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1. Stability of emulsions stabilised by soaps
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III. Stabilisation of emulsions by substances other

than soaps

A great number of investigations has been devoted to the
causes of the stability of emulsions to aggregation, never-
theless, at the present time, there is no single opinion
even on the causes of the stabilility of the classical emul-
sions stabilised by ordinary soaps. An attempt is made in
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the present paper, on the basis of a critical comparison of
the accumulated experimental material, to discuss the
question of the stability of emulsions and, in this way, to
arrive at some general conclusions.

I. STABILITY OF EMULSIONS STABILISED BY SOAPS

An analysis of the scientific literature shows that, if
theories of only historical interest discussed in detail in
special monographs !7% are not taken into consideration, the
stability of emulsions stabilised by soaps has been inter-
preted generally from two viewpoints: either from the
so-called physical theory of stability, which specifies the
presence of an electrical double layer on the surface of the
globules, or from the presence round the globules of a
coating of stabiliser possessing structural and mechanical
properties. Both conceptions start from premises on the
formation of adsorbed films; however, the properties and
structure of the films, and also the very basis of stability,
according to these theories, are completely different. We
shall consider these two theories separately.

Stability of emulsions as a result of the
presence of an electrical double layer round
the globules. This theory of the stability of emulsions
arose from general ideas on the stability of colloid systems
developed as early as the beginning of the present century by
Hardy®. According to this conception, the stability of col-
loid and micro-heterogeneous systems to aggregation is a
consequence of the formation on the surface of the particles
of an electrical double layer of ions, which produces an
energy barrier obstructing the approach of similarly
charged particles to a distance where the intense molecular
forces of attraction operate. This layer, the external sur-
face of which generally possesses a diffuse character,
usually arises on the surface of the particles as a result of
selective adsorption of one of the ions of an electrolyte pre-
sent in the system. This idea was used by Ellis® and
Powis 8 to explain the stability of dilute emulsions, and has
subsequently been widely used also to explain the stability
to aggregation of concentrated emulsions stabilised by
soaps 7»8. At the present time, such prominent scientists
as Kruyt®, Verwey!'?, Overbeek!!, Van den Tempel 2,
Becher 13, etc., prefer to explain the stabilisation of emul-
sions by ionic materials on this basis.

A persuasive argument for the correctness of this
approach is the behaviour of emulsions stabilised with soaps
when electrolytes of different valencies are added to them.
Dilute emulsions were shown by Powis® to obey the
Schultze-Hardy rule. In the Soviet Union, Kharin and
Takking '* have come to the same conclusions.

Martin and Hermann * have shown that the Schultze-
Hardy rule is alsoapplicable to emulsions of xylene stabilised
by sodium oleate. Somewhat later, Van den Tempel!2,
investigating the stability of normal emulsions stabilised
with sodium salts of esters of sulphosuccinic acid, and with
sodium laurate, to the action of electrolytes, also found
that his results were in complete agreement with the
Schultze~Hardy rule, according to which the concentration
of a cation necessary to ensure a predetermined rate of
coagulation of a sol with negatively charged particles is
determined by the charge, and to a considerably smaller
degree, by the specific nature of the cation. Voyutskii and
Panich!®, studying the influence of electrolytes on the
¢ -potential of particles of synthetic latices stabilised with
salts of naphthenic acids, also found an extremely marked

influence of the valency of the cation on the threshold con-
centration for coagulation. According to their results, the
threshold concentration for coagulation was generally in-
versely proportional to the sixth power of the valency of the
cation, inagreement with the formula deduced by Deryaginand
Landau from the physical theory of the stability of lyophobic
sols, whichgives greater precision to the Schultze~Hardy

rule.
Another indication that emulsions are stabilised by the

electrical double layer formed on the surface of the hydro-
carbon droplets is the dependence of the emulsifying power
of soaps on the nature of their cation observed by Kremnev
andKagan!’. These authors established that, for normal
emulsions, the aqueous phase of which consisted of 0.32 ¥
solutions of the oleates of various alkali metals, the criti-
cal thicknesses & of the stabilising layers of systems of
limiting concentration and the relative emulsifying power
of the corresponding soaps had the values given in Table 1.

The relative values of the critical thicknesses 6 of the
layers of emulsions of limiting concentrations obtained
using oleates with different cations are remarkably similar
to the ratios of the coagulation thresholds determined by
the same cations when they are added to typical lyophobic
sols with negatively charged particles?®8. This can be
seen, for example, from a comparison of the data of Table 1
with the values for the coagulation threshold y of suspen-
sions of various clays for various cations found by Jenny
and Reitemeier (see ref.18) and given in Table 2.

The similarity observed is most simply explained by a
general cause — an increase in the condensation of the
electrical double layer as a result of an increase in polari-
sability and a diminution in the hydration of the ions with an
increase in their true radius. Finally, complete correla-
tion cannot be expected here in consequence of the uni-
versally known low accuracy of the determinations of ¢ and
their poor reproducibility.

TABLE 1. Critical thicknesses of the
stabilising layers 6 and
relative emulsifying power
of various salts of oleic acid.

Relotive
Emulsifier 5,2 emulsifying
power
Sodium oleate 100 1
Potassium oleate] 50 2
Rubidium oleate 35 2.85
Caesium oleate 20 5.0

TABLE 2. Values of the coagulation
threshold (y) of suspensions
of various clays by different
cations.

Casclay Heclay
Cation Y % of Y» % of
Y M Y for Nat| ¥ i y for lia*
Nat 4.5 100 2.7 100
K+ 3.0 66 1.5 55
Rb* 1.9 42 1.2 44
Cs* 1.2 26 0.7 25
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The fact that a diminution in the critical thickness of the
stabilising layer and a parallel increase in the emulsifying
power is observed when the true radius of the ion of the
alkaline metal increases is explained, finally, by an in-
crease in the adsorption of the soap (the adsorbability of
soaps rises in parallel with their hydrophobic properties
from sodium soap to caesium soap). As a result of this
increase in adsorption, the charge density at the inter-
-phase boundary rises, and the electrical double layer re-
tains its capacity for preventing the agglomeration of the
particles at a lower layer thickness.

A third argument in favour of the view that the stability
of emulsions is determined by electrical forces of repul-
sion is the presence in emulsions stabilised by ionic mate-
rials of an isoelectric point and the possibility of reversing
the charge on their particles. This was noted for dilute
emulsions in the early investigations of Ellis® and Powis ®.
The same dependence has been established for natural latex
by Belgrave!?, Sarrut?, Fullerton?!, and Rhodes and
Secar 22, and for synthetic latices by Voyutskii and co-
workers 6. During the charge reversal, the latex passes
through the isoelectric point and the system may coagulate,
To prevent this, the charge-reversing electrolyte must be
added to the latex as rapidly as possible, and a protective
colloid should be added to the latex first. Latex with par-
ticles on which the charge is to be reversed must not be
too concentrated. It can be seen that to reverse the charge
on an emulsion, all the conditions under which charge-
-reversal of typical lyophobic sols proceeds must be pre-
served. It must be noted that the change in the £ -potential
of the globules of latices, which are ideal models of
emulsions, on changing the pH or adding indifferent elec-
trolytes to the system, obeys laws characteristic for typical
lyophobic colloids. A great amount of material on this
question has been given in our special review®,

Finally, the idea that the stability of emulsions stabil-
ised by soaps is determined by the presence of an electrical
double layer on the surface of the globules is favoured by
the remarkable fact that the emulsifying power of soap
solutions falls at fairly high concentrations 4. In certain
cases, it is absolutely impossible to prepare emulsions
using highly concentrated soap solutions2®. It has also
been shown!? that when the concentration of soap in an
emulsion is increased the degree of dispersion and, con-
sequently, the stability of emulsions of limiting concentra-
tion are reduced to a slight extent. This phenomenon is,
of course, connected with the condensation of the electrical
double layer in consequence of a high concentration of the
stabilising electrolyte.

