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ABSTRACT

The present paper focuses on the treatment of indigo blue dye from an industrial wastewater using
coagulation—flocculation process and explains removal mechanisms through the density functional
theory. The conducted study analyzed the effect of different factors, including the dose and concen-
tration of the coagulant AICL,, flocculant dose, and pH and their influence on coloration removal,
chemical oxygen demand (COD) reduction, and sludge amount, and seeks the optimization of these
factors using the design of experiment. The optimal removal efficiencies were found to be 96.42% for
COD, 98.21% for absorbance, and 10.40 mL for sludge volume under optimal operational parame-
ters, 11.25, 4.07 mL, 3.23 g/L, and 0.94 mL for pH, coagulant dose, concentration dose, and floccu-
lant dose with a total cost of 0.0826 USD/m?, respectively. Analysis of the global reactivity descriptors
for reagents indicated that AICl, (o = 6.156 eV) acts as an electrophile and the indigo blue dye
(o =7.174 eV) as a nucleophile. The Parr’s index analysis P; and P; of indigo blue revealed that the vul-
nerable location for the nucleophilic attack is sited on the -C=O,, and -C,,=O,, bonding area. Finally,
the developed model may emphasize the process engineering aspects of industrial wastewater
treatment, and the linking with theoretical data could explain the involved removal mechanisms.

Keywords: Indigo dye; Wastewater treatment; Design of experiment (DOE); Analysis of variance;

Modelization; Density functional theory (DFT)

1. Introduction

The worldwide dyes production is estimated at
700,000 tons/y of which azo dyes represent 60%-70% [1-3].
Significant amounts of dyes are lost during the manufactur-
ing and application processes [4], and nearly 0.28 million
tons are randomly discharged into the environment [5,6]
generating harmful impacts. The textile industry is widely
regarded as the most polluting of all industrial sectors,
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producing around 54% of colored effluents [7]. The decol-
orization of textile and dyestuff manufacturing effluents
remains a major environmental concern.

The most employed dye in the textile industry is indigo
blue [8,9] which is frequently used to dye denim and
employed as a coloring element in a multitude of appli-
cations [10,11]. This dye is known by the existence of a
water-insoluble ketonic group (C=0). However, its chemi-
cal structure may change into a simplified form (C-OH), a
Leucoindigo, soluble in water with a chemical preference
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for cellulose fibers, when sodium dithionite is present in an
alkaline solution (Na,5,0,) [12]. On average, it's estimated
that dyeing a denim blue pants needs 3 to 12 g of indigo
[4]. As a result, the industry of washing and dyeing textiles
is one of the primary contributors to indigo dye contami-
nation in the environment. Because of its composition, the
complexity of its aromatic structure (Fig. 1) [13], and natural
stability [8], indigo blue is difficult to treat, causing serious
environmental pollution [7,14-17]. Even at low concentra-
tions, indigo blue could have harmful impacts on all living
being and become a serious concern due to its non-biode-
gradable character in nature. In fact, the efficacy of indigo
treatment relies on the accurate control of the main influ-
encing parameters, namely pH [18], dyes structures [16],
doses, and type of coagulant and flocculant [19].

To solve ecological and toxicological concerns related
to the application of indigo blue dye dyestuff, various dye
removal techniques have been documented [13]. The widely
used methods for dyeing wastewater treatment involve sev-
eral techniques, such as coagulation [12,19] electrocoagu-
lation [20-23], coagulation and electrocoagulation [24,25],
adsorption/ultrafiltration system [26,27], membrane filtra-
tion [28], advanced oxidation [29], ozonation [30], radia-
tion-induced cationic hydrogel’s [31], biological treatment
[32] or combined processes, etc. Each treatment method
has its advantages and disadvantages [18] and final results
fluctuate depending on the used process.

For that reason, there is an urgent need for more effective
dye removal treatment technology, as well as the control of
influencing parameters. Coagulation—flocculation treatment
can be used to effectively remove indigo dye and has been
frequently employed in the past as an efficient and afford-
able process, with wider availability, and ease of application,
sustainable technology with promising potential to treat var-
ious wastewater types, especially in developing countries,
as shown in previous studies [33-36]. The main advantage
of the coagulation—flocculation method is that the textile
wastewater can be decolorized through the removal of dye
molecules from the effluents, and not by partial decomposi-
tion of dyes, which could produce potentially harmful and
toxic aromatic compounds [37]. Generally, coagulation—floc-
culation is a common wastewater treatment technique that
requires a large number of experiments to optimize the
working parameters. To overcome this constraint, response
surface methodology (RSM), a multivariate optimization
technique, has been demonstrated as a modeling technique
for optimizing coagulation—flocculation conditions [38—43].

Therefore, this study is a synergistic approach between
the use of density functional theory (DFT) to explain the
reaction mechanism between indigo dye and AICI, coagu-
lant; and mathematical modeling in the form of a response
surface methodology as an optimization methodology.

Fig. 1. General structure of indigo dye [13].
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Hence, the originality of this work consists in developing a
theoretical and experimental model to control the process
of industrial wastewater treatment.

The present work focuses on the model development for
treating the industrial wastewater (case of effluent contain-
ing indigo blue dye) in a perfectly stirred continuous flow
reactor by coagulation process and optimizes influencing
parameters using an orthogonal central composite design
(CCD). Furthermore, through using the density functional
theory (DFT), we emphasize chemical interactions between
the reagent aluminum chloride (AICL) and indigo blue
dye and we describe the action mode between the efflu-
ent and the coagulant by identifying the most vulnerable
locations to nucleophilic attacks.

2. Materials and methods
2.1. Characterization of the effluent

The wastewater provides from the textile wash-
ing industry. According to the Standard Methods for the
Examination of Water and Wastewater, the samples were
taken and stored [44]. The major properties of raw textile
wastewater are listed in Table 1.

The chemical formula of indigo blue is C H, N,O,
and it has a molecular weight of 262.26 g/mol and an
absorbed wavelength of around 665 nm. Fig. 1 displays the

general structure of the indigo blue dye.

2.2. Experimental methodology

The coagulation process is carried out to treat textile
blue indigo effluent in a perfectly stirred continuous flow
reactor (STCFR) (Fig. 2). The real industrial waste of indigo
blue is regularly injected into the reactor, with a volume of
5 L. The STCFR consists of a tank that is cylindrical with
a convex bottom, internal diameter D = 20.6 cm, and ratio
H/D = 0.73, equipped with a 6 cm diameter marine pro-
peller placed at 6 cm in the bottom up to prevent decan-
tation. To guarantee proper mixing, the mixing speed is
set at 300 rpm. The pH of the real reject is regulated to the

Table 1
Characterization of the textile effluent used in this study

Physico-chemical Value of the raw Disposal limits

characteristics textile wastewater  values (*)
Chemical oxygen 3,690 + 65.42 900
demand, mg/L

Absorbance 0.247 +0.003 -
Turbidity, NTU 132 +4.5 -
Conductivity, mS/cm  14.664 + 3.6 -

pH 75+0.2 55-8.5
Temperature, °C 2242 30
Total suspended 753.33 +43.37 400
solids (TSS), mg/L

Color Indigo blue -
Toxicity Category GHS08 -

(*) For Morocco [45].
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Fig. 2. Schematic diagram of the experimental.

desired value using NaOH or H,SO, with maximum purity
(purchased from Sigma-Aldrich Chemie Co., Germany)
and measured using Accumet Basic (AB15 pH-meter).

