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Nonthermal plasma assisted desorption and
conversion of captured CO, from atmospheric airf
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CO, capture and conversion are essential to mitigate the global climate crisis. However, sorbent
regeneration frequently relies on the high-temperature thermal-driven process, making the integration
of intermittent renewable energy into the process an inherent challenge. Herein, with a lime-based
sorbent model system, we show that an electrified process for the desorption and conversion of
captured CO, (to CO or CHy4) can be achieved through a non-thermal dielectric-barrier discharge
plasma reactor. Specifically, up to 87.7% of captured CO, (by CaO from the air) can be converted into
CO under the discharge of 10% Hy/Ar at a power of 24.7 W. The reaction can also be tuned for CH,4
production when a dual function material, Ni-Ru CaO/CeO,—-Al,O3, or a physical mixture of CaO and
a Ru/Al,Oz methanation catalyst is employed. The kinetics of such a process are evaluated based on the
nonsteady-state semi-batch reactor model. The reactions are identified to be first order for both CO,
desorption and hydrogenation processes.

To deal with the climate crisis that originated from the greenhouse effect due to the extensive usage of fossil fuels, CO, must be captured by a sorbent material
both at point of large-scale emission sources and directly from the atmospheric air. The captured CO, within sorbent materials needs to be desorption and/or

conversion through the high-temperature thermal-driven process, making the integration of intermittent renewable energy into the process an inherent

challenge. The current research show that an electrified process, namely, non-thermal dielectric-barrier discharge plasma assisted desorption and conversion of
captured CO, (to CO or CH,) by CaO based sorbent from atmospheric air. This work aligns with the UN SDGs 9 (industry, innovation, and infrastructure) and 13

(climate action).

1. Introduction

To meet the energy and chemical demands of modern society,
fossil fuels such as coal, petroleum, and natural gas have been
used on an unprecedented scale. This extensive usage has
resulted in the annual release of more than 37 billion tons of
CO, into the environment.* The increase of CO, concentration
in the atmosphere has led to a significant climate crisis due to
the greenhouse effect, which requires nations to reduce net
greenhouse gas emissions by 50-52% in 2030 and reach net-
zero emissions no later than 2050.> In order to achieve these
targets, applying carbon negative technologies, such as carbon
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capture and storage/utilization, is of particular importance.
Consequently, CO, must be captured by a sorbent material both
at the point of large-scale emission sources (such as fossil fuels
fired power plants and the iron and steel sectors) and directly
from the atmospheric air. The captured CO, within sorbent
materials must be regenerated through thermal-driven
desorption and/or conversion via various reactions such as
methanation, reverse water-gas-shift, and dry reforming.
Sorbent regeneration is the most energy-intensive step during
the process, and therefore there is an urgent need to develop
alternative regeneration routes with reduced energy use and
environmental footprint.>”

Among various solid sorbent materials, calcium oxide (CaO)
has a high CO, capture capacity (~0.78 gco,/8ca0) and is cost-
efficient, with estimated capture costs of 26 USD per ton CO,
according to techno-economic analyses.*® Additionally, CaO
precursors (e.g., natural limestone) are abundant and nontoxic,*
and as a result, the “calcium looping” (CaL) technology has been
identified as a promising alternative to the current amine
scrubbing technique for CO, (and also SO,) capture at points of
large-scale emission sources.'*** Consequently, CaO as a sorbent
has been extensively studied either in an attempt to increase the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cyclic CO, uptake stability,"**® or in conjunction with a transition
metal catalyst, forming dual function materials (DFMs), for CO,
conversion.”* Besides CO, capture at the point of large-scale
emission source, the CaL-related process can also be employed
to remove CO, from the atmosphere (direct air capture, DAC) to
compensate for hard-to-decarbonize sectors, such as automobile
and aviation. For example, the CaL is in the center of the DAC
process using hydroxide solutions, which has been explored by
Carbon Engineering Ltd in Canada.*® In such a process, the
produced carbonate (e.g., K,CO;) after DAC is reacted with
Ca(OH), to form CaCO; for hydroxide (KOH) regeneration; then
CaCOs; is separated and calcined to CaO, which is finally rehy-
drated to Ca(OH),. Additionally, DAC configurations that only
use CaO have also been studied.**”

During the CaL processes, a common critical step is the CaO
regeneration either through calcination of CaCO; at a high
temperature of up to 950 °C (typically achieved in a gas burner
furnace with liquefied petroleum gas as the fuel®®) or reaction of
the captured CO, with H, or CH, (at relatively lower tempera-
tures). The high temperature required for the CaO regeneration
makes the CaL processes highly energy intensive. Alternative
heating methods, such as concentrated solar radiation, have
been employed for CaO regeneration through decomposition or
CH, reforming.**** However, a high reaction temperature is still
required, and the deactivation of sorbent due to sintering
remains significant. Unlike conventional thermal radiation, the
dielectric barrier discharge (DBD) plasma offers a unique way to
inject energy (ideally from renewable electricity) into a reacting
system by generating activated species, such as hot electrons,
electronically and vibrationally excited species, ions, and radi-
cals. The integration of plasma with heterogeneous catalytic
processes is an emerging technology for power-to-X, capable of
CO, conversion through CH, reforming,*-** hydrogenation,****
and direct decomposition.***®¢ While literature precedents show
promising reaction results in gas-phase CO, conversion, the
nonthermal plasma-driven conversion of captured CO, has only
been studied with hydrotalcite as the sorbent by Li et al.,*”*®
a similar study with CaO as the sorbent has not been investi-
gated, likely due to the high power requirement owing to the
high thermal stability of CaCO;.

