
STUDIES IS EMULSIOXS” 
BY WILLIAM SEIFRIZ 

I. TYPES OF HYDROCARBON OIL EMCLSIONS 

Introductory 
Experimental work on the behavior of emulsions has had to  do primarily 

with the efficacy of stabilizers, and with the influence of stabilizers and added 
electrolytes on emulsion type and reversibility. Relatively little attention has 
been given to the r61e which the oil phase plays in the behavior of liquid-liquid 
systems. The experimental work presented in this the first part of these 
studies (as also that in Part YIII) is concerned with the r61e played by the oil 
phase in the determination of type and reversibility of emulsions. 

Experimental 
Preliminary experiments.-Preliminary work with various oils revealed 

that an emulsion of a light petroleum oil (kerosene) and water, with casein as 
the stabilizing agent, is of the oil-in-water type, while an emulsion of a heavy 
(lubricating) oil, with casein as the stabilizer, is of the reverse, water-in-oil, 
type. From this it is to be expected that somewhere in the hydrocarbon series 
there exists a point a t  which reversal in type of emulsion takes place. With 
the purpose of ascertaining this point, a t  first crudely, nine high-grade hydro- 
carbon oils, ranging in specific gravity from 0.669 to  0 .9~8 ,  were emulsified 
with aqueous dispersions of casein. The results are set forth in Table I, where 
are given the designations of the oils, their specific gravity, and the type of 
emulsion formed. 

TABLE I 
Commerical designation. Specific gravity. Boiling range. Type of emulsion. 
Petroleum ether 0.669 38 - 80°C. OM73 

Oleum spirits 0.788 I44  - 211°c. ow 
Perfection Water White kerosene 0.822 1 7 7  - 275OC. OMT 
Mineral seal oil 0.848 254 - 35Ooc. OTT 
Miner’s oil 0.874 267 - 388°C. O W  - WOA 
Straw oil 0.882 283 - 400°C. -P-~ 

Diamond Paraffin oil 0.886 305 - 400OC. \/TO - OW 
2900 Red oil 0.896 315 - 400OC. W O  - O W  
FFF Steam Refined Cylinder oil 0.918 WO 

* Papers from the Department of Botany of the University of Michigan, Xo. 223. 
The oils are highly refined Standard Oil Co. * products from mid-continental (Ameri- 

OW = oil-in-water. TVO = water-in-oil. 
When both types of emulsions occur a t  the same time, that type which predominates is 

No stable emulsion is formed in the case of Straw oil. 
* These high grade petroleum oils were kindly supplied to the writer by the research lab- 

oratories of the Standard Oil Co. of Indiana. The writer wishes to  express his gratitude to 
thow in charge of these laboratories for their courteous cooperation. 

can) crude petroleum. 
* The casein used is “Casein Pfanstiel, highest purity” (Special Chemicals Co.). 

mentioned first. 
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From the preceding table it will be seen that all the lighter petroleum oils 
form, with water and casein, emulsions of the OW (oil-in-water) type, while 
the heavier oils form WO (water-in-oil) emulsions. The oils of intermediate 
weight form dual emulsions, i. e . ,  both type of systems, and in one instance, no 
emulsion at  all is produced. The OW emulsion in the dual systems, predomi- 
nates if the specific gravity of the oil (e.g. Miner’s oil) is below that of the criti- 
cal value, i. e. that value at  which reversal in type takes place. If the specific 
gravity of the oil (e.g.  Diamond Paraffin oil) is slightly greater than the critical 
value, the WO type of emulsion predominates in the dual system. Precisely 
at  the critical point-which, as will be more evident later, is better described 
as a zone of instability--no emulsion can be formed. This is true of Straw Oil 
which is emulsified with water and casein with difficulty. Usually the two 
phases separate immediately after shaking. If a temporary emulsion is pro- 
duced, it is coarse and unstable, and may be of either type, or a combination of 
the two. 

Whatever our conception of the mechanism of emulsification is, the be- 
havior of straw oil is just what one would expect of an oil which stands pre- 
cisely at  the critical point (midway in the zone of instability). 

Without further discussion of these results we shall consider similar data 
pertaining to a much longer series of purer hydrocarbon oils obtained by frac- 
tional distillation of the above stock. 

