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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 
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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).  

12 14 16 18

1.5

2.0

2.5

3.0

H
p

IP
M

IP
M

H
p H

p

IPM

12 14 16 18

3.5

4.2

4.9

5.6

6.3

7.0

 

C
n

C

V
is

co
si

ty
/ 

cP

 

 

 

12 14 16 18

20

40

60

80

100

C
n

 
C

ou
n

t 
R

at
e 

(k
cp

s)

B

 

12 14 16 18

25

30

35

C
n

D
h
/ 

nm

A

 

 

 

D
h
/ 

n
m

C
n

 

 

 
  

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] 



 

115 
 

 

(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). 

 



 

122 
 

 

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). 
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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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