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Abstract

Plasma-catalytic CO, hydrogenation over a Ni/Al,O3 catalyst for the cogeneration of
CO and CH, has been carried out in a dielectric barrier discharge (DBD) reactor at
150 °C. The presence of the Ni catalyst in the DBD reactor has clearly demonstrated a
plasma-catalytic synergistic effect at low temperatures, as the reaction performance of
the plasma-catalytic CO, hydrogenation is significantly higher than that of the sum of
the individual processes (plasma process and thermal catalytic process) at the same
temperature. The addition of argon (up to 60%) in the reaction enhances the
conversion of CO,, the yield of CO and CH, and the energy efficiency of the plasma
process. The formation of metastable argon (Ar*) in the plasma could create new
reaction routes which make a significant contribution to the enhanced CO, conversion
and production of CO and CH,4. The introduction of Ar decreases the breakdown
voltage of the feed gas and promotes charge transfer through the reactor. In addition,
we find that the selectivity of CO is almost independent of the Ar content in the feed
gas, while increasing the Ar content from 0 to 60% enhances the CH, selectivity by
85%. This phenomenon suggests that the presence of Ar* might promote the
methanation of CO and CO, with hydrogen at low temperatures. Moreover, the molar
ratio of CO/CHy, in the plasma-catalytic hydrogenation of CO; can also be controlled

by changing the Ar content in the feed gas.
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1. Introduction

CO; is one of the major contributors to the global greenhouse gas effect and climate
change. The concentration of CO, in the atmosphere is continuously increasing due to
the use of fossil fuels. There is a growing and urgent demand for the development of
novel technologies which can significantly reduce global CO, emissions whilst
generating sustainable energy for modern society [1-2]. The UK government has set a
target to reduce its greenhouse gas emissions by 80% from 1990 levels by 2050, with
an interim target of 34% reduction by 2020. The direct use of CO, for the production
of value-added fuels and chemicals after the CO, capture process, or even without
capture, has been considered as a promising process to tackle the current global
energy and environmental challenges [3]. CO, hydrogenation with H, for the
production of CH4 (R1) and/or CO, (R2) is an attractive approach for direct CO,
conversion and utilisation (CCU). CHy, is a fuel and commaodity gas, while CO is an
important chemical feedstock for Fischer-Tropsch synthesis (FTS) to produce higher
hydrocarbons such as liquefied petroleum gas (LPG), naphtha, gasoline, and diesel; or
for the synthesis of valorised products such as acetic acid, phosgene, and formic acid
[4-6]. If the required energy for these processes can be supplied from renewable
energy sources such as wind or solar power, and hydrogen can also be renewable such
as from water electrolysis, solar thermal water splitting, or bioenergy [7-8], the
overall CCU process could be CO, neutral and eco-friendly. Clearly, this process can

also be considered as a key approach for chemical energy storage [9].

CO; + 4H, — CH4 + 2H,0, AH,’ = -163.5 kJ mol™ (R1)

CO, + H, — CO + H,0, AH.® = 41.2 kJ mol™ (R2)



Since CO;, is highly stable, the activation of CO, molecules requires a high energy
input. For example, the thermodynamic equilibrium calculation for the decomposition
of pure CO, shows that CO, begins to decompose into CO and O, near 2000 K with a
very low conversion (<1%). A higher temperature (3000-3500 K) is required to
achieve a reasonable conversion of CO, (30-60%). In addition, separation of CO and
O, in the direct CO, decomposition process is also a challenge. Great efforts have
been devoted to the investigation of CO, hydrogenation into CO and/or CH,4 using
thermal catalytic [10-14], photocatalytic [15-16] or electrochemical [17-18] processes.
However, significant fundamental works are still required to further enhance the
overall energy efficiency and product selectivity of the process through the design and
development of new reactor concepts and novel catalytic materials with higher
reactivity and stability.

Non-thermal plasma (NTP) provides a promising alternative to the conventional
catalytic approach for CO, conversion and utilisation at atmospheric pressure and low
temperatures. NTP could dissociate and activate gaseous species to produce a cascade
of highly reactive species and energetic electrons at ambient conditions, providing
alternative  reaction  pathways, kinetically initiating and  propagating
thermodynamically unfavourable reactions at low temperatures [19]. The non-thermal
plasma chemical process can be switched on and switehed—off quickly due to its
instant reaction initiation with high reaction rate and has great potential to be
combined with renewable energy sources, especially waste energy from wind or solar
power for localised or distributed chemical energy storage.

