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Abstract The aqueous sodium un-
decenoate (SUD) —dodecyltrimeth-
ylammonium bromide (DTAB)
catanionic system was studied at low
concentration. The system did not
precipitate, even at a 1:1 SUD:D-
TAB proportion, but showed the
formation of a coacervate in a range
of surfactant mixture compositions.
Micelles have a preferential compo-
sition of 0.37 mole fraction of SUD.
This behavior is attributed to the
presence of the double bond at the
distal extreme of the SUD molecule,

with water. Consequently, the

—CH =CH, group is situated at the
interface between the hydrocarbon
micelle core and water, reducing the
interfacial free energy. Structural
computations demonstrate that the
mentioned SUD proportion pro-
duces complete coverage of the mi-
celle surface by the double bonds.
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Introduction

Research on surfactant mixtures is of considerable
interest for numerous technical applications, because
surfactant mixtures are known to enhance performance
as compared to single surfactants. When mixing surf-
actants, in particular surfactants of opposite charge, not
only are the properties of each component combined,
but in many cases new properties are found. These
properties are of both fundamental and commercial
interest, since surfactants used in industrial applications
(e.g. detergents, tertiary oil recovery, drug carrier sys-
tems, flotation) are often mixtures. In spite of their
widespread use, surfactant mixtures are fundamentally
not that well understood. It is therefore important to
have a basic understanding of the mechanisms of inter-
action between surfactants in mixed systems and of the
factors influencing various features of the phase equi-
librium. Surfactant mixtures for specific applications are
often chosen based on experience, empirical evidence, or
a trial and error approach. To optimize the applications

which can form hydrogen bonds

Coacervation

of surfactant mixtures, it is important to understand the
interplay of forces that govern the phase behavior. The
main focus in this sense has been on electrostatic inter-
actions, while little attention has been directed at the
steric interaction level with the main study focused on
the geometry of the hydrophobic group.

Aqueous mixtures of anionic and cationic surfactants
exhibit many unique properties that arise from the
strongly electrostatic interactions between the oppositely
charged head groups and have therefore attracted the
attention of numerous investigators [1, 2, 3, 4, 5, 6].

Present theories take into account the influence that
the structure of the micelle polar layer and electrostatic
effects have on micellisation [7] and mixed micellisation
[8, 9, 10]. However, in order to improve on these theories
it is necessary to have the knowledge needed to under-
stand the factors affecting the formation of micelles and
their structure.

In general, those cationic-anionic surfactant mixtures
under study are composed of strong electrolytes such as
alkyltrimethylammonium halides and alkaline salts of
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alkylsulfonic acids. It is interesting to investigate the
effect that mixed micellisation has on hydrolysis, for
instance, when one of the components chosen is a salt
of a weak acid or a weak base. With this aim in mind
we explored the dodecyltrimethylammonium bromide
(DTAB) —sodium undecenoate (SUD) aqueous mixed
system. Both components have relatively large critical
micelle concentrations (CMC). This allows the use of
many different methods in order to study the aggrega-
tion. Few investigations on mixed systems including
soaps exist. Scowen and Leja [11] and Oakenfull and
Fenwick [12] studied mixtures of soaps and alkyltrime-
thylammonium halides of the same chain length, but not
with the aim to study the effect that mixed micellisation
has on hydrolysis of the soap whereas Edlund et al. [13]
studied the system dodecyltrimethylammonium chloride
—sodium octanoate.

Theory

Classical solution theory has been widely used to model
the thermodynamic non-idealities of mixed micelles.
Solution theory has also shown to accurately model
critical micelle concentration (CMC) values [14] and
monomer-micelle equilibrium compositions [15] in sur-
factant systems exhibiting negative deviations from
ideality. However, the combination of the separation
model and classical solution theory to describe non-ideal
mixing in mixed surfactant micelles has been questioned
[16]. Although this theory assumes that the excess en-
tropy of mixing is zero, it has been demonstrated that in
some surfactant mixtures this assumption is not true [17,
18]. However, the pseudophase separation model and
classical solution theory combination remains a very
widely used and convenient method for analyzing
experimental data.

