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ABSTRACT: Inspired by the concept of lipophilic and hy-
drophilic linkers, extended surfactants have been proposed as
highly desirable candidates for the formulation of microemul-
sions with high solubilization capacity and ultralow interfacial
tension (IFT), especially for triglyceride oils. The defining char-
acteristic of an extended surfactant is the presence of one or
more intermediate-polarity groups between the hydrophilic
head and the hydrophobic tail. Currently only limited informa-
tion exists on extended surfactants; such knowledge is espe-
cially relevant for cleaning and separation applications where
the cost of the surfactant and environmental regulations pro-
hibit the use of concentrated surfactant solutions. In this work,
we examine surfactant formulations for a wide range of oils
using dilute solutions of the extended surfactant classes sodium
alkyl polypropyleneoxide sulfate (R-(PO),-SO,Na), and sodium
alkyl polypropyleneoxide-polyethyleneoxide sulfate (R-(PO),-
(EO),-SO,Na). The IFT of these systems was measured as a
function of electrolyte and surfactant concentration for polar
and nonpolar oils. The results show that these extended surfac-
tant systems have low critical micelle concentrations (CMC) and
critical microemulsion concentrations (CLC) compared with
other surfactants. We also found that the unique structure of
these extended surfactants allows them to achieve ultralow IFT
with a wide range of oils, including highly hydrophobic oils (e.g.,
hexadecane), triolein, and vegetable oils, using only ppm levels
of these extended surfactants. It was also found that the intro-
duction of additional PO and EO groups in the extended sur-
factant yielded lower IFT and lower optimum salinity, both of
which are desirable in most formulations. Based on the opti-
mum formulation conditions, it was found that the triolein sam-
ple used in these experiments behaved as a very polar oil, and
all other vegetable oils displayed very hydrophobic behavior.
This unexpected triolein behavior is suspected to be due to un-
characterized impurities in the triolein sample, and will be fur-
ther evaluated in future research.
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According to Winsor’s premise (1), the oil and water solubi-
lization capacity of microemulsion systems increases when the
surfactant-oil and the surfactant-water interactions increase.
Also, the optimum co-solubilization of oil and water is found
when these two interactions are equal. An effective way of in-
creasing these interactions is to enhance both the hydrophilic-
ity of the head group and the hydrophobicity of the tail group
of the surfactant while maintaining balanced affinity for the
oil and water. However, surfactant solubility limits the magni-
tude to which this approach can be utilized; that is, as the hy-
drophobic tail gets longer, the surfactant eventually loses its
water solubility (2). Graciaa et al. (3,4) first introduced the use
of a lipophilic linker to effectively extend the length of the sur-
factant tail further into the oil phase without sacrificing water
solubility of the surfactant; a long-chain alcohol is one exam-
ple of such a linker molecule. Subsequently, the concept of the
hydrophilic linkers was proposed as a way of compensating for
the increased hydrophobicity of lipophilic linkers and to fur-
ther improve the solubilization capacity of these systems
(5,6,7). Hydrophilic linkers adsorb at the oil-water interface,
thereby promoting surfactant-water interaction and loosening
the surfactant packing at the interface (6). The combination
of hydrophilic and lipophilic linkers has been shown to act as
a pseudo surfactant, thereby reducing the amount of surfac-
tant necessary for oil solubilization in middle phase mi-
croemulsions (8,9). However, not all linker molecules incorpo-
rate into the oil-water interface, rather some of these mole-
cules partition either into the oil or water phases (8,9). To
mitigate this undesirable separation, extended surfactants
have been introduced (10,11,12,13,14).

Extended surfactants are surfactants in which groups of
intermediate polarity, such as polypropyleneoxides or
copolymers of propyleneoxides and ethyleneoxide, are in-
serted between the hydrocarbon tail and hydrophilic head
group. Due to the resulting unique molecular structure, the
surfactant is stretched out further into both the oil and
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water phases, providing a smoother transition between the
hydrophilic and hydrophobic regions of the interface,
which provides a more suitable environment for solubiliz-
ing hydrophilic and lipophilic molecules. Additionally, the
Gibbs adsorption equation leads us to expect that a thick-
ening of the interfacial region between the two phases
should result in an increase in adsorption at the interface
and a reduction of interfacial tension.

