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ABSTRACT  

In this dissertation, phase behavior, conductivity, viscosity, dynamic light scattering 

(DLS), fluorescence lifetime, steady state fluorescence anisotropy, fourier transform 

infrared spectroscopy (FTIR) and nuclear magnetic resonance (NMR) techniques have 

been employed for understanding of the physicochemical properties and 

microenvironment of quaternary water-in-oil (w/o) mixed surfactant microemulsions 

consisting of equimolar (1:1) cationic, cetyltrimethylammonium bromide (C16TAB) and 

nonionic, polyoxyethylene (20) cetyl ether (C16E20)/1-butanol (Bu)/heptane (Hp) or 

decane (Dc), as a function of ω ((= [water]/[surfactant])= 10→50) at a fixed temperature 

(303K). The interfacial composition and free energy of transfer of Bu from oil to the 

interface (formation of microemulsion from thermodynamic point of view) have been 

evaluated by the Schulman’s cosurfactant titration at the oil/water interface (dilution 

method) under comparable physicochemical conditions. In a subsequent study, the effect 

of the variation of alkyl chain length of cationic surfactant, alkyltrimethylammonium 

bromide (CnTAB) (where,n stands for12, 14, 16 and 18) on the phase behavior, 

interfacial composition, interdroplet interaction, microstructure and  the dynamics of 

confined water of quaternary w/o microemulsions, comprising equimolar (1:1) cationic 

(CnTAB) and nonionic (C16E20) surfactants, 1-pentanol (Pn) and Hp or isopropyl 

myristate (IPM), have been examined by means of phase study, dilution method, 

viscosity, DLS, FTIR measurementsat a fixed ω (=25) and temperature (303K). 

Additionally, the influence of different inorganic salts viz. normal salt (sodium chloride, 

NaCl), precursor salt for nanoparticle synthesis [nickel chloride (NiCl2), ferric chloride 

(FeCl3)], water structure affective salts [potassium fluoride (KF), potassium iodide (KI)] 

on the transfer process of Pn (Pnoil → Pninterface) and also, on the nature of confined water 

of the microemulsions have been investigated using dilution method and FTIR 

measurement (via D2O probing) under similar physicochemical conditions. In 

continuation, the interfacial composition and thermodynamic properties of w/o mixed 

anionic (sodium dodecylsulfate, SDS)/nonionic (polyoxyethylene (23) lauryl ether, Brij-

35) surfactant/Pn/IPM microemulsions under various physicochemical conditions, have 

been evaluated by the dilution method as function of both ω and composition [mole 

fraction of nonionic surfactant (XBrij-35)]. This study was aimed at a precise 
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characterization of w/o mixed anionic/non-ionic microemulsions on the basis of 

molecular interactions between the constituents at the microenvironment, and provides 

insight into the nature of the oil/water interface of these systems by conductivity and DLS 

studies under similar physicochemical conditions. In continuation, formation and 

characterization  of  w/o mixed cationic/nonionic surfactant microemulsions comprising 

CTAB/Brij-35 stabilized in Pn and  IPM at different physicochemical conditions [viz., 

variations in ω, composition (XBrij-35) and temperature] have been examined by 

employing phase studies, dilution method, conductivity, DLS, FTIR (with HOD probing) 

and 1H  NMR  techniques.  Further, microbiological activities of these mixed 

microemulsions at different compositions were examined against two bacterial strains 

Bacillus subtilis (gram-positive) and Escherichia coli (gram-negative) at a fixed 

temperature. In final chapter, results of a systematic investigation on phase behavior and 

solubilization of water, in water-in-Hp or Dc aggregates stabilized by nonionic 

[polyoxyethelene (20) cetyl ether (Brij-58)] with composition, that is, increasing content 

of a cationic surfactant, CTAB (XCTAB) in conjugation with Pn at a fixed surfactant(s)/Pn 

ratio (equals to1:2) and temperature (303K)  have been presented. A correlation has been 

drawn between composition dependent water solubilization and volume induced 

conductivity studies to provide insight into the mechanism of solubilization of water in 

these mixed systems. The microstructure and dynamic H-bonding network in confined 

environment of these systems have been deciphered by DLS and FTIR measurements as 

a function of surfactant composition. Correlation of the results in terms of the evaluated 

parameters (of all types) in each chapter have been attempted to underline formation and 

characterization (with uses and prospective applications) of mixed surfactant 

microemulsions for further advancement in colloid and interface science. 
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Preface  

Solutions of surfactant assemblies have been the subject of intensive investigation form 

both theoretical and experimental points of view during the past three decades or more. 

The interest in these complex fluids originates not only from the variety of 

supramolecular structures (such as micelles, microemulsion, reverse micelles etc.) formed 

by the amphiphile(s) (surfactant and/or cosurfactant), but also from the segregation of 

polar and nonpolar domains with particular characteristics in a given system. Generally, 

surfactant molecules self-assemble into aggregates in non-polar solvent in presence of 

water with the hydrophilic portion of the molecules in the interior and the hydrophobic 

portion at the exterior of the aggregates for water poor systems while reverse nature is 

observed for water rich systems. Such systems are referred to as microemulsions/reverse 

micelles, which are amphiphile stabilized transparent, isotropic and thermodynamically 

stable dispersion of otherwise immiscible water and oil. The history of development, in 

particular to microemulsion research, is complex and needs to be recounted since it 

provides important lessons. An emulsion with very small droplets was first scientifically 

described by Schulman in 1943 and the term ‘Microemulsion’ was first entered in the 

scientific vernacular for this kind of system in 1959.The term‘Microemulsion’ itself has 

no doubt steered confusion. Microemulsions are not micro but nano, and also, they are 

not emulsions. However, these initial confusions and disagreements contributed to the 

foundation of a strong and dynamic research field. Interestingly, a large and increasing 

number of researchers both in academia and industry, are sincerely devoted to further 

development of this particular field in colloid and interface science. The traditional 

approach for preparing microemulsion was to titrate a milky emulsion with a medium 

chain alcohol (butanol or pentanol or hexanol), which was latter referred to as 

cosurfactant. Microemulsion contains distinct microstructural features, i.e. topologically 

ordered oil and water coated with surfactant film. The microstructures exist within 

microemulsion range from 3 to 100 nm in size, and are observed to be changed 

progressively with changing the composition of the formulation. Most of the 

microemulsions used for commercial purpose are formulated by employing mixed 

surfactants, because of the way they are synthesized. Surfactant mixtures are used to fine 

tune the formulation of microemulsions to an exact property value with the variation of 
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amphiphilic composition. The properties of mixed surfactant (ionic/nonionic)-derived 

microemulsion systems are often better than those attainable in their individual states. 

The widespread use of surfactant mixtures for both industrial and technological purposes 

has also stimulated the interest of the researchers. It is known that ionic and nonionic 

surfactants physico-chemically behave in opposite manner with change in temperature. 

The formation of temperature insensitive microemulsions using ionic/nonionic blended 

surfactant systemshas been found to be useful in various commercial and technological 

processes. Till now, most of the studies regarding the solubilization phenomenon in 

microemulsions stabilized by both single and mixed surfactant systems, have been carried 

out using linear hydrocarbons as solvent. However, polar lipophilic or alkyl ester oils 

(such as biocompatible oils), which possess different chemical structures and 

physicochemical properties compared to the hydrocarbon oils, are widely used in 

biologically resembling systems, pharmaceuticals and also, in drug delivery. Such studies 

using these oils have seldom been reported. In addition, microemulsions have been 

studied using a variety of techniques. Due to their complexity, namely, the varietyof 

structures and components involved in these systems, as well as the limitations associated 

with each technique, the characterization of microemulsions is rather difficult. Hence, 

complementary studies using a combination of techniques are usually required to obtain a 

comprehensive view of the physicochemical properties and structure of microemulsions. 

Most commonly used methods and techniques to gain knowledge on the particle 

dimension and shape, their diffusion coefficient and polydispersity, aggregation and 

dynamics of coalescence, state of the water pool, thermodynamics of formation, etc. of 

these compartmentalized/microheterogeneous systems (viz. microemulsions/reverse 

micelles) are related to static and dynamic light scattering, neutron and low angle X-ray 

scattering, nuclear magnetic resonance, dielectric relaxation, time resolved fluorescence 

quenching, vibrational spectroscopy, transmission electron microscopy,conductance, 

viscosity, ultrasound,  calorimetry, etc. A thorough scientific account of microemulsions 

is certainly judicious since fundamental understanding has developed into a considerable 

consensus and also, interesting applications have emerged on a broad scale. The 

developmentof understanding of microemulsions, has by no means been linear, but has 

involved steps both forward and backward.  
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In view of these, this dissertation focuses on the formation, characterization 

(thermodynamics and physicochemical properties, dynamics, microstructure, 

photophysics and dynamic H-bonding network in confined environment) and prospective 

applications of single and mixed surfactant microemulsions in both linear hydrocarbons 

and polar lipophilic oils or biocompatible oils and in particular, on their interrelationship. 

Of late, research on mixed surfactant microemulsions have become a predominant 

subject, and applications are emerging rapidly, which further motivates fundamental 

studies. One might gain an impression that most of the microemulsion mysteries have 

been solved during the course of time and that applying microemulsions in different 

functional fields is just a question of‘creative thinking. Future perspectives and 

challenges indeed lies in the application of microemulsions, in particular single and 

mixed surfactant microemulsions, as a versatile tool for producing new composite 

materials, nanoparticles, pharmaceutical products and also as drug delivery system for 

targeted applications.   
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microemulsion system comprising 0.5 mmol surfactant, 10 mmol water and 6.3 mmol 

IPM oil with varying compositions (XBrij-35) at different temperatures.  

Figure 5(B)                                                                                                                   147 

Plot of ∆So
o→i against XBrij-35 for the same systems under identical physicochemical 

environments.  
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Figure 6                                                                                                                         151 

Conductivity (σ) against ω profile with the variation of XBrij-35 (= 0.0→1.0) for 

water/SDS/Brij-35/Pn/IPM w/o microemulsion systems at fixed surfactant concentration 

(0.3 mol. dm-3) and constant temperature (303K). 

Chapter VI 

Figure 1                                                                                                                          163 

Representative pseudo-ternary phase diagram of water/CTAB/Brij-35/Pn/IPM w/o 

microemulsion at three different ratios of mixed surfactant at 303K. S/Cs mass ratio: 1:2. 

Area marks: unshaded, microemulsion zone (1ф); shaded, turbid zone (2ф) [black; XBrij-35 

= 0.0, dark gray; XBrij-35 = 0.5, light gray; XBrij-35 = 1.0]. Appearance of viscous and other 

phases along the [surfactant(s): cosurfactant/water]-oil axis have not been shown for 

simplicity. 

Figure 2                                                                                                                           168 

Standard free energy change of transfer (-ΔG0
t) against composition (XBrij-35 ) for w/o 

microemulsion systems comprising 0.5 mmol of mixed surfactant (CTAB/Brij-35) and 

14.0 mmol of IPM oil stabilized by Pn at fixed water content (ω = 20) with varying 

temperature (293K→323K).  

Figure 3                                                                                                                           174 

The variation of Gaussian profiles (area fraction) of the normalized spectra of different 

water species (free: open circle, bound: open squire and trapped: open triangle) as a 

function of XBrij-35 at a fixed ω (= 20). 

Figure 4                                                                                                                         178 
1H NMR peak of water protons in w/o CTAB/Brij-35/Pn/IPM systems as function of 

XBrij-35 at a constant ω (= 20) (A; XBrij-35 = 0.0, B; XBrij-35 = 0.2, C; XBrij-35 = 0.4). 

Figure 5                                                                                                                         181 

Antimicrobial activity (diameters of inhibition zones)inwater/CTAB/Brij-

35/Pn/IPMmicroemulsions as a function of composition, XBrij-35 (= 0.0→1.0) at fixed 

water content ( = 20) and temperature (303K). 
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Chapter VII 

Figure 1                                                                                                                        194 

Water solubilization capacity (wt% of water) and HLBmix of mixed Brij-58/CTAB/1-

pentanol/Hp or Dc microemulsions as a function of different mass ratios of mixed 

surfactant at 303K (Hp: filled triangle and Dc: open circle). 

Figure 2.                                                                                                                        201 

Plot of H0
t and - S0

t vs. different mass ratios of mixed surfactant (Brij-58  and CTAB) 

for w/o microemulsion systems comprising 5×10-4mol of total mixed surfactant, 2.75×10-

2 mol water, 2 ml of heptane (Plot: A) and decane (Plot: B) stabilized by 1-pentanol at 

five different  temperatures [303K (open triangle), 308K (open square), 313K (open 

circle), 318K (open star), 323K (open pentagon)]. 

Figure 3                                                                                                                         205 

Plot Dh as a function of mixed surfactant composition for water/Brij-58/CTAB/Pn/Hp or 

Dc microemulsion systems comprising 5×10-4mol of total mixed surfactant, 2.75×10-2 

mol of water, 2 ml of Hp or Dc (Inset A) at different temperatures (303K→323K). 
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Appendix A 

 

Effects of water content and oil on physicochemical and microenvironmental 

properties of mixed surfactant microemulsions 

1. Fluorescence lifetime measurements 
For time-resolved fluorescence measurements, the instrument employs Stroboscopic Technique 
(Strobe).The strobe technique is very much similar to the time-correlated single photon counting 
technique (TCSPC) in respect of measurement and data analysis. The differences are mainly in 
hardware component, wherein different detection electronic components and pulsed light sources 
were used [1-3]. In the present report, two curves are considered at the measured wavelength (i.e., 
at 450 nm using 310 nano LED as the light source) viz. the instrument response function (IRF) 
and the decay curve of probe molecules, 7-hydroxycoumarin (10-5 mol dm-3). IRF is acquired 
from a non-fluorescent scattering solution (herein, LudoxAM-30 colloidal silica, 30 wt% 
suspension in water) held in a 1 cm path length quartz cell. The lifetime values of probe 
molecules are then obtained by convoluting the IRF with a model function and then comparing 
the result with the experimental decay. This is done by an iterative numerical procedure until the 
best agreement with the experimental decay curve is achieved (e.g., a single or double 
exponential decay). Analysis has been made by Felix GX (version 2.0) software. Goodness of the 
fluorescence lifetime data fits in the curves, as adjudged by χ2 value (less than 1.10) and with a 
residuals trace, which is fully symmetrical about the zero axes. A representative illustration has 
been shown in Fig. S1. 
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Fig. S1. Representative fluorescence decay (A) of HCM (λex= 310 nm) in water/(C16TAB + 
C16E20 , 1:1)/Bu/Hp microemulsions as a function of molar ratio of water to surfactant, ω with 
corresponding χ2 values and residual traces. Specifications: Solid line indicates system response 
(IRF), purple triangle; ω = 10 (residual trace; B), blue triangle; ω = 40 (residual trace; C), green 
triangle; ω = 50 (residual trace; D).  
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2. Phase Behavior of mixed surfactant microemulsions 
Phase diagrams of pseudo-quaternary systems composed of surfactant(s), cosurfactant, oil and 
water at a constant temperature and pressure can be best represented with the help of three-
dimensional Gibbs tetrahedron with four components as the four apexes. In the present study, the 
phase diagrams are constructed in a simple two-dimensional Gibbs triangle after cutting the 
Gibbs tetrahedron along a constant surfactant, cosurfactant mass ratio (1:2) plane. The 
compositions in the phase diagrams are represented in weight fraction. 
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Fig. S2. The pseudo-ternary phase diagram of equimolar (1:1) mixed surfactant microemulsion 
system [water/(C16TAB + C16E20)/Bu/Hp or, Dc] indicates the formation of a significant single 
phase (1ф) region in mixed surfactant, cosurfactant mass ratio (1: 2) and oil mixtures at 303K. 
Area marks: microemulsion zone (1ф); turbid zone (2ф). Phase boundary composition: filled 
circle (●); Hp, open circle (○); Dc. Open triangles (Δ) in 1ф zone indicates a typical dilution 
pathway (ω= 10→50). Histogram indicates the variation of 1ф zone with oil (Hp/Dc) for the 
same system. Points (Δ) in the phase diagram represent the compositions where further 
characterization was done. Appearance of viscous and other phases along the [surfactant(s): 
cosurfactant/water]-oil axis have not been shown for simplicity. 
 
Fig. S2 represents the pseudo-ternary phase diagram of equimolar (1:1) mixed surfactant 
microemulsion system [water/(C16TAB + C16E20)/Bu/Hp (or, Dc)] at 303K. Each pseudo-ternary 
phase diagram comprises of a single phase (1ф) clear microemulsion region and a two phase (2ф) 
turbid region. The extreme corners of the polar component (herein, water) and oil component 
correspond to oil-in-water and water-in-oil microemulsions, respectively. In the present system, 
the oil rich regions, i.e., water-in-oil microemulsions were examined for other set of experiments. 
Areas under the clear and turbid regions were calculated by weighing the individual components 
in the pseudo-ternary phase diagram. However, the construction of phase diagram for pseudo-
ternary microemulsion systems are essential from fundamental as well as application point of 
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view [4]. During the determination of single phase (1ф) clear microemulsion region, viscous and 
biphasic regions are appeared along the water-oil axis. This is not shown in the Figures for the 
sake of simplicity. Generally, phase behavior of a microemulsion system determines its 
microstructure. It is well established that the phase behavior and the microstructure of 
microemulsions are dependent on two interfacial parameters, namely the spontaneous film 
curvature (H0) (the curvature that the amphiphilic film would like to attain) and the elasticity of 
the amphiphilic film [5]. Further, the H0 can be affected by the nature and composition of 
amphiphile(s) [6]. In the present report, equimolar (1:1) mixed surfactant has been used as tuning 
parameter to change H0 vis-à-vis to increase the flexibility of the surfactant film [7-9]. Actually, 
POE chains of the nonionic surfactant (C16E20), extend its polar head groups within the water 
pools and lead to produce more flexible films, resulting to curve the interface away from the 
water pool [10]. Furthermore, cosurfactant used as a fourth component in microemulsion, can 
easily affect interfacial properties of microemulsions. Increasing alcohol chain length often 
increases the interfacial rigidity vis-à-vis curvature of the interface and vice versa [11]. However, 
the medium chain alcohol (herein, Bu) used in the present report, is known for increasing fluidity 
with decreasing the Ho [12]. Additionally, the formation of w/o microemulsion in 1ф region also 
reflects the effect of variation of oil chain length (Hp or Dc). However, when one analyses the 
results in terms of the variation of % area under the clear region with the variation of oil chain 
length, it can be observed from Fig. S2 (histogram) that % area under the clear region are higher 
for Hp stabilized systems compared to Dc stabilized systems. Similar observation was reported 
earlier by Mitra and Paul [13] for water/C16TAB or Brij-58/Bu/Hp or Dc microemulsion systems.    
 
3. Conductance measurements  
It is known that electrical conductivity measurement can be used to predict qualitatively the 
interaction between droplets and thus the stability of microemulsion. For example, appearance of 
an electrical percolation process indicates the existence of large attractive interaction between 
droplets [14, 15]. Fig. S3 represents the electrical conductivity (σ) of water/(C16TAB + 
C16E20)/Bu/Hp (or Dc) microemulsions as a function of water content (ω) at equimolar 
composition (1:1) of mixed surfactant and at constant temperature of 303K. The mixed surfactant 
and cosurfactant mass ratio (1:2) were fixed throughout the experiment. It has been observed 
from Fig. S3 that, the conductance gradually increases with increase in water content (ω = 
10→50) in both oils (Hp or Dc) for the mixed systems. Such an increase in conductivity with 
increase in ω may be due to both the progressive increase in the hydration of a POE chain of the 
nonionic surfactant (C16E20) and the ‘transient fusion-mass transfer-fission’ process involving in 
cationic surfactant (C16TAB), because of the transfer of ions between adhering droplets in these 
w/o microemulsion systems [6, 15, 16]. However, a nonlinear sharp increase in conductivity has 
been observed above ω ~ 40 in both oils, as evidenced from Fig. S3. The sharp enhancement in 
conductivity at higher water content (ω ~ 40) may be due to volume-induced percolation in 
conductance in the present system [14]. Such percolation shows that the interface of the droplets 
is fluid enough to coalesce during the collisions followed by material exchange and fusion. 
Percolation signifies the increase in droplet size, attractive interaction among droplets and 
exchange rate of materials between the droplets with the addition of water [15, 17, 18]. Similar 
observation was reported by Li et al. [19] and Zhang et al. [20] for water/TX-100/Bu/Hp and 
water/AOT/Bu/IPM w/o microemulsion systems, respectively. The variation in droplet size with 
water content, as reflected from DLS measurements (discussed in Sec. 3.2), corroborates well 
with the features obtained conductance measurements. Hydrodynamic diameter obtained from 
DLS measurements indicates droplet-droplet interaction at higher water content (ω ≥ 30), which 
supports the percolation behavior in conductance data at ω ~ 40. Similar result was also reported 
by Lemyre et al. [21] for water/Igepal CO-520 (polyoxyethylene (5) nonylphenyl 
ether)/cyclohexane microemulsion system.  
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However, from Fig. S3 it has also been observed that, Dc stabilized system produces higher 
conductivity than Hp stabilized system. This can be explained in the following way. It was 
reported earlier that, oil penetration into the surfactant tail region is smaller for longer chain 
hydrocarbon oils (herein, Dc) [22, 23], which causes a decrease in the spontaneous curvature of 
surfactant layer in comparison to smaller chain hydrocarbon oils (herein, Hp) and favors the 
formation of larger droplet in Dc continuum. On the other hand, the large oil penetration in Hp 
derived systems swells the aliphatic layer of the surfactant film to a greater extent, causing a 
higher spreading pressure at the surfactant tail/oil interface. Consequently, smaller droplets are 
formed with higher surface curvatures [23]. The increase in the molar mass of the hydrocarbon oil 
(Hp→Dc) decreases the density of the continuous phase enabling the interacting droplets to 
approach towards each other more easily for mass transfer [24]. Consequently, the longer chain 
oil penetrates less into the interface causing greater inter-droplet attraction. Hence, both inter-
droplet attraction and the exchange of mass increase with increase in apolar solvent chain length 
in w/o microemulsion systems. All these factors lead to higher conductivity in Dc-derived system 
compared to the Hp-derived system.  
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Fig. S3. Dependence of the electrical conductivity (σ) of water/(C16TAB + C16E20, 1:1)/Bu/Hp (or 
Dc) microemulsions as a function of molar ratio of water to surfactant (ω)  at a constant 
temperature of 303K. Open circle: Bu/Hp, filled circle: Bu/Dc. Inset A: Viscosity (η) vs. ω 
profile (open/filled circle: Hp/Dc). Dotted lines are guides to the eye.   
 
4. Viscosity measurements  
Further, the microstructural features of w/o mixed surfactant microemulsions have been 
investigated by viscosity measurement. Generally, the size of the dispersed droplets, the droplet-
droplet interaction and the viscosity of the continuum medium are determined from the viscosity 
measurements [25-27]. Herein, same set of compositions and temperature (303K) were used for 
viscosity measurements as employed for conductance studies. It has been observed that, the 
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viscosity of the mixed microemulsions gradually increases with increase in ω (= 10→50) (Fig. 
S3, inset A).  These systems exhibit Newtonian behavior along the experimental path. The 
absence of maximum in viscosity with increasing ω rules out the presence of any structural 
transition from w/o to o/w, and supports the formation of w/o microemulsion at the studied 
composition range of the present system [25, 26]. It is well known that increase in viscosity of 
w/o microemulsions emerges from increase in size of the dispersed water droplets which, 
enhances the attractive interaction between droplets in continuous phase at higher level of 
hydration [26-28]. It is noteworthy to mention that both the transport parameters viz., 
conductivity and viscosity are found to be influenced by the droplet size and attractive 
interdroplet interaction of microemulsion systems [26, 28]. Consequently, viscosity trend upon 
varying ω shows clearly parallel nature with that of conductivity. However, less penetration of oil 
into the surfactant film with increasing oil chain length (Hp→Dc) results in a more flexible 
interface and a greater natural radius than that of short chain oils. The attractive interactions 
between the droplets are thus increased due to sticky collisions, which results in increase of the 
viscosity in Dc continuum [23]. 
 
 
 
Table S1. Basic data of fluorescence lifetime of HCM as a function of water content (ω) in 
water/(C16TAB + C16E20, 1:1)/Bu/Hp (or Dc) microemulsions at a constant temperature of 303 K. 
 

ω                         Shorter Lifespan                            Longer Lifespan 
 

10                              2.56 (2.76)                                      36.28 (37.51) 
20                              3.97 (4.21)                                      36.39 (37.62) 
30                              4.15 (4.34)                                          ---- 
40                              4.95 (5.09)                                          ---- 
50                              4.39 (4.57)                                          ---- 
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Fig. S4. Steady state fluorescence anisotropy (r) as a function of molar ratio of water to surfactant 
(ω) in water/(C16TAB: C16E20, 1:1)/Bu/Hp (or Dc) microemulsions at a constant temperature of 
303K, Open circle: Bu/Hp, filled circle: Bu/Dc, Dotted lines are guide to the eye (λex of Eosin Y= 
500 nm). 
 

 
 
 
 
Fig. S5. Representative normalized (normalized to intensity of 1.0) FTIR (A, B, C) spectra of O-H band 
for w/o mixed microemulsion system [water/(C16TAB + C16E20, 1:1)/Bu/Hp] with the variation of molar 
ratio of water to surfactant, ω (= 10→50). Specification: Black curve; original spectra, Blue curve; 
spectra after subtraction of OH stretching vibration at the Bu site, green curve; overall fitted curve and 
red curve; deconvoluted curves (1: bulk water; 2: bound water; 3: trapped water) respectively.  
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Fig. S6. The residuals graphs of the deconvolution of FTIR (A, B, C) spectra of O-H band for 
(w/o) mixed microemulsion system [water/(C16TAB + C16E20, 1:1)/Bu/Hp] with the variation of ω 
(= 10→50). 
 
Table S2. Statistical parameters (degrees of freedom and coefficient of determination), as 
evaluated form deconvolution software (Origin Lab), about the goodness of fit of curves with the 
variation of ω (= 10→50). 
 

ω       Degrees of freedom    coefficient of determination (R2)      Reduced χ2 

10              645                                             0.99                                 0.88 
20              681                                             0.99                                 0.89 
30              717                                             0.99                                 0.87 
40              789                                             0.98                                 0.88 
50                750                                                 0.99                                     0.89 
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Fig. S7. Plots of s

t
a nn / against snn /0 according to Eq. (3) for w/o microemulsion systems 

comprising equimolar (1:1) mixed surfactant (C16TAB and C16E20) (0.5 mmol) and decane (14.0 
mmol) stabilized by Bu with different ω (= 1050) at constant temperature (303K). 
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Appendix B 
 

 
Interfacial composition and characterization of a quaternary water-in-oil mixed surfactant 
(cationic of different alkyl chain lengths + polyoxyethylene type nonionic) microemulsions 
in absence and presence of inorganic salts 
 
 

 
 
Figure S1. Representative pseudo-ternary phase diagram of equimolar (1:1) mixed surfactant 
(CnTAB + C16E20, n = 16, 14, 12) microemulsion with pentanol (Pn) and hydrocarbon (Hp) oil at 
303K. Area marks: unshaded, microemulsion zone (1ф); shaded, turbid zone (2ф). 
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Figure S2. Representative pseudo-ternary phase diagram of equimolar (1:1) mixed surfactant 
(CnTAB + C16E20, n = 16, 14, 12) microemulsion with pentanol (Pn) and IPM oil at 303K. Area 
marks: unshaded, microemulsion zone (1ф); shaded, turbid zone (2ф). 
 
 
A. Basics of the dilution method and thermodynamics of transfer of cosurfactant from oil to 
the interface  

For a quaternary water-in-oil microemulsion system composed of water/ surfactant/ 
alkanol (cosurfactant)/ oil, the solubilization of water is governed by the distribution of alkanol 
molecules between oil and the interface at a fixed temperature. A small amount of alkanol may 
remain solubilized in the aqueous phase depending on its lipophilicity. A threshold amount of 
alkanol is required to stabilize a water-in-oil dispersion at a fixed molar ratio of water to 
surfactant (ω). As a result, an appropriate distribution constant (Kd) is attained, and governs 
alkanol molecules distributed between the interfacial region (consisting of surfactant molecules) 
and the oleic phase at a fixed temperature. The stable w/o microemulsion gets disrupted when 
excess oil is added and the system splits up into two distinct phases. Again, a threshold amount of 
alkanol is necessary to restore the w/o microemulsion equilibrium. This process is repeatedly 
followed in the dilution experiment.  
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The concentrations of alkanol at the interface and in the bulk oil phase were estimated to 
get the distribution constant (Kd) by the dilution experiments in the light of the physicochemical 
rationale elaborated by Zheng et al. [1], Moulik et al. [2, 3], Paul et al. [4-6], Abuin [7], and 
Mehta et al. [8]. The total number of moles of the alkanol, na present in the stable microemulsion 
is given by the relation, 

                           o
a

w
a

i
aa nnnn  -----------------------------------------------(S1) 

where, na
i, na

w, na
o are the number of moles of alkanol in the interfacial, water and oil phases 

respectively. Since the solubility of alkanol in the oil is constant at a given temperature, the 
constant ko can be written as  
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where no is the total number of moles of oil in the system. Combining Equations S1 and S2 we 
get 
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Since the moles of alkanol in the interface and in the dispersed phase (water) depend on 
the surfactant concentration, Equation S3 may be converted into a more convenient form by 
dividing throughout by total number of moles of surfactant, ns to give 
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In our experiment, negligible water solubility of Pn leads to na
w ≈ 0 [8]. Thus, above 

equation becomes,  
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A plot of na/ns against no/ns should yield the values of the slope (S) and the intercept (I). 
Slope (S) is actually ko and na

o can be determined from Equation S2. On the other hand, na
i can be 

calculated from the intercept (I), which is equal to na
i/ns. 

The partition of Pn between the continuous oil phase and the interface of the droplet can 
be expressed in terms of the distribution constant (Kd). Kd can be calculated from the ratio of 
mole fraction of Pn in the interfacial composition (Xa

i) to the mole fraction of Pn in the bulk oil 
phase (Xa

o), 
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Dividing numerator and denominator by na
i na

o, and putting the values of the slope (S) 
and the intercept (I) from Equation S5, we get   
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The standard Gibbs free energy change of transfer (ΔG0
transfer) of Pn from the continuous 

oil phase to the interfacial region, between the water and oil, is obtained from the relation 
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Appendix C 
 
Physicochemical studies of mixed surfactant microemulsions with isopropyl myristate as oil 
 
 

13 14 15 16

16

20

24

28

32

36

 

 

 

 

n
0
/ n

s

n
a/ 

n
s

  = 20
  = 25
  = 30
  = 35
  = 40

 
Fig. S1 Plots of sa nn /  against snn /0 according to Eq. (1) for w/o microemulsion systems 

comprising equimolar (1:1) mixed surfactant (SDS and Brij-35) (0.5 mmol) and IPM (14.0 mmol) 
stabilized by Pn with different ω (2040) at constant temperature (303K).   
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Fig. S2 Plot of sa n/n  against s0 n/n  according to Eq. (1) for w/o microemulsion systems 

comprising 0.5 mmol of mixed surfactant and 14.0 mmol of IPM oil stabilized by Pn with 
different ratios of mixed surfactant (SDS/Brij-35) at fixed water content (ω = 20) and constant 
temperature (303K). 
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Fig. S3 Enthalpy-entropy compensation plots for the water/SDS/Brij-35/Pn/IPM (ω = 20) w/o 
microemulsion systems at 303K. 
 
 
Table S1.  Composition dependent specific heat capacity [(ΔC0

P)o→i] for SDS/Brij-35/Pn/IPM/water 
w/o microemulsions systems 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

XBrij-35 

 
-(ΔC0

P)o→i [kJ K-1 mol-1] 

0 
 

0.18 

0.2 
 

0.25 

0.4 
 

0.19 

0.5 
 

0.04 

0.6 
 

0.99 

0.8 
 

0.95 

1.0 
 

0.62 
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Table S2. Compensation temperature (Tcomp) from the plot of H0
o→i against S0

o→i for mixed 
surfactant microemulsion systems. 
 

 
System 

 
Experimental       
Temperature (K) 

 
293 

 

 
303 

 

 
313 

 
323 

 
SDS/Brij-

35/Pn/IPM/w
ater 

 
Compensation 
Temperature (K) 

 
300 

 
[- 1.93]a 

 
(0.998)b 

 
301 

 
[- 1.99] 

 
(0.999) 

 
312 

 
[- 2.30] 

 
(0.998) 

 
328 

 
[- 2.66] 

 
(0.999) 

 
a Values of intercept [∆(H0)*

o→i] of the plot, H0
o→i against S0

o→i. 
b Values of correlation of coefficients. 
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Appendix D 
 
Formation, thermodynamic properties, microstructures and antimicrobial activity of mixed 
cationic/non-ionic surfactant microemulsions with isopropyl myristate as oil 
 
 

                              
Fig. S1. Plot of (1/T) vs. (ΔG0

t/T) for water/CTAB/1-pentanol/IPM system at fixed water content 
( = 20) using constant amount of mixed surfactant (0.5mmol) and oil (14.0 mmol). 
 
1. Phase behavior of single and mixed surfactant microemulsions 
 
Phase behavior actually determines the microstructure of the system [1]. Along with cosurfactant 
(Pn), CTAB/Brij-35 (mixed surfactants) has been found to favorably augment 
microemulsification (1ф region) of water and IPM. Phase diagram of pseudo-quaternary system, 
water/CTAB/Brij-35/Pn/IPM has been constructed in Gibbs triangle with the variation of Brij-35 
(XBrij-35 = 0.0, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0) in a fixed amount of mixed surfactant (CTAB/Brij-35) 
and at a constant temperature of 303K (illustrative representation has been shown in Fig. 1 at 
XBrij-35 = 0, 0.5 and 1.0, other figures are not exemplified here). The surfactant and cosurfactant 
ratio used was 1:2 (w/w). Each of the phase diagrams specifically indicates the presence of two 
different zones i.e., clear (microemulsion; 1ф region) and turbid (biphasic; 2ф region). 
Appearance of viscous and other phases along the [surfactant(s): cosurfactant/water]-oil axis have 
not been considered here for simplicity. Further, the size and location of above regions (1ф and 
2ф) have been found to be dependent on the composition of mixed surfactant (CTAB and Brij-
35) [2]. Similar result was also found in our previous report for water/SDS/Brij-35/Pn/IPM 
microemulsion [3]. However, it can be argued from the overall scenario that the characteristic of 
the phase diagrams is the appearances of considerable 1ф region i.e. clear solution along the 
amphiphile-oil axis which is actually oil continuous microemulsion with isolated and aggregated 
w/o dispersion.  
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2. Theoretical background of the dilution method 
The w/o microemulsion consists of dispersion of water droplets in IPM continuum wherein the 
mixed surfactants were considered to populate at the oil/water interface in partial association with 
the cosurfactant (Pn), which remained distributed between the interface and the bulk oil. Thus, at a 
fixed [surfactant(s)], a critical concentration of Pn is required for the stabilization of the 
microemulsion. Addition of extra oil (IPM) extracts Pn from the interface to destabilize the system, 
which can be stabilized by the addition of extra cosurfactant(s) in the system. This is the 
fundamental basis of the dilution experiment. The following equations (detailed derivations are 
available in literatures [4, 5]) are helpful to rationalize the distribution and transfer process of Pn 
from the continuous oil phase to the interfacial region:  
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where, s
o
a

i
a

w
aa nnnnn ,,,, denote the total number of moles of alkanol present, moles of alkanol in 

water, its number at the interface, in the oil phase and the total no of moles of surfactant 

respectively. The distribution constant of alkanol is represented by dK  where i
aX  and 0

aX  are 

the mole fraction of alkanol in the interfacial layer and in the oil.  
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Fig. S2. Plots of sa nn / against snn /0  according to Eq. (S1) for w/o microemulsion systems 

comprising 0.5 mmol of mixed surfactant and 14.0 mmol of IPM oil stabilized by Pn with 
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different ratios of mixed surfactant(s) (CTAB and Brij-35) at fixed water content (ω = 20) and 
constant temperature (303K). 
 
3. Effect of Xnonionic and temperature on ∆H0

t and ∆S0
t of alkanol transfer process 

Due to nonlinear dependence of (ΔG0
t/T) on 1/T in terms of a two degree polynomial equation 

(Figs. are not illustrated), at each composition (XBrij-35), four values of ΔH0
t and ΔS0

t at four 
temperatures have been evaluated, and are presented in Table 1. The profile of ΔH0

t and ΔS0
t with 

composition (XBrij-35) and temperature (Figs. S3A and S3B) is not straightforward upon the 
addition of nonionic surfactant (Brij-35 with dodecyl hydrophobic tail) to the ionic surfactant 
(CTAB with cetyl hydrophobic tail) under various physicochemical conditions (as mentioned 
earlier). 
 

 
 
 
 

Fig. S3(A). Plot of ∆Ho
t against composition (XBrij-35) for water/CTAB/Brij-35/Pn/IPM w/o 

microemulsion system comprising 0.5 mmol surfactant, 10 mmol water and 6.3 mmol IPM oil at 
different temperatures. (B) Plot of ∆So

t against composition (XBrij-35) forthe same system under 
identical physicochemical conditions.  
 
It is evident from Table 1 that, the overall transfer process is exothermic at all experimental 
temperatures with negative entropy change (except at 293 K) for single CTAB system. So, Pn 
causes release of heat during transfer process. Consequently, the negative entropy change was 
observed and might be due to organization of the interface and its surroundings. Therefore, the 
interfacial film composed of Pn and CTAB is to some extent more orderly. Such negative 
enthalpy and entropy changes were observed by De et al. [6] for water/DTAB/Pn/Hp 
microemulsion and Wang et al. [7, 8] for water or aqueous HCl/CTAC/octanol/diesel oil w/o 
microemulsion systems. For single Brij-35 stabilized system, the process is exothermic with 
release of heat at all experimental temperatures (except at 293 K) with negative entropy change 
(order) in IPM. Negative values of ΔS0

t suggest that the entropy as well as enthalpy are involved 
in the transfer process at the corresponding composition [9]. Such negative enthalpy and entropy 
changes were observed by Mehta et al. [10] for water/Brij-96/Pn/ethyl oleate (EO) system.  

(B) (A) 
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At compositions in between these two extremes (i.e. at XBrij-35 = 0.2, 0.4 and 0.8), both ΔH0
t and 

ΔS0
t values are negative whereas at XBrij-35 = 0.5 and 0.6, the values of ΔH0

t and ΔS0
t are positive 

(except for few compositions at 323 K). An interesting feature reveals from the Table 1 and Figs. 
S3A and S3B that both ΔH0

t and ΔS0
t values decrease with increase in temperature at all mixed 

compositions. In other words, the transfer process (Pnoil→Pnint) changes from endothermic to 
exothermic (at XBrij-35 = 0.5 and 0.6) or less exothermic to more exothermic (at XBrij-35 = 0.2, 0.4 
and 0.8) with increase in temperature. A plausible explanation for exothermicity or 
endothermicity-derived process may be as follows. The positive contribution towards ΔH0

tcan be 
the energy required to release the structural water from the hydration layer around the hydrophilic 
domain. An additional contribution arises from the liberation of water molecules from the 
hydrophilic moiety of the surfactants. The negative contribution towards ΔH0

t isidentified with 
the transfer of the surfactant tail from water to liquid hydrocarbon state in the interfacial layer and 
restoring the hydrogen bonding structure of the water around the surfactant head group. With 
increase in temperature, the degree of hydrogen bonding around the surfactant molecules 
decreases, and therefore, the energy required tobreak it diminishes i.e., ΔH0

tdecreases with 
temperature [11].It is apparent that different phenomena associated with the transfer process, viz., 
changing aggregation number, solvation-desolvation of nonionic surfactants, electrostatic and 
steric interaction between hydrophilic head group of ionic and nonionic surfactants, steric and 
other nonspecific processes contribute their shares to the ΔH0

t and ΔS0
t [12]. Hence, it can be 

inferred that the overall mixed surfactant microemulsion forming systems can end up with both 
absorption or release of heat and with ordered or disordered state, depending on the content of 
nonionic surfactant (Xnonionic) in mixed cationic/nonionic system and thermal condition. 
However, a comparison of the thermodynamic properties of the present system (cationic- 
nonionic) and previously reported (anionic-nonionic), water/SDS/Brij-35/Pn/IPM microemulsion 
system [3] is presented as follows. It can be seen that ΔH0

t and ΔS0
t are exothermic with overall 

ordered respectively, at compositions (XBrij-35 = 0→0.4 and 0.8→1.0) for the former system. 
However, ΔH0

t and ΔS0
t were endothermic and overall disordered respectively, at all 

compositions (XBrij-35 = 0→0.8) for the formation of later system. The plausible explanations are 
as follows: It was reported earlier that the polar head groups of anionic and cationic surfactants 
are located in a different region of the polyoxyethylene mantle of the anionic/nonionic or 
cationic/nonionic mixed systems, respectively[13]. The location or spatial arrangement of the 
surfactants with different charge types and equal or unequal hydrocarbon chains at the interface is 
attributed to the type and nature of polar head groups involved therein. An explanation at a 
molecular level of overall thermodynamic behaviors of these mixed microemulsion systems can 
be presented according to view points of Dominguez [14] from computer simulation study. 
According to this report, the structure of the interfacial water molecules is different around the 
anionic (herein, SDS) and the cationic (herein, CTAB) molecules, as well as the average dipole 
orientation at the interface in each mixture also differs.  Even more, close to the nonionic head 
group (herein, POE chains of Brij-35), the orientation of water is also different in these mixtures. 
The respective counter ion distribution in each mixture might also be different. Therefore, the 
properties of the nonionic surfactant are influenced not only by the charge distribution of the 
ionic surfactants but also by the interaction between water and the counter ions.For instance, the 
position of the nonionic surfactant molecules and their orientations are not the same at the 
interface as that of the anionic or the cationic surfactant molecules. Further, the anionic surfactant 
molecules penetrate more into water for the anionic-nonionic mixtures, and subsequently, water is 
closer to the anionic head groups than to the nonionic head groups. Moreover, the water hydrogen 
next to the anionic surfactant molecules point towards the central group, whereas hydrogen next 
to the nonionic surfactant molecules seems to be point away from that group.  On the other hand, 
the nonionic surfactant penetrates slightly deeper in the water region for the cationic-nonionic 
surfactant mixtures. As a result, water near to the surfactants is slightly closer to the cationic than 
to the nonionic head groups. In this case water oxygen is pointing towards the positive head 
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group. It can be inferred that the endothermic contribution for the anionic-nonionic mixtures 
comes from the liberation of water molecules from the hydrophilic moiety of both anionic and 
nonionic surfactants, whereas the exothermic contribution comes from restoring the hydrogen 
bonding structure of the water around the cationic and nonionicsurfactant head groups in the 
cationic-nonionic mixtures [11]. Apart from that, because of the presence of unequal hydrocarbon 
tails of CTAB (C16) and Brij-35 (C12) in the mixed surfactant film, the excess hydrocarbon tails 
might have more freedom to disrupt the molecular packing through conformational disorder, 
increased tail motion, or other factors [15]. This disruption in the molecular packing may 
contribute to the thermodynamic parameters (ΔH0

t and ΔS0
t) of Pn transfer process.  

Effect of Xnonionicon (ΔC0
p)tof alkanol transfer process 

Since ΔH0
t became a function of temperature, the (ΔC0

p)t values have also been obtained at all 
compositions from the slope of the plots of ∆H0

t vs. T  (Figures are not exemplified) according to 
Eq. (S8). All these values are negative (presented in Table S1) and agree well with those reported 
by Mitra et al. [16] for water/CTAB or its analogues with modified head group/Hx/i-Oc, Bardhan 
et al. [3] for water/SDS/Pn/IPM and Kundu et al. [4, 5] for water/CPC or SDS/Brij-58 or Brij-
78/Pn/Hp or Dc microemulsion systems, respectively. Such negative values are usually observed 
for the self-association of amphiphiles and can be attributed to the removal of large areas of non-
polar surface from contact with water on theformation of reverse micelles [17].  
Correlation between ΔH0

t and ΔS0
t  

In kinetics and equilibrium studies, an extra thermodynamic linear correlation between ΔH0
t and 

ΔS0
t for the involved process is often reported, called the enthalpy-entropy compensation effect, 

and such a phenomenon has been observed to be valid also for micelle and microemulsion 
forming systems [4, 5, 10, 18, 19]. In general, the compensation effect can be described by a liner 
relationship in the form [20]: 
    ∆H0

t = Tcomp.∆S0
t + ∆(H0)*

t                                                                                            (S3) 
where, Tcomp, is the slope of the compensation plot and ∆(H0)*

t, the intrinsic enthalpy change of 
Pn transfer process is the intercept. According to the working scheme of Lumry and Rajender[20] 
for a compensation phenomenon, the micellization or microemulsification can be described as 
consisting of two-part processes: (a) the “desolvation” part, i.e., the dehydration of the 
hydrocarbon tail or polar head of surfactant molecules, and (b) the “chemical” part, i.e., 
aggregation of the hydrocarbon tails or polar headgroup of surfactant molecules to form micelle 
or reverse micelle. Tcomp can be interpreted as a characteristic of solute-solute and solute-solvent 
interactions, i.e., proposed as a measure of the “desolvation” part. ∆(H0)*

t characterizes the solute-
solute interaction, i.e., considered as an index of the “chemical” part. The thermodynamic results 
herein collected were tested for this correlation and illustrated as representative plot for 
CTAB/Brij-35/Pn/IPM/water at 293K [Fig. S4]. A good linear correlation was observed at the 
temperature of measurement (regression coefficients are 0.9995) i.e. mutual compensation 
temperature of 299.3 K, which was higher by ~6K than the temperature of measurement (293K). 
Tcomp and ∆(H0)*

t, obtained at different experimental temperatures (293, 303, 313 and 323K) for 
these systems are presented in Table S2. Tcomp temperatures are slightly deviated from the 
experimental temperatures. Such a deviation is quite common in literature [4, 5, 18]. In our 
previous report [18], the discrepancy between experimental and compensation temperatures were 
elaborately discussed. Further, it reveals from Table S2 that the values of ∆(H0)*

t lie in the range 
of -2.01 kJ/mol to - 2.57 kJ/mol. ∆(H0)*

t increase with increase in experimental temperature for 
CTAB/Brij-35 system in IPM. There exists an equilibrium between (free water in bulk solvent + 
free surfactant molecules with associated water and solvent molecules) and (surfactants with 
associated water and solvent molecules in the reverse micelles + released solvent molecules). 
Increasing experimental temperature weakens molecular interactions which results in shifting the 
surfactant monomer-reverse micelle equilibrium toward the monomer which affects aggregation 
of surfactant molecules as well as ∆(H0)*

t [21]. Similar observation was also reported by Kundu et 
al. [4, 5] and Bardhan et al. [3]. 
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The aforesaid analysis of the thermodynamics of the studied transfer process can be summarized 
as follows: ΔG0

t consists of a number of factors which may account respectively for the transfer 
of surfactants (CTAB and Brij-35) and Pn tails from oil to the interfacial film, the deformation of 
the tails to satisfy packing constraints, the free energy of formation of the oil/water interface, the 
steric and ionic interactions among the head groups of CTAB as well as interaction arising out of 
dissimilar head groups and hydrocarbon chain length of both CTAB and Brij-35, the free energy 
of mixing of surfactants, Pn, and oil (IPM) in the film region [22] and free energy due to 
formation of hydrated nonionic surfactant (Brij-35) results in formation of different states of 
water in the pool[23]. As a result of these possible contributions towards ΔG0

t at different 
temperatures, heat involving processes and consequently conformational entropy due to packing 
restrictions of the hydrocarbon chains, and entropy of mixing the two surfactants in the 
aggregates make the thermodynamics more complex. Such a comprehensive analysis on the 
formation and stability of w/o mixed surfactant microemulsions in IPM based on “Bowcott and 
Schulman model” [24] from the view point of thermodynamics, is scarcely reported in literature. 
Further studies along these series of measurements to shed more quantitative description of these 
thermodynamic quantities are warranted. 
 
 

 
 
 
Fig. S4. Enthalpy-entropy compensation plot for water/CTAB/Brij-35/Pn/IPM w/o 
microemulsion systems at 293K. 
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Table S1.  Composition dependent specific heat capacity [(ΔC0
P)t] from the plot of H0

t vs. T for 
CTAB/Brij-35/Pn/IPM/water w/o microemulsions systems. 
 

XBrij-35 -(ΔC0
P)t 

(kJ K-1 mol-1) 
 

0 0.55 
 

0.2 0.37 
 

0.4 0.12 
 

0.5 0.63 
 

0.6 1.35 
 

0.8 0.06 
 

1.0 0.62 
 
 
Table S2. Compensation temperature (Tcomp) from the plot of H0

t against S0
t for mixed 

surfactant microemulsion systems. 
 

 
System 

 
Experimental       
Temperature (K) 

 
293 

 

 
303 

 

 
313 

 
323 

 
CTAB/Brij-

35/Pn/IPM/w
ater 

 
Compensation 
Temperature (K) 

 
299.30 

[- 2.01]a 

(0.9995)b 

 
302.70 
[- 2.21] 
(0.9987) 

 
315.70 
[- 2.53] 
(0.9969) 

 
336.60 
[- 2.57] 
(0.9968) 

 
a Values of intercept [∆(H0)*

t] of the plot, H0
t against S0

t; 
b Values of correlation of 

coefficients. 
 
4. Transport property: Effect of ω and Xnonionic on conductivity of mixed surfactant 
microemulsion 
In the present report, the dependence of electrical conductivity (σ) on water content (ω) as a 
function of composition (XBrij-35 = 0.0→1.0) in water/CTAB/Brij-35/Pn/IPM system has been 
systematically investigated at a fixed surfactant concentration (0.3 mol dm-3) and temperature 
(303K) and the results are presented in Fig. S5.It can be observed from Fig. S5 that the single 
CTAB microemulsion system (at XBrij-35 = 0.0) is low conducting and does not exhibit any 
significant increase in conductivity with increase in ω. Similar observation was also reported 
earlier for water/AOT/IPM [25] and water/SDS/Pn/IPM microemulsion systems [3]. However, 
the addition of nonionic surfactant (herein, Brij-35) to the water/CTAB/Pn/IPM system with fixed 
total surfactant concentration (as mentioned above), a dramatic increase in conductivity has been 
observed as a function of ω up to equimolar composition (XBrij-35 = 0.2→0.5), beyond which 
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(XBrij-35 = 0.6→1.0) results in a small decrease in conductivity with increasing ω. An in-depth 
analysis of the results reveals that conductivity increases slowly with ω and after that a sharp 
increase is observed at a certain ω for XBrij-35 = 0.2, 0.4 and 0.5 blends (Fig. S5). The critical value 
for sharp linear enhancement in conductivity (σ) with the addition of water is considered as 
percolation threshold point [10]. The critical value of ω for XBrij-35 = 0.2, 0.4 and 0.5 has been 
found to be ω ≤ 27.57, ω ≤ 34.83 and ω ≤ 39.05, respectively. Actually, percolation of 
conductance extracts information about the nature of interaction among the droplets in 
microemulsions. If the droplets are of non-interacting hard sphere type, no significant increase in 
conductance occurs with increasing water content. When interfaceof the droplets is fluid enough 
to coalesce during these collisions followed by material exchange and fusion, a sharp rise in 
conductance is evidenced [26]. Percolation of conductance signifies the increase in droplet size, 
attractive interaction among droplets and exchange rate of materials between the droplets with the 
addition of water [27]. Similar observation was also evidenced in our previous report for 
water/SDS/Brij-35/Pn/IPM microemulsion systems [3]. However, from acomparative study it can 
be observed that threshold point of percolation occur much earlier in water/SDS/Brij-35/Pn/IPM 
microemulsion systems compared to the present systems at comparable physicochemical 
conditions. It may be due to the basic differences in chemical structure, hydrophobic chain length, 
charge type, and location of the ionic charge vis-à-vis their exposure to experimental medium 
between CTAB and SDS (as mentioned in Sec. 3.2.2 of main text) [28]. As a result, hydrated 
charge carriers for SDS derived systems are randomly redistributed and formed separately 
charged droplets to induce percolation phenomena earlier compared to CTAB derived systems. 
The addition of Brij-35to single CTAB based microemulsion, critical packing parameter (CPP) 
[25, 29] of mixed microemulsionsystems decreases and thereby leads to increase in the droplet 
radius with increase in XBrij-35 [27]. As a result, the attractive interaction between the aggregates 
increases, forming cluster with water channels, through which the charge carriers can move 
efficiently, resulting in percolation phenomena. Further, it can be observed from Fig. S5 that 
threshold point of percolation increases with increase in XBrij-35 up to 0.5 at a fixed temperature 
and thereafter no such phenomenon is evidenced. It can be argued as follows. After the addition 
of water to the pseudo-ternary system (at XBrij-35 = 0.2→0.8), polar head groups of both CTAB 
[N(CH3)3

+] and Brij-35 (POE) surfactants have a tendency to form strong hydrogen bond with 
water [30]. In addition,a strong ion-dipole interaction between trimethylammonium group 
[N(CH3)3

+] in CTAB and EO groups in Brij-35 exists within the water pool. It is quite likely that 
the origin of these interactions comes from the hydrogen bond formation between the 
trimethylammonium polar head groups and dehydrated EO chains in the mixed corona, makes the 
corona more compact [31]. All these attractive interactions lead to the rigidification of the mixed 
surfactant monolayer [32, 33] and thereby, percolation threshold increases from XBrij-35 = 0.2 to 
0.5 (that is equimolar composition). Beyond which, (that is, XBrij-35 = 0.6→1.0), increase in 
droplet size (dealt in Sec. 3.4 of main text which deals with DLS measurement) results in 
decrease in mobility of the charged droplets. This favors the formation of an electrical double 
layer, which is responsible for increase in repulsive interaction between the droplets and lowers 
the conductivity [34]. Similar studies on percolation of conductance phenomenon were also 
reported for single nonionic (Brij-96) or ionic (CTAB or SDS or OTAB or AOT) surfactant 
derived microemulsions in presence of cosurfactant [10, 35, 36].  
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Fig. S5. Conductivity (σ) against ω profile with the variation of XBrij-35 (= 0.0→1.0) for 
water/CTAB/Brij-35/Pn/IPM w/o microemulsion systems at fixed surfactant concentration (0.3 
mol. dm-3) and constant temperature (303K). 
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Fig. S6.  Representative FTIR spectra of O-D band of HOD solubilized in mixed surfactant 
(CTAB/Brij-35) w/o microemulsion systems at fixed ω (= 20) and surfactant-cosurfactant mass ratio 
(1:2) [A : XBrij-35 = 0.0; B: XBrij-35 = 0.5; C: XBrij-35 = 1.0  [Specification: Experimental spectra, overall 
fitted curve (open circle) and deconvoluted curves (1: free water; 2: bound water; 3: trapped water)]. 
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Fig. S7. Representative images in agar plates showing the inhibition zones produced by w/o 
mixed surfactant microemulsions with the variation of XBrij-35 (= 0.0, 0.2, 0.4, 0.5, 0.6, 0.8 and 
1.0) at fixed water content( = 20) and temperature (303K) against B. subtilis and E. coli. 
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Table S3. Diameters of inhibition zones (diz) produced by the constituents of the 
water/CTAB/Brij-35/Pn/IPM microemulsions at temperature (303K) against B. subtilis and E. 
coli. 
 

 
a CTAB at the same concentration in water as used for the formulation of w/o mixed surfactant 
microemulsions with the variation of XBrij-35 (= 0.0→1.0). b Best inhibitor for B. subtilis and E. 
coli respectively. c Brij-35 in water at highest solubilization limit (= 0.03 M at 303K). d Pn at the 
same concentration in IPM due to its negligible water solubility.  
 
Table S4. Diameters of inhibition zones (diz) produced by water/CTAB/Brij-35/Pn/IPM 
microemulsions with the variation of XBrij-35 (= 0.0→1.0) at fixed water content ( = 20) and 
temperature (303K) against B. subtilis and E. coli. respectively.  
 

 

 a [CTAB] and [Brij-35] are expressed in mmol. b Parenthetic values represent the comparative 
efficiency of the microemulsion formulations.   
 

 Diameters of inhibition zones against bacterial strains in mm 

[CTAB] (mmol)a B. subtilis (gram positive) E. coli (gram negative) 

 0.50b 12.0 10.0 

0.40 11.0 9.0 

0.30 10.0 8.0 

0.25 9.0 8.0 

0.20 9.0   7.5 

0.10 8.0 7.0 

0.0 - - 
Brij-35c 0.7 0.6 

Pnd 0.6 0.5 
IPM __ __ 

 
 

XBrij-35 

Diameters of inhibition zones against bacterial 
strains in mm 

(Efficacy of the microemulsion formulation) 

 B. subtilis (gram positive) E. coli (gram 
negative) 

0.0 ([CTAB] = 0.5, [Brij-35] = 0)a 13.0 (1.08)b 9.0 (0.90)b 
0.2 ([CTAB] = 0.4, [Brij-35] = 0.1) 14.0 (1.17) 10.0 (1.00) 
0.4([CTAB] = 0.3, [Brij-35] = 0.2) 18.0 (1.50) 15.0 (1.50) 
0.5 ([CTAB] = 0.25, [Brij-35] = 0.25) 15.0 (1.25) 12.0 (1.20) 
0.6 ([CTAB] = 0.2, [Brij-35] = 0.3) 17.0 (1.42) 14.0 (1.40) 
0.8 ([CTAB] = 0.1, [Brij-35] = 0.4) 15.6 (1.30) 13.0 (1.30) 
1.0 ([CTAB] = 0, [Brij-35] = 0.5) 11.0 (0.92) 10.0 (1.00) 
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Appendix E 
 
Physicochemical investigation of mixed surfactant microemulsion: Water solubilization, 
thermodynamic properties, microstructure and dynamics 
 
1. A. Dilution method with spectrophotometric measurements  
Fixed amounts of mixed surfactants (Brij-58 and CTAB) at different proportions, water and oil 
(Hp and Dc) were mixed in a dry test tube and kept in a thermostated water bath (accuracy,  0.1 
K) at fixed temperature. Cosurfactant (Pn) was gradually added in small intervals into it from a 
Hamilton micro-syringe (Hamilton, USA) with constant stirring until a clear single-phase solution 
appeared and the critical volume of Pn was noted. After that, a calculated small amount of oil was 
then added into it and the formulation reverted back to the biphasic form. This biphasic mixture 
was again titrated with Pn until the appearance of single-phase with quantification by 
spectrophotometer. This procedure was repeated noting the required volume of Pn necessary at 
each step for obtaining a clear and stable w/o microemulsion. The entire procedure was 
monitored at five different temperatures viz. 303, 308, 313, 318 and 323K. The change in sample 
turbidity to clear solution by alkanol (Pn) addition has been measured by using 
spectrophotometric technique [1]. To a turbid solution comprising a blend of Brij-58 and CTAB 
at different composition and water in a given solvent (Hp or Dc) at 303 K, small aliquots of Pn 
was added. The point of single-phase microemulsion formation was evidenced by a total loss of 
sample turbidity, checked by the sample absorbance measured at 320 nm [1]. The sharp decrease 
in absorbance observed in the sample titration with alkanol (Pn) allows precise determination of 
the amount cosurfactant needed to stabilize the microemulsion. The absorbance measurements 
were carried out at 320 nm in JASCO (V-530) UV-spectrophotometer employing thermostated 
cell. The amount of mixed surfactant(s) and oil(s) was taken as 0.5 mmol and 14.0 mmol, 
respectively for each system. 
 
B. Basic equations for evaluation of interfacial composition and energeticparameters for 
transfer process:  
The interfacial composition and energetic of the self-assembly process of amphiphiles (mixed 
surfactants and alkanol) in (w/o) microemulsion was evaluated with the following relations which 
actually hold by the mass balance consideration in the dilution experiment [1-4]  
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In our experiment, negligible water solubility of Pn leads to na
w≈ 0 [3, 4].Thus, above equation 
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dt KRTG ln0                                                                                                                    (S4) 

where, s
o
a

i
a

w
a

t
a n,n,n,n,n  denote the total number of moles of alkanol present, moles of alkanol 

in water, its number at the interface, in the oil phase and the total no of moles of surfactant, 

respectively. The distribution constant of alkanol is represented by dK  where i
aX  and 0

aX  are 
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the mole fraction of alkanol in the interfacial layer and in the oil. G0
t represents standard Gibbs 

free energy change of transfer of alkanol from oil to the interface.  
ΔH0

t (standard enthalpy change of transfer of alkanol from oil to the interface) can be evaluated 
by the van’t Hoff equation. Thus,                     

     [∂(ΔG0
t/T)/∂(1/T)]p = ΔH0

t                                                                                                  (S5) 
Since the dependency of (ΔG0

t/T) on (1/T) are nonlinear for all these systems [plot of (ΔG0
t/T) vs. 

(1/T) water/Brij-58/CTAB/Pn/Hp system at fixed Brij-58: CTAB (= 3:2, w/w) and water content 
(2.75×10-2mol) (Fig. S2), same plots for other systems have not been exemplified], a two-degree 
polynomial equation of following form is used. 
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The differential form of the relation helps to evaluate ΔH0
t. Thus, 
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where, A, B1 and B2 are the polynomial coefficients. 
Then the Gibbs-Helmholtz equation is used to evaluate ΔS0

t (standard entropy change of transfer 
of alkanol from oil to the interface). 
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The standard state herein considered is the hypothetical ideal state of the unit mole fraction.  
 
2. Phase behavior  
For w/o microemulsion system consisting of mixed surfactants, it is important to have an idea of 
the phase diagram of the system. The pseudo-ternary phase diagram of Brij-58-based quaternary 
system showsthat with the addition of CTAB to the chosen surfactant-cosurfactant (S/CS = 1: 2, 
w/w) and oil (Hp or Dc) mixtures, there is a continuous enhancement in single phase 
microemulsion (1ф) zone, as revealed from representative phase diagram and plot of 1ф (%) 
versus mixed surfactant composition (Fig. S1). During the determination of single phase (1ф) 
clear microemulsion region, viscous and biphasic regions were appeared along the water-oil axis, 
which have not been shown in the Fig. S1 for the sake of simplicity. Phase behavior actually 
determines the microstructure of the system. The microstructure of the microemulsions depends 
on the spontaneous film curvature and the elasticity of the amphiphilic film. Generally, the 
amphiphilic film would like to attain the spontaneous curvature, which is normally affected by 
nature of the surfactant and composition of the system [5, 6].  
In the present report (Fig. S1A), CTAB is used as tuning parameter to change the spontaneous 
curvature of the interfacial film. The surfactant film is convex toward oil with increasing 
proportion of CTAB which leads to the formation of w/o microemulsion droplets [5-7]. The 
formation of microemulsion is dependent on composition of the mixed surfactants and is 
sigmoidal in nature with rapid increase of single phase microemulsion zone, 1ф (%).  The process 
of addition of CTAB is cooperative in nature. The threshold values of mixed surfactants 
composition (Brij-58: CTAB, w/w) towardthe formation of single phase microemulsion zone, 1ф 
are obtained in terms of Sigmoidal-Boltzmann equation and the values are 3.68 ± 0.26 (Hp) and 
3.73 ± 0.35 (Dc), respectively. The predominance of w/o microemulsion formation over o/w was 
identified from the overall scenario of different phase diagrams at different compositions of Brij-
58 and CTAB (Fig. S1). Kahlweit et al. [5] reported that the addition of SDS reduces the amount 
of nonionic CiEjneeded to form a single phase microemulsion from equal volumes of water and 
alkanes. Silas et al. [6] also reported that the addition of DDAB increases the efficiency of 
nonionic surfactants, n-alkyl polyglycol ethers (CiEj) to form microemulsions with decane.  
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However, when one analyses the results in terms of the variation of % area under the clear region 
with the variation of oil chain length, it can be observed from Fig. S1Athat % area under the clear 
region is higher for Hp stabilized systems compared to Dc stabilized systems. Oil can influence 
the property of an interface through a surfactant chain-oil interaction. Strong interaction leads to a 
large penetration of oil molecules into the surfactant chain layer (solvation), which further 
increases the rigidity as well as curvature (or, packing ratio, v/al) of the interface [8]. As a result 
of that, shorter chain Hp produces larger single phase microemulsion zone than Dc. Similar 
observation was reported earlier by Mitra and Paul [9] for water/C16TAB or Brij-58/Bu/Hp or Dc 
microemulsion systems.    
 
3.Dye solubilization experiment 

In the present report, dye solubilization experiment has been performedat single (Brij-58) as well 
as mixed (Brij-58 and CTAB) surfactant microemulsion at low and rich compositions of cationic 
surfactant (CTAB). According to Shah and coworkers [8, 10], solubilization process and 
consequently the phase separation in such systems is limited by two opposing factors, viz. the 
critical radius of droplets (Rc), due to the result of attractive interaction among the droplets and 
the radius of spontaneous curvature (R0) as the result of curvature effect. The curvature effect is 
related to the cohesive force between the hydrocarbon chains of amphiphiles at the interface as 
well as to the rigidity of the interface. For single Brij-58 stabilized system and mixed Brij-
58/CTAB system with Brij-58 rich composition, it has been found that after complete phase 
separation (upon addition of excess water), addition of an oil soluble dye Sudan IV made both the 
phases to turn red, whereas addition of a water soluble dye Eosin Blue turned the lower phase 
violet keeping the upper phase colorless. This indicates that the upper phase is a pure oil phase in 
equilibrium with the lower microemulsion phase (Winsor I type). Thus for these systems phase 
separation can be assumed to be governed by the interdroplet interaction phenomenon (Rc) [10, 
11]. On the other hand, after complete phase separation of single CTAB stabilized system and 
mixed Brij-58/CTAB systems with CTAB rich composition, when Sudan IV was added into it, 
the upper phase became intense red, whereas the lower phase remained colorless. But, upon 
addition of Eosin Blue, the lower phase became intensely violet and the upper phase faintly 
violet. This study points out to the fact that the lower phase is a pure aqueous phase in 
equilibrium with an upper microemulsion phase (Winsor II type). Thus the phase separation can 
be assumed to be governed by the curvature effect (Ro) [10, 11]. Hence in the solubilization 
capacity versus mixed surfactant composition profile (Fig. 1), the ascending curve can be 
identified as the Rc branch (interdroplet interaction branch), whereas the descending curve as the 
R0 branch (the curvature branch). 
 
4. Conductivity measurements  
It is known that electrical conductivity measurements can be used to predict qualitatively the 
interaction between the droplets and thus stability of microemulsion. For example, appearance of 
an electrical percolation process indicates the existence of large attractive interaction between 
droplets [12-14]. In this section, an attempt has been made to correlate the maximum water 
solubilization with percolation of conductance in mixed microemulsion systems to underline the 
microstructure of these mixed surfactant microemulsions. If the droplets are of non-interacting 
hard sphere type, no significant increase in conductance occurs with increasing water content at 
constant temperature or with increase in temperature at fixed water content. But if the interfaces 
of the droplets are fluid enough to coalesce during these collisions followed by material exchange 
and fusion, a sharp rise in conductance is evidenced [13]. In the present investigation, 
conductance studies have been carried out for mixed surfactant microemulsion systems wherein 
solubilization maxima (in the vicinity of equimolar composition i.e., at Brij-58: CTAB = 2:3 and 
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3:2, w/w) are observed. The samples from both sides of the corresponding maxima, i.e., from the 
ascending branches and the descending branches are chosen. 

The conductivity of mixed water/Brij-58/CTAB/Pn/Hp or Dc microemulsion systems at different 
compositions (Brij-58: CTAB = 5:0; 4:1; 3:2; 2:3; 1:4; 0:5, w/w) [S: CS = 1:2 (w/w)] at 303K as 
a function of wt% of water has been determined and depicted in Figs. S2A-S2F. Samples chosen 
from the ascending branch (i.e., at Brij-58: CTAB = 5:0→2:3, w/w) exhibit a nonlinear sharp 
enhancement in conductivity with the addition of water, which signifies the volume-induced 
percolation in conductance (Figs. S2A-S2D). The critical value for sharp enhancement in 
conductivity with the addition water is considered as volume-induced percolation threshold (ϕp). 
It is well known that, percolation of conductance study extracts information about the nature of 
interaction among the droplets in w/o microemulsions/reverse micellar systems [11, 13]. Such 
percolation in the present systems (i.e., at ascending branch of Fig. 1) shows that the interface of 
the droplets are fluid enough to coalesce during the collisions followed by material exchange and 
fusion. As a result, a sharp rise in conductance is evidenced. Further, it is evident that ϕp increases 
(i.e., percolation process is retarded) with decrease in content of Brij-58 or increase in content of 
CTAB. On the other hand, no sharp enhancement in conductivity vis-à-vis percolation 
phenomenon is observed in the descending branch of the solubilization maximum (i.e., at Brij-58: 
CTAB = 1:4→0:5, w/w) (Figs. S2E-S2F). Here, the overall increase in conductivity with increase 
in water content for the systems chosen from descending branch (R0) can be explained in the 
following manner. Initially, the amount of dispersed droplet increases with the addition of water 
while its droplet size increased slightly. The increase of collision probability enhances the 
conductivity of microemulsion. With further addition of water, the density of surfactant 
molecules in the interfacial film decreases due to the expansion of dispersed droplets. The 
aforesaid two influences make the interfacial film more unconsolidated which is beneficial to the 
increase of conductivity [15]. 
At composition of single Brij-58 (Brij-58: CTAB = 5:0, w/w), the microemulsion systems (single 
Brij-58-derived) exhibit percolation phenomenon in both oils (Fig. S2A). This is possibly due to 
the progressive increase in the hydration of the ethylene oxide moieties of the head group of the 
surfactant, rendering a better conducting entity that possibly exists in rapid equilibrium with 
reverse micelles. It can be concluded that beyond ϕp = 0.82 (vide.Table S2), a network of 
conductive channels exists, which corresponds to the formation of water cylinders or channels in 
an oil phase due to the attractive interaction between the spherical micro droplets of the water 
phase in the w/o microemulsion [12]. Similar result was also reported by Mehta et al. [12] for 
water/Brij-96/alcohol (n2-n6)/EO microemulsions systems.   
At a composition of (Brij-58: CTAB = 0:5, w/w) i.e., single CTAB-derived microemulsion 
systems do not exhibit percolation phenomenon in both oils (Fig. S2F). In this system, CTAB 
molecule dissociates into cation [N(CH3)3

+] and counter-ion (Br-) in the water pool. The 
hydrophobic part associated with polar head group (viz. [N(CH3)3

+] and C16 hydrocarbon chain) 
can combine with water or oil molecule accordingly and form a compact interfacial film. 
Therefore, the counter ions are difficult to cross the interfacial film during the thermal motion 
process [15].  
A bell-shaped conductivity profile with flattened maxima is obtained (Fig. S2F), as reported 
earlier using cationic surfactant, CTAB/Pn/Hx/water [16] and anionic surfactant, AOT/i-Oc/water 
[17]. The low initial conductivity of the system is attributed to the negligible interactions between 
the isolated “hard sphere like” water globules dispersed in the continuous oil medium [18]. With 
gradual addition of water, dispersed water droplets grow, and the enhanced attractive interaction 
between them leads to the formation of water clusters. The increase in the conductivity in oil-rich 
microemulsions is thus derived from an increase in the dispersed droplet sizes and the enhanced 
attractive interactions between the droplets [19]. At the threshold composition, such clustering 
leads to the formation of a bicontinuous structure wherein the infinite radius of curvature of the 
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aggregate results in the maximum conductivity of the system. In our study, the maximum of 
conductivity occurs at ϕ = 0.22-0.27 for Hp and Dc, wherein a bicontinuous microemulsion is 
realized. Further addition of water causes a decrease in conductivity, indicating that water, which 
is the least viscous component of the microemulsion system, becomes the outer phase, eventually 
forming o/w microemulsions. In this aqueous-rich region, conductivity gradually decreases 
expectedly due to dilution effect of the o/w microemulsion droplets [20].  
The influence of composition of mixed surfactant (Brij-58/CTAB) (4:1, 3:2, 2:3 and 1:4, w/w) on 
the conductivity in both oils has been presented in Figs. 3A-3D. In the mixed compositions, the 
interfacial film is composed of hydrocarbon tails of surfactant molecules, cosurfactant molecules, 
oil molecules and the water pool is composed of counter ions adsorbed by the ionic head group, 
water molecules combined with the POE chains [15]. The characteristic features of the two types 
of surfactants (i.e., cationic and non-ionic) are likely to produce the mixed interfacial film a 
special structure. Brij-58 molecules are electropositive (due to formation of hydronium ions), as a 
result of their interaction between POE chains and water [15]. Similarly, CTAB molecules 
dissociates into halide counter ions (Br-) and cations [N(CH3)3

+]. When the two surfactants are 
mixed in the interfacial film, the electrostatic repulsion decreases the compactness of the 
interfacial film and the transportation of charge becomes easier. Moreover, the composition of the 
interfacial film is special as well, because of monomer mole fractions of the two surfactants in 
mixed film and micelles are different from those in the bulk phase. Subsequently, such a special 
type of composition is beneficial to improve the flexibility of the surfactant film which is an 
important factor for the formation of reverse microemulsion [21]. All these factors, as mentioned 
above, made the mixed Brij-58/CTAB microemulsion systems percolative up to certain 
compositions (i.e., Brij-58: CTAB = 4:1→2:3, w/w), beyond which no such percolation was 
observed. This might be explained in the following manner. It was reported that with increase in 
counter ion concentration due to progressive addition of CTAB, diminishes the effective polar 
head area of the surfactants by screening the electrostatic repulsion, which makes surfactant 
membranes more rigid and decreases the attractive interactions among the droplet [13, 22]. 
Hence, it can be concluded that the interaction between the two surfactants can increase the 
conductivity of microemulsion to an ideal level which is desired in the direct application of 
electrochemistry [15]. 

The mechanism of percolation is governed by two approaches,static and dynamic [12]. The 
concept of percolation is governed by scaling laws as given in the following equation: 
 = P (ϕ - ϕp)

t                                                                                                                           (S9) 

where, σ is the specific conductance, ϕ is the weight fractions of water, ϕp is the threshold value. 
P is a free parameter and t is a critical component. As per percolation theory, the value of t > 1.2 
explicatesthe dynamic nature of the microemulsion system [23].Here the average value of critical 
exponent (t) (= 0.86) is 28% lower than that of 1.2. The constants and exponents predicted in 
theory were based on systems consisting of solid conductors and insulators [24]. The soft systems 
like microemulsion are intrinsically different in conducting behavior, which make the critical 
exponent (t) different from 1.2. However value of critical exponent (t) depends on the softness of 
microemulsion systems [3]. The values of t and ϕp are given in Table S2 with variation in mixed 
surfactant compositions.  
It is also evident from Table S2 that the percolation threshold (ϕp) gradually increases with 
increased CTAB proportion (= 5:0→2:3, w/w). Addition of CTAB decreases the droplet radius 
by increasing the critical packing parameter (CPP), which in turn hinder the droplet coalescence 
that limits the solubilization capacity [13]. However, the values of percolation threshold (ϕp) are 
found to be slightly lower in Dc continuum than that of Hp (Table S2). It was reported that the 
process of coalescence of droplets followed by exchange of materials is accompanied by oil 
removal from the interface, and the interfacial fluidity may increase with increasing ease of oil 
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removal [25]. The absorption of oil molecules into the interface increases significantly for oils 
with smaller chain length (herein Hp), which in turn hinders the droplet coalescence process. On 
the other hand, for oils with larger chain length (herein, Dc), or penetration into the interface is 
reduced and hence removal of oil molecules from the interface duringcollision is eased. So the 
percolation phenomenon is facilitatedfor Dc. Similar studies of percolation phenomenon have 
already been reported for single (ionic or non-ionic) and mixed surfactant (ionic/nonionic) 
microemulsion systems in absence and presence of cosurfactant [3, 11-13, 26].  
 

 
Fig. S1. Pseudo-ternary phase diagram of water/Brij-58: CTAB/Pn/Hp at different mass ratios of 
mixed surfactant at 303K. S and CoS mass ratio = 1: 2. Area marks: unshaded, microemulsion 
zone (1ф); shaded, turbid zone (2ф) [light gray, 5: 0; dark gray, 2: 3 and black, 0: 5 mixing ratio 
of Brij-58 and CTAB, respectively]. Fig. A represents % of microemulsion zone (1ф) against 
mixed surfactant mass ratio (open square: heptane, filled square: decane).   
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Fig. S2. Dependence of electrical conductivity (σ) on weight fraction of water (ф) for water/Brij-58: 
CTAB/1-pentanol/heptane (decane) microemulsions with six different mass ratios of mixed surfactant [at 
constant S: CS = 1:2 (w/w)] at a fixed temperature of 303K (Hp: filled triangle and Dc: open circle). 
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Fig. S3. Plots of sa n/n vs. s0 n/n  for w/o microemulsion systems comprising water (2.75 ×10-2 

mol), mixed surfactant (5×10-4mol) and heptane (2 ml) stabilized by 1-pentanol with different 
composition of mixed surfactant at constant temperature (303K).  
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Fig. S4. Plot of na

i/ns and -G0
t vs. different mass ratios of mixed surfactant (Brij-58  and CTAB) 

for w/o microemulsion systems comprising 5×10-4mol of total mixed surfactant, 2.75×10-2 mol 
water, 2 ml of heptane (Plot: A) and decane (Plot: B) stabilized by 1-pentanol at five different  
temperatures [303K (open triangle), 308K (open square), 313K (open circle), 318K (open star), 
323K (open pentagon)]. 
 
 

 
Fig. S5. Plot of (ΔG0

t/T) vs. (1/T) for water/Brij-58/CTAB/1-pentanol/Hp system at fixed Brij-58: 
CTAB (= 3:2, w/w) and water content (2.75×10-2mol). 
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Fig. S6.  Representative FTIR spectra of O-H band for mixed surfactant (Brij-58: CTAB) w/o 
microemulsion system stabilized in Hp at fixed water content (2.75×10-2 mol), surfactant and 
cosurfactant mass ratio (1:2) and temperature (303K) [A: pure nonionic (Brij-58: CTAB = 5:0, 
w/w); B: near middle range composition (Brij-58: CTAB = 2:3, w/w)].  Specification: 
Experimental spectra overall fitted point (open circle) and deconvoluted curves (1: bulk water; 2: 
bound water). The variation of Gaussian profiles (area fraction) of the normalized spectra of 
different water species (bulk water: open triangle; bound water: filled triangle) as a function of 
composition (Brij-58: CTAB = 5:0→0:5, w/w). 
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Table S1. Compensation temperature (Tcomp) from the plot of H0
t against S0

t for mixed 
surfactant microemulsion systems. 

 
a Values of correlation of coefficients. 
 
 
 
Table S2. Percolation threshold volume fraction and scaling parameters for the formation of w/o 
mixed microemulsions at different mass ratios of mixed surfactant and fixed temperature (303K) 

a 
 

System: water/Brij-58/CTAB/Pn/Hp (Dc) 
 
 

 

 

 

 

 

 

aAll the mixed microemulsion systems are formed using constant amount of mixed surfactant (5×10-

4mol), water (2.75×10-2mol) and oil (2 ml). 
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Chapter I 

 

Introduction 

1.1. Physicochemical studies: An overview 

Physicochemical studies are concerned with, or relating to physical chemistry or both 

physics and chemistry of the systems.  It is the method of investigation that makes 

possible a determination of the interactions between the components of a system through 

the study of the relations between the system’s physical properties and composition. The 

principles of physicochemical analysis were established in the late 19th century by J. 

Gibbs, D. I. Mendeleev, and J. van’t Hoff. Further, the method received its development 

in the research of H. Le Châtelier, G. Tammann and H. Roozeboom [1-2]. 

Physicochemical analysis involves the measurement of various physical properties of the 

systems, most often the phase rule and on the principles of continuity and 

correspondence, phase transition temperatures and other thermal properties (thermal 

conductivity, heat capacity, thermal expansion), electrical properties (conductivity, 

dielectric permittivity), and optical properties (refractive index, rotation of the plane of 

polarization of light). Also, the density, viscosity, and microstructural aspects, as well as 

the dependence of the rate of the transformations occurring in a system on the system’s 

composition, are measured. Most recently, scattering techniques (X-ray and neutron 

scattering), diffraction analysis, diffusion coefficient measurement, spectroscopic probing 

techniques and techniques of microscopic imaging are extensively used in 

physicochemical analysis [1-4]. Physicochemical analyses are made by constructing and 

geometrically analyzing composition-properties diagrams and phase diagrams. Since the 

analytical expressions describing phase equilibria are unwieldy and determine the regions 

of phase existence approximately, a geometric analysis of the diagrams is the most 

common procedure for judging the composition and boundaries of phase existence of a 

system without separating the phases from the mixture and subjecting them to ordinary 

chemical analysis. For this reason, physicochemical analysis is an important method of 

studying systems made up of two, three, or more components, for example, alloys, 
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minerals, semiconductors, superconductors, and solutions. In the recent past, single and 

mixed surfactant solutions which are the most fascinating self-organized assemblies in 

particular, are exploited for physicochemical studies of the same [3-4].  

 

1.2. An outline of surfactant (amphiphilic) molecules 

Surfactants, a common contraction of the term surface-active agents, are versatile 

chemical substances that modify the surfaces or interfaces of the systems in which they 

are confined. Surfactants have the ability to adsorb (or locate) at interfaces, thereby alter 

significantly the physical properties of the interfaces [5]. Surfactants possess these special 

characteristics since their molecular structures are amphiphilic (from the Greek amphi 

meaning ‘on both sides’ and phileein meaning ‘to love’) having polar as well as apolar 

components within the same molecular unit. The polar component is called “head” and 

the apolar component usually a long chain hydrocarbon, is called “tail” (Figure 1.). These 

compounds are most comfortable in a situation when each component is located in an 

appropriate environment, which is only possible at the interface between two media [6]. 

 

Hydrophilic head Hydrophobic tail  

 

Figure 1. Common schematic representation of a surfactant molecule. 

 

Apolar or hydrophobic components can be aliphatic or aromatic. The sources of 

hydrophobic components are normally natural fats and oils, petroleum fractions, 

relatively short synthetic polymers, or high molecular weight synthetic alcohols. The 

hydrophilic groups contribute the primary classification to surfactants, and are anionic, 

cationic and nonionic in nature. The anionic hydrophiles are the carboxylates (soaps), 

sulfates, sulfonates and phosphates. The cationic hydrophiles are some form of an amine 

or both quaternary ammonium alkyl and alkyl pyridinium salts. The nonionic hydrophiles 

associate with water at the ether oxygen of a polyethylene glycol chain. Some surface-
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active amphiphilic molecules that contain both anionic and cationic centers at the head 

group, and are called zwitterionic surfactants. Surfactants can also have two hydrocarbon 

chains attached to a polar head and are called double chain surfactants. On the other 

hand, surfactants containing two hydrophobic and two hydrophilic groups are called 

“gemini” surfactants. Amphiphilic molecules can also have two head groups (both 

anionic or cationic or one anionic and the other cationic) joined by hydrophobic spacer                                                                                                                              

[7]. These types of molecules are termed “bola-amphiphiles” and commonly known as 

“bolaforms”. Surface activity of these molecules depends on both the hydrocarbon chain 

length and the nature of head group(s). 

 

1.3. Self-organized assemblies of surfactant (amphiphilic) systems 

Surfactant (amphiphilic) molecules have been the realm of interest in chemistry for over 

a century with attention not only from theoretical perspectives but also from the view 

point of wide applications in industry. Self-assembly is a spontaneous organization of 

molecules driven by noncovalent interactions into stable aggregates. Self-assembly 

phenomenon is also well recognized in biological systems, e.g., lipid bilayers, the DNA 

duplex, and also, tertiary and quaternary structure of proteins. The process of 

spontaneous aggregation of simple molecules in solution into larger structures with a 

certain order, is also an important phenomenon in every-day-life as well as an interesting 

topic for scientific investigation. The best-known example of aggregation in every-day-

life is the formation of micelles by surfactant or detergent molecules. However, the most 

important type of aggregation, which is essential to life, is the formation of the lipid 

bilayer membrane by phospholipids. Interestingly, both chemists and physicists were 

motivated to study these types of aggregates including other similar types, because they 

mimic biological systems [5]. Aggregation of molecules often occurs at the borderline of 

solubility. An important molecular property in this respect is polarity, for which solubility 

follows the rule 'like dissolves like'. Polar (hydrophilic) compounds are well soluble in 

polar solvents, e.g. salt in water, and the same is true for apolar (hydrophobic) 

compounds and solvents, e.g. vitamin E and oil. Furthermore, polar compounds are 

insoluble in apolar solvents and vice versa.  
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Amphiphiles with longer hydrocarbon chains are found to be more surface-active 

compared to those having shorter hydrocarbon tail [8]. However, amphiphiles with 

fluorocarbon chain are more surface-active than those with hydrocarbon chain [9] When 

surfactants are added to water, they are adsorbed at the water-air interface, which actually 

originates from their dualistic character (both polar and apolar characters composed in the 

same molecule). In aqueous solution, the hydrophobic chain interacts weakly with the 

water molecules, whereas the hydrophilic head interacts strongly via dipole or ion-dipole 

interactions. This strong interaction renders the surfactant soluble in water. However, the 

cooperative action of dispersion and hydrogen bonding between the water molecules 

tends to squeeze the surfactant chain out of the water (hence, these chains are referred to 

as hydrophobic). Therefore, surfactants tend to accumulate at the surface, which allows 

lowering the free energy of the phase boundary, i.e. the surface tension [8].  

1.4. Classifications of  diverse self-organized assemblies made by surfactant 

molecules 

1.4.1. Micelles 

The most intensely studied and deliberated molecular self-assembly, and perhaps the 

simplest in terms of the structure of the aggregate, is the micelle. Micelles formed by 

ionic and nonionic amphiphilic molecules in aqueous solution are dynamic associations 

of surfactant molecules that achieve segregation of their hydrophobic portions from the 

solvent via self-assembly. They are loose, and commonly spherical aggregates above 

their critical micellization concentration (cmc) in water or organic solvents [5]. Also, 

micellar aggregates are short-lived dynamic species, which rapidly disassemble and 

reassemble [10]. Hence, only average shape and aggregation numbers of micelles can be 

determined. 

 

1.4.2. Vesicles  

Vesicles are closed bilayered or hollow spherical structures similar to those of the 

lamellar phase characterized by two distinct water compartments, one forming the core 

and other the external medium (Figure 2). Like micelles, the formation of vesicles is a 

result of energetically favorable hydrophobic association of the hydrocarbon tail(s) of an 
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amphiphilic molecule. However, unlike micelles, vesicles have two distinct domains: the 

lipophilic membrane and the interior aqueous cavity. Specifically, the surface of micelles 

is a lipid monolayer, while that of liposomes is a lipid bilayer. Whereas, the inner core of 

micelles is composed of hydrocarbon chains, and that of vesicles is an aqueous phase 

[11,12].  

 

 

Figure 2. Schematic representation of different self-organized assemblies   

1.4.3. Microemulsions 

Microemulsions are another class of self-organized assemblies in which oil and water are 

homogenously mixed due to the presence of surfactant molecules (amphiphiles). 

Sometimes, a co-surfactant is used in combination with the surfactant as a stabilizer 

(Figure 2). They differ from conventional emulsions not only by their much smaller 

droplet size, but in respect of their thermodynamic stability, which renders them very 

interesting micro heterogeneous systems. Moreover, they allow for a long-lived 

stabilization of mixed oil/water systems, which otherwise can not be achieved. 

Microemulsions can be thought to be the type of oil swollen micelles [oil-in-water (o/w) 

microemulsion] or water swollen reverse micelles [water-in-oil (w/o) microemulsion]. 

The physical characteristics of water/oil microdroplet in microemulsions are at variance 

from those of the bulk water or oil [3].  
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1.4.4. Reverse micelles 

Surfactants associate to form inverted or reverse micelles in non-polar solvents 

containing a little water. The polar head groups of the surfactant monomers are directed 

to the centre containing water with the hydrophobic tails extending outward into the bulk 

organic solvent phase. Reverse micelles can solubilize an appreciable amount of water to 

form a spherical pool in the centre (Figure 2) [13].  

1.5. Microemulsions and their special characteristics 

Microemulsions are a trending class of compartmentalized liquids that has incredible 

application in current and future perception [14, 15]. Microemulsions have been the topic 

of comprehensive research for more than 40 years with a particularly intense period in the 

late 70s and early 80s in the context of tertiary oil recovery [16]. Currently, 

microemulsions are becoming increasingly complex systems due to exploration of more 

sophisticated surfactants, mixed surfactants, polymers, biomolecules and inorganic 

nanoparticles etc. within their constricted environments. [17]. It contains distinct 

microstructural features, i.e. topologically ordered oil and water coated with surfactant 

film. They are isotropic with typical structural units in the size range of 3–100 nm from 

which their transparent appearance results. As defined by Danielsson and Lindman, “a 

microemulsion is a system of water, oil and an amphiphile which is a single optically 

isotropic and thermodynamically stable liquid solution” [18]. Herein, surfactants are the 

most important amphiphiles. Their amphiphilic character is strong enough to be driven to 

the interface where the polar part is located in the polar region and vice versa. The term 

“oil” refers to an organic phase which is immiscible or at least partially miscible with the 

polar phase. Therefore, nonpolar substances such as hydrocarbons, partially or totally 

chlorinated or fluorinated hydrocarbons, single-chain alkanes, cyclic or aromatic 

hydrocarbons. However, triglyceride natural oils or polar lipophilic oils can be used [19, 

20]. Straight chain hydrocarbons or n-alkanes are the most frequently used non-polar 

components in microemulsions. 

However, microemulsions were not really recognized until the term 

“oleopathichydromicelle” was proposed by Schulman and Hoar dates back in 1943 for 

describing the spontaneous formation of transparent emulsion of water and oil upon 
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addition of a strong surface-active agent [21]. But the concept had appeared in the U.S. 

patent literature before that [22]. The term “microemulsion” was first coined even later 

by Schulman, Stockenium and Prince in 1959 [23] to describe a multiphase system 

consisting of water, oil, surfactant and alcohol, which forms a transparent solution 

(Figure 2). There has been much debate about the word “microemulsion” to describe such 

systems [24]. Although not systematically used today, some authors prefer the names 

“micellar emulsion” [25] or “swollen micelles” [26].  Being a ternary 

(water/surfactant/oil) or quaternary (water/surfactant/alcohol/oil) system, it has the 

advantage of offering a better compartmentalization than the other organized assemblies. 

In addition, microemulsions have experienced continuous scientific and industrial 

development since their inception [14]. The knowledge gained on the fundamental 

aspects of these systems has made it possible to improve some established applications 

and to develop new ones. In view of these growing research activities in this area, this 

review (presented in this section) is devoted to the detailed discussion on the various 

aspects, more precisely, the basic aspects viz. formation characteristics, properties and 

structural characterization of microemulsions and reverse micelles stabilized by single 

and mixed surfactants in nonpolar, polar and biocompatible oils. However, numerous 

books and review articles appeared concerning various aspects of microemulsions/reverse 

micelles, which will be discussed in subsequent sections. Hence, it is obvious that 

everything known about microemulsions cannot be summarized within a few pages. An 

attempt has been made to present the most important facts and concepts that are closely 

related with the topic of the thesis, in the following sections with special reference to the 

self-organized molecular assemblies of single and mixed surfactant microemulsions.  The 

basic intention of this thesis is an attempt on the studies emphasizing on the formation 

and characterization of microemulsions formed from both single and mixed surfactants of 

different charge types and mixing ratios, in linear hydrocarbons and alkyl ester oils, as a 

blend of surfactants can provide better performance than pure surfactants for a wide 

variety of applications. Further, major aspect of my dissertation aims at physicochemical 

studies of mixed surfactant microemulsions. 
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1.6. Classification of microemulsions 

Three types of microemulsions are most likely to be formed depending on the 

composition: oil-in-water (o/w), water-in-oil (w/o) and bicontinuous. A schematic 

representation is also depicted in Figure. 3. Oil-in-water (o/w) microemulsions are 

droplets of oil surrounded by a surfactant film that forms the internal phase distributed in 

water, which is the continuous phase. The monolayer of surfactant forms the interfacial 

film, which is oriented in a “positive” curve, where the polar head groups face the 

continuous water phase and the hydrophobic tails face into the oil droplets. The o/w 

systems are interesting because they enable hydrophobic drugs to be more soluble in an 

aqueous based system, by solubilizing it in the internal oil droplets [27].   

OilOil--inin--waterwater WaterWater--inin--oiloil BicontinuousBicontinuous

waterwater oiloil
dropletsdroplets

oiloilwaterwater
dropletsdroplets

 

Figure 3. Schematic representation of different types of microemulsion systems 

Water-in-oil (w/o) microemulsions are made up of droplets of water surrounded by an oil 

continuous phase stabilized by an interfacial film of surfactant (sometimes in presence of 

cosurfactant). These are generally known as “reverse micelles” (RMs), where the polar 

head groups of surfactant are facing into the droplets of water, with the hydrophobic tails 

facing into the oil phase. In the RMs, the amount of water present is low and is limited to 
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the maximum capacity of hydration of the hydrophilic head group of the surfactants; 

hence, the water pool 

 is rigid. A term ω, defined as [water]/[surfactant] has been taken as a criterion as to 

whether a RMs or a w/o microemulsion has been formed [28]. It was suggested that when 

ω < 10, it is a RMs and when ω > 10, it is a w/o microemulsion [29]. However, some 

evidence exists that the cut-off point may be ω = 15 [13]. When the amount of water and 

oil present are at equivalence, a bicontinuous microemulsion system may results. In this 

case, both water and oil exist as a continuous phase. Transition from o/w to w/o 

microemulsion may pass through this bicontinuous state. Bicontinuous microemulsions 

are useful for topical delivery of drugs or for intravenous administration, where upon 

dilution with aqueous biological fluids, form an o/w microemulsion [27]. Irregular 

channels of oil and water are intertwined, resulting in what looks like a “sponge phase”.  

1.7. Winsor representation 

Winsor representation [30] is a cut of the phase prism/tetrahedron where only one 

variable is varied and measures the relative volume of the phases obtained on varying the 

single variable. Each data point represents one sample and is a direct picture of the 

observed phases in the test tube. There are four commonly observed phase behaviors as 

described by Winsor (Figure 4):  

 

Figure 4. Winsor classifications of microemulsion systems 

1. Winsor I (2), a water rich microemulsion in equilibrium with an excess oil phase.   

2. Winsor II (2), an oil-rich microemulsion in equilibrium with an excess water phase.  
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3. Winsor III (3), a microemulsion phase in equilibrium with an excess oil phase and an 

excess water phase. 

4. Winsor IV (1), a single-phase microemulsion.   

1.8. Basic aspects of microemulsions 

1.8.1. Role of surfactants in microemulsions 

An understanding of the basic phenomena involved in the application of surfactants, such 

as in the preparation of emulsions and microemulsions and their subsequent stabilization, 

is of vital importance in arriving at the right composition and control of the system 

involved [31]. The surfactant chosen must be able to lower the interfacial tension to a 

very small value which facilitates dispersion process during the preparation of the 

microemulsion, and provide a flexible film that can readily deform around the droplets 

and also, attains appropriate lipophilic character to provide the correct curvature at the 

interfacial region. It is generally accepted that lower hydrophile–lipophile balance (HLB) 

of surfactants favour the formulation of w/o microemulsion, whereas surfactants with 

high HLB (>12) can form o/w microemulsion [32].  

A simple classification of surfactants based on the nature of the hydrophilic group is 

commonly used. Two main classes may be distinguished, namely ionic and nonionic 

[33]. Ionic surfactants can be anionic, cationic or zwitterionic.  

Anionic surfactants are the most widely used class of surfactants in industrial applications  

due to their relatively low cost of manufacture and are used in practically every type of 

detergent [34]. For optimum detergency, the hydrophobic chain should be a linear alkyl 

group with a chain length in the region of 12–16 carbon atoms. Linear chains are 

preferred since they are more effective and also degradable than branched ones [34].  

Alkali alkanoates, also known as soaps, are the most common anionic surfactant. The 

anionic charge in this surfactant comes from the ionized carboxyl group. Sodium bis(2-

ethylhexyl) sulfosuccinate or commonly known as AOT, is the most widely studied 

anionic surfactant. It has twin tails and is particularly a good stabilizer of w/o 

microemulsions. Other important classes of anionic surfactants include, alkyl sulphates, 

alkyl ether sulphates, methylester sulphonates, aryl sulphonates. 
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Cationic surfactants generally fall into the class of quaternary ammonium alkyl salts. 

Alkylammonium halides are excellent hydrogen bond donors and interact strongly with 

water. The most well known examples from the cationic surfactant class are 

hexadecyltrimethylammonium bromide (CTAB) and didodecyldimethylammonium 

bromide (DDAB). Although less numerous, phosphorous can be quaternized with alkyl 

groups to create alkyl phosphonium cationic surfactants as well. Cationic surfactants are 

generally water soluble when there is only one long alkyl chain. They are generally 

compatible with most inorganic ions and hard water, but they are incompatible with 

metasilicates and highly condensed phosphates. They are also incompatible with protein-

like materials. They are generally stable towards pH changes, both acidic and alkaline. 

Cationic surfactants are incompatible with most anionic surfactants, but they are 

compatible with nonionic surfactants. These cationic surfactants are insoluble in 

hydrocarbon oils. In contrast, cationic surfactants with two or more long alkyl chains are 

soluble in hydrocarbon solvents viz. didodecyldimethylammonium bromide (DDAB), but 

they become only dispersible in water (sometimes forming bilayer vesicle type 

structures). In most cases, they are chemically stable and can tolerate electrolytes [35, 

36]. 

Amphoteric (Zwitterionic) Surfactants are surfactants containing both cationic and 

anionic groups [37, 38]. The most common amphoteric surfactants are the N-alkyl 

betaines, which are the derivatives of trimethyl glycine (CH3)3NCH2COOH (described as 

betaine). An example of betaine surfactant is lauryl amido propyl dimethyl betaine, 

C12H25CON(CH3)2CH2COOH. These alkyl betaines are sometimes described as alkyl 

dimethyl glycinates. Phospholipids, such as lecithin are common zwitterionic surfactants. 

Unlike other ionic surfactants, which are somewhat toxic, they show excellent 

biocompatibility. This is most likely due to the fact that lecithin is obtained naturally 

from soyabean or egg, which contains diacylphosphatidylcholine as the major 

constituent. The main characteristic of amphoteric surfactants is their dependence on the 

pH of the solution in which they are dissolved. In acidic pH solutions, the molecule 

acquires a positive charge and behaves like a cationic surfactant, whereas in alkaline pH 

solutions they become negatively charged and behave like an anionic one. 
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Figure 5. Pictorial representation of various types of surfactants. 

 

A specific pH can be defined at which both ionic groups show equal ionization (the 

isoelectric point of the molecule). The change in charge with pH of amphoteric 

surfactants affects their properties, such as wetting, detergency, foaming, etc. [37].   

Most of the nonionic surfactants are structurally similar to the ionic surfactants, except 

the head groups are uncharged or neutral. The interaction between these nonionic head 

groups are governed by steric forces, as no electrostatic charges emerges from their head 

groups. Ethoxylated alcohols are the most common nonionic surfactants. 

