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Surface Activity of Mixtures of Dodecyl Trimethyl
Ammonium Bromide with Sodium
Perfluorooctanoate and Sodium Octanoate
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ABSTRACT: In this study, the surface tension of mixtures of
cationic surfactant dodecyl trimethylammonium bromide
(DTAB) and anionic surfactant sodium perfluorooctanoate
(SPFO) was evaluated as a function of DTAB-SPFO composition
and total surfactant concentration, with and without added
electrolyte. It was found that the critical micelle concentration
(CMC) of these mixtures was reduced by more than two orders
of magnitude when compared to the CMC of SPFO and DTAB
alone. The surface tension, after CMC, of the mixtures was close
to that of SPFO with added electrolyte and even lower than that
of SPFO without added electrolyte. Using the appropriate com-
bination of SPFO and DTAB, surface tensions near 18 mJ/m?
were obtained using a concentration 1/500 of that required for
SPFO alone. When these results were compared to those ob-
tained for DTAB-sodium octanoate (SOCT) mixtures, it was evi-
dent that the DTAB-SPFO system shows a larger degree of syn-
ergism than the DTAB-SOCT system. Contact angle measure-
ments on Teflon® surfaces corroborates that the lower surface
tension of DTAB-SPFO mixtures improves wetting on these hy-
drophobic surfaces. Using the regular solution theory to inter-
pret the data of CMC and C45mJ/m? (monolayer formation)
versus DTAB-SPFO composition, it was concluded that even
when small concentrations of SPFO are introduced in the mix-
ture, the composition of the micelles (at the CMC) and mono-
layer adsorbed at the air-water interface tends to be equimolar
in SPFO and DTAB.
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Surfactants play an important role in our everyday life. They
are essential ingredients in many consumer products and in-
dustrial processes that range from laundry detergency to min-
eral flotation, to nanoparticle synthesis. Recent statistics re-
ported by Scheibel (1), reveal that in the year 2000 the global
market for detergents was $60 billion per year, and the world-
wide surfactant consumption was close to 22 billion pounds
per year (1). To reduce costs and the environmental impact
of surfactants, the surfactant and detergent industry is look-
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ing for ways of reducing the concentration of surfactants in
the different formulations without compromising the perfor-
mance characteristics. This trend is even more accelerated
for the case of fluorocarbon-based surfactants (also called flu-
orinated surfactants) due to their poor biodegradability and
their tendency to bioaccumulate.

Fluorinated surfactants are currently used because of their
exceptional surface activity. These surfactants can reduce the
surface tension of water from 72 mN/m (at 25°C) to values
close to 20 mN/m, a value which is much lower than the sur-
face tension reached with hydrocarbon-based surfactants
(~35 mN/m) (2). Fluorinated surfactants exhibit surface ac-
tivity even in organic systems and are stable to heat, acids and
bases, and reducing and oxidizing agents (2,3). Typically, flu-
orocarbon surfactants are used as anti-fogging, cleaning, wet-
ting, dispersing, emulsifying, foaming/defoaming, and float-
ing agents (3). Fluorocarbon surfactants are used in various
products, such as coatings, cosmetics, electronics, paper, plas-
tics, and textiles (3).

Fluorinated surfactants cost typically about 10 times more
than silicone-based surfactants and 100 times more than hy-
drocarbon-based surfactants (3). The relatively high price of
fluorinated surfactants limits their use to applications where
hydrocarbon-based surfactants are inadequate. However, flu-
orinated surfactants can reach low surface tension values
using 1/10 of the concentration needed for silicones and
about 1/50 of the concentration needed for hydrocarbon
surfactants (3). Another downside of fluorinated surfactants
is that some of them are toxic (cationic fluorinated surfac-
tants, which are now banned in most parts of the world),
while all of them are either poorly biodegradable or non-
biodegradable, and tend to bioaccumulate. Currently, the en-
vironmental and health impacts of perfluorooctanoic acid
(used to produce Teflon®) are under intense review by the
U.S. Environmental Protection Agency (USEPA).

Considering the relevance of fluorinated surfactants to to-
day’s coating, polymer, and cleaning products industry, it is
necessary to find alternative formulations that can reproduce
the surface activity of fluorinated surfactants using lower con-
centrations of these surfactants. This is the central topic of
this work.

Surface activity of mixtures of anionic and cationic surfactants.
The literature offers some ideas for improving the efficiency of

JOURNAL OF SURFACTANTS AND DETERGENTS, VOL. 9, QTR. 4, 2006



368

E.J. ACOSTA ET AL.

fluorocarbon surfactants by introducing mixtures of anionic
(negatively-charged) fluorocarbon surfactants with cationic
(positively-charged) hydrocarbon-based surfactants. In partic-
ular, systems containing the anionic fluorinated surfactant
such as sodium perfluoro-octanoate (SPFO) and hydrocarbon-
based cationic surfactants such as octyl-trimethyl-ammonium-
bromide (OCTAB) can produce low surface-tension values
(~15 mJ/m?) at lower total surfactant concentrations (4,5,6,7).
This special synergism between anionic/cationic fluorinated
and hydrocarbon surfactants contrasts with the segregation
(demixing) behavior observed for mixtures of fluorocarbon
and hydrocarbon surfactants with the same charge or of non-
ionic character (8,9,10). The strong synergism between an-
ionic fluorinated surfactant and cationic hydrocarbon surfac-
tants is also evidenced by their tendency to form rigid/viscous
structures (vescicles, liquid crystals, and coacervates), which
reflect the rigidity of such films (4,7,11).

