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One of the major challenges of using plasmas for CO, conversion is the removal of oxygen in the plasma
effluent. In this work an efficient removal of oxygen (>99% removal) from the product gas stream in a
2.45 GHz microwave plasma reactor at atmospheric pressure is reported. This is achieved by addition of H,
gas enabling the reverse water gas shift reaction. The addition of H, takes place either immediately after the
microwave resonator, or inside the resonator, affecting the plasma size and optical emission in the latter case.
The performance is comparable for both positions of H, addition. Already 2 vol.% of H, admixture results in
0, removal below 0.1 vol.% from the product gas stream, however at the cost of lower CO, conversion. An
increase of H, flow leads to a rise of the CO, conversion in accordance to the thermodynamics of the reverse
water gas shift reaction. CO, conversions of up to 65%, and CO energy yields of up to 0.27 kg.okWh!
are achieved with less than 0.1 vol.% O, in the product gas. The [H,]/[CO] ratio in the product gas lies
in the range between 1.8-2.2 which makes it suitable for synthetic fuel processes such as Fischer-Tropsch.
The performance comparison demonstrates that the presented method of O, removal by H, admixing to the
microwave CO, plasma is a very efficient process compared to other O, removal methods yielding the highest

energy yields.

1. Introduction

Plasma conversion technology is investigated as a potential technol-
ogy for conversion of gases, aiming at optimising the efficiency of the
process in order to replace current energy intensive technologies [1].
Microwave plasmas are one of many plasma types used for gas conver-
sion, yielding relatively high conversion and energy efficiency values
for CO, decomposition [2]. One of the key challenges of the plasma
process, in addition to increasing the CO, conversion and the process
efficiency, is the gas separation in the plasma effluent. In electrolytic
reactors, another emerging technology for gas conversion, the products
of CO, conversion are separated on the cathode (CO, and CO) and
on the anode (O,), unlike the plasma effluent which has a single out-
stream comprising CO, O, and unconverted CO, gases. In order to be
compatible with a potential downstream process using the produced
CO as a feedstock, the gas separation step is required (e.g. the Fischer—
Tropsch process requires O, concentrations below 1 vol.% and the
H,/CO ratio in the range of 1.8—-2.2 [3]). Removal of oxygen is a
necessary first step since methods for separating CO and CO, towards
pure CO already exist [4].
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Several methods relying on sacrificial/reduced materials, mem-
branes or admixing gases to remove oxygen have been investigated and
are briefly discussed here. One of them involves placing a carbon bed
in the plasma effluent, which enables an effective removal of oxygen
upon reaction with carbon atoms. Moreover, CO, can react with C and
form additional CO via the Boudouard reaction (CO, + C — 2CO),
thereby increasing the CO, conversion in a gliding arc plasma [5-7].
A demonstration of this method was reported showing an increase of
the CO, conversion from 7.6% to 12.6 % [6] and further towards
20% [8] with efficient oxygen removal with the carbon bed placed
in the effluent of the gliding arc. It is important to point out that
this approach requires continuous replenishment of the carbon bed
to replace the material being used in the reactions. The oxygen can
also be captured using a reduced oxygen carrier (OC). Oxygen-deficient
zirconium-doped ceria installed in the effluent of a rotating gliding arc
(RGA) plasma has successfully demonstrated complete O, removal and
increased CO, conversion up to 84 vol.% for a gas inlet composition
with 5 vol.% CO, in Ar at 500 sccm (standard cubic centimetres per
minute) [9]. Once the OC is oxidised, a reduction step has to follow
to guarantee quasi-continuous operation in a plasma chemical looping
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process. An efficient method for reducing oxidised OC, closing the
plasma chemical loop, and the up-scaling potential of this method has
not been demonstrated yet.

Mixed ionic-electronic conductors, such as perovskite membranes
exclusively permeable to O,, have been used in the effluent of mi-
crowave plasmas, where high gas temperatures above 700 °C thermally
activate the membranes for permeation of O, molecules [10]. Simul-
taneous use of 21 membranes in a plasma environment has been
demonstrated to remove up to 42 sccm or 4.8% of the produced
O, [11]. The major obstacle for this method is that a large number
of membranes is required to generate an outlet gas mixture with O,
concentration below 1 vol.%. In a similar method, an O,-permeable
perovskite electrode was used to investigate a system consisting of a
microwave plasma reactor and a solid oxide electrolysis cell (SOEC).
A CO, plasmolysis equivalent gas mixture was fed into the SOEC
electrolyser resulting in O, removal rate up to 4 sccm [12]. This method
has not yet been demonstrated in a plasma environment.

