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Abstract

This paper investigated the treatment of textile wastewater polluted with aniline
blue (AB) by electrocoagulation process using stainless steel mesh electrodes with a
horizontal arrangement. The experimental design involved the application of the
response surface methodology (RSM) to find the mathematical model, by adjusting
the current density (4-20 mA/cm2), distance between electrodes (0.5-3 cm), salt
concentration (50-600 mg/l), initial dye concentration (50-250 mg/l), pH value (2-12
) and experimental time (5-20 min). The results showed that time is the most
important parameter affecting the performance of the electrocoagulation system.
Maximum removal efficiency (96 %) was obtained at a current density of 20
mA/cm2, distance between electrodes of 1.75 cm, salt concentration of 462.5 mg/l,
dye concentration of 50 ppm, pH value of 7, and time duration of 15 min. On the
other hand, the electrocoagulation efficiency was directly proportional to current
density, salt concentration, and contact time, while it was inversely proportional to
dye concentration. Isotherm experiments showed that the equilibrium data are best
fitted to Freundlich isotherm and sips isotherm; whereas the kinetics results showed
that the rate of adsorption followed the pseudo-second-order with an R2 value of 98
%.

Keywords: Electrocoagulation, Aniline blue dye, RSM, adsorption isotherm,
adsorption kinetics
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1. Introduction

For optimal results in the textile industry, it is extremely essential to dye the textile properly and to
perform an efficient finishing process. These activities consume a considerable amount of water and
produce wastewater that is characterized by intense colors along with high levels of suspended
particles, pH, chemical oxygen demand (COD), and biological oxygen demand (BOD) [1]. These
processes utilize about 10,000 types of dyes and pigments [2], where 1 to 15% of the dye is released as
wastewater. This dye-containing wastewater is harmful to human and aquatic life because most kinds
of these dyes might cause toxicity, cancer, or mutations to living organisms [3]. Therefore, there is a
growing requirement for intensive treatment of wastewater in order to protect the environment from
these harmful chemicals and dyes, because of their stability, low bio degradability, and high toxicity
[4].

Adsorption, precipitation, photodegradation, biodegradation, membrane filtration, chemical
coagulation, and electrocoagulation are the most commonly used techniques to treat the colored
wastewater and solve the problem of industrial wastes [5].

Adsorption and precipitation are very time consuming, expensive, and low efficient methods, with
high sludge volume produced [6].

One of the most effective techniques is the use of chemical oxidation, e.g., using chlorine, to
degrade the pollutants in waste water, although it produces certain toxic materials, including
organochlorine compounds [7].

The use of UV/TiIO2 or UV/H202 in photooxidation is a very expensive process that requires
adding other types of chemicals and, thus, results in secondary pollution processes [8].

While biodegradation is less expensive compared to the other approaches, it is considered as
ineffective as a result of the toxic dyes that show inhibitory influences on bacterial growth [5].

Recently, electrocoagulation (EC) was proved as an electrochemical method with very effective
solutions to overcome the main disadvantages of conventional processes in eliminating unwanted
wastewater discharges.

In this study, the treatment efficiency of synthetic industrial textile wastewater was optimized using
RSM by Design Expert 6.0 (trial version).

Response surface methodology adopts a statistical approach to optimize the parameters that are
applied in the chemical operation, both at the theoretical and practical levels.

Researchers in this field applied this approach to achieve several aims; first, to develop a polynomial
model of the second order. Second, to understand the influences of various factors along with their
interplay on the final response. Third, to compare the individual significance of the factors involved.
Forth, to optimize the entire process. Moreover, other advantages of this approach include the
dramatic reduction of the overall number of experimental trials, which reduces both the time and the
costs of the experiments.