The rigid/viscous structures mentioned above cause prob-
lems in most formulations. Thus, the mixed anionic-cationic
surfactant approach has been abandoned since the early
1990s. As will be seen later, the problem with these initial
studies is that they used surfactants with similar tail lengths
(6 to 8 carbons) that, upon mixing at near equimolar ratios,
induce the formation of liquid crystals, precipitate, coacer-
vates, gels, and other undesirable phases. Doan et al. suggest
that when mixing anionic and cationic surfactants, the best
way to reduce the formation of gels and liquid crystals is
through the introduction of “dissimilar” tail geometries in
the mixtures, and by using mixing ratios other than equimo-
lar compositions (12).

Thermodynamics of mixed surfactant systems—regular solution
theory. In mixed surfactant systems, the interaction among
surfactants may be synergistic (e.g., between anionic and
cationic surfactants) or antagonist (e.g., between fluorocar-
bons and hydrocarbons of the same charge). The regular so-
lution theory serves as a mathematical framework to evaluate
the interaction in binary surfactant mixtures. This interac-
tion is assessed through a molecular interaction parameter, 8
(13). In short, the regular solution theory considers micelles
to be a surfactant pseudophase in equilibrium, with surfac-
tant monomers in solution. Using similar expressions to
those used in vaporliquid equilibrium, for a binary mixture
of surfactants A and B we obtain the following (13):

Y,CMC = CMC, = X,CMC,°EXP[B(1 - X,)?] [
(1-Y,)CMC = CMCy = (1 - X, ) CMC,°EXP(BX,?) [2]

where CMC is the critical micelle concentration of the mix-
ture, CMC,° and CMC,° are the pure surfactant-critical mi-
celle concentrations of A and B, respectively. X, is the mole
fraction of surfactant A in the micellar pseudophase, and Y,
is the mole fraction of component A in the monomer
pseudophase (Y, = CMC,/[CMC, + CMCg]). In these ex-
pressions the Margules 1-parameter () model is used to cal-
culate the activity coefficients in the micellar pseudophase.

JOURNAL OF SURFACTANTS AND DETERGENTS, VOL. 9, QTR. 4, 2006

In practice, the CMC of a mixture of known Y, is obtained
experimentally (e.g., through surface tension measure-
ments). Using the same procedure, the pure component
CMCs (CMC,”, CMC°) are obtained. To calculate the val-
ues of fand X, Equations 1 and 2 are solved simultaneously.
Often swamping electrolyte concentrations are used to pre-
vent changes of pure-component CMCs with mixture com-
position or concentration.

Guo et al. (5) reported that for the SPFO-OCTAB (octyl-
trimethylammonium bromide) mixed system, the synergistic
nature of the mixture (negative f8) induced the CMC to drop
by up to two orders of magnitude (compared to the CMC of
OCTAB). They also found that the surface tensions of pure
SPFO and OCTAB after CMC were 22 and 46 mJ/m?, respec-
tively, while the surface tension of the mixed system was found
to be 14-15 mj/m2 and almost independent of composition.
When both fluorocarbon and hydrocarbon surfactants are an-
ionic, the mixed systems, however, show strong positive devia-
tions from ideal behavior (positive ) due to the repulsion be-
tween fluorocarbon and hydrocarbon chains (5).

Besides monomers and micelles, mixtures of anionic and
cationic surfactants may yield other types of phases, such as liq-
uid crystals and solid precipitate. The concentration of cationic
surfactant required to precipitate an anionic surfactant (or
vice versa) is shown to increase above the critical micelle con-
centration of the system (14). The monomer-precipitate equi-
librium is modeled by a simple solubility product (15,16):

K, = [AST - [CST] [3]

where K, is the solubility product of the complex, [AS7] is the
monomer concentration of the anionic surfactant, and [CS™]
is the cationic surfactant monomer concentration. Equation
2 ignores the activity coefficients in solution, which can be in-
cluded for increased accuracy (15). At high surfactant con-
centrations, and as the mixture approaches equimolar con-
centrations of the cationic and anionic surfactant, a fraction
of the micelle region becomes liquid crystalline. Despite
some initial attempts, the micelle-liquid-crystal equilibrium
has not been successfully modeled or predicted (17).

The monomer-micelle-precipitate equilibrium is found
when combining Equations 1 and 2 (monomer-micelle) with
Equation 3 (monomer-precipitate: CMC,CMC;, = Kp). For a
given interaction parameter, f§, the solution of these three
equations yields CMC *, CMCB*, and X A*. (The asterisk indi-
cates the monomer-micelle-precipitate equilibrium.) The sur-
factant mass balance in micelles and in monomers produces
the phase boundary line:

C\" =CMC,+ X,/ (1-X,)](Cy" - CMGy) [4]

where C A* and CB* are the total surfactant concentration of
species A and B that belong to the monomer-micelle-precipi-
tate boundary line.

