


Spectrophotometric Investigation of the Solubilization and Thermodynamics of Eriochrome Blue Black R in Cationic, Nonionic, and Zwitterionic Surfactant Systems

Abstract
The interaction between the anionic dye Eriochrome Blue Black R (EBBR) and three structurally distinct surfactants: Cationic Cetyltrimethylammonium Bromide (CTAB), nonionic Triton X-100 (TX-100), and zwitterionic Cocamidopropyl Betaine (CAPB) was systematically investigated using UV-visible spectrophotometry. The study evaluated the solubilization efficiency and thermodynamics of dye-surfactant interactions by determining binding constants  and partition coefficients  for each system. The corresponding Gibbs free energies of binding and partitioning  were also computed. The results obtained showed that the solubilization process is predominantly influenced by parameters such as critical micelle concentration (CMC), electrostatic forces, hydrophobic interactions, and the polarity of the medium. Negative values of  and  across all systems confirmed the spontaneous nature of the dye-surfactant interactions. Among the surfactants examined, CTAB exhibited the highest solubilization efficiency for EBBR, attributed to favorable electrostatic attraction between the cationic head groups of CTAB and the anionic dye molecules. The nonionic TX-100 and zwitterionic CAPB demonstrated comparatively lower dye-binding capabilities, likely due to the absence or neutralization of electrostatic interactions. These findings provide valuable insights into dye-surfactant systems, which are relevant to applications in wastewater treatment, dye removal, and formulation chemistry.
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1. Introduction
Surfactants represent a large family of amphiphilic compounds that play a central role in many industrial and consumer applications, including detergents, emulsifiers, foaming agents, and dispersants [1]. They are ubiquitous in the everyday products people consume, like food, drinks, clothes, and vehicles, and therefore are a part of everyday life. Their effective use and accessibility have a strong impact on the health of the population and the overall quality of life [2]. Surfactants are used in two of the biggest markets: industrial processing, where surfactants serve as emulsifiers, dispersants, and cleaning agents, and personal care products such as detergents, shampoos, and cosmetics. Structurally, surfactants have non-polar ("hydrophobic") tails and polar (hydrophilic) heads, such that they dissolve in both water and organic solvents [3]. This amphipathic nature leads to two fundamental behaviors: adsorption at interfaces and aggregation into micelles when the concentration goes beyond the critical micelle concentration (CMC) [4]. Micelle formation, or micellization, is influenced by several factors, such as surfactant concentration, temperature, ionic strength, polarity of the solvent, and the inclusion of co-surfactants or counter-ions [5]. Techniques such as fluorometry, conductometry, surface tension, and UV-visible spectroscopy are typically employed for the determination of CMC values [6]. Micelles have a hydrophilic outer layer and hydrophobic inner layer and can trap polar and nonpolar compounds by a process known as solubilization [7]. This property is especially beneficial in increasing the water solubility of otherwise poorly soluble molecules. The use of mixed surfactant systems, specifically mixtures of non-ionic and ionic surfactants, has been found to increase the efficiency of solubilization, lower CMC values, and yield more stable` and adjustable micellar structures [8]. These hybrid systems have improved performance over a wide range of environmental conditions, including pH, salinity, and temperature conditions, and hence are applied across a wide range of industries like enhanced oil recovery, floatation, and drug targeting [9]. Surfactants are categorized based on the nature of their hydrophilic head groups into anionic, cationic, non-ionic, and amphoteric or zwitterionic surfactants [10]. These distinctions play a central role in their interaction with other chemical species, for example, dyes. Dyes are pigmented materials that chemically adhere to substrates to give color. They can be sourced naturally from plants and minerals or be produced synthetically from organic substances. Dyes chemically contain chromophores and auxochromes, which are responsible for color display and substantivity. Dyes are generally not susceptible to degradation and are highly water-soluble, with direct dyes accounting for around 17% of total usage in the textile sector [11]. Some of the physicochemical methods employed for removing dyes include coagulation, flocculation, oxidation, and adsorption. Surfactant-mediated approaches, i.e., cloud point extraction and micellar-enhanced ultrafiltration, are more effective, though [12]. These methods encapsulate dye molecules in micelles, which can be reclaimed with ultrafiltration membranes. Dyes are also distinguished based on their chromophore group into classes like azo, triphenylmethane, and phthalein dyes. Azo dyes contain a single or double azo (-N=N-) bond, usually connecting aromatic rings. Triphenylmethane dyes, though colorfully vibrant, possess a disadvantage of poor lightfastness and are of limited use in inks and copying papers. Phthalein dyes are acid-base indicators and are applied widely. Interactions between surfactants and dyes are significant both in the process of dyeing and dye elimination. They are guided by electrostatic, hydrophobic, and van der Waals forces.  When ionic dyes come into contact with oppositely charged surfactants, dye-surfactant ion pairs are formed [13]. A variety of analytical techniques that comprise conductometry, potentiometry, ion-selective electrodes, and mainly spectrophotometry have been applied to investigate these interactions [14].  The presence of surfactants induces changes in the UV-visible absorption maxima of the dyes, and this usually turns out to be molecular interaction and complex formation indices [15]. The present study addresses the solubilization behavior of EBBR, a water-soluble dye within three surfactant systems: an amphoteric surfactant (Cocamido propyl betaine, CAPB), a non-ionic surfactant (Triton X-100), and a cationic surfactant (CTAB). UV-visible spectroscopy measurement was employed to investigate dye/surfactant interactions [16]. Although there is vast literature on micellar systems, this study specifically deals with the effect of surfactant type on the solubilization efficiency of EBBR. Partition coefficients of EBBR were determined in the presence of various concentrations of each surfactant system.




