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H I G H L I G H T S

• Synergy between plasma and calcium
oxide for Reverse Water Gas Shift is
found at low temperatures.

• Kinetic description allows quantifica-
tion of synergy.

• Changes in plasma properties and
plasma-chemistry are minimized by
reactor optimization.

• Synergy caused by new plasma-cata-
lytic pathway with plasma activated
species.
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A B S T R A C T

This study reports on synergy between Dielectric Barrier Discharge plasma and calcium oxide as a catalyst for the Reverse Water Gas Shift (RWGS). Any effect of the
presence of the catalyst on the contribution of plasma chemistry, i.e. chemical conversion in the plasma, is minimized by using a fixed bed of α-Al2O3 particles as a
blank experiment and adding a small amount of calcium oxide, with similar dielectric constant, particle size and shape. This approach results in constant plasma
power and ensures also that the residence time and specific energy input remain unchanged. Furthermore, synergy is determined based on reaction rates at fixed
conditions, i.e. concentrations and temperature, based on kinetic equations derived from integral experiments, describing both thermal operation and plasma
operation and both in absence and presence of calcium oxide. This approach has not been applied so far to study plasma-catalysis synergy.
The experimental results in thermal and plasma operation are well described with kinetic equations based on power rate laws. Synergy is observed at the lower

operational temperatures (640 °C) with a rate-enhancement factor of 1.7, steadily decreasing with increasing temperature until disappearing at 750 °C. The con-
centrations of CO2, H2 and H2O have no significant influence. Synergy is attributed to a new reaction pathway involving interaction of plasma activated intermediates
with the CaO surface, with a relatively low apparent activation barrier of 40 kJ mol−1. Much higher activation barriers are observed for both thermal-catalytic RWGS
on CaO (140 kJ mol−1) as well as for plasma operation with Al2O3 only (90 kJ mol−1). We suggest that reaction of surface CaCO3 with plasma generated H radicals is
the rate determining step, in contrast to plasma chemistry where CO2 cannot be activated with H radicals.

1. Introduction

Plasma catalysis is receiving more and more attention in the last few
years, since the specific interactions between plasma and catalyst sur-
face may lead to synergistic effects [1–3]. In the last decade research
has been focused on conversion of CO2 [4–8], conversion of

hydrocarbons via dry reforming and coupling [9–11] as well as acti-
vation of N2 [12,13]. Ammonia synthesis is an example of an exo-
thermic reaction, where plasma catalysis holds promise because of ac-
tivation of N2 at low temperature. Methane coupling and CO2
dissociation are examples of endothermic reactions, which are more
challenging, especially when aiming at conversion beyond
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thermodynamic equilibrium.
Dielectric Barrier Discharge (DBD) plasma reactors are frequently

used for studying plasma-catalytic conversion [14–16]. The high AC
voltages applied at relatively low frequency (50 to 105 Hz) produces a
non-equilibrium plasma with very high electron temperatures (1–10 eV
equal to 104–105 K), rather high vibrational temperatures (103 K), and
rather low rotational and translational temperatures, i.e. the tempera-
ture of the gas. Therefore, any temperature increase induced by the
plasma is typically smaller than 100 K [14,16]. The concept that energy
would be directed directly to bond breaking, without the need to heat
up the gas mixture completely, is very attractive as heat exchangers to
recover the heat would become redundant. The presence of a dielectric
between the two electrodes prevents the formation of hot plasma in
sparks, forming instead several microfilaments, resulting in a more
uniform plasma. The low gas temperature allows application of a cat-
alyst directly in the plasma without fast sintering and deactivation.
Moreover, relatively low temperatures are required for catalysis in the
first place, enabling adsorption of molecules, possibly vibrationally
excited. Starting and stopping plasma reactors can be achieved much
faster than usual thermal reactors, which is an advantage when fast
capacity changes are required, e.g. in connection with intermittent
energy supply and storage. Furthermore, DBD plasma can be generated
at atmospheric pressure, which is interesting from the application point
of view.

Promising results were presented for several reactions, including
CO2 decomposition and hydrogenation [4,6,17–27] and dry reforming
of CH4 [9,10,28–35], in terms of high conversion and selectivity.
However, the main issue of DBD reactors remains the low energy effi-
ciency achieved, i.e. the ratio between chemical energy stored in the
produced molecules and electrical energy applied, which rarely sur-
passes 10%. This is caused by both energetically very expensive dis-
sociative excitation by electron impact, consuming a significant part of
the energy supplied, as well as dissipation of vibrational excitation to
translation and rotation modes, i.e. heating up [36–39]. Microwave
plasma reactors, using GHz frequencies, are at one hand more suitable
because of less dissociative excitation, but at the other hand operate at
much higher temperatures [40–42], limiting the opportunities for
plasma catalysis.

Interaction between plasma and catalyst proceeds in many ways
[1,2]. The plasma will produce new chemical species including acti-
vated species, such as radicals and ions, which may adsorb on the
catalyst surface, opening new reaction pathways and influencing the
products distribution. Plasma can also induce photocatalytic effects by
generating UV irradiation, impingement of charged particles and
thermal fluctuations. The surface and subsurface of a catalyst can be
modified by plasma via poisoning, implantation, sputtering, and
etching. The presence of a catalyst influences the plasma by changing
the electrical field distribution, but also modifying the free volume and
the residence time in the plasma zone. A DBD plasma in an empty re-
actor is by nature filamentary, while a packed bed DBD plasma is en-
hanced at the contact points between particles [43–45]. For all these
reasons the effects of plasma and catalyst on a specific reaction are
strongly correlated and could result in synergy, i.e. when the reaction
rate in presence of both catalyst and plasma is higher than the sum of
the rates in presence of plasma-only and catalyst-only at identical
conditions [1].

Plasma-catalytic CO2 hydrogenation has been studied for metha-
nation [18,22,26,46–48], production of methanol [25,49] and Reverse
Water Gas Shift [22,27]. The catalysts used in these studies have been
selected based on their favorable performance in thermal catalysis, e.g.
Ni on various supports for methanation [17,21,25,46], Cu for methanol
production [24] and Au for RWGS [26]. These studies focused on the
assessment of synergy and many claim synergistic effects based on the
observation that conversion during thermal operation is low, whereas
combination of plasma and catalyst increased the conversion sig-
nificantly [18,22,26,46–49]. The effect of temperature increase induced

by the plasma is explicitly considered in only one study [25]. Moreover,
conversion in plasma-only and in plasma with catalyst is compared in
some studies without addressing the effect of the presence of the fixed
bed catalyst on the plasma properties [18,25,47–49]. The presence of
the catalyst as a dielectric material will induce changes in the electrical
field distribution, electron energy distribution and number of streamers
or surface discharges [19,24,43–45]. Finally, changes in residence time
or in Specific Energy Input (SEI, energy input per molecule feed) be-
tween empty and packed bed reactors were often not considered
[18,25,47–49]. The approach used in this study focuses on minimizing
any differences in the plasma, residence time and SEI by keeping the
properties of the packed bed almost completely constant. Any thermal
effects of the plasma will be estimated and corrected for, based on our
previous work [50].

CaCO3 decomposition is the key-step in the Calcium Looping Cycle,
a promising option for CO2 separation [51]. In this process, CO2 is
absorbed by calcium oxide forming CaCO3, which can be either land-
filled or recycled via decomposition, regenerating the sorbent calcium
oxide. However, the decomposition reaction requires high temperatures
in order to achieve high CO2 concentrations in the outlet, i.e. at least
950 °C to obtain pure CO2 at atmospheric pressure [52]. Such tem-
peratures result in sintering, decreasing the CO2 capture capacity
[53–55]. An approach would be to induce decomposition at lower
temperatures by using a non-thermal plasma. Our previous work
showed that a DBD argon plasma has no effect on the decomposition,
except for a modest increase in temperature [50]; the plasma only in-
duces dissociation of part of the CO2 in a consecutive reaction. On the
other hand, the presence of hydrogen without plasma decreases the
decomposition temperature [56], which has been confirmed by our
experiments. Furthermore, the presence of hydrogen causes a shift in
the product distribution to CO2, CO and H2O instead of CO2 only. CO
may be produced via RWGS (R3) or directly via CaCO3 hydrogenation
(R2), as presented in the following scheme

The introduction of plasma further decreases the decomposition
temperature forming the same set of products, i.e. CO2, CO and H2O
[57]. The interpretation of these results requires a description of RWGS
(R3 in scheme 1) both thermally and in presence of plasma. The goal of
this work is to provide a kinetic description of RWGS in presence of
calcium oxide and plasma in a temperature window relevant for CaCO3
decomposition, allowing determination of any synergy between plasma
and calcium oxide as catalyst based on reaction rates. The synergetic
effect will be discussed in terms of interactions of activated species with
calcium oxide, by minimizing any influence of the catalyst on the
properties of the plasma and consequently the chemical reactions pro-
ceeding in the plasma.

