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ABSTRACT

TiO2 loaded on the honeycomb ceramic was tentatively introduced into dielectric barrier
discharge (DBD) in a radial-flow configuration, for plasma-induced photocatalytic
degradation of a model organic pollutant thiamethoxam in water. The solution was made to
flow as a film over the surface of the honeycomb ceramic, whose hydrophilic force kept the
water surface undisturbed by the electrical discharge. This characteristic enabled a
reduction of the discharge gap. The results indicated that rate constant of thiamethoxam
degradation, energy utilization efficiency of thiamethoxam removal and TOC removal were
significantly enhanced due to the synergy effect between the plasma discharge and the TiO2

photocatalysis. The system could adapt to a wide range of liquid conductivity. The TiO2

film was calcined at 500˚C and the crystal structure of the TiO2 showed no change after use.
Higher concentration of H2O2 and

�OH were obtained.

Keywords: Dielectric barrier discharge; TiO2; Honeycomb ceramic; Thiamethoxam;
Degradation

1. Introduction

Neonicotinoids play an important role in
agriculture with novel mode of chemistry and action
[1,2]. Thiamethoxam [(EZ)-3-(2-chloro-1, 3-thiazol-5-
yl-methyl)-5-methyl-1,3,5-oxadiazinan-4-ylidene(nitro)
amine], a second-generation neonicotinoid, has
provided an excellent control of many sucking and
chewing pests and also been applied to other aspects
such as in pet and seed treatment [3–5]. However,
rich leaching capability and poor soil sorption of
thiamethoxam cause a potential pollution to surface
and underground water [6].

Nowadays, compared with some traditional
removal methods, the advanced oxidation processes
(AOPs) [7,8] have been emerged as a promising alter-
native for contaminated water treatment. A common
feature of the AOPs is that the production of radicals
involves an enormous energy expense. The need of an
energy-efficient approach for production reaction radi-
cals has motivated the study on application of plasma.
Plasma was produced from the high-voltage electrical
discharge at the gas–liquid interface. The process
accelerates free electrons and then the high-energy
electrons colliding with the ambient molecules to
ionize, dissociate or activate them, develop plasma to
produce a series of chemically active species (i.e.
energized electrons, �H, �O, �OH, �O3, H2O2, neutral
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molecules, ionic species). Simultaneously some
physical phenomena occur which are quite similar to
UV photolysis, UV radiation, ultrasonic cavitations,
supercritical water conditions and shock waves [9].
However, there are some problems when operating
the discharge plasma directly in the aqueous, e.g. dis-
charge stability is limited because of the electrodes life
(especially under the condition of corona discharge)
and discharge way is influenced by liquid conductiv-
ity. To avoid these disadvantages, the dielectric barrier
discharge (DBD) in which water worked as one of the
electrodes was developed [10–12].

What’s more, the shortages of DBD include making
little use of UV light radiation produced by the
discharge [13] and the interference of water surface by
vibrating electrostatic field from the high-voltage
electrode. TiO2 is a semiconductor with the band gap
of 3.0 eV, and UV light can excite pairs of holes and
electrons [14–19], whereas high concentration TiO2 at
high concentration would restrain the UV light
radiation and plasma channels formation, resulting in
a low removal rate of organic pollutions [20–22].
Honeycomb ceramic can be modified by plasma to
strengthen its hydrophilic force [23].

In this paper, we have focused on the study of a
special type of plasma DBD reactor, where through
the preparation of TiO2 loaded on the honeycomb
ceramic by sol–gel method, and the introduction of
the honeycomb ceramic in radial-flow configuration
reactor, the efficient utilization of UV, the homogene-
ity of the plasma discharge and discharge gap has
been optimized. Consequently, the plasma DBD reac-
tor was characterized by the discharge gap, the rate
constant of thiamethoxam degradation, the energy
efficiency for thiamethoxam and TOC removal and the
reducing effect of high conductivity on degradation.
In addition, the formation of H2O2 and �OH in
deionized water during the discharge process was
measured.

2. Experimental

2.1. Chemicals

The regents used in this study were of analytic
grade: tetrabutyl titanate (purchased from Guangfu
Chemical Industry Co., Ltd.), absolute ethyl alcohol
and acetic anhydride (purchased from Tianjin Fuyu
Chemical Industry Co., Ltd.), thiamethoxam
(purchased from Jinan Pesticide Testing Center),
honeycomb ceramic (Al2O3 content > 95%, porous
size 1mm, height 10mm, diameter about 100mm,
purchased from shanghai industrial ceramics Co.,
Ltd.), Na2HPO4 (adjust the solution conductivity).

