
STUDIES IN  EMULSIONS 
BY WILLIAM SEIFRIZ 

111. DOVBLE REVERS.4L O F  OIL EMCLSIONS OCCASIONED 

BY THE SAME ELECTROLYTE 

Introductory 
Emulsions made from petrcleum distillates form, when stabilized with 

casein, oil-in-water emulsions if the oil is of less than 0.828 specific gravity. 
If the oil is of a greater specific gravity than 0.857 the emulsions are of the 
water-in-oil type. If the oil is of intermediate specific gravity (between 0.828 
0.857) it either cannot be emulsified at  all, or it forms a coarse unstable emul- 
sion. 

The oil-in-water emulsions of light petroleum distillates are made more 
stable and the degree of the dispersion of the oil increased by the addition of 
NaOH, Ba,(OH)2, Th(N03)4 and A12(S04)3. The water-in-oil emulsions of the 
heavier oils are reversed into the opposite type by the same four electrolytes. 

The effects of the above four electrolytes on emulsions of light and of heavy 
petroleum oils leads one to expect that these electrolytes will promote the 
emulsification of the unemulsifiable oils, which are of intermediate specific 
gravity (from 0.828 to 0.857), into oil-in-water systems. This is true in part. 

Experimental 

When either the hydroxide of Na or Ba is added to an unemulsifiable 
mixture of aqueous casein and an oil of intermediate specific gravity, the un- 
stable system usually becomes first a water-in-oil emulsion, and then, on the 
addition of more of the same electrolyte, reverses into an oil-in-water emul- 
sion. The following is a specific example of the production of a water-in-oil 
emulsion from an unemulsifiable petroleum oil, and the reversal of this emul- 
sion into one of the opposite type on the further addition of the same hy- 
droxide. 

Double reversal of petroleum oil emulsions.-A mixture of 2j C.C. of a petro- 
leum distillate of 0.834 specific gravity and 2 5  C.C.  of an aqueous casein dis- 
persion cannot be emulsified by repeated shaking. The two phases separate 
immediately. The addition of 0.03 C.C. of M/ j Ba(OH)z causes, after shaking, 
the production of a coarse but moderately stable water-in-oil emulsion, in the 
large water globules of which are a few scattered oil droplets. These latter 
are the forerunners of the future oil-in-water emulsions. (Photo. I ) .  One 
drop more of M / j  Ba(OH)z (0.66 C.C.  of hydroxide in 50 C.C. of emulsion) 
leaves the coarse water-in-oil emulsion unchanged but increases the amount 
of dispersed oil in the water globules (Photo. 2). One C.C.  of M / 5  Ba(OH)2 
reverses the entire emulsion into a stable oil-in-water system. 

V’hile the above description is the usual effect of Ba(OH)2 and of NaOH on 
the petroleum distillates which lie in the zone of instability (specific gravity 

(Photo. 3).  
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emulsion on the addition of Ba(OH)2, thus omitting altogether the preliminary 
water-in-oil stage through which its sister sample went. 

Still another unstable emulsion of a petroleum distillate of 0.852 specific 
gravity passed through the preliminary stages of establishing a water-in-oil 
emulsion but instead of this emulsion subsequently reversing into an oil-in- 
water one at  a moderate concentration of hydroxide, it became so thoroughly 
established that a t  2 5  C.C. of M / j  Ba(OH)% the system was still a fine water- 
in-oil one with no indication of reversal into the opposite type. (Photo. 4). 
Ten more C.C. (total 3 5 c.c.) of hydroxide reversed the system into a fine stable 
oil-in-water emulsion. The firm establishing of this water-in-oil emulsion is 
possibly in part accounted for by the fact that the oil (specific gravity 0.8 j z ) ,  
though within the unemulsifiable zone of instability, is very near the upper 
limit of the zone (specific gravity 0.857) at which point petroleum oils form 
stable water-in-oil emulsions without the addition of any electrolyte. The 
first oil discussed (specific gravity 0.834) which became a t  the outset a water- 
in-oil emulsion and later reversed with a low ( I  c.c.) concentration of hydrox- 
ide, is near the other end of the unstable zone below which point (specific 
gravity (0.828) the petroleum distillations form stable oil-in-water emul- 
sions without the addition of an electrolyte. 

