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� High concentration of toluene is
degraded in the plasma-catalytic
system with CeO2-MnOx catalyst.

� The mobility of O and concentration
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Mn.
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three pathways.
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reaction mechanisms in the plasma-
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The destruction of toluene in dielectric barrier discharge (DBD) reactor coupled with a series of
CeO2-MnOx catalysts was investigated in this work. All catalysts prepared by sol-gel method were
characterized in detail using N2 adsorption, XRD, TEM, H2-TPR, Raman, O2-TPD and XPS analysis
technology. The effect of input power, molar ratio of Ce/Mn, gas flow rate and initial concentration of
toluene on the removal efficiency of toluene and CO2 selectivity has been investigated. The plasma-
catalytic system improves the removal efficiency and CO2 selectivity significantly compared with the
plasma alone system. The catalytic performance of CeO2-MnOx catalysts are higher than pure CeO2

and MnOx, which might be contributed to the synergistic effect between CeO2 and MnOx (such as
Mn3+/Mn2+ and Ce4+/Ce3+ redox couples) in the CeO2-MnOx catalysts. The highest removal efficiency of
toluene (95.94%) and CO2 selectivity (90.73%) are acquired with Ce1Mn1 catalyst. The reason may be
that: (1) the increased BET specific surface area and the decreased grain size can be obtained from
CeO2-MnOx catalyst. (2) The formation of CeO2-MnOx solid solution resulted from the incorporation of
Mn cations into the CeO2 lattice could generate more oxygen vacancies and improve the mobility of
oxygen. On the basis of the analytic results of GC/MS, the pathways of toluene destruction in the
plasma-catalysis system are discussed.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Volatile organic compounds (VOCs) derived from industrial
manufacturing, transport and indoor sources are one major group
of atmospheric contamination [1–4]. VOCs as a precursor for the
formation of photochemical smog, ground level ozone and organic
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aerosols, have adverse effects to human health, such as headache,
dry cough and cancer [5–8]. Due to it is harmful to the environ-
ment and human health, researchers have made great efforts to
investigate different pollution cleaning technologies including
thermal combustion, photocatalysis, catalytic oxidation and
adsorption [9,10]. However, traditional VOCs control methods have
many restrictions related to technology and economy, particularly
for treating dilute concentration [11].

Non-thermal plasma (NTP) technology considered as an avail-
able way for the removal of diluted VOCs has received increasing
attention because of good economy and easy operation [12–14].
In non-thermal plasma, the generated electrons are accelerated
by a sufficiently strong electric field and collided with the gas
molecules (carrier gas and pollutant gas) to produce many active
particles for reactions such as free radicals, excited atoms and ions
[15–17]. Then, these active species can react with pollutant gas
molecules and oxidize them into less harmful compounds. Never-
theless, some imperfections such as low efficiency, poor selectivity
of CO2 and the formation of unwanted byproducts have been
exhibited in NTP alone system [2,18]. To overcome these limita-
tions, many researchers have attempted to remove VOCs combin-
ing non-thermal plasma with suitable heterogeneous catalysts
[19,20]. The synergistic effects generated by this technology can
lower the activation energy of catalytic reactions, improve the con-
version of pollutant gas and reduce formation of unwanted
byproducts [21,22].

There are many different forms of manganese oxides such as
MnO2, Mn2O3 and Mn3O4 resulting from existing different valence
states of manganese. Qu et al. reported that the Ag-Mn/SBA-15
(1:3) catalyst observed the best performance for toluene destruc-
tion. A good synergetic effect existed among MnO2, Mn2O3 and
Ag1.8Mn8O16, which promoted the formation of sufficient active
lattice oxygen and the decomposition of toluene [23]. The effi-
ciency of toluene decomposition was significantly improved in
the plasma-catalysis reactor with MnxOy/SBA-15 catalyst. They
also reported that each of the manganese oxidation states played
an important role; Mn2O3 was acted as a bridge for oxygen
exchange between gas and solid phase, and Mn3O4 was used in
transferring oxygen from catalyst to toluene molecules [24]. Marco
et al. also reported that the following reactivity trend in terms of
the total oxidation of VOCs was observed: Mn3O4 > Mn2O3 > MnxOy

[25]. Recently, CeO2 has been widely investigated in the catalysis
field, on account of its strong oxygen storage capacity and unique
redox couple of Ce3+/Ce4+ [26–31]. CeO2 is an environmental
friendly and inexpensive catalyst for the catalytic decomposition
of VOCs, such as formaldehyde, methanol and benzene [31–34].
Moreover, recent studies have investigated Ce-Mn mixed oxides
catalysts. The synergistic effects between CeO2 and MnxOy can
not only optimize the structure of catalysts, but also improve the
catalytic performance due to the interaction of MnxOy and CeO2

[31,34–38]. However, the degradation of toluene using an in-
plasma catalytic system with CeO2-MnOx catalysts has not been
reported. Moreover, most of previous reports are majored in the
removal of diluted toluene using plasma-catalytic system. For the
high concentration of toluene (>1000 ppm), using plasma-
catalytic system has been rarely investigated. The catalytic mech-
anism of CeO2-MnOx catalysts in the discharge area is still vague.

In this work, toluene was adopted as the target contamination,
which was widely used in industrial production processes. The
removal of toluene was carried in a DBD reactor over CeO2-MnOx

catalysts with different Ce/Mn molar ratio. Some parameters such
as the input power, molar ratio of Ce/Mn, gas flow rate and initial
toluene concentration that may affect toluene conversion were
taken into account. The removal efficiency of toluene and
selectivity of CO2 in this work were studied. The performance of
CeO2-MnOx catalysts were characterized with N2-physisiorption
(BET), X-ray diffraction (XRD), Raman spectra, transmission
electron microscope (TEM), temperature programmed desorption
of O2 (O2-TPD), hydrogen temperature- programmed reduction
(H2-TPR) and X-ray photoelectron spectroscopy (XPS). Meanwhile,
the byproducts and possible reaction mechanisms were also dis-
cussed in this study.