Principal Experiments.-Distillation. Five of the petroleum oils (Kerosene 
to Diamond Paraffine oil) yielded, through fractional distillation, 37 oils of 
different specific gravity.* The distillation of the petroleum oils was carried 
out in a glass still in which the fractionating column was packed with thin 
sheet metal cylinders, and surrounded by an outer, glass, va,cuum jacket.l 

The distillations were made under relatively high vacuum, averaging 67 em. 
of mercury, which is a necessary condition for the fractionating of the heavier 
oils if decomposition is to  be avoided. As far as mas experimentally possible 
the boiling range of each distillate was held within zo°C. To keep, however, 
the heavier distillates within this limit is difficult with even the better labora- 
tory fractional stills. The fractionating column readily floods with a maximum 
temperature of z 7ooC, 

The oils used as crude stock for distillation were five of those listed in Table 
I which are all from mid-continental petroleum. In order to ascertain whether 
or not the large percent of naphthenes present in mid-continental oil is in any 
way responsible for the behavior of the emulsions, a supply of pure paraffin 
base oil (one of the heavier of the kerosene series) was obtained from east-con- 
tinental (West Virginia) fields.? The behavior of emulsions from these dis- 
tillates was precisely the same as that of the naphthene containing oils 

* The writer wishes to express his appreciation of the loan of apparatus and of the kind 
assistance given him in the distillation of these oils, by Professor E. H. Leslie and Dr. J. G. 
Geniesse of the department of Chemical Engineering of the University of Michigan. 

E. H. Leslie: “Motor Fuels,” New York, 1923. 
t The writer is indebted to the Elk Refining Co. of West Virginia for oil from a pure 

paraffin base crude stock. 
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Techmque 05 einulsi’cation .-The technique of making the emulsions is as 
follows. 

The emulsions are prepared by shaking jo c.c. of oil with 5 0  C.C. of a 0.2% 
concentration of an aqueous dispersion of casein in a I 50 C.C. Erlenmeyer flask 
after the manner of Briggs.l Briggs’ method consists in intermittent shaking 
by hand. The emulsion is given five violent shakes and then allowed to  rest 
one minute. This procedure is repeated nine times. The method is more effi- 
cacious than an hour or more of continuous shaking in a mechanical shaker. 

The oil phase may be stained with Sudan I11 to aid in determining the 
emulsion type. A microscopic examination was made of every emulsion at  
each new point in the process of handling. 

In  previous work2 the electrical conductivity method3 of ascertaining the 
type of system was primarily used. Wot only does this method involve the use 
of considerable apparatus but it cannot be relied upon always to  reveal the 
true condition of an emulsion; nor is the color of the emulsion, when micro- 
scopically viewed in a flask, a certain indicator cf the emulsion type. If both 
types of systems, OW and WO, coexist in an ernulsion, the color may be red, 
indicating a WO emulsion, and the conductivity high, pointing to an OW emul- 
sion, neither criterion necessarily giving any indication of the presence of the 
other type of system. Only a microscopic examination revcals the true state 
of affairs. 

The casein used was of four kinds: ( I )  “Casein Pfanstiel, highest purity” 
(Special Chemicals Co.) ; (2) “Casein after Hammersten” (Ptlerck Darm- 
stadt); (3) a veiy pure lalsoratory preparation kindly supplied to the writer 
by Professor Thomas B. Osborne (a fat- and carbohydrate-free casein with 
0.0217c of ether solukle matter), and (4) a dialzyed casein prepared by the 
writer in the following manner. Ten grams of rasein (Pfanstiel) were dis- 
solved in 500 c . ~ .  of N/IO KOH and brought to the neutral point with acetic 
acid. The fine colloidal suspension of casein thus cbtained was dialyzed for 
several days in a colloidion bag until the conductivity of the water in which the 
dialyzer was suspended was reduced to that of distilled water. The electrolyte- 
free colloidal suspension of casein thus obtained was used as the aqueous phase 
of the emulsion. 

The first three caseins were prepared for use as stabilizers by dispersing 0.2 
gr. in IOO C . C .  of water. Grinding of the commercial caseins in a mortar makes 
a finer dispersion and therefore a more efficient emulsifier, Allowing the casein 
to remain for some time in the water likewise increases the efficacy of the casein 
as a stabilizer. Of the four caseins, the laboratory preparations of Profesor 
Osborne, because of its purity and especially its fineness of texture, made the 
best emulsifier. As regards type, reversibility, and reaction to electrolytes, 
emulsions made from all four preparations of casein gave corroborative results. 

While the concentration for aqueous casein used was, in all final experi- 
ments, 0.~70, yet various other more concentrated dispersions of casein were 

J. Phys. Chem. 24, 120 (1920). 
W. Seifriz: Am. J. Physiol. 66, 124 (1923). 
W. Clayton: Brit. Assn. Colloid Reports, 2, 96 (1921) Second Edition. 
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tried. So far as these experiments indicate, the concentration of casein used 
as stabilizer in no way affects emulsion type. 

