
* Corresponding authors.
† These authors have contributed equally to this work and 
considered as co-first authors.

1944-3994/1944-3986 © 2021 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2021.26991

223 (2021) 335–349
May

Novel magnetically separable Ag@AgCl-Fe3O4/RGO nanocomposites for 
enhanced dielectric barrier discharge plasma reaction for high-performance 
water decontamination

Yongjun Shena,b,*,†, Yi Wangb,†, Shuaikang Fangb,†, Jae Kwang Parkc, Chao Pana,  
Yin Chenb, Na Zhua,*, Huifang Wub,*
aNantong University Xinglin College, Nantong 226008, China, Tel. +86 513 85012874; Fax: +86 513 85012856;  
emails: shenyj@ntu.edu.cn (Y. Shen), zhuna76418@163.com (N. Zhu) 
bSchool of Chemistry and Chemical Engineering, Nantong University, Nantong 226019, China, email: 2437998491@qq.com (H. Wu) 
cDepartment of Civil and Environmental Engineering, University of Wisconsin–Madison, 1415 Engineering Drive, Madison,  
WI 53706, USA

Received 13 June 2020; Accepted 13 December 2020

a b s t r a c t
A magnetic nanocatalyst, Ag@AgCl-Fe3O4/RGO, was prepared and used with dielectric barrier 
discharge plasma (DBD) to treat wastewater containing reactive black 5 azodye. Magnetic Fe3O4 
and AgCl nanoparticles were successively loaded on reduced graphene oxide by hydrother-
mal and deposition–precipitation method, which was produced by restoring the graphene oxide.  
Ag nanoparticles were then photo-reduced on the surface of AgCl. The as-prepared nanoparticles 
were characterized by X-ray diffraction, scanning electron microscopy, Raman, and vibrating sample 
magnetometer analysis. Response surface methodology was used to optimize the preparation pro-
cess of Ag@AgCl-Fe3O4/RGO nanoparticles and the decolorization of Reactive Black 5 in DBD-Ag@
AgCl-Fe3O4/RGO combined system. The best material preparation conditions were that the dosage 
of Fe3O4/RGO, AgNO3, NaCl, and the UV light reduction time are 110 mg, 0.23 g, 47 mg, and 1.1 h, 
respectively. The decolorization rate was measured by the absorbance before and after treatment, 
and the effects of the initial concentration, pH, conductivity, discharge current, and sodium dodecyl 
sulfonate concentration (SDS) in the dye solution were studied. The results showed that the opti-
mum conditions for maximum Reactive Black 5 decolorization efficiency (99.3%) in the system of 
DBD-Ag@AgCl-Fe3O4/RGO were pH of 2, the concentration of 20 mg/L, the conductivity of 100 μS/
cm, and do not add SDS, which was better than that of 88.6% in DBD alone. Meanwhile, the synthesis 
mechanism of Ag@AgCl-Fe3O4/RGO and the reaction mechanism of DBD-Ag@AgCl-Fe3O4/RGO were 
discussed. The morphology and repetition usage-ratio of the nanocatalyst was also studied during 
the treatment.
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1. Introduction

With the rapid development of petrochemical, phar-
macy, pesticides, printing, and dyeing and leather process-
ing industries, the discharge of large amounts of organic 

wastewater poses a serious threat to environmental safety 
and human health. Textile wastewater contains a high 
concentration of recalcitrant organic dyes and toxic interme-
diates, it is necessary to search for an effective method for 
eliminating dyes from wastewater economically and effi-
ciently. Methods including adsorption [1,2], chemical coag-
ulation processes [3], and biological treatment processes [4], 
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photocatalysis [5] were used. While these treatments own 
many typical drawbacks, such as time-consuming, ineffi-
cient, high cost, and easy to produce secondary pollution.

Recently, advanced oxidation processes (AOPs) [6–9] 
including Fenton, O3, UV, and plasma have been widely 
used as a powerful alternative to treat water pollution. 
Among different classes of AOPs, a non-thermal plasma 
process (NTP) has attracted much attention due to its 
environmentally friendly nature and excellent oxidation 
properties. A large amount of activated species •OH, •H, 
•O2H, and O3 show a strong oxidizing ability during NTP, 
which can lead to both physical and chemical processes 
that directly or indirectly degrade different organic com-
pounds rapidly and efficiently [10,11]. Dielectric barrier 
discharge (DBD) is considered as an effective discharge 
source for generating NTP owing to the advantages of sta-
bility of discharge, rich active substances, high efficiency, 
and high safety performance. However, this technology 
has disadvantages of low energy efficiency and mineral-
ization, limiting a wide range of significant applications of 
DBD plasma technology. One of the ways to overcome these 
drawbacks is to combine DBD with nanocatalyst, which has 
been proved as an effective method. For instance, our pre-
vious research reported that better degradation efficiency 
could be obtained in the combination system of TiO2 nano- 
particles and DBD plasma [12]. Thus, it can be expected that 
excited-state conduction band electron and valence band 
hole pairs are generated by the cooperative reaction among 
TiO2 and UV light irradiation, which are capable of initiat-
ing large quantities of oxidation and reduction reactions.

Among various kinds of materials, graphene has 
attracted public attention in recent years because of its 
excellent physical and chemical performances since it was 
discovered in 2004 [13]. Its conductivity and electromag-
netic parameters of pure graphene are too high to satisfy 
the impedance matching, leading to strong reflection and 
weak absorption [14]. Thus, the properties of graphene 
oxide (GO) and reduced graphene oxide (RGO) can be bet-
ter than graphene, making GO and RGO more easily assem-
bled than other particles on the surface. Graphene oxide 
(GO) and RGO are known as 2D structures and have unique 
characteristics such as their functional electron absorption 
characteristics, low density, large surface area, and high  
conductivity [15]. Due to an extremely high specific surface 
area and unique two-dimensional structure, RGO is the best 
electromagnetic wave-absorbing material [16]. As a critical 
part of electromagnetic materials, ferrites are widely used 
due to their low cost, non-toxicity, and nice magnetic behav-
ior. Among them, Fe3O4 is the most widely used magnetic 
nanoparticle. Recent research also shows that inorganic 
nanoparticles attached to graphene are effective in form-
ing a novel graphene-based photocatalyst [17], which can 
make graphene own different characters, especially metal 
nanocrystal (such as Ag and Au). This metal nanocrystal 
is found to have a surface plasma resonance effect, which 
can be excited under UV light and perform a photocata-
lytic activity [18]. Recently, Ag@AgCl occurred into our 
eyesight, which was used as a co-catalyst to enhance the 
catalytic activity of semiconductors. A novel nanocatalyst 
Ag@AgCl-Fe3O4/RGO may be obtained while making Fe3O4 
and Ag@AgCl loaded on the surface of RGO successively. 