NTP is also highly flexible in that it can be combined with other technologies such
as catalysis, forming a hybrid plasma-catalytic process. The combination of plasma

and catalyst can reduce the activation barrier of catalysts and enhance the reaction



performance, especially the selectivity of target products and energy efficiency of the
overall plasma-catalytic process [20]. In the past few years, significant efforts have
been dedicated to understanding the plasma conversion of CO; into CO [21-27] and
dry CO, reforming of CH4 [28-31], with or without using-catalysts. However, very
limited work has focused on plasma CO, hydrogenation for the production of CO
and/or CH, at low temperatures. Interestingly, in either direct CO, splitting or CO,
dry reforming processes based on NTP technology, the presence of dilution gas (e.g.
He and Ar) has shown the positive effect of enhancing the conversion of reactants [10,
32]. However, such a process can only be attractive when the injected dilution gas can
be recycled to form a chemical looping process due to the cost of these gases. It is
also interesting to investigate how the presence of these gases affects the
characteristics of the plasma and consequently changes the reaction performance. To
the best of our knowledge, very limited work has been focused on the investigation of
how the dilution gases (e.g. Ar) affect the plasma-catalytic chemical reactions
especially CO, hydrogenation for the synthesis of fuels and chemicals such as the
cogeneration of CO and CH,.

In this work, hydrogenation of CO, for the cogeneration of CO and CH, has been
carried out in a coaxial dielectric barrier discharge (DBD) reactor with and without a
Ni/Al,O; catalyst at atmospheric pressure and low temperature (150 °C). To
understand the synergistic effect of plasma-catalysis, thermal catalytic hydrogenation
of CO, has also been performed at the same temperature (150 °C) for comparison.
The effect of Ar as a dilution gas on the CO, hydrogenation process under three
different operating conditions (plasma only, plasma-catalysis and thermal catalysis)
has been investigated in terms of the conversion of CO, the selectivity and yield of

target products (CO and CHy,), and the fuel production efficiency of the process. The



promotional effect of Ar on the electrical properties of the DBD and the synergistic

effect of plasma-catalysis are also discussed.

2. Experimental setup

2.1. Experimental system

Figure 1 shows a schematic diagram of the system set-up. The experiments were
carried out in a coaxial packed-bed DBD reactor. A quartz tube with an outer
diameter of 21 mm and a wall thickness of 2.5 mm was used as a dielectric layer. A
stainless steel mesh wrapped around the quartz tube served as a ground electrode,
while a stainless steel rod with a diameter of 13 mm was used as a high voltage
electrode and placed in the center of the quartz. The discharge length was 100 mm
with a discharge gap of 1.5 mm. The DBD reactor was connected to a high voltage
AC power supply with a maximum peak voltage of 30 kV. The voltage on the
external capacitor (Cext = 0.47 uF) was measured to obtain the total charge (Qext)
generated in the plasma reaction, while the applied voltage was measured by a high
voltage probe (Testec, HVP-15HF). Both signals were recorded by a digital
oscilloscope (Tektronix MDO3014). The discharge power was determined by
calculating the area of the Q-U Lissajous figure. A homemade power measurement
system was used to monitor and control the discharge power in real time. In this work,
the discharge power was fixed at 30 W.

A reactant mixture of H, and CO, with a H,/CO, molar ratio of 4:1 was used and
the Ar concentration was varied to 0, 30, 50 and 60%. The total gas flow rate was
69.2 ml min™. 15 wt.% Ni/y-Al,O5 catalyst was prepared by impregnation method
using nitrate salt (Alfa Aesar, ACS reagents) as the metal precursor. Catalyst support

(y-Al,O3 beads with a diameter of around 1.5 mm) was added to the solution of nitrate



salt. The mixture slurry was continuously stirred for 1 h and impregnated for 3 h, then
dried at 90 °C overnight, followed by calcination at 400 °C for 4 h. A total of 0.4 g Ni
catalyst was packed into the reactor and sandwiched by 2 g Al,O3 beads, as shown in
figure 1. Prior to the plasma- catalytic CO, hydrogenation, the Ni catalyst was
reduced in an argon-hydrogen discharge at a discharge power of 30 W (69.2 ml min™,
20 vol. % H,) for 30 minutes in the same reactor.

