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HIGHLIGHTS

« Carbon dioxide conversion was achieved by an NTP-DBD model.

« The effect of non-catalytic material packing on CO, conversion was investigated.
« The packed DBD reactor has shown a higher efficiency than the unpacked DBD reactor.

« Plasma discharge characteristics were affected by the packing materials.
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The current research is focused on the decomposition of carbon dioxide (CO,) into carbon monoxide (CO)
and oxygen (0-) in a non-thermal plasma reactor using dielectric barrier discharge (DBD) at ambient con-
ditions. Pure CO, was injected into the DBD reactor at a flow rate of 30 mL min’}, and the voltage was
varied between 16 kV to 22 kV. The filamentary micro discharges generated during plasma has a signif-

icant effect on CO, conversion. The effect of packing materials on CO, conversion was investigated by
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packing non-catalytic materials such as quartz wool, glass capillary, glass wool, and glass beads in the
discharge zone of the DBD reactor. Among the studied packing materials, quartz wool exhibited a max-
imum CO, conversion of 9.3 % at a discharge power of 2.0 W and specific energy input (SEI) of 4.0 ] mL™.
However, glass capillary exhibited the highest energy efficiency of 1.2 mmol kJ™! at an SEI of 3.5 ] mL™.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

The rising demand for energy in modern society has resulted in
the substantial use of traditional carbon-containing fossil fuels,
releasing significant amounts of greenhouse gases (CO,, CHy, and
NO,) into the environment (Lashof and Ahuja, 1990). CO, concen-
trations have increased from 280 ppm in the preindustrial era to
410 ppm in current times (Retallack and Conde, 2020). Atmo-
spheric carbon dioxide concentrations have continuously
increased, negatively impacting the environment by exponentiat-
ing the greenhouse effect and global warming (Friedlingstein
et al,, 2010). Therefore, it is the need of the hour to find proper
ways to decrease CO, levels in the atmosphere. Several techniques
are available such as carbon capture and utilization (CCU), and car-
bon capture and storage (CCS) have shown promise in lowering
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CO, emissions (Gibbins and Chalmers, 2008). CCS is not a long-
term solution for reducing greenhouse gas emissions. It entails
high cost, little acceptance from the public, and the possibility of
leakage during or after injection. As a result, developing new sus-
tainable options with minimal or no environmental effect and zero
CO, emissions are essential (Cuéllar-Franca and Azapagic, 2015).

Carbon capture and utilization (CCU) is a potential strategy for
reducing carbon emissions in the long term (Ghiat and Al-Ansari,
2021). The CO, generated during industrial operations can be
extracted, separated, and used as a feedstock to synthesize value-
added products (Mei and Tu, 2017). The captured CO, can be con-
verted into high-value-added chemicals and fuels (e.g., methanol,
CH,4, CO, and DME) (Lu et al., 2018). However, as CO, is a stable
and inert molecule, converting CO, in a cost-effective manner is
a significant problem (George et al., 2021). Thermodynamical cal-
culations suggest that to achieve higher CO, conversion, nearly
3500 K is needed, implying that the thermal decomposition of
CO, will be highly energy-intensive (Parastaev et al., 2018).
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CO, — CO+ % 0, AH = 283 k] mol ™!

Carbon monoxide (CO) is one of the most significant chemical
feedstocks. CO is a widely utilized industrial gas in the manufac-
ture of bulk chemicals. For example, aldehydes can be produced
from the hydroformylation of alkene with carbon monoxide and
hydrogen (Cai et al., 2021). Methanol also can be synthesized by
hydrogenating carbon monoxide (Farahani et al., 2022; Wang
et al., 2018). Various approaches for converting CO, into valuable
chemicals and fuels have been proposed in recent years, including
thermal conversion (Galadima and Muraza, 2019), photochemical
conversion (Zeng et al., 2018), electrochemical conversion (Qiao
et al., 2014), and biological methods (Skjdnes et al., 2007). In this
context, non-thermal plasma (NTP) technology has received much
attention on CO, conversion as it can work in any environment (Xu
et al., 2017). However, a few catalysts have been studied to convert
CO, to CO in plasma reactors. Danhua et al. (2015) studied the CO,
conversion in a DBD plasma reactor packed with BaTiOs, reported a
28 % CO, conversion at 50 W power and obtained an energy effi-
ciency of 0.255 mmol/k] (Mei et al., 2014). Zhang et al. (2017) stud-
ied CO, conversion with a Ni/SiO, catalyst in a DBD reactor filled
with either BaTiOs; or glass beads (Zhang et al., 2017). Yiming
et al. (2015) studied with the photocatalyst ZnO/g-C3N4 for high-
efficiency CO, conversion (He et al., 2015).

