Z + OH+Z <> H,0+Z + “Cl-Z
3. 'Cl+Z+CH,¢>CH3 +HCIZ

4. CoHg+ "CleZ¢>CoHs +HCIZ

5. C;Hs+ O+Z—CoH,+HOZ

where Z - the vacancy activity center of the catalyst.

In order to study the above points in more depth and to check the position of oxygen in the processes that take
place, the effect of partial pressure of oxygen used as a starting material in the oxycondensation reaction of methane
was studied. Initially, experiments were performed to determine the position of the oxygen involved in the reaction

in the reaction mechanism.

Only methane was sent to the reactor. Experiments have shown that if the oxygen in the catalyst is not involved
in the reaction, no oxycondensation will take place and the reaction products will not contain ethylene or ethane

molecules. The results of the tests confirmed the presence of ethylene in the reaction products.

The results of the experiments showed that all the oxygen in the catalyst was completely consumed in the
reaction of oxy-condensation. We assume that manganese oxide is the main source of oxygen in the catalyst and that
it is subsequently regenerated with oxygen in the gaseous medium. Experiments were performed to modify the
amount of manganese oxide in the catalyst to base this assumption. When the amount of Mn,0O; in the catalyst is

reduced, the amount of ethylene in the reaction mixture is reduced. This assumption is proved with our point.

It is known from the literature [28-37] that the oxycondensation reaction of methane proceeds by a

heterogeneous-homogeneous mechanism. Activation of methane occurs on the surface of a solid, oxidized catalyst.
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At the active center of the catalyst, a single hydrogen atom is released from the methane molecule and a methyl

radical is formed. Methyl radicals recombine in the gas phase to form the ethane molecule:
CH,+[0] —» CH 3 +[O]
CH; +CH; — CoHg
Where [O] is the active oxygen center on the surface of the catalyst;

[OH] -hydroxy group adsorbed on the surface of the catalyst;

The process then proceeds according to the following scheme: a water molecule is formed from 2 adsorbed

hydroxy groups and an oxygen void is formed on the surface of the catalyst:
2[OH] — H,0 +[0] +[]
Then the regeneration of the oxygen center takes place:

O0,+2[1—2[0]
Dehydrogenation of ethane to form ethylene occurs at the active center on the surface of the catalyst at

temperatures above 700°C:
CH; — [CH3] ads T Z[H] ads» 2[CH3] ads — [C2H6] ads + ads

[CoHe]s + [0]s —[CoH ¢ Is + [OH']s; [CoHs]s + [Ols — [CoHa] + [OH']s
[CoH ;s + [02]s — [CoH]+[OH']s; [CoHe]s + [O2]s —[CaHals + 2[OHTs

[CoH g1+ CHy — CoHg + CH3 5 [CoH £ Is + [O2]s — [CoHa]+[OH's

[CoHe]s + [O2]s —[CaHu]s + [H20]; [CoHg] ags —[CoHalagst Ha
The activation of methane in oxycondensation in the presence of an acceptable catalyst containing Mn,O3), *

(Na;MoO,), * (ZrO,), can be expressed by the following scheme:

0
o (Mn202)*(NaxMoO4)yy*(ZrO2):

Figure 3: Activation of Methane on the Catalyst Mn,O3), * (Na;M0Q,), * (ZrO,),
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Selective methane activation on tungstate
*.0*-Mo® + CH, »H"- O *-- Mo®" - CHy
H*-0*--Mo® - CH; —»OH™ + CH; + Mo®*

Mo — Mo® + ¢
Redox mechanism
Mn®* + e -»Mn**
Mn*+0, »Mn*"

Unselective methane activation
aMn,0; + b CH; —»— 2 a MnO + b CO, + ¢ H,0O
Selective methane activationon manganese oxide
*_.0*-Mn*+CH, > H" - 0* - - Mn**- CHj
H*-0*--Mn*- CH; — OH" + CH3+ Mn?

V. THERMODYNAMIC ANALYSIS OF METHANE OXYCONDENSATION REACTION
The thermodynamic parameters of the reactions calculated on the basis of the values of heat and Gibbs energies

are given in Table 5.

