Chemical Engineering Journal 410 (2021) 128335

Chemical
Engineering
.. Journal

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

FI. SEVIER

Check for

Non-thermal plasma-assisted capture and conversion of CO; o

Sirui Li®", Michele Ongis ", Giampaolo Manzolini °, Fausto Gallucci

2 Inorganic Membranes and Membrane Reactors, Sustainable Process Engineering, Department of Chemical Engineering and Chemistry, Eindhoven University of
Technology, De Rondom 70, Eindhoven 5612 AP, The Netherlands
Y Group of Energy Conversion Systems, Department of Energy, Politecnico di Milano, Milano, Italy

ARTICLE INFO ABSTRACT

Keywords:

CO,, capture and conversion
Non-thermal plasma
Dielectric barrier discharge
CO,, splitting

Power to gas

CO;, capture and conversion have been considered as a promising solution to global warming and the storage of
renewable energy. However, it is a challenge to develop a process which combines capture with conversion
under mild reaction conditions and instantly respond to the intermittent power supply. In this research, plasma-
based CO; capture and splitting have been investigated by using the plasma generated in a DBD reactor packed
with hydrotalcite as the solid sorbent. Results indicated that plasma is capable of desorbing COy from the
hydrotalcite surface and this desorption starts instantly after the ignition of plasma. It was also observed that the
desorption stoped when the plasma was turned off, indicating the possibility for instant control of the process. CO
was produced during the plasma treatment and the average conversion of CO, during the detectable CO pro-
duction period is 41.14%. Based on the technological advantages it can provide, the discussion has been made on
the potential application as syngas production within the framework of “power to gas/liquid”, and CO2 emission
reduction from power plants.

1. Introduction

The increasing anthropogenic carbon emission has been recognised
as the main contributor to global warming and climate change. The
rising environmental concern resulted in new strategies and goals for the
development of modern society, including reduction of greenhouse gas
emissions and increase of renewable energy for a future climate-neutral
economy [1-3]. CO, capture and utilization (CCU) are expected to play
a very important role [4,5]. On the other hand, the transition from fossil
fuels to intermittent renewable energy urges the demand for energy
storage. Chemical storage, especially the “power to gas/liquid” process
has attracted lots of attention worldwide [6,7]. Using CO5 from air as the
carbon source, the carbon capture and conversion driven by renewable
energy enable the production of carbon-neutral fuels or chemicals,
benefiting lots of areas including chemical industry, transportation
sector etc. in terms of sustainability.

Direct air capture (DAC) which capture CO5 from ambient air, is one
of the most promising negative emission technology. Due to the highly
diluted concentration, the physical separation process is not economi-
cally feasible, while sorption with solid or liquid received more and

more attention [8,9]. Adsorption technology was mostly studied due to
its potential for low energy consumption, environmental footprint, and
suitable for various concentration [10,11]. Conventionally used
adsorption system includes temperature swing adsorption (TSA), pres-
sure swing adsorption (PSA) and vacuum swing adsorption (VSA) [12].
The sorbent regeneration through desorption of CO3 is normally done by
changing the temperature or the pressure. This desorption step normally
consumes most of the energy. Generally, TSA system suffers from the
time required for the temperature modulation while the PSA system
requires pressurisation/vacuum which will increase the cost and process
complexity. After the capture, transportation, storage or subsequent
conversion of captured CO; needs to be considered both from energy
and economic perspective. More importantly, the conversion of CO»
normally requires high temperature and pressure due to the stability of
the molecule. This results in low energy efficiency, additional cost on
equipment maintenance and other drawbacks.

What if we could instantly use the surplus of renewable energy to
desorb and convert the CO, previously adsorbed? A potential solution
can be offered by plasma technology.

Plasma, especially non-thermal plasma technology has been
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considered as a promising method for CO, conversion. The reaction in
non-thermal plasma is mainly driven by energetic electrons and reactive
species generated instead of heat, making it possible for thermody-
namically unfavourable reactions to occur at ambient condition [13].
CO4, dissociation via vibrational regime in non-thermal plasma offers a
potential route to achieve high energy efficiency [14]. In addition,
plasma technology has other advantages such as fast reaction, instant
control and environmental-friendly profile. Detailed review on CO,
conversion via non-thermal plasma has been done by Bogaerts et al.
[15,16], more information on the research progress as well as the
perspective on prospects and gaps have been presented.

