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Abstract—An analytical review of the results of studies of the decomposition of carbon dioxide in a barrier
discharge at atmospheric pressure is presented. The decomposition of carbon dioxide CO, in a barrier dis-
charge occurs under nonequilibrium conditions as a result of dissociative excitation of the molecule by elec-
tron impact. It has been established that the degree of decomposition of carbon dioxide o and the energy effi-
ciency of the device 1 do not exceed o < 70% and M < 23%, respectively. These parameters depend on the
geometry of the discharge, on the power deposited in the discharge, on the gas flow rate, and on the gap
between the electrodes. One of the promising ways to increase the barrier discharge efficiency is to fill the gap
between the electrodes with granules of various materials, including catalysts.
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INTRODUCTION

The growing needs of modern society for energy
have significantly increased the consumption of car-
bonaceous fossil fuels (coal, natural gas and oil) on an
unprecedented scale [1]. CO, emissions from fuel
combustion in power engineering and transport have a
negative impact on human life. In addition to adverse
environmental impacts, CO, emissions are a waste of
a natural source of carbon.

Actual problems solved by many researchers are
the problem of reducing CO, emissions in technolog-
ical processes, as well as the problem of decomposition
and utilization of the resulting carbon dioxide.

Utilization of CO, is associated with the develop-
ment of a highly efficient and cost-effective technol-
ogy for the decomposition of pure CO, and in its mix-
tures with molecular and inert gases. This makes it
possible to use CO, as a feedstock for the industrial
production of synthetic fuels (synthetic gas CO + H,,
methane CH,, etc.) and chemical products (methanol
CH,0H, formic acid HCOOH, etc.) [2—S8].

CO, decomposition can be carried out by various
methods [9—13]. Among them, a special place is occu-
pied by the method of plasma-chemical decomposi-
tion of CO, using a weakly ionized low-temperature
plasma of gas discharges and hybrid methods with
simultaneous usage of plasma and catalytic materials.
A feature of the plasma-chemical method is the low
energy consumption for the decomposition of CO,,

the compactness of gas-discharge devices and their
low material consumption. The decomposition of CO,
in various gas discharges has not been fully studied and
is being intensively studied. Increased attention is paid
to the use of an atmospheric pressure barrier discharge
(BD) for the decomposition of CO, in a subsonic gas
flow.

The work presents an analytical review of the cur-
rent state of research on CO, decomposition in an
atmospheric pressure barrier discharge. The review
does not claim to be complete and is aimed at showing
the main trends observed when using a barrier dis-
charge to decompose CO,.

PARAMETERS AND DESIGN OF DISCHARGE
DEVICES BASED ON A BARRIER DISCHARGE
FOR CO, DECOMPOSITION

Results of studying CO, decomposition in atmo-
spheric pressure BD in a subsonic gas flow are given in
reviews [9—13] and in numerous original papers [14—
59].

When comparing CO, utilization devices, a num-
ber of criteria are used. In particular, these are the
degree of CO, decomposition 0(%) and the energy
efficiency of the CO, decomposition device 1(%).
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The degree of CO, decomposition (%) is calcu-
lated by the formula:

G % (inlet) — G“*(outlet)

(%) =
%) G % (inlet)

x100%,

where G2 (inlet) and G (outlet) are the mass flow
rates of CO, (g X s') at the inlet and outlet of the reac-
tor.

The energy efficiency of the device for CO, decom-
position 1(%) is determined by the expression

AH3s.v(OC—0)

eV
m

Here AHj; ., (OC—0) is the OC—O bond breaking
energy of the resulting reaction

CO +M — CO + (1/2)0, + M,

(%) = (%)

and it is 2.9 eV/mol at 298.15 K. E,f,v denotes the spe-
cific energy (in eV) per CO, molecule entering the
reactor.

In studies of CO, decomposition in BD, the
devices are widely used, in which plasma is formed in
the gap between a pair of coaxial dielectric tubes with
conductive plates on the outer surface of the outer tube
and the inner surface of the inner tube, as well as
between the coaxial outer quartz tube with a conduc-
tive lining on the outer surface and an inner metal rod.

Table lists the data on the characteristics of devices
with BD [14, 48, 51, 55, 59], in which systematic stud-
ies of CO, decomposition were carried out.

The parameters given in Table served as initial data
in the theoretical BD models developed in [24, 27, 29,
30, 4144, 49, 50, 59] for studying the mechanisms of
CO, decomposition.

NUMERICAL SIMULATION
AND THE MECHANISM OF CO,
DECOMPOSITION IN A BARRIER
DISCHARGE

In BD plasma in CO, and CO,-containing mix-
tures, the characteristic values of the reduced electric
field E/N are in the range from 100 to 200 Td. In this
range of the E/N variation, plasma is dominated by
plasma-chemical reactions involving high-energy
electrons [9—12, 60—63]. According to the calculation
results, the average energy (€) and electron density 7,
varies in the range from 1 to 10 eV [61—63] and is
~10'9—10" c¢m~3, respectively. The rate constants of
plasma-chemical reactions mainly depend on the E/N
value (or (€)) and the cross sections of processes and
reactions.

It was shown in [24] that the decay of a CO, mole-

cule in a BD through the vibrational continuum of the
molecule is of secondary importance. The energy con-
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sumption of electrons is mainly due to the excitation of
electronic states and single ionization of the CO, mol-
ecule by electron impact. The production of molecu-
lar ions is limited by the recombination reaction with
the formation of neutral CO, molecules.

In [29], a non-stationary zero-dimensional
collisional-radiative BD model is presented (W) =
10.6 W cm™, T, = 300 K, f; = 35 kHz, n, = 5 %
108 cm—3, 1, =0.52 —5.15s, E/N > 100 Td) [20, 24] to
study the mechanism of CO, decomposition, as well as
to determine its operational characteristics o and 1.
Particular attention was paid to the description of
vibrational kinetics and plasma-chemical reactions
involving excited CO, molecules at vibrational levels
up to the limit of dissociation of the CO, molecule (up
to 5.5 eV). The electron energy distribution function
(EEDF) was determined as a function of E/N using
processes, reactions, and collision cross sections of
electrons with CO,, taken from Refs. [64, 65]. For
processes of vibrational excitation of CO, molecules
by electron impact, we considered multiquantum
transitions 00%; — 00%; between vibrational states
(00%5) and (00%;) of the asymmetric mode of the
CO, molecule. The rate constants of processes and
reactions were calculated depending on (€) using the
found EEDF. The solution of the equations for the
concentrations of plasma particles was found as a
function of the residence time of the gas T; in the dis-
charge volume.

As a result of the calculations, it was found that the
average electron energy (€) in the BD varies in the
range from 1.4 to 2.2 eV. The calculated vibrational
temperature T; corresponding to the asymmetric
vibrational mode of the CO, molecule is 950 K. In
BD, the decomposition of the CO, molecule occurs as
a result of direct electron impact. The contribution of
reactions involving CO, and vibrationally excited
CO0,(00%;) molecules to the CO, decomposition rate
is insignificant, which confirms the results of [24].

It was shown in [29] that when vibrational kinetics
is included in the model, the calculations do not
reproduce the decrease in the energy efficiency of the

device n with the specific energy E ,ZV observed in the
experiment [15, 20, 22, 23, 26, 30—33, 38—40, 47, 48],

which is especially expressed in the range of E:,V >
4 eV/mol. The calculated o value increases from 6 to

25% with an increase in ES’ from 3.5 to 14 eV/mol,
and the 1 value changes from 4.7 to 5%.

In a later work [30], a simplified kinetic model of
CO, decomposition was elaborated, including 17 reac-
tions involving 9 chemical compounds. It has been
shown that this model reproduces the main mecha-
nisms of CO, decomposition in BD established in ear-
lier works [24, 27, 29].
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The work [41] is a continuation of [30]. It proposes
a one-dimensional model that describes the decom-
position of CO, in BD in the hydrodynamic approxi-
mation. The model uses a simplified kinetic scheme of
reactions from [30].

In [43, 44, 50], a comparative analysis of data on
the cross sections and rate constants of processes and
reactions used in various plasma-chemical models of
BD was performed. A detailed analysis and generaliza-
tion of the results of calculations of the energy spec-
trum of electrons using different models was per-
formed in [66, 67].

In a recent paper [59], a kinetic model was pro-
posed for the interpretation of the results of determin-
ing o and 1M, on the basis of which the decomposition
mechanism of CO, in BD was considered in detail

(W= 150 W, f; = 25 kHz, G, = 0.42—1.7 cm%/s, T, =

4.2-2.1s, E,ZV =12.8-29.55eV/mol, T, =373 K) ina
mixture (100%-X)CO, + XO, (0% < X < 50%) when
spherical barium titanate BaTiO; granules are placed
in the reactor. The model is based on the results
obtained earlier in [10, 24, 27, 30, 36, 4144, 49, 50,
54, 57, 68]. The model takes into account that the
addition of granules to the discharge gap lowers the
breakdown voltage and increases E/N and (€) in the
BD [10, 36, 68]. The initial parameters in the model
are the data obtained in [54, 57]. They found that (€) is
5.9eVat E/N =200 Td in a reactor with a packed layer
of granules. The average electron energy (€) increases

. . . vV
with the increase in E, .

In [59], the dependences of the EEDF, the (€) val-
ues and the concentration of molecular oxygen [O,]
on E/N were studied using the program developed in
[69] for determining the EEDF and its main aspects.
The EEDF calculations confirm the conclusion [54],
based on the results of studying the emission spectra of

electronically excited emitting states of CO; ions, that
the fraction of high-energy electrons (¢ > 13.8 eV) at

E,ZV = 8.4 eV/mol in EEDF is not large. In [59], it was
found that the average electron energy (€) increases
with increasing E/N. The addition of molecular oxy-
gen O, to CO, leads to an increase in 1. An increase in
the content of molecular oxygen X to 50% in a mixture
of (100%-X)CO, + XO, at E/N = 100 Td leads to an
increase in 1 from 3.7 to 4 eV. As a result, the fraction
of high-energy electrons in the EEDF increases and,
thus, the degree of CO, decomposition, the concen-
tration of O, molecules in electronically excited states,
the concentrations of O atoms in the ground (*P) and
in the metastable (D) states, the rates of chemical
reactions that are inverse to the reactions of CO,
decomposition increase.

