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Anthropogenic greenhouse gas emissions have caused changes to the Earth’s climate, resulting in catastrophic
weather events that are becoming more frequent and intense. Developing carbon-neutral processes for COy
conversion powered by renewable energy is one way of attaining a circular economy, as waste CO3 is converted
to a new carbon-containing product, without also being created as a by-product during the process. Plasma-
catalysis is gaining increasing interest for CO5 conversion and utilisation under mild conditions, particularly
CO,, conversion to green chemicals and fuels using renewable hydrogen, as this electrified process can easily be
combined with clean and renewable energy to ensure a carbon-neutral process. Previous studies have mainly
focussed on the production of methane from CO» and Hg; however, ethane (C2Hg) is a much more valuable
product. In this work, we report a non-thermal plasma-catalytic process for the conversion of CO3 into CaHg in a
dielectric barrier discharge (DBD) reactor. The influence of a variety of alumina-supported metal catalysts (Ru,
Cu, Ni and Fe) on the plasma-catalytic CO, hydrogenation to CoHg was evaluated. The Ru catalyst attained the
highest selectivity towards CoHg, at almost 40%. The Ru catalyst also increased the energy efficiency of the
process to around 18%, in comparison to the plasma reaction using pure alumina (12%). The Ru catalyst also
achieved the highest H; conversion at 29%. Plasma-assisted production of CoHg is a new promising process for
the utilisation of CO5 via carbon-neutral electrified gas conversion.

1. Introduction significant interest.

The reaction between CO5 and Hy may yield CHy4 or higher hydro-

The 2021 Intergovernmental Panel on Climate Change (IPCC) report
unequivocally stated that anthropogenic CO; emissions have contrib-
uted to climate change and the devastating consequences of this will
continue to increase if nothing is done to reduce these emissions. One
method of tackling this issue is to develop carbon-neutral processes and
energy sources through the utilisation of carbon dioxide. Currently,
many industrial processes that use CO2 as a feedstock rely on high
temperatures and pressures to break the strong C—=0 double bond. These
conditions are generated using fossil fuels and increase carbon emis-
sions. Furthermore, production of hydrocarbons via CO, hydrogenation
reduces our reliance on fossil fuels as hydrocarbons are usually extracted
from crude oil. Therefore, developing carbon-neutral and sustainable
processes for CO5 conversion into high-value hydrocarbons has attracted
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carbons such as gaseous Cyp-C4, along with liquid oxygenates such as
methanol, ethanol, acetic acid and dimethyl ether (DME) [1-4]. These
valuable products can be used as fuels, or as precursors in the production
of other chemicals. In the thermal process, high pressure (1—4 MPa) and
temperatures of 200—400 °C are usually required to increase the
selectivity towards Ca; hydrocarbons [1,2], resulting in the accompa-
nying production of CO5 emissions. Furthermore, at these conditions,
catalyst deactivation due to sintering and carbon deposition remains a
challenge in the activation of CO, and the growth of carbon chains [2].
Production of higher hydrocarbons (Cy,) may require more complex
chemistry, but it is favourable in terms of product value. As C2-C4 hy-
drocarbons can be used as fuel, creating a green production process can
therefore result in a sustainable energy source.
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Currently, the electrification of chemical processes has been
considered as a promising solution to reduce anthropogenic CO3 emis-
sions [5] as electricity can be supplied from renewable energy sources, e.
g., using photovoltaic or wind power. In the case of the CO3 hydroge-
nation process, renewable hydrogen can be generation using water
electrolysis. An electrified process that is gaining increasing interest for
CO,, utilisation to Cy hydrocarbons is plasma-catalytic gas conversion.
The non-equilibrium nature of plasmas, whereby the bulk gas remains
near room temperature whilst the electrons are highly energetic with
energies typically in the range of 1—10 eV, dictates that this process has
the potential to become a viable method of CO» utilisation for the pro-
duction of hydrocarbons at low temperature and atmospheric pressure
[1,2]. Plasma gas conversion is an electric process with very short
start-up and shut-down times; thus making it suitable for combining
with renewable energy [6], where large fluctuations in energy supply
exist, to make a green and sustainable process.

To simultaneously increase the conversion rates and selectivity to
different hydrocarbons, and the energy efficiency, a catalyst can be
combined with plasmas. The presence of a catalyst in the plasma can
affect the discharge properties, increasing the electron energies and
local electric field which assists gas breakdown [7-10]. The likelihood of
gas phase reactions occurring is therefore increased, leading to higher
conversions without the need to raise the discharge power; conse-
quently, the energy efficiency also increases. Furthermore, new reaction
pathways emerge at the catalyst surface, which can result in higher CO,
and Hj conversion rates and can change the selectivity to different hy-
drocarbons [5,11]. Non-thermal plasma (NTP) reduces the energy bar-
rier to CO2 hydrogenation in comparison to conventional thermal
processes, thus overcoming kinetic limitations [12] as vibrationally and
electronically excited species are produced in the gas phase which can
readily interact with the surface of the catalyst and any species adsorbed
there [5]. These plasma-catalytic processes are therefore able to selec-
tively produce a variety of hydrocarbons.