Despite the relatively large molecular weight of these sur-
factants, they are water-soluble and can be formulated in rela-
tively high electrolyte concentration while avoiding surfactant
precipitation. Recently, several papers (11,14,15,16) have
demonstrated the benefits of using these extended surfactants
to enhance oil solubilization of microemulsion with highly hy-
drophobic oils, as well as triglyceride and vegetable oils.

Microemulsion formulation with triglycerides and conven-
tional surfactants (surfactants other than extended surfac-
tants) has proven to be a challenging task, likely due to the
polar and at the same time hydrophobic nature of different
regions in the triglyceride molecule. This is consistent with
the extremely low solubilization parameters reported for
these systems (17).

According to the Chun-Huh relationship, the oil/water
solubilization capacity increases as the interfacial tension
(IFT) of the microemulsion systems decreases, as shown in
the following equation (18):

SP= ¢

IFT? -

where SP is known as the solubilization parameter (mL of
oil/g of surfactant) of the microemulsion system, Cis the
Chun-Huh constant characteristic of the surfactant, and IFT
is the IFT between excess oil and water phases (mN/m). Be-
cause large solubilization parameters have been reported for
extended surfactant systems (11), the Chun Huh relationship
predicts that these systems should produce ultralow IFT.

To date, the majority of extended-surfactant microemulsion
systems have been Type IV single-phase microemulsions
(14,15), due in large part to the occurrence of stable
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macroemulsions in regions where Type III microemulsion sys-
tems were expected. These Type IV systems, which require ele-
vated surfactant concentrations, are not particularly useful for
most applications (detergency and soil, ground water, and
wastewater remediation, etc.) where economics require that
the surfactant be used at ppm levels in the formulation
(15,16,19). In cleaning applications such as detergency and oil
extraction, an additional requirement is to achieve low IFT
within a reasonable contact time (minutes to tens of minutes).

Recently, it has been shown that an extended surfactant
C,415(PO) SO Na that could not form Type III middle
phase microemulsions was still capable of producing ultralow
IFT using only ppm-levels of the surfactant (15). These con-
ditions were identified using electrolyte and surfactant con-
centration scans, and the dynamic and equilibrium IFT of
these systems were measured. In the absence of middle phase
microemulsions, which required higher surfactant concen-
trations, the optimum salinity was defined as the electrolyte
concentration that produced the lowest IFT (15), and the
critical microemulsion concentration (CUC) was defined as
the minimum surfactant concentration at which the ultralow
IFT are attained (9,20).

In this work, the formulation of dilute extended surfac-
tant formulations with a wide range of oils is studied, includ-
ing petroleum hydrocarbons and vegetable oils. In the ma-
jority of studies, two extended surfactants were compared:
C,415-(PO)SO,Na and C,4(PO) | -(EO),-SO,Na. Although
the molecular structure and molecular weight of these sur-
factants are quite different (see Figure 1), the HLB (hy-
drophilic lipophilic balance) values are only slightly different
(see Table 1). The main difference between the two surfac-
tants in Figure 1 is the additional PO and EO groups in Gy,
(PO) 14 (EO) 4SO Na. To evaluate the effect of alkyl chain
length, a limited number of experiments included a third
surfactant C;o ;4-(PO) ¢SO Na (see Table 1). A hydrophobic
anionic surfactant, sodium dioctyl sulfosuccinate, was also
formulated with Canola oil to compare the performance of
conventional anionic surfactants with the performance (IFT
reduction) of these extended surfactants.
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FIG. 1. Structure of extended surfactants: (a) alkyl-PO sulfate C,, ;5-(PO)g-SO4Na, (b) alkyl-PO-EO sulfate C,,-

