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Interfacial Instability and Spontaneous
Formation of Microemulsions

Microcmulsions, which are oplicn“y transparcat oil-water dispersions,
were sponlnncous!y produced upon mixing hexadecane, hexanol, po(assium
oleate, and water in spcciﬁc propertions. The (ltop-volume measurements of
hexadecane-water interface in the presence of hexanol or potassium oleate
revealed that these surfactants decrcase the interfacial tension of the hexa-
. decane/water interface. 1t is proposed that the interaction betwcn these
two emulsifiers at the oil-water interface causcs spontaneous negative inter-

facial tension resulting in interfacial instability and the formation of micro- D. O. SHAH, A. TAMJEEDI
emulsions. J. W. FALCO ond
As the amount of water is increased, the microemulsion exhibits a clear R. D. WALKER, JR.
to turbid to clear transition. Unlike the clear ‘rcgi.ons, lhe‘tmbid region Deportments of Chemico! Engincering
possesses birefringence. The devclopment of birefringence is also accom- and Ancsthesiology
panied by a sharp decrease in electrical resistance. High-resolution (220 Mc) University of Floride
nuclear magnetic resonance data suggest that water exists in two distinct Geinesville, Floride 32601

environments or structures in the birefringent region. The electrical, bire-
fringence, and nuclear magnetic resonance data agree with the proposed
mechanism of phase-inversion of microemulsions, which can be descri

as water spheres to water cylinders to water lamellae to a continuous watcr
phase. The spontancous formation of such structures {for cxample, water
cylinders and lamellae) presumably depends upan the phase-volume ratio
and the interfacial tension at the oil-water interface.

SCOPE
Microemulsions which are optically transparent isotro-  low viscosity, they have heen considered promising for
pic oil-water dispersions, can be formed spontaneously by sccondary recovery from oil wells. Microemulsions can

using a combination of emulksificrs. Such oil-in-water or have applications in the areas such as microdispersions of
¢ of droplets 100-600 A drugs. cosmectics, paints and pigments, formulation of

scintillation liquids, and reactions in which the rate is
dependent upon the interfacial arca since the microemul-

water-in-oil microemulsions consis
in diameter. The objectives of the present study were to

°‘""‘d‘“°_“‘° structure, the "‘c_"h“"“m f" fom‘utwn n"fl sions offer the mazimal surface/volume ratio in oil-water

of phase-inversion process of microcmulsions using electri-  gyqtems. Aicroemulsions can be formed by adding an ap-

cal. bircfringence, nuclear magnetic resonance, and the propriate combination of an ionic and a honionic surfac-

interfacial tension measurements. tants at concentrations which gencrate a spontaneous in-
Since microemulsions form spontancously and exhibit  terfacial instability in the oil-water mixture.

CONCLUSIONS AND SIGNIFICANCE

The following major conclusions were made from elcc- 2. The formation of cylindrical and lamellar structures
trical. NMR, birefringence, and interfacial tension mea- in the phasc inversion region abruptly decreases the elec-
wirements. - trical resistance. The formation of these structures appears
1. Electrical resistance measurements  can distinguish to depend upon the phase volume ratio of water and ail
hetween the oil-continuous and the water-continuous mi- and also on the interfacial tension.
crocmulsions. Upon increasing the water to oil ratio, the 3. Drop-volume measurcments of water in oil indicate
mil-continuous microcmulsion undergoes a scries of struc- that the combination of the surfactants, that is, hexanol
tural changes as follows. Oil-continuous microcmulsion — and potassium oleate, strikingly decreases the interfacial
water clinders in 0il — lamellar structure of surfactants, tension of the vil-water interface, causing the interfacial
oil and water — water-continuous microemulsion. instability and spontaneous formation of microcmulsions.
PREVIOUS WORK bination of surface-active agents {Schulman et al., 195%;

Stoeckenins, 1960). Such oil-in-water or water-in-oil mi-
croemulsions have been examined by low angle x-ray mea-
surements {Schulman-Riley, 1945}, light sc‘:m('rin'.", tech-
e e niques {Schulman-Friend, 19149;, \ﬂtru(entri.‘:lgation

