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ABSTRACT 

Due to modernization, researchers are in search of efficient compounds which must be 

easy to synthesis in large volume at low cost, durable, reliable, cheap for commercial 

applications for enhancement in dyeing and for corrosion control. In this context, 

surfactants are the best chemical compounds due to their aggregating nature at critical 

micelle concentration and such form is called micelle. The present study is dealt to its 

interaction with additives azo dye possessing typical dyeing features as it can be utilized 

for enhancing the quality of colourful substances in mixed solvent system along with 

its anti-corrosion ability.  

The aim of the present study is to investigate the interaction between cationic 

surfactants dodecyl trimethyl ammonium bromide (DTAB) and cetylpyridinium 

chloride (CPC) with azo dye methyl red (MR) in mixed solvent media and study the 

anti-corrosion ability of surfactants. The interaction study is performed with the studies 

of UV-Vis. spectra, conductivity, surface tension, viscosity, pH, and anti-corrosion 

study with weight loss and potentiodynamic polarization measurements. The 

interactional and anticorrosion analysis has been compared at three different 

temperatures (298.15 K, 308.15 K and 318.15 K). 

CMCs are identified at lower absorbance using UV-visible spectrophotometric 

techniques. From the spectral data, azo form of MR is best for interaction with cationic 

surfactants.The binding as well as partition parameters have been determined using 

Benesi-Hildebrand equation and pseudo-phase model respectively. All the spectral 

analysis are analysed at 0.1, 0.2, 0.3 and 0.4 volume of methanol in room temperature. 

Conductometric measurements are performed to determine the CMCs both in absence 

and presence of MR at three different temperatures in mixed methanol media. The 

interaction of surfactants DTAB and CPC with MR has been identified separately 

through the dye-surfactant aggregation process with suppressed CMC values due to the 

architectural flexibility of MR in the systems. Micellization becomes more likely with 

MR due to the formation of a molecular complex in mixed systems. The calculated 

thermodynamic properties both in the absence and presence of methyl red are the 

standard Gibbs free energy of micellization (∆Gm
o ), the standard enthalpy of 

micellization (∆Hm
o ), the standard entropy of micellization (∆Sm

o ), the standard free 

energy of transfer (∆Gtrans
o ) and heat capacity of micellization (∆mCp

0). In accordance 
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with ∆Gm
o  values, the mixtures show the spontaneous nature of micellization of DTAB 

and CPC. 

CMCs are determined from the plots of surface tension and log[surfactant] in presence 

of MR with surface tension measurement. Surface properties are determined using 

CMCs  to study the interaction of DTAB with MR and CPC with MR. Such surface 

properties are  
dγ

d log C
 , Γmax, Amin, πCMC, P, ∆Gads

o  and p𝐶20 of CPC in the presence of 

methyl red with respect to volume fractions of methanol at 298.15 K, 308.15 K and 

318.15 K. 

Viscosities in presence of MR of surfactant solution in mixed methanol system are 

determined at three temperatures and CMCs are obtained. Using the increased CMCs 

with increase in mixed volume, viscosity coefficient is determined with Jones-Dole 

equation. Along with this pH of surfactant solutions in presence of MR are determined 

at room temperature. 

Anti-corrosion study of DTAB and CPC are studied to find the inhibition efficiency 

using weight loss method and potentiodynamic polarization method. Weight loss is 

obtained at three different temperatures (298.15 K, 308.15 K and 318.15 K). All the 

reported sample solutions were maintained at three different temperatures (298.15 K, 

308.15 K and 318.15 K) of concentrations range below, above and at optimum critical 

micelle concentration (CMC) of the cationic surfactants. Results showed that inhibition 

efficiency decreases with increase in temperatures and increases with addition of 

concentrations of cationic surfactants. The highest inhibition efficiency of both 

surfactants was determined at around CMC. Both CPC and DTAB follow isotherm of 

Langmuir adsorption and represent as mixed type of corrosion inhibitor with 

predominance of cathodic reaction.  
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CHAPTER 1 

1. INTRODUCTION 

1.1 General Perspective 

Surfactants have been a great approach to fulfil the existing need of the population. To 

enhance the quality of dyeing, surfactants play vital role in improving the process. The 

main objective of present research to diminish the environmental pollution which could 

be implemented using least harmful substances and must be environmentally friendly. 

1.2 Surfactants  

Surfactants are surface active agents which exhibit some amazing interfacial activity. 

All known surfactants are amphiphilic compounds possesses hydrophilic and lipophilic 

propensities on  the same compounds (Bashir et al., 2022). Polar molecules in  such 

surfactants consisting of polar groups, non-polar groups and also ions composed of  

different electronegative atoms (Ma et al., 2013). These molecules form a network of 

hydrogen bonds in water. As a result, classifying surfactants into such groups is 

dependent on the composition of hydrophilic groups. Surfactants are classified into 

groups based on the nature of their hydrophilic head groups (Sar et al., 2019). Aside 

from that, surfactants are classified according to their use, and many surfactants have 

multiple uses as they are extremely useful compounds. (Isaac et al., 2022). Anionic 

surfactants have a negative head, cationic surfactants have a positive head, nonionic 

surfactants have no charge in their head, and amphoteric or zwitterionic surfactants 

have both negative and positive heads. as shown in Fig. (Lavkush Bhaisare et al., 2015).  

           

                             

 

Figure 1: Classification of Surfactant according to the composition of their head. 
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1.3 Critical Micelle Concentration (CMC) 

Surfactants exist as monomers in aqueous solution at low concentrations (free or 

unassociated surfactant molecules). These monomers form a monolayer at the interface, 

pack together, and lower surface and interfacial tension (Bashir et al., 2022). Despite 

the fact that this event is highly dynamic surfactant molecules enter and exit the 

interface on a very quick time scale the strong interactions between molecules at the 

interface and their nearby neighbours allow for the determination of the monolayer's 

rheological properties (Ma et al., 2013). With the exception of the fact that surface 

tension dramatically decreases with concentration, surfactant characteristics in low 

concentrations in water are comparable to those of simple electrolytes (Isaac et al., 

2022). 

Surfactant monomers assemble to form a closed aggregate (micelle) at a certain 

concentration, with the hydrophobic tails shielded from water and the hydrophilic heads 

facing it. When micelles form in an aqueous medium, the critical aggregation 

concentration (CAC) is known as the critical micelle concentration (CMC). 

The CMC is a surfactant property that indicates when monolayer adsorption is 

complete, and the surface-active properties are optimal. Monomer concentrations are 

nearly constant above the CMC. As a result, there are no significant changes in the 

surfactant properties of the solution because the surface activity is caused by the 

monomers. Micelles have no surface activity, and any increase in surfactant 

concentration affects the structure of micelles rather than the number of monomers in 

the solution. 
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Figure 2: Schematic representation of aggregation of surfactant depending on the concentration (Malik 

et al., 2011). 

Based on the area occupied by the hydrophilic and hydrophobic groups of surfactants, 

a theory for aggregate structure was developed. For a surfactant aggregate structure to 

be stable in an aqueous system, the internal part of the aggregate must contain the 

hydrophobic part of the surfactant molecule, while the surface must contain the 

hydrophilic heads. If the polar head groups in water are ionic, they will repel each other 

due to the same charge repulsion. The higher the charge, the stronger the repulsion and 

the less likely it is to form aggregates (Malik et al., 2011).  

1. Spherical micelles form when the surfactant packing parameter is less than one-third 

(single chain surfactants with large head group areas such as anionic surfactants). The 

radius of the spherical aggregates is approximately equal to the maximum stretched out 

length of the surfactant molecule. 
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2. When the surfactant packing parameter is between 1/3 and 1/2, cylindrical micelles 

form (single chain surfactants with small head group areas such as non-ionic surfactants 

and ionic surfactants in high salt concentration). Any change in solution properties that 

reduces the effective size of hydrophilic head groups will cause the aggregate size and 

shape to change from spherical to cylindrical. 

3. As the packing parameter approaches unity, the lamella flattens and becomes planar 

(double chain anionic surfactants in high salt concentration). 

1.4 Determination of Critical Micelle Concentration (CMC) 

CMC is the concentration at which micelles, or aggregates form. Beyond and after this 

point, several physiochemical properties (conductivity, surface tension, viscosity, 

density etc) of surfactant solutions are changed (Shah et al., 2020; Shah & Bhattarai, 

2020). A physicochemical property of interest is often plotted against the concentration 

of the surfactant, and the break in the plot is used to determine the CMC value of a 

surfactant micelle (Shah et al., 2020). Table 1 lists the techniques used to determine 

CMC most frequently. It should be noted that various experimental methods could 

result in somewhat different values for a surfactant's CMC. 

Table 1: Some common methods to obtain CMC 

Conductivity (Ali et al., 2014) 

Ultrasonic Resonance Technology (Horiuchi & Winter, 2015) 

Surface Tension (Menger et al., 2005) 

UV/Vis (Ali et al., 2014) 

NMR Spectroscopy (Alvares et al., 2014) 

Calorimetry (Animesh Pan et al., 2013) 

Density (Sheikh & Bhat, 2012) 

Isothermal titration calorimetry (Smith et al., 2022) 

Fluorescence Spectroscopy (Lavkush Bhaisare et al., 2015) 

Viscosity (Sheikh & Bhat, 2012)  
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1.5 Factors affecting CMC 

There are several factors that affect the value of CMC. It includes the molecular 

structure of surfactants (including hydrophobic tail, head, and counter ions), 

temperature and additives (such as co- solvent, azo dyes etc). 

1.5.1 Molecular structure of surfactants 

From the data of values of CMC of different surfactants, several general observations 

on the variation of the CMC with surfactant molecular structure can be made as 

illustrated in Fig. 3. The CMC decreases dramatically as the length of the alkyl chain 

increases seen from Fig. 4. It is because of increase in hydrophobicity with increase in 

chain length  (Shah et al., 2016). A fixed number of carbons in the alkyl chain is best 

for comparing different classes of surfactants. Non-ionic CMCs are significantly lower 

than ionic CMCs (Lavkush Bhaisare et al., 2015) . The length of the alkyl chain 

influences the relationship. Aside from the significant difference between ionics and 

non-ionics, the effects of the head group are mild. Cationics usually have a higher CMC 

than anionics. 

 

Figure 3: The log of CMC varies linearly with the number of carbon atoms in the alkyl chain of a 

surfactant (Gohain et al., 2008). 

The values of CMCs vary little depending on the nature of the charged head group. The 

charge of the hydrophilic head group appears to have the greatest influence. For 

example, the CMC of cetyltrimethylammonium chloride (CTAB) is 0.98 mM, in 

contrast to non-ionic surfactant, Triton X-100, the CMC is about 0.19 mM; while the 

CMC for SDS is 7.3 mM, for Dodecyl dimethylis(3-Sulfopropyl) ammonium hydroxide 
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(SB-12) is 3.5 mM (Lavkush Bhaisare et al., 2015). In addition to the surfactant's 

relative insensitivity to the nature of the charged head group, CMCs show little 

dependence on the nature of the counter ion. (Singh et al., 2000).  

The study of physical properties of the surfactants shows that the primary factor 

influencing the value of the thermodynamic parameters is the length of the hydrocarbon 

chain. (Shehata et al., 2008). 

1.5.2 Temperature 

The CMC fluctuates nonmonotonically over wide range (Sheikh & Bhat, 2012). The 

temperature dependence of CMC of Sodium Dodecyl Sulphate (SDS) is well-observed 

in Fig. 4. The CMC of non-ionic surfactant (polyoxyethylene) decreases with the rise 

in temperature.  

 

Figure 4: Effect of temperature on CMC of  Sodium Dodecyl Sulphate (top) and penta(ethylene 

glycol) nonodecyl ether (Alvares et al., 2014). 

1.5.3. Additives 

The external additives on the surface of surfactant molecules will vary the micellar 

properties of surfactants, resulting in thermodynamic changes such as Gibbs' free 

energy of micellization, entropy and enthalpy of micellization and many more 

(Bhattarai et al., 2017; Shah et al., 2020). Similarly, the CMC of ionic surfactant 

substances is altered in mixed alcohol media because the addition alcohol molecules 

solvate the surfactant tail portion by its hydrophobic part (Bračko & Špan, 2001). 

Surface properties and viscous properties of external additives such as electrolyte, 



 

 

7 

alcohol mixed in water, azo dyes, polyelectrolytes etc greatly influence on micellar 

activities of surfactants. 

1.6 Dye and its classification 

A colored substance called a dye has an affinity for the surface it is being applied on. 

The dye is often applied in an aqueous solution, and a mordant may be necessary to 

increase the dye's fastness on the fiber (M. E. Diaz Garcia & Sanz-Medel, 1986). 

Dyes show significant structural variety and can be categorized according to their 

chemical composition or how they apply to fiber kind. Dyes need to have at least one 

functional group that gives the dye color, termed chromophores as well as substituents 

that donate or withdraw electrons to cause or amplify the chromophores' color, named 

as auxochrome (Muhammad & Khan, 2020). The chromophore group can serve as the 

foundation for categorizing dyes. Azo (–N=N–), nitro (–NO2), methine (–CH=), 

quinoid groups and carbonyl (–CO-) are the most significant chromophores. The 

highest significant auxochromes are hydroxyl (–OH), carboxyl (–COOH), sulfonate (–

SO3H) and amine (–NH2) groups. Furthermore, according to how soluble they are, dyes 

can be characterized as basic, acid, metal complex, direct, mordant, and reactive dyes 

or as insoluble dyes such azoic, sulfur, vat, and disperse dyes. Azo dyes, which are 

aromatic compounds with one or more -N=N- groups, are the most common type of 

synthetic dyes used in industrial settings (Gokturk & Tuncay, 2003). 

1.7  Influence of dye structure on aggregation 

Oppositely charged dyes induced different nature of aggregation with surfactants at 

premicellar, micellar, and post micellar regions. Due to different physical and chemical 

properties, there is generation of hydrophilic and hydrophobic interactions. Dye 

molecules can be interacted with surfactant molecules due to the unique in spectra 

observed through spectrophotometric techniques. It has been reported in the literatures 

due to dye interaction with the micellar molecules there is decrease in micellar activity 

(Edbey et al., 2018; Shah et al., 2021). Many more fields are associated with the 

phenomenon which directly impart on solubilsation and dispersion. Such great 

influence brings great revolution in aggregating in nature viz-H-aggregation and J-

aggregation (Dragan et al., 2010, 2016). H-aggregation is related to blue shift due to 

solubilization of surfactant molecules with oppositely charged dye molecules and J-

aggregation is related to red shift of dye molecules in absence of surface-active 
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molecules on dye structures. The mechanism of dye-surfactant molecules can be 

proposed through Fig. 5 as shown below (M. E.Diaz Garcia & Sanz-Medel, 1986). 

 

 

Figure 5: The interaction scheme between dye and surfactant for their complex formation 

1.8 Corrosion 

An electrochemical or chemical reaction that results in the irreversible destruction or 

damage of material or living tissue is called corrosion (Deyab, 2020). The tendency of 

most metals to revert to their original states causes corrosion. For instance, iron will 

convert into iron oxide when exposed to damp air. By directly reacting with a chemical, 

metals can corrode; for example, zinc can react with diluted sulfuric acid and 

magnesium will react with alcohols (Manonmani et al., 2016). In the case of non-

metallic materials, the term corrosion invariably refers to their-deterioration from 

chemical causes, but a similar concept is not necessarily applicable to metals. Many 

authorities consider that the term metallic corrosion embraces all interactions of a metal 

or alloy (solid or liquid) with its environment, irrespective of whether this is deliberate 

and beneficial or adventitious and deleterious. Thus, this definition of corrosion, which 

for convenience will be referred to as the transformation definition, will include, for 

example, the deliberate anodic dissolution of zinc in cathodic protection and 

electroplating as well as the spontaneous gradual wastage of zinc roofing sheet resulting 

from atmospheric exposure (Free et al., 2004). Corrosion is the degradation of a 

material brought on by a reaction with its surroundings. Deterioration of the material's 

physical attributes is the definition of degradation. This can result in a material 

becoming weaker because of a reduction in cross-sectional area, a metal breaking owing 

to hydrogen embrittlement, or a polymer cracking from exposure to sunshine. Metals, 

polymers (plastics, rubbers, etc.), ceramics (concrete, brick, etc.), and composites 

mechanical blends of two or more materials with various properties can all be 
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considered materials. Due to the fact that metals are the most commonly utilized 

structural material (Aslam et al., 2021). 

 

Figure 6: Most corrosion of metals is electrochemical in nature (Malik et al., 2011) 

Corrosion is a natural, spontaneous, and thermodynamic process. Corrosion is the 

metal's indication of wanting to return to its initial state as ore. Fig. 6 correlates the 

corrosion life cycles of a steel product. Iron oxide (ore) is converted into finished steel 

product by smelting and refining. The finished steel product is converted into iron oxide 

because of interaction with air and moisture (Gupta, Kafle, et al., 2020; Karki et al., 

2021). 

A material will deteriorate through corrosion when it interacts with its environment. It 

is the process through which metallic atoms separate from the metal or combine with 

other elements to produce compounds. A structural element gets depleted of metal 

atoms until it fails, or oxides accumulate inside a conduit until it becomes clogged 

(Deyab, 2020). 

1.9 Surfactant inhibitor and its classification 

Four categories of inhibitors exist: (a) inorganic, (b) organic, (c) surfactant inhibitor, 

and (d) mixed substance inhibitor. A polar hydrophilic group, or "head," is joined to a 
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non-polar hydrophobic group, or "tail" in compounds known as surfactants, also known 

as surface active agents. Depending on the charge of the solid surface and the free 

energy change of transferring a hydrocarbon chain from water to the solid surface, the 

inhibitory action of surfactant molecules in aqueous solution may be caused by the 

physical (electrostatic) adsorption or chemisorption onto the metallic surface. A metal 

corrodes when there is a chemical reaction between it and its environment in which the 

metal is oxidized (Asefi et al., 2011; Malik et al., 2011). 

1.10 Surfactant as corrosion inhibitor 

Surfactants are the chemical substances which can be utilized for inhibiting processes 

to control corrosion. As corrosion is the natural phenomenon, it must be controlled. 

There are lots of corrosion inhibitors, among other surfactants are amphiphilic in nature 

which shows better inhibition efficiency. It is cheap, less toxic and easy for production 

(Al-Lohedan et al., 1996; Aslam et al., 2021; Malik et al., 2011). 

