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A surfactant-containing two-aqueous phase system is composed of a coacervate (surfactantrich) phase and a dilute one (surfactant-poor). This work aims at characterizing such a twophase system by using a recently developed optical analyzer: Turbiscan LAb expert®. This optical device allows to investigate the behavior of concentrated dispersed media through light transmission or back-scattering measurements at constant temperature. Above the cloud point of the Triton X114 solution, two distinct phenomena were observed and followed as a function of time: phase separation, with interface formation, and phase clarification, during which very small drops of one phase join the other after the interface has appeared. The process of phase separation, rather fast, appears to be composed of three steps: i) induction period with no distinct phases; ii) rapid migration of droplets and interface appearance; iii) slow displacement of the interface up to its equilibrium position. As regards clarification, the Turbiscan diagrams reveal different behaviors according to the proximity of the cloud point (T c ). About 5°C above T c , the lighter (dilute) phase begins to clarify as the interface appears, the coacervate remaining turbid. In fact, the time required for complete phase clarification, i.e. corresponding to maximum (equilibrium) transmission intensity value, is 10-18 hrs. 10°C above the cloud point, the two phases do not reach equilibrium after 2 days. The coacervate phase then shows an oscillatory behavior with a characteristic period of ca. 25 hrs. At higher temperatures, i.e. farther from the critical point, a chaotic behavior can be observed.

INTRODUCTION

Two-aqueous phase extraction using hydrophilic polymers or nonionic surfactants, especially those containing ethylene oxide units (e.g. alkylphenol ethoxylates, APE, or alcohol ethoxylates, AE), has been described as an alternative method to classical solvent extraction (1-7). The main characteristic feature of aqueous solutions of these compounds is the occurrence of a lower consolute point curve. Belonging to this curve, the cloud points are the temperatures above which such aqueous solutions become turbid (8): more specifically, in the case of polyethoxylated nonionic surfactants, two aqueous phases appear, the surfactant, S, being concentrated in the coacervate phase, whereas the dilute phase only contains a very low amount of S, slightly higher than its critical micelle concentration (C S ~ cmc) (5). It is known that, as a general class of surfactants, nonionics are usually the most effective in solubilizing and binding organic solutes (9). Recently, some coacervate extractions, applied to organic solutes considered as pollutants in industrial effluents have been successfully performed (10)(11)(12)(13)(14)(15)(16)(17). But, the coacervate structure is not yet perfectly elucidated and, according to the nature of the solute, solubilization phenomena in coacervate and in normal micelles may appear to be similar (18) or different (19). The present work intends to study phase separation phenomena in such systems from a more fundamental point of view linked to engineering problems. The extraction process is classically governed by different rates: mass transfer and phase separation. Recently, the kinetics of phase separation in poly(ethylene glycol)-salt two-aqueous phase systems has been studied in terms of physical chemical properties of the phases (density, viscosity, interfacial tension) (20)(21)(22)(23)(24). The authors measured the dispersion height as a function of time and found that the kinetics was highly dependent on the nature of the continuous phase. APE are typical nonionic surfactants, denoted by C n ФE m , where n refers to the number of carbon atoms (more often 8 or 9) in the branched alkyl chain and m to the number of ethylene oxide units in the molecule. The present study concerns the effects of several parameters (temperature, surfactant and solute concentration) on the kinetics of isothermal phase separation and phase clarification in Triton X114 (C 8 ΦE 7,5 )/water systems, investigated by means of the Turbiscan LAb Expert®. Turbiscan MA 1000, MA 2000 had already been used successfully to study the stability of various emulsions (25-28).

EXPERIMENTAL

Reagents

Triton X114® (t-octylphenol with 7-8 ethylene oxide units) was kindly supplied by SEPPIC (France). The organic solute, benzyl alcohol, was obtained from Sigma Chemical Company. The water used was distilled.

Methods

Sample preparation

Surfactant solutions of various concentrations (w/w), in the presence or absence of benzyl alcohol, were prepared by weighing appropriate amounts of the solutes and dissolving them in water. The solutions, placed in a glass tube, were stirred at 300 rpm for 15 min. and thermostated above their cloud point.

