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Detailed viscometric nvestgations on inicrocmulsions composed of different kinds of il {aliphatic, aromatic, ali-
cyclic and vegetable) and amphiphils (cationte, anionie and nontanict are presented in relation (o their flow behav-
iours (Newtonian and non-Mewienian), pereolation, steuctuee and dynamics, The role of salt and polymer on the
viseous hehaviour has alse been examined. The usefulness of the quantiiative rationale such as the Walden rule and
the differcet viscosity - concentiation squations has been discussed.
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Introduction

The concept of microemulsion was introduced by
Hoar and Schulman' during 1943, Since then there
has been a prolific growth of literature on this mi-
croheterogensous systam2'15. They are thermody-
namically stable, optically isotropic dispersions (of
water-in-oil or oil-in-water) vsually stabilized by
an interfacial film of amphiphiles (surfactant and
cosurfactant molecules)™™. The size of the dis-
persed droplets is wsually ~10-100nm. Dhspersions
with particle size > 100 nm, are energetically un-
stable and separate into the rwo component phases,
oil and water. They are called macroemulsions and
are not transparent but milky in appearance.

The stability of a microemulsion is a conse-
quence of the oltralow interfacial tension between
the oil and the water phases. Co-surfactant and sur-
factant contribute in combination to the low ten-
sion; the co-sprizctant molecules intercalate be-
tween the surfactant molecules at the ail-water in-
terface, thus favouring the curvature of the drop-
let.>® The molecular structure of the surfactant
and co-surfactant, as well as their concentrations
determine the microstructure; the structure of the
oil, which can penetrate the interface, also contrib-
utes to this property’ . A schematic representation
of different thermodynamically stable single phase
as well as multiphase regions for a system of water,

E-Mail : bidyut @isical .ac.in & spmcssju@vsni.com

surfactant and oil, is presented in a toanguiar dia-
gram (Fig. 1). These multiphase systems with the

following distinct (eaturss were {irst experimen-

tally demonstrated by Winsor™ :

{1} Two phases. the lower microemulsion phase in
equilibrium with the upper excess oil phase
{(Winsor iype 1).

Two phases, the upper microemulsion phase in
equihbrium with the lower ecxcess walter phase
(Winsar type .

Three phases, middle microermulsion phase in
equilibrium with upper cxcess oil and lower
excess water phases (Winsor type D).

Single phase, oil, water and surfactant are ho-
mogeneously mixed, and one dispersed in the
other (Winsor type TV).

Other typical phases may also appear in the non-
specified regions of Fig. 1 for some multicompo-
nent phase-forming systems. In cenain conditions,
even four phases solution with two microemulsion
phases in conjunction with oil and water may
arise’” ', Depending on the natre of the Comnpo-
nents and environmental conditions, isotropic
lamellar, ]i?ilid crystalline and viscous phases may
also result™. Composition dependent internal
structures (microstructures) of microemulsion sys-
tems are also illustrated in Fig. 1. In the water-rich
corner, a single phase region of normal micelles (at
low oil content; Ly} or cil-in-water {ofw} microe-
mulsions is formed. In the oilrich domain reversed

(2)

(3)

(4)
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micelles (L) or water-in-cil {w/o) microemnulsions
is preferred. In reversed systems, the number of
water molecules per surfactant molecule s often
cxpressed as @ = (water)/(surfactant). Some
authors prefer to talk about hvdrated reversed m-
celles when @ < 10 and w/o microemulsions when
&> 107, others put the limit at @ = 157" At aboul
cqual mass fractions of all components in Fig. 1, a
microemulsion with a bicontinuows structure may
form, usually called a Winsor 1V system. This type
of a bicontinuous microemuvlsion is also found in
the surfactant-rich microemulsion Clphas.f: ie., the
middle phase in Winsor L1I system™".

Some modern experimental techniques have
been proven to be very useful in the characterisa-
tion {i.e., elucidation of the internal structure) of
microemulsions. Small angle X-ray scattering
{5AXS), small sngle newtron scattering (SANS),
dynamic (or laser} light scattening (DLS), transmis-
sion electron microscopy (TEM). nuclear magnetic
resonance (NMR), time-resolved tluorescence
gquenching (TRFQ) methods are in growing use in
the last two decades. Other methods viz., conduc-
tance, viscosity, ultrascmic interferometry, ultra-
sonic absorption. dielectric permitivity, thermal
conductivity, transient elecirical birefringence. in-
frated spectroscopy. calonimetry, ete. are also in
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frequent use for elucidation of the internal physico-
chemical states of microemulsions. Of these tech-
nigues, viscosity finds a special status in literature.

The viscosity of a solution cap give first hand in-
formation on its internal consistency; in case of
mucromolecular solutions and colloidal disper-
sions, an understanding of the overall geometry of
the dispersed entities can as well be obtained. In
the ficld of application, fluidity of a medium plays
a major role; for localized application, high con-
sistency (low fluidity} is wanted, whereas for solu-
hilization, spreading and reaction study it is ad-
vintageous to have high Quidity. The knowledge of
viscosity of colloidal dispersions (such as reverse
micelles and nmucroemulsions) thus have both fun-
damenial and application importance. The resalts
of our laboratory and from others have shown vari-
able features, both rise and fall as well as maxi-
mum in viscosity have been witnessed with varia-
tion of dispersion concentration. These features, of
course, depend on sgfstem composition and envi-
ronmental conditions™

In view of the above as well as the potential ap-
plications of microemulsions such as petroleum
recovery 1o nancparticle synthesis (of magmetic
inaterials, superconductors ete. ) =1, liquid mem-
t'ii'am:_.'u"j'5 reaction medium'™! 1, ete., an overview of
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Fig. 1 Schematic ternary phase diagram of water-oil-sorfactant mixtures representing Winsor clas-
sifications and probable internal structures. Ly, a single phase region of normal micelles or
vil-in-waler {i'w) microemuisions; Ly, reverse micelles or water-in-oil (w/o) microemul-
sions; D, amsotropic lamellar liquid crystalline phase. The microsmulsion is marked by e,

the oil by O and water by W',
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the studies of the viscous behaviours of microe-
mulsions  (versatile compartmentalized liguids)
with reference to internal structure, data correla-
tion, flow pattern, additive influence, erc. is
wanted. Generalised reviews on microemulsions
dealing with their different aspects can be found in
literature ™% In this article, we are concerned
about the flow behaviours of microemulsions
which are seldom treated in a comprehensive man-
ner. A concise attempt on this has been made in
what follows.

