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MODEL OF THE MECHANISM REACTION FOR HYDROCARBONS ON
INTERMETALLIC CATALYSTS

The kinetic characteristics oxidation processes of propane on an intermetallic catalyst of the
composition Ni-Co-Mn-Cu-Al are determined. On the basis of the modified model of Mars-Van
Crevelin, effective reaction rate constants and activation energies were obtained. For the oxidation of
propane on a Ni-Al-Co-Mn-Cu catalyst, the activation energy is 65.5 kJ/mol, which is 1.2 times lower
than the activation energy of Ni-Al alloys.
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Busnaueno xinemuuni xapaxmepucmuxu npoyecie OKUCIeHHs NPONAHY HA IHMePMemAanioHOMy
kamanizamopi cxnady Ni-Co-Mn-Cu-Al. Ha ocnogi mooughikosanoi mooeni Mapca-Ban Kpesenv
OMPUMAHT eDeKMUEHI KOHCMAaHmMu WeuoKocmel peaxyitl i enepeii akmusayii. /[ns peakyii OKUCiIeHHs.
nponany Ha xamanizamopi ckiady Ni-Al-Co-Mn-Cu enepeis akmueayii cmanosums 65,5 x/[ic/mono,
wo 6 1,2 pasu nudicue enepeii akmusayii Ni-Al cnaasis.

Kniouosi cnoea: inmepmemannionum kamanizamop, modenb Mapca-Ban Kpegenw,
KOHCIMAaHmMa weuoKocmi peakyii; enepeis akmusayii

Formulation of the problem

The study of the mechanism of catalytic reactions of deep oxidation of C,H, hydrocarbons is
complicated by a number of features inherent in this type of reactions. They are highly exothermic,
often having a large number of intermediate stages that compete with each other. The deep oxidation
on the catalyst proceeds, as a rule, by a parallel mechanism:

CH +0,—CO,+H,0. (1)

The hydrocarbon molecule is firmly attached to the catalyst surface and the intermediate
reaction products do not fly into the gas phase.

A mechanism may also be implemented whereby a portion of the intermediate products can be
desorbed from the surface:

CH +0,-CHO —CHO —CO,+H,O. (2)

This mechanism is slower.

These two mechanisms can run in parallel, or in parallel, when one of the intermediates can be
fixed on the surface of the catalyst and oxidized thereto to the end.

In deep oxidation, the main mechanism is the interaction of mobile activated oxygen with a
fixed carbon complex. The mobile oxygen may be atomic oxygen (for example, O ions for a number
of transition metal oxides) or molecular oxygen (for oxides that do not contain oxygen or easily
activated metals in their lattice). In the first case, the reaction is most likely through the carbonate-
carboxylate complexes, in the second case through the products of compaction, possibly through
carbonyl or peroxide compounds. If there is not enough mobile oxygen in the lattice, these
intermediate compounds react with O, from the gas phase, forming radicals and peroxides that oxidize
in the gas phase [1—3].
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Analysis of recent research and publications

The idea of adsorption equilibrium and the theory of kinetics of catalytic reactions on the
surfaces of catalysts are formulated in the works of M.I. Tymkin, S.Z. Roginsky, S.L. Kiperman
[1—3]. The mathematical model [3] of the inhomogeneous surface was proposed as a basis, and it was
proposed by M.I. Tomkin, which assumes that the surface has the same number of sections of different
varieties, ie uniformly-inhomogeneous surface. It was proved [2] that the experimental activation
energies transmit not only the temperature dependence of the rate of the catalysis itself, but also the
temperature dependence of the process speed characterizing the changes in the chemical composition
of the catalyst. The influence of this factor on the kinetics of heterogeneous catalytic reactions is
analyzed in the works of G.K. Boreskova [4], O.Ya. Rozovsky [2].

The kinetic equations of heterogeneous-catalytic processes serve to solve two important
questions of catalysis. First, they are the basis for the rational selection of the optimal mode of the
catalytic process, and second, the kinetic equations serve to verify the correct understanding of the
mechanism of the process.

