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Abstract

Plasma technology has some shortcomings, such as higher energy consumption and byproducts
produced in the reaction process. However non-thermal plasma associated with catalyst can re-
solve these problems. So this kind of technology was paid more and more attention to treat waste
gas. In this paper, we make use of this technology to decompose toluene under different electric
field and packed materials. At the same time, the mechanism of toluene decomposition using
plasma and catalyst is discussed. The experimental results show toluene decomposition increases
with electric field strength increasing and flow velocity and initial concentration decreasing.
There are four conditions in plasma: without packed materials (1); with packed materials (2);
with BaTiO3; in the surfaces of packed materials (3); and with nanometer BaggSro.2Zro.1Tio.003 (4).
Toluene decomposition represents a obvious trend, that is, n(4) > n(3) > n(2) > n(1). The best de-
composition efficiency of toluene arrives at 95%.
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1. Introduction

Volatile organic compounds (VOCs) are triggering serious environmental problems such as stratospheric ozone
depletion and photochemical smog. Although toluene is an important chemical feedstock and additive, it should
be removed from exhaust gases emitted from various moving and stationary sources due to its carcinogenicities
and respiratory disorders [1].
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The traditional methods of VOCs removal such as absorption, adsorption, and incineration and so on, which
were referred to the new environmental condition, had many technical and economic disadvantages [2].

In these years, some new technologies, such as biologic process, photocatalysis process, and plasma technol-
ogy, were paid more and more attention [3]-[5]. In particular, non-thermal plasma has attracted much attention
as a method for VOCs control for two decades due to its unique properties such as quick response at ambient
temperature, achievement of high electron energies within short residence times, system compactness, and easy
operations. In order to improve the energy efficiency of the VOCs decomposition process by the plasma, the
cooperation with catalyst has been tested by some researchers [6]-[8]. Ruixing Li et al. [9] reported that the ratio
of CO, decomposition using Cag7Sry3TiO3 was much greater than commercial alumina and silica glass barriers,
S0 as to obtain a conclusion that the CO, conversion was proportional to the permittivity of the dielectric barrier
materials. Muhammad Arif Malik et al. [10] indicated that C,HClI; destruction was significantly improved by
packing the discharge gap with alumina pellets, compared with in the case of no padding. These studies show
that the combination of discharge plasma with nano-materials is a very effective method in VOCs removal.

In this paper, we tried the combination of non-thermal plasma with nanometer BaggSro»Zro1Tip9O3 as catalyst
for toluene removal, in order to further reduce the energy consumption and harmful byproducts in plasma
process.

This paper illuminates the experimental results of the synergistic effect of non-thermal plasma generated by
dielectric barrier discharge (DBD) and nano-materials on toluene decomposition.

2. Experimental Part
2.1. Reaction System

NTP coupled with catalyst was used for toluene removal from a gaseous influent at normal temperature and at-
mospheric pressure. The NTP system consists of a tube-wire packed-bed reactor system, an AC power supply
(frequency of 150 Hz), a continuous flow gas supplying system and an electric and gaseous analytical system.
The schematic diagram of NTP system is shown in Figure 1. Dry air (78% N,, 21% O,) was used as a balance
gas for toluene decomposition. Air supplied from an air compressor was divided into two air flows with each
flow rate controlled by a mass flow controller (MFC). One dry air flow was introduced into a bottle of liquid to-
luene to produce saturated toluene. The vapor was then mixed with the other dry air flow in a blender so that to-
luene waste gas was diluted to a desired concentration.

The NTP packed-bed reactor is shown in Figure 2. The coaxial cylindrical NTP reactor consists of an organic
glass tube with an inner diameter of 32 mm and wall thickness of 3 mm wrapped by a steel mesh of 20 cm in
length as a ground electrode. A tungsten wire (0.5 mm in diameter) placed on the axis of NTP reactor served as
the inner discharge electrode. The relative humidity of 25% in NTP reactor was controlled by a thermohygro-
meter, and the temperature is 20°C.
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Figure 1. Schematic diagram of NTP system for toluene removal. 1. Air compressor; 2. Buffer; 3. Toluene
liquid bottle; 4. Attemperator; 5. Blender; 6. NTP reactor; 7. Mass flow meter; 8. High voltage; 9. Oscillo-

graph; 10. Gas chromatograph.
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Figure 2. NTP reactor. Reactor: organic-glass tube (i.d. 32 mm, packed
infilling length of packed materials of 200 mm); Internal electrode:
tungsten filament (i.d. 0.5 mm); External electrode: dense steel mesh.

