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Abstract

The study was useful for the treatment of Reactive red 223 (R223) and Coo-
massie brilliant blue R250 (CBBR250) binary dye system by electrocoagulation
process (EC). Moreover, the Al and Fe electrode were used as an anode and
cathode, respectively. The response surface methodology (RSM) was adopted
by utilizing central composite design to plan the experimental runs. The EC
process was preceded under the effect of operating parameters including pH,
NaCl, voltage and electrolysis time. The % color and COD removals were
examined as response variables. The removal efficiency of RR223 and
CBBR250 dye at optimum values was 89% and 94% and COD removal was
100%. The kinetic study was performed to determine the rate and rate con-
stant. First and second order kinetic models were studied to figure out the ex-
act mechanism of the dye removal using EC process. The estimated cost of the
experimental design about 4.486 US$/dm’ was also determined. This study
showed that EC process is an economical way for the treatment of waste wa-
ter.

Keywords

Electrocaogulation, Central Composite Design, Kinetic Study, FTIR, Color,
COD

1. Introduction

The water bodies are being contaminated due to industrial and domestic dis-
charges. To protect water reservoirs and living organism from life threatening

diseases, various treatment methods were designed [1]. Dye is also considered as
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a major pollutant to pollute water. Additionally, they are of great concern owing
to massive worldwide production of dye stuffs. There are over 100,000 commer-
cially accessible dyes with an assessable annual production over 7 x 10° tons of
dye-stuff [2]. These discharges from various industries have metals, salts, color-
ing substances, total phosphate, dissolved solids and total suspended solids (TSS)
[3]. Conversely, it decreases the light penetration in water bodies to bioaquatic
ecosystem and increases COD demand [4]. Moreover, they adversely affect on
the concentration of dissolved gases in giant water bodies [5]. Textile effluent
has carcinogenic compounds: textile discharge contains high color, pH ranges
about (2 - 12), high organic and low biodegradability [6]. Biological treatment is
not successful to treat textile waste due to toxicity for living organism; they can-
not survive in such aqueous environment [7]. Electrocoagulation has several ad-
vantages over the other treatment process [8]. Moreover, in this method, metal
hydroxide is generated that coagulates pollutants by charge neutralization, surface
complexation and adsorption methods. Mostly, Fe and Al electrodes are utilized to
produce metal hydroxides. They are effectively utilized for the treatment of indus-
trial discharges from tannery [9], textile [10], bio-digester [11] etc. Moreover, the
EC process involves several phenomena including discharge of gases, anodic
dissolution, cathodic reduction like hydrogen gas evolution, coagulation, natural
process migration, and adsorption. Simultaneous evolution of hydrogen gas
within the electrodes promotes the flotation process [12]. The metallic sludge
obtained by EC is compact compared with those engendered by chemical
process. The sludge that is formed as a result of electrocoagulation process also
removes dye from solution by adsorption process. The general metal anode oxi-

dation reaction can be expressed as:
n+ -
M, = M, +ne (1)

Metal ions are able to neutralize the dissolved pollutants and additionally the

electrolysis of water occurs at the cathode and anode respectively:

2H20(]) - 4H(*aq) + Oz(g) +4e” 2)
2H,0p, +2¢” = H,,, +20H (3)

Moreover, the anodic metal ions form hydroxide which depends on the pH of
the EC system. The metal cations and hydroxide ions form various poly hydrox-

ides of the metal ions, and sweep to coagulation.

M’ +nOH”

(aq) (aq) M(OH) (4)

n(s)

The consistency of the EC process is found on the basis of power consump-
tion at industrial scale [13]. Moreover, they have advantage due to fast tendency
of color removal and low cost compared to other classical treatment methods
[14]. Consequently, the EC process was chosen to treat the dye effluent. The im-
pact of operational variables including initial pH, [NaCl], Voltage and electroly-

sis time on color and COD was analyzed. Response surface methodology is a sta-
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tistical tool for the optimization of operational parameters for chemical process
both at laboratory and industrial scale [15]. The present study focuses on impact
of different operational parameters on color and COD removal from binary dye
system. It can be employed for the treatment of waste water by designing a reac-

tor at the waste stream by inserting only Fe, Al.

2. Materials and Methods

2.1. Materials and Instruments

The binary dye system was prepared by dissolving Reactive red 223 and Com-
passion brilliant blue R250 in deionized water. The structure of both of them is
shown in Table 1. The absorbance was measured by T80 UV/VIS Spectrometer.
The digital DC power supply (Yaxun 1502DD; 15 V, 2 A) was used to perform
EC experiments. The pH was measured by (Portable pH/EC/TDS/Temperature
HANNA, H19811-5). A 78HW-1 serial constant-temperature magnetic pug mill
stirrer was used to perform agitation of the solution during EC process. The
glass EC reactor was designed having 500 mL capacity. The Al anode and Fe ca-
thode were used to perform EC experiments. Whereas FTIR model NICOLET

67,000 was used to study the structural variation in dyes after the process.

