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Removal of reactive blue 171 dye from aqueous solution and textile
industrial wastewater using peroxi-electrocoagulation process by
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Azam Mahroudi®, Majid Aghasi®*, Maryam Dolatabadi®, Saeid Ahmadzadeh®<*

“Student Research Committee, Kerman University of Medical Sciences, Kerman, Iran, email: Azammahrodi@yahoo.com
"Department of Environmental Health, School of Public Health, Kerman University of Medical Sciences, Kerman, Iran,
email: Aghasi.Majid@yahoo.com

‘Environmental Science and Technology Research Center, Department of Environmental Health Engineering,

School of Public Health, Shahid Sadoughi University of Medical Sciences, Yazd, Iran, email: Health.dolatabadi@gmail.com
“Neuroscience Research Center, Institute of Neuropharmacology, Kerman University of Medical Sciences, Kerman, Iran,
email: Chem_Ahmadzadeh@yahoo.com

*Pharmaceutics Research Center, Institute of Neuropharmacology, Kerman University of Medical Sciences, Kerman, Iran

Received 18 March 2020; Accepted 11 August 2022

272 (2022) 266-276
October

ABSTRACT

Dyes are organic compounds with very complex structures that are used in various industries.
The remaining dyes have a significant environmental impact on the environment and can change
the physical and chemical properties of the aquatic solution. Therefore, removing them from the
environment is essential. In this study, the removal of reactive blue 171 dye from aqueous solution
and textile industrial wastewater using peroxi-electrocoagulation process by response surface
methodology. According to the results, 99.4% of reactive blue 171 dye under optimal conditions in
the peroxi-electrocoagulation (PEC) process, including the concentration of 43.1 mg-L™, pH with
3, 9.2 mA-cm™ current density, 2.5 cm distance between the electrodes, 4 mM H,0,, and 7.7 min
the reaction time. Under these conditions, energy consumption was equivalent to 0.275 kWh-m™.
The removal process follows from the first-order kinetics with R*> = 0.9771. This study showed
that the PEC process can remove high levels of dye with the least amount of energy consumed
from aqueous solutions and it can be used as an economical process.

Keywords: Removal; Reactive blue 171; Textile industrial; Peroxi-electrocoagulation process;
Response surface methodology

1. Introduction

Industrial wastewater is one of the most potent sources
of contamination of the environment. The pollutants in
industrial effluents depend on the production line and
can produce different types of contaminants. These com-
pounds consist mainly of chemical and toxic substances
that are created by human activities related to the process-
ing and production of raw materials, washing, cooling,

* Corresponding authors.

heating, extraction, reaction products, separation, and etc.
The textile industry is one of the most-used industries in
the world, and there are a lot of dyes and other pollutants
in the effluent of this industry. A large number of textile
industries have not estimated the discharge wastewater
standard according to environmental laws, and this men-
tioned issue and non-compliance laws have created serious
and acute consequences on the water ecological system.
In general, the textile industry has more stringent limits
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on wastewater disposal [1,2]. One of the most important
contaminants in the textile industry is dyes. Dyes are aro-
matic organic compounds that absorb light in the visible
light region (wavelength 700-350 nm). Based on the chem-
ical structure or chromophore, the dyes are divided into
30-20 groups [3,4]. Today more than 10,000 types of syn-
thetic dyes are commercially used in various industries such
as textiles, food, paper, plastics, cosmetics, etc. In the textile
industry, about 1,000 types of different dyes and pigments
are used in the textile industry [5]. That more than 50% of
them have a double bond N=N and contain 1-4 azo groups.
About 20%-30% of dyestuff dyes are reactive dyes and most
reactive dyes (about 80%) are azo dyes. The reactive dyes
are used to dye cellulose fibers like flax and it includes
more than half of the used fiber throughout the world [6,7].

The presence of these dyes in water resources causes
major problems, such as dermatitis, carcinogenesis, muta-
genesis, and ecosystem disruption [8,9]. Therefore, it is
necessary to remove dyes from water environments to
reduce the problems caused by their presence in the aque-
ous media. So far, various techniques have been used for
the treatment of dye wastewater that can refer to different
process, including adsorption with various adsorbents such
as activated carbon, chitosan, nanoparticles, etc. [10,11],
coagulation and flocculation processes [12,13], use of mem-
brane processes, biological processes [14,15], and advanced
oxidation process [16-18].

The peroxi-electrocoagulation (PEC) process is one of
the most popular electrochemical oxidation processes that
have recently attracted attention researchers. The Fenton
process is a processing in which bivalent iron ion and H,0,
are used simultaneously to oxidize contaminants using
insitu generation of hydroxyl radical (*OH) (Reaction 1).

Fe*" + H,0, - Fe* +*OH )

This process is called PEC if in the Fenton process,
instead of Fe ion, the electric current and iron electrodes
are used to produce bivalent iron ion. The *OH is ability
to react rapidly with organic compounds and by hydrox-
ylation or hydrogenation of these compounds through a
radical mechanism to complete the mineralization of these
compounds [19-21]. The Fenton process is a powerful tech-
nique that can oxidize decomposition-resistant pollutants
in a short time. However, the Fenton process has main
disadvantages, including the creation of an acidic solu-
tion for the reaction and neutralization of treated waste-
water, as well as the need for more iron ions during the
Fenton process than PEC process, so in the Fenton process,
management requires the sludge produced during the pro-
cess [22]. Nevertheless, in the PEC process, the Fe** pro-
duced in the Fenton reaction is regenerated in the cathode
electrode and produces Fe*, and again it may react with
H,O, to produce it, and therefore the production of sludge
is less than in the PEC process [23,24]. The reactive blue 171
(RB 171) dye has been widely used in the textile industry
due to its high solubility, brightness, ease of use, optimum
durability during washing and low energy consumption.
Reactive blue 171 (RB 171) dye is considered as azo and
reactive dye. It causes a lot of danger if it reaches the water

resources. Therefore, in this study, it has been investi-
gated the usage of the PEC process to purify and remove
RB 171 dye from water sources.