(PO), - (EQ),-SO,Na.
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TABLE 1
Properties of the Extended Surfactants
Hydrocarbon  No. of No. of % MW

Extended surfactant chain length PO EO Active HLB®  (g/mol)
Alkyl-POx-SO4Na

1. Cyp13H0527(PO)g-SOyNa 1213 8 — 29.1 31.6 712.8

2. Cy415H2931-(PO)g-SO,Na  14-15 8 — 29.6 306 7155
Alkyl-PO, -(EQ),-SO,Na

1. Cy,Hy5-(PO)14-(EO),-SO,Na 12 14 2 241 318 1104

Calculated based on the Davies' group contribution factors: J.T. Davies. Proceedings 2nd Intern.
Congress Surface Activity, vol. |, 426, Butterworth, London (1957).

The oils considered in this study are decane, hexadecane,
triolein, canola oil, peanut oil, soya oil, corn oil, sunflower
oil, and palm oil. The optimum electrolyte concentration
(S*) and the IFT at optimum formulation were studied for
these systems. These results are analyzed using the surfactant
affinity difference concept proposed by Salager et al. (21,22).
Based on this approach, the relative hydrophobicity of the
different oils is discussed, as well as the hydrophobicity of the
extended surfactants. The values of IFT at optimum formula-
tion and critical microemulsion concentration will be used to
determine the efficacy and efficiency of these systems. Also,
the relation between the properties of the surfactant formu-
lations (optimum salinities, IFT, and critical microemulsion
concentration) and the properties of each surfactant (HLB,
CMC, surface area per molecule) are discussed. We thus
demonstrate how the unique structure of extended surfac-
tants allows us to achieve ultralow IFT at low surfactant con-
centrations with highly hydrophobic alkane oils and high mo-
lecular weight triglyceride and vegetable oils.

EXPERIMENTAL PROCEDURES

Materials. The extended surfactants evaluated in this work
contain polyethylene and/or polypropylene oxide groups in
between the hydrocarbon tail and sulfate head group. Two
main classes of extended surfactant were used in this work.
The first class of extended surfactant is a sodium alkyl
polypropylene oxide sulfate (R-(PO) -SO,Na) with the alkyl
(R) group consisting of a branched hydrocarbon chain with
12 to 13 carbons (C,4 4) or 14 to 15 carbons (C,, ;) and with
8 propylene oxide units. The R-(PO) -SO,Na surfactants were
29.4 wt% active with 0.1 wt% NaySO,, 2.5 wt% of free oil, and
68 wt% water. These surfactants were donated by Sasol North
American Inc (Lake Charles, LLA).

The second class of extended surfactants evaluated is
sodium linear-alkyl polypropoxylated polyethoxylated sulfate
(R—(PO)y—(EO)Z—SO4Na) synthesized and donated by Hunts-
man Petrochemical Corp (Houston, TX) with 12 carbons in
its hydrophobic tail (C,y), 14 propylene oxides and 2 ethyl-
ene oxide groups. This surfactant consists of 24.1 wt% active,
1-2 wt% Na,SO,, and 74-75 wt% water. The surfactant struc-
tures and properties are summarized in Table 1 and Figure
1. The extended surfactants were used as received from the
manufacturers. Sodium dioctyl sulfosuccinate (Aerosol-OT,

anhydrous 99+%) was purchased from Fisher Scientific and
used as received.

The following oils were purchased from Sigma-Aldrich
(St. Louis, MO) at the concentration shown and used with-
out further purification: glyceryl trioleate (triolein-65%, prac-
tical grade), canola oil (commercial canola cooking oil),
peanut oil (Sigma), soya oil (Fluka), corn oil (Sigma), sun-
flower oil (Sigma), palm oil (commercial palm cooking oil),
decane (99%+, anhydrous), hexadecane (99%+, anhydrous),
and sodium chloride (99%+).

