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Abstract:

 The main goal of this paper was to examine the effect of the hydrophilic surfactant headgroup on the phase behavior of non-ionic surfactant mixtures. Four mixed systems composed of an ethoxylated plus sugar-based surfactants, each having the same hydrophobic tail, were investigated. We found that the hydrophilicity of the surfactant inhibits the tendency of the system to phase separate, which is sensitive to the presence of NaCl. Applying a classical phase separation thermodynamic model, the corresponding energy parameters were evaluated. In all cases, the parameters were found to depend on the type of nonionic surfactant, its concentration in the micellar solution and the presence of NaCl in the medium. The experimental results can be explained by assuming the phase separation process takes place as a result of reduced hydration of the surfactant headgroup caused by a temperature increase. The enthalpy-entropy compensation plot exhibits excellent linearity. We found that all the mixed surfactant systems coincided on the same straight line, the compensation temperature being lower in the presence of NaCl.PACS Codes: 82.70.Uv; 82.60.Lf; 82.60.Fa
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1. Introduction

Among the different amphiphilic materials, non-ionic surfactants containing ethylene oxide chains, −(OC2H4)m, as the hydrophilic group, compose an important class which finds extensive applications in industrial and pharmaceutical formulations due to their intriguing self-assembly properties [1–3]. Whenever the aqueous concentration of such non-ionic surfactants is above a certain critical value, the so-called critical micelle concentration (CMC), they, like other amphiphiles, form thermodynamically stables nanometer-sized assemblies called micelles. Aqueous solutions of ethoxylated non-ionic surfactants exhibit characteristic thermoreversible phase separation phenomena upon heating/cooling above/below a certain threshold temperature. In these systems, when the temperature is raised above a specific value, called the cloud point temperature (TCP), separation into two phases occurs. One of the phases is micellar-rich and the other is micellar-poor. The solution becomes cloudy as a result of phase separation; hence, the process in surfactant solutions is often referred to as the clouding phenomenon [4]. It has been well-established that phase separation is primarily due to the dehydration of the surfactant’s hydrophilic groups when the temperature is increased. On one hand, this dehydration causes micellar growth and, on the other, it reduces intermicellar repulsive forces which finally leads to phase separation [3].

There are main two reasons why we need to understand and control the clouding phenomenon: firstly, because important advances have been made in the application of this phenomenon to several extraction and separation technologies [5] and, secondly, because in certain applications phase separation can negatively affect the performance of a surfactant-based formulation and should therefore be avoided [4,6]. Recent studies carried out in our laboratory [7,8] have demonstrated that it is possible to modulate the phase behavior of ethoxylated surfactants by mixing them with other non-ionic surfactants of a different nature. In particular, we are interested in carbohydrate-based surfactants, which are mainly characterized as having hydrophilic sugar headgroups in their polar moiety. The current interest in these products stems from their excellent ecological behavior, good performance and consumer health concerns, to mention but a few [9–11]. Separate studies with surfactants having the same nonpolar tail and varied polar headgroups as well as having the same headgroup with varying nonpolar tail in the presence and absence of additives are required to understand the involved physicochemical processes guiding the overall thermodynamics of clouding. In a previous publication we have studied the influence of the length of the hydrocarbon chain of sugar surfactants in phase separation of mixed micelles [8].

In the present work, we have studied the phase behavior of several binary mixtures of ethoxylated and sugar surfactants, in the presence and absence of NaCl. Figure 1 shows the molecular structures of the surfactants studied. As can be seen, all of them have the same ten carbon hydrophobic chain length but their headgroups are chemically and structurally different. A flexible, and polymer-like headgroup characterizes the ethoxylated surfactants (C10E5 and C10E6), whereas the sugar surfactants are mainly characterized by their numerous hydroxyl groups in the hydrophilic moiety.

Figure 1. Molecular structures of the surfactants used in this study.
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One can also observe structural differences between the headgroups of the two sugar surfactants, whereas MEGA-10 exhibits an open structure, that of C10G2 is cyclic and rigid. These differences not only result in different hydration states, but also different packing conformations and, consequently, modifications in the phase behavior of the system as a function of the composition. The main aim of the present study is to characterize the phase behavior, by evaluating of the thermodynamic parameters of the clouding phenomenon, in order to obtain information about the interactions involved in the process.