Viscosity in Relation to Microemulsion
Structure

In the past, & detailed investigation on binary
{AOT/xylene) and ternary (watet/AOT/xylene)
systems using viscosity and other physical methods
was reported by Ekwall ef al.™ The size and shape
of micelles of reversed type were found to depend
on the amount of solubilized water as evidenced
trom the measurements of intrinsic viscosity,
Gradzielski and Hoffmann™ studied the structure
and properties of charged ofw microemulsions
made up from & 2zwilterionic surfactant and
hydrocarbon. The systems were characterized by
the methods of light scattering. SANS, interfacial
tension, conductivity and viscosity. The viscosily
of microemulsions were measurcd as a function of
concentration as against Lhe volume fraction of the
‘dry’ microemulsion apgregates, and the resulls
found comoboration from the light scattering
technigue. The microemulsions were shown o be
composed of spherical agrregates comsisting of
anisotropic particles which was found to be in good
agreement with the theoretical predictions made on
dispersions of spherical particles™. They reported
the values of the relative viscosity. 1y of cationic
and anionic systems, and explained it on the basis
of higher effective volume fraction for anionic
system which possesses a significantly larger
gffective hydration shell. The scattering properties
of the unionic microemulsions were, therefore,
different from that of cationic microemulsions. It
was observed that for the AOT/decane
microemulsion system, addition of NaCl decreased
the relative wviscosity of the solution inducing a
spherical geometrical form to the dispersion®. The
aggregation and shape of AOT reverse micelles in
n-hydrocarbons,  benzene,  toluene, carbon
tetrachioride, dibromoethylene, tert-amyl alcohol
and methanol were studied by ultracentrifugation,
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light - scatiering and volumetric technigues®'. The
micelle formation was absent in methanol. The
smallest micelle was obtained in tert - amyl alcohol
{micellar wt. 2500). The AOT micelle essentially
appeared (o0 be monodisperse and  slightly
assymetric in shape. Garcia-Rio er al.¥ reported the
decrease in microemulsion viscosity and water
solubilization capacity by the additton of salts.
HCI, NaOH and puamidium chloride. This was
atributed (0 the association of cations ar the
oilfwater interface. This association increased the
natural negative curvature of the surfactant and
hindered the exchange of materials between
droplets by way of increasing the interfacial
rigidity and decreasing mutual droplet interaction
energy. They further reported that the additives like
urea, thiourea, formamide and ethylene glycol
mereased the viscosity of the microemulsion, but
deereased the water solubilization capacity, Tt was
suggested that the effect was related to the
interfacial association of the additives with the
ADT head groups; the binding of the additives at
the interfacial layer reduced the droplet surface
curvature and promoted attractive  interdroplet
auraction. In addition to several technigues,
viscosmetry was nsed in support of complexation
between sulfonated polystyrene monomers  and
AOT molecules in m-xylene®. Tt was reported that
the ultimate composition of the complexcs
depended on the nature of the ionogenic groups and
initial aggregation state of the AOT molecules.

The  viscosity of  waler/SDS/pentancl/
cyvclohexane microemulsion system in presence of
NaCl has been reported by Rakshit et al.™" The
increase in viscosity with the addition of water has
been ascribed to the increasing diameter of water-
filied conduits in the bhicontinuous structure. The
peak point in the viscosity - (water)} profile denotes
transition point of w/o system (o ofw type. They
have also reported that the viscosity of water/Brij
35/heptane or nonane microemulsion  systems
increases with increasing salinity. Heptane-derived
micreemulsion has witnessed larger increase in
ViSCOsity compared to nonzne-derived
microemulsion at all compositions, indicating that
the hydrophobicity of the system controls the
functioning of NaCl. Similar effect has been
observed in the cloud point studies; same
concentration of MNaCl lowers the cloud point of
nonane-based microemulsion to a much lesser
extent than heptane system. The existence of
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antagonistic effect of salinity and alkane chain
length of the hydrocarbons has been envisaged.
Similar conclusions were earlier arrived at by Shah
et al* The viscosity of mixed alkane
(heptane+nonane)  microemulsions  has  been
reported by Ajith er al.”’ They have indicated that
the systems retained their bicontinuous stracture as
in pure alkane systems. Recently, Joshi et al.** have
reported that the viscosity of the PEG 400
containing microemulsion system (water/CTAB/1-
propanol/cyclohexane) is higher than those without
PEG and compuled the activation enthalpy of the
viscous flow using Frenkel-Erying equation.
Further reports on  miercemulsions exhibiting
Newtonian viscosity behaviours and normal trends
with the composition of components are due to
Rukshit er al*™ Lalanne er al™ have reported
three transport properties (viz., viscosity, mass
diffusion and heat transfer) of the temary system of
AOT/water/CCly in the range of low volume
fractions. A slow increase in viscosity with the
volume fraction of the dispersed phase with an
extrapolated slope near Einstein's value of 2.5 has
been obtained implying an assembly of quite rigid
spherical micelles with weak interaction. This has
been largely confirmed by the results of Rayleigh
scattering measurements. Viscosity measurements
have also revealed altered water structure when it is
dispersed in  tolueme, chlorobenzene and
cyclohexane continmm in the form of wio
microemulsion’”. Bennett e of.” have observed
two peaks in viscosity with increasing salimity
implying the existence of at least thres
microstructural regions; one before, atier and in
between the two peaks. The maxima are indicative
of the ftrapsition from mono-to bicontinuous
structure, If the microestructure is ordered, as in
liquid crystals or relatively difficult to break as in
gel, the wviscosity 1s expected to increase with
increasing bicontinuity. The structural consistency
in microernulsions has also been observed by
others™* from viscosity measurements. The
regular solution behaviour has been observed for
some systems, and some have shown specific
behaviour. A gradual increase of viscosity,
conductivity and surface tension in the range of 0-
20% {wiw) water content in water/TX100/n-
alkanol/CCl, microemulsion has been explained by
Santhanalakshmi and Parameshwari’ in terms of
droplet dispersion. The clustering of water droplets
{(with TX1) has been envisaged by the mixed
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monomolecular layer of surfactant - cosurfactant
couple. L

The differemt structures in the isotropic oil-
surfactant-rich  phase composed of aromatic
oils/monionit  surfactants/water  have  been
elucidated by Lundsten ef l.™ from conductivity,
viscosity and light scattering measurements at
20872 K. The oils and surfactants used were
benzene and 1.3.5-trimnethylbenzene (mesitylene}
and commercial nonyl phenyl polyoxyethylene
type. CPh (EO),OH (viz., Berol 02, Berol 268 and
Berol 223) respectively. At low surfactant contents,
agprepates solubilizing water were not formed in
mixture of oils and nonionic swrfactants, which
have indicated that the water is sparingly soluble,
On the other hand, at intermediate mass fractions
of oil and surfactant, closed aggregates solubilizing
water were formed at mass fractions of water
around 0.1. At high surfactant contents, open
structures were formed and the solubility depended
on the surfactant used. In the mixture of benzene
and Berol 02 {(CWPh (EQ))- indications of
percolating  structures were found. As nonionic
swrfactants were mixed with the anionic surfactant,
AODT, closed apgrepates solubilizing water were
also formed at low suarfactant contents, and the
open structures were still present at high surfactant
conlents. All these interpretaticas were supported
by viscosity, canductw:t‘y and light - scattering
measurements. Lundsten™ further extended this
investigation for 1.3,5-trimethylhenzene
{mesitylene)water/Berol 227 system wsing  the
same technigques with an objective to test this
pseudo threg component system as cocktails for
lignid scintillation counting. The structure and
nature of microemulsions were elucidated from
viscosity and conductivity as was done io previous
work™,  Phase  equilibrium  at  different
temperatures of the systems, hexanoic acid -
hexylamine - water, heptanoic acid - heptylamine -
water, octanoic acid - octylamine - water have been
studied by Backlund et al ¥ and the structure in
the solution phase has also been elucidated using
macroscopic  properties  viz., density, electrical
conductivity and viscosity. The self-diffusion
coefficients were also measured to distinguish
whether a component is entirely or partly confined
into closed aggregates.