Characterization of the emu1szons.-Of some 40 fractional distillates ob- 
tained from the petroleum stock, 31 differed by at least 0.001 in specific grav- 
ity. To this list of 31 distillates were added two heavy oils left as residues in 
the retort, and two pure light hydrocarbons, a hexane and an octane. There 
was thus obtained a series of 35 petroleum distillates differing by at least 0.001 
in specific gravity from 0.664 to 0.895. (Specific gravity measurements are 
for 2 2 O C . ) .  From each of these 35 oils several emulsions were made with a fine 
aqueous dispersion of casein. To list the data obtained from all of the 3 j oils 
would tell no more than a selected list, and such a selected list will present the 
data in a more condensed and intelligible form. Accordingly, 14 oils from 
the lightest to the heaviest are given in Table 11, together with the type, tex- 
ture, and stability of the emulsions made from them. 

TABLE I1 
Specific gravity Type of emulsion 

0 . 6 6 4 ~  O W  
0 . 7 2 6 ~  ow 
0.803 OW 
0.818 OW 
0.8 2 . 0 ~  OM- 
0.828 OW 
0.839 
0.849 
0.856 - 

_- 
- 

0.857 or I {E, 
2 WO 

0.869~ WO 
0.874 WO 
0.884 WO 
0.899 WO 

Isohexane (boiling point = 77”Cj. 
2 Iso-octane ( ‘‘ = 118°C) 

Texture 
fines 

t i  

L L  

( (  

medium 
coarse 
_- 

~ 

coarse 
fine 
medium 
medium 
fine 

( L  

1 1  

Stability 
stableg 

i( 

( L  

L i  

moderately stable 
unstable 
separates immediately 

i (  

1 L  ( 1  

unstable 
stable 
moderately stable 
stable 

L L  

;( 

( L  

Boiling range = I ~ O - I ~ O O C .  at  67 mm. Hg. of vacuum. 
4 ( 1  ‘ I  = 210-23o0C. “67 ( (  I ‘  

5 i L  1; = over 270’C.‘‘ 67 ( *  ‘‘ (‘ 

6 OW = oil-in-water, WO = water-in-oil. 
Both types coexist in the same emulsion. 

* A fine texture is one in which the oil or water droplets average 0.02 mm. or less: in an 
emulsion of medium texture the globules vary from 0.02 to 0.5 mm. : and a coarse emulsion 
is one in which the dispersed oil or water drops are over 0. j mm. in diameter. 

Stability is purely a relative term here. Sinre most emulsions were treated with elec- 
trolytes, they were not allowed to stand, except in a few instances, for more than 15 minutes. 
An emulsion which showed little or no sign of separating during that time mas recorded as 
“stable.” A “moderately stable” emulsion was st,able for several minutes only. An “un- 
stable” emulsion separated in less than a minute. 
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From the foregoing table it is evident that all hydrocarbon oils of 0.818 or 
less specific gravity form fine, stable, oil-in-water emulsions when emulsified 
with an equal volume of aqueous casein, while those oils of 0.874 or higher 
specific gravity form fine, stable, water-in-oil emulsions. Those petroleum dis- 
tillates of between 0.818 and 0.874 specific gravity form emulsions which are 
less fine in texture and less stable, or do not emulsify at all. Of this last group 
of distillates, between 0.818 and 0.874 specific gravity, those oils which are 
just within these border values, form emulsions of medium texture and moder- 
ate stability. Those still nearer the middle specific gravity value of 0.849 
form coarse, unstable systems, while the three oils of 0.839, 0.849 and 0.856 
specific gravity cannot be emulsified at  all with a casein stabilizer. The region 
from specific gravity 0.828 to 0.8 j 7  constitutes a zone of instability. 

Irregularities in the above behavior occur but are not frequent and are 
usually ascribable to a less perfect fractionation of the distillates. Thus, the 
specific gravity of an oil may place it in a certain position in the series while 
the boiling range will clearly indicate the presence of some hydrocarbons of 
higher or lower specific gravity. 

All of the oils between 0.828 and 0.8 j7 specific gravity are emulsified with 
difficulty, if a t  all, and when an emulsion is formed it is poorly stable and may 
be either of one type or of both types, the two systems existing side by side, 
or one within the other. 

Conclusion 
From these data we may conclude that when petroleum distillates are ernul- 

sified with water and casein and are: ( I )  of less than 0 .820  specific gravity they 
form fine, stable oil-in-water emulsions; ( 2 )  when of 0.820 to  0.828 specific 
gravity, they form coarse and poorly stable oil-in-water emulsions; (3) when 
of 0.828 to 0.857 specific gravity, which constitutes a zone of instability, no 
emulsion at all is formed; (4) when of 0.857 to  0.869 specific gravity, the oils 
form coarse to medium, poorly to moderately stable water-in-oil emulsions; 
and ( 5 )  when of 0.869 to 0.895 specific gravity and above, fine and stable water- 
in-oil emulsions are produced. 