A mixture of two different surfactants, i and j, form
micelles with composition Xjy and Xjy in equilibrium
with solution monomers of composition «; and o;. The
mole fractions are on surfactant-only basis, so

Xim+Xm =1 (1)
o +oj =1 (2)
At the cmc [19]:

% memci = X MYiMCMeM (3)

where y;, and y;m are the activity coefficients of sur-
factant i in the intermicellar solution as well as in mi-
celles. cmc; and cmcey are the critical micellar
concentration of the pure surfactant i as well as in the
mixture. Each monomeric form of the surfactant is as-
sumed to be dilute enough to obey Henry’s law i.e. based
on the infinite dilution standard state; surfactant

monomer activity coefficients are expressed as unity [20].
Applying classical solution theory to mixed micelles the
micellar activity coefficients are given by [21]:

(4)

where S is the dimensionless classical solution theory
interaction parameter (in k7 units), k is the Boltzmann
constant and 7 the absolute temperature. Theoretically,
Pwm 1s independent of both temperature and the com-
position of the micelle; however, in practice Sy is tem-
perature-dependent [22, 23, 24] and often depends on the
micelle composition [25, 26], so that an average value is
commonly used. In spite of these limitations the Sy
parameter quantitatively captures the extent of non-
ideality in a single number that can be easily compared
among different pairs of surfactants. The nature and
strength of the interaction between two surfactants are
measured by the value of the fy; parameter which is a
measure of the degree of non-ideality of the interaction
in a mixed micelle. The larger the negative value of Sy,
the stronger the attractive interaction between the two
different surfactant molecules and therefore the greater
the probability of the existence of synergism between
them [27]. Repulsive interactions yield a positive fi
value and the possibility of antagonism, whereas ;=0
indicates an ideal mixture. Positive fy; values occur in
mixtures of fluorocarbon —hydrocarbon surfactants [28].

Typical values of iy are +2.2 for lithium dodecyl-
sulfate —lithium perfluorooctanesulfonate [29], —2.6 in
sodium dodecyl sulfate (SDS) —poly (oxyethylene),;
dodecylether [30], —3.9 for the system SDS —poly (oxy-
ethylene), dedecylether [31] and -13.2 for sodium
decylsulfate —decyltrimethylammonium bromide [32].

The parameter ffyy is related to the molecular inter-
actions in the mixed micelle by [31]:

MM = eXP(ﬁMXj,zM)

Bm = Na(Wi + Wi — 2) (5)
where W; and W are the energies of interaction be-
tween molecules in the pure micelle and that between the
two species in the mixed micelle. Ny represents Avoga-
dro’s number.

The parameter fy; reflects the two main contributions
to the free energy of mixed micellisation. There is a free-
energy contribution associated with the interactions
between the hydrophobic groups of surfactants i and j in
the micelle core, fim core» and also an electrostatic con-
tribution, P clec, associated with the electrostatic inter-
actions between the charged hydrophilic groups of the
surfactants i and j [33]:

(6)

It is worth noting that S core is typically zero for
mixtures of two hydrocarbon-based (or fluorocarbon-
based) surfactants [34, 35], but is larger than zero for a

ﬁM = ﬁM,core + [))M,elec
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binary mixture of hydrocarbon and fluorocarbon surf-
actants due to the repulsive interactions in the micellar
core [36, 37, 38, 39].

It can be demonstrated using classical solution
theory that the excess chemical potential of mixing is
given by:

AMCXFEESS — ﬁMRT)(l,MAijM

mix

(7)

where R is the gas constant. Negative values of
ApSe® .. indicate attraction between the two compo-
nents in the micelles most of which may result from a
decrease in the electrostatic energy of the micelles.
ApSXes .. is the difference between the partial molar free
energy of the mixed micelles and that calculated
according to the ideal behavior as a function of the
mixture composition. This energy is expected to depend
more on the surface charge density of micelles and the
ionic strength and less on the size and shape of micelles
[40, 41]. The Au***,;x value does not take into account
the change in the degree of association of the counter ion
upon surfactant mixing [22, 23, 24].