2. Material and methods

2.1. Experimental setup

The schematic diagram of the experimental set-up is shown in
Fig. 1. The experiment was carried out at room temperature and
atmospheric pressure. The apparatus mainly included a toluene
supply system, a DBD reactor and detection and analysis system.
The schematic diagram of the DBD reactor is shown in Fig. 2. The
coaxial cylindrical DBD reactor was made of quartz glass (inner
diameter: 14 mm, outer diameter: 18 mm, length: 150 mm)
wrapped by aluminum foil of 90 mm length as a ground electrode.
The inner electrode of the DBD reactor was a stainless steel rod,
8 mm in diameter. A plasma generator (CTP-2000 K, Nanjing
Suman Electronic Co., China) acted as the supply of electricity.
The signals of voltage and current were detected by an oscilloscope
(DPO-2012, Tektronix).

Gaseous toluene was acquired by passing a dry air flow through
pure toluene liquid (>99.5%) which was kept in a water bath
(T = 25 ± 0.5 �C). This stream was then diluted by dry air in a cham-
ber to achieve a certain concentration. Each flow rate was con-
trolled by a mass flow meter. The concentration of toluene was
varied from 500 ppm to 2500 ppm, and the gas flow rate was oper-
ated at a range of 130–400 mL/min.

2.2. Analytical system

The gaseous compositions were analyzed continuously by a gas
chromatography (GC, SP-2100A, BeiFen, China) with a thermal con-
ductivity detector (TCD). Carbon dioxide was detected by GC with a
TDX-01 column (3.0 m � 3.0 mm) and toluene was monitored by
GC with a PEG-20M column (3.0 m � 3.0 mm). The organic byprod-
ucts in the outlet gas were absorbed by ethanol in an absorption
tube. Then, the absorption solution was analyzed using a GC–MS
(Agilent 5977A MSD, Agilent 7890B GC System). To detect the
organic byproducts on the catalyst surface, the reacted catalysts
were dispersed in ethanol solution with ultrasonic vibration for
120 min. Then the supernatant was acquired by centrifugation
and analyzed via GC–MS. This GC–MS instrument was equipped
with a HP-INNOWAX chromatographic; the column ion source
temperature is 230 �C; and the temperature rose from 50 to
240 �C with a rate of 10 �C/min. The concentration of ozone was
determined by the method of indigo disulfonic acid sodium spec-
trophotometry. In our experimental degradation tests, an hour
after discharge, we began to detect the composition of outlet gas.
In order to get more accurate results, each of points in this exper-
iment would be repeated five times.

The toluene removal efficiency, selectivity of carbon dioxide
were calculated as follows:

Toluene removal efficiency (g):

gð%Þ ¼ ½toluene�inQ in � ½toluene�outQout

½toluene�inQ in
� 100% ð1Þ

Selectivity of CO2 (Sco2):

SCO2 ð%Þ ¼ ½CO2�outQout

7ð½toluene�inmhboxQin � ½toluene�outQoutÞ
� 100% ð2Þ



Fig. 1. Schematic diagram of the experimental set-up.

Fig. 2. Schematic diagram of DBD reactor.

B. Wang et al. / Chemical Engineering Journal 322 (2017) 679–692 681
Where [toluene]in (ppm) and [toluene]out (ppm) are the concen-
trations of toluene entering and leaving the reactor; [CO2]out (ppm)
is the concentration of CO2 in the outlet; Qin (mL/min) and Qout

(mL/min) are the gas flow rate at the inlet and outlet of the reactor,
respectively.
2.3. Catalysts preparation

The CeO2-MnOx mixed oxides were synthesized by citric acid
sol-gel method. Manganese nitrate and ceria nitrate with three
Ce/Mn molar ratios of 1:2, 1:1 and 2:1 were dissolved in deionized
water respectively, citric acid was then added to obtain a mixed
solution. In these solutions, the concentration of total metal ions
is 1 mol/L and the molar ratio of citric acid to metal salts was 2.
The acquired solutions were stirred in a water bath at 70 �C for
3 h. Then the samples were dried in a rotary evaporator at 70 �C
to get wet gels, which were further dried overnight at 110 �C and
calcined at 500 �C for 3 h. The obtained materials, denoted as
CeXMnY (where X:Y refer to the Ce/Mn molar ratio). The used
Ce1Mn1 catalysts were denoted as Ce1Mn1u in this paper. The
pure CeO2 and MnOx were prepared using the similar process. All
the catalysts were sieved to 20–40 meshes in this work.
2.4. Catalysts characterization

2.4.1. BET analysis
All studied catalysts were characterized by using various ana-

lytical techniques. Specific surface area (SSA), specific pore volume
and average pore diameter were calculated from N2 adsorption-
esorption isotherms recorded at �196 �C using a surface area ana-
lyzer, Micromeritics Tristar-3000. Prior to the measurement, the
samples (0.1 g) were degassed for 4 h at 300 �C.

2.4.2. XRD analysis
The X-ray diffraction (XRD) characterization was performed on

a Rigaku D/max-2500 diffractometer with a Cu Ka radiation (40 kV,
200 mA) with 2h varying from 20� to 90�. The scan speed was 8�/
min.

2.4.3. Raman
Raman spectra was recorded on a DXR Microscope spectrome-

ter using the 514.0 nm radiation line from a Spectra-Physics-
2020 argon laser in the frequency range of 200–1400 cm�1.

2.4.4. TEM analysis
The structure of CeO2-MnOx catalysts were characterized with a

JEM-2100F transmission electron microscope (TEM) at 200 kV.
Before treatment, samples were placed into ethanol and dispersed
for 20 min in ultrasonic and dropped onto a carbon-coated copper
net.

