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1. Introduction

Microemulsions are dispersions of water and oil stabilized by one or mixtures of surfactants.
The key differentiators from other dispersions are: (i) domain size of the dispersed phase is
of the order of 5-100 nm in size (Schulmann et al., 1959); (ii) thermodynamically stable
(Zana, 1994), and (iii) optically isotropic (Danielsson and Lindman, 1981). Commonly
observed structures are: oil in water (o/w), water in oil (w/0) and bicontinuous (Scriven,
1976). Microemulsion formation has proven to be an effective approach in enhancing oil
solubilisation and reducing oil-water interfacial tension (IFT) in many industrial
applications. Examples include enhanced-sub surface remediation (Harwell et al., 1992;
Brusseau, 1999) , drug delivery (Djordjevic et al., 2004; Kogan & Garti, 2006; Ghosh et al. ,
2006), detergency (Rosen, 2004; Srivastava et al., 2006; Solans & Kuneida, 1996; Tongcumpou
et al.,, 2006) and nano particle synthesis (Sjoblom et al., 1996). Forming an efficient
microemulsion system requires an equal balance between surfactant-oil and surfactant-
water interactions, which has proven to be a very challenging task for certain types of oils
(e.g., vegetable oils and triglycerides) (Miller, 1991; Minana-Perez, 1996). In addition,
different applications require specific degrees of solubilisation and IFT reduction. It is no
surprise, then, that formulating microemulsions for specific industrial use has been referred
as both an art and science (Salager, 2006). This is because microemulsion design requires not
only a great understanding of molecular interactions, but also a deep understanding of
thermodynamic principles (Bourel & Schechter, 1998).

Microemulsions are also known to be effective vehicles for solubilization of certain drugs
and as protecting medium for the entrapped drugs from degradation, hydrolysis and
oxidation. They can also provide prolonged and controlled release of the drug and prevent
irritation despite the toxicity of the drug. Besides, enhanced drug penetration through the
skin via microemulsion vehicles is also known (Kogan & Garti, 2006).

In order to investigate the potential of microemulsions as efficient solubilizer as well as
delivery vehicles, it is necessary to characterize their microstructures as well as the locus of the
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84 Microemulsions — An Introduction to Properties and Applications

drug or targeted molecule in the loaded microemulsion. Due to the complexity of the
microemulsions and the variety of structures and components involved in the construction of
the microstructure, as well as the limitation associated with each technique, the
characterization of such structures is a rather difficult task. Some of the major methods
relevant to the characterization of the microemulsions include viscosity (Bennett et al., 1992;
Zu & Neuman, 1998; Angelico, 1998; Ray, 1994; Djordjevic, 2004; Paul, 2000; Feldman et al.,
1998) , electrical conductivity measurements (Bennett et al, 1992; Zu & Neuman, 199§;
Feldman et al., 1998; D’Angelo et al., 1996; Moulik et al., 2000; Feldman et al., 1996;
Mukhopadhyay et al., 1996,1993; Ray et al., 1996,1993; Moulik et al., 1999; Hait et al., 2001,
2002) as well as more advanced methods such as cryo-TEM (Talmon, 1986; Regev et al., 1996;
Magdassi et al., 2003), pulsed gradient spin echo (self-diffusion) NMR (Magdassi et al., 2003;
Fanun et al., 2001; Spernath et al., 2003), light scattering (Kang et al., 2004; Porras et al., 2004),
small angle X-Ray scattering (SAXS) (Bagger et al., 1997; Brunner-Popela et al., 1999; Yaghmur
et al., 2004) and small angle neutron scattering (SANS) (Silas & Kaler, 2003; Pedersen, 2004).

Modeling the microemulsion phase transition behavior and the effect of structural
parameters of compositions (surfactant structures, e.g., packing parameter, interaction
parameters of surfactant mixtures, alkane number of oil ); electrolytes (type,
lyotropic/hydrotropic number etc.) on phase behavior would considerably reduce
experimental effort and time to obtain microemulsion systems. Although a large body of
work is available in the area of predictive theoretical models of microemulsion phase
behavior, predictive modeling of phase behavior dealing with real (commercial)
systems/formulations is still a formidable challenge. Several theories have been proposed
based on thermodynamic models (Andelman et al., 1987; Safran et al., 1986, Widom, 1996) ;
Winsor-R ratio (Bourrel, M., & Schechter, 1988); packing parameter (Israelachvilli et al.,
1976); hydrophilic-lipophilic balance (HLB) (Griffin, 1949); phase inversion temperature
(PIT) (Shinoda & Saito, 1969); ultra-low interfacial tension (De Gennes & Taupin,1982);
spontaneous curvature and bending elasticity (Hyde et al.,, 1997; Helfrich, 1973) and
hydrophilic-lipophilic-deviation (HLD) model (Salager, 2006). Apart from thermodynamic
models, as referred above, all other models are either empirical or semi-empirical models.
Although, most molecular models provide an excellent qualitative predictive ability,
quantitative differences exist between theory and experiment, which is attributed to a lack
of exact consideration of chemical compositions in a surfactant mixture or oil mixture,
mostly used for formulation developments.

Once, the condition for microemulsion is known or predicted, experimentalists and applied
scientists determine its phase behavior to gain a deeper understanding of the effect of various
molecular parameters (surfactant, oil and co-surfactant types and their compositions) as well
as field variables (e.g., temperature, electrolyte concentration etc..) on phase changes. Different
experimental methods were devised to determine phase diagrams most effectively (Kahlweit
Fish diagrams) (Kahlweit, 1988) as well as Shinoda diagrams (Olsson et al., 1986). Kahlweit
fish diagram is most widely used in the literature due its simplicity and useful information it
provides (minimum concentration of surfactant needed to co-disperse equal amount of water
and oil; minimum amount of surfactant needed to form a microemulsion; phase space to be
considered for picking of a formulation). Tricritical point (i.e., an unique point in the phase
space, signifying the most efficient co-dispersion of oil and water), where three distinct phases
(phase separated 2-phases (¢), 1-¢ microemulsion and a 3-¢ body co-exists) can be obtained
from the fish diagram as well. As per the phase rule, there is an unique tricritical point for a
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three-component system, a line of tricritical points for a four-component system and similarly,
a 3-D space of tricritical points in a five component system etc..

2. Experimental techniques and materials

2.1 Electrical conductivity scans to determine the optimum salinity as well as 1-¢
microstructure

DC electrical conductivity measurements to detect the phase inversion (from oil in water to
water in oil) were carried out using a Orion (Model 150) conductivity probe immersed in a
well stirred-thermally jacketed vessel at 28 °C. Stirring was facilitated using a Spinot
magnetic stirrer and temperature was maintained using a water bath (Haake 3). Phase
inversion composition, i.e., the electrolyte concentration (e = salt/(salt + water)) was thus
determined at various R (= oil/(water+oil) values. Electrical conductivity values of 1-¢
microemulsions at different R values are also measured using the same set up.

