
Chapter III 

Studies on the Aggregation Behaviour of 
Ammoniumdodecyl Sulfate in Presence of 
Symmetrical Tetraalkylammonium Salts 

3.1. Introduction and Review of Previous Works 

The self-assembly of surfactants in water into micelles is a widely studied 

phenomenon. These micellar systems have immense technological applications 

such as flow field regulators, solubilising and emulsifying agents, membrane 

mimetic media, nanoreactors, to name a few [1-4]. Altering or modifying 

important physicochemical properties of aqueous surfactant solutions is highly 

desirable as far as potential applications of such systems are concerned. One way 

to alter/modify the physicochemical properties of a given aqueous surfactant 

solution is to use external means, such as changes in temperature/pressure and/ or 

addition of a variety of modifiers like cosolvents, cosurfactants, electrolytes and 

polar organics [1-12]. 

Added electrolytes are known to affect the aggregation behaviour of ionic 

surfactants. Micellization, which is a manifestation of both hydrophobic and 

hydrophilic effects effect, is likely to undergo a significant change in the presence 

of such additives. It has been generally observed that the addition of electrolytes, 

with both organic and inorganic counterions, to aqueous ionic micellar solutions 

increases the solubilisation power of surfactant micelles [7,13]. It is thus not 

surprising that the effect of different kinds of electrolytes, with either organic or 

inorganic counterions, on the erne, aggregation number, micellar shape and the 

solubilisation power of aqueous aggregates have been examined in detail. The erne 

value can serve as a measure of micelle stability in a given state and the 

thermodynamics of micellization can be determined from the study of the 
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temperature dependence of the erne of a surfactant system. In addition, the 

changes in hydration energies and specific interactions with counterions may also 

be important [14-18]. The strength and importance of these various interactions 

depend upon externally controllable factors, such as temperature and ionic 

strength on the properties of the particular ions involved. Moreover, the structure 

of the resulting micelle, in particular, its aggregation number its shape, and the 

compactness of its electrical double layer show some kind of dependency [17]. 

Even the molecular conformation of some dirneric surfactants (known as Gemini 

surfactants) affects the micellization to a large extent [18]. Obviously, the actually 

existing micelles correspond to the lowest free energy state of the system. Thus, the 

intense interest in determining the thermodynamic parameters of micelle 

formation in aqueous solutions, namely, the Gibbs free energy, AG~;c, the 

enthalpy, Ml~,,, and the entropy, AS;;c, is generated because they quantify the 

relative importance of hydrophobic interactions, surfactant-water contact and (for 

ionic surfactants) head-group repulsion. These parameters can be derived frorri the 

temperature dependence of the critical micelle concentration (erne), though very 

highly accurate erne's are required in order to achieve satisfactory values of Ml~;c. 

Among available techniques for studying surfactant aggregation, for 

example, conductivity, surface tension, and NMR, calorimetry has a distinct 

advantage, for it is possible to calculate both the erne and Ml~;c directly from the 

experimental data. Additionally, the calculated enthalpy and entropy characterize 

the balance of forces involved in micelle formation. For example, whereas the 

aggregation is entropy-driven at room temperature, it is enthalpy-driven at higher 

temperatures [19]. Among the factors known to affect erne in aqueous solution are 

(i) the structure of the surfactant, (ii) the presence of added electrolyte in solution, 

(iii) the presence of various organic compounds in solution, (iv) the presence of a 

second liquid phase and (v) temperature of the solution. In aqueous medium, the 

erne decreases as the number of carbon atoms in the hydrophobic groups increases. 

For ionic surfactants it was generally found that the erne became halved by the 

addition of one methylene group to a straight chain hydrophobic part attached to a 

single terminal hydrophilic group as has already been mentioned [20]. 
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Phase separation on heating is a general phenomenon that has been investigated in 

great detail in the context of non-ionic surfactants [21-23]. Beyond a characteristic 

temperature called the cloud point (CP), these micellar solutions tum cloudy. The 

results have been discussed on the basis of developing attractive interactions in 

micelles on heating [21]. Under ordinary conditions of use, surfactants are not 

present in isolation; other ingredients, such as electrolytes (commonly present in 

surfactant products), strongly affect their clouding behavior. The CP plays a vital 

role in indicating the limit of their solubility and hence the end use in 

physicochemical processes. The practical importance of the phenomenon lies in its 

application to separations or preconcentrations and to the fact that detergency 

reaches a maximum just below the CP [24-27]. The separation based on the CP 

phenomenon offers a simple, rapid, sensitive, and inexpensive alternative to other 