To prepare every solution in this investigation, distilled
water was utilized. The coagulant solution is prepared
using AlCI, powder as a coagulant (purchased from Sigma-
Aldrich, Germany), and the flocculant used is Himoloc
DR3000 (purchased from Derypol, S.A., Spain). Table 2
shows a summary of aluminum chloride’s properties, and
HIMOLOC DR 3000. HIMOLOC DR 3000 is the commer-
cial name of the flocculant compound used. HIMOLOC
DR 3000 is purchased from Derypol, S.A. The desired flow
rate, flocculant, and coagulant are performed. The pollutant
from the coagulation process unit is sampled. The steady-
state operation is attained after 30 min. The materials are
decanted and filtered using commercial paper filtration [46].
The supernatant was then recovered and examined to deter-
mine the percentage of chemical oxygen demand (COD)
removed using a spectrophotometer type HACH-LANGE
DR 3900 (Germany) apparatus and absorbance by spectro-
photometer Type U-5100 UV/VIS (Hitachi, Japan) appara-
tus, and at the end, the reading of the of sludge volumes
directly on a graduated settling cone.

As a first step, experiments were undertaken as a prelim-
inary study to refine the range of possible results of coagu-
lant dosage (CD), flocculant dosage (FD), the concentration
of coagulant [coag], and pH before designing the exper-
imental runs. The following formulas are used to calculate
the COD removal percentage, absorbance, and recovered
sludge volume.

2.2.1 % Removal COD calculations

The following formula [Eq. (1)] was used to calculate
the response removal percentages (COD):

COD, -COD, )

%Removal COD = ( oD x100 (1)

i

where COD,; and COD; represent the response COD’s
initial and final values, respectively [42].
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Table 2
Characteristics of the coagulant and flocculant used in the study

Aluminum chloride Himoloc DR3000
Appearance Light yellow solid White milky liquid
Density, g/cm®  2.48 ~1.2
Viscosity 0.35 <600 cp
pH 9-11 3.0-4.1
Molecular 133.341 High
weight, g/mol

2.2.2. Color removal (%)

The color removal efficiency (dye removal) was calcu-
lated using the following formula Eq. (2) and computed from
absorbance before (without treatment) and after treatment
[34,46-48]. The absorbances were performed at the max-
imum wavelength A__ of 664 nm (660 < A__ <666) using a
spectrophotometer of the Type U-5100 UV/VIS (Hitachi,
Japan) apparatus.

(Abso - Abs)

Color removal(%) =
S

%100 @)

0

where Abs, and Abs represent the initial and final absor-
bances of the sample, respectively.

The UV-Visible spectrum of the raw water (Fig. 3) shows
that a maximum is obtained for absorbances between 660
and 666 nm.

2.2.3. Sludge volume

The direct reading on a graduated settling cone was
taken to determine the sludge volume (mL).

2.2.4. Treatment cost calculations

The average cost of effluent treatment ($/m?) at the lab-
oratory scale is estimated based on the cost of raw materials
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coagulant (Q), flocculant (Q), and NaOH (Q,). Labor costs,
energy consumption, and s{udge treatment were not con-
sidered. The average cost per m® is calculated by the
following equation [Eq. (3)]:

COSt($/m3) = pCQC + Pfo + PaQa 3)

where Q: quantity coagulant used per m’ wastewater
treated; Qj; quantity flocculant used per m’® wastewater
treated; Q : quantity NaOH used per m? wastewater treated;
P: price of coagulant ($/kg); Pf' price of flocculant ($/kg);
P : price of NaOH ($/kg).

The cost of 1kg AlCI,=13.816 USD, 1kg flocculant=4 USD,
and 1 kg NaOH = 14 USD, cost ($/m?) = 0.0826 USD/m°.

2.3. Computational details via quantum chemical studies by DFT

In this work, the application of density functional the-
ory (DFT/B3LYP) with a 6-31G basis set using Gaussian
09W software [49,50] was performed to explain the reac-
tion mechanism of indigo blue removal by AICI, in an alka-
line environment. This theoretical evaluation was focused
on the nucleophilic attack and the identification of the
active sites of indigo blue dye.

The most common variables that have a significant impact
on chemical reactivity are the eigenvalues of the energy of
the highest occupied molecular orbital (E,,.), the energy
of the lowest unoccupied molecular orbital (E ), energy
gap (AE, ), ionization energy (IE), electron affinity (EA),
absolute electronegativity (x), global hardness (1), global
softness (S), global electrophilicity index (o), the electroac-
cepting, ®*, and electrodonating, ®~. The HOMO and LUMO
energies were used to calculate the global indexes described
in the framework of the DFT, they are utilized in chemical
processes as descriptors. The following expressions were
used to estimate these values [51,52]:

(E : highest occupied molecular orbital,

(E yuo): energy of the lowest unoccupied molecular
orbital,

AE. (eV)=E
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Fig. 3. UV-Vis spectrum of raw water.
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Ionization energy: IE =-E
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N: empirical nucleophilic index based on HOMO
energies.
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2.4. Design of experiments
2.4.1. Definition of experimental field

To carry out this study, a choice of the domain of vari-
ation for each factor is very crucial. In this experimental
field, two elements must be taken into consideration [46]:

¢ The range of factors fluctuation must be sufficiently
wide to show significant response variations;

¢ It must be sufficiently constrained to be able to model
the variations that may happen in an uncontrolled way
while the method is being used.

Hence, based on initial investigations, the experimental
domain for the four parameters chosen has been defined.
The following ranges for good treatment were revealed by
preliminary laboratory tests (Table 3). Each parameter was
assigned a code at five levels: (-1) for the lowest level, (0)
for the middle level, (+1) for the highest level, and -2 and
+2 for the extreme level. Table 3 shows the factors chosen
as well as their experimental domain.

According to Eq. (4), the coded variables are com-
puted as follows:

x, L) (4)

where X, is the non-dimensional value of an independent
factor, x, is the real value of an independent parameter,
x, is the value of x, at the center point, and Ax;, is the step
range.

Table 3
Natural and coded factors used in the experimental design

Natural variable (x].) Coded factors X, X,, X,, X,

- -1 0 +1 +ou
x,=pH 6 75 9 105 12
x, = coagulant dose, mL 225 275 325 3.75 425
x, = coagulant concentration, g/L. 1 2 3 4 5
x, = flocculant dose, mL 05 075 1 1.25 15
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2.4.2. Design of the experiment and data analysis

Two programs, JMP PRO version 16.0 Software (SAS)
[53] and Stat Soft STATISTICA 12 [54], were used to plan
the experiments and perform the statistical analysis of
the data. In this study, the four most important operating
parameters (coagulant dosage, flocculant dosage, concen-
tration dose, and pH) were optimized using the orthogonal
central composite design (CCD) [55]. Analysis of variance
(ANOVA) was evaluated statistically using the Fisher test
(F-test) and a probability (p-value) of 0.05 [56]. The model
validation was also evaluated using the determination coef-
ficient R? which was completed by analyzing the computed
values to the expected values.