Thus, the results obtained in [24, 27, 29, 41, 42, 49,
59] indicate that in the atmospheric pressure BD, CO,
decomposition occurs from the ground state as a result
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of electron impact, mainly through the excitation of
electronic states of the molecule with its subsequent
disintegration (dissociative excitation of CO, mole-
cules). The construction of a model of CO, decompo-
sition in a multicomponent plasma that reliably pre-
dicts the operational characteristics of a BD-based
discharge device is far from being complete. This pro-
duces additional difficulties in determining the opera-
tional characteristics of the device depending on the
controlled BD parameters.

DEGREE OF DECOMPOSITION (o)

AND ENERGY EFFICIENCY () OF BARRIER-
DISCHARGE-BASED DISCHARGE DEVICES
DURING CO, DECOMPOSITION
(EXPERIMENTAL RESULTS)

In [14], the measured degree of CO, decomposi-
tionin BD at 7, = 1-3 eV, T, = 415-515 K, W= 100
W, and p = 500 Torris o = 30%. At gas recirculation in
the reactor, this o0 value was reached within 20 min,
counted from the time of the BD initiation. It is shown
that in a flow reactor with a gas volume flow rate G, of

up to 22 cm?/s, at an increase in specific energy Elf

from 18 to 800 J/cm? (E,‘;V = 4.2—185.8 eV/mol), the
degree of CO, decomposition o increases from 3to
30% while reducing the energy efficiency of the device
1 from 1 to 0.4%. Later works [15—59] are devoted to
the search for adjustable BD parameters (f7, V, V. Vi,

G, L,d, EXY, Wy, T,, Ty, dn, n,, d,—for definitions,
see the footnote to Table), at which o and 1 take max-
imum values. The performance of the device was
improved by improving the design of the discharge
device (material and geometry of the electrodes and
reactor, power source, etc.) and adding argon Ar,
helium He and molecular nitrogen N, and oxygen O,
to the initial CO,.

DEPENDENCE OF a AND 11 ON GAS
TEMPERATURE TG AND TEMPERATURE
OF REACTOR WALLS 7y,

The rate constants of chemical reactions in the gas
phase and on the reactor surface depend on the trans-
lational gas temperature 7, and the reactor surface
temperature 7y, respectively. The results of [15, 20,
56] indicate that this dependence should be taken into
account when developing a BD-based device.

It was shown in [15] that when the BD reactor was
cooled, the o value increased by 0.5—3%. The reactor
was cooled by increasing the volumetric gas flow.

In a later work [20], it was shown that preheating of
CO, entering the reactor has an insignificant effect on
its degree of decomposition . As the temperature 77,
of the reactor wall increases from 303 to 443 K, the
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degree of CO, decomposition increased linearly from
26 t0 28.5%.

The dependence of the degree of CO, decomposi-
tion on temperature Ty, found in [20] differs from the
results of [15, 26]. It was found in [26] that the rate of
the CO and O recombination reaction increases with
increasing reactor wall temperature 7Ty. The CO con-
tent at the reactor outlet decreases with increasing
temperature 7}, which agrees with the results (the
degree of CO, decomposition decreases) [15].

Taking into account the results of [15, 26], a dis-
charge device with a cooled reactor was developed in
[56]. It was established in [56] that cooling the reactor
to room temperature increases the degree of CO,
decomposition by 10%. The use of reactor cooling
increases N by 6 times compared to similar device
without cooling. The improvement in device perfor-
mance in [56] is explained by a decrease in the rate of
heterogeneous recombination of CO and O due to a
decrease in the temperature of the reactor surface.

Thus, in order to provide the best performance
parameters of the discharge device, the temperature of
the reactor wall should be kept as low as possible [11,
47].

DEPENDENCE OF THE DEGREE OF CO,
DECOMPOSITION AND THE ENERGY
EFFICIENCY OF THE DEVICE
ON THE ADJUSTABLE BD PARAMETERS
(fr» Wi, Gy L, dp, dn, V,,, V,, V, AND E;)

Of'the vast majority of studies of the dependence of
the operational characteristics of the discharge device
on the controlled BD parameters, we focus on the dis-
cussion of the results of works [51, 55], in which sys-
tematic studies of the dependences of o and 1 on the
BD parameters were performed.

The results of measurements of the dependences of
o and M on the power W, absorbed by the BD plasma
and on the frequency f; of the high-voltage voltage
applied to the inner electrode of the reactor are pres-
ents in [55]. The plasma-chemical reactor (Fig. 1) was
a quartz tube with inner and outer diameters of 16 and
20 mm, respectively. It had a cooling jacket along the
entire length. The tube was cooled with a saturated
NacCl solution, which served as a ground electrode. A
cylindrical steel electrode with a diameter of 12 mm
and length of 280 mm was placed coaxially inside the
quartz tube. A high voltage with a frequency f; from
10 to 30 kHz was applied to the inner electrode. The
maximum voltage amplitude V, was 15 kV. The size of
the discharge gap d, and tube thickness d, coincided
and was 2 mm. The volume flow rate of CO, at the
inlet to the reactor was G, = 3.3 cm?/s. The compo-
nent composition of the gas at the outlet of the reactor
was determined in real time using a gas chromato-
graph. CO,, CO, and O, were present in the outlet gas.
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Fig. 1. /—barrier discharge power supply; 2—measuring
capacities; 3—measuring resistance; 4—oscilloscope; 5—
reactor; 6 and 7—inlet and outlet of conductive NaCl solu-
tion, respectively (or outer ground electrode); §—inner
(high-voltage) electrode; 9—discharge tube; 10 and 11—
gas-vacuum system for supplying and pumping gas,

respectively; [/2—gas chromatograph; /3—discharge

volume.

The concentrations of CO and oxygen atoms O were in
a 1:1 stoichiometric ratio. No carbon formation was
observed. It was shown in [55] that at a constant volu-
metric flow rate of carbon dioxide G, = 3.3 cm’/s, as
the discharge voltage increases from 5700 to 7300 V,
the power W, absorbed by the plasma increases from

56 to 143 W (E,f,V = 3.9—100 eV/mol). The degree of
CO, decomposition increases from =5 to =13% (at
Jr=13.5 kHz). The m value does not change and is

3.7%. The dependence of n on E,f,v agrees with that
calculated in [29]. It differs from the corresponding
dependence established in [11] from the processing of
experimental data [15, 20, 22, 23, 26, 30—33, 38—40,
47, 48]. The maximum values of o and Ny are =13

and ~3.7%, respectively, at f; = 13.5 kHz and E;' =
100 eV/mol. The dependences of operational charac-
teristics on the frequency of high voltage, obtained in
[55] are consistent with the corresponding depen-
dences presented in [30, 46].

In [18, 30, 46, 55], a weak dependence of the
degree of CO, decomposition and energy efficiency of
the device on the applied voltage frequency f; in the
range of 10—50 kHz at a constant active BD power W,
despite the fact that at increasing frequency, the num-
ber of filamentous formations filling the discharge vol-
ume increases. It was found in [46] that with an
increase in the frequency f; from 6.2 to 28.6 kHz, the
of o and M values decrease from 22 to 17.5% and from

15.3 to 12.5%, respectively, at W, = 55 W (E;,V =
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3.9 eV/mol) and G, = 3.3 cm?/s. It was found in [55]
that with an increase in the frequency f; from 10 to

20 kHz, the o and m values decrease from =8.2 to
~7.2% and from =3.7% to =3.3% (at constant W, =
91 W and G, = 3.3 cm?/s), respectively. The depen-
dence of the parameters o0 and M observed in the
experiment can be explained by the fact that with an
increase in ffrom 10 to 20 kHz, the voltages V,, V,and
V, are reduced from 4800 to 4400 V, from 3974 to
3643V and from 7000 to 5600 V, respectively. As a
result, the charge O, values due to the conduction cur-
rent and the electric field strength V,/d in the dis-
charge gap decrease. The fraction of high-energy elec-
trons in the EEDF that cause the decomposition of
CO, in the reaction of dissociative excitation of the
CO, molecule decreases. Thus, the important BD
parameters are the maximum value of the voltage
across the discharge gap V;and the minimum value of
the voltage V), applied to the high-voltage electrode,
above which an electrical breakdown occurs in the dis-
charge gap. The V, value determines the electric field
strength V,/d in the BD. The V) value determines the
active power W supplied to the reactor and the charge
Q.. due to the conduction current. The degree of CO,
decomposition is directly proportional to the active
power W, (or the charge Q, due to the conduction
current) [55]. This indicates that the mechanism of
carbon dioxide decomposition in BD is due to the
reaction of dissociative excitation of a carbon dioxide
molecule by electron impact [10, 24, 27, 29, 30,41, 42,
49, 55]. The maximum value of the energy efficiency
of a discharge device based on BD is low [20, 22, 31,
36, 55].