separation or preconcentration techniques based on organic solvents. Ionic 

surfactant solutions are complex. Since the micelles are charged, there must be an 

electrostatic repulsion between the micelles in addition to the van der Waals 

attraction force. Solvation counteracts the CP phenomenon. However, the 

occurrence of CP in ionic surfactant solutions under special conditions of high salt 

concentration, presence of a specific counterion [28-31], or special molecular 

architecture of the surfactant [32] has been reported. Reports on the clouding 

behavior of anionic surfactants in the presence of cationic surfactants also have 

appeared [33-35]. Yu and Xu [36] suggested that the CP phenomenon occurs 

owing to penetration of the alkyl chains of the counterion into the surface layers of 

two neighboring micelles, whereas Raghavan et. al. [30] suggested that highly 

hydrophobic counterions (that can bind strongly to ionic headgroups) are prone to 

cause phase separation. Buckingham and coworkers [32] gave a mechanism 

involving hydration shells to account for CP. It was observed that salts with four 

or more carbon atoms in the alkyl chain (R) caused clouding in sodium 

dodecylsulfate (SDS) + tetra-n-alkylammonium bromide (TAA+) systems, whereas 

the lower numbers of carbons failed to produce the phenomenon [28]. Also, 

quaternary cationic surfactants with tri-n-butyl ammonium headgroups showed 

CP in aqueous solutions [32]. Thus, the nature of the headgroup and the 

counterion seems to be of prime importance to observe the clouding phenomenon. 
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Over the years a considerable amount of literature on anionic surfactant-electrolyte 

system has been compiled, majority of which involved sodium dodecyl sulfate 

(SDS) as the surfactant and NaCl as the electrolyte. However, in recent years, 

attention has been focused on the interactions of surfactants with hydrophobic 

counterions and to this effect symmetrical tetraalkylammonium cations (fAA+) 

have been considered in many studies [7,16,28-31,36-40]. The alkali metal ions are 

heavily hydrated in aqueous solution and hence cannot approach to close 

proximity of the highly charged micellar surface [41,42]. These ions are, therefore, 

less effective in screening the charge on the micellar heads. Unlike the alkali metal 

halides the TAA+ ions are weakly hydrated in aqueous solution as the positive 

charge is supposed to be wrapped in the paraffin shell and are thus hydrophobic 

in nature [28]. Therefore, the TAA+ions, in addition to the electrostatic interaction, 

can interact hydrophobically with the anionic head groups of the micelle as well. 

This is clearly evident from the previous study where it has been shown that 

micelles of sodium dodecylbenzenesulphonate interact more strongly with the 

TAA+ ions than with the alkali metal ions [43]. 

In the present study, the surfactant chosen is ammoniumdodecyl sulfate 

(ADS) and the electrolytes are four symmetrical tetraalkylammonium bromides 

(TAAB) viz, tetramethylammonium bromide (TMAB), tetraethylammonium 

bromide (TEAB), tetrapropylammonium bromide ('IP AB) and 

tetrabutylammonium bromide (TBAB). The NRt + ion, in terms of size, is in fact an 

ion that stands between the largest common alkali metal ion Cs+ and the smallest 

tetraalkylammonium ion, viz., TMA+ [44]. All the TAA+ ions are fairly surface 

active, while TPA+ and TBA+ show signs of self-aggregation in aqueous solution 

[45]. TBA+ is one of the most effective additives for the occurrence of clouding in 

anionic surfactants. Hence the ADS-TAAB system seems to be an interesting 

combination in this respect as well. Present study is therefore, undertaken on the 

micellization of ADS in aqueous TAAB solutions by electrical conductivity 

measurement. The dependence of the thermodynamic parameters of micellization 

of ADS on the TAA+ ions has been studied. In many applications, the stability of 

micellar solutions at elevated temperatures is of practical importance [46,47]. 
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Therefore, the occurrence of temperature dependent clouding of ADS in presence 

of TBAB has also been reported. 

3.2. Materials and Methods 

Materials 

ADS (Fluka, Switzerland) was in the form of a 30% aqueous solution. The solution 

was first placed in a rotary evaporator to concentrate the solution and to remove 

the volatile matters, if any. The content was then freeze dried and recrystallised 

first from 90% ethanol and then twice from absolute ethanol. The sample was 

finally dried in vacuum and stored in a desiccator. The tetraalkylammonium 

bromides were of puriss grade (Fluka, Switzerland) and were purified by standard 

procedures [48]. The recrystallised salts were dried in vacuum for 12 hours before 

use. 

