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T he reversible aggregation and  disaggregation o f  oil particles (benzene o r  paraffin 
hydrocarbons) in soap-stabilized emulsions has been studied, employing ra te  o f  cream ing 
da ta  as the chief criterion  o f  aggregation. In  all the systems exam ined, aggregation o f  the
oil particles commences a t a  soap concentration equal to , o r  a  little greater than, the 
critical micellar concentration o f  the soap. In  m any cases, states o f  m axim um  and 
m inim um  particle aggregation occur a t  soap concentrations considerably higher th an  the 
critical m icellar concentration. These m axima and m inim a are m ost pronounced with 
benzene as the  disperse phase and  unbranched hydrocarbon chain soaps as stabilizer. 
T he results are explained on the basis o f  polym olecular adsorp tion  which is considered to 
occur a t soap concentrations greater than  the  critical micellar value.

A  correlation exists between the effect o f  aliphatic alcohols (hydrocarbon chain <  Q )  
in  reducing the concentration o f  soap required fo r aggregation o f  the emulsion particles 
and  their effect on the critical micellar concentration *of soaps. A ddition o f  inorganic 
salts prevents disaggregation o f the emulsion particles and reduces the  soap concentration 
a t  which aggregation commences. T he latter process is independent o f  the  na ture  o f  the 
salt an ion  when an  anionic soap is used as stabilizer.

Few detailed investigations of particle aggregation in emulsion systems appear 
to have been carried out, in spite of the practical importance and theoretical interest 
o f the process. In the present work, the rate of creaming of emulsions and the 
cream volume after a suitable time period have been taken as the main criterion 
of particle aggregation. Microscopic examination of the emulsions and quali­
tative observations of turbidity changes in the sera (“  skim ” ) after creaming have 
been made, in most cases, for comparison with the creaming data.

None o f these measurements would be expected to give more than semi- 
quantitative information concerning the aggregate size distribution in the emul­
sions. For example, the rate o f creaming will be affected, presumably, by the



Structure o f the aggregates and the amount of continuous phase w^ch moves 
with them, as for suspensions. In addition, it is likely to be influenced by the 
“  sedimentation ”  potential of the system. The main object of the preseit in­
vestigation, however, was to determine the effect of the nature and concentrotion 
o f the stabilizing agent on the aggregation of emulsion particles. Preliminary 
experiments showed that small changes in concentration of a given agent often 
caused very large changes in the degree of aggregation, enabling the concentration 
of agent necessary for particle aggregation or dispersion to be defined within narrow 
limits. (The terms aggregation or cluster formation do not include particle 
coalescence; evidence will be given that in most of the systems studied coalescence 
is negligible during the periods of the experiments.)

The type of creaming behaviour observed depends on the particle size distribu­
tion. With polydisperse emulsions in which microscopic examination indicates 
no appreciable aggregation o f the oil particles, creamipg jjflfyially results in the 
formation of a visible boundary at the top o f the emulsion, the boundary moving 
downwards as the primary particles cream. When a great majority of the 
particles are present as large aggregates (as determined, for example, microscopic­
ally) a high oil concentration gradient is usually set up at the bottom of the 
emulsion owing to the rapid creaming of the aggregates and the paucity of primary 
particles; a well-defined boundary is therefore formed which moves upward as 
creaming progresses. When the aggregates present are small or when many of 
the primary particles are unaggregated, the creaming characteristics are modified 
accordingly. Thus, creaming of small aggregates commonly results in a visible 
boundary near the top of the emulsion, the boimdary moving downwards with 
further crean\ing of the aggregates. Redistribution of primary particles within 
the aggregates or redistribution of the latter relative to each other may then 
result in an upward movement of the boundary, followed by a final downward 
movement due to the comparatively slow creaming of the unaggregated particles. 
The rates of creaming described below are based on the above changes in cream 
volume with time.

E X P E R I M E N T A L

M a te r ia ls .—The parafl&n hydrocarbon used throughout was a colourless light 
petroleum fraction (ex Manchester Oil Refinery Ltd.) consisting of paraffin and cycloparaffin 
hydrocarbons. N o ethylenic, aromatic or other unsaturation could be detected by infra­
red spectral analysis.* The benzene was of a .r .  quality.