In an NTP reactor, the existence of energetic electrons can start
the reaction under moderate circumstances. Various NTP designs
have been tested, including glow discharge, microwave discharge,
corona discharge, gliding arc discharge, radio frequency discharge,
and dielectric barrier discharge reactor (DBD). DBD was recently
used to evaluate CO, conversion, surface treatment, sewage degra-
dation, and VOC removal (Nguyen et al., 2018). As compared to
other NTPs such as radiofrequency, microwave plasma (Huang
et al., 2017), corona discharge plasma (Babaeva and Naidis,
2021), and gliding arc plasma (Indarto et al., 2007), DBD offers
two benefits. Firstly, The plasma equipment from DBD is simple
to scale up because of its basic construction, making it an excellent
approach for industrial scale (Damideh et al., 2020). Secondly, DBD
can be easily integrated with packing material, which improves
numerous reactions, and it produces high-energy electrons, with
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average electron energy of 1-10 eV, creating uniform discharge
(Ray et al.,, 2016). The primary purpose of the dielectric barrier
material is to limit electric current, thereby preventing the forma-
tion of sparks. By limiting the number of discharges and distribut-
ing micro discharges over the entire surface area of the dielectric
barrier, the physical properties of the dielectric barrier can also
influence the DBD characteristics (Alliati et al., 2018). As a result,
dissociation, electron impact ionization, and excitation happen at
room temperature leading to the generation of reactive species
such as radicals, ions, excited atoms, or molecules (Kozak and
Bogaerts, 2014). Hence, NTP can be employed as a substitute for
traditional high-temperature catalytic chemical processes.

The packing material used in a DBD reactor plays a key role in
CO, decomposition. It enhances the local electric field strength at
a contact point between the material and improves CO, conversion
and energy efficiency (Michielsen et al., 2017). This study explores
the direct breakdown of pure CO, into CO and O, in a cylindrical
DBD reactor containing non-catalytic material at low tempera-
tures. To understand the effect of packing materials on plasma
interactions during the CO, conversion, on the performance of
the reactor, and on the physical aspects of the discharge, different
packing materials such as glass capillary, glass wool, glass beads,
and quartz wool were studied.

2. Experimental
2.1. Experimental setup

A coaxial dielectric barrier discharge (DBD) was constructed in
this work for the plasma non-catalytic conversion of pure CO, into
CO and O, at a low temperature. The schematic representation of
the experimental setup is shown in Fig. 1. The plasma discharge
was generated inside a cylindrical quartz tube. The quartz tube
has an outer diameter of 23 mm and an inner diameter of
20 mm. Stainless steel (SS) rod (11 mm dia) is provided along
the length of the quartz tube axis and connected to a high voltage
power source. A ground electrode was created by wrapping a
stainless-steel mesh around the circumference of the quartz tube,
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Fig. 1. Schematic representation of the DBD reactor.



M. Umamaheswara Rao, K.V.S.S. Bhargavi, P. Chawdhury et al.

and it was grounded through a capacitor (4 pUF). The reactor has a
discharge gap of 4.5 mm, and a discharge volume of 24 cm>. The
plasma discharge was created by changing an alternating high
voltage from 16 kV to 22 kV with 50 Hz. A high voltage probe, Agi-
lent 34136A, was used to measure the applied voltage, and a digital
oscilloscope (Tektronix TDS2014B) was used to record the dis-
charge electrical signals.

The Q-U Lissajous figure was used to calculate the discharge
power (Wang et al., 2021). The CO, inlet gas flow rate was con-
trolled by a mass flow controller (MFC17, Aalborg, USA), and the
flow rate was fixed at 30 mL min'. The outlet from MFC was
directly connected to the inner electrode of the DBD reactor, where
the DBD plasma discharge was generated between two electrodes
by varying the applied voltage. For the present study, we have used
glass beads (25 g), glass wool (18 g), glass capillary (17 g), and
quartz wool (1.2 g). The packing was done in such a way as to com-
pletely fill the discharge volume (24 cm®) and discharge zone
(11 cm). The dielectric constant of glass materials ~ 4 and quartz
wool ~ 5.