Removal of O, can be achieved by adding H,-containing molecules,
such as H, or CHy, to the plasma process. Gas mixtures containing
CO, and H, can undergo two reactions: CO, hydrogenation (or CO,
methanation), where the products are CH, and H,O (reaction (1)), or
reverse water gas shift (RWGS), resulting in CO and H,O (reaction (2)).

CO, + 4H, = CH, + 2H,0, AH® = —164kJmol~! )

CO, +H, 2 CO+H,0, 4H° = 41 kJmol™! )

Mixing of CO, and CHy,, a process called dry reforming of methane
results in a syngas mixture of CO and H,.

CO, + CH, 2 2CO 4+ 2H,, AH® = 247 kJmol ™! 3)

CO, hydrogenation is an exothermic process and favourable at low
temperatures and has been widely studied with plasma—catalytic DBD
reactors [13]. Use of H, to remove O, from the CO, plasma effluent
has been discussed by Aerts et al. where modelling results predict that
in a dielectric barrier discharge (DBD) at atmospheric pressure already
2 vol.% of CH,4 or 3 vol.% of H, can completely trap O, even for low
CO, conversions of several % [14]. The trapping of O promotes the
CO, conversion by inhibiting the recombination reaction of CO with O
atoms and O, molecules. Reverse water gas shift has been investigated
in a hybrid DBD plasma-catalyst system [15]. It had been demonstrated
that by using different catalytic materials it is possible to tune the
selectivity either towards CO or CH, production. CO, conversions of
up to 80% and energy efficiencies up to 11% at a total flow rate of 20
sccm were reported.

RWGS is favourable at high temperatures and thus suitable to
study with warm/thermal plasmas, such as gliding arcs and microwave
discharges. This process has been investigated in a gliding arc at
atmospheric pressure, yielding CO, conversions of up to 54% and
energy efficiencies up to 11% at total flow rates of 200 sccm (H, inlet
concentration of 33 vol.%) [16]. Relatively high CO, conversions up
to 85% have been measured in a microwave torch when the H, is
added into a CO, plasma to produce O,-free streams, at a pressure of
20 mbar and flow rates up to 400 sccm [17]. In the same work, 100%
selectivity towards CO at an energy efficiency of 6% was reported. In a
microwave plasma torch at atmospheric pressure hydrogen has been
added with aim to produce higher value chemical products [18]. It
should be mentioned that RWGS is an active research line in the field
of thermal catalysis [19], with the main focus on tuning the properties
of catalysts towards a high CO selectivity at high CO, conversion [20].

The addition of CH, (0-30 vol.%) or C,H,; (0-15 vol.%) to CO,
microwave discharges has been investigated by Kuijpers et al. in the
pressure range from 150 mbar to 900 mbar [21]. The experimental
results demonstrate low levels of oxygen in the effluent for small
additions of hydrocarbons (1 vol.%) to CO, discharges. The results of
a quasi-1D chemical kinetic model demonstrate that OH and H radicals
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dramatically decrease the CO, conversion and energy efficiency, and
remove oxygen from the effluent completely by catalysing the recom-
bination of CO and O, through the reactions CO + OH — CO, + H and
H + O, — O + OH. For additions of more than 5 vol.% of CH, or C,H,,
the CO, conversion, CO yield and energy efficiencies are higher than
for pure CO, discharges [21,22].

Recently, we have demonstrated that high CO, conversions at atmo-
spheric pressure can be obtained by quickly cooling the plasma effluent
and preventing CO recombination by either using a nozzle [23] or a
reverse vortex with cooling channels [24]. In this work we combine
the reverse vortex configuration and the H, addition to the 2.45 GHz
microwave CO, plasma aimed at promoting the RWGS reaction. The
goal of this work is to go beyond RWGS results reported in the literature
by investigating conditions relevant for the up-scaling of the process,
such as higher total flows (up to 40 slm), H, concentrations up to
75 vol.%, and pressures up to 900 mbar. Plasma conditions with high
CO, conversions, negligible oxygen concentration in the effluent and
a H,/CO ratio close to 2 suitable for the Fischer-Tropsch process, are
demonstrated.

