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The clouding behavior of two non-ionic mixed surfactant systems (n-dodecyl-b-D-maltoside/n-dodecyl- hexaethylene-glycol and n-decyl-b-D-maltoside/n-dodecyl-

hexaethylene-glycol) was investigated over the entire composition range in pure water and in 1 M NaCl. The evolution of micellar size as a function of temperature 
was monitored by dynamic light scattering and a unimodal distribution pattern of aggregates consistent with a single scattering species was found. Our results confirm 

that an increase of temperature induces micellar growth and that clustering of micelles occurs as the temperature approaches the cloud point. It was observed that, 

with increasing temperature, the higher the n-dodecyl-hexaethylene-glycol content the greater the micellar growth. The presence of sugar surfactant monomers in the 

mixed micelle enhances the cloud point of the system. This phase behavior is sensitive to the presence of NaCl in the micellar solution which induces cloud point 

depression. For a certain system composition, the cloud point decreases as the alkyl chain length of the sugar-based surfactant increases. Cloud-point thermodynamics 

were evaluated assuming that clouding indicates the solubility limit when phase separation occurs. The micelle–solvent interactions were characterized from the 

compensation temperatures, which were determined from the enthalpy–entropy plots. 

 
 
1. Introduction 

The solubility of aqueous micellar solutions of non-ionic surfactants is strongly affected by variation in temperature. Two-phase separation 

occurs when the temperature is raised above a certain temperature, the so-called cloud point (CP). One of the phases is surfactant-rich, and the 

other is surfactant-depleted phase (aqueous phase). The onset of phase separation is accompanied by a sudden increase of scattered light, with the 

process being manifested by a cloudiness of the solution [1]. It is well-established that the origin of the phase separation is the reduction of the 

intermicellar repulsions as a result of the dehydration of the hydrophilic groups of the surfactant when the temperature is raised [2]. Above the CP, 

intermicellar aggregation occurs and the micelles become macroscopically large leading to a concentrated micellar phase. The analysis of the 

thermodynamics of the clouding phenomenon is important for the understanding of the stability of the non-ionic based system surfactants involved 

[3,4]. It also plays a relevant role in many chemical processes in which clouding compounds are used either alone or as mixtures for purposes of 

effective solubilization, reaction, separation, and product formulation. The CP depends on the surfactant structure [5,6], particularly the 

polyoxyethylene chain length [1], and the environmental changes may have a striking influence on this parameter [7,8]. Thus, alterations in the 

solvent medium produced by the presence of electrolytes induce either a decrease or an increase in the CP. It is believed this effect is due to the 

modification of both hydration extension and water structure in the hydration layer of micelles. Inorganic salts that induce a salting-out effect, such 

as chloride and sulfate, reduce the CP. On the other hand, the CP is increased by the addition of nitrate or thiocyanate which are known to cause a 

salting-in effect. 

Nowadays, the most widespread non-ionic surfactants are the ethers derived from ethylene glycol, which are commonly called ethylene-based 

surfactants. They have been studied extensively because they exhibit interesting properties, mainly the fact that they are soluble not only in water 

but also in most organic solvents. However, toxicological studies have shown a possible repro- toxic activity [9]. Consequently, there is a need for 

new harmless surfactants possessing comparable physicochemical properties. The ‘‘green’’ tendency encourages the development of new 

environmentally friendly products that bear at least a natural polar moiety. Within this context, sugar-based compounds, such as 

alkylpolyglucosides, have gained some importance within the last decade. Alkylpolyglucosides can be made from renewable materials and are 

biodegradable. Therefore, they are very attractive candidates for technical applications in areas such as cosmetics, consumer products and industrial 

cleaners [10,11]. Unlike the ethylene-based surfactants, alkylpolyglucosides do not show the clouding phenomenon. This limits their use in some 

applications such as extraction and pre-concentration by the cloud point method [12,13]. 
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In most applications, mixtures of several surfactants are used because synergistic effects can improve their performance. As an example, non-

ionic surfactants are often added to ionic surfactants to decrease the repulsion between head groups. This facilitates micellization and improves 

the solubilizing capability of the system [1]. The mixed micellar systems are also of great theoretical interest, as the structural properties of the 

mixed aggregates can be substantially different from those formed by the individual surfactants alone [14]. Extensive studies have been carried 

out on various mixed surfactant systems like ionic–ionic and ionic-non-ionic [2,14,15]. However, only limited studies in binary mixtures of 

ethoxylated and alkylpolyglucoside surfactants have been reported to date [15–19]. 