2. Material and methods
2.1. Materials

The RB 171 dye (C,;H,,0,, N;NaS.C,,) was purchased
and used from the Shadilon Dye Factory of Mashhad with
a purity = 99.0%. hydrogen peroxide (H,O,, grade: 30%),
sodium chloride (NaCl, purity: 299.9%), sodium sulfate
(Na,SO,, purity: 299.0%), sodium hydroxide (NaOH, purity:
298.0%), hydrochloric acid fuming (HCI, purity: 37%), sulfu-
ric acid (H,SO,, purity: 95%-97%), and tert-butanol (C,H, O,
purity: 299.5%), potassium chloride (KCIl, purity: 299.0%),
and potassium nitrate (KNO,, purity: 299.0%) were pur-
chased from the Merck Co.

2.2. Reactor set up

The PEC reactor, to perform the PEC process on a lab-
oratory scale, was designed to be batch and was made of
cylindrical Plexiglas with 300 mL. To set up the PEC reac-
tor, 250 mL wastewater synthetic was made at each stage
with pre-set RB 171 dye concentrations and distilled water.

The pH of the samples was adjusted using H,SO, and
NaOH using a pH meter (Metrohm 827 pH lab). The reac-
tor was placed on a magnetic stirrer at 100 rpm (rotation
per minute) rotational speed. The electrodes were used with
5.0 cm length, 1.5 cm wide, 0.1 cm thick, and the electrode
immersion dimensions with 3.0 cm length, 1.5 cm width,
and 0.1 cm thickness were used for wastewater treatment.

The electrode contacting area with wastewater, ignored
of the electrode thickness, was 9 cm?. The distance between
the electrodes in this reactor was made up of two plastic
holders which did not create any limitation in the elec-
trodes’ surfaces contacting with the wastewater refining.
The iron electrodes were rinsed with HCI and polished
their surfaces with sandpaper at the desired intervals
inside the reactor and they have been connected to the
Megatek power supply. Simultaneously by adding the
H,O, predetermined quantities in the reactor, the Megatek
power supply was switched on and the desired current
was adjusted. After the reaction time, the reactor contents
transferred to the test tube. In order to eliminate the resid-
ual H,O, and stop the Fenton reaction, for each mole of
primary H,0,, 1 mL sodium thiosulfate 5 mM (manually)
was added to the samples. Then the samples were centri-
fuged at 1,000 rpm (rotation per minute) for 5 min and they
measured with the UV/Vis spectrophotometer Optizen
3220 at 610 nm wavelengths. The PEC process efficiency in
the RB 171 dye removing was calculated from Eq. (2) and
the energy amount was consumed using Eq. (3) [25].

Removal (%) = (C()C;Cf) x100 @)

0

where C, is the concentration of RB 171dye in mg-L™, C,
is the concentration of RB 171 dye at time ¢ (after the PEC
process) in mg-L™.
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EEC = (Vj ®)

where EEC is the electrical energy consumed amount
(kWh'm=), I is the applied current intensity (A), ¢ is the
electrolysis time (h), U is the applied voltage (V), V is the
volume of solution (L) [26].

2.3. Analytical procedure

Designing the study using the Design-Expert soft-
ware was performed by the response surface methodol-
ogy (RSM) method to determine the main factors and the
interaction between them and the quadratic effects, with
the aim of minimizing the number of experiments, and sav-
ing time and cost. The five independent variable’s effects
on the dye removal efficiency were investigated by the
PEC process. The variables included RB 171 concentration,
current density, H,O, concentration, the distance between
electrodes, and reaction time. Experiments were designed
and implemented in five levels (-a, -1, 0, +1, +a) accord-
ing to Table 1 and based on the RSM method. The PEC
process efficiency was considered as a dependent variable
(as the response) in the RB 171 dye removal.

Variance analysis (ANOVA) was used to analyze the
data. The response variable in the form of a polynomial
regression model presented in Eq. (4) is presented as a
function of independent variables [27,28].

Y=b+ Zn:bixi + anzn:bijxixj + Zn:bﬁxf 4)
p P

i=1 j=1

where Y is the response (removal efficiency), b, is the inter-
cept, and b, is the calculated regression coefficient which
is obtained from Y and X, values in the independent
variables encoded levels.

The XX and x? parameters include interaction and
quadratic eftjects, respectively.

The equation fitting quality was balanced using regres-
sion coefficients (R?), adjusted R? (Adj. R* and predicted
R? (Pred. R?) it was evaluated. P-value < 0.05 was consid-
ered as statistically significant. The contribution effect
of the investigated variables on the removal RB 171 dye
was determined by Pareto analysis according to Eq. (5) [29].
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Fig. 1. Pareto analysis for removal RB 171 dye using PEC process.

2
P = b

i

x100(i #0) ®)

where P, is the percentage of each effect contribution and
b, is each effect influence coefficient.

