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Toluene was removed by dielectric barrier discharge coupling with Cu-Ce-Zr supported ZSM-5/TiO,/Al,05 cata-
lysts. Copper, cerium, and zirconium species were highly dispersed on the support surface, and copper was most-
lyin Cu?™ and Cu™ state co-existed. The reaction process of toluene removal in the plasma-catalyst system was
influenced by the support of the catalyst and it could be divided into three steps. Pure plasma and thermal cata-

lytic chemistry triggered by background temperature played different roles in the different step. Large pore size,
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more oxygen vacancy and lattice oxygen in the CuCeZr/TiO, were responsible to the excellent toluene removal,
CO; selectivity and energy yield.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Because volatile organic compounds (VOCs) are hazardous to
human health, contributing to serious environmental problems such
as the organic aerosols, photochemical oxidants and ground level
ozone [1,2], extensive research was focused on the development of con-
trol technologies to limit VOCs emissions. Non-thermal plasma (NTP)
has received considerable attentions due to the great advantages of
achievement of high electron energies within short residence time
and easy operations under ambient temperature. However, pure NTP
suffers from weaknesses of incomplete oxidation with emission of
harmful by-products, poor energy efficiency and low mineralization de-
gree [3]. More effective use of NTP is by exploiting its potential via the
combination with heterogeneous catalysis, with advantages for the
quick response from plasma and high selectivity of desired products
from catalysis. Moreover, incomplete oxidation with emission of
harmful compounds can be inhibited by the development of a suitable
catalyst [4].

Cu-based catalysts are widely used in the VOCs oxidation for their
high efficiencies, especially when doped with other metals, such as Ce
and Zr. CeO, has been regarded as an effective promoter in thermal cat-
alytic reactions because of its high oxygen storage capacities and redox
properties between Ce** and Ce3* [5]. Zhu et al. [6] found that the in-
teraction between Cu and Ce species resulting in greater formation of
surface adsorbed oxygen that favors the oxidation of formaldehyde in
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the plasma process. Bin et al. [7] and Rivas et al. [8] confirmed that the
dispersion and stability of active metals can be improved by adding
of zirconia to metal-based catalysts through strong metal-support
interactions.

Whereas, unsupported metal oxides catalysts may exhibit disadvan-
tages of weak mechanical, strength poor thermal stability and low sur-
face areas, which consequently limit their practical applications.
Fortunately, the function of a catalyst support can offset those defects.
More importantly, the structure and the interaction between the sup-
port and the active metals can influence catalytic activity. In our previ-
ous study, the supported catalyst of CuCeZr/ZSM-5 with Ce/Zr molar
ratio of 3 was proved to have the best activity for thermal catalytic oxi-
dation of VOCs [9]. However, very limited attention has been focused on
the study of Ce-Zr promoted copper based catalyst in the NTP-catalyst
combined system for the removal of VOCs so far. And, it is of great sig-
nificance to investigate the influence of support on the Ce-Zr promoted
copper based catalysts in the field of VOCs removal by using plasma
coupled with catalyst.

In this work, a series of Cu-Ce-Zr based catalysts supported on ZSM-
5, ¥-Al,03 and TiO, were prepared by using an incipient wetness im-
pregnation method. A dielectric barrier discharge (DBD) reactor was
used to generate plasma and the catalysts were placed into the dis-
charge zone. Toluene as a typical aromatics vast existed in industrial
processes, was adopted as the probe pollutant. The enhanced degrada-
tion behaviors of toluene by DBD coupling with the catalysts were in-
vestigated in terms of toluene removal and CO, selectivity. Combined
with characterization techniques, the synergistic effect of plasma and
the catalyst at each stage of toluene removal over different catalysts in
plasma-catalyst system will be analyzed deeply.
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2. Experimental
2.1. Catalyst preparation

The CuCeZr/ZSM-5 (CuCeZr/Z), CuCeZr/TiO, (CuCeZr/T) and
CuCeZr/vy-Al,03 (CuCeZr/A) catalysts were prepared by incipient wet-
ness impregnation method. The copper content of all the catalysts was
fixed at 4 wt%, and the molar ratio of Cu: Ce: Zr was 1: 0.75: 0.25. The
experimental details of catalysts preparation were described in detail
in Supplementary data.