2.4.2.1. Orthogonal central composite design

An orthogonal central composite design was applied
to analyze empirical data correlations between the three
responses, % COD, % absorbance, pH, and the four factors
reported in Table 3 that affect the treatment of industrial
waste. Table 3 displays the levels related to each variable.

In this design, there are three different kinds of points:
cube points derived via factorial design (2¥), axial points
(2k) carried out on the axis at a distance of +a from the cen-
ter (N ), and central points (N,). To achieve orthogonality,
the distance o is computed. Eqgs. (5) and (6), respectively,
provide the experiment number (N) and the distance a.

N=N,+N,+N,=2"+2K+N, (5)
2"+ 20
a=2" ( ) =0 (6)
n
o==2

where k = 4 denotes the number of parameters.

N, experiments are conducted in the middle of the
experimental range. In our case, the N value was set at 12
to achieve orthogonality. The experiments performed at
the domain’s center (36-24) in Table 4 result in an indepen-
dent estimation of the ‘pure’ experimental error variance.

Considering that this study uses four factors (k = 4),
the number of experiments could be split into three cat-
egories as follows: 28 =24 =16 = N [ factorial experiments,
2k =2 x 4 =8 = N_axial experiments, and N, = 12 central
experiments.

The experimental matrix displayed in Table 4 is a
Hadamard matrix made up of 36 experiments, based on the
combinations selected using orthogonal central composite
design (CCD).

2.4.2.2. Mathematical pattern

Using a quadratic polynomial equation, the dependent
variables were modeled using the second-order equation

[Eq. (7)]:

Y, =b, + zk:b,x,. + zk:b,.,.xf + izb,,-X,-Xf +e @)
i=1 i=1 i

where Y, is the response variable that needs to be modeled,
X, and X are the independent variables influencing Y; and
b, b, b, h[.j., and ¢ are the offset terms, the ith linear coeffi-
cient, the quadratic coefficient, their interaction coefficient,
and residue, respectively.

3. Results and discussions
3.1. Statistical analysis
3.1.1. Regression variance analysis

The continuous coagulation—flocculation process was
modeled and optimized using the response surface method
(RSM) in combination with the orthogonal central composite
design (OCCD). The analysis of variance (ANOVA) is used
to assess the quality of the regression using some statisti-
cal tools such as F-ratio, p-values, and determination coef-
ficient (R?) [46,56-60].

Table 5 indicates that the F_ ratio calculated experi-
mentally (Fexp) is equivalent to 26.8209, 21.7546, and 44.8387,
respectively, for COD, absorbance, and sludge volume
responses which is greater than the value of the critical
Fisher-Snedecor factor for a confidence level of 95%, and
the corresponding degrees of freedom associated to model
and residual variances equal to 14 and 21 (F, (14, 21) =2.22).
The corresponding p-values is strictly lower than the level
of significance a (o = 0.05), which implies that the F-ratio is
statistically significant. Consequently, we can say that the
model’s components are quite important with p-values of
regression being strictly less than 0.05 (p-value = < 0.0001).

3.1.2. Graphical representation of factor effects

The effects of varying the pH range 6-12, coagulant
dose 2.25-4.25 mL, coagulant concentration 1-5 g/L, and
flocculant dose 0.5-1.5 mL on treatment performance were
evaluated (Fig. 3).

3.1.2.1. Factors effects on % COD removal, absorbance

Fig. 4 shows the estimated response profiles of % absor-
bance (a), % COD (b), and sludge volume (c), which vary
as the setting of individual factors changes. According to
Fig. 4a and b it was concluded that:

® The studied variables have approximatively the same
effects on % COD and decolorization (% absorbance):
When the value of the pH factor rises from a lower value
(pH = 6) to a higher one (pH = 12), the response % COD
and % absorbance value increase also 78.82% to 92.30%
and 81.78% to 92.87% for % COD and % absorbance,
respectively, this suggests that the pH factor influences
the response positively. Additionally, it is clear from these
data that in a basic medium, as opposed to an acidic
one, COD removal efficiency and percent absorbance
are more significant. Also, it may be concluded that the
sweep-floc process and dye molecule trapping play a
major role in floc generation at alkaline pH. Accordingly,
larger flocs are produced, which results in the simulta-
neous precipitation of dye compounds and flocs at basic
pH. Similar observations have been reported by [62].
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Table 4
Experimental matrix based on an orthogonal central composite design
Order Configuration =~ pH Coagulant dose Concentration dose Flocculant
(mL) (g/L) dose (mL)

Logical order Randomized order X, x, X, X, X, X, X, X,
1 3 -———- -1 7.5 -1 2.75 -1 2 -1 0.75
2 22 -——+ -1 7.5 -1 2.75 -1 2 1 1.25
3 -—+- -1 7.5 -1 2.75 1 4 -1 0.75
4 -——++ -1 7.5 -1 275 1 4 1 1.25
5 10 -—+-- -1 7.5 1 3.75 -1 2 -1 0.75
6 26 —+—+ -1 7.5 1 3.75 -1 2 1 1.25
7 16 —++- -1 7.5 1 3.75 1 4 -1 0.75
8 20 —+++ -1 7.5 1 3.75 1 4 1 1.25
9 34 +-—- 1 10.5 -1 2.75 -1 2 -1 0.75
10 2 +-—+ 1 10.5 -1 2.75 -1 2 1 1.25
11 5 e 1 10.5 -1 2.75 1 4 -1 0.75
12 18 +ot+ 1 10.5 -1 2.75 1 4 1 1.25
13 19 +4—— 1 10.5 1 3.75 -1 2 -1 0.75
14 15 -+ 1 10.5 1 3.75 -1 2 1 1.25
15 29 - 1 10.5 1 3.75 1 4 -1 0.75
16 4 ++++ 1 10.5 1 3.75 1 4 1 1.25
17 25 -0000 -2 6 0 3.25 0 3 0 1
18 28 +0.000 2 12 0 3.25 0 3 0 1
19 24 0-000 0 9 -2 2.25 0 3 0 1
20 14 0+a.00 0 9 2 4.25 0 3 0 1
21 9 00-a0 0 9 0 3.25 -2 1 0 1
22 12 00+a0 0 9 0 3.25 2 5 0 1
23 36 000-a 0 9 0 3.25 0 3 -2 0.5
24 17 000+a 0 9 0 3.25 0 3 2 1.5
25 6 0000 0 9 0 3.25 0 3 0 1
26 11 0000 0 9 0 3.25 0 3 0 1
27 7 0000 0 9 0 3.25 0 3 0 1
28 13 0000 0 9 0 3.25 0 3 0 1
29 21 0000 0 9 0 3.25 0 3 0 1
30 27 0000 0 9 0 3.25 0 3 0 1
31 23 0000 0 9 0 3.25 0 3 0 1
32 35 0000 0 9 0 3.25 0 3 0 1
33 32 0000 0 9 0 3.25 0 3 0 1
34 30 0000 0 9 0 3.25 0 3 0 1
35 33 0000 0 9 0 3.25 0 3 0 1
36 31 0000 0 9 0 3.25 0 3 0 1

X;: Coded factor; x;: Real factor, o = +2.

