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Abstract

It is shown that steady-state kinetic data do not allow the discrimination between the redox and associated mechanisms of
the partial oxidation reactions. A discrimination between these mechanisms was performed using transient experiments. The
obtained rate expressions are in agreement with experimental kinetic data for catalytic partial oxidation of o-xylene.

An influence of the conjugate oxidation of a catalyst surface on dynamics and kinetics of the heterogeneous catalytic
oxidative reactions is considered. Computing simulation of methane oxidative coupling of methane reaction at lowered
temperature and elevated pressure has been performed. It showed that the reaction order with respect to oxygen exceeding
unity is consistent with the chain branching mechanism of the reaction in the presence of TiSi, and TiB, and showed the
important role of the branching chain cycles in the low-temperature OCM reaction at elevated pressure.
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1. Introduction

Many metal oxides are efficient catalysts for
oxidation reactions. Every oxidation reaction (or
a separate group of reactions) has its specific
features. Meanwhile, the formal schemes of the
various oxidation reactions are similar to a cer-
tain extent [1]. This has given reason to believe
that there are some common approaches to the
kinetics and dynamics of oxidation reactions. In
this report we set forth some approaches derived
from kinetic analysis of oxidation reaction
schemes.

" Corresponding author.

2. Typical mechanisms of heterogeneous oxi-
dation reactions over metal oxides

The simple redox mechanism of oxidation
reactions over metal oxide catalysts is well-
known. According to this mechanism, the final
reaction products R,, R,,...R; are formed in the
step of a reductant R interaction with oxidized
catalyst sites, ZO. The decrease of surface oxy-
gen is compensated by the gas-phase oxygen
reaction with the reduced catalyst sites, Z.

This ‘two-step’ redox mechanism may be
presented as

Z
Z + 0, - Z0, > 2Z0
kO

(v—1)ZO
—_>

2 )
R +Z0O — ROZ R,.R,.R, (1)
- .
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where k, and k are rate constants, v is the
mean number of oxygen molecules consumed
for the oxidation of one molecule R.

Thus, the redox mechanism consists of the
separate interaction of the reagents, R and O,,
with an oxide catalyst surface. Therefore, the
rate of the catalyst surface reduction by reduc-
tant R, r.4, should be equal to the rate of a
steady-state catalytic reaction, r, at the same
catalyst surface coverage by oxygen, 6. This
kinetic feature has been observed in a number
transient dynamic studies of the oxidation reac-
tions over metal oxides.

For example, the comprehensive transient ex-
periment dynamic studies combined with the
steady-state measurements for hydrogen oxida-
tion over F,0;, Co;0,, MnO,, Zn0, Cr,0, and
CuO [2,3] have shown that the values of r and
I.q are close at the same amount of surface
oxygen [2,3]. The same is true for the reactions
of selective oxidation of o-xylene and naphtha-
lene over V,0,-K,SO,-SiO,. Moreover, not
only the overall reaction rates, but also the
reaction product selectivities coincide in the
transient dynamic and steady-state experiments
at the same values of 0 [4,5]. Additional evi-
dence of the redox mechanism (1) is the correla-
tion between concentration of V** ions in the
V,05-K,S0,-Si0, catalyst and O,/o-xylene
ratio under steady-state reaction conditions [6].

The other typical mechanism of oxidation
reaction is the mechanism which includes, to-
gether with direct surface oxidation with oxy-
gen, the conjugation of desorption of the reac-
tion products with surface reoxidation by oxy-
gen. This mechanism was called an associated
mechanism by Boreskov [7], a conjugate oxida-
tion mechanism [8], or a mechanism with com-
plex (conjugate) surface reoxidation [9,10].

In the case of an associated mechanism, the
steady-state rate of a reaction is higher than that
of the rate of R conversion to reaction products.
This takes place, for example, at low-tempera-
ture oxidation of alkanes and CO over ZnO [8].
No gas-phase product formation has been ob-
served in the reaction between o-xylene and the

oxidized surface of a V,0,-TiO, catalyst at 603
K although steady-state catalytic oxidation of
o-xylene proceeds with almost 100% conversion
under the same conditions [11].

