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Abstract

The interaction between homologous surfactants in mixed micelles was studied by the Regular Solution Theory of mixed micelles. The inter-
action is independent of the nature of the polar head groups and attractive and the interaction parameter 8); depends linearly on the difference in
chain length Anc. The interaction becomes ideal at Anc = 0.75 £ 0.06. Above Anc & 5, the dependence remains linear but the slope increased
2.7 times. The phenomenon is explained as the effect of the reduction of the hydrocarbon/water micelle interface and a better packing of the chains
in the micelle core, caused by the inclusion of a shorter homologous surfactants. This reduction can be more effective when Anc > 5.
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1. Introduction

Research on surfactant mixtures is of considerable interest
for numerous technical applications, because surfactant mix-
tures enhance the performance of applications when compared
to the use of single surfactants. When mixing surfactants, not
only the properties of components are combined, but in many
cases new properties are found, such as in cationic—anionic sur-
factant mixtures. These properties are of both fundamental and
commercial interest, since surfactants used in industrial appli-
cations (e.g., detergents, tertiary oil recovery, drug carrier sys-
tems, flotation) are often mixtures. In spite of their widespread
use, surfactant mixtures are not well understood at a fundamen-
tal level. Surfactant mixtures for specific applications are often
chosen based on experience, empirical evidence, or trial and
error research. To optimize the applications of surfactant mix-
tures, it is important to understand the interplay of forces that
govern the phase behavior. The main work in this sense was
devoted to electrostatic interactions, while scarce attention has
been put on the steric ones, mainly on the hydrophobic group
geometry. Some work was devoted to the nature of molecular
interactions in mixed micelles [1-7].
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In the theory of mixed micelles formation the mixtures of
surfactants belonging to the same homologous series are con-
sidered as ideal. This is commonly accepted in the theoretical
treatment and the interpretation of the behavior of different
surfactants mixtures, such as sodium octyl sulfate and sodium
hexadecyl sulfate [8]. Along our research on mixed micelles,
we have obtained results that suggested that this supposition
is an oversimplification. This is an important point, because
in studying the interactions in mixed micelles, all the possible
sources of nonideality must be taken into account. To determine
if the commonly accepted supposition of ideality is correct, it is
necessary to obtain values of the micellar interaction parameter
Bwm for several mixtures of homologous surfactants and to verify
if these values differ statistically from zero. Also, homologies
of different kinds of surfactants must be compared, to ensure
that the effect is due to the hydrophobic chains and not to mod-
ifications in the micelle Stern layer. We computed By data for
several systems of different mixtures of homologous surfactants
obtained from literature. The data were mainly from mixtures
of soaps, but some mixtures of other anionic surfactants and
some nonionic were also found. However, data for cationic ho-
mologous mixtures were almost inexistent. So we decided to
determine the CMC of various mixtures of alkyltrimethylam-
monium bromides to compute the By values to complete the
picture.
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2. Theory

Regular solution theory has been very widely used to model
the thermodynamic nonidealities of mixed micelles; it has
been shown to accurately model critical micelle concentration
(CMC) values [9] and monomer-micelle equilibrium composi-
tions [10] in surfactant systems exhibiting negative deviations
from ideality. However, it must be pointed out that the theoret-
ical validity of using regular solution theory to describing non-
ideal mixing in mixed surfactant micelles has been questioned
[11]. Although this theory assumes that the excess entropy of
mixing is zero, it has been demonstrated that in some surfac-
tant mixtures this assumption is not true [12,13]. However, the
pseudophase separation model and regular solution theory com-
bination remains as a very widely used and convenient method
for analyzing experimental data [14-16].

A mixture of two different surfactants 1 and 2 form mi-
celles with composition X and X», in equilibrium with solu-
tion monomers of composition ¢« and «;. These mole fractions
are on a surfactant-only basis, so that