In [51], the number of adjustable parameters,
according to which the optimization of the operational
characteristics of a BD-based discharge device, was
noticeably increased compared to their number from
[55]. It studied the dependence of the degree of
decomposition of CO, and the energy efficiency of the
device: on the frequency f; of the applied voltage; vol-

umetric gas flow G,; on the specific energy E,f,v sup-
plied from the power source to the reactor; on the dis-
charge length L, discharge gap d, and tube thickness d,
of the reactor. Regression models were elaborated to
determine the relative importance of the BD parame-
ters in estimating o and . Various designs of the inner
and outer electrodes are proposed to improve the
operational parameters of the discharge device. The
atmospheric pressure reactor consisted of a quartz
tube (with an outer diameter 25 mm and a variable
inner diameter of 20—22 mm), inside which the elec-
trode is axially located (with an outer variable diame-
ter of 15—17 mm). The discharge gap d, and the thick-
ness of the reactor tube dn varied in the ranges from
2.5 to 3.5 mm and from 1.5 to 2.5 mm, respectively.
The conductive lining (outer electrode) was attached
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to outer surface of the quartz tube. In the experiment,
the length of the outer electrode varied from 60 to
140 mm. The outer electrode served as the ground
electrode. To study the effect of the design of the outer
and inner electrodes on CO, decomposition, the fol-
lowing details were used in the experiment: rod and
screw inner electrodes made of stainless steel; mesh
stainless steel and aluminum foil outer electrodes. The
voltage V, (up to 30 kV, frequency f;-from 8 to 11 kHz)
was applied from a high voltage source to the inner
electrode. The applied voltage V, and the total dis-
charge current I were measured. The power W,
absorbed by the BD plasma was determined from the
area of the parallelogram in the volt—coulomb charac-
teristic [36, 70]. Pure CO, was used as a source gas
(flow rate G, ~ 0.42—2.2 cm?/s). The composition of
the gas at the outlet of the BD was measured in real
time using a gas chromatograph. Dependences of the
performance characteristics on the frequency of the
high-voltage voltage obtained in [51] are consistent
with the corresponding dependences presented in [30,
46, 47, 55, 71]. In [47, 51], a weak dependence of the
degree of CO, decomposition and energy efficiency of
the device on the frequency of the applied voltage in
the range of 8—30 kHz at a constant active power W,
of the barrier discharge was found. It was also found in
[47] that the degree of decomposition of CO, and the
energy efficiency of the discharge device changes
slightly as the frequency increases from 15 to 30 kHz.
In [51], it is shown that the o and m values for the
BD-based discharge devices (stainless steel rod inner

and mesh outer electrodes, E.' = 22.3 eV/mol, W, =
40 W, G,=0.42 cm’/s, L = 100 mm, d, = 2.5 mm and
d, = 1.5 mm) decrease slightly at the frequency f;
increasing in the range from 8 to 11 kHz. The oandn
values are in the ranges from 26 to 24% and from
2.9 and 2.8%, respectively. The dependences of oc and
1 on the BD frequency observed in [30, 46, 47, 51, 55,
71] are explained by a decrease in: the maximum volt-
age value on the electrodes VA, the minimum the
value of the voltage V), above which an electrical
breakdown occurs in the discharge gap and the maxi-
mum voltage V, value across the discharge gap during
the barrier discharge. In the experiment [51], the
dependence of the operational characteristics of the

device on the specific energy E,ZV in the range from
24 kJ/L (5.6 eV/mol) to 120 kJ/L (27.9 eV/mol) was
studied by two ways by: (1) increasing the active power
W, supplied to the reactor from 10 to 50 W at a con-
stant volume flow rate G, = 0.42 cm?/s; (2) when the
gas volume flow G, decreases from 2.1 to 0.42 cm’/s at
a fixed value of the active power W, = 50 W. The
experiments were performed at a constant frequency
fr= 9 kHz. The dependence of o on the specific

energy E;V obtained in [51], confirms the results of
numerous works [14—50, 52—59]. The dependence of
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n on E,f,v found in [51] differs from that presented in
[55] and coincides with the results of [14—50, 52—54,
56—59]. It was established in [51] that 1 noticeably

decreases from 9 to 2.3% with an increase in E,f,v from
5.6 eV/mol (W, = 10 W) to 27.9 eV/mol (W, = 50 W)
in BD (at G, = 0.42 cm?3/s, L =100 mm, d,=2.5 mm
and dn = 1.5 mm). The degree of decomposition of

carbon dioxide o with increasing specific energy E,f,v
increases from 17.4 to 22.4%. With an increase in the
specific energy, an increase in the number and ampli-
tude of conduction current pulses was observed, which
leads to an increase in the degree of CO, decomposi-
tion. With a decrease in the gas volume flow G, from

2.1 to 0.42 cm?/s and with an increase in the specific

energy E,ZV from 5.6 to 27.9 eV/mol in BD (at W, =
50 W, L =100 mm, d, = 2.5 mm and d, = 1.5 mm) the
degree of decomposition of carbon dioxide o increases
from 12.6 to 22.4%, while the energy efficiency m
drops from 6.6 to 2.3%. The maximum o, value
~22.4% is observed at the minimum volumetric gas
flow rate G, = 0.42 cm?/s. At fixed BD parameters, an
increase in G, reduces the residence time of gas parti-
cles in the discharge region. As a result, the degree of
CO, decomposition decreases, and the energy effi-
ciency of the discharge device 1 increases.

Thus, the nature of the change in oc and 1 and their
values depend on the method of changing the specific

energy Ef;‘,v (when the voltage on the electrodes
changes and the flow rate is constant, or when the gas
flow rate changes and the voltage is constant). Regu-
lation of the specific energy by changing the volumet-
ric gas flow has a greater effect on oo and n than chang-
ing the active power supplied to the reactor.

The results of [51] confirm the data obtained earlier
in [22, 30] that 1 and o depend on the longitudinal
and transverse dimensions of the discharge volume at
the same specific energy. It was found in [30] that for
a certain size of the discharge gap (of =3.3 mm), the
minimum number of streamers is formed in it. As a
result, the effective discharge volume, in which CO,
decomposes, decreases. The n and o values decrease.

It was found in [51] that (at f;; = 9 kHz, E;V = 5.6—
27.9 eV/mol, G, = 0.42 cm?®/s, L = 100 mm and d, =
1.5 mm), an increase in the size of the discharge gap d,
from 2.5 to 3.5 mm reduces both the energy efficiency
of the discharge device (rod inner and mesh outer
stainless steel electrodes) and the degree of CO,
decomposition. At 5.6 €V/mol and an increase in d,
from 2.5 to 3.5 mm, the o and 7 values decrease from
17.3 to 13.7% and from 9.2 to 7.2%, respectively. At a
higher specific energy of 27.9 eéV/mol, such an increase
in d, led to a decrease in o from 22.1 to 16.8%, and n
from 2.4 to 1.8%. An increase in the discharge gap
leads to [72]: an increase in the residence time of gas in
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the discharge volume; a decrease in the specific energy
absorbed by the plasma per unit volume; a slight
decrease in the amount of charge due to the bias cur-
rent and conduction current in BD. In [72], it is
assumed that a “partial discharge” occurs in a larger
gap. Streamers cannot ensure the formation of a
microdischarge that shunts the discharge gap. This
leads to a decrease in o and 1. The formation of the
“partial discharge” plays a more noticeable negative
role in CO, decomposition than a positive role associ-
ated with an increase in the residence time of the gas
in the discharge volume. It was shown in [51] that (at

Jfr=9 kHz, E,f,v = 24—120 kJ/L (5.6—27.9 eV/mol),
G, = 042 cm’/s, d, = 2.5 mm and d, = 1.5 mm), an
increase in the longitudinal dimension of the dis-
charge volume L increases both m and o. At
5.6 eV/mol and an increase in L from 60 to 140 mm,
the o and m values increase from 15.6 to 18.8% and
from 8.2 to 9.8%, respectively. At a higher specific
energy value of 27.9 eV/mol, an increase in L leads to
an increase in o from 19 to 25.2%, and 1 from 2.2 to
3%. The observed dependences of oo and n on the
length of the discharge volume L are explained by the
competition of the following phenomena [51, 73]:
(1) an increase in the discharge volume due to the
length of the inner metal electrode L leads to an
increase in the residence time of the reagents T; in the
discharge volume; (2) cooling of the discharge volume
as a result of thermal conduction; (3) decrease in spe-

cific energy E,f,v (at a constant power W, supplied to
the reactor).

The results of [17, 18, 23, 39, 47, 51] indicate that
the operational characteristics of the discharge device
depend on the material and thickness of the dielectric
electrode insulation dn.

In [17, 18, 23], new dielectric materials
Ca, Sr, ,TiO; with the addition of material 0.5 wt %
Li,Si,05 and glass 0.5—5 wt % CaOB,0,—SiO, were
fabricated. The materials are recommended for appli-
cation as dielectric insulation of electrodes. It was
shown in [17, 18] that the use of Ca,4Sr,,TiO3 with
the addition of 0.5 wt % Li,Si,05 as the dielectric insu-
lation of electrodes increases o by a factor of 9 com-
pared to that obtained when silica glass is used. In a
later work [23], it was found that the use of the
Ca, 4Sr, ,TiO; material with glass additives of 5 wt %
Ca0O-B,0;—Si0O, leads to an increase in o by
2.6 times, and 7 increases by 3 times compared to
what is obtained when using Ca, ¢Sr,,TiO; with glass
additives of 0.5 wt % CaO—B,0;—Si0O,. The improve-
ment in the operational characteristics of the device is
associated with the formation of a filamentary type of
BD, characterized by high conduction current pulses
at a lower output voltage of the BD power supply.

Thus, the results of [17, 18, 23] show that dielectric
materials Ca, ¢Sr,,TiO; with the addition of 0.5 wt %
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Li,Si,O5 and glass additives of 0.5—5 wt % CaO—
B,0;—Si0O, make it possible to increase the oo and n
values at lower voltages on the high-voltage electrode.

It was established in [30] that the physicochemical
properties of BD weakly depend on whether quartz
(Si0,) or aluminum oxide (Al,O;) is used as the
dielectric insulation of electrodes in a wide range of
BD parameters. It is noted that the barrier discharge is
more stable when Al,O; electrodes are used as dielec-
tric insulation. In [39], when studying the deposition
of a conductive layer on a dielectric coating, it was
noted that the conductivity of the dielectric coating is
an important parameter affecting the physicochemical
properties of BD. The results of [39] confirm the con-
clusions of [17, 18, 23]. The results [47] indicate that
an increase in the thickness of the dielectric insulation
of the electrodes leads to higher o and m values. This
is true when using aluminum oxide Al,O; or quartz
SiO, as dielectric insulation of electrodes instead of
mullite (compounds of Al,O; with SiO,) and pyrex
(hardened borosilicate glass made from 80% pure
sand, 4% soda, 2.5% alumina and 13% boron). The
data obtained in [51] do not confirm the results of [47].