2.2. Catalyst characterization

Experimental details for N, adsorption-desorption, powder X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and hydro-
gen temperature programmed reduction (H,-TPR) were described in
detail in Supplementary data.

2.3. Experimental set-up

The experimental set-up of VOCs degradation by plasma-catalysis
was described in Fig.S1, including continuous flow gas supplying sys-
tem, DBD reactor and gaseous analytical systems. The flow rate and tol-
uene concentration were fixed at 1 L/min and 1400 ppm, respectively,
with the space velocity of 10,000 h~!. The experimental details for ex-
perimental set-up were described in Supplementary data. The removal
of toluene was obtained by the following equation:

Cin - Cout

n

Con. (%) = x 100% (1)

where G, is the inlet molar flow rate of VOCs, C,, is the outlet molar
flow rate of VOCs. The selectivity of CO, is defined as follows:

_ Ceo,
SCOz (%) - 7 % (Cin_cout) (2)

where C;, and C, are the inlet and outlet concentrations of toluene, re-
spectively. Ceo, is the out concentrations of CO,.

3. Results and discussion
3.1. Characterizations

Textural properties of all the fresh Cu-Ce-Zr based catalysts are
shown in Fig. S2 and Table S1. Compared with CuCeZr/Z and CuCeZr/
A, CuCeZr/T possesses largest pore size (10-180 nm) and the lowest
surface area (25 m?/g). The specific surface area (295 m?/g) of
CuCeZr/Z is the highest, while the pore size (0.37 nm) is too small for
the diffusion of VOCs molecules. The XRD powder patterns of the Cu-
Ce-Zr based catalysts with different supports are depicted in Fig. S3.
The characteristic peaks at 26 = 7.9, 8.9, 23.1 and 24.1° for ZSM-5,
26 = 46.5, 67.3° for y-Al,05, and 26 = 25.3, 37.8, 48, 54.9, 62.8° for
TiO; can be found for CuCeZr/Z, CuCeZr/A and CuCeZr/T catalysts, re-
spectively. The results indicate that the supports still maintain their
structural characteristics after the copper, cerium and zirconium being
loaded. For all the catalysts, no diffraction peaks corresponding to CuO
and ZrO, are observed, suggesting that copper and zirconium species
are homogeneously dispersed on the supports. While faint diffraction
peak at 26 = 29° attributed to CeO, can be found for all catalysts, indic-
ative of the low crystallinity of CeO, [10].

XPS analysis was performed in order to obtain the chemical states
and surface compositions of elements in the Cu-Ce-Zr based catalysts,
as shown in Fig. 1 and Table S2. Cu 2p XPS spectra (Fig. 1A) show two
main peaks of Cu 2p;, and Cu 2p; ; at about 934.0 and 954.8 eV, respec-
tively. The shake-up peaks located in the range of 937.5-947.5 eV

demonstrate the existence of divalent copper. After the peak
deconvolution and fitting, the higher Cu 2ps/, binding energy and the
presence of shake-up peak are the two important XPS characteristics
of Cu® " existence, while the lower Cu 2ps, binding energy is the char-
acteristic of the reduced copper species (main Cu™*). The Cu®*/Cu™
ratio for CuCeZr/T is the lowest indicating the most reduced Cu species
existing in CuCeZr/T (Table S2).