2. Experimental setup

A microwave plasma torch is driven by microwaves at 2.45 GHz
generated by a Muegge power supply (Type ML3000D-111TC) able to
deliver up to 3 kW of power. The gas is introduced into a quartz tube
with 30 mm outer and 26 mm inner diameter placed in the centre of the
resonator cavity. The setup is vacuum tight and connected to a vacuum
pump with a valve that enables operation in a pressure range from
50 to 950 mbar independent of the total gas flow rate. The resonator
is oriented downwards in order to prevent solid or liquid products to
accumulate inside the resonator. On the bottom of the resonator a re-
verse vortex module is mounted containing four tangentially mounted
CO, gas inlets at an angle of 35 degrees with respect to the resonator,
and a 5 mm wide nozzle in the centre acting as a gas outlet (more
details of the setup can be found elsewhere [24]). The injected CO,
gas swirls upwards along the walls of quartz tube reversing its flow
direction at the resonator top, then streaming downwards though the
centre of the quartz tube, eventually leaving the resonator through the
nozzle of the reverse vortex module. Hydrogen gas can be introduced
either in the plasma effluent, downstream of the reverse vortex module,
using two radially mounted gas inlets, or through tangential gas inlets
in the top part of the resonator. Both configurations are shown in Fig. 1
with pictures of the plasma inside the resonator recorded at 37.5 vol.%
H,, a pressure of 900 mbar, and a power of 1.8 kW. The difference
compared to the setup used in our previous work [24] is that the reverse
vortex module is used without the cooling channels. This modification
is motivated by the choice to use the hot plasma effluent to promote
the RWGS reaction.

The plasma emission for the experiments where H, is introduced in
the effluent is a typical bluish glow elongated through the resonator
characteristic of a pure CO, plasma [25]. The plasma appearance
changes once H, is introduced in the resonator, with the plasma length
shrinking to about one third of the resonator height, exhibiting a bluish
glow on the lower part of the plasma and pinkish glow on top of the
plasma. Fig. 2 shows optical emission spectra normalised to the band-
head of the C, Swan band (0,0) recorded in the resonator using a
low resolution overview spectrometer (Ocean Optics S2000) with line
of sight acceptance area of about 5 mm in diameter collecting light
from the bottom half of the resonator. The spectrum shown in Fig.
2(a) is measured in a pure CO, plasma, displaying C, Swan bands,
atomic carbon and atomic oxygen lines typical of a microwave CO,
plasma [25-27]. A very similar spectrum is shown in Fig. 2(b), obtained
for the case where H, is introduced in the effluent. The similarity
between Figs. 2(a) and (b) indicate that adding H, in the effluent does
not affect the plasma inside the resonator. Fig. 2(c) shows the spectrum
recorded during operation in CO, plasma with H, introduced in the
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Fig. 1. Schematic of the plasma torch with CO, gas inlets in reverse vortex configuration with additional H, gas inlets placed (a) in the plasma effluent, and (b)

inside the resonator. Photos of the plasma inside the resonator are shown.
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Fig. 2. Optical emission spectra recorded inside the resonator. (a) pure CO,
plasma, (b) plasma with H, introduced in the plasma effluent (as in Fig. 1(a)),
and (c) plasma with H, introduced in the resonator (as in Fig. 1(b)). The CO,
flow rate is 10 slm, the H, flow rate is 6 slm, the applied power is 1.8 kW,
and the pressure is 900 mbar.

resonator. In addition to the typical molecular bands and atomic lines
observed in pure CO, plasma, additional lines belonging to OH (A-
X) band, CH (A-X) band and atomic hydrogen lines are visible. This
observation explains the change of the plasma emission shown in Fig.
1(b). Spatially resolved measurements of the different plasma zones
inside the resonator are planned for future work.

The composition of the product gas and the CO, conversion are
determined using a mass spectrometer (MS) downstream of the plasma
where the effluent gas is well mixed and cooled close to room tem-
perature. Notation [molecule] is used here to represent the volumetric
concentration of the measured molecule in the outflow. The mass
spectrometer is suitable to measure the gas composition in the pres-
sure range 5-1000 mbar. More details of the MS can be found else-
where [28]. Adding H, to the microwave plasma torch results in
removal of oxygen to oxygen concentrations below 0.1 vol.%, as ex-
plained in more detail in Section 3.1. Furthermore, for all conditions
investigated in this work, CH4 concentrations are estimated to be below
0.1 vol.% and thus negligible (example is shown in Figure S4 in the
supplementary material). Therefore, with CO as only carbon-containing
product, the CO, conversion (yco,) is determined using the CO,,,, and
CO,,, concentrations ([CO,,,,] and [CO,, 1), and considering the carbon
balance.

