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A two-phase separation method called cloud point extraction (CPE) does not use hazardous or flammable organic solvents. The
efficient removal of the dye Reactive Black-5 (RB-5) from an aqueous solution using Triton X-114, a nonionic surfactant, is
described in this study. Three-level factorial design and response-surface methods were used to quantify the impact of process
variables on the CPE process, such as operating temperature and surfactant concentration. Investigations were conducted into
how these process variables affected the ratio between the phase volumes, the concentration of dye in the surfactant-rich phase,
and the residual amounts of dye in the diluted phase. As a result, ANOVA was used to create and validate mathematical models.
'The findings demonstrated that the correlation coefficients (R?) exceeded 0.98. The acquired findings showed that the suggested
extraction process is efficient, and the proposed CPE approach removes 98% of the RB-5 dye under optimal conditions.

1. Introduction

The delicate environment is threatened by significant amounts
of colored organic effluents from diverse textile companies.
The remaining dyes make up 1-15% of the colored wastewater
that is dumped into water bodies [1]. Nearly 10,000 dyes and
coloring chemicals are used exclusively by the textile industry
[1, 2]. These substances and pigments are still present in the
ecosystem and have a negative impact on nature and all living
beings in different ways [3, 4]. They reduce the diversity of
aquatic creatures and plants by preventing sunlight from
accessing the water bodies [5, 6]. Due to their brightness and
durability, reactive dyes outperform other dyes in the dyeing
of cellulose fibers [7]. Reactive Black-5 (RB-5) is a dye that
belongs to the diazo category. It is broadly applied in the
paper, leather, and textile industries. 15% of the dyes used in
the textile industry are lost in the dyeing process’s effluent [8].

The most significant pollutants in textile wastewater are dyes,
as well. As a result, RB-5 was chosen as the model dye for
textile effluent in this study.

Utilizing a variety of techniques, including nanofiltration
[9], adsorption on solid agricultural waste [10], micellar-
enhanced ultrafiltration [11], adsorption with bentonite clay
[12], ozonation [13], oxidation [14], activated carbon ad-
sorption [15], and surfactant impregnated with aluminum-
rich montmorillonite clay [16], among others, the decol-
orization of textile effluents is accomplished. Every one of
the aforementioned techniques has benefits and drawbacks.
Both ultrafiltration and nanofiltration have excelled in their
respective fields. However, due to membrane fouling, which
drastically decreases permeate flux and membrane life, their
use is restricted [8, 10]. Due to the fact that dyes are not
easily biodegradable, typical wastewater treatment proce-
dures are unable to effectively remove them [17].
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FIGURe 1: Structure of Reactive Black-5 dye.

Because it does not require organic solvents for liquid-
liquid extraction, a wastewater treatment technique based on
an aqueous micellar solution has recently received a lot of
interest. The aqueous micellar solution approach is a sur-
factant-based separation technique [18]. Surfactants are
nontoxic, nonflammable, and nonvolatile, and they are
needed in lower quantities for the aqueous micellar solution
process than organic solvents [19]. Surfactants are also
amphiphilic compounds that have favorable interfacial
characteristics and are frequently used in a variety of in-
dustrial separation processes. Nonionic surfactants, in
general, do not ionize in an aqueous solution and, at a
specific temperature, stimulate the separation of two im-
miscible aqueous phases [20]. The coacervate phase, which is
a surfactant-rich phase, and the diluted phase, which has a
reduced surfactant content, are two immiscible aqueous
phases, respectively [21]. Figure 1 shows a schematic illus-
tration of CPE.

Beyond the cloud point, many researchers have studied
the phase separation of nonionic surfactants. They claimed
that micelle attraction, micelle growth, and dehydration of
the nonionic surfactant’s outer layer’s micelles might all
contribute to phase separation [22]. The dye is soluble in the
micelle’s outer layer and core because of the dyes’ polarity.
The increase in micelle aggregation causes the nonpolar
molecules to become solubilized in the micelle core. Due to
the dehydration of the polyoxyethylene chains in the mantle,
polar molecules are solubilized [22, 23].

The experimental design is typically widely used to
optimize a variety of processes, some of which are listed
below. (a) Semmoud and Ma [24] carried out factorial design
research to improve the Red Bemacid dye concentration
during the CPE process by employing ionic liquids. (b)
Uranium extraction using Triton X-100 and D2EHPA (2-(2-
ethylhexyl)phosphoric acid [25]. (¢) A CPE approach with
surfactants to effectively eliminate the dye Direct Blue 71
(DB71) from an effluent [26]. (d) Improving the cobalt

aluminate synthesis [27]. (e) Predicting the surface stress
values of all fluids with a power-law tendency [28].

