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Abstract
The current work deals with efficient removal of acetaminophen (AC) from hospital wastewater using electro-Fenton (EF) 
process. The degradation yield of 99.5% was obtained under optimal experimental conditions, namely 5.75 mg L−1 initial AC 
concentration, 2.75 pH solution, 3-cm inter-electrode distance, 100 mg L−1 KCl electrolyte, 122.5 µL L−1 H2O2, 8 mA cm−2 
current density at equilibrium time of 8 min. Analysis of variance (ANOVA) suggested that the effect of mentioned operat-
ing parameters was statistically significant on the AC removal. The low probability amount of P value (P < 0.0001), the 
Fisher’s F-value of 65.91, and correlation coefficient of the model (R2 = 0.9545) revealed a satisfactory correlation between 
the experimental and the predicted values of AC removal. The predicted removal efficiency of 99.4% was in satisfactory 
agreement with the obtained experimental removal efficiency of 98.7%. The AC degradation during the EF followed a first-
order kinetic model with rate constants (Kapp) of 0.6718 min−1. Using the ordinary radical scavengers revealed that main 
mechanism of AC degradation controlled by the hydroxyl free radicals produced throughout the EF process. The excess 
amount of iron (II) scavenged the active radicals and diminished the concentration of ·OH available to react with AC. The 
optimum molar ratio of H2O2 to Fe2+ was found to be 2.5. The developed EF process as a promising technique applied for 
treatment of real samples.

Keywords  Advanced oxidation processes · Emerging contaminants · Response surface methodology · Kinetic model · 
Wastewater treatment

Introduction

Agricultural and industrial activities, as well as urban com-
munity’s sewage disposal, led to a severe pollution of water 
sources during the last two decades. It caused a worldwide 
concern due to significant effect on the environment and 
human health. Emerging contaminants (ECs) as the newly 
generated chemical products including pharmaceuticals and 

personal care products (PPCPs) and endocrine-disrupting 
chemicals (EDCs) reported as the serious environmental pol-
lutants which increasingly used and found up to ppm level 
in water sources even drinking water and soil (Farré et al. 
2012; Klamerth et al. 2013).

Among them, acetaminophen (N-(4-hydroxyphenyl) 
acetamide) as one of the most heavy medicines is used 
even without medical prescription and nearly 58–68% of 
acetaminophen (AC) is excreted from the body and even-
tually discharged into municipal wastewater systems. The 
presence of AC leads to diseases and problem such as criti-
cal liver injury and hepatocyte necrosis. Moreover, protein 
denaturation, lipid peroxidation and DNA damage, and even 
mortality by AC overdose are reported due to its toxicity. 
Therefore, its removal from water sources as emerging con-
taminant greatly desired (Abdullah et al. 2016; Bedner and 
MacCrehan 2006).

The literature reveals that wastewater treatments such as 
filtration, coagulation, and adsorption provide satisfactory 
removal of pharmaceuticals from wastewater (Coimbra et al. 
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2016; Groeschke et al. 2016; Jung et al. 2015). However, the 
generation of sludge and the necessity of adsorbent regen-
eration are important drawbacks for the application of such 
treatments. Lately, the advanced oxidation process (AOP) 
as a cost-effective technique with reasonable efficiency 
received great attention among environmental scientists who 
interested on wastewater treatment process. Throughout the 
AOP, the hydroxyl radicals react with the organic pollutants 
and through producing intermediates generates H2O, CO2, 
and other innocuous materials finally (Panizza and Oturan 
2011). To generate the hydroxyl radical, various methods 
such as chemical, electrochemical, and photochemical meth-
ods are applied. Among them, EF technique which produces 
the hydroxyl radical electrocatalytically through Fenton’s 
reaction (Eq. 1) is subjected to investigated in the current 
work (Yahya et al. 2014) (Fig. 1).