2.4. Characterizes of the real textile industrial wastewater

The real wastewater was supplied from the output
of the unit of wastewater treatment plant’s balancing
unit. The physical and chemical characteristics of the real
samples of the factory wastewater are given in Table 2.

2.5. Plant wastewater treatment system and sampling

Dropper and balancing (to adjust the temperature and
pH, also for mixing), the importance of temperature mod-
ification is the ratio of photoconductivity in the chemical
treatment of wastewater with coagulation and flocculation.
However, in the biological treatment section, anaerobic
treatment was first treated as an anaerobic lagoon, a relax-
ing pond, a discontinuous reactor with the upstream flow,
and a sedimentation reservoir. Then the waste was intro-
duced into the aerobic system. There were two activated
sludge pots with continuous aeration. Thereafter, an aer-
obic settling pond was located. The blast furnace returns
the sludge to the aerobic system, and then the wastewater
from the rotary bridge was introduced into the sand filter
by pumping and eventually fired from the outlet. The sam-
pling was done at the end of the equilibrium match. The
maximum wavelength after centrifugation was determined
using a spectrophotometer, which obtained 580 nm.

3. Results and discussion

In order to evaluate the RB 171 dye removal efficiency
by the PEC process, central composite design (CCD), which
is one of the RSM, was used. The dye concentration effects,
current density, H,O, concentration, the distance between
electrodes and reaction time were investigated. The design
matrix with the experimental and predicted results are
presented in Table 3. The results of the EF process efficiency
in the RB 171 dye removal from synthetic wastewater were
analyzed by the experimental design software to develop
the best model that can describe the observed response.

The analyses were selected polynomial type and qua-
dratic models. The validity of the proposed model was
assessed by analysis of variance (ANOVA). In addition, it can
be determined the statistical significance of the main effect,
interaction, and quadratic effect. The ANOVA test results
are presented in Table 4.

In Table 4, X, X,, X,, X,, and X, represent the indepen-
dent variable main effects which are including the RB 171
dye concentration, current density, H,O, concentration,
electrodes distance, and reaction time. The variable X, X,
represents the effect of H,O, concentration (X,) and the
distance between the electrodes (X,). The variable X2 rep-
resents the square effect of factor X, (current density) on
the desired response. P-value was determined less than
0.05 (P-value > 0.00001) for the PEC process efficiency
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Table 1
Actual and coded values of independent variables in the PEC process
Variable Unit Coded Actual Levels
value value a 4 0 41 o
RB 171 concentration mg-L? X, A 20.0 43.2 60.0 76.8 100.0
Current density mA-cm™ X, B 3.0 6.5 9.0 11.5 15.0
H,O, concentration mM X, C 1.0 2.2 3.0 4.0 5.0
Distance between electrodes cm X, D 1.0 19 2.5 3.1 4.0
Reaction time min X E 2.0 4.3 6.0 7.7 10.0

o

Table 2
Physical and chemical characteristics of the real samples of the
factory wastewater

Parameters Units Value
Temperature °C 222+1.8
pH - 48+0.26
TDS mg-L? 1,060 + 56
TSS mg-L? 105 £ 12
BOD mg-L? 763 +25
COD mg-L? 1,963 + 44
Color mg-L? 56.2+8.5

proposed model in the removal of RB 171 dye using PEC
process. P-value was less than 0.3713 for the main effects
of X, X,, X,, X, X,, and intervention X, X,, square effects,
X2 X2 X2 and X2 Also, it was calculated 0.0579 to the
lack of fit statistic. The regression analysis is a test that
was used to validate the model. The regression analysis
showed good fit of the experimental data to the second-
order polynomial model with coefficient of determina-
tion (R?) value of 0.9219, adjust correlation coefficient
(Adj. R? value of 0.9019 and predicted correlation coeffi-
cient (Pred. R?) value of 0.8166. The R? indicates the model
predicted values fitting against the actual values which are
obtained from the experimental tests and the predicted
determination coefficient indicate the model adequacy.

The model final equation for the PEC process efficiency
in the dye removing (Y) based on the coded factors is
as follows.

Y(%)=88.91-4.79X, +0.53X, + 6.20X, + 146X, + 341X,
~1.95X,X, -7.75X; —2.50X? - 1.47X; - 1.28X (6)

The PEC process efficiency model in the RB 171 dye
removal is also shown in Eq. 6. Y is the PEC process effi-
ciency for the removal RB 171 dye. In this equation, X, XZ,
X, X, and X; are the coded values of the RB 171 dye con-
centration, the current density, the H,O, concentration, the
distance between the electrode, and the reaction time.

This model consists of a fixed number and a variable
section. The fixed section shows the fixed efficiency 88.91%
to the dye removal. The model variable section states the
dye removal efficiency that among the main effects, the

factor X, and X, have the highest and the least effect on
the PEC process efficiency in dye removal, with coeffi-
cients +6.2 and +0.53, respectively. The H,O, concentration
and the distance between electrodes (X,X,) intervention
effect was the only effective interventional effect. While
among the factors square effects the X7 and XZ equal to
-7.75 and -1.28, that had the most and the least effect on
the dye removal efficiency by the PEC process. According
to Pareto analysis (Fig. 1), That among the main effects, fac-
tors X, (H,O, concentration) and X, (RB 171 dye concen-
tration) had the highest contribution to the dye removal
that their share in PEC efficiency was 25.7% and 13.6%,
respectively, while other factors such as X, X, and X,
have been effective in dye removal with 0.19%, 1.4%, and
7.8% contribution share, respectively. X, and X, interven-
tional effect with 2.5% effective factor were known as the
only effective interventional factor. From the five indepen-
dent variables, the H,O, concentration factors (X,) and the
distance between the electrodes (X,) have the highest and
lowest effect on the dye removal efficiency, respectively.
Among the efficiency square effects on the PEC process
in dye removal, the factors X, X,, X,, and X, have a con-
tribution share 40.2%, 4.2%, 1.4%, and 1.1%, respectively.
Among them, X, (current density) was most effective, and
X, (reaction time) had the least effect on the dye removal.