The outline of this paper is as follows: firstly, we measured the cloud point temperature (TCP) across the whole composition range, both in the presence and absence of NaCl. Secondly, using a classical phase-separation model, we obtained the energy parameters associated with the clouding phenomenon.



2. Results and Discussion


2.1. Cloud Point Temperatures

Even though sugar-based surfactants are non-ionic, their properties are found to be quite different from those of commonly used non-ionic ethoxylated surfactants. Particularly, sugar surfactants show a greater tolerance to the temperature changes and to the presence of electrolytes. Here we discuss the results obtained for the temperature at which phase separation occurs in the mixed micelles solutions studies. Figure 2 shows plots of cloud point temperature as a function of the mole fraction of ethoxylated surfactant, α2, in the absence of NaCl for C10G2/C10E5, C10G2/C10E6, MEGA-10/C10E5 and MEGA-10/C10E6 mixtures. In all the cases, the total surfactant concentration was 20 mM. In the phase diagram, below each curve exists only one liquid phase—(i.e., the micellar phase)—whereas two coexisting liquid phases are present in the region above each curve, a surfactant-rich micellar phase and a water phase. In Figure 2 one can immediately notice that in all cases the cloud point temperature increases with the percentage of sugar-based surfactant in the system. We observed that mixed micelle solutions, when α2 < 0.6, were completely miscible in water up to 369 K (i.e., phase separation did not occur), whereas clouding phenomena were seen for mixtures of MEGA-10 with α2 ≥ 0.4.

Figure 2. Cloud point temperature as a function of mole fraction of ethoxylated surfactant in the bulk, α2, in pure water.
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The cloud point of a nonionic surfactant depends on the balance between the hydrophilic and hydrophobic interactions and is very sensitive to the presence of additives [12]. Indeed the clouding phenomenon is used to assess the hydrophilic properties of nonionic surfactants [13]. Aqueous solution of these surfactants relies on the formation of hydrogen bonds between the surfactant’s hydrophilic headgroups and the water molecules. It is widely assumed that phase separation is caused by the efficient dehydration of the hydrophilic portion of micelles at higher temperatures, decreasing the repulsive interactions which maintain micelles as discrete individuals and thus facilitates the formation of large aggregates [4].

Small-angle neutron scattering studies by Goyal et al. showed that at higher temperatures the hydration of micelles formed from nonionic surfactant Triton X-100 decreases and thereby reduces the screening of the van der Waal’s interactions, therefore the interaction potential between micelles becomes more attractive as temperature increases [14]. The fact that phase separation was not observed for pure C10G2 or MEGA-10 micellar solutions suggests that the sugar moieties interact with water molecules more favorably than the polyoxyethylene segments of the C10E5 or C10E6 surfactants, and so this prevents any significant dehydration of the sugar moieties in the mixed micelle. In fact, the correlation observed between the cloud point and the sugar surfactant content mixed surfactant systems suggests that more thermal energy is required to dehydrate the micelle due to the increased participation of sugar-based monomers in the mixed micelle, hence clouding occurs at higher temperatures. Despite the temperature increase, the sugar-based surfactants retain their hydration cospheres in the micellar interfacial microenvironment. It has been documented that the sugar headgroup is responsible for strong perturbations of the water structure at the micelle surface and it affects the formation of a large hydrogen bond network at the micelle surface between water and the headgroups, and within the headgroups themselves [15]. It is worth noting that surfactants with hydroxyl groups, such as MEGA-10 or C10G2, possess a greater hydrophilicity than those containing polyoxyethylene groups [16]. The greater hydrophilicity of sugar-based surfactants arises from the fact that each of their hydroxyl groups can form as many as three hydrogen bonds in aqueous media, whereas the oxyethylene group of ethoxylated surfactants only forms two H-bonds per group [17]. On the other hand, the cloud point of micellar solutions of C10G2 is higher than that of MEGA-10 mixtures. These results could indicate that dehydration of the C10G2 sugar moieties requires more thermal energy than the sugar moieties of MEGA-10. A molecule of C10G2 has seven hydroxyl groups whereas a MEGA-10 molecule possesses just five hydroxyl groups and so the extent of hydrogen bonding between the surfactant and solvating water molecules is lower in the case of MEGA 10. Another interesting conclusion that can be deduced from Figure 2 is that for a fixed value of α2 the mixtures of either of the sugar surfactants with C10E6 present a higher cloud point temperature than the equivalent mixtures with C10E5. The presence of one more oxyethylene group in the C10E6 surfactant molecule means the resulting mixed surfactant system has a higher hydrophilicity, which in turn leads to an increased cloud point temperature. To determine the effect that the presence of an electrolyte has on phase separation, we prepared equivalent systems with 1 M NaCl. Figure 3 gives the plots of the cloud point temperature as a function of α2 in the presence of electrolyte.