Current research on plasma-catalytic CO, hydrogenation largely
focusses on the production of methane from CO5 and H» [1,5,6,13-20],
with only a few studies having been successful in producing higher
hydrocarbons and/or liquid fuels [2,3,11,21-23]. However, the mech-
anisms of selectivity towards higher hydrocarbons and the role of
catalyst and support materials remain essentially unclear [12]. The
present study fills this knowledge gap by finding effective ways to in-
crease the selectivity towards Cy hydrocarbons using a dielectric bar-
rier discharge (DBD) plasma reactor combined with iron, ruthenium,
copper or nickel catalysts.

2. Experimental
2.1. Plasma reactor setup

Fig. 1 shows the structure of the DBD reactor. The outer electrode
was formed using aluminium foil, 16 mm in length. This foil was
wrapped around a quartz tube (dielectric barrier) with 2 mm wall
thickness. The complete experimental setup can be seen in Fig. 2.
Throughout these experiments the total flow rate (CO2+Hs,) remained
unchanged at 60 mL/min, with a Hp/CO3 molar ratio of 4:1. 1.6 g of
catalyst, supported on Al;O3 beads (or pure Al;O3 beads) with a diam-
eter of 1 mm, was fully packed into the discharge area. The discharge
volume of the empty reactor was 1.8 cm® The current was measured by a
current monitor (Bergoz CT-E0.5), while the applied voltage was
recorded using a high voltage probe (Testec, HVP-15HF). The voltage
across an external capacitor was used to measure the charge formed in
the DBD plasma. All the electrical signals were sampled using a digital
oscilloscope (TDS2014). The discharge power was determined using the
Lissajous figure method. The frequency was kept constant at 9 kHz and
the discharge power at 16 W. Note that there were also no obvious
changes to the electrical signals when packing pure Al,O3 or different
Al;03 supported catalysts to the DBD reactor. This was because the
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Fig. 1. DBD plasma reactor: a) diagram of packed bed reactor setup; b) cross-
sectional diagram of packed bed reactor.

majority of the discharge volume was filled with Al,03, with only 10 wt
% of the metal phase, and the properties of the alumina beads remained
fairly constant during the experiments. Similar findings were also re-
ported in our previous studies [24]. In addition, the temperature of the
catalyst surface was not determined due to difficulties in accurately
measuring this value, as a thermocouple cannot be used to measure the
plasma temperature in the reactor due to the use of high voltage and the
thermocouples’ ability to affect the discharge properties. Furthermore,
other non-invasive techniques, such as IR temperature monitoring,
cannot be used for this experiment as an Al foil was used as the outer
electrode and as such the plasma was not visible. However, the adhesive
Al foil tape (3 M 425 Al foil tape) used in this experiment can only
withstand temperatures of up to ~150 °C. Furthermore, our previous
work [25] showed that the temperature in the DBD reactors was typi-
cally low (100—200 °C). It has also been shown that packing different
catalysts into the discharge zone had limited effect on the plasma tem-
perature compared to the plasma-only system when the discharge power
remained constant [25], as is the case in this manuscript. As the Al foil
remained stable during the experiment, and given our previous findings,
it is reasonable to assume that the temperature in the plasma reactor was
below 200 °C and that no significant change to the temperature occurred
in the presence of different catalysts.

Gas products were analysed online using an Agilent 3000 MicroGC.
This was a 4-channel gas chromatograph; however, only channel 1
(MolSieve 5A) and channel 2 (PLOT Q) were used. The molecular sieve
was used to separate Hy, CO and CHy4, whilst the PLOT Q column was
used for COy, Cp and Cg hydrocarbons. This allowed quantitative anal-
ysis of the data. The gas was sampled every 4 min over a one-hour period
after the plasma was turned on, as well as for 20 min prior to the
experiment.

To calculate the CO, and Hy conversions and selectivities to CO and
CxHy for the CO; hydrogenation reaction, the GC was calibrated using a
standard gas cylinder containing nitrogen.

The conversions of CO, (Eq. 1) and Hy (Eq. 2) were calculated ac-
cording to:
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Fig. 2. Schematic diagram of the plasma process setup.

CO, converted (mol/s)

Xeo, (%) = ( CO,, (mol/s)

) x 100% )

H, converted (mol/s)

X, (%) = ( H,, (mol/s)

) x 100% (2)
The selectivity to each product was calculated using Eq. 3, where [i]
is the concentration of each product.

] ) x 100%

S, =
(Z [CO + CH, + C,H, + CoH, + CoH, + C3Hg + C;Hg)

3
The carbon balance was determined using Eq. 4.

( CO, unconverted (mol/s) )
+(CO + CH4 + 2 x C; + 3 x C3) produced (mol/s)

100%
CO,,, (mol/s) % ?

Bca.rhon (%) =

(€3]

The energy efficiency of the process was calculated in terms of en-
ergy cost (EC) for each of the two reactants (CO, (Eq. 5) and Hs (Eq. 6);
for CH4 production (Eq. 7); and for CoHg production (Eq. 8).