J W Faleo s with Southeast \Water 1 aborateny, College Station | .
fload, Athens, Geargia JUGOL. { Bowcott-Schulman, 1955), clectron microscopy (Stocck-

Microemulsions are oplicully transparent stable disper-
sions of oil and water, usually obtained by using a com-
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enins, 1960), and viscosity measumements (( “ook-Scliul-

man, 1963) and have bheen shown to consist of dinplets
100600 A in diameter. In contrast o aleohol water mis-
tmes (for example, ethanol-water) whicl involve miseibil-
iyt the molecular kevel, niciocmaluons convist of dis-
crete draplets of one liquid dispersed the other. Al-

though the intedface of the microemubion «lmplr! shounld
have a fivite positive interfacial tension, it is generally
believed that the process ol spontaecons breakdown of the
oil-water intesface leading to the formation of microemal-
sion droplets involves negative interfacial temion (Puinee.

1967). It _shonld be emphasized that the formation of
microemulsions is not the same process as that of solubil-
ization within micelles. The ratio of the number of water
or oil molecules to a surfactant molecule is much greater
in microemulsions than that in icellar  solubilization
(McBain-Hutchinson, 1955).

In several oil-water emubsions, it is possible to convert
water-in-0il type to oil-in-water type emulsions by increas-
ing the waterZoil ratio. However, the mechanisin of this
phasc-inversion process is not well understood. Schulman
(1940) proposed that the phasc-inversion process invalves
mntual contact of emuksion dioplets. However, Zlocchower
and Schulman (1967) later showed that the phase-inver-
sion region consists of a lamellar structure exhibiting
birefringence  and restricted  mobility  of  hyvdrocarbon
chains, as suggested by nuclear magnetic resonance
{NMR) spectroscopy. The present paper  reports  the
effeet of hexanol and potassium oleate on the interfacial
tension of hexadecanc-water interface and  propases a
mechanism of phase-inversion for microemulsions from
the effect of phase-volume ratio on the electrical, optical,
and NMR characteristics.

METHODS

Intcrfociol Tension Measurements

A thin platinum blade suspended from a surface temsicineter
was used o measure interfacial tension of hevadecane-water
mterface. The eficet of hevanol on interfacial tension was stud-
ied by adding it te hexadecane, whereas the effect of potassium
oleate was investigated by dissolving it in water. The buovancy
corection for the blade was determined experimentally by
weasuring the interfacial tension of known oil-water systems
(Davies-Rideal, 1963). The cffcct of hevanol and potassium
oleate on the interfacial tension was determined also by mea-
suiing the average drop-volume of water in hevadecane using
a microsvringe with an 18 gange blunt tip needle.

For clectrical, birefringence, and NMR measurements, mi-
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Fig. 1. The effect of hcxonol on interfacial tension of hexo-

decane/water interfoce.
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crocmnlaor s were pestuced Byomiving the components in the
following proportions for 1 aul of hevadecane, 0.4 ml of hex-
anol, and 02 g ol ot oloate were added W was
added an small aeaents o this inetore, which was then haken
vigoonsly Two pelngane: plaie shoets were ananged pers
peodiculaly to coe anether tedotect bivelringenee. Tao glass
sealed copper wores (016 am thick) were used as electrdes.
AL em dength at the end of cach wire was c'\pﬂ\m' ontside
e vl tabe, o the copper wites were sepoated hy 08
c Pl o tangate o electiodes were tomad eats fae tony
hecause ol then peor wetting by an! Thee electineal resistance of
the e was e aaned 'v_\' ||ip|vim: the electondes, connected
to an A conductivity budge (Bedhman model RC1682),
mto the wicrocumukions. Nuclear magnetic resonance spectra
were oblained after the gradual addition of water to the micro-
emuluon in the \.unlrl" tube of the NNR spectiometer (Varian
HA-220 megacvele ) Tetmanethybilane was osed as an internal
standard Al chemicals were of high purity (> 99%), and the
water was double-Jistilled.