Methods. Dynamic IFT is the measurement of the time-de-
pendent IFT using a spinning drop tensiometer (University
of Texas, model 500). According to standard procedures
(9,15,19), surfactant and sodium chloride concentrations
were prepared in the aqueous solution and used as the dense
phase. The IFT measurements were commenced immedi-
ately after injecting 1-3 pL of the oil into a spinning drop
tube containing the surfactant formulation. The IFT values
were obtained as a function of time. Unless stated otherwise,
IFT values are reported throughout this work for a ten
minute reading. It was demonstrated that the dynamic IFT
values reached equilibrium within 10 minutes. As a typical ex-
ample, at the optimum salinity (0.13 M), the dynamic IFT val-
ues of Cy4-(PO)-(EO),-SO Na at 10 min and 2 h are 0.0017
mN/m and 0.0019 mN/m, respectively. Additionally, 10 min
dynamic IFT is a representative time for many cleaning appli-
cations (e.g., time scale of a washing cycle (19)).

Surface tension measurements on the surfactant solutions
were performed with a Kruss K-10T tensiometer by Wilhelmy
vertical plate technique at 30°C. Surfactant solutions were
equilibrated for 2 h before data collection.

RESULTS AND DISCUSSION

Salinity scans of dilute solutions. Figure 2 illustrates the use of
electrolyte scans with dilute surfactant solutions (10 mM). In
particular, Figure 2 presents the values of dynamic IFT as a
function of the electrolyte concentration for the systems tri-
olein/C, 5 (PO) ¢SO Na /brine, triolein/Cy-(PO) - (EO) o
SO Na/brine, triolein/Cyq 4 (PO)gSO,Na/brine, and tri-
olein/AOT /brine. The electrolyte concentration of 0.13 M is
the optimum salinity ($*) for the G, ;5-(PO)¢-SO,Na system
and 0.21 M is the optimum salinity (%) for the Cyy 5-(PO) ¢
SO, Na system. In both cases the IFT reaches a minimum value
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FIG. 2. Dynamic IFT as a function of electrolyte concentration (salinity scan) for the systems
triolein-C; 4 45-(PO)g-SO,Na-brine (squares), triolein-C,,-(PO),,~(EO),-SO,Na-brine (trian-
gles), triolein-C12-13-(PO)8-SO,Na (diamonds), and triolein-AOT-brine (cross), surfactant
concentration 10 mM. All readings taken after 10 min contact.

close to 0.01 mN/m. Similarly for the C;o-(PO),-(EO),
SO,Na system, a minimum IFT value close to 0.001 mN/m is
observed at 0.09 M sodium chloride. For the conventional sur-
factant AOT the IFT remains above 1 mN/m for all values of
electrolyte concentration.

To interpret these results, it is helpful to consider the dif-
ferent interactions in microemulsion systems. The Winsor R
ratio helps explain the interrelation between the different in-
teractions (1,2)

_ __Aso=4o0- AL
Aswor  Asw — Aww — Apy

R= ASONI;"I' —

(2]

where ASONET is the net interaction between the surfactant
and oil, ASWNEI . :
and water, Ag, is the interaction between the surfactant and

is the net interaction between the surfactant

oil, Agy is the interaction between the surfactant and water,
Apq is the interaction energy among oil molecules, A;; is the
interaction among the tails of the surfactant molecules, Ay,
is the interaction energy among the water molecules, and
Apyp 1s the interaction among the surfactant heads.

As mentioned in the introduction section, the optimum
formulation is obtained when the net interactions A.
and A,

SONET
lization increases and the IFT decreases when each of these

. . SWNET
are equal (this results in R=1). Also, the solubi-

interactions is larger but equal. The addition of electrolyte in
each of these formulations is used to suppress the double
layer around the anionic group of the surfactant, thus reduc-
ing .ASW’ and ASWNET' un | :
tration suggests that the surfactant-oil interaction (Ag) is