It is suggested that the reason for the lowered
rates of product formation in the absence of
oxygen is the formation of strong adsorbed
intermediates in the reaction of R with oxidized
catalyst surface. If R is CO, these intermediates
are the surface carbonates Z,0,CO, which are
bonded with partly reduced catalyst sites [8].
Their spontaneous decomposition to CO, is slow
at relatively low temperatures. However, the
CO, desorption can be sharply increased in the
presence of oxygen due to conjugation of the
exothermic step of desorption with the en-
dothermic step of the oxidation of reduced sites
by oxygen [8]. This may be presented by the
following scheme

7,0,C0 + 0, - Z0, + ZO + CO, )

In the case of the selective oxidation of o-
xylene, the strong bonded adsorbed species are
also the salt-like compounds such as the surface
phthalate and maleate complexes [11].

As seen, to discriminate between the above
two mechanisms, transient dynamic experiments
are used, first of all. The steady-state experi-
ments do not provide such certain information.
Indeed, in the case of the simple two-step redox
mechanism (1), if ZO is assumed to be the most
abundant surface intermediate, its surface cover-
age 0 is given by

0=(k0/V)P02)/((k0/V)P02 + kPR) (3)

Thus, we can obtain a rate equation of the
Mars and Van Krevelen type [12]:

(ko/V)PoszR
(kO/V)P02+kPR

r=#kPr0= (4)

where P, and Py are the partial pressures of
oxygen and oxidized reactant R, respectively.
The coefficient v depends on the reaction
product selectivities, S;, and stoichiometric co-
efficients with respect to molecular oxygen, v;,
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in reactions of conversion of R to R, R,... R;
as follows
v=uv.8+v,5+..+yS (5)
The validity of Eq. (4) was demonstrated in
many works for the various oxidation reactions
over oxide catalysts (see, for example, [1]).
However, the same form of the rate equation
can also be obtained for the associated mecha-
nism. To show this, let us consider the simple
scheme of the associated mechanism:

Z
7 +0,5 70,220
ko
Qv+ p—1DZO

R+Z0—->R,Z =  uZ,0,CO
ky
0,
Z,0,C0 - CO, + ZO, + ZO (6)
k;

where g is the number of carbon atoms in the
molecule R.

If ZO and Z,0CO, are assumed to be the
most abundant surface intermediates, then the
oxygen fractional coverage is

_ (ko/a‘)Po2
- (ko/a)Po2 + kPy

(7)

where
a=v+ /.L[(Zko/kz)— 1] (8)
Thus, the rate of the reaction becomes
ko/a) Py kP
r=kPp = (ko/a) Po,kPx (9)
(ko/a)Po2 + kPg

If we include in scheme (6) the following
step

R,Z+0,->Z0,+R, (10)
k3

then the coefficient o is
a=v+[(ky/ks) = 1]S; + p[(2ko/k, — 1] S,
(11)
It is clear that the kinetic Eqgs. (4) and (6) are
nondistinctive kinetically for nonselective reac-
tions. For selective reactions, the difference be-

tween these equations is not significant because
both coefficients v and a are linear functions of

the selectivities. Besides, if average values of v
and o are used to linearize the kinetic model,
the form of Egs. (4) and (6) becomes the same.

In principle, the mechanism of the oxidation
reaction may be the sum of both the redox and
associated mechanisms. Their relative contribu-
tion depends on the catalyst type as well as the
temperature [8].

3. Unsteady-state dynamic features of oxida-
tion reactions over metal oxides

As mentioned above, the transient experi-
ments with an investigation of the dynamics of
reagent interaction with a catalyst allows the
discrimination between the redox and associated
mechanisms. As examples of both mechanism
types, we will consider the reactions of the
partial oxidation of toluene and o-xylene over
V,0s and V,0,-TiO, catalysts.