The coagulant and flocculant doses have a slight effect
on % COD elimination and % absorbance when their
doses in (mL) are lower than 3.45 mL coagulant dose and
1 mL for flocculant dose. Above these values, the result
showed that an increase in both coagulant dosage and
initial coagulant concentration increases the percentage
of dye removal and COD abatement;

Also, it was observed that as the dosing quantity of coag-
ulant, AICL, is increased up to a maximum dose of about

3.5 g/L the removal efficiency is enhanced for the COD
and % absorbance; from this dose (3.5 g/L) the COD
and absorbance removal percentages showed a signif-
icant drop due to excessive addition of coagulant.

3.1.2.2. Factors effects on sludge volume

Fig. 4c illustrates the estimated sludge volume response

profile as a function of the investigated factors. As could be
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Table 5
Results of the analysis of variance
Source Degree of freedom Sum of squares Mean square Fo p-value Significance
For chemical oxygen demand response
Model 14 489.5047 34.9646 26.8209 <0.0001 o
Residual 21 27.3762 1.3036
Total 35 516.8809
R square 0.95
R square adjusted 0.91
For absorbance response
Model 14 369.1471 26.3677 21.7546 <0.0001 ok
Residual 21 25.4530 1.2120
Total 35 394.6001
R square 0.94
R square adjusted 0.89
For sludge volume response
Model 14 249.80924 17.8435 44.8387 <0.0001 ok
Residual 21 8.35692 0.3979
Total 35 258.16616
R square 0.97
R square adjusted 0.95
***: significant at a level of 0.1% (F,,, (14, 21) = 4.48) [61].
95
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Fig. 4. Main effects of factors on (a) % absorbance (Abs), (b) % chemical oxygen demand removal, and (c) sludge volume responses.

)
pH

35
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Where: CD: coagulant dose; FD: flocculant dose; [coag]: concentration of coagulant.
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seen in this figure, the sludge volume yield is more import-
ant in a basic medium than in an acidic medium. According
to Fig. 4c, it was concluded that:

* As the pH factor value rises from a minimum to a max-
imum, the sludge volume value reduces slightly and
increases in the basic medium;

e Sludge production falls while coagulant doses are
increased, then increases;

e The concentration of the coagulant used has a slight
effect on the amount of sludge recovered;

¢ The amount of sludge denotes the maximum removal
rate at a low flocculant dose, then rapidly decreases.
The existence of dense flocs, which occupy less volume,
can explain the proportion of sludge drop and low vol-
ume recorded as the flocculant dose was increased.

3.1.3. Statistical evaluation of the effects of factors

Table 6 displays the estimated regression coefficients
for % COD removal, F-values, and p-values for all lin-
ear, quadratic, and interaction effects of the parameters.
In Table 6, it should be emphasized that the linear influ-
ence of pH, CD, and [coag], interaction effects pH x CD,
pH x [coag], CD x [coag], CD x FD, pH x FD, and the qua-
dratic effect pH? CD? [coag]* and FD? are very significant.
The p-value for all linear and interaction effects is 0.05,
whereas the p-value for quadratic effects is pH? < 0.0001.
The linear effect of FD is not significant (p-values > 0.05).

Additionally, the most important factor is pH, followed
by the interaction CD x FD and pH? with an F-value equal
to 210.42, 28.68, and 27.24, respectively. The significant
model terms for % COD removal is listed in the following
order according to the F-values:

Table 6

pH > CD x FD > pH? > CD > CD? > CD x [coag] > pH x CD >
[coag]? > pH x [coag] > FD? > [coag] > pH x FD > [caog] x FD. This
study supports COD removal effectiveness as a function
of pH (with F = 210.42 and estimate coefficient = 3.38).
Similar findings were reported by [63], which validated the
current result.

Likewise, Table 7 displays the computed regression coef-
ficients and related F and P values for absorbance for treated
effluent. It’s noted that all linear effects, quadratic effects,
and interactions are critical parameters (p-value < 0.01)
except linear effect FD and interaction pH x FD are not sig-
nificant. According to F-values (F-value = 152.02, estimated
coefficient = 2.7708), pH is the most important param-
eter. Based on F-values for the absorbance, the order of
significant factors is as follows:

pH>CD x FD >CD?* pH x CD > pH x [coag] > CD > CD x [coag] >
FD > [coag]® > [coag] > pH? > [coag] x FD. As a result, the term
pPH defines and influences absorbance.

Furthermore, Table 8 displays that some coefficients
have a positive impact on the sludge volume response
while others have a negative effect, except for the linear
effect [coag], interaction effect pH x [coag], and quadratic
effect [coag]* which had no significant effect. Also, the term
pH is the parameter influencing the amount of sludge.

3.2. Analysis of the Pareto diagram

The Pareto diagram is employed to pinpoint the 20% of
the variables and interactions that exhibit an 80% treatment
impact on textile wastewater containing indigo blue dye.

The results of the Pareto diagram (Fig. 5) clearly show
that pH, interaction coagulant dose x flocculant dose,
coagulant dose x concentration dose, coagulant dose, qua-
dratic effect pH x pH, interaction pH x coagulant dose,

Estimation regression coefficients for chemical oxygen demand response

Source Estimated coefficient Standard error Sum of squares F p-value Significance
Constant 81.350833 0.3296 - - - -
pH 3.3808333 0.233062 274.32082 210.4280 <0.0001 i
CD 1.0575 0.233062 26.83935 20.5881 0.0002 ok
[coag] 0.5 0.233062 6.00000 4.6025 0.0438 *
FD -0.034167 0.233062 0.02802 0.0215 0.8848 NS
pH = CD 1.02875 0.285442 16.93323 12.9893 0.0017 **
pH x [coag] -0.88375 0.285442 12.49623 9.5857 0.0055 *
CD x [coag] 1.12375 0.285442 20.20503 15.4990 0.0008 ot
pH xFD 0.57875 0.285442 5.35923 4.1110 0.0555 NS
CD x FD -1.52875 0.285442 37.39323 28.6839 <0.0001 ok
[coag] x FD 0.48625 0.285442 3.78302 2.9019 0.1032 NS
pH x pH 1.0535417 0.201838 35.51840 27.2457 <0.0001 ok
CD xCD 0.8235417 0.201838 21.70307 16.6481 0.0005 ot
[coag] x [coag] -0.717708 0.201838 16.48337 12.6442 0.0019 **
FD x FD 0.6235417 0.201838 12.44173 9.5439 0.0056 **