Here, we report the micellar size and clouding of mixed micelles of n-dodecyl-b-D-maltoside/n-dodecyl-hexaethylene-glycol through the whole 

composition range in the absence and presence of NaCl. To show the influence of the length of the hydrocarbon chain of the sugar-based surfactant, 

this study has been extended to the system of n-decyl-b-D-maltoside/n-dodecyl-hexaethylene- glycol. The thermodynamic parameters of clouding 

phenomena have been evaluated. The surfactant molecules investigated have polar groups that are very different chemically and structurally. The 

hexaethylene glycol group is like a short polymer chain and more flexible, unlike the rather stiff, maltoside head groups [20]. This dissimilarity 

causes not only different hydration states, but also different packing conformations. This will result in significant alterations in both micellar size 

and phase behavior of the mixed system with composition. 

2. Experimental 

2.1. Materials 

Table 1 contains the main characteristics of the surfactant samples used in the present study. Due to their high purity grade, all these samples 

were used without further purification. Aqueous stock solutions of surfactants were prepared by weighing. From these, working solutions at a 

lower concentration (20 mM) were prepared daily. The bulk composition of these solutions is ex- pressed as the mole fraction of the ethoxylated 

surfactant, a2, defined by the relationship [C12E6]/[CiG2] + [C12E6] (with i = 10, 12), where [CiG2] and [C12E6] are the molar concentrations of the 

sugar-based surfactant and C12E6, respectively. Ultra-pure water (conductivity ~ 5.5 1S ■ m 1) used in the preparation of all solutions was obtained 

by passing pure water from a Millipore Elix system through an ultra high quality Millipore Synergy purification system. 

2.2. Methods 

From dynamic light scattering measurements (DLS), performed using a Zetasizer Nano-S system (Malvern Instruments, UK), we were able to 

determine the z-average mutual translational diffusion coefficient of the particles in solution and consequently the average hydrodynamic radius 

(RH). This instrument uses a back-scattering detection system (scattering angle h = 173°) and is fitted with a Helium-Neon laser source (633 nm 

and 4.0 mW). It has a built-in Peltier temperature control with accuracy of ±0.1 °C. Micellar solutions of varying compositions and at a fixed 

concentration (20 mM) were filtered directly into the cuvette using a membrane filter with a pore size of 0.1 µm. Prior to each measurement, the 

cuvette was rinsed several times with ultrapure water and then filled with filtered micellar solutions. To obtain RH values within a temperature 

range, sets of experiments were performed by programming a number of automated temperature-trend measurements. The viscosity of the pure 

water and the NaCl solutions was automatically adjusted for the temperature. The data evaluation of DLS measurements was carried out using the 

CONTIN algorithm. With these experiments, we checked the size distributions obtained from the correlation functions as well as the polydispersity 

index (PDI) of all samples. It is notable that our results reveal a similar unimodal distribution pattern of aggregates, suggesting the presence of 

only single scattering species. 

From the light scattering experiments, clouding was inferred by the sharp increase of scattering when the temperature was raised. Accurate 

cloud point values were obtained by noting the temperature at which the continuously heated solution suddenly became turbid. For this purpose, 

the test tubes containing the surfactant samples at a total concentration of 20 mM were placed in a transparent water bath with a heat control unit. 

Heating was regulated to approximately 0.5 °C ■ min-
1 around the cloud point. At the point of clouding, the temperature was noted and heating 

was discontinued. The system then underwent self-cooling, and the temperature was noted at which the turbidity disappeared. The average of the 

two readings was taken as the CP. Cloud point determination in each sample was repeated at least two times. When good reproducibility was not 

found, the experiment was repeated a third time. 