2.2. Equipment and procedure

The detail steps of preparing the TiO2 film with
sol–gel method was showed as follows:

(1) Prepare A solution: Put (12–15mL) tetrabutyl
titanate, (48–50mL) ethyl alcohol and (5–8mL)
acetic anhydride into a beaker, stirring for
30–40min with the magnetic stirring apparatus.

(2) Prepare B solution: Put (25–30mL) ethyl alco-
hol, (15–20mL) acetic anhydride and (5–7mL)
into a beaker, stirring for 30–40min like the
step (1).

(3) Put A solution on the magnetic stirring appara-
tus and add B solution into the A solution, keep
a dropping speed of 1 drop/10 s (to inhibit the
hydrolysis rate of tetrabutyl titanate). After B
solution was run out, go on stirring for 3–5min
to get the transparent sol.

(4) Put the dry and clean ceramic into the sol for 5
min, then keep the pulling speed of 2–4mm/s,
stove it for 10min in the drying oven at
80˚C，repeat the procedure for four times.

(5) Calcine step-by-step in the muffle: heat up from
room temperature to 110˚C (0.25˚C/min), from
110 to 210˚C (0.25–0.5˚C/min), from 210 to
500˚C (0.5–1˚C/min), keep 500˚C for 3–4 h to
form TiO2 film.

The high-voltage power supply (CTP-2000 K) used
in present study was the same as that in our previous
works [24]. The diagram of experimental set-up is
shown in Fig. 1. The system consisted of two elec-

Fig. 1. Experimental set-up: working at normal pressure
and temperature. (1) High-voltage; (2) grounding electrode;
(3) recirculation pump; (4) air pump; (5) aerator; (6)
baffle plate; (7) wastewater tank; (8) vent hole; (9) storage
reservoir; (10) honeycomb ceramic; (11) quartz glass
plate; (12) plasma zone; (13) overflow tank; (14) inlet tube;
(15) water outlet; (16) air outlet and (17) PVC plate.

S. Li et al. / Desalination and Water Treatment 53 (2015) 3018–3025 3019



trodes: the upper metallic electrode and water work-
ing as another electrode. The upper metallic electrode
was connected to a HV source. The water was in a
structure of a flow sedimentation tank (height
700mm, inner diameter 100mm and outer diameter
140mm) and the ground electrode was placed in the
centre of the reactor. DBD system was usually with
one or two electrodes covered by the isolation
medium in the reactor. In this paper, quartz glass
(diameter 90mm) was used as isolation medium and
was located below the high-voltage electrode. To
improve the experimental set-up, the honeycomb cera-
mic (height 10mm, diameter about 100mm, pore
diameter 1mm) was embedded in the reactor, keeping
the upper surface of honeycomb ceramic flush at the
top of reactor. After switching on the high-voltage
power supply, under the action of the peristaltic
pump, the water flowed into the reactor through its
bottom, and then to form a water film of about 0.5
mm depth on the ceramic upper surface. The water
flow rate was 105mL/min. The discharge ozone was
between the isolation medium and the water film with
the discharge gap of 4mm. The whole experiment was
conducted at normal pressure and temperature.

2.3. Analysis

The crystal structure of TiO2 was identified by
X-ray Diffractomer (DD2TD3000), operated over
angular ranges of 2θ = 20–70˚，scanned at the speed
of 0.002˚/s and steps of 0.01˚. The apparatus was
performed at 35 KV and 45mA. Scanning electron
microscope (SEM) was used to observe the surface
structure of the TiO2 film.

Degradation of thiamethoxam was monitored for
every 20min intervals of plasma treatment by UV–vis
spectrophotometer (TU-1810) set at 250 nm. The
degradation rate was calculated by the following
equation:

Degradation rateð%Þ ¼ C0ðmg=LÞ � Ctðmg=LÞ
C0ðmg=LÞ � 100%

(1)

where C0 and Ct are the concentrations of
thiamethoxam at a given reaction time and the initial
concentration, respectively.

The TOC of treated water was determined by a
total organic carbon analyser (CN61M/GDYS103SY).
The liquid conductivity of the solution was measured
by a conductivity meter (DDB-303).