The transient dynamic experiments were per-
formed in a differential flow reactor at 548 K.
The catalysts were V,05 (0.5-1 mm, 5.5 m? /g,
1.5 g) and V,0,-TiO,-SiO, (0.25-0.5 mm, 8.2
m?/g, 1.0 g). The catalysts were first treated
with a 21 vol% O, + N, mixture at 548 K for 2
h. Then, the reductive Re + He mixture (the R
concentrations were 2.9 and 0.7 vol% for toluene
and o-xylene, respectively) was exposed to the
oxidized catalyst and chromatographically ana-
lyzed at the reactor outlet. After some time, the
R + He mixture was replaced by 21 vol% O, +
N, and the gas phase from the reactor was again
analyzed. The results for V,0,-Ti0,-SiO, are
shown in Fig. I and Fig. 2. Similar unsteady-
state dynamic features were observed in the
presence of V,0;.

The data in Fig. 1 and Fig. 2 indicate that the
toluene to benzaldehyde and o-xylene to o-
toluene aldehyde reactions obey the redox type
mechanism (1), while more oxidized products,
maleic anhydride and CO, in the toluene oxida-
tion, and phthalic anhydride and CO, in the
o-xylene oxidation, are formed mainly via the
mechanism with the conjugate surface oxida-
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Fig. 1. Rates of benzaldehyde (BA), maleic anhydride (MA) and
CO, formation in the transient experiments on V,05-Ti0,-Si0,,
R = toluene.

tion. The probable mechanism of conjugate oxi-
dation may be similar to the above mechanisms
(2) or (10).

Based on the data of the unsteady-state runs,
we have estimated the rate constants of the steps
of conjugate surface oxidation in the o-xylene
+ 0,/V,0;5-TiO,-SiO, system. It was specu-
lated that the decomposition of the correspond-
ing surface species are first order with respect to
the adsorbed species and the gas-phase oxygen.
Then, the dependence of the intermediate frac-
tional coverage 9, on time is

—d6,/dt = (k; Py /L,)9,; (12)

where k; is the rate constant, mol / m? s Pa, and
L, the total surface concentration of active sites,
mol /m?>.

Because the rate of the R; product formation
is in direct proportion with the 6 value, we can
obtain

In(6,/6°) =1n(r,/r’} = = (k;Py /Ly)t (13)

4 20
R+ He
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Fig. 2. Rates of o-toluene aldehyde (OTA), phthalic anhydride
(PA) and CO, formation in the transient experiments on V,0;-
Ti0,-8i0,, R = o-xylene.

Using this equation, we have found that the
rate constant is 4.7 - 1072 mol/m? s Pa for
CO, and 7.2 - 1072 mol/m? s Pa for phthalic
anhydride. These values are used below to treat
the steady-state kinetics of o-xylene oxidation.

4. The steady-state kinetic model

Taking into account the results of the tran-
sient dynamic experiments and the literature
data [9,10,13-16], the probable mechanism of
the o-xylene conversion to OTA, PA and CO,
can be presented as

Z
Z+02——-——)Z02—>ZZO
K,

OTA PA
ks] ks{ +05 (14)

Zo Zo Zo Og

R — RjZ— RpZ —Z30;C0——CO,
Kk Ky ke kg
l 70 70

R1'E

ks ks

It is assumed that there are two parallel path-
ways on the catalyst surface. One begins from
the attack of the methyl group in the o-xylene
molecule, the other from the attack of the aro-
matic ring. Another assumption is the first order
with respect to ZO species in the surface oxida-
tion reactions. If also the ZO, ZR|, ZR, and
Z,0,CO are assumed to be the most abundant
surface intermediates with fractional coverage
6, 69, 6, and 6, respectively, we can deduce
for the steady state regime:

rotrs+r,=(v,S; +v,S,+ v,8;)r (15)

ro=koPo(l— 60— 0, —6,—280;) (16)
r=(k,+k,)Pg0=kPy0 (17)
r5=k5P0292 (18)
r;=k; Py 0, (19)
rg = kg Pp b (20)
S, = (ky/k)/[1 +n,0] (21)