Equations 1 through 4 will be used in this work to evalu-
ate the degree of interaction experienced by these systems
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and estimate the compositions of micelles and monolayers,
and predict the precipitation phase maps.

The working hypothesis for this work is that by introduc-
ing mixtures of anionic fluorinated surfactant and cationic
hydrocarbon-based surfactants with dissimilar tail lengths,
and using non-equimolar molar compositions, it will be pos-
sible to reproduce the surface activity of pure fluorinated sur-
factant while avoiding undesirable phases. To test this hy-
pothesis, surfactant sodium perfluorooctanoate (SPFO) is
used as the fluorinated surfactant. Sodium octanoate
(SOCT) is used as a benchmark to compare the interaction
between hydrocarbon-fluorocarbon, and hydrocarbon-hy-
drocarbon pairs.

The selection of the cationic surfactant to be used is also
of great importance. There are examples of dissimilar tail-
length systems that form insoluble phases, such as those for-
mulated with (C8) SPFO and (C16) cetyltrimethylammo-
nium bromide (CTAB) (7,18). This is consistent with Rub-
ing’s observation that, in order to avoid undesirable phases,
mixtures of anionic and cationic surfactants should be lim-
ited to 20 carbons (when one adds the number of carbons of
each surfactant) (19). In keeping with Rubing’s advice, a C12
cationic surfactant, dodecyltrimethylammonium bromide
(DTAB), will be used in this work. Previous spectroscopic
studies on DTAB-SPFO systems suggest that mixed micellar
solutions are formed while avoiding the formation of liquid
crystals or precipitate (20,21).

In this work, the following formulation properties are con-
sidered: precipitation phase map, CMC, surface tension, and
contact angle on Teflon®.

EXPERIMENTAL PROCEDURES

Materials. The cationic surfactant used in this study, dodecyl
trimethyl ammonium bromide (DTAB, purchased from
Sigma-Aldrich, 99% purity), was used without further purifi-
cation. The anionic surfactants sodium octanoate (SOCT)
and sodium perfluorooctanoate (SPFO) were prepared by
neutralizing octanoic acid (purchased from Sigma-Aldrich,
98%) and pentadecafluoro octanoic acid (purchased from
Sigma-Aldrich, Fluka brand, 95%) with sodium hydroxide
(Sigma-Aldrich, 50% aqueous solution). The final pH of
these solutions was adjusted to 8 + 0.5. Sodium chloride was
purchased from Sigma-Aldrich, 99.5%. Deionized water (18
€/cm) was used to prepare the surfactant solutions.

Methods. Precipitation phase diagrams. For each system,
DTAB-SPFO and DTAB-SOCT, seven total surfactant concen-
tration levels were evaluated: 1E-4 M, 2E—4 M, 5bE-4 M, 1E-3
M, 2E-3 M, 5E-3 M, and 1E-2 M. For each surfactant con-
centration five anionic surfactant (SPFO or SOCT) to DTAB
molar ratios were prepared (1:10, 1:3, 1:1, 3:1, and 10:1).
Each solution contained 0.1M NaCl. These mixtures were
frozen overnight and then thawed to 27 + 1°C. The mixture
was shaken once a day for one week before visually inspect-
ing the samples for the presence of precipitate. In selected
cases, a low-power red laser beam was shone to detect the
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presence of particles due to the scattering from dilute sus-
pensions (Tindall effect).

Surface tension. Surface tensions were measured at 27 + 1°C
using the Wilhelmy plate method with a Krtiss Tensiometer,
model K12. Equilibrium surface tensions are reported
throughout this work unless otherwise specified. The equilib-
rium surface tension value was confirmed when the surface
tension did not change (within +1 mj/mg) over a 15-minute
period. Dynamic surface tension curves were obtained for se-
lected systems.

Contact angle measurements. For selected systems, the contact
angle on Teflon® was evaluated using a Ramé-Hert goniome-
ter, model 100-00-115. Teflon® films were produced by care-
fully wrapping a glass slide with Teflon® tape (the tape was
stretched over the surface to prevent wrinkles on the surface).

Evaluation of CMC and surface tension after CMC. CMCs were
determined by plotting surface tension (7y) vs. natural loga-
rithm of surfactant concentrations (In C). A typical y—1n C
plot for a dilute solution of a surfactant or mixed surfactants
has two parts: a linearly decreasing y with increasing In(C)
(below the CMC) and a portion of constant y with increasing
In(C) (above CMC). The critical micelle concentration
(CMC) and surface tension after CMC were determined by
intersecting the best fits of these two regions of the surface-
tension-vs.-concentration curves (2).