These double reversals of petroleum oil emulsions with the same electrolyte 
take place only on the addition of a hydroxide, and more frequently with 
Ba(OH)2 than XaOH; and only with petroleum distillates which lie in the 
zone of instability. 

Double reversal of olive oil emulsions.-Double reversal on the addition of 
the same electrolyte was first observed in the case of olive oil stabilized with 
gelatose'. Such an emulsion is originally a fine and very stable one of the oil- 
in-water type. It cannot be reversed with BaClz or CaCL both of which re- 
verse numerous other oil-in-water emulsions, but is reversed by either the hy- 
droxide of Ba or the hydroxide of Na. It is the only one of eleven kinds of olive 
oil emulsions studied, each stabilized with one of eleven different organic sub- 
stances, which can be reversed in the same direction with a monovalent or a 
bivalent electrolyte, but the electrolyte must be a hydroxide. This is an ex- 
ception for olive oil emulsions. In  addition, there is the remarkable double 
reversal. The following is a brief account of the behavior of this emulsion. 

On the addition of either Na or Ba hydroxide to a gelatose-stabilized, olive 
oil emulsion which is of the oil.in-water type, the system partially reverses 
into a water-in-oil emulsion which ramifies among the remaining original oil- 
in-water emulsion. Complete reversal into a water-in-oil emulsion cannot be 
obtained. The adding of more hydroxide, instead of reversing the remainder 
of the original oil-in-water emulsion, now again reverses that which has al- 
ready been reversed. The water-in-oil part of the system is reversed back 
into the original oil-in-water type. 

W. Seifriz: Am. J. Physiol. 66, 124 (1923). 
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(Photo. 7 ) .  The reversal is, however, not complete as some oil-in-water emul- 
sion is still present, ramifying among the water-in-oil system. (Photo. 8). Nor 
does more hydroxide complete the reversal. Five C.C. of M / 5  Ba(OH)z starts 
the reversal back to  the original oil-in-water state. The system may now be 
as in photograph 9, where both types of emulsion ramify among each other, 
with the (‘oil” globules of the one containing dispersed water, and the ((water” 
droplets of the other containing dispersed oil; or the system may consist of a 
congloinerate of large and small oil droplets scattered in the aqueous matrix, 
with most of the “oil1’ droplets being themselves smaller mater-in-oil emul- 
sions. (Photo. IO) .  

After 3 hours this double emulsion still exists as such. Neither time nor 
reshaking changes the dual nature of the system. 

Two more C.C. of hydroxide, 7 in all, causes complete reversal of the system 
back into the original fine stable oil-in-water emulsion. (Photo. 5).  

An interesting exception to the above behavior of a gelatose-stabilized olive 
oil emulsion to  which an hydroxide has been added, is that illustrated in photo- 
graph 11 where the two types of emulsions in the same system are so firmly 
established that the system as a whole cannot be thrown one way or the other, 
even with so high a concentration as j o  C.C. of nil/ j Ba(OH)z added to  50 C.C.  

of emulsion. The system consists of a moderately coarse but stable oil-in- 
water emulsion, the oil globules of which are tightly pressed against the oil 
matrix of a fine water-in-oil emulsion, without any fusion of the oil phases or 
the water phases of the two emulsions. 

Agar agar as stabilizer.-Some few test experiments with ungelatinizable 
agar agar (576,  boiled 12 hours) as the stabilizing agent in olive oil emulsions, 
revealed the following differences from the behavior of gelatose-stabilized 
emulsions. 

Agar-stabilized olive oil emulsions are fine stable oil-in-water systemswhich 
are readily reversed into fine water-in-oil emulsions by either NaOH or 
Ba(OH)2. The inversion is complete, which is not true of gelatose-stabilized 
olive oil emulsions. These reversed agar-stabilized water-in-oil emulsions are 
readily brought back to their original type by XaOH, but not by Ba(OH)2. 
Here again the agar-stabilized olive oil emulsions differ from the gelatose- 
stabilized ones, since the latter are re-reversed by the hydroxide of either Na 
or Ba. 

Photograph I z shows the condition of an agar-stabilized emulsion when 
just passing from the reversed water-in-oil state back to  the original oil-in- 
water condition. The ‘(oil” drops of the future fine oil-in-water emulsion, are 
still very coarse and are themselves water-in-oil systems. Some areas of the 
former water-in-oil emulsion are still present. 

