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Discharge characteristics and abatement of volatile organic compounds using plasma reactor packed
with ceramic Raschig rings were investigated. It was found that the gap equivalent capacitance decreased
with increasing voltage while the dielectric barrier equivalent capacitance increased initially and sta-
bilized at about 700 pF. Compared with empty reactor, toluene removal was significantly enhanced by
ceramic Raschig rings, 97% against 48%. With respect to the energy yield in the presence of padding, the

efficiency was remarkably improved up to 10 g/kWh, which was 2 times higher than that of 5 g/kWh in
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the absence of padding with removal ratio exceeding 50%.
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1. Introduction

Volatile organic compounds (VOCs) have been extensively
involved in many industrial processes, whereas such compounds are
hazardous to human health, contributing to serious environmental
problems such as the destruction of the ozone layer, photochemical
smog and global warming [1,2]. The emission of VOCs has triggered
increasing awareness focused on the development of abatement
technologies to comply with the latest environmental regulations
[3]. Traditional technologies for VOCs removal mainly include
adsorption [4], thermal incineration [5], condensation [6] and
infiltration [ 7] etc. All these technologies may have technical and/or
economic disadvantages, hence, there is a motivation to develop
method to control VOCs exhaust, which can be accepted both
technically and economically [8]. As a late-model approach, non-
thermal plasmas (NTP) processing has received considerable at-
tentions owing to some unique advantages of rapidly reaction under
ambient temperature, achievement of high electron energies within
short residence time and easy operations. Previous studies have
testified that NTP exhibits high removal efficiency by the
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mechanism of VOC decomposition [9—11], and it was considered as
one of the most promising techniques to remove VOCs.

To further improve the electric field and power efficiency,
dielectric materials have been considered as a key factor for the
proper functioning of the NTP processing. A dielectric barrier with a
high permittivity is highly desirable in order to generate plasma
possessing high reactivity. R. Li et al. [12] reported that the ratio of
CO, decomposition using Cag7Srp3TiO3 was much greater than
commercial alumina and silica glass barriers, so as to obtain a
conclusion that the CO, decomposition was proportional to the
permittivity of the dielectric barrier materials. Analogously, filling
suitable dielectric materials shaped in appropriate geometries
through discharge volume may be an effective approach to enhance
the destruction efficiency for VOCs. For instance, M.A. Malik et al.
[13] indicated that C;HCl3 destruction was significantly improved
by packing the discharge gap with alumina pellets, compared with
that in the absence of padding. According to Koichi Takaki et al. [ 14],
the shapes of ceramic dielectric material pellet significantly influ-
enced the performance of perfluoroethane (CyFg) removal, and the
results showed that the energy yield of hollow cylindrical-shaped
pellets was almost 1.5 times higher than that of spherical pellets.

In the NTP reactor, micro-discharges distributing throughout
the discharge volume initiate the chemical reactions with the VOCs
molecules decomposed by producing reactive species like ions,
radicals and activated molecules [15]. During the discharge process,
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fundamental electricity characteristics such as voltage and current
waveforms, discharge power, equivalent capacitance and so on, can
be indirect macroscopical embodiments of various microcosmic
chemical reactions. Nevertheless, it is difficult to measure these
discharge parameters due to phase detuning of the current and
voltage in the process of discharge. And there is very limited in-
formation available in the literature relating to the investigation of
such parameters during the discharge process for VOCs removal.

In this study, coaxial cylindrical plasma reactor configuration
was employed and corundum ceramic was chosen as the reactor
material for its high permittivity to generate plasma possessing
high reactivity. The paddings shaped in hollow cylindrical geome-
try were polarized when the reactor was powered, and an intense
electric field was formed around edges and points, resulting in
numerous micro-discharges. As a typical species of VOCs, toluene,
which is widely used in industrial production processes, was
adopted as the target contamination. The objective of this study is
mainly to explore the decomposition of toluene by comparing main
discharge parameters measured by Q—V Lissajous diagram, in the
presence and absence of ceramic Raschig rings packing in the co-
axial cylindrical reactor of corundum ceramic. Meanwhile, the en-
ergy yield for toluene removal and the concentration of ozone
detected in effluent gas were investigated.

