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A procedure was developed which is suitable for the study of aggregation in oil-in- 
water emulsions. It involves the preparation of a relatively monodispersed emul- 
sion (droplet sizes around 1 fi  diameter) by the electrical dispersion technique and 
the determination of the distribution of sizes of the aggregates with the Coulter 
counter. The  method was applied to the studv of aggregation in hexadecane-in- 
water qmulsions containing dioctyl sodium sulfosuccinate' (AOT) at varying con- 
centrations. It was found that at low AOT concentrations (? 0.1%) the emulsions 
were completely deaggregated. As the AOT concentration increased beyond this 
value, aggregation set in and progressively increased over the entire range of AOT 
concentration studied (up to 1.5%)+. In this system, aggregation was found to be 
completely reversible, the equilibrium being reached in all cases in a few days. 

HE AGGREGATION of droplets in an emulsion 
Tor of particles in a suspension may alter the 
d\mamic behavior of the system in at least two 
bkasic ways. Firs:, the rate of creaming or 
sedimentation in dilute systems will be very 
much greater when aggregation is present (1). 
Since gravitational effects are much greater in 
creamed or sedimented systems, the rates of 
coalescence in emulsions and the caking rates in 
suspensions will be expected t o  take place 
more rapidly. Secondly, aggregation may affect 
the rheology (2) of the  system. In general one 
would expect either thixotropic or pseudoplastic 
behavior in aggregating systems. The greatest 
amount of aggregation should be present at zero 
shear, and as t h e  shear rate increases, deag- 
gregation will increase as the forces of shear tend 
t o  pull apart the  aggregates. Whether the  
system will be thixotropic or pseudoplastic 
depends upon how rapidly the aggregation- 
deaggregation equilibrium is established. 

Since both the physical stability and flow 
properties of emulsions and suspensions are of 
great interest t o  the development pharmacist, a 
basic quantitative study of aggregation is es- 
sential. To the authors' knowledge, all past 
studies (1, 3, 4) of this problem for particles and 
droplets in the  micron range or greater have not 
been of direct nature. Generally, creaming or 
sedimentation rates were followed and the ag- 
gregation behavior deduced in a qualitative or 
semiquantitative fashion. Because the situ- 
ation in detail is very complex, t o  understand 
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truly the important factors involved in aggrega- 
tion, the phenomenon itself should be studied as 
directly as possible. 

The purpose of this communication is two- 
fold. A main purpose is t o  present a procedure 
which is well suited t o  quantitative studies of 
emulsion aggregation. It involves the prepara- 
tion of a relatively narrow size range oil-in-water 
emulsion and the  rapid counting and sizing of the 
droplets as a function of time. Secondly, the 
method is applied t o  the  investigation of the 
the effects of the surfactant (dioctyl sodium sul- 
fosuccinate) concentration on aggregation and 
deaggregation in hexadecane in-water emulsions. 

THEORY AND PAST EXPERIMENTS 

Aggregation in emulsion systems is the formation 
of agglomerates without coalescence, i.e., without 
the actual rupture of the interfacial film and the 
subsequent formation of larger droplets. M'hen 
contact of phases is prevented by a sufficiently high 
barrier, which may be either electrical or steric in 
nature, coalescence can be prevented. However. 
aggregation may take place in these systems if the 
attractive droplet-droplet forces2 predominate a t  
long range. 

This long range attraction may be looked upon as 
arising from either or both of two distinct sources. 
First of all, two droplets will attract each other 
appreciably (attractive energies 7 kT, where k = 
Boltzmann's constant and T = absolute tempera- 
ture) even at  distances large compared to molecular 
dimensions. These forces are the London dispersion 
f<JrCeS accentuated as a result of the integration of 
the molecule-molecule interactions over the volumes 
of the two droplets. Studies both theoretical (5, 6)  
and experimental (3) clearly expose the existence of 
these macroscopic forces. The second contribution 
to droplet-droplet attraction might arise if, in the 
region between the two particles, the interfacial film 
of one droplet attracts the film of the other. This 
wonld be expected to be most important when the 

a These may include interactions involving adsorbed films 
when surfactants are present or if surface solvation is im- 
portant. 
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absorbed surfactant films on oil droplets in water 
cspose relativcly I~yclrvphotiic and/vr rionioiiiziiig 
functional groups toward the water phase. “Sol- 
uble” surfactants which, when adsorbed onto oil 
droplets, are able to expose an  abundance of hydro- 
philic groups to  the water should, in general, not 
contribute to droplet-droplet attraction, and there- 
fore aggregation. On the contrary, by means of 
their charges or/and hydrophilic bulk, they should 
contribute to the prevention of close approach of the 
droplets. 