Compared with the previous research of the TiO2 nanocat-
alyst in conjunction with DBD plasma, the novel catalyst 
Ag@AgCl-Fe3O4/RGO can provide the advantage of UV 
light of DBD plasma for Ag@AgCl to produce holes–elec-
tion pairs to form more active substances [19]. On the other 
hand, it can be easily recycled due to the presence of Fe3O4. 
In addition to the advantages of DBD, this combination may 
be a more effective way for pollutant remediation. To the 
best of our knowledge, the novel plasmonic nanocatalyst 
Ag@AgCl-Fe3O4/RGO has not yet been applied in degrad-
ing dye wastewater combined with DBD plasma. Therefore, 
this nanoparticle with DBD plasma was applied to waste-
water treatment.

In addition, it is also essential to optimize the process 
variables for building an effective system on decoloriza-
tion efficiency of dye wastewater. Therefore, the response 
surface methodology (RSM) [20] is often used to evaluate 
the individual and interaction effects among independent 
variables by the mathematical and statistical technique in 
the design of experiments. Yuliwati et al. [21] studied the 
relationship between four different process variables and 
response (outcomes of experiments) on the performances 
of modified polyvinylidene fluoride membranes by the 
approach of RSM.

In this paper, the objective was to seek a novel catalyst 
and then combine it with DBD plasma to achieve a better 
decolorization efficiency of Reactive Black 5 (RB 5), which 
was chosen as a model contaminant. Therefore, a novel 
plasmonic nanocatalyst of Ag@AgCl-Fe3O4/RGO was pre-
pared by several modified methods. The optimal prepara-
tion conditions of Ag@AgCl-Fe3O4/RGO were determined 
from the model built by RSM according to the degradation 
efficiency of RB 5. The as-prepared catalysts were analyzed 
by X-ray diffraction (XRD), scanning electron microscopy 
(SEM), Raman, and vibrating sample magnetometer (VSM). 
Furthermore, RSM was also used to optimize the pro-
cess of catalyst combined with DBD plasma. Meanwhile, 
the preparation mechanism of Ag@AgCl-Fe3O4/RGO 
and the synergistic mechanism of DBD-Ag@AgCl-Fe3O4/
RGO were discussed. Finally, the repetition usage-ratio of 
Ag@AgCl-Fe3O4/RGO was researched as well combined 
with the morphology changes of nanocatalyst.

2. Experimental

2.1. Preparation of GO

All chemicals used in the experiments were of ana-
lytic grade. GO was prepared by a modified Hummers’ 
method in this study [22]. A mixture of 0.5 g flake graph-
ite (200 mesh, Nanjing Jicang Nanotechnology Co., Ltd., 
China) and 0.25 g NaNO3 (Sinopharm Chemical Reagent 
Co., Ltd., China) was added into a three-necked flask 
in the low temperature cooling liquid circulating pump 
(DLSB-5/20, Zhengzhou Greatwall Scientific Industrial 
and Trade Co., Ltd., China) whose temperature had been 
cooled to 273–277 K and then 30 mL of concentrated H2SO4 
(Sinopharm Chemical Reagent Co., Ltd., China) was added 
slowly into the three-necked flask. After the reaction time 
of 1 h, 0.3 g of KMnO4 (Shantou Xilong Chemical Co., 
Ltd., China) was added to the three-necked flask at very 
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20 min and kept the reaction for 2 h. The resulting sus-
pension was heated first to 308 K for 2 h and reacted with 
60 mL deionized water up to 368 K for 30 min under the 
condition of stirring constantly. An aliquot of 20 mL of 
30% H2O2 (Shanghai Jutai Special reagent Co., Ltd., China) 
was dropped into the suspension solution and stirred for 
15 min. When the liquid suspension was cooled to room 
temperature, 10% HCl (Sinopharm Chemical Reagent Co., 
Ltd., China) and deionized water were used to wash the 
suspension by repeating centrifugation (Evolution RC, 
Kendro lab products Co., Ltd., America). Finally, the sus-
pension was decanted slowly into the biofilm filtration 
until the sample was neutral and the stable GO solution  
was obtained.

2.2. Preparation of Fe3O4/RGO

In 80 mL of ethylene glycol solution (EG) (Shantou 
Xilong Chemical Co., Ltd., China), 40 mg of GO prepared 
above and 1 g of polyethylene glycol 4000 (Shanghai 
Richjoint Chemical Co., Ltd., China) weighed by an elec-
tronic analytical balance (Shanghai Hengping Scientific 
Instrument Co., Ltd., China) were uniformly dispersed 
by ultrasound (Kun Shan Ultrasonic Instruments Co., 
Ltd., China). Then, 0.27 g of FeCl3·6H2O (Shantou Xilong 
Chemical Co., Ltd., China) and 2 g NaAc (Shantou Xilong 
Chemical Co., Ltd., China) were added. After stirring com-
pletely, the mixture was transferred to a high temperature 
and high-pressure reaction kettle for 12 h under the tem-
perature of 473 K. The suspension was dried after cooling 
to room temperature and washing by anhydrous ethanol 
(Sinopharm Chemical Reagent Co., Ltd., China) and deion-
ized water. The final solid was Fe3O4/RGO.

2.3. Preparation of Ag@AgCl-Fe3O4/RGO

In 50 mL EG, 110 mg of the prepared Fe3O4/RGO was 
added and dispersed uniformly, followed by dissolv-
ing 0.23 g of AgNO3 (Merck). Then, the suspension was 
decanted slowly into the three-necked flask, added drop-
wise with 10 mL of NaCl/EG (containing 47 mg NaCl) 
and stirred at a constant speed. The mixed solution was 
stirred for 15 h in a dark area. The samples were added 
to deionized water and exposed under 250 W UV light for 
1.1 h. The sample Ag@AgCl-Fe3O4/RGO was obtained after 
desiccation at 323 K.

2.4. RB 5 degradation experiments

The RB 5 (Shanghai Jiaying Co., Ltd., China) was used 
as dye pollutants. The dye solution was prepared by RB 5 
and deionized water. The pipette was used to remove 10 mL 
of 100 mg/L RB 5 dye solution into the reaction kettle of 
plasma device (Nanjing Suman Plasma Technology Co., 
Ltd., China). After switching on the power, adjust the input 
current and voltage to make the plate discharge. During the 
process of DBD and DBD-Ag@AgCl-Fe3O4/RGO systems, 
the effects of initial concentration, pH, conductivity, dis-
charge current, and sodium dodecyl sulfonate concentration 
(SDS) content in the dye solution were investigated. NaOH 
(Shanghai Chemical Co., Ltd., China) or H2SO4 (Shantou 

Xilong Chemical Co., Ltd., China) was used to adjust pH 
to a target value. The whole discharge reaction time was 
3 min. The samples were withdrawn from the reaction ket-
tle and the removal of color was calculated by determining 
the absorbance of the dye solution at λmax = 600 nm using 
a UV-vis spectrophotometer (752N, Shanghai Shunyu 
Hengping Technology Co., China). From these data, the 
apparent dye concentration is obtained and the decol-
orization efficiency (η, in %) was evaluated as follows:

η =
−

×
C C
C

t0

0

100%  (1)

where C0 and Ct are the absorbencies of the samples at 
time 0 and t, respectively.

