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Introduction

The problem of the breaking of emulsions by freezing
is an important one in the food, rubber, and petroleum in-
dustries. For this reason most work done in this field
has been from a practical point of view; various empirical
methods have been devised to prevent separation of a bulk
fiee oll layer when an emulsion is subjected to low tem-
peratures. However, little attention has been given to
the physico-chemical factors affecting coalescence of
droplets while the water around them freezes. Consequently
we have undertaken to study several simple oil-in-water
eﬁulsion systems with regard to their behavior on freezing
under various conditions, and to interpret the results in
terms of the physical constants of the substances involved.
In addition, an attempt will be made to apply the theory
of stability of lyophobic colloids to the data, and to |
arrive at quantitative expressions relating the extent of
deemulsification with various independent variables.

It will be noted that seemingly contradictory re-
sults are reported in the literature. This is due to the
wide diversity of the systems studied, and to their great
complexity. In nearly all cases, the emulsifying agent
used was itself colloidal in nature, with several species
of surface active substances present; even a pure soap

solution contains at least one type of micelle, free
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carboxylate ions, undissociated fatty aecld, and hydroxyl
ions. Interpretation of the behavior of such a system 1is
very difficult, especially i1f solubilization of the dispersed
phase has taken place. In the case of cream, latex, and
bitumen a complete analysis of the roles of the various
constituents on freezing of the dispersion would be ex-
tremely complicated. In our work we have chosen a virtually
insoluble and non-polar dispersed phase of low freezing
point, and emulsifying agents whose critical micelle con-
centrations are high enough to enable them to be used well
below this region.: Therefore, the conclusions reached

from our data may not be valid for natural and industrial
emulsions, where gelation, tough film formation, and lowered
freezing point are likely t? be factors determining sta-
bility to freezing.

Historical

1. Freezing of simple systems

Among the first references to the breaking of

emulsions by freezing was that of Newma»l‘ He froze a

95 volume percent benzene emulsion in dilute sodium oleate
solution, and noted complete, and apparently irreversible,
separation of the benzene upon thawing. He attributed the
difficulty in redispersing the benzene to the slow rate at
which the soap redissolved after being preclpitated by
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freezing.

Vickery2 postulated that an emulsion system com-
pletely free of electrolyte should not coagulate on freezing.
His results, however, disproved this postulate. A 60%
carbon tetrachloride-heptane emulsion (density - 1) sta-

~ bilized by kaolin broke completely on freezing. Addition
of sodium chloride had no effect.

3 made microscoplce studies on the freezing

Young
of petroleum oil emulsions in eresol-soap solutions. The
sequence of events was as follows: first the field‘was in-
vaded by long needles of ice which crowded the oil globules
together causing some of them to coalesce. The ice formed
in horizontal lamellaé. Thawing produced pértial spon-
taneous reemulsification of the oil immediately, but the
globules had a slightly larger average size than the ori-
ginal emulsion. Some o0il droplets coalesced to form a
separate bulk phase. Young also made observations on the
freezing of emulsions in test tubes. Thawing of these
samples produced five clearly defined strata: clear oil
at the top, heavy cream, unchanged emulsion, dilute emulsion,
and finally clear solution. No attempt was made to explain
these observations on a physico-chemical basis.

Swingle and Snapp* studied the effect of freezing
on various oils emulsified in soap solutions. They found

that undisturbed freezing and thawing produced no breaking
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in any of the samples, while agitation during both freezing
and thawing resulted in separation of an oil layer. Super-
cooling to -8°C}occurred when the emulsions were not stirred
violently or seeded with ice.

Microscopie observations by Rochow and Mason5 lead
them to important conclusions as to the processes involved
in the breaking of émulsions by freezing. They useda 33
volume percent carbon tetrachloride-benzene emulsion sta-
bilized by .5% sodium oleate. Slow freezing of this on a
speclally designed cold stage showed the globules being
flattened against each other by the growing ice déndrites,
but no coalescence was observed. No breaking occurred if
thawed immediately. Holding at -8°C for 9 minutes resulted
in thinning of the membranes about each globule, but
thawing still failed to break the suspension. Freezing to
-129C for 10 minutes gave rapid thinning of the membranes
and the droplets coalesced on thawing.

They found that increasing the soap concentration
produced smaller globules, but clumping of these particles
was enhanced by thelr small size and thus made the emulsion
more susceptible to breaking on freezing. Soap curds
precipitated during freezing if the initial sodium oleate
concentration was greate; than 3%. Themembranes were no
more durable if the concentration was increased above .5%.

They all showed a certain period of durability in the
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frozen state, but always thinned after a given length of
time. The resistance of the membranes to freezing was
proportional to the soap concentration as long as such
concentrations were below .5%.

Viscosity of the dispersed phase has no influence
on the durability of the membranes, but the actual process
of coalescence takes place more slowly when olive oil is
used in place of the low viseosity CCl,-benzene mixture.

Holding at low temperatures without freezing has
no effect. An 80% CCl, emulsion in .5% sodiwm oleate
showed no breaking after holding at 0°C for 24 hours.

Rochow and Mason conclude from their work that
the most important factor in the breaking of emulsions by
freezing is the dehydration of the globule membrane -
the concentrated solution produced by freezing out of the
solute extracts the bound water of the ecolloid, presumably
by osmotic action. Other factors to be considered are:
the freezing point of the bound water, time frozen,
volume ratios of dispersed and continuous phases, and con-
centration of emulsifying agent.

Holzapfe16 made extenslive studies on the freezing
of hydrophilic colloids and included some work on emulsions
stabilized by these substances. 8She found that an emulsibn
of benzene in 1% sodium oleate was not affected by freezing

with respect to particle size distribution. A similar
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emulsion in 1% egg a2lbumin was broken completely by the
same treatment. If dilute saponin solution was used as
the dispersing medium, particle size actually decreased
as a result of freezing. ©She does not give the experi-
mental procedures for emulsification or freezing. The
specific conductance of emulsions was always slightly
lower than the pure emulsifying agent solution. This

was probably due to adsorption of an appreciable fraction
of electro}yte at the interface, and to the presence of
non-conducfing globules. Freezing at -18°C for two hours
produced a 1-2% decrease in the eonductivity if particle
size remained constant. This regained its original value
a short time after thawing. Freezing at -79°C for the same
length of time gave a 10% decrease in the conductivity in
the case of sodium oleate. These results are interpreted
in terms of aggregating and disaggregating effects, but a
more complete knowledge of the micdle structure of the

various colloids used is needed for a complete explanation.

2. Studies on natural and industrial emulsions.

Most of the work in this field has been done on
the freezing of cream and other milk products. The problem
is of particular practical importance since dairy products
must be stored at low temperatures to prevent spollage.

In addition, the manufacture of lce cream is dependent on
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the stability of the cream suspension during freezing. It
must be borne in mind, however, that the melting point of
butter fat is 37°C and therefore cream is not strictly an
emulsion below this temperature. Globules may adhere to
one another, but cannot coalesce. This flocculation need
not be analogous to coalescence in liquid-liquid systems
since the interfacial membranes may be tough enough to
prevent coalescence when the particles are melted.

Doan and Baldwin7’8

published a series of papers
on the freezing of cream. They measured the extent of
flocculation by pouring the thawed sample over a 36 mesh
screen and determined the amownt of fat filtered off by
a modified Babcock test, They found that the percentage
of butterfat floeculated increased in proportion to the
initial volume percentage. Almost complete breaking oc-
curred with 40% cream, while only 30% of the total fat
was filtered off in the case of 25% cream. Most of the
destabilization occurred during the freezing of the last
20% of the water. If thawed when only 80% frozen, about
half of the finél value was obtained. The length of time
held in the frozen state had no influence on the floccu-
lation. Destructlion of the suspension by freezing could
be reduced almost to O by the addition of 10% sucrose.
The authors attempted to explain this behavior on

the basis of "internal pressure". They placed a rubber
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bulb attached to a mercury manometer in the center of the
emulsion to be frozen, and recorded the pressure on the

~ buldb as the ice formed around it. They found that the
pressure developed was proportional to the extent of flo-
cculation for various volume percentages milk fat and on
the addition of sugar. They concluded frqm this that high
internal pressure ruptures the protective fiilms on the
droplets and thus causes them to adhere to one another.
This explanation appears to be based on questionable as-
sumptions. First of all; the pressure on the bulb would
be a measure of the adhesion of the'frozen bulk to the
container and the strength of the surface. Both would be
dependent upon the shape and nature of the vessel. Se-
condly, the order of magnitude of the pressures they ob-
served was much lower than the actual pressure freezing
water can exert.

Doan and Baldwin discounted the effect of freezing
on milk'prqteins'as & factor in flocculation. They found
no irreversible coagulation of the proteins on holding
frozen for long periods. However, all non-fat milk solilds
would precipitate on freezing and no longer be able to
stabilize the suspension regardless of any chemical changes
taking place.

Webb and Ha11? also did extensive work on the

freezing of cream. They found that long storage does in-
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crease the extent of floceculation, contrary to Doan and
Baldwin's observations. They attribute this to denaturation
of the stabilizing protein, presumably casein. The additlon
of 25% sucrose completely prevented separation of the fatty
- phase., Webb and Hall note that in addition to lowering

the freezing point and raising the viscosity of the aqueous
phase, sucrose produced small ice crystals which are always
conducive to the stability of frozen suspensions. Gelatin
also gives small ice crystals and likewise prevents floccu-
lation.

These workers found that homogenization of the
cream increased the destablilization by freezing. The
smaller particles produced by homogenization tend to clump
more readily than the large globules of untreated cream,
and these clumps are apparently responsible for the re-
sults obtained. This conclusion was also reached by Rochow
and Mason.

Dahlelo, in a review on frozen cream, outlines a
theory to explain the results of Webb and Hall. He pro-
poses that the principle factor in determining the extent
of flocculation 1s the hydration of the globules. A
high degree of hydration reduces the amount of water avall-
able for freezing and deflects the formaticn of ice crystals,
giving small crystal size. This is the case when sugar,

gelatin, or sodium alginate is added to cream. Normally
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the highly hydrophilic lecithin-protein complex, which is
adsorbed on the fat surface, is broken up by freezing thus
decreasing the amount of hydration.

Littlell also reviewed work done on freezing of
cream. He points out that the two factors imparting sta-
bility to a cream suspension are bound water and adsorbed
negative charges. Freezing withdraws the bound water and
negative charges, as well as breaks up the lecithin-protein
complex. He presents diagrams fo show the charge distri-
bution before and after freezing, but fails to give a
physico-chemical basis for his conclusions. Little concludes
from experimental evidence that 1ncrease'of viscosity
alone from the addition of hydrophilic colloids is not
sufficient to insure stability to freezing.

The problem of stabiliﬁy to freezing is important
in the field of synthetic rubber technology. Emulsion po-
lymerization at low temperatures glves a better product
than when the reaction is carried out at high temperatures.

Walker12

studied the freezing of neoprene latex films in
connection with an 1imdistrial process. His suspension
consisted of the polymer, unpolymerized unsaturated hydro-
carbon, a catalyst such as 802, and a stabilizing agent.
The method used was to freeze a film on a cold drum, and
thaw it on a warm4bakelite surface. The turbidity of the

liquid collected was taken as inversely proportional to
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the amount of ceoagulation. In this way it was found that
the temperature of freezing, the rate of thawing and the
nature of the emulsifying agent are the most important
factors in coagulation. The concentration of emulsifying
‘agent and age of the suspension did not influence the re-
sults.

Walker found that very rapld freezing of these
films to -10° or -45°C did not affect the dispersion if
thawed rapidly as well. Slow thawing, however produced
a coagulum. He concludes from this that small ice crystals
offer no protection against destabilization during slow
thawing. The greatest stability to freezing was exhibited
by a latex made with a cetyl alcohol-ethylene oxide con-
densation product. With sodium oleate or rosinate, coagu-
lation was more extensive, while paraffin chain sulfates
and sulfonates offered least protection against breaking
by freezing.

Freezing in bulk was also studied. In thls work
the principle factor was the amount of water frozen. No

coagulation occurred in the absence of ice formation, even
when supercooling to -8°C took place., This is in accord
with the observations of Swingle and Snapp. The amount of
water frozen was determined by’finding the quantity of
heat absorbed when the sample was thawed in a calorimeter.

In all cases the latex was agitated while freezing. A
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sample stabilized by cetyl trimethyl ammonlum bromide was
32% coégulated when 657 of the water had crystallized,

and 100% coagulated when 954 of the water was frozen. Si-
milar results were obtained with Daxad 11 (polymerized
organie salts of aryl alkyl sulfonic aclds), and sodium
rosinate. The uncoagulated portions were found in the
center of the test tubes, which were the last reglons to
freeze. Walker concludes from his work that coagulation
occurs if the stabilizing agent is‘incapable of preventing
it under the conditions of high concentration produced by
freezing. He suggests that future work be concerned with
the mode of ice formation, nature of stabilizing agent,
and the freedom of movement of the particles during
freezing.

Road tar emulsions in soap solutions are used ex-
tensively in highway construction. Due to the low tem-
peratures these systems are exposed to, the effect of
freezing is important. Gabriell3 reports that freezing
of thesetoncentrated bituminous emulsions gives complete
coagulation. The agqueous layer obtained on thawing is
almost pure water, indicating that the soap has been

 extracted by the tar.

A large number of substances have been used to
prevent breaking of emulsions by freezing. Patentsl4

have been issued on the use of rosin soap, hydrophilie
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colloids of various types, and volatile organic liquids
such as acetone and alcohols. Compounds of the latter

type probably owe their effectiveness to lowering of the
freezing point; while ice formation may begin, some liquid
will always remain if the temperature is above the eutectic
point for the mixture. Glycerin or allyl alechol are ef-
fective at concentrations of about 10%. As mentioned
before, edible products contain sodium alginate or gelatin
to form a highly viscous gel in the last stages of freezing,
thus preventing the globules from coming in contact with

each other.

3. Effects of freezing on other hydrophobic colloids.

| Gutbier15 and coworkers did extensive work on the
freezing Qf selenium sols. They found that the longer
these sols were dfalized, the greater coagulation occurred
on.freezing. Virtually electrolyte free suspensions were
cOmplétely}and~irreversibly coagulated. The addition of
003N HC1, or KCI up to .05N stabilized these sols to
fréezing. Higher electrolyte concentrations flocculated
the.unfrozen suspensions. These results are probably the
result of zeta potential lowering as the electrolyte con-
centration approaches zero.

16

Foote and Saxton™~ froze several sols in a dila-

tometer to determine the amount of "bound" water. They
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assumed that any water unfrozen at -20°C was bound water
of hydration of the particle surfaces. Slow freezing of
an aluminum hydroxide sol decreased the bound water, but
rapld freezing had little effect. A ferric hydroxide hy-
drosol held water even more tenaciously, while a silica
sol gave practlcally no change in bound water content on
repeated freezings.

Flocculation of gilica sols by freezing was studied
by Hazellv. He found that they coagulated readily, but
were protected by ion exchange resins. They were also
stable in a narrow pH zone. Aged sols flocculated more
readily than freshly prepared samples; this was attributed
to the larger particle size produced by aging which reduces
the total amount of charge per unit mass.

Many workers have reported complete precipitation
of gold sols and suspensions of finely divided carbon
upon freezing. An interesting observation is reported
by Beaverls. He found that all crystallold electrolyte
is removed from gold particles when they are precipitated

by freezing. Similar results have been obtained on the

freezing of crean.

4. Conclusions

No quantitative work has been done on the freezing

of simple emulsion systems, nor has any serious attempt
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been made to explain the qualitative results obtained on
a physico-chemical basis., The most important conclusions
that can be drawn from research thus far are as follows:

1. Breaking of emulsions at low temperatures oc-
curs only when water crystallizes, and is dependent on the
amount of water frozen.

2. Suspensions of high dispersed phase content are
more susceptible to the breaking effects of freezing than
those of low dispersed phase percentage.

3. The nature of the emulsifying agent influences
the behavior of an emulsion on freezing. |

4. Whether the dispersed phase is a liquid or
solld affects its reaction to freezing.

5. 8low thawing is conducive to the destruction
of the emulsion.

6. Solutes added to the water may have a protective
action against deemulsification.

7. Small ice crystals have less of an effect on
the stability of a frozen emulsion than do larger ones.

The influence of some factors varies with the
nature of the system studied and the exact conditions
employed. For this reason contradictory results have
been obtained by different investigators. These points
are:

1. Concentration of emulsifying agent.
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2. Length of time frozen.

3. Temperature of freezing.

Many explanations have been advanced. The following
factors have been suggested as the principle ones in de-
termining the extent of deemulsification on freezing:

1. Freezing point of bound water.

2. The extent of dehydration of the adsorption
membranes by osmotic action.

3. Internal pressure.

4. Withdrawal of charge from the membrane.

Theoretical

The coalescence of emulsion droplets during freezing
may be considered as the result of the interaction between
three forces:

1. The force exerted by the growing ice crystals
which presses the globules against each other. This will
not produce any effect until the globules have reached
close packing. When they have, the force exerted on
each globule is equal to the total force applied in a con-
tinuous region, due to Pascal's law. It is important to
note here that at close packing each globule is surrounded
by twelve neighbors, and is thus pressing against each
one with equal force. Assuming the ice can exert a given

pressure before it envelops a droplet, the maximum force
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it can exert will be proportional to one half the area of
a single droplet, or for n droplets:

Fr = krén 1)

FI is the ice force, k is a constant and r is the radius
of the droplets, assumed to be of uniform size. This
ice force will have another effect, that of deforming the
droplets to ellipsoid shapes; it is proportional to the
interfacial tenslon and the radius for large dropletslg;
becoming more complicated for smaller ones.

2. The force of repulsion between the double
layers of the droplets. This is given by Derjaguin20
as .

Fp=DH 1 - ten i%i} (2)

4

where D 1s the dielectrie constant of the continuous phase,
r, the radius of the droplet, H the distance of closest
approach, and HL is the potential at the surface usually
taken as equal to the zeta potential. I 1s the reclprocal
thickness of the double layer and is calculated from the

following equationzl:
;[ owntir [ORT¢ b £S5
Tiry i lr ] - i Visesr S TRT (3)

In this formula u is the electrophoretic velocity,rz the
viscosity of the continuous phase, F. the faraday in cgs
units, c¢. the concentration of electrolyte, andjf the

zeta potential in statvolts. R is the gas constant in
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egs units and T,‘ﬁhe absolute temperature. The terﬁ £(Cr)
is known as Henry's function22 and is equal to 1 if Kr

is greater'than 300, Its minimum value is .67. In our
“work, Lr 1s never less than 200 and is usually greater
than 300, so that this term may be neglected without much
error. Both members of equatioh (3) are equal to the
charge density .

Equations (2) and (3) are valid for perfectly
spherical droplets only. Deformation produced by ice
pressure will inerease the radius of curvature and thus
tend to inerease the repulsive force.

