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a b s t r a c t
In the present study, an artificial neural network (ANN) and response surface methodology (RSM) were 
used to model the 4-chlorophenol (4-CP) removal in a nanoscale zero-valent iron (nZVI)/persulfate/
water system. The impacts of experimental parameters, including persulfate, nZVI, reaction time, pH, 
and initial 4-CP concentration were considered as input variables in the models. The experiments were 
conducted based on the central composite design (CCD). The CCD of experiments was also employed 
as the training set for ANN models. The results of nZVI/persulfate system on removal of 4-CP indicated 
that the process was directly influenced by the extent of generated sulfate free radicals for the initiation 
of the oxidative degradation of 4-CP. With increasing the persulfate concentration to 2 mM and nZVI 
dosage to 1 g/L in the system, the removal percentage of 4-CP was increased. In addition, the acidic 
condition (pH = 3) turned out to be more favorable than alkaline and neutral conditions for 4-CP elimi-
nation. The modeling results showed that ANN with an R2 value of 0.992 can be more reliable than the 
RSM model with an R2 value of 0.9245. A sensitivity analysis was conducted to determine the relative 
importance of each variable on the ANN model output. The results of the sensitivity analysis showed 
that all factors were important for model output. However, pH was the most influencing factor.

Keywords: Persulfate; nZVI; ANN; RSM; Sensitivity analysis

1. Introduction

Chlorophenols (CPs) are well-known hazardous, water 
soluble, toxic, and endocrine-disrupting chemicals which can 
be discharged into the receiving natural water bodies mainly 
through industrial wastewater effluents from textile and 
paint industries, petroleum refining, and solvent, pesticide, 

and plastic manufacture [1,2]. These compounds are also 
generated from the chlorination of water containing phenol 
as well as waste burning [3–5]. They are categorized as toxic 
pollutants because of their adverse effects on the environ-
ment [6,7], cancer- and mutation-causing agents for animal 
and human beings [1,8], and hardly biodegradable proper-
ties [9]. There are various treatment technologies to remove 
CPs from polluted water and wastewater, such as biological, 
physicochemical, and advanced oxidation processes (AOPs). 
However, the high toxicity and bactericidal activities of CPs 
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and the time-consuming nature of adapting the bacteria 
which are responsible for treating wastewater contain-
ing CPs prevent these kinds of wastewater to be treated by 
biological treatment methods. Physicochemical processes 
such as adsorption, air stripping, filtration, flocculation, and 
precipitation underlie the need for further refinements for 
lately polluted environment [8]. One of the best strategies 
for the elimination of CPs and other persistent organic mat-
ters is AOPs. The basis of these processes is the generation of 
powerful reactive species such as hydroxyl (OH•) and sulfate 
free radicals (SO4

–•) to partially or entirely mineralize these 
compounds and/or produce intermediate products with 
lower toxicity [5,10,11].

In the recent years, the utilization of persulfate (PS) as 
a common oxidant in aqueous solutions has progressively 
increased [12]. The interest in utilizing PS for the degrada-
tion of recalcitrant organic compounds is related to its redox 
potential (E0 = 2.01 V), production of powerful sulfate anion 
free radical, having a high solubility in aqueous solutions, 
and its non-selective property and stable structure [12–15].

Although the oxidation potential of PS is relatively high, 
to increase the efficiency of its overall oxidation potential in 
water and wastewater remediation, it is activated by heat 
(Eq. (1)), transition metals (Eq. (2)), and UV light (Eq. (3)) to 
generate highly reactive sulfate radicals with a higher oxida-
tion potential (E0 = 2.5–3.1 V) than PS anion [10,16].

S O Heat SO2 8
2

42− •−+ →  (1)

S O M SO SO M2 8
2

4 4
2 1− + •− − + ++ → + +n n( )

 (2)

S O SO2 8
2

42− •−+ →hν  (3)

In order to generate sulfate free radicals, transition metal 
ions such as cobalt, silver, and iron are capable of activating 
the PS through the transfer of one electron. However, silver is 
expensive and the former creates negative effects on human 
health. Therefore, their application has been restricted in water 
and wastewater treatment. The latter is preferred because it is 
effective, cheap, and not poisonous, and is known as an envi-
ronmentally friendly activator of PS [9,10,17]. The ferrous ion 
(Fe2+) may be the best choice among transition metal ions as a 
PS activator at room temperature. However, it has two main 
drawbacks. The first drawback is related to its precipitation 
at pH values equal to or greater than 5 which is the typical 
pH in water and wastewater remediation. Consequently, 
the efficiency of remediation systems is reduced due to the 
quick deactivation of ferrous ions in the systems. The second 
drawback is originated from the radical-scavenging nature of 
ferrous ions when their concentrations are high. Hence, a sig-
nificant number of sulfate free radicals produced at the initial 
phase of remediation are scavenged by ferrous ions [18].