Potassium laurate solutions were prepared by dissolving pure lauric acid in a  sufficient 
excess of caustip potash to  give a pH of 11-0, measured with the glass electrode. The 
Aerosol OT and Aerosol MA were anhydrous samples obtained through the courtesy of 
American Cyanamid Company. Aerosol OT is stated to  be the sodium salt of di(ethyl- 
hexyl) sulpho-succinic acid and Aerosol MA the corresponding di(methylamyl) derivative. 
The cetyltrimethyl ammonium bromide, kindly supplied by I.C.I. Ltd., was recrystallized 
twice from acetone. Two pure samples of sodium dodecyl sulphate were available, one 
provided by Dr. R. Matalon and the other prepared in our own laboratories; the same 
results were obtainejl with both samples. All inorganic salts were of a . r .  quality and the 
aliphatic alcohols were of laboratory reagent standard.

P r o c e d u r e . — In each series of experiments, a stock oil-in-water emulsion containing 
40 % or 50 % oil was prepared with a hand operated valve homogenizer, using the mini­
mum quantity of emulsifying agent necessary to  obtain an emulsion of suitable particle 
size, i.e. with the large majority of particles 0*5/i to  20^ in diameter. Some creaming 
could then be observed over a period of a few hours even when aggregation of the primary 
particles was negligible. Aliquots of the stock emulsion were diluted immediately 
(usually to  1 0  % oil content) with aqueous solutions of the emulsifying agent already 
present and containing, if desired, inorganic salts, auxiliary stabilizers, etc. The rates of 
creaming of the emulsions in any particular series could thus be compared under identical 
conditions o f primary particle size distribution. Very small quantities of emulsifying

♦ O ur thanks are due to  Miss J. M. Fabian for determining the spectra.



agciii (ca. u*u3  -/o) were usually sufficient to  prepare the stock emulsions and to  prevent 
any detectable coalescence of particles during the short time required for dilution.

Inwall cases, the oil content of the emulsion is expressed as volume of oil per 100 cm3 
emulsion and the soap concentration as weight of soap per 1 0 0  cm3 of the aqueous phase. 
All experiments were carried out at room temperature (20°-25® Q .

R E S U L T S

S o d iu m  d o d e c y l  s u l p h a t e . —Fig. 1 shows the effect of sodium dodecyl sulphate 
(NaLS) concentration on the rate of creaming of 10 % benzene emulsions. A t concentra­
tions o f 0*265 % and 0*18 % NaLS, the creaming rate is slow owing to the absence of 
aggregates (confirmed microscopically). The slightly higher creaming rate a t 0*09 % 
soap, or less, is probably due to a small degree of particle coalescence which, a t these very 
low soap concentrations, may not be negligible after about 30 min creaming. In the 
concentration range 0*36 % to 0-8 % NaLS, the rate of creaming increases very rapidly; 
that this is due to aggregation of the oil particles can be confirmed by microscopic examina­
tion or even by the appearance of the emulsion as a whole, which does not possess the 
uniformly smooth appearance of the unaggregated systems. In  the emulsions containing

F i g . 1.—Rate of creaming of 10 % ben­
zene emulsions stabilized with sodium 

dodecyl sulphate.

Sodium
dodecyl

sulphate.
A. 0*09 %
B. 0-18 %
C. 0-265 %
D. 0-36 %
E. 0*485 %1
F. 0-57%
G. 0-8 %
H. 0*97 % serum turbidity maximal 
J. 115 %
K. 1-75 %

serum turbidity minimal

0-485 % to  0-8 % soap (curves E, F, G  of fig. 1) the aggregates are larger than in the 
emulsion stabilized with 0-36 % soap (D), as indicated by their much faster rate of cream­
ing, and by the appearance of the cream boundary at the bottom of the emulsion and the 
decrease in cream volume with time. In the presence of 0*97 % NaLS (Curve H) the 
creaming rate is reduced to  a value not greatly different from that of the unaggregated 
emulsions A, B and C and it is evident from microscopic examination that there is little 
aggregation of the particles. Further increase in soap concentration results again in a 
marked increase in the rate of creaming and in the size of the aggregates.