3. The force of attraction between the droplets
due to London-Van der Waals interaction. The energy of
attraction for two identical spherical colloid particles
is given by Verwey and Overbeek?> as

E - <A 2 -.2-1nsz-4] (4)
A %(f;r“?} R

where s 1s the distance between their centers divided by
the radius. A is constant dependent on the nature of the
phases, and is usually about 10~1%. In our work H/2r is
about 10’3, so that the distance of closest approach is _
almost negligible with respect to the radius. Consequently
s assumes a constant value of 2, which is independent of
the radius. Therefore the energy of attractlion, and hence

the force, is not dependent on the size of the globules,

1f they are perfect spheres.
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Coalescence is'probable when the force of attraction, or
Fp, is greater than the force of repulsion, Fg. This
condition holds when the globules are brought close enough
so that the attractive forces are appreciable. To do this,
work must be done against FR by the ice force Fp. If
there are no other forces than those already discussed,

the rate of coalescence should depend on the quantity:

Fr - Fp __ (5)

FBmax is the maximum value for the force of repulsion
which 1s attained as H approaches 0. In order to get an
expression for the rate of coalescence, we must find §
as a function of time and hence as a function of concentra-
tion of emulsifying agent. This will lead to a second or
third order differential equation which, when integrated,
would give the total amount of coalescence. Concentration as
a function of time depends in turn on the rate of desorption
due to decrease in surface area through coalescence, and
the rate of freezing out of the solute. To get the over-
all rate of éoalescence, taking into account those drop-
lets already enveloped by the ice, we must subtract a
term signifying that the amount of dispersed phase sub-
Ject to coalescence is being decreased due to envelop-

- ment by ice. This term will depend on the rate of freezing.
Such an equation would apply to spheriecal droplets only,

so no attempt was made to apply it to our data, where
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deformation of the globules is important.

In this discussion we have assumed that coales-
cence ensues immediately upon close contact between two
globules. This will be the case if the interfaclal tension
is high, but not if it is near 0. The latter case will be
discussed later. |

Another factor may be of importance in determining
the extent of deemulsification. This is the energy 1li-
berated in the process of coalescence. The decrease in
work content when the mutual surface of the emulsion drop-
lets is decreased is given by:

AL =Y)a (6)
¥ is the interfacial tension and a the surface area. This
guantity will also determine the tendency to coalesce.

The decrease in work content will be manifested in a rise
in temperature of the surroundings and agitation of the
aqueous phase. The latter factor will give rise to forces
acting in addition to the ice force tending to bring the
globules closer to each other. If they are already sub-
ject to almost enough force to bring about coalescence,
this will inerease the rate of coalescence, causing still
greater agitation, thus finally resulting 1ln an autocata-

lytic process.
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Experimental
1. Materials

A. Emulsifying agents

The principle emulsifying agent used in this ex-
perimental work was sodium decyl sulfonate. It was chosen
since its physical propérties eliminate many complications
that would arise with other surface active agents. Its
nigh critical micelle®# concentration of .04N (1.0%)
minimizes the possibillity of solubilization of the dis-
persed phase when used at .1%. In addition, it is a
strong electrolyte which may be considered 100% ionized
in dilute agueous solution. These two faets assure the
presence of only one surface active specles; in soaps
there would be both lons and undissociated fatty acids.
The solubility of sodium decyl sulfonate (SDS) was found
to be .53% at 0°C, which allows a wide concentration range
to be used. The substance érystallizes from supersatu-
‘rated or seeded solutions as the 3.5 hydratezs. Solutions
of sulfonates and the dry solids are perfectly stable
over long periods of time, shoﬁihg no tendeﬁcy to hydro-
lyze as do the corresponding sulfates in slightly acid
media. Temperatures up to 120°C have no effect on sps2°.

A sample of SDS was obtained in a pure state from

the Proctor and Gamble Co. An additional amount was
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synthesized by a procedure given by Tartar26: 30 g. of n-

decyl bromide was refluxed for one week with a solution
containing a 104 excess over the theoretical amount of
sodium sulfite. After evaporation, the residue was ex-
tracted with petroleum ether to remove organic byproducts,
and the sulfonate then recrystallized twice from absolute
alcohol. Two recrystallizations from water assured freedom
from electfolyte impurities. The hydrate thus obtained

was dried at 110°C for 4 hours. The resulting anhydride
was weighed out to make up solutions.

Sodium dodecyl sulfonate (SDDS) was used for com-
parative tests. It has a criticai micelle conc‘entration24
of .OIN (.27%) and a solubility of about .06% at 0°C.

This was obtained from the Proctor and Gamble Co. ,
Hexadecyl benzyl dimethyl ammonium chloride (HBDAC)
was chosen as a catlonie surface active agent. Its critical
micelle concentration?! is .0009N (.04%) but it shows
appreciable surface activity down to 10'5E, and was there-
fore used below the cmc. It also behaves as a strong
electrolyte. It tends to form very viscous solutions as
the concentration increases above about 10%, and is there-
fore very difficult to crystallize., It is fairly stable
to ageing, but dilute solutions tend to show a decrease
in pH on long standing due to the formation of HCl. The

compound was obtained in a pure state from the Sterling-
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Winthrop Research Foundation. ,
Dodecyl amine hydrochloride (DAH) was prépared
from dodecyl amine for several experiments. The free
amine was obtained through the courtesy of Dr. Robert
Lollar of the Research Laboratory of the Tanners Couneil

of America.

B. Dispersed ghase‘

N-decane wés used as the dispersed phase for‘most
of the work. Its boiling point?> of 174°C/760 mm., and
freezing point of -29°C prevents loss by evaporation and
allows a wide range of freezing temperatures to be employed
without solidification of the hydrocarbon. Its non-polar
nature eliminates the possibility of orientation on the
concave side of the emulsion droplet. Decane has a den-
sity of .730 g./ce. at 20°C which insures a rapid rise of
deemulsified oil after thawing. Decane and water are re-
ported as not measureably soluble in one another. This
avoids complications arising from impure phases.

Two samples of decane were used. One was obtalned
from Eastman Organic Chemicals and #as badly contaminated
with unsaturated hydrocarbons and their oxidation products.
It was washed with concentrated sulfuric acid until only
a faint brown color appeared, and then treated with acid

permanganate until the purple color was no longer discharged.
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This was followed by washing with water several times, It
was then distilled in vacuo twice at 20 mm. pressure (B.P,
8900). The decane still contained some oxidation products
as noted by their odor. However, it was used as such.
Another sample, free from unsaturation and oxidation
products, was obtained later from the Phillips Petroleum -
Co. This was fractionated at atmospheric pressure, and
that poftioﬁ boiling at 173 - 174°C collected. This sample
was used for all later work on zeta potential, interfacial
tension, and emulsifier concentration. It will be noted
that the two decane samples gave different results with
respect to the behavior on freezing with varying emulsifier
concentration. Measurements with .5% SDS were made with
- the Eastman sample. All others were with the Phillips
product.
Reagent grade toluene was ugsed for the experiments
with this substance.
Distilled water from the tap was used for all work.
It had a conductance of 3.5 x 10“6 mhos/cm. at 25°C. This
corresponds to an electrolyte concentration of about 10'5N
calculated as KCl. The conductance was tested at intervals
throughout the course of the experiments and found to be

constant.
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2. Procedures

A. Preparation of emulsions

All the emulsions were prepared by the use of a
standard hand homogenizer. The emulsifying agent solution
was made up to the desired concentration by dilution of a
stoek .5% or .05% solution in a volumetrie flask. The de-
sired volumes of decane and emulsifying agent solution
were then plpetted into a 56 ml. beaker and passed through
the homogenizervuntil no decane separated as a distinet
layer. This required four cycles. Uniformity was insured
by passing the emulsion through the homogenlizer two more
times. Emulsions were made up to total volumes of 6, 12,
or 30 ml., The homogenizer was taken apart and cleaned
thoroughly at frequent intervals.

- Particle size could be varied by adjusting the nozzle
of the homogenizer.

Before each freezing experiment a measured amount
of emulsion was pipetted into a 25 ml. Erlenmeyer flask
fitted with a short alr condenser. It was bolled gently
for thirty seconds to remove dissolved gases, and then

corked tightly and cooled.

In experiments where emulsifying agent concentration
or type was being varied, a drop of this emulsion was

withdrawn for a particle size distribution count immediately

prior to freezing.
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The precision of decane and agent concentrations
was t .64 for a total of 6 ml., I .3% for 12 ml. and I .1%
for 30 ml., all in percentages of percent composition of

ingredient.

B. Freezing and thawing

In the Initial experiments a dilatometer was used
to follow the course of freezing and thawing for all mea-
surements. This 1s shown in Fig. II. A regulated cooling
bath was constructed similar to that designed by Rochow
and MasonBO. It was capable df maintaining the dilatometer
within f .2°C for any temperature between -30 and 0°C.

The setup 1s shown in Fig., I. The Dewar flask D was
filled with a dry ice - acetone mixture. A current of
alir was sent through tube T, foreing cold acetone up
through tube E and into the separatory fumnel. This pro-
vided a pressure for continuous circulation‘through the
coils and thence through tube C, to which a copper coil
was attached. This coil was immersed in another Dewar
flask containing the dilatometer,

A small amount of mércury was added to sidearm S

of the dilatometer first. Then eight milliliters of the
emulsion as prepared above was added through tube T.
Sufficient mercury was then added to tube T to bring the

emulsion exactly to the stopcock bore. The apparatus was

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



e
‘ Q
[ T

;l|'|[|‘p||l
LK l|(. e
Al t! P L
l )

LRI B U I o I
|”|' I' \ | i
HITR R THEIEL

1 i

F'?' 1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




7.

then immersed in an ice bath and allowed to equilibrate for
10 minutes. A small erystal of 1ce was inserted through
the stopcock, and the latter closed. Finally, the apparatus
was immersed in the freezing bath; the course of freezing
was followed by noting the rise of the mercury in the side
arm. The temperature was regulated by varying the flow of
cold acetone from the circulator. This was accomplished
by manipulating stopcocks B and C and the rate of air
flow through stopcock A. Readings of the mercury height
were taken every minute until no further rise was noted.
After holding for two more minutes in a completéiy frozen
state, the dilatometer was removed and placed in an ice

" bath so that the frozen mass should be at 0°C throughout
when thawing began. After five minutes thawing was begun
in a water bath held at the desired temperature. The
fall of the mercury was followed until it reached a minimum
and began to rise slowly, indicating that thawing was
complete. The slow rise was due to the warming of the
mercury and emulsion resulting in a slight expansion.
The stqpcock was then opened and the deemulsified decane
fofced upward into the callbrated tube, where the volume
was read. At intervals of five minutes the decane -
emulsion interface was agitated to insure complete co-
alescence of all large drops. Readings were taken every

five minutes until a constant volume of decane was obtained.
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The standard freezing temperature was chosen as
-10°C, and the standard thawing temperature was 10°C.
Freezing and thawing times under these conditions were
both ten minutes.

The mercury height could be measured to the nearest
.05 em. The difference between the initial and final
helights was then precise to 1 .07 cm. which corresponds
to $.14 ml. of water frozen in an 8 ml, sample. The pre-
cision of the amownt of water frozen at any given time was
therefore 1,14 ml. or t3.5% for a half frozen sample. The
error due to the contraction of the mercury on cooling
and the contraction of the glass amount to -.02 and .01 ecm.
respectively in terms of the height of the mercury column
for a range of 10°C. These are negligible with respect
to the error in observing the height.

In the experiments on the effect of emulsifier
concentration and type, this procedure was modified.
Glass tubes of the same diameter as the dilatometer were
employed in order to run three samples simultaneously.
Since the volumes used and the freezing conditions were
the same, as in the dilatometer measurements, it was
assumed that freezing and thawing occurred at the same
rates. For these experiments it was found advantageous to
regulate the bath temperature by adding small pieces of
dry ice periodically, instead of using the colls from the
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freezing wmit. The tubes were corked to prevent contamina-
tion by acetone which might splatter on addition of the
dry ice. Thawing was carried out in the manner previously
described. The amount of decane deemulsified was deter—
mined by direct measurement of the oll layer in cm. This‘
value was converted to ml. by calibration of the tube with
a known volume of decane.

In both the dilatometer and test tube experiments,
the amount of decane in the bulk layer could be read to
the nearest .02 ml., With the standard volume percentage
decane used this gave a preéision of percentage deemulsi-~
fication of #3%.

The rate of freezing and the rate of thawing were
varied by changing the temperatures at which these opera-
tions were carried out. It was found that the rate of
freezing was directly proportional to the temperature of
the bath. Almost instantaneous freezing was obtained by
spreading the emulsion in a thin film over a copper plate
held at -29°C.

Thawing while stirring was accomplished by first
freezing the sample with a copper wire in the center.

This wire was then placed in the chuck of a mechanical
stirrer, and upon thawing the entire mass was made to

rotate at a constant rate.
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C. Particle sige counts

The particle size distribution count of an emulsion
before freezing was made by first mixing a drop of concen-
trated agar solution with a drop of the emulsion to prevent
brownian movement, and then a cover slip was placed over
the mixture. The diameters of at least 100 droplets in
four different regions of the slide were recorded. An
oll immersion objective and a micrometer eyepiece were
used, givingva total magnification of 970 times. The di-
ameters could be measured to the nearest micron. Each
scale division in the eyeplece corresponded to 4.5 microns,
as determined by the use of a stage micrometer. The total
number of droplets per unit volume was measured with a
hemacytometer. Eéch sémple was diluted 200 times in the
special pipette provided.

A series of experiments were carried out to deter-
mine the change of particle size as freezing progressed.

A five ml. sample of the emulsion was set in the freezing
bath for a given length of time, after which it was quickly
transferred to an ice bhath. The unfrozen portion was with-
drawn with a pipette, and thawing carried out as usual.
After mixing thoroughly, a drop was taken out and a count
made in the hemacytometer. In this way the number of

drops in a known volume was found.
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D. Microscopic observations

Several cold stages were devised for microscoplc
observations during freezing and thawing. The most satis-
factory of these is shown in Fig. III. Copper coil A
was connected to the circulator shown in Fig. I. Cover
slip C was cemented‘to the end of a copper tube, which
was of slightly larger diameter than the mieroseope ob-
Jective. G consisted of two glass jars with asbestos
insulation between them. No insulation was used on the
bottom to allow illumination for the microscoplic obser-
vations. The thermometer T could be read to 1.05°C.
Stirrer S was used at low speed.

A drop of boiled emulsion was placed on cover
slip C and the tube immersed in the bath so that only
.5 em. projected above the surface., A smaller cover
slip was placed over the drop. The temperature of the
bath was lowered quickly by adjusting the rate of flow
of the cold acetone from the freezing unit. When 0°C
was reached, the temperature was held constant for a short
time. A small crystal of ice from the circulator tubes
was then placed in contact with the edge of the emuléion
to prevent supercooling. After this, the temperature
was lowered at the desired rate by manipulation of stop-
cocks B énd C of the freezing unit, Observations were

made as to the mode of ice formation, behavior of the
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individual globules, and the extent of ébaleécence during
freezing. Slow thawing was obtained by allowling the bath
to warm by itself after turning off the flow of cold ace-
tone.' Rapid thawing was produced by running warm acetone
through the coil. ‘

The temperature could be maintained to within t. 29
of a given value. Comparison of the thermometer reading
and the point at which pure water began to melt showed
that the temperature of the emulsion was within .2°C of
the thermometer reading when the bath was stirred at the
rate used for all the experiments. Although a stream of
cold dried air was blown over the cover slip, condensation
of water obscured the view below -15°C.

Instantaneous freezing could be obtained by allowing
the film of emulsion to supercool to -10°C, whereupon it

- solidified %nto vitreous ice. |

Anoﬁher type of cold stage was used where the final
temperature obtained was not important. This consisted of
a hemacytometer with cold dried air directed diagonally
over the surface of the cover slip. The air was cooled
by passage through a coil immersed in a dry ice - acetone
bath. Drying was accomplished by passing the air through
a meter long glass tube packed with calciym chloride.

With this setup a known volume of emulsion could be ob-

served, and the ice crystals could be made to advance at
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any desired rate over the field by regulating the air flow.
Since the depth of .1 mm, was greater than that for an or-
dinary microscope slide and cover slip, conditions were
obtained more closely approximating those of bulk freezing.
Magnifications of 100 and 470 times were used in
most of this work. The oil immersion objective was im-
praétical, since the balsam oil conducted too much heat
to the cover slip, thus melting the emulsion.
A polarizing microscope was used in observations

on crystallization of the emulsifying agent during freezing.
E. Emulsion analysis

Several experiments were carried out to determine
the distribution of emulsifying agent between the bulk
aqueous liquid and the decene solution interface. A 10 ml.
sanple of emulsion of knowh particle size distribution was
centrifuged at 2000 r.p.m. for fifteen minutes. A 5 ml.
aliquot of the slightly turbid subnatant solution was then
drawn off with a pipette carefully inserted through the
creamed emulsion. This was evaporated to dryness on a
weighed watch glass, After heating in an oven at 20°¢C
to constant welght, the amount of residue was determined
to the nearest hundredth of a milligram. The original
weight of the watch glass was then checked by wiping off
the residue with a dry cloth. The quantity thus obtained
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was compared with the theoreticallvalue found by applying
Gibb's law of surface adsorption.

There are several sources of error in this procedure,
First of all, the subnatant solution was slightly turbid,
indicating that some decane was still dispersed there.
Secondly, extensive breaking of the emulsion occurred at
the top, glving an oil layer corresponding to half the
amount present. It is assumed that the SDS released by
this decrease in surface was adsorbed by the thick cream
la&er below. However, some may have diffused downward
to that portion which was decanted. Taking into account
only that error from the weighing and volumetric procedures
we have that the percent SDS can be determined to ¥.002%
by this method.

The amount of decane in a given sample of emulslon
was measured in order to determine the distribution in the
frozen mass. Concentric cylinders of frozen emulsion were
extracted with a set of sharp cork borers. These cylinders
were melﬁed into calibrated tubes of .3 cm. inside diameter,
and the total amount present determined. Then concentrated
sulfuriec acid was added slowly until the emulsion was com-
pletely broken. This usually required an amount of HZSOA
equal to that of the emulsion. The volume of decane was
then measured and the original volume percentage dispersed

phase calculated. This involved four measurements of
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height, each precise to .02 em. The final precision of
the percentage decane was therefore il% for a 2 ml.
sample.

The distribution of emulsifying agent in the frozen
mass was determined by the same cork borer technique, with
the analysis carried out as in the first procedure in

this section.