[COlou

XCOz - [COZ]oul + [Co]oul (4)

Concentrations of water could not be correctly determined using
the MS since water condenses between the plasma reactor and the
measurement point, where only water vapour is detected. The following
approach has been pursued to correctly account for the mass balances
for C, H, O. This approach relies on using the CO, conversion as the
quantity to estimate the outlet flow rates:

Fo, = Féo, (1= xco,) ©)
2 = Flo, - xco, ®)
F"Ou; ~0 7
Fiio = F&6 = Fo, * xco, ®)
=By, —Fa = By, = Flo, - xco, ©)

Egs. (5) and (6) are those one would use for a pure CO, plasma. Eq.
(5) determines the flow rate of CO, at the outlet (FC”"O’Z), considering
some amount (yco,) of the inlet CO, got converted into CO. The CO
outflow rate (FC"’(‘)r ) is in turn defined by Eq. (6) as a product of the inlet
CO, and the CO, conversion. For all experiments containing H, the
concentration of oxygen is below 0.1 vol.%, thus the O, outflow rate
(F(‘;';’) is considered to be zero. Eq. (8) defines the H,O outflow (F:{ZB)
as being equal to the CO outflow rate, an approach already used in the
literature [29]. This is justified as for each CO molecule produced, one
oxygen atom is unaccounted for. Since no oxygen molecules have been
detected, it is assumed that unaccounted oxygen atoms are bound to
H, molecules generating water molecules. In turn, the H, outflow rate
(FI‘;Z’) is equal to the H, inlet rate reduced by the outflow rate of water.

In order to calculate the total conversion (y;), the Hy conversion
(xu,) is determined using the H, and H,O concentrations, considering
the hydrogen balance:

[HZ O] out

= 2 -out (10)
M2 = THy ]y + (000

and the total conversion (y;) is determined using:

a1 = [COslis - 2co, + Halin - 21, an

with [CO,];, and [H,];, representing the concentrations of CO, and
H, at the gas inlet, respectively. The energy efficiency with respect to
the reverse water gas shift enthalpy (4H° = 41 kJmol™! = 0.435 eV/
molecule) is calculated as:
0

RWGS = % a2
with SEI being the specific energy input calculated as the ratio of the
power deposited in the plasma and the total input flow rate. The energy
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yield is calculated as the ratio of the CO outflow rate and the power in
the plasma (read from the power supply):

FoU[slm]
kg ] —7a4._CO

E ield —_— — 13
nerey yie [k Power[W] as

Wh

Another parameter commonly used to distinguish between the

chemical energy stored in the reactants and in the products is the so-

called fuel efficiency [21] or fuel energy efficiency [30]. It is defined

by the ratio of the useful chemical energy stored in a product to the

sum of the energy stored in the reactants and the energy used to run
the process.

@ Xy LHY,

= S " LAV, + SHI a9
;¢ - LHV; + SEIL

UR
with a being the correction factor to account for gas expansion [30],
and ¢ and ¢ the in- and out-flow concentration of the molecules.
LHYV is the lower heating value, a measure for the energy released upon
full oxidation of the specified molecule. Note that only H, and CO
contribute for the fuel efficiency, whose values can be found in [31].

3. Results and discussion
3.1. Oxygen removal by addition of H,

Results from the literature predict that addition of several percent
of H, into CO, plasma will result in a removal of oxygen by trap-
ping it in a water molecule, as shown in reaction (2) [14,21]. The
volumetric concentrations of oxygen detected work with and without
H, addition are presented in Fig. 3. The figure shows concentrations
for different molecules measured using the mass spectrometer for H,
inlet concentrations from 0 vol.% to 75 vol.%. For each H, inlet
concentration a measurement interval lasting several minutes is shown.
The ordinate shows the concentrations over four orders of magnitude,
thus the species with concentrations lower than 0.1 vol.% show higher
relative fluctuations compared to species with higher concentrations.
The concentration of water in Fig. 3 is presented as equal to the
concentration of CO, as described and justified in Eq. (8).

For pure CO, plasma large concentrations of CO,, CO and O,,
and small quantities of H, are detected. The H, concentrations are
below 0.1 vol.% and originate from the water outgassing from the
surfaces inside the mass spectrometer. Adding 2 vol.% of H,, the CO
and O, concentrations drop significantly, while the H, concentration
increases. Lowering of the CO concentration indicates reduced CO,
conversion which is discussed in more detail in Section 3.3. The O,
concentration reduces dramatically down to below 0.1 vol%, drifting
below the detection limit towards the end of the measurement interval.
Such low O, concentrations obtained with H, admixture demonstrate
that adding H, to the microwave CO, plasma at and above 2 vol.%
removes oxygen from the product gas.

