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ab s t r ac t
A design method has been proposed for cloud point extraction (CPE) process. The aim was to deter-
mine the concentration of non-ionic surfactant Triton X-114 (TX-114) needed to achieve the preferred 
extraction of Remazol Turquoise Blue G-133 (RTB G-133) dye at different operating conditions (feed 
dye concentration and temperature). The solute concentrations of 25, 50, and 75 ppm, and surfactant 
concentrations of about 0.01–0.1 M were used. The feasibility of the CPE process was also studied 
using the thermodynamic parameters. For design calculations, knowledge of the following two fea-
tures were needed: (1) the solubilization isotherm of RTB G-133 in TX-114 at different operating tem-
peratures and (2) estimation of the change of the fractional coacervate phase volume with the feed 
surfactant, dye concentration and the operating temperature. The experimental data were fitted on 
to a Langmuir type solubilization isotherm. Correlations were then established for the variation of 
isotherm parameters with temperature. From the defined correlations and formulated design method, 
the concentration of feed surfactant necessary to obtain 1 ppm concentration of dye in the dilute phase 
was evaluated at specific operating temperatures and feed dye concentrations. The design method 
developed will greatly aid the scale-up of CPE.

Keywords:  Remazol Turquoise Blue G-133; Triton X-114; Cloud point extraction; Isotherm; Fractional 
coacervate

1. Introduction

Man-made dyes and pigments are added to the environ-
ment through effluents from textile, leather, paper, plastic, and 
printing industries [1]. The colored compounds tend to per-
sist in the environment, decline the water quality and lead to 
allergies, skin irritation, cancer and mutation [2]. These com-
pounds also obstruct the absorption of solar rays and alter the 
photosynthetic activity causing severe decline in the aquatic 
biodiversity [3]. Reactive dyes are produced in a large scale 
than any other class of dyes and are favored by the consumer 

for their bright colors and high wet fastness [4]. Reactive dye 
belongs to the class copper phthalocyanine with a reactive 
group of sulphatoethylsulphone. Copper phthalocyanine 
dyes are widely used in textile industry and resist bacterial 
degradation [3]. Remazol Turquoise Blue-G 133 (RTB G-133) 
is one such reactive dye based on copper phthalocyanine and 
is highly preferred owing to its chemical stability, brilliant 
blue color, and high tinctorial strength. RTB G-133 comprises 
tetra sulfonated copper phthalocyanine with one to two of 
the sulfonate groups transformed to linker arms [5]. Reactive 
dyes are also the most problematic compounds in wastewa-
ters from textile industries owing to their high solubility in 
water and need to be treated before disposal to improve the 
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quality of water [6]. Several techniques are available for the 
removal of color from wastewater including nanofiltration [7],  
adsorption onto different substances such as agricultural 
solid waste [8], micellar-enhanced ultrafiltration [9], different 
bentonites [10], ozonations [11], several oxidation processes 
[12,13], various types of activated carbon [14], surfactant 
impregnated montmorillonite [15] and so on. However, each 
method has its own limitations. Due to low biodegradability 
of dyes, colored effluents cannot be removed efficiently by a 
conventional biological wastewater treatment process [16].

In the last decade, the potential of aqueous micellar 
solution in the field of separation science is clearly identi-
fied [17]. A novel technology for effluent treatment involves 
surfactant-based separation methods. Cloud point extraction 
(CPE) is one such method used for removing dye from aque-
ous solutions. At certain temperature (i.e., cloud point, CP), 
aqueous solution of a nonionic surfactant becomes turbid. 
The further increase in temperature (above the CP) sepa-
rates the solution into two different phases: a surfactant rich 
phase (also known as coacervate phase) and a dilute phase 
containing surfactant concentration slightly above the critical 
micelle concentration (CMC) [18–28]. A number of authors 
have investigated the mechanisms for phase separation of 
non-ionic surfactants above CP [20–23]. The phase separation 
occurs due to the dehydration of exterior layer of micelles 
of non-ionic surfactant, intermicellar attractive force, and 
increase in micellar size [24]. The solubilization of dye occurs 
in the mantle and the core of the micelles, based on its polar-
ity. The non-polar solubilizates and polar solubilizates are 
solubilized in the core of micelles and in the mantle, owing to 
the increase in the aggregation of micelles and the dehydra-
tion of the polyoxyethylene chains, respectively [19,29,30]. 
The physical properties of heterogeneous phases of aqueous 
micellar solution provide information about the molecular 
interactions in the mixture. The density, viscosity, and refrac-
tive index are essential to understand the thermodynamic 
behaviors of solute or solvent in liquid mixtures [22].

