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A B S T R A C T

Cloud point extraction (CPE) was employed to eliminate Cresol Red (CR) and Methyl Orange
(MO), as anionic dyes in a binary mixture from aqueous solutions. To remove these dyes Triton X-
100 and NaCl at pH 5.7 were utilized. In this vein, wavelengths of 365 nm and 520 nm were
respectively selected for CR and MO using the derivative spectrophotometer and first-order de-
rivatives. According to based on the first-order derivative spectrophotometry, the recoveries rised
from 94.3 to 99.5 % for CR and from 94.6 to 99.1 % for MO. In the following, the response surface
methodology was administered to investigate the effect of surfactant concentration, temperature,
and time on the dyes’ elimination process. The quadratic mathematical model was obtained from
the Box-Behnken design (BBD) matrix and developed to estimate the impact of each variable and
its relationship with the elimination parameters. Later, coefficients of determination (R2) ≥0.97
were obtained using model equations and comparison between predicted and empirical values.
Analysis of variance estimated the models’ significance and anticipation while processing the
study variables. Based on the results, the model of pseudo-first-order in kinetic modelling can best
describe dyes adsorption among the studied models. The analyzed dyes adhere to the Langmuir
model with correlation values of 0.86 for CR and 0.87 for MO. The monolayer capacity (Qmax)
was determined as 0.77 mol/mol for CR and 26.41 mol/mol for MO.

1. Introduction

Water pollution, caused by improper municipal and industrial wastewater disposal, harmful contaminants, and poor solid waste
management, has a detrimental effect on the health of all living beings. Due to the large volume of wastewater entering the water,
uninterrupted effort is required to ensure proper wastewater disposal in the ecosystem [1,2]. Colored wastewater discharges from
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various industries, including textiles, paper, wood, cosmetics, agriculture, plastics, and leather, can lead to serious environmental
problems. Due to their exceptional resistance to extreme climatic conditions as a result of their chemical and photocatalytic stability,
most dyes pose a significant health risk to all living organisms [3], causing damage to human organs and body systems, including the
lungs, liver, Vasco-circulatory system, reproductive system, and immune system. Additionally, they may trigger allergic responses,
eczema, and skin dermatosis [4–6].

CR along with MO are negatively charged dyes used as indicators in laboratories. CR, classified as a dangerous substance by
Occupational Safety and Health Administration (OSHA) [7], causes irritation to the eyes, respiratory system, and skin. MO as an azo
dye, has mutagenic and carcinogenic characteristics [8].

CR and MO dyes similar most commercial anionic dyes have a high solubility and chemical stability in water, allowing them to
persist for long periods even when subjected to heat, chemicals, and light [9]. Previous research has described standard methods for
separating and removing dyes, such as adsorption [10–20], extraction [21–23], coagulation [24–26], and degradation [27–34];
however, all these methods are faced with limitations, such as 1) the usage of rather costly sorbents, resulting in high preparation
expenses and restricted reusability [35]. 2) Non-accessibility of ozone used in the process of ozonolysis. 3) The toxicant impacts of
chemical substances necessary for the process of coagulation [14]. To face these challenges researchers have recently developed more
effective methods to remove dyes, including anionic dyes.

CPE, as a contemporary and highly effective technique for extracting fluids, involves using surfactants to separate organic and
inorganic components in the field of separation science [36]. This approach facilitates separating the hydrophobic and hydrophilic
components [37] relying on the clouding phenomenon demonstrated by surfactants [38]. In this regard, the examined solution is
divided into two separate phases by heating up to a certain temperature, known as the cloud point temperature (CPT), at which the
solution transforms into a surfactant exceeding the critical micellar concentration [39]. When the temperature exceeds the critical
micelle temperature (CPT), surfactant molecules form micelles and arrange their hydrocarbon tails inward, creating a nonpolar hy-
drophobic core. The technique has been employed for removing and measuring metallic elements and dyes [40–49], predicting
pharmaceutical drugs [50,51] in food, and analyzing organic chemicals [52].

Furthermore, CPE not only offers reducing solvent exposure but also is highly cost-effective and time-efficient. This method also
enjoys an intrinsically safe design with low possibility of risks and accidents, like fires, choking, or explosions, since it does not require
using harmful detectors or organic solvents. In other words, CPE is categorized as a green analytical technique because it uses a small
amount of nontoxic surfactant (rather than a hazardous organic solvent) [53–57].

There is significant apprehension in analytical chemistry about simultaneous tracing of several dyes in a specimen without
separating individual ingredients. To perform simultaneous analysis of dye systems containing many components, spectrophotometry
of Ultraviolet–visible (UV–Vis) absorption is a more cost-effective and less complicated method than electrophoresis and chroma-
tography. However, UV–Vis frequently encounters problems because its zero-order absorption spectra overlap. The spectrophotometry
with a conventional first-order derivative was utilized to resolve spectral overlaps and remove the signals in the background emanating
from the presence of additional elements in the samples [58]. Derivative spectrophotometry offers a wide range of applications in
biochemical, clinical, and pharmacological research as well as inorganic and organic analysis [58,59]. The “zero-crossing technique”,
as a precise method of data analysis, enables quantitative measurement of an analyte in the sample of a matrix and permits simul-
taneous detection of two analytes in binary mixtures. Given that derivatization results are influenced by the shape of absorption
spectra with zero order, signals are wide, flattened, and then zeroed, amplifying analyte signals. So, the zero-crossing technique
provides a proportional amplitude for the derivative spectrum concerning the analyte concentration, which reduces the effect of
background but increases selectivity compared to the traditional methods [59].