2.2. Electrocoagulation Setup

The EC setup is given in Figure 1. The removal of binary dye system was carried
out. The reactor consists of Al and Fe electrodes that are immersed in 500 ml of
dye content. The initial pH of system was measured by multiple (Portable
pH/EC/TDS/Temperature HANNA, H19811-5). The electrodes are connected to
a DC power supply. The distance between them were kept constant throughout
the experiment. The samples were ejected at different time intervals and ana-

lyzed to note their absorbance. Moreover all the experimental runs were

Table 1. Reactive red 223 and Coomassie Brilliant Blue R250 dyes characteristics.

Molecular mass

ClI Chemical formula Structure
(g/mol)
Aoy SO,Cl
N)\lN
RR223  C,H,CIN,Na,0,,S; 104126 Ho S
H,COCHN  OH
NaO, SoNa SO:Na
SO,Na SO,
> ~CH, CH,- =
CBB-R250 C,H,N,NaO,S, 825.97 i e
=
o
M }-ocH,cH,
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Figure 1. Schematic view of electrochemical batch reactor.

performed at constant temperature. After each run electrodes were washed by H,SO,
(0.1 M) and EC reactor was cleaned by HCI (0.1 M). After each experimental run,
samples were analyzed by determining its dye removal tendency and COD values.

2.3. Determination of Removal Efficiencies

The removal efficiencies of dyes were calculated as:

. X -X
%color removal efficiency = "T’x 100 (5)

o

where X, - the [dye]

ter a certain EC time ().

; and X, —values [dye];,, concentration in EC system af-

initial final

2.4. The COD Measurements

The COD test is an indicator of organic component in waste water. They were
pd by Standard Methods for Examination of Water and Wastewater (APHA,
1992) [16]. It is estimated as:

[COD]initial _[COD]t

%COD Removal =
[coD]

x100 (6)

initial
where [COD],,;ua and [COD], in EC process after a definite EC time period (t).
2.5. pH, Conductance and TDS measurements

The pH, conductance and TDS were measured by (Portable pH/EC/TDS/Temperature
HANNA, H19811-5). The pH and conductivity were adjusted to a desirable val-
ue using NaOH, H,SO,, and electrolyte (NaCl) respectively.

2.6. Calibration Curves

The binary dye system of RR223 and CBB-R250 was run and their concentra-
tions were determined by standard calibration curve method.
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2.7. Central Composite Design for Dyes Removal

The chemical process depends on different operational parameters they are op-
timized by RSM. Consequently, through this approach combine and interactive
effect of factors are evaluated. Subsequently, the optimization of parameters is
studied for % color and COD removal. To check the significance of operation
variables including pH, [NaCl], Voltage and electrolysis time has maintained.
The CCD model with four factors at 5 levels is used to optimize the parameters
for color and COD removal. Thirty (30) experimental runs are provided by
software. A second-order polynomial model Equation (7) was applied to assess

the correlations between the responses and also the freelance variables [17].
4 4 4 4
Y = ﬁO + Zi:lﬁixi + Zi:lzl/':lﬁijxixj + Zi:lﬁft’xfz (7)

where Yrepresent the predicted function; /4, is an intercept; f, B;, and f; are the
linear coefficients, the quadratic coefficient, and the interaction coefficient, re-
spectively; X; and X; represent the coded independent factors. The experimental
runs determined by Minitab software 17 and their corresponding results are

given in Table 2.

2.8. Surface and Contour Plots

Response surface plots provide a method to predict the decolorization efficiency
of dyes. Moreover, the contours of the plots help to identify the type of interac-
tions between these variables. The maximum predicted yield was obtained and it
was indicated by the surface confined in the smallest curve of the contour dia-
gram [18]. The respective plots are showing the variation in target responses

owing to variation in levels of operational parameters.

3. Result and Discussion

3.1. The Surface and Contour Plots of the Quadratic Model

Figures 2-4 show the surface and contour plots obtained from the linear models
built from the experimental results. Three (3D) dimensional and contour (2D)
plots are drawn to check the effect of each variable on responses. The surface and
contour plots of the quadratic model with two variables kept constant at their zero
level and the other two varying within the experimental ranges. From the results, it
was observed that in all the combined process variables showed the significant ef-

fect on the color and COD removal in electrocoagulation treatment process.