The DBD reactor was placed in a tube furnace, which enabled the CO,
hydrogenation reaction to be investigated under three different conditions: plasma
alone, thermal catalysis and plasma-catalysis. Under plasma alone conditions, no
catalyst or alumina bead was placed in the reactor and the reaction was only driven by
the plasma. In thermal catalytic reaction, Ni/Al,O3 catalyst and alumina beads were
packed into the middle of the reactor and heated in the tube furnace without plasma.
In the plasma-catalytic process, the Ni catalyst and alumina beads were placed in the
DBD plasma with interactions between the plasma and catalyst. The temperature of
the reactor was kept at 150 °C for all three conditions, monitored by a thermocouple
attached to the outer surface of the quartz tube. However, only for the thermal-
catalytic process was the reactor heated by the tube furnace, while no extra heating
was provided to the plasma process with or without a catalyst.

The gas composition was analysed by a two-channel gas chromatograph
(Shimadzu GC-2014) equipped with a flame ionization detector (FID) and a thermal
conductivity detector (TCD). For each measurement, three samples of gas products
were taken and analysed when the reaction reached a steady state. CO and CH4 were
the major gas products in the plasma hydrogenation of CO,, while trace amount of
saturated hydrocarbons C,Hg (40-110 ppm), CsHg (2-20 ppm) and C4H1o (2-20 ppm)

were also detected.
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Figure 1. Schematic diagram of experimental setup.
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2.2. Definition of parameters

An equivalent circuit developed from our previous work is used to simplify and
describe the DBD system in this work [33]. As shown in figure 2, ko is the length
(100 mm) of the discharge area and I, is the actual length of the catalyst bed
containing gas, while lpeq is the actual length (60 mm) of the packed bed, consisting of
the Ni catalysts (black sphere), alumina beads (white sphere), and the gas in the bed.
Ideally, if we consider the solid (packing material) and gas in the packed bed
separately, we can introduce two equivalent parameters lpacking and lgas2.  Ipacking
represents the equivalent length of the packed materials (Ni/Al,O3 catalyst and Al,O3
beads) excluding gas, while Iy is the equivalent length of the gas in the packed bed.
lgas1 1S Used to describe the equivalent length of the gas outside of the packing bed.
The equivalent capacitance (before breakdown) of these parameters is denoted as

Cpackings Cgas2, and Cgas 1, respectively, as shown in figure 2. The capacitance of the



quartz barrier is denoted as Cquarz. Up is the breakdown voltage of the gas in the
reactor, while the bidirectional diode represents the breakdown and discharge in the
reactor. Since the diameter of Al,O3 beads is the same as the discharge gap (1.5 mm),
we assume that there was only one layer of packing materials (Ni catalyst and Al,O53)
in the gap when they were tightly packed. In this circumstance, this configuration can
be considered as a two-dimensional analogue of the Kepler conjecture and the fraction
S of the volume packed with the Ni catalyst and Al,O3; beads is about 0.9 [34]. The

relationship of these parameters is summarised below.
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Figure 2. Equivalent circuit of the DBD-catalytic reactor.

lpacking = lbed x ﬁ (Eq 1)

lgas,Z = lbed - lpacking = ltotal - lpacking - lgas,] (Eq 2)
The values of the capacitances fit the following equations.

=t = : (Eq3)

Crotal Cquartz Cgap quurtz ( gas, 1 +C gas, 271G acking)

where Ciota IS the total capacitance of the reactor packed with catalysts and Al,Os3,



Cyap Is the overall capacitance of the gap. Both parameters were calculated from the
Lissajous figure [35]. Cgas1, Cgas2, and Cgquarrz Were calculated from the following

equation of cylindrical capacitors [36]:

2mepeil;
f= Eq 4
U In(di+x)-Ind; ( q )

where & is the dielectric constant of vacuum (8.85 x 10> F m™). &, I;, di, and x;
are the relative dielectric constant, the (equivalent) length, the inner radius, and
thickness of the corresponding material (figure 2), respectively. Here egar; is 4.65
[37], while egas is 1 because the relative dielectric constants of Ar, H, and CO, are
close to unity [38-40]. The overall relative dielectric constant of the packing material
(Ni/Al,03 and Al,O3 beads) epacking IS unknown, because the Ni particles supported on
Al,O3 have changed its surface properties. However this parameter can be determined
via Cpacking and Lissajous figure.

