¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2020.25613

189 (2020) 408427
June

Optimization of the Acid blue 113 dye degradation in the three-dimensional
electro persulfate process (3D/EPS) catalyzed by granular activated carbon

(GAC) using the response surface methodology

Alireza Rahmani®, Abdolmotaleb Seid-Mohammadi®, Mohammad Khazaei®, Somayeh Maroofi**

“Department of Environmental Health Engineering, School of Public Health, Hamadan University of Medical Sciences, Hamadan, Iran,

email: rahmani@umsha.ac.ir (A. Rahmani)

vSocial Determinants of Health Research Center (SDHRC), Environmental Health Engineering, School of Public Health,
Hamadan University of Medical Sciences, Hamadan, Iran, emails: sidmohammadi@umsha.ac.ir (A. Seid-Mohammadi),

khazaei57@gmail.com (M. Khazaei)

‘M.Sc of Environmental Health Engineering, School of Public Health, Hamadan University of Medical Sciences, Hamadan,

Iran, Tel. +989186067993; email: somayemaroofi2019@gmail.com (S. Maroofi)

Received 13 August 2019; Accepted 2 February 2020

ABSTRACT

In this experimental study, the effect of five important independent variables, for example, solution
pH, persulfate concentration, electrode potential, granular activated carbon (GAC) mass, and reten-
tion time on the removal efficiency of acid blue 113 (AB113) dye in 3D/EPS (electro persulfate process)
process was evaluated and optimized using response surface methodology along with the central
composite design. All electrochemical reactions were performed in a Plexiglass reactor (with a useful
volume of 250 mL) equipped with graphite anode and stainless steel cathode electrodes and activated
carbon as the third electrode (Third dimension). According to the results of the analysis of variance
(P > F-value <0.0001) and Fit statistic (R, d2j = 0.9953), the proposed quadratic model for removal of
AB113 had suitable adequacy and accuracy. The optimum conditions for dye removal, with maximum
efficiency of 90.51%, were pH of 5.50, persulfate concentration of 22.59 mM, the electrode potential
of 15V, the retention time of 24.99 min, and GAC of 12.5 g. The dye removal efficiencies through the
application of persulfate, electrochemical, and 2D electro persulfate processes under the same con-
ditions were obtained to be 5.4%, 42.6%, and 70.25%, respectively. The results of scanning electron
microscopy and X-ray diffraction analyses of the surface of activated carbon after the reaction show
that intermediate compounds produced can be retained on the porous surface and increase the dye
removal efficiency. The most important intermediates produced, with the lowest molecular mass, were
oxalic acid (C,H,0,), malonic acid (C;H,0,), naphthalene-1, and 4-diamine (C, H, N,). According to
the results, the rate of total organic carbon reduction was 85% at the end of 75 min. According to the
obtained results, this process, in a short time, can be considered as an advanced electrochemical oxi-
dation method. It can also be used for the treatment of colored wastewater such as textile wastewater.
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1. Introduction

safe water in the world. Therefore, treatment and reuse of
consumed water have found especial importance [1]. Water

The increasing population growth and the expansion
of industry and agriculture have caused the shortage of
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pollution by synthetic dyes is very important due to the
production and use of different dyes throughout the world
[2]. Many industries such as cosmetics, leather, printing,
and textile industries produce colorful effluents [3]. Textile
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wastewaters, which are containing synthetic dyes, are of the
most important sources of water pollution [4]. The residual
dye solution in water may contain biological contaminants
that halt photosynthetic activity in aquatic life. The presence
of dye in the water is led to the unsuitability of the water
for consumption [5]. At present, worldwide production of
dyes exceeds 7 x 10° tons per year [6], which 2.8 x 10° tons is
discharged from industrial effluent [7]. There are three cat-
egories of dyes used in the textile industry, which include
anionic (direct, acid, and reactive dyes), cationic (primary
dyes), non-ionic (dispersive dyes) [8]. Among all types of
commercial synthetic dyes, azo dyes are the largest group of
dyes representing a wide range of colors and structures [9].
Azo dyes are characterized by azo groups containing one or
more nitrogen-nitrogen double bonds (N=N) [10]. The dye
used in this study is AB 113, an acidic dye, which belongs
to the anionic group [11]. It is known as a diazo dye, which
has two azo groups in its chemical structure and is soluble
in water and is widely used in the textile industries for dye-
ing the wool and Silk and in manufacturing the leather and
paper [12-14]. Acidic dyes are generally used for polyamide,
wool, silk, modified acrylic, and polypropylene fibers, as
well as blended fibers such as cotton, rayon, polyester, and
ordinary acrylic. Usually, 80%-85% of the acid dyes used
in the United States (US) textile industries are employed
for dyeing nylon and 15%-20% of them are used for dyeing
wool [15]. Discharging the dye-containing effluents from
industries releases toxic, mutagenic, and carcinogenic and
allergenic products [4,16], which are harmful to human and
living organisms [17] and cause aesthetic problems in water
resources [18]. Most of these dyes cause jaundice, tumor
progression, skin irritation, allergies, heart defects [19], and
severe kidney and nervous system damages in humans [20].
In general, they are harmful to water and are toxic to the
environment [21]. Thus, the removal of dyes from waste-
water has become an important environmental subject [22].
Today, several physicochemical processes, including adsorp-
tion, coagulation, flocculation, sedimentation, ion exchange,
foam floatation, membrane separation, electrochemical [23—
25], catalytic degradation [26], and photocatalysts have been
used to remove dyes from aqueous media [27]. Since most
conventional physical and chemical treatment methods are
unable to remove dye compounds [28], the use of advanced
oxidation processes to remove such toxic and resistant
organic compounds has been considered by researchers and
operators of water and wastewater treatment plants [29-31],
which the basis of these methods is the production of strong
oxidizing species such as sulfate and hydroxyl radicals.
Sulfate radicals have a longer half-life (10-20 d) compared to
hydroxyl radicals, and its potential in the treatment of waste-
water has been proven [32]. Sodium persulfate is the newest
oxidant introduced with the potential oxidation of 2.01 V. Its
advantages are including cheapness, non-selective oxidation
of organic compounds, high stability of produced radicals
under different conditions, high solubility, having solid form,
and thus ease of transport and storage [33,34]. To produce the
sulfate radical and to use it as an advanced oxidation process,
the persulfate anion must be activated. Activation of persul-
fate has been performed by heat [35], ultraviolet light [36],
ultrasound [37], transition metal (Me?) [38], and other meth-
ods [39-42]. The final product of activation is the production