Besides the operative degradation of organic-based con-
taminants such as dyes (Guivarch et al. 2003), antibiotics 
(Yahya et al. 2014), and pesticides (Abdessalem et al. 2010) 
for complete decomposition of harmful materials, its fast 
and cost-effective feature without using any harmful chemi-
cal makes it a good candidate for wastewaters treatment. 
Besides the current study in the field of electrochemistry, 
using electrochemical sensors as a promising device which 
provides a certain type of response that is directly related to 
the quantity of a specific chemical species showed a rapidly 

(1)Fe2+ + H2O2 + H+
→ Fe3+ + H2O +⋅ OH

growing scientific field in the environmental monitoring 
research and practiced by the current research group recently 
(Ahmadzadeh et al. 2015a, c; Fouladgar and Ahmadzadeh 
2016; Kassim et al. 2011; Pardakhty et al. 2016; Rezayi et al. 
2014; Soltani et al. 2016).

To the best of our knowledge, although several studies 
are carried out for degradation of acetaminophen using 
electro-Fenton process there is no report on the removal 
of acetaminophen from hospital wastewater using response 
surface methodology (RSM) (de Luna et al. 2012; Sirés 
et al. 2004; Su et al. 2012). In the current work, a great 
effort was made to improve the treatment process of hos-
pital wastewater in terms of energy consumption and 
removal efficiency. Most of the reported EF investiga-
tions for wastewater treatment are based on one factor 
at the time method. Herein, RSM is used to evaluate the 
effect of main parameters and their simultaneous inter-
action to obtain the optimal operating condition for the 
developed EF process. The applied experimental design 
methodology benefited the current work by reducing the 
number of experiments and providing a reasonable and 
fast result interpretation by developing a polynomial treat-
ment model. Moreover, kinetic models of electro-Fenton 
degradation studied in the optimum operating condition.

Fig. 1   Proposed decomposition pathway of AC by ·OH during EF process
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Materials and methods

Chemicals

Acetaminophen (C8H9NO2, code number: A7085, grade: 
BioXtra, ≥ 99.0%), hydrogen peroxide solution (H2O2, 
code number: H1009, grade: 30% w/w in H2O, contains 
stabilizer), sodium phosphate (Na3PO4, code number: 
342483, grade: 96.0%), and methanol (CH3OH, code 
number: 494291, grade: HPLC grade: ≥  99.9%) were 
purchased from Sigma-Aldrich. Potassium permanganate 
(KMnO4, code number: 105082, grade: 99.9%), sodium 
chloride (NaCl, code number: 106404, grade: ≥ 99.5%), 
sodium carbonate (Na2CO3, code number: 106395, grade: 
≥ 99.5%), potassium chloride (KCl, code number: 104936, 
grade: ≥ 99.5%), sodium sulfate (Na2SO4, code number: 
106649, grade: ≥ 99.0%), sodium hydrogen carbonate 
(Na3PO4, code number: 106329, grade: ≥ 99.7%), sodium 
hydroxide (NaOH, code number: 106462, grade: ≥ 99.0%), 
hydrochloric acid fuming (HCl, code number: 100317, 
grade: 37%), sulfuric acid (H2SO4, code number: 100731, 
grade: 95–97% %), sodium nitrate (NaNO3, code number: 
106535, grade: ≥ 99.0%), and tert-butanol (C4H10O, code 
number: 109629, grade: ≥ 99.5%) were obtained from 
company Merck. All the solutions were prepared with 
chemicals of at least analytical grade using tap water.

Apparatus and experimental procedures

All experiments were carried out in a cylindrical glass as 
an electrochemical cell containing 250 mL of solution at 
room temperature. The reactor setup was equipped with 
two iron plate electrodes located in the center of the EF 
cell with immersed dimensions of 3 × 1×0.2 cm. Elec-
trolysis processes were carried out under the current-con-
trolled conditions using DC power supply (Megatone Elec-
tronics Corp., Taiwan). The pH adjustment was performed 
by HCl and NaOH solutions using a Metrohm pH meter 
model 827 pH laboratory (Metrohm AG, Switzerland).

Heidolph magnetic stirrer model Hei-Standard (Hei-
dolph Company, Germany) was used to run all the 
experiments under the agitation of 200 rpm. All treated 
solution samples were analyzed for quantitative determi-
nation of residual AC using a KNAUER Smartline HPLC 
(KNAUER Wissenschaftliche Geräte GmbH, Germany). 
The Fe2+ concentration of the treated solution was meas-
ured using Shimadzu atomic absorption spectrophotom-
eter model AA-670 (Shimadzu Corporation, Japan) set at 
248 nm. The experiments related to the investigation of the 
electrolyte type and dosage effect, the Fe2+ concentration 
of the treated solution and first-order kinetic model were 

performed in triplicate and the error bars corresponding to 
the deviation shown in all cases. The removal efficiency of 
AC was calculated by the following equation (Kamaraj and 
Vasudevan 2016; Venkatkarthick et al. 2016):

where C0 and Ct (mg L−1) denote the concentration of AC 
before and after the EF process, respectively.