3.1. Effect of operating parameter for removal
RB 171 dye sing PEC process

pH is one of the most important affecting parameters on
the chemical processes. In order to determine the effect of pH
on the PEC process efficacy in the dye removal pH ranging
from 2-12 was investigated. At this stage, the other studied
parameters including the dye concentration of 50 mg-L7,
the current density of 7.5 mA-cm™, the H,O, concentration
of 2.5 mM, the distance between the electrodes of 2.0 cm
have remained fixing, and time removal efficiency rate in
10.0 min was investigated. According to the results (Fig. 2),
the RB 171 dye removal efficacy in 10 min after the PEC
process at pH of 2.0, 3.0, 5.0, 7.0, 10.0 and 12.0 was 81.5%,
87.2%, 52.7%, 25.4%, 10.9% and 1.6%, respectively.

The results show that the maximum removal efficiency
took place at pH 3. The general trend of removal effi-
ciency of RB 171 dye was decreasing by increasing pH. In
very acidic pH (pH < 3), the removal efficiency decreases.
The reason for this is that H,O, at pH which is less than
3.0 it transforms to the oxonium ion (H,O;) (Reaction 7),
and its reactivity by a Fe* ion is very slight. As a result, the
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Table 3
Experimental condition and values obtained responses through the CCD

STD RB 171 Current H,0, Distance Reaction Experimental Predicted
concentration density concentration between time (min) removal removal
(mg-L7) (mA-cm) (mM) electrodes (cm) efficiency (%) efficiency (%)

1 432 6.5 22 1.9 43 69.5 67.1
2 76.8 6.5 22 1.9 43 58.6 57.6
3 43.2 115 22 1.9 43 73.6 68.2
4 76.8 115 22 1.9 43 57.3 58.6
5 43.2 6.5 4.0 1.9 43 82.7 83.5
6 76.8 6.5 4.0 1.9 43 76.5 73.9
7 43.2 11.5 4.0 1.9 43 85.6 84.5
8 76.8 11.5 4.0 1.9 43 79.9 74.9
9 43.2 6.5 2.2 3.0 4.3 79.4 74.0
10 76.8 6.5 22 3.0 43 65.4 64.4
11 43.2 115 22 3.0 4.3 78.2 75.1
12 76.8 115 22 3.0 4.3 63.5 65.5
13 43.2 6.5 4.0 3.0 4.3 80.8 82.5
14 76.8 6.5 4.0 3.0 4.3 78.3 729
15 43.2 115 4.0 3.0 4.3 89.5 83.5
16 76.8 115 4.0 3.0 4.3 734 73.9
17 43.2 6.5 2.2 1.9 7.7 78.5 73.9
18 76.8 6.5 2.2 1.9 7.7 67.5 64.4
19 43.2 11.5 2.2 1.9 7.7 72.4 75.1
20 76.8 11.5 2.2 1.9 7.7 61.3 65.5
21 43.2 6.5 4.0 1.9 7.7 86.1 90.3
22 76.8 6.5 4.0 19 7.7 79.6 80.7
23 432 11.5 4.0 19 7.7 93.6 91.3
24 76.8 11.5 4.0 1.9 7.7 85.8 81.8
25 43.2 6.5 2.2 3.0 7.7 83 80.8
26 76.8 6.5 2.2 3.0 7.7 70.2 71.2
27 432 115 22 3.0 7.7 79.6 81.8
28 76.8 115 22 3.0 7.7 74.8 72.3
29 432 6.5 4.0 3.0 7.7 85.4 89.3
30 76.8 6.5 4.0 3.0 7.7 83.4 79.7
31 432 115 4.0 3.0 7.7 95.4 90.3
32 76.8 115 4.0 3.0 7.7 76.5 80.8
33 20.0 9.0 3.0 2.5 6.0 100 100.0
34 100.0 9.0 3.0 2.5 6.0 80.6 77.5
35 60.0 3.0 3.0 2.5 6.0 40.3 43.8
36 60.0 15.0 3.0 2.5 6.0 43.5 46.3
37 60.0 9.0 1.0 25 6.0 57.1 60.1
38 60.0 9.0 5.0 2.5 6.0 86.1 89.5
39 60.0 9.0 3.0 1.0 6.0 74.3 77.1
40 60.0 9.0 3.0 4.0 6.0 80.5 84.0
41 60.0 9.0 3.0 2.5 2.0 64.5 73.6
42 60.0 9.0 3.0 2.5 10.0 92.5 89.8
43 60.0 9.0 3.0 2.5 6.0 84.5 88.9
44 60.0 9.0 3.0 2.5 6.0 85.4 88.9
45 60.0 9.0 3.0 2.5 6.0 88.7 88.9
46 60.0 9.0 3.0 2.5 6.0 87.8 88.9
47 60.0 9.0 3.0 2.5 6.0 86.5 88.9
48 60.0 9.0 3.0 2.5 6.0 86.5 88.9
49 60.0 9.0 3.0 2.5 6.0 92.01 88.9

a1
[}

60.0 9.0 3.0 2.5 6.0 86.5 88.9
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Fig. 2. Effect of pH on the removal efficiency RB 171 dye.