If, then, the repulsive forces (electrical or steric) 
are not as long ranged as the above attractive frirces, 
the droplets may find themselves eiiergetically more 
coinfort:ilAe in the aggregated states. 

Cockbaiii ( 1  ) has iiiterpreted liis rrc:trniiig rate 
studies ( J f  benzene- aiid paraffin-in-water emulsions 
in the following way : conventional low inolecular 
weight ionic stabilizers, both cationics and anionics, 
prevent both coalescence and aggregation at low 
stabilizer concentrations ( ? O . l % ,  or so), but at 
higher concentrations (-0.1 to  1 % or so) aggregation 
occurs in all cases. At much higher concentrations 
thc  droplets rleaggregate i i i  some cases. Becausc 
without eweptiori aggregation w;is f(iuiitl with a l l  
.;urf:ict;itits studied, the p~icticnl iinport:iiice o f  
Cockl);iin‘s observations are clear. 
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EXPERIMENTAL 

General Considerations.-The following novel 
measures were taken to permit a direct study of 
aggregation and deaggregation. T o  eliminate as 
much as possible the effects of the distribution of 
sizes, narrow size range eniulsions were prepared by 
the high voltage electrical dispersion method de- 
scribed by Nawab and Mason (7) .  T o  follow aggre- 
gation, the Coulter counter3 (8) was employed to 
determine both droplet concentration and size distri- 
bution changes as a function of time. 

Preparation of Emulsions.-Hesadecaric was re- 
distilled Eastman practical grade. The American 
Cyanamid “100”’ /o pure” .4eros~il O T  (AOT) was 
specially purified (8) by fractional precipitation 
from methanol and water-methanol solvent rnisture. 
The water used was doubly distilled. 

Hexadecane containing 2.0% by weight AOT w d S  
placed in a syringe, as shown in Fig. 1. A No. 25 
needle, with the tip evenly cut off perpendicular t o  
its axis, permitted a flow of about 20 drops per second 
with no applied voltage to the needle. The hexa- 
decane solution was sprayed onto a 1 ye aqueous AOT 
solution with 6 kv. applied to the needle. The 
aqueous solution was grounded as shown and was 
agitated with a magnetic stirrer. The needle tip- 
to-solution surface distance was 2.5 cin. These 
conditions were selected to give thc hcst appenriiig 
spray. Thc spraying was continued tinti1 about 
40Yc> by volume 1iesadec;ine had been emulsified . 
This was the stock enirilsion used i n  the studics. I t  
was kept in a polystyrene bottle at  RO’C. in a rotnt- 
ing wheel type coilstant temperature bath which 
provided gentle agitation. 

Calibration and Use of the Coulter Counter.-The 
30-p aperture was used throughout these studies. 
The threshhold scale of the instrument was Cali- 

3 Coulter industrial Sale.;, Blmhurst, Ill, 

, 
Fig. 1.-Apparatus for the preparation of eiiiul- 

sions by electrical dispersion. A ,  hypodermic nee- 
dle; B, syringe; C,  stirring bar;  D, grounding coil; 
E. qtirrer. 

Ix1tc.d with polystyreiie latices,‘ 1.17 a ~ ~ d  1.83 p 
tliainetcrs,6 at all sensitivity and attenuator settings 
used in our studies except for those corresponding to 
low sensitivities. These latter setting; were cali- 
brated by the data themselves by determining the 
scale factors which gave the sait~r count us. thresh- 
hold values. It was assumed tliat the pulse height 
\ras proportional to the volume of  the particle passing 
througli the aperture. This is the usual assumption 
which may be justified theoreticdly in an  approxi- 
mate manner. Also, employing blood cells as a third 
calibration point this assumption has been apprvsi- 
inately verified by us in at least one instance. 