Recently, nanoscale zero-valent iron (nZVI) has been 
introduced as an alternative activator of PS gaining popu-
larity among researchers because it is applicable in ambient 
temperature such as transition metal ions. In addition, its sul-
fate free radical scavenging in aqueous media is negligible 

due to the slow release of ferrous ions from nZVI surface 
[16]. Many researchers have successfully used nZVI as a fer-
rous ion source for the activation of PS to degrade various 
pollutants from aqueous solutions, for example, commercial 
alkyl phenol polyethoxylate [19], bentazon [16], alachlor [20], 
dichlorodiphenyltrichloroethanes [21], trichloroethylene [22], 
2,4-dichlorophenol [23], acetaminophen [12], and bisphenol 
[24]. Nevertheless, no researcher has yet presented a model 
for describing the study processes or evaluated the contri-
bution of each parameter in process performance to forecast 
their future behavior with any change in process parameter 
values (such as pH and pollutant concentration) which it is 
likely in the real applications.

Response surface methodology (RSM) is a well-known 
and efficient statistical approach introduced by Box and 
Wilson [25]. This approach includes different mathemati-
cal, graphical, and statistical techniques which can be used 
to identify the relationships between process variables and 
response [25]. Hence, it can be beneficial for improving the 
performance of treatment processes such as AOPs by apper-
ceiving the feasible interactions among process variables. 
Although the RSM model can provide good information on 
the effects of variables and the overall behavior of a system, it 
may be a complex mathematical model. Compared with this 
model, intelligent models have been developed by scientists, 
which can capture experimental data in a proper procedure 
and provide simple intelligent models.

Artificial neural networks (ANNs) are the most well-
known intelligent models introduced along with the expan-
sion of computer and software knowledge [26]. These 
computational techniques provide three main advantages 
compared with RSM modeling:

• Capability in modeling a given process without any need 
for understanding and identification of the complex 
mechanisms involved in the process.

• No need for a high background of statistic because they 
are non-parametric models.

• Capability to learn linear and non-linear relationships 
among variables from a set of examples [27].

Therefore, the main motivations behind the present study 
were evaluating the performance of nZVI/sodium PS in the 
elimination of 4-chlorophenol (4-CP) in different operational 
conditions and developing models with the application of 
ANN and RSM. The contribution of each operational parame-
ters (sensitivity analysis) in ANN model was also investigated.

2. Materials and methods

2.1. Nanoscale zero-valent iron and chemicals

Sodium persulfate (Na2S2O8, ≥99% purity), 4-chloro-
phenol (4-(Cl)C6H4OH, ≥98% purity), 4-aminoantipyrine 
(C11H13N3O, ≥98% purity), and potassium ferricyanide 
(K3[Fe(CN)6], ≥99% purity) were purchased from Merck Co, 
Germany. The adjustment of solution pH was performed 
by H2SO4 and NaOH. Other chemicals such as KH2PO4, 
K2HPO4, and NH4OH were analytical grade. nZVI powder 
with 99.5% purity, 0.45 g/cm3 density, 8–14 m2/g surface area, 
and 35–45 nm particle size was provided from Nanosany 
Corporation (Iran).
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2.2. Experimental procedures

All experiments were carried out in a cylindrical stainless 
steel reactor with the total volume of 6 L by using 2 L of synthetic 
water sample at room temperature. During the experiments, in 
order to avoid any losses of 4-CP from the reactor, it was com-
pletely wrapped. For PS activation, the corresponding amount 
of nZVI powder (0–1 g/L) and sodium persulfate (0–2 mM) was 
mixed with the proper amount of 4-CP (50–500 mg/L) solution 
and pH adjustment (3–11) was carried out by 1 M H2SO4/NaOH. 
In order to provide a homogenized mixture of solution in 
all experiments, the reactor was fixed upon a shaker (model 
BA-SH300; Pars Tep Company, Iran) throughout predesignated 
reaction times (5–90 min) of the process. At the end of the reac-
tion time, a certain amount of sample was taken and evaluated 
to determine the changes in 4-CP concentration. The concen-
tration of 4-CP at different conditions was determined by a 
UV–visible spectrophotometer at the wavelength of 500 nm 
(colorimetric method, 5030D, APHA-2005). The removal per-
centage of 4-CP was calculated based on Eq. (4):

Removal %( ) =
−

×
C C
C
i f

i

100  (4)

where Ci and Cf are the initial and final concentrations of 
4-CP in the process, respectively. It must be noted that, before 
measuring the 4-CP concentration, the samples were filtrated 
using 0.22 μm syringe filter to separate the nZVI and diluted 
with deionized water according to the colorimetric method 
(5030D, APHA-2005).