2.2. Gas analysis and parameter definitions

The feed gas composition and the products formed were ana-
lyzed using a gas chromatography instrument (GC2014 SHI-
MADZU) with a packed column (Porapak-Q, 3 m, 80/100 mesh)
and a thermal conductivity detector (TCD).

The CO, conversion, CO selectivity, and CO yield are defined as
follows:

Converted CO, (mmol min’l)
x 100

CO, Conversion (%) = :
CO; input (mmol min~ )

(1)

CO formed (mmol min ")
CO, converted (mmol min~")

CO Selectivity (%) = x 100 (2)

s -1
COyield () — oformed (mmolmin ) -5 3)
CO; input (mmol min ™)

Energy efficiency is defined as the ratio of converted CO, to dis-
charge power

Converted CO, (mmol min”)
Power (W)

Energy efficiency (mmol kj ') =

“ 1000
60
4)
Specific energy input stands for the energy consumption per mL
of gas volume, and it is calculated by using the following equation
B Discharge Power (W)
~ Total gas flow rate (mL min-1)

x 60

Specific energy input (] mL™")

(5)
The carbon balance (Cg) is calculated as follows
Carbon balance (%)

CO, Output (mmol min’l) + COformed (mmolmin ")
= x 100

(6)

CO, input (mmol min™")
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3. Results and discussion

3.1. Effect of packing materials on discharge power and discharge
characteristics

The discharge characteristics will be modified when a dielectric
material is introduced into the DBD plasma. Fig. 2 clearly distin-
guishes between plasma-only discharge and that of the non-
catalytic packed DBD discharges. The electric field shows filamen-
tary discharges when no packing material was inside the discharge
zone. The local electric field generates more intense filaments on
the surface of the inner electrode (Fig. 2a). We can observe that
when non-catalytic material is added to the discharge gap, the nat-
ure of the discharge totally changes. In essence, it creates the
packed bed discharge effect (Chen et al., 2008). Glass beads mini-
mize the discharge volume in the discharge gap and prevent the
production of filamentary streamers, which leads to the formation
of the more common surface discharges (Fig. 2b). In contrast, the
enhanced filaments produced exclusively by the sharp edges of
the capillary tubes cover the whole discharge volume (Fig. 2c).
Fig. 2d shows that glass wool has more intense sparks than glass
beads and capillaries because of the micro-corona discharges pro-
duced between the porous fibers. Fig. 2e shows an increase in
micro discharge filaments across the quartz wool. Compared to
the typical discharges formed among all the packed materials,
quartz wool with DBD exhibits brighter intensity.

The power dissipated during the plasma discharge was esti-
mated according to the Q-U Lissajous figure, as shown in Fig. 3a.
The area of the Lissajous figure increases when the discharge zone
is packed with non-catalytic materials, compared to a DBD alone
system. Among the various packing materials, quartz wool packag-
ing displays the highest power of 2.0 W at an applied voltage of
22 kV. This might be due to the quartz wool in the discharge zone
facilitating the increase in the magnitude of multiple current
spikes in the plasma (Gallon et al., 2012). Fig. 3b shows the effect
of various packing materials on average power dissipation as a
function of applied voltage. The quartz wool displayed the highest
power at all applied voltages. It can be observed that the discharge
power followed the trend quartz wool > glass wool > glass
capillary > glass beads > no packing.

The effect of specific energy input has been shown in Fig. 4a.
DBD with quartz wool at 22 kV produced the highest specific
energy input at 4.0 ] mL compared to an SEI of 2.4 ] mL"! DBD
alone. Fig. 4a shows that the energy input into the plasma dis-
charge zone improved when the discharge power was increased.
Fig. 4b shows the total charge transferred per half-cycle as a func-
tion of applied voltage. Various plasma parameters calculated from
the Lissajous figures are listed in Table 1. Under non-catalyst pack-
ing conditions, the discharge power, charge transfer per half cycle,
and effective capacitance are higher than DBD alone. High-energy,
active plasma particles are directly responsible for reactions with
increasing specific energy input.

3.2. Effect of packing materials on discharge characteristics

Table 1 shows that the discharge characteristics change notice-
ably for the plasma reactor with and without packing. Even though
there was no significant change in the discharge parameters when
different non-catalytic materials were used, the average electric
field was increased when non-catalytic materials were used
instead of the DBD alone. As a result, it can be inferred that the
packing material can influence on the reaction performance.

