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Abstract—This work is a continuation of research on the oxidation of propylene in dielectric-barrier dis-
charge. On the basis of calculated and experimental data, it has been concluded that reactions involving
atomic oxygen play the leading role in the formation of the main products—propylene oxide and hydroxyl and

carbonyl compounds.
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INTRODUCTION

Propylene oxide is a popular petrochemical feed-
stock. The main processes for its production are
hydroperoxide methods; simultaneously with them,
catalytic processes develop [1—3] and new alternative
approaches to its synthesis appear.

Previously, we have shown the fundamental possi-
bility of propylene oxidation with oxygen in dielectric-
barrier discharge (DBD) plasma in the presence of n-
octane to propylene oxide and hydroxyl and carbonyl
compounds [4]. The maximum concentration of pro-
pylene oxide in liquid products reaches 45 wt %. The
paper considers a possible reaction mechanism, in
which the main role is assigned to processes that
involve atomic oxygen:

0, +e—>20+e [9], (1)
O + C;H, — products [6,7], 2)

where e are DBD electrons.

The choice of air as the propylene oxidation
medium leads to a decrease in the propylene oxide
content in the products to ~23 wt %. It has been
assumed that nitrogen molecules contained in the ini-
tial mixture can affect the reaction mechanism.

In this study we attempt to test this assumption.
The main idea is to select the initial ratio of the com-
ponents of propylene—oxygen and propylene—air
mixtures, in which the energy losses of DBD electrons
for the excitation of oxygen molecules will be compa-
rable, all other things being equal. If the composition
and concentration of the products are close, the effect
of nitrogen on the mechanism of propylene oxidation
with air can be ignored.

EXPERIMENTAL

The study was carried out using, as an example, the
oxidation of a mixture of propylene with oxygen or air
in the presence of water, instead of n-octane used in
[4]. The replacement of n-octane with water is caused
by both the lack of data on the cross sections for elec-
tron scattering by n-octane molecules, which are nec-
essary in calculating the energy losses of DBD elec-
trons in collisions with molecules of the reactant mix-
ture, and its undesirable oxidation along with
propylene in DBD.

The results of preliminary experiments on the oxi-
dation of propylene with oxygen in the presence of
water in DBD [8] showed that replacing n-octane
with water does not lead to a significant change in the
product composition. There is a decrease in the con-
centration of propylene oxide in the products from 45
to ~30 wt %. Acetic and propionic acids were identi-
fied; otherwise, the composition of the oxidation
products was almost identical to that obtained in the
presence of n-octane.

The experiments were carried out on a laboratory
setup sketched in [9]. The flow of propylene and
air/oxygen is mixed with water, and then the gas—liq-
uid mixture at room temperature is sent to the plasma
reactor for its DBD treatment.

The plasma reactor has a dismountable design of a
planar type with one dielectric barrier. The gap in the
discharge zone is 1 mm, and the area of the discharge
zone is 48 cm?. In all experiments, the amplitude of
high-voltage pulses did not exceed 15 kV, and their
repetition rate was 400 Hz. The active discharge power
was 1.7 W. The volumetric flow rate of the reaction
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Fig. 1. Total energy losses of DBD electrons for the excitation of molecules in propylene—oxygen and propylene—air mixtures in
the presence of water vapor. The reduced electric field strength is 110 Td.

mixture was 60 cm?/min, and the water flow rate was
0.3 cm?/min. The analysis of gaseous and liquid prod-
ucts was carried out using an HP 6890 gas chromato-
graph equipped with a thermal conductivity detector
and a flame ionization detector.

The energy loss of DBD electrons for the propyl-
ene—air and propylene—oxygen mixtures was calcu-
lated using the program Bolsig+ [10]; the cross sec-
tions for electron scattering by molecules were taken
from the database [11].

RESULTS AND DISCUSSION

Figure 1 shows calculated values for the total
energy losses of DBD electrons in propylene—air and
propylene—oxygen mixtures with water vapor,
depending on the propylene content in the feed mix-
ture. The concentration of water molecules in the gas
mixture was ~2%.

The figure shows that in an excess of propylene, the
main energy losses of electrons occur in collisions with
propylene molecules in both cases, with a significant
loss of electron energy in the case of oxidation with air
being due to excitation of nitrogen molecules. In all
the cases, water molecules account for less than 1% of
the electron energy losses. It can be seen that compa-
rable values of the energy losses of DBD electrons for
No. 4
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the excitation of oxygen molecules can be achieved in
propylene mixtures with an initial oxygen or air con-
centration of 50 or 90%, respectively.