A larger optimum electrolyte concen-
small because more electrolyte is required to reduce Agy, to

the Ay, value.
In the particular case of Figure 2, C4-(PO) ,~(EO)y
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SO Na shows the lowest optimum salinity (and the thus largest
Agp)- Because Agg, is largest (and thus the balanced Agyy, is
also largest) the co-solubilization of oil and water is expected
to be largest, and according to equation 1 the IFT is expected
to be the lowest. In fact, the IFT at optimum formulation for
this surfactant is close to one order of magnitude lower than
the optimum values observed for the PO extended surfac-
tants (0.0017 mN/m vs. 0.0113 mN/m). The results suggest
that additional PO and EO groups (14PO, 2EO vs. 8PO) in-
crease the interaction with triglyceride molecules, likely be-
cause these groups match the polarity of the glycerol ester
groups of the triglyceride (triolein in this case). This hypoth-
esis would also explain why conventional surfactants (such as
AOT in Figure 2) are not capable of producing microemul-
sions or solutions with ultralow IFT for triglyceride oils.
When comparing the optimum electrolyte concentration
for C 415 (PO)¢-SO Na and C |y ;4-(PO)¢-SO,Na (0.13 M vs.
0.21 M, respectively), it is clear that when the tail length of
the surfactant is smaller, the optimum salinity increases, sug-
gesting that the interaction Ag, is smaller. The optimum IFT
for both systems is comparable, which suggests that the
changes of the net interactions are minor, and that factors

such as A; |, and Ay, should be considered.

L1

One important point of consideration is that, according
to Table 1, the surfactant C;4-(PO),-(EO),-SO Na has a
slightly higher HLB value than C,, 5-(PO)¢SO,Na which
would imply that this is a more hydrophilic surfactant. Yet, as
discussed above, the lower optimum salinity for this surfac-
tant (Fig. 2) indicates that this surfactant is more hydropho-
bic (larger Ag) than its alkyl-PO-sulfate counterpart. This
shows that the HLB parameter alone does not completely
capture the nature of the interactions between extended sur-
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FIG. 3. Dynamic surface tension versus surfactant concentration at optimum electrolyte con-
centration for the systems triolein-C,, ;5-(PO)g-SO,Na-0.2 M NaCl brine (squares) and tri-
olein-C,,~(PO),,~(EQ),-SO,Na-0.015 M brine (triangles). All readings after 10 min contact.

factant and triglycerides, probably due to the slightly polar
environment induced by the presence of the PO groups in
the surfactant.

Surfactant concentration scans. In this set of experiments, the
electrolyte concentration was fixed at the optimum salinity,
and the dynamic IFT was measured against triolein as a func-
tion of surfactant concentration for 0.2 M NaCl concentra-
tion. Figure 3 shows the dynamic IFT for the systems tri-
olein/C, 4 ;5-(PO) ¢SO, Na/brine, and triolein/C,5-(PO) |4
(EO),-SO,Na/brine. The trend of decreasing IFT with the
increase in surfactant concentration follows the trend previ-
ously observed in systems where equilibrium IFT values were
measured (9,15). This decrease in IFT follows two steps. The
first step corresponds to the absorption of the surfactant at
the oil-water interface, which occurs at concentrations less
than the CMC. The second step corresponds to the change
in curvature of the micelles which ends at the point where
the first droplet of microemulsion forms (the CuC) (9). Al-
though an intermediate plateau typically separates the two
steps, this is not completely obvious in the curves of Figure 3,
potentially due to the dynamic nature of the experiment.

It should be noted that, at least to our knowledge, this is
the first time that ultralow IFT with triglycerides has been re-
ported using surfactant concentrations in the range of 0.1 to
1.0 mM without the addition of co-oils and/or alcohol. This
finding is of great significance for applications such as deter-
gency and other cleaning processes where oil removal per-
formance correlates with lower IFT (19).

The CuC value for G, ,5-(PO)g-SO Na is close to five
times smaller than the CUC of C,,-(PO),,-(EO),SO Na
(1,000 uM vs. 4,365 uM, respectively). Although this suggests
that C;, ,5-(PO)¢-SO,Na is a more efficient surfactant, a

closer look at the data shows that the IFT for C,y-(PO) 4
(EO) 4SO Na is lower. As will be discussed later, the CuC ob-
tained for these microemulsion systems correlates with the
CMC of the pure surfactants.