Y.L Pyamitsky, N.I Iichenko / Catalysis Today 32 (1996) 21-28 25

S, = (k/k)[n,6/(1 +n,0)][1/(1 +n,0)]

(22)

Sy = (k,/k)[n,8/(1 + n,0)}[n,0(1 + n,0)]
+(ky/k) (23)
0, = kPR 6S,[1/(ksP,)] (24)
0, = kPg0S,] 1/ (k1 Po,)] (25)
0, =k, Py /ky (26)

where n; =k,/k; and n,=ke/(ksP; ). The
system of Egs. (15)-(26) is the compact de-
scription of the non-linear kinetic model of the
reaction. Computing optimization of kinetic pa-
rameters showed satisfactory agreement be-
tween the calculated and the experimental data
(Fig. 3).

We propose that a similar approach may be
generalized to explain kinetics of other reactions
of organic compound oxidation, not only of
aromatic hydrocarbons.

Scheme (14) describes the reaction at low
conversions of the oxidized reagent R when the
secondary reactions of the R, R,... R; products
can be neglected. At high conversions, Scheme

20
n O
‘o_ + Q\\O
& 1.2 /
o
£ y A
E
S ‘
S 08 A
3
B 0.4 2,
OTA/.)Q
/
0.0 L | L | L | 1 !

0 100 200 300 400
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Fig. 3. Dependence of the rates of o-xylene oxidation and product
formation over V,05-TiO,-SiO, on o-xylene partial pressure at
548 K, 21.3 kPa O,. Curves were calculated at v, =1, v, =3,
v3=10.5, =8, n; =80, kg=2.1-10""%, k,; =1.2-1071%, k, =
4.1-107" kg=72-107'2, kg=7.7-1078%, k, =4.7-10"'2, k,
=4.0-10"% (ky, k,, k,, ks and k, in mol/m? s Pa, kg and k
in mol/m? s).

(14) should be complicated by including the
following reactions:
R,+Z0 >R, Z>R

j

R R

j+ gy

The reactions of partial oxidation of organic
compounds, viewed as a specific case of com-
petitive reaction, may show an amazing ‘mix-
ture effect’: the form of the rate equations of the
R+0, and R;+ O, reactions are the same
[17]. This kinetic feature simplifies the deriva-
tion of kinetic equations for common parallel-
consecutive reaction schemes [16].

5. Heterogeneous-homogeneous oxidative
coupling of methane

Above, we have considered the schemes of
heterogeneous oxidation reactions. The reaction
of oxidative coupling of methane (OCM) is a
heterogeneous-homogeneous reaction type. As
generally accepted, oxide catalysts are the pro-
ducers of methyl radicals which react in the gas
phase. Kinetic computer models based on the
free radical mechanisms have been developed in
some recent studies, among others, in [18-24].

In the present paper, we consider the oxygen
concentration influence on the OCM reaction at
relatively low (below 873 K) temperature and
elevated (higher 0.1 MPa) pressure. Under these
conditions, the OCM reaction has been per-
formed in the presence of transition metal
borides, silicides, nitrides and carbides the sur-
face layers of which contain the oxidized forms
of parent metals [25,26]. It was shown, in par-
ticular, that the reaction order with respect to
oxygen often exceed unity. Another effect is the
strong reaction rate dependence on pressure:
this is hard to explain in terms of common
schemes for heterogeneous catalytic oxidative
reactions. The reaction rate is very small for 0.1
MPa, and as pressure increases up to 0.2-0.3
MPa the reagent conversion reaches high val-
ues. To explain these effects, we have per-
formed a computer simulation based on the
reactions listed in Table 1. The kinetic parame-
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Table 1