In Fig. 2, results of a typical calibration ruii o f  a 
inixture of 1.83 :and 1.17 p latices in 0.90‘,:;, saline 
solution :ire s l i ~ ~ w t i .  The curve sliown is the deriva- 
tiv@ of the cumulative count curve (counts vs. 
threshhold curve), which is the one directly ob- 
tained with the instrument. Since the standard 
deviation of the latex sizes was known to  be con- 
siderably less than the peak widths and since these 
particles did not appear t o  be agglomerated to any 
extent, the peak widths are believed to  be a measure 
of the resolving power of the instrument. Thus, it 
is apparent that  the resolving power of the instru- 
ment was about 0.2 fi  in this range. 

Procedure for Deaggregation Studies.-The stock 
emulsion (see above) was diluted to 1.0 and 2.0% 
by volurne hexadecane with water containing vary- 
ing amounts of AOT so that the final emulsions con- 
tained AOT ranging froin about 0.05 to 1.5“; by 
weight. About 10 i n l .  of tliesc einiilsioiis was 
pipetted into leak-tight vials ( i f  about 15-1111. capac- 
ity. The vials werc fised to wheels rotating a t  30 
r.p,tii. i i i  ii cciristatit teriipcwture bnt l l  niaiiitainal a t  
:30°C. 

4 Kindly supplied by I. W. Vanderhoff, Dow Chemical Co., 
Midland. Mich. 

b These are electron microscope values. I t  wa5 assumed 
that the aqueous suspension sizes were the same. 

6These and those for the emulsions were obtained by 
numerical difference methods. While the distribution 
“curves” should really be histograms for this reason, intervals 
taken on the x-axis were generally small enough SII thaf the 
“smoothing” introduced little error for our p ~ r p ~ - e s .  
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einulsions with a very high population of essentially 
:I single size. It should be emphasized, however, and 
it is apparent from the curve, that  the mass distribu- 
tion curve will appear considerably different, being 
much broader. In all cases, at maximum deaggrega- 
tion the 0-5 p range accounted for only about 5071 
o f  the total hexadecane used in the preparation. 
Most nf this discrepancy could be accounted for by 
extrapolation of the distribution curve to about 10 
p, Presumably, some of these large droplets were 
formed not in the spraying but from the portions o f  
the hesadecane which dropped from the necdle prior 
to and after the high voltage was q)plied aiid wliich 
were subsequently ernulsified by the stirring. 

Figurcs 1 -7 give thc distribution curves sliowing 
tleaggregation as a function of time for the I.OyL 
emulsions at different AOT concentrations. After 
about 10 days, aggregation-deaggregation equilib- 
rium ' i n s  apparently reached in all cases. Distribu- 
tion curves obtained at later times did not show fur- 
ther deaggregation. It is noteworthy that  only 
after the stock emulsion had itself equilibrated for 
about 1 week did the results of the deaggregation 
experiments become reproducible. Apparently the 
redistribution kinetics I)!' the AOT was vcry sl~)\v i t 1  

thi.; conc.c.tttr;itrtl :ml Iiighl!. ;iggrc.g;ctetl s>..;terii. 
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Fig. ?.-Differential count curve for a mixture o f  
1.17 and 1.83 p diameter polystyrene spheres ob- 
tained with the Coulter counter. The ordinate is 
the derivative of the cumulative count curve with 
respect to  the threshold setting. 

Samples were removed from time to time xnd the 
size ati:ilyses with the Coulter counter carried out iii 
tlic following way. The 1.0 and 2.0'j/; hexaclecaiir 
einulsioiis were diluted by about a factor of 1000 to 
provide n low enough concentration suitable for the 
Counter. To accomplish this without sacrifice of 
volumetric accuracy, the dilution was carried out in 
two stcps, viz . ,  1 to  111 with water followed by a 1 to 
100 in CJ.90To saline. 

Procedure for Aggregation Studies.-Emulsions 
in which aggregation was completely absent (AOT 
cvncentrations 7 0.097,) were aggregated to varying 
degrees by addition of solid AOT. These were 
handled in the same :manner as in the deaggregation 
experiments. Samples were taken over a period of 
abciut 10 days. 