3. Results and discussion 

3.1. Micellar size 

To design optimal surfactant schemes for desired uses, it is helpful to establish structure–performance relationships based on the colloidal properties 

of the surfactants. In this regard, the size and shape of micelles become important, as nanostructures of mixed micelles determine their solution 

and rheological properties [21]. As a result, it is of interest to study the influence of temperature on micellar size. Changes with temperature of the 

apparent hydrodynamic radius of mixed micelles of C10G2/C12E6 and C12G2/ C12E6 in water at different mole fractions of C12E6 in the bulk (a2), 

are shown in figures 1 and 2, respectively. In addition to the pure surfactants themselves, four mixtures covering the whole composition range 

were evaluated while the total surfactant concentration was maintained at 20 mM. Figures 1 and 2 reveal that pure surfactants exhibit variable 

Surfactant Abbreviation Manufacturer Grade Mass fraction purity 

n-Decyl-b-D-maltoside C10G2 Anatrace Anagrade P0.99 

n-Dodecyl-b-D-maltoside C12G2 Calbiochem Ultrol 0.997 

n-Dodecyl-hexaethylene-glycol C12E6 Sigma BioXtra P0.98 
 

TABLE 1 

Surfactants used in the present study. 
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behavior depending on the temperature. Thus, while the micellar size of pure C10G2 and C12G2 remains almost constant with temperature, C12E6 

shows dramatic growth. Indeed, no clouding is observed in micellar solutions of C10G2 and C12G2, whereas the C12E6 sample becomes turbid at 

around 52 °C, which reveals the existence of a cloud point phenomenon. 
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FIGURE 2. Variation of the apparent hydrodynamic radius, RH, of C12G2/C12E6 mixed micelles with temperature, at different bulk compositions in the absence of electrolyte.  

The fact that appreciable changes in micellar size and shape may also occur as the total surfactant concentration rises hinders the comparison 

with previously published data. However, we can discuss some representative data. For example, Kato and Seimiya [22] have studied the effect of 

temperature and concentration on the hydrodynamic radius of C12E6. They found that below 20 °C RH is almost unaffected by surfactant 

concentration, but above 20 °C there are considerable differences. At 25 °C and a surfactant concentration similar to that used for us (20 mM) RH 

is between 5 and 6 nm, in excellent agreement with the value found by us (5.70 nm) at that temperature. By contrast, the study carried out by 

Focher et al. [23] indicates that the diffusion coefficient, and hence the hydrodynamic radius, for C12G2 in water is almost unaffected by surfactant 

concentration. They reported a value of ^3.5 nm for C12G2 in water, which agrees reasonably well with our value of 3.8 nm. Nevertheless, for 

C10G2 the literature data are rather scarce. Recently, Fütterer et al. [24] in an study on aggregation of an amphiphilic a oly(p-phenylene) in micellar 

surfactant solutions, including C10G2, reported a value of RH for the micelles of this surfactant of 3.14 nm at a surfactant concentration of 2.01 

wt%. This value is something lower than that found by us of 4.34 nm at 20 mM. Finally, it is important to mention here the re- sults obtained by 

Bäverbäck et al. [18] in a detailed study on the structure of the C12G2/C12E6 system by using experimental techniques such as static light scattering, 

SANS and SAXS. From static light scattering data, these authors concluded that pure C12G2 forms small globular micelles, while both pure C12E6 

and the mixtures form micelles of much higher molar mass and elongated shape, being more favorable to the formation of elongated micelles as a 

greater the proportion of C12E6. For these latter systems, more complex models were required to describe their SANS and SAXS data. These 

models suggest the coexistence of spherical and spherocylindrical micelles. 

According to a classical interpretation, the appearance of clouding is attributed to an almost sudden dehydration of the polyoxyethylene chain 

(POE) that occurs at the cloud-point temperature. This dehydration was suggested to be induced by the conformational change of the POE chain 

associated with the temperature rise [25]. The different behavior that was observed between these two families of non-ionic surfactants could be 

FIGURE 1. Variation of the apparent hydrodynamic radius, RH, of C10G2/C12E6 mixed temperature, at different bulk compositions in the absence of micelles with electrolyte 
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attributed to considerably greater hydration, of a completely different type, of the hydroxyl groups of the sugar unit of the sugar-based surfactant 

compared to the hydration of the ethylene oxide based surfactant [11,26–28]. The hydration layer of the sugar head groups therefore remains 

almost unaffected by a temperature increase. As Drummond and co-workers [29] found on investigating the interfacial microenvironment of 

micelles of sugar-based surfactants, the re- gion around the head groups is highly aqueous-like, leading to effective dielectric constants of the 

micelle interface that are nearly twice as high as those typical of ethoxylated surfactants. The existence of a large hydrogen bond network at the 

surface of C12G2 micelles between water and the head groups, and within the head groups themselves has been recently reported [30]. Similar 

results have been observed for alkylmonoglucoside surfactants (i.e. C10G1 and C8G1), suggesting that this network could explain the thermal 

stability and cryoprotective effects of these surfactants [31,32]. 