RESULTS

Precipitation phase diagrams. No precipitate was observed for
the mixture of DTAB-SOCT within the range of concentra-
tions considered in this work. On the other hand, certain
combinations of DTAB-SPFO did result in precipitate and
coacervate phase formation. Figure 1 shows the precipitation
phase map for the system DTAB-SPFO. As one could expect
from the solubility product (Eq. 3), precipitate was found at
high surfactant concentrations and equimolar DTAB and
SPFO concentrations.

As it was discussed in the introduction, the precipitation
phase boundaries can be predicted using the regular solution
theory. Since the lowest equimolar concentration at which
precipitate was observed for the system DTAB-SPFO was 1E-3
M, the solubility product Kp was estimated to be 1E-6 M2,
CMC,° and CMC;° were obtained from surface-tension data
with systems containing 0.1M NaCl (shown later), and they
were 2.0 E-3 M for SPFO and 3.0E-3 M for DTAB. It should
be clarified that at 5E-3 M and 1E-2 M total concentration
(and equimolar ratio) coacervate phases, instead of a precip-
itate, are obtained. Three precipitation phase boundary lines
were produced assuming, values of 0, -1, and -1.25.

The phase boundary that corresponds to a  value of 0 in-
cludes, in the precipitate region, four experimental points
where precipitate was not observed. On the other hand, 3 val-
ues of —1 and —1.25 are consistent with the experimental data,
but it is not possible to discern which one is more accurate
because of the resolution of the experimental grid.

It is worth highlighting that 3 values in the order of -1 to
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FIG. 1. Precipitation phase map for DTAB-SPFO at 27°C and in 0.1M NaCl solution.

—1.25 are typical of systems with “weak” attractive interactions
(2). This is consistent with the findings of Yu and Zhao (22)
that mixtures of anionic and cationic surfactants with asym-
metric chain lengths do not produce as low surface tensions
(i.e., less synergism) but at the same time do not produce tur-
bid solutions (coacervates or precipitate).

Unfortunately, the literature does not present other pre-
cipitation phase diagrams for SPFO to which Figure 1 could
be compared. Previous studies with SPFO-OCTAB and SPFO-
hexylpyridinium bromide report that mixtures with total con-
centrations above 1 mM tend to produce coacervate turbid
phases (5,22). With the exception of equimolar mixtures, the
asymmetric combination of DTAB-SPFO was able to produce
clear solutions even when the concentration was 10 mM.

It is necessary to keep in mind that at higher surfactant
concentrations liquid crystals and coacervate phases may ap-
pear in addition to precipitate phases. The micelle-precipi-
tate equilibrium model (Eq. 1-4) does not account for these
other phase transitions.

DTAB-SPIO system (added electrolyte). DTAB-SPFO mixed-sur-
factant system (0.1M NaCl). In this case, a constant concentra-
tion of sodium chloride was maintained to be able to com-
pare the CMC of the surfactant mixtures under similar ionic
strength. The surface-tension-vs.-total-surfactant-concentra-
tion curves for the pure surfactants and mixtures containing
0%, 10%, 25%, 50%, 75%, 90%, and 100% of DTAB (SPFO
to balance) are presented in Figure 2.

The data in Figure 2 shows that the surface tension after
CMUC is the same for all surfactant mixtures (~18 mj/mQ),
which is close to that of the pure SPFO and half the surface
tension of pure DTAB. The surface tension of these systems
is slightly higher than that obtained for mixtures of SPFO
with OCTAB or hexylpyridinium bromide (15 mJ/m?)
(4,22). It is remarkable, however, that producing a mixture
containing 10% of SPFO produces the same surface tension
as an equimolar DTAB-SPFO mixture. In other words, it is
possible to obtain low surface tensions while avoiding
equimolar ratios that tend to induce precipitate formation.

60 1
£ 454 monolayer 4 SPFO
g i ~ 7 010%DTAB
H T 025%DTAB
2 30 1 X 50% DTAB
9 ® 75% DTAB
€151 = 90% DTAB
Z ADTAB
I e | |
0.001  0.01 0.1 1 10 100

Total surfactant concentration, mM

FIG. 2. Surface tension-concentration curve for DTAB-SPFO mixtures at 27°C, 0.1M NaCl.
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Another interesting observation regarding the data in Fig-
ure 2 is that the adsorption curves (surface tension-concen-
tration) for mixtures containing between 25% and 75% coin-
cide with one another. This is also consistent with the results
obtained for the SPFO-OCTAB system (4). This suggests that
these surfactant films adsorbed at the air-water interface have
similar composition.

One clear advantage of the DTAB-SPFO systems over the
SPFO-OCTAB and SPFO-hexylpyiridinium bromide is that
the CMC of the equimolar DTAB-SPFO mixture is one order
of magnitude lower than these other systems. The lower CMC
of the DTAB-SPFO system is a result of the low CMC of the
cationic surfactant DTAB.