In the present work, CPE of RTB G-133 dye from waste-
water, using Triton X-114 (TX-114) as a non-ionic surfactant 
has been studied. The CPEs were carried out for different 
combinations of varying concentrations of TX-114 and RTB 
G-133. The physical properties such as density, viscosity, and 
refractive index for the surfactant dilute phase and the sur-
factant rich phase were determined at 40°C, 50°C, and 60°C. 
The effects of various design parameters, such as surfactant 
concentration, dye concentration, and CP temperature (CPT) 
on phase-volume ratio and extraction efficiency, were investi-
gated at different temperatures. Thermodynamic parameters, 
such as change in enthalpy (ΔH°), change in entropy (ΔS°), 
and Gibbs free energy (ΔG°), were determined at different 
temperatures, and the feasibility of CPE using TX-114 for the 
removal of dyes from aqueous solution was confirmed.

2. Materials

RTB G-133 dye (Formula Weight (FW): 576.10, λmax: 624 nm, 
dye content: 97%, product of USA), and TX-114 (t-Octylphe-
noxy polyoxyethylene ether, with approximately 8,9-ethoxy 
units per molecule [density at 25°C is 1.058 g. m1–1, Molecular 
Weight (Mol. Wt.): 537, λmax: 223 nm, purity: 95%, product of 
USA]) were purchased from Sigma-Aldrich, India. The critical 

micellar concentration (CMC) of TX-114 is 2.1 × 10−4 M at 25°C, 
and the CPT is 23°C. RTB G-133 dye was used as solute; TX-114 
was used as the non-ionic surfactant as shown in Figs. 1 and 2, 
respectively.

JASCO UV-visible spectrophotometer was used for cali-
bration and measuring the dye concentration in dilute phase 
after phase separation. The densities of surfactant dilute 
phase and surfactant rich phase were determined using spe-
cific gravity bottle (5 ml) and weighing balance (Sartorius, 
Germany) with a precision of ±0.1 mg. The uncertainty of the 
measured density was ±0.0001. BROOKFIELD (DV-II + PRO) 
viscometer was used to measure the viscosity of the solutions. 
The uncertainty in the viscosity measurements was found to 
be ±1.0%. The refractive indices of the surfactant dilute and 
surfactant rich phases were measured using abbe refractome-
ter (Guru Nanak Instruments, New Delhi) with a precision of 
±0.0005. Water bath (Technico Laboratory Products, Chennai) 
was used to maintain the desired temperature for CPE. The 
temperatures were maintained with an accuracy of ±0.2°C.

3. Methods

3.1. Solution preparation

Aqueous micellar solutions of 50 ml were prepared with 
various concentrations of solute and surfactant. Different 
concentrations of dye solutions were prepared and used to 
calibrate the UV-visible spectrophotometer. Solute concen-
tration was varied from 25 to 75 ppm, respectively, and the 
surfactant concentration ranged from 0.01 to 0.1 M. Solutions 
were heated above CPT till separation of phases occurred. 
The concentrations of solute were 25, 50, and 75 ppm, while 
the surfactant concentration was varied from 0.01 to 0.1 M [6].

3.2. Determination of CPT

The temperature at which the micellar solution becomes 
turbid is visually observed and is referred to as a CPT. The tur-
bidity appears due to the scattering of visible light by the large 

Fig. 1. Molecular structure of RTBG-133.
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surfactant aggregates known as micelles. The CP of the pre-
pared aqueous non-ionic surfactant solution was determined 
by heating it in a thermostatic water bath, and the tempera-
ture was increased at a rate of 1°C per min. The temperature 
at which the micellar solution became turbid was noted as the 
CPT. On heating the turbid solution above the CPT, the solution 
got separated into two different phases, namely a surfactant rich 
phase and a surfactant dilute phase. The surfactant rich phase 
is enriched in surfactant aggregates (micelles), whereas the sur-
factant dilute phase is depleted of such surfactant micelles. This 
process is reversible, and these heterogeneous mixtures become 
homogeneous when cooled below the CPT. The experiments 
were performed for different combinations of surfactant and 
solute concentrations. All the CPTs reported were the average of 
triplicate measurements with an accuracy of ±0.2°C. The CPTs 
were found to vary in the range of 40°C–60°C. Based on these 
measurements, the operating temperatures were selected. 

3.3. CPE of RTB G-133 dye

Aqueous micellar solutions were prepared, respectively, 
with varying concentrations of dye (25, 50 and 75 ppm) and 
TX-114 (0.01–0.1 M). The samples were kept in the thermo-
static bath maintained at the desired temperatures (40°C, 
50°C, and 60°C, respectively) based on the CPT for 30 min. 
After the formation of heterogeneous clear phases, the vol-
umes of surfactant rich phase and dilute phase were noted 
down. Then, the concentrations of RTB G-133 in dilute phases 
were determined by UV-visible spectrophotometer, and sub-
sequently, the concentrations of dye in surfactant rich phases 
were obtained using material balance. Physical properties 
such as density and refractive index were measured for both 
the surfactant dilute and rich phases. Phase volume ratio and 
extraction efficiency were analyzed. Thermodynamic prop-
erties such as change in enthalpy (ΔH°), entropy (ΔS°) and 
Gibbs free energy (ΔG°) were also evaluated.

