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Abstract 

This paper presents the results of a study of self-sustained catalytic combustion of CO ignited by 
dielectric barrier discharge (DBD) using Ce 0.5 Zr 0.5 O y /TiO 2 (CeZr/Ti), CuZr 0.25 O y /TiO 2 (CuZr/Ti), and 

CuCe 0.75 Zr 0.25 O y /TiO 2 (CuCeZr/Ti) catalysts. DBD excites and dissociates some of the reactant molecules in 

the gas phase. These are more easily adsorbed on the catalyst surface than are ground-state species, therefore 
induction begins at a lower background temperature than in thermal catalysis. CO is adsorbed on copper sites, 
therefore CeZr/Ti is inactive in CO ignition, but CuZr/Ti and CuCeZr/Ti achieve DBD ignition at 34 and 

44 s, respectively, at a specific energy density (SED) of 1500 J/L. CO catalytic ignition by DBD involves two 

steps. The induction process is dominated by plasma catalysis. At the same SEDs, induction with CuCeZr/Ti 
begins earlier than those with CuZr/Ti, in good agreement with the reducibilities and oxygen-transfer prop- 
erties of these catalysts. The ignition process is governed by thermal catalysis because the enhancement of 
external diffusion induced by increasing the temperature improves the reaction rate. CuZr/Ti provided more 
CO adsorption sites than did CuCeZr/Ti, contributing to shortening of the ignition delay. 
© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

The off-gas produced during basic oxygen fur-
nace steelmaking contains a considerable amount
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of CO. Because a high concentration of oxygen 

in combination with CO is liable to cause explo- 
sions, the off-gas generated at steelmaking inter- 
missions is not directly recovered as a fuel, and is 
often discharged into the atmosphere via conven- 
tional flare burners [1] . Our new method for using 
this energy in CO catalytic oxidation is based on 

methane self-sustained catalytic combustion as an 

alternative route for electric power generation. In 

this process, a mixture of methane and O 2 generates 
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ocal hot spots on the catalyst surface, and then ad-
acent methane and O 2 molecules are dissociated,
eading to a thermochemical runaway reaction, fol-
owed by self-sustained non-flame burning [2] . Such
 combustion strategy is suitable for portable elec-
ricity generation, because of its high combustion
fficiency in small-scale devices. 

Dielectric barrier discharge (DBD)-assisted ig-
ition and oxidation processes have recently drawn
ttention because they give rapid start-up under
old conditions [3] . This involves strong coupling
f electron-induced chemistry and thermochem-

stry. Discharge produces electronic excitation,
issociation, and ionization of molecules, followed
y plasma chemical reactions, and the background
emperature increase not only induces thermo-
hemical reactions, but also affects the plasma
hysics. Zhang et al. [4] identified the contributions
f the effects of plasma chemistry and thermo-
hemistry, and confirmed that the reactant conver-
ions depend on both two processes by indepen-
ently controlling the temperature and the reactor
ressure, whereas the consecutive reactions depend
ainly on the temperature and the corresponding

hermo-chemistry. Mintusov et al. [5] reported
hat the temperature increase in air–C 2 H 4 flows is
aused by exothermic plasma chemical oxidation,
hich results in ignition when the flow temperature
pproaches the auto-ignition temperature. Jo et
l. [6] found that the ratio of the plasma power to
he heating input power is an important parameter
or enhancing methane oxidation. The results can
e characterized by limitedness, however, due to
heir methodology of a high-temperature plasma
ource and a narrow temperature range. Although
any reports have linked plasma-assisted ignition

f air–fuel flows, no statistical evidence of plasma-
ssisted catalytic ignition to achieve self-sustained
ombustion has yet been presented. 

Our previous study showed that CuCe 0.75 
r 0.25 O y mixed oxides formed on ZSM-5 sub-

trates show excellent catalytic activities because
opper–ceria synergism improves the redox ca-
ability and the ceria–zirconium solid solution
as a good oxygen storage capacity [7] . In this
ork, we achieved CO self-sustained combustion

gnited by DBD for the first time, using CuCe 0.75 
r 0.25 O y /TiO 2 (CuCeZr/Ti), CuZr 0.25 O y /TiO 2 

CuZr/Ti), and Ce 0.75 Zr 0.25 O y /TiO 2 (CeZr/Ti) cat-
lysts with Cu:Ce:Zr molar ratios of 1:0.75:0.25.
nert TiO 2 was used as the substrate because of 
ts excellent thermal stability and good dispersion
f active species. The promotion of active phase
ispersion, oxygen mobility, and redox proper-
ies caused by strong interactions among copper,
erium, and zirconium species will be discussed.
e distinguished between the effects of electron-

nduced chemistry and thermochemistry by using
BD and temperature-programmed ignition

TPI), combined with various characterization
echniques. The results obtained will be helpful
in introducing the use of plasma-assisted ignition
for self-sustained catalytic combustion of CO in
steelmaking off-gas. 