2.4.5. H2-TPR analysis
Hydrogen temperature-programmed reduction (H2-TPR) analy-

sis was performed on the Micromeritics AutoChem 2910 equipped
with a TCD detector. The catalyst (0.1 g) was loaded in a U-type
quartz tube and pretreated using an Ar flow at 200 �C for 2 h,
and then cooled to 60 �C. The TPR measurement was conducted
by heating the sample to 800 �C at a rate of 10 �C/min in the flow
of H2-Ar mixture (10 vol% H2/Ar, 30 mL/min).

2.4.6. O2-TPD
The temperature programmed desorption of O2 (O2-TPD) was

performed using the same apparatus as that for H2-TPR. 100 mg
catalyst was pretreated at 200 �C using a steam of pure Ar
(30 ml/min) for 1 h. Subsequently, the flow of O2/He (2%) (50 mL/
min) was switched on for 30 min at 500 �C. After cooling to
50 �C, the sample was heated from 50 �C to 800 �C at a rate of
10 �C/min in pure He.

2.4.7. XPS
X-ray photoelectron spectra (XPS) were measured with PHI-

1600 ESCA XPS equipment with monochromatic Al-Ka X-ray radi-
ation at 250 W. All binding energy were referenced to the C 1 s
photoelectron peak at 284.6 eV.
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3. Results and discussion

3.1. Catalyst characterization

3.1.1. BET
The physicochemical properties of all the catalysts are summa-

rized in Table 1. What can be found is that the BET surface areas of
the pure MnOx and CeO2 (39.5, 65.0 m2 g�1) are smaller than that
of the CeO2-MnOx catalyst (73.2–84.1 m2 g�1). Moreover, com-
pared with the pure MnOx and CeO2, the pore sizes of the CeO2-
MnOx catalyst are significantly decreased. It is evident that
Ce1Mn1 catalyst has the highest BET surface area and the smallest
pore size (84.1 m2 g�1, 5.8 nm). Changing the molar ratio of Ce/Mn
would decrease the BET surface area and increase the pore size,
which might be contributed to the interaction between CeO2 and
MnOx.
Fig. 3. XRD patterns of CeO2-MnOx catalysts.

3.1.2. XRD

Fig. 3 shows the XRD results of the fresh catalysts. For the MnOx

catalyst, the diffraction signals at 2h = 32.9� and 55.2� could be pri-
marily attributed to Mn2O3 (JCPDS 71-0636), while the main peaks
at 2h values of 29.0�, 32.4�, 36.1�, 38.1�, 44.4�, 60.0�and 64.6� could
be indexed to Mn3O4 (JCPDS 80-0382). The intensive and sharp
diffractions at 2h = 28.5�, 33.1�, 47.5�, 56.4�, 59.2�, 69.5�, 76.7�,
79.1� and 88.5� clearly demonstrate the presence of cerianite of
CeO2 (JCPDS 75-0390). No characterization reflections of man-
ganese oxides can be detected in the Ce2Mn1 and Ce1Mn1 simples,
which might be ascribed to the manganese oxides existing in a
form of finely dispersed or the incorporation of Mn species into
CeO2 lattice [39]. As the content of Mn increased, the peak of
Mn3O4 appears in the XRD pattern of Ce1Mn2 catalyst. The charac-
teristic diffraction peaks in the CeO2-MnOx catalysts become
weaker and broader, indicating the decrease of crystallinity and
crystal size, which is identified by the calculated crystalline size
of CeO2 (Table1).

Compared with pure CeO2 (12.1 nm), the crystallite sizes of
CeO2-MnOx catalysts decline prominently to 2.4–2.7 nm, which is
in accordance with the results of BET analysis in this work. Further-
more, a slight shift can be seen in the diffraction peaks of the CeO2-
MnOx catalyst, compared with the pure CeO2. This appearance may
be attributed to the incorporation of Mn cations into the CeO2 lat-
tice to form CeO2-MnOx solid solution [40]. The introduction of Mn
can efficiently restrain the formation of crystal form, which coin-
cides exactly with the previous reports [26,33]. Since the ionic
radius of Mn ions is smaller than that of the Ce ions, Ce ions
replaced by Mn ions leads to contraction of CeO2 lattice and the
formation of defects in the CeO2 lattice. The defects would generate
oxygen vacancies that can offer active sites for the formation of
active oxygen species [41], which would be discussed by the anal-
ysis of Raman in detail. Due to the decrease of crystalline size and
the increase of oxygen vacancies, the catalysts and reactant gas can
interact sufficiently. Therefore, the Mn dopants play an important
role on the catalytic performance [28].
Table 1
Physicochemical properties of the fresh catalysts.

Sample BET surface area (m2 g�1) Total pore volume (cm

MnOX 65.0 0.23
Ce1Mn2 73.7 0.15
Ce1Mn1 84.1 0.14
Ce2Mn1 73.2 0.17
CeO2 39.5 0.14
Ce1Mn1u 71.1 0.17

a Calculated from the characteristic peak of CeO2 (111) crystal face located at 2h = 28
3.1.3. Raman
The Raman spectra of all the CeO2-MnOx catalysts are shown in

Fig. 4. Two bonds at 330–360 cm�1 and 643 cm�1 could be
observed in the pure MnOx. The former is attributed to Mn2O3,
and the latter is assigned to Mn3O4 [36]. This is in complete accor-
dance with the result of XRD. Pure CeO2 shows one sharp peak at
464 cm�1 (labeled 1) [42], which is ascribed to the F2g model of
CeO2 lattice. However, for CeO2-MnOx mixed catalysts, the peak
at 454–458 cm�1 (labeled 1) can be observed due to the existence
of CeO2, exhibiting a slightly shift to lower frequencies. These
peaks become boarder and weaker than that of pure CeO2 as well.
The phenomenon might be caused by the deformation of the lattice
and the formation of oxygen vacancies in the lattice, as a result of
the substitution of Mn species for Ce4+ generating solid solution in
the CeO2-MnOx catalysts [39]. In addition, a weak peak band at
250–280 cm�1 (labeled 2) can be found in the Ce-containing cata-
lysts, which is contributed to the presence of oxygen vacancies in
the CeO2 lattice [36,39]. The concentration of oxygen vacancies
can be reflected by A2/A1 (A1 is the peak area of band 1, A2 is
the peak area of band 2), as shown in Fig. 4 (seen in the inset table).
With increasing the content of Mn, the concentration of oxygen
vacancies enhances, and the highest A2/A1 value is obtained by
Ce1Mn1; further increase in the amount of Mn reduces the concen-
tration of oxygen vacancies. It is worth noticing that the concentra-
tion of oxygen vacancies is closely related to catalytic performance
of catalysts.
3.1.4. TEM
The morphology and crystal structure of samples are examined