With respect to figures 1 and 2, it can be seen that the micellar size of solutions containing C12E6 mole fractions of 0.8 and 0.6 increases 

continuously with temperature, followed by a steep increase at temperatures close to the cloud point. This indicates that micellar growth occurs 

rapidly close to this temperature. For both sugar-based surfactants, the extent of this growth is more pronounced when the relative proportion of 

C12E6 in the solution is higher. For solutions rich in the sugar-based surfactant, a2 = 0.4 and 0.2, the growth occurs moderately, almost constantly 

in the case of the C10G2/C12E6 system within the temperature range investigated. From this behavior, it is reasonable to conclude that both the 

C12E6 proportion of the micellar solution and the alkyl chain length of the sugar-based surfactant, significantly influence the micellar growth 

process. Bäverbäck et al. [18] have recently concluded that while the structural properties of C12G2/C12E6 mixed micelles is dominated by C12E6; 

there is still influence by C12G2 as the micelles are shorter when more C12G2 is present. 

On the other hand, dependence of the apparent hydrodynamic radius of mixed micelles on the temperature in the presence of 1 M NaCl is 

shown in figures 3 and 4 for the C10G2/C12E6 and C12G2/C12E6 systems, respectively. In figure 3, C10G2/C12E6 mixed systems with low contents of 

the ethoxylated surfactant show only 

weak growth, which becomes more pronounced for mixtures rich in this component. However, it is apparent from figure 4 that the hydrodynamic 

radius of C12E6/C12G2 mixed micelles for a2 = 0.2 increases rather slowly as the temperature increases, whereas a marked change in micellar size 

occurs on approaching the cloud point for the remaining solutions. 

Figures 3 and 4 also show that micelles experience significant growth in the presence of the electrolyte. As previously stated, the presence of 

NaCl in the micellar solution reduces the amount of water linked to the micelles via hydrogen bonds, thus leading to micellar growth [33,34]. 

Similar trends of RH with temperature were reported for n-octyl-b-D-thioglucoside/Triton X-100 system [34]. 

3.2. Cloud point thermodynamics 

The clouding phenomenon is one of the most characteristic features of non-ionic ethoxylated surfactants, which is closely related to how the 

interaction between surfactants and water occurs. Therefore, in order to gain additional insight into these interactions, the influence of additives, 

such as electrolytes, on the cloud point of C10G2/C12E6 and C12G2/C12E6 mixed micelles was evaluated and analyzed. In this section, we present 

the results obtained investigating the effect of NaCl on the cloud-point temperature of surfactant mixtures. In figure 5, the cloud-point temperatures 

of surfactant mixtures in the absence and presence of NaCl, as a function of the bulk composition, are plotted. In the absence of NaCl, the cloud 

point values range from 51.9 °C for pure C12E6 to 78.2 °C for the mixture with a2 = 0.6 for C12G2. For mixtures with C10G2, the cloud point 

increases to 91.3 °C for a2 = 0.6. We found that pure C12G2 or C10G2 micellar solutions are completely miscible in water up to a temperature of 96 

°C (i.e. no phase separation was seen). It is widely assumed that phase separation is due to the reduction of intermicellar repulsions as a result of 

dehydration of the solvation layer of micelles as the temperature increases. The absence of clouding for both sugar-based surfactants therefore 

reinforces the previous hypothesis that hydration in this micelle is much stronger than that in the micelle of C12E6, thus preventing a significant 

dehydration of the sugar moieties as the temperature increases. It is notable that no cloud-point phenomenon was seen 

 

FIGURE 3. Variation of the apparent hydrodynamic radius, RH, of C10G2/C12E6 mixed micelles with temperature, at different bulk compositions in 1 M NaCl.  
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FIGURE 4. Variation of the apparent hydrodynamic radius, RH, of C12G2/C12E6 mixed micelles with temperature, at different bulk compositions in 1 M NaCl.  

 

 

FIGURE 5. Cloud point temperature as a function of mole fraction of C12E6 in the bulk (a2) in pure water and in the presence of 1 M of NaCl for both sugar-based surfactants.  

for solutions with a2 = 0.4 and a2 = 0.2 for both sugar-based surfactants. For these micellar solutions, within the temperature range studied, the 

sugar moieties can interact with water molecules more favorably than with polyoxyethylene segments, which prevent any significant dehydration 

of the sugar moieties that compound the mixed micelle. 