3.2. Effect of pH on % Color Removal

In the EC process, the pH value of the solution plays a fundamental role in the
pollutants removal [19]. The initial pH value was varied from 4 to 10. The effect
of pH with other factors on % color removal potency is shown in Figure 2 and
Figure 3. The treatment at pH between 4 and 9 with Al electrodes has been stu-
died by researchers [20]. It was observed that pH increases during EC process in

acidic medium (pH 2.5, 4, and 6) and decreases in the pH ranges more than (pH
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8 and 10) due to the (H*) and (OH") consumption and formation during EC
process, respectively. During EC process neutralization of pH of the system de-
scribe that [21] the pH of acidic medium (EC system) increases due to the water

hydrolysis and H,,, evolution, thus producing OH:

2H" +2¢” > H, (8)

2(gas

Table 2. Experimental runs with responses.

pH NaCl(g) Voltage (V) ([22/];‘,]) Y1l =RR223 Y2 = CBBR250 RQZES\ZI
8.5 3.25 6.75 30 85 91 93
8.5 3.25 6.75 50 79 95 87
8.5 1.75 6.75 30 79 97 89
8.5 1.75 6.75 50 75 90 79
7.0 2.50 8.5 40 87 91 92
7.0 2.50 8.5 40 87 93 93
5.5 3.25 6.75 30 96 95 91
5.5 1.75 6.75 30 95 93 92
5.5 1.75 6.75 50 94 99 94
8.5 1.75 10.25 30 87 90 91
5.5 3.25 10.25 50 97 9 96
5.5 1.75 10.25 30 92 9 87
5.5 3.25 10.25 30 96 99 93
7 2.5 8.5 40 92 98 94
5.5 1.75 10.25 50 93 98 99
8.5 3.25 10.25 50 98 99 97
8.5 3.25 10.25 30 98 99 94
5.5 3.25 6.75 50 98 99 97
8.5 1.75 10.25 50 98 99 91
7 2.5 8.5 40 91 98 89
7 4 8.5 40 94 98 90
10 2.5 8.5 40 93 95 89
7 1 8.5 40 57 74 76
4 2.5 8.5 40 93 98 91
7 2.5 5 40 94 94 93
7 2.5 8.5 40 94 96 95
7 2.5 8.5 40 93 97 95
7 2.5 8.5 20 100 100 95
7 2.5 8.5 60 93 97 91
7 2.5 12 40 96 99 93
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(a)

(d)

Figure 2. Response surface plots for % removal of RR223. (a) pH and NacCl (g); (b) pH and voltage (V); (c) pH and [Dye] (mg/L);
(d) NaCl (g) and Voltage (V); (e) NaCl (g) and [Dye] (mg/L); (f) Voltage (V) and [dye] (mg/L).

The % color removal of reactive red223 is significantly affecting by the varia-
tion in pH levels as compared to CBBR250.The acidic medium is most favoura-
ble for both dyes % decolourization efficiency. The % decolourization potency of
Coomassie brilliant blue dye in both acidic and alkaline media is virtually same.
When pH is acidified, H* ions neutralize the functional groups (such as phenol-
ic, OH", and -COOQ) of organic molecules that are negatively charged; thus, this
protonic charge neutralization decreases their solubility in water which facilitate
coagulation of molecules. The neutralization due to pH is the key step of the

coagulation process [22].

3.3. Effect of Amount of Electrolyte on % Color Removal

The purpose of addition of electrolyte is to increase the conductance of the solu-
tion. Therefore, adding NaCl as a supporting electrolyte is used to increase the

solution conductivity. Consequently, a concentration of 1 - 4g/L NaCl is chosen
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Figure 3. Response surface plots for %removal of CBBR250. (a) pH and NaCl (g); (b) pH and voltage(V); (c) pH and [Dye]
(mg/L); (d) NaCl (g) and Voltage (V); (e) NaCl (g) and [Dye] (mg/L); (f) Voltage (V) and [dye] (mg/L).

for the experiments. In the case of 1 g/L NaCl the % color removal efficiency
were 57% and 74 % of RR223 and CBBR250 at neutral pH. While at 4 g/L NaCl
the % decolourization increased upto 98% for both dyes at buffer conditions.
The effect of NaCl with other factors on % color removal potency is shown in

Figure 2 and Figure 3.

3.4. Effect of Voltage on % Color Removal

The removal of RR223 is significantly affecting due to variation in voltage. At
6.75 V the color removal potency of RR223 is 79% and enhanced upto 96% at 12
V. The removal potency of CBB250 has observed same at all levels of voltage as

in Figure 2 and Figure 3.

3.5. Effect of Dye Concentration on % Color Removal

The higher concentration of dye will require high dose of coagulants for coagu-
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lation and coagulants formation in EC process is entirely depend upon the ap-
plied voltage and reaction time. So, energy consumption will directly increase
the cost of the process.