Xi+X2=1, ey
o1 +ar=1. 2)
At the CMC [14]:

a1y1,mCMCy = X1y1 MCMCy, 3)
a2y2, mCMC; = X7y, MCMCy, 4

where y; m and y; v are the activity coefficients of surfactant i
in the intermicellar solution and in micelles, CMC;, CMC, and
CMCy are the CMC of pure surfactants 1 and 2, and the mix-
ture. Each surfactant monomeric form is assumed to be dilute
enough to obey Henry’s law, i.e., based on the infinite dilu-
tion standard state, surfactant monomer activity coefficients are
unity [17]. In applying regular solution theory to mixed mi-
celles, the micellar activity coefficients are given by [18]:

yim = exp(BuX3), (5)
yam = exp(BuX?), (6)

where By is the dimensionless regular solution theory inter-
action parameter (in kg7 units, where kp is the Boltzmann
constant and 7' the absolute temperature). Theoretically, By is
independent on both temperature and the composition of the
micelle. However, in practice Sy is temperature dependent [ 19—
22] and it often depends on the micelle composition [22,23],
so that an average value is commonly used. In spite of these
limitations, the By parameter quantitatively captures the extent
of nonideality 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 By parameter, which is a measure of the degree
of nonideality of the interaction in a mixed micelle. The larger
the negative value of By, the stronger the attractive interaction
between the two different surfactant molecules, and the greater
is the probability of the existence of synergism between them
[24]. Repulsive interactions yield a positive By value and the

possibility of antagonism, whereas Sy = O indicates an ideal
mixture. Positive By values occur in mixtures of fluorocarbon—
hydrocarbon surfactants [25].

Typical values of Sy are +2.2kgT for lithium dodecyl
sulfate—lithium perfluorooctanesulfonate [26], —2.6kg7T in
sodium dodecyl sulfate (SDS)-poly(oxyethylene)(23) dode-
cylether [27], —3.9kg T for the system SDS—poly(oxyethylene)
(4) dodecylether [28] and —13.2kg T for sodium decyl sulfate—
decyltrimethylammonium bromide [29].

The parameter By is related to the molecular interactions in
the mixed micelle by [28]:

Bm = Na(Wi1 + W —2Wyp), @)

where Wi and W»; are the energies of interaction between
molecules in the pure micelle and Wy, is the interaction be-
tween the two species in the mixed micelle. N is the Avo-
gadro’s number.

The parameter By reflects the two main contributions to the
Gibbs free energy of mixed micellization. These are a free-
energy contribution associated with the interactions between
the hydrophobic groups of surfactants 1 and 2 in the micelle
core, M. core> and an electrostatic contribution B elec, asso-
ciated with electrostatic interactions between the charged hy-
drophilic groups of surfactants 1 and 2 [30]:

ﬂM — IBM,core + IBM,elec~ €]

It is commonly accepted that fm core 1S typically equal to
zero for mixtures of two hydrocarbon based (or fluorocarbon
based) surfactants [31,32], but is larger than zero for a binary
mixture of hydrocarbon and fluorocarbon surfactants due to the
repulsive interactions in the micellar core [31-36].

The interaction parameter By is related to the excess chem-

ical potential of mixing [15]:
Apuies™ = BURT X1 mX2M )
where R is the gas constant and 7 is the absolute temperature.
Apsieess 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
(and then the By value) is expected to depend much on the
surface charge density of micelles and the ionic strength, and
less on the size and shape of micelles [37,38]. The Apuic
value does not take into account the change in the degree of
association of the counterion upon surfactant mixing [19-21].

The value of the parameter By for the interactions in a mixed
micelle was calculated from the equations [25]:

(X1)?In(¢;CMCp/ X {CMC1)

~ (1= X)2In[(1 — @1)CMCwm/(1 — X1)CMCa] =0
(10)
ﬂM _ 111(0[]CMCM/X1CMC]) (11)

(1—X1)?

Equation (10) is solved for X, which is then replaced in
Eq. (11) to obtain By. Hoffmann and Possnecker [11] have
demonstrated by error expansion of Eq. (11) that the minimum
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error for B in a single determination is nearly 0.1kg 7. The er-
ror is strongly increasing when one component in the micelle
dominates.

The CMC)y value can be calculated as a function of the com-
position by the expression:

o1 + [6%) i|_l
yi,MCMC;  y» MCMC,

CMCy — [ (12)

In the ideal approximation, y1 m = y2.m = 1, then Eq. (12)
reduces to [37,39]:

—1
o o
. 13
omc, * CMCZ] (13)

CMCy = |:

This occurs mainly in mixtures of two homologous sur-
factants, such as sodium octyl sulfate and sodium decyl sul-
fate [40]. To determine if this supposition was correct, it is
necessary to obtain By values for several mixtures and to verify
if these values differ statistically from zero.

