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The aggregation of the sodium dodecyl
sulfate — n- octanol-water system

at low concentration

Abstract Micelle formation in sodi-
um dodecyl sulfate (SDS)—n-octanol
mixtures was studied by several
techniques and the results were
interpreted using regular solution
theory for mixed-micelle formation.
Octanol was considered as a non-
ionic surfactant. The composition
of micelles at the critical micelle
concentration (cmc) was computed
together with the interaction pa-
rameter and the activity coefficient
of the components of the micelles.
The fluorescence quenching tech-
nique with pyrene was employed to
obtain the SDS and octanol aggre-
gation numbers at the cmc. The
results were in agreement with sim-

ilar studies on other alcohol-SDS
systems. At the cmc spherical, al-
most fully ionized micelles formed,
while at a higher concentration there
was a transition to anisometric
(probably rodlike) micelles which
pushed sodium counterions into
their Stern double layer. Mixed
anisometric micelles were more ion-
ized than pure SDS micelles. When
the octanol:SDS total ratio exceeded
0.85:1, an emulsion of octanol
appeared in equilibrium with the
micelles.
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Introduction

An important property of micellar solutions is their
ability to solubilize compounds that are otherwise
sparingly soluble in water: this is a familiar phenomenon
in our daily lives. Micellar solubilization is important for
many technical applications such as in pharmaceuticals,
polymerization processes, detergency, foods and en-
hanced oil recovery [1]. The solubilization of aliphatic
alcohols in micelles is one of the aspects of this
phenomenon which has been studied by means of various
techniques, such as vapour pressure [2], total solubility
[3], NMR paramagnetic relaxation [4], decrease of the
critical micelle concentration (cmc) [5], Krafft point
depression [6], fluorescence [7], and calorimetry [6].
Addition of alcohols to aqueous solutions of surfact-
ants has allowed the investigation of the effect of
hydrophobic interactions on the micellar structure [§],
and research on alcohol-surfactant interactions is very

active nowadays [9-11]; however, the micellar composi-
tion of aqueous surfactant—alcohol systems has scarcely
been studied [12]. Moreover, the measured changes in
the micellar size or structure upon addition of medium;
chain-length alcohols are not entirely consistent, sug-
gesting that to a certain extent the conclusions depend
upon the measuring technique used [13, 14]. As an
example, partition coefficients in micelles have been
reported to vary up to a factor of about 5 depending on
the method employed [15]. On the other hand, the data
from the various workers are difficult to compare
directly due to the many variables of the system. The
results refer to different surfactant systems at different
concentrations and with different additives.

The solubilization process can be treated with the
phase-separation model, in which micelles are consid-
ered as a pseudomicrophase, and solubilization can be
treated as a distribution equilibrium between two
phases: micelles and intermicellar solution.
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It may be possible to consider the alcohol as one kind
of nonionic surfactant [16], and thus theories about
mixed-micelle formation may be used in surfactant-long-
chain alcohol systems. Solubilized alcohols are thought
to be oriented in the same way as the surfactant molecules
in micelles [17]. The regular solution approach has been
used by Treiner et al. [18] to analyze 1-pentanol-binary
surfactant solution mixed micelles; however, they did not
consider alcohols as a third surfactant component, but as
a solubilizate. Long-chain alcohols produce the same
effect on ionic surfactant micelles as the addition of
nonionic surfactants, i.e., a decrease in the cmc and an
increase in the degree of ionization of the micelles [3, 19,
20]. We have used regular solution theory on the aqueous
sodium dodecyl sulfate (SDS)-octanol system, consider-
ing the alcohol as a nonionic surfactant, to obtain
information about micelle composition and the interac-
tion between micellized components.

Experimental

SDS (Aldrich), n-octanol (Merck) and cetylpyridinium chloride
(CPC, Merck) were used as received. Pyrene (Aldrich) was
recrystallized from ethanol Solutions were prepared with double-
distilled water.

Fluorescene measurements were carried out with an Aminco
Bowman series 2 luminiscence spectrofluorometer. The concentra-
tion of pyrene was 1076 M.