F. Interfacial tension measurements

A DuNouy interfaclal tensiometer was used for all
determinations. A series of solutions of increasing con-
centration were first prepared. Ten ml, of the emulsi-
fying agent solution of lowest concentration was placed in
a 50 ml. beaker, which was set in a small ice bath on the
adjustable stage of the tensiometer. Ten ml. of decane
was then carefully added, with precautions taken to pre-
vent the formation of small droplets. After allowing
10 minutes for temperature equllibrium to be attalned, a
series of four readings was taken at intervals of five
minutes. Only the "pull" values were used. Care was
taken to prevent small droplets from adhering to the ring.
After each set of readings, the decane was decanted onto
the surface of the solutlion of the next concentration.

Interfacial temsions of HBDAC solutlons above

.005% were difficult to determine, since each time the
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ring broke through the surface, spontaneous emulsification
occurred. It was very difficult to cause coalescence of
the small droplets thus formed, so that only one measure-
ment with each solution could be made without the inter-
ference caused Sy the droplets.

, The particular tensiometer used could not be cali-
brated to read directly in dynes/cm. due to a replacement
part intended for a different model. Conséquently the
readings were corrected by a factor obtained from known
surface tensions. The water - alr and benzene - water
interfaces at 25°C were used to calibrate the instrument.

A precision of 1.1 dynes was obtainable with the
vernier scale on the tensiometer dial. Successive readings

usually agreed within 1.2 dynes.

G. Zeta potentlial measurements

Electrophoretic mobility was determined by the
moving boundary method using a U tube apparatus designed
by Price and LewisBG. It is shown in Fig. IV. Electrodes
D and E were platinum wires sealed in glass across which
a constant potential of 9 volts was applied by battery B.
The electrodes A and C in the side arms prevented elec-
trolysis in the main U tube. The anode A was zinc and the
cathode C was lead coated with lead dioxide. In this way

no gas was evolved in the side arms. The potential at
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the platinum electrodes due to the voltage applied across
AC was adjusted by the rheostat until the galvanometer G
showed no deflection when tapping key K was closed. In
this way the potential under which the charged globules
migrated was exactly that supplied by the battery, while
no current flowed out of the U tube. The length of the
side arms was sufficlent so that no products of the re-
actions at electrodes A and C could migrate into the U
tube during the time of a single determination. The dis-
tance between the electrodes was determined by direct
measurement - this does not give an accurate value but
it does not affect the precision.

A 30 ml., solution was made up of the desired
emulsifier concentration, and a 5 ml. portion withdrawn
to make a 5% emulsion with decane. Both the emulsion
and clear aqueous phase were then boiled to remove dis-
solved gases, stoppered tightly, and cooled in an ice
bath. The U tube was then placed in a 250 ml. beaker filled
with crushed ice and water. This beaker was set in a 400
ml. beaker to provide an insulating air jacket. The
emulsifying agent solution was then added to a point about
1l cm. below the side arms, and a further portion used to
£111 the side arms. The emulsion was then warmed slightly
to make it lighter than the solution, after which it was

plpetted onto the surface in both arms of the U tube.
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Careful stirring brought the boundary in each arm about
half way down the column. After five minutes a very

sharp boundary had been formed between the dilute emulsion
and the pure solution. The final concentration of emulsion
was thus about 1% decane; this was still opaque. The

high dilution minimized the possibllity of a difference

in concentration of emulsifying agent on either side of

the boundary due to adsorption of an appreciable fraction
by the globules.

After allowing 10 more minutes for temperature
equilibrium to be attained, the current was turned on and
the rheostat adjusted to no galvanometer deflection. Fi-
nally, switch S was closed. The position of the boundary
in both columns was followed by means of a cathetometer.
With the anionic emulsifying agents the boundary in the
left hand column rose, while that in the right fell.
Readings were taken every fifteen minutes for a period of
an hour. Every ten minutes the circult was checked for
balance by opening the switch and pressing key K -~ usually
the rheostat had to be adjusted several times to maintain
zero deflection.

The equation for calculation of zeta potential is
given by Dickinsonzz‘as

p= FMQU (7)
X0 F(Kr)
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where u is the electrophoretic mobility under a potential
gradient of X statvolfs per centimeter. D is the dielectric
constant, and Q the viscosity of the agueous phase. The

term f£(fr) 1s Henry's function as explained in the theoretical
section., For reasons outlined there, this term will be
neglected. In order to calculate the zeta potential in

volts, we must convert both X and {* from statvolts to

volts by dividing by 300. This gives the followlng equation:

1
J:o;lfs = ﬂ:’l’)ﬂ(g (300) (8)

The value of u was taken as the average of rising and

falling boundaries. A sample calculation is given below:
Concentration of 8DS: .15%
/Temperature: 0°c
Time interval: 44 minutes
Potential applied: 8.34 volts
Distance between electrodes: 14.3 cm.
Potential gradient: .584 volts/cm.
Falling boundary: .52 ecm.
Rising boundary: .79 em.
Average: .66 cm. in 2640 seconds
Velocity: 2.50 x 104 cm., per second
Viscosity of water: 1.79 x 10™2 poises at 0°C
Dielectric constant of water: 88 at 0°C
Zeta potential: ,10 volts.

The viscosity of the SDS solutions used was measured
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with an Ostwald viscometer at 0°C. It was found to be
identical with that of water.

The precision of the cathetometer readings was
1.01 em. For a run lasting an hour, the boundary usually
moved about 1 cm. and a total of four scale readings ﬁas
used. The error in reading the.time is negligible with
respect to the scale reading uncertainty. This gives a
precision of the electrophoretic mobility of 16 x 10'6
cm./seec. The precision of the zeta potential is thus

*,004 volts from equation (8).

3. Results and discussion

A, Properties of the emulsions before freezing

An emulsion of 16.7 volume percent decane was
chosen as a standard. This low concentration was chosen
in preference to'higher values after experimentation
showed that a greater range of the amount of deemulsification
could be obtained, as well as greater reproducibility on
successive trials. In the initial experiments using the
Eastman decane, a SDS concentration of .5% was taken as
the standard. This concentration gave 1007 deemulsifi-
cation with the purer decane, so that .075% was taken as
the standard here.

A typlcal particle size distribution is shown in
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Fig. V. This distribution was reproducible within the
limits of experimental error for all the emulsions pre-
pared by the method described except where otherwise noted.
However, where the initial SDS concentration was below
.015%, or that of HBDAC below .001%, the particle sige
increased on standing for a short time. For all other
cases, thils was the distribution at the start of freezing.

There are a number of different criteria of the
degree of dispersion of an emulsion. The specific surface,
average vo;ume, number of droplets per ml., and average
diameter have all been suggested as the best measure of
the degree of dispersion. These quantities are tabulated
below for the standard emulsion:

Specific Surface —————- 2 x 10% cm.z/ml. decane

Average Diameter.-————- 2 x 10~4 cm.

Average Volume ———eeeeo 4 X 10"12 cm.3

Number of Droplets ---- 2.2 x 1010 globules /ml. emulsion

1.3 x 101l globules /ml. decane

The number of droplets was measured in the hemacy-
tometer. This value corresponds closely with the number
obtained if all the globules were uniformly 2.5 microns in

diameter: 1.5 x 10-%

per ml, decane.
Emulsions with greater than .005% surface active
agent concentration showed no signs of breaking at room

temperature for a period of a day. Below .05% SDS an oil
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layer was discernible after 24 hours. Emulsions of SDDS
were generally more stable to aging than those of SDS of
the same concentration. With HBDAC no oil layer fqrmed
after 5 days at .002%. All emulsions were used the same
day that they were prepared, so that all samples were
completely emulsified when frozen.

The bolling treatment before each freezing ex-
periment was found to have no effect on the particle size.

Microscopic observations on the unfrozen emulsions
showed all the particles in brownlan ﬁotion. No clumping
of droplets was seen in any of the emulsions used, except
in the presence df «028 sodium chloride.

The electrokinetic potentials and electrophoretic
mobilities of decane globules in SDS solutions at 0°C

are glven in the following table:

Table 1

Temperature: 0°C Mobility in cm./, Negative Zeta

Concentration SDS in % sec./volt/cm.x10% Potential in volts
0.005 1.75 0.040 £ 0.004
0.0075 2.04 0.047 T 0.004
0.01 2.10 0.048 1 0.004
0.015 3.77 0.086 1 0.004
0.02 4+09 0.093 ¥ 0.005
0.04 438 0.100 1 0.006
0.05 hell 0.100 ¥ 0.005
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Table 1 (Continued)

0.06 he2d 0.097 £ 0.005
0.075 411 0.094 1 0.004
0.10 4429 0.100 £ 0.004
0.15 4.38 0.100 1 0.004
0.175 4.53 0.103 * 0.006
0.19 3.59 0.082 I 0.004
0.20 | 3.68 0.084 T 0.004
0.22 3.59 0.082 1 0.004
0.25 3.68 0.084 I 0.004
0.40 3.68 0.084 1 0.004
0.50 4.11 0.085 1 0.008
Temperature: 22°C
0.80 7.70 0.10 I 0.008
1.00 6.70 0.093 { 0.008

Each value is the average of at least two separate determi-
nations.

The values are plotted in Fig. VI. It will be
noted that there are two minima, The first, at about .075%,
differs from the maximum at .05% by less than two times
the precision, and therefore could be accounted for by the
experimental error. However, three successive determina-
tions of the zeta potential at .075% agreed to within .00l
volts, so that this minimum probably exists. The sharp
drop at .19% may be correlated with similar phenomena
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observed by Powney and Wood31 for sodium dodecyl sulphate
and sodium laurate emulsions of paraffin oil. In both
these cases a drop of about .03 volts occurred at one-fifth
of the eritical micelle concentration. Likewise here the
drop 1s about .025 volts at one f1fth the eritical micelle
concentration of 1%4. The actual values obtained by Powney
and Wood differ from ours; their maximum in both cases
was .18 volts at 25°C. The difference in temperature may
account for the discrepancy of .08 volts, although both
the dispersed phase and emulsifying agents are sufficliently
different from ours to produce this effect.
Measurements above .5% were impractical at 0°C due
to precipitation of the SDS. The increase in zeta from .5%
to .8% may be due to the temperature difference of 22°C.
The zeta potential values obtalned for SDDS are
given in Table 2.

- Table 2

Temperature: 0°C Mobility in cm./, Negative Zeta

Concentration SDDS in 4 sec./volt/cm.x107 Potential in volts
0.002 2.19 0.050 % 0.004
0.01 2.90 0.066 1 0.004
0.02 3.33 0.076 I 0.004
0.03 | 3.60 0.082 T 0.004
0.04 4o 65 0.107 * 0.008
0.05 | 3.72 0.085 3 0.004
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Table 2 (Continued)
0.06 2.59 0.060 T 0,004

0.08 411 0.094 L 0.004

Values above .08% are ruled out by solubility.‘ The values
in Table 2 are plotted in Fig. VII. The poor reproduci-
bility of the maximum at .04% is probably due to dilutiom
errors, since the zeta potential falls off rapidly on
each side of this maximum. The errors in all the volu-
metric procedures used can produce a variation of .002%
in the concentration.

The shape of the curve is quite similar to that ob-
tained by Powmey and Wood for sodium dodecyl sulfate;
this 1s to be expected, since both emulsifying agents
contain a twelve carbon chain. The maximum and minimum
are both at the same concentration as these authors found.

Since the maxima and minima of these curves will
be seen to play an important part in deemulsification, it -
may be well to arrive at least at a qualitative explanation
for then. ‘Thomas32 gives data obtained by Dulouy on the
equilibrium surface tensions of very dilute sodium oleate
solutions. At the concentration corresponding to complete
coverage of the surface with flat molecules, there is a
sharp minimum in the surface tension curve. As the con-
centration is increased, a second minimum is found where

the next largest dimension of the molecules 1s parallel
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with the surface. Finally, the deepest minimum occurs
when the molecules become perpendicular to the surface.
The cross sectional area of a saturated paraffin chain is
given by Thomas as about 1.8 x 10'15 em? Data to be pre-
sented shows that the surface excess for SDS is about 3.5

10 equivalents per cm? 1in a .19% solution. This is

2

x 107

about 2 x 1014 molecules per cm*, which occupy about .38

em?. when perpendicular to the interface, and about .60 em=.
when presenting their next largest dimension. It must be
remembered, however, that the area occupled is given for
an unchérged molecule; the data was obtained with palmitic
acid. Consequently the effective area required for the
decyl sulfonate anion will be greatei than this. There-
foré, while the actual paraffin chains occupy 60% of the
area lying horizontally, the high electrostatic repulsion
between them may cause a shift to the vertical upon in-
creasing the concentration. Since this shift to a new
arrangement is known to affect surface properties, it 1s
probable that it affects the zeta potentlial as well. The
sharp drop at .19% for SDS and at .06% for SDDS may be due
to such a critical orientation., Further evidence for this
is the ratio of the two concentrations at the minima for
SDS and SDDS. They are as 3:1 while the respective values
of %g are as 1:2.5. Hence by Gibb's law approximately phe

same surface concentration 1s reached at .06% SDDS as for
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Sps at .,184. The shallow minimum at .075% SDS may be due
to the next largest dimension of the molecules oriented
parallel to the surface. One would expect the vertical
shift to have the greatest effect.

The state of aggregation of the SDS molecules 1is
not a factor in the zeta potential curve in this concen-
tration region. The equivalent conductance was found to
be perfectly linear in this region, ranging from 33.4 at
.001% to 32.4 at .20%, for the pure solutions at 0°c.

If any sort of micelle had formed, the equivalent conduc-
tance would show a sharp fall or rise. Consequently the
zeta potential drop is probably.due to phenomena assoclated
with the decane-solution interface.

The zeta potential%bbtained for decane globules in
HBDAC are given in Table 3.

Table 3
 Temperature: 0°¢ Mobility in cm./4 Positive Zeta
Concentration HBDAC in % sec./volt/cm.x10™* Potential in volts
0.001 1.17 0.040 I 0.004
0.002 2.36 0.054 1 0.006
0.005 2.45 0.056 L 0.008
0.010 2.36 0.054 1 0.006
0.020 2.92 0.068 1 0.008

These values showed poorer reproducibility than
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than those for the anionic emulsifying agents. This may
be due to the high sensitivity to the presehce of small
quantities of electrolyte impurities from the distilled
water and other sources, such as small amounts of rust
from the homogenizer. Data to be presented will indicate
that this zeta potential can bé lowered to O with less
vthan .1N NaCl. The general shape of the curve 1is in ac-
cord with that obtained by Powney and Wood for dodecyl
pyridinium chloride, and that given by Alexander and John-
son33 for hexadecyl trimethyl ammonium chloride. In nelther
of these cases is there any sharp minimum or maximum, and
the values obtained wére much lower than for the corresponding
concentrations of anlonic emulsifying agents; This latter
fact is due to the adsorption of OH” ions which normally
are capable of giving a potential of -.04 volts to a hy-
drocarbon dispersed in pure water. These values for HBDAC
are seen to be about .04 volts lower than those of SDS.
These values are plotted in Fig. VIII.

The interfacial tensions between decsne and solu-
tions of the three emulsifying agents are given below, and

all are the average of two separate determinations.
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Table 4
R
.ﬁ 4 ~ 4

I L T P
§.5. €85 g88 gS8L 48T &BS
PO P g P W 4 g LB R 4 -
0.000 45.3 £ 0.5 0.000 45.3 ¥ 0.5 0.0000 45.3 £ 0.5
0.002 42.8 0.3 0.002 40.1 % 0.3 0.0001 28.0 T 0.6
0.005 42.5 ¥ 0.2 0.005 38.5 £ 0.2 0.0002 22.2 % 0.6
0.010 41.5 £ 0.2 0.010 34.5 % 0.2 0.0004 17.5 % 0.5
0.025 38.6 ¥ 0.2 0.015 32.2 1 0.2 0.0005 15.8 £ 0.5
0.033 37.2t 0.2 0.020 29.8 0.2 0.001 13.5%0.3
0.040 36.4 % 0.3 0.030 27.0 £ 0.2 0.002 11.0 § 0.2
0.050 35.7 ¥ 0.3 0.040 26.3 0.2 0.003 9.2%fo0.2
0.060 35.5 ¥ 0.3 0,055 25.3 %0.2 0.0056 7.610.2
0.075 35.1 1 0.2 0.070 24.0% 0.2 0.007 6.2%t0.3
0.095 33.6 t 0.2 0.10 20.81 0.2 0.008 5.5% 0.3
0.100 34.1 F 0.2 0.012 3.5 ¥ 0.4
0.120 33.5 % 0.2 0.015 2.1 1o0.5
0.150 31.6 1 0.2 0.02 1.6 L o.5
0.250 27.8 0.2
0.350 23.4 f 0.2
0.50 17.1 t 0.2
1.00 10.4 ¥ 0.2
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These are plotted in Figs. VI, VII and VIII. It
will be noted that in all three cases, there is a region
of almost constant slope at high concentrations, followed
by a short interval in which the slope changes rapidly,
and then another constant slope region at low concentra-
tions. This 1s known to be characteristic of surface
active substances.

Recentlyz4 a paper was published giving a value
of 53.12 dynes/cm. for the inferfacial tenslion between
water and decane at 0°C. The sample used was speclally
purified. This is almost & dynes/cm. greater than our
figure. It is probable that the decane used in our ex-
periments contained some branched chain hydrocarbons
which boil at the same temperature as normal decane, and
which have a lowering effect on the interfacial tension.
Nevertheless, since the same sample was used for all
measurements where interfacial properties were calculated,
this discrepancy should not nullify any of our results.

The validity of Gibbs law of surface adsorption
for SDS was tested according to procedure E. The equation

used was derived in the following manner:

Let Cy = total moles of emulsifying agent per
liter of water

c final bulk concentration per liter of water

e

surface concentsatiOn of emulsifying agent
in moles per cm<. of interface
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s - total area of interface per liter of water

X = es - total moles of emulsifying agent at

the

- H

interface.
c, - s
=C.
RT Oc
es = -gﬁ.guf
RT de
Cy - 8 Jr
° RTec
Co
1 - _8.
RT oe

(9)

Applying this to an initially .1% SDS - 16.7%

decane emulsion of the standafd particle size distribution,

we have:

= 2.27 x 10

i

10

4.2 x 10® cm®. /1. B0
4.19 x 107K
-9.64 x 10° dynes/cm. eq.

RS

ergs/mole

3.48 x 107N - .084%

Table 5 gives values calculated in this way as

compared with the experimental figures.
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Table 5

Temperature: 25°C

16.7% Decane

Initial SDS Final Concen- Final Concen-

Concentra- tration by tration by Deviation
tion in % Experiment Equation (2)
0.10  0.080 * 0.002 0.084 ~0.004
0.03 0.015 ¥ 0.002 0.0146 +0.0004
0.02 0.010 t 0.002 0.0097 +0.0003

The agreement between experiment and theory is good.
The .004% deviation with the .1% value is easily accounted
for by the sources of error enumerated in the section on

procedures.

