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A B S T R A C T  

Two systems: (a) a costabilized system of toluene/water/ l-propa- 
nol, and (b) an emulsion system of toluene/sodium dodecyl sulfate/ 
1-butanol/NaCl solution are used as examples to provide some 
general observations on emulsion formation and stability. Phase 
volume and interfacial tension measurements indicate that the 
requirement for formation of O/W systems is low ~'i, but for overall 
stability, "Yi must be positive and of significant value in addition 
to any steric barrier at the interface. An approximate calculation of 
the amount of surfactant needed to fill the interface provides a 
guide for preparation of such systems. 

INTRODUCTION 

The formulator  in the Food,  Drug, and Cosmetic Industry 
often spends long hours developing an easily dispersible ye t  
stable emulsion as the vehicle for his product.  The exact 
and simplest means of  formulating such systems is still in 
question and often becomes the experimenter 's  trade se- 
cret. The following discussion sheds some light on this pro- 
cess and will summarize guidelines for such formulations. 

Emulsion formation and stabili ty theories and rules per- 
vade the literature. To this day, there is not  one theory or 
rule which universally preducts every aspect of  emulsion 
formation and stability and also provides easy-to-use formu- 
las for calculation purposes. This only indicates the com- 
plexity of such colloidal systems. Earliest theories were 
based on classical collision theory by Smoluchowski (1,2). 
Thereafter, theories using the newly developed theory of  
electrostatic repulsion between the dispersed and continu- 
ous phases were applied for emulsion stability. Derjagyin 
an Landau (3) and Verwey and Overbeek (4) were the first 
researchers to rigorously explain emulsion stability mathe- 
matically according to the double layer (DLVO) theory.  
The DLVO theory explained many observations particular- 
ly aimed at ionic surfactants but, once again, there were 
great deviations for certain systems. Schulman and cowork- 
ers (5,6), in the late 1920s, were reporting stable emulsions 
which contained mixed complexes of nonionic materials. 
Their work stressed the importance of  the interfacial film 
being of a condensed liquid nature and thus becoming a 
barrier to coalescence, Years later, researchers demonstra- 
ted that  stability of certain emulsions was enhanced when 
the so-called liquid crystal phase formed at the oil and 
water (O/W) interface. Friberg and coworkers were able to 
correlate this to many emulsion systems (7,8). 

Of more practical importance was the application of 
Bancroft 's rule in 1913 to nonionic systems (9). He made 
the observation that  the-phase in which the emulsif ier  was 
most soluble formed the continuous phase of  the emulsion. 
Griffln (10),-some years later, further clarified Bancroft 's  
rule relating a balance between the hydrophil ic  and lipo- 
philic solution tendencies of  the surface-active agent. This 

was later known as the HLB theory,  hydrophilic-lipophilic 
balance, and is well documented by much practical use. 
Becher (11) expanded much of  this work in later years. 
Along the same line, Shinoda and Saito (12-14) were pri- 
marily responsible for the concept  of  phase inversion tem- 
perature or PIT, as it is often called. This is the temperature 
at which an emulsifier shifts its preferential solubility from 
water  to oil with an increase in temperature.  While this 
work pertains principally to nonionic surfactants, it does 
provide rules for emulsion formulation. 

Another  concept  based on a more theoretical approach 
than the HLB theory is that  of  Winsor's " R "  ratio (15). In 
this theory,  a ratio is determined based on the molecular in- 
teraction energies on the 2 sides of  the O/W interface when 
interface is saturated with the emulsifier. Beerbower and 
Hill (16); using Hildebrand's terminology (17), suggested 
the term "cohesive" for these energies between both the 
like and unlike molecules and was able to draw practical 
conclusion on the stability of various emulsifiers in differ- 
ent solvents. This concept is used in the oil and paint indus- 
tries with a great degree of success. 