Changes in the turbidity of the emulsion sera as a function o f soap concentration (after 
^ u a l  creaming periods) confirm the above conclusions. The serum turbidity shows a 
pronounced minimum at 0-485 % to 0-57 % and an equally definite maximum a t 0*97 % 
soap.

When aggregation occurs, the rapid creaming of the aggregates is followed by a much 
slower change in cream volume which is due partly to  the slow creaming of primary 
particles (or very small aggregates) and partly to  the redistribution of particles and aggre­
gates into a more closely packed configuration. The essential features of the rate of 
creaming curves were well represented by plotting the cream volume against soap con­
centration after a time (e.g. 1 0 0  min) sufficient for completion of the initial rapid creaming



o f aggregates. The choice of a much longer creaming time is not advisable since differences 
between the systems are then diminished (see fig. 1), e.g. by redistribution of the aggregated 
particles. A section of fig. 1 corresponding to  f =  100 min is given in fig. 2 which shows 
clearly the influence of NaLS concentration on aggregation of the emulsion particles. 
Cl is the soap concentration below which the particles are unaggregated, C2  the concentra­
tion a t which aggregation is maximal and C3  that at which it is minimal (always excepting 
concentrations below Ci).

The behaviour o f paraffin hydrocarbon emulsions stabilized by NaLS (fig. 2) differs 
from that o f the benzene emulsions in two notable respects. The decrease in cream volume 
corresponding to the soap concentration C3  is relatively small and the corresponding 
maximum in serum turbidity (occurring at approximately I ’ 6  %) is much less pronounced. 
Secondly, the soap concentrations for the commencement of aggregation and maximum 
aggregation are a little higher than in the benzene emulsions.

C e t y l t r i m e t h y l a m m o n i u m  b r o m i d e  (CTAB.).—The influence of CTAB concentration 
on the cream volume of benzene emulsions after 100 min creaming (fig. 3) is very similar, 
qualitatively, to the effect of sodium dodecyl sulphate on benzene emulsions, and the same

Fig . 2.—Variation io cream volume of 
1 0  % benzene or paraffin emulsions 
with concentration of sodium dodecyl 

sulphate.

Time of creaming — 100 min 
r c t  =  0-30 %

A Benzene emulsions< Cz =  0*65 % 
LCs =  1-05 % 
rC i =  0-45%

O Paraffin emulsions < € 2  =  0-95 % 
I C 3  =  ca. 1 * 6  %

significance must be attached to  the curves. However, the limiting soap concentrations 
Cl, C 2 and C 3 for particle aggregation and disaggregation are all considerably lower than 
the corresponding values for dodecyl sulphate. Paraffin emulsions stabilized with CTAB 
show the same behaviour as the benzene emulsions in that states of maximum aggregation 
(with minimum turbidity) and minimum aggregation (maximum turbidity) are very pro­
nounced (fig. 3).

A e r o s o l  MA.—The effect of Aerosol MA concentration on the cream volume of 
benzene and paraffin emulsions is shown in fig. 4. The limiting concentration Ci for 
particle aggregation is well defined, as with all the soaps examined in the present work. 
In both series o f emulsions the cream volume rises rapidly as the soap concentration in­
creases to  2*6 % (for benzene) or 3*2 % (for paraffin). The increase in volume is accom­
panied by a decrease in turbidity of the sera. A t soap concentrations higher than 2*6 % 
or 3*2 % the changes in cream volume are small. Tlie turbidity of the sera decreases 
gradually with increasing soap concentrations except that, with benzene, there is a possible 
small maximum in turbidity between 3-1 % and 3*7 % soap.

P o t a s s i u m  l a u r a t e  (pH 110).—In paraffin emulsions stabilized by potassium laurate, 
particle aggregation increases greatly between 0 95 % and 1*6 % soap (fig. 5). Above this 
concentration, the cream volume increases slightly and the turbidity o f the serum decreases 
gradually with increasing soap concentration. With benzene emulsions, the cream 
volume reaches a maximum at 1-4 % soap and gives a fairly shallow minimum at ap-



cream vol.
/ota! t̂ oL s tru m

* '  M in im a t

Total concentration of CTAB (X) 
0.\Z 5________ 0:50  0-15

cream vol. 
to ta l vol.