The Ce 3d spectra of catalysts (Fig. 1B) are individually deconvoluted
into 3ds,, and 3ds, spin-orbit components (labeled as v and u, respec-
tively), which describes the Ce** < Ce3* electronic transitions. The
main peaks at about 882.8 (v), 889.1 (v»), and 898.5 eV (v3) can be at-
tributed to Ce*+ 3ds/y, and the peaks at about 901 (u), 908.5 (u,) and
916.8 (u) eV are resulted from Ce?* 3ds,, indicating the Ce 3d core
level is dominated by the contributions from Ce** cations [11].
The other two peaks at 884.5 eV (v;) and 904.1 eV (u;) can be
assigned to Ce>* 3ds/, and Ce®* 3ds),, respectively. From Table S2, it
is evident that cerium is mostly in a Ce** oxidation state, with a
small quantity of Ce®>™ co-existed. It is reported that the existence
of Ce3" in CeO, implies the formation of an oxygen vacancy, and
subsequently increasing catalytic activity [12]. Moreover, the genera-
tion of Cu™ together with Ce® ™ is indicative of the redox equilibrium
(Ce*T + Cu?* o Ce** + Cu™), which is claimed to be the enhance-
ment of reduced copper species [13].

The Zr 3d XPS spectra of all the catalysts shows two main peaks in
Fig. 1C: a peak at approximately 182.1 eV that can be attributed to Zr
3ds,, and a peak at about 184.5 eV that can be ascribed to Zr 3ds),,
which corresponds to the Zr**. For all the samples, no obvious differ-
ence for the zirconium binding energy can be observed.

The O 1s XPS spectra of the catalysts are shown in Fig. 1D. After
deconvolution and fitting, the existence of two peaks indicates the pres-
ence of two different kinds of oxygen species. The peak at approximate-
ly 530 eV can be assigned to lattice oxygen (Oja) associated with
copper, cerium and zirconium metal oxides, while the peak at a higher
binding energy (531.5 eV) can be attributed to surface adsorbed oxygen
(0.4) and weekly bonded oxygen species [14]. Combined with the re-
sults from Table S2, the Oja¢ / (Oag + Ojare) ratio of CuCeZr/T is the
highest, which is an evidence for providing of lattice oxygen by the
TiO, support [15].

Fig. 2 presents the H,-TPR profiles of CuCeZr/T, CuCeZr/Z and
CuCeZr/A. Three main reduction peaks, denoted as o, 3 and vy, were
identified in the CuCeZr/Z and CuCeZr/T, while two reductive peaks (o
and R) were detected in CuCeZr/A. The a peak is generally proposed
as the reduction of well dispersed copper species on the support, and
the > peak can be attributed to the reduction of the copper oxide adher-
ing to the external surface of the support, while the y peak is associated
with the reduction of the bulk copper oxide [16,17]. The temperature of
a peaks for CuCeZr/T (152 °C) and CuCeZr/Z (158 °C) are lower than
CuCeZr/Z (173 °C), while the corresponding H, consumption for
CuCeZr/T (1500 pmol-g~!) is the highest (Table S2).

3.2. Toluene removal by DBD coupling with catalyst

Toluene removal using DBD coupling with CuCeZr/Z, CuCeZr/A and
CuCeZr/T was investigated (Fig. 3). Obviously, toluene removal and
CO,, selectivity in the plasma-catalyst system are significantly higher
than those in pure NTP system. In particular, with the discharge
power higher than 26 W, CO, selectivity increases slowly and stabilized
at about 40%, while the removal rate of toluene increases rapidly from
35.4% to 78.8%. Improving discharge power can enhance the intensity
of electric field generating more electrons, radicals, neutral particles
and ions, which can non-selectively decompose toluene molecules.
Therefore, pure NTP can obtain high removal rate of VOCs but low min-
eralization degree.

For the plasma-catalyst system, toluene removal and CO, selectivity
increase with discharge power, and it was influenced by the support of
the catalyst. It is evidenced that toluene removal and CO, selectivity for
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Fig. 1. XPS narrow spectra of Cu 2p (A), Ce 3d (B), Zr 3d (C) and O 1 s (D) for catalysts.

CuCeZr/Z are lower compared with CuCeZr/A and CuCeZr/T, probably
owing to the micropore size of CuCeZr/Z (0.37 nm) much smaller than
toluene molecule (0.67 nm), and weak reducibility in low temperature
and less lattice oxygen. In addition, micropores in CuCeZr/Z limit the de-
veloping of micro-discharge inside the pores and only surface discharge
formed [18,19], and thus weaker electric field caused low toluene
removal.