In a consideration of the stability of emulsions stabilised
by soaps starting from the assumption that an electrical
double layer is formed round the globules, a number of
questions arises. These questions reduce fundamentally
to the following three:

1. Why cannot stability be imparted to emulsions by low-
-molecular-weight inorganic electrolytes which stabilise
ordinary lyophobic sols?

2. Why do the salts of the lower fatty acids not possess
stabilising properties? If, in the stabilisation of emul-
sions, everything reduced to the formation of an elec-
trical double layer, then an appropriate increase in the
concentration of these salts, which are capable of being
adsorbed at an oil-water interface, could, it would
appear, produce stable emulsions.
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3. Why does the concentration of emulsions (for example,
by evaporation) lead to their stabilisation when such an
increase in the concentration of a lyophobic sol generally
causes its coagulation?

There is no difficulty in answering the first question.
Inorganic polarising ions cannot be adsorbed on the non-
-polar surface of hydrocarbon droplets in sufficient amount
for stabilisation. The low adsorption of such ions on the
surface of the globules can lead only to their imparting a
comparatively weak electrical charge to the latter, as was
found in the well-known experiments by Ellis and Powis
with dilute emulsions.

The answer to the second question is that, to attain the
necessary adsorption for the stabilisation of an emulsion,
the concentration of relatively low-molecular-weight soaps
in the inter-globular liquid must be so high that consider-
able condensation of the electrical double layer and rup-
ture of the emulsion will at once take place. According to
Donnan 26, who first put forward such an explanation for the
lower homologues of the series (up to sodium laurate), the
absence of marked emulsifying power is connected with the
predominance of the coagulating action of sodium ions,
exceeding the capacity for emulsification and reduction of
the surface tension. Moreover, it may be considered that
the salts of the lower fatty acids, the molecules of which
have short hydrocarbon radicals, are completely lacking
in emulsifying power and act rather as ordinary electro-
lytes. The observations of Yurzhenko and Ivanchev? are
in complete agreement with this; they made a detailed
study of the influence of added salts of various fatty acids
on emulsion polymerisation. While the addition to the
system of salts of fatty acids with more than six carbon
atoms in the chain was equivalent to an increase in the
concentration of emulsifier, conversely the addition of
salts of the lower fatty acids caused the sample to coagu-
late, leading to an increase in the mean radius of the latex
globules and, at high concentrations, to a completely non-
-stable system.

Finally, the explanation of the possibility of concentrat-
ing emulsions leads to the fact that salts of the higher fatty
acids, due to the presence of long hydrocarbon chains in
their molecules, are very strongly adsorbed. Thus, for
example, in rubber emulsions, soap is found almost com-
pletely in the adsorbed state on the surface of the globules 2,
Thus, comparatively small amounts of soap will be found
in the dispersion medium of even concentrated emulsions,
and, consequently, its ionic strength will be relatively low
if, of course, saturation of the adsorbed layer is not
reached.

Moreover, since the salts of fatty acids are weak elec-
trolytes, the transition from ionised soap to molecular soap
incapable of condensing the electrical double layer will
take placetoanever increasing degree in the inter-globular
liquid as the concentration in the emulsion is increased.
Under these conditions, the increase in the concentration
of emulsifier which takes place as the emulsion is concen-
trated cannot in any way fundamentally affect its stability.

The situation is different when the concentration of
typical lyophobic sols is increased. The stabilising inor-
ganic electrolytes in a lyophobic sol are mainly in the
inter-micellar liquid. Moreover, inorganic electrolytes
are generally strong electrolytes and, consequently, cannot
change their degree of ionisation with an increase in the
concentration of the sol. All this, of course, must lead to
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coagulation of a lyophobic sol when it is concentrated
excessively.

The possibility is not excluded that, although an increase
in the soap concentration in the emulsion converts the
electrical double layer into a non-ionised layer, the latter
being sufficiently hydrated to ensure stability to aggrega-
tion in the system. This supposition is quite reasonable if
one considers the outstanding polarity of the carboxyl group
in which hydrogen has been replaced by an atom of an alkali
metal. There are indications in the work of Deryagin®,%°
of the hydration of the electrical double layer formed by the
soap molecules after the compression of this layer to the
limit and of the stabilising action of the polymolecular
hydrate layer arising in this way.

Of course, the papers cited answer the questions posed
only in a very general, qualitative form: special investiga-
tions are necessary to establish a quantitative basis for
the answers given. In recent years, the correctness of
the explanation of the stability of emulsions to aggregation
as being due to the presence of electrical double layers on
the surface of the globules has been confirmed by an
experimental test, accompanied by guantitative calculations
of the forces acting between the particles.

Van den Tempel 3! has investigated the flocculation and
coagulation of emulsions of the oil-in-water type as functions
of the concentration of a uni-univalent electrolyte added to
them. Calculation of the repulsion energy between the oil
droplets of the initial emulsion showed that a potential
barrier due to electrical forces must exist between
approaching surfaces which exceeds the value of 2T by a
factor of several thousand. Obviously, the energy of the
Brownian motion under these conditions is insufficient to
cause direct contact between the surfaces of the drops and
hence their coalescence. Therefore, on adding small
amounts of a uni-univalent electrolyte to the emulsion, only
flocculation takes place. The globules in such a flocculated
emulsion are still separated by an aqueous film and are at
a distance of at least 100 A apart. This corresponds to a
second shallow minimum on the potential curve which
always occurs if the attractive forces diminishmore rapidly
than the repulsive forces with increasing separation. This
minimum is located between 100 and 200 A for the concen-
trations of electrolytes used in Van den Tempel's work.
More complete contact of the particles under these con-~
ditions is still prevented by a fairly high potential barrier
of an electrostatic character. Coalescence of the droplets
sets in only at comparatively high concentrations of elec-
trolyte as a result of a diminution in the thickness of the
aqueous film and its rupture.

In his investigation, Van den Tempel showed that a theory
which included only electrostatic repulsion and van der
Waal's attraction predicted a far more rapid diminution of
the thickness of the aqueous film with an increase in the
concentration of electrolyte than is found by experiment.
Thus, the experimental results indicated the presence, in
addition to the electrostatic forces, of repulsive forces of
a different nature acting at distances between the surfaces
of the globules of less than 125 A. The author suggests
that such forces are due to steric factors.

It is material that, even earlier, Deryagin and Titiev-
skaya ?, studying the effect of pressure on the thickness of
a soap film between two bubbles of a foam, also found evi-
dence for repulsive forces with a small radius of action and
evidently of non-electrostatic origin. As mentioned above,
Deryagin and Titievskaya consider that these forces are

connected with the presence of polymolecular hydrate films
in the monolayers of stabiliser. Quite recently, Voropa-
eva, Deryagin and Kabanov 3 have detected non-electro-
static repulsive forces due to the formation of solvate layers
on the surface when two crossed platinum wires are brought
to contact in electrolyte solutions.