Hospital wastewater preparation and analysis

The real samples collected from Kerman Hospital. Accord-
ing to the hospital report, the features of the raw wastewater 
included the total suspended solids (TSS) of 104 ± 18 mg L−1, 
total dissolved solids (TDS) of 564 ± 43 mg L−1, tempera-
ture of 21.3 ± 1.4 °C, chemical oxygen demand (COD) of 
576.7 ± 53 mg L−1, biochemical oxygen demand (BOD5) of 
284.60 ± 41 mg L−1, pH of 7.7 ± 0.4, and electrical conductiv-
ity (EC) of 1039.71 ± 68 µmho cm−1.

KNAUER Smartline HPLC was used for quantitative analy-
sis of residual AC using C18 column; 250 × 4.6 × 5 mm with 
a UV detector at a wavelength of 242 nm. The mobile phase 
was a mixture of MeOH and H2O with a ratio of 30/70 (vol. %) 
with an injection flow rate of 1 mL/min. Sampling (5 mL of 
AC-treated solution) was performed at regular time intervals 
and filtered (0.2 µm) before each analysis. In the first step, the 
hospital wastewater samples of 500 mL were filtered using a 
1.2-μm glass fiber membrane filter and the pH of the sample 
solutions was adjusted to 2 by H2SO4. It is important to state 
that owing to the presence of high concentration of organic-
based contaminants in hospital wastewater it is recommended 
to use low volume samples for avoiding the blockage of the 
cartridges. The SPE cartridges are conditioned by 3 mL of 
each solvent (acetone, methanol, and deionized water with the 
pH of 2) at the flow rate of 3 mL min−1. Vacuum manifold 
system with the flow rate of 15 mL min−1 was applied to per-
colate the hospital wastewater samples. The loaded cartridges 
were rinsed by 3 mL of methanol/water mixture (5:95 v/v) and 
n-hexane at the flow rate of 1 mL min−1. Finally, the obtained 
combination of aliquots was evaporated by a mild nitrogen 
flow and the remaining precipitate was dissolved in 0.2 mL 
of methanol. The injected volume of 20 μL in each run was 
filtered using a 0.45-μm nylon filter before injection into the 
HPLC system (Camacho-Muñoz et al. 2009).

Experimental design

 According to the scientific reports, to optimize the operating 
parameters two approaches were used, namely one factor at a 
time (OFAT) and RSM. RSM offers certain advantages over 
OFAT method and can consider the interactions among the 

(2)% Removal AC =
C0 − Ct

C0

× 100
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variables. RSM as a statistics-based method involves simulta-
neous adjustment and optimization of operating parameters. 
The central composite design (CCD) was used to analyze the 
obtained results by fitting them into the developed model. To 
conduct a successful study, RSM is applied to find a suitable 
approximation for the relation between independent main vari-
ables and response as expressed below (Ahmadzadeh et al. 
2017; Yoosefian et al. 2017):

where β0, βj, βjj, and βij denote the regression coefficients 
for the intercept, linearity, quadratics, and interaction terms, 
respectively. Y, Xi, and Xj denote the estimated response and 
the coded independent variables (i, j).