Since the hydrocarbon micelle core is of liquid nature, to
study the thermodynamic effect of mixing homologous surfac-
tants as a first approach it was considered that the micelle core
may be compared with a mixture of two aliphatic hydrocarbons
having different chain length. Mixtures of nonpolar compo-
nents such as saturated hydrocarbons may be treated by the
Scatchard-Hildebrand theory. This theory is also known as the
regular solution theory, and gives a good semi-quantitative rep-
resentation of activity coefficients for solutions containing non-
polar components. The activity coefficients in a two-component
mixture are computed by [40]:

RT Iny; =U1q§22(61 —52)2, (14)

where v; is the molar volume of component i, whose solubility
parameter is §;, and @, the volume fraction of component 2 in
the mixture, computed by:
VX
Py=—22 (1)
v1X1 + vaxo

where x; being the mole fraction of component i.

To compute the micellar ionisation degree « the equation
proposed by Evans [41] was employed:

di (n —m)? di
1000 — ) = —+—11000( — ) —A Ax, (16
(dC>2 n4/3 |: <dC>1 X:|+a x (10

where (d«/dC); and (dk/dC); are the slope of the specific
conductivity curves before and after the CMC, n is the aggre-
gation number, m the number of counterions attached to the
micelle, and Ly is the equivalent conductivity of the counterion
(Ag,~ = 77.4 Scm? mol~! [42]). Equation (16) is a quadratic
function of «, because (n — m) = na. It is also dependent
on n. However, this dependence is not strong and any reason-
able value of n gives a good estimation of « [41]. We employed
n = 86, which is an intermediate value for n in spherical mi-
celles of surfactants having the used chain length range (n = 52
for C;oTAB [43,44], n = 80-86 for C12,TAB [45], n = 107 for
C14TAB [43,44], n = 127 + 3 for C16TAB [46]).

3. Experimental

We computed By data for several systems by application of
Egs. (10) and (11) to CMC data of different mixtures of ho-
mologous surfactants obtained from literature. The data were
mainly from mixtures of soaps, but some mixtures of other an-
ionic surfactants and some nonionic were also found. However,
data for cationic homologous mixtures were almost inexistent.
Se we decided to determine the CMC of various mixtures of
alkyltrimethylammonium bromides to compute the Sy values.

Octadecyltrimethylammonium bromide (C;¢TAB), hexade-
cyltrimethylammonium (Ci3TAB), tetradecyltrimethylammo-
nium (C4TAB) and dodecyltrimethylammonium (Ci,TAB)
were from Fluka and decyltrimethylammonium (C1oTAB) bro-
mide was from Kodak. All surfactants were of analytical grade
and were used as purchased. To obtain different ac, AR pro-
portions, the concentrated solution of C;oTAB was mixed with
concentrated solution of other surfactant in the appropriate
proportion. Here ac;,aB is the mole fraction of CjoTAB in
the C;9TAB-C,TAB mixture without considering water (i.e.
ac,,TaB + @c, TaB = 1). Only double-distilled water was used.
Concentrated solutions of ac,,tap =0, 0.25, 0.5, 0.75 and 1
(pure C19TAB). Conductivity measurements were made with
an immersion cell and an automatic conductimeter, namely an
Antares II of Instrumentalia, by titration of water with con-
centrated solution of each catanionic mixture. The cell was
calibrated as usually with KCI solutions, and the tempera-
ture was controlled with a thermostat and water circulation at
254+0.1°C.

To determine the critical micelle concentration from conduc-
tivity data, the excess specific conductivity Ax was employed,
which is defined as Ak = K — Kextrap in Which kexirap is the spe-
cific conductivity extrapolated from the pre-CMC straight line.
The values of Ak are plotted against the total concentration.
This representation was proposed by Miura and Kodama [47]
to magnify the conductivity changes at the CMC.

Mean values and variances were computed by the minimum
variance linear unbiased method [48] and the Student ¢ function
was employed to compute the error intervals. Confidence level
was 0.90. Errors of derived data were computed with the error
expansion method.