Table 5: Calculated Values of Heat and Gibbs Energies of Reactions

Ne | Reactions AH . Kdimol | AG®, kd/mol
1 | 4CH4+ O, — 2CyHg + 2H,0 | -176.6 -197.296

2 | 2C,Hg + O, — 2C,H, +2H,0 | -104.7 -363.242

3 | 2CH; + O, —» CyH, + 2H,0 -281.314 -280.06

4 | CoHy+20, - 2CO +2H,0 | -756.162 -937.574

5 | CHy + 20, —» CO, + 2H,0 -801.724 -1006.544

6 | C,H,+30,—2C0O, + 2H,0 | -1321.716 -1286.186

7 | CHy+ 1,50, — CO +2H,0 -518.738 -609.026

AHS = (2-(~238,91) + 60,78) — (2 - (—66,89) + 0 = —417,04 + 133,78 = —283,26 ki/mol
900 K

0_ 10
Ar(GTTH") = (2-(-192,9) + (-233,45)) — (2 - (—194,55) + (—208,75) = —385,8 — 233,45 + 389,1 —

208,75 =-438,9

nk, = —~1a G? — Hy +Ang = 1 ( 4389+_283260)—90646
R e N T [~ 8314 ’ 900 /7

K = [ = 2,33-103%°
C2H5 i C2H4 + Hz T=1000 K

AH,=52,2 — (-84,7) = 136,9 ki/mol

AS, = 219,3-(229,5+130,52) = -140,72 ——
mol-K
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AG< 0 hence the reaction goes from a thermodynamic point of view. We find K,

AG, 3820
RT ~ 8,314 -1000

K, = e%4595=1 58

InK, = — = 0,4595

1
2CH4 + 502 Ad CZH6 + H20
(A H® = —350kj /mol A,G® = —223kj /mol)
2CH, + 0, & C,H, + 2H,0
(A H® = —455kj /mol A,.G° = —421k] /mol)
1
2CH, +5 0, © CoHe + H0 A,G°(1000 K) = ~121,6 kJ /mol

2CH, + 0, & CyH, + 2H,0 A,G°(1000 K) = —152,5 kJ /mol

V1. CONCLUSION

1.

Based on the ultrafine molybdenum-manganese-zirconium-containing powder, an effective catalyst for the
oxidation-dimerization of methane has been developed. To obtain molybdenum-manganese-zirconium-
containing compounds, the sol-gel method was used. The particle sizes and chemical composition of the
obtained compounds were determined.

(Mn203) x * (Na2Mo0O4) y * (ZrO2) z targible mabul catalyst ishtirokid methanny oxycondensation lash
ryanining Kkinetics Kononiyatlari  boshlanich  moddalar partial Bosimlari va carorathning
iridylaridylaridylardialyl

Methannic oxycondensate reaction rea son heterogeneous homogenous mechanism of Beichi mm tishi,
metanning of faollanishi katti, oxidisi catalyst of yusaside sodir bylisi, catalysis of faol marcaside methane
molecule sidanitta bitta atom atom azhralib cisilybisulisibasyl bisilybisethylbisilybisethylbisilybisulfide.
Methanny oksidlanishli dimerlash reaction-blueing Gibbs energy cu isobland va zharayon thermodynamic
zhyatatan baholandi.

The kinetic laws of the process of oxidation of methane in the presence of an acceptable catalyst containing
(Mn,03) * (Na,M00,), * (ZrO,), were studied under differential reactor conditions at different values of
partial pressures and temperatures of the starting materials and a kinetic model of the process was
developed.

It has been proved that the oxycondensation reaction of methane takes place on a heterogeneous-
homogeneous mechanism, the activation of methane occurs on the surface of a solid, oxidized catalyst, one
hydrogen atom is released from the methane molecule at the active center of the catalyst to form methyl
radicals.

The Gibbs energy of the methane oxidation dimerization reaction was calculated and the process was

evaluated thermodynamically.
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