The stabilization membrane.-The writer wishes to call attention to the fact 
(which will be more fully discussed in Part TT of these studies) that in these 
gelatose - stabilized, olive oil emulsions, and casein-stabilized, petroleum oil 
emulsions (oil of medium specific gravity), which exhibit double reversal with 
Ba(0H) 2, we are not always dealing with monomolecular surface tension inter- 
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facial films, but with actual morphological membranes, which are of the nature 
of precipitation membranes, although not irreversible coagula. That this is 
true will be quite evident when these stabilization membranes are discussed 
in detail, but the fact is also clear from several behavior phenomena already 
considered. The formation of large top-shaped drops of a casein solution fall- 
ing through kerosene from a Traube stalagmometer (text fig. z Part I1 these 
studies) is one instance in point. Also, in photographs I and z it will be 
noticed that the large water drops are of irregular form, some containing small 
attached “buds,” and others joined to  one another by minute canals, a con- 
dition which could not be maintained were the interfaces purely surface ten- 
sion films. When these emulsions, on the addition of more hydroxide, finally 
reverse to fine stable oil-in-water systems, the oil droplets are spherical, sur- 
rounded by optically invisible, labile, surface membranes, which are probably 
still not true tension films in the sense of being one or two molecules in thick- 
ness. 

The stabilization membrane of emulsions is by no means always a mono- 
molecular film. 

Conclusion 
In further emphasis of the conclusion stated in Part I1 of these studies, 

that the behavior of emulsions in the presence of electrolytes is dependent upon 
three prime factors, the oil, the stabilizer, and the electrolyte, and to  alter any 
one of these may mean a change in the behavior of the emulsion, let it here be 
added that the very similar behavior (of double reversal) in the emulsions of 
olive oil and petroleum oils on the addition of NaOH or Ba(OH)2, is restricted 
in the case of olive oil to emulsions stabilized with gelatose, while in the case of 
petroleum oils it takes place in emulsions stabilized with casein. Olive oil 
emulsions stabilized with casein do not show this phenomenon, but behave like 
other reversible olive oil emulsions, that is, they are reversed directly into oil- 
in-water emulsions by SaOH, and then, on the addition of Ba(OH)? or BaClz 
back into water-in-oil emulsions. 

Double reversal with the same electrolyte is the rule for olive oil emulsions 
stabilized with gelatose and treated with Na or Ba hydroxide. It is not oc- 
casioned on the addition of NaC1 or BaCI?. It is quite evident, therefore, that 
the hydroxyl ion must be primarily responsible. 

Double reversal by the same electrolyte is also the usual thing in unstable 
petroleum oil emulsions from distillates of medium specific gravity which are 
in the zone of instability, and is here likewise occasioned by the hydroxides of 
Ka and Ba but also by Th(NO,),, though not by BaCL or SaC1. The fact 
that Th(503)k stabilizes an unstable mixture of petroleum oil and aqueous 
casein into a water-in-oil emulsion and then reverses it into an oil-in-water 
emulsion, as do NaOH and Ba(OH)z, is in line with the similarity of the effects 
of these three electrolytes on petroleum emulsions in general. It also precludes 
ascribing to the hydroxyl ion alone the responsibility of double reversal in 
petroleum oil emulsions. 
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IV. MULTIPLE SYSTEMS 
Readily reversible petroleum emulsions frequently consist of more than 

one type of system. Where two types are present in the same general emul- 
sion the double nature may be of two main sorts: the two types of systems 
may exist side by side or one within the other. Both of these states are illus- 
trated in photograph I 3 ,  

To the right and left in photograph 13 are large areas of oil-in-watei emul- 
sions. Between these (left center) is a water-in-oil emulsion with other scat- 
tered patches of the same a t  the right top and bottom. Such a double emul- 
sion may be arbitrarily termed a dual system. It is again illustrated in photo- 
graph 2 7 .  

The matrixes of the two systems in these dual emulsions may be separated 
by an interfacial film as in photographs 8 and 9, or such a membrane may be 
apparently entirely lacking as in photographs 13 and 27.  