The mechanism used for the OCM reaction kinetic simulation *

No. Reaction A n E/R
Homogeneous reactions

27 CH, + O, » CH, + HO, 4.03 - 107 28640
28 CH,+H—>CH;+H, 2.25-1072 3.00 4406
29 CH, + 0 - CH, + OH 1.02-10° 1.50 4330
30 CH,+ OH - CH, +H,0 1.93-107! 2.40 1060
31 CH, + HO, > H,0, + CH, 1.81-10° 9350
32 2CH, - C,Hg 1.09 - 10° -0.64

33 CH, + 0, » CH,0, 9.03 - 103 —15.01 8567
34 CH, + 0, > CH,0+0 1.99 - 1042 -1.57 14710
35 CH, + 0, » CH,0 + OH 5.40 - 107 12200
36 CH, + HO, » CH,0 + OH 1.99-107

37 CH, + H,0, » CH, + HO, 1.20 - 10* -300
38 CH, + C,Hs - CH, + C,H, 5.48-1077 4 4169
39 CH, + CH,0 — CH, + CHO 5541073 2.81 2950
40 C,H¢ + 0, > C,Hs + HO, 4.03 - 107 25600
41 C,H,+H—->C,H;+H, 5.54-10"* 3.5 2600
42 C,H¢+0— C,H; + OH 1.20 - 108 0.6 3680
43 C,H¢ + OH - C,Hs + H,0 8.85-103 1.04 913
44 C,H¢ + HO, > H,0, + C,H; 2.95 - 103 7520
45 C,H,+CH,—>C,H,+CH, 6.62-1075 37 4780
46 C,H,+H->C,H,+H, 1.32 2.53 6160
47 C,H, + 0> CH, + CHO 1.32-10? 1.55 215
48 C,H,+OH-C,H, +H,0 1.57-1072 2.75 2100
49 CH,0, > CH, + 0, 7.23-10% —10.02 16731
50 CH,0, + CH, - 2 CH,0 241107

51 CH,0+M—- CH,0+H+M 3.91-10* —6.65 16740
52 CH,0 + HO, » CH,0 + H,0, 3.01-10°

53 CH,0 + 0, - HO, + CHO 2.05 - 107 19600
54 CH,0 +H - H, + CHO 2.19-10? 1.77 1510
55 CH,0 + O —» CHO + OH 1.87- 107 1550
56 CH,0 + OH - CHO + H,0 3.43-10° 1.18 —225
57 CH,0 + HO, - H,0, + CHO 1.99 - 10° 5870
58 C,H, >C,H,+H 4.90 - 10° 1.19 18772
59 C,H; + H,0, » C,H¢ + HO, 8.73 - 103 490
60 C,H, + HO, —» CH, + CH,0 + OH 241107

61 C,H;+ 0, C,H, + HO, 8.43-10° 1950
62 C,H, + CH,0 - C,H; + CHO 5.49-1073 2.81 2950
63 C,H,+H,->C,H,+H 3.01-1072 2.63 4298
64 C,H, + 0, > C,H, + HO, 1.20- 10°

65 C,H, + HO, - OH + CH, + CO 3.01- 107

66 C,H, +H,0, > C,H, + HO, 1.20- 104 -300
67 C,H,+CH,0 > C,H, + CHO 5.42-107° 2.81 2950
68 CHO + 0, > HO, + CO 5.12- 107 850
69 CO + OH - H + CO, 6.74 - 104 E/R= —0.0009T
70 CO + HO, - OH + CO, 1.51-10% 11900
71 CO, + H—CO + OH 1.51- 108 13300
72 H+0,->0H+O 1.69 - 101! -09 8750
73 H+0,+M-HO, +M 6.42 - 10° -1

74 O+H,>O0H+H 1.08-1072 2.8 2980
75 OH +H, »H+H,0 6.38 2 1490
76 HO, + H - 20H 1.69 - 10® 440
77 HO,+H—-H,+0, 6.62 - 10’ 1070
78 HO,+0 > OH+ 0, 1.75 - 107 —200
79 HO, + OH - H,0 + 0, 1.45- 1010 -1