4. Results and discussion

In CEP, the phenomenon of formation of two incom-
patible phases above CPT is used for the solubilization of 

the dyes. The phase separation begins as a consequence of 
either miscibility of micelles or the separation of micelles 
from water. The physical property of the two phases also 
aids the phase separation. The density difference between 
the surfactant rich phase and surfactant dilute phase 
results in such physical separation of two different phases 
[31,32]. The physical properties such as density, refractive 
index, and viscosity are necessary to be acquainted with 
the thermodynamic behavior of solute or solvent in liquid 
mixtures [22].

4.1. Effects of surfactant, solute concentration, and temperature 
on physical properties of dilute and surfactant rich phases

The effects of surfactant and solute concentration on 
the density, refractive index, and viscosities of dilute and 
surfactant rich phases are provided in Tables 1–3.The sur-
factant rich phase consisted of surfactant, dye, and water 
molecules. The number of micelles and the size of the 
micelles increased with the increase in surfactant concen-
tration [33]. As a result, the surfactant settled into the sur-
factant rich phase, and the density difference between the 
two phases increased. Again with large number of micelles, 
more amount of dye solute was solubilized with surfactant 
micelles in the surfactant rich phase. Hence, the density 
increased with the increase in the surfactant concentration. 
The increase in temperature resulted in an increased solubil-
ity of the dye. At higher temperatures, the water molecules 
escaped from the external layers of the micelle resulting in 
the decrease of water content and making the solution very 
dense. 

The refractive index of dilute phase was found to be 
almost nearer to that of refractive index of water (1.332) at 
all concentrations of surfactant. This ensures that the dilute 
phase obtained after the CPE was similar to that of water. The 
increase in the solute concentration had increased the density, 
decreased the speed of light through the medium, thereby 
increasing the refractive index of the medium. Hence, the 
refractive index of the surfactant rich phase increased with 
the surfactant concentration, and that of the dilute phase was 
nearly constant similar to water. 

Fig. 2. Chemical structure of Triton X-114.
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The viscosity of TX-114 surfactant is relatively high (260 cp 
at 25°C), when compared with that of water (0.894 cp at 25°C). 
The viscosity of the mixture strongly depended on the presence 
of water. When the surfactant concentration was increased, the 
surfactant rich phase became more viscous compared with 

the dilute phase owing to the molecular attraction between 
identical structures of the molecules. The increase in the tem-
perature resulted in an increase in the viscosity of surfactant 
rich phase due to the removal of water molecules from the 
external  layers of micelles. On contrary, at higher temperature, 

Table 1
Physical properties for 75 ppm of surfactant dilute phase and surfactant rich phase at 313.15, 323.15 and 333.15 K

TX-114 
(M)

Density 
(g cm–3)

Refractive  
index

Viscosity  
(mPa s)

Density 
(g cm–3)

Refractive  
index

Viscosity  
(mPa s)

Surfactant dilute phase at 313.15 K Surfactant rich phase at 313.15 K

0.02 0.998 1.331 0.86 1.022 1.361 NA
0.04 0.998 1.332 0.88 1.025 1.361 NA
0.06 0.997 1.332 0.9 1.027 1.362 157.3
0.08 0.996 1.334 0.88 1.028 1.368 179.6
0.1 0.994 1.332 0.9 1.029 1.372 195.8

Surfactant dilute phase at 323.15 K Surfactant rich phase at 323.15 K
0.02 1.034 1.332 1.00 1.025 1.364 NA
0.04 1.033 1.333 0.99 1.028 1.364 NA
0.06 1.032 1.332 0.99 1.030 1.366 160.7
0.08 1.031 1.332 0.98 1.032 1.371 188.4
0.1 1.03 1.332 0.98 1.033 1.371 201.2
Surfactant dilute phase at 333.15 K Surfactant rich phase at 333.15 K
0.02 1.035 1.33 1.00 1.033 1.362 NA
0.04 1.034 1.332 0.99 1.034 1.361 NA
0.06 1.034 1.331 0.99 1.036 1.364 169.5
0.08 1.033 1.331 0.99 1.037 1.365 190.3
0.1 1.032 1.332 0.99 1.038 1.366 208.6

Table 2
Physical properties for 50 ppm of surfactant dilute phase and surfactant rich phase at 313.15, 323.15 and 333.15 K

TX-114
(M)

Density
(g cm–3)

Refractive  
index

Viscosity
(mPa s)

Density
(g cm–3)

Refractive  
index

Viscosity
(mPa s)