All the experiments were conducted at least three times 
and the experimental data were the average of at least 
three measurements.

2.5. Characterization

XRD patterns were obtained on a D/MAX-IIIA X-ray dif-
fractometer with Cu Kα radiation (λ = 0.154062 nm) over 
a 2θ range of 10°–80° with a scanning speed of 0.05°min–1. 
After dried and ground into powder solid, Fe3O4/RGO, 
and Ag@AgCl-Fe3O4/RGO were placed on the sample plat-
form and covered with a circle of 1 cm in diameter in order 
to measure the crystal structure of composites. Two kinds 
of samples were also spread evenly on the conductive 
adhesive and observed by the S-3000 N-type SEM at an 
accelerating voltage of 20 kV for observing the samples’ 
morphology analysis. Raman spectroscopy was performed 
on P3000 with a suitable amount of solid samples dispersed 
in an aqueous solution. The catalyst Ag@AgCl-Fe3O4/RGO 
was also analyzed by a VSM for the analysis of the chem-
ical state of typical elements and magnetic performance. 
The ultraviolet spectrophotometric (UV-vis) method is 
an analytic method of the material electron spectrum 
that was used to scan for the RB 5 solution in this study. 
The spectral wavelength ranged from 200 to 700 nm when 
radiation was absorbed by certain substance molecular.

3. Results and discussion

3.1. Formation process of Ag@AgCl-Fe3O4/RGO catalyst

The synthetic process of Ag@AgCl-Fe3O4/RGO cata-
lyst is depicted in Fig. 1. The formation of Ag@AgCl-Fe3O4/
RGO catalyst is explained below. The graphene oxide (GO) 
samples were oxidized from the graphene by a modified 
Hummers method. The surface of GO could be complexed 
Fe3+ and form Fe3+-GO because a large amount of negative 
charge groups, such as hydroxyl groups (–OH), carboxyl 
groups (–COOH), and epoxies, distributed around the sur-
face of GO [23]. In the reaction kettle, Fe3O4 nanoparticles, 
influencing the magnetic property and recycling of the 
material [16], were generated through a series of reactions 
as shown below.

Fe3+ + HOCH2CH2OH → Fe2+ + CH3CHO + H2O (2)
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Fe3+ + H2O → Fe(OH)3 (3)

Fe(OH)3 + CH3CHO → CH3COCOCH3 + Fe(OH)2 + H2O (4)

Fe(OH)3 + Fe(OH)2 → Fe3O4 + H2O (5)

Fe3O4 was connected with graphene layers through 
the covalent bonds, which was one of the reasons that the 
Fe3O4 could spread evenly on the surface of the graphene 
layers. Meanwhile, the reductive aldehyde (CH3CHO) pro-
duced in the reaction reduced the GO to the reduction of 
graphene oxide (RGO). However, GO was not restored 
entirely, still had parts of the active group and could be 
complexed with a part of Ag+ to form Ag+-RGO. Ag+ pro-
duced by AgNO3 could react with Cl– produced by HCl, 
generating AgCl nanoparticles [24], which in turn was 
attached to the RGO sheets and connected with cova-
lent bonds. Because of the existence of Fe3O4, the AgCl 
nanoparticles having cubic structures had been presented 
with irregular structural loading on the surface of RGO. 
Finally, a new plasmonic nanocatalyst of Ag@AgCl-Fe3O4/
RGO was fabricated after using UV light to restore partial 
Ag of AgCl into Ag nanoparticles on the surface of AgCl 
nanoparticles, which was a medium to transfer the plas-
mon-induced electrons for AgCl to form active species [25].

3.2. Optimization on the preparation of 
Ag@AgCl-Fe3O4/RGO using RSM

3.2.1. Experimental design and analysis

The Box–Behnken experimental design (BBD) [26] was 
applied for investigating and validating the process vari-
ables that affected the catalytic performance of Ag@AgCl-
Fe3O4/RGO on decolorization efficiency of RB 5. According 
to the preliminary experiments and analyses, there were 
some notices that needed to be taken into consideration 
during the experimental design of the optimization pro-
cess. First, the dosage of Fe3O4/RGO as the principal sub-
ject determined the dosage of active points for the whole 
material. Second, the dosage of AgNO3 was the only source 
of the silver element, determining the proportion of silver 

element in the whole material. Meanwhile, NaCl was the 
only source of chlorine element, determining the propor-
tion of chlorine element in the whole material, and one 
of the vital raw materials for the synthesis of silver chlo-
ride [27]. Last, after preparation of the AgCl-Fe3O4/RGO 
nanoparticles, the UV photoreduction time was used in 
the formation process of Ag nanoparticles to form the final 
materials [18]. Therefore, the four critical variables influ-
encing the performance of the catalyst, namely the dosages 
of Fe3O4/RGO (A), AgNO3 (B), NaCl (C), and UV photore-
duction time (D), were chosen as independent parameters 
and the decolorization efficiency of RB 5 (Y) was selected 
as the dependent response.

The experimental range and levels of independent 
factors for RB 5 decolorization were shown in Table 1. 
The program and experimental results of the BBD were 
given in Table 2 by using Design-Expert software (Company 
name, City, Country). Meanwhile, the regression model of 
Ag@AgCl-Fe3O4/RGO on the RB 5 decolorization efficiency 
was also proposed.

During the optimization process, a total of 29 exper-
iments were performed in randomized order and a 
quadratic regression equation was built below as Eq. (6):

Y A B C D AB AC
AD B

= + − − − + −

− −

84 28 4 17
2

. .
.

5.25 3.17 2.45 3.97 1.45
0.52 3 5 CC AD CD A B

C D
− − − −

− −

2 38 92
79

. .
.