'0-20 0 ^
'0'!5

'0-/0

0  05

r  T o ta l co n cen tra tion  o f  
' A eroso l t^ A  i%) 

2 '0  .4 -0  . 6 - 0
Fio. 3.—^Variation in cream volume of 10 % 
benzene or paraffin emulsions with concentration 

of CTAB.
Time o f creaming =  100 min 

r C i  =  0-07 %
A Benzene emulsions-^ C2  =  0*14 %

L c 3  =  0-26 %

r C i  =  0-0 8 %
O  Paraffin emulsions 4 € 2  =  0-27 %

L c 3  =  0-67 %

F i o .  4 .—^Variation in cream volume of 10 %  
emulsions of benzene or paraffin with concentra­

tions o f Aerosol MA.
Time of creaming =  100 min

O  Benzene emulsions: Cj =  1-9 %
A Paraffin emulsions: C\ =  2*2 %

proximately 3*0 % soap. The emulsion sera show a  corresponding minimum and maxi­
mum turbidity at approximately the same concentrations.

A e r o s o l  OT.—In paraffin emulsions containing Aerosol OT, aggregation of the oil 
panicles increases markedly in the range 0*30 %  to 0*40 %  soap (fig. 6) ;  a t higher con­
centrations the cream volume is almost constant while the turbidity o f the serum decreases 
slightly as the soap concentration increases. W ith benzene as the oil phase, the cream 
volume shows a maximum and the serum turbidity a  well-defined minimum a t approxi­
mately 0*55 % soap. The range of soap concentration which could be examined was 
limited by the relatively low solubility of Aerosol OT in water {ca. \ 2 %).

C o r r e l a t io n  o f  r e s u l t s  w i t h  c r t t ic a l  n o c e l l a r  c o n c e n t r a t io n s .— T h e  s o a p  
c o n c e n t r a t i o n s  a t  w h ic h  a g g r e g a t i o n  o f  t h e  o i l  g lo b u l e s  c o m m e n c e s ,  r e a c h e s  a  m a x im u m  
a n d  f a l l s  t o  a  m i n i m u m  a r e  s u m m a r i z e d  i n  t a b l e  1 , t o g e t h e r  w i th  t h e  c r i t i c a l  m i c e l la r

T a b l e  1 .— I n f l u e n c e  o f  s o a p s  o n  p a r t i c l e  a g g r e g a t i o n  i n  
10  %  b e n z e n e  o r  p a r a f f i n  e m u l s io n s

Cone, of soap {%) for

Soap C.M.C.
("/.) Initial

aggregn.
Max.

aggregn.
Dis-

aggrego.
Initial

aggregn.
Max.

aggregn.
Dis-

aggregn.

In benzene emulsions In paraffin emulsions
CTAB 0*03 1 ca. 0 07 0*14 0*26 ca. 0-08 0-27 0-67
NaLS 0 - 2 1 2 0-30 0-65 1-05 0-45 0-95 ca. 1 - 6

K  laurate 0-57 3 0-80 1-4 3-0 0-95 — —
Aerosol MA 1-64 1*9 — — 2 - 2 — —
Aerosol OT o-is-* 0 - 2 0 0-55 — 0-30 — —



concentrations (c.m.c.) of the soaps. Allowing for the fact that the c.m.c. is lowered slightly 
by solubilized benzene,5. 6  it is clear that in every case particle aggregation commences 
a t soap concentrations equal to, or a  little greater than, the c.m.c.

Except at very low concentrations of soap (referred to  previously) there was no evidence 
that the particle size distribution in any of the emulsions studied was significantly affected 
by coalescence of the oil globules, during a period of 2-3 h. The aggregated particles are 
readily disaggregated, temporarily, by agitation and no obvious increase in primary 
particle size could be detected microscopically. In several cases, the creaming was in­
terrupted after a few hours, the emulsions shaken and the rate of re-creaming measured. 
Although the latter rate was always a little higher than the original, the limiting soap 
concentrations for particle aggregation and disaggregation were not altered.

cream vol. 
vo/.

