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Abstract: In this study, the degradation of bisphenol A (BPA) by a magnetite (Fe3O4)/persulfate
(PS) system was investigated. The effects of magnetite dosage, PS concentration, BPA concentration,
and pH on Fe3O4-activated PS in degrading BPA were investigated using single factor experiments.
magnetite dosage, PS concentration, and pH were identified as factors in the response surface experi-
mental protocol. Using Box-Behnken analysis, a quadratic model with a high correlation coefficient
(0.9152) was obtained, which was accurate in predicting the experimental results. The optimal pa-
rameter conditions obtained by the response surface methodology (RSM) were [magnetite] = 0.3 g/L,
[PS] = 0.26 mM, and pH = 4.9, under which the predicted BPA degradation rate was 59.54%, close to
the real value.
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1. Introduction

In recent years, the extensive industrial usage of bisphenol A (BPA) and unregulated
discharge of wastewater have led to widespread residues of BPA in surface water sources.
According to previous study, trace amounts of BPA in water sources can interfere with the
endocrine system of organisms and the humans [1]. Current studies on BPA have mostly
focused on its origin, migration transformation, and potential endocrine disruption to
organisms in the natural water environment. BPA is a diphenylmethane derivative with
two hydroxyphenyl groups (Table 1) [2], and it is very difficult to be biodegraded in natural
water bodies. As conventional water treatment processes (coagulation, sedimentation,
filtration, etc.) have a limited effect on BPA degradation [3], it is necessary to develop new
processes to treat endocrine disruptors (including BPA) in water sources.

The effectiveness of advanced oxidation processes (AOPs) for the degradation of
refractory pollutants such as BPA in water is generally recognized. The AOPs mainly
rely on the strong oxidizing free radicals (hydroxyl radicals, •OH and sulfate radicals,
SO4

•−) generated in the water to degrade organic pollutants. Hydrogen peroxide (H2O2)
and ozone (O3) can be activated to produce hydroxyl radicals in several AOPs, such
as UV/H2O2, UV/O3, H2O2/O3, UV/photocatalyst, Fenton (Fe2+/H2O2), Fenton-like
processes, and various combinations of these [4,5]. These processes have been studied
earlier, and especially the Fenton and ozone processes have already been applied in actual
wastewater treatment. However, these processes still have the disadvantages of poor
stability of the oxidizing agent and harsh reaction conditions [4]. Currently, AOPs based on
sulfate radicals have attracted a lot of attention in the treatment of refractory pollutants,
even BPA [6,7], as sulfate radicals are considered to be more advantageous than hydroxyl
radicals in oxidizing organic matter. The sulfate radicals (E0 = 2.6–3.1 V) possess a higher
redox potential than the hydroxyl radicals (E0 = 1.9–2.8 V) [8], and the half-life of the sulfate
radicals (t1/2 = 30–40 µs) is longer than that of the hydroxyl radicals (t1/2 ≤ 1 µs) [9]. Due
to the higher selectivity of sulfate radicals compared to hydroxyl radicals, sulfate radicals
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can be employed to attack directly at specific functional groups (–NH2,–OH, and –OR) via
electron transfer reactions [9,10].

Table 1. Properties of BPA.

Name CAS No. Molecular
Formula

Molecular
Weight Color Structure

Bisphenol A 80-05-7 C15H16O2 228.29 White
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Previous studies have shown that sulfate radicals generated from peroxymonosulfate
(PMS, HSO5

