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Abstract

The oxidation of cumene and its mixture with benzene by oxygen in the low-temperature barrier discharge
plasma has been studied under the efficient removal of reaction products from the reactor, which makes it pos-
sible to avoid the deep oxidation of initial reagents and the formation of polymer deposits on reactor walls. Ex-
periments were carried out in a setup with a plasmachemical reactor, under barrier discharge in the flow mode.
The major products of cumene oxidation, namely acetophenone and dimethylphenylcarbinol, are formed with a
total selectivity of up to 78 wt%. Cumene oxidation is not accompanied by the formation of phenol and its de-
rivatives. Cumene conversion does not exceed 1.2 wt%. Oxidation of a mixture of cumene and benzene leads to
the formation of cumene oxidation products (acetophenone and dimethylphenylcarbinol) along with the products
of phenol oxidation (phenol and diphenols). It is shown that both aromatic hydrocarbons are oxidised indepen-
dently in their mixture. Based on the research results and literature data, a probable mechanism of cumene oxi-
dation in a barrier discharge is discussed and an attempt is made to simulate the process of its oxidation. The
possibility to govern the oxidation of aromatic hydrocarbons in the low-temperature barrier discharge plasma by
reactor temperature control is demonstrated.

Keywords: plasma chemistry, dielectric barrier discharge, aromatics, benzene, cumene, oxidation

Funding: the work was carried out with financial support from the Ministry of Science and Higher Education of
the Russian Federation (the State Assignment for the Institute of Petroleum Chemistry SB RAS, Project
No. FWRN-2021-0003).

For citation: Ochered’ko A. N., Leshchik A. V., Ryabov A. Yu., Kudryashov S. V., Oxidation of cumene and its
mixture with benzene by oxygen in the dielectric barrier discharge plasma, Chemistry for Sustainable Develop-
ment, 2025, Vol. 33, No. 2, P. 214—218. DOI: 10.15372/CSD2025647. EDN: QKELQV.

INTRODUCTION

During the recent decades, substantial efforts
of researchers are aimed at the development of
new technologies or optimisation of the existing
ones in organic and petrochemical synthesis in
agreement with the green chemistry principles,
in view of the necessity to retain the low level if
carbon footprint in industrial processes. For this
reason, the possibility to process hydrocarbon feed-

stock without catalysts, at not very high tem-
peratures and pressures attracts increased atten-
tion. For the development of this kind of tech-
nologies, first of all, the detained information on
the kinetics of processes under investigation is
necessary [1].

During the recent times, much attention is
paid to the use of plasmachemical methods to ac-
tivate hydrocarbon feedstock in the low-tempera-
ture plasma of different kinds of discharge, for
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example, barrier discharge (BD), which allows
using it not only to readily activate chemical re-
actions, but also to provide efficient control of the
processes.

Barrier discharge formed between the dielec-
tric-coated electrodes in various gaseous media
at atmospheric pressure or close to it is charac-
terised by the average electron energy up to
10 eV [2]. The use of electron energy within this
range allows one to softly initiate various pro-
cesses in gaseous media and carry out reactions,
even those proceeding under rigid conditions [3, 4].
However, the development of new technologies
involving low-temperature plasma in organic and
petrochemical synthesis is hindered by the low
selectivity of plasmachemical reactions and the
absence of detailed data on the kinetics and
mechanisms of the plasmachemical transforma-
tions of organic compounds.

Low-temperature plasma is most efficiently
used to remove organic compounds from the ex-
haust gases of various industrial processes, in
particular to remove aromatic compounds from
the air [5, 6]. However, the mixtures of aromatic
hydrocarbons can be used as feedstock to synthe-
sise intermediate organic compounds widely used
in industry [7, 8].

The goal of the present work was to study the
oxidation of cumene and its mixture with benzene
by oxygen in the BD plasma. A possible mecha-
nism of cumene oxidation in BD is discussed, and
an attempt to simulate its oxidation is made.

EXPERIMENTAL

The treatment of aromatic compounds was
carried out in a set-up with the plasmachemical
reactor with BD for the oxidation of liquid and
gaseous hydrocarbons by oxygen in the flow at
atmospheric pressure (Fig. 1). Oxygen and cumene
(a mixture of cumene with benzene) are supplied
simultaneously to the plasmachemical reactor.
Gaseous reaction products and unreacted hydro-
carbons are captured in the reflux condenser.
The liquid products are collected in the receiving
vessel in the lower part of the set-up. The re-
flux condenser is cooled with flowing tap water
(8—12 °C), and the reactor is cooled with flowing
water at a temperature controlled with a thermo-
stat. The reactor is represented by a two-barrier
electric system based on two coaxial glass tubes
with a gap of 1 mm between the dielectric bar-
riers, with the discharge zone 10 cm long and
7.8 cm? in volume. Voltage pulses with the ampli-