The value of the parameter Sy for the interactions in
a mixed micelle was calculated from the equation [31]:

(Xim )2 In(oicmen / Xi memey)

= > —1=0
(1 =Xim) In[(1 — o5)emem /(1 — X m)eme;]
(8)
and
By = In(aicmen / Xi memei) 9)

(1-Xim)*

Equation 8 is solved for Xjn, which is then substi-
tuted into equation 9 to obtain fy;. Hoffmann and
Possnecker [16] have shown that by using the error
expansion of equation 9 the minimum error for f in a
single determination is almost 0.1 kT. The error strongly
increases when one component in the micelle dominates.

The cmcy; value can be calculated as a function of the
composition using the expression [40, 42]:

o4 0%

-1
Yi,MCMC; Vj,Mcij‘|

cemey = l (10)

In the ideal approximation, y;m=7p;m=1. This
mainly occurs in mixtures of two homologous surfac-
tants, such as sodium octyl sulfate and sodium hexadecyl
sulfate [43].

To compute the micellar ionisation degree o the
equation proposed by Evans [44] was employed:

m)2

1000(dx/dC), = (”_47

75— [1000(dx/dC), — ix] + wix

(11)

where (dx/dC); and (dx/dC), are the slopes of the
specific conductivity curves before and after the CMC,
n is the aggregation number, m the number of counter-
ions attached to the micelle, and Zx is the equivalent
conductivity of the counter ion. Equation 11 is a qua-
dratic function of o because (n—m)=na. It is also
dependent on n. However, this dependence is not
strong and any reasonable value of n gives a good
estimation of o [44]. We selected n=061, which is the
value for DTAB [45]. Filipovic-Vincekovic [46] found
that non-equimolecular micelles in catanionic systems
are significantly smaller than the equimolecular ones.
Since all the micelles studied here are not equimolecu-
lar (even if actap=0.5, vide infra), the use this con-
stant value of n does not significantly affect the
estimated value of .

In the estimation of o for surfactant mixtures, we
employed average counter ion conductivity:
Ax = acta/Br— + (1 — acTAB) ANat (12)
where g, =77.4 and Any+ =50.9 S cm’mol ™" [47]. The
degree of ionization thus obtained are shown in Table 1.

The value of o for pure DTAB micelles (= 0.24) is in
agreement with the values found in the literature
(x=0.19 [48]) and reflects the hydrophobicity of the
bromide ion [49] and its high polarizability, which favors
its adsorption at the micelle surface [50]. The o value for
SUD is similar to the values for other sodium soaps
(sodium dodecanoate: oo=0.36 [S1].

The degree of ionization of SUD micelles was also
computed giving o =0.518. Values found in the literature
are «=0.392+0.007, [52] from ion-selective electrode
measurements. Using vapor pressure osmometry,
Larrabee and Sprague [53] found a=0.27 at 37 °C, and
Vikingstad et al [54] reported a value of
«=0.28+£0.02 at 25 °C from emf experiments. This
higher value of « reflects the higher hydrophilicity of
Na " ions, and the probable low charge density at the
SUD micelle surface, caused by the inclusion of the
double bonds among the carboxylate groups.

Table 1 Ionization degree of DTAB-SUD mixed micelles

%sup o

0 0.239
0.1 0.517
0.2 0.743
0.3 0.621
0.4 0.552
0.5 -

0.6 -

0.7 0.491
0.8 0.485
0.9 0.488

1 0.518
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Experimental

Sodium undecenoate (SUD) was purchased from Aldrich. Dode-
cyltrimethylammonium bromide (DTAB, Aldrich) was used as
received.

In order to prepare the different samples, the appropriate
amount of each surfactant was weighed and dissolved in double-
distilled water to produce two concentrated solutions. Then the
appropriate volume of each solution was poured into a volumetric
flask in order to prepare mixtures with mole fraction of SUD
(without considering water) asyp =0 (pure DTAB solution), 0.1,
0.2,0.3,0.4,0.5,0.6,0.7,0.8, 0.9 and 1 (pure SUD solution). Using
the SUD and DTAB critical micelle concentrations (CMC) from
literature, all solutions were prepared at concentrations above the
CMC predicted by the regular solution theory of mixed micelles for
each proportion.

