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ABSTRACT

Novacron Blue 4R (NB4R) dye was removed in a semi-continuous process treatment by electrocoag-
ulation-flocculation-filtration. Our results showed that the quadratic second order equation provided
the best correlation for the decolorization of NB4R dye (CR%). On the other hand, the regression
equation proved the large interaction between the current intensity and the initial concentration of
the dye. Experiments were conducted to find the desired conditions for removal of the dye and lower
Operation Cost. The results showed that CR% = 90.84% (R*= 95.8%) of color removal for initial dye
concentration of 30 mg/L, using a current intensity of 1 A and a flow rate of flocculent (FRF) injected
of 914 mL/min. Under these conditions, electrical energy consumption (EEC: kWh/m?), electrode
consumption (EMC: kg/m?), chemical consumption (CC: kg/m?) and operation cost (OC: US$/m?)
were respectively 0.073851 KWh/m?; 0.0184 kg/m?; 0.015 kg/m? and 0.08474 US$/m>.

Keywords: Dye Novacron Blue (NB4R); Electrocoagulation-flocculation-filtration; Operation cost;
Optimization; Response surface methodology

1. Introduction

Anthraquinone is considered one of the major groups
among reactive dyes. It has a carbonyl chromophore group
(>C-0) on a quinone nucleus. The general formula derived
from anthracene shows that the chromophore is a quinone
ring on which hydroxyl or amino groups can be attached.
The color of this group of dye is related to the anthraqui-
none nucleus and modified by the type, number and posi-
tion of substituents [1].

A large amount (10-50%) [2] of reactive dyes are
released into the environment because they are very sol-
uble by design and therefore are not all used up by tex-
tile fibers during the dyeing process [3]. The presence of
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the aromatic ring in chemical structures of the reactive
dyes, as Novacron Blue 4R (NB4R), favors a high stabil-
ity against light, oxidants, and biological degradation [4].
Despite, the degradation of reactive dyes in anaerobic con-
dition is applied successfully. It is not proper to use this
biological method treatment of textile wastewater because
the breakdown of reactive dyes leads to the formation of
aromatic amines, which may be more toxic than the dye
molecules as such [5]. So, their presence in the environ-
ment can cause several health problems. Effectively, the
acute exposure to this color can cause respiratory diseases
and allergic dermatoses [6-10], change in immunoglobu-
lin levels [11], increased risks of colon and rectum cancers
[12], high risk of contracting bladder cancer [13], genotox-
icity [14], and bears teratogenic potential [15].

Various methods were applied for elimination a reactive
textile dyes, such as biological methods [16,17] oxidation
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[18-20] flocculation [21], membrane filtration [22], adsorp-
tion [23], photo-catalysis [24] and sonolysis [25,26]. Nev-
ertheless, the diversification and the usefulness of these
methods were limited because of low efficiency and high
operating cost. So, we need to develop more efficient and
inexpensive methods which require minimum chemical
and energy consumptions.

For the treatment of organic pollution in waste water, sev-
eral electrochemical techniques have been developed, such
as electro-oxidation, electrochemical reduction, electrocoag-
ulation, electro-flotation [27]. These techniques show higher
efficiency than any other biological, physical and chem-
ical process [28,29]. Some authors proposed as an effective
method for the treatment textile wastewater, by electrocoag-
ulation [30,31]. This technique of treatment has significant
advantages such as simple equipment and operation, easy
automation, rapid sedimentation rates and reduction in the
amount of sludge produced [32]; also, it requires less coagu-
lant ions for the treatment of wastewater [33].

Because of their availability and relatively low cost, alu-
minum and iron are the most anode materials used in the
electrocoagulation process [34,35]. When applying a direct
electric current to these electrodes, metal ions can be gener-
ated. The hydrogen production in cathode and electrolytic
oxidation of anode leads to the generation in situ of coagu-
lants followed by hydroxyl ions (Fig. 1) [36,37].

The main reactions at the electrodes of aluminum are:

@
)

Ions generated by electrode reactions (1) and (2) react
to form various monomeric species (AI(OH)*, AI(OH),*,

At anodes: Al(s> — Al (aq) + 3e
At the cathode: 3H,0 + 3e”— 3/2 Hz(g) + 30H"-
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Finally, they are transformed into Al(OH),(s). Therefore,
these complexes (polymeric hydroxide) which are a highly
charged cations, destabilize the negatively charged of dyes
allowing the formation of flocs. This amorphous metal
hydroxide precipitates was developed when the amount
of aluminum (or iron) in the solution exceeds the solubil-
ity of the metal hydroxide, hich causes sweep-floc coagula-
tion [38].