It is clear from figure 5 that the presence of sugar surfactant molecules in the mixed micelle enhances the cloud point of the system. Indeed, 

the correlation observed between the cloud point and the sugar-based surfactant content suggests that more heating would be required to dehydrate 

the micelle. This is due to the increased participation of sugar-based monomers in the mixed micelle, hence clouding occurs at higher temperatures. 

On the other hand, at a fixed value of a2 the cloud point increases with decreasing length of the alkyl chain of the sugar-based surfactant. The 

change in the cloud point for a2 = 0.6, which occurs with a change of two carbon atoms, is thus larger than 13 °C, which is remarkable. On the 

basis of the molecular structure, when two carbon atoms are added to the alkyl chain of the sugar-based surfactant, it is expected to induce a lower 

hydrophilicity. As a consequence, the cloud point for the C12G2/C12E6 system is lower than for the C10G2/C12E6 system at a fixed value of a2. This 

result is consistent with the reported observation of polyoxyethylene alkyl ethers with the same chain length, which show reducing the cloud point 

values with increasing hydrophobic chain length [9]. 

A notable feature of figure 5 is that the cloud point of mixed micelles is extensively affected by the electrolyte for both sugar- based surfactants. 

Thus, the presence of NaCl in the solution induces cloud-point depression in the mixed micelles. This decrease in the cloud point represents a 

salting-out effect of Na+ ions [35,36]. The cloud point shifts is a manifestation of the lowering of solvation due to water abstraction from the 

surfactant by the salt. The Na+ cation acts as a water-structure maker, and as a result, the hydrophobic interactions between micelles increase with 

the addition of Na+ by removing water molecules surrounding the micelles, which in turn decreases the cloud point. The salt changes the solvent 
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structure and/or the extent of hydration of the clouding species, which enables an easy approach of micelles towards each other, leading to the 

formation of larger micelles. 

For purposes of comparison, we define the cloud point shift value D as the difference between the cloud point of a solution containing a 

surfactant mixture plus NaCl and the cloud point of a solution containing a surfactant mixture only. This parameter is a sensitive indicator of the 

effectiveness of NaCl in changing the cloud point of the micellar solution. For both sugar-based surfactants, the value of D increases with decreasing 

C12E6 in the micellar solution. The effect of NaCl on the cloud point is so critical, that a solution of C12G2/C12E6 at a2 = 0.4 in water does not 

present any cloud-point phenomenon, which conversely appears in the presence of NaCl. When comparing the cloud-point shifts for a given value 

of a2, we note that the parameter D is independent from the nature of the sugar-based surfactant. This result suggests that the presence of NaCl in 

the solution affects mainly the water structure around C12E6 monomers in the mixed micelle. All these observations are of interest in order to 

exploit this ability to control, to our advantage, the cloud point of a surfactant-based system. Note that by varying the micellar composition, or by 

adding of electrolyte, the conditions and efficiencies in applications where a phase-separation process is either required or avoided, can be 

optimized. 

Thermodynamic parameters associated with the clouding phenomenon can be determined from the phase-separation model. As the clouding 

species above the cloud point release their solvated water and separate out from the solution, the cloud point can be considered as the limit of its 

solubility [4,37–40]. Hence, the standard Gibbs free energy of solubilization, DG0
CP, can be determined using the following equation: 

EQ1 
where XS is the mole fraction of C12E6 in the solution, R is the gas constant, and T is the cloud point temperature. The standard state considered 

was the hypothetical standard state of unit mole fraction. The standard enthalpy (DH0
CP) can be obtained by applying the Gibbs–Helmholtz equation 

to equation (1) [4,38–40]: 

EQ2 

According to this equation, DH0
CP may be extracted from the slope of a plot between DG^P/T and T. Finally, once DH°P and DG0P are known, the 

entropy of the clouding phenomenon (DS0
CP) will therefore plainly be: 

EQ3 

Figure 6 represents the change of DG^P/T with T for all Solutions investigated. As seen in this figure, the data fit a straight line (r > 0.998). The 

derived thermodynamic functions for the phase separation are collected in tables 2 and 3 for the C12G2/C12E6 and the C10G2/C12E6 mixtures, 

respectively. All values of DG0
CP in tables 2 and 3 are positive and vary within a narrow range for all of the mixed surfactant solutions. The 

clouding process is non-spontaneous (as it is caused by de-solvating the species using temperature). It is notable that values of DH0
CP are slightly 

smaller in the presence of NaCl for a fixed mole fraction of C12E6, which suggests that the electrolyte favors the clouding process. Increasing the 

alkyl chain length of the sugar-based surfactant enhances the spontaneity of the clouding phenomenon. 