Fig. 1. Scheme of experimental set-up with the barrier dis-
charge: 1 — cylinder with oxygen; 2 — vessel with liquid alkyl
aromatic hydrocarbon; 3 — pump to supply hydrocarbon into
the reactor; 4 — reactor with barrier discharge; 5 — copper
contact conductor; 6 — reactor cooling; 7 — high-voltage elec-
trode; 8§ — grounded electrode; 9 — generator of high-voltage
pulses; 10 — oscillograph; 11 — chromatograph; 12 — high volt-
age divider; 13 — capacitance shunt [9].

tude up to 10 kV are supplied to the high-voltage
electrode (the internal tube with the aqueous
NaCl solution) at a frequency of 400 Hz. Discharge
voltage is registered at the grounded outer elec-
trode according to the circuit (see Fig. 1). The
discharge is glowing in the discharge gap of the
reactor. The products formed as a result of initial
mixture treatment are removed from the discharge
part of the reactor and collected in the receiver for
subsequent analysis. Experimental conditions are:
reactor temperature, 12—40 °C; hydrocarbon flow
rate, 0.26 cm?®/min; oxygen flow rate, 60 cm?/min;
discharge operation time, 30 min.

A mixture of products formed during initial
mixture treatment was analysed by gas chroma-
tography using an HP 6890 chromatograph (Hew-
lett Packard, USA) with a flame ionisation detec-
tor in the temperature programming mode in an
HP-1 capillary column. The qualitative analysis of
the product mixture was carried out by compar-
ing retention times for marker compounds and
mixture components. Quantitative analysis was
carried out using the internal standard method.
Hydrocarbon conversion (X wt%) was deter-
mined using equation

HC?
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Xye =

m
—_prod | 100 % (1)
Muc
where M od is the mass of products, mg; my. is
the mass of initial hydrocarbon, mg.
The composition of product mixture was cal-
culated using equation

m;

— 100 % (2)
mprod

where S, is the content of each component, wt%;

m,; is the mass of each component in the product

mixture, mg.

The electric parameters of the experiment
were controlled with a capacitance shunt, voltage
divider, and a digital oscillograph. The collected
data were used to calculate the active discharge
power [2]. The active discharge power did not ex-
ceed 2 W.

S =

1

RESULTS AND DISCUSSION

According to the data obtained (Table 1), the
products detected as a result of the oxidative
treatment of cumene with oxygen in BD plasma
included acetophenone and dimethylphenylcarbi-
nol, benzaldehyde and benzoic acid, as well as
light-weight oxygen-containing compounds: ace-
tone, methyl formiate. Acetophenone and dimeth-
ylphenylcarbinol comprise the major part of the
products (about 70 wt%). The proportion of ben-
zaldehyde and benzoic acid reaches 12 wt% in
sum. Other compounds have not been identified
reliably. Their total proportion reaches ~20 wt%,
but the content of individual compounds rarely
exceeds 1—3 wt%. It should be noted that phenol
and its derivatives (hydroxycumenes) were not
detected.

TABLE 1

Products of cumene oxidation by oxygen
in the barrier discharge

The oxidation of a mixture of cumene and
benzene (1 : 1 by volume) by oxygen in the BD
plasma results in the formation of the products of
oxidation (Table 2) of both benzene (phenol, di-
phenol) and cumene (acetophenone, dimethyl-
phenylcarbinol, benzaldehyde). The percentage of
benzene oxidation products is 49 wt%, and cumene
34 wt%. The proportion of non-identified products
is ~17 wt%, which is somewhat smaller than the
values for benzene or cumene [9]. Hydroxyl-
containing cumene derivatives were not detected
after the oxidation of cumene, as well as its mix-
ture with benzene. It should be noted that the
formation of oxidation products from both com-
ponents of the mixture provides evidence of their
independent oxidation under the conditions of BD
plasma in oxygen.

As suggested by the literature data on the beha-
viour of hydrocarbons of different classes [2, 10, 11]
in the low-temperature plasma of different kinds
of discharge, including BD, a probable mecha-
nism of the oxidation of aromatic hydrocarbons
with alkyl substituents involves several stages.

At the first stage, the electron flux triggers ini-
tial electron-molecular reactions leading to the for-
mation of excited particles, radicals [2]. In the ini-
tial gas mixture containing oxygen molecules, they
dissociate at a high rate to form atomic oxygen:
O, +e—>20 +te (3)
which then interacts with neighbouring hydro-
carbon molecules [2].

The electrons of BD also excite hydrocarbon
molecules, which enables their transition to the
excited state or dissociation into alkyl radicals and
atomic hydrogen:

RH +e— RH*+e (4)

TABLE 2

Products of cumene—benzene mixture oxidation
by oxygen in the barrier discharge

Oxidation products Content, wt%

Oxidation products Content, wt%

Phenol -
Diphenols -
Benzaldehyde 7.9
Acetophenone 38.9
Cresols -
Dimethylphenylcarbinol 26.7
Benzoic acid 4.8

Benzyl alcohol -
Other 21.7

Phenol 46.8
Diphenols (total) 2.6
Benzaldehyde 3.0
Cresols -

Acetophenone 13.8
Dimethylphenylcarbinol 17.2

Benzoic acid -
Benzyl alcohol -
Other 16.6

Note. Dash — not detected.