The removed dye, by electrocoagulation, is accom-
plished in a three step processes as follows (Fig. 2) [40,41].

i. Electrolytic reactions at surface of electrodes.
ii. Formation of coagulants in aqueous phase.
iii. Adsorption of soluble dyes on coagulants.

The technique of treatment of dye by electrocoagulation
has some disadvantages mainly: dissolved sacrificial elec-
trodes and expense of electricity [32]. For this reason, it is
necessary to develop a combined or hybrid system able to
remove effectively the pollutants from textile wastewater
and reduce the cost of energy consumption.

Some authors assumed that, when injected the floccu-
lent during electrocoagulation, it enhances the formation of
larger flocs of dyes. These larger flocs settle more rapidly
and are easily removed, so it can reduce the time requisite
for treatment. Therefore, it reduces the amount of energy
consumption and the expended dissolved material of the
electrodes [43-45].

For modeling complex systems, it is necessary to ana-
lyze problems in which a response of interest is influenced
by a set of independent variables and their simultaneous
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Fig. 1. Diagram of the electrocoagulation process with aluminum plates [39].
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effects. Response surface methodology (RSM) is generally
used to optimize conditions for desirable responses [46—49].

One of main advantages of RSM, compared with con-
ventional methods,is the reduction of experimental trials
by providing sufficient information for statistically val-
idated results and the evaluation of the relative signifi-
cance of parameters and their interactions [47,50]. Also,
RSM gives a mathematical model that can be used to pre-
dict the response of the process for any new condition. The
Adequacy of the proposed model is revealed using the
diagnostic checking tests provided by analysis of variance
(ANOVA) [51,52]. For these reasons, in several industrial
processes, RSM is almost used to evaluate results and effi-
ciency of the operations.

The aim of the present study is to optimize dye removal
of Novacron Blue 4R (NB4R) from aqueous solution, at
least cost, by electrocoagulation-flocculation-filtration pro-
cess using RSM. For this purpose, Box Behnken design was
used to develop a mathematical correlation between dye
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Fig. 2. Schematics of dye removal mechanism of electrocoagula-
tion process with iron electrode (1. Precipitation; 2. Adsorption;
3. Flotation) [42].

Table 1
Characteristics of reactive dye: Novacron Blue 4R (NB4R)

removal efficiency and three selected independent param-
eters including current intensity, initial dye concentration
and flow rate of flocculent (FRF) injected. During this study
the role of different influential operational parameters on
dye removal was investigated at several levels.

Eventually, this research will assess the suitability of
electrocoagulation for industrial applications on the treat-
ment of textile wastewater.

2. Materials and methods
2.1. Chemical structure of color

The commercially available Reactive dye: Novacron
Blue 4R (NB4R) was obtained from Textile Industrial Com-
pany (SITEX), 5070 Ksar Hellal, Tunisia, with a molecular
structure and characteristic as summarized in Table 1.

2.2. Reactor design

The units used in the electrocoagulation treatment
are composed of: (1) electrochemical reactor, consisting
of acrylic column with a height of 60 cm and a diameter
of 19.54 cm with a total volume of 16.71 L. This reactor is
provided with two aluminum electrodes of rectangular
shape (335 mm x 130 mm x 1 mm), used as anode and
cathode, which corresponds to S = 435.5 cm? of each elec-
trode surface. The distance between the two electrodes
was e = 5 mm, which is a typical value in EC cells. The
electrodes were placed at the bottom in the middle of the
column; (2) DC power supply (Laboratory DC. Power
supply Model M10-SP600 SL); (3) a peristaltic pump
(Ismatec ISM404B MCP Peristaltic Pump Head Cole Par-
mer 78002-00- ISO 9001 certified) for injection the floccu-
lent solution to electrochemical reactor; (4) receptacle, fill
with anionic polyacrylamide (an industrial grade organic
polymer prepared in the laboratory by dissolving 0.5
g per 1 liter of distilled water); (5) centrifugal pump to
transfer the dye solution treatment by EC to colon fil-
tration; (6) column filtration for phase separation (filled
with a silica powder whose the average of particle size is

Chemical structure

SO;Na

SONa  F

SO;Na

SO;Na

Tetrasodium 1,2-bis(4 fluoro-6-[5-(1- amino- 2- sulfonatoanthraquinone- 4- ylamino)
-2, 4, 6- trimethyl - 3 - sulfonatophenylamino]-1, 3, 5- triazin -2- ylamino) ethane))

IUPAC name

Moo 595 nm
Purity (%) 70-80
MW (g/mol) 1401.202
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equal to 23 pm); (7) Magnetic stirrer was used for prepar-
ing complete mixed solutions in the EC reactor (Fig. 3).

