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Abstract
Three manganese oxide catalysts (MnOx) were synthesized via a simple method, and then they were introduced into the non-
thermal plasma (NTP) system for benzene removal. The XRD and EXAFS results showed the MnOx were mainly in the Mn3O4

phase, and from the analysis of N2 adsorption/desorption isotherms, we knew the MnOx calcined at 250 °C (Mn250) had the
largest surface area of 274.5 m2 g−1. Besides, Mn250 also exerted higher benzene adsorption capacity (0.430 mmol g−1)
according to C6H6-TPD. O2-TPD indicated that Mn250 showed better oxygen mobility than Mn300. Moreover, by analyzing
XPS results, it revealed that Mn250 exhibited rich abundant of surface adsorbed oxygen species (Oads) and moderate ratio of
Mn4+/Mn3+, and the reducibility temperature was also the lowest among all the MnOx catalysts drawn by H2-TPR profiles. As a
result, Mn250 combined with NTP could remove 96.9% of benzene at a low input power of 3 W (benzene concentration
200 ppm, and GHSV 60,000 mL gcat.

−1 h−1), performing the best catalytic activity among the three catalysts and plasma only.
Furthermore, the BNTP + Mn250^ system also produced the highest CO2 concentration and lowest CO concentration in
downstream, and the residual O3 after catalytic reaction was also the lowest, that is to say, the synergistic effect between NTP
and Mn250 was more effective than other catalysts in benzene removal.
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Introduction

As is known to all, the emission of volatile organic com-
pounds (VOCs), such as including formaldehyde, benzene,
toluene, and so on can exert severe harm to both human health

and the environment (Fang et al. 2018; Kim et al. 2018; Quoc
An et al. 2011; Tomatis et al. 2016). Thus, it is essential to
eliminate these toxic pollutants.

In the past decades, several conventional technologies have
been developed for VOCs abatement, such as non-thermal
plasma (NTP), adsorption, thermal catalytic oxidation, mem-
brane separation, photocatalytic removal, and so on (Ji et al.
2017; Liao et al. 2017; Liu et al. 2017;Mizuno 2013; Qin et al.
2016; Yao et al. 2018). Among these existed technologies,
NTP is widely used for its high efficiency and low operating
temperature (Veerapandian et al. 2017). But the formation of
unwanted by-products (e.g., CO, CHOOH, and so on) and
high energy consumption are the main bottlenecks of the
NTP technology, and the combination of NTP and catalysts
can overcome the disadvantages of using NTP only
(Sudhakaran et al. 2017).

Many researchers have made great efforts to investi-
gate the combination of non-thermal plasma and different
kinds of catalysts. For example, Wang et al. investigated
CeO2-MnOx catalysts in toluene removal using non-
thermal plasma, and found that the sample CeMnOx

showed the highest catalytic activity with the cooperation
of plasma, as 95.94% of toluene could be removed with

Highlights
• MnOx with Mn3O4 phase was obtained after being calcined.
• MnOx calcined at 250 °C had far larger BET surface area than others’.
• The synergistic effect between MnOx calcined at 250 °C and NTP was
most effective in benzene removal.
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input power of 24 W (Wang et al. 2017). Zhu and his
co-workers applied Cu-Ce catalysts into a dielectric bar-
rier discharge reactor and found this combination can
remove 94.7% of formaldehyde at a specific input energy
of 486 J/L (Zhu et al. 2015b). Otherwise, Mustafa et al.
investigated the synergistic effects of plasma-BaTiO3 and
plasma-HZSM-5, respectively, and they observed both of
the combinations can eliminate all the mixed VOCs (tet-
rachloroethylene, toluene, trichloroethylene) at an input
power 65.8 W (Mustafa et al. 2018).

Nowadays, some researchers also introduced single man-
ganese oxides catalysts with non-thermal plasma in VOCs
elimination, as manganese oxides can not only effectively
decompose ozone generated in the plasma reactor, but also
exhibits high catalytic activity in the plasma-catalyst system

(Li et al. 2014). For example, Vandenbroucke et al. applied a
plasma-commercial MnO2 system for the abatement of tri-
chloroethylene (TCE), and the results showed that the combi-
nation system can not only reduce the activation energy of the
TCE oxidation reaction but also greatly enhance the TCE
conversion as well as the COx selectivity (Vandenbroucke
et al. 2014). Guo et al. reported a dielectric barrier discharge
(DBD) reactor with manganese oxides in the discharge area
for the purpose of toluene removing, and more than 96% of
toluene could be cleared at a specific input energy of 756 J/L
(Guo et al. 2006).