O'ZO

0 ‘/5

0-/0

0  05

serum turbidity 
mwmoJ.

serum turbidity  
m a x im a l

I'O,
Concentration o f K Laurote ( Z) 

2-0.________^ _________
F ig. 5.—Variation in cream volume of 10 % 
emulsions of benzene or paraffin with concen­

tration of K  laurate (pH 110).
Time o f creaming =  100 min

fC i =  0-8 7o
Benzene emulsionsQ

A Paraffin emulsions

Fig. 6 .—Variation in cream volume of 10 % 
emulsions of benzene or paraffin with concen­

tration of Aerosol OT.
Time of creaming =  100 min 

A Paraffin emulsions Cj =  0-30 %
Cl =  0 - 2 0  %
Cz =  0-55 %O  Benzene emulsions

Ci =  1-4 %
(.C3  =  cfl. 3-0 %

C, =  0-95 %
E f f e c t  o f  p h a s e  v o l u m e  r a t i o  a n d  p a r t i c l e  s i z e .— Preliminary experiments with 

25 % and 10 % paraffin emulsions, prepared from the same stock and stabilized with 
Aerosol MA, showed that the soap concentration Ci at which particle aggregation com­
menced was not appreciably affected by the oil content of the emulsions. Thus, values 
o f Cl =  2-4 % and 2-2 % were obtained for the 25 % and 10 % emulsions respectively 
and part of this difference at least, will be due to  the difference in total interfacial area of 
the emulsions. By direct analysis of the sera of emulsions (particle size 0*5/i to 20/*) 
stabilised by sodium dodecyl sulphate or CTAB, at concentrations between the c.m.c. 
and the concentration C2  corresponding to maximum aggregation, it was estimated that 
not more than 0-01 g of soap were adsorbed per cm3 of paraffin or benzene. This value, 
which was obtained by centrifuging the emulsions to  give clear sera and analyzing gravi- 
metrically for soap corresponds to  a decrease in the initial soap concentration of only 
0-1 %, for a 10 % oil emulsion. The difference between the initial and “ equilibrium ” 
soap concentrations is thus too small to affect the significance of the data summarized 
in table 1 .

The influence of particle size in Aerosol MA stabilized emulsions was examined quali­
tatively by comparing the creaming of two 1 0  % benzene emulsions of estimated particle



diameter O-Sfi to  40^ and 0*3#* to 2/*. In both emulsions aggregation commenced at an 
Aerosol MA concentration of 1*9 ±  01  % showing that the effect of particle size in the 
range studied was very small.

E f f e c t  o f  a l i p h a t i c  a l c o h o l s . — The influence of ethyl and n-butyl alcohol on the 
cream volume of 1 0  % benzene emulsions stabilized with sodium dodecyl sulphate is 
shown in fig. 7. The soap concentration C\ corresponding to  the onset of particle aggrega­
tion is lowered from 0*3 % to  approximately 0 07 % by the presence of 0-53 M butyl

F i g .  7.—Effect of alcohols on the cream 
volume of 1 0  % benzene emulsions 
stabilized with sodium dodecyl sulphate. 

Time of creaming =  100 min
#  No alcohol 
□  0*53 M «-butyl alcohol 
A 3*0 M ethyl ^cohol

Fig. 8 .—Effect of alcohols 
on the limiting soap con­
centration Cl for particle 
aggregation in 1 0  % ben­
zene emulsion stabilized 

with Aerosol OT.
□  ethyl alcohol 
X n-propyl alcohol 
O  n-butyl alcohol 
•  n-amyl alcohol

alcohol. The soap concentrations Ci and Cj, corresponding to maximum and minimum 
states of particle aggregation, are likewise lowered from 0 * 6  % and l-O % to  0 * 2  % and 
0*45 % respectively. The influence of ethyl alcohol is much less marked, the values of 
Cl, Cl and Cj being 0-23 %, 0-4 % and 1-0 % soap respectively at an ethanol concentration 
of 3*0 M. In all cases, the emulsion sera showed a minimum turbidity at the concentration 
C2 and a maximum turbidity in the region of C3.