It found there that (at f, = 9 kHz, E.' = 5.6—
27.9 eV/mol, G, = 0.42 cm®/s, d, = 2.5 mm, and L =
100 mm) with an increase in the thickness of the
quartz tube dn the degree of decomposition of carbon
dioxide o/ and the energy efficiency of the discharge
device (rod inner and mesh outer electrodes made of
stainless steel) 1 decrease at a fixed value of the spe-

cific energy E ;v ALE ;V = 5.6 eV/mol and an increase
in d, from 1.5 to 2.5 mm, the o and m values decrease
from 17.2 to 14% and from 9.2 to 7.2%, respectively. At

a higher specific energy F ;v = 27.9 eV/mol, an
increase in d, leads to a decrease in o from 22.4 to
18.8%, and 1 from 2.8 to 2%. The dependences of the
o and n values on d,, observed in [51], are explained
on the basis of the results of [72] by a decrease in the
residence time of the gas in the discharge volume T,
and the amount of charge due to the bias current and
conduction current of BD. In the experiment [51], the
discharge gap was kept constant. The decrease in the
residence time of the gas in the discharge volume is
due to the fact that the discharge volume decreased by
10.3% due to the simultaneous decrease in the inner
diameter of the outer quartz tube and the outer diam-
eter of the inner electrode.

Thus, the o and m values for BD depend on the
outer parameters of the discharge: frequency of the
applied high voltage f7; power W supplied to the reac-
tor; volumetric gas flow G,; longitudinal size of the
discharge volume L; discharge gap d,; thickness of the
dielectric barrier d;.. To increase o and 1, it is neces-
sary to maintain high values of the residence time of
the gas in the discharge volume and the charge due to
the bias current and conduction current of the BD. In
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[51], empirical relationships are proposed to describe
the dependence of o and 1 on the controlled BD
parameters, which are obtained from processing
experimental data 1 using regression models:

o= 34'3401|fT|—0.0448 |WA|0.1634 |Gr|7043839

x |L|042527 |d |—0.6999 |d€|—0.3593

b

—0.8367 0.6158

n = 6.4876| [ W,V |G|
x |L|0.531 |d |70A7004 |d |—0.3605
g 3 :

Here, numerical coefficients and exponents are
obtained as a result of multiparameter fitting of the

wl' |G|", |LI*, |4, and

|d.|" by the least squares method for the ocand 1 values
measured in the experiment. Empirical relationships
are valid in the following ranges of adjustable parame-
ters: fr = 8—11 kHz, W, = 10-50 W, G, = 25—
125 mL/min (0.42—2.1 cm?3/s), L = 60—140 mm, d, =
2.5—-3.5 mm and d; = 1.5—2.5 mm. The experimental
results coincide with the predicted data o and n with a
maximum relative error of =6%. Empirical ratios
determine the relative significance of the adjustable
parameters of the discharge device in the evaluation of
o and 1, which are located in the order of decreasing
significance:

G, =W,>d,>L>d. > fr.

a;

¢
b b

product of functions |f;

b

INCREASING oo AND n THROUGH REACTOR
DESIGN IMPROVEMENTS

In[15, 21, 34, 47, 51], efforts were made to improve
the operational characteristics of the discharge device
by improving the design of the reactor. In [15], the
dependence of the degree of CO, decomposition in
BD on the high-voltage electrode material (Cu, Au,
Rh, Fe, Pt, and Pd) was studied. When using high-
voltage electrodes made of Cu and Au, o increases by
1.5 times compared to what is obtained when using an
electrode made of Fe. The energy efficiency of the dis-
charge device increases in 3 times when using high-
voltage electrode made of Au compared to what is
obtained when using an electrode made of Rh under
the same conditions. We note that the materials differ
in cost and susceptibility to chemical corrosion and
ion-plasma sputtering. The relative importance of the
effect of the material on the operational characteristics
of the discharge device is reflected by the following
hierarchy [15]:

Cu > Au > Rh > Fe = Pt = Pd.

In [21, 34, 47], a microplasma reactor of a surface
BD was developed and improved, in which a solid
oxide electrolytic element and a switching power sup-
ply are used in the regenerative mode to decompose
CO,. The use in [34] of a microplasma reactor of a sur-
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face BD made it possible to decompose CO, in an
electric field larger than in a conventional BD, as well
as to obtain higher concentrations of chemically active
compounds compared to the corresponding concen-
trations formed in a conventional BD. The combina-
tion of a solid oxide cell and a pulse power supply elim-
inates the flow of reverse chemical reactions leading to
the formation of O,. The degree of CO, decomposi-
tion increases by a factor of 4 compared to that
observed in a conventional BD [21]. It was found in

[51] that (at /=9 kHz, E,f,v =5.6-27.9 eV/mol, G, =
0.42 cm’/s, d, = 2.5 mm, d, = 1, 5 mm and L =
100 mm) o and 1 increase when replacing the stainless
steel inner rod and mesh outer electrodes with the cor-
responding stainless steel helical electrode and alumi-
num foil electrode. At a fixed low specific energy of
5.6 eV/mol, the values of o and 1 increase from 17.2 to
20% and from 10 to 10.4%, respectively. At a high spe-
cific energy of 27.9 eV/mol such replacement of elec-
trodes leads to an increase in oc and 1 from 22 to 27.2%
and from 2.4 to 2.8%, respectively. The improvement
in the operational characteristics of the discharge
device when replacing electrodes is explained by an
increase in the number of microdischarges, the ampli-
tude of current pulses in the power supply circuit of the
BD and the charge. The sharp edges of the helical
electrode enhance the local electric field near the
inner electrode. As a result, intense microdischarges
are formed near the edge of the helical electrode,
which provide an increase in o0 and 1.

Thus, the research results [18, 20, 22, 30, 32, 34,
36, 39, 45, 74, 75] on the dependences of oc and 1 on

specific energy E ,ZV and gas volume flow rate G, indi-
cate an ambiguous choice of its optimal parameters. A
compromise is required between energy consumption
and the productivity of CO, utilization [76]: at a high

specific energy F ,f,v , the maximum degree of CO,
decomposition is provided at a low energy efficiency of
the discharge device. On the contrary, at a low specific

energy E ;lv , the minimum degree of CO, decomposi-
tion is obtained at a high energy efficiency of the dis-
charge device. A similar problem arises when optimiz-
ing a discharge device based on an atmospheric pres-
sure glow discharge [74] and a corona discharge [77].

DEPENDENCE OF 0. AND 1|
ON THE CONTENT IN THE INITIAL GAS
MIXTURE MOLECULAR GASES (NITROGEN
N,, OXYGEN 0,) AND INERT GASES
(ARGON Ar, HELIUM He)

It was established in [15, 19, 27, 31] that dilution of
CO, with inert gases facilitates the initiation of BD due
to the formation of Ar and He atoms in metastable
states and their involvement in stepwise reactions of
ionization by electrons. With an increase in the con-
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tent of inert gases in a mixture with CO,, the degree of
decomposition of CO, in BD increases. Dilution leads
to a decrease in the productivity of CO, decomposi-
tion. Similar phenomena are observed when CO, is
diluted with Ar in a capacitive RF discharge [78], in a
sliding arc [79], and in a nanosecond pulsed corona
discharge [80]. CO, decomposition in a BD with a
compacted layer of barium titanate BaliO; granules
was studied in [25]. It has been found that low-energy
electrons (< 5.5 eV) EEDF, do not participate in the
decomposition of CO, molecules by electron impact.
A significant fraction of the power of the discharge
power source supplied to the reactor, as a result of
inelastic collisions of low-energy electrons with
plasma particles, is spent on excitation of rotational,
vibrational degrees of freedom of the CO, molecule
and inner degrees of freedom of gases (argon Ar,
helium He, molecular nitrogen N, and oxygen O,),
with which carbon dioxide CO, is diluted. The contri-
bution of reactions involving vibrationally excited
molecules of CO,, nitrogen N,, and oxygen O, to the
decomposition of CO, is limited by VT and VV pro-
cesses [24]. The increase in the translational tempera-
ture of the gas causes a decrease in o in the BD.

It was found in [37] that the o and 1) values in a mix-
ture of molecular nitrogen N, with CO, (50%CO, +
50%N,) coincide with the corresponding values in
pure CO,. This is because the lower CO, content in the
mixture due to the dilution of CO, with molecular
nitrogen, is compensated by an increase in the decom-
position rate of carbon dioxide due to reactions involv-
ing nitrogen molecules in metastable states. It is noted
that undesirable by-products of reactions involving N,
and CO, molecules are nitrous oxide N,O and nitro-
gen oxides NO, (nitrogen monoxide NO and nitrogen
dioxide NO,) with concentrations in the range of sev-
eral 100 ppm (100 NO, molecules per million particles
of plasma gas), leading to environmental pollution. In
[54, 57], efforts were made to improve the perfor-
mance of the discharge device by diluting CO, with
molecular nitrogen (20%CO, + 80%N,) or argon
(20%CO, + 80%Ar) and adding into the barium tita-
nate BaTiO; granule reactor. It has been established
that the degree of CO, decomposition increases with
an increase in the content of N, or Ar at a constant