B. Mechanics of freezing

Miecroscopic observations afford the best picture of
the mechanical processes involved in freezing an emulsion.
However, it must be borne in mind that the conditions
under which a film of emulsion freezes on a slide are con-
siderably different from those obtained with a large cy-

lindrical tube.
A .5% SDS - 16.7% decane emulsion was frozen
slowly using the cold stage shown in Fig.III. Long pointed

needles of ice advanced over the field at first. These

crystals widened slowly, pressing globules between them;
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the globules were in violent agitation during this process.
Coalescence did not begin until almost all the water was
frozen, and the globules crowded into the narrow inter-
erystalline zones. Finally in the completely frozen state
a continuous strip of deemulsified decane separated the

ice crystals. Uncoalesced individual droplets, apparently
almost touching each other, were embedded in the ice di-
rectly adjacent to this ccntiﬁuous strip of decane. These
droplets were for the most part elongated, with the longest
axlis parallel to the crystal face. During and immediately
after slow freezing at -19C, some globules were observed
between the broad crystal faces. These were separated from
each other by at least 2 microns, and hence showed no ten-
dency to coalesce. When frozen at this temperature, the
ice crystals were about 100 microns acrdss, and extended
across the entire slide. When the temperature was lowered
to -3°C, the globules in these wide spaces gradually be-
came less distinct, and finally disappeared altogether,
while the droplets in the narrow zones remained visible.
Lowering the temperature to -10°C produced no further change.
The temperature was then raised slowly giving the first
signs of motion in the intercrystalline zones at -2°C.

Some coalescence was observed here, and a few small drop-
lets began to move. The hitherto invisible globules be-

tween the broad crystal faces reappeared at this temperature
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and became more and more distinct as 0°C was approached.
This was evidenced by their outlines becoming darker. Fi-
nally at 0°C complete melting had occurred. The strips
of decane gradually assumed sphericél‘shape. Some coalescence
was observed for about 5 seconds after thaﬁing, but only
about one out of a thousand droplets was visibly enlarged
by coalescence in this stage. Globules were of two sizes
only; from 60 - 80 microns in diameter, and unchanged or
2 - 3 microns in diameter. |
These results could be duplicated using different
rates of freezing; the only difference being in the width
of the ice crystals. Rapid freezing gave smaller crystals.
" A diagram of a typical emulsion frozen on a slide

is shown below:

Narrow inter-
crystalline zone.

Strip of deemulsi-
fied decane

Elongated globules

Broad crystal face

An important conclusion te be drawn from this work
is that the smallest dimension of the ice erystal reaches
its maximum value first, followed by broadening until the
maximum width is obtained, and finally the length increases
until some obstacle is reached. These conclusions are

supported by the work of Kalb’’, who further states that
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tabular crystals usually prevail ﬁear 0°C. 1Ice usually
is of a hexagonal structure, which tends to obscure the
junctures between the crystals when observed under the
mlicroscope. The crystals are said to form a skeletal
structure first, and then fill out.
Further information as to the structure of the

frozen emulsion was obtained by examination of a .5 mm.
thick cross section from an emulsion frozen in bulk at
-10°C. Ice crystal size was measured with a micrometer
eyepiece with 40 power total magnification. The following
dimensions were found:

Thickness: 0.015 mm.

Breadth: 0.15 mm.

Length: 4.00 mm.
Each crystal eitended from close to the periphery to the
center of the frozen mass. The breadth given is that at
a point half way between the center and periphery. It
was found that the outer .5 mm. of the frozen cylinder
always showed a different structure from that of the inner
portions. The crystals directly in contact with the glass
had their longest axis parallel to the glass, while the
next layer of crystals were perpendicular to the surface.

A clearer picture of the relationshilp between the
crystal size and distribution of the droplets may be ob-
tained from the following calculations:
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1) Volume of emulsion: 5 ml. (16.7% decane)
2) Number of crystals in this volume: 7 x 10°
3) Number of globules in this volume: 1.3 x 10+t

4) Number of globules per erystal: 1.9 x 107

5) Number of globules per narrow 1ntercrystalline‘
zone: 1l.1 x 165

‘ 6) Average volume of a globule before freezing:
4 x 10'12 cc.

7) Volume of decane in narrow zone: 4.4 X 10-7 ce.
The figure for (5) was obtained by taking 60% of (4) since
1t was found, as will be discussed later, that only 60%
of the dispersed phase is subject to deemulsification in
the narrow intercrystalline zones. The other 40% appears
to be protected between the broad crystal faces.

From these figures we may calculate that the glo-
bules form a mass of about 7 globules across and extending
.4 ecm. or 2000 globules long, assuming a rectangular or
ecylindrical form for each intercrystalline zone. This
pleture would vary with the rate of freezing and shape of
the container.

Other workers7 have found a decidedly greater con-
centration of dispersed phase in the inner portion of the
frozen bulk than in the outer portions. This effect was

enhanced by slow freezing. In order to rule out this

fadtor as a complication, we made measurements to determine
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the distribution of dispersed phase and emulsifying agent
in the frozen and partly frozen masses. Using the cork

borer technique deseribed, the following data was obtained:

Table 6

Frozen at -10°C for 10 minutes
Emulsion as a whole: .5% SDS, 16.7% decane

Volume % Decane SDS

Outer 20% 1311 0.41
Next 58% 17 $1 0.50
Inner 19% 191 0.56

These results show that only a small change of
concentration occurs with respect to radisl distance
from the center, both for decane and SDS. The ratios of
SDS to decane concentrations are the same for all three
sections, which means that there is no separation of the

two during freezing in terms of the macroscopic picture.
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- C. Influence of variables

| a. Effect of concentration of emulsifying agent

All these experiments were done with the Phillips
-decane. The results obtained are in Table 7. All values
"~ are the average of at least two determinations made at
different times, ﬁsing~freshly prepered emulsions for each
test. The second column is the percentage of the total
amcunt of decane present thatwwas,deemulsified.‘ The third
column represents the percentage of the maximum value that
could be obtained with unagitated freezing and thewing;
ﬁamely, 60%. This relative deemulsification will be used
in discussions and cslculations for reasons explained |

below.

Table T

Total Volume: 5 ml.

16.7% Decane

Average Globule Diameter: 2 mierons
Frozen for 10 min. st -1g°c

Thawed for 10 min. st 10°C

Concentration Totel % Deemul- Relative % Deemul~
SDS in ¢ sification (TD) sification (RD)
0.002 1523 . 252 5
0.005 L ] | 46 % 5
0.0075 BR 3 58 5
0.01 . 433 3 722 5

0.0125 49 3 83 5
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Table 7 (Continued)

Concentration Totel % Deemul- Relative % Deemul-

SDS in % sification (TD) sification (RD)
0.015 55¢ 3 92 £ §
0.02 45 = 4 75 = 6
0.035 40¢ 3 66+ 5
0.06 38+ 3 57 £ 5
0.06 36 = 4 60 = 7
0.075 37T+ 4 62 & 17
0.088 46+ 3 76 %= 5
0.10 ‘ 46+ 3 M+ 5
0.11 50 £ 3 83* 5
0,126 556-f 3 92 £ 5
0.14 60 - 100

0.20 60 | 100

0.58Q 60 100

All deemulsificetion values were exactly reproducible
for the same sample of emulsion, but varied slightly
between different samples of the seme concentraﬁion.

The concentrations listed are those of the emul-
sifylng agent solution before the addition of decane. By
equation (9), the actual concentrations in the bulk agqueous

phasefbefcre freezing are .834 times the initial value

. 2
when %25 is 9.6 x 10" @and .50 times the initisl value when

Q is 4.6 x 10° . These relastionships will hold only when
b ) .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ktwukwﬂw i WQW .*0 .ucou

i

e »
(SN

oy

Lt R

-

i e

+r
e

+

e

1

+

NENS 28

D

O
~o

uc)/_j,b;)/j /s'/na/aag 4u97.43d

«©

2/\[_’(0/9&:/

hibited without permission.

ion pro

f the copyright owner. Further reproduct

ISSIon O

Reproduced with perm



60.

the volume percentage decane ‘is 16.7% and the specific
fsurface,vz.e x 104 cm.z/ml. decsne. Wheh freezing starts,
‘both the decane globules and emulsifying agent will become
more concentrated until the close packing retio for spheres
of the same size is reached; namely 74 volume percent.

We will make two essumptions with regard to this:

l. Both constituents of the emulsion are frozen
out completely until close packing is reached; ice does
occlude either one.

2. Surface equilibrium is meintained between the
concentrating emulsifying agent and the deeane-solution
interface.

Using these two assumptions. we may calculate the adtual

bulk concentration when ‘the close packing ratio is resched.
The surface per liter of aqueous phase in this state is

5.7 x 10° em.© and the overall concentration is 14.3 times
the initial overall value, since the aqueous portion is

only 26% of the total liquid volume which hes decreased from
1 ml. to .225 ml. Substituting the appropriate figures in
(9) we find that the bulk aqueous concentration has increased
4.2 times the initial overall quentity. Thus for an
initially .10% SDS emulsion, the concentration at close
packing is .42%. Since the slope of the interfaciél tension
curve is constant above .05%, this sgmevincrease in bulk

concentration may be eassumed.for the range of values used.
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The remaining emulsifying agent is adsorbed within the
approximately .602 microns of the double layer. Since this
represents a negligible total volume, it may be considered
to be effectively removed from the bulk. liquid.. ‘

As the ice begins to envelopithe'droplets them-
selves, after close packing has been reached, and to cause
them to coelesce,we will assume that the SDS moleecules
primarily adsorbed are not pushed ahead by the ice, but
remain at or near the surfece when frozen.

In any case we may conclude that there is 14.3
times as much emulsifying agent per unit volume of aqueous
phase when coalescence begins, that is, at close packing;
thaen before fregzing began, in an initielly 16.7% dispersed
phase emulsion.

The data in Table 8 are plotted in Fig. IX. The
ordinate is the relative deemulsification. The curve
reaches ahmaximnmgvalne.af.éoﬂ of the total decane present

’deemulsifiedawhichwis,taken as 1004 relative deemulsification.
This occurs at about .14% SDS, end increasing the concentra-
tion above this gives the same va1uea The explanation. of
this meximum is. to be found in microscopic observations.

A certain portion of the drapletsuwéreuentrapped between
the broadest crystal faces and these were far enough apart
to prevent their coslescing with one another. It is
possible, therefore, that 40% of the droplets, when frozen

in bulk, are protected in this manner. Some coalescence of
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ﬁhese does occur, as will be shown in a later section,
but they do not reach & sufficiently 1érge size to coa-
lesce ultimately to give a continuous decane phase. We
know that the average width of an ice erystal, frozen
under the standard conditions, is 015 mm. Since there are
about 166 crystals in & 5 ml, sample, this gives a total
area of 6000 square centimeters between the broad erystal
faces. BSuch an area could accomodate about 1.5 x 101l
droplets of 2 micron diemeter without their touching one
another. This is about 23% of the total number of drop-
lets present in 5 ml. so that 40% would fit in with some
coalescence. We have seen that this is the ecase. Since
40% does not contribute to the bulk layer after thawing,
the factors affecting the amount of deemulsification apply
enly to the remaining 60%. Thus the relative deemulsifi-
cation was chosen for quantitative treatment of the varisbles.
For the purpose of analysis, the curve in Fig. IX
will be divided into three concentration ranges:

1. From 05 to .14% SDS

In this region it was found that rate of freezing
had no effect on the amount of decane that rose to the sur-
fece. This indicates that when a certain SDS concentration
has been reached during freezing, there unsues complete
and very rapid coalescence of‘tﬁose droplets not yet
engulfed by the ice. The zeta,potential shows & sharp drop
between .18% and .19% SDS, the probable reasons for which
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were outlined previously. Af .14% in Fig. IX the con-
centration at close packing corresponds to .59% in the free
aqueous phase, Apparently the actual zeta potential at
this concentration has just reached a sufficiently low
value for repid coelescence to begin and to proceed to
completion, The discrepency between .19% and .59% is
explicable on the basis of orientation of the pareffin chains;
The sudden fall in zete potentisl is determined by the
space relationships between the paraffin chains and the sur-
face available for them. It is known that the close
approech of two cherged emulsion droplets cesuses a decreasse
in the charge density on their opposing faces due to
electrostatic repulsion. Thus, molecules of emulsifying
agent are pushed aside at the point of closest approach.

At .59%, we find that 112% of the surface would be covered
by the calculated surface excess of vertically orientated
SDS molecules of 1.8 x 10% em.? eross sectional area.
Either this is not reached, or severel layers of molecules
are present. When the repulsive forces of & second droplet
decrease the density, it is possible that the resultant
surface concentration is equal to that of a .18% SDS solue~
tion with an isolated droplet. The zeta potentiel at that
point may therefore be .03 volts higher than the surrounde
ing surface. Any further ilnerease in cencentration will
decrease’the.feta potential and result in coalescence. In

addition, the presence of a2 second double layer near a
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given area will tend to prevent a shift from horizontal

to vertical orientation of the DS®ions, since the effective
distance between the droplets would be decreased by this
process. If the vertical orientation is connected with a
fall in zeta potential, this factor will also tend to
increase the potential above .19%. Even if our ecalculastion
of the close packing concentration is erroheous,&he srror
is more likely to be on the sidé of low concentration due
to non-attainment of equilibrium.. Thus it is improbable
thaet the actual bulk concentration is .19% when the overall
concentration has increased 14 times the initial value of

0 14%.

In any case, we will assume that the fall in zets
potentialifer two globules in close contact has been shifted
to a concentration 3.1 times that for an isolated droplet.

If the concentration at close packing is less than
.59%,‘the'dreglets will be engulfed by the ice with little
or no coalescence before this concentration is reached.
During the freezing of the emulsion itself, the bulk concen-
tration will increase due to thres possible factors. First,
by freezing out of the bulk SDS alone, leaving most of the
primarily adsorbed molecules asseeiatedowith’the surface of
the globules in the frozen state. Mereever,}it is difficult
to concelive of a mechanism whereby the adsorbed paraffin
chains could be desorbed during freezing. The second mode

of concentration increase is through the deformation of the
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globules remaining in the liquid water phase due to the
foree exerted by the ice. For perfect spheres, 26% of the
liquid remeining is water, but deformation of the globules
considerably reduces the relative volume of water, and
thus tends to increase the concentration of solute with
respect to the surface area of the globules. Finally, any
coalescence.will decrease the specific surface of the decane
and thus would increase the bulk SDS concentration. Regard-
less of what factors are involved, the amount.of decane
subjected to .59% SDS and above will probably coalesce
completely and rapidly due to the sudden fall in zeta poten-
tial. That fraction of the emulsion protected by high zeta
potential will be proportional to the quantity: (.59 - ch)
where cep is the SDS concentration in the bulk aqueous
phase at close packing. This fraction should not contribute
to the bulk lsyer on thawing. The equation thus beeomes:

RD = 100~k(.59-ccp) | (10)
where RD is the relative deemulsification.

If no coalescence occurred before .59% was reached,
and the céncentration'increased,linearly with the amount of
watef frozen, the value of k should give O deemulsification
when ccp is O. Examination of Fig. IX shows that this is
not the case. Extrapolation of the line at O concentration
glves a D intercept of 28. Thus the concentration in the
unfrczenhaqueeus portion is 28% greater than expected. This

is due to either a decrease of 28% in the specific surface
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of the frozen droplets, a desorption of 28% of the SDS by

freezing, or by increassing deformation as freezing progresses.

The latter is the most likely possibility. This glives a value

of k of 122. The final equation is thus:

RD(.Oa% - .14% SDS) = 100 - 122(.59 - Ccp) (10a)
RD = 28 ¢ 122C
cp
RD I 28 ¢ 512 Cq (11)
The following table gives the data:
Table 8.

Initial Con- Close Packing 284122 Cep Relative Devi-
centration Concentration Deemulsifi- ation
SDS in % SDS (Ccp) cation (RD)‘

0.05 0.21 54 57z 5 3
0.06 0.25 59 60x b 1
0.075 0.32 617 62+ 7 -5
0.085 0.36 72 % x5 3
0,10 0.42 79 78+ 5 -1
0.125 0.52 92 92 + b 0
0.14 0.59 100 100 0

Average ¥ 1.8%

The average deviation is thus less than the precision of

the measurements.

The wide deviation of the .075% value

indicates that some other effects may be playing a part in

this case.

The experimental values for this coneentration

renged from 68% to 55%, with the 55% figure reproducible
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exactly for the same sample of emulsion.

It should be noted here that we have assumed a
constant .103 volt zeta potential above .17%, where the
maximum is in Fig. VI. The only shift is in the fall to
.08 volts.

2. From .015% to .05% SDS

In this region the curve in Fig. IX falls sharply
as concentration is increased from .015 to .035%4. Calcu-
lation of the SDS concentrations rises over the same in-
terval. We shall assume. that no shift in the zeta potential
occurs as seems to be the case with higher concentrations,
wvhere & critical orientation probably determines the pot-
ential. According to equation (5), the rate of coalescence
at any given time should be inversely proportional to the
fefce of repulsion between the droplets, at constant ice
force. If the process is sutocatalytic, the extent of
cealescence‘sheuld“depend'on the rate of coalescence at the
beginning;ler-when‘the'globules.have~just reached their
c¢lose packing ratio. Consequently, the force of repulsion
at close packing should determine the extent of deemulsi-
fieation.

In order to apply equation (2) we must know the
distance of closest approach H. Actually this should vary
with the forece of repulsion under the influence of & con-

stant ice force, but since F cannot be edlculated with

I
any degree of precision due to deformation of the globules,
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an arbitrary distance will be taken. The attractive forces

- between the globules do not extend over a much greater
range than a molecular length. Consequently we will choose
.001 microns or 10-7 em. - this is sbout 2/3 the length of
a SDS paraffin chain or deeane molecule.

A sample calculation is given below:

o= Og Lk f-zo £

Un li+€r] [ORTc .~ FS
— L;_ = Wﬂ"hiﬁ

Go - .02% SD8

. - . - 3

ch - .097% = 3.65 x 10 °N

f - .10 vdlts = 3.33 x 10'4 statvolts
51

H

.15 cm./sec./statvolt/cm.

= 10”7 enm.

r = 1074 em.

f(kr)s1

F/2RT = 6.39 x 10°
PRI - 1 78 x 10*

20001 ~
ic 3.4 x 10° em. ™}

[ 1]

Fgp 5 6.9 x 1074 dynes

Table 9 gives the calculated force of repul-
sion for spherieal droplets for each of the concentratiens
used. The specific surface for the first two concentrations
was found to be 1.7 x 104 em.? per cm;s,deeane, which is less

than the value of 2.0 x 104 obtained for higher concentrations.
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This factor results in an increased ch as calculated by

equation (9).
Table 9

The equetion for the deemulsification in this region is:
RD & k / Fp (12)

RD(,015%-.05%5Ds)® +516 / Fp ~ (12a)
‘Tha‘value for k was taken as the average of the last three
figures in eolumn 7. The 5% deviation for the .015% sample
is within fhe limit of experimental error. However, since
the curve falls rapidly as eoncentration is decreased beyond
this, it is probable that those factors tending to decrease
the deemulsification are also operative with .015%, thus
causing a lower value than would be expected from the force
of repulsion alone.