The recently published investigation of Schenkel and
Kitchener 32 is of great importance for the comprehension
of the reasons for the stability of emulsions. The investi-
gation was carried out with an aqueous suspension of
spherical particles of cross-linked polystyrene with a dia-
meter of 10 y bearing sulpho-groups on the surface. As
the authors pointed out, the dimensions and shape of the
particles used, the nature of the disperse phase, and the
nature of the ion-forming groups make this suspension a
good model of an emulsion. Of course, in this case, due
to the solid nature of the dispersed phase, coalescence,
which is typical of true emulsions, does not occur on
coagulation. In their investigation, Schenkel and Kitchener
determined the conditions which control the stability, slow
aggregation, and rapid aggregation of this model suspen-
sion in solutions of KNO;, CaCl,, and LaCl; at various con-
centrations. The authors determined these states of the
suspension from their sedimentation velocity and the
volume and nature of the precipitate formed. The values
of the zeta-potential of the particles of the disperse phase
in the corresponding solutions were also determined by
microelectrophoresis. Taking into account the fact that,
for the given system, the y,-potential is approximately
equal to the ¢ -potential, Schenkel and Kitchener calcu-
lated, making all necessary corrections, the energy of re-
pulsion of the electrical double layers and the van der
Waal's attraction between the particles, and constructed
the corresponding potential curves. These permitted a
quantjtative check on the applicability of the physical theory
of coagulation to the given case. We shall not enter into
the experimental details of this thorough investigation but
will consider only the fundamental conclusions that follow
from it.

The action of electrolytes on the model suspension proved
remarkably similar to the action of electrolytes on typical
colloidal systems. The transition from a stable suspension
to the conditions of slow, and then rapid, aggregation had
an identical character. In both cases, the valency of the
counter-~ion had a typically powerful influence on the sys-
tem. However, the potential energy curves found showed
that the particles of the suspension repelled one another
extremely strongly if they approached to a distance of about
100 A. For example, the repulsion energy of particles at
this distance in KNO; solution with a concentration corre-
sponding to the beginning of flocculation must amount to at
least 1.2 x 107 erg. Since the mean energy of the
Brownian motion of the particles £T is approximately
4 x 107 erg, the energy barrier preventing contact of the
particles is at least 3000 £T under these conditions. Con-
sequently, aggregation, corresponding to the first mini-
mum of the potential curve, is completely excluded in this
case.

According to the physical theory of the stability of lyo-
phobic colloids, when an energy barrier exists between two
colloid particles, a small secondary minimum must also
exist in the potential curve, corresponding to greater sepa-~-
rations. This follows from the fact that the energy of the
van der Waals attraction falls with the distance according
to a power law, while the energy of electrostatic repulsion
diminishes exponentially. For typical colloid systems,
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the minimum is very shallow compared with 2T, except for
systems containing rod-shaped or lamellar particles cap-
able of forming tactoids and thixotropic gels. However,
Verwey and Overbeek specially noted the possibility of
aggregation corresponding to a second minimum in the
potential curve for coarse dispersions.

The second minimum generally lies at a distance of the
order of 1000-2000 A on the potential curve. Fig.1 shows
the potential curves for different cases calculated according
to the theory. Curve a represents the variation of the
attractive energy alone; curve b characterises the result-
ing potential energy at the critical concentration; and
curves ¢ and d represent the resulting curves correspond-
ing to the upper limit of the range of stability and lower
limit of the range of rapid coagulation.

The theoretical curves enable the experimental observa-
tions to be explained extremely satisfactorily. In all
regions of stability, repulsion continues to act at distances
of up to 2000 A and the secondary minimum is too low
(< 1 2T) to cause the combination of two particles into a
single aggregate. At the critical concentration, the mini-
mum becomes deeper and attains 4 2T, which is sufficient
for the combination of two particles. Under these condi~
tions, of course, there is always the possibility of the
addition of a third approaching particle to the aggregate.
On the other hand, dissociation of the particles, forming
a pair, may also take place. This is due to the slow rate
of aggregation in this region of electrolyte concentrations.
Finally, at higher concentrations of KNO,, there is a deep
potential trough (V =~ -40 ¢T at 240 A) from which the par-
ticles cannot escape by using the energy of the thermal
motion alone.

Schenkel and Kitchener put forward two qualitative ob-
servations in defence of this interpretation. In the first
place, when particles which are not too coarse settle on a
glass plate in 1073 N KNO, solution, they keep up the
Brownian motion. This indicates that the particles are not
in direct contact with the glass. In a 1072 N solution, the
Brownian motion is no longer observed, providing a direct
indication of a decrease in the distance between the par-
ticles and the glass. In the second place, a microscopic
investigation of the suspension has shown that the precipi-
tates, whether in the aggregated or non-aggregated state,
can be redispersed by simple stirring. This indicates
that the particles in the precipitate do not adhere firmly to
one another.

B
0+

potential energy, V/kT
LS

|
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§
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1000 2000 Jﬂg
distance between the particles, A

Fig.1l. ©Potential curves for different
cases of the destabilisation of a poly-
styrene suspension 3!,

560

From all that has been said, the conclusion must be
drawn that the stability and aggregation of the model sus-
pensions of polystyrene in KNO; solution is quite well ex-
plained by the theory based on the presence of a second
minimum in the potential curve.

For experiments with CaCl, and LaCl, solutions, the
region of critical concentration corresponds to lower elec-
trolyte concentrations than those calculated theoretically.
The authors explain this discrepancy by the complications
arising on using polyvalent counter-ions for destabilising
the system.

Stability of emulsions as a consequence
of the structural and mechanical properties
of the adsorbed layer. This theory of the stability
of emulsions arises as a consequence of the viewpoint that
highly stable colloidal and microheterogeneous systems can
exist in a liquid medium only when the surface of the par-
ticles carries an adsorption-solvation layer possessing
structural viscosity at low velocity gradients and forming a
structural and mechanical barrier3¢-38, According to this
theory, such layers must consist of adsorbed layers of
orientated surface-active molecules which are almost satu-
rated and form two-dimensional crystal-like structures.
However, according to this theory, a particularly strong
stabilising action is possessed by adsorbed colloidal layers
which consist of peculiar jelly-lyogels which are strongly-
solvated by the dispersion medium and pass diffusely into
the intermicellar liquid. Substances capable of forming
such layers in hydrosols include proteins, alkali-metal
soaps, and some other substances with sufficiently large
organic ions.

According to Rebinder®?, the stabilising properties of
structurally viscous (gel-like) absorbed layers in collisions
between particles of the disperse phase is explained by the
fact that the highly viscous layer between the particles can-
not be squeezed out during the collision. Rebinder % con-
siders that the structural and mechanical factor is the most
powerful stabilising factor and has universal importance,
and that its use is essential to obtain highly stable particu-
larly concentrated disperse systems (for example, techni-
cal foams, emulsions, and suspensions).

It must be said that no direct and irrefutable proofs of
the applicability of this theory to the explanation of emul-
sions stabilised by soaps have been given until recent
times. Indications of the possibility of forming sufficiently
strong, most frequently polymolecular, films of soap round
the globules of an emulsion exist in many old papers of
foreign workers3®-#3. However, all these lack a suffi-
ciently conclusive experimental basis. Of Russian wor-
kers, Bromberg*¢ has attempted to show the possibility of
forming polymolecular layers of soap round the globules of
emulsions of limiting concentrationsf. However, Kremnev
and Soskin 2 have pointed out a series of fundamental errors
in Bromberg's calculations which make his results of
doubtful validity.