2.2. Materials and Methods

In the experiment, three kinds of packing materials, including ceramic rings, BaTiOs rings and BaggSrg2Zrg1Tig9Os3
rings (hollow cylinder shape, 5 mm i.d., 1 mm wall thick, and 10 mm length), were used to pack into the NTP
reactor.

Nano-size BaygSroZry1Tig9O3 powder was prepared using the method of water-thermal composite action at
atmospheric pressure. Inorganic salts, including TiCl,, Ba(OH),-8H,0 and Sr(OH),-8H,0, were the precursors
for Bag gSrg.Zrq1 TiggOs formation. Firstly, a proper quantity of TiCl, was added to 100mL water as the precur-
sor solution and ammonia used to adjust pH to 7. By strictly controlling the reaction conditions in a ventilation
cabinet, the precursor solution hydrolyzed to a-H,TiOs. And then, CI” was removed by hot water washing and
filtrated by decompression and boiled at 100°C for 4 hours. Certain amounts of Ba(OH),-8H,0 and Sr(OH),-8H,0
dropped into H,TiO3; and ammonia adjusted pH to 6 - 6.5 and the solution was shielded from air and agitated for
hours. During the preparation, if needed, water was added to keep the balance of the liquid quantity. Where after,
gained solid (nano-BaggSry2Zr1Tipe03) was ground to powders and dried at 100°C in a crucible. The powder
was made into rings (5 mm i.d., 1 mm wall thick, and 10 mm length) which were placed in a muffle furnace to
calcine at 1200°C for two hours. The calcined product was cooled to ambient temperature and served as the
packing materials in the NTP reactor. At the same time, a BaTiO3; (powders made in Beijing Research Institute
of Chemical Engineering & Metallurgy) ring was also made with the same weight as the BaggSrg2Zro.1Tig 903
ring.

The crystal structure and the surface shape of the BaggSrqZry1Tig9Oz sample were detected by XRD (manu-
factured by Germany Bruker Co., D8 ADVANCE) and SEM (manufactured by Japan, JEOL-JSM-6500F) and
the BET surface area determined by Micrometrics (manufactured by American Quanta chrome Co., NOVA
1000). The relative permittivity of the BaggSroZro1Tip9O3 Sample was measured using an LCR automatism test
instrument (manufactured by China, 4210). Toluene analysis was carried out by gas chromatography (manufac-
tured by Aglient Co., HP6890N) with a flame ionization detector (FID). The byproducts were detected by
GC-MS (manufactured by American Thermo Finnegan Co.) using EI mode, 70 eV and full scan. Ozone concen-
tration produced in the NTP reactor was measured by an iodine-titration method. The plasma reactor employed
an AC power supply of 150 Hz scanning from 0 kV to 100 kV was applied to the reactor in the radial direction.
The voltage and current waveforms were measured by oscillograph (manufactured by American Tektronix Co.,
TDS2014). To investigate the electric characteristics of dielectric barrier discharge (DBD), the voltage applied
to the reactor was sampled by a voltage divider with a ratio of 12,500:1. Also, the current was determined from
the voltage drop across a shunt resistor (R3 = 10 kQ) connected in series with the grounded electrode. In order
to obtained the total charge and discharge power simultaneously, a capacitor (Cm = 2uF) was inserted between
the reactor and the ground. The electrical power provided to the discharge was measured using the Q-V Lissaj-
ous diagram. Typical Lissajous diagram represents to be a parallelogram, and we could calculate power though
calculated the area of parallelogram.

As evaluation criterion, the decomposition efficiency of toluene was calculated as follows:

C,-C
n= Oc x100% @

0

where C, and C indicate inlet and outlet concentrations of toluene, respectively.
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3. Decomposition Mechanism

According to one of reaction mechanisms, high energy electrons react with toluene molecules as follows in the
reaction process of the NTP technology [11]:

e Qo o
OroreeOrem s

Q P S W S, ©)
H
@—cm 4+ e —né=CH+ H6=CH—(|:=6H (6)

CH3

+ >55eV o °
e —> CH,—C=—C—C=—C—CH
CH3 2 ¥ b b b 2 (7)

Equations (2)-(7) indicate the possible reactions of the decomposition process of toluene molecules, bond
energy between carbon of benzene ring and carbon of substituent radical is 3.6 eV, which is the lower than that
of carbon-carbon bond or hydrocarbon bond. In the structure of toluene molecules, the hydrogen of benzene ring
is replaced by a methyl group, leading to a less stable bonding. In the theoretical point of view, this bond is the
most vulnerable. Of course, the other bonds are also likely to be destroyed if the energy of the electrons is high
enough.

According to the other reaction mechanisms, high energy electrons react with air to form OH®, O°, H®, HO,®,
N* and Oj etc. in the first step of the reactions.