In this paper, 2 systems are presented to demonstrate  
other  points of consideration on formation and stability of 
emulsions. The 2 systems are (a) the cosolubilized system 
of  toluene/water/1-propanol,  and (b) an emulsion system 
toluene/sodium dodecyl  sulfate/1-butanol/NaCl solution. 
This latter system was~chosen because it can exhibit  a range 
of  dispersions and stability levels as a function of concen- 
trat ion of NaCI. This was demonstrated in previous work 
with phase diagrams. 

E X P E R I M E N T A L  

Toluene, propanol,  butanol and NaCI were reagent-grade, 
manufactured by Fisher Scientific Co., Pittsburgh, PA 
15219. Sodium dodecyl  sulfate was also of  reagent grade, 
produced by J.T. Baker Chemical Co., Phillipsburg, PA 
08865. Freshly distilled water was used in all preparations. 
The interfacial tension measurements were made using a 
sandblasted Teflon blade and a microforce transducer/am- 
plifier recorder system (Transducer/Amplifier  Model 311 A, 
Sanborn Company,  Waltham, MA, recorder Model SREH, 
Sargent Company, Springfield, NJ) down to a level of 0.25 
dyne/cm. Lower measurements in the mill idyne region were 
determined using a spinning top  apparatus (University of  
Austin, Austin, TX). Phase separation was measured in a 
graduated cylinder after constant shaking by hand and then 
by  set t lement for 2 days in a controlled temperature envi- 
ronment  of  21.5 C. 

RESULTS 

Figure 1 is the ternary phase diagram for water/ toluene/1- 
propanol system at 21.5 C. Figure 2 demonstrates the vol- 
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I -  P R O P A N O L  

W A T E R  PHASE DIAGRAM FOR SOLUBILIZED SYSTEM T O L U E N E  

FIG. 1. Ternary phase diagram for water/toluene/1-propanol at 21.5 
C. 
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FIG. 2. Aqueous volume as a function of solubilizing agent l-penta- 
nol. Initial system 5 mL toluene/5 mL water. Temperature 21.5 C. 

ume change of  the cosolubilized system when 1-propanol is 
t i t rated to the suspension system of 5 mL toluene/5 mL 
water. Following the addition of  alc6hol, the system was 
thoroughly shaken and left overnight in an air-conditioned 
room. The volume (mL) of the lower phase is plot ted vs the 
volume (mL) of 1-propanol added. The water/ toluene inter- 
face disappeared and became a solubilized system after the 
addit ion of  15.6 mL of 1-propanol. 

Figure 3 describes the change in interracial tension as 1- 
propanol (mL) was added. Curve A shows the region from 0 
to 10 mL (left side ordinate in dynes/cm). Curve B shows 
the region from 8 to 18 mL of added 1-propanol (right side 
ordinate in millidynes/cm). The apparent  change in slope of 
the curves in these figures is due to a change in scale of  the 
ordinate axis. Extrapolat ion of  curve B to Ti = 0 yields a 1- 
propanol volume of 17.6 mL. This volume of  1-propanol 
should be noted as being different from the amount  neces- 
sary to solubilize the system (Fig. 2). Experiments on other 
water/ toluene/alcohol systems is also in agreement with 
these results. These findings will be presented in a future 
publication. 