3.2. Pressure variation

The CO, conversion in the pressure range from 200 to 950 mbar
for a fixed CO, flow rate of 10 slm, an H, flow rate of 6 slm, at a
constant power of 1.8 kW is shown in Fig. 4. The results consistently
demonstrate that adding H, either in the resonator or in the effluent
yield up to twice the CO, conversion obtained without H, addition.
Whether the H, is admixed inside the resonator or added to the effluent
has no effect on the CO, conversion. The lowest CO, conversion for
CO, plasma with H, addition is recorded at 200 mbar. At this pressure
and for H, injection in the resonator the plasma is more diffuse than
at 900 mbar, while at pressures above 500 mbar it is contracted. For
H, injection in the effluent, no significant change in the plasma width
is observed. The photos of the plasma under these conditions can
be found in the supplementary material. In presence of H,, the CO,
conversion increases from 200 to 500 mbar and remains constant at
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Fig. 3. The example of the concentrations for different molecules detected
with the mass spectrometer for H, inlet concentrations between 0 vol.% and
75 vol.%.
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Fig. 4. CO, conversion at different pressures, obtained for pure CO, plasma
(no H,), and for CO, plasma with H, addition either in the resonator or in
the effluent. The CO, flow rate is 10 slm, the H, flow rate is 6 slm, and the
applied power is 1.8 kW.

higher pressures. The CO, conversions obtained in our previous work
using the reverse vortex and cooled channels with pure CO, plasma
yield similar results in the range 20%-25% over the pressure range
200-900 mbar for a given conditions (CO, flow rate of 10 slm and the
applied power of 1.8 kW) [24].

3.3. H, concentration variation

For a fixed CO, flow rate, the H, inlet flow rate and discharge power
have been varied at 500 and 900 mbar yielding results and the trends
that are very similar. Due to its importance for industrial application
the focus of the discussion in the following sections will be placed on
the 900 mbar condition. Results obtained at 500 mbar can be found
in the supplementary material. The results obtained for the H, flow
rate variation from 0.2 slm ([H,] of 2 vol.%) to 30 slm ([H,] of 75
vol.%) at a fixed CO, flow rate of 10 slm, and a constant microwave
plasma power of 1.8 kW, at 900 mbar of pressure are shown in Fig. 5.
The points marked with black dots correspond to the data obtained for
H, introduced in the effluent, and the points marked with red squares
correspond to the data obtained for H, introduced in the resonator.
The difference in CO, conversion obtained for the two H, gas inlet
positions for various H, flow rates corroborates the finding described
in the previous section that the CO, conversion exhibits no dependence
on the H, delivery location. It is worth mentioning that in case of H,
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Fig. 5. CO, conversion as a function of H, inlet concentration for a fixed CO,
flow rate of 10 slm. Black points are for the H, added in the effluent, and red
points are for the H, added in the resonator. The pressure is 900 mbar, and
the power is 1.8 kW.

addition inside the resonator an upper limit of about 40 vol.% H, inlet
concentration is observed at both 500 and 900 mbar. Beyond these H,
concentrations the plasma extinguishes.

Already a small amount of H, as low as 2 vol.% strongly reduces
the CO, conversion from about 25% for a pure CO, plasma discharge
to values in the range of several%. The behaviour of CO, conversion
reduction for small quantities of hydrogen or hydrocarbons has already
been observed in literature [17,18,21]. Increasing the H, concentra-
tion, the CO, conversion exhibits an almost linear increase for the given
conditions. After [H,] = 50 vol.%, the CO, conversion stagnates and
even reduces beyond [H,] = 70 vol.%.

In order to understand the dependence of CO, conversion on the
H, concentration, thermal equilibrium calculations from 300 K to 6000
K are done with Cantera [32]. This range of temperatures is relevant
since in the microwave plasma torch the gas temperatures in the centre
of the plasma reach up to around 6000 K [25]. Turbulent mixing of the
hot plasma gas and the colder surrounding gas in the effluent lowers the
gas temperature resulting in a thermalisation of the gas at temperatures
below 6000 K.

The thermal equilibrium calculations and the resulting CO, con-
version are shown in Fig. 6. Fig. 6(a) shows an example of the molar
composition of relevant species in the temperature range 300 K to 6000
K for a thermal equilibrium calculation with [H,] of 31 vol.% at 900
mbar. At temperatures up to around 500 K the methanation process
dominates (reaction (1)). In the temperature range between around
1000 K and around 2200 K a quasi-plateau in the molar composition
dominated by the RWGS process (reaction (2)) yielding H, and CO as
the products is seen. Beyond about 2500 K dissociation of CO, and
H,0 molecules into H,, O,, CO, OH and atoms takes place. For a
given pressure, the exact ranges of the temperatures dominated by the
methanation process and RWGS process depend on the CO, and H, gas
mixture.