Herein, we show an electrified process using the DBD plasma
to drive the conversion of CO, captured by the CaO-based
sorbent into CO or CH,. In such a process, the plasma-
activated species, such as the hot electrons, ions (Ar’ and
H,"), and radicals (H) from the discharge of the H,/Ar mixture,
can interact with the surface of the CaCOj;, converting the
captured CO, into CO at high conversion. The plasma reactor
was insulated to reduce the heat loss, known as “adiabatic”
plasma reactor,” achieving efficient CO, desorption and
conversion at the power of 25-28 W. This study demonstrates
non-thermal plasma-assisted desorption and conversion of CO,
captured by CaO-based sorbent at significantly lower tempera-
tures in contrast to traditional thermal regeneration method,
reducing energy costs and sorbent material sintering. CO
produced from this process can be coupled with Fischer-
Tropsch synthesis, leading to a representative power-to-liquid
process. Additionally, the product selectivity can be tuned
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from CO to CH, when a catalytic methanation active site is
incorporated into the sorbent, forming a dual-function mate-
rial, or when a physical mixture of a CaO sorbent and a separate
methanation catalyst (Ru/Al,O;) is used, leading to a typical
power-to-gas process. The plasma-assisted process can also be
employed for converting captured CO, by other sorbents and
dual-function materials, providing renewable energy-driven
alternative carbon capture and utilization techniques.

2. Experimental

2.1 Samples preparation

The CaO, 10 wt% MgO/CaO (Mg;oCa0), 10 wt% ZrO,/CaO
(Zr,,Ca0), 10 wt% Ni (Ni;(Ca0), and 5 wt% Ni + 5 wt% MgO
(NisMg5CaO) samples were prepared through oxalate method with
H,C,0,-2H,0 (=99.5%, Chemsavers), Ca(OH), (=98%, Aldrich
Chemical Company, Inc), Mg(NO3), 6H,0, Ni(NO3), 6H,0
(=98%, Millipore Sigma), and/or ZrCl, (=99.5%, Strem Chem-
icals) as the precursors. Based on the desired weight ratio, these
precursors were measured and placed in different beakers. The
amount of oxalic acid was 20% excess than the stochiometric
amount necessary for precipitating all metal cations in solution to
ensure the metal oxalate formation is not limited by oxalate
concentration. Specifically, the powder of Ca(OH), and a solution
of magnesium nitrate, nickel nitrate, or zirconium chloride were
added to the solution of oxalic acid under stirring. The slurry was
stirred for 2 h at a speed of 500 rpm and room temperature and
then kept in the beaker overnight. Finally, the slurry was centri-
fuged at 4000 rpm to separate the precipitate. The collected sample
was dried in an oven overnight at 100 °C and calcined at 850 °C
(ramping at 10 °C min~") under static air for 4 h. The sample was
pelletized, then crushed and sieved to obtain a size fraction
between 125 and 250 pm for characterization and DAC study.

The Ni-Ru Ca0O/CeO,-Al,0 DFM was prepared by sequential
impregnation.”* Firstly, Ca(NOj3),-4H,0 (Sigma Aldrich) was
mixed with the CeO,-Al,0; support (SCFa-160 Ce20 Puralox,
Sasol) and deionized water. The resulting suspension was mixed
using a magnetic stirrer at a speed of 500 rpm and room
temperature, and then, a rotary evaporator was used to remove
the excess water under reduced pressure. The mixture was dried
overnight at 120 °C and calcined at 400 °C (5 °C min~" ramp
and a 4 h hold). After that, the CaO/Ce0,-Al,03; was mixed with
excess water, and the required amounts of Ni (NO;),-6H,0
(Acros Organics) and Ru(NO)(NO;); solution (1.5 w/v Ru, Alfa
Aesar). After mixing all together with a magnetic stirrer a speed
of 500 rpm and room temperature, the excess water was
removed using a rotary evaporator, and the resulting powder
was dried overnight at 120 °C and calcined at 500 °C (5 °C min !
ramp, 3 h soak). The obtained DFM had 15 wt% Ni, 1 wt% Ru,
and 10 wt% CaO on the CeO,-Al,0; support (20-80 wt%).

The Ru/Al,O; (5 wt% nominal loadings) was prepared by
impregnation followed by wet reduction using NaHB,. Typi-
cally, 2 g of Al,O; (Inframat Advanced Materials) was first mixed
with 10 mL of RuCl; (Sigma-Aldrich) aqueous solution (0.01 ggy
mL ™). The resulting suspension was mixed with a magnetic
stirrer at a speed of 500 rpm and room temperature for 3 h, then
0.373 g of NaHB, (98%, Thermo Scientific) was dissolved in
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around 2 mL deionized water and added dropwise to the
suspension and stirred at room temperature for 1 h. The slurry
was finally centrifuged to collect the solid samples, which were
dried in an oven overnight at 100 °C without calcination.

