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Abstract

This study delves into the investigation of the physicochemical characteristics and
solubilization patterns of AR-27 dye within micellar environments containing the
cationic surfactant CTABr, in conjunction with various electrolytes. The primary aim is
to explore the augmented sequestration of AR-27 dye and its interplay with CTABr
micelles through the utilization of UV-Visible Spectroscopy. The outcomes reveal a
substantial enhancement in dye entrapment when electrolytes are introduced into
CTABr micellar solutions compared to CTABr alone. Specifically, the partition coefficient
(Kx) for AR-27 dye in CTABr media devoid of salt stands at 5.29 x 105, whereas in
combination with NaCl, KCl, and NH4Cl, the Kx values escalate to 1.46 x 106, 1.84 x 106,
and 2.57 x 109, respectively. Furthermore, the binding constants (K») for CTABr,
CTABr/NH4Cl, CTABr/KCl, and CTABr/NacCl are determined as 4.8 x 103, 4.4 x 104, 2.6 x
104, and 1.84 x 10% dm3/mol, respectively. Lower Gibbs free energy values indicate a
deeper penetration of dye molecules into the micelles. To sum up, this research
underscores the pivotal role of incorporating electrolytes into CTABr micellar media in
augmenting the sequestration of AR-27 dye. These findings offer valuable insights into
the physicochemical attributes and solubilization dynamics of AR-27 dye within CTABr
micellar environments, enhancing our comprehension of the interactions between the
dye and micellar structures.

Keywords: Solubilization, Self-aggregation, Acid Red-27, Hydrophobic, Critical micelle
concentration, Partition constant.

Introduction wastewater, which not only poses

Acid Red 27 (AR-27) is an anionic dye environmental risks but also presents
with high water solubility that finds numerous detrimental health effects.
extensive application in the coloring of The  consequences of exposure to

textiles, paper, carpet, wood, leather, and these dyes encompass - eye irritation,
) tumor formation, birth defects,
other materials [1-2]. However, a

significant concern arises from the respiratory problems, and elevated levels

discharge of excess AR-27 dye into of genotoxicity, cytotoxicity, cytostaticity,
mutagenicity, and carcinogenicity.
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To protect the environment and
ensure the safety of individuals, it
becomes imperative to implement
effective strategies for the removal of AR-
27 from wastewater before its discharge.
By addressing the challenge of AR-27
contamination, we can mitigate the
adverse impacts associated with its
presence and prevent its entry into the
environment, thus safeguarding both
ecological balance and human well-being.

Several physicochemical techniques
have been explored for dye
decolorization and removal, including
adsorption, chemical flocculation and
coagulation, ultra-filtration, membrane-
based separation, froth flotation, ion
exchange, and reverse osmosis. However,
these approaches have proven unsuitable
for large-scale treatment of industrial
effluents due to their high costs, poor
efficiency, and issues with residual waste,
secondary contamination, and limited
applicability across a wide range of
synthetic dyes [3-4].

Amphiphilic chemicals known as
surfactants play a crucial role in
enhancing the solubility of compounds
used as excipients and additives. These
surfactants have proven useful both in
nature and various industries. At very
low concentrations, they adsorb at the
water-air interface and form self-
aggregating micelles when the critical
micelle concentration (CMC) is reached
[8, 9]. Determining the CMC can be
achieved through various methods, such
as UV-Visible spectroscopy,
conductometry, surface tension, and
fluorometry [7-13].

Micelles, characterized by isotropic
motifs composed of surfactants with a
hydrophilic head and a hydrophobic tail,
have a profound impact on the
solubilization of less soluble or scarcely
soluble compounds in aqueous
environments [14]. The interactions
between dyes and surfactants depend on

the type and chemical structures of the
involved  substances [13, 15-16].
Intermolecular forces such as Van der
Waals forces, hydrophobic and
electrostatic  interactions, hydrogen
bonds, and p-stacking predominantly
govern these partnerships [17-20].

The strength of these interactions can
be measured through parameters such as

binding constants (Kb), partition
coefficients (Kx), and changes in
thermodynamic  properties [21-22].

Micellar media's ability to solubilize and
detergent is intimately connected to
micellization. Apart from aiding colorant
adsorption and fixation on substrates,
surfactants also facilitate the removal of
weakly attached dye molecules through
solubilization, making them an attractive
option for increasing the solubility,
dispersion, and stability of dye solutions,
especially in the textile industry.