Then, these radical groups react with the toluene molecules or the other reaction groups, and the products are
CO,, CO and H,0 with increasing electric field strength or RED at last:
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4. Results and Discussions
4.1. Detection of Packed Materials

The crystal structure of BaggSry2Zre1TipeOs is detected by XRD as shown in Figure 3. The crystal structure
should be similar to cube crystal structure of calcium-titanium oxide. BaggSrq,Zro1Tig9Os Was a type of ferroe-
lectric like BaTiOs. The average diameter of sample particulates is of 59 nm. The BET surface area of the
Bag sSro.2Zr.1TiosO3 powders are 8.8 m?/g, and Longmuir surface area detected by Micrometrics are 12.3 m?/g
respectively. The relative permittivity of BaggSrq, Zro1Tig9O3 detected by LCR is about 12000.
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Figure 3. XRD testing results of Bag gSrg2Zro1TiggO3.

4.2. Effect of Electric Field Strength on Decomposition Efficiency of Toluene

Figure 4 and Figure 5 show the relationship between decomposition efficiency of toluene and electric field
strength in the plasma reactor. With increasing electric field strength, the decomposition efficiency of toluene
increases.

The relationship between gas flow velocity and decomposition efficiency of toluene in the plasma reactor is
shown decomposition efficiency increases with gas flow velocity decreasing when gas passes the reactor, and
electric field strength is fixed as shown in Figure 4. The reason is gas flow velocity is lower and the reaction
time is longer in the plasma reactor.

Figure 5 shows decomposition efficiency reduces with initial concentration of toluene increasing. When ini-
tial concentration of toluene is 600 mg/m?, the average electric field strength is 14.2 kV/cm, the decomposition
efficiency of toluene arrives at 95% in the reactor with packed materials coated nano-materials.

In the reactor, the space occupied by contamination air is always full of high energy electrons [12]. When
effective collisions between high energy electrons and toluene molecules take place in the reactor, electron
energy will destruct molecular structure of toluene and toluene molecules transform into CO,, CO and H,O.
Thus, decomposition efficiency of toluene is proportional to the electrons. When packed materials coated with
nano-materials placed into the plasma reactor, with electric field strength increasing, more and more high energy
electrons are produced due to mediums polarization of packed materials. So the packed materials in the reactor
increase the decomposition efficiency of toluene.

4.3. Effect of Nano-Materials on Decomposition Efficiency of Toluene

Figure 6 shows the trend of decomposition efficiency of four kinds of reactors, i.e. (1) empty reactor; (2) origi-
nal packed materials in plasma reactor; (3) packed materials coated BaTiOs in plasma reactor; (4) packed mate-
rials coated nano-materials in plasma reactor. In the same electric field strength, the performance of decomposi-
tion efficiency of toluene represents n(4) > n(3) > n(2) > n(1). The decomposition efficiency of packed materials
in reactor is higher than that of no filler in reactor. Because packed materials in plasma reactor enhances the in-
tensity of corona discharge and heightens decomposition effect of toluene.

It must be noted that decomposition efficiency of toluene n(3) and n(2) is less than n(1) while electric field
strength is low (<7 kv/cm), whereas 1n(3) > 1(2) > n(1) in high electric field strength (>8 kV/cm). The reason is
the region of corona discharge is limited to the near corona line in lower electric field strength. There are no
packed materials in plasma reactor, where there is no barrier to free electrons and active radicals moving. Whe-
reas packed materials in plasma reactor are polarized only in the near corona line. At the same time, the free
electrons and active radicals are hampered by filler. So no filler in plasma reactor has higher decomposition ef-
ficiency than the other reactors in lower electric field strength. However, the region of corona discharge expands
to a larger scope in high electric field strength. The polarization part of packed materials also expands to the
larger scope, and even expands to the entire reaction tube. The number of free electrons and active radicals are
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Figure 4. Relationship between electric field strength and decomposition effi-
ciency under different flow velocities.
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Figure 5. Relationship between electric field strength and decomposition effi-
ciency under different concentrations.

more than no filler in plasma reactor, which result a higher decomposition efficiency in higher electric field
strength. Especially, BaTiOs as a kind of packed materials holding a type ferroelectric structure, improve corona
discharge strength so that filler enhance electric field strength largely.