Electrochemical investigation and the process 
optimization

Hence, the nature of electrolyte salt plays a significant role 
in the defecation steps (diffusion, adsorption, and fixation) 
and the distance between two electrodes affected the removal 
efficiency and energy consumption. Therefore, in the prelim-
inary studies, the effect of electrolyte type and dosage and 
inter-electrodes distance on the removal efficiency of AC was 
investigated. Moreover, the effect of four independent process 
variables initial AC concentration (X1), pH (X2), H2O2 concen-
tration (X3) and current density (X4) was investigated to opti-
mize the removal efficiency of AC from hospital wastewater 
over 30 experiments with six replicates at center points. The 
numerical values and levels of the variables including (− α, 
− 1, 0, + 1, + α) are presented in Table 1. The regression 
analysis was applied to fit the response, and the ANOVA was 
performed to test the statistical significance of the response 
surface quadratic model. To evaluate the percentage effect 
of each operating factor on removal efficiency of AC, Pareto 
analyses were conducted according to the following relation 
(Yoosefian et al. 2017):

(3)Y = �0 +

n
∑

i=1

�iXi +

n
∑

i=1

�iiX
2
i
+

n−1
∑

i=1

n
∑

j=i+1

�ijXiXj

(4)Pi =
b2
i

∑

b2
i

× 100(i ≠ 0)

The kinetics of AC removal process was investigated using 
first-order and second-order kinetic models. In the first-order 
kinetic studies, ln (C0/Ct) was plotted against time t, where 
Ct is the concentration of the AC during EF process for time 
interval t and C0 is its initial concentration (Fulazzaky et al. 
2017). To investigate the second-order kinetic model, 1/Ct 
was plotted against time t.

Results and discussion

Setting the initial operating parameters

The effect of electrolyte type on the removal efficiency of 
AC was investigated, and the obtained results are presented 
in Fig. 2. The best removal efficiency was attained using KCl 
as an electrolyte at equilibrium time of 10 min. Moreover, it 
was found that the degradation rate of AC contaminant was 
significantly higher and up to 92.10 and 89.78 percent when 
KCl and NaCl were used as electrolytic supports at equilib-
rium time of 10 min, respectively. However, the degradations 
rates of 86.31 and 82.46% are found under the same condi-
tions for Na2SO4 and Na2CO3, respectively.

Probably the obtained higher degradation rates could be 
attributed to the addition of KCl as a proper electrolyte with 

Table 1   Experimental factors 
and levels in the central 
composite design

Coded vari-
ables (Xi)

Factors (Ui) Experimental field

− α − 1 level 0 + 1 level + α

X1 A: initial AC concentration (mg L−1) 1 5.75 10.5 15.25 20
X2 B: pH 2 2.75 3.5 4.25 5
X3 C: H2O2 dosage (µL L−1) 40 67.5 95.0 122.5 150
X4 D: current density (mA cm−2) 2 4 6.0 8 10
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Fig. 2   Effect of electrolyte type, AC concentration: 5 mg L−1; H2O2: 
70 µL L−1; pH: 3; current density: 10 mA cm−2; dose of electrolyte: 
50 mg L−1
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high mobility to the EF reactor. It demonstrated a signifi-
cant improvement in efficiency of the process by providing 
a proper passage for the electric current and increasing the 
conductivity of the contaminated water. It affects the Faradic 
yield, cell voltage, and energy consumption in the EF reac-
tor. Besides, using KCl has other benefits such as reducing 
the adverse effects of other anions, for instance HCO− 3 and 
SO4

2−. Since the presence of CO3
2− anions may result in the 

precipitation of Ca2+ cations that form an insulating layer on 
the surface of the cathode and lead to increase in the ohmic 
resistance of the EF reactor (Khandegar and Saroha 2013; 
Yoosefian et al. 2017).

Additionally, the presence of chlorine ions (Cl−) might 
result in producing in situ hypochlorous acid (HOCl) accord-
ing to reactions expressed below and enhances the degrada-
tion of AC (Kamaraj and Vasudevan 2016).

Besides, chlorine ions can prevent the formation of the pas-
sivation layer on the surface of the electrode and enrich the 
anodic dissolution which results in producing more cata-
lysts and, consequently, higher levels of ·OH generation. The 
reaction between hydroxyl radical and CO3

2− led to elec-
tron transfer to the hydroxyl radical and rendering it which 
resulted in reducing the removal efficiency of EF process 
(Kamaraj and Vasudevan 2016).