2.2. Experimental procedure

Dye solutions were prepared by dissolving proper
amounts of NB4R (30-127.33 mg/L) in distilled water. The
experiments were carried out in a semi-continuous mode
with a liquid volume of 13.71 L. In each run, 30 ml of the
water treatment was taken from the column of filtration.
The filtrate obtained was collected for the analysis of water
properties and the electrodes were well polished by sand-
paper before each test. All experiments were repeated twice,
and the experimental error was 3%.

The conductivity of solutions was adjusted by the addi-
tion of NaCl (3.5 g/L). The initial pH of the solution was
adjusted before the experiment by Sulfuric Acid (H,SO,)
and Sodium Hydroxide (NaOH) at 8, and pH values were
measured using pH meter (370 pH meter Jenway). During
each run, the reactor unit was stirred at 20 rpm by a mag-
netic stirrer for 45 min.

2.2.1. Absorbance characteristics

The dye concentrations were determined from their
absorbance characteristics in the UV-VIS range (200-800
nm) with the calibration method. HACH Lange DR 3900
spectrophotometer was used. For these measurements, the
maximum absorption (A_ = 595 nm) wavelength of dye
was determined by measuring their absorbance. The cal-
culation of color removal efficiency (CR%) after Electroco-
agulation-Flocculation-Filtration treatment was performed
using this formula Eq. (3) [42].

CR% = Absg,, (to ) — Absg,, (t45)

Absy, (1) ®)
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where Abs_,.: measuring the absorbance at 595 nm at initial

instant = 0 min, Abs,,.: measuring the absorbance at 595 nm
after a 45 min = 45 min.

2.2.2. Current density

Current density is very important parameter in electro-
coagulation as it determines the coagulant dosage rate, bub-
ble production rate, size and growth of the flocks, which
can affect the efficiency of the electrocoagulation [37]. The
current density (CD) was calculated through the equation
as follows Eq. (4).

_r
~ 28

electrode

CD 4)
where CD is the current density (A/m?), I is the current
intensity (A) and S is surface area of each electrode (m?) [53].

In this study, the effects of current density on the

removal efficiencies were studied by varying the range
from 11.38 to 34.40 A/m?>.

2.2.3. Energy consumption

Electrical energy consumption and current efficiency
are very important economical parameters in electrocoagu-
lation process and calculated using the commonly used Eq.
(5) [54].

E=Ult,. (5)
where E is the electrical energy in kWh, U the cell voltage in
(V), I the current in ampere (A) and t,.is the time of electro-
coagulation process h.

The electrical energy consumption (EEC: kWh/m?) has
been calculated with Eq. (6) [55,56].

)

Gaz outlat
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Fig. 3. (A): Experimental setup for the electrocoagulation; (B): Schematic diagram of electrocoagulation reactor process: [(1) Electro-
lytic cell. (2) DC power supply; (3) Peristaltic pump; (4) Tank of flocculents solution; (5) Centrifugal pump; (6) column for filtration;

(7) Magnetic stirrer)].
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JuBe)
EEC—W

The electrodes consumption (EMC: kg/m?® have been
calculated with Eq. (7) [42,57].

(6)

t-1-M)

EMC=( ()
n-F-V

where V is the volume of the treated water (m?), n is the
number of electrons in oxidation/reduction reaction (n =3),
F is the Faraday constant (F = 96.487°C/mol) and M is the
molecular weight of the aluminum (g/mol).

2.2.4. Operation cost

The one of the most important parameters in EC pro-
cesses is operating cost for the reason that the operating cost
affects the application of any method of wastewater treat-
ment. The operating cost includes material (mainly elec-
trodes) cost, electrical energy cost, labor, maintenance and
other costs [56]. In this study, the operating cost was calcu-
lated together with electrodes, electrical energy and chemi-
cal costs. So, energy, electrodes and chemical consumption
costs were taken into account as major cost items [58-60].