RESULTS

The mtefacial tenvien of hexadecane/water interface
decreased in the presence of hexanol in hexadecane (Fig-
ure 1). The most anking eduction in inteifacial tension
occurted on the addition of the initial amounts of hexanol.
At high hexanol concentration the interfacial tension
reached o linnting value of 14 dynes/em. Figure 2 shows
the intefacial tension of the hesadecane/water interface
in the presence of potassiom oleate. Here, ako, the mast
striking reduction accurred on the addition of the mitial
amonnts of potassiim oleate. The mterfacial tension re-
mained constant at 3 dvnes/em with increasing amounts
of potassium oleate in water. :\m-mph' to measwe inter-
facial tension of the hesadecane/water interface in the
presence of hexanol and potassinm oleate in hevadecane
and water, respectively, were unsuceessful since a thick
viscons laver developed at the interface.

Table 1 shows the effect of hexanol and pnt:wmun oleate
on the average dop-volume of water in hexadecane.

Potassium oleate, even at low concentrations, is more ef-
1 1 1
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{ective an decieasing the average drop-volume than hex-
anol. However, the presence of both hevanol and potas
sinn oleate i hexadecane and water, respectively, de-
creases e 1|m|\ volume to less than 10 * ml. At concen-
trations of hexanol higher than 0.075 ml per il of hexa
decane, the aqueons phase didd not form a dhop. Instead,
i flawed continnously downwand fiom the needle as a
streak. B evident from Table 1 that the average diop
volume decreases by a factor of 10" in the presence of
hexanol and potassinm oleate in hexadecane and water,
respectively, that is, from 2.8 X 1072 ml to less than 10-*
nl drop-volume.

Figure 3 shows the optical and birefringence character-
istics, as well as the measured electrical resistances, as a
function of the water/hexadecane ratio. Figure 4 shows
the chemical shifts and band width at half-height of the
major peaks in the NMR spectra of the microemulsions.
A< the amount of water increases, the microemulsion
passes throngh a elear to turbid to clear transition. In con-
trast to the two clear regions, the turhid region exhibits

TanLe 1 ErFect oF Hexanor axp Potassivst OLFATE
oN THF AVERAGE VOLUME OF WATER Dnors
1N HEXADECANE

(Necdle: 18 gauge)

Average

Inteefacial Composition
Drop-Volume

Hesadecane (Oil)  Water

No additive 28 ~ 102wl
No additive

No additive

No additive

No additive
Potassimn oleate
0.02 gim/ml of water
0.06 gm/ml of water
0.1 gu/ml of water
Potassium oleate
0.06 gm/ml of water 1~ 10 vl

006 g/l of water Giv v 10 ¢l
0.06 gm/ml of water~ Valume < 10 ®.m]

No additive
Hevanol

02 ml/ml of 1l
0.4 ml/ml of ml
06 ml/ml of ol
No additave

No adhdiive

No akditive

No adiditive
Hevanaol

0023 b/l of ol
0.05 ml/ml of il
0.075 ml/wl ot ol

GO~ 10 3
3.0 v 103w
S50 % 10 3wl

8 X 10 4l

S v 10 Yl
41 x 10 4wl

RESISTANCE vs. WATER CONTENT FOR MICROEMULSIONS
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Fig. 3. Varigtion in electrical resistonce, optical clority, and
birefringence of microemulsions os the woter to hexadecone ratio
increases. The microemulsion contoins 0.20 g of potassium oleate/ml
of hexadecane, the ratio of hexanol to hexadecone is 0.4 (by volume).
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NMR DATA vs. WATER CONTENT FOR MICROEMULSIONS
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Fig. 4. Variation in the band width ot half height and chemical
shift of water and hexonol (—OH), mcthylene (—CH.—), and
methyl (—CH;) protons in high resolution NMR (220-megacycle)
spectra of the scme mecroemulsions as thot n Figure 3, os the
water content increases. The upper part of the diogram shows
corresponding dote on optical clanity ond birelringence.