by TEM technology. The TEM, HRTEM images and size distribution
of pure metallic oxide and CeO2-MnOx catalysts are shown in
Figs. 5 and 6 respectively. The average particle size of pure CeO2
3 g�1) Average pore size (nm) Crystallite sizea (nm)

12.5 –
6.6 2.7
5.8 2.4
9.7 2.6
14.8 12.1
9.4 3.0

.5� in the XRD patterns.



Fig. 4. Raman spectra of CeO2-MnOx catalysts.
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and MnOx catalysts calculated from the size distribution statistical
analysis are 10.18 nm and 15.45 nm. However, from Fig. 5, a
marked decrease in the particle size is observed over CeO2-MnOx
mixed catalysts, which is consistent with the results of XRD.
According to the TEM images of different catalysts, we can observe
that all the samples are consisted of irregular particles with
smooth surfaces. These small particles form foamlike structure
resulted from closely aggregated metal oxide nanoparticles [43].
As can be found from the HRTEM images, pure catalysts are better
crystallized and have more marked lattice stripes than CeO2-MnOx

oxide catalysts. This may be due to the interaction of CeO2 and
MnOx causing the destruction of crystal type. The interplanar dis-
tance of 0.271 nm and 0.248 nm can be noticed in the pure MnOx,
which can be indexed as (222) facet of Mn2O3 and (211) planes of
Mn3O4. However, no crystalline structure of manganese oxide
Fig. 5. TEM, HRTEM images and size distrib
could be detected in the Ce1Mn1 and Ce2Mn1 catalysts. Increasing
the content of Mn, the lattice stripes of Mn2O3 and Mn3O4 can be
found in the Ce1Mn2 catalyst. The lattice stripes of 0.312 nm con-
tributed to the (111) plane is the only one type interplanar dis-
tance existing in the pure CeO2, whereas part of CeO2 (111)
planes decrease to 0.29 nm, 0.3 nm and 0.305 nm in the CeO2-
MnOx catalysts. The (111) facet interplanar distance of the hybrid
catalyst is smaller than that of the pure CeO2, and the lattice spac-
ing of the (111) facet decreases gradually, with the increase of Mn
content. This phenomenon may be contributed to the incorpora-
tion of the smaller Mn cations into the lattice of CeO2 and the for-
mation of solid solution, which have been discussed in the analysis
of XRD in detail [44,45].

3.1.5. TPR
The H2-TPR patterns of the CeO2-MnOx composite oxide cata-

lysts are shown in Fig. 7. The reduction of pure CeO2 exhibits
two broad peaks around 470 �C and 755 �C, which are referred to
the consumption H2 by surface and bulk CeO2, separately [36].
The H2-TPR profile of pure MnOx shows two strong reduction peaks
at 290 �C and 430 �C. The peak at 290 �C is attributed to the reduc-
tion of Mn2O3 to Mn3O4 and the other peak represents the further
reduction of Mn3O4 to MnO [24,34]. The CeO2-MnOx oxides exhibit
a board peak between 100 �C and 500 �C, which is attributed to the
reduction of CeO2 and MnOx. The reduction temperatures of CeO2-
MnOx catalysts are lower than those of pure CeO2 and MnOx, which
is consistent with the results of XRD. The Ce-O and Mn-O bonds are
weakened because of the strong mutual effect between CeO2 and
MnOx in the CeO2-MnOx solid solution [27,31]. Therefore, the
mobility of oxygen species in the CeO2-MnOx catalysts is improved,
as can be seen from O2-TPD.

3.1.6. O2-TPD
To investigate the mobility of oxygen further, O2-TPD profiles of

all the samples are provided in Fig. 8. In generally, the adsorbed
oxygen on the catalyst would be changed by the following process:
O2 (ad)? O2� (ad)? O� (ad)? O2� (lattice) [46]. Compared with
ution of pure CeO2 and MnOx catalysts.



Fig. 6. TEM, HRTEM images and size distribution of CeO2-MnOx catalysts.
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the lattice O2�, the physically adsorbed oxygen O2 (ad) and chem-
ically adsorbed oxygen O2� (ad)/O� (ad) are much easier to be des-
orbed. There are just two kinds of oxygen species could be found
for the pure CeO2 and MnOx catalyst. The one peak centered at
370–400 �C is assigned to chemically adsorbed oxygen O� (ad),
the other at above 500 �C should belong to O2� (lattice) desorbed
from catalysts [47]. The peak of O2� (lattice) shifts to lower tem-
perature in the CeO2-MnOxmixed catalysts. Meanwhile, it is worth
noticing that the peak at 100–200 �C attributed to the chemically
adsorbed oxygen O2� (ad) can be observed from CeO2-MnOxmixed
catalysts clearly (Fig. 8b, d and e). Therefore, the total amount of
chemically adsorbed oxygen O2� (ad)/O� (ad) increases greatly in
the CeO2-MnOx mixed catalysts, which would improve the mobil-
ity of oxygen in the catalysts. This phenomenon might be con-
nected with the interaction between CeO2 and MnOx. As
mentioned in the analysis of XPS and Raman, the existence of oxy-
gen vacancies has been demonstrated. Some previous studies
reported that oxygen vacancies are identified as adsorption-
desorption centers for gaseous oxygen [41,48]. Hence the oxygen
vacancies can be acted as a bridge for the delivery of O from Ce
to Mn in this study. Gaseous oxygen absorbed into these oxygen
vacancies would be activated and changed to O2� (ad)/O� (ad), pro-
moting the mobility of oxygen as well as the catalytic performance.