The removal efficiency of AC was assessed as a func-
tion of KCl concentration ranging from 40 to 400 mg L−1 
at an initial pH 3.0, H2O2 concentration 60 µL L−1, initial 
AC concentration 5 mg L−1, distance between the electrodes 
3 cm, and current density 10 mA cm−2. As shown in Fig. 3, 
by increasing the KCl concentration, an improvement in the 
removal efficiency was observed which is in accordance 

(5)2Cl− → Cl2(g) + 2e−

(6)Cl2(g) + H2O → HOCl + Cl− + H+

with the characteristics of the AOPs. It is noteworthy to 
mention, in the constant value of main variables including 
initial AC concentration, pH solution, inter-electrode dis-
tance, H2O2 dosage, and current density, a certain amount 
of hydroxyl radical as the active intermediate generated. By 
increasing the concentration of KCl to the values more than 
100 mg L−1, a significant reduction in removal efficiency 
was observed due to lowering the number of hydroxyl radi-
cals (see Fig. 3). The observed decrease in the number of 
hydroxyl radicals attributed to the excess amount of the KCl 
which acts as a radical scavenger.

Moreover, several experiments were conducted at AC 
concentration of 5 mg L−1, the H2O2 dosage of 70 µL L−1, 
pH of 3, the current density of 10 mA cm−2, KCl dosage of 
100 mg L−1, and the electrolysis time of 8 min by changing 
the electrodes distance between 1 and 5 cm. However, for 
the too short distance such as 1 cm, ferrous ions which are 
regenerated via the reduction of the ferric ion at the cathode 
and act as an inducer of Fenton chain reaction could be eas-
ily oxidized to ferric ion at the anode and inhibit the effi-
ciency of Fenton chain reactions. Besides, too long distance 
such as 5 cm limits the transfer of ferric ions to the cathode 
surface that controls the ferrous ion regeneration (Babupon-
nusami and Muthukumar 2012). The optimum electrode 
distance of 3 cm with lower energy consumption of 0.501 
(kWh m−3) was designated for further studies (Table 2).

Assessment of the developed quadratic model 
performance

As given in Table 3, according to the Fisher’s F-value 
(65.91) with a low probability value of P < 0.0001, the 
quadratic model of ANOVA suggested that the model is 
highly significant. Moreover, the correlation coefficient 
(R2) between the experimental and the predicted value of 
the model was checked to confirm the goodness of model 
fitting. The high amount of R2 value of 0.9545 indicates 
the regression model is statistically significant and only 
4.55% of the total variation is not explained by the model. 
Furthermore, the predicted correlation coefficient (pred. 
R2) of 0.8754 demonstrates satisfactory agreement with 
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Fig. 3   Effect of electrolyte dose, AC concentration: 5 mg L−1; H2O2: 
70 µL L−1; pH: 3; current density: 10 mA cm−2

Table 2   Effect of electrode distance on AC removal and energy con-
sumption

Electrode distance 
(cm)

AC removal (%) Energy 
consumption 
(kWh m−3)

1 83.47 0.336
2 88.60 0.464
3 93.87 0.501
4 94.62 0.578
5 95.38 0.850
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the adjusted correlation coefficient (adj. R2) of 0.9400. It 
can be added that the coefficient of variance of 3.29% sug-
gests better precision and reliability of the data obtained 
by performing the experiments, while a non-significant 
lack of fit value (> 0.05) implies the validity of the quad-
ratic model (Doltabadi et al. 2016; Yoosefian et al. 2017). 
The ANOVA indicates the applicability of the model for 

efficient removal of AC through EF process within the 
limits of the experimental factors.

The designed operating conditions by RSM and the 
obtained values of AC removal efficiency as the response 
are presented in Table 4. The software suggested a quad-
ratic model for analyzing the obtained data and the regres-
sion equation as the response in terms of coded factors is 
expressed as below:

Table 3   Analysis of variance 
(ANOVA) for the selected 
quadratic model

Source Sum of squares Degree of free-
dom (df)

Mean square F-value Probability 
P value > F

Model 3464.94 7 494.99 65.91 < 0.0001
Residual 165.23 22 7.51 – –
Lack of fit 155.20 17 9.13 4.55 0.0509
Pure error 10.03 5 2.01 – –
Cor total 3630.16 29 – – –

Table 4   Experimental results 
according to central composite 
design

Run order Actual values Coded values AC removal (%)