Bagger - Jorgensen ef al.” have investigated the

impact on structure and rheology of pentaethylene
glycol dedecy! ether (CiEs¥water/decane system
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by the addition of small amounts of a hydrophobi-
cally modified poly- (sodium acrylate) (HMPA).
The addmion has induced a structural change in the
microemulsion probed by using SANS and NMR
self-diffusion measurements. Viscoelastic gels are
formed in the droplet microemulsion - HMPA
mixtures above a certain polyelectrolyte concen-
tration. They have also reported that a viscous mi-
croemulsion can be transformed to a viscoelastic
gel upon increasing the temperature. A dramatic
change in surfactant agpregate structure is respon-
sible for this spectacular effect. They have further
reported® (he effects of the addition of two paly-
mers, poly {(ethylene oxide} PEO and hydrophobi-
cally end-capped PEC (HM - PEO) on the phase
behaviour, microstructure and rheology in the wa-
ter part of the ternary systems as reported earlier.
The polymers destabilize both the micellar and
lamellar phases. The micellar phase containing HM
- PEO has been investigated by NMR relaxation
and sell-diffusion measurements, SANS, shear vis-
cosity and oscillatory frequency sweep measure-
ments. Addition of HM-PEQ (£ 2 wit'%) led to a
drastic decrease of the micellar self diffesion and to
an increase in the low shear viscosity by several
orders of magnitude. This has provided informa-
tions on the metwork structure formation in the
system. Vallicote et al.™ have investigated the
phase and rheological behaviours of the dodecyl
tetracthylene glycol (CzEs/benzyl alcoholfwater
microcmulsion system at low surfactant and alco-
hol concentrations. With an increase in the alcohol
concentration, the sequence of the phases is Ly, Ly
e Faflg ne Lo and LyL {all bilayer structures). At
low alcohol and surfactant concentrations, the
anomalous lamellar phase L' 1s also formed. Upen
comparing the phase sequence of C:Ey temary
system with that of medium chain alkanols, they
have concluded that benzyl alcohol stabilizes the
lamellar phase. Rheologicul measurements were
carried out at 25° + 0.1°C by a Cami - Med L5
100 controlled stress rheometer using a cone-plate
configuration. The viscoclastic propertics of the
system were studied with oscillatory expeniments.
In all lamellar phase samples. the storage moduli
(G"} were greater than the loss moduli (G'). The
loss moedulas became smaller with the alcohol con-
centration and it was neglected in the L; phase. The
samples with a more elastic response corresponded
to L., which was built up from vesicles. From all
these results they have established a pood correla-
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tion between the proposed structures and the flow
curves. The samples of L, subrepion originated
from vesicles (probably spherical) were closely
packed with increasing shear rate. The samples of
the L, subregion behaved as plastic fluid and rep-
resented the typical lamellar phase. At the interme-
diate region, both stroctures coexist and Ly
changed (0 Loy under shear,

Eastoe et al.* investigated the effects of cation
charge and size om the mucroscopic and macro-
scopic properties of systems containing various
metal salts of the amphiphilic anion bis (2-
ethylheayl) sulfosuccinate (AOT). The counterions
used were Na®, K, Ry*, Cs”, Mg™*, Ca™, Co™,
Ni™*, Cu™, Zn™, and Cd™'. At (AOT) = 0.75 mol
dm™ and o ({watery (AOT)) values <5.0, the E¥s-
tems are all far from phase boundaries so that in-
lerageregate interactions get minimized. Under
these conditions, both viscosity and SANS meas-
urements indicated that for a hydrated metal coun-
terion radius r, < 3.0 A", cylinder-shaped aggre-
gates are favoured. These results have demon-
strated the importance of the size of the hydrated
counterton of ionie surfactants [or the aggregale
structure in wio systems. The results obtained from
the variation of n, with ¢ {concentration) for w =
50 of M™ (AOT"), aggregates in cyclohexane are
clussified into two distinct categories; (1) surfac-
tants which form low viscous solutions with Na',
K*, Rb", Cs” and Ca™ as counterions. and (i} high
viscous solutions with Mg™', Co®™, Ni*', Cu*" and
7Zn™. The intrinsic viscosity values obtained for
surfactants of type (i) are all remarkably close to
2.5, sugpesting the presence of spherical aggre-
gates, For the more viscous solutions (if), values of
(17} range {tom 10.0 o 21.0, charactenistic of non-
spherical structures. Systems consisting of rigid
rod-shaped particles have heesn evidenced from
SANS data. They have analvsed the intnnsic vis-
cosity in terms of the equation of Simha®,

()=2 5401.4075(1-1)" 7% 4 )

ta provide an estimate of the axial ratio J (ratio of
the revolution of the major to the minor axis) of the

“aggregate. The values of f. for the Co™, Ni,

Cu™ and Zn™ surfactants lic nearly between 8.0
and 110, suggesting 4 large distortion from the
spherical shape found in the Na™, K¥, Rb", 5" and
Ca™ systems where 7 - 1.0.

In literature, reports on the struclure and proper-
lies of cationic swrfactant derived microemulsions
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are scarce. Partial phase diagram, conductivity and
viscosity behaviours of cationic microemulsions
formed from didodecyldimethyl ammonium bro-
mide {DDAB) in different hydrocarbons, viz., hex-
ane, octane, decane, dodecane and tetradecane with
water have been reported by Chen er al® In the
single phase region, the microemulsions weakly
conduct at low water content and exhibit increased
conductivily with increasing waler concentration.
A parallel viscosity hehaviour has also been ob-
served. The monophasic system becomes a rigid
zel at very high water content. A high and system-
atic extent of oil specificity has been observed.
Abillon et af*® have reported structural study of
microemulsions formed with cationic surfactants,
didadecyl ammonium bromide (DIDAR) and cetyl-
trimethyl ammonium bromide (CTAB) and com-
pared the resulis with their carlier investigations
using aniontc surfactants {sodium dodecyl sulphate,
SDS and sodiom hexadecyl benzene sulphonate,
SHBS) derived microemulsions. They have ex-
plomed the systems by way of composition analysis,
structural analysis from viscometric measarements
and guanitative siructural charactetizaton from
SAXE measurements. It has been shown that the
viscosity behaviours of the microemulsions can be
correlated with their structure in terms of Krieger
formula®, where a pucking volume fraction has
been taken into consideration. Inference on hicon-
tinucns microemulsion strueture can be achieved
by this approach.