When non-catalytic materials were placed in the DBD reactor,
the reduced electric field was enhanced by following the order
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No packing

Quartz wool

Fig. 2. Images of the CO, DBD plasma (a) no packing, (b) Packed with glass beads (c), Packed with glass capillary, (d) Packed with glass wool, and (e) Packed with quartz wool
(discharge length: 11 cm, discharge gap: 4.5 mm, applied voltage: 22 kV, Frequency 50 Hz, Flow rate 30 mL min™' inner electrode: Stainless steel rod, Outer electrode:

stainless steel mesh).
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Fig. 3. (a) The Lissajous figure for different packed materials in the discharge zone at 22 kV (b) Power dissipated as a function of applied voltage for different packing

conditions (gas flow rate: 30 mL min™!; applied frequency: 50 Hz).

shown in Fig. 5a: Plasma + Quartz wool > Plasma + Glass
capillary > Plasma + Glass beads > Plasma + Glass wool > Plasma
alone. Because of this, charge deposition on the surface of these
non-catalytic materials is permitted. As dielectric materials effi-
ciently collect charges on their surface, charge transmission
between electrodes is improved. Because of this, the average elec-
tric field is slightly increased from 10 kV cm~! (Plasma alone) to
11.50 kV cm ™' (Quartz wool + Plasma).

In addition, the intensity of the local electric field at the point of
contact between the materials has been enhanced. The electron
energy distribution function and the mean electron energy were
determined using the Boltzmann equation solver software BOL-
SIG+ (Version —11/2019) (Carbone et al., 2021; Pitchford et al.,
2017; Pancheshnyi et al.,, 2012; Hagelaar and Pitchford, 2005).
Plasma alone, Plasma + Glass wool, Plasma + Glass beads,

Plasma + Glass capillary, and Plasma + Quartz wool were the
sequences in which the discharge’s mean electron energy was
measured. The change of the mean electron energy as a function
of the reduced electric field is shown in Fig. 5b for both plasma
and plasma with packed materials. A DBD plasma with packing
materials produces more electrons having high energy. From
Fig. 5b, the mean electron energy of the system is 1.79 eV. This is
in good agreement with the reduced electric field order.

3.3. Packed bed DBD for CO, decomposition

The applied voltage varied between 16 kV and 22 kV at a fixed
flow rate of 30 mL min™' CO, to investigate the influence of SEI on
reactant conversion and product yield. DBD plasma gets ignited
when the electric field strength is high enough to cause the electri-



M. Umamaheswara Rao, K.V.S.S. Bhargavi, P. Chawdhury et al.

Chemical Engineering Science 267 (2023) 118376

4.5 10
= No packing
4.04 [ ]No packing (a) - 94 © Glass beads (b)
) [ ] Glass beads B A Glass wool
£ 3.54 [__]Glass wool /) . v Glass capillary
5 [~ ] Glass capillary % 84| & Quartz wool
= 3.0 - Quartz wool —
a - )
£, _ N
el .5 o _ {E | o
> T g
o 2.0 RER 1 2
g 3 R*=0.99884
0 1.5 5+ R?=0.99469
% R?*=0.99439
g. 1.0 - 44 R?=0.99764
%) R?=0.99955
0.5 4 3.
0.0 T T T T 1l 1'7 1l 1I Ll l1 L) L L
16 18 20 22 6 8 ‘ 9 20 2 22 23 24
Applied Voltage (kV) Applied Voltage (kV)

Fig. 4. (a) Specific energy input with applied voltage varied from 16 kV to 22 kV (b) The total charge transferred per half-cycle as a function of applied voltage (gas flow rate:

30 mL min™ and frequency: 50 Hz).