The explanation of the stability of emulsions as due to
the presence of a strong mechanical adsorbed layer round
the globules encounters a series of insurmountable difficul-
ties. First of all, it is now firmly established that the

T In ordinary, not too highly concentrated, emulsions, accord-
ing to Bromberg, there are protective films of soap molecules
which are monomolecular and have a packing density correspond-
ing to the condensed state.
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globules of emulsions stabilised with soap are covered with
a layer of the emulsifier, which is generally far from satu-
rated. Fischer and Harkins*® were apparently the first to
establish this fact. Zwicker % gives data from which it
foliows that the surface of synthetic latex globules stabil-
ised by soaps is only 40-60% covered by the stabiliser.
Maron, Elder, and Ulewitch??, and also Voyutskii and
Panich*®, who studied the adsorption of the stabiliser on
synthetic latex globules, came to the same conclusion. The
non-saturation of the adsorbed layers on the surface of the
{atex globules is shown both by the calculated area per soap
molecule under these conditions, and experimentally:
generally a considerable amount of soap must be added to
the latex before it appears in the non-adsorbed state, as
can readily be determined by the change in surface tension
of the system %,

Particularly convincing data on the incomplete coverage
of globules of emulsions by soap molecules are given in the
numerous and extremely thorough investigations of Krem-
nev and his coworkers. In his 1946 paper ?* it was shown
that the area occupied by a molecule of sodium oleate on the
surface of a benzene globule in an emulsion in water of
limiting concentration is ~ 100 A%} (as a matter of fact, the
areas for one molecule of stabiliser given in the papers of
Kremnev et al. must probably be increased still further,
since they were calculated from the assumption that all the
soap present in the system is adsorbed). Since this figure
considerably exceeds the cross-sectional area of the car-
boxyl group, Kremnev quite correctly considers that highly
rarefied gaseous layers of molecules of the stabiliser are
present on the surface of the globules of emulsions. In the
1948 investigations !, which were carried out with the
oleates of various alkali metals, Kremnev and Kagan came
tothe conclusion that “the stabilising capacity of an adsorbed
layer is not connected with the packing density and degree
of rarefaction in it”. The only exceptions are extremely
rarefied coatings which no longer possess stabilising pro-
perties. In the same paper, as an example, the authors
indicated that stable emulsions stabilised with an oleate
can be obtained even when a molecule of the stabiliser on
the surface of a globule corresponds to an area of 258 A2.
In a more recent investigation (1951) Kremnev and Kuibina 5,
on the basis of a large amount of experimental material,
came to the conclusion that the stabilisation of emulsions
by non-saturated layers of stabiliser (triethanolamine oleate
or stearate) is not subject to any doubt. Finally, in a
paper of 1958 on the interpretation of his experiments,
Kremnev?®' again departs from the position that the stabili-
sation of the emulsions is brought about by adsorbed mono-
layers of soap. Only in one paper does Kremnev®? con-
sider that he has established the presence of a polymolecu-
lar layer of soap on the droplets of an emulsion of the oil-
water type. However, this case relates to the system ob-
tained by emulsifying molten paraffin wax in a hot soap
solution. There is every reason to consider that dissolu-
tion of the emulsifier in the molten disperse phase takes
place at elevated temperatures. As a result of this, the
concentration of soap in the dispersion medium will be
greatly reduced in comparison with the concentration of
soap in the initial aqueous solution, which was used by
Kremnev in his calculations of the thickness of the ad-
sorbed layer. It is clear that all this makes Kremnev's
conclusions concerning the polymolecularity of the ad-
sorbed layer in the case of the paraffin-wax emulsion ex-
tremely doubtful.

1 The Russian text gives A as the unit of area throughout.
This is given as Al here (Ed. of Translation).

As we shall see below, Kremnev has established that,
in the case of inverse emulsions and emulsions obtained
with the use of a non-ionic stabiliser, the stabilising ad-
sorbed layer is extremely far from saturation.

Further, according to generally accepted opinion®3,
amphipathic molecules are arranged at an oil-water
boundary in sucha way that the polar or ion-forming groups
are turned into the water and the hydrocarbon radicals are
immersed in the droplets of the emulsion. As Kremnev
and Kuibina % correctly remark, it is hardly possible to
imagine that, in unsaturated layer, amphipathic molecules
lie flat or at an acute angle to the surface, as is the case
at a liquid—gas interface. In other words, the hydrocarbon
radicals of the molecules present at the phase-separation
boundary must be dissolved in the hydrocarbon phase.
Then, thanks to the solvation of the non-polar portions of
the soap molecules by the hydrocarbon of the disperse
phase, the interaction between the molecules of the emul-
sifier must be a minimum, in contrast to the case where
the soap is present at a solution-air boundary. Attention
has also been drawn to this fact by Harkins®! and subse-
quently by Adam 5% and by Blakey and Lawrence 5¢,

Taubman and coworkers ;%8 have shown quite con-
clusively that the soap is present in the form of a two-
-dimensional gas at the surface of separation of two liquid
phases, irrespective of the length of its hydrocarbon chain.

On the basis of the incompleteness of the stabilising
layer on the surface of the globules of an emulsion, the
orientation of the amphipathic molecules at the oil-water
boundary, and the gaseous nature of the two-dimensional
adsorbed layer, it is very difficult to imagine the existence
on the surface of the droplets of a gel-like film of emul-
sifier, possessing mechanical strength and responsible for
the stability of emulsions to aggregations. It was just
these considerations that led Langmuir, and also Harkins 3,
to renounce the ideal of the interphase layer in emulsions
stabilised with soaps as a strong polymolecular film and
forced them to consider it as a monomolecular layer of
orientated amphipathic molecules attaining continuity only
under limiting conditions. These recent ideas exclude, it
seems to us, the possibility of explaining the stability of
emulsions by the concept of a structural and mechanical
barrier. In spite of this, a number of workers adhere to
this explanation.

It is particularly remarkable that Kremnev, having done
so much to establish the unsaturated nature of the adsorbed
layer coating the globules of emulsions, speaks in some of
his papers 59,% of “the gel-like state” of the adsorbed layers,
and of “the gelatinisation of the stabiliser concentrated on
the droplets (through positive adsorption) with the formation
of a two-dimensional gel”, and so on. His statements that
the stability of an emulsion may also be promoted by a
layer of a certain thickness formed under the surface of the
globule from the hydrocarbon radicals of the molecules of
stabiliser dissolved in it is also completely incomprehen-
sible. In the first place, such layers cannot possess any
appreciable structural and mechanical properties onaccount
of their rarefaction and the solvation of the hydrocarbon
radicals. In the second place, if such layers, located
under the surface of the globule, did possess a certain
strength, this could not prevent coagulation, just as the
high mechanical properties of thedisperse phase of typical
lyophobic colloid systems with solid particles cannot pre-
vent coagulation.

Very recently, Orr and Breitman®®, using synthetic
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latices with disperse phases of different natures stabilised
with various cation-active soaps, have also shown that the
area covered by the stabiliser is between 44 and 709 of the
total surface of the latex globules. Also, Orr's opinion
that part of the surface of the globules may remainuncovered
with stabiliser in the presence of excess soap®! is ex-
tremely interesting. More recently, he has explained this
by the fact that, when a stabiliser is added to a latex, the
critical micelle -formation concentration is always reached
before a saturated monomolecular layer of the stabiliser is
formed on the surface of the globules. After the critical
micelle-formation concentration has been reached in the
aqueous phase, the further addition of stabiliser can lead
only to an increase in the number of micelles formed and
not to an increase in the amount of molecularly dissolved
soap, with which the soap adsorbed on the surface is in
equilibrium. According to Orr, the critical micelle-
-formation concentration always corresponds to the maxi-
mum stability of latices. Besides, the correctness of this
position had been shown earlier for emulsions by Cockbain
and McMullen®. It is very important that Orr came to
such conclusions on the basis of experiments with latices
having disperse phases of very diverse nature. This indi-
cates the possibility of applying the ideas which he has
developed to all emulsions of the oil-in-water type also.