Continuing these calculetions ‘of concentrations

to .14% SﬁS, we find a continuous increase in the force of
repulsion. Thus the increase in deemulsification from .05%
te .14% is probably due to the sudden fall in zeta petential,
and hence in replusive force, that occurs when .59% SDS is
reached. By egquation (2), the force of repulsion would
suddenly fall to .67 of its former value at .,59%4. This
would inerease the rate of coalescence 1.5 times, which
would in turn increase the rate still further by suto-

cetalysis.
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3. From .002 to .015% SDS

In this region there is a linear fall in the
curve as concentration is reduced. Howsever, the geta poten-
tial fells shearply in this interval, and the interfacial
tension rises rapidly, both of which.mgght be expected
to give lowered stability to freezing. The expleanation is
indiecated by microscopic observetions. For all conecentra-
‘tians above .015%, the droplets wgra-seen»te flow readily
to the narrow intercrystalline zones during the last stages
of freezing. Below .015% they do not, but adhere to the
ice on first contact. This effect increases as the initial
concentration is lowered, so that at .002% the droplets
spread on the ice crystels during the first stages‘of
freezing, forming irregularly shaped films. In the finél
frozen state thereywere;no~draplets‘uf ¢irculer outline
embedded in the ice ss at higher concentrations, but there
were irregular masses homogeneously distributed throughout
the ice. This means that the droplets fail to concentrate
in the nerrow intercrystalline zenes and become close
packed there. They are thus protected to a certaln extent
between the broad crystal faces. We would expect, however,
that since there is room for only about 24% of the droplets
in these broad 2zones, some increase of particle size would
take place. This was observed, but no guentitative
measurements were made.

This explanation is supported by our observation
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thaﬁ decane will not spread at a pure water-air interface,
but will at an ice-air interface. Since it wets ice better
than water, it will tend to adhere to the ice until the

8DS concentration is high enough to reverse the situation.
We would therefore expect that the curve should be relsted
.%o the spreading coefficient of decane at the iece-solution
interfece. 1In general, the spreading coeffielent is given
by: ' 8 W, -~ W, (13)
where Wé is the work of adhesion, and,Wc the work of co-
hesion. According,to‘Adam,sﬁ the work of cohesion is given

by:
: \A/C = YMI+ XICG - chc-w

and the work of adhesion is
\A/a = Yﬂ +YI<‘¢_ - XIQ!-‘D

where )a,is the surface tension of the equeous phase, Xb that
of the decans, and X}g,vkéu,are the respective interfacial

tensions. ‘Thase reletionships are combined with

| Yl-o"'a/IW = B/WO cos &

where © is the angle of contact between the decane and ice,

to give
S= ¥Yu—¥p +¥wp s

Fer two pure phases }Qr—fsis their interfacial tension.
In these dilute solutions we may equate the two so that (13)
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becomes:

5= ¥Yup+ Ywp cos &

The higher the spreading coefficient, the greater

the smount of decane still emulsified aftef freezing. Thus

100 - TD = kS = k(¥Ywp +¥Ywo Co3 &)

10D '
™ = -k (¥wo +¥wp©F® — ¢ (14)

Table 10 gives values of the interfacial tension for the
initial concentrations and the corresponding TD. The total
deemulsification is used here, since the amount of contin-
© uous orgenic phase obtained is assumed to be the maximum
obtainable in each éase, due to the léw zeta potential, The
concentration is of course éhanging throughout freezing, so
that it will range from .0018% to saturation in the .005%
sample. However, in this region the slope of the inter-
faciel tension curve is constant, so that we may choose the
initiel SDS concentration in the pure solution; the inter-

facial tensions during freezing will be propertional to thié.

Table 10
Initial Con- Interfacial .  Total % De- Deviation
centration Tension in emulsification
SDS in % dynes/ci. (TD)
0.002 43.0% .5 15£ 5 -4
0.005 42,5 £ .2 28+ 5 0
0.0075 42,0 £ .2 365 % 3 0
0.010 4.5 .2 43 £ 3 0
0.0125 . 4l.0%.2 49+ 3 0
1

Q.015 40.5% .2 55 % 3 '
- Average =% 1%
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A plot of interfmcial tenslion es the gbmainsa with total
dcamulsifieatian as the ordinate 1s ahawn in Fig. X, Dis-~
regerding the laat point, where the uneartainty of the
interfaclal tansiﬁn is :r 5 dynea, ka find the alape to be
~13.E, and the TB intereept as 600, Ve then have thn fol-
lowing squ&tlau, whera TD is the total dsamulaifiggtiensy

' ‘ 2 13,5 - 600
Tﬁﬁgmzﬁ-‘.elﬁﬁ 8D8) 13.5 Yuo + o

Bxpressing this in terms of eguation (14):
k(100-13.5 Yypcos©) = £00

TO=-13.5 (Yt Ywocos® -7 ¢)

At Y s 37 dynes/em., cos © = -1 end B2 180°,
At 0% 5DS, ¥ = 46.3 dynes/em., and the angle hes decreesed
to 145”f Therefore wetting of the ice by the decsne 1is
best at a high interfaclal tension.

The question remains ss to why the desmulsification
remains at the meximum as the e¢lose packing conesntration |
is increased sbove .6%, mlthough the zeta pofential rises
in thie reglon. It is probeble that precipitation of the
emulsifying sgent is of lmportence here. Observations
were made with s polarizing microscope on #raka sections
of & .5% 5DS emulsion frozen at =10 C to determine this.
It was first sscertained that crystels of ﬁﬁs hydrete glive

alternately blue end yellow coloration as the nlcol prisms
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are rotated. No SDS erystals were distinguishable in the
frozen mess, since the ice crystals also were deeply col=-
ored. Upon slow thawing of the cross section, SDS crystals
were seen in the freshly melted aqueous phase.. They were
about 50 microns long and 10 microns wide, and frequently
were associated with masses of droplets.  These crystals
dissolved slowly after the‘iceiwas completely melted. No
arystalsﬂcaﬁld'be,@bserved during similar observations om

a .10% SDS emulsion frozen in bulk. However, the emulsi%i-
er must be present in some form of aggregates when the mess
is frozen. These mey be submicroscopic erystals or even
large micelles. »

With the .5% sample, onee SDS crystal nucleil have
fermed, precipitatiah‘sheu1d keep>thexconcentration-from
rising much above the solubllity of SDS at 0% except
during very rapid freezing. An experiment was carried out
to determine the extent of supersaturation possible with
SDS. Ten ml. of a 1.7% sample was held at 0°C for ten min-
utes. No precipitation was observed. After fifteen min-
utes very large crystals began to grow slowly. Slight
agitation at this point resulted in immediate and com=-
plete solidification of the solution. In this manner, the
agitation produced by erystal growth and coalescence of the
droplets could prevent & high degree of supersaturation
from being atteined. Thus the concentration would remein

at a point where low zeta potentisl prevails.,
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The Eastman deé¢sne. gave a 78% relative deemulsi-
fication at .5% SDS as compared with 100% for the Phillips
semple used in this work. This decreased.linearly to 60%
at .05% SDS. A diffarencekih,the zeta potential casused
by the presence of oxidation products in the Eestmen sample
could cause this discrepancy.

Results withhSodiumfDodecyl,Sulfcnate

This substance was used to check the observations
and conclusions obtained with SDS, since it is of the same
chemical nature. Table 11 gives the effect of initial

enulsifier concentration.

Table 11

Total Volume: 5 ml.

16.7% Decane

Average Globule Diemeter: 2 microns
Frozen for 10 min. at -10°C

Thewed for 10 min., at 10°C

Concentration Total ¥ Deemul- Relative % Deemul=~
SDDS in % sification (TD) sification (RD)
0.001 122+ 3 2025
0.002 03 50 £ 5
0.003 42 > 3 70F 5
0.005 60X 3 100 ¥ 5
0.0075 56 + 3 92 &= b
0.01 45+ 3 75 + 5
0.015 1523 256+ 5
0.02 20 £ 5 33 &8
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Teble 11 (Continued)

Concentration Total % Deemul- Relative % Deemul-

SDDS in % sification (TD)  _sification (BD)
0.03 27 L 6 46 + 10

0.04 30+ 3 50* 5

0.05 3Bx 3 58 £ 5

0.06 38+ 3 63+ 6

0.07 40t 3 66+ 5

0,08 0% 3 100f 5

0.10 60 + 3 1004 &

The relative deemulsification is pletted against
the concentration of SDDS in Fig. XI. The curve will be
analyzed in three sections as with SDS.

1. From .015% to .10% SDDS

Since this portion of the eurvs in Pig. XI is not
linear, it'deas.net follow equation (10), which was devel-
aﬁed for SDS. As shown in a later section, the deemulsi-
fication for this region 1s dependent on the rate of freez-
ing, while the corresponding values for SDS are not. This
suggests that some other factor is éperative. The zeta
poetential curve for SDDS shows a sherp rise after the mini-
mum at .06%. Conseguently, the concentration may pass through
the low zeta potentiai range raplidly for the concentrations
betwesn .015% and .07%, resulting in less total coalescence.
However, the point at which the meximum deemulsification 1is

reached corresponds exactly with the predicted value by
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analogy with SDS. If the fall in 2eta.potential at the
close packing concentration is shifted to 3.1 times the
‘cencentration for an isolated droplet, the minimum value of
.06 volts should be obtained at a closse packing concentrae-
tion of .184%. Applying equation (9) to an initially .08%
8DP8 emulsion, we find a c¢lose packing concentration

of .186%. Hence, complete and rapid coalescence is te be
expected at this point. At higher concentrations, precipi-
tation of the SDDS will be important, meintaining a con-
stant concentration near .,06%, where the zeta potential is
lowest.

2. From .005 to .015% SDDS

This concentration renge may be explained on the
same basis as the range from .015 to .05% SDS. Table 12
gives the force of repulsion at H = .OOI}A for each of the

concentrations.,
Table 12

Substituting the value of k from column 7 of Table 12

in equation (14) we have:

*P(.005%-.015% spps) " +1gd (12b)

The constant was taken as the average of the last three

talues in column 7.
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It will be noted that the forces, and hence the
constant k, ere about one-third those calculated for SDS.
This discrepancy is probably due to the choice of concen=~
tration in equatien (3). Since the value of —é)—g_: for SDDS
is 2.3 times thet for SDS in the corresponding concentra-
tion regions, the surface concentration is 2.3 times that
of SDS at tthe same coneentration. Thus the effective value
of ¢ in determining the chargé.densitytmay=ba‘a-function.ef
é%; , so‘that the force of repulsion for .015% SDDS may

aectually be greater than that for .05% SDS.

In Table 12, the close packing concentration for

- .005% SDDS was ealculated by successive approximations with

equation (9). Using the value for g%; of 2.2 x 103, the
first approximation gives & close packing concentration of
.021%, which corresponds to the higher,gé of 1.4 x 10%,
Using this value in (9) with the same ¢,, the final close
packing concentration becomes .006%.

3. From .00l to .005% SDDS

It is epparent from Fig. XI that the deemulsifie

Lo

cation in this region follows the same general law that was
found .for SDS between .002 and .015%4. Table 13 gives the
data needed for equation (14). |
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Table 13
Initial Con- Interfacial Totel % De- Deviation
centration Tension in emulsifieation
SDDS in % _dynes/em, (TD)
0.001 41.6 £ .3 12 +£3 -2
0.002 40,5 .2 30+ 3 2
0.003 39,5 £ .2 42% 3 B ¢
0.005 38,2 ¥ .2 60 0

Average £+ 1
A plot of total deemulsification against the inter-
facial tensions given in column 2 of Table 13 is found in
Fig. XII. The slope of this line is -13.3 as compared to
-13.5 for SDS in Fig. X. The difference is well within the
uncertainty of both the interfacisl tension measurements
and the deemulsification readings. The equation obtained

by substitution in (14) is:
TD(.001-.005% Spps) * ~13:3 (Yow +Yow Cos8-7.5)(14b)

The deviations in column 4 éf Table 13 are calculated from
the theoretical deemulsification obtained from this equation.
According to equation (14b); a 180° ¢ontact angle
is appreathsdc as the concentration of SDDS inereases, and
& 145% angle is obtained when the initiel concentration
approaches O. This is the same range that was found for SDS.

b. Effeect of Volume Percentage Degane

The following data were obtained using a 28.6%

decane emulsion. This has exactly twice as much decane
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per unit volume of aqueous phase as does the 16.7% emulsien.

Table 14

Total Volume: 6 ml.

28.6% Decane

Average Globule Diameter: 2 microns
Frozen for 10 min. at -109C
Thawed for 10 min. at 10°C

Concentration Total % Deemul~ Relativé % Deemul -
SDS in % sification (TD) - sification (RD)
0.005 43T 10 68 + 16
0.01 46 = 10 73 = 16
0.0125 32 £ 6 51 = 10
0.016 38 = 17 60 = 10
0.02 40 5 64 = 8
0.025 43 £ 5 68 = 5
0.03 56 + 3 89 £ 5
0.035 . 45 3 71 = 5

0.08 41 = 4 65 * 6
0.10 : 36 * 5 57 = 8
0.14 48 = 3 7% * 5§
0.175 50 * 5 80 *= 8
0.20 58 & 3 g1 + 5
0.25 63 = 8 100 ¥ 3

The poor reproducibility of the value at low
concentrations was probably because it was difficult to get
a uniform particle size with emulsions of 28.6% decane at

mu‘thgse concentrations. The .005% sample showed an average
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dlemeter of 3 microns with many as large as 5 and 6, while
the .015% sample gave the typical distribution and particle
size found with the other emulsions. A variation of 50%

in the specific surface, which is found with .005%)w111
give a corresponding variation in bulk concentration,
which in turn sffects the deemulsification,

It will be noted that the general. shape of the
curve is similar to that of the 16.7% emulsion. The data
are plotted in Fig. XIII. The dotted curve represents
the values for 16.7% decane.

The relative deemulsification used here is with
respect to the 63% meximum, instead of 60 with 16.7%. It
is to be expecﬁedkthat with a larger percentage dispersed
phase, & smaller proportion will be proteeted between the
broad crystal faces which have a limited espacity.

1. Ppom .10% to ,25% SDS

For an initially 28.6% decane emulsion concentrated
to its close packing ratio of 74%, thesjueous phase contains
emulsifying agent 7 times the concentration before thes
start of freezing. The total surface per liter of selﬁtien
at close packing is the seme as that for 16.7%: 5.7 x 107
cm.z. The close packing concentrations may then be calcu-
lated from equation (9). Using equation (10a), the fol-

lowing table was obtained:
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Table 15
Initial Con- Cep % RD 28 + 1220, Devi-
centration ation
SDS in ¢

0.10 0.21 57 L 7 56 1
0.14 0.29 75 * 5 66 9
0.175 0.38 80 £ 8. 71 3
0.20 0.42 85 % 5 80 5
0.25 0.52 100 92 8
Average +5

The average deviation of the observed values is less than
the average precision of the measurements: 6%. The con-
stant positive deviation indicates that some other factor
is playing a part. More coalescence may occur before the
fall in £ then with 16.7%.

Since the ratio of the concentrations at close
packing for the two volume percenteges.of 16.7% and 28.6%
is as 1:2, the corresponding percentages demulsification
should occur at initial‘ccncehtrations whose ratio is 1:2.
Thus the minimum is at .10% for 28.6% end at .05% for 16.7%
decans.

2., From .03 to .10% SDS

Table 16 was obtained by applying the seame cale
culations to this concentration range as to the region

from .015 to .05% SDS with 16.7% decane.
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The average deviation is less than the error in the measure-
ments. However, s was the case with the .015% wvalue for
16.7%, the‘high deviation for .03% is probably due to the
effect of spreading coefficient. The deviationsin column
6 are ealculated on the basis of equation (12e). The average
k for these measurements excluding the first is .493 sas
compered with .516 for 16.7% decene.

3. From .005 to .03% SDS

The wide errors obtsined for concentretions below

.03% do not permit a quantitative treatment, but qualita-
tively it is seen that the prediected fall in deemulsification
does occur. The meximum at .03% corresponds with that at
.015%4 for 16.7% decane, in that it occurs at double the
concentration. We have seen that the close packing con-
centration is one half that for 16.7% in this case.

The following results were obtained with higher

volume percentages of decane:

Table 17

Total Volume: 6 ml.

Average Globule\Diameterzgz microns
Frozen for 10 min, st -10_C

Thawed for 10 min. at 10°C

Volume # Concentration Total % De- Close Packing
Decane SpS in ¢ emulsifieation Concentration
in
40 0.10 58% 5 0.123
50 0.10 64t 5 0.085

The volume of decane in the bulk layer after thaw-
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ing increassed steadily over a period of cone hour, reaching
the totals shown in column 3 of Table 17. After twenty
minutes they were 48 and 55% respectively.

From the close packing concentrations we note that
the ratio of the two deemulsificetions is the same as that
for the same close packing concentrations with 28.6% deceane:
68/64 = .91, 65/71 = ,92. Since the maximum obtainable
deemulsification for these volume percentages decans was not
determined, an exact comparison of the actumsl values eannot
be made. The ratios indicate that the same relationships

with the force of repulsion are applicable.

¢c. Effect of nature of emulsifying sgent

1. Hexadecyl benzyl dimethyl eammonium chloride (HBDAC)

Hexadecyl benzyl dimethyl ammonium chloride was
used as 8 cationiec surface aective agent. In addition to
bearing a positive charge, it differs from SDS and SDDS in
that it lowers the interfacial tension between decaneland
water to a much greater extent, due to the sixteen earbon
paraffin chain. The data obtained are given in Table 18.
The values listed are the averege of three separate deter-
minations. A total time of one hour was reguired to reach
a constant volume of decane at the surface after thawing,
as compared with 20 minutes for the other two emulsifying

agents. The significance of column 4 is explained below.
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Table 18

Total Volume: 5 ml.

16.7% Decane

Average Globule Diameter: 2 microns
Frozen for 10 min. at -10°C

Thawed for 10 min. at 10°9C

Concentration. Total Relative Devi-
HBDAC in % % Deemul- % Deemul - co"004% ation
sification sification
0.001 | 17+ 6 28 10
0.002 304 5 650 *+ 8
0.003 41 5 68 X 8
0.0056 43+ 3 T2 x 6 14 -1
0.006 334 5 56 X 8 11 -2
0.008 25+ 5 | 42 * 8 8.0 0
0.012 17T 6 28 x 10 5.5 -1
0.018 1356 g2 1+ 8 4.0 1
/ " 0.0175 12x5 20 x 8 3.0 4
0.02 6%3 10 + 5 2.0 _0_
0.04 &= Average + 1
0.10 0

These values‘were unaltered by allowing the samples
to stand overnight. The attainment of equilibrium could be
hastened by periodie stirring after thaswing. It was noted
that within fifteen minutes after thawing a cream layer
developed below the bulk layer, usualiy occupying a volume

of 1 ml. in a 5 ml. sample. A psrticle size count showed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



JhQ.VU.kMQ ut

¥

HENRESERER

7]

b

Hp

P S

amgea

hibited without permission.

ion pro

f the copyright owner. Further reproduct

ISSIon O

Reproduced with perm



89.

globules with a complete range of sizes, in contrast with
the SDS emulsions, where the remaining emulsion hed a sim-
ilar size distribution as the originsal.