Surfactant dilute phase at 313.15 K Surfactant rich phase at 313.15 K
0.02 0.998 1.333 1.00 1.023 1.362 NA
0.04 0.996 1.333 0.97 1.024 1.630 NA
0.06 0.995 1.333 0.96 1.025 1.364 145.6
0.08 0.994 1.332 0.96 1.026 1.365 174.1
0.1 0.994 1.332 0.96 1.027 1.371 189.9
Surfactant dilute phase at 323.15 K Surfactant rich phase at 323.15 K
0.02 1.033 1.332 0.99 1.024 1.364 NA
0.04 1.032 1.332 0.99 1.025 1.364 NA
0.06 1.031 1.332 0.99 1.026 1.365 153.1
0.08 1.030 1.333 0.98 1.031 1.368 179.3
0.1 1.029 1.333 0.97 1.032 1.371 191.7
Surfactant dilute phase at 333.15 K Surfactant rich phase at 333.15 K
0.02 1.035 1.332 0.99 1.032 1.362 NA
0.04 1.034 1.332 0.98 1.034 1.361 NA
0.06 1.033 1.332 0.98 1.035 1.366 162.4
0.08 1.032 1.332 0.98 1.036 1.366 183.9
0.1 1.031 1.333 0.98 1.036 1.368 196.5
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the dilute phase viscosity decreased with the addition of water 
molecules due to the weak hydrogen bond interactions and 
had reached a constant value. Arunagiri et al. [33] reported the 
experimental data for the separation of methylene blue dye 
using CPE and observed the similar trend for the variations of 
density, refractive index, and viscosity.

4.2. Effect of surfactant, solute concentration, and temperature on 
phase volume ratio

The phase volume ratio (RV) is defined as the ratio of the 
volume of the surfactant-rich phase to that of the aqueous 
phase and is determined using the following formula: 

R V VV s w=   /  (1)

where Vs and Vw are the volumes of the surfactant-rich phase 
and the aqueous phase, respectively.

The phase volume ratio increased with increase in surfac-
tant (TX-114) concentration and solute (RTB G-133) concen-
tration and is shown in Figs. 3(a)–(c). For instance, Fig. 3(a) 
shows that at a constant temperature of 60°C and a surfac-
tant concentration of 0.1 M, the phase volume ratio increased 
from 29.87 to 46.19 for an increase in dye concentration from 
25 to 75 ppm. Similarly, for a constant temperature of 60°C 
and a lower surfactant concentration of 0.01 M, the phase 
volume ratio increased from 2.45 to 5.93 for an increase in 
dye concentration from 25 to 75 ppm. The increase in surfac-
tant concentration resulted in increase in phase volume ratio 
owing to the increase in the volume of coacervate phase. 
Hence, at higher surfactant concentration, the additional 
amount of surfactant entered the coacervate phase (surfac-
tant rich phase) and had maintained the material balance as 

the concentration of surfactant remained constant and near 
CMC in the dilute phase [9,25]. However, for a constant dye 
concentration, the phase volume ratio decreased with the 
increase in temperature. The effect of operating temperature 
on the phase volume ratio at a constant dye concentration is 
shown in Figs. 4(a)–(c). As the temperature increased, inter-
action among micelles of TX-114 would be predominant, 
and dehydration took place from external layers of micelles. 
This resulted in reduction in the volume of coacervate phase. 
Hence, the phase volume ratio decreased with increase in 
operating temperature [33]. 

Table 3
Physical properties for 25 ppm of surfactant dilute phase and surfactant rich phase at 313.15, 323.15 and 333.15 K

TX-114
(M)

Density
(g cm–3)

Refractive  
index

Viscosity
(mPa s)

Density
(g cm–3)

Refractive  
index

Viscosity
(mPa s)

Surfactant dilute phase at 313.15 K Surfactant rich phase at 313.15 K
0.02 0.998 1.333 0.89 1.017 1.358 NA
0.04 0.995 1.333 0.90 1.017 1.359 NA
0.06 0.995 1.332 0.88 1.017 1.361 136.2
0.08 0.993 1.332 0.88 1.019 1.362 149.6
0.1 0.991 1.331 0.86 1.021 1.363 145.2
Surfactant dilute phase at 323.15 K Surfactant rich phase at 323.15 K
0.02 1.037 1.331 0.87 1.022 1.358 NA
0.04 1.034 1.332 0.88 1.027 1.359 NA
0.06 1.028 1.331 0.87 1.030 1.360 147.1
0.08 1.027 1.331 0.87 1.035 1.362 159.5
0.1 1.025 1.333 0.90 1.038 1.363 171.3
Surfactant dilute phase at 333.15 K Surfactant rich phase at 333.15 K
0.02 1.039 1.332 0.88 1.031 1.356 NA
0.04 1.031 1.331 0.87 1.033 1.360 NA
0.06 1.029 1.332 0.88 1.034 1.362 159.7
0.08 1.024 1.332 0.88 1.035 1.363 173.8
0.1 1.022 1.333 0.89 1.036 1.365 192.1

Fig. 3(a). Effect of concentrations of surfactant and solute on 
phase volume ratio at 60°C.
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4.3. Effect of surfactant and solute concentrations and operating 
temperature on extraction efficiency (%)

The recovery or extraction efficiency of solute can be cal-
culated as the percentage of solute extracted from the bulk 
solution into the surfactant-rich phase. It is calculated using 
the following expression.