2. Materials and methods

2.1. Calcium-oxide, calcium-carbonate and alumina preparation

Calcium oxide was synthesized by calcination of CaCO3 (99%,
Sigma Aldrich) in 20% air in N2 at atmospheric pressure in order to
remove any organic contaminants, heating the sample until 900 °C
(heating rate 15 °C min−1) and keeping the temperature at 900 °C for
3 h. The calcined product was pelletized (pressure 160 bar), crushed

Scheme 1. Proposition of CaCO3 decomposition in presence of H2.
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and sieved in the particles size range of 250–300 µm. Part of the cal-
cium oxide particles thus prepared, was converted to CaCO3 by calci-
nation in 20% CO2 in N2 at 630 °C for 5 h (heating rate 15 °C min−1)
and consecutively sintering in pure CO2 at 900 °C for 24 h (heating rate
15 °C min−1). The material was sieved again in order to ensure the
particle size range of 250–300 μm. α-alumina (99%, Alfa-Aesar) was
treated, pelletized, crushed and sieved following the same procedure.

2.2. Characterization

The specific surface area, pore volume and pore size distribution of
the samples were measured both in CaO form as well as in CaCO3 form,
after carbonation. The samples were first degassed at 300 °C in vacuum
for 3 h. The surface area was calculated based on the BET isotherm for
N2 adsorption at −196 °C in a Micrometrics Tristar 3000 analyzer. The
pore size distribution was measured by Hg porosimetry in a
Quantachrome PoreMaster 33 analyzer. The elemental composition was
determined with X-Ray Fluorescence analysis (XRF, Bruker S8 Tiger).

2.3. Reactor setup

Fig. 1 shows a schematic representation of the equipment used to
measure plasma enhanced RWGS. The fixed bed reactor is fed with a
mix of Ar, H2, CO2 and H2O. Argon is saturated with water and diluted
with a pure argon stream in order to vary the water concentration. The
temperature of the oven is controlled with a Euro-Therm controller
with an accuracy of± 0.5 °C between room temperature and 1000 °C,
as reported previously [50]. The isothermal zone is 8 cm long at 900 °C,
defined as the part of the reactor with less than ± 1 °C temperature
variation. A Quadrupole Mass Spectrometer (MS) measures the com-
position of the gas mixture leaving the reactor. The MS signal for CO2
(44 m/e) and CO (28 m/e) are calibrated between 0.16% and 5% CO2
and at 5% CO, resulting in a linear relationship as shown in the Fig. A1
of the Appendix A. The reactor is a 4 mm inner- and 6 mm outer-
diameter quartz tube. The inner electrode is a stainless-steel rod of
1 mm diameter placed co-axially in the center of the reactor section by
the help of a spacer, which is removed when the rod and the packed bed
are positioned. The outer electrode is a 1 cm long stainless-steel tube
with 6 mm inner diameter, enclosing a plasma zone of 0.035 cm3 in
volume. The plasma zone was filled completely with either 100 mg α-
Al2O3 or with 10 mg CaCO3 and 95 mg α-Al2O3 for the blank and
catalytic experiments respectively, in order to minimize any change in
the plasma. Note that the blank experiment includes also any possible

contribution of the reactor wall and the surface of the electrode. An AC
voltage of up to 5 kV peak to peak is applied to the inner electrode with
a constant frequency of 23.5 kHz using a PMV 500–4000 power supply,
while the outer electrode is connected to the ground via a probe ca-
pacitor of capacity 4 nF. The power of the plasma is calculated using the
Lissajous method by measuring the voltage on the inner electrode with
a Tektronix P6015A high voltage probe and on the outer electrode with
a TT – HV 250 voltage probe as described in literature [58]. An example
of Lissajous plot is shown in Fig. A2 of the Appendix A.

2.4. Steady state RWGS experiments in CaO and Al2O3

Either 10 mg CaCO3 with 95 mg Al2O3 or 100 mg α-Al2O3 are
placed in the reactor. In most experiments, the CaCO3 is decomposed
in-situ by heating in Ar to 680 °C, resulting in a mixture of 6 mg CaO
and 95 mg α-Al2O3. This sample is termed “CaO + Al2O3”, as opposed
to “CaCO3 + Al2O3” when no in-situ decomposition is applied. The
reactor containing alumina only is termed “Al2O3”.

RWGS experiments were initiated by switching the gas composition
from pure Ar to CO2, H2 and H2O in Ar, at the selected temperature and
constant flowrate of 90 ml min−1. The temperature and concentration
of CO2, H2 and H2O are varied between 630 and 820 °C, 0.1 and 0.4%, 2
and 10%, 0 and 0.25% respectively. The reactor reached steady state in
typically 10 min after changing conditions. The plasma power is kept
constant at either 0 W (plasma-off) or 1 ± 0.1 W (plasma-on) during
the experiment. The CO2 conversion is calculated based on the CO2 and
CO concentrations in the exit of the reactor according Eq. (1); con-
sidering exclusively concentrations measured at the exit at the same
time minimizes experimental error caused by drift in the sensitivity of
the MS. No correction in the volumetric flow is required since RWGS is
the only reaction taking place.

=
+

X
C

C CCO
CO out

CO out CO out
2

,

, 2, (1)

Reproducibility was tested by repeating experiments with both
different samples and different reactor tubes.

3. Results

CaO and Al2O3 surface areas after short exposure to ambient con-
dition are 5 m2 g−1 and 16 m2 g−1 respectively. XRF data show that the
CaO is 99.12% pure with minor contamination of SiO2 and Al2O3, while
alumina is 99.9% pure with minor contamination of CaO.

Fig. 1. Plasma reactor setup used for this study.
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3.1. RWGS over CaO and Al2O3

Fig. 2 shows the CO2 conversion during RWGS over “Al2O3”, as well
as “CaO + Al2O3”, as function of temperature as well as the con-
centration of CO2, H2 and H2O. The conversions are calculated based on
the composition of the outlet stream at the different conditions as
shown in Figs. A3 and A4 of the Appendix A. No other products except
CO and H2O have been observed by MS and the mass balance closes
within 5%. The sample “CaO + Al2O3” showed mild deactivation of
30% during the first 3 h of operation at 820 °C and no further deacti-
vation was observed, as shown in Fig. A5 in Appendix A. The data
shown in Fig. 2 are collected after stabilization for 3 h.

The results show that calcium oxide is active for RWGS, while Al2O3
is surprisingly also active, although significantly less. Note that no
conversion was observed in an empty reactor. Fig. 2 shows that CO2
conversion increases with temperature and hydrogen concentration,
while it decreases with CO2 and H2O concentration for both samples.
Most of the results are obtained far from thermodynamic equilibrium,
as can be seen in Fig. 2.

Fig. 3 shows the CO2 conversion during RWGS on “CaCO3 + Al2O3”
sample. The conversion levels are calculated based on data shown in
Fig. A6 in Appendix A, showing that the temperature was increased
stepwise. Apparently, CaCO3 is not active for RWGS because it shows
the same conversion as “Al2O3” sample. The sharp increase in conver-
sion between 760 and 780 °C is caused by rapid decomposition of
CaCO3 to CaO, as at the same time the sum of CO2 and CO con-
centrations in the product increase to much higher values than the CO2

concentration in the feed, as shown in Fig. A6 in the window between
253 and 260 min. Afterwards, the mass balance closes again within 5%,
indicating that the sample is mostly converted to CaO, resulting in a
much higher activity. The increase in the sum of CO2 and CO

(a) (b)

(c) (d)

Fig. 2. a–d: CO2 conversion as function of temperature, CO2, H2 and H2O inlet concentration for experiments of RWGS in thermal operation on “CaO + Al2O3” (■)
and on “Al2O3” (□,△), results from modeling (━) and conversion at thermodynamic equilibrium (…); flow rate is 90 ml min−1; b–d: temperatures are 630 °C (△)
and 740 °C (□, ■); a: feed is 0.3% CO2, 10% H2 and 0% H2O in Ar; b: feed is 10% H2 and 0% H2O in Ar; c: feed is 0.3% CO2 and 0% H2O in Ar; d: feed is 0.3% CO2
and 10% H2 in Ar.