Structural studies of the didodecyldimethyl am-
monium bromide (DDAB) L.-phase at high (sur-
factant-water) volame fraction ¢ = 0.20, using dif-
ferent techniques (viz., SAXS, electrical conduc-
tivily, viscosity etc.) have been repnned“ . Re-
cently, Eastoe ef al.™ have expanded their prelimmi-
nary SANS study” of DDAB/water/cyclohexane
system by using viscornetry and SANS. In dilute
Lr-phase (0.008<¢<0.16), the structure of this sys-
tem depends criticaily on the water concentration &
(= {(H:X0(DDAB)). For 2.0 <m <80, ¢ylindrical
reverse micelles have been found. The SANS data
were consistent with a constant cylinder of cross-
section radius ca. 15A° and length in the range of
250} - 90A" depending on @. At = 10.0, an abrupl
structural change has been observed and for oo
10.} spherical aggregates are formed. The solubili-
zanon limit has been reached at @ = 12.0, where
spherical wfo microemulsion droplets co-exist with
an excess water phase (Winsor I system). For the
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spherical dropiet, the mean water core radius of ca.
19A" and the overall radius including the DDAB
monolayer of ca. 30A° have been obtained by neu-
tron contrast variation method. According to them,
the cylinder - to - sphere transition observed al w =
10,0 and solubilization phase boundaries at w =
12,0 are in good agreement with the predictions.
Very recently, Shioi et al.” have investigated the
structure and properties of the oil rich microemul-
sion (L; - phase) conlaining anionic polyelectro-
lyte, poly {acrylic acid) (PAA-H, M, = 450,000)
and its sodium salt PAA - Na (M, = 30, 000) and
didodecyldimethyl ammonium bromide, (DDAB)
in cyclohexane wsing SAXS, DLS, electrical con-
ductivity and viscosity measurements. Despite the
strong electrostatic interaction, both polymers are
dissolved in the water of DDAB aggregates with-
out changing the original rodlike structure of
DIXAB microcmulsions. PAA - Na is a strong
electrolyte, but it behaves as an uncharged polymer
in DDAE microemulsions by adsorption of the
IDDIDAB chain. PAA - Na got confined within the
waterpool of DDAB apgrepates because the length
of the PAA - Na in the cylindrical waterpool is
similar to the average length of the DDAB apgre-
gaies. Thas, the characlenstic size obtained from
the viscosity and other measurements were not af-
fected by the presence of PAA - Na. The solubili-
zation of PAA - H in the DDAR microemulsion
has not caused a considerable structural change for
the rodiike structure. The PAA - H chain connects
the rodlike apgrepates composed of DDAB, be-
cause the length of the PAA - H confined within
the cylindrical water poo! is much longer than the
average leogth of the rodlike aggregates. Caboi et
al.” have investigated the whole range of the I -
region of Ca AOT/water/n-decane system hy vis-
cosity, conductivity, dynamic light scattering
(DLSY and NMR  seif«lilfusion measurements.
They have followed different dilution criteria to

-map out the structural transitions and the variations

of the interaction forces in relation to the phase
diagrams. The occurrence of non-sphenical parti-
cles at high volume fraction of he dispersed phase,
93 has been suggested from the analysis of viscos-
ity data. The surfactant sodium bis (2-cthylhexyl)
phosphale (NaDHEP} in benzene and n-heptane
can form crystailites, which with addition of water
transform into reverse micelles™ This behaviour
has been corroborated from viscosity, dynamic
light scattering (DLS) and other measurcments.
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The crystallite formation takes place at w < 3. The
stody has shown that for this surfactant NaDHEP, a
certain amount of water is required for reverse mi-
celle formation otherwise crystallme rods are
formed.

The static microstructures for different kinds of
microemulsion systems consisting of sodium bis
(2-ethylhexyl) sulfosuccinate (AOTWn-
hexanefwater {NaCl) (1) and sodium bis (ethyl-
hexyl) phosphate (SDEHPYn-hexanefwater (NaCl)
{lI) in the concentrated regions of the surfactants
have been gualitatively elucidated through some
typical macroscopic properties viz., viscosity, os-
motic compressibility and electrical conductivity
by Kurumada et of.”". The dependence of the spe-
cific viscosity, 7}, on ¢y (volume fraction of the
aggregales in the microemulsion) for bath microe-
mulsions has kezen shown. The value of ny for
AOT-based systerm has almost agreed with zero
shear specific viscosity for the colloid system’
composcd of silica monodispersed spheres in the
region @gus = 0.6 The same results have been re-
ported by Berg et al.® for the single phase micro-
amulsion composed of AOT, n-decane and waler in
ws = (L2, The results have indicated that the inter-
aclion between the aggregates coated by AOT (re-
garded as the hard-sphere systems) in the @ns < 0.6
condition are consistent with the results of osmotic
compressibility. The 1o for SDEHP - based sys-
tems has roughly agreed with that of the silica pur-
ticle system in very dilute region, where the aggre-
pates geometry is not fur [rom a sphere. As g has
increased, the geometry has transformed to elon-
gated aggrepates, and in the same region, the value
of 7 has deviated to larger values compared to the
silica particle system. A steep increase in Ry has

been observed around the criticud volume fraction,
%5 =009,

[n the SDEHP microemulsion, the scaling laws
on the osmotic compressibilities and on the specific
viscosities have been observed in the repion ges <
0.2 imespective of salinity conditions, which has
implied that a trapsient network structure has
formed in the microemulsion. Subsequently,
Kurumada er al™™ have reported the
mucrostructure of hoth the microemnlsion systems
in the concentrated surfactant region from DLS and
theological recasurements. For the SDEHP
system’™, both type of measurements have
indicated that the network structure forms in the
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region of @z = (.15 - 0.200 and remain conlined
mlo a smaller size scale as ey incresses.
Rheological measurements have indicated that the
relaxation time of elastic stress is shorter for more
concentrated SDEHP-microemulsions, and it is
interpreted in terms of the [ormation of more dense
network structure for more concentrated systerns.
On the other hand, the characteristic time for
recovery of the network structure from a broken
state by a steady shear flow lengthens as dps is
increased. The geometrical shape of the individual
aggregates in the dilute region strongly influences
the dynamical behaviour of the microemulsion in
the concentrated region. In  the rheological
measurements, they have also cxamined™ the
response of the concentrated AOQT microemulsions
to an oscillatory shear flow and a steady shear
flow. Tt has been shown that the retarded dynamical
behaviours can be  accounted for by (he
combination of the formation of the transient
"chusters" in the dense microemulsion dve o
atiractive interaction. This picture is consistent
with that deduced from the DLS measurements.

The stwe of agprepation of metal  salts,
M"(DEHP),. of the organophosphorus acid
extractant  bis {2-ethylhexyl} phosphoric  acid

(HDEHP) has been examined by Steytler et al"
from S5ANS and wviscosity measurements in
cyclohexane. A range of di- and  trivalent
counterions {Ca™*, Co™*, Ni**, Cu**, Mn*', Al’* and
Cr'*) have been used as a function of their
concentration and water content. Therr study has
clearly differentiated betwecn sysicms comprising
rod-shaped reversed micelles (agpregation number
=» 10} from essentially spherical structuras of
limited aggregation number (<5). The length of the
rod-shaped micelles 15 strongly dependent on the
niture of the counter-ion. The shape and size of the
reversed micelles has been reported to be
independent of the sorfactanl concentration in the
range of 0.04 - (.08 g em”. In the absence of
water, the ammonium salt of the metal ion
extractant bis (ethylhexyl) hydrogen phosphate
(NH.DEHP} c¢an form extended rod-shaped
reversed micelles in oil media of length L = 300
A®, giving rise to solutions of high viscosiry™.
With the addition of water, the micelles become
progressively shorter in length until spherical
droplets has formed at @ ~ 4. With turther addition
of water. the droplets have grown in size with the
increase ip the core radius, K. in proportion to the
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water content, . Various viscosity equations have
been applied to these systems and will be discussed
in a subsequent section.

Friberg ef af.™ have reported smooth increase in
viscosily with the increase of glyceral in waterlcss
microemulsion system of glycerol/SDS/hexanolf
decanol. No  anomalous  viscosity  behaviour,
around the converging point of the lines in the
viscosity-concentration profiles has been naticed.

The structure of a ternary system contaiming
perfluoropolyether (PFPE) oil, PEPE surfactants.
and water, near the oil-rich corner, has been
investipated using viscosity, and static and
dynamic light scattering by Sanguineti ef al.™ The
existence of surfactant aggregates has been shown
and the dependence of their size and interaction on
w, molar mass of oi] and ionic strength has been
investigaled., Aggresale size increases with either
water content or oil molecolar weight as found with
hydrugenated microemulsions. Interactions among
droplets become more and more attractive as @ is
decreased or oil molecular weight is increased.