1.1 Isotherm Study

Freundlich, Langmuir, Tempkin, Dubinin, and Sips isotherm models were used to investigate the
adsorption model of experimental data and maximum uptake of pollutants from the aqueous phase to
the solid phase [4, 9, 10]. Then, the most appropriate correlation for the equilibrium curves was
determined. The suitability and acceptability of the isotherm equation to the equilibrium data were
based on the values of the correlation coefficients R? which was estimated from linear regression.
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1.1.1 Langmuir isotherm

Langmuir isotherm is applied for homogeneous and monolayer adsorption. This model is based on
two assumptions; first, that once a molecule occupies a site, no additional sorption takes place.
Second, the forces of interaction between adsorbed molecules are negligible [11, 12]. The linear form

of this model can be described by Eq. 1:
1 1

=t 1)

qe Qo0 bxQ0xCe

Ce represents the concentration of the solute in the bulk solution (mg L—1) that achieves
equilibrium. ge is the amount of solute adsorbed per unit weight of the adsorbent at equilibrium (mg
g—1). b is the constant related to the free energy of adsorption (L mg—1). QO is the maximum
adsorption capacity (mg g—1).

1.1.2 Freundlich isotherm

This isotherm describes reversible, non-ideal, and heterogeneous adsorption and can be applied to
multilayer adsorption. Moreover, this model is not restricted to the formation of the monolayer [12,
13]. The linear form of this model is shown in Eq.2:

Inq, = InKp +% InC, (2
Kk is the Freundlich constants related to the adsorption capacity and n is the intensity of adsorption.
1.1.3 Tempkin isotherm
This isotherm depends on the hypothesis that the sorption’s free energy is the result of a change in
the surface coverage. It also considers the interplay between sorbent and adsorbent [14, 13]
The Tempkin isotherm is represented in Eq. 3:

q. = BInK; + BInC, 3
RT
B=" (4)

T is the absolute temperature at 298 K. K is the maximum binding energy (L/g). B is constantly
related to the heat of sorption (J/mol)
b is Temkin isotherm constant, which indicates the adsorption potential of the adsorbent. R is the
universal gas constant (8.314 kJ/mol)
1.1.4 Dubinin—-Radushkevich isotherm
The D-R sorption isotherm is applied to determine the nature of adsorption processes as physical
or chemical and to estimate the heterogeneity of the surface energies [14], as calculated by Eq. 5

InQe = InQy, — B82 (5)

where ¢ is known as Polanyi potential
1
e=RTIn(1+—) (6)

e

1.1.5 Sips isotherm

This model combines Freundlich and Langmuir isotherms and is applied to predict the
heterogeneous adsorption systems that accompany the Freundlich model. At low Ce, it reduces to
Freundlich isotherm while, at high Ce, it predicts monolayer adsorption characteristics of Langmuir
isotherm [15].
The Sips model is represented in Eq. 7:

— Qmax (KS Ce)n
Qea = "1y (k,co" (7)

The model has the following linear form:

Tttt ®)

de Qmax Qmax Ks ~Ce

K, (1/mg) is Sips equilibrium constant. Q,,4, (Mg/g) is the maximum adsorption capacity. n is the
dimensionless heterogeneity factor between 0 and 1
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1.2. Adsorption Kinetic Study

Kinetics investigations take an essential part in the determination of the order of reaction as well
as the rate constant, with the latter being of high importance in designing wastewater treatment
facilities. It is employed to determine the kind of reaction rates in this designing process. Thus, the rate
constant is very significant in the design of wastewater treatment units. It is essential to know the type
of reaction rates for designing a wastewater treatment unit. To estimate the adsorption mechanism,
three models of kinetics are used, represented by the pseudo first order, pseudo-second-order, and
Elovich equation mode.
1.2.1. Pseudo first order

The adsorption rate for this kinetic is given by Eq. (9)

In(qe-q¢) = Inqe  —kqt ©
ge is the concentration of the dye adsorbed (mg/g) at equilibrium. g, is the amount of dye adsorbed at
any time t. K, is the rate constant for pseudo-first-order kinetics (min=1) [13].

