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a b s t r a c t
Acid turquoise blue A (ATBA) is treated by the combined dielectric barrier discharge (DBD) plasma 
and AC supported CuO (CuO/AC). CuO/AC is prepared by incipient wetness impregnation method. 
X-ray diffraction, N2 adsorption/desorption isotherm, and scanning electron microscope are used 
to characterize the CuO/AC. Interactive effects of initial pH, conductivity value, input power, and 
CuO/AC dosage on the decolorization rate of ATBA are investigated. The predicted decolorization 
rate of ATBA reaches to 97.12% under the optimal condition, only have 1.95% error compared with 
the experimental value (95.87%). The possible coupling mechanisms of combined DBD plasma and 
CuO/AC are proposed.
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1. Introduction

Several textile printing mills discharge bulky amount of 
organic effluents into the nearby aquatic streams without any 
appropriate effluent treatment. The dye molecules in waste-
water have complex aromatic structure which makes it dif-
ficult to be biodegraded voluntarily. The toxic intermediate 
products can do harm to the environment even the human 
health [1–3]. Removing dye pollution from the industrial 
effluents has become an important issue.

As an eco-innovative and highly competitive technology, 
non-thermal plasma (NTP) has been widely applied on the 
research of materials [4–7], polluted gas [8,9], and soils [10,11] 
due to its chemical-free operation. When the high voltage is 
applied between two electrodes, electrical discharges are cre-
ated and an environment with extra high physical and chem-
ical activity is provided, thus generating highly energetic 
electrons and chemically reactive species including hydroxyl 
radical (·OH), hydrogen radical (·H), ozone (O3), hydrogen 
peroxide (H2O2), etc. [11,12]. These active substances can 
effectively degrade organic pollutants without secondary 

pollution [13], hence NTP is increasingly investigated for 
wastewater treatment as an advanced oxidation process. 
Mercado-Cabrera et al. [14] studied the simultaneous degra-
dation of phenol and m-cresol in one aqueous solution using 
DBD plasma, and the degradation efficiency of 99% was 
obtained. Zhang et al. [15] employed DBD plasma to degrade 
2,4-dichlorophenol, the toxic effect of 2,4-dichlorophenol was 
obviously reduced, and the work demonstrated that DBD 
plasma was a feasible method for chlorophenol treatment in 
wastewater.

However, low energy efficiency and high energy con-
sumption of DBD plasma limit the wide application of this 
technology. The combination of catalysts would be able to 
overcome this shortcoming [12]. Particularly, physical prop-
erties of a discharge can be affected and more active species 
will be formed, leading to the increase of collision probabil-
ity between pollutant molecules and active substances, hence 
greatly save cost as well as improve biodegradation efficiency 
[16]. Copper (Cu) is a common and effective precursor in 
catalytic applications [17]. Some researchers found that acti-
vated carbon (AC) is a good support for copper, bimetallic 
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copper or copper oxide [18,19], and is widely used in adsorp-
tion procedure due to its porous structure, high surface area, 
and excellent chemical stability [20–22]. Therefore, CuO/AC 
has drawn much attention as a promising catalyst for the 
removal of benzene and other gas pollutants in recent years. 
Ren et al. [23] found that CuO/AC can effectively remove PH3 
less than 1 mg/m3, the purification efficiency was nearly 100% 
at 100°C with an oxygen volume fraction of 1.6%. He et al. 
[16] applied different MOx/AC (M = Fe, Ag, Zn, Mn, and Cu) 
catalysis in NTP to remove benzene, and NTP coupled CuO/
AC exhibited the highest benzene elimination capability, 
removal efficiency of 90.6% which was 40% more than NTP 
alone was obtained at energy density of 70 J.L–1. 