In this study, we focus on the AR-27
dye due to its extensive use as a food
colorant and in numerous
pharmaceutical formulations, as well as
the scarcity of investigations into its
interactions with surfactants [23-24]. In
addition, we explore the influence of
inorganic salts on the solubilization of
water-insoluble dyes in the presence of
ionic surfactants. Although limited
research has been conducted in this area,
understanding the underlying
mechanisms and optimizing the micellar
media application has the potential to
revolutionize the spontaneous
dissolution of dyes [25-30]. By
investigating the ideal micellar media
and conditions for dye solubilization, this
study aims to contribute to the
advancement of dye decolorization
techniques and pave the way for effective
and sustainable solutions for the
treatment of industrial effluents. Figure 1
displays molecular structures of Acid Red
-27 and Cetyltrimethylammonium
bromide.
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Figure 1 Molecular structure of Acid Red 27 and Cetyltrimethylammonium bromide

Material and Method

Materials
Acid Red-27 (AR-27) dye,
Cetyltrimethyl ammonium  bromide

(CTABr) was purchased from Sigma
Aldrich Chemical (USA). Sodium Chloride
(NaCl) (purity 99.5%), KCl (purity of
98.5%), and NH4ClI (purity of 99%) were
purchased from Horse Pharmaceuticals
Ltd, located in Bangladesh. All
preparations employed distilled
deionized water with a specific
conductivity (k) of less than 2.0 S cm-L.
The solution of AR-27 was used to
dissolve surfactants and was diluted
further to prepare a series of solutions
from premicellar to post-micellar
concentration ranges. The dye used in
the present study obeys Beer’s law in the
employed concentration range.

Method

The behavior of the dye and surfactant
system was investigated using a
spectrophotometric method. A UV-
1902PC spectrophotometer equipped
with a quartz cuvette, which had a path
length of 1 cm, was utilized for the
analysis. To control the temperature
within the desired range, a thermostat
cell holder was employed. After
preparing the stock solution of AR-27 dye
and CTABr, the absorbance of the dye

solution was measured as a function of
increasing surfactant concentration at
the wavelength of maximum absorbance,
while maintaining a fixed concentration
of the electrolyte. The measurements
were performed in quartz cuvettes. Both
simple and differential UV-Visible
absorption measurements were
conducted at a precise temperature of
298 K, controlled within a 05 K
precision. For differential spectroscopic
analysis, the reference cell contained
aqueous dye solutions, while distilled
water served as the reference for simple
absorption measurements. The sample
cell contained the micellar dye solutions
in a single medium. To ensure
homogenization and equilibrium, all
samples were left undisturbed overnight
before taking measurements [31-32].

Preparation of stock solutions and their
serial dilution

The stock solutions of the dyes, with a
concentration of 0.03 mM, were initially
prepared in distilled water. To prepare a
single solution, concentrated CTABr
solution was then diluted, maintaining
the highest post-micellar concentration.
Secondary solutions were subsequently
prepared within the highest post-
micellar concentration of CTABr, and a
series of serial dilutions was performed
to generate solutions spanning the range
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from post-micellar to pre-micellar
concentrations. To achieve this, a fixed
concentration range of CTABr from 0.1
mM to 2 mM was employed, with an
increment of 0.01 mM. This
concentration range was utilized to
investigate the solubilization of the AR-
27 dye, while varying the CTABr
concentration.

Calculation of Partition and Binding
Parameters

Partitioning of dye molecules between
aqueous and micellar media is governed
by partition law. The partition coefficient
is determined by differential absorbance
method reported by Kawamura et al
[33].

1 1 N 1
AA T KAA (C,+C)  AA, "

Where, Cs4 is the concentration of
additive (dye) in mol-dm-3, C™°
represents Cs — CMC,, in the same units.
Here, CMC, is the CMC of surfactants in
the absence of dye and Cs is the total
surfactant concentration in mol-dm-3. AA
is differential absorbance and AA«
represents its value at infinity. K. is the
partition constant having value in
dm3/mol. The dimensionless quantity
partition coefficient, Kx is obtained as
Kx=Knw, where nw is number of moles of
water per dm?3 [34-35]

The value of free energy change for
the transfer of additive from solvent to
micellar phase was calculated using the
following relation.