2.3. RSM and statistical analysis

RSM is an efficient and empirical statistical modeling 
tool based on three approaches which are considered to 
design the experiments’ matrix in a study. These approaches 
are: the expected integrated mean squared error optimal, 
Box–Behnken design, and central composite design (CCD). 
The latter is the most frequently approach to design the exper-
iments by RSM [28]. It is able to create models for evaluating 
the effects of multiple factors and investigating the optimum 
conditions of variables based on the multiple linear analysis 
[29]. In the present study, a CCD-based design of experiments 
with five process parameters, including pH, initial PS concen-
tration, reaction time, initial 4-CP concentration, and initial 
nZVI dosage was applied. A quadratic model and contour plot 
responses were constructed. Analysis of variance (ANOVA) 
which is a set of statistical models was performed using R 
software to analyze the data and predict the responses [30]. 
The main role of ANOVA is to understand which variable or 
which term of the model is statistically significant.

2.4. Artificial neural network modeling

In this study, the Neural Network Toolbox of MATLAB 
R2013a was employed to forecast the removal percentage of 
4-CP from aqueous solutions. In order to develop a predic-
tive model, we constructed a three-layered neural network 
with one input layer, one hidden layer containing the tan-
gent sigmoid activation function (tansig), and one output 

layer containing the linear activation function (purelin). The 
training procedure of the developed models was based on the 
Levenberg–Marquardt algorithm. This algorithm iteratively 
updates the input weights (IW), layer weights (LW), and biases 
(b) of a neural network so that network outputs (predicted val-
ues) would be close to the desired values [28,31]. The architec-
ture of the developed neural network and the structure of a 
neuron in this architecture are shown in Figs. 1 and 2, respec-
tively. As seen in Fig. 1, the number of neurons in the input 
and output layers was equal to the number of input and output 
variables, respectively. Therefore, the input layer of the devel-
oped AANs had five neurons corresponding to the process 
parameters: pH, initial PS concentration, reaction time, initial 
4-CP concentration, and initial nZVI dosage. Also, the output 
layer had one neuron corresponding to the removal percent-
age of 4-CP. However, for network structure optimization, it is 
very important to determine the hidden layer neurons.

In order to guarantee a constant approach and limit the 
computational trouble throughout the training process, ANN 
model inputs and outputs were normalized between –1 and 1. 

Fig. 1. The architecture of the developed neural network (5-14-1).

Fig. 2. Structure of a neuron in the best developed ANN model, 
f(u) in hidden and output layers equals tansig and purelin, 
respectively.
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Moreover, the data were randomly divided into three subsets 
(80% for training, 10% for validation, and 10% for testing) to 
evaluate the robustness of the developed models. MATLAB 
normalization was done by Eq. (5):

y
x x
x x

b a ai=
−
−

× − +min

max min

( )  (5)

where y is normalized value xi, xmax, and xmin are the maximum 
and minimum values of experimental data, respectively; and 
a and b equal to –1 and 1, respectively. The performance of the 
developed ANN models was handled based on the indices 
of mean squared error (MSE) and correlation coefficient (R).

3. Results and discussion

3.1. Central composite design and fitting quadratic model

According to the CCD, a set of 62 experiments, compris-
ing 32 factorial points, 10 axial points, and 20 center points at 
two blocks was obtained by the R software 3.3.2. The levels 
and range of each variable are given in Table 1. In order to 
calculate the coded values of the considered variables, Eq. (6) 
was applied:

x
X X
Xi

i j=
−

δ
 (6)

Here, xi denotes the coded value, δX represents the step 
change, and Xi and Xj, respectively, are the real value of oper-
ating parameter (independent variable) and real value of 
operating parameter in the center point [32].