The objective of the presented work was to investigate 
whether it can get better treatment efficiency when CuO/AC was 
applied in DBD plasma to treat dyeing wastewater. CuO/AC 
was frequently used to treat polluted gases and showed an 
excellent removal efficiency, but the applications of CuO/AC 
in wastewater treatment are relatively few. Furthermore, 
the process of combined DBD plasma and CuO/AC on 
wastewater treatment along with its coupling mechanism 
has hardly been studied by researchers. It was believed that 
the excellent catalytic effect and adsorption performance of 
CuO/AC can effectively improve the degradation efficiency 
of wastewater by DBD plasma. Moreover, the combination 
system can availably remove the odor of wastewater and the 
harmful gas formed during degradation process.

ATBA which is a common used dyestuff with complex 
structure is selected as model pollutant in this work. The 
process of combined DBD plasma and CuO/AC is adopted 
to treat ATBA. CuO/AC is prepared by incipient wetness 
impregnation method. X-ray diffraction (XRD), N2 adsorption/
desorption isotherm, and scanning electron microscope 
(SEM) techniques are used to characterize CuO/AC. The spe-
cific surface area is calculated using Brunauer–Emmett–Teller 
method, and the pore size distribution of mesopores is derived 
from the desorption branch of N2 isotherm. As a statistical-based 
technique, the response surface methodology (RSM) is a 
powerful tool for experimental design compared with conven-
tional multifactor experiments [24]. Fu et al. [25] agreed that 
RSM can be widely conducted to analyze the effects of multi-
ple factors and their interaction. Therefore, RSM is used in this 
work to obtain the optimal condition, as well as to investigate 
the interactive effects of initial pH (A), conductivity value (B), 
input power (C), and CuO/AC dosage (D) on decolorization 
rate of ATBA. The synergistic effect of combined DBD plasma 
and CuO/AC system is also investigated, and the possible 
coupling mechanisms are proposed based on the results.

2. Experimental procedure

2.1. Materials

All the chemicals used in the experiment are of analytical 
grade. ATBA was purchased from Shanghai Jiaying Co., 
Ltd., China. Granulated coal-based AC was crushed to 
0.25–0.40 mm (Shanghai Experiment Reagent Co., China). 
The conductivity value of solution was adjusted by KNO3 
(Aladdin Industrial Co., China). NaOH (Shantou Xilong 
Chemical Co., Ltd., China) or H2SO4 (Shanghai Chemical Co., 
Ltd., China) was used to adjust the pH value of solution.

2.2. Synthesis of CuO/AC 

The CuO/AC was prepared by incipient wetness 
impregnation method. AC was washed with ultrapure water 
and dried at 105°C. 13.65 g Cu(NO3)2·3H2O and 10 g AC were 
dissolved in 5 mL ultrapure water under constant stirring, 
then the mixture was kept at 60°C for 10 min and dried at room 
temperature for 8 h. An infrared lamp (100 W) was used to 
irradiate the mixture at 65°C for 6 h. Afterwards, the mixture 
was further dried at 150°C for 1 h (remove solvents and mois-
ture) and 300°C for 4 h (remove nitrate ion). Subsequently, 
the product was screened by 200 mesh to remove free metal.

2.3. Characterization of CuO/AC 

XRD patterns were recorded on D/MAX-IIIA X-ray dif-
fractometer (Rigaku, Japan) at 40 kV and 80 mA. And Cu-Kα 
radiation (λ = 0.15406 nm) was used. The morphology of 
CuO/AC was characterized by S-3000N scanning electron 
microscopy (Hitachi, Japan) at an accelerating voltage of 
20 kV. The N2 adsorption/desorption isotherms of catalysts 
at 77 K were measured by ASAP 2460 instrument. The pore 
size distributions of mesopores were determined by Barrett–
Joyner–Halenda (BJH) method [26].