Discharge power (kW)

ECco, (MJ/mol) = 10— CO,,_ (mol/s) x Xco, (%) ®

Discharge power (kW)
E =
Cu (MI/mol) = 3566, (mol/s) x X, (%) ©®)

Discharge power (kW)
E M 1) =
Con, (MI/mol) 1000 x CH,4 produced (mol/s) )

Discharge power (kW)
EC M 1) = 8
cang (MI/mol) 1000 x C,Hg produced (mol/s) ®)

The energy efficiency of the process was determined using Eq. 9.

(CO;,converted (mol/s) x AH(kJ/mol))
+(H,converted (mol/s) x AH(kJ/mol))
Dischargepower (kW)

EE(%) = ( ) x 100% )

2.2. Catalyst synthesis and reduction

The y-Al;03 supported metal catalysts (10 wt.% M/y-Al,03, M = Cu,
Ni, Fe or Ru) were prepared via the wetness impregnation method using
the corresponding metal salts (Cu(NO3)2-3H20, Ni(NOs)s-6H50, Fe
(NO3)3-9H20, RuCls-3H20, respectively). A solution of metal salts
(commercially sourced) was first prepared. The alumina beads were
then added to the solution and continuously stirred for 16 h. Following
this, the water was evaporated off using a water bath at 80 °C. The
samples were then dried at 110 °C for 16 h and subsequently calcined at
500 °C for 5 h. The prepared catalysts shall be referred to as 10Cu, 10Ni,
10Fe and 10Ru, where 10 stands for weight % of the metals in the
catalysts.

The reduction of the calcined catalysts was performed in a tube
furnace using 50 mL/min flow of Hj for 2 h. The reduction temperatures
of 10Cu, 10Ni, 10Fe and 10Ru were 350, 700, 700 and 250 °C, respec-
tively, and were determined using Hy-temperature-programmed reduc-
tion (H2-TPR) (data not presented here). Following the reduction stage,
the catalysts were first purged in N5 for 15 min (50 mL/min) and then
underwent passivation in premixed 0.5 vo0l.%02 - 95 vol.% Nj gas
mixture for 6 h (50 mL/min). The catalysts were further reduced in a Hy
plasma (30 mL/min and 16 W discharge power) in the DBD reactor
(Fig. 1) for 30 min prior to the plasma-catalytic CO5 hydrogenation, to
remove oxygen from the catalyst surface following the passivation.

2.3. Catalyst characterisation

Powder x-ray diffraction (XRD) was used to identify the phases
present in each of the catalysts tested in this work. XRD patterns were
recorded in the range 20 = 20—90 ° at a step width of 0.05 ° using a
Bruker AXS with a Cu Ko radiation at a wavelength of 0.154 nm. The
surface area, pore volume and pore size of each catalyst was determined
using a Micromeritics BET Surface Area Analyser. The degassing tem-
perature was 200 °C with a duration of 24 h.

3. Results
3.1. Catalyst characterisation

X-ray diffraction was carried out on the fresh catalysts, after
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calcination but prior to reduction. Clear peaks for AlO3 can be seen in
all XRD patterns (Fig. 3). Iron oxide was in the form of a-Fe;O3, whilst
copper and ruthenium were in the oxide forms of CuO and RuOa,
respectively. The XRD peaks for RuOy were the narrowest and most
intense, whilst no peaks for NiO could be distinguished. The lack of
nickel oxide peaks signifies a high dispersion of nickel oxide on the
alumina support. The narrow XRD peaks of CuO and RuO; reveal a small
crystallite size.

XRD was also performed on the catalysts after the reaction had taken
place. Both the nickel and copper catalysts were clearly reduced from
their oxide forms and were not re-oxidised during the course of the re-
action, as Fig. 3 (a) and (c) show the metals are present in their metallic
forms (10Ni and 10Cu). Considering the 10Fe and 10Ru catalysts, (Fig. 3
(b) and (d)), it can be seen that after the reaction these metals are pre-
sent in both their metallic and oxide forms. The 10Ru catalyst mainly
consists of metallic Ru, with only two peaks for RuO2. The spent 10Fe
catalyst XRD pattern contains only two iron peaks: one peak for the
metallic (Fe) form and one for the oxide (Fe;O3) form, the latter of which
has a much higher intensity. The 10Fe and 10Ru catalysts are therefore
most likely re-oxidised during the reaction, although it cannot be ruled
out that the catalysts were not fully reduced in the reduction steps.

The difference in the surface area between the catalysts (Table 1) was
only slight and did not follow the trend in conversions achieved in the
CO; hydrogenation reaction (Fig. 4(a)). Therefore, the surface area, and
hence the number of active sites at the catalyst surface, was not the main
contributing factor for determining reaction performance. Indeed, all
the catalysts had a smaller surface area than the alumina support.