80 2 HO, —» H202 + O, 1.81-10°
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Table 1 (continued)

27

No. Reaction A n E/R
81 H,0,+M - 20H+M 1.29 - 10% —4.86 26795
82 H,0,+ 0, > 2 HO, 5.42-107 20000
83 H,0,+H - H, + HO, 4.82-107 4000
84 H,0, +H - H,0 +OH 241107 2000
85 H,0, + O — OH + HO, 9.64 2 2000
86 H,0, + OH — H,0 + HO, 1.75 - 10° 160
Heterogeneous reactions

87 CH, + ZO — CH, + ZOH

87 2Z0H=H,0+Z0+7Z

87’ 27 + 0, =270

a

ters of homogeneous reactions were chosen from
a kinetic database [27] and were used without
any optimization. As in [23], the rate constant of
heterogeneous reaction CH, +Z0 — CH; +
ZOH, k_, was varied so that calculated methane
conversion matched the experimental values (the
other heterogeneous reactions, presented in
Table 1 and needed to close the surface reaction
cycle, are assumed to be fast).

The most probable primary reactions of CH,
radicals with oxygen that compete with the
methyl radicals recombination to ethane are re-
actions (33) and (34). Reaction (33) with subse-
quent reactions (49), (50), (51) and (3) consti-
tute the unbranched cycle

2CH,+ 0, =2CH,0 + 2H, (88)
while reaction (34) with reactions (51), (28),
(29) and (30) form the branched cycle
3CH, +0,=2CH, +CH,0 +H, + H,0O
(89)
If the reaction cycle (88) dominates and the

reversible step (33) is in equilibrium, the rate of
methane consumption is

S Tinks
F =T 5 =
H c k; + k27(k£;/k26)Po2

(90)

where r,, is the rate of CH; radical initiation,
and S selectivity towards ethane.

In contrast, if the branched cycle (89) is
abundant and the rate of radical chain initiation,

Rate constants given as k = At"exp( — E/RT). Units of k s~!, m® /(mol s) or m®/(mol? s).

in comparison with the chain branching, is small,
then

rCH4=3r9=3k,§/k7P§2 (91)

(in this case, the value of S, is equal to 2/3).
As seen, the branching chain reaction route is
more consistent with a reaction order to O,
exceeding unity. This is confirmed by the com-
puter simulation of oxygen influence on the
reaction rate. Fig. 4 demonstrates good agree-
ment between the experimental data, obtained in
a stainless steel reactor, and calculated data. The
computer simulation shows also the strong de-
pendence of the reaction rate on pressure in
agreement with experimental data (Fig. 5).

30 r

R :
g 20 s
g

v
o /
o O
::q 10 //
] 4

E\/
ol R
0 10 20 30
0201 %

Fig. 4. Dependence of methane conversion in the OCM reaction in
the presence of TiSi, (823 K, 0.35 MPa, 70% CH,, residence
time: 10 s) on inlet oxygen concentration. Curve was calculated
using mechanism presented in Table 1 (kg, = 1074 s™ 1),
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CH 4conversion, %

0.0 0.1 0.2 03 0.4
P, MPa

Fig. 5. Dependence of methane conversion in the OCM reaction in
the presence of TiB, (823 K, 0.35 MPa, 73% CH,, 27% O,,
residence time: 5 s) on pressure. The curve was calculated using
mechanism presented in Table 1 (kg; =5-107% s71).

Thus, one may suppose that (a) the branching
chain reactions play an important role in the
low-temperature OCM process at elevated pres-
sure and (b) the catalyst, being the initiator of
the chain reaction, is not a major source of
methyl radicals. The important role of the chain
branching reactions in the high temperature
OCM process was indicated before [28]. Mean-
while, the kinetic model, being very poor with
respect to heterogeneous steps, does not predict
the true value of reaction selectivity. Appar-
ently, the catalyst also interacts with reaction
intermediates, changing the final product distri-
bution.
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