Calculation of operating cost is expressed as.

Operating cost =a - EEC +b - EMC + ¢ - CC ®)

where EEC is electrical energy consumption (kWh/m?);
EMC is the electrodes consumption (kg/m?); CC: chemical
consumption (kg/m?).

EEC, EMC and CC are consumed quantities per m* of
treated wastewater. 4, b and c are successively the given val-
ues for the Tunisian market costs (2016) of electrical energy
(0.03 $/kWh), aluminum electrode (1.6 $/kg) and chemical
flocculent (3.58 $/kg).

2.3. Experimental design

The Box-Behnken design (BBD), used extensively in
response surface methodology (RSM) experimental design,
was employed to evaluate the individual and interactive
effects of three main controllable variables on the dye
removal efficiency (output response), such as initial concen-
tration of dye. Furthermore, current intensity and flow rate
of flocculent solution injected have been introduced as RSM
input variables, which their experimental ranges in coded
and actual values are presented in Table 2.

2.3.1. Statistical analysis

The statistical analyses were performed by the use of
multiple regressions and ANOVA with the software Minitab
v 14.0. The significance of each variable was determined by
applying P-value. The P-value related to the F-value could
be used to show whether the F-value is large enough or not.
In other words, P-values lower than 0.05 (at the significance
level of 95%) confirms that the regression model is statisti-
cally very significant [61].

Table 2
Experimental range and levels of independent process variables

Independent variables Code levels

-1 0 +1
Initial concentration of dye (mg/L) 30 78.83 12733
or or or or
(absorbance (a.u) at 595 nm) 1 2.5 4
Flow rate of flocculent (mL/min) 3 6 9
Courant intensity (A) 1 2 3
or
Current density (A/m?) 1148 2296 3444

The general form of the regression equation including
single terms, square terms and interaction terms is pre-
sented in Eq. (9).

Y=by+ Y, bX+ Y biXi+Y Y b XX, o)

| SRR N —

singleterms squareterms interactionterms

where Y is the response variable, b represents the coeffi-
cients of the model, and X represents the factor variables.
The quality of regression equation can be evaluated using
analysis of variance (ANOVA). R? is the amount of vari-
ance explained by the model. Detailed descriptions of
model quality terms are given elsewhere [62].

3. Results and discussion

The factors considered in this study are dye concen-
tration (mg/L), current intensity (A) (or CD: current den-
sity (A/m?)) and flow rate of chemical flocculent solution
injected (mL/min) whereas the experimental result or
the response to treat is the removed dye (CR%).

To minimize the operation cost (OC), we used the
response surface methodology (RSM) with the experimen-
tal design Box-Behnken, and determined the optimal exper-
imental conditions for maximum color removal, minimum
energy, electrode consumption and volume of chemical
flocculent added.

3.1. Response regression equation

The factors considered in this study are current inten-
sity (I(A)) [1-3], initial dye concentration (mg/L) [30, 78.83,
127.33] and FRF (mL/min) [3,6,9], whereas the experimen-
tal result of the response is the percentage of color removal
(CR%). Multiple regression coefficients of a second-order
polynomial model describe the responses. The regression
model equation was as follows:

CR% =109.245 - 22.535(I) + 2.937 (FRF) - 28.901( Abs)
+4.262(I°) - 0.115(FRF*) + 3.433( Abs® ) + 0.582(1 * FRF) (10)
+0.903(I * Abs)+0.252(FRF * Abs)

where CR%: percentage of color removal (%); I: current
intensity (A); Abs: absorbance (a.u) at 595 nm; FRF: flow
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rate of chemical flocculent (mL/min); R2: regression coef-
ficient.

The variance analysis ANOVA and of the regression
equation of the removed dye (CR%), gave us the squared
multiple correlation coefficient R? equal to 95.8% with high
accuracy >0.9. We can assume that the model may be pre-
dictable and can give a good correlation between param-
eters and response. Furthermore, we can deduce from the
equation that the coefficients of current intensity (22.535)
and absorbance value (28.901) are the most import-
ant terms affecting the response value of color removed
(CR%).

