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Abstract 

 

The apparent molal volumes of sec-butanol and t-butanol in water and in aqueous 
micellar system of sodium dodecyl sulphate have been determined from density 
measurements at different surfactant concentrations and temperatures. The partial molal 

volumes of the alcohols in aqueous micellar system at infinite dilution, 𝑉2
0     (mic) were 

obtained from apparent molal volume data and compared with the corresponding values 

in aqueous solvent, 𝑉2
0      (aq). The standard partial molal expansibilities, 𝐸2

0     of the 

alcohols were evaluated from 𝑉2
0     data at various temperatures. The transfer apparent 

molal volumes, ∆𝜙𝑡𝑟
0  for the alcohols from water to surfactant-water system are 

determined from apparent molal volume data. The sign and magnitude of these 
parameters are used to analyze the location of the solubilizate (alcohols) in the micellar 

system and the nature of interactions between alcohols and the micellar aggregates. 
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1. Introduction 

 

The properties of solution can be accounted in terms of solvent-solvent, solvent-solute 

and solute-solute interactions. In terms of thermodynamics, the concentration 

dependence of a given property is a measure of solute-solute interactions, whereas the 

same property extrapolated to the limit of infinite dilution provides a measure of 

solute-solvent interactions. The partial molar volume of a solute at infinite dilution 

reflects the intrinsic volume of the solute and the volume change resulting from solute-

solvent interactions. Thus any change in this property of a solute with composition of 

mixed solvent and temperature reflects the change of interactions of solute particles 
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and their local environment. The partial molar volume of any component in a solution 

can be readily obtained from concentration dependence of its apparent molar volume. 

Solute-water interactions or hydration phenomena can be conveniently classified as 

hydrophilic hydration where solute-solvent interaction occurs via H-bonding, ionic 

hydration where interactions occur through electrostatic forces and hydrophobic 

hydration which is observed in solutions essentially for apolar molecules such as 

alcohols, esters, amines etc. Inspite of a tremendous amount of works done on the 

properties of water and aqueous solutions, the solutions of non-electrolytes and 

organic solutes are of special interest since many of these solutes are known to 

promote the structure of water [1]. It is accepted that in the vicinity of nonpolar 

molecules or nonpolar groups there are strengthening of hydrogen bonds between 

water molecules. This hydration is quite different from the usual solute-solvent 

interaction and since it is essentially a measure of the increase in solvent-solvent 

interaction brought about by hydrophobic part of the molecule, it is termed as 

hydrophobic hydration. In many aqueous solutions, the non-polar part of the 

molecules or ions tends to associate by partially or completely removing from the 

contact with the solvent. This process of interaction of two or more hydrated polar 

molecules, known as hydrophobic interactions is believed to contribute to the 

maintenance of many ordered macromolecular structures. The studies of solution 

properties of such molecules in aqueous media are, therefore, of fundamental interest. 

Surfactants are known to play a vital role in many processes of interest in both 

fundamental and applied science. The most outstanding property of surfactant solution 

is their ability to solubilize organic compounds which are insoluble or sparingly 

soluble in water [2]. The increased solubility at concentration above the critical 

micelle concentration (cmc), known as solubilization is due to formation of micelles 

[3] by surfactant monomers. These provide a more compatible environment for 

solubilization of hydrophobic molecules. It is primarily for this reason that surfactant 

find useful applications in many biological, pharmaceutical and industrial processes. 

The primary interest concern the extent to which a particular compound can be 

solubilized in a given surfactant solution at a specified concentration. The other aspect 

of major interest is to know the regions where the hydrophobic molecules locate 

within the micelles.  