AC electrical conductivity measurements were made using a Hewlett Packard 4285A
Precision LCR Meter at 75 KHz to 5 MHz frequency. Electrical conductivity data obtained at
75 KHz frequency is used for microstructure characterization. The choice of 75 KHz
frequency is based on the fact that this frequency is high enough to prevent space charge
contributions and low enough to allow ionic effects contributing to the final conductance
values. A home-made liquid cell with a cell constant of 0.73 was used. Temperatures were
maintained using the Julabo F25 water circulator.

2.2 Determination of microemulsion phase behavior

Iso-thermal microemulsion phase diagrams (or “fish diagrams”) at various R values were
determined by visual inspection of samples/mixtures after equilibration. The samples were
weighed into centrifuge tubes and sealed. An oil blend of Caprylic Acid and light liquid
paraffin oil (LLPO) in the ratio 0.5:9.5 (wt/wt) was used. Commercial linear Lauryl alcohol
ethoxylates Ci2.15sEO<3> and Ci2.1sEO<7> were taken in the ratio 1:9 (wt/wt) as its cloud point
corresponded to near ambient temperature conditions of 30-33°C. The contents in the
centrifuge tubes were well mixed using a Spinix vortex mixture and centrifuged in a Remi (R
24) Research Centrifugation facility at 7000 rpm for 30 minutes at a pre-determined
temperature. The presence of phase types (2-¢, 3-¢ and 1-#) was ascertained by visual
inspection. In addition, the transition between 2¢ and 2 ¢ was detected by e-conductivity
measurements as and when appropriate. Shinoda diagrams are also determined by visual
inspection of the liquid mixture after equilibrating the samples in a graduated Tarsons plastic
tube for a few hours in a water bath.

2.3 NMR self-diffusion measurements

NMR measurements was performed on Bruker AV 400 spectrometer with Gradient
Amplifier Board (GAB) and a 5 mm BBFO (Broad Band Fluorine Observe) probe equipped
with a z-gradient coil, providing a z-gradient strength (G (Gauss)) of up to 55 Gem-t. The
self-diffusion co-efficient of o0il (1.3 ppm) and water (4.7 ppm) were determined at required
temperatures (28 + 0.5°C) by monitoring the 'H signal using bipolar pulsed field gradient
stimulated spin echo (BPFG-SSE) technique. Bipolar gradient pulse was used to reduce the
eddy current effects (Wu et al., 1995). The pulse sequence consists of two radio frequency

www.intechopen.com



86 Microemulsions — An Introduction to Properties and Applications

pulses, a 90° and 180° pulse separated in time by tau (t). At the time 27, the set up produces
an echo. In order to measure the self-diffusion, magnetic field gradients are applied as two
short pulses with equal duration, one between 90° and 180° pulse and the another between
the 180° and the spin echo. If the molecules under study diffuse between the two field
gradient pluses, the spin-echo intensity will decrease compared to when the experiment is
performed without a field gradient. Experiments were carried out by varying the gradient
strength and keeping the other timing parameters constant (Borkovec et al., 1996). Typically,
the values used in the experiment are, A = 500 ms, § = 6.2 ms and G is varied from 1.8 -18
Gcm ! in 32 steps. The self-diffusion co-efficient (D) is given by,

I=1Io exp(yZGZS2 (A—g) D) (1)

where, I is the measured signal intensity, I, is the signal intensity in the absence of field
gradient pulses (G = 0), y is the gyromagnetic ratio for the 'H nucleus, 6 is the gradient pulse
length, A is the time between the two gradients in the pulse sequence (Diffusion time) and D
is the self diffusion coefficient of the component.

2.4 Rheology and viscosity measurements

Viscosity measurements were carried out using a Carrimed CSL50 controlled stress
rheometer. An acrylic-make cone and plate geometry was used to measure viscosity as a
function of shear rate/stress. The viscosity values recorded at a shear rate of 20 S are used
to compare across different R values.

2.5 Light scattering measurements

The aggregate size of the dispersed phase as well as the correlation length between water
and oil domains was measured using light scattering goniometer (Brookhaven Instrument
Corporation). The laser (A=488nm) was produced by an Argon ion laser emitter (Lexel Laser
Inc), and the scattered light was detected at 30, 60, 90, 105, 120 and 150° by a photo
multiplier (Brookhaven Instrument Corporation). The temperature was maintained at 28 +
0.1 °C using a temperature controlled water bath (Grant Ltd). The samples were filtered
using 0.45 micron filters into pre cleaned vials (washed with methanol) supplied by
Brookhaven Instrument Corporation. The viscosity for o/w microemulsions, i.e. from R = 0
to R = 0.4, was taken as that correspond to 15 % by wt. brine (2.62 CP) solution. Similarly, for
bicontinuous samples i.e. from R = 0.43 to R = 0.52, a weighted average viscosity of oil and
brine was taken and for w/o microemulsion, i.e. from R = 0.6 to R = 0.9, viscosity of oil
system, i.e., 19 CP, was considered for estimating correlation length of oil/water domains
from light scattering experiments. The refractive index of the particles was chosen as 1.47
while the refractive index of the medium was kept as 1.33 (refractive index of water). The
data were analysed by using the CONTIN algorithm.

2.6 Materials

Most surfactants as well as all chemicals, used in the present work, were of LR grade and were
used without any further purification. Sodium linear alkyl benzene sulphonates (NaLAS) was
prepared in the lab by neutralizing the corresponding acid (97 % purity) with NaOH (99.9 %
pure, Sigma-Aldrich). The final concentration of the surfactant was determined by
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conventional hyamine titration. The surfactant amount in the final product was found to be 82
% of the NaLAS, and the rest has been 16 % by wt. water and 2 % sodium sulphate and other
organic impurities. Sodium salt of alkyl ether sulphate (C12EO,.5504Na, 70 % aq. paste), was
obtained from Galaxy surfactants, Mumbeai, India and used as received. Imbentin OA /030 (2-
ethyl ethoxylated hexanol, 99 % pure) was obtained from Kolb, Singapore. Linear Lauryl
alcohol ethoxylates (Ci2.15 EO<3> and Ci2.15 EO<7», Galaxy Chemicals, India, commercial grade),
were used as received, without any further purification. Extended surfactant under the trade
name of Alfotera 145-4S (C12-Cy7, 4 moles propylene oxide (PO)), was purchased from Sasol,
Italy. Benzalkonium chloride was obtained from Sigma-Aldrich, India.

Various hydrocarbons such as d-limonene, octane, decane, dodecane were obtained from
Sigma Aldrich, India and tetradecane, hexadecane from Fluka, India. Methyl esters of fatty
acids were obtained from Proctor & Gamble Chemicals, USA. Light liquid paraffin oil
(LLPO, Beta Cosmetics, Silvassa, India, commercial grade) and Caprylic acid (Godrej
Industries, India, 80% commercial grade) were used as received. Inorganic salts used in the
study such as NaCl, KCl, fused CaCl,, MgCl,.6H>O, AlCl;, FeCl3 were procured from Merck
India and were used without any further purification. In all the experiments, deionised
water (pH = 6.5) was used.