As explained in our previous work [33], the charge transferred through the reactor
(Qpp) can be measured by the capacitor Cey:, While the charge transferred during the
discharge (Qq) and the charge transferred from one electrode to the other (Qtrans) can
be calculated via the Lissajous figure. The voltage applied on the reactor, the
discharge gap, the quartz wall, two parts of gas in the gap namely lgas1 and lgas o, are

presented as U, Ugap , Uguartz, Ugas.1, and Ugas 2, respectively. Thus, we have:

Ugap = Ugas,l = Ugas,Z (Eq 5)

Cext Uext

Ugap =U- Uquartz =U- (Eq 6)

Cquartz

where Uy is the voltage across the external capacitor.

For the plasma-catalytic CO, hydrogenation, the conversion (X) of CO is defined



as:

CO; converted (mol)
CO» input (mol)

Xeoz (%) = x 100 (Eq7)

The selectivity (S) and yield (Y) of the main products are calculated as:

CO produced (mol)

Sco (%) = CO, converted (mol) 100 (Ea 8)
Scrs (8) = o samer o~ 100 (Eq9)
oo 0~ D g €10
Yo (%) = S produced (mol) 1 (Eq 11)

CO; input (mol)
The H,/CO, molar ratio and carbon balance (B) are determined as follows:

CO,  CO; input (mol) (Eq 12)

[CH4lyy + [CO] oy +[CO]

[CO2];,

out

Bcarbon (%) = % 100 (Eq 13)

The fuel production efficiency (FPE) of the process is determined as follows:

LHVco (J mol"l) x CO output (mol s™1) + LHVcppa (J mol'l) x CHy output (mol s™1) »

FPE (%) = 10 (Eq 14)

LHVy (J mol") x H, input (mol s'1) + discharge power (W)

where LHV is the lower heating value of fuels. The synergistic capability of
plasma catalysis in percentage (SC) is calculated as [41]:

oGy G

SCr (%) = L2
D c

x100 (Eq 15)

where { can be the conversion of CO,, the yield of CO, the selectivity and yield



of CHy, or the fuel production efficiency. The subscripts p+c, p, and c represent the
results from plasma-catalysis, plasma alone, and thermal catalysis (catalyst only),

respectively.

3. Results and discussion

3.1. Effect of Ar on CO, hydrogenation

Figure 3 shows the influence of argon content on the conversion of CO; at the same
temperature of 150 °C under different process conditions. Without using plasma, it is
almost impossible to convert CO, or H; at such a low temperature in the catalytic
hydrogeneration of CO, (R3 and R4) [42-43]. In the plasma process without a catalyst,
the conversion of CO; significantly increases from 18.3% to 38.0% when increasing
the Ar content from 0 to 60%. Similarly, in the plasma-catalytic hydrogeneration of
CO,, the CO;, conversion is almost doubled (from 29.1% to 56.1%) when increasing
the Ar content from 0 to 60%, while the carbon balance remains constant at 99%.
Clearly, the presence of Ar in the plasma process has a positive effect on the

conversion of CO,.
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Figure 3. Effect of Ar content on CO, conversion using different process conditions



at 150 °C. (H./CO; = 4: 1, total flow rate 69.2 ml min™, discharge power of DBD 30

W).

The addition of Ar in the mixture gas (CO, + H;) increases the average first
townsend ionisation coefficient of the feed gas, which makes the discharge form more
easily. Ramakers et al. [44] calculated the electron density, mean electron energy, and
rate constant relating to the dissociation of CO, in a DBD plasma. They found that all
these values increased when adding Ar in the CO, DBD. The ionisation of Ar requires
a much higher electron energy (15.76 eV) than that for the excitation of Ar such as

11.55 eV for Ar (4s°P,), and 11.72 eV for Ar (4s °Pg) [45]. Thus, Ar is more likely

excited to its metstable state (R5) rather than being ionised. The presense of
metastable Ar species (Ar*) could create new reaction pathways for the dissociation
of CO; and H; in the plasma hydrogenation of CO,, as shown in reaction R6 and R7
[45-47]. All these effects contribute to the enhanced conversion of H, and CO, when

increasing the Ar content in the Ar/CO,/H, DBD.

e +CO,->CO+0+e (R3)
e +tH,>H+H+e (R4)
e +Ar—e +Ar* (R5)
Arf+CO; - CO+ 0O+ Ar (R6)
Ar*+H, - H+H+ Ar (R7)