of persulfate radical with an oxidation potential of 2.6 eV
[34]. Recently, the use of electric current for the activation of
persulfate has been considered as a clean and simple method
which is performed by an electron. Reaction 1 illustrates this
process. An important advantage of this method, compared
to other activation methods, is the use of the synergistic effect
of the enhanced electrochemical oxidation process along with
oxidation by persulfate [43].

5,02 +2e — SO+ SO (1)

Two-dimensional or conventional electrochemical
processes have limitations such as mass transfer, low surface-
to-volume ratio, increased energy consumption, the short
lifetime of electrode materials, increasing the temperature
during the process, and low process efficiency in industrial
applications. These limitations can be reduced by the use of
the three-dimensional electro persulfate process (3D/EPS)
catalyzed by granular activated carbon (GAC). The removal
of target pollutants using the 3D/EPS process is much higher
because of the specific surface area, and therefore electrons
and active sites are much higher than two-dimensional
types [44].

The results showed that this system has an excellent
capacity for reducing pollutants and dyes, as well as improv-
ing biodegradability by producing more H,O, and OH [45].
Investigation of effective parameters in engineering studies
using the One-factor-at-a-time (OFAT) method is to study
the processes that have several variables and responses and
require a large number of experiments, which in addition
to increasing project execution costs, it will also increase
the project execution time. Moreover, in this statistical
method, the optimization of the parameters involved in the
study will not be possible due to the lack of consideration
of the interactions between the parameters and the system
response [46].

In this study, the effect of independent parameters on
process response as well as optimization of parameters was
investigated using response surface methodology based on
the central composite design (RSM-CCD) [47]. Compared to
the OFAT method, the RSM-CCD method is able to forecast
the individual, interaction, and quadratic effects between
parameters and response and, finally, to predict the process
response by developing a quadratic mathematical model. The
ability to find the optimum point outside the tested points
with accuracy equal to the tested points is another advantage
of this statistical method [48].

Therefore, due to the presence of dyes as the main pol-
lutants in water and considering the special advantages and
features of 3D advanced oxidation processes (AOPs) in the
removal of organic compounds, especially dyes, the present
study was carried out to evaluate the efficiency of 3D/EPS
process with GAC catalyst.

2. Materials and methods
2.1. Chemicals and reagents

Sodium persulphate (purity of 98%), sulfuric acid, and
sodium hydroxide were provided from Sigma Aldrich
(St. Louis, MO, USA). GAC with a size of 1.5 mm and
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graphite and stainless steel (SS) electrodes were obtained
from Kimia Gostar Poyesh Co., Iran. Acid Blue 113 (AB113)
was prepared by Alvan Sabet Co., Hamadan. The general
characteristics of Acid Blue 113 are shown in Table 1. 0.1 N
sulfuric acid (H,SO,) and 0.1 N sodium hydroxide (NaOH)
were applied to regulate the pH of the solutions [HACH
model sensionl (USA)]. Double distilled water was utilized
to prepare the solutions. All the chemicals used in the exper-
iments were of analytical grade and were applied without
further purification.

2.2. Analytical procedure

After conducting the related experiments, the samples
were collected at predetermined time intervals and were fil-
tered through a 0.45 um membrane filter, and the concen-
tration of AB113 dye was finally measured using an ultra-
violet-visible spectrophotometer (DR5000) at a wavelength
of 567 nm [49]. To select this wavelength, a certain concen-
tration of dye was prepared at pH 7. Then, the wavelength
scan was performed at 200-700 nm using a quartz cell and
DR 5000 spectrophotometer. The desired peak was obtained
at 567 nm. The concentration-absorption standard curve was
plotted and used to convert the absorbance values to the con-
centration in mg/L.

The efficiency of the 3D/EPS catalyzed by the GAC pro-
cess in removing AB113 dye was calculated using Eq. (2) and
the removal efficiency of total organic carbon (TOC) by this
process was determined using Eq. (3).

Table 1
Characteristics of acid blue 113 dye [12,49]

Chemical name Acid Blue 113
Dye type Diazo
ey
®
7
e NH
| i
) _,;.-:-“a.,_..-NcN -"*-“».vr_.--“m_r_.- S. ONa
Chemical structure . | =i
e '-N#mT"A"*. e
SAae
0=5=0
OMa
Solubility in water 40 mg/L
Dye index CI2630
Appearance Dark blue powder
characteristic
Molecular (chemical)  C,,H, N,Na,O,S,
formula
IUPAC name Disodium 8-anilino-5-[[4-(3-

sulfonatophenyl) azo-1-naphthyl]
azo] naphthalene-1-sulfonate
681.65 g/mol

Acid Fast Blue 5R

Molar mass
Other name

[AB113] -[ AB113]
AB 113 Removal (%) = - £x100 ©)
[AB 113]0

_[TOC] ~[TOC],

TOC removal (%) [TOC]
0

100 3)

where AB113 removal (%) shows AB113 dye removal effi-
ciency, [AB113] and [AB113], represents the initial concentra-
tion of AB113 at the time 0 and the concentration of AB113 at
time ¢, respectively. [TOC], and [TOC], is related to the TOC
before and after treatment, respectively.