Considering the merits the above investigations exerted,
there is also a common disadvantage: the high level of energy
consumption especially in aromatic compounds removal. So
in this study, MnOx catalysts with a large BET surface area

Scheme 1 Schematic diagram of
the experiment (several switches
in both the gas piping and
electrical circuits are not shown in
this figure)

Fig. 1 TGA/DSC curves of the manganese oxalate precursor (a) and sample Mn250 (b)
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were fabricated using a facile synthesis method, and then these
MnOx were applied for the removal of benzene in a NTP
reactor with the purpose of obtaining a NTP-catalyst system
with high benzene removal efficiency as well as low energy
consumption.

Experimental

Catalysts preparation

Mn (NO3)2·6H2O (≥ 98%), and (NH4)2C2O4·H2O (≥ 98%)
were both purchased from Wako Pure Chemical of Japan
and used without further purification.

Firstly, the Mn (NO3)2 solution (0.2 M, 200 mL) was
added into the (NH4)2C2O4 solution (0.2 M, 200 mL);

then, the mixture was stirred for 40 min before being
washed three times by purity water and once by anhydrous
ethanol. Secondly, the washed precipitation was filtered
and dried at 80 °C for 24 h by doing this manganese
oxalate precursor was obtained. Finally, the precursor
was calcined in static air at 200, 250, and 300 °C for
300 min (2 °C min−1), respectively. In this experiment,
Mn200, Mn250, and Mn300 were used to mark the
MnOx catalysts calcined at 200, 250, and 300 °C,
respectively.

Catalysts characterization

The thermogravimetric analysis (TGA) of the manganese ox-
alate precursor andMn250 was performed, respectively, using
a TGA/DTA system (STA449 F3) in air with a heating rate of
10 °C min−1. X-ray diffraction (XRD) patterns were recorded
by a Rigaku RINT 2200 system (Rigaku Co. Ltd.) with a Cu-
Kα radiation in the 2θ ranging from 10 to 80 °. N2-adsorption/
desorption isotherms were carried out using Micromeritics
TriStar II. Field-emission scanning electron microscope im-
ages were obtained by using a scanning electron microscope
(S-900H, Hitachi), while a high-resolution transmission elec-
tron microscopy (JEM-ARM200F, JEOL) was applied for de-
tecting the microstructures and interplanar spacings.
Hydrogen temperature-programmed reduction (H2-TPR) was
performed using the flow-type BELCAT-30 catalyst analyzer
(BEL JAPAN, Inc). The C6H6 temperature-programmed de-
sorption studies was carried out using FTIR (Perkin-Elmer,
spectrum 100). X-ray photoelectron spectroscopy (XPS,
AXIS UltraDLD, Kratos group) was used to determine the
surface species of the as-prepared catalysts. XAFS measure-
ments were performed at the Photon Factory of the High
Energy Accelerator Research Organization (KEK-PF) on
beam line BL-7C, which has a storage ring operating energy

Fig. 2 XRD patterns of obtained MnOx catalysts

Fig. 3 N2 adsorption/desorption
isotherms of MnOx catalysts (a)
and pore size distribution (b)
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of 2.5 GeV, and the XAFS spectra were recorded at 296 K and
then analyzed using Athena and Artemis (Lian et al. 2017).

Experimental scheme and catalytic activity tests

The schematic diagram used in our experiment is shown in
Scheme 1. A quartz tube (shown in yellow box) with an inner
diameter of 10 mm was used as a reactor (the effective reac-
tion length was 100 mm), in which a glass rod with a copper
wire coil enwound was placed in the axis of quartz tube. The
diameter and length of the inner glass rod was 6 and 125 mm,
respectively. The catalyst was packed in the middle of the tube
(also in the discharge region) during the whole experiment. It
is notable that the outer surface of the quartz tube was wrapped
with aluminum foil as a counter electrode. Remarkably, the
reactor was placed in an oven and the temperature inside this
oven was kept at 25 °C during the whole experiment.