−) or persulfate (PS, S2O8
2−) can effectively degrade refractory pollutants in

wastewater under the action of carbon-based materials, transition metals (Fe, Co, Cu, Mn),
ultraviolet light, microwaves, and ultrasound [11–16]. PMS or PS is a monosubstituted
or symmetrically substituted derivative of hydrogen peroxide by sulfo moiety [17]. PMS
possesses an asymmetrical structure the distance of the O-O bond is 1.453 Å, and the bond
energy is estimated to be 140–213.3 kJ/mol [12]. PS has a symmetrical structure; the distance
of the O-O bond is 1.497 Å, and it has a bond energy of 140 kJ/mol [12]. Sodium persulfate
with high stability and water solubility is preferred for use in wastewater treatment [17].
According to the previous report, the transition metal Fe has been extensively studied
in activating PS to generate sulfate radicals to degrade refractory pollutants owing to its
environmental friendliness, low price, and excellent activation of Fe [18]. Zero-valent
iron and ferrous salt were used in the studies of activating PS to degrade BPA, and the
influence of some reaction parameters and the reaction mechanism were clarified [19–23].
Several studies were found involving the activation of PS degradation of BPA by Fe3O4
(magnetite) [24–27]. Magnetite has more advantages than zero-valent iron and ferrous salt
in activating PS. Since the solubility of ferrous metal is high, the ferrous iron in the solution
is easy to be excessive, and the excessive ferrous iron will extinguish the sulfate radicals
formed in the reaction and reduce the reaction rate [28]. While acting as a heterogeneous
activator, magnetite, which contains ferrous and ferric iron, can continuously release iron
into the aqueous solution, thus avoiding the problem of iron excess [29]. In addition,
the equilibrium of ferrous iron and ferric iron in water can be achieved in the Fe3O4/PS
system so that the reaction is in a stable state. Compared with the heterogeneous activator,
zero-valent iron, the advantage of magnetite is that it has strong paramagnetism and can
be separated under the action of an external magnetic field in solution [30]. Therefore,
magnetite is considered a suitable PS catalyst for practical applications. But the current
research on Fe3O4/PS is not enough to support its large-scale practical application in
the future. Further research is especially needed in the optimization of experimental
influencing factors in the Fe3O4/PS system towards BPA degradation.

In this paper, research on the activation of PS to degrade BPA via magnetite was
carried out. Single factor experiments were performed to identify the key influencing
factors in the Fe3O4/PS/BPA system, and the Box-Behnken response surface methodology
(RSM) was used to investigate the optimal effects of the above key influencing factors on
BPA degradation. This study is expected to provide a corresponding theoretical basis for
the removal of endocrine disruptors, even BPA, from the Fe3O4/PS system.

2. Results and Discussion
2.1. Single-Factor Experiments

The effects of the dosage of magnetite, the concentration of PS, the concentration of
BPA, and the initial pH on the BPA decomposition in the Fe3O4/PS system were investi-
gated. The value range of each parameter was set as follows: magnetite dosage: 0, 0.1, 0.2,
0.3, 0.4, and 0.5 g/L; PS concentration: 0, 0.1, 0.2, 0.3, 0.4, and 0.5 mM; BPA concentration: 1,
2, 3, 4, and 5 mg/L; pH: 3.0, 5.0, 7.0, and 9.0.
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Figure 1 shows the trend of BPA removal over time due to variations in Fe3O4 dosage.
When the magnetite dosages were 0, 0.1, 0.2, 0.3, 0.4, and 0.5 mg/L, the corresponding
BPA degradation rates at 60 min were 19.68%, 41.94%, 56.46%, 53.92%, 59.60%, and 50.96%,
respectively. It can be seen that in the range of 0.2–0.5 mg/L magnetite, above 50% of BPA
degradation rates were reached. Strangely, the degradation rate of 0.5 mg/L magnetite on
BPA was lower than that of 0.4 mg/L magnetite. It is speculated that the reason may be
the decrease in free radical concentration caused by excess Fe2+ from magnetite, which in
turn affects the degradation of BPA. Previous studies have also found that too high a Fe3O4
concentration is not conducive to the degradation of target pollutants [31]. Therefore, in
the subsequent RSM optimization experiments, the catalyst magnetite level can be selected
around 0.4 g/L.
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Figure 1. The effect of magnetite dosage on BPA degradation. [BPA] = 5 mg/L, [PS] = 0.2 mM,
T = 20 ◦C, pH = 7.0.