In addition, compared to the plasma reaction without a catalyst, the combination
of the plasma with the Ni catalyst significantly enhances the conversion of CO, by
16%-60%. Increasing the Ar content in the feed also enhances the conversion of CO,.
The presence of Ar in the CO, DBD leads to a more uniform discharge, which might

increase the contact area between the plasma and catalyst and consequently enhance



the plasma-catalyst interactions and plasma-assisted surface reactions. It is also worth
noting that the CO, conversion in the plasma-catalytic hydrogenation of CO, is
always higher than the sum of the CO, conversion in the plasma reaction without a
catalyst and that of the thermal-catalytic reaction at the same temperature. These
results clearly show a low temperature synergistic effect of plasma-catalysis, resulting
from the interactions between the plasma and Ni/Al,O3 catalyst in the plasma-
catalytic reaction.

The selectivity and yield of CO and CH,4 under different conditions are shown in
figure 4. Neither CO nor CHy is detected in the thermal catalytic hydrogeneration of
CO, at 150 °C, due to the very low conversion of CO; at such a low temperature. In
the plasma reaction without a catalyst, increasing the Ar content from 0 to 60%
significantly enhances the selectivity of CH4 by 85%. By contrast, the selectivity of
CO is almost constant when changing the Ar concentration. This phenomenon
suggests that the presence of Ar* in the reaction might create new reaction routes for
the formation of CHy, resulting in the enhanced CH, selectivity and slightly decreased

CO selectivity when increasing the Ar content.
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yield and (d) CO yield in the hydrogenation of CO, at 150 °C. (H,/CO, = 4: 1, total
flow rate 69.2 ml min™, discharge power of plasma 30 W).

To understand the reaction pathways for the formation of CH,4 in the plasma
hydrogenation of CO,, we have developed a zero-dimensional chemical kinetics
model to simulate the plasma chemistry in the CO,/H, DBD. In this model, the time
evolution of the density of the species is calculated based on the production and loss
terms, as defined by the chemical reactions. The electron temperature is calculated
with an energy balance equation, while the rate coefficients of the electron impact
reactions are calculated in a Boltzmann equation model, as a function of the electron
temperature and cross-section of target species [43]. The plasma chemistry used in the
model is based on the plasma chemistry set established in the literature [48]. Figure 5
shows the possible major reactions for the formation of CH, in the plasma process.

In the plasma hydrogenation of CO, without a catalyst, CH, is mainly formed
from CO as described in reaction R8-R10 [49]. CH has been considered the most
important precursor for the formation of CH,4. The plasma modelling shows that CH
radicals are mainly generated through the reaction of carbon with H, (R11), while
carbon could be produced from the dissociation of CO by electrons and Ar* (R13 and
R14). The rate coefficient of reaction R12 to form CH, directly from carbon and H is
significantly lower than that of reaction R11 [50-51]. The reaction of CO with H can
produce HCO intermediate (R15) [52]. However, further hydrogenation of HCO can
easily happen to produce H, and CO [53]. The rate coefficient of this reaction (R16) is
similar to that of reaction R15. The formation of CH from CHO is very difficult in the
gas-phase reaction.

The selectivity of CH, is significantly lower than the CO selectivity as the

dissociation of CO to form carbon is weak. In addition, no carbon deposition is



observed in the DBD reactor as the formed carbon can react with H, to form CHy
species due to the high H,/CO; ratio. The presence of Ar* could also contribute to the
dissociation of CO to generate carbon (R14), which might explain the enhanced CH,4

formation with a higher Ar content in the reactants.

CH+H, = CH, + H (R8)
CHp+ H, — CHs + H (R9)
CHs+H+M — CH, + M (R10)
C+H,—~CH+H (R11)
C+H, — CH, (R12)
e +CO—~C+0+¢e (R13)
Ar<+CO — C+0 + Ar (R14)
H+CO+M — HCO+M (R15)
HCO+H — H, + CO (R16)