Our results are similar to that of Barrak et al. [63]. For
the optimization and modeling of the electrocoagulation
process to remove of Indigo dye, they used response surface
methodology with aluminum anode. The authors reported
that the significance of the second-order regression model
was determined by R? (88.3%).

3.2. Variance analysis (ANOVA)

The statistical significance of mean square variation
ratio, due to regression, mean square residual error and the
significance and adequacy of the model was tested using
analysis of variance (ANOVA). The obtained results of the
statistical analysis are given in Table 3.

The sum of squares (SS) related to residual error is very
less as compared to the total sum of squares for the model
incorporating CR% (106.02 < 2505.86). An analysis of vari-
ance shows high F-values (12.58) for the response color
removed. According to the ANOVA analysis, the regres-
sion adjusted average squares and the linear regression
adjusted average squares were 12.58 and 7.40, respectively
for CR%. On the other side, P-value is less than 0.05 (o
= 0.05 or 95% confidence) for regression and linear coef-
ficients. These parameters show that the quadratic RSM
models can navigate the design space well and the model
accuracies are adequate to predict the performance of EC
process.

3.3. Contour plot

The effects of initial dye concentration and current
intensity, while keeping flow rate of flocculent (FRF)
in the middle levels (6.1 mL/min), are shown in Fig. 4.
According to this figure, when the initial dye concen-
tration increased, a decrease in the removal efficiencies
of color was observed (CR%). It was also observed that,
when the absorbance decreased from 127.33 to 30 mg/L
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and the current intensity increased from 1 to 3 A, the
color removal efficiencies increased from 55 to 85%. This
is due to the fact that, when current intensity increases,
the amount of oxidized aluminum increases and con-
sequently hydroxide flocs, with high adsorption rate,
increase and this leads to improve the efficiency of color
removal [64,65]. On the other hand, when current inten-
sity increases, the density of bubbles augments while
their size decreases. Therefore, size and growth rate of
produced flocs increase and this in turn, affects the effi-
ciency of the decolorization of dye [66,67]. Therefore,
with increasing of dye concentration, amount of pro-
duced flocs is insufficient to absorb all dye molecules, so
the color removal decreased [68].

The response surface plots can be employed to study
the surfaces and locate the optimum [51,52]. We obtained
the maximum dye removal efficiency of 82% which was
observed for current intensity of 3 A after 45 min of opera-
tion from the dye solutions of 30 mg/L.

Ghosh et al. investigated the electrocoagulation to
remove crystal violet (CI42555) from its aqueous solu-
tion. The effects of various operational parameters on dye
removal efficiency were studied. The results showed that
the removal efficiency enhanced when the current density
increased and CR% decreased when the initial dye concen-
trations were more than 100 mg/L and conductivity of dye
solutions more than 16.13 x 101 S/m [69].
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Fig. 4. Contour plots of predicted NB4R removal efficiency as a
function of the initial dye concentration and current intensity
(I:A) (keeping flow rate at central point levels at 6.1 mL/min).

Table 3
Analysis of variance (ANOVA) of the model of the color removed (CR%)
Source Regression Linear Square Interaction Residual error Total
CR% DF 9 3 3 3 5 14
SS 2399.84 2090.56 284.08 2519 106.02 2505.86
MS 266.649 156.859 94.695 8.398 21.205
F 12.58 740 4.47 0.40
P 0.006 0.028 0.070 0.762
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3.4. Analysis of the main effects plot

A main effect occurs when the levels of different fac-
tors affect the response differently. The main effect graph
represents the responses of each factor level connected by
a line. When the line is horizontal (parallel to the X-axis),
therefore no main effect is present. In the other situation,
when the line is not horizontal, it indicates the existence of
a principal effect [70].

Diagrams in Fig. 5 show the behavior of the response
of color removal (CR%) through the different variations of
factors such as current intensity, dye concentration and flow
rate of flocculent.

Anincrease in the levels of initial dye concentration (30—
78.83 mg/L) results in a decrease in the dye removal (CR%)
from 80 to 60%, then when the initial dye concentration
increase from 78.83 to 127.33 mg/L, we obtained a slight
variation of responses (CR%). One of the reasons which can
explain this phenomenon is that, when the amount of dye
in the solution is higher than 78.83 mg/L, the intermedi-
ate products formed in the solution increase the resistance
by blocking the electrode active sites, and thus, decrease
the metallic hydroxide flocs in the solution. On the other
hand, at higher concentration of dye, the amount of metallic
hydroxide (Al(OH), is not enough to remove all the dye.
Therefore, lower dye concentrations increase the response
of color removal.