Figure 4 relates to the more complicated emulsion sys- 
tem of  1.95% sodium dodecyl  sulfate, 3.75% 1-butanol, 
46.3% toluene when mixed with varying weight percentages 
of a s tock aq 48% NaC1 solution. The percentage NaC1 is 
calculated in the graph as g of NaC1 in 100 g of  water. Each 
system was thoroughly shaken in a graduated cylinder and 
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FIG. 4. Change in interfucial tension (V) and phase volume (D) as a 
function of weight % of NaCI for the dispersion of toluene/butanol/ 
NaC! dodecyl sulfate/aqueous NaCl. Temperature 21.5 C. 
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FIG. 3. Change in interracial tension as a function of volume of 1-pentanol added to a dis- 
persion of 5 mL toluene/5 mL water. Temperature 21.5 C. 
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allowed to equilibrate for 48 hr at 21.5 C. The total  volume 
for each experiment was measured. Likewise, the total  vol- 
ume in each phase was measured. Between 4.0 and 4.8% so- 
dium chloride, a 2-phase system was formed with the upper  
layer clear and the lower layer milky, indicating an oil in 
water dispersion. Above 4.8% NaC1, 3 phases were observed, 
an upper  clear layer; a milky middle phase and a lower clear 
phase. The volume at each phase was recorded. Above 6.4% 
sodium chloride, 2-phase regions once again occurred; this 
time, the upper phase was milky and the lower phase was 
clear, indicating complete inversion of  water and oil. Plot- 
ted on the same curve was the measurement of  the interfa- 
cial tension at the upper phase and the lower phase inter- 
faces. As the concentration of sodium chloride increases, 
the interfacial tension of  the upper  phase decreases, where- 
as that  of  the lower phase increases. 

DISCUSSION 

From the results obtained in studying the cosolubilized sys- 
tem, it is obvious that  a large amount  of cosolubilizing 
agent (1-propanol) is required to produce a one-phase sys- 
tem. In actuality,  in this study, over 10 mL of 1-propanol 
was added to the 5 mL of  water and 5 mL of  toluene be- 
fore the volume of  the bo t tom aqueous phase started to de- 
crease, thus indicating solubilization. It becomes obvious 
in Figure 3 that  the alcohol has, however, a very rapid and 
significant effect on lowering the interfacial tension well 
before significant reduction of the lower phase is observed. 
Thus, it  can be concluded that, even though the'interfaciat 
tension is small and the work required for the formation of 
the emulsion is lowered, the stability of the system is still 
lacking. In addition, the fact that  the extrapolated intercept 
for 7i = 0 required 17.6 mL of  1 -p ropano l -ye t  the system 
became one-phase after addit ion of  15.6 m L - f u r t h e r  indi- 
cates that  a +  interracial tension, 7i, is needed for stability. 
These facts are in agreement with our previous papers (18- 
20) in which we have indicated that  the work of emulsion 
and microemulsion formation and overall stability are 2 in- 
dependent  factors. In particular, although formation of  the 
dispersion is enhanced by the low Yi, the stability is related 
to the interracial film formed (whether steric or charged) 
and, in fact, needs a higher 7i- In the case of  toluene, water 
and 1-propanoI, the film formed is weak and incapable of  
maintaining a dispersed phase. For  this reason, 1-propanol 
has always been known as a good cosolubilizing agent, bu t  
not  as an emulsifying agent. 

In the study of  the emulsion system, below 4.7% sodium 
chloride, a 2-phase system is formed. The upper clear oil 
phase and a lower milky phase which displays oil in water 
characteristics. Above 6.4% sodium chloride, a water in oil 
emulsion dispersion starts to form, indicated by the milky 
upper layer and clear lower layer. It should be noted that  
around 4.7 and 6.4%, slow separation occurred after vigor- 
ous shaking of these systems (separation occurred at a 
much slower rate, requiring well over 24 hr to reach an 
equilibrium condition). The region from 4.7 to 6.4% so- 
dium chloride produced a 3-phase system with a clear upper  
layer, a middle milky layer and a clear lower layer. Rapid 
separation occurred after vigorous shaking of  these systems 
(less than 2 hr) and, in particular, in the middle region of  
the 3-phase system. Coincidentally , if one plots the overall 
change in interfacial tension of  the upper  and lower phases, 
it  is at a minimum in this region. This is interpreted that  the 
lowest possible 7i produces the finest dispersion, but  when 
7i is too low, phase separation occurs rapidly. It is impor- 
tant  to remember that  spherical shape of  a droplet  corres- 
ponds to minimal interfacial area for a given volume of dis- 
persed phase and minimal interfacial free energy. 