2. Materials and methods
           High-purity laboratory reagents were used in this study. The anionic dye Eriochrome Blue Black R (EBBR: C20H13N2NaO5S; M. Weight 416.38 g/mol) and surfactants Cetyltrimethylammonium bromide (CTAB: [(C16H33)N(CH3)3]Br; M. Weight 364.46 g/mol), Cocamidopropyl betaine (CAPB: C19H38N2O3; M. Weight 342.524 g/mol), Triton -X 100 (Tx-100: C14H22O(C2H4O)n  M. Weight 647 g/mol). All with 99% purity were obtained from JHD Chemicals Ltd (Samaru, Kaduna, Nigeria). All the chemicals were used without any further purification. To prepare distinct solutions, distilled water was employed as the aqueous medium. Depictions of the chemical structures used in the current research are found in Figure 1 (a-d).
Preparation of solutions 
        A 9.6 ×10-6 M aqueous solution of Eriochrome Blue Black R acted as the solvent for making a series of individual surfactant solutions. The CMCs of CTAB, CAPB, and TX-100 are 0.65 mM, 0.88 mM, and 0.22 mM, respectively, from the literature. Surfactant solutions with concentrations ranging from 0.2 mM to 9.5 mM were prepared in an aqueous medium containing EBBR dye.
2.1. Research techniques
UV-visible spectroscopy
An easy, universally accessible, and effective method to examine dye-surfactant interaction is the UV–visible spectroscopy [17]. Absorbance measurement was carried out using a Shimadzu double-beam UV–Visible spectrophotometer. Absorbance (simple and differential) was measured in a Quartz Cuvettes at 298.15 K. To obtain direct absorbance, a reference cell with distilled water and an EBBR dye-based surfactant solution in the sample cell was employed. An aqueous dye solution was employed as the reference in differential absorbance measurements, with the samples consisting of aqueous surfactant solutions of varying concentrations prepared in EBBR dye. Absorbance spectra, both simple and differential, were obtained for each micellar system in the 400–800 nm wavelength range and the highest absorbance obtained for the dye-surfactant system was recorded.
2.2. Analysis of Dye Partitioning and Binding Interactions
A valuable tool for determining key interaction parameters between dyes and surfactant micelles, including the partition coefficient (), binding constant and the Gibbs free energies associated with partitioning  and binding (), is the spectroscopic techniques [18]. Quantification of the partition coefficient  in dm³/mol) for EBBR/Surfactant interactions was achieved using the Kawamura equation (equation (1)) [19]:
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From equation (1), denotes dye concentration in moldm-3,  represents absorbance change, and A∞ is the absorbance change corresponding to infinite surfactant concentration. Here,  denotes the partition coefficient of the dye between water and micelles, and refers to the concentration of the surfactant employed, which is derived from Equation (2):
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From equation (2), Cs is the surfactant concentration, and the Critical Micelle Concentration of surfactant without dye is  [20].  For calculating the unitless partition coefficient,  equation (3) was used [21].
	Kx=Kcnw
	                                 (3)