A total set of experimental runs and corresponding 
responses of 4-CP elimination are presented in Table 2. A sec-
ond-order polynomial equation (Eq. (7)), which can describe 
linear, quadratic, and interactions terms of variables was 
fitted to the experimental results to assess the mathemati-
cal relationship between the five operating factors and 4-CP 
removal percentage.

y x x x xi ii ij i j
ji

ii i
i

= + + + +
=
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5

1

5
2

1

5
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In which y (response) indicates the predicted removal 
(%); xi and xj denote operating parameters (independent 
factors); and β0 shows the coefficient of model intercept. 
Parameters of βi, βii, and βij are the coefficients for linear, qua-
dratic, and cross-product (interaction) terms, respectively 
[33]. To validate the adequacy of the developed quadratic 
model, ANOVA was applied. The coefficient of determina-
tion (R2) and adjusted coefficient of determination along with 
model lack of fit were also calculated to figure out the good-
ness of the model. Table 3 presents the results of ANOVA on 
the experimental data by applying the multiple regression 
analysis. A quadratic regression equation (Eq. (8)) was gen-
erated from the analysis which included five main effects 
(linear terms), three quadratic effects (quadratic terms), and 
seven interaction effects (interaction terms), in which Y is 
4-CP elimination, and X1, X2, X3, X4, and X5 are pH, initial PS 
concentration, reaction time, initial 4-CP concentration, and 
initial nZVI dosage, respectively. The p values of each term 
were evaluated to determine their significance.

Y X X X X
X X X

= − + + −
+ − +
43 926 7 664 9 866 3 917 3 833
7 95 7 009

1 2 3 4

5 1 2
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. . 44 576 15 71
11 718 8 038 10 237
5 764

1 4 1 5

2 3 2 4 3 5

. .
. . .

.

X X X X
X X X X X X

−
− − −

− XX X X X X4 5 1
2

3
2

5
214 763 10 818 7 196+ + −. . .

 (8)

The results of the developed quadratic model (Table 3) 
indicated that the effects of X1, X2, X3, X4, X5 (linear terms), 
X1X2, X1X5, X2X3, X2X4, X3X5, X4X5 (interaction terms), and X1

2, 
X3

2 and X5
2 (quadratic terms) were significant (p < 0.05). The 

fit of the quadratic model was evaluated with R2, adjusted R2, 
and lack-of-fit index. In the present study, the values of R2, 
adjusted R2, and model lack of fit equaled 0.9245, 0.8877, and 
0.05069, respectively. Furthermore, p value and F statistic of 
the model were 2.2 × 10–16 and 32.19, respectively. Thus, it can 
be concluded that the pattern of 4-CP removal is properly 
explained by the model.

3.2. Effect of zero-valent iron nanoparticles’ dose

Zero-valent iron nanoparticles are a potential source of 
Fe2+. They have an ability to provide ferrous iron ions from 
the surface as well as supply the needed Fe2+ ions perma-
nently without any radical scavenger feature. In the sodium 
persulfate/nZVI system, PS is converted to sulfate radicals 
through supplied ferrous iron ions during the surface oxi-
dation of nZVI [12,17,18,36]. These generated sulfate radicals 
can decompose 4-CP. In addition, in aqueous solutions, the 
oxidation of nZVI via dissolved oxygen can also generate 
superoxide radicals and reactive oxygen species (hydroxyl 
and Fe(IV)) which can improve system performance (Fig. 3) 
[34]. In this study, we measured the DO level only at the 
beginning of the process which was about 2 mg/L.

To determine the effects of nZVI dose on the elimination 
of 4-CP, various amounts of nZVI (0, 0.3, 0.5, 0.7, and 1 g/L) 
were employed. The TEM and SEM pictures of the used 
nZVI along with the certificate of analysis are presented in 
Fig. 4. The contour plots of nZVI vs. pH, nZVI vs. reaction 
time, and nZVI vs. initial 4-CP concentration are presented 
in Figs. 5(a)–(c), respectively. As can be seen in these contour 

Table 1
Experimental parameters and coded levels of variables

 Factor Variable Coded levels
–1 –0.42 0 0.42 1

pH X1 3 5.3 7 8.7 11
Persulfate 
(mM)

X2 0 0.58 1 1.42 2

Reaction time 
(min)

X3 5 30 47.5 65 90

4-CP (mg/L) X4 50 180 275 369 500
nZVI dosage 
(g/L)

X5 0 0.3 0.5 0.7 1
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plots, the removal percentage of 4-CP increases with increas-
ing the nZVI dosage. The best nZVI dosage to achieve max-
imum removal efficiency was found to be 1 g/L. In fact, the 
highest elimination of 4-CP was attained at maximum con-
centration of ferrous ions due to the higher generation of 
sulfate free radicals with increasing the nZVI dosage. Two 
hypotheses are possible for ferrous ion production in the 
ZVI–peroxydisulfate (PDS) system. The first is that, during 
the Fenton-like reaction, electron is transferred directly from 
ZVI to PDS by a mechanism similar to Haber–Weiss. The 

second is that both aerobic and anaerobic conditions might 
have caused iron corrosion via the following reaction:

2Fe0 + O2 + 2H2O → 2Fe2+ + 4OH−  (9)

Fe0 + 2H2O → Fe2+ + 2OH− + H2  (10)