The process of cloud point extraction (CPE) is often
influenced by surfactant concentration and temperature.
Therefore, it is important to assess how temperature and
surfactant concentration affect the elimination of RB 5. As
they enable the consistent optimization of several variables,
multivariate approaches have generally been chosen to op-
timize process parameters like temperature and surfactant
concentration [28, 29]. The CPE procedure was previously
optimized by altering one parameter while maintaining the
values of the other parameters. As a result, the previous op-
timization method eventually demanded more time and effort
and required increased chemical usage to evaluate each pa-
rameter. Response surface methodology (RSM) is frequently
used to optimize the process variables that directly impact the
desired outcome in order to solve this issue. The link between
process characteristics and responses is demonstrated by RSM
[30, 31]. The RSM method produces findings much more
quickly and cheaply than other methods. Additionally, a small
number of trials based on factorial designs are used to examine
a number of process parameters using RSM. Compared to
analytical investigations, RSM has the benefit of being less
expensive and time-consuming [32].

To the best of our knowledge, the TX-114-based CPE
procedure for RB-5 was limited, and there is no literature on
the optimization process parameters used for RB-5. So, in
this investigation, the nonionic surfactant TX-114 was used
in the cloud point extraction (CPE) method to extract the
RB-5 dye. As a result, evaluating the effects of surfactant
concentration and temperature on RB-5 removal, opti-
mizing surfactant concentration and temperature for the
extraction of the RB-5 dye from an aqueous solution by
using RSM, and estimating the phase volume, RB-5 con-
centration in the dilute phase, and the rich phase after
separation, as well as extraction efficiency, are issues that are
frequently discussed.
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FIGURE 3: Cloud point of TX-114 with various concentration of RB-5 dye.

2. Materials and Methods

2.1. Materials. Reactive Black-5 (RB-5) dye (molecular
formula, Na O19S¢Cy6H,1Ns) was obtained from Sigma-
Aldrich, India. Triton X-114 (t-Octylphenoxy polyoxy-
ethylene ether) was procured from Sigma-Aldrich, India.
Chemical structures of RB-5 dye and Triton X-114 are
depicted in Figures 2 and 3, respectively. All reagents were
used without any further purification.

2.2. Cloud Point Extraction of RB-5 Dye. In textile effluent,
color concentrations typically range between 10 and
25mgL7". As a result, different concentrations of Triton
X-114 (0.01M to 0.1M) and dye (25ppm, 50 ppm, and
75 ppm) were used to prepare aqueous micellar solutions for
this study. Aqueous micellar solutions were kept in a
thermostatic bath for 30 minutes as prepared (40, 50, and
60°C, respectively) depending on the cloud point temper-
ature (CPT). (Model: High Precision Thermostatic Water
Bath (with Stirrer), The Precision Scientific Co., Chennai,
India) [32]. The volumes of the surfactant-rich phase and the
diluted phase were recorded after the creation of the het-
erogeneous clear phases. Then, using a UV-visible spec-
trophotometer, the concentrations of RB-5 in diluted phases
were calculated (Shimadzu, UV-2600).

2.3. Experimental Design. Three levels of factorial design
were used: low, medium, and high. The graphs, analysis of
variance, and effects computation were all performed using
the DESIGN EXPERT 7.0 software program (StateEase,
Minneapolis, USA). Various levels of experimental design
are depicted in Table 1.

Temperature (X3), dye concentration (X2), and surfac-
tant concentration (X1) were used as parameters, both at the
three levels. The mean value served as the experimental

3
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TaBLE 1: Various levels of experimental design.
Level
Symbol
-1 0 1
Surfactant concentration (M) X, 0.01 0.05 0.1
Dye concentration (ppm) X 25 50 75
Operating temperature ("C) X; 40 50 60

response, and the trials were carried out in triplicate. A total
of 15 trials were carried out, including one repetition at the
central point and 14 connected to the experimental design
matrix. Table 2 shows the design matrix and the experi-
mental findings.

Temperature and surfactant concentrations were chosen
so that they were above the surfactant’s turbidity curve,
which is shown in Figure 4. Visual observation was used to
estimate the cloud point. It was noted that the RB-5 dye plot
displayed lower cloud point values. This is caused by how
organic molecules interact with the polar head group of
surfactants [33].

2.4. Cloud Point Extraction. Experiments with the CPE were
carried out, as mentioned in section 2.2. Table 2 lists the
experimental data, including the percentage of dye extracted
(E), the phase volume ratio (R,), the concentration of the dye
RB-5 in the diluted phase following separation (X ;), and the
RB-5 concentration in the surfactant-rich phase following
separation (Xj,).