These alcohols contain a wide-ranging degree of ethoxylation, where ethylene oxide is 

added to fatty acids to make them more water soluble. They are considered to be 

amphiphiles, with oil loving hydrocarbon tail and a water loving ethoxylated alcohol 

group. Examples of nonionic surfactants include polyoxyethylene surfactants, such as 

Brijs (viz. Brij-35, Brij-58 etc.), or sugar esters, such as sorbitan esters (viz. Span-20, 

Span-80 etc.). Ethoxylated derivatives of Spans are known as Tweens. Polysorbates are 
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partially fatty acid esters of sorbitol. Sorbitans are partial esters of sorbitol and mono and 

di-anhydrides with fatty acids. These are considered as lipophilic nonionic surfactants. 

Alkanol amides and polyamines are the primary nitrogen-based nonionic surfactant types 

[39, 40]]. Figure 5 depicts different type of surfactants.  

Safe non-ionic surfactants, for example, sucrose laurate and ethoxylated mono-

diglyceride have been extensively used by Fanun and co-worker for the formulation of 

biocompatible single and mixed nonionic surfactant microemulsions [41-45]. Further, the 

use of short-chain glycerol-based surfactants viz. diglycerol monocaprate, diglycerol 

monolaurate, and diglycerol monomyristate has been reported by Aramaki and coworkers 

the formulation of nonionic reverse micelles [46-57] published a series of papers on the 

formulation of food grade microemulsions by using polyol nonionic surfactants like 

sucrose stearate (S-1570), sucrose laurate (L-1695), sucrose palmitate (P-1570), sucrose 

monooleate (O-1570) etc. or Tweens as stabilizers. 

Sugar-based surfactants such as alkyl glucosides can be made from renewable material 

and are biodegradable. They can be used in various applications as substitutes for other 

surfactants that are not environmentally benign. In addition, sugar-based surfactants 

exhibit some unusual properties. Their solubility comes from the hydroxyl groups and not 

from the ether oxygens (as in alkyl polyethyleneglycol ethers) (CiEj). They do not show 

the inverse solubility versus temperature, unlike nonionic alkyl polyethyleneglycol ethers 

which are temperature sensitive [58].  

Amino acids have become increasingly popular in recent years as starting material for 

surfactants [59-63]. Approximately, one-third of the 20 natural amino acids as well as 

several non-natural amino acids are utilized for this purpose [64, 65]. An important 

example of the latter category is sarcosine, also referred to as N-methyl glycine, which 

constitutes the polar head group in an important type of anionic surfactants [66, 67]. 

Amino acids based surfactants belong to the class of surfactants with high 

biodegradability, low toxicity and excellent surface active properties. They possess 

excellent emulsifying and detergency properties and also, form fine lather. These 

surfactants are environment friendly, mild to skin and eyes, and possess hard water 

tolerance. Very recently, Chandra et al. [68] reviewed synthesis, surface active properties 

[such as, cmc (critical micelle concentration), surface tension, phase behavior, Kraft 
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temperature, aggregation properties and interfacial adsorption of these surfactants. The 

biological properties such as antimicrobial activity, aquatic toxicity, biodegradability and 

hemolytic activity, have also been focused. Further, various applications of these 

surfactants in the area of life sciences, viz. gene transfection, formation of liposomes and 

drug delivery systems have been reviewed. 

 

1.8.2. Role of cosurfactant on the formation of microemulsions 

 Surfactants, due to their diphilic nature, get adsorbed at the oil/water interface of 

microemulsion systems to render stability to the dispersion by preventing coalescence. 

However, to fulfill the interfacial thermodynamic requirements often the presence of 

cosurfactant is required [69]. Generally, short to medium chain (C4-C8) lipophilic 

alcohols have been used as cosurfactant for the formulation. Sometimes, propanol is used 

as a cosurfactant, depending on the other constituents used for preparation of 

microemlsion. The addition of alcohol (cosurfactant) effectively changes the originally 

unfavorable packing geometry of the surfactant molecules, which in turn, adjust the 

spontaneous curvature of the film to a negative value (curvature towards aqueous 

domain) and produces a stable surfactant/alcohol mixed interfacial film. By changing 

alcohol content, imparts an additional advantage to modulate size of the water pools and 

surface dynamics. Therefore, without a quantitative description of the dependence of the 

partition equilibria on the system composition under varied physicochemical 

environments, a full understanding of quaternary microemulsions can not be attained [70-

73].  

It is apparent that the presence of surfactant vis-à-vis the interaction of surfactant with 

cosurfactant and the accommodation of these amphiphiles at the interface plays an 

important role for the formation of stable w/o microemulsions. Hence, this phenomenon 

can be understood by the packing parameter (P) of the molecular geometry [74]. 

Israelachvili [74] defined the dimensionless packing parameter (P) of the molecular 

geometry as vc/(aolc) where, vc is the volume and lc is the length of the hydrophobic tail 

and ao is the area of cross section of the surfactant head group. Most of the cationic 

surfactants cannot satisfy this condition when they are alone in the organic phase. The 

addition of an alcohol which accommodates in the interfacial region of these systems has 
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an effect of increasing the volume of surfactant tail, vc and reducing the effective surface 

area a0, thus facilitating the formation of stable w/o microemulsions [75].  Recently, 

Mathew and Juang [75] reported that alcohols play important roles in the formation of 

w/o microemulsions, such as (i) alcohols act as a weak amphiphile when added into a 

binary water-in-oil mixture. They act as “co-solvents” in some cases where they partition 

between the aqueous domain and the amphiphilic film. However alcohol acts as a “co-

surfactant,” and it preferentially dissolves in the amphiphilic film, making the 

(surfactant+alcohol) mixture more hydrophobic. Further, (ii) the amount of alcohol added 

to the microemulsion system is also considered to be critical. At lower concentration of 

alcohol the water uptake in the organic phase may be almost zero giving rise to Winsor I 

type system and at very high concentration of alcohols also the water uptake decreases, 

(iii) for alcohols with hydrocarbon chain longer than C10, the concentration of alcohol 

required to form w/o microemulsion eventually start increasing with an increase in the 

chain length. For a fixed alcohol concentration, the longer the hydrocarbon chains of 

alcohol, the smaller the water uptake of w/o microemulsion systems [76, 77]. 

1.8.3.  Role of oil on the formation of microemulsions  

 The oil component influences curvature by its ability to penetrate and hence, swell the 

tail group region of the surfactant monolayer. More precisely, short chain oils penetrate 

the tail group region of the surfactant monolayer to a greater extent than long chain 

alkanes, and subsequently, swell this region to a greater extent, resulting in increased 

negative curvature (and reduced effective HLB) [73, 78]. Further, starting from a short 

chain alkane, increasing the oil chain length would gradually reduce the cohesive 

interaction between the hydrocarbon chains of the interface and decrease the interfacial 

rigidity due to decreasing oil penetration. Consequently one would expect a decrease in 

water solubilization in microemulsion with the increase in oil chain length [79]. 

However, fatty acid esters, such as ethyl, methyl or isopropyl esters of lauric, palmitatic, 

oleic and myristic acid, have also been employed as the oil phase [27, 79, 80-83]. An 

interesting point is to be noted that saturated (for example, lauric, myristic and capric 

acid) and unsaturated fatty acids (for example, oleic acid, linoleic acid and linolenic acid) 

possess penetration enhancing property of their own and they have been studied for a 

long time [84].  
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1.8.4. Themodynamics  and stability of microemulsions 

For understanding of the thermodynamics of the microemulsion,  different types of 

interactions existing between the components [viz. oil, water, surfactant and/or 

cosurfactant] present in the system and the microstructure of the system, need to be taken 

into consideration. Nevertheless, the interaction between oil and water establishes the 

repulsive forces, and the presence of surfactant molecules changes the balance between 

cooperative forces towards the attractive forces. The formation of different types of 

microemulsions made possible due to the stabilizing effect of the surfactants under the 

auspices of stabilizing interactions. Hence, the understanding of the microstructures of 

the microemulsions is of prime importance. [85]. 

The stability of microemulsions is a well-known issue and was dealt by Overbeek and 

Ruckenstein et al. from theoretical aspects [86]. The understanding of the stability of 

microemulsions was further developed considerably with the proposition of several 

thermodynamic theories by Nagarajan et al.[87]. It was considered that the free energy of 

formation of microemulsion involves three thermodynamic contributions; (1) interfacial 

free energy, (2) free energy of interaction between the droplets, and (3) entropy of 

dispersion of droplets in the continuous medium. These studies led to the conclusion that 

microemulsions are thermodynamically stable, as the interfacial tension between oil and 

water is too low to compensate the dispersion entropy. Therefore, an essential 

requirement for the formation of o/w or w/o droplets and their stability is the attainment 

of a very low interfacial tension (). Since microemulsions possess a very large interface 

between oil and water due to the small droplet size, they can be thermodynamically stable 

if the interfacial tension is so low that the positive interfacial energy (given by dA) can 

be compensated for by the negative free energy of mixing (Gmix). If the enthalpy of 

mixing (Hmix) is assumed to be zero for an ideal solution, the free energy of mixing can 

be given as, 

Gmix = -TSmix = kBT                                    (1) 

(Where, kB is the Boltzman constant and Smix is the entropy of mixing).  

This follows, kBT = dA = 4r2                      (2) 

(Where, r is the droplet radius. 
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So, if r = 10 nm,  should be ~ 0.03 mN m-1. Hence, to prepare microemulsion, the 

interfacial tension must reach such an ultralow value. Generally, the interfacial tension 

between oil and water lies in the order of ~50 mN m-1. The role of surfactant is to reduce 

this value to such an ultralow value [88, 89]. Except for some double chain ionic 

surfactants and also, for a few nonionic surfactants, it is not possible to achieve the 

required interfacial area with the use of a single surfactant. However, addition of a second 

amphiphile (either surfactant or cosurfactant) to a single surfactant system, the effect of 

both can be additive, provided that the adsorption of one does not adversely affect that of 

the other. Consequently, they are cooperatively accommodated at the interface and result 

in decrease of the interfacial tension of the blended system. The accumulation of both 

surfactant and cosurfactant at the interface results in a decrease in chemical potential, 

which generates an additional negative free energy change, which is known as dilution 

effect. Further, the thermodynamic theories explain the role of both cosurfactant and salt 

in the formation of a microemulsion with ionic surfactant. The cosurfactant produces an 

additional dilution effect and decreases interfacial tension further. Also, the addition of a 

salt to systems containing ionic surfactants causes similar effects by shielding the electric 

field produced by the adsorbed ionic surfactants in the adsorption of large amount of 

surfactants at the interface. [90]. Recently, an approach to the thermodynamics of 

microemulsions based on the use of the two-phase model was reported by Kartsev et al. 

[91].In this model, one phase is the dispersion medium and the other represents the sum 

of disperse phase nanodrops. Experimental estimation of the adequacy of this approach 

showed that the model can be used to solve the thermodynamics problems on 

microemulsion quite satisfactorily. 

 

1.8.5. Geometrical constrains and interfacial curvature of microemulsions 

Microemulsions are dynamic systems in which the interface is continuously and 

spontaneously fluctuating. “Spontaneous curvature” of the interfacial film governs the 

formation of different kind of microstructures in microemulsion systems at a specified 

composition of water-oil-amphiphile. The surface geometry and the intermolecular forces 

acting between surfactant molecules set the curvature at the interface [74, 92]. There are 
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also other factors like penetration of oil into the interfacial layer, adsorption of 

cosurfactant etc. that can modify the curvature of the interface.  

 

 

Figure 6. Correlation between packing parameter “P” and structure of self-assembled 

systems. 

In a surfactant monolayer, a repulsive hydrophilic force between the head groups of the 

surfactants exists, and this repulsive force is balanced by the attractive hydrophobic 

interaction acting at the oil and water interface, steric repulsive forces between the tails of 
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the surfactants and force due to the penetration of oil into the interface [93]. . A useful 

concept in determining the interfacial property, is the “packing parameter” (P) introduced 

by Israelachvilli et al. [74]. P can be calculated as P = v/(aolc) where, v is the volume and 

lc is the length of the hydrophobic tail and ao is the area of cross section of the surfactant 

head group. For surfactants with P ~ 1/3, globular structure can be predicted. With P ~ 

1/2 and 1, cylindrical and planer layers, respectively can be predicted. Figure. 6 

represents correlation between packing parameter “P” and structure of self-assembled 

systems. Although P provides with an idea of the possible structure of the formulation, it 

should be noted that P depends on many factors, viz., penetration of oil into the interface, 

cosurfactant, temperature, electrolyte etc.   

For a mixed surfactant systems, the effective packing parameter (Peff) can be expressed 

according to the following relation as obtained by Evans and Ninham [94]: 

Peff = [(xv/al)A + (xv/al)B]/(xA + xB)                                                                                  (3) 

where, xA and xB are the mole fractions of surfactant A and B present at the oil/water 

interface, respectively.  

The interfacial curvature and the spontaneous radius of curvature can be obtained for a 

surfactant in the following manner [95-97]: Consider a surfactant film that can stretch 

and bend. The surface tension () is the first derivative of the film free energy (Gf) with 

respect to area, i.e. 

 

 = (Gf)/(A)                                 (4) 

The area expansion modulus Ka is given by, 

Ka = [(2Gf)/(A2)n]
2

A
         (5) 

Where, n is the number of surfactant molecules in the film. When the area of the film is 

changed, the surfactants are equilibrated between the film and bulk.  

For a curved surface, the curvature at each point is described by the two principal radii of 

curvature R1 and R2. The mean radius of curvature (H) is given by, 

H = 
2

1
 (1/R1 + 1/R2)            (6) 
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For spheres, R1 = R2 = R and H = 1/R. For cylinders, R1 = R, and R2 =  and H = 1/2 R. 

To assign a sign to the radius of curvature, it is customary to put positive sign for surfaces 

curved toward oil and negative to surfaces curved toward the polar solvent.  

The free energy of the film depends upon the curvature of the film. The free energy per 

unit area (gf) is given by, 

gf = Gf/2RL           (7) 

where, L is the length of the cylinder.  

For a highly curved surface (R0), gf reaches a high value. Since gf cannot arbitrarily 

reach any small value, the condition for minimum gives, 

gf/(1/R) = 0                       (8) 

This corresponds to H0 = 1/2 R0, where H0 is the “spontaneous curvature” of the film. 

The bending rigidity (or the bending elastic modulus)  of the film is given by, 

 = 2gf/
2(1/R)            (9) 

The saddle-play modulus  can be obtained by considering a saddle-like deformation of 

the planar interface (i.e. 1/R1 = - 1/R2)      

 = -1/2 2gf/
2(1/R)                                            (10) 

The area expansion modulus is very large and the area per surfactant molecule remains 

constant as the film bends. gf can be expanded to get the form,  

gf =  + 2 (H-H0)
2 + K         (11) 

where, K=1/R1R2, called the Gaussian curvature. 

The curvature free energy thus can be obtained as, 

Gf =  (gf - ) dA =   (2 (H-H0)
2 + K) dA                             (12) 

Many physicochemical properties of a microemulsion depend on the value of H0. It is 

strongly influenced by the nature of the surfactant and also, on the composition of the 

polar and apolar phases. Oil molecules penetrate into the hydrocarbon chain of the 

surfactant film which imposes more curvature towards the polar side. The longer is the 

hydrocarbon chain length of the oil, smaller is the effect of penetration into the 

hydrocarbon moiety and hence, less is the effect on curvature. Increasing temperature 

makes the surfactant chain more coiled and hence, H0 is increased. For ionic surfactant, 
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the addition of electrolyte can alter H0. The higher the electrolyte concentration, the more 

easily the film curves toward water and consequently,  H0 is decreased.  

Temperature has a strong effect on altering the surfactant curvature for nonionic 

surfactant derived microemulsion system. As temperature is increased, water becomes 

poor solvent for the ethylene oxide monomers and hence, water penetration into the 

palisade layer is decreased at elevated temperature resulting in a decrease in H0. This 

explains the strong temperature dependence of the phase equilibrium for systems 

stabilized by nonionic surfactant.  

The spontaneous curvature can be tuned by altering the head group and chain length of 

the surfactant, temperature, nature of the oil, added electrolyte and temperature. The 

bending elasticity () depends upon many factors and short chain cosurfactant, oil 

penetration etc. make the film more flexible.  

1.8.6. The hydrophilic lipophilic balance (HLB) of surfactants 

Attempts have been made to rationalize surfactant behavior in terms of the hydrophile–

lipophile balance (HLB) [32] which can be a useful guide to the selection of surfactant 

for the formulation. Ionic surfactants, for example, sodium dodecyl sulfate, which 

possesses HLBs greater than 20, often requires the presence of a cosurfactant to reduce 

the effective HLB to a value within the range required for microemulsion formation. It 

must be noted, though, that microemulsions are only obtained under certain carefully 

defined conditions, and the HLB of the surfactant can only be used as a starting point in 

the selection of components that will form a microemulsion. Earlier, Griffin [98] 

proposed to calculate the HLB of a surfactant from its chemical structure and to match 

that number with the HLB of the oil phase. The system employs certain empirical 

formulae to calculate the HLB number within a range of 0 to 20. Hydrophilic surfactants 

that possess high water solubility and generally act as good solubilizing agents, 

detergents, and stabilizers for O/W emulsions lie at the higher end of the scale. Whereas, 

surfactants with low water solubility, act as solubilizers of water in oils and are good 

W/O emulsion stabilizers at the lower end of the scale (Figure 7). The effectiveness of a 

given surfactant in stabilizing a particular emulsion system depends on the balance 

between the HLBs of the surfactant and the oil phase involved. Although, the HLB 

system proposed by Griffin has been useful in most of the general applications by guiding 
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the chemist to a choice of surfactant most suited to individual needs, others have 

suggested HLB numbers could be calculated based upon polar and non-polar group 

contribution [99]. In the past, Griffin introduced a semi-empirical scale (HLB number 

based on the stability of emulsion), but his original method for determining HLB number 

was a long and laborious experimental procedure [100]. It has been reported that the 

hydrophilic-lipophilic (H/L) property [which is defined by the size and water solubility of 

the surfactant polar head (the hydrophile) relative to the size and oil solubility of the 

hydrocarbon chain (the lipophile)] of a pure nonionic surfactant for a water/surfactant/oil 

system is not affected by the change in the water/oil ratio and/or surfactant concentration. 

A systematic investigation on the H/L property for mixed nonionic surfactants/oil/water 

system was reported by Kunieda et al. [101, 102]. 

 

 

 

Figure 7. Different types of microemulsion systems as a function of HLB 

 

Further, they explained HLB system on the basis of the phase equilibrium in a series of 

water/surfactant(s)/oil systems using different types of surfactants, and oils (hydrocarbon 

and polar) [103].  

HLB of the mixed surfactant systems at the mixed compositions (i.e., HLBmix) has been 

evaluated using the concept of Fu et al. [104]  

HLBmix = (mA HLBA + mB HLBB)/(mA+mB)                                                               (13) 
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where, mA and mB are the mass of surfactant A and surfactant B in the mixture, 

respectively. HLBA and HLBB are the hydrophilic-lipophilic balance of surfactant A and 

surfactant B, respectively.  

1.8.7. Effect of mixed surfactants 

In colloid and surface chemistry, there is a continuing interest in research on the 

supramolecular surfactant assemblies that include micelles, microemulsions, liquid 

crystals, monolayers, vesicles, etc., with mixed surfactants containing either combination 

of anionic/cationic or anionic/nonionic or cationic/nonionic or noinionc/nonionic 

surfactants and have been discussed in detail by numerous pioneering authors [43-45, 

105-108]. 

 When surfactants are added together in water in different proportions, several 

physicochemical properties of the mixed system compared to those of the single 

surfactant system, are changed due to the fact that there is a net interaction between the 

amphiphiles, i.e. due to non-ideal mixing. It is well known that many amphiphilic self-

assemblies and interfaces, biological or synthetic-based, consist of surfactant mixtures. 

The molecular structure of the surfactant (head group of different sizes and hydrocarbon 

tails with different chain lengths), cosurfactant with different lipophilicities, the presence 

of additives and co-solvents (viz. salt and polyethylene glycols etc.) and experimental 

variables (pH, temperature) can be manipulated in order to induce changes in interfacial 

activity and in intra- and inter-aggregate forces. The mixed system almost invariably 

yields enhanced interfacial properties (e.g. decreased CMC with  higher surface activity) 

with respect to the individual surfactants, in what is termed synergism [109-114].  

Mixed surfactant was found superior to the relevant single ones mainly due to the 

reduction in nonionic surfactant partition and/or sorption as well as the high 

solubilization capacity of the mixture. Decreasing loss of surfactant due to sorption and 

the greater apparent solubilization of the mixture will reduce the volumes of surfactants 

needed and thus the capital expenditure and operation cost [115]. The interaction between 

surfactants in mixtures can produce marked interfacial effects due to change in adsorption 

as well as in the charge density of the surface. In most cases, when different types of 

surfactants are purposely mixed, what is sought is synergism, i.e. the condition when the 

properties of the mixture are better than those attainable with the individual components 
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by themselves. Surfactant mixtures of practical interest include like-charge surfactants, 

for instance mixtures of anionic surfactants, or mixtures of cationic surfactants, but the 

more common case involves mixture of ionic and nonionic surfactants [116, 117]. The 

most popular advantage to ionic/nonionic surfactant mixtures is the fact that they result in 

temperature insensitive microemulsions [118]. Generally, ionic and nonionic surfactants 

behave oppositely with increasing temperature. Ionic surfactants show a hydrophilic shift 

with increasing temperature, while nonionic surfactants exhibit a lipophilic shift. 

Therefore, when two surfactants are mixed together in a particular ratio, these two effects 

will cancel each other, and result in formation of a temperature-insensitive 

microemulsion. Temperature-insensitive microemulsions having a large solubilization 

capacity, are very important not only because of their applications in different industrial 

fields, but also for basic studies in the surfactant science field. Earlier, Kunieda et al. [70] 

and Binks et al. [119] reported temperature-insensitive microemulsion in single 

water/sucrose monoalkanoate/hexanol/decane and mixed AOT/n-dodecyl 

pentaoxyethylene glycol ether (C12E5)/oil microemulsion, respectively. Very recently, 

Rio et al. [120] and Kundu et al. [72, 73] formulated temperature-insensitive 

microemulsion for mixed ionic/nonionic [(Aerosol-OT/cyclic ketal alkyl ethoxylate) and 

(CPC/Brij-58 or Brij-78 and SDS/Brij-58 or Brij-78)] surfactant systems in either 

hydrocarbon (Hp or Dc or isooctane) or polar lipophilic (IPM) oils, respectively.    

Mixtures of oppositely charged surfactants (i.e., anionic-cationic which also known as 

catanionic surfactant mixtures) usually exhibit large synergistic effects (i.e., mix non-

ideally). Mixing of oppositely charged surfactants reduces the monomer surfactant 

concentration in the solution (i.e., increase the surface activity). On the other hand, due to 

absence of electrostatic attractive interactions in mixture of like-charged surfactants, the 

effects (if any) is not expected to be as large as for a mixture of oppositely charged 

surfactants [121]. Mixtures of nonionic surfactants tend to behave ideally [122]. This 

means, no synergistic effect is to be expected in terms of the physicochemical properties 

(viz. solubilization behavior, cloud point etc.). A typical feature of the adsorption of ionic 

(anionic or cationic)-nonionic surfactant mixture is synergism or anti-synergism 

(antagonism) at the oil/water interface. For example, the adsorption of one surfactant is 

either enhanced or retarded by the addition of a small amount of the other (second) 
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surfactant. In many applications, surfactant mixtures often give rise to enhanced overall 

performance over single component systems [123-125]. Mixed surfactants could be 

employed over a wide range of temperature, salinity, and hardness conditions than the 

individual surfactants [126, 127]. Consequently,  surfactant mixtures are employed in a 

wide variety of practical applications such as surfactant enhanced aquifer remediation 

(SEAR), enhanced oil recovery (EOR), drilling mud formulation, detergency, and waste 

water treatment, to name just a few [128]. 

1.8.8.  Solubilization in microemulsions  

The term “solubilization” was first defined by McBain and Hutchinson [129]. According 

to them, solubilization is the increase in the solubility of an insoluble substance in a given 

medium. Nagarajan [130] defined the phenomenon of solubilization as an increase in the 

solubility of solvophobic substances in a solvent medium caused by the presence of 

amphiphilic aggregates. 

A unique feature of reverse micelles/microemulsion systems is their ability to solubilize a 

wide class of ionic, polar, apolar and amphiphilic substances. The existence of multiple 

domains in reverse micelles (e.g. apolar bulk solvent, the oriented alkyl chains of the 

surfactant, and the hydrophilic head group region of the reverse micelles) help to 

solubilize such a wide range of substances. Ionic and polar substances are hosted in the 

micellar core and apolar substances are solubilized in the bulk apolar solvent. Whereas 

amphiphilic substances are partitioned between the bulk apolar solvent and the domain 

comprising the alkyl chains and the surfactant polar heads, i.e. the palisade layer [131]. 

Earlier, Maitra and Patanjali [132] suggested that the surfactant monolayer of w/o 

microemulsion droplet can be used well as a model for biological membranes for studies 

of solubilization of extra-membraneous components from the solubilization study of 

cholesterol in the monomolecular hydrophobic shell of AOT reverse micellar droplet. 

Further, Silber et al. [133] described the methodologies that can be employed to obtain 

distribution constants of the solute between the surrounding solvent and the micellar 

interface. Solubilization of water in reverse micelles or w/o microemulsion systems has 

been found to be dependent on various factors such as the rigidity of the interfacial film, 

which in turn depends upon the size of the polar head group and hydrocarbon moiety of 
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the surfactant, the composition, the type of oils, the presence of electrolyte, the nature and 

valence of the counter ion, the temperature, etc. [134]. Kon-No et al. [135] first reported 

on the solubilization behavior of reverse micellar systems using surfactants such as 

dodecylammonium carboxylate, butyldodecyl dimethylammonium bromide, 

polyoxyethylene nonylphenyl ether, and sodium bis(2-ethylhexyl) sulfosuccinate (AOT) 

in organic solvents at different temperatures in both absence and presence of electrolytes 

of different charge types. Modification of the interface by blending of surfactants brings 

about considerable changes in the elastic rigidity of the interfacial film. Earlier studies 

with RMs involving more than one surfactant using solubilization, identified significant 

modification of the physicochemical properties of the interface and consequently, of the 

water structure in reverse micellar or w/o microemulsion systems in comparison to the 

corresponding single surfactant systems. These findings summarize that the effects of 

surfactant blending on solubilization and also, on other physical properties, are a direct 

consequence of mixing and physicochemical interactions in the interfacial film [136]. 

Earlier, Li et al. [137] investigated the influence of two typical additives, long chain 

organic molecule, bis(2-ethylhexyl) phosphoric acid (HDEHP) and inorganic electrolyte 

(NaCl) on the water solubilization capacity of AOT and NaDEHP in n-heptane solution. 

The effects of the variables (such as, additives, water content and temperature) on the 

water solubilization capacity and also, on structure of the oil/water interface were also 

been examined by measuring the electrical conductivity of these systems. Paul and Mitra 

[79] reported the solubilization of water and its mechanism, microstructure in  absence or 

presence of additives of different types in mixed RMs with anionic surfactant (AOT) and 

nonionic surfactants (Brijs, Spans, Tweens, Igepal CO 520), a double chain cationic 

surfactant (DDAB)–nonionic surfactants (Brijs, Spans, Igepal CO 520), and nonionic 

(Igepal CO 520)–nonionics (Brijs, Spans) in oils of different chemical structures and 

physical properties (isopropyl myristate, isobutyl benzene, cyclohexane). Synergism in 

water solubilization was observed in most of these systems and depended upon nonionic 

surfactant type, composition, additive and its content and oil. Results were compared 

with conventional linear hydrocarbons and also, reported that chemical structures of the 

oils play a decisive role to influence the above parameters. Further, Mitra and Paul [83] 

reported the effect of NaCl and temperature on the water solubilization behavior of mixed 
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AOT and nonionic surfactants (Brij-30, Brij-35, Brij-52, Brij-56, Brij-58, Brij-76, 

Tween-20, Tween-40, Span-20, Span-40, Span-60, Span-80) reverse micellar systems in 

IPM oil. Liu et al. [138] reported on the solubilization of water and/or aqueous NaCl 

solution in mixed reverse micellar systems formed with anionic surfactant (AOT) and 

nonionic surfactants (Brij-30, 52, 56 and 58) in cyclohexane, n-hexane, n-heptane, n-

octane and iso-octane oils.  

In a recent study, Das et al. [136] showed that mixed AOT/polyoxyethylene (5) 

nonylphenyl ether (Igepal-520) at different proportions, cyclohexane (Cy) systems 

exhibit a considerable synergism in the water solubilization capacity; where 

solubilization capacity initially increased with increasing Igepal content to pass through a 

maximum and beyond which it decreased. Very recently, Kundu and Paul further 

reported the solubilization  of  water  in  mixed  RMs  comprising  AOT and nonionic 

surfactants (viz.Tween-85, Tween-80, Span-85) at  different  compositions of Xnonionic in  

polar  lipophilic  oils  of  different  chemical  structures:  viz.,  ethyl  oleate  (EO),  

isopropyl  myristate  (IPM)  and  isopropyl  palmitate  (IPP) at  303  K [81].  

 

1.8.9. State of water in the water pool of reverse micelles or w/o 

microemulsion systems  

Typical water-in-oil (w/o) microemulsions or reverse micelles (RMs) consist of 

nanoscopic water pools dispersed in a nonpolar solvent confined by surfactant 

monolayer. The water molecules solubilized in the interior of the water pool have 

properties different from those of bulk water [139]. This makes the systems potentially 

useful for various technological applications [140] and biologically important systems 

[[141, 142]. The physicochemical properties of the confined water has been found to be 

strongly dependent on the chemical nature of the dispersant phase (oil), surfactant, 

cosurfactant and also on the hydration level of the w/o microemulsions (ω = 

[surfactant]/[water]) [143-145]. 

State of water in the water pool in AOT based reverse micellar systems have been 

investigated by several workers [143, 146-150] using different techniques like NMR, 

ESR, FT-IR, Raman, fluorescence and near infrared spectroscopy, and differential 
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scanning calorimetry (DSC). According to these reports, mainly four types of water are 

present in reverse micelle; free water (dispersed among the long hydrocarbon chain of 

surfactant molecules), anion bound (the hydration site of head groups of the surfactant 

molecules), bulk like and cation bounded. The nature of solubilized water is strongly 

dependent on . In contrast to AOT (anionic surfactant), report on the state of solubilized 

water in CTAB (cationic surfactant) stabilized system is scarce [151].  

Water induced alterations in the structure of reverse micelles and w/o microemulsion are 

reported in literature [152, 153]. The solubilization of water in surfactant aggregates has 

been described in three steps: (i) hydration of the headgroup, (ii) swelling of the 

microemulsion droplets and (iii) phase separation. All these steps have been reported to 

be endothermic and gain in entropy has been found to be the driving force for 

solubilization [154]. Several authors have investigated the energetic state of water in 

reverse micelles from calorimetric measurements. [155, 156].  Very recently, nature of 

confined water in mixed RMs (viz. anionic/nonionic, nonionic/nonionic and 

cationic/cationic systems) has been explored by several authors [136, 145, 157-159].  

1.9. Characterization of microemulsions 

Microemulsions are technologically important complex fluids. In many applications, they 

are required to accommodate functional additives such as drugs, polymers, and 

nanoparticles, which increase the complexity of the systems further. Due to their 

complexity, namely different types of structures and components involved in these 

systems, as well as the limitations associated with each technique, the characterization of 

microemulsions is rather a difficult task. Multiple complementary techniques are required 

in order to understand and also to manipulate microemulsion behavior. Recent advances 

in analytical techniques as well as theoretical models have allowed observation of the 

nanoscale morphology of different microemulsion forms of increasing complexity at ever 

greater resolution [4]. At the same time, there is increasing interest in the study of 

dynamic processes within microemulsions using scattering techniques as well as 

techniques such as fluorescence correlation spectroscopy and ultrafast IR spectroscopy. 

Some of these techniques, starting from phase behavior to Electron microscopy are 

presented, in brief, to identify and characterize microemulsions in the following section 

[17].  
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Phase behavior of microemulsions 

Phase studies are inevitable for the basic understanding of general phase behavior and 

kinetics of the structural changes of a system. This is not only of fundamental interest but 

also is very important for industrial and technological processes. Phase diagrams for 

microemulsions are quite complex since there are at least three components; water, oil 

and surfactant. These structured fluids have a readily deformable surfactant interface, 

which bend either towards water or oil or both. Formulation of microemulsion phases can 

be difficult since microemulsions often coexist with other phases such as excess oil 

and/or water, and are often too close to lyotropic liquid crystalline phases. A map of the 

locations of different phases in composition space is known as a “phase diagram” of 

microemulsions [160]. A pictorial representation of “phase diagram” (as a model) 

considering different phases in composition (of water, surfactant and oil mixtures) has 

been depicted in Fig. 8.  

 

Figure 8. Pictorial representation of “phase diagram” of water, surfactant and oil 

mixtures. 

The phase behavior of microemulsions depends on chemical structures of oils and 

surfactants, temperature, pressure and additives such as salt and polymers etc.. The 

“phase behavior” is essential in the study of surfactant systems. Earlier, Moulik and 
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coworkers [161-164] carried out extensive studies on phase behavior of systems 

containing surfactant, cosurfactant, oil and water using a three dimensional (Gibbs 

triangle) or tetrahedral representation. The ingredients used were Brij-92 

[polyoxyethylene (2) oleyl ether], Brij-52 [polyoxyethylene (2) cetyl ether], Brij-30 

[polyoxyethylene (4) lauryl ether], and Tween-20 [polyoxyethylene sorbitan 

monolaurate] as surfactants, and ricebran, isopropyl myristate (IPM), eucalyptus, coconut 

as oils. Phase volumes of the heterogeneous combinations were estimated to understand 

the mixing efficiency of the combinations. The effect of temperature on these volumes of 

multiphasic compositions was also investigated. In addition, the effect of additives of 

different types (viz. sodium chloride, bile salts and urea) on the physicochemical 

characteristics of these systems was examined. In tune with these studies, Paul and his 

coworker [165-169] reported phase characteristics of plant oils (saffola, eucalyptus, and 

clove oils) derived microemulsions. Further, Sjoblom et al. [170] reviewed the progress 

in understanding of the microemulsion structure on a molecular level as well as from 

extensive experimental studies of phase diagrams of both ionic and nonionic surfactants. 

In the contribution of Hellweg [171], new developments in the investigation as well as 

understanding of complicated phase behavior and the fascinating microstructures in 

microemulsion forming systems, were outlined. Very recently, several authors reported 

the phase diagrams of the multicomponent microemulsion systems comprising four or 

five components, single or mixed surfactant(s), cosurfactant, oil and water at different 

physicochemical conditions. [167, 172-182]. Actually, classical phase studies accomplish 

key importance for the understanding of microemulsions, especially when combined with 

refined structural investigations. Latest studies of this type yield an improved 

understanding of the solubilisation of triglycerides, a topic that had been addressed for a 

long time and where the solubilisation performance of typical detergents is far from being 

satisfied. In these studies, triglycerides of various chain lengths were compared 

systematically with respect to their phase behaviour [183]. An interesting extension far 

from normally employed nonionic microemulsions was shown to occur for catanionic 

surfactants, which typically form unilamellar vesicles under water-rich conditions. For a 

ternary surfactant system comprising  octylammonium octanoate /octane/water,  it was 

reported by combination of a careful phase study complemented by means of 
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conductivity, light scattering and SANS measurements, that at low water content W/O 

microemulsions are formed, where the sphere-cylinder transition and the branching of 

rod-like aggregates depend on the concentration of surfactant, the surfactant/water ratio, 

and temperature [184]. 

 

1.9.1. The Schulman’s cosurfactant titration at the oil/water interface (Dilution 

method) 

It is considered that in the formation of water-in-oil (w/o) microemulsion using a blend of 

surfactant/cosurfactant (amphiphiles), all the surfactant molecules reside at the interface 

and the cosurfactant molecules are distributed between the bulk oil and the interface 

depending upon their solubility in water. At fixed water to surfactant composition, a 

threshold amount of cosurfactant is required for the formation of stable microemulsion, 

and the size of the dispersed droplets in the dispersion is controlled by the cosurfactant 

composition. Although direct determination of cosurfactant distribution between the 

interfacial plane and the bulk oil is difficult [185], reports are available in literature using 

techniques, like SANS, SAXS and DLS [186, 187], conductivity [188], interfacial tension 

[189].  To understand chemical reactivity of a single or mixed species either inside the 

water pool or at the interface of a quaternary w/o microemulsion, the detailed knowledge 

on (i) interfacial composition such as relative population of surfactant and cosurfactant at 

the oil/water interface, (ii) the distribution of cosurfactant between the interface and bulk 

oil phase vis-à-vis the thermodynamics of this transfer process of cosurfactant, (iii) the 

number and the size of the droplets and (iv) physicochemical characteristics of the 

entrapped water, are essential. These parameters are strongly influenced by the type and 

alkyl chain length of oil and the amphiphiles (surfactant or cosurfactant) [188]. All these 

parameters [except (iv), which can be determined from Fourier transform infrared 

spectroscopy and FTIR measurements] [145], can be evaluated (without using 

sophisticated instruments) from the dilution method which is a pioneering work of 

Bowcott and Schulman [190]. This simple but elegant method is accomplished by adding 

oil at a constant water and surfactant level to destabilize an otherwise stable w/o 

microemulsion and then restabilizing it by adding a requisite amount of cosurfactant 
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(alcohol). For these reasons, the dilution method (which is commonly represents the 

Schulman’s cosurfactant titration of the oil/water interface) has been widely used by a 

number of workers to estimate the parameters involved in the transfer of alcohol from the 

bulk oil to the interface [72, 73, 173, 191-205]. The method provides an understanding of 

the interfacial compositions of surfactant and cosurfactant as well as distribution of the 

cosurfactant between the interface and oil, and can quantatively account for the 

thermodynamic stability of microemulsion. The mathematical model based on the 

dilution method and the evaluation of corresponding parameters. has been discussed in 

details in subsequent chapters.  

Furthermore, dilution method has its own background in the development of interfacial 

science research for w/o microemulsions. During 1982 to 1987, reports on exploring the 

dilution method were due to Birdi et al. for water/SDS/pentanol/benzene microemulsion 

[192], Singh et al. [206] followed by Kumar et al. for water/CTAB/2-ethyl-1-

hexanol/pentane or hexane or heptane microemulsions, respectively [193] and Verhoecku 

et al. [207]. Pithapurwala and Shah [208] affirmed modified Schulman-Bowcott model 

for the evaluation of interfacial composition of oil-external microemulsion formed with 

sodium stearate, pentanol, brine, and linear hydrocarbons (with >C10, viz. decane, 

dodecane and hexadecane) as oils. Moreover, it was reported that the molecular packing 

was highest at the optimal salinity which corresponded to maximization of molar ratio of 

alcohol to surfactant at the oil/water interface. Later on, Singh et al. [194] investigated 

the influence of chain length of alkanes (pentane to heptane and benzene) as oil and 

amine (n-alkylamines and cyclohexylamine) as cosurfactant on water solubilization 

behavior of cationic microemulsions (CTAB and CPC) from dilution experiments. Gu. et 

al. [209] performed calorimetric investigation on the partition of n-pentanol (Pn) between 

external oil phase (heptane, Hp) and the interfacial layer of the w/o microemulsion, 

sodium dodecyl benzenesulfonate (DDBS)/Pn/Hp/water. The results showed fine changes 

in the structure of water-in-oil emulsion and the microemulsion droplets. Further, the 

alcohol/surfactant mole ratio in the interfacial layer of the droplets, and also, the standard 

thermodynamic functions of alcohol transition from the external phase to the interface 

were derived from calorimetric data. During analysis of these results, a criticism on the 

basics of dilution method or the relationships used in the dilution method was put 
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forwarded by him. It was reported that the calorimetric investigation adopted by Gu and 

coworkers provides an improved results compared to the results obtained from dilution 

method in 1998. However, in the following year, Moulik et al. [210] investigated two w/o 

microemulsion systems; water/cetylpyridinium chloride (CPC)/alkanol (1-butanol, 2-

butanol, 2-methyl-1-butanol, 1-pentanol and 1-hexanol)/alkane (C6 and C7) and same 

microemulsion system (as adopted by Gu et al. [209]) at various temperatures by the 

dilution method, in order to collect additional data for the sake of comparison and 

interpretation. According to the authors, the dilution method was found to be sound and 

useful for the understanding of the interfacial compositions of surfactant and cosurfactant 

as well as the distribution of the cosurfactant between the interface and bulk oil phase. 

Further, it was demonstrated that the equations involved in both the methods were, in 

fact, identical and that the criticism of Gu et al. [209] was incorrect. Later, a series of 

papers on w/o microemulsion systems have been reported by employing the dilution 

method. Digout et al. evaluated thermodynamic properties and structural characteristics 

of w/o microemulsions comprising water/CPC/alkanols (C4-C6)/alkanes (C8 – C10) by the 

dilution method  [195]. In this vein, Hait and Moulik [196] introduced a polar 

amphiphilic (biocompatible) oil, isopropyl myristate (IPM) for the formulation of w/o 

microemulsions based on surfactant of different charge types, CPC, 

cetyltrimetylammonium bromide (CTAB) and SDS with 1-butanol as cosurfactant along 

with the evaluation of structural parameters at different physicochemical environments 

and the results were analyzed using the dilution method. Further, Bayrak [211] reported 

stable microemulsion system using nonionic surfactant Triton X-100 and Triton X-405 

with the variation of cosurfactant chain length (C5OH and C7OH) and oil topology 

(hexane, heptane, octane, decane and benzene) in 2004. As dilution method proposed by 

Bowcott and Schulman [190] is a simple and inexpensive method which is accomplished 

by dilution with oil and subsequent titration with cosurfactant up to the onset of 

microemulsion formation, doubts are often expressed on the reliability of data obtained. 

In the same year, Palazzo et al. [212] published a paper entitled, “Does the Schulman’s 

titration of microemulsions really provide meaningful parameters?.” The interfacial 

compositions of CTAB/n-hexane/1-pentanol/water w/o microemulsion system were 

measured using the dilution method and found satisfactory agreement with high accuracy 
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with those obtained by using the pulsed gradient spin-echo NMR (PGSE-NMR) 

technique. They further pointed out that this method has applications in scattering and 

diffusion studies, because it provides extrapolation to single-particle properties by 

reducing inter-particle interactions of the microemulsions without changing its 

composition. Further, the same system with high concentration of Pn was investigated to 

underline its influence on phase equilibria and mesophase structure using the dilution 

method and PGSE-NMR technique [213]. It is worthy to mention that Abuin et al. 

employed UV-Visible spectroscopy as a tool for titration experiment involved in the 

dilution method for characterization of various microemulsion systems in 2004  [214]. In 

the following years, Zheng et al. extended the field of the dilution experiment for 

characterization of Gemini surfactant based microemulsion, C12-s-C12 or C12-OEx-C12/n-

hexanol/n-heptane (wherein s and x signify the number of spacer (CH2) and oxyethylene 

group (OEx), respectively ) for the first time  [198, 199]. In 2006, the applicability of the 

dilution method on mixed cationic-nonionic surfactant microemulsions, CTAB/Brij-58/1-

butanol (1-pentanol)/heptane (decane) was first reported by Paul and coworkers [173]. 

Subsequently, Paul et al. investigated water (or, aqueous NaCl)/oil (decane and 

dodecane) microemulsions stabilized by anionic (SDS), cationic (CPC) and nonionic 

[polyoxyethylene (23) lauryl ether, Brij-35] surfactants and 1-pentanol (Pn) as 

cosurfactant  [200]. During the period 2006-2007, a series of papers were reported by 

Moulik et al. on the investigation of interfacial composition, thermodynamic properties 

and structural parameters of w/o microemulsions stabilized by anionic and cationic 

surfactants (alkyltrimethylammonium halide or alkylammonium bromide and its mono-, 

di-, and trihydroxyethylated head group analogues) and linear chain alkanols (viz. C4OH 

to C9OH) as cosurfactants using heptane, isooctane and isopropyl myristate (IPM) as oils 

by the dilution method [197, 203, 204]. Wang et al. [215] investigated the effect of 

cosurfactant of different types with linear and branched chains (viz., n-butanol, n-

pentanol, iso-pentanol, n-hexanol, n-octanol) on the formation of diesel oil 

microemulsions, water/cetyltrimethylammonium chloride (CTAC)/alkanol(s)/diesel oil. 

The interfacial composition and thermodynamic properties of these microemulsions were 

investigated by the dilution method. It is interesting to note that under identical 

physicochemical conditions, n-octanol is more suitable cosurfactant than the others in 
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forming w/o diesel oil microemulsions. In 2009 and onwards, another group led by Panda 

and his coworkers [201, 202] investigated formation of w/o microemulsions stabilized by 

cationic (CnTAB, where n stands for 10, 14, 16), nonionic (Tween-20, sorbitan 

polyalkanoates of different alkyl chain lengths) surfactants, 1-butanol and 1-pentanol as 

cosurfactants and heptane as oil by the dilution method. Since 2006 Paul and his 

coworkers published a series of papers on interfacial surfactant/cosurfactant 

compositions, structural and thermodynamic parameters of mixed cationic or anionic-

nonionic surfactant microemulsions at different physicochemical environments by 

employing the dilution method [72, 73, 173, 200, 216].  During a decade, the formulation 

of microemulsions has been pursued with an ionic liquid (IL) as a substitute of water or 

oil or as an additive (aqueous), because of their proposed environmentally-benign nature 

with many unique and attractive properties. The objective of these studies was to 

combine a nanostructure of a microemulsion with the unique properties the ILs [217-

221]. The first report on the investigation on the formation of w/o microemulsions 

involving surfactant-like IL, 1-alkyl-3-methylimidazolium bromides/alcohol/alkane/water 

(brine) by the dilution method is due to Chai et al. [222]. Subsequently, a series of papers 

were published on the investigation of IL-based microemulsion systems by the dilution 

method  by Chai et al. [223], Moulik et al. [180], Panda et al. [224], Kar et al. [216], and 

Wang et al. [225]. 

1.9.2. Electrical conductivity 

Electrical conductivity is a structure-sensitive property. Nevertheless, the results obtained 

from conductivity study do not provide a straightforward picture of the microstructure of 

microemulsions, but transition from water continuous to oil continuous microemulsion 

can easily be obtained from such measurements, since water continuous formulation (o/w 

microemulsion) usually shows higher conductance than the oil-continuous formulations 

(w/o microemulsion) [4]. The low conductance in dilute w/o microemulsion has been 

explained on the basis of charge fluctuation model [226, 227]. Further, for the w/o 

microemulsion systems, transition from discrete droplet structure to connected droplet or 

bicontinuous structure can be envisaged from sharp increase in conductance value (100-

1000 times increase) with increasing volume fraction of the polar solvent or temperature. 
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Such phenomenon is called “conductance percolation”. The concept of conductance 

percolation is governed by scaling laws [160].  

 

Figure 9. Typical volume and temperature percolation diagrams. The procedure for 

getting Φt  and  θt are indicated by arrow heads in the diagrams [160]. 

 

Two types of percolation phenomenon have been recognized, viz. “static percolation” 

[228, 229] in which a connected droplet network can be assumed; “dynamic percolation” 

[230, 231] in which droplets can approach their neighbors by diffusion and transfer 

charge to augment sharp rise in conductance. Such a conductance manifestation can 

occur after a threshold dispersant concentration at a constant temperature (called the 

volume-induced percolation) as well as after a threshold temperature at a constant 

dispersant concentration (called the temperature-induced percolation).  

The enhancement in conductance can be attributed to two probable mechanisms, namely 

the “hopping” of ions from droplet to droplet beyond a threshold volume fraction of the 

dispersed phase is reached [232, 233] and/or by exchange of droplet contents during 

droplet collision known as “transient-fusion-mass transfer-fission” mechanism [137, 234-

236]. Mays [237] suggested that the “transient-fusion-mass transfer-fission” process 

plays the major role in conductance percolation than the hopping mechanism. Over the 

past decade, a number of studies were carried out on the effects of experimental 

conditions on the electrical conductivity of single and mixed surfactant reverse micelles 

based on hydrocarbon and polar lipophilic oils in absence and presence of additives of 

different physicochemical properties by several researchers [81, 191, 238-249].  
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Bumajdad et al. [112, 250] measured the electrical conductivity of D2O-in-n-heptane 

microemulsions stabilized by cationic/nonionic surfactant mixtures (DDAB, and either 

the CIEJ non-ionic surfactants, or polymeric nonionic surfactants of the type PEO-PPO-

PEO, Pluronic®) as a function of D2O content, surfactant concentration, and surfactant 

mixture composition.  

Liu et  al. [138, 251, 252]  reported  that  that  the  molecular  volume  as well as 

configuration  of  solvent  molecules  has  significant  effect  on  the  conducting  

properties  of  AOT/Brijs/linear  or  cyclic  hydrocarbon  oil(s). Mitra and Paul [253-256] 

published a series of papers on the effects of water content, micelle concentration, 

content of nonionic surfactant on the temperature-induced percolation of conductance of 

AOT + Brij-56 or Brij-58 mixed RMs in IPM ( a polar lipophilic oil) in absence and 

presence of additives of various types with different physical parameters or interfacial 

properties. Moreover, Paul and Maitra investigated [79] the conductance behavior of 

mixed RMs comprising anionic surfactant (AOT) and nonionic surfactants (Brijs, Spans, 

Tweens, Igepal CO 520), cationic surfactant (DDAB)–nonionic surfactants (Brijs, Spans, 

Igepal CO 520), and nonionic (Igepal CO 520)–nonionics (Brijs, Spans) in oils of 

different chemical structures and physical properties (isopropyl myristate, isobutyl 

benzene, cyclohexane) focusing on the influences of water content (ω), content of 

nonionics (Xnonionic), concentration of electrolyte ([NaCl] or [NaBr]), and oil.  

The effect of temperature on conductance has three distinct stages (pre-percolation, 

percolation and post-percolation). Interfacial deformation, fusion, mass transfer, and 

fission models were considered by different authors to rationalize the clustering process 

for percolation of conductance in terms of activation energy, Ep/kJ mol-1. In general, Ep 

depends on two different contributions: the electrostatic interactions among the charged 

droplets and an attractive interaction resulting in the interdigitation of the surfactant tail 

and the solvent molecule, whose effect should depend on the distance between the 

particle surfaces [191, 247].  

Although, it is known that percolation is clearly related to rigidity of the surfactant film, 

there is no single consistent theoretical model to predict the influence of additives, so 

possibility of developing a simulation tool become quite interesting. Artificial Neural 

Networks [ANNs] are a complete mathematical tool for data analysis which try to 
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reproduce artificially the human ability of taking decisions simulating the human brain’s 

basic unit, the neuron, and the interconnections between the neurons that allow them to 

work together and save experience’s information [257, 258]. Mejuto and coworkers 

published a series of papers in order to predict the percolation threshold of AOT-based 

microemulsion systems in presence of different inorganic (salts) and organic additives 

(organic molecules) by using ANNs architectures. ANNs were implemented for the 

prediction of temperature induced percolation threshold (Tp) for AOT/isooctane/water 

microemulsions in presence of different electrolytes [259]. A perceptron multilayer ANN 

with five entrance variables (ω value of the microemulsion, additive concentration, 

molecular weight of the additive, atomic radii and ionic radii of the salt components) was 

used. All the electrolytes resulted an increase in the temperature percolation threshold 

(Tp). The results revealed a clear and logical trend within the chloride series, which was 

rated by increasing effect on Tp in the order: HCl < LiCl < NaCl = KCl < RbCl < CsCl, 

the effect of NH4Cl was similar to that of NaCl. By contrast, no clear trends was emerged 

among the various salts sharing a common cation; sodium salts. Whereas, divalent 

cations as Ca2+ in CaCl2 showed a strong effect on Tp. The best ANN architecture 

consists in five input neurons, two middle layers (with eleven and seven neurons, 

respectively) and one output neuron. In continuation of above study, Mejuto and 

coworkers reported on the impact of small organic molecules (ureas and thioureas as 

additives instead of salts) upon electrical percolation of AOT/isooctane/water 

microemulsions using ANNs [260]. In this report, different possible entrance variables 

(viz. critical volume of the molecules, molecular weight, water solubility, logP and 

concentration of additives) of ureas and thioureas as additives, were assayed. Finally, 

three variables, viz. additive concentration, logP and ω value were used for the best 

prediction of Tp. It was suggested that the new ANNs is simpler than that of previous one 

developed for the salt as additives. Further an attempt was made by Mejuto and groups to 

obtain a model to predict the influence of a large family of molecules (n-alkyl-acids) on 

Tp of AOT/isooctane/water microemulsions by employing ANNs [261]. In particular, 

different ANNs architectures were assayed to predict Tp in presence of n-alkyl acids with 

a chain length between 0 and 24 carbons, using a multilayer perceptron with five easy-

acquired entrance variables (number of carbons, logP, length of the hydrocarbon chain, 
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pKa and acid concentration). Very recently, Mejuto  and co-worker [262] reported a 

series of models, based on ANNs, of the temperature induced percolative behaviour of 

AOT/isooctane/water microemulsions in the presence of crown ethers as additives. Input 

variables, related to the chemical structure of crown ethers and their packing at the 

surfactant film, were selected. As a result, a model was chosen with a good forecast 

capability for percolation threshold of such microemulsions. In sum, ANNs have been 

found as an useful tool in order to predict percolation temperature of microemulsion 

systems, as long as error in predictions fits perfectly in the range of experimental error 

while determining Tp. Despite these achievements, authors concluded that design of a 

better and less specific model to predict the influence of different kinds of additives in a 

generous way, still remains far away. 

1.9.3. Viscosity measurement 

The viscosity of a solution can give first hand information on its internal consistency; in 

case of macromolecular solutions and colloidal dispersions, an understanding of the 

overall geometry of the dispersed entities can as well as be obtained. In the field of 

application, fluidity of a medium plays an important role. For localized applications, low 

fluidity is wanted; whereas for solubilization, spreading and reaction study, it is 

advantageous to have high fluidity. The knowledge of colloidal dispersions (e.g., micelles 

or microemulsions) thus enjoys both fundamental and application importance.  

Microemulsions have varied flow behaviors, for example, lamellar (Newtonian) and non-

lamellar (non-Newtonian). Low viscous microemulsions show Newtonian behavior. The 

Winsor-III and the bicontinuous types are usually non-Newtonian in nature and they can 

show plasticity [263]. The viscous properties of microemulsions depend on the type, 

shape and number density of aggregates present, as well as the interactions between these 

aggregates. The phenomenon of percolation in microemulsion is associated with droplet 

clustering and fusion, i.e. internal structure changes and hence, it is reflected in viscosity. 

A pronounced similarity in the behavior of self-diffusion, specific conductivity and 

viscosity of sodium bis(2-ethylhexyl) sulfosuccinate (AOT)/isooctane/water 

microemulsion was reported by Eicke et al. [264]. The increase in viscosity with 

temperature has been attributed to the phenomenon of increased clustering of the droplets 

[265]. The structural inversion from w/o to o/w type of microemulsion is reported from 
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viscosity measurement [266]. Paul et al. [267] critically reviewed the viscosity behaviors 

of microemulsion systems with reference to internal structure, data correlation, flow 

patterns, additive influence etc. from the view point of applications (viz. nanoparticle 

synthesis, reaction medium etc.). Several authors reported that viscosity measurements 

can contribute significantly in understanding of the inter-micellar interaction in single as 

well as mixed surfactant microemulsion systems [52, 113, 158, 181, 268-272].  

1.9.4. Light scattering techniques 

Among the light scattering techniques, dynamic light scattering (DLS), also known as 

photon correlation spectroscopy, can be used to analyze droplet size of microemulsion 

via determination of hydrodynamic radius, which can be extracted from measurements of 

the diffusion constants of diluted dispersed phase (droplets) undergoing Brownian motion 

[4]. This technique provides the determination of z-average diffusion coefficients (D). If 

interparticle interaction is assumed to be absent in a system, the hydrodynamic radius of 

particles (droplets) (dh) can be obtained from the Stokes-Einstein equation:  

D = kBT/6 dh                                                                                                  (14)   

where, kB is Boltzmann constant, T is absolute temperature,  is the viscosity of the 

medium. The DLS technique is useful to characterize size and size distribution of 

microemulsion droplets, as it monitors the collective diffusive motion in colloidal 

structured systems, provided simple diffusion is the sole mechanism responsible for the 

variation of the scattered intensity [[269, 273]. Polydispersity index (PDI) is another 

important parameter for evaluation of measurement from DLS experiment. The ratio 

SE/dh, where SE is the standard error in dh, is called PDI [274]. For a mono-dispersed 

sample, the PDI value is taken to be less than 0.08; whereas the value ranges from 0.08-

0.7 is considered as a mid-range polydispersity [249. Several authors have significantly 

contributed to the understanding of various interactions in the microemulsion droplet core 

by measuring the droplet size [248, 249, 269, 275-278].  

The interaction between droplets can be investigated by employing Static Light 

Scattering (SLS) technique, where the intensity of scattered light is generally measured at 

various angles for different concentrations of microemulsion droplets. At sufficiently low 

concentrations, the Rayleigh approximation is used provided the particles are small 

enough [279].  Warisnoicharoen et al. [280] investigated the structure of dilute 3-
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component nonionic oil-in-water microemulsions formulated with either a 

polyoxyethylene surfactant (C18:1E10 or C12E10) or the alkylamine-N-oxide surfactant, 

DDAO (C12AO), and a triglyceride or an ethyl ester as oil using static light-scattering 

technique.  

Earlier, Liu et al. [138, 251, 252] reported the droplet size of reverse micelles formed by 

AOT-Brij mixed surfactants in hydrocarbon oils. Very recently, Das et al. [136], Fanun et 

al. [41] and Kundu et al. [81, 82] also measured the droplet diameter of mixed anionic or 

cationic or nonionic/nonionic microemulsion systems stabilized in hydrocarbons and 

polar lipophilic oils.   

1.9.5. Neutron and X-ray scattering techniques 

In small angle neutron scattering (SANS), neutrons from a reactor source are scattered by 

the atomic nuclei of the sample. An advantage of the use of neutrons is that neutrons are 

non-destructive compare to X-rays, and hence, radiation damage rarely occurs in a 

neutron based experiment. On the other hand, the relatively slow data acquisition times 

and requirement of a powerful neutron source for neutron scattering experiments limits 

their applicability in the study of dynamic phenomena [4]. SANS provides relevant 

information about structure of microemulsions [268, 281-284]. Normal hydrogen and 

deuterium have significantly different scattering lengths. Thus scattering contrast 

between heavy water and hydrocarbon is very high. By varying the contrast and even 

matching the contrast between different components of a mixture, selective portions can 

be highlighted. By matching the scattering length densities of water and oil, structure of 

both droplet-type and bicontinuous microemulsions can be established [285, 286].  

Radiation wavelength of X-rays (1-10 Å) is smaller than the typical structural length 

scale in microemulsion. Thus, small angle scattering with X-rays can be very useful to 

determine the size and shapes of microemulsion droplets from the magnitude and angular 

dependence of the scattered intensity [181, 248, 287]. Using synchrotron radiation 

sources, information about a wide range of systems can be obtained with this technique, 

including those systems in which the surfactant molecules are poor X-ray scatterers 

[288].  

Earlier, Bumajdad and his coworkers [289-291] summarized the effects of surfactant 

blending on microstructural properties (e.g., size and shape) as a direct consequence of 
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mixing and physicochemical interactions in the interfacial films using SANS technique. 

The structure and surfactant film composition of water-in-n-heptane microemulsions 

stabilized by DDAB/C12E5 mixture were studied by Giustini et al. [292] [using SANS 

technique. In another study, Bumajdad et al. [293] also reported the structure of and film 

properties of a zwitterionic surfactant-alcohol stabilized microemulsion system by SANS 

technique. Very recently, the physicochemical behavior of the mixed surfactant system 

consisting of a ionic surfactant AOT, and the two-tailed cyclic ketal alkyl ethoxylate (2-

tridecyl, 2-ethyl-1,3-dioxolan-4-yl) methoxy]-O′-methoxy poly(ethylene glycol)], or CK-

2,13, in water/isooctane microemulsion systems, was investigated by SANS to 

understand the arrangement of the two surfactants at the interface vis-à-vis the behavior 

and properties of the microemulsion systems to enable applications [281]. Kljajic et al. 

[181] also studied the structural aspects of water-in-heptane microemulsions stabilized by  

mixed AOT/sodium bis(amyl) sulfosuccinate (DAS) using small-angle X-ray scattering 

(SAXS) technique. Fanun [271] also reported the size, shape, and internal structure of 

colloidal particles using SAXS technique for understanding of the microstructure 

parameters (i.e. periodicity, and correlation length) of the water + propylene glycol/mixed 

nonionic surfactants/peppermint oil + ethanol and water/sucrose laurate/ethoxylated 

mono-di-glyceride/R (+)-limonene U-type microemulsions. 

1.9.6 Spectroscopic probing techniques 

Several spectroscopic techniques have been used to study different aspects of structures 

and properties of microemulsions. The absorption and steady-state emission spectroscopy 

of probe molecules solubilized in a microemulsion system can probe the polarity of the 

microemulsion at their solvation location [295]. Chemiluminescence techniques have also 

been employed to study transitions between polar and non-polar environments in 

microemulsion systems. Time-resolved emission spectroscopy provides the information 

about the dynamics and rotation relaxation of solvent in microemulsions [295-297]. In 

particular, fluorescence lifetime measurement is a highly sensitive method where the 

lifetime of a fluorophore can alter in response to changes in the conformational state of 

the probe molecules or in response to the interaction with local environment in 

microemulsion systems [298]. The steady-state anisotropy or polarized fluorescence 

study provides a simple means of monitoring the processes, in which the microstructure 
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of the microemulsion is affected in some way [298]. Further, the anisotropy is considered 

as an index of the microviscosity or rigidity in the microenvironment of the probe [299]. 

In addition, fluorescence correlation spectroscopy (FCS), which may be considered as a 

miniaturization of DLS, measures the tiny spontaneous fluctuations in fluorescence 

intensity of molecules in a very small volume (spot), and quantifies it by temporarily 

auto-correlating the recorded intensity signal to obtain the variation in local concentration 

of fluorescent species and hence, their diffusion coefficient [300]. This technique is an 

excellent tool for measuring molecular diffusion and size of microemulsion droplets 

under extremely dilute conditions. In recent experiments, FCS technique has been shown 

to be applicable to microemulsion systems, where for the w/o AOT system from the 

diffusion times hydrodynamic radii were determined which compared well to the values 

obtained in parallel by SANS [301].  

Earlier, absorption and emission spectroscopic studies of fluorescein dye in 

water/AOT/heptane microemulsion media (w/o type) were reported by Biswas et al. 

[302]. It was reported that the spectral behavior of a flurophore (fluorescein) can help to 

identify the threshold composition between bound and free water in the microwater pool 

of water/AOT/heptane (w/o) microemulsion medium.  Moulik and coworker estimated 

the pH of the oil/water interface and the interior of the water pool for water/AOT/heptane 

or decane microemulsions in absence and presence of butanol (cosurfactant) by the 

absorption and emission characteristics of probe molecules (7-Hydroxycoumarin and 1-

Hydroxypyrene-3,6,8-trisulfonate) [303]. Paul and coworker investigated [304] on the 

characteristic features of the interface of water/AOT/Brij (Brij-30 or Brij-35 or Brij-56 or 

Brij-58 or Brij-76 or Brij-78)/isooctane mixed reverse micelles with the help of 

spectrophotometric studies using 7-hydroxycoumarin (HCM) as the fluorophore. 

Absorbance study showed that the HCM molecule resides in an identical pH environment 

for both AOT/isooctane and AOT/Brij/isooctane systems. However, based on the 

fluorescence data, authors concluded that with decreasing chain length of the 

hydrophobic moiety of the nonionic surfactants, the interface of mixed reverse micelles 

becomes continuously tinny. Recently, Gao and coworker [305] reported the 

micropolarities of bmimBF4/TX-100/toluene, ionic liquid (IL)/oil (O) microemulsions by 
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UV-Visible spectroscopy using methyl orange (MO) and methylene blue (MB) as 

absorption probes. The results indicated that the polarity of the IL/O microemulsion 

increased only before the IL pools are formed, whereas a relatively fixed polar 

microenvironment was obtained in the IL pools of the microemulsions. Mehta et al. [191] 

probed the polarity and hydrogen bond interactions formed by the polar solvent in the 

micelle interior, for water/Brij 96/butanol/ethyl oleate microemulsion systems by 

absorption spectroscopy. Das and coworker [306] reported that the steady-state 

fluorescence spectroscopic studies of w/o mixed surfactant microemulsions 

(water/CTAB+Brij-30 or Brij-92 or Tween-20 or Tween-80/n-hexanol/isooctane) using 

8-anilino-1-napthalenesulphonic acid (ANS) as probe. It was reported that the interface of 

w/o mixed surfactant microemulsion revealed more microviscous and hydrophobic than 

the pure CTAB, irrespective of the composition of nonionic surfactants and varying 

alcohol content. The incorporation of ruthenium complex ([Ru(bpy)3]
2+) within 

microemulsions formed from anionic (AOT) and cationic surfactant (CTAB) was 

investigated as a function of water content by Birnbaum and coworker [307] using 

steady-state and time-resolved emission spectroscopy. Recently, Mitra and coworker 

[136, 145, 158] employed the picosecond resolved fluorescence spectroscopy to study the 

relaxation dynamics of water in the solvation shell of the microemulsion involving a 

variety of single and mixed surfactant system microemulsions, AOT/Brij-30, Tween 

80/butyl lactate and AOT/Igepal-520, Igepal-210/Igepal-630. The rotational anisotropy of 

the probe was also investigated to ascertain its geometrical restriction of in 

microenvironment. Bhattacharyya and coworkers [308] reported the excitation 

wavelength dependence of the solvation dynamics and anisotropy decay in neat ionic 

liquid, 1-pentyl-3-methyl-imidazolium tetra-flouroborate ([pmim][BF4]) and ionic liquid 

containing microemulsion,  pmim][BF4]/Triton X-100/benzene using time-resolved 

fluorescence spectroscopy (femtosecond up-conversion). The deuterium isotope effect on 

the femtosecond solvation dynamics in this system was also reported. [309]. Levinger et 

al. [146] critically reviewed the ultrafast solvation dynamics in reverse micelles and 

emphasized that the confinement, rather than the specific interaction with surfactants, is 

an important factor in determining the impact of the reverse micellar microenvironment 

on the photophysical processes.  



 

45 
 

 

1.9.6 Nuclear magnetic resonance (NMR) 

This experimental technique provides an important information about the microstructure 

of microemulsions. Molecular self-diffusion coefficients of each component (viz. water, 

oil and surfactant) can be determined within the purview of same experiment and 

information can be obtained by with diffusion coefficients [159, 268, 310-321].  Proton 

magnetic resonance has proven to be a useful technique for identifying the structure of 

water solubilized in reverse micelles. Addition of water to reverse micelles does not 

significantly affect the chemical shift of other protons, except H2O. The water proton 

magnetic resonance exhibits a single peak, indicating the rapid exchange between water 

protons at various states [147, 322]. The observed chemical shift results from the 

weighted average of different water species.  

Recently, El Seoud and coworkers studied solubilization of formamide and 1,2,3-

propanetriol (PT), and also aqueous solution of formamide and PT in reverse aggregates 

of AOT in heptane or isooctane by 1H NMR spectroscopy [323, 324]. A review article 

focusing a variety of NMR methods applied to different surfactant aggregates is available 

in literature [325]. Spin relaxation and self diffusion experiments yielded both structural 

and dynamical information.  

Generally, radioactive labeling technique is employed to obtain information on the 

mobility of the components of microemulsions. Earlier, this technique came out to be 

time consuming and use of labeled molecules in a multicomponent system was sought to 

be impractical [326]. But, the Fourier transform pulsed-gradient spin-echo (FT-PGSE) 

NMR technique, in which magnetic field gradients were applied to the sample, allowed 

simultaneous and rapid determination of the self-diffusion coefficients (in the range of 

10-9 to 10-12 m2s-1), of many components [327, 328]. For an o/w droplet structure, the 

surfactant and oil diffuse as droplets and hence, possesses the same diffusion coefficient 

(in the order of 10-11 m2s-1), which in turn is lower than that of water (in the order of 10-9 

m2s-1). For a w/o droplet structure, a reverse phenomenon was observed and water 

possesses a lower self-diffusion coefficient in comparison to the continuous oil phase. In 

bicontinuous microemulsions, the diffusion coefficients of both water and oil are high (of 

the order 10-9 m2s-1) and that of surfactant lies in between the values of non-associated 

surfactant molecules and droplet-type structure (of the order of 10-10 m2s-1). 
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Hydrodynamic radius of microemulsion droplets can also be measured from self-

diffusion data. The diffusion co-efficients of oil and water are slightly reduced than the 

pure solvents due to the obstruction imposed by the opposite domain. 

Earlier, the structure and surfactant film composition of water-in-n-heptane 

microemulsions stabilized by DDAB/C12E5 mixture was studied by Bumajdad et al. [290] 

and Giustini et al. [292] using pulsed-field gradient NMR (PFG-NMR). Li et al. [148] 

also studied the microstructure of mixed reverse micelles stabilized by surfactants of 

AOT and/or NaDEHP by means of proton nuclear magnetic resonance (1H NMR) 

measurement. The chemical shift in 1H NMR of water solubilized in these reverse 

micelles was changed concomitantly with water content (ω0, the number of solubilized 

water molecules per surfactant molecule) and relative content of surfactants (AOT and 

NaDEHP). Fanun [270, 294, 329, 330] also characterized mixed nonionic surfactant, 

sucrose laurate /ethoxylated mono-diglyceride microemulsion systems using PGSE-

NMR. Very recently, Wolf et al. [331] reported PFG-NMR self-diffusion measurements 

in the single phase channels of a microemulsion system comprising anionic surfactant, 

magnesium dodecyl sulfate [Mg(DS)2] and lipophilic nonionic co-surfactant, iso-tridecyl-

triethyleneglycolether IT 3 (C13E3) mixture. In subsequent year, Bumajdad et al. [159] 

investigated the structure of solubilized water in water-in-n-heptane aggregates by mixing 

single and double tailed surfactants namely, didodecyldimethylammonium 

chloride/dodecyltrimethylammonium chloride (DDAC/DTAC) or 

didodecyldimethylammonium bromide/dodecyltrimethyl ammonium bromide 

(DDAB/DTAB) by 1H NMR technique. 

1.9.7 Fourier transform infrared spectroscopy (FTIR) measurements 

The knowledge about hydration of surfactants in w/o microemulsions or reverse micelles 

is helpful for understanding of the dynamics of different physicochemical processes 

operative within the confined environment (i.e, local interactions in the vicinity of water 

molecules in w/o microemulsion). Further, it is also helpful and prospective for 

applications in biological and chemical reactions occurring in w/o microemulsions or 

reverse micelles [133]. In order to get a clear understanding of various interactions in the 

droplet core, including the type of H-bonding which is operative within the water pool, an 

excellent and non-invasive technique viz., Fourier transform infrared spectroscopy 
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(FTIR) has been introduced. Several authors significantly contributed to the 

understanding of the water dynamics in single and mixed surfactant derived w/o 

microemulsion systems by studying the state of water using FTIR method [144, 145, 147, 

148, 159, 191, 332-336]. The characteristics of the water molecules confined inside the 

water pool depend strongly on both water content and the nature or type of the surfactant 

head group [136]. A detail observation on the dynamics and nature of encapsulated water 

in AOT reverse micelles with the large variation in water content, was reported by Piletic 

et al. [334] using linear and nonlinear infrared spectroscopy. 

Zhou et al. [147] reported on the characteristic features of the solubilized water by 

employing FTIR technique, and  the results were explained on the basis of the models 

that depict the water present in ‘‘layers’’ of different structures. For example, in the two-

layer model [337, 338], water is present in two layers: the first contains water molecules 

that interact strongly with the surfactant head-group, and known as hydration or bound 

water, which possesses different physical properties ( viz. organization, mobility, 

microviscosity, conductivity, etc.) from those of bulk water [339, 340]. The second type 

possesses physical properties similar to those in bulk water and hence, called (bulk-like). 

In the three-layer model [341], the water located at the interface is considered to be of 

two types, trapped water located between the chains of the surfactant and water that 

solvates the head-groups [342] and a four-layer model has also been advanced [322, 334, 

343]. The suggested four types of water are as follows: Wbound (water molecules tightly 

bound to the surfactant head-group); Wintermediate (distorted H-bonded water species); 

bulk-like water, Wbulk-like; interfacial water, Winterfacial, (lies between hydrophobic 

interfacial tails, which is unfavourable environment for water). This can be water in-

transit during the breakdown and fusion of the droplet, which is a well-known 

phenomenon in microemulsion. Earlier, Correa and coworkers investigated the states of 

solubilized formamide and PT in AOT/Hp or isooctane based nonaqueous RMs by FTIR 

spectroscopy [323, 324]. Further, Gonzalez-Blanco and Velazquez [344] investigated the 

effect of addition of two different poly (vinylpyrrolidone) on the structure of 

AOT/isooctane w/o microemulsion using FTIR. FTIR technique was also applied to 

water-in-scCO2 microemulsion stabilized by a mixture of fluorinated surfactants (one of 

which was fluorinated AOT-analogue surfactant) by studying the stretching and bending 
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bands of water and S=O stretching band of the surfactant over the wide range of 

water/CO2 ratios. It was reported that the number of water molecules in CO2 as dissolved, 

was associated with the core, or at the interface as a function of water content in the 

system. [345]. Very recently, Bumajdad et al. [159] reported on the state of solubilized 

water in w/o microemulsions stabilized by mixtures of single- and double-tail quaternary 

ammonium cationic surfactants, namely (DDAC/DTAC) or (DDAB/DTAB) by 

employing two noninvasive techniques, FT-IR and 1HNMR with HOD probing. The 

results indicated that water appears to be present as a single nano-phase (or one pseudo-

phase), rather than coexisting of structurally different water layers, and the properties of 

such one-pseudo-phase changed continuously as a result of increasing water content (ω). 

Further, no significant effect was found to affect the state of solubilized water on account 

of changing counter-ion (Br- or Cl-), in spite of the known difference in the dissociation 

of these counter-ions from micellar aggregates. Very recently, Mitra and coworkers [346] 

characterized the state of water in a variety of single and mixed surfactant w/o 

microemulsion/reverse micelles (for example, AOT/Brij-30, Tween 80/butyl lactate, 

AOT/Igepal-520, Igepal-210/Igepal-630, TX-100/lecithin) by FTIR technique. They 

found three different types of water molecules in these systems, and their relative content 

changes with the interfacial composition as well as total water content in the system. 

However, Hayes et al. [281] demonstrated that an increase in the content of a two-tailed  

cyclic  ketal  alkyl  ethoxylate (CK-2,13) of AOT based mixed surfactant w/o 

microemulsion  system, led to an increase in water molecules localized near the 

Na+ counter ion of AOT from the analysis of the -OH stretching region of the FTIR 

spectra. It was suggested that the water molecules of hydration for the ethoxylate group 

reside near AOT's counter ion, resulting in increased dissociation of the counter ion, and 

hence, increased the hydrophilicity for AOT. Very recently, Correa and coworkers 

reported [157] the effect of nonionic surfactant, tri-n-octyl phosphine oxide (TOPO) on 

the interface of a novel w/o mixed microemulsion/reverse micelles, water/AOT/TOPO/n-

heptane by FTIR measurements. FTIR experiments were performed by monitoring 

monodeuterated water frequency in TOPO blends and  exhibited bound and “bulklike’’ 

water structure even at very low water content. On the other hand, the water structure 

depends on the water content for mixed systems (AOT/TOPO). Furthermore, ultrafast 
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vibrational spectroscopies are powerful tools for exploring both vibrational energy 

relaxation (VER) and molecular motion.  Recently, Levinger et al. critically reviewed the 

application of ultrafast IR spectroscopies to explore the structure, dynamics, and energy 

relaxation properties of w/o microemulsion/reverse micelles [146]. Mittleman and 

coworkers (27–29, 79) demonstrated application of IR radiation to the study of w/o 

microemulsions or reverse micelles. They used ultrashort pulses to generate terahertz 

radiation to interrogate the micellar samples [347, 348]. 

1.9.8 Electron Microscopy 

Electron microscopy can provide straightforward structural information of 

microemulsions. Images showing clear evidence of the microstructure have been 

obtained [96]. Both droplet and bicontinuous structures of microemulsions can be seen 

through “freeze fracture” technique [349-353]. Another technique, Cryo scanning 

electron microscopy (Cryo-SEM) is a powerful method for visualizing the structure of 

microemulsions. Recently, Koetz and his coworkers [354, 355] investigated the structure 

of the bicontinuous microemulsion by cryo-high resolution scanning electron 

microscopy. Further, Fanun [329] characterized biocompatible microemulsions 

comprising mixed surfactants (sucrose laurate/ethoxylated mono -di-glyceride) and 

peppermint oil by cryogenic-transmission electron microscopy (Cryo-TEM) and droplet 

dimensions of these systems were measured. Recently, Wolf et al. [356, 357] also 

reported the nanostructures of a novel microemulsion system comprising silicone oil or 

decane, water and a surfactant mixture of an anionic [calcium dodecyl sulfate Ca(DS2)] 

and a nonionic surfactant (iso-tridecyl-triethyleneglycolether, abbreviated as IT 3) by 

Cryo-TEM and freeze-fracture transmission electron microscopy (FF-TEM) imaging. . 

1.10. Application of microemulsions  

1.10.1. Single surfactant microemulsions 

The outstanding properties of microemulsions, such as high capacity to solubilize water 

and oil, low interfacial tension, large interfacial area, spontaneous formation and fine 

microstructures render them excellent candidates for a variety of applications, which have 

been documented in several review articles and books [14, 28, 29, 140, 358-360]. 

However, most important and promising applications, as described in literature, are 
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summarized in order to demonstrate the significance and potential of microemulsion 

systems. 

Nanoparticles and nanomaterials/nanocomposites 

Over and abovethree decades ago, Boutonnet et al. [361] first reported that metallic 

nanoparticles (Pt, Pd, Rh, Ir) could be obtained by simple mixing of two w/o 

microemulsions, one containing a salt, or a metalcomplex and the other containing a 

reducing agent, such as boron hydride, or hydrazine. The microemulsion systems were 

water/CTAB/octanol and water/C12E5/hexane or hexadecane. In recent years, several 

authors presented review of the literature in the field of nanoparticle synthesis and 

characterization of several metals in the inverse microemulsion systems [362-366]. More 

recently, the ability to synthesize nanoparticles in water/supercritical fluid 

microemulsions was realized [367, 368]. This method promises to be a highly useful 

route for controlled nanoparticle synthesis due to the added control variables afforded by 

tuneability of the solvent quality (density) through pressure and temperature. The 

evolution of the microemulsion technique for nanoparticle synthesiswas reviewed by 

Lopez-Quintela with special emphasis on the mechanism of control of theparticle size, 

viz. the control by employingproper microemulsions and also,by the surfactant adsorption 

(capping). The kinetics of the particle formation, the possibility of the preparation of the 

particle formation, as well as coating core-shell and ‘onion-like’ structures with a precise 

size control, and the use of microemulsions to produce fine ceramics and finally their use 

in the preparation of super-lattices were addressed [369]. In a review, Eastoe et al. [370] 

described synthesis of nanoparticles in microemulsions, which is an area of considerable 

current interest. A wide variety of materials has been synthesized by employingw/o 

microemulsions for more than two decades. Control parameters were elucidated for 

influencing both nanoparticle concentration and morphology, allowing for tailored 

syntheses with various applications. Recently, a novel and straightforward approach of 

metal (Pt, Pd and Rh) and metal oxide (cerium (IV) oxide with cubic type crystalline 

structure) nanoparticle synthesis was reported by Solans et al. [371] by nonionic 

surfactant-based oil-in-water (o/w) microemulsion reaction method. The ability of 

amphiphilic compounds to self-assemble into well-defined structures can be taken 

advantage of the synthesis of inorganic materials with nanometer dimensions. The 
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principle, which is biomimetic in character, was discussed with special attention on three 

areas: microemulsion-based synthesis of nanoparticles, preparation of mesoporous 

materials from surfactant templates, and surfactant-mediated crystallization [372]. The 

synthesis of Cu–Ni nanoparticlesin w/o microemulsions of SDS/n-butanol/n-

heptane/water at 70 ◦C was reported by Feng et al. The results indicatedthat the 

composition and size of alloy nanoparticles depend on ω (the mole ratio of H2O to SDS), 

the method of addition of Cu2+ and Ni2+ and the mole ratio of Cu2+ and Ni2+  in the initial 

precursor solution [373].Wen and coworkers synthesized monodisperse Co–Ni–Cu 

amorphous alloys nanoparticles by the reduction of CuSO4·5H2O, NiCl2·6H2O and 

CoCl2·6H2O with KBH4 in water/sodium oleate/hexane microemulsion system at room 

temperature [374].Ahmed and coworkers first reported the formation of bimetallic Cu–Ni 

nanoparticles of varying composition (CuNi3, CuNi, Cu3Ni) by a microemulsion route 

using water/CTAB/1-butanol/isooctane systems and hydrazine/NaOH as the precipitating 

agent followed by reduction in hydrogen atmosphere [375]. Colloidal dispersions of 

silver (Ag) particles by the photoreduction of silver perchlorate (AgClO4) in 

water/AOT/benzene water-in-oil (w/o) microemulsionsby Harada and his coworkers 

[376]. Recently, Chaudhuri and Paria [377] reported an in-depth review of synthesis 

mechanism and applications of core/shell nanaoparticles by microemulsion synthesis 

media. Sanchez-Dominguez et al. [378] reviewedthe synthesis of inorganic nanoparticles 

[metallic (Pt, Pd, Rh, Ag), single metal oxides (CeO2, ZrO2, TiO2, Fe2O3), mixed and 

doped metal oxides (Ce0.5Zr0.5O2, Ce0.99Eu0.01O2, Zr0.99Eu0.01O2, and Fe2Mn0.5Zn0.5O4), 

semiconductors (PbS, CdS, Ag2S, ZnS, CdSe, PbSe, Ag2Se), fluorides (CaF2, YF3, NdF3, 

PrF3), phosphates (CePO4, HoPO4), and chromates (BaCrO4 and PbCrO4)] using oil-in-

water (O/W) microemulsions as confined reaction media. Recently, Goshen and 

Magdassi [379] in a review report,presentedthe methods used to produce organic 

nanomaterials from microemulsions, and also, offered a perspective on the possibilities of 

particle designthat can be achieved by various techniques. Tojo and his coworkers 

reviewed a series of papers on computer simulation study on the synthesis of 

nanoparticles in microemulsion [380-384]. 

Furthermore, numerous nanostructured materials, ranging from metallic catalysts [385-

388] to semiconductor quantum dots [389, 390] to various ceramic materials [391-393], 
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silica and gold coated nanoparticles [394, 395], latexes and polymer composites [396, 

397], double-layered nanoparticles [398], bimetallic nanoparticles [399] and even 

superconducting materials [400, 401], have been synthesized and characterized in reverse 

micelles. In a review, Lo´pez-Quintela and his coworkers [402] showed the use of 

microemulsions for the preparation of nanoparticles, and also as interesting organic 

reaction media. Recently, in a tutorial review Ganguli et al. discussed several aspects of 

microemulsions, for example, their stability, versatility and flexibility towards the 

synthesis of nanocrystalline materials which would be of interest to a cross-section of 

researchers working on colloids and interface science, nanoscience and materials 

chemistry. Authors concluded that the field has grown considerably from the initial 

synthesis of spherical metal nanoparticles in the 1980s to the highly complex and 

multifunctional nanostructures of today through the microemulsion route [403]. 

Biotechnology  

Recently, interest on microemulsions is being focused for various applications in 

biotechnology, viz., enzymatic reactions, immobilization of proteins and 

bioseparation.Enzymatic oxidation of oleuropein, the most abundant olive phenolic 

compound, in the restricted aqueous environment of olive oil based microemulsion 

composed of lecithin and 1-propanolwas reported by Papadimitriou et al. [404]. Xenakis 

and his coworkers also reported a series of papers on lipase containing microemulsions 

[405-410]. Kunz and his coworkers [411] also reported the activity of the enzyme horse 

radish peroxidase (HRP) in single surfactant based reverse microemulsions, composed of 

sodium dodecylsufate (SDS), n-dodecane, aqueous buffer, and alcohols of the 

homologous series 1-butanol to 1-octanol. Sawada and Ueda [412] also investigated the 

activity of proteases α-chymotrypsin and subtilisin in Tween-85/isopropyl alcohol/n-

hexane/water and TX-100/cyclohexane/water RMs. It was reportedthat the activity of 

enzymes in the Tween-85 RMs was similar to the aqueous systems but TX-100 RMs did 

not show any enzyme acitivity.  

Drug delivery and pharmaceutics 

Solubilization capacity, dissolution efficiency, rate and extent of solute delivery are 

dependent on the microstructure ofmicroemulsions.Recently, Fanun [413] reported an in-

depth review on the prospective use of microemulsion as delivery systems. In the field of 
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drug carriers, microemulsion media have been found to be a good proposition, and can be 

applied to a wide variety of dosage forms including oral, topical, ocular, parenteral, 

periodontal, buccaland nasal formulations [414]. Further, it can be noted 

thatmicroemulsion systems have applications in cancer therapy [415]. Recently, Hegde et 

al. [416] and Fawzia et al. [417] reviewed the prospective application of microemulsion 

in ocular drug delivery systems. 

Miscellaneous 

From the extensive review report of Paul and Moulik [14], Moulik and Rakshit [28], 

Stubenrauch [399, 418-420], Friberg et al. [421], Paul and Moulik [422], and De and 

Maitra [423], some applications of microemulsion systems, have been mentioned here in 

brief. Microemulsions can function as a liquid membrane. They have been found to be 

efficient in the extraction of heavy metals (e.g., Hg) involving oleic acid from 

contaminated water, and used as fuels, lubricants, cutting oils and corrosion inhibitors for 

several decades. Paint formulations using microemulsions have shown higher scrub 

resistance, better color intensity and more stain resistance than those prepared by 

emulsions. Due to their characteristic properties, microemulsions are promising systems 

for detergency purposes over traditionally-used organic solvents, as they can solubilize 

polar (e.g., salt, pigment, protein) and non-polar soil components (e.g., grease, oil). In 

many cosmetic applications such as skin care products, emulsions are widely used with 

water as the continuous phase. The dispersed phase, lipophilic or hydrophilic (o/w or w/o 

type) can act as a potential reservoir of lipophilic or hydrophilic drugs that can be 

partitioned between the dispersed and the continuous phases. The unique properties of 

microemulsions have been utilized to produce microemulsion-gel glasses and 

microporous media with high surface area. Microemulsions are reported to be used as 

decontamination media for chemical weapons and toxic industrial chemicals [424], and 

petroleum-processing technologies [425]. Due to varied consistencies and 

microstructures, microemulsions have been considered as useful reaction media for a 

variety of chemical reactions. The major types of reactions studied in microemulsions 

compriseformation of inorganic particles (nanoparticles),polymerization [426], 

photochemical [427], electrochemical [428] and organic synthesis.The review article of 

Holmberg [429] and Garcia-Rio et al. [430] demonstrated that microemulsions could be a 



 

54 
 

 

useful for (i) overcoming reactant incompatibility, (ii) speeding up reactions of one polar 

and one apolar reactant (microemulsion catalysis), and (iii) inducing regiospecificity in 

organic reactions. 

1.10.2.Mixed surfactant microemulsions 

Nanoparticle synthesis 

Recently, Bumajdad et al. [431] showed that mixing ofdi-n-didodecyldimethylammonium 

bromide (DDAB) with small amounts of the non-ionic Brij-35 [polyoxyethylene (23) 

dodecyl ether, C12E23], gives rise to microemulsions offering an excellent environment 

for prospective synthesis of nanoparticles. They argued as follows. The optimized 

DDAB/Brij-35 microemulsions have the advantages of both low thermal sensitivity and 

stability toward added inorganic salt type and concentration. The positive head-group 

charge of the double-chaincationic surfactant ensures bulk solubility of the inorganic 

metal cation, whereas the long polyethylene oxide chain of the non-ionic surfactant 

facilitates increased steric stability. In another study, pure ceria powders, CeO2, were 

synthesized in Hp-microemulsified aqueous solution of CeCl3 or Ce(NO3)3 stabilized by 

AOT, DDAB, or DDAB/Brij-35 surfactant mixtures by Bumajdad et al. [432]. Also, 

Hada et al. [433], Chaing [434] and Bumajdad et al. [435] used novel water-in-oil 

microemulsion systems stabilized by mixed surfactants (anionic or cationic/nonionic) for 

the synthesis of titania (TiO2), gold (Au) and iron oxide-hydroxide [-Fe2O3; Fe(OH)3] 

nanoparticles, respectively. Morphology of CdS nanocrytals synthesized in mixed AOT 

and zwitterionic phospholipid, L-alpha-phosphatidycholine (lecithin) in isooctane 

microemulsion was reported by Simmons et al. [436]. In contrast, conventional spherical 

CdS quantum dots were also obtained from water-in-oil,AOT microemulsion system. 

Bagwe et al. [437] reported the effects of intermicellar exchange rate on absorption 

spectra and particle size of silver (Ag) nanoparticles synthesized in AOT/Hp RMs, and 

the rate was varied by changing the organic solvent (Dc, cyclohexane, Cy), surfactant 

(SDS, NP-5 and DTAB) and organic additives (benzyl alcohol and toluene). An 

interesting and potentially useful effect was observed by the addition of a small amount 

of a nonionic surfactant (NP-5) that particle size significantly reduces. Yunxia et al. [438] 

investigated water solubilization capacity and the properties of confined water molecules 

in the pool of an environmental friendly mixed surfactant microemulsions composed of 
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Span-80, Tween-60, 1-butanol, isooctane and used as nanoreactors to synthesize iron 

nanoparticles, which can be used in environmental contaminants remediation. The 

properties of the synthetic iron nanoparticles were characterized and analyzed.  In another 

study, Chiang et al. [439] demonstrated that mixed AOT/Span-80/isooctane reverse 

micelles are good candidates to be used as nanoreactors for formation of shape-controlled 

high-quality colloidal nanocrystals and nanowires under mild conditions. Manipulation of 

the rate of nucleation and subsequent growth of Au in the mixed reverse micelles induce 

drastic changes in the particle shape and structure. Further, they demonstrated that control 

of the nucleation and growth kinetics of Au in the mixed reverse micelles can be used to 

vary the shapes of the resulting particles from a nearly spherical morphology to cylinders, 

trigons and cubics. Stubenrauch and coworkers [440] synthesized platinum (Pt), bismuth 

(Bi), and lead (Pb) nanoparticles by using w/o mixed AOT/SDS/1-butanol/n-

decane/water microemulsions in presence of the salt (either the metal precursor [H2PtCl6, 

Bi(NO3)3, or Pb(NO3)2] or the reducing agent [NaBH4]) as templates. The size and the 

structure of the resulting nanoparticles were found to depend on the size and structure of 

the templating microemulsion.  

Enzyme activity and drug delivery 

Shioi et al. [441] reported the enzyme activity of α-chymotrypsin (CT) in RMs composed 

of CiEj and/or AOT using an oil-soluble substrate, 2-napthylacetate and compared the 

activity in CiEj/AOT stabilized RMs with the AOT stabilized RMs. The activity of CT in 

mixed RMs remained almost unchanged after one week, whereas in the single system, the 

activity decreased substantially with time. Das et al. [442] reported the significant 

enhancement in performance of interfacially active enzymes, Chromobacterium viscosum 

(CV) lipase and horseradish peroxidase (HRP) in mixed reverse micelles of CTAB and 

imidazolium-based amphiphiles having varying alkyl chains. In another report [306], they 

investigated on the modification of the anisotropic interface of cationic w/o 

microemulsions by the addition of different types of nonionic surfactants and thus 

influence the catalytic efficiency of the surface-active enzymes. The activity of CV-lipase 

was estimated in several mixed reverse micelles prepared from CTAB and Brij-30 or 

Brij-92 or Tween-20 or Tween-80/water/n-hexanol/isooctane at different 

physicochemical environments, and concluded that lipase activity in these systems 
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improved maximum up to 200% with increasing content of non-ionic surfactants 

compared to that in pure CTAB RMs. Chen and Liao [443] studied the stability of yeast 

alcohol dehydrogenase (YADH) in AOT/Brij-30 mixed reverse micelles. They found that 

the activity of YADH in AOT/Brij-30 mixed reverse micelles was affected by the 

hydrophobic and electrostatic interactions between enzyme and surfactants, the reverse 

micellar dropletsize, and the quantum of bound water molecules. Frominvestigation on 

the hydrodynamic diameter of mixed reverse micelles and its distribution via dynamic 

light scattering, they suggested that the structure of mixed reverse micelles and the 

stability of YADH were determined by four important factors, which include the surface 

charge density, bound water, reverse micellar size, and the entrapment of water by 

hydrophilic-hydrophilic interaction betweenAOT and Brij-30. An optimal reverse 

micellar size and the decrease of the other two factors (i.e., the hydrophobic and 

electrostatic interactions between enzyme and surfactants, and the quantum of bound 

water molecules) would lead to the enhancement of enzyme activity. Earlier, Hossain et 

al. [444] and Hayashi et al. [445] showed that the activity of Chromobacterium viscosum 

lipase entrapped in AOT/Tween-85/isooctane RMs by the addition of olive oil as a water-

insoluble substrate and short chian methoxypolyethylene glycols (MPEGs). Fan et al. 

[446] also showed an enhancement in the activity of papain in mixed AOT or 

TTAB/Tween-80/isooctane RMs. Recently, Hemavathi et al. [A.B. Hemavathi, H.U. 

Hebbar, K.S.M.S. Raghavarao, Separation and Purification Technol. 71 (2010) 263] 

reported that mixed AOT/Tween-20 or Tween-80 or Tween-85 or TX-100/isooctane RMs 

can be used for the extraction and primary purification of β-glucosidase from  the 

aqueous extract of barley (Hordeum vulgare). Liu et al. [[447, 448] reported the influence 

of structure and composition of mixed AOT/Tween-85 stabilized in IPM on transdermal 

delivery potential of a lipophilic model drug, Cyclosporin A (CysA). Further, a potentially 

improved skin bioavailability of CysA in these systems was designed. Recently, Yanyu et 

al. [449] investigated the influence of the structure and the composition of 

water/AOT/Tween-85/IPM microemulsion system on transdermal delivery of 5-

fluorouracil (5-FU). Recently, Kunz and his coworkers [450] also reported the activity of 

the enzyme horse radish peroxidase (HRP) in mixed surfactant reverse microemulsions, 

composed of a mixture of anionic, SDS, and cationic, DTAB (known as, catanionic 
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microemulsion), n-hexanol, citrate buffer, n-dodecane. Under the perspective of potential 

pharmaceutical applications, Kalaitzaki et al. [451] formulated new surfactant-rich 

biocompatible microemulsions based on single and mixed surfactant(isopropyl 

palmitate/Triton X-100/water + propylene glycol, Miglyol 818/Triton X-100/water + 

propylene glycol and isopropyl palmitate/Triton X-100 + Span 20/water + propylene 

glycol) and used as novel carriers of methylxanthine drugs (e.g., theophylline and 

theobromine) after characterization of their structures. Recently,Moghimipour et al. [174] 

formulated and characterizedmicroemolsion systems by mixing of appropriate amount of 

two non-ionic surfactants, Tween-80 and Span-80, propylene glycol, PG (cosurfactant) 

and oil phase comprisingLabrafac PG – transcutol P as a topical delivery system of 

naproxen for relief of symptoms of rheumatoid arthritis, osteoarthritis and treatment of 

dysmenorrheal. Chaladze et al. [452] used mixed surfactants, Brij-30 and AOT reverse 

micelles as mobile phase in high-performance liquid chromatography(HPLC). 

Mehta et al. [453] also exploited the added degree of compositional freedom provided by 

mixed surfactants AOT/lecithin in isooctane reverse microemulsion to demonstrate that a 

small amount of added lecithin significantly enhances the solubility of organodiselenides 

over that in single AOT reverse microemulsion alone. The information obtained from 

these experiments was used to design a novel synthetic route for preparing 4-chloro-2-

(naphthalen-2-ylselanyl) pyrimidine in reverse microemulsion. 

1.10.3. Ionic liquid based microemulsions and their applications 

Formation and characterization of Ionic liquid based microemulsions 

In this short introduction, recent developments in the formation, characterization and 

application of IL-based self-assembled systems with special emphasize on 

microemulsions has been dealtbriefly [454]. The chemistry of room temperature ionic 

liquid based microemulsions (RTIL-mEs) is at an incredibly exciting stage of 

development. No longer are mere curiosities, RTIL-mEs are beginning to be used as 

solvents for a wide range of synthetic procedures. The advent of systems that are easy to 

handle allows those without specialist knowledge in the field to use them for the first 

time. Ionic liquids have also been used as additives in microemulsion formulation. A 

number of reactions (e.g., Diels-Alder Reaction, aminolysis, Matsuda-Heck reaction etc.) 

have been investigated so far to show the potential of the ionic liquid based 
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microemulsions [220, 455, 456]. The retention of catalytic activity in IL-based 

microemulsions is due to the entrapment of enzyme molecules into aqueous 

microdroplets formed in w/IL microemulsions, indicating that these IL-based reaction 

systems provide a protective environment for the enzymes. In recent years, great attention 

has been paid to IL-based microemulsions due to their potential application prospects in 

biology, pharmaceutical, catalysis and material synthesis, which have been discussed 

latter. In addition, ILs are not only promising candidate for the formulation of high 

temperature stable colloidal systems by an appropriate choice of ingradients, also low 

temperature stable microemulsions can be gained [457]. This is one of the advantages of 

IL based microemulsions over conventional aqueous microemulsions. 

Recent developments in the formulation, characterization and possible applications of IL-

based self-assembled systems in general and microemulsion/reverse micelle in particular, 

have been summarized by different research groups, and thus,an excellent overview of 

the relevant literatureis presented below [218, 454, 458-464]. Recently, studies on the 

formation and characterization of self-assembled systems (viz. micelles, microemulsions 

etc.) in presence of different types of ILs (as replacement of surfactant or polar 

component or oil or additive) have been reported from the viewpoints of academic and 

applied aspects [218, 454, 458-463, 465-469].  

Amphiphilic ionic liquids that are comprised of a hydrophilic imidazolium head group 

and a hydrophobic tail, are good surfactant candidates for forming micelles and 

microemulsions. In recent studies, Galgano and El Seoud [470, 471] evaluated the 

micellar properties of the surface active ionic liquid (SAIL) 1-hexadecyl-3-

methylimidazolium chloride, C16MeImCl and compared to those of two series of cationic 

surfactants that carry a pertinent structural moiety; 1-hexadecylpyridinium chloride, 

C16PyCl (a heterocyclic ring), and benzyl (3-

hexadecanoylaminoethyl)dimethylammonium chloride, C15AEtBzMe2Cl (benzyl moiety 

and a hydrogen-bond forming amide group). They concluded that the structural versatility 

of SAILs, with practically unlimited combinations of counter-ions and substituted 

imidazolium rings, offers exciting possibilities for applications,because the interactions 

(for example, electrostatic and hydrophobic)at the interfacial region can be ‘‘fine-tuned” 
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according to need by a judicious combination of the head-cation (nature of the substituent 

introduced) and the counter-ion (charge density, hydration).  