3.1.7. XPS
The XPS measurements are carried out to gain a better insight

into the metal oxidation states and the surface compositions.
Fig. 9 shows the XPS spectra of Ce 3d, O 1s and Mn 2p. The Ce 3d



Fig. 7. H2-TPR profiles of CeO2-MnOx catalysts.

Fig. 8. O2-TPD profiles of (a) MnOx, (b) Ce1Mn2, (c) Ce1Mn1u, (d) Ce1Mn1, (e)
Ce2Mn1, (f) CeO2.

Fig. 9. XPS spectra of CeO2-MnOx catalysts (a) Ce 3d; (b) Mn 2p; (c) O 1s.
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XPS peaks of CeO2-MnOx catalysts in Fig. 9(a) exhibit ten peaks: t0
(880.5 eV), t1 (882.4 eV), t2 (884.9 eV), t3 (888.2 eV), t4
(898.0 eV), l0 (899 eV), l1 (900.6 eV), l2 (903.5 eV), l3 (907 eV),
l4 (916 eV) [27,49]. The peaks labeled l and t belong to Ce 3d5/2

and Ce 3d3/2, respectively. The marked t0, t2, l0 and l2 peaks
are assigned to Ce3+, and the labeled t1, t3, t4, l1, l3 and l4 are
related to Ce4+. Based on these peaks, it is obvious that there are
different amounts of Ce4+ and Ce3+ exist in the catalysts. The
Ce3+/(Ce3+ + Ce4+) ratios of all catalysts calculated by the integral
intensities of the Ce3+ and Ce4+ lines range from 11.6% to 14% as
shown in Table 2. The Ce3+/(Ce3+ + Ce4+) ratios of CeO2-MnOx

mixed catalysts are higher than that of pure CeO2, whilst the high-
est Ce3+ concentration of 14% is observed in the Ce1Mn1 catalyst.
The manganese ions doping into the CeO2 lattice will result in
the contraction of the lattice. Then the unprompted conversion of
Ce4+ (c = 0.094 nm) to Ce3+ (c = 0.103 nm) will happen to offset
this lattice contraction [28]. The presence of Ce3+ in the
CeO2-MnOx catalysts can promote the formation of oxygen
vacancies via the transformation between Ce4+ and Ce3+, 4Ce4+ +
!O2� ? 4Ce4+ + 2e�/⁄ + 0.5O2 ? 2Ce4+ + 2Ce3+ + ⁄ + 0.5O2 (where ⁄
represents an empty position) [50,51]. Therefore, the higher
Ce3+ concentration, the more oxygen vacancies and the higher
mobility of oxygen species, which is in agreement with Raman
results.

Fig. 9(b) presents the Mn 2p XPS spectra of the different cata-
lysts, which are used to evaluate the oxidation state of Mn. The



Table 2
XPS analysis of different catalysts.

Sample Atomic concentration Ce3+/(Ce3+ + Ce4+) Oa/(Ob + Oa) Mn2+/(Mn2+ + Mn3+)

C (at.%) Mn (at.%) Ce (at.%) O (at.%) (%) (%) (%)

MnOx 51.9 15.5 0 32.6 – – 33.5
Ce1Mn2 37.2 14.8 6.5 41.4 12.2 31.4 18.4
Ce1Mn1 37.4 10.4 9.4 42.8 14.0 38.2 29.4
Ce2Mn1 34.6 7.0 13.7 44.8 12.6 31.1 24.9
CeO2 44.5 0 13.9 41.5 11.6 29.7 –
Ce1Mn1u 57.6 5.8 6.1 30.5 12.8 33.4 23.3

Fig. 10. Effect of input power on the plasma-catalytic removal of toluene with
CeO2-MnOx catalysts: (a) removal efficiency and (b) selectivity of CO2 (Gas flow
rate = 250 mL/min, initial concentration of toluene = 1500 ppm).
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binding energies at 635–645 eV and 650–660 eV regions belong to
Mn 2p3/2 and Mn 2p1/2, separately [52]. Deconvolution of Mn 2p3/2

shows two peaks in the intervals of 640.2–640.6 eV and 641.6–
642.2 eV, respectively. The former can be assigned to Mn2+, while
the latter one belongs to Mn3+ ions, indicating the existence of
Mn2+ and Mn3+ in the CeO2-MnOx catalysts [31,38]. On the one
hand, Mn2+ and Mn3+ can combine with Ce4+ to form Ce4+-O2�-
Mn2+ redox pairs, which increases the mobility of oxygen in the
CeO2-MnOx catalysts. On the other hand, Since the ionic radius of
Mn2+ (0.091 nm) is similar to Ce4+ (0.094 nm), Mn2+ can occupy
the Ce4+ sites by isomorphous substitution. But Mn3+ has much
smaller ionic radius (0.066 nm), so that it would occupy defect
sites or surface sites of CeO2 crystals. If a Mn2+ replaces a Ce4+ in
the CeO2-MnOx catalysts, an oxygen vacancy will be formed to
keep the charge balance. However, once Mn3+ occupy defect sites
or surface sites, oxygen vacancies would be vanished or/and extra
oxide ions would be formed. As shown in Table 2, the highest
Mn2+/(Mn2+ + Mn3+) ratio (29.4%) can be acquired by Ce1Mn1 cat-
alyst. In the same time, Ce1Mn1 catalyst owns the highest concen-
tration of oxygen vacancies, obtained by Raman analysis [36]. The
oxygen vacancies are identified as adsorption-desorption centers
for gaseous oxygen [48]. More adsorbed oxygen species would pro-
duce more active oxygen species, which promote the removal of
toluene molecules [41].