2. Experimental
2.1. Experimental setup

Fig. 1 shows the schematic diagram of the experimental setup,
consisting of continuous flow gas supplying system, electric and
gaseous analytical systems, AC power supply (50 Hz, 0—100 kV, sine
wave), and the NTP reactor. In the experiment, toluene was evap-
orated by bubbling with compressed air and then was allowed to
pass through a mixing chamber for a thorough mixture with air
before being introduced into the NTP reactor. The total gas flow rate
and toluene concentration were adjusted by mass flow controllers
(MFC-1 and MFC-4), which were fixed at 0.2 m?/h and 1200 mg/m>
respectively. Both the MFC-1 and MFC-4 employed to control the
total gas flow rate are beneficial to determining the gas tightness.
And, the gas flow rates of the two branches with and without
toluene were controlled by MFC-3 and MFC-2 respectively. The
coaxial cylindrical plasma reactor was made of corundum ceramic
(99% purity) tube with wall thickness of 3 mm and inner diameter
of 19 mm, wrapped by the copper mesh of 30 cm length as a ground
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electrode. A tungsten wire (1.65 mm in diameters) was employed as
the inner discharge electrode, placed on the axis of the reactor. For
comparison, ceramic Raschig rings (hollow cylindrical-shaped,
5 mm in outer diameter) were filled into the reactor during the
experiment. Micro-discharges came into being when the sufficient
high voltage was applied to the reactor, following a series of
chemistry reactions.

2.2. Gaseous analysis

In the experiment, the concentrations of toluene from inlet and
outlet were measured by using a gas chromatography (GC, Agilent
6890), equipped with a capillary column of HP-5 (diameter
0.32 mm, film thickness 0.25 pm, length 30 m) and a flame ioni-
zation detector (FID). The removal efficiency was calculated by the
concentration change between the inlet and outlet concentrations
of toluene. The concentration of ozone generated in the discharge
from gaseous oxygen was accurately measured by the iodometric
wet-chemistry method.

2.3. Electrical measurements

Oscilloscope (Tektronix 2014) was employed to measure the
waves of the applied voltage and the current, as seen in Fig. 2. To
investigate the discharge characteristics, the voltage applied to the
NTP reactor was sampled by a 12500:1 (R1/R2 = 250 MQ/20 kQ)
voltage divider, and the current was determined from the voltage
drop across a shunt resistor (R3 = 10 kQ2) connected in series with
the grounded electrode (Fig. 1). The experimental determination
of the power dissipated in discharges has often proved to be
difficult because in reality the power is consumed in a large
number of short-lived microdischarges. We have used charge—
voltage Lissajous method to determine the discharge power in the
plasma reactors. The trick for the Lissajous figures is to use the
time-integrated current, the charge, rather than trying to resolve
individual microdischarge current peaks. Because the NTP reactor
can be considered as a capacitor, the charge stored in the capacitor
Cm is equal to that in the reactor. The charge stored in the
capacitor is the product of capacitance and voltage, which can be
directly read by the voltage between both ends of the capacitor.
Here, a capacitor (C; = 0.33 pF) was inserted between the NTP
reactor and the ground to obtain the quantity of electricity (Fig. 1).
When the switch is turned to the left, the value of electrical power
provided to the reactor was measured by using the Q—V Lissajous
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Fig. 1. Schematic diagram of the experimental setup.
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Fig. 2. Voltage and current waveforms in the presence (a) and absence (b) of ceramic Raschig rings at 12 kV applied voltage.

diagram. The Lissajous figure requires the signal of 12,500:1
voltage divider as x input, while requires the voltage signal be-
tween the two poles of Cy, as y input. In this case, the Lissajous
diagram represents a parallelogram, as shown in Fig. 3. When the
switch is turned to the right, the time-based current signal can be
obtained via the voltage signal between the two poles of R3
divided by 10 kQ.