One final observation related to Figure 3 is that there is a
slight increase in the IFT above the CuC. This is observed for
both surfactants, and it seems to be correlated with the fact
that gel phases were obtained instead of the middle phase mi-
croemulsions, which is consistent with previous observations
(14). The physical explanation for this phenomenon is still
unknown.

Formulation of ultralow IFT systems with a range of oils. In the
next set of experiments, salinity scans were conducted using
the surfactants described above along with hydrophobic oils
(decane, hexadecane) and a range of vegetable oils. Table 2
summarizes the optimum salinity and minimum IFT obtained
with these oils and the surfactant C,  ;-(PO)-SO,Na. Table 3

TABLE 2
Summary of the Optimum Salinity (S*) and the Optimum
Dynamic IFT (IFT*) with Various Kinds of Oils?

Oil S* (M) IFT* (mN/m) EACN

AOT
Canola oll 1.60 1.2400

C14,15H29 31-(PO)g-5SO,Na
Decane 1.00 0.0168 10
Hexadecane 1.40 0.0046 16
Triolein 0.2 0.011 -18b
Peanut oil 18 0.061 200
Canola oil 2.0 0.020 22b

“The IFT was measured after 10 min of contact using a spinning drop ten-
siometer at 0.2 wt% C, ,_45-(PO)g-SO,Na.
bCalculated using Equation 5.
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TABLE 3
Summary of the Optimum Salinity (S*) and the Optimum
Dynamic IFT (IFT*) with Various Kinds of Oils?

TABLE 4
Selected Composition Parameters of Vegetable Oils
and Calculated EACN (23)

oil S* (M) IFT* (mN/m) EACN
Decane 0.088 0.021 10
Hexadecane 0.13 0.003 16
Triolein 0.015 0.0017 —16P
Soy oil 0.15 0.0048 18P
Corn oil 0.13 0.0015 16P
Canola oil 0.16 0.0013 18P
Sunflower oil 0.12 0.0052 14b
Peanut oil 0.15 0.0015 18b
Palm oil 0.12 0.0057 14b

Avg. length of Avg. number

saturated % Unsaturated of double EACN
QOil chain (ASC) chains (UC) bonds (DB) calculated?®
Triolein N.A. 100 1 -17
Soy all 16.5 85 1.7 16
Corn oil 16.3 87 1.7 16
Canola all 16.6 94 1.4 17
Sunflower oil 16.8 88 1.8 17
Peanut oil 19.5 82 1.4 22
Palm oil 16.1 50 1.2 13

“The IFT was measured after 10 min of contact using a spinning drop ten-
siometer at 0.2 wt% C,, 15-(PO)g-SO,Na.
bCalculated using Equation 6

summarizes the same set of data obtained with the surfactant
Ci-(PO) 4, (EO) SO Na. The optimum salinity presented in
these tables gives an indication of how hydrophobic an oil
phase is. This hydrophobicity can be expressed in terms of the
equivalent alkane carbon number (EACN) as defined by
Salager et al. (21):

In(S*)= K(EACN)+ f(A)— o +aTAT [3]

where §* is the optimum salinity of microemulsion system,
EACN is equivalent alkane carbon number of oil, f(A) is a
function of surfactant and cosurfactant concentration, G is a
function of alcohol type and concentration, and 7'is the tem-
perature. From Equation 3, the optimum salinity is a func-
tion of the EACN of the oil. For hydrocarbons such as decane
and hexadecane the EACN value corresponds to the alkyl
chain length, 10 and 16, respectively.