2.4. Experimental design

The schematic of plasma-catalyst system is shown in 
Fig. 1. 10 mL ATBA solution (30 mg/L) with a certain amount 
of CuO/AC catalyst was treated in quartz reaction kettle 
(DBD-100B, Nanjing Suman Electronics Co., Ltd., China). 
The aluminum electrodes on both side of reaction kettle were 
in air, and it was a filamentary discharge. The input power 
of system was mutually regulated by a circumscribed volt-
age regulator and a plasma generator (CTP-2000K, Nanjing 
Suman Electronics Co., Ltd., China). After 150s reaction, the 
absorbance of ATBA solution was measured at 638 nm with 
Ultraviolet/Visible spectrophotometer (UV 752, Shanghai 
Sunny Hengping Scientific Instrument Co., Ltd., China). The 
decolorization rate of ATBA was calculated by Eq. (1) 

Y
c c
c

=
−

×0

0

100%  (1)

where Y is the decolorization rate of ATBA (%), c is the resid-
ual concentration of ATBA after treatment (mg/L), and c0 is 
the initial concentration of ATBA without treatment (mg/L).

Design-Expert 8.0 software was used for experimental 
design and data analysis. RSM based on Box–Behnken 
design (BBD) in software was employed to evaluate the 
effects of key variables. The experimental range and levels of 
independent variables are shown in Table 1. The relationship 
between dependent and independent variables is explained 
by a second-order model in the form of quadratic polynomial 
equation:

Y X X X Xi i ii i ij i j= + + +∑ ∑ ∑β β β β0
2

  (2)

where Y predicts response of decolorization rate of ATBA, 
β0 is a constant coefficient, βi, βii, and βij are coefficients for 
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linear, quadratic, and interaction factor effects, respectively. 
Xi and Xj represent the parameter value of each factor [27].

3. Results and discussion

3.1. Catalyst characterization

The XRD patterns are shown in Fig. 2. Characteristic 
reflections at 2θ = 32.5°, 35.5°, 38.7°, 48.7°, 53.4°, 58.3°, 61.5°, 
66.2°, 68.1°, 72.4°, 75.2° correspond to CuO (JCPDS card No. 
45-0937) with lattice constants of a = 4.685 nm, b = 3.426 nm, 
and c = 5.130 nm. There are no peaks of Cu2O on the diffraction 
line. It suggests that Cu is loaded on the AC in the form 
of CuO after impregnation. The average size of CuO (D) 
is estimated to be about 86 nm by Scherrer’s formula. The 
equation is as follows [28]: 

D K
=

λ
β θcos   (3)

where D is the average size of CuO, K is the shape factor, 
λ is the X-ray wavelength of Cu Kα radiation (0.15406 nm), 
θ is the Bragg angle and β is the line broadening at half the 
maximum intensity.

N2 adsorption/desorption isotherms and pore size 
distributions of AC and CuO/AC are shown in Fig. 3. From 

Fig. 3(a), the adsorption plateaus for AC are systematically 
above those of CuO/AC, which indicates that the adsorption 
capacity of CuO/AC is relatively lower than that of AC. 
As could be seen from Fig. 3(b), the peak pore diameter is 
approximated to be ca. 3.8 nm. The calculated specific surface 
areas of AC and CuO/AC are 534 and 473 m2/g, respectively. 
Compared with AC, the specific surface area of CuO/AC 
decreases by 11%, which is consistent with the test result of 
N2 adsorption/desorption isotherms.

The SEM images of the AC and CuO/AC are shown in 
Fig. 4. SEM is regularly used for surface morphology and 
physical properties of catalyst [29]. It could be seen from 
Fig. 4(a) that AC has many holes which are composed of 
sheet-like nanoclusters. The result suggests that AC has a 
good load effect on metal oxides. Fig. 4(b) shows that the 
prepared CuO/AC catalyst still possesses a porous surface. 
Besides, feather-like CuO are dispersed evenly on the AC 
surface. Maybe the calcination or the impregnation of CuO 
results in the irregular shapes of CuO/AC.

Fig. 1. Experimental setup. (1) High voltage connection bolt, (2) air gap adjusting screw, (3) reaction kettle, (4) earth pole connection 
bolt, (5) top electrode, (6) ATBA solution with CuO/AC, (7) lower electrode, (8) plasma generator, (9) current adjustment knob, (10) 
switch button, (11) voltage regulator, (12) regulation valve and (13) alternating current power source.

10 20 30 40 50 60 70 80
22

2
31

122
0

31
1

11
3

20
2

02
0

20
2

11
100

2

CuO/AC

In
te

ns
ity

(a
.u

.)