The hydrogen peroxide (H2O2) produced in the
degradation process has been evaluated by the colori-

metric method, as reported [25]. In neutral or alkaline
solution, the hydrogen peroxide could oxidize the
iodine ion. (1) Taking 1mL samples under different
discharge times and adding to 5mL iodine reagent
and 4mL deionized water. (2) Deionized water
worked as the blank sample, determining the
absorbency under the wavelength of 350 nm. (3) H2O2

concentration was calculated as follows:

C ¼ 40� d� A (2)

where C is H2O2 concentration, mM; d is dilution
factor, taking as 10; A is sample absorbance.

�OH was determined through chemical method
using salicylic acid as the probe [26]. The detail
analysis is as follows： (1) using visible-ultraviolet
spectrometer to determine the maximum absorption
peak of the salicylic; (2) drawing the standard curve
of the salicylic; (3) treating the salicylic solution with
the plasma discharge and taking the samples every 20
min, determining its absorbency and then to calculate
its concentration on the basis of standard curve; (4)
according to the reaction equation between hydroxyl
radical and salicylic, the hydroxyl radical concentra-
tion could be worked out indirectly.

The degradation processes of thiamethoxam
conformed to first-order kinetics equation. The kinetic
pathway of thiamethoxam degradation could be
showed as follows:

ln
C0ðmg=LÞ
Ctðmg=LÞ

� �
¼ kcptðminÞ (3)

where C0 is the initial concentration; Ct is the concen-
tration of thiamethoxam at a given reaction time; kcp is
the rate constant; and t is the degradation time.

To compare the system efficiency under different
conditions, the yield values (Y (g/kWh)) were intro-
duced [27]. Y presented the amount of thiamethoxam
degradation per unit of energy consumed in the
system:

Yðg=kWhÞ

¼ C0ðmg=LÞ � VðLÞ � 1
100 � convð%Þ

PðkWÞ � tðminÞ � 60� 10�3 ð4Þ

where C0 is the initial concentration of thiamethoxam
in solution, V is the solution volume, conv is the
degradation rate, P is the average power in the
discharge and t is the degradation time.

Instantaneous power method was used to deter-
mine the discharge power. This method using voltage
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probe and current probe measured working voltage
and working current waveform of low temperature
plasma reactor, then to calculate the instantaneous
power curve through digital oscilloscope. According
to the power curve, the discharge power could be got.

Thiamethoxam solution of 1,000mL volume and
100mg/L concentration was used for the investigation
of properties of the experimental set-up. A recirculation
pump (BT00-100M) at a speed of 300mL/min was
introduced to provide the circulation water. All the
results were got by performing triplicate experiments.

3. Results and discussion

3.1. The characteristic of TiO2 prepared by gel–sol method

As presented in Fig. 2(a), after the TiO2 film was
calcined at 500˚C for 5 h, the main diffraction peak of
XRD was at 25.3˚, which showed that anatase helping
photocatalytic reaction could be got under this condi-
tion. The rutile was found at 46.5˚and 58.7˚, but the
proportion was relatively low. The reason why the
anatase was better for photocatalytic reaction in
comparison to rutile was explained in the following:
rutile has the feature of stable crystal shape, good
crystal structure, less crystal defect and less oxygen
vacancy–– the oxygen vacancy is the key of the photo-
catalytic reaction. Anatase has more oxygen vacancy
and its forbidden band width is small (3.0 eV) [28–36].
According to the width of the spectral peak, the
particle size could be worked out (20–30 nm). In addi-
tion, after the TiO2 was used in the discharge process,
the XRD of TiO2 did not be changed, so the catalyst
could be reused.

From Fig. 2(b), it could be seen that TiO2 was
granular structure (average size 25 nm in diameter).
Uniform distribution and rough surface of the TiO2 par-
ticles could not only increase the adsorption quantity of
reactants, but also be advantageous to the multiple
reflection of UV light on the rough surface. These
features increased the light absorption and utilization
and conducted an efficient light catalytic reaction. The
thickness of the TiO2 film was about 150 nm.

Fig. 2(c) indicates that the changing of the ceramic
contact angle was small without plasma discharge,
after the ceramic was modified by the plasma, the
contact angle dropped rapidly. The contact angle was
close to zero after 16min, which resulted in a good
hydrophilic.