In comparison with traditional surfactant-based microemulsions, IL-based 

microemulsions also reveal several advantages. First, the strong attraction between the 

imidazolium group and counter ion of the ILs at thefluid/fluid interface prevents its 

leakage into the conjugated water solution. Secondly,largeimidazolium head group shows 

a higher capacity for solutes than the tert-ammonium cationic system. Thirdly, the 

imidazolium head groupis strongly attractive, via the aromatic ring of penicillin, strong π-

π interaction. Finally, the versatile structures of ionic liquids provide adistinctiveplatform 

for exploring the hydrophilic-lipophilic equilibrium in IL-based microemulsions/reverse 

micelles, which play a key rolefor optimizing the partitioning behavior in 

microemulsions. Therefore, long chain ionic liquids (e.g., 1,3-dialkylimidazolium 

chlorides or bromides or tetrafluoroborates) are reported to be used as surfactants for 

formulation of the microemulsion systems [218]. Some of these reports are summarized 

here. The phase behaviors of three long-chained imidazolium ionic liquids, C12mimBr (1-

dodecyl-3-methylimidazolium bromide), C14mimBr (1-tetradecyl-3-methylimidazolium 

bromide) and C16mimBr (1-hexadecyl-3-methylimidazolium bromide), with p-xylene and 

water were investigated by Li et al. [472]. Zech et al. [473] formulated microemulsions 

with 1-hexadecyl-3-metyl-imidazolium chloride ([C16mim][Cl]) as surfactant, decanol as 

cosurfactant, dodecane as continuous oil phase and RTILs (ethylammonium nitrate 

(EAN) and 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4]) as polar 

microenvironment and also,characterized the systems by employing electrical 

conductivity, DLS and SAXS studies.Also,Safavi et al. [474] formulated a 

microemulsioncomprising imidazolium ILs, 1-octyl-3-methylimidazolium chloride 

[omim][Cl], as a surfactant, a hydrophobic IL as a substitute for traditional organic 

solvent, 1-bmimPF6 and water at 25°C. 

Recently, Lü et al. [475] attributed to the unique role of the ionic liquid (bmimBF4), 

which is capable of modifying the physicochemical properties of water/AOT/decane (Dc) 

microemulsions by measuring the critical concentrations and the critical temperatures. 

Liu et al. [476] showed that the concentration of a model IL, bmimBF4 can act as an 

effective interfacial control parameter for tuning the formation of microemulsions. Gao 
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and his coworkers [477, 478] studied the effect of water on the microstructure of 

[bmim][BF4]/TX-100/benzene or  triethylamine microemulsion by phase behavior, DLS, 

UV-Vis, FTIR and 1H NMR studies. Rojas et al. [354] investigated the influence of the 

ionic liquid (ethyl-methylimidazolium hexylsulfate) on thestructure formation in the 

optically clear phase region in water/toluene/pentanol mixtures in presence of the cationic 

surfactant CTAB by conductivity, DLS, 1H NMR and cryo-SEM techniques. Gao et al. 

[479] studied the effect of water on [bmim][BF4]/TX-100/benzene microemulsion. It was 

reported that the addition of small amount of water to such IL-based microemulsion 

contributed to the stability of microemulsion and thus, increased the amount of 

solubilized [bmim][BF4] in the microemulsion. In another contribution, they showed that 

the addition of water decreased the droplet size of [bmim][BF4]-in-cyclohexane 

microemulsion [278]. The role of small amounts of water in the 1-butyl-3-

methylimidazolium bis 2-ethylhexyl sulfosuccinate ([bmim][AOT]) based [bmim][BF4]-

in-benzene reverse microemulsions were also emphasized by Bai et al. [480]. 

Recently,Wei et al. [481, 482] also studied water solubilization, volume-induced and 

temperature-induced percolation of conductance behavior of AOT-based microemulsions 

in presence of ILs. In another study, they investigated the effects of ionic liquid, 

[bmim][BF4] on the physicochemical properties (e.g., polarity, conductivity, viscosity, 

and droplet size) of nonionic surfactant based water-TX-100-hexanol-cyclohexane 

microemulsion [483].Very recently, Paul and Panda [224] reported the understanding of 

the physicochemical properties of pseudo-ternary microemulsion system comprising 

aqueous solution of 1-butyl-3-methyl imidazolium methanesulfonate, [bmim][MS], 

polyoxyethylene (20) sorbitan monolaurate (Tween-20), 1-pentanol (Pn) and n-heptane 

(Hp) by employing phase study, method of dilution, viscosity, DLS, conductivity and 

spectroscopic probing techniques. Seth et al. [484, 485] also reported the interaction of 

water with room temperature ionic liquid (RTIL) [bmim][PF6] in [bmim][PF6]/TX-

100/water ternary microemulsions by solvent and rotational relaxation of coumarin 153 

(C-153), coumarin 151 (C-151) and coumarin 490 (C-490). A review, in the form of a 

book chapter, on solvent dynamics and rotational relaxation processes in IL-based 

microemulsions is available in literature [464]. 
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While the studies mentioned above involve water as one of the component, water-free IL-

based microemulsions are also studied by many groups [218, 305, 477, 486-495]. In the 

first report on theformation of IL-in-oil microemulsions, Gao et al. [486] prepared 

[C4mim][BF4]/TX-100/cyclohexane microemulsion and also,characterized by employing 

phase behavior, conductivity measurement, dynamic light scattering measurement, 

freeze-fracturing electron microscopy and UV-Vis technique. Eastoe et al. [487] further 

investigated size and shape of the same microemulsion by small-angle neutron scattering 

(SANS) measurement. They observed regular swelling behavior of microemulsion with 

addition of the IL, which indicates that the volume of dispersed nanodomains is 

proportional to the amount of IL added [487]. Severalother reports on similar system are 

found in literature. In these investigations, [C4mim][BF4], TX-100 and toluene [488], 

orp-xylene [489], or benzene [490] were used as the polar phase, surfactant and oil phase 

respectively. The water-free IL-based microemulsions with charged surfactants are rather 

scarce [470, 473, 491, 496-499]. Falcone et al. [491] used cationic surfactant, benzyl-n-

hexadecyldimethylammonium chloride (BHDC) for the formulations of 

[C4mim][BF4]/BHDC/benzene and [C4mim][TF2N]/BHDC/benzene microemulsions and 

compared their behavior with [C4mim][BF4]/TX-100/benzene and [C4mim][TF2N]/TX-

100/benzene microemulsions. With multinuclear NMR study on the behavior of 

[C4mim][BF4] in [C4mim][ BF4]/BHDC/benzene and [C4mim][BF4]/TX-100/benzene 

microemulsions,they concluded that the structure and behavior of entrapped ILs in the 

microemulsions depend strongly on the surfactants used [496]. Rabe and Koetz [500] 

investigated the characteristic behavior 1-ethyl-3-methylimidazolium-ethylsulfate 

(EMIM-EtOSO3) or 1-ethyl-3-methylimidazolium-hexylsulfate (EMIM-

HexOSO3)/CTAB/pentanol/toluene IL/o microemulsions by conductometric titrations, 

DLS, rheological measurements, and Cryo-Scanning Electron Microscopy. Recently, 

Blach et al. [501] investigated the behavior of two ionic liquids (ILs) with high electron 

donor ability such as 1-butyl-3-methylimidazolium trifluoromethanesulfonate (bmimTfO) 

and 1-butyl-3-methylimidazolium trifluoroacetate (bmimTfA) entrapped in anionic, 

AOT/chlorobenzene and cationic, BHDC/chlorobenzene reverse micelles (RMs) using 

DLS and FT-IR spectroscopy.In a recent study, Kunz and his coworkers [497] reported 

that use of ionic surfactants in combination with ILs is better for preparation of the 
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microemulsions with high temperature stability and temperature insensitivity. They 

explored thermal stability of EAN/[C16mim][Cl]/dodecane microemulsions at ambient 

pressure, which  exhibited stability over the temperature range 300C to 1500C.Harrar et 

al. [221] reported a detailed investigation of nonaqueous 1-ethyl-3-methyl-imidazolium-

ethylsulfate ([emim][etSO4])/limonene/polyethylene glycol tert-octylphenyl ether (Triton 

X-114 or TX-114) microemulsions as a function of ionic liquid (IL) content and 

temperature. These systems were characterized by phase diagrams, conductivity 

measurements, and small angle X-ray scattering (SAXS) techniques. Rojas et al. [502] 

also formulated N,N′-Alkylimidazolium Alkylsulfate ([Emim][EtSO4])/1-butyl-3-

methylimidazolium dodecylsulfate ([Bmim][DodSO4])/toluene microemulsion and 

also,characterized the systems withconductivity measurement, DLS and SAXS 

techniques.Sarkar and his coworkers [S. Mandal, S. Ghosh, C. Banerjee, J. Kuchlyan, D. 

Banik, N. Sarkar, J. Phys. Chem. B 117 (2013)3221] reported the formulation of a novel 

ionic liquid-in-oil (IL/O) mixed microemulsion where the polar core of the ionic liquid, 

1-ethyl-3-methylimidazolium n-butylsulfate ([C2mim][C4SO4]), is stabilized by a mixture 

of two nontoxic nonionic surfactants, polyoxyethylene sorbitan monooleate (Tween-80) 

and sorbitan laurate (Span-20), in a biocompatible oil, isopropyl myristate (IPM).The 

formation of the microemulsion droplets was confirmed from the dynamic light scattering 

(DLS) and phase behaviour study. Very recently, Rao et al. [465] presented facile 

methods to adjust the structural parameters of microemulsions using different 

hydrophobic ionic liquids (ILs) (for example,[C2mim][Tf2N], [C4mim][Tf2N], 

[C6mim][Tf2N], [C4mim][PF6] and [C4mim][BF4]) as additives (polar phase). They 

characterized ILs/[C4mim][AOT]/benzene ternary system by carrying out  phase behavior 

study, dynamic light scattering (DLS) and 1H NMR measurements. Apart from these 

reports, Sarkar and his coworkers have published a good number of publications on 

characterization of nonaqueous ionic liquid containing microemulsions [296, 503-509]. 

Microemulsions with magnetic properties were formed by employing a magnetic room 

temperature ionic liquid, MRTIL, (1-butyl-3-methylimidazolium tetrachloroferrate, 

[bmim][FeCl4]) as polar phase, a mixture of ionic (SDS, AOT and [C16mimCl]) and non-

ionic (CiEj where i and j represent hydrocarbon chains and POE chains, respectively) 

surfactants and decanol as a cosurfactant, and also, microstructure of these 
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microemulsions were characterized by SANS and electric conductivity. These systems 

showed structurally the same as that of normal microemulsions but the magnetic 

properties were shown by the incorporation of [bmim][FeCl4] into the system 

formulations [510]. Zech et al. [511] demonstrated that biodiesel, which gained more and 

more attention in recent years resulting from the fact that it is made of renewable 

resources, can replace conventional oils as nonpolar phase in nonaqueous 

microemulsions containing the RTIL, ethylammonium nitrate as polar phase. They 

studied the thermal stability and microstructure of these systems by conductivity 

andSAXS measurements, in addition to the phase diagram and the viscosity of the 

microemulsions. They concluded that these high temperature stable, nonaqueous, free of 

crude oil based organic solvent microemulsions highlight an efficient way towards the 

formulation of environmentally compatible microemulsions, and open a wide field of 

potential applications. 

Recently, Wang et al. [512] reported the successful formulation of microemulsions with 

vegetable oil (castor oil) as the continuous phase, RTIL 1-butyl-3-methyl-imidazolium 

tetrafluoroborate as the polar phase, TritonX-100 as the surfactant, and 1-butanol as the 

cosurfactant. A pseudo-ternary phase diagram, DLS data, UV-Vis spectra, and kinematic 

viscosity measurements were employed to characterize and analyze the phase behavior 

and microstructure of the vegetable oil-based IL microemulsions. Further, they proposed 

that this vegetable oil-based IL microemulsion have tremendous potential as renewable 

biolubricant base-stocks.Li et al. [478] also formulated a novel IL microemulsion, 

consisting of 1-butyl-3-methylimidazolium tetrafluoroborate (bmimBF4) and nonionic 

surfactant (TX-100) in triethylamine (TEA)which was used either as an organic solvent 

or a Lewis base. The unique solubilization behavior of water in this system revealed the 

possibility of using TEA-microemulsion as a template to prepare metal hydroxides as 

well as metal oxides, which is not possible using traditional microemulsions. 

Recently, Kunz and his coworkers [497, 513] formulated high temperature stable 

microemulsions by using the room-temperature ionic liquid ethylammonium nitrate 

(EAN) as polar phase, dodecane as continuous phase and 1-hexadecyl-3-methyl 

imidazolium chloride ([C16mim][Cl]), an IL that exhibits surfactant properties, and 

decanol as cosurfactant at ambient temperature. They were able to obtain thermal 
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stability ranging from 300C up to 1500C. These high temperature microemulsions are, 

therefore, predestined for high temperature applications such as reaction media, lubricant 

formulations and size controlled nanoparticle synthesis. Apart from this, Rao et al. [514] 

demonstrated the wide range of thermal stability of [C6mim][TF2N]/N,N-

dimethylethanolammonium 1,4-bis(2-ethylhexyl) sulfosuccinate (DAAOT)/IPM 

microemulsions by carrying out phase behavior study, dynamic light scattering and 1H 

NMR measurements and also,by using coumarin-480 (C-480) as a fluorescent probe.  

Harrar et al. [221, 457] presented a detailed investigation of nonaqueous TX-100 or TX-

114/limonene/1-ethyl-3-methylimidazolium ethylsulfate ([emim][etSO4]) 

microemulsions.Different microstructures were identified,and the systems containing 

high amounts of ionic liquid showed remarkably large temperature stability down to - 

100C or - 350C, depending on the surfactant used. Prospective use of these newly 

introduced low-temperature stable microemulsions,for example in extraction processes, 

formulation of lubricants, or as reaction media for water-sensible reactions, was 

envisaged. 

First report, on IL-in-IL microemulsions (IL/IL) was reported by Cheng et al. [515] 

composed of hydrophobic IL [bmim][PF6] as apolar phase and hydrophilic protic IL, 

propylammonium formate (PAF) as polar phase stabilized by ananionic surfactant, 

AOT.Mukherjee et al. [180] formulated unique IL-in-ILmicroemulsions with two 

alkyltriphenylphosphonium cation based ILs, in which triisobutyl(methyl)phosphonium 

tosylate (IL 1) as polar phase, IPM as oil phase, trihexyl(tetradecyl)phosphonium bis-

2,4,4-(trimethylpentyl)phosphinate (IL 2) as surfactant and isopropanol as cosurfactant 

andalso, characterized by phase diagram, dilution method and DLS technique. These ILs 

werestudied against Sarcoma-180 cell lines and proficient anti-cancer activity of IL 1 and 

moderate activity of IL 2were evidenced. Good temperature stability up to 353 K was 

obtained for these microemulsions.Further, two studies have demonstrated the 

microemulsification of RTIL in compressed or supercritical CO2 [494, 516]. These new 

CO2-ionic liquid systems might possesscertain advantages, especially when water 

sensitive compounds are involved. 
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Applications of ionic liquid based microemulsions 

IL-based microemulsions have been extensively investigated in varied fields of drug 

delivery, material synthesis, enzymatic reaction, polymerization, biocatalysis, organic 

synthesis, protein extraction and capillary electrophoresis.In a review article, 

theapplications of IL-based microemulsions in the synthesis of nano-materials, 

biocatalysis, and organic reactions are summarized [517]. Apart from this, an attempt has 

been made to present a brief review of the applications of this special type of 

microemulsions in the following paragraphs. 

One important application of ionic liquid (IL)-based non-aqueous microemulsions is drug 

dissolution. Drug delivery using such self-assembled systems is yet to fully achieve its 

potential for a large number of drugs, which are insoluble or sparingly soluble in water. 

These limitations demand the need for alternative solvents that can be used as a polar 

core in microemulsions for the solubilization of sparingly soluble drug molecules. 

Considering these aspects, ILs could be a good candidate because they are capable of 

dissolution of various poorly soluble compounds including drug molecules [518]. 

Pharmaceutical industries have posed challenges in the topical and transdermal 

administration of drugs which are poorly soluble or insoluble in water and most of 

organic solvents. In an approach to overcome these limitations, ionic liquid-in-oil (IL/o) 

microemulsions (mEs) were employed by Moniruzzaman et al. [519] to increase the 

solubility of a sparingly soluble drug and to enhance its topical and transdermal delivery. 

The formulation of microemulsions was composed of a blend of nonionic surfactants, 

Tween-80 and Span-20, IPM as an oil phase, and IL [C1mim] [(CH3O)2PO2] 

(dimethylimidazolium dimethylphosphate) as a pseudo phase. Among various weight 

ratios of Tween-80 to Span-20 investigated in the microemulsion systems, the ratio 3:2 

showed anexcellent solubility and also,enhancedskin permeation effect for acyclovir 

(ACV) as a model sparingly soluble drug. On the basis ofthese results, they proposedthat 

IL-assisted nonaqueous microemulsion could serve as a versatile and efficient nano-

delivery system for insoluble or sparingly soluble drug molecules that require 

solubilizing agents for delivery. Microemulsions with high solubility of ACV, excellent 

formulation stability and enhanced permeation to the Yucatan micropig (YMP) porcine 

skin, were obtained from a blend of surfactant composed of 3:2 weight ratio of Tween-80 
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to Span-20. Finally, it was concluded that IL/O microemulsions create a new opportunity 

for the controlled delivery of sparingly soluble drugs that have problems of 

administration by other routes. In continuation, Moniruzzaman et al. [520] reported a 

novel IL-in-oil(IL/O) microemulsion which was able to dissolve pharmaceuticals that are 

insoluble or sparingly soluble in water and most of pharmaceutical grade organic liquids. 

Towards this approach, the nanometer-sized ionic liquid droplets in IPM were formed 

with a blend of nonionic surfactants, Tween-80, and Span-20. In order to explore the use 

of newly developed microemulsion as a potential drug carrier, they investigated the 

solubility of some drug molecules (e.g., acyclovir, methotrexate and 1-[(5-(p-nitrophenyl) 

furfurylidene) amino] hydantoin sodium) that are insoluble or sparingly soluble in most 

of the conventional solvents. In another study, Moniruzzaman et al. [521] reported 

solubility studies indicating a high degree of solubilization of such drugs in IL 

microemulsions. They concluded that thesemicroemulsions formed with ILs having 

unique physical, chemical and biological properties, which may offer novel opportunities 

to develop a potential drug delivery carrier for poorly soluble drugs molecules. They also 

reported the first successful application of a novel IL-assisted non-aqueous 

microemulsion stabilized by a blend of two nontoxic surfactants, Tween-80, and Span-20 

for transdermal delivery of acyclovir, which is insoluble or sparingly soluble in water and 

most common organic liquids 

In another study, Moniruzzaman et al. [522] explored the use of water-in-ionic liquid 

microemulsions composed of anionic surfactant, AOT/hydrophobic IL [C8mim][Tf2N] 

(1-octyl-3-methyl imidazolium bis(trifluoromethylsulfonyl)amide)/water/1-hexanol as the 

reaction medium for the enzymatic oxidation of pyrogallol catalyzed by horseradish 

peroxidase (HRP). The results demonstrated that the rate of HRP-catalyzed reactions in 

IL microemulsions was increased significantly compared with that obtained in 

conventional oil microemulsions. Therefore, they concluded that a water-in-ionic liquid 

microemulsion might be a very promising system for performing enzymatic reactions 

with HRP in ILs media. According to them, the findings will be of value for the 

development of ILs as a medium for the HRP-catalyzed oxidation of a variety of organic 

compounds such as phenols, biphenols, anilines, benzidines, and related heteroaromatic 

compounds. Further, they formulated aqueous microemulsion droplets in a hydrophobic 
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ionic liquid,1-octyl-3-methyl imidazolium bis (trifluromethyl sulfonyl) amide), 

[C8mim][Tf2N] stabilized by a mixture ofanionic surfactant; AOT and 1-hexanol as 

cosurfactant, to overcome the insolubility of enzymes in most of the ILs, and the catalytic 

activity of one of the enzymes studied (Pseudomonas cepacia lipase or lipase PS) 

became higher than in microemulsions of AOT in isooctane [523]. Zhou et al. [524] 

studied the catalytic activity of two fungal oxidases, lignin peroxidase and laccase for the 

oxidation of o-phenylenediamine, in the TX-100 stabilized water-in-[bmim][PF6] 

microemulsion. In such a medium, both lignin peroxidase and laccase were catalytically 

active. The laccase-catalyzed oxidation of 2,6-dimethoxyphenol in the water-in-

[bmim][PF6] microemulsion was studied. The laccase hosted in the microemulsion 

exhibited a catalytic activity which could be regulated by the composition of the 

interfacial membrane [525]. 

Zheng and coworkers [526] synthesized the hollow silica spheres in benzene/TX-

100/[bmim][BF4] microemulsion. For comparison, a traditional aqueous microemulsion 

system was used to replace the nonaqueous IL template, and no hollow silica spheres 

were formed. This indicates that [bmim][BF4] plays an important role in the formation of 

the hollow structure of silica spheres. Furthermore, Zhao and coworkers [527] 

synthesized silica products with two different morphologies using nonaqueous TX-

100/benzene/[bmim][BF4] microemulsion droplets as templates. By adjusting the reaction 

conditions, ellipsoidal nanoparticles were formed under acidic conditions, while hollow 

silica spheres were obtained under alkaline conditions. Li et al. [528] used the water-in-

IL microemulsion to prepare the tetragonal ZrO2 nanoparticles. For comparison, ZrO2 

particles synthesized by water-in-oil microemulsion were assembled after calcinations. 

The results indicated that the IL, bmimPF6 plays an important role in preventing the 

congregation of the product. Also, Zhang and coworkers [529] synthesized the bimetallic 

palladium/gold nanoparticles in the IL-based microemulsion. The palladium and gold 

precursors were dissolvedin dispersive and continuous phase of 

microemulsion(water/TX-100/[bmim][PF6]), respectively. Harada and his coworkers 

[530, 531 also synthesized metal particles of silver (Ag) by the photoreduction of silver 

nitrate (AgNO3) or silver perchlorate (AgClO4) in water-in-ionic liquid (IL) 

microemulsions consisting of nonionic surfactant, Tween-20 or Triton X-100, water and 
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ionic liquid, 1-octyl-3-methylimidazolium hexafluorophosphate ([OMIm][PF6]) or -

butyl-3-methylimidazolium tetrafluoroborate ([BMIm][BF4]) or 1-octyl-3-

methylimidazolium tetrafluoroborate ([OMIm][BF4]). In another study, they synthesized 

Ag particles in water/Tween-20/[BMIm][BF4] or [OMIm][BF4] microemulsions mixed 

with a high-pressure (25 MPa) CO2. They concluded that in the process of Ag particle 

formation, the water droplet size under high-pressure ofCO2 was more effectively 

regulated than that under ambient air, and thereby, preventing Ag particles from 

aggregation and precipitation. [532. 

There are some limits on conducting polymerization reaction in conventional 

microemulsions, for example, the solubility limitations for apolar solutes remain. This 

limitation can be overcome by IL-based microemulsion due to the combined advantages 

of both IL and microemulsion. Surfactants based on imidazoliumILs, including 

polymerizable surfactant ILs, were synthesized by Yan and Texter [533]. These ILs were 

used to stabilize polymerizable microemulsions, which were useful for producing 

polymer nanoparticles, gels, and open-cell porous materials.Wang and coworkers [534] 

conducted the co-polymerization of styrene and acrylonitrile in IL basedmicroemulsion 

under reverse atom transfer radical polymerization using 2,2’-azobis(isobutyronitrile) 

(AIBN) as initiator, FeCl3·6H2O/succinic acid (SA) as complex catalyst, 

cetytrimethylammonium bromide (CTAB) as surfactant and [bmim][PF6] as IL. The 

copolymers of styrene and acrylonitrile (SAN) with predetermined molecular weights and 

narrow molecular weight distribution were obtained. Zhang and coworkers [535] studied 

the electropolymerization behavior of pyrrole in water-in-[bmim][PF6], bicontinuous, 

[bmim][PF6]-in-water microemulsions. It was demonstratedthat the water-in-[bmim][PF6] 

microemulsion represents as an optimal medium with fastestpolymerization rate. Chen et 

al. [536] used methyl methacrylate (MMA)/1-dodeyl-3-methylimidazolium 

bromide/[bmim][BF4] microemulsions for free radical and atom transfer radical 

polymerizations. Polymers with reproducible size, well controlled molecular weight and 

low polydispersity could be produced. After the polymerization process, the remaining 

components could be recycled and reused.Guo and coworkers [537] synthesized the 

PANI core decorated with TiO2 (PANI/TiO2) nanocomposite particles in a 

microemulsion consisting of deionized water as the continuous aqueous phase and an oil 
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solution (aniline) and hydrophobic IL, [bmim][PF6] as the dispersed phase in the 

presence of anatase TiO2 nanoparticles. Further, Yan et al. [538] reported the fromation 

of proton conducting membranes by surfactant stabilized protic IL (PIL) nanodomains 

dispersed in a polymerizable oil, a mixture of styrene and acrylonitrile.  

In a series of studies, Huang and his coworkers [524, 525, 539] formulated single TX-100 

and mixed AOT/TX-100 water-in-IL microemulsion stabilized in 1-butyl-3-

methylimidazolium hexafluorophosphate ([BMIM][PF6]) and subsequently, investigated 

lipase catalyzed hydrolysis of lignin peroxidase (LiP), biomacromolecule laccase, and  4-

nitrophenyl butyrate (p-NPB) in these systems.Cheng and coworkers [540] used IL-in-

water microemulsion as a pseudo-stationary phase (PSP) for the detection of a large 

number of acidic compounds in capillary electrophoresis (CE). A fast and an efficient 

separation of eight phenolic acids was achieved by using [bmim][PF6] as oil drops, 

Tween-20 as the surfactant, and borate as the background electrolyte (BGE). The 

detection efficiency of the analytes by using IL-in-water microemulsion is much higher 

than that by using oil-in-water microemulsion eletrokinetic chromatography (MEEKC). 

The Diels-Alder Reaction (DAR) between N-ethylmaleimide and 2,3-dimethyl-1,3-

butadiene was studied in water/AOT/isooctane microemulsion in presence of 1-butyl-3-

methylimidazolium tetrafluoroborate (IL) [455]. The apparent second-order rate 

constants were determined by spectrophotometry in microemulsion. The effect of solvent 

on the DAR rate was investigated and interpreted. The experimental results showed that 

the reaction rate in the microemulsion with IL was enhanced, and it was faster compared 

to pure isooctane and generic AOT microemulsion as well. Selective extraction of 

hemoglobin was achieved by using water/AOT/[bmim][PF6] microemulsion systemfrom 

complex biological sample matrices [541]. Gayet and coworkers [456] formulateda IL-in-

oil microemulsion comprisingbenzylpyridinium bis(trifluoromethanesulfonyl)imide 

([BnPyr]NTf2), TX-100 and toluene, and performedthe Matsuda-Heck reaction between 

metoxybenzene diazotate and 2,3-dihydrofuranin this media.The reaction yield in IL-in-

oil microemulsion was twice higher than that in neat ILs. Consequently, after the 

formation of IL microemulsion, not only the reaction efficiency was significantly 

improved, but also the consumption of IL was reduced. The results provided a basis for 
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designing nonaqueous IL microemulsion microreactor, and also,envisaged thatthis 

reaction medium might have a good prospect forapplications in biocatalysis and 

nanomaterials synthesis. Zhang et al. [542] synthesized Pd nanoparticles in situ in 

H2O/TX-100/[bmim][PF6] microemulsion. TX-100 served as bothreductantandstabilizer 

of the nanoparticles. It was reported that microemulsion containing Pd nanoparticles 

represents a very efficient catalyticmediumfor the ligand-free Heck reaction. Garcia-Rio 

and his coworkers analyzed the properties of the interface of ionic liquid-in-oil 

microemulsions by absorption solvatochromic shifts, 1H NMR and kinetic measurements 

in order to investigate the properties of the ionic liquid within the restricted geometry 

provided by microemulsions and the interactions of the ionic liquid with the interface. 

They performed a quantitative kinetic study in ionic liquid microemulsions and found 

that the rate constant for aminolysis of nitrophenyl laurate at the interface of 

[bmim][BF4]/TX100/cyclohexane, IL/O microemulsions is between two and four times 

higher  than in water/TX100/cyclohexane, W/O microemulsions [220]. Xia et al. [543] 

studied for the first time an environmentally-friendly, enzyme-promoted procedure for 

the Henry (nitroaldol) reaction, which is considered as one of the most powerful and 

atom economical C–C bond-formation reactions. water/TX-100/[Bmim][PF6] 

microemulsion was used as reaction medium. The report revealed that amino acylase 

from Aspergillus oryzae showed better catalytic activity for the addition reactions of 

nitromethane with a series of aromatic aldehydes, and a highest yield of 90% was 

obtained.  

1.11. Advantages and disadvantages 

It can be noted that that use ofmicroemulsions as templatespossess both advantages and 

disadvantages. Because of the ease of preparation of microemulsion, drugs that are 

thermo-labile are easily incorporated without the risk of degradation [544]. In drug 

delivery, microemulsion ultimately increases the surface area of drugs, which improves 

their solubilization and permeation behaviors. The rate of penetration of drug is much 

faster in microemulsion systems than other drug delivery vehicles, withcontrolled drug 

release rates, slow degradation, and target specificity [544]. Microemulsions have a 

higher solubilization capacity for hydrophilic and hydrophobic compounds compare to 

simple micellar solutions. Because of their thermodynamic stability, microemulsions are 
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more favorable than regular emulsions, since microemulsions can be prepared  with very 

little energy input and have a long shelf life [545]. Microemulsions possess some 

disadvantages as well. Many experimental conditions, such as temperature and pH, 

influence the stability of microemulsions as well. The effects of these factors must be 

examined for each potential formulation.Further, formation of microemulsions generally 

requires large amounts of surfactant(s) and/or cosurfactant(s). All of these are generally 

irritating at high concentrations [544]. Although various reports on microemulsions for 

synthetic drug carrier systems decisively made for clinical use, are available in literature, 

not all of them have pharmaceutical acceptance. Each drug delivery system has to go 

through in vivo and biocompatibility studies so as to reduce its toxic effects. Further, high 

concentration of surfactant lowers the biocompatibility. In view of these aspects, there is 

an increasing need for development of microemulsions with low surfactant concentration 

and also, with naturally derived surfactant having low toxicity [27, 546]. 
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Chapter II 

Scope and Objectives 

The self aggregation of amphiphilic (surfactant) molecules, either in the simplest form of 

monolayers or in the form of micelles, microemulsions and vesicles provides unique 

opportunity to bring the embedded molecules closer together, to orient them in a specific 

way and also,to alter their reactivity. The microstructure of self-organized assemblies of 

surfactant systems is of fundamental interest, and plays a substantial role in many 

important applications such as nanomaterial synthesis, drug delivery, separations,  

pharmaceutical formulation, and other dispersant technologies.Under the perspective of 

their potential technological and pharmaceuticalapplications, formulation and structural 

characterization of microemulsion systems have received much interest amongother self-

assembly systems, mainly due to the advantages of theirphysicochemical properties like 

ultralow interfacial tension, large interfacial area, low viscosity, and high solubilization 

capacity. The term “microemulsion” can be defined as homogenous, transparent, 

isotropic, thermodynamically stable dispersions of water and oil, which might be 

stabilized either by single surfactant, mixture of surfactants, or by surfactant/cosurfactant 

combination.However, microemulsion systems formed with mixed surfactants are known 

to offer properties superior than the pure components. Such studies using mixed 

surfactants and other ingredients (especially oils of low toxicity and polar lipophilic or 

biocompatible oil) are not much reported in literature. A typical feature of the adsorption 

of ionic (cationic/anionic)-nonionic surfactant mixtures shows the synergism or anti-

synergism (antagonism) at the interfaces. Blend of surfactants often exhibits interfacial 

properties more pronounced than those of the individual surface-active components in the 

mixture. It is important to obtain quantitative information and elucidate the mechanism of 

assembly of mixed surfactant microemulsions.Further, phase behavior, thermodynamic 

properties, structural and packing parameters, transport properties (viscosity, 

conductance), percolation with related energetics, water solubilization capacity, nature or 

state of water in the water pool and several other parameters of microemulsion systems 

can be varied over a wide range with the use of mixed surfactant systems in comparison 

with single one. Further,there is a wide scope to elaborate such studies using ionic and 
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non-ionic of different configuration of polar head groups and hydrophobic moieties in 

solvents with different physical and chemical properties under varied physicochemical 

conditions Further, the addition of cosurfactant (alcohol) fine-tunes the surfactant 

hydrophile-lipophile balance (HLB) and effectively changes the originally unfavorable 

packing geometry of the surfactant molecules, which in turn, adjust the spontaneous 

curvature of the film to a negative value (curvature towards aqueous domain) and 

produces a stable surfactant/alcohol mixed interfacial film. Hence, phase behavior studies 

of such multicomponent systems comprising single or mixed surfactants, cosurfactants, 

oil(s), water (additives) are very much significant from the view point of their 

formulations, stability and characterizations.Generally, cosurfactant molecules partition 

themselves among the oil, water and the interface domainsdepending upon the 

lipophilicity.Adsorption of cosurfactant at the interface essentially depends on its 

distribution between the oleic phase and the oil/water interface. Therefore, without a 

quantitative description of the dependence of the partition equilibria on the system 

composition under varied physicochemical environments, a full understanding of 

quaternary microemulsions cannot be attained. To explicate the nature ofthe oil/water 

interface, detailed knowledge on (a) the interfacialcomposition (relative population of 

surfactant and cosurfactant in the interfacial region), (b) the distribution of the 

cosurfactant between the oil and waterin water-in-oil (w/o) microemulsion systems and 

(c) thermodynamics of transfer of cosurfactant from the oleic phase to the interface are 

essential. In addition,the water solubilization capacity, transport properties (conductance 

and viscosity), microstructure and dynamic H-bonding network of confined water are the 

important parameters of w/o microemulsion system, which determines the size of water 

core, the rigidity of the oil/water interface, inter-droplet interactions and the morphology 

of surfactant aggregates.Hence, a comprehensive physicochemical study of some single 

and mixed surfactant microemulsion systems comprising conventional or biocompatible 

amphiphiles stabilized in alkanes or polar lipophilic oils in absence or presence of 

electrolyte/salts is needed.  To this end, a simple but elegant method of dilution, 

conductivity, viscosity, dynamic light scattering (DLS), fluorescence probing techniques 

(lifetime and steady state  anisotropy measurements),  fourier transform infrared 

spectroscopy (FTIR) and nuclear magnetic resonance (NMR) techniques have been used 



 

74 
 

 

to elucidate the dynamics and internal structure of single and mixed surfactant 

microemulsions.Microemulsions are membrane-active, antimicrobial, self-preserving in 

their own right. Further, the antimicrobial activity of the single and mixed 

microemulsions has been examinedagainst the gram-positive and gram-negative 

bacterialstrains. In the present dissertation, an attempt has been made to formulate and 

characterize a series of single and mixed surfactant microemulsion systems in oils of 

different types (in absence or presence of salts/electrolytes) at different physicochemical 

conditions by employing different techniques as mentioned above. The broad objectives 

of the present investigation are mentioned below.Chapter III aims at a precise 

characterization on the basis of molecular interactions among the constituents and 

explicate the formation vis-à-vis the nature of the oil/ water interface of equimolar (1:1) 

cationic/non-ionic mixed surfactant w/o microemulsions [water/cetyltrimethylammonium 

bromide (C16TAB) + polyoxyethylene (20) cetyl ether (C16E20)/1-butanol (Bu)/heptane 

(Hp) or decane (Dc)] as a function of molar ratio of water and surfactant (ω = 10→50) at 

303K. Both of these surfactants (C16TAB and C16E20) are chosen in such a way that they 

possess similar hydrocarbon tail (constituting 16 carbon atoms in the linear hydrocarbon 

chain), but they differ in charge type and size of the polar head groups, so that the 

possible interaction between the hydrocarbon chains of both surfactants gets minimized. 

Formation,  microstructure,  internal dynamics (interface dynamics of the droplets and 

dynamics of confined water) and composition of the mixed interfacial film of these 

systems have been contemplated by means of the phase study, conductivity, viscosity, 

DLS, fluorescence lifetime, steady state fluorescence anisotropy, FTIR measurements 

and dilution method as a function of water content. In Chapter IV, an attempt has been 

made to underline the influence of the variation in alkyl chain length of 

aalkyltrimethylammonium bromide based cationic surfactant (CnTAB, n = 12, 14, 16 and 

18) and oils of different chemical structures and polarity [viz. heptane (Hp) is a short 

chain (C7) linear hydrocarbon, whereas isopropyl myristate (IPM) commonly known as a 

fatty acid ester or polar lipophilic oil, consists of branched alkyl chain (isopropyl) and 

longer fatty acid chain (myristate, C14) associated with either side of the ester moiety, 

which is polar] on formation vis-à-vis the constitution of the interfacial film, 

microstructure and states of the encapsulated water inside the pool of equimolar (1:1) w/o 
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cationic/non-ionic mixed surfactant microemulsions, water/CnTAB (n = 12→18) + 

polyoxyethylene (20) cetyl alcohol (C16E20) (1:1)/pentanol/heptane (or isopropyl 

myristate) in absence and presence of different inorganic salts [sodium chloride (NaCl), 

potassium fluoride (KF), potassium iodide (KI), nickel (II) chloride (NiCl2), and iron (III) 

chloride (FeCl3)at a fixed concentration] at ω (= 25) and 303 K, by employing different 

methods and techniques ( such as, dilution method, phase study, viscosity, DLS and FTIR 

measurements). However, the additives (inorganic salts) are not chosen arbitrarily. NaCl 

is a strong electrolyte and influences the interfacial composition of (w/o) microemulsion 

system. KF and KI are reported to behave as salts of ‘water structure maker’ 

(kosmotropes) and ‘water structure breaker’ (chaotropes) respectively. NiCl2 and FeCl3 

are used, as they are interesting precursor salts for nanoparticle synthesis in w/o 

microemulsion media. In Chapter V, we contemplate to undertake a precise investigation 

on the formation vis-à-vis nature of the oil/water interface, transport property and 

microstructure of anionic/non-ionic mixed surfactant blended w/o microemulsions 

[water/sodium dodecylsulfate (SDS)/polyoxyethylene (23) dodecyl ether (Brij-

35)/cosurfactant (1-pentanol)/isopropyl myristate (IPM)] as function of water contents 

(ω), content of nonionic (Xnonionic), and temperature by means of phase study, the dilution 

method, conductivity, and DLS measurements. Both of these surfactants (SDS and Brij-

35) are chosen in such a way that they possess similar hydrocarbon tail (constituting 12 

carbon atoms in the linear chain), but they differ in charge type and size of the polar head 

groups, so that the possible interactions between the hydrocarbon chains of two 

surfactants gets minimized. Also, IPM has been widely used in the formulation of 

biocompatible microemulsions for pharmaceutical, drug delivery and biological 

applications. However, studies on IPM (which is structurally and physicochemically 

different from conventional hydrocarbons) derived w/o mixed surfactant microemulsion 

is not much reported in literature. In continuation of our previous study Chapter VI aims 

at a precise characterization of the molecular interactions among the constituents, and 

enlightens the formation vis-à-vis nature of the oil/water interface in the 

microenvironment of mixed cationic (cetyltrimethylammonium bromide, CTAB) and 

nonionic (Brij-35) microemulsions stabilized in Pn and IPM as a function of ω, 

composition (mole fraction of nonionic surfactant in mixed surfactant system, Xnonionic), 
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and temperature, and comparison of the results in the light of changes in size and type of 

polar head group of basic surfactants (viz. CTAB with CTA+ and SDS with DS-) as well 

as unequal hydrocarbon chain lengths of CTAB (C16) and Brij-35 (C12). The present 

investigation sheds on the formation and composition of mixed interfacial film, complete 

analysis of thermodynamics of the transfer process of cosurfactant from bulk oil to the 

interface, transport property, microstructure and the physicochemical properties of 

solubilised water of these systems by means of phase study, dilution method, 

conductivity, DLS, FTIR (with HOD probing) and 1H NMR spectroscopic measurements. 

Further, an attempt has been made to examine the antimicrobial activity or inhibitory 

effect of the microemulsion systems against the strains gram-positive - Bacillus subtilis 

(B. subtilis) and gram-negative - Escherichia coli (E. coli)bacteriahasbeen in individual 

constituents and also at different compositions of mixed surfactants [XBrij-35= 0.0→1.0, 

S/CS= 1:2 (w/w)] of microemulsions at303K, by measuring the diameter of the inhibition 

zone (“diz”).  In Chapter VII (final chapter), we contemplate to undertake studies on the 

formation and precise characterization vis-à-vis the nature of the oil/ water interface and 

water in the confined environment of nonionic/cationic mixed surfactant w/o 

microemulsions [water/polyoxyethylene (20) cetyl ether (Brij-

58)/cetyltrimethylammonium bromide (CTAB)/1-pentanol (Pn)/heptane (Hp) or decane 

(Dc)] as a function of different mixing ratios of Brij-58: CTAB (5:0→0:5, w/w) at 303K. 

In this report, we intended to address non-ionic (Brij-58)/ionic surfactant (CTAB) mixed 

surfactant microemulsions (that is, the addition of a cationic surfactant to a nonionic 

surfactant at different proportions, which differs from other studies) that exhibit 

synergism in solubilization of water in these systems. An attempt has also been made to 

correlate the solubilization capacity of water as a function of mixed surfactant 

composition with percolation of conductance to underline the microstructure of these 

mixed surfactant microemulsions. In addition, microstructure, internal dynamics 

(dynamics of the confined water) and interfacial composition of the mixed interfacial film 

of these systems have been characterized by means of the phase study, DLS, FTIR 

measurements and dilution method as a function of different mixing ratios of 

surfactant(s). An attempt has been made to rationalize the results in a comprehensive 

manner.  
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Chapter III 

 

Effects of water content and oil on physicochemical and microenvironmental 

properties of mixed surfactant microemulsions 

 

Abstract 

In this report,  phase behavior, conductivity, viscosity, dynamic light scattering, 

fluorescence lifetime, steady state fluorescence anisotropy and Fourier transform infrared 

spectroscopy (FTIR) techniques were employed for understanding of the 

physicochemical properties and microenvironment of water-in-oil microemulsion 

comprising equimolar (1:1) cetyltrimethylammonium bromide (C16TAB) and 

polyoxyethylene (20) cetyl ether (C16E20)/1-butanol/heptane or decane, with varying 

water content (ω) at 303K. Both conductivity and viscosity of these systems were 

increased with increase in ω in both oils. Droplet size was also increased with increase in 

ω and corroborated well with the conductance and viscosity measurements, and depends 

on oil chain length. The physicochemical changes in the microenvironment with increase 

in ω were presented by measuring the changes in decay time using a fluoroprobe (7-

hydroxycoumarin). The effect of hydration on the microstructure of these systems was 

studied by polarized fluorescence measurements. FTIR measurements reveal three states 

of water molecules, viz. trapped, bound and bulk water, in water pool of these systems. 

Further, the interfacial composition and free energy of transfer of 1-butanol from oil to 

the interface were evaluated by the dilution method. Changes in interfacial composition 

as a function of ω corroborate well with FTIR results indicating bound and bulk water. 

 

Keywords: Dynamic light scattering, Conductance, Fluorescence measurement; Fourier 

transform infrared spectroscopy; State of water; Dilution method.  

Colloid Surfaces A., 2014,  450,  130-140 
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1. Introduction 

Microemulsions are ternary or pseudo-ternary dispersed systems comprising mixtures of 

oil, water and surfactant or (surfactant + cosurfactant). They possess some unique 

characteristics,  such as thermodynamic stability (imparting long shelf-life), 

compartmentalized polar and non-polar dispersed nano-domains, ease of preparation, low 

viscosity, ultralow interfacial tension, isotropic and optical transparency (infrequently 

faint translucency) [1,2]. Due to the existence of both polar and non-polar microdomains, 

both hydrophilic and lipophilic drug molecules could be solubilized, encapsulated and 

stabilized in these microscopically heterogeneous and macroscopically homogeneous 

systems [3]. Typical water-in-oil (w/o) microemulsions or reverse micelles (RMs) consist 

of nanoscopic water pools dispersed in a nonpolar solvent separated by surfactant 

monolayer [4]. The physicochemical properties of water molecules localized in the 

interior of the microemulsions or RMs i.e, confined water is different from those of bulk 

water, and  has been found to be strongly dependent on the chemical nature of the 

dispersant phase (oil), surfactant, cosurfactant and also on the hydration level of the w/o 

microemulsions [5, 8]. The change in the structural properties, such as the size, shape, 

and interfacial rigidity of the microemulsions play an important role in controlling the 

chemical reactivity of the reactants, morphology of the nano-materials, and the release of 

the drug molecules from the microemulsion droplets [9-11]. The droplet sizes of the 

microemulsions are usually controlled by a parameter, ω (which is equal to molar ratio of 

water and surfactant). Extensive studies have been performed to understand the 

interaction and dynamics of the microemulsion droplets using various techniques, such as 

small-angle neutron scattering (SANS), small-angle X-ray scattering (SAXS), 

transmission electron microscopy, dynamic light scattering (DLS), nuclear magnetic 

resonance (NMR), fluorescence spectroscopy, conductance, and viscosity measurements 

[12, 13]. Further, reports on the interaction of dye molecules within confined environment 

of RMs to elucidate the properties of these organized systems [14, 15]. Dye molecules 

can be accommodated in a RM in three different locations: (a) external organic solvent, 

(b) micellar interface formed by surfactant monolayer, and (c) internal polar core 

depending upon nature of the dye and the medium. Hence, nature and size of RMs can be 

deciphered by monitoring spectral behavior of dye molecules.  
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Surfactant mixtures often give rise to enhanced performance over the individual 

components or exhibit synergism in their physicochemical properties. Because of this 

property, such mixtures are of theoretical interest as well as could potentially be 

employed in a wide range of applications. Reports on the use of the blends of 

ionic/nonionic surfactant microemulsions as templates for enzymatic activity, 

nanoparticle synthesis, and chemical reactivity are available in literature [16-18]. Further, 

characterization of water-in oil (w/o) mixed surfactant microemulsions using 

conductivity [19-21], viscosity [20-22], SANS [23], solubilization [24, 25], interfacial 

composition [20, 21, 26], Fourier transform infrared (FTIR) spectroscopy [20, 21, 27], 

and NMR [28] reveals a significant modification of physicochemical properties of the 

oil/water interface as well as the state of the confined water inside the pool compared to 

the corresponding single surfactant systems. These findings summarized that the 

influence of surfactant mixing on overall formation and stability of microemulsions are a 

direct consequence of molecular interactions of the constituents at the oil/water interface. 

Very recently, we have reported the interfacial composition, thermodynamics of alkanol 

transfer process, solubilization behavior, transport and microstructural properties, and the 

dynamics of confined water of mixed surfactant (ionic and nonionic) w/o microemulsions 

under different physicochemical conditions, by employing the dilution method 

(Schulman's method of cosurfactant titration of the oil/water interface), conductivity, 

viscosity, DLS and FTIR measurements [20, 21, 25, 26, 29]. In view of these studies, the 

present report aims at a precise characterization on the basis of molecular interactions 

among the constituents and explicate the formation vis-à-vis the nature of the oil/ water 

interface of equimolar (1:1) mixed surfactant w/o microemulsions 

[water/cetyltrimethylammonium bromide (C16TAB) + polyoxyethylene (20) cetyl ether 

(C16E20)/1-butanol (Bu)/heptane (Hp) or decane (Dc)] as a function of molar ratio of 

water and surfactant (ω = 10→50) at 303K. Both of these surfactants (C16TAB and 

C16E20) are chosen in such a way that they possess similar hydrocarbon tail (constituting 

16 carbon atoms in the linear hydrocarbon chain), but they differ in charge type and size 

of the polar head groups, so that the possible interaction between the hydrocarbon chains 

of both surfactants gets minimized [23, 30]. Bu is used as structure making cosurfactant 

for w/o microemulsion formulation due to its potential industrial as well as biological 
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applications [31, 32]. Formation,  microstructure,  internal dynamics (interface dynamics 

of the droplets and dynamics of confined water) and composition of the mixed interfacial 

film of these systems have been characterized by means of the phase study, conductivity, 

viscosity, DLS, fluorescence lifetime, steady state fluorescence anisotropy, FTIR 

measurements and dilution method as a function of water content. Finally, the correlation 

of the results in terms of the evaluated physicochemical parameters has been made, which 

is expected to improve the basic understanding of the formation and characterization of 

the interface that imparts stability to mixed surfactant w/o microemulsions. 

2. Experimental section 

2.1. Materials 

Cetyltrimethylammonium bromide (C16TAB, >99%), polyoxyethylene (20) cetyl ether 

(C16E20, >98.5%) were the products of Sigma Aldrich, USA and Fluka, Switzerland, 

respectively. The cosurfactant [1-butanol (Bu, >98%)] and oils [heptane (Hp, >98%) and 

decane (Dc, >98%)] were products of Fluka, Switzerland, Lancaster, England and E. 

Merck, Germany, respectively. The dye, 7-hydroxycoumarin (HCM, >99%) and 2-

(2,4,5,7-tetrabromo-6-oxido-3-oxo-3H-xanthen-9-yl) benzoate  (Eosin Y, >99%) were 

the products of Chem Service, West Chester, USA and E. Merck, Germany, respectively. 

Colloidal dispersion of silica (Ludox AM-30 colloidal silica, 30 wt% suspensions in 

water) was the product of Sigma Aldrich, USA. All these chemicals were used without 

further purification. Doubly distilled water of conductivity less than 3 S cm-1 was used 

in the experiments. 

2.2. Methods 

2.2.1. Preparation of microemulsion 

Microemulsions were prepared using the blends of C16TAB and C16E20 at a fixed 

composition of the surfactant(s) (1:1) in Hp or Dc oil and then adding calculated amount 

of the de-ionized water or aqueous solution of dye or fluoroprobe(depending upon their 

solubility’s in water) at different concentration levels to obtain the desired ω (= 

[water]/[surfactant(s)]). The resulting solution was vortexed for about at least 60s. All the 

samples were single phase and optically transparent under the experimental conditions of 

the conductance, viscosity, DLS, fluorescence and FTIR spectroscopic measurements 

reported herein. The addition of the de-ionized water or aqueous dye or fluoroprobe was 
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controlled by using a micro-syringe. For different instrumental measurements, the 

composition of the microemulsions was kept constant at mass ratio of surfactant(s) and 

cosurfactant equals to 1:2. 

2.2.2. Phase manifestation 

The pseudo ternary phase diagrams of water/(C16TAB + C16E20)/Bu/Hp (or, Dc) at 

equimolar composition (1:1) of mixed surfactants were constructed by titrimetric method. 

A known amount of mixed surfactants and Bu (1:2, w/w) and oil (Hp or, Dc) or water 

was taken in a stoppered test tube. Water or oil was then progressively added using a 

microsyringe under constant stirring in a controlled temperature bath (303±0.1K). The 

phase boundary was demarcated by the appearance of turbidity, and corresponding 

composition was noted. The same experiment was carried out for a number of 

compositions by varying amount of oil or water. It was estimated that the accuracy of the 

measurements for the transparency-to-turbidity transition was better than ± 2%. 

2.2.3. Conductance measurements 

Conductivity measurements were made using an automatic temperature-compensated 

conductivity meter, Mettler Toledo (Switzerland) Conductivity Bridge, with cell constant 

of 1.0 cm-1. The instrument was calibrated with a standard KCl solution. A constant 

temperature (303 ± 0.1 K) was maintained by circulating water through the outer jacket 

from a thermostatically controlled water bath. The reproducibility of the conductance 

measurement was found to be within ± 1%.  

2.2.4. Viscosity measurements 

Viscosity measurements were performed using a LVDV-II+PCP cone and plate type 

rotoviscometer (Brookfield Eng. Lab, USA). The temperature was kept constant (303K) 

for viscosity measurement within ± 0.1 K by circulating thermostatic water, through a 

jacketed vessel containing the solution. The reproducibility of the viscosity measurement 

was found to be within ± 1%.  

2.2.5. Dynamic light scattering (DLS) measurements 

The size of the microemulsion droplet was determined by DLS method. The same set of 

solutions, as used for conductance and viscosity measurements, were employed for 

droplet size analysis at 303K. DLS measurements were carried out using a Zetasizer 

Nano ZS90 (ZEN3690, Malvern Instruments Ltd, U.K.). A He-Ne laser of 632.8 nm 
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wavelength was used and the measurements were made at a scattering angle of 900. 

Details of the measurement were presented in our previous reports [20, 21]. 

2.2.6. Fluorescence lifetime measurements  

The fluorescence lifetime measurements were performed at 303K using a bench-top 

spectrofluorimeter from Photon Technology International (PTI), USA (Model: 

Quantamaster-40). The present PTI lifetime instrument employs Stroboscopic Technique 

(Strobe) for time-resolved fluorescence measurements. Fluorescence lifetime of the dye 

(HCM) was recorded at 450 nm using 310 nano LED as the light source. Instrument 

response function (IRF) is acquired from a non-fluorescing scattered solution (Herein, 

Ludox AM-30 colloidal silica, 30 wt% suspension in water) held in a 1 cm path length 

quartz cell. Analysis has been made by Felix GX (version 2.0) software. Goodness of the 

fluorescence lifetime data fits of the curves is adjudged by χ2 value (less than 1.10) and 

with a residuals trace that is fully symmetrical about the zero axis. Detail of the technique 

is given in the Appendix A (Sec. 1 and Fig. S1). 

2.2.7. Steady state fluorescence anisotropy 

Steady state anisotropy (r) was determined using the following expressions [33, 34], 

r = IVV - GIVH / IVV + 2GIVH and G = IHV / IHH       (1) 

where, IVV and IVH are the intensities obtained with the excitation polarizer oriented 

vertically and the emission polarizer oriented vertically and horizontally respectively; IHV 

and IHH refer to the similar parameters as above for the horizontal positions of the 

excitation polarizer. The excitation wave length for probe (Eosin Y) was set at 500 nm 

(λex) and the emission spectra (λem) were recorded in the range of 500–650 nm [34, 35]. 

2.2.8. Fourier transform infrared spectroscopy (FTIR) studies 

FTIR absorption spectra were recorded in the range of 400-4000 cm-1 with a Shimadzu 

83000 spectrometer (Japan) using a CaF2-IR crystal window (Sigma-Aldrich) equipped 

with a Presslock holder with 100 number scans and spectral resolution of 4 cm-1 at 303K. 

Deconvolution of spectra has been made with the help of Origin software. 

2.2.9. The dilution method (Schulman’s method of cosurfactant titration at the 

oil/water interface)  

The dilution experiment based on titrimetric method was pioneered by Bowcott et al. 

[36]. The procedure of this experiment at different physicochemical conditions with 
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theoretical backgrounds (i.e., basics of the dilution method and evaluation of 

thermodynamic parameters) were presented in our previous reports [20, 21, 26]. 

3. Results and discussion 

3.1. Phase Behavior of mixed surfactant microemulsions 

For the characterization of mixed surfactant microemulsions [water/(C16TAB + 

C16E20)/Bu/Hp (or, Dc)], phase behavior study was undertaken at 303K. A partial phase 

diagram of the pseudo-ternary systems was constructed by preparing the samples at 57 

different compositions for an overview of the phase behavior (i.e. clear microemulsion 

zone; 1ф and biphasic zone; 2ф). However, appearance of viscous and other phases along 

the [surfactant(s): cosurfactant/water]-oil axis have not been shown for simplicity. 

Determination of the boundaries of the microemulsion region was then refined through a 

titration process of mixtures of oil (Hp or Dc), surfactant (C16TAB + C16E20) and 

cosurfactant (Bu) (S: CS = 1: 2, w/w) with water by observing transition from clear 

transparent solution to turbid solution through visual observation.  To begin with the 

titration process, water was added drop wise to an oil/mixed surfactant-cosurfactant blend 

with a varying amount of oil (100.0 → 0.0 wt %). The findings and the discussions on the 

phase behavior are presented with the help of phase diagrams in the Appendix A (Sec. 2 

and Fig. S2). 

3.2. Dynamic light scattering (DLS) studies 

DLS measurements have been proved to be a precise and convenient tool for 

investigating the structural properties of w/o microemulsion systems, as reported by 

several authors [7, 14, 15, 20, 21, 25, 27, 29, 34].  Herein, the size and size distribution of 

droplets in w/o microemulsions were characterized by DLS measurements as a function 

of water content (ω) at 303K. The same experimental path was used, as that of 

conductivity and viscosity measurements were chosen. All kinds of droplet shapes were 

imitated to spheres during the DLS measurements. Therefore, the size of the possible 

globule shape of microemulsion droplet was real dimension or similar to it [37]. Typical 

values of polydispersity index (PDI) which was calculated according to the International 

Standard on dynamic light scattering ISO 13321 [38] and was obtained in the range 0.1-

0.2. This indicates that the sample is rather monodisperse in nature [39, 40].   
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 Fig. 1. Hydrodynamic diameter (Dh) of water/(C16TAB + C16E20, 1:1)/Bu/Hp (or Dc) 

microemulsions as a function of molar ratio of water to surfactant (ω) at a constant 

temperature of 303K. Open circle: Bu/Hp, filled circle: Bu/Dc. Dotted lines are guide to 

the eye.   

It reveals from DLS measurements, that hydrodynamic diameter (Dh) of the 

microemulsion droplets increase remarkably from 6.54 nm to 11.66 nm and 6.80 nm to 

12.20 nm in Hp and Dc, respectively with the increase in water content (ω = 10→50) in 

the mixed systems, keeping other parameters constant (Fig. 1). When water is added to 

dry RMs, a portion of the water goes to the interface and hydrates the head group of 

surfactants until they reach a maximum, becoming fully hydrated at a certain ω. 

Additional water then goes primarily to the inner core, leading to continuous increase in 

the volume of core water with a further increase in ω. This result in a change in the 

distribution of surfactant molecules to cover the increased volume of water, and 

subsequently, the smaller droplets are combined into larger ones [41]. These results are 

consistent with the evaluation of the effect ω on the size of nonylphenylpolyethoxylates 

(NP)-based RMs stabilized in cyclohexane [41]. Recently, Zhang et al. [42] and Kundu et 

al. [29] reported similar results for AOT/IPM/alcohol/water and AOT/Tween-85/IPM or 

IPP or EO/water reverse micelles, respectively.  
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It can be observed from Fig. 1 that hydrodynamic diameter (Dh) increases with increase 

in water content (ω) linearly up to a certain ω (~ 30), i.e., swelling of microemulsion 

droplets has been followed, as it is well established for water or polar 

solvent/surfactant/oil microemulsions [43]. This feature also demonstrates that the w/o 

microemulsions consist of discrete spherical and non-interacting droplets of water 

stabilized by surfactant(s). Deviation from the linearity has been observed beyond ω ≥ 30 

(Fig. 1). It may be due to several factors. Of these, the most relevant one is the droplet-

droplet interaction [43]. 

Further, it can be observed from Fig. 1 that, droplet size increases with increase in chain 

length of oil (Hp→Dc) at comparable conditions. Similar observation was also reported 

in literature [44]. However, an increase in droplet size with increase in ω and oil chain 

length corroborates well with results obtained from conductance and viscosity 

measurements, and has been dealt in the Appendix A (Sec. 3, Sec. 4 and Fig. S3 and Fig. 

S3, inset A).  

However, it can be mentioned that DLS gives an estimate of a diffusion coefficient (and 

hence, a particle size) based on a model shape [7, 15, 21, 27]. Refinement of data 

pertaining to the droplet size of the microemulsion was done by some authors using 

pulsed field gradient spin-echo NMR (PGSE-NMR) measurement of diffusion coefficient 

[45-47]. But, the applicability of NMR technique to the present quaternary mixed 

microemulsion systems become complicated due to the presence of the alcohol 

(cosurfactant) in the continuum phase and the size of the microemulsion droplet is not a 

simple function of ω only [45, 48]. Moreover, the interpretation of the interaction 

parameter (κ), which is involved in the first term of virial expansion of diffusion 

coefficient in NMR technique, becomes obscure in the presence of complex 

hydrodynamic interactions in the present mixed surfactant microemulsion systems [45, 

49-51]. Hence, comparatively less complicated and commonly used technique, DLS 

measurement has been employed for delineation of structural characteristics of these 

systems. Recently, Bumajdad et al. [52] reported that the droplet size measured by DLS 

was found to be reasonably similar to that determined by PFG-NMR experiment for 

water/DDAB/DTAB/n-heptane system. 
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3.3. Photophysical Studies 

In photophysical study of w/o microemulsions or reverse micelles, the choice of 

photosensitive probe molecule (i.e., fluoroprobe) is important. Compounds with low 

polarity or high hydrophobicity would reside near the interface, whereas those with high 

polarity or low hydrophobicity would reside in the polar core of microemulsion droplet 

[53, 54]. In the present study, neutral fluoroprobe (HCM) and anionic xanthenes dye 

(Eosin Y) have been chosen as probe(s) for photophysical studies (viz., florescence 

lifetime and steady state anisotropy measurement) according to their preferential 

solubility at the interface [53, 54] and polar core of microemulsion, respectively [34, 35]. 

Recently, the simulation study has revealed that the CTAB molecules are more 

compressible and ordered in nature at the oil/water interface [55]. The water molecules 

present in the hydration layer are found to be preferentially distributed in the region 

between the three partially charged methyl head groups of C16TAB [56]. On the other  

hand, the hydrophilic head group conformation of polyoxyethelene ether type nonionic 

surfactant molecules depends on its hydration [57] and form ‘all trans’ or ‘helix 

conformation in reverse micelles with the network of H-bonding between ether oxygen 

atom and water [58]. However, overall scenario is much complicated in case of mixed 

surfactant systems and the unlike interaction (for example, cationic-nonionic interaction) 

in mixed systems might predominates over the like interaction (for example, ionic-ionic 

or nonionic-nonionic interactions) in pure micelles upon hydration [59].   

3.3.1. Fluorescence lifetime measurement 

Fluorescence lifetime study in mixed surfactant w/o microemulsions has been undertaken 

to obtain information about the configuration of altered interfacial region of the mixed 

amphiphiles with increase in water content that is, upon hydration (ω = 10→50), using 

HCM (10-5 mol dm-3) as fluoroprobe [60]. The fluoroprobe (HCM) has been chosen in the 

present study, because of the fact that the probe mainly resides at the interface and/or 

faces the polar core upon excitation as reported earlier [53, 54]. Fluorescence lifetime 

measurement is a highly sensitive imaging method and the lifetime of a fluoroprobe can 

alter in response to the changes in the conformational state of the fluoroprobe or in 

response to the interaction with local environment [60]. In the present report, the probe 

molecules exhibit in two different environments: initially i.e., up to ω = 20 with a large 
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difference in lifetime of the residing probes, beyond which (ω > 20) a single lifetime 

value has been displayed. This indicates the presence of all probe molecules in the 

identical environment at higher ω values (Appendix A, Table S1). For example, the probe 

molecules exhibit shorter lifespan of 2.56 ns and 2.76 ns along with a longer lifetime of 

36.28 ns and 37.51 ns at ω= 10, whereas only shorter lifespan of 4.39 ns and 4.57 ns  

have been found to exist at  ω = 50 for Hp and Dc derived systems, respectively. 

Generally, interaction with local environment results in fluoroprobe to release the excited 

state energy faster, leading to a shorter lifespan and vice versa [61]. Hence, in all 

probabilities, the first kind of probe molecules, i.e., the molecules with shorter lifespan, 

reside at comparatively complex environment with fairly strong and effective interactions 

therein (interfacial region where most of the dye molecules are essentially located [53, 

54]. On the other hand, the dye molecules with longer lifespan probably exist in quite 

simple environment in continuous phase. It is interesting to note that these types of probe 

molecules have not been found with increasing ω (> 20) and the molecules with shorter 

lifespan only exist. It suggests that the dye molecules are mainly located at the interfacial 

region with larger surface area of the microemulsion droplet beyond ω = 20 [53, 54]. 

In the present report, the shorter fluorescence lifetime of HCM (interfacial probe 

molecules) in mixed microemulsions has been found to influence with the variation in 

water content all around the experimental range of ω (=10→ 50) (Fig. 2). Thus, by 

measuring the changes in such lifetime values  with increasing water content, the 

physicochemical changes in the interfacial microenvironment of w/o mixed systems 

surrounding the fluoroprobe have been measured indirectly, and a representative plot has 

been depicted in Fig. 2. It can be observed from Fig. 2 that the lifespan of fluoroprobe   

gradually increases from 2.56 ns to 4.95 ns and 2.76 ns to 5.09 ns with the increase in 

water content up to ω = 40, and then decreases to 4.39 ns and 4.57 ns at ω = 50 for Hp 

and Dc derived systems, respectively. For w/o microemulsion system, increase in ω leads 

to decrease in concentration of the surfactant on the droplet surface [65]. It is quite likely 

that the addition of water to a microemulsion system where mass ratio of surfactant and 

cosurfactant is fixed, decreases the global composition of the mixtures 

[water/surfactant(s)/cosurfactant/oil], [65] and subsequently, concentration of the 

surfactant apparently decreases. Therefore, at higher ω, the interface becomes less 
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complicated or constrained. Consequently, the fluorescence life time  of HCM is 

expected to increase in absence of severe interactions. Hence, the increasing trend of 

 value with increasing ω (= 10→40) indicates the manifestation of the reduction in 

local interactions as well as native environment surrounding the fluoroprobe at the 

interface. On the other hand, the drop in  value at ω > 40 may be attributed to the 

enhanced local field effect around the fluoroprobe with the spreading of long POE chain 

on the droplet surface [26].  
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Fig. 2. Fluorescence lifetime of HCM   as a function of molar ratio of water to 

surfactant (ω) in water/(C16TAB + C16E20, 1:1)/Bu/Hp (or Dc) microemulsions at a 

constant temperature of 303K, Open circle: Bu/Hp, filled circle: Bu/Dc, Dotted lines are 

guide to the eye. Representative fluorescence decay of HCM (λex= 310 nm) along with 

corresponding χ2 values and residual traces have been shown in Appendix A (Sec. 1 and 

Fig. S1). 

 

It was reported that in nonionic surfactants consisting of POE groups, oxonium ions, that 

is, positively charged ether oxygen atoms in polyoxyethylene groups of C16E20, are so 

formed in the hydrophilic portion of the surfactants [59, 66]. Hence, it may be concluded 
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that the polyoxyethylene (POE) chain length is large enough in case of C16E20 (i.e., 20 

oxyethylene moiety), repulsion exists between the cationic head group [herein, N(CH3)3
+] 

and oxonium ions of nonionic surfactant in the mixed systems [59] and induces the 

spreading of long POE chains on the droplet surface upon hydration (ω > 40) resulting in 

the observed spectroscopic (fluorescence lifetime and anisotropy) trends of the probe 

molecules. 

However, a slightly higher lifetime has been observed for Dc-derived systems than Hp-

derived systems. It has already been evident from DLS measurement that Dc-derived 

systems depict comparatively larger droplet size than Hp at comparable ω. Hence, the 

mild drop in population density of surfactant(s) on the droplet surface might be 

responsible for mild increase in fluorescence lifetime in Dc continuum. Further, 

comparable   values have been displayed at ω = 20 and 30 (Fig. 2). The transfer of 

probe molecules from the continuous (oil) phase to the interface through the process of 

partition completes at ω ≥ 20 [as evidenced from bi-exponential to mono-exponential 

transition of the fluorescence decay curve (Fig. S1)] and further complicates the 

interfacial region. The similarity of the  values in ω = 20 → 30 region, is most 

probably  the result of two mutually opposite effects on the lifetime: increasing tendency 

due to less constrained interface at higher ω, which  is compensated by the  enhanced 

population of the dyes (probes) at the interface. Therefore, the non-monotonic behavior 

of  as a function of ω can not be accounted for the trend of the droplet size alone, but 

also other factors, for example, partitioning of various species of a multi-component 

system in different phases and the modification of the polarity of these phases are also 

very much involved. 

The change in fluorescence lifetime of fluoroprobe   with the variation of ω (ω = 

10→40) for w/o microemulsion is not uncommon in the literature [62, 63]. However, 

most of these studies focus toward the solvation dynamics of the probe molecules [62, 

63]. It may be noted that the size of the water pool increases with increasing ω (= 

10→50) and consequently, the dynamics of solvated probe molecules become much 

faster in these systems. The limited resolution of our nanosecond-resolve instrument is 

unable to detect the ultra-fast component of solvation dynamics of probe molecules. 
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Since we are concerned with the consequence of the changes in interfacial composition 

on the local environment of probe molecules, such deficiency is not expected to affect 

significantly our conclusions. However, it should be noted that the physicochemical and 

the photophysical scenarios at the interface as well as polar region of mixed 

microemulsions are comparatively complex than single surfactant microemulsions. 

3.3.2. Steady State Fluorescence Anisotropy 

The steady-state anisotropy or polarized fluorescence study provides a simple means of 

monitoring the processes, wherein the microstructure of the microemulsion is affected in 

some way [60]. Further, the anisotropy is considered as an index of the microviscosity or 

rigidity in the microenvironment of the probe [64]. In order to underline the effect of 

hydration (ω = 10→50) on the microstructure of the systems under investigation, we have 

performed polarized fluorescence measurements by using Eosin Y as a fluorescence 

probe [60]. In view of the present study, the following characteristics features of Eosin Y 

are important. It is soluble in water, but remains insoluble in n-alkanes. Further, Eosin Y 

is negatively charged, while the mixed surfactant polar head groups [(CH3)3N
+ ion of 

C16TAB and oxonium ion of POE chain of C16E20)] are positively charged [59]. Hence, 

Eosin Y probably locates in the vicinity of palisade layer of the mixed surfactants [35, 

67]. Accordingly, the rotational behavior of the probe is expected to provide information 

about the dynamics of the surfactant molecules in the mixed microemulsion [67]. 

Actually, the degree of depolarization of the fluorescence emission of a molecular probe 

is a measure of its rotational diffusion during the excited lifetime [33]. Fluorescence 

anisotropy (r) is an experimental measurement of the fluorescence depolarization. The 

lower the anisotropy value, the faster is the rotational diffusion [60]. 

In highly structured microenvironments, the rotational diffusion of the probe is 

restrained. Consequently, the probe does not assume all possible orientations with equal 

probability [33]. However, the objective of the present report is not to determine the 

absolute values of anisotropy around the probe, rather to evaluate  the relative changes in 

values of anisotropy upon hydration (ω = 10→50), and a representative plot has been 

depicted in Appendix A (Fig. S4). It can be observed from Fig. S4 that the anisotropy 

value of present fluoroprobe (r) (at a concentration of 10-5 mol dm-3) gradually decreases 

from 0.161 to 0.122 and 0.157 to 0.120 with the increase in the water content up to ω = 



 

91 
 

 

40, and thereafter, slightly increases to 0.127 and 0.126 at ω = 50 for Hp and Dc derived 

microemulsion systems, respectively. The interpretation of the results emerges from 

steady-state anisotropy of these complex microheterogeneous systems is not 

straightforward, as its value depends on the fluorescence lifetime of the probe, the 

rotational motion and the possible hindering potential due to the neighboring surfactant 

molecules [67]. However, a plausible explanation for such variation in anisotropy (r) with 

water content (ω = 10→50) in the present report is as follows: increase in ω leads to 

decrease in the surfactant concentration on the droplet surface for w/o microemulsion 

systems, as discussed in the preceding section (Sec. 3.3.1). Consequently, the packing of 

the amphiphiles at the interface is less compact (i.e., loosen) with increase in ω and 

manifests a drop in anisotropy values (faster rotational diffusion) with the formation of 

less ordered structures up to ω equals to 40 [33, 60]. Thereafter, a mild increase in 

anisotropy value at ω > 40 probably reflects the spreading of long POE chains on the 

droplet surface due to repulsion between oxonium ions in polyoxyethylene groups of 

C16E20 and cationic head group [N(CH3)3
+] of C16TAB [59, 66] with mild enhancement in 

local interactions [26]. Furthermore, Hp-derived systems show a slightly stronger 

anisotropic than Dc-derived systems. Similar trend of anisotropy values with increase in 

ω was reported for water/AOT/heptane (dodecane) systems by Wittouck et al. [67] and 

Valeur et al. [68] using crystal violet and perylene derivatives as fluorescence probes, 

respectively. 

3.4. Vibrational spectroscopy 

In order to get a clear understanding of various interactions in the droplet core, including 

the type of H-bonding which is operative within the water pool, we employed an 

excellent and noninvasive technique viz., Fourier transform infrared spectroscopy 

(FTIR). Several authors have significantly contributed to the understanding of the water 

dynamics in w/o microemulsion system by studying the state of water using FTIR 

method [6, 7, 69-73]. The characteristics of the water molecules confined inside the water 

pool depend strongly on both water content and the nature of the surfactant head group. A 

detail observation on the dynamics and nature of encapsulated water in AOT reverse 

micelles with the large variation in water content (ω = 2→60) was reported by Piletic et 

al. [6] using linear and nonlinear infrared spectroscopy. FTIR study has been carried out 
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to determine the inherent characteristics of encapsulated water in water/(C16TAB + 

C16E20)/Bu/Hp system at equimolar (1:1) composition under varied ω (= 10→50). It 

reveals from DLS measurements that the hydrodynamic diameter of droplets (Dh) varies 

from 6.54 nm to 11.66 nm as a function of ω (= 10→50) for the above system.  Reports 

on using similar range of Dh for studying confined water in microemulsion systems from 

FTIR measurements are available in literature [69, 71]. Recently, Nickolov et al. [73] and 

Mehta et al. [72] reported different types of distinguishable hydrogen bonded water 

molecules in cationic (C16TAB) as well as nonionic (Brij-96) w/o microemulsions 

stabilized by Bu,  respectively. The influence of OH stretching vibration at the Bu site on 

the intensity of OH stretching of the confined water has been assumed to be 

insignificantly small and, therefore, ignored in both the cases. In the present study, Bu is 

used as a structure forming cosurfactant in mixed surfactant microemulsions. However, 

such an assumption might be a doubtful proposition for the present system. To eliminate 

the effect of OH stretching vibration at the Bu site on the stretching band of water, the 

spectra of Bu at the same concentration has been subtracted from the spectral intensity of 

OH stretching band of water at corresponding ω, and the differential spectra have been 

analyzed.  The final spectra are deconvoluted into three peaks near 3300, 3550 and 3600 

cm-1 which correspond to OH stretching frequencies of bulk water, bound water and 

trapped water molecules, respectively [69, 70] and are depicted in Fig. S5 (Appendix A). 

The bound water molecules are believed to be located in the mixed surfactant’s palisade 

layer, whereas the bulk water exists at the core. The trapped water molecules are present 

as monomers (without any hydrogen bonding or other linkages with either surfactant or 

cosurfactant at all) near the long hydrocarbon chains of the surfactant molecules. The 

relative population of different types of water molecules has been found to be affected 

with the variation of water content (ω = 10→50) in Bu stabilized w/o mixed 

microemulsion systems. A representative picture of deconvoluted spectra is depicted in 

Fig. S5. Corresponding residuals graphs of the deconvolution along with the subsequent 

statistical parameters (degrees of freedom, coefficient of determination and reduced χ2) as 

evaluated form deconvolution software (Origin Lab) in relation to the fitting of curves 

have been shown in Appendix A (D, E and F of Fig. S6 and Table S2). The variation of 

Gaussian profiles (area fraction) of the normalized spectra of different water species 
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(bulk, bound and trapped water) as a function of ω has been shown in Fig. 3A. Since no 

coupling effect has been considered, precise calculations of fractions of different water 

species cannot be achieved from the present results [74]. However, the values are used 

for comparative purpose as a measure of the relative abundance of different water species 

[72, 74]. 
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Fig.  3(A) The variation of Gaussian profiles (area fraction) of the normalized spectra 

(normalized to intensity of 1.0) of different water species (bulk water: open circle, bound 

water: open square, trapped water: open triangle) as a function of molar ratio of water to 

surfactant (ω) in water/(C16TAB+C16E20, 1:1)/Bu/Hp microemulsions at a constant 

temperature of 303K. (B) Plots of compositional variations of cosurfactant (na
i/ns) (open 

circle: Bu/Hp, filled circle: Bu/Dc.) vs. molar ratio of water to surfactant (ω) for 

equimolar (1:1) mixed surfactant (C16TAB and C16E20) w/o microemulsion systems 

comprising 0.5 mmol of mixed surfactant and 14.0 mmol of Hp or Dc oil stabilized by Bu 

at a constant temperature (303K). Dotted lines are guide to the eye.  
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It is evident from Fig. S5 and Fig. 3A that bulk water (~ 3300 cm-1) and bound water (~ 

3550 cm-1) gradually decreases and increases, respectively with increasing water content 

up to ω = 40 and thereafter a reverse trend is observed for both bulk and bound water up 

to ω = 50. The relative population of trapped water molecules remains unaffected with 

the variation of water content (ω) in these systems. The results are interesting when one 

considers the various microstructural changes taking place within the isotropic domain of 

microemulsion. It may be argued  that the population of different water species are 

influenced by charge density of the ionic monomer (herein, C16TAB) [33], the solvation 

(hydration) of POE head groups of C16E20, wherein the head groups [(CH3)3N
+] of 

C16TAB reside [75] and the steric compatibility between the two surfactants [33]. At a 

lower ω, the twisted long POE chains of C16E20 molecules might be located covering the 

head group of C16TAB due to ion-dipole interactions between ionic (CH3)3N
+ and POE of 

C16E20 [76].  

 

There is an additional scope for the formation of hydrogen bond between penetrated large 

fractions of POE chains of C16E20 and water molecule inside a droplet core. Tasaki [77] 

reported that a water molecule bridged between POE - oxygen separated by two EO units 

with hydrogen bonding. The extensive hydrogen bond network was found, running 

through the POE helix, and thus stabilizing the helix. This type of water, which is bound 

to EO groups or trapped in coils formed by long POE head groups of nonionic surfactant, 

represents the bound water. The addition of water in the microemulsion system in the 

range between ω (= 10-40) hydrates long POE chain of C16E20 molecules and leads to the 

enhancement in bound water fraction and simultaneous decrease in free water fraction. 

This region was reported to be a micellar-swollen region by several authors [78, 79]. 

However, after attainment of a specific ω (herein, 40), Brij type of surfactant (herein, 

C16E20) is fully hydrated, and thereby, droplet core accommodates more water molecules. 

Hence, an increase in population of free or bulk-like water (i.e., having water-water 

interactions only) has been observed beyond ω = 40 [80]. A schematic representation of 

variation of different states of water in the confined environment as a function of water 

content is depicted in Scheme 1. Similarly, Mehta et al. [72] reported that the population 
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of bound water gradually increases with increase in water content at about ω equals to 33 

and thereafter a reverse trend was observed for water/Brij-96/Bu/EO systems.  
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Scheme 1. Schematic representation showing changes in compositional variations at the 

interface as well as states of water in the pool due to spreading of long POE-chain of C16E20 

for (w/o) mixed surfactant microemulsion systems [water/(C16TAB + C16E20, 1:1)/Bu/Hp] 

with the variation of molar ratio of water to surfactant, ω (= 10→50). 

 

Further, Jain et al. [79] reported that the enhancement in bound water fraction and a 

decrease in bulk water in the range between ω equals to 10 and 18 for 

water/AOT/isooctane systems. The relative population of trapped water molecules has 

been found to be unaffected with the variation of water content (ω) in these systems. 

Very recently, Bumajdad et al. [52] reported that solubilized water in reverse aggregates 

consisting of cationic mixtures with different counter ions (viz. DDAX/DTAX, X = Br- 

or Cl-) in Hp seems to be present as one pseudo-phase, rather than co-existing of 
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structurally different water layers, as revealed from FTIR and 1H NMR measurements. 

Further, it was also reported that the presence of mixed surfactants at the interface 

produces considerable effects on the dynamics of the confined water in mixed AOT/Brij-

30/isooctane system, probed by FTIR, adiabatic compressibility and solvation dynamics 

techniques [7]. To further substantiate these observations, 1H NMR and ultrafast 

dynamics (picosecond or femtosecond spectroscopy) of confined water molecules in 

these systems are warranted.  

 

3.5. Estimation of interfacial composition and free energy of transfer process by the 

dilution method 

The w/o microemulsion consists of dispersion of water droplets in Hp or Dc continuum, 

wherein the mixed surfactants were considered to populate at the oil/water interface in 

partial association with the cosurfactant (Bu), which distributed between water, the 

interface and the bulk oil, because of its sparingly water solubility [81]. Thus, at a fixed 

[surfactant(s)], a critical concentration of Bu is required for the stabilization of the 

microemulsion. The fundamental basis of the dilution experiment was described in our 

previous reports [20, 21, 26]. The working equations (detailed derivations are also available 

in our previous reports [20, 21, 26] and are helpful to rationalize the distribution vis-à-vis 

transfer process of Bu from the continuous oil phase to the interfacial region:  
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dt KRTG ln0                                                       (5) 

where, so
o
a

i
a

w
a

t
a nnnnnn ,,,,,  denote the total number of moles of alkanol, moles of alkanol 

in water, at the interface, in the oil phase, the total number of moles of oil and the total 

number of moles of surfactant, respectively. The distribution constant of alkanol is 

represented by dK  where i
aX  and 0

aX  are the mole fraction of alkanol in the interfacial 

layer and in the oil. G0
t represents standard Gibbs free energy change of transfer of 
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alkanol from oil to the interface. The data collected from the dilution experiments, graphs 

were constructed by plotting s
t
a nn / against snn /0  according to Eq. (3). Representative 

illustration (at different ω) is depicted in Fig. S7 (Appendix A). Other figures are not 

exemplified. The plots were strikingly linear (with average R2 value of 0.9965). The values 

of da
i
a Knn ,, 0  and 0

tG , as obtained from Eqs. (3)-(5) are presented in Table 1.  

 

Table 1. Physicochemical parameters for the formation of w/o equimolar (1:1) mixed 

surfactant microemulsion systems with varying molar ratio of water to surfactant (ω) at 

afixed temperature (303K).a, b 

 

System: water/C16TAB + C16E20/Bu/Hp (Dc) 

ω 10 20 30 40 50 

104 na
i/mol 

 

11.83 

(25.95) 

12.85 

(33.06) 

13.79 

(36.86) 

15.38 

(40.16) 

7.18 

(29.13) 

104na
0/mol 

 

19.50 

(52.52) 

27.58 

(67.45) 

43.55 

(82.36) 

52.70 

(92.74) 

    58.60 

  (108.95) 

Kd 

 

11.65 

(4.05) 

8.65 

(3.46) 

4.47 

(3.03) 

3.93 

(2.82) 

2.82 

(2.43) 

-ΔG0
t/kJ mol-1 

 

6.19 

(3.52) 

5.43 

(3.13) 

3.77 

(2.79) 

3.45 

(2.61) 

2.61 

(2.23) 

 

aAll the mixed microemulsion systems are formed using constant amount of mixed 

surfactant (0.5mmol) and oil (14.0 mmol). 

b The average errors in Kd and  ΔG0
twere within ±3% and ±5%, respectively. 

 

The plot of compositional variation, na
i/ns (molar ratio of cosurfactant and surfactants at the 

interface) versus ω for water/C16TAB: C16E20 (1:1)/Bu/Hp (Dc) system at 303K, is depicted 

in Fig. 3B. It reveals from the Table 1 and Fig. 3B that, na
i or na

i/ns increases with the 

increase in ω up to 40 (i.e., reaches a maximum or shows synergism in interfacial 

composition) and thereafter decreases up to ω = 50 in both oils. Very recently, similar 
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observation was also reported for water/CPC/Brij-58 or Brij-78/Pn/Hp or Dc 

microemulsion systems and explained on the basis of molecular interactions of the 

constituents at the oil/water interface of these systems [26]. 

A plausible explanation for this type of trend can be presented in the following way. In 

this report, C16TAB [with (CH3)3N
+ as polar head group and cetyl (C16) hydrocarbon 

chain] and C16E20 [with polar head group of 20 POE chains and cetyl (C16) hydrocarbon 

chain] are in a mixed state of equimolar composition. At the threshold level of stability 

for the formation of w/o mixed surfactant microemulsion, the requirement of Bu depends 

on physicochemical (molecular) interactions among the constituents [all amphiphiles 

(viz. C16E20, C16TAB and Bu) and water] involved in the microenvironment of the 

systems. However, molecular interactions may be as follows; electrostatic interaction 

between polar head groups of ionic surfactant, ion-dipole interaction between polar head 

groups of ionic and nonionic surfactants, steric interaction between bulky polar head 

groups of nonionic surfactants and hydrogen bonding interaction between water, and 

polar head groups of ionic and nonionic surfactants. In the simplest model, two states of 

water present inside the droplet of w/o microemulsions, i.e., interfacial (or bound) water, 

which displays modified properties compared with bulk water, and interior (core) water, 

which behaves similar to bulk or free water [82]. In this model, trapped water which is 

defined as water species dispersed among long hydrocarbon chains of surfactant 

molecules with no hydrogen-bonding interaction with its surroundings (discussed in Sec. 

3.4), has not been taken into account [83]. The requirement of Bu at the interface 

gradually increases to fill the gap on large droplet surface and stabilizes the water droplet 

up to certain ω (herein, ω = 40) due to modification of interfacial (or bound) water and 

bulk water as a function of ω (discussed in Sec. 3.4). Also, the incorporation of Bu 

increases due to tighter packing of the surfactant alkyl chains arising out of greater steric 

compatibility between C16TAB and C16E20 [33]. However, after attainment of a specific ω 

(herein, 40), C16E20 is fully hydrated, and thereby, free or bulk-like water (i.e., having 

only water-water interactions) is formed [80]. Interestingly, this observation is well 

supported from FTIR measurements (Sec. 3.4), where it has been found that bound and 

bulk water gradually increases and decreases, respectively with increasing water content 

up to ω = 40 and thereafter, a reverse trend is observed up to ω = 50.  Earlier, it was 
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reported that the three-dimensional network of water around the nonionic surfactant head 

group is distorted and thereby detaching the outer weakly associated water layers after a 

threshold concentration of 1-pentanol for water/C12EO8/1-pentanol/dodecane 

microemulsion systems [80]. Thereby, with the increase in droplet size by the addition of 

water, helically twisted POE chain might be unfolded in absence of strong hydrogen bond 

and it may spread along the surface of the water pool. Thus, it will occupy larger surface 

area of the droplet and consequently, reduces the free surface area. Hence, mutual 

accommodation of supporting (or, auxiliary) amphiphile (Bu) with basic (or, major) 

mixed amphiphiles (C16TAB and C16E20) at the interface of fixed amount (na
i/ns) 

suddenly falls after crossing a certain level of ω (= 40) in both oils. However, overall 

scenario, as presented above, has been depicted in Scheme 1. Interestingly, this 

observation corroborates well with the findings from the steady-state fluorescence 

anisotropy measurements (Sec. 3.3.2), where it has been observed that anisotropy value 

(r) of the fluoroprobe gradually decreases with the increase in the water content up to ω = 

40, and thereafter, slightly increases at ω = 50 as a result of the spreading of long POE 

chain of C16E20 on the droplet surface. 

From Table 1, it is clearly evident that na
o (number of moles of Bu at the bulk oil phase) 

increases with increasing ω in both oils. This can be argued as follows. With increasing 

water content, the interdroplet interaction becomes more attractive and the droplet size 

increases significantly (Sec. 3.2). As droplet size increases, more oil molecules get 

accommodated inside the droplet core [26] and thereby no increases. In order to maintain 

constant value of ko (which equals to na
o/no) at a given temperature, na

o has to be 

increased, i.e., more Bu molecules require to be solubilized in bulk oil. In this way, na
o 

increases with increase in ω [26, 84]. Similar trend for na
o values were also reported 

earlier for both single and mixed surfactant microemulsions [26, 84, 85]. 

Further, it is evident from Table 1 that the values of – ΔG0
t, which is indicative of 

spontaneity of the alkanol transfer process (Buoil→Buint), decrease with increasing ω (= 

10 to 50) for the mixed microemulsion systems. With increasing ω, the relative retention 

of Bu in bulk oil becomes more than its transfer to the interface (as reflected from values 

of na
o, Table 1). In other words, molecular association between surfactant and 

cosurfactant molecules at the interface becomes less favorable with increase in ω. Similar 
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trend of transferring of alkanol (cosurfactant) from oil to the interface and vice versa was 

reported for single and mixed surfactant microemulsions by Kundu et al. [26], Zheng et 

al. [84] and Moulik and Hait [85]. 

In comparison, ΔG0
t values are more negative in Hp continuum than in Dc, indicating the 

transfer process to be more favorable (or spontaneous) for the former than the latter. 

Similar observations were reported by Kundu et al. [26] and Paul and Nandy [86] for w/o 

microemulsions stabilized by mixed anionic or cationic/nonionic surfactants, as well as 

single surfactant of different charge types and sizes of the polar head group, respectively. 

It is quite likely that the interfacial fluidity may increase with increase in oil chain length 

as well as alcohol partitioning at the interface (na
i) (Table 1). Such an increase in 

interfacial fluidity results in inelastic collisions between droplets, leading to the formation 

of transient dimmers and an enhanced apparent interdroplet interaction for Dc-based 

systems. At sufficiently strong interdroplet interaction, the microemulsion droplets 

stabilized in Dc are less stabilized compared to Hp-based systems [26]. 

Hence, above discussion on water induced variation in interfacial composition vis-à-vis 

molecular association of the ingredients at the interface or inside the water pool on the 

basis of a proposed simple model corroborates well with results of characterization 

obtained from different experimental techniques presented in previous sections. Such a 

comprehensive analysis on formation, stability, transport properties, microstructure and 

microenvironments of mixed surfactant microemulsions has not been reported earlier. 

However, it should be noted that the physicochemical and the photophysical scenarios at 

the interface and polar region along with different states of water inside the pool of mixed 

surfactant microemulsions are comparatively more complex than single surfactant-based 

microemulsion systems. Further studies in this direction are warranted. 

 

4. Conclusions 

The following conclusions can be drawn from the present report. 

Phase study reveals a considerable amount of single phase (1ф) clear microemulsion zone 

for mixed systems and has been found to influence by oil chain length. Both the 

conductance and viscosity gradually increase with increase in ω in both Hp and Dc for 

the mixed systems, which indicate the enhanced attractive interaction between the 
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droplets. A sharp enhancement in conductivity at higher water content (ω ≥ 40) has been 

observed due to volume-induced percolation in conductance, which signifies the increase 

in droplet size, attractive interaction among droplets and exchange rate of materials 

between the droplets with the addition of water. The hydrodynamic diameter (Dh) of the 

microemulsion droplets increases remarkably with increase in ω. Further, Dh also increase 

with increase in chain length of oil (Hp→Dc) at comparable conditions. The increase in 

droplet size with increase in ω and oil chain length corroborates well with results 

obtained from conductance and viscosity measurements. It reveals from the fluorescence 

life time  measurements using HCM as fluoroprobe that  values increase with 

increasing ω (= 10→40) in both oils. This trend indicates the reduction in local 

interactions as well as native environment surrounding the fluoroprobe at the interface. 

Subsequently, drop in  value at ω > 40, may be attributed to the enhanced local field 

effect around the fluoroprobe with the spreading of long POE chain on the droplet 

surface. However, Dc-derived systems show a slightly higher lifetime than Hp-derived 

systems. It has already been evident from DLS measurements that Dc-derived systems 

show comparatively larger droplet size than Hp at comparable ω. Hence, a mild drop in 

population density of surfactant on the droplet surface might be responsible for mild 

increase in fluorescence lifetime in Dc continuum. Further, it reveals from polarized 

fluorescence measurements using Eosin Y as a fluoroprobe that the anisotropy value (r) 

of Eosin Y gradually decreases with the increase in the water content up to ω = 40, and 

thereafter, slightly increases at ω = 50 for Hp and Dc derived systems, respectively, as a 

result of the spreading of long POE chain of C16E20 on the droplet surface. Furthermore, 

Hp-derived systems show a slightly stronger anisotropic than Dc-derived systems. 

Additionally, it reveals from vibration spectroscopy measurements that the bulk water (~ 

3300 cm-1)and bound water (~ 3550 cm-1) have been found to be gradually decreases and 

increases, respectively with increasing water content up to ω = 40 and thereafter a reverse 

trend is observed up to ω = 50. The relative population of trapped water molecules 

remains unaffected with the variation of water content (ω) in these systems. From the 

dilution method, it has been observed that compositional variation (na
i/ns) increases with 

the increase in ω up to 40 (i.e., reaches a maximum or synergism) and thereafter, 

decreases up to ω = 50 in both oils. The trend of water-induced Bu transfer process has 
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been explained on the basis of the physicochemical (molecular) interactions among the 

constituents (all amphiphiles and water) involved in the microenvironment of the system 

and subsequently, results in folding-unfolding of POE chain of C16E20 due to variation in 

bound and bulk like water. The results obtained from the steady-state fluorescence 

anisotropy and FTIR measurements corroborate well with the model proposed to 

decipher microstructural rearrangement of the constituents in the microenvironment with 

variation in water content of these mixed surfactant microemulsions. The spontaneity of 

Bu transfer process (Buoil→Buint) i.e., – ΔG0
t, decrease with increasing ω (= 10 to 50) for 

these systems, which indicates the molecular association between surfactant(s) and 

cosurfactant molecules at the interface becomes less favorable with increase in ω. 

Further, changes in compositional variation (na
i/ns) as a function of ω corroborate well 

with FTIR results. 
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Chapter IV 

Interfacial composition and characterization of a quaternary water-in-oil mixed 

surfactant (cationic of different alkyl chain lengths + polyoxyethylene type nonionic) 

microemulsions in absence and presence of inorganic salts 

 

Abstract:  

In this contribution, phase behavior and the Schulman’s cosurfactant titration of a 

quaternary water-in-oil microemulsion, formed from equimolar cationic 

[alkyltrimethylammonium bromide (CnTAB)] and nonionic [polyoxyethylene (20) cetyl 

ether (C16E20)] surfactants, n-pentanol (Pn) and n-heptane or isopropyl myristate, have 

been studied along with the variation in alkyl chain length of the cationic surfactant, Cn (n 

= 12, 14, 16 and 18) at a fixed water content (ω = 25) and temperature (303K). The 

synergies in single-phase microemulsion zone, interfacial composition and the 

spontaneity of formation of mixed surfactant microemulsions have been observed with 

increase in Cn (n = 12→18). Further, the effect of the variation of Cn (n = 12→18) on the 

interface vis-à-vis interdroplet interaction, morphology and  the dynamics of confined 

water of these systems have been examined by means of viscosity, dynamic light 

scattering (DLS), Fourier transform infrared spectroscopy (FTIR) measurements. The 

increase in the Cn (n = 12→18) leads to shrink the droplet size as well as increase in the 

droplet numbers. Subsequently, the change in droplet size affects the states of water 

organization (bulk and bound) inside the pool. Additionally, the influence of different 

inorganic salts [normal salt (NaCl), precursor salt for nanoparticle synthesis (NiCl2, 

FeCl3), water structure affective salt (KF, KI)] on the transfer process of Pn (oil → 

interface) at equimolar composition (of both surfactants) has been investigated. FTIR 

measurement (via D2O probing) indicates that the presence of salts significantly modifies 

the water structure in confined environment.  

Keywords: The Schulman’s cosurfactant titration; Mixed surfactant microemulsion; 

Chain length effect; Dynamic light scattering; Fourier transform infrared spectroscopy; 

Inorganic salts 

Colloid Surfaces A., 2013,  433, 219-229 
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1. Introduction 

The self-organization of molecular systems is one of the most fascinating phenomena in 

nature. Generally, surfactant molecules self-assemble into aggregates in non-polar 

solvent in presence of small amount of water with hydrophilic portion of the molecules in 

the interior and the hydrophobic portion at the exterior of the aggregates. Such systems 

are referred to as reverse micelles or water-in-oil (w/o) microemulsions, which are 

amphiphile stabilized transparent, isotropic and thermodynamically stable dispersion of 

otherwise immiscible water and oil [1]. The aggregation behavior of amphiphile has been 

found to be influenced by the alkyl chain length of the molecules [2-4]. For example, 

cationic trimethylammonium halide surfactants with increase in alkyl chain length 

(CnTAX, n = 12→16) have qualitatively similar effect to the increase in the surfactant 

concentration at the air/water interface [3], whereas surfactant aggregation number 

decreases with increasing alkyl chain length at the oil/water interface in 

alkyl(phenylalkyl)dimethylammonium  chloride blended w/o microemulsions [4]. 

Moreover, the alkyl chain length of cationic (alkyltrimethylammonium chloride or 

alkylpyridinium chloride) or anionic (sodium dodecylsulfate) surfactant molecules has a 

considerable effect on the adsorption behavior of the surfactant [5], protein-surfactant 

interaction [6], size of nanoparticle formation [7] and hydrolysis of pharmaceutical agent 

in miceller media [8]. On the other hand, the modification of the interface by mixing 

ionic and nonionic surfactants produces considerable changes in elastic rigidity or 

flexibility of the reverse aggregates depending upon the extent of penetration of the 

nonionic surfactant at the interface [9, 10]. It was reported that the cmc’s of a mixture of 

cetyltrimethylammonium bromide (C16TAB) + polyoxyethylene (6) dodecyl ether (C12E6) 

significantly decreased (compared to the individual components) depending upon the 

mixing ratio’s of the surfactants, and a strong correlation between micelle size and 

structure, and ideality of mixing was observed [11]. Recently, Bumajdad et al. [10, 12] 

reported that the changes in the phase behavior and properties of the microemulsion, are a 

direct consequence of formation of preferred film curvature, which is governed by 

mixing ratios of the surfactants at the oil/water interface for cationic-cationic (DDAB + 

C12TAB), cationic-nonionic (DDAB + C12E5) and cationic-anionic blends (DDAB + 

SDS). However, the properties of ionic-nonionic mixed surfactant derived w/o 
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microemulsion systems are often better than those attainable in their individual states 

especially at equimolar composition of mixed surfactants [13-16]. The closely packed 

interfacial arrangement of mixed surfactants at equimolar composition has been reported 

to be the key factor behind the synergistic effect [13]. It has been argued that the direct 

evaluation of interfacial composition and aggregation number are necessary for 

understanding of the molecular origin of surfactant self-assemblies in w/o microemulsion 

[10]. Very recently, we have reported on the characteristics role of surfactant (s) and 

cosurfactant (pentanol, Pn) on the formation and stabilization of single (CPC or SDS or 

Brij-35) [17] and mixed surfactant (CTAB or CPC or SDS mixed with Brij-58 or Brij-78 

in different proportions) blended w/o microemulsions in heptane or decane or dodecane 

[18-20] with the evaluation of the interfacial composition, thermodynamic properties and 

structural parameters at various physicochemical conditions, by employing the 

Schulman’s cosurfactant titration at the oil/water interface (herein, the dilution method) 

[21].  