The pore volume was similar for all the catalysts whilst the pore size
differed to a greater degree; however, all catalysts had larger pore sizes
than the diameter of the CO5 molecule (0.33 nm) and so diffusion of CO4
into pores could occur with all catalysts. It is therefore concluded that
the difference in pore size should not greatly affect the reaction
performance.

Journal of CO2 Utilization 57 (2022) 101882

Table 1

Surface area, pore volume and pore size of Al,O3 and the different metal cata-
lysts tested in the plasma-catalytic methanation reaction, as determined using
BET analysis.

Catalyst BET surface area (mz/g) Pore volume (cm3/g) Pore size (nm)
Al,03 298 0.42 3.80
10Ni 204 0.39 5.50
10Fe 192 0.44 3.79
10Cu 191 0.40 5.98
10Ru 222 0.45 6.30

3.2. Reaction performance results

3.2.1. Reactant conversions

The presence of alumina beads increased the CO3 and H, conversions
from 13.5% and 3.2% to 16.7% and 17.2%, respectively, in comparison
to the plasma-only experiment (Fig. 4(a)). 10Fe attained CO, and Hj
conversions (8.3% and 10.7%, respectively) below those of Al,O3 and a
COy conversion lower than the plasma-only experiment (Fig. 4(a)).
Interestingly, the conversions of Hy and CO5 achieved using 10Cu are
above those of Al;O3. The addition of 10Ni, 10Cu and 10Ru led to
greater improvement of the Hy conversion than the CO, conversion in
comparison to the alumina-only experiment.

3.2.2. Product selectivities

In the plasma-only experiment, the major product was CO with a
selectivity of over 95% (Fig. 4(b)). The only other product was CHy.
When using a packed bed, the extent to which different reactions
occurred was significantly modified. CO5 conversion increased only
slightly but Hy conversion increased significantly, whilst CO remained
the major product. When using Al,Os, the selectivity to CoHg increased
from 0% (plasma-only) to 16% (Fig. 4(b)). A further increase in hy-
drocarbon selectivity was seen when the catalysts were combined with
plasma. The addition of the catalysts had little effect on the CHy selec-
tivity, with only 10Ni improving the CH4 selectivity in comparison to the

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

20 30 40
[y—
= = = - 8TT 5
5 g g Freshi | 3 g2z g 3 Fresh|
5] 3 3 & 625 g 3
Ed = 2 = <© 3 8 -1
< £ b=y 23 il

2y » M My O

QM

2

£

50 60
20 (degree)
(a)

80

N
=)

40

90

50 60 70 80
20 (degree)

()

90

N
=3

Spent

Intensity (a.u.)
=£:05(110)
B ALOA311)
. Fe[110]
A1:0:(400)

Spent

Ru[100]

:0:(311)
S ALO:{440)

2 RuO:(301)

Intensity (a.u.)

&

g
S
S
]
]
€

Ru[103]
Ru[112)

50

60

N
o

©
o

70 80 90

N
o

50 60

ALO:440]

o F:0:[104)
£~ AO:(400)

Intensity (a.u.)
Fe20:(116)

L L 1 1 L 1

Fresh

RUO:(101]

:0:(311)
RuO(200)

RuO:(110}

ALO3{440]

ALO:[400)
RuO:(211)

L
;

Intensity (a.u.)

50 60 70 80
20 (degree)
(b)

Fig. 3.

90

w
=1
N
S
~
=]
@
=1
©
=1

50 60
20 (degree)
(d)

N
o

XRD patterns of fresh (pre-reduction) and spent a) 10Ni; b) 10Fe; ¢) 10Cu and d) 10Ru catalysts.



B. Ashford et al.

30

I CO-
.

25

N
o

Conversion (%)
o

0
Plasma only Al20s 10Ni 10Fe 10Cu 10Ru
(a)
100
Il co
90 |- B ch-
B C:He
80
70

[o]
o
T

Selectivity (%)
8 8 & 8
T T T T

=

o
T

o

o

Plasma only  AlOs 10Ni 10Fe 10Cu 10Ru
(b)

Fig. 4. Reaction performance results of the plasma-only and plasma-catalytic
CO, hydrogenation experiments a) CO» and H, conversions; b) Selectivity to
main products CO, CH4 and CoHg (H2/CO, = 4:1, 60 mL/min, 16 W).

plasma-only case, but a significant effect on CoHg selectivity (Fig. 4(b)).
The selectivity to CoHe increased in the following order: plasma only
(0%) < Al;03 (16%) < 10Ni (20%) < 10Fe (25%) < 10Cu (26%) < 10Ru
(39%). On the other hand, the CH,4 selectivity increased according to:
10Cu (2.3%) < Aly03 (2.7%) = 10Fe (2.7%) < 10Ru (3.0%) < plasma
only (3.7%) < 10Ni (5.6%). Furthermore, CoH4 and C3Hg were also
found to be possible products of the plasma-catalytic CO; methanation
reaction (Table 2). Both 10Ni and 10Ru catalysts produced small

Table 2

Carbon balance and selectivity to hydrocarbons achieved for the plasma-only
and plasma catalytic CO, methanation experiments (Hp/CO, = 4:1, 60 mL/
min, 16 W).

