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Carbon dioxide (CO,) decomposition was performed at a normal atmosphere and room temperature in dielectric barrier
discharge microplasma reactors to reduce CO, emissions and convert CO; into valuable chemical materials. The outlet
gases, including CO,, CO, and O,, were analyzed with gas chromatography. The results indicated that the conversions
of CO; in dielectric material-packed reactors were all higher than that in nonpacked reactors. Particle size, dielectric
constant, particle morphology, and acid-base properties of the dielectric materials (including quartz wool, quartz sand,
y-Al,03, MgO, and CaO) all affected the CO, decomposition process. The conversion of CO, and energy efficiency
achieved the highest values of 41.9 and 7.1% in a CaO-packed reactor for the higher dielectric constant and basicity of
CaO. Quartz wool was also an excellent dielectric packing material because its fiber structure provided rigid sharp

edges. © 2014 American Institute of Chemical Engineers AICRE J, 61: 898-903, 2015
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Introduction

Over the last few decades, particular concern has been
given to the effects of increases of atmospheric carbon diox-
ide (CO,). CO; is the complete oxidation product of fossil
fuels and organic compounds,' and CO, is the major contrib-
utor to the greenhouse effect because of its much greater
emissions than other greenhouse gases, such as, CHy, N,O,
SF¢, HFCs, and PFCs.? The growing CO, concentration in
the atmosphere can be attributed to the burning of fossil
fuels, traffic emissions, and excessive deforestation. The
growing CO, concentration will lead to a change in the sur-
face temperature and precipitation, which will cause lagging
effects, such as, sea-level rise, and changes in hydrological
and vegetation patterns.3 There is no doubt that the treatment
of CO, has become a worldwide problem.

Carbon capture and storage (CCS) is the most popular
way to reduce CO, emissions, and a range of CCS technolo-
gies are under development all over the world. Gibbins and
Chalmers®* reported the main technologies for CCS in 2008.
Chalmers and Gibbins® studied the energy consumption and
CO, removal efficiency of CCS technologies in 2010. Kong-
kitisupchai and Gidaspow® reported CO, capture using solid
sorbents in a fluidized bed with reduced pressure regenera-
tion in a downer. Nevertheless, CCS is only a storing
method; a high level of technological innovation and exper-
tise are needed to control the CO, that enters the storage
reservoir.
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CO, degradation, another way to handle the CO, emis-
sions problem, can reduce CO, emissions and convert green-
house gases to valuable chemical materials at the same time.
Catalytic reaction is usually used to degrade CO,. Usually,
hydrogen (H,) is used to hydrogenate CO, to methanol. The
most commonly used catalysts are Cu-ZnO system cata-
lysts.7’8 Studt et al.” discovered a Ni-Ga catalyst for CO,
reduction to methanol in 2014. However, the synthesis of
catalysts is complicated and costs are high. At the same
time, the reactant H, provides clean and efficient energy,
and its production is also an urgent problem. In addition, the
conventional catalytic reaction process can hardly activate
CO, because CO, is thermodynamically stable.'® Further-
more, catalytic reaction requires high temperatures, and
problems of rapid deactivation due to coke and sulfur poi-
soning always occur.'' A plasma-based process provides an
effective way to activate CO, and overcomes the problems
existing in the process of catalytic reaction. A plasma-based
process can be an attractive way to decompose CO,, espe-
cially when low cost and a renewable electricity source
(such as, solar energy, wind resources, and hydraulic electro-
generation) is used as the plasma power supply.12 Various
plasma systems, including glow discharge plasma,'® radio-
frequency plasma,'* gliding arc plasma,' capillary plasma,'®
a gas tunnel-type plasma jet,'” and dielectric barrier dis-
charge (DBD) plasma18 were used to dissociate CO, to car-
bon monoxide (CO) and oxygen (O,).