The required air was supplied to the reactor through an air
pump (Model SB-118). TOC analyzer (Elementar, Germany)
was used to measure the TOC content of the AB113 dye.
Intermediate compounds produced during the process were
measured by liquid chromatography coupled to mass spec-
trometry (LC-MS) analysis (Quattro Micro API micro mass
Waters 2695) [60]. For this purpose, the mobile phase con-
sisted of acetonitrile containing 0.1% formic acid and water
containing 0.1% formic acid with a ratio of 70:30 at a flow
rate of 0.25 mL/min. Also, the column used in this device was
Atlantis T3-C18 (Dimensions of 3 1, 2.1 x 100 mm). The detec-
tor used was electron spray ionization with the positive scan
mode at 40 V.

Structure and characteristics of activated carbon and
graphite electrode after reaction were assessed using the
analyses, for example, scanning electron microscopy (SEM)
(model HITACHI S-4160, Japan) and X-ray diffraction (XRD
pattern) by X'Pert Pro diffractometer (Rigaku RINT2200,
Japan).

2.3. 3D/IEPS catalyzed by GAC process

The present study is an experimental study that was
conducted to investigate the applicability of the 3D/EPS sys-
tem in the removal of AB113 dye. A 400 mL electrochemical
reactor made of Plexiglass (with the discontinuous flow)
filled with 250 ml water was used as the desired pilot. The
dimensions of two electrodes used in the present study were
10 cm x 6 cm x 0.5 cm and the distance between them was
4 cm. The electrodes were placed vertically and parallel to
each other and were floated in solution. The schematic of this
reactor was represented in Fig. 1.

The graphite electrode was used as the anode, and SS was
applied as the cathode; the GAC was poured into the plastic
grid and inserted as the third dimension between these two
electrodes [50]. GAC was considered as the particle electrode
and third dimension of the process due to the characteristics
including low cost, chemical stability, and high surface area.

The anode and cathode electrodes were connected to
the direct current generator device (PS-405 model) by inter-
face wires. The required mixing in the reaction reactor was
provided by a magnetic magnet at a speed of 150 rpm. In
this study, at the first stage, the effect of the main variables
including pH (in the range of 3-11), GAC dosage (in the
range of 2.5-2.5 g), persulfate concentration (in the range
of 5-25 mM), electrode potential (in the range of 3-15 V),
and the reaction time (5-25 min) on 3D/EPS process per-
formance was investigated at a constant concentration of
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Fig. 1. Schematic of 3-Dimensional electro persulfate. (1) Power supply, (2) magnetic stirrer, (3) cathode electrode (stainless steel), (4)
anode electrode (graphite), (5) 3-Dimensional electrochemical reactor, (6) magnet, (7) plastic grid containing the GAC, (8) air pump,

(9) air hose, and (10) air rock.

AB113 dye (100 mg/L) and constant aeration rate (75 ml/
min) and considering the distance between electrodes of
4 cm [51-58]. The experimental range and levels of indepen-
dent variables studied for AB113 degradation at five levels
are shown in Table 2. The values of the variables and their
variation limits were selected based on preliminary experi-
ments. During these experiments, AB113 degradation effi-
ciency was used to evaluate the effectiveness of the process.
Table 3 shows the experimental conditions according to the
factorial design. The measured responses include the degra-
dation of AB113 dye using the 3D/EPS process. The results
obtained based on CCD were analyzed using analysis of
variance (ANOVA) variable analysis and multiple regres-
sion analysis. Furthermore, the results can be demonstrated
by a 3D plot regarding the simultaneous effect of indepen-
dent variables on the responses. The effectiveness of the fit
of the model was represented by the determination coeffi-
cient (R?). Model terms were determined by the p-value and
the F-value. The ANOVA and other statistical data were
calculated and generated using the Design Expert Software
version 11.0.

A direct current (DC) power supply (DAZHENG
PS-305D, China) with an electric current of 0-5 A and volt-
age of 0-30 V was used to supply the electrical current. All
batch experiments were performed at room temperature in
duplicate.

3. Results and discussion

3.1. Structure and characterization of the properties of granular
activated carbon and graphite electrode

Scanning electron microscopy (SEM) technique was used
to evaluate the microstructures of the GAC substrate and
graphite electrode, and the SEM image of the GAC at dif-
ferent magnifications (3, 5, and 20 um) has been shown in
Fig. 2 and the SEM image of the graphite electrode has been
represented in Fig. 3.

Table 2
Levels and ranges of variables studied in the removal of Acid
blue 113 dye

Factors  Symbol  Unit Levels

-a -1 0 +1 +a
pH A - 3 5 7 9 11
PS B mM 5 10 15 20 25
Voltage C \Y 3 6 9 12 15
GAC D Gr 25 5 75 10 12,5
Time E min 5 10 15 20 25

According to the results, the GAC surface, which was
highly porous before the reaction [59], can trap and retain the
intermediate compounds produced after the reaction on the
porous surface.

Furthermore, the results showed that the surface of the
graphite electrode was initially smooth and almost uniform.
After the reaction, these plates have been broken as shown in
Fig. 3 and become irregularly crystalline.

The XRD image obtained from the GAC after the reaction
has illustrated in Fig. 4. Crystalline portions of the sediments
with transparent peak [silicon oxide (SiO,) and calcium car-
bonate (CaCO,) compounds] has well identified on the GAC
surface as by-products in the electrolysis reaction [60].

3.2. Process analysis and modeling with central composite design

In this study, the central composite design (CCD) model
was used to evaluate the interactive effect of parameters for
optimizing the removal of AB113 dye from aqueous solutions
using 3D/EPS catalyzed by the GAC process.