In this research, we also employed one of the RSM methods, namely the Box-Behnken model (BBD), which is a response surface
model more efficient than the three-level factorial or central composite designs. These designs include all general schemes using just
three levels of factors that can be rotated partly or completely. While these designs lack combinations for complete components at their
maximum and minimum values, BBD can decrease the number of necessary tests and prevent conducting studies under extreme sit-
uations that may result in unsatisfactory results [60].

However, a review of the literature indicates that CPE has only been implemented for eliminating solitary dyes. Given the presence
of diverse dyes in real-world commercial effluents, evaluating the suggested procedures for the concurrent disposal of mixed dyes from
water and wastewater is necessary [61]. In this investigation, first-order derivative spectrophotometry and the laboratory design were
employed along with the CPE technique to concurrently eliminate CR and MO dyes. To this end, the effects of pH, electrolyte con-
centration, surfactant concentration, dye concentration, and cloud point temperature were investigated on the removal efficacy of the
CPE system. Later, the characteristics of the solubilization isotherms and kinetic models of CR and MO were studied.

2. Experimental

2.1. Materials

The highest possible purity of CR, MO, phosphoric acid, sodium hydroxide, sodium chloride, and Triton X-100were purchased from
Merck Germany company. A stock solution containing 1000 mg/L of dyes was prepared in double-distilled water. The stock was first
diluted to prepare the working standard solutions. A solution of phosphoric acid and a solution of sodium hydroxide were employed to
prepare 0.1 M phosphate buffer solutions. A solution of 0.1M NaOH and phosphoric acid was utilized to modify the pH level using a pH
meter.
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2.2. Instruments

The UV–Vis spectrophotometer (model LUV 100A, Labnics, United States of America) was applied to measure the absorbance of CR
and MO dyes. Wave scanning with UV software was performed at the 300–700 nm wavelength range and the wavelengths of 365 and
520 nm were selected for CR and MO dyes with the first-order derivative spectrum. A laboratory water bath was also employed to
maintain the appropriate temperature.

2.3. Cloud point extraction process and dye analysis

In glass tapered tubes, 1.0 mL binary mixture of CR and MO dyes in aqueous solutions was prepared at a specific concentration, the
Triton X-100 surfactant (0.11 mol/L), and NaCl (0.75 mol/L) at pH 5.7. Then, the mixture was heated in a bath of water at 70 ◦C for 35
min to produce segregation of the phases. In the following, the mixture was placed in an ice bath for 10 min so that the surfactant-rich
phase got viscous and the final concentration of dye in the phase of dilute was determined using a UV–Vis spectrophotometer. The dye
removal efficiency was calculated using Eq. (1):

%Efficiency=
Cinitial − Cdilute

Cinitial
× 100 (1)

Where, Cinitial is the initial concentration of dye and Cdilute is the concentration of dye in the dilute phase. Therefore, an optimization
process was performed by selecting the best laboratory conditions for dye removal [45].

The recovery studies [59] were recruited to verify the accuracy of the zero-crossing spectrophotometry method with a first-order
derivative for evaluating the CR and MO dye concentrations in binary solutions. In this regard, two standard solutions were created
including various concentrations of CR along with MO dyes. The concentration of MO was established at 5 mg/L in the first batch,
while the CR content ranged from 1 to 50mg/L. The same trend was utilized in the second batch to achieve standardMO solutions with
concentrations within the range of 1–50mg/L when there was 5 mg/L CR. Finally, synthetic combinations of varying concentrations of
both dyes, ranging from 1 to 30 mg/L, were tested to demonstrate the validity of the suggested approach.

Equations (2) and (3) were used to calculate the relative errors (%) and recoveries (%) between calculated (Cc) and theoretical (Ct)
concentrations [58].

Recovery (%)=
Cc
Ct

× 100 (2)

Relative Error(%) =
Cc − Ct
Ct

(3)

2.4. Response surface methodology (RSM)

After selecting the appropriate ionic salt for extraction, RSM (a multivariate optimization method that finds the optimized con-
ditions by performing the minimum number of tests) was used to optimize other factors, such as concentrations of CR, MO, surfactant,
pH, temperature, and time. The design-Expert® software (version 10), which benefits from regression analysis, was also run for
probationary design investigations. To assess the main effects of the study factors, 54 experiment runs were designed at random. The
study factors, high and low levels, RSM matrix, and outcomes are demonstrated in Table 1. The second order polynomial as equation
(4) can approximate the mathematical relationship between the six variables and the response:

Y=X0 + X1A+ X2B+ X3C+ X4D+ X5E+ X6F + X11A2 + X22B2 + X33C2 + X44D2 + X55E2 + X66F2 + X12AB+ X13AC+ X14AD

+ X15AE+ X16AF + X23BC+ X24BD+ X25BE+ X26BF + ε
(4)

where X0 is constant; X1, X2, X3, X4, X5, X6 are linear coefficients; X12, X13, X14, X15, X16, X23, X24 X25, X26, are cross-product coefficients;
X11, X22, X33, X44, X55, X66 are quadratic coefficients [62].

The statistical significance of the model equation and the goodness of fit of the model were evaluated by the coefficient

Table 1
Box-Behnken model design matrix.

Factors Coded Variable (X!) Experimental Field

− 1 0 +1

A: Concentration of CR dye(mg/L) X1 1 75.5 150
B: Concentration of MO dye(mg/L) X2 1 75.5 150
C: Concentration of Triton X-100 (M) X3 0.01 0.07 0.12
D: pH X4 3 7 11
E: Temperature(

◦

C) X5 40 70 100
F: Time(min) X6 5 32.5 60
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determination (R2) and by the F test analysis of variance (ANOVA). ANOVA is a statistical technique that subdivides the total variation
in a set of data into component parts associated with specific sources of variation for the purpose of testing hypotheses on the pa-
rameters of the model. According to the ANOVA the large value of F indicates that most of the variation in the response can be
explained by the regression equation. The associated P value is used to estimate whether F is large enough to indicate statistical
significance.