2 Theta (Degree)

AC

11
0

Fig. 2. XRD patterns of AC and CuO/AC.

Table 1
Experimental range and levels of the independent variables

Factors Parameter 
coding

Low level High level

Initial pH A 2 12
Conductivity 
value (µS/cm)

B 100 2,500

Input power (W) C 63 105
CuO/AC dosage D 0 0.04
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3.2. Analysis on the degradation of ATBA by RSM

3.2.1. Establishment of model equation 
and significant analysis

According to the software design, the response surface 
experimental scheme is shown in Table 2. Table 3 shows 
the analysis of variance. From Table 3, the p value of model 
is far less than 0.0001 which shows that the experimental 
model has a remarkable adaptability. p-value of ‘Lack of 
fit’ is 0.4234 (>0.05), it illustrates that the nonlinear rela-
tionship between factors and response is significant, and 
the model is reliable. p-values of A, C, D, AD, C2, and D2 are 
less than 0.05, representing that the effects of those vari-
ables are obvious. The influence of variables on decolor-
ization rate is determined by F value. Large F value means 
that the variable has a great influence on decolorization 
rate [30]. That said, the influence sequence of single factor 
on decolorization rate is C > A > D > B. For good measure, 
the perturbation plot for decolorization rate is shown in 
Fig. 5. The curvature of curve represents the sensitivity 
of each factor to response value [31], and it can be con-
cluded that the decolorization rate is the most sensitive to 
input power (C), then initial pH (A), CuO/AC dosage (D), 
conductivity value (B), this is consistent with the result 
of F value. The determination coefficient (R2) of model is 
0.9224, the adjustment coefficient (Radj

2) is 0.8501, and the 
difference between two coefficients is less than 0.2, indi-
cating that the model has good precision and creditability. 
Through the fitting analysis of response surface system, 
regression equation for decolorization rate of ATBA (Y) is 
shown in Eq. (4):

Y A B C
D A B

= 3.48+1.27 1.01×10 117.37
886.37 +7.73×10 × 0.03

3− −

− −

−

−5 AA C
A D B C B D

C D A

×
76.15 × + 2.59×10 × 0.08 ×

+ 428.46 × 0.09 +7.98×12

− −

−

−4

00

38.25 +16623.44

2

2 2

−

−

7B

C D

 (4)

3.2.2. Interactive effect of initial pH and 
conductivity value

Fig. 6 illustrates the interaction effect of initial pH and 
conductivity value on the decolorization rate of ATBA. The 
input power is 84 W and the CuO/AC dosage is 0.02 g. As 
could be seen from Fig. 6, the highest decolorization rate 
occurs when initial pH and conductivity value are mini-
mum (2 and 100 µS/cm, respectively). Boguslavsky et al. 
[32] reported that about 10% energy was consumed in the 
transition layer after discharge, more energy was con-
sumed for heating when the conductivity got higher, so 
the decolorization rate was reduced. In the process of DBD 
plasma discharge, ·OH can be produced. OH has stronger 
oxidation capacity under acidic conditions, leading to the 
increase of decolorization rate [33]. The decolorization rate is 
improved obviously when pH decreases, indicating that the 
effect of initial pH on the decolorization rate of ATBA is far 
greater than the initial conductivity.
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Fig. 3. (a) N2 adsorption/desorption isotherms at 77 K of AC 
and CuO/AC and (b) BJH pore size distribution plots of AC and 
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Fig. 4. SEM images. (a) AC and (b) CuO/AC.
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3.2.3. Interactive effect of initial pH and input power

Fig. 7 reflects the interaction effect of initial pH and input 
power on the decolorization rate of ATBA. The conductivity 
value is 1,300 µS/cm and the Cu/AC dosage is 0.02 g. As 
shown in Fig. 7(a), response surface is steep, illustrating that 
the effects of pH value and input power on the decolorization 
rate of ATBA are both obvious. When the input power is the 
maximum and pH is the minimum (105 W and 2, respectively), 
the decolorization rate reaches to the highest value. The 
electrons get more energy under high interior input power. 
And it is beneficial to produce more active substances and 
high-energy electrons which could accelerate the degradation 
of ATBA [34], thus higher decolorization rate is obtained.