η%
( )

*=
− −C Vt Cw Vt Vs
C Vt

o

o

100  (2)

At a constant temperature and dye concentration, the 
extraction efficiency of dye increased with the feed surfactant 
concentration and is shown is Figs. 5(a)–(c). An extraction 
efficiency of 98.49% was obtained for 25 ppm solute con-
centration and at 60°C. The concentration of the micelles 
increased with the increase in feed surfactant concentration, 

resulting in more solubilization of dyes into the micelles 
present in the surfactant rich phase. Consequently, the sur-
factant concentration in the dilute phase remained around 
CMC [34]. The extraction efficiency of dye decreased with 
increase in solute concentration for a particular temperature 
and surfactant concentration. The added solute remained in 

Fig. 3(b). Effect of concentrations of surfactant and solute on 
phase volume ratio at 50°C.

Fig. 3(c). Effect of concentrations of surfactant and solute on 
phase volume ratio at 40°C.

Fig. 4(a). Effect of operating temperature on the phase volume 
ratio at 75 ppm dye.

Fig. 4(b). Effect of operating temperature on the phase volume 
ratio at 50 ppm dye.

Fig. 4(c). Effect of operating temperature on the phase volume 
ratio at 25 ppm dye.
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the dilute phase at fixed surfactant concentration and operat-
ing temperature, decreasing the extraction efficiency of dye. 
The extraction efficiency increased with increase in tempera-
ture and is shown in Figs. 6(a)–(c). The extraction efficiency 

Fig. 5(a). Effect of surfactant and solute concentrations on  
efficiency (%) at 60°C.

Fig. 5(b). Effect of surfactant and solute concentrations on  
efficiency (%) at 50°C.

Fig. 5(c). Effect of surfactant and solute concentrations on effi-
ciency (%) at 40°C.

Fig. 6(a). Effect of operating temperature on efficiency (%) at 75 ppm.

Fig. 6(b). Effect of operating temperature on efficiency (%) at 50 ppm.

Fig. 6(c). Effect of operating temperature on efficiency (%) at 25 ppm.
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of dye increased from 94.40% to 98.49% as the temperature 
varied from 40°C to 60°C for a surfactant concentration of 
0.1 M and solute concentration of 25 ppm. The increase in 
temperature led to an increase in aggregation number and 
more micellar attraction, thereby increasing the solubiliza-
tion of dye at higher temperatures. M.K. Purkait et al. studied 
the removal of dye using CPE technique and observed the 
similar trend [9,25]. 

4.4. Determination of thermodynamic parameters

Thermodynamic parameters are used to establish the 
possible mechanism for CPE of dyes and provide an idea 
about the feasibility of the process [35]. Different thermody-
namic parameters, such as ΔG°, ΔS° and ΔH°, for the CPE of 
RTB G-133 dye were calculated using Eqs. (3)–(7) as follows:

log
. .

q
C

S
R

H
RT

e

e









 =

∆ °
+

−∆ °
2 303 2 303  (3)

∆ ° = ∆ ° − ∆ °G H T S  (4)

where T is the temperature in Kelvin, qe/Ce is called the solu-
bilization affinity. qe is the mole of dye solubilized per mole of 
non-ionic surfactant:

q A
Xe = −

=
Moles of dye solubilized
Moles of TX 100 used  (5)

Moles of dye solubilized can be obtained from mass 
balance:

A V C V Cd e= −0 0   (6)

X C Vs= 0  (7)

where A is the mole of dye solubilized in the micelles. V0 and 
Vd are the volume of the feed solution and that of the dilute 
phase after CPE, respectively. C0 and Cs are the concentra-
tions of surfactant in feed.

ΔS° and ΔH° can be obtained from a plot of log (qe/Ce) vs. 
(1/T), from Eq. (3). Once these two parameters are obtained, 
ΔG° can be determined from Eq. (2).

4.5. Effects of solute and surfactant concentrations on the change 
of enthalpy (ΔH°) of CPE

The variations in enthalpy change (ΔH°) during CPE of 
RTB G-133 dye at different concentrations of TX-114–RTB 
G-133 dye are shown in Fig. 7. From Fig. 7, it is evident that 
the value of ΔH° increased with TX-114 concentration but 
decreased with the dye concentration. The positive values of 
ΔH° indicate that the solubilization of dye was endothermic 
in nature. For instance, at 25 ppm dye concentration, ΔH° 
value was 22,631.92 J mole–1 for 0.01 M surfactant concentra-
tion and increased to 58,264.75 J mole–1 for 0.1 M. The increase 

in ΔH° was due to the increase in the amount of dye solubi-
lization with increase in surfactant concentration. Then, for a 
constant 0.1 M surfactant concentration, ΔH° decreased from 
58,264.75 J mole–1 to 29,965.28 J mole–1 for 25 and 75 ppm, 
respectively. The decrease in ΔH° value with increasing dye 
concentration at a fixed surfactant concentration was due to 
the decrease in the amount of dye solubilization per mole of 
surfactant [30,36]. 