Therefore, for rational selection of the optimal mode of the catalytic process, additional
studies are needed to confirm the correctness of the intended mechanism.

Formulation of the research objective

The purpose of the work is to establish the regularities of the mechanism of the catalytic
reactions of deep oxidation of hydrocarbons on intermetallic Ni-Al catalysts and determine their
activation energy.

Statement of the main material

The mathematical description of the rate of the catalytic process in the form of kinetic
equations can be purely empirical, arising only from kinetic measurements or substantiated at the same
time by other physicochemical methods. On the basis of the results of such complex studies [5—10],
stage diagrams of the process emerge, from which certain kinetic dependences follow.

In developing the mathematical model, the following assumptions were made: the ideal
displacement reactor is considered [4]; the reactor is isothermal, that is, temperature gradients in the
catalyst layer parallel and perpendicular to the axis of the reactor are absent (equal to 0); catalyst
activity is constant.

To ensure the ideal displacement mode during the experiment, the following conditions were
fulfilled: the ratio of the length of the catalyst layer to the diameter of the catalyst particles in the layer
more than 50; the ratio of the diameter of the reactor to the diameter of the catalyst particles is greater
than 10.

The processes occurring on the catalyst surface can be represented by the following equations:

C H + (m +%)02 = mCO, +§H20, 3)
C H +(ﬂ+ﬁ)02 =mCO+2H,0, )
2 4 2
2C0 +0, =2CO0,. (5)

The reactions describe the process of complete oxidation of unburnt hydrocarbons and carbon
monoxide.
The reaction of propane oxidation on the catalyst can be described by the following scheme

[11]:
0,+Z —20Z, (6)

C,H, +100Z —3CO, +4H,0+10Z, 7

where Z — active catalyst center.
The reaction rate on the catalyst can be written in the form:

o s
W:k[CsHs] '[02] ’ (®)
where a, f — stoichiometric coefficients indicating how many molecules react; £ — velocity constant
(constant); [C3Hg], [O,] — the concentrations of propane and oxygen on the catalyst surface,
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respectively, which can be expressed through the particles of the catalyst surface o, occupied by the
molecules of these substances.
These particles can be calculated using the Langmuir isotherm [11, 12]:
bA PA

o, =—2a&4 9
A 1+Zbipi ()
bBPB
COp=—o—, 10
B 1+Zb,P, ( )

where o, — the degree of filling of the catalyst surface with propane; o, — the degree of filling of

the catalyst surface with oxygen; b; — the adsorption coefficient of the i-th substance; P; — partial
pressure of the i-th substance in the gas phase; 4 — propane; B — oxygen.
Then the speed of the reaction will take the form:

W=k-c% cb. (11)
To facilitate integration, we take a=B=1, then the reaction rate equation will have the form:
b,P, -byP,
W=k- LBzB . (12)
(1+b,F)

On the other hand, the reaction rate for substance A in the ideal displacement reactor can be
defined as [12]:

; (13)

where ng — molar consumption of the substance 4; x, — the molar fraction of substance 4 in the

reaction mixture; S — the surface area of the unit of catalyst volume; p — bulk density of the catalyst;
[ — the thickness of the catalyst layer.

Then the equation of the mathematical model is written in the form [11]:
0 dx, y P, - Py
A 2 (14)

Spdl 1+ BP,

where P,, Pz — partial pressures in the mixture of propane and oxygen, respectively; B — coefficient
taking into account the effect of adsorption of reagents on the surface.

Since the oxygen content of the mixture decreases approximately in proportion to the decrease
in the concentration of propane, the equation of mathematical description will look like:

0 dx , s X, v-P

n =K , 15
“Spdl " 1+B-x%-y*.P? (15)
X
y=22, (16)
X4
where y — proportionality factor; x, — the molar fraction of substance A4 in the reaction mixture;
xp — the molar fraction of substance B in the reaction mixture.
For the model mixture used y=0,167 [13].
Integrating expression (15), we obtain:
dx X,y P
04Xy 4
—-n =\ k- ) 17
J 4 Spdl J 1+B-x% -y P? (7
By splitting variables:
1+B-x5-y* - Pldx
-n% | 4 1 = [kSpdl . (18)