value of the specific energy E,f,v = 8.4 eV/mol. The
explanation is that the dilution of CO, with molecular
nitrogen N, (20%CO, + 80%N,) or argon Ar
(20%CO, + 80%Ar) leads to a decrease in the break-
down voltage across the discharge gap and an increase
in the electron density and average energy in the BD.
Of particular interest are the results of a recent work
[59], in which, in order to increase o and 1, it was pro-
posed to reduce the rate of the reverse reaction of car-
bon dioxide decomposition by producing an excess
content of molecular oxygen O, in the BD plasma in
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CO, and placing granules of barium titanate BaTiO; in
the reactor. The atmospheric pressure BD reactor
(p =760 Torr) consisted of two coaxial quartz tubes
located one inside the other. One stainless steel mesh
electrode was mounted on the inner surface of the
inner quartz tube, and the other was located on the
outer surface of the outer quartz tube. The discharge
volume of the reactor was filled with spherical granules
of barium titanate BaTiO; (diameter: 3 mm; dielectric
constant € ~1000). The filling volume was =100 cm?.
The void volume of the reactor was =35 cm?. The tem-
perature of the reactor wall is 7y,= 373 K. The forward
gas temperature at the outlet of the reactor was mea-
sured by means of a thermocouple. The forward tem-
perature 7, did not exceed the temperature of the reac-
tor wall. The output power of the barrier discharge
power supply was changed to 150 W, the amplitude of
the high voltage V, applied to the electrodes varied up
to 20 kV at the frequency /= 25 kHz. The active power
W, absorbed by the BD plasma was determined by
integrating the product of voltage and current. The gas
mixture (100%-X)CO, + XO,, 0% < X < 50% was sup-
plied to the reactor. The total volumetric flow rate of
the gas mixture G, varied from 0.42 to 1.7 cm?/s. The

specific energy £, ,f,v per one molecule of the initial car-
bon dioxide varied in two ways: with a change in active
power W, (change in voltage V, at the electrodes) from
46 to 106 W and a constant volume flow rate of the gas
mixture G, = 0.8 cm?’/s, as well as with an increase in
the volumetric flow rate of the gas mixture from 0.8 to
1.7 cm?/s (1= 4.2—2.1 s) and a constant value of the
active power W, = 86 W. The corresponding values of

specific energy E:,V ranged from 12.8 to 29.5 eV/mol
and from 12 to 24 eV/mol. Gas chromatography and
absorption spectroscopy in the ultraviolet wavelength
range were used to determine the component compo-
sition of the decomposition products of a mixture of
gases in BR. It has been found that the effect of CO,
dilution with molecular O, on CO, decomposition dif-
fers from the corresponding effect of N,, Ar, and He
gas additives found in [15, 19, 25, 27, 31, 37, 54, 57].
The degree of CO, decomposition depends on the O,
content in the mixture nonmonotonically. With an
increase in the content of O, in the mixture up to 5%,
the degree of decomposition of carbon dioxide o in
BD (G, = 0.8 cm’/s, 1, =42s, W, =86 W, p =

760 Torr, f; = 25 kHz, ES'= 24 eV/mol) slightly
increases from 16 to 17%. With a further increase in
the content of O, up to 50%, the degree decomposi-
tion of carbon dioxide o decreases to 11%. No carbon
formation is observed. In [59], the results of studies
[24, 26, 54, 57] were confirmed, which indicate that
the reaction products of CO, decomposition are CO,
O,, and O;. There is no difference in the o values
obtained by adjusting the output power of the power
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supply or the volume flow of the mixture. An increase

in E5Y from 12 to 29.5 eV/mol leads to a monotonic
increase in the degree of decomposition of carbon
dioxide o from = 7.5 to 20%. It was established in [59]
that the m values decrease with an increase in the per-
centage of molecular oxygen in a (100%-X)CO, + XO,
mixture. The result obtained in [59] agrees with the
results of [31, 37, 54]. It was established in [31, 37, 54]
that dilution of CO, with molecular nitrogen N, or
argon Ar reduces M both in a reactor with a packed
layer of barium titanate BaTiO; granules and without
granules. In the discharge, active excited states of
molecular nitrogen N, or argon Ar are formed, which
participate in reactions that increase the rate of CO,
decomposition. It was noted in [59] that oxygen atoms
O(CP, 'D) and ozone molecules O, are also formed in
the discharge, reactions involving which, on the one
hand, increase the resulting CO, recovery rate in the
plasma. On the other hand, the reaction of recombi-
nation of O atoms and decomposition of ozone O;, the
processes of quenching the metastable state of the oxy-
gen atom 'D decrease the rates of reverse reactions of
CO, decomposition. An increase in the percentage of
molecular oxygen O, to 5% slightly reduced the m
value. The n value obtained in [59] is 2% in pure CO,.
It decreases when CO, is diluted with molecular oxy-
gen O,.

PLASMA CATALYSIS/PHOTOCATALYSIS
DURING CO, DECOMPOSITION
IN A BARRIER DISCHARGE

The method of plasma-catalytic decomposition of
CO, (this term is now widely used) is based on the use
of electric discharges and catalytic materials and
makes it possible to combine the advantages of cata-
Iytic and plasma methods of CO, decomposition [10,
68, 81, 82]. It is considered as one of the promising
directions for increasing the o and 1 values [11, 12].

The interaction of the electric field with the gran-
ules with which the reactor is filled leads to the fact
that, depending on the shape, porosity and permittiv-
ity of the granules, the local electric field becomes
inhomogeneous and higher than the outer applied
field [10]. The local electric field strength near the
points of contact between the granules, granules, and
surfaces of the outer and inner tubes can be 10—
10* times higher than in the gap between the granules,
depending on the contact angle, curvature, and per-
mittivity of the granules [68, 81]. It has been estab-
lished that an increase in the permittivity of granules
ng from 1 to 1000 can lead to an increase in the electric
field strength in 1.5 times near the points of contact
between the granules, granules and surfaces of the
outer and inner tubes. A further increase in ng does
not increase the electric field strength [81]. It was
shown in [82] that the plasma catalytic decomposition
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of substances in solving environmental problems
makes it possible to simultaneously increase the
energy efficiency of the discharge device and the selec-
tivity of the yield of target reaction products compared
to those obtained by decomposition of substances
using only BD or when using only catalytic materials.
To improve the energy efficiency of the BD-based dis-
charge device n and the selectivity of the target output
reaction products in [83—91], the decomposition of
CO, in mixtures with methane CH,, water vapor H,0,
and molecular hydrogen H, was studied when granules
from various materials were introduced into the reac-
tor. The decomposition of pure CO, in a BD was stud-
ied when the reactor was filled with: silica gel, granules
of quartz SiO,, and calcium titanate CaTiO; [22, 48];
glass granules [28]; quartz sand, granules of magne-
sium oxides MgO and calcium CaO [32]; zirconia
Zr0O, granules [33, 48]; barium titanate BaTiO; gran-
ules [28, 36, 40, 48]; quartz wool and Al,O; ceramic
granules [32, 48]; glass wool and silica granules SiO,
[48]; photocatalyst TiO,/BaTiO; [45]; catalysts
Ni/y-Al,O5 [52], Ni/SiO, [53], g-C;5N, [56], and
y/Fe,05 (y = Fe/Ce) [58]. In [32, 92], it was found
that the maximum o and 1 values are obtained when
using zirconium dioxide ZrO, and oxide calcium
CaO. The addition of granules of ZrO, and CaO mate-
rials to the reactor provides the same energy efficiency
of the discharge device as without its presence in the
reactor, but makes it possible to increase the degree of
decomposition of carbon dioxide o.. For example, fill-
ing the reactor with ZrO, granules makes it possible to
double the degree of CO, decomposition (o0 = 38%)
compared to the corresponding value without adding
granules. The o and n values obtained in [32, 92] are
in the range of 30—45% and 5—10%, respectively. In
[22, 36, 40, 45], the results of measurements of o, and
1 are given when granules of barium titanate BaTiO;
and calcium CaTiO; are added to the reactor. It was
shown in [22] that the dielectric properties and mor-
phology of spherical calcium CaTiO; granules (0.42—
0.84 mm in diameter) play an important role in CO,
decomposition. The maximum o, and 1y values are

20.5% and 4.8%, respectively, at specific energy £ ;V =
12.3 eV/mol. In [45], the decomposition of CO, in a
BD with a TiO,/BaTiO; photocatalyst was described.
It is noted that the intensity of UV radiation from the
barrier discharge is insignificant compared to the
intensity (20—60 mW/cm?) of an outer ultraviolet
radiation source (xenon lamp, A = 310—380 nm) used
to activate photocatalysts. This made it possible to
increase performance values up to o. = 27— 38.3% and

n=12.2—17% (at E,ZV = 6.5 eV/mol) compared to the
corresponding values without using photocatalyst. It
has been found that the increase in the o and 1 values
during plasma photocatalysis exceeds the correspond-
ing values obtained only in the photocatalysis of CO,
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decomposition or using only BD. It was found in [40]
that the size of barium titanate BaTiO; granules (180 to
300 um) and the degree of filling of the discharge vol-
ume with them affect the BD parameters and the
composition of the reaction products. When small
granules (180 um) are used, the degree of CO, decom-
position increases to o. = 70%. The breakdown voltage
of the discharge gap increases. It was established in
[36] that the presence of spherical granules of barium
titanate BaTi0; improves the operational characteris-
tics of the discharge device. For granules with a diam-
eter of 1 mm, the o and 7 values are 30% and 6.3% at

E,ZV = 13.9 eV/mol. The addition of barium titanate
BaTiO; granules to the reactor increases the average
electric field and the average electron energy com-
pared to the corresponding BD parameters in an
empty reactor. This causes an increase in the degree of
decomposition of CO,. In [52], the decomposition of
CO, in BD into CO, was studied when the discharge
volume was filled with a Ni/y-Al,O; catalyst. The use
of a catalyst leads to higher values of & = 29% and n =

4.5% (at E;,V= 18.5 eV/mol) than when Al,O; alumi-
num oxide granules are added to the reactor. The
authors explained the increase in o and m by a
decrease in the rate of the surface reaction of CO and
O recombination in CO,, due to the action of the cat-
alyst. In [53], the decomposition of CO, in BD was
studied when a Ni/SiO, catalyst was added to the reac-
tor. When using a catalyst, higher degree of decompo-

sition values (o0 = 23.5% and 1 = 3.4% at E. =
30.7 eV/mol) are obtained than when granules of bar-
ium titanate BaTiO; or glass are added to the reactor.
It is noted in [56] that the use of the g-C;N, catalyst
increases the performance characteristics of CO,
decomposition in BD by a factor of 2 compared to the
corresponding values obtained with CO, decomposi-
tion in BD. The a and 7 values are 17% and 8.9% at

E,f,v= 5.6 eV/mol. In [58], the dependence of the o
and 7 values on the ratio of Fe/Ce mole fractions in a
catalyst with a carrier material of iron oxide (Fe,O5)
activated by cerium Ce is reported. The maximum val-
ues of oy = 24.5% and ny; = 13.6% were obtained
using the y-Fe,0; catalyst containing y = 5Fe5Ce.
The oy value is twice the corresponding value
achieved when using y = 10Fe (o0 = 13.3%). The
increase in o is explained by the formation of more
oxygen vacancies and increased oxygen mobility on
the catalyst surface y = 5SFe5Ce.