In this study, the frequency is set at 50 Hz, which can be regu-
lated from the dial of power supply instrument. The area of the
parallelogram conforms to the discharge energy per one cycle, and
the average discharge power can be obtained by multiplying the
discharge energy per one cycle by AC frequency [16]:
P=f-CnS (1)
where Cyp, = 0.33 pF is the measuring capacitance, f = 50 Hz is the
AC frequency and S represent the area of parallelogram,
respectively.

During the discharge processing, the analysis of equivalent
capacitance is another significant consideration except for the en-
ergy consumption. The capacitances (C and Cq) in the equivalent
circuit of the reactor can be exhibited by the two gradients of
parallelogram for Q—V Lissajous diagram. In particular, the total
equivalent capacitance (C) of the dielectric barrier and the gap
between electrode and surface of dielectric barrier can be repre-
sented by the gradient of line AB or CD (tga), as shown in Fig. 3.
Here, C can be determined by the following equation:

C = Cm-tgo (2)
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On the other hand, the equivalent capacitance of the dielectric
barrier (Cq) can be represented by the gradient of line AD or BC
(tgB), and Cq can be calculated by the following relation:
Cq = Cm-tgB (3)
Consequently, the equivalent capacitance of the gap (Cg) can be

calculated according to the values of barrier capacitance and total
capacitance, and the formula for Cg can be expressed as following:

(4)

3. Results and discussion
3.1. Discharge characteristics

Fig. 2 shows the wave forms of applied voltage and current in
the presence (Fig. 2a) and absence (Fig. 2b) of the ceramic Raschig
rings. Comparison between Fig. 2a and b illustrates the improve-
ment in electrical behavior in the case of padding filling the reac-
tion room of plasma reactor. It can be seen that the current
waveform is nonsinusoidal distorted by a number of pulses (micro-
discharges) superposing on the capacitive wave. These micro-
discharges, uniformly distributed over the surface of dielectric,
are of nanosecond duration and generate radicals, excited atomic,
molecular species that initiate plasma chemical reactions. Obvi-
ously, the number of microdischarge pulses in the presence of
ceramic Raschig rings was much larger than that in the absence of
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Fig. 3. V—Q Lissajous diagram in the presence (a) and absence (b) of ceramic Raschig ring at 12 kV applied voltage.
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Fig. 4. Variation of SIE as a function of voltage in the presence and absence of ceramic
Raschig rings. The standard deviations for SIE are within the range of 1.3-9.7.

padding. Previous studies found that the number of pulses is pro-
portional to the VOC molecular decomposition via NTP [17].
Compared with the NTP reactor without padding, the value of
capacitive current appears higher with padding.

The specific input energy (SIE) is defined as the average power
dissipated in the discharge divided by the total gas flow rate, and it
can be calculated by the discharge power and the gas flow rate.
Fig. 4 shows the variation of SIE as a function of applied voltage in
the presence and absence of padding respectively. Under low
voltage condition (<11 kV), the value of SIE for the reactor with
ceramic Raschig rings is slightly higher than that for the empty
reactor. With further increasing the voltage (>11 kV), the SIE de-
pends almost linearly on the voltage, however, the value is signif-
icantly lower with the existence of padding than that without
padding, which means that the padding cuts down the energy
consumption. In particular, with increasing the applied voltage
from 11 to 22 kV, the SIE increases from 61 to 692 J/L for the empty
reactor, and increases from 52 to 440 J/L for the reactor with
ceramic Raschig rings padding. When the voltage is low, the
dielectric paddings have not develop their functions effectively yet,
and the type of plasma mainly refers as corona discharge which
occurs in a region of high electric field near electrically stressed
wire edges. Therefore, the space charge can transfer more easily
along the surface of padding, which leads to greater current and
discharge power. When the voltage is high enough, it is developing
into dielectric barrier discharge which polarizes the dielectric
padding and forms intense electric field around each edge and
point with small curvature radius, resulting in micro-discharges
and initiating chemical reactions throughout the entire discharge
volume.

