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Abstract Extended surfactants containing an intermediate-
polarity spacer, such as polypropylene oxide, in between the
hydrophilic head and the hydrocarbon tail are known to
result in superior solubilization and low interfacial tension,
though they exhibit slow kinetics. The present work seeks to
evaluate both equilibrium and kinetic aspects of extended-
surfactant-based micro- and macroemulsions. The interfa-
cial morphology of the extended surfactant membrane, i.e.,
characteristic length (&) and interfacial rigidity (E,) at opti-
mum middle-phase microemulsion conditions, was charac-
terized using the net-average curvature model. The results
showed that extended surfactants resulted in a relatively rigid
interfacial membrane compared with conventional surfac-
tants having similar hydrocarbon chain length. In addition,
both & and E, parameters increased with the length of the
polypropylene oxide spacer. Increasing E. values correlated
to the slow coalescence rates of extended surfactant emul-
sified systems. Two alternative approaches (the addition of
combined linkers and co-surfactant) are shown to overcome
the slow kinetics of coalescence while maintaining desirable
high solubilization and low interfacial tension.
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Introduction

According to the Winsor R-concept [1-4], an effective way
to produce microemulsions with greater solubilization and
lower interfacial tension (IFT) is to equally increase the
interaction of surfactant for both oil and water. While this
can be achieved by increasing the hydrophilicity of the
surfactant head and the length of the hydrocarbon tail, this
approach is limited by the loss in solubility associated with
long hydrocarbon tails. Extended surfactants have been
proposed as an alternative surfactant structure to achieve the
Winsor potential without sacrificing water solubility [4-7].

By definition, extended surfactants are surfactants in
which intermediate-polarity groups such as short-chain
polypropylene oxide (POs) or polypropylene—polyethylene
oxide (POs—EOs) groups are inserted between the surfac-
tant hydrophilic head and hydrocarbon tail [4-6]. Due to
the presence of intermediate-polarity groups, extended
surfactants not only increase the tail length but also offer a
smoother interfacial transition from a polar aqueous to
nonpolar oil region [3, 4]. As a result, extended surfactants
are capable of forming middle-phase microemulsions with
high solubilization and ultralow IFT for a wide range of
oils, in particular long-chain alkanes, triglycerides, and
vegetable oils [5-9]. Detailed discussions and proposed
structures of extended surfactant can be found in the lit-
erature [3-11].

In spite of having attractive properties desirable for
practical uses, extended-surfactant-based microemulsions
face the challenge of poor kinetics. Our previous work [7]
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reported that the equilibration time for optimum middle-
phase microemulsions produced by extended surfactants is
in the range of weeks to months. Such slow kinetic systems
will not be adequate for application processes which
operate under short contact times, e.g., detergency, hard-
surface cleaning, surfactant-enhanced separation, etc.

It is widely accepted that the surfactant structure at the
interface (“membrane”) dictates both equilibrium and
dynamic properties of microemulsion and emulsion sys-
tems [2, 12-17]. These properties include solubilization
capacity, IFT reduction, phase behavior, rate of solubili-
zation, and coalescence kinetics of macroemulsion drop-
lets. Although many different parameters have been
proposed as membrane characteristics, the present work
focuses on two essential parameters: the characteristic
length (£) and the interfacial rigidity (E;). They are pre-
ferred because they yield vital information linked to both
equilibrium and dynamic properties of microemulsion
systems, as discussed further below. In addition, the net-
average curvature model (NAC) [18, 19] can readily be
used to estimate these membrane properties (both & and E,)
based on simple phase behavior and IFT data.

The characteristic length accounts for the surfactant tail
plus associated oil or water molecules in the surfactant
membrane, thereby determining the maximum solubiliza-
tion capacity of the microemulsion system. De Gennes and
Taupin [14] and Acosta et al. [18] indicated that the
thickness of surfactant layer () is a function of the length
parameter (L), which was later found to be an extended
length scaling from the surfactant tail [18]. As for the
solubilization parameter (SP), a larger value of the char-
acteristic length suggests a higher solubilization and also
results in a lower IFT. Another important property asso-
ciated with the ¢ parameter is the rigidity of the surfactant
membrane or the interfacial rigidity (E,). Based on a series
of phase studies with linker molecules [17, 20-22], systems
with higher ¢ values produced a rigid surfactant membrane
(high E, values).