3. Results and discussion

3.1. Dye analysis

The zero-order spectra of absorption were achieved for each dye within the wavelength range of 300–700 nm under optimal
conditions. Wavelengths with maximum absorption levels of 435 and 480 nm were selected to study CR and MO in their single dye
solutions at different concentrations. For CR andMO dyes, the calibration curves were linear within the range of 1–200mg/L, although
the correlation diverged at very high doses. According to the results of the optimization process for the target dyes, the optimal values
were identical for the elimination of CR and MO. As a result, the simultaneous measurement of CR and MO in binary mixtures was
performed at pH= 5.7, which allowed efficient removal of both dyes. A binary mixture containing 5mg/L of each dye was provided for
the simultaneous elimination of CR along with MO. Following the extraction of dyes using the suggested approach, the spectra of
absorption with zero order were recorded (Fig. 1a).

Themaximumwavelength of MO and CR in aqueous solution was as a single at 480 and 430 nm, but in the binary mixture of CR and
MO from aqueous solutions, overlapping was obtained and direct measurement of absorbance using absorption spectra with zero order
was not applicable for the simultaneous removal of the studied dyes. Consequently, the concurrent analysis of CR and MO dyes in

Fig. 1. Spectra of zero and first order derivatives of CR and MO dyes (initial dye concentration of 5mg/L).
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mixtures of two substances was dependent on the examination of derivative absorption spectra. Fig. 1b illustrates the spectra of ab-
sorption with zero order of CR and MO in single and binary mixed solutions within the wavelength of 300–700 nm. Based on the
measurement of the value of absorbance’s first derivative of CR dye at 365 nm (1D365) when MO is present, where MO’s derived
absorbance was zero (zero crossing point), and at 520 nm (1D520) for MO dye in the presence of CR, where CR’s derived absorbance
was zero or close to zero value, simultaneous determination of CR and MO was performed with first derivative method.

According to Table 2 and based on the first-order derivative spectrophotometry, the recoveries increased from 94.3 to 99.5 % for
CR and from 94.6 to 99.1 % for MO. In addition, the percentage error increased from 0.5 to 2.3 % for CR and from 0.6 to 3 % for MO,
confirming the ability of derivative spectrophotometry to quantify the CR and MO concentrations in binary mixtures. This approach
can eventually be used to detect other dye mixtures with overlapped spectra [58,63–67].

3.2. Optimization of ionic salts

In the elimination procedure, the optimization step is of great importance. In the present study, initially selected an ionic salt with a
suitable concentration since salt promotes phase separation by increasing the movement of chemical constituents between different
phases and declining the Cloud Point Temperature (CPT) [68]. When the temperature rises over the surfactant cloud point. It causes
the micelles to lose water and the hydrophobic interactions between the micelles increase. If the surfactant concentration is high
enough produce a cloudy solution, resulting in phase separation. The separation may occur at room temperature in the presence of
specific salt, known as the salting-out phenomenon. The salting-out notion states that the solubility of a non-electrolyte decreases when
there is a high concentration of electrolyte. The introduction of salt into a micellar solution enhances the hydrophobic contacts be-
tween micelles by increasing the dryness between them. When the surfactant concentration reaches a sufficient level, it leads to the
formation of turbidity and enables phase separation. The use of the salting-out phenomena in CPE eliminates the need for heating and
thereby decreases the duration of the separation process [61].

For this purpose, three ionic salts, namely Na2SO4, Na2SO3, and NaCl, were selected and compared for their ability to remove the
dyes under study. According to the findings, NaCl had the highest elimination efficiency. When the concentration of this salt was
optimized in the range of 0.25–1mol/L, the 0.75mol/L concentration showed the most effective results in removing dyes. According to
Mortada et al. [61], salt can exacerbate the incompatibility between surfactant macromolecules and the structures of water in the
hydration shells of the analytes. This can lower the concentration of “free water” in the surfactant-rich phase and decrease its volume
consequently.

3.3. Box-behnken design

The other influencing factors were optimized using the RSM design. Table 3 shows the experimental results as well as a 6-factor
BBD matrix for removing CR and MO. The model of quadratic was offered by the software and the experimental results were fitted
accordingly, yielding regression equations (5) and (6) for the simultaneous removal of CR and MO dyes in a binary system:

%E=91.67 − 4.45X1 − 3.67X2 + 2.44X3 − 1.67X4 + 1.66X5 + 0.79X6 − 2.22X1X2 + 1.19X1X3 − 1.136X1X4 + 0.73X1X5

+ 0.189X1X6 + 0.55X2X4 − 0.54X2X5 + 0.53X2X6 + 2.01X3X5 + 1.05X3X6 − 1.56X4X6 + 0.68X5X6 + 4.40X2
1 − 1.28X2

2

− 0.74X2
3 − 0.59X2

4 − 2.46X2
5 − 1.33X2

6 (5)

%E=86.73 − 3.26X1 − 6.64X2 + 5.24X3 − 15.59X4 + 3.55X5 − 1.80X6 − 3.67X1X2 − 4.93X1X3 − 5.61X1X4 − 4.42X1X5

+ 12.50X1X6 − 5.26X2X4 − 4.16X3X5 − 7.03X3X6 − 7.00X4X6 − 8.95X2
2 − 7.38X2

3 − 12.11X2
4 − 4.28X2

6 (6)

Where, X1, to X6 are the independent variables.
In a sample, the percentage of CR and MO can be used to predict the removal effectiveness of each dye, revealing antagonistic and

synergistic effects on removal performance [69]. The significance of the design coefficients was determined using the p-value factor.
The reliability and significance of Eqs. (5) and (6) were estimated using the Analysis of Variance (ANOVA) showing that the F

Table 2
First derivative spectrophotometric method used to measure CR and MO from aqueous solutions.