Figure 3. Cloud point temperature as a function of mole fraction of ethoxylated surfactant in the bulk, α2, in 1 M NaCl.
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A noteworthy feature of this figure is that the cloud point temperatures of the mixed micelle systems decrease markedly in the presence of salt. This reduction in the cloud points indicates that NaCl has a salting-out effect because the temperature ranges in which clear solutions prevail are reduced. NaCl is considered to be a water-structure maker and competes for the water molecules associated with the micelles, thus promoting the dehydration of the micelles [18]. The salt changes the solvent structure and/or the extent of hydration of the clouding species meaning the micelles can approach each other more easily, leading to aggregation and the formation of large micelles. We define the cloud point shift value, Δ, as being the difference between the cloud points of mixed surfactant solutions in the presence and in the absence of NaCl. This parameter is a sensitive indicator of the NaCl capacity to change the cloud point of the micellar solution. The values of Δ for the mixed micelle systems are reported in Table 1. The table show that the Δ parameter increases in the micellar solution, in absolute value, with decreasing bulk mole fraction (α2) of each ethoxylated surfactant for a given sugar-based surfactant (MEGA-10 or C10G2). This increase in Δ is greater for C10E6 than for C10E5. Neto et al. observed that the cloud point reduction for polyoxyethylene surfactant micellar solutions in the presence of KCl is greater with each increase in the number of ethylene oxide units [19].


Table 1. Cloud point shift values, Δ, for the studied mixtures.



	
C10G2/Ethoxylated Surfactant

	
MEGA-10/Ethoxylated Surfactant




	






	
αC10E5

	
Δ (K)

	
αC10E6

	
Δ (K)

	
αC10E5

	
Δ (K)

	
αC10E6

	
Δ (K)






	
1

	
−11.1

	
1

	
−14.7

	
1

	
−11.1

	
1

	
−14.7




	
0.8

	
−14.3

	
0.8

	
−18.8

	
0.8

	
−11.5

	
0.8

	
−15.9




	
0.6

	
−18.4

	
0.6

	
−25.9

	
0.6

	
−13.0

	
0.6

	
−20.1




	

	

	

	

	
0.4

	
−13.7

	
0.4

	
−26.2









If we examine the trends in the cloud point shifts for a given ethoxylated surfactant and at a fixed value of α2, it is apparent that Δ is dependent on the nature of the sugar-based surfactant, being higher for C10G2 than for MEGA-10. This result suggests that the presence of NaCl in the solution affects the water structure of both the ethoxylated and sugar surfactants in the mixed micelles.

The capacity of NaCl to reduce the cloud point temperature depends on the hydrophilicity of the surfactant molecule. All these observations are of interest as an ability to control the cloud point by varying the micellar composition or by the addition of electrolyte could be used to optimize conditions and efficiencies in applications where phase separation is either required or to be avoided. It should be noted that the effects of electrolyte on the phase separation of sugar-based surfactants have not been thoroughly examined in the literature.