3.6. Effect of pH on % COD Removal

At neutral pH the % COD removal efficiency is 76 % and at 5.5 pH value in-
creased upto 97%. The experiments were carried out at different initial pH val-
ues at the vary of pH 4.0 - 10. Generally, the pH of the medium inclined to in-
crement throughout the method. The vicissitude in pH depends on the slightly
electrode material and initial pH value. At low pH, CO, is dissolved into the so-
lution and discharge of H, evolution, causing a pH increase. The effect of initial
pH on the COD abstraction efficiencies is given in Figure 4. The maximum ab-
straction rates were obtained at the cessation of a 50 min reaction time. As opti-
cally discerned, for pH < 6, between 91% and 94% for COD abstraction. COD

©©®
o N

9cOD Remova!
23

o ®
LR

-
-
[}
-
[}
-_—
_—
[}
.
|

(b)

= (OW©C0CO~N~N
== (= (=)

o

(d)

(e)

Figure 4. Response surface plots for % COD removal. (a) pH and NaCl (g); (b) pH and Voltage (V); (c) pH and [Dye] (mg/L); (d)
NaCl (g) and Voltage (V); (e) NaCl (g) and [Dye] (mg/L); (f) Voltage (V) and [dye] (mg/L).
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abstractions drop dramatically at pH > 6. The highest abstraction efficiencies
have been obtained with aluminum in acidic medium with pH < 6. The COD
from textile wastewater utilizing aluminum electrodes are mainly removed by
electrocoagulation, while the COD abstraction by iron electrodes is due to the
collective effect of electrocoagulation and electrooxidation. Solution pH is one of
the most consequential parameters for EC process [23]. So, it is adjusted in the
range from 4 to 10 by integrating sodium hydroxide or sulfuric acid solution to
investigate the effect of pH on process performance. The process efficiency de-
pends vigorously on pH value of the solution. Especially, low pH value increases
the abstraction efficiencies, because pH values of the solution elevate during
electrolysis process and after a certain point it reaches auspicious pH value for
Al(OH), precipitation [24]. The best COD removals could be obtained in acidic
pH value with aluminum electrodes [25]. In addition, they reported that when
solution pH was increased to 7, removal rates decreased dramatically. When
aluminum is used as the electrode material, acidic pH values are more conve-
nient for the removal kinetics due to predominant form of AI(OH);(s). The re-

sult is in accordance with kindred studies in literature [26] [27].

3.7. Effect of Amount of Electrolyte on % COD Removal

The conductivity of the textile wastewater was adjusted to the desired levels by
integrating an opportune amount of electrolyte. The experimental conditions
were: initial pH of 4 - 10; [NaCl] 1 - 4 g/L, Voltage (5 - 12 V); and dye concen-
tration (20 - 60 mg/L). If anode potential is adequately high, secondary reactions
may occur additionally, such as direct oxidation of organic compounds and of

Cl” ions present in wastewater [28]:
2ClI" > Cl, +2¢” 9)

Thus, above generated chlorine gas oxidizes dye molecules. The conductivity
of the wastewater is adjusted to the desired levels by adding an appropriate
amount of NaCl. This adjustment has shown negligible effect on the initial pH of
the wastewater, approximately 0.3 pH units, with mean pH value of 6.8. It is
clear that, for aluminum, the energy consumption is higher and electrode con-
sumption is lower. For both electrodes, the energy and electrode consumptions
decrease with increasing wastewater conductivity. It is observed that higher

conductivity favors high process efficiency.

3.8. Effect of Voltage on % COD Removal

In fact, Voltage is directly proportional to current. When current increases, there
is an increase in aluminium dissolution. So, enhances the formation of hydrox-
ide AI(OH);. For long electrolysis times, the structure of the sludge may change,
altering the efficiency of pollution removal and the settle-ability and floatability
properties of the flocs. The effect of applied voltage to the electrocoagulation cell
was investigated by varying the voltage level from 5 to 12 V. Each experimental

trial kept the initial pH according to design runs and reaction time of approx-
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imately 50 min. The COD removal potency was observed 76%, when NaCl=1g
and Voltage = 8.5 V and 93% COD removal potency was observed, when NaCl =
2.5 g voltage = 12 V at neutral pH. It is agreed from Pareto chart too that voltage
and pH combine significantly affecting the % COD removal potency.

Figure 4 shows that increasing the voltage from 3 to 5 V causes the increasing
removal percentage and then by more enhancement of voltage, the percentage of
removal of COD declines. Effect of voltage can be described according to reac-
tions that occur during the process. Mechanism of reactions and behavior of
oxide anodes (MOx) was proposed by Comninellis [29]. At the first step, dis-
charge of water occurs to produce hydroxyl radicals. There are two states of ac-
tive oxygen; physically adsorbed active oxygen (adsorbed hydroxyl radicals
MOx(OH)) and chemisorbed active oxygen (oxygen in the oxide lattice MO,,,)
[30]. In the presence of oxidizable organics, combustion and conversion reac-
tions may take place Equations ((10) and (11)). These oxidation reactions com-

pete with side reactions of oxygen evolution Equations ((12) and (13));

MO, (HO® )+ RH — MOy +mCO, +nH,0+H" +¢” (10)
MOy, + RH — MO, + ROH (11)
1
MOy (HO® ) - MOy +50, +H +e (12)
1
MOX+1 —> MOX +502 (13)

Electrochemical oxidation of organics occurs theoretically before oxygen evo-
lution [30]. By applying higher voltage concomitant oxygen evolution takes
place that results in decreasing efficiency of organic oxidation. On the other
hand, performing the process at higher voltages causes oxidation of poisoning

products formed at the anode surface.