A number of other arguments can be brought against the
explanation of the stabilisation of emulsions by the forma-
tion of adsorbed layers possessing definite structural and
mechanical properties on the surface of the globules.

Firstly, in contrast to previous investigations, the
accurate measurements of Blakey and Lawrence®® and a
number of other workers %38 carried out in very recent
years have shown that even saturated layers of surface-
-active substances (with the exception, perhaps, of saponin)
on a hydrocarbon—water interphase exhibit no plasticity and,
generally, no increased viscosity. This agrees completely
with all that has been said above on the rarefied nature of
the adsorbed interphase layers and on the solvation of their
molecules. Moreover, if an adsorbed layer with definite
structural and mechanical properties is present at the
interphase surface, this viscosity should certainly have
been detected.

Secondly, if the molecules of the emulsifier formed a
strong gel-like film on the globules through the energetic
interaction or mechanical interlacing of their hydrocarbon
chains, the stability of the emulsions should increase with
an increase in the length of these chains. However, Krem-
nev and Kuibina %, using normal emulsions obtained with
salts of triethanolamine and various fatty acids, showed
that the emulsifying power of these stabilisers and the
stability of the emulsions obtained increased with an in-
crease in the length of the fatty acid chain only up to 12
carbon atoms (which corresponds to triethanolamine
laurate). On further increasing the length of the hydro-
carbon radical of the molecule of the stabiliser, its emul-
sifying power and the stability of the emulsions remained
unchanged or even decreased slightly. Similarly, Levi
and Smirnov % found that the optimum emulsifying power
was possessed by salts of alkenylsuccinic acids containing
from 10 to 16 carbon atoms in the chain or salts of alkyl-
phosphinic acids with 7-9 carbon atoms in the alkyl radi-
cal. A decrease or an increase in the length of the hydro-
carbon chains led to a reduction in, or the complete loss
of, their emulsifying action.

This relationship is, of course, an argument against the
explanation of the stability of emulsions by the formation of
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a strong adsorbed layer on the surface of the globules,
since the mechanical properties of this layer should in-
crease extremely sharply at longer chain lengths, when
the interaction between the hydrocarbon radicals increases
and the possibility of forming a strong two-dimensional gel
becomes greater.

On the other hand, such a relationship is very readily
comprehensible if it is assumed that the stability of emul-
sions depends on the action of the electrical double layer.
The rise in the emulsifying power of the emulsifier and the
stability of the emulsions observed with an increase in the
length of the hydrocarbon chain up to a definite limit is
naturally explained in this case by a reduction in the solu-
bility of the emulsifier and, hence, an increase in its ad-
sorbability. As Donnan?® has shown, an appreciable ab-
sorption of soap at an aqueous solution-paraffin oil boun-
dary commences with sodium caprylate and rises sharply
on passing to the laurate. The diminution in the stability
of the emulsion after the hydrocarbon part of the molecule
of soap has reached its optimum dimensions can readily be
explained by the increase in the solubility of the soap in the
hydrocarbon phase and the decrease in the electrical charge
on the surface of the globule.

Thirdly, as experiment has shown, stable emulsions can
be obtained using emulsifiers known to be incapable of
giving mechanically strong adsorbed films. Here are in-
cluded the crystalline nekals (alkali metal salts of alkyl-
naphthalene sulphonic acids), triethanolamine, and other
quite widely-used stabilisers.

Fourthly and finally, the effect of electrolytes on emul-
sions stabilised with soaps also conflicts with the idea of a
mechanical protective action of the adsorbed layers. If a
gel-like layer is present on the surface of the globules,
the addition of electrolytes which usually favour gel-forma-
tion, should increase the thickness and density of the sur-
face film and thereby increase the stability of the emulsion.
In actual fact, the addition of electrolytes leads to the
coagulation of the emulsion; this coagulation, as we have
seen, generally follows the Schultze-Hardy rule.

It has been shown in a number of papers that it is pos-
sible to increase the stability of concentrated emulsions to
aggregation by imparting thixotropic structural properties
to the dispersion medium®~™. For example, Kremnev ™
observed a marked increase in the stability of benzene
emulsions whose aqueous phase contained cetyl alcohol in
addition to sodium oleate. However, it would be incorrect
to suppose that this phenomenon has anything in common
with the effect of a structural and mechanical factor in the
sense in which this is understood in the explanation of the
stability of emulsions. In the investigations cited, the
stability of the emulsions was determined by the transition
of the whole system to the state of a thixotropic gel and not
by the formation of a gel-like adsorbed layer on the surface
of the globules changing diffusely to the dispersion medium.
This point of view is confirmed both by the increase in the
sedimentation stability of such emulsions and by the fact
that measurement of the area occupied by a molecule of the
emulsifier on the surface of the globule under these condi-
tions, as Kremnev himself indicates, does not leave any
doubt of the monomolecularity and even considerable in-
completeness of the adsorbed layers.

II. STABILITY OF INVERSE EMULSIONS

Long ago the opinion was already widespread that emul-
sions of the water-in-oil type can be stabilised only by the
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strength of an interphase film. The existence of an elec-
trical double layer on the surface of the globules was not
considered, since the hydrocarbon phase possesses a low
dielectric constant and therefore prevents ionisation7!,72,

However, the idea of the presence of a strong adsorbed
film on the surface of the globules of inverse emulsions was
shaken by a study of the properties of this layer. Kremnev
and Kuibina %°, using water-in-benzene emulsions obtained
with triethanolamine oleate as the emulsifier, showed that
inverse emulsions are also stabilised by a highly unsatu-
rated adsorbed layer. These authors also consider that the
degree of rarefaction of the adsorbed layer is even far
higher in inverse emulsions than in normal emulsions.
According to their results, the area occupied by a molecule
of triethanolamine oleate on the surface of the benzene
droplets is from 130 to 210 A2, depending on the concentra-
tion of the stabiliser. Kremnev and Kuibina % came to the
same conclusions in another investigation in which they
prepared emulsions of water in benzene by stabilising them
with alkali-metal oleates in the presence of electrolytes.

On the other hand, Fuoss and Krauss?® showed that
slight polarisation may take place even in non-polar oils.
Salts of polyvalent metals and organic acids generally
exhibit a degree of ionisation of the order of 10-% in hydro-
carbon media. Consequently, for a solution of such a salt
in benzene with a concentration in the mM range, the ionic
concentration will have a value of the order of 10-1° N.
Under such conditions, the electrical double layer will, of
course, be very diffuse — calculations indicate that the
value of 1/k must be a few microns. Hence, as Koelmans
and Overbeek ™ indicate, the capacity of the double layer in
such a non+polar liquid is extremely small and a verysmall
charge is necessary to cause the presence ofa considerable
surface potential.