2.2 Sample characterization

X-ray powder diffraction (XRD) patterns were collected on
a Rigaku Ultima III X-ray diffractometer with monochromatic Cu
Ko radiation (154.06 pm, 40 kV, and 44 mA) in the range of 26
from 10° to 60° with a scan speed of 4° min . Scanning Electron
Microscope (SEM) of the sample was measured using a JEOL
6500F SEM and Zeiss Supra 40 SEM. Nitrogen adsorption/
desorption isotherms were measured in a Micromeritics Tristar
II 3020 analyzer at 77 K. The sample was degassed at 300 °C
under vacuum for 16 h before N, adsorption/desorption
measurement. The surface areas were determined by Bru-
nauer-Emmett-Teller (BET) analysis. In situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) spectra of the
CaO under the DAC conditions were collected on a Thermo
Scientific Nicolet i20 FTIR spectrometer equipped with a liquid-
nitrogen-cooled mercury-cadmium-telluride detector and a Pray-
ing Mantis high-temperature operando reaction chamber (Har-
rick Scientific Products Inc.) with calcium fluoride windows. The
spectra were recorded at a resolution of 4 cm™" with accumula-
tions of 32 scans per min under 30 mL min " of atmospheric air
(introduced using an aquarium air pump, and the flow rate was
controlled with a Brooks mass flow controller).

2.3 DAC and plasma-driven CO, desorption and conversion

Direct air capture (DAC) was achieved by passing atmospheric air
through the sorbent under ambient conditions. The sorbent
samples containing Ni and Ru were pre-reduced under 30
mL min~" 10% H,/Ar at 600 °C (ramping at 10 °C min~ ") for 1 h
before DAC. Specifically, 0.5 g of sorbent was first loaded into a 3/
8-inch quartz tube with an inner diameter of 7 nm. Then 200
mL min " of atmospheric air was passed through the tube for at
least 24 h to achieve a saturated CO, capture on the sorbent. The
atmospheric air was introduced using an aquarium air pump and
the flow rate was controlled with a Brooks mass flow controller.

The plasma-driven desorption and conversion of captured CO,
was performed in a coaxial DBD quartz reactor, which has an
inner diameter of 4 mm and an outer diameter of 1/4".°%*
Specifically, a 6 cm long stainless steel mesh (20 mesh) was
employed as the outer (ground) electrode and wrapped tight
around the quartz tube. A K-type thermocouple was attached to
the steel mesh electrode for external reactor temperature
measurement immediately after turning off the plasma. The
outer electrode and thermocouple were wrapped with a ceramic
fiber with a 1 cm thickness for insulation, known as “adiabatic”
plasma reactor.*” Such an insulated electrode minimizes the heat
loss from the electrode, self-heating the plasma reactor up to
500 °C (dependent upon the applied power) without an external
heat supply.*** A 1/16” tungsten electrode was inserted at the
center of the reactor and acted as the inner high-voltage elec-
trode. The discharge volume of the DBD reactor is 0.64 cm?
without loading the sorbent/catalyst. The DBD plasma was
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generated using a PMV500 high-voltage AC power source with an
applied voltage of 9-15 kV and a frequency of 22 kHz. The applied
voltage was measured by a Tektronix P6015A high-voltage probe
connected to a Tektronix MDO32 3-BW-100 oscilloscope, and the
voltage across a 10 nF capacitor (Ug) was measured by the same
oscilloscope with a TPP0250 voltage probe. The power input of
the plasma was calculated based on the area inside the charge-
voltage (Q-V) Lissajous curves,® where the voltage V refers to
the applied voltage and the charge Q can be calculated from the
voltage drop across the external capacitor (capacitance 10 nF).

Q = Ccapacitor x Uc (1)

Typically, 0.1 g of the sample (pre-adsorbed with CO,
through DAC) was loaded into the reactor. The reactor inlet gas,
either Ar (for desorption) or 10% H,/Ar (for CO, hydrogenation),
was controlled using a Brooks mass flow controller. The reactor
outlet was measured by an online Agilent 5973 mass spec-
trometer (MS, equipped with MS Sensor 2.0 software, Diablo
Analytical, Inc). Specifically, m/z = 15, m/z = 28, m/z = 44, and
m/z = 40 were measured. The intensity of the m/z signal (I,,,.,) is
then converted to the intensity of each molecule (Z;olecule) based
on the quantitative calibration, namely, Iar = I40, Ico, = Iua, IcHa
=I5, and Igo = I,5-0.0495 x I,4. The MS signal intensities of Ar,
CO,, CO, and CH, were converted to partial pressure based on
external standard calibration. A more detailed method for
quantitative MS analysis can be found in the ref. 53.

The partial pressure was finally calculated to each molecule's
mole flow rate (mol min~") based on the ideal gas equation
(Pt = FiRT), where P; is the partial pressure of selected
molecules (Pa), vy is the total volumetric flow rate (mL min~ "),
F;is the mole flow rate (mol min~"), R is the ideal gas constant (J
mol " K), and T is the temperature (K).