Fig. 9(c) shows the O1s XPS spectra of CeO2-MnOx catalysts. The
main peak at 528.9–529.3 eV stands for lattice oxygen (Ob), and the
other one at 530.9–531.7 eV is attributed to surface adsorbed
oxygen (Oa) [38,41]. As listed in Table 2, it is obvious that the
Oa/(Ob + Oa) ratios of CeO2-MnOx catalysts are higher than that
of pure CeO2 catalyst. This phenomenon can be mainly attributed
to the generation of oxygen vacancies caused by the incorporation
of Mn cations into the lattice of CeO2, as mentioned in Section 3.1.3.
These oxide defects would availably adsorb oxygen. The
Oa/(Ob + Oa) ratio on the surface of Ce1Mn1 is 38.2%, which is
higher than that of others. Since the mobility of Oa is higher than
Ob, Oa is more effective than Ob in the decomposition reaction of
toluene. [25–27]. Therefore, a higher content of Oa can produce
more active oxygen species, which would effectively improve the
removal efficiency of toluene and selectivity of CO2 [29,33].

3.2. Plasma-catalytic removal of toluene

3.2.1. Effect of input power
Fig. 10 shows the conversion of toluene and selectivity of CO2 as

a function of input power in the NTP alone and the combined
plasma-catalytic systems. In all cases, both conversion of toluene
and CO2 selectivity improve with the increase of input power
regardless of the catalyst used. In respect of Ce1Mn1 catalyst, the
removal efficiency of toluene increases from 46.82% to 95.94%
and the selectivity of CO2 increases from 44.34% to 90.73%, with
the input power ranged from 15W to 24W as shown in Fig. 10
(a). Increasing input power could not only enhance the electric
field availably, but also improve the number of highly energetic
electrons in the reactor [16,53]. Thereby, the amounts of various
oxidative species are generated by the collision between gas mole-
cules and the energetic electrons increase significantly, which
would contribute to the decomposition of toluene and the selectiv-
ity of CO2.
3.2.2. Effect of Ce/Mn ratio
Fig. 10(b) exhibits both toluene removal efficiency and CO2

selectivity of the plasma-catalyst system are significantly higher
than that of NTP alone system. The removal efficiency of toluene
increases from 23.06% at 15 W to 71.13% at 24 W in NTP alone
system. However, the toluene conversion efficiency for



Fig. 11. Effect of gas flow rate on the plasma-catalytic removal of toluene with Ce-
Mn catalysts: (a) removal efficiency, (b) selectivity of CO2 (Input power = 21 W,
initial concentration = 1500 ppm).
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plasma-catalyst system using MnOx, Ce1Mn2, Ce1Mn1, Ce2Mn1
and CeO2 catalysts are 35.55%–85.41%, 38.7%–89.34%, 46.82%–
95.94%, 42.41%–94.21% and 40.58%–92.03%, respectively, as the
input power increases from 15W to 24 W. In terms of the
selectivity of CO2, it is greatly improved as well. Compared with
19.52%–35.42% in NTP alone system, the selectivity of CO2 can be
enhanced to 33.77%–90.73% for plasma-catalyst system, signifi-
cantly. In this study, pure MnOx is the least active catalyst for
the plasma removal of toluene followed by pure CeO2 in the tested
input power range. It is obvious that the interaction of Ce and Mn
species significantly enhances the reaction performance. The order
of the catalysts activity is as follows Ce1Mn1 > Ce2Mn1 > Ce1Mn2.
Although Ce1Mn2 catalytic activity is slightly lower than CeO2 on
toluene conversion, it has higher selectivity of CO2 clearly. This
suggests catalyst composition is one of the important factors
affecting the plasma-catalytic process of toluene removal. Based
on the TPR and O2-TPD analysis, the higher mobility of oxygen spe-
cies can be acquired in the mixed oxides, due to the improved
reducing capacity in the CeO2-MnOx catalysts. Ce1Mn1 catalyst
has the highest catalytic activity, which is in accordance with the
results of BET, XRD given in Table 1 and the result of XPS listed
in Table 2. According to the analysis of XRD, Raman and TEM, MnOx

dissolves into the CeO2 lattice to form CeO2-MnOx solid solution,
which can produce more oxygen vacancies[54]. In addition, The
highest Ce3+/(Ce3+ + Ce4+) ratios and atomic ratios of Oa/(Ob + Oa)
were observed in the Ce1Mn1 catalysts via XPS analysis, indicating
that Ce1Mn1 catalyst has more oxygen vacancies and higher
mobility of oxygen species. These results are in good agreement
with Raman and O2-TPD analysis as well. In this case, more active
oxygen species can form to promote the catalytic oxidation
reaction of toluene.

3.2.3. Effect of gas flow rate
The effects of gas flow rate on the removal efficiency and CO2

selectivity are presented in Fig. 11(a) and (b), respectively. The ini-
tial concentration of toluene is 1500 ppm and the input power is
21 W. Making a rise of gas flow rate, the removal efficiency of
toluene and CO2 selectivity decrease obviously. For the Ce1Mn1
catalyst, when gas flow rate varies from 130 ml/min to 400 ml/
min, the removal efficiency of toluene decreases from 93.39% to
80.84%, and the selectivity of CO2 reduces from 92.53% to 72.18%.
On the one hand, the higher gas flow rate, the higher number of
toluene molecules in the reaction region per unit time, which will
lead to each toluene molecule sharing fewer active species and
electrons. On the other hand, the increase of gas flow rate reduces
the residence time of toluene molecules in the plasma region. The
residence time of gas decreases from 4.3 s to 1.4 s when the gas
flow rate increases from 130 mL/min to 400 mL/min, which would
reduce the possibility of the collisions between toluene molecules
and reactive species. Due to the above two factors, the reactants
and intermediates cannot react sufficiently before leaving the reac-
tion ozone, leading to the reduction in the removal efficiency and
CO2 selectivity.