The results of [48], which present systematic stud-
ies of plasma catalysis of CO, decomposition in an
atmospheric pressure BD, deserve special discussion.
The dependences of oo and 1 on the material and
diameter of spherical granules d, added to the reactor,
on the dielectric insulator of the electrodes, and the

size of the interelectrode gap d, have been studied in
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detail. The material and granules added to the reactor
included glass wool, quartz wool, and spherical gran-
ules of various materials. The reactor consisted of a
tube made of a dielectric material of alumina Al,O; or
quartz SiO, (Fig. 2). The discharge gap d, varied
depending on the diameter of the inner electrode and
was 4.5, 3.5, 2.5, and 2 mm, respectively. The reactor
was filled with spherical granules made of quartz SiO,
(diameter of 1.18—1.4 mm), zirconium dioxide ZrO,
stabilized with yttria (diameter of 1.4—1.8 mm), alu-
mina Al,O; (diameter of 2.0—2.24 mm), as well as bar-
ium titanate BaTiO; granules. Glass wool or quartz
wool was placed at the inlet and outlet of the reactor
outside the discharge volume to prevent the move-
ment of granules due to the flow of CO, decomposi-
tion products. Granule properties (surface acidity,
pore volume and size distribution, surface roughness)
were studied in detail. Granules were degassed in high
vacuum when heated.

The volume flow rate of CO? at the inlet to the
reactor in the presence of granules in the discharge
volume was 0.83 cm?/s. The g as residence time in the
discharge volume was T, = 5.52 s. In order to ensure
that the residence time of gas particles in the discharge
region without granules is the same as the correspond-
ing time at G, = 0.83 cm?’/s, the gas volume flow

increased and amounted to 3.3 cm?/s. The increase in
the volumetric flow rate is explained by the fact that
the addition of granules to the reactor reduces the res-
idence time of gas particles in the discharge volume T,
at a constant gas flow rate. The voltage at the outer
electrode, the total discharge current, and the active
power W, absorbed by the BD plasma (determined
from the area of the parallelogram in the volt—cou-
lomb characteristic) were measured. The temperature
of the wall of the reactor tube and the outer electrode
was determined from the measurements of the
IR intensity and was =419 K. The component compo-
sition of the gas at the outlet of the reactor was ana-
lyzed using a gas chromatograph. CO,, CO, O, were
recorded at the discharge output. Carbon deposition
on the inner electrode, surfaces of the reactor tube and
spherical granules was not detected. It was established
in [48] that for three different sizes of spherical gran-
ules (with diameters of 1.25—1.4, 1.6—1.8, and 2.0—
2.24 mm) made of barium titanate BaTiO;, the
obtained o0 = 13.8% and 1 = 2.6%, o. = 14.6% and n =
29% and o = 17.2% and 1 = = 3.4% BD (f; =
23.5kHz, W= 100 W, d, = 4.5 mm, G, = 0.83 cm?/s)
are larger than the respective device characteristics
a=4.7% and n = 1.9% in the absence of granules in
the discharge volume (7= 23.5 kHz, W= 100 W, d, =
4.5 mm) at the same volumetric gas flow rate G, =
0.83 cm’/s. At G,=3.3cm’/s,1 =2.6% andn =2.9%
determined for barium titanate BaTiO; granules with
diameters of 1.25—1.4 and 1.6—1.8 mm, are less than
the corresponding 1 = 3.2%, obtained without gran-
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Fig. 2. /—barrier discharge power supply (f7= 23.5 kHz);
2—measuring capacities; 3—measuring resistance; 4—
oscilloscope; S5—outer high-voltage electrode; 6—inner
(ground) electrode (diameter of 8, 10, 12 or 13 mm); 7—
granules; &—inner (ground) electrode; 9—quartz wool (or
glass wool); 10 and 1 1—gas-vacuum system for supplying
and pumping gas, respectively; /2—gas chromatograph;
13—discharge tube.

ules in the discharge region with a comparable gas res-
idence time (T, = 5.52 s, fr = 23.5 kHz, W= 100 W,
d,= 4.5 mm). At the increase in the diameter of the
granules of 2.0—2.24 mm, N = 3.4% became larger
than the corresponding n = 3.2% without filling the
reactor with granules. The degree of CO, decomposi-
tion measured in a BD without granules in the reactor
is=9.8% at 1= 5.52s, fr=23.5kHz, W= 100 W,
d,=4.5mmand G, = 3.3 cm?/s and is always less than
the corresponding value oo = 13.8—17.2% in the pres-
ence in the BD reactor (f; = 23.5 kHz, W= 100 W,
d,= 4.5 mm, G, = 0.83 cm3/s) of barium titanate
BaTiO; granules with diameters of 1.25—1.4, 1.6—1.8
and 2.0—2.24 mm. Similar results were obtained for
granules made of alumina Al,O; with a maximum
diameter of 2.0—2.24 mm. The degree of decomposi-
tion of CO, at filling the discharge volume with Al,O,
alumina granules approximately coincides with the
corresponding value obtained for granules made of
barium titanate BaTiO; and is o0 = 17%. The energy
efficiency of the BD discharge device at /= 23.5 kHz,
W=100W, d,=4.5mm, G, = 0.83 cm?/s, determined
in the presence of Al,O; granules, is 1 = 3.4% and
always higher than the corresponding values n = 1.9
and 3.2%, determined without granules in the reactor
for BD conditions at /= 23.5 kHz, W= 100 W, d, =
4.5 mm, G, = 0.83 cm?/s and fr = 23.5 kHz, W =
100 W, d,=4.5 mm and G, = 3.3 cm?’/s, respectively.

Thus, the addition of spherical granules of barium
titanate BaTiO; and alumina Al,O; with a maximum
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diameter of 2.0—2.24 mm improves the performance
of the BD.

When spherical granules made of quartz SiO, and
zirconium dioxide ZrO, with diameters of 1.25—1.4,
1.6—1.8 and 2.0—2.24 mm, as well as Al,O; alumina
granules with diameters of 1.25—1.4 mm and 1.6—
1.8 mm are added into in the BD discharge volume
(fr = 23.5 kHz, W =100 W, d, = 4.5 mm, G, =
0.83 cm?/s), the e and 1 values decrease compared to
the corresponding values o = 13.8—17.2% and n =
2.6—3.4%, o.= 17% and n = 3.4% and o. = 9.8% and
n = 1.9%, obtained for granules of barium titanate
BaTiO; with diameters of 1.25—1.4, 1.6—1.8 and
2.0—2.24 mm and alumina Al,O; with a diameter of
2.0—2.24 mm and in the absence of granules in the BD
discharge volume at f; = 23.5 kHz, W= 100 W, d, =
4.5 mm, G, = 0.83 cm’/s. When granules of quartz
Si0,, zirconium dioxide ZrO, and alumina Al,O; with
a diameter of 1.25—1.4 mm are added to the discharge
volume, the degree of CO, decomposition (o = 5.5,
5.6 and 7.6%, respectively) in BD at f; = 23.5 kHz,
W=100W, d,= 4.5 mm, G, = 0.83 cm?/s exceeds the
corresponding value (o0 = 4.7%) measured without
granules in the discharge volume of the BD at f; =
23.5kHz, W=100W, d,=4.5mm, G,= 3.3 cm?/sand
the same gas residence time T = 5.52 s in the reactor.
On the contrary, the BD energy efficiency (n =1, 1.2,
and 1.4%) at fr= 23.5kHz, W= 100 W, d, = 4.5 mm,
G, = 0.83 cm?3/s and the addition of granules from
quartz SiO,, zirconium dioxide ZrO, and alumina
Al,Oj; into the discharge volume is less than n = 3.2%
for BD without granules at t,= 5.52 s, f; = 23.5 kHz,
W =100 W, d, = 4.5 mm, G, = 3.3 cm?’/s. At the
increase in the diameter (1.6—1.8 mm to 2.0—
2.24 mm) of silica SiO, granules, the measured values
a=3.3and 4.7%, and n = 0.6 and 0, 8% become less
than the values o0 = 4.7% and 1 = 3.2% in the absence
of granules in the BD and 1t = 5.52 s, f; = 23.5 kHz,
W,=100W, d,=4,5mm, G,= 3.3 cm?/s. For gran-
ules of zirconium dioxide ZrO, and alumina Al,O;
with diameters of 1.6—1.8 mm, the measured values of
the degree of decomposition of carbon dioxide oo = 4.9
and 8.5%, respectively, exceed the value o = 4.7%,
measured in the absence of granules in the discharge
volume. The energy efficiency of the device n = 0.9
and 1.7% for granules of zirconium dioxide ZrO, and
alumina Al,O;, respectively, is always less than the
value 1 = 3.2% in the absence of granules in the BD
reactorand T,~ 5.52s, fr=23.5kHz, W=100W, d, =
4.5 mm, G, = 3.3 cm’/s. When zirconium dioxide
710, granules with a maximum diameter of 2.0—
2.24 mm are added to the BD reactor at f;;= 23.5 kHz,
W= 100 W, d,= 4.5 mm, G, = 0.83 cm?/s, the oper-
ating device parameters o, and 1 take values of 7.5%
and 1.4%, respectively. The degree of decomposition
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CO, is larger than oo = 4.7%, and the energy efficiency
is less than n = 3.2% in the absence of granules in the
discharge volume.