AG, =-RTInK, 2

Where, R, T, and Kx represent general
gas constant, absolute temperature and
partition coefficient respectively. Later,
the binding constant was calculated
using the following quantitative
approach;

C.Cy  C, 1
AA  Asl K Ael 3)
Where, Ca represents the

concentration of additive, while Cs
indicates the surfactant concentration. In
addition, AA represents differential
absorbance, Ae is the difference of
absorption coefficient; [ is the path
length, while K» stands for the binding
constant [36-39].

The value of free energy change of

binding was calculated using the
following relation:
AG, =-RT InK, 4)

Results and Discussion

Partitioning of AR-27 in CTAB micelles in
the absence and presence of electrolyte

The UV-Visible spectrum of Acid Red
27 (AR-27) with and without electrolyte
plus Cetyltrimethylammonium bromide
(CTABr) was analyzed in this study, as
depicted in Figure 2.

The peak at 520 nm, corresponding to
the maximum absorption, was selected
for further investigation. The observed
increase in absorbance in the CTABr
presence indicated an interaction
between the dye and surfactant. This
increase can be attributed to the transfer
of dye molecules from the polar water
phase to the non-polar core of the CTABr
micelles, resulting in a reduction in
absorbance in the dye-containing
solution. The interaction between AR-27
and CTABr is facilitated by electrostatic
and hydrophobic interactions. The
anionic dye molecules are able to fit
inside the cationic CTABr micelles. The
increase in absorbance with increasing
CTABr concentration, as shown in Figure
3, also suggests the integration of a large
number of dye molecules into the
surfactant micelles. The critical micelle
concentration (CMC) of CTABr is found to
be reduced from 0.90 mM to 0.65 mM in
the presence of solubilized dye.
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Figure 2 (a) UV-Visible absorption spectra of AR-23 in the absence and presence of CTAB and
(b) Plot of simple absorbance of AR-23 as a function of CTAB concentration
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Figure 3 Plot of simple absorbance of AR-27 as a function of CTAB concentration

dye. These factors allow the dye to entice
surfactant monomers to interact with
each other and initiate micellization prior
to reach the CMC. The experimental
results for the solubilization parameters
of the AR-27 dye in the presence of
CTABr and media are

This reduction can be attributed to
two main mechanisms: (i) an increase in
entropy upon mixing the surfactant with
solubilized dye in a micelle and (ii) a
decrease in the electrical work of
micellization due to a decrease in

repulsion between surfactant heads
caused by the presence of solubilized

electrolyte
presented in Tables 1-4.
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Table 1 Concentration of surfactant, c, critical micelle concentration of pure surfactant, cmc,
and analytical concentration of surfactant, and C™°for calculation of binding and partitioning

iarameters for AR-27 i CTABr sistem

2.28 16.78 0.9 13.8 712.3
2.16 17.39 0.9 12.6 778.8
2.04 17.82 0.9 11.4 859.1
1.92 17.92 0.9 10.2 957.7
1.80 18.15 0.9 9.0 1082.3
1.68 18.88 0.9 7.8 1243.8
1.56 18.21 0.9 6.6 1461.9
1.44 20.92 0.9 5.4 1773.1
1.32 22.17 0.9 4.2 2252.3

Table 2 Concentration of surfactant, cs, critical micelle concentration of pure surfactant, cmc,
and analytical concentration of surfactant, and C,"°for calculation of binding and partitioning
arameters for AR-27/CTABr/NH4Cl system

2.28 2.29 9.0 13.8 712.3
2.16 2.30 9.0 12.6 778.8
2.04 2.31 9.0 114 859.1
1.92 2.32 9.0 10.2 957.7
1.80 2.33 9.0 9.0 1082.3
1.68 2.34 9.0 7.8 1243.8
1.56 2.36 9.0 6.6 1461.9
1.44 2.38 9.0 5.4 1773.1
1.32 2.42 9.0 4.2 2252.3

Table 3 Concentration of surfactant, c,, critical micelle concentration of pure surfactant, cmc,

and analytical concentration of surfactant, and C™°for calculation of binding and partitioning
parameters for AR-27/CTABr/KCl system

2.28 2.36 0.9 13.8 712.3
2.16 2.41 0.9 12.6 778.8
2.04 2.42 0.9 11.4 859.1
1.92 2.44 0.9 10.2 957.7
1.80 2.45 0.9 9.0 1082.3
1.68 2.46 0.9 7.8 1243.8
1.56 2.47 0.9 6.6 1461.9
1.44 2.48 0.9 5.4 1773.1
1.32 2.51 0.9 4.2 2252.3