Theory 
The two hypotheses on the mechanism of emulsion stability which give 

most promise of explaining the behavior of liquid-liquid systems, are the sur- 
face tension hypothesis of Bancroftl and the oriented molecular wedge hy- 
pothesis of Langmui?, Hildebrand3, Harkins4, et a1 (including the hypothesis 
of contact angles advanced by Hildebrand where the stabilizer is a powdered 
solid). 

croft explains the behavior of certain emulsions with soap stabilizers. 
The surface tension hypothesis.-The surface tension hypothesis of Ban- 

How 

J. Phys. Chem., 17, 501 (1913).  
Chem. and Met. Eng., 15, 468 (1916) 

Science, 59, 463 (1924). 
a J. Am. Chem. SOC., 45, 2780 (1923). 
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far the theory is applicable future work will show. The writer has made the 
following series of observations bearing on the relation of this theory to re- 
versal in type of the hydrocarbon oil emulsions. 

It was thought possible that the surface tension value of the oils themselves 
might be a factor in determining emulsion type. With this in view a series of 
surface tension readings were made of eight oils enumerated in Table 11, to- 
gether with the readings of water and of an aqueous casein dispersion. These 
values are given in Table 111. 

TABLE I11 
Specific gravity' Surface tension2 Specific gravity Surface tension 

0.664 22.5 0.874 33.7 
0.800 29 .6  0.884 34 '4  
0.818 30.2 0.895 35 .0  
0 ,834  31.7 Caseina 54.8 
0.852 32.8 Water 74.2 

The above data reveal no apparent relation between surface tension value 
of oil and type of emulsion. Of the eight oils selected, there is a continuous 
and uniform increase in surface tension values a t  the rate of about I dyne for 
every 0 . 0 2  increase in specific gravity, yet the surface tension values of all the 
oils are far below that of aqueous casein. 

Further data bearing on the surface tension hypothesis of emulsion hehav- 
ior is given in Part I1 of these studies in connection with the effect of electro- 
lytes. 

The oriented molecular wedge hypothesis.-The oriented molecule hypothe- 
sis, which has been advanced by several investigators as an explanation of the 
behavior of emulsions, offers means for some interesting speculation in con- 
nection with the change in type of petroleum emulsions. 

The molecular wedge hypothesis is based on the curvature a membrane will 
assume if built up of wedges with the same (thick or thin) ends all in line. The 
wedge shape of the molecules is duc to their polarity. The large or polar end 
of the molecular wedge would, in the case of an oil-in-water emulsion stabil- 
ized with casein, be the casein end of the associated molecule of casein and 
hydrocarbon, and the membrane consequently would bend so that the oil ends 
of the interfacial molecules are toward the inside. In  the reverse, water-in-oil, 
type of emulsion, the hydrocarbon chains become the polar ends of the asso- 
ciated interfacial molecules, and therefore are the outer surface of the stabili- 
zation membrane. 

At first thought the oriented molecular wedge hypothesis is nicely sup- 
ported by the change in type of petroleum emulsions with change in size of the 
hydrocarbon molecule. If we regard the casein molecule as of X diameter, 
and the thickness of the hydrocarbon molecule as less than X if of light weight 

The specific gravity determinations were made with a du Soiiy ring tensiometer. 
* Surface tension values are in dynes per centimeter. 
a The casein is an aqueous solution of 0.02% concentration. 
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(specific gravity up to 0 . 8 2 8 ) )  as X if the oil is of medium weight (specific 
gravity 0.849)) and as more than X if the oil is of heavy weight (specific grav- 
ity above 0.857) ,  then the interfacial stabilization film will assume the curva- 
tures pictured in Fig. I .  

The fact that the casein molecule is probably of sufficient size to  accommo- 
date some dozens or hundreds of hydrocarbon molecules need not disturb our 
speculations since it is merely necessary to  assume that the valency of casein 
for the petroleum oils is high, and that instead of X being the diameter of one 
hydrocarbon chain, it is the diameter of one hundred of them. 

h more serious difficulty is that pertaining to the assumption that there is 
an increase in diameter of the hydrocarbon molecule with increase in specific 

w a t e r  o i  ( 

A C 

wate I- 

oi I 
B 

FIG. I 
A. The petroleum oil is of light weight (specific gravity below 0.828) and the emulsion 

B. The petroleum oil is  of medium weight (specific gravity 0.828 to 0.8j7) and cannot 

C. The petroleum oil is of heavy weight (specific gravity above 0.857) and forms a 

is an oil-in-water one. 

be emulsified. 

water-in-oil emulsion. 

gravity of the oil. The hydrocarbon chain is ordinarily regarded as increasing 
in length only as more C atoms are added with increase in weight. There are, 
however, many reasons to  believe that with increase in specific gravity the 
hydrocarbon molecule increases in diameter as well as in length. 