2. Experimental specifications 

2.1. Synthesis of catalysts 

The TiO 2 support was pure anatase TiO 2 (De-
gussa). The CuCeZr/Ti, CuZr/Ti, and CeZr/Ti cat-
alysts were prepared using an incipient wetness
impregnation method. The TiO 2 gel support was
impregnated with an aqueous solution containing
appropriate amounts of copper, zirconium, and
cerium nitrates. The catalysts were dried for 8 h at
120 °C and calcined in air for 6 h at 600 °C. The
dried samples were crushed and sieved to 10–12
mesh. The copper content of the CuCeZr/Ti cat-
alyst was fixed at 4 wt% and the molar ratio of 
Cu:Ce:Zr was 1:0.75:0.25. For the CuZr/Ti and
CeZr/Ti catalysts, the molar ratios of Cu:Zr and
Ce:Zr were 1:0.25 and 0.75:0.25, respectively. 

2.2. Characterization 

X-ray photoelectron spectroscopy (XPS) was
performed using a Kratos Axis Ultra DLD spec-
trometer with a Mg K α X-ray source. Temperature-
programmed H 2 reduction (H 2 -TPR) experiments
were performed using a Micromeritics 2920 II in-
strument with 5% H 2 /Ar at a heating rate of 
15 °C/min to 600 °C. Prior to reduction, the sam-
ple (ca. 200 mg) was pretreated in flowing Ar at
300 °C for 1 h. Temperature-programmed O 2 des-
orption (O 2 -TPD) was also performed with the
Micromeritics 2920 II instrument using 200 mg
of sample. After O 2 (30 mL/min) saturation for
1 h, the gas was switched to Ar for 0.5 h, and
TPD was performed by ramping the temperature at
10 °C/min to 600 °C in Ar (30 mL/min). Desorption
of O 2 was detected using a thermal conductivity de-
tector. In situ diffuse-reflectance infrared Fourier-
transform (DRIFT) spectroscopy was performed
using a Bruker Tensor 27 spectrophotometer. Self-
supporting disks prepared from the sample pow-
ders were suspended in a quartz holder and then
mounted in an IR cell (Tianjin XianQuan Industry
and Trade Development CO., Ltd.) connected to a
vacuum line. The disks were heated at 300 °C in N 2
for 1 h and evacuated to a pressure of 3 ×10 −3 mbar
for 1 h. The IR CO adsorption measurements were
performed at CO pressures of about 20 Torr with
the samples at room temperature. After exposure to
CO, IR spectra were recorded at 30 s intervals until
the spectrum was stable. 

2.3. Experimental setup 

Figure 1 shows a schematic diagram of the
experimental setup. The system consisted of a con-
tinuous flow gas-supply system, electric furnace,
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Fig. 1. Schematic diagram of experimental setup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

electric and gaseous analytical systems, AC power
supply (1–50 kHz, 0–30 kV, sine wave), and a DBD
reactor. The feed gas contained 15% CO and bal-
ance 15% O 2 /N 2 , and the flow rate was 3 L/min. An
online gas analyzer (Maihak) was used to monitor
the effluent CO, O 2 , NO x , and CO 2 . 

The plasma was generated in a tubular quartz
reactor of inner diameter 15 mm and wall thick-
ness 1.5 mm, which acted as a dielectric and sep-
arated the inner and outer electrodes. A cerium–
tungsten rod of diameter 8 mm was selected as the
inner electrode, which was connected to a high volt-
age and placed on the axis of the reactor. Steel-
wire netting (length 5 cm) was wrapped around the
outer surface of the quartz as the grounding elec-
trode. A plasma zone was created between the in-
ner electrode and the dielectric, which was packed
with catalyst. An emission spectrometer (USB2500
PLUS, Ocean Optics) connected by an optical fiber
to an optical access facility was used to identify the
reactive species generated during DBD. The dis-
tance between the optical fiber and the discharge
zone was about 5 mm. The catalyst background
temperature during discharge was measured using
an IR temperature sensor along the inner axis. Be-
fore TPI was performed by ramping the tempera-
ture at 10 °C/min, the quartz reactor was mounted
in a tube furnace and the reaction temperature was
controlled based on the measurements made by the
IR temperature sensor. 