Sample CR MO Regression equation for components R2 LOD(mg/L)

1 5 1–50 ΔA/Δλ = − 0.0007 − CMO0.0004 MO = 0.9914 MO = 0.4

2 1–50 5 ΔA/Δλ = − 0.0005+ CCR0.0005 CR = 0.992 CR = 0.3

Taken(mg/L) Found (mg/L) %Recovery %Error
CR MO CR MOCR MO

5 4.95 4.96   99.5 99.1 2 3
10 9.73 9.53   97.3 95.3 1.2 1.5
20 19.62 18.92   98.1 94.6 2.3 1
30 28.29 29.13   94.3 97.1 0.5 1.2
Average     97.3 96.53 1.5 1.68
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Table 3
ANOVA data for the removal of CR and MO dyes from aqueous solutions.

Run Order Factors E% of CR E% of MO

A B C D E F Observed Predicted Observed Predicted

1 1 75.5 4.5 3 100 32.5 99.41 99.06 89.22 86.07
2 150 75.5 8 7 70 60 96.89 96.92 88.74 88.35
3 1 1 4.5 3 70 32.5 99.61 100.96 95.81 93.03
4 150 1 4.5 3 70 32.5 99.29 99.22 99.31 105.07
5 75.5 1 4.5 7 40 60 87.82 87.66 89.13 89.31
6 75.5 75.5 4.5 7 70 32.5 91.35 91.67 86.77 86.73
7 1 75.5 8 7 70 60 99.41 99.65 81.46 79.73
8 1 75.5 4.5 11 40 32.5 96.72 96.58 48.35 50.16
9 75.5 150 4.5 7 100 60 85.79 86.03 85.56 86.03
10 1 150 4.5 3 70 32.5 97.17 96.97 88.80 97.62
11 150 150 4.5 3 70 32.5 86.69 86.34 95.09 94.96
12 1 75.5 1 7 70 5 99.31 99.34 89.11 88.00
13 75.5 75.5 4.5 7 70 32.5 92.17 91.67 87.12 86.73
14 75.5 75.5 8 3 70 60 97.08 96.87 89.22 88.20
15 75.5 1 8 7 40 32.5 89.44 89.15 99.70 100.82
16 1 75.5 4.5 3 40 32.5 97.12 96.49 85.74 84.12
17 75.5 1 4.5 7 100 60 93.63 93.42 99.01 100.16
18 75.5 75.5 8 3 70 5 90.31 90.07 80.22 76.21
19 150 75.5 4.5 3 100 32.5 93.99 94.35 83.21 81.91
20 75.5 150 4.5 7 40 60 82.16 82.46 79.51 77.73
21 75.5 1 4.5 7 40 5 88.72 88.48 97.13 95.82
22 75.5 150 4.5 7 40 5 80.96 81.18 83.70 83.39
23 1 75.5 8 7 70 5 99.51 99.75 90.02 94.29
24 75.5 75.5 4.5 7 70 32.5 90.85 91.67 85.98 86.73
25 1 1 4.5 11 70 32.5 99.11 99.23 83.96 83.58
26 75.5 75.5 8 11 70 60 89.67 89.72 56.75 58.64
27 1 75.5 1 7 70 60 95.36 95.06 43.46 45.34
28 75.5 75.5 1 11 70 60 83.12 83.42 28.43 30.94
29 150 75.5 1 7 70 60 87.84 87.55 76.44 73.67
30 75.5 1 1 7 100 32.5 88.71 88.55 95.85 94.82
31 75.5 150 4.5 7 100 5 81.89 82.05 87.76 86.74
32 75.5 150 8 7 100 32.5 88.92 89.03 82.92 82.43
33 75.5 150 1 7 100 32.5 79.94 80.23 84.43 84.15
34 150 150 4.5 11 70 32.5 82.49 81.37 38.75 42.05
35 1 150 4.5 11 70 32.5 97.59 97.43 73.41 67.14
36 150 1 4.5 11 70 32.5 91.64 92.07 81.49 73.19
37 75.5 1 8 7 100 32.5 97.93 97.58 99.21 100.86
38 75.5 75.5 4.5 7 70 32.5 91.82 91.67 86.65 86.73
39 75.5 75.5 4.5 7 70 32.5 91.71 91.67 86.53 86.73
40 75.5 150 1 7 40 32.5 81.68 82.03 72.49 70.00
41 75.5 75.5 1 3 70 60 89.18 89.21 67.23 66.83
42 75.5 75.5 8 11 70 5 89.14 89.17 50.83 49.74
43 75.5 150 8 7 40 32.5 82.61 82.78 84.73 84.93
44 75.5 1 4.5 7 100 5 91.83 91.53 99.10 101.71
45 150 75.5 4.5 11 40 32.5 83.39 83.51 38.63 41.27
46 150 75.5 4.5 11 100 32.5 87.16 87.56 52.41 53.51
47 150 75.5 1 7 70 5 84.47 84.29 66.09 66.33
48 150 75.5 4.5 3 40 32.5 88.42 88.84 97.43 97.66
49 150 75.5 8 7 70 5 89.22 89.47 53.28 52.90
50 75.5 75.5 1 11 70 5 86.89 87.05 47.62 50.14
51 75.5 1 1 7 40 32.5 88.27 88.17 76.79 78.12
52 75.5 75.5 1 3 70 5 86.71 86.60 83.34 82.95
53 75.5 75.5 4.5 7 70 32.5 92.12 91.67 87.33 86.73
54 1 75.5 4.5 11 100 32.5 97.89 97.70 79.82 80.10