Based on the results, the 3D/EPS efficiency catalyzed by
the GAC process in the removal of AB113 dye, according to
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Table 3

Designed Experiments by software for removal of Acid Blue 113 dye using 3D/EPS Process with GAC Catalyst
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Run pH PS Voltage GAC Time Experimental removal Predicted removal
1 9 10 6 5 10 55.2 55.36
2 7 15 9 7.5 15 74.6 74.25
3 7 15 9 12.5 15 80.7 81.01
4 7 25 9 7.5 15 76.2 76.67
5 9 10 12 5 20 65.6 65.27
6 9 20 6 10 20 75.7 74.92
7 7 15 3 7.5 15 66.2 66.85
8 9 10 12 5 10 61.3 61.11
9 5 10 12 10 20 77.1 77.52
10 5 10 6 10 20 721 71.76
11 7 15 9 7.5 15 735 74.25
12 9 10 6 10 20 67.5 67.67
13 5 10 12 5 20 69.1 69.36
14 11 15 9 7.5 15 63.2 63.15
15 7 15 9 7.5 5 68.8 68.95
16 3 15 9 7.5 15 712 72.06
17 9 10 6 10 10 63.6 63.51
18 5 10 6 5 20 63.9 63.61
19 5 20 12 10 20 86.1 85.49
20 7 15 9 7.5 15 73.8 74.25
21 9 20 6 5 20 66.5 66.77
22 7 15 15 7.5 15 78.2 78.36
23 5 20 12 10 10 81.6 81.34
24 7 5 9 7.5 15 61.1 61.44
25 9 20 12 5 10 68.8 68.37
26 9 20 12 10 10 76.3 76.52
27 5 10 6 5 10 60.3 59.45
28 5 20 12 5 20 779 77.34
29 5 20 6 10 20 80.3 79.74
30 7 15 9 7.5 15 74.6 74.25
31 5 10 12 5 10 65.3 65.21
32 7 15 9 25 15 64.2 64.7
33 7 15 9 7.5 15 74.5 74.25
34 9 10 12 10 10 69 69.27
35 5 20 6 10 10 75.6 75.58
36 5 20 12 5 10 73.1 73.18
37 5 10 12 10 10 73.6 73.36
38 9 10 6 5 20 59.9 59.51
39 9 20 6 10 10 70.7 70.77
40 5 20 6 5 10 67.1 67.43
41 9 10 12 10 20 733 73.42
42 7 15 9 7.5 25 76.6 77.26
43 7 15 9 7.5 15 74.5 74.25
44 5 10 6 10 10 67.7 67.61
45 7 15 9 7.5 15 74.6 74.25
46 7 15 9 7.5 15 74.7 74.25
47 9 20 12 10 20 80.4 80.68
48 9 20 12 5 20 72.6 72.52
49 5 20 6 5 20 713 71.58
50 9 20 6 5 10 62.6 62.61
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Fig. 3. SEM image of the graphite electrode surface after reaction
(magnification x 25,000).

changes in experimental conditions, varies from 55.2% to
86.1% (Table 3).

The first step in analyzing the results is selecting a
suitable model for the system that can predict the results
accurately. Quadratic models were used for this purpose.
ANOVA is often used to evaluate the model and to test its
significance. The results related to the removal of AB113
dye by the 3D-EPS process with the GAC catalyst are shown
in Table 4. Factors with a p-value of <0.05 remained in the
model. With regard to the remaining parameters in the sys-
tem, a model was finally presented to predict the studied dye

413
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Fig. 4. XRD image of GAC after reaction.

removal efficiency. Eq. (5) is the proposed model based on the
factors coded in Table 2 which is as follows: In this equation,
X is the predicted removal efficiency in terms of percentage.

X =7425-445A+7.62B +5.75C + 8.16D +
4.15E - 0.71AB + 0.44BD - 0.16CE — 6.64A* — 5.19B* —
1.64C*-1.39D> - 1.14E? 5)

The presented model consists of five variables related to
single-component or linear effects (A, B, C, D, E), five vari-
ables related to curve or quadratic effects (A% B? C% D% E?),
and three variables related to dual or interaction effects (AB,
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Table 4
Statistical models obtained from the ANOVA for response surface reduced quadratic model for optimization of Acid Blue 113 dye
removal
Source Sum of squares af Mean square F-value p-value
Model 2,102.3 13 161.75 797.02 <0.0001 Significant
A-pH 198.47 1 198.47 977.96 <0.0001
B-PS 579.88 1 579.88 2,857.36 <0.0001
C-voltage 331.20 1 331.20 1,631.99 <0.0001
D-GAC 665.04 1 665.04 3,276.98 <0.0001
E-time 172.64 1 172.64 850.68 <0.0001
AB 1.02 1 1.02 5 0.0316
BD 0.38 1 0.38 1.89 0.1781
CE 0.053 1 0.053 0.26 0.6131
A? 88.25 1 88.25 434.83 <0.0001
B2 53.92 1 53.92 265.71 <0.0001
2 5.40 1 5.40 26.59 <0.0001
D2 3.88 1 3.88 19.11 <0.0001
E2 2.61 1 2.61 12.86 0.001
Residual 7.31 36 0.20
Lack of fit 5.93 29 0.20 1.04 0.5237 Not significant
Pure error 1.38 7 0.20
Cor. total 2,110.04 49

Model: Quadratic, R% 0.9963, R?

Adjusted” predicted”

CE, BD). According to the coefficients of the factors in the
above equation, the importance of each parameter was clari-
fied, so that the concentration of GAC had the highest impor-
tance in the removal of AB113 dye. In addition, the effect of
pH on removal was negative, and the removal efficiency at
acidic pH was higher. Furthermore, the effect of persulfate
concentration, electrode potential, and retention time on
removal was observed to be positive. In Eq. (1), 4, B, C, D,
and E show pH, persulfate (mM), voltage (V), and reaction
time (min), respectively.

The quality of the proposed model is evaluated using
the coefficient of determination (R?). The coefficient of deter-
mination is the ratio of the sum of squares described to the
sum of total squares, and its numerical value varies between
0 and 1; the selected model has more validity when the R*is
closer to 1. When R? > 0.9, the proposed model can be reli-
ably applied to optimize the response. As shown in Table 4,
R? = 0.99, which indicates that the model has acceptable
accuracy.