A (mg L−1) B (pH) C (µL L−1) D (mA cm−2) X1 X2 X3 X4

1 15.25 2.75 122.5 4 1 − 1 1 − 1 87.15
2 5.75 4.25 122.5 4 − 1 1 1 − 1 81.25
3 5.75 2.75 67.5 8 − 1 − 1 − 1 1 96.50
4 10.5 3.5 95 6 0 0 0 0 89.30
5 10.5 3.5 95 2 0 0 0 − 2 70.45
6 5.75 4.25 67.5 4 − 1 1 − 1 − 1 69.00
7 5.75 2.75 122.5 4 − 1 − 1 1 − 1 97.00
8 10.5 3.5 95 10 0 0 0 2 79.51
9 10.5 3.5 95 6 0 0 0 0 92.60
10 10.5 3.5 95 6 0 0 0 0 90.57
11 5.75 4.25 67.5 8 − 1 1 − 1 1 78.20
12 5.75 2.75 122.5 8 − 1 − 1 1 1 99.40
13 15.25 4.25 67.5 8 1 1 − 1 1 71.00
14 15.25 4.25 122.5 4 1 1 1 − 1 66.00
15 20 3.5 95 6 2 0 0 0 80.10
16 15.25 2.75 67.5 4 1 − 1 − 1 − 1 84.74
17 10.5 3.5 150 6 0 0 2 0 79.36
18 10.5 3.5 95 6 0 0 0 0 91.20
19 15.25 2.75 122.5 8 1 − 1 1 1 90.00
20 1 3.5 95 6 − 2 0 0 0 98.10
21 5.75 4.25 122.5 8 − 1 1 1 1 82.15
22 15.25 2.75 67.5 8 1 − 1 − 1 1 86.80
23 15.25 4.25 67.5 4 1 1 − 1 − 1 64.00
24 15.25 4.25 122.5 8 1 1 1 1 69.00
25 10.5 3.5 95 6 0 0 0 0 92.95
26 10.5 3.5 95 6 0 0 0 0 92.46
27 10.5 5 95 6 0 2 0 0 58.20
28 10.5 3.5 40 6 0 0 − 2 0 77.56
29 5.75 2.75 67.5 4 − 1 − 1 − 1 − 1 95.00
30 10.5 2 95 6 0 − 2 0 0 89.00
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(7)

Removal AC(%) = 91.45 − 4.83X
1
− 9.07X

2
+ 1.26X

3

+ 1.96X
4
− 3.92X

2

2
− 2.71X

2

3
− 3.58X

2

4

The literature surveys revealed that Fenton reaction was 
generally conducted in acidic solution with pH values rang-
ing from 2 to 4. It is probably due to the precipitation of iron 
species as ferric hydroxides at higher pH values. Moreover, 
the formation of stable complexes between iron species and 
H2O2 at lower pH values results in deactivation of catalysts, 
accordingly decreasing the oxidation efficiency. The opti-
mal pH value obtained in the current work was found to be 
2.75. It is important to note that theoretically lower pH is 
more favorable for producing H2O2 since the conversion of 
dissolved oxygen to hydrogen peroxide consumes protons 
in acidic solution. Furthermore, at pH lower than 3, H2O2 
would remain steady according to the formation of oxonium 
ion as expressed below (Zhao et al. 2012):

Figure 6 shows that at the center point of the operational 
parameters the removal efficiency of AC decreases from 
87.48 to 90% by increasing H2O2 dosage from 67.5 to 
122.5 µg L−1. The increase in the removal efficiency was 
due to the increase in ·OH radical concentration as a result 
of the H2O2 addition. However, a decrease in removal effi-
ciency was observed at the high dosage of H2O2, due to 
scavenging effect of the hydroxyl radical (see Eqs. 9 and 
10) and the recombination of the hydroxyl radical to form 
H2O2 (see Eq. 12) (Nidheesh and Gandhimathi 2012; Wang 
et al. 2016).

(8)H2O2 + H+
→ H3O

+
2

(9)⋅OH + H2O2 → HO⋅

2
+ H2O

(10)HO⋅

2
+ HO⋅

→ H2O + O2

Fig. 4   Pareto analysis of the main variables effects on the removal 
efficiency as the response

Fig. 5   Response surface plot of current density and solution pH 
effects on the removal efficiency

where X1, X2, X3, and X4 denote initial AC concentration 
(mg L−1), solution pH, H2O2 dosage (µL L−1), and X4 cur-
rent density (mA cm−2), respectively. The removal efficiency 
of AC significantly was influenced by the solution pH with 
its considerable negative effect. Moreover, the initial AC 
concentration as the second most significant factor revealed 
the negative effect on the removal efficiency of AC through 
EF process.