More detailed results on the effect of chain length of the alcohol are shown in fig. 8 , 
in which the limiting soap concentration C\ is shown as a function o f alcohol concentration 
Cfl in benzene emulsions stabilized by Aerosol OT, Ca being calculated on the volume of



aqueous phase. The influence on particle aggregation of methyl and ethyl alcohol, ethy­
lene glycol and 1 : 4-dioxane was very small. In  the presence of /i-propyl, n-butyl and 
«-amyl alcohols, C\ decreases with alcohol concentration, the rate — dCi/dCa increasing 
with the number of carbon atoms in the alcohol. Except for the fact that ethyl alcohol 
increases C\ slightly, the above results follow closely the effect of the same alcohols on the 
c.m.c. of dodecylammonium chloride  ̂or decyltrimethylammonium bromide.* However, 
addition of the higher aliphatic alcohols (>  C5) to the same emulsions gave no detectable 
decrease in the value of Ci although their effect on the c.m.c. of the above cationic soaps 
is very marked. For example, a 0-0196 M solution of «-hexyl alcohol reduces the c.m.c. 
o f dodecylammonium chloride from 0 0127 M to 0 0084 M. Normal hexyl and sec- 
heptyl alcohol were examined at concentrations of 0’036 and 0-0155 moles/1, respectively,
i.e. a little below their solubility limits in water. 2 -ethyl-hexanol, «-decanol and 
//-dodecanol were used a t 70 % saturation (in water) at 20° C. The absence of any effect 
on the limiting soap concentration C\ for particle aggregation is presumably due to  the 
partition coefficients between benzene and the aqueous phase being so high that a negligible 
amount of alcohol remains in the latter phase.

Fio. 9.—Effect of sodium chloride on 
the cream volume of 1 0  % benzene 
emulsions stabilized with sodium 

dodecyl sulphate.
Time of creaming =  100 min

f  Cl =  0-33 %
A. Zero N aCl C2  =  0-6 %

l C 3  = ca. 1*0%
B . 0-1 M  NaCl C l =  0-14 %

I n f l u e n c e  o f  i n o r g a n i c  s a l t s . — Fig. 9 gives the variation in cream volume of benzene 
emulsions as a function of sodium dodecyl sulphate concentration, in the presence of 
0*1 M sodium chloride and in the absence o f salt. The soap concentration a t which 
particle aggregation commences is lowered by the salt from 0*33 % to  0-14 %. The 
degree of aggregation increases rapidly from 0*14 % to ca. 0*75 % soap, after which there 
is no noticeable change in the cream volume, i.e. disaggregation of the particles which 
normally results in a minimum cream volume at the soap concentration C3 is eliminated 
by 0-1 M sodium chloride. These results were confirmed by further experiments in which 
the emulsions containing no salt were allowed to cream for 100 min (curve A  obtained); 
the particles were then redispersed by gentle agitation and sufficient so iu m  chloride added 
to bring the concentration in the aqueous phase to  0-1 M. Re-creaming of the emulsions 
followed curve B, fig. 9.

Further work on the salt effect was carried out using paraffin emulsions stabilized with 
potassium laurate at pH 11-0 ±  0-2. The influence of potassium chloride over a range 
o f concentrations is shown in fig. 10. Variations in rate of creaming and cream volume 
are not due to  changes in primary particle size such as would be caused by coalescence, 
since on re-dispersing the creamed emulsions the rate of re-creaming was only slightly 
greater than that of the first creaming. The aggregation process is readily reversible in 
all cases.