1.11 CMC in corrosion inhibition 

The efficiency of surfactants as corrosion inhibitors can be assessed using the critical 

micelle concentration (CMC), a critical indicator. Interfacial aggregation lowers 

surface tension and is associated with corrosion inhibition because below the CMC, 

individual surfactant molecules or monomers tend to adsorb on exposed interfaces. 

Above the CMC, the surface develops several monolayers that form a protective layer 

on the metal surface (Fig. 7). As a result, any extra surfactant added to the solution 

above the CMC will cause the surface to adsorb in micelles or several layers. As a 

result, above the CMC, neither the surface tension nor the corrosion current density are 

considerably changed. Consequently, a surfactant inhibitor that aggregates or adsorbs 

at minimum concentration is excellent (Aslam et al., 2021; Migahed & Al-Sabagh, 

2009). Therefore, low CMC surfactants are preferred since they adsorb at low 

concentrations. 
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Figure 7: Effect of surfactant inhibitor on change in its concentration (Elkacimi et al., 2011; Malik et 

al., 2011) 

It is well known that surfactant as corrosion inhibitor has been used effectively due to 

its unique properties such as aggregation and adsorption on the surface. An important 

prerequisite to understand corrosion inhibition by surfactant molecules is to understand 

the factors that affect aggregation as well as the state of aggregation of surfactant 

molecules on metal surfaces. Surfactant aggregation can be measured by decreasing 

surface tension at the air-water interface. It has been reported that, the effect of 

temperature on the corrosion behavior of Al in the absence and presence of different 

concentrations of anionic surfactants in acidic media at different temperatures has been 

studied (Aslam et al., 2021). This means that the acceleration of the dissolution process 

followed by a reduction in the corrosion inhibitor's adsorption on the metal surface was 

caused by a rise in temperature (Al-Lohedan et al., 1996). 
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Figure 8: Mechanism of surfactant adsorption on metallic (Choi et al., 2022; Malik et al., 2011) 

Corrosion inhibition has complex mechanism and depends on the formation of mono- 

or multi-dimensional protective layers on the metal surface. Fig. 8(a) depicts the 

surfactant's manner of adsorption as individual molecules at very low inhibitor 

concentrations. The surfactant's manner of adsorption as hemi-micelles at a moderate 

concentration is depicted in Fig. 8(b). The beginning point to collect the surfactant in 

duplet, triplet, or quadrate before forming the complete micelles is known as the hemi-

micelle phase in the surfactant solution (Aslam et al., 2021). Fig. 8(c) shows the 

adsorption of surfactant at high concentrations. 

1.12 Rationale 

There are major uses of surfactants: in consumer products and in industry. A study of 

the interaction of surfactant with azo dye is crucial for effective and enhanced 

interactions with additives. By studying the interaction of mixtures with mixed 

solvents, we can ensure long-term use. Therefore, research into how surfactants interact 

with azo dye is necessary. 

Metallic surfaces should be inhibited with a good inhibitor because corrosion is an 

electrochemical process. However, a lot of research has been done to address 

application-related issues. Such a study is necessary in this situation to develop  

concepts and pave the way for additional research projects. 

As a result, there is a need for research because (i) surfactants are widely used and (ii) 

they have amazing micellar properties (iii) One of the main causes of economic loss is 

corrosion (iv) Such a study has not yet been conducted in Nepal. Therefore, this study 

is beneficial for both industrial and academic applications. 
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1.13 Objectives  

1.13.1 General objective  

The study was undertaken to study the interaction of cationic surfactants with Azo 

dyes in mixed solvent media and anticorrosion ability of the surfactants. 

1.13.2  Specific objectives  

Following were the specific objectives of the present research work. 

• Study the interaction between DTAB and MR in mixed solvent media 

• Study the interaction between CPC and MR in mixed solvent media  

• Study the anti-corrosion ability of surfactants (CPC and DTAB) 
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CHAPTER 2 

2. LITERATURE REVIEW 

2.1 General overview  

The chapter 2 explains the research works pertaining to surfactants interactions with 

azo dyes in aqueous as well as mixed solvent media  and also its anticorrosion ability 

of surfactants. Nowadays many researchers are interested in research activites related 

with amphililic compounds due to its dual nature of interactions.  

2.2 Surfactant Sensitized Reaction 

Alonso et al., (1984) discussed the true ternary complex of 1:3:3 through hydrophobic 

environment of Cetylpyridinium Bromide (CPB) twisted around chromophore. 

Through spectrophotometry and fluorometry analysis in this complex there is 

enhancement in absorptivity and bathochromic shift due to micellar media. The 

researchers are very much interested in such surfactant sensitive environments arising 

due to ion-association.  

Garcia & Sanz-Medel, (1985) summarized the sensitization of the colour reaction of 

metal ion with dyes (chelate) and surfactants CPB of the cationic type. This brings new 

analytical methods which is an inexpensive in comparision to atomic spectroscopy 

method. Amin, (2000) used the cationic surfactant, CPB and summarized the role of 

micellar media in enhancing the sensitivity in the complex of the system. 

Huang & Zhang, (2006) also used surfactant sensitized method of spectrophotometry 

to estimate orthophosphate in acidic medium. Thus, surfactant is the most significant 

compound for the sensitization, and it can be analysed through spectrophotometry. 

2.3 Methods for dye-surfactant interactions 

There are lots of techniques to study dye-surfactant interactions. Among the techniques, 

conductivity measurement is reported as a quick and easy method to determine the 

degree of interaction. Such interaction influences both the thermodynamics and kinetics 

of dyeing which bring quality of dyeing on fibers (Jocic, 1995).  

Edbey et al., (2015) also presented interactions between cationic dye (methyl violet) 

and anionic surfactant (Sodium Dodecyl Sulfate) by the process of solubilisation using 
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electrical  conductivity and UV-Vis measurement. The CMC  of SDS was determined 

and binding constant (Kb) and Gibbs Free energy parameter (∆G0) were evaluated. Such 

aggregation behaviour leads to determine the behavioral aspects of such interaction. 

Wong & Park, (1986) also summarized the spectral behaviour of cationic dyes 

(Methylene blue and Acridine orange) individually and analysed the hydrophobic 

nature of the dye. 

Simončič & Špan, (1998) presented that at three different temperatures, the specific 

conductance of dye-surfactant combinations in water-ethanol mixed solvent comprising 

5, 10, 15, or 20% of ethanol was measured. Based on two theoretical models, the 

equilibrium constant, and other thermodynamic functions for the creation of dye-

surfactant ion pairs were estimated. 

Ghoreishi & Nooshabadi, (2005) concludes that the interaction study using  surfactant 

selective electrode technique between anionic dye (azo dye) with cationic surfactant 

(Tetradecyl-trimethylammonium brmide-TTAB). The electromotive force data from 

the TTAB selective electrode was used to calculate the concentration of TTAB 

monomers and surfactant ions bound to dyes. This study produced the standard free 

energy change, 𝛥G0, and the dye-surfactant complex formation binding constant, Kb. 

To enhance the interaction phenomenon between surfactant and dye, different 

thermodynamic parameters, surface parameters, pH values, binding and partition 

parameters is necessary for the establishment of better complexity and flexibility 

(Hosseinzadeh et al., 2008; Plutino et al., 2017; Prasad Tajpuriya et al., 2021;Sharifi et 

al., 2020). 

2.4 Anti-corrosion Ability of Surfactants 

The technological world has continued to be interested in material corrosion. Materials 

corrosion inhibition has been the subject of research for decades, and in many cases it 

has been thoroughly researched and comprehended (Shehata et al., 2008). 

Asefi et al., (2011) studied that one of the most practical ways to prevent corrosion in 

acidic media is using inhibitors. Since a few years ago, there has been extensive 

research on the promising potential use of surfactants as corrosion inhibitors. It is 

generally known that surfactants frequently combine to form aggregates at surfaces and 

in solutions. 
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Malik et al., (2011) reviewed the typical anticorrosion properties of various surfactant 

types have the potential to be employed in the industry as effective solutions to 

problems with corrosive on metallic surfaces to prevent material and financial loss.  

Attari et al., (2015) concluded that surfactants is the most significant compound which 

is the suitable inhibitor as explained in the literatures. The good inhibition effeciciency 

is well observed at the CMC point of the surfactants. As reported in the papers, the 

mechanism of inhibition has been described through Langmuir isotherm. Langmuir 

isotherm is suitable to describe physiosorption and chemisorption.  

Arockia Selvi et al., (2019) studied the compact coating of surfactant inhibitor on the 

metallic surface. This shows that surfactant acts as best inhibitor for the corrosion 

control. The use of surfactant is very easy, less toxic and environmentally friendly 

(Abbasov et al., 2013). 

Abdellaoui et al., (2021) demonstrated that the cationic surfactant in presence of 1 M 

HCl solution acts as mixed type inhibitor with anodic type of reaction. The inhibition 

efficiency is obtained upto 92.98 % at 298.15 K after 6 hours immersion in the acid 

solution. This shows that cationic surfactant is the better inhibitor for corrosion control. 

Aslam et al., (2021) reviewed that use of surfactant inhibitor is very much interesting 

due to its capability to form film on the surface. The literature survey shows that there 

is few studies on cationic surfactants as corrosion inhibitor. The amazing adsorption 

phenomenon of cationic surfactant realizes for further study on the related field to 

control the corrosion. 

2.5 Applications of dye-surfactant interaction study 

It has been very much necessary to enhance the existing trends of dye surfactants 

applications. Such activities can only be improved with lots of studies. As there 

interactions can been utilized in chemical research, it should be implemented 

effectively in analytical chemistry, textile printing, photographic graphics and many 

others (Alehyen et al., 2010; Shah et al., 2021). Its applications have been reported in 

pharmaeceutical science, production of huge personal care products, pulp, and paper 

printing. It has been widely utilized in analytical and photocatalyzed products (Khadka 

& Bhattarai, 2020; Plutino et al., 2017; Sheikh & Bhat, 2012). 
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2.6 Applications of anti-corrosion study 

As corrosion is the process of corroding the oxidized metallic bodies, it has to be 

controlled. The nation is losing natural beauties of natural heritage sites of metallic 

bodies due to corrosion, as a result, there is huge economic loss in protection which 

ingluence in tourism (Karki et al., 2021). It is very much necessary to conserve the 

metallic surfaces. The study of anti-corrosion idealized the best inhibiting substances 

for corrosion control (Janati et al., 2020). Also, it brings awareness to utilize the suitable 

inhibitor for the desired process. As it is  reported that, surfactants are the good inhibitor 

which effectively works on the corrosion control (Abdellaoui et al., 2021; Zhu et al., 

2021). 
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CHAPTER 3 

 3. MATERIALS AND METHODS 

This chapter includes the reagents and chemicals used for the cationic surfactants 

interaction with azo dyes and anticorrosion ability of surfactants. 

3.1 Materials/ Reagents  

Cationic surfactants CPC and DTAB, 98% pure were purchased from Sigma Labsys in 

Bengaluru-03, India. It was kept in the oven for one hour before use. Azo dye MR, 98% 

pure was also purchased from Sigma labsys of Bengaluru-03, India. Table 3.1 displays 

the molecular structure of DTAB, CPC, and MR. 

Cationic surfactants have been widely used as auxiliaries in many areas due to valuable 

characteristics such as emulsification, spreading, water proofing and repellence(Sar et 

al., 2019). 

Methanol and Ethanol were bought from Merck, India, 99 % purity . It was purified 

through distillation and used as mixed solvent media (0.1, 0.2, 0.3, and 0.4 volume 

content of methanol). Double distilled water is used for preparing mixed media. All 

solvents and chemicals used during the research work were of AR (analytical reagent) 

grade. 

Table 2: Molecular structure of DTAB, CPC, and MR 

Dodecyl 

trimethylammonium 

bromide (DTAB) 

 

Cetyl pyridinium 

chloride (CPC) 
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Methyl red (MR) 

 

 

3.2      Methods 

3.2.1 For dye-surfactant interactions study 

For the measurement of UV-Visible spectra, conductance, surface tension, viscosity 

and pH, the following methodologies are adopted. Ethanol-water systems were only 

used for absorption spectroscopy method but not for other methods due to similar 

physiochemical properties between methanol and ethanol (Bhattarai et al., 2017). 

3.2.1.1 Preparation of mixed solvent media (0.1, 0.2, 0.3 and 0.4 volume fraction 

of methanol and ethanol) 

First, each volume fraction of methanol and ethanol were prepared in double distilled 

water. Each mixed solvent was prepared  at temperature 298.15 K in water bath. For 

0.1, 0.2, 0.3 and 0.4 volume fraction of methanol and ethanol, the ratio of alcohol and 

water is 1:9, 2:8, 3:7 and 4:6 respectively. The volume of methanol above 0.4 methanol 

and ethanol were not used due to precipitation of surfactant molecules (Shah et al., 

2020). Finally, the prepared mixed media were utilized to prepare solution of CPC, 

DTAB and MR. 

3.2.1.2 Absorption spectroscopy method 

The spectrophotometric measurements were recorded by both single beam (LT-290 

Model, India) and double beam (MARS ME-SP 195UV, India) UV-Visible 

spectrophotometer from which UV-Vis spectra were recorded at room temperature 

using 1 cm length quartz cuvette in the range, 300 to 700 nm. 
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3.2.1.3 Conductance measurement 

The conductometric measurements were performed to obtain the CMC value of DTAB 

in the absence, as well as the presence of MR at 0.1, 0.2, 0.3 and 0.4 volume fraction 

of methanol at temperatures 298.15 K, 308.15 K and 318.15 K, as described in the 

literature (Shah et al., 2020). Using a conductivity meter that was obtained from 

Toshniwal Instruments Mfg Pvt. Ltd., Rajasthan, India, the conductometric 

measurements were carried out. 0.1 M and 0.01 M KCl solutions at 298.15 K were used 

to calibrate the conductivity cell, which had a cell constant of 1.124. After calibration, 

the conductivity of double distilled water was recorded to be 1.005 μScm-1. 

3.2.1.4 Surface tension measurement 

The surface tension was measured using easy dyne tensiometer K20S purchased from 

Germany was used for the density and surface tension measurement. Du Nouy ring 

method was adopted to measure the surface tension at three different temperatures, 

298.15 K, 308.15 K and 318.15 K.  

3.2.1.5 Viscosity measurement  

The viscosity measurement was conducted using ManSingh Survismeter by adopting 

viscous flow time (VFT) method (Niraula et al., 2018). In this method, time flow of 

solution filled in the limb are noted shown by digital stopwatch. The time flow of 

solution was verified in three replicated for each concenterated solution. The viscosity 

was determined using formula: 

ηsoln = (
tsoln

tsolv
) (

dsoln

dsolv
) ηsolv                                                   (3-1) 

where, 

ηsoln  = Viscosity of solution 

ηsolv    = Viscosity of solvent 

tsoln     = flow time of solution 

tsolv = flow time of solvent 

dsoln = density of solution 

dsolv = density of solvent 
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3.2.1.6 pH measurement 

The pH values of solution were recorded using (a Eutech-2700, Singapore) pH meter 

at three different temperatures, 298.15 K, 308.15 K and 318.15 K.  

3.2.2 Anti-corrosion ability of Surfactants 

3.2.2.1 Weight loss method 

The weight loss method is most widely used techniques for identifying the corrosion 

inhibition efficiency. This is most convenient for determining inhibition efficiency of 

the inhibitor. The data determined is not much reliable due to manual errors. 

3.2.2.1.1 Preparation of solution  

To prepare 0.5 M H2SO4, 13.76 mL of concentrated H2SO4 was taken in a 500 mL 

volumetric flask and it was diluted up to mark. 

Inhibitor solution of Cationic surfactant (DTAB) of concentration 0.5 M was prepared 

in 0.5 M H2SO4 of 250 mL volumetric flask. Also, cationic surfactant (CPC) of 

concentration 0.5 M was prepared in 0.5 M H2SO4 of 250 mL volumetric flask. 

3.2.2.1.2  Preparation of mild steel sample 

Mild steel was cut into the piece of 2 cm × 2 cm × 0.15 cm. Sample was polished by 

silicon carbide paper of different grades of 100, 400, 600, 800 and 1000. Then its length, 

breadth and thickness were measured by Digital Vernier Caliper and washed in Hexane. 

Again, mild steel was polished with silicon carbide paper of grades 1200, 1500 and 

2000. Then it was sonicated in ethanol for 15 minutes, dried and weighed. Mild steel 

sample was immersed in inhibitor solution of given concentration for 24 hours at 298.15 

K, 308.15 K and 318.15 K respectively. After 24 hours samples were dried, and weight 

of the used samples were taken. 

3.2.2.2 Potentiodynamic polarisation 

Sonicated sample (used for weight loss method) was subjected for both cathodic and 

anodic polarization using Hokuto Denko potentiostat (HA-151B, Japan). Polarization 

was done using three electrode systems. Electrolytic cells were set up using mild steel 

samples that was used as working electrode, platinum electrode as counter electrode 

and saturated calomel electrode (SCE) as reference electrode. Surfactant inhibitors 

solution used in cell were different in different experiments. OCP (Open Circuit 
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Potential) was measured. Then the sample was subjected for studying cathodic and 

anodic polarization. 
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CHAPTER 4 

4. RESULTS AND DISCUSSION 

This chapter consists of the main findings and discusses the investigations which are 

UV-Vis studies, conductivity, surface tension, viscosity, and pH studies of DTAB and 

CPC in mixed solvent media in presence of azo dye MR. Dye-surfactant interaction is 

a well-known phenomenon and UV-Vis spectrophotometry, conductivity, surface 

tension, viscosity, and pH techniques were used to investigate this interaction between 

MR and DTAB, MR and CPC. Here the anticorrosion ability of surfactants using weight 

loss method and potentiodynamic polarization method were also studied.  