Flow Characteristics of Microemulsions

Microemuisions can have varied flow behaviours,
lamellar (Newtonian) and nonlamellar {non-

MNewtonian). Low viscous microemulsions (usually
Winsor | and [T types) show Newtonian behaviour.
The Winsor Il and the bicontinuous types are
usually non-Newtonian in mslure, and they may
show plasticity. Their rheology is complex in
nature. Papaionnou and Davies have repotied non-
Newtonian  viscosity features of quaternary
microemulsion systems® " . The flow of the ternary
microemulsion (wate/DDAB/dodecane) up to a
high shear rate (~30005 '} has been reported to be
Mewtonian although some indirect evidence in
favour of elasticity has been reported™. The
densities  and  viscosities of HO or
DoO/AOT/heptane  microemulsions  have been
studied by D'Aprano er al.™ ar different @ and
temperature, and the differences in apparent molar
volumes and viscosities have been explained on the
basis of the hydrogen bonding strengths of H,O
and I);0, and the interdroplet interactions govemed
by the solvation of the head groups of AOT. The
effects of droplet clustering on the shear viscosity
of water/AOT/decane microemulsion have been
investigated by Ripple and Berg®. Very recently,
the internal structure of microemulsions prepared
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'[rom vegetable oils, AOT, cinpamic alcohol and

water has been studied by Mitra ef al.”™. The shear
viscosity has been found to decrcase with the rate
of shear (D), levelling off at D=1620} 5, whereas
it has increased for ricebran il and levelled off
also at D=1620 §'. The deformation of the
dispersed droplets under the rate of shear has been
envisaged [or the latter. Using alkanols fhaving
carbon number 5 to 10} as oils and AOQOT as the
amphiphile, Ray and Moulik® have prepared
microemulsions and have claborately studied their
viscosity, conduectance and  themmodynamic
behaviours. A fairly large region of the ternary
phase diagram towards the higher amphiphile level
has been found to be quite viscous and obviously
non-Mewtonian in behaviour. A more or less
monotonic increase in viscosity has been observed
wilh the rate of shear for w/o type (Winsor 1I)
solubions;  for  the bicontinuous (Winsor I}
preparations, the viscosity has increased to reach a
plateau as shown in Fig. 2. The results have been
rationalized in the light of structure break down,
droplet deformation and interdroplet attractive
interaction. The structure and dynamical properties
of an isotropic L;-phase of water/AOT/decane
microemulsion have been  investipated by
Kotlarchyk et al™ the Li-phase {consisting of
randomly lamellar sheets) has heen witnessed 1o
exhibit Newtonian behaviour up to D=790 8. Kar

and Moulik™ have prepared  the quaternary
microemulsion  systems  of  water/polymers
{polyethylene glycol, carboxymethyl celiulose,
gelatin, starch and polyacrylamides WAQT/ heptane
and have observed the prepurations to be non-
MNewtonian with high amphiphile content. Both
shear thinning and thickening behaviours have
been observed; the systems have been found to be
moderately  pseudoplastic.  The  rheological
properties of inverse microlattices (consisting of
sterically solubilized particles of diameter < 130
nm) of polyacrylamide and polymethacrylate have
been studied by Candau et al.”™ The data for high
and low shear limiting viscosities have well fitted
to Kreiger - Dougherty equation . The rheology of
the [L-phase of the temary system of
water/SDS/poly (propylene glycol) has  been
reported by Sierra and Rodenas™. The samples
have shown Newtonian behaviour at shear stress >
20-60 §'. Under this condition the viscosity has
increased with polymer concentration similar (o
H.O/CTAB/PPG system’'. The viscosity of the
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Fig. 2 Dependence of viscosity of microemulsions on the rate of shear ak 303 K. Alka-
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system relative to the polymer solution 4t constant [e1
(5DS) has shown a decreasing trend with
increasing  polymer content, which for the
HO0/CTAB/PPG system has remained constant.

= MAaxXimum

Yiscosity in Relation to Percolation

The phenomencon of percolation in microemulsion
is associaled with droplet clustering and fusion,
i.e., internal structure changes and hence it gets
reflected on viscosity. A pronounced similanty in
the behaviour of self-diffusion, specific
conductivity and viscosity of water/ AQT/isooctane
microemulsions has been reported by Eicke ez al ™
The behaviours of percolating systems are
illostrated in Fig. 3. Formation of a network
slructure in the percolation range (with discreteness
of the droplet character) has been reported to be in
ggmeement with viscous behaviours. The increase in
viscosity with temperature has been attributed to 129100
the phenomenon of increased clustering of the
droplets™. The structural inversion of wio
microemulsion to ofw type has also been studied
from  viscosity measurements along  with
conductivity and electro-optical Kerr effect'™.
With the increase in the oil content, the wio
micreemulsion transforms into the bicontinuous
form at roughly 20% '_IW‘FW} of oil (oil Pm“'“f‘““ Fig. 3A Variation of viscesily () with o at constand ¢ and
threshold), the bicontinuous form wansform into temperature of a percoladng micrpemulsion system
the ofw form. {arbitary scale). ;

The percolation in viscosity follows scaling type  Fig. 3B Variation of viscosily (5) with @ at constant g and at
aquaﬁgns,m"m?’ conRstant temperature {arbitary scale).

minimum

[al

P
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n=A(@- @) for o>+ 5
(D)

and n=B(p.-¢ ", for < ¢ — &

where ¢ is the volume fraction of the dispersed
matter {water and amphiphile), ¢, is the percolation
threshold, A and B are prefactors, and 4 and s' are
scaling exponents. The ¢, + & and @ + &, are the
cross over regimes which also exist in case of pres-
sure induced percolation'®™. The width of the cross
over regime Increases with decreasing . The
crossover regime &; + §) may be obtained under
stimplified condition by stepwise eliminating the
experimental point closest to ¢, until two straight
lines in both regimes are obtained for the curve,

logio 1= flogie| e-@|) - (3)

On the average, the values of 4’ and & are 2.0 and
1.20 respectively which fairly agree with (4 and s
values of 1.94 and 1.20 rcsy_&&:livei}' obtained for
conductance percolation'®'”. But the s values
corresponding to the dynamic percolation is far off
from the static percolation valve of 0.7, In general,
the scaling equations work much better in waterless
microemulsions'”. The percolation of conductivity
is much clearly observed than that of viscosity, as
the conductivity of water »»> conductivity of oil;
SiNCe Nuayr is Not greatly different from 7)., paraliel
manifestation of percolation of wviscosity like
conductance does not occur. The systems predoced
hy the dispersion of polar and viscous nonaquecus
solvents ltke formanmude, low molecular weight
polyethylene plycols etc. have also manifested
percalation'™. According to Ray ef al.'™ clustering
induced viscosity increase occurs for systems,
formamide/ ACT sooctane, ethylene glycol/AOT/
1sgoctane and dimethy! formamide/AQT/ isooctane
at low . In terms of conductance, the phenomenon
of percolation occurs at higher threshold volume
fraction (@'y); it cannot be induced by temperature.
Although the low ¢y in the viscosity profile and
high ¢ in the conductance profile are not
cormoborative, the results have suggested the
possibility of structure formation in the waterless
microemulsion. The results are exemplified in Fig.
4,

The viscosity of water/ AOT/decane
microemulsion has been studied as a function of
temperature in presence of a good number of
additives™. A maximum in viscosity has been
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Fig. 4 The viscosity coctficicnt (i) vs ¢y protiles for theee mi-
croemulsion systems at 303 K; I FA/AOTA-Oc at w =
Lad: I, BGYAOQTA-Oc at @ = 185 III DMF/AOTA-Oc
at g=2,03",

observed at 40°C in absence of additive which, has
shifted toward higher temperature in presence of
additives. Borkovec et al."™ have reported similar
viscosity behaviour. The initial rise in viscosity is
also due to percolation, the decrease is caused by
the overall change in the particle shape. The non-
linear log B vs. T has suggested onward change in
the activation energy for the viscous flow.