The low values of CV are indicative of excellent accuracy
and high reliability of experiments; in this study, this value
was observed to be 0.6353. The lack of fit (LOF) is a good pre-
dictor of the model. Based on obtained results, LOF for AB113
dye was not significant (P = 0.0.5237). Since insignificant LOF
is a prerequisite for a flourishing predictive model, like large
p-values, along with significant regressions (p <0.0001 for the
model), it confirms that the model satisfactorily predicts the
experimental results at the confidence level of 95%.

:0.9953, R? :0.9915, Adeq. precision: 136.2833, and CV: 0.6353

Residuals plots are employed to explain the difference
between the observed values for a response and its pre-
dicted value, which are critical for estimation of the ade-
quacy of the model. In addition, signifying the residuals
departure from a straight line is accomplished by Normal
test plots which are graphical tools. The normal probability
plot of AB113 dye removal using 3D/EPS catalyzed by the
GAC process (Fig. 5a) is representative of normal scattering
of almost all data points near to the straight line and lack
of gross distribution around the line. The adequacy of the
model was also assessed by drawing the residuals plot vs.
the predicted responses. In Fig 5b, the random scatter of the
residuals around the zero is observed, which symbolizes
the appropriate behavior of the models and the desirability
of constant variance assumptions. In addition, it should be
noted that there is no dependency between residuals and
time or any other parameters in a well-designed model. In
the represented externally studentized residuals vs. the
run (Fig. 5¢), the independence of the residuals to the runs
could be observed for any observable trend. Generally, it was
found that the removal of AB113 dye by 3D/EPS catalyzed by
the GAC process could be adequately predicted through the
proposed model.

The effect of each of the studied factors (pH, persulfate,
Voltage, GAS, and reaction time) on the removal of AB113
has shown in Fig. 5d. According to Fig. 5d, all the parame-
ters except for the pH parameter was increased by increasing
concentration.
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Fig. 5. (a) Normal probability distribution of residuals, (b) residuals vs. predicted, (c) externally studentized residuals vs. run, and (d)

Perturbation plot for removal of AB 113 dye.

3.3. Optimization of AB113 dye removal by RSM

Graphical optimization is a multi-layered map to indi-
cate the region in which the response values are obtained.
Fig. 6 shows the graphical optimizations, which represent
the region that provides the desired response values (yel-
low region). The optimum region is identified for removal
of AB113 dye by 3D/EPS catalyzed by the GAC process,
which were considered as criteria. The yellowish zone cov-
ers the pH of 7, persulfate of 15 mM, a voltage of 9 V, GAC
of 7.5 gr, and reaction time of 15 min. In order to verify the
accuracy of the models, one point is selected in optimum
areas (conditions shown by the flag are shown in Fig. 6. The
3D/EPS catalyzed by the GAC process was used to compare
the actual values with predicted values of responses. Table 5
shows the results of the experiments in optimum areas. The
correctness of the optimum conditions with DOE software
was examined by the standard deviation for each response.
The actual values are very close to the predicted values of
the model.

3.4. Interaction effect between initial pH and persulfate concentra-
tion in the removal of AB113

Fig. 7 shows the AB113 dye removal efficiency as a func-
tion of pH and persulfate concentration. Based on the results
of the ANOVA shown in Table 4, P < 0.05, and there was a
significant relationship between the initial pH and the per-
sulfate concentration in the process studied. It is observed
that by increasing persulfate concentration to 22.59 mM, the
efficiency was increased and it had a decreasing trend at fur-
ther concentrations. Moreover, the removal efficiency was
increased by increasing the pH from 3 to 5.50, but the reduc-
tion in efficiency was observed for the pH values beyond the
mentioned values. The highest removal efficiency (91.86%)
was observed at pH of 5.5 and persulfate concentration of
22.59 mM, and the lowest removal efficiency was at pH of
11 and persulfate concentration of 5 mM, which was equal
to 65.41%. Persulfate not only can produce the sulfate rad-
icals in the degradation of pollutants but also is capable to
generate the hydroxyl radicals in direct reaction with water.
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Table 5
Verification of experimental results at optimum conditions

Optimum condition Acid Blue 113 dye removal (%)

Experimental results 74.25%

Model response Cllow: 73.91, CI high: 74.57
Error 0.163

Standard deviation +0.47

Therefore, increasing the persulfate, up to a certain concen-
tration, is led to the high production of free radicals and,
thus, higher AB116 dye removal efficiency [61].

Moreover, when the persulfate salt in the EPS process is
poured in water, the SZO§‘ anion is formed in water (reaction
6); the SZOQ‘ anion has low oxidation ability and the oxidation
of the organic compounds by this anion is slowly performed
at ambient temperature and for this reason, the activation
of persulfate for the production of SO;~ radical is required
(reaction 7) [61].

5,02 +2e" - 250%, E'=2.01 V ©6)

SO; +e — SO, E'=26V @)

3.5. Interaction effects between potential electrode and retention
time in the removal of AB113

In Fig. 8, the interaction effect between electrode poten-
tial and retention time on the AB113 removal is shown as a
function of electrode potential and retention time. According

to the results of the ANOVA shown in Table 4, P < 0.05, and
there was no significant relationship between the potential
electrode and retention time in the process studied. As can
be seen in this Figure, by increasing the electrode potential
and the retention time, the AB113 dye removal efficiency
was increased. The removal efficiency increases when both
parameters are at their highest level so that the lowest
removal efficiency was observed at the electrode potential
of 3 and the retention time of 5 min, which showed removal
efficiency of 72.11%. Our results are agreed with the results
obtained by Dargabhi et al. [62] and Samarghandi et al. [63].

The results of the study conducted by Dargahi et al. [62]
and Samarghandi et al. [63] showed that increasing the volt-
age is led to increasing the pollutant degradation efficiency
[62].

