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ABSTRACT

The effects of discharge power, voltage/current, initial concentration, pH, and air flow rate
on the oxidative degradation of hydroquinone were investigated, respectively, by a wire–
cylinder dielectric barrier discharge reactor under a NaCl concentration of 10 g/L. Results
indicated that the removal efficiency of hydroquinone increased from 74.6 to 88.2% when
the discharge power increased from 30 to 50 W. Moreover, an enhancement from 68.5 to
85.6% was observed when the air flow rate changed from 20 to 40 L/h, at 10-min reaction
time and an initial hydroquinone concentration of 40 mg/L. The observed maximum
pseudo-first-order kinetic constant was about 0.3820 ± 0.0409 min−1 under a discharge
power of 60 W and air flow rate of 80 L/h. Compared with other factors, discharge power,
pH, and air flow rate played a significant role in improving the oxidation rates of
hydroquinone. This work provides new insights into our understanding of plasma-induced
degradation of hydroquinone under a NaCl concentration of 10 g/L.

Keywords: Hydroquinone; Plasma; Wire–cylinder dielectric barrier discharge reactor;
Oxidative degradation; Catalytic effect

1. Introduction

Phenolic compounds widely used as biocides,
pesticides, and preservatives have been broadly found
in industrial effluents, such as coal gasification
wastewater, coking wastewater, olive mill wastewater
among others [1]. Due to their toxicity and resistance,

biological treatment of phenolic compounds still faces
major challenges. Previous studies indicated the exis-
tence of low concentrations of phenols and its degra-
dation intermediates in the biological effluent [2,3].
Hydroquinone appears to be one of the main toxic
metabolites from phenols and benzene, which often
leads to potential threats in the aquatic environment.
Thus, it is an unavoidable pollutant to deal with when
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the wastewaters containing phenolic and benzene
compounds are treated.

Advanced oxidation processes (AOPs), e.g.
ozonation, photocatalysis, and Fenton oxidation, have
been applied for the advanced treatment of phenolic
wastewaters. Esplugas et al. studied AOPs for phenol
degradation including ozone and its combination,
photolysis and UV/H2O2, Fenton reagent and photo-
catalysis [4]. The pseudo-first-order kinetic models
fitted the experimental data well and the maximum
value of pseudo-first-order kinetic constant reached
22.2 h−1 within the Fenton oxidation. Wang et al. used
a synthesized Fe3O4/CS supported on Co3O4 nanopar-
ticles to oxidize phenol and almost achieved complete
degradation within 30 min [5]. Evidently, the applica-
tion of AOPs led to attain high degradation rates of
phenolic pollutants when the biological treatment did
not achieve its maximum bioconversion capacity.
However, it should be pointed out that the AOPs still
relied on the high cost of reagents such as hydrogen
peroxide, ozone, or low-energy-intensive technologies.

Hydroquinone is identified as the intermediate of
the oxidation degradation of phenolic compounds. It
is not easy to be degraded and not economically feasi-
ble to be mineralized using the conventional AOPs.
Plasma technology is characterized by a high energy-
intensive demand (however, non-thermal plasma uses
less energy consumption and offers a higher selectiv-
ity than thermal plasma chemical reactions), effective
oxidation and a minimized production of byproducts.
Strongly oxidative species such as �OH, �O, �HO2,
H2O2, O3 are generated in the gas–liquid interface to
initiate chemical reactions making a feasible treatment
of hydroquinone become possible. Previous studies
also indicated such oxidative species for phenol degra-
dation were obtained in plasma and plasma–photo-
catalysis systems [6,7]. Since applying wire–cylinder
dielectric barrier discharge reactor technology pro-
vided a considerable reduction of energy consumption
and an increase in efficiency [8], its use to enhance the
degradation rate of hydroquinone in the aquatic envi-
ronment was implemented.

The aim of this paper is to analyze the effects of dif-
ferent parameters, i.e. discharge power, voltage/current,
initial concentration, pH, and air flow rate on the oxida-
tive degradation of hydroquinone by a wire–cylinder
dielectric barrier discharge reactor under a NaCl concen-
tration of 10 g/L. The pseudo-first- and pseudo-
second-order kinetic models are compared by describing
hydroquinone oxidation rates and reaction time values.

2. Materials and methods

2.1. Experimental setup

The schematic diagram of wire–cylinder dielectric
barrier discharge reactor is shown in Fig. 1. The
system included a high-frequency high-voltage power
source (CTP-2000 K, Nanjing Suman Electronics Co.,
Ltd, China), an air pump, and a dielectric barrier
discharge reactor. The dielectric barrier discharge
reactor was made of the organic glass cylinder
(50 mm inner diameter and 80 mm outer diameter).
A quartz tube (15 mm in diameter, 250 mm in
length) with a copper rod as the discharge electrode
was installed in the middle of the reactor, and the
negative electrode was set at the bottom of reactor.
The air was supplied by an electromagnetic air
pump (ACO-004, Zhejiang sensen industrial Co., Ltd,
China), and the flow rate was controlled by a gas
meter (LZB-4, shanghai splendor instrument and
meter plant, China). The temperature of the reactor
was controlled by a cold water jacket.