The observation of increase in viscosity of
microemulsion with temperature for AOT-derived
systems has been rationalized by the phenomenon
of percolation'™, but this needs further
justification. Viscoelastic etfects have .. been
reported  in dense  AOThm-decans inverted
micelles'"’ and dense water/AOT/n-decane wio
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microemulsions’!. Such behaviour of both the

syslems has been interpreted on the basis of
increased connectivity of the dispersed phase at
high volume fraction (¢). But the comelation
among the wviscoelastic effect and anomalies of
shear viscosity and electrical conductivity in
percolation regime has not been fully analysed.
Very recently, D' Aprano et ol ''* have reported
that the process of momentum transfer (related to
viscosity) and charge transfer (related (o
conductance} are different for  waterf AOQT/n-
heptane microemulsions as a function of the
volume fraction of the dispersed phase (U < ¢ <70)
and of the molar ratio e {0 < w <40) at 25°C, The
densities and viscositics of AOT in hepranc
ricrocmulsion system containing Hght and heavy
water. as a function of molar ratio, {(w =
(H O AOTY or (D0 HO) have been measured
al four different temperatures (0, 5. 25, 40°C by I¥

Aprano et al.'” The viscosities of hoth
H:O/AOT/n-heptane  and  TRO/AOTMm-heptane
systems  have been  explained in terms  of

internncetlar  nleraction  mainly  poverned by
hydration of the head groups of AOT.

Boned er al™ have reported the effect of
pressure on the percolation phenomenon in ternary
microemulsions. They have measured the eleetrical
conductivily,  and dynamic viscosity, 11 of water-
bused water/AOT/undecane microemulsions and
wilerless glyveerol/AOT isooctune  microemulsions
as a fuaction of volume fraction ¢ of dispersed
matler {waler plus AOT or glycerol plus AQT) and
pressure up ta 1000 bar. The curves #(P) and o {P)
at constant ¢ and temperature T, and the curves 1
(g and ¢ (¢} at constant P and T have been
analysed within the framework of percolation
theory, They have considered iwo ternary systems
correspond to a dispersion of spheres in a
continuum. the spheres  being  subjected to
Brownian movement. The dynamic description of
the phenomenon of percolation has been applied
and the theoretical predictions have been verified.
Whatever be the pressure. both the conductivity, o
and viscosity. » have increased with the content of
the dispersed matter ¢ (with (1 o)d o /dg) and
L/ (dn/dg) passing through a maximum as a
function of ¢@). Quantitatively they have ohserved
that when the conditions of application of the
asymptotic laws of the theory are satisfied, the
scaling components have been found to be the
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same ie., i = 2 above the threshold and 5 = 1.2
below the threshold for all systems independent of
the properties studied under various pressures. This
indicates that the systems belong to the same class
of universality,

Caboi ez al™ have reported the percolation
hehaviour at a eritical @ = 0.142, along an oil
dilution line at constant molar ratio of W/ = 26.4
for  CaAOT/watcrn-decanc systerm. The
percolative threshold has not been found to be
temperature dependent in the range of 15-30°C,
suggesting the possibility of a static percolation.
An interssting feature of apparent ‘reverse
percolation’ on increasing @ for cationic surfactant,
didodecyldimethyl ammonium bromide (DDAB) in
cyclohexane has been also reported™’. The
elecirical conductivity of the CgHp: - continuous
system has decreased by asbout eight orders of
magnitmde with the increase of ox the viscosity has
similar trend. At low ¢, the sysiem has been
apparently bicontinunous that has transformed into a
discrete droplet structure at higher . The observed
change s opposite 0 the behaviour found in
microcmulsions of nonionic surfactants and has
suppested (hat water concentration is important for
determining the structure and surfactunt (ilm
curvalure.

Microviscosity of Waterpool in Microemulsion
There ure several reponts om the microviscosity
estimation of reverse micelles specially with AQT
as the amphiphile by steady state’* '™ and transient
fluorescence  depolarization''™*  technigues.
However, the microviscosity of water in AOT
reverse micellar system cannot be easily estimated
quantitatively hecause the rotational movements of
both the dye solubilized in the waterpool and that
of micelle itself are inchuded in the depolarization.
Very recentty, Hasegawa ef al.'™"'™ have reported
estimation of the microviscosity of the waterpool in
the AQT reverse micelle as a function of w by
using a viscosity sensitive fluorescence probe, Au()
(Auraming () with increasing @, microviscosily
( 1j,.) has rapidly decreased below =10 and then it
has gradually decreased until the micellar solution
gets turhid above w=30. But in the higher w-regon,
the microviscosity, My 15 considerably higher than
the viscosity of ordinary (bulk) water. This has
indicated that the solvbilized water molecules are
reasonably boumd o the polar head groups of AOT.
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These results corroborate well with the findings of
fluorescence depolarization studies using a cationtc
dye, rhodarmne B. The fluorescence depolarization
of xanthene dyes with different ionic characters has
suggested that the waterpool is heterogeneous with
respect to the microviscosity, The effects of
temperature, amphiphile concentration, solvent and
coutter ion on the waterpool microviscosity have
also been cxamined in order to obtain detailed
picture of the static struclure of AOT reverse
micelles. The dynamic fluctuation occurring near
the vicinity of the phase separation in the process

of cooling of rmicroernulsion  has  been
demomstrated by floorescence  depolarization
measurements.

Microemulsion and the YWalden Rule

The conductance of a well- defined and less
commples  system shows  inverse dependence on
viscosity, For electrolytic solutions media of
variable viscosity, this has been found to be so and
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the rule of Walden'* (Walden product ie., in =
constanl, where 4 is the equivalent conductance of
the electrolyte solution) has been observed to be
more or less valid.

This rule has been found to be wvery often
violated in microemulsion mediom, especially at
the stage of percolation. Although conductance of
microemulsion systems increases slowly or very
rapidly either by increasing the volume fraction of
the polar dispersed solvent (essentially water) at a
constant  temperature  or by elevanng  the
temperalure of & constanlt composition, the
comesponding viscosity may increase or decrcasc
and it can pass through both maximum and
minimum™ M 1y hag been reported that the
Maximum in viscosity with respect to the volume
fraction of the dispersed phase may be independent
of the type of alkanes used as oil and can depend
on the temperature of measurement’™. The mean
radius of the dispersed droplets may have a
reasonable say in this regard but it is difficult to
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explain the appearance of a sharp peak in the
viscosity-volume fraction carve.

