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Abstract—The study is a continuation of the research cycle concerning the oxidation of propylene in dielec-
tric-barrier discharge plasma to propylene oxide and the corresponding hydroxyl and carbonyl compounds.
Comparison of experimental data on the propylene conversion in air and carbon dioxide made it possible to

reveal the features of the process.
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INTRODUCTION

Previously, we have shown that the oxidation of
propylene with oxygen or air in dielectric-barrier dis-
charge (DBD) plasma in the presence of water leads to
the formation of propylene oxide and hydroxyl and
carbonyl compounds [1]. Based on experimental data
and theoretical calculations, it was established that the
presence of nitrogen molecules in the reactant mixture
does not significantly affect the composition and the
mechanism of formation of reaction products. The
main contribution to the formation of propylene oxide
is made by processes involving atomic oxygen. Molec-
ular oxygen also takes part in the oxidation of propyl-
ene, leading to the formation of hydroxyl and carbonyl
compounds.

It is known that the dissociation of oxygen [2] and
carbon dioxide [3] molecules in DBD leads to the for-
mation of oxygen atoms, but molecular oxygen is
absent in the reaction mixture in the case of carbon
dioxide. Comparison of experimental and calculated
data on the oxidation of propylene in air and
carbon dioxide will clarify the possible mechanism of
the formation of oxygen-containing products with the
general formula C;H,O: propylene oxide, propanal,
acetone, allyl alcohol, acrolein, isopropanol, and pro-
panol.

EXPERIMENTAL

The study was carried out using the experimental
setup described earlier [4]. A flow of propylene and air
or carbon dioxide is mixed with water at room tem-
perature, and then the gas—liquid mixture is sent to the
reactor, where it is exposed to DBD.

The plasma reactor is made of duralumin and has a
planar structure with one dielectric barrier (glass fiber,
1 mm thick). 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 9 kV, and their repetition frequency was
400 Hz. The active discharge power was 1.9 or 2.5 W
for mixtures of propylene with air or carbon dioxide,
respectively. The volumetric flow rate of the gas mix-
ture was 60 cm’/min, and that of water was
0.3 cm?/min. The gaseous and liquid products were
analyzed using a gas chromatograph equipped with a
thermal conductivity detector and a flame ionization
detector.

The concentration of the main chemically active
particles formed at the stage of discharge initiation in
the reaction mixture was calculated using the Kintecus
software suite [5] according to a previous procedure
[4]. The necessary data on the energy losses of DBD
electrons in propylene—air and propylene—oxygen
mixtures, as well as the values of the rate constants of
electron—molecule reactions and the electron drift
velocity, were obtained using the Bolsig+ software [6],
and the cross sections for electron scattering by mole-
cules were taken from the database [7]. The rate con-
stants of electron—molecule reactions were calculated
taking into account published data [3, 8].

RESULTS AND DISCUSSION

Table 1 shows the products of propylene conver-
sion in carbon dioxide in comparison with air [1]. It
can be seen that the products markedly differ in com-
position and amount. Methanol, acrolein, acetic and
propionic acids are not formed. The proportion of gas-
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Table 1. Product composition of propylene oxidation in DBD by different gases. Composition of the reaction mixture:

[C3Hg] = 9%, [H,0] = 2%, [Air/CO,]| = 89%

Content, wt %

Compound
C;Hg—Air [1] C;H—CO,

Gaseous hydrocarbons 11.9 5.1
Methanol 2.7 —

Acetaldehyde 8.7 13.5
Propylene oxide 15.6 16.9
Acrolein 11.9 —

Propanal 11.1 18.7
Acetone 10.7 6.8
Isopropanol 4.8 4.7
Allyl alcohol 5.8 3.2
Propanol 0.8 2.9
Acetic acid 0.8 —

Propionic acid 0.4 -

Others 14.7 27.9
Conversion, % 16.9 23.6
Energy consumption, eV molecule™! 24.9 21.4

— products amounting to less than 0.001% in the mixture.

eous hydrocarbons (methane, ethane, ethylene, acet-
ylene) is smaller by a factor of ~2, while the amount of
products represented mainly by unsaturated C,—Cq
hydrocarbons (line “Other,” Table 1) is greater by a
factor of ~2.