Plasma can also cause desorption of chemicals from the sorbent.
Previous studies conducted by Yoshida et. al and Okubo et. al reported
the desorption of CO; from sorbent by plasma and showed faster
desorption than the thermal approach [17,18]. Combining desorption
and conversion, plasma provides the opportunity for adsorption-based
conversion of chemicals. Such a concept has been applied for the
treatment of hazardous air pollutants which normally have a low con-
centration [19,20]. The same approach can be applied to CO3 so that the
regeneration of sorbent by desorption and the reactions of conversion
can take place in one step. The energetic electrons, reactive species as
well as the local heating effect caused by plasma discharges could act on
the solid sorbent, causing fast desorption and splitting of CO5. This
would allow the direct production of useful chemicals from air without
the need for transporting the captured CO, and subsequent processes.
Moreover, both the capture and conversion will benefit from the ad-
vantages of the plasma process, especially the fast process and instant
control which enables easy coupling with fluctuating renewable energy.

Therefore, this research focus on the development of a non-thermal
plasma-based method for CO, capture and conversion. Using the com-
bination of solid sorbent and non-thermal plasma treatment in the same
reactor, plasma-induced desorption and CO, splitting have been inves-
tigated through experiments. Discussion on the application and the
related requirement has also been presented.

2. Materials and methods
2.1. Experiment set-up and reactor

The experimental set-up used in this series of tests is shown in the
Supportive Information, Fig. S1(a). CO5 and Ar were fed into the plasma
reactor with the flow rate controlled by two separate mass flow con-
trollers (Bronkhorst). An AC high voltage power supply (AFS G15S-
150K) was connected to the reactor for the generation of plasma. the
voltage across the reactor was measured by using a 1:1000 high voltage
probe (Tektronics P6015A), and a 100 nf capacitor was connected be-
tween the ground electrode and the grounding point. A 1:10 probe was
used to measure the voltage across this capacitor and the waveforms
were recorded by a digital oscilloscope (Picoscope 3405D). the
discharge power was calculated from the Lissajous figure which was
generated from the waveforms of voltage across the reactor and across
the capacitor. The composition of outlet gas from the reactor was ana-
lysed by using a Fourier Transform Infrared Spectroscopy (FTIR) spec-
trometer (Agilent Technology, Cary 630). The FTIR spectra were
recorded through the software Kinetic Pro and the concentration of COo,
CO was calculated through the software Microlab. The set-up was
controlled via a customised Labview interface which was installed on a
lab computer.

A coaxial-cylinder DBD plasma reactor was installed in the experi-
mental set-up. As shown in Fig. S1(b), the reactor wall is made of an
alumina tube with external and internal diameters of 14.90 mm and
10.35 mm correspondingly. a metallic mesh is attached to the outside of
this tube, acting as the ground electrode. A stainless-steel rod with a
diameter of 8 mm is connected to the power supply and placed inside
this tube, acting as the high voltage electrode. The discharge gap is kept
as 1.175 mm and the length of the discharge region is 100 mm. 3.60 g
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commercially available hydrotalcite pellets (PURAL MG 30, Sasol) have
been modified into a size range 250-355 um and packed inside the
discharge region. For the comparison study, quartz sand within the same
size range was packed into the reactor and tested under the same
condition.

2.2. Electrical parameters and analysis method

DBD plasma reactor was operated with 7 kV voltage at 50 kHz. Ex-
amples of the voltage and current waveforms are shown in Fig. S2 (a)
and (b). The Lissajous figure which used for power calculation is shown
in Fig. S2 (c). The conversion of CO; is defined as * in equation (1). The
energy efficiency of plasma-induced CO; splitting 1 is calculated using
equation (2).

co
- 7 «1 1
7 =51 co, 10 m
n(%) = AHSyg, (J/mol) x CO production (mol) % 100 )

plasma discharge power(w) X time(s)
2.3. Adsorption tests

First, the DBD reactor was flushed with Ar flow (40 ml/min). Then
the feed gas flow was switched to a gas mixture (50% CO2 and 50% Ar)
with a total flow rate of 40 ml/min to be sent to the reactor packed with
the hydrotalcite for the adsorption tests. The same procedure was
applied to the reactor packed with quartz sand. It should be noted that
this concentration and flow rate was selected due to practical conve-
nience and measurement accuracy. The gas mixture stream was only
used for the sorbent to adsorb CO». Different concentration can also be
used as long as the sorbent can be saturated. Our study focuses on the
plasma-induced desorption and conversion of CO, and the adsorption
behaviour is out of the scope.

