
Soviet-era science, translated into English

V. M. BELOUSOV, Ya.
B. GOROKHOVATSKII,
M. Ya. RUBANIK
and A. V. GERSHINGORINA

1961

SovietRxiv

View the original and related papers at https://sovietrxiv.org/items/ru-196101.33215

Source: Math-Net.Ru and CyberLeninka. Machine translation. Verify with the original.

https://sovietrxiv.org/items/ru-196101.33215


Abstract
Full Text
PHYSICAL CHEMISTRY
V. M. BELOUSOV, Ya. B. GOROKHOVATSKII, M. Ya. RUBANIK
and A. V. GERSHINGORINA

STUDY OF THE KINETICS OF THE CAT-
ALYTIC OXIDATION OF PROPYLENE TO
ACROLEIN BY THE FLOW-CIRCULATION
METHOD
(Presented by Academician A. A. Balandin, 10 XII 1960)

A limited number of works have been devoted to the process of oxidation of
propylene to acrolein on a cuprous oxide–copper contact (1−5). The aim of
the present study was to obtain data on the kinetics of this process using the
flow-circulation method, the most suitable for this purpose (6).
In studying the influence of external diffusion, the procedure described earlier
(7) was used. The data obtained, given in Table 1, show that

Table 1

Oxidation of propylene at different linear velocities 𝐿 of the gas stream
(flow rate 253 cm³/min; catalyst volume 4 cm³; [C3H6] = 22–24%; 𝑡 = 379∘, Cu
content 10 g per 1 l of catalyst)

𝐿,
m/sec

CO2,
%

C3H4O,
% O2, %

𝑊1⋅107,
mole・
sec−1

per 1
ml cat.

𝑊2⋅107,
mole・
sec−1

per 1
ml cat. 𝑋O2

, %
𝑆C3H4

,
%

1.8 2.10 0.73 5.85 3.38 9.78 40 51
0.4 2.10 0.73 5.85 3.38 9.78 40 51

a change in the linear velocity by more than a factor of 4 has no effect on the rate
of formation of acrolein (𝑊1) and carbon dioxide (𝑊2), the degree of conversion
of oxygen (𝑋O2

), and the selectivity of the process (𝑆C3H4
). Consequently, under

our conditions the kinetic data were not distorted by phenomena of external
transfer.

The kinetics of the process was studied on a contact containing 2.4 g Cu per
1 l. The carborundum support used, with grains of 2–3 mm, had large pores
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(average diameter 6 ⋅ 10−2 cm), which did not create intradiffusion difficulties;
this was verified experimentally by the method of crushing the grains.

Some of the kinetic data obtained by us are presented in Table 2. From these
data it is seen that the rates of formation of acrolein and carbon dioxide are pro-
portional to the oxygen concentration and depend only weakly on the propylene
concentration. At unchanged contents of the starting substances in the cycle,
the rate decreases with increasing concentration of oxidation products, which
indicates their inhibiting action.

The rates of formation of acrolein and carbon dioxide at constant propylene
concentration are described by the following kinetic equations:

𝑊1 = 𝑘1[O2]
1 + 𝑏Δ[O2] , 𝑊2 = 𝑘2[O2]

[C3H4O]0.7 , (1)

where [O2] is the concentration of oxygen in the cycle, Δ[O2] is the decrease in
oxygen concentration, calculated from the difference between the oxygen con-
centrations

in the feed mixture and its concentration at the outlet; 𝑘1, 𝑘2, and 𝑏 are constants
that depend on temperature. The term 𝑏Δ[O2] in the equation is due to the
inhibiting action of the products.

Table 2

Dependence of the rate of formation of acrolein (𝑊1) and carbon dioxide (𝑊2)
on the oxygen and propylene content in the cycle and on the flow rate (catalyst
volume 8 ml)

Flow
rate,

cm³/min O2 C3H6 C3H4O CO2

𝑆C3H6
,

%

𝑊1 ⋅
107,

mole・
sec−1

per 1
ml
cat.

𝑊2 ⋅
107,

mole・
sec−1

per 1
ml
cat.