**#*: significant at a level of 0.1% (F,
**: significant at a level of 1% (F
*: significant at a level of 5% (F,
NS: no-significant.

oon (1,21) =14.59);
oo (1,21) =8.02);
(1,21)=4.32[61];

0.05
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Table 7
Estimation regression coefficients for absorbance response

Source Estimated coefficient Standard error Sum of squares F., p-value Significance
Constant 85.304167 0.317811 - - - -
pH 2.7708333 0.224726 184.26042 152.0241 <0.0001 o
CD 0.7608333 0.224726 13.89282 11.4623 0.0028 *
[coag] 0.5891667 0.224726 8.33082 6.8733 0.0159 *
FD 0.1866667 0.224726 0.83627 0.6900 0.4155 NS
pHx CD 1.15375 0.275233 21.29822 17.5721 0.0004 o
pH x [coag] -1.0325 0.275233 17.05690 14.0728 0.0012 **
CD x [coag] 0.91125 0.275233 13.28602 10.9616 0.0033 **
pH x FD 0.19375 0.275233 0.60062 0.4955 0.4892 NS
CD x FD -1.69 0.275233 45.69760 37.7028 <.0001 e
[coag] x FD 0.65875 0.275233 6.94323 5.7285 0.0261 *
pH x pH 0.5058333 0.194619 8.18776 6.7553 0.0167 *
CD xCD 0.9045833 0.194619 26.18467 21.6037 0.0001 o
[coag] x [coag] -0.581667 0.194619 10.82676 8.9326 0.0070 -
FD x FD 0.6058333 0.194619 11.74509 9.6903 0.0053 o

***: significant at a level of 0.1% (F,,(1,21) = 14.59);

**: significant at a level of 1% (F,(1,21) = 8.02);

*: significant at a level of 5% (F,(1,21) = 4.32; [61];

NS: no-significant.

Table 8

Estimation regression coefficients for sludge volume response
Source Estimated coefficient Standard error Sum of squares Fop p-value Significance
Constant 2.5708333 0.182105 - - - -
pH 2.4616667 0.128768 145.43527 365.4622 <0.0001 ok
CD 0.385 0.128768 3.55740 8.9393 0.0070 *
[coag] 0.1108333 0.128768 0.29482 0.7408 0.3991 NS
FD -0.394167 0.128768 3.72882 9.3701 0.0059 *
pHx CD -0.50875 0.157708 4.14123 10.4064 0.0041 **
pH x [coag] —-0.22875 0.157708 0.83723 2.1039 0.1617 NS
CD x [coag] 0.34625 0.157708 1.91822 4.8203 0.0395 *
pH x FD —0.74625 0.157708 8.91023 22.3904 0.0001 o
CD xFD —0.34625 0.157708 1.91823 4.8203 0.0395 *
[coag] x FD 0.60875 0.157708 5.92923 14.8995 0.0009 ok
pH x pH 1.3808333 0.111516 61.01442 153.3223 <0.0001 ok
CD xCD 0.2708333 0.111516 2.34722 5.8983 0.0242 *
[coag] x [coag] 0.0270833 0.111516 0.02347 0.0590 0.8105 NS
FD x FD 0.5520833 0.111516 9.75347 24.5094 <0.0001 ok

***: significant at a level of 0.1% (F,,,(1,21) = 14.59);
**: significant at a level of 1% (F,,(1,21) = 8.02);

*: significant at a level of 5% (F (1,21) = 4.32; [61];
NS: no-significant.

pH x concentration dose, and quadratic effect coagu-
lant dose represent 20% of parameters that have an 80%
impact on “% the COD removal” response.

From Fig. 5, we concluded that these factors need to be
checked to improve COD removal.

The outcomes of the Pareto diagram (Fig. 6) showed
that pH, interaction coagulant dose x flocculant dose,
pH x coagulant dose, pH x concentration dose, coagulant

dose x concentration dose, quadratic effect coagulant dose,
coagulant dose, and concentration coagulant x flocculant
dose represent 20% of terms that have 80% impacts on the
% absorbance. From Fig. 6, we concluded that these factors
need to be managed to improve absorbance.

Also, the analysis in Fig. 7, showed that pH, quadratic
effect pH, pH x flocculant dose, concentration dose x floccu-
lant dose, quadratic effect flocculant dose, pH x coagulant
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dose, and flocculant dose represent 20% of terms that
have 80% effects on the sludge volume. From Fig. 7 we
concluded that these factors need to be checked to reduce
sludge volume.

For the three responses, we can say that to improve
the elimination of indigo blue dye it is necessary to act on
the pH, coagulant dose, and flocculant dose which have
the most influence on the responses.

3.3. Modelization of COD remouval, % absorbance, and sludge
volume

JMP and statistical software were used to analyze and
interpret the results of the experimental design to eval-
uate the reaction of the dependent variable throughout
experiments.

The response functions of COD removal efficiency,
absorbance (%), and sludge volume (mL). were fitted using
regression analysis. Eqs. (8)-(10), respectively, express the
final models in terms of coded parameters after removing
the irrelevant terms for all responses. The positive sign, in
these equations, indicates a synergistic impact, whereas
the negative sign implies an antagonistic effect.

The coefficients of correlation and determination were
used to assess the models’ level of fit. Only significant model
terms with a 5% level of confidence and their estimated
coefficients are considered in these equations. Because of
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Fig. 7. Classification of factors effects and interactions on
sludge volume according to Pareto diagram.

the very close near the standard error of their estimators
(Tables 6-8) (varying from 0.2018 to 0.3296, 0.1946 to 0.3178,
and from 0.1115 to 0.1821 for COD removal, % absorbance,
and the sludge volume, respectively, these three models —
Egs. (8)-(10) — provide for the interpretation of the vari-
ation’s variables and their relationships.

% COD removal response models (Y,):

COD = 81.35+3.38pH +1.05pH” +0.82CD”
~0.71 coag |’ +0.62FD* ~1.53(CD x FD)
+1.12(CDJ coag ]) +1.05CD + 1.02(pH x CD)
—0.08(pH[ coag )+ 0.5 coag |+ 0.5(pH < FD)
+0.48([ coag |FD) (8)

Absorbance removal models (Y,):

%Absorbance = 85.3 +2.77pH + 0.76CD + 0.51pH*
+0.94CD? - 0.58[ coag | +0.60FD* +0.58[ coag |
+1.15(pHx CD) - 1.03(pH[ coag |) + 0.91(CD[ coag |}
~1.69(CDxFD)+0.65([ coag |FD) )

Sludge volume generation models (Y):

Sludge volume = 2.57 + 2.46pH - 0.39FD +0.38CD
+1.38pH” + 0.55FD” +0.27CD?0.74(pH x FD)

+0.6([ coag JFD) - 0.51(pH x CD) + 0.34(CD| coag )

-0.34(CDxFD) (10)

3.4. Model validation

Table 9 displays the predicted values, observed out-
comes, and their residuals obtained using the statistical
software JMP 11 [53]. Thus, when considering the experi-
mental inaccuracy (residual), the assessment of these find-
ings reveals that there is no statistically significant difference
between the experimental and projected values, proving
the validity of the existing models.