Without attempting a detailed discussion the writer wishes merely briefly 
to refer to  several facts which indicate that there is an increase in diameter of 
the hydrocarbon molecule with increase in specific gravity. There is, first, 
the general idea that the normal configuration of the C chain is distorted by 
peculiarities in the molecular “field of force” which give rise to  such properties 
as double and triple bonds, to latent valence, and to adsorption. Such forces 
are very likely to shorten the hydrocarbon chain. It is also possible that the 
chain is not a straight one but spiral, and that this spiral is more or less steep 
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depending upon the number of C atoms, the flatter the greater the number of 
C's. The existence of isomers and branched C chains, are further facts point- 
ing toward a configuration other than a purely linear one of the hydrocarbon 
molecule. That there is actually an increase in diameter of the chain with in- 
crease in number of C atoms has been demonstrated experimentally by Lang- 
muir in the case of certain fatty acids. 

Langmuirl gives the area of cross-section and increase in length per C atom 
of the molecules of palmitic, stearic, and cerotic acids as follows. 

Acid Formula Length of molecule Area of cross section Increase in length 
of chain per C atom 

Palmitic CI~H~ICOOR 24 X Io-*cm. 2 I X Io-%q.cm. I . 50 X Io-%m. 
Stearic C17HsbCOOH z5X1o-~cm. 22X1o-1~sq.c~. I .39X1o-%m. 
Cerotic C25H&OOH 31 X ~ o - ~ c m .  z ~ X ~ o - ' ~ s q . c m .  I .2oX1o-~cm. 

From the data in the fourth column of the table it! is clear that the diameter 
of the molecular chain increases with increase in length. This is also suggested 
by the figures in the last column which show that the rate of increase in length 
of the molecule decreases with each additional C atom. 

The increase in thickness of t b  C chain as given above is not sufficient to  
account for reversal in emulsion type on the basis of the oriented molecular 
wedge hypothesis if we are dealing with one hydrocarbon chain associated with 
so large a molecule as is that of casein. The increase in thickness given by 
Langmuir for the molecules of these fatty acids would, however, suffice if mul- 
tiplied some hundred-fold as would be the case if the colossal casein molecule 
has a high valency for hydrocarbon oils. 

It is, of course, conceivable that the valency of casein for petroleum oils 
may increase with increase in specific gravity of the oil, which would account 
for the change in type of the hydrocarbon oil emulsions on the basis of the 
oriented molecular wedge hypothesis. 

If the valency of casein for the light hydrocarbon oils is Y, for the medium 
oils (in the zone of instability) zV, and for the heavy oils 3V, then we can as- 
sume that V hydrocarbon chains are of less diameter than the casein molecule 
so that the oil end of the associated molecule is non-polar and the molecule 
membrane curves toward the oil, the resulting emulsion being an oil-in-water 
one. 2V hydrocarbon chains should be of the same diameter as the casein 
molecule so that no wedge and therefore no emulsion is formed. 3V hydro- 
carbon chains would exceed the diameter of the casein molecule and the mem- 
brane would curve toward the water, the emulsion consequently being a water- 
in-oil one. 

Until more is known of the chemical affinities between casein and hydro- 
carbons the above suggestion must be regarded as highly speculative. 

The chief difficulty which the writer has in accepting an oriented molecular 
wedge hypothesis in explanation of the type and stability of emulsions, is that 
such a hypothesis demands a monomolecular film, or a t  least a membrane of 

of molecule 

J. Am. Chem. 8oc. 39, 1848 (1917).  
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the order of molecular dimensions; while, as a matter of fact, the membranes 
surrounding the dispersed globules of many of the emulsions here considered 
are a t  times optically visible, and often, when stiffening sets in, separate off as 
persistent structures. This phenomenon will be considered in detail later. 

11. THE EFFECT OF ELECTROLYTES ON PETROLEUM OIL EMULSIONS 

Introductory 0 

Emulsions made from 3 5 distillation fractions of petroleum oils proved to 
be, as set forth in the first part of these studies, of two types, oil-in-water and 
water-in-oil, with an intermediate zone of instability. Emulsions made from 
hydrocay-bon distillates of 0.664 to 0.828 specific gravity, and stabilized with 
an aqueous dispersion of casein, are of the oil-in-water type. Oils of from 
0.828 to 0.857 specific gravity form coarse and poorly stable emulsions if near 
these limiting values, and cannot be emulsified at  all with casein as stabilizer 
if midway in value, i. e., near 0.850 specific gravity. Petroleum distillates 
above 0.857 specific gravity form fine stable water-in-oil emulsions when stab- 
ilized with casein. 

Experimental 
Kumerous casein-stabilized emulsions were made from each of the 3 5 pe- 

troleum distillates, the latter differing by at least 0.001 in specific gravity, 
ranging from 0.664 (hexane) to 0.895 (a heavy lubricating oil). To all of these 
emulsions KaOH and Ba(OH)2 were added, and to  enough scattered samples 
of them NaC1, BaC12, A12(S04)3, andTh(N03)4mere added towarrant drawing 
general conclusions on the effect of all six of these electrolytes on casein stabil- 
ized petroleum emulsions. 