The desorption rates of CO,, CO, and CH, were calculated by
normalizing F; with the weight of the sample (pre-adsorbed with
CO, through DAC).

The time-dependent desorption rates were integrated to
obtain the total desorption of CO, (ncoz), CO (nco), and CH,
(ncu,)- The composition of each species was calculated based on
the normalized total desorption amounts. CO, conversion was
calculated based on eqn (2).

_ nco + ncy, )
nco + ncy, + Nco,
The selectivity of CO and CH, were then calculated based on
eqn (3).
n

S;j= —— % 100% (3)
nco + ncu,

3. Results and discussion
3.1. CO, capture by CaO

The nanosized CaO model sorbent (see Fig. S1t for a typical
SEM image) was prepared through the thermal decomposition

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 XRD patterns of the fresh CaO and the CaO subjected to DAC
for 6 h and 24 h, respectively.

of Ca oxalate. The N, physisorption results of the Ca oxalate and
the fresh CaO showed BET surface areas of 16.1 and 56.1 m*> g™ ",

respectively (see Fig. S21). The XRD patterns of the fresh, i.e., as
obtained, CaO and the CaO samples after DAC for 6 h and 24 h,
respectively, are shown in Fig. 1. It was seen that the CaO
sorbent turned into a mixture of CaCO; and Ca(OH), after DAC
for 6 h (see also Fig. S31) and almost pure CaCO; after 24 h (see
also Fig. S4t). The XRD patterns shown in Fig. 1 support that
CO, capture by the CaO could be achieved by the DAC method.
The BET surface area of the CaO sample decreased to 38.7 m*
g~ ' (see Fig. S21) after capturing CO, due to the volume
expansion and mass increase after converting CaO into CaCOs;.
Noteworthily, the BET surface area increased to 57.8 m> g~
(almost identical to the fresh CaO) after 1 cycle of the CO,
capture, followed by plasma-assisted hydrogenation of the
captured CO,. The presence of Ca(OH), in the sample after DAC
for 6 h suggests that moisture played a critical role in CO,
capture: CaO first reacted with moisture to form Ca(OH),
intermediate, which then reacted with CO, to form CaCOj;. The
formation of Ca(OH), as the intermediate was also evidenced by
the in situ DRIFTS study. As shown in Fig. S5,1 the immediate
appearance of the OH vibrations (at wavenumbers of around
3640 cm™ ") after exposure to air indicated the fast formation of
Ca(OH), from CaO and moisture during the DAC process.
Consequently, the moisture level in the air could strongly
influence the rate of DAC. Because this paper focuses on the
plasma-assisted desorption and conversion of captured CO, by
the CaO-based sorbent, a more detailed influence of moisture
on the DAC will not be discussed.

3.2. Plasma-assisted desorption/conversion of captured CO,:
proof-of-concept

The CaO model sorbent after the DAC was subjected to plasma-
assisted desorption and conversion (i.e. hydrogenation) of the
captured CO, under either pure Ar or 10% H,/Ar, respectively.
Fig. 2(a) and (b) show the electrical signals and Q-V Lissajous
curve of the H,/Ar discharge employed for the proof-of-concept
study. It can be observed from Fig. 2(a) that the applied peak-to-
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peak voltage was 14.8 KV at the frequency (f) of 22.3 kHz (period
time ¢ = 1/f = 45 ps), and the peak-to-peak voltage drop across
the external capacitor was 35 V under the applied voltage and
reaction conditions. The Q-V Lissajous curve shown in Fig. 2(b)
was between a parallelogram and oval shape, which is a typical
discharge behavior for a coaxial dielectric barrier discharge
reactor. The discharge power was calculated to be 28.3 W based
on the area of the Lissajous curves. The electrical signals and Q-
V Lissajous curve of the Ar discharge were almost identical to
that of 10% H,/Ar, except that the Ar discharge showed a slightly
lower charge at the same applied voltage. According to the
Lissajous curve, the power of Ar plasma was around 25.2 W,
which was slightly lower than the plasma of 10% H,/Ar.

The reaction/desorption behaviors of the captured CO, by CaO
assisted by the plasma of 10% H,/Ar are shown in Fig. 2(c) and (e).
It was demonstrated that the desorption and conversion of the
captured CO, could be achieved by the DBD plasma without an
external heat supply. As shown in Fig. 2(c), desorption of CO and
CO, was observed, whereas desorption of CH, was negligible
during the plasma treatment. The desorption rates of CO,, CO,
and CH,; mainly showed broad peaks during the reaction/
desorption process. Initially, the rates of desorption/reaction
increased due to the increase in the reactor temperature. The
rates then started decreasing when the temperature reached the
maximum due to the decreased CaCO; concentration. A small
peak within the first 5 min after turning on the plasma can be
found. These initial peaks are ascribed to the reaction/desorption
of the chemisorbed CO, rather than the decomposition of CaCO;.
The main desorption peaks for CO and CO, were broad, and the
full width at half maximum (FWHM) was 15.9 and 13.2 min,
respectively. The maximum rates (peak of the desorption rate
curves) of CO and CO, desorption were 353 and 180 umol (g
min ") and were achieved after 15.5 and 18 min, respectively. The
total desorption of CO and CO, took around 40 min under the
applied plasma conditions (14.8 kV and 28.3 W), indicating
a relatively slow decomposition process due to the high thermal
stability of the CaCO,;. For comparison, temperature-
programmed desorption (TPD) profiles of the CaO (after DAC)
are shown in Fig. S6.1 It was observed that the desorption of CO
and CO, started at temperatures around 600 °C, and total
desorption of CO and CO, was achieved by 800 °C.