The non-thermal plasma system was supplied by an AC
voltage power supply (Riko-Slidetrans, RSA-3) with maxi-
mum output voltage and electric current of 130 V and 3 A,
respectively. A digital power meter (Yokogawa, WT310) was
used to measure the input power, voltage, and electric current.
All the electrical signals were monitored by a digital
powermeter (Yokogawa WT310).

Gas compositions were analyzed online using a Fourier
transform infrared (FTIR) spectrometer (Perkin-Elmer, reso-
lution of 4 cm−1) equipped with a gas cell (2 m path length,
PIKE Technologies).

In every test, 0.1 g of selected catalyst (pressed and sieved
through 40–60 mesh) was placed in the plasma discharge
region (Scheme 1). The simulated air flow (N2/O2 = 79:21)

was 100 mL min−1, and initial benzene concentration was
set to be 200 ppm; hence, the gas hourly space velocity
(GHSV) value was 60,000 mL gcat.

−1 h−1.
The removal efficiency of benzene, CO2 selectivity, and

COx selectivity were defined as the following equations
(Karuppiah et al. 2014; Mustafa et al. 2018):

ηC6H6
¼ CC6H6;in−CC6H6; out

CC6H6; in
� 100% ð1Þ

SCO2 ¼
CCO2

6� CC6H6; in−CC6H6; out

� � � 100% ð2Þ

SCOx ¼
CCO2 þ CCO

6� CC6H6; in−CC6H6; out

� � � 100% ð3Þ

where CC6H6, in, CC6H6, out, CCO2, and CCO are inlet and outlet
concentrations of benzene, concentrations of CO2 and CO in
the downstream, respectively. The CC6H6, in was 200 ppm in
this experiment, and the CC6H6, out, CCO2, and CCO were the
average of 20 measured values obtained after the reaction ran
smoothly, respectively. The O3 in the downstream was mea-
sured by a UV photometric ozone analyzer EG-600 (Ebara
Jitsugyo Co. Ltd.) after the reaction became stable.

Result and discussion

TGA/DSC profiles

Figure 1 displays the thermogravimetric analysis of the
manganese oxalate precursor and Mn250, respectively. It
can be concluded from Fig. 1a that for the manganese ox-
alate precursor there are two main weight loss stages in the
temperature range from 40 to 450 °C. The first weight loss
stage at about 150 °C should be assigned to the dehydra-
tion of the precursor, while the second weight loss stage
starting from about 250 °C can be contributed to the de-
composition of the manganese oxalate (Tang et al. 2014).

Table 1 BJH parameters of the calcined catalysts

Catalyst SBET/m
2 g−1 Pore volume/

cm3 g−1
Pore size/nm

Mn200 172.4 0.29 6.8

Mn250 418.2 0.37 3.5

Mn300 138.2 0.27 7.8

Fig. 4 FE-SEM images of Mn200 (a), Mn250 (b), and Mn300 (c)
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The thermogravimetric curve of Mn250 in Fig. 1b reveals
that the total weight loss in the range from 40 to 450 °C is
less than 4%, indicating the complete decomposition of the
manganese oxalate precursor after being calcined at
250 °C.

XRD patterns, N2 adsorption/desorption isotherms,
and SEM and TEM images

XRD patterns of the prepared catalysts are shown in Fig. 2.
It can be inferred that there exist Mn3O4 (JCPDS PDF 018-
0803) in all the three manganese oxide catalysts, but for
Mn200 there is also some peaks which can be assigned to
MnC2O4. The XRD patterns of these three catalysts are in
agreement with the TGA/DSC analysis results that the
manganese oxalate precursor could not be completely
decomposed at 200 °C.

Figure 3 displays the N2 adsorption/desorption isotherms
and pore size distributions of obtained catalysts. It can be
clearly seen that every sample exhibited a classical type IV
isotherm with a typical hysteresis loop which is often as-
sociated with narrow slit-like micro- and meso-pores in the
catalysts (Tang et al. 2014). From the data shown in
Table 1, Mn250 exhibits a surface area (418.2 m2 g−1),
far larger than Mn200 (172.4 m2 g−1) and Mn300

(138.2 m2 g−1), and the pore volume shows the same trend
as the surface area. It can also conclude from Table 1 that
as the calcination temperature increases, the pore volume
increased from 0.29 cm3 g−1 (Mn200) to 0.37 cm3 g−1

(Mn250) and then declined to 0.27 cm3 g−1 (Mn300). All
the above facts indicate that the calcination temperature
can strongly affect the structure of a catalyst.