1.2.2. Pseudo second order
Pseudo-second order is expressed by Eq. (10)

t 1 t
r - 4+ 10
P k2qe?  qe (10)

where K, (gm/mg.min) is pseudo second order constant [12].
1.2.3. Elovich equation
The linear form of Elovich Kinetic equation is expressed by Eq. (11):

1 1
ac = (5)In@o + (5) Inv (11)

where g, represents the amount of dye adsorbed at time t, S is the desorption constant, and a is the
initial adsorption rate.
2. Materials and Methods
2.1. Preparation of the Dye

The stock solution of aniline blue dye (ABD) was purchased from BDH, England. 1 gm of the
powder was dissolved in 1000 ml distilled water. By diluting the stock solution, different
concentrations (50-250 mg/L) of the dye were prepared. The characteristics of the dye are presented in
Table-1.
Table 1-Characteristics of aniline blue [16]

Spectrum wavelength 595nm
Molecular weight 737.724g/mol
Physical state at 20 °C Solid
Solubility in water Soluble in water
Color Black
Odor Odorless

2.2 Electrocoagulation Unit
The experimental design is demonstrated in Figure-1. The electrocoagulation unit is composed of

an electrochemical reactor with stainless steel mesh electrode (10cm*10cm). The current density was
measured using a DC-regulated power supply (China, 2009). pH was brought to the desired value by
using NaOH or H2S04, while conductivity was adjusted by NaCl. Before and at the end of each run,
electrodes were washed thoroughly with water and dipped in HCI solution.

A UV-Vis spectrophotometer (shimadzu, 1800) at the wavelength of 595 nm was used to determine
the color removal efficiency, which was calculated as in Eq. 12 :

Color removal efficiency (%) = %*100 (12)

where Co is the dye concentration prior to electrocoagulation, while C is the dye concentration
following the electrocoagulation [17].
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Mesh electrode

Electrocoagulation
tank

pH meter

Conductivity meter

Figure 1-The electrocoagulation unit

Table 2-Experimental range and levels of an independent process variable

Independent variable | factor | Range and level

X -1 0 +1
Current density (mA/ cm?) X, 4 12 20
Distance between electrode (cm) X, 0.5 1.75 3
Salt concentration (gm/l) X3 50 325 600
pH X, 2 7 12
Time( min) Xs 4 12 20
Dye concentration (ppm) X 50 150 250

3. Results and Discussion

Electrocoagulation Kinetics results showed that the rate of adsorption followed the pseudo-second-
order with an R2 value of 98 % and a maximum removal efficiency 96 % obtained at a current density
of 20 mA/cm2, distance between electrodes of 1.75 cm, salt concentration of 462.5 mg/l, dye
concentration of 50 mg/l, pH value of 7, and time duration of 15 min.

On the other hand, when the previous method was compared with that of biosorption , the kinetics
of aniline blue was found to obey pseudo-second order kinetic model (R2 = 0.967), while the
maximum biosorption of aniline blue was observed at the sorbent concentration of 1 g/L, initial pH 10,
temperature 30°C, agitation rate160 rpm, and initial dye concentration of 50 mg/L [18] .
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The experimental design was based on a central composite design (CCD), while the analysis of data
was carried out using response surface methodology (RSM) in design Expert software. Box-Wilson
method was used to assess the individual and combined influences of the operation parameters on the
efficiency of color elimination [19].

The results were analyzed based on the RSM statistical approach and used to fit in a polynomial model
of a second order. The response equation expressed below was employed in order to apply a
correlation of the dependent factors to the independent ones [19].

Application of RSM offers the below demonstrated empirical correlation linking color removal

efficiency (R1) and independent variables.