Selectivity (%)

Experiment Carbon balance (%)
CH,4 CoHy CoHe C3Hg

Plasma only 3.71 0.00 0.00 0.00 99.9

Aly03 2.66 0.00 16.0 0.00 99.8

10Ni 5.64 0.40 20.2 0.09 99.8

10Fe 2.65 0.00 25.5 0.00 99.9

10Cu 2.25 0.00 26.2 0.00 99.8

10Ru 3.03 0.23 39.5 0.00 99.8

Journal of CO2 Utilization 57 (2022) 101882

amounts of CoHy, whilst 10Ni also produced C3Hg. The carbon balance
was above 99.8% for all catalysts, implying that all significant products
were accounted for.

3.2.3. Energy costs and efficiencies

The addition of Al,O3 and all catalysts decreased the energy costs
associated with Hy conversion and CH,4 production in comparison to the
plasma-only experiment, whilst the energy cost of CO2 conversion
decreased for all experiments aside from 10Fe (Fig. 5(a and b)). The
10Fe catalyst had the highest energy cost of CO5 conversion, at 21.3 MJ/
mol, due to the low apparent CO, conversion, likely resulting from the
prevalence of reverse reactions in CO, reforming. The Hy energy cost
decreased when using a packed bed. This is because the packed bed
increased the electron energies and enhanced the local electric field,
resulting in an increase in Hy conversion without changing the discharge
power and Hj input. The energy cost of CH4 production was the highest
for the plasma-only experiment (13.2 MJ/mol) as the actual number of
moles of CH4 produced was smaller than for the other experiments due
to the lower total conversion, even though this experiment resulted in
the second highest CHy selectivity.

The energy efficiency rose from 3.7% for the plasma-only experiment
to a maximum of 17.9% when using 10Ru (Fig. 5(c)). All other catalysts
and Al;O3 also led to a rise in energy efficiency in comparison to the
plasma-only experiment. This was due to the increase in hydrocarbon
production attained when using the packed bed reactor.

4. Discussion

Multiple reactions and pathways that convert CO; and Hjy into
different carbon-containing and non-carbon products can occur. One
such reaction is the methanation reaction, known as the Sabatier reac-
tion. The overall reaction is exothermic (Eq. 10); however, it proceeds
via a two-step mechanism. Firstly, HO and CO are produced from CO,
and H, in the reverse water-gas shift (RWGS) reaction (Eq. 11).
Following this, CHy is produced via the reaction between Hy and CO (Eq.
12) [26]. The former reaction is endothermic, whilst the latter is
exothermic.

CO, + 4H, < CH, + 2H,0AH, = —165 kJ/mol (10)
CO, + H, & CO + H,OAH, = 41 kI /mol an
CO + 3H, & CH, + 2H,0AH, = —206 kJ/mol 12)

Alongside the RWGS reaction, the water-gas shift reaction may also
occur, reforming the reactants CO; and Hj (Eq. 13).

CO + H,0-CO, + HyAHyps = —41 kJ/mol 13)

Carbon dioxide and hydrogen can also directly react to produce CoHg
(Eq. 14).
CO, + 3.5H, < 0.5C,H¢ + 2H,0AH, = —132 kJ/mol (14)

Carbon is another possible product from the reaction between CO2
and Hj (Eq. 15).

CO; + 2H,; < C + 2H,0 AH, = —90 kJ/mol (15)

The formation of carbon via Eq. 15 or through the dissociation of CO
(Eq. 16) can lead to the production of CH (Eq. 17) and CH; (Eq. 18). CHy
can also be formed via Eq. 19. Both CH and CH, are important in-
termediates in the production of CH4. CH is considered the most
important intermediate, as the rate coefficient of Eq. 18 is significantly
lower than that of Eq. 17 [6].

CO+e—»C+0O+e (16)

C+H,»CH+H a7
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C + H,—»CH, (18)

H, + CH—»CH, + H (19)

Following the formation of CH and CH> species, CH4 can form in the
plasma phase according to Eq. 20. The produced CH4 can then dissociate
in the plasma to CHs, CHy or CH (Egs. 21-23) [6]. The CHy in-
termediates may also react in the plasma to form higher hydrocarbons,
such as CoH; (Eq. 24); whilst C;Hy can also be formed via Egs. 25 and 26.