The data is plotted in Fig. XIV, where the ordinate
is the relative deemulsification, and the abseissa is the
percentage of HBDAC.

An snalysis of the curve shows that the behavior

~of this emulsifying agent is decidedly different from that
of SDS and SDDS. The deemulsification decreasses toward O
88 the concentration is increased, while 1t increases with
c¢oncentration for the anionic surface active agents. 1In
’the latter cases & maximum smount of deemulsification
occurred if the zeta potential fell below .08 volts. Here,
however, the potential is alwa&s below .08 volts, so that
weimay expect that coalescence would occur at the meximum
-possible rate during freezing. In other words, the force
ef the growing ice crystals is always greater than the
repulsive force between the globules. This will lead to
establishment of close contact between the glome packed
globules. The rate of coalescence will now depend on the
extent to which the total surface energy cen be reduced by
decrease of mutual surface, and hence on the interfaecial
tension. With the two anionic agents studied the interfacial
.tensimn never falls below 15 dynes/cm. for a saturated. sol-

ution. Consequently at this value coalescence is almost
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instantaneous with respect to the rate of freezing. 1In the
case of HBDAC, on the other hand, the interfacial tension

at close packing may be near 1 dyne/em., where spontan-
eous emulsification takes place on stirring. Hence the rate
of coalescence will be extremely low.

The celculation of the interfacial tension at
close packing and during coelescence is difficult. Appli-
cation of equation (9) with successive approximations gives
a8 lower concentration on each approximation.until the region
@f constant %%E below .0005% is reached. Since the slope
‘changes more rapidly than the concentration, evaluation of
i':e from a given. g_ag and Cf‘inal gives an increasing Co as
cfinal is decreased. In any case, the concentration will
increase during coalescence.

The sharp rise of deemulsification between .006%
eand .005% indicates that a sharp change of interfacial
tension occurs in that regien, either when the droplets
are close packed, or during coalescence.. Such a rapid
change in interfacial tension occurs at about .001%. Taking
~the effective concentration as .004% less than the initial

velue, the figures in column 4 were obtained. These are

plotted in Fig. XV. From the slope we have the following
empirical equatian:

ggp Z5.19 ch-.oo‘z% (15)

From column 6 it is seen that the deviations are less than
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the average errors of the measurements. The fact that the

straight line obtained intersects the origin indicates that
the relationship probably has some theoretical besis. The

devistions in column 5 of Table 18 are in terms of equation
(15).

The concentration of HBDAC will increase a&s freezing
progresses, due to the release of HBDAC into the bulk solue
tions as a result of coalescence to give a smaller surface
erea. This will lower the interfacial tension and there-
fore decrease the rate of coslescence. In addition, the
low interfacial tension will increase the deformability of
the droplets under the influence of the ice forece, which in
turn will decrease in the volume of the aqueous phase between
the close packed globules. Such a decrease in volume also
inereases the concentration. The entire process shoﬁld,
therefore, tend to slow down as freezing progresses. An
attempt was made to verify this by microscopic observations,
but no conclusive results were obtained.

The values.below .005% conform to the qualitative
picture developed for SDS and SDDS at low concentrations.
the wide range of values for a single concentration1ape
probebly due to particle size variation as in the case of
28.6% decane with SDS. It was found that if about half of
the decane was tharéughl?‘emulsified first, the second
pertiocn added later remained as macroscopically visible

partiecles. Apparently the first portion had adsorbed most
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of the HBDAC so that the bulk concentration was close to O,
The results indicate that the initial concentrations corres-
poend with interfacial tensions near that of a pure water--
decane system. A value of sbout 43 dynes was seen to be
réquired for non-spreading of decane on water. Extrapoletitn
of thé interfacial tension curve in Fig. VIII shows that this
value would be obtained with about .00002% HBDAG,.ér‘with
most of it adsorbed from &olution in an initially .002%
solution. Application of successive approximations to
Qquatien,(g) yields this general result, although the
precision of the slope at low concentrations does not en-
ablé an accurate calculation to be made.

lMieroscopic observations.with .003, .002, and .001%
HBDAC showed the seme adherence and spreading as with SDS
below .015%. |

2. Dodecyl amine hydrochloride (DAH)

The results obtained with this substance are as

follows:

Table 19

Total Volume: 5 ml.

16.7% Decane

Average Globule Diameter:, 2-3 microns
. .Frozen for 10 min. at -10,C

Theawed for 10 min. at 10°C
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Table 19 (Continued)

Concentration Total % Deemul- Relative % Deemul-
DAH in % sification (TD) sification (RD)
0.002 49T 3 813 5
0.005 60 100
0.01 60 100
0.06 60 100
0.156 60 100

The .002% emulsion broke slowly on standing, both
before and after freezing.

Since DAH is a positively charged substance, the
electrokinetic potential imparted by it is about .04 volts
lower than the correspondinglnegatively‘charged parsffin
chain. Thus for all the concentrations studied, the poten~
tiel will never bé above .08, which is.03 volts less than the
maximuﬁfound’fer SDDS. Consequently, coalescence should
proceed at the maximum possible rate as outlined previously.
Assuming thet its surface active properties closely approx-
imate those of SDDS, we find that the interfaclsl tension
will not go below 15 dynes, and hence there will be no re-
duction in the rate of coalescence from this cause. These
consideretions explain the maximum deemulsification obtained
above .002%. At .002% it is probable that the interfacial
tension had reached the peint for the spreading coefficient
to determine the deemulsification. This concentration

corresponds to .0025% SDDS in terms of molarity, and the
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deemulsification for SDDS here is 40%. The value therefore
roughly conforms to the predictad quantity.

The 60% maximum obtained here is further evidence
that it is due to mechanical factors, since the physico-
chemical preperties of SDS and DAH are widely different.

The pH of a .15% solution of DAH was 3.7 and was
5.8 at .01% (4 x 10"%N). In order to eliminate the poss-
ibility of pH effect; sufficient pure dodéeyl amine base was
added to bring the pH of a .01% solution to 7.1. This gave
a turbid solution due to the excess insoluble amine. Iden-
tical results were obtained for a series of concentrations
as were found for the unneutralized amine hydrochloride.

The pH of the aqueous phase had dropped to 5.8 with the .01%
sample after thawing due to the extraction of the excess
amine by the decane.

3. Antarox-400

Anterox-400 is a non-ionic polyethylene glycel ine
soluble in decane. A series of concentrations were tried,
from .001% to .10%. No deemulsification occurred with any
of these. The emulsions formed at .001% A-400 creamed very
rapidly before freezing but showed no signs of breaking on
stending, either before or after freezing. These results
can be attributed to the extremely low interfacial tension
and the formation of a tough, elastie film on each globule.
The zeta potential of a non-ionic system is generally below

.10 volts, so that tﬁis factor is ruled out.
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A 65 volume percent decane emulsion in .1% Antarox-
400 gave a 32% deemulsification of freezing and thawing in
the standard manner. This emulsion reaches its close packing
ratio shortly after freezing begins, which extends the time
over which the globules are in close contact under the force
of the ice crystals, In addition, since there is more
decane than water, the decane will tend to form the con-
tinuous phese when the water is being frozen eut. This
concentrated emulsion showed no signs of instability when
saturated with sodium chloride.

It was noted that a trace of A-400 completely

prevented deemulsification of SDS emulsions.

d. Effect of nature of dispersed phase

An emulsion of Nujol in .1% SDS was used to deter-
mine whether the viscosity of the dispersed phase has any
influence on deemulsification. It was found that 45% of the
Nujol was deemulsified on freezing and thawing under the
standard conditions. This is exactly the same value ob-
tained for decane in .1% SDS. At 0% Nujol is too viseous
.to flow from a 1.5 em. diameter test tube.

This result shows that once the repulsive forece
has been reduced below a critical value, coalescence results
regardless of the viscosity of the droplets. It is impor-
tant to note that Nujol consists of long chain hydrecarbons,

and is therefore of the same chemical nature as decsans.
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Several exploratory experiments\weré made with
toluens as a dispersed phase. The curve for deemulsifi=-
cation against concentration of SDS was shifted, so that
the minimum was at .3% in contrast with the .05%4 minimum
with decane. The shape of the curve was sltered a8 well.
Investigation of the interfacial tension curve showed a
similar shift in the point at which the slope changed. Pre-
cise measurements of the interfacial tension was difficult,
however, due to the mutual solubility of toluene and water.
The interfacial tension fell over a long period of time,
and the toluene became cloudy if held at 0°C in contact with
water. The deemulsification results were attributed to the
‘sqlubility and the difference in surface properties; probe
ably the zeta potential differs from that of the decane-SDS
sclution system as well, No further work was done due to
the complications arising from the mutual solubility of the
phases; toluene dissolves .2 gms.. of water at 20°C per 100
ml.

e, Bffect of addition of eleetrolyte

Table 20 gives the effect of sodium chloride and
calecium sulphate on the relative deemulsification of a
.075% SDS emulsion. The significance of columns four, five,

and six are explained below.

Table 20
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A plot of the relative percent deemulsification of
- column 2 against the sodium chloride concentration is found
in Fig. XVI.

Since it was. found previously that the concentration
conditions at close packing determine the deemulsification,
those found here must be calculated to obtain a quantitative
relationship for the results. Using equation (2), we know
that the SDS concentration at close packing is 4.2 times
that at the start of freezing. This gives .3156% for an
initielly .075% SDS emulsion or .0129N. Assuming that the
sodium chloride is not appreciably adsorbed during freezing,
its concentration is 14 times that of the unfrozen sample.
Taking the .0004N NaCl emulsion as an example, we find that
the close packing concentration is .0057TN. Here the zeta
potential of a ,075% SDS emulsion is not significantly

- different from the case where-no inert electrolyte has been
added. It was also found that the zeta potential of a .5%
SDS emulsion was unaffected by NaCl concentrations up to
.02N. Consequently, if the electrokinetiec potential at
close packing and during coalescence is similar to that of
the unfrozen emulsion, the explanation of the electrolyte
effect must lie in some other factor.

Eilers and Korff37 have peinted out that the addi-
tion of small amounts of electrolyte to colloidal systems
often causes instability without affecting the measured

zeta potentiel. They attribute this to the effect of the
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electrolyte on the energy required to bring two particles
- together against the action of their electrostatic fields.

Their equation for this energy is:

g

E= 107'3‘7\/Zc{’: (16)

where E is the;energy,'B , & constant, f3 the zeta potentiel,
¢, the coneentration of a given ion, end 2z, its valence. At
t‘,ezms’t:aufn:{6 , the energy is inversely proportional to \/Z?.
It is important to note that this equation wes derived for
hon—snrface active electrolytes.

The extent of deemulsification should be inversely
proportional to the energy E, and hence directly proportional
to Qf2:2?. The values of fbif'taking into account all the
ions present are tabulated in column four of Table 20. A

semple calculation is as follows:

C, NeCl = 4 x 10-4N§
_ = -3
Ccp NaCl $.7T x 10°9N
Cuee (1)Z # Cgro(1)® =-11.4 x 1073
C, SDS = 3.1 x 10°%N
- -3y
Cop SDS = 12.9 x 107°N
Cu.0(1l)2 4 C o (1) = 25,8 x 10-9

i
V€ c2® = 19.0 x 10°2

The values in column four are plotted as the abscissae in

Fig. XVII. The ordinate is the relative deemulsification.
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It will be noted that this plot is linear while Fig. XVI is
not. Taking the slope of this line and caleculating the
RD intercept we have:
R.D. = 610052~ 41 (17)

The fact that this line gives a relative deemulsi-
fication of -41 when the concentration is O indicstes that
considering both sodium and decyl sulfonate ions is not
valid; since the anion is surfece active. The values calcu-

lated for the sodium ions only of the SDS are listed as

2
VZ€2#" in column five of Table 20. A plot of the relative
deemulsification against these values is given in Fig. XVII.
Here the ordinate intercept is calculated to be -3, whieh is

within experimentel error of the origin. This gives the

R.D. = 4900 \/& (,2° | (18)

The deviations from the experimental data of the values

equation:

caleulated by this equation are given in column six of Table
20. The average deviation is less then the error of the
measurements.

Applying either equation (17) or (18) to the data
for calcium sulphate the calculated relative deemulsifieation
is 92%, while the observed value is 89%. The method there-
fore applies to widely different types of eleectrolytes.

A ,005% SDS emulsion showed no increase in deemulsi-

fication in the presence of .0002N calcium sulphate. Both
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the control and electrolyte samples gave 287 absolute
deemulsification directly after thawing. However, the
caleium sulphate sample broke- completely on standing over-
night, while the control was still stable. This is a fure
ther indication that where the decane wets ice better than
the SDS solution, fewer droplets are subject to deemulsi-
fication. The rapid breaking with.@a804 on standiﬁg shows
that the energy of repulsion:was lowered due to lowered
zeta potential or the aforementioned effect, and therefore
the maximum amount of decane subjeect to deemulsification
by being squeezed into the narrow intercrystalline zones is
28%, as compared with 60% for higher concentrations. The
results,were,reproducible for lower concentrations of cal-
cium éulphate and for verious sodium chleride concentretions.

Interfacial tension is not a factor in electrolyte
effect. The interfescial tension of a .075% SDS solution
against decane at 0°C was unchanged in the presence of ,OLN
NeCl.

Another factor that would pley & part #with high
electrolyte concentrations is the,freeziﬁg point of the
aguecus phase during the lest stages of freezing. In the cese
of sodium chloride, en initially ;001N solution will leave
.017% of the water unfrozen at the eutectic point of -17.8%.
Thus at‘; final freezing temperature of =10°C, about .03% of
the water will still be liquid, and .about .3% st -1°C.

Even this last figure represents the water present when more
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than 50% of the close packed emulsion has been frozen, so
that it could not be a factor in the deemulsification of

100% of the decane in a given intercerystalline zone. Calecium
sulphete has a solubility of .2 gms./100 at 0°C, which is
less than that of SDS. The effect here would therefore bg
completely negligible.

The addition of sodium chloride was found to have
no effect on the deemulsification with .008% HBDAC. Concene
tratiens .0001, .001, .01, end .02N NaCl s8ll gave a final
velue of 42% relative deemulsificafion, which was the same
as the control. Similer results were obtained with .005%
HBDAC where the control had a RD.of 724. It was noted, how-
ever, that the time required to attain a constant height of
continuous decane phase after thawing wes 5 minutes for .02N
NaCl as compared with one hour without inert electrolyte.
The zeta potentiél of concentrations likely to be found

during coalescence of these emulsions are given below:

Table 21
Temperature: 0°C
Concentration Concentration Zeta Potential
HBDAG (%) NaCl (N) in volts
' 0.01 | o 0.054 # 0.004
0.05 0.008 * 0.004
0.09 -0.01 £ 0.004

No attempt was made to reproduce these velues for

the zeta potential. 1In the freezing of an initially .OlN
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NaCl emulsion of this type, the zete potential will
pass through O and reverse itself, but nevertheless, the
amoﬁnt of deemulsification is unaffected. It will be noted
that the molar concentration of .01% HBBAC is 1/200 of that
éf the sodium chloride when the latter is at .05N. The
grest zeta potential effect is therefore to be expected.
The emulsions prepared for the zete potentisl measurements
were extremely unstable unless highly diluted.

| Thése results further support the previous conclu-
sion that the interfacial tension alone determines the rate
of coalescence of the droplets for HBDAC. When the zeta
potential is below about .12 volts, coalescence tekes place
as fast as possible; this is in accord with observations
made by Pow1538 - coagulation af.hydrcphobic sols is indep-
endent of the zeta potential below a ckitical potential.
This eritical value is .03 volts where only brownian move=
ment causes contacts between globules, and is apparently a-
bout .08 veolts whenlthe droplets are forced together by
growing tce crystals. |

These considerations of criticael potential explain

the more repid attainment of equilibrium after thawing with
sodium chloride. When only HBDAC is present, coalescence
of large droplets to form a bulk phase is slow, due tc the
low interfaciasl tension and the zete potential of .05 volts.
When this potentisl is lowered by NaCl to .03 volts, the

rate of coalescence will be greatly inereased.
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The interfacisl tension was found to be unaffected
by the concentrations of sodium chloride used.

Microscopic observations on the freezing of a .O1lN
NaCl concentration in a .5% SDS emulsion showed distinct
clump formation after thawing. Apparently the zeta potential
was brought near the critical velue. These clumps were
observed to coalesce at once, giving one large globule
from about 25 small ones. This supports our assumption
as to the autocatalytic nature of the coalescence process

at low zeta potential.

f. Effect of initial particle size distribution

Claytensg, in his Theory of Emulsions, states that

"The general problem of the effects of

freezing on prepared emulsions remesins open
to investigation, partiecularly in relstion
to the initisl particle size distributien,®

Table 22

Total Volume: S ml.

16.7% Decane ‘

Frozen for 10 min. at ~10°C
Thewed for 10 min. at  10°C

Concen- Average Average Number of Total Deemul~-
tration Dismeter Volume Droplets sification
8DS in % per Drope in H’ per ml. in %
let 1H4A; Decane
0.50 1 2 6.4 x 1011 63 £ 3
0.50 2 5 1.6 x 1011 48 * 3
0.50 5 27 0.27 x 1011 813
0.15 2 5 1.5 x 1011 60 & 3
0.15 5 43 0.22 x 101l 10 £ 3
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The lest value was uneffected in the presence of
.002N NaCl.