In view of these studies, we contemplate to undertake the investigation on 

formation vis-à-vis the constitution of the interfacial film, microstructure and states of the 

encapsulated water inside the pool of equimolar (1:1) mixed surfactant microemulsions, 

water/alkyltrimethylammonium bromide (CnTAB, n = 12, 14, 16 and 18) + 

polyoxyethylene (20) cetyl alcohol (C16E20) (1:1)/pentanol/heptane (or isopropyl 

myristate) in absence and presence of different inorganic salts [sodium chloride (NaCl), 

potassium fluoride (KF), potassium iodide (KI), nickel (II) chloride (NiCl2), and iron (III) 

chloride (FeCl3) at a fixed concentration] at ω (equals to 25) and 303 K, by employing 

different methods and techniques. More precisely, an attempt has been made to underline 

the influence of the variation in alkyl chain length of cationic surfactant (Cn= 12→18) 

and oils of different chemical structures and polarity [viz. heptane (Hp) is a short chain 

(C7) linear hydrocarbon, whereas isopropyl myristate (IPM) commonly known as a fatty 

acid ester or polar lipophilic oil, consists of branched alkyl chain (isopropyl) and longer 

fatty acid chain (myristate, C14) associated with either side of the ester moiety, which is 

polar] on the area of the single phase microemulsion zone (1ф), composition and 

spontaneity of formation of the interfacial film, and also in tuning the microstructures and 

states of the encapsulated water in the pool of w/o mixed surfactant microemulsions.   
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The composition and standard Gibbs free energy of formation of the interfacial 

mixed film have been estimated using the dilution method, at the same composition and 

physicochemical conditions (mentioned earlier), as reported by a number of authors [22-

25]. The variation in droplet size, microstructure and states of organization of the 

encapsulated water inside the pool with an increasing alkyl chain length of the cationic 

surfactant Cn (n = 12→18) at equimolar composition (1:1) of mixed surfactant 

microemulsions, have been investigated by dynamic light scattering (DLS), Fourier 

transform infrared spectroscopy (FTIR) and viscosity measurements, as reported earlier 

by Mitra et al. [9] and Eastoe et al. [26]. Further, effect of inorganic salts (as mentioned 

earlier) on the interfacial composition and stability of the interfacial film of the mixed 

surfactant microemulsions has been investigated at the same composition and 

physicochemical conditions. However, oils, cosurfactant and additives (inorganic salts) 

are not chosen arbitrarily. IPM is known for its pharmaceutical acceptability [27]. In the 

present report, pentanol is used as structure forming cosurfactant due to its versatile 

biological as well as technological applications [28]. NaCl is a strong electrolyte and 

influences the interfacial composition of (w/o) microemulsion systems, as reported earlier 

[17]. KF and KI are reported to behave as salts of ‘water structure maker’ (kosmotropes) 

and ‘water structure breaker’ (chaotropes) respectively [29]. The effects of KF and KI on 

water structure in confined environment have also been scrutinized by FTIR 

measurement with D2O probing [30]. NiCl2 and FeCl3 are used, as they are interesting 

precursor salts for nanoparticle synthesis in w/o microemulsion media [31]. Finally, a 

correlation of the results, in terms of the evaluated physicochemical parameters, has been 

analyzed to substantiate the objectives of this study as envisaged, for better understanding 

of a quaternary w/o mixed surfactant (CnTAB + C16E20) microemulsion in the absence 

and presence of added salts.   

2. Materials and Methods 

The surfactants, octadecyltrimethylammonium bromide (C18TAB, ≥ 98%), 

cetyltrimethyl ammonium bromide (C16TAB, ≥ 99%), tetradecyltrimethylammonium 

bromide (C14TAB, ≥ 99%) and dodecyltrimethyl ammonium bromide (C12TAB, ≥ 98%) 

were purchased from Sigma Aldrich, USA, whereas polyoxyethylene(20) cetyl ether 

(C16E20,  ≥ 98.5%) was the product of Fluka, Switzerland. The cosurfactant, pentanol (Pn, 
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≥ 98%) and oil, heptane (Hp, ≥ 98%), were the products of Lancaster, England and 

Merck, Germany respectively. The oil, isopropyl myristate (IPM, ≥ 98%) and inorganic 

salts viz. sodium chloride (NaCl, ≥ 99%), potassium fluoride (KF, ≥ 99.0%), potassium 

iodide (KI, ≥ 99.0%), nickel chloride (NiCl2, ≥ 98%) and ferric chloride (FeCl3, ≥ 

99.99%) were the products of Sigma Aldrich, USA. Deuterium oxide (D2O, ≥ 99.8) was 

the product of Acros Organics, USA. All these chemicals were used without further 

purification. Doubly distilled water of conductivity less than 3 S cm-1 was used in the 

experiments. 

Phase behavior of the chosen systems was constructed with mixed surfactant (M-

S) (CnTAB + C16E20, n = 12, 14, 16 and 18) at constant surfactant and cosurfactant (Pn) 

mass ratio (M-S: CS =1: 2) in both oils (Hp and IPM) at 303 K using thermostated water 

bath (accuracy,   0.1 K).  

The dilution method (the Schulman’s method of cosurfactant titration) [21] was 

performed to investigate the interfacial composition of w/o mixed surfactant 

microemulsions, as described earlier [17-25], with necessary modification in assessment 

of microemulsion formation using spectrophotometric technique to measure the change in 

sample turbidity produced by the addition of alcohol (Pn) [32]. To a turbid solution 

comprising a blend of CnTAB (n = 12, 14, 16 and 18) and C16E20 at equimolar 

composition (1:1) and water in a given solvent (Hp or IPM) at 303 K, small aliquots of 

Pn were added. The point of single-phase microemulsion formation was evidenced by a 

total loss of sample turbidity and cheeked by the sample absorbance measured at 320 nm 

[32]. The sharp decrease in absorbance observed in the sample titration with alcohol (Pn) 

allows precise determination of the amount cosurfactant needed to stabilize the 

microemulsion. The absorbance measurements were carried out at 320 nm in JASCO (V-

530) UV-spectrophotometer by employing thermostated cell. The amount of mixed 

surfactant(s) and oil(s) was taken as 0.5mmol and 14.0 mmol respectively for each 

system. The basics of the dilution method and related mathematical derivations are 

provided in Appendix B.  

Viscosity measurements were performed using a LVDV-II+PCP cone and plate 

type rotoviscometer (Brookfield Eng.  Lab, USA). The temperature was kept constant 
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(303K) for measurements of viscosity within ± 0.010C by circulating thermostated water, 

through a jacketed vessel containing the solution.  

DLS measurements were carried out using a Zetasizer Nano ZS90 (ZEN3690, 

Malvern Instruments Ltd, U.K.). A He-Ne laser of 632.8 nm wavelength was used and 

the measurements were made at a scattering angle of 900. Temperature was controlled by 

inbuilt Peltier heating-cooling device (± 0.1K). Refractive index of each solution was 

recorded with an ABBE type refractometer, as it was required as an input in determining 

the size of the microemulsion droplet by DLS technique. Viscosity data, as obtained from 

viscosity measurements, were used in processing DLS data. Samples were filtered thrice 

using Milipore(TM) hydrophobic membrane filter of 0.25µ pore size. Hydrodynamic 

diameter (Dh) of the microemulsion droplets was estimated from the intensity 

autocorrelation function of the time-dependent fluctuation in intensity. According to 

Stokes–Einstein equation, Dh is defined as  

Dh = kBT/3пηD                                                                                                     (1)                            

where  Bk , T, η and D indicate the Boltzmann constant, temperature, viscosity and 

diffusion coefficient of the solution, respectively. 

FTIR absorption spectra were recorded in the range of 400-4000 cm-1 with a 

Shimadzu 83000 spectrometer (Japan) using a CaF2 -IR crystal window (Sigma-Aldrich) 

equipped with a presslock holder with 100 number scans and spectral resolution of 4 cm-

1.  

3. Results and discussion 

3.1. Phase study 

The pseudo-ternary phase diagrams [Figure 1, Fig. S1 and Fig. S2 (Appendix B)] 

of equimolar (1:1) mixed surfactants (CnTAB and C16E20) quaternary systems show an 

enhancement in single phasic microemulsion (1ф) zone with the increase in the alkyl 

chain length of cationic surfactant Cn (n = 12→18) (at a fixed ratio of mixed-surfactant 

(M-S) and cosurfactant (CS) (M-S/CS = 1: 2, w/w) and oil (Hp or IPM). Figure 1 depicts 

the representative phase diagram of mixed water/C18TAB/C16E20/Pn microemulsion 

systems stabilized in Hp and IPM and plot of 1ф (%) region as a function of Cn (n = 

12→18) and Fig. S1 and Fig. S2 represent phase diagram of mixed water/CnTAB (n = 

12→16)/C16E20/Pn microemulsion systems stabilized in Hp and IPM, respectively. 
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Figure 1. Representative pseudo-ternary phase diagram of equimolar (1:1) mixed 

surfactant (C18TAB + C16E20) microemulsion with pentanol (Pn), hydrocarbon (Hp) and 

IPM oil at 303K. Area marks: unshaded, microemulsion zone (1ф); shaded, turbid zone 

(2ф). Graph represents the variation of % microemulsion zone (1ф) with alkyl chain 

length of cationic surfactant Cn (n = 12→18) in water/CnTAB + C16E20 (1:1)/Pn/oil [open 

circle: Hp oil, filled circle: IPM oil].  

It is thus apparent that the formation of microemulsion depends on the variation 

of alkyl chain length of cationic surfactant Cn (n = 12→18) in the mixed system at a fixed 

nonionic surfactant (C16E20). Chieng et al. [33] also reported the formation of larger 1ф 

region on increasing surfactant alkyl chain length for methyl methacrylate/2-

hydroxyethyl methacrylate/CnTAB (n = 12, 14, 16)/water systems. However, the authors 

added that there was no appreciable change in the formation of 1ф region with increasing 

the alkyl chain length of the CnTAB for w/o microemulsion zone [33]. In the present 

work, the overall increment of 1ф zone has been observed (including w/o to o/w 

microemulsion zone) on increasing Cn (n=12→18) of the cationic surfactant. Hence, the 

process of addition of cationic surfactant with increasing Cn at a fixed nonionic content is 

cooperative in nature. Phase behavior actually determines the microstructure of the 

system, which depends on the spontaneous film curvature and the elasticity of the 

amphiphilic film. Generally, the amphiphilic film would like to attain the spontaneous 

curvature, which is affected by the nature of the surfactant (and cosurfactant) and the 
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composition of the system [34]. Different alkyl chain lengths of cationic surfactants act as 

tuning agent to change the spontaneous curvature and increase the flexibility of surfactant 

film [35]. The formation of single phase microemulsion zone (1ф) has been found to be 

affected with the change in oil type (heptane/isopropyl myristate) as well. IPM, a polar 

and biocompatible oil, produces a satisfactory result towards the microemulsification of 

mixed surfactant systems (Fig. 1). Formation of w/o microemulsion predominates over 

o/w and can be identified from the overall feature of different phase diagrams 

(representative illustration has been presented in Fig. 1).  

3.2. The Schulman’s titration at the oil/water interface 

The effects of the change in the alkyl chain length of cationic surfactant Cn 

(n=12→18) and the chemical structure vis-à-vis polarity of oils (Hp/IPM) on 

compositional characteristics of the interfacial film have been examined for the present 

w/o microemulsion systems using the Schulman’s cosurfactant titration (dilution method) 

at constant ω (= 25) and temperature (303K) [17-25]. The w/o microemulsion consists of 

dispersion of water droplets in Hp or IPM continuum wherein the whole of the mixed 

surfactants was considered to populate at the oil/water interface in partial association with 

the cosurfactant (Pn), which remained distributed at the interface and the bulk oil. The 

alkanols higher than butanol (herein, Pn) essentially remain partitioned between the 

interface and oil because of their negligible solubility in water [17-20]. Thus, at a fixed 

surfactant(s) concentration, a critical amount of Pn is required for the stabilization of the 

microemulsion. Addition of extra oil (Hp or IPM) extracts Pn from the interface leading 

to destabilization, which can be restabilized by the addition of extra cosurfactant in the 

system. This is the fundamental basis of dilution experiment, described in Materials and 

Methods (section 2). The following equations (detailed derivations are available in 

Appendix B) are helpful to rationalize the distribution and transfer process of Pn from the 

continuous oil phase to the interfacial region:  
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dtransfer KRTG ln0                                                                                                     (4) 

s
o
a

i
aa nnnn ,,,  denote the total number of moles of alkanol present, its number at the 

interface, in the oil phase and the total number of moles of surfactant respectively. The 

distribution constant of alkanol is represented by dK , where i
aX  and 0

aX  are the mole 

fractions of alkanol at the interfacial layer and in the bulk oil phase. 0
transferG  represents 

standard Gibbs free energy change of transfer of alkanol from oil to the interface. 
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Figure 2. Plots of 
sa n/n  against 

s0 n/n according to Eq. (2) for equimolar (1:1) mixed 

surfactant (C12TAB or C14TAB or C16TAB or C18TAB + C16E20) derived w/o 

microemulsion systems comprising 0.5mmol surfactant and 14.0 mmol heptane stabilized 

by pentanol at constant ω (= 25) and fixed temperature (303K). Inset A: Representative 

plots of the same in IPM (14.0 mmol).  

Data collected from the dilution experiments and graphs were constructed by 

plotting sa nn /  against snn /0  according to equation (2). Representative illustration is 

depicted in Figure 2. The plots were strikingly linear. Generally, equimolar (1:1) mixed 
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surfactants (cationic + nonionic) favor close-pack aggregation at the oil/water interface 

[13]. In the present work, the packing of the amphiphiles and the accommodation of Pn at 

the droplet interface are found to be influenced by the variation of alkyl chain length of 

cationic surfactant in mixed systems (CnTAB + C16E20, n = 12→18). It is clearly evident 

from the data (Table 1A) that more Pn molecules are accommodated in the oil phase ( o
an ) 

to stabilize the systems with the decrease in the alkyl chain length of the cationic 

surfactant (Cn) from C18 to C12 in presence of fixed amount of nonionic surfactant 

(C16E20).  

Table 1 [A]: Physicochemical parameters of w/o mixed surfactant microemulsion at 

equimolar composition (1:1),  = 25 and 303 Ka, b  

__________________________________________________________________________________________ 

                         System: water/C12TAB or C14TAB or C16TAB or C18TAB + C16E20/Pn/Hp (IPM) 
___________________________________________________________________________________________ 
  CnTAB + C16E20                 C12TAB +                             C14TAB +                   C16TAB +                  C18TAB +                

104 na
i/mol                             7.43 (6.27)                            8.10 (7.87)                  9.06 (8.24)               13.89 (9.35) 

104na
0/mol                           48.57 (161.97)                       37.91 (150.79)           24.63(124.74)            18.40 (91.22) 

Kd                                          4.33 (1.17)                            5.57 (1.33)                  8.59(1.51)                12.87 (1.92) 
-Gtransfer

0/KJ mol-1                  3.70 (0.39)                            4.32 (0.72)                  5.41(1.04)                  6.43  (1.65)  
------------------------------------------------------------------------------------------------------------------------------------------------- 
aAll the mixed microemulsion systems are formed  using constant amount of mixed surfactant (0.5mmol) and 

oil (14.0 mmol).  

bThe average errors in Kd and  Gtransfer
0 were within ±5% and ±3%, respectively. 

 

Consequently, the transfer of Pn from oil to the interface is gradually decreased. 

According to Traube’s law, the free energy change of adsorption of amphiphiles at an air 

/water interface is approximately -3 kJ per –CH2 group, which indicates stabilization of 

the system [36]. However, the population of Pn in oil phase may be affected by the 

adsorption of hydrophobic part of the surfactant (with increasing alkyl chain length of 

cationic surfactant) at the oil/water interface and the system can achieve the required 

stability with accommodation of less alkanol in oil phase. Further, the conformational 

effects in association with the lipophilic chain packing and the hydrophobic interaction 

between surfactant tails with oil molecules at the oil/water interface of microemulsion 

systems, indirectly determines the interfacial area associated with each surfactant and 

cosurfactant molecules [37].  
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As such, the separation between two surfactant molecules on a droplet surface increases 

with increasing Cn (n = 12→18) due to less crowded aggregation of the mixed surfactants 

(CnTAB + C16E20) as affected by steric factor and the electrostatic repulsion, over 

hydrophobic interaction between alkyl chains of mixed surfactants. The effect of these 

two opposing forces on microemulsion system has been reported earlier [38]. Therefore, 

more pentanol molecules are used to fill the gaps and i
an  gradually increase with 

increasing alkyl chain length of cationic surfactant (Table 1A). This helps to achieve the 

required flexibility of the droplet and stabilizes the homogeneous w/o dispersion. It is 

noteworthy to mention that alkanol transfer from oil to the interface is directly related to 

the stability of the w/o microemulsion system [17-20, 24]. Therefore, it is interesting to 

note that the distribution constant  dK  and free energy of transfer of pentanol 

 0
transferG   from oil to the interface as well as the stability of w/o mixed microemulsion 

gradually increases with the increase in the alkyl chain length of cationic surfactant in 

mixture from C12TAB to C18TAB at a fixed nonionic (C16E20) in both oils (Hp or IPM) 

(Tables 1A and 1B). It was reported earlier that surfactants with large and bulkier 

hydrophobic tail favor the formation of stable w/o microemulsion [39]. However, IPM-

based systems are less spontaneous than Hp-based systems as it is evident 

from  0
transferG  values. It was reported that the polar amphiphilic oil like IPM 

(possesses long fatty acid chain (C14) with polar ester moiety), behaves in a different 

manner from that of a hydrocarbon oil for w/o microemulsion formation [40]. It may be 

due to the fact that oil penetration at the interface arising out of either comparatively high 

polarity or solvent topology or for the different chemical structure of IPM, makes the 

interface less flexible. Hence in the present study, the transfer of pentanol from oil to the 

interface as well as the flexibility of the interface reduce the tendency of microemulsion 

formation in IPM compared to that in Hp. Similar trend in  0
transferG  values was 

reported earlier for mixed water/SDS/Brij-58 or Brij-78/Pn microemulsion systems 

stabilized in Hp or Dc or IPM [20].  

3.3. Dynamic light scattering measurement 

The droplet size (Dh) and the size distribution in w/o microemulsion have been 

measured by employing the dynamic light scattering technique (DLS), and analyzed  in 
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terms of count rate and the polydispersity index (PDI) of the droplets [27, 41].  The 

results are shown in Figure 3. The same compositions of w/o mixed surfactant 

microemulsion systems have been chosen for DLS measurement as applied for the 

Schulman’s cosurfactant titration at constant temperature (303K)  and ω (= 25). The Dh 

values indicate comparatively much larger dimension of IPM derived systems than that of 

Hp (Figure 3 and Inset: A).  
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Figure 3. Hydrodynamic diameter (Dh) of the droplets for mixed systems (water/C12TAB 

or C14TAB or C16TAB or C18TAB + C16E20/ pentanol/ oil) with increasing alkyl chain 

length of cationic surfactant Cn (n =12→18) at equimolar composition (1:1), ω (= 25) and 

temperature (303K) [open circle: Hp oil, filled circle: IPM oil (Inset A)]. Inset B: Count 

Rate (kcps) of the droplets as a function of Cn for the same mixed systems (open triangle: 

Hp oil, filled triangle: IPM oil). Inset C: Dependence of viscosity on Cn for the same 

mixed systems (open hexagon: Hp oil, filled hexagon: IPM oil).  

 

However, such a large dimension of microemulsion droplet has been reported 

earlier for IPM derived systems in presence of nonionic surfactant (polyoxyethylene 

lauryl ether or polysorbate and sorbitol) [42-44]. For example, Dh was found to be as 

large as 34.4 nm for IPM (63 wt%)/[polyoxyethylene (4) lauryl ether + isopropyl alcohol] 
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(32 wt%)/water (5 wt%) system at 308K [42]. Actually IPM, being amphiphilic polar oil, 

is not solubilized in the palisade layer, rather it has a swelling tendency in the oil domain. 

Thus, swelling causes an increase in repulsion between the hydrophilic moieties of 

surfactant and the surfactant layer curvature becomes more positive. As a result, radius of 

droplet increases [45]. Further, it reveals from DLS measurements that the values of 

hydrodynamic diameter of the microemulsion droplets (Dh) decreases remarkably from 

3.08 nm to 1.43 nm and 36.5 nm to 22.93 nm in Hp and IPM oil respectively with the 

increase in the alkyl chain length of cationic surfactant Cn (n = 12→18) in the mixed 

systems (Figure 3 and Inset: A). About 3.5 fold increase of droplets count rate is, 

however observed under the prevailing condition (Figure 3, Inset: B). The enhancement 

of count rate (DLS) of droplets indicates that the total number of microemulsion droplets 

increase with increase in the hydrophobic chain length of cationic surfactant (Figure 3, 

Inset: B). It is well known that the spontaneous radius of curvature of the surfactant film 

at the oil/water interface increases when alkyl chain length of surfactant decreases. 

It has been observed that, surfactants with the smaller alkyl chain form larger 

water-in-oil (w/o) droplets than surfactants with longer alkyl chain. Similar observation 

was reported by Bumajdad et al. [46] that size of the water core decreases with the 

increase in the first chain Cn (n = 12→18) for di-chain n-alkyl-n-

dodecyldimethylammonium bromide (Cn = C12) blended w/o microemulsion from SANS 

measurement. Further, it has been observed that the interfacial cosurfactant (Pn) 

population gradually increases with increase in alkyl chain length of cationic surfactant in 

w/o mixed surfactant (cationic and nonionic) microemulsion [47]. Pn molecules are 

solubilized at the micellar interface due to its negligible solubilization in water. Hence, 

the total interfacial area becomes larger with increase in population of Pn at the interface.  

An increase in the interfacial area causes the number of droplets to increase and the 

droplet size to shrink. Thus, Dh decreases gradually on increasing alcohol (Pn) 

concentration as a function of Cn (n = 12→18) and thereby increases the number of 

microemulsion droplets (Figure 3). Recently, it has been reported that Dh gradually 

decreases with increasing alcohol (cosurfactant) concentration in w/o microemulsion 

system, water/AOT/alcohol/IPM [47]. Typical values of polydispersity index (PDI) 
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obtained here are in the range between 0.1–0.2, which indicates a monodispersity of the 

systems [41]. 

3.4. Viscosity measurement 

The structural features of the microemulsion systems (herein, reported) have also 

been investigated by viscosity measurement [26]. The viscosity ( ) gradually increases 

with increasing hydrophobic chain length of cationic surfactant for both the oils (Hp and 

IPM) (Figure 3.  Inset: C). Actually, the size of the dispersed droplets, the droplet-droplet 

interactions as well as the viscosity of the continuum medium determine the viscosity of 

the system [26, 48]. It is known that the flexibility and attractive interdroplet interactions 

of the microemulsion become stronger with increasing alcohol concentration on the 

droplet surface [17, 47]. Hence, the increase in viscosity of w/o mixed microemulsions 

with increasing alkyl chain length of cationic surfactant is derived from the enhanced 

attractive interaction between the large numbers of droplets (as evident from droplet 

count rate) in the continuous phase at fixed water content [49]. However, viscosity of 

IPM- derived system ( IPM ) is greater than that of Hp-derived system ( Hp ). The 

formation of large size droplets in IPM oil might be responsible for such an enhancement 

of IPM . 

3.5. Correlation of physicochemical parameters  

From the above mentioned physicochemical characteristics (Sections 3.2, 3.3 and 

3.4), it has been observed that the interfacial alkanol population i
an , standard Gibbs free 

energy change  0
transferG  (Table 1A) and viscosity of the mixed systems ( Hp or IPM ) 

(Figure 3, inset: C) gradually increase with the increase in alkyl chain of cationic 

surfactant Cn (n = 12→18) at equimolar composition of CnTAB and C16E20, at ω (= 25) 

and temperature (303K) for both the oils (Hp and IPM). For example, the values of i
an  

and  0
transferG  gradually increase from 0.74 mmol to 1.39 mmol and 3.70 to 6.43 kJ 

mol-1 respectively with increasing alkyl chain length of cationic surfactant Cn (n = 

12→18) in Hp derived systems, and a representative plot is shown in Figure 4, which 

depicts a profile of Dh vs.  0
transferG .  
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Figure  4. Plots of hydrodynamic diameter (Dh) of the droplets vs.  0
transferG  for mixed 

systems (water/C12TAB or C14TAB or C16TAB or C18TAB + C16E20/Pn/Hp) at equimolar 

composition (1:1), ω (= 25) and temperature (303K). Inset A: Representative plot of the 

same in IPM. 

Therefore, i
an  and  0

transferG   values indicate a comparable stronger interaction 

between surfactant and cosurfactant molecules at the interface with increase in Cn (n = 

12→18) of cationic surfactant at comparable water content [17-20]. On the other hand, 

increase in   values with increase in Cn indicates the effective interdroplet interaction in 

w/o mixed microemulsions [49].  

Hence, the effective binding between Pn and mixed surfactant (CnTAB and C16E20) at the 

oil/water interface, flexibility and the interdroplet interaction increase in the order: 

(C12TAB + C16E20) < (C14TAB + C16E20) < (C16TAB + C16E20) < (C18TAB + C16E20), 

which corroborates well with the degree of spontaneity of the transfer process. Moreover, 
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It has already been mentioned that the droplet size, measured by DLS technique gradually 

decreases with the increase in droplet number as a function of Cn (n = 12→18) of cationic 

surfactant at a fixed nonionic.  

Therefore, the overall result leads to the formation of small size, large number of droplets 

with high flexibility having attractive interdroplet interaction as a function of Cn (n = 

12→18) of cationic surfactant. It can be concluded that the different physicochemical 

parameters viz. i
an ,  0

transferG ,  and  Dh  corroborate well with the features depicted 

above.  

3.5. Vibrational spectroscopy measurement 

It is well known that the nanoscopic confinements of water droplet as well as the size of 

the droplets have a major impact on water hydrogen bond network dynamics regardless 

of the nature of the interface in w/o microemulsion [9, 50]. Moilanen et al. [51] reported 

that formation of a nanoscopic water pool by confinement of the interface is a primary 

factor governing the dynamics of nanoscopic water as well as H-bond network 

arrangement for ionic (AOT-blended) and nonionic (Igepal CO-520-blended) reverse 

micelles using ultrafast infrared pump-probe spectroscopic measurements.  In order to get 

a clear picture about the type of hydrogen bonding network within the water pool as a 

function of droplet size vis-à-vis alkyl chain length of cationic surfactant Cn (n = 12→18) 

in w/o mixed surfactant microemulsion systems, we employ a noninvasive technique viz. 

fourier transform infrared spectroscopy (FTIR). A number of studies have been explored 

the properties of encapsulated water in a range of sizes and types of w/o microemulsions 

by FTIR measurement [9, 50, 52-55]. In any reverse micelle or w/o microemulsion 

formulation, the O-H stretching vibration is a good probe to get an insight into the states 

of water trapped or confined inside the micellar core with the corresponding interactions. 

It may be due to the change in the relative populations of differently H-bonded water 

molecules as revealed from the change in OH band shape and width [9, 50]. It has been 

found that the values of hydrodynamic diameter of droplet (Dh = 3.08 nm → 1.43 nm) (as 

a function of alkyl chain length of cationic surfactant) for Hp-derived systems are 

comparable with that reported for the other w/o microemulsion systems used for the 

investigation of confined water via FTIR measurement [9, 50, 55]. 
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Figure 5. A. Representative FTIR spectra of O-H band for mixed surfactant (C12TAB + C16E20) blended w/o microemulsion system at 

equimolar composition (1:1), ω (= 25) and temperature (303K). B. Same spectra for (C18TAB + C16E20) blended system. Specification: 

Black curve, open blue circle and red curve represent the experimental spectra, overall fitted point and deconvoluted curves (1: bulk 

water; 2: bound water) respectively. C. The variation of Gaussian profiles (area fraction) of the normalized spectra of different water 

species (bound water: open triangle, bulk water: filled triangle) in water/CnTAB+C16E20, (1:1)/Pn/Hp microemulsions as a function of 

droplet diameter (Dh) (as a function of Cn, n =12→18). Dotted lines are guide to the eye. 
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On the other hand, IPM derived systems are not suitable for the study of different types 

of H-bonded water species in confined environment due to large droplet size (Dh = 36.5 

nm → 22.93 nm). It was reported that the O-H band shape for much larger reverse 

micelles (Dh ≥ 26.5 nm) is very similar to that of bulk water, indicating that the 

encapsulated water molecules behave as unaffected bulk water for such large reverse 

micelles [50]. Hence, the FTIR study has been carried out to determine the inherent 

characteristics of the encapsulated water for Hp derived w/o mixed microemulsion 

[water/CnTAB (n = 12→18) + C16E20/Pn/Hp] systems at constant ω (= 25) and 

temperature (303K) only. In the present study, small amount of Pn has been used as 

structure forming cosurfactant in mixed surfactant microemulsions. Different types of 

distinguishable hydrogen bonded water molecules have been reported in single cationic 

(CTAB-based) as well as nonionic (polyoxyethylene 10 oleyl ether-based) w/o 

microemulsions in presence of alkanol (cosurfactant) [53, 54]. However, the influence of 

alkanol vibration on the intensity of O-H stretching vibration of confined water can not 

be ignored. To get rid of the IR intensity due to O-H stretching vibration of Pn molecule, 

the spectra of Pn at same concentration has been subtracted from the spectral intensity of 

O-H stretching band at corresponding ω, and the differential spectra have been analyzed. 

Different types of hydrogen bonded water molecules exist in reverse micelles which can 

broadly be classified into two major classes, namely, head group bound (mainly bound to 

the 20-POE chains of C16E20 via intermolecular H-bonding) and bulk-like water 

molecules [9, 51, 55, 56]. The differential spectra obtained in the present study as 

described above, have been deconvoluted into two peaks at ~3500 and ~3300 cm-1, 

corresponding to the O-H stretching frequency of the surfactant headgroup bound and 

bulk-like water molecules (droplet core water) respectively [9]. A representative result is 

depicted in Figures 5A and 5B. The proportion of bulk like water and bound water has 

been found to be affected upon decrease in water droplet size (Dh = 3.08 nm → 1.43 nm) 

as a function of alkyl chain length of cationic surfactant, Cn (n = 12 → 18) in mixed 

systems (Figures 5A and 5B). The variation of Gaussian profiles (area fraction) of the 

normalized spectra of different water species (bulk like and bound water molecules) on 

decreasing droplet diameter (Dh), have been shown in Figure 5C. It is evident from 

Figure 5C that the bulk like water and its relative proportion decreases considerably, 
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passing from 43% to 26% as the hydrodynamic diameter (Dh) decreases from 3.08 nm to 

1.43 nm. Meanwhile, the bound water contribution increases from a proportion of 57% to 

74%. Interestingly, these modifications of different water species and rearrangement of 

H-bonding in confined environment essentially occur with the variation in droplet size at 

fixed water content (ω=25). In a similar experiment, Brubach et al. [50] reported that the 

characteristic OH stretching band and the proportion of different water species 

significantly changes with the variation of droplet size (ω= 1.51 → 25.3, Dh = 9.4 nm → 

20.9 nm) in nonionic w/o microemulsion. It was reported that the hydroxyl stretch 

absorption spectra, vibrational population relaxation times, orientational relaxation rates, 

and spectral diffusion dynamics, all changes from those of bulk properties as the system 

moves towards the smaller water nanopool (ω = 60→2, diameter = 28 nm → 1.7 nm) for 

AOT reverse micelles [50, 55]. Hence, the observation regarding the dynamic H-bonding 

network in the confined environment results in decreasing droplet size as a function of Cn 

(n = 12 → 18) corroborate well with the modulations of water pool size by changing the 

water content (ω) for AOT-blended w/o microemulsions [50, 55].  

3.6. Effect of inorganic salts at the oil/water interface 

In this section, the effect of inorganic salts (viz. KF, KI, NaCl, NiCl2, and FeCl3 at 

[salt] equals to 0.1 mol dm-3) having different physicochemical properties, on the 

interfacial composition and the formation of w/o microemulsion has been investigated by 

the dilution method using a fixed composition of mixed surfactant [(C18TAB+C16E20) 

=1:1] at a constant ω (= 25) and temperature (303K). The most stabilized system, 

water/(C18TAB+C16E20)/Pn/Hp (with Dh = 3.08 nm) as reflected from the values of 

i
an and 0

transferG  (vide Table 1A and Figure 4) was chosen for this study. Figure 6 

(histogram) represents the influence of different salts on the interfacial population of the 

amphiphiles ( s
i
a nn / ) and results are depicted in Table 1B.  

All the values of  0
transferG  are negative, and suggest that microemulsions form 

spontaneously. However, maximum and minimum of i
an  or s

i
a nn /  values have been 

found in presence of water-structure maker (kosmotrope) (KF) and water-structure 

breaker salts (chaotrope) (KI) respectively (Table 1 B and Figure 6). 
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Table 1 [B] Inorganic-salt dependent physicochemical parameters of w/o mixed surfactant 

microemulsion at equimolar composition (1:1),  = 25, salt concentration (0.1mol dm-3) and 

303 K a 

___________________________________________________________________________________________ 
                                                       System: water (salt)/C18TAB + C16E20 /Pn/Hp 

___________________________________________________________________________________________ 
  Inorganic-salt     [Salt free]                      [KF]                 [KI]                   [NaCl]                 [NiCl2]            [FeCl3] 

104 na
i/mol           13.89                         16.15                 8.61                     9.09                    11.05                  13.25    

104na
0/mol           18.40                         17.64               38.27                    30.38                   27.34                  24.30 

Kd                        12.87                         13.91                 5.65                      7.10                     8.33                   9.80 
-Gtransfer

0/             6.43                          6.63                 4.36                      4.93                      5.34                   5.75 
KJ mol-1                                         

aAll the mixed microemulsion systems are formed  using constant amount of mixed surfactant (0.5mmol) and 

oil (14.0 mmol).  

bThe average errors in Kd and  Gtransfer
0 were within ±5% and ±3%, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Effect of different inorganic salts (0.1 mol dm-3) on the interfacial composition 

of the amphiphiles ( s
i
a nn / ) for w/o microemulsion systems comprising equimolar (1:1) 

mixed surfactant (C18TAB+C16E20), (0.5mmol) and heptane (14.0 mmol) stabilized by Pn 

at constant ω (= 25) and temperature (303K). 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 

 

KINaCl

NiCl
3

Salt Free
FeCl

3

KF

n
ai /n

s



 

123 
 

 

Further, the result shows that i
an  values gradually increase and corresponding 0

an  

values decrease for mixed microemulsion systems in the following orders: KI < NaCl <   

NiCl2 < FeCl3 < KF and KI > NaCl > NiCl2 > FeCl3 > KF, respectively (Table 1B). The 

reverse trend of i
an  and 0

an  values of Pn has been observed earlier for nonionic surfactant 

(C12E23)-blended w/o microemulsion systems (water/C12E23/Pn/decane or dodecane) in 

presence of NaCl [17]. Recently, it has been reported that the cationic surfactant 

molecules (C16TAB) are more compressible and ordered at the oil/water interface in 

water/C16TAB/oil system from dissipative particle dynamics simulation study [57], 

whereas polyoxyethelene ether type nonionic surfactant molecules (C12E4) form ‘all 

trans’ conformation in water/C12E4/decane reverse micelles with the network of H-

bonding between ether oxygen atom of POE chain and water, as revealed from molecular 

dynamics simulation study [58].  Hence, the nonionic surfactant (C16E20) molecules 

might have their long polar head groups (20- POE chains) within the water pool form H-

bonds mainly with the water molecules in the present systems [58, 59]. Water-structure 

maker salt, like KF enhances the H-bonding capacity of water molecules as well as favors 

the formation of strong H-bond between polyoxyethylene chains (POE-20) of C16E20  and 

water molecules [30, 60] and subsequently, restricts the spreading as well as motion of 

long POE chains over droplet surface. As a result, the presence of KF in the water pool 

favors the Pn transfer process (oil→interface) to fill the existing interfacial gap in 

absence of unfolded long POE chain of C16E20, and stabilized the system with higher 

mole number of Pn at the interface, i
an  (Figure 6, Table 1B). The reverse trend of i

an   

value is observed in presence of water-structure breaker salt, KI. It helps the spreading of 

long POE chains of C16E20 on droplet surface by weakening H-bonding network in 

confine environment [30, 60] and minimizes the interfacial Pn population, i
an  (Figure 6, 

Table 1B) . On the other hand, the Pn transfer process (oil→interface) and the order of 

spontaneity of the system (in presence of these salts) follow an increasing trend 

depending upon the nature and magnitude of the cationic charge of the metal ion 

(Na+→Ni+2→Fe+3) present in the chloride salts. This enhanced alcohol partitioning at the 

interface may be attributed to the chaotropic effect (salting-out) [61]. It has been shown 

that the distribution of POE type nonionic surfactant between the oil and the water-pool 
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in presence of salt results in salting out of the surfactant from water to bulk oil. 

Subsequently, it facilitates the Pn transfer process (oil→interface) and thereby, increases 

in the i
an  value.  However, i

an  and 0
an  values show lower and higher magnitudes 

respectively in presence of FeCl3, NiCl2 and NaCl compared to the pure system (i.e. 

absence of salts). It is noteworthy to mention that the addition of chloride salts, may, 

however, create different situation for interfacial monolayer of mixed surfactant (cationic 

and nonionic)-blended w/o systems. The chloride salts reduce the area of polar head 

group of cationic C18TAB molecules by decreasing electrostatic repulsion via charge 

screening and subsequently, favor a greater curvature of the interface as well as affect the 

interfacial population of Pn [17, 62, 63]. On the other hand, the long POE chains of 

C16E20 molecules occupy large interfacial area in presence of chloride salts due to mutual 

repulsion between polar EO groups of nonionic surfactant and dissociated ions of the 

added salts that are present inside the reverse micellar core [17]. As a result, the 

interfacial gap is reduced for Pn accommodation. The combination of these two factors 

mutually affects the transfer process of Pn (oil→interface) and decreased the i
an  values 

for the mixed system in presence of chloride salts in comparison to pure system (Table 

1B, Figure 6). It is noteworthy to mention that the w/o single and mixed microemulsion 

systems are often used as a novel template for the synthesis of metal nanoparticles [31]. 

Further, Pn plays a key factor in regulating the size, size distribution and stability of the 

nanodroplets in w/o quaternary microemulsion system and the growth of nanoparticles in 

these nanodroplets can be facilitated with the increasing flexibility of the interfacial film 

by the addition of Pn [28]. Hence, the synthesis of nanoparticles of transition metal 

elements, for examples, Fe and Ni are much more favorable in present w/o mixed 

systems at constant ω (= 25) and fixed temperature (303K) compared to the alkali metal 

(Na).  

3.7. Effect of inorganic salts on water structure in confined environment  

The effect of inorganic salts (viz. KF, KI, NaCl, NiCl2, and FeCl3) on water 

structure in confined environment of present w/o mixed surfactant (C18TAB+C16E20) 

microemulsions have been investigated through vibrational spectroscopy measurement 

(FTIR) via D2O probing [40]. In the present report, KF and KI are used as common 

water-structure maker (kosmotrope) and water-structure breaker (chaotrope) salts 
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respectively [29, 30]. However, according to reported value of viscosity B coefficient of 

the added chloride salts viz. NaCl, NiCl2 and FeCl3, they can also influence the nature of 

water structures and network H-bonding therein [29]. Actually, the viscosity B 

coefficient of an ion becomes a measure for the interaction of the ion with water. Ions 

with a positive B coefficient act to increase the solution viscosity when dissolved in 

water, which suggests that these ions induce the formation of a kind of “network” 

structure in the solution. Ions with a negative B coefficient exhibit the opposite effect, 

and they are called structure breaking ions [63]. In aqueous solution, the viscosity B 

coefficients (in dm3 mol-1) for the added salts (cation and anion) of the present system are 

reported to be K+ = -0.001, Na+ = +0.084, Ni+2 = +0.349, Fe+3 = +0.690 (reported for only  

250C), F- = +0.055, Cl- = -0.001, I- = -0.066  respectively at 30oC [29]. Recently, Zheng et 

al. [64] reported the influence of inorganic salts LiCl, NaCl and CsCl on the phase 

behavior of aqueous C12E7 mixture considering the magnitude and sign of the viscosity B 

coefficient of the cations probed by DSC, SANS and FTIR spectroscopy. It is apparent 

that these salts significantly modulate the interfacial composition of w/o mixed 

microemulsion reported herein.  

In order to underline the effect of the salts on the properties of water structure in 

confined environment as well as modulation of the oil/water interface, a small amount of 

D2O (10%) was mixed with H2O. A rapid exchange between H and D atoms has been 

taken place leading to the formation of HOD molecules. The O–D stretching band of 

these molecules reflects only the H-bonding interactions between water molecules. Thus, 

the intramolecular interactions between the two OH (or OD) oscillators in H2O (or D2O) 

molecules do not complicate the O–H (O–D) stretching band contour as observed for 

pure water. The coupling between OD and OH oscillators in a HOD molecule is not 

possible due to the difference in atomic weight between H and D atoms. Thus, the O–D 

band reflects only the hydrogen bonding interactions between HOD species with other 

components present in the confined environment [30]. Hence, the isotopic solution of 

10% D2O/H2O mixture has been chosen for the formulation of w/o mixed microemulsion 

after adding salts (KF, KI, NaCl, NiCl2, and FeCl3) at a similar concentration (0.1 mol 

dm-3) which was used in the Schulman’s cosurfactant titration. The results are depicted in 

Figure 7. The width of the OD band of HOD significantly increases for KF and FeCl3 
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containing w/o mixed microemulsions and peaks shift to lower wave numbers (blue shift) 

compared to the OD band in the pure D2O/H2O mixture at the confined environment. 

This result validates that KF and FeCl3 has a structure making effect with enhancing the 

H-bonding capacity of the encapsulated water. The opposite trend is observed for w/o 

mixed systems in presence of NiCl2, NaCl and KI. The width of the OD band decreases 

and the peak shifts towards higher wave number (red shift) [30]. This phenomenon 

indicates the breaking or weakening of some hydrogen bonds of the confined water in 

presence of NiCl2, NaCl, and KI. Hence, it can be concluded that the spontaneity of the 

Pn transfer process (oil→interface) vis-à-vis modulation of the oil/water interface and the 

formation of stable w/o mixed microemulsion is much favored in the presence of water 

structure maker salt, KF and the order follow; KF > FeCl3 > NiCl2 > NaCl > KI (Table 

1B, Figures 6  and 7). 
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Figure 7. Effect of different inorganic salts (0.1 mol dm-3) on the properties of water 

structure in confined environment [FTIR spectra of O-D band (10% D2O/H2O) of HOD 

in absence (salt free) and presence of added salts] for w/o microemulsion systems 

comprising equimolar (1:1) mixed surfactant (C18TAB + C16E20), (0.5mmol) and heptane 

(14.0 mmol) stabilized by Pn at constant ω (= 25) and temperature (303K).  
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4. Conclusions 

In this paper, changes in the architecture [starting from the interfacial film to the confined 

environment (waterpool)] of equimolar (1:1) mixed surfactant w/o microemulsions, 

(water/CnTAB + C16E20/Pn/Hp or IPM) at ω (equals to 25) and 303 K induced by 

replacement of the cationic surfactant of  different chain lengths in the homologous series 

(CnTAB, n = 12→18) in mixed systems, has been presented. The phase study reveals that 

the increase in alkyl chain length of the cationic surfactant Cn (n = 12→18) 

synergistically enhances the formation of single phase (1ф) microemulsion in both oils 

(Hp and IPM). The interfacial (na
i) and bulk (na

o) compositions as well as the distribution 

of Pn between the interface and bulk oil (obtained by the dilution method) depend on the 

interaction between the amphihphiles at the interface, alkyl chain length of the cationic 

surfactant and type of oil. na
i and na

o gradually increase and decrease, respectively with 

increasing Cn (n = 12→18) in the presence of fixed amount of a nonionic surfactant 

(C16E20) in both Hp and IPM. Further, Kd and the spontaneity  of the formation of stable 

w/o microemulsions (- ΔG0
trasfer) at equimolar composition (1:1) of mixed surfactants 

gradually increase with the increase in Cn (n = 12→18) in both oils. The viscosity (η) of 

these systems increases with increase in Cn (n = 12→18), which indicates the enhanced 

attractive interaction between the droplets. Hence, it can be concluded that the effective 

binding between Pn and mixed surfactant(s) at the oil/water interface and the interdroplet 

interaction increase in the order: (C12TAB + C16E20) < (C14TAB + C16E20) < (C16TAB + 

C16E20) < (C18TAB + C16E20), which corroborates well with the degree of spontaneity of 

the transfer process. The hydrodynamic diameter (Dh) of the microemulsion droplets 

decreases remarkably from 3.08 nm to 1.43 nm (53.57%) and 36.50 nm to 22.93 nm 

(37.17%) with increase in droplet numbers as a function of the alkyl chain length of the 

cationic surfactant Cn (n = 12→18) in the mixed systems for Hp and IPM oil, 

respectively. All these parameters (viz. na
i, na

o, Kd, - ΔG0
transfer, Dh and η) have been 

found to depend on the type of oil used in this report, i.e., Hp and IPM. More precisely, 

the spontaineity of the Pn transfer process is higher for Hp-based systems compared to 

IPM-based systems at comparable condition. On the other hand, IPM-based systems 

produce larger droplet dimension than Hp-based systems which corroborates well with 

Pn accommodation at the oil/water interface for the corresponding systems. Further, 
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viscosity of IPM-derived systems ( IPM ) is greater than that of Hp-derived systems 

( Hp ). The formation of large size droplets in IPM oil might be responsible for such an 

enhancement in IPM . All these differences attribute to the variation in inherent chemical 

structures and physicochemical properties of oils. Additionally, it reveals from vibration 

spectroscopy measurements that the changes in the states of water organization (i.e., bulk 

like and bound water molecules) inside the confined environment of the waterpool has 

been observed as a function of the alkyl chain length of cationic surfactant Cn (n = 

12→18).  

In addition, the influence of different inorganic salts [normal salt (NaCl), precursor salts 

(NiCl2 and FeCl3), water-structure affective salt (KF and KI)] on the formation of mixed 

surfactant (C18TAB + C16E20) w/o microemulsion system at equimolar composition (1:1), 

ω = 25 and 303 K has been investigated by the dilution method. Both spontaneity of the 

formation (- ∆G0
transfer) and flexibility of the interface (na

i) are influenced by KF (water-

structure maker salt, kosmotrope), whereas the impact of other salts is not significant. 

However, the overall order of these two parameters (in presence of the salts) is as 

follows; KF > FeCl3 > NiCl2 > NaCl > KI. Vibration spectroscopy also supports the 

structure making or breaking abilities of the above salts in a confined environment (i.e., 

waterpool) of the mixed microemulsion systems via D2O probing. In summary, our 

findings shed considerable effect of variation in alkyl chain length of the cationic 

surfactant Cn (n = 12→18) on the interfacial composition, spontaneity of formation, 

droplet dimension and states of solubilized water of a quaternary w/o mixed surfactant 

(cationic + nonionic) microemulsion in absence and presence of inorganic salts. Because 

of wide modulations in physicochemical properties and microstructures, these w/o mixed 

surfactant microemulsions could be prospective for studying enzymatic catalysis [28], 

nanoparticle synthesis [65] and stimulating the regio-specificity of an organic reaction in 

microemulsion media [66]. 
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Chapter V 

 

Physicochemical studies of mixed surfactant microemulsions with isopropyl 

myristate as oil 

 

Abstract 

The present study is focused on evaluation of interfacial compositions and 

thermodynamic properties of w/o mixed surfactant [(sodium dodecylsulfate, 

SDS/polyoxyethylene (23) lauryl ether, Brij-35)/1-pentanol (Pn)/isopropyl myristate 

(IPM)] microemulsions under various physicochemical conditions by the dilution 

method. The number of moles of Pn at the interface (na
i) and bulk oil (na

o), and various 

thermodynamic parameters [viz. standard Gibbs free energy (ΔG0
o→i), standard enthalpy 

(ΔH0
o→i) and standard entropy (ΔS0

o→i) of the transfer of Pn from bulk oil to the 

interface] have been found to be dependent on the molar ratio of water to surfactant (ω), 

concentration of Brij-35 (XBrij-35), and temperature. Temperature-insensitive 

microemulsions with zero specific heat capacity, (ΔC0
P) o→i have been formed at specific 

compositions. The intrinsic enthalpy change of the transfer process, ∆(H0)*
o→i has been 

evaluated from linear correlation between ΔH0
o→i and ΔS0

o→i at different experimental 

temperatures. The present report also aims at a precise characterization on the basis of 

molecular interactions between the constituents, and provides insight into the nature of 

the oil/water interfaces of these systems by conductivity and dynamic light scattering 

studies as a function of ω and XBrij-35. Conductivity studies reveal that incorporation of 

Brij-35 in non-percolating water/SDS/Pn/IPM systems makes them favorable for ω-

induced percolation behavior up to XBrij-35 ≤ 0.5. But further addition of Brij-35 causes a 

decrease in conductivity with increasing ω. Furthermore, the hydrodynamic diameters of 

the microemulsion droplets increase with increase in both XBrij-35 and ω. Correlations of 

the results in terms of the evaluated physicochemical parameters have been attempted.  

Keywords: Mixed surfactant microemulsion; Interfacial composition; Thermodynamic 

parameter; Antagonism; Conductance percolation; Dynamic light scattering. 

J. Colloid Interface Sc., 2013, 402, 180-189 
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1. Introduction 

Microemulsions are clear, transparent or translucent, thermodynamically stable 

dispersions of oil and water, stabilized by an interfacial film of surfactant(s) frequently in 

combination with a co-surfactant and having diameter of the droplets in the range of 10-

200 nm. Typical water-in-oil (w/o) microemulsion or reverse micelles (RMs) consist of 

nanoscopic pools of water dispersed in nonpolar solvent stabilized by surfactant 

monolayer [1, 2]. The properties of confined water differ considerably from those of bulk 

water due to geometrical constraints of the environment and molecular interactions at the 

oil/water interface [3, 4]. They have been used in various fields, such as pharmaceutics, 

nanoparticle synthesis, liquid–liquid extraction, cosmetic, detergency, tertiary oil 

recovery etc., due to their very low interfacial tension, nanometer-sized droplets, high 

solubilization capacity, etc [5-7]. The extensive research of microemulsions has focused 

on the understanding of their internal structure and dynamics. Various instrumental 

investigations reveal the micro-structures of microemulsion systems, such as small angle 

neutron scattering (SANS), small-angle x-ray scattering (SAXS), transmission electron 

microscopy (TEM), dynamic light scattering (DLS), nuclear magnetic resonance (NMR), 

conductance, viscosity, etc [8-14]. 

The cosurfactant (short chain lipophilic n-alkyl alcohols) plays an  important role by 

blending with surfactant(s) and partition between the coexisting aqueous and oleic phases 

to control the bending elasticity of the interfacial layer offering stability to the dispersion 

and affect the droplet dimension of the microemulsion droplets [15]. So, to quantify the 

composition of the interfacial layer and the distribution of surfactant and cosurfactant 

between the interfacial layer and the water or oil phase, different phase diagrams were 

exploited, such as pseudo-ternary phase diagram, Winsor type, fishlike phase diagrams 

and dilution phase diagram of water-in-oil (w/o) microemulsion [16, 17]. The dilution 

phase diagram deals exclusively with the single phase of w/o microemulsion, and is used 

to determine the compositions of the interfacial layer and the bulk phase, as well as the 

thermodynamic parameters. Understanding the thermodynamic properties and structural 

characteristics of microemulsions provide an important theoretical basis for applications. 

In view of the above, a simple turbidimetric titration (dilution method) has been used by a 

number of workers [9, 18-25]. Earlier, Palazzo et al. showed that the composition of the 
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interface determined by a “Schulman’s cosurfactant titration” of 

water/cetyltrimethylammonium bromide (CTAB)/n-pentanol/n-hexane agreed well with 

the interfacial composition determined employing pulsed gradient spin-echo NMR 

(PSGE-NMR) data. The authors were also pointed out that the method has applications in 

scattering and diffusion studies because it provides extrapolation to single-particle 

properties by reducing inter-particle interactions of the microemulsion system without 

changing its composition [26]. Very recently, we have reported the characteristics role of 

cosurfactant (butanol or pentanol) on the formation and stabilization of the droplet 

surface, which relates to the evaluation of the interfacial composition, thermodynamic 

properties and structural parameters of single (CPC or SDS or Brij-35) and mixed 

surfactant (CPC or CTAB or SDS blend with Brij-58 or Brij-78 at different proportions) 

w/o microemulsions stabilized in heptane or decane or dodecane under varying 

physicochemical environments, by employing the dilution method [27-30]. Mixed 

surfactants play a promising role in surface chemical applications. Mixed surfactant 

systems may be less expensive and often exhibit interfacial properties more pronounced 

than those of the individual surface-active components of the mixture [31, 32]. The 

interactions between the constituent surfactants can lead to either synergism (attractive) 

or antagonism (repulsive) in terms of their physicochemical properties depending on the 

type and nature of the surfactants. The studies on mixed surfactant systems are therefore, 

of considerable interest from fundamental as well as applied viewpoints.  

In view of these studies, the present report aims at a precise determination of the 

molecular interactions among the constituents, and enlighten the formation vis-à-vis 

nature of the oil/water interface of mixed surfactant blended w/o microemulsions 

[water/sodium dodecylsulfate (SDS)/polyoxyethylene (23) dodecyl ether (Brij-

35)/cosurfactant (1-pentanol)/isopropyl myristate (IPM)] as function of water contents 

(ω), content of nonionic (Xnonionic), and temperature. Both of these surfactants (SDS and 

Brij-35) are chosen in such a way that they possess similar hydrocarbon tail (constituting 

12 carbon atoms in the linear chain), but they differ in charge type and size of the polar 

head groups, so that the possible interactions between the hydrocarbon chains of two 

surfactants gets minimized. In this work, 1-pentanol is used as structure forming 

cosurfactant due to its versatile biological as well as technological applications [33, 34]. 
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Also, IPM has been widely used in the formulation of biocompatible microemulsions for 

pharmaceutical, drug delivery and biological applications [35, 36]. However, studies on 

IPM (which is structurally and physicochemically different from conventional 

hydrocarbons [10, 37]) derived w/o mixed surfactant microemulsion is not much reported 

in literature using the dilution method [30]. Recently, Hait et al. [18] and Mohareb et al. 

[19] reported the formation characteristics of single surfactant CPC or CTAB or SDS 

using n-alkanol (C5-C9) as cosurfactant stabilized in IPM oil by dilution method. The 

present study sheds on the formation of w/o microemulsion, composition of mixed 

interfacial film, complete analysis of thermodynamic of the transfer process of 

cosurfactant from bulk oil to the interface, transport property and microstructure of these 

systems (to understand the possible interactions between the constituents of 

microemulsion droplets) by means of phase study, dilution method, conductivity, and 

dynamic light scattering (DLS) techniques. This study aims to improve the basic 

understanding of the formation and microstructure of mixed w/o microemulsions 

stabilized in polar lipophilic oil (IPM), which is not much reported in literature [30].  

2. Experimental 

2.1. Materials  

Sodium dodecylsulfate (SDS, ≥ 99%) and polyoxyethylene (23) lauryl ether (Brij-35, ≥ 

99%) were purchased from Merck, Germany and Sigma Aldrich, USA respectively. The 

oil, isopropyl myristste (IPM, ≥ 98%) and the alkanol, 1-pentanol (Pn, ≥ 98%) were 

products of Fluka, Switzerland. All these chemicals were used without further 

purification. Doubly distilled water of conductivity less than 3 S cm-1 was used in the 

experiments. 

 

2.2. Methods 

2.2.1. Sample preparation and phase behavior 

The samples comprising mixed surfactants (SDS and Brij-35) at different proportions, 

cosurfactant (Pn), oil (IPM) and water with constant surfactant, cosurfactant mass ratio (S 

: CS = 1: 2) was formulated in a screw cap glass vials. The samples were monophasic, 

transparent and stable. Phase behavior of chosen systems was constructed with at fixed 
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temperature (303K) using thermostated water bath (accuracy,   0.1 K). The repeat 

experiments were found to be reproducible with an error limit of ±1%.   

2.2.2. Method of dilution 

The Schulman’s method of cosurfactant titration (dilution experiment) [38] was 

performed to investigate the interfacial composition of w/o mixed surfactant 

microemulsions, as described earlier [20, 27], with necessary modification in assessment 

of microemulsion formation using spectrophotometric technique to measure the change in 

sample turbidity produced by alcohol (Pn) addition [39]. To a turbid solution comprising 

a blend of SDS and Brij-35 at various composition (XBrij-35) and water in a given solvent 

(IPM) at 303 K, small aliquots of Pn was added. The point of single-phase microemulsion 

formation was evidenced by a total loss of sample turbidity, cheeked by the sample 

absorbance measured at 320 nm [39]. The sharp decrease in absorbance observed in the 

sample titration with alkanol (Pn) allows precise determination of the amount 

cosurfactant needed to stabilize the microemulsion. The absorbance measurements were 

carried out at 320 nm in JASCO (V-530) UV-spectrophotometer employing thermostated 

cell. The amount of mixed surfactant(s) and oil(s) was taken as 0.5 mmol and 14.0 mmol, 

respectively for each system.  

2.2.3. Conductance measurement 

The electrical conductivity measurements were performed using Mettler Toledo 

(Switzerland) Conductivity Bridge. The instrument was calibrated with standard KCl 

solution. The temperature was kept constant (303K) for conductivity measurement within ± 

0.01 0C by circulating thermostated water, through a jacketed vessel containing the 

solution. 

2.2.4. Dynamic light scattering (DLS) measurement 

Diameter of the microemulsion droplets was determined using a Zetasizer Nano ZS90 

(ZEN3690, Malvern Instruments Ltd, U.K.). A He-Ne laser of 632.8 nm wavelength was 

used and the measurements were made at a scattering angle of 900. Temperature was 

controlled by inbuilt Peltier heating-cooling device (± 0.1K). Refractive index of each 

solution was recorded with an ABBE type refractometer, as it was required as an input in 

determining the size of the microemulsion droplet by DLS technique. Viscosity data, as 



 

134 
 

 

obtained from viscosity measurements, were used in processing DLS data. Samples were 

filtered thrice using Millipore(TM) hydrophobic membrane filter of 0.25µ pore size. 

3. Theoretical background of the dilution method 

The w/o microemulsion consists of dispersion of water droplets in IPM continuum wherein 

the mixed surfactants were considered to populate at the oil/water interface in partial 

association with the cosurfactant (Pn), which remained distributed between the interface 

and the bulk oil. Thus, at a fixed [surfactant(s)], a critical concentration of Pn is required 

for the stabilization of the microemulsion. Addition of extra oil (IPM) extracts Pn from the 

interface to destabilize the system, which can be stabilized by the addition of extra 

cosurfactant(s) in the system. This is the fundamental basis of dilution experiment, 

described in Materials and Methods (Section 2). The following equations (detailed 

derivations are available in literatures [29, 30]) are helpful to rationalize the distribution 

and transfer process of Pn from the continuous oil phase to the interfacial region:  
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a nnnnn ,,,,  denote the total number of moles of alkanol present, moles of alkanol in 

water, its number at the interface, in the oil phase and the total no of moles of surfactant 

respectively. The distribution constant of alkanol is represented by dK  where i
aX  and 

0
aX  are the mole fraction of alkanol in the interfacial layer and in the oil. 0

o iG   

represents standard Gibbs free energy change of transfer of alkanol from oil to the 

interface. 

ΔH0
o→i (enthalpy change of transfer of alkanol from oil to the interface) can be evaluated 

by the van’t Hoff equation. Thus,                     

 [∂(ΔG0
t/T)/∂(1/T)]p = ΔH0

o→i                                    (4) 

Since the dependency of (ΔG0
o→i/T) on (1/T) are nonlinear for all these systems, a two-

degree polynomial equation of following form is used. 
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The differential form of the relation helps to evaluate ΔH0
o→i. Thus, 
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where, A, B1 and B2 are the polynomial coefficients. 

Then the Gibbs-Helmholtz equation is used to evaluate ΔS0
o→i (entropy change of 

transfer of alkanol from oil to the interface), 
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The evaluation of specific heat change of transfer of alkanol from oil to the interface 

[(ΔC0
p)o→i] follows from the relation, 

  [(ΔC0
p)o→i] = (∂ΔH0

o→i/∂T)p                                         (8) 

The standard state herein considered is the hypothetical ideal state of the unit mole 

fraction. 

4. Results and Discussion 

4.1. Phase behavior of single and mixed surfactant microemulsion 

Phase behavior actually determines the microstructure of the system [40]. Along with 

cosurfactant (Pn), SDS/Brij-35 (mixed surfactant) has been found to favorably augment 

microemulsification (1ф region) of water and IPM. Phase diagram of pseudo quaternary 

system, water/SDS/Brij-35/Pn/IPM has been constructed in Gibb’s triangle with the 

variation of Brij-35 (XBrij-35 = 0.0, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0) in a fixed amount of mixed 

surfactant (SDS/Brij-35) and at a constant temperature of 303K [illustrative 

representation has been shown in Fig. 1 (at XBrij-35 = 0, 0.5 and 1.0), other figures are not 

exemplified here]. The surfactant and cosurfactant ratio used was 1:2 (w/w). Each of the 

phase diagrams specifically indicates the presence of two different zones i.e., clear 

(microemulsion; 1ф region) and turbid (biphasic; 2ф region). Further, the size and 

location of above regions (1ф and 2ф) have been found to be dependent on the 

composition of mixed surfactant (SDS and Brij-35) [41]. However, it can be argued from 

the overall scenario that the characteristic of the phase diagrams is the appearances of 
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considerable 1ф region i.e. clear solution along the amphiphile-oil axis which is actually 

oil continuous microemulsion with isolated and aggregated w/o dispersion.  

                       

Fig. 1 Representative pseudo-ternary phase diagram of water/SDS/Brij-35/Pn/IPM w/o 

microemulsion at three different ratios of mixed surfactant at 303K. S/Cs mass ratio: 1:2. 

Area marks: unshaded, microemulsion zone (1ф); shaded, turbid zone (2ф) [black; XBrij-35 

= 0.0, dark gray; XBrij-35 = 0.5, light gray; XBrij-35 = 1.0]. 

4.2. Interfacial composition of single and mixed surfactant based microemulsion by the 

dilution method 

4.2.1. Effect of water content (ω) on compositional variations (na
i/ns) 

The dilution method (the Schulman’s cosurfactant titration of the oil/water interface) has 

been used for determination of interfacial composition of SDS/Brij-35 mixed surfactant 

microemulsion systems at equimolar composition (XBrij-35 = 0.5) in IPM with varying ω 

(= 20, 25, 30, 35 and 40) at a constant temperature of 303K. From the data collected, 

graphs were constructed by plotting na/ns against no/ns according to Eq. (1). 

Representative plots are illustrated in Fig. S1 (Appendix C). The plots were strikingly 

linear (average R2 was 0.9965). From Fig. S1, the values of na
o and na

i were obtained 

from slopes (S) and intercepts (I) respectively, and subsequently the values of Kd and 

ΔG0
o→i were evaluated using Eqs. (2) and (3), respectively.  

SDS/Brij-35 (1:1) : 1-pentanol 

2ф 

1ф 

Water IPM 

S: CS  = 1: 2 

w/o 
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Fig. 2  Plot of na
i/ns against ω for mixed surfactant (SDS and Brij-35) w/o microemulsion 

systems comprising total 0.5 mmol of mixed surfactant and 14.0 mmol of IPM oil 

stabilized by Pn at fixed XBrij-35 (= 0.5) and constant temperature (303K). Inset A: 

Dependence of conductivity (σ) on water content (ω) for the same systems. 

 

All these values of na
i, na

o and ΔG0
o→i are presented in Table 1. In order to understand the 

influence of water content (ω) on interfacial composition (na
i) for SDS/Brij-35 mixed 

systems at equimolar composition and at 303K, na
i/ns values [i.e. compositional 

variations of amphiphiles (both surfactants and Pn) at the interface] are plotted against ω 

and the representative graphical plot is depicted in Fig. 2.  

It is evident from Fig. 2 and Table 1 that na
i values increase with increase in ω. Similar 

trend [i.e. increase in na
i or (na

i/ns) with increase in ω] was reported by Hait et al. [18] and 

Paul et al. [27] for single SDS w/o microemulsion system stabilized in IPM and Dc or Dd 

oils, respectively and also by Kundu et al. [30] for mixed SDS/Brij-58 or Brij-78 systems 

stabilized in Hp or Dc or IPM. A plausible explanation for this type of trend can be 

presented in the light of physicochemical (molecular) interactions among the constituents 

[viz. hydrophobic interaction between hydrophobic segments of the constituent 
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surfactants in hydrophobic domains of the aggregates; electrostatic interaction between 

head groups of both surfactants in hydrophilic domains; ion–dipole interaction between 

ionic and nonionic hydrophilic groups; and hydrogen bonding interaction among water 

and ionic and nonionic hydrophilic groups; interaction between alkanol and basic 

amphiphile (SDS) at the interface] involved in the transfer process. 

 

Table 1. Water content () dependent physicochemical parameters for the formation of 

w/o mixed microemulsion at fixed XBrij-35 (0.5) and temperature (303K) a, b 

   _____________________________________________________________________________ 
System: water/SDS+Brij-35/pentanol/IPM 

______________________________________________________________________________ 
                                               20                   25                30                35             40                

    104 na
i/mol                   19.08              22.45           30.11           34.21        40.50 

 
   103na

0/mol                    8.34                10.49          16.14            19.17        23.21 
 
     Kd                               1.75                1.59            1.39               1.33          1.27 
 
    -G0

o→i/kJ mol-1         1.41                 1.18            0.83               0.72          0.61 
 
 

 
a All the mixed microemulsion systems are formed  using constant amount of mixed 

surfactant (0.5 mmol) and oil (14.0 mmol).  

b The error limits in Kd and Go→i
0 were within ±5% and ±3%, respectively. 

 

Further, SDS [with DS- as polar head group and dodecyl (C12) hydrocarbon chain] and 

Brij-35 [23 POE chains as polar head group with similar hydrocarbon chain (C12), 

respectively] are in the mixed state of equimolar proportion i.e. XBrij-35 = 0.5. At the 

threshold level of stability for the formation of w/o microemulsion, the requirement of Pn 

depends on its interaction with these surfactants of different characteristics at different 

ω’s. After addition of water to the ternary system (at XBrij-35 = 0.5), both polar head 

groups of SDS (DS-) and Brij-35 (POE) surfactants have tendency to form strong 

hydrogen bond with water [42]. Also, a strong ion-dipole interaction between compact 

sulfate group in SDS and EO groups in Brij-35 exists inside the water pool. It is likely 
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that the origin of these interactions comes from the hydrogen bond formation between the 

sulfate head groups and dehydrated EO chains in the mixed corona, makes the corona 

more compact [43]. These types of attractive interactions between polyoxyethylene 

chains and anionic surfactant and hydrogen bonding interactions among surfactant head 

groups (DS-) and water molecules, lead to the rigidification of the surfactant(s) 

monolayer [44]. Also, sulfate ions will cause dehydration of the EO chains in the mixed 

corona, as sulfate ions are considered as water-structure making ions, leading to an 

increase in hydrophobicity of the system [43].  Because of these reasons, more Pn 

molecules get accommodated at the droplet interface with increasing ω. Further, it is 

probable that the spacing between adjacent surfactant molecules at the interface increases 

due to decreasing surfactant concentration on the droplet surface with increase in ω. As a 

result, more Pn molecules are required to fill the gaps among the surfactant molecules on 

the droplet surface and leads to the formation of stable w/o microemulsions.  

4.2.2. Effect of water content (ω) on bulk oil compositions (na
o) 

From Table 1, it is clearly evident that na
o (number of moles of Pn at the bulk oil phase) 

increases with increasing ω in IPM. This can be argued as follows. With increasing ω, 

droplet is swollen and thus the interface curvature is decreased. This leads to the 

surfactant molecules arranging more closely at the interface and decreases the gaps 

resulting from the unsuitable molecular geometry of the surfactants. As a result, trend of 

Pn transferring from the bulk oil to the interface is weakened. So, the numbers of moles 

of Pn in oil phase (na
o) increase [21, 22]. Similar trend for na

o values were also reported 

earlier for both single and mixed surfactant microemulsions [18, 20, 29, 30]. 

4.2.3. Effect of XBrij-35 and temperature on interfacial compositions (na
i and na

o) 

The dilution method has also been used for the estimation of interfacial composition of 

water/SDS/Brij-35/Pn derived microemulsion systems (with XBrij-35 = 0, 0.2, 0.4, 0.5, 0.6, 

0.8 and 1.0) stabilized in IPM at fixed  = 20 and at four different temperatures of 293, 

303, 313 and 323 K. From the data collected, graphs were constructed by plotting na

t
/ns 

vs no/ns according to Eq. (1). Representative illustrations are shown in Fig. S2 (Appendix 

C). The calculated values of na

i
 and na

o obtained at different mixing ratios of the 

surfactants (XBrij-35 = 0 → 1.0) with varying temperatures, are presented in Table 2.  
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Table 2. Temperature and surfactant composition (XBrij-35 = 0→1.0) dependent 

thermodynamic parameters for the formation of w/o microemulsion in IPM at fixed water 

content ( = 20) a, b 

 
XBrij-35    T/K   104 na

i (mol)   103 na
o (mol)  -ΔGo→i

0 (kJmol-1)      ΔHo→i
0 (kJmol-1)   ΔSo→i

0 (JK-1mol-1) 
 

 
 0.0         293         34.47              5.91               2.28                       4.89                        24.53 
               303         36.19              5.27               2.37                       3.11                        18.08 
               313         37.34              4.91               2.47                       1.26                        11.93 
               323         38.93              4.85               2.68                      -0.64                         6.32 
 
 0.2          293         28.40              7.17               1.74                       8.65                         35.48 
                303         36.94              6.18               2.12                       6.26                         27.68 
                313         40.87              5.59               2.38                       3.80                         19.76 
                323         41.80              5.17               2.60                       1.26                         11.95  
 
0.4           293         28.35              7.23               1.73                      13.19                         50.93 
                303         38.83              5.91               2.20                       11.40                        44.89 
                313         45.86              5.43               2.46                        9.55                         38.38 
                323         46.19              4.78               2.80                       7.64                          32.34 
 
 0.5          293         14.33              9.61               1.02                        8.53                        32.60 
                303         19.08              8.34               1.41                        8.12                        31.44 
                313         21.20              7.71               1.62                        7.68                        29.74 
                323         30.11              6.97               1.99                        7.24                        28.57  
 
 0.6          293         17.89              8.13               1.36                       27.71                       99.23 
                303         38.63              5.59               2.29                       18.17                       67.54 
                313         50.56              5.17               2.56                        8.32                        34.78 
                323         51.11              4.68               2.84                       -1.85                         3.07 
 
 0.8          293         12.41              8.23               1.12                        26.36                      93.79    
                303         32.95              5.32               1.99                        16.82                      62.10 
                313         39.55              5.17               2.50                         6.97                       30.26 
                323         40.01              4.75               2.74                        -3.20                       -1.42 
 
 1.0          293         17.33              5.86               1.82                          0.72                       8.67 
                303         17.89              5.59               1.97                         -5.24                    -10.77 
                313         26.77              5.55               2.25                       -11.39                    -29.23 
                323         27.30              4.27               2.80                       -17.76                    -46.31 
a All the mixed microemulsion systems are formed using constant amount of mixed surfactant (0.5 mmol) and 

oil (14.0 mmol).  

b The error limits in G0
o→i, H0

o→i and S0
o→i are 3%, 5% and 8% respectively. 
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It is evident from Table 2 that the values of na
i and na

o did not follow any straightforward 

trend as a function of XBrij-35 for any of these systems. However, the plot of interfacial 

composition (na
i) of Pn versus surfactant composition (XBrij-35) at each temperature (Fig. 

3) clearly shows a minima at XBrij-35 = 0.5 i.e., at equimolar composition of mixed 

surfactant (SDS/Brij-35) microemulsion.  

                             

Fig. 3 Interfacial composition (na
i) against mol fraction of nonionic surfactant (XBrij-35 = 

0.0→1.0) for w/o microemulsion systems comprising 0.5 mmol of mixed surfactant and 

14.0 mmol of IPM oil stabilized by Pn at fixed water content (ω = 20) with different 

temperature (293K→323K).  

 

Further, it evident from the Table 2  that with increase in temperature na
i increases while 

na
o decreases with increasing temperature and hence increase of temperature helps to 

transfer more Pn molecules (cosurfactant) from the oil to the interface. This observation 

is found to be consistent with that reported by Hait et al. [18] for CPC, SDS and CTAB 

based systems stabilized in IPM and Paul et al. [27] for CPC, SDS and Brij-35 based 

systems stabilized in Dc or Dd. When SDS and Brij-35 are mixed in nearly comparable 
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proportions (XBrij-35 = 0.4 → 0.6), the difference between the value of parameters, e.g., na
i 

and na
o at lower and higher temperatures are more than the pure surfactant systems (XBrij-

35 = 0 and 1.0).  It indicates that interfacial arrangements or organizations of the 

constituents are mostly affected by increase in temperature in the vicinity of equimolar 

composition.   

4.2.4. Thermodynamics of transfer of alkanol (Pn) from oil (IPM) to the interface 

In this section, analysis of the transfer of Pn from oleic phase to the interface of mixed 

surfactant (ionic/nonionic) w/o microemulsions using dilution experiments from 

thermodynamic point of view is presented, which is seldom reported [28-30]. Such 

reports for w/o microemulsions stabilized in hydrocarbons and hydrophilic oil using 

single surfactant are available in literature [18-25]. Thermodynamic parameters (ΔG0
o→i, 

ΔH0
o→i, ΔS0

o→i and [(ΔC0
p)o→i]) for the transfer of Pn from the continuous oil phase 

(IPM) to the interfacial region of mixed surfactants (SDS/Brij-35) with varying ω (= 20, 

25, 30, 35 and 40) at a fixed XBrij-35 = 0.5 and temperature (303 K) and also at a fixed ω 

(= 20) with varying XBrij-35 (= 0→1.0) and temperatures (293, 303, 313 and 323 K) have 

been evaluated according to Eqs. (3) - (8). The data are presented in Table 1 and Table 2. 

Representative plots of - ΔG0
o→i vs. XBrij-35 for water/SDS/Brij-35/Pn/IPM (Fig. 4) and 

ΔH0
o→i or ΔS0

o→i vs. XBrij-35 for water/SDS/Brij-35/Pn/IPM at four different temperatures 

are illustrated in Figs. 5A and 5B. ΔG0
o→i values are negative at all compositions (XBrij-35 

= 0→1.0) and temperatures in IPM, hence spontaneous formation of w/o microemulsions 

is suggested. Both similar and dissimilar trends in all these energetic parameters at 

comparable physicochemical environments are reported [18-25].  

 

Effect of ω on ΔG0
o→i of transfer process 

It is evident from Table 1 that the values of – ΔG0
o→i, which is indicative of spontaneity 

of the alkanol transfer process (Pnoil→Pnint), decrease with increasing ω (= 20 to 40) for 

the studied systems. With increasing ω, the droplet is swollen and thus the interfacial 

curvature is decreased. 
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Fig. 4 Standard free energy change of transfer (-ΔG0
o→i) against mol fraction of nonionic 

surfactant (XBrij-35 = 0.0→1.0) for w/o microemulsion systems comprising 0.5 mmol of 

mixed surfactant and 14.0 mmol of IPM oil stabilized by Pn at fixed water content (ω = 

20) with different temperature (293K→323K).  

 

As a result, the surfactant molecules are accommodated more closely at the interface and 

decrease the gaps, resulting from the unsuitable molecular geometry of the surfactants. 

Hence, the trend of transferring of Pn from oil to the interface is weakened. Again, with 

increasing ω, the relative retention of Pn in oil has become more (as reflected from values 

of na
o, Table 1) than its transfer to the interface. In other words, association between 

surfactant and cosurfactant molecules at the interface becomes less favorable with 

increase in ω. This type of variation was reported by Hait et al. [18], Zheng et al. [20, 21], 

Paul et al. [27] and Kundu et al. [29, 30] for single and mixed surfactant microemulsion 

systems, respectively.  
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Effect of Xnonionic and temperature on ΔG0
o→i of transfer process at a fixed ω  

It can be seen from Table 2 that the spontaneity of the transfer of Pn from oil (IPM) to the 

interface for pure SDS and Brij-35 stabilized systems increases with increasing 

temperature. This trend corroborates well with our previous report on SDS stabilized 

systems in Dc with Pn used as cosurfactant [30] and Hait et al. [18] and Mohareb et al. 

[19] for water/SDS/butanol/IPM and water/SDS/alkanols(C5–C9)/IPM w/o 

microemulsion systems, respectively. The trend of spontaneity of pure Brij-35-derived 

system stabilized in polar oil (IPM) agrees well with Mehta et al. [25] for water/Brij-

96/Pn/ethyl oleate (EO) system. Further, it is evident from Table 2 and representative plot 

of - ΔG0
o→i vs. XBrij-35 at four temperatures in IPM (depicted in Fig. 4) that the ΔG0

o→i 

values are not straightforward at mixed compositions (i.e. XBrij-35 = 0.2 - 0.8). - ΔG0
o→i 

values increase with increase in temperature (293, 313 and 323 K) at all compositions for 

the mixed surfactant microemulsion systems stabilized in IPM. However, an interesting 

feature, that is, antagonism in standard Gibbs free energy of transfer (ΔG0
o→i) of Pn from 

the bulk oil phase to the interface is evidenced at equimolar composition of SDS and 

Brij-35 (i.e. at XBrij-35 = 0.5) from the plot of - ΔG0
o→i against XBrij-35 (Fig. 4). Similar 

antagonistic behavior was observed for water/SDS/Brij-78/Pn/Hp system at XBrij-78 = 0.4 

[30]. Synergism or antagonism in thermodynamic parameters of surfactant mixtures 

might arise from the non-ideality of surfactant interactions. It was reported earlier that 

considerable non-ideality shown by ionic/nonionic mixtures is due to the action of the 

nonionic component that shields the repulsion between charged ionic head groups and, 

also, due to the attraction acting between the components, anyway, via ion-dipole 

interactions [45]. However, antagonism in -∆G0
o→i at equimolar composition at each 

temperature might be explained in the following manner. The presence of lower 

concentration of Pn (i.e. na
i as evidenced from Fig. 3) makes the oil/water interface 

sterically rigid. As it was reported earlier that increasing alcohol partitioning at the 

interface, increase the degree of interpenetration of droplets and therefore increase the 

interfacial fluidity or flexibility [46]. Rigid conformation of the hydrophobic tails disrupts 

steric packaging of the interface and leads to partial hydration of the hydrophobic core of 

SDS/Brij-35 mixed blends [47]. This partial hydration of the hydrophobic tails in the 

interface decreases the hydrophobic interactions between the hydrophobic regions of co-
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surfactants in the interface, which results in increase in entropy and makes the system 

more unstable [48]. As a result, at equimolar composition SDS/Brij-35 mixed system 

shows minima in -∆G0
o→i. A schematic diagram has been presented to represent the 

correlation between interfacial population of 1-pentanol and antagonism in free energy of 

its transfer at equimolar composition of mixed surfactant microemulsion (Scheme 1). 

 

Scheme 1. Pictorial representation of correlation between interfacial population of 1-

pentanol and antagonism in free energy of its transfer at equimolar composition of mixed 

surfactant microemulsion. 

 

Effect of Xnonionic and temperature on ∆H0
o→i and ∆S0

o→i of transfer process 

Due to nonlinear dependence of (ΔG0
o→i / T) on 1/T in terms of a two degree polynomial 

equation (Figs. are not illustrated), at each composition of a nonionic surfactant 

(Xnonionic), four values of ΔH0
o→i and ΔS0

o→i at four temperatures have been evaluated, 

and are presented in Table 2. The profile of ΔH0
o→i and ΔS0

o→i with composition (XBrij-35) 

and temperature [Figs. 5A and 5B] is not straightforward upon the addition of nonionic 

surfactant (Brij-35 with dodecyl nonpolar tail) to the ionic surfactant (SDS with dodecyl 

nonpolar tail) under various physicochemical environments (as mentioned earlier). 
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It is evident from Table 2 that, overall transfer process is endothermic at all experimental 

temperatures (except at 323 K) with positive entropy change (disorder) in IPM for pure 

SDS system. So, Pn causes adsorption of heat during transfer process. Consequently, the 

positive entropy change is due to de-organization of the interface and its surroundings. 

Therefore, the interface composed of Pn and SDS is to some extent less orderly. Such 

positive enthalpy and entropy changes were observed by Hait et al. [18] and Mohareb et 

al. [19] for water/SDS/butanol/IPM and water/SDS/alkanols (C5–C9)/IPM w/o 

microemulsion systems, respectively. For pure Brij-35 stabilized system, the process is 

exothermic with release of heat at all experimental temperatures (except at 293 K) with 

negative entropy change (order) in IPM. Negative values of ΔS0
o→i suggest that the 

entropy as well as enthalpy is involved in the transfer process at the corresponding 

composition [49]. Such negative enthalpy and entropy changes were observed by Mehta 

et al. [25] for water/Brij-96/Pn/ethyl oleate (EO) system. Opposite behavior towards 

temperature for ionic and nonionic surfactants might be responsible for such trend of 

enthalpy and entropy values with temperature [50].  

At compositions in between these two extremes (i.e. XBrij-35 = 0.2→0.8) in IPM, both 

ΔH0
o→i and ΔS0

o→i values are positive (except at few compositions at 323 K). An 

interesting feature reveals from the Table 2 and Figs. 5A and 5B that both ΔH0
o→i and 

ΔS0
o→i values decrease with increase in temperature at all mixed compositions. It may be 

endothermic to exothermic (at XBrij-35 = 0.6→1.0) or more endothermic to less 

endothermic (at XBrij-35 = 0.2→0.5). A plausible explanation for exothermicity or 

endothermicity-derived process may be as follows. A positive contribution to ΔH0
o→i can 

be the energy required to release the structural water from the hydration layer around the 

hydrophilic domain. An additional contribution arises from the liberation of water 

molecules from the water cage around the hydrophilic moiety of the surfactants. The 

negative contribution to ΔH0
o→i is identified with the transfer of the surfactant tail from 

water to liquid hydrocarbon state in the interfacial layer and restoring the hydrogen 

bonding structure of the water around the surfactant head group. With increasing 

temperature the degree of hydrogen bonding around the surfactant molecules decreases, 

and therefore, the energy required to break it diminishes i.e., ΔH0
o→i decreases with 

temperature [51].  
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Fig.5(A) Plot of ∆Ho
o→i against XBrij-35 for mixed surfactants water/SDS/Brij-35/Pn/IPM 

w/o microemulsion system comprising 0.5 mmol surfactant, 10 mmol water and 6.3 

mmol IPM oil with varying compositions (XBrij-35) at different temperatures. (B) Plot of 

∆So
o→i against XBrij-35 for the same systems under identical physicochemical 

environments.  

 

However, insignificant changes in these parameters with temperature have been observed 

at equimolar composition (at XBrij-35 = 0.5), leading to formation of isenthalpic and 

isentropic microemulsion systems. With increasing temperature the transfer process 

shows endothermic to exothermic nature mainly in Brij-35 rich combinations (XBrij-35 = 

0.6→1.0). Mixed ionic-nonionic surfactant derived athermal microemulsion formulations 

were reported in literature [28, 50, 52]. The desolvation of the head group of Brij-35 

during the transfer in the oil was ended up with absorption of minute amount of heat. 

Hence, at lower temperature the transfer process shows endothermic nature and converted 

to exothermic at higher temperature. Similar observation was also reported by our group 

earlier for water/CPC/Brj-58/Pn/Hp system [29]. It is apparent that different phenomena 

associated with the transfer process, viz., changing aggregation number, solvation-

desolvation of nonionic surfactants, electrostatic and steric interaction between 
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hydrophilic head group of CPC, steric and other nonspecific processes contribute their 

shares to the ΔH0
o→i and ΔS0

o→i [53].  

Hence, it can be inferred that the overall mixed surfactant microemulsion forming 

systems can end up with both absorption or release of heat and with ordered or disordered 

state, depending on their chemical compositions [i.e., the constituent surfactant(s) with 

their configuration, content and type of oil] and thermal condition. 

Since ΔH0
t became a function of temperature, the (ΔC0

P)o→i values have also been 

obtained at all compositions from the slope of the plots of ∆H0
t vs. T  (Figs. are not 

exemplified) according to Eq. (8). All these values are negative (presented in Table S1, 

Appendix C) and agree well with those reported by Mitra et al. [23] for water/CTAB or 

its analogues with modified head group/Hx/i-Oc, and Kundu et al. [29, 30] for water/CPC 

or SDS/Brij-58 or Brij-78/Pn/Hp or Dc microemulsion systems, respectively. Such 

negative values are usually observed for the self-association of amphiphiles and can be 

attributed to the removal of large areas of nonpolar surface from contact with water on 

formation of reverse micelles [54]. It has been observed that (ΔC0
P)o→i tends to zero at 

XBrij-35 = 0.5, which corroborates well with profile of ΔH0
o→i and ΔS0

o→i vs. XBrij-35 at 

different temperatures (Figs. 5A and 5B) discussed in preceding paragraph. Kunz et al. 

[55] reported that formation of temperature-insensitive microemulsions are important for 

some practical purposes (e.g. for formulation of product), whereas for other applications, 

such as for extraction and purification process or organic synthesis, the temperature 

dependence of microemulsions can be desirable. The present report on mixed surfactant 

microemulsion systems provide such a wide compositions in which both temperature 

dependent and independent formulations can be found.  

Correlation between ΔH0
o→i and ΔS0

o→i 

In kinetics and equilibrium studies, an extra thermodynamic linear correlation between 

ΔH0
o→i and ΔS0

o→i changes for the involved process is often reported, called the 

enthalpy-entropy compensation effect, and such a phenomenon has been observed to be 

valid also for micelle and microemulsion forming systems [25, 28-30]. In general, the 

compensation effect can be described by a liner relationship in the form [56]: 

    ∆H0
o→i = Tcomp.∆S0

o→i + ∆(H0)*
o→i       (9) 
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where, Tcomp, is the slope of the compensation plot and ∆(H0)*
o→i , the intrinsic enthalpy 

change of Pn transfer process is the intercept. According to the working scheme of 

Lumry and Rajender [56] for a compensation phenomenon, the micellization or 

microemulsification can be described as consisting of two-part processes: (a) the 

“desolvation” part, i.e., the dehydration of the hydrocarbon tail or polar head of surfactant 

molecules, and (b) the “chemical” part, i.e., aggregation of the hydrocarbon tails or polar 

head of surfactant molecules to form micelle or reverse micelle. Tcomp can be interpreted 

as a characteristic of solute-solute and solute-solvent interactions, i.e., proposed as a 

measure of the “desolvation” part. ∆(H0)*
o→i characterizes the solute-solute interaction, 

i.e., considered as an index of the “chemical” part. The thermodynamic results herein 

collected were tested for this correlation and illustrated as representative plot for 

SDS/Brij-35/Pn/IPM/water at 303K [Fig. S3, Appendix C]. A good linear correlation was 

observed at the temperature of measurement (regression coefficients are 0.9990) i.e. 

mutual compensation temperature of 301K, which was lesser by 2K than the temperature 

of measurement (303K). Tcomp and ∆(H0)*
o→i, obtained at different experimental 

temperatures (293, 303, 313 and 323K) for these systems are presented in Table S2 

(Appendix C). Tcomp temperatures are slightly deviated from the experimental 

temperatures. Such a deviation is quite common in literature [27-30]. In our previous 

reports [28], the discrepancy between experimental and compensation temperatures were 

elaborately discussed. Further, it reveals from Table S2 that the values of ∆(H0)*
o→i lie in 

the range of -1.93 kJ/mol to - 2.66 kJ/mol. ∆(H0)*
o→i decreases with increase in 

experimental temperature for SDS/Brij-35 system in IPM. There exists an equilibrium 

between (free water in bulk solvent + free surfactant molecules with associated water and 

solvent molecules) and (surfactants with associated water and solvent molecules in the 

reverse micelles + released solvent molecules). Increasing experimental temperature 

weakens molecular interactions which results in shifting the surfactant monomer-reverse 

micelle equilibrium toward the monomer which affects aggregation of surfactant 

molecules as well as ∆(H0)*
o→i [57]. Similar observation was also reported by Kundu et 

al. [29, 30]. 

The aforesaid analysis of the thermodynamics of the studied transfer process can be 

summarized as follows: ΔG0
o→i consists of a number of factors which may account 
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respectively for the transfer of surfactants (SDS and Brij-35) and Pn tails from water to 

the interfacial film, the deformation of the tails to satisfy packing constraints, the free 

energy of formation of the oil/water interface, the steric and ionic interactions among the 

head groups of SDS as well as interaction arising out of dissimilar head groups of both 

SDS and Brij-35, the free energy of mixing of surfactants, Pn, and oil (IPM) in the film 

region [58] and free energy due to formation of hydrated nonionic surfactant (Brij-35) 

results in formation of different states of water in the pool [59]. As a result of these 

possible contributions towards ΔG0
o→i at different temperatures, heat involving processes 

and consequently conformational entropy due to packing restrictions of the hydrocarbon 

chains, and entropy of mixing the two surfactants in the aggregates make the 

thermodynamics more complex. Such a comprehensive analysis on the formation and 

stability of w/o mixed surfactant microemulsions based on “Bowcott and Schulman 

model” [38] from the view point of thermodynamics, is scarcely reported in literature. 

Further studies along these series of measurements are in progress to shed more 

quantitative description of these thermodynamic quantities in quaternary w/o mixed 

surfactant microemulsions.  

4.3. Transport property of single and mixed surfactant based microemulsion 

4.3.1. Effect of ω on conductivity of mixed surfactant based microemulsion 

It can be observed from Fig. 2 (Inset A) that the conductivity of the studied mixed 

systems gradually increases with increase in ω (= 20→40). Earlier Bumajdad et al. [60] 

was shown that the conductivity is governed by droplet charge which is an increasing 

function of droplet size. Hence, the conductivity behavior shows a characteristic feature 

of migration of charged water droplets and thereby supports the formation of water-in-oil 

droplet with increasing size at higher water content (ω = 20→40).  
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Fig. 6 Conductivity (σ) against ω profile with the variation of XBrij-35 (= 0.0→1.0) for 

water/SDS/Brij-35/Pn/IPM w/o microemulsion systems at fixed surfactant concentration 

(0.3 mol. dm-3) and constant temperature (303K). 

 

4.3.2. Effect of Xnonionic on conductivity of single and mixed surfactant based 

microemulsion 

The conductivity of water/SDS/Brij-35/Pn/IPM, as a function of water content (ω) has 

been measured with the variation of Brij-35 (XBrij-35 = 0.0→1.0) at fixed surfactant 

concentrations (0.3 mol dm-3) and temperature (303K). The results are depicted in Fig. 6. 

Further, the conductivity measurement of the above systems has been carried out from 

the appearance of single phase to phase separation on dilution by water with a fixed 

surfactant and cosurfactant ratio (1:2; w/w). It has been observed that pure SDS 

microemulsion system (XBrij-35 = 0.0) is low conducting and does not exhibit any 

significant increase in conductivity with ω. However, the addition of nonionic surfactant 

(Brij-35) to the water/SDS/Pn/IPM system with the total (SDS/Brij-35) surfactant 

concentration as mentioned above, a dramatic increase in conductance behavior has been 

observed as a function of ω up to a certain range of mole fraction of Brij-35 (XBrij-35 = 
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0.2→0.5), beyond which (XBrij-35 = 0.6→1.0) decrease in conductivity with increasing ω 

was observed. An in-depth observation reveals that conductivity increases slowly with ω 

at ω ≤ 10.80, ω ≤ 24.63 and ω ≤ 29.94, followed by a sharp rising for XBrij-35 = 0.2, 0.4 

and 0.5 blends, respectively (Fig. 6). The critical value for sharp linear enhancement of 

conductivity (ω) with the addition water is considered as percolation threshold point [25]. 

Actually, percolation of conductance extracts information about the nature of interaction 

among the droplets in mixed surfactant microemulsions. If the droplets are of non-

interacting hard sphere type, no significant increase in conductance occurs with 

increasing water content. But if the interfaces of the droplets are fluid enough to coalesce 

during these collisions followed by material exchange and fusion, a sharp rise in 

conductance is evidenced [61]. Percolation of conductance signifies the increase in 

droplet size, attractive interaction among droplets and exchange rate of materials between 

the droplets with the addition of water [25, 37].  

The antagonistic behavior in interfacial composition (na
i) of Pn at XBrij-35 = 0.5 might be 

correlated with the conductivity measurement by the following way. It has been observed 

that pure ionic system (XBrij-35 = 0) is non-percolating. After addition of nonionic 

surfactant, critical packing parameter (CPP) of mixed microemulsion system decreases 

and thereby leads to increase in the droplet radius with increase in XBrij-35 [37]. Further, it 

can be observed from Fig. 3 that na
i value increase with increasing XBrij-35 up to 0.4 and 

thereafter minima observed at  XBrij-35 = 0.5 at a fixed temperature. Two opposite effects 

are observed after addition of alcohol and nonionic surfactant to single surfactant based 

system on the interfacial rigidity or flexibility. It was reported that with increasing 

alcohol partitioning at the interface, increase the interfacial flexibility (or fluidity), so that 

the degree of interpenetration of droplets increases during the collision of the droplets. 

On the other hand, addition of long chain nonionic surfactant makes the interface more 

rigid and decreases the strength of attraction between microemulsion droplets [46]. So, 

beyond XBrij-35 = 0.6, effect of alcohol partitioning at the interface overcomes the effect of 

increasing concentration of nonionic surfactant and therefore, percolation of conductance 

has been observed up to XBrij-35 = 0.5. Threshold value of volume-induced percolation has 

been found to be higher at XBrij-35 = 0.5, that is due to minimum amount of alcohol 

concentration at the interface (minima of na
i at equimolar composition i.e., antagonism in 
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na
i). But beyond XBrij-35 = 0.5, when concentration of nonionic surfactant are sufficiently 

large, effect of increasing content of nonionic surfactant start dominating over the effect 

of alcohol partitioning at the interface, which makes the interface more rigid. Therefore, 

no percolation has been observed beyond equimolar composition. Similar studies on 

percolation of conductance phenomenon were already reported for nonionic (Brij-96) and 

ionic (CTAB or SDS or OTAB or AOT) surfactant derived microemulsion systems at 

their individual state in presence of alcohol (cosurfactant) [24, 25, 62].  

4.4. Droplet dimension of single and mixed surfactant based microemulsion by DLS 

studies  

4.4.1. Effect of Xnonionic and ω 

The droplet size (hydrodynamic diameter, Dh) and the size distribution in w/o 

microemulsion have been measured by the dynamic light scattering techniques (DLS) 

and analyzed in terms of count rate and the polydispersity index (PDI) of the droplets for 

mixed microemulsion systems reported herein [63, 64].  The results are presented in 

Table 3 (A and B). The same composition of w/o mixed (SDS/Brij-35) surfactant 

microemulsion systems has been chosen for DLS measurement, as that was used in 

Schulman’s cosurfactant titration as function of Xnonionic (XBrij-35 = 0.0→1.0) and ω (= 20, 

25, 30, 35, 40) at constant temperature of 303K. It has been observed that values of Dh of 

the microemulsion droplets  increase remarkably from 9.8 nm to 18.91 nm in IPM oil 

with the increase in proportion of nonionic surfactant (XBrij-35 = 0.0→1.0) in the mixed 

systems, whereas about 1.6 fold decrease of droplets count rate has been observed under 

the prevailing condition (Table 3A). The degradation of droplets count rate indicates that 

the total number of microemulsion droplets decreases with increasing the content of Brij-

35.  It is known that the addition nonionic surfactant (with large POE-chain as polar head 

group) resides at the interfacial region of the mixed interface (herein SDS/Brij-35) either 

immersing its polar head group in the water pool or the polar head group lies in the 

vicinity of the head group region of the ionic surfactant depending upon the content of ω. 

Hence, both of these configurations supported the increase in droplet size with increasing 

head group of nonionic surfactant by increasing its proportion   in mixed system (XBrij-35 

= 0.0→1.0), as evident from DLS measurement [65].  
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Table 3[A]. Hydrodynamic diameter (Dh) and count rate of water droplets in w/o mixed 

surfactant microemulsion at fixed water content ( = 20) and temperature (303K)a 

_______________________________________________________________________________ 
System: water/SDS/Brij-35/Pn/IPM 

_________________________________________________________________________________ 
   XBrij-35                   0.0              0.2                0.4                0.5              0.6               0.8                1.0 

 
     Dh/nm                          9.80            11.02           12.67          14.55         15.86          17.03          18.91 
Count Rate/kcps       99.30           92.80           85.60          78.90         73.20          68.40          61.50                          

 

 

Table 3[B]. Hydrodynamic diameter (Dh) and count rate of water droplets in w/o mixed 

surfactant microemulsion at increase in water content ( = 20→40) and fixed XBrij-35 (0.5), 

temperature (303K)a 

_______________________________________________________________________________ 
System: water/SDS/Brij-35/Pn/IPM 

________________________________________________________________________________ 
                                                    20                 25                  30               35                40                

 
                            Dh/nm                    14.55           17.71             22.54          25.26          27.63     
                 Count Rate/kcps          78.90           67.50             55.30          44.80          36.50        

 

a All the mixed microemulsion systems are formed using constant amount of mixed surfactant 

(0.5 mmol) and oil (14.0 mmol).  

 

Further, the droplet size (Dh) obviously increases from 14.55 nm to 27.63 nm with 

increasing water content (ω = 20→40) and decreasing droplet count rate (Table 3B) [64]. 

Typical values of polydispersity index (PDI) obtained here are in the range between 0.1-

0.2, which indicates the monodispersity of the sample [66]. Furthermore, the Dh values 

indicate the presence of comparatively larger dimension of droplets in IPM derived 

systems than reported hydrocarbon oil based w/o microemulsions at comparable water 

content [67]. However, such a larger dimension of water droplet has been reported earlier 

for IPM derived systems in presence of nonionic surfactant (polyoxyethylene lauryl ether 

or polysorbate and sorbitol) [68-70]. For example, Dh was found to be 34.4 nm for IPM 

(63 wt%)/[polyoxyethylene (4) lauryl ether/isopropyl alcohol] (32 wt%)/water (5 wt%) 
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system at 308K [68]. Actually IPM, being amphiphilic polar oil, is not solubilized in the 

palisade layer, rather than it has a swelling tendency in the oil domain. Thus, swelling 

causes an increase in repulsion between the hydrophilic moieties of surfactant, and hence, 

the surfactant layer curvature becomes more positive, which leads to increase in droplet 

size [71, 72]. 