Many of the “oil” drops of the oil-in-water emulsion shown in photograph 
I 3 contain droplets of water, and are, therefore, themselves water-in-oil sys- 
tems. So also do several of the ‘Lwater” drops of the primary water-in-oil 
emulsion contain tiny oil globules, as is especially noticeable slightly to the 
left of the center of photograph 13. The large “water” drops are, therefore, 
themselves oil-in-water systems. This is best illustrated in photograph I 6. 
Such types of double emulsions, where one emulsion is within the other, may 
be called bimultiple systems. The term is convenient since these multiple 
systems may be still more complex, becoming trimultiple, quatremultiple, 
and even quinquemultiple. 

Other bimultiple emulsions of the oil-in-water in water-in-oil type are 
shown in photographs 2 ,  7 and 24, and of the opposite bimultiple type in 
photographs 6, I O  and 15. 

An emulsion which has been reversed from the water-in-oil state to that 
of oil-in-water, frequently contains trimultiple systems, where the “oil” drops 
of the primary emulsion contain a single large water globule which in turn 
harbors one or more oil droplets (Photos. 3 ,  13, and 14). We have here, first, 
the preliminary oil-in-water emulsion ; second, the secondary water-in-oil 
emulsion (with the single water globule having often but a thin membrane of 
oil as its matrix) ; and third, a tertiary oil-in-water emulsion. Not infrequent- 
ly quatremultiple emulsion systems occur. The inner oil droplets of the 
trimultiple system are again water-in-oil emulsions, as is the case in the lower 
left center of photograph I 5. 

The most remarkable instance of multiple emulsions is that illustrated in 
photograph I 7 where three oil and two water droplets alternate one within the 
other. One large oil globule of 
this emulsion contains an almost equally large water globule. This, in turn, 
contains a smaller oil drop, the core of which is a water globule which harbors 
the last of the series, a small oil droplet. The system contains five emulsions, 
-OW, WO, OW, WO, and OW. It is, therefore, a quinquemultiple emulsion 
system. 

, 

The primary emulsion here is oil-in-water. 



2 0  19 



746 WILLIAM SEIFRIZ 

is not the same substance when stabilizing water-in-oil as when stabilizing 
oil-in-water. 

Brownian movement of emulsion particles.-The maximum size a t  which 
suspended particles will exhibit the characteristic perpetual zigzag motion 
known as Brownian movement, was early established by Wiener1 as 3 to 5p. 

The minute oil droplets of a fine water-in-oil emulsion often exhibit active 
Brownian movement. In  bi- or trimultiple systems the water globules of the 
primary (Photos. 13, 16) or of the secondary (Photo. 1 5 )  water-in-oil emul- 
sions are themselves emulsions of the oil-in-water type. The smallest of the 
oil droplets harbored by these water globules are frequently in Brownian 
movement. 

In  a gelatose stabilized, olive oil emulsion the minimum sized oil particles 
of 1/2p are in active Brownian movement. Particles of 3 p  are of the maximum 
size a t  which Brownian movement takes place. The motion of the 3p particles 
is very sluggish. 

V. THE STABILIZATION MEMBRANE 

Introductory 
Emulsions of pure oil and water are unstable except where the oil phase is 

very dilute ( I  : 1,000) and highly dispersed. In  order to  maintain a stable 
emulsion of oil and water in any thing like equal parts of each phase, a third 
stabilizing substance is necessary. This third substance acts as an emulsifying 
agent by establishing itself in the form of a membrane around each dispersed 
globule. The efficacy of emulsifying substances such as soap, gelatine, gums, 
casein, saponin, etc., and the types of emulsion which they form, has been ex- 
tensively studied, but the manner in which the stabilizers function is still a 
matter of speculation. That emulsifiers form interfacial membranes is general- 
ly agreed, but the nature of the membrane is unknown. Hypotheses purport- 
ing to explain the mechanism of emulsion behavior have been based on the as- 
sumption that the stabilization membrane is, in thickness, of the order of 
magnitude of the thickness of surface tension membranes, namely, one to  
several molecules. 

The interfacial film between dispersed phase and dispersion medium is be- 
lieved by Bancroft2-who advanced the first definite theory of the relation 
between emulsion type and stabilization agent-to be a film of two surface ten- 
sions, one on the water side and one on the oil side. Such a membrane would 
of necessity be a t  least several molecules thick. Other workers3 have also re- 
garded the stabilization membrane as multimolecular in thickness. Lang- 
mu+, HildebrandGj and Iiarkins6 have regarded the interfacial film of emul- 
sions as a single layer of oriented wedge-shaped molecules. 