Cloud point determinations

The cloud points of the samples were determined by means of a Mettler FP 900 apparatus at a heating rate of 1°C/min. All the cloud points given in this study were averaged over at least triplicate measurements. Cloud-point temperatures were reproducible within 0.1°C.

Optical measurements

Turbiscan LAb expert ® (a registered trademark of Formulaction, France) is an optical device allowing to investigate the behavior of concentrated dispersed media through light transmission or back-scattering measurements: it uses a near infrared light source ( = 850 nm) and a detection head which moves up and down along a cylindrical glass tube (Figure 1). The detection head acquires transmission and back-scattering data every 40m while moving along the 55 mm high cell. The transmission detector receives the light going out of the sample at 0° from the incident beam, while the back-scattering detector receives the light scattered by the sample at 135° from the incident beam. Thermo-regulation allows measurements to be carried out at a controlled temperature, from 5°C to 60°C above room temperature. Measured data can be seen on the Turbiscan LAb visual display, stored and processed on a PC through an appropriate software.

(Figure 1) Surfactant solutions were studied at a given temperature above their cloud point (T = T -T c ). The photons emitted by the light source crossed the phases (dilute and coacervate) and were collected by the transmission detector. The transmission signal of surfactant solutions was determined all along the 55 mm tube height.

RESULTS AND DISCUSSION

Effect of a Solute on the Cloud Point Curve

The observed cloud point curve of the Triton X114/H 2 O system is consistent with literature data (16,29). As it occurs with C 4 to C 12 aliphatic alcohols (30-31) and salting-out electrolytes (9, 32-36), the addition of benzyl alcohol lowers the cloud point of the Triton X114 solutions (Figure 2). Thus, all other things being equal, an increase of the initial benzyl alcohol concentration results in more surfactant partitioning in the coacervate (smaller volume of more concentrated coacervate).

(Figure 2)

Kinetic Studies

The chronology of events observed in cloudy mixtures can be divided into two steps: 1) phase separation yielding a dilute phase and a coacervate with formation of an interface and 2) clarification of each phase, where very small droplets of one phase are expected to migrate towards the other one, even after the quasi-stabilization of the interface.

Phase separation

The kinetics of phase separation was measured by following the interface level as a function of time. For the whole experiments, the time for complete phase separation was defined as the time required for the interface to be located at its final place (on a macroscopic scale). The migration of the interface vs. time can be easily followed by means of the Turbiscan. For instance, at 5°C above the cloud point, an increase of the transmission ratio, T, in the upper phase is observed, indicating that the lighter dilute phase starts to be formed first. Let us fix a threshold, e.g. 7%, to the ratio of transmitted light, T. The thickness of the dilute phase (L) varies as shown in Figure 3. Typical T profiles (43 selected scans during 22 min.) were obtained for a 8% (w/w) solution, along the tube containing the sample. The left side of the Turbiscan profiles (from 0 to 31 mm) corresponds to the bottom (coacervate) and the right side (from 31.2 to 44.8 mm) to the top (dilute phase). So, as the interface migrates, layers farther from the top reach the said T value. During the 22 min. of scanning, no transmission signal appeared in the lower part of the sample (bottom phase).

(Figure 3) When the thickness, L, of one phase is plotted vs. time, the process of phase separation appears to be composed of three steps represented schematically in Figure 4.

(Figure 4) Stage I (between 0 and 20 min.) corresponds to an induction period, that is, there is no macroscopic evolution of the cloudy mixture. In stage II, L increases very quickly; droplet migration makes the interface appear and phase separation occurs. During stage III, L becomes almost constant: it reaches a plateau indicating maximum phase separation. This means that, during all the process and thanks to gravity, droplets mainly migrate from the upper to the lower phase. The effects of several parameters (temperature, surfactant and solute concentrations) on the phase separation rate have then been investigated.