Several reactions involving CHy take place in the plasma phase:

H, + CH,~CH, (20)
CH; +e—~CH; + H+e @1
CH, +e—~CH, + H, +e (22)
CH, +e—CH+H-+H, +e (23)
CH + CH—C,H, 24
CH, + CH-C,H, + H (25)
CH, + CH;—~C,H, + H (26)

Reactions that produce CHy may also take place at the catalyst sur-
face, such as Eqs. 27—29; whilst CoHg can be produced via Eq. 30.
Reactions involving CHy at the catalyst surface:

Cags + Hags—=CH,gq 27)
CH.gs + Haas—CHa ags (28)
CHj g5 + 2Haas—CHy, gas (29)
CH; + CH; + M—-C,Hy + M (30)

The presence of alumina beads increased the CO, and Hy conversions

from 13.5% and 3.2% to 16.7% and 17.2%, respectively, in comparison
to the plasma-only experiment (Fig. 4(a)). This can be explained by the
packed bed effect on the plasma discharge. When the discharge area is
fully packed, breakdown occurs more readily as the electron energy and
local electric field increase at the bead contact points where surface
discharges can form [7,8,27,28]. In an empty reactor, filamentary dis-
charges are prominent, thus the acceleration of electrons and the elec-
tron temperature are reduced in comparison to a packed bed reactor
with sufficient void gap volume [7-10,27,28]. The higher mean electron
temperature in a packed bed reactor leads to thermodynamic barriers to
CO- hydrogenation reactions being met, and thus higher conversions of
CO; and Hy. The reactant conversions are also partially determined by
the residence time of the gases in the plasma. It is not possible to know
the residence time of the gases in this experiment, as the actual free
volume of the reactor cannot be accurately calculated when the reactor
is filled with catalyst; hence there is no way of knowing the length of the
gas path through the reactor as the gas molecules move through the
packed bed. It can be assumed that the residence time of the gases
flowing through the empty reactor is below that of the gases flowing
through the packed bed reactor; thus, fewer interactions can occur be-
tween the reagents and the excited plasma species in the absence of a
packed bed. This partially explains the increase in CO5 and H; conver-
sions when using a packed bed in comparison to the empty reactor.

The gases will also interact with the different catalyst surfaces for
differing lengths of time, depending on their adsorption/desorption
coefficients, which vary between catalyst surfaces. Modelling can be
used to gain insights into the plasma-catalyst interactions; however,
much of the input data required cannot be found in literature and is
outside the scope of this manuscript.

Reaction mechanisms are complex as many reactions take place that
convert CO5 and/or Hy; thus the increase in conversion of each reactant
may differ. The product selectivity can aid our understanding of this, as
the products indicate the dominant reactions. This is addressed later in
the manuscript.
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10Fe attained CO5 and Hy conversions (8.3% and 10.7%, respec-
tively) below those of Al;O3 and a COy conversion lower than the
plasma-only experiment (Fig. 4(a)). This catalyst may therefore be cat-
alysing reactions involving the production of CO2 and H; from species
created in the plasma. Iron is a well-known water-gas shift reaction
catalyst [29,30]; thus 10Fe may have catalysed the production of CO5
and Hj from CO and H,0 (Eq. 13). Furthermore, the XRD pattern of
spent 10Fe (Fig. 3(b)) showed iron to be present in oxidised form, Fe2O3,
after the reaction. It is known that Fe;O3 can oxidise CO, thus forming
CO4 [31]. This reaction may therefore account for the low CO5 con-
version when using 10Fe, as CO produced in the plasma undergoes
oxidation to CO; at the catalyst surface. Copper is also a water-gas shift
catalyst that typically requires lower temperatures than iron to catalyse
the reaction [32-35]. Interestingly, the conversions of Hy and CO, ob-
tained using 10Cu are above those of Al,Os; thus, the water-gas shift
reaction may occur to a lesser extent when using 10Cu than it does for
10Fe. Copper is also a known catalyst for the production of methanol;
however, to produce high yields of methanol, copper usually needs to be
combined with zinc oxide, as the activity for methanol production comes
from the interaction of Cu and ZnO [36,37]. The interaction between
Al;03 and Cu can lead to production of methanol [38], albeit not as
successfully as when Cu-ZnO is used. The XRD results revealed copper
was present in metallic form after the reaction whilst the Al,O3 peaks in
10Cu showed some change in peak intensity and width when comparing
the fresh catalyst to the spent catalyst. This may therefore indicate in-
teractions occur between Cu and Al;Os after the catalyst reduction
stage. Production of methanol when using alumina for the support de-
pends on the nature of the aluminium active site; this can either favour
formation of CO or CH3OH [38]. As no liquid products were produced or
were produced in such small volumes that they couldn’t be quantified,
and due to the high selectivity towards CO (> 70%), it is theorised that
the alumina active site in the Cu catalyst supported the formation of CO
over methanol. Similarly to 10Fe, the 10Ru catalyst may have been
catalysing the oxidation of CO, as ruthenium was present in both
metallic and oxide form in the spent catalyst, as shown by the XRD re-
sults. This may explain the low CO, conversion over the 10Ru catalyst,
which is below that achieved when using alumina-only. The XRD data
for 10Ni does not reveal anything in relation to the reactant conversions.

The addition of 10Ni, 10Cu and 10Ru led to greater improvement of
the Hy conversion than the CO2 conversion in comparison to the
alumina-only experiment. As the alumina-only case also led to an in-
crease in Hy conversion in comparison to the plasma-only experiment, it
is concluded that the effect is partially a result of the packed bed which
increases the prevalence of gas phase reactions due to the higher elec-
tron energy. However, plasma-catalyst interactions or reactions at the
catalyst surface must also play a role as the different catalysts increase
the Hy conversion to varying degrees above that obtained when using
pure AlyOs. Further insights can be gained from studying product
selectivities.