3.2.4. Interactive effect of initial pH and CuO/AC dosage

The interactive effect of initial pH and CuO/AC dosage 
on the decolorization rate of ATBA is shown in Fig. 8. The 
conductivity value is 1,300 µS/cm and the input power is 

84 W. An elliptical contour plot represents that the interaction 
between corresponding variables is remarkable [35]. From 
Fig. 8(b), it could be seen that initial pH and CuO/AC dosage 
have an obvious interaction on the decolorization rate of 
ATBA. High decolorization rate occurs when the initial pH 
is minimum and the CuO/AC dosage is maximum (2 and 
0.04 g, respectively) or the initial pH is about 5 without 
CuO/AC. Maybe it is owing to that the nature, ionization, 
and dissociation of the catalyst molecule was affected by 
the pH [36]. When the initial pH is too low, there are a large 
number of free ions in solution. The free ions are adsorbed 
to the surface of CuO/AC, which reduces the adsorption 
capacity of CuO/AC [37]. Therefore, CuO/AC dosage should 
be appropriately increased to get higher decolorization rate 
when the initial pH is 2.

3.2.5. Interactive effect of conductivity value and input power

Fig. 9 presents the effect of conductivity value and 
input power on the decolorization rate of ATBA when 

Table 2
Experimental design and the corresponding results

Std. number Initial pH Conductivity value (µS/cm) Input power (W) CuO/AC dosage (g) Decolorization rate (%)

1 7 100 84 0.00 87.97
2 7 2,500 63 0.02 66.33
3 12 2,500 84 0.02 79.32
4 7 2,500 84 0.04 80.78
5 7 1,300 63 0.00 77.30
6 7 2,500 105 0.02 90.00
7 7 1,300 84 0.02 81.63
8 2 1,300 63 0.02 74.52
9 7 100 63 0.02 67.58
10 12 1,300 63 0.02 58.02
11 12 100 84 0.02 75.36
12 2 100 84 0.02 84.07
13 7 1,300 63 0.04 67.60
14 2 1,300 84 0.04 88.64
15 12 1,300 84 0.04 59.88
16 7 100 84 0.04 82.68
17 7 1,300 84 0.02 87.00
18 12 1,300 105 0.02 75.94
19 2 1,300 84 0.00 93.88
20 2 2,500 84 0.02 86.18
21 7 100 105 0.02 90.87
22 7 1,300 84 0.02 82.58
23 7 1,300 84 0.02 79.03
24 7 1,300 105 0.04 91.59
25 7 1,300 84 0.02 81.28
26 7 1,300 105 0.00 93.59
27 2 1,300 105 0.02 92.63
28 12 1,300 84 0.00 87.97
29 7 2,500 84 0.00 91.56
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initial pH is 7 and CuO/AC dosage is 0.02 g. From Table 3, 
the p-value of these two factors is 0.9614 (>0.05), showing 
that the interactive effect of conductivity value and input 
power on the degradation of ATBA is not obvious. As 
could be seen from Fig. 9(b), when the input power is 
kept constant, the decolorization rate of ATBA is basically 
unchanged although the conductivity value varies from 
100 to 2,500 µS/cm. Therefore, the input power has a more 
sensitive effect on decolorization rate of ATBA compared 
with the conductivity value.

3.2.6. Interactive effect of conductivity value and 
CuO/AC dosage

Fig. 10 displays the interactive effect of conductivity value 
and CuO/AC dosage on the decolorization rate of ATBA at 

initial pH value of 7 and input power of 84 W. As the CuO/AC 
dosage increases gradually, the decolorization rate of ATBA 
increases first and then decreases. When the plasma reactor 
is combined with CuO/AC, better performance of plasma 
reactor can be achieved [16]. But at high catalyst dosage, the 
availability of surface active sites might decrease due to the 
aggregation of copper particle [38]. So the decolorization 
rate of ATBA decreases when the CuO/AC dosage is high. 
The p-value of conductivity and CuO/AC dosage is 0.4807 
which is more than 0.05, indicating that the interactive effect 
between two factors on the decolorization rate of ATBA is 
not obvious.