The Pareto plot provides remarkable information to 
interpret the main variables and their interaction effects 
on removal efficiency of AC. The solution pH and initial 
AC concentration are the most determining factors which 
synergistically affect the removal efficiency of AC up to 
72%. The contributions of the quadratic effects of b2

2, b4
2, 

and b3
2 on the AC removal efficiency are 10.51, 8.74, and 

5.01%, respectively (Fig. 4).
At the center points of the operational parameters, the 

removal efficiency of AC decreased from 96.27 to 86.62% 
by increasing its concentration from 5.75 to 15.25 mg L−1. 
Decreasing the AC concentration resulted in rapid increase 
in removal efficiency which is in accordance with the char-
acteristics of AOPs. Since a particular amount of active 
intermediates was produced along with the increase in AC 
concentration, whereas the amount of generated hydroxyl 
radical in optimized condition was constant, the removal 
efficiency decreased (Estrada et al. 2012). The effect of 
wastewater pH ranging from 2 to 5 examined the perfor-
mance of EF process at the center point of the operational 
parameters. As shown in Fig. 5, the removal efficiency of 
AC decreased from 96.59% at a wastewater pH of 2.75 to 
its minimum level of 78.46% when the pH of wastewater 
increased to 4.25.
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The current density dependence of AC removal efficiency 
was investigated over a wide range of 2–10.0 mA cm−2. 
The effects of current density and initial AC concentration 
on removal efficiency depicted in 3D plot are presented in 
Fig. 7.

As shown in Fig. 7, the removal efficiency of AC was 
increased by increasing the current density and the maximum 

(11)2HO⋅

→ H2O2

removal efficiency of 95.5% was obtained at 6.55 mA cm−2. 
The obtained results revealed that by increasing the current 
intensity value from 4 to 8 mA cm−2, the removal efficiency 
improved from 85.91 to 89.83%. The effect of current density 
as a significant operational parameter can be explained based 
on the mole ratio of the added H2O2 into the EF reactor to 
the amount of released iron (II) ions into the solution (H2O2/
Fe(II)). Figure 8 shows that, by increasing the current den-
sity, the number of iron (II) ions released into the solution 
increased (sacrificial anode). It should be considered that since 
the amount of 95 µL L−1 H2O2 added into the EF reactor was 
kept constant at all experiments, an increase in iron (II) ions 
released into the solution results in decreasing the mole ratio of 
H2O2 to Fe and consequently increases the removal efficiency. 
According to Eq. 13, the higher amount of iron (II) ions results 
in consuming the higher amount of H2O2. Consequently, a 
higher amount of ·OH generated results in removal efficiency 
improvement (see Fig. 8) (Moussavi et al. 2012).

As shown in Fig. 8, the optimum mole ratio of H2O2 to Fe2+ 
was observed approximately at 2.5. However, decrease in 
AC removal efficiency at higher reaction time (10 min) can 
be attributed to higher anode scarification and producing an 
excess concentration of iron (II), which resulted in decreas-
ing the mole ratio of H2O2 to Fe(II) to below the optimum 
level of 2.5. The excess iron (II) scavenged the ·OH as 
expressed by Eq. 14, diminishing the concentration of ·OH 
available to react with the organic compounds (Moussavi 
and Aghanejad 2014).

(12)Fe(s) → Fe2+
(aq)

+ 2e−

(13)
2Fe(OH)+ + 0.5H2O2 + 0.5O2 →

⋅ OH + Fe2O3 + 2H+

(14)⋅OH + Fe2+ → Fe3+ + OH−

Fig. 6   Response surface plot of H2O2 dosage and current density 
effects on the removal efficiency

Fig. 7   Response surface plot of initial AC concentration and current 
density effects on the removal efficiency
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To achieve the best removal efficiency, the main parameters 
including initial concentration, H2O2 dosage, current den-
sity, and pH was set to ‘in range’ option and the removal 
efficiency as the response was set to ‘maximize’ option in 
Design Expert software. The developed model predicted 
the maximum removal efficiency of 99.4% with the desir-
ability of 0.997 under the optimal condition including AC 
initial concentration of 5.75 mg L−1, the H2O2 dosage of 
122.5 µL L−1, pH of 2.75, electrolyte dose of 100 mg L−1 
KCl, the current density of 8 mA cm−2, and 3 cm inter-
electrodes distance. The predicted removal efficiency by the 
developed quadratic model was in satisfactory agreement 
with the obtained experimental removal efficiency of 98.7%.