While & accounts for equilibrium microemulsion prop-
erties such as solubilization capacity and IFT, the E;
property relates to the bending modulus, K [12, 23], a key
parameter controlling dynamic properties (e.g., coales-
cence kinetic) of microemulsion systems. Helfrich [13]
proposed a mathematical equation to evaluate the K mod-
ulus in terms of the free energy required to create a new
dynamic interfacial area. His work suggested that a high
K-value corresponds to a rigid interfacial film, for which
more energy is required to deform the membrane as two
droplets approach, thereby leading to a slower coalescence
rate. With this relationship, the kinetics of microemulsion
equilibration may be viewed as an indirect measurement of
macroemulsion coalescence rate [17], an approach which
will be used in the current study as well.
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Because of their unique structure, extended surfactants
are likely to produce a thick and rigid interfacial mem-
brane, which will result in a slow coalescence rate and a
prolonged equilibration time. This issue is addressed in the
present report after corroborating the ability of extended
surfactants to form middle-phase microemulsions with
desirable high solubilization and low IFT. Then, the
membrane properties of the extended-surfactant-based
microemulsions will be characterized using the NAC
model. This information will allow comparison of inter-
facial thickness () and membrane rigidity (E,) between
extended surfactants and conventional surfactants having
similar tail lengths. Finally, we explore approaches (i.e.,
the addition of combined linkers and co-surfactants) to
overcome the slow coalescence rate of extended-surfac-
tant-based systems, while still maintaining favorable low
IFT and high solubilization for practical uses.

Experimental Procedures
Materials

Surfactants evaluated in this work are classified into two
main groups: conventional and extended surfactants. In the
first group, sodium dodecyl sulfate (SDS) and bis(2-ethyl-
hexyl) sulfosuccinate sodium salt (SDOSS, trade name
Aerosol-OT) were utilized as representatives of conven-
tional anionic surfactants. SDS (97% active) and SDOSS
(99%+) were purchased from Sigma—Aldrich. The second
group of surfactants evaluated is the extended surfactants
containing various numbers of propoxylated groups (PO)
inserted between the sulfate head and hydrocarbon tail
[R—(PO),—SO4Na]. The hydrocarbon tail of the extended
surfactants studied consisted of branched 12-13 carbons
(C12.13). These R—(PO),—~SO4Na surfactant samples were
provided by Sasol North American Inc. (Lake Charles,
LA); see Table 1. The 50 and 100 B indicated after the
surfactant formulation represent the degree of branching of
hydrocarbon tail: 50% and 100%, respectively. All con-
ventional and extended surfactants were used as received.
Sodium chloride (99%-+), sec-butanol (99%-, anhy-
drous), and straight-chain alkanes, namely octane (99%+),
decane (99%-+), dodecane (99%-+), and hexadecane
(99%+), were purchased from Sigma—Aldrich (Saint Louis,
MO). Sodium mono- and dimethyl-naphthalenesulfonate
(SMDNS, 99%) were supplied by Akzo Nobel (Houston,
TX). All chemicals stated above were used as received.

Methods

Microemulsion phase studies were performed in flat-bot-
tom vials with Teflon-lined screw caps using standard
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Table 1 Properties of conventional and extended surfactants, and co-surfactant
Surfactants HC % Branch No. of PO groups % Active MW a; (Az)
Conventional surfactant
SDS Ci, - - 97.0 288 60.0*
SDOSS Twin-tail Cg - - 100 445 110°
sec-butanol Cy - - >99.5 74 30.0°
Extended surfactants
Ci2.13H2527—(PO)4,~SO4Na, 50 B Ci2.13 50 4 30.0 527 144.9°
Ci2.13H2527—(PO)s—SO4Na, 50 B Cia13 50 30.7 766 61.73¢
Ci2.13H2527—(PO)s—SO,4Na, 100 B Cia13 100 8 30.6 667 96.14¢