By integrating the desorption rates (Fig. 2(c)), the cumulative
desorption of CO, CO,, and CH, per unit mass of “CaCO;” (CaO
after DAC) was obtained. As shown in Fig. 2(e), the cumulative
CO and CO, desorption were 5.9 and 2.7 mmol g~ ', respectively,
whereas the total CH, desorption was only 0.28 mmol g~
These results corresponded to a composition of 66.6% CO,
30.2% CO,, and 3.2% CH,, namely, 70% conversion of the
captured CO, and 95.5% selectivity toward CO. The sum
desorption of CO, CO,, and CH, was around 8.9 mmol g *
Assuming CaO was fully converted into CaCO; (based on the
XRD results) after the DAC, 1 g of CaCO; could release 10 mmol
of CO,, which is slightly higher than the sum desorption of CO,
CO, and CH,, most likely due to the presence of moisture in the
sample after the DAC. Noteworthily, the sum desorption of CO,
CO,, and CH, during the TPD of the CaO (after DAC) was
9.1 mmol g ' (see Fig. S61), almost identical to the plasma-

RSC Sustainability, 2025, 3, 2632-2643 | 2635
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Fig. 2 Electric signals and reaction/desorption behaviors during plasma-assisted desorption and conversion of CO, captured by CaO. (a)
Electrical signals of the H,/Ar discharge; (b) Q-V Lissajous curve of the discharge; (c) and (d) desorption rates under Hy/Ar and Ar plasma,
respectively, and (e) and (f) cumulative total desorption of CO,, CO, and CH4 under H,/Ar and Ar plasma, respectively. Reaction conditions:
0.1 g of "CaCOs3" (CaO after DAC for 24 h), 10% H/Ar 30 mL min~— and power of 28.3 W for (c) and (e), Ar 30 mL min~—* and power of 25.2 W for

(d) and (f).

assisted process, indicating that all captured CO, had been
desorbed/converted by the plasma. Moreover, the conversion of
captured CO, into CO during the TPD was only 51%, signifi-
cantly lower than the plasma-assisted process. In turn, these
results suggest the plasma-assisted process can be more effi-
cient for converting CO, into CO than the thermal process.

Besides the plasma of 10% H,/Ar, desorption and conversion
of the captured CO, (by CaO) could also be achieved with Ar
plasma. As shown in Fig. 2(d), desorption of CO and O, was
identified in the absence of H,, indicating that the desorbed
CO, was decomposed to CO and O, (2CO, <> 2CO + O,). In
contrast to the 10% H,/Ar plasma, the desorption rates for CO,
and CO decreased in the absence of H,. Specifically, the FWHM
for the desorption of CO, and CO was 33 and 26.5 min,
respectively, and the maximum rates of CO, and CO desorption
were 203 and 133 pmol (g~ '-min~"), which were achieved after
22.5 and 24 min, respectively. Additionally, the total desorption
of CO and CO, lasted approximately 70 min. The cumulative
total desorption of CO, and CO were 5.93 and 3.26 mmol g,
respectively, corresponding to 35.5% conversion of the captured
CO, (see Fig. 2(f). The significantly decreased rate of desorption
and CO, conversion under the Ar plasma was due to (1) the
decreased plasma (25.2 W versus 28.3 W) under the same
applied voltage and (2) the absence of highly active hydrogen-
related species such as. H and H,". Therefore, using an H,-
containing plasma can be considered as a more effective way to
regenerate CaO than Ar plasma.