Iron can possibly induce reductive PDS decomposition 
as it is a strong electron donor. Furthermore, PDS per se is 

Table 2
Central composite design of experiments and responses for 4-CP removal

Runs Variables Response
Removal

Runs Variables Response
RemovalX1 X2 X3 X4 X5 X1 X2 X3 X4 X5

1 8.7 0.58 30 180 0.29 34.8 32 7 1 47.5 275 0.5 46
2 5.3 1.42 30 180 0.29 50.8 33 7 1 47.5 275 0.5 43.6

3 8.7 0.58 30 369 0.29 39 34 5.3 0.58 65 180 0.71 56.12

4 8.7 1.42 65 180 0.29 48.32 35 8.7 1.42 65 369 0.29 46.11

5 5.3 0.58 30 180 0.71 52 36 7 1 47.5 275 0.5 43.41

6 5.3 1.42 30 180 0.71 67 37 5.3 1.42 65 180 0.29 57.23

7 5.3 1.42 30 369 0.71 60.4 38 8.7 0.58 65 369 0.29 49.95

8 8.7 0.58 65 180 0.29 46.7 39 5.3 1.42 65 180 0.71 66.94

9 8.7 1.42 30 180 0.71 56.5 40 8.7 0.58 30 369 0.71 39.23

10 7 1 47.5 275 0.5 46.41 41 8.7 1.42 65 369 0.71 40.14

11 5.3 0.58 30 180 0.29 35 42 7 1 47.5 275 0.5 42.31

12 5.3 1.42 65 369 0.29 48.93 43 11 1 47.5 275 0.5 47.41

13 8.7 1.42 30 369 0.71 51.4 44 7 1 47.5 500 0.5 39.34

14 8.7 1.42 65 180 0.71 50.23 45 3 1 47.5 275 0.5 63.8

15 8.7 0.58 30 180 0.71 37.65 46 7 1 47.5 275 0.5 45.41

16 5.3 1.42 30 369 0.29 45.94 47 7 1 47.5 275 0 24.52

17 7 1 47.5 275 0.5 45.41 48 7 1 47.5 275 1 42.77

18 8.7 1.42 30 180 0.29 47.12 49 7 1 47.5 275 0.5 40.26

19 7 1 47.5 275 0.5 43.54 50 7 0 47.5 275 0.5 27.5

20 7 1 47.5 275 0.5 43.21 51 7 1 47.5 275 0.5 46.34

21 7 1 47.5 275 0.5 44.1 52 7 1 47.5 275 0.5 44.32

22 8.7 0.58 65 180 0.71 45.23 53 7 1 47.5  50 0.5 46.34

23 7 1 47.5 275 0.5 46 54 7 1 47.5 275 0.5 45.36

24 8.7 1.42 30 369 0.29 44.6 55 7 1 47.5 275 0.5 43.12

25 5.3 0.58 65 369 0.71 49.6 56 7 2 47.5 275 0.5 47.35

26 5.3 0.58 30 369 0.71 48.23 57 7 1 47.5 275 0.5 39.96

27 5.3 0.58 30 369 0.29 35.5 58 7 1 5 275 0.5 47

28 8.7 0.58 65 369 0.71 42.48 59 7 1 47.5 275 0.5 39.54

29 5.3 0.58 65 369 0.29 44.36 60 7 1 47.5 275 0.5 42.7

30 5.3 1.42 65 369 0.71 57.3 61 7 1 90 275 0.5 56.32

31 5.3 0.58 65 180 0.29 44.7 62 7 1 47.5 275 0.5 44.76



297M. Baziar et al. / Desalination and Water Treatment 112 (2018) 292–302

an oxidant, tending to snitch electron to produce sulfate rad-
ical, the presence of which improves the dissolution of ZVI 
(Eq. (11)), the same as aqueous oxygen [17].

S2O8
2− + Fe0 → 2SO4

2− + Fe2+  (11)

3.3. Effect of persulfate and 4-CP concentration 
on 4-CP elimination

The results of nZVI/PS system on the removal of 4-CP 
imply that the process was directly influenced by the extent 
of generated sulfate free radicals to the initiation of the 
oxidative degradation of 4-CP. With increasing the PS con-
centration from 0 to 2 mM, removal efficiency was increased. 
This behavior may be explained by the increase in the amount 
of generated sulfate free radicals. The highest removal was 
observed in higher concentrations of PS (2 mM). The contour 
plots of PS vs. pH, PS vs. reaction time, and PS vs. initial 4-CP 
concentration are presented in Figs. 5(d)–(f), respectively. 
The removal efficiency also depended on the initial amounts 
of 4-CP concentration (Fig. 5(f)). The influence of initial 
concentration on 4-CP elimination in the nZVI/PS system 
was examined in the range of 50–500 mg/L. Based on the 
contour plot of PS vs. initial 4-CP concentration, the removal 
percentage increases with increasing the PS concentration 
and decreasing 4-CP concentration. This can be due to the 
lower covering of active sites for PS on the iron surface 
[14]. In higher concentrations of 4-CP, its molecules can be 
adsorbed on the nZVI surface and can reduce active sites on 
the iron surface for PS activation. Therefore, free reactive rad-
icals are not formed enough in the nZVI/PS system to break 
down the 4-CP [17].