According to the Gibbs free energy associated with the most
important reaction pathways (Fig. 6 [26]), at temperatures measured in
the plasma reactor (< 200 °C), the methanation reaction should be
favoured, along with carbon formation and the production of CyHg
(since when AG < 0, the forward reaction is favoured). However, the
water-gas shift (WGS) reaction is also favoured. As methane formation
can occur according to the two-step mechanism (Egs. 11 and 12),
whereby CO must first be formed from the RWGS reaction, the pro-
duction of methane and the WGS reaction must be competing.
Furthermore, CO produced from CO; dissociation can also contribute in
the WGS reaction; hence decreasing the apparent CO, and Hy conver-
sions as well as the CHy selectivity. The low H; conversion may also be
attributed to the recombination of dissociated hydrogen.

Reactions forming C, CH and CHj, the intermediates to CH4 and CoHg
production, must be catalyst-dependant as the CH4 selectivity and the
CoHp selectivity differ between the catalysts. In plasma, the formation of
hydrocarbons can result from a series of radical reactions occurring in
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Fig. 6. Gibbs free energy associated with reactions involved in the CO5 hy-
drogenation process, as a function of temperature, adapted from [26].

the gas phase, following CO5 and Hj dissociation. CHy radicals are first
produced before further reactions lead to the formation of CyHy [39].
CHy can also be produced at the catalyst surface; hence the selectivity
will be catalyst-dependant.

In the plasma-only experiment, the major product was CO with a
selectivity of over 95% (Fig. 4(b)). The only other product was CHy. The
reaction between CO; and Hj to form CHy4 (Eq. 10) did not dominate;
neither did the reverse water gas shift reaction (Eq. 11), as evidenced by
the lack of liquid products, which was limited by the low bulk gas
temperature in the plasma [40]. Water may have been present as
vapour; however, given that a GC with molecular sieve was used to
quantify the products, water was therefore removed by the GC prior to
gas detection and thus could not be detected. Selectivity to CHg, CoHg
and other hydrocarbons is limited in the plasma-only case due to the
number of reactions required to form these products in the gas phase,
combined with a low residence time and no catalytic effect; hence no
surface was provided for reactions Eqgs. 27-29 to occur on. Excited
hydrogen species may instead recombine downstream of the reactor.
The product CO was most likely produced directly from CO, dissocia-
tion, as this accounts for the high selectivity to CO along with the greater
CO4, conversion in comparison to Hy conversion. However, recombina-
tion of CO and O can occur; this reaction, along with the high stability of
the CO3 molecule, explains the obtained overall low CO, conversion.
The major reaction pathway in the plasma-only experiment was there-
fore CO, dissociation, whilst reactions (Eqs. 10-12 and Egs. 27-29)
occurred to a limited extent. This is unusual in the plasma CO, hydro-
genation process as the COy methanation and reverse water-gas shift
reactions usually dominate due to the lower thermodynamic barrier in
comparison to CO dissociation [41].

When using a packed bed, the extent to which different reactions
occurred was changed significantly. CO5 conversion increased only
slightly but Hy conversion increased significantly, whilst CO remained
the main product. The reverse water-gas shift reaction (Eq. 11) therefore
occurred to a greater extent when fully packing the discharge gap in
comparison to the empty reactor. As well as increasing the conversions
of Hy and CO», the packed bed effect can also increase the selectivity to
higher hydrocarbons. When using Al;Os3, the selectivity to CyHg
increased from 0% (plasma-only) to 16% (Fig. 4(b)) as the rise in local
electric field due to the packed bed can result in radical reactions
involving CHy species occurring more readily (Eqs. 21—-23) [42]. CH3
species can then combine according to Eq. 30, with the extent of reaction
limited due to the low activity of alumina as a surface for this reaction. A
further increase in hydrocarbon selectivity was seen when the catalysts
were combined with plasma due to the creation of new reaction path-
ways at the catalyst surface.
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Interestingly, the addition of the catalysts had little effect on the CHy4
selectivity, with only 10Ni improving the CHy4 selectivity in comparison
to the plasma-only case, but a significant effect on CyHg selectivity
(Fig. 4 (b)). The selectivity to CoHg increased in the order: plasma only
(0%) < Aly03 (16%) < 10Ni (20%) < 10Fe (25%) < 10Cu (26%) < 10Ru
(39%); whilst the CH4 selectivity increased according to: 10Cu (2.3%) <
Al;03 (2.7%) = 10Fe (2.7%) < 10Ru (3.0%) < plasma only (3.7%) <
10Ni (5.6%). CoH4 and C3Hg were also found to be possible products of
the plasma-catalytic CO5 methanation reaction (Table 2). Both 10Ni and
10Ru produced small amounts of CyH4, whilst 10Ni also produced C3Hg.