Electrical discharge measurements were per-
formed using a digital oscilloscope (Tektronix,
TDS1102). The applied voltage was determined us-
ing a 10,000:1 divider resistor connected in parallel
with the discharge circuit, and the current was ob-
tained from the voltage drop across a 20 k � sam-
pling resistor connected in series with the ground 

electrode of the DBD reactor. The consumed en- 
ergy and capacitance of the adjacent dielectric bar- 
rier were estimated from voltage–charge Lissajous 
figures, using a 0.2 μF non-inductive capacitor in- 
serted between the reactor and the ground instead 

of the sampling resistor [8] . The specific energy den- 
sity (SED) was calculated as the consumed energy 
divided by the total flow rate. 

3. Results and discussion 

3.1. XPS analysis 

The chemical states and surface compositions 
of the catalysts were investigated using XPS. The 
Cu 2p spectra ( Fig. 2 a) for the CuCeZr/Ti and 

CuZr/Ti catalysts show two main peaks, for Cu 

2p 3/2 and Cu 2p 1/2 , at about 933.0 and 953.8 eV, re- 
spectively. The shake-up peaks located in the range 
938.1–947.7 eV confirm the presence of divalent 
copper. Peak deconvolution and fitting split the Cu 

2p 3/2 peak into two peaks, at 932.6 and 934.4 eV, 
corresponding to Cu 

+ and Cu 

2 + ions, respectively. 
The Ce 3d spectra of the catalysts ( Fig. 2 b) were in- 
dividually deconvoluted into 3d 5/2 and 3d 3/2 spin–
orbit components (labeled v and u , respectively), 
which arise from Ce 4 + ↔ Ce 3 + electronic transi- 
tions. The main chemical valence of cerium in the 
CuCeZr/Ti and CeZr/Ti catalysts is + 4 ( v , v 2 , v 3 , u , 
u 2 , and u 3 ), but a small quantity of Ce 3 + ( v 1 and 

u 1 ) is also present ( Table 1 ). Enhancement of the 
homogeneities of the cerium and zirconium atoms 
promotes the Ce 4 + → Ce 3 + valence change, because 
of substitution of Ce 4 + by Zr 4 + during calcination. 
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Table 1 
Surface atomic ratios of catalysts obtained from XPS analysis.The bulk atomic ratios are 
listed in the bracket. 

Sample Cu/Ti Cu 2 + /Cu + Ce/Ti Ce 3 + /Ce 4 + 

CuCeZr/Ti 0.235 (0.059) 1.68 0.082 (0.044) 0.319 
CuZr/Ti 0.224 (0.055) 2.06 / / 
CeZr/Ti / / 0.104 (0.042) 0.758 

Fig. 2. Narrow Cu 2p (A) and Ce 3d (B) XP spectra of 
catalysts. 
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Fig. 3. H 2 -TPR profiles of catalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The surface composition atomic ratios of Cu/Ti
nd Ce/Ti determined using XPS are presented
n Table 1 along with the corresponding bulk ra-
ios listed in parentheses. The ratios obtained us-
ng XPS are about four times higher than the cor-
esponding bulk values, indicating that copper and
erium tend to migrate to the surfaces of TiO 2
rains. The Cu 

2 + /Cu 

+ ratio decreases significantly
rom 2.06 for CuZr/Ti to 1.68 for CuCeZr/Ti.
his result is in agreement with those reported by
audin et al. [9] and indicates that the presence of 

erium oxide favors the formation of Cu 

+ species.
uantitative data give Ce 3 + /Ce 4 + ratios of 0.319 for
uCeZr/Ti and 0.758 for CeZr/Ti. The presence of 
e 3 + in the catalysts favors the formation of vacan-

ies and unsaturated chemical bonds on the surface,
esulting in increased oxygen adsorption [10] . 