CO, CH,

CO—=25C  .x CH;——CH,

- ™
CH

Figure 5. Major reaction pathways of CH,4 formation in the plasma

hydrogenation of CO,

Compared with the plasma hydrogenation of CO, without a catalyst, the coupling
of DBD plasma with the Ni/Al,O3 catalyst further enhances the selectivity of CH,4 due

to the creation of new reaction routes over the surface of the Ni/Al,O5 catalyst. A



synergistic effect between the plasma and catalyst on the selectivity of CH4 can be
clearly identified. The selectivity of CH, in the plasma-catalytic CO, hydrogenation
(Sp+c) is always larger than the sum of the CH4 selectivity in the plasma-alone and
catalysis-alone processes (Sp+c > Sp + Sc). However, the presence of the Ni/Al,O;
catalyst in the plasma-hydrogenation of CO, has a weak effect on the selectivity of
CO. The reaction mechanisms proposed for catalytic CO, methanation over a Ni
catalyst involve the conversion of CO, to CO, and subsequent reactions following the
same mechanism as CO methanation [24]. In the plasma-catalytic CO, hydrogenation,
the adsorbed CO can originate from the plasma dissociation of CO; in the gas phase
(R3) [42] or the dissociation of adsorbed CO, on the catalyst surface (R17 and R18)
[54-55]. It has been proposed that CH,4 can be formed from the formation of the CHO
intermediate (R19) and its hydrogenation (R20, R24 and R25) [56], or the formation
of surface carbon in CO dissociation (R21 and R22) and its interaction with hydrogen

(R23-R25) [24, 54].

CO + M — COss (R17)
CO2,ads = COuds + Oads (R18)
COgugs + Hags = CHOyqs (R19)
CHOygs = CHags + Oags (R20)
COags = Cads + Oads (R21)
2 COguys = Caugs + CO2, ags (R22)
Cads + Hags = CHags (R23)
CHags + Hags = CH2, ads (R24)

CHZ, ads T 2 Hags = CHa4 (R25)



Cads

e
+ Hads + 2Hads

COZ,ads—) COads CHads—) CH2,ads—>

NN

HCOO,/COOHyqs CHOgqs

CH,4

Figure 6. Possible major reactions for the formation of CH,4 on the Ni/Al,O3 catalyst

The yield of CH, and CO increases with the Ar content in the plasma process
with or without the Ni/Al,O3 catalyst. For instance, increasing the Ar content from 0
to 60% significantly enhances the CH, yield by 250% in the plasma-catalytic process,
while the CO vyield is only increased by 85.6%. Placing the Ni/Al,O3 catalyst in the
DBD also enhances the yield of CH, and CO compared with the plasma reaction in
the absence of the Ni catalyst. A significant synergistic effect between the plasma and
the Ni catalyst on the yield of CH4 and CO can be clearly identified in figure 4.

Figure 7 shows the influence of changing the Ar content on the yield of CO and
CH,, and the CO/CH,4 molar ratio in the product during the plasma-catalytic CO,
hydrogenation. The yield of CH; changes more quickly than that of CO when
increasing the Ar content up to 60%. Thus, raising the Ar content from 0 to 60%
significantly reduces the CO/CH4 molar ratio from 24 to 12. As we know, using
different catalysts can control the selectivity of target products and change the
distribution of different products in a chemical reaction. This interesting phenomenon
suggests that the molar ratio of CO/CH, in the plasma-catalytic hydrogenation of CO,

can also be controlled by changing the Ar content.
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Figure 7. Effect of Ar content on the yield of gas products (CO/CH,4) and CO/CH,4
molar ratio in the plasma-catalytic CO, hydrogenation process (H,/CO, = 4: 1, total

flow rate 69.2 ml min™, discharge power of plasma 30 W).

Figure 8 compares the fuel production efficiency of CO, hydrogenation under
different process conditions. Clearly, the combination of the DBD with the Ni catalyst
shows a higher fuel production efficiency due to the plasma-catalytic synergy. In the
plasma-catalytic hydrogenation of CO,, increasing the Ar content slightly enhances
the fuel production efficiency of the process. By contrast, the fuel production
efficiency of the plasma reaction without the Ni catalyst reaches a maximum at an Ar
content of 30%, then decreases with further increasing of the Ar content. The different
evolutions of the fuel production efficiency between the plasma-catalytic process and
plasma process when changing the Ar content might be attributed to the following
effects. At a higher Ar content (e.g. > 30%), some of the input energy might go in to
the ionisation of Ar rather than the conversion of CO,. However, in the plasma-
catalytic reaction, higher Ar content leads to a more uniform discharge, which
significantly enhances the interactions between the plasma and Ni/Al,O; catalyst and
consequently the reaction performance of the plasma-catalytic hydrogenation of CO,.