5. Conclusion 

The present study is focused on the characterization of quaternary water-in-oil 

microemulsions comprising of anionic sodium dodecylsulfate (SDS) and nonionic 

polyoxyethylene (23) lauryl ether (Brij-35), 1-pentanol (Pn) and isopropyl myristate 

(IPM) with a  detailed description of the phase behavior and the dependence of the 

partition equilibria (of Pn) on the system composition. The formation of a single phase 

microemulsion zone (1ф) has found to be dependent on the composition of mixed 

surfactant (SDS and Brij-35; XBrij-35 = 0.0 →1.0) at a fixed surfactant-cosurfactant ratio 

(= 1:2) and constant temperature (303K). The interfacial and bulk compositions as well as 

the distribution of Pn between the interface and bulk oil (evaluated by the Schulman’s 

titration at the oil/water interface) depend on the interaction between the surfactant(s) at 

the interface, vis-à-vis their compositions, and temperature. The transfer process of Pn 

from the bulk oil phase to the interface ΔG0
o→i is spontaneous for all the systems, but the 

degree of spontaneity depends on ω, composition of nonionic surfactant (XBrij-35 = 0.0 

→1.0) and temperature (293K→323K). Further, an interesting feature of antagonism in 

the standard Gibbs free energy of transfer, ΔG0
o→i of alkanol from the bulk oil phase to 

the interface has been observed at an equimolar composition of SDS and Brij-35 (i.e. at 

XBrij-35 = 0.5). The values of ΔH0
o→i and ΔS0

o→i well compensate each other. Temperature 

insensitive microemulsions with zero (ΔC0
P)o→i have been formed at specific 

compositions for these mixed surfactant systems due to opposite behavior of ionic and 

nonionic surfactant towards temperature [50]. Such types of microemulsion formulations 

have been found to be useful in various commercial and technological processes [55]. 

Conductivity studies reveal that incorporation of Brij-35 in nonpercolating 

water/SDS/pentanol/IPM systems is favorable for water content (ω) induced percolation 

behavior up to XBrij-35 ≤ 0.5. But further addition of nonionic surfactant (XBrij-35 ≥ 0.6) 

causes a decrease in conductivity with increasing ω. Furthermore, it is observed from 
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DLS measurement that the values of Dh of the microemulsion droplets increase 

remarkably as a function of both XBrij-35 = 0.0→1.0 and ω in IPM oil.  However, the 

decrease of light scattering count rate is observed under these conditions. Hence, the 

adjustable radius of the water pool [20, 21, 27] along with the Gibbs free energy change 

(ΔG0
o→i) [73, 74] could be used for predicting the size of the nanoparticles in w/o 

microemulsions if used as templates. Further, these microemulsion systems may be used 

to study the activity of an enzyme (CV-lipase, HRP [75] and HLADH [76], as it was 

reported that nonionic surfactants and concentration of Pn not only influence the 

enzymatic activity, and also are useful complements for the investigation of 

microemulsion structures. 

References 

References are given in BIBLIOGRAPHY under Chapter V (pp. 246-250). 
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Chapter-VI 

Formation, thermodynamic properties, microstructures and antimicrobial activity 

of mixed cationic/non-ionic surfactant microemulsions with isopropyl myristate as 

oil 

Abstract: Hypothesis: Modification of the interface by blending of surfactants produces 

considerable changes in the elastic rigidity of the interface, which in turn affects the 

physicochemical properties of w/o microemulsions. Hence, it could be possible to tune 

the thermodynamic properties, microstructures and antimicrobial activity of 

microemulsions by using ionic/non-ionic mixed surfactants and polar lipophilic oil, 

which are widely used in biologically relevant systems. 

Experiments: The present report was aimed at precise characterization of mixed 

cetyltrimethylammonium bromide and polyoxyethylene (23) lauryl ether microemulsions 

stabilized in 1-pentanol (Pn) and isopropyl myristate at different physicochemical 

conditions by employing phase studies,  thedilution method, conductivity, DLS, FTIR 

(with HOD probing) and 1H NMR measurements. Further, microbiological activities at 

different compositions were examined against two bacterial strains Bacillus subtilis and 

Escherichia coli at 303K. 

Findings: The formation of mixed surfactant microemulsions was found to be 

spontaneous at all compositions, whereas it was endothermic at equimolar composition. 

FTIR and 1H NMR measurements showed the existence of bulk-like, bound and trapped 

water molecules in confined environments. Interestingly, composition dependence of 

both highest and lowest inhibitory effects were observed against the bacterial strains, 

whereas similar features in spontaneity of microemulsion formation were also evidenced. 

These results suggested a close relationship between thermodynamic stability and 

antimicrobial activities. Such studies on polar lipophilic oil derived mixed surfactant 

microemulsions have not been reported earlier.  

Keywords: Mixed microemulsion, Interfacial composition; Polar lipophilic oil; 

Thermodynamic parameter; Droplet dimension; Percolation; Water state; Synergism; 

Antimicrobial activity. 

J. Colloid Interface Sc., 2014, 430, 129–139 
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1. Introduction 

Microemulsions are optically isotropic and thermodynamically stable nanosized 

structured mixtures of water, oil, and amphiphile(s). They usually contain cosolvents or 

cosurfactants to achieve the low interfacial tension. Upon water dilution, three major 

structural domains can be distinguished: water-in-oil (w/o), bicontinuous, and oil-in-

water (o/w) [1].W/o microemulsions are made up of droplets of water surrounded by an 

oil continuous phase. These are generally known as “reverse micelles” (RMs), where the 

polar head groups of surfactant are facing into the droplets of water, with the 

hydrophobic tails facing into the oil phase. In the RMs, the amount of water present is 

low and is limited to the maximum capacity of hydration of the hydrophilic head group of 

the surfactants; hence, the water pool is rigid. In a w/o microemulsion, when the amount 

of water exceeds the hydration requirement of the surfactant head groups, both bound and 

free water prevail in the water pool. A term ω defined as water-to-surfactant moleratio 

([water]/[surfactant]) has been taken as a criterion as to whether a RM or a w/o 

microemulsion has been formed [2]. It was suggested that when ω < 10, it is a RM and 

when ω > 10, it is a w/o microemulsion [3]. However, some evidence exists that the cut-

off point may be ω = 15 [4]. However, in our previous report detailed introductory 

discussion on thebasic aspects viz. formation characteristics, properties and structural 

characterization of microemulsions and RMs stabilized by single and mixed surfactants 

in nonpolar, polar and biocompatible oils was presented [5]. 

Further, the previous report delineated the phase characteristics, interfacial composition, 

thermodynamics of alkanol transfer process, transport properties  and microstructure of 

water/mixed anionic (sodium dodecylsulfate, SDS) and nonionic [polyoxyethylene (23) 

lauryl ether, Brij-35]/1-pentanol (Pn)/isopropyl myristate, IPM(polar lipophilic 

oil)microemulsions under different physicochemical conditions, by employing the 

dilution method, conductivity and dynamic light scattering(DLS) measurements [5]. In 

view of the above, the present report aims at a precise characterization of the molecular 

interactions among the constituents, and enlightens the formation vis-à-vis nature of the 

oil/water interface in the microenvironment of mixed cationic (cetyltrimethylammonium 

bromide, CTAB) and nonionic (Brij-35) microemulsions stabilized in Pn and IPM as a 

function of ω, composition (mole fraction of nonionic surfactant in mixed surfactant 
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system, Xnonionic),and temperature, and comparison of the results in the light of changes in 

size and type of polar head group of basic surfactants (viz. CTAB with CTA+ and SDS 

with DS-) as well as unequal hydrocarbon chain lengths of CTAB (C16) and Brij-35 (C12). 

Justification of using Pn as cosurfactant and IPM as oil phase has been discussed in our 

previous report [5]. The present report sheds on the formation and composition of mixed 

interfacial film, complete analysis of thermodynamics of the transfer process of 

cosurfactant from bulk oil to the interface, transport property and microstructure of these 

systems by means of phase study, thedilution method, conductivity, and DLS 

measurements. The dilution experiment based on titrimetric method was pioneered by 

Bowcott et al. [6].  Later on, Palazzo et al. [7] pointed out that the method has 

applications in scattering and diffusion studies, because it provides extrapolation to 

single-particle properties by reducing inter-particle interactions of the microemulsion 

system without changing its composition. Knowledge on the state of solubilized water is 

important because this sustains the applications of these species viz. in solubilization, 

catalysis of chemical reactions [8, 9] and also in size and polydispersity of nanoparticles 

synthesized in the microemulsion [10]. The different states of solubilized water were 

characterized by employing several techniques [11-17].Most of the studies on the 

structure of the water solubilized in reverse aggregates are reported using two 

noninvasive techniques,proton nuclear magnetic resonance (1H NMR) and Fourier 

transform infrared spectroscopy (FT-IR)[11-14, 16]. Hence, the physicochemical 

properties of solubilized water have been determined using FTIR (with HOD probing) 

and 1H NMR spectroscopic measurements. Attempt has been made to shed light on the 

effects of the molecular structure of the mixed surfactants and polar lipophilic oil (which 

is structurally and physicochemically different from hydrocarbon oil) on the state of 

water in the pool of the present system. Reports are available in literature that 

microemulsions are membrane-active, antimicrobial, self-preserving in their own right 

[18]; as bacteria cannot survive in pure fat or oil, whereas water is necessary for their 

growth and reproduction [19]. Recently, a few reports on the use of microemulsions as 

food-grade antimicrobial agents suggested that there may be a link between the 

antimicrobial activity of microemulsions and their overall stability [20-23]. Further, it has 

been suggested that the molecular and ionic structure of liposome is harmful to the 
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bacterial cell and in particular, that they adversely affect the structure and function of the 

bacterial membrane [24]. To the best of our knowledge, such studies employing mixed 

surfactant microemulsions in IPM have not been reported earlier.  Therefore, augmenting 

the relationship between the physicochemical and thermodynamic properties of the 

microemulsions and their antimicrobial activityis necessary. Hence, antimicrobial 

activityor inhibitory effect of themicroemulsionsystems against the strains gram-positive 

- Bacillus subtilis (B. subtilis) and gram-negative - Escherichia coli (E. coli)bacteria 

hasbeen examined in individual constituents and alsoat different compositions of mixed 

surfactants [XBrij-35= 0.0→1.0, S/CS= 1:2 (w/w)] of microemulsions at303K, by 

measuring the diameter of the inhibition zone (“diz”). A correlation between composition 

dependence of antimicrobial activity and stability of these systems has been 

reported.Moreover, overall results of this report would be helpful in better understanding 

of mixed surfactant derived microheterogeneous systems in polar lipophilic oil. 

2. Experimental 

2.1. Materials  

Cetyltrimethylammonium bromide(CTAB, ≥99%) and polyoxyethylene (23) lauryl ether 

(Brij-35, ≥99%) were purchased from Sigma Aldrich, USA. The oil, isopropyl myristate 

(IPM, ≥98%) and the alkanol, 1-pentanol (Pn, ≥98%) were products of Fluka, 

Switzerland. Deuterium oxide (D2O, ≥99.8) was the product of Acros Organics, USA. 

Thedye, methylene blue (MB,>99%), was a product of Merck, Germany.All these 

chemicals were used without further purification. Doubly distilled water of conductivity 

less than 3 S cm-1 was used in the experiments.Bacterial strains used in this study were 

procured from Institute of Microbiology Technology, Chandigarh. Bacillus subtilis 

(MTCC No-2358) (gram positive) and Escherichia coli (MTCC No-2939) (gram 

negative) were used for examining antibacterial properties, and both these species were 

grown in nutrient agar media (pH 7.0) (HiMedia Pvt. Ltd., Mumbai, India). 

2.2. Methods 

2.2.1. Construction of pseudo ternary phase diagram of microemulsions  

Pseudo-ternary phase diagram was constructed to find out the concentration range of all 

components (oil/water/surfactant and/or cosurfactant) in which they form microemulsion. 

The phase diagram was constructed by titrimetric method at ambient temperature. 
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Mixture of oil (IPM) and surfactant (CTAB and Brij-35) was prepared in different weight 

percentages keeping 1:2 ratio of surfactant to cosurfactant (Pn). The mixture was titrated 

drop-wise with water under gentle magnetic stirring and was sonicated for 10 minutes. 

The samples were classified as microemulsions when they appeared as clear transparent 

and translucent liquids and the respective solutions were left for overnight to make sure 

that there is no phase separation. After being equilibrated, the systems were visually 

characterized. The accuracy in the location of the phase boundaries was within 4 wt %. 

2.2.2. Characterization of microemulsions 

Dilution experiment  

The dilution method is accomplished by adding oil at a constant water and surfactant 

level to destabilize an otherwise stable w/o microemulsion and then restabilizing it by 

adding a requisite amount of cosurfactant (alcohol) with constant composition of 

interface and continuous phase. The procedure of this experiment at different 

physicochemical conditions with theoretical backgrounds (i.e., basics of the dilution 

method and evaluation of thermodynamic parameters) were presented in our previous 

reports [5, 25, 26].However, the essential equations concerning the evaluation of 

thermodynamic parameters are as follows, ΔG0
t = -RT lnKd                       (1) 

where, Kdand ΔG0
trepresent the distribution constant of alkanol and the standard Gibbs 

free energy change of transfer of alkanol from oil to the interface, (Pnoil→Pnint). 

ΔH0
t (enthalpy change of transfer of alkanol from oil to the interface) can be evaluated by 

the van’t Hoff equation. Thus,[∂(ΔG0
t/T)/∂(1/T)]p = ΔH0

t                    (2) 

Since the dependency of (ΔG0
t/T) on (1/T) are nonlinear for all these systems, a two-

degree polynomial equation of following form is used. A representative nonlinear plot 

between (ΔG0
t/T) on (1/T) for water/CTAB/1-pentanol/IPM systemhas been provided in 

Appendix D (Fig. S1), whereas other figures are not exemplified.  

(ΔG0
t/T) = A + B1(1/T) + B2 (1/T)2                                                         (3)                       

The differential form of the relation helps to evaluate ΔH0
t. Thus, 

∂(ΔG0
t/T)/∂(1/T) =   B1 + 2B2 (1/T) =  ΔH0

t                                            (4) 

where, A, B1 and B2 are the polynomial coefficients. 

Then the Gibbs-Helmholtz equation is used to evaluate ΔS0
t (entropy change of transfer 

of alkanol from oil to the interface),ΔS0
t = (ΔH0

t - ΔG0
t)/T                    (5) 
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The evaluation of specific heat change of transfer of alkanol from oil to the interface 

[(ΔC0
p)t] follows from the relation,[(ΔC0

p)t] = (∂ΔH0
t/∂T)p                         (6) 

The standard state herein considered is the hypothetical ideal state of the unit mole 

fraction. 

Conductivity measurement 

The electrical conductivitywasmeasuredusing Mettler Toledo (Switzerland) 

ConductivityBridge. The instrument was calibrated with standard KCl solution. The 

temperature was kept constant (303K) for conductivity measurement within ±0.010C by 

circulating thermostated water, through a jacketed vessel containing microemulsion. The 

reproducibility of the conductivity measurement was found to be within ± 1%.  

Dynamic light scattering (DLS) measurement 

The size of the microemulsion droplet was determined from DLS measurement. The 

same set of solution, as used in the conductance measurements, was employed for droplet 

size analysis at 303K. DLS measurements were carried out using a Zetasizer Nano ZS90 

(ZEN3690, Malvern Instruments Ltd, U.K.). A He-Ne laser of 632.8 nm wavelength was 

used and the measurements were made at a scattering angle of 900. Details of the 

measurement were presented in Mitra et al. [16], Bardhan et al. [26]. 

Spectroscopic measurements 

FTIR spectra were recorded on a Perkin Elmer Spectrum RXI spectrometer (USA) 

(Absorbance mode) using a CaF2-IR crystal window (Sigma-Aldrich) equipped with a 

Presslock holder with 100 number scans and spectral resolution of 4 cm-1. Deconvolution 

of spectra has been made withthe help of Gaussian curve fitting program (Origin 

software).1H NMR spectra were recorded on a Bruker spectrometer (Germany) operating 

at 250 C. The instrument was operated at a frequency of 300 MHz. Calibration of proton 

chemical shift was measured relative to internal tetramethylsilane, TMS as reported 

earlier [14, 27]. 

2.2.3. Antimicrobial activity assay 

The antimicrobial activity of individual constituents (surfactants, cosurfactant and oil)as 

well asthe mixed surfactant microemulsion formulations wasmeasured by employing the 

method of diffusion disc plates on agar [28, 29]. 28 gm of nutrient agar media was 

suspended in 1000 ml of distilled water according to the manufacturer’s protocol. It was 
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boiled to dissolve the medium completely at sterilized condition by autoclaving at 15 lbs 

pressure (121oC for 15 minutes). The nutrient agar contained peptic digest of animal 

tissue (5 gm), sodium chloride (5 gm), beef extract (1.5 gm), yeast extract (1.5 gm), agar 

(15 gm) and was dissolved in water (1000 ml) and pH was adjusted to 7.0. The inoculum 

was freshly prepared in nutrient broth for 24 hours. The respective inoculum (100 μl) 

with approximately 108 bacteria per milliliter was spread all over the surface of nutrient 

agar plate using glass spreader. Subsequently, the sterile Whatman filter paper discs (6 

mm diameter) were soaked in microemulsion systems of different compositions with the 

variation of XBrij-35 (= 0, 0.2, 0.4, 0.5, 0.6, 0.8, and 1.0) and were placed on agar plate. 

The diameters of the inhibition zones (diz/mm) were determined after incubation at 303K 

for 24 hoursand compared with both surfactants, cosurfactant and oil alone.All tests were 

made in triplicates. The inhibition zones were measured using scale.Further, the diffusion 

of the microemulsion systems has been examined in the media (nutrient agar)by the dye 

encapsulation methodat 303K for 24 hours. 

3. Results and Discussion 

3.1. Phase behavior of single and mixed surfactant microemulsions 

 

Fig. 1. Representative pseudo-ternary phase diagram of water/CTAB/Brij-35/Pn/IPM w/o 

microemulsion at three different ratios of mixed surfactant at 303K. S/Cs mass ratio: 1:2. 

    CTAB/Brij-35: 1-pentanol 

Water IPM 

S: CS = 1: 2 

w/o 

1ф 

2ф 
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Area marks: unshaded, microemulsion zone (1ф); shaded, turbid zone (2ф) [black; XBrij-35 

= 0.0, dark gray; XBrij-35 = 0.5, light gray; XBrij-35 = 1.0]. Appearance of viscous and other 

phases along the [surfactant(s): cosurfactant/water]-oil axis have not been shown for 

simplicity. 

 

Phase diagram of pseudo-quaternary system, water/CTAB/Brij-35/Pn/IPM has been 

constructed in Gibbs triangle with varying content of Brij-35 (XBrij-35 = 0.0, 0.2, 0.4, 0.5, 

0.6, 0.8, 1.0) at a fixed amount of mixed surfactant (CTAB/Brij-35) and constant 

temperature of 303K (illustrative representation has been shown in Fig. 1 at XBrij-35 = 0, 

0.5 and 1.0, other figures are not exemplified here). The surfactant and cosurfactant ratio 

used was 1:2 (w/w).  Along with cosurfactant (Pn), CTAB/Brij-35 (mixed surfactants) 

has been found to favorably augment microemulsification (1ф region) of water and IPM. 

The findings and the discussions on the phase behavior are presented in Appendix D 

(Sec. 1). 

3.2. Interfacial composition and stability of single and mixed surfactant 

microemulsions 

Understanding of the interfacial cosurfactant and surfactant compositions as well as the 

distribution of the cosurfactant between the interface and the oil in different 

physicochemical conditions can quantitatively account for the thermodynamic stability of 

microemulsion on the basis of dilution experiment (described in the Sec. 2.2.2) and is 

presented as follows:  

3.2.1. Effect of XBrij-35 and temperature on interfacial (na
i) and bulk oil (na

o) 

compositions of Pn 

The dilution method has been employed for evaluation of the interfacial composition of 

water/CTAB/Brij-35/Pn/IPM microemulsion systems as a function of composition(XBrij-

35 = 0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1.0) and temperature (viz. 293, 303, 313 and 323K) at 

fixed  = 20. From the data collected, graphs were constructed by plotting na/ns vs no/ns 

according to Eq. (S1)where ns, na and no represent the total number of moles of 

surfactant, alkanol and oil respectively (Appendix D, Sec. 2). Representative illustrations 

are shown in Fig. S2 (Appendix D). The plots were strikingly linear [average correlation 

coefficient (R2) was 0.9987].  
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Table 1. Temperature and surfactant composition dependent thermodynamic parameters for 

the formation of w/o mixed surfactant microemulsion in IPM at fixed water content ( = 20). 

a,b 

 
  XBrij-35    T/K   104 na

i (mol)    103 na
o (mol)    -ΔGt

0 (kJmol-1)     ΔHt
0 (kJmol-1)     ΔSt

0 (JK-1mol-1) 
 

 
 0.0          293         11.75              5.88                2.08                       -0.13                        6.67 
                303         12.94              5.77                2.26                       -5.49                     -10.66 
                313         13.70              3.85                2.53                     -11.04                     -27.16 
                323         19.51              3.43                3.07                     -16.76                     -42.39 
 
 0.2          293         17.96              4.72               2.12                       -3.20                        -3.73 
                303         18.09              4.49               2.31                       -6.78                      -14.75 
                313         21.13              3.38               2.82                     -10.48                      -24.49 
                323         23.70              3.26               3.27                     -14.29                      -34.17  
 
 0.4          293         19.21              4.75               2.21                       -4.25                        -6.98 
                303         22.42              4.48               2.46                       -5.45                        -9.86 
                313         23.51              3.59               2.98                       -6.68                      -11.83 
                323         31.93              3.43               3.32                       -7.95                      -14.34 
 
 0.5          293         12.94              8.87               1.05                       17.54                        63.46 
                303         17.23              7.08               1.59                       11.58                        43.47 
                313         20.01              6.23               1.92                         5.42                        23.46 
                323         21.26              6.07               2.06                       -0.94                          3.47  
 0.6          293         15.15              6.18               1.66                       30.20                       108.75 
                303         24.43              5.55               2.68                       17.09                         65.26 
                313         25.68              3.69               2.96                         3.53                         20.76 
                323         28.99              3.68               3.10                      -10.45                       -22.75 
 
 0.8          293         20.24              5.44               2.01                       -2.08                          -0.21    
                303         20.43              5.12               2.19                       -2.67                          -1.59 
                313         21.62              4.91               2.36                       -3.29                          -2.96 
                323         22.35              4.59               2.58                       -3.93                          -4.17 
 
 1.0          293         17.33              5.86               1.82                          0.72                          8.67 
                303         17.89              5.59               1.97                         -5.24                      -10.77 
                313         26.77              5.55               2.25                       -11.39                      -29.23 
                323         27.30              4.27               2.80                       -17.76                      -46.31 
a All the mixed microemulsion systems are formed using constant amount of mixed 

surfactant (0.5mmol) and oil (14.0 mmol). b The error limits in Kd, G0
t, H0

t and S0
t are  

1%,  3%,  5% and  8%, respectively. 
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The calculated values of number of moles of alkanol in the interface (na

i
) and oil phase 

(na

o
)obtained at different compositions (XBrij-35 = 0 → 1.0) with varying temperature(293-

323K), are presented in Table 1. It is evident from Table 1 that the values of na
i and na

o 

did not follow any straightforward trend as a function of XBrij-35 for any of these systems 

at the studied temperature range. Further, it evident from the Table 1 that with increase in 

temperature na
i increases, while na

o decreases with increasing temperature and hence, 

increase in temperature helps to transfer more Pn molecules (cosurfactant) from the oil to 

the interface. This observation is found to be consistent with that reported earlier for 

single (of different charge types) and mixed surfactant microemulsions comprising both 

hydrocarbon oils and IPM [5, 30, 31]. When CTAB and Brij-35 are mixed at an 

equimolar composition or in the vicinity of it (that is, XBrij-35 = 0.4 → 0.6), the difference 

between the values of na
i and na

o at lower and higher temperatures are more than the pure 

surfactant systems (XBrij-35 = 0 and 1.0). It indicates that interfacial arrangements or 

organizations of the constituents at the interface are mostly affected by increase in 

temperature in the vicinity of equimolar composition. Similar observation was also 

reported for mixed anionic/nonionic (SDS/Brij-35) systems stabilized in Pn and IPM [5].    

3.2.2. Thermodynamics of transfer of alkanol (Pn) from oil (IPM) to the interface 

In this section, thermodynamic parameters,the standard Gibbs free energy (ΔG0
t), 

enthalpy (ΔH0
t), entropy (ΔS0

t) and specific heat capacity [(ΔC0
p)t] for the transfer of 

Pnfrom the continuous oil phase (IPM) to the interfacial region of mixed surfactants 

(CTAB/Brij-35),(Pnoil→Pnint) with varying ω (= 20, 25, 30, 35, 40 and 45) at an 

equimolar composition (XBrij-35 = 0.5) and temperature (303K) and also at a fixed ω (= 

20) with varying both XBrij-35 (= 0→1.0) and temperatures (293, 303, 313 and 323 K) 

have been evaluated according to Eqs. (3-8). The data are presented in Table S1 and 

Table 1. Representative plots of - ΔG0
t vs. XBrij-35 and ΔH0

t or ΔS0
t vs. XBrij-35 for 

water/CTAB/Brij-35/Pn/IPM system at four different temperatures are illustrated in Fig. 

2, Figs. S3A and S3B, respectively. It is evident from Fig. 2, Table 1 and Table 2 that 

ΔG0
t values are negative at all compositions (XBrij-35 = 0→1.0), water contents (ω) and 

temperatures in IPM, hence spontaneous formation of w/o microemulsions is suggested. 

Both similar and dissimilar trends in all these energetic parameters at comparable 

physicochemical environments are reported [31-33]. The deciphering of different 
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phenomena that guide the overall thermodynamics of the transfer of Pn to the interface is 

worthwhile but complex. However, an attempt has been made to present a comprehensive 

views based on the experimental results. 

 

Table 2. Water content () and cosurfactant dependent physicochemical parameters for 

the formation of w/o mixed microemulsion at fixed XBrij-35 (0.5) and temperature (303K). 

a, b 

___________________________________________________________________________________________________________________ 

System: water/CTAB+Brij-35/Pn/IPM 
_____________________________________________________________________________ 
                                          20                  25                30              35              40                45           

    104 na
i/mol                   18.09               19.55              20.34         24.67          22.02             19.94 

 
   103na

0/mol                    10.46               13.94              15.11         19.61          21.93           22.66 
 
     Kd                                1.82                1.58                1.53            1.41          1.33               1.28 
 
    -G0

t/kJ mol-1               1.51                1.16                1.08            0.88         0.71                0.63 
___________________________________________________________________________ 
 

a All the mixed microemulsion systems are formed  using constant amount of mixed 

surfactant (0.5 mmol) and oil (14.0 mmol). b The error limits in Kd and G0
t are  1% and  

3%, respectively. 

 

Effect of ω on ΔG0
t of transfer process 

It is evident from Table 2 that the values of - ΔG0
t, which is indicative of spontaneity of 

the alkanol transfer process (Pnoil→Pnint), decrease with increasing ω (= 20 to 45) for the 

mixed microemulsion systems. Similar trend of transferring of cosurfactant from oil to 

the interface and vice versa was discussed for single and mixed surfactant 

microemulsions by Bardhan et al. [5], Kundu et al. [25], Paul and Nandy [30], Hait and 

Moulik [31]. Further, it can be observed from Table 2 that, spontaneity of the alkanol 

transfer process (Pnoil→Pnint) for mixed (CTAB/Brij-35) systems is higher compared to 

mixed (SDS/Brij-35) systems (-1.41 to -0.61 kJ mol-1 at ω = 20 to 40) at comparable 

physicochemical conditions in IPM [5]. The ionic surfactant with longer hydrocarbon 

chain (herein, CTAB) possesses higher efficiency to change the hydrophilicity and makes 

the interfacial layer effectively more hydrophobic irrespective of charges of ionic head 
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group [26]. Also, the larger bending elastic modulus of the interfacial layer arising out of 

the longer chain of the ionic surfactant, leads to larger solubilization ability [34]. These 

two effects determine the higher efficiency of ionic surfactant with longer hydrocarbon 

chain to form w/o microemulsions [35]. Hence, the effective binding between Pn and 

CTAB or SDS/Brij-35 at the interface increases in the order: SDS/Brij-35 < CTAB/Brij-

35, which corroborates well with the degree of spontaneity of the transfer process. 

Similar observation is also reported earlier by Bera et al. [34] for water/SDS or CTAB/3-

methyl-1-butanol/hydrocarbon oil (C6-C12) microemulsion systems. 

 

Fig. 2. Standard free energy change of transfer (-ΔG0
t) against composition (XBrij-35 ) for 

w/o microemulsion systems comprising 0.5 mmol of mixed surfactant (CTAB/Brij-35) 

and 14.0 mmol of IPM oil stabilized by Pn at fixed water content (ω = 20) with varying 

temperature (293K→323K).  

Effect of Xnonionic and temperature on ΔG0
t of the transfer process at a fixed ω 

It can be seen from Table 1 that the spontaneity of the transfer of Pn from oil (IPM) to the 

interface (Pnoil→Pnint) for single CTAB or Brij-35 stabilized system increases with 

increase in temperature. This trend for single CTAB derived system corroborates well 

with the results reported earlier for CTAB or CTAC derived system stabilized in 

hydrocarbon, IPM and diesel oils [31, 34, 36, 37] and CTAB-[bmim][BF4] system in 

toluene [38]. The trend of spontaneity of single Brij-35 derived system in IPM agrees 

well with previous reports [32, 39]. Further, it is evident from Table 1 and representative 
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plot of - ΔG0
t vs. XBrij-35 at four temperatures in IPM (depicted in Fig. 2) that the ΔG0

t 

values are not straightforward at mixed compositions (i.e. XBrij-35 = 0.2 - 0.8). - ΔG0
t 

values increase with increase in temperature (293, 313 and 323 K) at all compositions for 

all these systems.  

Further, it has been observed that - ∆G0
t values of mixed CTAB/nonionic/Pn system 

stabilized in IPM are small compared to the values obtained in our previous reports for 

CTAB/nonionic/Pn and SDS/nonionic/Pn systems in hydrocarbon oils (Hp and Dc) under 

comparable physicochemical environments [26, 32, 33]. This can be explained in the 

following way. IPM, being amphiphilic polar oil, is not solubilized in the palisade layer, 

rather than it has a swelling tendency in the oil domain. Thus, swelling causes an increase 

in repulsion between the hydrophilic moieties of surfactant, and hence, the surfactant 

layer curvature becomes more positive. As a result, radius of microemulsion droplet 

increases [40] and subsequently, interfacial fluidity and droplet surface area increase. 

Such an increase in interfacial fluidity results in inelastic collisions between droplets, and 

enhances apparent interdroplet interaction inIPM derived system. At a sufficiently strong 

interdroplet interaction, the microemulsion droplets stabilized in IPM are less stabilized 

compared to Hp or Dc oil derived system [41]. Smaller - ∆G0
t values were also reported 

by Hait and Moulik [31] for water/SDS/Bu/IPM system. 

Further, Fig. 2 depicts composition dependent -ΔG0
t at a fixed ω (= 20) for each 

temperature. An interesting feature, that is, antagonism in -ΔG0
t for transfer of Pn 

(Pnoil→Pnint) is evidenced at an equimolar composition of CTAB and Brij-35 (i.e. at XBrij-

35 = 0.5), whereas synergism in -ΔG0
t has been found in the vicinity of equimolar 

composition (that is, at XBrij-35 = 0.4 and 0.6). Very recently, synergistic and antagonistic 

behaviors were reported in our previous reports for mixed microemulsion systems [5, 33]. 

Synergism or antagonism in thermodynamic parameters of surfactant mixtures (in 

micelles or microemulsions) might arise from the non-ideality of surfactant interactions 

in the confined environment. It was reported earlier that considerable non-ideality shown 

by ionic/nonionic mixtures is due to the action of the nonionic component that shields the 

repulsion between charged ionic head groups and, also, due to the attraction between the 

components, via ion-dipole interactions [42].  
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However, a plausible explanation for composition dependent synergism or antagonism in 

ΔG0
t can be explained in tune with molecular interactions between CTAB and Brij-35 in 

mixed micelles put forwarded by Gao et al. [43]. If we consider equimolar composition 

(that is, XBrij-35 = 0.5 or XCTAB = 0.5) of mixedsurfactant (CTAB/Brij-35) microemulsions 

as a reference composition, it can be observed that addition of either CTAB (i.e., at XBrij-

35 = 0.4 or XCTAB = 0.6) or Brij-35 (i.e., at XBrij-35 = 0.6 or XCTAB = 0.4) to an equimolar 

composition, synergism in -ΔG0
t is evidenced at both compositions. It can be argued as 

follows.The first oxyethylene groups of POE chains (of Brij-35) retard the motion of the 

trimethyl groups of CTAB due to steric hindrance during the incorporation of Brij-35 in 

the vicinity of equimolar composition of CTAB/Brij-35 (i.e., at XBrij-35 = 0.6). Further, 

motion of proton near the alkyl ether group of Brij-35 becomes less restricted during the 

incorporation of CTAB in the vicinity of equimolar composition of CTAB/Brij-35 (at 

XBrij-35 = 0.4), because the trimethyl groups of CTAB separate them apart from each other 

[43]. Due to these changes in orientation of both CTAB and Brij-35 after addition of both 

surfactants in the vicinity of equimolar composition may be reflected in the synergism in 

-ΔG0
t. 

Antagonism in -∆G0
t at equimolar composition at each temperature might be explained in 

the following manner. The presence of overall lowest concentration of Pn at XBrij-35 = 0.5 

(i.e., na
i as evidenced from Table 1) makes the oil/water interface sterically rigid. As it 

was reported earlier that increasing alcohol partitioning at the interface, increase the 

degree of interpenetration of droplets and therefore, increase the interfacial fluidity or 

flexibility [44].Rigid conformation of the hydrophobic tails disrupts steric packaging of 

the interface and leads to partial hydration of the hydrophobic core of CTAB/Brij-35 

mixed blends [45]. This partial hydration of the hydrophobic tails at the interface 

decreases the hydrophobic interactions between the hydrophobic regions of the 

cosurfactant at the interface, which results in increase in entropy and makes the system 

more unstable [46]. As a result, CTAB/Brij-35 system shows minima in -∆G0
t at 

equimolar composition.  

Effect of Xnonionic and temperature on ∆H0
t, ∆S0

t and (ΔC0
p)t of alkanol transfer process 

Due to nonlinear dependence of (ΔG0
t/T) on 1/T in terms of a two degree polynomial 

equation at each composition (XBrij-35), four values of ΔH0
t and ΔS0

t at four temperatures 
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have been evaluated(vide. Fig. S1). Since ΔH0
t became a function of temperature, the 

(ΔC0
p)t values have also been obtained at all compositions from the slope of the plots of 

∆H0
t vs. T according to Eq. 6. Further, in kinetics and equilibrium studies, an extra 

thermodynamic linear correlation between ΔH0
t and ΔS0

t for the involved process is often 

reported, called the enthalpy-entropy compensation effect, and such a phenomenon has 

been observed to be valid also for micelle and microemulsion forming systems [25, 32, 

33]. A good linear correlation between ΔH0
t and ΔS0

t has been observed at the 

temperature of measurement. A comprehension of all these results has been presented in 

Appendix D, Sec. 3 (Table 1, Figs. S3-S4 and Tables S1-S2). 

 

3.3. Effect of ω and Xnonionic on electrical conductivity of mixed surfactant 

microemulsion 

It is known that electricalconductivity can be used to predict qualitatively the interaction 

between droplets and thus the stability of microemulsion. For example, appearance of an 

electrical percolation process indicates the existence of large attractive interaction 

between droplets [47]. In the present report, the dependence of electrical conductivity (σ) 

on water content (ω)as a function of composition (XBrij-35 = 0.0→1.0) in 

water/CTAB/Brij-35/Pn/IPM system has been systematically investigated at a fixed 

surfactant concentration (0.3 mol dm-3) and temperature (303K).The conductivity of the 

above system was carried out from the appearance of single phase to the phase separation 

on dilution by water with a fixed surfactant and cosurfactant ratio (1:2, w/w). It can be 

observed from Fig. S5 (Appendix D) that the single CTAB microemulsion system (at 

XBrij-35 = 0.0) is low conducting and does not exhibitany significant increase in 

conductivity with increase in ω. This may be due to rigidity of the interfacial film, large 

molar volume and high viscosity of IPM [48]. Similar observation was also reported 

earlier for water/AOT/IPM [48] and water/SDS/Pn/IPM microemulsion systems 

[5].However, the addition of Brij-35to the water/CTAB/Pn/IPM system with fixed total 

surfactant concentration (as mentioned above), a dramatic increase in conductivity has 

been observed as a function of ω up to equimolar composition (XBrij-35 = 0.2→0.5), 

beyond which(XBrij-35 = 0.6→1.0) results in a small decrease in conductivity with 

increasing ω. An in-depth analysis of the results reveals that conductivity increases 
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slowly with ω and there after a sharp increase is observed at a certain ω for XBrij-35 = 0.2, 

0.4 and 0.5 blends (Fig. S5). The critical value for sharp linear enhancement in 

conductivity (σ) with the addition of water is considered as percolation threshold point 

[5]. The critical value of ω for XBrij-35 = 0.2, 0.4 and 0.5 has been found to be ω ≤ 27.57, 

ω ≤ 34.83 and ω ≤ 39.05, respectively. Similar observation was also evidenced in our 

previous report for water/SDS/Brij-35/Pn/IPM microemulsion systems [5]. The details of 

these results have been delineated in Appendix D, Sec. 4. 

3.4. Droplet dimension of single and mixed surfactant microemulsions by DLS 

studies  

The droplet size (hydrodynamic diameter, Dh) and the size distribution in w/o single and 

mixed (CTAB/Brij-35) surfactant microemulsions have been measured byemploying the 

DLS technique and subsequently, analyzed in terms of count rate and polydispersity 

index (PDI) of the droplets [49, 50]. The results are presented in Tables 3A and 3B. The 

similar compositions of w/o mixed surfactant microemulsions were chosen for DLS 

measurements, as those were used in dilution experiments as function of Xnonionic (XBrij-35 

= 0.0→1.0) and ω (= 20, 25, 30, 35, 40 and 45) at a constant temperature of 303K. It can 

be observed from theTables 3A and 3B that Dh values of the microemulsion droplets 

increase remarkably from 10.92 nm to 18.91 nm in IPM with the increase in proportion 

of nonionic surfactant (XBrij-35 = 0.0→1.0) in the mixed systems, whereas about 1.5 folds 

decrease in droplets count rate has been observed under the prevailing condition (Table 

3A). The decrease in droplets count rate indicates that the total number of microemulsion 

droplets decreases with increasing the content of Brij-35. Similar trend was observed in 

our previous report for water/SDS/Brij-35/Pn/IPM microemulsions and explained therein 

[5]. 

Furthermore, a comparative study of Dhvalues obtained for mixed CTAB/Brij-35 (herein, 

presented) and SDS/Brij-35 systems [5] reveals that, Dh for former system at comparable 

conditions in IPM (9.80 nm to 18.91 nm at XBrij-35 = 0→1.0 and 14.55 nm to 27.63 nm at 

ω = 20→40). This can be argued as follows. It is evident from Table 1 that, na
i for 

CTAB/Brij-35 systems is lower compared to SDS/Brij-35 systems [(19.08 to 40.50) 10-4 

mol and (12.41 to 51.11) 10-4 mol at ω = 20→40 and XBrij-35 = 0→1.0, temperature = 
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293→323K, respectively] at comparable conditions in IPM [5]. Pn molecules are mainly 

located at the interface layer and oil phase due to their negligible solubility in water [25].  

Table 3(A). Hydrodynamic diameter (Dh) and count rate of water droplets in w/o mixed 

surfactant microemulsion at fixed water content ( = 20) and temperature (303K). a 

_______________________________________________________________________________ 
System: water/CTAB/Brij-35/Pn/IPM 

_______________________________________________________________________________ 
             XBrij-35            0.0              0.2                0.4             0.5              0.6               0.8              1 

 
           Dh/nm                 10.92         12.32              13.97          15.67         16.78          17.63          18.91 
Count Rate/kcps      91.80           85.80             79.10         73.20          67.70          64.30          61.50                           

 

(B) Hydrodynamic diameter (Dh) and count rate of water droplets in w/o mixed surfactant 

microemulsion with increase in water content ( = 20→40) and fixed XBrij-35 (0.5), 

temperature (303K). a 

________________________________________________________________________________ 
System: water/CTAB/Brij-35/Pn/IPM 

________________________________________________________________________________ 
                                             20                25                  30               35              40                   45                

 
              Dh/nm                            15.67           19.26             24.10          28.52          32.07            36.44     
        Count Rate/kcps           73.20           62.40             51.90           41.40          33.70            25.10    

 

a All the mixed microemulsion systems are formed using constant amount of mixed surfactant (0.5 

mmol) and oil (14.0 mmol).  

 

The total interface area becomes larger as more Pn molecules are incorporated at the 

interfacial layer. An increase in the interface area causes the number of droplets to 

increase and the droplet size to shrink [51]. Similar observation was also reported earlier 

by Zhang et al. [52] for water/AOT/Pn/IPM systems. 

3.5. State of water of single and mixed surfactant microemulsions from FTIR studies 

In principle, the time scale of FTIR is short enough to detect different types of water 

species in w/o microemulsion, provided that the difference in vibrational energy is 

suitably large [14, 53, 54]. Further, the use of HOD molecule as a probe has been shown 

to be advantageous, as the O-D band is decoupled from the O-H band and appears in a 
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region (2200 cm-1 to 2800 cm-1) which is comparatively free from other strong 

absorption[14, 54, 55].  According to our previous report[26], a small amount of D2O 

(10%) was mixed with H2O, so that a rapid exchange between H and D atoms takes 

place, which led  to the formation of HOD molecules. The O–D stretching band of these 

molecules reflects only the H-bonding interactions between water molecules. Thus, the 

intramolecular interactions between the two OH (or OD) oscillators in H2O (or D2O) 

molecules do not complicate the O–H (O–D) stretching band contour as observed for 

pure water [26, 56]. The isotopic solution of 10% D2O/H2O mixture was chosen for the 

formulation of w/o mixed microemulsion [26, 57]. The FTIR techniques have been 

employed to explore the possibility of alteration of water structure due to change in the 

micellar characteristics viz. size, interfacial configuration with the variation of 

composition, XBrij-35 (= 0.0→1.0) at a fixed water content (ω = 20) and surfactant-

cosurfactant mass ratio (= 1:2) at 303K.   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. The variation of Gaussian profiles (area fraction) of the normalized spectra of 

different water species (free: open circle, bound: open squire and trapped: open triangle) 

as a function of XBrij-35 at a fixed ω (= 20). 

 

We focus our attention in the 2200−2800 cm−1frequency window, which is considered as 

a fingerprint region for the vibrational stretch of O−D bonds in water [58, 59]. It has been 

0.0 0.2 0.4 0.6 0.8 1.0

0.2

0.3

0.4

0.5

0.6

 

 

 
G

au
ss

ia
n

 p
ro

fi
le

s 
(a

re
a 

fr
ac

ti
on

) 

X
Brij-35



 

175 
 

 

reported that water exists in three ‘states’ or ‘layers’ in w/o microemulsions from FTIR 

measurement[60, 61], although report on four-component hydration model, viz. free, 

anion-bound, bulk like and cation-bound water are available in literature from FTIR and 

NMR measurements [27, 62]. In the present study, the peaks corresponding to O-D bonds 

have been fitted as a sum of Gaussian bonds with the help of Gaussian curve fitting 

program. The vibrational characteristics, particularly the peak area corresponding to each 

peak, and other results have been analyzed using three-state models to unravel the 

different types of water species inside the nanopool. According to three states model, the 

solubilized water in microemulsions can be identified as free water, bound water and 

trapped water molecules and a representative result of deconvolution is depicted in Figs. 

S6A, S6B, S6C (Appendix D).The free water molecules, occupying the cores of water 

pool of w/o microemulsions, possess strong hydrogen bonds among themselves that 

meansthey have properties similar to bulk water. Such H-bond shifts the O-D stretching 

band towards lower frequency at about 2450 cm-1 (Figs. S6A-S6C) [14, 60, 61]. The 

bound water viz. the surfactant head group bound water molecules resonates in the mid 

frequency region and the IR peak appears at about 2550 cm-1 (Figs. S6A-S6C) [14, 60, 

61]. Apart from these water species, there are water molecules dispersing among long 

hydrocarbon chains of surfactant molecules termed as trapped water molecules [27, 60, 

61]. This type of water exists as monomers (or, dimers) and free from hydrogen bonding 

interaction with its surroundings. As trapped water molecules are matrix-isolated dimeric 

or monomeric in nature, they absorb in the high frequency region at about 2650 cm-1 

(Figs. S6A-S6C) [27, 60, 61]. The relative abundance [Gaussian profiles (area fraction)] 

of different water species (viz. free, bound and trapped water) as a function of XBrij-35(= 

0.0→1.0) has been shown in Fig. 3 [26, 60, 63]. 

 

With the progressive inclusion of nonionic Brij-35 (= 0.0→1.0) at the interface, the 

abundance of free water increases while the population of bound water gradually 

decreases under the prevailing condition (Fig. 3 and Scheme 1). It is noteworthy to 

mention that the increase in nonionic surfactant content results in decrease of the total 

hydration capacity of the polar headgroups of the mixed surfactants [15]. Consequently, 



 

176 
 

 

the relative abundance of free water gradually increases with increasing XBrij-35 (= 

0.0→1.0) (Scheme 1) [16, 64]. 

 

 

 

Scheme 1. Change of state of water with increase in water content in water/CTAB/Brij-

35/Pn/IPMmicroemulsions. 

 

As a result, the physicochemical characteristics of the encapsulated water in confined 

environment show a linear effect of mixing of surfactants at the interface. Interestingly, it 

is apparent from DLS measurements that modification of different water states (bound 

and free water molecules) in confined environment eventually occur with the swelling of 

the droplet size (Dh = 10.92 nm →18.91 nm) with increasing proportion of XBrij-35 (= 

0.0→1.0) at a fixed water content (ω = 20) (Scheme 1).Similar observation with respect 

to free and bound water was reported for water-in-hydrocarbon oil (Hp or Dc or i-Oc) 

microemulsions stabilized by mixed AOT/Brij-30 [16], CnTAB/Brij-58 (n =12→18) [26], 

and Brij-58/CTAB [63]. In addition, the population corresponding to the trapped water 

molecules shows only a marginal variation (or an overall weak increasing tendencywith 

both interfacial stoichiometry as well as droplet size) (Fig. 3).It, therefore, emerges that. 

the nature of the interface as well as the size of the droplets have major impacts on the 

water hydrogen bond network dynamics regardless of the nanoscopic confinement of 

water in IPM oil derived w/o microemulsion [26, 63-65]. To further substantiate present 
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observations, SANS or 1H NMR rotating frame nuclear Overhauser effect spectroscopy 

(ROSEY) studies and ultrafast dynamics (picosecond or femtosecond spectroscopy) of 

confined water molecules in these systems needs to be explored in subsequent studies. 

3.6. Evaluation of chemical shift for various components of water (1H NMR 

spectroscopic technique followed by mathematical evaluation) 

The microstructure of solubilized water in w/o microemulsion has been studied 

extensively in the past using FTIR and 1H NMR spectroscopic techniques. The states and 

structure of the solubilized water in reversed micelles and microemulsions of AOT and of 

NaDEHP (in Hp) using FT-IR and NMR spectroscopic parameters have been reported 

[27, 62]. Recently, Bumajdad and coworkers have studied the structure of water, 

solubilized by reverse aggregates of mixtures of DDAX/DTAX (X = Br- or Cl-) in Hp by 

same noninvasive techniques viz., 1H NMR and FT-IR [14]. Herein, we focus on the 

study of solubilized water structure in w/o water/CTAB/Brij-35/Pn/IPM (S: CS = 1: 2) 

mixed microemulsions, by combining the results of FTIR and 1H NMR spectroscopic 

measurements [27]. 

As reported earlier, different types of water species coexist and exchange rapidly in w/o 

microemulsion systems. The exchange rate is faster than NMR frequency and, therefore, 

the observed value of water proton magnetic resonance is the weighted average of the 

components contributed by various water species [27, 62]. In the present study, a simple 

mathematical equation, as proposed by Zhou et al. [27], has been used to evaluate the 

chemical shift of individual components of different water species present in w/o 

microemulsion system is given below, 

δ = Xfreeδfree+ Xboundδbound+ Xtrappedδtrapped    (7) 

The evaluation is based on the fact that the chemical shift of water protons in w/o mixed 

microemulsion is considered as the weighted average of those of the individual 

components [27].  

The chemical shifts of individual components of different water states viz. δfree, δbound,and 

δtrapped can be evaluated by inserting the observed δ values and corresponding area 

fractions, Xfree, Xbound and Xtrapped into Eq. (7). The area fraction of individual components 

has been adopted as estimated from FTIR measurements [27]. In order to evaluate the 

chemical shifts of individual components of different water species, three different 
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observed δ values as well as the formation of three simultaneous equations are required 

for solving Eq. (7) [27]. Hence, we have selected three different compositions of w/o 

mixed surfactant microemulsion as a function of Xnonionic (= 0.0, 0.2 and 0.4) for 1H NMR 

study. Xnonionic = 0.0 represents pure (or single) CTAB system, whereas Xnonionic = 0.2 and 

0.4 represent mixed CTAB/Brij-35 systems. 

 

 

Fig. 4.1H NMR peak of water protons in w/o CTAB/Brij-35/Pn/IPM systems as function 

of XBrij-35 at a constant ω (= 20) (A; XBrij-35 = 0.0, B; XBrij-35 = 0.2, C; XBrij-35 = 0.4). 

 

The single peaks in 1H NMR spectra of the solubilized water in w/o mixed 

microemulsion systems indicate the rapid exchange between water protons at various 

states (Fig. 4).So, the Eq. (7) can be written as follows [27], 

4.64 = 0.22 δfree+ 0.61 δbound+ 0.17 δtrapped      (8) 

4.72 = 0.26 δfree+ 0.54 δbound+ 0.20 δtrapped      (9) 

A 

C 

B 
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4.81 = 0.31 δfree+ 0.47 δbound+ 0.22 δtrapped     (10) 

The evaluation of the three simultaneous Eqs. (8)- (10)showed the existence of three 

individual components of water species inside the pool and the calculated chemical shift 

of individual components i.e. δfree, δbound and δtrappedappears at 5.76, 4.20 and 4.77 ppm, 

respectively. A similar δbulk value (= 5.68 ppm) was reported earlier for water/AOT/Hp 

w/o microemulsion systems[27]. However, δboundvalue does not match closely with the 

present system and the result possibly reflects the influence of type and size of the polar 

head group of major surfactant (CTAB) and content of the auxiliary surfactant, Brij-35 on 

the microenvironment [27]. The 1H NMR spectroscopic measurement followed by 

mathematical evaluation supports the existence of three different types of water species in 

these systems. Further, it is evident from Fig. 4 that observed δ values of 1H NMR spectra 

for the solubilized water in the present systems shifted towards downfield (4.64 

ppm→4.81 ppm) with the addition of nonionic surfactant, Xnonionic (= 0.0 → 0.4). These 

observations corroborate well with the results of FTIR, wherein free water exhibits a 

lower stretching frequency (2450 cm-1) and responds to a lower resonance position. The 

addition of nonionic surfactant enhances the stretching frequency (2550 cm-1) responding 

to a higher resonance position which indicates the presence of free of water species [61]. 

However, further studies involving w/o mixed surfactant cationic or anionic/nonionic 

microemulsions are warranted in this direction. 

3.7. Antimicrobial activity in single and mixed surfactant microemulsions 

In this section, the effect of individual constituents of the microemulsion systems, 

water/CTAB/Brij-35/Pn/IPM on antimicrobial activity has been examined against the 

bacterial strains, gram-positive - B. subtilis and gram-negative - E. coli at 303K prior to 

work on the microemulsion formulations and the results are presented in(Table S3). It is 

evident from Table S3 that CTAB exhibits considerable antimicrobial activity at different 

concentrations (0.5 → 0.1 mmol) comparable to concentration of CTAB, i.e., [CTAB] 

contained in each composition of microemulsions, XBrij-35 = 0.0→0.8, whereas Pn and 

Brij-35 show insignificant antimicrobial activity against bothstrains[66, 67]. IPM did not 

show antimicrobial activity at all. Such report is also available in literature [68]. Of all 

the constituents, the best inhibitory effect was produced by aqueous CTAB i.e., at  

[CTAB] = 0.5 mmol, and the resultant diameter of inhibition zones (diz) was found to be 
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12 mm and 10 mm for B. subtilis and E. coli, respectively. Further, inhibitory effect of 

aqueous CTAB decreases with decrease in concentration against both bacterial strains. 

Subsequently, antimicrobial activity of the microemulsion formulations have been 

examined as a function of composition of mixed surfactants [XBrij-35 = 0.0→1.0, S/CS= 

1:2 (w/w)] at 303K, against the matching strains, B. subtilis and E. coli bacteria and the 

results are presented inTable S4 and Fig. S7 (Appendix D). Moreover,comparative 

antimicrobial activity (or, effectiveness) of the microemulsion formulations has also been 

depicted in Table S4, assuming the efficiency of the ingredient shown to be unity as the 

best inhibitor (herein, aqueous [CTAB] equals to 0.5 mmol). It can be seen from (Table 

S4) that thediz values and effectiveness of the microemulsion formulations as a function 

of XBrij-35(= 0→1) did not follow a linear course against the bacterial strains.Interestingly, 

microemulsions at mixed surfactant compositions, (XBrij-35= 0.2 to 0.8) demonstrate better 

antimicrobial activity or effectiveness than pure surfactants, (XBrij-35= 0 and 1.0) with 

maximization at compositions, XBrij-35 = 0.4 and 0.6. The resultant diz values and 

effectiveness of the microemulsion formulations were found to be 18 mm, 1.50; 17 mm, 

1.42 and 15 mm, 1.50; 14 mm, 1.40 for B. subtilis and E. coli respectively.Hence, 

reported w/o microemulsions at mixed surfactant compositions could be prospective for 

using with good standing of antimicrobial property. However, pure nonionic 

microemulsion (Brij-35/Pn/IPM/water at XBrij-35 = 1.0) exhibits considerable 

antimicrobial activity (Table S4), in spite of negligibly small antimicrobial activity shown 

by Brij-35 or Pn alone, and IPM did not shown any activity (Table S3). Recently, Anjali 

etal. [69]reported that water/Tween-20/refined sunflower oil microemulsion possesses 

superior antimicrobial activity against the bacterial pathogens,E. coli, S. aureus and P.  

aeruginosathan refined sunflower oil or Tween 20 as individual component using agar 

well diffusion assay, and  spread plate method. The difference in antimicrobial activity 

between the individual constituents and microemulsion systemmay be due to different 

types of interactions between the microemulsion droplets and bacterial membranes which 

significantly decreased hydrophobicity of the bacterial cell, leading to rapid loss of 

bacterial viability [70]. 

Further, the absolute diz values have been found to be lowered against gram-negative 

bacteria (E. coli) than gram-positive bacteria (B. subtilis) for each composition as well as 
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the individual constituents of the microemulsion formulations (Table S3 and S4). It may 

be due to variation in lipid content of the cell membranes in both bacterial pathogens, 

which results in higher resistance towards antimicrobial properties of former templates 

than later [66]. 

Nevertheless, the diffusion of the microemulsion systems in the media (nutrient agar) was 

examined by the dye encapsulation method (viz. methylene blue at 10-3mol dm-3 as a 

function of system composition, XBrij-35= 0.0→1.0, to ascertain the role of diffusion, if 

any. No such variation in diffusion was observed in these systems. Hence, it can be 

inferred that the diffusion is not a pivotal factor behind the antimicrobial activities of the 

mixed microemulsions. 
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Fig. 5.  Antimicrobial activity (diameters of inhibition zones)inwater/CTAB/Brij-

35/Pn/IPMmicroemulsions as a function of composition, XBrij-35 (= 0.0→1.0) at fixed 

water content ( = 20) and temperature (303K). 

However, a correlation between composition dependence of antibacterial activity on the 

growth of both bacterial strains with the spontaneity of formation vis-à-vis 

thermodynamic stability of the microemulsion systemsis exhibited in prevalent condition 

(Fig. 5). Both the plots resemblance each other. It is clearly evident that the mixed 

microemulsions show synergism in free energy of formation (-ΔG0
t) at XBrij-35 = 0.4 and 
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0.6 (vide.Sec. 3.2.2), wherein the highest antimicrobial activity has been observed.From 

close scrutiny of Fig. 5, it can be seen thatcomparatively lower antimicrobial activity has 

been evidenced at equimolar composition [XBrij-35 = 0.5, which corresponds to preceding 

and forwarding compositions(i.e, XBrij-35 = 0.4 → 0 or XBrij-35 = 0.6 → 1.0, respectively)], 

where antagonism in -ΔG0
thas also beenobserved (Fig. 2). In other words, theseresults 

can be explained from Table S4 as follows: it can be observed that absolute diz values 

increases (13.0→18.0) by the addition of Brij-35 at CTAB rich compositions (XBrij-35 = 0 

→ 0.4), whereas it also increases (11.0→17.0) by the addition of CTAB at Brij-35 rich 

compositions (XBrij-35 = 1.0 → 0.6). It seems that departure from these two trends indiz 

values against the composition (as mentioned above) occurs at equimolar composition 

(XBrij-35 = 0.5). It may be due to rigid conformation of the hydrophobic tails of 

amphiphiles, which disrupts steric packaging of the interface due to less partitioning of 

alcohol at the interface, which has already been discussed in Sec. 3.2.2. 

Reports are available in literature on antimicrobial action of the microemulsions 

(involving nonionic surfactant) against several bacterial pathogens from different aspects 

[19, 69-71]. However, further experimentation [for example, thermodynamic stability 

studies (centrifugation study, heating-cooling cycle, freezing-thraw cycle, kinetic 

stability), kinetics of killing organisms, assessment of morphological alterations in cell 

membrane by scanning electron microscopy (SEM) etc.] is required to give insight on the 

mode of action of antimicrobial activity of the characterized mixed surfactant 

microemulsion systems, which is beyond scope of the present report.   

4. Conclusion 

In the present work, we report on the characterization of water-in-biocompatible oil 

(IPM) microemulsions stabilized by mixed surfactants, CTAB/Brij-35 and Pnat different 

compositions of surfactants  and physicochemical conditionsby employing phase studies, 

dilution method and conductivity, DLS, FTIR and 1H NMR techniques.  In addition, 

antimicrobial activity of these systems (including individual components) has been 

examined against the bacterial strains B. subtilis (gram-positive) and E. coli (gram-

negative).Phase study reveals a considerable amount of single phase (1ф) clear 

microemulsion region for mixed systems at a fixed surfactant-cosurfactant ratio (= 1:2) 

and constant temperature (303K).The mixed surfactant composition (XBrij-35 = 0.0→1.0) 
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influences area of single phasic clear microemulsion zone. Synergism in interfacial 

composition (na
i or na

i/ns) has been observed at ω equals to 35 and subsequently, 

decreases up to ω = 45. Physicochemical (molecular) interactions among the constituents 

[amphiphiles (viz. Brij-35, CTAB and Pn) and water] in the microenvironment of the 

systems might be responsible for the threshold level of stability at ω = 35. The transfer 

process of alkanol (Pnoil→Pnint) or formation of microemulsions has been found to be 

spontaneous at all compositions (XBrij-35 = 0.0→1.0) in the ranges of ω (= 20→45) as well 

as of temperature (293K→323K). Synergism in (-ΔG0
t) for Pn transfer process 

(Pnoil→Pnint) has been observed in the vicinity of equimolar composition (XBrij-35 = 0.4 

and 0.6), whereas antagonism exhibitsat equimolar composition (XBrij-35 = 0.5). The 

overall transfer process is exothermic with negative entropy change (i.e., ordered)at all 

experimental temperatures in IPM for single CTAB or Brij-35 system. The overall mixed 

compositions (i.e. at XBrij-35 = 0.2→0.8) have been ended up with absorption of heat with 

disordered state or release of heat with ordered state, depending on composition (XBrij-35) 

and thermal condition.Both ΔH0
t and ΔS0

tvalues decrease with increase in temperature at 

mixed compositions and also compensate with each otherwith fair degree of linearity 

(average value of correlation of coefficients equals to 0.9980).A dramatic increase in 

conductivity has been observed as a function of ω up to a composition range (XBrij-35 = 

0.2→0.5), beyond which(XBrij-35 = 0.6→1.0) conductivity decreases with increasing ω at 

303K. DLS measurements show a linear increase in droplet size as a function of both ω 

and composition (XBrij-35 = 0.0→1.0) at 303K.The O-D stretching vibration of HOD 

solubilized in w/o mixed surfactant (CTAB/Brij-35) microemulsions as obtained from 

FTIR measurements in the 2200-2800 cm−1 frequency window reveals the existence of 

three different types of water molecules viz. free or bulk type, bound and trapped inside 

the pool. With the progressive inclusion of Brij-35 (XBrij-35 = 0.0→1.0) at the interface, 

the abundance of free water increases while the population of bound water gradually 

decreases under the prevailing condition. Further, FTIR study indicates that. the 

composition of the interface as well as the size of the droplets have major impacts on 

water hydrogen bond network dynamics regardless of the nanoscopic confinement of 

water in these systems [64, 65]. 1H NMR spectroscopic measurements followed by 

mathematical evaluation also support the existence of three different types of water 
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species in the pool of these systems[27].Water/CTAB/Brij-35/Pn/IPM microemulsions at 

mixed compositions (XBrij-35 = 0.2-0.8) at 303K demonstrate higher antimicrobial activity 

against both bacterial strains compared to individual constituents (i.e., CTAB or Brij-35 

or Pn) of microemulsionsat 303K at similar conditions. However, single Brij-35 system 

(XBrij-35 = 1.0) exhibits considerable antimicrobial activity, in spite of negligibly small 

antimicrobial activity shown by Brij-35 or Pn alone. IPM did not shown any activity. 

Further, E. coli exhibits somewhat more resistant than B. subtilis towards each 

composition as well as the individual constituents of the microemulsions. These w/o 

microemulsions at mixed surfactant compositions could be prospective for using with 

good standing of antimicrobial property.Moreover, these systems mixed surfactant w/o 

microemulsionscould be employedfor applications in different processes like 

solubilization, catalysis of chemical reactions [8, 9], and size and polydispersity of 

nanomaterial synthesized in microemulsion in a more effective and convenient way [10, 

72]. Further, the dynamic mass transfer phenomenon across the interface with variation in 

content of Brij-35 (XBrij-35), as evidenced from conductivity measurement, might be 

useful in petroleum-processing technologies [73]. Composition-dependent temperature 

insensitive microemulsions could be prospective to employ as decontamination media for 

toxic industrial chemicals and chemical weapons as well, because it undergoes several 

temperature changes without time for relaxation during the decontamination process [73]. 
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Chapter-VII 

Physicochemical investigation of mixed surfactant microemulsion: Water 

solubilization, thermodynamic properties, microstructure and dynamics 

 

Abstract 

In this contribution, we report on systematic investigation of phase behavior and 

solubilization of water in water-in-heptane or decane aggregates stabilized by mixtures of 

polyoxyethelene (20) cetyl ether (Brij-58) and cetyltrimethylammonium bromide 

(CTAB) surfactants with varying compositions in conjugation with 1-pentanol (Pn) at 

fixed surfactant(s)/Pn ratio and temperature. Synergism in water solubilization was 

evidenced by the addition of CTAB to Brij-58 stabilized system in close proximity of 

equimolar composition in both oils. An attempt has been taken up to correlate 

composition dependent water solubilization and volume induced conductivity study to 

underline solubilization mechanism of these mixed systems. Conductivity study reveals 

the ascending curve in water solubilization capacity-(Brij-58: CTAB, w/w) profile as the 

interdroplet interaction branch indicating percolation of conductance and the descending 

curve is curvature branch due to the rigidity of the interface in these systems. The 

microstructure of these systems as a function of surfactant composition has been 

determined from dynamic light scattering (DLS) and Fourier transform infrared 

spectroscopy (FTIR) measurements. FTIR study reveals increase and decrease in relative 

population of bound and bulk-like water, respectively with increase in Brij-58: CTAB 

(w/w). DLS measurements showed that the hydrodynamic diameter (Dh) of droplets 

decrease significantly with the increase in Brij-58: CTAB (w/w). Further, the interfacial 

composition and energetic parameters of transfer of Pn from bulk oil to the interface were 

evaluated by the dilution method. Formation of temperature-insensitive microemulsions 

and temperature invariant droplet sizes are evidenced in the vicinity of equimolar 

composition. A comprehension of the results is suggested. 

Keywords: Synergism; Conductance percolation; State of water; Thermodynamic 
parameter; Temperature-insensitive microemulsion; Droplet diameter.  

J. Colloid Interface Sc., 2013, 411, 152–161 
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1. Introduction 

Microemulsions are thermodynamically stable organized assemblies comprising of 

isotropic mixtures of surfactant, oil, water with or without cosurfactant [1]. These 

organized assemblies have been receiving a lot of theoretical as well as experimental 

investigations from time to time due to their potential applications in various fields, viz. 

aqueous chemical reactions [2], vehicles for drug delivery [3], membrane mimetic 

systems [4], separation and extraction processes of both metal ions and proteins [5, 6], 

and nanoparticle and polymer syntheses [7]. Microemulsions consist of a hydrophilic 

core and a hydrophobic corona. Due to the polar nature of the core in microemulsions, 

water can be easily solubilized into these micellar solutions. The solubilized water is 

distinctly different from bulk water in physicochemical properties, such as 

microviscosity, acidity, and polarity [8, 9], and are very important in areas such as the 

catalysis of small molecules [9, 10] and biopolymers [8, 11], enhanced oil recovery [12], 

and models for the study of hydration in membranes and cells [10]. All these applications 

depend crucially on the water solubilization capacity, which changes in response to the 

environmental conditions/variables, for example, the chemical structure and 

physicochemical properties of the amphiphile(s), the nature of the oil phase, the 

temperature, and the presence of electrolytes [13].  

It is well known that the organization of amphiphiles at the interface of a microemulsion 

plays an important role in solubilization of water in nanoscopic water pool, and warrants 

an in-depth study of solubilization mechanism for understanding of the phase behavior as 

well as microstructure of the ordered phases in water/amphiphile(s)/oil systems. Now-a-

days, mixing of surfactants is a preferred practice in surfactant industry due to associated 

performance advantages (synergism) and the inherent difficulty in preparing chemically 

new surfactants. Among different types of possible mixed surfactant systems, ionic/non-

ionic mixed systems, are most frequently making their appearance in commercial and 

non-commercial products as they provide more flexible physicochemical properties in 

terms of detergency, solubilization and synergistic performance, which are key 

parameters in the formulation of cosmetic and medicinal products [14, 15]. Synergism in 

water solubilization was previously reported for a non-ionic/anionic microemulsion 
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system designed for pharmaceutical applications, using mixtures of AOT [sodium bis(2-

ethylhexyl)sulfosuccinate] and Arlacel-20 (sorbitan laurate) at different proportions [16]. 

Also, it was reported earlier that the solubilization capacity of nonionic microemulsions 

increased upon addition of ionic surfactants [17-21], which was attributed to the 

inhibition of the undulations in the surfactant layer and the consequent gain in surface 

area [22,23]. The cosurfactant (short chain lipophilic n-alkyl alcohols) plays an important 

role by blending with surfactant(s) and partitions between the coexisting aqueous and 

oleic phases to control the bending elasticity of the interfacial layer offering stability to 

the dispersion as well as affecting the droplet dimensions of the microemulsion systems 

[24]. In order to quantify the composition of the interfacial layer and the distribution of 

surfactant and cosurfactant between the oil/water interface,  a simple but elegant method 

(the Schulman method of cosurfactant titration of the oil/water interface or the dilution 

method, which is accomplished by adding oil at a constant water and surfactant level to 

destabilize an otherwise  stable w/o microemulsion and restabilizing it by adding a 

requisite amount of cosurfactant with constant composition of the interface and 

continuous phase) has been employed by a number of workers [25-38]. 

Numerous studies have been reported for understanding of  the interaction and dynamics 

of the microemulsion droplets in single and mixed surfactant systems using various 

techniques, such as small-angle X-ray scattering (SAXS), dynamic light scattering 

(DLS), pulsed-gradient spin-echo nuclear magnetic resonance (PGSE-NMR), steady-state 

fluorescence spectroscopy, conductance, and viscosity measurements [39-43]. Of these, 

electrical conductivity provides a convenient, useful, and accessible tool for probing the 

microstructure of microemulsions. Of the different physical properties of 

microemulsions, percolation of conductance is striking; where many fold (100-1000 

times) increase in conductance can take place after a threshold volume fraction of the 

dispersant (water) at a constant temperature or after a threshold temperature at a constant 

composition [44]. Dynamic light scattering is a useful method for detecting the droplet 

size of microemulsions up to very small dimensions, when the scattering contrast 

(refractive index) is strong enough for a successful application of this method. Recently, 

it was shown that DLS can be applied up to very small particle dimensions below 1 nm in 

size [45]. In order to get a clear understanding of various interactions in the droplet core, 
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including the type of H-bonding which is operative within the water pool, an excellent 

and non-invasive technique viz., Fourier transform infrared spectroscopy (FTIR) has been 

introduced. Several authors were significantly contributed to the understanding of the 

water dynamics in w/o microemulsion system by studying the state of water using FTIR 

method [28, 46].  

In view of these reports, very recently, we have reported the interfacial composition, 

thermodynamics of alkanol transfer process, solubilization behavior, transport and 

microstructural properties, and the dynamics of confined water of mixed surfactant (ionic 

and non-ionic) w/o microemulsions under different physicochemical conditions, by 

employing the dilution method, conductivity, viscosity, DLS and FTIR measurements 

[29, 30, 47-49]. In continuation of our previous studies, we contemplate to undertake 

studies on the formation and precise characterization vis-à-vis the nature of the oil/ water 

interface and water in the confined environment of mixed surfactant (non-ionic/ionic) 

w/o microemulsions [water/polyoxyethylene (20) cetyl ether (Brij-

58)/cetyltrimethylammonium bromide (CTAB)/1-pentanol (Pn)/heptane (Hp) or decane 

(Dc)] as a function of different mixing ratios of Brij-58: CTAB (5:0→0:5, w/w) at 303K. 

Both of these surfactants are chosen in such a way that they possess similar hydrocarbon 

tail (comprising 16 carbon atoms in the linear hydrocarbon chain), but they differ in 

charge type and size of the polar head groups, so that the possible interaction between the 

hydrocarbon chains of two surfactants gets minimized [50]. In this report, we intend to 

address non-ionic (Brij-58)/ionic surfactant (CTAB) mixtures at different compositions 

that exhibit synergism in solubilization of water in w/o mixed surfactant microemulsions. 

An attempt has also been made to correlate the solubilization capacity of water as a 

function of mixed surfactant composition with percolation of conductance to underline 

the microstructure of these mixed surfactant microemulsions. In addition, solubilization 

mechanism is suggested in terms of the model proposed by Shah et al. [51, 52] (based on 

curvature of the mixed amphiphilic film separating oil and water, and interaction between 

microemulsion droplets). Further, microstructure, internal dynamics (dynamics of the 

confined water) and interfacial composition of the mixed interfacial film of these systems 

have been characterized by means of the phase study, DLS, FTIR measurements and 

dilution method as a function of different mixing ratios of surfactant(s). An in-depth 
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analysis on thermodynamic properties of these microemulsions based on results obtained 

from the dilution method at different temperatures (303, 308, 313, 318 and 323K), has 

also been presented. An attempt has been made to rationalize the results in a 

comprehensive manner. The results are expected to enrich the basic understanding of the 

role of the amphiphiles (both surfactants and cosurfactant) and oils (of different chain 

lengths) on the formation, stabilization and characterization of the mixed surfactant 

microemulsions, which is seldom, reported literature.  

2. Experimental 

2.1. Materials 

Polyoxyethylene (20) cetyl ether (Brij-58, > 98.5%) and cetyltrimethylammonium 

bromide (CTAB, > 99%) were products of Fluka, Switzerland and Sigma-Aldrich, USA, 

respectively. 1-Pentanol (Pn, > 98%), heptane (Hp, > 99%) and decane (Dc, > 99%) were 

products of Lancaster, England and Merck, Germany, respectively. The chemicals were 

used as received. Eosin blue and Sudan IV were from Aldrich, USA and further purified 

by re-crystallization from 1:1 aqueous methanol. Dyes were dried at 50°C under vacuum 

before use. Doubly distilled water of conductivity less than 3 S cm-1 was used in the 

experiments. 

2.2 Methods 

2.2.1. Sample preparation and phase behavior 

The samples comprising mixed surfactants (Brij-58 and CTAB) at different proportions, 

cosurfactant (Pn), oil (Hp and Dc) and water with constant surfactant and cosurfactant 

mass ratio (S: CS = 1:2) were formulated in a screw cap glass vials. The samples were 

monophasic, transparent and stable for over several months. Phase behavior of the chosen 

systems was constructed at a fixed temperature (303K) using thermostated water bath 

(accuracy,   0.1 K). The repeat experiments were found to be reproducible with an error 

limit of ± 1%.   

2.2.2. Optical transparency 

The homogeneity and optical isotropy of mixed microemulsions formed were examined 

by a cross polarizer and visual examination at 303K.  
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2.2.3 Water solubilization 

The initial composition of mixed surfactants (Brij-58 and CTAB at different proportions), 

cosurfactant (Pn) and oil (Hp and Dc) for water solubilization studies were 23% (w/w), 

46% (w/w) and 31% (w/w), respectively. The surfactant and cosurfactant mass ratio was 

used 1:2 (w/w). Water was added to each solution in steps with a Hamilton micro-

syringe, and solubilization capacity was measured after homogenization as a function of 

water (wt %) at 303K [28]. 

2.2.4. Dye solubilization experiment  

Dye solubilization experiment [48, 51] was performed to estimate the phase separation 

phenomenon in single (Brij-58 or CTAB) and mixed surfactants (Brij-58 and CTAB) 

microemulsion by water soluble dye Eosin blue and oil soluble dye Sudan IV at 303K.  

2.2.5. Conductivity measurements 

The conductivity measurements were performed using Mettler Toledo (Switzerland) 

digital conductivity bridge (accuracy ± 1%). The temperature was kept constant within ± 

0.1 K by circulating thermostated water, through a jacketed vessel containing the 

solution. The electrical conductivity of the selected mixed microemulsions was measured 

at 303K.  The repeatability and the accuracy of the measurements were ± 0.3 % and ± 1 

%, respectively. 

2.2.6. Dilution method with spectrophotometric measurements  

Details of the dilution method were provided in our previous reports [29, 30, 37, 38]. The 

procedure of this experiment at different physicochemical conditions with theoretical 

backgrounds (i.e., basics of the dilution method and evaluation of thermodynamic 

parameters) has been presented in Appendix E (Sec. 1). 

2.2.8. DLS measurements 

DLS measurements were carried out using a Zetasizer Nano ZS90 (ZEN3690, Malvern 

Instruments Ltd, U.K.). A He-Ne laser of 632.8 nm wavelength was used and the 

measurements were made at a scattering angle of 900 at 303K. Temperature was 

controlled by inbuilt Peltier heating-cooling device (± 0.1K). Refractive index of each 

solution was recorded with an ABBE type refractometer, as it was required as an input in 

determining the size of the microemulsion droplet by DLS technique. Viscosity data, as 

obtained from viscosity measurements, were used in processing DLS data. Samples were 
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filtered thrice using Milipore(TM) hydrophobic membrane filter of 0.25µ pore size. 

Hydrodynamic diameter (Dh) of the microemulsion droplets was estimated from the 

intensity autocorrelation function of the time-dependent fluctuation in intensity. 

According to Stokes–Einstein equation, Dh is defined as [49]   

Dh = kBT/3πηD(1) 

where, kB,T, η and D indicate the Boltzman constant, temperature, viscosity and diffusion 

coefficient of the solution, respectively. To check the reproducibility of the results at least 

6 measurements were done. 

2.2.9. FTIR measurements 

FTIR absorption spectra were recorded in the wave number range of 400-4000 cm-1 with 

a Shimadzu 83000 spectrometer (Japan) using a CaF2-IR crystal window (Sigma-Aldrich) 

equipped with Presslock holder with 100 number scans and spectral resolution of 4 cm-1 

at 303K. Deconvolution was carried out with the help of Origin 6.0 software. 

3. Results and discussion 

3.1. Phase behavior  

The pseudo-ternary phase behavior of Brij-58/CTAB/Pn/Hp/water system as a function 

of different mass ratios of mixed surfactant (= 5:0→0:5) at fixed surfactant and 

cosurfactant mass ratio (= 1: 2) and at 303 K has been described in Appendix E (Sec. 2) 

with the help of phase diagrams (Fig. S1). 

3.2. Water solubilization capacity 

The water solubilization capacity of w/o mixed surfactant microemulsions is one of the 

important parameters not only from the view point of its wide applications, but also it 

determines the size of the water core, the rigidity or flexibility of the oil/water interface 

and morphology of the surfactant aggregates. Further, such studies emphasized on 

underlying the factors governing solubilization phenomenon in these systems, is of 

fundamental importance [53, 54].  

The solubilization of water in mixed Brij-58: CTAB/Pn/Hp (Dc) microemulsions as a 

function of composition of mixed surfactants at 303K, has been presented in Fig. 1. It is 

evident from Fig. 1that w/o single Brij-58 (Brij-58: CTAB = 5:0, w/w) can solubilize 

water up to 17 and 15 wt% in Hp and Dc, respectively at constant surfactant/cosurfactant 

ratio (1: 2, w/w). While Brij-58 has been blended with CTAB at different proportions (for 
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example, Brij-58 and CTAB = 4:1; 3:2; 2:3; 1:4, w/w), the water solubilization capacity 

increases up to a maximum value at a certain composition of the mixed surfactants (Brij-

58: CTAB = 2:3, w/w), beyond which (Brij-58: CTAB = 1:4 and 0:5, w/w) the 

solubilization capacity further decreases with increasing CTAB. A plausible explanation 

for this trend in composition-dependent solubilization phenomenon in mixed 

microemulsions is not straightforward. However, solubilization of water in w/o 

microemulsion system depends upon many factors, for example, type of surfactant (as 

major amphiphile) and cosurfactant (or a second surfactant as auxiliary amphiphile), size 

of the polar head group and hydrocarbon moiety of both amphiphiles, the composition, 

oil type etc [53-55]. But the main driving force of such solubilization is the spontaneous 

film curvature (H0) (the curvature that the amphiphilic film would like to attain) and the 

elasticity of the amphiphilic film [52]. If the interfacial curvature and the bending 

elasticity are fixed, solubilization can be maximized by minimizing the interfacial 

bending stress of the rigid interface and the attractive interdroplet interaction among 

droplets [56].The solubilization of a microemulsion of a fluid interface can be increased 

by increasing the interfacial rigidity and decreasing the natural radius. Alcohol 

(cosurfactant) is also an essential factor in promoting interfacial fluidity for the formation 

of microemulsion [51-54]. It can be seen from Fig. 1 that water solubilization capacity 

reaches maxima at the close proximity of the middle range composition of Brij-58 and 

CTAB (i.e., in between 3:2 and 2:3, w/w) in both oils. These results clearly indicate that 

the addition of CTAB to the nonionic microemulsion (Brij-58) results in obtaining 

synergism (or maximization) of water solubilization at a specified composition 

(mentioned earlier). The maximization of solubilization capacity of water in mixed 

microemulsions can be interpreted as a result of counteracting effects of the attractive 

interdroplet interaction of the fluid interfaces and bending stress of the rigid interfaces 

[52]. According to Israelachvili, the molecular packing is determined by a balance 

between the repulsive force of hydrophilic moieties and the attractive forces of lipophilic 

moieties [57]. Since nonionic, Brij-58 has 20 POE in hydrophilic moieties, its effective 

cross sectional area per hydrophilic unit should be larger than that of an ionic CTAB [48, 

58]. Hence, the repulsion between the hydrophilic groups is reduced when a part of Brij-

58 is replaced by CTAB, which results in a more dense packing of mixed surfactants at 
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the interface [59]. This is why the added CTAB induces rigidity to the surfactant layer in 

Brij-58 microemulsions.  

Further, attainment of maximum water solubilization using a mixture of ionic/nonionic 

surfactants can be explained in the light of hydrophilic-lipophilic balance (HLB) of 

individual surfactants. The HLB is one of the most common methods to correlate 

surfactant structure with their effectiveness as emulsifiers. The HLB value of a surfactant 

indicates how surfactant behaves in a solution, and also represents the capability of 

surfactant solution to solubilize other substances [60]. Huibers and Shah [61] reported 

earlier that the best solubilization for themixture occurs when HLB values of its 

components lie in 9-13 regions. Further, they mentioned that good solubilization occurs 

when HLB of the surfactant mixture falls in a certain HLB region, which should be 

neither very water soluble nor oil soluble. As a result of attainment of these conditions, 

the surfactants are more favorable to partition at the interface. In such a case, 

solubilization for the mixtures is better than that of either component. Hence, HLB of the 

present systems at the mixed compositions (i.e., HLBmix) has been evaluated using the 

concept of Acosta et al. [62],  

HLBmix = (X1 HLB1 + X2 HLB2)                                                         (2) 

where, X1 and X2 are the mole fraction of surfactant 1 and surfactant 2 in the mixture, 

respectively. HLB1 and HLB2 are the hydrophilic-lipophilic balance of surfactant 1 and 

surfactant 2, respectively. In these calculations, HLBs of CTAB [63] and Brij-58 [64] are 

10 and 16, respectively. A graphical illustration of HLBmix versus Brij-58: CTAB 

(w/w)has been represented in Fig. 1. It is evident from Fig. 1 that maximum water 

solubilization occurs at HLBmixequals to 12-13 regions. According to Huibers and Shah 

[61], synergism in maximum water solubilization in w/o microemulsion was observed at 

HLBmix equals to 9 for a mixture of nonylphenylethoxylate surfactants (C9PhE1.5 and 

C9PhE12) in cyclohexane. Further, synergistic effect must cause the majority of the two 

surfactants to preferentially partition at the interface that allows larger interfacial area and 

thus high levels of solubilization [65]. While microemulsions were composed of equal 

amounts of surfactants, the synergistic effect reported to be more pronounced [65]. In this 

report, the synergistic effect has been achieved at Brij-58 and CTAB mass ratio of 2:3 

and 3:2.Similar result was reported by Fanun for water/propylene glycol/sucrose 
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monolaurate/ethoxylated mono-di-glyceride/peppermint oil/ethanol microemulsion 

systems [65]. 
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Fig. 1. Water solubilization capacity (wt% of water) and HLBmix of mixed Brij-

58/CTAB/1-pentanol/Hp or Dc microemulsions as a function of different mass ratios of 

mixed surfactant at 303K (Hp: filled triangle and Dc: open circle). 

Rodríguez et al. [21] reported on the effect of ionic surfactant (sodium laurate) on the 

solubilization capacity of w/o microemulsions derived from sucrose ester (water/sucrose 

dodecanoate/decane). According to them, increase in the solubilization of water by the 

addition of ionic surfactant was attributed to the increase in repulsion between surfactant 

layers. At high concentration of ionic surfactant, enhancement in solubilization of water 

was lost due to the screening of charged groups. 

Further, it is evident from Fig. 1 that Dc-based system shows significantly lower water 

solubilization capacity compared to Hp-based system. Actually increasing oil chain 

length would gradually reduce the cohesive interaction between the hydrocarbon chains 

of amphiphiles present at the interface and decrease the interfacial rigidity, due to 
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decreasing oil penetration. This is in turn decrease the water solubilization capacity in Dc 

[51, 52].  

In the present study, phase separation upon the addition of excess water in Brij-

58/CTAB/oil(s)/water microemulsion systems has been examined by employing dye 

solubilization process in both oils [48, 51, 54]. The objective for the dye solubilization 

experiment is to investigate whether the solubilization process is governed by the 

curvature effect or the interdroplet interaction effect [53]. A brief description of dye 

solubilizationexperiment has been presented in Appendix E (Sec. 3). 

3.3. Conductivity measurements  

It is known that electrical conductivity measurements can be used to predict qualitatively 

the interaction between the droplets and thus stability of microemulsion. For example, 

appearance of an electrical percolation process indicates the existence of large attractive 

interaction between droplets [28, 53, 58].  

In this section, an attempt has been made to correlate the maximum water solubilization 

with percolation of conductance to underline the microstructure of these mixed surfactant 

microemulsions. If the droplets are of non-interacting hard sphere type, no significant 

increase in conductance occurs with increasing water content at constant temperature or 

with increase in temperature at fixed water content. But if the interfaces of the droplets 

are fluid enough to coalesce during these collisions followed by material exchange and 

fusion, a sharp rise in conductance is evidenced [53]. In the present investigation, 

conductance studies have been carried out for mixed surfactant microemulsion systems 

wherein solubilization maxima (in the vicinity of equimolar composition i.e., at Brij-58: 

CTAB = 2:3 and 3:2, w/w) are observed. The samples from both sides of the 

corresponding maxima, i.e., from the ascending branches and the descending branches 

are chosen. 

The conductivity of mixed water/Brij-58/CTAB/Pn/Hp or Dc microemulsion systems at 

different compositions (Brij-58: CTAB = 5:0; 4:1; 3:2; 2:3; 1:4; 0:5, w/w) [S: CS = 1:2 

(w/w)] at 303K as a function of wt% of water has been determined and depicted in Figs. 

S2A-S2F. Samples chosen from the ascending branch (i.e., at Brij-58: CTAB = 5:0→2:3, 

w/w) exhibit a nonlinear sharp enhancement in conductivity with the addition of water, 
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which signifies the volume-induced percolation in conductance (Figs. S2A-S2D).The 

critical value for sharp enhancement in conductivity with the addition water is considered 

as volume-induced percolation threshold (ϕp). Such percolation in the present systems 

(i.e., at ascending branch of Fig. 1) shows that the interface of the droplets are fluid 

enough to coalesce during the collisions followed by material exchange and fusion. 

Further, it is evident that ϕp increases (i.e., percolation process is retarded) with decrease 

in content of Brij-58 or increase in content of CTAB. On the other hand, no sharp 

enhancement in conductivity vis-à-vis percolation phenomenon is observed in the 

descending branch of the solubilization maximum (i.e., at Brij-58: CTAB = 1:4→0:5, 

w/w) (Figs. S2E-S2F). Further, at a composition of Brij-58: CTAB = 0:5, w/wi.e., single 

CTAB-derived microemulsion systems,a bell-shaped conductivity profile with flattened 

maxima is obtained in both oils(Fig. S2F). Further, discussion in this aspect has been 

dealtin Appendix E (Sec. 4). 

3.4. Dilution method  

The interfacial composition of water/Brij-58/CTAB/Pn/Hp or Dc  microemulsion systems 

with different mixing ratios of the surfactants  (Brij-58: CTAB = 5:0, 4:1, 3:2, 2:3, 1:4 

and 0:5, w/w) at a fixed amount of mixed surfactants (5×10-4mol) and water content 

(2.75×10-2mol), and at five different temperatures of 303K, 308K, 313K, 318K and 323K 

has been evaluated by the dilution method. From the data collected, graphs were 

constructed by plotting na/ns against no/ns according to Eq. (S2). Representative 

illustration is shown in Fig. S3 (Appendix E). The calculated values of compositional 

variations of amphiphiles (surfactants and Pn) at the interface (na
i/ns) at surfactant 

compositions mentioned above with varying temperatures are illustrated in Figs. S4A and 

S4B. The distribution of the cosurfactant (Pn) between the oil and the interface imparts 

stability to the dispersion. The distribution constant (Kd) at different temperatures lead to 

the evaluation of energetic of the transfer process. To gain insight into the 

thermodynamic stability of these systems as a function of different mixing ratios of the 

surfactants and oil chain length, standard Gibbs free energy change of transfer of alkanol 

from oil to the interface (G0
t) has been computed according to Eq. (S4) and Figs. S4A 

and S4B (Appendix E) and Table 1. Figs. S4A and S4B represent three-dimensional 
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profiles of na
i/ns and - G0

t as a function of both the compositions and temperatures in Hp 

and Dc, respectively. 

It reveals from Figs. S4A and S4B and Table1 that G0
t values for these systems are 

negative at experimental temperatures and indicate that water/Brij-58/CTAB/Pn/Hp or 

Dc microemulsion systems form spontaneously no matter which oil or composition was 

used.  

3.4.1. Influence of composition, temperature and oil on na
i/ns and - G0

t 

It is evident from Figs. S4A and S4B that both of the values of na
i/ns and - G0

t are found 

to be higher for (single) CTAB stabilized systems (Brij-58: CTAB = 0:5, w/w) compared 

to (single) Brij-58 stabilized systems (Brij-58: CTAB = 5:0, w/w) in both oils at all 

temperatures. The differential behavior of the surfactants toward the above phenomenon 

may reflect the degree of favorable/unfavorable interaction between the surfactant(s) and 

the alkanol [25], and can be explained in the following way: it was reported that the 

interaction between Brij-58 and Pn is of dipole-dipole or dipole-induced dipole or 

London dispersion type, because of the presence of uncharged or neutral hydroxyl groups 

(Pn) and POE chains (Brij-58). Whereas, the interaction between CTAB and Pn is of ion-

dipole type because of the presence of uncharged or neutral hydroxyl groups (Pn) and 

charged quaternary ammonium groups [N(CH3)3
+]. Ion-dipole interaction is very strong 

compared to dipole-dipole or dipole-induced dipole or London dispersion interactions 

[66]. Therefore, the association between Pn and CTAB is much more favorable than Pn 

and Brij-58. As Pn molecules are slightly deprotonated, which assist Pn to associate 

strongly with cationic CTAB than non-ionic Brij-58, result in stronger association 

between Pn with CTAB [67]. As a result, bothna
i/ns and - G0

t for CTAB stabilized 

systems are higher compared to Brij-58 stabilized systems. Hence, it can be concluded 

that, the interfacial alkanol affinity can be surfactant specific, which was reported earlier 

by Bisal et al. [68]. Similar types of results were also reported by Moulik et al. [31], Hait 

and Moulik [25], Kumar and Kabir-ud-Din [67], Paul and Nandy [36] and De et al. [27]. 
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Table 1. Thermodynamic parameters of transfer of Pn from Hp (or, Dc) to the interface 

of microemulsion containing 2 ml oil, 0.5 mmol of surfactant and at fixed water content 

(2.75×10-2 mol) with varying compositions (Brij-58: CTAB, w/w) and temperatures. a 

Temperature (K)    

Brij-58: CTAB = 5:0 
- ΔG0

t 

(kJ/mol) 
ΔH0

t  

(kJ/mol) 
ΔS0

t 
(J/mol/K) 

303 2.61 (2.43) 15.74 (10.10) 51.98 (33.36) 
308 2.94 (2.66) 17.14 (12.12) 55.68 (39.37) 
313 3.25 (2.90) 18.49 (14.07) 59.12 (44.99) 
318 3.63 (3.21) 19.81 (15.97) 62.33 (50.24) 
323 4.00 (3.51) 21.08 (17.80) 65.29 (55.15) 

Brij-58: CTAB = 4:1    
303 1.20 (1.63) 35.71 (21.41) 117.86 (70.68) 
308 1.76 (1.96) 31.14 (17.76) 101.13 (57.68) 
313 2.26 (2.29) 26.72 (14.22) 85.40 (45.46) 
318 2.71 (2.49) 22.44 (10.79) 70.61 (33.98) 
323 3.05 (2.69) 18.29 (7.47) 56.68 (23.18) 

Brij-58: CTAB = 3:2    
303 2.68 (2.13) 3.03 (1.60) 10.02 (5.31) 
308 2.78 (2.18) 3.78 (0.75) 12.31 (2.48) 
313 2.89 (2.23) 4.51 (-0.05) 14.45 (-0.15) 
318 3.02 (2.25) 5.22 (-0.85) 16.45 (-2.64) 
323 3.15 (2.27) 5.91 (-1.61) 18.32 (-4.97) 

Brij-58: CTAB = 2:3    
303 3.66 (2.34) -6.44 (-2.70) -21.20 (-8.89) 
308 3.62 (2.33) -6.35 (-3.08) -20.57 (-9.98) 
313 3.57 (2.32)  -6.26 (-3.45) -19.97 (-11.01) 
318 3.53 (2.29) -6.18 (-3.80) -19.39 (-11.95) 
323 3.49 (2.27) -6.09 (-4.15) -18.85 (12.83) 

Brij-58: CTAB = 1:4    
303 4.89 (3.73) -14.34 (-10.49) -47.28 (-34.61) 
308 4.67 (3.63) -19.41 (-9.55) -62.97 (-30.99) 
313 4.44 (3.53) -24.32 (-8.64) -77.65 (-27.58) 
318 4.03 (3.47) -29.07 (-7.76) -91.38 (-24.37) 
323 3.63 (3.40) -33.68 (-6.90) -104.22 (-21.35) 

Brij-58: CTAB = 0:5    
303 6.76 (5.21) -29.88 (-16.91) -98.55 (-55.77) 
308 6.39 (5.04) -29.04 (-15.22) -94.22 (-49.39) 
313 6.02 (4.87) -28.22 (-13.59) -90.12 (-43.39) 
318 5.68 (4.76) -27.44 (-12.01) -86.22(-37.74) 
323 5.34 (4.65) -26.67 (-10.48) -82.52 (-32.41) 

 
a
 The error limits of -ΔG0

t, ΔH0
t and ΔS0

t are ± 3, ± 5 and ± 8%, respectively. 
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Further, it has been observed that the values of na
i/ns and - G0

t did not follow any 

straight-forward trend as a function of mixing ratios of the surfactants for any of these 

systems (Figs. S4A and S4B). It has been observed that na
i/ns value first decreases upon 

the addition of CTAB to Brij-58 stabilized systems (mixed Brij-58: CTAB = 5:0→4:1, 

w/w) and after that increases gradually (mixed Brij-58: CTAB = 4:1→0:5, w/w) in both 

oils at all temperatures. In other words, na
i/ns values show minima at composition Brij-58: 

CTAB = 4:1 (w/w). The interfacial population of cosurfactant vis-à-vis stability of the 

mixed microemulsion systems is mainly determined by the repulsions between head 

groups, including electrostatic origin for quaternary ammonium head groups and steric 

origin for oxyethylene head groups [69]. When CTAB is initially added into Brij-58 

stabilized systems, the steric repulsion between head groups of Brij-58 decreases with 

increasing content of CTAB (XCTAB), but the introduction of quaternary ammonium head 

groups of CTAB to Brij-58 surfactant molecules brings about a larger electrostatic 

repulsion between the charged head groups, and subsequently, decreases the area 

required per surfactant head group, allowing the mixed systems to adopt a conformation 

with smaller curvature [70]. As a result, na
i/ns values of the mixed systems increase from 

Brij-58: CTAB = 4:1→0:5, w/w. However, at Brij-58: CTAB = 5:0, w/w (single Brij-58), 

the electrostatic repulsion is absent and na
i/ns is mainly controlled by steric repulsion 

between head group of Brij-58 [70]. Hence, it can be concluded that the effective binding 

between CTAB and/or Brij-58 and Pn at the interface increase in the order of 

composition, (Brij-58: CTAB, w/w): 4:1 < 3:2 < 2:3 < 1:4, which corroborates well with 

the degree of spontaneity of the transfer process. 

It reveals from Figs. S4A and S4B that, both na
i/ns and - G0

t values increase with 

increase in temperature for pure Brij-58 (Brij-58: CTAB = 5:0, w/w) and Brij-58 rich 

(Brij-58: CTAB = 4:1, w/w) stabilized systems, whereas reverse trend is observed for 

pure CTAB (Brij-58: CTAB = 0:5, w/w) and CTAB rich (Brij-58: CTAB = 1:4, w/w) 

stabilized systems in both oils. This phenomenon can be explained as follows. The effect 

of temperature on the solubility and hydration of ionic surfactant is opposite to that of 

non-ionic surfactant. With increase in temperature, dissociation of the ionic head group 

increases and the ionic surfactant becomes more hydrophilic at higher temperatures [71]. 

A higher degree of dehydration around the head group region of the non-ionic surfactant 



 

200 
 

 

appreciably imparts to the molecules an increase in hydrophobicity, thereby leading to 

unsuitable molecular geometry at higher temperatures [72, 73]. Addition of alcohol 

(herein, Pn) effectively changes the originally unfavorable packing geometry of the 

surfactant molecules and produces a stable surfactant/alcohol mixed interfacial film [26]. 

Hence, with increasing temperature na
i/ns values increase for pure Brij-58 and Brij-58 

rich stabilized systems. However, an interesting result has been observed in the vicinity 

of equimolar composition (i.e., Brij-58: CTAB = 3:2 and 2:3, w/w) that both na
i/ns and - 

G0
t are found to be invariant with increase in temperature, i.e., temperature-insensitive 

microemulsions have been formed in both oils. The increased lipophilicity of Brij-58 is 

suppressed by the increased hydrophilicity of CTAB at elevated temperatures and in 

consequence, no variation in both of these parameters has been found in vicinity of 

equimolar composition. Temperature-insensitive microemulsion formation in the vicinity 

of equimolar composition is further confirmed by the analysis of the results of other 

thermodynamic parameters (H0
t and S0

t), and has been dealt in subsequent paragraph.  

G0
tvalues are more negative in Hp continuum than Dc continuum at all compositions of 

the mixed surfactant microemulsions, indicating the process to be more favorable for the 

former than the latter. It is suggested that an effective binding (or, a strong interaction) 

between amphiphiles (Brij-58/CTAB) and alkanol (Pn) at the interface, indicating 

spontaneity of the transfer process becomes more favored in lower chain length of oils. It 

may be due to larger penetration of oil (Hp) due to shorter chain length than Dc into the 

mixed interfacial film of these systems. It is quite likely that the interfacial fluidity may 

increase with increase in oil chain length and thereby, increasing alcohol partitioning at 

the interface. Such an increase in interfacial fluidity results in inelastic collisions between 

droplets, leading to formation of transient dimmers and enhances apparent interdroplet 

interaction for Dc based systems. At sufficiently strong interdroplet interaction, the 

microemulsion droplets stabilized in Dc are less stabilized compared to Hp based systems 

[52]. Similar observations were reported by Moulik et al. [31], Paul and Nandy [36], 

Mitra et al. [38] and Kundu et al. [29].  
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3.4.2. Enthalpy and entropy of the transfer process   

Due to nonlinear dependence of (G0
t/T) on (1/T) (Fig. S5, Appendix E) in terms of a 

two degree polynomial equation, at each composition of surfactant(s) (Brij-58: CTAB = 

5:0→0:5, w/w), five values of H0
t and S0

t at five temperatures have been evaluated 

according to Eqs. (S7) and (S8) and presented Table 1. Three-dimensional profiles on the 

dependence of H0
t and - S0

t as a function of both the compositions (Brij-58: CTAB = 

5:0→0:5, w/w) and temperatures (303K→323K) have been illustrated as Figs. 2A and 2B 

in Hp and Dc, respectively. These curves are not straightforward upon the addition of 

ionic surfactant (CTAB) to the non-ionic surfactant (Brij-58) under various 

physicochemical conditions. 