2.2. Thermodynamic Parameters at the Cloud Point

All physicochemical processes are energetically controlled. The formation of clusters or aggregates of micelles at the cloud point is obviously guided by thermodynamic principles. At the phase separation temperature, the clouding components release their solvated water molecules and separate out from solution this can be considered as the limit of solubility [6–8,20,21]. As phase separation is a reversible process, the chemical potential of species should be equal between surfactant-rich and surfactant-poor phases. The standard Gibbs energy of phase separation (or clouding) [image: there is no content], can then be evaluated using the well-known equation [6–8,20,21]:



[image: there is no content]



(1)




where R is the gas constant, xS is the mole fraction of the ethoxylated surfactant, C10E5 or C10E6, and TCP is the cloud point temperature in Kelvin. The standard enthalpy change of phase separation, [image: there is no content], and the standard entropy change of phase separation, [image: there is no content], can be calculated from the following equations:



[image: there is no content]



(2)






[image: there is no content]



(3)




According to Equation (2), [image: there is no content] can be extracted from the slope of a plot of [image: there is no content]vs. TCP. Figures 4 and 5 depict the change of [image: there is no content] with TCP for all micellar systems prepared in pure water and those prepared in the presence of 1 M NaCl, respectively.

Figure 4. Plots of [image: there is no content]vs. TCP for MEGA-10/C10E5, MEGA-10/C10E6, C10G2/C10E5 and C10G2/C10E6 systems in pure water.
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Figure 5. Plots of [image: there is no content]vs. TCP for MEGA-10/C10E5, MEGA-10/C10E6, C10G2/C10E5 and C10G2/C10E6 systems in the presence of 1 M NaCl.
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As can be seen from these figures, the data fit a straight line (r > 0.998). The values of [image: there is no content] and [image: there is no content] for the studied systems in the absence and presence of NaCl are given in Tables 2 and 3. The positive values of [image: there is no content] for all the mixed systems illustrate that the process is non-spontaneous (as it is caused by desolvation the micelles using thermal energy). The values of [image: there is no content] vary moderately across a narrow range. As a general trend one can observe that the phase separation becomes energetically less favorable as the proportion of the ethoxylated surfactant, C10E5 or C10E6, in the mixed micelles decreases. The tables indicate that for a given ethoxylated surfactant at a fixed value of α2 the magnitude of [image: there is no content] is slightly higher for mixed micelles with C10G2 than for MEGA-10, showing that phase separation of micellar solutions with C10G2 requires a greater input of thermal energy. These results confirm that phase separation is thermodynamically less favored as the hydrophilicity of the surfactant headgroup increases. It is noteworthy that the presence of electrolyte in the micellar solution improves the spontaneity of the clouding phenomenon for both sugar surfactants (i.e., [image: there is no content] values are smaller for a fixed value of α2).


Table 2. Thermodynamic parameters of C10G2/ethoxylated surfactant micelles at the cloud point temperature in pure water and in the presence of 1 M NaCl.



	
C10G2/C10E5

	
C10G2/C10E6




	






	
[NaCl] (M)

	
α2

	
[image: there is no content] (kJ/mol) a

	
[image: there is no content] (kJ/mol) b

	
[image: there is no content] (kJ/mol) c

	
[image: there is no content] (kJ/mol) a

	
[image: there is no content] (kJ/mol) b

	
[image: there is no content] (kJ/mol) c






	
0

	
1

	
20.6

	
−10.5

	
−31.1

	
20.9

	
−11.1

	
−32.0




	
0.8

	
22.2

	
−11.5

	
−33.7

	
22.4

	
−12.1

	
−34.5




	
0.6

	
24.7

	
−13.3

	
−38.0

	
24.9

	
−14.0

	
−38.9




	






	
1

	
1

	
20.0

	
−11.9

	
−31.9

	
20.0

	
−14.4

	
−34.4




	
0.8

	
21.2

	
−12.8

	
−34.0

	
21.2

	
−15.3

	
−36.5




	
0.6

	
23.5

	
−14.6

	
−38.1

	
23.2

	
−17.1

	
−40.3






Uncertainty limitsa±0.1 kJ·mol−1;b±1.0 kJ·mol−1 andc±1.0 kJ·mol−1.





Table 3. Thermodynamic parameters of MEGA-10/ethoxylated surfactant micelles at the cloud point temperature in pure water and in the presence of 1 M NaCl.