3. Hydrophilic lipophilic deviation (HLD) — Equivalent alkane carbon number
(EACN) model

A short overview of the history of HLD is given in a paper by Queste et al., 2007. As stated
there, the HLD is based on the determination of the so-called optimum formulation with
flexible interfacial films. At this optimum formulation composition, the surfactant affinity to
the polar and apolar pseudophases of a microemulsion is equal, meaning that the free
energy change of a surfactant molecule, when transferred from oil to water and vice versa, is
zero. As proposed by Salager et al, 2006, HLD is a dimensionless form of the
thermodynamically derived surfactant affinity difference (SAD) equation. For systems with
flexible interfacial films, this point is wusually found in a tri-phasic system
(0il/ microemulsion/water, or the Winsor III), when the oil-water interfacial tension is at the
lowest. Similarly a negative and positive value of HLD suggest the formation of Winsor
Type-1 and Type II microemulsions respectively. Under the conditions of this optimum
formulation, the HLD value is set to zero. Any changes in the systems such as temperature;
type of surfactants; oil molecular weight; salt type and its amount; type and amount of co-
surfactants, will then lead to a departure from the reference state, i.e., either to a positive or
negative HLD value.

For nonionic surfactants and given aqueous and oil phases, the HLD value of the system is
defined from a practical approach as (Salager, 2006),

HLD,; = b(S) —k(EACN) — ¢(a) + a;AT + o (2)

where, S = concentration of electrolyte (g/100 ml); k = characteristic parameter, depending
on type of surfactant head group; EACN = equivalent alkane carbon number; ¢ =
characteristic parameter, depending on type of co-surfactants; a = mass % of co-surfactant
(usually an alcohol); ar = temperature coefficient; AT = T - Tref where T is temperature of
system and T is the reference temperature (25 °C) at which initially phase inversion is
obtained; o = Ccharacteristic curvature of the surfactant, which reflects the
hydrophilic/lipophilic nature of the surfactant or surfactant mixtures.
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For systems, containing anionic surfactants, the corresponding expression is (Salager, 2006)

HLD; = Ln (S) — k(EACN) — ¢(a) — arAT + o 3)

The characteristic parameters ¢ and k can be determined experimentally for new and
unknown surfactants by varying, e.g. the salinity and searching for the equivalent
temperature shift that compensates the salinity shift. Similarly, the characteristic parameter,
b (for electrolyte) and ¢, for co-surfactants are determined experimentally.

Many a times, practical situations necessitate mixtures of anionic and nonionic surfactants to
achieve a desired result, e.g., reduction of the critical micellar concentration (CMC) of a
surfactant mixture (Rosen 2004; Shiloach & Blankschtein, 1998; Holland, 1983; Scamehorn,
1986), foam enhancement or reduction; Kraft temperature manipulation and skin irritancy
control (Rosen 2004; Shiloach & Blankschtein, 1998; Rodriguez , 1999; Theander et al. ,2003).
Attempt has been made to extend the HLD model to surfactant mixtures (Acosta & Bhakta,
2009) with the following expression,

HLD,y;, = X;. HLD; + X,;. HLD,; + Goy/RT (4)

where the sub index ‘i’ represents the ionic surfactant and ‘ni’ the nonionic surfactant. The
term G,,/RT represents the excess free energy-non-ideality normalized by RT. Conceptually,
G, reflects the excess free energy of transferring a mole of surfactant (in the mixture) from
the oil phase to the aqueous phase. Positive value of G,,/RT indicate that the real mixture is
more hydrophobic than the ideal mixture and vice versa.

At the optimum condition (HLD = 0), in the absence of any alcohols (for a microemulsion
system with anionic surfactants) or co-surfactants (for the case with nonionic surfactant),
and at the reference temperature (AT = 0), Equations 3 and 2 are reduced to respectively,

InS =k (EACN) — o (5)

and

bS x =k (EACN) — o (6)

These two equations are incredibly simple and according to Equation (5), both ‘k” and ‘o’
can be experimentally determined from phase inversion experiments with a number of
oils with different EACNs (experimental plot between In S* and EACN). The slope and
intercept respectively provide the above ‘k” and ‘o’ values. Similarly, a plot of S* and
EACN also yields respective surfactant characteristics parameters (for a nonionic
surfactant system). This approach has been successfully attempted by Witthayapanyanon
et al., 2008 for anionic surfactants.

We have determined S* values with a number of hydrocarbons (starting with n-octane to n-
hexadecane) and using an anionic surfactant, Alfoterra 145-4S (Cy4.15 -(PO)s SOsNa), which
belongs to a class of extended surfactant because of the presence of propoxylate (PO)4 group
near the sulfate head group.

The calculated value of ‘k” and ‘o’ for Alfoterra 145-4S (Cis4.15 -(PO)4 SOsNa) respectively are
0.099 and -0.663. It has been reported in the literature (Kiran & Acosta, 2010) that the values
of ‘’k’ and ‘c’ for a similar propoxylated sulfate (Ci2.13 -(PO)s SO4Na) are 0.087 and -0.784
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respectively. These parameters have been used to describe surfactant hydrophilicity/
hydrophobicity in a more quantitative manner, e.g., a more negative value of ‘c” suggests
the surfactant to be relatively more hydrophilic, while a positive ‘c” values imply a
relatively hydrophobic surfactant. In order to describe the surfactant characteristics, both the
surfactant parameters 'k’ as well as ‘6" needs to be considered. Thus, instead of ‘c” alone,
ratio of ‘/k’ is essential to determine the relative hydrophilicity or hydrophobicity of
surfactant as both the terms are relative to each other.

3 -
D
Z2 -
- y = 0.0988x + 0.6634
R2 =0.963
1 1 I 1 1
8 10 12 14 16

ACN

Fig. 1. Determination of k and ¢ using the HLD equation (4) for anionic surfactant Alfoterra
145-4S at optimal salinity at 25 °C.

Keeping the above in mind, we have obtained the ratio of o/k for studying the effect of
electrolytes on the partitioning of surfactants at the oil-water interface. Using the values of
Ln(S) from Fig. 2, (5/Kk) is estimated for the surfactant in presence of various electrolytes, used
in the present study. Keeping the above in mind, we have tried to obtain the ratio of (c/k) for
studying the effect of electrolytes on the partitioning of surfactants at the oil-water interfaces.

e NaCl

= CaCl2

e A]C13

Fig. 2. Ln(S) of electrolytes with different oils (ACN) at 25 °C. The lines are drawn as a
guidance to the eye.
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Using the procedure outlined in the preceeding section, k, o, and (5/k) values are calculated
for the surfactant, when various electrolytes (with multi-valent cations) are used. All the
data from Fig. 2 is presented in Table 1 below.