From equation (3), represents the amount of water in moles per cubic decimeter of solution (55.5 moldm-3).
    To evaluate the thermodynamics of dye distribution, the standard free energy change for partitioning  between the aqueous and micellar phases was estimated from equation (4) [22]:
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Here, R denotes the universal gas constant, and T is the absolute temperature. To evaluate the dye-micelle interaction, the binding constant  was calculated using the Benesi-Hildebrand equation (Eq. (5)) [23]. The linear plot between  allowed for the determination of ​ based on its slope and intercept using equation (5):
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(a) Chemical structure of EBBR


(b) Chemical structure of CTAB




(c) Chemical structure of TX-100
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(d) Chemical structure of CAPB
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Figure 1. Chemical structure of EBBR, CTAB, TX-100 and CAPB
In this equation,  denotes the dye concentration,  is the optical path length (1.0 cm) of the sample solution, and corresponds to the difference in absorbance between the EBBR-surfactant complex and unbound EBBR. represents the difference in molar absorptivity (extinction coefficient) between the EBBR-surfactant complex and the free dye  
       Gibb’s free energy change (ΔGb) can be calculated using  according to equation (6):
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3. Results and discussion
EBBR Dye Solubilization in Single Surfactant Micelles
Figure 2 is the spectrum of an aqueous solution of 9.6 ×10-6 M EBBR. This spectrum displays a broad peak with the highest absorbance (λmax) at 537 nm.
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	Figure 2: Spectrum of 9.6 ×10-6 M EBBR in aqueous solution
3.1. UV-Vis absorption spectra recorded for a single micellar environment
Spectra of 9.6 ×10-6 M EBBR in varying concentrations of CTAB, CAPB, and TX-100 from (0.2 mM - 9.5 mM) were plotted. A maximum absorbance of dye was registered at 537 nm, which shifted to 661 nm for the dye/CTAB system, 546 nm for the dye/TX-100 system, and 568 nm for the dye/CAPB system. Bathochromic shifts were noted for dye/surfactants interaction compared with the pure dye solution, this demonstrates a host-guest association and the influence of hydrophobic and electrostatic interactions [24]. Larger shifts were observed in the case of CTAB due to the strong electrostatic interaction with EBBR. In addition to this shift, hypsochromic shifts were also observed for TX-100 due to its nonionic nature. Shifts to larger wavelengths were also observed for the dye/CAPB system. This wavelength shift reflects alterations in the microenvironment surrounding EBBR molecules as they transition from the polar to the less polar regions of the micelles. EBBR molecules undergo redistribution and re-stabilization as surfactants participate at varying energy levels [25]. Polar orbitals exhibit enhanced stability in polar environments; thus, the observed bathochromic shifts may be attributed to n→π electronic transitions. Additionally, EBBR molecules engage in electrostatic interactions with each surfactant to varying degrees [26].
Figure 3 (a-c) indicates a clear correlation between absorbance values and the concentrations of CTAB, CAPB, and TX-100, respectively. When surfactant concentrations exceed the critical micelle concentration (CMC), numerous micelles are formed, which encapsulate increasing amounts of dye molecules within their structures [27]. As a result, absorbance intensity continues to rise even beyond the CMC.






Figure 3: UV-Vis absorption spectra of EBBR dye as a function of (a) CTAB (b) CAPB (c) TX-100 concentration.
3.2. Variation in absorption spectra within an individual micellar system.
Figure 4 (a,b,c) illustrates that the observed rise in differential absorbance  reflects the ongoing incorporation of dye molecules into the micellar structures. Depending on the polarity gradient within the micelle, the dye molecules may localize at various depths from the outer layer to the core. Their movement is limited by noncovalent interactions, primarily hydrophobic attraction and electrostatic forces. The process of solubilizing the dye within the micelles is dynamic and actively driven [28].





Figure 4: Absorbance change spectra of EBBR dye as a function of (a) CTAB (b) CAPB (c) TX-100 concentration. 