4.6. Effects of solute and surfactant concentrations on the change 
of entropy (ΔS°) of CPE

The variations of entropy change (ΔS°) during CPE of RTB 
G-133 dye at different concentrations of TX-114–RTB G-133 
are shown in Fig. 8. The entropy changes were positive and 
indicated the good affinity of the dye molecules toward the 
surfactant micelles. It was found that the change in entropy 
(ΔS°) increased with surfactant concentration but decreased 
with dye concentration for all the systems. Entropy depends 
on unsolubilized dye molecules and free surfactant mole-
cules in the CPE system. For instance, at 25 ppm dye concen-
tration, ΔS° value was 92.06 J mole–1. K for 0.01 M surfactant 
concentration and increased to 200.09 J mole–1.K for 0.1 M. 
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The increase in ΔS° value with surfactant concentration was 
probably due to the increase of free surfactant molecule in 
the dilute phase. On the other hand, M.K. Purkait et al. [35] 
has already reported that in dilute phase, CMC of surfactant 
molecule decreases with increase in dye concentration at a 
fixed surfactant concentration.

4.7. Determination of change in Gibbs free energy (ΔG°0) of CPE 

The values of Gibbs free energy (ΔG°) can be calculated 
from the enthalpy of solubilization (ΔH°) and the entropy 
of solubilization (ΔS°). Figs. 9(a)–(c) show the variations of 
Gibbs free energy change (ΔG°) with temperature at a con-
stant dye concentration and different surfactant concentra-
tions. Change in Gibbs free energy (ΔG°) values was negative 
for all the experiments. The negative values of ΔG° indicated 
that the dye solubilization is a spontaneous process and 
thermodynamically favorable. ΔG° increased linearly with 
temperature. For a constant dye concentration of 25 ppm 
and 0.01 M surfactant concentration, the negative value of 
ΔG° was 6,182.69 J mole–1 for 313.15 K, and it increased to 

8,023.88 J mole–1 for 333.15 K. The increase in negative values 
of ΔG° with temperature implies the greater driving force 
for the solubilization of dye and is confirmed by the greater 
extent of dye extraction with increase in temperature [35]. 
On other hand, ΔG° decreased with increase in surfactant 
and dye concentrations. For a constant dye concentration of 
25 ppm and a temperature of 333.15 K, the negative value 
of ΔG° was 8,023.88 J mole–1 for 0.01 M surfactant concentra-
tion, and it decreased to 5,139.02 J mole–1 for 0.04 M surfac-
tant concentration. Table 4 presents the change of ΔG° with 
initial RTB G-133 concentrations. Table 4 and Fig. 8 represent 
that the value of ΔG° decreased with dye and surfactant con-
centrations at constant temperature in the micellar phase. 
Consequently, the amount of dye solubilization per mole of 
surfactant micelle decreased. 

Fig. 9(a). Variation in Gibbs free energy change (ΔG°) with 
temperature at 25 ppm RTB G-133 concentration and at different 
surfactant concentrations.

Fig. 9(b). Variation in Gibbs free energy change (ΔG°) with 
temperature at 50 ppm RTB G-133 concentration and at different 
surfactant concentrations.

Fig. 9(c). Variation in Gibbs free energy change (ΔG°) with 
temperature at 75 ppm RTB G-133 concentration and at different 
surfactant concentrations.

Table 4
Change in Gibbs free energy (ΔG°) for CPE of RTB G-133 using 
TX-114 at different temperatures and concentrations of the dye 
and TX-100

TX-100 
(moles L–)

RTB 
(ppm)

–ΔG° (J mol–1) at temperature (K) × 10–3

313.15 K 323.15 K 333.15 K

0.01 25 6,182.268 7,103.283 8,023.877
0.02 25 4,701.733 5,537.698 6,373.662

0.03 25 4,066.604 4,813.151 5,559.698

0.04 25 3,679.238 4,409.127 5,139.016

0.01 50 5,724.459 6,364.74 7,005.02

0.02 50 4,266.443 4,869.195 5,471.947

0.03 50 3,561.234 4,243.064 4,924.894

0.04 50 3,199.564 3,852.099 4,504.633

0.01 75 5,357.064 5,867.91 6,378.755

0.02 75 3,996.583 4,477.176 4,957.769

0.03 75 3,469.098 3,935.714 4,402.33
0.04 75 3,060.594 3,604.756 4,148.912
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4.8. Solubilization isotherms

Isotherm data are fundamental requisites to design the 
CPE system. The dye solubilization potential of TX-114 at dif-
ferent temperatures can be determined from the experimen-
tal data, using the solubilization isotherms. 