A sufficiently low positive value of  7i is always bet ter  
for emulsion formation. Nevertheless, below a certain value 
of  Yi phase separation, sol or g e l f o r m a t i o n  will be pro- 
duced but  not  emulsification. Moreover, emulsion sta- 
bil i ty is, in turn, not  dependent  on the value of  the inter- 
facial tension but  solely on the structure of the inter- 
facial film surrounding the individual droplet.  Therefore, low 
interfacial tension is required for formation of the system 
but  a positive interfacial tension appears to be required for 
stabili ty of  any degree. This is similar to observations of 
Shinoda and Saito (12) who first suggested forming their 
emulsification process using nonionic surfactants at the PIT 
temperature (minimal interracial tension) and then lowering 
to provide further stability. At  the PIT, 7i is minimally 
favorable to O/W interfacial area formulation. In our work 
on microemulsification (18-20), the same concept  appears 
to apply;  low interracial tension is initially required to 
lower the initial work requirement. However, through trans- 
fer and redistribution at the interface, the interfacial ten- 
sion eventually increases, while the O/W interface curls and 
droplets  are formed, allowing a barrier to form at the inter- 
face and preventing coalescence. This observation was also 
described mathematical ly by Defay and Sanfeld (21). 

M E T H O D  OF P R E P A R A T I O N  OF 
EMULSION A N D  M I C R O E M U L S I O N  

Two systems were studied as models in this paper. Other 
systems have been observed in our laboratory which follow 
similar patterns (18). From these results, the following 
recommendations are offered to help the formulator  bet ter  
understand and develop stable opaque or transparent emul- 
sion systems (22). What is described next applies to O/W 
systems, although a similar reasoning also applies to W/O 
systems. 

(a) A surfactant is selected which is just barely soluble in 
oil phase; (b) the surfactant thus selected is dissolved into 
the oil to be emulsified in an a m o u n t  effective to yield a 
fine emulsion of  the emulsified oil in an aqueous phase; (c) 
the oil, together with its dissolved surfactant, is added to 
the water phase and shaken or stirred; (d) finally, a second 
surfactant is selected to be added while stirring the system 
in the water phase which is somewhat more soluble in water 
than the first surfactant to produce a stable emulsion or a 
microemulsion of oil in water. 

The amount  of surfactant needed (22) to produce a 
coarse or transparent emulsion can be estimated by using 
the equation:  

3v n - [I] 
r o  

GMW 3V 
x= • - -  , [Ill 

6.02 × 1023 molecules rG 

mole 

where V = volume of dispersed phase (mL); r = radius of 
dispersed droplet  (A); o = interfacial molecular area of the 
surfactant (A"/molecule) ;  GMW = gram molecular weight; 
x = weight of  surfactant in g; n = number of surfactant 
molecules at the interface. 

Selecting primary surfactant and cosurfactant capable of 
redistribution between the phases is all important .  In the 
process of  doing so, an interfacial tension gradient will 
form, initially lowering the interfacial tension and allowing 
further dispersion of the emulsion followed by  redistribu- 
tion into the bulk phase, leaving a stabilized film for struc- 
tural stabili ty of  the dispersion. 

It is recognized that  our recommended procedure may 
not  always produce the desired dispersion because of  struc- 
tural molecular compatibi l i ty  of the oil phase molecules 
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with the  hydrophob ic  part of  the surfactant .  In addit ion,  
deviat ions may  also be due to hydra t ion  o f  the polar  head 
of  the surfactant  which is affected by the compos i t ion  o f  
the aqueous  phase. Nevertheless,  it serves as a good start ing 
po in t  in forming  stable emulsion.  More impor tan t ly ,  this 
work  stresses that  the fo rmat ion  o f  dispersed systems is no t  
dependen t  on simple t he rmodynamic  stabili ty but  depen- 
dent ,  at least in part,  on the  occurrence  of  kinet ic  condi-  
t ions f avorab le  to the dispersion of  the dispersed phase into  
the  O/W system. 
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