Figure 2 depicts the effect of PS concentration variation on the BPA removal rate.
When the PS was between 0.3 mM and 0.5 mM, the BPA removal rate varied between
60.62–66.56%, and this variation was not significant. Therefore, it is wasteful to inject too
much oxidant. In addition, too high a PS could deplete the free radicals already generated
by the reaction [32,33]. In the subsequent RSM experiments, three PS levels of 0.1 mM,
0.2 mM, and 0.3 mM were chosen.

Figure 3 shows that as the BPA concentration increased from 1.0 mg/L to 5.0 mg/L,
the 60-min degradation rate of BPA decreased. It was possible that the substrate was raised
but the amount of oxidant and catalyst did not change, so there were not enough free
radicals available. Generally, by controlling the ratio of catalyst and oxidant and increasing
their absolute amounts, the increase in initial BPA concentration can be effectively dealt
with. Therefore, BPA was not selected as a parameter for the subsequent RSM experiments.

Figure 4 reveals the effect of pH value on the degradation of BPA in the Fe3O4/PS
system. It can be seen from Figure 4 that significant BPA removals (42.22–59.16%) were
achieved at pH 3.0–7.0, while the removal rate was minimal (25.50%) at pH 9.0. The reason
for the better degradation effect of BPA under acidic conditions may be that magnetite can
release more soluble iron ions under acid corrosion to promote the activation reaction of
PS. However, under alkaline conditions, iron ions easily exist in the form of Fe(OH)3, thus
weakening the catalytic effect on PS. According to the data from above, three pH levels of
3.0, 5.0, and 7.0 were chosen for the RSM experiments.
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2.2. RSM Experiments

The magnetite dosage (A), PS concentration (B), and pH (C) were used as independent
variables, and three levels were selected for each independent variable based on the results
of single-factor experiments. The factor levels and codes are shown in Table 2. The
Box-Behnken central combination design in Design-Expert was used to determine the
experimental design scheme for the degradation of BPA by PS activated by Fe3O4, and
the results of the experiments conducted according to the experimental scheme are shown
in Table 3.

Table 2. Factors and levels of independent variables.

Independent Variables Symbols Range and Levels

−1 0 +1

Magnetite dosage (g/L) A 0.3 0.4 0.5
PS concentration (mM) B 0.1 0.2 0.3

Initial pH C 3.0 5.0 7.0

Table 3. Scheme and experimental results of response surface design.

Run A: Magnetite(g/L) B: PS(mM) C: Initial pH
BPA Removal (%)

Actual Value Predicted Value

1 0 1 −1 16.14 25.46
2 0 −1 1 3.24 −6.08
3 0 −1 −1 9.16 9.36
4 0 0 0 50.20 52.34
5 −1 0 1 14.12 22.23
6 −1 0 −1 30.04 28.64
7 −1 1 0 65.52 57.60
8 0 0 0 59.80 52.34
9 0 0 0 46.90 52.34

10 −1 −1 0 32.48 33.69
11 1 0 −1 39.02 30.91
12 1 1 0 50.60 49.39
13 0 0 0 51.90 52.34
14 1 −1 0 26.80 34.72
15 1 0 1 11.38 12.79
16 0 1 1 16.58 16.38
17 0 0 0 52.90 52.34

Multiple regression analysis was applied to the responses and the design matrix, and
the quadratic polynomial fitting equations were eestablished for magnetite dosage (A), PS
concentration (B), pH (C), and BPA removal rate (Y), as shown in Equation (1).

Y = 52.34 − 1.79A + 9.64B − 6.13C − 2.31AB − 2.93AC + 1.59BC + 1.94A2 − 10.42B2 − 30.63C2 (1)

Table 4 illustrates the ANOVA (analysis of variance) of the regression model. The
F-value of the quadratic model was 8.39, and the p-value (0.0052) was less than 0.05. A
p-value < 0.05 expresses that the model is significant, while a value > 0.1000 specifies
that the model is not significant [34]. The R2 value was 0.9152. These results clearly
demonstrated the stability and significance of proposed model. The adequacy of the model
test is a key analytical step to verify the result is accurate or misleading [35]. Figure 5 shows
that the normal plot of residuals met the straight line, suggesting that it was a normal
distribution. The graph of residuals versus predicted data indicated that the residues were
distributed randomly (Figure 6), attesting that the primitive observation variation was
quite stable for all response results [36]. Figure 7 indicates that the predicted and actual
experimental values were distributed along the linear function, indicating a significant
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correlation in these values [37]. In addition, the predicted values of BPA degradation can
be found in Table 3.