Fig. 3. CO2 conversion as function of temperature during experiments of RWGS
in thermal operation on “CaCO3 + Al2O3” (■) and “Al2O3” (□), transition
between CaCO3 and CaO (…); feed is 6% CO2, 10% H2 and 0% H2O in Ar, flow
rate is 90 ml min−1.
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concentrations in Fig. A6 corresponds to 91 μmol of desorbed CO2,
indicating that the sample is at least 90% converted to CaO. Thus,
calcium oxide is not converted to calcium carbonate during the ex-
periments shown in Fig. 2, since the conversion is always significantly
higher than the conversion over Al2O3. Furthermore, the experiments in
Fig. A3 never showed an offset of the mass balance, which would in-
dicate the formation of CaCO3. Clearly, the CO2 inlet concentration
lower than 0.5% is too low to cause formation of carbonate even at
630 °C, in agreement with the fact that the equilibrium CO2 partial
pressure for CaCO3 decomposition is 0.7% at atmospheric pressure
[52].

3.2. Effect of plasma on RWGS over CaO and Al2O3

Fig 4 shows the CO2 conversion obtained during RWGS experiments
on “Al2O3” and “CaO + Al2O3” in presence of plasma. The conversion
values are obtained based on the outlet concentrations shown in Figs.
A7 and A8 in the Appendix A.

The plasma power is kept fixed at 1 W and the Lissajous plots
measured on the two samples show no significant differences, as illu-
strated in Fig. A2 of the Appendix A. Apparently, the plasma remains
similar when adding 6 mg of CaO to 100 mg of Al2O3 with similar
particle-size and -shape as well as dielectric constant, resulting in si-
milar capacity of the plasma reactor, electrical field distribution and
power dissipation.

The results shown in Fig. 4 are corrected for a temperature increase
of 10 °C. The estimation, shown in Fig. A9 and explained in Appendix A,

is based on the kinetics of CaCO3 decomposition in argon plasma
measured using the same “CaCO3 + Al2O3” sample and reported in our
previous work [50].

For both samples, the conversion increases as function of tempera-
ture and decreases with CO2 and H2O feed concentration. Remarkably,
the CO2 conversion increases with H2 concentration only when CaO is
present, while it shows no significant changes with Al2O3 only. Note
that the conversion approaches equilibrium for many experimental
conditions in the presence of CaO. The conversion in presence of plasma
is substantially higher respect to the experiments performed in absence
of plasma at the same conditions as shown in Fig. 2 and it further in-
creases in presence of CaO.

In addition to CO and H2O, also trace amounts of CH4 were de-
tected, but due to the very low concentration no significant trend is
observed, thus methane production is not discussed further. It was
ensured that no carbon deposition occurred, based on the observation
that no CO2 is formed during oxidation of the sample in 10% air in
argon plasma at 630 °C and plasma power of 3 W after the experiments.
The reason for the mild deactivation observed in Fig. A5 remains un-
known but change of activity during initial operation is frequently
observed in catalysis.

4. Discussion

4.1. Kinetic description

The results in Figs. 2 and 4 show that CaO, as well as Al2O3 to lesser

(a) (b)

(c) (d)

Fig. 4. a–d: CO2 conversion as function of temperature, CO2, H2 and H2O inlet concentration for experiments of RWGS in plasma operation on “CaO+ Al2O3” (■,▲,
●, ★) and on “Al2O3” (□, △), results from modeling (━) and conversion at thermodynamic equilibrium (…); flow rate is 90 ml min−1 and plasma power is
1 ± 0.1 W; b-d: temperatures are 640 °C (△,▲), 700 °C (●) or 750 °C (□,■); a: feed is 0.3% CO2, 10% H2 and 0% H2O in Ar (■,□) or 0.4% CO2, 5% H2 and 0.1%
H2O in Ar (★); b: feed is 10% H2 and 0% H2O in Ar; c: feed is 0.3% CO2 and 0% H2O in Ar; d: feed is 0.3% CO2 and 10% H2 in Ar.
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extent, is active for RWGS. The fact that equilibrium is never ap-
proached implies that conversion is determined by kinetics. CO2 con-
version increase with increasing temperature, indicating that RWGS on
“Al2O3” and “CaO + Al2O3” is an activated process both in thermal and
in plasma operation. CO2 conversion decrease with increasing CO2 and
H2O concentrations in all cases, both in thermal and in plasma opera-
tion. The apparent negative order in CO2 is suggesting competitive
adsorption of CO2 and H2 in combination with a high surface coverage
with CO2. Also, the poisoning effect of H2O points to competitive ad-
sorption in case of catalytic operation, as experiments are performed far
from thermodynamic equilibrium. The results in Figs. 2 and 4 also show
that the conversion increases with the hydrogen concentration in
thermal operation as well as on “CaO + Al2O3” in plasma operation. In
contrast, the conversion doesn’t change significantly with hydrogen
concentration on “Al2O3” in plasma operation.

In order to judge whether there is synergy between plasma and the
CaO catalyst, the reaction rate obtained on “CaO” in thermal operation
and on “Al2O3” in plasma operation must be compared to the rate ob-
tained on “CaO+ Al2O3” in plasma operation. The results in Figs. 2 and
3 show significant conversion and therefore do not allow direct calcu-
lation of reaction rates at one specific temperature, as would be possible
in a differential experiment, i.e. conversion is less than typically 10%.
In an integral experiment, concentration profiles develop along the axis
of the reactor and the local reaction rates vary. Consequently, a valid
mathematical description is needed of the kinetics of the reaction cat-
alyzed by alumina and CaO, with and without the presence of the
plasma, in order to compare respective reaction rates at identical con-
ditions.

A mechanism-inspired rate equation is used to model the reaction
rate for the four cases, i.e. “CaO” and “Al2O3” in thermal operation,
“CaO + Al2O3”, “CaO” and “Al2O3” in plasma operation. The rate on
“CaO” is calculated by subtracting the contribution of “Al2O3” both in
thermal and in plasma operations, since alumina appeared not inert.
Nevertheless, the equation serves solely as mathematical description of
the system and is not related to a microkinetic model. Eq. (2) is used for
this purpose, allowing for an accurate description of the kinetics con-
sidering the following assumptions, based on the observations discussed
above:

• reactant CO2 and the product H2O adsorb competitively on both
Al2O3 and CaO, while CO is assumed to desorb quickly;
• The orders in CO2 and H2, i.e. a and b respectively, as well as the
adsorption equilibrium constant of the water (KH2O) are assumed
constant with varying reaction conditions;
• The reaction occurs on Al2O3 and CaO independently.
• The equation also includes a term describing the reversed reaction
(WGS) when the conversion approaches the thermodynamic equi-
librium, according to the equilibrium constant Keq,th [52], which is
particularly the case for “CaO + Al2O3” in plasma operation, as
shown in Fig. 4.
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The same equation is used for the four cases, obviously resulting in
different fitting parameters.

The packed bed zone was modeled in 10,000 segments, in which the
concentration of the gases was calculated using Eq. (2) iteratively.
Values for the fitting parameters were selected by optimizing the fit to
the experimental observations. A MATLAB script was developed for that
purpose, presented in Appendix A.

The values of the fitted parameters k0, Eact, a, b and KH2O are pre-
sented in Table 1. The error margins are determined by a sensitivity
analysis of each parameter. The CO2 conversions obtained by these
models show good agreement with the experimental data within the
error margins, as shown in Figs. 2–4. The thermal reaction pathways on

CaO and Al2O3 have a similar apparent activation barrier, but the pre-
exponential factor k0 is 7 times higher on “CaO” respect to “Al2O3”
only. The apparent reaction order in CO2 is slightly lower on CaO re-
spect to alumina (0.65 and 0.85 respectively), while the apparent or-
ders for H2 are similar and close to 1. In presence of plasma the ap-
parent activation energy decreases from 120 to 95 kJ mol−1 with Al2O3
only and, more pronouncedly, from 140 to 75 kJ mol−1 when CaO is
present. The order in CO2 and the adsorption constant of H2O do not
change significantly when plasma is applied, while the orders in H2
diminish strongly, in agreement with the experimental observation in
Fig. 4 that the reactions are much less sensitive to the hydrogen con-
centration in the presence of plasma.