3.2.7. Interactive effect of input power and CuO/AC dosage

As shown in Fig. 11, it mainly reflects the effect of 
input power and CuO/AC dosage on the decolorization 
rate of ATBA. The initial pH is 7 and conductivity value 
is 1,300 µS/cm. The input power and CuO/AC dosage 
both have great influences on the decolorization rate of 
ATBA. The decolorization rate of ATBA improves and then 
reduces as the CuO/AC dosage raises. With the increase of 
input power, the catalytic effect of CuO/AC is enhanced. 
It is mainly because that the energy injected into system is 
improved when input power increases. The generation rate 
of electron hole on the CuO/AC is accelerated, thus more 
active substances are produced in the reaction, resulting in 
the increase of decolorization rate [39].

3.2.8. Optimization and verification of the model

Through the response surface optimization analysis, 
the optimal degradation condition of ATBA is obtained. 

Table 3
Analysis of variance

Source Sum of squares df Mean square F-value p-value Prob > F

Model 2,567.83 14 183.42 12.74 <0.0001 Significant
A 580.07 1 580.07 40.3 <0.0001
B 2.65 1 2.65 0.18 0.6738
C 1,266.84 1 1,266.84 88.02 <0.0001
D 311.09 1 311.09 21.61 0.0003
AB 0.86 1 0.86 0.06 0.8102
AC 9.29E-03 1 9.29E-03 6.46E-04 0.9801
AD 130.49 1 130.49 9.07 0.0088
BC 0.035 1 0.035 2.42E-03 0.9614
BD 7.53 1 7.53 0.52 0.4807
CD 14.87 1 14.87 1.03 0.3255
A2 31.25 1 31.25 2.17 0.1613
B2 9.06 1 9.06 0.63 0.4400
C2 81.27 1 81.27 5.65 0.0312
D2 95.93 1 95.93 6.67 0.0208
Residual 215.89 15 14.39
Lack of fit 154.43 10 15.44 1.26 0.4234 Not significant
Pure error 61.46 5 12.29
Corrected total 2,783.72 29

R2 = 0.9224 and Radj
2 = 0.8501.

Actual factors
A: pH=7
B: Conductivity value=1300μS/cm
C: Input power=84W
D: CuO/AC dosage=0.02g

Fig. 5. Perturbation plot for decolorization rate.
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(a)

(b)

Fig. 6. Combined effects of initial pH (A) and conductivity value 
(B) on the decolorization rate (%): (a) response surface and 
(b) contour plot.

(b)

(a)

Fig. 7. Combined effects of initial pH (A) and input power (C) on 
the decolorization rate (%): (a) response surface and (b) contour 
plot.

(b)

(a)

Fig. 8. Combined effects of initial pH (A) and CuO/AC dosage 
(D) on the decolorization rate (%): (a) response surface and 
(b) contour plot.

(a)

(b)

Fig. 9. Combined effects of conductivity value (B) and input 
power (C) on the decolorization rate (%): (a) response surface 
and (b) contour plot.
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When initial pH is 2.64, conductivity value is 708.95 µS/cm, 
CuO/AC dosage is 0.03 g, and input power is 102.9 W, the 
predicted decolorization rate of ATBA reaches to 97.12%. 
Three parallel verification experiments are carried out 
under the optimal condition, and the experimental 
decolorization rate of ATBA is 95.87%. It can be seen that 
the experimental result matches the predicted value well. 
The relative error between predicted and experimental 
value is only 1.95%, which illustrates that the model is 
certain stable [40].