R;=-17.13 + 4.130 X; + 9.36 X, + 0.34 Xa+ 0.30 X; X, + -0.004 X; X5+ -0.0031 X, X5 + -0.067 X,*

+-2.03 X, +-0.00036 Xz ... (13)
R;= 32.06 +-0.23 X; + 19.32 X, +-1.73 Xg+ 0.016Xs X4 + 0.0102 Xg X5+ -0.13 X, X5 + -3.65 X¢ + -
111 X2 +0.09 X2 (14)

Ry jan-Expert Soltware Predicted vs. Actual

=44.768 90 —| < z,'ﬂ/
80 = zT’ =
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Figure 2-Actual and predicted values of removal efficiency from Eq.(13)
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Figure 3-actual and predicted removal efficiency from Eqg. (14)
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R1 value is predicted through Eqgs 13 and 14. ANOVA results showed a good consistency between the
efficiencies of color removal, giving less than 0.05 of probability of error (p) and a high R-squared
value of 94%, indicating the high correlation between the predicted and actual values.
3.1. Effect of initial dye concentration

Figure-4 shows the effects of aniline blue concentrations on the electrocoagulation efficiency.
From these results, it was found that the removal efficiency at different dye concentrations (50-250
ppm) and optimum current density, salt concentration, and distance between electrodes (20 mA/cm2 ,
462mg, and1.75 cm, respectively) was decreased as the initial dye concentration was increased. Based
on the law of Faraday, at similar conditions of current, voltage, and time for the entire concentration
range, Fe*?is released at constant amounts into the solution. Therefore, a similar amount of flocs is
released within the solution. Flocs have a restricted capacity of adsorption and, thus, a certain quantity
of flocs is only capable of adsorbing a certain quantity of dye molecules [20]. Hence, a limited
quantity of flocs produced would not have a sufficient capacity for the adsorption of the entire amount
of dye molecules, leading to reduction of efficiency.

Aniline blue

100
90
80
70
60
50
40 Aniline blue
30
20
10

removal efficiency%

0 50 100 150 200 250 300
dye concentration ppm

Figure 4-The effect of the concentration of aniline blue dye on the removal efficiency. Current density
20 mA/cm2 at 20+2°C, pH=7, contact time 15 min , salt conc. 462 ppm, and distance between
electrodes 1.75 cm.

3.2. Effects of current density

Figure-5 shows the effects of current density on the removal efficiency, which was increased from
54% to 93.1% by increasing current density within a range of 4-20 mA/cm2. This can be attributed to
an elevated level of Fe*? produced by the electrode, leading to increased flocs and hydroxyl radicals,
as previously explained [7]. Furthermore, the elevated current density is associated with an elevated
rate of bubble production and a reduced bubble size, which are considered as advantageous patterns as
related to the efficiency of color removal by floc flotation, which is resulted from the decrease of
cathodic reduction of H to H, [8].
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Figure 5-The effect of current density on the removal efficiency of AB dye at 20+2°C, dye conc. 50
ppm, pH=7, contact time 15 min, salt conc. 325 ppm, and distance between electrodes 1.75 cm.
3.3. Effects of distance between electrodes
The removal efficiency was low at distance = 0.5 cm and was increased with the increase in distance
until reaching an optimum point. Thus, removal efficiency of the color is affected both positively and
negatively by the distance separating one electrode from the other (Figure-6). In addition, it is
predicted that the interaction between the dye and the hydroxyl polymers becomes lower as this
distance increases. This implies that the reduced color removal efficiency is caused by reductions in
local concentration and electrostatic attraction, as was previously proved [21]. The opposite is
observed when an increase in the distance occurs, leading to a reduction in the speed of the ions
movement as well as an increased chance for their aggregation, floc formation, and dye molecules
adsorption. Thus, an association was observed between the higher distance between the electrodes and
the greater removal efficiency of the polluting color. Such an association can be attributed to the fact
that the produced metal hydroxides behave as flocs that eliminate the pollutants by sedimentation. The
pollutants then undergo degradation by collision with each other due to high electrostatic attraction
[22]. Consequently, a value of 1.75 cm was selected as an optimal distance between the electrodes.