The technique of preparing the emulsions is described in Part I of these 
studies. 

The electrolytes of M / 5  concentration were added to 50  C.C. of emulsion in 
thefollowingproportions: 0.033 c.c., 0.066 c.c., 0.1, 0.2, 0.3 ,  o.j, 1.0, 2.0, 3.0,  
5 , 0 ,  IO, 15, 2 5 ,  35, and 50 C.C.  If no change was noticed on the addition of 
50 C.C. of electrolyte the emulsion was regarded as irreversible and otherwise 
uninfluenced by the electrolyte. 

The oil-in-water emulsions made from petroleum distillates of light weight 
and stabilized with casein are unaffected as to t ype  by any of the six electro- 
lytes used, which represent salts of mono-, di-, tri-, and quadrivalent cations, 
and hydroxides of a mono- and a divalent cation. The emulsions are irre- 
versible with these electrolytes. 

There is a tendency with all six electrolytes to stabilize the oil-in-water 
emulsions and increase the dispersity of the oil. I n  their capacity to stabilize, 
the electrolytes fall into the following order: KaOH > Ba(OH)z > Th(N03)4 
> .!&(SO4)3 > BaC12 > YaC1. The powers of the first three electrolytes to 
stabilize are pronounced and very nearly equal, while the ability of the two 
chlorides is almost negligible. 
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Emulsions made from heavy petroleum distillates and stabilized with 
casein, are always of the water-in-oil type if the specific gravity of the oil is 
above 0.857. This is the reverse type of that of the light distillates. These 
water-in-oil emulsions of the heavier petroleum oils, stabilized with casein, are 
all readily reversible into the opposite type of system by KaOH, Ba(OH)2, and 
Th(N03)4, and less readily by Alz(S04),; while EaC1 and BaClz have no 
noticeable effect. The higher the specific gravity of the oil the more stable is 
the emulsion and the less readily is it reversed. In  their ability to reverse these 
stable water-in-oil emulsions of heavy hydrocarbon distillates, the electrolytes 
are effective in the following order:-NaOH > Ba(OH)2 > Th(x03)4 > 
Xlz(S04)3, with the first three of practically equal efficacy, and the last, All 
much less effective. NaCl and BaClz are omitted from the series since no 
water-in-oil casein stabilized petroleum emulsion studied by the writer can be 
reversed by them. It will be noticed that the order of the electrolytes just 
given based on their capacity to reverse water-in-oil emulsions, is the same as 
that given for their ability to stabilize oil-in-water emulsions. 

While a low concentration of NaOH and Ba(OH)z will ordinarily reverse 
a water-in-oil petroleum emulsion, yet if the oil is a very heavy one it reverses 
only after the addition of a high concentration of hydroxide, and sometimes not 
at  all. A casein-stabilized emulsion of FFF Cylinder oil (Standard Oil Co. 
product) of 0.918 specific graviiy, cannot be reversed by ever so high a con- 
centration of NaOH. 

The obstinacy of some of the water-in-oil emulsions is unintelligible at  
times in the light of their customary behavior. An emulsion of Straw-oil, a 
commercial product of 0.882 specific gravity, which emulsifies with difficulty 
and usually not at  all, sometimes forms a bimultiple system consisting of a 
coarse oil-in-water emulsion, the I mm. oil globules af which being themselves 
a fine water-in-oil emulsion. These double emulsions are to be regarded as 
near the reversal point and therefore in the zone of instability. They are, con- 
sequently, very sensitive to electrolytes. 

The occasional double nature of the Straw-oil emulsion is undoubtedly due 
to the fact that the oil, being of wide boiling range-from 283 to 40o~C-i~ a 
complex of hydrocarbons which individually as well as collectively determine 
the behavior of the emulsion. 

Part of an original sample of such a double emulsion of Straw-oil is readily 
reversed with I cc M/5 NaOH, the water-in-oil part of the bimultjple system 
being reversed, and the rest of the system stabilized into a fine oil-in-water 
emulsion. If, in the meantime, the other half of an original sample is standing 
awaiting treatment, it may, on re-shaking, yield a fine water-in-oil emulsion 
which js so stable as to require 7 0  cc of M/5 Ba(OH)2 to reverse it. The excess 
of water undoubtedly plays a part in causing reversal as well as the high con- 
centration of hydroxide. 

The behavior of emulsions from petroleum oils which are of intermediate 
specific gravity, and which, therefore, are in or near the zone of instability, is 
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extraordinary in that reversal can be obtained in both directions by the same 
electrolyte. This behavior phenomenon will be taken up separately in the 
next part of these studies. 