1.95 0.19 0
4 2.29

2 2

2 2 (6)

Then, the rationality of the proposed model was verified 
by using the diagnostic checking tests that were provided 
across the analysis of variance (ANOVA) results shown in 
Table 3. The F-value of the model was 77.49, implying that 
the supposed model was significant for the decolorization 
of RB 5. The P-value was less than 0.05, indicating that the 
model is good [28]. Among the four variables, the dosage 
of AgNO3 was most significant, followed by the dosage of 
Fe3O4/RGO (F = 214.78), the dosage of NaCl (F = 124.06), 
and the UV photoreduction time (F = 74.26). There were 
also interaction influences that occurred in four variables, 
especially significant between the dosage of Fe3O4/RGO and 
AgNO3, the dosage of Fe3O4/RGO and NaCl due to their 

Fig. 1. Synthetic route of Ag@AgCl-Fe3O4/RGO.
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P-values were all less than 0.0001. In this study, the values 
of R2 and R2

adj were 0.987 and 0.975, respectively, and were 
all close to 1.0 which indicated that the model has a high 
fitting degree and feasibility [29]. Therefore, the optimal 
condition of decolorization efficiency on RB 5 could be opti-
mized through the regression model obtained above.

3.2.2. Verification experiment

During the study of the interactions among four vari-
ables, a balance should be kept among them. Excess use of 
RGO may cause the waste of resources; thus, less dosage 
may provide less space for the other substances and was 
not lower conductivity to the application of wastewater 
treatment because of the stacked loading. A large amount 
of free Ag+ could be formed while AgNO3 was dissolved 
in the mixed solution. Once the dosage of Ag+ was more 
than the optimal value, Fe3O4 nano-particles could not con-
trol the growth and distribution of AgCl particles on the 
surface of RGO. Meanwhile, if the dosage of AgNO3 and 
NaCl increased beyond some optimal threshold value, 
most of Ag+ would react with Cl– in NaCl and then AgCl 
was formed beyond the maximum loading of the carrier, 
a factor clearly harmful to the catalyst performance [30]. 
In addition, due to the defects of AgCl which could be 
sensitive to the light, UV photoreduction could break down 
parts of AgCl to form nano-silver clusters adhering to the 
surface of AgCl [31]. Above all, an excellent photocatalyst 
material of Ag@AgCl-Fe3O4/RGO would be prepared on 
the premise that four variables take the appropriate values.

Through the Design Expert 8.0 software, the opti-
mal conditions of the preparation of Ag@AgCl-Fe3O4/
RGO, namely, the dosage of Fe3O4/RGO, AgNO3, NaCl, 
and UV photoreduction time were 110 mg, 0.23 g, 47 mg, 
and 1.1 h, respectively. To test the predictability of the 
RSM model, the optimum preparation conditions were 
carried out treating the RB 5 dye wastewater and the pre-
dicted and actual values of decolorization efficiency were 
obtained as shown in Table 4. The deviation with the model 
prediction was only 1.3% which could indicate that the 
model supposed in this study on the optimization of the 
prepared materials Ag@AgCl-Fe3O4/RGO was predictable.

3.3. Characterization of Ag@AgCl-Fe3O4/RGO 
under optimal conditions

3.3.1. X-ray diffraction

The XRD patterns were measured to investigate 
the components and structure of Fe3O4/RGO and Ag@

AgCl-Fe3O4/RGO materials, which are respectively shown 
in Figs. 2a and b. From Fig. 2, it is observed that the diffrac-
tion peaks at about 30.14°, 35.13°, 43.13°, 57.02°, and 62.52° 
were all identical to the indices d(220), d(311), d(400), 
d(511), and d(440) of Fe3O4 (JCPDS NO. 65-3107), respec-
tively. In addition, the diffraction peaks at 2θ = 27.83°, 
32.24°, 46.23°, 54.82°, 57.48°, 67.46°, and 76.73° also could 
be assigned to (111), (200), (311), (222), (400), (331), and 
(420) of the AgCl (JCPDS NO. 31-1238). The diffraction 
peaks at 38.12° and 77.472° were found as well, which 
corresponded to (111) and (311) of the Ag crystal. In addi-
tion, there was no obvious diffraction peak attributed to 
graphite observed, indicating that the stacking of RGO 
sheets remained disordered [32].

3.3.2. Raman

Fig. 3 shows the Raman spectra of (a) Fe3O4/RGO and 
(b) Ag@AgCl-Fe3O4/RGO, both of which can clearly find 
the two adsorption peaks of RGO, namely the D and G 

Table 1
Factors and levels for Box–Behnken design

Variables Symbols Range and levels

Low (–1) High (1)

Dosage of Fe3O4/RGO, mg A 10 110
Dosage of AgNO3, g B 0.19 0.23
Dosage of NaCl, mg C 40 80
UV photoreduction time, h D 1 3

Table 2
Program and experimental results of the BBD

Run A B C D Decolorization efficiency (η)

Actual (%) Predicted (%)

1 110 80 0.21 2 79.4 88.2
2 60 60 0.21 2 85.2 88.6
3 10 60 0.21 3 75.7 69.8
4 110 60 0.19 2 89.3 86.1
5 10 60 0.21 1 79.9 80.9
6 60 60 0.21 2 83.1 78.4
7 10 60 0.23 2 70.4 79.9
8 10 40 0.21 2 75.7 69.6
9 60 80 0.21 1 78.8 79.6
10 10 80 0.21 2 73.0 88.9
11 60 60 0.19 1 86.3 75.7
12 60 40 0.23 2 79.8 83.0
13 60 80 0.21 3 70.2 83.7
14 60 40 0.21 3 80.8 79.7
15 110 40 0.21 2 87.9 83.9
16 110 60 0.21 1 88.2 66.9
17 60 40 0.19 2 83.3 76.8
18 60 60 0.21 2 84.3 88.1
19 110 60 0.21 3 81.9 73.4
20 10 60 0.19 2 88.8 78.8
21 60 60 0.23 3 70.5 86.4
22 60 60 0.21 2 85.5 80.6
23 60 80 0.19 2 83.1 86.2
24 110 60 0.23 2 86.8 71.0
25 60 60 0.21 2 83.3 84.3
26 60 40 0.21 1 81.6 84.3
27 60 60 0.19 3 86.3 84.3
28 60 80 0.23 2 66.6 84.3
29 60 60 0.23 1 80.0 84.3
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band. D band at 1,348 cm–1 corresponded to the vibration 
of sp3 carbon atoms of disordered graphite which proved 
that the absence of defects in the graphene structure [33]. 
G band at 1,592 cm–1 was due to the vibrations of sp2 
carbon atoms in a 2D hexagonal lattice [34]. Therefore, 
the intensity ratio between the D and G band (ID/IG) 
was used to determine the disorder of graphene and its 
loading catalyst [35].