birefringence. After clarity returns for the second tiune, the
dispersion besomes oparque, milky, and nonbirefringent
upon further addition of water. The vanation of the clec-
trical resistaince as a function of water content fllows a
very unusual pattern (Figure 3). For ratios of water to
oil from 0.2 to 06, there is no sign‘ficant chaiae in the
resistance. Howver, in the birefiingent reaion tle electri-
cal resistance falls <harply at watesZoil ratins ¢lose to 0.7
and LO: subseqaently. it increases and then decreases
{Figure 3,. The NMR data also andhicte that in *%e hire.
fringent region distingt changes occir in the chemical
<hifts i in the broadeumg of the resonancs i eaks of
water and Lvdioc.thon protons. 1t iy evident that the
chemical shift of water protos is markedly i cnced in
contrast to that of methylene or methyd protons i gure 4)

Intcrfacial-tension and Average Drop-volume Meosurcments

It is evident from Figares 1 aned 2 that both bexanol and
potassium oleate stnkingly decicase the interfaciai tension
at the hexadecane-water inteitface. Moreaver, Table 1 also
shows that the combination of hexano! and potassium
oleate strikingly decreases the average drop-volume and,
hence, the interfacial tension. For total miscibility of hexa-
decane and water, the interfacial tension has to be zero.
Figure 5 schematically explains the factors influencing the
interfacial tension and, hence, inteifacial stability. The
interfacial tension of hexadecane/water is 53 dvnes/cm
(Figure 1). The presence of potassium oleate at the inter-
face reduces this interfacial tension to about 10 dvnes/cm
(Figure 2). Penetration of potassium oleate film at the
interface by hexanol maolecules results in an expansion of
the film with a spreading pressure = (Figure 5). If the
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sptc:uling pressure = of the pcnc(r;uvd film is greater !!\:m
the interfacial tension yo in the presence of - patassiam
oleate film at the intarface, the resulting wlerfwaal tenvion
ys wiil be less than 0 according to the equation
= Y0 —®

Since ya is 10 dynes/cm (Figuie 2), auv value of spread-
|||g pl(‘&.\'lltﬂ 2 I CNCOSS u‘ 10 GI_\"IM‘\/l‘lII ON A l|‘\ll|t (l'
penctration by hesanol molecnles would cause a net nega-
tive ‘interfacial tension and, hence, interfacial instability.
The hesanol molecules in the interfacial film are in equi-
libriurth with the hexanol molecules in the oil (sinee they
have very poor solubility in water). The number of hexa-
nol molecules in the interface can be altered by changing
the amount of hexanol in the hexadecane phase. There-
fore, for a givcn concentration of soap, a minimun amou- {
of hexanol is needed to convert a macioemulsion imto a
microcmulsion (Bowcott-Schulman, 1953). It is generally
biclicved that the interfacial instability develops as a result
of penetration of potassium olcate flm at the inteiface by
hexanol molecules. The resulting negative interfacial ten-
sion breaks down the inteiface until the curvature of the
microemulsion droplet attains equilibrum with its sur-
roundings. Another systemn, which cinulsifies because of
the negative interfacial tension, is that of solutions of
long chain salts in contact with solutions of cetyl akohol
or cholesterol in oil (Schulman-Cockbain, 1953; Matalon,
1950; Davis-Haydon, 1957). With sodium decyl sulfate in
waler against cetyl alcohol in toluene, the emulsion can
form sp\m\taneously with concentration limits which are
«uite sharp for both long chain ions and alcohol. These
concentration limits agree with those at which the inter-
facial tension is expected to become negative (Davis-
Havdon, 1957). The evidence for the concept that micro-
cmulsions are true dispersions of one lignid into another,
and not the cosolubilization of components, comes from
the clectrical measurements as discussed below.