Table 4. ANOVA and test of significance.

Source Sum of Squares DF Mean Square F-Value p-Value

Model 5700.29 9 633.37 8.39 0.0052 significant
A-Magnetite 25.78 1 25.78 0.34 0.5773
B-Persulfate 744.21 1 744.21 9.86 0.0164

C-pH 300.62 1 300.62 3.98 0.0862
AB 21.34 1 21.34 0.28 0.6113
AC 34.34 1 34.34 0.45 0.5216
BC 10.11 1 10.11 0.13 0.7252
A2 15.77 1 15.77 0.21 0.6615
B2 457.60 1 457.60 6.06 0.0433
C2 3951.59 1 3951.59 52.35 0.0002

Residual 528.35 7 75.48
Lack of Fit 438.02 3 146.01 6.47 0.0516 not significant
Pure Error 90.33 4
Cor Total 6228.64 16 22.58

R2 = 0.9152
Adjusted R2 = 0.8061

C.V.% = 25.61
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The 3D response surface and contour plots are given in Figures 8–10. The nonlinear na-
ture of the presented 3D surfaces and contour plots clearly shows considerable interactions
among the studied process parameters [36]. Figure 8 showed that the change in magnetite
dosage did not significantly affect the height of the surface, which meant that magnetite
dosage had little effect on BPA degradation. In Figure 9, the variation in pH value caused
the deformation of the curved surface more than the variation in PS concentration, indicat-
ing that the effect of pH on the degradation of BPA was greater than that of PS. As can be
seen in Figure 10, the effect of pH on BPA degradation was significantly higher than that of
magnetite dosage. Therefore, the factors affecting the degradation of BPA are as follows,
according to their importance: pH, persulfate concentration, and magnetite dosage.
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Figure 11 shows the prediction plot of optimized conditions for BPA degradation. The
optimal reaction conditions obtained from the software analysis were: 0.3 g/L of magnetite,
0.26 mM of PS, and pH 4.9. The predicted BPA degradation under optimal conditions was
59.54%. The actual BPA degradation rate was 65.52% (0.3 g/L of magnetite, 0.3 mM of PS,
pH 5.0). This indicated that the optimal reaction conditions were more reliable.
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3. Materials and Methods
3.1. Chemicals

Sodium persulfate (Na2S2O8), bisphenol A (C15H16O2), and magnetite (Fe3O4, its
shape and size is shown in Figure 12.) were purchased from Macklin (Shanghai, China).
Methanol was obtained from Nuoershi (Chengdu, China). Ultrapure water was utilized in
preparing water solutions with BPA.



Catalysts 2023, 13, 128 9 of 12

Catalysts 2023, 13, x FOR PEER REVIEW 9 of 12 
 

 

3. Materials and Methods 

3.1. Chemicals 

Sodium persulfate (Na2S2O8), bisphenol A (C15H16O2), and magnetite (Fe3O4, its shape 

and size is shown in Figure 12.) were purchased from Macklin (Shanghai, China). Metha-

nol was obtained from Nuoershi (Chengdu, China). Ultrapure water was utilized in pre-

paring water solutions with BPA.  

 

Figure 12. SEM images of Fe3O4. (a) Magnification 30 K; (b) Magnification 50 K. 

3.2. Experimental Procedures 

Experiments were performed in 250 mL beakers with 100 mL BPA solutions. The 

required amounts of PS and Fe3O4 were added to the solution to start the reaction. At the 

same time, the solutions were agitated to mix the various substances well. The samples 

were taken from beaks every 10 min to determine BPA concentrations. Before testing the 

BPA concentration, the water samples need to be filtered through a 0.45 μm filter mem-

brane and filled with methanol to quench the free radical reaction. The pH of the solution 

was adjusted using sodium hydroxide and sulfuric acid according to the protocol of the 

experiment. 