Conductivity measurements were made with an immersion cell
and an automatic conductivity meter namely an Antares II from
Instrumentalia. The CMC was determined using the representation
of Ak =K-Kexirapol a8 @ function of the total concentration (not
shown), where Kexrapor 1S the extrapolated specific conductivity
from the specific conductivity under the CMC value. This repre-
sentation shows a well-defined break in the dependency of the
conductivity with the concentration and improves the determina-
tion of the CMC, especially when plots of k¥ vs C do not show a
well-defined change in slope.

Two batteries of tubes having different mixture concentration
were used to perform dye solubilisation experiments. Small Sudan
IIT crystals were added to the tubes of one battery, and small
Sudan Black B crystals to the other. Both dyes were used because
Sudan III has a phenol group and is slightly soluble in basic
solutions such as those having an excess of SUD. Then Sudan III
was employed in solutions having asyp < 0.5 and Sudan Black B
(which is insoluble in basic solutions) in solutions having
asup > 0.5. The tubes were sealed and periodically stirred for one
week. Then the contents of the tubes were centrifuged and the
supernatant absorbance was measured using a Spectronic-20 UV-
Vis spectrophotometer at A=600 nm (Sudan III) and 2=490 nm
(Sudan Black B).

The system revealed phase separation at agyp values of about
0.5. Two mutually immiscible liquid phases were observed (coac-
ervation). In order to determine the boundaries of the domain of
existence of the coacervate solutions of DTAB were titrated with
SUD solutions and after each addition the absorbance (4) was
measured with a Spectronic-20 UV-Vis spectrophotometer. This
enabled us to determine the asyp value at which the absorbance
rises and that at which adsorbance decreases.

Changes in color and flourescence in Rhodamine 6G were de-
tected by sight by adding a drop of dilute Rhodamine 6G solution
to tubes with surfactant solution at different concentration in order
to detect micelle formation [55, 56, 57, 58].

In order to determine the composition of the coexisting phases
within the two-phase region aliquots of both phases were extracted
and weighed. Thereafter the samples were dried and weighed to
determine the amount of water. The dry surfactant mixture was re-
dissolved in double-distilled water and titrated against hydrochloric
acid using conductivity to determine the equivalent point. This
allowed quantification of the amount of SUD in the mixture. The
amount of DTAB was computed from the total weight of the dry
surfactant mixture.

All determinations were made at 25.0 °C.

Results

Figure 1 shows the determination of the limits of exis-
tence of the coacervate. When agyp was increased, the

coacervate suddenly appeared at asyp=0.44 and dis-
appeared in a more gradual form between agyp=0.57
and aSUD=0.63.

Figure 2 shows the CMC values of the solutions hav-
ing different agyp values and the two-phase region of
existence of the coacervate. The full line shows the CMC
of ideal mixing, computed with equation 10. The
SUD CMC was 0.12 mol.dm™, in agreement with the
literature values: CMC=0.117+0.007 mol.dm™ [52].
and 0.117 mol.dm™ [59]. The DTAB CMC was
0.0152 mol.dm™. Some literature values are 0.015
mol.dm ™ [60] and 0.0155 mol.dm? [61, 62].

ABSORBANCE / ARBITRARY UNITS
o
° )
= -

0.001

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
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Fig. 1 Determination of the limits of existence of the coacervate
region
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Fig. 2 Critical micelle concentration vs the total composition of the
surfactant mixtures. The /ine shows the expected CMC if the
mixture were ideal. The vertical lines indicate the limits of existence
of coacervate. The right-hand limit of existence of the two-phase
region was less defined. The line at agyp=0.675 indicates the
complete elimination of the coacervate
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Discussion

The samples having asyp=0.5 and 0.65 separated into
two immiscible liquid phases. For asyp=0.5, the upper
phase had density J,,=0.9136 g cm™, total con-
centration C,,=0.517 mol dm™ and osUD,u.p. = 0.67,
whereas the bottom phase had 6,,=1.0326 g cm™,
Cpp=0.0214 mol dm™ and asyp p.p. = 0.04. For agup =
0.65, 0,,=0.9683 gcm_3, total concentration C,,=
0.287 mol dm™ and  osupup =0.76; Jp,=1.0394
g.em™, Cp, =0.00887 mol dm™ and asypp.p. = 0.042.