Source Df CR dye MO dye

SS MS F-Value p-value SS MS F-Value p-value

Model 27 1776.31 65.79 233.79 <0.0001 16653.95 616.81 44.37 <0.0001
A 1 474.55 474.55 1686.34 <0.0001 255.39 255.39 18.37 0.0002
B 1 323.47 323.47 1149.49 <0.0001 1057.88 1057.88 76.09 <0.0001
C 1 143.33 143.33 509.32 <0.0001 659.40 659.40 47.43 <0.0001
D 1 67.23 67.23 238.92 <0.0001 5833.47 5833.47 419.58 <0.0001
E 1 65.94 65.94 234.31 <0.0001 302.25 302.25 21.74 <0.0001
F 1 15.03 15.03 53.40 <0.0001 77.98 77.98 5.61 0.0256
AB 1 39.56 39.56 140.58 <0.0001 108.04 108.04 7.77 0.0098
AC 1 11.40 11.40 40.51 <0.0001 194.24 194.24 13.97 0.0009

(continued on next page)
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values for CR and MO are 233.79 and 44.37, respectively (Table 3). These values indicate the significance of the proposed model for
removing these two dyes from the existing process. On the other hand, extremely low p-values (≤0.05) for the dyes in the quadratic
equation indicate statistical significance [34,70,71]. These values were offered at a remarkably significant level for both models.
According to the data in Table 3, the B, C, D, E, F, AB, AC, AD, AE, AF, BD, BE, BF, CE, CF, DF, EF, A2, B2, C2, D2, E2, F2 for CR along with
A, B, C, D, E, F, AB, AC, AD, AE, AF, BD, CE, CF, DE, B2, C2, D2, F2 for MO coefficients were significant with minimal P-values (P< 0.05)
while the other coefficients were non-significant (P > 0.05). In this analysis, R2 (determination coefficient) values were respectively
obtained as 0.9959 and 0.9788 for CR and MO, which are well balanced by the experimental data since all deviations were justified via
the regression design [72,73]. The R2 adjusted determination coefficient values (R2 adj) tended to be 0.9916 and 0.9567 for CR and
MO, respectively. The values of R2 adj and R2 were extremely close to each other, which is similar to the literature [74]. The R2 pred
values were respectively 0.9992 and 0.9983 for CR and MO matching with the R2 adj value and reasonably consistent with the cor-
relation values. In addition, the coefficient of variation (CV) for CR was equal to 0.58 percent for CR and 4.73 percent for MO,
confirming the trustworthiness of this model as reported by the literature [28]. Fig. 2a and b indicate the normal probability vs
externally studentized residuals so that the points should be in a roughly straight line in a normal distribution. Given that the points in
Fig. 2a and 2b illustrate a straight line, they are presumed to be regularly distributed [35]. The residuals’ normal distributions indicate
the veracity of the assumptions and the residuals’ independence [75]. Fig. 2c and d demonstrate the relationship between the actual
and projected values for the dye removal. The anticipated and actual positions were typically close to each other (Fig. 2c and d). This
finding corroborates the research’s experimental findings [76,77].

Fig. 3(a–c) display the contour plots for concentration of Triton X-100, pH, and temperature variables for both dyes. According to
the interpretation of the graphs, the concentration of the surfactant Triton X-100 (investigated between 0.01 and 0.12 mol/L) has a
direct effect on elimination performance. The model for Triton X-100 presents a concentration of 0.11 mol/L as the optimal value.
These dyes cannot be removed with substantial efficiency at low surfactant concentrations so that a rise in the concentration of
surfactant higher than this range would not result in a significant increase in dye removal outcome. The real number of micelles grow
as the surfactant concentration rises, improving the dye molecule solubility as a result [78]. In this process, the optimal amounts for
removing CR and MO dyes were respectively determined as 11.24 and 13.52 mg/L, indicating the restricted adsorption ability of the
surfactant as an adsorbent, which prevented further removal. The antagonistic impact of each dye is detectable at adsorption, which
results in a decreased adsorption yield [59].

Considering the critical role of pH in the efficiency of dye removal, the role of pH in dye removal was surveyed in the range of pH=

3–11 and a pH equal to 5.77 was considered as optimal. The dye adsorption capability was determined utilizing the strength of the
ionic interaction between the adsorbent and the dyes [79]. Typically, the absorption capacity will be high when cationic dyes are at
basic pH and anionic dyes are usually adsorbed on the adsorbent surface at acidic pH, which is the interaction of strong electrostatics
between opposite charges that molecules of dye and their residue create over the adsorbent surface [79,80].

The final variables to be optimized were temperature and time. For this purpose, the temperature was set within the range of 40 ◦C
and 100 ◦C, and the time was between 5 and 60 min. The optimized temperature and time were respectively 70.8 ◦C and 35.96 min
based on the RSM results. Non-ionic surfactants became more hydrophobic at higher temperatures because of an equilibrium shift that
favors dehydration with ether oxygen [81]. With an increase in temperature, the critical micelle concentration (CMC) of non-ionic
surfactants diminished [82]. As temperature rises, the number of micelles and their ability to dissolve substances in the solution
increased, resulting in a greater ability to remove dyes. However, at temperatures higher than 70 ◦C, the system reversed and reduced
the efficiency of removal.