The field emission scanning electron microscopy
(FESEM) images of the three catalysts are shown in
Fig. 4. It can be observed in Fig. 4a that Mn200 exhibited
rough surface with some aggregation, but the aggregation
disappeared in Mn250 (Fig. 4b). Moreover, the Mn250
also developed more porous surface than the other two
samples seen from Fig. 4. Increasing the calcination tem-
perature to 300 °C (Mn300) resulted in a great number of
aggregations on the surface as shown in Fig. 4c. It fur-
ther confirmed that the calcination temperature can af-
fect the morphology of catalysts obviously.

Figure 5 shows the TEM bright-field image and high-
resolution TEM (HRTEM) images of Mn250. The interplanar
spacings in Fig. 5c were measured to be 0.312, 0.283, and
0.272 nm which are in agreement with the [1 1 2], [2 0 0],
and [1 0 3] crystal planes of Mn3O4 (JCPDS PDF 018-0803),
respectively, and these data are also in fairly accordance with
the XRD patterns of Mn250.

Fig. 5 TEM bright-field image (a), HRTEM images (b), and high-angle annular-dark field STEM image (c) of Mn250

Fig. 6 C6H6-TPD curves of
Mn250 (a) and Mn300 (b)
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C6H6-TPD

It is reported that the adsorption of VOCs on surface of cata-
lysts plays a vital role in the catalytic process (Ikhlaq and
Kasprzyk-Hordern 2017). Figure 6 shows the C6H6-TPD
curves of Mn250 and Mn300 (sample Mn200 is mainly
consisted with MnC2O4 which will be decomposed when
the temperature is higher than 200 °C (Gao and Dollimore
1993; Ma et al. 2017)), and Table 2 presents the summary of
desorbed C6H6 and CO2 from Mn250 and Mn300,
respectively.

From Fig. 6, it can be seen that both Mn250 and Mn300
could release C6H6 and CO2 as the temperature increased. The
desorbed C6H6 can be attributed to physisorption as a result of
the van der Waals interactions between the molecule of C6H6

and surface manganese metal, while the CO2 can be assigned
to the chemical reaction of adsorbed C6H6 andMnOx at higher
temperature (Bauer et al. 2018; Liu et al. 2012; Tao et al.
2018). Table 2 revealed that the desorbed C6H6 of Mn250
and Mn300 are 0.205 and 0.175 mmol g−1, respectively. As

to the desorbed CO2, Mn250 and Mn300 are 1.347 and
0.845 mmol g−1, respectively. That is to say, Mn250 can ad-
sorb more C6H6 (0.430 mmol g−1 in total) than Mn300
(0.316 mmol g−1 in total) which are in agreement with their
BET surface area.

XPS spectra

Figure 7 and Table 3 report the XPS spectra and analysis
results of XPS spectra, respectively.

As illustrated in Fig. 7a, for each catalyst, the peak of Mn
2p3/2 can be divided into two components which are centered
at binding energy (BE) of 641.6–641.8 eV and 643.3–
643.9 eV, corresponding to Mn3+ and Mn4+, respectively
(Fang et al. 2018; Piumetti et al. 2015; Zuo et al. 2018). It
can be concluded from Table 3 that the ratio of surface Mn4+

on those catalysts decreased with the increasing of calcination
temperature, for example, the proportion of surface Mn4+ on
Mn200 is 28.91%, while for Mn250 and Mn300 the corre-
sponding values are 20.19 and 12.88%, respectively. Thus, the
ratio of Mn4+/Mn3+ decreases from 0.407 for Mn200 to 0.253
for Mn250 and 0.148 for Mn300, respectively. As it has been
reported that higherMn4+/Mn3+ ratio impliedMnOx can sustain
manganese content at higher oxidation states in catalytic reac-
tions, and furthermore this would exert an important influence
on the catalytic activities of these catalysts (Li et al. 2017).