Considering that for each surfactant the term f{A) — ¢ +
aTATis a constant, which we will call 5, Equation 3 thus takes a
linear form with respect to the logarithm of optimum salinity:

In(S*)= K(EACN)+b [4]

This simplified formulation equation can be calibrated
with two known values of optimum salinity and EACN. Using
the optimum salinity values for decane and hexadecane
(EACN values of 10 and 16, respectively) the resulting equa-
tions are as follows:

For C, 4,5 (PO)¢gSO,Na
In (S*) = 0.053 x EACN - 0.52 [5]

For C,-(PO) -(EO) SO Na
In (S%) = 0.069 x EACN - 3.1 [6]

One important observation from these equations is that
the Kvalues (0.053 and 0.069) are relatively small compared
with the typical value of 0.17 for conventional anionic sur-
factants (1,2). In other words, this means that, in mi-
croemulsion or ultralow IFT systems, extended surfactants
are not as electrolyte-sensitive as conventional anionic sur-
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#Calculated using Equation 8.

factants, probably due to the nonionic nature of the PO and
EO groups that are next to the ionic head group. The EO
and PO chains potentially arrange in the extended surfac-
tants in such a way to allow the surfactant membrane to
minimize the repulsion between the sulfate groups, which
reduces their dependence on electrolyte in forming a low
energy surfactant membrane. Interestingly, the relatively in-
variable dynamic IFT value of the conventional surfactant
AOT in Figure 2 seems to contradict the above explanation.
In fact, the limited response of AOT to salinity reflects that
AOT is an ineffective choice for these oils and does not
form microemulsions or ultralow IFT with these oils stud-
ied here.

Using Equations 5 and 6, and the optimum salinity ob-
tained through the electrolyte scans, the EACN values for each
of the vegetable oils were calculated, as summarized in Tables
2 and 3. The most remarkable fact that comes out of these
EACN values is that triolein has a highly negative EACN value
whereas the vegetable oils have positive values. Although the
EACN values for triolein, canola, and peanut oil were not ex-
actly the same between the two surfactant systems, they were
close enough to validate the relative magnitude of these val-
ues.

To explore the variation in EACN for triolein and the veg-
etable oils, three molecular structure parameters were con-
sidered: the average number of carbons in the saturated
chains (ASC), the fraction of the unsaturated chains (UC),
and the average number of double bonds of the unsaturated
chains (DB). These values were calculated from typical com-
position data (23), and are summarized in Table 4. To corre-
late these composition parameters to the calculated EACN
values for these triglyceride molecules, the following linear
regression was investigated (23):

EACN = ¢ XASC+ ¢ x UC+ ¢; X DB + ¢, [7]

triglyceride

A sensitivity analysis revealed that DB had little impact on
the EACN (an increment of 1 additional double bond
changed the EACN value by less than 1%). The following sim-
plified correlation was found (23):

EACN =2.05xASC+0.071 x UC - 24 [8]

triglyceride
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TABLE 5
Critical Micelle Concentration (CMC) and Area Per Molecule

(A.;,) of Conventional and Extended Surfactants
No salt 0.2 M NaCl
CMC A, CMC A_ .,
Surfactant @M Ay M) (AY
Cy,H,550,Na (Varadaraj,1992) 7900 525 - -
Branch C;,H,5SO,Na (Varadaraj,1992) 14,200 95 - -
C14H,0S0,Na (Lange, 1968) 21000 56° - -
C1z.13H95.3-(POg)-SO,Na 130 153 14 68
Cys15Ho0.31-(POg)-SO,Na 33 133 5 116
Cy,Hy5. (PO, )-(EO,)-SO,Na 80 200 8 147

“Lange, 1968
bHuber,1991, Rosen, 1996

The R? correlation factor between the values calculated
with Equation 8 and the values calculated using Equations 5
and 6 is 0.97. More importantly, Equation 8 reveals that there
is a constant negative factor for triglycerides (¢, =-24), which
could correspond to the polarity of the glycerol group. The
positive value of ¢ indicates that the saturated hydrocarbon
chains are the largest contributing factor to the hydropho-
bicity of triglycerides. On the other hand, unsaturated chains
do contribute to the hydrophocity of the triglyceride but not
as much as their saturated counterparts.