.2. H 2 -TPR analysis 

The redox properties of the catalysts were
nvestigated using H 2 -TPR. Figure 3 shows that
eZr/Ti does not give distinct reduction peaks

n the range 50–400 °C and undergoes reduction
ith two temperature maxima, at 643 and 807 °C,
rising from reduction of surface Ce 4 + ions. In the
ases of CuZr/Ti and CuCeZr/Ti, three reduction
eaks, at 154–180 ( α-H 2 ), 263–279 ( β-H 2 ), and
14–317 °C ( γ -H 2 ), are observed in the TPR
rofiles. The α and β peaks are associated with
mall and medium-sized CuO particles, which
re highly dispersed on the catalyst surface and
have reduction temperatures significantly lower
than that of bulk CuO ( γ peak). For CuZr/Ti,
the α peak appears within a narrow temperature
range (160–210 °C), because of local temperature
runaway. This observation is in accordance with
the high Cu 

2 + /Cu 

+ ratio for CuZr/Ti detected by
XPS. The position of the α peak shifts to lower
temperature for CuCeZr/Ti, and those of the β
and γ peaks shift to higher ones. The β and γ
peak shifts clearly result from the growth of small
and medium-sized CuO particles after cerium
addition. The α peak shift suggests enhanced
catalyst reducibility and can be correlated with
structural changes in the catalyst, because copper
species preferentially interact with ceria to form
Cu–Ce solid solutions. The total amount of H 2
consumed during a H 2 -TPR run was 42.2 μmol/g
for CuCeZr/Ti, i.e., higher than that of 39.6 μmol/g
for CuZr/Ti. It is probable that some copper ions
enter the ceria lattice, and this increases the oxygen
mobility and enables easy reduction of copper [11] .

3.3. CO adsorption at room temperature 

DRIFT spectra of CO adsorbed on the catalysts
are shown in Fig. 4 . There is no CO chemisorption
peak in the region 2200–2000 cm 

−1 for CeZr/Ti, but
there is a faint band at 2144 cm 

−1 corresponding to
weak physisorption. The strong band at 2109 cm 

−1

for the CuCeZr/Ti and CuZr/Ti catalysts is as-
signed to CO adsorption at copper sites to form
Cu 

+ –carbonyls, because the d orbitals of copper
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Fig. 4. DRIFT spectra of CO adsorbed on catalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. O 2 -TPD profiles of catalysts. 

Fig. 6. Temperature-programmed ignition of CO over 
catalysts. 
ions are completely or nearly full, and can form
strong bonds with CO. The cerium ions, however,
with the outer shell electron distributions of 4f1
and 5S2 4d10 5P6, respectively, are difficult to of-
fer electrons from d-orbitals to the anti-bonding
π -orbitals. The affinity between cerium and CO
is therefore weak. Such chemisorption giving rise
to Cu 

+ –carbonyl species would occur when Cu 

2 +

species (insert toward CO adsorption) are automat-
ically reduced to Cu 

+ in the starting catalysts [12] . 
A comparison of the DRIFT spectra of 

CuCeZr/Ti and CuZr/Ti shows that the intensity
of the Cu 

+ –carbonyl band for CuZr/Ti is signifi-
cantly higher than that for CuCeZr/Ti, which is in
accordance with the Cu 

2 + /Cu 

+ ratio of CuZr/Ti be-
ing higher than that of CuCeZr/Ti, as shown by
XPS. The weak band at 2056 cm 

−1 is assigned to
CO linearly adsorbed on Cu 

0 , which is unstable and
does not contribute to CO oxidation. CO 2 signals
at 2337 and 2360 cm 

−1 can also be monitored. The
faint reaction between Cu 

+ –carbonyls and lattice
oxygen in the catalysts at room temperature explain
this behavior. 

3.4. Temperature-programmed O 2 desorption 

O 2 -TPD tests were performed to confirm oxy-
gen activation over the catalysts. Figure 5 shows
that CuZr/Ti and CuCeZr/Ti give α and β desorp-
tion peaks, but CeZr/Ti gives only a β desorption
peak. Considering the low desorption temperature
( < 350 °C), the active oxygen species are probably
O 2 

− [13] . The lower-temperature α-oxygen desorp-
tion can be related to copper species dispersed on
the catalyst surface, whereas β-oxygen desorption
results from copper- and/or cerium-impregnated
ZrO 2 . The Ce 3d XP spectra show that oxygen va-
cancies are present in the cerium-containing cata-
lysts, therefore the formation of α-oxygen species
in CuCeZr/Ti via oxygen vacancies in copper–
cerium mixed oxides is plausible. The larger peak
area and lower desorption peak temperature for
CuCeZr/Ti show that its α-oxygen adsorption ca- 
pacity is higher than that of CuZr/Ti, indicating 
that oxygen is easily activated by CuCeZr/Ti. 