The formation of aggregates or infinite clusters
of dispersed droplets providing channels for
enhanced 10n conductance by either "hopping” or
"transient fusion and mass exchange” mechanism
manifesting percolation should grossly end up with
increased  viscosity (1. viscosity percolation).
Paul and Moulik” have elaborately  studied
viscosily  and  conductance of  hological
microcmulsions' consisting of water/ ADT/hexyl-
amine/saffola oil and have shown setious invalidity
of the Walden product mentioned above. In Fig.5A,
the equivalent conductance - wt. % water profile is
exernplified and the corresponding viscosity - wiL %
water dependence is depicted in Fig. 5B. A
muximum in viscosity has been observed at 20%
water, where the conductance appears to take a
sharp tum. The maxima at a particular level ol
water addition have also been rv=:.pﬂ.r1:e:|:ljL“;I in wfin
microemulsions with cyclohexane, isooctane and
undecans stabilized by AOQT. The Walden product
(AR} versus wL % water is shown in Fig, 5C, where
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4 turm in the course is cbserved al 22.5% of waler,
particularly at termperatures helow 60°C; at 60°C
the coursa is linear. A close fluctuation is noticed at
208% at the two lower lemperalures, 30°C and
40°C. The Walden product is never constant. the
regular increasing trend is a consequence of sharp
change in conductance, the viscosity decrease
cannot compensate for it. This has supponed a
special internal structural organisation, which is
reflected on conductance and not much on
viscosity' ™. The variation of An with temperature
is also revealing, the wvalue decreases with
temperature {Fig. 513). However, at the lowest
value of @ (@=9), the compensation 15 cxact, i is
shallow at =20}, For other values, w= 18 and 39,
the An sharply declines, which is much significant
at @ = 39, At higher w, water droplets of sufficient
number collide™'®™™  with greater frequency
lzading to large and sharp changes in conductance.
which has little scope for response in viscosity. The
reciprocal  correlation is therefore,  least
guantitative. At @ = 9, the collision probability
among the droplets is low so that a significant
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change in conductance is not possible, the viscosity
and conductance, therefore, can compensate cach
other. These observations advocate complexity in
the internal structural states of the studied wio
micreemulsions. This finding may sugpgest weak
dependence of membrane conductance on
membrane viscosity; it is the channels that carry
charges (ions) across it. A porous dispersed body
can favourably allow transport of ions (matters)
through its water-filled pores. The increased
viscosily imparted in the solution by the presence
of the porous body may thus have insignificant say
on the ion conductance in the solution. A word of
caution is relevant here regarding  the
thermodynamic validity of the Walden product.
According to the Ccurie—ﬁcgagtne principle of
irreversible thermedynamics'”', forces and fluxes
of different elements of symmetry should not
couple. This seriously restricts the coupling of A
and 1, the product is thus essentially extra
thermodynuamic,

Microemutlsion in Relation 10 Viscosity

Equations
There exists in literuture a number of viscosity -
concentration relations of guantitative and semi-
guantitative nature valid in the lower and higher
ranges of solote (dispersant) concentration. At
tempis have been made to test the viscosity of mi-
croemulsion in the light of these equations.
Mooney equation has been used in explaining the
visgosily of microemulsion  system  of  wa-
ter/NaDBS/hexanaol/xylens by Baker ef al.'" and
Tadros' .

il i)
1-kip
where 1, is the relative viscosity (Mum ! ek @ 15
the volume fraction of water, and a and & are
constants (@, 15 related to the intrinsic viscosity of
the dispersion and £ is the so-called "crowding
coefficient” which accounts for interparticle
interaction).

For the stodied waterM™NaDBS/hexanol/xylene
microemulsion, Hy has exponentially increased with
@, . and (NaDBS), the hydrodyparnic radius has
continuously increased wilh concommitant increase

in the ratio of the surfactant layer to the droplet
core radius with increasing (NaDBS).

N, = exp
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The viscosity equation of Vand'* is of similar

form of Mooney,
v

Sl 7 . (5)
1-Q¢g

o, =

where v is the particle shape Factor and Q) is the
inter-particle interaction parameter.

The viscosity of microemulsions prepared with
CTAE., DTAB and SDS as surfactants, butanol as
cosurfactant and dodecane as oll, when examined
as a function of salinity, 2 broad maximum has
been shown™. The Krieger viscosity formula®"
has been observed to it the results,

= 1-@¥ )~ L (6)

where @, is the packing volume fraction and other
terms have their vsual significance. For compact
cubic and random arrangements of spheres, the
values of g, are 0.75 and 0.65 respectively.

For the bicominuous structure™ the following
relution holds,

1 = Raq@agt Harp Pacr )

where 1, and f., are the viscosities of the excess
phases. and gu, and {p,, are the comesponding
volume fractions. The packing fraction, ¢ has been
revealed from viscosity measurements o pass
through a maximum with wt% of NaCl (or

5a1inil}f}2(’. the onset of droplet coalescence (¢, = 1}
has been observed. Due to nonaggregation of the
droplets by poor attractive interaction among the
droplets, peaks in viscosity arc nol observed for
Winsor T and II. For Winsor TIT region, a good
reason lor coalescence e, altractive interaction
{the vander Waals force) increases with droplet
size™™ " The use of Frenkel-Erying viscosity
equation 1o calculate the activation enthalpy of
viscous flow for mixed surfactant microcmulsion
gystems, (Brij 35 + SD5)/1-propunolfheptane/water

and {Brij 35 + Tween 200/ 1-
propanol/heptane/water have been reported by
Ajith ¢f al.”™ and the values are higher for more
viscous ofw systems. The free energy of

solubilization of oil in water has been found to be a
function of surfactant composition and the enthalpy
is more or less independent of composition.

Ray et al."> and Ray and Moulik'™ have made a
detailed viscosity study of aqueous and waterless
microemulsions prepared with AOT and a good
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number of oils. The overall geometry and solvation
of the droplets have been assessed. The Eiler's
voluminosity equation'” as used by Ekwall e¢ a.”
for AOT/xyiene reverse micellar system, has been
considered by Ray'”" and Ray and Moulik™ for
analysis.

1-0.1Ve
= d
71 1-135ve,

where Vis the voluminosity (defined as the ratio of
the hydrated to anhydrous volumes of the droplets)
and ¢y is the volume fraction of the anhydrous
droplet.

The viscosity of microemnulsion systems referred
to above have also been tested in terms of the
equations of Vand'* eq. (5), Thomas'* eq. (9) and
Moulik'* eq. (11).

Thomas squation,

n=1+2.5p+A¢"
where A is the third vinal coefficient,
A viral equation of the form,

N=1+2.5p+10.05¢ +A'exp(B )

2
- {8)

.. (9)

. (10}

513

where A" and B are constants, has also been used by
Thomas for concentrated dispersions''.

Moulik equation,

o=+ Mg’ A1)
where J and M are empincal constanis (1.5 <1 >
1.0 and M large).

The microemulsion systems both aqueous and
watetless studied by Ray er al.'”, and Ray and
Moulik'™ have exhibited striking validity of all the
three egs. (8), (9}, (11} at constant . The viscosity
results have also been well correlated by the

combined unified  wviscosity  equation  of

Moulik'*#'¥,

(@1 -Tlr) 2=(12.5-mA) 2 12.5-mv) Qg
L0

where the new terms r = M/2.5 and m = A.-'(E.ﬁ}:'.
The validity of eq. (12) has been exemplified in
Fig. 6

The eq. {12) has been observed to be valid for ¢
> 0.05. The slopes at lower ¢ are positive except
for octane and decane containing rmicroeTlsions
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at v = 7. All the eguations (8 - 12) have shown
pood validity at constant @ but have failed to
comruborate resulls ut variable . The correlation of
the parameaters (2, M and A) of different equations
with the carbon number and molar masses of the
oils and @ has been attempted. The results are
cxemplified in Fig. TA and B.