DBD plasma possesses the properties of a nonthermal
plasma; DBD plasma is not in thermodynamic equilibrium
and can initiate chemical reactions at unexpectedly lower
temperatures than normal thermochemical reactions. DBD
rarely transits to an unstable spark or arc plasma due to the
presence of a dielectric barrier in the gap. DBD plasma can
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Figure 1. The schematic diagram of the experimental
setup.
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be operated at atmospheric pressure and is used on a large
industrial scale for its low cost and ease of use.'” Several
studies of CO, decomposition by DBD plasma have been
performed.'®*® To improve the performance of DBD plasma
in the process of CO, decomposition and increase the con-
version of CO,, some researchers discussed the effect of dif-
ferent dielectric materials that were packed in the reactor or
served as a dielectric barrier. Yu et al.?! reported the charac-
teristics of the decomposition of CO, in a dielectric packed-
bed plasma reactor and achieved the highest conversion
value of 12.6% in a CaTiOs-packed reactor. Li et al.>* stud-
ied CO, decomposition using different dielectric materials in
a DBD reactor, and the conversion of CO, reached 15.6%
when Cag;Srg3TiO3 was used as the dielectric material.
DBD microplasma refers to plasma that is confined to criti-
cal dimensions below approximately 1.0 mm. With a smaller
space, DBD microplasma provides a stronger electric field
and higher concentration of electrons and radicals.”> DBD
microplasma combines the advantages of nonthermal plasma
with those of microreactors, offering better control of proc-
essing parameters.”*

In this study, a DBD microplasma was used to decompose
pure CO, into CO and O,. Quartz sand, y-Al,O3;, MgO,
Ca0O, and quartz wool were packed in the discharge gap of
the DBD microplasma reactor. The effect of particle size on
the conversion of CO, was discussed. We compared and
analyzed the conversions of CO, in reactors packed with dif-
ferent dielectric materials, as well as a nonpacked reactor.
The effect of input power on the conversion of CO, and
energy efficiency in a nonpacked reactor and a CaO-packed
reactor was also presented.

Experimental
Dielectric materials

In this work, quartz wool (Tianjin Silicate Research Insti-
tute), quartz sand (Kemiou Chemical Reagent Co., Tianjin),
1-Al,O3 (Qianye Nonmetallic Material Co., China), MgO
(Tianjin Guangfu Fine Chemical Research Institute), and
CaO (Tianjin Guangfu Fine Chemical Research Institute)
were used as dielectric packing materials, packed along the
discharge area. All of these materials were commercial
reagents and under no treatment. The sizes of the particles
of quartz sand, y-Al,0O5, MgO, and CaO were in the range of
0.25-0.42 and 0.18-0.25 mm.
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N,-Physisorption analysis

N,-Physisorption analysis of the dielectric materials was
performed at —196°C on a Tristar-3000 apparatus (Microme-
ritics) to obtain the specific surface area, the pore volume,
and the average pore diameter. Prior to the measurements,
the samples were pretreated at 90°C for 3600 s under a
purge of N, then the samples were further purged with N;
at 300°C for 10,800 s. The specific surface areas of the
samples were determined by physical adsorption of N, at
—196°C using the Brunner—Emmet-Teller (BET) measure-
ments equation. The pore volume was obtained from the
desorption curve of the isotherm.

Experimental setup

Figure 1 shows the schematic diagram of the experimental
setup, which was similar to our previous setup.”* A DBD
microplasma reactor, a flow control device, and a detection
and analysis system were included in the setup. The sche-
matic diagram of the dielectric material-packed plasma reac-
tor is shown in Figure 2. The external aluminum foil
electrode was wrapped around the outside of the quartz tube
(inner diameter [I.D.] of 3.0 mm and length of 150.0 mm).
A stainless steel rod with outer diameter of 1.8 mm acted as
the inner electrode, generating a 0.6 mm discharge gap. The
discharge length was 80.0 mm during the experiments. A
plasma generator (CTP-2000, Nanjing Suman Electronic Co.,
China) was used to initiate the discharge. The voltage and
current waveforms were measured with an oscilloscope
(DPO-2012, Tektronix) using a voltage probe (P6015A, Tek-
tronix) and a current monitor (A622, Tektronix).

Gas flow measurement and analytical system

CO; (99.9%) decomposition was performed under atmos-
pheric pressure with a dielectric material-packed DBD
microplasma reactor. The inlet feed gas flow rate was fixed
at 3.3 X 1077 m¥/s by a mass flow controller (MFC, DOS-
4C/ZM, Beijing Sevenstar Electronics Co., China). A bubble
flow meter was used to calibrate the MFC and to measure
the flow rate of the effluent gas.

