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Introduction.

Many emulsions are made by mechanical mixing of oil and water phases.  Generally, vigorous mixing is required to obtain small drop sizes.  However, in some cases such mixing is impossible or undesirable, and spontaneous emulsion formation is preferred.  That is, compositions of the initial oil and water phases are not in equilibrium and are chosen such that small drops form spontaneously when the phases are brought into contact. 


Because it is an intriguing phenomenon, an extensive literature exists on spontaneous emulsification 1-4) .  Various mechanisms have been suggested, for instance spontaneous expansion and breakup of an oil-water interface produced by transient local negative values of interfacial tension.  Vigorous Marangoni flow leading to break-off of drops from an interface has also been proposed as a mechanism of spontaneous emulsification.  However, while both phenomena occur simultaneously in numerous systems, conclusive evidence is lacking that the former causes the latter.  Indeed, in some systems it is clear that emulsification stems from the local supersaturation mechanism discussed next but that Marangoni flow greatly increases the rate of emulsification by increasing rates of mass transport near the interface 1,4) .


This paper deals with emulsification involving formation of drops of one phase in another that has become locally supersaturated as a result of diffusion.  Davies and Rideal  recognized that supersaturation was involved in many cases of spontaneous emulsification and called this mechanism "diffusion and stranding" 1).  Miller summarized knowledge of this mechanism with examples from oil-water-alcohol and oil-water-surfactant systems5).  In the latter case the examples mainly involved spontaneous emulsification of water drops in an oil phase when the surfactant diffused from the aqueous phase into an oil in which it was highly soluble.  For instance such behavior occurs in a nonionic surfactant/hydrocarbon/ water system above its phase inversion temperature (PIT).  Clearly, understanding when local supersaturation can be expected requires knowledge both of equilibrium phase behavior and of the diffusion processes which take place.

In this paper we consider spontaneous emulsification in situations where a drop of oil containing both a nonionic surfactant and a medium- or long-chain alcohol contacts water.  Two systems with different alcohols are discussed which have differences in phase behavior leading to some differences in the emulsification mechanism. 
Experimentals


The linear alcohol ethoxylate C12E6 with a reported purity of about 99% was purchased from Nikkol Chemical Co., Japan, and used without further purification.  Reagent grade n-hexadecane (denoted as C16HC) was obtained from Humphrey Chemical.  Reagent grade octanol (denoted as C8OH) and oleyl alcohol (denoted as C18:1OH) were obtained from Sigma.

Samples for phase behavior studies were prepared and equilibrated for times up to one month at 30°C.  Among a series of the samples with a given surfactant and different alcohol contents was determined to be at the PIT at 30oC when the middle-phase microemulsion appeared to contain equal volumes of oil and water and the phase separation speed of the mixture was the fastest.  With phase behavior data covering a larger range of concentrations of components, a series of triangular psuedoternary phase diagrams was constructed with different ratios of hexadecane to alcohol.
Oil drop contacting experiments utilizing a thermal stage to maintain constant temperature and a videomicroscopy system to observe and record dynamic behavior were conducted as described in ref. (6).  That is, a small drop of oil some 50-100 m in diameter is injected into such a cell placed on a conventional horizontal microscope stage and nearly filled with an aqueous phase, then the behavior of the drop was monitored.  


Further details for the above experimental procedures are given in ref. (7, 8) .

Results and Discussion


For the samples containing 50 wt % oil (hexadecane and alcohol), 2.5 wt % surfactant, and 47.5 wt % water, equilibrium phase behavior showed the famous Winsor phase transition with increasing alcohol concentration.  The weight fraction of alcohol in oil required to bring down the system PIT to 30oC was 0.05 for the octanol system and 0.067 for the oleyl alcohol system.  The complete equilibrium phase diagrams are given in ref. (7, 8).