In principle, this model is just a mathematical description of the
kinetics; nevertheless, we note that the fitting results in realistic values
for activation barriers and reaction orders. More importantly, the model
results in a good fit for both thermal as well as plasma experiments.

4.2. Synergy

The reaction rates in the three cases of “CaO” in thermal operation,
“Al2O3” in plasma operation and “CaO + Al2O3” in plasma operation,
are compared at fixed concentrations and temperature to assess synergy
between CaO and plasma, which is the case if the enhancement factor,
defined according Eq. (3), is larger than 1.

=
+

Enhancement
R

R R
CaO and Al O plasma

CaO thermal Al O plasma

2 3

2 3 (3)

Both rates in presence of CaO and plasma (RCaO and Al2O3 plasma) as
well as the rate in absence of CaO (RAl2O3 plasma) are measured directly
and model equations are available (Table 1). The rate equation for the
thermal activity of CaO is also available in Table 1, calculated by
subtracting the rate over alumina (RAl2O3 thermal) from the rate measured
over CaO and alumina (RCaO and Al2O3 thermal), as described above.

Fig. 5 shows the reaction rates as function of temperature on “CaO”
without plasma, “Al2O3 plasma” and “CaO + Al2O3 plasma” calculated
at 0.2% CO2, 10% H2 and 0.1% H2O, which is a condition experimen-
tally studied. Fig. 5 also shows that the enhancement factor decreases as
function of temperature, showing synergy for temperatures up to 700 °C
and no synergy at 750 °C.

Fig. 6 show the calculated RWGS rates according the model as
function of CO2, H2 and H2O concentrations at 640 °C. Fig. 6 suggests
constant enhancement factor with varying concentration, as any trend
is clearly smaller than the error margin. In all cases, synergy is observed
at 640 °C, in contrast to the similar figure at 750 °C (Fig. 7) showing
synergy is absent for all concentrations considered.

4.3. General discussion: catalytic, plasma and plasma-catalytic effects

4.3.1. Catalytic effect
The catalytic activity per gram of CaO at 630 °C is typically an order

of magnitude lower than the activity of conventional Cu-based catalysts
at the same conditions [62]. Clearly, CaO is not a preferred catalytic
material, nevertheless it has significant activity, in line with the facts
that MgO is also active for RWGS [60] and that CaO is active for WGS,
as reported in a study on sorption enhanced WGS [63].

CaO and MgO [59] are much more active for RWGS than Al2O3 in
thermal operation. Basic oxides adsorb CO2 strongly [60,61] and are
more active, suggesting that the reaction proceeds via surface carbo-
nates. The reaction order in CO2 observed on CaO (0.65) suggests that
the CaO surface is partly covered with carbonates. Apparently, surface
carbonate species on CaO are active, whereas the surface of bulk CaCO3
is not active at all for RWGS (Fig. 3). Furthermore, the order in hy-
drogen is close to 1 on both CaO and Al2O3, indicating that activation of
H2 on the oxides surface is likely the rate determining step (r.d.s.).
Alternatively, the coverage with hydrogen, presumably H atoms, is
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close to zero. The lack of activity of bulk CaCO3, or possibly full cov-
erage with surface carbonate, may be due to lacking ability for H2
dissociation.

4.3.2. Plasma effect
Introduction of plasma on both Al2O3 and CaO enhances the RWGS

reaction, at least partly due to plasma chemistry in the free space in the
packed bed. Fig. 8 presents a reaction scheme for plasma chemistry of
CO2 hydrogenation in DBD plasma, based on micro-kinetics at ambient
conditions [64]. CO2 dissociates to CO and O, similar to CO2 dissocia-
tion as a consecutive reaction during CaCO3 decomposition in an Ar
plasma. The presence of H2 opens up a new reaction pathway for O-
radicals to form water instead of O2 or recombination with CO. The
consecutive products in Fig. 8, i.e. methane, ethane, methanol, for-
maldehyde, are not observed in our experiments since these reactions
are thermodynamically less favored at high temperatures, above
600 °C. Nevertheless, the contribution of plasma-chemistry in our ex-
periments can be discussed based on the reaction scheme Fig. 8, re-
garding activation of H2 and CO2.

Introduction of plasma on Al2O3 also induces the order in hydrogen
to decrease from 1 to 0, indicating that hydrogen activation is not the
r.d.s. in the presence of plasma, suggesting that hydrogen is activated in
the plasma rather than on the Al2O3 surface. Fig. 8 also shows that
RWGS is plasma initiated exclusively via CO2 dissociation via electron
impact dissociation or vibrational excitation whereas H radicals cannot
activate CO2. Instead, addition of hydrogen causes consecutive con-
version of O-radicals to H2O instead of O2. Moreover, OH and CHO
radicals generated in the presence of hydrogen rapidly react with CO
and O respectively, forming back CO2 and retarding the overall RWGS
reaction. Although the conditions of the micro-kinetic study of Fig. 8
are different from our experiments, the reaction pathways in Fig. 8
agree with the observed zero order in hydrogen, suggesting that gas-
phase plasma-chemistry is dominant over surface reactions on RWGS

over alumina. Otherwise, the apparent order in H2 would be higher
than 0 and closer to the order 0.85 as observed on alumina (Table 1).
However, further clarification is not subject of this work as a blank
experiment with plasma only, i.e. without alumina in an empty plasma
reactor, is not included. This was even not attempted because the
plasma is influenced by the presence of a packed bed and consequently
the residence time, SEI and plasma properties cannot be kept constant,
as discussed in the introduction. In fact, the plasma experiment with
alumina is the blank experiment, which contains also the contribution
of the reactor wall and the surface of the electrode, enabling a valid
discussion on plasma-catalytic effects on CaO.

4.3.3. Synergy between CaO and plasma
Synergy between plasma and catalysis will be discussed quantita-

tively based on comparison of reaction rates at fixed conditions, using
the kinetic description discussed above. Furthermore, complicating
factors are addressed to the best of our ability, i.e. (i) any thermal effect
of plasma, (ii) effect of the catalyst on the residence time in the reactor
and (iii) the effect of the catalyst acting as a dielectric material on the
plasma properties.

The term synergy is used with different meanings in papers on
plasma catalytic CO2 hydrogenation. In many cases, synergy is dis-
cussed based on changes in conversion when introducing the catalyst in
the plasma [18,22,26,27,47–49], causing synergy if the combination of
plasma and catalyst opens a new catalytic pathway, parallel to the
plasma-chemistry pathway with plasma only and the catalytic pathway
on the catalyst only. In some cases, synergy is claimed based on in-
creasing selectivity to a specific product by introducing the catalyst in
the plasma, e.g. formation of methane or methanol with Ni or Cu cat-
alyst respectively. CO2 conversion is not increased [25] or even de-
creased [46], indicating that the interaction of plasma and catalyst
enhances consecutive reactions with CO as primary product. The results
presented here involve one single reaction (RWGS) and quantification
of synergy requires the kinetic description as discussed above. The facts
that conversions are significant, and the results cannot be considered
differential implies that synergy must be discussed based on reaction
rates instead of conversions. Any further comparison with these studies
is not useful, since RWGS is a different reaction using different catalysts
and reaction conditions.

First, we will discuss possible artifacts as well as necessary as-
sumptions considering the three complications described above.

• (i) Any effect of temperature changes induced by plasma is not only
small but also have been corrected for as described in the result
section. This has not been addressed explicitly in the work on
plasma-catalytic CO2 hydrogenation, except by Eliasson et al., esti-
mating the temperature increase in the plasma by modeling heat
transfer [25]. Other studies estimated the temperature by measuring
either outside the reactor [22,27,46,49] or inside the reactor
downstream of the plasma zone [18,26,47].
• (ii) The residence time in all experiments was kept constant, as the
total volume of the packed bed was constant. Note that the residence
times in the packed bed and the plasma zone are identical. The same
approach was used by others, comparing plasma catalytic- and
plasma only- activities at constant residence time by including

Table 1
Values of fitting parameters describing the RWGS rate equation for the five cases. The last column, CaO 1 W represents the rate on CaO in plasma operation, obtained
by subtraction of “Al2O3 1 W” from “CaO + Al2O3 1 W”; see text for further explanation.