Salt k o R2 o/k
NaCl | 0.099 | -0.66 | 0.96 | -6.71
CaCl, | 0.26 1.78 1096 | 6.83
AlICl; | 0.22 277 | 0.88 | 12.30

Table 1. k, 0 and o/k values for Alfoterra 145-4S surfactant in the presence of various
electrolytes. Oils used for this study are hydrocarbons (octane to hexadecane).

As seen in the table, R2 values for AlCl3 is 0.88 indicating a very poor fit to the experimental
data. Surfactant hydrophobicity ‘o’ is very low for mono-valent ions and it increases (from -
0.6 to 2.8) as the valency of the cation increases from mono- to tri-valent (Na*, Ca2*/Mg2*
and Al**) indicating an increase in the hydrophobicity of the surfactant and increasing
partitioning to the oil phase. A small but finite ‘c’ (~0) would indicate that the surfactant is
partitioning equally well to the oil and water phases and the corresponding characteristic
curvature of the oil-water interface is also close to zero. It may also be pointed out that the
expression (5) is an analytic function of EACN and the intercept will always be a finite o.
The other surfactant characteristics parameter ‘k’, which is indicative of the surfactant head
group characteristics, increases albeit slowly from a value of 0.1 (for NaCl) to 0.22 for AlCls.
In a previous study by Anton et al., 2008, it was shown that ‘k’ remains almost constant
across electrolyte types, especially when anion type is changed. It has also been commented
by Salager, 1978 that ‘k’ values also depends on the type of electrolytes. But for most
surfactants, ‘k” value was found to range from 0.1 to 0.2 (Anton & Salager, 1990; Acosta&
Bhakta, 2009), which is also the case in the present study. The ‘k” value is a positive
empirical constant determined experimentally, effectively remains the same for most head
groups with the identical counterion (sodium) as seen in the past (Anton et al., 2008).

The fact that the ‘k’ value is changing with the valence of anions/cations, which can be
attributed to the change in the head group characteristics of the surfactant due to the
presence of multi-valent cations in the microemulsion. There can be two hypotheses
supporting this.

The value of ‘k’ for sodium sulfonates is 0.1, but when a substitution of benzene or xylene
moiety near the sulfonate head group takes place, it increases to 0.16. At the same time, if a
(PO)s and (EO): group is added near the head group, it decreases to 0.09 and 0.06
respectively (Witthayapanyanon et al., 2008). Benzene and xylene, being aromatic groups,
will be more hydrophobic compared to propoxylene (PO) and ethoxylene (EO) groups. In
addition to the surfactant head group substitution, counter-ion substitution may also affect
‘K", e.g., if sodium near the surfactant head group is replaced by calcium or aluminium, the
head group characteristics may change, as reflected by a change in 'k’ values.

Another argument may be made from the CMC (Critical micelle concentration) point of
view, where it has been reported that in an aqueous solution of anionic Lauryl sulfates, the
CMC decreases in the order, Lit > Na* > K* > Cs* > N(CH3)4* > N(CoHs)st > Ca2t ~ Mg?+,
which is the same order as the increase in the degree of binding of the cation (i.e., Na*
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counterion in an aqueous medium will have the highest CMC but lower degree of binding
with the head group and Ca?* will have lower CMC but higher degree of binding with the
head group). So, an increase in the ‘k’ value of the surfactant, while changing counterions in
solution (e.g., from Na* to Ca2* ), can be attributed to a higher degree of binding of the
cation to surfactant head group. Also, the CMC value would be lower for the latter case. It is
also known, for cationic surfactants, that as the degree of binding of the surfactant head
group to cation increases, its area decreases (Rosen, 2004).

In the present work as well as past work (Anton et al.,, 2008, Acosta & Bhakta, 2009) ,
analysis of o/k suggests that the value lies between -50 to +20. The lower limit is probably
more or less certain as the value for sodium Lauryl ether sulfate (SLES) is -48, which has an
HLB value of 40.7 (one of the highest HLB surfactant). The maximum positive value for c/k
is yet to be known as more experiments are required.

Another use of the HLD-EACN model is a practical approach to estimate the EACN value of
oil mixtures, modified oils (e.g., partially polymerized oils on kitchen surfaces). We have
demonstrated this with an anionic surfactant mixture (a mixture of sodium dodecyl benzene
sulfonate (SDBS) and SLES). A characteristic plot of (Ln S - EACN) is determined for the
surfactant mixture, which is shown in Fig. 3.

41 y = 0.1355x + 0.976)
R2=0.9782
3 _
D)
[
p— 2
1 T T T T I \
5 7 9 11 13 15 17
EACN

Fig. 3. Ln S- EACN plot for the surfactant mixture of sodium dodecyl benzene sulfonate and
sodium Lauryl ether sulfate 1:1 by wt. NaCl is used as the salt. T = 25 °C.

The value of ‘k” and ‘o’ for the surfactant mixture (0.135 and -0.98 respectively) is in well
agreement with reported values in the literature for anionic surfactants (Sabatini et al., 2008).
Using these characteristic model parameters for the surfactant mixture, phase inversion for a
1:1 molar mixture of d-limonene (EACN = 6-7) and hexadecane (ACN = 16) is predicted to
be at a S* value of 0.12, which matches well with experimentally determined value (0.14). It
may be mentioned that a linear mixing rule was used to calculate the EACN value of the oil
mixture from individual oil EACN/ACN values. Thus, the predictability of this model
indicates that from phase inversion data (Ln S - EACN plot), one can estimate the EACN of
an unknown oil by performing a phase inversion experiment with a surfactant or surfactant
mixture with known characteristic ‘c/k’.
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4. Experimental determination of microemulsion phase diagram and tricritical
points

When applying microemulsions in industry or research in general, the temperature T of
application, the composition of the oil, amphiphile and that of the electrolyte are
specified. To describe a ternary mixture of water (A)-oil (B)-amphiphile (C), it is
convenient to introduce a field variable, X (e.g., temperature, co-surfactant concentration,
ACN or EACN of oil, electrolyte concentration), the weight percentage of oil in the
mixture of oil and water, R = (B/(A+B)), and the weight percentage of the amphiphile in
the system, y = C/(A+B+C) (Kahlweit, 1995). Each point in the three dimensional phase
space is then defined by a certain set of X, R and y. In order to discuss the phase
behavior, an upright phase prism is erected with X as ordinate and the Gibb’s ternary
triangle of A-B-C as the base. The phase behavior may be discussed along either the
horizontal (iso field variable) or vertical (e.g., at fixed R or y) sections through the phase
prism. For example, vertical sections of the phase prism at a fixed ‘R” with the field
variable X along the Y-axis and y along the X-axis is termed the “fish diagram”
(Kahlweit, 1995; Schwuger et al.,1995; Kunieda & Shinoda,1980; Kahlweit et al, 1987) (see
Fig. 4). In the Fish-diagram, there is an unique coordinate, at which the 3-® body touches
the 1-® region, co-existing with the 2@ (2® and 2®), called the tri-critical point (TCP).
The TCP has tremendous significance for practical applications requiring the highest
mutual dispersibility between oil and water as in the case of supercritical extraction
(Schwuger et al.,1995), enhanced oil recovery (Sottmann, 2002; Schwuger et al.,1995 ) and
supercritical pollution oxidation (Schwuger et al.,1995).