4. Results and discussion

There are some data in literature about mixtures of surfac-
tants of the same homologous series (i.e., differing only in the
alkyl chain length). These mixtures are potassium soaps [49—
51], sodium alkyl sulfates [52,53], copper alkyl sulfates [53],
sodium alkyl phosphates [54], alkyltrimethylammonium chlo-
rides [55] and (alkylsulfinyl) ethanols [55]. These data comprise
mainly anionic surfactants, with some examples of cationic
and nonionic surfactant mixtures. In general these data were
not studied with the regular solution theory of mixed micelles.
When the parameter which measures the degree of nonideality
of the mixture (By) was computed and ordered as a function
of the difference in chain length Anc between the two compo-
nents of the mixture (Table 1), it may be seen that the (negative)
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Table 1
Values of the micellar interaction parameter S for several mixtures of homologous surfactants
Surfactant mixture Anc Bm/ksT Average value Reference
CCOOK-C7COOK 1 —0.129 £0.088 —0.129 £ 0.088 [43]
C19N(CH3)3Br—C{,N(CH3)3Br 2 —0.64 £0.21 This work
C10SO4Na—C,SO4Na 2 —0.63£0.18 [45]
C12504Na—C14SO4Na 2 —-0.40+£0.14 [46]
(C10S04)2Cu—(C12S04),Cu 2 —0.59 £0.27 [46]
C12S04Na—C4SO4Na 2 —0.84 £0.94 [45]
C11COOK-C3COOK 2 —0.685 £0.072 [44]
C7COOK-C9COOK 2 —0.64 £0.13 [42]
DeSE-OSE? 2 —0.12£0.18 [48]
C19N(CH3)3CI-C|,N(CH3)3Cl 2 —0.43 £0.27 [48]
C19N(CH3)3CIl-C{,N(CH3)3Cl 2 —0.11£0.44 —0.519+£0.010 [48]
CgCOOK-CoCOOK 3 —1.13£0.25 [43]
C7COOK-C7COOK 3 —1.26 £0.11 —1.24+0.10 [42]
C19N(CH3)3Br—C14N(CH3)3Br 4 —2.868 £0.041 This work
C7COOK-C;;COOK 4 —2.301 £0.042 [42]
CCOOK-C1oCOOK 4 —1.89£0.32 [43]
C9COOK-C3COOK 4 —1.57+£0.24 [44]
C12PO4Na—C6PO4Na 4 —0.961 £0.043 —2.061 £0.024 [47]
CgCOOK-C;COOK 5 —1.96 £0.27 —1.96 £ 0.27 [43]
C19N(CH3)3Br—CgN(CH3)3Br 6 —3.68 £0.58 This work
C7COOK-C13COOK 6 —3.20£0.37 —3.34+0.31 [42]
CCOOK-C13COOK 7 —2.6+1.1 —26+£1.1 [43]
C1oN(CH3)3Br—CgN(CHj3)3Br 8 —54+1.1 This work
CCOOK-C14COOK 8 —69+1.0 —6.194+0.74 [43]
4 (Decylsulfinyl)ethanol (DeSE) + (octylsulfinyl)ethanol (OSE).
0.0005 0.1
01w e
-0.0005F C1oTAB+C1,TAB
-0.001} N4
- £ 0.01
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L’; -0.002} £
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Fig. 1. The dependence of Ak on the mixed surfactant concentration for the
C10TAB:C,TAB mixture with ¢, TAB = 0.25.

Bwm values increase with increasing Anc, and that for the same
Anc value, the By values obtained with different surfactant
mixtures are similar.

To verify if the cationic surfactants follow the same trend,
we have measured the CMC of mixtures of alkyltrimethylam-
monium bromides.

Fig. 1 shows an example of Ak vs surfactant concentration
plot for the mixture C;oTAB:Ci,TAB with ac,,tap = 0.25.
Plots for the other mixtures of cationic surfactants were simi-
lar. Fig. 2 shows the CMC of the cationic surfactant mixtures
as a function of ac,,taB. The values of fm were included in
Table 1. The mean values (computed taking into account their
errors [48]) where then plotted as a function of Anc in Fig. 3.
It may be seen that irrespective of the polar head group nature,

Fig. 2. Critical micelle concentration of cationic surfactant mixtures as a func-
tion of the mole fraction of dodecyltrimethylammonium bromide in the mix-

ture, aC,,TAB-

the values of By fall on two straight lines. At low Anc values
the equation of the straight line is

Bm = —(0.526 £ 0.049) Anc + 0.403 £ 0.021,

with r = —0.9623, giving By = 0 at Anc = 0.75 £ 0.06, and
the equation of the line at high Anc values is

B = —(1.426 £ 0.044) Anc + 5.18 £ 0.28,

with r = —0.9986. The intersection of both lines occurs at
Anc=5.31£0.48.