The surfactant-water-alcohol ternary systems have attracted much interest in recent 

years [4-7] since these systems in the presence of oil can led to micro-emulsions that 

have important applications in enhanced oil recovery. As well, since lipid bilayers are 

somewhat similar to micelles in terms of their physicochemical properties, micellar 

solubilization can be used as a model system to provide useful insight into the 

understanding of such processes in these biological systems. In view of its importance, 

the solubilizations of various hydrophobic molecules in different surfactant solutions 

have been investigated over the years [8-10]. The major interest is to know the regions 

where the solubilizate molecules locate in the micellar aggregates and the nature of 

interactions of the additives with micellar aggregates. In the present work the apparent 
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molal volume, 𝜙𝑣  of sec-butanol and t-butanol in water and in aqueous micellar 

system of surfactant were measured from density measurement. The partial molal 

volume of these additives in water and surfactant solution at infinite dilution, 𝑉2
0     were 

obtained from apparent molal volume data. The partial molal volume of alcohols 

dissolved in aqueous micellar system of sodium dodecyl sulphate (SDS) is compared 

with corresponding values in pure water to predict the environment of alcohols in the 

micellar aggregates and the nature of interactions between solubilizates and micelles. 

It is well known that alcohols and hydrocarbons form mixed micelles with 

surfactant in water [11-13]. Thermodynamic properties such as cmc, the size, shape 

and degree of dissociation of micelles are all changed in the presence of these 

hydrophobic compounds. These systems can be studied through thermodynamic 

function of transfer of one of the solute from water to an aqueous solution of another 

solute [14-17]. Generally, the standard thermodynamic function for the transfer of as 

reference solute 3 from water (component 1) to aqueous solution of surfactant (1+2) is 

given by,  

 

 𝛥𝑌3
0      1 → 1 + 2 = 𝛥𝑌3

0      1 + 2 − 𝛥𝑌3
0     (1) (1) 

 

In this case 𝛥𝑌3
0      (1)is the standard partial molal quantity of solute in water and 

𝛥𝑌3
0      1 + 2  is the same function in aqueous surfactant solution.  A number of attempts 

[15-17] have been made to treat quantitatively the thermodynamics of ternary micellar 

systems, mostly in relation to the solubilization phenomenon. When mixed micelles 

are formed upon the solubilization of an additive in the micellar aggregates, the 

thermodynamic transfer properties such as volume, enthalpy, compressibility, heat 

capacity change significantly.  

The transfer apparent molar volume ∆Vtr of solubilizates from water to surfactant-

water mixed solvent can be calculated from 

 

 𝛥𝑉𝑡𝑟 = 𝜙𝑣 𝑤 + 𝑠 − 𝜙𝑣(𝑤) (2) 

 

where 𝜙𝑣(w+s) is the apparent molal volume of alcohol in SDS-water mixture and 

𝜙𝑣(w) is the apparent molal volume of alcohol in water. In the present work, the 

transfer volume of sec-butanol and t-butanol from water to SDS micelle of different 

concentrations were estimated in order to predict the solubilization process of this 

additive. 

 

2. Experimental 

 

SDS was obtained from Merch-Schuchardt, Germany. Its purity was >99% and used 

without further purification. The cmc value of SDS was found to be 0.008 molkg-1 at 

25 °C which is close to the values reported in the literature [18]. Secondary butanol 

(sec-BuOH), and tertiary butanol (t-BuOH) were obtained from E. Merck, Germany. 
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Their purity was >99.5 %. All these compounds were of reagent grade and used 

without further purification. Water used in this experiment was double distilled. All 

the solutions were prepared by weight and their concentrations are expressed as 

number of solute moles per kg of solvent. Aqueous stock solutions of SDS of 0.15, 

0.25 and 0.35 mol kg-1 were prepared and used as mixed solvent in the measurement 

of apparent molar volume. In the measurement of 𝜙𝑣  of alcohols in mixed solvent, the 

solutions were stirred for several hours to ensure that equilibrium conditions reached 

and the temperature was controlled by a thermostatic water bath. The system was 

capable of monitoring the temperature with a precision of ± 0.005 °C. 