X 0P
Integrating expression (18), we obtain:
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0
— 2 in|x |+ By- P24 = kSpl+C. (19)
y-P 2
For the convenience of calculation, an effective reaction rate constant was used:
K =kSpl . (20)
Arbitrary continuous integration was sought under initial conditions:
1=0/=0x,=x, . (21)

In order to calculate the mathematical model, experimental studies were carried out at
different temperatures. The study of the kinetics of deep oxidation reactions was performed on a flow-
type installation. The reactor, with a catalyst sample (1 cm’, 0.1—0.3 mm fraction) installed in it, was
purged with low-interest model gas mixture at a fixed temperature. The kinetics of propane
combustion was investigated in the temperature range of 225—300 °C in 25 °C increments. The gas
flow rate varied from 500 to 2000 ml/min. Gas pressure was measured by a pressure gauge, gas
consumption by a gas meter [14].

Based on the experimental data obtained, equations (19) were used to calculate the effective
reaction rate constant and the coefficient B. The results were processed using mathematical statistics
methods..

Arrhenius equation was used to determine the reaction rate versus temperature:

E

Ke‘ﬁ' = koe RT , (22)
where k, — the constant value, the so-called pre-exponential factor, in the first approximation is

independent of temperature; £ — activation energy.

According to the found value of the effective reaction rate constant using the equation of the
dependence of the rate constant on the temperature, a kinetic curve was constructed (Fig. 1) by which
the activation energy of the propane oxidation reaction on a leached intermetallic catalyst was
determined [15].

As a result of the approximation of the data model solution for solving the equation, the
dependences for calculating the reaction rate of propane oxidation reaction on intermetallic catalysts
of different composition were determined.

The dependences of the effective reaction rate constant and the activation energy value for the

systems under test are as follows:
9476,1

— for the Ni-Al system: &, =0,1384-¢ T , E=78,8 kJ/mol;
9011,5
— for the Ni-Al-Co system: k,; =0,078- e T , E=74,9 kJ/mol,
85158
— for the Ni-Al-Co-Mn system: k,; =0,0499-¢ T, E=70,8 kl/mol;

_7885,1

— for the Ni-Al-Co-Mn-Cu system: k,; =0,02-e T | E=655kl/mol.

The activation energy of the propane oxidation process on the Ni-Al-Co-Mn-Cu catalyst is
less than 1.2 times that on the Ni-Al catalysts of the system, that is, the rate of propane oxidation on
the proposed multicomponent catalyst is higher than on the catalysts based on Ni-Al alloys.
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Fig. 1. Investigation of the kinetics of propane oxidation: @ — dependence of the effective rate
constant of the reaction of propane oxidation on temperature; b — the value of the activation energy.

Conclusions

The kinetic characteristics of propane oxidation processes on the intermetallic catalyst of Ni-
Co-Mn-Cu-Al composition were determined. Based on the modified Mars — Van Crevelen model,
effective constants of the reaction rates and the activation energy are obtained. For the reaction of
propane oxidation on the catalyst composition of Ni-Al-Co-Mn-Cu activation energy is 65.5 kJ/mol,
which is 1.2 times lower than the activation energy of Ni-Al alloys. Thus, the developed multi-
component catalyst has a lower effective activation energy of reactions, and therefore, it more
effectively oxidizes hydrocarbons.
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MOJIEJIb MEXAHI3MHOI PEAKIIII T'TIPOKAPEOHIB HA
MEXMETETAJITYHUX KATAJICTAX
Cepena B.I1., Beaokons 10.0., besgokons K.B., Kpyrask /1.0., Cepena J.b.