4.1 Dye surfactant interaction studies 

4.1.1 UV-Vis spectra of Cationic surfactant (DTAB)-MR interactions in methanol-

water mixture 

The simple absorption spectra of MR with and without DTAB in methanol-water 

mixtures are shown in Figs. 9 to 12. Using UV-vis spectroscopy, it can be explored the 

mechanism of dye-surfactant interaction. During such interaction, there is decrease in 

red shift due to entrapment of dye molecules in the micelle core. The micelles generate 

enhanced surface activity on the dye molecules throughout the interaction (Sachin et 

al., 2019). Accordingly, the spectrum displays an abnormal hypochromic shift due to 

the dynamic interaction between the MR molecules containing -COOH groups and 

DTAB molecules containing ammonium groups (Figs. 9 to 12). The red shift reflects 

interactions between MR molecules and more methanol, which resulted in π-π stacking 

because azo dyes are composed of J-aggregates formed by hydrogen bonding with 

methanol (Dragan et al., 2016). 
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Figure 9: Visible spectra of MR-DTAB system in 0.1 volume fraction of methanol. Here, I, II, III, IV, 

V, VI, VII, VIII, IX, X and MR represent the concentration of DTAB [5, 2.4, 2.2, 2, 1.8, 1.6, 1.4, 1.2, 1, 

0.8 and 0] × 10-2 mol. L-1 respectively. Here the constant concentration of MR is 2 × 10-3mol. L-1 

 

Figure 10: Visible spectra of MR-DTAB system in 0.2 volume fraction of methanol. Here, I, II, III, IV, 

V, VI, VII, VIII, IX, X and MR represent the concentration of DTAB [5, 2.4, 2.2, 2, 1.8, 1.6, 1.4, 1.2, 1, 

0.8 and 0] × 10-2 mol. L-1 respectively. Here the constant concentration of MR is 2 × 10-3mol. L-1 
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Figure 11: Visible spectra of MR-DTAB system in 0.3 volume fraction of methanol. Here, I, II, III, IV, 

V, VI, VII, VIII, IX, X and MR represent the concentration of DTAB [5, 2.4, 2.2, 2, 1.8, 1.6, 1.4, 1.2, 1, 

0.8 and 0] × 10-2 mol. L-1 respectively. Here the constant concentration of MR is 2 × 10-3mol. L-1 

 

Figure 12: Visible spectra of MR-DTAB system in 0.4 volume fraction of methanol. Here, I, II, III, IV, 

V, VI, VII, VIII, IX, X and MR represent the concentration of DTAB [5, 2.4, 2.2, 2, 1.8, 1.6, 1.4, 1.2, 1, 

0.8 and 0] × 10-2 mol. L-1 respectively. Here the constant concentration of MR is 2 × 10-3mol. L-1 
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4.1.2 UV-Vis spectra of Cationic surfactant (CPC)-MR interactions in methanol-

water mixture 

The simple absorption spectra of MR with and without CPC in methanol-water 

mixtures are given in Figs. 13 to 16. Using UV-vis spectroscopy, the clear visible view 

of interaction is observed through the mechanism of dye-surfactant interaction. During 

such interaction, there is decrease in redshift due to dye molecules entrapment in 

micelles of CPC as seen in DTAB (Edbey et al., 2018). Accordingly, the spectrum 

displays an abnormal hypochromic shift due to the dynamic interaction between the 

MR molecules containing -COOH groups and CPC molecules containing pyridinium 

groups (Figs. 13 to 16). The red shift declares J-aggregates which reflects interactions 

between MR molecules and more methanol (Plutino et al., 2017). 

 

Figure 13: Visible spectra of MR-CPC system in 0.1 volume fraction of methanol. Here, I, II, III, IV, V, 

VI, VII, VIII, IX, X and MR represent the concentration of CPC [1.5, 1.4,1.3,1.2,1.1,1,0.9,0.8,0.7.0.6 

and 0] × 10-3 mol. L-1 respectively. Here the constant concentration of MR is 2 × 10-3mol. L-1 

 

300 350 400 450 500 550 600 650 700

A
 (

a.
u
.)

λ (nm)

A MR

I

II

III

IV

V

VI

VII

VIII

IX

X



 

 

27 

 

Figure 14: Visible spectra of MR-CPC system in 0.2 volume fraction of methanol. Here, I, II, III, IV, V, 

VI, VII, VIII, IX, X and MR represent the concentration of CPC [1.5, 1.4,1.3,1.2,1.1,1,0.9,0.8,0.7.0.6 

and 0] × 10-3 mol. L-1 respectively. Here the constant concentration of MR is 2 × 10-3mol. L-1 

 

Figure 15: Visible spectra of MR-CPC system in 0.3 volume fraction of methanol. Here, I, II, III, IV, V, 

VI, VII, VIII, IX, X and MR represent the concentration of CPC [1.5, 1.4,1.3,1.2,1.1,1,0.9,0.8,0.7.0.6 

and 0] × 10-3 mol. L-1 respectively. Here the constant concentration of MR is 2 × 10-3mol. L-1 
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Figure 16: Visible spectra of MR-CPC system in 0.4 volume fraction of methanol. Here, I, II, III, IV, V, 

VI, VII, VIII, IX, X and MR represent the concentration of CPC [1.5, 1.4,1.3,1.2,1.1,1,0.9,0.8,0.7.0.6 

and 0] ×10-3 mol. L-1 respectively. Here the constant concentration of MR is 2 × 10-3mol. L-1 

4.1.3 Determination of Binding and Partition Parameters using Differential 

Absorption Spectra of DTAB and CPC 

At 0.1 up to 0.4 volume fraction of methanol, the CMC was determined from the plot 

of the absorbance –  [DTAB] or [CPC] profiles. The lower absorbance value indicates 

the CMC value for each volume fraction of methanol as seen in Figs. 17 and 18 and 

tabulated in Table 3. 

The binding constants for molecules of dye-surfactant interactions in volume fractions 

of methanol were calculated with the Benesi-Hildebrand Equation (4-1) (Edbey et al., 

2018; Fazeli et al., 2012). 

DT

ΔA
 = 

1

εm-ε0
 + 

1

Kb(εm-ε0)Cm
             (4-1) 

ΔA = A - A0 ,                (4-2) 

Cm = Cs – CMC               (4-3) 

Dye concentration is represented by DT in Equation (4-1), while dye absorbance is 

represented by A in Equation (4-2). The left-hand side of Equation (4-1) constitute of 
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ΔA, which shows the difference between dye's absorbance with and without surfactant 

expressed in Equation (4-2). The right-hand side of Equation (4-1) consists of the 

terms εm, ε0, Cm and K𝑏  represent the molar absorptivity of the dye, the absorbance 

molarity of the fully bound dye to micelles, the concentration of micellized CPC 

expressed in Equation (4-3) and the binding constants, respectively. Also, the term Cs 

represents the concentration of DTAB or  CPC. The binding constants can be 

determined from the plots of DT/𝛥A against 1/Cm (Figs. 19 and 20) tabulated in 

Table 4. 

In addition, using the partition coefficient, the concentration ratio of non-ionizing 

species was determined. A pseudo-phase model is used to calculate this parameter as 

in Equation (4-4) (Hosseinzadeh et al., 2008; Khosa, 2010). 

    
1

ΔA
 = 

1

ΔA∞  + 
1

KsΔA∞(CDye + Csurfactant - CMC)
            (4-4) 

Where, ΔA = A - 𝐴0 and ΔA
∞

 = 𝐴∞- 𝐴0. Further, the complete absorbance of a dye 

attached to a surfactant is A. 

     Ks =
Kx

nw
             (4-5) 

In Equation (4-5), the term Kx is the partition coefficient by following the pseudo-

phase model and nw = 55.5 mol L-1. Thus, Ks is the partition constant, which can be 

obtained from the slope of the graph plotted between ΔA
−1

 and 

[CDye+CSurfactant- CMC]−1 (Figs. 21 and 22) and Kx can also be obtained from relation 

Equation (4-5) tabulated in Table 4   (Hosseinzadeh et al., 2008). 

The Gibb’s free energies of binding (ΔGb) and partition (ΔGp) were estimated using 

the Equations (4-6) and (4-7). 

    ΔGb = -RTlnKb              (4-6) 

    ΔGp = -RTlnKx             (4-7) 
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Table 3: CMC values of DTAB and CPC at 0.1,0.2,0.3 and 0.4 volume fractions of Methanol 

Volume fraction of methanol CMC of DTAB with MR (mM) CMC of CPC with MR (mM) 

0.1 10.0 0.07 

0.2 18.0 0.12 

0.3 16.0 1.0  

0.4 12.0 1.13  

 

Table 4: Values of Kb, Ks, Kx, ΔGb and ΔGp of DTAB and CPC at 0.1, 0.2, 0.3 and 0.4 volume 

fractions of methanol 

Volume 

fraction 

of 

Methanol 

 

Kb(Lmol-1) Ks Kx ΔGb(kJmol-1) ΔGp(kJmol-1) 

DTAB CPC DTAB CPC DTAB CPC DTAB CPC DTAB CPC 

0.1 
16 × 

102 

30.3 × 

105 
1.36 × 

103 

4.56 

× 

104 

7.5  × 

104 

253.08 

× 104 
-18.29 -36.99 -27.83 -36.54 

0.2 
24 × 

102 

3.95 × 

105 
1.41 × 

103  

42.9 

× 

104 

7.83 × 

104 

2380.9

5 × 104 
-19.29 -31.94 -27.93 -42.10 

0.3 
250 × 

102 

14.5 × 

105 
13.04 × 

103 

192 

× 

104 

72.36 × 

104 

10656 

× 104 
-25.10 -35.16 -33.44 -45.81 

0.4 
18 × 

102  

0.93 × 

105 
1.87 ×  

103 

189 

× 

104 

10.4 × 

104 

10489.

5 × 104 
-18.58 -28.35 -28.63 -45.77 
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Figure 17: Plot of absorbance against the [DTAB] profile in four different volume fractions of 

methanol 

 

Figure 18: Plot of absorbance against the [CPC] profile in four different volume fractions of methanol 
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Figure 19: Plot of DT/ΔA against [Cs-CMC]-1 for MR with DTAB in four different volume fractions of 

methanol 

 

Figure 20: Plot of DT/ΔA against [Cs-CMC]-1  for MR with CPC in four different volume fractions of 

methanol 
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Figure 21: Plot of ΔA-1 against [Cdye+Csurfactant-CMC]-1 for MR with DTAB in four different volume 

fractions of methanol 

 

Figure 22: Plot of ΔA-1 against [Cdye+Csurfactant-CMC]-1for MR with CPC in four different volume 

fractions of methanol 
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4.1.4 UV-Vis spectra of Cationic surfactant (DTAB)-MR interactions in ethanol-

water mixture 

 

Figure 23: Visible spectra of MR-DTAB system in 0.1 volume fraction of ethanol. Here, I, II, III, IV, V 

and MR represent the concentration of DTAB [1, 2, 3, 4, 11 and 0] × 10-2 mol. L-1 respectively. Here the 

constant concentration of MR is 2.97 × 10-4mol. L-1 

 

 

Figure 24: Visible spectra of MR-DTAB system in 0.2 volume fraction of ethanol. Here, I, II, III, IV, V 

and MR represent the concentration of DTAB [1, 2, 3, 4, 11 and 0] × 10-2 mol. L-1 respectively. Here the 

constant concentration of MR is 2.97 × 10-4mol. L-1 
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Figure 25: Visible spectra of MR-DTAB system in 0.3 volume fraction of ethanol. Here, I, II, III, IV, V 

and MR represent the concentration of DTAB [1, 2, 3, 4, 11 and 0] × 10-2 mol. L-1 respectively. Here the 

constant concentration of MR is 2.97 × 10-4mol. L-1 

 

 

Figure 26: Visible spectra of MR-DTAB system in 0.4 volume fraction of ethanol. Here, I, II, III, IV, V 

and MR represent the concentration of DTAB [1, 2, 3, 4, 11 and 0] × 10-2 mol. L-1 respectively. Here the 

constant concentration of MR is 2.97 × 10-4mol. L-1 
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(Figs. 23 to 26). The addition of DTAB in the presence of varying ethanol 

concentrations had a significant impact on the azo dye's spectrum properties. The 

absorbance was increased with rised ethanol volume (Figs. 23 to 26), which contributes 

to the formation of molecular complex between the cationic surfactant and the azo dye 

as presented in Figs. 23 to 26. Due to a decrease in absorbance with a higher 

concentration range of ionic surfactant, the cause of electrostatic interaction on the 

hydrocarbon core of the surfactant was investigated at constant dye concentration 

(Moyá et al., 2007) . Here, due to the changing status of molecular complex between 

MR-DTAB in Figs. 23 to 26 , there is blue shift for the higher concentration of DTAB, 

remaining shows red shift. Due to unusual absorption of DTAB molecules with MR, 

no CMC values are detected in the plots. 

Analysing the visible spectra (Figs. 23-26), binding behavior is estimated using Benesi-

Hildebrand Equation 4.1 without CMC values and (Edbey et al., 2018; Fazeli et al., 

2012). Kb obtained from the Fig. 27 and using Equation 4.6, 𝛥Gb are tabulated in Table 

5. Because MR molecules abnormally aggregate around the hydrophilic part of DTAB 

micelles when the volume of ethanol is 0.2, the binding value between the azo dye and 

the surfactant is lowest at this volume. 

Table 5: Values of Kb and ΔGb of DTAB at 0.1, 0.2, 0.3 and 0.4 volume fractions of ethanol 

Volume fraction of ethanol 

 

Kb(Lmol-1) ΔGb(kJmol-1) 

0.1 12.2 -6010.31 

0.2 4.87 -3803.77 

0.3 26.77 -7898.5 

0.4 20 -7197.98 
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Figure 27: Plot of DT/ΔA against [Cs]-1  for MR with DTAB in four different volume fractions of 

ethanol 

4.1.5 Conductometric studies and its related thermodynamic properties of DTAB 

and CPC in absence and presence of MR 

Cationic surfactants are ionic surfactants consisting of both hydrophilic part and 

hydrophobic part which plays vital role in strong electrolytic solution. As a result, 

conductivity varies after certain concentrations, estimated as critical micelle 

concentration (CMC). The critical micelle concentration is that critical concentration at 

which micelle formation begins. It can be determined through the breakpoint between 

two lines. The breakpoint of the corresponding concentration is evaluated as an 

aggregation point called the CMC of the surfactant in the aqueous medium (Shah et al., 

2021). Here the system obtained both premicellar slope (S1) and postmicellar slope (S2) 

which are important slopes to determine degree of ionization (α) of surfactants in the 

solvent (Sachin et al., 2019a). The degree of ionization is expressed as follows. 

    α =
S2

S1
               (4-8) 

In each plot of conductivity against surfactant concentrations, conductivity increases 

with increasing concentration of cationic surfactants (DTAB and CPC). Also, it was 
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al., 2019).  It has been summarized from Tables 6 and 7 that there is a critical change 

in CMC values due to different effects (Figs. 38 to 49). Such effects are due to additives 

such as azo dyes (MR), variable mixed solvent media (alcohol content in water) along 

with increased temperatures (Bhattarai et al., 2017). 

It can be seen from the representative plot (Figs. 28 and 29 ) that the CMC has been 

suppressed in the presence of additives (MR). The reason behind the decrease of CMC 

is due to the increase in the force of attraction among molecules which easily solubilizes 

azo dye molecules and decreases the conductivity (Moyá et al., 2007). This is the 

outcome of higher DTAB and CPC concentrations, which lowers their ionic mobilities 

(Muhammad & Khan, 2020). 

Tables 6 and 7 reveal the presence of a cosolvent (alcohol content in water) suppresses 

micellization, and it completely stops forming micelle when its mixture attains an 

optimum level (Niraula et al., 2017). The CMC rises with rising methanol volume in 

water. It is due to the involvement of methanol in aggregates, where molecular species 

break down the aggregates (Shah et al., 2016). Researchers investigated that methanol 

which is short-chain alcohol rises the CMC values at the concentrated bulk phase 

because of lower cohesive energy density in the aqueous phase which enhances the 

process of solubilization of the monomeric surfactant (Bhattarai et al., 2017; Edbey et 

al., 2015). In the case of ionic surfactants, the relative permittivity of the medium can 

be used as an alternative explanation. Alcohols with short chains lower the relative 

permittivity of the water, which enhances the mutual repulsion of the ionic surfactants, 

which would reverse micellization and rises the CMC values (Simončič & Špan, 1998). 

The CMC values of DTAB and CPC are calculated from the conductivity method at 

three different temperatures (298.15, 308.15, and 318.15 K) but the values are very 

close which is matched with the literature (Bhattarai et al., 2017; Shah et al., 2016) of 

298.15 K. The CMC is greatly influenced by the increase in temperature as investigated 

in relevant literature (Shah et al., 2016). Thermodynamic properties are altered due to 

which micellization nature is varied for variable mixed solvent media at three different 

temperatures as shown in Tables 6 and 7. As a result, it is determined the increase in 

CMC due to increased temperatures in the same solvent system. 
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Figure 28: Representative plot of conductivity against the DTAB concentration without MR (□) and 

with MR (○) of 0.1 volume fraction of methanol in water at 298.15 K 

 

Figure 29: Representative plot of conductivity against the CPC concentration without MR (○) and with 

MR (▽) of 0.1 volume fraction of methanol in water at 298.15 K 
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solvent and azo dye also required to be considered. Mostly, the hydroxyl functional 

group of alcohol is hydrogen-bonded to the ionic head group of surfactants and thus 

decreases the attraction between DTAB or CPC and the azo dye. Therefore, to 

investigate the inhibitory impact of mixed solvents on the molecular complexes formed, 

assuming thermodynamic properties of mixtures, preferably solubilization of azo dyes, 

mixed solvent–water as well as a mixed solvent–surfactant mixture interactions. 

However, it is difficult to identify the reason responsible for the better inhibition effects 

among all. Mostly, all the determined parameters contribute more or less in variable 

ways (Niraula et al., 2017). 

Thus, the standard Gibbs free energy of micelle formation for ionic surfactant, ∆𝐺m
o , is 

calculated by the relation of the pseudo-phase separation model (Ruiz, 1999). 

    ∆Gm
o = (2 − α)RT lnXCMC            (4-9)            

where α denotes the degree of ionization, which was calculated with α = S2 /S1 (Niraula 

et al., 2017); S2 is the post micellar slope and S1 is the premicellar slope  and 𝑋𝐶𝑀𝐶 

denotes the mole fraction of CMC. The CMC values along with α values were 

calculated by conductivity data by  conventional process known as Williams’ method 

(Ruiz, 1999). 

The estimated values of ∆𝐺m
o  are negative, which denotes the spontaneous process of 

micellization. This spontaneity lowers with rising volume content of methanol, as a 

result, micellization is not more favorable. Increased negative ∆𝐺m
o  values when the azo 

dye content is added in mixtures, which shows that the formation of micelle becomes 

more beneficial with the inclusion of the azo dye.  