This effect is predominant over the waste of input energy (due to higher Ar content)



in the plasma-catalytic process.
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Figure 8. Effect of Ar content on the energy efficiency of CO, hydrogenation under
different process conditions (H./CO, = 4: 1, total flow rate 69.2 ml min™, discharge

power of plasma 30 W, temperature 150 °C)

3.2. Effect of Ar on the synergistic effect between plasma and catalyst

Synergistic capacity is used to quantify the reaction performance of the plasma-
catalytic hydrogenation of CO,, compared to that using plasma alone or catalyst alone
at the same temperature (150 °C), as shown in Table 1. The synergy of plasma-
catalysis in terms of the conversion of CO,, the selectivity and yield of CO and CHy,,
and the energy efficiency of the process can be clearly seen even without Ar (0%) in
the feed gas. For instance, in the plasma-catalytic hydrogenation of CO, without A,
the conversion of CO; is 59.6% larger than the sum of the CO, conversion using the
plasma hydrogenation (without catalyst) and thermal catalysis (without plasma) at the
same temperature. The most significant synergy of plasma-catalysis is reflected by the

yield of CH,4, which has a synergistic capacity of 132% in the absence of Ar and



reaches a peak value of 166% at an Ar content of 50%. We find the synergistic
capacity of the plasma-catalytic process is significantly enhanced when increasing the
Ar content from 30% to 60%. As discussed previously, the combination of plasma
and Ni catalyst has a more significant effect on the enhanced reaction performance
(conversion, selectivity, yield and energy efficiency) compared to the plasma reaction
without the Ni/Al,O3 catalyst at a higher Ar content (> 30%). Enhanced contact area
between the plasma and catalyst and the resulting strong interactions between them
when increasing the Ar content from 30 to 60% could be the main driving force for
the significant synergistic-capacity of the plasma-catalytic process, although
increasing the Ar content wastes energy due to the excitation and ionisation of Ar

atoms.

Table 1. Effect of Ar content on the synergistic capacity (SC) of the processes.
(Ho/CO; = 4: 1, total flow rate 69.2 ml min™, discharge power of plasma 30 W,

temperature 150 °C)

SCy (%)
Ar (%) SCc (%) SCs (%) SCrepe (%)
CH; CO Total
0 59.6 132 57.3 45.6 59.5 17.1
30 16.2 42 153 16.3 21.9 6.5
50 50.0 166 45.2 49.9 77.5 32.2
60 a47.7 100 445 47.6 35.5 20.8

3.3. Effect of Ar on electrical properties of the DBD

Figure 9 shows the Lissajous figures of the plasma-catalytic CO, hydrogenation with



different Ar contents at the same discharge power of 30 W. Although the size of the
Lissajous figures change with the Ar content, the gradient of the edges of the
parallelograms is maintained when changing the Ar content from 0 to 50%. Various
electrical properties of the DBD can be calculated through the Lissajous figure,
including Ciotal, Cert (Measured from the gradient on the Lissajous figure), Up, Qpp, Qu,
and Quans. Theoretically, the effective capacitance Ces is equal to the capacitance of
the dielectric material (i.e. Cquarz) When the discharge gap is “fully bridged” by the
discharge. However, if the gap is not “fully bridged” and fails to transfer all of the
charge accumulated on the dielectric material, partial discharging occurs and the value
of Cefr could be smaller than Cyuart, [57]. Table 2 shows that the Ar content has a very
weak effect on the effective capacitance of the DBD reactor and the properties of
charges. However, the calculated Cet (around 139 pF) is lower than the Cyuar
calculated by equation 4 (154 pF), which suggests the occurrence of partial
discharging. The energy-efficiency of the plasma reaction decreases when partial
discharging occurs, due to the presence of charge residue on the dielectric layer. As
the Ar content increases, the slightly increased effective capacitance of the reactor
(Cesr) suggests that more power is injected into the plasma for chemical reactions
rather than deposited and ‘wasted’ on the dielectric surface. This finding agrees with
the enhanced CO, conversion and yield of CH, and CO when increasing the Ar
content in the reactants. It is difficult to measure the equivalent relative dielectric
constant of the packing materials (including the Ni catalyst and pure alumina) &packing
in a DBD reactor, especially when epacking 1S Simultaneously affected by the
composition of the catalyst, the loading and redox status of supported metal, and the
working status of plasma. However in this work, by solving the formula of Ciga,

Cquartzy and Cgqp in equation 4, the equivalent epacking Can be estimated as 0.79. This



value is much smaller than the relative dielectric constant of Al,O3 (9 to 10), implying
that the deposition of Ni particles on the surface of Al,O3 beads significantly changes

its dielectric constant.
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Figure 9. Effect of Ar content on Lissajous figures of the DBD in the plasma-

catalytic CO, hydrogenation process (Ho/CO, = 4: 1, total flow rate 69.2 ml min™,

discharge power of plasma 30 W).