 

 

Fig. 2. Plot of H0
t and - S0

t vs. different mass ratios of mixed surfactant (Brij-58  and 

CTAB) for w/o microemulsion systems comprising 5×10-4mol of total mixed surfactant, 

2.75×10-2 mol water, 2 ml of heptane (Plot: A) and decane (Plot: B) stabilized by 1-

pentanol at five different  temperatures [303K (open triangle), 308K (open square), 313K 

(open circle), 318K (open star), 323K (open pentagon)]. 
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Pure Brij-58 and CTAB microemulsion systems 

For pure CTAB system (Brij-58: CTAB = 0:5, w/w), the overall transfer process is 

exothermic at all experimental temperatures with negative entropy change (order) in both 

oils. So, Pn causes release of heat during transfer process. Consequently, the negative 

entropy change may be due to more organization of the interface and its surroundings. 

Therefore, the interface composed of Pn and CTAB is to some extent orderly. Such 

negative enthalpy and entropy changes were observed by Wang at al. [34] for water or 

aqueous HCl/cetyltrimethylammonium chloride (CTAC)/alkanol/diesel oil, De et al. [27] 

for water/DTAB/alkanol/Hp and Digout et al. [35] for CPC derived microemulsion 

systems stabilized in different chain length of cosurfactants (Bu, Pn, Hx) and oils 

(pentane/octane/decane). Hait and Moulik [25] and Mohareb et al. [33] reported that the 

spontaneity of the process of alkanol transfer associated with positive H0
t and 

S0
tvalues for CTAB/1-butanol/IPM/water system. The observed difference in 

thermodynamic properties for CTAB-stabilized system may be due to the basic 

difference in type of oils used (for example, ester of fatty acids [25, 33] and long chain 

alkanes in the present study). For pure Brij-58 stabilized system (Brij-58: CTAB = 5:0, 

w/w), the process is endothermic with absorption of heat at all experimental temperatures 

with positive entropy change (disorder) in both oils. The non-ionic surfactant produces 

insignificant ion-dipolar effect with the alkanol showing endothermic transfer from bulk 

oil to the interface [33]. The desolvation of head group of Brij-58 during the transfer of 

Pn in the oil is responsible for both positive enthalpy and entropy change [38]. Similar 

observation was also reported by De et al. [27] for Tween-20/Bu or Pn/Hp/water and 

Kundu and Paul [29] for Brij-58 or Brij-78/Pn/Hp or Dc/water microemulsion systems. 

However, Bardhan et al. [30] reported an opposite behavior of pure Brij-35 based 

systems stabilized in IPM. The opposite behavior towards temperature of ionic and non-

ionic surfactants might be responsible for such variation in enthalpy and entropy values 

with temperature [74]. The negative entropic change of pure CTAB systems is due to the 

better organization of the interface and its surroundings. The interfacial film composed of 

Pn and CTAB indicates more ordered at all experimental temperatures than Brij-58 

stabilized systems, which corroborated well with the spontaneity of the transfer process.  
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Mixed compositions of Brij-58 and CTAB microemulsion systems 

At compositions in between two extremes (i.e., Brij-58: CTAB = 4:1, 3:2, 2:3 and 1:4, 

w/w) in both oils, H0
t and S0

t values are found to be both positive and negative, 

respectively at all studied temperatures. It has been observed from Figs. 2A and 2B that, 

both H0
t and S0

t values are positive at Brij-58 rich composition (Brij-58: CTAB = 4:1 

and 3:2, w/w) and negative at CTAB rich composition (Brij-58: CTAB = 2:3 and 1:4, 

w/w) in both oils (with some exception at Brij-58: CTAB = 3:2, w/win Dc). A positive 

contribution towards H0
tcan be interpreted as the energy required to release the 

structural water from the hydration layer around the hydrophilic domain. An additional 

contribution arises from the liberation of water molecules from the water cage around the 

hydrophilic moiety of the surfactants. The negative contribution towards H0
tis identified 

with the transfer of the surfactant tail from water to liquid hydrocarbon state in the 

interfacial layer and restoring the hydrogen bonding structure of the water around the 

surfactant head group [75]. However, insignificant changes in these thermodynamic 

parameters with temperature have been observed in the vicinity of equimolar composition 

(Brij-58: CTAB = 3:2 and 2:3, w/w), leadingto formation of isenthalpic and isentropic 

microemulsion systems. Similar observation was also reported earlier for mixed 

surfactant microemulsion systems [29, 30, 37, 76]. Further, it has been observed that both 

H0
t and S0

t values are more positive or more negative in Hp stabilized systems 

compared to Dc stabilized systems at all compositions. The difference in enthalpic and 

entropic behaviors between these two oils may be attributed to the difference in alkyl 

chain length between two oils, as reported earlier [29, 37]. It is apparent that different 

phenomena associated with the transfer process of Pn, viz., changing aggregation 

number, solvation-desolvation of non-ionic surfactant, electrostatic and steric interactions 

between hydrophilic head groups of CTAB and Brij-58, steric and other nonspecific 

processes contribute their shares to H0
t and S0

t values [77]. Hence, it can be inferred 

that the overall mixed surfactant microemulsion forming systems can end up with both 

absorption or release of heat and with ordered or disordered state, depending on their 

chemical compositions (i.e., the constituent surfactant(s) with their configuration, content, 

and type of oil) and thermal condition. 
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A linear thermodynamic correlation between enthalpy (H0
t) and entropy (S0

t) for these 

systems at 303-323 K (with correlation of coefficients of 0.9999 at each temperature) has 

been observed. Such figures are not exemplified here.The compensation temperatures 

(Tcomp) at each experimental temperature are presented inTable S1. It was reported that 

the compensation temperatures(Tcomp) are minorly deviated from the experimental 

temperatures [25, 29, 31, 35]. The linear correlation suggested that a mutual balance is 

established between enthalpy and entropy during the alkanol transfer process from the 

oleic phase to the oil/water interface. The extraordinary correlation between enthalpy and 

entropy is mainly due to the experimental errors than to chemical variations [36]. 

3.5. Dynamic light scattering (DLS) measurement  

The hydrodynamic diameter (Dh) or droplet size of water/Brij-58/CTAB/Pn/Hp or Dc 

microemulsions was measured by employing the dynamic light scattering (DLS) 

technique at different temperatures (303, 308, 313, 318 and 323K). The same 

compositions were chosen for DLS measurements as employed for the dilution method. 

The results are depicted in Fig. 3.  

3.5.1. Effect of composition on Dh  

It reveals from DLS measurements that Dh decreases significantly with the increase in 

cationic surfactant (CTAB) in the mixed systems (Brij-58: CTAB = 5:0→0:5, w/w) in 

both oils at each temperature. It can be argued as follows. The droplet sizes of the mixed 

surfactant microemulsion systems (herein, reported) is mainly governed by the repulsion 

between head groups of the surfactants (viz. steric origin for oxyethylene head groups 

and electrostatic origin for quaternary ammonium head groups), and also by the packing 

parameters of the surfactants forming the mixture. As discussed above, the initial effect 

of introducing an ionic surfactant into a nonionic surfactant-based system results in 

increase in electrostatic repulsive interactions between head groups and, thus decrease the 

droplet size [78, 79]. From packing parameter consideration, it can be explained as 

follows. The droplet size of microemulsion depends upon the flexibility of the interface, 

which in turn is related to the surfactant packing parameter (P) given by the relation, P = 

v/al, where ‘v’ and ‘l’ are the volume and the length of hydrophobic chain, respectively, 

and ‘a’the area of polar head group of the surfactant. For a mixed surfactant 
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microemulsion (herein, Brij-58/CTAB), the effective packing parameter (Peff) can be 

expressed according to the following relation as obtained by Evans and Ninham[80]: 

Peff = [(xv/al)A + (xv/al)B]/(xA + xB)              (3) 

where, xA and xB are the mole fractions of CTAB and Brij-58 present at the interface, 

respectively. It was reported earlier that, head group area of Brij-58 and CTAB are 1.81 

and 0.50 nm2 [26, 29]. Hence, v/al of Brij-58 is smaller than that of CTAB. It follows 

from Eq. (3) that Peff reaches a higher value than that of P due to the presence of CTAB at 

the mixed interface and consequently, the mixed systems attain lower droplet size than 

the single Brij-58/oil(s) system. 
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Fig. 3. Plot Dh as a function of mixed surfactant composition for water/Brij-

58/CTAB/Pn/Hp or Dc microemulsion systems comprising 5×10-4mol of total mixed 

surfactant, 2.75×10-2 mol of water, 2 ml of Hp or Dc (Inset A) at different temperatures 

(303K→323K). 
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3.5.2. Effect of oil on Dh  

It can be observed from Fig. 3that droplet sizes in Dc continuum are larger compared to 

Hp continuum and can be explained in the following way. It is easier for the solvent with 

smaller molecular volume (herein, Hp) to penetrate into the hydrocarbon chains of the 

surfactant(s) existing at the interfacial film of the w/o microemulsions, and, consequently, 

increases the packing parameter (P = v/al) of the surfactant and decrease the diameter of 

the microdroplets [81]. Similar observation was also reported earlier by Liu et al. [57].  

3.5.3. Effect of temperature on Dh   

Again, it is evident from Fig. 3that droplet size (Dh) has been found to decrease with 

increase in temperature in pure Brij-58 (Brij-58: CTAB = 5:0, w/w) and Brij-58 rich 

(Brij-58: CTAB = 4:1, w/w) compositions, whereas a reverse effect of temperature on 

droplet size has been observed for  pure CTAB (Brij-58: CTAB = 0:5, w/w) and CTAB 

rich (Brij-58: CTAB = 1:4, w/w) compositions of the systems in both oils. Further, a 

negligible effect of temperature on droplet size has been observed in close proximity of 

equimolar composition of the mixed surfactants (Brij-58: CTAB = 2:3 and 3:2, w/w). 

This trend can be explained in the following way. It has been observed that na
i/ns values 

(i.e., compositional variation of Pn at the interface) increase with increase in temperature 

in Brij-58 rich compositions (Brij-58: CTAB = 5:0 and 4:1, w/w), whereas reverse trend 

is observed for CTAB rich compositions (Brij-58: CTAB = 0:5 and 1:4, w/w). However, 

in the vicinity of equimolar composition (Brij-58: CTAB = 3:2 and 2:3, w/w), na
i/ns has 

been found to be invariant with increase in temperature in both oils (Fig. S4).Pn 

molecules are mainly located at the micellar interface due to their negligible solubility in 

water [29]. The total interfacial area becomes larger as alcohol molecules are 

incorporated at the mixed surfactants interface, which results in increase in the number of 

droplets and subsequently, the droplet size shrinks. [82]. Further, droplet size depends on 

the packing parameter (P) of the surfactant(s). The addition of alcohol reduces the 

average cross-sectional area of the surfactant head group and consequently, effective 

packing parameter (Peff) becomes larger. This leads to increase in the interface curvature 

and Dh decreases. Hence, the accommodation of larger Pn molecules at the interface 

leads to decrease in droplet size [83]. Similar observation was reported earlier by Zhang 
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et al. [83] for water/AOT/Bu or Pn/IPM microemulsion systems. The polydispersityindex 

(PDI) has been observed in the range between 0.1-0.2, which indicates a monodispersity 

of the systems [84].  Hence, the reported w/o mixed microemulsions can be exploited as 

templates for synthesis of the nanoparticle of different sizes. 

3.6. FTIR Measurement 

It is well known that the nanoscopic confinement of water droplets as well as their sizes 

has major impact on water hydrogen bond network dynamics regardless of the nature of 

the interface in w/o microemulsion [85]. But still significant differences in respect of the 

dynamical nature of water in reverse micelle or w/o microemulsion have been reported 

for ionic and non-ionic surfactants. Levinger et al. [86, 87] reported that the solvation 

dynamics of anionic surfactant (AOT) based reverse micelle are slower than nonionic 

surfactant (Brij-30) based reverse micelle from ultrafast solvation dynamics 

measurements. This difference in solvation dynamics may be attributed to the difference 

in interaction between water and charged and uncharged head groups of the surfactants 

[46]. An interesting question that emerges from these reports is that whether one can tune 

the dynamics of the confined water in w/o microemulsions by mixing of two surfactants 

with different charge types. Hence, in order to get a clear picture about the dynamics of 

the confined water vis-à-vis  type of hydrogen bonding network within  the water pool of 

w/o mixed microemulsion systems (water/Brij-58:CTAB/Pn/Hp) as a function of mixed 

surfactant composition (Brij-58: CTAB = 5:0→0:5, w/w) at fixed water content (2.75 × 

10-2 mol), surfactant and cosurfactant mass ratio (1:2) and temperature (303K), we 

employ a simple noninvasive technique viz. Fourier transform infrared spectroscopy 

(FTIR). In any reverse micelle or w/o microemulsion formulation, the O-H stretching 

vibration is a good probe to get an insight into the states of water trapped or confined 

inside the micellar core. A number of studies have been explored the properties of 

encapsulated water in a range of sizes and types of w/o microemulsions by FTIR 

measurement [28, 46, 47, 85, 88]. Small amount of Pn has been used as structure forming 

cosurfactant in the present study as mentioned earlier. Recently, different states of water 

species have been reported in single surfactant (CTAB or polyoxyethylene (10) oleyl 

ether-based) and mixed surfactant [CnTAB + C16E20 (1:1), n = 12→18] w/o 

microemulsions in presence of cosurfactant (alkanol) [28, 47]. However, the influence of 
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alkanol vibration on the intensity of O-H stretching vibration of confined water can not 

be ignored. To get rid of the IR intensity due to O-H stretching vibration of Pn molecule, 

the spectra of Pn at same concentration has been subtracted from the spectral intensity of 

O-H stretching band at corresponding ω, and the differential spectra have been analyzed 

[47]. Different types of hydrogen bonded water molecules exist in reverse micelles or w/o 

microemulsions, and can broadly be classified into two major classes, namely, head 

group bound and bulk-like water molecules, as reported earlier by both FTIR and 

solvation dynamic techniques [46, 47,88]. Hence, the differential spectra obtained in the 

present study as described above, have been deconvoluted into two peaks at ~3500 and 

~3300 cm-1, corresponding to the O-H stretching frequency of the surfactant head group 

bound and bulk-like water molecules (droplet core water), respectively [46, 47]. A 

representative result is depicted in Fig. S6 (Appendix E). Since no coupling effects have 

been considered, precise calculation of the fractions of different water species cannot be 

achieved from the present results [89]. However, the values are used for comparative 

purpose as a measure of the relative abundance of different water species [28, 89]. 

It is evident from Fig. S6 that the proportion of bound and bulk like water in mixed 

microemulsion system (Brij-58: CTAB = 5:0→0:5, w/w) has been found to be affected 

upon increase in content of CTAB. Further, the decrease in the hydrodynamic diameter 

(Dh) [15.9 nm (5:0) → 6.4 nm (0:5)] has been observed at the prevailing condition as 

evident from the DLS measurement. It is evident from Fig. S6 that the variation of 

Gaussian profiles (area fraction) of the normalized spectra of different water species 

(bound and bulk like water molecules) that the bulk like water and its relative proportion 

decreases considerably, passing from 58% to 43% with the increase in CTAB content 

(Brij-58: CTAB = 4:1→0:5, w/w) vis-à-vis decrease in droplet size from 15.9 nm to 6.4 

nm. Meanwhile, contribution of the bound water increases from a proportion of 42% to 

57%. In a previous report, FTIR spectra of mixed surfactant (AOT/Brij-30) reverse 

micelles in isooctane was deconvoluted into two curves peaks at ~ 3300 and 3500 cm-1, 

with the relative contribution of the former peak (at 3300 cm-1)to be the most prominent 

one, which indicates the presence of a large fraction of bulk like water in non-ionic rich 

(Brij-30) composition compare to anionic rich (AOT) composition [46]. On the whole, 

the features of the FTIR spectra obtained in the present report corroborate well with the 
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reported system (AOT/Brij-30), although structural variation in polar head groups of 

AOT and CTAB exists significantly. Hence, it can be inferred that the water molecules 

interact less strongly with the non-polar head group in comparison to the ionic head 

group [46]. In a similar experiment, Brubach et al. [85] reported that proportion of 

different water species significantly changes with the variation of droplet size (ω = 1.51 

→ 25.3, Dh = 9.4 nm → 20.9 nm) in nonionic fluorocarbon w/o microemulsion. Further, 

it was reported that the hydroxyl stretch absorption spectra, vibrational population 

relaxation times, orientational relaxation rates, and spectral diffusion dynamics as a 

function of the water nanopool size results in changes from those of bulk properties 

towards the bound nature as the system moves towards the smaller water nanopool (ω = 

60→2, diameter = 28 nm → 1.7 nm) for AOT reverse micelles [88]. Hence, it can be 

concluded that both the parameters, viz., change in mixed surfactant composition (Brij-

58: CTAB = 5:0→0:5, w/w) and droplet size (Dh = 15.9 nm → 6.4 nm) significantly 

affect the dynamics of the confined water vis-à-vis type of hydrogen bonding network 

within the water pool in mixed surfactant microemulsions.  

4. Conclusions  

In this report, phase behavior, water solubilization capacity, conductivity, method of 

dilution, DLS and FTIR techniques were employed for understanding of the 

physicochemical properties and microstructures of  awater-in-oil microemulsion system 

comprising of Brij-58 and CTAB, and Pn stabilized in Hp or Dc with varying 

composition (Brij-58: CTAB = 5:0→0:5, w/w).  

Phase study reveals that asingle phase (1ф) clear microemulsion region has been found to 

increase with the increase in the ratio of Brij-58 and CTAB in both oils at 303K. Single 

phase region is larger for Hp stabilized systems compared to Dc stabilized systems. The 

addition of CTAB in Brij-58/Pn/Hp or Dc microemulsion system induces synergism in 

water solubilization capacity in the vicinity of equimolar composition (Brij-58: CTAB = 

3:2 and 2:3, w/w). The conductivity of mixed surfactant water/Brij-58/CTAB/Pn/Hp or 

Dc microemulsion with varying composition of surfactant(s) as a function of wt% of 

water at 303K reveals that the samples chosen from the ascending branch (Brij-58: 

CTAB = 5:0→2:3, w/w) of the solubilization capacity versus (Brij-58: CTAB) profile 

exhibit volume-induced percolation in conductance, whereasno percolation phenomenon 
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has been observed in the descending branch (Brij-58: CTAB = 1:4→0:5, w/w). Hence, it 

can be concluded that ascending and descending curves indicate the interdroplet 

interaction branch (Rc) and the curvature branch (Ro), respectively. The above findings 

from conductivity measurements also corroborate well with dye solubilization 

experiment. Understanding of the relationship between microstructure and solubilization 

capacity of microemulsions is importantfor preparation and optimization 

ofmicroemulsions for protein purification process [90] and also for efficient use in drug 

delivery [91].Further, FTIR measurementsshowthat bulk water (~ 3300 cm-1)and bound 

water (~ 3550 cm-1) gradually decreases and increases, respectively with increasing 

CTAB content to Brij-58 stabilized systems. It has been argued that the interaction 

between head group (POE as uncharged) of Brij-58 and water is comparatively weaker 

than the interaction between charged head group [N(CH3)3
+] of CTAB and water.From 

the analysis of na
i/ns (compositional variation) and -G0

t values (obtained from the 

dilution method), it can be concluded that the effective binding between CTAB and/or 

Brij-58 and Pn at the interface increase in the order: 4:1 < 3:2 < 2:3 < 1:4 (w/w). Both 

na
i/ns and - G0

t values increase with increase in temperature for pure Brij-58 and Brij-58 

rich systems, whereas reverse trend is observed for pure CTAB and CTAB rich systems 

in both oils. The phenomenon has been explained from the view point of opposite 

temperature dependence on the solubility and hydration of ionic and non-ionic 

surfactants. Both of theseproperties, have been found to be invariant with increase in 

temperature (indicating formation of temperature-insensitive microemulsions) in both oils 

in the vicinity of equimolar compositions (Brij-58: CTAB = 3:2 and 2:3, w/w). Such 

types of microemulsion formulations have been found to be useful in various commercial 

and technological processes [92].The overall transfer process for pure Brij-58 and CTAB 

systems indicates endothermic and exothermic with positive and negative entropy 

change, respectively in both oils. However, at compositions in between two extremes, 

both H0
t and S0

t values are positive at Brij-58 rich compositions and negative at CTAB 

rich compositions in both oils. Interestingly, insignificant changes in these parameters 

with temperature have been observed in the vicinity of equimolar composition (= 3:2 and 

2:3, w/w), leadingto formation of isenthalpic and isentropic microemulsion systems. 

Similar to many self-organizing systems, the H0
t and S0

t values well compensate each 
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other. It reveals from DLS measurements that Dh  decreases remarkably with the increase 

in CTAB content in the mixed systems at each temperature in both oils. On the other 

hand, Dh has been found to decrease with increase in temperature in pure Brij-58 and 

Brij-58 rich stabilized systems, whereas reverse effect of temperature on Dh has been 

observed in pure CTAB and CTAB rich stabilized systems in both oils. Temperature 

invariant droplet sizes have also beenevidenced in the vicinity of equimolar composition. 

Also, all these physicochemical parameters have been found to be influenced by oil chain 

length. The adjustable size of the microemulsion droplets along with the Gibbs free 

energy change (- ΔG0
t) [93, 94] could be used for predicting the size of the nanoparticles 

in mixed surfactant w/o microemulsions, if used as templates.Very recently, it was 

reported that successful inclusion of 2D allotrope of carbon in CTAB/isooctane/n-

hexanol/water microemulsion without compromising the stability of the system, can 

increase the activity of surface-active enzymes enormously by modulating the amount of 

cosurfactant at the interface [95]. Further, Singh et al. [96] reported that quantum dots 

(QDs), which possess potential application in white light emitting devices can be 

synthesized successfully in CTAB/cyclohexane/1-butanol/water microemulsion systems 

and the optical properties of QDs can be tuned by changing the experimental parameter, 

 (i.e., molar ratio of water to surfactant). In view of these, the evaluation of all these 

physicochemical and thermodynamic parameters of the present systems could be used as 

prospective templates for increasing the activity of surface-active enzymes and synthesis 

of QDs. 
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h i g  h l  i  g  h t  s

• Oil  dependent  phase characteristics

were  studied  for mixed  microemul-

sions.
• Appearance  of  conductance  percola-

tion  supports  well with  the droplet

dimension.
• Relative  changes  in anisotropy  values

upon  hydration  of non-ionic’s  corrob-

orate  synergism.
• Synergism  in interfacial composition

was  observed  at a specific  water  con-

tent mixed system.
• Relative  abundance  of  water corre-

lates with  interfacial  alkanol  popula-

tion.
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a b  s  t  r a  c t

In  this  report,  phase behavior,  conductivity, viscosity,  dynamic light  scattering, fluorescence lifetime,

steady state  fluorescence  anisotropy  and Fourier transform infrared  spectroscopy  (FTIR) techniques

were  employed  for  understanding  of  the  physicochemical properties and microenvironment  of water-

in-oil  microemulsion comprising  equimolar  (1:1)  cetyltrimethylammonium  bromide  (C16TAB)  and

polyoxyethylene  (20) cetyl  ether (C16E20)/1-butanol/heptane  or  decane, with  varying water content (ω)

at  303 K.  Both conductivity  and viscosity  of these  systems were  increased with increase in ω in both

oils.  Droplet size  was also increased  with  increase in  ω and corroborated well  with  the conductance  and

viscosity measurements,  and  depends  on oil chain length.  The physicochemical changes  in the  microenvi-

ronment  with  increase  in  ω were presented by  measuring  the  changes in decay time  using a fluoroprobe

(7-hydroxycoumarin).  The effect of hydration  on  the microstructure  of these  systems was studied by

polarized fluorescence measurements. FTIR measurements  reveal  three  states  of water  molecules,  viz.

trapped,  bound  and bulk water, in water pool  of  these  systems. Further, the interfacial composition  and

free energy of  transfer  of 1-butanol  from  oil to the  interface  were  evaluated  by  the dilution  method.

Changes  in interfacial  composition  as a function  of  ω corroborate well  with  FTIR results indicating  bound

and  bulk  water.
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1. Introduction

Microemulsions are ternary or pseudo-ternary dispersed

systems comprising mixtures of oil,  water and surfactant or (sur-

factant + cosurfactant). They possess some unique characteristics,

such as  thermodynamic stability (imparting long shelf-life), com-

partmentalized polar and non-polar dispersed nano-domains, ease

of  preparation, low viscosity, ultralow interfacial tension, isotropic

and optical transparency (infrequently faint translucency) [1,2].

Due to the existence of both polar and non-polar microdomains,

both hydrophilic and lipophilic drug molecules could be sol-

ubilized, encapsulated and stabilized in  these microscopically

heterogeneous and macroscopically homogeneous systems [3].

Typical water-in-oil (w/o) microemulsions or reverse micelles

(RMs) consist of nanoscopic water pools dispersed in a  nonpolar

solvent separated by  surfactant monolayer [4].  The physicochem-

ical  properties of water molecules localized in  the interior of the

microemulsions or RMs  i.e., confined water is different from those

of bulk water, and has been found to be strongly dependent on the

chemical nature of the dispersant phase (oil), surfactant, cosurfac-

tant and also on the hydration level of the w/o microemulsions [5,8].

The change in  the structural properties, such as the size, shape, and

interfacial rigidity of the microemulsions play an important role

in controlling the chemical reactivity of the reactants, morphol-

ogy of the nano-materials, and the release of the drug molecules

from the microemulsion droplets [9–11]. The droplet sizes of the

microemulsions are usually controlled by  a  parameter, ω (which

is equal to molar ratio of water and surfactant). Extensive studies

have been performed to  understand the interaction and dynam-

ics of the  microemulsion droplets using various techniques, such

as small-angle neutron scattering (SANS), small-angle X-ray scat-

tering (SAXS), transmission electron microscopy, dynamic light

scattering (DLS), nuclear magnetic resonance (NMR), fluorescence

spectroscopy, conductance, and viscosity measurements [12,13].

Further, reports on  the interaction of dye molecules within confined

environment of RMs  to  elucidate the properties of these  organized

systems [14,15]. Dye molecules can be accommodated in a RM  in

three different locations: (a) external organic solvent, (b) micellar

interface formed by surfactant monolayer, and (c) internal polar

core depending upon nature of the dye and the  medium. Hence,

nature and size of RMs can be deciphered by monitoring spectral

behavior of dye molecules.

Surfactant mixtures often give rise to enhanced performance

over the individual components or exhibit synergism in  their

physicochemical properties. Because of this property, such mix-

tures are of theoretical interest as well as could potentially

be employed in  a  wide range of applications. Reports on  the

use  of the blends of ionic/nonionic surfactant microemulsions

as templates for  enzymatic activity, nanoparticle synthesis, and

chemical reactivity are available in literature [16–18]. Further,

characterization of water-in oil (w/o) mixed surfactant microemul-

sions using conductivity [19–21],  viscosity [20–22],  SANS [23],

solubilization [24,25],  interfacial composition [20,21,26],  Fourier

transform infrared (FTIR) spectroscopy [20,21,27],  and NMR  [28]

reveals a significant modification of physicochemical properties of

the oil/water interface as well as the state of the confined water

inside the pool compared to  the corresponding single surfactant

systems. These findings summarized that the influence of surfac-

tant mixing on overall formation and stability of microemulsions

are a direct consequence of molecular interactions of the con-

stituents at  the oil/water interface.

Very recently, we have reported the interfacial composi-

tion, thermodynamics of alkanol transfer process, solubilization

behavior, transport and microstructural properties, and the dynam-

ics of confined water of mixed surfactant (ionic and nonionic)

w/o microemulsions under different physicochemical conditions,

by employing the dilution method (Schulman’s method of

cosurfactant titration of the oil/water interface), conductivity,

viscosity, DLS and FTIR measurements [20,21,25,26,29]. In view

of these studies, the present report aims at a  precise char-

acterization on the basis of molecular interactions among the

constituents and explicate the formation vis-à-vis the nature

of the oil/water interface of equimolar (1:1) mixed surfactant

w/o microemulsions [water/cetyltrimethylammonium bromide

(C16TAB) + polyoxyethylene (20) cetyl  ether (C16E20)/1-butanol

(Bu)/heptane (Hp) or decane (Dc)] as a function of  molar ratio

of water and surfactant (ω = 10 → 50) at 303 K. Both of these sur-

factants (C16TAB and C16E20) are chosen in  such a way  that they

possess similar hydrocarbon tail (constituting 16 carbon atoms

in the linear hydrocarbon chain), but they differ in  charge type

and size of the polar head groups, so that the possible interaction

between the hydrocarbon chains of both surfactants gets mini-

mized [23,30].  Bu is used as structure making cosurfactant for w/o

microemulsion formulation due to its potential industrial as well

as biological applications [31,32].  Formation, microstructure, inter-

nal dynamics (interface dynamics of the droplets and dynamics of

confined water) and composition of the mixed interfacial film of

these systems have been  characterized by means of the phase study,

conductivity, viscosity, DLS, fluorescence lifetime, steady state flu-

orescence anisotropy, FTIR measurements and dilution method as

a function of water content. Finally, the correlation of the results in

terms of the evaluated physicochemical parameters has been made,

which is expected to  improve the basic understanding of the for-

mation and characterization of the interface that imparts stability

to mixed surfactant w/o  microemulsions.

2. Experimental

2.1. Materials

Cetyltrimethylammonium bromide (C16TAB, >99%), poly-

oxyethylene (20) cetyl ether (C16E20,  >98.5%) were the products

of Sigma Aldrich, USA and Fluka, Switzerland, respectively. The

cosurfactant [1-butanol (Bu, >98%)] and oils [heptane (Hp, >98%)

and decane (Dc, >98%)] were products of Fluka, Switzerland, Lan-

caster, England and E. Merck, Germany, respectively. The  dye,

7-hydroxycoumarin (HCM, >99%) and 2-(2,4,5,7-tetrabromo-6-

oxido-3-oxo-3H-xanthen-9-yl) benzoate (Eosin Y,  >99%) were the

products of Chem Service, West Chester, USA and E. Merck,

Germany, respectively. Colloidal dispersion of silica (Ludox AM-

30 colloidal silica, 30 wt% suspensions in  water) was the product

of Sigma Aldrich, USA. All  these chemicals were used without fur-

ther purification. Doubly distilled water of conductivity less than

3 �S cm−1 was used in  the experiments.

2.2. Methods

2.2.1. Preparation of microemulsion

Microemulsions were prepared using the blends of  C16TAB and

C16E20 at a  fixed composition of the surfactant(s) (1:1) in  Hp or

Dc oil  and then adding calculated amount of the de-ionized water

or aqueous solution of dye or fluoroprobe (depending upon their

solubility’s in  water) at different concentration levels to  obtain the

desired ω (=[water]/[surfactant(s)]). The resulting solution was vor-

texed for about at least 60 s. All  the samples were single phase

and optically transparent under the experimental conditions of  the

conductance, viscosity, DLS, fluorescence and FTIR spectroscopic

measurements reported herein. The addition of the de-ionized

water  or aqueous dye or fluoroprobe was controlled by using a

micro-syringe. For different instrumental measurements, the com-

position of the microemulsions was kept constant at mass ratio of

surfactant(s) and cosurfactant equals to 1:2.
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2.2.2. Phase manifestation

The pseudo ternary phase diagrams of water/(C16TAB + C16E20)/

Bu/Hp (or, Dc) at equimolar composition (1:1) of mixed surfac-

tants were constructed by titrimetric method. A known amount

of mixed surfactants and Bu  (1:2, w/w) and oil (Hp or, Dc) or water

was taken in a stoppered test tube. Water or oil  was  then pro-

gressively added using a microsyringe under constant stirring in

a controlled temperature bath (303 ± 0.1 K). The phase boundary

was demarcated by the appearance of turbidity, and correspond-

ing composition was noted. The same  experiment was  carried out

for a number of  compositions by  varying amount of oil or water.

It was estimated that the accuracy of the measurements for the

transparency-to-turbidity transition was better than ±2%.

2.2.3. Conductance measurements

Conductivity measurements were made using an automatic

temperature-compensated conductivity meter, Mettler Toledo

(Switzerland) Conductivity Bridge, with cell constant of 1.0 cm−1.

The instrument was calibrated with a  standard KCl solution. A

constant temperature (303 ±  0.1 K) was maintained by  circulating

water through the outer jacket from a thermostatically controlled

water bath. The reproducibility of the conductance measurement

was found to be within ±1%.

2.2.4. Viscosity measurements

Viscosity measurements were performed using a  LVDV-II +  PCP

cone and plate type rotoviscometer (Brookfield Eng. Lab, USA). The

temperature was kept constant (303 K) for viscosity measurement

within ±0.1 K by circulating thermostatic water, through a  jacketed

vessel containing the solution. The reproducibility of the viscosity

measurement was found to be within ±1%.

2.2.5. Dynamic light scattering (DLS) measurements

The size of the microemulsion droplet was determined by DLS

method. The same set of solutions, as used for conductance and vis-

cosity measurements, were employed for droplet size analysis at

303 K. DLS measurements were carried out using a  Zetasizer Nano

ZS90 (ZEN3690, Malvern Instruments Ltd, U.K.). A He–Ne laser of

632.8 nm wavelength was used and the measurements were made

at a scattering angle of 900. Details of the measurement were pre-

sented in our previous reports [20,21].

2.2.6. Fluorescence lifetime measurements

The fluorescence lifetime measurements were performed at

303 K  using a bench-top spectrofluorimeter from  Photon Tech-

nology International (PTI), USA (Model: Quantamaster-40). The

present PTI lifetime instrument employs Stroboscopic Technique

(Strobe) for  time-resolved fluorescence measurements. Fluores-

cence lifetime of the dye (HCM) was recorded at 450 nm using 310

nano LED as  the light source. Instrument response function (IRF) is

acquired from a non-fluorescing scattered solution (Herein, Ludox

AM-30 colloidal silica, 30 wt% suspension in water) held in  a  1 cm

path length quartz cell. Analysis has been made by  Felix GX (ver-

sion 2.0) software. Goodness of the fluorescence lifetime data fits

of the curves is adjudged by �2 value (less than 1.10) and with a

residuals trace that is fully symmetrical about the zero axis. Detail

of the technique is given in the Supporting information (Section 1

and Fig. S1).

2.2.7. Steady state fluorescence anisotropy

Steady state anisotropy (r) was determined using the following

expressions [33,34],

r = IVV −
GIVH

IVV
+ 2GIVH and G =

IHV

IHH
(1)

where IVV and IVH are the intensities obtained with the excitation

polarizer oriented vertically and the emission polarizer oriented

vertically and horizontally, respectively; IHV and IHH refer to  the

similar parameters as above for the horizontal positions of the exci-

tation polarizer. The excitation wave length for probe (Eosin Y) was

set at 500 nm (�ex)  and the emission spectra (�em) were recorded

in  the range of 500–650 nm [34,35].

2.2.8. Fourier  transform infrared spectroscopy (FTIR) studies

FTIR absorption spectra were recorded in  the range of

400–4000 cm−1 with a  Shimadzu 83000 spectrometer (Japan) using

a  CaF2-IR  crystal window (Sigma-Aldrich) equipped with a  Press-

lock holder with 100 number scans and spectral resolution of

4 cm−1 at 303 K. Deconvolution of spectra has been made with the

help of Origin software.

2.2.9. The dilution method (Schulman’s method of cosurfactant

titration at the  oil/water interface)

The dilution experiment based on titrimetric method was  pio-

neered by Bowcott et al. [36].  The procedure of this experiment at

different physicochemical conditions with theoretical backgrounds

(i.e., basics of the dilution method and evaluation of thermo-

dynamic parameters) were presented in our previous reports

[20,21,26].

3. Results and discussion

3.1. Phase behavior of mixed surfactant microemulsions

For the characterization of mixed surfactant microemulsions

[water/(C16TAB + C16E20)/Bu/Hp (or, Dc)], phase behavior study

was undertaken at 303 K.  A  partial phase diagram of the pseudo-

ternary systems was  constructed by preparing the samples at

57 different compositions for an overview of the phase behav-

ior (i.e. clear microemulsion zone; 1ф  and biphasic zone; 2ф).

However, appearance of viscous and other phases along the [sur-

factant(s): cosurfactant/water]–oil axis have not been shown for

simplicity. Determination of the boundaries of the microemulsion

region was then refined through a  titration process of mixtures of

oil  (Hp or Dc), surfactant (C16TAB +  C16E20) and cosurfactant (Bu)

(S:CS = 1:2, w/w) with water by observing transition from clear

transparent solution to turbid solution through visual observation.

To begin with the titration process, water was  added drop wise to

an oil/mixed surfactant–cosurfactant blend with a  varying amount

of oil (100.0 → 0.0 wt%). Data demarcating the phase boundaries for

all compositions of these systems are given in  Table S1 (Supporting

information). The findings and the discussions on  the phase behav-

ior are  presented with the help of phase diagrams in  the Supporting

information (Section 2 and Fig. S2).

3.2. Dynamic light scattering (DLS) studies

DLS measurements have been proved to be  a precise and

convenient tool  for investigating the structural properties of

w/o microemulsion systems, as reported by several authors

[7,14,15,20,21,25,27,29,34]. Herein, the size and size distribution

of droplets in w/o  microemulsions were characterized by DLS  mea-

surements as a  function of water content (ω)  at 303 K. The same

experimental path was  used, as that of conductivity and viscos-

ity measurements were chosen. All  kinds of droplet shapes were

imitated to spheres during the DLS measurements. Therefore, the

size  of the possible globule shape of microemulsion droplet was

real dimension or  similar to it  [37].  Typical values of polydispersity

index (PDI) which was calculated according to the International

Standard on dynamic light scattering ISO 13321 [38] and was
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Fig. 1. Hydrodynamic diameter (Dh)  of water/(C16TAB + C16E20 ,  1:1)/Bu/Hp (or Dc)

microemulsions as a function of molar ratio of water to  surfactant (ω) at a constant

temperature of  303 K. Open circle: Bu/Hp, filled  circle: Bu/Dc. Dotted lines are guide

to the  eye.

obtained in the range 0.1–0.2. This indicates that the sample is

rather monodisperse in  nature [39,40].

It reveals from DLS measurements, that hydrodynamic diame-

ter (Dh) of the microemulsion droplets increase remarkably from

6.54 nm to 11.66 nm and 6.80 nm to 12.20 nm in  Hp and  Dc, respec-

tively, with the increase in water content (ω = 10 → 50) in  the mixed

systems, keeping other parameters constant (Fig.  1). When water

is added to dry RMs, a  portion of the water goes to the inter-

face and hydrates the head group of surfactants until they reach

a maximum, becoming fully hydrated at a  certain ω. Additional

water then goes primarily to  the inner core, leading to continu-

ous increase in  the volume of core water with a  further increase

in  ω. This result in a  change in  the distribution of surfactant

molecules to cover the increased volume of water, and subse-

quently, the smaller droplets are  combined into larger ones [41].

These results are  consistent with the evaluation of the effect ω
on the size of nonylphenylpolyethoxylates (NP)-based RMs  stabi-

lized in cyclohexane [41]. Recently, Zhang et al. [42] and Kundu

et al. [29] reported similar results for  AOT/IPM/alcohol/water and

AOT/Tween-85/IPM or  IPP or EO/water reverse micelles, respec-

tively.

It can be observed from Fig. 1 that hydrodynamic diameter (Dh)

increases with increase in water content (ω) linearly up  to  a  certain

ω (∼30), i.e., swelling of microemulsion droplets has been followed,

as it  is well established for water or  polar solvent/surfactant/oil

microemulsions [43].  This feature also demonstrates that the w/o

microemulsions consist of discrete spherical and non-interacting

droplets of water stabilized by  surfactant(s). Deviation from the

linearity has been observed beyond ω ≥ 30 (Fig.  1). It  may be

due to several factors. Of these, the most relevant one is the

droplet–droplet interaction [43].

Further, it can be observed from Fig. 1 that, droplet size  increases

with increase in  chain length of oil (Hp → Dc) at comparable con-

ditions. Similar observation was also reported in literature [44].

However, an increase in  droplet size with increase in ω and oil chain

length corroborates well with results obtained from conductance

and viscosity measurements, and has been dealt in the Supporting

information (Sections 3 and 4 and Figs. S3 and S3, inset A).

However, it can be mentioned that DLS  gives an estimate of a

diffusion coefficient (and hence, a particle size) based on a  model

shape [7,15,21,27]. Refinement of data pertaining to the droplet

size of the microemulsion was done by  some authors using pulsed

field gradient spin-echo NMR  (PGSE-NMR) measurement of diffu-

sion coefficient [45–47].  But, the applicability of NMR technique

to the present quaternary mixed microemulsion systems become

complicated due to the presence of the alcohol (cosurfactant) in  the

continuum phase and the size  of the microemulsion droplet is  not

a  simple function of ω only [45,48]. Moreover, the interpretation of

the interaction parameter (�), which is  involved in  the first term of

virial expansion of diffusion coefficient in NMR technique, becomes

obscure in  the presence of complex hydrodynamic interactions in

the present mixed surfactant microemulsion systems [45,49–51].

Hence, comparatively less complicated and commonly used tech-

nique, DLS measurement has been employed for delineation of

structural characteristics of these systems. Recently, Bumajdad

et al. [52] reported that  the droplet size measured by DLS was

found to  be  reasonably similar to that determined by PFG-NMR

experiment for  water/DDAB/DTAB/n-heptane system.

3.3. Photophysical studies

In  photophysical study of w/o microemulsions or reverse

micelles, the choice of photosensitive probe  molecule (i.e., flu-

oroprobe) is important. Compounds with low polarity or high

hydrophobicity would reside near the interface, whereas those

with high polarity or low hydrophobicity would reside in  the polar

core of microemulsion droplet [53,54]. In the present study, neu-

tral fluoroprobe (HCM) and anionic xanthenes dye (Eosin Y)  have

been chosen as probe(s) for photophysical studies (viz., florescence

lifetime and steady state anisotropy measurement) according to

their preferential solubility at the interface [53,54] and polar core

of microemulsion, respectively [34,35].

Recently, the simulation study has revealed that the CTAB

molecules are  more compressible and ordered in  nature at the

oil/water interface [55]. The water molecules present in  the hydra-

tion layer are found to be preferentially distributed in the region

between the three partially charged methyl head groups of C16TAB

[56].  On the other hand, the hydrophilic head group conforma-

tion of polyoxyethelene ether type nonionic surfactant molecules

depends on its hydration [57] and form ‘all trans’ or ‘helix confor-

mation in reverse micelles with the network of H-bonding between

ether oxygen atom and water [58].  However, overall scenario is

much complicated in case of mixed surfactant systems and the

unlike interaction (for example, cationic–nonionic interaction) in

mixed systems might predominates over the like interaction (for

example, ionic–ionic or nonionic–nonionic interactions) in  pure

micelles upon hydration [59].

3.3.1. Fluorescence lifetime measurement

Fluorescence lifetime study in mixed surfactant w/o  microemul-

sions has been  undertaken to  obtain information about the config-

uration of altered interfacial region of the mixed amphiphiles with

increase in  water content that  is, upon hydration (ω =  10 → 50),

using HCM (10−5 mol  dm−3) as fluoroprobe [60].  The fluoroprobe

(HCM) has been chosen in  the present study, because of the fact

that the probe mainly resides at the interface and/or faces the polar

core upon excitation as reported earlier [53,54].  Fluorescence life-

time measurement is a  highly sensitive imaging method and the

lifetime of a  fluoroprobe can alter  in response to the changes in  the

conformational state of the fluoroprobe or in response to  the inter-

action with local environment [60]. In the present report, the probe

molecules exhibit in two different environments: initially i.e., up

to  ω =  20 with a  large difference in  lifetime of the residing probes,

beyond which (ω  > 20) a  single lifetime value has been displayed.

This indicates the presence of all probe molecules in the identical

environment at higher ω  values (Supporting information, Table S2).

For  example, the probe molecules exhibit shorter lifespan of 2.56 ns

and 2.76 ns along with a longer lifetime of 36.28 ns and 37.51 ns

at ω =  10, whereas only shorter lifespan of 4.39 ns and 4.57 ns have

been  found to  exist at ω =  50 for Hp and Dc derived systems, respec-

tively. Generally, interaction with local environment results in

fluoroprobe to release the excited state energy faster, leading to
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Fig. 2. Fluorescence lifetime of HCM 〈�〉 as a function of molar ratio of water to

surfactant (ω) in water/(C16TAB +  C16E20 , 1:1)/Bu/Hp (or Dc) microemulsions at a

constant temperature of 303 K,  Open circle: Bu/Hp, filled circle: Bu/Dc, Dotted lines

are guide to the  eye. Representative fluorescence decay  of HCM (�ex = 310 nm)  along

with  corresponding �2 values and residual traces have been shown in Supporting

information (Section 1  and Fig. S1).

a shorter lifespan and vice versa [61].  Hence, in all  probabilities,

the first kind of probe molecules, i.e., the molecules with shorter

lifespan, reside at comparatively complex environment with fairly

strong and effective interactions therein (interfacial region where

most of the dye molecules are essentially located [53,54]. On the

other hand, the dye molecules with longer lifespan probably exist

in quite simple environment in  continuous phase. It  is  interesting

to note that these types of probe  molecules have not  been found

with increasing ω (>20) and the molecules with shorter lifespan

only exist. It  suggests that the dye molecules are mainly located at

the interfacial region with larger surface area of the microemulsion

droplet beyond ω  = 20 [53,54].

In the present report, the shorter fluorescence lifetime of HCM

(interfacial probe molecules) in  mixed microemulsions has been

found to influence with the variation in  water content all around the

experimental range of ω (=10 → 50) (Fig. 2). Thus, by measuring the

changes in such lifetime values 〈�〉 with increasing water content,

the physicochemical changes in  the interfacial microenvironment

of w/o mixed systems surrounding the fluoroprobe have been mea-

sured indirectly, and a  representative plot  has been depicted in

Fig. 2. It  can be  observed from Fig. 2 that the lifespan of fluoro-

probe 〈�〉 gradually increases from 2.56 ns to 4.95 ns and 2.76 ns to

5.09 ns with the increase in water content up  to  ω  =  40, and then

decreases to 4.39 ns and 4.57 ns at ω  = 50 for Hp and Dc derived

systems, respectively. For w/o microemulsion system, increase

in ω leads to decrease in  concentration of the surfactant on the

droplet surface [65]. It  is  quite likely that the addition of water

to a microemulsion system where mass ratio of surfactant and

cosurfactant is fixed, decreases the global composition of the mix-

tures [water/surfactant(s)/cosurfactant/oil], [65] and subsequently,

concentration of  the surfactant apparently decreases. Therefore, at

higher ω, the interface becomes less complicated or constrained.

Consequently, the fluorescence life time 〈�〉 of HCM is  expected to

increase in absence of severe interactions. Hence, the increasing

trend of 〈�〉 value with increasing ω (=10 → 40) indicates the man-

ifestation of the reduction in  local interactions as  well as native

environment surrounding the fluoroprobe at  the interface. On the

other hand, the drop in 〈�〉 value at ω >  40 may be attributed to  the

enhanced local field effect around the fluoroprobe with the spread-

ing of long POE chain on the droplet surface [26].  It was  reported

that in nonionic surfactants consisting of POE groups, oxonium

ions, that is, positively charged ether oxygen atoms in polyoxyethy-

lene groups of C16E20,  are so formed in the hydrophilic portion of

the surfactants [59,66].  Hence, it may  be concluded that  the poly-

oxyethylene (POE) chain length is large enough in  case of C16E20

(i.e., 20 oxyethylene moiety), repulsion exists between the cationic

head group [herein, N(CH3)3
+] and oxonium ions of nonionic sur-

factant in the mixed systems [59] and induces the spreading of

long POE  chains on the droplet surface upon hydration (ω  >  40)

resulting in the observed spectroscopic (fluorescence lifetime and

anisotropy) trends of the probe  molecules.

However, a slightly higher lifetime has been observed for Dc-

derived systems than Hp-derived systems. It  has already been

evident from DLS  measurement that Dc-derived systems depict

comparatively larger droplet size than Hp at comparable ω. Hence,

the mild drop in population density of surfactant(s) on the droplet

surface might be responsible for mild increase in  fluorescence life-

time in Dc continuum. Further, comparable 〈�〉 values have been

displayed at ω =  20  and 30 (Fig. 2). The transfer of probe molecules

from the continuous (oil) phase to the interface through the process

of partition completes at  ω ≥  20 [as  evidenced from bi-exponential

to  mono-exponential transition of the  fluorescence decay curve

(Fig. S1)] and further complicates the interfacial region. The simi-

larity of the 〈�〉 values in ω =  20 → 30 region, is  most probably the

result of two mutually opposite effects on the lifetime: increas-

ing tendency due to less constrained interface at higher ω, which

is compensated by the enhanced population of the dyes (probes)

at the interface. Therefore, the non-monotonic behavior of 〈�〉 as

a function of ω can not be accounted for the trend of the droplet

size alone, but also other factors, for  example, partitioning of var-

ious species of a  multi-component system in  different phases and

the modification of the polarity of these phases are also very much

involved.

The change in fluorescence lifetime of fluoroprobe 〈�〉 with the

variation of ω  (ω =  10 → 40) for w/o microemulsion is  not uncom-

mon in  the literature [62,63].  However, most of these studies focus

toward the solvation dynamics of the probe molecules [62,63].

It  may  be  noted that the size of the water pool increases with

increasing ω (=10 → 50) and consequently, the dynamics of  sol-

vated probe molecules become much faster in these systems. The

limited resolution of our nanosecond-resolve instrument is unable

to detect the ultra-fast component of solvation dynamics of probe

molecules. Since we are concerned with the consequence of  the

changes in  interfacial composition on the local environment of

probe molecules, such deficiency is not  expected to affect sig-

nificantly our conclusions. However, it should be noted that  the

physicochemical and the photophysical scenarios at  the interface

as well as polar region of mixed microemulsions are  comparatively

complex than single surfactant microemulsions.

3.3.2. Steady state fluorescence anisotropy

The steady-state anisotropy or polarized fluorescence study

provides a  simple means of monitoring the processes, wherein the

microstructure of the microemulsion is affected in some way  [60].

Further, the  anisotropy is considered as an index of  the micro-

viscosity or  rigidity in  the microenvironment of the probe [64].

In order to underline the effect of hydration (ω =  10  → 50) on  the

microstructure of the systems under investigation, we have per-

formed polarized fluorescence measurements by using Eosin Y as

a fluorescence probe [60]. In  view of the present study, the follow-

ing  characteristics features of Eosin Y are important. It is soluble

in water, but remains insoluble in n-alkanes. Further, Eosin Y is

negatively charged, while the mixed surfactant polar head groups

[(CH3)3N+ ion of C16TAB and oxonium ion of POE  chain of  C16E20)]

are  positively charged [59].  Hence, Eosin Y probably locates in  the

vicinity of palisade layer of the mixed surfactants [35,67].  Accord-

ingly, the rotational behavior of the probe is expected to provide

information about the dynamics of the surfactant molecules in the

mixed microemulsion [67]. Actually, the degree of depolarization

of the fluorescence emission of a  molecular probe is  a measure of  its

rotational diffusion during the excited lifetime [33].  Fluorescence

anisotropy (r) is  an experimental measurement of the fluorescence
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depolarization. The lower the anisotropy value, the faster is the

rotational diffusion [60].

In highly structured microenvironments, the rotational diffu-

sion of the probe is restrained. Consequently, the probe does not

assume all possible orientations with equal probability [33].  How-

ever, the objective of the present report is  not to determine the

absolute values of anisotropy around the probe, rather to evalu-

ate the relative changes in  values of anisotropy upon hydration

(ω = 10 → 50), and a  representative plot has been depicted in Sup-

porting information (Fig. S4). It can be observed from Fig. S4 that

the anisotropy value of present fluoroprobe (r) (at a  concentra-

tion of 10−5 mol  dm−3) gradually decreases from 0.161 to 0.122

and 0.157 to 0.120 with the increase in  the water content up to

ω = 40, and thereafter, slightly increases to 0.127 and 0.126 at ω = 50

for Hp and Dc derived microemulsion systems, respectively. The

interpretation of the results emerges from steady-state anisotropy

of  these complex microheterogeneous systems is not  straightfor-

ward, as its value depends on the fluorescence lifetime of the probe,

the rotational motion and the possible hindering potential due to

the neighboring surfactant molecules [67].  However, a plausible

explanation for such variation in  anisotropy (r) with water content

(ω  = 10 → 50) in the present report is as follows: increase in ω leads

to decrease in the surfactant concentration on the droplet surface

for w/o microemulsion systems, as discussed in Section 3.3.1.  Con-

sequently, the packing of the amphiphiles at the  interface is  less

compact (i.e., loosen) with increase in ω and manifests a  drop in

anisotropy values (faster rotational diffusion) with the formation

of  less ordered structures up  to  ω equals to 40 [33,60].  Thereafter,

a mild increase in  anisotropy value at ω  > 40 probably reflects the

spreading of long POE chains on the droplet surface due to  repul-

sion between oxonium ions in polyoxyethylene groups of C16E20

and cationic head group [N(CH3)3
+] of C16TAB [59,66] with mild

enhancement in local interactions [26]. Furthermore, Hp-derived

systems show a  slightly stronger anisotropic than Dc-derived sys-

tems. Similar trend of anisotropy values with increase in  ω  was

reported for water/AOT/heptane (dodecane) systems by Wittouck

et al. [67] and Valeur et al. [68] using crystal violet and perylene

derivatives as fluorescence probes, respectively.

3.4. Vibrational spectroscopy

In order to get a clear understanding of various interactions in

the droplet core, including the type of H-bonding which is operative

within the water pool, we  employed an excellent and noninvasive

technique viz., Fourier transform infrared spectroscopy (FTIR). Sev-

eral authors have significantly contributed to the understanding

of  the water dynamics in w/o microemulsion system by studying

the state of water using FTIR method [6,7,69–73].  The characteris-

tics of the water molecules confined inside the water pool depend

strongly on  both water content and the nature of the surfactant

head group. A detail observation on the dynamics and nature of

encapsulated water in  AOT  reverse micelles with the large variation

in water content (ω =  2 → 60) was reported by  Piletic et al. [6]  using

linear and nonlinear infrared spectroscopy. FTIR study has been

carried out to determine the inherent characteristics of encapsu-

lated water in water/(C16TAB +  C16E20)/Bu/Hp system at equimolar

(1:1) composition under varied ω  (=10 → 50). It  reveals from DLS

measurements that  the hydrodynamic diameter of droplets (Dh)

varies from 6.54 nm to 11.66 nm as a  function of ω  (=10 → 50) for

the above system. Reports on using similar range of Dh for studying

confined water in microemulsion systems from FTIR measurements

are available in  literature [69,71].  Recently, Nickolov et al. [73]

and Mehta et al. [72] reported different types of distinguishable

hydrogen bonded water molecules in  cationic (C16TAB)  as well as

nonionic (Brij-96) w/o microemulsions stabilized by Bu, respec-

tively. The influence of OH stretching vibration at  the Bu  site  on the

intensity of OH stretching of the confined water has been assumed

to  be  insignificantly small and, therefore, ignored in  both the cases.

In  the present study, Bu is  used as a  structure forming cosurfactant

in  mixed surfactant microemulsions. However, such an assump-

tion might be a doubtful proposition for the present system. To

eliminate the effect of OH stretching vibration at  the Bu site on

the stretching band of water, the spectra of Bu  at the same con-

centration has been subtracted from the spectral intensity of OH

stretching band  of water at corresponding ω, and the differential

spectra  have been analyzed. The final spectra are deconvoluted into

three peaks near 3300, 3550 and 3600 cm−1 which correspond to

OH stretching frequencies of bulk water, bound water and trapped

water molecules, respectively, [69,70] and are depicted in Fig. S5

(Supporting information). The bound water molecules are believed

to  be  located in the mixed surfactant’s palisade layer, whereas the

bulk water exists at the core. The trapped water molecules are

present as monomers (without any hydrogen bonding or other

linkages with either surfactant or cosurfactant at all) near the long

hydrocarbon chains of the surfactant molecules. The relative pop-

ulation of different types of water molecules has been found to

be affected with the variation of water content (ω  = 10 →  50) in Bu

stabilized w/o mixed microemulsion systems. A  representative pic-

ture of deconvoluted spectra is depicted in  Fig. S5. Corresponding

residuals graphs of the deconvolution along with the subsequent

statistical parameters (degrees of freedom, coefficient of  determi-

nation and reduced �2) as evaluated form deconvolution software

(Origin Lab) in relation to the fitting of curves have been shown

in Supporting information (D–F of Fig. S6  and Table  S3). The varia-

tion of Gaussian profiles (area fraction) of the normalized spectra of

different water species (bulk, bound and trapped water) as a func-

tion of ω has been shown in Fig. 3A. Since no coupling effect has

been considered, precise calculations of fractions of different water

species cannot be achieved from the present results [74]. However,

the values are used for comparative purpose as a  measure of the

relative abundance of different water species [72,74].

It is evident from Fig.  S5 and Fig. 3A that  bulk water

(∼3300 cm−1)  and bound water (∼3550 cm−1) gradually decreases

and increases, respectively, with increasing water content up to

ω =  40 and thereafter a  reverse trend is observed for both bulk

and bound water up to ω  = 50. The relative population of trapped

water molecules remains unaffected with the variation of  water

content (ω) in  these systems. The results are interesting when

one considers the various microstructural changes taking place

within the isotropic domain of microemulsion. It may  be argued

that the population of different water species are influenced by

charge density of the ionic monomer (herein, C16TAB) [33],  the sol-

vation (hydration) of POE head groups of C16E20,  wherein the head

groups [(CH3)3N+]  of C16TAB reside [75] and the steric compatibil-

ity between the two  surfactants [33].  At  a  lower ω,  the twisted

long POE chains of C16E20 molecules might be  located covering

the head group of C16TAB due to  ion-dipole interactions between

ionic (CH3)3N+ and POE of C16E20 [76].  There is an additional scope

for the formation of hydrogen bond between penetrated large

fractions of POE chains of C16E20 and water molecule inside a

droplet core. Tasaki [77] reported that a water molecule bridged

between POE–oxygen separated by two  EO units with hydrogen

bonding. The extensive hydrogen bond network was found, run-

ning through the POE helix, and thus stabilizing the helix. This

type of water, which is bound to  EO groups or trapped in coils

formed by long POE head groups of nonionic surfactant, represents

the bound water. The addition of water in the microemulsion sys-

tem in  the range between ω (=10–40) hydrates long POE  chain of

C16E20 molecules and leads to  the enhancement in bound water

fraction and simultaneous decrease in free water fraction. This

region was reported to be a  micellar-swollen region by several

authors [78,79].  However, after attainment of a  specific ω (herein,
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Fig. 3. (A) The variation of  Gaussian profiles (area fraction) of the normalized spectra (normalized to  intensity of 1.0) of different water species (bulk water: open circle,

bound  water: open square, trapped water: open triangle) as  a function of molar ratio of water to surfactant (ω) in  water/(C16TAB +  C16E20 , 1:1)/Bu/Hp microemulsions at  a

constant  temperature of 303 K. (B) Plots of compositional variations of cosurfactant (ni
a/ns) (open circle: Bu/Hp, filled circle: Bu/Dc.) vs. molar ratio of  water to  surfactant (ω)

for equimolar (1:1) mixed surfactant (C16TAB and C16E20) w/o microemulsion systems comprising 0.5  mmol  of mixed surfactant and 14.0 mmol of Hp or Dc oil  stabilized by

Bu  at  a  constant temperature (303 K). Dotted lines are  guide to  the  eye.

40), Brij type of surfactant (herein, C16E20)  is  fully hydrated, and

thereby, droplet core accommodates more water molecules. Hence,

an increase in population of free or bulk-like water (i.e.,  having

water–water interactions only) has been observed beyond ω =  40

[80]. A schematic representation of variation of different states of

water in the confined environment as a function of water content

is depicted in Scheme 1.  Similarly, Mehta et al. [72] reported that

the population of bound water gradually increases with increase

in  water content at about ω  equals to  33 and thereafter a reverse

trend was  observed for water/Brij-96/Bu/EO systems. Further, Jain

et al. [79] reported that the enhancement in bound water fraction

and a decrease in bulk water in  the range between ω equals to

10 and 18 for water/AOT/isooctane systems. The relative popula-

tion of trapped water molecules has been found to  be unaffected

with the variation of water content (ω)  in  these systems. Very

recently, Bumajdad et al. [52] reported that solubilized water in

Scheme 1. Schematic representation showing changes in compositional variations at the interface as well as states of water in the pool due to spreading of long POE-chain

of  C16E20 for (w/o) mixed surfactant microemulsion systems [water/(C16TAB +  C16E20 , 1:1)/Bu/Hp] with the  variation of molar ratio of  water to  surfactant, ω  (=10 →  50).
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reverse aggregates consisting of cationic mixtures with different

counter ions (viz. DDAX/DTAX, X  =  Br− or Cl−) in  Hp seems to be

present as one  pseudo-phase, rather than co-existing of structurally

different water layers, as revealed from FTIR and 1H  NMR  measure-

ments. Further, it was also reported that the presence of mixed

surfactants at the interface produces considerable effects on the

dynamics of the confined water in  mixed AOT/Brij-30/isooctane

system, probed by FTIR, adiabatic compressibility and solvation

dynamics techniques [7].  To further substantiate these observa-

tions, 1H NMR and ultrafast dynamics (picosecond or femtosecond

spectroscopy) of confined water molecules in  these systems are

warranted.

3.5.  Estimation of interfacial composition and free energy of

transfer process by the dilution method

The w/o microemulsion consists of dispersion of water droplets

in Hp or Dc continuum, wherein the mixed surfactants were con-

sidered to populate at  the oil/water interface in  partial association

with the cosurfactant (Bu), which distributed between water, the

interface and the bulk oil, because of its sparingly water solubility

[81]. Thus, at a fixed [surfactant(s)], a critical concentration of Bu is

required for the stabilization of the microemulsion. The fundamen-

tal basis of the dilution experiment was described in our previous

reports [20,21,26]. The working equations (detailed derivations are

also available in  our  previous reports [20,21,26] and are helpful to

rationalize the distribution vis-à-vis transfer process of Bu from the

continuous oil phase to  the interfacial region:

k =
no

a

n o
(2)

nt
a

ns
=

nw
a + ni

a

ns
+ k

no

ns
(3)

Kd =
X i

a

Xo
a

=
ni

a/(ni
a +  ns)

no
a/(no

a + no)
=

ni
a (no

a +  no)

no
a(ni

a + ns)
(4)

�G0
t = −RT ln  Kd (5)

where nt
a, nw

a , ni
a, no

a, no, ns denote the total number of moles of

alkanol, moles of alkanol in  water, at  the interface, in  the oil  phase,

the total number of moles of oil  and the total number of moles

of surfactant, respectively. The distribution constant of alkanol is

represented by Kd where X i
a and X0

a are  the  mole fraction of alka-

nol in the interfacial layer and in  the oil. �G0
t represents standard

Gibbs free energy change of transfer of alkanol from oil  to  the inter-

face. The data collected from the dilution experiments, graphs were

constructed by plotting nt
a/ns against n0/ns according to  Eq. (3).

Representative illustration (at different ω) is  depicted in Fig. S7

(Supporting information). Other figures are not exemplified. The

plots were strikingly linear (with average R2 value of 0.9965). The

values of ni
a, n0

a, Kd and �G0
t , as obtained from Eqs. (3)–(5) are

presented in Table 1. The plot of compositional variation, ni
a/ns

(molar ratio of cosurfactant and surfactants at the interface) vs.

ω for water/C16TAB: C16E20 (1:1)/Bu/Hp (Dc) system at 303 K, is

depicted in Fig. 3B.  It  reveals from the Table 1  and Fig. 3B that, ni
a or

ni
a /ns increases with the increase in ω up  to  40  (i.e., reaches a maxi-

mum  or shows synergism in interfacial composition) and thereafter

decreases up to ω =  50 in both oils. Very recently, similar observa-

tion was also reported for water/CPC/Brij-58 or Brij-78/Pn/Hp or

Dc microemulsion systems and explained on the basis of molec-

ular interactions of the constituents at the oil/water interface of

these systems [26].

A  plausible explanation for  this type of trend can be presented in

the following way. In this report, C16TAB [with (CH3)3N+ as polar

head group and cetyl (C16)  hydrocarbon chain] and C16E20 [with

polar head group of 20 POE  chains and cetyl (C16) hydrocarbon

chain] are in  a mixed state of equimolar composition. At the thresh-

old level of stability for the formation of w/o  mixed surfactant

microemulsion, the requirement of Bu depends on  physicochemical

(molecular) interactions among the constituents [all amphiphiles

(viz. C16E20, C16TAB and Bu) and water] involved in  the microenvi-

ronment of the systems. However, molecular interactions may be

as follows; electrostatic interaction between polar head groups of

ionic  surfactant, ion-dipole interaction between polar head groups

of ionic and nonionic surfactants, steric interaction between bulky

polar head groups of nonionic surfactants and hydrogen bonding

interaction between water, and polar head groups of ionic and

nonionic surfactants. In  the simplest model, two states of water

present inside the droplet of w/o  microemulsions, i.e., interfacial

(or bound) water, which displays modified properties compared

with bulk water, and interior (core) water, which behaves simi-

lar  to  bulk or free water [82]. In this model, trapped water which

is defined as  water species dispersed among long hydrocarbon

chains of surfactant molecules with no hydrogen-bonding inter-

action with its surroundings (discussed in Section 3.4), has not

been taken into account [83].  The requirement of Bu  at the inter-

face gradually increases to  fill the gap on large droplet surface and

stabilizes the water droplet up to certain ω (herein, ω =  40) due

to  modification of interfacial (or bound) water and bulk water as a

function of ω (discussed in Section 3.4). Also, the incorporation of Bu

increases due to tighter packing of the surfactant alkyl  chains aris-

ing out of greater steric compatibility between C16TAB and C16E20

[33].  However, after attainment of a specific ω  (herein, 40), C16E20

is fully hydrated, and thereby, free or  bulk-like water (i.e., having

only water–water interactions) is  formed [80]. Interestingly, this

observation is well supported from  FTIR measurements (Section

3.4), where it has been found that  bound and bulk water gradually

increases and decreases, respectively, with increasing water con-

tent up to ω  = 40 and thereafter, a  reverse trend is observed up to

ω =  50.  Earlier, it was reported that the three-dimensional network

of water around the nonionic surfactant head group is distorted

and thereby detaching the outer weakly associated water layers

after a threshold concentration of 1-pentanol for water/C12EO8/1-

pentanol/dodecane microemulsion systems [80]. Thereby, with the

increase in droplet size  by the addition of water, helically twisted

POE chain might be  unfolded in absence of strong hydrogen bond

and it may  spread along the surface of the water pool. Thus, it

will occupy larger surface area of the droplet and consequently,

reduces the free surface area. Hence, mutual accommodation of

supporting (or,  auxiliary) amphiphile (Bu) with basic (or, major)

mixed amphiphiles (C16TAB and C16E20) at the interface of fixed

amount (ni
a/ns) suddenly falls after crossing a  certain level of ω

(=40) in  both oils. However, overall scenario, as presented above,

has been depicted in Scheme 1. Interestingly, this observation

corroborates well with the findings from the steady-state fluores-

cence anisotropy measurements (Section 3.3.2), where it has been

observed that  anisotropy value (r) of the fluoroprobe gradually

decreases with the increase in the water content up to  ω  = 40, and

thereafter, slightly increases at ω =  50 as a  result of the spreading

of long POE chain of C16E20 on the droplet surface.

From Table 1, it is clearly evident that no
a (number of moles of

Bu  at the bulk oil phase) increases with increasing ω in both oils.

This can be  argued as follows. With increasing water content, the

interdroplet interaction becomes more attractive and the droplet

size increases significantly (Section 3.2). As droplet size increases,

more oil  molecules get accommodated inside the droplet core [26]

and thereby no increases. In order to  maintain constant value of

ko (which equals to  no
a/no)  at  a  given temperature, no

a has to  be

increased, i.e., more Bu molecules require to  be  solubilized in bulk

oil. In  this way, no
a increases with increase in ω [26,84]. Similar trend

for no
a values were also reported earlier for both  single and mixed

surfactant microemulsions [26,84,85].
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Table  1

Physicochemical parameters for the formation of w/o equimolar (1:1) mixed surfactant microemulsion systems with varying molar ratio of water to surfactant (ω) at a  fixed

temperature (303 K).a,b

System: water/C16TAB +  C16E20/Bu/Hp (Dc)

ω 10 20 30 40 50

104ni
a (mol) 11.83 (25.95) 12.85 (33.06) 13.79 (36.86) 15.38 (40.16) 7.18 (29.13)

104no
a (mol) 19.50 (52.52) 27.58 (67.45) 43.55 (82.36) 52.70 (92.74) 58.60  (108.95)

Kd 11.65 (4.05) 8.65 (3.46) 4.47 (3.03) 3.93 (2.82) 2.82 (2.43)

−�G0
t (kJ mol−1) 6.19 (3.52) 5.43 (3.13) 3.77 (2.79) 3.45 (2.61) 2.61 (2.23)

a All the mixed microemulsion systems are formed using constant amount of mixed surfactant (0.5  mmol) and oil (14.0 mmol).
b The average errors in Kd and �G0

t were within ±3% and ±5%, respectively.

Further, it  is evident from Table 1 that  the values of −�G0
t ,

which is indicative of spontaneity of the alkanol transfer process

(Buoil → Buint), decrease with increasing ω (=10 to 50) for the mixed

microemulsion systems. With increasing ω, the relative retention

of Bu in bulk oil becomes more than its transfer to the interface

(as reflected from values of no
a, Table 1). In other words, molecu-

lar association between surfactant and cosurfactant molecules at

the interface becomes less favorable with increase in  ω. Similar

trend of transferring of alkanol (cosurfactant) from oil to the inter-

face and vice versa was reported for single and mixed surfactant

microemulsions by  Kundu et al. [26], Zheng et al. [84] and Moulik

and Hait [85].

In comparison, �G0
t values are  more negative in Hp continuum

than in Dc, indicating the transfer process to be  more favorable (or

spontaneous) for the former than the latter. Similar observations

were reported by Kundu et al. [26] and Paul and Nandy [86] for w/o

microemulsions stabilized by  mixed anionic or cationic/nonionic

surfactants, as  well as single surfactant of different charge types

and sizes of the polar head group, respectively. It  is quite likely that

the interfacial fluidity may  increase with increase in oil chain length

as well as alcohol partitioning at the interface (ni
a)  (Table 1).  Such an

increase in interfacial fluidity results in  inelastic collisions between

droplets, leading to the formation of transient dimmers and an

enhanced apparent interdroplet interaction for Dc-based systems.

At sufficiently strong interdroplet interaction, the microemulsion

droplets stabilized in Dc are less stabilized compared to Hp-based

systems [26].

Hence, above discussion on water induced variation in  interfa-

cial composition vis-à-vis molecular association of the ingredients

at the interface or inside the water pool on the basis of a  proposed

simple model corroborates well with results of characterization

obtained from different experimental techniques presented in

previous sections. Such a comprehensive analysis on  formation,

stability, transport properties, microstructure and microenviron-

ments of mixed surfactant microemulsions has not been reported

earlier. However, it should be noted that  the physicochemical and

the photophysical scenarios at  the interface and polar region along

with different states of water inside the pool of mixed surfac-

tant microemulsions are comparatively more complex than single

surfactant-based microemulsion systems. Further studies in this

direction are warranted.

4. Conclusions

The following conclusions can be  drawn from the present

report.

Phase study reveals a considerable amount of single phase (1ф)

clear microemulsion zone for mixed systems and has been found

to influence by oil chain length. Both the conductance and vis-

cosity gradually increase with increase in ω in both Hp and Dc

for the mixed systems, which indicate the enhanced attractive

interaction between the droplets. A sharp enhancement in  con-

ductivity at higher water content (ω  ≥ 40) has been observed due

to volume-induced percolation in conductance, which signifies the

increase in droplet size, attractive interaction among droplets and

exchange rate of materials between the droplets with the addition

of water. The hydrodynamic diameter (Dh) of the microemulsion

droplets increases remarkably with increase in ω.  Further, Dh also

increase with increase in chain length of oil  (Hp  → Dc) at compa-

rable conditions. The increase in  droplet size  with increase in ω
and oil chain length corroborates well with results obtained from

conductance and viscosity measurements. It reveals from the flu-

orescence life time 〈�〉 measurements using HCM as fluoroprobe

that 〈�〉 values increase with increasing ω (=10 →  40) in  both oils.

This trend indicates the reduction in local interactions as well as

native environment surrounding the fluoroprobe at the interface.

Subsequently, drop in 〈�〉 value at ω > 40, may  be attributed to the

enhanced local field effect around the fluoroprobe with the spread-

ing of long POE chain on the droplet surface. However, Dc-derived

systems show a  slightly higher lifetime than Hp-derived systems. It

has already been evident from DLS  measurements that  Dc-derived

systems show comparatively larger droplet size than Hp at com-

parable ω. Hence, a  mild drop in  population density of  surfactant

on the droplet surface might be responsible for mild increase in

fluorescence lifetime in Dc continuum. Further, it reveals from

polarized fluorescence measurements using Eosin Y as a  fluoro-

probe that the anisotropy value (r) of Eosin Y  gradually decreases

with the increase in  the  water content up to ω  = 40, and there-

after, slightly increases at ω =  50 for Hp and Dc  derived systems,

respectively, as a  result of the spreading of long POE chain of

C16E20 on the droplet surface. Furthermore, Hp-derived systems

show a  slightly stronger anisotropic than Dc-derived systems. Addi-

tionally, it  reveals from vibration spectroscopy measurements that

the bulk water (∼3300 cm−1)and bound water (∼3550 cm−1) have

been found to be gradually decreases and increases, respectively,

with increasing water content up to ω =  40 and thereafter a  reverse

trend is observed up to  ω =  50. The relative population of  trapped

water molecules remains unaffected with the variation of water

content (ω) in these systems. From the dilution method, it has  been

observed that  compositional variation (ni
a/ns) increases with the

increase in  ω up  to 40 (i.e., reaches a  maximum or synergism) and

thereafter, decreases up to  ω  = 50 in both oils. The trend of  water-

induced Bu transfer process has been explained on  the basis of the

physicochemical (molecular) interactions among the constituents

(all  amphiphiles and water) involved in the microenvironment of

the system and subsequently, results in folding–unfolding of  POE

chain of C16E20 due to variation in bound and bulk like  water. The

results obtained from the steady-state fluorescence anisotropy and

FTIR measurements corroborate well with the model proposed to

decipher microstructural rearrangement of the constituents in  the

microenvironment with variation in water content of these mixed

surfactant microemulsions. The  spontaneity of Bu  transfer process

(Buoil → Buint) i.e., −�G0
t ,  decrease with increasing ω  (=10 to 50) for

these systems, which indicates the molecular association between

surfactant(s) and cosurfactant molecules at the interface becomes

less favorable with increase in ω. Further, changes in  composi-

tional variation (ni
a/ns)  as a  function of ω corroborate well with

FTIR results.
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a  b  s t  r  a c  t

In  this  contribution,  phase behavior  and the  Schulman’s  cosurfactant  titration  of a  quaternary water-in-oil

microemulsion, formed from equimolar cationic [alkyltrimethylammonium  bromide  (CnTAB)] and  non-

ionic [polyoxyethylene  (20) cetyl  ether  (C16E20)] surfactants, n-pentanol (Pn)  and  n-heptane  or  isopropyl

myristate,  have  been  studied  along  with the  variation in alkyl  chain  length of the cationic  surfactant, Cn

(n  =  12,  14,  16 and 18)  at  a fixed water content  (ω  = 25) and  temperature  (303  K).  The synergies in single-

phase microemulsion zone,  interfacial  composition  and  the  spontaneity  of  formation  of  mixed  surfactant

microemulsions have  been observed  with  increase in  Cn (n  =  12 → 18). Further, the  effect  of the variation

of  Cn (n  = 12 → 18)  on  the  interface  vis-à-vis  interdroplet interaction,  morphology  and  the  dynamics  of

confined water  of these  systems  have  been examined  by means of viscosity,  dynamic  light scattering

(DLS),  Fourier transform  infrared  spectroscopy  (FTIR) measurements.  The increase in the  Cn (n  =  12  → 18)

leads  to shrink the droplet  size as  well  as  increase in the  droplet  numbers. Subsequently,  the  change  in

droplet size  affects the  states  of water organization (bulk  and  bound)  inside  the  pool.  Additionally,  the

influence of different  inorganic salts  [normal salt  (NaCl),  precursor  salt  for  nanoparticle synthesis  (NiCl2,

FeCl3),  water structure affective  salt  (KF, KI)]  on the  transfer  process of Pn  (oil  → interface) at  equimolar

composition  (of  both  surfactants)  has  been  investigated.  FTIR measurement (via  D2O probing)  indicates

that  the presence of salts  significantly  modifies the  water structure  in confined  environment.
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1. Introduction

The self-organization of molecular systems is one of the most

fascinating phenomena in nature. Generally, surfactant molecules

self-assemble into aggregates in non-polar solvent in  presence of

small amount of water with hydrophilic portion of the molecules

in the interior and the hydrophobic portion at the exterior of

the aggregates. Such systems are  referred to as reverse micelles

or water-in-oil (w/o) microemulsions, which are amphiphile

stabilized transparent, isotropic and thermodynamically stable dis-

persion of otherwise immiscible water and oil [1]. The aggregation

behavior of amphiphile has been found to be influenced by the

alkyl chain length of the molecules [2–4]. For  example, cationic

trimethylammonium halide surfactants with increase in alkyl

chain length (CnTAX, n =  12 → 16)  have qualitatively similar effect

to the increase in  the surfactant concentration at the air/water

interface [3],  whereas surfactant aggregation number decreases

with increasing alkyl chain length at the oil/water interface

in alkyl(phenylalkyl)dimethylammonium chloride blended w/o

microemulsions [4]. Moreover, the alkyl chain length of cationic

(alkyltrimethylammonium chloride or  alkylpyridinium chloride) or

anionic (sodium dodecylsulfate) surfactant molecules has a  con-

siderable effect on the adsorption behavior of the surfactant [5],

protein-surfactant interaction [6],  size of nanoparticle formation

[7] and hydrolysis of pharmaceutical agent in  miceller media [8].

On the other hand, the modification of the interface by mixing ionic

and nonionic surfactants produces considerable changes in elastic

rigidity or flexibility of the reverse aggregates depending upon the

extent of penetration of the nonionic surfactant at the interface

[9,10]. It  was reported that the cmc’s of a mixture of cetyltrimethy-

lammonium bromide (C16TAB) + polyoxyethylene (6) dodecyl ether

(C12E6) significantly decreased (compared to the individual com-

ponents) depending upon the mixing ratio’s of the surfactants,

and a strong correlation between micelle size  and structure, and

ideality of mixing was observed [11].  Recently, Bumajdad et  al.

[10,12] reported that the changes in the phase behavior and

properties of the microemulsion, are  a  direct consequence of for-

mation of preferred film curvature, which is governed by mixing

ratios of the surfactants at the oil/water interface for cationic-

cationic (DDAB +  C12TAB), cationic-nonionic (DDAB +  C12E5) and

cationic-anionic blends (DDAB +  SDS). However, the properties of

ionic-nonionic mixed surfactant derived w/o microemulsion sys-

tems are often better than those attainable in their individual states

especially at equimolar composition of mixed surfactants [13–16].

The closely packed interfacial arrangement of mixed surfactants

at equimolar composition has been reported to be the key  factor

behind the synergistic effect [13]. It  has been argued that  the direct

evaluation of interfacial composition and aggregation number are

necessary for understanding of the molecular origin of surfactant

self-assemblies in  w/o microemulsion [10].  Very recently, we have

reported on the characteristics role of surfactant (s) and cosurfac-

tant (pentanol, Pn) on the formation and stabilization of single (CPC

or SDS or Brij-35) [17] and mixed surfactant (CTAB or CPC or SDS

mixed with Brij-58 or Brij-78 in different proportions) blended

w/o microemulsions in  heptane or decane or dodecane [18–20]

with the evaluation of the interfacial composition, thermodynamic

properties and structural parameters at various physicochemical

conditions, by employing the Schulman’s cosurfactant titration at

the oil/water interface (herein, the dilution method) [21].

In view of these studies, we contemplate to  undertake the

investigation on formation vis-à-vis the constitution of the inter-

facial film, microstructure and states of the encapsulated water

inside the pool of equimolar (1:1) mixed surfactant microemul-

sions, water/alkyltrimethylammonium bromide (CnTAB, n =  12, 14,

16 and 18) + polyoxyethylene (20) cetyl alcohol (C16E20) (1:1)/pen-

tanol/heptane (or isopropyl myristate) in  absence and presence of

different inorganic salts [sodium chloride (NaCl), potassium flu-

oride (KF), potassium iodide (KI),  nickel (II) chloride (NiCl2), and

iron (III) chloride (FeCl3) at  a  fixed concentration] at constant ω
(equals to 25) and temperature (303 K), by employing different

methods and techniques. More precisely, an attempt has been made

to  underline the influence of the variation in  alkyl chain length

of cationic surfactant (Cn =  12 → 18) and oils  of different chemical

structures and polarity [viz. heptane (Hp) is a  short chain (C7) linear

hydrocarbon, whereas isopropyl myristate (IPM) commonly known

as a  fatty acid ester or polar lipophilic oil, consists of branched alkyl

chain (isopropyl) and longer fatty acid chain (myristate, C14) asso-

ciated with either side of the ester moiety, which is polar] on the

area of the single phase microemulsion zone (1�),  composition and

spontaneity of formation of the interfacial film, and also in  tuning

the microstructures and states of the encapsulated water in the

pool  of w/o  mixed surfactant microemulsions.

The composition and standard Gibbs free energy change of for-

mation of the interfacial mixed film have been estimated using

the dilution method, at the same composition and physicochem-

ical conditions (mentioned earlier), as reported by a  number of

authors [22–25]. The variation in  droplet size, microstructure and

states of organization of the encapsulated water inside the pool

with an increasing alkyl chain length of the cationic surfactant Cn

(n = 12 → 18) at equimolar composition (1:1) of mixed surfactant

microemulsions, have been investigated by dynamic light scat-

tering (DLS), Fourier transform infrared spectroscopy (FTIR) and

viscosity measurements, as reported earlier by Mitra et al. [9] and

Eastoe and Heenan [26]. Further, effect of inorganic salts (as men-

tioned earlier) on the interfacial composition and stability of  the

interfacial film of the mixed surfactant microemulsions has been

investigated at  the same composition and physicochemical condi-

tions. However, oils, cosurfactant and additives (inorganic salts)

are  not  chosen arbitrarily. IPM is  known for its pharmaceutical

acceptability [27].  In the present report, pentanol is used as  struc-

ture forming cosurfactant due to  its versatile biological as well as

technological applications [28].  NaCl is  a  strong electrolyte and

influences the interfacial composition of (w/o) microemulsion sys-

tems, as reported earlier [17]. KF and KI are reported to behave as

salts of ‘water structure maker’ (kosmotropes) and ‘water structure

breaker’ (chaotropes), respectively [29]. The effects of  KF and KI

on water structure in  confined environment have also been  scruti-

nized by FTIR measurement with D2O probing [30].  NiCl2 and FeCl3
are  used, as they are  interesting precursor salts for nanoparticle

synthesis in w/o  microemulsion media [31]. Finally, a  correlation

of the results, in terms of the evaluated physicochemical param-

eters, has been analyzed to substantiate the objectives of  this

study as envisaged, for better understanding of a quaternary w/o

mixed surfactant (CnTAB + C16E20)  microemulsion in  the absence

and presence of added salts.

2. Materials and methods

The surfactants, octadecyltrimethylammonium bromide

(C18TAB, ≥98%), cetyltrimethylammonium bromide (C16TAB,

≥99%), tetradecyltrimethylammonium bromide (C14TAB, ≥99%)

and dodecyltrimethylammonium bromide (C12TAB, ≥98%) were

purchased from Sigma–Aldrich, USA, whereas polyoxyethylene

(20) cetyl ether (C16E20, ≥98.5%) was  the product of Fluka,

Switzerland. The cosurfactant, pentanol (Pn,  ≥98%) and oil, hep-

tane (Hp, ≥98%), were the products of Lancaster, England and

Merck, Germany respectively. The  oil,  isopropyl myristate (IPM,

≥98%) and inorganic salts viz. sodium chloride (NaCl, ≥99%),

potassium fluoride (KF, ≥99.0%), potassium iodide (KI, ≥99.0%),

nickel chloride (NiCl2, ≥98%) and ferric chloride (FeCl3, ≥99.99%)

were the products of Sigma–Aldrich, USA. Deuterium oxide (D2O,
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≥99.8) was the product of Acros Organics, USA. All these chemicals

were used without further purification. Doubly distilled water of

conductivity less than 3 �S cm−1 was used in  the experiments.

Phase behavior of the chosen systems was constructed with

mixed surfactant (M-S) (CnTAB +  C16E20,  n = 12, 14, 16 and 18) at

constant surfactant and cosurfactant (Pn) mass ratio (M-S:CS =  1:2)

in  both oils  (Hp and IPM) at 303 K using thermostated water bath

(accuracy, ±0.1 K).

The dilution method (the Schulman’s method of cosurfactant

titration) [21] was performed to  investigate the interfacial compo-

sition of w/o mixed surfactant microemulsions, as described earlier

[17–25],  with necessary modification in assessment of microemul-

sion formation using spectrophotometric technique to  measure the

change in sample turbidity produced by the addition of alcohol (Pn)

[32]. To a turbid solution comprising a  blend of CnTAB (n =  12, 14,

16 and 18) and C16E20 at equimolar composition (1:1) and water

in a given solvent (Hp or IPM) at 303 K, small aliquots of Pn were

added. The point of single-phase microemulsion formation was

evidenced by a total  loss of sample turbidity and cheeked by the

sample absorbance measured at 320 nm [32]. The sharp decrease

in absorbance observed in  the sample titration with alcohol (Pn)

allows precise determination of the amount cosurfactant needed to

stabilize the microemulsion. The absorbance measurements were

carried out at  320 nm  in  JASCO (V-530) UV-spectrophotometer by

employing thermostated cell. The amount of mixed surfactant(s)

and  oil(s) was taken as 0.5  mmol  and 14.0 mmol  respectively for

each system. The  basics of the dilution method and related mathe-

matical derivations are  provided in supplementary materials.

Viscosity measurements were performed using a  LVDV-II +  PCP

cone and plate type rotoviscometer (Brookfield Eng. Lab, USA). The

temperature was kept constant (303 K) for measurements of vis-

cosity within ±0.01 ◦C by circulating thermostated water, through

a  jacketed vessel containing the solution.

DLS measurements were carried out using a Zetasizer Nano

ZS90 (ZEN3690, Malvern Instruments Ltd, U.K.). A He–Ne laser of

632.8 nm wavelength was used and the measurements were made

at a scattering angle of 90◦.  Temperature was controlled by inbuilt

Peltier heating-cooling device (±0.1 K). Refractive index of each

solution was recorded with an ABBE type refractometer, as it was

required as an  input in determining the size of the microemul-

sion droplet by DLS technique. Viscosity data, as obtained from

viscosity measurements, were used in processing DLS data. Sam-

ples were filtered thrice using MiliporeTM hydrophobic membrane

filter of 0.25 �m pore size. Hydrodynamic diameter (Dh) of the

microemulsion droplets was estimated from the intensity autocor-

relation function of the time-dependent fluctuation in  intensity.

According to Stokes–Einstein equation, Dh is defined as

Dh =
kBT

3˘�D
(1)

where kB, T,  �  and D  indicate the Boltzmann constant, temperature,

viscosity and diffusion coefficient of the solution, respectively.

FTIR absorption spectra were recorded in the range of

400–4000 cm−1 with a  Shimadzu 83000 spectrometer (Japan) using

a CaF2-IR crystal window (Sigma–Aldrich) equipped with a  press-

lock holder with 100 number scans and spectral resolution of

4  cm−1.

3. Results and discussion

3.1. Phase study

The pseudo-ternary phase diagrams [Figs. 1,  S1 and S2  (Supple-

mentary material)] of equimolar (1:1) mixed surfactants (CnTAB

and  C16E20)  quaternary systems show an enhancement in single

phasic microemulsion (1�) zone with the increase in the alkyl chain

length of cationic surfactant Cn (n =  12 → 18) (at  a  fixed ratio of

mixed-surfactant (M-S) and cosurfactant (CS) (M-S/CS =  1: 2, w/w)

and oil (Hp or IPM). Fig. 1 depicts the representative phase diagram

of mixed water/C18TAB/C16E20/Pn microemulsion systems stabi-

lized in Hp and IPM and plot of 1� (%) region as a function of  Cn

(n =  12 → 18) and Figs. S1 and S2  represent phase diagram of mixed

water/CnTAB (n = 12 → 16)/C16E20/Pn microemulsion systems sta-

bilized in Hp and IPM, respectively.

It is  thus apparent that the formation of microemulsion depends

on the variation of alkyl chain length of cationic surfactant Cn

(n =  12 → 18) in the mixed system at a  fixed nonionic surfac-

tant (C16E20). Chieng et al. [33] also reported the formation of

larger 1� region on increasing surfactant alkyl chain length for

methyl methacrylate/2-hydroxyethyl methacrylate/CnTAB (n = 12,

14, 16)/water systems. However, the authors added that there was

no appreciable change in  the formation of 1� region with increas-

ing the alkyl chain length of the CnTAB for w/o microemulsion

zone [33].  In the present work, the overall increment of 1� zone

has been observed (including w/o  to o/w microemulsion zone) on

increasing Cn (n =  12 → 18) of the cationic surfactant. Hence, the

process of addition of cationic surfactant with increasing Cn at

a  fixed nonionic content is  cooperative in nature. Phase behav-

ior actually determines the microstructure of the system, which

depends on the spontaneous film curvature and the elasticity of

the amphiphilic film. Generally, the amphiphilic film would like to

attain the spontaneous curvature, which is affected by  the nature of

the surfactant (and cosurfactant) and the composition of the sys-

tem [34].  Different alkyl chain lengths of cationic surfactants act

as tuning agent to  change the spontaneous curvature and increase

the flexibility of surfactant film [35].  The formation of  single phase

microemulsion zone (1�)  has been found to be  affected with the

change in oil type (heptane/isopropyl myristate) as well. IPM, a

polar and biocompatible oil, produces a satisfactory result toward

the microemulsification of mixed surfactant systems (Fig. 1).  For-

mation of w/o microemulsion predominates over o/w and can be

identified from the overall feature of different phase diagrams (rep-

resentative illustration has been presented in  Fig. 1).

3.2. The Schulman’s titration at the oil/water interface

The effects of the change in  the alkyl chain length of  cationic

surfactant Cn (n =  12  → 18) and the chemical structure vis-à-vis

polarity of oils (Hp/IPM) on compositional characteristics of  the

interfacial film have been examined for the present w/o microemul-

sion systems using the Schulman’s cosurfactant titration (dilution

method) at constant ω (=25) and temperature (303 K) [17–25]. The

w/o microemulsion consists of dispersion of water droplets in  Hp

or IPM continuum wherein the whole of the mixed surfactants was

considered to  populate at the oil/water interface in partial associa-

tion with the  cosurfactant (Pn), which remained distributed at the

interface and the bulk oil. The alkanols higher than butanol (herein,

Pn) essentially remain partitioned between the interface and oil

because of their negligible solubility in  water [17–20].  Thus, at a

fixed surfactant(s) concentration, a critical amount of  Pn is  required

for the stabilization of the microemulsion. Addition of extra oil  (Hp

or  IPM) extracts Pn from the interface leading to destabilization,

which can be restabilized by the addition of extra cosurfactant

in  the system. This is the fundamental basis of dilution experi-

ment, described in Section 2. The following equations (detailed

derivations are available in  supplementary materials) are helpful

to  rationalize the distribution and transfer process of Pn from the

continuous oil phase to  the interfacial region:

na

ns
=

ni
a

ns
+ k

no

ns
(2)
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Fig. 1. Representative pseudo-ternary phase diagram of equimolar (1:1) mixed surfactant (C18TAB + C16E20)  microemulsion with pentanol (Pn), hydrocarbon (Hp) and IPM

oil  at 303 K. Area marks: unshaded, microemulsion zone (1�);  shaded, turbid zone (2�).  Graph represents the variation of %  microemulsion zone (1�) with alkyl chain length

of  cationic surfactant Cn (n = 12 →  18) in water/CnTAB +  C16E20 (1:1)/Pn/oil [open circle: Hp oil, filled circle: IPM oil].

Kd =
X i

a

Xo
a

=
ni

a/(ni
a + ns)

no
a/(no

a + no)
=

ni
a(no

a + no)

no
a(ni

a + ns)
(3)

�G◦
transfer = −RT ln Kd (4)

na, ni
a, no

a, ns denote the total number of moles of alkanol present,

its number at the interface, in the oil  phase and the total number of

moles of surfactant respectively. The distribution constant of alka-

nol is represented by Kd, where X i
a and X0

a are the mole fractions of

alkanol at the interfacial layer and in the bulk oil phase. �G◦
transfer

represents standard Gibbs free energy change of transfer of alkanol

from oil to the interface.

Data collected from the dilution experiments and graphs were

constructed by plotting na/ns against n0/ns according to  Eq. (2).

Representative illustration is  depicted in Fig. 2.  The plots were

strikingly linear. Generally, equimolar (1:1) mixed surfactants

(cationic + nonionic) favor close-pack aggregation at the oil/water

interface [13].  In the present work, the packing of the amphiphiles

and the accommodation of Pn at  the droplet interface are found to

be influenced by the variation of alkyl chain length of cationic sur-

factant in mixed systems (CnTAB + C16E20, n =  12 → 18). It is clearly

evident from the data (Table 1A) that more Pn molecules are accom-

modated in the oil phase (no
a) to stabilize the systems with the

decrease in the alkyl chain length of the cationic surfactant (Cn)

from C18 to C12 in  presence of fixed amount of nonionic surfactant

(C16E20). Consequently, the  transfer of Pn from oil to  the interface

is gradually decreased. According to Traube’s law, the free energy

change of adsorption of amphiphiles at an air/water interface is

approximately −3  kJ per –CH2 group, which indicates stabilization

of the system [36].  However, the population of Pn in  oil  phase may

be affected by the adsorption of hydrophobic part  of the surfactant

(with increasing alkyl chain length of cationic surfactant) at the

oil/water interface and the system can achieve the required sta-

bility with accommodation of less alkanol in oil phase. Further, the

conformational effects in association with the lipophilic chain pack-

ing and the hydrophobic interaction between surfactant tails with

oil molecules at the oil/water interface of microemulsion systems,

indirectly determines the interfacial area associated with each sur-

factant and cosurfactant molecules [37].

As such, the separation between two  surfactant molecules on

a  droplet surface increases with increasing Cn (n =  12 → 18)  due to

less crowded aggregation of the mixed surfactants (CnTAB +  C16E20)

as affected by  steric factor and the electrostatic repulsion, over

hydrophobic interaction between alkyl chains of mixed surfactants.

The effect of these two opposing forces on microemulsion system

was reported earlier [38].  Therefore, more pentanol molecules are

used to fill the gaps and ni
a gradually increase with increasing alkyl

chain length of cationic surfactant (Table 1A).  This helps to achieve

the required flexibility of the droplet and stabilizes the homoge-

neous w/o  dispersion. It  is  noteworthy to mention that alkanol

transfer from oil  to the interface is directly related to the stabil-

ity of the w/o  microemulsion system [17–20,24].  Therefore, it is
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surfactant (C12TAB or C14TAB  or C16TAB or C18TAB + C16E20)  derived w/o microemul-

sion  systems comprising 0.5 mmol surfactant and 14.0 mmol heptane stabilized by

pentanol at constant ω  (=25) and fixed temperature (303 K). Inset A:  representative

plots of the same in IPM (14.0 mmol).
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Table 1A

Physicochemical parameters of w/o mixed surfactant microemulsion at  equimolar composition (1:1), ω =  25 and 303 K.a,b

System: water/C12TAB or C14TAB or  C16TAB or C18TAB +  C16E20/Pn/Hp (IPM)

CnTAB + C16E20 C12TAB +  C14TAB +  C16TAB  +  C18TAB +

104 ni
a (mol) 7.43 (6.27) 8.10 (7.87) 9.06 (8.24) 13.89 (9.35)

104 n0
a (mol) 48.57 (161.97) 37.91 (150.79) 24.63(124.74) 18.40 (91.22)

Kd 4.33 (1.17) 5.57 (1.33) 8.59(1.51) 12.87 (1.92)

−�G◦
transfer (kJ mol−1) 3.70  (0.39) 4.32 (0.72) 5.41(1.04) 6.43 (1.65)

a All  the mixed microemulsion systems are formed using constant amount of mixed surfactant (0.5 mmol) and oil (14.0 mmol).
b The average errors in Kd and �G◦

transfer were within ±5% and ±3%, respectively.

interesting to  note that  the distribution constant Kd and Gibbs free

energy change of transfer of pentanol (−�G◦
transfer) from oil  to the

interface as  well as the stability of w/o mixed microemulsion gradu-

ally increases with the increase in  the alkyl chain length of cationic

surfactant in mixture from C12TAB to  C18TAB at a  fixed nonionic

(C16E20)  in both oils  (Hp or IPM) (Table 1A). It was  reported ear-

lier  that surfactants with large and bulkier hydrophobic tail  favor

the formation of stable  w/o microemulsion [39]. However, IPM-

based systems are less spontaneous than Hp-based systems as it is

evident from (−�G◦
transfer)  values. It  was reported that the polar

amphiphilic oil  like IPM (possesses long fatty acid chain (C14)  with

polar ester moiety), behaves in  a different manner from that of a

hydrocarbon oil  for  w/o microemulsion formation [40]. It  may  be

due to the fact that oil  penetration at the interface arising out of

either comparatively high polarity or solvent topology or for the

different chemical structure of IPM, makes the interface less flex-

ible. Hence in the present study, the transfer of pentanol from oil

to  the interface as well as the flexibility of the interface reduce

the tendency of microemulsion formation in IPM compared to that

in  Hp. Similar trend in  (−�Gtransfer◦) values was  reported earlier

for mixed water/SDS/Brij-58 or  Brij-78/Pn microemulsion systems

stabilized in Hp or Dc or IPM [20].

3.3. Dynamic light scattering measurement

The droplet size (Dh) and the size distribution in w/o microemul-

sion have been measured by employing the dynamic light

scattering (DLS) technique, and analyzed in terms of count rate and

the polydispersity index (PDI) of the droplets [27,41]. The results

are shown in Fig. 3. The same compositions of w/o  mixed surfactant

microemulsion systems have  been chosen for DLS measurement

as applied for the Schulman’s cosurfactant titration at constant

temperature (303 K) and ω (=25). The Dh values indicate compar-

atively much larger dimension of IPM derived systems than that

of  Hp (Fig. 3  and inset: A). However, such a  large dimension of

microemulsion droplet was reported earlier for IPM derived sys-

tems in presence of nonionic surfactant (polyoxyethylene lauryl

ether or polysorbate and sorbitol) [42–44].  For example, Dh was

found to be as large as 34.4 nm for IPM (63 wt%)/[polyoxyethylene

(4) lauryl ether +  isopropyl alcohol] (32 wt%)/water (5 wt%) system

at 308 K [42].  Actually IPM, being amphiphilic polar oil,  is  not sol-

ubilized in the palisade layer, rather it has a  swelling tendency

in  the oil domain. Thus, swelling causes an increase in repulsion

between the hydrophilic moieties of surfactant and the surfactant

layer curvature becomes more positive. As a  result, radius of droplet

increases [45].  Further, it reveals from DLS measurements that  the

values of hydrodynamic diameter of  the microemulsion droplets

(Dh) decreases remarkably from 3.08 nm to 1.43 nm and 36.5 nm

to 22.93 nm in Hp and IPM oil, respectively with the increase in

the alkyl chain length of cationic surfactant Cn (n = 12 → 18) in

the mixed systems (Fig. 3 and inset: A). About 3.5  fold increase

of droplets count rate is, however observed under  the prevailing

condition (Fig. 3, inset: B). The enhancement of count rate (DLS) of

droplets indicates that the total number of microemulsion droplets

increase with increase in the hydrophobic chain length of cationic

surfactant (Fig. 3, inset: B). It is well known that  the spontaneous

radius of curvature of the surfactant film at the oil/water interface

increases when alkyl chain length of surfactant decreases.