Note. Dash — not detected.
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Then atomic oxygen directly attacks the aro-
matic ring of an aromatic hydrocarbon mole-
cule [11—-13] or abstracts the hydrogen atom from
a hydrocarbon molecule, thus forming an alkyl
radical:

‘O"+ RH - R" + OH’ (5)

Hydrocarbon radicals and excited hydrocar-
bon molecules in the mixture with oxygen react
with the latter to form a peroxy radical, and its
subsequent transformations result in the forma-
tion of stable carbonyl compounds and alcohols
(auto-oxidation [14]).

Several transformation directions can be out-
lined in the mechanism of aromatic hydrocarbon
oxidation described above: the direct addition of
atomic hydrogen to the aromatic ring with the
formation of phenol compounds; oxidation of the
side alkyl substituents with the formation of
benzyl compounds; hydrocarbon auto-oxidation
(through the stage of hydroperoxide formation).
The latter two directions can be considered to-
gether because the products are similar oxygen-
containing aromatic compounds with the oxygen
atom in the side alkyl substituent. The proposed
scheme includes the oxidation of aromatic com-
pounds of different structures and allows assess-
ing the directions of their oxidative transforma-
tions under various conditions.

According to the above considerations related
to cumene oxidation by oxygen in BD, the direct
addition of oxygen to the aromatic ring is de-
picted in the formation of phenol compounds, the
oxidation of the side alkyl substituent manifests
itself in the total content of acetophenone and
dimethylphenylcarbinol, so that the aldehyde and
acid correspond to the products of deeper oxida-
tion of cumene. No phenol compounds were de-
termined in cumene oxidation, while its oxidation
in mixture with benzene represents both transfor-
mation directions: the direct addition of oxygen
atom to the aromatic ring (the formation of phe-
nols) and to the side substituent (the formation of
cumene oxidation products). In this situation, re-
lying on the saturated vapour pressure values for
cumene and benzene (443 and 10013 Pa at 20 °C,
respectively), it is logical to assume that the for-
mation of phenols proceeds in the gas phase, while
the products of cumene oxidation are formed in
the layer at the gas to liquid interface or in the
surface liquid layer in contact with the oxidising
medium.

Relying on the experimental data obtained in
the work and the data available from the litera-
ture [7, 8], we made an attempt to develop the ki-

netic model of cumene oxidation by oxygen in BD.
Selection of the main reactions for the kinetic
scheme was limited by the following criteria:
both oxygen and cumene molecules dissociate
under the action of electrons in BD; the formed
particles interact with non-activated molecules of
the initial gas mixture; the interaction of atomic
and molecular oxygen with the aromatic ring is
minimal; oxygen (both atomic and molecular) at-
tacks carbon atoms of the alkyl substituent; only
gas-phase reactions are taken into account. To
simulate the chemical kinetics of benzene oxida-
tion in BD, we used the Kintecus software pack-
age, which is free for academic and educational
establishments [15].

It should be noted that kinetic data on gas-
phase reactions participated by cumene are al-
most absent from the literature, so some reac-
tions were considered by analogy. For instance,
when calculating cumene dissociation constants
under the action of electrons in BD, we did not
find the cross section of this reaction in the pub-
lished works and available databases, so this cross
section was conventionally equated with the cross-
section of the electron-molecular reaction of cy-
clohexane; the rate constant of atomic oxygen
interaction with the benzene ring for cumene was
conventionally taken equal to the rate constant of
atomic oxygen interaction with benzene molecule
to form phenol, and so on.

Even at the intermediate stages of simulation
under the accepted conditions, its results started
to deviate from the experimental data. For in-
stance, the calculated cumene concentration was
sharply decreasing even at the initial iterations,
which corresponds to the high conversion, though
actually it did not exceed 1.5 wt% in experiments.

The described simulation results provide indi-
rect confirmation of the above-mentioned assump-
tions concerning the mechanism of aromatic hy-
drocarbon oxidation in BD plasma. The reasons
for discrepancy between the model and experi-
mental data are likely to be found in taking into
account the reactions proceeding at the liquid—
gas interface or in the surface layer of liquid
cumene running over the cooled reactor walls.

CONCLUSION

Thus, it is established in the investigation of
cumene oxidation by oxygen in BD that the major
products of cumene oxidation are acetophenone
and dimethylphenylcarbinol, with the total for-
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mation selectivity up to 78 wt%. Phenol or its de-
rivatives were not detected. For cumene oxida-
tion in mixture with benzene, it is demonstrated
that the hydrocarbons are oxidised independently
of each other. The revealed regularities substan-
tiate the further elaboration of the kinetic model
of oxidation by oxygen for cumene safe methods
for the organic synthesis of valuable compounds
involving aromatic compounds in the low-tem-
perature non-equilibrium plasma of different kinds
of discharge in agreement with the green chem-
istry principles.
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