Al2O3 0 W CaO 0 W Al2O3 1 W CaO + Al2O3 1 W CaO 1 W

ln k0 (s−1bar−(a+b)) 19.1 ± 1.2 21.0 ± 1.3 14.0 ± 1.0 13.0 ± 1.5 10.8 ± 2.1
Ea (kJ mol−1) 120 ± 5 140 ± 10 95 ± 5 75 ± 10 40 ± 20
a (order for CO2) 0.85 ± 0.05 0.65 ± 0.05 0.6 ± 0.05 0.75 ± 0.05 0.9 ± 0.1
b (order for H2) 0.95 ± 0.05 0.85 ± 0.05 −0.05 ± 0.05 0.25 ± 0.05 0.8 ± 0.2
ln KH2O 8.5 ± 0.2 6.7 ± 0.3 6.5 ± 0.1 6.6 ± 0.2 6.5 ± 0.2

Fig. 5. RWGS reaction rates as function of temperature on “CaO” in thermal
operation ( ), “Al2O3” in plasma operation ( ), sum of “CaO” in thermal and
“Al2O3” in plasma operation ( ) and “CaO + Al2O3” in plasma operation (◆);
enhancement factor (■); the concentrations are 10% H2, 0.2% CO2 and 0.1%
H2O in Ar, flow rate is 90 ml min−1.
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measurements with unloaded support [22,26,27,46]. These studies
used supported metal catalysts, introducing other complications as
discussed below. In two studies [22,46], the plasma zone was only
partially filled, complicating the interpretation significantly because
the plasma properties in the empty part of the reactor and inside the
packed bed differ significantly.
• (iii) Changes in plasma properties can also be excluded based on
three arguments. First, the Lissajous plots on “Al2O3” and
“CaO + Al2O3” in plasma operation are very similar, as shown in
Fig. A2, suggesting the same electron energy distribution as well as
constant power [43,58]. Second, alumina and calcium-oxide have
similar dielectric constants, i.e. 9.2 and 11.8 respectively [65], and
the size and shape of alumina and calcium-oxide particles are si-
milar as well. Therefore, the number of contact points between
particles in the bed, enhancing discharges in the plasma [19,44,45],
is constant. It is well known that both dielectric constants and dif-
ferent particles size and shape changes the plasma properties sig-
nificantly [6,24], but with the precautions discussed above it is
reasonable to assume that the plasma properties remain similar.
Third, the catalyst contains oxides only and no metal particles,
which are reported to intensify the plasma locally [44,66].

Thus, the observed synergy is not caused by changing the plasma
but can be attributed to a new catalytic pathway involving activated
species in the plasma and the CaO surface. Apparently, the new
pathway has a lower activation barrier, as the observed apparent acti-
vation energy decreases from 140 to 40 kJ mol−1 when plasma is in-
troduced. The plasma-catalytic pathway is dominant at 640 °C, while at
750 °C the thermal catalytic pathway dominates, because of the high

activation barrier, so that no synergy is observed as shown in Fig. 5.
Note that the decrease in the enhancement factor with increasing
temperature shown in Fig. 5 is not caused by approaching thermo-
dynamic equilibrium, since all rates in Fig. 5 are calculated at fixed
concentrations far away from thermodynamic equilibrium [52].

The apparent order for hydrogen of 0.8 on CaO in plasma operation
suggests that hydrogen activation in the plasma is involved in the
plasma-catalytic pathway. Presumably hydrogen radicals react with
surface carbonates on calcium oxide, in contrast to carbonates on alu-
mina since order in hydrogen is zero. Remarkably, activation of CO2 via
hydrogen radicals is not significant in the case of plasma chemistry as
discussed above.

These results will be used in a subsequent publication describing
decomposition of CaCO3 in a H2 containing plasma. We believe that the
proposed method allows separation of, at one hand, the influence of
surface catalytic reactions on the conversion, versus the influence of the
fixed bed as a dielectric material on plasma chemistry in a DBD-plasma
catalytic reactor. This may contribute to improved insight in plasma
catalysis. Further progress could be anticipated via developing in-situ or
preferably operando characterization techniques to study adsorbed
species. Attempt with FT-IR failed so far mainly because of the high
temperature of operation, but this would certainly the way forward to
improve understanding, in combination with reliable kinetic informa-
tion.

5. Conclusions

Synergy between plasma and calcium oxide for RWGS has been
quantified, by minimizing any effect of the presence of the catalyst

(a) (b)

(c)

Fig. 6. RWGS reaction rates as function of concentration of CO2 (a), H2 (b) and H2O (c) on “CaO” in thermal operation ( ), “Al2O3” in plasma operation ( ), sum of
“CaO” thermal and “Al2O3” plasma operation ( ) and “CaO + Al2O3” in plasma operation (◆); enhancement factor (■); the fixed concentrations are 10% H2, 0.2%
CO2 and 0.1% H2O in Ar, temperature is 640 °C, flow rate is 90 ml min−1.

G. Giammaria and L. Lefferts Chemical Engineering Journal xxx (xxxx) xxxx

8



fixed bed as a dielectric material on the contribution of plasma chem-
istry, i.e. chemical conversion in the plasma, keeping also the specific
energy input and the residence time constant. Moreover, synergy is
determined by calculating reaction rates at fixed temperature and gases
concentrations, by using kinetic equations describing well the integral
experiments performed in presence and absence of both calcium oxide
and plasma.

Synergy is observed at low operational temperature (640 °C) with a
rate-enhancement factor of 1.7. The rate enhancement steadily de-
creases with increasing temperature until synergy disappears at 750 °C,

independently of the composition of the gas mixture. Synergy is caused
by opening a new reaction pathway involving plasma activated species
on the CaO surface. The apparent activation barrier of the plasma-
catalytic pathway is 40 kJ mol−1, much lower than the apparent acti-
vation barriers of thermal-catalytic reaction (140 kJ mol−1) and of the
pathway with Al2O3 and plasma (90 kJ mol−1). The apparent orders for
CO2 and H2 are 0.9 and 0.8 respectively, suggesting that the rate-de-
termining step is the reaction of surface CaCO3 with a plasma-activated
H2, presumably H radicals.

6. Notes

The authors declare no competing financial interest.

Author contributions

The manuscript was written through contributions of all authors. All
authors have given approval to the final version of the manuscript.

Declaration of Competing Interest

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

Acknowledgements

This work was supported by Netherlands Organization for Scientific
Research (NWO, FOM program 147). We acknowledge Mr. Bert

(a) (b)

(c)

Fig. 7. RWGS reaction rates as function of concentration of CO2 (a), H2 (b) and H2O (c) on “CaO” in thermal operation ( ), “Al2O3” in plasma operation ( ), sum of
“CaO” thermal and “Al2O3” plasma operation ( ) and “CaO + Al2O3” in plasma operation (◆); enhancement factor (■); the fixed concentrations are 10% H2, 0.2%
CO2 and 0.1% H2O in Ar, temperature is 750 °C, flow rate is 90 ml min−1.

Fig. 8. Dominant reaction pathways for the conversion of CO2 and H2 into
various products, in a 50/50 CO2/H2 gas mixture. The thickness of the arrow
lines is proportional to the rates of the net reactions. The stable molecules are
indicated with black rectangles. Reproduced from [64], permission pending.

G. Giammaria and L. Lefferts Chemical Engineering Journal xxx (xxxx) xxxx

9



Geerdink, Mrs. Karin Altena-Schildkamp and Mr. Tom Velthuizen for
technical assistance and analysis as well as Dr. Jimmy Faria, Dr. Nuria
Garçia-Moncada, Msc. Giuseppe Pipitone, M.Sc. Rolf Postma and M.Sc.
Kevin Rouwenhorst for the fruitful discussions on reaction kinetics. We
acknowledge also Dr. Tom Butterworth for helping in the real-time
evaluation of plasma power.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cej.2019.123806.

References

[1] E.C. Neyts, A. Bogaerts, Understanding plasma catalysis through modelling and
simulation – A review, J. Phys. D: Appl. Phys. 47 (22) (2014), https://doi.org/10.
1088/0022-3727/47/22/224010.

[2] E.C. Neyts, K. Ostrikov, M.K. Sunkara, A. Bogaerts, Plasma catalysis: synergistic
effects at the nanoscale, Chem. Rev. 115 (24) (2015) 13408–13446, https://doi.
org/10.1021/acs.chemrev.5b00362.

[3] J.C. Whitehead, Plasma-catalysis: the known knowns, the known unknowns and the
unknown unknowns, J. Phys. D Appl. Phys. 49 (24) (2016) 243001, , https://doi.
org/10.1088/0022-3727/49/24/243001.