	
MEGA-10/C10E5

	
MEGA-10/C10E6




	






	
[NaCl] (M)

	
α2

	
[image: there is no content] (kJ/mol) a

	
[image: there is no content] (kJ/mol) b

	
[image: there is no content] (kJ/mol) c

	
[image: there is no content] (kJ/mol) a

	
[image: there is no content] (kJ/mol) b

	
[image: there is no content] (kJ/mol) c






	
0

	
1

	
20.6

	
−14.0

	
−34.6

	
20.9

	
−14.8

	
−35.7




	
0.8

	
21.9

	
−14.9

	
−36.8

	
22.1

	
−15.6

	
−37.7




	
0.6

	
23.9

	
−16.5

	
−40.4

	
24.1

	
−17.3

	
−41.4




	
0.4

	
26.9

	
−19.1

	
−46.0

	
27.1

	
−20.0

	
−47.1




	






	
1

	
1

	
19.9

	
−13.7

	
−33.6

	
20.0

	
−17.6

	
−37.6




	
0.8

	
21.2

	
−14.6

	
−35.8

	
21.1

	
−18.4

	
−39.5




	
0.6

	
23.0

	
−16.0

	
−39.0

	
22.7

	
−19.9

	
−42.6




	
0.4

	
25.9

	
−18.6

	
−44.5

	
25.2

	
−22.4

	
−47.6






Uncertainty limitsa±0.1 kJ·mol−1;b±1.0 kJ·mol−1 andc±1.0 kJ·mol−1.




As can be seen in Tables 2 and 3, the values of [image: there is no content] and [image: there is no content] are negative, the former having the greater magnitude. These results reveal that entropy dominates over the enthalpy factor in the clouding phenomenon. At the cloud point a change occurs in the balance between attractive and repulsive intermicellar interactions [22]. When phase separation occurs the water molecules become very detached from the micelles. As a consequence the repulsive interaction resulting from the structured water around the micelles decreases whereas the attractive forces (van der Waals and hydrophobic interactions), which only interact over very short distances, become increasingly more significant.

The net heat change of the clouding phenomenon is due to the different processes involved. In the initial steps of the phase separation process, the destruction of the water structure around the polyoxyethylene moieties and the sugar headgroups results in a positive entropy change (requiring the absorption of heat), followed by association of dehydrated molecules involving the release of heat [23,24].

The negative values of [image: there is no content] and [image: there is no content] indicate that the association process overrides the dehydration step because the formation of larger aggregates involves the release of heat and increases the system’s order [7,8]. Therefore, the driving force for the phase separation process is the tendency of dehydrated micelles to transfer from the solvent environment to a surfactant-rich phase. In addition to these two main contributing factors, hydrocarbon chains would be more closely packed in the surfactant-rich phase than in micelles. Thus, it is likely that the hydrocarbon chains contribute to the decrease in enthalpy when surfactants are transferred from micelles to the condensed phase [25]. A gain in entropy occurs when water molecules in hydration shells around the hydrophobic parts of the surfactant are released during the phase separation process, resulting in an increase in the degree of freedom. The contribution of this increase of entropy in the overall change of entropy of clouding process has to be equal for all the micellar systems because the four micelles have the same hydrophobic tail.

In all cases, the micellar solutions become slightly more ordered upon increasing the proportion of sugar-based surfactant in the mixed micelle systems, as indicated by the increasing magnitude of the [image: there is no content] values, however, these values are always more negative with C10E6 rather than C10E5 surfactant system (for a given sugar surfactant). Notice that the phase separation process is more exothermic as α2 decreases, whereas the clouding process becomes less exothermic in the presence of NaCl, probably because the heat required for the dehydration process is lower (i.e., NaCl facilitates the dehydration of micelles). In general, the addition of NaCl to micellar medium results in more order within the mixed micelle system at the cloud point.