3.5. Temperature-programmed catalytic ignition 
of CO 

Before investigating the effects of DBD on 

CO catalytic ignition, the activities of CeZr/Ti, 
CuZr/Ti, and CuCeZr/Ti were evaluated using 
TPI tests, with data from the heating and cooling 
steps in the experiments. The results are shown 

in Fig. 6 . On heating, CeZr/Ti is inactive in CO 

combustion until the temperature is greater than 

228 °C. CO conversion gradually increases with in- 
creasing temperature and reaches 100% at 683 °C. 
The cooling process occurs at lower temperatures 
than the corresponding heating process, showing 
hysteresis, because of exothermic oxidation re- 
actions. For CuZr/Ti and CuCeZr/Ti, significant 
catalytic ignition can occur at the gas–solid phase 
interface, giving CO ignition temperatures ( T ig , 
corresponding to 10% CO conversion) of 106 
and 97 °C, respectively. The high low-temperature 
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Fig. 7. CO catalytic ignition induced by DBD. 
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Fig. 8. Background temperature evolution with time as 
function of DBD. Gas conditions: 15% CO + 15% O 2 /N 2 
and 15% O 2 /N 2 for CeZr/Ti; 15% O 2 /N 2 for CuZr/Ti and 
CeCeZr/Ti. 

Table 2 
Capacitances of dielectric barriers for catalysts during 
DBD. 

Sample Capacitance of dielectric barrier (nF) 

450 J/L 750 J/L 1100 J/L 1500 J/L 

CeZr/Ti 24.7 32.6 41.7 55.3 
CuZr/Ti 21.9 40.7 51.9 62.1 
CuCeZr/Ti 25.3 33.2 43.9 55.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ctivity over CuCeZr/Ti is related to incorporation
f some copper ions into cerium oxides and the

ormation of a Ce 4 + /Ce 3 + redox couple, which pro-
otes reducibility and facilitates oxygen transport

n the catalyst surface (shown by H 2 -TPR and
 2 -TPD). Under cooling, 100% CO conversion

an be consistently maintained, even after the con-
rolled temperature decreases to room temperature,
.e., around 25 °C. Fast mass and heat transfer
t the gas–solid phase interface clearly promote
elf-sustained CO catalytic combustion. 

.6. Catalytic ignition of CO by DBD 

Application of an AC voltage to a CO + O 2 /N 2
ixture causes electrical breakdown at about

.5 kV (AC frequency = 10.0 kHz, room tempera-
ure). Figure 7 shows the effects of DBD on CO
atalytic ignition. The supplied voltage was varied
o obtain SEDs from 450 to 1500 J/L, which is
imilar to that (0.5–2.0 kJ/L) of Subrahmanyam et
l. [14] and that (0.2–1.7 kJ/L) of Kiwi-Minsker et
l. [15] . The high SED is employed in the present
ork in order to shorten the ignition time of CO
atalytic combustion. CO clearly cannot be ignited
y DBD over the CeZr/Ti catalyst, even when the
ED is 1500 J/L, which is very similar to that for
PI. The dissociation energy of CO molecules

s 13.5 eV, therefore CO molecule dissociation is
ifficult, but they can collide with active oxygen
adicals in the gas phase to form small amounts
f CO 2 . The low CO conversion during discharge
oes not depend on the temperature and corre-
ponding thermocatalysis, because the CeZr/Ti
ackground temperature, which was monitored
ynchronously ( Fig. 8 ), increased from room tem-
erature to 144 °C after DBD operation for 80 s.
hese results strongly suggest that the supported
opper catalysts play a dominant role in the DBD-
ssisted ignition of CO. The effects of thermal and
lasma catalysis were distinguished by measuring
he background temperatures of CuZr/Ti and
uCeZr/Ti in a 15% O 2 /N 2 atmosphere instead of 
5% CO + 15% O 2 /N 2 , to avoid runaway induced
by CO ignition, since the temperature curves
obtained for the CeZr/Ti has only 5 ºC difference
under these two circumstances till the DBD op-
eration at 80 s ( Fig. 8 ). The current flow induced
by the migration of electrons and ions promotes a
temperature increase in the reactor through joule
heating, dielectric loss, and gas heating in the
plasma channel. The temperature rise with time is
faster for CuZr/Ti than for CuCeZr/Ti at the same
SED. This behavior can be explained by a higher
capacitance of the dielectric barrier for CuZr/Ti
( Table 2 ), leading to a higher dielectric loss. 