2.2. Experimental procedure

The effects of discharge power, voltage/current,
initial concentration, pH, and air flow rate on
the oxidative degradation of hydroquinone were
studied in the wire–cylinder dielectric barrier dis-
charge reactor under a NaCl concentration of 10 g/L.
The volume of hydroquinone solution was 200 mL
and the pH of the solution was adjusted by 0.1 mol/L
NaOH and 0.1 mol/L HCl. The experimental
procedure and conditions applied are shown in
Table 1. All the tests were performed in duplicates.

2.3. Analytical methods

The pH and temperature were monitored by a pH
meter (SG23-SevenGo Duo, Mettler-Toledo). The con-
centration of hydroquinone was analyzed using high-
performance liquid chromatography (HPLC, 1260
Infinity, Agilent, USA) with a C18 column (Inertsil
ODS-3, 4.6 × 250 mm, 5 μm, GL Sciences Inc., Japan).
The HPLC system was maintained at 30˚C. The injec-
tion volume was 20 μL and the detection wavelength
of UV detector was 280 nm. The mobile phase used
was acetonitrile and water (25:75, v/v), and the flow
rate was 1.0 mL/min.
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3. Results and discussion

3.1. Effect of discharge power on the degradation of
hydroquinone and changes of reaction (t1/2 and t3/4) time
under a NaCl concentration of 10 g/L

The degradation of hydroquinone and changes of
reaction time (t1/2 and t3/4) under high salinity condi-
tion are shown in Fig. 2. The values of t1/2 and t3/4
represent the reaction time when the hydroquinone
reductions reach to 50–75%, respectively. It could be
observed that in the first 10 min the best results were

obtained when a discharge power of 50 W was
applied because the contribution of the amount of
active species increased while more power was
applied. The minimum and maximum removal rates
of hydroquinone were 74.6–88.2% at powers of
30–50 W, respectively. Subsequently, the results of all
groups reached above 97% removal of hydroquinone
after 50 min oxidation. The reaction time values
exhibited that the shortest t1/2 and t3/4 were 3.07 min
at a power of 60 W and 5.83 min at a power of 50 W,
correspondingly.

cold water
from tap

cold water
out

inner
electrode

inner
quartz tube

negative
electrode

high frequency
high voltage
power source

electromagnetic
air pump

aerometer

Fig. 1. Schematic diagram of wire–cylinder dielectric barrier discharge reactor.

Table 1
Parameters and different conditions applied of the experiments

No. Power (W) Voltage/Current (V/A) Initial pH Air flow rate (L/h) Hydroquinone (mg/L)

1 60 100/0.6 Uncontrolled (pH 5–6) 40 100
50 100/0.5
40 100/0.4
30 100/0.3

2 60 100/0.6 20
40
60

3 60 120/0.5 40
75/0.8
150/0.4

4 60 100/0.6 3 40
7
9

5 60 100/0.6 Uncontrolled (pH 5–6) 20 40
80
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According to the values of reaction time t1/2, the
degradation rates of hydroquinone were enhanced by
the increasing discharge power during the earlier reac-
tion period. As the values of t1/2 were approximately
equal to the half of the reaction time t3/4 in most of
the cases, it was possible to postulate that reactions
followed a first-order kinetic model. The pseudo-first-
order kinetic model well fitted the experimental data
during the first 10 min with values higher than 0.99
from the coefficient of determination R2, as shown in
Table 2. The highest kinetic constant was around
0.2671 min−1 at power of 50 W instead of 60 W,
1.78 times higher than the constant at a power of
30 W. During the experiments, the pH value decreased
dramatically in the aqueous solution because of the
protons production within the degradation reaction of
hydroquinone (Eq. (1)). After the reaction time t1/2,
the pH values at a power of 60 W were lower than the
values at a power of 50 W, and both of them
decreased to below 3.5. Previous studies indicated that
hydrogen ion acts as �OH radical scavengers at very
low pH values [9]. This might be the reason for the

decrease in the degradation kinetic constants of hydro-
quinone at a power of 60 W. Similar trend was also
reported for the degradation of phenol by an electro-
chemical oxidation process [10].