The Structure and Mechonism of
Phase Inversion of Micrcemulsions

As shown in Figure 3 the dispersions up to a water to
oil ratio of 0.7 are optically clear and icotropic. These dis-
persions can be either microcmulsions or simple mixtures
resulting from cosolubilization of components. The con-
stancy of electrical resistance (10% ohms) of dispersions
between the ratios 0.1 to 0.7 of water to hexadecane sup-
ports the conclusion that this region cousists of discrete
droplets of water dispersed in a continuous uil phase. If
this weie the region of cosolubilization then electrical
resistance would have decrcased contintiously with in-
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Fig. 5. A schemotic prescntation of the spontancous development

of negative interfocial tension as o result of penetration of

interfaciol film of potossium olcote by hexonol ot the hexe-
decone/water interfoce.

AIChE Journal (Vol. 18, No. 6)

creasing amounts of water. The variation in electrical re-
sistance can be explained as follows, The resistance drops
from 1 o 107 ohon as the 1atio of water to heaadecaune
approaches 0 1; this cHect is presumably due to the molec-
ular solubilization of water in the hexadecane-hexanol-
potassinm oleate mixtwe. This interpretation is supported
by the observation that the hydroxylic protons of hexanol
show an np field shift from 1073 to 1063 cycles/see with
the antal addition of water (Figue 45, The occurrence
of a smgle peak tor hvdrogylic and water protous suggests
that there is a rapid rate of exchange between q!?\esc
protons. The constuncy of aesistance between the ratios
0.1 to 0.63 suggests that further addition of water results
in the formation of microemulsions consisting of water
spheres in the continuous vil medium, in which the inter-
face betwoeen the oil and water is the main barrier control-
ling ion transport between the electrodes. Tt is expected
that micioemulsions having such water spheres would be
optically isotropic.

With further addition of water. the isotropic clear re-
gion changes to a turbid and birefringent one, which suh-
seqquently becomes clear and isotrogic. In the birefringent
region the electrical resistance falls sharply at the ratios
close to 0.7 and 1.0 and subsequently increases and then
decreases (Figere 3). The NMR data also indicate that, in
the birefringent region, distinct changes occur in the
chiemical shifts and in the broadening of the resonance
prks of water and hydracarbon protans. \We propose
that the sharp drop in resistance and the development of
bircfringence are due to a transition in the structure of
water from water spheres to water evlinders to water
luncllae in the svstem. The NMR data, which indicate
that water exists in two distinct moelecuiar environments in
the birefringent region, support this mechanism. In the
first environment in the birefringent region, the chemical
shift of water protons moves upfickt by 25 cveles/sec, and
in the sccond environment by 50 cveles/sec as compared
to that of water spheres (Figure 4). However, the-band
width at half-height of water protons is considerably
greater in the fist as compared with the second environ.
ment. The band width is related to moleenlar mobility or
wotion In genenal, the greater the band width, the smaller
the molecular mobility. The measurements of the band
width at h.Mf-heicht snggest that water molecules are lecs
malile in the first enviionment than in the secand. In con-
trast to water peetons, the band widith of methyl protons
suggests that hvdiocabon chains are less mobile in the
sccondd envitonment than in the fiist. These are the ex-
peuted characteristics if the first envirinment consists of
water evlinders dispersed in a continuons oil medium, and
the second envizonment consists of water and il lamellae
Water molecules would be less molaie in the cylinders
because of the restriction immnosed by the evlinder diame-
ter than in the lameltae. Moreover, the formation of these
structures waould alva decroase electrical esistance since
the ions cou’! migrate within water cvlinders or lameliae
without passirg through the oii/water interface. The for-
mation of these structures can alsa account for the devel-
opment of birefrinzence. The iatios of water tn ail charac-
terizing the two distinct moleculir enviromnents on the
basis of NMR data are slightly higher than thase showing
one abrupt decrease in electrical resistunce. This effect
is presumably due to the high spinnina rate (6,500 rev./
min) of the NMR sample tublie which may provide enengh
mechanical ensrgy to shift the transition of water spheres
to water cvlinders to a higher ratio of water to oil. The
most interesting finding is the observation that the chemi-
cal-shift of water. when it is distributed as spheres, is dif-
ferent from that of water distributed as cylinders or lamel-
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Fig. 6. A schematic presentotion of the mechanism of phase-

inversion of m:croemulsions based on electrical, optica!, and NMR

measurements. From left to right, water spheres in the continuous

oil, water cylinders in the oil, lomellar structure of the surfactants

ond water where the oil is solubilized within the surfactont bileyer,

ond the water continoous microemulsions, where ‘the oil droplets are
stabilized by the surfoctont film.

lae, indic:\ting a distinct molecular environment of water
in each of these structures. This i of considerable interest
in relation to water in membranes and other biological
systems.