After the start-up of the experiment, the composition of
the outlet gases were analyzed using a gas chromatography
(GC, Fuli 979011, Zhejiang Fuli Analytical Instrument Co.,
China) every 600 s (the first sample was taken 600 s after
the start-up of the experiment). The GC was equipped with a
thermal conductivity detector and able to detect CO, and CO
with a TDX-01 column (2.0 m length X 3.0 mm I.D.) and to

CO,

Outer electrode Quartz tube

n_J _ /

13

3.0mm

i

1.8mm

L]

Inner electrode| | Dielectric|particles
80.0mm
160mm

150mm

CO+0,

Figure 2. The schematic diagram of the dielectric
material-packed plasma reactor.
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Table 1. Influence of Particle Size on the Conversion of CO,
in Different Dielectric Material-Packed Plasma Reactors

Different Dielectric Packing Materials

Particle Quartz

Size (mm) sand (%) y-AlLO3 (%) MgO (%) CaO (%)
0.25-0.42 10.3 13.6 20.5 22.6
0.18-0.25 15.2 16.3 23.7 32.8

(Feed flow rate=3.3 X 107 m?/s, frequency = 18.00 kHz, input power-
=150 W, discharge gap=0.6 mm, and external electrode
length = 80.0 mm.)

detect CO and O, with a 5 A column (3.0 m length X
3.0 mm L.D.). He was used as its carrier gas. The evaluation
of the concentration of CO,, CO, and O, was accomplished
using an external standard analysis method.

The conversion of CO,, an important evaluation of system
performance, was formulated by the following equation

(Fito, ~F** - C2,) X100

in
F CO,

Xco, (%)=

ey

where F) i(‘:"‘oz and FO" (m?/s) represent the flow rate of CO, at
the inlet of the reactor and the flow rate of effluent gas at
the outlet of the reactor, respectively; Cgf, represents the
molar fraction of CO, in the outlet gases, which was indi-
cated by the GC.
The energy efficiency in this study was expressed as Eq. 2
AH X n X 100

input

In the reactor, the temperature was approximately 423 K.
At this temperature, AH = 283.156 kJ/mol, which is the reac-
tion enthalpy. n» =1 mol, representing 1 mol CO, decompo-
sition. Pjypy (W) is the total input power, and ¢ (s) is the
time of one mole of reaction.

The carbon balance (B) was calculated from the flow rate
and the composition of inlet and outlet gases by Eq. 3
B(%)= Fout X (COC‘ngOC'gZ) X 100

Feo,

3

here C"C‘g is the molar fraction of CO in the outlet gases,
which was indicated by the GC.

Results and Discussion
Effect of particle size on the conversion of CO;

As Table 1 shows, whether the dielectric packing materi-
als were quartz sand, y-Al,O;, MgO, or CaO, the conver-
sions of CO, with dielectric packing particles in the size
range of 0.18-0.25 mm were much higher than with dielec-
tric packing particles in the size range of 0.25-0.42 mm.
With the same packing volume, the void fraction increased
with particle size. In other words, the contact points between
particles and particles/electrodes decreased with increasing
particle size. Generally, the discharge takes place only in the
vicinity of the contact points between the particles and par-
ticles/electrodes for the electric field strength in the contact
space of the dielectric particles is much higher than the
mean value in the reactor.>’ Therefore, the discharge areas
in 0.18-0.25 mm dielectric particle-packed reactors were
much bigger than the discharge areas in the 0.25-0.42 mm
dielectric particle-packed reactors. With a higher electric
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Figure 3. The conversions of CO, in different dielectric
material-packed plasma reactors.
(Feed flow rate = 3.3 x 1077 m%/s, frequency = 18.00 kHz,
input power = 15.0 W, discharge gap = 0.6 mm, and exter-

nal electrode length=80.0 mm; particle size: 0.18-
0.25 mm.)

-packed

field strength and larger discharge area, the conversions of
CO, were much higher in 0.18-0.25 mm dielectric particle-
packed reactors.

Effect of different dielectric materials on the conversion
of CO;,

As Figure 3 shows, the conversions of CO, in dielectric
material-packed reactors were all higher than the conversions
of CO, in the nonpacked reactor. Notably, the conversion of
CO, was highly improved in the CaO-packed reactor, and
reached the highest value of 32.8%, which was approxi-
mately twice the conversion of CO, in the nonpacked reac-
tor. In the quartz wool-packed reactor, the conversion of
CO, was lower than the conversion of CO, in the CaO-
packed reactor but higher than the conversion of CO, in the
MgO-, y-Al,Os3-, and quartz sand-packed reactor. Compared
with other dielectric packing materials, quartz sand and 7y-
Al,O5 had a smaller effect on the conversion of CO..