The relationship between expected and experimental val-
ues are displayed in Fig. 8a—c. We can see from this curve
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Table 9

Residuals, experimental and predicted values for chemical oxygen demand removal, absorbance, and sludge volume

Standard run Absorbance (%) % Chemical oxygen demand Sludge volume (mL)
Experimental Expected Residual Experimental Expected Residual Experimental Expected Residual
1 82.57 82.6263  -0.0562  79.89 79.0346 0.8554 1.6 1.3633 0.2367
2 85.8 84.6746 11254  80.23 79.8938 03363 1.9 1.5425 0.3575
3 83.99 82.7296 12604  79.56 78.5821 0.9779  1.06 0.1325 0.9275
4 87.42 87.4129 0.0071  80.98 81.3863 -0.4063 2 2.7467 -0.7467
5 84.19 83.3979 0.7921  80.21 79.9021 03079 3 3.1508 -0.1508
6 78.59 78.6863  —0.0963  74.67 74.6463 0.0238 2.8 1.945 0.855
7 86.21 87.1463  -0.9363  83.76 83.9446  -0.1846 3.5 3.305 0.195
8 84.19 85.0696  -0.8796  80.08 80.6338  -0.5538 3.9 4.5342 -0.6342
9 88.47 87.5379 0.9321  84.38 84.3488 0.0313 10 9.2542 0.7458
10 91.07 90.3613 0.7088  87.76 87.5229 02371 6.5 6.4483 0.0517
11 83.38 83.5113  -0.1313  80.39 80.3613 0.0288 6.5 7.1083 -0.6083
12 88.23 88.9696  -0.7396  84.65 85.4804  —0.8304 7 6.7375 0.2625
13 92.69 929246  -0.2346  89.79 89.3313 0.4588 10 9.0067 0.9933
14 87.78 88.9879  -1.2079  84.89 86.3904  -1.5004 4 4.8158 -0.8158
15 91.47 92.5429  -1.0729  88.98 89.8388  —0.8587 8 8.2458 -0.2458
16 91.07 91.2413 -0.1713  88.04 88.8429 -0.8029 6.5 6.49 0.01
17 81.09 81.7858  -0.6958  77.89 78.8033  -0.9133  2.83 3.1708 -0.3408
18 93.74 92.8692 0.8708  93.71 92.3267 13833 13 13.0175  -0.0175
19 85.76 87.4008  -1.6408  81.68 82.53 -0.85 2.45 2.8842 -0.4342
20 92.26 90.4442 1.8158  88.08 86.76 1.32 4.5 4.4242 0.0758
21 80.73 81.7992  -1.0692  76.87 77.48 -0.61 1.5 2.4575 -0.9575
22 85.4 84.1558 1.2442  80.56 79.48 1.08 3.5 2.9008 0.5992
23 86.99 873542  -0.3642  82.87 83.9133  -1.0433 4.7 5.5675 -0.8675
24 88.64 88.1008 0.5392  85.29 83.7767 15133 45 3.9908 0.5092
25 84.83 85.3042  -04742  81.12 81.3508  -0.2308 2.5 2.5708 -0.0708
26 86.35 85.3042 1.0458 82 81.3508 0.6492 25 2.5708 -0.0708
27 85.16 853042  -0.1442  81.56 81.3508 02092 25 2.5708 -0.0708
28 85.78 85.3042 0.4758  80.15 813508  -1.2008  2.45 2.5708 -0.1208
29 86.42 85.3042 1.1158  83.35 81.3508 19992 25 2.5708 -0.0708
30 84.57 853042  -0.7342 8245 81.3508 1.0992 2.6 2.5708 0.0292
31 86.2 85.3042 0.8958  81.36 81.3508 0.0092 2.5 2.5708 -0.0708
32 84.99 85.3042  -0.3142  80.89 81.3508  -0.4608 3 2.5708 0.4292
33 84.45 85.3042 -0.8542  81.87 81.3508 05192 27 2.5708 0.1292
34 84.89 853042  -0.4142 80.24 813508  -1.1108 2.5 2.5708 -0.0708
35 85.01 85.3042  -0.2942  80.98 813508  -0.3708 2.5 2.5708 -0.0708
36 85 85.3042  -0.3042  80.24 81.3508  -1.1108 2.6 2.5708 0.0292

that the model accurately predicts the three responses as a
function of the four parameters, as seen by the large coef-
ficient of determination R?> and lower p-value (<0.0001).
The determination coefficient R*> = 0.95 for COD removal,
0.94 for absorbance, and 0.97 for sludge volume are higher
with a low p-value (<0.0001); indicating a good correlation
between expected and experimental values.

3.5. Optimization process

The purpose of the optimization is to define the right
treatment setting for indigo blue dye removal. By using

STATISTICAL [54] and JMP [53] software, the response
surfaces and the iso-response curves were produced to
establish the optimal values of operating parameters for
removing indigo blue dye color, COD reduction, and sludge
volume.

3.5.1. Optimal domain for high % removal COD response

The three-dimensional response surface plots were
developed based on two independent parameters (pH and
coagulant dosage) while the other two variables were held
constant (concentration dosage and flocculant dosage at
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Fig. 8. Graphical representation of the predicted and observed (experimental) values of (a) % of chemical oxygen demand removal,

(b) % absorbance (Abs), and (c) volume sludge.

3.23 g/L and 0.94 mL, respectively). According to Fig. 9,
the % COD removal rises with increasing pH and coagu-
lant dosage to a minimal level of 80% COD removal and a
maximum of 98%. The optimal zone for the highest COD
reduction is realized by a pH of around 11.25-11.7 and a
coagulant dosage between 4.07-4.25 mL. The effect of pH
on COD reduction by an electrocoagulation technique on
blue indigo dye has also been observed by Hendaoui et
al. [21]. The identification of appropriate locations for the
best COD removal is outlined in Table 10.

3.5.2. Optimal domain for % absorbance response

As shown in Fig. 10, the pH increases the effluent decon-
tamination percentage. Fig. 9 indicates that for a fixed value
of the same variable (concentration dosage (3.23 g/L) and
flocculant dosage (0.94 mL), increasing the pH and coagulant
dosage leads to increases in % absorbance with a minimal

level of 84% and reaches a maximum 100%. Table 11 summa-
rizes the optimal locations for the good % absorbance.