The concentration of CO3 in the gas outlet was monitored during the
adsorption tests and results are shown in Fig. S3 (a). In both cases, CO5
concentration started from 0% at the beginning and reached 50% at the
end. As the quartz sand does not adsorb CO,, the change in concentra-
tion of COy in the reactor packed with quartz sand was mainly caused by
the flow switching. While in the case of hydrotalcite, besides the influ-
ence caused by flow switching, CO2 was adsorbed until the sorbent was
saturated, leading to a longer time required to reach 50% concentration.
Using the quartz sand case as the control group, the CO, adsorption on
hydrotalcite can be indicated by the differential flow of CO5 between the
tested two cases (calculated through equation (3)) and the results are
indicated in Fig. S3 (b). The total amount of CO, adsorbed during the
tested 5 min is calculated from the integration of the differential flow
rate over time.

Fy = |Fuytrorateire — F guartz sand| (3)

Fq is the differential flow rate of COg;

Fhydrotalcite is the flow rate of CO; in the case of reactor packed with
the hydrotalcite;

Fquartz sand is the flow rate of CO» in the case of reactor packed with
the quartz sand.

3. Results and discussion
3.1. Plasma-induced desorption of CO2

The total amount of CO, adsorbed by packed hydrotalcite is 19.72
ml, corresponding to an adsorption capacity of 0.23 mmol/g. After the
adsorption, desorption tests were performed. The feed gas was switched
to 100% Ar with a flow rate of 40 ml/min. After 900 s, plasma was
ignited and operated with 7 kV voltage at 50 kHz during the entire
exposure. The CO5 concentration is shown in Fig. 1 (a). In the first 900 s,
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Fig. 1. During the desorption tests, (a) CO, concentration in the gas outlet of
the reactor; (b) Differential volumetric flow of CO, in outlet gas as a function
of time.

CO;, released from hydrotalcite due to the Ar flushing, hence a slower
drop in concentration was observed compared with the quartz sand case.
After the plasma ignition, a peak in the concentration of CO, was
observed in hydrotalcite case, this indicates the plasma-induced
desorption of CO,. The increase in concentration started around 1000
s and reaches to its maximum of 4.64% at 1172 s. Considering the delay
of around 100 s in pipeline transportation and measurement time in our
experimental system, it can be concluded that the plasma-induced
desorption took place very quickly after the plasma ignition.

Using the differential flow rate of CO, between two cases, desorption
of CO5 can be indicated as shown in Fig. 1 (b). The first desorption peak
was caused by Ar flush while the plasma contributed to the second peak,
corresponding to the 15.48 ml and 14.95 ml of CO, desorbed. The total
amount of CO; released (30.43 ml) is larger than the amount measured
in adsorption tests. The main reason is that there was COy already
adsorbed in the hydrotalcite sample before the adsorption tests. To
quantify this amount, fresh hydrotalcite sample was flushed with 40 ml/
min Ar flow and then exposed directly with plasma under the same
condition without the adsorption stage. The concentration of CO; is
shown in Fig. 2. Even without the adsorption stage, there was still CO5
desorbed by plasma, and the total amount is 11.38 ml. It should be noted
that besides the CO5 capture from air before the adsorption stage, and
the decarbonation of hydrotalcite sample could also release CO, as re-
ported in Hibino et al. [21]. These results are already very interesting as
previous works of Coenen et al. [22] has shown that in thermochemical
processes, a minimum temperature of 600 °C is to be reached to remove
completely the CO, from hydrotalcite, while here it is done at room
temperature by just switching the plasma. CO was also detected during
the plasma exposure and a more detailed study on CO production is
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Fig. 2. CO, concentration in the case of fresh hydrotalcite sample treated
by plasma.
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discussed in the later section.