A systematic study of spontaneous emulsification using oil drop contacting technique was performed for the n-hexadecane/n-octanol/C12E6 system, where the alcohol had appreciable solubility in water.  The detailed results are summarized in Table 1.  In the system complete emulsification to form uniformly small droplets a few microns in diameter was observed only when initial octanol and surfactant concentrations in the injected drop exceeded 10 wt % and 15 wt % respectively.  Phase behavior studies demonstrated that the former constraint amounts to a requirement that alcohol content exceed that of the excess oil phase in equilibrium with a balanced microemulsion and water at the experimental temperature, i.e., that the system be above the PIT.  The mechanism of emulsification can be described with aid of diffusion process and phase transition.  As water diffuses into the drop and water-soluble octanol to the water, the drop becomes a microemulsion.  Little surfactant leaves the drop because its solubility in water is basically the CMC, which is very low, for conditions above the PIT.  As alcohol continues to diffuse into the water, the microemulsion drop becomes more hydrophilic.  Eventually, it becomes supersaturated in oil, initiating spontaneous emulsification.  Later it becomes miscible with water, the emulsification continues as the solubilization capacity for oil decreases.
Table 1. Behavior of drops of hexadecane/octanol/C12E6 mixtures

contacting pure water at 30oC

Weight ratio of oil to C12E6
Weight ratio of oil (C16HC/C8OH)


100/0
96/4
93/7
90/10
85/15
75/25

95/5
No activ.
-
-
A*
A*
A*

90/10
-
-
-
A*
A*
A*

85/15
A
A
A*
B
B
B

80/20
-
-
-
B
B*
B*

75/25
A
A*
A*
B*
I
I

Note ;  A,A*,B,B* : Drop breaks into smaller drops having size distribution similar to those shown in accompanying video frames.  I : Drop becomes miscible with the aqueous phase, leading to very few or no droplets observed.
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Spontaneous emulsification was also investigated systematically for the system n-hexadecane/oleyl alcohol/C12E6/water, where the alcohol is nearly insoluble in water.  The results for various drop compositions are shown in Table 2.  Complete emulsification to form small oil droplets was seen only when the hexadecane/oleyl alcohol ratio in the injected drop was between 95/5 and 90/10 by weight and when surfactant concentration was at least 20 wt %.  The former condition is basically a requirement that the ratio be near that corresponding to the PIT.  Phase behavior studies indicated that the latter condition was necessary in order for the drop to be completely converted to the lamellar phase as it took up water following injection.  As yet more water entered the drop, the lamellar phase became supersaturated in oil, and spontaneous emulsification occurred.  

Table 2. Behavior of drops of hexadecane/oleyl alcohol/C12E6 mixtures

contacting pure water at 30oC

Weight ratio of oil to C12E6
Weight ratio of oil (C16HC/C18:1OH)


97/3
95/5
93/7
90/10
87/13
75/25

95/5
A
A
A
A
A
A

85/15
A
A*
A*
A
A
A

80/20
-
B
B
B
-
-

75/25
A*
B
B
B
F
F

65/35
A*
B
B
B
F
F

Note ;  F : Drop breaks into smaller drops and myelinic figures.

The stability of the emulsions so formed was studied using turbidity measurements in a gently stirred system 8) .  The most stable emulsion was found for an initial drop composition where the equilibrium phase behavior indicated that the lamellar phase was present to form a protective coating around the small oil droplets formed by the mechanism described above.


In all these studies with alcohols of various chain lengths it was found that spontaneous emulsification yielding only small droplets (of order 1m in diameter) required that the injected drop be (a) completely converted to a phase such as a microemulsion or the lamellar liquid crystal which (b) subsequently became supersaturated in oil.  While the studies all involved rather hydrophilic surfactants and lipophilic alcohols, these criteria should also apply for mixtures of hydrophilic and lipophilic surfactants.
The systems satisfying the above criteria and thus exhibiting self-emulsification of oil drops all had at least four components.  It was found that ternary systems consisting of water, hydrocarbon, and a pure nonionic surfactant could not satisfy both criteria simultaneously 7) .  In any case knowledge of the equilibrium phase behavior of the system of interest is of great value in choosing suitable conditions for emulsification.
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