3.9. Effect of Dye Concentration on % COD Removal

In the study, another investigated parameter is initial dye concentration because
wastewater properties change daily or even hourly. So, initial concentration was
chosen as one of the parameters affecting the treatment efficiency of the system.
According to the result, high initial wastewater concentration decreases COD
removal efficiencies, and this could be expounded by the high soluble COD con-
tent of the wastewater. In addition, this is possibly due to the formation of in-
adequate number of aluminum hydroxide complexes by the electrode at a given
conductivity and cell voltage to coagulate the extortionate number of pollutant
molecules at higher concentration. Soluble and miscible compounds that may
not react with engendered metal ions will not be abstracted by EC and they will
remain in solution. Just an iota can be adsorbed or absorbed on the floc and may
consequently be abstracted incidentally. In brief, it can be verbally expressed that
COD abstraction efficiency and its variability will depend on the formation of

floc, which conventionally occurs at felicitous values of solution pH [31]. It was
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observed that at same system conditions when concentration of dyes was 30
ppm, the % COD abstraction potency was 93% and decremented upto 87% when
dyes system concentration was victualed 50 ppm. The EC process can facilely
abstract particulate COD, it may abstract just a scintilla of soluble COD via sorp-

tion mechanism on the floc surface [32].

4. CCD Experimental Design

The experimental and the predicted responses correlation is quantitatively eva-
luated by coefficient (R?). The obtained R* values suggest good agreement to the
observed results since this indicates that 76.38% and 58.36% variation in % color
removal is explained by the model. The goodness of a fit is measured by the Ad-
justed R* (Adj-R?) value as shown in Table 3 design by Minitab 17 software.

The independent variable on the horizontal axis is plotted against the resi-
duals on the vertical axis in residual plots. If the points in a residual plot are
randomly dispersed around the horizontal axis, a linear regression model is fit-
ted for the data; otherwise, a non-linear model is more appropriate. The normal-
ity of the residuals is studied by Normal probability plots. The observed residuals
are plotted against the expected values, given by a normal distribution in Figure
5. The residuals from the analysis should be normally distributed. In practice, if
number of observation is large, moderate divergence from normality do not
critically influence the results. The normal probability plot of the residuals
should follow a straight line to fit the linear model. Trends observed in Figures
5(a)-(c) reveal reasonably well-behaved residuals for % color and COD removal.
Based on these plots, the residuals appear to be randomly scattered about zero.
Figures 5(a)-(c) illustrate the residuals in the order of the corresponding obser-
vations. It shows that the residuals in the plot fluctuate in an arbitrary pattern

around the center line.

4.1. Pareto Charts Analysis

The Pareto plot helps to identify the significant factors that influence the target
response. Linear, quadratic and interactive significance of factors on response
are identified. The amount of electrolyte, pH and dyes concentration is the sig-
nificant factors that are influencing the response. The amount of electrolyte fac-

tor has a greater effect on response compared to the other factors. This is due to

Table 3. Model Summary for % color and COD removals.

Statistical Variable RR223 CBBR250 % COD removal
S (Root Mean Square Error) 6.154 4.713 3.134
R? 76.38% 58.36% 79.27%
R? (Adj) 51.07% 13.76% 57.07%
R-sq (pred) 0.00% 0.00% 0.00%
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Figure 5. Residual plots of (a) RR223 dye (b) CBBR250 (c) % COD removal potency.
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the fact that NaCl increases the conductivity of the EC system and enhances
the % color and COD removal. The Pareto chart related to % dye and COD re-

moval potency are given in Figures 6 (a)-(c).

4.2. ANOVA Test

ANOVA test is performed to study the influence of all factors on target re-
sponse. Statistical significance of the model equation and model terms was eva-
luated by F-test and ANOVA [33]. Sum of squares (SS), DOF (degree of free-
dom), mean of square (MS), and associated F-test of importance (F) can be cal-

culated as follows:

SS, =24 (A7 [ndi) -1 [N (14)

<« >

Description of abbreviations is as follows: “k,” is the number of the levels of
factor A, “nAs” is the number of all observations at level “7” of factor A, A, is the
sum of all observations of level “7” of factor A and 7 is the sum of all observa-
tions. SS of error is computed using the following equation:

SSe =SS, —(SS, +5S, +---) (15)

where SST is the total SS:

S8, =Y (¥)-T°/N (16)

<« 2

where “y;” is the observation of “7’. MS is calculated by dividing the sum of
squares by the degrees of freedom. DOF, is estimated by DOF, = k, — 1. F value
is calculated as follows (GOnder et al. 2010):

F, = MS,/MSe (17)

MSeis the variance of error [34].