Aniline blue

100
90
80
70
60
50
40
30
20
10

removal efficiency%

0 0.5 1 1.5 2 2.5 3 3.5
distance between electrode cm

Figure 6-Effect of contact distance between electrodes on the percent removal of AB  dye. Dye conc.
50 ppm, pH=7, contact time 15 min, salt conc. 325 ppm, current density 20 mA/cm2.
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3.4. Effects of salt (NaCl) concentration

Figure-7 shows the effects of salt concentration on the electrocoagulation efficiency. From this figure,
itis clear that the removal of the dye at different salt concentrations (50-600 ppm) was increased as the
salt concentration was increased until reaching an optimum concentration, after which it was
decreased. The improved dye elimination efficiency was caused by the increase in the conductivity,
until a maximum level of 462 mg/l for AB [23]. Nevertheless, when sodium chloride concentration
was elevated to >462 mg /I, a reduction in the removal efficiency occurred. Such an effect might be
due to the events accompanying the constant value of voltage and the elevating concentrations of
electrolytes. These events are represented by the elevated conductivity of the dye’s solution and the
reduced resistance. Hence, elevations in the levels of the applied current, the produced metallic
hydroxide, and the efficiency of the removal are observed [24].

Aniline blue

120
100
80
60

40

removal efficiency%

20

0 100 200 300 400 500 600 700

salt concentration gm

Figure 7-The effect of salt concentration on the removal efficiency of aniline blue. Current density 20
mA/cm2 at 20+2°C, pH=7, contact time 15 min, dye conc. 50 ppm, and distance between electrodes
1.75 cm.

3.5. Effects of pH

The effects of pH were studied at the acidic, moderate and basic media, in the range of 2-12, by
adjusting the prepared wastewater using NaOH and HCI solutions (Fig 8). Removal efficiency
percentage was elevated with the elevation in pH (2-7), achieving an optimal value which was
followed by a reduction, with the overall range being 8-12%. The formed ferrous ions undergo
hydrolization and consequently produce, based on pH level, hydroxide ions and complexes. Hydroxide
complexes are polymers with cations of strong charge, which act in destabilizing the negatively
charged colloidal particles, leading to their aggregation and the construction of flocs [16]. The removal
efficiency was enhanced as the pH value was increased (from 2to 7), due to the increased conductivity
of the solution medium with increasing pH. The maximum removal efficiency was obtained at pH 7.
Thus, this pH value can be considered as the optimal for achieving electrocoagulation, as it is the
value at which the formation of most of the coagulants occurs [25]. At a pH value higher than 7, color
removal efficiency was reduced, as Fe(OH)4— was the dominant form that is considered as a
dissolving species with no ability of floc formation [26].
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Aniline blue
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Figure 8-Effect of pH on the percentage removal of aniline blue dye. Current density 20 mA/cm2 at
20+2°C, dye conc. 50ppm, contact time 15 min, salt conc. 462 ppm, and distance between electrodes
1.75 cm.

3.6. Effects of time

The influence of electrolysis time on the dye removal efficiency of electrocoagulation is shown in
Figure-9. The removal efficiency was increased with the increase in treatment time. For a fixed current
density, increased electrolysis time led to increases in anodic dissolution, concentration of metal ions,
and their hydroxide flocs. However, after reaching the optimal time, removal efficiency remained
constant. This might be due to the formation of hydroxide ions on the cathode. Thus, the solution’s pH
increases with the increase in treatment time, which in turn, reduces removal efficiency. Moreover, the
increase in time was associated with elevated levels of consumption of both the energy and electrode,
which suggests that retention time is a very essential variable through its economic impacts on the
level of the applicability of the entire process [2,21,22,27,28].

Aniline blue
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60
50
40
30
20
10

removal efficiency%

0 5 10 15 20 25 30
time min

Figure 9-Effect of contact time on the percent removal of aniline blue dye. Current density 20
mA/cm2 at 20+2°C, pH=7, dye conce. 50 ppm, salt conc. 462 ppm, and distance between electrodes
1.75cm.
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4, Electrocoagulation isotherm

Adsorption isotherm is a mathematical model with equations used to describe the relationship
between the adsorbed and the absorbent materials.

The adsorption isotherms are often used for the determination of maximum capacities for setting
pollutants and for the identification of the adsorption type.
Freundlich, Langmuir, Temkin, sips and Dubinin are the most frequent types used to determine the
model.