The values of T DS0
CP are higher than those of DH0

CP in 2 and 3, indicating that the clouding phenomenon is entropy-driven, and the entropic 

term plays a dominant role in the positive free energy (DG0
CP ). The phase-separation event that occurs when a particular temperature is reached 

must involve a distinct change in the balance of hydrophobic and hydrophilic interactions, between the micelles and the water and between the 

micelles themselves with temperature. Thus, as the temperature increases, the repulsive ‘‘hydration force’’ that results from the structured water 

around the head groups of the surfactant molecules decreases, while the attractive forces (van der Waals and hydrophobic interactions) become 

increasingly important. These interactions change from repulsive to attractive, inducing an increasing size of the micellar aggregates, with the 

corresponding appearance of turbidity at the cloud point. It has been proposed that unfavorable interactions between hydrocarbons and water are 

responsible for the phase separation [5]. The loss of the solvation sphere when the temperature is raised enhances the interaction between 

hydrophobic moieties. This enhanced interaction provides the necessary impetus for aggregation of micelles, and phase separation is observed. In 

the present study, the contribution of entropy to the net interaction between micelles is higher than that of the enthalpy. 

For all systems studied, the DH0
CP values are negative and the clouding process becomes slightly more exothermic as the presence of the sugar-

based surfactant in the mixed micelle increases (in the presence and in the absence of electrolyte). The net heat change of the clouding phenomenon 

is due to the different processes involved. Initially when the clouding process starts, the hydrated water molecules, which surround the 

polyoxyethylene and sugar head groups, must be released to produce free water molecules. This occurs with absorption of heat. Subsequently, 

association of the dehydrated micelles occurs, which involves a release of heat [41,42]. On the other hand, hydrocarbon chains would be more 

closely packed within the surfactant rich phase than they would be within micelles. Thus, it is likely that the hydrocarbon chains contribute to the 

decrease of the enthalpy when surfactants are transferred from micelles to the condensed phase [25]. In addition to these relevant contributions, 

other associated processes like demicellization, micellar growth, or interfacial adsorption also play a role in the energetics of the clouding 

phenomenon [41]. This aspect needs to be carefully assessed to decipher the true contributions of the dehydration and association phenomena. The 

final values of DH0
CP and DS0

CP depend on the relative contributions of all of these factors. The fact that the calculated DH0
CP values are negative 

indicates that the net balance is exothermic. Therefore, the energy required to break the interactions between the surfactant molecules and the water 

surrounding them is lower than that gained by the creation of interactions between the surfactant molecules themselves, which leads to phase 

transition. For a given value of a2, the exothermicity of the clouding phenomenon increased with the increase in alkyl chain length of the sugar-

based surfactant (with and without electrolyte in the solution). It is probable that the heat required for the dehydration process is lower for 

C12G2/C12E6 micelles than for C10G2/C12E6 micelles (i.e. the cloud- point temperature is higher for C10G2/C12E6 mixtures than for C12G2/C12E6 

mixtures). Our results suggest that the presence of NaCl favors the dehydration of the micellar solvation layer and, particularly, facilitates 

interaction between dehydrated micelles. The DS0
CP values were found to be negative for all systems studied, becoming more negative with 

increasing sugar-based surfactant content. It is likely that penetration of polar groups among the dehydrated micelle aggregates made DH0
CP negative 

[43]. 
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FIGURE 6. Plots of DG0P /T vs. T, for C10G2/CI2E6 and C12G2/C12E6 systems in pure water and in the presence of 1 M NaCl. 
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The values of T DS0
CP increased with the increase in alkyl chain length of the sugar-based surfactant. The negative values of DH0

CP and T DS0
CP show 

that heat was released during the clouding phenomenon, with overall ordering of the micellar solution. 

Figure 7 provides a graphical indication on the functional relationship between DH0
CP and the cloud-point temperature. A good linear relationship 

was obtained between the variables (r > 0.9998). The gradient of the plot (dDH0
CP=dT), which is clearly negative, is a measure of the heat capacity 

change between the initial and final states of the system (DCCP) [44,45]. The linearity of the plot suggests that DC0
CP is independent of temperature. 