In Figure 6, it is clearly that (4) always display a better decomposition efficiency of toluene. Packed materials
coated nanometer BaygSro2Zro1Tig9O3 in plasma reactor not only have the ferroelectric characteristic to improve
discharge forms and strengthened electric field strength [13] [14], but hold the characteristic of nano-materials.
The soft chemical approach was used to prepare nano-materials. A fitting quantity of strontium, zinc and zirco-
nium were adulterated in BaTiOz [15]. These metal ions equably entered into crystal lattice of BaTiO; and
caused Curie temperature(Tc) fallen. As a result, dielectric constant is 12 times higher than BaTiO3 pure phase,
and dielectric losses are reduced to 1/6 in room temperature. As a kind of nano-materials and a kind of solid cat-
alyst, its activity is determined by its chemical and phase composition, crystal structure and activity surface area.
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Figure 6. Relationship between packed materials and decomposition efficiency.

Because of its surface ultrafine particles (mean particle size of 40 - 90 nm and the specific surface area of 8.7943
m?/g), nano-materials increase the specific surface area of catalyst greatly. The fitting quantity of strontium, zinc
and zirconium are adulterated to destroy the crystal structure of BaTiO; and to make them exist more hole in
order to heighten catalytic activity. Therefore, packed materials in room temperature and small electric field
strength can be polarized to strengthen plasma role in enhancing the energy efficiency of reactor and generating
more efficient oxides to increase decomposition efficiency of toluene.

4.4. Relationship between Energy Distribution and Decomposition Efficiency of Toluene

From Table 1, we can find that energy consumption (P) of toluene decomposition states P(1) > P(2) > P(3) >
P(4) to achieve the same decomposition efficiency. This results show that packed materials coated nano-mete-
rials in plasma reactor can play a role in reducing energy consumption to deal with the same quantity of toluene.

In Figure 7, pillars represent different reactors hold the status of energy distribution (R). It is clearly that de-
composition efficiency of toluene is higher and energy efficiency is higher in packed materials coated nano-ma-
terials in plasma reactor. At the same decomposition efficiency, the distribution of energy consumption shows
that R(4) < R(3) < R(2) < R(1). This result illuminates that the plasma reactor packed materials coated nano-ma-
terials are effectively realized to toluene decomposition.

The reason is that BaggSrg.Zre1TigeO3 has the ferroelectric characteristic to improve discharge forms and
strengthened electric field strength, and dielectric constant arrives at above 10* at room temperature. At the same
time, BaggSro2Zrp1TipgOs holds the characteristic of nano-materials. So the results confirm above theory and
show a good application prospects.

5. Conclusions

Effects of electric field strength (voltage strength), toluene concentration of influent, influent flow rate, reactor
packing and material of the fillers on toluene decomposition rate were determined. The decomposition efficien-
cy of toluene increased with increasing electric field strength and/or influent flow rate while decreased with the
rising influent toluene concentration. Packing the reactor with inert fillers improved the toluene decomposition
rate and that packing with nano BaTiOj; catalyst coated fillers resulted in greater enhancement. More 0zone was
produced in the reactor packed with catalyst coated fillers and at rising voltage strength up to 13 kV/cm. The
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Table 1. Relationship between power and decomposition efficiency under different packed materials.

~ ——__ Decomposition Efficiency (%)
Energy Consumption (W) & & i e 9
(1) Empty 25 28 — — —
(2) Original packed materials 13.4 22 25 28 —
(3) Packed materials coated BaTiO; 8.7 13.75 22 25.2 28
(4) Packed materials coated nano-materials 7.5 10.9 14.3 25 26.1

mechanism of toluene decomposition due to plasma and catalyst actions was proposed. Operating over 13
kV/cm, decomposition efficiency of toluene in the influent (flow rate = 0.3 m%h, containing 600 mg/L of tolu-
ene) was up to 95% in the reactor filled with catalyst coated fillers.

Series of experiments were performed in a small reactor (44 mm ID x 200 mm working volume) to remove
toluene from a gaseous influent at the room temperature and atmospheric pressure by decomposition due to
DBD (dielectric barrier discharge) generated non-thermal plasma.

1) The decomposition efficiency of toluene increased with the increasing electric field strength.

2) Packing the reactor with inert fillers improved the decomposition efficiency of toluene and that packing
with nano-catalyst coated fillers resulted in greater enhancement. Operating at 14.2 kV/cm, decomposition effi-
ciency of toluene in the influent (flow rate = 0.3 m%h, containing 600 mg/L of toluene) was up to 95% in the
reactor filled with catalyst coated fillers.

3) Energy consumption (P) of toluene decomposition in the plasma reactor packed materials coated nano-mate-
rials states P(1) > P(2) > P(3) > P(4) to achieve the same decomposition efficiency. At the same decomposition
efficiency, the distribution of energy consumption shows that R(4) < R(3) < R(2) < R(1). So nano-materials is
effectively realized to toluene decomposition and plays a role in reducing energy consumption to deal with the
same quantity of toluene.
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