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Abstract

This study focuses on numerically optimizing key process parameters related to the liquid-liquid extraction batch process
(LLEBP) technique for carrying out batch runs to remove methyl red effectively (MR) from dye effluent. LLEBP, a suit-
able industrial process for treating dye effluents, depends on the number of reaction parameters such as feed concentration,
extraction time, and dye ratio (solution/solvent). The current research utilized a central composite design (CCD) of experi-
ments along with numerical optimization techniques to optimize process parameters over a range of dye concentrations:
(20-100) ppm, extraction time range 10-30 min, and dye ratio 1-3 mL/mL (solution/solvent). The batch runs performed at
room temperature and a constant pH of 3, according to the experimental design criteria, suggest that maximum dye removal
efficiency and distribution coefficient value could be achieved within the feed concentration range of (20-30) ppm, 20-30
min of extraction time, and 1-3 mL/mL of dye ratio (solution/solvent). Solvent capacity increases significantly within
the (60-100) ppm feed concentration range. Numerical optimization with desirability function criteria identified optimal
conditions: 20 ppm dye concentration, 30 min extraction time, and 3 mL/mL dye ratio ensuring maximum LLEBP yield.
The current investigation achieved a 4% higher dye removal (%) of 85.682 compared to the previous study. The distribution
coefficient and solvent capacity attained were 5.287 and 4.504 mg/L, respectively. The research enhances understanding of
the optimization process for LLEBP in MR dye removal from textile effluent, surpassing previous findings within the same
input range. The manuscript aims to maximize process optimization using CCD, promoting sustainable industry progress
in line with UN sustainable development goals.

Keywords Central composite design - Distribution coefficient - Liquid-liquid extraction - Methyl red - Numerical
optimization - Solvent capacity

Introduction

Natural water resources are currently under enormous
stress, as their pollution problem has escalated to alarming
Kedar Sahoo and Uma Sankar Behera have equally contributed and levels. Synthetic dyes that are toxic and recalcitrant chemi-
are first and second authors. cal substances present in wastewater pose a potential threat
to natural water resources upon their ineffective discharge
into them. The diversified application as a colouring agent
in manufacturing textiles, polymer, pulp and paper, leather,
and paint has created huge volumes (~ 280,000 tons annu-
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Fig. 1 Schematic illustration of
the process flow
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an escalation in the total oxygen (O,) needed to support
both the chemical oxidation demand (COD) and biologi-
cal oxidation demand (BOD) processes, ultimately caus-
ing water pollution [4-6]. Among manufacturing sectors,
the textile industry is one of the most critical ones, and it
is responsible for the generation of significant amounts
of coloured wastewater as a byproduct of various textile
manufacturing processes such as dyeing, finishing, and
washing [7]. The coloured wastewater emanating from
the textile industry is very complex (mixture of dye, pig-
ment, heavy metal, and chemical) and needs to be treated
cost-effectively, thus discharged to nearby water bodies.
Nevertheless, the dyes' inherent toxicity and alarming side
effects have created significant inquisitiveness among the
scientific community to develop adequate "coloured waste-
water" treatment strategies from environmental sustain-
ability and ecosystem protection perspectives [8].
Among different dyes, anionic azo dyes account for ~60%
of total dye usage in the textile industries [8]. From the man-
ufacturing scenario, half of the 8 lakh tonnes annually pro-
duced dyes are azo dyes due to their high demand. Azo dyes
are resistant to traditional treatment strategies, ultimately
causing enhancement of total organic carbon and turbidity
of exposed water bodies and acceleration of eutrophic pro-
cesses. Besides, azo dyes are a reason for potential human
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health hazards such as invoking allergies in the skin/eye/
digestive tract, causing cell mutations and cancer on a long-
term basis. Therefore, the efficacious removal of azo dyes
from industrial effluents is desirable before they pollute
nearby water bodies.

One such dye is methyl red (MR), an anionic mono-azo
dye with (-N=N-) linkage. It is commonly encountered
across printing and dyeing industries due to its high colour-
fixing performance and less fading ability. As discussed
earlier for azo dyes, if MR dye is ingested, it can induce
irritation in the digestive tract, pharynx, eye, skin, etc. [9].
Additionally, MR can be converted into 2-aminobenzoic acid
and mutagenic N-N-dimethyl-p-phenylene diamine. Tech-
niques implemented earlier for the removal of MR dye from
textile effluent are coagulation/flocculation [10], Fenton
process [11, 12], peroxide oxidation [13], anaerobic diges-
tion [14], bacterial degradation [15, 16] and adsorption [17],
photocatalysis [18], etc. Though physical methods are non-
destructive, they only encompass the inter-medium trans-
fer of pollutants and thus require secondary treatment [19].
Similarly, the discussed chemical methods are not viable
due to cost, low efficiency, high chemical dosage, and toxic
byproduct generation problems [20-22]. Moderately oxidiz-
ing and thermal conditions and lengthy biological process
time are also incapable of providing a viable solution [23].
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Over the years, the adsorption method has been prevalent
due to its low cost and efficacy, but sludge generation and
separation are issues that cannot be circumvented [24].
Contrary to the above-stated physicochemical tech-
niques, the LLEBP-mediated MR dye removal technique has
recently gotten much attention. It is based on the mass trans-
fer rate of solute distribution in a particular ratio between
two immiscible solvents. LLEBP can achieve high through-
put and purification under automated operation and has
scale-up potential [25]. The solvents used in LLEBP are typ-
ically aqueous/organic, and solute is always transferred from
the aqueous to the organic phase. The solute transfer pro-
cess always proceeds through chemical energy interaction,
and the chemical constituents of the solvents, apart from
solute, always maintain a stable, low-free energy structure.
Hence, the chemical compositions of used solvents remain
unchanged during the solute exchange; ideally, the LLEBP
process is well suited for low-volatility and heat-sensitive
substances [26]. Various reports suggested the efficacy of
using LLEBP to extract MR-like azo dyes. Pandit et al. [27]
studied the successful elimination of anionic and cationic
azo dyes from the liquid medium by encapsulating them in

reverse surfactant micelles in the solvent. Separating anionic
dye (i.e. methyl orange) from the water was accomplished by
forming reverse micelles of cationic surfactants (i.e. HTAB:
hexadecyltrimethylammonium bromide surfactant) in amyl
alcohol. The exact process was repeated for methylene blue
(cationic) dye with the help of reverse micelles formed out
of anionic surfactant (i.e. SDBS: sodium dodecyl benzene
sulphonate) in an amyl alcohol solvent. Without surfactant
use, only a small amount of dye extraction could have been
possible by organic solvent.