According to Fig. 5, the effect of current intensity on the
response (CR%) proves that the increase in current from 2
to 3 A, increases the color removal from 63 to 68%. This is
due to the fact that ionic species production on the anode
increases, therefore, which enhances flocs production in the
solution [64,65].

Similar results were reported by Singh et al. in their
study of treatment brilliant green dye by electrocoagula-
tion. They report that the important parameters, affecting
the removal efficiency of Brilliant Green dye by electrocoag-
ulation, include current intensity, time and initial dye con-
centration. Initial dye concentration is the most significant
one [71]. As well, Alinsafi et al. Reported that current is a
critical operational factor in electrocoagulation process due
to its effect on coagulant rate, bubble production rate, size
and growth of the flocs [72,73].
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Fig. 5. Analysis of main effects plots of the response color re-
moved (CR%).

According to Fig. 5, the amount of flocculents injected
during electrocoagulation treatment of dye, has a positive
relationship with the percentage of dye removal. When the
flow rat injected from 3.05 to 9.14 mL/min, the percentage
of dye removal increased from 25% to 75%. This is due to
an increase of the quantity of flocculent which enhances
floc stability. Furthermore, the strength of floc is dependent
on the attractive forces between particles. Thus stronger
bridges between flocs may be created by a higher amount
of flocculent present in the solution [44].

The study realized by Nourouzi et al. about the removal
of Reactive Black 5 dye by sequential electrocoagulation—
flocculation method,shows that, the addition of floccu-
lent, during treatment with electrocoagulation, was able to
increase the percentage of dye removal. They also affirm
that, the amount of flocculent has a positive relationship
with the decolorization of dye. Effectively, the percentage
of dye removal increased to an average of 25%, when the
concentration of flocculent injected was increased from 0 to
16 mg/L [45]. This improvement may be due to the creation
of larger flocs, according to the effect of the ability of the
flocculent to treat fine colloidal particles. This larger flocs
well be easily eliminated by settling [43,44].

3.5. Interactions plot

To compare the relative strength of the effects across fac-
tors, we need the interaction plots. For two factors assimi-
lated, a single interaction plot is created. Interactions plots
are plots of means for each level of a factor with the level
of a second factor held constant. When the response at a
factor level depends upon the levels of other factors, this
means that an interaction is present. The higher the degree
of interaction, the greater the departure of the lines from the
parallel state [74].

According to Fig. 6, the interaction plot between current
intensity and initial dye concentration on color removal
(CR%) shows that there are a considerable interaction
between the above mentioned two factors on the response
as confirmed with response Eq. (10).

This strong interaction between the initial dye concen-
tration and the current intensity can be explained according
to the adsorption of dye molecules by metallic hydroxide

I(A)
Feo | —e— 1
—m- 2
-——— 3
1(a) I 60
40
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S Feo | —e— 3,05
\\ L e 6,10
\ e ———- 9,14
FRF {mL/min} - L a0
Bl |
40
Abs (HOV)

Fig. 6. Analysis of interaction plots of the color removed (CR%),
[where dye values of absorbance (Abs (Nov) at 595 (a.u), flow
rate of flocculent injected (mL/min) and current intensity (A)].
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flocs. In fact, the production of polymeric cations by alu-
minum hydroxideis proportionally to the concentration of
dyes present in the medium. AI** ions undergo water hydro-
lysis and the resulting aluminum hydroxides produce more
sludge with a consequent removal of color [68,75-77].

Kuleyin and Balcioglu concluded that, after 10 min
of treatment by EC of crystal violet, the color removed
efficiency decreases from 90% to 55% when increases the
initial dye concentration from 90 mg/L to 570 mg/L. On
the other hand, when current density increases from 5.8 to
17.36 mA /cm?, there was increase from 55 to 95% in color
removal [78]. This relationship between factors of initial
dye concentration and current intensity was consistent
with our results.

3.6. Residual plots

Fig. 7 gives the residual plots for CR%. The four-in-one
residual plot displays four different residual plots together
in one graph window. This layout is useful for compar-
ing the plots to determine whether the model meets the
assumptions of the analysis.