It has been observed that, surfactants with the smaller alkyl

chain form larger  water-in-oil (w/o) droplets than surfactants

with longer alkyl chain. Similar observation was  reported by

Bumajdad et al. [46] that size  of the water core decreases with

the increase in the first chain Cn (n =  12 → 18) for di-chain n-

alkyl-n-dodecyldimethylammonium bromide (Cn =  C12) blended

w/o microemulsion from SANS measurement. Further, it has been

observed that the interfacial cosurfactant (Pn) population gradually

increases with increase in alkyl chain length of cationic surfactant in

w/o mixed surfactant (cationic and nonionic) microemulsion [47].

Pn molecules are  solubilized at the micellar interface due to its

negligible solubilization in water. Hence, the total interfacial area

becomes larger with increase in  population of Pn at the interface.

An increase in  the interfacial area causes the number of droplets

to increase and the droplet size to shrink. Thus, Dh decreases grad-

ually on increasing alcohol (Pn) concentration as a function of Cn

(n =  12 → 18) and thereby increases the number of microemulsion

droplets (Fig. 3). Recently, it has been reported that Dh gradu-

ally decreases with increasing alcohol (cosurfactant) concentration

in w/o  microemulsion system, water/AOT/alcohol/IPM [47].  Typi-

cal values of polydispersity index (PDI) obtained here are in the

range between 0.1 and 0.2, which indicates a  monodispersity of the

systems [41].
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Fig. 3. Hydrodynamic diameter (Dh) of the droplets for mixed systems

(water/C12TAB or C14TAB or C16TAB or C18TAB +  C16E20/pentanol/oil) with increasing

alkyl chain length of cationic surfactant Cn (n = 12 → 18) at  equimolar composition

(1:1), ω (=25) and temperature (303 K) [open circle: Hp oil, filled circle: IPM oil (Inset

A)]. Inset B:  count rate (kcps) of the  droplets as a  function of Cn for the same mixed

systems (open triangle: Hp  oil, filled  triangle: IPM oil).  Inset C: dependence of vis-

cosity on  Cn for the same  mixed systems (open triangle: Hp oil, filled  triangle: IPM

oil).
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transfer) for
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equimolar composition (1:1), ω (=25) and temperature (303 K). Inset A:  representa-
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3.4. Viscosity measurement

The structural features of the microemulsion systems (herein,

reported) have also been investigated by  viscosity measure-

ment [26]. The viscosity (�) gradually increases with increasing

hydrophobic chain length of cationic surfactant for  both the oils

(Hp and IPM) (Fig. 3,  inset: C). Actually, the size of the dispersed

droplets, the droplet–droplet interactions as well as the viscosity

of the continuum medium determine the viscosity of the system

[26,48]. It  is known that  the flexibility and attractive interdroplet

interactions of the microemulsion become stronger with increas-

ing alcohol concentration on the droplet surface [17,47].  Hence, the

increase in viscosity of w/o mixed microemulsions with increas-

ing alkyl chain length of cationic surfactant is derived from the

enhanced attractive interaction between the large numbers of

droplets (as evident from droplet count rate) in  the continuous

phase at fixed water content [49]. However, viscosity of IPM-

derived system (�IPM) is  greater than that of Hp-derived system

(�Hp).  The formation of large size  droplets in  IPM oil might be

responsible for such an enhancement of �IPM.

3.5. Correlation of physicochemical parameters

From the above mentioned physicochemical characteristics

(Sections 3.2–3.4),  it has been observed that the interfacial alka-

nol population ni
a,  standard Gibbs free energy change (−�G◦

transfer)

(Table 1A)  and viscosity of the mixed systems (�Hp or �IPM) (Fig. 3,

inset: C) gradually increase with the increase in  alkyl chain of

cationic surfactant Cn (n =  12 → 18) at equimolar composition of

CnTAB and C16E20, at ω (=25) and temperature (303 K) for both the

oils (Hp and IPM). For example, the values of ni
a and (−�G◦

transfer)

gradually increase from 0.74 mmol  to  1.39 mmol and 3.70 to

6.43 kJ mol−1,  respectively with increasing alkyl chain length of

cationic surfactant Cn (n = 12 → 18) in Hp derived systems, and a

representative plot is shown in Fig. 4,  which depicts a  profile of Dh

vs. (−�G◦
transfer).  Therefore, ni

a and (−�G◦
transfer)  values indicate a

comparable stronger interaction between surfactant and cosurfac-

tant molecules at the interface with increase in Cn (n  =  12 → 18)

of cationic surfactant at comparable water content [17–20]. On

the other hand, increase in  � values with increase in Cn indicates

the effective interdroplet interaction in w/o  mixed microemulsions

[49].

Hence, the effective binding between Pn  and mixed

surfactant (CnTAB and C16E20) at the oil/water interface, flex-

ibility and the interdroplet interaction increase in the order:

(C12TAB +  C16E20) <  (C14TAB +  C16E20) < (C16TAB +  C16E20) < (C18TAB

+ C16E20), which corroborates well with the degree of spontaneity

of the transfer process. Moreover, It has already been mentioned

that the droplet size, measured by DLS technique gradually

decreases with the increase in  droplet number as a  function of Cn

(n = 12 → 18) of cationic surfactant at a  fixed nonionic content.

Therefore, the overall result leads  to the formation of

small size,  large number of droplets with high flexibil-

ity having attractive interdroplet interaction as a  function

of Cn (n  =  12 → 18)  of cationic surfactant. It can be con-

cluded that the different physicochemical parameters viz. ni
a,

(−�G◦
transfer), �  and Dh corroborate well with the features

depicted above.

3.6. Vibrational spectroscopy measurement

It is  well known that the nanoscopic confinements of water

droplet as well as the size of the droplets have a  major impact on

water hydrogen bond network dynamics regardless of the nature

of the interface in  w/o  microemulsion [9,50].  Moilanen et al. [51]

reported that formation of a nanoscopic water pool by confine-

ment of the interface is a  primary factor governing the dynamics

of nanoscopic water as well as H-bond network arrangement for

ionic (AOT-blended) and nonionic (Igepal CO-520-blended) reverse

micelles using ultrafast infrared pump-probe spectroscopic mea-

surements. In order to get a  clear picture about the type of  hydrogen

bonding network within the water pool as a  function of  droplet size

vis-à-vis alkyl chain length of cationic surfactant Cn (n =  12  → 18)  in

w/o mixed surfactant microemulsion systems, we employ a  non-

invasive technique viz. Fourier transform infrared spectroscopy

(FTIR). A  number of studies have been  explored the properties of

encapsulated water in a range of sizes and types of w/o microemul-

sions by FTIR measurement [9,50,52–55].  In any reverse micelle or

w/o microemulsion formulation, the O-H stretching vibration is  a

good probe to  get an insight into the states of water trapped or con-

fined inside the micellar core with the corresponding interactions.

It may  be due  to  the change in  the relative populations of differ-

ently H-bonded water molecules as revealed from the change in

OH band shape and width [9,50].  It has been found that  the values

of hydrodynamic diameter of droplet (Dh = 3.08 nm → 1.43 nm)

(as a  function of alkyl chain length of cationic surfactant) for Hp-

derived systems are comparable with that reported for  the other

w/o microemulsion systems used for the investigation of  confined

water via FTIR measurement [9,50,55].  On  the other hand, IPM

derived systems are not  suitable for  the study of different types

of H-bonded water species in confined environment due to  large

droplet size (Dh = 36.5 nm → 22.93 nm). It was  reported that the

O-H band shape for much larger reverse micelles (Dh ≥  26.5 nm)

is very similar to that of bulk water, indicating that the encapsu-

lated water molecules behave as unaffected bulk water for such

large reverse micelles [50]. Hence, the FTIR study has been carried

out to determine the inherent characteristics of the encapsulated

water for Hp derived w/o  mixed microemulsion [water/CnTAB

(n = 12 → 18) + C16E20/Pn/Hp] systems at constant ω  (=25) and tem-

perature (303 K). In  the present study, small  amount of Pn has

been used as structure forming cosurfactant in  mixed surfac-

tant microemulsions. Different types of distinguishable hydrogen

bonded water molecules were reported in  single cationic (CTAB-

based) as well as nonionic (polyoxyethylene 10 oleyl ether-based)

w/o microemulsions in  presence of alkanol (cosurfactant) [53,54].

However, the influence of alkanol vibration on  the intensity of

O-H stretching vibration of confined water can not  be ignored.

To get rid of the IR intensity due  to  O–H stretching vibration of
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Fig. 5.  (A) Representative FTIR spectra of O–H band for mixed surfactant (C12TAB +  C16E20) blended w/o microemulsion system at equimolar composition (1:1), ω (=25) and

temperature (303 K). (B) Same spectra for (C18TAB + C16E20) blended system. Specification: black curve, open blue circle and red curve represent the experimental spectra,

overall fitted point and deconvoluted curves (1:  bulk water; 2: bound water) respectively. (C) The  variation of Gaussian profiles (area fraction) of the normalized spectra of

different water species (bound water: open triangle, bulk  water: filled triangle) in water/C12TAB or C14TAB  or C16TAB or C18TAB  +  C16E20 , (1:1)/Pn/Hp microemulsions as a

function of droplet diameter (Dh). Dotted lines are guide to  the eye. (For interpretation of the references to  color in  this figure legend, the reader is referred to  the web version

of  this article.)

Pn molecule, the spectra of Pn at  same concentration has been

subtracted from the spectral intensity of O–H stretching band

at corresponding ω, and the differential spectra have been ana-

lyzed. Different types of hydrogen bonded water molecules exist

in reverse micelles which can broadly be classified into two  major

classes, namely, head group bound (mainly bound to the 20-POE

chains of C16E20 via intermolecular H-bonding) and bulk-like water

molecules [9,51,55,56]. The differential spectra obtained in  the

present study as described above, have been deconvoluted into two

peaks at ∼3500 and ∼3300 cm−1,  corresponding to the O–H stretch-

ing frequency of the surfactant headgroup bound and bulk-like

water molecules (droplet core water) respectively [9]. A represen-

tative result is  depicted in  Fig. 5A  and B.  The proportion of bulk

like water and bound water has been  found to be affected upon

decrease in water droplet size (Dh =  3.08 →  1.43 nm) as a  function of

alkyl chain length of cationic surfactant, Cn (n =  12 → 18) in  mixed

systems (Fig. 5A  and B). The variation of Gaussian profiles (area

fraction) of the normalized spectra of different water species (bulk

like and bound water molecules) on decreasing droplet diameter

(Dh), have been shown in Fig.  5C. It is evident from Fig. 5C  that

the bulk like water and its relative proportion decreases consid-

erably, passing from 43% to  26% as the hydrodynamic diameter

(Dh) decreases from 3.08 nm to  1.43 nm. Meanwhile, the bound

water contribution increases from a proportion of 57% to 74%.

Interestingly, these  modifications of different water species and

rearrangement of H-bonding in  confined environment essentially

occur with the variation in droplet size at fixed water content

(ω = 25). In a  similar experiment, Brubach et al. [50] reported

that the characteristic OH stretching band and the proportion of

different water species significantly changes with the variation

of droplet size (ω  = 1.51 → 25.3, Dh =  9.4 → 20.9 nm) in  nonionic

w/o microemulsion. It  was reported that the hydroxyl stretch

absorption spectra, vibrational population relaxation times, ori-

entational relaxation rates, and spectral diffusion dynamics, all

changes from  those of bulk properties as the system moves toward

the smaller water nanopool (ω  =  60 → 2, diameter =  28 → 1.7 nm)

for AOT reverse micelles [50,55].  Hence, the observation regarding

the dynamic H-bonding network in  the confined environment

results in decreasing droplet size as a  function of Cn (n =  12 → 18)

corroborate well with the modulations of water pool size by chang-

ing the water content (ω) for  AOT-blended w/o microemulsions

[50,55].

3.7. Effect of inorganic salts at the oil/water interface

In this section, the effect of inorganic salts (viz. KF, KI,

NaCl, NiCl2, and FeCl3 at  [salt] equals to 0.1 mol  dm−3)  having

different physicochemical properties, on the interfacial com-

position and the formation of w/o microemulsion has been

investigated by the dilution method using a  fixed composi-

tion of mixed surfactant [(C18TAB +  C16E20) =1:1] at a constant

ω (=25) and temperature (303 K). The most stabilized system,

water/(C18TAB +  C16E20)/Pn/Hp (with Dh =  3.08 nm) as reflected

from the values of ni
a and −�G◦

transfer (vide Table 1A and Fig. 4)  was

chosen for this study. Fig. 6 (histogram) represents the influence

of different salts on the interfacial population of the amphiphiles

(ni
a/ns)  and results are depicted in Table 1B. All the values of

(�G◦
transfer) are negative, and suggest that microemulsions form

spontaneously. However, maximum and minimum of ni
a or ni

a/ns

values have been found in  presence of water-structure maker (kos-

motrope) (KF) and water-structure breaker salts (chaotrope) (KI),

respectively (Table  1B and Fig. 6).
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Fig. 6. Effect of different inorganic salts (0.1 mol  dm−3) on  the interfacial com-

position of the amphiphiles (ni
a/ns)  for w/o microemulsion systems comprising

equimolar (1:1) mixed surfactant (C18TAB +  C16E20),  (0.5 mmol) and heptane

(14.0 mmol) stabilized by Pn at constant ω  (=25) and temperature (303 K).
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Table  1B

Inorganic-salt dependent physicochemical parameters of w/o mixed surfac-

tant microemulsion at equimolar composition (1:1), ω =  25, salt concentration

(0.1  mol  dm−3) and 303 K.a

System: water (salt)/C18TAB +  C16E20/Pn/Hp

Inorganic-salt [Salt free] [KF] [KI] [NaCl] [NiCl2] [FeCl3]

104 ni
a (mol) 13.89 16.15 8.61 9.09 11.05 13.25

104 n0
a (mol) 18.40 17.64 38.27 30.38 27.34 24.30

Kd 12.87 13.91 5.65 7.10 8.33 9.80

−�G◦
transfer (kJ mol−1) 6.43 6.63 4.36 4.93 5.34 5.75

a All the mixed microemulsion systems are formed using constant amount of

mixed surfactant (0.5 mmol) and oil (14.0 mmol).

Further, the result shows that ni
a values gradually increase

and corresponding n0
a values decrease for mixed microemulsion

systems in the following orders: KI <  NaCl <  NiCl2 <  FeCl3 <  KF and

KI > NaCl > NiCl2 > FeCl3 >  KF, respectively (Table 1B). The reverse

trend of ni
a and n0

a values of Pn has been observed earlier for

nonionic surfactant (C12E23)-blended w/o  microemulsion systems

(water/C12E23/Pn/decane or dodecane) in presence of NaCl [17].

Recently, it  has been reported that the cationic surfactant molecules

(C16TAB) are more compressible and ordered at the oil/water inter-

face in water/C16TAB/oil system from dissipative particle dynamics

simulation study [57], whereas polyoxyethelene ether type non-

ionic surfactant molecules (C12E4)  form ‘all trans’ conformation

in water/C12E4/decane reverse micelles with the network of H-

bonding between ether oxygen atom of POE chain and water, as

revealed from molecular dynamics simulation study [58].  Hence,

the nonionic surfactant (C16E20) molecules might have their long

polar head groups (20-POE chains) within the water pool form

H-bonds mainly with the water molecules in the present sys-

tems [58,59]. Water-structure maker salt, like KF enhances the

H-bonding capacity of water molecules as well as favors the forma-

tion of strong H-bond between polyoxyethylene chains (POE-20) of

C16E20 and water molecules [30,60] and subsequently, restricts the

spreading as  well as motion of long POE chains over droplet sur-

face. As a result, the presence of KF in  the water pool favors the Pn

transfer process (oil → interface) to fill the existing interfacial gap

in absence of unfolded long POE chain of C16E20, and stabilized the

system with higher mole number of Pn at  the interface, ni
a (Fig. 6,

Table 1B). The reverse trend of ni
a value is  observed in  presence

of water-structure breaker salt, KI.  It helps the spreading of long

POE chains of C16E20 on droplet surface by weakening H-bonding

network in confine environment [30,60] and minimizes the inter-

facial Pn population, ni
a (Fig. 6,  Table 1B). On the other hand, the Pn

transfer process (oil → interface) and the order of spontaneity of

the system (in presence of these salts) follow an increasing trend

depending upon the nature and magnitude of the cationic charge of

the metal ion (Na+ → Ni+2 → Fe+3) present in  the chloride salts. This

enhanced alcohol partitioning at the interface may  be attributed

to the chaotropic effect (salting-out) [61]. It has been shown that

the distribution of POE  type nonionic surfactant between the oil

and the water-pool in presence of salt results in salting out of

the surfactant from water to  bulk oil. Subsequently, it facilitates

the Pn transfer process (oil → interface) and thereby, increases in

the ni
a value. However, ni

a and n0
a values show lower and higher

magnitudes, respectively in presence of FeCl3,  NiCl2 and NaCl com-

pared to the pure system (i.e. absence of salts). It  is noteworthy

to mention that the addition of chloride salts, may, however, cre-

ate different situation for  interfacial monolayer of mixed surfactant

(cationic and nonionic)-blended w/o systems. The chloride salts

reduce the area of polar head group of cationic C18TAB molecules

by decreasing electrostatic repulsion via charge screening and sub-

sequently, favor a greater curvature of the interface as well as affect

the interfacial population of Pn [17,62,63]. On the other hand, the

long POE chains of C16E20 molecules occupy large interfacial area in

presence of chloride salts due to  mutual repulsion between polar EO

groups of nonionic surfactant and dissociated ions of the added salts

that are present inside the reverse micellar core [17]. As a  result,

the interfacial gap is  reduced for Pn accommodation. The combina-

tion of these two  factors mutually affects the transfer process of Pn

(oil → interface) and decreased the ni
a values for  the mixed system

in presence of chloride salts in comparison to pure system (Table 1B,

Fig. 6). It is noteworthy to  mention that the w/o  single and mixed

microemulsion systems are often used as a  novel template for the

synthesis of metal nanoparticles [31]. Further, Pn plays a key factor

in  regulating the size, size distribution and stability of the nan-

odroplets in  w/o quaternary microemulsion system and the growth

of nanoparticles in these nanodroplets can be facilitated with the

increasing flexibility of the interfacial film by the addition of Pn [28].

Hence, the synthesis of nanoparticles of transition metal elements,

for examples, Fe and Ni are much more favorable in present w/o

mixed systems at constant ω (=25)  and fixed temperature (303 K)

compared to the alkali metal (Na).

3.8. Effect of inorganic salts on water structure in confined

environment

The effect of inorganic salts (viz. KF, KI, NaCl, NiCl2,  and FeCl3)

on water structure in confined environment of present w/o mixed

surfactant (C18TAB +  C16E20) microemulsions have  been investi-

gated through vibrational spectroscopy measurement (FTIR) via

D2O probing [40].  In  the present report, KF and KI are used as com-

mon  water-structure maker (kosmotrope) and water-structure

breaker (chaotrope) salts, respectively [29,30]. However, accord-

ing to reported value of viscosity B coefficient of the added chloride

salts viz. NaCl, NiCl2 and FeCl3,  they can also influence the nature of

water structures and network H-bonding therein [29].  Actually, the

viscosity B coefficient of an ion becomes a  measure for the inter-

action of the ion with water. Ions with a  positive B coefficient act

to  increase the solution viscosity when dissolved in  water, which

suggests that these ions induce the formation of a kind of  “net-

work” structure in the solution. Ions with a  negative B coefficient

exhibit the opposite effect, and they are  called structure break-

ing ions [63].  In aqueous solution, the viscosity B coefficients (in

dm3 mol−1)  for the added salts (cation and anion) of the present

system are  reported to be  K+ =  −0.001, Na+ = +0.084, Ni2+ =  +0.349,

Fe3+ =  +0.690 (reported for only 25 ◦C), F− =  +0.055, Cl− = −0.001,

I− = −0.066, respectively at 30 ◦C [29]. Recently, Zheng et al. [64]

reported the influence of inorganic salts LiCl, NaCl and CsCl on the

phase behavior of aqueous C12E7 mixture considering the magni-

tude and sign of the viscosity B coefficient of the cations probed

by  DSC, SANS and FTIR spectroscopy. It is apparent that these salts

significantly modulate the interfacial composition of w/o  mixed

microemulsion reported herein.

In order to underline the effect of the salts on  the properties

of water structure in confined environment as well as modula-

tion of the oil/water interface, a small amount of D2O (10%) was

mixed with H2O. A  rapid exchange between H  and D atoms has

been taken place leading to  the formation of HOD molecules. The

O–D stretching band of these molecules reflects only the H-bonding

interactions between water molecules. Thus, the intramolecular

interactions between the two OH (or OD)  oscillators in H2O  (or

D2O) molecules do not complicate the O–H (O–D) stretching band

contour as observed for pure water. The coupling between OD and

OH oscillators in a  HOD molecule is not  possible due to the dif-

ference in atomic weight between H  and D  atoms. Thus, the O–D

band reflects only the hydrogen bonding interactions between HOD

species with other components present in the confined environ-

ment [30].  Hence, the isotopic solution of 10% D2O/H2O  mixture has

been chosen for the formulation of w/o mixed microemulsion after
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Fig. 7. Effect of  different inorganic salts (0.1 mol  dm−3) on  the  properties of water

structure in  confined environment [FTIR spectra of O–D band (10% D2O/H2O)  of

HOD in absence (salt free) and presence of added salts] for w/o microemulsion sys-

tems comprising equimolar (1:1) mixed surfactant (C18TAB +  C16E20),  (0.5 mmol)

and  heptane (14.0 mmol) stabilized by  Pn at  constant ω  (=25) and temperature

(303  K).

adding salts (KF, KI, NaCl, NiCl2, and FeCl3) at a  similar concentra-

tion (0.1 mol  dm−3) which was used in  the Schulman’s cosurfactant

titration. The  results are  depicted in  Fig. 7.  The width of the OD

band of HOD significantly increases for KF and FeCl3 containing

w/o mixed microemulsions and peaks shift to  lower wave num-

bers (blue shift) compared to the OD band in  the pure D2O/H2O

mixture at the confined environment. This result validates that KF

and  FeCl3 has a structure making effect with enhancing the H-

bonding capacity of the encapsulated water. The opposite trend

is observed for w/o mixed systems in presence of NiCl2, NaCl

and  KI. The  width of the OD band decreases and the peak shifts

toward higher wave number (red  shift) [30].  This phenomenon

indicates the breaking or weakening of some hydrogen bonds of

the confined water in  presence of NiCl2, NaCl, and KI.  Hence, it

can be concluded that  the spontaneity of the Pn transfer process

(oil → interface) vis-à-vis modulation of the oil/water interface and

the formation of stable w/o mixed microemulsion is  much favored

in  the presence of water structure maker salt,  KF and the order

follow; KF > FeCl3 >  NiCl2 >  NaCl >  KI (Table 1B,  Figs.  6 and 7).

4. Conclusions

In this paper, changes in the architecture [starting from

the interfacial film to the confined environment (waterpool)]

of equimolar (1:1) mixed surfactant w/o microemulsions,

(water/CnTAB +  C16E20/Pn/Hp or IPM) at fixed ω (equals to  25)

and temperature (303 K) induced by replacement of the cationic

surfactant of different chain lengths in  the homologous series

(CnTAB, n =  12  → 18) in  mixed systems, has been presented. The

phase study reveals that the increase in  alkyl  chain length of

the cationic surfactant Cn (n =  12  → 18) synergistically enhances

the formation of single phase (1�)  microemulsion in both oils

(Hp and IPM). The interfacial (na
i)  and bulk (na

o) compositions

as well as the distribution of Pn between the interface and

bulk oil (obtained by  the dilution method) depend on the inter-

action between the amphihphiles at the interface, alkyl chain

length of the cationic surfactant and type of oil. ni
a and n0

a

gradually increase and decrease, respectively with increasing Cn

(n =  12 → 18) in  the presence of fixed amount of a  nonionic surfac-

tant (C16E20) in both Hp and IPM. Further, Kd and the spontaneity

of the formation of stable w/o microemulsions (−�G◦
transfer)

at equimolar composition (1:1) of mixed surfactants gradually

increase with the increase in Cn (n =  12 → 18) in both oils.  The

viscosity (�) of these systems increases with increase in  Cn

(n =  12 → 18), which indicates the enhanced attractive interaction

between the droplets. Hence, it can be concluded that  the effec-

tive binding between Pn and mixed surfactant(s) at the oil/water

interface and the interdroplet interaction increase in the order:

(C12TAB + C16E20) <  (C14TAB +  C16E20) <  (C16TAB +  C16E20) <  (C18TAB

+ C16E20), which corroborates well with the degree of spontane-

ity of the transfer process. The hydrodynamic diameter (Dh) of

the microemulsion droplets decreases remarkably from 3.08 nm to

1.43 nm (53.57%) and 36.50 nm to  22.93 nm (37.17%) with increase

in droplet numbers as a function of the alkyl chain length of  the

cationic surfactant Cn (n =  12 → 18) in the mixed systems for Hp

and IPM oil, respectively. All  these parameters (viz. ni
a,  n0

a ,  Kd,

−�G◦
transfer,  Dh and �) have been found to  depend on  the type of oil

used in this report, i.e., Hp and IPM. More precisely, the spontaineity

of the Pn transfer process is  higher for Hp-based systems compared

to IPM-based systems at comparable condition. On the other hand,

IPM-based systems produce larger droplet dimension than Hp-

based systems which corroborates well with Pn accommodation

at  the oil/water interface for the corresponding systems. Further,

viscosity of IPM-derived systems (�IPM) is greater than that of  Hp-

derived systems (�Hp). The formation of large size droplets in  IPM

oil might be responsible for such an enhancement in  �IPM.  All these

differences attribute to  the variation in  inherent chemical struc-

tures and physicochemical properties of oils. Additionally, it reveals

from vibration spectroscopy measurements that the changes in

the states of water organization (i.e., bulk like and bound water

molecules) inside the confined environment of the waterpool has

been observed as a  function of the alkyl chain length of cationic

surfactant Cn (n =  12 → 18).

In addition, the influence of different inorganic salts [nor-

mal salt (NaCl), precursor salts (NiCl2 and FeCl3), water-structure

affective salt (KF and KI)] on the formation of mixed surfactant

(C18TAB + C16E20) w/o  microemulsion system at equimolar compo-

sition (1:1), ω =  25 and 303 K  has been investigated by  the dilution

method. Both spontaneity of the formation (−�G◦
transfer) and flex-

ibility of the interface (ni
a) are influenced by KF (water-structure

maker salt,  kosmotrope), whereas the impact of other salts is not

significant. However, the overall order of these two  parameters

(in presence of the salts) is  as follows; KF > FeCl3 > NiCl2 >  NaCl > KI.

Vibration spectroscopy also supports the structure making or

breaking abilities of the above salts in a confined environment

(i.e., waterpool) of the mixed microemulsion systems via D2O pro-

bing. In  summary, our findings shed considerable effect of variation

in alkyl chain length of the cationic surfactant Cn (n =  12  → 18)

on the interfacial composition, spontaneity of formation, droplet

dimension and states of solubilized water of a  quaternary w/o

mixed surfactant (cationic +  nonionic) microemulsion in  absence

and presence of inorganic salts. Because of wide modulations in

physicochemical properties and microstructures, these w/o mixed

surfactant microemulsions could be prospective for  studying enzy-

matic catalysis [28],  nanoparticle synthesis [65] and stimulating

the regio-specificity of an organic reaction in  microemulsion media

[66].
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a b s t r a c t

The present study is focused on evaluation of interfacial compositions and thermodynamic properties of

w/o mixed surfactant [(sodium dodecylsulfate, SDS/polyoxyethylene (23) lauryl ether, Brij-35)/1-penta-

nol (Pn)/isopropyl myristate (IPM)] microemulsions under various physicochemical conditions by the

dilution method. The number of moles of Pn at the interface (ni
a) and bulk oil (no

a), and various thermody-

namic parameters [viz. standard Gibbs free energy (DG0
o!i), standard enthalpy (DH0

o!i), and standard

entropy (DS0o!i) of the transfer of Pn from bulk oil to the interface] have been found to be dependent

on the molar ratio of water to surfactant (x), concentration of Brij-35 (XBrij-35), and temperature. Temper-

ature-insensitive microemulsions with zero specific heat capacity ðDC0
pÞo!i have been formed at specific

compositions. The intrinsic enthalpy change of the transfer process ðDH0Þ�o!i has been evaluated from lin-

ear correlation between DH0
o!i and DS0o!i at different experimental temperatures. The present report also

aims at a precise characterization on the basis of molecular interactions between the constituents and

provides insight into the nature of the oil/water interfaces of these systems by conductivity and dynamic

light scattering studies as a function of x and XBrij-35. Conductivity studies reveal that incorporation of

Brij-35 in non-percolating water/SDS/Pn/IPM systems makes them favorable for x-induced percolation

behavior up to XBrij-35 6 0.5. But further addition of Brij-35 causes a decrease in conductivity with increas-

ingx. Furthermore, the hydrodynamic diameters of the microemulsion droplets increase with increase in

both XBrij-35 andx. Correlations of the results in terms of the evaluated physicochemical parameters have

been attempted.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

Microemulsions are clear, transparent or translucent, thermo-

dynamically stable dispersions of oil and water, stabilized by an

interfacial film of surfactant(s) frequently in combination with a

cosurfactant and having diameter of the droplets in the range of

10–200 nm. Typical water-in-oil (w/o) microemulsion or reverse

micelles (RMs) consist of nanoscopic pools of water dispersed in

nonpolar solvent stabilized by surfactant monolayer [1,2]. The

properties of confined water differ considerably from those of bulk

water due to geometrical constraints of the environment and

molecular interactions at the oil/water interface [3,4]. They have

been used in various fields, such as pharmaceutics, nanoparticle

synthesis, liquid–liquid extraction, cosmetic, detergency, and ter-

tiary oil recovery, due to their very low interfacial tension, nano-

meter-sized droplets, high solubilization capacity, etc. [5–7]. The

extensive research of microemulsions has focused on the under-

standing of their internal structure and dynamics. Various instru-

mental investigations reveal the microstructures of

microemulsion systems, such as small-angle neutron scattering

(SANS), small-angle X-ray scattering (SAXS), transmission electron

microscopy (TEM), dynamic light scattering (DLS), nuclear mag-

netic resonance (NMR), conductance, and viscosity [8–14].

The cosurfactant (short chain lipophilic n-alkyl alcohols) plays

an important role by blending with surfactant(s) and partitions be-

tween the coexisting aqueous and oleic phases to control the bend-

ing elasticity of the interfacial layer offering stability to the

dispersion and affecting the droplet dimensions of the microemul-

sion droplets [15]. So, to quantify the composition of the interfacial

layer and the distribution of surfactant and cosurfactant between

the interfacial layer and the water or oil phase, different phase dia-

grams were exploited, such as pseudo-ternary phase diagram,

Winsor type, fishlike phase diagrams, and dilution phase diagram

of water-in-oil (w/o) microemulsion [16,17]. The dilution phase

diagram deals exclusively with the single phase of w/o microemul-

sion and is used to determine the compositions of the interfacial

layer and the bulk phase, as well as the thermodynamic parame-

ters. Understanding the thermodynamic properties and structural
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characteristics of microemulsions provides an important theoreti-

cal basis for applications. In view of the above, a simple turbidi-

metric titration (dilution method) has been used by a number of

workers [9,18–25]. Earlier, Palazzo et al. showed that the composi-

tion of the interface determined by a ‘‘Schulman’s cosurfactant

titration’’ of water/cetyltrimethylammonium bromide (CTAB)/n-

pentanol/n-hexane agreed well with the interfacial composition

determined employing pulsed gradient spin-echo NMR (PSGE-

NMR) data. The authors were also pointed out that the method

has applications in scattering and diffusion studies because it

provides extrapolation to single-particle properties by reducing in-

ter-particle interactions of the microemulsion system without

changing its composition [26]. Very recently, we have reported

the characteristics role of cosurfactant (butanol or pentanol) on

the formation and stabilization of the droplet surface, which re-

lates to the evaluation of the interfacial composition, thermody-

namic properties, and structural parameters of single (CPC or SDS

or Brij-35) and mixed surfactant (CPC or CTAB or SDS blend with

Brij-58 or Brij-78 at different proportions) w/o microemulsions

stabilized in heptane or decane or dodecane under varying physi-

cochemical environments, by employing the dilution method

[27–30]. Mixed surfactants play a promising role in surface chem-

ical applications. Mixed surfactant systems may be less expensive

and often exhibit interfacial properties more pronounced than

those of the individual surface-active components of the mixture

[31,32]. The interactions between the constituent surfactants can

lead to either synergism (attractive) or antagonism (repulsive) in

terms of their physicochemical properties depending on the type

and nature of the surfactants. The studies on mixed surfactant sys-

tems are therefore of considerable interest from fundamental as

well as applied viewpoints.

In view of these studies, the present report aims at a precise

determination of the molecular interactions among the constitu-

ents and enlighten the formation vis-à-vis nature of the oil/water

interface of mixed surfactant blended w/o microemulsions

[water/sodium dodecylsulfate (SDS)/polyoxyethylene (23) dodecyl

ether (Brij-35)/cosurfactant (1-pentanol)/isopropyl myristate

(IPM)] as function of water contents (x), content of nonionic (Xnon-

ionic), and temperature. Both of these surfactants (SDS and Brij-35)

are chosen in such a way that they possess similar hydrocarbon tail

(constituting 12 carbon atoms in the linear chain), but they differ

in charge type and size of the polar head groups, so that the possi-

ble interactions between the hydrocarbon chains of two surfac-

tants get minimized. In this work, 1-pentanol is used as structure

forming cosurfactant due to its versatile biological as well as tech-

nological applications [33,34]. Also, IPM has been widely used in

the formulation of biocompatible microemulsions for pharmaceu-

tical, drug delivery, and biological applications [35,36]. However,

studies on IPM (which is structurally and physicochemically differ-

ent from conventional hydrocarbons [10,37]) derived w/o mixed

surfactant microemulsion are not much reported in the literature

using the dilution method [30]. Recently, Hait and Moulik [18]

and Mohareb et al. [19] reported the formation characteristics of

single surfactant CPC or CTAB or SDS using n-alkanol (C5–C9) as

cosurfactant stabilized in IPM oil by dilution method. The present

study sheds on the formation of w/o microemulsion, composition

of mixed interfacial film, complete analysis of thermodynamic of

the transfer process of cosurfactant from bulk oil to the interface,

transport property and microstructure of these systems (to under-

stand the possible interactions between the constituents of micro-

emulsion droplets) by means of phase study, dilution method,

conductivity, and dynamic light scattering (DLS) techniques. This

study aims to improve the basic understanding of the formation

and microstructure of mixed w/o microemulsions stabilized in po-

lar lipophilic oil (IPM), which is not much reported in the literature

[30].

2. Experimental

2.1. Materials

Sodium dodecylsulfate (SDS, P99%) and polyoxyethylene (23)

lauryl ether (Brij-35,P99%) were purchased fromMerck, Germany

and Sigma Aldrich, USA, respectively. The oil, isopropyl myristate

(IPM, P98%), and the alkanol, 1-pentanol (Pn, P98%) were the

products of Fluka, Switzerland. All these chemicals were used

without further purification. Doubly distilled water of conductivity

less than 3 lS cm�1 was used in the experiments.

2.2. Methods

2.2.1. Sample preparation and phase behavior

The samples comprising mixed surfactants (SDS and Brij-35) at

different proportions, cosurfactant (Pn), oil (IPM) and water with

constant surfactant, and cosurfactant mass ratio (S:CS = 1:2) were

formulated in a screw cap glass vials. The samples were monopha-

sic, transparent, and stable. Phase behavior of chosen systems was

constructed with at fixed temperature (303 K) using thermostated

water bath (accuracy, ±0.1 K). The repeat experiments were found

to be reproducible with an error limit of ±1%.

2.2.2. Method of dilution

The Schulman’s method of cosurfactant titration (dilution

experiment) [38] was performed to investigate the interfacial com-

position of w/o mixed surfactant microemulsions, as described ear-

lier [20,27], with necessary modification in assessment of

microemulsion formation using spectrophotometric technique to

measure the change in sample turbidity produced by alcohol (Pn)

addition [39]. To a turbid solution comprising a blend of SDS and

Brij-35 at various composition (XBrij-35) and water in a given sol-

vent (IPM) at 303 K, small aliquots of Pn was added. The point of

single phase microemulsion formation was evidenced by a total

loss of sample turbidity, cheeked by the sample absorbance mea-

sured at 320 nm [39]. The sharp decrease in absorbance observed

in the sample titration with alkanol (Pn) allows precise determina-

tion of the amount cosurfactant needed to stabilize the microemul-

sion. The absorbance measurements were carried out at 320 nm in

JASCO (V-530) UV-spectrophotometer employing thermostated

cell. The amount of mixed surfactant(s) and oil(s) was taken as

0.5 mmol and 14.0 mmol, respectively, for each system.

2.2.3. Conductance measurement

The electrical conductivity measurements were performed

using Mettler Toledo (Switzerland) Conductivity Bridge. The

instrument was calibrated with standard KCl solution. The temper-

ature was kept constant (303 K) for conductivity measurement

within ±0.01 �C by circulating thermostated water, through a jack-

eted vessel containing the solution.

2.2.4. Dynamic light scattering (DLS) measurement

Diameter of the microemulsion droplets was determined using

a Zetasizer Nano ZS90 (ZEN3690, Malvern Instruments Ltd., UK). A

He–Ne laser of 632.8 nm wavelength was used and the measure-

ments were made at a scattering angle of 90�. Temperature was

controlled by inbuilt Peltier heating–cooling device (±0.1 K).

Refractive index of each solution was recorded with an ABBE type

refractometer, as it was required as an input in determining the

size of the microemulsion droplet by DLS technique. Viscosity data,

as obtained from viscosity measurements, were used in processing

DLS data. Samples were filtered thrice using Millipore(™) hydro-

phobic membrane filter of 0.25 l pore size.
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3. Theoretical background of the dilution method

The w/o microemulsion consists of dispersion of water droplets

in IPM continuum, wherein the mixed surfactants were considered

to populate at the oil/water interface in partial association with the

cosurfactant (Pn), which remained distributed between the inter-

face and the bulk oil. Thus, at a fixed [surfactant(s)], a critical con-

centration of Pn is required for the stabilization of the

microemulsion. Addition of extra oil (IPM) extracts Pn from the

interface to destabilize the system, which can be stabilized by

the addition of extra cosurfactant(s) in the system. This is the fun-

damental basis of dilution experiment, described in Section 2. The

following equations (detailed derivations are available in the liter-

atures [29,30]) are helpful to rationalize the distribution and trans-

fer process of Pn from the continuous oil phase to the interfacial

region:

na

ns

¼
nw
a þ ni

a

ns

þ k
no

ns

ð1Þ

Kd ¼
X i

a

Xo
a

¼
ni
a=ðn

i
a þ nsÞ

no
a=ðn

o
a þ noÞ

¼
ni
aðn

o
a þ noÞ

no
aðn

i
a þ nsÞ

ð2Þ

DG0
o!i ¼ �RT lnKd ð3Þ

na;n
w
a ;n

i
a;n

o
a; ns denote the total number of moles of alkanol present,

moles of alkanol in water, its number at the interface, in the oil

phase, and the total number of moles of surfactant, respectively.

In our experiment, negligible water solubility of Pn leads to na
w �

0 [26,29]. The distribution constant of alkanol is represented by

Kd where Xi
a and X0

a are the mole fraction of alkanol in the interfacial

layer and in the oil, respectively. DG0
o!i represents standard Gibbs

free energy change of transfer of alkanol from oil to the interface.

DH0
o!i (enthalpy change of transfer of alkanol from oil to the

interface) can be evaluated by the van’t Hoff equation. Thus,

½@ðDG0
t =TÞ=@ð1=TÞ�p ¼ DH0

o!i ð4Þ

Since the dependency of (DG0
o!i=T) on (1/T) are nonlinear for all

these systems, a two-degree polynomial equation of following form

is used.

DG0
o!i

T

 !

¼ Aþ B1
1

T

� �

þ B2
1

T

� �2

ð5Þ

The differential form of the relation helps to evaluate DH0
o!i. Thus,

@ðDG0
o!=TÞ

@ð1=TÞ
¼ B1 þ 2B2

1

T

� �

¼ DH0
o!i ð6Þ

where A, B1, and B2 are the polynomial coefficients.

Then, the Gibbs–Helmholtz equation is used to evaluate DS0o!i

(entropy change of transfer of alkanol from oil to the interface),

DS0o!i ¼
DH0

o!i � DG0
o!i

T
ð7Þ

The evaluation of specific heat change of transfer of alkanol from oil

to the interface [ðDC0
pÞ

0
o!iÞ] follows from the relation,

½ðDC0
pÞo!i� ¼ ð@DH0

o!i=@TÞp ð8Þ

The standard state herein considered is the hypothetical ideal state

of the unit mole fraction.

4. Results and discussion

4.1. Phase behavior of single and mixed surfactant microemulsion

Phase behavior actually determines the microstructure of the

system [40]. Along with cosurfactant (Pn), SDS/Brij-35 (mixed sur-

factant) has been found to favorably augment microemulsification

(1/ region) of water and IPM. Phase diagram of pseudo quaternary

system, water/SDS/Brij-35/Pn/IPM has been constructed in Gibb’s

triangle with the variation of Brij-35 (XBrij-35 = 0.0, 0.2, 0.4, 0.5,

0.6, 0.8, and 1.0) in a fixed amount of mixed surfactant (SDS/Brij-

35) and at a constant temperature of 303 K [illustrative representa-

tion has been shown in Fig. 1 (at XBrij-35 = 0, 0.5 and 1.0), and other

figures are not exemplified here]. The surfactant and cosurfactant

ratio used was 1:2 (w/w). Each of the phase diagrams specifically

indicates the presence of two different zones i.e., clear (microemul-

sion; 1/ region) and turbid (biphasic; 2/ region). Further, the size

and location of above regions (1/ and 2/) have been found to be

dependent on the composition of mixed surfactant (SDS and Brij-

35) [41]. However, it can be argued from the overall scenario that

the characteristic of the phase diagrams is the appearances of con-

siderable 1/ region i.e., clear solution along the amphiphile-oil axis

which is actually oil continuous microemulsion with isolated and

aggregated w/o dispersion.

4.2. Interfacial composition of single and mixed surfactant based

microemulsion by the dilution method

4.2.1. Effect of water content (x) on compositional variations (ni
a=ns)

The dilution method (the Schulman’s cosurfactant titration of

the oil/water interface) has been used for determination of interfa-

cial composition of SDS/Brij-35 mixed surfactant microemulsion

systems at equimolar composition (XBrij-35 = 0.5) in IPM with vary-

ing x (=20, 25, 30, 35 and 40) at a constant temperature of 303 K.

From the data collected, graphs were constructed by plotting na/ns
against no/ns according to Eq. (1). Representative plots are illus-

trated in Fig. S1 (Supplementary material). The plots were strik-

ingly linear (average R2 was 0.9965). From Fig. S1, the values of

no
a and ni

a were obtained from slopes (S) and intercepts (I), respec-

tively, and subsequently, the values of Kd and DG0
o!i were evaluated

using Eqs. (2) and (3), respectively.

All these values of ni
a;n

o
a and DG0

o!i are presented in Table 1. In

order to understand the influence of water content (x) on

SDS/Brij-35 (1:1) : 1-pentanol

S: CS  = 1: 2 

2

1

Water 
IPM 

w/o 

Φ

Φ

Fig. 1. Representative pseudo-ternary phase diagram of water/SDS/Brij-35/Pn/IPM

w/o microemulsion at three different ratios of mixed surfactant at 303 K. S/Cs mass

ratio: 1:2. Area marks: unshaded, microemulsion zone (1/); shaded, turbid zone

(2/) [black; XBrij-35 = 0.0, dark gray; XBrij-35 = 0.5, light gray; XBrij-35 = 1.0].
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interfacial composition (ni
a) for SDS/Brij-35 mixed systems at equi-

molar composition and at 303 K, ni
a=ns values [i.e., compositional

variations of amphiphiles (both surfactants and Pn) at the inter-

face] are plotted against x and the representative graphical plot

is depicted in Fig. 2. It is evident from Fig. 2 and Table 1 that ni
a val-

ues increase with increase in x. Similar trend [i.e., increase in ni
a or

(ni
a=ns) with increase in x] was reported by Hait and Moulik [18]

and Paul and Nandy [27] for single SDS w/o microemulsion system

stabilized in IPM and Dc or Dd oils, respectively, and also by Kundu

and Paul [30] for mixed SDS/Brij-58 or Brij-78 systems stabilized in

Hp or Dc or IPM. A plausible explanation for this type of trend can

be presented in light of physicochemical (molecular) interactions

among the constituents [viz. hydrophobic interaction between

hydrophobic segments of the constituent surfactants in hydropho-

bic domains of the aggregates; electrostatic interaction between

head groups of both surfactants in hydrophilic domains; ion–di-

pole interaction between ionic and nonionic hydrophilic groups;

and hydrogen bonding interaction among water and ionic and non-

ionic hydrophilic groups; interaction between alkanol and basic

amphiphile (SDS) at the interface] involved in the transfer process.

Further, SDS [with DS- as polar head group and dodecyl (C12)

hydrocarbon chain] and Brij-35 [23 POE chains as polar head group

with similar hydrocarbon chain (C12), respectively] are in the

mixed state of equimolar proportion i.e., XBrij-35 = 0.5. At the

threshold level of stability for the formation of w/o microemulsion,

the requirement of Pn depends on its interaction with these surfac-

tants of different characteristics at different x’s. After addition of

water to the ternary system (at XBrij-35 = 0.5), both polar head

groups of SDS (DS�) and Brij-35 (POE) surfactants have tendency

to form strong hydrogen bond with water [42]. Also, a strong

ion–dipole interaction between compact sulfate group in SDS and

EO groups in Brij-35 exists inside the water pool. It is likely that

the origin of these interactions comes from the hydrogen bond for-

mation between the sulfate head groups and the dehydrated EO

chains in the mixed corona, makes the corona more compact

[43]. These types of attractive interactions between polyoxyethyl-

ene chains and anionic surfactant and hydrogen bonding interac-

tions among surfactant head groups (DS�) and water molecules

lead to the rigidification of the surfactant(s) monolayer [44]. Also,

sulfate ions will cause dehydration of the EO chains in the mixed

corona, as sulfate ions are considered as water-structure making

ions, leading to an increase in hydrophobicity of the system [43].

Because of these reasons, more Pn molecules get accommodated

at the droplet interface with increasing x. Further, it is probable

that the spacing between adjacent surfactant molecules at the

interface increases due to decreasing surfactant concentration on

the droplet surface with increase in x. As a result, more Pn mole-

cules are required to fill the gaps among the surfactant molecules

on the droplet surface and lead to the formation of stable w/o

microemulsions.

4.2.2. Effect of water content (x) on bulk oil compositions (no
a)

From Table 1, it is clearly evident that no
a (number of moles of Pn

at the bulk oil phase) increases with increasing x in IPM. This can

be argued as follows: with increasing x, droplet is swollen and

thus, the interface curvature is decreased. This leads to the surfac-

tant molecules arranging more closely at the interface and de-

creases the gaps resulting from the unsuitable molecular

geometry of the surfactants. As a result, trend of Pn transferring

from the bulk oil to the interface is weakened. So, the numbers

of moles of Pn in oil phase (no
a) increase [21,22]. Similar trend for

no
a values was also reported earlier for both single and mixed sur-

factant microemulsions [18,20,29,30].

4.2.3. Effect of XBrij-35 and temperature on interfacial compositions (ni
a

and no
a)

The dilution method has also been used for the estimation of

interfacial composition of water/SDS/Brij-35/Pn derived micro-

emulsion systems (with XBrij-35 = 0, 0.2, 0.4, 0.5, 0.6, 0.8, and

1.0) stabilized in IPM at fixed x = 20 and at four different temper-

atures of 293, 303, 313, and 323 K. From the data collected,

graphs were constructed by plotting na=ns vs. no/ns according to

Eq. (1). Representative illustrations are shown in Fig. S2 (Supple-

mentary material). The calculated values of ni
a and no

a obtained at

different mixing ratios of the surfactants (XBrij-35 = 0? 1.0) with

varying temperatures are presented in Table 2. It is evident from

Table 2 that the values of ni
a and no

a did not follow any straight-

forward trend as a function of XBrij-35 for any of these systems.

However, the plot of interfacial composition (ni
a) of Pn vs. surfac-

tant composition (XBrij-35) at each temperature (Fig. 3) clearly

shows a minima at XBrij-35 = 0.5 i.e., at equimolar composition of

mixed surfactant (SDS/Brij-35) microemulsion. Further, it is evi-

dent from the Table 2 that with increase in temperature ni
a in-

Table 1

Water content (x) dependent physicochemical parameters for the formation of w/o

mixed microemulsion at fixed XBrij-35 (0.5) and temperature (303 K).a,b

System: water/SDS + Brij-35/pentanol/IPM

x 20 25 30 35 40

104 ni
a (mol) 19.08 22.45 30.11 34.21 40.50

103 n0
a (mol) 8.34 10.4 16.14 19.17 23.21

Kd 1.75 1.59 1.39 1.33 1.27

�DG0
o!i (kJ mol�1) 1.41 1.18 0.83 0.72 0.61

a All the mixed microemulsion systems are formed using constant amount of

mixed surfactant (0.5 mmol) and oil (14.0 mmol).
b The error limits in Kd and DG0

o!i were within ±5% and ±3%, respectively.
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Fig. 2. Plot of ni
a=ns against x for mixed surfactant (SDS and Brij-35) w/o

microemulsion systems comprising total 0.5 mmol of mixed surfactant and

14.0 mmol of IPM oil stabilized by Pn at fixed XBrij-35 (=0.5) and constant

temperature (303 K). Inset A: Dependence of conductivity (r) on water content

(x) for the same systems.
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creases while no
a decreases, and hence, increase in temperature

helps to transfer more Pn molecules (cosurfactant) from the oil

to the interface. This observation is found to be consistent with

that reported by Hait and Moulik [18] for CPC, SDS, and CTAB

based systems stabilized in IPM and Paul and Nandy [27] for

CPC, SDS, and Brij-35 based systems stabilized in Dc or Dd. When

SDS and Brij-35 are mixed in nearly comparable proportions

(XBrij-35 = 0.4? 0.6), the difference between the value of parame-

ters, e.g., ni
a and no

a at lower and higher temperatures is more than

the pure surfactant systems (XBrij-35 = 0 and 1.0). It indicates that

interfacial arrangements or organizations of the constituents are

mostly affected by increase in temperature in the vicinity of equi-

molar composition.

4.2.4. Thermodynamics of transfer of alkanol (Pn) from oil (IPM) to the

interface

In this section, analysis of the transfer of Pn from oleic phase to

the interface of mixed surfactant (ionic/nonionic) w/o microemul-

sions using dilution experiments from thermodynamic point of

view is presented, which is seldom reported [28–30]. Such reports

for w/o microemulsions stabilized in hydrocarbons and polar oil

using single surfactant are available in the literature [18–25]. Ther-

modynamic parameters (DG0
o!i;DH

0
o!i;DS

0
o!i and ½ðDC0

pÞo!i�) for the

transfer of Pn from the continuous oil phase (IPM) to the interfacial

region of mixed surfactants (SDS/Brij-35) with varying x (=20, 25,

30, 35, and 40) at a fixed XBrij-35 = 0.5 and temperature (303 K) and

also at a fixed x (=20) with varying XBrij-35 (=0? 1.0) and temper-

atures (293, 303, 313, and 323 K) have been evaluated according to

Eqs. (3)–(8). The data are presented in Tables 1 and 2. Representa-

tive plots of�DG0
o!i vs. XBrij-35 for water/SDS/Brij-35/Pn/IPM (Fig. 4)

and DH0
o!i or DS

0
o!i vs. XBrij-35 for water/SDS/Brij-35/Pn/IPM at four

different temperatures are illustrated in Fig. 5A and B. DG0
o!i values

are negative at all compositions (XBrij-35 = 0? 1.0) and tempera-

tures in IPM, hence spontaneous formation of w/o microemulsions

is suggested. Both similar and dissimilar trends in all these ener-

Table 2

Temperature and surfactant composition (XBrij-35 = 0? 1.0) dependent thermodynamic parameters for the formation of w/o microemulsion in IPM at fixed water content

(x = 20)a,b.

XBrij-35 T (K) 104 ni
a (mol) 103 no

a (mol) �DG0
o!i (kJ mol�1) DH0

o!i (kJ mol�1) DS0o!i (J K
�1 mol�1)

0.0 293 34.47 5.91 2.28 4.89 24.53

303 36.19 5.27 2.37 3.11 18.08

313 37.34 4.91 2.47 1.26 11.93

323 38.93 4.85 2.68 �0.64 6.32

0.2 293 28.40 7.17 1.74 8.65 35.48

303 36.94 6.18 2.12 6.26 27.68

313 40.87 5.59 2.38 3.80 19.76

323 41.80 5.17 2.60 1.26 11.95

0.4 293 28.35 7.23 1.73 13.19 50.93

303 38.83 5.91 2.20 11.40 44.89

313 45.86 5.43 2.46 9.55 38.38

323 46.19 4.78 2.80 7.64 32.34

0.5 293 14.33 9.61 1.02 8.53 32.60

303 19.08 8.34 1.41 8.12 31.44

313 21.20 7.71 1.62 7.68 29.74

323 30.11 6.97 1.99 7.24 28.57

0.6 293 17.89 8.13 1.36 27.71 99.23

303 38.63 5.59 2.29 18.17 67.54

313 50.56 5.17 2.56 8.32 34.78

323 51.11 4.68 2.84 �1.85 3.07

0.8 293 12.41 8.23 1.12 26.36 93.79

303 32.95 5.32 1.99 16.82 62.10

313 39.55 5.17 2.50 6.97 30.26

323 40.01 4.75 2.74 �3.20 �1.42

1.0 293 17.33 5.86 1.82 0.72 8.67

303 17.89 5.59 1.97 �5.24 �10.77

313 26.77 5.55 2.25 �11.39 �29.23

323 27.30 4.27 2.80 �17.76 �46.31

a All the mixed microemulsion systems are formed using constant amount of mixed surfactant (0.5 mmol) and oil (14.0 mmol).
b The error limits in DG0

o!i , DH
0
o!i and DS0o!i are ±3%, ±5% and ±8% respectively.

n
ai

XBrij-35

293 K

303 K

313 K

323 K

Fig. 3. Interfacial composition (ni
a) against mol fraction of nonionic surfactant (XBrij-

35 = 0.0? 1.0) for w/o microemulsion systems comprising 0.5 mmol of mixed

surfactant and 14.0 mmol of IPM oil stabilized by Pn at fixed water content (x = 20)

with different temperature (293 K? 323 K).
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getic parameters at comparable physicochemical environments are

reported [18–25].

4.2.4.1. Effect ofx on DG0
o!i of transfer process. It is evident from Ta-

ble 1 that the values of �DG0
o!i, which is indicative of spontaneity

of the alkanol transfer process (Pnoil? Pnint), decrease with

increasing x (=20–40) for the studied systems. With increasing

x, the droplet is swollen and thus, the interfacial curvature is de-

creased. As a result, the surfactant molecules are accommodated

more closely at the interface and decrease the gaps, resulting from

the unsuitable molecular geometry of the surfactants. Hence, the

trend of transferring of Pn from oil to the interface is weakened.

Again, with increasing x, the relative retention of Pn in oil has be-

come more (as reflected from values of no
a, Table 1) than its transfer

to the interface. In other words, association between surfactant

and cosurfactant molecules at the interface becomes less favorable

with increase in x. This type of variation was reported by Hait and

Moulik [18], Zheng et al. [20,21], Paul and Nandy [27], and Kundu

et al. [29,30] for single and mixed surfactant microemulsion sys-

tems, respectively.

4.2.4.2. Effect of Xnonionic and temperature on DG0
o!i of transfer process

at a fixedx. It can be seen from Table 2 that the spontaneity of the

transfer of Pn from oil (IPM) to the interface for pure SDS and Brij-

35 stabilized systems increases with increasing temperature. This

trend corroborates well with our previous report on SDS stabilized

systems in Dc with Pn used as cosurfactant [30] and Hait and Mou-

lik [18] and Mohareb et al. [19] for water/SDS/butanol/IPM and

water/SDS/alkanols(C5–C9)/IPM w/o microemulsion systems,

respectively. The trend of spontaneity of pure Brij-35-derived sys-

tem stabilized in polar oil (IPM) agrees well with Mehta et al. [25]

for water/Brij-96/Pn/ethyl oleate (EO) system. Further, it is evident

from Table 2 and representative plot of �DG0
o!i vs. XBrij-35 at four

temperatures in IPM (depicted in Fig. 4) that the DG0
o!i values are

not straightforward at mixed compositions (i.e. XBrij-35 = 0.2–0.8).

�DG0
o!i values increase with increase in temperature (293, 303,

313 and 323 K) at all compositions for the mixed surfactant micro-

emulsion systems stabilized in IPM. However, an interesting fea-

ture, that is, antagonism in standard Gibbs free energy of transfer

(DG0
o!i) of Pn from the bulk oil phase to the interface is evidenced

at equimolar composition of SDS and Brij-35 (i.e., at XBrij-35 = 0.5)

from the plot of �DG0
o!i against XBrij-35 (Fig. 4). Similar antagonistic

behavior was observed for water/SDS/Brij-78/Pn/Hp system at XBrij-

78 = 0.4 [30]. Synergism or antagonism in thermodynamic parame-

ters of surfactant mixtures might arise from the non-ideality of

surfactant interactions. It was reported earlier that considerable

non-ideality shown by ionic/nonionic mixtures is due to the action

of the nonionic component that shields the repulsion between

charged ionic head groups and, also, due to the attraction acting

between the components, anyway, via ion–dipole interactions

[45]. However, antagonism in �DG0
o!i at equimolar composition

at each temperature might be explained in the following manner.

The presence of lower concentration of Pn (i.e., ni
a as evidenced

from Fig. 3) makes the oil/water interface sterically rigid. As it

was reported earlier that increasing alcohol partitioning at the

interface increases the degree of interpenetration of droplets and

therefore increases the interfacial fluidity or flexibility [46]. Rigid

conformation of the hydrophobic tails disrupts steric packaging

of the interface and leads to partial hydration of the hydrophobic

core of SDS/Brij-35 mixed blends [47]. This partial hydration of

the hydrophobic tails in the interface decreases the hydrophobic

interactions between the hydrophobic regions of cosurfactants in

XBrij-35

293 K

303 K

313 K

323 K
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J
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Fig. 4. Standard free energy change of transfer (�DG0
o!i) against mol fraction of

nonionic surfactant (XBrij-35 = 0.0? 1.0) for w/o microemulsion systems comprising

0.5 mmol of mixed surfactant and 14.0 mmol of IPM oil stabilized by Pn at fixed

water content (x = 20) with different temperature (293 K? 323 K).
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Fig. 5. (A) Plot of DH0
o!i against XBrij-35 for mixed surfactants water/SDS/Brij-35/Pn/IPM w/o microemulsion system comprising 0.5 mmol surfactant, 10 mmol water and

6.3 mmol IPM oil with varying compositions (XBrij-35) at different temperatures. (B) Plot of DS0o!i against XBrij-35 for the same systems under identical physicochemical

environments.
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the interface, which results an increase in entropy and makes the

system more unstable [48]. As a result, at equimolar composition,

SDS/Brij-35 mixed system shows minima in �DG0
o!i. A schematic

diagram has been presented to represent the correlation between

interfacial population of 1-pentanol and antagonism in free energy

of its transfer at equimolar composition of mixed surfactant micro-

emulsion (Scheme 1).

4.2.4.3. Effect of Xnonionic and temperature on DH0
o!i and DS0o!i of

transfer process. Due to nonlinear dependence of (DG0
o!i=T) on 1/T

in terms of a two-degree polynomial equation (figures are not

illustrated), at each composition of a nonionic surfactant (Xnonionic),

four values of DH0
o!i and DS0o!i at four temperatures have been

evaluated and are presented in Table 2. The profile of DH0
o!i and

DS0o!i with composition (XBrij-35) and temperature (Fig. 5A and B)

is not straightforward upon the addition of nonionic surfactant

(Brij-35 with dodecyl nonpolar tail) to the ionic surfactant (SDS

with dodecyl nonpolar tail) under various physicochemical envi-

ronments (as mentioned earlier).

It is evident from Table 2 that overall transfer process is endo-

thermic at all experimental temperatures (except at 323 K) with

positive entropy change (disorder) in IPM for pure SDS system.

So, Pn causes adsorption of heat during transfer process. Conse-

quently, the positive entropy change is due to de-organization of

the interface and its surroundings. Therefore, the interface com-

posed of Pn and SDS is to some extent less orderly. Such positive

enthalpy and entropy changes were observed by Hait and Moulik

[18] and Mohareb et al. [19] for water/SDS/butanol/IPM and

water/SDS/alkanols (C5–C9)/IPM w/o microemulsion systems,

respectively. For pure Brij-35 stabilized system, the process is exo-

thermic with the release of heat at all experimental temperatures

(except at 293 K) with negative entropy change (order) in IPM.

Negative values of DS0o!i suggest that the entropy as well as enthal-

py is involved in the transfer process at the corresponding compo-

sition [49]. Such negative enthalpy and entropy changes were

observed by Mehta et al. [25] for water/Brij-96/Pn/ethyl oleate

(EO) system. Opposite behavior toward temperature for ionic and

nonionic surfactants might be responsible for such trend of enthal-

py and entropy values with temperature [50].

At compositions in between these two extremes (i.e. XBrij-

35 = 0.2? 0.8) in IPM, both DH0
o!i and DS0o!i values are positive (ex-

cept at few compositions at 323 K). An interesting feature reveals

from the Table 2 and Fig. 5A and B that both DH0
o!i and DS0o!i values

decrease with increase in temperature at all mixed compositions. It

may be endothermic to exothermic (at XBrij-35 = 0.6? 1.0) or more

endothermic to less endothermic (at XBrij-35 = 0.2? 0.5). A plausi-

ble explanation for exothermicity or endothermicity-derived pro-

cess may be as follows. A positive contribution to DH0
o!i can be

the energy required to release the structural water from the hydra-

tion layer around the hydrophilic domain. An additional contribu-

tion arises from the liberation of water molecules from the water

cage around the hydrophilic moiety of the surfactants. The nega-

tive contribution to DH0
o!i is identified with the transfer of the sur-

factant tail fromwater to liquid hydrocarbon state in the interfacial

layer and restoring the hydrogen bonding structure of the water

around the surfactant head group. With increasing temperature,

the degree of hydrogen bonding around the surfactant molecules

decreases, and therefore, the energy required to break it dimin-

ishes i.e., DH0
o!i decreases with temperature [51]. However, insig-

nificant changes in these parameters with temperature have

been observed at equimolar composition (at XBrij-35 = 0.5), leading

to formation of isenthalpic and isentropic microemulsion systems.

With increasing temperature, the transfer process shows endother-

mic to exothermic nature mainly in Brij-35 rich combinations

(XBrij-35 = 0.6? 1.0). Mixed ionic–nonionic surfactant derived

athermal microemulsion formulations were reported in the litera-

ture [28,50,52]. The desolvation of the head group of Brij-35 during

the transfer in the oil was ended up with absorption of minute

amount of heat. Hence, at lower temperature, the transfer process

shows endothermic nature and converted to exothermic at higher

temperature. Similar observation was also reported by our group

earlier for water/CPC/Brj-58/Pn/Hp system [29]. It is apparent that

different phenomena associated with the transfer process, viz.,

changing aggregation number, solvation–desolvation of nonionic

surfactants, electrostatic and steric interaction between hydro-

philic head group of CPC, steric and other nonspecific processes

contribute their shares to the DH0
o!i and DS0o!i [53].

Hence, it can be inferred that the overall mixed surfactant

microemulsion forming systems can end up with both absorption

or release of heat and with ordered or disordered state, depending

on their chemical compositions [i.e., the constituent surfactant(s)

with their configuration, content, and type of oil] and thermal

condition.

Since DH0
t became a function of temperature, the ðDC0

PÞo!i val-

ues have also been obtained at all compositions from the slope of

the plots of DH0
t vs. T (figures are not exemplified) according to

Eq. (8). All these values are negative (presented in Table S1, Supple-

mentary material) and agree well with those reported by Mitra

et al. [23] for water/CTAB or its analogs with modified head

group/Hx/i-Oc, and Kundu et al. [29,30] for water/CPC or SDS/

Brij-58 or Brij-78/Pn/Hp or Dc microemulsion systems, respec-

tively. Such negative values are usually observed for the self-asso-

ciation of amphiphiles and can be attributed to the removal of

large areas of nonpolar surface from contact with water on forma-

tion of reverse micelles [54]. It has been observed that ðDC0
PÞo!i

tends to zero at XBrij-35 = 0.5, which corroborates well with profile

of DH0
o!i and DS0o!i vs. XBrij-35 at different temperatures (Fig. 5A

and B) discussed in preceding paragraph. Kunz et al. [55] reported

that formation of temperature-insensitive microemulsions is

important for some practical purposes (e.g., for formulation of

product), whereas for other applications, such as for extraction

and purification process or organic synthesis, the temperature

dependence of microemulsions can be desirable. The present re-

port on mixed surfactant microemulsion systems provides such a

wide compositions in which both temperature dependent and

independent formulations can be found.

4.2.4.4. Correlation between DH0
o!i and DS0o!i. In kinetics and equi-

librium studies, an extra thermodynamic linear correlation be-

tween DH0
o!i and DS0o!i changes for the involved process is often

Scheme 1. Pictorial representation of correlation between interfacial population of

1-pentanol and antagonism in free energy of its transfer at equimolar composition

of mixed surfactant microemulsion.
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reported, called the enthalpy–entropy compensation effect, and

such a phenomenon has been observed to be valid also for micelle

and microemulsion forming systems [25,28–30]. In general, the

compensation effect can be described by a linear relationship in

the form [56]:

DH0
o!i ¼ Tcomp:DS

0
o!i þ DðH0Þ�o!i ð9Þ

where Tcomp is the slope of the compensation plot and DðH0Þ�o!i, the

intrinsic enthalpy change of Pn transfer process is the intercept.

According to the working scheme of Lumry and Rajender [56] for

a compensation phenomenon, the micellization or microemulsifica-

tion can be described as consisting of two-part processes: (a) the

‘‘desolvation’’ part, i.e., the dehydration of the hydrocarbon tail or

polar head of surfactant molecules and (b) the ‘‘chemical’’ part,

i.e., aggregation of the hydrocarbon tails or polar head of surfactant

molecules to form micelle or reverse micelle. Tcomp can be inter-

preted as a characteristic of solute–solute and solute–solvent inter-

actions, i.e., proposed as a measure of the ‘‘desolvation’’ part.

DðH0Þ�o!i characterizes the solute–solute interaction, i.e., considered

as an index of the ‘‘chemical’’ part. The thermodynamic results

herein collected were tested for this correlation and illustrated as

representative plot for SDS/Brij-35/Pn/IPM/water at 303 K [Fig. S3,

Supplementary material]. A good linear correlation was observed

at the temperature of measurement (regression coefficients are

0.9990), i.e. mutual compensation temperature of 301 K, which

was lesser by 2 K than the temperature of measurement (303 K).

Tcomp and DðH0Þ�o!i, obtained at different experimental tempera-

tures (293, 303, 313, and 323 K) for these systems, are presented

in Table S2 (Supplementary material). Tcomp temperatures are

slightly deviated from the experimental temperatures. Such a devi-

ation is quite common in the literature [27–30]. In our previous re-

ports [28], the discrepancy between experimental and

compensation temperatures was elaborately discussed. Further, it

reveals from Table S2 that the values of DðH0Þ�o!i lie in the range

of �1.93 kJ/mol to �2.66 kJ/mol. DðH0Þ�o!i decreases with increase

in experimental temperature for SDS/Brij-35 system in IPM. There

exists an equilibrium between (free water in bulk solvent + free sur-

factant molecules with associated water and solvent molecules) and

(surfactants with associated water and solvent molecules in the re-

verse micelles + released solvent molecules). Increasing experimen-

tal temperature weakens molecular interactions which results in

shifting the surfactant monomer-reverse micelle equilibrium to-

ward the monomer which affects aggregation of surfactant mole-

cules as well as DðH0Þ�o!i [57]. Similar observation was also

reported by Kundu et al. [29,30].

The aforesaid analysis of the thermodynamics of the studied

transfer process can be summarized as follows: DG0
o!i consists of

a number of factors which may account, respectively, for the trans-

fer of surfactants (SDS and Brij-35) and Pn tails from water to the

interfacial film, the deformation of the tails to satisfy packing con-

straints, the free energy of formation of the oil/water interface, the

steric and ionic interactions among the head groups of SDS as well

as interaction arising out of dissimilar head groups of both SDS and

Brij-35, the free energy of mixing of surfactants, Pn, and oil (IPM) in

the film region [58] and free energy due to formation of hydrated

nonionic surfactant (Brij-35) results in formation of different states

of water in the pool [59]. As a result of these possible contributions

toward DG0
o!i at different temperatures, heat involving processes

and consequently conformational entropy due to packing restric-

tions of the hydrocarbon chains, and entropy of mixing the two

surfactants in the aggregates make the thermodynamics more

complex. Such a comprehensive analysis on the formation and sta-

bility of w/o mixed surfactant microemulsions based on ‘‘Bowcott

and Schulman model’’ [38] from the viewpoint of thermodynamics

is scarcely reported in the literature. Further studies along these

series of measurements are in progress to shed more quantitative

description of these thermodynamic quantities in quaternary w/o

mixed surfactant microemulsions.

4.3. Transport property of single and mixed surfactant based

microemulsion

4.3.1. Effect of x on conductivity of mixed surfactant based

microemulsion

It can be observed from Fig. 2 (inset A) that the conductivity of

the studied mixed systems gradually increases with increase in x
(=20? 40). Earlier Bumajdad et al. [60] was shown that the con-

ductivity is governed by droplet charge which is an increasing

function of droplet size. Hence, the conductivity behavior shows

a characteristic feature of migration of charged water droplets

and thereby supports the formation of water-in-oil droplet with

increasing size at higher water content (x = 20? 40).

4.3.2. Effect of Xnonionic on conductivity of single and mixed surfactant

based microemulsion

The conductivity of water/SDS/Brij-35/Pn/IPM, as a function of

water content (x), has been measured with the variation of Brij-

35 (XBrij-35 = 0.0? 1.0) at fixed surfactant concentrations

(0.3 mol dm�3) and temperature (303 K). The results are depicted

in Fig. 6. Further, the conductivity measurement of the above sys-

tems has been carried out from the appearance of single phase to

phase separation on dilution by water with a fixed surfactant

and cosurfactant ratio (1:2; w/w). It has been observed that pure

SDS microemulsion system (XBrij-35 = 0.0) is low conducting and

does not exhibit any significant increase in conductivity with x.

However, the addition of nonionic surfactant (Brij-35) to the

water/SDS/Pn/IPM system with the total (SDS/Brij-35) surfactant

concentration as mentioned above, a dramatic increase in conduc-

tance behavior has been observed as a function ofx up to a certain

range of mole fraction of Brij-35 (XBrij-35 = 0.2? 0.5), beyond

which (XBrij-35 = 0.6? 1.0) decrease in conductivity with increas-

ing x was observed. An in-depth observation reveals that conduc-

tivity increases slowly with x at x 6 10.80, x 6 24.63, and

x 6 29.94, followed by a sharp rising for XBrij-35 = 0.2, 0.4, and 0.5

blends, respectively (Fig. 6). The critical value for sharp linear

enhancement of conductivity (x) with the addition water is con-

sidered as percolation threshold point [25]. Actually, percolation

of conductance extracts information about the nature of
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Fig. 6. Conductivity (r) against x profile with the variation of XBrij-35 (=0.0? 1.0)

for water/SDS/Brij-35/Pn/IPM w/o microemulsion systems at fixed surfactant

concentration (0.3 mol dm�3) and constant temperature (303 K).
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interaction among the droplets in mixed surfactant microemul-

sions. If the droplets are of non-interacting hard sphere type, no

significant increase in conductance occurs with increasing water

content. But if the interfaces of the droplets are fluid enough to

coalesce during these collisions followed by material exchange

and fusion, a sharp rise in conductance is evidenced [61]. Percola-

tion of conductance signifies the increase in droplet size, attractive

interaction among droplets and exchange rate of materials be-

tween the droplets with the addition of water [25,37].

The antagonistic behavior in interfacial composition (ni
a) of Pn

at XBrij-35 = 0.5 might be correlated with the conductivity measure-

ment by the following way. It has been observed that pure ionic

system (XBrij-35 = 0) is non-percolating. After addition of nonionic

surfactant, critical packing parameter (CPP) of mixed microemul-

sion system decreases and thereby leads to increase in the droplet

radius with increase in XBrij-35 [37]. Further, it can be observed from

Fig. 3 that ni
a value increases with increasing XBrij-35 up to 0.4, and

thereafter, minima observed at XBrij-35 = 0.5 at a fixed temperature.

Two opposite effects are observed after addition of alcohol and

nonionic surfactant to single surfactant based system on the inter-

facial rigidity or flexibility. It was reported that with increasing

alcohol partitioning at the interface increases the interfacial flexi-

bility (or fluidity), so that the degree of interpenetration of droplets

increases during the collision of the droplets. On the other hand,

addition of long chain nonionic surfactant makes the interface

more rigid and decreases the strength of attraction between micro-

emulsion droplets [46]. So, beyond XBrij-35 = 0.6, effect of alcohol

partitioning at the interface overcomes the effect of increasing con-

centration of nonionic surfactant, and therefore, percolation of

conductance has been observed up to XBrij-35 = 0.5. Threshold value

of volume-induced percolation has been found to be higher at XBrij-

35 = 0.5, that is, due to minimum amount of alcohol concentration

at the interface (minima of ni
a at equimolar composition, i.e., antag-

onism in ni
a). But beyond XBrij-35 = 0.5, when concentration of non-

ionic surfactant is sufficiently large, effect of increasing content of

nonionic surfactant start dominating over the effect of alcohol par-

titioning at the interface, which makes the interface more rigid.

Therefore, no percolation has been observed beyond equimolar

composition. Similar studies on percolation of conductance phe-

nomenon were already reported for nonionic (Brij-96) and ionic

(CTAB or SDS or OTAB or AOT) surfactant derived microemulsion

systems at their individual state in presence of alcohol (cosurfac-

tant) [24,25,62].

4.4. Droplet dimension of single and mixed surfactant based

microemulsion by DLS studies

4.4.1. Effect of Xnonionic and x
The droplet size (hydrodynamic diameter, Dh) and the size dis-

tribution in w/o microemulsion have been measured by the dy-

namic light scattering (DLS) technique and analyzed in terms of

count rate and the polydispersity index (PDI) of the droplets for

mixed microemulsion systems reported herein [63,64]. The results

are presented in Tables 3A and 3B). The same composition of w/o

mixed (SDS/Brij-35) surfactant microemulsion systems has been

chosen for DLS measurement, as that was used in Schulman’s

cosurfactant titration as function of Xnonionic (XBrij-35 = 0.0? 1.0)

and x (=20, 25, 30, 35, and 40) at constant temperature of 303 K.

It has been observed that values of Dh of the microemulsion drop-

lets increase remarkably from 9.8 nm to 18.91 nm in IPM oil with

the increase in proportion of nonionic surfactant (XBrij-

35 = 0.0? 1.0) in the mixed systems, whereas about 1.6-fold de-

crease in droplets count rate has been observed under the prevail-

ing condition (Table 3A). The degradation of droplets count rate

indicates that the total number of microemulsion droplets de-

creases with increasing the content of Brij-35. It is known that

the addition nonionic surfactant (with large POE-chain as polar

head group) resides at the interfacial region of the mixed interface

(herein, SDS/Brij-35) either immersing its polar head group in the

water pool or the polar head group lies in the vicinity of the head

group region of the ionic surfactant depending upon the content of

x. Hence, both of these configurations supported the increase in

droplet size with increasing head group of nonionic surfactant by

increasing its proportion in mixed system (XBrij-35 = 0.0? 1.0), as

evident from DLS measurement [65]. Further, the droplet size

(Dh) obviously increases from 14.55 nm to 27.63 nm with increas-

ing water content (x = 20? 40) and decreasing droplet count rate

(Table 3B) [64]. Typical values of polydispersity index (PDI) ob-

tained here are in the range between 0.1 and 0.2, which indicates

the monodispersity of the sample [66]. Furthermore, the Dh values

indicate the presence of comparatively larger dimension of drop-

lets in IPM derived systems than reported hydrocarbon oil based

w/o microemulsions at comparable water content [67]. However,

such a larger dimension of water droplet has been reported earlier

for IPM derived systems in presence of nonionic surfactant (poly-

oxyethylene lauryl ether or polysorbate and sorbitol) [68–70].

For example, Dh was found to be 34.4 nm for IPM (63 wt.%)/[poly-

oxyethylene (4) lauryl ether/isopropyl alcohol] (32 wt.%)/water

(5 wt.%) system at 308 K [68]. Actually IPM, being amphiphilic po-

lar oil, is not solubilized in the palisade layer, rather than it has a

swelling tendency in the oil domain. Thus, swelling causes an in-

crease in repulsion between the hydrophilic moieties of surfactant,

and hence, the surfactant layer curvature becomes more positive,

which leads to increase in droplet size [71,72].

5. Conclusion

The present study is focused on the characterization of quater-

nary water-in-oil microemulsions comprising of anionic sodium

dodecylsulfate (SDS) and nonionic polyoxyethylene (23) lauryl

ether (Brij-35), 1-pentanol (Pn) and isopropyl myristate (IPM) with

a detailed description of the phase behavior and the dependence of

the partition equilibria (of Pn) on the system composition. The for-

mation of a single phase microemulsion zone (1/) has found to be

dependent on the composition of mixed surfactant (SDS and Brij-

35; XBrij-35 = 0.0? 1.0) at a fixed surfactant–cosurfactant ratio

(=1:2) and constant temperature (303 K). The interfacial and bulk

compositions as well as the distribution of Pn between the

Table 3A

Hydrodynamic diameter (Dh) and count rate of water droplets in w/o mixed

surfactant microemulsion at fixed water content (x = 20) and temperature (303 K).a

System: water/SDS/Brij-35/Pn/IPM

XBrij-35 0.0 0.2 0.4 0.5 0.6 0.8 1.0

Dh (nm) 9.80 11.02 12.67 14.55 15.86 17.03 18.91

Count rate (kcps) 99.30 92.80 85.60 78.90 73.20 68.40 61.50

a All the mixed microemulsion systems are formed using constant amount of

mixed surfactant (0.5 mmol) and oil (14.0 mmol).

Table 3B

Hydrodynamic diameter (Dh) and count rate of water droplets in w/o mixed

surfactant microemulsion at increase in water content (x = 20? 40) and fixed XBrij-

35 (0.5), temperature (303 K)a.

System: water/SDS/Brij-35/Pn/IPM

x 20 25 30 35 40

Dh (nm) 14.55 17.71 22.54 25.26 27.63

Count rate (kcps) 78.90 67.50 55.30 44.80 36.50

a All the mixed microemulsion systems are formed using constant amount of

mixed surfactant (0.5 mmol) and oil (14.0 mmol).
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interface and bulk oil (evaluated by the Schulman’s titration at the

oil/water interface) depend on the interaction between the surfac-

tant(s) at the interface, vis-à-vis their compositions, and tempera-

ture. The transfer process of Pn from the bulk oil phase to the

interface DG0
o!i is spontaneous for all the systems, but the degree

of spontaneity depends on x, composition of nonionic surfactant

(XBrij-35 = 0.0? 1.0) and temperature (293 K? 323 K). Further, an

interesting feature of antagonism in the standard Gibbs free energy

of transfer DG0
o!i of alkanol from the bulk oil phase to the interface

has been observed at an equimolar composition of SDS and Brij-35

(i.e., at XBrij-35 = 0.5). The values of DH0
o!i and DS0o!i well compen-

sate each other. Temperature-insensitive microemulsions with

zero ðDC0
PÞo!i have been formed at specific compositions for these

mixed surfactant systems due to opposite behavior of ionic and

nonionic surfactant toward temperature [50]. Such types of micro-

emulsion formulations have been found to be useful in various

commercial and technological processes [55]. Conductivity studies

reveal that incorporation of Brij-35 in non-percolating water/SDS/

pentanol/IPM systems is favorable for water content (x) induced

percolation behavior up to XBrij-35 6 0.5. But further addition of

nonionic surfactant (XBrij-35P 0.6) causes a decrease in conductiv-

ity with increasing x. Furthermore, it is observed from DLS mea-

surement that the values of Dh of the microemulsion droplets

increase remarkably as a function of both XBrij-35 = 0.0? 1.0 and

x in IPM oil. However, the decrease in light scattering count rate

is observed under these conditions. Hence, the adjustable radius

of the water pool [20,21,27] along with the Gibbs free energy

change (DG0
o!i) [73,74] could be used for predicting the size of

the nanoparticles in w/o microemulsions if used as templates. Fur-

ther, these microemulsion systems may be used to study the activ-

ity of an enzyme (CV-lipase, HRP [75], and HLADH [76]), as it was

reported that nonionic surfactants and concentration of Pn not

only influence the enzymatic activity and also are useful comple-

ments for the investigation of microemulsion structures.
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a b s t r a c t

Hypothesis: Modification of the interface by blending of surfactants produces considerable changes in the

elastic rigidity of the interface, which in turn affects the physicochemical properties of w/o microemul-

sions. Hence, it could be possible to tune the thermodynamic properties, microstructures and antimicro-

bial activity of microemulsions by using ionic/non-ionic mixed surfactants and polar lipophilic oil, which

are widely used in biologically relevant systems.

Experiments: The present report was aimed at precise characterization of mixed cetyltrimethylammo-

nium bromide and polyoxyethylene (23) lauryl ether microemulsions stabilized in 1-pentanol (Pn) and

isopropyl myristate at different physicochemical conditions by employing phase studies, the dilution

method, conductivity, DLS, FTIR (with HOD probing) and 1H NMRmeasurements. Further, microbiological

activities at different compositions were examined against two bacterial strains Bacillus subtilis and Esch-

erichia coli at 303 K.

Findings: The formation of mixed surfactant microemulsions was found to be spontaneous at all compo-

sitions, whereas it was endothermic at equimolar composition. FTIR and 1H NMR measurements showed

the existence of bulk-like, bound and trapped water molecules in confined environments. Interestingly,

composition dependence of both highest and lowest inhibitory effects was observed against the bacterial

strains, whereas similar features in spontaneity of microemulsion formation were also evidenced. These

results suggested a close relationship between thermodynamic stability and antimicrobial activities. Such

studies on polar lipophilic oil derived mixed surfactant microemulsions have not been reported earlier.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Microemulsions are optically isotropic and thermodynamically

stable nanosized structured mixtures of water, oil, and amphi-

phile(s). They usually contain cosolvents or cosurfactants to achieve

the low interfacial tension. Upon water dilution, three major struc-

tural domains can be distinguished: water-in-oil (w/o), bicontinu-

ous, and oil-in-water (o/w) [1]. W/o microemulsions are made up

of droplets of water surrounded by an oil continuous phase. These

are generally known as ‘‘reverse micelles’’ (RMs), where the polar

head groups of surfactant are facing into the droplets of water, with

the hydrophobic tails facing into the oil phase. In the RMs, the

amount of water present is low and is limited to the maximum

capacity of hydration of the hydrophilic head group of the surfac-

tants; hence, the water pool is rigid. In a w/o microemulsion, when

the amount of water exceeds the hydration requirement of the

surfactant head groups, both bound and free water prevail in the

water pool. A term x defined as water-to-surfactant mole ratio

([water]/[surfactant]) has been taken as a criterion as to whether

a RM or a w/omicroemulsion has been formed [2]. It was suggested

thatwhenx < 10, it is a RM andwhenx > 10, it is aw/omicroemul-

sion [3]. However, some evidence exists that the cut-off point may

be x = 15 [4]. However, in our previous report detailed introduc-

tory discussion on the basic aspects viz. formation characteristics,

properties and structural characterization of microemulsions and

RMs stabilized by single and mixed surfactants in nonpolar, polar

and biocompatible oils was presented [5].

Further, the previous report delineated the phase characteris-

tics, interfacial composition, thermodynamics of alkanol transfer

process, transport properties and microstructure of water/mixed
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anionic (sodium dodecylsulfate, SDS) and nonionic [polyoxyethyl-

ene (23) lauryl ether, Brij-35]/1-pentanol (Pn)/isopropyl myristate,

IPM (polar lipophilic oil) microemulsions under different physico-

chemical conditions, by employing the dilution method, conduc-

tivity and dynamic light scattering (DLS) measurements [5]. In

view of the above, the present report aims at a precise character-

ization of the molecular interactions among the constituents, and

enlightens the formation vis-à-vis nature of the oil/water interface

in the microenvironment of mixed cationic (cetyltrimethylammo-

nium bromide, CTAB) and nonionic (Brij-35) microemulsions stabi-

lized in Pn and IPM as a function of x, composition (mole fraction

of nonionic surfactant in mixed surfactant system, Xnonionic), and

temperature, and comparison of the results in the light of changes

in size and type of polar head group of basic surfactants (viz. CTAB

with CTA+ and SDS with DS�) as well as unequal hydrocarbon chain

lengths of CTAB (C16) and Brij-35 (C12). Justification of using Pn as

cosurfactant and IPM as oil phase has been discussed in our

previous report [5]. The present report sheds on the formation

and composition of mixed interfacial film, complete analysis of

thermodynamics of the transfer process of cosurfactant from bulk

oil to the interface, transport property and microstructure of these

systems by means of phase study, the dilution method, conductiv-

ity, and DLS measurements. The dilution experiment based on

titrimetric method was pioneered by Bowcott and Schulmann

[6]. Later on, Palazzo et al. [7] pointed out that the method has

applications in scattering and diffusion studies, because it provides

extrapolation to single-particle properties by reducing inter-

particle interactions of the microemulsion system without chang-

ing its composition. Knowledge on the state of solubilized water

is important because this sustains the applications of these species

viz. in solubilization, catalysis of chemical reactions [8,9] and also

in size and polydispersity of nanoparticles synthesized in the

microemulsion [10]. The different states of solubilized water were

characterized by employing several techniques [11–17]. Most of

the studies on the structure of the water solubilized in reverse

aggregates are reported using two noninvasive techniques, proton

nuclear magnetic resonance (1H NMR) and Fourier transform infra-

red spectroscopy (FT-IR) [11–14,16]. Hence, the physicochemical

properties of solubilized water have been determined using FTIR

(with HOD probing) and 1H NMR spectroscopic measurements.

Attempt has been made to shed light on the effects of the molecu-

lar structure of the mixed surfactants and polar lipophilic oil

(which is structurally and physicochemically different from hydro-

carbon oil) on the state of water in the pool of the present system.

Reports are available in literature that microemulsions are mem-

brane-active, antimicrobial, self-preserving in their own right

[19]; as bacteria cannot survive in pure fat or oil, whereas water

is necessary for their growth and reproduction [19]. Recently, a

few reports on the use of microemulsions as food-grade antimicro-

bial agents suggested that there may be a link between the

antimicrobial activity of microemulsions and their overall stability

[20–23]. Further, it has been suggested that the molecular and

ionic structure of liposome is harmful to the bacterial cell and in

particular, that they adversely affect the structure and function

of the bacterial membrane [24]. To the best of our knowledge, such

studies employing mixed surfactant microemulsions in IPM have

not been reported earlier. Therefore, augmenting the relationship

between the physicochemical and thermodynamic properties of

the microemulsions and their antimicrobial activity is necessary.

Hence, antimicrobial activity or inhibitory effect of the microemul-

sion systems against the strains gram-positive – Bacillus subtilis (B.

subtilis) and gram-negative – Escherichia coli (E. coli) bacteria has

been examined in individual constituents and also at different

compositions of mixed surfactants [XBrij-35 = 0.0? 1.0, S/CS = 1:2

(w/w)] of microemulsions at 303 K, by measuring the diameter of

the inhibition zone (‘‘diz’’). A correlation between composition

dependence of antimicrobial activity and stability of these systems

has been reported. Moreover, overall results of this report would

be helpful in better understanding of mixed surfactant derived

microheterogeneous systems in polar lipophilic oil.

2. Experimental

2.1. Materials

Cetyltrimethylammonium bromide (CTAB,P99%) and polyoxy-

ethylene (23) lauryl ether (Brij-35, P99%) were purchased from

Sigma Aldrich, USA. The oil, isopropyl myristate (IPM, P98%) and

the alkanol, 1-pentanol (Pn, P98%) were products of Fluka,

Switzerland. Deuterium oxide (D2O, P99.8) was the product of

Acros Organics, USA. The dye, methylene blue (MB, >99%), was a

product of Merck, Germany. All these chemicals were used without

further purification. Doubly distilled water of conductivity less

than 3 lS cm�1 was used in the experiments. Bacterial strains used

in this study were procured from Institute of Microbiology

Technology, Chandigarh. B. subtilis (MTCC No-2358) (gram posi-

tive) and E. coli (MTCC No-2939) (gram negative) were used for

examining antibacterial properties, and both these species were

grown in nutrient agar media (pH 7.0) (HiMedia Pvt. Ltd., Mumbai,

India).

2.2. Methods

2.2.1. Construction of pseudo ternary phase diagram of

microemulsions

Pseudo-ternary phase diagram was constructed to find out the

concentration range of all components (oil/water/surfactant and/

or cosurfactant) in which they form microemulsion. The phase dia-

gram was constructed by titrimetric method at ambient tempera-

ture. Mixture of oil (IPM) and surfactant (CTAB and Brij-35) was

prepared in different weight percentages keeping 1:2 ratio of sur-

factant to cosurfactant (Pn). The mixture was titrated drop-wise

with water under gentle magnetic stirring and was sonicated for

10 min. The samples were classified as microemulsions when they

appeared as clear transparent and translucent liquids and the

respective solutions were left for overnight to make sure that there

is no phase separation. After being equilibrated, the systems were

visually characterized. The accuracy in the location of the phase

boundaries was within 4 wt%.

2.2.2. Characterization of microemulsions

2.2.2.1. Dilution experiment. The dilution method is accomplished

by adding oil at a constant water and surfactant level to destabilize

an otherwise stable w/o microemulsion and then restabilizing it by

adding a requisite amount of cosurfactant (alcohol) with constant

composition of interface and continuous phase. The procedure of

this experiment at different physicochemical conditions with

theoretical backgrounds (i.e., basics of the dilution method and

evaluation of thermodynamic parameters) were presented in our

previous reports [5,25,26]. However, the essential equations con-

cerning the evaluation of thermodynamic parameters are as

follows,

DG0
t ¼ �RT lnKd ð1Þ

where Kd and DG0
t represent the distribution constant of alkanol and

the standard Gibbs free energy change of transfer of alkanol from oil

to the interface, (Pnoil? Pnint).

DH0
t (enthalpy change of transfer of alkanol from oil to the inter-

face) can be evaluated by the van’t Hoff equation. Thus,

@ DG0
t =T

� �

=@ð1=TÞ
h i

p
¼ DH0

t ð2Þ
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Since the dependency of (DG0
t /T) on (1/T) is nonlinear for all

these systems, a two-degree polynomial equation of following form

is used. A representative nonlinear plot between (DG0
t /T) on (1/T) for

water/CTAB/1-pentanol/IPM system has been provided in

Supplementary Material (Fig. S1), whereas other figures are not

exemplified.

DG0
t =T

� �

¼ Aþ B1ð1=TÞ þ B2ð1=TÞ
2 ð3Þ

The differential form of the relation helps to evaluate DH0
t . Thus,

@ DG0
t =T

� �

=@ð1=TÞ ¼ B1 þ 2B2ð1=TÞ ¼ DH0
t ð4Þ

where A, B1 and B2 are the polynomial coefficients.

Then the Gibbs–Helmholtz equation is used to evaluate DS0t
(entropy change of transfer of alkanol from oil to the interface),

DS0t ¼ DH0
t � DG0

t

� �

=T ð5Þ

The evaluation of specific heat change of transfer of alkanol

from oil to the interface [(DC0p)t] follows from the relation,

DC0
p

� �

t

h i

¼ @DH0
t =@T

� �

p
ð6Þ

The standard state herein considered is the hypothetical ideal

state of the unit mole fraction.

2.2.2.2. Conductivity measurement. The electrical conductivity was

measured using Mettler Toledo (Switzerland) Conductivity Bridge.

The instrument was calibrated with standard KCl solution. The

temperature was kept constant (303 K) for conductivity measure-

ment within ±0.01 �C by circulating thermostated water, through

a jacketed vessel containing microemulsion. The reproducibility

of the conductivity measurement was found to be within ±1%.

2.2.2.3. Dynamic light scattering (DLS) measurement. The size of the

microemulsion droplet was determined from DLS measurement.

The same set of solution, as used in the conductance measure-

ments, was employed for droplet size analysis at 303 K. DLS mea-

surements were carried out using a Zetasizer Nano ZS90 (ZEN3690,

Malvern Instruments Ltd., U.K.). A He–Ne laser of 632.8 nm wave-

length was used and the measurements were made at a scattering

angle of 90�. Details of the measurement were presented in Mitra

et al. [16], Bardhan et al. [26].

2.2.2.4. Spectroscopic measurements. FTIR spectra were recorded on

a Perkin Elmer Spectrum RXI spectrometer (USA) (Absorbance

mode) using a CaF2-IR crystal window (Sigma–Aldrich) equipped

with a Presslock holder with 100 number scans and spectral reso-

lution of 4 cm�1. Deconvolution of spectra has been made with the

help of Gaussian curve fitting program (Origin software). 1H NMR

spectra were recorded on a Bruker spectrometer (Germany) oper-

ating at 25 �C. The instrument was operated at a frequency of

300 MHz. Calibration of proton chemical shift was measured rela-

tive to internal tetramethylsilane, TMS as reported earlier [14,27].

2.2.3. Antimicrobial activity assay

The antimicrobial activity of individual constituents (surfac-

tants, cosurfactant and oil) as well as the mixed surfactant micro-

emulsion formulations was measured by employing the method of

diffusion disk plates on agar [28,29]. 28 g of nutrient agar media

was suspended in 1000 ml of distilled water according to the

manufacturer’s protocol. It was boiled to dissolve the medium

completely at sterilized condition by autoclaving at 15 lbs pressure

(121 �C for 15 min). The nutrient agar contained peptic digest of

animal tissue (5 g), sodium chloride (5 g), beef extract (1.5 g), yeast

extract (1.5 g), agar (15 g) and was dissolved in water (1000 ml)

and pH was adjusted to 7.0. The inoculum was freshly prepared

in nutrient broth for 24 h. The respective inoculum (100 ll) with

approximately 108 bacteria per milliliter was spread all over the

surface of nutrient agar plate using glass spreader. Subsequently,

the sterile Whatman filter paper disks (6 mm diameter) were

soaked in microemulsion systems of different compositions with

the variation of XBrij-35 (=0, 0.2, 0.4, 0.5, 0.6, 0.8, and 1.0) and were

placed on agar plate. The diameters of the inhibition zones (diz/

mm) were determined after incubation at 303 K for 24 h and com-

pared with both surfactants, cosurfactant and oil alone. All tests

were made in triplicates. The inhibition zones were measured

using scale. Further, the diffusion of the microemulsion systems

has been examined in the media (nutrient agar) by the dye encap-

sulation method at 303 K for 24 h.

3. Results and discussion

3.1. Phase behavior of single and mixed surfactant microemulsions

Phase diagram of pseudo-quaternary system, water/CTAB/Brij-

35/Pn/IPM has been constructed in Gibbs triangle with varying

content of Brij-35 (XBrij-35 = 0.0, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0) at a fixed

amount of mixed surfactant (CTAB/Brij-35) and constant tempera-

ture of 303 K (illustrative representation has been shown in Fig. 1

at XBrij-35 = 0, 0.5 and 1.0, other figures are not exemplified here).

The surfactant and cosurfactant ratio used was 1:2 (w/w). Along

with cosurfactant (Pn), CTAB/Brij-35 (mixed surfactants) has been

found to favorably augment microemulsification (1a region) of

water and IPM. The findings and the discussions on the phase

behavior are presented in Supplementary Material (Section 1).

3.2. Interfacial composition and stability of single and mixed

surfactant microemulsions

Understanding of the interfacial cosurfactant and surfactant

compositions as well as the distribution of the cosurfactant

w/o 

Water IPM

CTAB/Brij-35: 1-pentanol

S: CS = 1: 2

Fig. 1. Representative pseudo-ternary phase diagram of water/CTAB/Brij-35/Pn/

IPM w/o microemulsion at three different ratios of mixed surfactant at 303 K. S/Cs

mass ratio: 1:2. Area marks: unshaded, microemulsion zone (1a); shaded, turbid

zone (2a) [black; XBrij-35 = 0.0, dark gray; XBrij-35 = 0.5, light gray; XBrij-35 = 1.0].

Appearance of viscous and other phases along the [surfactant(s):cosurfactant/

water]–oil axis have not been shown for simplicity.
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between the interface and the oil in different physicochemical con-

ditions can quantitatively account for the thermodynamic stability

of microemulsion on the basis of dilution experiment (described in

Section 2.2.2) and is presented as follows:

3.2.1. Effect of XBrij-35 and temperature on interfacial (na
i ) and bulk oil

(na
o) compositions of Pn

The dilution method has been employed for evaluation of the

interfacial composition of water/CTAB/Brij-35/Pn/IPM microemul-

sion systems as a function of composition (XBrij-35 = 0, 0.2, 0.4,

0.5, 0.6, 0.8 and 1.0) and temperature (viz. 293, 303, 313 and

323 K) at fixed x = 20. From the data collected, graphs were

constructed by plotting na/ns vs. no/ns according to Eq. (S1) where

ns, na and no represent the total number of moles of surfactant,

alkanol and oil, respectively (Supplementary Material, Section 2).