1 Pogg. Ann. 118, 79 (1863). 

3 Freundlich: “Kapillarchemie,” 419 (1922). 

5 J. ,4m. Chem. SOC. 45, 2780 (1923). 
G 8-ience, 39, 463 (1924). 

J. Phys. Chem. 7, 501 (1913). 

Chem. and Met. Eng. 15, 468 (1916). 
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It is possible that in many instances the stabilization membrane of emul- 
sions is of the order of molecular dimensions. It is equally true, however, that 
in many, if not most oil emulsions to which an organic substance has been 
added as a stabilizing agent, the membranes surrounding the dispersed liquid 
particles are definite, morphological, a t  times microscopically visible, struc- 
tures. 

Ramsdenl has demonstrated that an actual solid membrane forms around 
the globules of some persistent emulsions. He worked with pure neutral olive 
oil and saponin solutions. 

Wilson2 has observed the same irregular shape of oil droplets described by 
the writer and pictured in Fig. 2 ,  Part 11, which he (Wilson) believes to  be 
due to  “plastic solid films” which “are of colloidal rathei than of molecular 
dimensions. ” 

In  fine, stable oil-in-water or water-in-oil emulsions of the kind above enu- 
merated, the interfacial film is not a t  first visible as a distinct, morphological 
structure, but on the addition of sufficient hydroxide the film begins to  stiffen 
and wrinkle, finally becoming plainly visible as a definite structure. The 
membranes are then seen as delicate but stiff veils, often, on the collapse of the 
dispersed globules which they enclose, separating off in great quantity, like 
so much crumpled tin-foil. Photographs 19 and 2 0  illustrate such entangled 
masses of these membranes left after the collapse of the oil drops or of the large 
oil masses which they surround. In photograph 18 is to  be seen the empty re- 
maining shell of a previously existing oil drop. Photograph 2 I shows the long 
funnel-shaped membrane of a former large oil globule. Out of the funnel (at 
the left) the oil contents of the membranous bag is being discharged. Photo- 
graph 2 2  shows two large funnels discharging their contents and connected by 
a continuation of the membranes which surround each discharging mass. 

These membranes may be formed by precipitation or coagulation, but the 
process is reversible, if it does not progress too far. The membranes are first 
liquid and labile, and optically indistinguishable. Later, on the addition of 
sufficient hydroxide, they stiffen somewhat, though still pliable: such a state 
exists in the membranes surrounding the water globules in the coarse water-in- 
oil emulsion pictured in photographs I and 2 .  The semi-solid, coherent na- 
ture of these membranes is evident from the irregular shape of the globules 
and from the small channels of communication which join some of the drops. 
The membrane is of the nature of a plastic jelly a t  this stage. 

When an emulsion, such as is pictured in photographs I and 2 ,  reverses into 
a fine oil-in-water system, the partially stiffened membranes surrounding the 
water drops disappear, and the small oil droplets of the subsequent oil-in- 
water emulsion become perfect spheres, indicating the presence of facile, 
liquid, membranes comparable to  surface tension films. I t  is unlikely, how- 
ever, that the membranes are monomoleculai . 

Proc. Roy. SOC. 72, 156 (1903). 
Am. Colloid Symposium Monographs, 1923 
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When an emulsion is passing through the transition period in reversing from 
one type to the other, the interfacial tension is, as one would expect, reduced 
to a minimum. Theoretically there should be a point a t  which the surface 
tension between oil and water is zero. The beginning of the transition period 
of an emulsion which is passing from the water-in-oil to the oil-in-water state 
is shown in photograph 24, where the interfacial tension between the large 
water drops of the now very coarse water-in-oil emulsion is low: a t  one point 
the water shows no tendency to round up. 

In  photograph 2 5  the condition is still further advanced with little of the 
water-in-oil emulsion left and larger surfaces of contact where no evident ten- 
sion exists between water and oil matrixes. 

In  photograph 26 the tension between oil and watei is reduced to a very 
low point over a great area. This process is carried one step further in photo- 
graph 2 7  where, optically, there appears to be complete absence of any inter- 
facial tension between oil and water. The oil matrix (dark in color) of the 
water-in-oil emulsion imperceptibly merges into the water matrix (while in 
color) of the oil-in-water emulsion. This is again illustrated in photograph I 3. 