a;, cross-sectional area per surfactant head group
2% values reported in the literature ([34, 20], respectively)
¢ Evaluated in this work with the presence of 0.2 M NaCl addition

methods [6, 7, 20, 21]. Equal volumes of oil and water
(5 mL) were added into the vial at different NaCl con-
centrations (salinity scan). The tubes were then placed in a
temperature-controlled water bath at 27 °C. The samples
were shaken once a day for the first 3 days and left to
equilibrate for at least 2 weeks. When the systems reached
equilibrium, the relative phase volumes and interfacial
tension (IFT) values were quantified for each sample to
determine the optimum condition (in this case, the salinity
that produced the lowest IFT and equal volumes of oil and
water solubilized in the middle phase, so that SP, and SPy,
are equal) is known as the optimum salinity (S*) for the
system.

Equilibrium interfacial tension (IFT) was measured
between the excess water and excess oil phases of pre-
equilibrated middle-phase microemulsion samples using a
spinning drop tensiometer (University of Texas, model
500). The excess water phase of a middle-phase micro-
emulsion (which was the dense phase) was added into the
spinning drop tube. Then 1-3 pL of the excess oil phase
was subsequently injected into the same tube. The IFT
measurement was recorded after 15 min of spinning.

Characteristic length (f*) and interfacial rigidity (E,) of
extended-surfactant-based microemulsions at the optimum
condition were evaluated using the NAC approach [18],
The interfacial rigidity at the optimum condition (E,) can
be calculated by the following equation [18]:

E, = 4n&*?y*, (1)

where 7" is the interfacial tension (either between middle
phase and excess oil or between middle phase and excess
water) at optimum condition, E; is the interfacial rigidity
expressed in kg7 units at 300 K, and & is the characteristic
length at the optimum condition (/f\).

Coalescence rate was estimated using the turbidity
device developed by Acosta et al. [17] using a standard
green light-emitting diode (LED) light source and a

cadmium sulfide cell (CDS) detector. The change in the
resistance was then registered via a multimeter (METEX
M3850D) and converted into turbidity (t). Coalescence
samples were obtained by gently hand-shaking the opti-
mum middle-phase microemulsions (approximate shaking
rate of 20 strokes per minute) for 30 s prior to placing in
the device with the light source and detector aligned at the
center of the test tubes to follow the rate of macroemulsion
coalescence as the equilibrium middle-phase microemul-
sion state is approached.

From the turbidity results, a plot of inverse turbidity (1/7)
versus time (f) yields the coalescence kinetic constant (k.)
of the corresponding macroemulsion at the optimum
condition.

1 1

Tkt (2)
where T and 1, are the turbidity of samples at time ¢ and
that of the blank solution [17]. Note that Eq. 2 was
established based on the assumption that a decrease in
turbidity as time elapses is proportional to a decrease in the
number of drops per unit volume [17]. Therefore, the k.
value indicates the rate of change of number of droplets per
unit volume in the system. A higher k. value indicates a
faster coalescence of macroemulsion droplets and a quicker
equilibration time toward the original middle-phase
microemulsion system.

Results and Discussion

Interfacial Tension and Solubilization Properties
of Extended-Surfactant-Based Microemulsions

In this study, the ability of extended surfactants to form

microemulsions is compared with a conventional surfactant
having a similar hydrophilic head and hydrocarbon tail.
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Due to a limited number of extended surfactants available,
the extended surfactant C;, 13—(PO)s—SO4Na (50% branch)
and the conventional surfactant C;,—SO4Na (SDS) were the
closest pair available and were studied at 0.07 M concen-
tration at 27 °C.