2.3. Enthalpy-Entropy Compensation

In kinetics and equilibrium studies, an extra thermodynamic linear correlation between the enthalpy and entropy changes is often reported for the process involved, called the enthalpy-entropy compensation effect [26]. The compensation effect is observed when a series of structurally related substrates undergo the same general process or when the process conditions for a single substrate are changed in a systematic way [27]. This phenomenon occurs when parallel enthalpy and entropy changes compensate each other to produce minor changes in the free energy of the process. This compensation has proven to be rather common for processes or reactions occurring in aqueous media such as oxidation-reduction, hydrolysis, micellization, protein unfolding, etc. [28,29]. It is generally accepted that the main process responsible for the compensation phenomenon is the reorganization of water molecules [30].

According to the views of Lumry and Rajender, the compensation phenomenon might result from the dominant role of water as the solvent in which the processes take place [31]. These authors explained that two types of contribution influence enthalpy-entropy compensation; one arises from the solute-solute interactions (i.e., the chemical contribution) and the second stems from solute-solvent interactions (i.e., the solvation contribution). In general, the compensation phenomenon between [image: there is no content] and [image: there is no content] in the various processes can be described as follows:



[image: there is no content]



(4)




where Tc, known as compensation temperature, can be deduced from the plot of [image: there is no content]vs. [image: there is no content] and interpreted as a characteristic of solute-solvent interactions, i.e., the arrangement of water molecules surrounding the micelles. This temperature corresponds to the particular temperature where the process is purely enthalpy-driven ( [image: there is no content]) and it serves as the basis of comparison for differing examples of compensation behavior. The compensation temperature is a measure of the “dehydration” part of the clouding process [23,25]. The compensation temperature may be regarded as a measure of how much additional heat is required to increase the entropy change by a definite amount. For processes occurring in aqueous micellar solutions, such as phase separation, the hydration-dehydration would contribute to the entropy change [25]. Thus, in this case, the compensation temperature may become a measure of the strength of the surfactant-water interaction; high TC values correspond to strong surfactant-water interactions. On the other hand, the intersection of this compensation plot, [image: there is no content], characterizes the surfactant-surfactant interactions, i.e., considered as an index for the “chemical” part of the clouding process. The thermodynamic results herein collected for the mixtures studied with and without electrolyte were tested for this correlation and are illustrated in Figure 6.

Figure 6. Enthalpy-entropy compensation plots for MEGA-10/C10E5, MEGA-10/C10E6, C10G2/C10E5 and C10G2/C10E6 systems in pure water and in the presence of 1 M NaCl.
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Linear regression analysis gives straight lines that fit the data well (r > 0.999). It has been reported that in some cases the linear relationship between enthalpy and entropy is simply a demonstration of the experimental error and hence misleading [32]. The uncertainty in the estimates of ΔH and ΔS from a linear van’t Hoff plot are highly correlated. If the uncertainty is large enough, the inherent imprecision of the data will lead to a false compensation [29]. Several methods for finding a real compensation effect have been suggested in the literature. One of these methods is the regression in the coordinates ΔH vs. ΔG [33]. Our experimental values showed linear ΔH−ΔG plots with a high correlation coefficient (plots not shown), suggesting the validity of the enthalpy-entropy compensation observed in Figure 6.

It is intriguing to note that the experimental results for the four micellar mixtures (MEGA-10/C10E5, MEGA-10/C10E6, C10G2/C10E5 and C10G2/C10E6) can be fitted with the same straight line. This means that the “dehydration” part of the clouding process may follow the same mechanism for all the systems studied [34]. Huang et al. found that the compensation plots for the micellization of three nonionic surfactants (C12E4, C12E5 and C12E6) in aqueous solution all coincided on a single straight line, which implies that both the “desolvation” and “chemical” part of the process of micellization are independent of the size of the hydrophilic group of surfactants [35,36]. The calculated value of TC for pure water was 325 ± 5 K and for 1 M NaCl it was 310 ± 4 K. It is clear that the presence of salt reduce the value of TC, thus indicating that less energy is required to induce phase separation in the presence of salt. Since TC is found to lie well within 250–325 K, (the identified range where solvent structural changes are associated with the micellization process, protein unfolding, etc.), it seems reasonable to suggest that the clouding process of mixed micelles is solely associated with the structural changes of water surrounding micelles [37].