In addition to the mentioned criteria for evaluating the
adequacy of the developed models, the difference between
experimental and predicted responses (residuals) could be
utilized for investigating the adequacy of the model graphi-
cally. Residuals are considered as unexplained variations by
model and they will occur based on a normal distribution if
the model is a good predictor [79].

In Fig. 7.1, normal probability plots of residuals and
residuals versus fit plots (Fig. 7.2) have been shown for
the CR% processes describing models. If the residuals are
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Fig. 7. Residual plots for response color removed CR%.
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normally distributed, (i) the points in normal plot of resid-
uals (Fig. 7.1) should generally form a straight line and (ii)
residuals versus fits plot should represent a random pattern
of residuals on both sides of zero (0) (Fig. 7.2). According to
these plots, the residuals for the model of CR% have been
distributed randomly.

Besides, as illustrated in Fig. 7, the residual plots of the
model CR% are distributed randomly without any specific
patterns, indicating that the selected quadratic model is
adequate and can be used to predict the response.

Amani-Ghadim et al. [80], reported that the residual
plots for removal efficiency of C.I. Reactive Red 43 dye
from aqueous solution by batch electrocoagulation using
aluminum anodes, the normal probability plots of the
residuals and residuals versus the fitted values were dis-
tributed randomly.

3.7. Optimized conditions

Many designed experiments involve determining
optimal conditions that will produce the best value for
the response [81]. Minitab.v.14.0. Software, for numerical
optimization, has been used in order to find the specific
point that maximizes the desirability function. The desired
goal was selected by adjusting the weight or the impor-
tance parameters that might alter the characteristics of a
goal [82,83].The goal fields for response have five options:
none, maximum, minimum, target, and within range. In
order to determine the optimum process parameters for
the maximum color removal (CR%) and economic electri-
cal energy consumption (EEC, kWh/m?3), electrodes con-
sumption (EMC, kg/m?) and chemical consumption (CC,

Residuals Versus the Fitted Values

2,51

0,0

Residual
°p

-2,5

-5,01 L]
40

a0
Fitted Value

80

|
Residuals Versus the Order of the Data

VAN
A

1 2 3 4 5 6 7 8 91011121314 15
Observation Order

0,0

Residual

-2,0

-5,0




334 N. Barrak et al. / Desalination and Water Treatment 87 (2017) 326-337

Predicted response

Experimental values

I=1A
Abs (Nov) =1 a.u; [Nov] =30 mg/L

Global solution

Flow rat of chemical flocculent = 9.14 mL/min

Responses
CR%

CR% = 91%; desirability = 0.89335
EEC = 0.0741 KWh/m?; desirability = 1
EMC = 0.0183 Kg/m?; desirability = 1
Composite desirability = 0.941323
a=0.03 US$/Kwh

b=1.6US$/kg

c=3.54$/kg

EEC = 0.0741 KWh/m?

EMC = 0.0183 Kg/m?®

CC =0.015 kg/m?

OC =0.08460 US$/m?

Calculation of
operation cost

OC =4 EEC + b EMC
+cCC

I=1A

Abs (Nov) =1 a.u; [Nov] =30 mg/L

Flow rat of chemical flocculent = 9.14 mL/min
CR% =90.84 %

EEC =0.07385 KWh/m?

EMC = 0.0184 Kg/m?

a =0.03 US$/Kwh
b=16US$/kg
c=354%/kg

EEC =0.073851.KWh/m?
EMC = 0.0184 Kg/m?®
CC = 0.015 kg/m’

OC =0.08474 US$/m?

kg/m?), the desired function methodology optimization of
Derringer and Suich was used in this present study [84].

A comparison for optimum conditions between pre-
dicted and experimental responses using Box-Behnken
design is given below:

The optimization diagram (Fig. 8) illustrates the effect
of each factor (columns) on responses or composite desir-
ability (rows). The vertical red lines on the diagram repre-
sent the current factor parameters. The number at the top
of a column indicates the current factor level parameters
(red). The horizontal blue lines and numbers represent the
responses to the current level factors [85].

The performance of all design and response vari-
ables are shown in Fig. 8, where the best optimization is
approached by an overall desirability of 0.941325 at opti-
mum operating conditions of reaction time at 45 min,
current intensity at 1 A, initial color absorbance at 1 a.u
(corresponding to 30 mg/L) and flow rate of chemical
flocculent injected at 9.14 mL/min. In these conditions,
the Minitab Software gives respectively, a decolorization
value for Novacron (NB4R) dye of 91.27% and for operat-
ing cost OC = 0.08460 US$/m?®.