Methods 

Electrical conductivity measurements: The critical micellization concentration 

(erne's) of the surfactant in water and in the presence of TAAB's were determined 

by the electrical conductivity measurement with a Mettler Toledo (Switzerland) 

conductivity bridge. The instrument was calibrated with standard KCl solution. 

The temperature was kept constant within ±O.Ol°C by circulating thermostated 

water, at the appropriate temperature, through a double walled vessel containing 

the solution. The erne values were estimated from the break points in the 

conductance-concentration plots. The accuracy of the measurements was within 

±2%. All the solutions were prepared in doubly distilled water. 

Clouding: The cloud point (CP) measurements were performed in a purpose-built 

water bath by immersing capped glass tubes containing ADS and TBAB solutions. 

The water in the bath was well stirred with a magnetic bar while heating. The CP 

was determined visually by noting the temperature at which the clear solution 

suddenly became cloudy on raising the temperature slowly but continuously. 

Heating was then discontinued and the solution was allowed to cool. On cooling 
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the turbidity disappeared and the temperature noted again. The CP was taken as 

the average of the two readings. The experiment was repeated at least twice to 

check the reproducibility. The temperature was raised at a rate of 0.5°C/min 

around the CP. The experiment was continued till the CP value reached near 

100°C. The repeatability of the CP measurement was ±0.2 °C. 

3.3. Results and discussions 

3.3.1. Critical micellization concentration (erne) 

The critical micel!ization concentrations of ADS in aqueous quaternary ammonium 

bromide salt sloutions in the concentration range of (0.5-5.0) mM were determined 

by the electrical conductivity method. Figure 3.1 shows the plots of experimental 

values of conductivity (K) as a function of ADS concentration in presence of 

tetramethylammonium bromide (1MAB) salt. From figure 3.1 a substantial 

decrease in the erne of ADS with increasing concentration of 1MAB is apparent. 

Furthermore, to ascertain the reliability of the conductometric measurements, the 

conductivities of solutions of ADS in pure water were also determined to check 

with the literature value at the identical temperature. The erne value thus obtained 

in pure water (viz., 7.25mM) at 298.15K is found to be in good agreement with the 

reported value (viz., 7.1mM) at the same temperature [44]. At high TBAB 

concentrations (>0.003M), break point of conductivity (K)-[ADS] plot becomes 

obscure to some extent and the erne could not be determined accurately. 

Representative plots of experimental values of conductivity (K) as a function of 

ADS concentration in the presence of TEAB, TPAB and TBAB salts are shown in 

figures 3.2 to 3.4. 

TMA + ions with smallest ionic size are the most hydrated in aqueous 

solution compared to that of the others in the group. Therefore, the hydration shell 

of TMA+ ions limits the distance of closest approach to the micellar heads of ADS, 

therby causing a small reduction in erne as compared to TEA+, TPA+ or TBA+ ions. 

In other words it appears that this salt behaves as the common non-hydrophobic 
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Figure 3.1. Conductometric determination of the erne of aqueous ADS in different 
concen-trations of 1MAB at 298K. 
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Figure 3.2. Conductometric determination of the erne of aqueous ADS in different 
concen-trations of TEAB at 298K. 
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electrolytes, interacting only with the ADS micelle surface and screening the ionic 

charge around that location. The higher hornologues of the series, TPA+ and TBA+, 

have short hydrocarbon chains and some of these chains are supposed to penetrate 

in the micellar core due to hydrophobic interaction. These ions are weakly 

hydrated in aqueous solution because the positive charge is wrapped in the 

paraffin shell and are thus more hydrophobic. Therefore, the ions in addition to 

the electrostatic interaction can interact hydrophobically as well with the anionic 

head groups of the micelle. Hence, at a given temperature, the formation of 

micelles of ADS in these electrolyte media favours a erne lowering in the order 

TBAB > TP AB > TEAB > TMAB. Interestingly this is also the order of their 

effectiveness in water structure breaking [3]. 