In another experiment, the same amount of hydrotalcite sample was
pre-saturated with CO5 and exposed to plasma under the same condi-
tion. During this test, plasma was switched off at 210 s and then
switched back on at 510 s, the concentration of CO; is shown in Fig. 3.
Plasma induced CO5 desorption was observed during the first period
(0-210 s). Shortly after switching off the plasma, the concentration
decreased to 0% from 270 s to 500 s. from 600 s, the increase of COo
concentration was again observed. Considering the delay time for
pipeline transportation and measurement, the results indicate a fast
“on-off” control of plasma-induced CO, desorption. Yoshida et. al
compared the CO; desorption from zeolite by plasma with thermal
desorption at the same level of power consumption [17]. Their results
showed that plasma-induced desorption is more significant and rapid,
indicating that the desorption is related to the effect of bombardment by
active species such as energetic electrons, ions, radicals and excited
molecules. Since those active species are generally short-lived and only
can be generated when plasma is on, the switching of plasma is instantly
affecting desorption of CO, as observed in this research. However, the
contribution from thermal desorption can not be completely ruled out
since plasma could also introduce fast heating on the sorbent surface.

3.2. plasma-induced CO production

Three consecutive cycles of CO5 adsorption and desorption were
performed with hydrotalcite packed DBD reactor. In each cycle, a gas
mixture of 20 ml/min Ar and 20 ml/min CO5 was used in the adsorption
phase for 300 s, then the flow was switched to 40 ml/min Ar for 900 s of
flushing, followed by plasma exposure for 1800 s. The concentration of
CO2 and CO during plasma exposure is shown in Fig. 4. Desorption of
CO4 is more significant in the first cycle than the following two cycles.
The total amount of CO; desorbed for cycle 2 and cycle 3 are below 13
ml, while more than 15 ml of CO; is desorbed in cycle 1. An opposite
tendency was observed in the case of CO production. In cycle 1, the
maximum concentration is less than 1% and the total amount produced
is 0.69 ml. In cycle 2 and cycle 3, the maximum CO concentration both
exceed 2% with the total amount of 4.00 ml and 4.83 ml correspond-
ingly. This difference is attributed to water released from hydrotalcite.
The hydrotalcite sample contains H2O in its interlayer and HyO adsorbed
form air before the tests. The relative humidity of the gas flow increased
from 17 to 30% during the plasma exposure in the first cycle, while the
humidity stays in the range of 15-17% during cycle 2 and 3. The exis-
tence of HyO has a negative effect on CO, conversion in plasma, for
example, OH radical produced from water dissociation quickly recom-
bines with CO to produce CO3, hence limits the CO, conversion [15]. In
our case, HyO released from the sample during plasma exposure led to
less CO4 converted to CO, hence there is less production of CO but higher
CO4, concentration in cycle 1. Normally, high temperature heating up to
600 °C was used for release HoO and CO;, as pretreatment of hydrotalcite
[22]. This pretreatment can be replaced by a plasma process under mild
condition.

It should be also mentioned that the CO, was detected until the end
of the plasma exposure even the concentration is below 0.5%. however,
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hydrotalcite.

CO was only detectable at the beginning period of plasma exposure, then
the concetration drops below the measurement level of our system. The
time of detectable CO production for cycle 2 and 3 is less than 530 s.
During this period, the average conversion of CO5 is 41.14%, and energy
efficiency for COy splitting is 0.41%. comparing to other work with DBD
reactor, this conversion is generally higher but the energy efficiency is
very low. The typically reported CO; conversion and energy efficiency
with DBD reactor are up to 30% and 5-10% respectively [15,23]. One of
the main reasons is because a high concentration of Ar was used as the
carrier gas. The effect of Ar dilution in a flow DBD system has been
investigated by Ray et al. [24], COy conversion increase with the
increasing Ar ratio. In our case, the desorbed CO; is directly in an Ar
environment, similar to a case which using CO5 highly diluted by Ar.
Due to the presence of Ar with high concentration, the energy was
mainly used for the ionisation and excitation of Ar molecule instead of
the activation of CO», hence the energy efficiency is low. At the same
time, the breakdown voltage is decreased due to the existence of Ar,
resulting in higher mean electron energy and electron density, hence the
conversion of CO; is enhanced [25,26].