*OH generation decreases and subsequently removal effi-
ciency of RB 171 was decreased. Furthermore, at the pH < 3,
in addition to decreasing Fe?" ions concentration, the H" ion
concentration is increased, which is itself one of the radical
scavengers, and decreased the removal efficiency.

H,0, +H* - H,0; @)

According to the obtained results, by increasing the
pH from 3.0 to 12.0, the removal efficiency decreased. At
pH about 2.0 to 3.0, the Fe** ions available to the reactor is
maximum and through the reaction with H,O, in the PEC
reactor, the production of the *OH is maximized, thus it is
increasing the Fenton reaction rate. On the other words, in
acidic pHs especially in the pH between 2.0 and 3.0 Fe ions
is soluble form in the reactor (Fe* species), and resulted
in the Fe* ions reacts with H,O, and it generation of *OH
which is having high oxidizing properties (E° = 2.8 eV).
Therefore, the *“OH generation in a sufficiently amounts at

Table 4
ANOVA for removal of RB 171 dye using PEC process

pH 3 and it improves the dye removal efficiency by the PEC
process. The reason for reducing the removal efficiency by
increasing the pH from 3.0 to 12.0 is that by increasing
the pH the oxidizing potential of the *OH decreases.

Moreover, at the pH values more than 5.0, due to the
Fe* ions (as catalyst) deactivation and insoluble com-
plexes formation, the resituated H,0O, accordance with
reactions (8) and (9) electrochemically in the cathode is
turned into water and oxygen and they release into the
environment.

H,0, +2H" +2¢” —2H,0 ®)

2H,0, - 0, +2H,0 )

According to the results of this study, the conversion
of H,O, rate to *“OH depends on pH and it increases under
acidic conditions [30,31]. Moreover, pH increase causes
the Fe** ions instability and it leads to an increase in the
hydroxide iron formation. At alkaline pH, iron species is
converting to hydroxide compounds such as [Fe(OH)*,
[Fe(OH),]", [Fe(OH)]* and hydroxy compounds such as
[Fe(OH,),]" and [Fe(OH)(OH,)]* are removed from the reac-
tion medium [31,32]. The removal mechanism for removal
of RB 171 dye in acid pH, especially below 4, has been the
Fenton reaction pathway.

One of the most important affecting parameters in the
treatment process is the initial concentration of contam-
inants. In this study, the dye concentration was studied
in the range of 20-100 mg-L™. Fig. 3 shows the simultane-
ous effect of two variables which are the RB 171 dye con-
centration and the current density on the PEC process
for removal efficiency of RB 171 dye. Fig. 3 shows the dye
removal efficiency under conditions that H,O, concentration
is equal to 60 puL-L™, the distance between the electrodes is
2.5 cm and the reaction time is equal to 6 min.

Factor Sum of squares df Mean squares F-value P-value
Model 6,939.1 10 693.9 46.0 <0.0001
X, 993.4 1 993.4 65.9 <0.0001
X, 12.33 1 12.33 0.81 0.3713
X, 1,666.5 1 1,666.5 110.5 <0.0001
X, 91.7 1 91.7 6.1 0.0181
X, 502.6 1 502.6 33.3 <0.0001
XX, 122.0 1 122.0 8.1 0.0070
X} 3,393.7 1 3,393.7 225.1 <0.0001
X} 352.4 1 3524 23.3 <0.0001
X2 122.4 1 1224 8.1 0.0070
X2 92.1 1 92.1 6.1 0.0179
Residual 587.7 39 15.1 - -

Lack of fit 550.0 32 17.2 3.1 0.0579
Pure error 37.7 7 54 - -

Cor. total 7,526.9 49 - - -
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Fig. 3. Effect of RB 171 dye concentration and current density on
the dye removal efficiency.

Fig. 3 shows that when the RB 171 dye concentra-
tion of 43.0 mg-L™ and the current density equivalent to
0.6 0 mA-cm™, then the dye removal efficiency is 85.7%. At
the same level of current density, when the dye concentra-
tion reaches 77.0 mg-L™, the removal efficiency of RB 171 dye
is 76.3%. Also, according to Fig. 3, when the dye concentra-
tion is 43.0 mg-L™" and the current density is 12.0 mA-cm™,
the removal efficiency reaches 86.7%. As can be seen,
if the dye concentration and current density are at its high
level (dye concentration 77.0 mg-L? and current density
12.0 mA-cm™), the dye removal efficiency reaches 77.5%.

The results showed that increases in the dye concen-
tration have a negative effect on the PEC process effi-
ciency. The cause of reduced efficiency by increasing the
concentration of the contaminant in the PEC process may
be due to the fact that at the higher concentrations, the
competitive consumption of ‘OH by middle-produced
products is increased and resulting in the lower amounts
of *OH can react with contaminating molecules. On the
other hand, increasing in contaminants concentrations
leads to an increase in the collisions number between
molecules contaminants, resulting in a reduction in the
collisions number with *OH, and the removal efficiency
decreases with increasing dye concentration. It should
be noted that by increasing the concentration of the con-
taminant, the required time increases to remove a certain
contaminant percentage.