Analysis of removal kinetic model

According to Fig. 9, a straight line with the slope of 0.6718 
(R2 = 0.9941) was observed which corresponds to the appar-
ent rate constant (Kapp) value for AC (Ganesan et al. 2013; 
Kamaraj et al. 2016). The first-order kinetic model can satis-
factorily describe the current experimental obtained results. 
Some other thermodynamic investigations were conducted 
by the current research group who qualified our studies 
to a great extent and can extend to further investigation 
(Ahmadzadeh et al. 2011a, b; 2015b; Rounaghi et al. 2009).

Since carboxylic acids which were formed by oxidative 
ring-opening reactions are less reactive toward hydroxyl rad-
icals compared to the aromatics, the mineralization kinetics 
is fast at the initial stages of treatment but becomes much 
slower at a longer time. The kinetic equilibriums were cal-
culated and are summarized in Table 5.

Oxidation mechanism of AC removal

The removal efficiency of the AC was evaluated in the 
presence of the ordinary radical scavengers including 

tert-butanol (TB), sulfate, carbonate, nitrate, phosphate, 
and chloride to investigate the importance of ·OH radi-
cal generation on removal efficiency. The obtained results 
revealed that the removal efficiencies of the EF process 
under the optimized condition and in the presence of KCl, 
Na2SO4, NaNO3, Na3PO4, NaHCO3, and TB were found to 
be 99.40 ± 0.67, 81.26 ± 0.82, 69.21 ± 0.93, 57.55 ± 0.95, 
45.45 ± 1.05, 31.99 ± 0.94, and 13.46 ± .080, respectively. 
According to the obtained results, using TB as strong radi-
cal scavenger resulted in significant decrease in AC removal 
efficiency which confirmed the necessity of ·OH presence for 
the effective treatment process (Babuponnusami and Muthu-
kumar 2012).

Control experiments have been carried out to investigate 
the contribution of electrocoagulation process (running the 
treatment process without the addition of H2O2) and Fenton 
process (running the treatment process without applying 
electric current). The obtained results revealed that elec-
trocoagulation and Fenton processes are involved in the 
treatment process of AC removal with numerical values of 
1.05 ± 0.41 and 0.0%, respectively.

Hospital wastewater sample

According to the described procedure, the hospital waste-
water samples were prepared for quantitative analysis of 
residual AC after treatment process using HPLC technique. 
The obtained results revealed that the AC concentration of 
1.35 ± 0.23 mg L−1 in the examined hospital wastewater 
samples reached zero after applying EF process under opti-
mal condition.

Conclusions

The obtained results revealed that the developed EF pro-
cess as an environmentally friendly and emerging technique 
could be applied for efficient treatment of hospital wastewa-
ter sample. According to the predicted model, the pH was 
the most significant operating parameter which affected the 
degradation rate of AC contaminant. The obtained results 
demonstrated a satisfactory correlation between the experi-
mental removal efficiency of 98.7% and predicted removal 
efficiency of 99.4% with the correlation coefficient of 
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Fig. 9   First-order kinetic model of AC degradation

Table 5   Kinetic constants for the removal of AC at optimum condi-
tion

Kinetic model Equation Kapp R2

First-order
ln

(

C
0

Ct

)

= +kt
0.6718 min−1 0.9941

Second-order 1

Ct

= kt +

(

1

C
0

)

9.7291 L mg−1 min−1 0.6849
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0.9545. The molar ratio of H2O2 to Fe2+ was optimized. 
The EF process kinetics successfully fitted to the first-order 
model with the rate constant (Kapp) of 0.6718 min−1. The AC 
concentration of the treated real samples reached zero after 
applying EF process under optimal condition.
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