The computed values for DCCP from linear regression analysis are collated in table 4. A negative heat capacity change points toward the loss of the 

solvating water structure on micelle aggregation [45,46]. In protein biochemistry thermal protein unfolding is commonly observed to be 

accompanied by an increase in heat capacity between the initial and final states of the system. This is customarily attributed to the exposure of 

hydrophobic residues along the polypeptide chain to the aqueous solvent [47]. In the same way, a decrease in heat capacity would consequently 

indicate a decrease in the exposure of hydrophobic residues of micelles to the water, which would certainly be expected given the clouding 

phenomenon. 

 

FIGURE 7. Enthalpy change as a function of cloud point temperature for C10G2/ C12E6 and C12G2/C12E6 systems in pure water and in the presence of 1 M NaCl.  

[NaCl]/M a2 DGCP/(kJ - mol"1)a -DHCP/(kJ - mol"1)b -TDSC /(kJ - mol"1)c 

0 1 21.4 16.9 38.3 
 0.8 22.7 17.9 40.6 
 0.6 24.6 19.8 44.4 

1 1 20.6 13.7 34.3 
 0.8 21.7 14.4 36.1 
 0.6 23.3 15.5 38.8 
 0.4 26.6 18.3 44.9 
 

[NaCl]/M a2 
DGCP /(kJ - mol-1)a -DHCP /(kJ - mol-1)b -TDSC /(kJ - mol-1)c 

01 

0.8 

0.6 

21.4 11.6 33.0 

22.9 12.6 35.5 

25.6 14.6 40.2 

11 

0.8 

0.6 

20.6 12.7 33.3 

22.0 13.7 35.7 

24.3 15.5 39.8 

Uncertainty limits a±0.1 kJ - mol-1, b±1.0 kJ - mol-1 and c±1.0 kJ - mol-1.  

TABLE 2 

Thermodynamic parameters of C12G2/C12E6 micelles at the cloud point in water and in the presence of 1 M NaCl. 

Uncertainty limits a±0.1 kJ - mol"
1, b±1.0 kJ - mol"

1, and c±1.0 kJ - mol"
1. 

TABLE 3 

Thermodynamic parameters of C10G2/C12E6 micelles at cloud point in water and in the presence of 1 M NaCl. 



 J.A. Molina-Bolívar et al. /J. Chem. Thermodynamics XXXXX 

 

The discovery and importance of the so-called ‘‘extrathermodynamic’’ relationships have attracted the interest of many researchers toward the 

comprehension of their physicochemical origin and functional implications [48]. One of these extrathermodynamic relationships is the enthalpy–

entropy compensation. A linear relationship is known to exist between enthalpy change and entropy change for many processes involving small 

molecules in an aqueous solution, such as protein denaturation [49], micellization of surfactants [3], complexation [50], and oxidation and reduction 

reactions [51]. Although a unified view is yet to be reached, it appears that enthalpy–entropy compensations for solution processes are related to 

solvent reorganizations effects [52–54]. This conclusion has general validity, which is independent of the solution properties. However, in 

hydrogen-bonding solvents, such as water, the effects of solvent reorganization are more pronounced [55]. As the cloud point phenomenon is due 

to the reduction of intermicellar repulsions as a result of the dehydration process that occurs in the external layer of the micelles when the 

temperature is increased, it is of interest to examine the enthalpy–entropy relationship of this phenomenon. A generally-accepted thermodynamic 

model divides any solution reaction into a nominal process, i.e. the chemical event, and an environmental process which describes the associated 

reorganization of solvent molecules [56]. According to this working scheme, DH0
CP can be written in the form: 

EQ4 

The slope TC is called the compensation temperature, as it corresponds to the particular temperature at which the process is purely enthalpy-driven 

(DGCP = DHCP). The compensation temperature can be interpreted as a characteristic of solute-solvent interactions, i.e. proposed as a measure of 

the ‘‘dehydration’’ part of the clouding process [25,41]. The compensation temperature may be regarded as a measure of the strength of the 

surfactant–water interactions. Larger values of TC indicate more energy is required to induce the release of a certain number of water molecules. 

On the other hand, the intersection of the compensation plot, DH*CP, indicates the enthalpy effect occurs in the condition of zero entropy change, 

and therefore characterizes the surfactant–surfactant interactions, i.e. it is considered as an index of the ‘‘chemical’’ part of the clouding process 

[25,57]. Thus, the enthalpy effect mainly arises from the energetic net balance between the interactions among the alkyl chains of the surfactants 

in the condensed and micellar phases. 