This  table  provides detailed system. As listed in Table 5, a higher

information about the solubilization partition coefficient indicates that the
behavior of the dye under different dye molecules have moved farther from
conditions. The partition coefficient (Kx) the bulk solution and are concentrated
was employed to assess the solubility of near the palisade region of the micelles.

the dye molecules in the CTABr micellar
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Table 4 Concentration of surfactant, c, critical micelle concentration of pure surfactant, cmc,
and analytical concentration of surfactant, and C™°for calculation of binding and partitioning

parameters for AR-27/CTABr/NaCl system

C.(mM) 1/ AA CMC,(mM)
2.28 2.31 0.9
2.16 2.36 0.9
2.04 2.41 0.9
1.92 2.42 0.9
1.80 2.43 0.9
1.68 2.44 0.9
1.56 2.45 0.9
1.44 2.46 0.9
1.32 2.48 0.9

C™(mM) 1/(C, +C)(dm*.mol ™)
13.8 712.3

12.6 778.8

11.4 859.1

10.2 957.7

9.0 1082.3

7.8 1243.8

6.6 1461.9

5.4 1773.1

4.2 2252.3

Table 5 Partition coefficient KX, free energy of partition AG, binding constant K, and free
energy of binding AG, for AR-27/CTABr, AR-27/CTAB /NH4Cl, AR-27/CTABr/KCl and AR-

27 /CTABr/NaCl systems
System 10sx K, AG,/KJmol™  102x K dm’mol™  AG, /KJmol™
AR-27/CTABr 5.29 -35.18 4.80 -21.01
AR-27/CTABr/NH4Cl 25.68 -38.38 44.00 -26.53
AR-27/CTABr/KCl 18.36 -35.75 26.00 -25.20
AR-27/CTABr/NacCl 14.67 -36.58 18.40 -24.34

However, the precise location and
position of the dye molecules within the
micelles are not fixed due to the dynamic
nature of the solubilization process.
Lower partition coefficient values
suggest that the dye molecules are

-16.6

trapped and deeply absorbed in the
center of the micelles. Figures 4 and 5
demonstrate the partitioning plot and
binding constant of AR-27 in CTABr
micellar medium, respectively.
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Figure 4 Relationship between (cq+cs™°) and (AA) ! for calculation of Kx for the AR-

27 /CTABr system
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Figure 7 Partitioning and Loci of AR-27 dye molecule in CTABr micellar media (a) AR-27 in
CTABr + NH4C], (b) AR-27 in CTABr + KCl, (c) AR-27 in CTABr + NaCl, and (d) AR-27 in CTABr

+H20

Equation (1) was found to provide a
more accurate representation at higher
CTABr concentrations, showing a linear
trend. To determine the values of the K
and Ky a location with high CTABr
concentration levels, where the 1/ (Ca+
C;™°) values were lower was chosen [33].
The dye molecules are soluble in the
outer region of the micelle and are
susceptible to lateral pressure, which
tends to push them towards the center of
the micelle. The attraction between the

anionic dye and cationic surfactant leads
to the dye molecules being pushed close
to the surface of the palisade layer,
resulting in a high partition coefficient
value. The partition coefficient for AR-27
is relatively low without electrolytes, as
presented in Table 1, indicating that the
dye molecules penetrate deeply into the
micelle core while in the presence of
electrolyte, solvatochromism occur [33],
meaning that the dye's entry into the
micelle's palisade layer is observed
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where there is ample space, as evidently
shown in Figure 7b. Hence, higher
partition coefficient (Kx) is observed [40-
45]. Electrolytes can have a dual effect on
the solubilization of dyes. They can
increase solubility = by  reducing
aggregation, weakening electrostatic
repulsions, and facilitating micelle
formation, all of which contribute to
higher  partition coefficients  (Kx)
However, in the absence of electrolyte,
deep dye penetration into the micelle is
hindered by the attraction between
opposite charges [33]. The initial drop in
absorbance may be a result of dye
molecules self-aggregating with the
assistance of surfactants, reducing the
repulsion between dye molecules. The
subsequent rise in absorbance may be
attributed to dye molecules adhering to
the surface of oppositely charged CTABr
materials [46].