Fig. 6(b) presents the CO, conversion (defined by Eq. (4)) for [H,]
= 0-68.8 vol.% in the temperature range from 300 and 6000 K. The
lines represent the CO, conversion from thermal equilibrium calcu-
lations and the square symbols represent experimentally determined
CO, conversions for the same H, inlet concentrations placed at 2000
K. This temperature is chosen as being close to an upper limit of the
RWGS process in order to allow comparison of the CO, conversions
obtained experimentally to those predicted by the thermal equilibrium
calculations.

For the selected temperature of 2000 K the experimental values
and those obtained by thermal equilibrium calculation overlap up
to [Hy] of 38 vol.%. Above [H,] of 38 vol.% the CO, conversions
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determined experimentally do not increase for larger [H,] (a trend
already presented in Fig. 5), while the thermal equilibrium calculations
predict a further increase of the conversion.

In addition to the CO, conversion correlation, a full comparison
between the concentrations of CO,, CO, O,, H,, H,O obtained experi-
mentally (square symbols) with the thermal equilibrium calculation at
2000 K (lines) is presented in Fig. 7. Consistent with Eq. (7), [H,0] is
presented as equal to the experimentally determined [CO]. About 11
vol.% of molecular oxygen are present for pure CO, plasma, and with
admixed H, both the experiment and the calculation show negligible
oxygen presence. A very good agreement between the measured and
calculated concentrations for the relevant molecules is observed up to
[Hy] of 38 vol.%. Above [H,] = 38 vol.% the discrepancy between
the measurements and the thermal calculation consistent with the
difference in the CO, conversion data shown in Fig. 6(b) is visible. This
similarity up to [H,] of 38 vol.% indicates that the mixture of CO,
and H, in the microwave plasma torch is limited by the upper limit of
the thermodynamics of RWGS. This correlation also explains the strong
reduction of the CO, conversion observed for small H, admixtures
shown in Fig. 5.

The heat required for the RWGS reaction is provided by the plasma.
Up to the [H,] of 38 vol.% the heat from the plasma is sufficient
to drive the RWGS reaction at its upper limit regardless if the H, is
present in the resonator or added after the plasma. Addition of [H,]
beyond 38 vol.% in the effluent ([H,] > 38 vol.% in the resonator is
not stable) leads to lowering of the temperature of the gas mixture
consisting of the hot plasma and the cold (room temperature) H,
(RWGS reaction zone). A hypothesis is that the lower temperature
in the RWGS reaction zone yields results lower than the upper limit
of RWGS. Future work to experimentally confirm this hypothesis by
measuring the gas temperature in the effluent is envisaged. One way to
indirectly test the hypothesis is to increase the average temperature of
the plasma (and the RWGS reaction zone) by increasing the microwave
power, which is discussed next.

For two conditions, [H,] of 38 vol.% and 75 vol.%, the microwave
power is varied below and above 1.8 kW. The results are shown in Fig.
8(a) as empty squares ([H,] = 38 vol.%) and as empty triangles ([H,]
= 75 vol.%) on top of data points obtained for 1.8 kW (full circles).
Additionally, the CO, conversion predicted by the thermal equilibrium
calculations at 1000 K (blue line) and 2000 K (green line) is shown. As
mentioned previously 2000 K is used as a value close to the upper limit
of RWGS and 1000 K is used here as a value close to the lower limit of
RWGS.

Increasing the power beyond 1.8 kW at [Hy] = 38 vol.% does
not yield larger CO, conversions, as the maximum has already been
achieved in accordance with RWGS, and additional power is deposited
in heat dissipated in the system, as discussed in the next section. In
contrast, at 75 vol% [H,], increasing the power beyond 1.8 kW does
result in increased CO, conversion. This can be explained by the limit
imposed by the thermodynamics of RWGS: at 38 vol.% [H,], the CO,
conversion of 50% with 1.8 kW is close to that predicted by thermal
equilibrium calculations, while the experimental conversions at 75
vol.% [H,] are still low when compared to the maximum conversion
of 90 vol.%. These observations are more clearly demonstrated in Fig.
8(b). Therefore, the lower CO, conversions experimentally obtained
above [H,] = 38 vol.% are due to insufficient power delivered to the
plasma, which limits the gas temperatures required to drive additional
RWGS reactions between CO, and the increasing amount of room
temperature H, injected after the resonator.