It will be noted that the percentage deemulsifi-
cation decreases as partiele size increases, but not in
direct proportion to any of the quantities listed here.
Other workers have attributed this effect to the clumping
of smaller sizad‘dw;oplets; droplets in clumps are supposed
to be more susceptible to coalescence. However, no c¢lumps
were seen Qn-microséopic examinaﬁién,of the above emulsions.
All the drople§5'in”the,smallestnparticle slze semple were
in brownian motion. |

The explanation of these reiults is readily‘seen
from microscopic observations on freezing. The crowding
of globules into the narrow intercrystalline zones during
the lest stages of freezing‘is dependent on their ability
to fioﬁ freely between the growing ice crystals. It was
‘noted that large droplets are entrapped during the early
stages of freezing and do not flow to these zones, where
deemulsifieatien will occur. Droplets of one micron dia-
meter will be eble to move freely when those of 2 mieren
diameter are already paertly engulfed by ice. Thus the over-
all effect of large particle gize is the same as that found
where decane wets ice better then water.

| It is important to note that the largest perticle
sized ssmple with .15% SDS gives & much higher final con-

__centration of SDS due to the smaller surface. However,
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other data has shown that for all concentrations above .15%,
the deemulsification remains at the maximum with standard

particle size.

g. Effect of the amount of water frozen

Walker noted that the amodnt of coesguletion in-
creased very rapidly as freezing nearéd completion. Our
data indicates similar results. The values for percentage
water frozen in Table 19 weré obtained byytakihg the average
of the rise and fall of the mercury column on freezing and
thawing respectively. The .5% SDS values were obtained with

the Eastman decane.
Table 23

A general conclusion that can be drawn from these
deta is that deemulsification does not begin until about
70% of the water is frozen in a cylindrical tube, at least
for low volume percentage dispersed phase. Interpretation
of the actual values obtained is complicated by the fact

~that while the overall esmount frozen may be 70%, the per-
centage of water frozen near the periphery of the tube will
undoubtedly be higher, so that globules might be ecompletely
engulfed by ice in one porticn, while still free in another.
In any case, no coalescence in & given region should occuf
until the close packing ratio for spheres is reached. This
corresponds to 93% of the water frozen in that region for

a 16.7% decene emulsion.
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The values in column 6 of Table 23 represent the
percentage of the final deemulsification that was obtained
‘on partial freezing.

The data indicate that in general, one half of the
frozen emulsion is completely frozen. Thus when T0% of the
.1% - 16.7% sample was frozen, 42% of the total deemulsifi-
cation had occurred, which corresponds within the experi-
mental error to 35% completely frozen. Likewise for the
50% emulsion, 20% of the total was deemulsified when 1/2
X 40 or 20% was completely frozen. For this to occur, the
~ice crystals would have to extend inward forming a sawtoeoth
pattern, joining each other at a distance of ebout haif
their totel length back from the point of farthest adveance.
When the unfrozen liquid was withdrawn from a partially
frozen sample, it was found that the cylinder of ice was
rough on the inside - a fine wire could be inserted between
the crystals. Furthermore, there was no eolumn of free un-
frozen emulsion when the water in the sample @8 a whole was
half frozen. Thus the other 50% of the water was occluded
between the ice crystals. |

| Freezing of the first 30% of these emulsions does
not give deemulsified o0il on thawing. However, after com-
plete freezing has occurred; thawing of the outer portion.
gives an oil layer»immgdiatsly. By the cork borer tech-
nigéekit was determined that the outer 10% gave 60% deenmul-

s8ifiedation after ccmpiete freezing, when the overall per-
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centage was 45. The explanation.of this lies in the crystal
structure of the outer region; along the periphery of the
tube the crystals oriented themselves pafallel to the length,
while the next layer wes perpendicular. The difference in
structure could thus account for the vériation in deemulsi-
fication. '
In order to determine whether any coalescence at
all takes place during the first stages of freezing,,par-
~tiele counts were made.én the frozen portion of the emulsion
after immersion in the freezing bath for a series of times.
The number of particles in a ml. of emulsion was determined
from the volume of one square on the hemacytometer to be
.00025 e¢c., and the dilution from the originel emulsion which
was 200 times. The concentration chosen for this work was
.15% SDS, since ét this point the meximum amount of deemul-
sification oecurs when completely frozen, so we know that
the globules in the narrow intercrystalline zones are co-
alescing at their maximum rate. Twenty sguares were counted

in each case.

Teble 24

Total Volume: 5 ml.

Average Initigl Globule Dismeter: 2 microns
Frozen at -10°C
Thawed at 10°C
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Table 24 (Continued)

111.

Time Held # per # per ml. # per ml. D in %
at =10 C Square Decane: - Deceane:
in min. Total Dispersed
0 28 1 1.3x1011 1.3x1011 0
1 23 1 1l.1x1o0ll 1.1x1011 0
2 21+ 2 9.8x1010 9.8x1010 0
3 16 £ 1 7.4x1010 7.4x1010 0
4 11+ 1 5.1x1010  5,3x1010 5
5 8t 2 3.1x1010 4.3x1010 15
7 3x1 1.4x1010 2.8x1010 - 50
These data are plotted in Fig. .XIX,. The graph

obtained for the total number droplets per.ml. of decane 1s
linear until 5 minutes is reeched. Most of this decrease
must be due to the coalescence of droplets between the broad
erystal faces whiech will not ultimately contribute to the
bulk decane layer. If the remaining 60% of the decane had
reached its close packing ratio, a separate oil layer would

have appeared during this time. The slope of this curve

gives a value of the rate of coalescence of dn/dt = 1.9 x
1010 droplets coalescing per minute for a sample containing
1 ml. decane. The leveling off of this line is due probably
to the fact that the maximum globule diameter obtainable
between the broad crystal faces is 10 microns, so that all
the globules are enveloped by ice before larger globules

can be formed.
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The fact that a decrease in the number of droplets
occurs before any bulk decene layer is formed, indicates
that the droplets between the broad erystal faces aré also
subjeect to coalescence. This also shows that it is the
thickness of the ice crystals which attain their maximum
dimensions first, thus causing coalescence of the globules
between the broad faces first.

The fact that deemulsification does not begin until
50% of the water is frozen is in accord with our prévious
observations. This measns that 93% of the water in any nare
row intercrystalline zones is not frozen until this time,
and over the next two minutes most of thé coalescence occurs,

The energy released by coalescence is not sufficient
to generate enough heat to affect the freezing‘of the water.
The energy decrease by equation (6) for total coalescence
of an emulsion of 2 x 104 cm.z/cm.3 decane is about 6 x 10°
ergs at an interfacial tension of 30 dynes. This is equiv-
alent to about .0l5 calories, which is negligible with respect
to the heat of fusion of ice.

h. Effect of freezing on residual psrticle size
The questioh arises as to -how large a droplet must
become in order to evenﬁually form a bulk phase. A number
of particle size counts were made on partially and completely
frozen samples of varying SDS concentration and also on HBDAC
emulsions after freezing and thawing. In additien, different

rates of freezing were used. Drops of the emulsion were
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transferred to microscopic slides immediately after thaw-
ing, and at successive intervals after this. 1In all cases
the lergest droplets observed were 30 microns in diameter.
If a cover slip was pressed against the film of emulsion,
the observed diameters increased, due to deformation, and
sometimes adherence to the cover slip caused the globules
to:appear larger. However, no spheriﬁal globules were lar-
ger than 30 microns diameter, or 14100 cubiwc microns (1.4

X 10'8m1.). In many ceses a complete range of sizes up to
.this was noted. This value corresponds ﬁith a uniform
dispersion containing‘7 x 107 globules per ml. decane. After
standing for one half hour, all the globules of diameter |
larger than 20 microns formed a cream layer directly beneath
the bulk decane, and coslesced slowly. The amount,éf decane
giving‘a,bulk layer on thawing is therefore determinediby
the rate at which these 30 micron globules are formed. In
the case of .05% to .14% SDS emulsions, where the rate of
freezing hes no effect, the rate of coalescence must.there-
fore increase-véry rapidly when the zeta potential suddenly
fells, giving 30 micron droplets immediately. Below this
concentration range, where rate of fréezing does have an
effect, the rate of formation of these large droplets 1s the
main factor. Cénsequently, such droplets may be formed dur-
ing the initiel stages of coalescence, and become occluded
in the ice. Smaller globules toward the center of a given
intererystalline zone are occluded later unchanged, since

the zeta potential is higher. Microscopic observations on
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freezing of a .015% SDS emulsion seemed to indiecate that this
is correect, although it is difficult to teil whether a
globule is in the center of & zone or not, due to the hex-
agonal structure of the ice. N |

~Particle size distribution of varioué emulsions
before and aftér.freezingrare'shown‘in Pig. XX.. The particle
size distribution of SDS emulsions between .02 and .10%¢ SDS
was not measurebly altered im & count of 100 droplets if the
freezing was carried out at -10°%c. However, the total num-
ber cf droplets had decreased due to the formation of a few
large droplets. The increase in particle size of .007% HBDAC
and .015% SDDS is attributabile to. the fact that the repul-
sive force at close packing in both these cases is less than
that for SDS in the range used. The interpretation of these
curves will be facilitated by the following table:

Table 25
Diameter of Final Number of 2 Micron
Droplet in }L Droplets Coalesced
5 16
10 125
16 420
20 1000
25 1950
30 3360

These values were obtained from the ratic of the cubes of
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the radiil of the original 2 mieron droplets and the globule

of the diameter listed. Thus the one 18 micron droplet with

.015% SDDS contains s volume*almost equal to all the smaller

droplets listed.

A particle size count on a completely frozen

.15% SDS emulsion as used in section g showed that the num-

ber of 10 micron droplets in a,givénﬁaréafin the hemacytometer

had increased from 1 to 70, while no droplets larger than

10 micerons in diameter were found. The overall particle size

distribution was only slightly affected by this, but the per-

centage of decane in the 10 micron droplets was greatly ine

creased as shown by the ten fold increase.in\n. Thus the

maximuﬁ obtainable size for droplets between the broad erystal
- faces is 10 mierons, since coalescence presumably takes place

at the maximum rete with .15% SDS.

i, Effect of rate of freezing

| Fig. XVIlI shows the dilatometer curves for various
rates of freezing of the standard emulsion. The ordinate
is the height to which the mercury rose. The .5% SDS values
were obtained with the Eastmen decane.
The data obtained are given in Table 26. All de-

emulsification values are £ 3%.

Table 26

Total Volume: 5 ml.

16.7% Decane , '
Average Globule Dismeter: 2 microns
Thawed &t 10°C for 10 min.
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Table 26 (Continued)

Concen- Freezing Freezing Total % De-
tration Time in Temp. in °C emulsification
SDS in % min.
0.50 90 -1 48
42 -3 47
13 - 8 417
10 =10 46
5 -23 48
0.2 -29 12
0.15 10 -10 60
0.2 -29 12
0.125 20 - 5 55
10 | 10 55
5 -20 55
0.075 20 -5 33
10 - 10 33
5 «20 38
0.05 30 -3 38
10 -10 36
0.02 30 -3 60
10 | -10 45
0.0075 10 =10 30
5 «20 26
0.015% SDDS 30 -3 50
N 10 -10 16
4 -25 5]
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Table 26 (Continued)

Concen- Freezing Freezing, Total % De-
tration Time in Temp. in “C emulsificatien
min.,
0.008% 30 -3 40 '
HBDAC
10 -10 20
4 -24 12

For all the SDS emulsions above .05%, the rate of
freezing in test tubes had no significant effect on the de~
emulsification. This is a strong indication that the rate

| of coalescence at a zeta potentisl of .10 volts is so small
that no droplets reach a 30 micron diasmeter before ice en-
velopes it, even when the rate of freezing is decreased by
a faector of 3. When freezing out brings the concentration
to the point corresponding to & zeta potentisl of .08 volts,
the rate is increased to give 30 microns globules immediately
regardless of the fate of freezing. Other factors, however,
‘may also be operative when the rate of freezing is varied.
It is not known whether the ice is capable of exerting the
same force when forming at different rates, nor whether sur-
face equilibrium can be maintained at high rates of freezing.
In the case of freezing at -3 to -1°C, it was noted that the
emulsion became much more concentrated in the center portion
of the tube. Rough measurements indicated that the central
column of emulsion was 50% decane if uniform throughout. The
outer portion of the frozen mass consisted of almost trans-

parent ice with vertical striestions; lerge droplets of de-
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emulsified decane were seen at widely separated points in
this ice. Consequently the relationship between the ice and
‘decane is changed; despite this the deemulsification remains
the same. One would expect thet the maximum obteinable de-
emulsification would be higher on very slow freezing due to
a gteater chance for droplets to flow to the last zones to
freeze, but this wes not observed.

A freezing time of .2 minutes was obtained by spread-
ing the emulsion on a copper plate as described in the pro-
cedures. The point of éompleta freezing,was.eétimated.vis-
ually. The results may be explained in terms of the number
of globules per intercrystalline zone. We shall assume that
the rate of formétion.of erystal nuclei is inversely propore
tional to the total time required for freezing. This would
give a total of sbout 3.5 x 107 crystals in é 5 ml. sample,
whiéh would allow only 1/50 of the number of droplets per
zone a8 in the case of freezing at -10°C. in a test tube.

For the latter emulsion, we have calculated that there are

1.1 x 105 globules per zone, but now only 2.2 x 103 can fit.
Ifwall these coalesced into one, the finel dismeter would be
25 microns, which is less than the critical size of 30 microns.
In order to verify this, a particle size count. was made on

the .15% sesmple after freezing at -29°C. Only tﬁese globules
larger than 10 microns in diameter were counted, since these
make up by far the greatest portion of the total volume. The

average diameter was found to be 21 microns, with many as
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large as 30 and 256. This is in good agreement with our
calculations, since the assumptions were made on a rough
basis. Consequently coalescence may still occur to the
greatest extent possible when freezing is almost instantan-
eous. With the .5% SDS emulsion it was found that rate of
thawing and inert electrolyte have no effect on the 124 de-
emulsification obtained with this very rapid freezing.

Since the shape of the pan in whiech the emulsion
was frozen in the above experiments was different from the
standard container, several tests were made to ascertain the
effect of shape of the vessel. Freezing slowly at -10°C
on this copper surface gave a 48% deemulsification with .5%
SDS, as did the freezing in a test tube. Likewise freezing
of a ,125% SDS emulsion in this manner and in a tilted
erlenmeyer flask gave the same deemulsification as in the
test tube experiments.

One would expect that in the range of concentration
of SDS where rate of freezing has no significant effect on
the amount of decane fbrming a bulk layer, the residual par-
ticle size would bs increased with very slow freezing. This
was found to be the case. ;075% 5D5 emulsions frozen at
-10°¢ and -20°C showed no change in particle size distribution
over the original. When frozen at -3% the average diameter
increased to 3 microns, and from the distribution of large

droplets, it was calculated that the average}droplet present
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before freezing partieipated in ebout 100 coalescences dur-
ing freezing and thawing. Therefore the force of repulsion
where the zeta potential is .103 volts is insufficient to
prevent coalescence during slow freezing.

The incresse of 25% in the deemulsification of the
.02% SDS sample when the rate of freezing is decreased by a
factor of three, indicates that where the deemulsificetion
is dptermined‘by the force of repulsion at close packing,
the rate of coaslescence is comparable to the rate of freezing.
This is further supported by the results with .015% SDDS.
Here we find that the deemulsificetion is directly propor-
tional to the freezing time within the limit of experimentsl
error. The .02% values mey glso be proportional to the
freezing time, although the meximum prevents a further rise.

The results with .0075% SDS sho& that the meximum
obtainable deemulsification is found with this concentration,

" and that the spreading coefficient effect is virtually un-
affected by rate of freezing.

The increase of deemulsification with time of
freezing for .008% HBDAC is the expected result if we assume
that the coalescence at low interfeclal tension is a slow
process. Thus the rate determining step is coalescence in
this cese, while adherence is the critical factor where zeta
potential end interfecisl tension are high. With SDS ebove
.05%, adherencé throughout the ¢lose packed emulsion mey be

considered instanteneous with respect to the rate of freezing
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when the zets potential suddenly falls to .08 volts. Co-
alescence ensues at a very rapid rate at this point where
the interfacial tension is above about 10 dynes per cm.
Several experiments were carried out to determine
the effedt of instentaneous freezing of a thin film of
emulsion on the cold stage. The film was allowed to super-
cool to -109C, whereupon it solidified spontaneously without
visible erystel formetion. The polarizing microscope failed
“to reveél any crystal boundéries; it was sssumed that vit-
reous ice had formed, or else crystals of submicroscopic
size were present. It is known?0 that vitreous ice will form
from thin films supercooled to -12°C, and from larger volumes
when plunged into liquid air. The emulsion droplets were
uniformly dispersed throughout the frozen mass, in contrast
to the crowding effect seen with slower freezing."Most were
rod shaped, although a few retained their spherical form.
From the size of these rods it wes estimated that each repre-
sented about 5 original droplets. On slow thawing no coa-
lescence was observed, and the elongeted masses sssumed
spherical shapes. The finel size distribution showed some
globules 10 and 15 microns in diameter, indicating a much
‘greater extent of coalescence than was visible during freezing
or thawing. A complete range of particle sizes was noted
from the unchanged 2 micron dismeter to the aforementioned
15 mieron size. Slow freeZing yielded only very large and

very small droplets.
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J. Effect of rate of thawing

Typical dilatometer curves for various thawing

temperatures and rates are given in Fig. XVIII.

lze.

Table 27 gives the date obtained for the effect of

rate of thawing. The .5% SDS values were obtained with the

BEastman dscane.

Table 27

Total~Volume: 5 ml.

16.7% Decane

Average Globule Diemeter: 2 microns
Frozen for 10 min. at - 10°C

’ Concen- Thewing Thawing
tration Tsmg. in Time in
SDS_in C min,

0.5 3 30
10 11

25 4

60 2

0.1 2 40
4 20

10 ‘ 10

256 4

45 2

0.086 2 40
10 10

25 4

60 2

0.02 10 | 10
25 4
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Total % Deemul=~
sification

60

48 + 3
35 + 3
3L 3
50 I 3
42+ 3
45 £ 3

48 £ 3

50 x 3
43 £ 3

34X 3

46 X 3
53 £ 3

45 3
50X 3



123.

Table 27 (Continued)

gongin-  Thawing Thawing Total % Deemul-
tration Temp. in Time in sification
in Z gC min.
0.008 4 : 20 25 5
HBDAC
10 10 25 5
50 | 2 30 3

- The values for .50% and .10% and .05% SDS are
plotted in Fig. XXI. The curves may be explained on the
basis of two assumptions:

1) the intercrystalline zones thaw first if their
freezing point is lowered by the presence of an appreciable
concentration of electrolyte and

2) the rate of coalescence of the droplets after
release into the bulk liquid aqueous phase is dependent on
the rate of resorption and reorientation of the protective
layer of SDS, and on the number of collisions immediately
after release.

In the case of a frozen .50% SDS emulsion, the
overall concentration in the volume occupied by the close
packed globules is 7% or .28N SDS. Some of this is in the
form of macroscoplically visible erystals. Another portion
is still associated with the decane surface and probably
preciplitated near the interface as microcerystals. Suffi-
client material is associated with the interface to form at

least a monomolecular film as shown by the observations on
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the disappearance and reeppearance of globules. The inter-
crystalline zone as & whole will ﬁelt at the freezing peint
of a saturated SDS solution. This was measured experiment-
ally as -.089C, which is the theorsticel value for a uni-
univalent electrolyte at ,022N. If time is allowed during
thawing for a temperature gradient to be set up between the
ice surface snd the interior of the ice mass, the inter-
erystalline zones will melt first, assuming the bulk of the
ice to be pure water. This will giVe rise to a situation
analogous to that found on freezing: the globules will be
préssed against one another in a confined space without the
protective action of surrounding ice. Consequently they will
tend to coalesce until enough water has melted to relieve

the close packed situation, or until sufficient reorientation
and resorption of the emulsifying agent hes occcurred to in-
crease the zeta potential.