The existence of such water cvlinders of diameter 10 to
35 A and lamellae § to 30 A thick has been established
i various lipid water svstems  (Luzzati-Husson, 1962:
Mandell et al.. 1967; Ekwall et al, 1968). Zlocchower
and Schulman (1967) have shown that tight packing of
hydrocarbon chains in the lamellar stiucture causes ex-
treme broadening of the methylene peak in the NMR
pcctra.

From electrical and birefringcnce data we suggest that
the two clear isotropic regions represent a water-in-oil
and an oil-in-water type of microemulsion, respectively. It
is expected that, as’ the amount of water increases, the
Lamellar structure will break down and the water will form
a continnous phase containing micro-droplets of oil sta-
hilized by potassium oleate and hexanol. The increase in
clectrical resistance above the ratio of water to hexadecane
of 1.0 is due mainly to the disruption of the lamellar
structures, and the subsequent decrease above a ratio of
1.3 can be attributed to the formation of a continuous
water phase (clear isotropic region). Therefore, the transi-
tion from water spheres to water cylinders to water lamel-
ke to a continuons water phase represents the mechanism
of phase-inversion in microemulsions (Figure 6). How-
ever, it should he emphasized that the formation of such
strctures depends upon the concentration of emulsifiers,
which, in tu, determines the area available for surface
active molecules at the oil/water interface (Shah). Phase
inversion may result in a macro- or micro-system, and the
hirefringent region may be transparent or turbid, with
the degree of turbidity dependent upon the chemical con-
stitution of the system. It should he mentioned that the
viscosity of the microemulsions changes abruptly when
waler cvlinders and lamellae are formed. and that the
hirefringent region is viscoclastic (Faleo ot al). The for-
mation of such <'ructures by sunply changing the ratio of
water to hexadecane ako accounts for the formation of
the thick, very viscous region at the interface of hexa-
decanc-water containing  hexanol and potassium oleate
during interfacial tension measurcments. Here, the diffu-
sion of water into hexadecane phase and vice versa would
cause a gradicnt in the water to oil ratio across the inter-
face and. hence, lead to the formation of cylinders and
lamellue at the interface. ’

1t should be mentioned that the soaps of fatty acids and
long chain alcohols are known to form complexes in the
molecular ratios of 1:2 and 1:3 (Shah, 1969, 1970, 1971)
which stn’kingly alters the packing of molecules both at
the air-water and oil-water interfaces. This, in turn, influ-
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ences the characteristics of mixed monolayers, foams,
micto- and  mactoemulsions. The transition from lipid
spheres to lipid cylinders to lipid lamellae is known for
soaps (McBain-Lee, 1943). However, in this report we
describe such transitions for water. The chemical shift of
water, when it forms the continuous phase, is the same as
that of water when it is dispersed in spherical form (Fig-
ure 4). This result implics that the molecular environment
of water in spherical droplets in a microemulsion s the
same as that of normal water, and that the polar groups of
surface active molecules do not significantly alter the mo.
lecular environment. Since Cratin and Robertson (1985)
and Frank and Zograf ( 1968) have reported that the
chemical shift of solubilized water is different from that
of emulsified water, it is likely that water in microemul.
sion', represents only one type of water. Using NMR and
infrared spectroscopic measurements. Gillbert et al, (1970)
have investigated the conditions determining the stability
of microemulsions. We have considered other possible
phases of lipid-water systems, but the propesed structures
are the only ones that are supported by electrical, bire.
fringence, and NMR data. In summary, the present paper
reports the mechanism of formation of microemulsions ag
a result of interfacial instability and the mechanism of
phase-inversion of microemulsions hy changing water/oil
ratio.
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