2636 | RSC Sustainability, 2025, 3, 2632-2643

3.3. Influence of second metal/metal oxide

The results discussed above demonstrated the feasibility of
both 10%H,/Ar and Ar plasma-assisted processes for
desorption/conversion of captured CO, by CaO. The influence
of a second metal/metal oxide doping in the CaO sorbent on the
process was investigated only under the 10% H,/Ar considering
the higher desorption rate and CO, conversion. As shown in
Fig. 3, the influence of doping the CaO sorbent with 10 wt% Ni
(Ni;¢Ca0), 10 wt% ZrO, (Zr;,Ca0), 10 wt% MgO (Mg;,Ca0), and
5 wt% Ni + 5 wt% MgO (NizMgsCaO) has been selected for
investigations, considering the potential of enhancing the
stability of the CaO and/or desorption rate by adding these
species. It was found that the presence of all those metals/metal
oxides decreased the rate of desorption, as indicated by
reducing the maximum desorption rate shown in Fig. 3(a) and
increased FWHM time shown in Fig. 3(d). Nonetheless, the total
desorption of CO + CO, + CH, almost remained unchanged
(Fig. 3(b)), indicating that the DAC capacity of the doped CaO
for CO, was not affected. Specifically, the maximum desorption
rate decreased from >500 umol (g~ ' -min~") for CaO to <350
pmol (g~ *-min~") for both Mg;,CaO and Zr;,CaO. Additionally,
the FWHM time increased from 15.5 min for CaO to > 30 min
for both Mg;,CaO and Zr;,CaO (and completed desorption took
up to 70 min). The decreased desorption rate of the Mg,;,CaO
and Zr,,Ca0, however, was associated with slightly enhanced
CO, conversion as shown in Fig. 3(c).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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While the metal oxide doping decreased the rate of desorp-
tion, doping the CaO with metal (Ni) is found to have a negli-
gible influence on the desorption rate. The maximum
desorption rate of Ni;,CaO was almost identical to that of CaO,
and the FWHM time was only slightly increased. Interestingly,
the presence of Ni enhanced the desorption rate when the
NisMgsCaO was compared with the Mg;,CaO. The former
showed a maximum desorption rate of 474 pmol (g~ ' -min™")
and an FWHM time of 19 min, whereas the maximum rate and
FWHM time of the NisMg;CaO were 320 pmol (g *-min ") and
32 min. Even though the total desorption of all the studied
materials remained almost the same, the presence of Ni
increased the CO, conversion rate (into CO) compared to the
pure CaO sample as shown in Fig. 3(c). Nearly 70% of CO, was
converted over the CaO (without Ni), but the conversion
increased to 77% for the Ni;,CaO. The conversion decreased to
73% with decreasing Ni loading to 5 wt% for NisMgsCaO.
Indeed, the Ni-CaO composite-based material has been widely
employed as a dual-function material for CO, capture and
conversion based on conventional thermal processes.***>**~¢ In
this work, we demonstrate that the catalytic function of the Ni
(and other transition metals) can also be achieved during the
proposed plasma-assisted processes. Noteworthily, while Ni has
been considered as a typical methanation catalyst, the forma-
tion of CH, was negligible under the present conditions, most

© 2025 The Author(s). Published by the Royal Society of Chemistry

likely due to the different mechanisms in the plasma catalysis
in contrast to conventional thermal catalysis.

3.4. Tuning the selectivity from CO to CH,

While Ni doping showed lower CH, selectivity, we further
discovered that a Ru site could favor the formation of CH, under
plasma-assisted conditions. The formation of CH, was achieved
through either physically mixing a Ru/Al,0; methanation
catalyst with the CaO-based sorbent or using directly a Ru-
containing dual-function material, such as Ni-Ru CaO/CeO,~
Al,O that has been previously studied by the thermal-assisted
process.”* As shown in Fig. 4(a), a significant amount of CH,
was formed by mixing 0.1 g of Zr,,CaO sorbent with only 0.02 g
of Ru/Al,O; (Ru loading 4 wt%). Based on the cumulative total
desorption (see Fig. 4(b)), the total CH,, CO, and CO, desorption
were 2.0, 3.8, and 3.2 mmol g ', respectively. Those corre-
sponded to a composition of 22.2% CHy, 42.3% CO, and 35.5%
CO,, namely, 64.5% conversion of the captured CO, and 34.5%
selectivity of CH, (CH, selectivity increased nearly 7 times in
contrast to Zr;,CaO only). We note that the selectivity of CH,
could have been further enhanced by increasing the loading of
the Ru/Al,O; and decreasing the sorbent loading, which,
however, would have decreased the capacity of the unit volume
of the plasma reactor. Additionally, the presence of Ru/Al,0;

RSC Sustainability, 2025, 3, 2632-2643 | 2637
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also enhanced the rate of CO, desorption since the maximum
desorption rate increased, and both peak and FWHM times
decreased (see Fig. 4(c)).

Gratifyingly, when a Ru-containing dual-function material,
namely Ni-Ru CaO/CeO,-Al,O0, was used for CO, DAC and
conversion by the plasma, the selectivity to CH, increased and
the power requirement decreased. As shown in Fig. 4(d), the
power calculated from the Q-V Lissajous curve was only 7.7 W in
order to desorb/convert the captured CO, by the Ni-Ru CaO/
Ce0,-AlL,0, signifying a ca. 72% power reduction compared
with the bulk CaO sample. Moreover, the desorption was
significantly faster in contrast to the pure or doped CaO. It is
illustrated from Fig. 4(e) that the FWHM times for CO, and CH,
desorption were only 1.2 and 2.85 min, respectively, and
complete desorption was achieved within 10 min, which was 4
times lower than pure CaO Over the Ni-Ru CaO/CeO,-Al,O
dual-function material, CO, was captured through weak
chemisorption rather than bulk chemisorption/conversion of
CaO into CaCO;.* The activation energy for the CO, desorption/
weak chemisorption is significantly lower than that for bulk
CaCOj; decomposition (above 200 kJ mol™"),%” which can explain
the particularly short reaction time. Moreover, it was also
possible that the proximity of the adsorption and catalytic sites
in the Ni-Ru CaO/Ce0,-Al,O played a role in its enhanced
performance since the adsorbent and catalyst were impreg-
nated together rather than being only physically mixed.
Consequently, the rate of CO, desorption and conversion under