Another interesting feature of Figure 2 is that the slope of
all mixed systems is approximately the same and intermedi-
ate between the pure surfactants. The slope of these curves
can be converted into a surface-excess concentration (I)
using the Gibb’s adsorption equation (swamping electrolyte)

(2):
1":__1( dy \J [5]
RT\dInC

where 7is the surface tension, Cis the total surfactant con-

centration, Ris the universal gas constant, and T'is the ab-
solute temperature of the system. From this equation the sur-
face area per unit of surfactant molecule a can be obtained
by the following:
P (i [6]
N,T
where N, is the Avogrado’s number.

Table 1 summarizes the CMC, surface tension after CMC
(Yemce)» and surface area per surfactant molecule for the sys-
tems in Figure 2. For mixtures, this surface area per molecule
is an average nominal value since, at this point, the surfactant
composition at the interface is unknown. However, it is worth
pointing out that the average surface area per molecule be-
tween pure SPFO and DTAB is 49 A2/molecule. This value is
close to the average area per molecule for the mixed systems
(Table 1), suggesting that the surface might be composed of
an equimolar mixture of SPFO and DTAB.

From the application point of view, the data in Table 1
show that by producing a solution that contain 0.05mM SPFO
and 0.15mM DTAB one obtains almost the same surface ten-
sion as using 2 mM of SPFO. Therefore, it is possible to re-
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duce the required concentration of SPFO by 40 times and
still achieve equivalent surface activity.

In addition to the surface properties discussed above, the
surface tension data in Figure 2 can be used to evaluate the
properties of the surfactant monolayer adsorbed at the air-
water interface. In this work the monolayers that produce a
surface tension of 45 mJ/m? are also studied. Note that the
selection of surface tension is arbitrary [although typically 52
mJ/m? is used (2)]. Table 1 summarizes the total surfactant
concentration required to produce a surface tension of 45
m]/m2 for each surfactant mixture (C45mj/m2). The data
in Table 1 shows that mixed surfactant monolayers are
formed at lower concentrations than the pure surfactant
alone, which is consistent with the fact that mixed-surfactant
micelles are also formed at lower total surfactant concentra-
tion. The difference between the micelle and monolayer data
is that mixed-surfactant monolayers are formed at concentra-
tions nearly two orders of magnitude lower than the pure sur-
factants, where as mixed-surfactant micelles are formed at
concentrations nearly one order of magnitude lower. This ob-
servation suggests that the interaction between SPFO and
DTAB is stronger when the molecules are adsorbed at the air-
water interface than when the surfactants form a mixed mi-
celle.

Dynamic surface tension of DTAB-SPFO mixed-surfactant system
(0.1IM NaCl). In order to evaluate the dynamics of mixed an-
ionic-cationic surfactant adsorption, the surface tension of
the solutions at a total concentration of 0.05 mM was tracked
over 1.5 hr. Figure 3 summarizes the results of the dynamic
surface tension studies.

The results shown in Figure 3 indicate that there is an “in-
stantaneous” adsorption of the mixtures of SPFO and DTAB.
This instantaneous adsorption in mixtures of anionic and
cationic surfactants has been reported for mixtures of hydro-
carbon-based surfactants (23). For mixtures of hexylpyri-
dinium bromide and SPFO Zhang and Hao have reported
adsorption times in the order of 1072 seconds (22). These au-
thors have proposed that the reason for this instantaneous
adsorption is because the adsorbed layer at the air-water in-
terface has a nearly net-zero charge. If there is no electrosta-
tic repulsion to hinder the adsorption process, then molecu-
lar diffusion, and not adsorption, is the rate-limiting step.
The earlier argument that the surface may be composed of
an equimolar mixture of DTAB and SPFO is compatible with
the mechanism of diffusion-controlled adsorption. This in-

TABLE 1
Surface adsorption properties for mixtures of SPFO-DTAB at 27°C, 0.1M NaCl.
% DTAB CMC Cepe Area per molecule, a C45mJ/m?

0 2+1mM 17 + 1 mJ/m? 27 +3A2 0.3+0.1mM
10 1.0+ 0.5mM 19 + 1 mJ/m? 48 + 4 A2 0.05 + 0.02 mM
25 0.2+0.1mM 18 + 1 mJ/m? 46 + 4 A2 0.02 + 0.01 mM
50 02+0.1mM 18 = 1 md/m? 40 + 3 A2 0.02 £ 0.01 mM
75 0.2+ 0.1 mM 18 + 1 mJ/m? 50 + 10 A2 0.011 + 0.006 mM
90 1.0+ 0.5mM 19 + 1 mJ/m? 46 + 4 A2 0.05 + 0.02 mM

100 3+1mM 36 + 1 mJ/m? 71 +5A2 1+0.5mM
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FIG. 3. Dynamic surface tension curves for DTAB-SPFO mixtures at
27°C, 0.1M NaCl (total surfactant concentration is 0.05 mM).

stantaneous adsorption is desirable in the formulation of fire
extinguishing foams, mineral separation, surface cleaning,
agrochemical formulations, and others.