The results also showed that reaction time has a direct
relationship with the removal efficiency of AB113, so that by
increasing electrolysis time, the dye removal efficiency was
also increased because an increase in the electrolysis time
leads to enhancing the production of the hydroxyl radicals
and, as a result, increasing the dye removal efficiency by the
3D/EPS process [63].

3.6. Interaction effects between persulfate concentration and GAC
mass in the removal of AB113 dye

In Fig. 9, the interaction effect of persulfate concentra-
tion and GAC mass in the removal of AB113, as a function
of persulfate concentration and GAC mass, has shown.
Considering the results of the ANOVA reported in Table 4,
P <0.05, and there was no considerable relationship between
the concentration of persulfate and the GAC mass in the
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Fig. 9. Acid Blue 113 dye removal efficiency as a function of
pre-sulfate concentration and GAC mass at pH of 5.50 and elec-
trode potential of 15 V and retention time of 24.99 min.

process studied. As can be seen in Fig. 9; increasing the GAC
mass has led to enhance the AB113 dye removal efficiency,
and the highest removal efficiency was for the persulfate con-
centration of 22.59 mM; so that the lowest removal efficiency
(59.70%) was observed at the persulfate concentration of 5
and GACmass of 5 g.

3.7. Effect of the distance between electrodes on AB113 dye
removal

After optimizing initial solution pH, persulfate concentra-
tion, electrode potential and retention time and GAC dosage,

417

95
94
93
a2
a1
90

Degradation (%)

89

88

87

86

85

3 4 5
The distance of the electrodes (cm)

Fig. 10. The effect of distance between electrodes on the removal
of acid blue 113 dye under optimum conditions.

the effect of distance between electrodes were investigated
under optimum conditions. Fig. 10 shows the results of this
section. As observed, the removal efficiency was decreased by
increasing the distance. In other words, the distance between
the electrodes is inversely correlated with the dye removal
efficiency. So that when the distance between the electrodes
is increased, the electrical resistance between the electrodes
is also increased, and according to Ohm’s law, if the voltage
is constant, the electric current decreases. Accordingly, this
decrease in current is led to producing fewer gas bubbles
and their deformation in size. Therefore, the removal effi-
ciency is reduced. When the distance between the electrodes
decreases, the gas bubbles create effective hydrodynamic
turbulence so that the efficiency is effectively enhanced [64].
According to studies by Merzouk et al. [65] for the treatment
of textile industry wastewater through electrocoagulation,
it was detected that the pollutant removal efficiency was
decreased by increasing the distance between the electrodes
from 1 to 3 cm.

3.8. Effect of aeration and nitrogenation on AB113 dye removal

In order to investigate the effect of aeration and nitro-
genation on the AB113 dye removal in the 3D/EPS process,
samples were prepared under optimum conditions and air
and nitrogen were sprayed with flow rates of 0, 75, and
150 ml/min. The results were represented in Figs. 11a and
b. As can be seen, spraying air and nitrogen into the studied
samples reduces and increases the process efficiency, respec-
tively. The reason can be explained that in AOPs based on
the use of persulfate in the electrochemical environment, the
diffusion of nitrogen gas (N,) and oxygen gas (O,) can affect
the formation and consumption of radicals due to second-
ary reactions at the cathode and anode electrodes surface.
In order to develop the efficiency of the sulfate radical in
aqueous environments, nitrogen gas enters the environment
and this phenomenon can be described by this fact that, by
the introduction of N, gas, the O, produced by anodic oxi-
dation of the water is existed from the environment and is
led to absorb a large number of persulfate anions on the
cathode. Therefore, more sulfate radicals are produced. In
other words, an increase in the number of sulfate radicals
produced is attributed to the cathodic reduction of the per-
sulfate anions, which can compete with O, to absorb elec-
trons (reactions 8 and 9).
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Thus, the main mechanism is to promote the formation
of SO, through cathodic reduction of anion sulfate [43].
Chen et al. [66] have obtained similar results in their study,
which was conducted to eliminate the toxic compound of
dinitrotoluene. Conversely, an increase in O, concentration
has resulted in the reduction of the formation of SO;~ due to
the creation of the competition with persulfate anion in the
capture of the electron [66].

3.9. Effect of the initial concentration of AB113 dye on AB113 dye
removal

In order to investigate the effect of the initial concentra-
tion of AB113 dye, three different initial concentrations of
AB113 were tested under optimum conditions. In the sim-
ilar experimental parameters, the number of activated rad-
ical species resulted from this process was assumed to be
constant.

94
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Fig. 12. Influence of initial dye concentration on the acid blue 113
dye removal under optimum conditions.
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As shown in Fig. 12, the removal efficiency was decreased
from 93.11% to 93.85% by an increase in the concentration of
AB113 from 50 to 100 mg/L. By increasing the dye concentra-
tion to 150 mg/L, the efficiency was decreased to 58.25%. In
other words, the removal efficiency of the dye has reduced
by increasing the initial concentration of AB113, which can be
attributed to the decrease in oxidized molecules. In addition,
the increase in dye concentration leads to decreasing the con-
centration of the produced radicals and to decline the chance
of collision between the produced radicals and the dye mol-
ecules; this obviously results in reducing the dye removal
efficiency [67].

3.10. Mineralization of AB113

To estimate the effective role of the 3D/EPS process in
degradation and mineralization of AB113, the TOC removal
efficiency in optimal condition was determined (Fig. 13).
The results showed that increasing the reaction time is led to
improving the dye degradation rate; so that by an increase in
the reaction time from 0 to 75 min, the TOC removal rate was
increased to 85% by 3D/EPS process. Accordingly, the TOC
was decreased from 28 to 4.2 mg/L by increasing the reaction
time from 0 to 75 min (Fig. 13).