3.5.3. Optimal domain for sludge volume response

According to Fig. 11, it was observed that when the
value of pH and coagulant dosage increase the sludge vol-
ume increase also. The same remark has been observed,
the sludge volume varies from a minimum value of 1.5 mL
corresponding to a pH equal to 7.95 and a coagulant dos-
age of 2 mL, and a maximum of 15 mL corresponding to
pH =12 and 2.355 mL coagulant dosage. The ideal zone for
an optimum sludge volume is in the interval for pH between
11.25 and 11.7 and a coagulant dosage between 4.07 and
4.25 mL while keeping the other two variables constant at
3.23 g/L and 0.94 mL for concentration dose and flocculant
dose, respectively. Table 12 provides the appropriate area
for optimal sludge volume.
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Table 10
Optimal domain for chemical oxygen demand response

Optimal area for chemical oxygen demand removal % Chemical oxygen demand optimal reduction

min. max. min. max.
H 11.25 11.7
b 95 98
Coagulant dose (mL) 4.07 4.25
Concentration dosage (g/L) 3.23
Flocculant dose (mL) 0.94
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Fig. 10. Response surface and iso-response curves of % absorbance depending on pH and coagulant dosage; where concentration
dose fixed at 3.23 g/L and flocculant dose at 0.94 mL.
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Table 13 provides the optimal domain for the three
responses stated in Tables 10-12, resulting in the highest
COD yield, highest absorbance, and lowest sludge volume
while accounting for reagent costs, production, and man-
agement sludge.

Similarly, the three overlay plots of these three curves 9,
10, and 11 enable us to determine the ideal treatment settings
for removing indigo blue dye while keeping an acceptable
cost and tacking aspect in the management of sludge volume.

Table 11
Optimal domain for % absorbance response

Therefore, we can utilize the three contour plots 9, 10 11, and
iso-response curves in Fig. 12 to obtain ideal approximate
values for these two factors with two variables (coagulant
concentration = 3.23 g/L, dose flocculant = 0.94 mL) kept con-
stant around in their central values and the other two oth-
ers variables (pH and coagulant dose: the elements with the
biggest impact) fluctuated within the experimental ranges.
Given the extremely high cost of reagents, we may con-
clude from these four Figs. 9-12 that a basic pH of around

Table 12
Optimal domain for sludge volume response

Optimal % Absorbance Optimal area  Optimal value
area for optimal for sludge of sludge
absorbance reduction volume volume (mL)
min. max. min. max. min.  max. min. max.
pH 11.25 11.7 96 100 pH 11.25 117 10.4 12.3
Coagulant dose (mL) 407 425 Coagulant dose (mL) 4.07 425
Concentration dosage (g/L) 3.23 Concentration dosage (g/L) 3.23
Flocculant dose (mL) 0.94 Flocculant dose (mL) 0.94
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Fig. 11. Response surface and iso-response curves of sludge volume (mL) depending on pH and coagulant dose; where concen-

tration dose fixed at 3.23 g/L and flocculant dose at 0.94 mL.

Table 13

Optimal domain and optimal chemical oxygen demand reduction, maximum absorbance, and sludge volume

Optimal domain of variable

Optimal yield for responses

min. max. min. max.
pH 11.25 11.7 % Chemical oxygen demand 95 98
Coagulant dose (mL) 4.07 4.25 % absorbance 96 100
Concentration dose (g/L) 3.23 Sludge volume (mL) 104 12.3
Flocculant dose (mL) 0.94
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11.25, a coagulant dose of about 4.07 mL, a concentration of
coagulant at 3.23 g/L, and a flocculant dose of about 0.94 mL
will result in the highest yield of removal of indigo. Under
the ideal operating settings (4.07 mL, 3.23 g/L, 0.94 mL, and
11.25 for coagulant dose, concentration, flocculant dose, and
pH, respectively, we can obtain effective COD removal of
96.42%, 98.24% color removal, and 10.40 mL as sludge vol-
ume recovery.

Similar findings have been found in the color removal of
indigo blue dye by [64-66] with different treatment technol-
ogies which reinforces the current conclusion. Furthermore,
when compared to other methods (Sono-electrochemical
Flow Reactor), it was reasonable to remove up to 90%
of the indigo dye [67] and electrocoagulation can reach
93.97% of color removal in the optimal environment [20].

Table 14 shows the optimal treatment settings for treat-
ing textile wastewater as well as the predicted COD removal,
% absorbance, and sludge volume.

3.6. Experimental validation and characterization of the
treated effluent

Three further experiments were run under identical
operating settings (Table 14) to ensure that model results
can be confirmed by experience. Table 15 demonstrates the
close agreement between experimentally obtained COD
removal efficiency, absorbance, and sludge volume and
model-calculated.

After the experimental validation, an additional char-
acterization of the treated effluent was performed. Table 16
displays the characterization of the treated water under opti-
mal conditions. It can be concluded that all the param-
eters are conform to the disposal limits except the pH
which will be neutralized by the addition of sulfuric acid.

3.7. Comparison between actual and previous studies

The findings of this investigation are better to those
others studies (Table 17) tacking consideration the afford-
ability and the efficiency dye removal.

3.8. Density functional theory calculations for indigo blue and
AlCI,

The indigo blue and AICI, structures were optimized
at the B3LYP level of the DFT theory at a 6-31G basis set.

Table 15
Experiments validation at optimal operating conditions

Responses Experimental Model Error
value response

Chemical oxygen 96.28 96.42 -0.14

demand removal (%)

Absorbance (%) 97.03 98.21 -1.18

Sludge volume (mL) 11 10.40 0.60

Table 16
Characterization of the treated effluent

Physico-chemical Value Disposal limits
characteristics values (*)
Chemical oxygen demand, 132.102 900
75 \gg i ] i 4 e mg/L
N NS ' A A s Absorbance 0.0044 -
b b 4 v o Sudge Turbidity, NTU 22 -
. 1 Volume Conductivity, mS/em 7.8 -
22 24 26 28 3 32 34 36 38 4 42 pH 10.8 55-8.5
: Temperature, °C 21 30
Fig. 12. Iso-response curves for % chemical oxygen demand Total suspended solids (TSS), 110 400
removal, absorbance (% Abs), and sludge volume under opti- mg/L
mal conditions; where concentration dose fixed at 3.23 g/L Color Clear water  —
and flocculant dose at 0.94 mL.
Table 14
Optimal operating settings and predicted yield
Parameter Optimum Predicted yield
values % Chemical oxygen demand removal % absorbance Sludge volume (mL)
pH 11.25
C lant d L 4.07
oagulant dose (mL) 96.42 98.21 1040
Concentration coagulant (g/L) 3.23
Flocculant dose (mL) 0.94
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The quantum chemical values were calculated to elucidate the
chemical stability and reactivity behavior of the compound.
As known and defined in the 2.3 section, Table 18 provides
the electronic properties of indigo blue and AICIL,. As pre-
sented in Table 18, indigo blue having E,, = —-3.5797 eV
exhibited a higher charge transfer character when compared
to AICL, having E_ = —9.363 eV. This implies that elec-
tron transfer from the indigo blue dye to AICI, is simple and
will stabilize the system. Other reactivity descriptors which
include electrophilicity index (o) indicated that the coagu-
lant AICL, (o = 6.156 eV, p =—6.221 eV) acts as an electrophile

Table 17
Comparison between actual and previous studies
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(electron acceptors) and indigo blue dye as a nucleophilic
character (electron donor) (o =7.174 eV, n=-4.168 eV).