Effect of temperature

The system behavior is strongly influenced by temperature. Figure 5 clearly shows the temperature dependence of the phase separation time for a 8% (w/w) surfactant solution above the cloud point. The larger the interval between the temperature of the experiment and the cloud point, the shorter the period of time before interface stabilization: thus, for a T value of 7°C, only 2-3 min. are needed for the interface to reach its final level (Figure 5c), while for narrower T, 5°C (Figure 5b) and 3°C (Figure 5a), about 1 hr. is required, with induction periods of 22 min. and 32 min., respectively. The stronger driving force for larger T is likely to be related to larger temperature deviation from the cloud point and to higher density differences (Table 1).

(Table 1) Above a T of 7°C, an early increase of the T signal in the bottom of the sample could be observed, meaning that phase separation then started from the lower phase by migration of droplets of dilute phase.

(Figure 5) Effect of overall surfactant concentration At a constant T, the overall surfactant concentration has an effect on phase separation time. The comparison of Figures 6a and6b (lower concentrations) makes it clear that phase separation is fast, since a few minutes are sufficient to reach a stable interface location. The systems with higher concentrations (Figures 6c and6d) need a longer time (about 1.5 hr.) to separate. Moreover, for concentrations of 4% (w/w) and 6%, phase separation starts instantaneously, whereas for 8% and 12%, induction periods, 20 min. and 38 min., respectively, are observed. However, the dilute phase is less abundant in the latter cases. Therefore, the mixtures separate more slowly as a consequence of the increase in overall surfactant concentration, related to a larger volume of coacervate and possibly to a higher viscosity.

(Figure 6) Effect of the organic solute Just as the presence of an organic solute can affect the cloud point, so the same solute can change the phase separation rate. Figure 7 shows the kinetics of phase separation for a 8% (w/w) surfactant solution in the absence and in the presence of benzyl alcohol 3°C above the respective cloud points. Clearly, benzyl alcohol accelerates phase separation: 0.15% and 0.30% solute reduce the time to reach a stable interface from ca. 60 min. (pure surfactant) to 33 min. and 25 min., respectively. In these conditions (solute denser than water:  ФCH2OH = 1.0419 g/cm 3 at 24°C), the surfactant-richer coacervate gets heavier (Table 1) and this property may be more decisive than the solute concentration itself.

(Figure 7)

Phase clarification

Very small droplets of one phase possibly remain in the other even a rather long time after the interface seems to be stable. The phases can thus be opaque. The time for complete phase clarification was defined as the time required, for both of them, to reach a constant, maximum transmission value. The kinetics of phase clarification was followed by the evolution of the transmission (T) signal vs. time for several surfactant concentrations.

Effect of surfactant concentration

∆T = 5°C

Figure 8 shows the transmission (T) profiles obtained in the case of several surfactant concentrations (4, 6, 8 and 12% w/w) along the sample tube, from 0 to 25 hrs. For each concentration, the measurements were performed 5°C above the cloud point curve. Consistently with the phase diagram, an increase of the surfactant concentration reduces the volume fraction of dilute phase. For all samples, the transmission signal in the upper phase increases very quickly after phase separation, indicating that coacervate droplets migrate from top to bottom phase. After about two hours of scanning, an increase of the T signal in the bottom phase is observed, which means that this phase is starting to clarify, supposedly through migration of droplets of dilute phase.

(Figure 8)

Figure 9 shows the evolution with time of the average transmission signal released in the bottom and top parts of the tube for the four previous concentrations of Triton X114. From these graphs it can be seen that the initial clarification is always slower for the coacervate. In all experiments the dilute (top) phase early becomes transparent, in fact much more rapidly for higher surfactant concentrations (Figures. 9 c and d), probably due to higher density differences between more concentrated coacervates and almost identical dilute phases (Table 2).

(Table 2) After 10 to 18 hrs., according to initial surfactant concentration, transmission plateaus are reached for both phases. In the first three examples (Figures 9a,b,c), phase clarification is obtained, suggesting the occurrence of an equilibrium state. On the other hand, for the 12% surfactant solution, the 25 hrs. of scanning are not sufficient to allow clarification of the coacervate, the T value in the bottom phase remaining close to 17% (Figure 9d): the system must then be still far from equilibrium.