3.2. The discharge gap in the discharge process with/
without honeycomb ceramic

According to our previous experiment [37], the
minimum discharge gap without honeycomb ceramic

was 8mm, while the discharge gap in this study was
reduced to 5mm. That was because when the dis-
charge began, the surface of the honeycomb ceramic
was modified by the plasma to strengthen its hydro-
philic force. The high hydrophilic force could obtain a
smaller discharge gap and did not bring the following
difficulties: (1) make the water surface sucked up to
the electrode with the electrostatic field existing; (2)
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Fig. 2. The characteristic of TiO2; (a) for XRD: angular
ranges of 2θ = 20–70˚, scanned speed of 0.002˚/s and steps
of 0.01˚, voltage of 35 KV and current of 45mA; (b) for
SEM: current of 50 KV, magnification times of 50; (c) the
contact angle for ceramic with/without plasma.
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cause the discharge set-up short circuit like before.
Under the same degradation rate and discharge
power, the improved experimental set-up with a
narrower discharge gap, which resulted in a shorter
discharge time and a higher yield values, is shown in
Table 1.

3.3. Degradation and mineralization of thiamethoxam in
the discharge process with/without honeycomb ceramic

In order to investigate the effect of experiment set-
up with honeycomb ceramic on the degradation and
mineralization of thiamethoxam solution, thiamethox-
am removal and TOC removal were discussed. The
experiment with/without ceramic was conducted for
the same discharge gap and discharge power. As
presented in Fig. 3(a), the experiment set-up with
honeycomb ceramic has a faster degradation rate of
thiamethoxam than that without honeycomb ceramic,
after 160min degradation, the removal rates were
85.875 and 68.540%, respectively. In addition, accord-
ing to Eq. (4), the yield values (Y) could be calculated
out. In the equation, with/without honeycomb the C0,
V and t were the same, what is more, we made the
two P be essentially same by adjusting the input volt-
age and current. The yield values for thiamethoxam
removal with honeycomb ceramic (9.0 × 10−3 g/kWh)
were over two times greater than that without
honeycomb ceramic (3.6 × 10−3 g/kWh). Y presented
that how many thiamethoxam were removed when
the system consumed one kilowatt hour electricity.
The bigger the Y was, the more themothoxam was
degraded by consuming one kilowatt hour electricity.

And also the rate constant was improved to sur-
pass one and a half times with honeycomb ceramic in
DBD process, compared with previous apparatus,
from 8.3 × 10−3 min−1(R2 = 0.9891) without honeycomb
ceramic to 1.3 × 10−2 min−1 (R2 = 0.9916) with
honeycomb ceramic. Both of the processes fitted a
first-order-rate kinetics suggesting a liner relationship
between the thiamethoxam concentration and
degradation time.

Fig. 3(b) indicated that (1) in the early 40min, the
adsorption on the catalyst had a little influence on

thiamethoxam degradation (about 9% removal rate),
the absorption equilibrium was achieved after only 40
min; (2) the DBD with ceramic (no supporting cata-
lyst) had a 73.734% degradation on thiamethoxam,
which was lower than that of DBD with ceramic, but
was higher than that of DBD without ceramic. A
comparison between the DBD (with ceramic) and the
DBD (with ceramic (no supporting catalyst)), the
degradation of catalyst could be found.

Moreover, Fig. 3(c) showed the mineralization of
thiamethoxam with/without honeycomb ceramic in
the DBD experiment set-up. The TOC removal of
thiamethoxam was obviously increased by about 20%.

In addition, the pyrolysis effect on degradation
and mineralization of thiamethoxam cannot be
neglected. During the discharge process, much ther-
mal was released and made the solution temperature,
which accelerated the molecular motion and improved
the degradation efficiency.

3.4. Higher initial liquid conductivity for thiamethoxam
degradation in the DBD process with/without honeycomb
ceramic

To study the effect of improved apparatus on
thiamethoxam degradation under a higher initial liquid
conductivity (350–400 μs/cm), the experiment was
conducted, as shown in Fig. 4. Whether the honeycomb
ceramic was introduced in the DBD process or not, the
speed of thiamethoxam degradation under higher
liquid conductivity was always lower than that under
low liquid conductivity. It was because that the higher
liquid conductivity would change the discharge way
[38] and was bad for the organics degradation. The rate
constant for thiamethoxam degradation at 350–400 μs/
cm without honeycomb ceramic was 7.5 × 10−3 s−1,
which was less than 8.3 × 10−3 s−1 for low liquid
conductivity (5–7 μs/cm). Meanwhile, the rate constant
for thiamethoxam degradation at high liquid conduc-
tivity with honeycomb ceramic was 1.17 × 10−1 s−1,
which was less than 1.35 × 10−1 s−1 for low liquid con-
ductivity. It was indicated that high liquid conductivity
had an unfavourable effect on the removal of
thiamthoxam with/without honeycomb ceramic.