Table 2 shows that y-Al,O3 had the largest BET surface
area, and the BET surface area of CaO was the smallest.
However, the conversion of CO, in the y-Al,O3-packed reac-
tor was much lower compared with the conversion of CO, in
the MgO- and CaO-packed reactor. The possible reason for
the differences was that the main type of adsorption of CO,

Table 2. Dielectric Constant, BET Surface Area, Pore Vol-
ume, and Average Pore Diameter of Dielectric Packing

Materials

Pore Pore
Packing Dielectric SBET Diameter Volume
Materials Constant (mz/g) (nm) (cm3/g)
Quartz wool/ 4.60 - - -

Quartz sand

7-Al,05 9.34-11.54 302.5 4.80 0.381
MgO 9.65 18.7 35.5 0.153
CaO 11.8£0.3 2.10 22.4 0.022

(-) Represents that the date is not available.
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Table 3. The Discharge Voltage and Current in Different
Dielectric Material-Packed Plasma Reactors

Different Dielectric Packing Materials

Quartz  Quartz
Non  Sand Wool  y-ALO; MgO CaO
Discharge 8.40 8.42 8.91 8.67 873 9.3
voltage/kV
Discharge 1.84 2.31 2.47 2.11 249 252
current/A

(Feed flow rate=3.3 X 107 m%/s, frequency=18.00 kHz, input power=15.0
W, discharge gap=0.6 mm, and external electrode length==80.0 mm; particle
size=0.18-0.25 mm.)

on 7-Al,O; was physisorption, while the main type of
adsorption of CO, was chemisorption on MgO and CaO.
CO, was more easily decomposed when it was chemically
adsorbed on MgO and CaO. In addition, the result indicated
that the BET surface area had little effect on the conversion
of CO, in this work.

In the nonpacked reactor, the main discharge was uniform
space discharge. When the dielectric packing materials were
introduced, the primary discharge type changed to surface
discharge. Surface discharge occurred along the surface of
the dielectric particles. Table 3 shows the discharge voltage
and current with and without dielectric packing materials.
The discharge voltage and current were all higher with
dielectric packing materials than without dielectric packing
materials at the same input power, so the electric field
strength was much higher with dielectric packing materials
in the contact space. As a result, the average electron energy
increased for the improvement of the electric field strength
in the contact space. Therefore, the conversions of CO, in
the dielectric material-packed reactors were all higher than
in the nonpacked reactor. In addition, the electric field
strength increases by increasing the dielectric constants of
dielectric packing materials.?® Therefore, dielectric packing
materials with a high dielectric constant were beneficial for
CO, conversion. Among the CaO, quartz wool, quartz sand,
7-Al,O3, and MgO, the dielectric constant of CaO was the
highest. Hence, the conversion of CO, in CaO-packed reac-
tor achieved the highest value.

The main components of quartz wool and quartz sand are
all SiO,. These materials have the same dielectric constant,
which was the lowest among all the dielectric materials
investigated. Quartz wool exhibited a much better effect on
the conversion of CO, than quartz sand, even better than 7-
AlL,O3 and MgO, most likely because quartz wool was a
fiber structure, which provided the quartz wool with rigid
sharp edges. Chen et al.?’ reported that the sharp edges of
packing particles in the plasma reactor led to higher local
electric fields and highly energetic electrons. Thus, the supe-
rior performance of quartz wool relative to quartz sand, y-
AlL,O3, and MgO in the process of CO, decomposition was
because of its sharp edge morphology.

Meanwhile, the acid-base properties of the dielectric pack-
ing materials affected the chemisorption of CO, and were
also a main factor in the process of CO, conversion. The
higher basicity of the dielectric packing materials made it
easier for CO, to adsorb on the surface of the dielectric
packing materials. Consequently, the dielectric packing
materials with high basicity were favorable for the adsorp-
tion of CO,, thus facilitating CO, conversion. Among the
dielectric packing materials investigated, CaO and MgO are
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basic oxides, y-Al,Oj3 is an amphoteric oxide, and SiO; is an
acidic oxide, and the basicity decreases in the sequence
CaO > MgO > y-Al,O3 > quartz wool = quartz sand. There-
fore, the CaO exerted a significantly positive effect on the
conversion of CO,.