Another azo dye, "1-diazo-2-naphthol-4-sulfonic acid",
was successfully extracted from wastewater by using a sol-
vent (trialkyl amine Nj,,5), as reported by Hu et al. [28].
After extraction, the COD of raffinate was further controlled
by catalytic oxidation of hydrogen peroxide to make it to
national emission standard levels. LLEBP results showed
that a single-stage extraction was responsible for~82% of
dye removal that can be enriched further to 93% under mul-
tistage operations.

Similarly, Yilmaz et al. [29] reported that LLEBP medi-
ated removal of azo dyes from aqueous solutions using
Calix (4) arene, b-cyclodextrin, and dichloromethane as

Fig.2 Schematic flow diagram for CCD
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Table 1 Independent parameters and levels considered for LLEBP of MR dye using benzene

Parameter Designation Unit of the quantity Minimum Maximum Coded low Coded high
Dye conc. in liquid A ppm 20.00 100.00 —1<20.00 +1<100.00
Dye ratio (solution/solvent) C mL/mL 1.00 3.00 — 1<>1.00 +1<3.00
Time of extraction B min 10.00 30.00 —1<10.00 +1<30.00

extractants. LLEBP using propylene and 1,2-butylenes car-
bonates showed superior results compared to the conven-
tional cloud point technique. While the cloud point tech-
nique resulted in recoveries ranging from 10 to 49%, the
LLEBP process achieved nearly complete recovery at around
100% [30].

Another LLEBP process was investigated by Muthura-
man et al. [31] to extract methylene blue from industrial
wastewater. Benzoic acid was used as an extractant. Opti-
mized process conditions suggested that ~99% of the dye
was extracted from the aqueous phase, and the dye was
recovered with the help of sulphuric acid solutions. The
same research group also reported the LLEBP extraction
study of anionic azo dye compound "golden yellow low salt"
from water using tri-n-butyl phosphate as the carrier solvent.
The extracted dye was stripped again using sodium hydrox-
ide solutions [32].

Another azo dye removal technique was reported by
Abbasi et al. [33], designed for methylene blue removal from
polluted water by employing a mono- and di-ester mixture
(MDEHPA) as the extractant within a Y-Y junction micro-
channel. The investigation involved the optimization of pro-
cess parameters such as pH, concentration of extractant, and
residence time. The study reported a maximum extraction
capacity of 98.4%, highlighting the benefit of MDEHPA in
dye removal. There are few studies regarding LLEBP extrac-
tion of MR dye from wastewater; one of the reports was
published by Muthuraman et al. [25]. They investigated an
LLEBP system where MR dye was separated from an aque-
ous solution using a solvent like xylene as an extractant. The
dye removal efficiency increased with extraction time, and
the distribution ratio value was also reasonably high. After
extraction, the dye was stripped out of the organic phase
using sodium hydroxide solvent, and the reported results
were on par with industrial standards.

Since several parameters need to be optimized in lig-
uid-liquid extraction to obtain a suitable process yield [28],
Kanakasabai et al. [34] discussed the process optimization
aspects. Their study adopted a response surface methodol-
ogy (RSM) with Box—Behnken design (BBD) mathemati-
cal technique to optimize the batch parameters of LLEBP
for MR dye removal. The current study is a modification
of their reported work where more accurate and best batch
optimization data were obtained by incorporating a robust
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CCD of the experiment method. The optimization results of
the current study suggest the superiority of CCD in optimiz-
ing LLEBP for dye removal, and the augmented value of
% dye removal, distribution coefficient, and solvent capac-
ity could be achieved. This article carefully illustrates the
comprehensive details of the LLEBP optimization technique
and subsequent implications of the design data in the batch
study to obtain suitable MR dye removal efficacy. This study
also demonstrates that the extraction process can be fine-
tuned to push its boundary limit by maintaining the same old
experimental input range. The manuscript primarily focuses
on maximizing process optimization using RSM CCD tech-
niques. In this connection, Design-Expert version 13 was
employed. Its statistical rigour ensures reliable results while
minimizing experimental costs and resource consumption.
Compared to traditional methods, CCD-RSM offers robust
and reproducible optimization outcomes. Currently, the
advancement of the research is in the progress of a sustaina-
ble industry which aligns with UN (United Nations) sustain-
able development goals such as clean water and sanitation
(Goal 6), decent work and economic growth (Goal 8), and
industry innovation and infrastructure (Goal 9). Our research
aims to contribute significantly to addressing critical global
challenges and promoting sustainable development.

Experimental Procedure

This section provides comprehensive information about the
chemicals used for the batch reaction and outlines the stand-
ard experimental procedure followed.