Koelmans and Overbeek carried outananalysis of whether
the free energy of the electrical double layer in a hydrocar-
bon medium can provide the potential barrier of about 15 2T
required, according to Verwey and Overbeek ’® to impart
stability to the system. They assumed that, at low ionic
concentrations, the change in the repulsive ernergy with dis-
tance can be represented approximately by Coulomb's law
and that — in contrast to hydrosols, where, as a result of
the screening effect of the counter-ions, the fall in the re-
pulsive energy takes place far more abruptly — the repul-
sive potential falls relatively siowly with the distance in
hydrocarbon media. Combining the energies of electro-
static repulsion and van der Waals attraction by Hamaker's

TABLE 3. Maximum repulsion as a
function of the dimensions
of the particles » and the
surface potential ¢.

vma)(
kT
é mV

r=10"cm! r=10%cm|r=10%cm

25 13 — —
35 26 i -
50. G2 4 _
5 152 11 —
100 256 20 1
150 662 54 4

method, they obtained a potential curve having a maximum,
Umax. The height of this maximum was not very sensitive
to changes in the van der Waals constant ¢ used in the cal-
culation. This explained the comparatively slow decrease
in the repulsive energy with distance. The values for

vmax calculated for @ = 1072 erg and expressed in units of
kT at room temperature (4 x 10-'4 erg) are given in Table 3.

In spite of the low ¢ -potentials, systems with a
hydrocarbon medium and with particles with a size of 1 p
and above may be stabilised as a result of the action of the
electrical double layer. This may be ascribed to the fact
that repulsion begins to play its role at distances where
attraction is quite inappreciable. At the same time, the
low value of the repulsive energy characteristic of par-
ticles with » < 1078 cm completely excludes the possibility
of stabilising highly dispersed oleosols using an electrical
double layer.

Van der Minne and Hermanie™, studying the electro-
phoresis of suspensions in benzene, found a good correla-
tion between the stability and the results of electrophoretic
measurements, and showed by direct experiments that
stabilisation of suspensions in hydrocarbons can be ex-
plained by the presence of an electrical double layer on the
surface of the particles.

Quite recently this question was again subjected to de-
tailed investigation by Albers and Overbeek!*, Experi-
ments with emulsions of water in benzene, stabilised with
oleates and sulphonaphthenates of various multivalent
metals, which are capable of ionising in a hydrocarbon
medium, showed that, in such emulsions, there was no
correlation between stability and flocculation, on the one
hand, and the ¢-potential of the drops of water in ben-
zene, on the other hand. Although the energy barrier for
emulsions with particles having a radius greater than 1 p
and a ¢ -potential greater than 25 mV is calculated to be
higher than 15 &7, this barrier is not capable of preventing
the separation of the system into the dispersion medium
and a cream, and does not exclude subsequent flocculation
and coalescence of the globules. Thus, the observations
made in this work appear to contradict the work of Koelmans
and Overbeek™ cited. Albers and Overbeek explain this
contradiction by the fact that the case developed by Koel-
mans and Overbeek™ is true for extremely dilute suspen-
sions and emulsions, but is inapplicable to the more con-
centrated emulsion with which they worked and, in any
case, to a layer of cream. In both the latter cases, the
attractive forces between the droplets of water causing them
to draw together are so high that when the globules approach
one another, the highly mobile solvated negative ions on
their surface are readily pushed apart, thus permitting
coalescence.

Albers and Overbeek did not only find that a rise in the
¢ -potential of the globules does not increase the stability
to aggregation of emulsions of the water-in-oil type, but
they even found a clear inverse correlation between the
¢ -potential and the coalescence. They explained the exist-
ence of this relationshipas follows. The molecules of soap,
on their adsorption on the interphase surface, are naturally
orientated in such a way that their non-polar part is in the
benzene and the ion-forming head is turned into the aqueous
phase. Under these conditions, partial hydrolysis takes
place, the degree of this hydrolysis depending on the nature
of the soap. The hydrolysis products (being insoluble in
water and in benzene) accumulate at the interphase boundary
in the form of fine particles. Thanks to their generally
hydrocarbon character, they are more readily wetted by
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benzene than by water and therefore their greater part is
located in the external hydrocarbon medium, thereby
stabilising the water-in-oil emulsion by purely mechanical
means (for the stabilisation of the emulsions by protective
layers of granules, see below). The greater the degree of
hydrolysis which has taken place the lower, naturally, the
¢ -potential at the interphase boundary. Hence the in-
verse correlation between the magnitude of the ¢ -poten-
tial and the stability of the emulsion found in Albers and
Overbeek's investigation is comprehensible.

In their next paper, Albers and Overbeek !! made a de-
tailed investigation of the reason why the presence of a
fairly high energy barrier (greater than 15 £T) of electro-
static origin round the droplets of water-in-oil emulsions
did not prevent the flocculation of these systems. The
authors showed that, in consequence of the long-range
action of the electrical forces in systems with an external
hydrocarbon medium, it was necessary to omit the repul-
sive force between only two adjacent particles from the cal-
culations. The behaviour of water-in-oil type emulsions
can be understood only by taking the interaction between a
large number of particles into consideration. Albers and
Overbeek formulated their discussion in the following way.
In a system in which the continuous phase is water, the
thickness of the electrical double layer is only ~ 1073-10"2p,
so that electrostatic interactions can be observed only at
extremely small distances between the particles. The
potential energy of charged particles at particle separations
greater than 1072 u is thus practically zero.

The case is different in a system with a continuous
hydrocarbon phase. In this case, the thickness of the
electrical double layer is generally several microns. This
thickness is of the same order as the distance between the
globules in a moderately concentrated emulsion. There-
fore, the globules of such emulsions already possess a
certain amount of potential energy in comparison with that
which they would have if they were at an infinitely great
distance from one another. Consequently, the energy
barrier is reduced in this case and the stability with re-
spect to flocculation must also be reduced. This effect
was shown earlier by Verwey??.

A further reduction of the energy barrier in a system
with an external hydrocarbon phase takes place in conse-
quence of the combination interaction of more than two par-
ticles, as can be seen from Fig.2, which shows the reduc-
tion in the energy barrier for particle 2 under the influence
of two neighbouring particles — 1 and 3. The broken lines
represent the change in the energy of interaction with the
distance between particles 1 and 2 in the absence of par-
ticle 3 and between particles 3 and 2 in the absence of par-
ticle 7. The symbol E, denotes the energy barrier which
must be overcome for particle 2 to approach particle 1
from infinity. This barrier diminishes to E, if particle 2
begins its movement from the position shown. Itisreduced
still more, to E,, if its interaction with particle 3 is taken
into consideration. The continuous line in the figure re-
presents the resulting potential curve.

Since in systems with an external hydrocarbon phase, as
previously mentioned, each globule of the water-in-oil type
emulsion possesses a greater potential energy than if it
were present at an infinitely great distance from the other
particles, the flocculation of a certain number of globules
to the bottom of the vessel causes the remaining globules to
act like a compressed spring accelerating their movement
downwards. Further, according to the authors, each
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S )= energy of interaction

Fig. 2. Sketch explaining the decrease
in the energy barrier between the par-
ticles of an emulsion of the water-in-oil

type 1!

globule tends to move downwards under the influence of the
cumulative weight of all the globules present above it.

Thus, the sedimentation rate of a charged globule under
these conditions will be some orders of magnitude higher
than the rate of settling of a globule under the action of its
own weight. Consequently, extremely rapid flocculation
takes place and lasts until the concentration of the disperse
phase above the precipitate is very low, that is, until the
distance between the globules is greater than the thickness
of the electrical double layer.