𝑘1 ⋅
107

𝑘2 ⋅
108

Stationary
conc.

in
cycle,

%

Stationary
conc.

in
cycle,

%

Stationary
conc.

in
cycle,

%

Stationary
conc.

in
cycle,

%

Stationary
conc.

in
cycle,

%
𝑡 =

335∘; 𝑏 =
2.6

𝑡 =
335∘; 𝑏 =

2.6

𝑡 =
335∘; 𝑏 =

2.6

𝑡 =
335∘; 𝑏 =

2.6

𝑡 =
335∘; 𝑏 =

2.6

𝑡 =
335∘; 𝑏 =

2.6

𝑡 =
335∘; 𝑏 =

2.6

𝑡 =
335∘; 𝑏 =

2.6

𝑡 =
335∘; 𝑏 =

2.6

𝑡 =
335∘; 𝑏 =

2.6
Catalyst

1
Catalyst

1
Catalyst

1
Catalyst

1
Catalyst

1
Catalyst

1
Catalyst

1
Catalyst

1
Catalyst

1
Catalyst

1
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Flow
rate,

cm³/min O2 C3H6 C3H4O CO2

𝑆C3H6
,

%

𝑊1 ⋅
107,

mole・
sec−1

per 1
ml
cat.

𝑊2 ⋅
107,

mole・
sec−1

per 1
ml
cat.

𝑘1 ⋅
107

𝑘2 ⋅
108

258 3.05 97 0.19 0.17 76 0.455 0.408 0.07 0.09
303 6.15 94 0.30 0.20 81 0.845 0.565 0.08 0.09
279 13.85 95 0.51 0.35 81 1.325 0.908 0.08 0.09
229 5.70 51.8 0.33 0.27 79 0.702 0.575 0.08 0.10
278 5.90 24.4 0.28 0.27 76 0.723 0.697 0.08 0.11
285 5.80 11.45 0.24 0.35 67 0.640 0.927 0.07 0.13

Catalyst
2

Catalyst
2

Catalyst
2

Catalyst
2

Catalyst
2

Catalyst
2

Catalyst
2

Catalyst
2

Catalyst
2

Catalyst
2

561 6.05 22.8 0.24 0.26 73 1.252 1.355 0.12 0.19
291 5.95 23.5 0.34 0.36 74 0.920 0.974 0.11 0.17
142 5.95 23.9 0.49 0.60 71 0.647 0.795 0.11 0.17
141 5.90 23.5 0.44 0.62 68 0.576 0.814 0.10 0.18
84 5.80 22.9 0.60 1.00 65 0.470 0.777 0.12 0.20

𝑡 =
365∘; 𝑏 =

3.85

𝑡 =
365∘; 𝑏 =

3.85

𝑡 =
365∘; 𝑏 =

3.85

𝑡 =
365∘; 𝑏 =

3.85

𝑡 =
365∘; 𝑏 =

3.85

𝑡 =
365∘; 𝑏 =

3.85

𝑡 =
365∘; 𝑏 =

3.85

𝑡 =
365∘; 𝑏 =

3.85

𝑡 =
365∘; 𝑏 =

3.85

𝑡 =
365∘; 𝑏 =

3.85
531 6.00 23.6 0.43 0.55 71 2.13 2.73 0.48 0.59
308 5.90 22.7 0.50 0.90 63 1.43 2.58 0.46 0.63
148 5.90 22.5 0.68 1.50 58 0.94 2.06 0.46 0.63
69 5.80 22.0 0.91 2.40 53 0.586 1.54 0.43 0.57

The values of the rate constants 𝑘1 and 𝑘2 calculated from these equations
are given in Table 2. The constancy of the constants, when the flow rate is
varied by a factor of 7 and the oxygen concentration by a factor of 5, indicates
the applicability of the indicated equations. The proposed equations do not
contain the concentration of propylene, although, strictly speaking, the rate
and selectivity of propylene oxidation depend on its content in the mixture.

With an increase in the propylene concentration the selectivity increases some-
what (Fig. 1). With small changes in the propylene content in the mixture, or
with a considerable excess of it, the rate and selectivity remain constant, and
the equations we propose are valid.

Dependence of the selectivity with respect to propylene (𝑆C3H6
) on the con-

centration of propylene at 335° (1) and 365° (2), and at a constant oxygen
concentration in the cycle equal to 6%.

Fig. 1. Dependence of the selectivity with respect to propylene (𝑆C3H6
) on the

concentration of propylene at 335° (1) and 365° (2), and at a constant oxygen
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concentration in the cycle equal to 6%.

The activation heats calculated from the equations given above for the formation
of C3H4O, 𝐸1, and of carbon dioxide, 𝐸2, in the interval 335–380° proved to be
equal to

𝐸1 = 𝐸2 = 36 ± 2.5 kcal/mole; 𝑏 = 4.25 ⋅ 𝑒−10000/𝑅𝑇 .