The current density effect on the dye removal efficiency
using the PEC process is shown in Fig. 3 as a curve.
According to Fig. 3, in the mid-range between -1 and +1, the
removal efficiency was greater than in the —a and +« levels.
According to Eq. (6), the current density quadratic effect (X?)
with -7.75 coefficient was higher than the current density
main effect X, with 0.53 coefficient value. Also, current den-
sity was known as the most effective factor in the process.
Current density is one of the most important factors in the
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chemical process. Based on the results obtained in the PEC
process, the current density has a direct effect on the RB 171
dye removal efficiency. By increasing the current density to
the optimum 9.2 mA-cm, the removal efficiency increases,
based on Pareto analysis, the current density square effect
with high participation share (15.3%) was the most important
affecting factor the removal efficiency.

The current density controls the Fe ions amount
which is released from the anode electrode. Finally, the
*‘OH concentration is controlled by current density. In
the absence of Fe*, H,O, by itself cannot degrade and
decompose the dye molecule and on the other hand, the
side and intervention reactions increase with increasing
current density. These reactions will reduce the PEC pro-
cess efficiency in dye removal. Also, H,O, decomposes at
high current density and reduces the process efficiency
as excessive current density increases, the ion in the
anode solution is oxidized to the ferric ion. Increasing
the current density up to 6.0 mA-cm™ will increase the
RB dye removal efficiency using the PEC process.

Fig. 4 shows the simultaneous effect of two variable
dye concentrations and H,O, concentrations on the removal
efficiency.

Fig. 4 shows that when the RB 171dye concentration
is 43.17 mg-L™" and the H,O, concentration is 2.2 mM, the
removal dye efficiency reaches of 85.1%. At the same level
of dye concentration, when the H,O, reaches 4.0 mM,
the removal dye efficiency is 97.3%.

Fig. 4 also shows that if wastewater containing
77.0 mg-L? for 6.0 min is entered into the PEC treatment
reactor which is containing 2.2 mM, removal efficiency of
dye will be equal to 77.7% and if the H,O, concentration
increases to 4.0 mM, the removal efficiency reaches 87.9%.
Considering that the presence of H,O, on the one hand due
to *OH production is necessary for the Fenton reaction, on
the other hand, its excess values can act as radicals and
reduce the PEC process efficiency, therefore, one of the
most important factors that have an effect on the PEC pro-
cess. In this study, in order to determine the effect of the
H202 concentration, the concentrations of 1.0-5.0 mM were
investigated. According to the results, the H,O, concentra-
tion changing process on the PEC process efficiency in the
removal efficiency of RB 171 dye is initially increasing and
then decreasing. Based on Pareto analysis and Eq. 6, H,0,
concentration is the second most effective factor in the RB
171 dye removal efficiency. Increasing the removal effi-
ciency due to the fact that according to Eq. 1, H,O, is one of
the Fenton main reactants, and in suitable concentration, it
can produce sufficiently *OH in the presence of ferrous ion.
Further, increasing in H,0, leads to radical hydroxylation
radical parasitic reactions and causes the use of this radical.

As a result, the dye removal efficiency decreases. In
fact, the excessive increase in the H,O, concentration due
to the *OH reaction with H,O, or the two ‘OH combina-
tions with each other and the oxygenated water production
leads to the *OH production (Eq. 10). This has the inhibi-
tory effect on *“OH production and reduces the PEC removal
efficiency [32,33].

OH" +H,0, —»HO; +H,0 (10)
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Fig. 4. Effect of RB 171 dye concentrations and H,O, concentra-
tions on the dye removal efficiency.

Fig. 5 shows the simultaneous effect of two variables
of current density and distance between electrodes on
the PEC process efficiency in the dye removal efficiency.

The distance between electrodes is one of the factors
that affect chemical processes. In this study, the distance
between electrodes in the range of 1-4 cm was investigated.
Based on Pareto’s analysis, the distance between electrodes
contributes in the PEC process with 1.43% and their share
is 1.4% in the dye removal efficiency. Fig. 5 shows that
when the current density is equivalent to 6.0 mA-cm™ and
the distance between the electrodes is 1.8 c¢m, the PEC
efficiency in the dye removal is 78.1%. At the same cur-
rent density level, when the distance between the elec-
trodes is 3.1 cm, the dye removal efficiency reaches 80.9%.
Furthermore, according to the diagram, when the current
density is 12.0 mA-cm™ and the distance between the elec-
trodes is 1.8 cm, the dye removal efficiency is 79.1%. It can
be seen that if the current density and the distance between
the electrodes are at their upper level (the current density
is equivalent to 12.0 mA-cm™ and the distance between the
electrodes is equivalent to 3.1 cm), the dye removal efficiency
is 81.9%. When the distance between the two electrodes is
very short, the generated ions are oxidized to the ferric ions
easily in the anode and are removed from the reaction of
the Fenton. By increasing the distance between the two
electrodes to the optimal value, the system’s resistance is
increased and, due to the constant current rate, the power
of the system is also increased according to reaction 11.
As a result, more quantities of bivalent iron are produced
and participate in the Fenton reaction, and consequently
the system efficiency increases. In contrast, with a further
increase in the distance between the electrodes (more than
the optimal value), the produced ions’ motion is slower and
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Fig. 5. Effect of current density and distance between electrodes
on the removal dye efficiency.

the collision possibility with H,O,is reduced. As a result,
the system efficiency is reduced to produce *OH.