3.4. Effect of reaction time and pH on 4-CP elimination

Figs. 5(b) and (e) show that changes in 4-CP concentra-
tion are a function of reaction time. Based on these figures, 
removal efficiency increases with increasing the nZVI dosage 

Table 3
Estimated coefficients of the fitted quadratic model on 4-CP 
removal percentage

Model term Coefficient 
estimate

SE t Value p Value

Intercept 43.926 0.508 88.448 2.20 × 10–16

X1 –7.664 0.951 –8.058 2.42 × 10–10

X2 9.866 0.951 10.374 1.24 × 10–13

X3 3.917 0.951 4.118 1.56 × 10–4

X4 –3.833 0.951 –4.031 2.06 × 10–4

X5 7.950 0.951 8.362 8.75 × 10–11

X1:X2 –7.009 2.631 –2.663 0.010

X1:X4 4.576 2.631 1.739 0.088

X1:X5 –15.710 2.631 –5.969 3.215 × 10–7

X2:X3 –11.718 2.631 –4.452 5.36 × 10–5

X2:X4 –8.038 2.631 –3.0544 0.003

X3:X5 –10.237 2.631 –3.890 0.0003

X4:X5 –5.764 2.631 –2.190 0.033

X1
2 14.763 1.837 7.938 3.64 × 10–10

X3
2 10.818 1.837 5.791 5.94 × 10–7

X5
2 –7.196 1.837 –4.013 0.0002

Fig. 3. Generation of superoxide radicals and reactive oxygen 
species from nZVI. 

Fig. 4. Characterization of nZVI: (a) TEM and (b) SEM. 
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and PS concentration increasing along with the reaction time. 
This can be due to the fact that nZVI is a source of ferrous 
iron and can release ferrous iron gradually to generate sul-
fate free radicals [12].

Figs. 5(a) and (d) demonstrate the effect of pH in the  
nZVI/PS system. Based on these figures, the removal effi-
ciency increases with decreasing solution pH and increas-
ing nZVI and PS concentrations. It is demonstrated that 
the acidic condition is more favorable than alkaline and 
neutral conditions for the removal of 4-CP. This may be 
because the more the increase in H+ concentration, and con-
sequently the more the acid catalyzation, the greater the 
SO4

−• formation [12]. Since this is known as one of the most 
important oxidants, rise of this active species can lead to 
further degradation of 4-CP. It is believed that the PS oxida-
tion process which involves SO4

−• or •OH has an important 
contribution to the fractionation of organic contaminants in 
PS–ZVI systems. Accordingly, in order to identify the exis-
tence of SO4

−• and •OH, radical scavenger tests are utilized 
during pollutant breakdown in the PS/Fe0 process. It has 

been shown by Zhao et al. [17] that methanol addition as 
SO4

−• and •OH scavengers completely quenches the reaction 
in the PS–ZVI system, which could be moderately repressed 
through adding TBA as an •OH scavenger. They further 
recommended that SO4

−• be the principal radical species 
capable of degrading 4-CP. Hussain et al. [13] reported 
similar results on scavenger tests. Also, previous reports 
indicate that acidic conditions favored sulfate radical pre-
dominance whereas hydroxyl radical was more conspicu-
ous in basic conditions [35]. Additionally, the corrosion of 
Fe0 might have been exacerbated by the initial acidic pH, 
leading to further release of Fe2+ and possible PS activation. 
The formation of SO4 increases in acidic conditions because 
of acid-catalyzation through Eqs. (12) and (13) [36].

S O H HS O2 8
2

2 8
− + −+ →  (12)

HS O SO SO H2 8 4 4
2− •− − +→ + +  (13)
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Fig. 5. Contour plots of 4-CP elimination in the nZVI/persulfate system as a function of (a) pH and nZVI dose; (b) time and nZVI dose; 
(c) 4-CP concentration and nZVI dose; (d) pH and persulfate; (e) persulfate and time; (f) persulfate and 4-CP concentration.
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As also pointed out by Bremner et al. [37] and Kusic et al. 
[38], SO4

−• formation from PS is hastened by acidic pH levels 
during ZVI/PS oxidation.