3.11. Influence of each factor on the AB113 dye removal process

Fig. 14 reveals the percentage effect of each significant
factor on the removal of AB113. As can be seen, and according
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Fig. 14. Effect of each term on AB113 removal (= Positive effect,
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to the variables coded in Table 2, the percentage of the posi-
tive effect of GAC dosage and persulfate concentration was
higher than other factors. In general, the effect of indepen-
dent variables on the removal efficiency of AB113 dye has
been illustrated by blue and red colors to show positive and
negative effects, respectively [68].

3.12. Determination of the synergistic effect of different compo-
nents of the 3D/EPS process on the removal of AB113 dye

To investigate the effect of AB113 dye on 3D/EP process
systems, five separate samples containing 100 mg/L dye
solution were prepared. It should be noted that all processes
were performed in optimal conditions. In the first sample,
only peroxodisulfate (PDS) was used to remove the dye. It
was observed that the dye removal was low (5.4%) due to
the stability of PDS at ambient temperature and its limited
oxidation capacity [53]. Consequently, other samples were
investigated to evaluate the effect of electropersulfate
process and the effect of the electrochemical process
without the presence of persulfate and the effect of the
process in the presence of GAC alone and the effect of
the EPS process in the presence of GAC. The retention
time in all samples was 25 min. The results obtained were
presented in Fig. 15. Separate electropersulfate process, at
the end of the process, removed about 70.25% of the dye;
under the same conditions, the electrochemical process
without the presence of persulfate was capable to provide
only 42.6% removal efficiency, while the EPS process in
the presence of GAC was able to remove 91.85% of the
studied dye. The net effect of GAC was evaluated as the
third dimension. The process in the presence of GAC only
removed 5% of the dye.

In other words, the efficiency of the two-dimensional
(2D) process was 70.25% at optimum conditions, which
were significantly lower than the efficiency obtained by
its three-dimensional (3D) process. Since, prior to the start
of the electrochemical process, the GAC particles have
been immersed in the AB113 dye solution, and no signif-
icant adsorption could be observed; thus, this increase in
efficiency could be attributed to the electrochemical role
of GAC. GAC, due to having poly aromatic components
(PACs) and functional groups, can significantly improve
the desired radicals in the removal of the dye through the
3D-EPS process compared to the 2D process type [46]. On

Degradation (34)
8
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Fig. 15. Effect of separate and 3D/EPS processes on the removal
of acid blue dye 113 under optimum conditions.

3DEPS

the other hand, each GAC particle plays a microelectrode
in the induced electric field due to its high electrical con-
ductivity, which improves the direct oxidation of the target
pollutant by reducing the distance of pollutant movement
to the electrode surface [69].

3.13. Intermediate products produced by 3D/EPS process for
removal of AB113 dye under optimum conditions and its proposed
degradation pathways

The degradation of AB113 dye during the 3D/EPS process
in optimum conditions was also confirmed by the chromato-
gram of LC-MS, as shown in Fig. 16. Based on the LC-MS
chromatogram diagram, the M/Z value, chemical name,
molecular formula, and structural formula of intermediate
materials identified are given in Table 6. Then, the acceptable
degradation pathway according to the produced intermedi-
ate products was proposed according to the LC-MS diagram,
shown in Fig. 17.

The production of powerful radicals, that is, SO,;~ and
*‘OH, is fundamentally important and plays an irreplace-
able role in the persulfate oxidative system. Therefore, both
SO; and "OH are perhaps responsible for the degradation
of AB113 in aqueous solutions by the electrochemical oxi-
dation system. SO; and *OH are electrophilic which pref-
erably remove electrons from an organic molecule. Thus,
based on our major reactive species, a tentative pathway
for the degradation of AB113 using the studied system was
proposed.

Through the analysis of LC-MS, six intermediates were
identified; these intermediates was including naphtha-
len-1-ol, phthalic acid, malonic acid, Malic acid, naphtha-
lene-1,4-diamine, (naphthalen-1-ylsulfonyl)-1'-oxidane. With
the help of SO, and *OH radicals, AB113 was cleaved to form,
(A1, A2, A3, A4, A7, A8, A9) or (A5, A6). For compound (A5,
A6, A9), these could be oxidized by SO; and *OH radicals
to form naphthalene-1,4-diamine and (naphthalen-1-ylsulfo-
nyl)-11-oxidane and then these were oxidized to form naph-
thalen-1-ol, phthalic acid under the oxidation of SO; and
*OH radicals. However, naphthalen-1-ol, phthalic acid can be
degraded in the electrochemical oxidation system. When the
electrochemical oxidation system degraded AB113, H,O, and
CO, are produced as the final product.
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Fig. 16. LC-MS chromatogram after degradation of acid blue 113 dye under optimum conditions.

Table 6
Intermediate products produced during the 3D/EPS process

m/z Structural formula, chemical name, and m/z Structural formula, chemical name, and molecular

681 580

molecular formula formula
H N
N
SN O \© N O \©
O SOsNa Y
LN N SO,Na
@ S g
O;Na

sodium §_(phenylamino)-5-((4-((3-sulfonatophenyl)diazenyl)naphthalen-1- sodium §_(phenylamino)-5-((4-(phenyldiazenyl)naphthalen-1-
yhdiazenyhnaphthalene-1-sulfonat yl)diazenyl)naphthalene-1-sulfonate
Chemical Formuta: C;,Hy NsNa, S, Chemical Formula: C3,H,,NsNaO;S