The oppositely charged binding preferably influences ∆𝐺𝑚
° ; thus, ∆𝐺𝑚

°  is one of the 

significant thermodynamic properties of the cationic surfactant (Shah et al., 2016; Shah 

et al., 2021).  

Standard enthalpy of micellization , ∆Hm
° s calculated using the relation (Bhattarai et al., 

2017) 

∆Hm
° = −RT22 − α [

∂lnXcmc

∂T
]

P
         (4-10) 
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The term (
∂lnXcmc

∂T
) is determined by fitting lnXCMC versus temperature (Figs. 30 to 33) 

and taking the corresponding derivative of temperature (Bhattarai et al., 2017). 

 

Figure 30: Plot of DTAB in absence of MR for the fitting lnXCMC versus three different temperatures. 

 

Figure 31: Plot of DTAB in presence of MR for the fitting lnXCMC versus three different temperatures. 
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Figure 32: Plot of CPC in absence of MR for the fitting lnXCMC versus three different temperatures. 

 

 

Figure 33: Plot of CPC in presence of MR for the fitting lnXCMC versus three different temperatures. 
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Also ∆𝑆𝑚
°  standard entropy of DTAB and CPC micellization can be obtained from the 

values of ∆Gm
°   and  ∆Hm

°  using the relation (Bhattarai et al., 2017a). 

T∆Sm
° =∆Hm

° − ∆Gm
°           (4-11) 

The additives effect could be obtained on micellization process through the 

relation,(Bhattarai et al., 2017a) denoted by ∆Gtrans
° . 

∆Gtrans
° = (∆Gm

° )methanol+water − (∆Gm
° )water        (4-12) 

Due to presence of additives, heat capacity of micellization, ∆mCp
0  can be obtained 

from slope obtained in the plot of ∆Hm
°   against T (Figs. 34 to 37) expressed by the 

relation (Bhattarai et al., 2017) 

∆mCp
0 =

∂∆m H0

∂T
           (4-13) 

 

Figure 34: Plot of DTAB in absence of MR of Standard enthalpy of micellization against T 
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Figure 35: Plot of DTAB in presence of MR of Standard enthalpy of micellization against T. 

 

Figure 36: Plot of CPC in absence of MR of Standard enthalpy of micellization against T. 
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Figure 37: Plot of CPC in absence of MR of Standard enthalpy of micellization against T. 

The values of α, CMC and ∆Gm
o , ∆Hm
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o , ∆Gtrans

o , and ∆mCp
0 of DTAB and CPC by 
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o , ∆Gtrans
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Sachin et al., 2019; Shah et al., 2016).  
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Table 6: The values of CMC, α, 𝛥G0
m, 𝛥H0

m, 𝛥S0
m and 𝛥G0

trans of DTAB without MR and with MR at 0.1,0.2,0.3 and 0.4 methanol-water medium through three dissimilar 

temperatures (298.15 K, 308.15 K and 318.15K) 

 

Note: a = without MR and b = with MR 

 

 

Temperature(K) volume 

fraction of 

methanol 

Degree of 

ionization (α) 

CMC (mM) by 

Conductometry 

∆𝐺m
o  (kJ mol-1)  ∆𝐻𝑚

° (kJ mol-1) ∆𝑆𝑚
° (J mol-1k-1) ∆𝐺𝑡𝑟𝑎𝑛𝑠

° (kJ mol

− 1)  

a b a b a b a b a b a b 

298.15 0.1 0.24 0.23 17.56 17.07 -41.32 -35.31 -9.96 -5.84 83.63 81.15 -4.74 1.27 

0.2 0.28 0.26 20.86 19.93 -40.29 -33.7 -7.0 -4.38 87.57 89.29 -3.71 2.88 

0.3 0.37 0.35 24.91 23.07 -39.67 -31.05 -3.2 -3.72 91.22 88.68 -3.09 5.53 

0.4 0.48 0.45 34.65 33 -38.50 -27.63 -2.4 -3.34 81.99 79.57 -1.92 8.95 

308.15 0.1 0.266 0.25 18.67 17.07 -39.93 -34.81 -1.49 -6.17 76.65 74.85 -3.35 1.77 

0.2 0.29 0.28 21.15 20.37 -39.01 -33.2 -7.44 -4.63 82.45 83.49 -2.43 3.38 

0.3 0.37 0.36 25.27 23.91 -38.58 -30.74 -3.42 -3.94 87.3 83.87 -2 5.84 

0.4 0.49 0.46 35.33 33.01 -37.47 -27.37 -2.6 -3.55 77.98 75.36 -0.89 9.21 

318.15 0.1 0.27 0.26 19.45 18.52 -38.07 -34.24 -11.15 -6.54 71.29 68.5 -1.49 2.34 

0.2 0.32 0.3 21.58 21.15 -37.07 -32.63 -7.79 -4.88 76.6 77.84 -0.49 3.95 

0.3 0.39 0.38 28.75 27.38 -36.22 -29.8 -3.6 -4.16 81.1 77.46 0.36 6.78 

0.4 0.51 0.5 36.14 34.6 -35.34 -26.46 -2.68 -3.69 73.68 69.64 1.24 10.12 
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Table 7: The values of CMC, α,  𝛥G0m, 𝛥H0m, 𝛥S0m and 𝛥G0trans  of CPC without MR and with MR at 0.1, 0.2, 0.3 and 0.4 methanol-water medium through three different 

temperatures (298.15 K, 308.15 K and 318.15K) 

 

Note: a = without MR and b = with MR 

  

Temperature(K) volume 

fraction of 

methanol 

Degree of ionization 

(α) 

CMC (mM) by 

Conductometry 

∆𝐺m
o  (kJ mol-1)  ∆𝐻𝑚

° (kJ mol-1) ∆𝑆𝑚
° (J mol-1k-1) ∆𝐺𝑡𝑟𝑎𝑛𝑠

° (kJ mol

− 1)  

 a b a b a b a b a b a b 

298.15 0.1 0.47 0.45 0.98 0.97 -41.28 -41.86 -13.34 -13.52 93.71 95.07 1.01 0.43 

0.2 0.49 0.47 1.05 1 -40.26 -40.83 -12.83 -13.00 91.98 93.32 2.03 1.46 

0.3 0.51 0.50 1.1 1.04 -39.31 -39.93 -12.66 -12.75 89.39 91.17 2.98 2.36 

0.4 0.53 0.51 1.13 1.11 -38.44 -39.02 -12.60 -12.77 86.65 88.05 3.85 3.26 

308.15 0.1 0.51 0.49 1.08 1.05 -39.83 -40.47 -9.01 -9.13 100.02 101.71 2.46 1.81 

0.2 0.53 0.51 1.14 1.1 -38.88 -39.54 -6.39 -6.48 105.41 107.27 3.41 2.75 

0.3 0.55 0.52 1.2 1 -37.93 -39.38 -3.04 -3.11 113.20 117.72 4.36 2.9 

0.4 0.57 0.53 1.25 1.1 -37.01 -38.52 -2.42 -2.48 112.28 116.93 5.28 3.77 

318.15 0.1 0.56 0.54 1.23 1.21 -38.02 -38.60 -9.28 -9.41 90.31 91.75 4.27 3.69 

0.2 0.58 0.56 1.31 1.3 -37.05 -37.60 -6.58 -6.68 95.75 97.19 5.24 4.69 

0.3 0.6 0.58 1.37 1.34 -36.14 -36.74 -3.13 -3.18 103.76 105.48 6.15 5.55 

0.4 0.62 0.6 1.41 1.39 -35.29 -35.85 -2.49 -2.52 103.11 104.76 7.00 6.44 
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Table 8:Values of ΔmCo
p for DTAB and CPC in mixed methanol-water system 

Note: a = without MR and b = with MR

Cationic Surfactants volume fraction of methanol 

0.1 0.2 0.3 0.4 

a b a b a b a b 

For DTAB -59 -34.9 -39.3 -24.7 -20 -21.9 -14 -17 

For CPC 203 513 312 479 476 316 506 205 
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Figure 38: Plot of conductivity against [DTAB] in absence of MR at 298.15 K 

 

Figure 39: Plot of conductivity against [DTAB] in absence of MR at 308.15 K 
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Figure 40: Plot of conductivity against [DTAB] in absence of MR at 318.15 K 

 

Figure 41: Plot of conductivity against [DTAB]  in presence of MR at 298.15 K 
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Figure 42: Plot of conductivity against [DTAB] in presence of MR at 308.15 K 

 

Figure 43:Plot of conductivity against [DTAB] in presence of MR at 318.15 K 
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Figure 44: Plot of conductivity against [CPC] in absence of MR at 298.15 K 

 

 

Figure 45: Plot of conductivity against [CPC] in absence of MR at 308.15 K 
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Figure 46: Plot of conductivity against [CPC] in absence of MR at 318.15 K 

 

 

Figure 47: Plot of conductivity against [CPC] in presence of MR at 298.15 K 
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Figure 48: Plot of conductivity against [CPC] in presence of MR at 308.15 K 

 

Figure 49: Plot of conductivity against [CPC] in presence of MR at 318.15 K 
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4.1.6. Surface tension studies and its related surface properties of DTAB and 

CPC in presence of MR 

The surfactant has aggregation properties which reduce the surface tension on limiting 

values 30-40 mN m-1, dependent on the chemical structure of it. The addition of external 

additives such as azo dye MR suppressed the micellization properties of aggregation 

substances. The critical concentration to form micelle is called CMC and is the most 

significant micellization property.  The CMC value is decreased in presence of azo dye 

(Shah et al., 2021) but increase with increase in volume of alcohol (Bhattarai et al., 

2017; Shah et al., 2016). 

Determination of CMC in presence of MR by surface tensiom method is presented in 

Figs. 50 and 51. CMC values of DTAB and CPC are listed in Table 9. Surface tension 

values of DTAB and CPC solutions in 0.10, 0.20, 0.30 and 0.40 volume fractions of 

methanol were plotted versus the surfactant’s concentration to determine the CMC 

values at 298.15 K, 308.15 K and 318.15 K  temperatures [Figs. 52 to 57]. It has been 

seen that CMC of DTAB is almost eighteen times higher than CPC. It is due to smaller 

size of hydrophobic tail of DTAB which shows lesser hydrophobic effect than that of 

CPC with larger hydrophobic tail (Sachin et al., 2019). As surfactant shows both 

hydrophilic and hydrophobic interactions, it is highly utilized in multiple purposes. It 

is environmentally friendly due to significant molecular mechanisms to interact with 

additives (Shah et al., 2020). 

The variation in the premicellar slope (
𝑑𝛾)

𝑑 log 𝐶
)   of DTAB and CPC in the presence of 

methyl red with volume fraction of methanol is tabulated in Tables 10 and 11 obtained 

from Figs 52 to 57. With increasing methanol volume fraction, the slopes' negative 

values diminish, which shows that the surfactants' surface activity has decreased. This 

results is due to changes in the medium's hydrophobicity as well as dielectric constant 

(Mukherjee et al., 2013; Niraula et al., 2018). By using slope, Gibb's isotherm can be 

used to calculate the maximum surface excess concentration at the air/methanol-water 

interface, 𝛤max  (Mukherjee et al., 2013): 

  𝛤max = −
1

2.303n𝑅𝑇
[

d𝛾

d log C
]

T,P
                                 (4-14) 

where γ denotes the surface tension, R denotes the universal gas constant (8.314 J mol-

1 K-1), T is the the absolute temperature, C denotes the surfactant concentration and 
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(
𝑑𝛾)

𝑑 log 𝐶
) denotes the slope of the γ against log C plot taken at CMC. The constant n is a 

pre-factor that is taken as 2 for the traditional surfactant, where the surfactant ion and 

the center line are univalent. 

The area covered for each surfactant molecule (𝐴min) at the mixed methanol-water 

interface can be determined using Equation (4-15), 

Amin = 1/NAΓmax                              (4-15) 

where NA denotes Avogadro’s number. 

Solubilisation of the surfactant molecules gets to the most extreme diminish in surface 

tension, which is shown by a parameter πCMC  called surface pressure. 𝜋CMC  is a 

measurement of the effectiveness of the surfactant by lowering the surface tension in 

the utilized solvent and is determined using Equation (4-16) as,  

πCMC = γo − γCMC                                             (4-16) 

where γo and γCMC are the water's surface tension and surfactant solution at the CMC, 

respectively.  

As obtained in the data, the surface excess concentration, Γmax , diminishes with 

increased volume fraction of methanol. This outcome is brought about by a decrease in 

the medium's dielectric constant and an increase in the hydrophobic effect. These 

elements induce the population of surfactant molecules to decline from the solvent's 

surface and spread throughout the bulk (Shah et al., 2016). Due to the lesser 

concentration of DTAB and CPC molecules on the superficial or surface region, the 

minimum surface area, 𝐴min, increases and the surface pressure, 𝜋CMC, diminishes with 

an increasing volume fraction of methanol (Niraula et al., 2018). 

This shows that the ion-pair of dye-surfactant covers more surface area at the mixed 

system interface than that of the surfactant alone. Additionally, the new nonionic 

surfactant with the bigger head group is equivalent to the dye-surfactant ion pair, which 

is created by electrostatic interaction, and as a result, a greater surface area per 

surfactant results in a lower CMC of the ion-pair surfactant (Borges et al., 2017). In the 

presence of the dye, the values of 𝜋CMC increased, indicating that dye surfactant ion 

pairs (DSIP) are more efficient in reducing the surface tension. 
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At interface, the standard free energy interfacial adsorption (∆Gads
o ) can be determined 

from the Equation (4-17) (Das et al., 2013) as 

∆Gads
o = ∆Gm

o −
πCMC

Γmax
⁄                      (4-17) 

The efficiency of the surfactant to be adsorbed, or spontaneous adsorption at the 

surface, is indicated by a higher negative value of ∆𝐺ads
o . In this experiment, it was 

discovered that the Δ𝐺ads
o   values were less negative as the volume fraction of methanol 

increased, indicating poor spontaneity of surfactant molecule adsorption on the surface. 

However, in the presence of dye, the values of Δ𝐺ads
o  turns more negative, 

demonstrating that the adsorption process is far more spontaneous than it is in the 

absence of dye. 

The parameter p𝐶20 , which is expressed in terms of the negative logarithm of 𝐶20 

(where C20 is the concentration of surfactant needed to reduce the surface tension of 

the pure solvent by 20 mN m-1), is crucial for defining how effectively a surfactant 

reduces surface tension. Using πCMC  and  Γmax , the value of pC20 has been determined 

(Zhang et al., 2017) from Equation (4-18) as  

pC20 =
πCMC −20

2.303nRTΓmax
− log CMC                       (4-18) 

The pC20 values derived from Equation (4-18) correlate well with -log𝐶20 (result not 

shown), where 𝐶20  is the realistic concentration of surfactant solution whose 

corresponding surface tension value is lower than that of the methanol-water mixed 

solvent by 20 mN m-1. The higher p𝐶20 value, which is determined by the medium's 

hydrophobicity, indicates greater adsorption effectiveness (Gompper & Schick, 2007). 

The pC20 value falls as the volume fraction of methanol increases, meaning that the 

adsorption at the interface reduces as the population of surfactants in the bulk phase 

rises (Das et al., 2013). With the addition of dye, surfactant effectiveness is observed 

to increase due to the creation of closely packed dye surfactant ion pairs (DSIP). DSIP 

functions as a nonionic surfactant, which is typically more effective than ionic 

surfactants (Shah et al., 2020).  

According to Israelachvili (Shah et al., 2020), the packing parameter, P, is a significant 

parameter that predicts the shape of the micelle aggregation and may be calculated 

using the relation 
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                                              P =
Vo

Aminlc
     (4-19) 

where Vo  denotes the volume of exclusion per monomer during aggregation, as 

explained in Tanford’s formula (Pan et al., 2012; Ruiz et al., 2008). V o =

[27.4 + 26.9 nc] Å3and lc = [1.54 + 1.26 nc] Å shows the maximum chain length and 

nc denotes the total number of carbon atoms present in the alkyl chain.  

From Table 10 and 11 the 𝑃 values are less than 1/3 in presence of dye; therefore, all 

the aggregates shape are spherical . On increment in the volume fraction of methanol 

in water, the 𝑃 values are diminished (Shah et al., 2020). This indicates that micellar 

aggregates get smaller with the addition of methanol (Shah et al., 2016). The 𝑃 values 

also reduce in presence of dye due to the complex formation of a ion pair of dye-

surfactant (Niraula et al., 2018). 

Table 9: The CMC values of DTAB and CPC using Surface tension method and viscosity method 

Temperature(K) Volume 

fraction of 

Methanol 

CMC (mM) 

DTAB CPC 

Surface Tension Viscosity Surface 

Tension 

Viscosity 

298.15 0.1 16.8 16.67 0.97 0.9 

0.2 19.8 19.94 1.04 1.0 

0.3 23.4 23.45 1 1.0 

0.4 31.9 33.33 1.11 1.1 

308.15 0.1 17.1 17.17 1.16 1.14 

0.2 20.1 20.22 1.1 1.0 

0.3 24.9 23.71 1.12 1.1 

0.4 33.0 34.33 1.1 1.12 

318.15 0.1 18.8 18.62 1.21 1.2 

0.2 21.2 21.0 1.3 1.3 

0.3 27.1 27.2 1.34 1.35 

0.4 34.5 34.62 1.39 1.4 
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Figure 50: Plot of surface tension versus log[DTAB] with MR in 0.1 volume fraction of methanol at 

298.15 K 

 

Figure 51: Plot of surface tension versus log[CPC] with MR in 0.1 volume fraction of methanol at 

298.15 K 
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Table 10: The values of dγ/dlogC,Τmax, Amin, ∏cmc, P, ΔG0
ads and pC20 of DTAB in the presence of MR 

in different volume fractions of methanol at 298.15 K, 308.15 K and 318.15 K. 