One last observation regarding the formulation of ul-
tralow IFT systems with vegetable oils is that the IFT achieved
with C,o-(PO),~(EO),-SO,Na were close to one order of
magnitude smaller than those obtained with C, ;.-(PO)g¢
SO,Na (see Fig. 3 and Tables 2 and 3). Nonetheless the IFT
with decane and hexadecane were almost the same for both
surfactants. This suggests that the interaction between ex-
tended surfactants and alkanes are driven by the alkyl groups
while the interaction with triglycerides are driven by the PO
and EO groups.

The EACN values for triolein in Tables 2, 3, and 4 should
be qualified. As described in the Materials section, the tri-
olein used in these measurements was a 65%, practical grade.
The most likely explanation for the anomalous EACN values
obtained for triolein in these experiments is that the sample
contained significant levels of fatty acids and monoglycerides,
which made it behave as though it were a much more polar
oil. Although beyond the scope of this research, this phe-
nomenon will be further explored in future work.

Correlation between extended surfactant properties and perfor-
mance. Because of the limited availability of extended surfac-
tants, we are not able to systematically compare the effect of
varying the number of EO and PO groups for a constant alkyl
chain length and PO groups of extended surfactants. How-
ever, Minana-Perez et al. (11) reported that the presence of
EO groups in extended surfactant structures was reported to
give outstanding solubilization parameters (10-30 mL/g sur-
factant) and three-phase behavior with triglycerides such as
soya oils. They also mentioned that extended surfactants con-
sisting of both EO and PO groups in surfactant structure have
a dual anionic and nonionic character, which was reflected

in the lower K value obtained for these surfactants (Equa-
tions 5 and 6).

Because of the exciting potential of extended surfactants
to lower the IFT of triglyceride, vegetable oils, highly hy-
drophobic oils such as hexadecane, it is valuable to charac-
terize the interfacial properties of these extended surfactants,
such as the critical micelle concentration (CMC) and the sur-
min)' Amin and
CMC values were measured from surface tension data with-
out added salt and with 0.2 M NaCl, and at 30°C, as presented
in Table 5. CMC values were determined as the intersection

face area per molecule of the surfactant (A

of two liner portions of surface tension (y) vs. log concentra-
tion (log C) diagram. The area per molecule (A, A%/mol-
ecule) is also determined from this same plot (24). Figure 4
shows the yvs. log Cfor the three extended surfactants, G,
15-(PO) ¢SO Na, C |y, 4-(PO)-SONa and C-(PO),-(EO) o
SO,Na.

According to Table 5, it is seen that all of the extended sur-
factants have CMC values much lower than conventional C,
and G, surfactants (24,25). Furthermore, we observe a de-
crease in CMC of the extended surfactants as the alkyl chain
length increases (130 pM for Cy14-(PO)¢-SO,Na and 33 pM
for C 4 ;5-(PO) ¢SO, Na); this fourfold decrease is similar in
ratio to the decrease in conventional Cy, to C;, surfactants in
Table 5 (7,900 to 2,100 uM, respectively). We thus observe
that the introduction of EO and/or PO groups has a signifi-
cant effect on the CMC. Moreover, the lower CMC of G, ;-
(PO) ¢SO Na is consistent with the lower CUC observed for
this surfactant. This is consistent with previous observations
that the two phase transitions (monomer-micelle, and mi-
celle-microemulsion) are correlated (9).

The data of Table 5 indicate that the extended surfactants
have a large A, ; as compared with conventional surfactants.
Moreover, the presence of two EO groups in Cy-(PO)
(EO)y-SO,Na further increases A . . Dahanayake et al. (26)
reported that the introduction of the second EO group does

increase the A This increase in surface area may create

min’
additional interfacial area were the polar glycerol groups can
penetrate the palisade layer. In addition this larger surface
area may help explain the shielding effect (lower Kvalues)
provided by the PO and EO groups. Thus, adding PO and
EO groups can increase the area per molecule, but still
achieves ultralow CMC values and ultralow IFT values, sug-
gesting that the increased hydrophobic interaction resulting
from the extended tail helps offset the lower packing density.
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