The effect of salt {sodium cholate, Nal and
NaCly on  the wiscosity  behaviours  of
microemulsions containin% different kinds of oil
has also been examined'”. A distinct difference
hetween the behaviours of microdispersions in
open chain and cyelic hydrocarbon continuum has
been observed. For the evaluation of droplet

m u 1

300} .
12

1

B8O

T

Fig. TA M, O, A vs, @ plots for wio microcmulsions at 303 K.
Curves 1, 2-4, 3, 6, De, Hp Hx, Cy.'¥
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peometry and solvation of w/o microemulsions, the
following equation has been used'*'*

[n]=viF, +&7,), (13
where 17 is the intrinsic wviscosity of the
microemulsion. and ¥;and ¥, are the partial

specific volumes of the dispersed phase and the
dispersion medium respectively, and & is the
gm/gm oil bound to the dispersed phase. The shape
factor is, v = 2.5 [or spheres and it is greater than
2.5 for spheroids.

In terms of viscosity dats, negligible solvation of
the dispersed amphiphile coated water droplets by
oil has been observed'. Viscometry is a dynamic
method of probing; there may be solvation under
static or equilibraled condition. Based on & = (), the
shape factor (v) and the droplet geometry (axial
ratio, a'b for spherotds) at different o at 303K have
been evaluated. A (ypical set of results is given in
Table L

It is seen from the Table that the w-values are
anly moderately higher than 2.5, the droplet shapes
are thus minorty spheroidal. The dispersed droplets
of formamide, ethylene glycol and dimethy!
formamide in waterless microemulsions with AOT
and isooctane reported by Ray and Moulik'™ are
also spheriodal in shape having low intrinsic
viscosity and  negligible  solvation.  Such
microemuisions have also obeyed the viscosity
equations of Eiler, Vand. Thomas and Moulik.
Similar  detailed visCosity studies on
microemulsions are rarely found in lieeraturc
warranting scope for further investigation.

The structural and dynamic properties of
microemulsion have been studied by Dlsson et
al.'"*" using a combination of SANS, static and
dynamic scattering, pulsed-gradient NMR  self
diffusion and low shear viscosity measurements for
the  pentacthylene  glycol  dodecyl  ether
(CiEsWwater/decane  system. The low  shear-
viscosity, 1 has been measured using capillary, and
at high concentrations, a cone-plate rtheometer has
been wsed. The two  techniques have given
equivalent results ar mtermediate concenlrations.

According to the Quemada exprcssianm,

h={1 - Pus/Pu)”

the varation of the relative viscosity (with water as
the solvent) with the hard-sphere volume fraction
s has been plotted and ¢, has been found to be

e (14)
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Fig. 7B Dependence of M, A, @ on carbon mummber and molar mass of the ol for wio
microemulsions al o= 7 at 303 K'Y

The shape factar (v) and the axial ratio (a'bt of d{ﬂel:lj:?}" derived wio microemulsions in different oifs ar four
Different w values at 303K
v, ah
e Hx Hp* i-Oc De Cy Ry
7271137 275 143 2.63,1.20 2.79, 1.47 2,66, 1.22
15 258, 1.12 263, 1.2 296, 1.78 132 2.86, 1.58 -
25 - 281, 147 - . 279147 .
0 2495, 1467 - 311,191 - - -

* For Hp al @ = 15, in 0.05 mol dm* NaC, v = 2.78 and &b = 1.47 and in 0.05 mol dm™ NaCl, v = 2.88 and a/b = 158,

For Hp at o =33, v =290 and a'b = 1.66.

0.63. The results obtained from self-diffusion
measurernents have followed the model of hard
sphere colloidal system’* and the relation between
self-diffusion coefficients and the viscosity derived

parameters ¢ys and ¢, according to the relation,

De/Dy=(1 - Pus/Po)” ~(15)

where [ = self-diffusion coefficients of the
droplets, and Dy = diffusion coefficient extra-
polated (o infinite dilution,

Steytler et ol™ have applied Einstein's
equation'™ (for spheres in the condition of infinite
ditution, @—0) for w/o microemulsions formed by
anynomium  bis  (2-ethyl  hexyl) phosphate
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(NH,DEHPF) in cyclohexane, They have shown that
the reduced viscosity, fl.a, approaches a limiting
value of 2.5;

7
(s ) ={--—”’~} =25
e m g

where 1., is called the specific viscosity (1. - 1}

They have also applied the equation proposed by
Frish and Shima® to viscosity data for measuring
the axial ratic Jf of anisolropic, ellipsoidal particles
as follows:

(M=2.54+0.4075(1-1)" "™

o (16)

- A17)

The viscosity resulis displayed as .y vs @, in
Fig. 8 arc for reverse micelles and  w/o
microemulsions  formed  with  the surfactant
MNH,DEHP in cyclohexane. The response of the
syslem o water compares that of the SANS data.
The intrinsic viscosity at low @-values decreases
with increasing @ and the length of the rod shaped
cluster decreases with . This general pattern of

BIDYUT K PAUL AND SATYA P MOULIK

behaviour was also observed for NaDEHP, for
which the magnitude of the viscosily at low m

values was considerably higher **'.

In principle, eq. {17 can be applied Lo viscosily
data to extract information concerning the length of
rod-shaped micelles, provided an estimate of the
radius or its independent measurcment 15 availabie.
However, in applying eq. (17) it is assumed that the
micellar size and shape are independent of
surfactant concentration over the concentration
range in which the extrapolation 10 infinite dilution
wis conducted, Since SANS measurements clearly
demonstrated that the length of the rod was not
independert of concentration, & quaniilative
analysis of viscosity data has not been attempred.
Above m = 4, the viscosity data were
characteristics of spherical droplets, giving intrinsic
viscosities close to 2.5, which was in pood
agreement with  Einstein  prediction  for hard
spheres.

The solubilization of water by the single ionic

1000

LAY

Reduced Yiscosity (n ~1}/c (c m3g",'|
=

i ] 1

i
0.000 2.005 001G

G020

1
0.01% 0.025

[NH, DEHF] (g e 1)

Fiz. 8 Dependence of reduced viscosity on concentration for micclles and wio microemulsions formed by

NH,DEHP in cyclohexane at 268 K",
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amphiphile bis (2-ethylhexyl) phosphoric acid
(IX2EHPA) and single nonionic surfactant, Span 80
in a nonpolar medium has been investigaled by
Bart et al.'"” with a view to assess the potentiality
of the liguid surfaclant membrane (LSM) for
solving numerous separation problems in various
branches of industnies and biotechnology. The
hydrodypamic, optical and various other analytical
techniques were extensively employed to study the
physicochemical npature of the microstructures
formed in D2EHPA/n-dodecans/water, and Span
80/ n-dodecane/water systems. An analytical model
based on pecmetrical assumptions of the spherical
shape of the reversed micelles has been developed.
The proposed model correlated., among several
others, the aggregation number and thus the size of
the microstructures with parameters such as the
hydrocarbon  chain  length of the sorfactam
molecule, its concentration and volume fraction
occupied by the reversed micelles etc.; the lader
wis estimated from the Einstein viscosity equation
and its two modified versions reported by Guth and
Simha® and Vand'* as follows;

ﬂﬂl=2'j 141 @1
and,

. (18)
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