Materials

The methyl red (MR) dye was purchased from nearby local
vendors and used directly. Benzene purchased from SRL
Pvt. Ltd. (99.7% assay) acted as a solvent in this study. Dou-
ble-distilled (DD) water was procured from a local vendor
with a pH of 5.96. HCI (35-38%), NaCl (> 99%), and NaOH
(>98%) were bought from SD Fine Chemicals Ltd., Merck
Pvt. Ltd. and SRL Pvt. Ltd., respectively. Starch, Na,CO;,
and NaHCO; were procured from Alfa Aesar, USA. All the
chemicals were directly utilized in the experiment without
additional purification.
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Table 2 Predicted responses from the CCD technique for optimizing LLEBP process parameters and comparison with actual batch run results

Factor 1 Factor 2 Factor 3 Response 1 (predicted) Response Response Response Response 3 (predicted) Response
1 (actual) 2 (pre- 2 (actual) 3 (actual)
dicted)

Run A:Dye B: Time of C: Dye ratio Y1 (removal of dye) Y1 Y2 (coef- Y2 Y3 (solvent capacity) Y3

concentra- extraction  (solution/sol- ficient of

tion vent) distribu-

tion)

Unit ppm min mL/mL % % - - mg/L mg/L
1 20 20 1 69.42 69.45 4.28 4.30 13.88 13.90
2 60 20 2 68.57 68.60 4.23 4.20 20.57 20.60
3 60 10 3 58.28 58.25 3.59 4.00 11.65 11.70
4 60 20 2 67.71 67.70 4.17 4.20 20.31 20.30
5 60 20 2 66.85 66.86 4.12 4.10 20.05 20.00
6 20 20 3 81.42 81.45 5.02 5.00 542 5.40
7 60 10 1 45.42 45.45 2.8 2.80 27.25 27.30
8 20 10 2 46.28 46.30 2.85 2.80 4.62 4.60
9 100 30 2 57.42 57.40 3.54 3.50 28.71 28.70
10 100 20 1 47.14 47.15 29 2.90 47.14 47.10
11 20 30 2 80.57 80.60 497 5.00 8.05 8.06
12 60 30 1 56.57 56.55 3.49 3.50 33.94 34.00
13 100 20 3 55.71 55.70 3.43 3.40 18.57 18.60
14 60 30 3 66 66.04 4.07 4.00 13.2 13.05
15 100 10 2 48 47.98 2.96 3.00 24 23.85
16 60 20 2 66.85 66.90 4.12 4.10 20.05 20.00
17 20 20 3 81.42 81.40 5.02 5.00 5.42 5.40
18 60 10 1 45.42 45.45 2.8 2.80 27.25 27.30
19 20 10 2 46.28 46.30 2.85 2.90 4.62 4.60
20 60 30 1 56.57 56.60 3.49 3.50 33.94 34.00

Preparation of Model Textile Effluent Containing MR
Dye

An additive package containing a sizing and fixing agent, a
neutralizing agent, a hydrolyzing agent, and a pH-controlling
agent was mixed with the model dye solution to create an
environment similar to the textile effluent[23]. Starch acted
as a sizing agent, Na,CO;, NaHCO;, and NaCl as fixing
agents, and NaOH as a hydrolyzing agent; the pH was con-
trolled by adding HCI.

LLEBP Experimentation

Before batch LLEBP experiments, MR dye concentrations
were calibrated in the concentration range (20-100) ppm
by considering its absorbance maxima, i.e. A, =491 nm,
[within the wavelength range of (370-600) nm, and tempera-
ture of (298 +0.2) K] in a UV—Vis spectrophotometer (Cary
60 UV-Vis, Agilent, USA). The interference of other dye
effluent components was also considered during calibration.
Generally, starch concentration was the primary factor to be
considered; hence, it was subtracted from calibrated data,

but other additives did not show significant absorbance at
the spectral wavelength.

Figure 1 shows the detailed LLEBP process diagram.
According to the design data, the initial dye concen-
tration in the feed solution was chosen and vigorously
blended with the benzene solvent. The system reached
equilibrium, and phase separation was achieved in a
separating funnel. Two distinct layers, characterized as
the extract (upper layer) and the raffinate (lower layer)
phase, were identified in the separating funnel. The
remaining dye concentration in the raffinate phase was
calculated using UV—visible spectrophotometer and cali-
bration data.

Industrial processes like LLEBP are complex tech-
niques involving several process parameters that need to
be optimized, such as solute concentration, solute—sol-
vent ratio, reaction time, etc., to obtain the desired output
response. The desired process output responses studied/
improvised in the current manuscript are dye removal
percentage, solvent capacity, and distribution coefficient.
These are defined in Egs. (1-3).
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%Removalofdye = % x 100, €h)
Coefficient of distibution = %, 2)
Solvent capacity (mg/1) = (%) Xe, 3)

where, a is the dye concentration in the extract; b is the dye
concentration in the feed; c is the concentration of the dye
extract; d is the volume of the solvent; e is the volume of
the dye and also dye concentration in the extract = dye con-
centration in the feed — dye concentration in the raffinate.

LLEBP Parameters Optimization Using Design
of Experiment (DOE)

Phase one: developing the core composite and response
layers. As a dependable statistical method for applica-
tions in chemical processes, randomized controlled trials
(RCTs) use various mathematical and statistical techniques
to determine the optimal fit between empirical models and
experimental data [35, 36]. The researchers employed
RSM techniques for optimization and have extensively
investigated CCD (central composite design), a method
for fitting second-order polynomial equations, to simplify
several research problems [37-39]. A CCD generally has
three groups of design parameters in general [40, 41],
which are as follows:

A. The design points (2 k) of a two-level factorial or frac-
tional factorial can have any combination of + 1 and — 1
levels of factors.