2.5. Regression Analysis. A mathematical model was gen-
erated using regression analysis. The quadratic polynomial
equations that demonstrate the relationship between each
response and important variables and iterations are the
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TaBLE 2: Experimental results for optimization of RB-5 dye (25 ppm, 50 ppm, and 75 ppm) with TX-114 at various operating temperatures

(40°C, 50°C, and 60°C).

Experimental results

Calculated results

Test Xi X5 X5 E%) R, Xsa (ppm)  Xir (ppm)  E (%) R, Xsa (ppm) X (ppm)
1 -1 1 -1 23.923 2.881 0.031 0.455 23.120 2.674 0.042 0.388
2 -1 1 1 34.577 3.734 0.238 0.796 34.910 3.664 0.065 0.739
3 -1 -1 -1 36.389 3.734 0.263 0.897 35.369 4.166 0.301 0.918
4 -1 0 0 36.441 4.384 0.359 0.911 39.632 4.105 0.453 0.967
5 -1 -1 1 63.657 6.383 0.454 0.987 61.955 6.221 0.511 0.949
6 0 0 -1 64.131 12.108 0.480 1.012 64.003 12.253 0.536 1.185
7 0 1 0 67.404 13.636 0.681 1.219 64.568 13.854 0.668 1.208
8 1 1 -1 67.782 15.741 0.795 1.297 69.776 15.745 0.862 1.344
9 0 0 0 72.755 17.924 0.886 1.603 73.144 17.636 0.809 1.621
10 1 1 1 73.381 19.048 0.897 1.819 74.692 18.614 0.879 1.832
11 1 -1 -1 78.961 18.765 1.208 2.020 78.919 19.237 1.142 1.964
12 0 0 1 80.792 24.378 1.222 2.141 79.754 24.061 1.433 2.047
13 0 -1 0 80.992 25.945 1.589 2.528 82.662 27.324 1.533 2.317
14 1 0 0 85.655 30.548 2.453 2.542 81.298 30.023 2.406 2.608
15 1 -1 1 97.536 36.986 2.853 2.864 98.631 36.597 2.832 2.941
3.2. Statistical Assessment
26
3.2.1. Analysis of Variance Test. Analysis of variance
o (ANOVA) was used to determine the validity of the dye
T 25 extraction model, and the results are shown in Table 3. The
= correlation measure was also used to calculate the dye ex-
g traction model’s coefficient of determination (R*). As can be
5 241 seen in Table 3, the model demonstrated statistically sig-
% nificant regression with a 95% confidence level (F_yculated
ey 5 | greater than Fpieq) and an R* of 0.9922, revealing that the
E model represented 99.22% of the variation in the experi-
“ mental data. It’s noteworthy to note that the model’s F-value
2 was 140.72, indicating that it was significant and predictive
and that there was only a 0.01% possibility that noise was to
' ' ' ' ' blame for such a high “model F value.”
0.02 0.04 0.06 0.08 0.10

Triton X-114 Concentration (M)

—a— 25mg/L
—o— 50 mg/L
—A— 75mg/L

FIGURE 4: (a) Response surface for dye extraction in (%). (b) Effects
of variables on dye extraction in the Pareto chart. (c) Coherence
between predicted and observed values of % of extraction.

result of the mathematical model [32]. The models below
were derived from experiments.

3. Results and Discussion

3.1. Properties of Dilute Phase and Coacervate Phase. In the
supplemental information, the characteristics of the coacer-
vate phase and the dilute phase were covered. The parameters
of the diluted phase were determined to be similar to those of
water, as given in the additional material in STable 1. The
surfactant micelle in the coacervate phase solubilizes the dye
that is present in the solution. As a result, the predominant
component of the diluted phase is water, and only a very small
amount of dye and surfactant are present.

As demonstrated in Figure 5(a), the temperature had no
impact on the dye removal, but the concentration of surfactant
had a satisfactory impact. Additionally, Figure 5(a) shows that
the interaction between the surfactant and the dye mostly
accounted for the fact that the concentration of the surfactant
had a stronger impact on the dye extraction efficiency than the
temperature. The hydrolytic breakdown of the RB-5 dye is
influenced by the ethylene oxide (EO) chains of the surfactant,
which form intramolecular or intermolecular hydrogen bonds
with dye molecules [34]. Furthermore, the surfactant con-
centration was higher when the coacervate phase formed,
which tends to attach the dye to it regardless of temperature.