Field Variables (T z,6..)

Tricribical point

Surfactant concentration (y)

Fig. 4. Schematic representation of a Fish-diagram at a fixed R, depicting various phases and
the tricritical point (TCP). The 2® and 2® respectively are identified as coexisting aqueous
and oil phases with most surfactants residing in the bottom water and top oil phases
respectively.

Tri-critical points vary as a function of ‘R’. Kahlweit et al., 1995 have performed studies on
the (n-decane-CsEOs-water) microemulsion system, where variations in the TCP are
reported as a function of ‘R’, with temperature being the field variable. The trajectory of the
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TCP when viewed along the temperature (T)-Gamma (y) plane is parabolic in nature, with
each tri-critical point corresponding to a given R. This trajectory shows an interesting trend,
where the vertex of the parabola corresponds to the tri-critical point arising at R = 0.5. The
tri-critical points corresponding to lower ‘R” appear at lower temperatures than TCPr-o5,
and tri-critical points at higher ‘R” appear at higher temperatures than TCPr=os, although at
lower surfactant concentrations than TCPr =os.

Thus, the TCP trajectory for field-variables (X) other than temperature (T), can similarly
provide opportunities for applications in isothermal conditions. This provides avenues to
obtain multiple compositions having ultra-low oil-water interfacial tension (IFT) at
isothermal conditions, for a microemulsion that is otherwise strongly responsive to
temperature (T). Further, the parabolic trajectory would be significant in predicting the
variation of TCP for an unknown oil-water ratio (R). Thereby, an attempt has been made to
investigate the TCP variation phenomenon for a commercial grade non-ionic surfactant
based microemulsion system with electrolyte as the field variable.

4.1 Phase diagram (tricritical point variation) of the microemulsion system

Fig. 5. shows fish diagrams of the ternary Caprylic Acid/LLPO (0.5:9.5 wt/wt) (oil) - Cpo-
15EO<3>/Ci12.15EO<7> (1:9 wt/wt) (surfactant)- water system at various ‘R’ values. The
complete fish diagram was determined only for R = 0.5, where it was found that the TCP
coordinate at € = 0.12 and y = 0.13. At very high y however, lamellar liquid crystalline phases
are likely to appear which have not been depicted to maintain simplicity and clarity. The
TCP depicting the crossover region of 2®, 1®,2® and 3® corresponding to other ‘R” are
shown along side. Fig. 6 shows the variation of TCP with electrolyte (NaCl) concentration (&
= salt/salt+water) as the field variable.
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Fig. 5. Fish diagram of the ternary Caprylic Acid/LLPO (0.5:9.5 wt/wt) (oil) -
C12.15EO<3>/ C12-15 EO<7> (1:9 wt/wt) (surfactant) - water system, with epsilon denoting
weight fraction of sodium chloride in water and gamma denoting the weight fraction of
surfactant blend in oil and water. The complete Fish diagram is determined for R = 0.5,
whereas only the TCP were determined for other R values. Temeprature = 28 °C.
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The trajectory of the tri-critical points when viewed along the Epsilon (¢)-Gamma (y) plane is
again parabolic in nature, with each tri-critical point corresponding to a unique value of R.
The parabola however is inclined to the X-axis and the asymmetric nature may be attributed
to the commercial grade of non-ionic surfactants and oil mixtures used in the study. For Cy,.
15 EO<s> and Ci215 EO<7», there exists a linear carbon chain length distribution ranging from
12-15 units for both compounds and a broad degree of ethoxylation (EO;, j = 1-10), with a
peak at j = 3 for C12.15EO<3> and j = 7 for Ci2.45EO<7> respectively. These also contribute to the
distortions observed in the 3 ® and 1-® regions [86], although the general phase behavior
remains the same.
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Fig. 6. Variation of TCP coordinates (&critical) and (Ycritical) s a function of oil in (oil+water)
ratio R at a fixed T (= 28 °C). The line drawn though points is only for guidance.

In conclusion, tri-critical points in the present microemulsion system are seen to follow a
parabolic profile as a function of R, for a field variable (electrolyte concentration, €) similar
to that observed with temperature in another ternary (CsEs-Water-Oil) system (Kahlweit et
al., 1995). The similarity in the TCP variation between these two systems indicate the
universality of the microemulsion phase behaviour. TCP variation as a function of
electrolyte concentration also provides avenues to obtain multiple tri-critical point
compositions at isothermal conditions, for a microemulsion forming system, whose phase
behavior is otherwise responsive to temperature. Further, the parabolic trajectory offers a
guideline to predict the location of tri-critical point compositions of a microemulsion if the
oil weight fraction in the microemulsion formulation is altered. Hence, it facilitates a faster
process of locating TCP compositions, where mutual dispersibility between oil and water is
the maximum and oil-water interfacial tension is at the minimum.

4.2 Shinoda diagram of microemulsion phase behavior

Another method to study microemulsion phase behavior has been to vary the oil amount (R)
in a surfactant solution with a fixed surfactant concentration (fixed y) (also referred as
Shinoda-diagram) (Sottmann et al., 2002; Olsson et al,, 2002). The field variable in this case
could be one of the following: temperature; electrolyte concentration (g); co-surfactant
concentration (3 = co-surfactant/(cosurfactant + surfactant). This method is quite popular
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with formulation developers as the phase diagram is determined at a low surfactant
concentration. The phase diagram is shown schematically in Fig. 7.

The Shinoda- diagram or the Shinoda-cut as referred by many [86], also depicts a rich array
of microstructures as seen in Fig. 7.

Field
Variables
(T, €,8)

Fig. 7. A schematic Shinoda diagram, representing a rich array of phase behavior (Lamellar
L., 1-¢ microemulsion, L; biphasic microemulsion and excess oil, L+O; and biphasic
microemulsion and excess water, L+W), is shown at a fixed surfactant concentration (iso-y).
R is the oil to (oil+water) ratio. The phase behavior is generic (i.e., irrespective of the field
variables, features of the phase diagram remain the same).

The advantage of the Shinoda diagram is that one can obtain information on the extent of oil
incorporation (depicting a 1-¢ microemulsion) at a given surfactant concentration. The
above schematic diagram is a representative behavior, seen for surfactant concentrations in
a range of 10-30 % by wt (y = 0.1 to 0.3) (Sottmann et al., 2002). At lower surfactant
concentrations (< y = 0.1), the L- region will have a co-existent 1-¢, 3-¢ and 2-¢ regions, with
a tri-critical point (similar to the Fish diagram) (Olsson et al,, 2002). The tricritical point in a
Shinoda-diagram also indicate the maximum amount of oil, which can be dispersed in a
microemulsion system (a measure of oil incorporation efficiency of a micoemulsion).