Table 3 (continued )

Source Df CR dye MO dye

SS MS F-Value p-value SS MS F-Value p-value

AD 1 29.46 29.46 104.68 <0.0001 503.22 503.22 36.19 <0.0001
AE 1 4.32 4.32 15.36 0.0006 156.56 156.56 11.26 0.0024
AF 1 28.46 28.46 101.15 <0.0001 1250.50 1250.50 89.94 <0.0001
BD 1 2.39 2.39 8.48 0.0073 221.13 221.13 15.91 0.0005
CE 1 32.40 32.40 115.14 <0.0001 138.61 138.61 9.97 0.0040
CF 1 17.54 17.54 62.31 <0.0001 789.89 789.89 56.81 <0.0001
B^2 1 16.81 16.81 59.73 <0.0001 823.25 823.25 59.21 <0.0001
C^2 1 5.63 5.63 19.99 0.0001 560.44 560.44 40.31 <0.0001
D^2 1 3.59 3.59 12.76 0.0014 1508.28 1508.28 108.49 <0.0001
F^2 1 18.11 18.11 64.37 <0.0001 188.77 188.77 13.58 0.0011
Residual 26 7.32 0.28   361.48 13.90  
Lack of Fit 21 6.07 0.29 1.15 0.4802 360.36 17.16 76.43 <0.0001
Pure Error 5 1.25 0.25   1.12 0.22  
Cor Total 53 1783.62    17015.43   
R-Squared    0.9959    0.9788 
Adj-R-Squared    0.9916    0.9567 
Pred-R-Squared    0.9812    0.8893 
Adequate Precision    54.252    27.609 
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3.4. Kinetic models

The process of adsorption can be explained through several kinetic models, consisting of the pseudo-first order [83], pseudo-second
order [84], and intraparticle diffusion models, to assess the dynamical empirical data, as shown in nonlinear Eqs. (7) and (8),
respectively.

qt = qe
(
1 − exp− k1t

)
(7)

qt =
q2
ek2t

1+ qek2t
(8)

Where, qt represents the absorbed amount of dyes per unit mass on adsorbent at any time t (mg/g), qe represents the quantity of each
dye’s equilibrium adsorption per unit mass (mg/g), k1(1/min), and k2(g/mgmin) demonstrates the constants for the pseudo-first-order
and pseudo-second-order models, respectively. The model of pseudo–first-order, proffered by Lagergren in 1898, assumes that the rate
of solute uptake changes proportionally to the difference between the saturation concentration and the amount of solid uptake as time
passes. This model is typically valid during the initial stage of the adsorption procedure. The pseudo–second-order kinetic model is
based on the assumption that the rate-limiting step is either chemical sorption or chemisorption. It provides predictions for the whole
spectrum of the adsorption behavior. The adsorption rate in this situation is specified by the adsorption capacity rather than the

Fig. 2. The plots of normal probability of the residuals for co-elimination of CR (a) and MO (b)
dyes and predicted values versus experimental data for co-elimination of CR (c) and MO (b) dyes.
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Fig. 3. Contour plots for (a) surfactant concentration, (b) pH and (c) temperature for CR and MO dyes from aqueous solutions.
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Fig. 4. Adsorption kinetic models (a) pseudo-first order kinetic model, (b) pseudo-second order kinetic model and (c) intraparticle diffusion model
for adsorption of CR and MO dyes onto Triton X-100.
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concentration of the substance being adsorbed [84,85]. The data collected from the pseudo-first-order and the pseudo-second-order
models of kinetic are depicted in Fig. 4a and b. When compared to pseudo-second-order, the numbers for the pseudo-first-order’s
coefficient of determination (R2) are significantly greater. The pseudo-first-order model demonstrated a determination coefficient (R2)
value of higher than 0.97, surpassing the R2 value of 0.93 obtained from the pseudo-second-order model for the two investigated dyes.
The determination coefficient values indicate that the kinetic pseudo-first-order model is the most appropriate for describing the data
and the adsorption mechanisms involving Triton X-100 and both dyes properly. Furthermore, the amounts of adsorption calculated by
the pseudo-first-order model in equilibrium closely resemble those found experimentally [86].

According to Marco-Brown et al. [87], the intraparticle diffusion model may be characterized as equation (9) follows:

qt = kpt0.5 + C (9)

In the given context, “qt” represents the amount of CR and MO dyes adsorbed at a certain time “t". Where, “kp” (mg/g min− 0.5) in-
dicates the rate constant of intraparticle diffusion. “C" refers to the constant calculated from the intercept of the equation when plotting
“qt” against “t0.5". The adsorption of CR along with MO dye molecules may be divided into three distinct phases, as seen in Fig. 4c. The
first step involves quick adsorption on the outer surface and the second phase is characterized by slow adsorption. In the third phase,
equilibrium is reached due to the reduced concentration of dye in the liquid phase and the absence of accessible active sites. The values
of the intraparticle diffusion parameters (kp and C) as well as the regression determination coefficient (R2) for CR and MO were 0.04,
0.32, 0.14, 1.1, and 0.98, respectively. The high R2 values indicate that the intraparticle diffusion model represents the adsorption
process appropriately. Despite the linear correlation, none of the graphs intersected at the origin due to the disparity in mass transfer
rate between the first and final adsorption phases. In addition, the non-zero intercepts of these plots illustrated that intraparticle
diffusion did not serve as the only rate-controlling step in the process of adsorption of CR along with MO dyes by the created adsorbent
Triton X-100 [39].