The energy consumption for the conversion of pro-
pylene is comparable in both cases, but the conversion
with CO, is higher because of the higher active dis-
charge power. Figure 1 shows charge—voltage charac-
teristics (CVCs) of the discharge for propylene mix-
tures with air and CO,. The calculation of the electri-
cal characteristics of the DBD according to the CVC
data was carried out graphically [4]. The discharge
operating voltage (Uyg,) was determined by the expres-
sion:

Ugis = CyUmin/Cy + (C,C, /(Cy = Cy)), (D

where C, and C, are the capacitances of the dielectric
barrier and the discharge gap, respectively.

The obtained Uy, values were respectively ~3300
and 2500 V for experiments with air and CO,. It can be
seen that in the case of CO,, microdischarges appear
in the reactor at a lower external voltage, whereas the
charge transferred in the pulse is higher and corre-
sponds to values of 1.8 and 2.4 x 107° C (Fig. 1).

Figure 2 shows the amount of oxygen-containing
products with the general formula C;H, O depending
on the initial concentration of air or CO, in the feed
mixture. It can be seen that for both mixtures there is
a general trend in the product formation with a
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decrease in the concentration of propylene in the feed
mixture, namely, the amount of propylene oxide and
propanal increases and that of acetone and isopropa-
nol decreases. The common features indicate a similar
mechanism for the formation of substances with dif-
ferent compositions of the feed mixture.

Figure 3 shows the calculated composition of the
main chemically active species formed at the stage of
discharge initiation of the reaction for propylene—air—
water and propylene—CO,—water mixtures in a DBD
per high-voltage pulse.

The upper limits of the yield of atoms and radicals
as a result of electronically excited dissociation of mol-
ecules were evaluated on the basis of threshold disso-
ciation energies, which have values of ~3.6, ~7.0, ~4.5,
~8.9, and ~ 7.0 eV for propylene, CO,, O,, N,, and
H,O0, respectively.

The DBD treatment of the feed mixture results in
the predominant formation of oxygen atoms and
hydrocarbon radicals as propylene degradation prod-
ucts. It can be seen that due to the lower dissociation
energy of molecular oxygen, more oxygen atoms are
generated in the propylene—air mixture than in the
presence of CO,. In the case of treatment of the pro-
pylene—air mixture, atomic nitrogen appears.

The formation of oxygen and nitrogen atoms
occurs according to the following reactions [2, 3, 10,
11]:

(2)

O,+ e—>20+e,

No.3 2022
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Fig. 1. Charge—voltage characteristic of DBD in a mixture of propylene with carbon dioxide or air in the presence of water. Ui,
is the minimum external voltage at which microdischarges are observed in the discharge gap; lines AB and BC correspond to the
capacitance of the dielectric barrier and the discharge gap, respectively; and g is the value of the transferred charge per pulse.

CO,+e >CO+0+e, 3)
N, +e > 2N +e. 4)

As shown earlier [1], the presence of nitrogen mol-
ecules in the feed mixture has no significant effect on
the formation of oxygen-containing products during
the oxidation of propylene. Most likely, nitrogen
atoms interact with molecular oxygen, subsequently
leading to the formation of various nitrogen oxides
[2, 12].

According to the published data [8, 9], electroni-
cally excited propylene molecules dissociate to give
gaseous hydrocarbons and various radicals according
to the reactions:

C;H¢+e > C;H; + H+e, ®)
C;Hi +e - CH, + H, +e, (6)
C;H¢ +e - C,H, + CH, +e, @)
C;Hy+e - C,H, + CH, +e. 8)

It should be noted that the concentration of hydro-
carbon radicals and hydrogen is comparable for both
mixtures (Fig. 3). Thus, it can be assumed that the
2022
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mechanism of propylene oxidation with air or CO,
includes two routes of the appearance of principal rad-
icals—the formation of atomic oxygen and the degra-
dation of the olefin. A significant difference is the
involvement of molecular oxygen in the formation of
products during the oxidation of propylene with air.