We have determined such Shinoda diagrams for a number of surfactant-oil-water systems,
e.g., with benzalkonium chloride-methyl esters of n-alkyl fatty acid-water. Shinoda
diagrams are determined with oils of increasing alkyl chain lengths (e.g., methyl ester of
octanoic acid, -decanoic acid and -dodecanoic acid). Calcium chloride is used as the
electrolyte. Fig. 8 shows the Shinoda diagram depicting various phases (1-¢; 3-¢ and 2-¢
regions). The 1-¢ region is a stable, transparent liquid with an oil-in-water microstructure.
The 3-¢ region is the region, where a microemulsion phase co-exists with the excess oil and
water phases. The 2-¢ region has a microemulsion co-existing with the excess oil phase. For
practical applications, the extent of 1-¢ region is indicative of the ability of the system to
provide a stable system, which can incorporate maximum oil possible. Thus, the efficiency is
judged from the co-ordinate of the tri-critical point (R and ¢), e.g., a higher R and lower ¢ is
indicative of more efficient microemulsion system.
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Fig. 8. Shinoda Diagram for a ternary (benzalkonium chloride-water-methyl n-alkanoate)
with CaCl, as the electrolyte (field variable in the present case). Benzalkonium chloride
concentration is 5 % by wt. (y = 0.05), Temperature = 25 °C.

From the Fig. 8, it is evident that a higher amount (~ 3 times) of salt is required to emulsify
the higher molecular weight (MW) oil (e.g., methyl dodecanoate) compared to low MW oil
(methyl octanoate). It is shown in the preceding section that there is a good correlation
between electrolyte and temperature requirement for microemulsion formation as well as
tri-critical point variation in the phase space. It is also well known (Kahlweit et al., 1987) that
the 3-¢ body shifts to a higher temperature, when the MW of the oil increases. In the present
case, the 3-¢ body shifts to a higher electrolyte concentration when the MW of the oil
increases. On the other hand, there seems to be no difference (i.e., no major change in the R
value of the tri-critical points, associated with these oils) between the two oils. In terms of
microemulsion efficiency, the ratio of oil to surfactant at the tri-critical point is ~1:1, which is
comparatively poor compared to some efficient microemulsion systems, known in the past
with an oil to surfactant ratio at 4:1 (Shinoda et al., 1984).

5. Micro-structural changes in the 1-phase microemulsion region
5.1 Iso-electrolyte concentration phase diagram

The phase diagrams shown in Fig. 5 have presented us with an opportunity to determine
the extent of single-phase domain in the -y space at a fixed temperature. Thus, for a given
surfactant concentration (y= 0.2), and a given electrolyte concentration (¢ = 0.15), the extent
of 1-¢ region is determined in the T-R space. As seen in Fig. 9, a wide 1-¢ channel across R
(from 0.1 to 0.9) is seen at 28 °C with the exception for R = 0.7. Thus, it provides an
opportunity to study the microstructural changes in the 1-¢ channel using various
experimental techniques. It may be mentioned here that such a 1-¢ channel at a constant
surfactant concentration (y = 0.2) and constant electrolyte concentration (¢ = 0.15) has not
been reported before. Most of the past work was concerned with such channels with a
varying surfactant concentration (Georges & Chen, 1986). The other advantage of the
present work is also that the structural transitions can be monitored by the measurement of
electrical conductivity without any unwanted contributions from varying electrolyte
concentration across the 1-¢ channel.
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It may also be added here that since the current interest is to study the structural
transformations across the 1-¢ channel as a function of ‘R” at a given temperature, such
phase channels at other temperatures were not investigated. Subsequent measurements
were limited to the 1-¢ channel at 28 °C only.
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Fig. 9. 1-¢ channel at various temperatures at a fixed surfactant concentration (y= 0.2), and
electrolyte concentration (e = 0.15)

5.2 Pulsed gradient spin echo — Nuclear magnetic resonance (PGSE — NMR)

Guering and Lindman (Guering & Lindman, 1985) used the method to study molecular
self-diffusion in SDS/ butanol/ toluene/ water/ NaCl microemulsion system. Garti et al
(Yaghmur, 2003) and Reimer et al, 2003 used PGSE-NMR for understanding the
microstructure of multi component microemulsion systems. Fanun (Fanun, 2007) has used
the technique to study a non-ionic surfactant based-microemulsion system with various
oils. All these above studies were carried out in the single phase region of the
microemulsion. However, the concentration of all the three components was varied while
scanning across the 1-¢ channel.

The microemulsion system under study presents an opportunity to probe the microstructure
variation as a function of R (oil / (oil + brine)) in the single-phase microemulsion region, but
at an iso-thermal, iso-surfactant, and iso-electrolyte concentration conditions, unlike in the
past. The change from oil-in-water to water-in-oil microstructure via a bicontinuous
microstructure is probed by measuring the diffusion coefficient of oil and water individually
in the system using self-diffusion NMR measurement. Relative self-diffusion coefficient
depicted as solvent self-diffusion (D) in the microemulsion to that of the neat solvent (Do)
determines the domains formed by the solvent. The relative self-diffusion coefficient for
water (Dwater /Dgwater) js close to unity for an o/w microstructure while that of oil (Deil/Dgeil)
is very much less than unity. High values of D/Dy are observed for both oil and water in a
bicontinuous structure. The self-diffusion coefficient of oil is close to Dgeil and that of water
is very small for w/o microstructures (Sjoblom et al., 1996).

Fig. 10 shows the relative self diffusion coefficients (D/Dy) of oil and water in the system
consisting of brine / Ciz.15 EO<s> - Ci245 EO<7» / LLPO - Caprylic acid at 28 °C as a
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function of oil content (R) in the microemulsion samples where the surfactant mixture
equals 20 wt % (y =0.2) and the salt concentration in water equals 15 wt % (¢ =0.15). The
experimental points are joined for visual clarification. Increasing the weight fraction of oil
in the 1-¢ microemulsion channel Deil/Dgeil increases from 0.14 at R=0.1 to 0.88 at R=0.8.
On the other hand, the values of Dwater/Dywater decrease from a value of 0.83 at R=0.1 to
0.08 at R=0.9. The relative diffusion coefficients of the oil (Dcil/Dgeil) are very low for R
values below 0.1 indicating droplet diffusion. These low oil diffusion values can be
mainly attributed to the confinement of oils to closed domains. The gradual increase in
Deil/Dyeil values until R=0.4 suggests that percolative oil channels are beginning to form
from a discrete droplet microstructure. These networked oil channels retard the water
diffusion in the continuous medium resulting in a reduction in self diffusion coefficient
value. At R=0.4, both values of Deil/Dgeil and Dwater/Dgwater are equal, indicating a clear
bicontinuous structure with solvent molecules complementing each other’s mobility in
their domain. It implies that the diffusion of oil or water molecules in their respective
domains is not restricted by the presence of the other phase in the macroscopic distance
under consideration. The increase in the Deil/Dgeil values after R=0.4 until R=0.9 depicts a
situation, where the molecular diffusion in an oil continuous channel is the dominating
process. In a similar manner, the decrease in the Dwater/Dgwater value signifies the gradual
change in confinement of water domain from continuous channel to a droplet regime. The
data obtained through the NMR self-diffusion measurements is validated and
supplemented with the findings from viscosity and dynamic light scattering
measurements of the same system, which will be described in subsequent sections.
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Fig. 10. Relative self diffusion coefficients (D/Do) of oil and water in the single phase region
of microemulsion system at iso-thermal (28 °C), iso-surfactant (20 wt. %) and iso-electrolyte
concentration (15 wt. %).