Increasing the concentration of a particular electrolyte causes a substantial 

decrease in the erne. This can be accounted for by the fact that in solutions of high 

ionic strength, the forces of electrostatic repulsion between head groups in a 

micelle are considerably reduced due to charge screening. The charge screening 

increases the attractive force between the micellar head and the positive 

counterion of the electrolyte making the so-called Stern layer more densely 

packed, thus promoting micelle formation to be more facile. Such reduction in the 

erne values of anionic surfactants is also observed in presence of other common 

electrolytes, e.g., NaCl or KCI. However, as has already been mentioned, due to 

the greater hydration in aqueous solutions, these ions cannot approach the 

oppositely charged micellar heads to a great extent. For example, it has been 

reported that the erne of SDS is decreased from 7.8rnM to 2.3rnM on the addition of 

O.OSM of NaCl [9], while the identical concentration of TBAB could lower the erne 

to as low as 0.23rnM at 298K [7]. In the present study, the erne of ADS in water is 

7.25rnM at 298.15 and is lowered to 4.47rnM, 3.15rnM, 2.25rnM and 1.35rnM in 

presence of 0.001M TMAB, TEAB, TPAB and TBAB respectively at the same 

temperature. The erne values of ADS, both in the presence and absence of TAAB 

salts, are given in table 3.1. From these results one may be able to examine the role 

of TAA+ ions in modifying the aggregation properties of aqueous ADS solutions. 

This large decrease in erne value probably indicates the existence of strong 

hydrophobic interaction between the alkyl groups of tetraalkylarnrnonium ions 
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with the hydrocarbon tails of surfactant molecules alongwith the strong 

electrostatic interaction (due to weak hydration) with the surfactant head groups. 

Table 3.1. Variation of the erne and degree of counterion binding (p) of ADS micelles 
as a function of concentration of the TAAB salts at 298K. 

Salt Cone. cmca 
(M) (mMflt.) 

0.0000 7.25 
7.10b 

0.0005 4.93 
0.001 4.47 

TMAB 0.002 4.16 0.63 
0.003 3.88 
0.004 3.58 
0.005 3.37 

0.0005 3.24 
0.001 3.15 

TEAB 0.002 2.90 0.70 
0.003 2.65 
0.004 2.45 
0.005 2.20 

0.0005 2.58 
0.001 2.25 

TPAB 0.002 2.06 0.76 
0.003 1.81 
0.004 1.60 
0.005 1.45 

0.0005 1.53 
TBAB 0.001 1.35 0.83 

0.002 1.08 
0.003 0.89 

a The average error in the erne is ±2o/o. 

bRef. [44] 



50 

3.3.2. Degree of counter ion binding 

In aqueous solution, the presence of electrolyte causes a change in the erne, the 

effect being more pronounced for anionic and cationic than for zwitterionic 

surfactants and more pronounced for zwitterionic than for nonionics [3]. 

Experimental data indicate that for the first two classes of surfactants, the effect of 

the concentration of electrolyte, according to the mass action model, is given by 

Corrin-Harkins equation [49], 

Log erne = k- p loge (1) 

where k is a constant, p is the counterion binding constant and C stands for the 

total counterion concentration. The depression of erne in these cases is due mainly 

to the decrease in the thickness of the ionic atmosphere surrounding the ionic head 

groups in the presence of the additional electrolyte and the consequent decrease of 

electrostatic repulsion between the headgroups. The Corrin-Harkins plot gives an 

overall value for p in a chosen range of electrolyte concentration. The plot of log 

erne vs log C (total counterion concentration) in solutions of TAAB is shown in 

figure 3.5. The data corresponding to the lower salt concentration (O.OOOSM for 

TMAB, TEAB and 1P AB) deviate from linearity and hence only the linear part of 

the plot has been considered for the evaluation of p. The values of p so obtained 

are given in table 3.1. Since the aggregation number is known to vary with 

electrolyte concentration, p is expected to vary with erne resulting in the 

nonlinearity of the above plot. However, in the present atudy the observed 

linearity of the plots in the micellization of ADS in the TAA+ ions envisages that 

both the aggregation number and the counterion binding to the ADS micelle vary 

in such a way that p remains constant. Such a rationale has also been put forward 

by Chatterjee et. al. for the micellization of three typical ionic surfactants, 

Sodiumdodecyl sulphate (SDS), Cetylpyridinium chloride (CPC) and Aerosol OT 

(AOT) in NaCl environment [19]. Similar results were also reported by Bales et. al. 

for the micellization of SDS and quatemaryammonium (chloride and bromide) 

surfactants [50,51]. Figure 3.1 also clearly demonstrates the same result, where the 

slopes of all the lines (plots of K vs [ADS]) before and after micellization are almost 

parallel when plotted at different counterion concentrations. The parallel slopes of 
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Figure 3.5. Plots of the log of the erne vs log of the total counterion concentration ( C ) 
of ADS in different tetraalkylammonium bromide salts at 298K. 