Temperature 

(K) 

volume 

fraction 

of 

Methanol 

dγ

d log C
 

𝛤max106  

(mol m-2) 

𝐴min (Å2 

molecule-1) 

𝜋cmc 

(mN 

m-1) 

𝑃 ∆𝐺ads
o  (kJ 

mol-1) 

p𝐶20 

298.15 0.1 -24.01 2.10  78.96 21.99 0.27 -45.76 1.77 

0.2 -15 1.31  126.39 13.53 0.17 -43.99 1.70 

0.3 -9 0.78 210.66 7.67 0.10 -40.78 1.63 

0.4 -7 0.61 270.85 3.72 0.07 -33.69 1.49 

308.15 0.1 -22 1.86  89.07 20.37 0.23 -45.73 1.76 

0.2 -13 1.10  150.73 12.20 0.14 -44.27 1.69 

0.3 -6.5 0.55 301.46 6.55 0.07 -42.63 1.60 

0.4 -5.5 0.46 356.28 2.26 0.06 -32.21 1.48 

318.15 0.1 -20.5 1.68  98.68 19.05 0.21 -45.56 1.72 

0.2 -11 0.90 183.92 11.08 0.11 -44.90 1.67 

0.3 -5 0.41 404.62 5.70 0.05 -34.68 1.56 

0.4 -3.7 0.30 546.79 1.52 0.04 -31.46 1.46 
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Table 11: The values of dγ/dlogC,Τmax, Amin, ∏cmc, P, ΔG0
ads and pC20  of CPC in the presence of MR 

in different volume fractions of methanol at 298.15 K, 308.15 K and 318.15 K. 

Temperature 

(K) 

volume 

fraction 

of 

Methanol 

dγ

d log C
 

𝛤max 107 

(mol m-2) 

𝐴min (Å2 

molecule-

1) 

𝜋cmc 

(mN m-

1) 

𝑃 ∆𝐺ads
o  

(kJ mol-

1) 

p𝐶20 

298.15 0.1 -6.5 5.33  311.2 -41.86 0.07 -104.25 3.01 

0.2 -5.5 4.51  367.8  -40.83 0.06 -119.89 2.98 

0.3 -4.3 3.53  470.4  -39.93 0.04 -141.62 3.0 

0.4 -4.01 3.29  504.4 -39.02 0.04 -150.19 2.96 

308.15 0.1 -6.2 5.09  326.2 -40.47 0.06 -103.17 2.98 

0.2 -5.2 4.27  389.0  -39.54 0.05 -122.50 2.96 

0.3 -4.01 3.29  504.4 -39.38 0.04 -150.00 3.0 

0.4 -3.8 3.12  532.3  -38.52 0.04 -158.46 2.96 

318.15 0.1 -6.01 4.93  336.6  -38.6 0.06 -105.05 2.92 

0.2 -5.04 4.13  401.3  -37.6 0.05 -121.67 2.89 

0.3 -3.9 3.20  518.7  -36.74 0.04 -148.51 2.88 

0.4 -3.4 2.79  594.9  -35.85 0.03 -167.64 2.86 
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Figure 52: Plot of surface tension versus log[DTAB] with MR in four different volume fraction of 

methanol at 298.15 K 

 

Figure 53: Plot of surface tension versus log[DTAB] with MR in four different volume fraction of 

methanol at 308.15 K 
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Figure 54: Plot of surface tension versus log[DTAB] with MR in four different volume fraction of 

methanol at 318.15 K 

 

Figure 55: Plot of surface tension versus log[CPC] with MR in four different volume fraction of 

methanol at 298.15 K 
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Figure 56: Plot of surface tension versus log[CPC] with MR in four different volume fraction of 

methanol at 308.15 K 

 

Figure 57: Plot of surface tension versus log[CPC] with MR in four different volume fraction of 

methanol at 318.15 K 
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4.1.7 Viscosity studies and its related properties of DTAB and CPC in presence 

of MR  

Viscosity is the property of substance by virtue of which the flow of liquid molecules 

is resisted by the neighboring molecules. The nature of the solute and solvent 

interaction,is very crucial for describing the characteristics of the microemulsion as 

well as liquid crystal with regard to the micellar surfactant solution, is best understood 

through the study of viscosity (Bhattarai et al., 2011; Niraula et al., 2018). Due to two 

types of interactions solvent with solvophobic parts of surfactant molecules and solvent 

with solvophilic parts of surfactant molecules the interaction between the solvent and 

surfactants is of better interest in surfactant systems. The two interactions cause a 

change towards the liquid's viscous flow, which changes the liquid's numerous 

physiochemical properties (Shah et al., 2016). 

Variation of viscosity in presence of MR with concentration of DTAB and CPC 

solutions is depicted in Figs. 58 and 59, respectively. Plots of DTAB and CPC solutions 

at temperature, there is notable breakage known as CMC. The CMC values are 

presented in Table 9 at 298.15 K, 308.15 K and 318.15 K. Viscosity fluctuation is 

almost constant at lower concentrations, or below CMC. However, there is a significant 

fluctuation in viscosity with surfactant solution concentration at higher concentrations, 

or above CMC. There is a linear variation. This demonstrates that the interaction 

between the solute and solvent is happening as the concentration rises. The increased 

frictional force between the solute as well as solvent is what is responsible for the 

viscosity increasing with concentration. The viscosity of the solution at a given 

temperature increases further with the addition of methanol. It can be accounted for by 

a reduction in the average distance between water and surfactant molecules, which 

results in a larger frictional force. It is also observed from Figs. 60 to 65 that viscosity 

decreases with rise in temperature because as temperature rises, kinetic energy of 

molecules also rises which reduce the intermolecular force acting on the viscous flow 

with the net diminished frictional force (Maikokera & Kwaambwa, 2009; Niraula et al., 

2018). 

The solute and solvent interaction is well studied in viscosity B coefficient  by Jones-

Dole equation of viscosity as shown in Equation 4-20 (Shah et al., 2016). 

nr = 1 + A√c + Bc                              (4-20) 
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Where nr = n/n0 denotes the relative viscosity of a solution and A and B are constants. 

After rearranging the Equation 4-20 

nr − 1 = Bc + A√c                         (4-21) 

Here  B coefficient represents interaction between solute and solvent and A coefficient 

denoted the electrostatic force of interions (Chandra et al., 2013).  

Plots of nr -1 against c for DTAB and CTAB solutions in mixed solvents in the range 

of post micellar region is shown in Figs. 66 to 71 in which there are linear variations. 

The viscosity B coefficients are obtained from the slopes of these plots Figs. 72 and 

73. 

The differences of B values of DTAB and CPC in different volume fraction of methanol 

at three different temperatures are shown in Figs. 72 and 73, respectively. 

Figs. 72 and 73 show that adding methanol and raising the temperature have a 

significant impact on the B values. B values rise with higher volume fractions while 

falling with higher temperatures. The greater contact between the solute and solvent is 

what causes the first effect. Methanol addition causes the solvent to become more 

hydrophobic, which causes the micelle to dissolve and increases the intermolecular 

force between the molecules of solvent and surfactant’s tails. Thermal expansion that 

occurs as temperature rises is the cause of the effect of temperature. Lower B values 

show that as a result, the solute-solvent interaction weakens and the intermolecular 

force becomes less effective (Chandra et al., 2013). 
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Figure 58: Plot of viscosity against DTAB concentration with MR in 0.1 volume fraction of methanol 

at 298.15 K 

 

Figure 59: Plot of viscosity against CPC concentration with MR in 0.1 volume fraction of methanol at 

298.15 K 
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Figure 60: Plot of viscosity against DTAB concentration with MR in four different volume fractions of 

methanol at 298.15 K 

 

 

Figure 61: Plot of viscosity against DTAB concentration with MR in four different volume fractions of 

methanol at  308.15 K 
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Figure 62: Plot of viscosity against DTAB concentration with MR in four different volume fractions of 

methanol at 318.15 K 

 

Figure 63: Plot of viscosity against CPC concentration with MR in four different volume fractions of 

methanol at 298.15 K 
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Figure 64: Plot of viscosity against CPC concentration with MR in four different volume fractions of 

methanol at 308.15 K 

 

Figure 65: Plot of viscosity against CPC concentration with MR in four different volume fractions of 

methanol at 318.15 K 
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Figure 66: Plot of nr-1 against c for DTAB with MR at 298.15 K 

 

Figure 67: Plot of nr-1 against c for DTAB with MR at 308.15 K 
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Figure 68: Plot of nr-1 against c for DTAB with MR at 318.15 K 

 

Figure 69: Plot of nr-1 against c for CPC with MR at 298.15 K 
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Figure 70: Plot of nr-1 against c for CPC with MR at 308.15 K 

 

Figure 71: Plot of nr-1 against c for CPC with MR at 318.15 K 
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Figure 72: Viscosity B coefficients of DTAB with MR 

 

 

Figure 73: Viscosity B coefficients of CPC with MR 
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4.1.8 Study of pH of DTAB and CPC in presence of MR and its effects on 

interactions 

The interaction between the azo dye MR and cationic surfactants DTAB and CPC is 

discussed in accordance with the effect of pH (Hari et al., 2005). The effects are 

discussed in two regions i.e., below, and above CMC. 

Below CMC: Protonation of azo dye occurs in an acidic region ranging pH 2-5 and due 

to electrostatic interactions between the charged azo dye and the surfactant monomer 

to form ion pairs will decrease. In accordance with this matter, the result is sorted by 

realizing the tautomerism of the dye as shown in Figs. 74. 

 

Figure 74: Tautomerism of azo dye 

The azo dye consists of an azo group (-N=N-), which shifts to the hydroazo form during 

equilibrium in an acidic medium. However, in basic medium hydroazo form is shifted 

to the azo form in equilibrium (Prasad Tajpuriya et al., 2021). For this metanol-water 

system, the value for ion pair formation was found to be at pH (5-8), as shown in Figs. 

75 and 82. 

Above CMC: The change in pH (7-8) did not affect the spectra and absorbance for the 

alcohol-water systems. The alteration in pH values was not affected by the 

solubilization of the dye into the micelle. The dye-surfactant complex is unaffected by 

pH variation, as discussed. 

It is justified from the literature (Plutino et al., 2017) that MR dye solution in aqueous 

solution showed red color at wavelength of maximum absorbance (λmax) 523 nm in 

acidic (hydrazone) form (pH = 2) and yellow color at wavelength of maximum 

absorbance (λmax) 431 nm in basic (azo) form (pH=8). In our case, it is obtained the pH 

of azo form due to unusual behavior of methyl red with CPC or DTAB and without 

CPC or DTAB in methanol mixed media. The only existing form did not allow us to 

see the isosbestic points in the spectra Figs. 9 to 16 . 
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Figure 75: [CPC] versus the pH profile. (A) 0.1 volume fraction of methanol 

 
Figure 76: [CPC] versus the pH profile. (B) 0.2 volume fraction of methanol 

 
Figure 77: [CPC] versus the pH profile. (C) 0.3 volume fraction of methanol 
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Figure 78: [CPC] versus the pH profile. (D) 0.4 volume fraction of methanol 

 

Figure 79: [DTAB] versus the pH profile. (A) 0.1 volume fraction of methanol 

 

Figure 80: [DTAB] versus the pH profile. (B) 0.2 volume fraction of methanol 
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Figure 81: [DTAB] versus the pH profile.(C) 0.3 volume fraction of methanol 

 

Figure 82: [DTAB] versus the pH profile. (D) 0.4 volume fraction of methanol 

4.2. Anti-corrosion ability of DTAB and CPC 

 4.2.1 Weight loss study 

The weight loss study allows the determination of several corrosion parameters (Free 
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Corrosion rate (CR) =
W

St
                                     (4-22) 

where W denotes average weight loss of metal samples, S denotes the total area of 

corroding metal and t denotes the time of immersion. From the corrosion rate, the 

corrosion inhibition efficiency will be estimated. Using estimated corrosion rate, the 

inhibition efficiency (IE) of  DTAB and CPC of the corrosion of MS has been 

determined as follows (Karthik et al., 2014): 

IE(%) = (r0 − r)/r0 × 100           (4-23) 

where ro and r denote the values of the corrosion rate in absence and presence of 

inhibitor, respectively. 

The corroding rate and inhibition behaviour of mild steel with the addition of DTAB 

and CPC in 0.5 M H2SO4 of various concentrations at 298.15 K are shown in Figs. 83 

and 84 and Figs. 85 and 86, respectively. The curves in Figs. 83 and 84 show that the 

corrosion rate values (g cm-2 hr-1) of MS in 0.5 M H2SO4 solution with DTAB and CPC 

decrease as the concentrations of the corrosion inhibitor (DTAB and CPC) increase. 

Figs. 85 and 86 display the corrosion inhibition efficiency rises with the raised cationic 

surfactant concentrations (DTAB and CPC). As values included in Table 12, the 

inhibition efficiency is highest at the CMC concentrations of DTAB (0.01637 M) and 

CPC (0.00098 M) due to significant role of micelles on adsorption process (Bhattarai 

et al., 2017). The CMC is the special quality of surfactant playing important role in 

adsorption at the interfaces. Since at the critical concentration, the surfactant molecules 

coagulate to form micelle of monolayer and after the CMC concentration, multi-layered 

molecules of micelles are generated (Malik et al., 2011). Due to such phenomenon, the 

inhibition efficiency is highest for DTAB at 98.85% and for CPC at 98.08%. These 

values are the best result for confirming the suitable corrosion inhibitor for controlling 

corrosion. 
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Figure 83: Variation of corrosion rate of different concentrations of DTAB at 298.15 K 

 

Figure 84: Variation of corrosion rate of different concentrations of CPC at 298.15 K 
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Figure 85: Variation of inhibition efficiency of different concentrations of DTAB at 298.15 K 

 

Figure 86: Variation of inhibition efficiency of different concentrations of CPC at 298.15 K 
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Figure 87: Variation of corrosion rate of different concentrations of DTAB at three different 

temperatures. 

 

 

Figure 88: Variation of corrosion rate of different concentrations of CPC at three different 

temperatures. 
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Figure 89: Variation of inhibition efficiency of different concentrations of DTAB at three different 

temperatures. 

 

 

Figure 90: Variation of inhibition efficiency of different concentrations of CPC at three different 

temperatures. 
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decreases uniformly with the rise in temperatures at 298.15 K and 308.15 K (Figs. 87 

and 88). As depicted in Table 13, and from Figs. 89 and 90, corrosion inhibition 

efficiency is well-observed up to 97.85% of 0.01637 M DTAB at 298.15 K and 98.08% 

of 0.00098 M of CPC at 298.15 K. From, this inhibiting efficiency of surfactants, it can 

be verified that there is no dissolution of metal bodies at lower temperatures (Amin et 

al., 2011; Kumar & Karthikeyan, 2013). Kumar & Karthikeyan, (2013) stated in their 

work, at higher temperature, there is enhanced metal dissolution phenomenon. Due to 

which, there is decrease in inhibition process leading to fall in inhibition efficiency. But 

only at higher concentration of inhibitors (0.05 M DTAB and 0.005 M CPC)), there is 

increase in inhibition efficiency with rise in temperature which might be due to increase 

in adsorption process (Abdallah et al., 2019; Kumar & Karthikeyan, 2013). Thus, there 

is the abnormal physical adsorption behavior of DTAB and CPC on the surface of MS. 

The behavior shows reverse effect of  adsorption due to unfavorable micellar activity 

on the interface.  

Table 12: Essential corrosion parameters of mild steel in 0.5 M H2SO4 with various concentrations of 

DTAB and CPC obtained at 298.15 K 

[DTAB] 

(mM) 

CR 

(g cm-2 hr-1) 

IE(%) θ [CPC] 

(mM) 

CR 

(g cm-2 hr-1) 

IE(%) θ 

Blank 2.78 - - Blank 2.78 - - 

5.0 0.16 94.77 0.95 0.05  4.43 81.49 0.81 

12.68 0.07 97.71 0.98 0.12  5.04 78.96 0.78 

16.37 0.07 98.85 0.98 0.98  0.46 98.08 0.98 

50.0 0.09 96.79 0.97 5.0  1.08 95.48 0.95 
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Table 13: Inhibition efficiency (I.E.) and surface coverage (θ) of DTAB and CPC obtained at three 

different temperatures. 

[DTAB] 

(mM) 

T (K) IE (%) θ [CPC] 

(mM) 

T (K) IE (%) θ 

Blank 298.15 

308.15 

318.15 

- 

- 

- 

   

 

- 

- 

- 

Blank 298.15 

308.15 

318.15 

- 

- 

- 

   

 

- 

- 

- 

5.0 298.15 

308.15 

318.15 

94.78 

90.93 

81.66 

0.95 

0.91 

0.82 

0.05  298.15 

308.15 

318.15 

81.48 

71.87 

67.04 

0.81 

0.71 

0.67 

12.68 298.15 

308.15 

318.15 

97.71 

98.7 

97.9 

0.98 

0.99 

0.99 

0.12  298.15 

308.15 

318.15 

78.96 

64.61 

65.7 

0.79 

0.65 

0.99 

16.37 298.15 

308.15 

318.15 

97.85 

97.67 

93.66 

0.98 

0.98 

0.94 

0.98  298.15 

308.15 

318.15 

98.08 

73.82 

59.8 

0.98 

0.74 

0.94 

50.0 298.15 

308.15 

318.15 

96.79 

99.42 

99.12 

0.97 

0.99 

0.99 

5.0  298.15 

308.15 

318.15 

95.48 

94.4 

96.23 

0.95 

0.94 

0.96 

 

4.2.1.2 Adsorption Isotherm 

It is generally recognized that the adsorption isotherms give valuable experiences 

towards mechanism of corrosion inhibition. For this purpose, surface coverage values 

tabulated in Table 13 depict the basic information of interaction between the mild steel 

and suitable inhibitor. The surface coverage (θ) of surface-active agents was calculated 

using the relation (Deyab, 2020)  : 

θ = [I. E. %]/100             (4-24) 
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After several attempts, the best fitting are obtained with Langmuir isotherm as 

displayed by the plots between C/θ  and C with the slopes and R2 is one (Fig. 91 ) and 

also very close to 1 (Figs. 91 and 92 ) indicating the adsorption of surfactant inhibitor 

molecules firmly follows Langmuir’s adsorption isotherm relation expressed as (Aslam 

et al., 2021; Yurt et al., 2004): 

C

θ
= C +

1

Kads
            (4.25) 

where, C = the surfactant inhibitor concentration 

Kads denotes the equilibrium constant for the phenomenon of adsorption/desorption of 

the active molecules on metallic surface. 

 
Figure 91: Plot of C/θ against DTAB (where C is the concentration of DTAB) at three different 

temperatures. 
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Figure 92: Plot of C/θ against CPC (where C is the concentration of CPC) at three different 

temperatures. 