Regular solution theory applied to DTAB-SPFO mixtures (0.1M
NaCl). The regular solution theory (Eqs. 1-2) was used to de-
termine the interaction parameter 8 for the DTAB-SPFO
mixed-surfactant system using the CMCs of the pure- and
mixed-surfactants systems (Table 1). In addition, to find out
the interaction parameter, this method helps in determining
the compositions of the micelles at the CMC. Figure 4A shows
the molar fraction of DTAB in micelles-Xp 1, (at the CMC)
as a function of the molar fraction of DTAB as a monomer
—(-Yrap)- Figure 4B shows the values of the interaction pa-
rameter , obtained for the different DTAB monomer molar
compositions. In the case of Figure 4A, the calculations based
on the regular solution theory suggest that the composition
of the micelles at the CMC tend to approach an equimolar
ratio (Xppap = 0.5). As the composition of the monomer ap-
proaches this equimolar ratio, the attractive interaction be-
tween SPFO and DTAB is comparable with that of mixed an-
ionic-cationic hydrocarbon surfactants (ff of =10), which in-
sinuates the formation of ion pairs between these surfactants.

Similar to the micellar case, the regular solution theory
can be used to calculate the composition and the interaction
parameter , of the monolayer. To this end, the CMC terms in
Equations 1 and 2 are replaced by the corresponding
C45m]J/m? values in Table 1. The composition and interac-
tion parameter , for the monolayer are presented in Figures
4A and 4B, respectively. In terms of composition, the mono-
layer, just like micelles, has an approximately equimolar com-
position of SPFO and DTAB. In fact, at a high DTAB-mono-
mer molar fraction (YDTAB) the monolayer has a composi-
tion closer to equimolar than the micelle composition. The
difference between micelles and monolayers become evident
when one compares the interaction parameter f3 of Figure
4B. The larger negative value of f for the monolayer (com-
pared to micelle) reflects the earlier observation regarding
the relative value of the C45m]/m? of the mixed surfactant
systems with respect to the pure ones. Zhao et al. (24) have
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FIG. 4. Micelle composition (Part A) and beta interaction parameter
(Part B) for DTAB-SPFO mixtures at 27°C, 0.1M NaCl.

found in a DTAB-gemini anionic surfactant system that the
interaction parameter of the monolayer is slightly larger and
more negative than the corresponding micelle, ranging be-
tween —16 and —18 (close to the values presented in Figure
4B). The reason why the monolayer tends to produce an
equimolar composition may be linked to the curvature of the
monolayer and micelles. In micelles, the large curvature
(small radius) helps offset the electrostatic repulsion between
surfactants that have the same charge; thus, micelles have
ways to accommodate a net positive or negative charge. For
monolayers the curvature is zero, which makes it more diffi-
cult to accommodate net positive or negative charges, but if
the surfactant adsorbs as an ion pair (as it was proposed
based on the dynamic surface-tension studies), then electro-
static interactions do not oppose surfactant adsorption. Fig-
ure b illustrates the electrostatic interactions in SPFO, DTAB,
and mixed-surfactant monolayers, showing the net attractive
interactions in monolayers.

DTAB-SOCT system (added electrolyte): DTAB-SOCT mixed-sur-
factant system (0.1M NaCl). The purpose of this experiment
was to evaluate the molecular interaction between cationic
(DTAB) and anionic (SOCT) hydrocarbon-based surfactants,
and compare their surface activity and interaction with the
surface activity of a mixed fluorocarbon-hydrocarbon system
(SPFO and DTAB) in the presence of 0.1M NaCl.

Figure 6 shows the surface tension-concentration curves
for the pure surfactants and mixtures containing 25%, 50%,
and 75% DTAB (SOCT to balance). Table 2 summarizes the
main surface-activity parameters obtained from Figure 6.
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FIG. 5. Schematic of electrostatic interactions in monolayers of DTAB, SPFO, and mixed-
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FIG. 6. Surface tension-concentration curve for DTAB-SOCT mixtures at 27°C, 0.1M NaCl.

One of the outstanding features of Figure 6 (compared to
Figure 2) is that SOCT has a relatively large CMC (460 mM)
compared to SPFO (2 mM). Also, the surface tension, after
CMC, of SOCT is nearly twice that of SPFO. As expected,
SPFO is a more surface-active molecule than SOCT. Fluoro-
carbon moieties are more hydrophobic than hydrocarbon
moieties, which explains why SPFO molecules tend to associ-
ate in micelles at lower surfactant concentrations and adsorb
at the air-water interface, leading to a reduction in equilib-
rium surface tension after CMC.

The CMCs of the DTAB-SOCT mixtures were higher than
the CMC of DTAB due to the high CMC of SOCT. On the
other hand, the surface tensions, after CMC, of the mixed sys-
tems were significantly lower than that of the pure surfac-
tants. The surface tension, after CMC, for the DTAB-SOCT
mixtures are the same (within the composition range of 25
to 75% of DTAB), which is consistent with the results ob-
tained for the DTAB-SPFO system. From this last observation

it is possible to hypothesize that the composition of DTAB-
SOCT monolayers is the same regardless of the bulk compo-
sition (at least within the range of 25% to 75% DTAB). In the
next section, the regular solution theory is used to estimate
the composition of mixed micelles (at CMC) and mixed
monolayers produced by mixtures of SOCT and DTAB.