Figure 7b presents the O 1 s XPS spectra of the calcined
catalysts. The asymmetrical O 1 s signal can be fitted with two
components: the peaks at BE of 529.6–529.8 eV can be as-
cribed to the lattice oxygen (O2−) which is usually namedOlatt,
and the peaks at BE of 531.0–531.2 eV can be identified as

Table 2 Calculations of C6H6 and CO2 desorbed from Mn250 and
Mn300, respectively

Catalyst Mn250 Mn300

C6H6 desorbed/(mmol g−1) 0.205 0.175

CO2 formed/(mmol g−1) 1.347 0.845

Total C6H6 adsorbed/(mmol g−1)§1 0.430 0.316

§1 Both desorbed C6H6 and those that had converted to CO2 were
included

Fig. 7 XPS spectra of as-calcined
catalysts: a Mn 2p3/2 and b O 1 s
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surface adsorbed oxygen (O2
−, O−, O2

2−) that is frequently
denoted as Oads (Chen et al. 2018; Fang et al. 2018). Also,
from Table 3, we can see that the ratio of surface Oads showed
the same decreasing trend as surface Mn4+, and Mn200 ex-
hibited the highest content of Oads (39.60%), while Mn250
(33.89%) and Mn300 (28.75%) both contained lower Oads

than Mn200. Some researcher had proved that a higher man-
ganese ion (Mn4+) would lead to more surface adsorbed oxy-
gen species (Oads), and our research is in good agreement with
this conclusion (Tang et al. 2014).Oads exhibits advantages in
mobility compared with Olatt; thus, the former plays a more
important role than the latter in catalytic removal of VOCs
(Piumetti et al. 2015).

O2-TPD

O2-TPD was usually used to detect oxygen species and oxy-
gen mobility, and the related O2-TPD profiles of Mn250 and
Mn300 were presented in Fig. 8.

Seen from Fig. 8, Mn250 showed a desorption peak at
274 °C with a little shoulder at 183 °C, which could be
assigned to chemically adsorbed and physically adsorbed ox-
ygen species, respectively, and the peak at 498 °C could

attribute to the desorption of lattice oxygen. As to Mn300,
no desorption of physically adsorbed oxygen could be seen
and the desorption of the chemically adsorbed oxygen was seen
at 375 °C; finally, the desorption peaks at 479 °C and 505 °C
corresponded to lattice oxygen (Cai et al. 2014; He et al. 2015).

Both physically and chemically adsorbed oxygen species
were believed to play an important role in a catalytic reaction
(Zhang et al. 2018). Mn250 contained some physically
adsorbed oxygen species, and the chemically adsorbed oxy-
gen species also exerted better mobility than Mn300; these
results would be beneficial to the catalytic activity of Mn250.

H2-TPR

The redox properties of the catalysts were investigated, and
the results are presented in Fig. 9. There exist two main sep-
arated peaks in each curve. From analyzing XRD spectra, we
know that Mn200 is consisted of manganese oxalate and
Mn3O4, and manganese oxalate could decompose when the
temperature is beyond 200 °C. So we can conclude that the
first peak of Mn200 might refer to the decomposition of man-
ganese oxalate and the reduction of Mn3+ located in the lattice
sites of Mn3O4, and the second peak should be contributed to
the final reduction of Mn3O4 to MnO (Gao and Dollimore
1993; Piumetti et al. 2015; Yang et al. 1993). The reduction
orders of Mn250 and Mn300 are somewhat the same as
Mn200, except the decomposition of manganese oxalate.
Besides, the first sharp peak of Mn200 indicates there is a
phase transition during the decomposition of manganese oxa-
late and formation of manganese oxide (Strohmeier and
Hercules 1985).

Notably, the first peak of Mn250 is at 274 °C and second
peak is at 421 °C; both are lower than the corresponding peaks
of Mn200 (first 277 °C and second 430 °C) and Mn300 (first
278 °C and second 426 °C), indicating Mn250 has better low-
temperature reducibility that is helpful for its catalytic activity.

Fine structure analysis

Extended X-ray absorption fine structure (EXAFS) studies
can further reveal the manganese oxidation state. Figure 10a
shows the Fourier transformed EXAFS signals of Mn3O4 (ref-
erence), Mn200, Mn250, and Mn300. For the spectra of

Table 3 Surface species of obtained catalysts

Catalyst Mn3+ Mn4+ Mn4þ
Mn3þ Olatt Oads

BE (eV) Percent atom BE (eV) Percent atom – BE (eV) Percent atom BE (eV) Percent atom