Thus, the maximum values of the degree of decom-
position of carbon dioxide o = 17% and the energy
efficiency of the device Ny = 3.4% are obtained by
adding granules of barium titanate BaTliO; and alu-
mina Al,O; with a diameter of 2.0—2.24 mm to the BD
reactor at fr = 23.5 kHz, W =100 W, d, = 4.5 mm,
G, =0.83 cm’/s.

In [48], it was found that the active power W,
depends weakly on the material of the granules: for
SiO, granules, 61 + 1 W; for ZrO, granules, 57 £ 5W;
for Al,O; granules, 60 = 4 W; for BaTiO; granules,
61 = 3 W. The breakdown voltage of the discharge vol-
ume V), filled with granules depends on their permit-
tivity €, of granules, as found in [93]: V}, = 1.47 KV for
quartz SiO, (g, = 3.9); V,, = 0.82 kV for zirconium
dioxide ZrO, (g, = 25); V}, = 1.84 kV for alumina Al,O,
(&, = 9.1); V, = 0.97 kV for barium titanate BaTiOs
(g, =4000).

It was established in [48] that the minimum o and
1M values are obtained when the reactor is filled with
SiO, quartz granules. When granules of zirconium
dioxide ZrO,, alumina Al,0; and barium titanate
BaTiO;are added to the reactor, there is an increase in
the values of the operational characteristics of the dis-
charge device o and 1 in the indicated sequence. The
dependence of the parameters o and 1 on the size and
physico-chemical characteristics of the material of the
granules is not linear. It was shown in [33] that the spa-
tial distribution of BD parameters is determined by the
arrangement of contacts between different granules
and between granules and the surface of the reactor
wall. The applied potential difference between the
electrodes of the BD reactor causes the polarization of
the granules and increases the electric field strength
near the contact points, which leads to an increase in
the average electron energy [94]. The o values
increase with increasing dielectric constant €, from 3.9
(for quartz Si0O,) to 4000 (for barium titanate BaTiO;).
The results of the measurements of o for zirconium
dioxide ZrO, and alumina Al,O; materials do not con-
firm this dependence. The established dependences of
o on the granule diameter d, for the materials of alu-
mina Al,O;, barium titanate BaTiO; and quartz SiO,,
zirconium dioxide ZrO, also differ. In [93], a BD

model in helium was developed when the reactor is
filled with granules with a given permittivity. It is
shown that the spatial distribution of the electron den-
sity and average energy in the discharge gap, the con-
duction current, and the electric field strength depend
on the dielectric granule permeability €,, but not on
their size.

In [48], the highest o and 7 values were obtained
using the largest spherical granules (2.0—2.24 mm) of
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barium titanate BaTiO; (see Table 1). In accordance
with simulation results obtained in [93], the electric
field strength increases with increasing dielectric per-
meability, but does not increase with an increase in the
size of BaTiO; granules. Calculations show that a
simultaneous increase in the dielectric constant and
the diameter of spherical granules leads to an increase
in the electric field and electron density. As a result,
the performance of the discharge device is improved.
It was found in [93, 95] that an increase in the surface
roughness of the granules leads to an increase in the o
and m values. The nonlinear character of the depen-
dence of oo and m values on the surface roughness of
the granules indicates that the o and m values are also
determined by the acidity and surface area, specific
and molar heat capacity, total volume and size of open
pores of the granules.

The electric field strength is also determined by the
porosity and pore size of the granules [48]. The poros-
ity of spherical Al,O, alumina granules is produced
during their sintering at 1540°C. It was found in [48]
that granules made of quartz SiO, and zirconium
dioxide ZrO, have very low porosity, while both Al,O5
alumina and BaTiO; barium titanate granules have
higher porosity. The average pore size for Al,O; alu-
mina granules is 0.08 um. It is an order of magnitude
smaller than the average pore size of 0.87 um for bar-
ium titanate BaTiO; granules. It was shown in [96] that
gas discharge plasma is not formed in pores with a size
of 0.87 um. It is not ruled out in [97] that streamers
can penetrate inside the pore. The field strength
increases at the edges of the pores of the granule.

Thus, when granules are added to the reactor, the o
and 1 values depend on their porosity. The increase in
o and n values is especially pronounced for Al,O; alu-
mina granules and barium titanate BaTiO;.

It was found in [48] that for granules made of
quartz SiO,, the o and 1 values change nonmono-
tonically depending on their size and in the following
order: 1.6—1.8 mm < 2.0—2.24 mm < 1.25—1.4 mm.
For granules made from zirconium dioxide ZrO,, a
nonmonotonic dependence of the o and 1 values on
their size is also observed. The o and 1 values increase
in the following order of the change in their diameter:
1.6—1.8 mm < 1.25—1.4 mm < 2.24 mm. For granules
made of alumina Al,O; and barium titanate BaTiO;,
the o and n values increase monotonically with the
increase of the granule size as 1.25—1.4 mm < 1.6—
1.8 mm < 2.24 mm. The explanation for the observed
dependence of o0 and 1 on the material and size of the
granules added to the reactor is as follows. The
increase in the values of o and 1 is due to the change
in the spatial distribution of the electric field strength
in the reactor as a result of the induced polarization
and accumulation of charges on the surface of dielec-
tric spherical granules. The spatial distribution of the
electric field strength depends on the contact angle
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between the granules and between the granules and
the surface of the reactor tube, on the number of con-
tact points, and on the curvature and permittivity of
the granules [33, 93, 98]. It was shown in [33, 98] that
the number of contact points increases with decreas-
ing granule size.

Thus, an increase in the permittivity of granules
[93] and a decrease in their size [33, 98] leads to an
increase in the of o and 1 values.

According to the results of [48], the amount of
accumulated charge on the surface of dielectric spher-
ical granules decreases with an increase in the size of
the granules and the volume of the reactor free from
granules. The free electron density involved in the CO,
decomposition reaction increases with increasing
granule size. As a result, the a and 1 values increase.
In [48], the results of determining the o and n values
for a constant ratio between the average granule size
and the size of the discharge gap, but with varying
sizes, and for a constant granule size but the gap size
varied, are given; for a constant gap size but varying
granule size. It was found that in a BD at f; =
23.5kHz, G, = 0.83 cm?®/s and W= 100 W, the o and
1 values increase from 18 to 26% and from 3 to 4%,
respectively, when the active power W, in the range of
~67—68 W and an increase in the size of the discharge
gap from 2 mm to 3.5 mm and barium titanate BaTiO,
granules (1.18—1.25, 1.4—1.6 and 2.0—2.24 mm) at a
constant ratio between them (=0.6). When the ratio of
the granule size to the gap size decreases from 0.6 to
0.5, the o and n values decrease from 26 to 20% and
from 4 to 3.3%, respectively. The size of the granules
remained constant and lay in the range of 2—2.24 mm,
while the size of the discharge gap increased from 3.5
to 4.5 mm. As a result, data for o0 and mn were obtained
with a larger number of granules in the discharge vol-
ume. At the increase in the ratio of the granule size to
the gap size from 0.3 to 0.5, the o and m values
increase from 16 to 20% and from 2.6 to 3.3%, respec-
tively. The size of the discharge gap remained constant
at 4.5 mm, while the size of the granules increased
from 1.25—1.4 to 2—2.24 mm. The maximum values
oy = 20% and my = 3.3% at d, = 4.5 mm are less than
the corresponding values oy, = 26% and ny = 4% at
d, = 3.5 mm. A noticeable change in o and n with
increasing granule size at the constant ratio of the
granule size to the gap size is due to the remaining
number of granules in the reactor and, consequently,
the number of contact points between granules and
between granules and the wall of the reactor tube. In
the case of the constant gap size, the number of con-
tact points decreases as the grain size increases.

Thus, the best operational parameters of a dis-
charge device based on a barrier discharge when gran-
ules of barium titanate BaTiO; are added to the reactor
are obtained taking into account the optimization of
the ratio between the granule sizes and the discharge
gap [48]. This conclusion is confirmed by the results of
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Table 1. Designs and parameters of discharge devices based on barrier discharge for CO, decomposition

Characteristics of the discharge device Range of gas discharge parameters @Ccpuika 1
A pair of coaxial quartz tubes, with conductive linings on the p =500 Torr, W= 0.1 kW, [9, 14]
outer and inner surfaces, G, =22 cm’/s, E;i = 18-800 J /em?,
gas — €O, o =3-300%, N = 0.4—1%,
T,=415-515K, T,=1-3¢eV
Coaxial outer quartz tub (R; = 1 cm, d; = 2 mm) p =760 Torr, W= 0.056—0.143 kW, [55]
with a conductive lining on the outer surface and an Gg =33cm3 /s, V,=4.4—4.8 kV,
inner steel rod (R, = 0.6 cm), f=10—30 kHz, L = 280 mm, V,=3.6—4.0kV, o= 5-13%,
d, =2 mm, N =3.3-3.7%, V,=5.6-7.3kV
gas — CO,
Coaxial outer quartz tube (R; = 1.25 cm, d, =1.5, 2, 2.2 mm) p =760 Torr, W,=0.01—0.05 kW, [51]
with a conductive lining on the outer surface G,=0.42-2.2 cm’/s, o= 12.6—27.2%,
and an inner steel rod (R, = 0.75—0.85 cm), n=2.3-9%, V,<30kV
fr=28,9,10, 11 kHz, L =60, 100, 140 mm,
d,=12.5,3.0,3.5 mm,
gas — CO,
A pair of coaxial quartz tubes, with conductive plates on the outer p =760 Torr, W,=0.046—0.1 kW, [59]
(R, = 175 cm, dg = 1.5) and inner G, = 0.42—1.7 cm’/s, 1,=2.1-4.25s,
(R, =1 cm, d; = 1.5 mm) surfaces, o =16%,m="2%, V,<20kV,
Jr=25kHz, L=173,d,= 7.5 mm, Ty~ T,~3713K
gas — mixture (100%-X)CO, + XCO,, 0 <X <50%,
granules (BaTiO3), d. = 3 mm
Coaxial outer (quartz/ceramic Al,O3) tube p =760 Torr, W= 0.1 kW, [48]
(R, = 0.85 cm, d, = 0 mm) with a conductive lining on the outer W, =0.0577—0.061 kW,
surface and an inner steel rod G,=0.8,3.3 cm’/s, V,=0.8—1.8KkV,
(R,=10.4,0.5,0.6,0.65 cm), f= 23,5 kHz, L = 100 mm, Tr=5.525,
d,=2,2.5,3.5,4 mm, 0=25%,M=4.5%, Ty~ T,~419K
gas — CO,, glass wool, quartz wool
granules (Si0,), d. = 1.18—1.25, 1.25—1.4, 1.6—1.8, 2.0—2.24 mm
granules (Zr0,), d, = 1.18—1.25, 1.25—1.4, 1.6—1.8, 2.0—2.24 mm,
granules (Al,03), d. = 1.25—1.4, 1.6—1.8, 2.0—2.24 mm,
granules (BaTiO;), d, = 1.25—1.4, 1.6—1.8, 2.0—2.24 mm