Representative illustrations are shown in Fig. S2 (Supplementary

Material). The plots were strikingly linear [average correlation

coefficient (R2) was 0.9987]. The calculated values of number of

moles of alkanol in the interface (na
i ) and oil phase (na

o) obtained

at different compositions (XBrij-35 = 0? 1.0) with varying tempera-

ture (293–323 K), are presented in Table 1. It is evident from

Table 1 that the values of na
i and na

o did not follow any straightfor-

ward trend as a function of XBrij-35 for any of these systems at the

studied temperature range. Further, it evident from Table 1 that

with increase in temperature na
i increases, while na

o decreases with

increasing temperature and hence, increase in temperature helps

to transfer more Pn molecules (cosurfactant) from the oil to the

interface. This observation is found to be consistent with that

reported earlier for single (of different charge types) and mixed

surfactant microemulsions comprising both hydrocarbon oils and

IPM [5,30,31]. When CTAB and Brij-35 are mixed at an equimolar

composition or in the vicinity of it (that is, XBrij-35 = 0.4? 0.6),

the difference between the values of na
i and na

o at lower and higher

temperatures is more than the pure surfactant systems (XBrij-35 = 0

and 1.0). It indicates that interfacial arrangements or organizations

of the constituents at the interface are mostly affected by increase

in temperature in the vicinity of equimolar composition. Similar

observation was also reported for mixed anionic/nonionic (SDS/

Brij-35) systems stabilized in Pn and IPM [5].

3.2.2. Thermodynamics of transfer of alkanol (Pn) from oil (IPM) to the

interface

In this section, thermodynamic parameters, the standard Gibbs

free energy (DG0
t ), enthalpy (DH0

t ), entropy (DS0t ) and specific heat

capacity [(DC0p)t] for the transfer of Pn from the continuous oil phase

(IPM) to the interfacial region of mixed surfactants (CTAB/Brij-35),

(Pnoil? Pnint) with varying x (=20, 25, 30, 35, 40 and 45) at an

equimolar composition (XBrij-35 = 0.5) and temperature (303 K) and

also at a fixed x (=20) with varying both XBrij-35 (=0? 1.0) and tem-

peratures (293, 303, 313 and 323 K) have been evaluated according

to Eqs. (3)–(8). The data are presented in Tables S1 and 1. Represen-

tative plots of �DG0
t vs. XBrij-35 and DH0

t or DS0t vs. XBrij-35 for water/

CTAB/Brij-35/Pn/IPM system at four different temperatures are

illustrated in Fig. 2, Figs. S3A and S3B, respectively. It is evident from

Fig. 2, Table 1 and Table 2 that DG0
t values are negative at all

compositions (XBrij-35 = 0? 1.0), water contents (x) and tempera-

tures in IPM, hence spontaneous formation of w/o microemulsions

is suggested. Both similar and dissimilar trends in all these energetic

parameters at comparable physicochemical environments are

reported [31–33]. The deciphering of different phenomena that

guide the overall thermodynamics of the transfer of Pn to the inter-

face is worthwhile but complex. However, an attempt has been

made to present a comprehensive views based on the experimental

results.

3.2.2.1. Effect of x on DG0
t of transfer process. It is evident from

Table 2 that the values of �DG0
t , which is indicative of spontaneity

of the alkanol transfer process (Pnoil? Pnint), decrease with increas-

ing x (=20–45) for the mixed microemulsion systems. Similar trend

of transferring of cosurfactant from oil to the interface and vice versa

was discussed for single and mixed surfactant microemulsions by

Bardhan et al. [5], Kundu et al. [25], Paul and Nandy [30], Hait and

Moulik [31].

Further, it can be observed from Table 2 that, spontaneity of the

alkanol transfer process (Pnoil? Pnint) for mixed (CTAB/Brij-35)

systems is higher compared to mixed (SDS/Brij-35) systems

(�1.41 to �0.61 kJ mol�1 at x = 20–40) at comparable physico-

chemical conditions in IPM [5]. The ionic surfactant with longer

hydrocarbon chain (herein, CTAB) possesses higher efficiency to

change the hydrophilicity and makes the interfacial layer effec-

tively more hydrophobic irrespective of charges of ionic head

group [26]. Also, the larger bending elastic modulus of the interfa-

cial layer arising out of the longer chain of the ionic surfactant,

leads to larger solubilization ability [34]. These two effects deter-

mine the higher efficiency of ionic surfactant with longer hydrocar-

bon chain to form w/o microemulsions [35]. Hence, the effective

binding between Pn and CTAB or SDS/Brij-35 at the interface

increases in the order: SDS/Brij-35 < CTAB/Brij-35, which corrobo-

rates well with the degree of spontaneity of the transfer process.

Similar observation is also reported earlier by Bera et al. [34] for

water/SDS or CTAB/3-methyl-1-butanol/hydrocarbon oil (C6–C12)

microemulsion systems.

3.2.2.2. Effect of Xnonionic and temperature on DG0
t of the transfer

process at a fixedx. It can be seen from Table 1 that the spontaneity

of the transfer of Pn from oil (IPM) to the interface (Pnoil? Pnint)

Table 1

Temperature and surfactant composition dependent thermodynamic parameters for

the formation of w/o mixed surfactant microemulsion in IPM at fixed water content

(x = 20)a,b.

XBrij-35 T

(K)

104 na
i

(mol)

103 na
o

(mol)

�DGt
0

(kJ mol�1)

DHt
0

(kJ mol�1)

DSt
0

(J K�1 mol�1)

0.0 293 11.75 5.88 2.08 �0.13 6.67

303 12.94 5.77 2.26 �5.49 �10.66

313 13.70 3.85 2.53 �11.04 �27.16

323 19.51 3.43 3.07 �16.76 �42.39

0.2 293 17.96 4.72 2.12 �3.20 �3.73

303 18.09 4.49 2.31 �6.78 �14.75

313 21.13 3.38 2.82 �10.48 �24.49

323 23.70 3.26 3.27 �14.29 �34.17

0.4 293 19.21 4.75 2.21 �4.25 �6.98

303 22.42 4.48 2.46 �5.45 �9.86

313 23.51 3.59 2.98 �6.68 �11.83

323 31.93 3.43 3.32 �7.95 �14.34

0.5 293 12.94 8.87 1.05 17.54 63.46

303 17.23 7.08 1.59 11.58 43.47

313 20.01 6.23 1.92 5.42 23.46

323 21.26 6.07 2.06 �0.94 3.47

0.6 293 15.15 6.18 1.66 30.20 108.75

303 24.43 5.55 2.68 17.09 65.26

313 25.68 3.69 2.96 3.53 20.76

323 28.99 3.68 3.10 �10.45 �22.75

0.8 293 20.24 5.44 2.01 �2.08 �0.21

303 20.43 5.12 2.19 �2.67 �1.59

313 21.62 4.91 2.36 �3.29 �2.96

323 22.35 4.59 2.58 �3.93 �4.17

1.0 293 17.33 5.86 1.82 0.72 8.67

303 17.89 5.59 1.97 �5.24 �10.77

313 26.77 5.55 2.25 �11.39 �29.23

323 27.30 4.27 2.80 �17.76 �46.31

a All the mixed microemulsion systems are formed using constant amount of

mixed surfactant (0.5 mmol) and oil (14.0 mmol).
b The error limits in Kd, DG0

t , DH0
t and DS0t are ±1%, ±3%, ±5% and ±8%, respectively.
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for single CTAB or Brij-35 stabilized system increases with increase

in temperature. This trend for single CTAB derived system corrob-

orates well with the results reported earlier for CTAB or CTAC

derived system stabilized in hydrocarbon, IPM and diesel oils

[31,34,36,37] and CTAB-[bmim][BF4] system in toluene [38]. The

trend of spontaneity of single Brij-35 derived system in IPM agrees

well with previous reports [32,39]. Further, it is evident from

Table 1 and representative plot of �DG0
t vs. XBrij-35 at four temper-

atures in IPM (depicted in Fig. 2) that the DG0
t values are not

straightforward at mixed compositions (i.e., XBrij-35 = 0.2–0.8). �DG0-

t values increase with increase in temperature (293, 313 and 323 K)

at all compositions for all these systems.

Further, it has been observed that �DG0
t values of mixed CTAB/

nonionic/Pn system stabilized in IPM are small compared to the

values obtained in our previous reports for CTAB/nonionic/Pn and

SDS/nonionic/Pn systems in hydrocarbon oils (Hp and Dc) under

comparable physicochemical environments [26,32,33]. This can be

explained in the following way. IPM, being amphiphilic polar oil, is

not solubilized in the palisade layer, rather than it has a swelling

tendency in the oil domain. Thus, swelling causes an increase in

repulsion between the hydrophilic moieties of surfactant, and hence,

the surfactant layer curvature becomes more positive. As a result,

radius of microemulsion droplet increases [40] and subsequently,

interfacial fluidity and droplet surface area increase. Such an

increase in interfacial fluidity results in inelastic collisions between

droplets, and enhances apparent interdroplet interaction in IPM

derived system. At a sufficiently strong interdroplet interaction,

the microemulsion droplets stabilized in IPM are less stabilized

compared to Hp or Dc oil derived system [41]. Smaller �DG0
t values

were also reported by Hait and Moulik [31] for water/SDS/Bu/IPM

system.

Further, Fig. 2 depicts composition dependent �DG0
t at a fixedx

(=20) for each temperature. An interesting feature, that is, antago-

nism in �DG0
t for transfer of Pn (Pnoil? Pnint) is evidenced at an

equimolar composition of CTAB and Brij-35 (i.e., at XBrij-35 = 0.5),

whereas synergism in �DG0
t has been found in the vicinity of equi-

molar composition (that is, at XBrij-35 = 0.4 and 0.6). Very recently,

synergistic and antagonistic behaviors were reported in our previous

reports for mixed microemulsion systems [5,33]. Synergism or

antagonism in thermodynamic parameters of surfactant mixtures

(in micelles or microemulsions) might arise from the non-ideality

of surfactant interactions in the confined environment. It was

reported earlier that considerable non-ideality shown by ionic/non-

ionic mixtures is due to the action of the nonionic component that

shields the repulsion between charged ionic head groups and, also,

due to the attraction between the components, via ion–dipole inter-

actions [42].

However, a plausible explanation for composition dependent

synergism or antagonism in DG0
t can be explained in tune with

molecular interactions between CTAB and Brij-35 in mixed micelles

put forwarded by Gao et al. [43]. If we consider equimolar

composition (that is, XBrij-35 = 0.5 or XCTAB = 0.5) of mixed surfactant

(CTAB/Brij-35) microemulsions as a reference composition, it can be

observed that addition of either CTAB (i.e., at XBrij-35 = 0.4 or

XCTAB = 0.6) or Brij-35 (i.e., at XBrij-35 = 0.6 or XCTAB = 0.4) to an

equimolar composition, synergism in �DG0
t is evidenced at both

compositions. It can be argued as follows. The first oxyethylene

groups of POE chains (of Brij-35) retard the motion of the trimethyl

groups of CTAB due to steric hindrance during the incorporation of

Brij-35 in the vicinity of equimolar composition of CTAB/Brij-35

(i.e., at XBrij-35 = 0.6). Further, motion of proton near the alkyl ether

group of Brij-35 becomes less restricted during the incorporation

of CTAB in the vicinity of equimolar composition of CTAB/Brij-35

(at XBrij-35 = 0.4), because the trimethyl groups of CTAB separate

them apart from each other [43]. Due to these changes in orientation

of both CTAB and Brij-35 after addition of both surfactants in the

vicinity of equimolar composition may be reflected in the synergism

in �DG0
t .

Antagonism in �DG0
t at equimolar composition at each temper-

ature might be explained in the following manner. The presence of

overall lowest concentration of Pn at XBrij-35 = 0.5 (i.e., na
i as evi-

denced from Table 1) makes the oil/water interface sterically rigid.

As it was reported earlier that increasing alcohol partitioning at

the interface, increase the degree of interpenetration of droplets

and therefore, increase the interfacial fluidity or flexibility [44]. Rigid

conformation of the hydrophobic tails disrupts steric packaging of

the interface and leads to partial hydration of the hydrophobic core

of CTAB/Brij-35 mixed blends [45]. This partial hydration of the

hydrophobic tails at the interface decreases the hydrophobic interac-

tions between the hydrophobic regions of the cosurfactant at the

interface, which results in increase in entropy and makes the system

more unstable [46]. As a result, CTAB/Brij-35 system shows minima

in �DG0
t at equimolar composition.

3.2.2.3. Effect of Xnonionic and temperature on DH0
t , DS0t and (DC0p)t of

alkanol transfer process. Due to nonlinear dependence of (DG0
t /T) on

1/T in terms of a two degree polynomial equation at each composi-

tion (XBrij-35), four values of DH0
t and DS0t at four temperatures have

been evaluated (vide. Fig. S1). Since DH0
t became a function of

temperature, the (DC0p)t values have also been obtained at all compo-

sitions from the slope of the plots of DH0
t vs. T according to Eq. (6).

Further, in kinetics and equilibrium studies, an extra thermodynamic

linear correlation between DH0
t and DS0t for the involved process is

often reported, called the enthalpy–entropy compensation effect,
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Fig. 2. Standard free energy change of transfer (�DG0
t ) against composition (XBrij-35)

for w/o microemulsion systems comprising 0.5 mmol of mixed surfactant (CTAB/Brij-

35) and 14.0 mmol of IPM oil stabilized by Pn at fixed water content (x = 20) with

varying temperature (293 K? 323 K).

Table 2

Water content (x) and cosurfactant dependent physicochemical parameters for the

formation of w/o mixed microemulsion at fixed XBrij-35 (0.5) and temperature

(303 K).a,b

System: water/CTAB + Brij-35/Pn/IPM

x 20 25 30 35 40 45

104 na
i /mol 18.09 19.55 20.34 24.67 22.02 19.94

103 na
o/mol 10.46 13.94 15.11 19.61 21.93 22.66

Kd 1.82 1.58 1.53 1.41 1.33 1.28

�DG0
t =kJ mol�1 1.51 1.16 1.08 0.88 0.71 0.63

a All the mixed microemulsion systems are formed using constant amount of

mixed surfactant (0.5 mmol) and oil (14.0 mmol).
b The error limits in Kd and DG0

t are ±1% and ±3%, respectively.

S. Bardhan et al. / Journal of Colloid and Interface Science 430 (2014) 129–139 133



and such a phenomenon has been observed to be valid also for

micelle and microemulsion forming systems [25,32,33]. A good lin-

ear correlation between DH0
t and DS0t has been observed at the tem-

perature of measurement. A comprehension of all these results has

been presented in Supplementary Material, Section 3 (Table 1,

Figs. S3 and S4 & Tables S1 and S2).

3.3. Effect of x and Xnonionic on electrical conductivity of mixed

surfactant microemulsion

It is known that electrical conductivity can be used to predict

qualitatively the interaction between droplets and thus the

stability of microemulsion. For example, appearance of an electri-

cal percolation process indicates the existence of large attractive

interaction between droplets [47]. In the present report, the depen-

dence of electrical conductivity (r) on water content (x) as a func-

tion of composition (XBrij-35 = 0.0? 1.0) in water/CTAB/Brij-35/Pn/

IPM system has been systematically investigated at a fixed

surfactant concentration (0.3 mol dm�3) and temperature (303 K).

The conductivity of the above system was carried out from the

appearance of single phase to the phase separation on dilution

by water with a fixed surfactant and cosurfactant ratio (1:2, w/

w). It can be observed from Fig. S5 (Supplementary Material) that

the single CTAB microemulsion system (at XBrij-35 = 0.0) is low

conducting and does not exhibit any significant increase in conduc-

tivity with increase in x. This may be due to rigidity of the inter-

facial film, large molar volume and high viscosity of IPM [48].

Similar observation was also reported earlier for water/AOT/IPM

[48] and water/SDS/Pn/IPM microemulsion systems [5]. However,

the addition of Brij-35 to the water/CTAB/Pn/IPM system with

fixed total surfactant concentration (as mentioned above), a dra-

matic increase in conductivity has been observed as a function of

x up to equimolar composition (XBrij-35 = 0.2? 0.5), beyond which

(XBrij-35 = 0.6? 1.0) results in a small decrease in conductivity with

increasing x. An in-depth analysis of the results reveals that

conductivity increases slowly with x and there after a sharp

increase is observed at a certain x for XBrij-35 = 0.2, 0.4 and 0.5

blends (Fig. S5). The critical value for sharp linear enhancement

in conductivity (r) with the addition of water is considered as per-

colation threshold point [5]. The critical value of x for XBrij-35 = 0.2,

0.4 and 0.5 has been found to be x 6 27.57, x 6 34.83 and

x 6 39.05, respectively. Similar observation was also evidenced

in our previous report for water/SDS/Brij-35/Pn/IPM microemul-

sion systems [5]. The details of these results have been delineated

in Supplementary Material, Section 4.

3.4. Droplet dimension of single and mixed surfactant microemulsions

by DLS studies

The droplet size (hydrodynamic diameter, Dh) and the size

distribution in w/o single and mixed (CTAB/Brij-35) surfactant

microemulsions have been measured by employing the DLS

technique and subsequently, analyzed in terms of count rate and

polydispersity index (PDI) of the droplets [49,50]. The results are

presented in Tables 3A and 3B. The similar compositions of w/o

mixed surfactant microemulsions were chosen for DLS measure-

ments, as those were used in dilution experiments as function of

Xnonionic (XBrij-35 = 0.0? 1.0) and x (=20, 25, 30, 35, 40 and 45) at

a constant temperature of 303 K. It can be observed from Tables

3A and 3B that Dh values of the microemulsion droplets increase

remarkably from 10.92 nm to 18.91 nm in IPM with the increase

in proportion of nonionic surfactant (XBrij-35 = 0.0? 1.0) in the

mixed systems, whereas about 1.5 folds decrease in droplets count

rate has been observed under the prevailing condition (Table 3A).

The decrease in droplets count rate indicates that the total number

of microemulsion droplets decreases with increasing the content of

Brij-35. Similar trend was observed in our previous report for

water/SDS/Brij-35/Pn/IPM microemulsions and explained therein

[5].

Furthermore, a comparative study of Dh values obtained for

mixed CTAB/Brij-35 (herein, presented) and SDS/Brij-35 systems

[5] reveals that, Dh for former system at comparable conditions

in IPM (9.80 nm to 18.91 nm at XBrij-35 = 0? 1.0 and 14.55 nm to

27.63 nm at x = 20? 40). This can be argued as follows. It is

evident from Table 1 that, na
i for CTAB/Brij-35 systems is lower

compared to SDS/Brij-35 systems [(19.08–40.50) 10�4 mol and

(12.41–51.11) 10�4 mol at x = 20? 40 and XBrij-35 = 0? 1.0, tem-

perature = 293? 323 K, respectively] at comparable conditions in

IPM [5]. Pn molecules are mainly located at the interface layer

and oil phase due to their negligible solubility in water [25]. The

total interface area becomes larger as more Pn molecules are incor-

porated at the interfacial layer. An increase in the interface area

causes the number of droplets to increase and the droplet size to

shrink [51]. Similar observation was also reported earlier by Zhang

et al. [52] for water/AOT/Pn/IPM systems.

3.5. State of water of single and mixed surfactant microemulsions from

FTIR studies

In principle, the time scale of FTIR is short enough to detect

different types of water species in w/o microemulsion, provided

that the difference in vibrational energy is suitably large

[14,53,54]. Further, the use of HOD molecule as a probe has been

shown to be advantageous, as the O–D band is decoupled from

the O–H band and appears in a region (2200–2800 cm�1) which

is comparatively free from other strong absorption [14,54,55].

According to our previous report [26], a small amount of D2O

(10%) was mixed with H2O, so that a rapid exchange between H

and D atoms takes place, which led to the formation of HOD mol-

ecules. The O–D stretching band of these molecules reflects only

the H-bonding interactions between water molecules. Thus, the

intramolecular interactions between the two OH (or OD) oscilla-

tors in H2O (or D2O) molecules do not complicate the O–H (O–D)

stretching band contour as observed for pure water [26,56]. The

isotopic solution of 10% D2O/H2O mixture was chosen for the

formulation of w/o mixed microemulsion [26,57]. The FTIR tech-

niques have been employed to explore the possibility of alteration

of water structure due to change in the micellar characteristics viz.

size, interfacial configuration with the variation of composition,

XBrij-35 (=0.0? 1.0) at a fixed water content (x = 20) and surfac-

tant–cosurfactant mass ratio (=1:2) at 303 K. We focus our

attention in the 2200–2800 cm�1 frequency window, which is con-

sidered as a fingerprint region for the vibrational stretch of O�D

bonds in water [58,59]. It has been reported that water exists in

three ‘states’ or ‘layers’ in w/o microemulsions from FTIR measure-

ment [60,61], although reports on four-component hydration

model, viz. free, anion-bound, bulk like and cation-bound water

are available in literature from FTIR and NMR measurements

[27,62]. In the present study, the peaks corresponding to O–D

bonds have been fitted as a sum of Gaussian bonds with the help

of Gaussian curve fitting program. The vibrational characteristics,

Table 3A

Hydrodynamic diameter (Dh) and count rate of water droplets in w/o mixed

surfactant microemulsion at fixed water content (x = 20) and temperature (303 K).a

System: water/CTAB/Brij-35/Pn/IPM

XBrij-35 0.0 0.2 0.4 0.5 0.6 0.8 1

Dh (nm) 10.92 12.32 13.97 15.67 16.78 17.63 18.91

Count rate (kcps) 91.80 85.80 79.10 73.20 67.70 64.30 61.50

a All the mixed microemulsion systems are formed using constant amount of

mixed surfactant (0.5 mmol) and oil (14.0 mmol).
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particularly the peak area corresponding to each peak, and other

results have been analyzed using three-state models to unravel

the different types of water species inside the nanopool. According

to three states model, the solubilized water in microemulsions can

be identified as free water, bound water and trapped water mole-

cules and a representative result of deconvolution is depicted in

Figs. S6A–S6C (Supplementary Material). The free water molecules,

occupying the cores of water pool of w/o microemulsions, possess

strong hydrogen bonds among themselves that means they have

properties similar to bulk water. Such H-bond shifts the O–D

stretching band toward lower frequency at about 2450 cm�1

(Figs. S6A–S6C) [14,60,61]. The bound water viz. the surfactant

head group bound water molecules resonates in the mid frequency

region and the IR peak appears at about 2550 cm�1 (Figs. S6A–S6C)

[14,60,61]. Apart from these water species, there are water

molecules dispersing among long hydrocarbon chains of surfactant

molecules termed as trapped water molecules [27,60,61]. This type

of water exists as monomers (or, dimers) and free from hydrogen

bonding interaction with its surroundings. As trapped water

molecules are matrix-isolated dimeric or monomeric in nature,

they absorb in the high frequency region at about 2650 cm�1

(Figs. S6A–S6C) [27,60,61]. The relative abundance [Gaussian pro-

files (area fraction)] of different water species (viz. free, bound

and trapped water) as a function of XBrij-35 (=0.0? 1.0) has been

shown in Fig. 3 [26,60,63].

With the progressive inclusion of nonionic Brij-35 (=0.0? 1.0)

at the interface, the abundance of free water increases while the

population of bound water gradually decreases under the prevail-

ing condition (Fig. 3 and Scheme 1). It is noteworthy to mention

that the increase in nonionic surfactant content results in decrease

of the total hydration capacity of the polar head groups of the

mixed surfactants [15]. Consequently, the relative abundance of

free water gradually increases with increasing XBrij-35 (=0.0? 1.0)

(Scheme 1) [16,64].

As a result, the physicochemical characteristics of the encapsu-

lated water in confined environment show a linear effect of mixing

of surfactants at the interface. Interestingly, it is apparent from DLS

measurements that modification of different water states (bound

and free water molecules) in confined environment eventually

occur with the swelling of the droplet size (Dh = 10.92 nm?

18.91 nm) with increasing proportion of XBrij-35 (=0.0? 1.0) at a

fixed water content (x = 20) (Scheme 1). Similar observation with

respect to free and bound water was reported for water-in-hydro-

carbon oil (Hp or Dc or i-Oc) microemulsions stabilized by mixed

AOT/Brij-30 [16], CnTAB/Brij-58 (n = 12? 18) [26], and Brij-58/

CTAB [63]. In addition, the population corresponding to the

trapped water molecules shows only a marginal variation (or an

overall weak increasing tendency with both interfacial stoichiom-

etry as well as droplet size) (Fig. 3). It, therefore, emerges that the

nature of the interface as well as the size of the droplets have

major impacts on the water hydrogen bond network dynamics

regardless of the nanoscopic confinement of water in IPM oil

derived w/o microemulsion [26,63–65]. To further substantiate

present observations, SANS or 1H NMR rotating frame nuclear

Overhauser effect spectroscopy (ROSEY) studies and ultrafast

dynamics (picosecond or femtosecond spectroscopy) of confined

water molecules in these systems needs to be explored in subse-

quent studies.

3.6. Evaluation of chemical shift for various components of water (1H

NMR spectroscopic technique followed by mathematical evaluation)

The microstructure of solubilized water in w/o microemulsion

has been studied extensively in the past using FTIR and 1H NMR

Table 3B

Hydrodynamic diameter (Dh) and count rate of water droplets in w/o mixed

surfactant microemulsion with increase in water content (x = 20? 40) and fixed

XBrij-35 (0.5), temperature (303 K).a

System: water/CTAB/Brij-35/Pn/IPM

x 20 25 30 35 40 45

Dh (nm) 15.67 19.26 24.10 28.52 32.07 36.44

Count rate (kcps) 73.20 62.40 51.90 41.40 33.70 25.10

a All the mixed microemulsion systems are formed using constant amount of

mixed surfactant (0.5 mmol) and oil (14.0 mmol).
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different water species (free: open circle, bound: open squire and trapped: open

triangle) as a function of XBrij-35 at a fixed x (=20).
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Scheme 1. Change of state of water with increase in water content in water/CTAB/Brij-35/Pn/IPM microemulsions.
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spectroscopic techniques. The states and structure of the solubi-

lized water in reversed micelles and microemulsions of AOT and

of NaDEHP (in Hp) using FT-IR and NMR spectroscopic parameters

have been reported [27,62]. Recently, Bumajdad and coworkers

have studied the structure of water, solubilized by reverse aggre-

gates of mixtures of DDAX/DTAX (X = Br� or Cl�) in Hp by same

noninvasive techniques viz., 1H NMR and FT-IR [14]. Herein, we

focus on the study of solubilized water structure in w/o water/

CTAB/Brij-35/Pn/IPM (S:CS = 1:2) mixed microemulsions, by com-

bining the results of FTIR and 1H NMR spectroscopic measure-

ments [27].

As reported earlier, different types of water species coexist and

exchange rapidly in w/o microemulsion systems. The exchange

rate is faster than NMR frequency and, therefore, the observed

value of water proton magnetic resonance is the weighted average

of the components contributed by various water species [27,62]. In

the present study, a simple mathematical equation, as proposed by

Zhou et al. [27], has been used to evaluate the chemical shift of

individual components of different water species present in w/o

microemulsion system is given below,

d ¼ Xfreedfree þ Xbounddbound þ Xtrappeddtrapped ð7Þ

The evaluation is based on the fact that the chemical shift of

water protons in w/o mixed microemulsion is considered as the

weighted average of those of the individual components [27].

The chemical shifts of individual components of different water

states viz. dfree, dbound, and dtrapped can be evaluated by inserting the

observed d values and corresponding area fractions, Xfree, Xbound

and Xtrapped into Eq. (7). The area fraction of individual components

has been adopted as estimated from FTIR measurements [27]. In

order to evaluate the chemical shifts of individual components of

different water species, three different observed d values as well

as the formation of three simultaneous equations are required for

solving Eq. (7) [27]. Hence, we have selected three different com-

positions of w/o mixed surfactant microemulsion as a function of

Xnonionic (=0.0, 0.2 and 0.4) for 1H NMR study. Xnonionic = 0.0 repre-

sents pure (or single) CTAB system, whereas Xnonionic = 0.2 and

0.4 represent mixed CTAB/Brij-35 systems. The single peak in 1H

NMR spectra of the solubilized water in w/o mixed microemulsion

systems indicates the rapid exchange between water protons at

various states (Fig. 4). So, Eq. (7) can be written as follows [27]:

4:64 ¼ 0:22dfree þ 0:61dbound þ 0:17dtrapped ð8Þ

4:72 ¼ 0:26dfree þ 0:54dbound þ 0:20dtrapped ð9Þ

4:81 ¼ 0:31dfree þ 0:47dbound þ 0:22dtrapped ð10Þ

The evaluation of the three simultaneous Eqs. (8)–(10) showed

the existence of three individual components of water species

inside the pool and the calculated chemical shift of individual com-

ponents i.e., dfree, dbound and dtrapped appears at 5.76, 4.20 and

4.77 ppm, respectively. A similar dbulk value (=5.68 ppm) was

reported earlier for water/AOT/Hp w/o microemulsion systems

[27]. However, dbound value does not match closely with the pres-

ent system and the result possibly reflects the influence of type

and size of the polar head group of major surfactant (CTAB) and

content of the auxiliary surfactant, Brij-35 on the microenviron-

ment [27]. The 1H NMR spectroscopic measurement followed by

mathematical evaluation supports the existence of three different

types of water species in these systems. Further, it is evident from

Fig. 4 that the observed d values of 1H NMR spectra for the solubi-

lized water in the present systems shifted toward downfield

(4.64 ppm? 4.81 ppm) with the addition of nonionic surfactant,

Xnonionic (=0.0? 0.4). These observations corroborate well with

the results of FTIR, wherein free water exhibits a lower stretching

frequency (2450 cm�1) and responds to a lower resonance

position. The addition of nonionic surfactant enhances the stretch-

ing frequency (2550 cm�1) responding to a higher resonance

position which indicates the presence of free of water species

[61]. However, further studies involving w/o mixed surfactant cat-

ionic or anionic/nonionic microemulsions are warranted in this

direction.

3.7. Antimicrobial activity in single and mixed surfactant

microemulsions

In this section, the effect of individual constituents of the micro-

emulsion systems, water/CTAB/Brij-35/Pn/IPM on antimicrobial

activity has been examined against the bacterial strains, gram-

positive – B. subtilis and gram-negative – E. coli at 303 K prior to

work on the microemulsion formulations and the results are

presented in (Table S3). It is evident from Table S3 that CTAB

exhibits considerable antimicrobial activity at different concentra-

tions (0.5? 0.1 mmol) comparable to concentration of CTAB, i.e.,

[CTAB] contained in each composition of microemulsions,

XBrij-35 = 0.0? 0.8, whereas Pn and Brij-35 show insignificant anti-

microbial activity against both strains [66,67]. IPM did not show

antimicrobial activity at all. Such report is also available in the

literature [68]. Of all the constituents, the best inhibitory effect

was produced by aqueous CTAB i.e., at [CTAB] = 0.5 mmol, and

the resultant diameter of inhibition zones (diz) was found to be

12 mm and 10 mm for B. subtilis and E. coli, respectively. Further,

inhibitory effect of aqueous CTAB decreases with decrease in con-

centration against both bacterial strains. Subsequently, antimicro-

bial activity of the microemulsion formulations have been

examined as a function of composition of mixed surfactants

[XBrij-35 = 0.0? 1.0, S/CS = 1:2 (w/w)] at 303 K, against the match-

ing strains, B. subtilis and E. coli bacteria and the results are

presented in Table S4 and Fig. S7 (Supplementary Material). More-

over, comparative antimicrobial activity (or, effectiveness) of the

microemulsion formulations has also been depicted in Table S4,

assuming the efficiency of the ingredient shown to be unity as

the best inhibitor (herein, aqueous [CTAB] equals to 0.5 mmol). It

can be seen from (Table S4) that the diz values and effectiveness

Fig. 4. 1H NMR peak of water protons in w/o CTAB/Brij-35/Pn/IPM systems as

function of XBrij-35 at a constant x (=20) (A; XBrij-35 = 0.0, B; XBrij-35 = 0.2, C; XBrij-

35 = 0.4).
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of the microemulsion formulations as a function of XBrij-35 (=0? 1)

did not follow a linear course against the bacterial strains.

Interestingly, microemulsions at mixed surfactant compositions,

(XBrij-35 = 0.2–0.8) demonstrate better antimicrobial activity or

effectiveness than pure surfactants, (XBrij-35 = 0 and 1.0) with max-

imization at compositions, XBrij-35 = 0.4 and 0.6. The resultant diz

values and effectiveness of the microemulsion formulations were

found to be 18 mm, 1.50; 17 mm, 1.42 and 15 mm, 1.50; 14 mm,

1.40 for B. subtilis and E. coli respectively. Hence, the reported

w/o microemulsions at mixed surfactant compositions could be

prospective for using with good standing of antimicrobial property.

However, pure nonionic microemulsion (Brij-35/Pn/IPM/water at

XBrij-35 = 1.0) exhibits considerable antimicrobial activity

(Table S4), in spite of negligibly small antimicrobial activity shown

by Brij-35 or Pn alone, and IPM did not shown any activity

(Table S3). Recently, Anjali et al. [69] reported that water/Tween-

20/refined sunflower oil microemulsion possesses superior

antimicrobial activity against the bacterial pathogens, E. coli,

Staphylococcus aureus and Pseudomonas aeruginosa than refined

sunflower oil or Tween 20 as individual component using agar well

diffusion assay, and spread plate method. The difference in antimi-

crobial activity between the individual constituents and micro-

emulsion system may be due to different types of interactions

between the microemulsion droplets and bacterial membranes

which significantly decreased hydrophobicity of the bacterial cell,

leading to rapid loss of bacterial viability [70].

Further, the absolute diz values have been found to be lowered

against gram-negative bacteria (E. coli) than gram-positive bacte-

ria (B. subtilis) for each composition as well as the individual

constituents of the microemulsion formulations (Tables S3 and

S4). It may be due to variation in lipid content of the cell

membranes in both bacterial pathogens, which results in higher

resistance toward antimicrobial properties of former templates

than later [66].

Nevertheless, the diffusion of the microemulsion systems in the

media (nutrient agar) was examined by the dye encapsulation

method (viz. methylene blue at 10�3 mol dm�3 as a function of

system composition, XBrij-35 = 0.0? 1.0, to ascertain the role of

diffusion, if any. No such variation in diffusion was observed in

these systems. Hence, it can be inferred that the diffusion is not

a pivotal factor behind the antimicrobial activities of the mixed

microemulsions.

However, a correlation between composition dependence of

antibacterial activity on the growth of both bacterial strains with

the spontaneity of formation vis-à-vis thermodynamic stability of

the microemulsion systems is exhibited in prevalent condition

(Fig. 5). Both the plots resemblance each other. It is clearly evident

that the mixed microemulsions show synergism in free energy of

formation (�DG0
t ) at XBrij-35 = 0.4 and 0.6 (vide. Section 3.2.2),

wherein the highest antimicrobial activity has been observed. From

close scrutiny of Fig. 5, it can be seen that comparatively lower anti-

microbial activity has been evidenced at equimolar composition

[XBrij-35 = 0.5, which corresponds to preceding and forwarding com-

positions (i.e., XBrij-35 = 0.4? 0 or XBrij-35 = 0.6? 1.0, respectively)],

where antagonism in �DG0
t has also been observed (Fig. 2). In other

words, these results can be explained from Table S4 as follows: it can

be observed that absolute diz values increases (13.0? 18.0) by the

addition of Brij-35 at CTAB rich compositions (XBrij-35 = 0? 0.4),

whereas it also increases (11.0? 17.0) by the addition of CTAB at

Brij-35 rich compositions (XBrij-35 = 1.0? 0.6). It seems that

departure from these two trends in diz values against the composi-

tion (as mentioned above) occurs at equimolar composition

(XBrij-35 = 0.5). It may be due to rigid conformation of the hydropho-

bic tails of amphiphiles, which disrupts steric packaging of the inter-

face due to less partitioning of alcohol at the interface, which has

already been discussed in Section 3.2.2.

Reports are available in literature on antimicrobial action of the

microemulsions (involving nonionic surfactant) against several

bacterial pathogens from different aspects [19,69–71]. However,

further experimentation [for example, thermodynamic stability

studies (centrifugation study, heating–cooling cycle, freezing–thaw

cycle, kinetic stability), kinetics of killing organisms, assessment of

morphological alterations in cell membrane by scanning electron

microscopy (SEM), etc.] is required to give insight on the mode of

action of antimicrobial activity of the characterized mixed surfac-

tant microemulsion systems, which is beyond scope of the present

report.

4. Conclusion

In the present work, we report on the characterization of water-

in-biocompatible oil (IPM) microemulsions stabilized by mixed

surfactants, CTAB/Brij-35 and Pn at different compositions of

surfactants and physicochemical conditions by employing phase

studies, dilution method and conductivity, DLS, FTIR and 1H NMR

techniques. In addition, antimicrobial activity of these systems

(including individual components) has been examined against

the bacterial strains B. subtilis (gram-positive) and E. coli (gram-

negative). Phase study reveals a considerable amount of single

phase (1a) clear microemulsion region for mixed systems at a fixed

surfactant–cosurfactant ratio (=1:2) and constant temperature

(303 K). The mixed surfactant composition (XBrij-35 = 0.0? 1.0)

influences area of single phasic clear microemulsion zone. Syner-

gism in interfacial composition (na
i or na

i/ns) has been observed

at x equals to 35 and subsequently, decreases up to x = 45.

Physicochemical (molecular) interactions among the constituents

[amphiphiles (viz. Brij-35, CTAB and Pn) and water] in the

microenvironment of the systems might be responsible for the

threshold level of stability at x = 35. The transfer process of

alkanol (Pnoil? Pnint) or formation of microemulsions has been

found to be spontaneous at all compositions (XBrij-35 = 0.0? 1.0)

in the ranges of x (=20? 45) as well as of temperature

(293 K? 323 K). Synergism in (�DG0
t ) for Pn transfer process

(Pnoil? Pnint) has been observed in the vicinity of equimolar compo-

sition (XBrij-35 = 0.4 and 0.6), whereas antagonism exhibits at equi-

molar composition (XBrij-35 = 0.5). The overall transfer process is

exothermic with negative entropy change (i.e., ordered) at all exper-

imental temperatures in IPM for single CTAB or Brij-35 system. The

overall mixed compositions (i.e., at XBrij-35 = 0.2? 0.8) have been

ended up with absorption of heat with disordered state or release
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Fig. 5. Antimicrobial activity (diameters of inhibition zones) in water/CTAB/Brij-35/

Pn/IPM microemulsions as a function of composition, XBrij-35 (=0.0? 1.0) at fixed

water content (x = 20) and temperature (303 K).
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of heat with ordered state, depending on composition (XBrij-35) and

thermal condition. Both DH0
t and DS0t values decrease with increase

in temperature at mixed compositions and also compensate with

each other with fair degree of linearity (average value of correlation

of coefficients equals to 0.9980). A dramatic increase in conductivity

has been observed as a function of x up to a composition range

(XBrij-35 = 0.2? 0.5), beyond which (XBrij-35 = 0.6? 1.0) conductivity

decreases with increasing x at 303 K. DLS measurements show a

linear increase in droplet size as a function of both x and composi-

tion (XBrij-35 = 0.0? 1.0) at 303 K. The O–D stretching vibration of

HOD solubilized in w/o mixed surfactant (CTAB/Brij-35) microemul-

sions as obtained from FTIR measurements in the 2200–2800 cm�1

frequency window reveals the existence of three different types

of water molecules viz. free or bulk type, bound and trapped

inside the pool. With the progressive inclusion of Brij-35

(XBrij-35 = 0.0? 1.0) at the interface, the abundance of free water

increases while the population of bound water gradually decreases

under the prevailing condition. Further, FTIR study indicates that

the composition of the interface as well as the size of the droplets

have major impacts on water hydrogen bond network dynamics

regardless of the nanoscopic confinement of water in these systems

[64,65]. 1H NMR spectroscopic measurements followed by

mathematical evaluation also support the existence of three differ-

ent types of water species in the pool of these systems [27].

Water/CTAB/Brij-35/Pn/IPM microemulsions at mixed compositions

(XBrij-35 = 0.2–0.8) at 303 K demonstrate higher antimicrobial activity

against both bacterial strains compared to individual constituents

(i.e., CTAB or Brij-35 or Pn) of microemulsions at 303 K at similar

conditions. However, single Brij-35 system (XBrij-35 = 1.0) exhibits

considerable antimicrobial activity, in spite of negligibly small anti-

microbial activity shown by Brij-35 or Pn alone. IPM did not show

any activity. Further, E. coli exhibits somewhat more resistant than

B. subtilis toward each composition as well as the individual constit-

uents of the microemulsions. These w/o microemulsions at mixed

surfactant compositions could be prospective for using with good

standing of antimicrobial property. Moreover, these systems mixed

surfactant w/o microemulsions could be employed for applications

in different processes like solubilization, catalysis of chemical reac-

tions [8,9], and size and polydispersity of nanomaterial synthesized

in microemulsion in a more effective and convenient way [10,72].

Further, the dynamic mass transfer phenomenon across the interface

with variation in content of Brij-35 (XBrij-35), as evidenced from con-

ductivity measurement, might be useful in petroleum-processing

technologies [73]. Composition-dependent temperature insensitive

microemulsions could be prospective to employ as decontamination

media for toxic industrial chemicals and chemical weapons as well,

because it undergoes several temperature changes without time for

relaxation during the decontamination process [73].
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a b s t r a c t

In this contribution, we report on a systematic investigation of phase behavior and solubilization of water
in water-in-heptane or decane aggregates stabilized by mixtures of polyoxyethylene (20) cetyl ether
(Brij-58) and cetyltrimethylammonium bromide (CTAB) surfactants with varying compositions in conju-
gation with 1-pentanol (Pn) at fixed surfactant(s)/Pn ratio and temperature. Synergism in water solubi-
lization was evidenced by the addition of CTAB to Brij-58 stabilized system in close proximity of
equimolar composition in both oils. An attempt has been made to correlate composition dependent water
solubilization and volume induced conductivity studies to provide insight into the solubilization mech-
anism of these mixed systems. Conductivity studies reveal the ascending curve in water solubilization
capacity-(Brij-58:CTAB, w/w) profile as the interdroplet interaction branch indicating percolation of con-
ductance and the descending curve is a curvature branch due to the rigidity of the interface in these sys-
tems. The microstructure of these systems as a function of surfactant composition has been determined
by dynamic light scattering (DLS) and Fourier transform infrared spectroscopy (FTIR) measurements. FTIR
study reveals increase and decrease in relative population of bound and bulk-like water, respectively,
with increase in Brij-58:CTAB (w/w). DLS measurements showed that the droplet hydrodynamic diame-
ter (Dh) decreases significantly with the increase in Brij-58:CTAB (w/w). Further, the interfacial compo-
sition and energetic parameters for the transfer of Pn from bulk oil to the interface were evaluated by
the dilution method. Formation of temperature-insensitive microemulsions and temperature invariant
droplet sizes are evidenced in the vicinity of the equimolar composition. The results are interpreted in
terms of a proposed mechanism.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

Microemulsions are thermodynamically stable organized
assemblies comprising of isotropic mixtures of surfactant, oil,
water with or without cosurfactant [1]. These organized assem-
blies have been receiving a lot of theoretical as well as experimen-
tal investigations from time to time due to their potential
applications in various fields, viz. aqueous chemical reactions [2],
vehicles for drug delivery [3], membrane mimetic systems [4], sep-
aration and extraction processes of both metal ions and proteins
[5,6], and nanoparticle and polymer syntheses [7]. Microemulsions
consist of a hydrophilic core and a hydrophobic corona. Due to the
polar nature of the core in microemulsions, water can be easily sol-
ubilized into these micellar solutions. The solubilized water is

distinctly different from bulk water in physicochemical properties,
such as microviscosity, acidity, and polarity [8,9] and are very
important in areas such as the catalysis of small molecules [9,10]
and biopolymers [8,11], enhanced oil recovery [12], and models
for the study of hydration in membranes and cells [10]. All these
applications depend crucially on the water solubilization capacity,
which changes in response to the environmental conditions/vari-
ables, for example, the chemical structure and physicochemical
properties of the amphiphile(s), the nature of the oil phase, the
temperature, and the presence of electrolytes [13].

It is well known that the organization of amphiphiles at the
interface of a microemulsion plays an important role in solubiliza-
tion of water in nanoscopic water pool and warrants an in-depth
study of solubilization mechanism for understanding of the phase
behavior as well as microstructure of the ordered phases in water/
amphiphile(s)/oil systems. Nowadays, mixing of surfactants is a
preferred practice in surfactant industry due to associated perfor-
mance advantages (synergism) and the inherent difficulty in
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preparing chemically new surfactants. Among different types of
possible mixed surfactant systems, ionic/non-ionic mixed systems
are most frequently making their appearance in commercial and
non-commercial products as they provide more flexible physico-
chemical properties in terms of detergency, solubilization and syn-
ergistic performance, which are key parameters in the formulation
of cosmetic and medicinal products [14,15]. Synergism in water
solubilization was previously reported for a non-ionic/anionic
microemulsion system designed for pharmaceutical applications,
using mixtures of AOT [sodium bis(2-ethylhexyl)sulfosuccinate]
and Arlacel-20 (sorbitan laurate) at different proportions [16]. Also,
it was reported earlier that the solubilization capacity of non-ionic
microemulsions increased upon addition of ionic surfactants [17–
21], which was attributed to the inhibition of the undulations in
the surfactant layer and the consequent gain in surface area
[22,23]. The cosurfactant (short chain lipophilic n-alkyl alcohols)
plays an important role by blending with surfactant(s) and parti-
tions between the coexisting aqueous and oleic phases to control
the bending elasticity of the interfacial layer offering stability to
the dispersion as well as affecting the droplet dimensions of the
microemulsion systems [24]. In order to quantify the composition
of the interfacial layer and the distribution of surfactant and cosur-
factant between the oil/water interface, a simple but elegant meth-
od (the Schulman method of cosurfactant titration of the oil/water
interface or the dilution method, which is accomplished by adding
oil at a constant water and surfactant level to destabilize an other-
wise stable w/o microemulsion and restabilizing it by adding a req-
uisite amount of cosurfactant with constant composition of the
interface and continuous phase) has been employed by a number
of workers [25–38].

Numerous studies have been reported for understanding of the
interaction and dynamics of the microemulsion droplets in single
and mixed surfactant systems using various techniques, such as
small-angle X-ray scattering (SAXS), dynamic light scattering
(DLS), pulsed-gradient spin-echo nuclear magnetic resonance
(PGSE-NMR), steady-state fluorescence spectroscopy, conductance,
and viscosity measurements [39–43]. Of these, electrical conduc-
tivity provides a convenient, useful, and accessible tool for probing
the microstructure of microemulsions. Of the different physical
properties of microemulsions, percolation of conductance is strik-
ing; where many fold (100–1000 times) increase in conductance
can take place after a threshold volume fraction of the dispersant
(water) at a constant temperature or after a threshold temperature
at a constant composition [44]. Dynamic light scattering is a useful
method for detecting the droplet size of microemulsions up to very
small dimensions, when the scattering contrast (refractive index)
is strong enough for a successful application of this method. Re-
cently, it was shown that DLS can be applied up to very small par-
ticle dimensions below 1 nm in size [45]. In order to get a clear
understanding of various interactions in the droplet core, including
the type of H-bonding which is operative within the water pool, an
excellent and non-invasive technique viz., Fourier transform infra-
red spectroscopy (FTIR) has been introduced. Several authors were
significantly contributed to the understanding of the water dynam-
ics in w/o microemulsion system by studying the state of water
using FTIR method [28,46].

In view of these reports, very recently, we have reported the
interfacial composition, thermodynamics of alkanol transfer pro-
cess, solubilization behavior, transport and microstructural proper-
ties, and the dynamics of confined water of mixed surfactant (ionic
and non-ionic) w/o microemulsions under different physicochemi-
cal conditions, by employing the dilutionmethod, conductivity, vis-
cosity, DLS, and FTIR measurements [29,30,47–49]. In continuation
of our previous studies, we contemplate to undertake studies on the
formation and precise characterization vis-à-vis the nature of the
oil/water interface andwater in the confined environment of mixed

surfactant (non-ionic/ionic) w/o microemulsions [water/polyoxy-
ethylene (20) cetyl ether (Brij-58)/cetyltrimethylammonium bro-
mide (CTAB)/1-pentanol (Pn)/heptane (Hp) or decane (Dc)] as a
function of different mixing ratios of Brij-58:CTAB (5:0? 0:5, w/
w) at 303 K. Both of these surfactants are chosen in such a way that
they possess similar hydrocarbon tail (comprising 16 carbon atoms
in the linear hydrocarbon chain), but they differ in charge type and
size of the polar head groups, so that the possible interaction be-
tween the hydrocarbon chains of two surfactants gets minimized
[50]. In this report, we intend to address non-ionic (Brij-58)/ionic
surfactant (CTAB) mixtures at different compositions that exhibit
synergism in solubilization of water in w/omixed surfactantmicro-
emulsions. An attempt has also been made to correlate the solubili-
zation capacity of water as a function of mixed surfactant
composition with percolation of conductance to underline the
microstructure of these mixed surfactant microemulsions. In addi-
tion, solubilization mechanism is suggested in terms of the model
proposed by Shah et al. [51,52] (based on curvature of the mixed
amphiphilic film separating oil and water and interaction between
microemulsion droplets). Further, microstructure, internal dynam-
ics (dynamics of the confined water), and interfacial composition of
the mixed interfacial film of these systems have been characterized
by means of the phase study, DLS, FTIR measurements and dilution
method as a function of different mixing ratios of surfactant(s). An
in-depth analysis on thermodynamic properties of these micro-
emulsions based on results obtained from the dilution method at
different temperatures (303, 308, 313, 318 and 323 K) has also been
presented. An attempt has been made to rationalize the results in a
comprehensivemanner. The results are expected to enrich the basic
understanding of the role of the amphiphiles (both surfactants and
cosurfactant) and oils (of different chain lengths) on the formation,
stabilization, and characterization of the mixed surfactant micro-
emulsions, which is seldom, reported literature.

2. Experimental

2.1. Materials

Polyoxyethylene (20) cetyl ether (Brij-58, >98.5%) and cetyltri-
methylammonium bromide (CTAB, >99%) were products of Fluka,
Switzerland and Sigma–Aldrich, USA, respectively. 1-Pentanol
(Pn, >98%), heptane (Hp, >99%), and decane (Dc, >99%) were prod-
ucts of Lancaster, England and Merck, Germany, respectively. The
chemicals were used as received. Eosin blue and Sudan IV were
from Aldrich, USA, and further purified by re-crystallization from
1:1 aqueous methanol. Dyes were dried at 50 �C under vacuum be-
fore use. Doubly distilled water of conductivity less than 3 lS cm�1

was used in the experiments.

2.2. Methods

2.2.1. Sample preparation and phase behavior

The samples comprising mixed surfactants (Brij-58 and CTAB)
at different proportions, cosurfactant (Pn), oil (Hp and Dc), and
water with constant surfactant and cosurfactant mass ratio (S/
CS = 1:2) were formulated in a screw cap glass vials. The samples
were monophasic, transparent, and stable for over several months.
Phase behavior of the chosen systems was constructed at a fixed
temperature (303 K) using thermostated water bath (accuracy,
±0.1 K). The repeat experiments were found to be reproducible
with an error limit of ±1%.

2.2.2. Optical transparency

The homogeneity and optical isotropy of mixed microemulsions
formed were examined by a cross-polarizer and visual examina-
tion at 303 K.

S. Bardhan et al. / Journal of Colloid and Interface Science 411 (2013) 152–161 153



2.2.3. Water solubilization

The initial composition of mixed surfactants (Brij-58 and CTAB
at different proportions), cosurfactant (Pn), and oil (Hp and Dc) for
water solubilization studies were 23% (w/w), 46% (w/w), and 31%
(w/w), respectively. The surfactant and cosurfactant mass ratio
was used 1:2 (w/w). Water was added to each solution in steps
with a Hamilton micro-syringe, and solubilization capacity was
measured after homogenization as a function of water (wt%) at
303 K [28].

2.2.4. Dye solubilization experiment

Dye solubilization experiment [48,51] was performed to esti-
mate the phase separation phenomenon in single (Brij-58 or CTAB)
and mixed surfactants (Brij-58 and CTAB) microemulsion by water
soluble dye Eosin blue and oil soluble dye Sudan IV at 303 K.

2.2.5. Conductivity measurements

The conductivity measurements were performed using Mettler
Toledo (Switzerland) digital conductivity bridge (accuracy ± 1%).
The temperature was kept constant within ±0.1 K by circulating
thermostated water, through a jacketed vessel containing the solu-
tion. The electrical conductivity of the selected mixed microemul-
sions was measured at 303 K. The repeatability and the accuracy of
the measurements were ±0.3% and ±1%, respectively.

2.2.6. Dilution method with spectrophotometric measurements

Details of the dilution method were provided in our previous re-
ports [29,30,37,38]. The procedure of this experiment at different
physicochemical conditions with theoretical backgrounds (i.e., ba-
sics of the dilution method and evaluation of thermodynamic
parameters) has been presented in Supplementary Material
(Section 1).

2.2.7. DLS measurements

DLS measurements were carried out using a Zetasizer Nano
ZS90 (ZEN3690, Malvern Instruments Ltd, UK). A He–Ne laser of
632.8 nmwavelength was used, and the measurements were made
at a scattering angle of 90� at 303 K. Temperature was controlled
by inbuilt Peltier heating–cooling device (±0.1 K). Refractive index
of each solution was recorded with an ABBE type refractometer, as
it was required as an input in determining the size of the micro-
emulsion droplet by DLS technique. Viscosity data, as obtained
from viscosity measurements, were used in processing DLS data.
Samples were filtered thrice using Milipore™ hydrophobic mem-
brane filter of 0.25l pore size. Hydrodynamic diameter (Dh) of
the microemulsion droplets was estimated from the intensity
autocorrelation function of the time-dependent fluctuation in
intensity. According to Stokes–Einstein equation, Dh is defined as
[49]

Dh ¼ kBT=3pgD ð1Þ

where kB, T, g, and D indicate the Boltzman constant, temperature,
viscosity, and diffusion coefficient of the solution, respectively. To
check the reproducibility of the results, at least 6 measurements
were done.

2.2.8. FTIR measurements

FTIR absorption spectra were recorded in the wave number
range of 400–4000 cm�1 with a Shimadzu 83000 spectrometer (Ja-
pan) using a CaF2-IR crystal window (Sigma–Aldrich) equipped
with Presslock holder with 100 number scans and spectral resolu-
tion of 4 cm�1 at 303 K. Deconvolution was carried out with the
help of Origin 6.0 software.

3. Results and discussion

3.1. Phase behavior

The pseudo-ternary phase behavior of Brij-58/CTAB/Pn/Hp/
water system as a function of different mass ratios of mixed surfac-
tant (=5:0? 0:5) at fixed surfactant and cosurfactant mass ratio
(=1:2) and at 303 K has been described in Supplementary Material
(Section 2) with the help of phase diagrams (Fig. S1).

3.2. Water solubilization capacity

The water solubilization capacity of w/o mixed surfactant
microemulsions is one of the important parameters not only from
the view point of its wide applications, but also it determines the
size of the water core, the rigidity or flexibility of the oil/water
interface, and morphology of the surfactant aggregates. Further,
studies emphasized on understanding of the factors that govern
solubilization phenomenon in these systems, are of fundamental
importance [53,54].

The solubilization of water in mixed Brij-58:CTAB/Pn/Hp (Dc)
microemulsions as a function of composition of mixed surfactants
at 303 K has been presented in Fig. 1. It is evident from Fig. 1 that
w/o single Brij-58 (Brij-58:CTAB = 5:0, w/w) can solubilize water
up to 17 and 15 wt% in Hp and Dc, respectively, at constant surfac-
tant/cosurfactant ratio (1:2, w/w). While Brij-58 has been blended
with CTAB at different proportions (for example, Brij-58 and
CTAB = 4:1; 3:2; 2:3; 1:4, w/w), the water solubilization capacity
increases up to a maximum value at a certain composition of the
mixed surfactants (Brij-58:CTAB = 2:3, w/w), beyond which (Brij-
58:CTAB = 1:4 and 0:5, w/w) the solubilization capacity further de-
creases with increasing CTAB. A plausible explanation for this
trend in composition-dependent solubilization phenomenon in
mixed microemulsions is not straightforward. However, solubiliza-
tion of water in w/o microemulsion system depends upon many
factors, for example, type of surfactant (as major amphiphile)
and cosurfactant (or a second surfactant as auxiliary amphiphile),
size of the polar head group and hydrocarbon moiety of both
amphiphiles, the composition, oil type, etc. [53–55]. But the main
driving force of such solubilization is the spontaneous film curva-
ture (H0) (the curvature that the amphiphilic film would like to at-
tain) and the elasticity of the amphiphilic film [52]. If the
interfacial curvature and the bending elasticity are fixed, solubili-
zation can be maximized by minimizing the interfacial bending
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Fig. 1. Water solubilization capacity (wt% of water) and HLBmix of mixed Brij-58/
CTAB/1-pentanol/Hp or Dc microemulsions as a function of different mass ratios of
mixed surfactant at 303 K (Hp: filled triangle and Dc: open circle).
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stress of the rigid interface and the attractive interdroplet interac-
tion among droplets [56]. The solubilization of a microemulsion of
a fluid interface can be increased by increasing the interfacial rigid-
ity and decreasing the natural radius. Alcohol (cosurfactant) is also
an essential factor in promoting interfacial fluidity for the forma-
tion of microemulsion [51–54]. It can be seen from Fig. 1 that
water solubilization capacity reaches maxima at the close proxim-
ity of the middle range composition of Brij-58 and CTAB (i.e., in be-
tween 3:2 and 2:3, w/w) in both oils. These results clearly indicate
that the addition of CTAB to the non-ionic microemulsion (water/
Brij-58/Pn/Hp or Dc) results in obtaining synergism (or maximiza-
tion) of water solubilization at a specified composition (mentioned
earlier). The maximization of solubilization capacity of water in
mixed microemulsions can be interpreted as a result of counteract-
ing effects of the attractive interdroplet interaction of the fluid
interfaces and bending stress of the rigid interfaces [52]. According
to Israelachvili, the molecular packing is determined by a balance
between the repulsive force of hydrophilic moieties and the attrac-
tive forces of lipophilic moieties [57]. Since non-ionic, Brij-58 has
20 POE in hydrophilic moieties, its effective cross-sectional area
per hydrophilic unit should be larger than that of an ionic CTAB
[48,58]. Hence, the repulsion between the hydrophilic groups is re-
duced when a part of Brij-58 is replaced by CTAB, which results in a
more dense packing of mixed surfactants at the interface [59]. This
is why the added CTAB induces rigidity to the surfactant layer in
Brij-58 microemulsions.

Further, attainment of maximum water solubilization using a
mixture of ionic/non-ionic surfactants can be explained in the light
of hydrophilic–lipophilic balance (HLB) of individual surfactants.
The HLB is one of the most common methods to correlate surfac-
tant structure with their effectiveness as emulsifiers. The HLB va-
lue of a surfactant indicates how surfactant behaves in a solution
and also represents the capability of surfactant solution to solubi-
lize other substances [60]. Huibers and Shah [61] reported earlier
that the best solubilization for the mixture occurs when HLB values
of its components lie in 9–13 regions. Further, they mentioned that
good solubilization occurs when HLB of the surfactant mixture falls
in a certain HLB region, which should be neither very water soluble
nor oil soluble. As a result of attainment of these conditions, the
surfactants are more favorable to partition at the interface. In such
a case, solubilization for the mixtures is better than that of either
component. Hence, HLB of the present systems at the mixed com-
positions (i.e., HLBmix) has been evaluated using the concept of
Acosta et al. [62],

HLBmix ¼ ðX1HLB1 þ X2HLB2Þ ð2Þ

where X1 and X2 are the mole fraction of surfactant 1 and surfactant
2 in the mixture, respectively. HLB1 and HLB2 are the hydrophilic–
lipophilic balance of surfactant 1 and surfactant 2, respectively. In
these calculations, HLBs of CTAB [63] and Brij-58 [64] are 10 and
16, respectively. A graphical illustration of HLBmix versus Brij-
58:CTAB (w/w) has been represented in Fig. 1. It is evident from
Fig. 1 that maximum water solubilization occurs at HLBmix equals
to 12–13 regions. According to Huibers and Shah [61], synergism
in maximum water solubilization in w/o microemulsion was ob-
served at HLBmix equals to 9 for a mixture of nonylphenylethoxylate
surfactants (C9PhE1.5 and C9PhE12) in cyclohexane. Further, syner-
gistic effect must cause the majority of the two surfactants to pref-
erentially partition at the interface that allows larger interfacial
area and thus high levels of solubilization [65]. While microemul-
sions were composed of equal amounts of surfactants, the synergis-
tic effect reported to be more pronounced [65]. In this report, the
synergistic effect has been achieved at Brij-58 and CTAB mass ratio
of 2:3 and 3:2. Similar result was reported by Fanun for water/pro-
pylene glycol/sucrose monolaurate/ethoxylated mono-di-glyceride/
peppermint oil/ethanol microemulsion systems [65]. Rodríguez

et al. [21] reported on the effect of ionic surfactant (sodium laurate)
on the solubilization capacity of w/o microemulsions derived from
sucrose ester (water/sucrose dodecanoate/decane). According to
them, increase in the solubilization of water by the addition of ionic
surfactant was attributed to the increase in repulsion between sur-
factant layers. At high concentration of ionic surfactant, enhance-
ment in solubilization of water was lost due to the screening of
charged groups.

Further, it is evident from Fig. 1 that Dc-based system shows
significantly lower water solubilization capacity compared to Hp-
based system. Actually increasing oil chain length would gradually
reduce the cohesive interaction between the hydrocarbon chains of
amphiphiles present at the interface and decrease the interfacial
rigidity, due to decreasing oil penetration. This is in turn decrease
the water solubilization capacity in Dc [51,52].

In the present study, phase separation upon the addition of ex-
cess water in Brij-58/CTAB/oil(s)/water microemulsion systems
has been examined by employing dye solubilization process in
both oils [48,51,54]. The objective for the dye solubilization exper-
iment is to investigate whether the solubilization process is gov-
erned by the curvature effect or the interdroplet interaction
effect [53]. A brief description of dye solubilization experiment
has been presented in Supplementary Material (Section 3).

3.3. Conductivity measurements

It is known that electrical conductivity measurements can be
used to predict qualitatively the interaction between the droplets
and thus stability of microemulsion. For example, appearance of
an electrical percolation process indicates the existence of large
attractive interaction between droplets [28,53,58].

In this section, an attempt has been made to correlate the max-
imum water solubilization with percolation of conductance to
underline the microstructure of these mixed surfactant micro-
emulsions. If the droplets are of non-interacting hard sphere type,
no significant increase in conductance occurs with increasing
water content at constant temperature or with increase in temper-
ature at fixed water content. But if the interfaces of the droplets are
fluid enough to coalesce during these collisions followed by mate-
rial exchange and fusion, a sharp rise in conductance is evidenced
[53]. In the present investigation, conductance studies have been
carried out for mixed surfactant microemulsion systems wherein
solubilization maxima (in the vicinity of equimolar composition,
i.e., at Brij-58:CTAB = 2:3 and 3:2, w/w) are observed. The samples
from both sides of the corresponding maxima, i.e., from the
ascending branches and the descending branches are chosen.

The conductivity of mixed water/Brij-58/CTAB/Pn/Hp or Dc
microemulsion systems at different compositions (Brij-
58:CTAB = 5:0; 4:1; 3:2; 2:3; 1:4; 0:5, w/w) [S:CS = 1:2 (w/w)] at
303 K as a function of wt% of water has been determined and de-
picted in Figs. S2A–S2F. Samples chosen from the ascending branch
(i.e., at Brij-58:CTAB = 5:0? 2:3, w/w) exhibit a nonlinear sharp
enhancement in conductivity with the addition of water, which
signifies the volume-induced percolation in conductance
(Figs. S2A–S2D). The critical value for sharp enhancement in con-
ductivity with the addition water is considered as volume-induced
percolation threshold (/p). Such percolation in the present systems
(i.e., at ascending branch of Fig. 1) shows that the interface of the
droplets is fluid enough to coalesce during the collisions followed
by material exchange and fusion. Further, it is evident that /p in-
creases (i.e., percolation process is retarded) with decrease in con-
tent of Brij-58 or increase in content of CTAB. On the other hand, no
sharp enhancement in conductivity vis-à-vis percolation phenom-
enon is observed in the descending branch of the solubilization
maximum (i.e., at Brij-58:CTAB = 1:4? 0:5, w/w) (Figs. S2E–S2F).
Further, at a composition of Brij-58:CTAB = 0:5, w/w, i.e., single
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CTAB-derived microemulsion systems, a bell-shaped conductivity
profile with flattened maxima is obtained in both oils (Fig. S2F).
Further, discussion in this aspect has been dealt in Supplementary
Material (Section 4).

3.4. Dilution method

The interfacial composition of water/Brij-58/CTAB/Pn/Hp or Dc
microemulsion systems with different mixing ratios of the surfac-
tants (Brij-58:CTAB = 5:0, 4:1, 3:2, 2:3, 1:4 and 0:5, w/w) at a fixed
amount of mixed surfactants (5 � 10�4 mol) and water content
(2.75 � 10�2 mol), and at five different temperatures of 303 K,
308 K, 313 K, 318 K, and 323 K has been evaluated by the dilution
method. From the data collected, graphs were constructed by plot-
ting na/ns against no/ns according to Eq. (S2). Representative illus-
tration is shown in Fig. S3 (Supplementary Material). The
calculated values of compositional variations of amphiphiles (sur-
factants and Pn) at the interface (ni

a=ns) at surfactant compositions
mentioned above with varying temperatures are illustrated in
Figs. S4A and S4B. The distribution of the cosurfactant (Pn) be-
tween the oil and the interface imparts stability to the dispersion.
The distribution constant (Kd) at different temperatures lead to the
evaluation of energetic of the transfer process. To gain insight into
the thermodynamic stability of these systems as a function of
different mixing ratios of the surfactants and oil chain length, stan-
dard Gibbs free energy change of transfer of alkanol from oil to the
interface (DG0

t ) has been computed according to Eq. (S4) and pre-
sented in Figs. S4A and S4B (Supplementary Material) and Table 1.
Figs. S4A and S4B represent three-dimensional profiles of ni

a=ns and
�DG0

t as a function of both the compositions and temperatures in
Hp and Dc, respectively.

It reveals from Figs. S4A and S4B and Table 1 that DG0
t values for

these systems are negative at experimental temperatures and indi-
cate that water/Brij-58/CTAB/Pn/Hp or Dc microemulsion systems
form spontaneously no matter which oil or composition was used.
The observed DG0

t (kJ/mol) values vary in the range of – (1.5–6.8).
Similar variations were also reported by our group earlier for
mixed anionic/non-ionic and cationic/non-ionic surfactant-based
systems stabilized in both hydrocarbon (Hp or Dc) as well as polar
lipophilic oil (IPM) [29,30].

3.4.1. Influence of composition, temperature, and oil on ni
a=ns and

�DG0
t

It is evident from Figs. S4A and S4B that both of the values of
ni
a=ns and �DG0

t are found to be higher for (single) CTAB-stabilized
systems (Brij-58:CTAB = 0:5, w/w) compared to (single) Brij-58
stabilized systems (Brij-58:CTAB = 5:0, w/w) in both oils at all tem-
peratures. The differential behavior of the surfactants toward the
above phenomenon may reflect the degree of favorable/unfavor-
able interaction between the surfactant(s) and the alkanol [25]
and can be explained in the following way: it was reported that
the interaction between Brij-58 and Pn is of dipole–dipole or di-
pole-induced dipole or London dispersion type, because of the
presence of uncharged or neutral hydroxyl groups (Pn) and POE
chains (Brij-58), whereas the interaction between CTAB and Pn is
of ion–dipole type because of the presence of uncharged or neutral
hydroxyl groups (Pn) and charged quaternary ammonium groups
[NðCH3Þ

þ
3 ]. Ion–dipole interaction is very strong compared to di-

pole–dipole or dipole-induced dipole or London dispersion interac-
tions [66]. Therefore, the association between Pn and CTAB is much
more favorable than Pn and Brij-58. As Pn molecules are slightly
deprotonated, which assist Pn to associate strongly with cationic
CTAB than non-ionic Brij-58, and result in stronger association be-
tween Pn with CTAB[13]. As a result, both nia/ns and �DG0

t for CTAB-
stabilized systems are higher compared to Brij-58 stabilized sys-
tems. Hence, it can be concluded that the interfacial alkanol affinity

can be surfactant specific, which was reported earlier by Bisal et al.
[68]. Similar types of results were also reported by Moulik et al.
[31], Hait and Moulik [25], Kumar and Kabir-ud-Din [67], Paul
and Nandy [36] and De et al. [27].

Further, it has been observed that the values of ni
a=ns and �DG0

t

did not follow any straight-forward trend as a function of mixing
ratios of the surfactants for any of these systems (Figs. S4A and
S4B). It has been observed that ni

a=ns value first decreases upon
the addition of CTAB to Brij-58 stabilized systems (mixed Brij-
58:CTAB = 5:0? 4:1, w/w) and after that increases gradually
(mixed Brij-58:CTAB = 4:1? 0:5, w/w) in both oils at all tempera-
tures. In other words, ni

a=ns values show minima at composition
Brij-58:CTAB = 4:1 (w/w). The interfacial population of cosurfac-
tant vis-à-vis stability of the mixed microemulsion systems is
mainly determined by the repulsions between head groups, includ-
ing electrostatic origin for quaternary ammonium head groups and
steric origin for oxyethylene head groups [69]. When CTAB is ini-
tially added into Brij-58 stabilized systems, the steric repulsion be-
tween head groups of Brij-58 decreases with increasing content of
CTAB (XCTAB), but the introduction of quaternary ammonium head
groups of CTAB to Brij-58 surfactant molecules brings about a lar-
ger electrostatic repulsion between the charged head groups and
subsequently decreases the area required per surfactant head
group, allowing the mixed systems to adopt a conformation with
smaller curvature [70]. As a result, nia/ns values of the mixed sys-
tems increase from Brij-58:CTAB = 4:1? 0:5, w/w. However, at

Table 1

Thermodynamic parameters of transfer of Pn from Hp (or, Dc) to the interface of
microemulsion containing 2 ml oil, 0.5 mmol of surfactant and at fixed water content
(2.75 � 10�2 mol) with varying compositions (Brij-58:CTAB, w/w) and temperatures.a

Temperature (K) �DG0
t (kJ/mol) DH0

t (kJ/mol) DS0t (J/mol/K)

Brij-58:CTAB = 5:0

303 2.61 (2.43) 15.74 (10.10) 51.98 (33.36)
308 2.94 (2.66) 17.14 (12.12) 55.68 (39.37)
313 3.25 (2.90) 18.49 (14.07) 59.12 (44.99)
318 3.63 (3.21) 19.81 (15.97) 62.33 (50.24)
323 4.00 (3.51) 21.08 (17.80) 65.29 (55.15)

Brij-58:CTAB = 4:1

303 1.20 (1.63) 35.71 (21.41) 117.86 (70.68)
308 1.76 (1.96) 31.14 (17.76) 101.13 (57.68)
313 2.26 (2.29) 26.72 (14.22) 85.40 (45.46)
318 2.71 (2.49) 22.44 (10.79) 70.61 (33.98)
323 3.05 (2.69) 18.29 (7.47) 56.68 (23.18)

Brij-58:CTAB = 3:2

303 2.68 (2.13) 3.03 (1.60) 10.02 (5.31)
308 2.78 (2.18) 3.78 (0.75) 12.31 (2.48)
313 2.89 (2.23) 4.51 (�0.05) 14.45 (�0.15)
318 3.02 (2.25) 5.22 (�0.85) 16.45 (�2.64)
323 3.15 (2.27) 5.91 (�1.61) 18.32 (�4.97)

Brij-58:CTAB = 2:3

303 3.66 (2.34) �6.44 (�2.70) �21.20 (�8.89)
308 3.62 (2.33) �6.35 (�3.08) �20.57 (�9.98)
313 3.57 (2.32) �6.26 (�3.45) �19.97 (�11.01)
318 3.53 (2.29) �6.18 (�3.80) �19.39 (�11.95)
323 3.49 (2.27) �6.09 (�4.15) �18.85 (12.83)

Brij-58:CTAB = 1:4

303 4.89 (3.73) �14.34 (�10.49) �47.28 (�34.61)
308 4.67 (3.63) �19.41 (�9.55) �62.97 (�30.99)
313 4.44 (3.53) �24.32 (�8.64) �77.65 (�27.58)
318 4.03 (3.47) �29.07 (�7.76) �91.38 (�24.37)
323 3.63 (3.40) �33.68 (�6.90) �104.22 (�21.35)

Brij-58:CTAB = 0:5

303 6.76 (5.21) �29.88 (�16.91) �98.55 (�55.77)
308 6.39 (5.04) �29.04 (�15.22) �94.22 (�49.39)
313 6.02 (4.87) �28.22 (�13.59) �90.12 (�43.39)
318 5.68 (4.76) �27.44 (�12.01) �86.22 (�37.74)
323 5.34 (4.65) �26.67 (�10.48) �82.52 (�32.41)

a The error limits of �DG0
t , DH

0
t and DS0t are ±3%, ±5% and ±8%, respectively.
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Brij-58:CTAB = 5:0, w/w (single Brij-58), the electrostatic repulsion
is absent and ni

a=ns is mainly controlled by steric repulsion be-
tween head group of Brij-58 [70]. Hence, it can be concluded that
the effective binding between CTAB and/or Brij-58 and Pn at the
interface increases in the order of composition, (Brij-58:CTAB, w/
w): 4:1 < 3:2 < 2:3 < 1:4, which corroborates well with the degree
of spontaneity of the transfer process.

It reveals from Figs. S4A and S4B that both ni
a=ns and �DG0

t

values increase with increase in temperature for pure Brij-58
(Brij-58:CTAB = 5:0, w/w) and Brij-58 rich (Brij-58:CTAB = 4:1, w/
w) stabilized systems, whereas reverse trend is observed for pure
CTAB (Brij-58:CTAB = 0:5, w/w) and CTAB rich (Brij-58:CTAB = 1:4,
w/w) stabilized systems in both oils. This phenomenon can be ex-
plained as follows. The effect of temperature on the solubility and
hydration of ionic surfactant is opposite to that of non-ionic surfac-
tant. With increase in temperature, dissociation of the ionic head
group increases and the ionic surfactant becomes more hydrophilic
at higher temperatures [71]. A higher degree of dehydration
around the head group region of the non-ionic surfactant apprecia-
bly imparts to the molecules an increase in hydrophobicity, there-
by leading to unsuitable molecular geometry at higher
temperatures [72,73]. Addition of alcohol (herein, Pn) effectively
changes the originally unfavorable packing geometry of the surfac-
tant molecules and produces a stable surfactant/alcohol mixed
interfacial film [26]. Hence, with increasing temperature, nia/ns val-
ues increase for pure Brij-58 and Brij-58 rich stabilized systems.
However, an interesting result has been observed in the vicinity
of equimolar composition (i.e., Brij-58:CTAB = 3:2 and 2:3, w/w)
that both ni

a=ns and �DG0
t are found to be invariant with increase

in temperature, i.e., temperature-insensitive microemulsions have
been formed in both oils. The increased lipophilicity of Brij-58 is
suppressed by the increased hydrophilicity of CTAB at elevated
temperatures, and in consequence, no variation in both of these
parameters has been found in vicinity of equimolar composition.
Temperature-insensitive microemulsion formation in the vicinity
of equimolar composition is further confirmed by the analysis of
the results of other thermodynamic parameters (DH0

t and DS0t )
and has been dealt in subsequent paragraph.

DG0
t values are more negative in Hp continuum than Dc contin-

uum at all compositions of the mixed surfactant microemulsions,
indicating the process to be more favorable for the former than
the latter. It is suggested that an effective binding (or, a strong inter-
action) between amphiphiles (Brij-58/CTAB) and alkanol (Pn) at the
interface, indicating spontaneity of the transfer process becomes
more favored in lower chain length of oils. It may be due to larger
penetration of Hp (C7) due to shorter chain length than Dc (C10) into
the mixed interfacial film of these systems. It is quite likely that the
interfacial fluidity may increase with increase in oil chain length
and thereby increasing alcohol partitioning at the interface. Such
an increase in interfacial fluidity results in inelastic collisions be-
tween droplets, leading to formation of transient dimmers and en-
hances apparent interdroplet interaction for Dc-based systems. At
sufficiently strong interdroplet interaction, the microemulsion
droplets stabilized in Dc are less stabilized compared to Hp-based
systems [52]. Similar observations were reported by Moulik et al.
[31], Paul and Nandy [36], Mitra et al. [38], and Kundu et al. [29].

3.4.2. Enthalpy and entropy of the transfer process

Due to nonlinear dependence of (DG0
t /T) on (1/T) (Fig. S5, Sup-

plementary Material) in terms of a two degree polynomial
equation, at each composition of surfactant(s) (Brij-
58:CTAB = 5:0? 0:5, w/w), five values of DH0

t and DS0t at five tem-
peratures have been evaluated according to Eqs. (S7) and (S8) and
presented Table 1. Three-dimensional profiles on the dependence
of DH0

t and �DS0t as a function of both the compositions (Brij-
58:CTAB = 5:0? 0:5, w/w) and temperatures (303 K?323 K) have

been illustrated as Fig. 2A and B in Hp and Dc, respectively. These
curves are not straightforward upon the addition of ionic surfac-
tant (CTAB) to the non-ionic surfactant (Brij-58) under various
physicochemical conditions.

3.4.2.1. Pure Brij-58 and CTAB microemulsion systems. For pure CTAB
system (Brij-58:CTAB = 0:5, w/w), the overall transfer process is
exothermic at all experimental temperatures with negative entro-
py change (order) in both oils. So, Pn causes release of heat during
transfer process. Consequently, the negative entropy change may
be due to more organization of the interface and its surroundings.
Therefore, the interface composed of Pn and CTAB is to some extent
orderly. Such negative enthalpy and entropy changes were ob-
served by Wang et al. [34] for water or aqueous HCl/cetyltrimeth-
ylammonium chloride (CTAC)/alkanol/diesel oil, De et al. [27] for
water/DTAB/alkanol/Hp and Digout et al. [35] for CPC derived
microemulsion systems stabilized in different chain length of
cosurfactants (Bu, Pn, Hx) and oils (pentane/octane/decane). Hait
and Moulik [25] and Mohareb et al. [33] reported that the sponta-
neity of the process of alkanol transfer associated with positive
DH0

t and DS0t values for CTAB/1-butanol/IPM/water system. The ob-
served difference in thermodynamic properties for CTAB-stabilized
system may be due to the basic difference in type of oils used (for
example, ester of fatty acids [25,33] and long chain alkanes in the
present study). For pure Brij-58 stabilized system (Brij-
58:CTAB = 5:0, w/w), the process is endothermic with absorption
of heat at all experimental temperatures with positive entropy
change (disorder) in both oils. The non-ionic surfactant produces
insignificant ion-dipolar effect with the alkanol showing endother-
mic transfer from bulk oil to the interface [33]. The desolvation of
head group of Brij-58 during the transfer of Pn in the oil is respon-
sible for both positive enthalpy and entropy change [38]. Similar
observation was also reported by De et al. [27] for Tween-20/Bu
or Pn/Hp/water and Kundu et al. [29] for Brij-58 or Brij-78/Pn/Hp
or Dc/water microemulsion systems. However, Bardhan et al.
[30] reported an opposite behavior of pure Brij-35-based systems
stabilized in IPM. The opposite behavior toward temperature of
ionic and non-ionic surfactants might be responsible for such
variation in enthalpy and entropy values with temperature [74].
The negative entropic change of pure CTAB systems is due to the
better organization of the interface and its surroundings. The
interfacial film composed of Pn and CTAB indicates more ordered
at all experimental temperatures than Brij-58 stabilized systems,
which corroborated well with the spontaneity of the transfer
process.

3.4.2.2. Mixed compositions of Brij-58 and CTAB microemulsion

systems. At compositions in between two extremes (i.e., Brij-
58:CTAB = 4:1, 3:2, 2:3 and 1:4, w/w) in both oils, DH0

t and DS0t val-
ues are found to be both positive and negative, respectively, at all
studied temperatures. It has been observed from Fig. 2A and B that
both DH0

t and DS0t values are positive at Brij-58 rich composition
(Brij-58:CTAB = 4:1 and 3:2, w/w) and negative at CTAB rich com-
position (Brij-58:CTAB = 2:3 and 1:4, w/w) in both oils (with some
exception at Brij-58:CTAB = 3:2, w/w in Dc). A positive contribution
toward DH0

t can be interpreted as the energy required to release the
structural water from the hydration layer around the hydrophilic
domain. An additional contribution arises from the liberation of
water molecules from the water cage around the hydrophilic moi-
ety of the surfactants. The negative contribution toward DH0

t is
identified with the transfer of the surfactant tail from water to
liquid hydrocarbon state in the interfacial layer and restoring the
hydrogen bonding structure of the water around the surfactant
head group [75]. However, insignificant changes in these
thermodynamic parameters with temperature have been observed
in the vicinity of equimolar composition (Brij-58:CTAB = 3:2 and
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2:3, w/w), leading to the formation of isenthalpic and isentropic
microemulsion systems. Similar observation was also reported
earlier for mixed surfactant microemulsion systems [29,30,37,76].
Further, it has been observed that bothDH0

t andDS0t values aremore
positive or more negative in Hp stabilized systems compared to Dc
stabilized systems at all compositions. The difference in enthalpic
and entropic behaviors between these two oils may be attributed
to the difference in alkyl chain length between two oils, as reported
earlier [29,37]. It is apparent that different phenomena associated
with the transfer process of Pn, viz., changing aggregation number,
solvation–desolvation of non-ionic surfactant, electrostatic and ste-
ric interactions between hydrophilic head groups of CTAB and Brij-
58, steric and other non-specific processes contribute their shares
to DH0

t and DS0t values [77]. Hence, it can be inferred that the overall
mixed surfactant microemulsion forming systems can end up with
both absorption or release of heat and with ordered or disordered
state, depending on their chemical compositions (i.e., the constitu-
ent surfactant(s) with their configuration, content, and type of oil)
and thermal condition.

A linear thermodynamic correlation between enthalpy (DH0
t )

and entropy (DS0t ) for these systems at 303–323 K (with correlation
of coefficients of 0.9999 at each temperature) has been observed.
Such figures are not exemplified here. The compensation tempera-
tures (Tcomp) at each experimental temperature are presented in
Table S1. It was reported that the compensation temperatures
(Tcomp) are minorly deviated from the experimental temperatures
[25,29,31,35]. The linear correlation suggested that a mutual
balance is established between enthalpy and entropy during the
alkanol transfer process from the oleic phase to the oil/water
interface. The extraordinary correlation between enthalpy and en-
tropy is mainly due to the experimental errors than to chemical
variations [36].

3.5. Dynamic light scattering (DLS) measurement

The hydrodynamic diameter (Dh) or droplet size of water/Brij-
58/CTAB/Pn/Hp or Dc microemulsions was measured by employing
the dynamic light scattering (DLS) technique at different tempera-
tures (303, 308, 313, 318 and 323 K). The same compositions were
chosen for DLS measurements as employed for the dilution meth-
od. The results are depicted in Fig. 3.

3.5.1. Effect of composition on Dh

It reveals from DLS measurements that Dh decreases signifi-
cantly with the increase in cationic surfactant (CTAB) in the mixed
systems (Brij-58:CTAB = 5:0? 0:5, w/w) in both oils at each tem-
perature. It can be argued as follows. The droplet sizes of the mixed
surfactant microemulsion systems (herein, water/Brij-58/CTAB/Pn/
Hp or Dc) is mainly governed by the repulsion between head
groups of the surfactants (viz. steric origin for oxyethylene head
groups and electrostatic origin for quaternary ammonium head
groups) and also by the packing parameters of the surfactants
forming the mixture. As discussed above, the initial effect of
introducing an ionic surfactant into a non-ionic surfactant-based
system results in increase in electrostatic repulsive interactions
between head groups and, thus decrease the droplet size [78,79].
From packing parameter consideration, it can be explained as
follows. The droplet size of microemulsion depends upon the
flexibility of the interface, which in turn is related to the surfactant
packing parameter (P) given by the relation, P = v/al, where ‘‘v’’ and
‘‘l’’ are the volume and the length of hydrophobic chain,

Fig. 2. Plot of DH0
t and �DS0t versus different mass ratios of mixed surfactant (Brij-58 and CTAB) for w/o microemulsion systems comprising 5 � 10�4 mol of total mixed

surfactant, 2.75 � 10�2 mol water, 2 ml of heptane (Plot: A) and decane (Plot: B) stabilized by 1-pentanol at five different temperatures [303 K (open triangle), 308 K (open
square), 313 K (open circle), 318 K (open star), 323 K (open pentagon)].
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Fig. 3. Plot Dh as a function of mixed surfactant composition for water/Brij-58/
CTAB/Pn/Hp or Dc microemulsion systems comprising 5 � 10�4 mol of total mixed
surfactant, 2.75 � 10�2 mol of water, 2 ml of Hp or Dc (Inset A) at different
temperatures (303 K? 323 K).
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respectively, and ‘‘a’’ the area of polar head group of the surfactant.
For a mixed surfactant microemulsion (herein, Brij-58/CTAB), the
effective packing parameter (Peff) can be expressed according to
the following relation as obtained by Evans and Ninham [80]:

Peff ¼ ½ðxv=alÞA þ ðxv=alÞB�=ðxA þ xBÞ ð3Þ

where xA and xB are the mole fractions of CTAB and Brij-58 present
at the interface, respectively. It was reported earlier that head group
area of Brij-58 and CTAB are 1.81 and 0.50 nm2[26,29]. Hence, v/al
of Brij-58 is smaller than that of CTAB. It follows from Eq. (3) that
Peff reaches a higher value than that of P due to the presence of CTAB
at the mixed interface, and consequently, the mixed systems attain
lower droplet size than the single Brij-58/oil(s) system.

3.5.2. Effect of oil on Dh

It can be observed from Fig. 3 and Fig. 3 (inset A) that droplet
sizes in Dc continuum are larger compared to Hp continuum and
can be explained in the following way. It is easier for the solvent
with smaller molecular volume (herein, Hp) to penetrate into the
hydrocarbon chains of the surfactant(s) existing at the interfacial
film of the w/o microemulsions and, consequently, increases the
packing parameter (P = v/al) of the surfactant and decrease the
diameter of the microdroplets [81]. Similar observation was also
reported earlier by Liu et al. [58] .

3.5.3. Effect of temperature on Dh

Again, it is evident from Fig. 3 that droplet size (Dh) has been
found to decrease with increase in temperature in pure Brij-58
(Brij-58:CTAB = 5:0, w/w) and Brij-58 rich (Brij-58:CTAB = 4:1, w/
w) compositions, whereas a reverse effect of temperature on drop-
let size has been observed for pure CTAB (Brij-58:CTAB = 0:5, w/w)
and CTAB rich (Brij-58:CTAB = 1:4, w/w) compositions of the sys-
tems in both oils. Further, a negligible effect of temperature on
droplet size has been observed in close proximity of equimolar
composition of the mixed surfactants (Brij-58:CTAB = 2:3 and
3:2, w/w). This trend can be explained in the following way. It
has been observed that ni

a=ns values (i.e., compositional variation
of Pn at the interface) increase with increase in temperature in
Brij-58 rich compositions (Brij-58:CTAB = 5:0 and 4:1, w/w),
whereas reverse trend is observed for CTAB rich compositions
(Brij-58:CTAB = 0:5 and 1:4, w/w). However, in the vicinity of equi-
molar composition (Brij-58:CTAB = 3:2 and 2:3, w/w), ni

a=ns has
been found to be invariant with increase in temperature in both
oils (Fig. S4). Pn molecules are mainly located at the micellar inter-
face due to their negligible solubility in water [29]. The total inter-
facial area becomes larger as alcohol molecules are incorporated at
the mixed surfactants interface, which results in increase in the
number of droplets and subsequently, the droplet size shrinks.
[82]. Further, droplet size depends on the packing parameter (P)
of the surfactant(s). The addition of alcohol reduces the average
cross-sectional area of the surfactant head group, and conse-
quently, effective packing parameter (Peff) becomes larger. This
leads to increase in the interface curvature and Dh decreases.
Hence, the accommodation of larger Pn molecules at the interface
leads to decrease in droplet size [83]. Similar observation was re-
ported earlier by Zhang et al. [83] for water/AOT/Bu or Pn/IPM
microemulsion systems. The polydispersityindex (PDI) has been
observed in the range between 0.1–0.2, which indicates a monodis-
persity of the systems [84]. Hence, the reported w/o mixed micro-
emulsions can be exploited as templates for synthesis of the
nanoparticle of different sizes.

3.6. FTIR measurement

It is well known that the nanoscopic confinement of water
droplets as well as their sizes has major impact on water hydrogen

bond network dynamics regardless of the nature of the interface in
w/o microemulsion [85]. But still significant differences in respect
of the dynamical nature of water in reverse micelle or w/o micro-
emulsion have been reported for ionic and non-ionic surfactants.
Levinger et al. [86,87] reported that the solvation dynamics of
anionic surfactant (AOT)-based reverse micelle are slower than
non-ionic surfactant (Brij-30)-based reverse micelle from ultrafast
solvation dynamics measurements. This difference in solvation
dynamics may be attributed to the difference in interaction be-
tween water and charged and uncharged head groups of the sur-
factants [46]. An interesting question that emerges from these
reports is that whether one can tune the dynamics of the confined
water in w/o microemulsions by mixing of two surfactants with
different charge types. Hence, in order to get a clear picture about
the dynamics of the confined water vis-à-vis type of hydrogen
bonding network within the water pool of w/o mixed microemul-
sion systems (water/Brij-58:CTAB/Pn/Hp) as a function of mixed
surfactant composition (Brij-58:CTAB = 5:0? 0:5, w/w) at fixed
water content (2.75 � 10�2 mol), surfactant and cosurfactant mass
ratio (1:2) and temperature (303 K), we employ a simple non-inva-
sive technique viz. Fourier transform infrared spectroscopy (FTIR).
In any reverse micelle or w/o microemulsion formulation, the O–H
stretching vibration is a good probe to get an insight into the states
of water trapped or confined inside the micellar core. A number of
studies have been explored the properties of encapsulated water in
a range of sizes and types of w/o microemulsions by FTIR measure-
ment [28,46,47,85,88]. Small amount of Pn has been used as struc-
ture forming cosurfactant in the present study as mentioned
earlier. Recently, different states of water species have been re-
ported in single surfactant (CTAB or polyoxyethylene (10) oleyl
ether-based) and mixed surfactant [CnTAB + C16E20 (1:1),
n = 12? 18] w/o microemulsions in presence of cosurfactant (alk-
anol) [28,47]. However, the influence of alkanol vibration on the
intensity of O–H stretching vibration of confined water cannot be
ignored. To get rid of the IR intensity due to O–H stretching vibra-
tion of Pn molecule, the spectra of Pn at same concentration have
been subtracted from the spectral intensity of O–H stretching band
at corresponding x, and the differential spectra have been ana-
lyzed [47]. Different types of hydrogen bonded water molecules
exist in reverse micelles or w/o microemulsions and can broadly
be classified into two major classes, namely, head group bound
and bulk-like water molecules, as reported earlier by both FTIR
and solvation dynamic techniques [46,47,88]. Hence, the differen-
tial spectra obtained in the present study as described above have
been deconvoluted into two peaks at �3500 and �3300 cm�1, cor-
responding to the O–H stretching frequency of the surfactant head
group bound and bulk-like water molecules (droplet core water),
respectively [46,47]. A representative result is depicted in Fig. S6
(Supplementary Material). Since no coupling effects have been
considered, precise calculation of the fractions of different water
species cannot be achieved from the present results [89]. However,
the values are used for comparative purpose as a measure of the
relative abundance of different water species [28,89].

It is evident from Fig. S6 that the proportion of bound and
bulk-like water in mixed microemulsion system (Brij-
58:CTAB = 5:0? 0:5, w/w) has been found to be affected upon
increase in content of CTAB. Further, the decrease in the hydrody-
namic diameter (Dh) [15.9 nm (5:0)? 6.4 nm (0:5)] has been
observed at the prevailing condition as evident from the DLS mea-
surement. It is evident from Fig. S6 that the variation of Gaussian
profiles (area fraction) of the normalized spectra of different water
species (bound and bulk-like water molecules) that the bulk-like
water and its relative proportion decrease considerably, passing
from 58% to 43% with the increase in CTAB content (Brij-
58:CTAB = 4:1? 0:5, w/w) vis-à-vis decrease in droplet size from
15.9 nm to 6.4 nm. Meanwhile, contribution of the bound water
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increases from a proportion of 42–57%. In a previous report, FTIR
spectra of mixed surfactant (AOT/Brij-30) reverse micelles in isooc-
tane was deconvoluted into two curves peaks at �3300 and
3500 cm�1, with the relative contribution of the former peak (at
3300 cm�1) to be the most prominent one, which indicates the
presence of a large fraction of bulk-like water in non-ionic rich
(Brij-30) composition compare to anionic rich (AOT) composition
[46]. On the whole, the features of the FTIR spectra obtained in
the present report corroborate well with the reported system
(AOT/Brij-30), although structural variation in polar head groups
of AOT and CTAB exists significantly. Hence, it can be inferred that
the water molecules interact less strongly with the non-polar head
group in comparison with the ionic head group [46]. In a similar
experiment, Brubach et al. [85] reported that proportion of differ-
ent water species significantly changes with the variation of drop-
let size (x = 1.51? 25.3, Dh = 9.4 nm? 20.9 nm) in non-ionic
fluorocarbon w/o microemulsion. Further, it was reported that
the hydroxyl stretch absorption spectra, vibrational population
relaxation times, orientational relaxation rates, and spectral diffu-
sion dynamics as a function of the water nanopool size result in
changes from those of bulk properties toward the bound nature
as the system moves toward the smaller water nanopool
(x = 60? 2, diameter = 28 nm? 1.7 nm) for AOT reverse micelles
[88]. Hence, it can be concluded that both the parameters, viz.,
change in mixed surfactant composition (Brij-58:CTAB = 5:0? 0:5,
w/w) and droplet size (Dh = 15.9 nm? 6.4 nm) significantly affect
the dynamics of the confined water vis-à-vis type of hydrogen
bonding network within the water pool in mixed surfactant
microemulsions.

4. Conclusions

In this report, phase behavior, water solubilization capacity,
conductivity, method of dilution, DLS, and FTIR techniques were
employed for understanding of the physicochemical properties
and microstructures of a water-in-oil microemulsion system
comprising of Brij-58 and CTAB, and Pn stabilized in Hp or Dc with
varying composition (Brij-58:CTAB = 5:0? 0:5, w/w).

Phase studies reveal that a single phase (1a) clear microemul-
sion region has been found to increase with the increase in the ra-
tio of Brij-58 and CTAB in both oils at 303 K. The single phase
region is larger for Hp stabilized systems compared to Dc stabilized
systems. The addition of CTAB in Brij-58/Pn/Hp or Dc microemul-
sion system induces synergism in water solubilization capacity in
the vicinity of equimolar composition (Brij-58:CTAB = 3:2 and
2:3, w/w). The conductivity of mixed surfactant water/Brij-58/
CTAB/Pn/Hp or Dc microemulsions with varying composition of
surfactant(s) as a function of wt% of water at 303 K reveals that
the samples chosen from the ascending branch (Brij-
58:CTAB = 5:0? 2:3, w/w) of the solubilization capacity versus
compositions (Brij-58:CTAB, w/w) profile exhibit volume-induced
percolation in conductance, whereas no percolation phenomenon
has been observed in the descending branch (Brij-
58:CTAB = 1:4? 0:5, w/w). Hence, it can be concluded that
ascending and descending curves indicate the interdroplet interac-
tion branch (Rc) and the curvature branch (Ro), respectively. The
above findings from conductivity measurements also corroborate
well with dye solubilization experiments. Understanding of the
relationship between microstructure and solubilization capacity
of microemulsions is important for preparation and optimization
of microemulsions for protein purification process [90] and also
for efficient use in drug delivery [91]. Further, FTIR measurements
show that bulk water (�3300 cm�1) and bound water
(�3550 cm�1) gradually decreases and increases, respectively,
with increasing CTAB content to Brij-58 stabilized systems. It has

been argued that the interaction between head group (POE as un-
charged) of Brij-58 and water is comparatively weaker than the
interaction between charged head group [NðCH3Þ

þ
3 ] of CTAB and

water. From the analysis of ni
a=ns (compositional variation) and

�DG0
t values (obtained from the dilution method), it can be con-

cluded that the effective binding between CTAB and/or Brij-58
and Pn at the interface increase in the order: 4:1 < 3:2 < 2:3 < 1:4
(w/w). Both ni

a/ns and �DG0
t values increase with increase in tem-

perature for pure Brij-58 and Brij-58 rich systems, whereas reverse
trend is observed for pure CTAB and CTAB rich systems in both oils.
The phenomenon has been explained from the view point of oppo-
site temperature dependence on the solubility and hydration of io-
nic and non-ionic surfactants. Both of these properties, have been
found to be invariant with increase in temperature (indicating for-
mation of temperature-insensitive microemulsions) in both oils in
the vicinity of equimolar compositions (Brij-58:CTAB = 3:2 and 2:3,
w/w). Such types of microemulsion formulations have been found
to be useful in various commercial and technological processes
[92]. The overall transfer process for pure Brij-58 and CTAB sys-
tems indicates endothermic and exothermic with positive and neg-
ative entropy changes, respectively, in both oils. However, at
compositions in between two extremes, both DH0

t and DS0t values
are positive at Brij-58 rich compositions and negative at CTAB rich
compositions in both oils. Interestingly, insignificant changes in
these parameters with temperature have been observed in the
vicinity of equimolar composition (=3:2 and 2:3, w/w), leading to
formation of isenthalpic and isentropic microemulsion systems.
Similar to many self-organizing systems, the DH0

t and DS0t values
well compensate each other. It reveals from DLS measurements
that Dh decreases remarkably with the increase in CTAB content
in the mixed systems at each temperature in both oils. On the other
hand, Dh has been found to decrease with increase in temperature
in pure Brij-58 and Brij-58 rich stabilized systems, whereas the re-
verse effect of temperature on Dh has been observed in pure CTAB
and CTAB rich stabilized systems in both oils. Temperature invari-
ant droplet sizes have also been evidenced in the vicinity of the
equimolar composition. Also, all these physicochemical parame-
ters have been found to be influenced by oil chain length. The
adjustable size of the microemulsion droplets along with the Gibbs
free energy change (�DG0

t ) [93,94] could be used for predicting the
size of the nanoparticles in mixed surfactant w/o microemulsions,
if used as templates. Very recently, it was reported that successful
inclusion of 2D allotrope of carbon in CTAB/isooctane/n-hexanol/
water microemulsions without compromising the stability of the
system can increase the activity of surface-active enzymes
enormously by modulating the amount of cosurfactant at the
interface [95]. Further, Singh et al. [96] reported that quantum dots
(QDs), which possess potential applications in white light emitting
devices can be synthesized successfully in CTAB/cyclohexane/1-
butanol/water microemulsion systems and the optical properties
of QDs can be tuned by changing the experimental parameter, x
(i.e., molar ratio of water to surfactant). In view of these, the
evaluation of all these physicochemical and thermodynamic
parameters of the present systems could be used as prospective
templates for increasing the activity of surface-active enzymes
and synthesis of QDs.
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