Mn200 641.8 71.09 643.5 28.91 0.407 529.7 60.40 531.0 39.60

Mn250 641.8 79.81 643.3 20.19 0.253 529.8 66.11 531.2 33.89

Mn300 641.6 87.12 643.9 12.88 0.148 529.6 71.25 531.1 28.75

Fig. 8 O2-TPD profiles of Mn250 and Mn300
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Mn3O4, the peak corresponding to the Mn-O bond in the first
shell appears at about 1.5 Å (phase uncorrected; denoted by
pu) and those peaks at about less than 2.4 to 3.1 Å (pu) cor-
responding to Mn-Mn bonds and smaller Mn-O contributions
appear in the higher shells (Einaga et al. 2013; Wang et al.
2018). In contrast, forMn200, theMn-O peakwas observed at
~ 1.5 Å (pu), while the Mn-Mn peaks were at lower intensities
than the reference. Increasing calcination temperature, the
Mn-O peak would be observed a smaller radial distance
and the intensities of those Mn-Mn peaks also showed an
increasing trend.

The quantitative analysis performed on the EXAFS and
fitting data are summarized in Table 4. For Mn200, the Mn-
O and Mn-Mn coordination numbers (CN) were 2.42 and
3.62, respectively, which might be the reason that the main
component of the sample is MnC2O4. As the calcination tem-
perature increased, the Mn-O and Mn-Mn coordination num-
bers also increased from 4.48 (Mn250) to 4.74 (Mn300).
Additionally, the Mn-O bond distance (R = 1.87–1.90 Å)

was essentially unchanged as the calcination temperature
increased, while the Mn-Mn bond distance showed an
increasing trend.

The manganese oxidation state is strongly correlated with
the absorption edge of the Mn XANES spectra (Einaga et al.
2013). Figure 10b, c shows the XANES spectra of obtained
catalysts and reference Mn3O4. The absorption edges for
Mn200, Mn250, and Mn300 were 6546.2, 6546.5, and
6545.8 eV, respectively, and these values were close to the
absorption edge of Mn3O4 (6544.3 eV), confirming the for-
mation of Mn3O4 in every sample that is in great agreement
with XRD results.

Catalytic performance

Figure 11 presents the benzene removal effects of obtained
catalysts combined with NTP and plasma only, respectively.
It can be inferred from Fig. 11a that although rising the power
(plasma only) can enhance the benzene removal efficiency,
the participation of MnOx catalysts promoted the elimination
of benzene more effectively. As we all know, the non-thermal
plasma can cause plasma gas phase reactions in benzene ox-
idation, and the synergistic effects between catalyst and plas-
ma include not only plasma gas phase reactions but also
plasma-assisted surface reactions; furthermore, the adsorption
of benzene on MnOx catalysts also increased the residence
time of benzene in the plasma reactor (Hamada et al. 2018;
Zhu et al. 2015b). The catalytic performance of the three cat-
alysts and plasma only follow the orders Mn250 >Mn300 >
Mn200 > plasma only, that is to say, Mn250 combined with
plasma exerted the highest catalytic activity than the others.
For example, at 3 W, the benzene removal efficiency of
Mn200, Mn250, Mn300, and plasma only are 70.7, 96.9,
80.6, and 54%, respectively.

From Fig. 11b, c, we can see that if plasma was used with-
out any catalyst, it can produce much lower CO2 and higher
CO than combining catalysts and plasma together. Thus, we
can conclude that the appearance of catalysts can promote

Fig. 9 H2-TPR curves of the gained catalysts

Fig. 10 Mn K-edge EXAFS spectra of calcined manganese oxides and reference Mn3O4 (a), XANES spectra of calcined manganese oxides and
reference Mn3O4: normalized spectra (b), and the first derivatives of the spectra (c)
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CO2 formation and suppress CO production simultaneously
compared with the application of plasma only. Among all the

samples, Mn250 showed the highest CO2 and the lowest CO
production in the whole experiment. As the input power in-
creased, the production of CO2 is also increased at first but
then decreased for all the catalysts, while the CO shows a
monotonical increasing trend all the time, which may
be ascribed to the absence of ozone and only some other
active species left at high power (Zhang et al. 2016). At
an input power of 6 W, the CO2 concentration reached
the maximum for all the catalysts, and Mn250 produced
the highest CO2 of 592.6 ppm, comparing with
524.9 ppm (Mn200), 487.1 ppm (Mn300), and
375.1 ppm (plasma only), respectively. Of course, at
6 W, the sample Mn250 also showed the highest COx

(CO2 and CO) selectivity (62.5%) and CO2 selectivity
(49.4%) in this experiment (Fig. 10d, e).