To summarise, comparison of the CO, conversion and the outflow
gas composition obtained experimentally and determined by thermal
equilibrium calculation shows similar values up to [H,] = 38 vol.%
indicating that in this range the admixing of H, to the CO, microwave
plasma can be described well by RWGS thermodynamics. This observa-
tions are corroborated by the experiments where the microwave power
is increased beyond 1.8 kW at [H,] = 38 vol.% yielding no change
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Square symbols are for the experimental data, and lines represent values
obtained from thermodynamic equilibrium calculations at 2000 K.

in the product gas as the RWGS limit has been reached. In contrast,
at 75 vol% [H,], increasing the power beyond 1.8 kW does result in
increased CO, conversion towards a higher limit indicated by RWGS.
Furthermore, for small H, admixtures the trends of the oxygen removal
and of the CO, conversion limitation observed are consistent with the
RWGS process.

3.4. Energy yield

Increasing the microwave power at higher H, concentrations to
reach the RWGS limit of CO, conversion will not necessarily result
in a higher energy efficiency. This is demonstrated in Fig. 9 showing
the energy yield (relation (13)) on the left ordinate, and the energy
efficiency (relation (12)) on the right ordinate. Increasing the power at
[Hy] of 38 vol.%, and 75 vol.% results in lower efficiency, since the

additional power is only partially channelled to higher conversion and
the rest is lost, probably towards heating.

For a fixed power of 1.8 kW the overall trend of the energy yield
and efficiency is similar to the trend of the CO, conversion shown in
Fig. 5. Small amounts of H, reduce the efficiency compared to the pure
CO, case. Increasing the H, concentration results in a higher efficiency,
surpassing the efficiency of the pure CO, plasma at the [H,] of 20
vol%. For 1.8 kW, the highest efficiency is reached around [H,] = 65
vol.% resulting in an energy yield of 0.27 kg-okWh~! and an energy
efficiency of 22%. In this concentration range ([H,] ~ 65-70 vol.%)
the H,/CO ratio in the product gas is in the range of 1.8-2.2 which
is suitable for fuel synthesis processes such as the Fischer-Tropsch
process [3] as mentioned in the introduction.

For reference, the fuel energy efficiency, which includes the energy
stored in both CO and H, as defined in Eq. (14), is also calculated. The
highest values are obtained for H, inlet concentrations in range from 65
vol.% to 75 vol.% yielding values up to n, = 0.775. A similar maximum
value has been reported in the work by Kuijpers et al. where n, = 0.7
is achieved for a CH, inlet concentration of 30 vol.% [21].

3.5. Performance comparison

Compared to other methods for O, removal, RWGS promoted by
H, addition to the CO, plasma is similar to the carbon bed method,
to the extent that both methods remove 99% of O, and enhance CO,
conversion. The product of CO, plasma combined with a carbon bed
in the effluent is a CO, and CO mixture, whereas the RWGS product
stream contains CO,, CO, H, and water. The water can be easily
removed and reused in combination with a water electrolysis unit. The
disadvantage of both methods is requirement for a precursor (H, or
carbon) that has a strong influence on the overall cost of the produced
CO. The reduced oxygen carriers method also requires a precursor
since H, is typically used in a reduction step. Moreover, this method
has not yet been demonstrated for conditions where several slm of
oxygen are removed in a closed chemical loop. Regarding the method
with MIEC membranes, the main challenge of this method is oxygen
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around 2.

removal towards 90% and above. The oxygen permeation mechanism
is driven by difference of the oxygen partial pressure, thus for low O,
concentrations, permeation rates are quite low.

To place the results of this work in a perspective with other O,
removal methods, a compilation of results from the literature is plotted
in Fig. 10 along with the results from this work. The efficiency of
the process, represented by the energy yield, is plotted against the
CO outflow rate (in kgCOh‘l). If the exact values are not stated in
the cited literature, they were calculated using the reported power,
the CO, flow rate and the CO, conversion. The results from literature
report on reactors of different sizes, therefore the CO outflow axis is
presented using a logarithmic scale. The colour coding of the data
points corresponds to the CO, conversion with the colour scale shown
on the right. The legend in the figure groups the referenced papers
based on the method used for O, removal: carbon bed, RWGS, methane
addition, or use of MIEC membranes. Additionally, results from our
previous work without O, removal are grouped around Ref. [24].