Individual surfactant systems’ differential absorbance spectra were employed in studying the binding and partitioning behavior of interactions between surfactant micelles and EBBR. Benesi-Hildebrand equation (Eq. 5) was applied to measure dye/surfactant binding interaction in terms of the binding constant . Differential spectra for varying concentrations of the micelles are depicted in Fig. 4. To determine the linearity of the data, a plot of was prepared. The binding constants were determined from the above analysis, which were then used to estimate the Gibbs free energy of binding 


         Figure 5: Graphical representation of Binding constant (Kb) of dye in (a) CTAB (b) CAPB (c) TX-100 micellar media.
The distribution of the dye between the micellar and aqueous phases was determined using the partition law, following the Kawamura model (Eq. 1), in terms of the partition coefficient  A plot of 
was constructed (Fig. 6), and the slope and intercept of the plot were employed to calculate . Subsequently, the distribution coefficientwas calculated from Eq. (3), and the Gibbs free energy of partitioning  was calculated from Eq. (4). Values of the binding constant  and distribution coefficient for the EBBR-Surfactant systems are listed in Table 1. Whereas  indicates the strength of binding of dyes to micelles, the partition coefficient  quantifies the relative distribution of the dye between the aqueous phase and the micellar phase [29]. Elevated and values point to strong dye-micelle interactions and efficient solubilization. The observed negative free energy changes ( and ) reflect the thermodynamically favorable and spontaneous interaction of the dye with the micellar systems [30]. Figures 5 and 6 illustrate the plots used in calculating the partition constant  binding constant , partition coefficient  Gibbs free energy of binding , and Gibbs free energy of partitioning  for the EBBR/CTAB, EBBR/CAPB, and EBBR/TX-100 systems, and the corresponding values are presented in Table 1.





Figure 6: Variation in the partition constant (Kc) of the dye across (a) CTAB, (b) CAPB, and (c) TX-100 micelles.
TABLE 1: Partitioning and Binding Characteristics of the Dye in Individual Surfactant Systems.
	System
	

	
(dm3mol-1)
	  × 10-4
	
(dm3mol-1)
	(kJmol-1)
	Δ 
(kJmol-1)