Figure 1 and Table 2 summarize important microemul-
sion properties [i.e., optimum salinity (S*), solubilization
parameter (SP*), and interfacial tension (IFT*)] of the
Ci2,13-(PO)s—SO4Na and the SDS/sec-butanol systems. As
expected from Winsor’s R concept [1, 2], both surfactant
systems exhibit an increase in optimum salinity (S”) with
increasing oil alkane carbon number (ACN), a typical trend
observed in the literature [2, 6, 7, 24]. However, it is
interesting to mention that, while an increase in oil ACN
results in a decrease in the minimum IFT value for the
Ci2,13-(PO)s—SO4Na extended surfactant, the opposite
trend is observed with the SDS/sec-butanol system. Fur-
thermore, according to data in Fig. 1, although the IFT"
property of Cy513—(PO)s—SO4Na decreases with increasing
oil ACN, the SP* value remains relatively constant, an
unusual behavior which deviates from the Chun Huh
relationship [25, 26] which indicates that SP” and IFT are
inversely proportional.

Characteristic Length (é*) and Interfacial Rigidity (E,)
of Extended Surfactant Membrane at Optimum
Condition

As suggested in the introduction, with additional PO
groups in the surfactant tails, extended surfactants are
likely to evidence higher characteristic length (&%) (thicker
surfactant membrane) and more rigid surfactant mem-
branes (E,). Table 3 summarizes data on solubilization
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Fig. 1 Equilibrium interfacial tension (IFT) as a function of salinity
of systems containing a Cj5,13H527—(PO)s—SO4Na, 100 B and b the
SDS/sec-butanol mixture for a wide range of alkane oils at constant
0.07 M surfactant concentration and 27 °C
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parameter, characteristic length, and interfacial rigidity of
conventional and extended surfactant formulations for
hexadecane at the optimum condition. Since the results
show a consistent trend between the solubilization param-
eter and characteristic length, only the ¢" value will be used
as an indicator for system solubilization in later discussion.
In the case of the conventional surfactant SDS and alcohol
mixture, it is interesting to note that the calculated char-
acteristic length is lower than the reported value for a usual
tail length of SDS (11.64 A versus 16 A) [18]. The low &
value indicates a weak surfactant-oil interaction which is
likely the result of the high sec-butanol concentration and
thus the low surfactant adsorption density at the interface.
In respect to Eq. 1, the E, value is strongly influenced by
the & property; so the E, value of the SDS/sec-butanol
system is found to be very low (0.2 kg7). A value of
E. <1 kgT is quite common for systems containing high
amount of short-chain alcohol or hydrophilic linker [17,
18]. Furthermore, the low E, value in the SDS/sec-butanol
systems is also consistent with the fact that their emulsion
droplets coalesced quickly after shaking ceased (<10 min).

In contrast to the SDS/sec-butanol system, extended
surfactant systems exhibit much higher ¢ values (Table 3),
which are a function of the number of PO groups. The
results show the & value of extended surfactant notably
increases from 211.8 A to 270.1 A on increasing the
number of PO groups from four to eight. Since a higher &¢"
value means a thicker surfactant membrane and better
solubilization power of microemulsion systems, this sug-
gests that additional PO groups increase the total length of
extended surfactant molecules and thus their solubilization
potential.

Consistent with the f* parameter, the E, values are found
to increase with increasing number of PO groups inserted
into extended surfactants. The calculated E, values for the
Ci2,13-(PO)4—SO4Na and Cy, 13—(PO)s—SO4Na surfactants
with 100% branching are 6.9 kgT and 8.3 kg7, respec-
tively. From the literature [12], the E, value for typical
middle-phase microemulsion systems corresponds with the
bending modulus (K) of 1 kg7, whereas E, ~ 10 kgT
suggests the presence of lipid bilayers. Based on this scale,
the relatively high rigidity of the extended surfactant
membrane leads to two potential explanations. First, it is
possible that the extended surfactants may form a middle-
phase microemulsion that coexists with liquid crystals.
These liquid crystals could wrap around the emulsion
droplets, inhibiting droplets from coalescing, as has been
reported by others [2, 27-29]. Another potential explana-
tion of the high-rigidity film is the steric hindrance caused
by the bulky PO attachment and branch-tailed nature of
extended surfactant. This effect could potentially prevent
the approach of dispersed emulsion droplets or a thinning
of the plane-parallel film.
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Table 2 Comparison of microemulsion properties at the optimum condition between the Ci; ;3H5527—(PO)s—SO4Na, 100 B and the SDS/sec-
butanol mixture for a wide range of alkane oils at constant 0.07 M surfactant concentration and 27 °C