Theory 
T h e  Relative Potency of1ons.-NaOH, Ba(OH)2 and Th(N03)4 are of near- 

ly equal potency in their ability to increase the dispersity of oil-in-water, and 
and to  reverse water-in-oil hydrocarbon emulsions stabilized with casein. 
Since A12(S04)3 also has this ability, although to a less degree, we have the 
interesting fact that a mono-, di-, tri-, and a quadrivalent cation, if the cation 
is the effective ion, all produce the same end result. If the anion is the effec- 
tive ion, then a hydroxide, a nitrate, and a sulphate radicle all have a similar 
effect on petroleum emulsions. That the hydroxyl anion is primarily if not 
solely the effective ion in the case of the hydroxides of Na and Ba, is suggested 
by the fact that NaCl and BaCL have little or no influence on the behavior of 
the petroleum emulsions. In  this connection the effect of these salts on other 
emulsions should be noted. 

Olive oil emulsions stabilized with casein, soap, gliadin, or cholesterin are 
not noticeably influenced by NaCl but are readily reversed into water-in-oil 
emulsions by BaClz or Ba(OH)21. BaCL is practically ineffective in the case 
of petroleum emulsions, and Ba(OH)z reverses the petroleum emulsions into 
oil-in-water systems, not water-in-oil as in the case of a soap or casein stabilized 
olive oil emulsion. In  olive oil emulsions, then, the cation Ba is apparently the 
effective ion, while in petroleum emulsions Ba cannot be alone the effective ion. 

Of six reversible olive oil emulsions out of eleven studied3 (each with a 
different stabilizer) all but one are reversible with BaC12. BaC12 has no effect 
on an olive oil emulsion stabilized with gelatose, while Ba(OH)2 has. The 
emulsion is irreversible with BaC12 but reversible with Ra(0H) 2, thus behaving 
like the hydrocarbon emulsions. 

A recapitulation in tabular form of those facts bearing on the reaction of 
emulsions to Ba compounds will show the situation more clearly. 

Oil Stabilizer Effect of 
BaC12 Ba(OH)2 

Olive casein reverses reverses 
ow to wo2 ow to wo 

ow to wo 
then back to OW3 

Olive gelatose no effect reverses 

Hydrocarbon casein no effect reverses 
wo to ow4 

W. Seifris: Am. J. Physiol. 66, 124 (1923). 
2 OW = oil-in-water, WO = water-in-oil. 
3 This extraordinary case is to be discussed in detail later. 
4 The ultimate result. 
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The facts set forth in the above table, together with those having to do 
with the like effect of mono-, di-, tri-, and quadrivalent cations on petroleum 
emulsions, all go to indicate that a valency hypothesis of the effect of electro- 
lytes on emulsions, so far as it is to  be regarded as a general rule, is untenable. 
The chemical interaction of oil, stabilizer, and electrolyte determines the be- 

/---- 

d Traube stalagmometer 
with the aperture submerged 
in olive oil into which drop- 
lets of an aqueous solution of 
casein and Ba(OH)2 are fal- 
ling. The droplets assume 
top-shaped form owing to the 
formation of a tough plastic 
membrane. 

havior of emulsions, and, as it is reasonable to 
expect, this interaction is likely to  differ if one of 
the three factors determining it is changed. 

Surface Tension as a Possible Factor in the 
E$ect of Electrolytes on Emulsions.-It is natural 
to  assume that the liquid with the greater surface 
tension should take the convex form in an emulsion, 
and therefore, that surface tension should play a 
part in determining the type and behavior of 
emulsions (even though the assumption is in some 
systems completely broken down, where, for 
example, we have both foams and mists with 
liquids of high tension and gases where the tension 
is negative). 

With the surface tension hypothesis in mind 
the writer determined the effect of the six electro- 
lytes on the interfacial tension existing at  the 
surface of the aqueous casein phase and the oil 
phase of an emulsion. The method employed 
consists in allowing drops of the aqueous phase to 
fall through the oil phase from a Traube stalagmo- 
meter the aperture of which is submerged in the 
oil. In the present experiments 9 C.C. of solution 
were permitted to  fall through kerosene, the 
number of drops being counted in each case. This 
number may vary considerably, especially in the 
case of casein with Ba(OH)2, but the majority of 
the readings are close to the averages given in 
Table IV. 

One series of readings was made of the number 
of drops formed by 9 c.c. of ti pure casein solution 
(0.2 gr. dispersed in JOO C . C .  of water) falling from 
a Traube stalagmometer with its aperture in 
kerosene. The average number of drops was 42, 
with occasional readings as low as 35 and, in one 
or two cases out of some 40 tests, as high as 50. In 
six other series of readings I C.C. of M/s concentra- 

tion of one of the six electrolytes was added to  2 0  C.C.  of the aqueous casein 
dispersion. The whole procedure was duplicated using olive oil and casein 
and four of the electrolytes. The average results, in number of drops, are 
given in the following table. 
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TABLE IT 
Number of drops of 9 C.C. of solution falling from a Traube stalagmometer. 