To confirm the correctness of their considerations,
Albers and Overbeek carried out extremely thorough cal-
culations and pointed out that a flocculated state is charac-
teristic of water-in-oil type emulsions, or, as Pink7" for-
mulated it, the difference between emulsions of the normal
and inverse types consists in the more rapid formation of
creams in emulsions of the water-in-oil type.

As a result of all that has been said above, a number of
investigators now adhere to the opinion that the stability of
inverse emulsions may be due to the presence of an elec-
trical double layer on the surface of the globules. How-
ever, it is still difficult to resolve finally whether inverse
emulsions can be stabilised by electrostatic forces, since
far fewer data have been accumulated for these systems
than for oil-in-water emulsions.

In conclusion, we must dwell upon two further possible
causes for the stability of inverse emulsions.

The first possibility consists in the adsorption on the
surface of the water droplets of fairly long and flexible
hydrocarbon chains, possessing polar end groups, dis-
solved in the external non-polar phase of the emulsion and
capable of performing a micro-Brownian motion?4,7°, In
this case, the stability is obviously determined by the ther-
mal motion and the mutual repulsion of the hydrocarbon
radicals having only one end attached to the globules of the
emulsion, that is, with a factor having the character purely
of entropy®.

Repulsion in consequence of thermal motion of chains
adsorbed in this way can, of course, only be observed
where chains which are connected to two neighbouring par-
ticles interact. This means that van der Waals attraction
will take place only at distances greater than twice the
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Van der Waal's attraction
between spheres at a dis-
tance of 40 A from one sur-
face to the other.

TABLE 4.

Ymin

AT

r=10"%cm| r=10%cm| r=10%cm

10-12 510.0 42.0 1.2
10-13 51.0 4.2 0.1
10-1¢ 5.1 0.4 0.01

length of the chain of the stabiliser. Table 4 gives the
values of the minimum total interaction vmin calculated by
Koelmans and Overbeek* for the conditions of an inter-
-particle distance of 40 A and various values of » and a.
Since there is no reason to consider that the van der Waals
constant in xylene differs appreciably from the constant in
water (@ = 107%2), the values given in Table 4 show that the
adsorbed chains cannot prevent coagulation if the length of
the stabiliser molecule is not commensurate with the size
of the particles.

In agreement with the considerations expressed, experi-
ments have shown that suspensions with large particles and
non-ionic stabilisers are never stable. The weak stabili-
sation observed increased with an increase in the length of
the chain. The longer chains obviously keep the particles
at greater distances and thus make the potential trough
shallower. However, these results do not contradict the
possibility of stabilising emulsions having a low degree of
dispersion using the entropy factor by adding stabilisers
with sufficiently long molecules (for example, high-
-molecular-weight stabilisers) to them.

The second possible cause of the stability of inverse
emulsions consists in stabilising the droplets of water with
a protective layer of granules formed from insoluble
alkaline-earth metal soaps *!,59,8° or of the product of their
hydrolysis**. In this case, the mechanism of stabilisation
is completely analogous to the mechanism of the stabilisa-
tion of emulsions using powder emulsifiers.

III. STABILISATION OF EMULSIONS BY SUBSTANCES
OTHER THAN SOAPS

Experimental data on the stability of emulsions stabilised
by substances not having the nature of soaps are extremely
sparse. The information given on this question in recent
monographs devoted to emulsions is completely inadequate
for the causes of the stability of these emulsions to aggre-
gation to be deduced. Only in the last few years has there
been a series of investigations enabling some conclusions
to be drawn in this respect.

Let us turn first of all to investigations on emulsions
stabilised by the so-called protective colloids. Kremnev
and Soskin?® | who studied gelatine-stabilised emulsions of
benzene-in-water of limiting concentration, showed that the
thickness & of the critical layer was ~800 A in this case,
i.e. eight times greater than the thickness of the corre-
sponding layer when sodium oleate was used as the stabi-
liser. However, if the thickness of the adsorbed layer of
gelatine in the dry state is calculated and the minimum
thickness of a monolayer of gelatine is taken as 7-9 A,“‘"’

it is found that emulsions of limiting concentration are
stabilised by extremely unsaturated gelatine films (6g
amounts to only 2.7-5.2 ).

Kremnev and Soskin's conclusion that the adsorbed layer
of protein at an oil-water interphase surface is not poly~
molecular was confirmed by Cockbain®. Cockbain inves-
tigated the distribution of blood albumin and sodium dodecyl
sulphate between the interphase surface and the aqueous
phase of an emulsion of n-decane; he showed that, in the
absence of dodecyl sulphate the adsorbed layer of albumin
was monomolecular. In the presence of dodecyl sulphate,
its complex with the albumin was formed at the interphase
surface and in the aqueous phase.

Saunders and Saunders®, studying the action of methyl-
cellulose on dilute latices, also observed that stabilisation
of the system took place when the globules were covered
with a monomolecular layer of the protective colloid. In
the latter case, the system is far less sensitive to small
additions of electrolytes.

Addition to dilute latices of amounts of methylcellulose
insufficient to form a monomolecular layer, on the other
hand, caused sensitisation of the system — reduction of the
¢ -potential, the formation of aggregates, and a fall in
the stability to electrolytes.

When considerable amounts of ionic emulsifying agents
were present in the latices, the protective action of methyl-
cellulose began at lower concentrations. When the inter-
phase surface was completely covered by the emulsifier,
the methylcellulose was not adsorbed and the stability of
the latex was then, in the opinion of the authors, entirely
determined by the electrical double layer due to the ad-
sorbed emulsifier.

Nielsen et al.®® investigated the influence of various pro-
tective colloids on the interphase viscosity at a water -
styrene boundary and determined the stability of the hydro-
carbon droplets to coalescence at this boundary. The ex-
periments showed that the presence of protective colloids
increases the life of the droplets to the greatest extent
under conditions corresponding to a low solubility of a
high-molecular-weight stabiliser. This was also shown in
experiments with poly-(methacrylic acid) and its salts. The
lower the pH of the solution, the lower was the solubility of
the polymer and the greater the life of the droplets. Stabi-
lisation by gelatine may serve as another example. Gela-
tine exhibited the greatest stabilising action at the isoelec-
tric point. This is probably due to the increased adsorb-
ability of the protective colloid under conditions where it is
sparingly soluble.

As far as the results of viscosity measurements are
concerned, an appreciable interphase viscosity was shown
only by a solution of poly-(methacrylic acid) at low pH
values. In the other cases, the interphase viscosity was
small or completely absent. Very frequently, an increased
interphase viscosity corresponded to a longer life of the
droplets and, consequently, to better stabilisation. How-
ever, cases were also observed in which interphase vis-
cosity was completely absent and the droplets possessed
high stability to coalescence. In his paper, Nielson gives
no indication of the nature of the adsorbed layer in the
cases investigated, i.e. whether it was monomolecular or
polymolecular.

For inverse emulsions of water in toluene stabilised

with ethylcellulose, Kremnev and Shadrin®’, using a method
of calculation similar to that used earlier®, established
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that the adsorbed layer of emulgifier was not monomolecu-~
lar but consisted of several layers of polymer molecules.
However, this conclusion cannot be used as a confirmation
that the stability of these emulsions is determined by a
structural and mechanical factor. In view of what has been
said on the stability of inverse emulsions, it is unlikely
that the stability of systems containing protective colloids
is determined by the entropy factor®.