From Fig. 3 and Table 5, it can be found that the ID/
IG value of Ag@AgCl-Fe3O4/RGO was obviously smaller 
than that of Fe3O4/RGO, indicating that the disorder of 
the catalyst Ag@AgCl-Fe3O4/RGO was bigger than that 
of Fe3O4/RGO. There were two reasons for this phenom-
enon. First, reduction reaction would happen to remove 
part of oxygen-containing groups and destroy the C=C 
structure which could change the hybridization of sp2 to 
sp3 when adding the AgCl on the Fe3O4/RGO and the light 

reduction process of AgCl-Fe3O4/RGO. This may lead to the 
increase of ID/IG and disorder of graphene and its load-
ing catalyst. Second, the Ag@AgCl loaded on the surface 
of the precursors Fe3O4/RGO which made the vacancy of 
carbon atoms decreased and the disorder increased.

Table 3
ANOVA of decolorization efficiency for RB 5

Source Sum of  
squares

Degree of  
freedom

Mean  
square

F-value P-value

Model 1,052.27 14 75.16 77.49 <0.0001 Significant
A 208.33 1 208.33 214.78 <0.0001 Significant
B 330.75 1 330.75 340.99 <0.0001 Significant
C 120.33 1 120.33 124.06 <0.0001 Significant
D 72.03 1 72.03 74.26 <0.0001 Significant
AB 63.20 1 63.20 65.16 <0.0001 Significant
AC 8.41 1 8.41 8.67 0.0107
AD 1.10 1 1.10 1.14 0.3044
BC 42.25 1 42.25 43.56 <0.0001 Significant
BD 22.56 1 22.56 23.26 0.0003
CD 15.21 1 15.21 15.68 0.0014
A2 0.24 1 0.24 0.25 0.6234
B2 5.48 1 5.48 5.65 0.0323
C2 149.09 1 149.09 153.70 <0.0001 Significant
D2 34.14 1 34.14 35.20 <0.0001 Significant
Residual 13.58 14 0.97
Lack of fit 8.89 10 0.89 0.76 0.6719
Pure error 4.69 4 1.17
Cor. total 1,065.85 28

R2 = 0.987; R2
adj = 0.975.

Fig. 2. XRD patterns of samples: (a) Fe3O4/RGO and (b) Ag@
AgCl-Fe3O4/RGO.

Table 4
Response optimization

Dosage of Fe3O4/RGO (A, mg) 110
Dosage of AgNO3 (B, g) 0.23
Dosage of NaCl (C, mg) 47
UV photoreduction time (D, h) 1.1
Decolorization efficiency (η)
Predicted (%) 91.0
Actual (%) 89.7
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3.3.3. Scanning electron microscopy

Figs. 4a and b are the SEM images of two materials 
Fe3O4/RGO and Ag@AgCl-Fe3O4/RGO. It can be seen from 
Fig. 4a that RGO was a thin layer with wrinkles and Fe3O4 
nanoparticles were spherical and uniformly distributed 
on the surface of the RGO, although there was also a lit-
tle reunion. As shown in Fig. 4b, a large number of small 
particles attached to the surface of AgCl particles which 
could be analyzed as Ag nanoparticles combined with 
the result of XRD. It could be proved that Ag@AgCl par-
ticles had been generated in the material. Combined 

with the images of XRD and SEM, Ag@AgCl-Fe3O4/RGO 
photocatalytic material had been successfully prepared.

3.3.4. Vibrating sample magnetometer

The magnetic property of the Ag@AgCl-Fe3O4/RGO 
photocatalytic material was investigated by VSM at room 
temperature with an applied field of –20,000 to 20,000 Oe. 
The saturation magnetization and residual magnetiza-
tion of Ag@AgCl-Fe3O4/RGO could be obtained from 
Fig. 5. As shown in Fig. 5, there was no hysteresis loop on 
the magnetic hysteresis loop of the prepared nanoparticles, 
which meant that the residual magnetization was almost 
zero, indicating that the Ag@AgCl-Fe3O4/RGO samples had 
a superparamagnetic behavior. The saturation magneti-
zation of the sample (6.17 emu/g) is significantly smaller 
than that of Fe3O4 particles prepared by the hydrother-
mal method (47.78 emu/g), and it is also less than the sat-
uration magnetization of Fe3O4/RGO (42.39 emu/g) [36], 
which could be attributed to the introduction of Ag@AgCl 
and RGO, indexing that the magnetic properties of the pre-
pared materials could be changed by adjusting the ratio 
of metal salts to GO [37]. Due to the superparamagnetism 
of the Ag@AgCl-Fe3O4/RGO catalyst, this study used this 
feature to separate the catalyst from the wastewater and 
realize the recycling of the catalyst, thereby increasing 
the competitiveness of catalyst in industrial application.

3.4. Decolorization analysis of RB 5 by 
DBD-Ag@AgCl-Fe3O4/RGO

3.4.1. Effect of initial concentration

The effect of initial concentration was evaluated over 
the range of 20–100 mg/L. As shown in Fig. 6a, the initial 
concentration of dye solution of RB 5 had a significant 
effect on the decolorization efficiency when the operat-
ing conditions were voltage of 70 V, discharge current of 
1.1 A, pH of 6, the conductivity of 100 μS/cm, and dosage 
of the catalyst of 0.5 g/L. It could be found that higher 
decolorization efficiency would be obtained under lower 
initial concentration. At the reaction time of 120 s, the 
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Fig. 3. Raman spectra of samples: (a) Ag@AgCl-Fe3O4/RGO 
and (b) Fe3O4/RGO.

Table 5
ID/IG of Fe3O4/RGO and Ag@AgCl-Fe3O4/RGO

Samples Fe3O4/RGO Ag@AgCl-Fe3O4/RGO

ωD (cm–1) 1,342 1,335
ωG (cm–1) 1,579 1,604
ID/IG 0.998 1.147
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Fig. 4. SEM images of samples: (a) Fe3O4/RGO and (b) Ag@AgCl-Fe3O4/RGO.
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decolorization efficiency of the initial concentration of 
20 mg/L was 8.9% higher than that of 100 mg/L.

The quantity of the active substance was similar under 
the same operating conditions, which played a decisive 
role on the decolorization efficiency of dye wastewater. 
Therefore, a high initial concentration of RB 5 obtained 
a bad decolorization efficiency compared with the low 
one. It could also be explained that the increase of the ini-
tial concentration of RB 5 would lead to the competition 

adsorption among RB 5 molecules because the adsorption 
capacity of RB 5 using the catalyst of Ag@AgCl-Fe3O4/
RGO was limited [38].

3.4.2. Effect of initial pH

For a heterogeneous medium, the active sites on the 
surface of most semiconductors depend on the concen-
tration of hydrogen ions (H+) or hydroxide ions (OH–) in 
an aqueous solution. Therefore, the pH value of the reac-
tion solution is a vital factor in the adsorption property 
and catalytic activity of the photocatalyst [39]. In order 
to investigate the effect of initial pH, the influence of 
different initial pH ranged from 2 to 12 on the decol-
orization efficiency of RB 5 wastewater was studied. 
Fig. 6b shows the results of the decolorization efficiency 
at different pH values and indicated that the decolor-
ization efficiency on RB 5 decreased by increasing the 
pH values, namely lower pH values, were beneficial 
to the decolorization of dye wastewater in DBD system.