Table 1

Comparison of plasma parameters for different packing conditions.
Packing material Applied Voltage (kV) Power (W) Ca Q pk-pk (pC) dQ Up E E/N
(pF) (nC) (kV) (kv cm ™) (Td)
No packing 22 1.2 0.85 10.5 7.8 4.5 10.0 37.2
Glass beads 22 1.72 0.92 125 8.1 34 10.84 40.3
Glass wool 22 1.83 1.0 135 9.4 4.0 10.45 39.0
Glass capillary 22 1.76 0.91 119 8.12 41 11.2 41.7
Quartz wool 22 2.0 0.97 12.0 8.65 4.4 11.5 42.8

Cq = Dielectric capacitance, Qpy.pk = Peak to peak charge, dQ = Charge transfer per half cycle, Uy, = Breakdown voltage, E = Average electric field, E/N (Td) = Reduced electric

field.
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E/N (Td) Mean electron energy (eV)

Fig. 5. (a) Calculated mean electron energy vs reduced electric field (b) Electron energy distribution function vs mean electron energy.

cal breakdown, resulting in many filamentary micro discharges
that provide conductive channels for electrons to flow throughout
the discharge gap (Chawdhury et al., 2019). The electrons interact
with CO, molecules during plasma discharge and dissociate them
via electron impact dissociation, which is considered one of the
dominant reactions when converting CO, in a DBD reactor. In
plasma processing of CO,, it is also possible to have electron disso-
ciation and electron impact ionization (Yap et al., 2015). The CO,
conversion begins with the following plasma reactions:

e” + (0, — C0(g) +0(g) +e (R1)
e +(0,(g) — C0(g) + 0 (8)(R2)

e” +CO,(g) — CO; (g) +2e(R3)

Previous experimental and simulation studies indicated that by
increasing the discharge power at a constant frequency, the dis-
charge’s electric field, electron density, and gas temperature
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improve (Petrovic et al., 2009; Li et al., 2008), thus enhancing the
conversion of reactant gas. Packing the discharge zone with high
dielectric constant materials generates a homogeneous discharge
and enhanced field strength. Fig. 6 shows that maximum CO, con-
version of ~ 9.3 % was achieved with quartz wool packed DBD at 22
kV. As a function of the reduced electric field (E/N), the fraction of
the energy that is transferred to the different channels of CO, exci-
tation, ionization, and dissociation. If the average temperature of
the electrons in the NTP is 1-2 eV or if the reduced electric field
(E/N) is 20-40 Td, about 97 % of the total plasma energy can be
transferred to CO, that is excited by vibrational- vibrational relax-
ation (George et al., 2021). The enhancement of the average electric
field by the packing material increases the production of reactive
species and the density of electrons in the plasma, allowing for a
greater amount of CO, to be converted without a corresponding
increase in discharge power, Therefore, it may be possible to
improve energy efficiency by using appropriate packing materials
in the discharge zone.

Glass capillary, glass wool, and glass beads have the same
dielectric constant, which is lesser than quartz. Quartz wool (made
up of fragile and flexible fibers of quartz) had a cotton wool
appearance, which showed more discharges in the discharge zone.
Also, these glass materials affect the CO, conversion. Glass capil-
lary, which has a hollow cylindrical shape, shows more charge
accumulation on the surface during the discharge than glass wool
(spongy honeycomb) and glass beads (spherical). The magnitude of
the discharge created in the plasma zone during voltage applica-
tions follows the trend: Quartz wool > Glass capillary > Glass
wool > Glass beads > No packing. The voids between dielectric
materials exhibit a strong electric field due to micro discharges
and strong electric field variations. Also, dielectric materials boost
discharge strength, leading to increased CO, conversion. Quartz
wool has a higher dielectric constant among all non-catalytic
materials used in the study (Michielsen et al., 2017). The non-
porous and non-adsorbing properties of the glass materials and
their dielectric nature (the ability to accumulate charge on the sur-
face) eliminate the possibilities of catalytic effects. The amplitude
of multiple current spikes in the plasma is increased when quartz
wool is present in the discharge zone. It indicates that the current
pulses’ strength has been increased. Hence, quartz wool has the
highest power. The possibility of CO, conversion in the reactor is
affected by the increase in high-energy particles, resulting in more
C=0 bond breakage leading to higher CO, decomposition into CO
and O,.

10 4
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9 = Glass capillary
= - Quartz wool
°
g 64
)
>
=
8
~ 4+
@]
o
24
0 Ll Ll Ll L}
16 18 20 22

Applied voltage (kV)

Fig. 6. Conversion of CO, with applied voltage with various packing materials
(Applied frequency 50 Hz).
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3.4. Effect of packing material on the selectivity and yield of the
product

Fig. 7a represents varied packing circumstances that show the
effect of applied voltage on the selectivity of the predicted product,
CO. The CO selectivity decreased with increased applied voltage
and increased CO, conversion for all reactions investigated in this
study. This might be due to the Boudouard reaction or carbon pro-
duction due to direct breakdown (Gallon et al., 2012). With no
packing, we achieved approximately 100 % CO selectivity at
16 kV, but with packing materials, CO selectivity was decreased
when the applied voltage was raised. This is due to the formation
of solid carbon in the reaction, which was adsorbed on the surface
of the inner electrode and walls of the quartz tube. CO selectivity of
65 % was achieved using quartz wool packing at 22 kV. The CO
selectivity might have failed to reach 100 % due to the following
reactions. At the highest discharge power, CO can be converted
to CO, and solid carbon (C).