Table 1
The discharge parameters of the discharge set-up with/without honeycomb ceramic

Experiment
condition

Degradation
rate (%)

Degradation
power (W)

Degradation
gap (mm)

Degradation
time (min) Y (g/kWh)

Without honeycomb
ceramic

60 100 8 100 3.6 × 10−3

With honeycomb ceramic 60 100 5 40 9.0 × 10−3
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However, the introduction of honeycomb ceramic
could reduce the effect on the thiamethoxam degrada-
tion.

3.5. The formation of H2O2 and
�OH in deionized water

during the discharge process with/without honeycomb
ceramic

As Fig. 5 showed, the DBD with honeycomb cera-
mic could generate a large amount of �OH and H2O2

during the discharge process in deionized water.
When the experiment conducted 160min, the concen-
trations of �OH and H2O2 were 5.038mM and 4.497
mM, respectively. In the early 80min, the concentra-
tion of �OH was higher than that of H2O2, after 80min
this tendency was inverted. That was because with the
increase of �OH, they reacted each other to generate
H2O2. The formation mechanism of H2O2 and �OH
was as follows [39–42]:

H2O!e
� �Hþ �OH (5)

O2 !e
�
Oþ �O (6)

�Hþ �O ! �OH (7)

�Oþ �OH!HO2� (8)

�OHþ �OH!H2O2 (9)

HO2� þHO2� !H2O2 þO2 (10)
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Fig. 3. Degradation and mineralization of thiamethoxam in
the DBD process with/without honeycomb ceramic:
(a) degradation of thiamethoxam; (b) mineralization of
thiamethoxam: discharge voltage = 75 V, discharge gap = 3
mm, pH = 6.67, solution concentration = 100mg/L, solution
volume = 1,000mL, solution conductivity = 5–7 μs/cm,
discharge time = 160min, sampling time = interval 20min.

0 20 40 60 80 100 120 140 160
0.0

0.5

1.0

1.5

2.0

2.5
σ=5-7μs/cm without honeycomb ceramic
σ=5-7μs/cm with honeycomb ceramic
σ=350-400μs/cm without honeycomb ceramic
σ=350-400μs/cm with honeycomb ceramic

ln
C

0/C
t

Degradation time (min)

Fig. 4. Higher initial liquid conductivity for thiamethoxam
degradation in the DBD process with/without honeycomb
ceramic: discharge voltage = 75 V, solution volume
= 1,000mL, solution conductivity = 5–7/350–400 μs/cm
(both follow the first-order-kinetics equation), the rate
constants of 350–400 μs/cm with/without honeycomb
ceramic were 1.17 × 10−1 and 7.5 × 10−3 s−1, the rate constant
of 5–7 μs/cm with/without honeycomb ceramic were 1.35 ×
10−1 and 8.3 × 10−3 s−1.

S. Li et al. / Desalination and Water Treatment 53 (2015) 3018–3025 3023



TiO2 þ hv ! TiO2 þ e� þ hþ (11)

e� þ hþ ! recombination þ hv0ðhv0\hvÞ (12)

H2Oþ hþ ! �OHþHþ (13)

OH� þ hþ ! �OH (14)

O2 þ e� ! �O�
2 (15)

H2Oþ �O�
2 ! �OOHþOH� (16)

2�OOH ! O2 þH2O2 (17)

�OOHþH2Oþ e� ! H2O2 þOH� (18)

4. Conclusions

The DBD system was improved by the
introduction of a honeycomb ceramic with TiO2 film
prepared through sol–gel method into the radial flow
reactor. On the one hand, the hydrophilic behaviour
of the honeycomb ceramic could keep water surface
undisturbed by the electrostatic field force and
enabled the increase in homogeneity and stability of
the discharge process. On the other hand, the photo-
catalytic reaction of TiO2 promoted thiamethoxam
degradation. In addition, the rate constant of

thiamethoxam degradation, energy efficiency for thia-
methoxam removal and TOC removal were obviously
improved and the system had a good degradation of
thiamthoxam in a wide range of liquid conductivity.
The formation of H2O2 and �OOH in deionized water
during the discharge process was enhanced.
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