It is known that oxygen atoms interact with the ole-
fin double bond to form an adduct, which rearranges
into the final products by ring closure (an oxide is
formed) or by migration of a hydrogen atom or an alkyl
group from the oxygen-linked carbon atom to the
other carbon atom of the original double bond (car-
bonyl compounds are formed). The main products of
propylene reaction with the O atom are propylene
oxide, propanal, and acetone with the general formula
C;H,O:

C,Hy + O — C;H(O. [13] )]

It can be seen from Table 1 that the concentration
of propylene oxide in the products in both cases has
similar values, 15.6 and 16.9%, respectively, for exper-
iments with air and CO,. For propanal and acetone,
the values differ and can be explained by additional
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Fig. 2. The amount of oxygen-containing products with the general formula C;H,,O depending on the air or CO, content of the

feed mixture.

reactions of their formation in the mechanism of pro-
pylene oxidation.

When propylene is oxidized with air, the interac-
tion of the propyl radical with an oxygen molecule
leads to the appearance of acetone and alcohol (iso-
propanol or propanol) as part of the reaction products.
The formation of the propyl radical is possibly a result
of the hydrogenation of propylene molecules with
hydrogen atoms:

CH,+H—> CH,, [13] (10)
CH, +0, — C,H,00, [15] (11)
C,H,00 + C,H,00 12

— C;H,O0 + C;H,0H + 0,. [16]

In the case of propylene conversion in a CO, atmo-
sphere, the formation of acetone or propanal is possi-
ble as a result of the interaction of an oxygen atom with
a propyl radical:

C,H, + 0 - C;H,0

13
(Propanal, Acetone) + H (13)

[14].

Consequently, in experiments with air, propyl rad-
icals predominantly interact with oxygen molecules

according to reactions (11) and (12), increasing the
amount of acetone in the products. In a carbon diox-
ide medium, propyl radicals can interact with oxygen
atoms according to reaction (13), increasing the pro-
portion of propanal in the mixture, or react with other
hydrocarbon radicals, increasing the amount of unsat-
urated C,—C¢ hydrocarbons in the products (line
“Others,” Table 1):

C;H; + C;Hy — CH),, [9] (14)
C.H, + CH; — C,H,p,  [14] (15)
C.H, + C;H, = CHy,o  [14] (16)

The data in Table 1 show that the formation of
acrolein and acetic and propionic acids occurs only in
the presence of molecular oxygen in the feed mixture.

From the calculation data for the composition of
chemically active species generated at the step of dis-
charge initiation of the reaction (Fig. 2), it follows that
the concentration of propenyl radicals in experiments
with air and carbon dioxide is comparable; therefore,
their interaction with molecular oxygen yields the cor-
responding peroxide radicals, similarly to reactions
(11) and (12), the further transformation of which
No. 3
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Fig. 3. Calculated composition of chemically active species formed at the step of discharge initiation of the reaction for propyl-
ene—air—water and propylene—CO,—water mixtures in DBD per high-voltage pulse.

leads to the appearance of unsaturated alcohol and
aldehyde (allylic alcohol and acrolein):

C.H; + 0, - C,H,00, (17)
C;H,00 + C,H,00 — C,H,0 + C;H,OH + O,. (18)

A detailed insight into the mechanism of formation
of propylene oxidation products is possible by studying
the kinetic model of propylene oxidation, which is a
separate and time-consuming task.

CONCLUSIONS

Comparison of experimental data on the conver-
sion of propylene in carbon dioxide and air [1] made it
possible to reveal the following features of the process:

(1) the discharge in experiments involving CO, is
excited at a lower external voltage, and the charge
transferred per pulse is greater in comparison with that
in the case of air;

(2) energy consumption for propylene conversion
has a close value, but the conversion per pass is higher;

(3) the overall selectivity of the process in CO, is
higher: a smaller number of products are formed,;

(4) there are common trends in the formation of
oxygen-containing products with the general formula
C;H, 0. The yield of propylene oxide and propanal
depends on the amount of oxygen atoms in the reac-
tion mixture, and the formation of C,—C4 hydrocar-
No. 3
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bons, acetone, and alcohols is associated with the acti-
vation of the propylene molecule in DBD;

(5) the formation of methanol, acrolein, and acetic
and propionic acids requires the presence of molecular
oxygen in the feed mixture.
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