In the experiment, the plasma reactor can be equivalent to a
capacitive load. The methods of calculating the equivalent capaci-
tance of gap and the equivalent capacitance of dielectric barrier by
Q-—V Lissajous diagram were given above. The equivalent gap
capacitance as a function of applied voltage for different dielectric
conditions inside the reactor are shown in Fig. 5. It was found that
Cg decreases gradually with increasing the applied voltage for the
two cases, similar to that previously reported Cg variation [18]. Take
no-padding reactor for example, when the applied voltage in-
creases from 10 to16 kV, Cy decreases from 16 to 13 pF. Obviously,
the values of Cg; are higher for ceramic Raschig ring reactor
compared with that for the empty tube, 21 pF and 14 pF respec-
tively at 12 kV. It is known that the gap capacitance is directly
proportional to the dielectric constant (&g) and inversely propor-
tional to the gap length (Lg), Gz « ¢g/Lg. As a consequent, for a given
¢g, greater Cg can be obtained by smaller gap length. With respected
to the NTP reactor filling with ceramic Raschig rings, the padding
takes up much space between the inner electrode and the surface of
dielectric, which results in smaller Lg and bigger C.
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Fig. 5. Equivalent gap capacitance as a function of voltage in the presence and absence
of ceramic Raschig rings. The standard deviations for equivalent gap capacitance are
within the range of 0.1-0.8.

The variety of equivalent capacitance of the dielectric barrier
obtained by using Q—V Lissajous diagrams as a function of voltage is
shown in Fig. 6. For the empty plasma reactor, Cq initially increases
remarkably from 338 to 652 pF with increasing applied voltage in
the range of 10—12 kV, and then stabilizes at 700 pF approximately
with further increasing of voltage. Despite of certain micro-error, Cy
follows a similar trend for the ceramic Raschig rings reactor. The
trend of Cq for the applied voltage can be explained by the char-
acteristics of ceramic tube’s permittivity, which exhibit the similar
variation tendency to the value of Cyq versus electric field.

3.2. Toluene removal

According to the related theories of plasma, free electrons
transfer all or part of their kinetic energy to the molecules through
inelastic collisions with the target molecules which are then
dissociated and oxidated into CO, and H,O. Fig. 7 demonstrates the
influence of ceramic Raschig rings packing on toluene decompo-
sition compared with the empty reactor as a function of SIE. It is
observed that the toluene removal process assisted by some
ceramic Raschig rings is significantly enhanced. When the SIE
varies in the range of 53—445 J/L, toluene removal ratio increase
from 26% to 97% with Raschig rings packing, while increase from
23% to 48% without packing. The results suggest that the padding
plays an important role in the process of toluene decomposition.
The improvement in toluene conversion can be attributed to the
enhancement of intensity of electric field in the presence of ceramic
Raschig rings, which is in accordance with the other researchers
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Fig. 6. Equivalent dielectric barrier capacitance as a function of voltage in the presence

and absence of ceramic Raschig rings. The standard deviations for Equivalent dielectric
barrier capacitance are within the range of 4.6—21.2.
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Fig. 7. Toluene removal as a function of SIE in the presence and absence of ceramic Raschig
rings. The standard deviations for toluene removal are within the range of 0.2—1.3.

[19]. Based on the above discussion, it is evidenced that the removal
efficiency of toluene treated by NTP process can be significantly
improved by the introduction of some dielectrics inside the reactor.