0il ACN C12.13~(P0)s-SO,Na, 50 B C1,-SO,4Na + sec-butanol

S (wt %) SP™ (mL/g) IFT" (mN/m) S (wt %) SP™® (mL/g) IFT" (mN/m)
Octane 8 6.50 6.78 0.0132 16.5 1.78 0.0292
Decane 10 8.00 5.91 0.00900 18.5 1.40 0.0528
Dodecane 12 9.50 6.26 0.00490 20.0 1.27 0.0562
Hexadecane 16 12.5 5.56 0.00430 24.5 1.01 0.105

2 8", optimum salinity

" SP*, total volume of middle phase (mL)/grams of surfactant

Table 3 Characteristic length (é*), interfacial rigidity (E,) at optimum conditions, and equilibration time of conventional surfactant and

extended surfactant systems for hexadecane

Surfactant system S* (wt %) IFT" (mN/m) Vinp (mL) SP** (mL/g) & (A E, (kgT) Equilibration
time
Conventional surfactant-alcohol
SDS/sec-butanol 24.5 0.105 0.530 1.01 11.64 0.23 <10 min
Extended surfactants
Ci2.13H2527-(P0O)4,~SO4Na, 50 B 12.8 0.0101 4.38 7.12 211.8 6.9 ~2 weeks
Ci2.13H2527—(PO)s—SO4Na, 50 B 8.00 0.00750 5.70 6.53 270.1 8.3 Months

* SP”, total volume of middle phase (mL)/grams of surfactants

® Based on visual observations of emulsified middle-phase microemulsion systems

Fish Diagram of a Single Extended Surfactant

An alternative way to present the microemulsion phase
behavior is by showing a plot between surfactant concen-
tration (M) and salinity (wt %) of the surfactant/brine/oil
system. This type of plot is often portrayed in the gamma
shape, thus referred to as the gamma or fish diagram [2, 10,
17].

Figure 2 is a fish diagram of the C; 13—(PO)s—SO4Na/
brine/hexadecane system. According to the diagram, the
Ci2,13-(PO)s—SO4Na 50B surfactant shows a vertical ori-
entation, similar to what is typically observed for a high-
purity single-component conventional anionic surfactant
system. Furthermore, the fish diagram also offers two key
surfactant concentrations: the critical microemulsion con-
centration (CuC) and the lowest surfactant concentration
where a single phase (or Winsor type IV) microemulsion is
formed, sometimes called the X point [2, 3, 21]. This
information is highly valuable for developing a cost-
effective formulation. The CpC indicates the minimum
surfactant concentration required to form the “first drop”
of middle-phase microemulsion and attain the lowest IFT
value [6, 21], while the lowest surfactant concentration
where a single phase (or Winsor type IV) microemulsion is
formed guides formulators for the solubilization power of
surfactant formulation [2—4]. From Fig. 2, the CuC value
and the lowest point forming Winsor type IV of the Cy5 13—

(PO)s—SO4Na surfactant are reported as 0.37 mM (0.03
wt%) and 0.20 M (13 wt%), respectively.

Approaches to Increase the Kinetics of Coalescence
with Systems Containing Extended-Surfactant-Based
Microemulsions

Upon shaking the optimum system samples, the three
equilibrated phases (excess oil, middle phase microemul-
sion, and excess water) are mixed and emulsified into a
single pseudophase (macroemulsion). Since this emulsion
is thermodynamically unstable, it starts to coalesce and
returns to the equilibrium three-phase system as time
elapses. Acosta et al. [17] used this correlation to track the
kinetics of middle-phase microemulsion equilibration by
measuring the turbidity of the emulsion as a function of
time during coalescence (the coalescence rate). In this
work, we propose that, to enhance the rate of coalescence,
the rigidity of extended surfactant membrane must be
reduced. Literature reports indicate that adding certain
additives, such as short-chain alcohol, linkers, and branch-
tailed co-surfactants, helps reduce the film rigidity (E,)
2,4, 14,17, 22, 30-32]. However, whether alcohols, linkers
or co-surfactants are used, they must be selected with
caution since our objective is to expedite the rate of coa-
lescence without jeopardizing the IFT and solubilization
properties of microemulsion systems.
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Fig. 2 Fish diagram of the C; 13—(PO)s—SO4Na, 50 B/brine/hexa-
decane microemulsion at constant 27 °C and equal volume of oil to
water