B. 2 kaxial points, also known as star points, are placed at a
distance of o from the centre to produce quadratic terms;
core values that stand for replicate words;

C. core values give a solid and impartial assessment of the
experimental inaccuracy.

Therefore, considering the above-said parameters, the
number of experiments designed by CCD can be expressed
as

P =k +2+n. “4)

The variables P, k, and n denote the total number of
experiments, factors analysed, and replicates, respectively.
The two most common tools used for central composite
design under RSM are Minitab and Design Expert software.
Software for optimization is utilized in this investigation
using version number 13 of Design Expert developed by
Stat-Ease. Figure 2 depicts the procedures that will be fol-
lowed for the CCD. The computation of the alpha value is
crucial in CCD because it can establish the position of the

axial points in the experimental region. The design can be
spherical, orthogonal, rotatable, or face centred, depending
on the beta () value. It is computed as a practical compro-
mise between face centred and spherical:

0.25

p = [2"] 5)

A desired beta value is 1, which guarantees the axial
point is located within the factorial part region. It provides
three tiers for the experimental design matrix, called face-
focused design. A statistical analysis system's response
surface regression process is used to analyse the experi-
mental data. The results of fitting the independent vari-
ables and answers to a second-order polynomial equation
yield the correlation between the two [7, 42—-47].

k k k k
2
T=y, + inyi-i-zxiiyii-i'z Z XYy + ¢ ©6)
i=1 i=1

i=1 # j=1

Here, T represents the responses, k is the total number
of independent factors, ¥, is an intercept, i, ii, and §j with
X represent the coefficient values for linear, quadratic, and
interaction effects, respectively, and xi and xj in the above
equation show the coded levels for independent variables
[7, 48, 49]. The detailed process parameters are shown in
Table 1.

Optimization Employing the Desirability Function

Apart from the design of the experiment (DOE), the opti-
mization of the LLEBP parameters was accomplished using
desirability function criteria. Under this technique, specific
desirable values of target responses (e.g. % dye removal, dis-
tribution coefficient, and solvent capacity) were presumed,
and numerical optimization was done to optimize the best
process parameter values accordingly [7].

The significance of optimization depends on several fac-
tors and is linked to high-quality results. The development
and stability of an optimization methodology ensures con-
sistent reproducibility. Therefore, optimization was imple-
mented by establishing suitable goals and checkpoints. The
governing equation for the optimization process is based on
the following equation:

n 1/2 d; 1
P(x) = (H cf’) = (cf] X c;iz stk XCi”) /Z di,
i=1

@)
where c; is the optimal range for each response, n denotes
the number of response variables in the measurement, and
P (x) is the desired outcome based on the weight of each
response. The metric (d;) spans from 1(+) to 5(++ + ++)
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Dye removal, Y1(%)
Std Error of Dye removal

Dye removal, Y1 (%)
Std Error of Dye Removal

Dye removal, Y1(%)
Std Error of Dye removal
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«Fig.3 The percentage of dye removed during the L-L extraction of
MR dye using benzene is affected by the following factors: a the con-
centration of the dye in the feed, b the ratio of the dye solution to the
solvent, and ¢ the duration of the extraction process vs. the ratio of
the dye solution to the solvent

for essential items. Normalization of an objective function
occurs when all fundamental values are standardized or
scaled to a common reference point. The desirability func-
tion of the response varies between 0 and 1, where unde-
sired and desired responses are assigned values 0 and 1,
respectively. These assigned values, between 0-1, indicate
the degree of nearness of the response to its desired value.
The ideal desirability is near 1. Hence, the desirability func-
tion helps determine the most favorable experimental factors
before batch runs for achieving target goals, i.e. maximiza-
tion of dye removal, optimum value of distribution coef-
ficient and solvent capacity.

Results and Discussion

This section focuses on presenting the experimental data and
interpreting the findings of this research. It involves comparing
the results obtained from previously published studies to iden-
tify similarities, differences, and trends. Additionally, it aims
to explain any observed discrepancies and discuss the broader
implications of the findings within the context of existing lit-
erature. However, this article centres on enhancing process
optimization through CCD. We're presently in the progress of
sustainable industry that is in line with UN sustainable devel-
opment goals like clean water and sanitation (Goal 6), decent
work and economic growth (Goal 8), and industry innovation
and infrastructure (Goal 9). Our research endeavors to make
meaningful contributions towards addressing global challenges
and advancing sustainable development.

Design of Experiments

The experimental design matrix was based on six central, eight
factorial, and six axial points. The desired responses, i.e. dye
removal (%), coefficient of distribution, the solvent capacity of
the design matrix along with independent variables, namely
initial dye concentration (ppm), dye/solvent ratio (mL/mL), and
extraction time (min), are represented in terms of coded factors
in second-order quadratic model equations below.

Y, =19.034+034xA+54xB+1535%xC
—0.02xXxAXB+0.03xAxC
+0.02xBxC—9.67x107* x A?
—0.09 x B> —=2.00 x C?,

®)

Y, = —1.18 + 0.02x A+ 033xB+0.94xC—1.1 + 10> xAXB
21 %103 xAXC+1.1x103 xBx C—60x 107 x A?
54% 1073 x B> —0.12 x C2,

©
Y; = 016 +0.64 XA+ 1.07xB—1099Xx C—1.12x 10Ax B

0.122XxAXC—-0.13xBxC—-13x1072x A% —=0.02 x B

2.93 x C%.

(10)
Coefficients A, B, and C correspond to initial dye concen-
tration, time of extraction, and dye ratio (solution/solvent).
The suggested responses according to the above-men-
tioned mathematical models are represented in Table 2.
Accordingly, batch reactions were carried out to obtain the
optimum set of process parameters and the results of the
responses (see Table 2 for comparison). Table 2 shows that
the predicted responses from the design equation and actual
batch-run data are closely matched. Hence, CCD optimiza-
tion is an excellent mathematical technique for optimizing
process variables with minimum inputs and achieving the

best system outputs.

ANOVA Analysis of Optimized Results Related
to LLEBP

The statistical results related to the outcome of variables on
LLEBP have been examined via F-test results of ANOVA
analysis with a 95% confidence level. Table 3 shows the
results. The assumed mathematical models are quite efficient
enough for assessing the influence of process parameters on
the LLEBP process with regression coefficient (R?) values
0.9251, 0.9247, and 0.9975 for dye removal (%), coefficient
of distribution, and solvent capacity. The significant effect of
a specific component of the quadratic model on the desired
response is evaluated with the F value (Fisher test) and P
value. The threshold limit of F and P values for deciding the
significant effect of a term in the model equation to mod-
ulate the dye removal % response in the current ANOVA
analysis is 11.51 and 0.05, respectively (Table 3). A high F
value>11.51 and a low P value <0.05 are highly desirable.