3.3. Energy yield for toluene removal

The energy yield is usually used to evaluate the system perfor-
mance of NTP process [20]. The energy yield for toluene removal
was also analyzed in this study and it can be described by the
following equation:

EY(g/kwh) — (Cn = Cou) x Qe -

where Qg and P are the gas flow rate and the discharge power (W),
respectively, and Cij, and Cyy indicate inlet and outlet average
concentrations of toluene, respectively.

Fig. 8 presents the energy yield for toluene removal as a function
of removal ratio in the presence and absence of ceramic Raschig
rings. As seen in the Figure, the energy yield decreases initially with
the increase in toluene removal ratio. Then, with the ratio
exceeding 50%, the toluene removal energy yield stabilizes at about
10 g/kWh in the presence of padding, which is 2 times higher than
that of 5 g/kWh in the absence padding. The energy yield of the
padding filling system for the decomposition of toluene exhibits
high level compared with the previous studies [21,22], which can
be attributed to the high reactive plasmas generated by corundum
ceramic reactor combined with ceramic Raschig rings possessing
high permittivity. Furthermore, it can be concluded that the
introduction of ceramic Raschig rings inside the reactor improves
the energy yield significantly, and it lowers the energy consump-
tion consequently.
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Fig. 8. Energy yield for toluene removal as a function of removal ratio in the presence
and absence of ceramic Raschig rings. The standard deviations for energy yield are
within the range of 0.3—1.0.
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Fig. 9. Ozone concentration as a function of SIE in the presence and absence of ceramic
Raschig rings. The standard deviations for ozone concentration are within the range of
0.01-0.14.

3.4. Ozone formation in the non-thermal plasma reactor

As already observed, non-thermal plasma produces ozone
which is customarily considered as an important inorganic
byproduct by the ionization of oxygen molecules from air. The
ozone is generated through the reaction between an oxygen
molecule and atomic oxygen which is generated by electron colli-
sions on O,. The reaction is expressed as following:

e+ 0,201 e (6)

0+0,+M—035+M (7)

where M can be Nj or O, in air [23]. The variations of the ozone
concentration in the effluent gas and the toluene abatement as a
function of SIE are illustrated in Fig. 9. By increasing with the input
energy in the range of 30—660 J/L, for no-padding plasma reactor,
the concentration of ozone initially increases from 0.12 mg/L to
1.44 mg/L, and then passes through a maximum of 1.44 mg/L before
arapid decrease with further increase in SIE. Similarly, the variation
of ozone concentration follows the same tendency for the existence
of ceramic Raschig rings. Actually, the tendency is in consistent
with previous reports on the ozone generation during the plasma
process to decompose VOCs [24,25]. At the same time, as
mentioned above, toluene removal ratio increases monotonically
with the increase of SIE, and it can be concluded that ozone formed
in plasma reactor is not involved in the toluene decomposition,
similar to previous investigations [26,27]. The results of ozone
generation indicate that the applied power must high enough to
yield adequate collection efficiency but not so high as to produce
hazardous levels of ozone.

4. Conclusions

The abatement of toluene with dielectric barrier discharges was
experimentally investigated through a comparison between in
presence and absence of ceramic Raschig rings padding inside the
coaxial cylindrical reactor. Furthermore, electrical parameters
during plasma processing to decompose toluene were analyzed by
using the Q—V Lissajous diagrams. The obtained results showed
that, at high-voltage operation (>11 kV), the SIE depended almost
linearly on the voltage and the value was significantly lower in case
of ceramic Raschig rings padding than that in the absence of
padding. C; decreased with increasing voltage and the existence of
padding, while Cq increased initially and stabilized at about 700 pF
with further increase in voltage. In contrast to no-padding reactor,
toluene conversion was enhanced by dielectric characteristic of
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ceramic Raschig rings padding, especially under high input energy
condition, 97% against 48% at SIE 445 J/L. With respect to the energy
yield for toluene removal, in presence of padding, the efficiency was
significantly improved up to 10 g/kWh, which was 2 times higher
than the efficiency 5 g/kWh in the absence of padding with removal
ratio exceeding 50%.
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