Using equation 8 the mixed micelle composition
Xsup was computed and represented in Figure. 3. It
may be seen that there is a preferential composition,
lying between 0.33 and 0.47. Only at very high SUD
proportion (asyp=0.9) did the micelles have
Xsup =0.505. When agyp =0.42, micelles have the same
composition as the total surfactant mixture. No pre-
cipitation was observed, even when oasyp=0.5 or
XSUDZO.S.

Figure 4 shows the interaction parameter § computed
with equation 9 vs the micelle composition. It can be
seen that the minimum value is Xsyp=0.372, with
p=6.15 (in kT units). Another characteristic of this
figure is that the dependence of f with Xgsyp is assy-
metric. The interaction between SUD and DTAB is
increasingly favourable when Xsyp is increased from 0
to about 0.4, and then becomes suddenly unfavourable
when Xsyp=>0.47. The f values in catanionic systems are
generally higher (in absolute value) than that of the
minimum in this system (e.g. —13.2 for sodium decyl-
sulfate —decyltrimethylammonium bromide [32] or about
=20 [63)).

The f value at Xgyp=0.47 is close to that of ionic-
nonionic surfactant mixtures (+2.2 for lithium dodecyl-

A B C
1
( TWO-PHASE
09 | REGION
0.8
07 F IDEAL
“
0.6
[=}
205 |
x —
04 } — |
0.3
0.2
0.1
0
0 0.2 04 ggyp 06 0.8 1

Fig. 3 Composition of the mixed micelles as a function of the total
surfactant mixture. The vertical bars show the limits of the two-
phase region.The solid line shows the composition of ideal mixed
micelles

sulfate —lithium perfluorooctanesulfonate [29], —2.6 in
sodium dodecyl sulfate (SDS) —poly (oxyethylene),;
dodecylether [30], —3.9 for the system SDS —poly (oxy-
ethylene), dedecylether [31]). However, small s values
were found for some particular anionic —cationic sur-
factant aqueous mixtures, as CTAB—sodium deoxycho-
late (f=-2.7 [64]), CTAB-sodium cholate (f=-4.0
[53]), and dodecyltrimethylammonium bromide—disodi-
um dodecanephosphonate (f=-1.66 [65]). All of these
systems have some structural characteristics that are
different to the most commonly studied cationic-anionic
mixtures.

The excess free energy of mixed micellisation showed
the same dependence on the micelle composition as f.

Figure 5 shows the value of the micelle ionisation
degree as a function of Xgyp. It may be seen that there is
a maximum at XSUD =0.37 (O(SUD:0'2) with «=0.74.
Since equation 11 detects the unmicellised counter-ions,
this is not the fraction of charge per micellised surfac-
tant, except for the pure surfactant micelles. As a con-
sequence, the electric surface potential of micelles having
Xsup=0.37 must be the minimum and only capture
26% of the counter-ions.

It is evident that there is a preferential composition of
about Xsyp=0.37. Figure 4 shows, that the addition of
more SUD molecules to the mixed micelle when
Xsup <0.37, increases the micelle stability whereas this
addition when Xsyp >0.37 produces a sudden decrease
in micelle stability. The different behavior of the system
below and above this limit is also reflected in Fig. 1. The
transition between micellar solution and the two-phase
system is very sharp in the low agyp (and then, low
Xsup) side of the system, and gradual in the high agyp
(and then, high Xgyp) side. Going out from the coac-
ervate region, micelles with Xsyp~0.37 form very easily,
whereas those with Xgyp>0.37 are less stable and
coexist with the coacervate in an extense range of asyp
values.