Effect of electrolyte on the binding
behavior between AR-27 and CTABr

The presence of electrolytes plays a
significant role in influencing the binding
behavior between Acid Red 23 (AR-27)
and Cetyltrimethylammonium bromide
(CTABr). In comparison to the aqueous
medium, the binding constants of the
dye-surfactant complex are notably
higher when electrolytes are present,
consistent with prior research [47]. Table
1 provides a summary of the binding
constant values for the dye-surfactant
complex both with and without
electrolytes. The increased binding
strength in the presence of electrolytes
such as NH4Cl, KCl, and NaCl is evident
from the higher binding constant values
[48]. The electrolytes introduction leads
to an increase in binding constant due to
the following reasons:

(1) Clustering of water molecules occurs
due to the electrical attraction between
charged ions and their electric dipole
moments. This, in turn, results in a
decrease in the surfactant's solubility, a

phenomenon known as the salting-out
effect. As a result, the dye molecule gains
better access to the surfactant molecules,
leading to an increase in the binding
constant.

(2) The presence of surface charges in
the electrolyte causes particles to
condense into a smaller volume,
increasing the accessibility of the dye
molecule to the surfactant and creating a
stronger bond.

Table 1 illustrates that at lower
electrolyte concentrations (0.1 mM),
specific electrolyte cations induce an
increase in binding constants in the
following order: sodium ion >
ammonium ion > potassium ion. This
phenomenon can be explained by
considering the size of these cations. As
the cation size increases from sodium ion
(Na*) to ammonium ion (NH,*) to
potassium ion (K*), the effective charge
density of the cation decreases. This
occurs because the charge is distributed
over a larger volume, resulting in an
increase in the binding constant in the
specified order. It's worth noting that the
sodium ion is smaller than both the
potassium ion and ammonium ions, and
ammonium ions have lower hydration
properties compared to other ions.
Consequently, the charges of the
ammonium ion and potassium ions are
less shielded than those of the sodium
ion. This leads to a decrease in the
formation of ion-pair complexes in the
specified order, contributing to an
increase in the binding constant. lon-pair
complex formation primarily involves
electrostatic attractions between
oppositely charged ions (cation and
anion). Larger cations, with their more
diffuse charge distribution, are less
effective at forming strong electrostatic
interactions with anions compared to
smaller cations. The decrease in ion-pair
formation, combined with improved
solvent polarization associated with
larger cations, results in an increase in
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the binding constant, indicating a
stronger and more stable interaction
between the cation and anion.

Conclusion

In conclusion, our study employed UV-
Visible spectroscopy in the presence of
electrolytes to investigate the
interactions and solubilization behavior
of AR- 27 dyes in CTABr micellar media.
Through the addition of electrolytes, we
successfully improved the solubilization
efficiency of the dyes by reducing the
critical micelle concentration (CMC) of
CTABr and enhancing the hydrophobicity
of the micellar system. The spectroscopic
analysis utilizing various parameters,
such as the binding constant (K»), Gibbs
free energy of binding (4G»), Gibbs free
energy of partition (4Gp), and partition
coefficient (Kx), provided valuable
insights  into  the  dye-surfactant
interactions and solubilization process.

Our findings demonstrated that the
micellar solution of CTABr containing
electrolytes served as the most effective
medium for the entrapment and
encapsulation of the anionic dyes.
Despite primarily occupying the palisade
layer of the micelles, the dyes exhibited
stronger solubilization and robust
interactions with the surfactant in the
electrolytes presence, as evidenced by
the higher values of Kx, Kb, and AGs. The
negative values of AG» and AGp further
supported the spontaneous nature of
these processes. Moreover, the larger
values of Gibbs free energies of binding
and partition indicated the efficient
entrapment of dye molecules within the
palisade region of the micelles, further
confirming the successful solubilization
of AR- 27 dye in the CTABr micellar
structure.

Overall, our study provides important
insights into the solubilization and
interaction mechanisms of AR- 27 dye in
CTABr micellar media. The electrolytes
utilization not only enhanced the

solubilization efficiency, but also shed
light on the robust dye-surfactant
interactions. These findings contribute to
the understanding and  potential
improvement of dye entrapment and
stability in micellar systems, opening
avenues for further applications in
various fields such as dyeing processes,
drug delivery, and material synthesis.
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