The limiting concentration Ci of soap at which particle aggregation commences de­
creases almost linearly with salt concentration in the range investigated (fig. II). The



critical micellar concentration (c.m.c.) of the soap, on the other hand, varies with salt 
concentration according to the relation

log (c.m.c.) =  -  log Cg +  k 2  (1)
where Q  is the total concentration of counter ions in the solution. The validity of this 
relation for potassium laurate solutions in the presence of potassium chloride has been 
established experimentally by Corrin and Harkins ® and Kolthoff and Stricks.io Merrill 
and Getty’s data for the decrease in the c.m.c. o f sodium laurate effected by sodium 
chloride is also given in fig. U , their data having been extended to 0-I6 M sodium chloride 
by means of eqn. (1). The change of counter ion from sodium to  potassium has no sig­
nificant effect on the c.m.c. The difference [Ci — (c.m.c.)] is approximately constant at 
salt concentrations less than about 0*05 M ; thereafter the difference decreases with in­
creasing salt concentration.

The influence of the salt anion on particle aggregation was studied using equivalent 
concentrations of potassium chloride, sulphate and thiocyanate. The last two salts were

F ig . 10.—Effect of potassium salts on the cream volume of 10 % paraffin emulsions 
stabilized with K  laurate (pH 110 ±  0-2).

Time of creaming =  60 min.

chosen because of the extreme positions of the anions in the lyotropic series. Results 
are included in fig. 1 0 , showing that the limiting soap concentration for aggregation is 
effectively the same in the presence of equivalent concentrations of these three salts.

D IS C U S S IO N

In  seeking an  in terp re tation  o f  the com plex aggregation an d  disaggregation 
phenom ena described above, we have considered a  num ber o f  possibilities. O f 
these, the m ost plausible, in  o u r opinion, rests on  th e  assum ption  th a t poly­
m olecular adsorbed films a re  form ed w hen the soap  concentration  exceeds the 
c.m .c. A  sim ilar assum ption has been used to  in terpre t d a ta  > 2  on  the sedim enta­
tion  ra tes o f  solids stabilized by colloidal electrolytes, w here it has been show n 13 
th a t sharp  increases o f  ra te  can  occur w ithout significant changes in zeta potential. 
Experim ental support fo r this assum ption is provided by th e  recent w ork o f 
D ixon et alM> 15 on  the adsorp tion  o f di-«-octyI sodium  sulphosuccinate and  a  
cation ic  soap a t the air-w ater surface. U sing a rad io tracer m ethod  they show  
th a t th e  adso rp tion  o f  b o th  soaps, a t concentrations above th e  c.m .c., is con­
siderably greater than  can be accounted fo r by a  m onom olecular film. M easure­
m ents by H ark ins and  collaborators also show  th a t the adso rp tion  o f  sodium  
dodecyl su lphate and  potassium  m yristate on  graphite continues to  increase a t 
concentrations above the c.m.c.

T he existence o f  a  sta te  o f  particle disaggregation between tw o well-defined 
states o f  aggregation in m any o f  the em ulsion systems studied can be accounted 
fo r if  the fu rther adso rp tion  o f soap  as a  secondary layer (a t concentrations above 
th e  c.m .c.) occurs as single molecules o r  micelles according to  the relative con­
cen tra tion  o f  these species in solution. T hus, a t concentrations ju s t above the



c.m.c., where the number o f micelles is small, it is suggested that single molecules 
are adsorbed with their hydrocarbon chains oriented towards the aqueous phase. 
Such particles in an aqueous medium are unstable and aggregation o f the particles 
should therefore occur, as found experimentally in the concentration region Ci 
to Cz. At higher concentrations competitive adsorption of the soap in the form 
of micelles, which leave the outer surface of the particles hydrophilic, results in 
disaggregation o f the particles (region C2 to C3). At still higher concentrations, 
forces of attraction between adsorbed micelles on neighbouring particles can 
again cause aggregation, particularly when the soap possesses an unbranched 
hydrocarbon chain. In this final state the oil particles are linked together by an 
oriented multilayer o f soap. Possibly only a small fraction o f the surface o f 
each particle contains adsorbed micelles and it will be at these points that aggrega­
tion occurs when the soap concentration is greater than C3. A  diagrammatic repre­
sentation of the adsorbed soap films, based on the above theory, is given in fig. 12 
(gegenions are not shown in the figure). The essential feature of the diagram is

/C Lou rate 
conc  s  ( ^ )