3.2.4. Effect of initial concentration of toluene
The effect of initial concentration of toluene on the destruction

of toluene is shown in Fig. 12(a) and (b). The initial concentration is
varied in the range of 500–2500 ppm with gas flow rate of
250 ml/min and input power of 21 W. It is obvious that the initial
concentration is an important factor that affects the decomposition
of toluene. Fig. 12(a) illustrates that increasing the initial
concentration of toluene decreases the efficiency of toluene
decomposition in both plasma-catalyst and plasma alone reactor.
For example, the removal efficiency and the selectivity of CO2 in
the plasma reactor with Ce1Mn1 catalyst are 93.09% and 80.22%
at initial concentration of 500 ppm, respectively. However, they
decrease to 80.92% and 65.33%, when the initial concentration
increases to 2500 ppm. For a given processed stream, the amounts
of reactive species, high-energy electrons and active species gener-
ated by plasma could be same at a certain operating condition.
Increasing the inlet concentration of toluene will increase the
number of toluene molecules flowing into the reactor. That is to
say, each toluene molecule shares less active species and electrons,
leading to a reduction of toluene removal efficiency and selectivity
of CO2 [1,14].

3.3. The interaction of catalysts and plasma

3.3.1. The influence of catalyst on the plasma
In the in-plasma catalysis system, both plasma and catalysts

take place simultaneously and interact with each other. Introduc-
ing catalysts into the plasma discharge zone may cause some influ-
ence on the plasma. Firstly, the discharge gap would be shortened
by introducing catalysts into discharge district, so the average elec-
tric field in the in-plasma catalysis reactor would be enhanced [13].
We also measured the discharge voltage with and without cata-
lysts, as shown in Table. 3. The discharge voltage in the NTP com-
bined Ce1Mn1 catalyst reactor is higher than the NTP alone reactor
at the same input power, which would improve the electric field
strength as well. When the electric field is enhanced, the electron



Fig. 12. Effect of initial concentration of toluene on the plasma-catalytic process:
(a) removal efficiency, (b) selectivity of CO2 (Input power = 21 W, gas flow
rate = 250 mL/min).
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energy distribution will be improved. On this occasion, more active
species would be obtained by the collision of electrons, which are
helpful to improve the removal of toluene. Secondly, microdis-
charges might be generated in the volume of CeO2-MnOx catalyst
pores, resulting in the enhancement of plasma discharge region
in the similar volume and the mean energy density of the discharge
[55]. In this case, the improved collision probability between elec-
trons and gas molecules would increase the concentration of reac-
tive species, which promotes the degradation of toluene. In
addition, due to CeO2-MnOx catalysts are directly in contact with
the discharge, a series of gas products in the plasma (toluene
molecular, intermediates and active species) can be adsorbed onto
the catalysts surface. Vibrational excited species generated in the
plasma could also enhance the adsorption capacity of catalysts at
low temperatures [55]. Both of them will prolong the retention
time of pollutant molecular and increase the collision possibility
Table 3
Discharge voltage at different input power.

Input power (W) 15

Discharge NTP 12.04
Voltage (kV) Ce1Mn1 12.45
of pollutants and active species, resulting in the enhancement of
plasma-catalysis performance.

3.3.2. The influence of plasma on the catalyst
To investigate the influence of plasma on the catalyst, Ce1Mn1u

catalyst has been characterized. In Table 1, the BET surface area of
Ce1Mn1u decreases slightly, and the average pore size of the cata-
lyst is found to have increased after reaction. As shown in Fig. 3,
the peak intensity of Ce1Mn1u becomes slightly higher than that
of Ce1Mn1, according to the XRD patterns. And the crystallite size
of Ce1Mn1u calculated by XRD has a little decrease, which is in
agreement with the size distribution statistical analysis in Fig. 6.
This phenomenon might be caused by carbon deposit on the sur-
face of catalyst. Moreover, Ce1Mn1u catalyst has a slight decrease
in the ratios of Ce3+/(Ce3+ + Ce4+), Mn2+/(Mn2+ + Mn3+) exhibited in
Table 2, The appearance indicates that some of the Ce3+ and Mn2+

might be oxidized to Ce4+ and Mn3+ respectively in this catalytic-
plasma reaction [56]. The ration of Oa/(Ob + Oa) reduces slightly
as well as the result of O2-TPD, expressing that Oa is easier to be
activated than Ob.

3.4. Byproducts

3.4.1. Ozone
Ozone is an inevitable byproduct in the DBD reactor with air

acting as carrier gas. The formation of ozone is a two-step process,
just as shown with Eqs. (3) and (4) [18]:

O2 þ e ! Oþ O ð3Þ
Oþ O2 þM ! O3 ð4Þ
However, ozone has strong oxidation capacity, which served as

the precursor of oxidants and occupies an important place in pro-
moting the decomposition of toluene in the plasma-catalysis sys-
tem. Fig. 13 exhibits the concentration of ozone in NTP alone
system is significantly higher than that in plasma-catalysis system.
The concentration of ozone in NTP alone system is 0.0123 mg/L,
which decreases to 0.0056 mg/L in the CeO2-MnOx catalyst reactor.
The reduction in ozone concentration can be attributed to two fac-
tors. On the one hand, the presence of CeO2-MnOx catalysts can
adsorb atomic oxygen on the surface of catalysts for decomposition
of toluene. In the same time, the number of atomic oxygen used to
form ozone reduces, which would decrease the concentration of
ozone when loading catalysts in the reactor. On the other hand,
ozone can be dissociated by catalysts, as shown in Eqs. (5)–(7)
[21,57–59]:

O3 þ � ! O� þ O2 ð5Þ
O� þ O3 ! O2 þ O�
2 ð6Þ
O�
2 ! O2 þ � ð7Þ

where the symbol ⁄ represents an active center of catalysts. The
reaction rate content of toluene reacting with O is 5.7 � 10�12 cm3 -
mol�1 s�1, while it decreases to 1.2 � 10�20 cm3 mol�1 s�1 when
reacting with O3 [60]. Hence, toluene is easier to be oxidized by O
than O3 [61]. Meanwhile, more O can be produced by O3
17 19 21 24

12.85 13.03 13.97 14.22
13.05 13.5 14.1 14.4



Fig. 13. Effect of different CeO2-MnOx catalysts on the concentration of O3 in the
plasma–catalytic process (input power = 21 W, initial concentration of tolue-
ne = 1500 ppm and gas flow rate = 250 mL/min).