the lines corresponding to different salt concentrations also indicate that the nature 

of the micelles is similar within the concentration range studied. A continuous 

increase in the p values with the increase in the size of the alkyl chain length of the 

TAA+ ions is observed. The largest ion, TBA+, is the most strongly bound to ADS 

micelle with p value of 0.83 (table 3.1). A high degree of counterion binding 

reduces the repulsive forces between the surfactant head groups of the ionic 

micelles to a great extent. As has been already mentioned, for the higher 

homologues of tetraalkylammonium ions, the increasing hydrophobic interactions 

between the alkyl parts of the electrolytes and the ADS micellar core results in 

greater charge screening of the head groups and this leads to lower erne as well as 

higher p values. 

3.3.3. Thermodynamics of micellization 

The temperature dependence of micellization of ADS in presence of different TAA+ 

ions (0.001 M) have been studied to determine the thermodynamic parameters of 

micellization. The change in erne of ADS in pure aqueous solution with 
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temperature is small. Such weak temperature dependence of erne in aqueous 

solution has been previously observed for dodecyl surfactant with various TAA+ 

ions [41]. Recently it has been shown that the double tailed anionic surfactant, 

AOT, also display similar characteristics in presence of different TAA+ counterions 

[37]. The dependence of erne on temperature further weakens in solutions of TAA+ 

ions. This suggests the solubilisation of the additives in the hydrocarbon 

environment of the surfactant micelle. Tetrabutylammonium (TBA+) ions with the 

largest hydrocarbon groups penetrates the micellar core to a greater extent and 

shows weakest temperature dependence of micellization. 

The plot of erne against temperature has the parabolic shape typical for 

ionic surfactants. The erne decreases, reaches a shallow minimum (erne*) around 

298 K and then increases as the temperature is raised. The temperature at erne* is 

referred toasT*. Of the several equations proposed to describe the parabolic curve 

[52,53], the following polynomial equation has been used in the present study: 

lnX,m, = aT2 + bT + c (2) 

where Xoncis the erne expressed in mole fraction, Tis the absolute temperature and 

a,b,c are the respective polynomial constants. The erne-temperature curves for 

ADS in presence of 0.001 M TAA+ ions in the temperature range 288.15K-318.15K 

are shown in figure 3.6 and the values of erne* and T* are listed in table 3.2. For 

ionic surfactants, the erne is related to the standard Gibbs free energy change, 

!J.G~,,, by the expression 

(3) 

where Xonc is the mole fraction of the surfactant in the liquid phase at the erne and 

fJ is the fraction of the counterions bound to the micelles. The standard state is a 

hypothetical system with a unit mole fraction of the surfactant at erne. From the 

knowledge of the temperature dependence of erne, the enthalpy of micellization, 

!J.H~1,, can be evaluated from the Gibbs-Helmontz relation, 

(4) 
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Figure 3.6. Temperature dependence of erne of aqueous ADS in O.OOlM of different 
tetraalkylammonium bromide salts. 

Equation 4 assumes that f3 does not vary much with temperature. However, f3 is 

not strictly temperature independent and the more appropriate form of equation 4 

should be, 

Because the variation of f3 with temperature is not well defined and is devoid of 

any general trend, the quantity [a(l + p) I aT] is difficult to determine 

experimentally [54]. Therefore, at least to gain qualitative information regarding 

the thermodynamics of the present system, equation 4 has been applied at the 

appropriate f3 . Moreover, equation 4 has been widely used as an indirect method 

for the determination of W~;c as the values so calculated agree well with those 

obtained from the direct calorimetric measurement [55,56]. The term (dlnXanc/dT) 

is calculated by fitting a second-order polynomial to plots of lnXanc vs temperature 

and taking the corresponding temperature derivative. Thus, 

(6) 
b+2aT 
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The entropies of micelle formation, M;,,, are determined from the equation 

Mo. = tM/~ic - AG:,ic 
111/C T (7) 

The calculated values of llG;", llll;" and !!.S;" in the presence of 0.001 M TBAB 

salts have been presented in table 3.3. The value of llG;" of pure ADS micelle at 