 

Table 14: Free energy for adsorption and equilibrium constantof DTAB and CPC as surfactant 

inhibitor on the mild steel surface. 

For DTAB For CPC 

T (k) -𝛥Gads
0 (KJmol-1) Kads R2 T (k) -𝛥Gads

0 (KJmol.-1) Kads R2 

298.15 34.5 20000 1 298.15 31.07 5000 0.985 

308.15 30.33 2500 1 308.15 33.88 10000 0.997 

318.15 28.89 1000 0.999 318.15 42.91 200000 0.999 

 

Kads values were obtained from the intercept of the plots for adsorption process. 

According to the Langmuir adsorption parameters, the equilibrium constant is related 

to standard free energy of adsorption through the equation (Hamid et al., 1998): 

∆Gads
0 = −RT(55.5 Kads)          (4-25) 

where R indicates the Universal Gas Constant, and T is the absolute temperature. 

The value of 55.5 signifies the molar concentration of water in aqueous solution 

expressed in per mole. The equilibrium adsorption constant as well as correlation 

coefficient (R2) obtained through the linear plots between C/θ  and C and the values are 

tabulated in Table 14. The negative values calculated from the above relation indicates 

the spontaneous process of adsorption of active agents on the MS surface. The obtained 
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values of free energy of adsorption, -𝛥Gads
0  for DTAB were >28 to 34.5 kJmol-1  and 

for CPC were >31.07 to 42.91 kJmol-1 involves both physical adsorption and chemical 

adsorption of the surfactant molecules on the mild steel (Bhattarai et al., 2017; Haldhar 

et al., 2022). In this work, the chemical adsorption phenomenon is explained through 

free energy of adsorption of cationic surfactants on the metallic surfaces.  

4.2.1.3 Thermodynamic Activation Parameters 

Arrhenius put forwarded a well-known equation that determined the temperature 

dependence of the universal gas constant as expressed below (Attari et al., 2015): 

                                      log CR = log A −
Ea

∗

2.303RT
                       (4-26) 

where A indicates the frequency factor,   𝐸𝑎
∗ indicates the apparent activation energy, R 

indicates the universal gas constant and T indicates the absolute temperature. 

The above Arrhenius equation predicted that plots between log CR and 1/T shows a 

linear straight line. The slope from line was generated as (𝐸𝑎
∗/2.303R) and the intercept 

from the line taken as log A through the extrapolation to (1/T=0). Arrhenius plots of 

log CR against 1/T at  concentrations of DTAB and CPC are given in Figs. 93 and 94. 

On the other hand, enthalpy change (𝛥H*) and entropy change (𝛥S*) of both inhibitors 

DTAB and CPC for activation complex formation in the transition state could be 

estimated from the transition state expression (Attari et al., 2015): 

log (
CR

T
) = [log (

R

hN
) + (

∆S∗

2.303 R
)] − (

∆H∗

2.303 RT
)         (4-27) 

Where, h denotes the planck’s constant and N denotes Avogadro’s number. 

Log CR/T were plotted against 1/T for both DTAB and CPC in Figs. 95 and 96, 

respectively. Here, in these plots, - 𝛥H*/2.303 R were used as slopes and log(R/hN)+( 

𝛥S*/2.303 R) were used as intercepts from the straight lines to evaluate the 𝛥H* and 

𝛥S* values respectively. 

Table 15 shows corrosion kinetic parameters as 𝐸𝑎
∗  , 𝛥H* and 𝛥S*. 𝐸𝑎

∗  values are 

lowest for higher concentrations of DTAB and CPC for 0.05 M and 0.005 M i.e -8.18 

kJmol-1 and 4.47 kJmol-1, respectively. The concentration of cationic surfactants 

corresponding to its activation energy are above CMC concentrations which exhibits 

that micelle plays vital role in inhibition activity through adsorption on MS surfaces. 
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The variation in activation energy is due to difference in electrostatic characteristics of 

both inhibiting and uninhibiting MS surfaces and due to frequency factor (Janati et al., 

2020; Pakiet et al., 2020). The positive signs of the enthalpies (𝛥H*) recognise the 

endothermic behavior of the MS dissolution process. The obtained negative values of 

entropies (𝛥S*) represents an association during inhibition rather than a dissociation 

step, meaning from reactants to generate activated complex (Karthik et al., 2014). 

 

Figure 93: Plot of log CR (DTAB) against 1/T 
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Figure 94: Plot of log CR (CPC) against 1/T 

 

Figure 95: Plot of log CR/T (DTAB) against 1/T 
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Figure 96: Plot of log CR/T (CPC) against 1/T 
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Table 15: Thermodynamic activation parameters for adsorption of DTAB and CPC as surfactant 

inhibitor on the mild steel surface. 

[DTAB] 

(mM) 

Ea
∗(KJmol-1) 𝛥H* 

(KJmol-1) 

-𝛥S* 

(Jmol-1K-1) 

[CPC] 

(mM) 

Ea
∗ 

(KJmol-1) 

𝛥H* 

( KJmol-1) 

-𝛥S* 

( Jmol-1K-1) 

Blank 18.6 16.16 177.30 Blank 18.6 16.16 176.73 

5.0 32.28 29.84 150.84 0.05  24.37 21.93 167.42 

12.68 9.73 7.29 239.83 0.12  20.82 18.39 179.51 

16.37 30.65 28.22 164.10 0.98  67.81 65.37 29.71 

50.0 -8.18 10.62 103.26 5.0  4.47 20.28 142.69 

 

4.2.2 Polarization Measurements 

Polarization curves for the mild steel at various concentrations of cationic surfactants 

(DTAB and CPC) in 0.5 M H2SO4 solutions are shown in Figs. 97 and 98. From the 

extrapolation of Tafel straight lines, corrosion current density (Icorr) and corrosion 

current potential (Ecorr) were determined. The values of Icorr, Ecorr and inhibition 

efficiency (I.E.,%) are included in Table 16. The I.E.% is determined using following 

equation (Choi et al., 2022; Elkacimi et al., 2011): 

I. E. = (
Icorr

0 −Icorr

Icorr
0 ) X 100               (4-28) 

Where, Icorr
0  denotes corrosion current density in absence of inhibitor and Icorr denotes 

corrosion current density in presence of inhibitor. 
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Figure 97: Potentiodynamic polarization curves for MS in 0.5 M H2SO4 in the absence and presence of 

DTAB 

 

Figure 98: Potentiodynamic polarization curves for MS in 0.5 M H2SO4 in the absence and presence of 

CPC 
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From Table 16 and Figs. 97 & 98 it is clearly identified a complete effect of 

concentration on both lower current density and corrosion potential (Ecorr) towards its 

corresponding anode and cathode branches of Tafel’s plots (El Assiri et al., 2020). 

Besides, the higher the concentration of cationic surfactants(DTAB and CPC), the more 

critical decrease in icorr values due to DTAB and CPC adsorption molecules on the MS, 

allowing metallic surface to act as insulator to the amphiphilic acid solution. In addition, 

as cationic surfactants concentration increases, the Ecorr values are moved to  the 

negative value. Thus, in the presence of surfactant inhibitor, there is greater influence 

on the cathodic reaction than the anodic reaction at different surfactant concentrations 

(A. Singh et al., 2020). Based on the plots of DTAB and CPC, the inhibitors show the 

nature of a mixed type of inhibitor indicating a predominant cathodic reaction (A. Singh 

et al., 2010, 2020). 

From the polarization plots it is evident that the selected cationic surfactants in this 

research work have the better adsorption capacity due to their highest inhibition 

efficiency (98.6% for DTAB and 89.38% for CPC) at highest concentrations of 

surfactant inhibitor. Thus, those surfactants could be the most essential inhibitor for 

corrosion control. 

Table 16: Effect of DTAB and CPC as surfactant inhibitor on the mild steel surface studied by 

potentiodynamic polarization method. 

[DTAB] (M) Ecorr Icorr I.E.% [CPC] (M) Ecorr Icorr I.E.% 

0 -0.43 0.227 - 0 -0.43 0.227 - 

0.0163 -0.49 0.089 60.79 0.00098 -0.468 0.0446 80.35 

0.05 -0.46 0.0494 78.23 0.005 -0.474 0.065 71.37 

0.5  -0.482 0.00317 98.6 0.5 -0.502 0.0241 89.38 

 

4.2.3 Mechanism of adsorption of surfactant inhibitor on MS 

The very first step in corrosion control mechanism is the adsorption of surfactant 

inhibitor molecules on the MS surface. The adsorption process depends on the active 

species of inhibitor molecules, electrolytic solution and the nature of metallic 

substances. A. Singh et al.,( 2010) reported that in the MS surface possess positive 
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charge in accordance with potential zero charge (PZC). The CPC & DTAB adsorbs on 

the MS surface by 

(a) Surfactant inhibitors interact with sulphate ions (It is physical adsorption). 

(b) MS has d-orbitals which are vacant interact with unshared electron pairs of 

hetero pairs of electrons. 

(c) d-electron of the MS interact with d-orbital which are vacant.  

In H2SO4 medium, the DTAB and CPC molecules adsorb through protonated hetero 

atoms (N) and SO4
-- ions on the MS surface.  

Initially, protonated DTAB and CPC in 0.5 M H2SO4
  solution compete with H+ ion for 

electrons on MS surface. After the evolution of H2 gas, the cationic form of inhibitors 

gets to neutral form and hetero atoms with lone pair electrons brings chemical 

adsorption. 

The higher electron density on MS surface provides more negative charge on it. To 

relieve the interface or surface from higher negative charge, the electron from the Fe- 

atom may be transferred to vacant π* orbital (antibonding) of  DTAB and CPC. 

It is concluded from lots of experimental outcomes and theoretical point that I.E. of 

DTAB is higher than CPC due to larger effect of ammonium group in DTAB than 

pyridinium group in CPC (Abdallah et al., 2021; Kumar & Karthikeyan, 2013; A. Singh 

et al., 2010). Though the molecular weight of DTAB is lower than CPC along with 

shorter chain length of DTAB than CPC, it is experimentally verified that I.E. of DTAB 

is higher than CPC. It means difference in chain length greatly influence on efficiency 

of  inhibiting activity (Arockia Selvi et al., 2019; Asefi et al., 2011; Karki et al., 2021). 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

According to the the existing demand for suitable active agents for multiple purposes, 

surfactants have been widely used for numerous applications. In such typical 

conditions, cationic surfactant interactions study is very fruitful for further applications 

in efficient manner. To tailor their properties to a specific application, it had been 

studied to comprehend how dye and cationic surfactant behave in combinations of 

varying alcohols.  

The method for analyzing the dye-surfactant interaction via a variety of spectral 

methods is the spectrophotometric technique. By way of adsorption events and the 

development of a dye surfactant complex, the changing absorbance values eventually 

revealed the mechanism of dye-surfactant interaction. During the interaction, the j-

aggregate nature, and the pH of the azo form of MR acts an important role in the 

incorporation of MR by micelles of CPC and DTAB (cationic surfactant). The only 

basic form(azo) of MR oppose to observe the isosbestic points in the spectra of 

interaction. The results show that there is a decrease in CMC with MR corresponding 

to the series of volume fraction of methanol in comparison to the CMC values of CPC 

from literature without MR. The trends of change in binding and partition parameters 

show strong interactions between MR and CPC. Moreover, the negative values of 

Gibb’s free energy of binding and partition illustrate the spontaneous process of the 

system. 

Consequently, dye-surfactants interactions are well realized with conductivity, surface 

tension and viscosity techniques due to the reduced micelle behavior with cationic 

surfactants. The CMC values of DTAB and CPC rise with the rise in the volume of 

methanol along with the increased temperature. Due to this, the thermodynamic and 

surface properties are greatly influenced by the decrease in hydrophobicity in the mixed 

system. Micellar behavior is well inspired by the best thermodynamic parameter ∆𝐺m
o  

as it affects the degree of ionization. Due to complex molecular flexibility, the CMC of 

DTAB is higher than CPC. Viscosity B coefficient determined from the viscosity 
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techniques allows the researchers to allocate the idea of solute-solvent interactions in 

presence of MR. 

From this research work, experimental results visualise that DTAB and CPC are the 

good inhibitors for the corrosion control. Using both weight loss and potentiodynamic 

polarization method, it can be concluded that they are the best techniques to determine 

the better inhibiting compound. Therefore, cationic surfactants could act as better mixed 

type inhibitors with dominant cathodic reaction for corrosion control. Due to higher 

inhibition efficiencies of both cationic surfactants (DTAB and CPC), they can be 

utilized in desirable industrial fields and many more.  

In short, cationic surfactants molecules are well interacted with azo dye molecules as 

well as cationic surfactants (DTAB and CPC) are good inhibitors for corrosion control. 

The studied systems are environmentally friendly and appropriate for utilisation in 

multiple dimensions. 

5.2 Recommendations 

Research is a continuous study regarding a particular concern or problem by using 

scientific tools and techniques. Research can predict, explain, and control theories and 

ideas. The study of dye-surfactant interaction can be accompanied through many other 

techniques such as NMR (Nuclear Magnetic Resonance), fluorometry, DLS (Dynamic 

light Scattering), Polarographic techniques etc. Also, anticorrosion study of surfactants 

can be extended using EIS (Electrochemical Impedance Spectroscopy), SEM (Scanning 

Electron microscopy), TEM (Transmission Electron Microscopy) etc.  
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CHAPTER 6 

6. SUMMARY 

The present research thesis is divided into six chapters. They are summarized as 

follows: 

Chapter 1 deals with the general introduction of surfactants and its classification, dyes 

and its classification,role of CMC, influence of dye structure on aggregation, surfactant 

as corrosion inhibitor. It also highlighted the general and specific objectives of the 

thesis. 

Chapter 2 explains the detailed literature review of the present research work, which 

is an important part of any research work. Here, the literature review explains the 

general overview of research, surfactant sensitized system, methods of dye surfactant 

interaction study and application of dye surfactant interaction study and anti-corrosion 

study. 

The details of the materials or reagents used in the present research work and the 

methods adopted are explained in chapter 3.  

The details of the results and discussion of the current research work are explained in 

chapter 4, which is the important backbone and skeletal part of any thesis. The 

explanations of various techniques are included in this Chapter.The tables and figures 

represent the analyzed data that are positioned at proper places in this chapter. 

Chapter 5 deals with the conclusion of the present research work. The plan for the 

future and recommendations of the present research work are clearly explained in this 

chapter. 

Chapter 6 explained a summary of all the various chapters of the present research 

thesis. 
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Abstract: The interaction of the azo dye methyl red (MR) with dodecyl tri-
methyl ammonium bromide (DTAB) has been studied by the spectrometric 
methods  through the azo-hydrazone tautomeric behaviour of MR for a series 
of the ethanol–water system (0.1, 0.2, 0.3 and 0.4 volume fractions of ethanol) 
at room temperature. The critical micelle concentration was determined using 
the conductometric technique with the increased ethanol volume, influenced by 
the solvent polarity and the architectural flexibility of methyl red. The azo form 
of methyl red brings the electrostatic interaction with the cationic surfactant 
through the adsorption phenomenon. The binding parameters were calculated 
with the aid of a modified Benesi–Hildebrand equation. 

Keywords: molar absorptivity; binding constant; standard Gibbs energy. 

INTRODUCTION 
The performance of the interaction between dye and surfactant is one of the 

basic requirements for understanding the dyeing process and textile finishing.1–5 
In order to study this process numerous researches have been performed by the 
selective research techniques to access the basic information of the interactions 
for the process of the molecular complex formation in the dye-surfactant ion 
pair.6–11 

There are no specified studies about the azo dye methyl red with cationic 
surfactant dodecyl trimethyl ammonium bromide, using various methods.12–17 
The absorbance peak of methyl red was decreased, due to the photodegradation 
in water. It was checked after 10, 20 and 35 min (complete photodegradtion) by 
the kinetic analysis treatment, which is based on the azo dye photosensitization.18 
The anchoring position of the –COOH group at the para position of methyl red 
tuned the wavelength and intensity19 and showed a broad peak at 519 nm in 
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hydrazone form, indicating the considerable optical nonlinearities.20 The visible 
spectrum of MR in aqueous solutions is marked by the overlap of a principal 
peak at 520±15 nm and a shoulder peak at 435±20 nm, for the hydroazo (acidic) 
and the azo (alkaline) species respectively.21 

In this paper, the spectrophotometric study of the interaction between azo 
dye methyl red (MR) (Fig. 1) and cationic surfactant dodecyl trimethyl ammo-
nium bromide (DTAB) (Fig. 2) is described. 

 
Fig. 1. Acid and basic forms of methyl red. 

 
Fig. 2. Dodecyl trimethyl ammonium bromide. 

The interaction between dye and surfactant plays an important role in the 
formation of the complex as shown in Fig. 3.  

 
Fig. 3. The interaction between dye and surfactant for their complex formation. 

To study the significance of theinteraction of the molecular complex form-
ation of the azo dye–cationic surfactant ion pair, the absorbance measurement 
was performed for the series of the ethanol–water systems containing the various 
volumes of ethanol (0.1, 0.2, 0.3 and 0.4 volume fractions of ethanol). A modi-
fied model was applied in order to determine the binding constants and the 
change of standard Gibbs energy of binding for the molecular complex formation 
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of  the ion pair. The result displayed the influence of volume fraction of ethanol 
on the formation of dye–surfactant molecular complex and the importance of the 
interaction of azo dye and cationic surfactant. 

Methyl red is a good example which illustrates that both the linear and non-
linear optical properties can be seen through the absorbance technique. The lite-
rature shows the azo-hydrazone tautomerism of MR, with the change of surfact-
ant charge effects and without the change in solvent polarity, generates the azo-
hydrazone tautomerism as shown in Fig. 1.14,20,21 The optical sensitivity of azo 
dye makes the interaction study interesting with a cationic surfactant.14 The 
interaction of the azo dye and the cationic surfactant brings the flexibility in 
absorbance which alters the nature of spectra.12,13  

The present study describes the azo-hydrazone tautomerism, using the abs-
orbance techniques along with the observation of binding constant and the 
change of Gibbs energy of binding of DTAB on MR, which will facilitate the 
advancement in the molecular design of similar derivatives, specifically a –COOH 
group azo dye through the photosensitized system in optical tenability. We 
applied a spectrophotometric technique and used the modified Benesi-Hildebrand 
equation in order to calculate the binding constant of methyl red, in the presence 
of DTAB/ethanol/water system. Such a concept was applied to calculate the 
binding parameters (the binding constant and the change of standard Gibbs 
energy of binding) for dyes (methylene blue and methyl orange) absorbance in 
DTAB–SDS mixed surfactant, by the absorption technique in an aqueous 
medium, without using critical micelle concentration (CMC) values.22  

EXPERIMENTAL 
Chemicals 

DTAB and MR were obtained from Loba Chemicals, India. Similarly, MR (95 %) was 
purchased from Ranbaxy, India, and used without purification and spectroscopy quality etha-
nol was obtained from Merck, India.  
Preparation of solutions 

Four types of solutions were prepared to study the interaction of MR–DTAB in the 
ethanol–water system. 