Figs. 10(a)–(c) depict the isotherms at various tempera-
tures, for RTB G-133–TX-114 system. Most of the adsorption 
processes effectively employ the Langmuir type adsorption 
isotherms. Eq. (8) presents the expression of the Langmuir 
model:

q
mnC
nCe

e

e

=
+1  (8)

where qe indicates the mole of dye solubilized per mole of 
surfactant. Ce represents the equilibrium concentration of 
the dye in dilute phase. m and n are the Langmuir con-
stants denoting the capacity and energy of solubilization, 
respectively [8]. Values of m and n for each operating tem-
perature are determined from experimental data using 
regression analysis. m and n vary with temperature and 
are fitted in a quadratic model as shown in Fig. 11(a)–(c). 
m and n values are expressed as a function of temperature 
as below:

For RTB G-133–TX-114 system at various concentrations 
of TX-114 (25, 50 and 75 ppm),

m T T r= − + = 13  1 629 49 96  10 0 2 2. . . ( )  (9)

n T r= − + − = 15T  343  10 000 0 0 02 2. . . ( )  (10)

m T r= − × − − =− 4 1 T  4  82 15 20 0 00 0 0 2. . ( )  (11)

n T T r= − + = 17  2 222 73 74  120 0 2. . . ( )  (12)

m T T r= − + − = 358 37 14  929 8  120 2. . . ( )  (13) 

n T T r= − × + − =− 8 1 9  274 15 2 20 0 00 0. . ( )  (14)

where T is the temperature in degree Celsius.
At selected concentrations, DG0 is positive and indicates 

the non-spontaneity of the adsorption and poor formation of 
stronger bonds between the adsorbent and adsorbate. Hence, 
the Langmuir’s constant “m” is negative [37]. Moreover, at 
lower concentrations, it is found that the trend of the plot is 
similar to that of M.K. Purkait et al. [29], and at higher con-
centrations, it is observed that these models are less adequate 
to explain the complex adsorption process, since the constants 
represent surface binding energy and monolayer coverage.

4.9. Variation of fractional coacervate phase volume

It is necessary to study the variation of the frac-
tional  coacervate phase volume with the concentration of 

feed surfactant and the operating temperature to assess 
the  performance of a CPE process. Hence, the fractional 
 coacervate phase volume is related with the feed as follows:

F aCc s
b=  (15)

Fig. 10(a). Solubilization isotherm for 25 ppm RTB G-133 at 
various temperatures using TX-114.

Fig. 10(b). Solubilization isotherm for 50 ppm RTB G-133 at 
 various temperatures using TX-114.

Fig. 10(c). Solubilization isotherm for 75 ppm RTB G-133 at vari-
ous temperatures using TX-114.
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where Fc refers to the fractional coacervate volume, and Cs 
indicates the molar concentration of the feed surfactant solu-
tion. It is aforementioned that a broad range of feed surfac-
tant concentration and dye concentration is employed in the 
experiments at different operating temperatures. For fixed 
dye concentration, changes in the values of a and b with 

 temperature are presented in Figs. 12(a)–(c) for RTB G-133. It 
is evident from Figs. 12(a)–(c) that a and b vary linearly with 
temperature and can be given as follows:
a P QT= +  (16)

b R ST= +  (17)

Fig. 11(a). Variation of the values of m and n with temperature for 
RTB G-133 in TX-114 of 25 ppm.

Fig. 11(b). Variation of the values of m and n with temperature 
for RTB G-133 in TX-114 of 50 ppm.

Fig. 11(c). Variation of the values of m and n with temperature for 
RTB G-133 in TX-114 of 75 ppm.

Fig. 12(a). Variation of the values of a and b with temperature for 
RTB G-133 (25 ppm) in TX-114.

Fig. 12(b). Variation of the values of a and b with temperature for 
RTB G-133 (50 ppm) in TX-114.

Fig. 12(c). Variation of the values of a and b with temperature for 
RTB G-133 (50 ppm) in TX-114.
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The parameters P, Q, R, and S are determined for dif-
ferent dye concentrations. The value of Q ranges from –0.01 
to –0.005, and S varies from –0.013 to –0.008. Characteristic 
changes in the values of the parameters P and R with respect 
to feed dye concentration are illustrated in Fig. 13. 