The calculated [image: there is no content] values for pure water and for 1 M NaCl were −21.8 ± 0.6 and −21.0 ± 0.5 kJ/mol, respectively. These values clearly indicate that [image: there is no content] is barely affected by the presence of the electrolyte, implying that the chemical part of the clouding process is practically independent of the presence of NaCl in the medium. On the other hand, constancy in the value of [image: there is no content] is also expected when considering that this parameter represents the effectiveness of the surfactant’s hydrophobic chain in promoting the clouding process (the same hydrophobic tail was used for all the surfactants in the study) [38].



2.4. Changes in the Molar Heat Capacity

The plots of [image: there is no content]vs. the cloud point temperature are found to be linear, as shown in Figures 7 and 8 (r > 0.999). The slope of these plots corresponds to the change in the molar heat capacity, ΔCCP, for the phase transition. The values for ΔCCP calculated from linear regression analysis are given in Table 4. The ΔCCP parameter is a measure of the change in heat capacity between the initial state, where micelles are dispersed in the medium, and the final state, in which the micelle aggregates form a surfactant-rich phase. A negative value of ΔCCP indicates that [image: there is no content] becomes more negative as the temperature increases; that is the phase separation process is more exothermic as the cloud point temperature increases.

Figure 7. Enthalpy change as a function of cloud point temperature for MEGA-10/C10E5, MEGA-10/C10E6, C10G2/C10E5 and C10G2/C10E6 systems in pure water.
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Figure 8. Enthalpy change as a function of cloud point temperature for MEGA-10/C10E5, MEGA-10/C10E6, C10G2/C10E5 and C10G2/C10E6 systems in 1 M NaCl.
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Table 4. ΔCCP values for the mixtures MEGA-10/C10E5, MEGA-10/C10E6, C10G2/C10E5 and C10G2/C10E6, in pure water and in the presence of 1 M NaCl.


	Mixture
	ΔCCP (kJ·mol−1·K−1)

Water
	ΔCCP (kJ·mol−1·K−1)

1M NaCl





	MEGA-10/C10E5
	−0.097 ± 0.002
	−0.099 ± 0.002



	MEGA-10/C10E6
	−0.101 ± 0.001
	−0.124 ± 0.001



	C10G2/C10E5
	−0.072 ± 0.001
	−0.084 ± 0.001



	C10G2/C10E6
	−0.075 ± 0.001
	−0.100 ± 0.001








The change in heat capacity contains information on the variation of water-accessible polar and nonpolar region in the micellization of nonionic surfactants [39,40]. In particular, a negative change in the heat capacity is indicative of an aggregation process accompanied by a loss of solvating water structure [41]. It is commonly observed that the thermal denaturation of a protein is accompanied by an increase in heat capacity between the system’s initial and final states. This is customarily attributed to the exposure of hydrophobic residues along the polypeptide chain to aqueous solvent [42].

Such exposure tends to reinforce the hydrogen-bonded structure of water [43]. If the clouding phenomenon involves partial destruction of the hydrogen-bonded structure of water shells surrounding the surfactant molecules, then this should be reflected in negative values of ΔCCP, as observed. In protein biochemistry a disorder-to-order transition generally involves formation of a more cooperative set of interactions within the protein that replaces a less cooperative set of interactions between the protein and the solvent, resulting in negative values of ΔCCP [44]. Similarly, in a phase separation process, both the entropy change and the heat capacity change are negative. A noteworthy feature in Table 4 is that ΔCCP is lower, in absolute values, for mixed micelles with C10G2 than for micelles with MEGA-10. This could indicate that the reorganization of water molecules accompanying phase separation of C10G2 mixed micelles is small when compared with MEGA-10 mixed micelles. It is worth pointing out that in all the measured micelle solutions the presence of NaCl resulted in an increase in the change of the heat capacity of the phase separation process. This trend support the idea of a higher destruction of the hydration layer of micelles during the clouding process in 1 M NaCl solutions, in concordance with a lower cloud point temperature.