.RESULTS 

Figure 3 gives the number-diameter distribution 
curve for the completely deaggregated emulsion. 
Complete deaggreg:ti.ion was observed for the 1.0 
; i t id  2.0(,Cj emulsions when the AOT concentration 
wcs 0.09% or less. This curve shows the remark- 
:ctile ahility CJf the high voltage technique to prepare 
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Fig 3 -The droplet diameter distribution curve 
for the completely deaggregated hexadecane-ln- 
wdter eniulsi(rn prepared h v  the electrical disprrsion 
inet tic Id 
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Fig. 4.-Deaggregation iii 1.0% hexadecane emul- 
sion containingO.O45%, d O T  when diluted from stock 
emulsion. A ,  initial; B, 3 days; C, 6 days; D, 9 to 
1" days. 
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Fig. S.-Deaggregatinn in a 1 .O{,'h hexadecane 
emulsion containing O.OM':), AOT. ,A. initial; B, 
3 days; C,  6 days; D,  9 t o  I:! days. 
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Fig. 6.--Deaggregation in a 1.0% hexadecane 
emulsion containiiig 0.50' .\OT. A, initial; R. 
:3 tiays: c, 6 d:l!.h; 13, 9 t o  14 (lays. 

'"1 300 7 0  .'""t z 2 0 i i  10 0 0 5  

10 I S  2 0  2 5  30 3 5  4 0  4 5  
MICRONS 

Fig. 7.--L)eaggregatiun in a 1.OC,:l, hexadecane 
emulsion containing 1% AOT. A. initial; B. 3 
days; C, 15 days; D, 9 to 12 days. 

I t  can be seen from Figs. 4-7 that  during the initial 
periods of deaggregation not all of the final mass of 
the completely deaggregated emulsion can be found 
in the 0-5 p range. This is in contrast to the  ag- 
gregation data for the Z.Oyo emulsions summarized 
in Figs. 8 to 11, in which cases the disappearance of 
the single rarticles it1 the 1 p size region may be 
accounted for by the increases in concentration of 
particles i n  the 1.5 t o  4 p size range. The  difference 
in behavior may be explained by the existence of 
very large aggregates in the stock emulsion. These 
would be expected to  deaggregate niuch more slowly 
than the smaller aggregates. 

Tha t  aggregation-dcaggregation was completely 
reversible was demonstrated by the following experi- 
ment. A completely deaggregated 2.OY0 hexadecane 

" l C I 0 " S  

Fig. %-Aggregation in a n  initially completely 
deaggregated 2.0'370 hexadecane emulsion containing 
0.18$0 AOT. C. initial; B. 2 days; A. 1 to 7 days. 
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Fig. 9.-Aggregation in a 2.O'C hexadecane ernul- 
sion containing 0.2954 AOT. C, initial; B, 2 days. 
A, 4 to  7 days. 
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Fig. 11.-Aggregation in a 2.07, hexadecane 
emulsion containing 0.S9',o AOT. C, initial; B, 
2 days; A, 4 t o  7 days. 

emulsion containing 0.09yo AOT was partiallv 
aggregated by addition of enough AOT so tha t  the 
AOT concentration was 0.187,. This emulsion was 
then diluted by a factor of two with water. The  
initial and final emulsions gave identical size distri- 
bution curves. 
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Earlier in these stuslies there was some coucern as 
to whether the degree of aggregation in the 1.0 and 

emulsions may have been altered by the dilu- 
tion steps (see Procedure) themselves. Specifically, 
the questions were ( a )  did the first dilution step 
deaggregate the emu1:jions to any extent and ( h )  did 
the high salt concentration in the second step of 
dilution induce coalescence, further aggregation, or 
deaggregation? By varying the time of mixing 
froin ii few minutes to 30 minutes, no effect of the 
first dilution step o n  the results was observed. 
Xlso for periods up to  1 hour, no change in the count- 
ing was observed after the second dilution. r~ l r the r -  
more, the m:mncr of  introduction of snniple and the 
degree of stirring during the iiitroduct~on was 
~~nimport; int  for the second dilution. Thus, true 
pictures o f  the 1.0 nnd ?.070 emulsio~~s were very 
likely obtained by tlie procedure employed. 