Fig. 5. Isotherm of solubilization a) CR and b) MO dyes on Triton X-100 surfactant.
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3.5. Isotherms models of adsorption

The models’ objective is to examine the process of interaction by extracting the surfactant Triton X-100 and impurities of CR and
MO dyes to determine the most efficient, appropriate, and cost-effective surfactant. In this regard, CPE stands for the potential for
interaction between a contaminating species and surfactant micelles. This interaction may be interpreted as a sorption procedure in
which species with contaminating (adsorbate) attach to the surface of micelles of surfactant (adsorbent) like Triton X-100 or other
positions inside the micelles. In this scenario, Triton X-100 micelles serve as a highly responsive center readily available for sorption.
Triton X-100 micelles can sequester contaminating species, such as CR and MO dyes, inside their cores or outside layers. This phe-
nomenon may be seen by examining the monolayer sorption on the micelles’ surface. Hence, the sorption process can be described
using the Langmuir isotherm mathematical model [88]. The isotherm of the Langmuir model is mostly applied by multiple scholars
and may be mathematically represented by equations (10) and (11) [88].:

qe =Qmax
bCe

1+ bCe
(10)

Ce

qe
=

1
bQmax

+
1

Qmax
× Ce (11)

The variable qe represents the quantity of CR along with MO dyes absorbed or dissolved per mole of Triton X-100 at equilibrium (in
moles per mole). Ce represents the concentration of equilibrium of CR along with MO dyes in the micellar-dilute phase (in moles per
liter). The solubilization capacity or monolayer capacity (Qmax) is a measure of the amount of solute that can be dissolved per unit of
solvent (mol/mol). The energy necessary to dissolve CR andMO dye species (L/mol) is demonstrated by the constant b [89]. Themodel
has been applied to associate the equilibrium data for solubilization of CR andMO dye species across all concentrations (Fig. 5a and b).
The plot of Ce/qe against Ce illustrates a linear relationship between CR andMO dyes that were either solubilized or sorbed onto Triton
X-100 micelles (Fig. 5a and b). This confirms accurate description of the solubilization isotherm by this term. The Qmax and (b) values
were determined by analyzing the intercept and slope of the linear graph depicting Ce/qe against Ce. The capacity of sorption (Qmax)
and the sorption heat (b) are two indicators that demonstrate the sorption ability of Triton X-100 micelle. The temperature is a
differentiating factor for Triton X-100, CR, and MO in CPE system, causing Qmax and (b) to vary. As previously stated by Nsour and
Rawajfih [90], sorption follows the Langmuir model when the correlation coefficient value, R2, exceeds 0.8. The R2 values found in our
system, specifically for the Triton X-100 - CR and MO dyes, are represented in Table 4. The values above 0.8 indicate that the isotherm
was in accordance with the model of Langmuir [89]. The sorption isotherm of CR and MO dyes followed the Langmuir model, indi-
cating a mechanism of monolayer coverage. maximum adsorption capacities, Qmax (mol/mol), quantifies the adsorbent’s (micelles)
ability to hold the adsorbed solute effectively (CR and MO dyes). This suggests that Triton X-100 can be effective as an extractant or
sorbent for CR and MO dyes. The Langmuir model is distinguished by the separation factor (RL), which can be obtained from equation
(12) described by Hamed et al. [91,92].

RL =
1

1+ bC0
(12)

The RL value determines the nature of the isotherm pattern, demonstrating whether it is irretrievable (RL= 0), favorable (0< RL<

1), linear (RL= 1), or unfavorable (RL> 1). The retention factor (RL) for this system was determined to be less than 1 and greater than
0, demonstrating the advantageous sorption of CR along with MO dyes onto the micelles of Triton X-100 [93]. Equation number 9 and
the determined parameters of Qmax and (b) can be used to determine the necessary quantity of Triton X-100 for eliminating CR and
MO dyes by CPE to achieve the desired level [85]. From the Langmuir isotherm model, the maximum adsorption capacities of Triton
X-100 were determined to be 0.77mol/mol for CR and 26.41mol/mol for MO. Table 6 shows the results of the comparison Qmax of the
CR and MO dyes with other adsorbents. As can be seen, the Triton X-100 has a good Qmax for both CR and MO dyes and is competitive
with other reported adsorbents in terms of performance [94–105].

3.6. Thermodynamics of the extractive elimination proceeding

The thermodynamic variables are essential in practical applications of pollution removal processes since they allows for assessing
the capability and spontaneity of the treatment procedure [106]. The hydrophobicity of non-ionic surface-active agents, such as Triton
X-100, increases at higher temperatures due to the enhanced dehydration of the ether oxygen. Consequently, a substantial increase was
observed in the concentration of micelles formed by Triton X-100. The solubility of micelles will increase at higher temperatures
resulting in an enhanced removal process of CR and MO dyes [88,91,92]. The thermodynamic functions, such as Gibbs-free-energy
(ΔG◦), enthalpy (ΔH◦), and entropy (ΔS◦) were calculated using the methodology described by Melo et al. with equations (13)–

Table 4
Isotherm parameters for the adsorption of CR and MO dyes on Triton X-100.

Species Qmax(mol/mol) RL b(L/mol) R2

CR 0.77 0.08 2.14 0.86
MO 26.41 0.01 16.08 0.87
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(16) [85]:

ΔG◦ = − 2.303RTlog KC (13)

ΔGo =ΔHo − TΔSo (14)

− 2.303RT log Kc = ΔHo − TΔSo (15)

log KC = log
(
qe
Ce

)

=
ΔSo

2.303R
+

− ΔHo

2.303R
1
T

(16)

qe =
Moles of CR and MO dyes solubilized

Moles of Triton X − 100 used
=

VoCo − VdCe

CsVo
(17)

The variable qe in equation (17) represents the quantity of CR along with MO dyes that are either absorbed or dissolved per mole of
Triton X-100 at equilibrium, measured in moles per mole. Ce represents the concentration of equilibrium of CR along with MO dyes in
the micellar-dilute phase, measured in milligrams per liter. Kc is used to describe the affinity for solubilization. Vo along with Vd
represents the volumes of the CR along with MO dye solution, as well as the phase of aqueous, before and behind the CPE proceeding.
The values of ΔH◦ and ΔS◦ are obtained by plotting logKc versus 1/T, as shown in equation (16). Fig. 6 depicts a linear relationship
between the changes in enthalpy and entropy by analyzing the slope along with the intercept. Table 5 indicates the values derived from
this diagram. The negative values of ΔG◦ indicate that the solubilization (removal) of CR and MO dyes is thermodynamically favorable
and can occur spontaneously. The rise in the ΔG◦ negative values together with temperature provides the greatest driving force for the
solubilization of CR and MO dyes, resulting in a better dye elimination as the operating temperature increases. The positive change in
enthalpy (ΔH◦) implies that the process of removing or solubilizing CR and MO dyes is thermodynamically favorable requiring heat
input. The endothermic character of this phenomenon is also associated with the enhanced extraction or dissolution of CR andMO dyes
as the temperature rises [85,93]. In addition, a positive change in entropy (ΔS◦) corresponds to a reduction in the number of possible
configurations of the adsorbed CR and MO dyes. This indicates a strong attraction between CR and MO dyes and Triton X-100 [85].