The Pareto chart illustrates how the process parameters
affected the dye extraction process as presented in Figure 5(b).
The surfactant concentration alone had a substantial impact
on the model within the 95% confidence interval. This
property applies to both the linear and quadratic components.
The agreement between the value calculated by the model and
the experimental value is shown in Figure 5(c).

Since it directly affects extraction efficiency, surfactant
concentration is a crucial factor in CPE [35, 36]. The ex-
traction is only partially effective when the concentration is
low, but raising the concentration could affect the outcome
of the analysis [37].
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TaBLE 3: Validity of dye extraction by ANOVA.

Source Sum of squares DF Mean squares Fy Value p value Prob> F Remark
Reactive Black-5 (E)—R* =0.9922
Regression 6786.40 9 754.04 140.72 < 0.0001 Significant model
Residuals 53.58 10 5.36
Lack of fit 53.58 5 10.72
Pure error 0.000 5 0.000
Total 6839.98 19
Phase volume ratio (Rv)—RZ =0.9979
Regression 1558.72 6 259.79 1014.07 < 0.0001 Significant model
Residuals 3.33 13 0.26
Lack of fit 3.33 8 0.42
Pure error 0.0000003 5 0.00000006
Total 1562.05 19
RB-5 Concentration in dilute phase (X,0)—R® =0.9880
Regression 9.35 9 1.04 91.85 <0.0001 Significant model
Residuals 0.11 10 0.011
Lack of fit 0.11 5 0.023
Pure error 0.000 5 0.000
Total 9.47 19
RB-5 Concentration in surfactant rich phase (X,,)—R’> = 0.9880
Regression 7.87 9 0.87 77.33 < 0.0001 Significant model
Residuals 0.11 10 0.011
Lack of fit 0.11 5 0.023
Pure error 0.000 5 0.000
Total 7.99 19

Percentage of dye extracted (E) (%):
%E =73.14+20.83X, —9.05X; +7.88X, +0.78X, X,
~1.72X, X5 - 3.70X,X; — 12.68X +0.47X; - 1.27X;.
(1)

3.2.2. Phase Volume Ratio (R,). Table 3 indicates the analysis
of variance (ANOVA) computations to demonstrate the
relevance of the suggested model. 0.9979 was the calculated
coefficient of determination. With the appropriate degrees of
freedom, the value of the F_,jcyateq test was compared to that
of the Fi,peq test for the F distribution at a 95% confidence
level. The proposed model is statistically significant and
represents the responses as a function of the examined
variables, according to the model F-value of 1014.07. The
volume percentage of the coacervate phase increases with an
increase in surfactant concentration, according to the re-
sponse surface depicted in Figure 6(a) [38].

Because the surfactant is less hydrophilic at higher
temperatures and creates even more concentrated coacervate
in the surfactant, the volume fraction decreases in the
temperature scenario. The variables’ effects on the coacervate
phase volume fraction are depicted in Figure 6(b). The co-
acervate phase volume fraction is significantly influenced by
temperature and surfactant content. Silva et al. [33] showed a
similar result for the CPE method’s removal of phenol.

It is clear from the concentration of the surfactant that a
rise in surfactant concentration will result in a rise in the
volume fraction of the coacervate phase. The observations of
Ji et al. [35] about similar outcomes during the extraction of

phenolic acid from dandelion were also made. Additionally,
when the concentration of surfactant rises, more micelles are
produced for the CPE process, improving phase separation
[39]. Temperature, on the other hand, has a negative impact,
suggesting that an increase in this variable would cause a
decline in reaction, or a decrease in the volume fraction of
the coacervate phase.
Phase volume ratio:

Rv =15.74 + 11.58X, + 1.89X, — 3.49X, + 1.11X, X,
- 2.49X, X, - 0.28X,X,.

3.2.3. Dye Concentration in the Dilute Phase after Separation
(X,4). Withan R*0f0.9880 in Table 3, the suggested model for
dye concentration in the diluted phase following separation
demonstrated significant regression at a 95% confidence level.
The model is suggested to be significant and predictive by the
Model F-value of 91.85. A “Model F-value” this large could
only happen in 0.01% of cases due to noise, proving the
significance and predictability of the suggested model.
Figure 7(a) displays the response surface graph made by the
suggested model for dye concentration in the separated di-
luted phase (X;4). This is connected to the extraction effi-
ciency, where the extraction will be lower with less surfactant
supplied to the system [35]. The temperature will therefore
have no impact on the amount of residual dye present in the
aqueous phase following separation because it has no effect on
dye extraction. The surfactant, which also serves as an
extracting agent in this process, creates the coacervate phase
with a substantially equal amount of surfactant once the cloud
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FIGURE 5: (a) Response surface for the phase volume ratio. (b) Effect of variables on the coacervate phase volume fraction. (c) Relationship
between predicted and observed values of the phase volume ratio.

point (turbidity) is reached. This phase is in charge of re-
moving dye from the aqueous phase. Surfactant concentration
(linear component) is the significant variable within the 95%
confidence interval, as shown by the Pareto chart in
Figure 7(b) [33]. On either the linear or the quadratic com-
ponent, the sole effect of temperature was less significant. The
correlation between the experimental data and the values
determined by the model is depicted in Figure 7(c).