In this section, linkers and co-surfactant molecules were
utilized to modify the rigidity of the extended surfactant
membrane. The four extended surfactant systems evaluated
were the C12’13—(PO)4—SO4Na-alone, the C12’13—(PO)4—
SO4Na/SMDNS/dodecanol, the Ci;13—(PO)s~SO4Na—/
SMDNS/oleyl alcohol, and the Cj;3—~(PO),~SO4Na/
SDOSS systems, all at 27 °C. The extended surfactant
Ci2,13-(PO)4—SO4Na was used at constant concentration of
0.07 M unless otherwise stated. The amount of hydrophilic
(SMDNS) and lipophilic linkers (dodecanol or oleyl alco-
hol) added was kept constant at 0.03 M. In the case of the
Ci2,13-(PO)4—SO4Na/SDOSS system, the total surfactant
concentration was fixed at 0.07 M with a 50/50 Ci5 13—
(PO),—SO4Na-to-SDOSS ratio.

Table 4 summarizes the ¢ and E, values of the extended
surfactant and mixtures at the optimum condition. Com-
pared with the C;,15—(PO)4—SO4Na-alone system, the f*

and E, values decrease considerably with the addition of
combined linkers and the co-surfactant SDOSS, while the
IFT values remain relatively constant. This result high-
lights that the extended surfactant is a key component in
producing the low IFT property. As mentioned above, the
presence of additives such as linkers or co-surfactants
produces two different effects. A reduction in the & value
indicates a decrease in solubilization, while a decrease in
E. value suggests a less rigid surfactant membrane, which
corresponds to a faster coalescence rate (also a faster
equilibration time).

Figure 3 plots inverse turbidity as a function of time
during the coalescence of the emulsified system. The
results show that the turbidity curve of the C;, ;3—(PO)4—
SO4Na surfactant alone remains relatively constant over
the entire study period (total of 1 h), while the turbidity
of the C;, ;3—(PO)s~SO4Na mixtures drops quickly (1/z
increases rapidly) and reaches a plateau within 10 min. As
noted in Eq. 2, the turbidity curve is correlated to the
coalescence kinetic constant (k.). Higher k. values indicate
a faster coalescence of macroemulsions and quick equili-
bration time of microemulsion systems.

Among formulations, the steepest slope (highest k
value) is observed with the Cy; ;3—(PO),~SO4Na/SMDNS/
dodecanol system, while the smallest slope (smallest k.
value) is attained with the C;;;3—(PO);—SO4Na-alone
system; recall from before that higher k. values mean
greater rate of coalescence and faster approach to the
equilibrium middle-phase microemulsion system. The
calculated k. values of studied systems are listed in
Table 4. The Cy, 3~(P0O),~SO4Na/SMDNS/dodecanol
system has a k. value three orders of magnitude higher than
the Ci,,13—(P0O)4—SO4Na-alone system (1.2E4+00 versus
4.0E-03 cm/s, respectively), indicating a faster coalescence

Table 4 Characteristic length (&), interfacial rigidity (E,), and coalescence rate constant (k.) of the C13—(PO)s—SO4Na-alone and mixture
systems at the optimum middle-phase hexadecane microemulsions and 27 °C

i *

Surfactant system S IFT Vap SP™® & E. ke Equilibration
(Wt %) (mN/m) (mL) (mL/g) (10\) (kgT) (cm/min) time?
C12.13H2527-(PO)4~SO,Na 128 00101 438 7.12 2118 69  4.0E-03 ~2 weeks
C12.13H2527-(P0)4~SO,Na + SMDNS + dodecanol ~ 17.5  0.0101 2.65 431  113.8 23  12E+00 £ 9.2E-02 <10 min
C12.13H2527-(P0),~SO,Na + SMDNS + oleyl alcohol 16.0  0.0117 3.18 5.17 1363 2.9 3.9E-01 + 3.5E-04 <10 min
C12.13Hy5 27-(P0),~SO,Na + SDOSS 580 0.0099 1.72 247 96.5 14  3.4E-01 + 2.3E-02° <10 min