2638 | RSC Sustainability, 2025, 3, 2632-2643

the plasma conditions significantly increased. Based on the
cumulative total desorption (see Fig. 4(f)), the total CH,, CO,
and CO, desorption were 0.31, 0.02, and 0.3 mmol g !,
respectively. The outlet stream had a composition of 49.8%
CH,, 3.3% CO, and 46.9% CO,, while 53.1% conversion of the
captured CO, and 94% selectivity of CH, were also achieved. In
contrast to the results of CaO and Ni;,CaO sorbents, we
conclude that Ru played a significant role in CH, formation.
Similar to the conventional thermal catalytic CO, methanation
over the Ru/CeO,-based catalyst, we expect that both CO and
HCOO* intermediates®® could be involved in CH, formation
under the plasma conditions. Noteworthily, the Ni-Ru CaO/
Ce0,-Al,0 dual-function material employed in this study has
been extensively characterized previously,*** therefore, this
paper did not discuss the characterization results of the Ni-Ru
Ca0/Ce0,-Al,O sample.

3.5. Kinetics

The above discussion about the FWHM time and the maximum
peak desorption rate only provided a qualitative overview of the
desorption/conversion activities. Here, an apparent kinetic
model was developed based on the molar balance of the reactor
and the desorption data obtained over the pure CaO model
sorbent. Reactions (i)-(v) could be involved during the plasma
(10% H,/Ar) assisted desorption/conversion process. Since
CaO-CO, was not under steady-state but H, was under steady-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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state flow during the process, the plasma reactor was consid-
ered as a “semi-batch” reactor.

Ca0-CO, ™ CO, + Ca0 i)
Ca0-COs + Hy 2 Ca0 + CO + H,0 (ii)
Ca0-CO, + 4H, 2% CaO + CH, + 2H,0 (ii)
CO; + H, ™ CO + H,0 (iv)

CO, + 4H, © CH, + 2H,0 W)

Noteworthily, the formation of CO and CH, according to
reactions (iv) and (v) were negligible in contrast to reactions
(i)-(iii) because of the low CO, partial pressure (typically <1.5
kPa) and high space velocity (18000 mL (g ' h™ ")) during the
reaction process. Therefore, reactions (iv) and (v) were not
considered during the kinetics analysis. The molar balance of
the “semi-batch” reactor can be expressed as:

_ d}’lco2
dr

:(r1+r2+r3)V (4)

where n¢o, is the total mole number of captured CO, and ry, 15,
and r; are the rates of reactions (i)-(iii), respectively.

The reaction rates in eqn (4) can be expressed by the power
law model:

ry = kl Cgo2 (5)

Fi=2ors) =k, Clo, (6)

/

where k; is the rate constant of reaction (i), and ki i=2 or 3)
(K = kPEIZ, where Py, is the partial pressure of H,, fixed at 0.1
atm) is the apparent rate constant of reaction (ii) and (iii). Cco,
is the concentration of CO,, and a is the reaction order.
Combination of molar balance (eqn (4)) with rate equations

(eqn (5) and (6) yield:

900 () @)

Assuming different reaction orders, the Cgo, can be
expressed as a function of time by integrating eqn (7). For the
CaO model sorbent, a first-order kinetic was identified (eqn (8)).
Noteworthily, other kinetic models for solid-state reaction,
such as the Prout-Tompkins model,* geometrical contraction
models, and diffusion models,** which have been studied for
the kinetics of thermal decomposition of CaCO3,**% failed to fit
the data obtained in this study.

Ceo, = Ceoy,0exp| — (ki + K, + &, )1] (8)

Combining the rate equations (eqn (5) and (6)) with the
expression of Cco, (eqn (8)), the rate (apparent) constant k for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the desorption of CO,, CO, and CH, can be calculated based on
eqn (9)—(11).

In rco, =In ki +1n Ceo,, 0 — <k1 +ky + k;)z 9)
In reo = In &, +1In Ceoyo — (kl ny k;)z (10)
In rep, =In Ky +In Ceo, o — (ki + Ky + k)t (11)

The pure CaO sorbent was evaluated at different plasma
powers and the developed kinetic model was evaluated using
the resulting data. Fig. 5 shows the original data obtained over
the CaO at different plasma powers. According to the Q-V Lis-
sajous curve of the discharge (see Fig. 5(a)), the applied powers
were 24.7, 26.4, and 28.3 W, respectively. As shown in
Fig. 5(b)-(d), a small change in plasma power significantly
influenced the desorption rate. The maximum rate of CO + CO,
+ CH, decreased from 525 to 239 and 152 pmol (g ' -min ")
with decreasing plasma power from 28.3 to 26.4 and 24.7 W.
Further decreasing power to below 23 W showed almost no
activity, highlighting the importance of using plasma power
that would allow for optimum material performance. Mean-
while, the FWHM and peak time increased with a decrease in
desorption rate. As shown in Fig. 5(e), both FWHM and peak
times increase almost linearly with decreasing plasma power
from 28.3 to 24.7 W. Additionally, the influence of plasma power
on the rates of CO and CO, desorption was quite different (see
Fig. 5(c) and (d)), corresponding to a higher CO, conversion at
lower power (see Fig. 5(f)). As the power decreased from 28.3 W
to 26.4 and 24.7 W, CO, conversion increased from 70% to
84.6% (Fig. S8T) and 87.7% (Fig. SOT).