The conversion of CO has a transient behaviour as shown in Fig. 4
(b). It can be seen that at the beginning, most of the adsorped CO, was
converted to CO rather than simply desorbed as gas-phase CO,. With
longer plasma exposure, gas-phase CO2 became the major product and
later became the only product when there is no detectable CO but still a
low concentration of gas-phase CO» produced. The peak conversion of
CO in cycle 2 and cycle 3 exceed 63%. Such behaviour is related to the
reaction mechanism and rate of CO, desorption. The detailed mecha-
nism of plasma-induced desorption and conversion is not fully under-
stood yet. However, based on several previous studies [27,18], a
plausible mechanism is proposed as shown in Fig. 4 (c). COy was first
adsorbed on the hydrotalcite surface during the adsorption stage. When
the plasma was generated, energetic electrons, ions as well as excited
radicals are produced and bombard the surface of hydrotalcite, causing
the adsorbed CO; to be desorbed as gas-phase CO,. Then they can be
further converted to CO by plasma, and this part of the reaction mech-
anism is the same as discussed by other studies with gas-phase CO5
conversion [28]. At the same time, part of the adsorbed CO5 could also
be directly split and produce gas-phase CO.
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3.3. Desorption and conversion of COz captured from air

An experiment combining CO captured from air and plasma treat-
ment has been performed. Hydrotalcite sample was packed inside the
DBD reactor and pre-treated by plasma for 60 min. Then air with a flow
rate of 400 ml/min was flowing through the reactor for 15 h. after that,
flushing and plasma treatment with 40 ml/min of Ar flow was conducted
(same procedure as previous tests). The concentration of CO and CO, are
shown in Fig. 5. Both CO and CO; were measured during plasma
exposure, this indicated that the plasma-induced desorption and con-
version can be combined with direct air capture of CO,. Since the
adsorption and the plasma treatment are two separate stages, the con-
centration of CO, in the feed stream in the adsorption stage should not
affect the later process as long as the sorbent can be saturated. However,
the total CO production is only 1.05 ml. The results are similar to the
results obtained from cycle 1 as shown in Fig. 4 (a). This can be
explained by the adsorption of HyO along with CO from air during the
adsorption stage. The relative humidity measured at the outlet of the
reactor increased from 21% to 29%. Due to the existence of Hy0, pro-
duction of CO is limited, just as in the case of cycle 1.

4. Consideration of applications with plasma-based capture and
conversion of CO,

4.1. Plasma-based DAC and conversion for “power to gas” via syngas
production

Syngas production is often been considered as the central element of
power to gas system, and the conversion of CO2/H0 into syngas is the
critical step from both technical and economical point of view [29].
Conventionally, CO; is converted to CO through CO-shift process such as
reverse water gas shift reaction [6]. This will no longer be needed for the
plasma-based process. As shown in Fig. 6, excessive electricity generated
from renewable sources can be used to power the plasma process to
capture CO» from air and convert it into CO. along with Hy produced
from electrolysis which is also powered by renewable electricity, syngas
can be produced and fed to the later process such as methanation, FT
synthesis and Methanol synthesis. End products including CH4, meth-
anol and other valuable hydrocarbons will be used as fuel, for produc-
tion of various chemicals, electricity generation or domestic uses such as
heating. Due to the rapid switching feature of the plasma process, it is
possible to desorb and convert CO, with highly dynamic power supply

—+—CO
——CO,

Concentration (%)

0 500 1000 1500 2000 2500
Time (s)

Fig. 5. The concentration of CO and CO, during plasma exposure of hydro-
talcite which captured CO, from air.
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condition, providing the ability to meet the intermittent demand of
balancing the dynamic electric power generation from renewable
sources [30]. The entire process uses only air, water and renewable
energy as input and takes the advantages with plasma technology,
providing an environmental-friendly solution for CO5 conversion and
energy storage. This can also serve as an alternative to coal gasification
or natural gas reforming which is not CO, neutral. Plasma-based tech-
nology is under development and its energy efficiency can not be
directly compared with mature technology [31]. A target efficiency of
60% has been proposed in literature for CO; splitting via plasma to be
competitive with existing processes and some plasma type such as
gliding arc and MW are very promising [15].