In the first part of the study, 0.1, 0.2, 0.3 and 0.4 volume fractions of ethanol–water 
mixed solvent were prepared. Sequentially the surfactant (DTAB, concentration ranging from 
10-4 to 0.12 mol L-1 and the azo dye MR at a constant concentration of 2.97×10-4 mol L-1 were 
prepared separately in the respective volume fraction of ethanol–water. In the second part of 
the study, the spectral absorbance corresponding to wavelengths ranging from 300 to 700 nm 
of the solution at variable concentrations of DTAB, with a constant dye concentration of MR, 
was obtained for the interaction study. 
Methods 

The spectrophotometric measurements were recorded by a single beam microprocessor 
UV–Vis spectrophotometer (LT-290 Model, India) from which UV–Vis spectra were regis-
tered at room temperature using 1 cm length quartz cuvette. The conductometric measure-
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ments were performed in order to obtain the CMC value of DTAB in the absence, as well as 
the presence of MR at 0.1,0.2,0.3 and 0.4 volume fraction of ethanol, as described in the lite-
rature.  

RESULTS AND DISCUSSION 

UV–Vis spectra of azo dye in ethanol–water mixture 
The UV–Vis spectra of MR in the ethanol-water mixture (from 0.1 to 0.4 

volume fractions of ethanol) were measured at the constant dye concentration 
(Cdye = 2.97×10–4 mol/L–1). When the graph displaying the relation between 
absorbance (A) and wavelength (λ) was plotted (Fig. 4) the redshift was observed, 
from 0.4 to 0.2 volume fraction of ethanol, which was due to an increase in the 
dielectric constant and the reduction of solubility.23 But the redshift between 0.1 
and 0.2 volume fraction of ethanol were not observed. The absorbance spectra of 
MR at 0.1 volume fraction of ethanol showed two broad peaks at λabs of 532 and 
529 nm. However, the absorbance spectra of MR showed a slight redshift with 
broad peaks at λabs of 528, 529 and 532 nm for 0.4, 0.3 and 0.2 volume fraction 
of ethanol, respectively. The observed peaks of MR as hydrazone (acidic) species 
were found at 0.1, 0.2, 0.3 and 0.4 volume fraction of ethanol. Thus, the UV–Vis 
spectra of methyl red were found to be solvent-dependent and the absorbance of 
methyl red in 0.4 volume fraction of ethanol is largest among 0.3, 0.2, 0.1 
volume fraction of ethanol (Table I). 

Fig. 4. Visible spectra of MR at various volume frac-
tions of ethanol. Here, I, II, III and IV represent vol-
ume fraction of ethanol: 0.1, 0.2, 0.3 and 0.4, respect-
ively. 

TABLE I. The calculation for ε0 from Eq. (4) 
Volume fraction of ethanol λmax / nm A / a. u. ε0 / L mol-1cm-1 
0.1 532 0.2938 989.22 
0.2 532 0.3268 1100.34 
0.3 529 0.7428 2501.01 
0.4 528 1.1798 3972.39 

UV–Vis spectra of cationic surfactant–azo dye interactions in ethanol–water 
mixture 
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The UV–Vis spectra of MR in ethanol–water–DTAB were observed at cons-
tant dye concentration. When the graph (Fig. 5) was plotted (absorbance vs. 
wavelength), the absorbance peak of MR in ethanol–water–DTAB showed a 
broad absorbance peak at λabs of 419, 424, 421 and 420 nm for 0.1, 0.2, 0.3 and 
0.4 volume fraction of ethanol, respectively. The peak range is attributed to the 
azo form of MR within ethanol–water–DTAB. The blue shift is observed for the 
constant dye concentration at the variable concentration of DTAB for the spectra 
of 'V' of legend represented in Fig. 5 – A, B, C and D were due to the formation 
of H-aggregates during the electrostatic interaction in the molecular complex 
(Fig. 3).24 

 

 
Fig. 5. Absorption spectra for methyl- red with presence and absence of DTAB; volume 

fraction of ethanol: 0.1 (A); 0.2 (B); 0.3 (C); 0.4 (D). 

In the recent study, the interaction of CTAB (cationic surfactant) with MR is 
attributed to the azo form at λabs of 414 nm, whereas the interaction of AOT 
(anionic surfactant) with MR is subjected to the hydrazone form at λabs = 519 nm.14 

In the present work, the interaction of cationic surfactant (DTAB) with the 
azo dye (MR) is studied through the spectrophotometric method. In the case of 
MR, due to its photoisomerisation, its azo(basic) form attracts the ionized sur-
face-active agents. The ionic surfactants dissociate as electrolytes (weak or 
strong) which shows the adsorption phenomenon. The idealized charged spher-
ical micelles are partially neutralized by the counterions forming the stern layer 
as shown in Fig. 6. The long alkyl groups of surfactants are in the interior of the 
micelle and the hydrophilic (polar) part of surfactants are at the surface, which 
exhibits the electrostatic interaction with the counterions of azo dye. Due to such 
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interactions, approximately 60–80 % micellized charge is neutralized by counter-
ions and the remaining unbounded counterions are moving freely, forming the 
Gouy–Chapman double layer.  

 

Fig. 6. A schematic structure of cationic surfact-
ant with azo dye.27 

We observed the interaction through different spectral behaviour and the 
obtained absorbance concerning the constant concentration of azo dye in the abs-
ence and the presence of a variable concentration of DTAB, for the series of the 
ethanol–water mixture, at room temperature.25  

The spectral characteristics of azo dye were greatly influenced by the addit-
ion of cationic surfactant in the presence of various ethanol concentrations. The 
absorbance was increased with rised ethanol volume (Fig. 4), which contributes 
to the formation of molecular complex between the cationic surfactant and the 
azo dye as presented in Fig. 6. The origin of electrostatic interaction on the hyd-
rocarbon core of the surfactant, at constant dye concentration, was analysed due 
to a decrease in absorbance with a higher concentration range of ionic surfact-
ant.26 

Various natures of absorption spectra of a dye with the presence and absence 
of cationic surfactant had been observed for the series of the ethanol–water mix-
tures as shown in Fig. 5. 

Absorption spectra in Fig. 5A. In 0.1 volume fraction of ethanol, as the 
concentration of DTAB increased the MR band intensity initially increased and 
finally decreased. Here, I, II, III, IV, V and VI represents the DTAB concen-
trations (C/mol L–1), which were varied from as 0, 0.011695, 0.023390, 
0.035085, 0.046780 and 0.116951, respectively. 

The absorption spectra in Fig. 5B. In 0.2 volume fraction of ethanol, as the 
concentration of DTAB increased the MR band intensity initially decreased and 
then increased. Here, I, II, III, IV, V and VI represents the DTAB concentrations 
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(C/mol L–1), which were varied from as 0, 0.0105994, 0.0211988, 0.0317982, 
0.0423976 and 0.1059940, respectively.  

The absorption spectra in Fig. 5C and D. In 0.3 and 0.4 volume fraction of 
ethanol, as the concentration of DTAB increased the MR band intensity dec-
reased. Here, in the case of Fig 5C, I, II, III, IV, V and VI represent DTAB 
concentrations (C/mol L–1), which were varied as 0, 0.011122, 0.022244, 
0.033366, 0.044488 and 0.111220, respectively. In the case of Fig 5D, I, II, III, 
IV, V and VI represent DTAB concentrations (C/mol L–1), which were varied as 
0, 0.011122, 0.022244, 0.033366, 0.044488 and 0.111220, respectively. 

Analysis of cationic surfactant–azo dye interactions in ethanol–water mixture 
We used the spectrophotometric technique and confirmed the surfactant ind-

uced spectral change by binding and thermodynamic properties, evaluated 
through the spectral changes, as the observed absorbance at different surfactant 
concentrations at constant dye concentration in the ethanol-water mixture, Fig. 5. 

Shah et al.28 investigated the CMC of DTAB in the ethanol–water mixture 
up to 0.6 volume fraction of ethanol using conductometry and tensiometry. The 
CMC was found to be increased up to 0.4 volume fraction of ethanol due to a 
decrease in hydrophobic character, with the addition of ethanol and the decrease 
in CMC up to 0.6 due to entrance of alcohol molecules into a micellar core. We 
used the conductometry technique to obtain the CMC value of DTAB in the abs-
ence, as well as in the presence of MR, at 0.1, 0.2, 0.3 and 0.4 volume fraction of 
ethanol. The sequential increased CMC is obtained in the adopted system, but the 
CMC values are suppressed with MR, in comparison to CMC values in the abs-
ence of MR.28,29 The decreased CMCs of DTAB, in the presence of MR is due to 
the change in the status of the molecular complex system.29 The CMC values are 
listed the in Table II along with literature.28 

TABLE II. CMC values of DTAB in the presence and absence of MR at 298.15 K 

Volume fraction of ethanol CMC / mol L-1

With MR Without MR Without MR28 
0.1 0.01497 0.01637 0.0151 
0.2 0.02102 0.02178 0.0214 
0.3 0.02110 0.03054 0.0325 
0.4 0.02487 0.04375 0.0462 

It can be seen that both the conductivity and CMC of DTAB decrease with 
the addition of MR, as it is presented in Fig. 7, with is in agreement with the 
literature.30 

The interaction between the dye and micellized surfactant can be described 
by the Eq. (1). Here, the term D, S, DS and Kb represent the dye, surfactant, dye– 
–surfactant associate and binding constant, respectively: 
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 bD + S DS
K

←⎯⎯→  (1) 
Fig. 8 displays for the interaction study for the determination of the binding 

constant (Kb), related to the scheme on Fig. 6, which is calculated using the 
modified Benesi–Hildebrand Equation (2):22 

 ( ) ( )
T

m 0 b 0 sm

1 1D
A K Cε ε ε ε

= +
Δ − −

 (2) 

 0  A A AΔ = −  (3) 

 

Fig. 7. Conductivity versus concentration 
of DTAB at 0.1 volume fraction of 
ethanol with and without MR. 

Fig. 8. The plot of (DT/ΔA) against reci-
procal of Cs for MR with DTAB at 0.3 
volume fraction of ethanol. Here, y = 
3.19×10-5x – 8.54×10-4; Max. dev. 6.05 
10-9, r2 = 1.00. 

The term DT in Eq. (2) and A in Eq. (3) represents the concentration and the 
absorbance of dye. The left side of Eq. (2) consists of ΔA, which is the difference 
between the absorbance of dye in the presence and the absence of DTAB is 
expressed in Eq. (3). The right side of Eq. (2) consists of term εm, ε0, Cs and Kb 
which represents the molar absorptivity of the dye, the molar absorptivity of dye 
fully bound to micelles, the concentration of DTAB (surfactant) and the binding 
constant respectively. Eq. (2) can be applied for studying spectral behaviour con-
taining CMC value,29 or without CMC value.22 The molar absorptivity of dye 
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represented as ε0 was calculated using the relation the rearranged Beer–Lambert 
Equation (4): 

 0
A

LC
ε =   (4) 

The Eq. (4) term consists of terms A, L and C, which represents the abs-
orbance for a given wavelength, the length of cuvette and the concentration of 
dye, respectively. 

The maximum wavelength corresponding to absorbance (λmax / nm), absorb-
ance for a given wavelength (A / a.u.), length of the cuvette (L / cm), the con-
centration of dye (DT / mol L–1) , and molar absorptivity of dye (ε0 / L mol–1 
cm–1) are the values and its interactive relationship are represented in Table I. 
Here, L = 1 cm, C = 2.97×10–4 mol L–1. It can be seen that the highest molar 
absorptivity of azo dye at 0.4 volume fraction of ethanol is due to the influence of 
a higher volume of ethanol in water.24 

The binding constant (Kb) can be determined by plotting (DT/ΔA) against 
reciprocal of Cs for DTAB, with MR at 0.3 volume fraction of ethanol, as shown 
in Fig. 8, as a typical example. From the slope and the intercept, the binding 
constant was calculated at a different volume fractions of ethanol and tabulated in 
Table III.  

TABLE III. Calculation of the slope, intercept and binding constant in the different volume 
fractions of ethanol 
Volume fraction of ethanol Slope×105 Intercept×104 Kb / L mol-1 
0.1 6.22 7.59 12.2 
0.2 1.3.3 6.48 4.87 
0.3 3.19 8.54 26.77 
0.4 1.48 2.96 20.00 

Table III shows that the binding values, which were highest at the volume 
fraction of ethanol is 0.3, increased which is because the hydrophilic head portion 
of surfactants plays a significant role in dye-surfactant interaction.31 When the 
volume of ethanol is 0.2, the binding value between the azo dye and the surf-
actant is lowest, due to the abnormal aggregation around the hydrophilic portion 
of DTAB micelles by MR molecules. 

Many researchers had reported that the addition of mixed solvent completely 
blocks the micellization behaviour of surfactant at a certain concentration level of 
mixed solvent.29 

The thermodynamic parameter, the change of standard Gibbs energy of bind-
ing can be obtained using Eq. (5): 
 ΔG  = –RTln Kb (5) 
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In Eq. (5), the left side represents the change of standard Gibbs energy of 
binding, ΔG , whereas, on the right side, R represents a universal gas constant, 
the recorded room temperature of the laboratory is denoted by T and Kb is the 
binding constant. The values are presented in Table IV, which indicates the inter-
action between the dye and ionic surfactant, at 0.1, 0.2, 0.3 and 0.4 volume frac-
tions. This is due to the strong electrostatic interaction between the hydrophilic 
cationic head of surfactant and azo dye as well as with  a decrease in the diel-
ectric constant with the addition of mixed solvent.30,32  

TABLE IV. Calculation of ΔG  in the different volume fractions of ethanol 
Volum fraction of ethanol ΔG  / kJ mol-1 
0.1 –6010.31 
0.2 –3803.77 
0.3 –7898.50 
0.4 –7197.98 

CONCLUSION 

Based on the spectral study of the interaction between the azo dye MR and 
the cationic surfactant DTAB, the following conclusions can be summarized. 

The spectrophotometric technique is the best method for the study of the 
dye–surfactant interaction, by a wide range of spectral analysis, with typical azo-
hydrazone tautomerism in the ethanol–water mixture. The variable absorbance 
values ultimately indicated the scheme of dye–surfactant interaction through the 
adsorption phenomena and the formation of a dye surfactant complex. The inter-
action behaviour was studied through thermodynamic processes, which were 
characterized by the variable binding constant and the change of standard Gibbs 
energy of binding. The mixed solvent media containing alcohol–water mixtures 
broke down the structure of water, which lowered down the dielectric constant 
and hence CMC of DTAB increases, with the addition of ethanol in water, while 
CMC values of DTAB decrease with the presence of methyl red. 
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И З В О Д  

СПЕКТРОСКОПСКО ИСПИТИВАЊЕ ИНТЕРАКЦИЈЕ АЗО БОЈЕ И КАТЈОНСКОГ 
СУРФАКТАНТА У СМЕШИ ЕТАНОЛ–ВОДА 

NEELAM SHAHI1, SUJIT KUMAR SHAH1, AMAR PRASAD YADAV2 и AJAYA BHATTARAI1 

1
Department of Chemistry, M.M.A.M.C., Tribhuvan University, Biratnagar, Nepal и  

2
Central Department of 

Chemistry, Tribhuvan University, Kirtipur, Nepal 

Интеракција азо боје метил-црвена (MR) и додецилтриметиламонијум-бромида (DTAB) 
је спектроскопски испитивана праћењем азо-хидразон таутомерног понашања MR за 
серију смеша етанол–вода (запреминске фракције етанола: 0,1, 0,2, 0,3 и 0,4) на собној 
температури. Критична мицеларна концентрација је одређивана кондуктометријски, и 
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са повећањем запремине етанола на њу утиче поларност растварача и структурна фле-
ксибилност MR. Азо облик MR се адсорбује на сурфактанту електростатичким интер-
акцијама. Параметри везивања су израчунати применом Бенеси–Хилдебранд (Benesi– 
–Hildebrand) једначине. 

(Примљено 16. новембра 2020, ревидирано 10 марта, прихваћено 11. марта 2021) 
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Highlights 
• This paper focuses on interaction between methyl red and cetylpyridinium chloride. 

• Critical micelle concentration of cetylpyridinium chloride determined in presence of methyl red. 

• 0.1 to 0.4 volume fractions of CH3OH provided precise measure of the methyl red spectrum. 
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Abstract 

The interaction between methyl red (azo dye) and cetylpyridinium chloride (cationic surfactant) 

in the methanol-water system were studied using a spectrophotometric technique. Variable 

parameters like constant dye concentration and its structure, surfactant concentration, pH, 

absorbance, and solvent composition were studied. Using the UV-Vis technique, critical micelle 

concentrations (CMCs) of cetylpyridinium chloride were measured with methyl red. The spectral 

data were analyzed and determined the differential absorbance, binding and partition constants, 

partition coefficient, the Gibbs free energy of binding and partition in mixed solvent media (0.1, 

0.2, 0.3, 0.4 volume fraction (v.f.)s of methanol, respectively). 
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1. INTRODUCTION 

 

Organic compounds that are amphiphilic and possess hydrophilic and hydrophobic properties are 

surfactants that differentiate unique compounds for utilization in various activities such as washing, 

dispersion, antirust, anticorrosive, moistening, penetration, bubble formation, emulsifying, catalysis, 

solubilization, and antistat [1]. Due to such valuable activity’s studies on dye-surfactant interaction are 

important for improving technological advancement in industrial applications [2,3]. Advanced interaction 

technology is significant for the further incorporation of dyes into the micellar activity of surfactants. In 

addition, such interaction studies assist in chemical research associated with colloidal science, 

biochemistry, analytical science, and photosensitization [4,5]. 