Based on Langmuir isotherm, the plot of 1/ge versus 1/Ce gives the constant values of kl and gm
with the coefficient of determination (R?), as shown in Figure- 10 and Table- 3. The observed data did
not agree with Langmuir isotherm according to R2 value.

In the assumption of Freundlich and Sips isotherms, regression analyses using Gauss-Newton’s
method was adopted to find the values of the constants which achieve the results and assure that the
adsorption fits with Freundlich and Sips adsorption isotherms, with R2 value of 0.90 and 0.87,
respectively.

0.012
y = 0.0191x + 0.0037

2 -
0.01 R*=0.7901

0.008

S

9 0.006
0.004
0.002

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
1/Ce

Figure 10-Adsorption data using langmiur isotherm.
Table 3-The adsorption isotherm parameters for aniline blue removal
11 1
ge Q0 ' bQOCe

Langmuir

ge (malg) | 270.2703
b (L/mg) |0.19372

R? 0.79

Freundlich InNge=InKg+1nInC,

n 1.92123

K: (L/mgq) | 53.2288

R? 0.90

Sips e = (9:KC'™) 1 (1+ KC ™)

gs (ma/q) | 317.39

K, (L/mq) | 0.064
m 1.344

R® 0.87
temkin Qe=BIn(Ky)+BIn(Ce)
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B (J/mol) | 107.01
Kr(L/q) | 0.62282
R® 0.77
Dubinin ¢ = gp exp(-Bp {RT In(1+1/C.)¥*)
Bp (mol? ]
32) 1.59815E-06
Oo (Mmg/q) | 211.727
R? 0.52
5. Electrocoagulation kinetics

The present study applied 3 models (pseudo first order, pseudo second order and Elovich equation)
to investigate the adsorption kinetics of aniline blue dye. Correlation coefficient (R2) was used to
express the conformity between the kinetic models and the experimental data.

Kinetic plots are presented in Figures- 11 and 12. The plot of In (ge-qt) versus time gives a straight
line for the pseudo first order (PFO), while (t/gt) versus time plot gives the pseudo second order’s
(PSO) representation and its linear parameters.

From R2 values of the two figures, it is clearly found that the adsorption process follows the
pseudo second order (PSO) kinetics.

In(Qe-Qt)
= N w H (%]

o

o

First order y = 0.0068x + 0.9961
R? = 0.583
100 200 300 400 500 600 700
time (sec)

Figure 11-Pseudo first order plot of aniline blue

y =0.0033x - 0.1822
Second order R? = 0.9859

200 400 600 800 1000 1200 1400
time sec

Figure 12-Pseudo second order plot of aniline blue.
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Qt

500
450
400
350
300
250
200
150
100

50

y =50.868x + 28.799
R?=0.7224

2 3 4 5 6 7 8
In(t)

Figure 13-Elovich’s plot of aniline blue.

Table 4-Kinetic parameters with R2 for aniline blue

First order

0. (ma/q) | 2.7074

K; (min* | 0.0068

R® 0.58

Second order

ge (ma/q) 303.03

Ky -5.97695E-05
(g/mg.min)

R? 0.98
Elovich’s equation

B 0.019658725
a 89.60271763

6. Conclusions

In this paper, central composite design was used to establish the most suitable conditions for
removing aniline blue from aqueous solutions by EC. Maximum removal efficiency (96 %) was
obtained at a current density of 20 mA/cm2, a distance between electrodes of 1.75 cm, a salt
concentration of 462.5 mg/l, a dye concentration of 50 ppm, a pH value of 7, and a time period of 15
min. The results showed that time and current density are the most important parameters affecting the
performance of electrocoagulation system. The adsorption isotherm can be described by the Sips and
Freundlich equation which provided the best fitted experimental results as compared to equations from
the other applied models. Also, the electrocoagulation results were modeled by applying the
adsorption kinetics and demonstrated that the pseudo second order model was convincingly consistent
with the experimental observations.
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