In  Kerosene 
Pure Casein + Casein + Casein + Casein + Casein + Casein + 
casein YaOH SaCl Ba(OH)% BaClz All(SO1)B Th(N0s)a 
42 2 5  58 5 2  59 43 25 

3 0  stream1 31 3 fj2 30 
In Olive Oil 

- - 

Considering the hydrocarbon oil experiments first, it is quite evident from 
the above table that changes in surface tension occasioned by the addition of 
an electrolyte to casein, even though prsnounced in most instances, bear no 
relation to the changes in emulsion behavior which these electrolytes bring 
about. NaOH, Ba(OH)2, and Th(K03)4 all have the same effect on type and 
sta,bility of petroleum oil-casein emulsions, and to practically the same de- 
gree, yet 2 of them, XaOH and Th(N03),, nearly double the surface tension 
between aqueous casein and kerosene (havc the number of drops), while 
Ba(H0)2 markedly lowers the surface tension (increases the number of drops). 
A12(S04)3, on the other hand, which has a very definite effect on the emulsions, 
in the same direction as the above group of three electrolytes though to a less 
degree, has no influence whatever on the surface tension, while YaC1 and 
BaCL which have but a very slight and often no discernable effect on the emul- 
sions, lower the surface tension to about the same extent 8s does Ra(OH)2. 

The above facts seem to preclude changes in surface tension as a factor in 
determining the effect of electrolytes on petroleum emulsions. 

It is remarkable, though at  present of purely theoretical interest, that 
NaOH, Ba(OH)2, and Th(N03)b should have an effect on the surface tension 
between aqueous casein and kerosene which is quite out of harmony with the 
chemical reaction between these electrolytes and casein. Casein is soluble in 
NaOH and Ba(OH)2. The cloudy aqueous casein dispersion used as stabil- 
izer becomes clear immediately on the addition of very little of the hydroxides, 
while no such effect or any other is to be noticed when TH(N03)4 is added. So 
far as the writer is aware no reaction takes place between Th and aqueous 
casein. Yet, the casein dissolved in a SaOH solution markedly increuses the 
surface tension over that between pure insoluble aqueous casein and petroleum 
oil, while Ba(OH)2 lowers the surface tension value below that of a pure casein 
dispersion in contact with kerosene. Th( YO,),, on the other hand, which ap- 
parently has no chemical effect on aqueous casein, increases the surface ten- 
sion between the casein and the hydrocarbon oil to the same degree as does 
NaOH in which casein is soluble. 

* The drops fall so rapidly as to form a continuous stream. 
2 At first the drops fall a t  the rate of about 300, then suddenly a substantial rnenibrane 

is developed around the enlarging drop permitting it to assume great size, after which the 
number of drops formed is at the rate of 36 for 9 C.C. of solution. When the large drops fall 
the semi-plastic morphological membrane is torn and the just severed drop IS the shape of an 
inverted top. (see text fig. 2). 
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The influence of the electrolytes on the surface tension between olive oil 
and aqueous casein is in equally poor agreement with the influence of these 
electrolytes on emulsions of olive-oil stabilized with casein. 

A casein-stabilized emulsion of olive oil and water is of the water-in-oil 
type. It is readily reversed into an oil-in-water emulsion by NaOH and re- 
versed back again by BaClz or Ba(OH)2. NaC1 has no noticeable influence on 
the emulsion. On the surface tension between olive oil and aqueous casein 
these four electrolytes have the following effects: XaOH, which will reverse 
the oil-in-water olive oil emulsion, greatly lowers the surface tension between 
the oil and the aqueous casein, while Ba(OH)2, which reverses the water-in-oil 
emulsions also lowers the surface tension between olive oil and aqueous casein 
until there is time to establish a tough plastic membrane, when surface tension 
between the pure oil and the aqueous casein ceases to exist as such. The pres- 
ence of such optically visible membranes proves, in the first place, that one is 
not always dealing with monomolecular surface tension films in stabilized 
emulsions, and, secondly, how inaccurate the drop method of determining 
surface tension values can be. This has been emphasized by Clayton1. 

NaCI, which has no noticeable effect on the olive oil emulsions, and BaCL, 
which reverses the oil-in-water emulsions as readily as does Ba(OH)2, have no 
effect whatever on the surface tension between olive oil and casein. 

Conclusion 
The behavior of certain petroleum oil emulsions, stabilized with casein, in 

the presence of electrolytes, bears no apparent relation to the valency of the 
ions, nor to  the surface tension changes between the oil and the aqueous casein 
occasioned by the electrolytes. 

’ “The Theory of Emulsions and Emulsification,” Philadelphia, 1923. 