3.3. RSM Design 

The effect of the interaction of magnetite dosage (A), PS concentration (B), and initial 

pH (C) on BPA removal was investigated using response surface methodology (RSM) and 

Design-Expert Software analysis. Following Box-Behnken’s method, a total of 17 three-

parameter and three-level experiments were designed for BPA removal by the Fe3O4/PS 

system. The composition of the experimental points is shown in Figure 13. There are 12 

centroids along the edge lines represented as hollow spheres, and only one cube center is 

marked with a solid sphere. For the centroids of the edge lines, the coordinates of the 

independent variables are ±1 in all dimensions, except for the one-dimensional independ-

ent variables, which are zero. The three-dimensional coordinates of the cube center are all 

zero. The experiment is repeated five times for the cube center to eliminate experimental 

errors. Therefore, a total of 17 sets of experiments are required. The mathematical rela-

tionship between response and independent variables could be represented by Equation 

(2) [38]. In Equation (2), Xi is the coded value of the independent variables; Y is the pre-

dicted response value; β0, βi, and βii are the offset, linear offset, and second-order offset 

terms, respectively; βij is the interaction coefficient; and k is the number of independent 

variables. 
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3.2. Experimental Procedures

Experiments were performed in 250 mL beakers with 100 mL BPA solutions. The
required amounts of PS and Fe3O4 were added to the solution to start the reaction. At the
same time, the solutions were agitated to mix the various substances well. The samples
were taken from beaks every 10 min to determine BPA concentrations. Before testing
the BPA concentration, the water samples need to be filtered through a 0.45 µm filter
membrane and filled with methanol to quench the free radical reaction. The pH of the
solution was adjusted using sodium hydroxide and sulfuric acid according to the protocol
of the experiment.

3.3. RSM Design

The effect of the interaction of magnetite dosage (A), PS concentration (B), and initial
pH (C) on BPA removal was investigated using response surface methodology (RSM) and
Design-Expert Software analysis. Following Box-Behnken’s method, a total of 17 three-
parameter and three-level experiments were designed for BPA removal by the Fe3O4/PS
system. The composition of the experimental points is shown in Figure 13. There are
12 centroids along the edge lines represented as hollow spheres, and only one cube center
is marked with a solid sphere. For the centroids of the edge lines, the coordinates of the in-
dependent variables are ±1 in all dimensions, except for the one-dimensional independent
variables, which are zero. The three-dimensional coordinates of the cube center are all zero.
The experiment is repeated five times for the cube center to eliminate experimental errors.
Therefore, a total of 17 sets of experiments are required. The mathematical relationship
between response and independent variables could be represented by Equation (2) [38]. In
Equation (2), Xi is the coded value of the independent variables; Y is the predicted response
value; β0, βi, and βii are the offset, linear offset, and second-order offset terms, respectively;
βij is the interaction coefficient; and k is the number of independent variables.

Catalysts 2023, 13, x FOR PEER REVIEW 10 of 12 
 

 

 

Figure 13. Schematic diagram of three-factor and three-level experiments. 

  
= =

+++=
k

i

k

ji

k

i

iiijijiii XXXXY
1 1

2

0

＜

  (2) 

3.4. Analysis Methods 

High-performance liquid chromatography (G7121A, Agilent, Santa Clara, CA, USA) 

with a fluorescence detector was used to determine the concentration of BPA in water 

samples. The instrument was equipped with a C18 column (4.6 mm × 150 mm, 4 μm). The 

mobile phase was methanol and water with a volume ratio of 70:30. The injection volume 

was 20 μL and the flow rate was 0.8 mL/min. The column temperature was 25 °C. The 

excitation and emission wavelengths were 228 nm and 312 nm, respectively. 

The BPA removal rate was obtained from Equation (3). In this equation, C0 (mg/L) 

and Ct (mg/L) are the initial BPA concentration and the concentration at moment t, respec-

tively. 