When these conditions were applied experimentally,
we obtained respectively CR% = 90.84% and OC = 0.08474
US$/m?>. Thus, when the experimental conditions proposed
by Minitab were applied to our experimentation, the val-
ues of the responses obtained are almost equal to the values
obtained by calculating. Hence our model is globally vali-
dated but could be more improved.

Industrial conditions of SITEX (Textile Industrial Com-
pany) use in average 25 kg/d of Novacron Blue 4R (NB4R)
dye. 10-50% of this quantity is rejected in water discharge,
corresponding to a concentration of 3-15 mg/L. These con-
centrations compared to those used in this study (30-127.33
mg/L) are about 10 times lower. Therefore, we assumed
that the cost treatment of SITEX wastewater, by this tech-
nique of electrocoagulation, would be reduced greatly.

Kobya et al. also studied Remazol Red 3B decoloriza-
tion using iron electrodes and found that 99% decoloriza-
tion was possible under optimum conditions. The authors
found that energy consumption could achieve 3.3 kWh/kg
dye at a cost of 0.642 US$/m?>[86].

Optimal

D
1,0
0,95037 ?_Er [1 0]

1(A) FRF {mL/min)
9,140

(9.1400] [1.0]
3,050 1.0

Abs [Mov)
4,0

CR%
Maximum
y=910319
d=0.83795

EMC (Kg/m3)
Minimurm
y=0.0184

d =0,98887

EEC (Kwh/m3)
Minimum
y = 0,0765
d=0,98449

Flocculent (Kg/m3)
Minimum
y=0,0146
d =1,0000

Fig. 8. Response of optimization of color removal (CR%), electri-
cal energy consumption (EEC, kWh/m?), electrodes consump-
tion (EMC, kg/m?®) and chemical consumption (CC, kg/m?).

Ghosh et al. were able to decolorize 99.75% of crystal
violet by electrocoagulation when initial treatment concen-
tration was 100 mg/L, current density 1.112 A/m? solu-
tion conductivity of 1.61 S/m, pH of 8.5, and for 60 min of
electrolysis. The cost for optimum treatment, in these con-
ditions, was 0.2141 US$/m?[75]. On the other hand, Phala-
korkule et al. using electrocoagulation for treating Reactive
Blue 140 reactive dye and disperse dye II and initial dye
concentration of 100 mg/L, found that color removal was
95% with an energy consumption of 1 kWh/m?[87].

Sengil et al. [2] were able to decolorize 98% of Reac-
tive Black 5 dye from synthetic wastewater by using
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electrocoagulation with injection of flocculent. The opti-
mum operating cost was 1.74$. This result was obtained
when, current density was 193.5 A/m? solution conduc-
tivity was 1,000.8 pScm™, dosage of flocculent injected was
14.4mg/L, and treatment time was 13.9 min [88].

4. Conclusion

In this work, we used a combined semi-continuous
process of electrocoagulation-flocculation-filtration, for
removal of Novacron Blue 4R (NB4R) dye. Response sur-
face methodology (RSM) was applicated to optimized oper-
ation conditions and minimizes the cost of treatment.

The effects of various operational parameters on dye
removal efficiency were investigated. Experimental conditions
were optimized by observing the effects of interactions among
the variables on color removal efficiencies (CR%). The RSM
results demonstrated significant effects of two operating vari-
ables. Initial concentration of dye and current intensity were
the most important factors in the process, as well as their inter-
active effects. Box-Behnken design (BBD) was used to deter-
mine the optimal removal efficiency and operation cost.

High R?value of % for color removal, through ANOVA,
verified that the accuracy of the proposed second-order
regression model was acceptable. The maximum predicted
and experimental color removal were 91% and 90.84%
respectively, using optimized conditions of the current
intensity at 1 A, initial concentration of dye at 30 mg/L
and flow rate of flocculent at the concentration of 0.5 g/L.

The optimized costs for removal of color, at pH 8§,
inter-electrodes distance of 5 mm, electrolysis time of 45
min and NaCl concentration of 3 g/L, were respectively
OCp = 0.08460 US$/m’and OCe = 0.08474 US$/m>for pre-
dicted and experimental results.
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