Effect of input power on CO, conversion in nonpacked
and CaO-packed plasma reactors

Energy is the most important factor in nonthermal plasma
reactions. Yu et al.>' reported that in dielectric packed-bed
plasma reactors, the dielectric properties of dielectric pack-
ing particles affect the reactions through their influence on
the electron energy distribution in the plasma. In our previ-
ous work, we have also found that specific energy input
(SEI) had a greater effect on the conversion of CO, than res-
idence time.”* Consequently, the effect of input power on
the conversion of CO, and energy efficiency in the CaO-
packed reactor was investigated and compared within the
nonpacked reactor. CaO was selected as the dielectric pack-
ing material because it exhibited an excellent stimulative
effect on the conversion of CO».

Figure 4 shows that the conversion of CO, and energy
efficiency in the CaO-packed reactor was all higher than in
the nonpacked reactor in the range of input power from 10.0
to 25.0 W that was investigated. For CO, conversion in the
nonpacked reactor, the conversion of CO, increased from
9.3 to 14.5% with the input power increasing from 10.0 to
15.0 W, then the conversion of CO, remained almost
unchanged with the input power further increasing to 25.0
W. The energy efficiency decreased from 3.6 to 2.2% when
the input power was increased from 10.0 to 25.0 W. In the
CaO-packed reactor, the conversion of CO, increased from
16.7 to 41.9% when the input power was increased from
10.0 to 25.0 W. The energy efficiency first increased
from 5.7 to 7.1% with the input power increasing from 10.0
to 15.0 W, then decreased to 5.7% with the input power fur-
ther increasing to 25.0 W.
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Figure 4. Influence of input power on the conversion of
CO, and energy efficiency in nonpacked
plasma reactor and CaO-packed plasma
reactor.

(Feed flow rate = 3.3 x 10~ m%/s, frequency = 18.00 kHz,

discharge gap=0.6 mm, and external electrode
length = 80.0 mm; particle size: 0.18-0.25 mm.)
Published on behalf of the AIChE DOI 10.1002/aic 901



Table 4. The Flow Rate of the Outlet Gas, Molar Fraction of CO, O, in the Outlet Gases, and the Carbon Balance at Different
Input Power

Non CaO
Input power(W) FoU'(m?/s) 26 (%) C‘(’)L;‘(%) B (%) FoU'(m?/s) 25 (%) CS‘Z‘(%) B (%)
10.0 3.4 %1077 8.8 4.4 99.9 3.6 X 1077 15.3 7.6 99.8
15.0 3.5 % 1077 134 6.7 99.9 3.8 X 1077 28.0 14.0 99.6
20.0 35 %x 1077 13.3 6.6 99.8 3.9 x 1077 31.9 15.9 99.5
25.0 3.5 %1077 134 6.6 99.8 40 x 1077 344 17.1 99.5

F'* is the flow rate of the outlet gas; Cg; and CQ! represent the molar fraction of CO and O, in the outlet gases; and B represents the carbon balance, which

was calculated by E3.

(Feed flow rate=3.3 X 10”7 m>/s, frequency=18.00 kHz, discharge gap=0.6 mm, and external electrode length=80.0 mm; particle size=0.18-0.25 mm.)

With a higher input power, more electrons were produced
with sufficient energy to activate the reactant molecules. As
a result, the collision frequency between active plasma spe-
cies increased, more bonds were broken and more activated
radicals were produced,”® which led to a higher CO, conver-
sion. For CO, conversion in the nonpacked plasma reactor,
the conversion of CO, remained almost unchanged when the
input power further increased from 15.0 to 25.0 W, possibly
because the reverse reaction between CO and O, was pro-
moted when the input power increased as described in detail
in our previous work.?* In the CaO-packed reactor, the sec-
ondary electron emission from the dielectric materials
formed surface discharges on the surface of the solid par-
ticles.”” In the plasma, chemical reactions shifted from gas-
phase reactions to heterogeneous reactions plus gas-phase
reactions. Yamamoto et al.* reported that the heterogeneous
reaction is favorable for high CO, conversion. In dielectric
material-packed reactors, the electron energy is high but the
plasma density is low, which causes a decrease in the num-
ber of microdischarges.27 Thus, the recombination of oxide
radicals was promoted in the dielectric material-packed reac-
tor, inhibiting the reverse reaction of CO and O,. Hence, the
conversion of CO, increased within the range of input power
in the CaO-packed reactor, while the conversion of CO,
remained almost unchanged in the nonpacked reactor when
the input power was higher than 15.0 W.