Dye concentration in the dilute phase after separation
(Xs,d):

X4 = 0.67 - 0.54X1 +0.68X, — 0.17X; — 0.28X, X,
+0.023X, X; - 0.019X,X; + 0.32X} 3)
+0.081X; +0.039X>.

3.2.4. Dye Concentration in the Surfactant-Rich Phase after
Separation (X,). After phase separation, the residual dye
concentration in the surfactant-rich phase is a crucial factor
in determining the feasibility of the operation. Even though
the extraction efficiency is high, the procedure is no longer
practical due to the rising dye concentration since the loss of
surfactant in the treated effluent leads to cost escalation and
effluent contamination. The analysis of variance (ANOVA)
was used to determine the model’s applicability in predicting
residual dye concentration, and the results are shown in
Table 4 with an R* value of 0.9858. With the appropriate
degrees of freedom, the value of the F.jcyatea test was
compared to that of the Fy,peq test for the F distribution at a
95% confidence level. The model is suggested to be signif-
icant and predictive by the model F-value of 77.33. A “Model
F-value” this large might happen owing to noise only 0.01%
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of the time. Response surface plots are depicted in
Figure 8(a), showing the impacts of temperature and dye
concentration. Within the examined range, as temperature
rises, there is a propensity to obtain progressively lower dye
concentrations in the surfactant-rich phase. The concen-
tration of the surfactant-rich phase rises as the dye con-
centration does as well. The hydrophilicity of the surfactant
decreases with temperature, which decreases its concen-
tration in the aqueous phase. The initial dye concentration
and temperature were shown to have significant impacts at a
95% confidence interval, according to the Pareto chart
shown in Figure 8(b), which was produced by statistically
analyzing experimental data. As a result, after separation,
larger dye concentrations result from an increase in con-
centration in the surfactant-rich phase. After separation, the
surfactant-rich phase has lower dye concentration values
due to the rise in temperature. It is mostly caused by a rise in

temperature because it intensifies micellar interactions
[38, 40], and [41]. The consistency of the findings is dem-
onstrated in Figure 8(c) by the correlation between exper-
imental data and model predictions.

The response surface approach and experimental design
were crucial for optimizing and examining the impact of
temperature and surfactant concentration on RB-5 dye
extraction. The outcome of the current investigation dem-
onstrated that the efficiency of the process is influenced by
both the temperature and concentration of the surfactant.

Dye concentration in the surfactant-rich phase after
separation (X ):

X,, = 1.83 + 0.54X, + 0.57X, + 0.17X; + 0.28X, X,
- 0.023X, X; + 0.019X,X; - 0.32X} (4)
+0.081X5 - 0.039X5.
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TABLE 4: Regression statistics.

Phase volume ratio
R? 0.9979

Adjusted R 0.9969
Predicted R* 0.9905
Standard deviation 0.5061
Mean 15.74

RB5 concentration in dilute phase
R 0.9880

Adjusted R 0.9773
Predicted R* 0.9083
Standard deviation 0.1064
Mean 0.8907

RB5 concentration in rich phase
R 0.9858

Adjusted R 0.9731
Predicted R* 0.8913
Standard deviation 0.1064
Mean 1.61

4. Conclusion

In this study, the experimental design and RSM were
used to assess the impact of surfactant concentration and
temperature on the dye extraction parameters. The ob-
tained results showed that the process efficiency is highly
influenced by both parameters, such as temperature and
surfactant concentration. In this instance, surfactant
concentration increases the efficiency of the extraction
process, the phase volume ratio, and the dye concen-
tration of the surfactant-rich phase while decreasing the
dye concentration in the diluted phase. Temperature,
however, has no impact on the effectiveness of the ex-
traction process or the dye concentration in the diluted
phase following separation. Only the volume ratio of the
coacervate phase is affected by temperature, and as the
temperature rises, the volume ratio of the coacervate
phase decreases. Overall, the findings of the present

investigation showed that 0.1 M surfactant at 60°C pro-
duces successful dye extraction with 98% removal (see
Table 4).
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