4. Limitations

The restrictions of CPE are primarily due to the complex nature of surfactants, restricting the discovery of analytes. Additionally,
there are challenges in extracting certain substances that require creating a micellar system. Non-ionic surfactants have lower effi-
ciency in extracting polar molecules and the stage separation process is limited by temperature when extracting thermally labile
components. Furthermore, additional treatment of certain extracts may be necessary before measurement since there are difficulties in
automating the CPE process [54].

5. Conclusion

In the present research, CPE coupled with derivative spectrophotometry were applied to eliminate anionic dyes, such as CR andMO
from an aqueous solution. Box-Behnkenmodel, an RSM-basedmethod design of experiment, was employed to optimize the elimination
conditions. The quadratic model was suggested by ANOVA of RSM data and coefficients of determination (R2) ≥0.97 were obtained.
The efficiency of dye extraction was enhanced by increasing the time, temperature, surfactant concentration, and salt concentration.
The most effective factor in removing dyes was the dye concentration but the least important factor was time. The results indicated that
the adsorption of these dyes could be accurately described using the pseudo-first-order model and this model demonstrated a

Fig. 6. Van’t Hoff plot of removal of CR and MO dyes by CPE.
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determination coefficient (R2) value of higher than 0.97. Furthermore, the sorption of CR and MO onto micelles of Triton X-100 can be
effectively modeled using the Langmuir model. An increase in entropy (ΔS◦) suggests that the solubilized CR and MO molecules are
arranged in a more disordered way inside the micellar-rich phase. The findings showed that this method is simple, fast, economical,
exact, and effective. Accordingly, derivative spectrophotometry along with CPE strategies are suggested to be employed in eliminating
the binary mixture of chemical dyes. Since this approach is economically efficient, it may be referred to as a zero-waste strategy. The
surfactant may be recovered and reused in the removal process by adding an appropriate solvent.
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Table 5
Thermodynamic parameters for the removal of CR and MO dyes from aqueous solutions.

Temp.(K) ΔH◦(KJ/mol) ΔS◦(KJ/mol) ΔG◦(KJ/mol)

CR MO CR MO CR MO

336     − 156.81 − 57.39
343 831.06 1215 3.25 3.61 − 211.52 − 80.1
358     − 328.75 − 121.56
373     − 445.98 − 217.59

Table 6
Comparison of the maximum adsorption capacity of CR and MO onto different adsorbents.

No Adsorbent dye Qmax References

1 Albizzia lebbeck seed activated carbon CR 5.154 mg/g [94]
2 Magnetic Fe3O4/C core–shell nanoparticles CR 11.22 [95]
3 Sistan sand CR 0.120 mg/g [96]
4 Polypyrrole-decorated bentonite magnetic nanocomposite (MBnPPy) MO 98.04 mg/g [97]
5 Magnetic biochar (MBC) MO 437.18 mg⋅/g [98]
6 Magnetic Ni@C nanoadsorbents MO 32 mg⋅/g [99]
7 UiO-66-NS MO 242/72 mg⋅/g [100]
8 MnO2@LNPs MO 227 mg⋅/g [101]
9 Hexagonal zinc oxide MO 80.39 mg⋅/g [102]
10 Chitosan/tannin/montmorillonite (Cs/Tn/MMT) films MO 57.37 mg/g [103]
11 Mesoporous carbon-silica composite (MMCS) MO 113.1 mg/g [104]
12 Polyaniline-coated kapok (Ceiba pentandra) fibers MO 75.76 mg/g [105]
13 Triton X-100 MO and CR 0.77 mol/mol for CR and 26.41 for MO This work
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[63] B. Gözmen, M. Turabik, A. Hesenov, Photocatalytic degradation of Basic Red 46 and Basic Yellow 28 in single and binary mixture by UV/TiO2/periodate

system, J. Hazard Mater. 164 (2009) 1487–1495.
[64] E. Sharifpour, P. Arabkhani, F. Sadegh, A. Mousavizadeh, A. Asfaram, In-situ hydrothermal synthesis of CNT decorated by nano ZnS/CuO for simultaneous

removal of acid food dyes from binary water samples, Sci. Rep. 12 (2022) 12381.
[65] A. Asfaram, M. Ghaedi, G.R. Ghezelbash, F. Pepe, Application of experimental design and derivative spectrophotometry methods in optimization and analysis

of biosorption of binary mixtures of basic dyes from aqueous solutions, Ecotoxicol. Environ. Saf. 139 (2017) 219–227.
[66] A. Asfaram, M. Ghaedi, F. Yousefi, M. Dastkhoon, Experimental design and modeling of ultrasound assisted simultaneous adsorption of cationic dyes onto ZnS:

Mn-NPs-AC from binary mixture, Ultrason. Sonochem. 33 (2016) 77–89.
[67] S. Choudhury, S.K. Ray, Efficient removal of cationic dye mixtures from water using a bio-composite adsorbent optimized with response surface methodology,

Carbohydr. Polym. 200 (2018) 305–320.
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