Regular solution theory applied to DTAB-SOCT mixtures (0.1M
NaCl). Using the CMC and C 4 values obtained from Figure 6
and summarized in Table 2, the interaction parameter [ for
micelles and monolayers and their compositions was calcu-
lated using the mathematical procedure described above.
Figure 7 summarizes these results.

Figure 7A shows the molar fraction of DTAB in micelles
and monolayers versus the molar fraction of DTAB as a
monomer in aqueous solution. The composition of micelles
and monolayers is nearly constant between the range of 25%
to 75% DTAB (as monomer), which is consistent with our
earlier hypothesis that the composition of the monolayer

TABLE 2
Surface adsorption properties for mixtures of SOCT-DTAB at 27°C, 0.1M NaCl.
% DTAB CMC Yeme Area per molecule, a C45mJ/m?

0 460 + 40 mM 36+ 1 mJ/m? 52 + 3 A2 150 = 10 mM
25 10 =5 mM 29 + 1 mJ/m? 48 + 4 A2 1.5+0.8 mM
50 5+2mM 29 + 1 mJ/m? 41 +3A2 0.8+0.3mM
75 3+2mM 30+ 1 mJ/m? 40 + 3A? 0.8+04mM
100 3+1mM 36 + 1 mJ/m? 71 + 5 A2 1.0 = 0.5 mM
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FIG. 7. Micelle composition (Part A) and beta interaction parameter
(Part B) for DTAB-SOCT mixtures at 27°C, 0.1M NaCl.

(within the range of 25% to 75% DTAB) was almost constant.
According to Figure 7A, the monolayer contains nearly 75%
DTAB. The composition of the micelle at CMC was nearly
85%. These compositions are consistent with the fact that
DTAB (CMC 3mM) is more surface-active than SOCT (CMC
460 mM). In the case of the DTAB-SPFO mixture, the nearly
equal CMC of these surfactants contributed to the nearly
equimolar composition of the micelles and monolayers.
When the interaction parameters presented in Figure 7B
are compared with those of Figure 4B, one concludes that
the interaction between DTAB-SPFO is stronger than that of

DTAB-SOCT. This is a particularly surprising finding, since it
is well known that in other mixed fluorocarbon-hydrocarbon
surfactant systems (e.g., anionic-anionic, nonionic-nonionic)
fluorocarbon moieties tend to segregate from hydrocarbon
moieties (8,9,10). Since the ionic headgroups of both surfac-
tants (SPFO and SOCT) are the same and the alkyl length is
the same, one would hypothesize that the interaction be-
tween DTAB-SOCT would be larger (more negative) than be-
tween DTAB-SPFO. Part of the reason for this unexpected re-
sult is that the high CMC of SOCT reflects its high aqueous
solubility; thus, SOCT has less driving force to produce mi-
celles or mixed monolayers.

Similar to the DTAB-SPFO system, the monolayer interac-
tion parameter for the DTAB-SOCT system is larger than that
the micelle interaction parameter. However, the observed
range for 8 of -8 to —10 for mixed DTAB-SOCT monolayers
is almost half that observed by Zhao et al. for other hydrocar-
bon-hydrocarbon mixtures (24), which reflects the relatively
mediocre interaction between SOCT and DTAB.

One last point that merits discussion is the surface area
per molecule of DTAB-SPFO and DTAB-SOCT mixed-surfac-
tant systems. The surface area per molecule of the SPFO is
nearly half that of SOCT (compare Tables 1 and 2). This can
be explained based on the greater tendency of SPFO to ad-
sorb at the air-water interface (compared to SOCT) and es-
cape the aqueous phase. Despite this significant different, the
apparent surface area per molecule calculated for both sur-
factant mixtures (DTAB-SPFO, DABT-SOCT) are relatively
close. The best way to compare these apparent or average sur-
face areas is when the composition of the film is the same as
the composition of the bulk solution. This occurs for 50%
DTAB in DTAB-SPFO and 75% in DTAB-SOCT. In both cases
the average surface area per molecule is minimum and equal
to 40 A?/molecule. The fact that these minimum surface
areas are the same suggests that the minimum surface area
depends on the interaction and size of the ionic head groups
(the same for both pairs). If one finds a combination with
smaller surface area per molecule, it may be possible to ob-

E
g
'S & SPFO
g 30 1 X 50% DTAB
E M ® 75% DTAB
& 15 1 b ® 90% DTAB
@ ADTAB

0 i l T T 1

0.01 0.1 1 10 100

Total surfactant concentration, mM

FIG. 8. Surface tension-concentration curve for DTAB-SPFO mixtures at 27°C, no added

salt.
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FIG. 9. Surface activity of DTAB-SPFO mixtures (no added salt) above
their CMC. Part A: Surface tension. Part B: Dynamic contact angle on
Teflon-coated glass slides.

tain lower surface tensions. In fact, mixtures of hexylpyri-
dinium bromide (smaller surface area per molecule than
DTAB) and SPFO can produce surface tensions as low as
15mJ/m? (22).