Fig. 15. GC–MS diagram of organic byproducts on the catalysts surface.
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decomposition in the plasma-catalysis system, which would
improve the removal efficiency and CO2 selectivity.
3.4.2. Organic byproducts
The gas composition in the outlet of the plasma-catalysis reac-

tor with Ce1Mn1 catalyst is analyzed by GC–MS. The organic
byproducts on the surface of catalysts are detected as well. The
detected organic byproducts and GC–MS diagram are presented
in Figs. 14 and 15. The reaction mechanism in plasma-catalysis sys-
tem can be presumed by these byproducts in the following.
3.5. Mechanism of toluene destruction

According to the analysis above, the decomposition mechanism
of toluene in the plasma-catalytic system is shown in Fig. 16. In
this study, the decomposition mechanism proposed can be divided
into two parts: gas phase reaction and surface reaction. [33,62].

The processes of plasma gas phase reactions mainly include two
toluene removal mechanisms, one is collision of accelerated elec-
trons with toluene molecules directly, the other is reaction
between gas-phase radicals (such as O�, OH�, H�) and gaseous pollu-
tants [18], as shown in Fig. 16(a). Average energy of the electrons
accelerated by discharge usually ranged from 1 to 10 eV [10].
Among the chemical bonds existed in toluene molecular, C–H in
the methyl group has the lowest dissociation energy (3.7 eV),
followed by C–H in benzene ring (4.3 eV), C–C connected methyl
Fig. 14. GC–MS diagram of organic byproducts in the outlet gas.
group with benzene ring (4.4 eV), C–C in benzene ring (5.0–
5.3 eV) and C = C in benzene ring (5.5 eV) [58,63]. Thus, the
destruction of C–H outside benzene ring is the easiest process in
toluene decomposition, which will lead to the formation of benzyl
radical. Benzaldehyde and benzyl alcohol can be formed via the
reaction between benzyl radical and O, as analyzed by GC–MS
[61,64]. Furthermore, phenyl produced by breaking C–C bond can
react with H�, CH3

� and OH� to form benzene, o-xylene and phenol,
separately. Meanwhile the ring-containing intermediate products
can couple to form polymer compound [65]. A series of active spe-
cies (O�, OH�, H�) and high energetic electrons (>5.5 eV) can attack
benzene ring to generate ring-opening products [66]. These chain
intermediates are oxidized to CO2 and H2O ultimately.

As shown in Fig. 16(b), toluene, intermediates and reactive spe-
cies in the gas phase are adsorbed onto the surface of catalysts,
which would be further oxidized by active surface oxygen species.
Therefore, on the surface of catalysts, oxygen atom species play an
important role in the decomposition of toluene. The formation of
oxygen atom species has three pathways. First, the energetic elec-
tron can attract gaseous oxygen molecule to generate O atoms, as
shown in Eqs (8);

O2 þ e ! Oþ O ð8Þ
Second the decomposition of O3 can produce O atoms, which

has been mentioned in Eqs (5)–(7); Third, In the CeO2-MnOx cata-
lyst, the redox pair of Ce3+/Ce4+acts as an oxygen buffer for the
delivery and storage of oxygen, and the redox couple of Mn2+/
Mn3+ transmits oxygen species to the surface of catalysts according
to the Mars-van Krevelen mechanism. [32]. The oxygen vacancies
can be replenished by capturing oxygen molecules in the gas or
catching oxygen from decomposition of ozone [38], as follows:

Ce4þ þMn2þ ! Ce3þ þMn3þ ð9Þ

Mn2þ þ O� ! Mn3þ ð10Þ

Ce3þ þ O� ! Ce4þ ð11Þ

O2 þ �� ! O� ð12Þ
It is worth noting that the interactions between MnOx and CeO2

can enhance the oxygen mobility on the catalysts and accelerate
the formation of active oxygen species [34]. These active atomic
oxygen produced by catalyst, plasma and O3 could markedly pro-
mote the removal efficiency of toluene and the selectivity of CO2.

4. Conclusion

In this work, the degradation of toluene in the catalysis-plasma
reactor with different CeO2-MnOx catalysts has been investigated



Fig. 16. Decomposition mechanisms of toluene in the plasma-catalysis system.
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concerning removal efficiency of toluene and selectivity of CO2.
Compared with the NTP alone process, the plasma- catalytic sys-
tem improves the removal of toluene significantly, while the
CeO2-MnOx catalysts show better catalytic performance than pure
CeO2 and MnOx catalysts. The highest removal efficiency and CO2

selectivity achieved with Ce1Mn1 catalyst are 95.94% and 90.73%
with input power of 24 W, respectively. The removal efficiency of
toluene and CO2 selectivity improve with the increase of input
power, but decrease with the increase of gas flow rate and initial
concentration. The combination of Ce and Mn obtains larger BET
surface area, smaller pore size and crystalline size compared with
pure CeO2 and MnOx. The mobility of oxygen species and concen-
tration of oxygen vacancies could be improved resulting from the
interaction between Ce and Mn species, which would facilitate
the redox cycles of Ce/Mn species to produce more active oxygen.
In the same time, atomic oxygen species can also be generated
from plasma discharge and decomposition of ozone. Combining
with plasma gas phase reactions, a series of intermediates and
reactive species absorbed onto the catalyst surface could be further
oxidized by active surface oxygen species.
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