(1)

3.2. Effect of initial concentrations on degradation of
hydroquinone and kinetic constants under a NaCl
concentration of 10 g/L

Fig. 3 shows the effect of initial concentrations on
the degradation of hydroquinone and the changes of
reaction time (t1/2 and t3/4) under a NaCl concentra-
tion of 10 g/L. The concentration of hydroquinone
decreased to 1.73, 4.43, 7.84, and 14.83 mg/L during
the first 10 min from an initial concentration of 20, 40,
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Fig. 2. (a) Effect of discharge power on the degradation of hydroquinone and (b) Changes of reaction time (t1/2 and t3/4)
under a NaCl concentration of 10 g/L.

Table 2
Analysis of pseudo-first- and pseudo-second-order kinetics at different applied power under a NaCl concentration of
10 g/L

Power (W)

Pseudo-first-order kinetic Pseudo-second-order kinetic

0–t3/4 min t3/4–50 min 0–50 min

K1 (min−1) R2 K2 (min−1) R2 K (L/mg min−1) R2

30 0.1504 ± 0.0153 0.9926 0.0750 ± 0.0247 0.9686 0.0036 ± 0.0004 0.9849
40 0.1873 ± 0.0056 0.9979 0.0873 ± 0.0019 0.9769 0.0055 ± 0.0001 0.9381
50 0.2671 ± 0.0010 0.9985 0.0376 ± 0.0103 0.9841 0.0079 ± 0.0035 0.9717
60 0.2160 ± 0.0118 0.9934 0.0448 ± 0.0031 0.8528 0.0082 ± 0.0004 0.9744
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60, and 100 mg/L, respectively. Accordingly, the
removal efficiencies achieved were of 90.6, 86.0, 86.7,
and 84.4%. Correspondingly, the final concentrations
of hydroquinone observed were 0.96, 1.73, 3.04, and
2.59 mg/L after 50 min reaction. As can be observed
from Fig. 3(b), the reaction time t1/2 and t3/4 of
hydroquinone degradation with an initial concentra-
tion of 100 mg/L were 1.70–1.85 times longer than
with an initial concentration of 20 mg/L. This result
was attributed to the impact on the removal rate of
hydroquinone due to its initial concentration. The
specific degradation rates decreased with a higher ini-
tial concentration exhibiting a negative correlation
between them, more likely due to a lack of active spe-
cies supply [11].

The kinetic constants (0–t3/4 min) in Table 3 can
illustrate the experimental data fitting (all of R2 values
are higher than 0.99) to a pseudo-first-order model. It
was imperative to mention that there was a turning
point in kinetic constants after a reaction time of t3/4
in almost all of the cases tested. The kinetic constants
(t3/4–50 min) were only 1/5–1/20 of the kinetic con-

stants observed at 0–t3/4 min. This led to two different
explanations. On the one hand, it was difficult to
achieve complete mineralization of hydroquinone by
plasma and the accumulation of byproducts made the
degradation rates significantly slow down. On
the other hand, the declining pH led to a decrease in
the oxidation efficiency of hydroquinone. The use of
plasma could not be efficient and most probably not
economically suitable to achieve complete mineraliza-
tion of hydroquinone under the conditions applied.
Therefore, shortening the reaction time to enhance the
oxidation process of hydroquinone was required and
important for further development of applying plasma
reactor technology.

3.3. Effect of voltage/current on the kinetic constants of
hydroquinone and changes of reaction time (t1/2 and t3/4)
under a NaCl concentration of 10 g/L

In order to examine the effects of voltage and
current on the degradation of hydroquinone, four
different voltages and currents were setup under a
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Fig. 3. (a) Effect of initial concentrations on degradation of hydroquinone and (b) Changes of reaction time (t1/2 and t3/4)
under a NaCl concentration of 10 g/L.

Table 3
Analysis of pseudo-first- and pseudo-second-order kinetic for different initial concentration of hydroquinone under a
NaCl concentration of 10 g/L

Concentration (mg/L)