The apparent molar volume of solutions was calculated from the relation 

 
𝜙𝑣 =

1000

𝑚𝑑𝑑0

 𝑑0 − 𝑑 +
𝑀

𝑑
 

(3) 

where m is the molality (mol kg-1) of the solution, M is the molar mass of the solute, d 

is the density of solution, and d0 is the density of the solvent. The density data were 

obtained by using pyknometer having 25 mL capacity. The precision in the density 

data obtained from replicate measurements was found to be better than ± 5×10-5 g cm-3 

for our system under experimental conditions. 

 

3. Results and Discussion 
 

3.1. SDS–sec-BuOH system 

 

The concentration dependence of apparent molal volume, 𝜙𝑣  of sec-BuOH in water 

and in aqueous micellar system of SDS of 0.15, 0.25 and 0.35 m at 30, 35, 40 and 45 

°C are shown in Fig. 1. It appears that the apparent molal volumes of 2-BuOH are very 

much dependent upon the concentration of both the alcohol and surfactant 

concentration. The apparent molal volumes of the alcohol both in water and in three 

different aqueous micellar system of SDS at different temperatures decreases almost 

linearly with increasing sec-BuOH (Fig. 1). The decrease in 𝜙𝑣  in sec-BuOH in water 

with increasing its concentration indicates that sec-BuOH undergoes hydrophobic 

hydration in aqueous phase. A slight deviation from linearity observed with high 

alcohol content indicates that sec-BuOH undergoes hydrophobic hydration and 

alcohol-alcohol interactions become significant with increased alcohol content. The 

values of 𝜙𝑣  of sec-BuOH in aqueous micelle solution of SDS is, however, 

remarkably higher than its value in water and increases with increasing surfactant 

concentration. This increase in volume is probably the results of hydrophobic 

dehydration of alcohol and an increasing proportion of sec-BuOH is transferred into 

SDS micelle. It is expected that the surfactant forms mixed micelle with sec-BuOH 

and upon increasing the alcohol concentration the surfactant-alcohol interactions 

become predominant over alcohol-water interactions and becomes more significant 

with increasing surfactant concentration. 
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Fig. 1. Apparent molal volume of sec-BuOH in (a) water, (b) 0.15 m SDS, (c) 0.25 m SDS and 
(d) 0.35 m SDS  at different temperatures, ■, 30; ●, 35; ▲, 40; and ▼, 45 °C. 

 
3.2. SDS–t-BuOH system 

 

The variation of apparent molal volume, 𝜙𝑣  of t-BuOH in water and in aqueous 

micellar system of SDS of different concentrations with the molality of t-BuOH at 30, 

35, 40 and 45 °C are shown in Fig. 2. The volumetric behavior of t-BuOH both in 

water and surfactant-water solvent systems is found to be different from that observed 

for sec-BuOH. In contrast to sec-BuOH, the apparent molar volume of t-BuOH 

increases in water with increasing t-BuOH molality. Alcohols in water generally 

undergo hydrophobic hydration with overall economy of space. Hydrophobic 

hydration promotes the structure of liquid water around the hydrocarbon moieties and 

they lead to the formation of interstitial cavities surrounding the hydrophobic part of 

the solutes and the solute fills the interstitial cavities of the structure. This loss of free 

space during hydrophobic hydration is larger than the increase in volume 

accompanying the increase of ice-likeness. Alcohols in water are thus accompanied by 

significant volume contraction. In the case of t-BuOH it is expected that due to an 

unfavorable geometric fitting of molecules only a fewer sites are available for the 

accommodation of solute within interstitial cavities. Moreover, in aqueous system, 

association of alcohol molecules occurs by hydrophobic interaction with increasing 

alcohol concentration with subsequent release of some structured hydration water. The 

overall result is the expansion of volume. 
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Fig. 2. Apparent molal volume of t-BuOH at temperature in (a) water, (b) 0.15 m SDS, (c) 0.25 

m SDS and (d) 0.35 m SDS at different temperatures, ■, 30; ●, 35; ▲, 40; and ▼, 45 °C. 