478 H 660 H
N N
N @
N\\N \© N g
N SO;Na
NSy N O
N_phenyl-4-((4-(phenyldiazenyl)naphthalen-1- O;H . .
yl)diazenyl)naphthalen-1-amine sodium 8- (phenylamino)-5-((4-((3-
Chemical Formula: C3,H,;N sulfophenyl)diazenyl)naphthalen-1-yl)diazenyl)naphthalene-1-

sulfonate
Chemical Formula: C3,H,,NsNaOS,
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Table 6
(Continued)
m/z Structural formula, chemical name, and m/z Structural formula, chemical name, and molecular
molecular formula formula
499 NH, 419
WS WS
A N OH
N OH
:E PN ! N\\N !
O;H H
3-((4-((4-amino-5-hydroxynaphthalen-1-yl)diazenyl)naphthalen- 5-((4-((3-hydroxyphenyl)diazenyl)naphthalen-1-
1-yl)diazenyl)benzenesulfonic acid yl)diazenyl)naphthalen-1-ol
Chemical Formula: C,.H,,N.O,S .
2677197754 Chemical Formula: C,¢H,(N,0,
403 389 N
NN O \ O @
N O 0 A
) ¢ g
H
. 4-((4-aminonaphthalen-1-yl)diazenyl)-V-
3-((4-(naphthalen-1-yldiazenyl)naphthalen-1- phenylnaphthalen-1-amine
yl)diazenyl)phenol . .
Chemical Formula: C,H,gN,0 Chemical Formula: CygHyN,
454 H 325 N
N§N O \© N
SOASR
Q
8-(('l-oxidaneyl)dioxo-|6-sulfaneyl)-4-(naphthalen-l- 3-((4-(7‘l-azaneyl)naphthalen-l-
yldiazenyl)-V-phenylnaphthalen-1-amine yl)diazenyl)benzenesulfonic acid
Chemical Formula: C,H,sN;058 Chemical Formula: C,(H;;N;0;S
308 N 247 N
N O
O, 1-(4-(""-azaneyl)naphthalen-1-yl)-2-
(3-((4-(|l-azaneyl)naphthalen-l- phenyldiazene
yl)diazenyl)phenyl)—|S'S“lfanedione Chemical Formula: C,;H; N,

Chemical Formula: C;cH;(N;0,S
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Table 6
(Continued)
m/z Structural formula, chemical name, and m/z Structural formula, chemical name, and molecular
molecular formula formula
325 342 NH

aas

3-((4-(7‘l-azaneyl)naphthalen—l-
ylydiazenyl)benzenesulfonic acid
Chemical Formula: C,(H;;N;0,S

247
H,N g
SO;Na

sodium 5_aminonaphthalene-1-sulfonate

Chemical Formula: C,,HgNNaO;S

e

1-(4-(7‘l-azaneyl)naphthalen-l -yl)-2-

phenyldiazene
Chemical Formula: C,;H;{N;

173 NH,

N
OH

8-amino-5-(! l-azaneyl)naphthalen-l-ol

Chemical Formula: C,,HgN,O

OzH

3-((4-()”2-azaneyl)-6-hydroxynaphthalen-l-
yl)diazenyl)benzenesulfonic acid
Chemical Formula: C,;H;,N;0,S

159 NH,

naphthalene-1,4-diamine
Chemical Formula: C,oH;(N,

222

HN O
SO,

(5'((| l-oxidaneyl)di()xo_ |6-
sulfaneyl)naphthalen-1-yl)- 12-azane
Chemical Formula: C10H7NO3S
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Table 6
(Continued)
m/z Structural formula, chemical name, and m/z Structural formula, chemical name, and molecular
molecular formula formula
143 NH 206 !
1 .
naphthalen—l—yl-kz'azane (naphthalen—l-ylsulfonyl)—I -oxidane
Chemical Formula: CIOHSN Chemical Formula: C10H7O3S
and
naphthalen-1-ol

Chemical Formula: C,,HgO

383 135 (0]
CI OH
NN H
0 2-hydroxysuccinic acid
Chemical Formula: C,H,O5
sodium 5_(naphthalen-1-
yldiazenyl)naphthalene-1-sulfonate
Chemical Formula: C,,H;;N,NaO;S
105 o o 90 o
OJ]\/U\O NaHSO3 OH
H H and sedium hydrosulfonyl- H
malonic acid I'-oxidane
Chemical Formula: C;H,O, oxalic acid
Chemical Formula: C,H,0,
64 S0, 165 COOH
sulfur dioxide
OOH

phthalic acid
Chemical Formula: CgH,O,

3.14. Comparison of EPS process with other studies

In Table 7, various studies on the removal of various
pollutants by the 2D-EPS process. With regard to Table 7,
it can be seen that the results of the present study are of
some importance compared to the studies mentioned.

For example, compared to other studies, in this study, the
reduction of AB113 at medium pH (pH 5.5), reaction time
(25 min), persulfate (22.59 mmol), and voltage (15 V) was
done. Also, considering the lower reaction time of the pres-
ent study than other studies, dye removal efficiency in the
present study is much higher than other similar studies.
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Fig. 17. Proposed acid Blue 113 degradation pathway during 3D/EPS process under optimum conditions.

Table 7
Results of degradation of organic pollutants in aqueous solutions by two-dimensional electro persulfate systems

Pollutant Concentration Conditions for testing Results Ref.
Aniline 60 mg/L pH=3 ND [67]
Voltage = 6V

PS = 3% weight
Time = 420 min

Tetracycline 50 mg/L pH=4.42 81.1% [33]
Voltage = 6V
PS =50 mg/L
Time =240 min
Sodium dodecyl ben- 100 mg/L pH=3 80% [70]
zene sulfonate) (SDS PS =25 Mmol

Voltage =10V
Time = 25 min
Dinitrotoluene 300 mg/L pH=5 ND [43]
PS =1.7 weight
Voltage = 6V
Time = 480 min

Acid Blue 113 100 mg/L pH=55 70.25% Current study

PS =22.59 Mmol
Voltage=15V
Time =24.99 min
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4, Conclusion

The results indicate the effective performance of the RSM
in optimizing the three-dimensional electro persulfate (3D-
EPS) process in the removal of the AB113. Among the studied
parameters, the most effective parameter was the GAC dos-
age and the optimum amount of GAC was considered to be
12.5 g. There is a direct relationship between the dye removal
efficiency and persulfate concentration, electrode potential
and retention time. Under optimum conditions, this process
has an efficiency of 90.51% which is higher than its separate
processes.
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