Table 4 EXAFS curve-fitting results for MnOx catalysts

Catalyst Shell CN R (Å) σ2 (10−5 nm2) ΔE (eV) Rƒ (%)§2

Mn200 Mn-O 2.42 1.87 0.003 − 3.665 2.2

Mn-Mn 3.62 2.89 0.01

Mn250 Mn-O 4.48 1.87 0.004 − 4.126 2.7

Mn-Mn 4.48 2.90 0.02

Mn300 Mn-O 4.74 1.90 0.008 − 4.302 4.5

Mn-Mn 4.74 3.27 0.007

§2 The residual factor: Rf %ð Þ ¼ ∑ k3χ kð Þobs−k3χ kð Þcalcf g2

∑ k3χ kð Þobsf g2 � 100

Fig. 11 Benzene removal
efficiency (a), CO2 concentration
(b), CO concentration (c), COx

(CO2 and CO) selectivity (d),
CO2 selectivity (e), and O3

concentration (f) as a function of
input power, respectively (initial
benzene concentration 200 ppm,
GHSV 60,000 ml gcat.

−1 h−1)
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For all the catalysts and plasma only, their selectivity of
COx (including CO2 and CO) during the catalytic reactions
are all less than 100%, the possible reason may due to the for-
mation of non-volatile organic compounds on the surface of the
catalysts (Sivachandiran et al. 2015; Trinh and Mok 2015).

The NTP can produce O3 and therefore can help to promote
the abatement of benzene, but the residual O3 in the down-
stream is another kind of pollutant, so it is essential to detect
O3 in the downstream (Zhu et al. 2017). As is shown in
Fig. 11f, for all the BNTP + catalyst^ systems and plasma only,
the remained O3 in the downstream was first increased at low
power and then declined even to 0 ppm at high power. The
enhancement of O3 could be assigned to the increase of input
power, but at high power the excess high-energy electrons can
suppress O3 formation and even decompose O3 meanwhile
(Hamada et al. 2018; Qin et al. 2016; Zhu et al. 2015a). The
highest O3 concentration (1493 ppm) is produced by using
plasma only at 3 W, and introducing catalysts can reduce the
O3 in the downstream greatly as the MnOx can decompose O3

effectively (Einaga et al. 2013; Liu and Zhang 2017). It is
noteworthy that the introduction of Mn250 led to the lowest
O3 concentration, the main reason may be that Mn250 can
decompose a larger proportion of O3 into active species which
can react with benzene than other catalysts considering its
high catalytic activity.

Based on N2 adsorption/desorption curves, Mn250 has the
largest BET surface area among all the catalysts, so the
amounts of surface active sites are also more than others’
(Einaga et al. 2013). Besides, the large BETsurface area could
also prolong the retention time of benzene molecular in the
discharge region (Wang et al. 2017). Furthermore, it exerts a
larger benzene adsorption capacity and relatively low-
temperature reducibility which are considered to be helpful
to the catalytic activity (Einaga and Ogata 2009). Besides,
Mn250 also shows amoderate ratio ofMn4+/Mn3+ and surface
adsorbed oxygen species that are good for its catalytic activity.
All these above advantages should contribute to the best per-
formance of the BNTP + Mn250^ system.

Conclusions

In summary, the removal of benzene in a BNTP + catalyst^
system with MnOx calcined at different temperatures have
been investigated concerning removal efficiency, formation
of CO2, CO, and O3 as well as energy consumption.
Comparing with the plasma only, the introduction of MnOx

into the NTP reactor can not only improve the benzene remov-
al efficiency significantly, but also promote the CO2 formation
and suppress the CO simultaneously. Among all the obtained
MnOx catalysts, the sample Mn250 showed the highest cata-
lytic activity when placed in the NTP reactor, as it could elim-
inate 96.9% of benzene at an input power of 3 W (benzene

concentration 200 ppm, GHSV 60,000 mL gcat.
−1 h−1).

Moreover, the BNTP +Mn250^ system also produced the
most amounts of CO2 as well as the lowest CO and O3 after
reaction. At an input power of 6 W, the BNTP +Mn250^ sys-
tem exhibited the highest CO2 selectivity (49.4%) and COx

selectivity (62.5%) in this experiment. The O3 generated in the
discharge area increased at low input power but decreased at
high power in the whole research.
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