The analysis of variance (ANOVA) is presented in Table 4. If the model is a
good predictor of the experimental results, F-value should be greater than the
tabulated value of F-distribution for a certain number of degrees of freedom in
the model at a level of significance a. The p-value < 0.05 for RR223 so it is con-
firming the adequacy of the model fitted. A, B, C, B> and AC are significantly af-
fecting the response of RR223. The p-value > 0.05 for coommassie brilliant blue
R250 is indicating insignificance of the model. B, B are the terms that are sig-
nificantly effecting the response of the target response of coommassie brilliant
blue. p-value < 0.05 for % COD removal its mean model is fitted for the re-
sponse.B.B> and AD are the significant terms for %COD removal potency which
are agreed from pare to chart too. The student —t distribution and the corres-
ponding P-values, along with the parameter estimate, are given in Table 5. The
P-values were utilized as an implement to check the consequentiality of each of
the coefficients, which in turn, are compulsory to understand the pattern of the
mutual interactions between the variables studied. The more immensely colossal
the magnitude of t-value and more minute P-value, the more paramount is the

corresponding coefficient [35].
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Figure 6. The Pareto chart of % color removal. (a) Reactive red223; (b) Coomassie bril-
liant blue R250; (c) % COD removal potency.
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Table 4. Analysis of variance for EC process for binary dye removal potency.

Response Source DF Adj Ss Adj Ms F-Value P-Value
Model 15 1714 114.3 3.020 0.023
Error 14 530.3 37.88 * *
RR223 Lack-of-Fit 10 509.0 50.90 9.580 0.022
Pure Error 4 21.25 5.312 * *
Total 29 2245 * * *
Model 15 436.0 29.06 1.310 *
Error 14 311.0 2221 * *
CBBR250 Lack-of-Fit 10 272.5 27.25 2.830 0.164
Pure Error 4 38.50 9.625 * *
Total 29 747.0 * * *
Model 15 526.0 35.06 3.57 0.011
Error 14 137.5 9.823 * *
COD Lack-of-Fit 10 123.5 12.35 3.53 0.118
Pure Error 4 14.00 3.500 * *
Total 29 663.5 * * *

Table 5. Student t and p values for significant operational parameters.

%Removal Term Effect Coef SECoef T-Value P-Value VIF

Constant 90.64 2.540 35.63 0.000 *
A -5.170 —-2.580 1.260 -2.06 0.059 1.00
B 9.000 4.500 1.260 3.580 0.003 1.00

RR223

C 5.170 2.580 1.260 2.060 0.059 1.00
B? -7.170 -3.580 1.180 -3.050 0.009 1.05
AC 8.500 4.250 1.540 2.760 0.015 1.00

Constant 95.29 1.950 48.92 0.000 *
CBBR250 B 4.917 2.458 0.962 2.56 0.023 1.00
B? —4.104 —-2.052 0.900 -2.280 0.039 1.050

Constant 1.300 92.82 71.65 0.000 *
A -2.667 -1.333 0.640 —-2.080 0.056 1.00
B 4.500 2.250 0.640 3.520 0.003 1.00
COD B? —4.292 —-2.146 0.598 -3.590 0.003 1.05
AC 3.000 1.500 0.784 1.910 0.076 1.00
AD —4.500 -2.250 0.784 -2.870 0.012 1.00
CD 3.250 1.625 0.784 2.070 0.057 1.00
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4.3. Regression Equations

Based on second order polynomial model, an empirical relationship between the
response and independent variables was attained and expressed by the following

second-order polynomial equations:

Y, razs) = 235.6 - 21.2A+36.5B - 20.65C —1.78D + 0.352AA
~6.37BB+0.422CC+0.0167DD +0.44AB+1.619AC  (18)
—~0.008AD +0.19BC —0.083BD +0.0786CD

Y, commaso) = 124.1-5.52A +15.6B—4.44C —0.78D +0.255AA

—3.65BB+0.187CC+0.01073DD + 0.28AB+0.119AC  (19)
—0.0125AD +0.429BC + 0.008BD + 0.0036CD

%COD Removal =106.3+0.49A +15.99B—-8.82C—-0.056D—-0.176AA
—-3.81BB+0.116CC +0.00354DD + 0.889AB + 0.571AC (20)
—0.1500AD -0.095BC +0.017BD + 0.0929CD

4.4. Optimization of Parameters

The goals of the optimization of EC system are to increase the response of color
removal potency of two dyes. To solve this type of multi-objective optimization
drawback, Derringer and Suich recommended the desirability perform Equation
(21) that is one in all the foremost appropriate ways. The overall desirability

function, D, is the mean value of the individual desirability functions:

D= (Hf:l d; )I/k 1)

with d; denoting the individual desirability function for every response, and &
the number of responses. The purpose of this function is to maximize the res-
ponses due to factors levels within the selected ranges. Experimental tests are
performed to verify the predicted values of responses at optimum values. The
algorithm of multi-objective optimization Minitab software sanctioned us to ob-
tain the prognosticated optimal values. Three attestation runs were carried out
in order to check experimentally the optimal point to get predicted response.
The optimal presaged values are in good accordance with the experimental ones.
Based on these results, a central composite design can be developed in order to
optimize the EC system. This process involves three major steps: performing the
statistically designed experiments, estimating of coefficients in the proposed
model and predicting the response of process and checking the validity of the
model. The main objective of the optimization in this work is to determine the
optimum values of EC process variables for RR223 and coomassie brilliant blue
decolorization. The desired goal in term of decolorization efficiency and % COD
removal potency were defined as “maximize” to achieve highest treatment per-
formance. The optimum values of the process variables for the maximum deco-
lorization efficiency and % COD removal potency are shown in Table 6. It im-
plicatively insinuates that the strategy used to optimize the decolorization condi-

tions and % COD abstraction potency and to obtain the maximal for the EC
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Table 6. The result obtained at optimum values.