Rapid thawing will not allow time for this temper-
ature gradient to be set up, and consequently the droplets
will be released directly into the dilute emulsion. With
high emulsifier contentration the rate of resorption and re-
crientation is apperently high enough to ﬁrevent coalescence

.of droplets released in this manner. Consequently the curve
for .5% falls as thawing time is decreased, finally reaching
a constant minimum value. It is possible that this 35%

minimum represents that amount deemulsified on freezing alone.
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Where the emulsifier concentration is .1%, the
freezing point ef(the intererystalline zones will not be
reduced to as great an extent as with .5% for two reasons.
First, a greater proportion of the SDS 1s adsorbed on the
droplets and hence not available for freezing out. Secondly,
a saturated solution will occupy one-fifth the volume of that
found for .5%, although the last fraction of water to freeze
will be saturated with SDS. Consequently the effect of slow
freaéing‘is less pronounced. The time required for resorpﬁion
and reorientation of a proteetive film will be longer in the
case of .1%. Very rapid thawing will release more droplets
per unit time accompanied by turbulance at the point of
melting and thus increase the number of effective contacts
between:dreplets susceptible to coalescence. Fig., XXI shows
that this effect is more pronounced as the SDS concentration
is increaéed. The increase in deemulsifiecation over the
minimum value is double that for .1% in the case of ,05% when
thaﬁing time is reduced to 2 min. This supports our
assumption that rete of resorption is proportional to the
emulsifier concentration, since the concentrations asre also
in the ratio of 1:2. However, a deeper minimum may be
present with .05% near 20 minutes.

Microscopic observations bear out these assumptions.
With .5% SDS emulsions the intercrystalline zones of a film

frozen on a microscope slide melted first, at about -.1°C,
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although the temperature could not be read precisely.
The droplets flowed and coaslesced during this stage, but not
after complete melting had occurred. Rapid thawing did not
giké any appreéiable coalescence after melting either. The
intercrystalline zones melted first with .1% SDS as well,
but not as mueh flowing and coalescence was observed.
Several ssmples were stirred while thawing using
the wire procedure deseribed. The following results were
obtained where the thawing temperature wes 5 degrees and the

thawing time 10 minutes:

Teble 28
Concen- TD stirred TD Unagitated Increase with
tration in % in % Stirring in %
SD8 in ﬁ
0.10 53 F 3 47 % 3 6
0.06 50 + 3 36 £ 3 14
0.006 90 £ 3 30+ 3 60

TD is the total deemulsification.

Here, as in the rate of thawing experiments, the
increase with .05% is about double that for .1%. This is
8 further indication that the rate of retittainment of a pro-
tective electric charge is proportional to the overall con-
centration. Agitation will tend to cause more collisions
between newly released~draplets; With .005%, most of the

decane present was deemulsified, whieh is the expected result
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by extrapolation of the other two values. A shsrp decrease
in the total number of droplets decreases the probability
of further collisions, so that not all of the dispersed
phase was affected.

In genersl we may conclude that when anvemuision
is frozen at -10°¢ end thawed at 10°C in the manner of our
expefiments, most of the deemulsification oeccurs during
freezing. The variation of deemulsification with rate of
thewing between 0°C end 20°C thewing temperature is within
the experimental error for the range of concentration used.
In this range the effeet of eoncentration on deemulsifieation
is considerably greater than could be accounted for by

- thawing effects, and of opposite sign from what would be

expected from thawing coneiderations alone. Thus the
deemulsificetion decreases from .14% to 105% SDS and again
from .015% to .002%; Since the rate of resorption decreases
as concentration deereases, the contribution of thawing to
the decane layer should increase as we go from .14% to ,002%.
This contribution is apparently negliglble on unagitated
freezing and thawing, judging from the slmost linear decrease:
‘below .015%. |

The effect of rate'of thawing on HBDAC emulsions
is seen to be negligible. It is probable that the inter-
facial tension is reduced to a value approasching that for

for equilibrium with the bulk sclution at the instant of re-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



128.

lease, regardless of the electrokinetic potential. Con-

sequently any collisions are not likely to result in coae
lescence; only the constant fefce of growing ice crystals
can produce coalescence where interfaclal tension is near

1 dyne per cm.

k., Effect of other varisbles

1) Freezing with stirring
Using a spiral glass stirrer with a diameter slightly

smaller than the freezing tube, the following results were

obtained:

Concentration TD Stirred TD Unagitated
SDS in % ‘
0.50 12 48

This shows that the number of globules squeezed in
the narrow intercrystalline zone is reduced by the random

orientation of the crystals produced by stirring.

2) Time held in frozen state

Concen=~ Freezing Holdin Time 4TD when TD After
tration Temp. in“C Temp. in Held Thewed Holding
8DS in % in min. Immedi- in %

, ately

Q.50 =10 «10 60 48 48

0.50 «10 0 60 48 48

0.50 ~29(frozen -29 60 12 12

‘ in thin
film)
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(Continued)
Cancen- Freezing Holding Time %TD when TD After
tration Temp. in®C  Temp. in®C Held Thawed Holding
8DS in % in min. Immedi - in %
| ately
0.075 -10 -10 90 40 40

0.006 -10 -25 30 26 25

These results indieate that once the droplets have
become surrounded by iece, no coalescence is possible. Appar-
ently the rate of heat transfer with the .50% sample held
at 0°C was insufficient to allow melting of the inter-

crystalline zone, and ultimately the entire mass, since the

melting point was -.08°C,
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Summery

1. The system n-decane-aqueous solution of emulsifying
agent was studied with respect to interfacial tension,
electrokinetic potential, and other physical properties.
Sodium decyl sulfonate (SDS) was the principal agent used.
Sedium dodecyl sulfonate (SDDS) and hexadecyl benzyl dimethyl
ammonium chloride (HBDAC) were also employed.

2. Particle size distribution, bulk emulsifier concen-
tration and stability of ths unfrozen emulsions were deter-
mined.

3. The sequence of events during the freezing and thaw-
ing of an emulsion was studied both microscopically and macro-
scopically. The structure of the frozen emulsion was also
noted. |

4, The effect of freezing and thawing under standard-
ized conditions was determined for emulsions of various SDS
concentrations and 16.7% decane. A portion of the deemulsi-
ficetion curve obtained was correlated with a sharp fall
found in ther:vzeta potential curve. Another portion was
correlated with the force of repulsion between the #froplets.
At low concentrations of emulsifier the deemulsification
was dependent on the spreading coefficient of decane at an
ice-water interfeaece. The following equatians were‘develepgd

for deemulsification on freezing:
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-
RD(.05—.14% SDS) ‘1(%9“" kz)
IR“r’(.ow-.os% sSps) Ky / Fe

- , ‘ 06
TP(.002-.015% sps)” k4(‘ p Yugos 9*‘15?)

where RD is the relative percent deemulsifieation, TD the

‘tetal percent deemulsificstion, Gc the emulsifier concen-

P
traﬁion at close packing of the globules, FR: the forece of
repulsion between the droplets, Swo, thé‘interfacial tension
‘between decane and the solution, and ©, the angle of contact
between decane and ice. These squations were partiglly
verified for SDDS and 28.6% decane in SDS.

5. HBDAC and dodecyl amine hydrochloride were used as
cationie emﬁlsifying agents for comparison with the anionic
SDS8. The effect of freezing on emulsioné stabilized by these
substances was explained in terms of the interfacial tension

and zeta potential. The following empirical formula was

derived for HBDAC:

RD =k
(.005-.02% HBDAC) 5X(Ce -.004%)

where Xéo _.004%1 is the interfacial tension at .004% HBDAC
less than the initial concentration.

6. The influence of sodium chloride on the deemulsifi-
cation of a standard SDS emulsion was studied. The data
were correlated with the energy of interaction between the

' dréplets. The following equation was obtained:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



132,

RD T kg\[> C 2"

where‘lgtzziS'therum of the non surface active ion concen-

trations times the square of their charge.

7. Data was obtained on the effeet of varying the initisl
globule size on deemulsification due to freezing. The
results were attributed to effect of globule size on their
mobility during the last stages of freezing.

8. Emulsions of verious volume percentages decane were
partially frozen and the deemulsification noted. The results
were interpreted in terms of the structure of the frozen
emulsion,

9. The effect of rate of freezing on deemulsification
was‘determined for various SD_S;, SDDS] and HBDAC concen-
trations. The results were explained on the basis of the
rate of coalescence of the globules as influenced by zets
potential and interfecial tensicn.

10. Measurements on the effect of rate of thewing
were made, These data were expleined on the basis of
assumptions as to the melting point near the globules and
the rate of resorption of a ?rotective membrane during

thawing.
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Conclusigns

1. Coalescence of emulsified oil droplets on freezing
of the aqueous phase is due to the crowding action of the
growing ice crystals. This gives rise to sufficient force

to bring the globules in close contact against the action
6f their electric fields. The attractive forces then act
to cause reduetion of mutual surface by coalescence.

2. No coalescence oceurs until enough water has frozen
to concentrate the globules near their close packing ratio
of 74%.

3. During the freezing of a bulk ssmple of emulsion,
the ice crystals reach their meximum thickness first, en-
trapping about 40% of the globules between the broad crystal
faces. These globules coalesce only to a small extent and
do not contribute to the bulk layer on thawing. Those drope
lets pressed between the narrow crystal edges may coalesce
completely to form & continuous phsase.

4. For emulsions of decane in solutions of greater
than .015% sodium decyl sulfonate (SDS) the deemulsification
is dependent on the repulsive forces between the globules,
and hence on the zeta potential and emulsifying agent
concentration.

5. If the zeta potential is below .085 volts, the rate
of coalescence on freezing is high enough to give the

maximum possible decane layer on thawing for a wide range
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of freezing rates. When the zeta potential 1s above about
.085 volts, the extent of coalescence is inversely propor-
tional to the force of repulsion at the close packing ratio
of the globules. Coalescence is very slow at a zeta
potential of .103 volts above .05% SDS.

6. Where the zeta potential is dependent on a critical
orientation of the paraffin chains at the hydrocarbon-
solution interface, the decrease in surface concentration
produced by the close éppreach of & second globule
apparently shifts the zeta potential to that corresponding
to a lower bulk concentration.

7. For emulsions of 16.7% decane and less than .015%
8DS, or where the initial interfacisl tension is greater
than about 40 dynes/cm., the decane wets ice better than it
does the solution. The globules therefore adhere to the ice
and fail to concentrate in the narrow intercrystalline zones.
Since the globules are more isolated, they coalesce to a lesser
degreethan with higher SDS concentratien. This efféct,is
proportional to the spreading coefficient of decane at a
solution-ice interface.

8. The general shépe of the deemuisification-emulsifier
concentration curve is unaltered by the use of sodium dodecyl
sulfonate instead of SDS or by the use of 28.6% decanse
instead of 16.7%. The observed differences are explicable

in terms of the phyéical properties of the systems involved.
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9. If the interfacial tension between decane and the
solution is below 10 dynes per centimeter, and the zeta
potential below .085 volts, the réte of coalescence on
freezing is sufficiently slow for some of the globules to
be emveloped unchanged by the ice. The rate of coalescence
is approximately proportional to the interfacial tension
below 10 dynes/em. These conditions are found with hexa-

‘ decyl benzyl dimethyl ammonium chloride (HBDAC) emulsions
of decane above .0056% emulsifier concentration.

10. The presence of sodium chloride in a SDS-decane
emulsion increases the deemulsification although it does
not affect the measured zeta potential in the concentration
range used. This effect is due to the reduction of energy
of interaction as derived by Eilers end XKorff. Sodium
chloride does not affect HBDA& enmulsions, although it does
lower the zeta pctential.

11. Smaller globules have greater mobility during
the last stages of freezing then do larger ones, They
therefiore tend to flow to the last zones to freeze, becom-
1ng‘subject to coalescence there. Larger globules are en-
trepped during the early stages of freezing and are thus more
isolatéd and are prevented from coslescing.

12. The extent of deemulsification is approximately
proportional to the freezing time where the zeta potential
is between .09 and .10 volts. Above and below this range,

the rate of coalescence is either toorapid or too slow for
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the deemulsification to be affected by the freezing rates
used. The deémulsification is likewise dependent on the
freezing rate when interfacial tension determines the rate
of coalescence, a8 with HBDAC.

13. Coalescence during thawing may take place either
while the globules are still pressed agsinst each other in
the intercrystalline zones, or after release into the lig-

- uld phase. Where the freezing point of the intercrystalline
zones is appreciably lowered by high emulsifier concen-
tration slow-thawing‘will melt these zones first, causing
increased deemulsification. Rapid thawing therefore decreases
the amount of deemulsification at high emulsifying agent
concentration.

14. Frozen emulsions of lower emulsifying agent
concentration, where the intercrystalline zones have a melt-
ing point close to that of pure weter, are less affected by
slow thawing. However, the rate of resorption and reorien-
tation of a protective membrane is slower as concentration
decreases. Raplid thawing therefore releases the globules
before they have regained & protective charge, and thus
causes increased deemulsification.

156. The extent of deemulsification on freezing and
thawing of an emulsion is independent of the viscosity of
the’dispersed phase, but is influenced by the chemical

nature of the globules.
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Special Comments on Previous Work

Comparison of our results wifh these in the lit-
erature is difficult due to the widely different nature of
the dispersions used. However, several generel points may
be considered.

Most of Young's observations on freezing of emulsions
on microscope slides were reproduced in the course of our
work. However, he stated that reemulsification of coalesced
droplets occurred on thawing. Our observations also seemed
to show an increasse in the number of droplets on thawing as
compared with the number visible in the frozen state. Fur-
ther investigation on very slow thawing showed that when
the droplets are close packed and separasted by & thin layer
of ice, they give the illusion of fewer globules being
present. In addition, the thinning of the adsorption mem-
brane as noted by Rochow end Mason also tends to reduce
the visibility of the droplets.

Swingle and Snapp found that stirring on freezing
and thawing increased the deemulsification. According
to our results, only the stirring en thawing had this effect,
while agitation during freezing decresses the deemulsifica-
tien.

Hochow and liason's observations on the thinning

‘and,disappearance of the adsorption membrene were‘subStant~

iated. in our microscopic work. This was ménifested by the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



138.

apparent disappearance of the droplets between the broad
erystal faces as the temperature was lowered. The difference
~in refractive index between ice and decane is not sufficiently
small to account for this, but probably the ice structure
merely obscured them. Large droplets were visible under
these conditions. Rochow and Mason's results can be explained
on the basis of the freezing point of a sodium oleate solu-
tion at the concentration found at the globule surface.
Assuming the surface was saturated with sodium oleate
moleculeé, the dimensions given by Thomas give a theoretical
freezing point of -8.8°C. The authors mentioned found
very rapld thinning at -10°C. The theoretical freezing
point of a close packed SDS film, where the molecules are
smaller’than those of sodium oleate, is about ~l5°C.‘ Our
value of -2°C is accounted for by the limited solubility of
SDS, which gives a freezing point depression of -.08°C at
saturation. In addition, electrostatic repulsion would tend
to lower the surface density.

Rochow and Mason concluded that coalescence occurs
6nly on thaﬁing after the temperature:has been brought low
enough to freeze the adsorption membranes. Our results
with varying freezing temperatures indicate that with sodium
decyl sulfonate emulsions of decane this is not the case.

The conclusions of Rochow and Mason with regard to
the osmotic dehydration of the membrane are open to question.

For this to occur, the bulk emulsifier concentration must
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be'higher then the surface concentretion., Since the latter
is sbout 2 molar from the freezing point, it is unlikely
thaf such a concentration could be obtained in the bubk
liquid by freezing out of an initially .02N solution. The
1imited,solubility of the soep would prevent this. The whole
c@ncepp of hydration and "beund'wgter“ per se as factors
in the:stabiiity of colloids has been criticized by Der-
Jaguin, Verwey and.Overbeek; and other colloid scientists.
These workers have successfully accounted for the stability
of & veriety of suspensioné;in terms of the energy of |
attraction and repulsion alone. -High hydration usually
accompanies tough fiim formation.and low interfacial tension;
these latter factors asre probebly fespensible for the ob-
served stability to freeiing. Our results as plotted in Fig.
k9.4 certainly canne£ be accounted for by hydration, Siﬁce
this would increase as concentration increases; The result
would then be;incraasing stebility to freezing as concene
tratioh iﬁcreases,-while.the opposite effactuwas obserived
over most of the range. That ice foree alone can cause
cealescenée'is indicated by the fact that centrifugation
caused an oil layer to appear on our standard emulsion. The
centrifugal foree should not result in dehydration, but will
tend to bring the globules in clese'contact ageinst the
action of their electrical fields.

Dahle concluded that highly hydrated globules
deflect tha‘fermation of ice crystals. This is not supported

by our results on the ratio of erystal size to globule
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dismeter. There are about 10° globules per crystal when
an enulsion of 2 micron globules is frozen at -10°C in a
test tube, so that en individual globule could not
appreciably affect the formation of an ice crystal.

Dean and.Baldwin observéd a rapidly inereasing
percentagé coagulation on freezing as the inltial fat con-
tent of creem wes incressed. This does not necessarily
contradict our results, which showed 1ittle effect. The
influence of volume percentage dispersed phase was found
to be determined by the shape of the zeta potential-
‘emulsifier concentration curve. Such a curve for milk fat
particles suspended in a protein solution is undoubtedly
different from decane globules in sodium decyl sulfonate
solutions.

The observations and conclusions of Walker regard-
ing the freezing of neoprene suspensions were substantisted
by our work. The order of protective ability for different
types of emulsifying agents was found to apply to decane
emulsions &8s well. The effect of partial freezing was also
rebreduced. However, hefound that the concentration of |
enmulsifying agent did not affect the stability to freezing.
He used all the emulesifying agents above their eriticel
miecelle concentrations where the zeta potential is usually
eonstant; thus changing the concentration in this region
ghould have no effect. Walker suggested that the mobility

of the droplets during the last stages of freezing is an

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



141,

important factor in determining stability. This was found
to be the case in our work where particle size wes varied
and where decane wet ice better than water.

The results obteined by Gutbier end others on the
freezing of hydrophobic suspensions of solids are readily
explained on the basis of our hypotheses. In genersl the
electrokinetic potential, and hence the force of repulsion,
of such sols is lower than thet of emulsions stabilized by
surface active egents. In addition, the particles in these
sols sre much smaller than emulsion droplets; they will
all flow to the last zones to freeze and will not be proe-
tected between the broad crystal feces. Consequently,
complete coagulation under the influence of the ice force
s to be expected, unless the zeta potential has been raised

by the sddition of some protective electrolyte.
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