DTAB-SPFO system (no added electrolyte). The study of the
DTAB-SPFO and DTAB-SOCT systems with added electrolyte
allowed the molecular interactions between these anionic
surfactants and DTAB to be studied, and established the role
of fluorocarbon versus hydrocarbon-based surfactants. How-
ever, in some applications such as hard-surface cleaning, the
addition of electrolyte is undesirable. To this end, we ob-
tained the surface tension-concentration (adsorption)
isotherms and the contact angle on Teflon®-coated surfaces
for mixtures of SPFO and DTAB with no added electrolyte.

Surface tension studies. Figure 8 shows the adsorption
isotherm for DTAB-SPFO without added electrolyte. This fig-
ure has two remarkable features. The first one is that the sur-
face tension after CMC of the mixed surfactant system (18
m]/ m?) is the same, independent of DTAB bulk composition
(in the range of 50 to 90%), and is lower than that of the pure
SPFO alone (24 m]/ m?). The second feature is that the CMC
of the mixed-surfactant system containing 50% DTAB (0.1
mM) is even lower than the CMC of the mixed DTAB-SPFO
system containing 50% DTAB and 0.1M NaCl (0.2 mM) (Fig.
2). It is worth nothing that even lower CMCs (~0.01 mM)
than those presented in Figure 8 have been obtained with
equimolar mixtures of SPFO and hexyl pyridinium bromide
without added electrolyte (22).

SURFACE ACTIVITY OF MIXTURES OF DTAB, SPFO AND SOCT

In practical terms, Figure 8 may have a significant impact
on the way we formulate mixed anionic-cationic systems.
Consider the following facts: One could formulate a solution
containing 20 mM of pure SPFO and obtain a surface tension
of 24 mJ/m?, or instead, one could formulate a solution con-
taining 0.05 mM of SPFO and 0.05 mM of DTAB and obtain
a surface tension of 18 mj/mQ, thus reducing the required
SPFO concentration by 500 times.

The lack of added electrolyte magnifies the difference in
surface activities between mixed anionic-cationic surfactants
and the individual surfactants. Goéralczyk has observed a simi-
lar behavior for mixed monolayers, where no added elec-
trolyte systems have Binteraction parameters as large as —20;
whereas systems containing 0.1M NaCl have f values of —12
(25). Typically in pure ionic surfactants, the addition of elec-
trolyte reduces the CMC by reducing the thickness of the dif-
fuse layer and the electrostatic repulsion between ionic head-
groups that oppose micelle formation. As Goralczyk explains,
in mixtures of anionic and cationic surfactants, electrostatic
interactions favor the formation of micelles and monolayers;
thus, the addition of electrolyte only hinders the formation
of these self-assembled structures.

Finally, as noted above, the surface tension after CMC
(Fig. 9A) is the same regardless of the bulk composition (in
the range of 25% to 90% DTAB). Based on previous observa-
tions for systems formulated with 0.1MNaCl, the fact that the
surface tension is low and independent of composition leads
to the inference that the film adsorbed at the air-water inter-
face may be composed of a nearly equimolar mixture of
SPFO and DTAB.

Wetting on Teflon®-coated surfaces. Wetting reflects the abil-
ity of a liquid solution to spread over a solid surface. Ther-
modynamically, the process of wetting is driven by the differ-
ence in surface energies (or surface tensions) of the solid-gas
interface (Y, g), the liquid-gas interface (7;), and the solid-lig-
uid interface (Y, /1). In general, if a solid has a low surface en-
ergy (small vy, /g value), such as the case of Teflon® surfaces,
only liquids with low surface tensions will wet the surface. The
critical surface tension (Y,) is a more common measure of the
surface energy of a solid and is defined as the maximum sur-
face tension that a liquid should have in order to completely
wet a solid surface. To estimate the contact angle of solutions
with surface tensions larger than vy,, it is possible to use the
expression proposed by Kwok and Neumann (26):

cos (0,4,)=—1+ 2[ % }xp(—ﬁw(w 7% [7]
1

where 6, is the advancing contact angle and B, is a coeffi-
cient with a value of 0.0001247 (m/mN)Q. Figure 9B shows
the dynamic contact angles (2-5 min contact time) of the
same mixtures presented in Figure 9A on Teflon®-coated
slides. In addition to the experimental data, Figure 9B also
shows the contact angles predicted by Equation 7, using a
critical surface tension (y,) of 14 mJ/ m? and the surface ten-
sion data (y;) of Figure 9A.

The good match between the experimental data and the
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prediction of Equation 7 reinforces the fact that the wetting
properties of these mixtures are dominated by their surface
tension. The value of critical surface tension of 14 mJ/m? is
lower than the range reported in the literature for Teflon®
(15-18 mJ/ m?), but this difference is relatively small consider-
ing that the coating surface was not completely smooth and
that the contact angles measured were dynamic in nature (27).

Low-density polyethylene surfaces (y, ~ 27 mJ/m?) were
also evaluated, but since the DTAB-SPFO mixtures spread
over these surfaces, the values of contact angles (zero) are
not tabulated.
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