3. Experimental Section


3.1. Materials

Table 5 contains the main characteristics of the surfactant samples used in the present study. Due to their high purity grade, they were used as received. Aqueous stock solutions of surfactants were prepared by weight. Working samples with a lower concentration (20 mM) were prepared daily from the stock solutions. The bulk composition of these solutions is expressed in terms of mole fraction of the ethoxylated surfactant, α2, which is defined by the relationship [C10Ei]/([sugar surfactant] + [C10Ei]), where [sugar surfactant] is the molar concentration of MEGA-10 or C10G2 and [C10Ei] is the molar concentration of the ethoxylated surfactant (C10E5 or C10E6). The ultrapure water (resistivity ~18 MΩ·cm) used to prepare all the solutions was obtained by passing pure water from a Millipore Elix system through an ultra-high quality Millipore Synergy purification system.

Table 5. Surfactants used in the present study.


	Surfactant
	Abbreviation
	Manufacturer
	Grade
	Mass Fraction Purity





	n-decyl-β-d-maltoside
	C10G2
	Anatrace
	Anagrade
	≥0.99



	N-decanoyl-N-methylglucamide
	MEGA-10
	Sigma-Aldrich
	BioXtra
	≥0.99



	Pentaoxyethylene monodecyl ether
	C10E5
	Sigma-Aldrich
	BioXtra
	≥0.98



	Hexaoxyethylene monodecyl ether
	C10E6
	Sigma-Aldrich
	BioXtra
	≥0.98










3.2. Method

Accurate cloud point values were obtained by noting the temperature at which the continuously heated solution suddenly became turbid. For this purpose, a known volume of the clouding species with a selected concentration (20 mM) was introduced in a transparent test tube and placed in a thermostatted water bath. The temperature was increased under controlled conditions of constant stirring. Heating was regulated to approx. 0.5 °C/min. when nearing the expected cloud point. The point of phase separation was visually observed and the temperature at the start of the phenomenon noted. Heating was then stopped and the system was allowed to cool. The temperature at which the turbidity cleated was again noted. The mean of the two temperatures was considered to be the system’s cloud point. Cloud point determination in each sample was repeated at least twice. If a good reproducibility was not observed, the experiment was repeated a third time.




4. Conclusions

For a given sugar/polyoxyethylene system the cloud point of mixed micelle solutions was found to increase with an increasing proportion of the sugar-based surfactant. At a fixed value of the proportion of the polyoxyethylene-based surfactant, the MEGA-10 surfactant lowers the cloud point more effectively than the C10G2 surfactant. This fact is due to greater hydrophilic character of the C10G2 molecule. We observed that the cloud point temperature depends on the hydrophilic nature of surfactant molecules in the mixed micelle systems; the cloud point temperature was higher for more hydrophilic surfactant. On the other hand, the addition of NaCl to mixed micelle solutions decreased the cloud point temperature, suggesting that the presence of electrolyte produces a remarked alteration in the hydration layer of micelles. Thermodynamic analysis of the parameters that characterize the phase separation has also been conducted. The energetic parameters reveal that the clouding process is controlled by the entropy factor rather than the enthalpy term. Note that the overall micellar system is in an ordered state at the cloud point, as evidenced by the negative values of [image: there is no content] for all systems studied. This result is in concordance with the observed negative change in the heat capacity. The final state in the phase separation becomes slightly more ordered upon increasing the proportion of sugar-based surfactant in the mixed micelles. When the mixed micelles are composed of C10E5 surfactant the final micellar solution is less ordered. The net heat change of phase separation is negative. This exothermic nature of the clouding process is due to the aggregation of weakly hydrated micelles and their phasing out into the condensed phase. More heat is released in the clouding process for the mixed micelle solutions with a lower proportion of polyoxyethylene surfactant and in the presence of electrolyte. It was found that the enthalpy-entropy compensation relationship holds true for this process in all the systems we investigated. The decrease in the compensation temperature in the presence of NaCl is attributed to the fact that the electrolyte significantly alters the micellar hydration layer. The change in heat capacity of phase separation obtained from the linear dependence of [image: there is no content] with cloud point temperature is negative, suggesting that the process is accompanied by a loss of the hydration layer around the micelles.
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