A moderate F value (13.72) and low P value (0.0002) in
the case-fitted model equation indicates the adopted model
equation is manageable to optimize the % dye removal
response variable. Moreover, ANOVA analysis states that
not only the entire model equation, but also model coef-
ficients (first-order terms: A, B, C; interactive terms: AB;
and quadratic terms: B?) are also substantial enough to
optimize dye removal % due to the low value of P (<0.05).
Again, this could be established from the lack-of-fit term
being significant (F: 242.50) and there is merely a 0.01%
chance of getting it from noise. Among different optimized
process parameters (Table 3), the dye concentration and
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«Fig. 4 The coefficient of distribution for the L-L extraction of MR
dye using benzene is affected by the interactive effects of three vari-
ables: a the concentration of the dye in the feed vs. the duration of the
extraction process, b the ratio of the dye solution to the solvent vs. the
concentration of the dye in the feed, and ¢ the duration of the extrac-
tion process vs. the ratio of the dye solution to the solvent

extraction time significantly maximize the dye removal
yield due to enhanced F values of 30.73 and 28.52, respec-
tively. The ratio of dye concentration to extractant solvent
has a significantly lesser effect on dye removal % about
its lesser F value (14.68). The same can be deduced for
other quadratic and interactive terms such as B2 and AB,
respectively, where the comparative lower F and high P
values associated with them stand against their significant
contribution towards dye removal % via LLEBP.

The ANOVA analysis of the quadratic model equation
employed for getting optimized solvent capacity while using
the LLEBP technique for ML dye removal from wastewater
is represented in Table 3. The threshold limit of F and P-
magnitude for evaluating the significance of model terms to
optimize the distribution coefficient (Y2) magnitude in the
current LLEBP design is 11.52 and 0.05 (see Table 3). A
significantly low P—P magnitude (0.0002) in the case-fitted
model equation indicates the model's suitability for optimiz-
ing the distribution coefficient value of LLEBP.

It is also observed from Table 3 that the linear terms (A,
B, and C), quadratic terms (B?), and interactive term (AB)
in the model equation are substantial enough to affect the
distribution coefficient value. Overall, the "dye concentra-
tion" and "extraction time" design parameters involved in
the optimization process play a crucial role in optimizing the
distribution coefficient value during the LLEBP experiment
due to their associated high F-magnitude (> 28). Contrary
to this, though the model predicts the significant role of the
"dye ratio (solution/solvent)" in optimizing the distribution
coefficient value, its contribution is marginal due to the
lower F- magnitude (14.55). The same is the case for AB
and B? terms.

A high F-magnitude (446.73) and low P-magnitude
(<0.0001) for the fitted mathematical model shows its sig-
nificance (see Table 3). However, augmented F-magnitude
(75.91) and low P-magnitude (<0.0001) observed in case of
lack of fit term also suggests equally responsible linear (A,
B, and C), interacting (AC, BC), and quadratic (AZ, B?, and
C?) coefficients in optimizing the solvent capacity. The linear
terms like dye concentration (A), as well as solvent ratio (C)
and their interaction (AC), contribute significantly to the
fitting of the model equation due to the high F-magnitude
(>111.84) and very low P-magnitude (< 0.0001). Though
quadratic terms are considered to be significant, their contri-
butions are marginal due to comparatively low F-magnitude.

Interactive Effect of Process Parameters on LLEBP

The interactive effect of the stated LLEBP parameters on dye
removal (%) is studied via the optimization technique, and
the corresponding 3D response plot is shown in Fig. 3. The
interactive effect of both varied initial concentrations of
dye in feed (20 to 100) ppm and time of extraction 10-30
min on overall dye removal (%) at a fixed dye ratio (solu-
tion/solvent) (2 mL/mL) is shown in Fig. 3a. The optimum
dye removal percentage of 46.28 is achieved at the lowest
dye concentration of 20 ppm and extraction time of 10 min.
While increasing the content of dye in aqueous solution up
to 100 ppm, the dye removal (%) improved to 48. A high
dye elimination (%) is obtained (i.e. 80.57) at an optimum
concentration (i.e. 20 ppm) at a specific time of extraction
(i.e. 30 min). The dye removal trend decreases to 57.42%
with a further increase in the dye content in the aqueous
solution (up to 100 ppm) at 30 min (i.e. extraction time) and
2 mL/mL [dye ratio (solution/solvent)]. With the decrease
in the extraction time (30 min to 20 min), the dye removal
increases to 66.85% at 60 ppm and a predefined dye ratio
(solution/solvent). From the interactive plot, it is deduced
that the optimum process parameters at the fixed dye ratio
(solution/solvent) (i.e. 2 mL/mL) to maximize dye removal
efficacy is 20 ppm of initial dye concentration and 30 min
of extraction time. The interactive effect of both varied dye
concentration (20 ppm—100 ppm) and dye ratio (solution/
solvent) (i.e. 1-3) mL/mL on dye elimination (%) at a fixed
20 min (i.e. extraction period) is represented in Fig. 3b. The
optimum dye removal of 69.42% is achieved at low dye
content (i.e. 20 ppm) and dye ratio (solution/solvent) (i.e.
1 mL/mL). With further increase in dye concentration up
to 100 ppm under this condition, the dye elimination (%)
decreases to 47.14. The highest dye elimination (%), 81.42,
is achieved at 20 ppm and 3 mL/mL, as well as dye content
and dye ratio (solution/solvent). The dye elimination (%)
trend decreases to 55.71 at dye content 100 ppm and dye
ratio (solution/solvent), i.e. 3 mL/mL at 20 min of extrac-
tion period.