287.9K and 317.2K has been found to be -8.34kJ/mol and -21.65kJ/mol respectively 

[54]. Addition of 0.001 M of 1MAB to the ADS solution causes a substantial 

lowering of llG;,, and the values at similar temperatures of 288.15K and 318.15K 

correspond to -37.60kJ/mol and -41.27kJ/mol respectively. The variation of llG;" 

with temperature is depicted in figure 3.7. A vertical shift in the llG;,, curves 

towards more negative values with the increase in the chain length of the alkyl 

subsituent of the added salts simply indicates that the process of micellization 

becomes thermodynamically more favorable. The difference in llG;" of ADS in 

going from solutions of 1P AB to TBAB ( -4.08 kJ I mol) would certainly be the result 

of additional methylene group of the alkyl chain of the electrolyte penetrating the 

micelle. This value is close to that observed for the change in going from 

Tetrapropylammonium dodecyl sulfate to Tetrabutylammonium dodecyl sulfate 

(-3.7 kJ/mol) by Benrraou et. al. [41]. The variation of llG;" with temperature is 

small for all the systems investigated. According to the pseudo-phase model the 

minimum in the erne in the ln Xanc vs T plot should correspond to a minimum in 

the ( llG;" /T) curve. However, the absence of such a minima for the present 

system may be due to the dominance of the RT term over ln Xcmc in equation 3 [57]. 

The value of llll;,, decreases with the increase in temperature, but 

increases as the size of the TAA+ ions increases. The enthalpy of micellization 

shows a change from positive to negative values near 298 K indicating that the 

formation of micelles in solutions of TAA+ is an endothermic process at low 

temperatures and exothermic at high temperatures. The positive values of 

llll:,, are generally attributed to the release of structural water from the hydration 



Figure 3.7. Free energy of micellization as a function of temperature for aqueous ADS 
in presence of O.OOlM of different tetraalkylammonium bromide salts. 
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Table 3.2. Variation of erne, erne* and T* of Arnrnoniurndodeeyl sulphate with the size 

of the tetraalkylarnrnoniurn bromides (0.001 M) 

Salt TIK erne/ erne*/ T*l 
rnM rnM K 

288.15 4.60 
293.15 4.50 
298.15 4.47 

TMAB 303.15 4.50 4.48 296.5 
308.15 4.62 
313.15 4.75 
318.15 4.87 

288.15 3.27 
293.15 3.20 
298.15 3.15 

TEAB 303.15 3.17 3.14 298.2 

308.15 3.25 
313.15 3.35 
318.15 3.44 

288.15 2.44 
293.15 2.35 
298.15 2.25 

TPAB 303.15 2.29 2.25 299.4 

308.15 2.35 
313.15 2.46 

318.15 2.55 

288.15 1.45 

293.15 1.39 
298.15 1.35 

TBAB 303.15 1.36 1.30 299.6 

308.15 1.40 
313.15 1.49 
318.15 1.58 



Table 3.3. Variation of the thermodynamic parameters of ADS with temperature in 

presence of 0.001 M tetraalkylammonium bromide salts. 

Salt TIK LJ.G.,.,J &Im;J LJ.Sm;J To/ 
kJ mol-1 kJ moP J mol-1 K 

288.15 -37.60 3.66 143.23 
293.15 -38.34 1.60 136.27 
298.15 -39.03 -0.61 128.85 

TMAB 303.15 -39.65 -2.98 120.98 296.8 
308.15 -40.19 -5.50 112.58 
313.15 -40.73 -8.18 103.91 
318.15 -41.27 -11.03 95.02 

288.15 -39.67 6.27 159.46 
293.15 -40.45 3.51 149.98 
298.15 -41.20 0.55 140.07 

TEAB 303.15 -41.87 -2.61 129.49 299.1 
308.15 -42.45 -5.99 118.31 
313.15 -43.00 -9.59 106.71 
318.15 -43.57 -13.41 94.81 

288.15 -42.30 10.50 183.27 
293.15 -43.20 6.40 169.21 
298.15 -44.12 1.99 154.71 

TPAB 303.15 -44.79 -2.71 138.80 300.3 
308.15 -45.41 -7.74 122.25 
313.15 -45.94 -13.09 104.89 
318.15 -46.50 -18.77 87.15 

288.15 -46.27 14.23 209.96 
293.15 -47.26 8.46 190.11 
298.15 -48.20 2.28 169.33 

TBAB 303.15 -48.97 -4.32 147.27 300.0 
308.15 -49.64 -11.38 124.15 
313.15 -50.15 -18.90 99.79 
318.15 -50.67 -26.88 74.77 
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layers around the hydrophobic part of the ADS surfactant molecule. On increasing 

the temperature, the structure of water is partially broken and hydrophobic 

interactions become less significant. The negative values of enthalpy at higher 

temperatures suggest the importance of London-dispersion interactions as an 

attractive force contribution for micellization. The second order polynomial fits 

well to the!lH:k data as a function ofT for ADS-TAAB system (figure 3.8). The 

curves pass through zero and cross each other around the 300-305K temperature 

range. The temperature at which llH:k becomes zero is denoted by To. It has been 

observed that To is practically the same as the minimum temperature (T*) obtained 

from the erne-temperature =ve [58,59]. The To values are 297.10, 299.14, 300.33 

and 299.92K in solutions of 1MAB, TEAB, TP AB and TBAB respectively (table 3.3). 