4.2. Conversion of COz from power plant emission

Besides the direct air capture and integration with renewable energy
sources, the plasma-based capture and conversion of CO; can also be
considered for the conversion of CO, emission in the conventional
power generation sector such as coal or gas-fired power plants. How-
ever, the requirement for energy efficiency is very critical. Taking a gas
turbine combined cycle (GTCC) power plant as an example, a plasma
system is integrated with it and use part of the electricity it generated.
Considering the energy released from CH4 combustion is 9.25 eV/mol,
GTCC has an efficiency of 60% for electricity generation and 2.9 eV/
mole is required for CO splitting [32], the energy efficiency require-
ment for plasma as a function of CO; conversion is shown in Fig. 7. For
conversion to increase 1%, the energy efficiency of the plasma process
needs to be increased at least 0.52% to maintain net electricity pro-
duction. Higher net electricity generation efficiency requires higher
energy efficiency of the plasma process. Up to 14% penalty on electricity
generation efficiency has been reported for CO; capture integrated with
GTCC [10,33,34]. If the same energy penalty is considered, much higher
energy efficiency will be required for the plasma process (indicated as
the red line), and the CO5 conversion can never exceed 44.7%. On the
other hand, the production of CO could be a compensation to the energy
penalty of the integrated process. However, CO, conversion needs to be
considered as well. Based on the sensitivity analysis conducted by Ger-
ard et al, improving the conversion can be effective to lower the price of
CO due to the high cost on separation [35].

4.3. Current problems and recommendation for future research

Although the concept of plasma-assisted CO4 capture and conversion
has great potential, it still needs a lot of development before it can be
applied to practical scenarios. According to the results presented in this
research, one of the major hurdles is the energy efficiency which needs
to be largely improved. Low energy efficiency is a general problem with
DBD reactor for CO2 splitting, different types of plasma may be
considered such as gliding arc or microwave which already showed a
better energy efficiency. On the other hand, Ar was used as the carrier
gas during plasma exposure in this study and this reduced the energy
efficiency. Considering the actual application in combination with direct
air capture, air as the carrier gas or even no carrier case needs to be
further studied. Under such conditions, conversion of CO5 and energy
efficiency could be much different. The concentration of CO and CO,
achieved in this study is low due to the use of large amount of Ar as the
carrier gas. Since the production of high purity of CO stream is desired in
practical application, investigating the effect of carrier gas along with
improving the conversion of CO2 by plasma needs to be considered for
future study. Besides, the detailed mechanisms of plasma-induced
desorption and conversion of CO2 need to be investigated. In addition
to the research in plasma, development of high capacity sorbent which
could be used in the plasma environment is also the key direction to
explore in the future.
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5. Conclusions

This research investigated plasma-based CO2 capture and conversion
using DBD plasma reactor packed with hydrotalcite. Plasma induced
desorption of CO, was observed shortly after the plasma ignition and it
stopped instantly when the plasma was switched off. CO was produced
at the beginning of the plasma exposure and the conversion of CO,
decrease with the time. The average conversion achieved during the CO
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Fig. 7. Energy efficiency requirement for plasma process to be integrated with
GTCC power plants.

production period is 41.14%. It has been proved that the CO capture
and conversion can be merged into one plasma-sorbent system. Based on
the concept described in this research, potential applications have been
discussed including plasma-based DAC and conversion of CO5 for energy
storage through the production of syngas. This technology will provide a
sustainable solution to the “power to gas/liquid” with reduced cost and
complexity. On the other hand, improvement of energy efficiency will be
the key to bring this promising concept closer to application. Further
research on the details of the mechanism, in-depth study on air capture-
based cases and development of high capacity sorbent are
recommended.

CRediT authorship contribution statement

Sirui Li: Conceptualization, Methodology, Investigation, Writing -
original draft. Michele Ongis: Investigation. Giampaolo Manzolini:
Supervision. Fausto Gallucci: Conceptualization, Methodology,
Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We would like to thank Kai Coenen, Arash Rahimalimamaghani, Jose
Medrano and Rohit Chaudhary for their help with experiment set-ups.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.cej.2020.128335.

References

[1] W.V. Masson-Delmotte, P. Zhai, H.-O. Portner, D. Roberts, J. Skea, P. R. Shukla, A.
Pirani, M.I. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J. B. R. Matthews, Y.
Chen, X. Zhou, M. T.T.W. Gomis, E. Lonnoy, T. Maycock, “Global warming of 1.5
°C, IPCC Special Report, 2018.


https://doi.org/10.1016/j.cej.2020.128335
https://doi.org/10.1016/j.cej.2020.128335

S. Li et al

[2]

[3]

[4]

[5]

[6]
7]
(8]

[9]

[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]

[18]

[19]

T. Belete, Evaluation of (plasma-assisted) Decomposition of Transition Metals
Doped CaCO3 for CO2 Capture and Conversion, Eindhoven University of
Technology, 2019.