B IKT

g L
0 0.2 0.4

Xewo 0.6 0.8 1

Fig. 4 The interaction parameter  vs the composition of the mixed
micelles
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Xsup = 0.37; asyp = 0,2
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Fig. 5 The micelle ionisation degree as a function of micelle
composition

A previous study on the catanionic system sodium
oleate (SOL)-hexadecyltrimethylammonium bromide
(HTAB) also showed a preferential composition of
mixed micelles with Xgor, =0.25, [66].

This behavior is attributed to the presence of the
double bond in the distal extreme of the SUD hydro-
carbon chain, whose 7 electrons have some affinity with
water and can form hydrogen bonds with it [67, 68, 69,
70, 71, 72]. The double bond has the tendency to remain
at the micelle surface, explaining the difference between
the structure of SUD micelles and those of DTAB. The
DTAB chains have a tendency to avoid contact with
water. It is impossible to make a spherical or cylindrical
micelle of DTAB or SUD with a surface completely
covered by hydrophilic groups: a certain fraction of the
surface consists of hydrocarbon exposed to water. Since
the hydrocarbon chains are in liquid-like state [73], some
of them are folded and part of the chain is in contact
with water [74, 75, 76, 77, 78, 79, 80, 81]. Then, the
substitution of the fully saturated DTA™ chains in mi-
celles by UD™ ions having a double bond with water
affinity must diminish the interfacial Gibbs’ free energy
of micelles. This diminution is of the order of 13—16 mJ/
m? with respect to a saturated hydrocarbon-water
interface [82, 83]. All the DTA™ chains can remain in
the hydrophobic core interior, whereas all the UD™
double bonds could remain in contact with water.

The energetic situation of DTA " ions in mixed mi-
celles having about 37% of UD"™ will be more favorable
than in other proportions, which may explain the min-
imum of § and Au®**.;, . However, the energetic sit-
uation of the UD’ ions is not considerably affected by
the mixed micellisation, provided that all (or almost all)
of them have their double bond at the micelle surface.

p may be viewed as empirically accounting for the
free-energy changes that occur in forming the mixed
surfactant aggregate, including those due to any counter
ion effects, changes in molar areas on mixing and
residual solvent effects at the micelle interface. However,
the significance of f# as an appropriate measure of the
magnitude of the excess free-energy changes in the
aggregation phenomenon is very uncertain [84].

This effect may be the reason for the systematic ex-
cess of DTAB in micelles in comparison with the in-
termicellar solution. To verify this theory, a model
micelle having n=60 and Xsyp=0.37 was studied.
Using the contribution of the groups to the partial
molar volume in aqueous solution given by Lepori and
Gianni [85], the partial molar volume of the DTA " ion
may be estimated in 262 cm®mol™!, and that of the
DU~ one, in 172 cm®mol™!. Then the volumes of the
DTA™ and DU ions were estimated to be 0.435 nm®
and 0.286 nm?, respectively. The volume of the hydro-
carbon core of the model micelle was then estimated to
be 17.9 nm?® and its radius 1.62 nm. The area of the
hydrocarbon micelle core was 33.04 nm?, whereas the
area per micellised molecule was 0.551 nm”. However, a
fraction of the micelle surface is occupied by the polar
head groups. If these groups are presumed to be
spherical, the radius for (-N(CH3)"5) is 0.302 nm and
for (-COO-) is 0.172 nm [85]. Both head groups are
hydrated in micelles [81, 86, 87]. The area per water
molecule is 0.097 nm? [88, 89, 90, 91, 92, 93]. Presuming
that there is a monomolecular water layer around the
polar head groups, the areas occupied by them are
0.571 nm? for (-N(CH3) * ;) and 0.276 nm? for (-COO-).
The weighted average area per micellised head group is
0.63%0.751+0.37x0.276= 0.462 nm>. Consequently,
the area of the hydrocarbon micelle core in contact with
water per micellised surfactant ion may be estimated to
be 0.0975 nm®.