Taking CuZr/Ti as an example, when the SED
is set at 450 J/L, micro-discharges are created but
a low current density is maintained. In this case,
CO oxidation starts at 29 s and gradually increases
with DBD operating time up to 100% CO conver-
sion at 79 s ( Fig. 7 ). An increase in the SED sig-
nificantly reduces the ignition delay, and two main
steps occur during DBD. At an SED of 750 J/L,
the first step can be described as a slow induction
process that begins at 18 s and then continues at a
relatively slow rate until 25 s. The reaction rate in
this region is controlled by transport of reactants
to the active sites on the catalysts [16] . The second
step is the ignition process. The oxidation rate at
this point is fast enough to induce a strong increase
in the local temperature, and then catalytic light-off 
is propagated because of the evolved reaction heat,
even if the DBD is cut off at this stage, as shown in
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Fig. 9. Optical emission spectra of DBD over CeZr/Ti at 
SED of 1500 J/L. 

Fig. 10. Rate coefficients of active species formed by di- 
rect impact with electrons. 
Fig. 7 , enabling thermal CO combustion. Typical
temperature curve of catalyst bed as a function of 
time, with initiation and cessation of DBD, has also
been given in Fig. 7 . In this step, the reaction rate
is controlled by external diffusion [17] . Kirkpatrick
et al. [18] showed that the plasma generated up-
stream of the catalyst gave a thermal “push” to the
catalyst when it was near its light-off temperature.
Because of the low concentration of CO (0.45%),
however, thermochemical runaway did not occur
on the catalyst surface. Therefore, only 23% CO
conversion was achieved. A combination of the re-
sults in Figs. 7 and 8 shows that DBD-assisted cat-
alytic ignition occurs at 27 s (ignition time t ig , deter-
mined at 10% CO conversion), corresponding to a
background temperature of 60 °C, which is signifi-
cantly lower than the T ig (97 °C) for thermal cataly-
sis. These results indicate that plasma generates re-
active radicals and excited molecules, which may
contribute to CO catalytic ignition. At the same
SED, the induction process occurs earlier with
CuCeZr/Ti than with CuZr/Ti, with t ig values of 23,
17, and 14 s for CuCeZr/Ti at SEDs of 750, 1100,
and 1500 J/L, respectively. The ignition curves for
the second step, however, show that the increases
in CO conversion over CuCeZr/Ti are slower (the
slopes are less steep) than those over CuZr/Ti. The
ignition curves for CuZr/Ti cross with those for
CuCeZr/Ti at 33, 24, and 20 s at SEDs of 750, 1100,
and 1500 J/L respectively, and 100% CO conversion
is achieved at 47, 42, and 34 s, respectively, which
shortens the ignition delay. In DBD ignition, CO 2
is the only product and no other byproducts can be
detected. 

3.7. Active species generated during DBD 

The plasma species present in the DBD dis-
charge were identified from global optical emis-
sion spectra recorded in pure N 2 , O 2 , CO, and
15% CO + 15% O 2 /N 2 discharges. The spectra are
shown in Fig. 9 . In a pure N 2 atmosphere, the
main emission peaks in the range 200–390 nm are
the N 2 second positive system (C 

3 �u –B 

3 �g ). In
a pure O 2 discharge, O is not detected. The N 2 

∗

emission spectrum arises from gas breakdown out-
side the reactor. Although the high-energy elec-
trons in DBD can dissociate oxygen molecules into
atoms, ozone formation consumes oxygen atoms,
e.g., O( 3 P) and O( 1 D). In the DBD spectrum of 
CO, the Ångstrom (B 

1 �+ –A 

1 �) ro-vibrational sys-
tem appears in the range 515–590 nm, correspond-
ing to highly excited electronic states of CO [19] .
For DBD of the CO + O 2 /N 2 mixture, the spectral
lines of N 2 molecules are more intense than those
of other species, because N 2 accounts for 70% of 
the gas mixture. The presence of N 2 results in a
decrease in the CO excitation rate, but some ex-
cited N 2 