5.3 Viscosity changes across the 1-¢ channel at 28 °C

Viscosity measurements (viscosity profile as a function of shear rate as well as viscosity
measured at a given shear rate for different R) provides information on globular-
bicontinuous structural transitions (Georges & Chen 1986; Georges et al., 1987; Podlogar
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et al, 2004; Ajith et al., 1994; John et al., 1994). Globular (spherical oil droplets in water and
vice versa) non-interacting structures are expected to exhibit a Newtonian behaviour (
n~=y"). A deviation from the Newtonian behaviour is seen when various micro-
structures (either in static or under shear flow) interact with each other. Such structures
are also manifested in a shear thinning behavior. Such behaviour has been reported in the
past for bicontinuous structures as well (John et al. 1994). Viscosity changes as a function
of shear rate have been measured at various ‘R’ at 28 °C. For comparison purpose,
viscosity, recorded at 20 S, are shown in Fig. 11.
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Fig. 11. Viscosity at 20 S as a function of ‘R” at 28 °C

The viscosity changes in the 1-¢ channel is far from the bell-shaped curve as reported in the
past, indicating the existence of rather more complex micro-structures with increasing oil
wt. fraction. To begin with, the surfactant micellar phase (R = 0) exhibited a shear thinning
behaviour as shown in Fig. 12.

It may be seen from the Fig. 12 that zero shear rate viscosity is ~1 Pa.S, which decreases to
~0.05 Pa.S at an infinite shear rate (7, ). It is well known that nonionic surfactants form
spheroidal micelles at a high surfactant concentration (Lindman, 2001) and therefore, it may
be naturally expected to have such structures at y = 0.2. Under shear, such elongated
structures either align (Larson, 1999) with each other or break down (Larson, 1999; Acharya,
2006) to spherical micelles resulting in a reduced viscosity at higher shear rates.

With increasing R, the viscosity increases till R = 0.15 (Fig. 11), following which, it decreases
to 0.12 Pa.S at R = 0.18, a value slightly higher than that corresponding to R = 0 (0.08 Pa.S).
Such unusual changes in the viscosity in the lower R regions may be explained as follows:
With increasing oil wt. fraction, the initial elongated spheroidal micelles swell further to
accommodate oil in to its hydrophobic core. Increasing in the size of the structures enhance
the propensity to inter-swollen micellar interactions causing the viscosity to increase and
also exhibit a stronger shear thinning behaviour (7, /77,, )= 50 in contrast to 20 for R = 0. This
observation is also supported by the measurement of correlation length, determined via
dynamic light scattering measurements (a mean diameter change from 4.8 nm to 26.2 nm)
(Section 5.5). With further addition of oil, there is a rearrangement of swollen micellar
structures, causing the elongated swollen, spheroidal micelles to breakdown in to smaller
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spherical structures with a mean diameter of 4.7 nm. Although, the mean diameter is similar
to that observed for R = 0, the structures formed at R = 0.18 are likely to be spherical, non-
interacting entities, as manifested in the viscosity profiles recorded at 28 °C.
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Fig. 12. Shear stress and viscosity variation as a function of shear rate at 28 °C. R = 0.

The viscosity profile for R = 0.18 indicates a Newtonian behaviour with 7,/7,=1and 7, =
0.1 Pa.S. Subsequently with increasing R, there is a steady increase in the viscosity as seen in
Fig. 11. A global maxima in viscosity (0.27 Pa.S) is seen at R = 0.3. It may be said that above
R = 0.18, oil droplets exhibit a percolation behaviour, i.e., joining of globular oil droplets
leading to the formation of oil channels with high 7, values and high 7, /7, values as well.
For R = 0.2, these values respectively are, 10 Pa.S and 100 respectively. Thus, a transition
from a Newtonian behaviour at R= 0.18 to non-Newtonian behaviour at R= 0.2 signifies the
percolation threshold of oil droplets forming oil channels. The global viscosity maxima at
R= 0.3 coincides with the formation of a bicontinuous microstructure, characterized by
sample spanning, interpenetrating oil and water channels. In the past, both shear thinning
(Saidi et al., 1990) and Newtonian flow behavior (Blom & Mellema, 1988; Peyerlasse et al.,
1988; Saidi et al., 1990) was observed for bicontinuous structures at R = 0.3-0.5. However,
most reports point to a Newtonian behaviour indicating that there could be occurrence of
different microstructures other than bicontinuous for the R values indicated above. As
observed in the past, it is expected that the bicontinuous microstructure in the 1-¢ channel
exhibits a shear thinning behaviour as well. In the present case, for R= 0.3, 7,/7, is found
to be ~10, which is much smaller than that observed for R = 0.2, indicating that the
bicontinuous structures are much more flexible and rearrange rapidly. The mean correlation
length (between oil and water channels) is found to be 10 nm, a two-fold increase from that
seen at R=0.2. It is also well known (Yaghmur et al.,, 2003) that the correlation length
approaches the maximum near the bicontinuous microstructure, before decreasing further
with increasing oil wt. fr.

Following the global maxima in the viscosity at R= 0.3, it decreases subsequently with
increasing R, with a shoulder near R = 0.5 (Fig. 11). Interestingly, microemulsions higher
than R = 0.3 exhibit Newtonian behavior, which concurs with most past results. One
possible explanation for the Newtonian behaviour for the bicontinuous microstructure is the
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interfacial flexibility as well as the time scale of rearrangement of water, oil channels being
much faster than the material response to external shear stimuli. The viscosity changes
following the global maxima is very much similar to that seen in the past (Garti et al., 2001;
Georges et al., 1987; Langevin, 1992) for 1-¢ microemulsions with increasing oil wt. fraction.
The viscosity values for microemulsions with higher R is lower than its counterpart with
low R with a sharp decrease at ~ R = 0.6, which is likely to be the transition to the w/o
microemulsion from a bicontinuous structure.