2C0 — €O, + C(i)

€0, — C + Ofii)

Reaction (ii) is more complex than reaction (i); moreover, non-
catalytic materials do not have enough surface area for carbon
deposition. Fig. 7b indicates the CO yield (%) during the CO,
decomposition reaction at different applied voltages. CO yield
increased as applied voltage, power and SEI increased regardless
of packing. This might be because the presence of highly energetic
electrons generated at high applied power density has contributed
to the maximum CO, decomposition. The maximum yield of CO
obtained when quartz wool was combined with DBD at 2.0 W
power was 6.1 %, whereas DBD alone yielded 3.1 % at the discharge
power of 1.2 W.

3.5. Energy efficiency and carbon balance

The number of moles of gas converted per unit of plasma power
was used to calculate a plasma reactor’s energy efficiency for gas
conversion (Equation (4)). The energy efficiency is shown in
Fig. 8a. The maximum energy efficiency calculated was 1.2 mmol
kJ"! for DBD with glass capillary. The lowest energy efficiency
was 0.83 mmol kJ™! for DBD alone.

Fig. 8b depicts carbon balance related to the unconverted CO,
and carbon-containing gaseous products generated during the
reaction as defined in Equation (6). Carbon balance was nearly
100 % at the lowest applied voltage of 16 kV with packed DBD
and DBD alone. There was a decrease in carbon balance with the
increase in applied voltage. This might be because of the unreacted
solid carbon deposition on the reactor walls and the surfaces of the
internal electrodes. Carbon balance at 22 kV was 96.5 %, with
quartz wool packing at the maximum discharge power of 2.0 W.

Table 2 shows the comparison of CO, conversion, CO selectivity,
and the energy efficiency of the present study with the reported lit-
erature. From the table, it can be inferred that a reasonable CO,
conversion can be obtained with a DBD reactor packed with non-
catalytic materials compared to a DBD reactor with catalytic
materials.

3.6. The impact of closely packed materials on reaction rates

Fully packed materials in the discharge zone are used to
improve CO, decomposition. The following equation was used to
determine the decomposition rate constant according to the first-
order kinetic model.

In (Cin/Cout) = (SEI)xK + C
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Fig. 7. (a) Effect of applied voltage on the CO selectivity (b) Effect of packing materials on CO yield (%) at a constant gas flow rate of 30 mL min™' and a fixed frequency of
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Table 2
A comparison study on CO, conversion.

Plasma Power (W) Flowrate (mL min') Packed material CO, conversion (%) CO Selectivity (%) Energy Efficiency  References

(mmol/kJ)

DBD 24 30 5 %Zn0 + g-C3N, 12 70 1.1 (Ray et al., 2020)

DBD 22 30 15 % CuO/Al,05 15.7 48 1.597 (Ray et al., 2021)

DBD 28 60 BaTiO3 38 - 0.6 (Mei et al., 2016)

DBD 55 150 Molecular Sieves 5A 25 63 - (Wang et al., 2017)

DBD 50 50 Glass beads ~21 ~ 95 ~0.17 (Mei et al., 2014)

DBD 15.8 41.9 No packing 143 - 0.285 (Mei et al., 2016)

DBD 100 50 Glass wool 10 - - (Michielsen et al., 2017)

DBD 2.0 30 Quartz wool 9.3 65 1.039 This work

SEl is the specific energy input, K is the decomposition rate con- packing materials. The corresponding decomposition rate con-

stant, C is the intercept, and C;, and C, represent CO, input and stants were 0.0244, 0.020, 0.017, 0.016, and 0.019 for quartz wool,
output concentrations, respectively. Fig. 9 shows the linear rela- glass capillary, glass wool, glass beads, and no packing, respec-
tionship between the In (Ci,/Coy) as a function of SEI for various tively. The maximum decomposition rate obtained for Quartz
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Fig. 9. The plot of In (Ci,/Coyu:) Vs SIE for different packing materials.

wool-DBD indicates that it has the best CO, decomposition
capacity.