[4] A. Bogaerts, T. Kozák, K. van Laer, R. Snoeckx, Plasma-based conversion of CO2:
current status and future challenges, Faraday Discuss. 183 (2015) 217–232, https://
doi.org/10.1039/c5fd00053j.

[5] B. Ashford, X. Tu, Non-Thermal Plasma Technology for the Conversion of CO2, Curr.
Opin. Green Sustainable Chem. 3 (2017) 45–49, https://doi.org/10.1016/j.cogsc.
2016.12.001.

[6] I. Michielsen, Y. Uytdenhouwen, J. Pype, B. Michielsen, J. Mertens, F. Reniers,
V. Meynen, A. Bogaerts, CO2 dissociation in a packed bed DBD Reactor: first steps
towards a better understanding of plasma catalysis, Chem. Eng. J. 326 (2017)
477–488, https://doi.org/10.1016/j.cej.2017.05.177.

[7] T. Silva, M. Grofulović, B.L.M. Klarenaar, A.S. Morillo-Candas, O. Guaitella,
R. Engeln, C.D. Pintassilgo, V. Guerra, Kinetic study of low-temperature CO2
plasmas under non-equilibrium conditions. I. Relaxation of vibrational energy,
Plasma Sources Sci. Technol. 27 (1) (2018), https://doi.org/10.1088/1361-6595/
aaa56a.

[8] M. Liu, Y. Yi, L. Wang, H. Guo, A. Bogaerts, Hydrogenation of carbon dioxide to
value-added chemicals by heterogeneous catalysis and plasma catalysis, Catalysts 9
(3) (2019) 275, https://doi.org/10.3390/catal9030275.

[9] M.G. Sobacchi, A.V. Saveliev, A.A. Fridman, L.A. Kennedy, S. Ahmed, T. Krause,
Experimental assessment of a combined plasma/catalytic system for hydrogen
production via partial oxidation of hydrocarbon fuels, Int. J. Hydrogen Energy 27
(6) (2002) 635–642, https://doi.org/10.1016/S0360-3199(01)00179-3.

[10] X. Tu, J.C. Whitehead, Plasma-catalytic dry reforming of methane in an atmo-
spheric dielectric barrier discharge: understanding the synergistic effect at low
temperature, Appl. Catal. B 125 (2012) 439–448, https://doi.org/10.1016/j.apcatb.
2012.06.006.

[11] T. Nozaki, K. Okazaki, Non-thermal plasma catalysis of methane: principles, energy
efficiency, and applications, Catal. Today 211 (2013) 29–38, https://doi.org/10.
1016/j.cattod.2013.04.002.

[12] J. Hong, S. Prawer, A.B. Murphy, Plasma catalysis as an alternative route for am-
monia production: status, mechanisms, and prospects for progress, ACS Sustain.
Chem. Eng. 6 (1) (2018) 15–31, https://doi.org/10.1021/acssuschemeng.7b02381.

[13] H.H. Kim, Y. Teramoto, A. Ogata, H. Takagi, T. Nanba, Atmospheric-pressure
nonthermal plasma synthesis of ammonia over ruthenium catalysts, Plasma
Processes Polym. 14 (6) (2017) 1–9, https://doi.org/10.1002/ppap.201600157.

[14] A. Fridman (Ed.), Plasma Chemistry, Cambridge University Press, Cambridge, 2008,
, https://doi.org/10.1017/CBO9780511546075.

[15] C. Tendero, C. Tixier, P. Tristant, J. Desmaison, P. Leprince, Atmospheric pressure
plasmas: a review, Spectrochim. Acta – Part B Atomic Spectroscopy 61 (1) (2006)
2–30, https://doi.org/10.1016/j.sab.2005.10.003.

[16] H.H. Kim, Y. Teramoto, N. Negishi, A. Ogata, A multidisciplinary approach to un-
derstand the interactions of nonthermal plasma and catalyst: a review, Catal. Today
256 (Part 1) (2015) 13–22, https://doi.org/10.1016/j.cattod.2015.04.009.

[17] D. Mei, X. Zhu, Y.L. He, J.D. Yan, X. Tu, Plasma-assisted conversion of CO2 in a
dielectric barrier discharge reactor: understanding the effect of packing materials,
Plasma Sources Sci. Technol. 24 (1) (2015), https://doi.org/10.1088/0963-0252/
24/1/015011.

[18] M. Nizio, A. Albarazi, S. Cavadias, J. Amouroux, M.E. Galvez, P. Da Costa, Hybrid
plasma-catalytic methanation of CO2 at low temperature over ceria zirconia sup-
ported Ni catalysts, Int. J. Hydrogen Energy 41 (27) (2016) 11584–11592, https://
doi.org/10.1016/j.ijhydene.2016.02.020.

[19] K. van Laer, A. Bogaerts, Improving the conversion and energy efficiency of carbon
dioxide splitting in a zirconia-packed dielectric barrier discharge reactor, Energy
Technol. 3 (10) (2015) 1038–1044, https://doi.org/10.1002/ente.201500127.

[20] F. Brehmer, S. Welzel, M.C.M. van de Sanden, R. Engeln, CO and byproduct for-
mation during CO2 reduction in dielectric barrier discharges, J. Appl. Phys. 116
(12) (2014), https://doi.org/10.1063/1.4896132.

[21] 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 Processes
Polym. 12 (8) (2015) 755–763, https://doi.org/10.1002/ppap.201400213.

[22] Y. Zeng, X. Tu, “Plasma-catalytic hydrogenation of CO2 for the cogeneration of CO
and CH4 in a dielectric barrier discharge reactor: effect of argon addition, J. Phys. D:
Appl. Phys. 50 (18) (2017), https://doi.org/10.1088/1361-6463/aa64bb.

[23] Y. Uytdenhouwen, S. van Alphen, I. Michielsen, V. Meynen, P. Cool, A. Bogaerts, A
packed-bed DBD micro plasma reactor for CO2 dissociation: does size matter, Chem.
Eng. J. 348 (2018) 557–568, https://doi.org/10.1016/j.cej.2018.04.210.

[24] T. Butterworth, R. Elder, R. Allen, Effects of particle size on CO2 reduction and
discharge characteristics in a packed bed plasma reactor, Chem. Eng. J. 293 (2016)
55–67, https://doi.org/10.1016/j.cej.2016.02.047.

[25] B. Eliasson, U. Kogelschatz, B. Xue, L.M. Zhou, Hydrogenation of carbon dioxide to
methanol with a discharge-activated catalyst, Ind. Eng. Chem. Res. 37 (8) (1998)
3350–3357, https://doi.org/10.1021/ie9709401.

[26] E. Jwa, S.B. Lee, H.W. Lee, Y.S. Mok, Plasma-assisted catalytic methanation of CO
and CO2 over Ni-zeolite catalysts, Fuel Process. Technol. 108 (2013) 89–93, https://
doi.org/10.1016/j.fuproc.2012.03.008.

[27] X. Zhu, J.H. Liu, X.S. Li, J.L. Liu, X. Qu, A.M. Zhu, Enhanced effect of plasma on
catalytic reduction of CO2 to CO with hydrogen over Au/CeO2 at low temperature,
J. o Energy Chem. 26 (3) (2017) 488–493, https://doi.org/10.1016/j.jechem.2016.
11.023.

[28] W.C. Chung, M.B. Chang, Review of catalysis and plasma performance on dry re-
forming of CH4 and possible synergistic effects, Renew. Sustain. Energy Rev. 62
(2016) 13–31, https://doi.org/10.1016/j.rser.2016.04.007.

[29] S. Kameshima, K. Tamura, Y. Ishibashi, T. Nozaki, Pulsed dry methane reforming in
plasma-enhanced catalytic reaction, Catal. Today 256 (2015) 67–75, https://doi.
org/10.1016/j.cattod.2015.05.011.

[30] S. Kameshima, K. Tamura, R. Mizukami, T. Yamazaki, T. Nozaki, Parametric ana-
lysis of plasma-assisted pulsed dry methane reforming over Ni/Al2O3 catalyst,
Plasma Processes Polym. 14 (6) (2017) 1–7, https://doi.org/10.1002/ppap.
201600096.

[31] A. Ozkan, T. Dufour, G. Arnoult, P. De Keyzer, A. Bogaerts, F. Reniers, CO2-CH4
conversion and syngas formation at atmospheric pressure using a multi-electrode
dielectric barrier discharge, J. CO2 Util. 9 (2015) 78–81, https://doi.org/10.1016/j.
jcou.2015.01.002.