Similarly, at a decreased dye ratio (solution/solvent)
(2 mL/mL) and high value of initial dye concentration
(60 ppm), the dye removal tendency is also lower (i.e.
67.71%). Hence, the optimum conditions for achieving high
dye removal efficiency at a fixed extraction time of 20 min
are 20 ppm of initial dye concentration and 3 mL/mL of dye
ratio (solution/solvent). The interactive effect of both varied
liquid-liquid extraction periods (10 to 30) min and dye ratio
(solution/solvent) (1 to 3 mL/mL) on dye removal efficacy
is projected in Fig. 3c. The dye concentration is fixed at
60 ppm, and at the lowest extraction time of 10 min and dye
ratio (solution/solvent) of 1 mL/mL, the percentage of dye
removal obtained is 45.42. With a further increasing extrac-
tion period (i.e. at 30 min), the dye removal (%) increases
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«Fig.5 The capacity of the solvent for L-L extraction of MR dye
using benzene: a mutual effect of a the concentration of the dye in the
feed vs. the duration of the extraction process and b the ratio of the
dye solution to the solvent vs. the concentration of the dye in the feed,
and c the duration of the extraction process vs. the ratio of the dye
solution to the solvent

to 56.57. The same is the case when the dye ratio (solution/
solvent) increases to 3 mL/mL, resulting in an augmented
dye removal percentage of 58.28 at 10 min of extraction
period. The dye removal increases to 66% with a further
rise in extraction time up to 30 min at 3 mL/mL of dye ratio
(solution/solvent (ratio). A slight increase (i.e. 66.85%) in
the dye removal trend is observed at a decreased dye ratio
(solution/solvent) of 2 mL/mL and extraction time (i.e.
20 min). Thus, under the scenario of fixed dye concentra-
tion in the feed solution (i.e. 60 ppm), the optimum LLEBP
parameters to achieve high dye removal (%) are 20 min of
extraction time and 2 mL/mL of dye ratio (solution/solvent).

The interactive effect of the stated LLEBP parameters
on the distribution coefficient (Y2) is studied via the opti-
mization technique, and the corresponding 3D response plot
is shown in Fig. 4. Figure 4a shows the synergistic effect
of varied dye content (20—100) ppm and extraction period
(10-30) min on the Y2 by maintaining a constant 2 mL/
mL dye ratio(solution/solvent). A nominal Y2 of 2.85 is
achieved at 20 ppm (dye content) and 10 min of extraction
period. At 100 ppm (dye content), the Y2 value improved to
2.96. However, at 20 ppm dye content and a 30 min extrac-
tion period, the Y2 enhanced to 4.97. A further decrease in
the Y2 value of 3.54 was observed upon increasing the dye
content (i.e. 100 ppm) and extraction period of 30 min. Even
on lowering the extraction time (20 min) and dye concen-
tration (60 ppm) value, the maximum Y2 obtained is 4.17.
Hence, from the 3D response plot, it can be postulated that
to achieve maximum distribution coefficient at a fixed dye
ratio (solution/solvent) (2 mL/mL), the optimum process
parameters under the current experimental scenario are
20 ppm of dye concentration and 30 min of extraction time.

Similarly, the interactive effect of dye content in aque-
ous solution and dye ratio (solution/solvent) on the Y2 at
a constant 20 min (extraction period) is represented in
Fig. 4b. A high Y2=4.28 is achieved at the lowest dye con-
tent (20 ppm) and dye ratio (solution/solvent) of 1 mL/mL.
Upon increasing the dye concentration to 100 ppm at 1 mL/
mL of dye ratio (solution/solvent), the Y2 value decreased
to 2.90. Maximum Y2 =5.02 was obtained at an optimum
dye content of 20 ppm and dye ratio (solution/solvent) of
3 mL/mL. Y2 remains low at 3.43 at 100 ppm (dye content)
and 3 mL/mL of dye ratio (solution/solvent) by keeping the
extraction time constant (i.e. 20 min). Even after decreasing
the dye ratio (solution/solvent) to 2 mL/mL and dye content

of 60 ppm, the Y2 value did not much improve beyond 4.23.
Hence, under the current scenario, the optimal conditions
are proposed to be 20 ppm of dye concentration and 3 mL/
mL of dye ratio (solution/solvent) to achieve maximum Y2.
The interaction between the dye ratio (solution/solvent) and
extraction time is examined via the RSM technique, and the
corresponding response plot for the Y2 is shown in Fig. 4c.
Maintaining a fixed dye content (i.e. 60 ppm) at 10 min
extraction time and 1 mL/mL dye ratio (solution/solvent),
the Y2 value obtained is 2.8.

Further increasing the extraction time at this condition to
30 min, the Y2 value improved to 3.49. Similarly, keeping
the extraction time fixed at 10 min and increasing the dye
ratio (solution/solvent) to 3 mL/mL Y2 enhanced it to 3.59.
This value can be further improvised to 4.07 by increasing
the extraction time to 30 min. Further improvement in the
Y2 value (4.17) is accomplished by reducing the dye ratio
(solution/solvent) to 2 mL/mL and the extraction time to
20 min. Hence, from the 3D response plot, it can be deduced
that the optimum time and dye solution/solvent ratio under
such conditions are 20 min and 2 mL/ mL, respectively, to
obtain the maximum Y2. The interactive effect of the stated
LLEBP parameters on solvent capacity is studied via opti-
mization technique, and the corresponding 3D response plot
is shown in Fig. 5. Figure 5a shows the synergistic response
in terms of a 3D plot regarding variation in the dye content
and extraction period on the solvent capacity value while
maintaining a constant dye ratio (solution/solvent) (2 mL/
mL). When the dye content in the feed solution is 20 ppm
and the extraction period applied is 10 min, a low solvent
capacity value is obtained as 4.62 mg/L. At a maximum dye
concentration value of 100 ppm, under 10 min of extraction
time, an augmented solvent capacity value of 24 mg/L is
obtained. However, when the feed concentration decreased
to 20 ppm and the extraction period enhanced to 30 min, the
solvent capacity was lowered to 8.05 mg/L.