	EBBR/CTAB
	 0.00065
	2271
	12.60
	2000
	-29.10
	-18.83

	EBBR/TX-100
	0.00022
	913
	5.06
	857
	-26.84
	-16.73

	EBBR/CAPB
	0.000881
	580
	3.22
	700
	-25.71
	-16.23



High binding and partition constant values confirm that micelles significantly enhance the solubility of dyes. EBBR, among the studied systems, binds strongest with CTAB, as it exhibits its highest binding constant (2.0 × 103 dm³ mol⁻¹) in comparison with TX-100 (8.57 × 102 dm³ mol⁻¹) and CAPB (7.0 × 102 dm³ mol⁻¹). Besides, EBBR partitions more extensively between the aqueous and CTAB micellar phases, as indicated by its high partition coefficient (2.271 × 103). The negative values of (−18.83 kJ mol⁻¹ for EBBR/CTAB, −16.73 kJ mol⁻¹ for EBBR/TX-100, and −16.23 kJ mol⁻¹ for EBBR/CAPB) and  (−29.10 kJ mol⁻¹ for EBBR/CTAB, −26.84  for EBBR/TX-100, and −25.71 kJ mol⁻¹ for EBBR/CAPB) indicate the spontaneity of the binding as well as the partitioning process and the thermodynamic stability of the EBBR–surfactant systems under investigation.
3.3. Comparison between the interaction of CTAB, TX-100, and CAPB with EBBR.
How the EBBR micellar system behaves is, to a great extent, controlled by its molecular structure. The extent of dissociation and the number of charged groups within the molecules of EBBR control the size of its solubilization and positioning in the micellar structure [31]. In CTAB, the anionic functional groups of EBBR point toward the hydrophilic ends of the surfactant molecules and away from the organic part of the dye, which is pointing toward the hydrophobic core. The Structure of EBBR shows that it possesses anionic groups with high dissociation capability, which are strongly bound to the cationic groups of CTAB [32]. Therefore, the dye molecules are localized within the palisade layer of the micelle, near its surface.
This layer provides enough space to accommodate several dye molecules, as seen in the larger value of the partition coefficient () [33]. In the case of the EBBR/TX-100 system, the hydrophobic aromatic regions of the dye get associated with the hydrophobic tails of TX-100 surfactant molecules. This supports micelle formation, where the dye gets dispersed in the hydrophobic interior and is properly solubilized in the aqueous environment. While TX-100 is nonionic and doesn't carry a charge, the sulfonic acid group in EBBR still influences the interaction. At certain pH levels, the sulfonic acid group becomes deprotonated and negatively charged. This leads to electrostatic interactions between the negatively charged dye and the polar head groups of the surfactant, potentially influencing the solubility and behavior of the dye in the presence of TX-100. As TX-100 forms micelles, the dye can be solubilized within the hydrophobic core of the micelles. This changes the local environment of the dye, shifting its electronic structure and potentially causing a shift in the absorption wavelength (also known as a bathochromic shift, where the maximum absorbance wavelength shifts to longer wavelengths). The hydrophobic environment in the micelle lowers the energy required for electronic transitions, which affects the absorption properties of the dye. In solution, the dye interacts with water molecules and other solutes [34]. When incorporated into the surfactant micelles, the dye is placed in a much less polar environment (the hydrophobic core of the micelle). This leads to changes in the dye's electronic structure, altering the absorption spectrum. The shift to longer wavelengths is due to the reduced polarity and interactions with water molecules when the dye is surrounded by the surfactant’s hydrophobic region [35]. The formation of dye-surfactant complexes or micelles causes a broadening of the absorption peaks, as the environment is not homogeneous and causes slight variations in the dye's behavior. 
A reduced partition coefficient () suggests that comparatively fewer dye molecules are transferred to the TX-100 micellar phase than to the CTAB phase. For the EBBR/CAPB system. The long hydrophobic alkyl chain of CAPB interacts with the hydrophobic regions of EBBR (the aromatic rings and hydrophobic moieties in the dye structure). 
The zwitterionic nature of CAPB allows for both positive and negative charge interactions with the dye. The hydrophobic portions of EBBR partition into the hydrophobic tail regions of CAPB [36]. These hydrophobic interactions are similar to what happens with nonionic surfactants, but the interaction is stronger and more structured due to the zwitterionic nature of CAPB, which can more easily accommodate both hydrophobic and electrostatic forces. CAPB has both positively charged (amine) and negatively charged (carboxylate) groups. These charges interact with the negatively charged sulfonic acid group in EBBR (if deprotonated), leading to electrostatic attractions. However, these interactions are weaker than those found in CTAB and TX-100 [37]. since CAPB is zwitterionic and the net charge is balanced, electrostatic attraction occurs between the negatively charged sulfonate group in EBBR and the positively charged amine group of CAPB, leading to more pronounced binding [38]. Electrostatic repulsion also occurs between the negatively charged carboxylate group of CAPB and the negatively charged sulfonate group of EBBR. This repulsion does not favor the binding interaction and, therefore, leads to a relatively weaker binding and partitioning of the dye in the CAPB micelles compared to the cationic and nonionic surfactant. The absorption properties of EBBR dye in CAPB micelle are affected and lead to a shift in wavelength due to changes in the electronic environment around the dye molecule [39]. This micellar environment is less polar than water and leads to a bathochromic shift (shift to longer wavelengths) in the absorption spectrum of EBBR. 
4. Conclusion
UV-visible spectroscopy was employed to study the interaction of EBBR dye with CTAB, TX-100, and CAPB. Using the differential absorbance data of the respective systems, the partition coefficient (Kc) and binding constant  were determined.  Value of for EBBR/CTAB system (2.271 × 103 dm3mol-1) is higher than that of EBBR/TX-100 system (9.13 × 102 dm3mol-1), and EBBR/CAPB system (5.8 × 102 dm3mol-1), indicating that compared to EBBR/TX-100 system and EBBR-CAPB system, the presence of the cationic surfactant CTAB markedly improved the solubilization of EBBR dye, owing to intensified electrostatic attraction between the dye and the micellar interface. The lower values of Kc in TX-100 and CAPB are partly due to the absence of electrostatic interaction and electrostatic repulsion, respectively. Similarly, the dye bound better with the micelles of CTAB with  value of (2.0 × 103 dm3 mol−1), as compared to that of TX-100 (8.57× 102 dm3 mol−1) and CAPB (7.0 × 102 dm3 mol−1). The value of Δ and Δ for CTAB are higher than that of TX-100 and CAPB, suggesting that the EBBR/CTAB system is thermodynamically more stable than the EBBR/ TX-100 system, which is also more thermodynamically stable than the EBBR/CAPB system. Therefore, CTAB is a more effective surfactant at solubilizing EBBR dye than TX-100 and CAPB.
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