To clarify the question of which of the products inhibits the reaction, a method
was used in which certain products were removed from the cycle (8), while
maintaining a constant concentration of the starting substances. From the data
presented in Table 3 it is seen that, upon removal of acrolein and water, the
reaction rate⋯

Table 3

Effect of reaction products on the rate of the process
(catalyst volume 8 cm³, [𝐶3𝐻6] = 19–21%)

Conditions

[𝑂2]
at

outlet,
% 𝑂2 𝐶3𝐻4 𝐶𝑂2

Products
re-
moved

𝑆𝐶3𝐻6
,

%

𝑊1 ⋅
107,

mol・
sec−1

per 1
ml cat.

𝑊2 ⋅
107,

mol・
sec−1

per 1
ml cat.

𝑡 =
335∘,
flow
rate
280
cm³/min

6.85 5.90 0.29 0.30 — 74 ± 2 0.755 0.778

𝑡 =
335∘,
flow
rate
280
cm³/min

7.65 5.95 0.05 0.85 𝐶3𝐻4𝑂, 𝐻2𝑂72 ± 2 1.94 2.22

𝑡 =
335∘,
flow
rate
280
cm³/min

7.65 5.80 0.07 none 𝐶𝑂2, 𝐻2𝑂, 𝐶3𝐻4𝑂— — —
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Conditions

[𝑂2]
at

outlet,
% 𝑂2 𝐶3𝐻4 𝐶𝑂2

Products
re-
moved

𝑆𝐶3𝐻6
,

%

𝑊1 ⋅
107,

mol・
sec−1

per 1
ml cat.

𝑊2 ⋅
107,

mol・
sec−1

per 1
ml cat.

𝑡 =
365∘,
flow
rate
283
cm³/min

7.30 5.70 0.41 0.80 — 60 ± 1 1.07 2.01

𝑡 =
365∘,
flow
rate
283
cm³/min

9.70 5.85 0.06 1.90 𝐶3𝐻4𝑂, 𝐻2𝑂67 ± 1 3.39 5.00

𝑡 =
365∘,
flow
rate
283
cm³/min

9.70 5.95 0.05 none 𝐶𝑂2, 𝐻2𝑂, 𝐶3𝐻4𝑂— — —

𝑡 =
365∘,
flow
rate
283
cm³/min

7.50* 5.70 0.45 0.90 — 60 ± 1 1.28 2.56

𝑡 =
365∘,
flow
rate
283
cm³/min

8.25* 5.80 0.43 1.25 𝐻2𝑂 — — 3.57

* Flow rate 307 cm³/min.

tion increased by a factor of 2.5–3. When all products are removed, the degree
of conversion of oxygen remains the same as when only 𝐶3𝐻4𝑂 and 𝐻2𝑂 are
removed. Consequently, carbon dioxide has no noticeable effect on the reaction
rate. When only water is removed and the acrolein concentration is unchanged,
the rate of carbon dioxide formation increases by approximately a factor of 1.5.
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The data obtained by us confirm the conclusion of O. V. Isaev and L. Ya. Mar-
golis5 concerning the first-order dependence of the rate of propylene oxidation
on the oxygen concentration. At the same time, they do not agree with the con-
clusion of the same authors regarding the absence of inhibition of the propylene
oxidation process by reaction products and the complete absence of an effect of
propylene.

It should be noted that the cited authors5 worked by the flow method, which,
in studies of the kinetics of exothermic reactions, is less suitable than the flow-
circulation method. At 335°, removal of acrolein from the cycle did not lead to
an increase in selectivity, which should have occurred if its further oxidation were
taking place. At 365°, as a result of freezing out 𝐶3𝐻4𝑂, the selectivity increases
somewhat; consequently, at this temperature, under ordinary conditions, further
oxidation of acrolein is possible. These data confirm the conclusion we made
earlier4 that acrolein and carbon dioxide are formed predominantly in parallel
at low temperatures, and that carbon dioxide is formed by a parallel-consecutive
route at high temperatures.

The authors express their gratitude to E. N. Popova, D. Ya. Nechiporuk, and
M. V. Rybakova, who took part in carrying out the study.

Institute of Physical Chemistry
named after L. V. Pisarzhevsky
Academy of Sciences of the Ukrainian SSR

Received
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