By increasing the input power, the conversion of CO,
increased, but the energy consumed as heat increased at the
same time. The two factors had reverse effects on the energy
efficiency. In the nonpacked reactor, the highest value of
energy efficiency was 3.6%, while the energy efficiency
achieved the highest level of 7.1% in the CaO-packed reactor.

The outlet gases included CO,, CO, and O,, no O; was
detected in this work. Table 4 shows the flow rate of the outlet
gas, the molar fraction of CO, O, in the outlet gases and the car-
bon balance at different input power. The carbon balance was all
higher than 99.5% and approached 100%. It indicated that almost
all of the converted CO, was decomposed into CO in this work.

Mechanisms of CO, decomposition in the DBD plasma
reactor

The process of CO, decomposition can be summarized in
the following reaction
1
€O, - CO+ 70, AH=2.8X10kJ /mol
here CO,, CO, and O, represent CO, molecule, CO mole-
cule, and oxygen molecule, respectively. AH = 2.8 X 10% kJ/
mol is the mole reaction enthalpy of the process.

The enthalpy of the process is fairly high; high energy is
needed to decompose CO,. Hence, it is difficult for the con-
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ventional thermal and catalytic reaction processes to activate
CO, efficiently. The total decomposition process started with
and was limited by CO, dissociation

CO, — CO+0  AH=5.3x10%kJ/mol

O represents an oxygen atom.
Then, O reacted with O into O, as shown in the following
reactions

0+0 — O,
0+C0O, — 0,+CO

Generally, vibrational excitation of molecules, electronic
excitation of molecules, and dissociative attachment of elec-
trons are the three main channels for CO, dissociation.
Among the three channels, vibrational excitation of mole-
cules in the ground electronic state CO, (IZ ™) achieves the
highest energy efficiency in nonthermal plasma.’'

In addition to the reactions mentioned, there were also

some side reactions

CO — C+0 AH=1.0X10%kJ/mol
CO+0 — CO,

here C is a carbon molecule.

However, CO dissociation was unlikely to be significant
because of the high dissociation energy of CO. The results
also verified that carbon was not produced during the reac-
tion. The reverse reaction of CO and O was strengthened
when there were more but less intense microdischarges.

When the dielectric materials were introduced into the
plasma reactors, chemical reactions changed from gas-phase
reactions to heterogeneous reactions and gas-phase reactions.
In addition, the electric field strength and average electron
energy in dielectric material-packed reactors were higher
than in nonpacked reactors, facilitating the dissociation of
CO,, which was the limiting reaction of the CO, decomposi-
tion process and required high dissociation energy. Further-
more, some dielectric materials that were investigated,
including CaO and MgO, are basic oxides, with CO, chemi-
sorbed on the surface of the packing materials. As a result,
breaking the C—O bond became easier and promoted the
process of CO, decomposition. Moreover, in dielectric
material-packed reactors, the environment showed fewer but
more intense microdischarges, which suppressed reaction
CO+0O—CO, and has a positive effect on the CO,
conversion.

Conclusions

CO, decomposition through plasma provides a novel
method to reduce CO, emissions and convert CO, into
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valuable chemical materials at the same time. The conver-
sion of CO, reached the highest value of 41.9% in a CaO-
packed reactor with a feed flow rate of 3.3 X 1077 m3/s,
input power of 25.0 W, frequency of 18.00 kHz, discharge
gap of 0.6 mm, external electrode length of 80.0 mm, and
particle size of 0.18-0.25 mm. CaO exhibited a superior pro-
motional effect on the conversion of CO, compared with a
reactor without packing materials, which achieved a conver-
sion of CO, of 14.5% in the same situation. The results indi-
cated that the particle size, dielectric constant, particle
morphology, and acid-base properties of dielectric materials
all affected the conversion of CO,. The input power had a
different effect on the conversion of CO, and energy effi-
ciency in nonpacked and CaO-packed reactors.
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