As described previously, Qpp, Qg and Quans €valuate the charge transferred
through the DBD reactor during one “discharge off” phase and one “plasma on” phase.
A slight increase (~1.5%) is observed for all these parameters when changing the Ar
content. The change is almost neglectable, although such phenomenon is reasonable.
Since the discharge power is kept at 30 W, increasing the Ar content slightly
decreases the applied voltage Uy, (figure 10) and accordingly increases the discharge
current; thus assisting the charge transfer. The increased discharge current is reflected
by the increased Qg, and the enhanced charge transfer can be evidenced by the

enlarged Qirans, a5 Summarised in table 2.

Table 2. Effect of Ar content on the capacitances of the reactor and charges in the



plasma-catalytic CO, hydrogenation (H,/CO, = 4: 1, total flow rate 69.2 ml min™,

discharge power of plasma 30 W).

Ar content (%)  Ce (PF)  Crotat (PF)  Qpp (UC)  Qu (UC)  Qtrans (LC)

0 138.2 27.8 1.35 1.21 0.93
30 139.1 27.2 1.37 1.23 0.99
50 139.4 27.8 1.40 1.25 1.03

Figure 10 shows the effect of the Ar content on the peak-to-peak voltage and
breakdown voltage of the DBD in the presence of the Ni catalyst. At a constant
discharge power, increasing the Ar content from 0 to 50% slightly decreases the Up,
(from 14.7 to 14.1 kV), which suggests that the discharge current would increase with
increasing Ar content at a fixed discharge power, and contribute to the enhanced CO,
conversion at a higher H, content. The breakdown voltage Uy, also decreased, from 3.1
to 2.6 kV, when increasing the Ar content from 0 to 50%. As mentioned previously,
the addition of Ar increases the average first Townsend ionisation coefficient o of the
feed gas. Auriemma et al. calculated the Townsend coefficient of a gas mixture with
various Ar/CO; molar ratios. They found that the coefficient of the gas mixture
significantly increases with the Ar concentration [42]. In addition, as CO; is an
electro-negative gas, the introduction of Ar lowers the chance of free electron
attachment on CO, molecules, facilitating the acceleration of free electrons [44].
Moreover, the increasing amount of Ar decreases the average dielectric strength of the
working gas [58]. As a consequence of all these factors, the feed gas between the
electrodes would electrically breakdown at a lower voltage Uy, and the DBD plasma

would also be sustained at a lower voltage Up,.
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Figure 10. Effect of Ar content on breakdown and peak-to-peak voltages of the DBD
in the plasma-catalytic hydrogenation process (H./CO, = 4: 1, total flow rate 69.2 ml

min, discharge power of plasma 30 W).

4. Conclusion

Plasma-catalytic CO, hydrogenation has been carried out in a DBD reactor at 150 °C.
The combination of the plasma and Ni/Al,O3 catalyst clearly generates a synergistic
effect as a result of the interactions between the plasma and catalyst, which enhances
the CO, conversion, the yield of CO and CH, and the energy efficiency of the process
compared to the reaction using either plasma alone or the thermal catalytic approach
at the same temperature (150 °C). In the plasma CO, hydrogenation with and without
catalyst, the addition of Ar in the feed gas enhances the conversion of CO,, the
selectivity of CHy4, and the fuel production efficiency, while the selectivity of CO is
almost independent of the Ar content. The addition of Ar in the feed gas (CO./H,)
shifts the discharge mode from “partial discharging” to “fully-bridged” discharge and
enhanced the interactions between the DBD and Ni catalyst. The presence of Ar*

opens new reaction routes which make a significant contribution to the enhanced



reaction performance. The results show that the molar ratio of CO/CH, in the gas
product can be adjusted by changing the Ar content in the feed gas. In addition, the
presence of Ar in the feed gas changes the electrical properties of the plasma,
including decreasing the breakdown voltage and promoting charge transfer through
the reactor. The equivalent relative dielectric constant of the packing material
(Ni/Al;O5 catalyst and Al,O3 beads) in the DBD reactor is 0.79, which suggests that

loading NiO particles on the surface of alumina changes its electrical properties.
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