European Commission, “Green Paper — A 2030 framework for climate and energy
policies,” COM(2013) 169 Final, pp. 1-16, 2013.

P. Gabrielli, M. Gazzani, M. Mazzotti, The role of carbon capture and utilization,
carbon capture and storage, and biomass to enable a net-zero-CO2 emissions
chemical industry, Ind. Eng. Chem. Res. 59 (15) (2020) 7033-7045.

R.M. Cuéllar-Franca, A. Azapagic, Carbon capture, storage and utilisation
technologies: a critical analysis and comparison of their life cycle environmental
impacts, J. CO2 Util. 9 (2015) 82-102.

P. Schmidt, W. Weindorf, Power-to-Liquids: Potentials and Perspectives for the
Future Supply of Renewable Aviation Fuel, 2016.

M. Gotz, et al., Renewable power-to-gas: a technological and economic review,
Renew. Energy 85 (2016) 1371-1390.

X. Shi et al., Sorbents for the Direct Capture of CO2 from Ambient Air, Angew.
Chemie - Int. Ed., vol. 59, no. 18, pp. 6984-7006, 2020.

F. Sabatino, M. Mehta, A. Grimm, M. Gazzani, F. Gallucci, G.J. Kramer, M. van Sint
Annaland, Evaluation of a direct air capture process combining wet scrubbing and
bipolar membrane electrodialysis, Ind. Eng. Chem. Res. 59 (15) (2020) 7007-7020.
E.I Koytsoumpa, C. Bergins, E. Kakaras, The CO2 economy: Review of CO2 capture
and reuse technologies, J. Supercrit. Fluids, 132 (January) 2017, 3-16.

M. Bui, et al., Carbon capture and storage (CCS): the way forward, Energy Environ.
Sci. 11 (5) (2018) 1062-1176.

E.S. Sanz-Pérez, C.R. Murdock, S.A. Didas, C.W. Jones, Direct capture of CO2 from
ambient air, Chem. Rev. 116 (19) (2016) 11840-11876.

B. Ashford, X. Tu, Non-thermal plasma technology for the conversion of CO2, Curr.
Opin. Green Sustain. Chem. 3 (2017) 45-49.

W. Bongers, et al., Plasma-driven dissociation of CO2 for fuel synthesis, Plasma
Process. Polym. 14 (6) (2017) 1-8.

R. Snoeckx, A. Bogaerts, Plasma technology-a novel solution for CO2 conversion?
Chem. Soc. Rev. 46 (19) (2017) 5805-5863.

A. Bogaerts, G. Centi, Plasma technology for CO2 conversion: a personal
perspective on prospects and gaps, Front. Energy Res. 8 (July) (2020) 1-23.

K. Yoshida, M. Okubo, T. Yamamoto, Distinction between nonthermal plasma and
thermal desorptions for NOx and CO2, Appl. Phys. Lett. 90 (13) (2007) 10-13.
M. Okubo, T. Kuroki, H. Yamada, K. Yoshida, T. Kuwahara, CO2 concentration
using adsorption and nonthermal plasma desorption, IEEE Trans. Ind. Appl. 53 (3)
(2017) 2432-2439.

K. Inoue, H. Okano, Y. Yamagata, K. Muraoka, Y. Teraoka, Performance tests of
newly developed adsorption/plasma combined system for decomposition of
volatile organic compounds under continuous flow condition, J. Environ. Sci. 23
(1) (2011) 139-144.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]
[30]

[31]

[32]
[33]
[34]

[35]

Chemical Engineering Journal 410 (2021) 128335

S.K.P. Veerapandian, N. De Geyter, J.M. Giraudon, J.F. Lamonier, R. Morent, The
use of zeolites for VOCs abatement by combining non-thermal plasma, adsorption,
and/or catalysis: a review, Catalysts 9 (1) (2019).

T. Hibino, Y. Yamashita, K. Kosuge, A. Tsunashima, Decarbonation behavior of Mg-
Al-CO3 hydrotalcite-like compounds during heat treatment, Clays Clay Miner. 43
(4) (1995) 427-432.

K. Coenen, F. Gallucci, P. Cobden, E. van Dijk, E. Hensen, M. van Sint Annaland,
Chemisorption working capacity and kinetics of CO2 and H20 of hydrotalcite-
based adsorbents for sorption-enhanced water-gas-shift applications, Chem. Eng. J.
293 (2016) 9-23.