Optimum values Result at optimum values
Operational %Color %Color %Color %Color
arameters % COD % COD
p removal removal of removal removal of
removal removal
of RR223 CBBR250 of RR223 CBBR250
pH 4 4 4
Amount of
3 3 1
electrolyte 89% 94% 100%
Voltage 12 12 5
[Dyes] 60 60 20

process of RR223 and Coomassie brilliant blue solutions is prosperous [36].

4.5, Main Interaction Plots

Observation of main interaction plots clearly showing that operational parame-
ters are not linear to experimental mean lines of responses. Its mean factor is
significantly affecting the response. Interactions plots could be acclimated to
compare the relative vigor of the responses due to factors. The following Figures

7(a)-(c) are the main interaction plots for % dye and COD removal potency.

4.6. Full Interaction Plots

These are the plot between variables at a time and corresponding response is
premeditated. This plot shows response means for the levels of one factor on the
x-axis and a separate line for each level of another factor. The parallel lines mean
that no variation in target responses due to amendment in factors levels. More-
over, if the response slope is higher than means additional robust interaction
was present among the levels of factors for the target response additionally these
plots are reciprocal to ANOVA. In addition, interaction plots are very useful and
showing significant interaction is present among factors for the responses. Fig-
ures 8(a)-(c) are representing full interaction plots for % dye and COD removal

potency.

4.7. Kinetic Study

The First order and second order kinetics model was utilized, which are

represented as follows:

ln[A]tzlnAo—k-t (22)
1 1
W_k-ﬁ—[/l]o (23)

The kinetic parameters of respective dyes system and energy consumption

during the process is represented in Table 7.

4.8. FTIR Studies and Characterization of Synthesized Sludge

Under the optimum conditions, the sludge mass engenderment rate for both dye
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Figure 7. Main interaction plots. (a) % color removal of RR223; (b) %Color removal po-
tency CBBR250; (c) % COD removal potency.
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Figure 8. Full interaction plots. (a) % color removal of RR223; (b) %Color removal po-
tency CBBR250; (c) % COD removal potency.
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Table 7. Kinetic study of dyes decolorization at (T: 23°C, NaCl: 4 g/L and V: 12 V, pH =
4,1=1.38 A. Time = 45 min).

t Energy
Dye Kinetic Model ~ Rate constant 1z R? Consumption  Sludge
(min) (kwh)
RR 223 First Order 4.9 x 10~ min™! 14.14  0.597 1242 x 107
CBBR250 Second order 2.939 M min™' 26.17 0.767 12.42 x 1073 1.14 g/L
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Figure 9. FTIR spectrum of (a) CBBR250 (b) RR223.

was found to be 1.14 g/L of the treated wastewater (on a dry substructure). The
characterization of the EC-engendered sludge was performed with FT-IR as

shown in Figure 9.

4.9. Influence of the Chemical Structure of the Dyes

To ascertain the influence of supersession of the dye molecule on EC process ef-
ficiency, the decolorization of RR223 and Coomassie brilliant blue was com-
pared. The decolorization of CBBR250 was remotely more rapid in comparison
with RR223 at the experimental runs and optimized conditions and both are
anionic dyes. These two dyes have different functional groups in chemical
structures that influence the reactivity of the molecules in a decolorization
process. Due to more soluble nature of RR223 the % decolorization efficiency
was lesser than CBBR250.If a component has more soluble nature than it coagu-
lates gradually. Moreover, CBBR250 has hydrophobic methyl substituent’s.
Every group like methyl substituent that inclines to decrement the solubility of
molecules in water will favor coagulation process. This additionally expounds, at
least partly, why decolorization of CBBR250 is scarcely more rapid in compari-
son with RR223.
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5. Comparison between This Work and Previous Work

The comparative work is represented below to show the significance of EC
process especially in electrode pair of Al/Fe for the treatment of dye effluent
discharges. The comparison of electrode combination for different dyes removal

is given in Table 8.

Operating Cost Analysis

Energy, sacrificial electrodes and chemicals are used during the process and their
costs are taken into account in the calculation of the operating cost, as US$ per
dm’ for the treatment of binary dye wastewater. The following equation was
used to estimate operating cost.

+eC (24)

chemicals

Operating cost = aC, +bC

energy electrode

where C

‘energy>

C.

electrode>

G

wudge Cinemicals ar€ represented as a, b, d, while the e

represent the energy intake for every dm’ of wastewater (kWh/dm®). The cost

analysis related data is given in Table 9.