Pedepar

BuByeHHST MexaHI3My KaTaliTHYHHX peakiiii rimbokoro okucieHHs ByrieBoguiB C,H,
YCKJIAAHEHO PAJOM OCOONMBOCTEH, BIACTUBMX IbOMY BUAY peakiii. BoHM BHCOKOEK30TEpMiuHi,
4acTO MAalOTh BEIIMKE YHUCIIO MPOMIKHUX CTafii, MO0 KOHKYPYIOTh Mik coboro. Lli nBa mexanizmu
MOXXYTh TPOXOJWTH MMapajiellbHO, a00 MapayebHO-TIOCTIT0BHO, KO OJUH 3 TPOMIXHUX TPOAYKTIB
MOXe€ 3aKpIILTIOBATHCS Ha TOBEPXHI KaTani3zaTopa i OKHCIIOBATUCS HA HBOMY JIO KiHIIS.

MateMaTHYHHIA ONMUC MIBUIKOCTI KATANITHYHOTO TMPOLECY y BHUIIAAI KIHETHYHHX PiBHSHB
MOKe OYTH YHCTO EMITIpUYHHWM, IO BHUIUIMBAIOTH TUIBKKM 3 KIHETHYHUX BHMIpIOBaHb abo
OOIpyHTOBaHUM OJHOYACHO H 1HIMMHU (Hi3UKO-XIMIYHUMHU MeToAaMu. Ha OCHOBI pe3yJbTaTiB TaKHX
KOMITJIEKCHUX JOCHIP)KeHb BHHUKAIOTh CTaliiHI CXeMHU MPOLECY, 3 SIKMX BUIUIMBAIOTH NEBHI KiHETHYHI
3aJIKHOCTI.

s po3paxyHKy MaTeMaTH4HOI Mojesi OyJid NMpOBEIASHI €KCIEePUMEHTAIbHI JOCIIIKCHHS
npu pi3HUX TemIiepaTypax. JochiaKeHHs: KIHeTUKU peakUiil rTMOOKOTo OKHCIEHHS MPOBOIUIOCS Ha
YCTAaHOBLi NPOTOYHOrO THIY. PeakTop, 3 BCTAHOBIEHHM B HEOMY 3pa3koM Karamizatopa (1 cm’,
¢dpakmist 0,1—0,3 MM), TpoAyBaBCS HHU3BKOIPOICHTHUX MOJMEIHHOI Ta30BOI0 CYMIIIIIIO TIPH
(ikcoBaHOMYy 3HaueHHI TemmeparypH. KiHeTuka TropiHHS NpomaHy IOCTIDKyBajacsi B I1HTepBaii
temnepatyp 225—300 °C 3 kpokom 25 °C. Butpara ra3zy 3miHroBaBcs B Mexkax Big 500 go 2000
MI/XB. THCK Ta3zy BHUMIpPIOBAIIOCS MaHOMETPOM, BHTpaTa Ta3dy — Ta30BHUM JIYMIBHAKOM. 3a
3HAIeHMM 3HAYeHHSM e(QEKTHBHOI KOHCTAHTH WIBUIKOCTI peakiii 3 BUKOPUCTAHHSIM PiBHSIHHS
3aJIeKHOCTI KOHCTaHTH IUBMAKOCTI Bil TemmepaTypu Oyna moOymoBaHa KiHETHMYHAa KpuBa 3a
JIOTIOMOTOF0 sIKOi OyJTM BU3HAYEHI 1 €Hepris aKTWBallii peakilii OKHCIEHHS MPOIaHy Ha BHITY>KEHOMY
IHTEpMETAITI THOMY KaTali3aTopi.

Bu3HaueHo KiHETHYHI XapaKTEPUCTUKHU MPOLECIB OKUCIEHHS NPONaHy Ha iHTepMETaliTHOMY
karamizatopi ckiamy Ni-Co-Mn-Cu-Al. Ha ocnHoBi mommdikoBanoi momeni Mapca-Ban Kpesens
oTprMaHi e(heKTHBHI KOHCTAHTH IIBHAKOCTEH peakiliii i eHeprii aktmBarii. [[ns peakiii okuciaeHHS
nporany Ha katanizatopi ckinaay Ni-Al-Co-Mn-Cu eHeprist akTuBaii cTaHOBUTH 65,5 kJ[/MOIb, 110
B 1,2 pa3u Hk4e eHeprii aktuBanii Ni-Al cruasis.
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