[32] X. Tu, H.J. Gallon, M.V. Twigg, P.A. Gorry, J.C. Whitehead, Dry reforming of me-
thane over a Ni/Al2O3 catalyst in a coaxial dielectric barrier discharge reactor, J.
Phys. D Appl. Phys. 44 (2011) 27, https://doi.org/10.1088/0022-3727/44/27/
274007.

[33] H.J. Gallon, X. Tu, J.C. Whitehead, Effects of reactor packing materials on H2
production by CO2 reforming of CH4 in a dielectric barrier discharge, Plasma
Processes Polym. 9 (1) (2012) 90–97, https://doi.org/10.1002/ppap.201100130.

[34] Y. Zeng, X. Zhu, D. Mei, B. Ashford, X. Tu, Plasma-catalytic dry reforming of me-
thane over γ-Al2O3 supported metal catalysts, Catal. Today 256 (P1) (2015) 80–87,
https://doi.org/10.1016/j.cattod.2015.02.007.

[35] X. Zheng, S. Tan, L. Dong, S. Li, H. Chen, Silica-coated LaNiO3 nanoparticles for
non-thermal plasma assisted dry reforming of methane: experimental and kinetic
studies, Chem. Eng. J. 265 (1) (2015) 147–156, https://doi.org/10.1016/j.cej.
2014.12.035.

[36] T. Kozàk, A. Bogaerts, Splitting of CO2 by vibrational excitation in non-equilibrium
plasmas: a reaction kinetics model, Plasma Sour. Sci. Technol. 23 (4) (2014),
https://doi.org/10.1088/0963-0252/23/4/045004.

[37] R. Aerts, T. Martens, A. Bogaerts, Influence of vibrational states on CO2 splitting by
dielectric barrier discharges, J. Phys. Chem. C 116 (44) (2012) 23257–23273,
https://doi.org/10.1021/jp307525t.

[38] A. Bogaerts, W. Wang, A. Berthelot, V. Guerra, Modeling plasma-based CO2 con-
version: crucial role of the dissociation cross section, Plasma Sources Sci. Technol.
25 (5) (2016), https://doi.org/10.1088/0963-0252/25/5/055016.

[39] L.D. Pietanza, G. Colonna, G. D’Ammando, M. Capitelli, Time-dependent coupling
of electron energy distribution function, vibrational kinetics of the asymmetric
mode of CO2 and dissociation, ionization and electronic excitation kinetics under
discharge and post-discharge conditions, Plasma Phys. Controlled Fusion 59 (1)
(2017), https://doi.org/10.1088/0741-3335/59/1/014035.

[40] G.J. van Rooij, D.C.M. van den Bekerom, N. den Harder, T. Minea, G. Berden,
W.A. Bongers, R. Engeln, M.F. Graswinckel, E. Zoethout, M.C.M. van de Sanden,
Taming Microwave Plasma to Beat Thermodynamics in CO2 Dissociation, Faraday
Discuss. 183 (2015) 233–248, https://doi.org/10.1039/c5fd00045a.

[41] W. Bongers, H. Bouwmeester, B. Wolf, F. Peeters, S. Welzel, D. van den Bekerom,
N. den Harder, A. Goede, M. Graswinckel, P.W. Groen, J. Kopecki, M. Leins,
G.J. van Rooij, A. Schulz, M. Walker, M.C.M. van de Sanden, Plasma-driven dis-
sociation of CO2 for fuel synthesis, Plasma Processes Polym. 14 (6) (2017) 1–8,
https://doi.org/10.1002/ppap.201600126.

[42] Teofil Minea, Dirk C.M. van den Bekerom, Floran J.J. Peeters, Erwin Zoethout,
Martijn F. Graswinckel, Mauritius C.M. van de Sanden, Toine Cents, Leon Lefferts,
Gerard J. van Rooij, Non-oxidative methane coupling to C2 hydrocarbons in a mi-
crowave plasma reactor, Plasma Processes Polym. (2018) 1–16, https://doi.org/10.
1002/ppap.201800087.

[43] T. Butterworth, R.W.K. Allen, Plasma-catalyst interaction studied in a single pellet
DBD reactor: dielectric constant effect on plasma dynamics, Plasma Sources Sci.
Technol. 26 (6) (2017), https://doi.org/10.1088/1361-6595/aa6c35.

[44] J. Kruszelnicki, K.W. Engeling, J.E. Foster, Z. Xiong, M.J. Kushner, Propagation of
negative electrical discharges through 2-dimensional packed bed reactors, J. Phys.
D: Appl. Phys. 50 (2) (2017), https://doi.org/10.1088/1361-6463/50/2/025203.

[45] Z. Mujahid, A. Hala, Plasma dynamics in a packed bed dielectric barrier discharge
(DBD) operated in helium, J. Phys. D: Appl. Phys. 51 (11) (2018), https://doi.org/
10.1088/1361-6463/aaa8cd.

G. Giammaria and L. Lefferts Chemical Engineering Journal xxx (xxxx) xxxx

10

https://doi.org/10.1016/j.cej.2019.123806
https://doi.org/10.1016/j.cej.2019.123806
https://doi.org/10.1088/0022-3727/47/22/224010
https://doi.org/10.1088/0022-3727/47/22/224010
https://doi.org/10.1021/acs.chemrev.5b00362
https://doi.org/10.1021/acs.chemrev.5b00362
https://doi.org/10.1088/0022-3727/49/24/243001
https://doi.org/10.1088/0022-3727/49/24/243001
https://doi.org/10.1039/c5fd00053j
https://doi.org/10.1039/c5fd00053j
https://doi.org/10.1016/j.cogsc.2016.12.001
https://doi.org/10.1016/j.cogsc.2016.12.001
https://doi.org/10.1016/j.cej.2017.05.177
https://doi.org/10.1088/1361-6595/aaa56a
https://doi.org/10.1088/1361-6595/aaa56a
https://doi.org/10.3390/catal9030275
https://doi.org/10.1016/S0360-3199(01)00179-3
https://doi.org/10.1016/j.apcatb.2012.06.006
https://doi.org/10.1016/j.apcatb.2012.06.006
https://doi.org/10.1016/j.cattod.2013.04.002
https://doi.org/10.1016/j.cattod.2013.04.002
https://doi.org/10.1021/acssuschemeng.7b02381
https://doi.org/10.1002/ppap.201600157
https://doi.org/10.1017/CBO9780511546075
https://doi.org/10.1016/j.sab.2005.10.003
https://doi.org/10.1016/j.cattod.2015.04.009
https://doi.org/10.1088/0963-0252/24/1/015011
https://doi.org/10.1088/0963-0252/24/1/015011
https://doi.org/10.1016/j.ijhydene.2016.02.020
https://doi.org/10.1016/j.ijhydene.2016.02.020
https://doi.org/10.1002/ente.201500127
https://doi.org/10.1063/1.4896132
https://doi.org/10.1002/ppap.201400213
https://doi.org/10.1088/1361-6463/aa64bb
https://doi.org/10.1016/j.cej.2018.04.210
https://doi.org/10.1016/j.cej.2016.02.047
https://doi.org/10.1021/ie9709401
https://doi.org/10.1016/j.fuproc.2012.03.008
https://doi.org/10.1016/j.fuproc.2012.03.008
https://doi.org/10.1016/j.jechem.2016.11.023
https://doi.org/10.1016/j.jechem.2016.11.023
https://doi.org/10.1016/j.rser.2016.04.007
https://doi.org/10.1016/j.cattod.2015.05.011
https://doi.org/10.1016/j.cattod.2015.05.011
https://doi.org/10.1002/ppap.201600096
https://doi.org/10.1002/ppap.201600096
https://doi.org/10.1016/j.jcou.2015.01.002
https://doi.org/10.1016/j.jcou.2015.01.002
https://doi.org/10.1088/0022-3727/44/27/274007
https://doi.org/10.1088/0022-3727/44/27/274007
https://doi.org/10.1002/ppap.201100130
https://doi.org/10.1016/j.cattod.2015.02.007
https://doi.org/10.1016/j.cej.2014.12.035
https://doi.org/10.1016/j.cej.2014.12.035
https://doi.org/10.1088/0963-0252/23/4/045004
https://doi.org/10.1021/jp307525t
https://doi.org/10.1088/0963-0252/25/5/055016
https://doi.org/10.1088/0741-3335/59/1/014035
https://doi.org/10.1039/c5fd00045a
https://doi.org/10.1002/ppap.201600126
https://doi.org/10.1002/ppap.201800087
https://doi.org/10.1002/ppap.201800087
https://doi.org/10.1088/1361-6595/aa6c35
https://doi.org/10.1088/1361-6463/50/2/025203
https://doi.org/10.1088/1361-6463/aaa8cd
https://doi.org/10.1088/1361-6463/aaa8cd


[46] F. Azzolina-Jury, Novel boehmite transformation into γ-alumina and preparation of
efficient nickel base alumina porous extrudates for plasma-assisted CO2 methana-
tion, J. Ind. Eng. Chem. 71 (2019) 410–424, https://doi.org/10.1016/j.jiec.2018.
11.053.