Pseudo-first-order kinetic
Pseudo-second-order
kinetic

0–t3/4 min t3/4–50 min 0–50 min

K1 (min−1) R2 K2 (min−1) R2 K (L/mg min−1) R2

20 0.4055 ± 0.0092 0.9981 0.0199 ± 0.0048 0.5922 0.0215 ± 0.0045 0.7603
40 0.3041 ± 0.0237 0.9909 0.0262 ± 0.0049 0.8898 0.0123 ± 0.0044 0.9371
60 0.2733 ± 0.0070 0.9975 0.0232 ± 0.0006 0.9834 0.0056 ± 0.0006 0.9430
100 0.2160 ± 0.0118 0.9934 0.0448 ± 0.0031 0.8528 0.0082 ± 0.0004 0.9744
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fixed discharge power of 60 W. The influence of volt-
age/current on kinetic constants of hydroquinone and
changes of reaction time (t1/2 and t3/4) are shown in
the Fig. 4. As compared to other factors, the changes
of voltage and current did not bring apparently
impact on the degradation of hydroquinone under the
same power condition. At t3/4, the first-order kinetic
constants were around 0.2018–0.3041 min−1. The maxi-
mum constant of 0.3041 min−1 was obtained at a volt-
age/current of 100 V/0.6A. The shortest t1/2 and t3/4
were 2.0–5.0 min at voltage/current of 150–100 V/
0.6A, respectively, but there were no significant differ-
ences among them. The removal efficiencies of hydro-
quinone achieved were about 92–94.3% after 50 min
reaction. Previous studies indicated that the applica-
tion of a higher voltage promoted the production of
ozone (O3), and the generation of hydrogen peroxide
H2O2 had a close relation with current while the con-
ductivity was fixed [12]. Nevertheless, the total
amount of active species (O3, OH� and H2O2) might be
similar, while the same discharge intensity was
applied [13]. Consequently, there would be some dif-
ferences in the degradation rates of hydroquinone in a
short time, but overall the degradation rates were sim-
ilar to each other. This was in accordance with the
experimental results observed in the current study.

3.4. Effect of initial pH on degradation of hydroquinone
and kinetic constants under a NaCl concentration of 10 g/L

The effect of initial pH on the degradation of
hydroquinone and the kinetic constants are shown in
Fig. 5. The results showed that removal efficiency of
hydroquinone could reach a maximum value of 94.3%
with an initial pH of 5. Other removal efficiencies after
50 min oxidation were observed about 89.2, 88.3, and

90.6% at pH levels of 3, 7, and 9, respectively. In addi-
tion, the largest values for the kinetic constants K1 and
K2 of about 0.3041 and 0.0262 min−1 were also obtained
at the initial pH of 5. This condition might generate a
higher amount of radicals �OH being more active than
H2O2 under an initial pH value of 5. Whereas the pH
was around high values, the �OH was also scavenged
with the decomposing of HO�

2 ion [14]. It must be
pointed out the shortest reaction times (t1/2 and t3/4) of
0.7–4.2 min, respectively, were obtained at an initial
pH of 9, exceeding the values of 2.7–5.0 min corre-
spondingly with an initial pH of 5. In the first step of
the oxidation, hydroquinone must be deprotonated in
terms of the electrochemistry evidence of quinine and
the activation barrier of hydroquinone oxidation [15].
With an increase in pH above 7.0, the mono-dissoci-
ated and doubled-dissociated anions of hydroquinone
could be generated, being more readily oxidized than
hydroquinone [16]. However, after a reaction time of
1 min took place, the solution pH decreased from 9 to
below than 4 with a hydroquinone removal of 68%
(Eq. (2)). Because of the low pH and accumulation of
byproducts, the degradation rate of hydroquinone sub-
sequently exhibited a significant decrease. This out-
come could explain the reason why the shortest
reaction time was achieved at an initial pH of 9 while
the constant K1 was not the largest.
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t3/4) under a NaCl concentration of 10 g/L.
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3.5. Effect of air flow rates on the degradation of
hydroquinone and changes of reaction time (t1/2 and t3/4)
under a NaCl concentration of 10 g/L

The impact of air flow rate was evaluated since the
active species, such as OH� and O3 could be generated
in the interface of gas–liquid, and the oxidative
reagents could diffuse into the water to react with the
target molecules [17], in this case influencing the
degradation of hydroquinone in the dielectric barrier
discharge reactor system. The results (Fig. 6) indicated
an increasing conversion of hydroquinone while the
air flow rates were increased. The first-order kinetic
constant K1 changed from 0.1035 to 0.3041 min−1 by
doubling the air flow rate from 20 to 40 L/h. Also, the
reaction time of t1/2 and t3/4 shortened from 5.5–13.4
to 2.7–5.0 min, respectively. However, when the air
flow rate was further increased to 80 L/h, the

improvement was negligible. The reason might be that
the interface of gas–liquid was already saturated with
oxygen, and the active species were blown away by
the excessive air flow before they reacted with hydro-
quinone [18]. Therefore, an optimization of the air
flow rate was necessary to achieve a maximized
combination of diffusion and reaction from the active
species.

4. Conclusions

The discharge power, pH, and air flow rate played
an important role on the oxidative degradation of
hydroquinone in the wire–cylinder dielectric barrier
discharge reactor under a NaCl concentration of
10 g/L. The basic pH condition might benefit the ini-
tial conversion of hydroquinone in the reaction time
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t1/2, but the degradation rate of hydroquinone
depended critically on the air flow rate in the reaction
time t3/4. The pseudo-first-order kinetic models well
fitted the oxidation rate of hydroquinone in the reac-
tion time t1/2. The plasma technology provides a
potential way to enhance the degradation of hydro-
quinone in the aquatic environment, but the optimum
conditions still need to be explored.
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