A. Bogaerts, E.C. Neyts, Plasma technology: an emerging technology for energy
storage, ACS Energy Lett. 3 (4) (2018) 1013-1027.

D. Ray, R. Saha, S. Ch, DBD plasma assisted CO2 decomposition: influence of
diluent gases, Catalysts 7 (9) (2017) 244.

S. Xu, P.I. Khalaf, P.A. Martin, J. Christopher Whitehead, CO2 dissociation in a
packed-bed plasma reactor: effects of operating conditions, Plasma Sources Sci.
Technol. 27 (7) (2018).

M. Ramakers, I. Michielsen, R. Aerts, V. Meynen, A. Bogaerts, Effect of argon or
helium on the CO2 conversion in a dielectric barrier discharge, Plasma Process.
Polym. 12 (8) (2015) 755-763.

T. Yamamoto, C. Yang, Plasma desorption and decomposition, in: Conference
Record of 1998 IEEE Industry Applications Conference. Thirty-Third IAS Annual
Meeting (Cat. No. 98CH36242), 1998, pp. 1877-1883.

R. Aerts, W. Somers, A. Bogaerts, Carbon dioxide splitting in a dielectric barrier
discharge plasma: a combined experimental and computational study,
ChemSusChem 8 (4) (2015) 702-716.

A.P.H. Goede, L. Cifarelli, F. Wagner, CO2 -neutral fuels, EPJ Web Conf. Provid. 98
(2015) 07002, https://doi.org/10.1051/epjconf/20159807002.

R. Rosa, The role of synthetic fuels for a carbon neutral economy, C 3 (4) (2017)
11.

A. Lebouvier, S.A. Iwarere, P. D’Argenlieu, D. Ramjugernath, L. Fulcheri,
Assessment of carbon dioxide dissociation as a new route for syngas production: a
comparative review and potential of plasma-based technologies, Energy Fuels 27
(5) (2013) 2712-2722.

L.F. Spencer, A.D. Gallimore, Efficiency of CO2 dissociation in a radio-frequency
discharge, Plasma Chem. Plasma Process. 31 (1) (2011) 79-89.

D. Jansen, M. Gazzani, G. Manzolini, E. van Dijk, M. Carbo, Pre-combustion CO2
capture, Int. J. Greenh. Gas Control 40 (2015) 167-187.

S. Can Giilen, C. Hall, Gas turbine combined cycle optimized for postcombustion
carbon capture, J. Eng. Gas Turbines Power 140 (9) (2018) 1-9.

G.J. Van Rooij, H.N. Akse, W.A. Bongers, M.C.M. Van De Sanden, Plasma for
electrification of chemical industry: a case study on CO2 reduction, Plasma Phys.
Control. Fusion 60 (1) (2018).


http://refhub.elsevier.com/S1385-8947(20)34447-8/h0010
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0010
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0010
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0020
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0020
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0020
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0025
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0025
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0025
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0035
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0035
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0045
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0045
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0045
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0055
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0055
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0060
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0060
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0065
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0065
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0070
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0070
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0075
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0075
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0080
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0080
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0085
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0085
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0090
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0090
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0090
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0095
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0095
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0095
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0095
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0100
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0100
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0100
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0105
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0105
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0105
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0110
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0110
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0110
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0110
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0115
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0115
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0120
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0120
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0125
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0125
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0125
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0130
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0130
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0130
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0140
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0140
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0140
https://doi.org/10.1051/epjconf/20159807002
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0150
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0150
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0155
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0155
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0155
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0155
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0160
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0160
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0165
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0165
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0170
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0170
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0175
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0175
http://refhub.elsevier.com/S1385-8947(20)34447-8/h0175

	Non-thermal plasma-assisted capture and conversion of CO2
	1 Introduction
	2 Materials and methods
	2.1 Experiment set-up and reactor
	2.2 Electrical parameters and analysis method
	2.3 Adsorption tests

	3 Results and discussion
	3.1 Plasma-induced desorption of CO2
	3.2 plasma-induced CO production
	3.3 Desorption and conversion of CO2 captured from air

	4 Consideration of applications with plasma-based capture and conversion of CO2
	4.1 Plasma-based DAC and conversion for “power to gas” via syngas production
	4.2 Conversion of CO2 from power plant emission
	4.3 Current problems and recommendation for future research

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