A variation of P and R for RTB G-133 dye is given by the 
following correlation with the feed dye concentration:

P C C r= × − + =− 8 1  1  1 262 (  1)5 2 20 0 00 0. .  (18)

Q C C r= × − + =− 9 1  11 41  15 2 20 0 0 0 00 0. . ( )  (19)

4.10. Determination of the surfactant needed for the removal of 
dye to a predetermined level without using salts

The amount of surfactant needed for removing dye up to 
a certain level is assessed by a procedure using the developed 
correlations (Eqs. (8)–(19)). The solubilization isotherm can 
be written as:

q A
Xe = −

=
Moles of dye solubilized
Moles of RTB G 133 used  (20)

Moles of dye solubilized can be determined from mass 
balance:

A V C V Cd e= −0 0   (21)

where V0 and Vd are the volume of the feed and the dilute 
phase, respectively, after CPE. C0 and Ce are the molar con-
centrations of feed dye and residual in the dilute phase after 
CPE. Therefore, Ce is the preferred concentration level of 
the dye for which CPE has to be executed. Eq. (21) can be 
expressed in terms of fractional coacervate phase volume (Fc) 
as follows:

A V C C Fe c= − −0 0 1[ ( )]  (22)

Using Eqs. (15), (20), and (22), the moles of surfactant 
required can be written as follows:

X
V
q
C C aC

e
e s

b= − −0
0 1[ ( )]  (23)

If Cs is the initial concentration of feed surfactant, X in  
Eq. (20) can be replaced as follows:

X C Vs= 0  (24) 

On equating Eqs. (23) and (24), the principal equation of 
Cs is derived as follows:

C
q
C C aCs

e
e s

b= − −
1 10[ ( )]  (25) 

Writing qe in terms of Ce from Eq. (8), Cs is expressed as 
follows:

C
nC C C aC

mnCs
e e s

b

e

=
+ − −( ) [ ( )]1 10

 (26)

Cs can be calculated by trial and error from Eq. (26) if the 
values of feed dye concentration (C0), preferred concentration 
of dye in the dilute phase (Ce), isotherm constants m and n, and 
design parameters are known. Eq. (26) was solved using typi-
cal temperature conditions, and the preferred concentration of 
dye in the dilute phase was fixed as 1.0 mg L–1 [29]. Thus, the 
concentration of surfactant needed for different concentrations 
of feed dye were assessed and plotted in Fig. 14 for RTB G-133 
dye. It is evident from Fig. 14 that the concentration of surfac-
tant required increases with the concentration of feed dye and 
is lowered at higher temperatures. Higher operating tempera-
ture demands higher energy input to the system. Hence, there 
prevails a trade-off between the dose of feed surfactant and the 
operating temperature with respect to concentration of feed 
dye to bring about a preferred level of dye removal.

Fig. 13. Variation of the values of P and R with feed dye concen-
tration for RTB G-133 in TX-114.

Fig. 14. Variation of required TX-114 concentration for different 
feed dye concentration at different temperatures with the desired 
dilute phase concentration of 1 ppm.
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5. Conclusions

This paper reports the CPE of the dye RTBG-133 using TX-114 
as non-ionic surfactant. All the experiments were performed in 
batch mode. The effects of surfactant and solute concentrations 
for different set of operating temperatures on CPE were investi-
gated. Thermodynamic parameters such as change in Gibbs free 
energy (ΔG°), change in enthalpy (ΔH°), and change in entropy 
(ΔS°) for CPE of TX-114–RTB G-133 dye system were also stud-
ied. Thermodynamic studies confirmed that the CPE is feasible 
and can be integrated in the textile or other dye processing indus-
tries for the treatment of colored effluents. The design proposed 
for CPE involves assessment of solubilization of RTBG-133 in sur-
factant and variation of fractional coacervate phase volume with 
operating conditions. The solubilization isotherms of RTB G-133 
in TX-114 are defined by Langmuir type isotherm. The variations 
of the isotherm parameters with temperature are determined by 
the correlations developed. Fractional coacervate phase volume 
varies with feed surfactant concentration as aCs

b. Parameters a and 
b vary linearly with temperature and a = P + QT and b =R + ST. 
“a” decreases and “b” increases, respectively, with increase in tem-
perature. Parameters P and R decrease with increase in feed dye 
concentration while Q and S remain almost constant. Therefore, 
in this regard, the concentration of surfactant needed to obtain 1 
ppm of dye in dilute phase at a given temperature, and feed dye 
concentration is determined. At 60°C and for 25 ppm RTG B-133 
feed concentration, 1 M surfactant is needed to achieve 1 ppm of 
remaining dye in the dilute phase. Moreover, low concentration 
of surfactant is required at higher temperatures.

Symbols

qe —  Moles of dye solubilized per mole of 
 non-ionic surfactant

Ce —  Equilibrium concentration of dye, moles L–1  
before the completion of two phases

ΔG° — Gibbs free energy
ΔS° — Change in entropy
ΔH° — Change in enthalpy
R — Gas constant
T — Temperature 
A — Moles of dye solubilized in the micelles
V0 — Volume of the feed solution, ml
Vd — Volume of the dilute phase (ml) after CPE
Fc — Coacervate phase volume (ml) after CPE
C0 — Concentration of surfactant in feed solution
Cs —  Molar concentration of the feed surfactant 

solution
m —  Langmuir constants denoting the capacity 

of solubilization
n —  Langmuir constants denoting the energy of 

solubilization
P, Q,  — Constants
R and S
a and b — Design parameters
X — Moles of surfactant
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