 

The apparent molar volume, 𝜙𝑣  of t-BuOH dissolved in 0.1 m and 0.25 m  SDS 

solutions increase with increasing alcohol concentration and a slight deviation from 

linearity is observed with higher alcohol concentration at all temperatures. The interior 

of the micelle is generally considered to be the locus of solubilization for very non-

polar solubilizates such as n-alkanes [19]. Solubilizate molecules of relatively high 

polarity such as alcohols are believed to be solubilized in the interfacial region of the 

micelle [2]. The volume of hydrophobic solute in a hydrocarbon solvent is generally 

much higher than its value in water. This is expected for a solute in hydrocarbon 

solvent as because there is relatively more free space in the vicinity of hydrophobic 

solute dissolved in a hydrocarbon solvent than water. The results of our studies show 

that the values of 𝜙𝑣  of t-BuOH in aqueous micelle solution of SDS are significantly 

higher than its value in water and increases with increasing surfactant concentration. 

This suggest that t-BuOH in SDS solution experience some hydrocarbon-like 

environment and the  alcohol molecules are favorably dispersed in the micellar 

aggregates forming mixed micelle with increasing surfactant concentration. The slight 

deviation from linearity indicates that the alcohol molecules initially at low 

concentration are solubilized close to the surface in the palisade layer and the 
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solubilization of excess alcohols occurs by adsorption at the micelle-water interface. 

The 𝜙𝑣  of t-BuOH in 0.35 m SDS solution is much higher than its value in water. This 

suggests that alcohol molecules in 0.35m surfactant solution experience more 

hydrocarbon-like environment in the system i.e. an increasing proportion of alcohol is 

being transferred within the micellar aggregates deeper into the palisade layer. The 

incorporation of the solubilizate into the micelle may change the size and shape of the 

micelle considerably. Thus the decrease of 𝜙𝑣  with increasing t-BuOH concentration 

indicates that the alcohol may induce the growth of SDS micelle. As a result, the total 

surface area of the micelle is increased and excess alcohol molecules from increased 

concentration of t-BuOH are preferentially solubilized close to the micellar surface 

having mixed solvent environment. 

 

3.3. Standard partial molal volume, 𝑽𝟐
𝟎     and expansibilities, 𝑬𝟐

𝟎    
 of alcohols 

 
The partial molal volume of sec-BuOH and t-BuOH in water and different SDS-water 

solvent systems at infinite dilution, 𝑉2
0    , (𝜙𝑣

0 = 𝑉2
0    ) were estimated by extrapolation of 

𝜙𝑣  values to m=0. Derived values of 𝑉2
0     for the alcohol in water and in aqueous 

micellar system of SDS are shown in Table 1. The values of  𝑉2
0     of the alcohol 

obtained in this work show a considerable variation with surfactant concentration and 

temperature.    
 

Table 1. Partial molal volumes, 𝑉2
0     of solubilizates in water and different SDS-water mixed 

solvent system at 30, 35, 40 and 45 °C. 
 

Solubilizate Solvent system 𝑉2
0     cm3mol-1

 

  30 °C 35 °C 40 °C 45 °C 

sec-BuOH water 86.83 87.31 87.86 88.21 

0.15 m SDS 88.75 89.02 89.57 90.34 

0.25 m SDS 88.84 89.22 89.73 90.44 

0.35 m SDS 89.06 89.52 90.15 90.65 

t-BuOH water 83.67 83.99 84.43 84.97 
0.15 m SDS 84.38 85.44 86.43 87.18 
0.25 m SDS 85.68 86.40 87.00 87.69 
0.35 m SDS 89.06 89.52 90.15 90.65 

 

The standard partial molal expansibility, 𝐸2
0     (mic) of the alcohol in water and in 

aqueous micellar system of SDS were obtained from the temperature dependence 

of 𝑉2
0    (𝐸2

0     = d𝑉2
0    /𝑑𝑇). The results are shown in Table 2. An apparent linear dependence   

𝑉2
0     (mic) with temperature is observed for alcohols in water and in all surfactant 

solutions. The plot of partial molal volume, 𝑉2
0     of sec-BuOH and t-BuOH in water and 

in different surfactant-water solvent systems as a function of temperature is shown in 

Fig. 3. 
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Table 2. Standard partial molal expansibilities, 𝐸2
0     of sec-BuOH and t-BuOH in water and 

different SDS-water solvent systems. 
 