100%
C

)C(C
(%)lBPA remova t =

0

0 
－

 (3) 

4. Conclusions 

The effect of four factors on BPA degradation was examined in the system Fe3O4/PS. 

Three important influencing factors—magnetite dosage, PS concentration, and pH—were 

selected for response surface optimization experiments. 

The experimental conditions of the Fe3O4/PS degradation of BPA were optimized us-

ing the Box-Behnken response surface methodology. The quadratic polynomial regression 

equation established with the BPA degradation rate as the response value was highly sig-

nificant: p-value < 0.05, R2 was 0. 9152, the misfit term was not significant, and the regres-

sion equation fit well with the actual situation. 

The interaction between the three influencing factors was optimized by the response 

surface methodology, and the optimal conditions for the degradation of BPA in Fe3O4/PS 

were obtained by Design-Expert software as follows: 0.3 g/L of magnetite, 0.26 mM of PS, 

and pH 4.9. Under these conditions, the BPA degradation rate was 59.54%, which was 

close to the real value of 65.52% (0.3 g/L of magnetite, 0.3 mM of PS, pH 5.0). It was verified 

that the experimental values were close to the model predictions, indicating that the equa-

tions were well fitted and the best response conditions were reliable. 

Author Contributions: Conceptualization, methodology, software, and validation, S.C.; formal 

analysis, investigation, and data curation, Y.Y.; writing—original draft preparation, writing—re-

view and editing, and visualization, S.C.; supervision and project administration, Y.Y. All authors 

have read and agreed to the published version of the manuscript. 

Figure 13. Schematic diagram of three-factor and three-level experiments.



Catalysts 2023, 13, 128 10 of 12

Y = β0 +
k

∑
i=1

βiXi +
k

∑
i<j

βi jXiXj +
k

∑
i=1

βiiX2
i (2)

3.4. Analysis Methods

High-performance liquid chromatography (G7121A, Agilent, Santa Clara, CA, USA)
with a fluorescence detector was used to determine the concentration of BPA in water
samples. The instrument was equipped with a C18 column (4.6 mm × 150 mm, 4 µm). The
mobile phase was methanol and water with a volume ratio of 70:30. The injection volume
was 20 µL and the flow rate was 0.8 mL/min. The column temperature was 25 ◦C. The
excitation and emission wavelengths were 228 nm and 312 nm, respectively.

The BPA removal rate was obtained from Equation (3). In this equation, C0 (mg/L) and
Ct (mg/L) are the initial BPA concentration and the concentration at moment t, respectively.

BPAremoval (%) =
(C0 − Ct)

C0
× 100% (3)

4. Conclusions

The effect of four factors on BPA degradation was examined in the system Fe3O4/PS.
Three important influencing factors—magnetite dosage, PS concentration, and pH—were
selected for response surface optimization experiments.

The experimental conditions of the Fe3O4/PS degradation of BPA were optimized
using the Box-Behnken response surface methodology. The quadratic polynomial regres-
sion equation established with the BPA degradation rate as the response value was highly
significant: p-value < 0.05, R2 was 0. 9152, the misfit term was not significant, and the
regression equation fit well with the actual situation.

The interaction between the three influencing factors was optimized by the response
surface methodology, and the optimal conditions for the degradation of BPA in Fe3O4/PS
were obtained by Design-Expert software as follows: 0.3 g/L of magnetite, 0.26 mM of PS,
and pH 4.9. Under these conditions, the BPA degradation rate was 59.54%, which was close
to the real value of 65.52% (0.3 g/L of magnetite, 0.3 mM of PS, pH 5.0). It was verified that
the experimental values were close to the model predictions, indicating that the equations
were well fitted and the best response conditions were reliable.

Author Contributions: Conceptualization, methodology, software, and validation, S.C.; formal
analysis, investigation, and data curation, Y.Y.; writing—original draft preparation, writing—review
and editing, and visualization, S.C.; supervision and project administration, Y.Y. All authors have
read and agreed to the published version of the manuscript.
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