6. Conclusions

Dyes are extensively utilized in textile industries. They are characterized by wa-
ter solubility and structural diversity. So, it may be paramount to investigate
processes which are able to decolorize wastewaters or to abstract dyes. Many
electrochemical processes have been studied, including treatment by EC. The elec-

trochemical process for the abstraction of organic matter from effluent was studied.

Table 8. Electrocoagulation process used for removal of various types of dyes.

Reference Dye Current or‘ Anode-cathode %Rex.noval
no Current density efficiency
[37] Reactive orange 84 130 A/m? Fe-Fe 66,76
(38] Acid red131, Reactive yellow.86, Indanthrene blue RS, Basic GR 4, 0.0625 A/cm? ALAI 97

Reactive yellow 145

[39] Reactive black B, Orange 3R, Yellow GR 0.0625 A/cm? Al-Al 98
[40] Azo, Anthraquinone, Xanthene 03 A Fe-Fe 98
[41] Acid black 52, Acid yellow 220 40 A/m? Al-Al 92,95
[42] Levafix brilliant blue E-B 100 A/cm? Al-Al, Fe-Fe 99, 83
[43] Acid, Reactive 4.0 mA/cm? Fe-Carbon 95
[44] Orange 11 160 A/m? Al-Al 94.5
[45] Reactive black 5 4.575 mA/cm? Fe-Fe 98.8
[46] Reactive, Basic e - Al-Al, Fe-Fe 96, 85.6
[47] Direct red 23 30 A/m? Fe-Fe, Al-Al >95
[48] Levafix blue CA 35.5 mA/cm? Fe-Fe 99.5
[49] Bomaplex red CR-L 0.50 mA/cm? Al-Al 99.1

This work RR223, CBBR250 1.0A Al-Fe 89, 94
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Table 9. The cost analysis at optimal conditions (Al electrode consumption = 1.488 x
107* kg/dm?, NaCl = 3 g/L, dye = 60 mg/L, Reaction time = 60 min, pH = 4, V=12 volt).

Parameter Quantity
Energy consumption (kwh/dm?) 0.019 (kwh/dm?)
Sodium chloride (kg/dm?) 0.01 kg/dm?
sodium Hydroxide consumption (kg/dm?) 0.01 kg/dm?
Sludge production (kg/dm?) 0.7 kg/dm’®
Electrode consumption (Kg/dm?) 1.488 x 107 kg/dm?®
Hydrochloric acid (mL/dm?) 100 (mL/dm?)
dyes (Kg/dm?) 7.5 x 107 (Kg/dm?)
Electrical energy cost (US$/dm?) 3.2734 x 107 US$/dm?
dye cost (US$/dm”) 0.252 US$/dm?
Electrode cost (US$/dm?) 0.14 US$/dm’
Hydrochloric acid cost(US$/dm?) 0.1 US$/dm’*
Hydroxide sodium cost (US$/dm?) 1 US$/dm?
Sodium chloride (US$/dm?) 0.001 US$/m’
Potassium dichromate (US$/dm?) 1 US$/dm?
Mercury sulphate (US$/dm?) 1 US$/dm?
Silver sulphate (US$/dm?) 1 US$/dm?
Total operating cost (US$/dm?) 4.486 US$/dm?

This work concerns EC process for textile dyes abstraction of RR223, an azoic
dye, and CBBR250 as an anthraquinonic dye. Nevertheless, higher values can be
achieved with more sizably voluminous periods of EC process. Most of the alu-
minium present in the wastewater is removed , and it is the significant advantage
of this EC process. Withal, the turbidity associated to organic and inorganic
matter was abstracted with the electrocoagulation, making this process ideal for
high-polluted wastewater treatment. The amendment of the optical characteris-
tics of the water is fundamental for the prosperity of the EC treatment. Electro-
coagulation is an efficient process, even at high pH, for the abstraction of color
and total organic carbon in reactive dyes textile wastewater. The amount of elec-
trolyte factor has a more preponderant effect on replication compared to the
other factors. High conductivity favors high process performances. According to
the results, in acidic medium, pH < 6, % color and COD abstraction efficiencies
are higher in case of aluminum electrode. A 2*-full factorial CCF design was
prosperously employed for experimental design and analysis of results. Analy-
sis of variance showed a high coefficient of correlation value R* (RR223) =
0.7638, R> (CBBR250) = 0.5836 and R*> (COD) = 0.7927), thus ascertaining a
copacetic adjustment of the second-order regression model with the experi-
mental data. Graphical replication surface and contour plots were habituated

to locate the optimum point. Copacetic presage equation was derived for dye
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abstraction utilizing RSM to optimize the parameters. The present study

demonstrated the applicability of electrocoagulation method for dye abstrac-

tion. Thus, the EC can be considered as a reliable technique for treating

wastewater from the textile industry.
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