3.7. Reaction stability and gas phase reaction

The DBD plasma CO, conversion reaction over quartz wool was
run at a constant flow of 30 mL min™' at 20 kV for 420 min at low
temperature and atmospheric pressure to study the stability of the
reaction. Fig. 10a shows the conversion of CO, and selectivity of
CO. It has been observed that the CO, conversion and CO selectivity
are stable after 420 min of the reaction.

Fig. 10b represents the schematic diagram of the gas phase
reaction mechanism. Although the CO is very stable, it can recom-
bine with an oxygen atom and form CO, at long enough residence
time. This might be one of the reasons for less conversion of CO,.
Interestingly, compared to no packed condition, more conversion
of CO, was observed by non-catalytic packed material, indicating
that the surface discharge of packed materials plays an important
role in CO, DBD plasma. There is a possibility of quick recombina-
tion of oxygen atoms among themselves and forms Os; and O,
(Bogaerts et al., 2015).
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3.8. Optical emission spectroscopy

Optical emission spectroscopy (OES) is an excellent tool for bet-
ter understanding of the properties of active species produced in
plasma. The optical emission spectroscopy was recorded using a
Princeton Instrument Action SpectraPro® SP-2300 equipped with
600 ¢ mm™' gratings with 500 nm Blaze. The spectra is recorded
with only plasma and with quartz wool packed DBD plasma sepa-
rately to understand the excited species created. We have recorded
the OES while avoiding the air discharge between the dielectric
and the outer electrode by keeping the optical fiber inside the
quartz tube, as shown in the Fig. S3. As a result, the observed peaks
were essentially identical under all circumstances. Fig. 11 displays
the peak assignment for the active species, which include CO,, CO,
CO3, and CH. The CO, dissociation might be due to vibrational
relaxation as CO, splitting in DBD plasma is probably caused by
vibrational excitation (Devia et al., 2015; Hou et al., 2016). The
peak at 314.4 nm (C23 - X*[]) represents CH emission due to
the traces of moisture present in the CO, gas cylinder. The CO3
ion is responsible for most of the prominent peaks in the CO, spec-
trum from The Fox-Duffendack Barker transition system (Pearse
et al., 1976). The wavelength bands corresponding to CO3 are at
339.3 nm, 358.8 nm and 370.3 nm (Garcia-Cosio et al., 2011;
Wang et al., 2022). The peak at 391 nm is caused by CO, 'B,-
X'=* transition (Ray et al., 2020; Ray et al., 2021). O, emission
peaks around 406 nm (Quigley et al., 2016; Fan and Tahir, 2022;
Zhu et al., 2014), and CO emission is responsible for the peaks seen
around 450.5 nm, 484 nm, 517 nm and 558.4 nm (Garcia-Cosio
et al, 2011; Wang et al., 2022; Khan et al., 2019).

4. Conclusions

The performance of CO, decomposition in a coaxial DBD reactor
operating under ambient conditions has been explored in this
work. The current research demonstrates that the DBD plasma
reactor has the potential for converting CO, to CO. It was observed
that the non-catalytic packing materials could significantly influ-
ence the CO, conversion. It was found that the performance of
the DBD plasma reactor was improved by adding various packing
materials to the discharge region. Typical CO, conversion results
indicated Quartz wool > Glass capillary > Glass wool > Glass
beads > DBD alone. The performance was most effective with
quartz wool packing at 2.0 W and SEI of 4.0 ] mL™!, resulting in a

» CO; (b)
co

o, MY

)/\@

B4

Fig. 10. (a) Shows the packed material stability as a function of time with quartz wool packed into the reactor (Total flow rate 30 mL min™!, applied voltage 20 kV at fixed

frequency 50 Hz) (b) shows the reaction pathways in the plasma CO, conversion.
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Fig. 11. CO, plasma emission spectrum. (Grating: 600 glue at 500 nm; applied voltage 18 kV and total flow rate 30 mL min™', (a) only plasma and plasma + quartz wool (b)

Enlarged spectra of only plasma and plasma + quartz wool.

maximum CO, conversion of 9.3 %. With the glass capillary packed
in the discharge zone, the maximum energy efficiency of 1.2 mmol
k]! was achieved.
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