The Parr’s index calculation P; and P; of indigo blue dye
(Table 19), has shown that the locations with the highest
value of , are those that are most susceptible sites to nuc-
leophilic attack on the oxygen bonds (-C=0,, and C =0,
with ®, =1.716 eV). The major proposed interactions between
indigo blue dye and AICI, are presented in Fig. 13; include
Carbon=Oxygen bonding, electrostatic interactions (group
O-H), and the radical -Cl (chloride group) which is more
electronegative (-0.278 eV). This proposed reaction process

Used dye Technique/method Removal Time/flow  Total cost, References
efficiency rate USD/m®

Real effluent (indigo) Coagulation-AICl, 98.21% - 0.0826 This study
Blue indigo dye Fe/Fe-RSM 94.083% 2 L/min 0.0927 [20]
Real effluent (indigo) Fe/Fe-RSM 95% 11 min 0.92 [68]
Real effluent (indigo) Al/Al-RSM 96.38% 60 min - [66]
Real printing ink Al/Al 98.7% 0.35-2.71 [69]
Blue indigo dye Coagulation-alum 97% - - [65]
Pre-treated reel textile effluent Al/Al 90.3%-94.9% - 1.5 [70]
Blue indigo dye Adsorption-ultrafiltration 99% - - [26]
Blue indigo dye Coagulation-MgCl, 80% - -
Reactive Black 5 dye EC + Fe* (1.5 mM Fe*) process 94.2% - 1.422 [24]

RSM: response surface methodology.

Table 18

Electronic properties of reagents by DFT at B3LYP/6-31G (the values in eV except E(RB3LYP))
Reagents E(RB3LYP)* HOMO LUMO AEgap ® o* Oy i N
Indigo blue -875.468 -5.379 -2.957 2.422 7.174 1.806 2.030 -4.168 3.783
AlCI, -1,623.14 -9.363 3.078 6.286 6.156 0.753 4.715 -6.221 -

(*) the value in atom unit (a.u.).

Table 19

Theoretical prediction of reactive sites using the Parr function for indigo blue (the values in eV)
NP° of atom Atom P, p; ® N o, N,
1 C 0.09668 -0.077662 7.174 3.783 0.69358813 -0.29380703
2 C -0.053289 0.117067 7.174 3.783 -0.38229849 0.44288207
3 C 0.071185 -0.079629 7.174 3.783 0.51068547 -0.30124849
7 N -0.021291 0.260943 7.174 3.783 -0.5274291 0.98718663
8 C 0.068976 -0.050686 7.174 3.783 0.49483797 -0.19175276
9 C 0.07367 0.045072 7.174 3.783 0.52851301 0.17051416
10 (0] 0.239227 0.142561 7.174 3.783 1.71622887 0.53932971
18 C 0.07367 0.045072 7.174 3.783 0.52851301 0.17051416
19 (0] 0.239227 0.142561 7.174 3.783 1.71622887 0.53932971
20 N -0.021291 0.260943 7.174 3.783 -0.15274291 0.98718663
30 H -0.003128 0.000877 7.174 3.783 -0.02244046 0.00331782
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Hydroxyl
A~ group
7SN

Alkaline
Environment
—_—
Indigo blue
Ci6H1oN202
Compound 1
NaOH
aqueuos -~
I p
?a 2 o
o* J‘ -
2 s = s
AICI '{‘ \ }‘ “J"
) f 4‘ " d 2
2 N\

Compound 2

Fig. 13. Reaction mechanism of indigo blue removal by AICL, in an alkaline environment.

is comparable to that proposed by [71], in his study on the
coagulation of indigo carmine by FeCl,. Under basic condi-
tions (pH = 11.25) with NaOH, the anionic indigo blue dye’s
negatively charged molecules interact (O groups or -NH-
bonds) with the positively charged coagulant functional
groups (Al groups). Through analysis of quantum parame-
ter values, oxygen bonds (-C8=010 and C11=019 were pri-
marily responsible for the coagulation process. Therefore,
this study could be useful in providing critical informa-
tion for evaluating the removal efficiency and a feasible
way to predict the removal rate of dyes by AICl, when no
coagulation experiments were conducted.

To link the results from the DFT to the experimental
study, we can conclude that the hydroxyl group (-OH) is
attached to the indigo blue (compound 1), while Na* is fixed
on the O-group (compound 2). And, with AICl, the sus-
pected nucleophilic attack sites in compound 2 lead to -CO
loss to form compound 3 (Al' was complexed with oxygen
while the —Cl group was complexed with Na*, resulting in
a precipitate of NaCl (compound 3)). The density functional
theory calculation confirmed the involvement of -C=0O, -
Cl, and -OH groups in the nucleophilic reaction between
indigo blue and AICl,, and this research could provide a ref-
erence value that highlights the importance of introducing
the DFT in the domain of industrial wastewater treatment.
Where: o, = oP;

N, =NP;

Where o and N are the electrophilicity and nucleophilicity
index, respectively (Table 18).

And P; = p*(r) for electrophilic attacks,

P = pr(r) for nucleophilic attacks
where p(r) is the atomic spin density (ASD) of the
radical cation, and p™ (r) is the ASD of the radical anion.

4. Conclusion

The current work allowed us to address the issue of
removing indigo blue from industrial wastewaters. A com-
bined experimental (orthogonal central composite design
(CCD) and theoretical (density functional theory) approach
have been used to further understand the effect of various
variables on the treatment of real textile wastewater, contain-
ing indigo blue, in a continuous flow reactor using aluminum
chloride coagulant (AICL) and cationic flocculant (Himoloc
DR3000). This allowed to emphasize chemical interactions
between the reagent aluminum chloride (AICl,) and indigo
blue dye and we describe the action mode between the efflu-
ent and the coagulant by identifying the most vulnerable
locations to nucleophilic attacks.

Analysis of the examined parameters’ effects on the three
responses (COD removal, absorbance, and sludge volume)
revealed that all of the variables have a substantial impact
on the treatment generally, with the pH having the strongest
influence. The response surfaces (3D) and iso-response curves
(2D) generated from the regression equations facilitated
the identification of the ideal operating settings (4.07 mL,
3.23 g/L, 0.94 mL, and 11.25 for coagulant dose, concentra-
tion, flocculant dose, and pH, respectively) leading to achiev-
ing maximum efficiency of indigo blue removal (96.42%
for COD removal, 98.21% for absorbance, and 10.40 mL
for sludge volume) with a total cost of 0.0826 USD/m”.

Density functional theory (DFT) results in analysis
revealed that AICL, (w = 6.156 eV) acts as an electrophile
and the indigo blue dye (o = 7.174 eV) as a nucleophile
and demonstrated that the indigo blue molecular structure
was particularly vulnerable to nucleophilic attack at the
bonding area -C8=010 and -C11=019, (with o, = 1.716 eV).
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The major proposed interactions between indigo blue and
AICI, include carbon-oxygen bonding and electrostatic
interactions (group O-H).

Finally, the developed model may emphasize the pro-
cess engineering aspects of industrial wastewater treat-
ment, and the linking with theoretical data could explain the
involved removal mechanisms.
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