The reason for this phenomenon was that the acid 
environment could guarantee the hydroxyl radicals (•OH) 
and other active substances with strong oxidation ability. 
In the alkaline environment, organic pollutants could not 
spread to the atmosphere in the form of CO2 after being 
oxidized but produced CO3

2– or HCO3
– which could react 

with the hydroxyl radicals (•OH) in the wastewater. Due to 
the reduction of hydroxyl radicals (•OH) in the wastewater, 
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Fig. 5. Magnetic hysteresis diagram of the sample Ag@AgCl-
Fe3O4/RGO.
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Fig. 6. Effect of (a) initial concentration, (b) initial pH, (c) conductivity, and (d) discharge current on decolorization efficiency of RB 5.
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the decolorization efficiency on RB 5 decreased sharply. 
From another point of view, the chromophoric group of 
the dye molecules would be damaged when the ozone pro-
duced from the high-pressure discharge directly reacted 
with the organic pollutants under the acid environment, 
resulting in the dye wastewater decolorization. Therefore, 
the key on decolorizing of RB 5, a sort of azo dyestuff, was 
to break down the major chromophoric group of RB 5, 
namely the azo double bond. The azo bond was not stable 
and easy to be damaged under acid conditions. There is a 
large number of H+ in strongly acidic wastewater which 
could inhibit the H2O2 decomposition of the whole system 
and further was conductive to the decolorization process of 
the wastewater. Working at alkaline pH was not beneficial 
to the dye decolorization because the reaction between H+ 
and OH– accelerated the decomposition of H2O2 [40]. To sum 
up, a better degradation efficiency of wastewater could be 
obtained when the high-energy electrons emitted by DBD 
plasma collided with the dye molecules under acidic pH.

3.4.3. Effect of conductivity

The conductivity of the reaction solution was the 
concentration of electrolyte in the dye solution and adjusted 
by the saturated solution of KCl. The effect of initial 
conductivity of dye RB 5 ranged from 100 to 3,200 μS/cm 
was studied on the decolorization efficiency under the other 
conditions that were the voltage of 70 V, discharge current 
of 1.1 A, pH of 6, initial concentration of 100 mg/L, and 
dosage of the catalyst of 0.5 g/L. Fig. 6 shows that the decol-
orization efficiency decreased by increasing the initial con-
ductivity of the RB 5 solution, which revealed that increas-
ing the initial conductivity was not conductive to the color 
removal of dye in the DBD-Ag@AgCl-Fe3O4/RGO system.

Due to the high initial conductivity of the RB 5 
solution, various ions (K+, Cl–) in the reaction solution 
would have directional movement and form the cur-
rent under the action of the applied electric field, mak-
ing the system frequent leakage of electricity, and which 
reduced the discharge effect of the transient breakdown. 
Then, the formation of active substances such as •OH, O3, 
and H2O2 decreased obviously which directly lead to the 
decrease of decolorization efficiency.

3.4.4. Effect of discharge current

Fig. 6d shows the effect of discharge current on the 
decolorization efficiency of RB 5 dye solution when the volt-
age, discharge current, pH, initial concentration, and dos-
age of catalyst were 70 V, 1.1 A, 6, 100 mg/L, and 0.5 g/L, 
respectively. The conclusion can be drawn from Fig. 6d that 
the decolorization efficiency of RB 5 increased by increas-
ing the discharge current. The discharge current was a 
key parameter in plasma since it regulates the amount of 
oxidizing species produced. More active substances were 
produced and the UV intensity increased at high discharge 
current, which played a significant role in the decoloriza-
tion process. If the discharge current was too small, the 
system would not normally work to produce the active 
substances. But the energy would be wasted if increasing 
the value of discharge current blindly. Therefore, optimal 

operating conditions need to be determined during lots of 
experiments and association with the actual situation.

3.5. Optimization analysis on the degradation of RB 5 in the 
system of DBD-Ag@AgCl-Fe3O4/RGO by using RSM

3.5.1. Experimental design and analysis

In this chapter, the BBD was used to optimize the 
decolorization of RB 5 in the system of DBD-Ag@AgCl-
Fe3O4/RGO. A total of 29 experiments were conducted in 
this optimization design mode. During the experimental 
design, the decolorization efficiency of RB 5 (Y′) was 
chosen as dependent response and the four critical vari-
ables in DBD-Ag@AgCl-Fe3O4/RGO system, namely the 
initial concentration (A′), initial pH (B′), dosage of cat-
alyst (C′), and discharge current (D′), were selected as 
independent parameters. The experimental range and 
levels of independent factors for RB 5 decolorization in 
DBD-Ag@AgCl-Fe3O4/RGO were shown in Table 6.

The program of the BBD was given in Table 7 by using 
Design-Expert software. According to the conditions of each 
group, the experiments were performed and the regression 
model of DBD-Ag@AgCl-Fe3O4/RGO on the RB 5 decolor-
ization efficiency was also proposed. Meanwhile, a qua-
dratic regression equation between dye decolorization rate 
(Y′) and four variables were established below as Eq. (7):

′ = − ′ − ′ − ′ + ′ − ′ ′

− ′ ′ +

Y A B C D A B
A C

89 44 77. .3 1.12 1.13 1.31 0.15
0.025 0.66 0.93 1.47 1.94
3.34 1.86 2.09

2

2 2 2

′ ′ − ′ ′ − ′ ′ + ′

+ ′ + ′ + ′
AD B C CD A

B C D  (7)

Table 8 shown the ANOVA results of the proposed 
model, and the P-value was less than 0.0001 which meant 
the supposed model was significant for the decolorization 
of RB 5. From Table 8, it can be found that the effect of the 
initial concentration was the most marked and other vari-
ables in the order of the effect on decolorization of RB 5 were 
initial pH (F = 58.73), discharge current (F = 52.82), and dos-
age of catalyst (F = 46.55). The synergistic effect of B′-initial 
pH and C′-discharge current was significant with p < 0.05. 
Meanwhile, the values of R2 and R2

adj were 0.986 and 0.973, 
respectively, and all close to 1.0 which indicated that the 
model has a high fitting degree and feasibility. Therefore, 
the model could be used to optimize the decolorization 
efficiency of RB 5 in DBD-Ag@AgCl-Fe3O4/RGO system.