(Figure 9)

T = 10°C
Figure 10 shows the evolution versus time of the transmission profiles for various surfactant concentrations 10°C above the cloud point curve. The behavior of the dilute phase is quite similar to that observed for a T of 5°C. However, although the coacervate seems to attain a maximum transmission value (30 to 80%, according to the initial surfactant concentration) after about 15 hrs., the whole system is far from reaching an equilibrium state since, for all concentrations, a decrease of the transmission signal in the heavier phase is observed right after this first maximum. Thus, the coacervate shows an oscillatory behavior with a characteristic period of ca. 25 hrs. Here again, the amplitude of the transmission variations is much less for the 12% surfactant solution. Now, these oscillations do not seem to reflect mass transfer phenomena between phases since they can be observed in the coacervate kept in a precision oven even after removal of the dilute phase. The driving force of such a convective instability might be attributed to a temperature, concentration or particle size gradient. Given the period of the oscillations compared with that of the thermoregulation (Turbiscan or precision oven), this phenomenon could be due to concentration or size changes of the colloidal aggregates. It is likely that the oscillation phenomenon is amplified by the apparatus, that is a slight change in the medium is expressed by large variations of the transmitted intensity. Let us note, however, that, for the sake of clarity, the curves relative to the coacervate behavior have been smoothed (Figure 10). The original diagrams present a lot of smaller, seemingly irregular oscillations.

(Figure 10) For T values larger than 10°C, a chaotic behavior of the transmission signal given by the coacervate is observed. If the cloud temperature is taken as a reference in each case, this evolution is consistent with the general pattern of systems farther and farther from equilibrium. Close to its equilibrium state, the system attains stability monotonously; farther from equilibrium, it undergoes oscillations, and still farther it behaves in a chaotic manner.

Effect of temperature

The temperature dependence of the time for dilute phase clarification has been measured. Figure 11 shows the evolution with time of the height, L c , of the transparent part of this phase (T ≥ 40 %) for a 8% (w/w) surfactant solution at different temperatures. The origin is set at the top of the dilute solution.

(Figure 11) Obviously, for a given surfactant concentration, as predicted by the phase diagram, L c for the dilute phase increases when the temperature of the experiment gets farther from the cloud point. Contrary to the above-mentioned phase separation phenomenon, phase clarification occurs earlier for lower T values, i.e. clarification time of the dilute phase increases with temperature. For lower temperature intervals (T = 2°C and T = 5°C), phase clarification only needs 2 to 3 hrs., whereas, for higher T values (10°C or 15°C), an induction period (7 or 9 hrs., respectively) is observed and the total clarification time (up to the equilibrium plateau) is 12 or 14 hrs., respectively. It might be dur to thermal motion. In fact, this trend is not so regular: the clarification rate is much faster for a T of 5°C (20 mm/h) than for 2, 10 or 15°C (~ 5 mm/h). Therefore, temperature has important effects on phase separation and phase clarification times, but the two phenomena seem to be totally independent and further work is needed to elucidate these opposite influences.

CONCLUSIONS

In this paper, we have applied a new optical technique to stability studies of a two-aqueous phase system. The main advantage of the Turbiscan Lab® is to detect the destabilization phenomena in concentrated media from their very beginning at a fixed temperature. The effects of several parameters (temperature, solute and surfactant concentrations) on the behavior of the Triton X114/water system were studied. It is essential to discriminate the two processes of phase separation and phase clarification. Phase separation becomes faster with surfactant concentration reduction, temperature rise and increasing benzyl alcohol (solute) concentrations. The kinetics of phase clarification in the different aqueous surfactant solutions was also studied. 5°C above the cloud point, it takes about 10 to 18 hrs. for the phases to clarify. 10°C above the cloud point, the two phases generated by the same mixtures do not reach equilibrium after 2 days. The coacervate phase shows an oscillatory behaviour with a characteristic period of ca. 25 hours.
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