P=RI’ (11)

In the PEC process to determine the reaction time
effect on the dye removal the times with duration 2-10 min
were investigated. According to the corresponding dia-
grams, the dye removal efficiency increases by spending
time, and the maximum removal efficiency was 7.7 min.
When the H,O,is 2.2 mM and the reaction time is equiva-
lent to 4.3 min the dye removal efficiency is 75.8%. At the
same level of hydrogen peroxide, when the reaction time
reaches 7.7 min, the dye removal efficiency is 82.5%. Also,
according to the diagram, when the H,O, is 4.0 mM and
the reaction time is 4.3 min, the dye removal efficiency is
88.0%. As seen, if H,0, and reaction time are at their high-
est level (H,0, of 4.0 mM, and reaction time of 7.7 min),
the dye removal efficiency is 94.7%.

After this time, the removal efficiency graph ramp is
almost constant so that the graph ramp afterward 7 min
reaches less than 2%. This could be due to the injected
H,O, depletion into the reactor. Also, increasing time leads
to the amount of the intermediate product from the H,0,
decomposition being increased, on the other hand, by
mixing in the reactor environment the ion contact chance
with the intermediate products, which are resulting from
the H,O, decomposition, increased, and against it, the
*OH are produced less. In the early electrolysis stages, the
ferroelectric ion concentration in the solution is low, and
almost all of produced ferroelectric ion by the H O, in the
reactor reacts and it the produces *OH. But by increasing
reaction time, the ferrite ion in the reactor is converted to
iron hydroxides and insoluble iron compounds such as
[Fe(H,0),(OH),]*, [Fe,(H,0),(OH),], [Fe,(H,0),(OH),]”
that in contact with H,O, non-radicals they produce *OH
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with lower oxidation potentials [34,35]. As a result, in
PEC processes, after the optimum time, the organic com-
pounds oxidation process will have a slower ramp. This
slowdown speed in increasing efficiency is also justified
by the collision theory. Because the lifespan of *OH is very
short (in a few nanoseconds), they react with organic mol-
ecules that are present in their formation. Over time, the
residual dye concentration decreased as a result of the
collisions number between the dye molecules and *OH
(increasing the by-products) and it leads to reduce the
dye removal efficiency ramp during PEC removal process.

3.2. EF optimization and Validation studies in
the RB 171 dye removal

The developed model in Eq. 6 was used to determine
PEC process efficiency optimal conditions in dye removal
from synthetic wastewater. In order to optimize, we must
select the desired inputs with expected outputs based
on an arbitrary approach. In this study, the approach to
achieve the PEC process efficacy was performed to remove
the dye values which its value was more than 90%. Based on
these conditions, the software lists various solutions to sat-
isfy this proposed approach and according to desirability.
In Table 5, the proposed first solution for the PEC process
is presented.

As shown in Table 5, among the proposed solutions in
the variables range, based on the desirability factor and the
removal efficiency, the first solution is chosen as optimal
conditions. Based on the results, if the wastewater with a
dye concentration of 43.2 mg-L™ is introduced into the EF
reactor, at current densities 9.2 mA-cm2, and the distance
between electrodes of 2.5 cm at time 7.6 min, 99.4% of the
wastewater dye is removed. To ensure the proper function
of the developed model for the RB 171 dye removal by the
PEC process, 5 experiments were tested experimentally
and separately. The results of this test with the 95% con-
fidence coefficient were determined by the software that
is presented in Table 6. According to Table 6, the experi-
mental values and predictive values are within the range
which is predicted by the software and it confirms the
performed tests validity.

3.3. Kinetic study

To study the RB 171 dye kinetic study in the PEC
process in the optimal condition including pH of 3.0, RB
171 dye concentration of 44.0 mg-L™, current density of

Table 5
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9.2 mA-cm?, H,0, concentration of 0.77 uL-L™, the distance
between electrodes of 2.5 cm, in time duration of 0 to 15 min
was investigated. The kinetic coefficients are including
the reaction rate constant (k) and the determination coef-
ficient (R?) were calculated. The RB 171 dye decomposi-
tion using the PEC process with the first-order kinetic had
the highest R? of 0.9771.

3.4. Investigation the molar ratio of H,O,/Fe** in EF process

The H,0O,/Fe** molar ratio is one of the affected param-
eters to the PEC process efficiency. Therefore, in this study
the optimal H,O,/Fe* molar ratio at the same experiments,
that is, pH of 3.0, dye concentration of 44 mg-L", current
density of 9.2 mA-cm™, H,O, concentration of 0.77 uL-L7,
the distance between electrode of 2.5 cm. The optimal
H,O,/Fe* molar ratio for the high efficiency is equivalent
to 2.1, which is in the range 2-3.5.

3.5. Investigation of the removal mechanism
using radical scavenger

In order to ensure ‘OH production, the PEC process
was investigated using 50 mM radical scavenger concen-
tration, KCl, NaCl, Na,SO,, NaHCO,, ethanol (C,HO),
and TB under the EF optimal conditions (pH = 3.0, dye
concentration 44 mg-L”, current density 9.2 mA-cm?
H,O, concentration 0.77 uL-L™, the distance between
the electrodes 2.5 c¢m). Each experiment was repeated
3 times. The PEC process efficiency in optimal conditions
as well as the PEC process in the radical scavengers pres-
ence KCl, NaCl, Na,SO,, NaHCO,, ethanol, and TB were
81.6%, 79.4%, 86.4%, 66.3%, 47.5% and 40.6%, respectively
(Fig. 6). The results show that the EF efficiency decreases
in the core radicals’ presence. This decrease in the EF
process performance at presence different radical com-
pounds is likely to indicate that the PEC process through
the *OH production leads to the dye removal.