A glance on Fig. 3 shows that there is a change in the
nature of the nonideal interaction between the two compo-
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Fig. 4. Activity coefficients of liquid binary saturated linear hydrocarbon mix-
tures as a function of the mole fraction of the shorter component, computed by
the Scatchard—Hildebrand theory. Full symbols correspond to the shorter com-
ponent and open symbols to the longest one in the mixture.

nents below and above Anc = 5.31 & 0.48. Below this value,
apm/dAnc = —0.526kgT (i.e., —(1.30 £ 0.12) kJmol at
25°C), and above the intersection, 98y /dAnc = —1.43kgT
(—(3.55£0.11) kJmol at 25 °C).

Using the values of v and & for n-pentane (116 cm?®mol ™!,
14.5 (Jem?)/2), n-hexane (132 cm®mol ™!, 14.9 (Jem?)!/2),
n-octane (164 cm3mol™!, 15.3 (Jem?)!/?) and n-hexadecane
(294 cm®mol™!, 16.3 (Jem?)1/2) [40], the activity coeffi-
cients of their mixtures were computed using the Scatchard—
Hildebrand theory. Fig. 4 shows the activity coefficients of the
components as a function of composition and the difference
in chain length between them (Anc). Firstly, all activity co-
efficients are > 1, which is a characteristic of the Scatchard—
Hildebrand theory. It can also be seen that the dependence on
composition of the activity coefficient of the longest component
of the mixture (open symbols) is different to that of the shortest
one (full symbols).

Fig. 5 shows the activity coefficient of the longer component
in the mixed micelle for one of the homologous series as a func-
tion of the mixed micelle composition and Anc. Fig. 6 depicts
the activity coefficient of the shorter component in the mixed

0 0.2 0.4 0.6 0.8 1
X

shorter
Fig. 5. Activity coefficients of the longest component in mixtures of potassium
heptanoate with longer potassium soaps as a function of the mole fraction of

the shortest component in micelles. The numbers are the values of Anc. Points
obtained by elaboration of CMC data from Ref. [43].

Xshorter

Fig. 6. Activity coefficients of the shortest component in mixtures of potassium
heptanoate with longer potassium soaps as a function of the mole fraction of
the shortest component in micelles. The numbers are the values of Anc. Points
obtained by elaboration of CMC data from Ref. [43].

micelle (similar plots were found with the other surfactant ho-
mologous series). It may be seen that even though if Anc =1
the mixture in micelles is not ideal, but the nonideality is small.
In all cases, both components affect each other. Strictly speak-
ing, no one of the components can be considered as the solvent
or the solute.

When comparing Fig. 4 with Figs. 5 and 6, the first differ-
ence is that in mixtures of aliphatic hydrocarbons y > 1, whilst
for the surfactant mixtures y < 1, i.e., the interaction between
aliphatic hydrocarbons of different chain length is repulsive,
while that between homologous surfactants are attractive. The
second difference is that the dependence of y on concentra-
tion is different for the shorter component to that for the longer
component in mixtures of aliphatic hydrocarbons, while in the
homologous surfactant mixtures there is no significant differ-
ence between the two components. Moreover, the effect is of
larger magnitude in surfactant mixtures than in hydrocarbon
ones. This situation may be seen when the activity of surfactants
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Fig. 7. Activity of micellised surfactants versus micelle composition. Full sym-
bols correspond to the longest component, open symbols to the shortest one.
Mixtures of potassium octanoate with (O, @) potassium decanoate; (CJ, H)
potassium undecanoate; (A, A) potassium dodecanoate; and (>, 4) potassium
tetradecanoate. Points obtained by elaboration of CMC data from Ref. [42].