Table 1 shows the product composition for the oxi-
dation of these mixtures in the presence of water. It
can be seen from the table that products formed are
similar in composition and amount of components,
thereby indicating a similar mechanism of propylene
oxidation by oxygen and air and confirming the above
assumptions about the reaction mechanism. Oxygen
atoms play the main role in the formation of the prod-
ucts, and nitrogen molecules do not have a noticeable
effect on the mechanism of the reaction process.

Table 2 shows the calculated distribution of the
total energy losses of DBD electrons for the propyl-
ene—oxygen and propylene—air mixtures with water
vapor over the internal degrees of freedom of the feed
mixture molecules.

From the data in Fig. 1 and Table 2 it is seen that for
the propylene—air mixture, ~60% of all energy losses
of DBD electrons are due to the excitation of nitrogen
molecules. It is known that energy consumption for
ozone production from air in DBD is lower than in
pure oxygen and this difference is attributed to the for-
mation of additional atomic oxygen according to the
reactions:
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Table 1. Product composition of propylene oxidation with
oxygen or air in the presence of water

Content, wt %

Compound

C;Hg—0, (50%) | C3Hg—air (90%)
Methane 0.7 0.8
Acetylene 4.2 3.9
Ethylene 6.6 6.2
Ethane 0.2 1.0
Methanol 3.7 2.7
Acetaldehyde 4.6 8.7
Propylene oxide 16.4 15.6
Acrolein 13.9 11.9
Propanal 14.2 11.1
Acetone 11.5 10.7
Isopropanol 4.0 4.8
Allyl alcohol 3.5 5.8
Propanol 0.6 0.8
Acetic acid 0.8 0.8
Propionic acid 0.4 0.4
Other 15.0 14.7
Energy expenditure, 15.8 14.6

kWh/kg
N, +e = N5 +e, 3)
N, +0, = N, +20 [12]. 4)

Comparison of the data given in Table 1 for the
energy consumption for oxidation shows that the con-
tribution of reactions (3) and (4) to the formation of an
additional amount of atomic oxygen can be neglected
in this case. It is likely that the presence of propylene

in the feed mixture facilitates the dissipation of energy
of excited nitrogen molecules:

N5 + C;Hy — N, + C,H; [12], (5)

but, judging by the composition of the gaseous prod-
ucts (Table 1), this does not lead to the appearance of
additional pathways of propylene fragmentation along
with electron—molecule reactions [13]

C;H¢ + e — products +e. 6)

In general, the value obtained for energy consump-
tion is slightly lower than in the oxidation of propylene
at an oxygen concentration of 91% in the presence of
n-octane [4] in a coaxial reactor with two dielectric
barriers, 17.8 kWh/kg. Perhaps, the difference is due to
the choice of the planar reactor design with one
dielectric barrier. In addition, a positive point is that
replacing n-octane with water precludes contamina-
tion of propylene oxidation products with n-octane
conversion products and increases the overall selectiv-
ity of the process.

CONCLUSIONS

On the basis of simple theoretical calculations and
experimental data, an indirect confirmation of the
conclusions about the possible mechanism of the pro-
pylene oxidation reaction in DBD has been obtained:

The main contribution to the formation of the
products is made by processes involving atomic oxy-
gen, which is formed by the interaction of DBD elec-
trons with oxygen molecules;

In the case of oxidation with air, the presence of
nitrogen in the feed mixture does not significantly
affect the composition of the products and their for-
mation mechanism.

Table 2. Distribution of total energy losses of DBD electrons by internal degrees of freedom of molecules in propylene—

oxygen—water and propylene—air—water mixtures

Energy loss, % C;H4—0, (50%) C;Hg—air (90%)
Vibrational states 0.10 0.01
C;Hg Electronic states 80.74 18.12
Ionization 0.64 2.70
Vibrational states 3.52 0.85
(O} Electronic states 14.27 15.96
Ionization 0.03 0.68
Vibrational states - 40.08
N, Electronic states — 20.03
Ionization - 1.03
HIGH ENERGY CHEMISTRY Vol. 55 No.4 2021
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