The steady state reaction rate of TB with *OH is very
high. For this reason, this compound is widely used in
advanced oxidation processes as radicals to determine
the *OH roles. TB is usually preferred to free “OH that rel-
ative to surface radicals. While chloride, sulfate and carbon-
ate anions disable active sites on the catalyst surface and
thus prevent the surface radicals’ formation. In this study,
TB radicals had the highest reduction in the efficacy of dye
removal compared to other cores radical. Therefore, free
*‘OH are likely to have a greater effect on the PEC process

Proposed solutions in the dye removal PEC process optimal condition

No  Concentration  Current density = H,O, concentration = Reaction Distance between = Removal Desirability
(mg-L7) (mA-cm) (mM) time (min)  electrode (cm) efficiency (%)

1 432 9.2 4.0 7.7 25 99.4 0.996

2 432 9.1 4.0 7.7 24 99.5 0.993

3 50.0 9.0 4.0 7.7 2.3 97.6 0.960

4 432 11.5 4.0 7.7 2.1 92.3 0.935

5 76.8 9.0 4.0 7.7 24 90.0 0.912
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Table 6
Validation test of the dye removal using PEC process

Dye Current density H,0, dosage  Distance

concentration (mA-cm) (Mm)

electrodes (cm)

95% PI
low

95% PI
High

Reaction Predicted Experimental

time (min) values values

43.0 9.0 4.0 2.3
76.8 6.5 4.0 2.3
76.0 9.0 4.0 23
60.0 11.2 3.0 2.7
80.0 9.1 5.0 22

7.6 85.3
7.7 724
7.7 80.2
10.0 74.2
10.0 81.8

100.0
87.5
95.4
89.8
96.5

99.58
91.7
89.9
82.5
87.7

99.3
82.8
86.6
83.8
85.3

than surface type. The authors suggested that carbonate, by
reacting with Fe* ion, removes this catalyst from the reaction
medium, thereby reducing the *OH production.

In order to determine the electrocoagulation process
contribution in the dye removal by PEC process under
optimal conditions that is including pH of 3.0, the dye con-
centration of 43.2 mg-L™, the distance between electrode of
2.5 cm, the current density of 9.2 mA-cm™, and the time of
7.7 min the PEC process was done without H,O, injection,
and it was found that in the H,O, absence, the dye removal
rate by electrocoagulation is 1.5%. In order to determine
the dye removal ratio by the Fenton-like process, the PEC
process without applying the current density in optimal
conditions. Accordingly, the Fenton-like process share in
the dye removal is 2.3%. The results of the study showed
that the dye removal efficiency by electrocoagulation was
only 1.5%, while in the presence of H,O, the PEC process
efficiency was 99.4%, which indicates that the main mech-
anism of the dye removal was chemical oxidation and only
1.5% has been removed due to the coagulation mechanism.
It was found that Fenton’s reaction was mainly through
the PEC process. The cause of the Fenton-like low effi-
ciency process was the pH of the reaction medium, which
is made it difficult to release the Fe® ion. According to
Faraday’s law, in a process of PEC by establishing current
a certain amount of Fe* compounds is released from the
electrode and reacted in the reaction intermediate, and
after reacting with the H,O, present in the *OH production
medium.

3.6. The energy consumption amount in the PEC process

In order to determine the consumed energy amount in
optimal conditions based on the treated wastewater volume
was calculated from Eq. (3). Regarding the determined opti-
mal conditions in the PEC process which is including pH
of 3.0, dye concentration 43.2 mg-L7, the current density
9.2 mA-cm™?, the distance between the electrodes 2.5 cm,
the H,O, concentration equivalent to 4.0 mM, and time
7.7 min, the consumed energy amount is 0.275 kWh-m=.

3.7. Real sample textile wastewater

The real sample of the factory wastewater was refined
according to the optimum conditions obtained from the
PEC process. (All experiments were performed three times).
The results showed that the efficiency of removing dye in
optimal conditions using PEC process on the real textile

100.0

80.0

60.0

Removal (%)

40.0

20.0

0.0

EF EF+KCl  EFNaCl EF+Na,SO, EF+NaHCO; EF+CH0 EF+TB

Fig. 6. Effect of radical scavenger on the removal efficiency of
RB 171 dye.

waste dye was 73.3%, and compared to the synthetic sam-
ple with 98.4% efficiency, it was 25.1% decreased. Also, in
addition, the amount of energy consumed in the treatment
of real samples compared to the synthetic samples in the
PEC process was 0.546 and 0.275 kWh-m™.

4. Conclusion

The PEC process under the optimum conditions
including dye concentration 43.2 mg-L™, the current den-
sity of 9.2 mA-cm?, pH of 3.0, H,O, concentration of
4.0 mM, the distance between the electrode of 2.5 cm and
the reaction time of 7.7 min, 98.4% can be treated by the
RB 171 dye. In this condition, the energy consumption
is 0.275 kWh-m=3. Therefore, it can be concluded that the
PEC process can be used as an effective, fast and high
efficiency method for the treatment of textile wastewater.
The reason for the reduction of efficiency in actual sam-
ples can be attributed to the presence of other complex
organic substances, including the compounds of other
colors, solvents and heavy metals, and salts used in the
process of production of yarn and fabric, which reduces
the efficiency of the PEC process in the real treatment
samples.
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