DISCUSSION 

Method.-The above results demonstrate that  this 
procedure is suitable for quantitative aggregation 
studies. I t  should prove to be useful and practical 
in the evaluation cf additives as to their ability to 
prevent aggregation and coalescence. The relative 
rapidity of the rnensurernents permits the deterinina- 
tion of tlie distribui.ion o f  sizes within minutes. 
This is not only convrnient but allows studies o f  
relatively rapidly changing systems witli apparently 
little disturbance to  the systems themselves, 

Mechanism of Aggregation in Hexadecane Emul- 
sions Stabilized by A0T.-Cockbain (1) has pro- 
posed that aggregation in this system results possibly 
from polymolecular adsorption of the surfactant on 
the droplet surface. He suggests that after the 
formation of a monolayer, which exposes primarily 
hydropliilic groups tu thc aqueous phase, :i second 
layer begins in which the nioleculrs are oriented in 
the reverse directioii. i.c., with the I~y~~rophob ic  
groupr; oriented tow:trd the aqueous phase. Thus, 
interactions betwccti ihcse Iiydrophobic portions of 
the second layer of the droplets may account for 
aggregation. 

While the above picture may be the correct one, 
tlic following alternative niechanisrn similar to that 
of Greiner and Vold (4 )  may be proposed which does 
not invoke the second and hydrophobic layer con- 
cept. At sufficiently low surfactant concentrations 
(<0.1% AOT), a monolayer or less of surfactant is 
adsorbed and aggregation is prevented by the 
repulsive long range interaction of the electrical 
double layers around the droplets. The double 
layer arises because the sulfonate ion is preferentially 
adsorbed and the sodium ions arc distributed ac- 
cording tn  the Poissoii-Roltzmanti equation. T f  the 
counterion (iXa +) concentration is lon enough. the 
thickness of the electrical double layrr wi l l  be great 
and thus long range repulsion will prevail kind cancel 
out the London attractive forces to within about kT 
for all interparticle distances. Thus aggregation is 
prevented a t  low A O T  concentrations. 

Now as the AOT concentration increases, the Na+ 
concentration increaijes in the system. This in- 
crease in Na+ concentration is approximately equal 
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to the AOT concentration increase up to tlie critical 
micelle concentration (CMC), beyond which the 
increase in Na+ will be slower because the dissocia- 
tion of the hTa+ from the micelles will be limited. 
As the Na+ concentration increases, the thickness of 
the double layer will decrease by a t  least, approxi- 
mately, the inverse square root of the Na+ concen- 
tration. When the thickness of this electrical layer 
is sutficiently reduced so that  the range of the 
repulsive forces have become sufiiciently reduced, 
the London attractive forces will predominate by 
more than kT a t  some interparticle distances. This 
is the secondary minimum phenoinenon (3 ,  5, 6).  
Under these conditions aggregation may take place. 
The depth of this miniti~uni and, hence, the forces of 
particle-particle attractiou will increase with i l l -  

creasing Na+ concentration. Thus aggregation 
increases with increase in the AOT concentration. 

Recently Schenkel and Kitehener (3)  studied the 
aggregation in water of 10 p diameter polystyrene 
spheres, the surfaces of which were fully sulfonated 
chen~ically (therefore not unlike our system elec- 
trically). They found that aggregation (increased 
sedimentation rate) became important when the 
added potassium nitrate concentration exceeded 
about 3 X lo-* M .  Aggregation increased to  about 
4 X A 1  salt. These investigators point out 
that this behavior is in accordance with the theo- 
retical predictions of \’erwey and Overbeek ( 0 )  that  
coarse particles (micron range) should exhibit a 
secondary minimuni of about 6 kT deep in 1 X 
lo-‘ dl one-to-one electrolyte. These electrolyte 
concentrations are approximately in the same range 
as the Na+ concentration at mhich aggregation be- 
gins in our hexadecane-water system. I n  our 
studies, the Na+  concentrations were actually a 
little greater, v i z . ,  about 2 to  4 X M in Na+. 
So, if anytlling, the conditions in our systenis were 
actually soinewl~at more conducive to  aggregation. 
Perhaps a smaller London constaut is appropriate 
for the hexadecane-water systcni. This may 
account for the difference. 

The above discussion shows that it is very likely 
that the aggregation phenomenon may be basically 
an electrically iuduced one and that it appears to be 
unnecessary to  postulate film-film attraction. It is 
quite possible that  both mechanisms are important, 
since increasing ionic strength invariably increases 
the tendency for the aggregation of the surfactant 
itself. More basic studies are needed to provide 
definite answers to this problem. 
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