in micelles (i.e., a; = X;;) is plotted against the micelle com-
position (Fig. 7) and the activity of the components in hydrocar-
bon mixtures. We have computed the deviations from Raoult’s
law for mixtures of hydrocarbons having chain length from Cjg
to Cig with Eq. (14) and found that the mixture of surfactants
with Anc = 1 was almost ideal, but the nonideality augmented
as Anc became larger. Moreover, all deviations were positive.
When the activity of each surfactant in the micelle is plotted as a
function of micelle composition (Fig. 7), the behavior is similar
to that of a nonideal mixture of two completely miscible lig-
uids, i.e., when the mole fraction of one component approaches
unity, the activity approaches the concentration. In both com-
ponents at all micelle compositions the activity is less than the
mole fraction. This confirms the miscibility of both components
and the attractive interaction between them. Since in the mixed
surfactant model the activity coefficient of each component in
micelles tends to unity when the mole fraction of the compo-
nent approaches unity, the standard state in mixed micelles is
related to the Raoult’s law. In mixtures of homologous hydro-
carbons it is common that positive deviations to the Raoult’s
law be found [56]. This means that the activity of both compo-
nents is higher than their respective concentration. Actually, the
behavior of the homologous surfactant mixtures seems that of
mixtures having negative deviations to the Raoult’s law. When
this situation occurs, it is accepted that the partial formation of
compounds involving both components may occur in the con-
densed phase [56].

In view of the above discussion, the origin of this nonideality
in mixed micelles composed of homologous surfactants must
arise from the difference between liquid hydrocarbon mixtures
and liquid hydrocarbon tails in micelles. The main difference
is that the hydrocarbon chains in micelles are anchored by one
of their ends to the Stern layer in a spherical structure, whilst
the hydrocarbon molecules are free to move without restric-
tions. Spherical micelles are formed by a mixture of molecules
having stretched chains and other having their chains folded to
fill the spaces near the surface created by the radial disposition

\'?1} i

Ay
igéx

Fig. 8. Left: proposed scheme of a pure surfactant micelle of a surfactant
having 13 carbon atoms in the hydrocarbon chain showing by arrows the hy-
drocarbon surface exposed to water; right: mixed micelle composed by two
homologous surfactants, one of them having 13 and the other 6 carbon atoms
in the alkyl chain, i.e., with Anc = 7. The amount of hydrocarbon surface ex-
posed to water was substantially reduced.

<
¥
M—E..

of the stretched molecules. This packing reduces the hydrocar-
bon/water contact at the micelle surface. Then, the inclusion
of a shorter surfactant into a micelle of a longer homologous
surfactants may produce stabilization because the shorter sur-
factant may fill these spaces with a reduced folding. The ad-
vantage must be small if Anc is small, but must increase with
increasing Anc. This is the behavior observed in Fig. 3. The
structuring of solvent molecules around other solvent molecule
is in principle no different from that of solvent molecules at a
surface, and is primarily determined by the molecule geometry
and how they can pack around a constraining boundary. Lin-
ear chain molecules such as n-octane and n-tetradecane exhibit
similar oscillatory force laws, with a period of about 0.4 nm
that corresponds to the molecular width and indicates that the
molecular axes are oriented parallel to each other [57]. This
means that the most favorable ordering of the long chain mole-
cules is with their axes parallel in average. This situation is not
possible in micelles composed by only one kind of surfactant
molecules, because of the constraint produced by the spherical
geometry of the micelle. Some of the surfactant chains must be
folded to fulfill the spaces between the other molecules. This
also produces some water—hydrocarbon contact. The inclusion
of a short homologous surfactant in a micelle produces a re-
duction in the folding of the longer component, as it can be
seen in Fig. 8 (right). In the difference in chain length is not
high; the shorter surfactant must also fold to fulfill the spaces
left by the longer surfactant. The increase in stabilization above
Anc = 5.31 probably reflects that the need of folding of the
shorter surfactant is reduced when the difference in chain length
exceeds this value. Since the micelle core is of liquid nature
[58] the folding of a chain must reduce its freedom of motion
in comparison with the stretched ones.