Solubilizate Solvent systems 𝐸2
0     cm3mol-1kg-1

 

sec-BuOH water 0.0938 

0.15 m SDS 0.1064 

0.25 m SDS 0.1067 

0.35 m SDS 0.1080 

t-BuOH water 0.0868 
0.15 m SDS 0.1878 
0.25 m SDS 0.1326 
0.35 m SDS 0.0800 

 

 

Fig. 3. Standard partial molal volume, 𝑉2
0     of (a) sec-BuOH  (b) t-BuOH in water and in aqueous 

micellar system of SDS as a function of temperature, ■, water; ●, 0.15 m SDS; ▲, 0.25 m SDS; 
and ▼, 0.35 m SDS 

 

The standard partial molal volume, 𝑉2
0     reflects the intrinsic volume of the solute 

and the volume changes resulting from solute-solvent interactions. Thus any change of 

𝑉2
0     of a solute with composition of a mixed solvent and temperature reflects the 

change of interactions between the solute particles and its local environment. In the 

present work, the standard partial molal volume of sec-BuOH and t-BuOH in aqueous 

micellar system of SDS, 𝑉2
0     (mic) is compared with corresponding values in water, 𝑉2

0     

to predict the local environment of the solubilizate in micellar aggregates and the 

nature of interactions between the additive and the micelles. In the case of sec-BuOH, 

it is observed that 𝑉2
0     (mic) is significantly larger than 𝑉2

0     (aq) and show a 

considerable increase with increasing surfactant concentration and temperature. It 
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indicates that sec-BuOH experiences some hydrocarbon like environment and that it is 

primarily solubilized close to the micellar surface with short penetration into the 

micellar aggragates and gets more into the palisade layer upon increasing surfactant 

concentration and temperature. The values of 𝑉2
0     (mic) for t-BuOH shows that it is 

considerably larger than its value in water, 𝑉2
0     (aq), but  this difference between 𝑉2

0     

(mic) and 𝑉2
0     (aq), however, depends on surfactant concentration and temperature. 

This suggests that this molecule is likely to be solubilized within the palisade layer of 

the micelle with its polar –OH group directing towards the surrounding water. It is 

observed that the values of 𝑉2
0     (mic) for t-BuOH dissolved in 0.35 m SDS is 4-5 cm3 

mol-1 larger than those obtained in water, 0.15 m and 0.25 m SDS solution at different 

temperatures. The larger values of 𝑉2
0     (mic) in the case of 0.35 m SDS further reflects 

that t-BuOH experiences more hydrocarbon-like environment in this surfactant system 

and is preferentially solubilized deeper into the palisade layer of the micelle. It appears 

that depending upon the concentration and temperature both the alcohols are favorably 

dispersed in the micellar aggregares and t-BuOH experience more hydrocarbon-like 

environment than sec-BuOH. 

The temperature dependence of 𝑉2
0     gives a direct measure of partial molal 

expansibility, 𝐸2
0     at infinite dilution. The expansibility of hydrophobic solute in water 

is, generally, positive but small since there is less free space in the cosphere of 

hydrophobic solute in water. The relatively larger values of 𝐸2 
0     is thus expected for a 

solute in a hydrocarbon solvent where there is relatively more free space in the vicinity 

of hydrophobic solute. The results of our studies show that the values of 𝐸2
0     for sec-

BuOH and t-BuOH in water and surfactant solution are positive. The values  𝐸2
0     (mic) 

for both the alcohol is higher than its value in water, 𝐸2
0     (aq) with an exception for t-

BuOH in 0.35 m SDS solution. The variation of the magnitude of 𝐸2
0     (mic) with 

increasing surfactant concentration does not occur in a consistent manner for the 

alcohols. In the case of 2-BuOH the values of 𝐸2
0     (mic) increases with increasing 

surfactant concentration while for t-BuOH it decreases. Nevertheless, the values of 𝐸2
0     

(mic) indicate that both the alcohols experience hydrocarbon-like environment in the 

surfactant solution. It is expected that micelles at high surfactant concentration may 

not retain its spherical shape. The shape change and expected increase in the surface 

area of the micelles which makes the micelles more hydrated at 0.35 m SDS reduce 

the expansibility. 