Here it is convenient to mention that, in connection with
the action of the entropy factor, it is pointless to speak of
the polymolecularity of the adsorbed layer and to estab-
lish its thickness from the amount of emulsifier adsorbed
by unit interphase surface and the diameter of the molecu-
lar chain for, as Simha, Eirich, and Frisch have shown
in a series of papers®92  chain molecules are generally
adsorbed on the surface at one or more points, while the
greater part of the chain continues to be in the dispersion
medium and is capable of performing micro-Brownian
motion.

It is interesting that similar views on the causes of the
stability of gelatine-stabilised emulsions to aggregation
were developed by Bromberg? as early as 1946, Accord-
ing to Bromberg, adsorbed films cannot possess a high
mechanical strength even if the specific orientating influ-
ence of the boundary is taken into consideration and, there-
fore, the stability of emulsions cannot be determined by
the structural and mechanical properties of the adsorbed
layers. Ontheother hand, according to Bromberg, attempts
to reduce the protective effect to the presence of diffuse
hydrate layers are also unsatisfactory. Bromberg con-
siders that the sole cause of the stability of emulsions in
the presence of protective colloids is the osmotic swelling
forces of the intermediate gel-like layers of gelatine. It
is just these forces which prevent the free escape of water,
and consequently, the approach of particles of the disperse
phase to one another.

However, in the case of normal emulsions stabilised
with protective colloids having molecules containing ion-
-forming groups, it can be fully admitted that the emul-
sions are stabilised by the formation of an electrical double
layer on the surface of the globules as a result of the ioni-
sation of these groups.

Recently, there has been a wide use in the production of
emulsions of the so-called non-ionic emulsifiers, whose
molecules consist of a fairly large hydrocarbon radical
with several polar groups, generally hydroxyl groups,
located at its end. When such emulsifiers are used, it is
not very likely that stabilisation of the emulsions occurs
as the result of the formation of an electrical double layer
on the surface of the globules.

However, just as in the case of emulsions stabilised by
ion-forming substances, there are no grounds for assuming
the formation of a strong adsorbed layer or a two-dimen-
sional gelonthe interfaces of such emulsions. The stability
of oil-in-water type emulsions stabilised with non-ionic
substances is most simply explained by the orientation of
the amphipathic stabiliser molecules at the interphase
boundary in such a way that the hydrocarbon chain of the
molecules is dissolved in the oil and the polar hydrated
groups project into the water and form a fairly strong
hydrate layer round the globule. It may be assumed that,
to obtain a hydrate layer sufficient to stabilise an emulsion,
the concentration of the polar groups at the hydrocarbon-~
water surface must be very great. This is indicated by
some observations of Levy and Smirnov ® who showed that
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monoglycerides acquire emulsifying properties only when a
sufficient number of polar hydroxyl groups are present at
the end of the chain.

It must be noted that, according to the same observa-
tions of Levy and Smirnov, the introduction of one or two
ion-forming carboxylic groups into the molecule of a non-
~ionic stabiliser already containing a relatively large num-
ber of hydroxyl groups greatly increases its emulsifying
properties. This indicates that ion-forming groups exert
a far higher influence on emulsifying action than polar non-
-ionic groups.

In a recently published paper, Sata and Harisaki®? inves-
tigated the stability of the drops of oil in water and of water
in oil in the presence of the stabiliser Emasol, the mole-
cules of which have the structure

ROCOCH,HC~———CH—0O—R,

|
CH—O—R,

t
(o} CH—O0—Rs
e’
Hy

where R is a hydrocarbon radical, and R,, R,, and R, are
poly-(ethylene oxide) chains of different lengths. The
authors showed that Emasol protects drops of oil in water
from coalescence well, butis ineffective for drops of water
in oil. They explain these properties of Emasol in the fol-
lowing way.

In the case of droplets of oil in an aqueous medium, the
three hydrated poly-(ethylene oxide) chains of each mole-
cule of stabiliser are directed into the aqueous phase form-
ing a strong hydrate layer on the surface of the drops which
does not break when the drops come into contact and pre-
vents coalescence. In the case of droplets of water in an
oleaginous medium, only the one hydrocarbon radical is
directed into the external phase, and the droplets are insuf-
ficiently protected and therefore readily coalesce. Unfor-
tunately, it is impossible to deduce from Sata and Harisaki's
paper the state of the poly-(ethylene oxide) chains of the
stabiliser in the aqueous medium on the surface of the oil
droplets, and, in this case, the protective action may be
ascribed both to the hydration of the chains and to the fact
that they maintain their thermal motion (entropy factor).

In Orr and Breitman's investigations %!, which we have
touched on above, they made attempts to determine the
geometry of the molecules of a non-ionic stabiliser present
on the surface of latex globules. The authors worked with
non-ionic stabilisers in which the hydrophilic part of the
molecule consisted of a single poly-(ethylene oxide) chain.
In Orr and Breitman's opinion, at ordinary temperatures
the hydrophobic part of the molecule of such a stabiliser is
immersed in the particle of latex and the poly-(ethylene
oxide) chain is turned into the water and arranged on the
surface of the globule like a caterpillar, as is shown in
Fig.3. The correciness of this viewpoint is confirmed by
the observations of Rosch®, who considers it quite possible
that such a shrinkage of the poly-(ethylene oxide) chain
is due to the electrostatic attraction of the dipoles which
form the individual links of the chain. Orr and Breit-
man, using a Fischer-Hirschfelder model, calculdted
the dimensions of an individual fold of the chain in the
non-hydrated state and found that each fold was 16 A
high and contained nine ethylene oxide residues. At
higher temperatures, the hydrophilic part of the molecule
of the stabiliser straightens out and the stabiliser becomes
more oil-soluble, as a result of which its stabilising action
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Fig.3. Configuration of the
molecules of a non-ionic
stabiliser on the surface of
a globule.

in oil-in-water systems falls sharply. The factthatheating
aqueous solutions of non-ionic stabilisers leads to their
precipitation agrees well with the assumption that dehydra-
tion of these stabilisers takes place at elevated tempera-
tures.

The observation of Orr and Breitman that the addition
of a non-ionic stabiliser increases the efficacy of ordinary
ionic soaps is extremely interesting. These authors ex-
plain this by a decrease in the electrostatic repulsion of the
soap ions due to the presence of molecules of the non-ionic
stabiliser between them in the adsorbed layer and, conse-
quently, a contraction of the area occupied by a soap ion.
The observations of Orr and Breitman agree well with the
results of a series of well-known investigations by Cock-
bain in which it was established that the use of mixtures of
two stabilisers gives a positive effect only where a mixture
of an ionic and a non-ionic stabiliser is used.

A particular case of the stability of emulsions takes
place in stabilisation by solid emulsifiers, However, in
view of the special mechanism of this stabilisation, this
case requires special consideration. We shall mention
only that in the case of emulsions of the water -in-oil type,
for example, the presence on the surface of the globules of
a protective layer, consisting of granules of a relatively
hydrophobic solid emulsifier is still insufficient to ensure
the stability of the system to aggregation. The globules of
such an emulsion should adhere to one another when they
collide for the same reasons which cause the unstabilised
particles of the hydrophobic powder to adhere in water.
Hence, the obvious conclusion that the stability of such
emulsions may be due to the mosaic structure of the gra-
nules of the solid emulsifier. This ensures, on the one
hand, adhesion of the granules to the internal phase and, on
the other hand, formation on the surface of the granules
turned towards the external phase of a sufficiently strong
solvated layer or electrical double layer 3,°,
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