Removal percentage is low in alkaline and neutral pHs. 
This can be due to the precipitation of ferrous and ferric ions 
(Fe3+ and Fe2+) and the formation of (oxy)hydroxides. Whereas 
these (oxy)hydroxides are insoluble in higher pH, they have 
little ability to produce sulfate free radicals in terms of acti-
vating the PS. Additionally, another plausible justification 
can be attributed to the fact that alkaline and neutral pH 
increase the occurrence of passivation on the surface of nZVI. 
The following equations are proposed for the formation of 
(oxy)hydroxides in the system [13,14].

Fe H O FeOH H3
2

2+ + ++ → +  (14)

Fe H O Fe OH H3
2 2

4
2 2 2+ + ++ → ( ) +  (15)

2 2 2 23
2 2

4
Fe H O Fe OH H+ + ++ → ( ) +  (16)

Fe OH Fe OH2
22+ −+ → ( )  (17)

Nevertheless, in higher alkaline conditions of the  
nZVI/PS system, 4-CP can be removed due to the alkaline 
activation of PS and generation of sulfate radicals. The alka-
line activation of PS can be explained with Eq. (18) [14]:

2 2 3 42 8
2

2 4 4
2

2S O H O SO SO O H− •− − −• ++ → + + +  (18)

Zhao et al. [17] suggested a mechanism for the degra-
dation of 4-CP in which 4-CP is charged by free radicals to 
remove chlorine (Cl) atoms from the structure of compound, 
leading to the production of hydroquinone. The molecules 
of this compound are then converted into 1,4-benzoquinone 
in the dehydrogenation process. The degradation of 1,4-ben-
zoquinone ring is facilitated by the presence of excess free 
radicals in the system, resulting in the formation of aliphatic 
acids which eventually produce CO2 molecules in a series of 
successive oxidation steps.

3.5. Reusability

A critical feature of a catalyst is its constancy for environ-
mental technology applications. Thus, this research examined 
the efficiency of catalyst recycle through a two-cycle trial for 
4-CP fractionation conducted separately under similar set-
tings. To do this, initial concentrations of 4-CP (180 mg/L), 
nZVI (0.71 g/L), and PS (1.42 mM) were used in pH = 5.3 and 
the reaction time of 30 min. The residual solution from the 
breakdown of the catalyst was filtered and rinsed and the 
solid was dried by following each experiment. Under identi-
cal experimental conditions, the dried catalyst samples were 
reused for 4-CP degradation. After two catalytic cycles, a 
decrease in catalytic activity from 67% to 55% of degraded 
4-CP was obtained by recycling trials. Such reduced catalytic 

activity may have been caused by partial deactivation of the 
catalyst surface resulting from continuous adsorption of 
intermediate species [39].

3.6. ANN-based modeling

To design a robust ANN-based model, various hidden 
layer neurons from 1 to 30 were investigated. The maximum 
value of correlation coefficient (R) and the minimum value of 
MSE for training, validation, and testing sets were employed 
to choose the best ANN model architecture. The results of 
different neuron numbers and corresponding R and MSE 
values are presented in Table 4. It was found that, when the 
network developed with a total hidden-layer neurons equals 
to 14 (bold values) resulted to the R values 0.998, 0.985, and 
0.999 and corresponding MSE values 0.0003, 0.004, and 
0.003 for training, validation, and testing sets, respectively. 
Thus, the suitable structure of the developed ANN-based 
model (Fig. 1) was one input layer with five neurons (pH, 
initial PS concentration, reaction time, initial 4-CP concen-
tration, and initial nZVI dosage), one hidden layer with 14 
neurons, and one output layer with one neuron (percentage 
removal). Fig. 6(a) illustrates the predicted values of 4-CP 
removal in training, validation, testing, and all prediction 
sets vs. experimental result data. This figure also includes 
the best linear fit, namely y = 1.0096x – 0.3459 and R2 = 0.9926 
for all datasets. The R2 value of 0.9926 demonstrates that the 
developed model with 5-14-1 structure can explain 99.26% 
of variation in the forecasted and actual values. The distri-
bution of residual errors (actual value–forecasted value) for 
training, validation, and test datasets is shown in Fig. 6(b). 
As seen in this figure, the deviancy of residual error val-
ues was relatively low. These results illustrate that there is 
good compatibility between ANN forecasted values and 
experimental values.