The values of To determined from f\.H:k are in good agreement with the T* values 

obtained from the erne. Thus the observation that T* is almost the same as To for 

pure aqueous surfactant system holds well for surfactant-electrolyte systems too. 

No systematic trend in the To values is observed with the increase in the 

hydrophobicity of the counterions of the electrolyte. 

The entropy of micellization for different ADS-TAAB systems are all large 

and positive, indicating that the micellization process is entropy dominated. The 

large positive values of ll.S:k' which increases with the increase in the size of the 

added electrolyte, suggests that the micellization process in these salty solutions 

are governed primarily by the entropy gain and the driving force for the process is 

the tendency of the hydrophobic groups of ADS to transfer from the TAA+ rich 

solvent to the interior of the micelle. The thermodynamic data of ADS-TAAB 

system also exhibit the so-called enthalpy-entropy compensation phenomenon. 

This is reflected in the linear correlation between enthalpy and the entropy (figure 

3.9). In general, the compensation effect can be described by the relation 

(8) 

where the slope, 7;,, is the compensation temperature and llH:1c the corresponding 

intercept. The intercept llH:k gives the enthalpy effect under the condition ll.S:1c = 

0. To explain the compensation phenomena, according to the viewpoint of Lurnry 
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Figure 3.9. Enthalpy-entropy compensation plots for aqueous ADS in presence of 
O.OOlM of different tetraalkylammonium bromide salts. 
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and Rajender [60], micellization can be described as divided into a "solvation" part 

and a "chemical" part. The slope of the compensation plot (figure 3.9) provides a 

measure of the solvation part of micellization. The intercept gives information on 

the solute-solute interactions and stands for an index of the effectiveness of the 

chemical part of the micelle formation. 

From the experimental data of erne and fJ available in literature for four 

different homologous series of ionic surfactants, viz; sodium alkyl sulfate, sodium 

p-(3-alkyl) benzenesulfonate, alkyl a-picolinium bomide and alkyltrimethyl

ammonium bromide, Chen et. a!. have found the compensation lines for 

surfactants belonging to a particular group to be parallel to one another. Moreover, 

a linear relationship between the intercept,LV/:"' and the hydrophobic chain 

length of the surfactant was also noticed [61]. Similar shift as the one just 

mentioned, is also displayed by the present system, though the tail length of the 

surfactant is not varied in the experiment .. This indicates that the alkyl groups of 

the electrolytes are embedded into the micellar core. The plots are shown in figure 

3.9. The compensation lines are parallel to one another and shifted downward on 

increasing the hydrocarbon part of the TAA+. The value of 1', so obtained is 



60 

304±2K, for all the systems, with a correlation coefficient of 0.999. This value falls 

within the range characteristic for ionic surfactants [61,62]. The constant value of 

I;, for all the systems indicates that the desolvation of the hydrophobic chain of the 

ADS micelle is practically independent of the size and the hydrophobicity of the 

electrolyte added. The values of w:;c for ADS are -39.83±0.21, -42.07±0.26, -

45.05±0.26 and -49.30±0.29 kJmol-1 in solutions of TMA+, TEA+, TPA+ and TBA+ 

respectively. The decrease in the value of w:;c simply indicates that the stability 

of the ADS micelle increases as the alkyl part of the added electrolyte in the bulk 

solution increases. This supports the previous conclusion of the present study that 

the increase in the f3 values on moving from TMA+ to TBA+ is due mainly to the 

increased hydrophobic interaction between the alkyl parts of both the surfactant 

and the added electrolyte. 