2.1E401 =+ 2.3E-02°

The Cy5,13—(P0O),—SO4Na concentration was fixed at 0.07 M, unless otherwise stated. The ratio of SMDNS to lipophilic linker was kept constant
at 0.03 M and added on top of the 0.07 M C,,,;3—(PO),—SO4Na concentration. The ratio of C;, ;3-(PO)4,~SO4Na/SDOSS used was 50/50 at

constant 0.07 M total surfactant concentrations

* SP”, total volume of middle phase (mL)/grams of surfactants
® The k. value calculated from the first slope

¢ The k. value calculated from the second slope

4 Based on visual observations of emulsified middle-phase microemulsion systems
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Time (minute)
A Cy;15-(PO),-SO,Na+SMDNS+Dodecanol
X Ci,5-(PO),-80,Na+SMDNS+Oleyl alcohol

4C 12157 (PO)-SO,Na
= C,, ,5-(PO),-S0,Na+SDOSS

Fig. 3 The inverse turbidity curves during coalescence at 27 °C of
the samples containing the 0.07 M C,; ;3—(P0O),~SO4Na-alone, the
0.07 M Cy5,15-(PO)4~SO4Na/0.03 M SMDNS/0.03 M dodecanol, the
0.07 M Cy,,13-(PO)4,~SO4Na/0.03 M SMDNS/0.03 M oleyl alcohol,
and the 0.035 M C,3,3—(P0)4—SO4Na/0.035 M SDOSS mixtures.
Turbidity samples resulted from shaking the optimum middle-phase
hexadecane microemulsions

rate while still providing good solubilization capacity and
low IFT properties. Another added benefit of the linker
modified formulation is that the magnitude of solubiliza-
tion power, IFT reduction, and the kinetics of coalescence
can be adjusted/optimized by simply changing the type of
linker molecules, as seen in the example of the Ci; 13—
(PO)4—S0O4Na—/SDMNS/oleyl alcohol formulation.

In the case of the C;; ;3—(PO)4—SO4Na/SDOSS system,
the inverse turbidity plot shows a two-step increase in the
1/7 value (Fig. 3), which is different from prior systems. In
previous work, SDOSS was found to be much more
hydrophobic than the extended surfactants [7]. By consid-
ering the difference in their hydrophilic-lipophilic nature,
it is suggested that the system with C; 13—(P0O),~SO4Na
and SDOSS may produce two different types of surfactant
membranes or may transition over time in the composition
at the interface, with the high ratio of SDOSS to Cy5 13—
(PO)4—SO4Na exhibiting different properties than the high
fraction of Ci;,3—(PO)4,—SO4Na at the interface. In
Table 4, two distinctive k. values are calculated from the
individual slopes in the C;; ;3—(PO);—SO4Na/SDOSS sys-
tem. In addition, although the bicontinuous middle phase
(MP) might tend to be the continuous phase in macro-
emulsion systems, given the disproportionate volumes
between the MP and excess oil and water phases, this MP
phase could also be a dispersed phase in some cases.
Therefore, the case of the Winsor III microemulsion pos-
sibly consists of the coalescence of multiple emulsion
systems (e.g., O/W, W/O, O/MP, and W/MP), and the
coalescence rates are slowest for systems containing the
MP as a continuous phase [15, 33]. Regarding this fact, it is

possible that the C;, ;3—(PO)4—SO4Na/SDOSS system may
produce multiple emulsions. Further study is required to
gain improved understanding of this mixture behavior.
Nonetheless, from a practical perspective, the equilibration
time is <10 min as compared with 2 weeks for the
extended surfactant alone, thereby again illustrating the
ability of this co-surfactant to improve the system’s
kinetics.
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