At the catalyst surface, adsorbed C and H species can react to form
CH,4 (Egs. 27-29) [43]; CH4 created at the catalyst surface desorbs into
the gas phase and is therefore available to take part in gas phase re-
actions to form CyHe. Additionally, CoHg can be formed via reaction Eq.
14[26]. This reaction is favoured at temperatures found in the plasma
reactor (< 200 °C). CoHg is much more stable than other hydrocarbons
[26]; hence accounting for the significantly higher CoHg selectivity in
comparison to other Cy and C3 hydrocarbons. Another route for the
formation of CyHg is via dissociation of CH4 to CH3 radicals (Eq. 21).
These CHjs radicals can then combine to form CoHg (Eq. 30). This may
explain the low CH4 selectivity but high selectivity towards CyHg, as
produced CHy4 is converted to CoHg via the CHg radical. CoHyg can be
produced from CHy4 via Eq. 25, or from the reaction between CH3 and
CH; (Eq. 26), which are themselves products of CH4 dissociation (Egs.
21 and 22. A greater electron energy is required to dissociate CH4 to CHy
than to CHs. The selectivity to CoH4 was therefore much lower than the
selectivity to CoHg as CHg radicals were formed more easily than CHy
radicals [44]. CO, and H; conversions and hydrocarbon selectivities can
therefore be enhanced when using a packed bed reactor with an
appropriate catalyst due to the creation of new reaction pathways at the
catalyst surface that occur alongside gas-phase reactions [43].

It is clear from this that the use of a fully packed bed can be detri-
mental for the production of CHy4 but still be favourable for the pro-
duction of CyHg, as CHy is dissociated to CHg radicals due to the higher
electron energy resulting from the presence of the packed bed, following
which the CHjs radicals recombine to CaHg due to the formation of new
pathways at the catalyst surface. The only catalyst that increased the
CHy4 selectivity above that of the plasma-only case was 10Ni; thus, this
catalyst was the most suited to the plasma-catalytic CO, methanation
reaction. To maximise the CoHg yield, 10Ru was the most active catalyst;
thus reaction Eq. 30 occurred to the greatest extent in the presence of
10Ru in comparison to the other catalysts tested. The carbon balance
was almost 100% for all experiments (Table 2); thus, no other significant
carbon-containing products were formed.

As stated above, most published literature focusses on production of
CHy4; when considering the production of CyHg, CO2 conversions are
lower. Lan et al. [3] achieved a maximum Cy-C4 selectivity of 13.7% at a
CO, conversion of 45% when using a Co/ZSM-5 catalyst. The work from
Lan et al. also reported on Ni and Cu metals, however the support was
ZSM-5; interestingly, no hydrocarbons were produced over the
Cu/ZSM-5 catalyst. This differs to the findings of the present study, in
which the 10Cu supported on alumina achieved the second highest
selectivity towards CaHg (26%). The support, and interactions between
the metal catalyst and support, may therefore play a significant role in
determining reaction performance, as detailed in Ref. [12] for a series of
Ni catalysts supported on various zeolites based on silicate-1. Further
study into the catalyst-support interactions for the alumina-supported
catalysts presented in the current study would be an interesting future
area of research, aiming to understand and optimise the interactions for
production of CoHg.

The maximum CyHg selectivity achieved in the present work was
39%, at a CO conversion of around 15%. Clearly, for the production of
CoHg, the process presented here is superior to previous studies which
achieved maximum Cj; selectivities of 26% [3] and 7% [2], unless
external heating was employed in the latter; however, even with
external heating, the maximum selectivity towards Cy; hydrocarbons
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was 17% at 62% CO5 conversion [2]. A recycle stream could be used to
overcome the relatively low CO5 conversion in the present work, with
multiple passes ensuring all COs is converted and none is released to the
atmosphere. Alternatively, using a higher voltage may also increase the
conversion, although this is typically associated with a decrease in en-
ergy efficiency as the increase in reagent conversion is not proportional
to the increase in the plasma power (see Eq. 9).

5. Conclusion

Ethane is an important chemical with many uses and the plasma-
assisted production of CyHg in the presence of a metal (most notably
ruthenium) catalyst is demonstrated in this work. The high selectivity
towards CaHg, especially in comparison to previous works, increases the
viability of producing CyHe using plasma-catalysis. The addition of a
catalyst into the DBD reactor resulted in a significant increase in Hj
conversion, from 3.2% for the plasma-only case to 28.5% for the 10Ru
catalyst; however, the CO, conversion only increased by a maximum of
3.7%, when using 10Cu (from 13.5% to 17.2%). The CHj4 selectivity
decreased for all catalysts apart from 10Ni, which gave a 1.9% increase.
The 10Ru catalyst had the highest selectivity towards CyHg, in com-
parison to the other catalysts, at almost 40%. Further work is required to
elucidate reaction mechanisms by, for example, using in-situ FTIR
techniques and/or modelling to better understand the formation of
surface intermediates and the plasma-assisted surface reactions. Future
research into the interactions between catalyst and support, as well as
those between the catalyst and plasma, would aid greater insight and
allow the catalyst to be optimised for the production of ethane, CoHg, at
industry-relevant scale.
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