3.3.4. Clouding of ADS in presence of TBAB 

Nonionic micelles on raising the temperature become cloudy and phase separate at 

a well-defined temperature, often referred to as the 'cloud point' (CP). The phase 

separation is believed to be due to the sharp increase in the aggregation number of 

the micelles and the decrease in intermicellar repulsions resulting from decreased 

hydration with increase in temperature [63]. For charged micelles, especially with 

inorganic counterions, the phenomenon of clouding usually does not occur, 

presumably because electrostatic repulsion between micelles prevents the phase 

separation to occur. However, similar micelles with large counterions, e.g., 

tetrabutylammonium decyl and tetrabutylammoniumdodecyl sulfate, do show 

clouding at elevated temperatures [ 40,64,65]. The first instance of clouding in 

anionic surfactant was observed by Yu et. al. for equimolar mixtures of 

sodiumtetradecyl sulfate and tetrabutylammonium bromide [36]. Since then a 

large number of works on similar quaternary ammonium salts in combination 

with anionic surfactants such as SDS have been reported [7, 42-44,64-66]. 

Aqueous ammoniumdodecyl sulfate neither display clouding alone nor in 

the presence of TMAB, TEAB, or TPAB salts. However, the same surfactant 
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solution shows clouding in presence of TBAB salt. The variation of CP as a 

function of [ADS] and [TBAB] are shown in figure 3.10. At fixed [TBAB], the CP 

increases with increase of [ADS] (figure 3.10A), while it is decreased with an 

increase in TBAB concentration at constant [ADS] (figure 3.10B). The increase in 

the CP with increasing [ADS] at a fixed [TBAB] is due to the increased electrical 

repulsion between the micellar surface head groups caused by the decrease in 

effective salt content per micelle [42]. On the other hand the decrease in CP with 

increasing TBAB can be accounted for in terms of hydrophobic interaction and 

surfactant head group dehydration. The butyl chains of TBAB are supposed to be 

embedded between the monomers of the ADS micelles through hydrophobic 

interaction. Increasing the temperature at this point causes dehydration of the 

anionic heads of the ADS micelle that in turn leads to a greater electrostatic 

attraction between the anionic heads and TBA+ counterions. Further increase in the 

[TBAB] causes more structured water to be replaced by the butyl chains and this 

causes the aggregates to be removed from aqueous phase at low temperature. The 

influence of [TBAB] in lowering CP is clearly manifested in figure 3.10B. As the 

concentration of TBAB is increased from low to high, CP decreases steadily at the 

initial stage. However, above the [TBAB]/[ADS] mole ratio of 1:1, this variation is 

small. This seems to be an important observation that has been ignored in all 

previous studies [7,29,66]. Upto the [TBAB]/[ADS] mole ratio of 1:1, TBA+ ions 

interact with ADS micelles both hydrophobically as well as electrostatically and 

replace weakly interacting ammonium ions from the micelles. Therefore, the 

manifestation of the effect of TBA+ in decreasing the CP is very high initially. 

Above the composition of 1:1, the interaction of TBA+ with the surfactant micelles 

is apparently very weak. That the influence of the TBA+ additive on the CP is 

significant only upto 1:1 mole ratio and once this point is reached the CP remains 

nearly constant on further TBAB addition was also observed by previous workers 

[7,29 ,67]. However, this point has not been, considered so far for discussion. 

Kumar et. a!. have correlated the stability and the growth of SDS micelles 

with the [TBAB]/[SDS] ratio and found that a little over one mole of TBAB per two 

moles of SDS was required for clouding to oc= at -95°C [29]. From figure 3.10B, 

the value of [TBAB] for clouding to oc= at a given (fixed) concentration of ADS 
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Figure 3.10. Variation of CP with (A) [ADS] at different fixed [TBAB] and (B) [TBAB] 

at different fixed [ADS]. 
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Figure 3.11. Plot of [ADS] vs the minimum [TBAB] required for clouding at -95°C. 

at a particular temperature (at-95°C) can be determined. The plot of [TBAB] and 

[ADS] is shown in figure 3.11. A linear regression analysis of the data shows that 

the following equation fits well, 

[TBAB] = 0.450 X [ADS] + 0.004 (9) 

with a correlation coefficient of 0.999. Since the intercept is very little, the ratio 

[TBAB]/[SDS] comes out as 0.9/2. Thus, it appears that slightly less than one mole 

of TBAB per two moles of ADS monomer is required at least for clouding to occur. 

Therefore, present result differs slightly from that of Kumar et. al. The replacement 

of the counterion of the surfactant from Na+ to NH/ causes lesser requirements of 

TBA +ions for clouding to occur. Studies on the effect of counterions on clouding of 

charged surfactants are rare in the literature the present study gives a brief 

introduction in this direction. 
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