In the light of this interpretation, both components are af-
fected by the inclusion in the mixed micelles. As said above,
in a pure surfactant micelle some of the chains are extended
while other must be folded to fulfill the spaces between the
extended surfactant molecules in order to reduce the hydro-
carbon/water interface (Fig. 8, left). However, some part of the
chain, about 3—4 methylene groups by each micellised surfac-
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Fig. 9. Composition of micelles formed by potassium heptanoate and higher
homologous surfactants, as a function of the composition of the surfactant mix-
ture. Numbers are values of Anc. Points obtained by elaboration of CMC data
from Ref. [43].

tant molecule remains in contact with water [56,58—-67]. This
is because it is impossible to cover the entire micelle surface
with the polar headgroups. The inclusion of a shorter molecule
may be intercalated between the extreme of the folded chain of
the longest component and the micelle surface, replacing part
of the hydrocarbon/water interface by a polar headgroup. This
situation reduces the surface free energy of micelles (see Fig. 8,
right). The energetic advantage must increase with Anc, be-
cause when Anc is large, the longest component can fold its
distal end more easily in the space within the centre of the mi-
celle and the end of the shorter component chain. This situation
must be more favorable when that space is of five methylene
groups or more (i.e., about 0.66 nm length or more). Both the
longer and the shorter chains in the mixed micelle expose less
hydrocarbon surface to water than in the respective pure sur-
factant micelles and can be less folded. This is reflected in the
respective activity coefficient in micelles, as it can be seen in
Figs. 5 and 6.

Fig. 9 shows the dependence of the micelle composition
(Xshorter = mole fraction of the shorter component in the mi-
celle) as a function of the total surfactant mixture composition
(shorter = mole fraction of the shorter surfactant in the mix-
ture); and the difference in length of the hydrocarbon chains
between the two surfactants of the mixture, Anc. It may be
seen that the larger Anc, the lower the proportion of the shorter
surfactant in the mixed micelle. The same behavior was shown
by the other homologous mixtures. This means that the inclu-
sion of the longer surfactant molecules in the mixed micelles
is favored by the presence of a shorter homologous surfactant,
and that effect increase with the difference in chain length.

The micelle ionization degree («) of mixed micelles of the
alkyltrimethylammonium bromides were computed with the
Evans equation (16) and plotted as a function of the micelle
composition in Fig. 10. Two factors govern the value of «, if
the polar head group and the counterion are the same: the ionic
strength (/) in the intermicellar solution and the electrostatic
surface potential of micelles (¥). An increase in / or ¥ must
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Fig. 10. Micelle ionization degree of mixtures of dodecyltrimethylammonium
bromide with higher homologous surfactants as a function of the micelle com-
position. Numbers correspond to Anc.

reduce the value of «. Since the values of @ were computed at
the CMC, a reduction of that concentration is equivalent to a re-
duction in I and then o must increase. However, the inclusion
of the shorter molecule replaces micelle hydrocarbon surface
by polar head groups, and then the surface charge density of
micelles must increase, producing an increase of ¥ which in
turn captures more counterions in the micelle Stern layer. As a
consequence, the inclusion of the shorter component must pro-
duce an increase of o by reduction of the CMC, but an increase
in the efficiency in the accommodation of the components must
work in the opposite direction reducing the value of the micelle
ionization degree. A more efficient packing of the components
produces a more high ¥ and a reduction of «. In the light of
the preceding results, the values of « in mixed micelles must
increase with Anc between 1 and 5, and then o must decrease
for Anc > 5, as it can be seen in Fig. 10.

5. Concluding remarks

e Previous work suggested that the supposition that mixed
micelles of homologous surfactant do not behave ideally,
as supposed in the Regular Solution Theory. This is an im-
portant point, because in studying the interactions in mixed
micelles, all the possible sources of nonideality must be
taken into account, and caused the present research.

e The interaction between homologous surfactants in mixed
micelles is not ideal, on the contrary as supposed in the
Regular Solution Theory of mixed micelles.

e The interaction is attractive and the interaction parame-
ter fm depends linearly on the difference in chain length
Anc. The value of By becomes zero (i.e., the interaction
becomes ideal) at Anc = 0.75 &+ 0.06. When Anc =~ 5,
the dependence remains linear but the slope increased 2.7
times. This dependence is independent of the nature of the
polar head groups.

e This phenomenon can be understood as the effect of the
reduction of the hydrocarbon/water micelle interface by
inclusion of a shorter homologous sufactant, and a better
packing of the chains in micelles caused by a reduction
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in the chain folding. This reduction can be more effective
when Anc > 5.
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