The first and second columns list the main design elements of the device and the BD parameters: p is the static gas pressure in the reac-
tor (Torr); fis the frequency of the applied high voltage to the electrodes (kHz); V4 is the high voltage amplitude (kV); V}, is the mini-

mum value of the breakdown voltage of the discharge gap (kV); V, is the maximum value of the voltage across the discharge gap during

the BD (kV); G is the volumetric flow rate of gas (cm3/s); L and d, are the longitudinal and transverse dimensions of the discharge vol-
ume, respectively (mm); Wis the power of the power source supplied to the reactor (kW); Ty is the temperature of the reactor wall (K);
dg is the diameter of spherical granules added to the reactor of the discharge device (mm); T is the residence duration of particles in the
discharge volume (s); R and R, are the outer radius of the outer and inner radius of the inner, respectively, of the reactor tubes (cm); dn
is the tube wall thickness (mm); R, is the outer radius of the inner electrode (cm). They are supplemented by the results of determining
the values of the operational characteristics of the discharge device (o and 1) and the parameters of the BD plasma: 7, is the transla-
tional gas temperature (K); o is the degree of CO2 decomposition (%); 1 is the energy efficiency of the discharge device (%); T, is the

electron temperature in the BD (eV); E,f is the specific energy absorbed by the barrier discharge plasma per unit volume (J. /cm3); W,is
the active power absorbed by the barrier discharge plasma (kW).

[33], in which the dependence of the operational char-
acteristics of the device on the size of the discharge gap
and granules of zirconium dioxide ZrO, added to the
reactor was studied. For ZrO, zirconia granules, the

best performance is obtained with a granule- size-to-
gap-size ratio of 0.3. It is important to emphasize that
in order to achieve the maximum operational charac-
teristics of the device o and 1, it is necessary to addi-
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tionally take into account many parameters: the size of
the discharge gap; voids between granules (their num-
ber and size); the number of points of contact between
the granules and between the granules and the reactor
tube.

Research [32, 48] is devoted to studying the depen-
dence of the operational characteristics of the device
on the presence or absence of glass/quartz wool added
into the reactor. In [32], a BD was used in the studies
at a gas volume flow G, = 0.3 cm?/s, a frequency f =
18 kHz, and a discharge gap d, = 0.6 mm. Aluminum
foil was used as an outer electrode. It was established
that in the absence of quartz wool in reactor o0 =
14.6%, and when it is added to the reactor oo = 24.4%.
In [48], the performance characteristics were deter-
mined in the absence of glass wool or quartz wool in
the reactor, when glass wool was placed at the reactor
inlet and outlet outside the discharge volume, and also
in a reactor completely filled with glass wool. The
power W supplied to the reactor at a frequency of
23.5 kHz was 100 W with a discharge gap of 4.5 mm.
The active power W absorbed by the barrier discharge
plasma was 67 &+ 2 W. The experiments were carried
out at two different volumetric gas flow rates G, = 0.83

and 3.3 cm?3/s. It has been established that the o and
1 values, determined in the presence and absence of
glass wool in the reactor, coincide within the limits of
the determination error. The degrees of CO, decom-
position measured at G, = 0.83 and 3.3 cm?/s are 10—
11 and 5—6%, respectively. The energy efficiency of
the discharge device lies in the ranges of 1.7—1.9% and
3—4% at the same gas flow rates. The results of [48]
are explained by the authors by the fact that the depen-
dence of the operational characteristics of the dis-
charge device on the residence time of gas in the dis-
charge volume plays a more important role than their
dependence on the electric field strength in the reactor
when glass wool (made of SiO, quartz material),
which is characterized by a low dielectric constant, is
placed in the reactor. The difference between the
results obtained in [32] and [48] is explained by the
difference of BD parameters and designs of discharge
devices. The main difference between the designs of
discharge devices is the size of the discharge gaps of
4.5 mm [48] and 0.6 mm [32]. To explain the differ-
ence between the results of [48] and [32], CO, decom-
position was studied in [48] at different sizes of the dis-
charge gap d,: 268, 455, 705, and 1230 um. It is found
that with decreasing gap size d,, the degree of decom-
position of carbon dioxide o increases in an empty
reactor from 11 to 54%, and when glass wool (or quartz
wool) is added to the reactor, from 1% to 47%. This is
explained by an increase in the electric field and an
increase in the average electron energy with a decrease
in the discharge gap [94]. To ensure the same resi-
dence time in the discharge volume of the gas, of
approximately 7.5 s, in the absence and presence of
glass wool in the reactor (in the range of the discharge
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gap of 268—1230 um), the experiments in [48] were
performed at different gas volume flow rates. It is
shown that the values of oo = 54 and 51%, measured
without glass wool/quartz wool in the reactor at dis-
charge gap sizes of d, = 268 and 455 um, respectively,
are larger than those when the reactor is filled with
glass wool o0 = 49 and 48%. With an increase in the
size of the discharge gap (d, = 705 and 1230 um), the
values of oo = 35.6 and 30%, measured in the absence
of glass wool in the reactor, are less than when the
reactor is filled with glass wool o0 = 46.7 and 48.8%.
This is in agreement with the results of [32]. In [48],
for comparison with the data from [32], the results of
measurements of . and m ina BD (W =100 W, G, =
0.83 cm?/s, f; = 23.5 kHz, inner stainless steel elec-
trode, d, = 4.5 mm) from the material of the dielectric
tube of the reactor and the material of the wool added
to the reactor are presented. The outer electrode, as in
[32], was made of aluminum foil. The o and n values
measured in the case of filling a glass tube with glass
and quartz wool differ slightly and are o = 10.5% and
N = 17% and oo = 9.8% and n = 1.4%, respectively.
They are smaller than the corresponding values o =
11% and n = 1.9% in the absence of quartz/glass wool
in the reactor. When replacing a glass tube with a
quartz one, the o and 1 values obtained in the case of
filling the reactor with glass and quartz wool are o, =
7.2%,m = 1.4% and o = 9.8%, n = 1.1%, respectively.
They are smaller than the corresponding values (o =
11% and n = 1.9%) obtained for the case of an empty
reactor.

Thus, it was shown in [48] that the o and n values
depend insignificantly on the material of wool added
into the reactor. The results obtained in [48] are con-
sistent with the corresponding results of studies of
CH, reforming with CO, [99].

In [48], the dependence of the o and 1 values on
the dielectric material of the reactor tube (quartz
SiO,/alumina Al,O;) and the material of spherical
granules (1.6—1.8 mm in diameter, quartz SiO,/alu-
mina Al,O5) added into the BD reactor (W = 100 W,
G, = 0.83 cm?/s, fr = 23.5 kHz, stainless steel inner
electrode, d, = 4.5 mm). It was established that o and
1 measured in reactors made of quartz (SiO,) and alu-
mina (Al,O;) containing quartz (SiO,) granules differ
little and are oo = 2.9%, M = 0.4% and o = 3.8%, n =
0.6%, respectively. This conclusion is also valid in the
case of filling the reactor with Al,O5 alumina granules.
The o and m values for the reactor made of quartz are
o = 10.6% and n = 2.6%, respectively, and coincide
within the error with the corresponding values o =
9.7% and m = 1.7%, measured in a reactor made of
alumina Al,O;.

To further improve the performance of a BD-based
discharge device for CO, decomposition, it is

required: to search for an optimal catalyst applied to
granules; to increase the number of contact points
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between the granules and between the granules and
the surface of the reactor tube while maintaining the
maximum void volume and the ratio of the granule
size and the discharge gap. The presented results show
that the method of plasma catalysis of CO, decompo-
sition is potentially interesting.

CONCLUSIONS

Thus, the maximum values of the degree of decom-
position of CO, a and the energy efficiency of the dis-
charge device 1, obtained in experiments with BD, do
not exceed o0 £ 70% and 1 < 23%. Note that the max-
imum parameter values are not achieved at the same
time. Experimental and theoretical studies of the
mechanism of carbon dioxide decomposition show
that the decomposition of a molecule differs from
thermal decomposition: the decomposition of carbon
dioxide CO, occurs under nonequilibrium conditions
as a result of dissociative excitation of a carbon dioxide
molecule by electron impact. The contribution of
reactions involving vibrationally excited CO, mole-
cules to the decomposition rate of CO, can be
neglected. To improve the characteristics of a
BD-based discharge device, it is necessary to improve
designs of the discharge device: to keep the tempera-
ture of the reactor wall as low as possible, to provide
high values of the residence time of the gas in the dis-
charge volume and the charge due to the conduction
current, etc.

At present, a promising direction for increasing o
and 1 in BD, the same as in other types of discharge is
the use of plasma-catalytic systems. At the same time,
it should be noted that in many cases the BD volume
is filled with granules of materials that are not catalysts
in the conventional sense. The change in the efficiency
of BD-based devices in this case is achieved by chang-
ing their electrodynamic characteristics and is not
associated with catalysis as such. We note that also in
the case of using fillers with a catalyst (as a rule, met-
als) also changes the electrodynamic characteristics of
the discharge device, and it is difficult to separate this
effect from a purely catalytic effect in decomposition
of carbon dioxide. This problem requires further
research.
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