For the kinetic analysis, the normalized concentration of
CO, remaining in the sorbent was calculated based on the
amounts of CO, CO,, and CH, desorbed (eqn (12)).

21 ()
Z N; (total)

where n; (4 is the cumulative desorption of CO, CO,, and CH, at
time ¢, and 7; otan) is the cumulative total desorption of CO, CO,,
and CH,.

The changes of Cco, with time were calculated using eqn (12)
and the data are shown in Fig. 6(a) and (b). It was noticed that
the In (Cco,) decreased linearly with time after reaching the
maximum desorption rate, confirming the first-order desorp-
tion kinetics (eqn (8)). Noteworthily, before reaching the
maximum desorption rate, the plasma reactor was still under
a non-steady-state due to the changing of the reactor tempera-
ture; therefore, the relationship between Cco, and time deviated
from the first-order kinetic behavior. The apparent rate
constant k from the slope of the linear relationship represented
the sum of the rate constants of reactions (i)-(iii), namely
k =k, + k, + k;. The k-value could also be evaluated from the
rates of CO and CO, desorption (after reaching the maximum
rate) according to eqn (9) and (10). As shown in Fig. 6(b)-(d), the
k-values obtained from the Cgo, were similar to that obtained

Cco, =1— (12)
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from the rate of CO desorption, consistent with the developed
model. However, the k-values obtained from the rate of CO,
desorption were slightly lower than that obtained from the Cco,,
which was probably due to the presence of gas phase reactions,
such as CO, hydrogenation and splitting under plasma
conditions.

While the rate constants k; and k, from the eqn (9) and (10)
could have been evaluated based on the intercept of the linear
relationship between the rates of CO, and CO with time, such
a calculation was found to be invalid, potentially due to the
magnified error of the intercept by small changes in slope.
Hence, the average k-values shown in Fig. 6(b)—(d) were replot-
ted as a function of plasma power in Fig. 6(e). As shown in
Fig. 6(e), the k-value increased significantly with increasing
power. Besides the steady-state (after reaching the maximum
rate of desorption) kinetics, the changes in k-value during the
induction period can be obtained based on the differentiation
of In (Cgo,) with time (eqn (13)). As shown in Fig. 6(f), it was
found that the k-value during the induction period increased,
reaching a steady state after around 25-30 min, depending on
the applied plasma power.

N dIn C(j()2

k T (13)

4. Conclusions

We showcase an electrified process (capable of using intermit-
tent renewable energy) for the desorption and conversion of
captured CO, from atmospheric air. Specifically, the CaO based
sorbents can be employed for CO, direct air capture, and the
desorption and conversion were achieved through solely
nonthermal DBD plasma without additional heat supply. The
efficiency of the proposed plasma-assisted process is extensively
investigated based on the desorption rates of CO,, CO, and CHy,
the conversion of CO,, as well as the selectivity of CO and CH,
over the different CaO based sorbents. The desorption rates and
CO, conversion depend highly on the plasma power and the
composition of the sorbents. The desorption rate increases, but
CO, conversion decreases with increasing power. CO, conver-
sion is up to 87.7% with pure CaO as the sorbent under the
discharge of 10% H,/Ar at a power of 24.7 W. Meanwhile,
introducing Ni to the CaO sorbent increased CO, conversion
from 70 to 77% at a power of 28.3 W, and the rate of desorption
was almost not influenced. In contrast, the metal oxide addi-
tives, such as MgO and ZrO,, decrease the desorption rates with
only slightly increased CO, conversion. Additionally, the selec-
tivity of CO and CH, could be tuned. Typically, more than 95%
of CO selectivity could be obtained over the investigated
sorbents. The formation of CH, can be maximized (selectivity of
94%) over the Ni-Ru CaO/Ce0,-Al,0; dual function material,
which can be achieved at a significantly lower plasma power.
Moreover, the kinetics of such a plasma-assisted desorption and
conversion process are evaluated based on the nonsteady-state
semi-batch reactor model. The reactions are identified to be
first-order for both CO, desorption and hydrogenation and the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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rate constant is around 0.18 min " at a plasma power of 28.3 W.
To summarize, this research shows the feasibility of employing
DBD plasma for the desorption and conversion of CO, captured
by CaO sorbent from the atmospheric air. This process can be
coupled with Fischer-Tropsch synthesis, leading to a represen-
tative power-to-liquid process. With appropriate catalyst design,
the process can also produce methane with high selectivity,
known as the power-to-gas process. We suggest that future
research should focus on the materials design to improve the
desorption rate and CO, conversion, as well as CO or CH,
selectivity optimization, and a fundamental understanding of
the surface interaction mechanism between plasma-activated
species and the sorbent is critical to material design.
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