3.3. Synergistic effect of combined DBD plasma 
and CuO/AC system 

Fig. 12 shows the decolorization rate and 
ultraviolet-visible (UV–Vis) absorption spectra by DBD 
plasma alone and DBD plasma coupled CuO/AC system. 
From Fig. 12(a), the synergistic effect of combined DBD 
plasma and CuO/AC is obvious. The decolorization rate of 
ATBA is significantly improved after applying CuO/AC to 
DBD plasma. As can be seen from Fig. 12(b), ATBA has three 
characteristic peaks at 311, 410, and 638 nm. The absorp-
tion peak at 638 nm represents the maximum absorption 

(a)

(b)

Fig. 10. Combined effects of conductivity value (B) and CuO/AC 
dosage (D) on the decolorization rate (%): (a) response surface 
and (b) contour plot.

(a)

(b)

Fig. 11. Combined effects of input power (C) and CuO/AC 
dosage (D) on the decolorization rate (%): (a) response surface 
and (b) contour plot.
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Fig. 12. Comparison of decolorization rate (a) and UV–Vis 
absorption spectra (b) under different systems, c0 = 30 mg/L with 
original pH and conductivity, input power = 84 W, CuO/AC 
dosage = 0.2 g.
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wavelength of ATBA. The absorption peaks at 311 and 
410 nm represent aromatic compounds and conjugate sys-
tem of carbonyl group and benzene ring, respectively. The 
characteristic absorption peaks are gradually disappeared 
and the popper becomes smooth after degradation, illustrat-
ing that the chemical bonds are disconnected and the dye 
molecules are degraded. Moreover, the popper of combined 
system becomes smoother than DBD plasma alone, indicat-
ing that combined DBD plasma and CuO/AC system has a 
synergistic effect.

3.4. Coupling mechanism

The possible coupling mechanism is proposed based on 
the above results (Fig. 13). During the discharge process, 
DBD plasma generator could stimulate high electric field 
and intense UV radiation [25]. In this atmosphere, electrons 
will be excited from the valence band of semiconductor to 
the conduction band. Therefore, CuO as a semiconductor 
could consequently produce the electron/hole pair [41]. 
The electron will capture O2 into H2O2, and the hole can 
react with water or OH– to generate a large amount of 
·OH which could effectively destroy pollutant molecules. 
Moreover, other active species (O3, ·HO2, etc.) can be 
produced by DBD plasma generator. The relative equations 
are as follows [42,43]:

O e O2 2+ → −  (5)

H O + e OH+ H+e2 →⋅ ⋅  (6)

O + H HO2 2
− −⋅ →  (7)

HO +H H O2
+

2 2
− →  (8)

H O + OH2 2 hv→⋅  (9) 

O O O2(gas) 3(gas) 3(aq)→ →  (10)

What is more, a Fenton-like process could appear in the 
coupling system, the conduction-band electrons could reduce 
Cu(II) of CuO to Cu(I). And the Cu(I) presented in a catalyst 
structure will react with H2O2 to produce ·OH [41]. 

In the coupling system, CuO/AC acts not only as a cata-
lyst, but also the adsorbent. SEM result shows that the pre-
pared CuO/AC possesses a porous surface. Accordingly, dye 
molecules and active substances can be adsorbed over CuO/
AC. And it contributes to the centralized degrading of dye 
molecules. Nekouei et al. [29] concluded that the protona-
tion of functional group of CuO/AC can further enhance the 
adsorption of dye over CuO/AC particularly in highly acid 
solution, which is consistent with the RSM experimental 
result in this paper. The combination of adsorption by CuO/
AC and catalytic oxidation by CuO results in higher decolor-
ization rate of dye pollutant [44].

4. Conclusion

Combined DBD plasma and CuO/AC system can effec-
tively degrade ATBA. The possible coupling mechanism of 
combined system is proposed. CuO/AC can be successfully 
prepared by the incipient wetness impregnation method at 
low temperature. Cu is loaded on AC in the form of CuO. 
The specific surface area and pore size distribution of CuO/
AC are significantly changed compared with AC. The results 
of RSM present that influence sequence of single factor on 
decolorization rate is input power > initial pH > CuO/AC 
dosage > conductivity value, and the decolorization rate of 
ATBA reaches to 95.87% under optimal condition.
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