The comparison demonstrates that the results presented in this work
yield the highest energy yields (0.27 kg-okWh™!) so far reported in the
literature. It also marks a clear improvement in both the energy yield,
and the CO, conversion compared to our previous best conversion
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Fig. 10. CO energy yield and CO outflow rate for this work and results from
literature on plasma processes only. The colour coding of the data points
corresponds to the CO, conversion shown on the right. The legend in figure
groups the referenced papers based on the method used for O, removal: carbon
bed, RWGS, methane addition, or use of MIEC membranes.

results [24]. The work of Kuijpers et al. [21] obtained by addition
of methane after a microwave CO, plasma achieves energy yields of
around 0.22 kg-okWh~1, albeit at lower CO outflow rates. The outflow
rates of 0.5 kgooh™! achieved in this work are lower than the results
obtained with a gliding arc featuring a carbon bed at 0.9 kg-oh™! [8]
and at 4 kgcoh™! [5], albeit at lower energy yield of at 0.2 kgookWh™!
and 0.15 kgcokWh!, respectively. These higher outflow rates are
directly correlated with higher CO, flow rates (110 slm and 25 slm
compared to 10 slm used here) and higher applied powers (9.5 kW
and 16 kW compared to 2.7 kW used here). Also, consumption of
the carbon bed will contribute to the total CO outflow rate, as for
each converted CO, molecule two CO molecules are generated. This
comparison demonstrates that the method of O, removal by H, ad-
mixing to the microwave CO, plasma or its effluent is a very efficient
process compared to other methods. In the future, experiments it will be
conducted to investigate if the efficiency is consistent at higher powers
and flow rates.
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4. Conclusion

The complete removal of O, in addition to CO, conversions up
to 65% is demonstrated by admixing H, in a 2.45 GHz microwave
plasma torch. The addition of H, gas in CO, plasma is achieved either
immediately downstream of the resonator or inside the resonator.
The results show that the performance is independent of the H, inlet
position as long as it is close to the plasma where the heat of the plasma
is used to drive the Reverse Water Gas Shift (RWGS) process. A large
pressure range from 200 to 950 mbar has been tested demonstrating
no significant influence of pressure on the performance. Due to its
importance for industrial application focus is given on 900 mbar of
pressure where a large range of H, inlet concentrations (up to 75 vol.%)
and powers (up to 2.7 kW) is investigated.

Results show that a concentration as low as 2 vol.% of H, in CO, is
sufficient to reduce O, concentration below 0.1 vol.%. This negligible
O, concentration is measured for the whole range of investigated
H, admixtures. The CO, conversion drops for low H, concentrations
added to the CO, plasma, however above the [H,] of 20 vol.% the
CO,, conversions exceeded those obtained in pure CO, plasma (~25%)
reaching highest values of 65%.

The results demonstrate that the mixture of CO, and H, in the
microwave plasma torch is driven by the thermodynamics of RWGS,
with the CO and H,O as a sole products. Both the oxygen removal
and limited CO, conversion observed for small H, admixtures are
consistent with the limit of the RWGS process. Furthermore, com-
parison of the outflow gas composition obtained experimentally and
by thermal equilibrium calculation show similar values up to [H,] =
38 vol.%. As demonstrated with the microwave power variation, the
thermal equilibrium for [H,] admixtures up to 38 vol.% is reached.
However for [H,] above 38 vol.% it has not yet been reached at the
investigated power of 1.8 kW, and increase in the power leads to higher
CO, conversions. This observation corroborates the hypothesis that
performance of the plasma torch is defined by the temperature of the
plasma and the H, gas mixture in the RWGS reaction zone.

The efficiency of the process is assessed using both the energy yield
(in kgcokWh™1) and the energy efficiency with respect to the enthalpy
of RWGS. Maximum efficiency (at 1.8 kW) is reached at around [H,] =
65 vol.% resulting in an energy yield of 0.27 kg-okWh™1, and the CO
outflow rate of 0.5 kgcph™'. In a similar range ([H,] ~ 65-70 vol.%),
in addition to [0,]1<0.1 vol.%, the [H,]1/[CO] ratio in the product gas
lies in the range between 1.8-2.2 which makes it suitable for synthetic
fuel processes such as Fischer—Tropsch.

Plasma conditions with high CO, conversions, negligible oxygen
concentration in the effluent and a H,/CO ratio close to 2 suitable
for the Fischer-Tropsch process are demonstrated in a microwave
plasma torch at atmospheric pressure. The performance comparison
demonstrates that the presented method of O, removal by H, admixing
to the microwave CO, plasma is a very efficient process compared to
other methods yielding the highest energy yields. These results place
the plasma torch as a promising process technology to produce gas
streams relevant for the synthesis of fuels using downstream processes
such as Fischer-Tropsch.
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