 

3.4. Transfer apparent molal volume, ∆𝝓𝒕𝒓
𝟎  of alcohols 

 

One of the important parameters to investigate the solubilization behavior and 

interactions in multicomponent system is the transfer volume of solubilizates from 

water to aqueous micellar system of surfactant. The transfer of apparent molar volume 

at infinite dilution, ∆𝜙𝑡𝑟
0  of sec-BuOH and t-BuOH from water to SDS solutions can 

be calculated from the following equation: 

 ∆𝜙𝑡𝑟
0  = 𝜙𝑣

0 (water +  SDS) −   𝜙𝑣
0  (water) (4) 
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where 𝜙𝑣
0 (water + SDS)  is the apparent molar volume of alcohols in aqueous micelle 

solution and 𝜙𝑣
0(water)is the apparent molar volume of alcohols in water at infinite 

dilution. The calculated transfer volume of sec-BuOH and t-BuOH from water to 

aqueous micellar system of SDS of different concentrations at 30, 35, 40 and 45 °C is 

shown in Table 3. 

 
Table 3. Transfer apparent molar volume at infinite dilution, ∆𝜙𝑡𝑟

0  of sec-BuOH and t-BuOH 
from water to SDS-Water solvent systems at 30, 35, 40 and 45 °C. 
 

[SDS] mol kg-1 Solubilizate ∆𝜙𝑡𝑟
0  cm3 mol-1 

 
sec-BuOH 

30 °C 35°C 40°C 45 °C 

0.15 1.92 1.71 1.71 2.13 
0.25 2.01 1.91 1.87 2.23 

0.35 2.23 2.21 2.29 2.44 
0.15 t-BuOH 0.71 1.45 2.00 2.21 
0.25 2.01 2.41 2.57 2.72 
0.35 5.39 5.53 5.72 5.68 

 

It appears that the values of ∆𝜙𝑡𝑟
0  for the transfer of both sec-BuOH and t-BuOH 

from water to SDS-water solutions are positive and the magnitude of ∆𝜙𝑡𝑟
0  generally 

increases with increasing surfactant concentration at different temperatures. This 

indicates that the alcohol molecules are favorably transferred into the hydrocarbon part 

of the micellar aggregates and experience more hydrocarbon-like environment in the 

micellar system. Thus the hydrophobic-hydrophobic interactions between surfactant 

monomers and alcohol molecules increases while the alcohol-water hydrophilic 

interactions decreases and it is expected that the interaction of counter ions (Na+) with 

water is significantly increased. The relatively larger values of ∆𝜙𝑡𝑟
0  for t-BuOH 

dissolved in 0.35 m SDS solution indicates that is preferentially solubilized deeper 

into the palisade layer of the micelles at this higher surfactant concentration probably 

due its shape transition. 

 

4.  Conclusion 

 

We find that the apparent molal volumes of sec-butanol and t-butanol dissolved in 

both water and surfactant solutions depend on the alcohol concentration and 

temperature. The solubilization of increased amount of alcohols in different SDS-

water solvent system with increased surfactant concentration indicates that alcohols 

initially undergoes hydrophobic hydration in aqueous phase and hydrophobic 

dehydration of alcohols occurs upon increasing surfactant concentration of the 

solution. As a result an increasing amount of alcohols are transferred into micellar 

aggregates with increasing surfactants concentration and temperature. It appears that 

both alcohols are favorably dispersed in the micellar aggregates but t-butanol 

experience more hydrocarbon-like environment than sec-butanol, forming mixed 

micelles. 
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