On the contrary, the solvent capacity can be improved
to 28.71 mg/L at a high feed concentration of 100 ppm by
maintaining the extraction period at 30 min. The solvent
capacity value still improved to 20.05 mg/L by decreasing
the extraction period to 20 min, but at the expense of higher
dye content (i.e. 60 ppm). Hence, from the response plot
Fig. 5a, it can be postulated that an optimum dye concentra-
tion of 100 ppm in feed and at 30 min extraction time, the
maximum solvent capacity value can be obtained. Figure 5b
shows the interactive effect of varied dye content and dye
ratio (solution/solvent) on optimizing the solvent capacity at
a fixed extraction time of 20 min. The solvent capacity value
of 13.88 mg/L is obtained at 20 ppm of feed concentration
and 1 mL/ mL of dye ratio (solution/solvent). At the high-
est dye concentration value, 100 ppm, a solvent capacity
value obtained is 47.14 mg/L while keeping the dye ratio
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Table 4 Numerical optimization of process parameters as desirability function criteria

No Dye conc. (ppm) Extraction time Dye solution/sol- % Dye Removal Distribution Solvent capacity Desirability
(min) vent (ratio) coefficient (mg/L)
1 20.000 30.000 3.000 85.682 5.287 4.504 0.992
(selected)
20.000 29.998 3.000 85.683 5.287 4.504 0.992
20.000 29.905 2.999 85.704 5.288 4.534 0.992
20.000 29.787 3.000 85.733 5.290 4.571 0.992

(solution/solvent) at 1 mL/mL. A deficient solvent capacity
(5.42 mg/L) is achieved at the feed concentration of 20 ppm
and dye ratio (solution/solvent) of 3 mL/mL.

Further improvement in the solvent capacity value
(18.57 mg/L) is accomplished when the feed concentration
is increased to 100 ppm at 3 mL/mL of dye ratio (solution/
solvent). By decreasing the value of the dye ratio (solution/
solvent) (2 mL/mL) and feed dye concentration (60 ppm),
the solvent capacity can still improve to 20.57 mg/L, but not
beyond that. Hence, the optimal conditions for achieving
maximum solvent capacity under the current experimental
scenario are 100 ppm of dye concentration and 1 mL/mL dye
ratio (solution/solvent). Figure 5c shows the 3D response
plot of solvent capacity examined under varied conditions
of extraction time (10-30) min and dye ratio (solution/sol-
vent) (1 to 3) mL/mL by keeping the feed concentration con-
stant at 60 ppm. The solvent capacity value of 27.25 mg/L
is observed at 10 min (extraction period), and the dye ratio
(solution/solvent) is 1 mL/mL. If extraction time increased
to 30 min at the predefined dye ratio (solution/solvent), the
solvent capacity improved to 33.94 mg/L. However, the
solvent capacity decreased to 11.65 mg/L by reducing the
extraction time (10 min) and increasing the dye ratio (solu-
tion/solvent) (3 mL/mL). This value can still improve to
13.2 mg/L by increasing the extraction time (30 min) at a
dye ratio (solution/solvent) of 3 mL/mL. Further improve-
ment in the solvent capacity can be achieved (20.57 mg/L)
by decreasing the dye ratio (solution/solvent) to 2 mL/mL
and 20 min (extraction period). Thus, under the defined dye
concentration constraint (60 ppm) to achieve maximum sol-
vent capacity, optimal process conditions would be 30 min
of extraction period and 1 mL/mL of dye ratio (solution/sol-
vent). Other researchers have observed similar results [18].

Overall, from the design of the experiments, it can be
postulated that to carry out the batch method of LLEBP for
dye removal under specified process conditions, the opti-
mum process variables required can range from (20 to 30)
ppm for dye content, (20 to 30) min for extraction period,
and (1 to 3) mL/mL for dye ratio (solution/solvent) to maxi-
mize dye removal (%) and Y2 value. However, these opti-
mized process parameters are unsuitable enough to maxi-
mize the solvent capacity under the current adopted LLEBP

@ Springer

experiments. Moreover, the maximum solvent capacity value
can be achieved by increasing the feed concentration range
from (60 to 100) ppm by keeping all other selected process
ranges described before. Moreover, the previously reported
BBD optimization technique by Kanakasabai et al. (2023)
[34] demonstrated less removal (%). On the other hand,
CCD techniques employed by some other researchers [45,
47] achieved better results for similar studies. This study
has been carried out within the same input range as previ-
ous MR dye removal studies. Figure 3a.ii, b.ii, c.ii shows
the dye removal (%); Fig. 4a.ii, b.ii, c.ii depicts the coef-
ficient of distribution; and Fig. 5a.ii, b.ii and c.ii shows the
capacity of the solvent; at a specific coordinate in the factor
space, it shows the standard error. The outcomes vary from
1 — 4 for the percentage of dye removed, 0.1 —0.3 for the
coefficient of distribution, and 0.35— 0.7 for the capacity
of the solvent.