For CuCeZr/A and CuCeZr/T, the reaction process of toluene removal
in plasma-catalyst system, can be divided into three steps in this study.
The first step, with discharge power lower than 10 W, toluene removal
of CuCeZr/A is slightly higher than that of CuCeZr/T, whereas, CO, selec-
tivity exhibits a converse trend. NTP plays a dominant role and the cat-
alyst is not activated completely. Much oxygen vacancy and lattice
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Fig. 2. H,-TPR profiles of catalysts.

oxygen in CuCeZr/T, corresponding to enhancement of reactive oxygen
mobility, can improve CO, selectivity to some extent. However, the im-
provement is limited due to the low background temperature caused by
discharge. Generally, under low input discharge power, CO, selectivity
for all the catalysts is significantly lower than the removal rate, which
can be explained by the fact that the active species of NTP in this region
attack the toluene molecules non-selectively which results in low CO,
selectivity.

The second step, with the input discharge in the region of 10-25 W,
catalysts can be activated by the gradually increase of background tem-
perature, and toluene can be decomposed by the combination of plasma
and catalyst. Fig. 3 shows that both toluene removal and CO, selectivity
increase rapidly with increase of discharge power. The toluene removal
for CuCeZr/T is higher than that for CuCeZr/A, while the values of CO, se-
lectivity for both catalysts are very close.

The third step, with the input discharge power higher than 25 W,
toluene removal rate increases slowly with the value for CuCeZr/T
apparently higher than that for CuCeZr/A, and CO, selectivity for
CuCeZr/T increases rapidly and surpasses CuCeZr/A. For instance, with
discharge power increases from 25 to 42 W, toluene removal for
CuCeZr/T increases from 98.2% to 100%, while the corresponding CO- se-
lectivity increases from 64.8% to 94.2%. On the one hand, the back-
ground temperature further increases in the reactor through joule
heating, dielectric loss, and gas heating in the plasma channel with the
migration of electrons and ions [20], and it can activate the catalyst
owing to the thermal chemistry. On the other hand, with the increase
of input discharge power, plasma can activate catalyst gradually by
changing the physicochemical properties of the catalyst, formation of
hot spots, lowering the activation barrier and changing the reaction
pathways, hence the catalyst's role becomes much more important or
dominant. Moreover, species like -0, N, etc., can interact directly
with toluene resulting in an enhancement of toluene removal and CO,
selectivity [21,22].

The energy yield of toluene removal was analyzed using removal
quality of toluene divided by discharge power. The energy yield for
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Fig. 3. Toluene removal, background temperature (A) and CO, selectivity (B) as a function of discharge power in the NTP-catalysts and pure NTP systems.

pure NTP is significantly lower than that for plasma-catalyst system, and
the values stabilize at about 4 g/kWh (Fig. S4). The introduction of cat-
alyst in plasma zone can distinctly improve the energy yield, which de-
creases with the increase of toluene removal ratio and CO, selectivity.
Obviously, the energy yield for CuCeZr/Z exhibits lower value compared
with CuCeZr/T and CuCeZr/A, probably owing to the relative small pore
size restricting the development of micro-charge in inside the pores,
less lattice oxygen and low reducibility. With removal rate exceeds
62% and CO, selectivity higher than 11%, the energy yield for CuCeZr/T
is superior to that for CuCeZr/A in accordance with the results of toluene
removal and CO, selectivity.

4. Conclusions

Toluene removal by using DBD combined with CuCeZr/Z, CuCeZr/T
and CuCeZr/A catalysts was investigated. The presence of Cu-Ce-Zr
based catalysts can significantly enhance the toluene removal and CO,
selectivity. Toluene was decomposed synergistically by plasma and cat-
alyst, and the process can be divided into three steps. At the initial DBD
discharge, the process was dominated by plasma. Owing to the large
pore size, more oxygen vacancy and lattice oxygen, the CuCeZr/T exhib-
ited the excellent toluene removal, selectivity to CO, and energy yield,
with the discharge enhancing in the second and third steps.
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