3.5.2. Response surface analysis of interaction 
factors on the decolorization efficiency of RB 5 by 
DBD-Ag@AgCl-Fe3O4/RGO

Fig. 7 presents the contour plot and 3D response sur-
face which demonstrated the effect of four variables on 
the degradation efficiency of RB 5 in the combined system 
of DBD-Ag@AgCl-Fe3O4/RGO.

The combined effects of initial concentration and pH 
on decolorization efficiency of RB5 are shown in Fig. 7I. 
Under the predefined conditions, the system generated 
the same amount of active species, so the decolorization 
rate would be faster at low concentrations. Meanwhile, the 
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azo groups of RB 5 were unstable under the conditions of 
strong acid and easy to be destroyed by the active species, 
which were produced by plasma and had strong activity 
and oxidation ability. In addition, the decolorization effi-
ciency was particularly controlled by the concentration 
of dye wastewater as detailed above, whereas initial pH 
was less important, which was in line with the variance 
analysis results.

As seen in Fig. 7II, high decolorization efficiency was 
obtained at low values of initial concentration and dosage 
of catalyst. The decolorization efficiency of RB 5 decreased 
by increasing the dosage of catalyst. This may be con-
tributed to the fact that the increase of the catalyst dos-
age decreased the transmittance of the whole wastewater 
solution, making the catalyst not absorbed the UV light 
entirely which was not conductive to the decolorization 
efficiency of RB 5. Thus, a conclusion also could be made 
that the effect of initial concentration was more important 
than that of the dosage of catalyst, which was in line with 
the variance analysis results.

A phenomenon was found from Fig. 7III that the high 
decolorization efficiency would be obtained at a low ini-
tial concentration and high discharge current. Firstly, with 
the increase of the initial concentration of RB 5, the radicals 
provided for the decolorization had approached to the sat-
urated levels and could not be enough for the reaction [41]. 
Secondly, the discharge current played an important role in 
producing the active substances, thereby the decolorization 
efficiency increased by increasing the discharge current. 
But it would cause resources to be wasted when blindly 
increased the discharge current.

Under the initial concentration of 80 mg/L and dis-
charge current of 1.1 A, the decolorization efficiency of RB 
5 decreased as the dosage of catalyst increased when the 
initial pH kept invariable from Fig. 7IV. When the pH was 
low (2–3), the decomposition rate of H2O2 increased slowly. 
Meanwhile, the appropriate dosage of catalyst could not 
make agglomeration of catalyst which affected the normal 
operation of experiments. Thus, the effect of initial pH on the 
decolorization efficiency of RB 5 was more significant than 
that of the dosage of catalyst.

The three-dimensional response surface plots were 
the graphical representations of the regression equation. 
The main purpose of the response surface was to effec-
tively track the optimal value of the variable to maximize 
the response. As seen in Fig. 7V, the optimal decolorization 
efficiency was obtained when the initial pH and discharge 
current were 2 and 1.2 A, respectively. A conclusion could 
be made that the effect of initial pH on the decolorization 
process of RB 5 was more significant than that of the dis-
charge current because the former was greater than the latter, 
which was consistent with the previous variance analysis.

It still could be found from Fig. 7VI that the better decol-
orization efficiency occurred in a low dosage of catalyst 
and high value of discharge current. The effect of discharge 
current on the decolorization efficiency of RB 5 in the sys-
tem of DBD-Ag@AgCl-Fe3O4/RGO was more significant 
than that of the dosage of catalyst.

3.5.3. Verification experiment

The optimal operating conditions of the decolorization 
efficiency on RB 5 in DBD-Ag@AgCl-Fe3O4/RGO system 
were selected through the Design Expert 8.0 software and 
shown in Table 9, namely, the initial concentration, initial 
pH, dosage of catalyst, and discharge current were 60 mg/L, 
2, 3 mg, and 1.2 A, respectively. In order to test the predict-
ability of the RSM model, the optimum conditions were 
used to treat the RB 5 dye wastewater. The predicted and 

Table 6
Factors and levels for Box–Behnken design

Variables Symbols Range and levels

Low (–1) High (1)

Initial concentration (mg/L) A′ 60 100
Initial (pH) B′ 2 6
Dosage of catalyst (mg) C′ 3 7
Discharge current (A) D′ 1.0 1.2

Table 7
Program and experimental results of the BBD

Run A’ B’ C′ D′ Decolorization efficiency (η)

Actual (%) Predicted (%)

1 80 4 5 1.1 89.2 89.4
2 80 6 5 1.2 93.7 94.9
3 60 4 3 1.1 98.3 98.3
4 100 4 7 1.1 88.1 88.3
5 80 4 5 1.1 89.6 89.4
6 60 4 7 1.1 96.1 95.9
7 100 2 5 1.1 92.5 92.3
8 100 6 5 1.1 89.9 89.4
9 80 4 7 1.2 91.9 91.9
10 80 2 3 1.1 95.7 96.1
11 80 6 3 1.1 95.4 95.4
12 60 4 5 1 96.3 96.7
13 80 4 3 1.2 98.1 97.5
14 100 4 5 1.2 91.8 91.4
15 60 4 5 1.2 98.6 98.1
16 80 4 5 1.1 89.2 89.4
17 100 4 3 1.1 90.1 90.5
18 60 2 5 1.1 99.3 99.6
19 80 2 5 1 95.8 94.9
20 80 4 3 1 92.0 91.8
21 80 4 5 1.1 89.7 89.4
22 80 4 7 1 92.3 92.7
23 80 6 7 1.1 91.7 91.3
24 80 2 5 1.2 97.1 97.5
25 80 4 5 1.1 89.5 89.4
26 100 4 5 1 87.5 88.0
27 60 6 5 1.1 97.3 97.4
28 80 2 7 1.1 95.7 95.7
29 80 6 5 1 92.6 92.4
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actual values of the decolorization efficiency are summa-
rized in Table 9. The deviation with the model prediction 
was only 0.4%, demonstrating that the model supposed in 
this study on the optimization by DBD-Ag@AgCl-Fe3O4/
RGO was predictable.

Then, a series of experiments were further performed 
under the above operating conditions between DBD alone 
and DBD-Ag@AgCl-Fe3O4/RGO system. The decoloriza-
tion efficiencies of the two systems were 88.6% and 99.3%, 
respectively, which indicated that the system of DBD-Ag@
AgCl-Fe3O4/RGO for dye wastewater treatment was 
better than that of the DBD alone.

3.6. Synergistic mechanism of DBD-Ag@AgCl-Fe3O4/RGO

Synergistic mechanism of DBD-Ag@AgCl-Fe3O4/RGO 
is shown in Fig. 8. In the process of DBD on the decolor-
ization efficiency of RB 5, large amounts of high-energy 
electron produced by high voltage alternating current 
could bombard and collide with water molecules, which 
were excited and ionized to produce excitation mole-
cules, ions, and secondary electron, producing lots of 
active substances such as O3, –OH, and hyperoxy radicals 
(O2

•–). Then, the organic dye molecules reacted with these 
active substances and then were broken down into small 
molecules, achieving the aim of decolorization.