 

Based on the molecular structure of the surfactant, dyes, and solvent mixtures, we can understand the 

behavior of the dye and surfactant interaction. As the dielectric constant varies in mixtures of solvents, it 

affects dye-surfactant interactions directly, affecting cohesive energy, micellization, binding, distribution, 

and solubility [6]. 

 

There are some studies of methyl red(C15H15N3O2) with CPC(C21H38ClN) [7-12] using various methods. To 

conduct a detailed analysis, we reviewed the literature [8] which reported UV-Vis measurements to 
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determine how CTAB, CPC and SDS surfactants affect the dissociation constants as well as transition 

intervals of cresol red, methyl orange and red. There was strong interaction of dyes with 

cetyltrimethylammonium bromide and hexadecylpyridinum chloride. On the other hand, sodium 

dodecylsulphate did not affect the dissociation constants of methyl orange or cresol red, despite the 

relatively strong interaction between sodium dodecylsulphate and methyl red. 

 

By kinetic analysis and complete photodegradation after 35 minutes of treatment with azo dye 

photosensitization, methyl red was found to have a reduced absorbance peak after 10 and 20 minutes of 

treatment in water [13]. The para position of the -COOH group of methyl red modulated the wavelength as 

well as intensity [14] and exhibited at 519 nm as the broad peak in hydrazone form, demonstrating large 

optical nonlinearities [15]. The remarkably visible spectrum of MR in aqueous solutions is seen as the 

principal peak at 520 ± 15 nm and at 435 ± 20 nm as shoulder peak, for hydroazo (acidic) as well as azo 

(alkaline) species respectively [16]. 

 

From the above-studied literature, we have identified that there is no specified investigation on the 

interaction between CPC and MR. So in this paper, we studied the interaction between methyl red (MR), a 

common textile dye[13] and cationic surfactant cetylpyridinium chloride (CPC) in the volume fractions of 

methanol 0.1, 0.2, 0.3, and 0.4 respectively at 298.15 K.  

 

We utilize a spectrophotometric technique to assess the binding parameters of methyl red with CPC in 

methanol-water solutions using CMC values, by utilizing a Benesi-Hildebrand equation for the first time. 

Such a concept was used by our research group for the calculation of the binding parameters for dyes 

(methyl orange and methylene blue) using absorbance data of mixed DTAB-SDS surfactant by 

spectrophotometric technique in an aqueous medium without using CMC values [17]. Shahi et al.[18] also 

observed the strong interaction between MR and cationic surfactant dodecyltrimethyl ammonium bromide 

(DTAB) in the mixed solvent media. Recently Tajpuria et al. [19] investigated UV-Vis studies between 

MR and SDS in acetone/water systems [19]. Thus there are no investigations till now on such interaction 

between MR and CPC. The investigation was explored using a spectrophotometric technique to analyze the 

spectral behavior of interactions. An interaction capacity can be analyzed by calculating parameters such 

as the CMC, binding constants, partition coefficient, Gibbs free energies of binding and partition. The 

prescribed parameters were calculated using various equations. 

 

However, for the first time, we used a pseudo-phase model to calculate the partition parameters of MR and 

CPC using CMC values in methanol-water solutions, as this concept was also previously used to study how 

light yellow(azo dye) (X6G) interacts with CTAB and CPC [20]. An important issue in the present study 

concerns the characterization of binding and partitioning parameters of CPC on MR in mixed solvent media, 

which will aid in the development of similar derivatives, such as a –COOH dye in optical tenability and 

photo-switchability. This paper would provide information about the spectral behaviour of MR in methanol-

mixed media. Also due to the nontoxicity of CPC, it can be utilized for the interaction study with dyes in 

the medicinal, pharmaceutical, emulsion, catalytic and cosmetic industries. This study can be utilized for 

the improvement of optoelectronic applications [13-16]. The novelty concept of the manuscript is that in 

future researchers could generate ideas regarding characterising behavior on the mixture through such 

parameters for further studies on more co-solvent systems using different techniques. 

 

1.1. Theory 

 

At 0.1 up to 0.4 v.f. of methanol, the CMC was determined from the plot of the absorbance - [CPC] profiles. 

The lower absorbance value indicates the CMC value for each volume fraction of methanol [21]. 

 

The binding constants for dye-surfactant interactions in volume fractions of methanol were calculated with 

the Benesi-Hildebrand equation [17,21,22] 

 
𝐷𝑇

ΔA
 = 

1

𝜀𝑚-ε0
 + 

1

𝐾𝑏(𝜀𝑚-ε0)𝐶𝑚
 ,                   (1) 
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ΔA = A - A0 ,                     (2) 

 

𝐶𝑚 = C𝑠 – CMC .                    (3) 

 

Dye concentration is represented by DT in Equation (1), while dye absorbance is represented by A in 

Equation (2). The left-hand side of Equation (1) consists of ΔA, which is the difference between dye's 

absorbance with and without CPC expressed in Equation (2). The right-hand side of Equation (1) consists 

of the terms εm, ε0, Cm and K𝑏 represent the molar absorptivity of the dye, the absorbance molarity of the 

fully bound dye to micelles, the concentration of micellized CPC expressed in Equation (3) and the binding 

constants, respectively. Also, the term 𝐶𝑠 represents the concentration of CPC. 

 

In addition, using the partition coefficient, the concentration ratio of non-ionizing species was determined. 

A pseudo-phase model is used to calculate this parameter as in Equation (4) [20,23] 

 
1

ΔA
 = 

1

ΔA∞  + 
1

𝐾𝑠ΔA∞(𝐶Dye + Csurfactant - CMC)
                              (4) 

 

where ΔA = A - 𝐴0 and ΔA∞ = 𝐴∞- 𝐴0. Further, the complete absorbance of a dye attached to a surfactant 

is A 

 

𝐾𝑠 =
𝐾𝑥

𝑛𝑤
.                                             (5) 

 

In Equation (5), the term 𝐾𝑥 is the partition coefficient by following the pseudo-phase model and nw =
55.5 mol L-1. Thus, Ks is the partition constant, which can be obtained from the slope of the graph plotted 

between ΔA−1 and [CDye+CSurfactant- CMC]−1 and Kx can also be obtained from relation Equation (5) [24]. 

 

The Gibbs free energies of binding (ΔGb) and partition (ΔGp) were calculated using the following 

Equations (6) and (7) 

 

ΔG𝑏 = -RTlnK𝑏 ,                                            (6) 

 

ΔG𝑝 = -RTlnK𝑥 .                                             (7) 

 

2. EXPERIMENTAL 

 

2.1. Chemicals 

 

Cationic surfactant: Cetyl pyridinium chloride (CPC) was purchased from Sigma Labs, Bengaluru-03, 

India, which was 98% pure. It was kept in a drying oven for one hour before use. Azo Dye: Methyl red 

(MR) was purchased from Sigma Labsys, Bengaluru-56003, India. 

 

Solvent: Merck, India, provided the methanol for this experiment. It was double-distilled and used as mixed 

solvent media (0.1, 0.2, 0.3, and 0.4). Double-distilled water was used to prepare mixed media. 

 

2.2. Preparation of Solutions 

 

MR-CPC was studied in the presence of a series of volume fractions of 0.1, 0.2, 0.3, and 0.4 methanol. 

• Firstly, 0.1 up to 0.4 v.f. of methanol were prepared. Sequentially surfactant (CPC) (concentration 

ranging from 0.0623 x 10-3 to 5 x 10-3mol. L-1 and MR at a constant concentration of 2 x 10-3mol. 

L-1 was prepared separately in the series of mixed methanol. 

• Secondly, the pH values were measured at variable concentrations of CPC with constant MR 

concentration. 
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• Thirdly, spectral absorbance with corresponding wavelengths from 350 to 650 nm of the solution 

at different concentrations of CPC with a constant dye concentration of MR was recorded for the 

interacting study of the system. 

 

2.3. Methods 

 

The absorbance measurements were recorded by double beam UV-Visible spectrophotometer (MARS ME-

SP 195UV, India) at room temperature (298.15 K) with 1 cm length quartz cuvette. The pH values were 

recorded using (a Eutech-2700, Singapore) pH meter. 

 

3. RESULTS AND DISCUSSION 

 

Dye-surfactant interaction is a well-determined phenomenon and we used a spectrophotometric technique 

to investigate this interaction between MR and CPC. The nature of the interaction is well determined and 

plays a significant role in the formation of dye surfactant complex which has been observed during 

differential absorbance with the relevant binding and partition behaviour. 

 

The characteristic nature of the interaction is noticed through hypochromic shifts, the CMC is determined 

separately in different polarized methanol-water mixtures and differential absorption spectral analysis for 

binding and partition parameters along with the effect of pH below and above CMC. 

 

3.1. Interaction between CPC and MR 
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Figure 1. Visible spectra of MR-CPC system in (A) 0.1, (B) 0.2, (C) 0.3, (D) 0.4 volume fractions of 

methanol. Here, I, II, III, IV, V and MR represent the concentration of CPC [5, 2.5, 1, 0.5, 0.4 

and 0] x 10-3 mol. L-1 respectively. Here the constant concentration of MR is 2 x 10-3mol. L-1 

 

The simple absorption spectra of MR with and without CPC in methanol-water mixtures are given in Figure 

1. The comparison revealed that the redshift of the wavelength of maximum absorbance (λmax) of 30 nm, 

42 nm, 112 nm, and 108 nm from 419 nm to 449 nm, 413 nm to 455 nm, 413 nm to 525 nm, and 417 nm 

to 525 nm for 0.1, 0.2, 0.3, and 0.4 v.f. of methanol, respectively as shown in Figure 1.  The redshift 

increased sequentially of MR with the increase of the methanol, as described in the recent literature [9] 

dielectric constant decreases [25], and a reduction in solubility in the solvent. 

 

Using UV-vis spectroscopy, we can explore the mechanism of dye-surfactant interaction. During such 

interaction, we observed a decrease in redshift due to the entrapment of dye molecules in the core of 

micelles. The micelles generate enhanced surface activity on the dye molecules throughout the interaction 

[18]. Accordingly, the spectrum displays an abnormal hypochromic shift due to the dynamic interaction 

between the MR molecules containing -COOH groups and CPC molecules containing pyridinium groups 

(Figure 1). The redshift reflects interactions between MR molecules and more methanol, which resulted in 

pi-pi stacking in Figure 2 because azo dyes are composed of J-aggregates formed by hydrogen bonding 

with methanol [26]. 

 

 
Figure 2. J- aggregate (bathochromism) [26] 

 

α 
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Specifically, the redshift (emission) increased from 449 nm to 525 nm with increasing methanol content in 

water (Figure 1). This elevation is due to a revolution in the microenvironment of the solvent, leading to an 

increase in the absorbance value. The occupancy of a -COOH group fabricates side-by-side interaction, 

devise aggregation. Thus, extreme absorption materializes in solvatochromism (emission) [27]. 

 

The anionic and zwitterionic forms [14,28] of MR manifest an isosbestic point that finds the same molar 

extinction coefficient of the two forms of MR. However, such a point was not perceived in the spectra of 

the MR with CPC in the methanol-water mixtures. There is no isosbestic point in the spectra in Figure 1 

due to the absence of common ions in the system [29]. In the aqueous CPC solution, methyl red may exhibit 

unusual behavior owing to its presence of azo and hydrazone species. 

 

Plots of absorbance versus variable concentration of CPC with constant dye concentration in v.f. of 

methanol are presented in Figure 3 as the representative plot of absorbance versus [CPC] profile in 0.2 v.f. 

of methanol. We measured the minimum value of absorbance at a given concentration of constant dye in 

various surfactant concentrations, and we denoted this value as CMC. Among the absorbance 

concentrations of the CPC profile, the lower absorbance value signifies CMC [21]. The various absorbance-

[CPC] profiles show the specified CMCs and are tabulated (Table 1). 

 

Table 1. CMC values of CPC at 0.1, 0.2, 0.3 and 0.4 v.f.s of Methanol 

Volume fraction of Methanol 0.1 0.2 0.3 0.4 

CMC (mol L-1)(with MR) 0.067 x 10-3 0.125 x 10-3 1.0 x 10-3 0.1 x 10-3 

Literature (mol L-1)(without MR)a  0.98 x 10-3 1.05 x 10-3 1.10 x 10-3 1.13 x 10-3 
aSome literature CMC values of CPC without MR obtained by conductometric measurement are given in 

the last row for comparison [30] 

 

As can be seen, the CMC values increase with sequential v.f.s of methanol (0.1, 0.2, and 0.3), except for 

the v.f. of methanol at 0.4. In comparison to the CMC values of cationic surfactant without dye in the 

cosolvent, the CMC values are a decreasing trend, which explains the strong electrostatic interaction 

between the azo dye and surfactant. The values decrease due to the reduction of repulsive forces between 

the polar head of the cationic surfactant and azo dye in micelles. With the addition of dye, the absorbance, 

as well as CMC values, were reduced in contrast to the CMC value obtained for CPC without dye in a series 

of methanol-water solvent systems [30]. Abnormal behavior of reduction in the CMC value is noticed in 

the 0.4 v.f. of methanol because of the penetration of methanol molecules into the micelle. 
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Figure 3. Representative plot of absorbance versus [CPC] profile in 0.2 volume fraction of methanol 

 

3.2. Determination of Binding and Partition Parameters using Differential Absorption Spectra 

 

Spectrophotometric analysis is popular for analyzing dyes that are water soluble (Direct dyes) and insoluble 

(lake dyes) [31]. Differential spectroscopy has proven to be the most suitable method for detecting dye-

surfactant interactions [32]. Differential absorbance provides insight into the binding and partition 

behaviour of oppositely charged dyes and surfactants using the Benesi-Hilderbrand Equation (1) and the 

pseudo-phase model in Equation (4), respectively. There is an increase in differential absorbance with a 

greater v.f. of methanol in water as seen in Figures 4 and 5. Figures 4 and 5 show the plots to determine the 

binding constant and partition coefficient. Gibb’s free energies of binding (∆Gb) and partition (∆Gp) can be 

determined using the binding and partition parameters with Equations (6) and (7), respectively. We 

evaluated the dynamic nature of interaction at the increased levels of methanol in water through differential 

absorbance in Table 2. The absorbance of MR from 0.1 to 0.4 shows the greater difference in nature of 

interaction which plays a vital role in determining the binding and partition among CPC and MR molecules. 

The binding constants were higher at a lower concentration of methanol and lower at 0.4 volume fraction 

of methanol due to its difference in polarity of the solvent. The higher partition constant and partition 

coefficient at 0.3 v.f. indicates the larger hydrophobic interaction than 0.2 v.f. But we also determined the 

interaction at 0.4 v.f. of methanol which greatly influences addressing abnormal behavior of partition. The 

negative values of Gibb’s free energies of binding and partition represent that the system is in a stable form, 

which consists of spontaneous behavior of binding and partition [33]. 
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Figure 4. Plot of 
𝐷𝑇

ΔA
 against [𝐶𝑠-CMC]-1 for MR with CPC in 0.3 volume fraction of methanol 

 

 
Figure 5. Plot of ΔA-1 against [𝐶Dye+ Csurfactant-CMC]-1 for MR with CPC in 0.3 volume fraction of 

methanol 

 

The data are tabulated in Table 2, including, Kb, Ks, Kx, ΔGb and ΔGp. 

 

Table 2. Comparison of values of Kb, Ks, Kx, ΔGb and ΔGp in 0.1, 0.2, 0.3 and 0.4 v.f.s of methanol 

Volume fraction of Methanol Kb(Lmol-1) Ks Kx ΔGb(kJmol-1) ΔGp(kJmol-1) 

0.1 30.3 X 105 4.56 X 104 253.08 X 104 -36.99 -36.54 

0.2 3.95 X 105 42.9 X 104 2380.95 X 104 -31.94 -42.10 

0.3 14.5 X 105 192 X 104 10656 X 104 -35.16 -45.81 

0.4 0.93 X 105 189 X 104 10489.5 X 104 -28.35 -45.77 

 

3.3. Effect of pH 

 

The pH effect is discussed when it comes to the interaction between MR and CPC [29]. The effects are 

discussed in two regions i.e. below and above CMC. 

 

Below CMC: As the pH of an acidic region ranges from 2 to 5, the protonation of azo dyes will decrease 

because of electrostatic interactions between charged dyes and the surfactant monomer. By this matter, the 

result is sorted by realizing the tautomerism of the dye as shown in Figure 6. 
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Figure 6. Tautomerism of azo dye 

 

The azo dye consists of an azo group (-N=N-), which shifts to the hydroazo form during equilibrium in an 

acidic medium. Hydroazo ions shift to the azo form in basic media [19]; for our alcohol-water system, the 

appropriate pH range was found to be (5-8), as shown in Figure 7. 

 

Above CMC: pH change (7-8) did not affect spectra and absorbance for the alcohol-water system. Diluting 

the dye into the micelle did not affect pH values. As discussed, pH changes do not affect the dye-surfactant 

complex. 

 

We justify from the literature [16] that MR dye solution in aqueous solution showed red color at the 

wavelength of maximum absorbance (λmax) 523 nm in acidic (hydrazone) form (pH=2) and yellow color at 

the wavelength of maximum absorbance (λmax) 431 nm in basic (azo) form (pH=8). In our case, we obtained 

the pH of azo form due to availability of basic medium of methyl red with CPC and without CPC in 

methanol mixed media [19]. The only existing form did not allow us to see the isosbestic points in the 

spectra Figure 1. 
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Figure 7. [CPC] versus the pH profile. (A) 0.1, (B) 0.2, (C) 0.3, and (D) 0.4 volume fractions of methanol 

 

4. CONCLUSION 

 

The experimental results show the interaction of MR with CPC/ CH3OH/H2O at room temperature. With 

the function of change in CPC concentration and wavelength, the abnormal hypochromic shift was seen 

due to the unusual behaviour of MR. During the interaction, the j-aggregate nature and the pH of the azo 

form of MR acts an important role in the incorporation of MR by micelles of CPC (cationic surfactant). 

The only basic form(azo) of MR oppose to observe the isosbestic points in the spectra of interaction. The 

results show that there is a decrease in CMC with MR corresponding to the series of v.f. of methanol in 

comparison to the CMC values of CPC from literature without MR. The trends of change in binding and 

partition parameters show strong interactions between MR and CPC. Moreover, the negative values of 

Gibb’s free energy of binding and partition illustrate the spontaneous process of the system. 
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