3.7. Sensitivity analysis

To determine the relative importance of each variable 
(input variables) on model output, a sensitivity analysis 
based on the neural network weight matrix (an equation 
method proposed by Garson for the best ANN model) was 
carried out. The principal of the Garson equation (Eq. (19)) is 
partitioning ANN connection weights [40]. Table 5 displays 
the weight matrix produced for the ANN model in this study.
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Here, Ij is the relative importance (%) of the jth parameter 
on the ANN model output; Nh and Ni are hidden and input 
layer neurons, respectively; W is related to ANN connection 
weights; o, h, and i indices belong to output, hidden, and 
input layers, respectively; and n, m, and k are neuron num-
bers in output, hidden, and input layers, respectively [40].
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Table 4
Dependence among the number of neurons in the hidden layer, R value, and MSE, for ANN models with normalized data

Neuron number Training Validation Testing
MSE R value MSE R value MSE R value

1 0.077 0.742 0.107 0.694 0.21 0.385
2 0.042 0.815 0.036 0.805 0.148 0.705
3 0.051 0.798 0.031 0.805 0.029 0.847
4 0.003 0.99 0.029 0.806 0.035 0.703
5 0.008 0.968 0.004 0.951 0.06 0.906
6 0.0007 0.997 0.01 0.98 0.0008 0.96
7 0.002 0.99 0.016 0.968 0.034 0.979
8 0.0005 0.997 0.009 0.911 0.036 0.921
9 0.0009 0.995 0.026 0.954 0.019 0.976
10 0.0002 0.999 0.089 0.943 0.007 0.986
12 0.0004 0.998 0.051 0.974 0.09 0.899
13 0.002 0.993 0.033 0.971 0.002 0.983
14 0.0003 0.998 0.004 0.985 0.003 0.999
15 0.0003 0.998 0.013 0.982 0.017 0.961
16 0.0007 0.997 0.0137 0.944 0.023 0.968
17 0.021 0.943 0.011 0.982 0.027 0.979
18 0.00027 0.999 0.0024 0.987 0.024 0.94
19 0.0019 0.989 0.093 0.914 0.0242 0.963
20 0.00027 0.998 0.032 0.906 0.039 0.959
21 0.0009 0.996 0.003 0.995 0.088 0.937
22 0.015 0.964 0.089 0.952 0.022 0.963
23 0.012 0.963 0.021 0.911 0.081 0.84
24 0.0026 0.992 0.03 0.974 0.096 0.969
25 0.0003 0.998 0.028 0.948 0.071 0.847
26 0.0088 0.974 0.033 0.941 0.03 0.933
27 0.035 0.927 0.117 0.818 0.175 0.786
28 0.003 0.992 0.052 0.926 0.292 0.791
29 0.0004 0.997 0.093 0.908 0.135 0.729
30 0.001 0.994 0.03 0.934 0.06 0.904

Fig. 6. Comparison of ANN results and experimental data (a); distribution of the residual for training, validation, and test dataset (b).
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It is clear that all input variables (pH, PS concentration, 
reaction time, initial 4-CP concentration, and nZVI dosage) 
had potential effects on 4-CP removal. However, the most 
important variable was pH with a relative importance of 
26%, followed by PS concentration, nZVI dosage, and reac-
tion time with an importance of 24%, 20%, and 18%, respec-
tively. Furthermore, the least relative importance belonged 
to 4-CP concentration (with an importance of 12%). These 
indicate that the selected range of nZVI and PS is reliable for 
a variety strength of synthetic wastewater.

4. Conclusion

We studied a process of oxidation which employed nZVI 
in combination with sodium persulfate. The process was 
successful in the removal of 4-CP by producing free radicals 
such as sulfate. The present study showed that the combina-
tion of nZVI and sodium persulfate can be a possible strategy 
for the removal of organic matters from aqueous solutions. In 
the modeling step, the effects of various operating parame-
ters, including nZVI dosage, reaction time, PS concentration, 
pH, and 4-CP concentration on removal percentage were 
assessed by applying ANN and RSM techniques. The fore-
casted removal percentage, achieved from ANN and RSM, 
was compared with experimental removal in terms of deter-
mination coefficient (R2) value. The ANN method with the 
R2 value of 0.992 was superior to the RSM model in catch-
ing the linear and non-linear pattern of the nZVI/PS system. 
To determine the relative importance of each variable (input 
variables) on model output, a sensitivity analysis based on 
the neural network weight matrix was used for the best ANN 
model. The results showed that all input variables (pH, PS 
concentration, reaction time, initial 4-CP concentration, 
and nZVI dosage) have potential effects on 4-CP removal. 
Nevertheless, the most important variable is pH, followed 

by PS concentration, nZVI dosage, reaction time, and 4-CP 
concentration.
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