∗ can collide with O 2 to produce oxygen
atoms. This is comparable to O 2 dissociation by col-
lisions with electrons, and results in a higher den-
sity of oxygen atoms (328.3 and 394.2 nm) than 

that in a pure O 2 atmosphere. The rate coeffi- 
cients for electron-impact dissociations and exci- 
tations of N 2 , O 2 , and CO were calculated based 

on the electron Boltzmann equation using the stan- 
dard BOLSIG + code and the cross-section from 

the Phelps database [20] . For given discharge con- 
ditions (SED of 450–1500 J/L), the reduced elec- 
tric field ratio E / N (where E is the electric field 

strength and N is the number of neutral parti- 
cles) varies from 45 to 135 Td, corresponding to 

a mean electron energy of 1.1 to 3.5 eV, as shown 

in Fig. 10 . It can be clearly seen that the most ef- 
ficient channel is dissociation with production of 
ground-state O( 3 P) and excited O( 1 D) atoms. The 
formation rate coefficients of the active species de- 
crease in the sequence: O( 3 P) > O( 1 D) > CO 

∗(A 

1 �) 
> N 2 

∗(B 

3 �g ) > N 2 
∗(B 

3 �g ) > CO 

∗(B 

1 �). Such ac- 
tive species formed by DBD can promote CO cat- 
alytic ignition. 
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.8. Proposed reaction mechanism 

CO catalytic ignition on CuZr/Ti and
uCeZr/Ti proceeds via a Langmuir–Hinshelwood
echanism, in both plasma and thermal catalysis.
uring TPI, CO is adsorbed on copper sites in

he induction step to yield Cu 

+ –carbonyls, and
aseous O 2 is adsorbed on either copper sites or
xygen vacancies in the mixed oxides. In these
ompetitive adsorption processes, CO adsorption
s favored, therefore the reaction is self-poisoned
y CO [17] . The critical amount of adsorbed CO
an be reached by increasing the temperature
o shift the adsorption/desorption equilibrium
oward oxygen desorption. At this point, some
dsorbed CO also interacts with adsorbed oxygen
toms in a slow exothermic reaction that results
n gaseous CO 2 formation and release. When the
ystem is ignited by increasing the temperature,
ll the adsorbed CO immediately reacts rapidly,
nd sufficient free adsorption sites are generated
requently for CO adsorption. During DBD, the
ischarge excites some of the CO molecules and
issociates O 2 molecules into oxygen atoms in
he gas phase before adsorption. Given that the
olecules delivered to the catalyst surface are

lready excited or dissociated, the adsorption
tep is easier, leading to induction beginning at a
ower background temperature than in thermal
atalysis. At this stage, plasma catalysis is domi-
ant. At the same SED, induction with CuCeZr/Ti
egins earlier than that with CuZr/Ti. This is

n good agreement with the reducibilities and
xygen-transfer properties of these catalysts. The
uperiority of CuCeZr/Ti is maintained until the
gnition process begins. The CO oxidation rate is
ast enough to induce a strong increase in the local
emperature, which accelerates external diffusion
nd mass transfer, based on the gas diffusivity
 v ∝ T 

1.81 and the mass-transfer coefficient K s =
D v S) 1/2 , where T is temperature and S denotes the
pdate frequency [21] . In this step, external diffu-
ion (thermal catalysis) is dominant. Because more
O adsorption sites can be provided by CuZr/Ti

han by CuCeZr/Ti, which is beneficial for external
iffusion and mass transfer, the ignition curves for
uZr/Ti cross those for CuCeZr/Ti, contributing

o shortening of the ignition delay. 

. Conclusion 

We investigated DBD-ignited self-sustained
O combustion over CeZr/Ti, CuZr/Ti, and
uCeZr/Ti catalysts, combined with TPI. DBD ig-
ition gave rapid start-up and evolved in two steps.
he induction process was dominated by plasma
catalysis. Because of the higher reducibility and
oxygen-transfer ability of CuCeZr/Ti, induction
was earlier with this catalyst than with CuZr/Ti,
the ignition process was governed by thermal catal-
ysis. CuZr/Ti provided more CO adsorption sites
than did CuCeZr/Ti, and this helped to shorten
the ignition delay. 
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