If the terminal double bond is situated at the surface,
for geometrical reasons it must include the adjacent
methylene group (Fig. 6). Using the group contributions
to the partial molar volume given by Lepori and Gianni
[85] and the bond lengths and angles, the area occupied
by the -CH,-CH = CH, group may be estimated (Fig. 6)
to be 0.25 nm?. This value gives a proportion of 0.39 —
CH,-CH =CH; groups per micellised surfactant mole-
cule. Taking into account the approximations made, the
agreement is very good. Therefore, the mixed micelle
should have the structure as shown in Fig. 7.

In the surfactant mixtures, one Na* and one Br~
ion in solution is available for each dodecyltrimethy-
lammonium undecenoate (DTA.UD) pair in the mi-
celle. Besides, in systems in which one surfactant (SUD
or DTAB) is in excess, there are free counter-ions
coming from the ionization of the non-paired surfac-
tant molecules in the micelles. Since the degree of
ionisation is not unity within any proportion, some
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Fig. 6 The structure of the terminal -CH,- CH = CH, group at the
micelle surface. A top view, B lateral view

counter-ions are attached to the Stern layer, even in the
1:1 mixed micelles.

The radius of the model micelle is 2.21 nm (taking
into account the size of the predominant head group,
i.e.-N " (CH3)s, and a layer of water molecules of head
groups’ hydration). The micelle is composed of 18 UD"
and 42 DTA ™ ions, 18 of these are neutralised by the
micellised UD™ ions. This implies that only 24 positive
changes are distributed at the micelle surface to produce
the potential that captures some counter-ions. The
resulting electrical potential at the surface of this micelle
without attached counter-ions (and supposing homoge-
neous charge distribution at the surface) was computed
to be 81 mV. This is similar to the { potential obtained
for micelles of similar size with attached counter-ions,
namely 80.9 mV for micelles of sodium docecylsulfate in
0.03 mol.dm™ NaCl [94], 75 mV for dodecyltrimethy-
lammonium chloride [95] and 78-87 mV for dodecylt-
rimethylammonium hydroxide [96]). Since { is the
external potential after the capture of the counter-ions at
the micelle Stern layer, it can be concluded that in this
micelle model, the driving force to capture the counter-
ions is not the electrostatic potential but the specific
adsorptive forces derived from the polarizability of the
bromide ion [50]. The inclusion of the double bonds in
the micelle surface may also be the explanation for the
high value of o in pure SUD micelles: the separation of
the carboxylate groups reduces the surface potential and
the capacity for capturing the counter-ions.

The inclusion of the -CH,-CH=CH, group in the
Stern layer can also favor the formation of spherical
micelles at low concentration. This inclusion gives an
appropriate curvature and some hydrophilicity to the

Fig. 7 The proposed structure of a SUD—DTAB mixed micelle

micelle-water interface, which favors the spherical shape
rather than cylindrical or planar structures. The folding
of the undecenoate chain to expose the double bond to
water causes a hydrocarbon crowding at the proximity
of the surface. There is a loop of the portion of the chain
between the carboxylate and the —CH,-CH=CH,
groups, both anchored at the surface. Then, this system
may be considered similar to a mixture of a long-chained
surfactant (DTAB) with a surfactant having a bulky,
short hydrophobic group (SUD). In this case, Edlund
et al. [13] explained this behavior on the basis of geo-
metrical effects caused by the different values of nc. The
critical packing parameter of the mixture CPP=v/al,
where v is the alkyl chain volume, « is the polar head
area and / is the alkyl chain length [97]. According to
Edlund et al. [13], the inclusion of the shortest surfactant
molecule in the longest surfactant micelle gives rise to a
reduction of the effective CPP of the surfactant mixture,
by augmentation of a, whereas / remains constant and v
increases slightly. A CPP <1/3 value is compatible with
the formation of spherical micelles. Increasing the sur-
factant mixture concentration produces a reduction of
the value of a, caused by the reduction of the electro-
static repulsion between the charged head groups in
excess in non-equimolecular micelles, and the possible
change in the micelle composition (The values of X7 gi-
ven by the mixed micelles theory are valid at the CMC).
This leads to an increase of CPP. If 1/3<CPP<1/2, the
surface curvature of aggregates is compatible with cy-
lindrical micelles. This situation may be extrapolated to
the DTAB-SUD mixture.
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