The Ag@AgCl nanoparticles were excited under illumi-
nation of UV light produced from the DBD system. Then, 
the plasma oscillation occurred on the surface electron 
and generated electron–hole pairs. Under the electric field, 
free-electron appears to be broken away from their nuclei 

and transferred on the surface of Ag, reducing O2 into O2
•–, 

while the holes transferred on the surface of AgCl and oxi-
dized H2O into •OH [42]. Due to these active substances, 
the dye molecules could be degraded into small molecules.

In addition, dye molecules could be enriched on the sur-
face of graphene because of its large specific area. The RB 
5 molecules were concentrated on the graphene layers and 
inclined to Ag@AgCl nanoparticles, through noncovalent 
π–π intermolecular interactions between graphene and 
dye molecules [43]. Then, the active substances could react 
with the pollutant molecules, improving the utilization rate 
of –OH and holes and thereby increasing the decolorization 
efficiency of RB 5 in the system of DBD-Ag@AgCl-Fe3O4/
RGO. Therefore, in the whole system, the synergistic effect 
between DBD and photocatalysts decolorized the organic 
dye molecules, achieving the aim of synergistic degradation.

3.7. Repetition usage-ratio of Ag@AgCl-Fe3O4/RGO materials

Fig. 9 indicates the repetition usage-ratio of Ag@
AgCl-Fe3O4/RGO nanoparticles on the decolorization effi-
ciency of RB 5 dye wastewater in the DBD plasma system. 
As could be seen from Fig. 9, the decolorization efficiency 
only changed about 5% after using the Ag@AgCl-Fe3O4/
RGO catalyst for 5 times. The changes of catalyst Ag@
AgCl-Fe3O4/RGO before and after being used were shown 
in Fig. 10. It could be found that large amounts of silver 
clusters attached to the surface of the catalyst before treat-
ment, while parts of them fell off after 5 times treatments. 
This may be the reason for the decreasing of decolorization 
efficiency of RB 5 after using the catalyst for five times.

Table 8
ANOVA of discoloration efficiency for RB 5

Source Sum of  
squares

Degree of  
freedom

Mean  
square

F-value P-value

Model 344.74 14 24.62 72.23 <0.0001 Significant
A′ 176.33 1 176.33 517.23 <0.0001 Significant
B′ 20.02 1 20.02 58.73 <0.0001 Significant
C′ 15.87 1 15.87 46.55 <0.0001 Significant
D′ 18.01 1 18.01 52.82 <0.0001 Significant
A′B′ 0.090 1 0.090 0.26 0.6154
A′C′ 1.000E-002 1 1.000E-002 0.029 0.8665
A′D′ 1.00 1 1.00 2.93 0.1088
B′C′ 3.42 1 3.42 10.04 0.0068
B′D′ 1.000E-002 1 1.000E-002 0.029 0.8665
C′D′ 10.56 1 10.56 30.98 <0.0001 Significant
A′2 24.16 1 24.16 70.87 <0.0001 Significant
B′2 70.32 1 70.32 206.26 <0.0001 Significant
C′2 22.93 1 22.93 67.25 <0.0001 Significant
D2 30.47 1 30.47 89.39 <0.0001 Significant
Residual 4.77 14 0.34
Lack of fit 4.56 10 0.46 8.61 0.0263
Pure error 0.21 4 0.053
Cor. total 349.51 28

R2 = 0.986; R2
adj = 0.973.
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Fig. 7. Combined effects of four variables on decolorization efficiency (%): (a) contour plot and (b) response surface. 
(I) initial concentration and initial pH, (II) initial concentration and the dosage of catalyst, (III) initial concentration and discharge 
current, (IV) initial pH and the dosage of catalyst, (V) initial pH and discharge current, and (VI) dosage of catalyst and discharge 
current.
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Compared with the catalyst in the industrial application 
which could only use for two times, the nanoparticles Ag@
AgCl-Fe3O4/RGO can be used repeatedly. The high decol-
orization efficiency could still be obtained under the use 
of Ag@AgCl-Fe3O4/RGO catalyst for five times through 
the repetition usage-ratio and morphology analysis. The 
stability of the material, according to our experiment 
on the repeated use rate of the material, it can be seen 
that after 5 cycles of use, the dehydration rate changes 
only by 5%. Therefore, the material has excellent stability.

4. Conclusion

The Ag@AgCl-Fe3O4/RGO nanoparticle was prepared by 
the hydrothermal method, deposition–precipitation method, 

and photoreduction method, and analyzed by XRD, SEM, 
Raman, and VSM. These analyses were all indicated that 
the as-prepared nanoparticles were successful. The opti-
mum conditions of the Ag@AgCl-Fe3O4/RGO preparation, 
namely, the dosages of Fe3O4/RGO, AgNO3, NaCl, and UV 
photoreduction time optimized by RSM were 110 mg, 0.23 g, 
47 mg, and 1.1 h, respectively. Then, the nanoparticle was 
used in decolorizing the RB 5 dye wastewater combined 
with DBD. By validating the effects of four variables on RB 
5 decolorization efficiency, the results showed that the opti-
mal operating conditions were the initial concentration of 
60 mg/L, initial pH of 2, the dosage of the catalyst of 3 mg, 
and discharge current of 1.2 A. The most marked effect on 
the decolorization efficiency was the initial concentration, 
followed by initial pH, discharge current, and dosage of 

Table 9
Response optimization

Initial concentration  
(A, mg/L)

Initial pH  
(B)

Dosage of 
catalyst (C, mg)

Discharge 
current (D, A)

Decolorization efficiency (%)

Predicted (%) Actual (%)

60 2 3 1.2 99.7 99.3

Fig. 8. Synergistic mechanism of DBD-Ag@AgCl-Fe3O4/RGO.
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Fig. 10. Comparison before and after treatment of Ag@AgCl-Fe3O4/RGO: (a) before and (b) after treatment.
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catalyst. Under the optimal operating conditions above, the 
decolorization efficiency reached 99.3% in the DBD-Ag@
AgCl-Fe3O4/RGO system compared with that of 88.6% in 
DBD alone. In addition, the preparation mechanism of Ag@
AgCl-Fe3O4/RGO materials and the synergistic mechanism of 
DBD-Ag@AgCl-Fe3O4/RGO were also studied. Finally, Ag@
AgCl-Fe3O4/RGO materials were found to be reused for five 
times. Therefore, the combination of Ag@AgCl-Fe3O4/RGO 
and DBD plasma has been proved to be an efficient method 
for RB 5 wastewater degradation.
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