5.4 DC and AC conductivity changes in the 1-¢ microemulsion region

The microstructural changes from a droplet morphology (e.g., w/o0 microemulsion) to a
bicontinuous morphology via coalescence of water droplets and their percolating
networks/channels have been characterized by electrical conductivity and dielectric
permittivity measurements (Fanun, 2007; Yaghmur et al., 2003; Capuzzi et al., 1999; Cametti
et al., 1995; Peyrelasse & Boned, 1990) . The percolation phenomena as a function of water
volume fraction as well as with temperature has been studied in detail and two percolation
models, i.e., static and dynamic percolation have been proposed (Cametti et al., 1995). In
either of these, there is an order of magnitude change in the DC (ohmic) or low frequency
electrical conductivity. The detailed nature of these curves depend on experimental design
and parameters, e.g., low frequency conductivity changes at constant surfactant content, at a
constant surfactant to oil ratio etc. In the present work, as mentioned earlier in the preceding
sections (5.1-3), there is an opportunity to measure e-conductivity changes as a function of
oil to water ratio (R) at a constant surfactant concentration (iso-y); constant electrolyte
concentration (iso-¢) and iso-thermal conditions. A plot of DC e-conductivity at various R is
shown in Fig. 13.
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Fig. 13. DC e-conductivity changes at various R. E-conductivity could not be measured
below R = 0.15 because of instrumental limitations. The line drawn across points is only for
guidance to the eye.

As seen in the conductivity profile, there is a sharp drop in the conductivity values (4-5
orders of magnitude drop) after R =0.6, indicating the transition to a w/o microstructure.
The above plot also shows that the percolation threshold at the water-continuous side, i.e., a
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transition from o/w to bicontinuous structure occurring at R~ 0.2, manifested by a change
in the slope of e-conductivity. This is expected as the conduction path is obstructed by the
formation of oil channels, resulting in a decrease in the conductivity value, hence a change
in the slope. On the other hand, a transition to the oil continuous from bicontinuous
microstructure is signified by orders of magnitude change in the conductivity values.

AC e-conductivity scans provide a more accurate picture of electrical conductivity changes
across microstructural transitions, because, at high frequency (> 10 kHz frequency),
contributions from space charge polarizations can be eliminated. We measured AC
conductivity at 75 KHz and the data is shown in Fig. 14.
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Fig. 14. AC conductivity profile in the 1-¢ channel. The measurement is carried out at 75
KHz frequency.

The transition from the o/w microstructure to a bicontinuous one is characterized by a
change in the slope of conductivity values as is the case in DC conductivity (Fig. 13).
However, many a times, because of the high electrolyte concentration in the system,
physical measurements become difficult in the case of DC conductivity. Based on the DC- as
well as AC-conductivity measurements, the microstructural transitions in the 1-¢ channel of
the current microemulsion system, as a function (R), can be said as, o/w (0.2) bicontinuous
(0.75) w/o.

5.5 Diffusion coefficient and correlation length of oil and water micro-domains from
light scattering measurements

A plot of diffusion coefficient of various microstructural entities, causing light scattering as a
function of R is shown in the Fig. 15.

The diffusion coefficient measurement has reflected various transitions, described so far
in the preceding section. The diffusion coefficient peaks ~ R = 0.2, which is the percolation
threshold for the oil channels to form. The highest diffusion coefficient is also indicative
of lowest viscosity, encountered at R = 0.18. Similarly the transition to the oil-continuous
microstructure occurs at R = 0.6, followed by a lowest diffusion coefficient measured at R
= 0.5. Using these diffusion coefficient data and viscosity of the continuous phase,
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correlation length at various R is estimated. The Fig. 16 shows the variation of correlation
length as a function of R.
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Fig. 15. Diffusion coefficient of oil/ water droplets/domains in the 1-¢ channel as
determined from light scattering measurements. The line drawn though all experimental
points is only a guidance to the eye.
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Fig. 16. Correlation length as a function of R in the 1-¢ channel aty=0.2and T = 28 °C

The correlation length changes across oil wt. fraction. Initial changes in the oil droplet size
follow the changes seen in the viscosity profile (Fig. 11), i.e., an increase in the size of oil
domains with increasing oil addition as well as a drop in its size at R = 0.18 (see the
discussions in the preceding sections). The global maxima in the correlation length (for the
bicontinuous structure) however appears at R = 0.42, which in the viscosity profile
corresponds to the appearance of a shoulder. Interestingly, this is the point at which the
diffusion coefficient is also the lowest and no structural breakdown of the product under
shear takes place. It is common for microemulsion systems, where the correlation length
passes through a maximum as per the following relation (de Gennes & Taupin, 1982;
Talmon & Prager, 1978)
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64,9,

E=
CXx 7)

Where, &, ¢, v, Cs and X are respectively, the mean correlation length of oil and water
micro-domains, oil volume fraction, water volume fraction, number of surfactant molecules
per unit volume and cross-sectional head group area of the surfactant at the oil-water
interface. The above relation is derived with the assumption that the oil and water micro-
domains form a cubic lattice (Talmon & Prager, 1978). Assuming X to be 50 Az/ calculated &
was found to go through a maxima (13 nm) between R = 0.3 to R = 0.45. The maximum
calculated correlation length is roughly half of that estimated from experiments. The source
of error could be from the accurate estimation of ¥ values as well as the assumption of a
close packed cubic lattice structure. Although X was taken to be 50 A2 (Klose et al., 1995), the
actual value could be less, especially with a very high electrolyte concentration (= 0.15).

A comment on the variation of diffusion coefficient for various structures may be
appropriate here. It is seen that diffusion coefficient varies with scattering angle as,

q°¢

where K is Kawasaki function,
3. 3 1o
K(x) —Z[x +1+(x" ——)tan  x]
X

Hence, a stronger variation of D(q) with q indicate the contribution of correlation length &

variations through the 2nd order correction term |[ D, 1 to the D, value obtained at 6 = 90".
9°&
Variation in the diffusion coefficient values as a function of scattering vector (
g= 4mSin(0/2) ) is the least (independent of q) and strongest for R = 0. A strong variation of
A
correlation length with q is also indicative of asymmetric non-spherical structures in the
medium, supporting conclusions of spheroidal structures at R = 0 as well as correlation
length maxima at R = 0.3.

6. Conclusion

We have shown that the HLD-ACN model can be successfully used to predict
microemulsion phase behaviour in systems containing commercial/technical
ingredients/ mixtures. We also have pointed out various limitations in using the model from
a microemulsion formulator point of view. New insights have been obtained by estimating
the characteristic surfactant parameters ‘k” and ‘o’. It has also been shown that di- and tri-
valent cations cause an increase in o/k values, indicating an increase in the surfactant
hydrophobicity, possibily due to an increase in the hydrophobic volume.

Following a brief description on determination of microemulsion phase diagrams (Fish-
diagram and Shinoda diagrams), we have shown the generic nature of these phase
diagrams, i.e., variation of tricritical points in the phase space and also presented a rare
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opportunity of 1-¢ microemulsion channel in the phase space at constant surfactant
concentration (iso-y); constant electrolyte concentration (iso-g) and iso-thermal conditions.
Microstructural transitions, i.e., from an o/w to w/o via a bicontinuous microstructure, as
manifested by various experimental parameters (self-diffusion co-efficient ; viscosity;
electrical-conductivity and characteristic domain sizes) are demonstrated.
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