Figure 8 shows the relationship between DH0
CP and DS0

CP that was obtained for the mixtures C12G2/C12E6 and C10G2/C12E6, with and without 

electrolyte. A good linear relationship holds for these parameters (r > 0.999). The valúes of TC and DHCP obtained from the plots in figure 8 are 

listed in table 4. Our TC values for clouding in the presence of NaCl are lower than those for surfactant mixtures in water, thus indicating that less 

energy is required to induce clouding in the presence of salt. This variation in TC is due to a difference in the water–surfactant interaction mode in 

a medium with and without electrolyte. As can be seen in table 4, the alkyl chain length has an influence on the clouding process, i.e. the TC 

 

FIGURE 8. Enthalpy entropy compensation plots for C10G2/C12E6 and C12G2/C12E6 systems in pure water and in the presence of 1 M NaCl.  

is higher for the C10G2/C12E6 mixture than for the C12G2/C12E6 system. This indicates that stronger surfactant-water interactions are present in the 

C10G2/C12E6 micelle compared to C12G2/C12E6 micelle. As the length of the alkyl chain is increased, the sugar-based surfactant molecules become 

less hydrophilic. The calculated DH*CP values were found to be positive for all the experimental conditions studied. These values clearly indicate 

that DH*CP is barely affected by the presence of the electrolyte or by the increase in the length of the alkyl chain of the sugar-based surfactant. The 

quantity DH*CP could be considered to be a measure of the enthalpic interaction of surfactant molecules associated with the clouding process [25]. 

In this sense, it seems reasonable to conclude that the presence of NaCl does not significantly affect these interactions in our mixed system. 

 C12G2/ C12E6 C10G2/C12E6 

Water 1 M NaCl Water 1 M NaCl 

- DCCP /(kJ ■ K-

1 

TC/(K) 

DHCP/(kJ ■ 
mol-1 

- mol-1) 0.111± 0.004 0.093±0.002 0.076±0.001 0.084±0.002 

339±4 324±6 351 ±8 331 ±4 

) 23±2 22±3 24±3 23±2 
 

TABLE 4 

Valúes of DCCP, TC and DH‘CP for the mixtures C12G2/C12E6 and C10G2/C12E6 with and without the electrolyte. 
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4. Conclusions 

In this work, we have used dynamic light scattering to study the temperature-induced micellar growth of the mixtures C10G2/C12E6 and 

C12G2/C12E6. For systems with high C12E6 content, a drastic increase of the apparent micellar hydrodynamic size was observed when micellar 

solution conditions approached the cloud-point temperature. This micellar growth is less dramatic when the relative proportion of C12E6 in the 

solution is lower. A significant change in the cloud point was observed with variation in the C12E6 bulk composition of both sugar-based surfactants. 

The cloud point of mixed micelles was found to increase with an increasing content of sugar surfactant in the micelle. At a fixed value of the 

proportion of C12E6, the cloud point increases with decreasing length of the alkyl chain of the sugar-based surfactant. On the other hand, the 

addition of NaCl to a micellar solution decreases the cloud point of the micelles, suggesting that the presence of electrolyte produces a remarkable 

alteration of the hydration layer of micelles. An interesting observation is that the cloud point shift induced by NaCl is independent from the nature 

of the sugar-based surfactant. In addition, the thermodynamic analysis of the cloud point process was analyzed. It was found that the clouding 

process is exothermic in nature for these mixed micellar systems, which was verified by the negative value of DH0
CP . The process is more 

exothermic as the presence of the sugar-based surfactant in the mixed micelle increases (with or without NaCl in the solution). The negative values 

of DS0
CP indicate that the association of micelles in the clouding phenomenon is entropically unfavorable. A linear relationship was found between 

the enthalpy and the entropy values for all the systems, i.e. the enthalpy-entropy compensation holds for the clouding phenomenon. The decrease 

in the compensation temperature with an increasing NaCl concentration is attributed to the fact that the presence of the electrolyte in the medium 

significantly alters the micellar hydration layer. The calculated compensation temperature is higher for the C10G2/C12E6 mixtures than for the 

C12G2/C12E6 system, suggesting that a less strong surfactant–water interaction exists in the latter. It was found from the enthalpy–temperature plots 

that the change in heat capacity of clouding phenomenon is negative, indicating the important role played by dehydration in this thermodynamic 

process. 
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