Potassiurri C hloride concen/'rah'on(ntolesll., 
0 :05  0:10  0:/5

Ro. 11.— Effect of potassium chloride 
on the critical micellar concentration 
(c.m.c.) and the limiting soap concen­
tration Cl for particle aggregation in
10 % paraffin emulsions stabilized with 

potassium laurate; pH 11-0 ±  0*2.

that owing to polymolecular adsorption and the amphipathic nature of soap 
molecules, the surface of the individual oil particles may be either hydrophilic 
or hydrophobic. In the latter state the particles are highly unstable and aggrega­
tion therefore results through association between the exposed hydrocarbon chains. 
The forces responsible for the secondary adsorption of soap either as micelles or 
single molecules, as well as the aggregation at concentrations greater than C3, 
are presumably the same as those responsible for the formation of lamellar (Hess) 
micelles, for the polymolecular adsorption of soap as found by Dixon is and, 
eventually, for the crystallization o f soaps from solution.

If adsorption of soap as a monolayer is essentially complete when the concentra­
tion in solution reaches the c.m.c., then additives to the soap solution which lower 
the c.m.c. may be expected to reduce the limiting concentration C\ at which particle 
aggregation commences. This occurs in the presence of aliphatic alcohols con­
taining three to five carbon atoms; the close analogy between the effect of 
alcohols (up to C5) on the initial aggregation of emulsions and their influence on 
the c.m.c. o f soaps has been referred to in the previous section. The reduction 
caused by butyl alcohol in the values of C2 and C3 for sodium dodecyl sulphate



Stabilized em ulsions (fig. 7) implies th a t adso rp tion  o f  micelles and  interlinking 
o f  particles occur m ore readily in the presence o f  butyl alcohol, som e o f  w hich 
will be incorporated  in the micelles. In  the em ulsions con tain ing  sodium  dodecyl 
su lphate  and  inorganic salt (fig. 9), the absence o f  a  soap  concentration  region above 
th e  c.m .c. in  which disaggregation o f  the particles can  be detected elim inates the 
need fo r any distinction to  be m ade between aggregation due to  secondary a d ­
so rp tion  o f  single molecules and  th e  direct aggregation o f  particles covered w ith 
a  p rim ary layer o f  soap— or, indeed, aggregation due to  the interlinking o f  particles 
by micelles. Possibly all three processes occur. However, up  to  a  potassium  
chloride concentration  o f  a t least 0 1 6  M , the lim iting soap concentration  C i 
fo r particle aggregation in em ulsions stabilized by potassium  laurate  is higher

Benzene'-

» I  » .
\ Water Bemene’i :  Benzene

A\
» •

Water Benzent
/ytrrer E 5 ;

F ig . 12.—Diagrammatic representation of adsorbed films of sodium dodecyl sulphate at
the benzene-water interface.

A. Surface of benzene drops hydrophilic.
N o aggregation of particles.
Soap concentration <  c.m.c.

B. Surface of benzene drops hydrophobic.
Particles highly aggregated.
Soap concentration >  c.m.c.

C. Surfaces of benzene drops mainly hydrophilic.
Particles only slightly aggregated. _
Soap concentration >  c.m.c.

D. Surface of benzene drops still hydrophilic but concentration of soap suflScient to  build 
up multilayers which link benzene particles (cf. lamellar micelle formation in solution). 
Soap concentration ^  c.m.c.

th an  the c.m .c. (fig. 1 1 ), show ing the necessity fo r a t  least one “  com plete ”  m ono­
layer o f  adsorbed  soap  if  reversible aggregation is to  take place. TTie negligible 
influence o f  the natu re  o f  the salt anion is a  property  com m on to  b o th  micelle 
fo rm ation  9 in potassium  lau ra te  so lu tions and  the aggregation o f  em ulsion 
particles stabilized w ith  potassium  laurate.

T his w ork  form s p a rt o f  the program m e o f  fundam ental research undertaken  
by the B oard  o f  the B ritish R ubber P roducers’ R esearch A ssociation. O ur thanks 
a re  due to  M r. K . D ay  fo r assistance in  the experim ental w ork, and  to  M essrs. 
Lever B ros, and  U nilever L td . fo r the gift o f  pu re  sam ples o f  lauric  acid.
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