Ascertaining Optimum LLEBP Process Conditions
by Desirability Function Criteria

The numerical optimization using the Design Expert 13 is
examined towards various factors of the LLEBP experi-
ment and corresponding responses to ascertain suitable
batch reaction conditions. From the available criteria
embedded in the software (range selection, maximization/
minimization, target), achieving maximum value for all the
previously stated response variables is accomplished via
numerical optimization techniques focusing on the desir-
ability criteria. Since many batch runs are required in the
optimization process, they can consume much time and
energy. RSM-CCD design and the numerical optimization
based on the desirability function are applied for all three
stated LLEBP [7, 16]. The target response for dye removal
yield, distribution coefficient, and solvent capacity is
85-90%, 5-6, and 4-5 mg/mL, respectively. Though the
value of solvent capacity is very much high, as anticipated
in the DOE technique, this value is optimum under the
current context of the selected process parameter range.
The default importance setting (++ + ++) is allotted to
all the LLEBP process variables, significantly affecting the
response variables. Equal weight (1) is allocated to all the
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Fig.6 a Part 1: optimizing the
LLEBP process parameters
(dye conc. and extraction time)
to get maximum process yield
using the desirability criteria,
Part 2: contour plot showing the
effect on % dye removal, Part 3:
effect on the distribution coef-
ficient, Part 4: effect on solvent
capacity. b Part 1: optimizing
the LLEBP process parameters
[dye conc. and dye ratio (solu-
tion/solvent)] is used to get the
maximum process yield using
the desirability criteria. Part

2: contour plot showing the
effect on % dye removal. Part 3:
effect on the distribution coef-
ficient. Part 4: effect on solvent
capacity. ¢ Part 1: optimizing
the LLEBP process parameters
[extraction time and dye ratio
(solution/solvent)] for getting
maximum process yield using
the desirability criteria. Part 2:
contour plot showing the effect
on % dye removal. Part 3: effect
on distribution coefficient. Part
4: effect on solvent capacity
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Fig.6 (continued)

C: Dye solution to solvent ratio (mL/mL)

L

i

C: Dye solution to solvent ratio (mL/mL)

B: Extraction time (min )

dependent and independent factors. Table 4 displays the
optimization outcomes for dye removal (%) and distribu-
tion coefficient values obtained from LLEBP experiments.
These results were derived from batch runs conducted at
an initial dye concentration of 20 ppm, an extraction time
of 30 min, and a dye ratio of 3 mL/mL (solution/solvent).
The subsequent result of the numerical optimization is
depicted in Table 4, and the corresponding contour plots
are shown in Figs. 6 (see Figs. 6a, b, c).

From Table 4., it can be ascertained that by taking into
account the desirability function criteria, numerical opti-
mization via design expert is very helpful in minimizing
the variation in the process parameters. The optimization
of dye removal (%) and distribution coefficient values in
LLEBP experimental conditions is provided in Table 4.
These conditions fall within the range of process param-
eters earlier predicted by the design of the technique of the
experiment. Hence, the optimization process can be more
precise, excluding unwanted and time-consuming batch
runs. Regarding the desirability of "solvent capacity" fall-
ing within the ascertained range of process variables, the
numerical optimization technique also adopted accurate esti-
mates. However, the actual results can be achieved at higher
feed concentration ranges. The corresponding contour plots
related to optimized responses are provided in Fig. 6 based
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1% » u
B: Extraction timq {min |,
Distribution coefficient, Y2

Dye removal, Y1(%)

C: Dye solution to solvent ratio (mL/mL)
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B: Extraction time (min.)

C: Dye solu

on a 0.992 (~ 1) desirability factor. The red and blue colours
represent desirable values of 1 (high) and 0 (low). The desir-
able values for % dye removal and distribution coefficient
align with the selected process parameters range and show
good optimization fit (red colour). However, the chosen
desirable value for solvent capacity doesn't fall well with
the optimized process variables range; thus, intense blue is
observed in the contour plots. Indeed, optimization via desir-
ability function criteria is an excellent way of ascertaining
narrow and specific process variable ranges without going
for labour some unwanted batch reactions.

Flow Sheet of the Dye Removal Process

A flow sheet proposed to remove and recover methyl red dye
from industrial wastewater is shown in Fig. 7.

The prepared model oil or wastewater containing dye
is mixed with benzene, allowing the dye to dissolve in the
benzene. The aqueous solution is then separated from the
organic solvent. The organic solvent is subsequently mixed
with NaOH, and another phase separation is performed. The
aqueous phase is analysed to determine if the desired limits
are achieved. If the desired limits are not met, the process
is repeated until they are. The separated organic phase is
then reused.
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Fig. 7 Proposed flow diagram for extraction and recovery of the red dye from wastewater

Conclusion

The current study demonstrates the effective use of numeri-
cal optimization techniques to determine the optimal range
of LLEBP process parameters for the efficient removal of
MR dye from model textile dye effluent, avoiding the labori-
ous OVAT method. Key process variables such as dye con-
centration in the feed, extraction time, and dye ratio (solu-
tion/solvent) were optimized to achieve high dye removal
yield, solvent capacity, and distribution coefficient at a con-
stant pH of 3 and room temperature.

The design of the experiments using quadratic model
equations indicated that an optimal range for the selected
variables—dye concentration: (20-30) ppm, extraction
time: (20-30) min, and dye ratio (solution/solvent): (1-3)
mL/mL—resulted in dye removal percentages as high as
80-85%. Similar conditions yielded a high LLEBP distribu-
tion coefficient (~5 to 5.5 mg/L) and solvent capacity (~40
to 50 mg/L), with slight modifications to the design range.
The desirability function criteria further refined these vari-
ables, identifying optimal conditions: 20 ppm dye concen-
tration, 30 min extraction time, and a 3 mL/mL dye ratio.

These conditions achieved a dye removal yield of 85.682%,
a distribution coefficient of 5.287, and a solvent capacity of
4.504 mg/L.

Although the selected variables did not achieve the high-
est possible solvent capacity, the obtained value was higher
compared to other studies using BBD. This research effec-
tively designs experimental variables for maximum LLEBP
efficacy in MR dye removal using the CCD optimization
technique instead of BBD with the same input data. The
response surface diagrams demonstrated exceptional good-
ness-of-fit between the experimental and predicted values.

Additionally, our results enhance the understanding
of optimizing the extraction process for improved dye
removal from model textile effluent, contributing to
environmental sustainability. This study aims to maxi-
mize process optimization using CCD, aligning with UN
sustainability goals, and offers significant contributions
to the fields of environmental remediation and wastewa-
ter treatment. The findings provide valuable insights for
developing efficient and sustainable industrial wastewa-
ter treatment systems.
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