[47] M.C. Bacariza, M. Biset-Peiró, I. Graça, J. Guilera, J. Morante, J.M. Lopes,
T. Andreu, C. Henriques, DBD plasma-assisted CO2 methanation using zeolite-based
catalysts: Structure composition-reactivity approach and effect of Ce as promoter, J.
CO2 Util. 26 (2018) 202–211, https://doi.org/10.1016/j.jcou.2018.05.013.

[48] C.J. Lee, D.H. Lee, T. Kim, Enhancement of methanation of carbon dioxide using
dielectric barrier discharge on a ruthenium catalyst at atmospheric conditions,
Catal. Today 293–294 (2017) 97–104, https://doi.org/10.1016/j.cattod.2017.01.
022.

[49] L. Wang, Y. Yi, H. Guo, X. Tu, Atmospheric pressure and room temperature
synthesis of methanol through plasma-catalytic hydrogenation of CO2, ACS Catal. 8
(1) (2018) 90–100, https://doi.org/10.1021/acscatal.7b02733.

[50] G. Giammaria, G. van Rooij, L. Lefferts, Plasma catalysis: distinguishing between
thermal and chemical Effects, Catalysts 9 (2) (2019) 185, https://doi.org/10.3390/
catal9020185.

[51] J. Blamey, E.J. Anthony, J. Wang, P.S. Fennell, The calcium looping cycle for large-
scale CO2 capture, Prog. Energy Combust. Sci. 36 (2) (2010) 260–279, https://doi.
org/10.1016/j.pecs.2009.10.001.

[52] B.J. McBride, M. . Zehe, and S. Gordon. “NASA Glenn Coefficients for Calculating
Thermodynamic Properties of Individual Species.” Technical Report NASA 211556,
no. September (2002): 291. https://doi.org/NASA/TP—2002-211556.

[53] P.S. Fennell, R. Pacciani, J.S. Dennis, J.F. Davidson, A.N. Hayhurst, The Effects of
repeated cycles of calcination and carbonation on a variety of different limestones,
as measured in a hot fluidized bed of sand, Energy Fuels 21 (4) (2007) 2072–2081,
https://doi.org/10.1021/ef060506o.

[54] A.I. Lysikov, A.N. Salanov, A.G. Okunev, Change of CO2 carrying capacity of CaO in
isothermal recarbonation-decomposition cycles, Ind. Eng. Chem. Res. 46 (13)
(2007) 4633–4638, https://doi.org/10.1021/ie0702328.

[55] R.H. Borgwardt, Sintering of nascent calcium oxide, Chem. Eng. Sci. 44 (1) (1989)
53–60, https://doi.org/10.1016/0009-2509(89)85232-7.

[56] A. Reller, C. Padeste, P. Hug, Formation of organic compounds from metal carbo-
nates, Nature 329 (8) (1987) 527–529, https://doi.org/10.1038/329527a0.

[57] G. Giammaria, L. Lefferts. “CaCO3 hydrogenation in presence of DBD plasma”. In
preparation.

[58] F.J.J. Peeters, M.C.M. van de Sanden, The influence of partial surface discharging
on the electrical characterization of DBDs, Plasma Sources Sci. Technol. 24 (1)
(2015) 15016, https://doi.org/10.1088/0963-0252/24/1/015016.

[59] G. Baldauf-Sommerbauer, S. Lux, W. Aniser, M. Siebenhofer, Reductive calcination
of mineral magnesite: hydrogenation of carbon dioxide without catalysts, Chem.
Eng. Technol. 39 (11) (2016) 2035–2041, https://doi.org/10.1002/ceat.
201600094.

[60] B.H. Solis, Y. Cui, X. Weng, J. Seifert, S. Schauermann, J. Sauer, S. Shaikhutdinov,
H.J. Freund, Initial stages of CO2 adsorption on CaO: a combined experimental and
computational study, Phys. Chem. Chem. Phys. 19 (6) (2017) 4231–4242, https://
doi.org/10.1039/c6cp08504k.

[61] M. Casarin, D. Falcomer, A. Glisenti, A. Vittadini, Experimental and Theoretical
Study of the Interaction of CO2 with α-Al2O3, Inorg. Chem. 42 (2) (2003) 436–445,
https://doi.org/10.1021/ic0257773.

[62] M. Lortie, R. Isaifan, Y. Liu, S. Mommers, Synthesis of CuNi/C and CuNi/γ-Al cat-
alysts for the reverse water gas shift reaction, Int. J. Chem. Eng. 2015 (2015),
https://doi.org/10.1155/2015/750689.

[63] Z. Li, Y. Liu, N. Cai, Effect of CaO hydration and carbonation on the hydrogen
production from sorption enhanced water gas shift reaction, Int. J. Hydrogen
Energy 37 (15) (2012) 11227–11236, https://doi.org/10.1016/j.ijhydene.2012.04.
160.

[64] C. de Bie, J. van Dijk, A. Bogaerts, CO2 Hydrogenation in a dielectric barrier dis-
charge plasma revealed, J. Phys. Chem. C 120 (44) (2016) 25210–25224, https://
doi.org/10.1021/acs.jpcc.6b07639.

[65] Landolt-Börnstein - Group III Condensed Matter. Springer 2012. https://doi.org/10.
1007/978-3-642-22847-6.

[66] H.H. Kim, J.H. Kim, A. Ogata, Microscopic observation of discharge plasma on the
surface of zeolites supported metal nanoparticles, J. Phys. D: Appl. Phys. 42 (13)
(2009), https://doi.org/10.1088/0022-3727/42/13/135210.

G. Giammaria and L. Lefferts Chemical Engineering Journal xxx (xxxx) xxxx

11

https://doi.org/10.1016/j.jiec.2018.11.053
https://doi.org/10.1016/j.jiec.2018.11.053
https://doi.org/10.1016/j.jcou.2018.05.013
https://doi.org/10.1016/j.cattod.2017.01.022
https://doi.org/10.1016/j.cattod.2017.01.022
https://doi.org/10.1021/acscatal.7b02733
https://doi.org/10.3390/catal9020185
https://doi.org/10.3390/catal9020185
https://doi.org/10.1016/j.pecs.2009.10.001
https://doi.org/10.1016/j.pecs.2009.10.001
https://doi.org/10.1021/ef060506o
https://doi.org/10.1021/ie0702328
https://doi.org/10.1016/0009-2509(89)85232-7
https://doi.org/10.1038/329527a0
https://doi.org/10.1088/0963-0252/24/1/015016
https://doi.org/10.1002/ceat.201600094
https://doi.org/10.1002/ceat.201600094
https://doi.org/10.1039/c6cp08504k
https://doi.org/10.1039/c6cp08504k
https://doi.org/10.1021/ic0257773
https://doi.org/10.1155/2015/750689
https://doi.org/10.1016/j.ijhydene.2012.04.160
https://doi.org/10.1016/j.ijhydene.2012.04.160
https://doi.org/10.1021/acs.jpcc.6b07639
https://doi.org/10.1021/acs.jpcc.6b07639
https://doi.org/10.1088/0022-3727/42/13/135210

	Synergy between dielectric barrier discharge plasma and calcium oxide for reverse water gas shift
	Introduction
	Materials and methods
	Calcium-oxide, calcium-carbonate and alumina preparation
	Characterization
	Reactor setup
	Steady state RWGS experiments in CaO and Al2O3

	Results
	RWGS over CaO and Al2O3
	Effect of plasma on RWGS over CaO and Al2O3

	Discussion
	Kinetic description
	Synergy
	General discussion: catalytic, plasma and plasma-catalytic effects
	Catalytic effect
	Plasma effect
	Synergy between CaO and plasma


	Conclusions
	Notes
	Author contributions
	mk:H1_20
	Acknowledgements
	Supplementary data
	References