The aggregation number of SDS in mixed micelles was estimated
from the fluorescence intensity changes of pyrene at 395nm on
addition of CPC (1—14 x 107> M). Solutions were prepared by
adding an appropriate volume of an ethanol solution of pyrene into
a volumetric flask. Then the alcohol was evaporated in order to leave
a pyrene residue. The flask was then filled to a mark with the SDS-
octanol aqueous solution and was sonicated with gentle heating for
about 6 hours in order to completely micellize the pyrene. Then,
aliquots of this solution were transferred to 5-ml volumetric flasks
and the appropriate amount of CPC solution was added, followed
by dilution to the mark and sonication for about 1 hour.

Surface-tension measurements were carried out with a Du Noiiy
ring tensiometer (Kriiss). Na determinations were carried out with
an Orion ion-selective electrode and a millivoltmeter. Conductivity
measurements were performed with an immersion cell and an
automatic conductimeter, namely an Antares II (Instrumentalia).
Dye solubilization measurements were performed in sealed tubes
with Sudan III and surfactant mixture solutions of different
concentrations, which were left for 1 week in a constant temperature
bath with periodic stirring. Then the solutions were centrifuged and
the supernatant’s absorbance was measured with a Hewlett—
Packard HP84 52A diode array spectrophotometer at 488 nm.

Changes in the color and the flourescence of Rhodamine 6G [21]
were detected by the naked eye after adding a drop of dilute
Rhodamine 6G solution to surfactant—octanol mixtures at different
concentrations.

All measurements were performed at 25.0°C.

Theory

The commonly used model to describe mixed-micelle
formation is the pseudophase separation model [22]

which considers the micelles as a thermodynamic phase
in equilibrium with the monomer. According to the
pseudophase model for micellization, octanol is consid-
ered as a nonionic surfactant the cmc of which is equal
to its water solubility (0.0038 M) [23]. The separation of
a macrophase instead of micelles at this concentration is
a consequence of the small volume of the hydrophilic
head group, according to the theory of the steric fitting
of the micelle size [24]. The cmc of SDS was 0.008 M, in
good agreement with literature values [9, 25]. The
spherical-to-rodlike micelle transition of SDS was taken
from the literature: 0.065-0.07 M [26].

In the case of micelles of mixed dissimilar surfactants
(ionic—nonionic), the cmc is less than that predicted by
ideal solution theory [27-29]. This indicates that mixed-
micelle formation between these dissimilar surfactants is
enhanced, relative to that between surfactants of similar
structure.

Regular solution theory has been very widely used to
model the thermodynamic nonidealities of mixed mi-
celles; it has been shown to accurately model cmc values
[30] and monomer—micelle equilibrium compositions
[31] in surfactant systems exhibiting negative deviations
from ideality.

The most important mechanistic reason for the
nonideality of the ionic—nonionic micelles is believed to
be the reduction in the repulsion between the ionic head
groups due to insertion of the nonionic hydrophilic
groups between the charged groups [32].

A mixture of two different surfactants, 1 and 2, forms
micelles with composition X; and X3, in equilibrium with
solution monomers of composition «; and o,. These
mole fractions are on a surfactant-only basis, so

Xi+X =1 (1)
o 4o =1 (2)
At the cmc [33]:

0171 m CMC = X1y CMCM (3)
%2Y2.m cme, = XZ'VZ,M cmem (4)

where y;,, and 7y;\ are the activity coefficients of
surfactant i in the intermicellar solution and in
micelles, cmcy, cmcy, and cmcy are the cmcs of pure
surfactant 1 and 2, and the mixture. Each surfactant
monomeric form is assumed to be dilute enough to
obey Henry’s law, i.e., based on the infinite dilution
standard state, surfactant monomer activity coefficients
are unity [34]. In applying regular solution theory to
mixed micelles, the micellar activity coefficients are
given by [35]

7im = exp(BX3) (5)

7am = exp(BXY) | (6)
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where f is the regular solution theory interaction
parameter (in units of k7', k is the Boltzmann constant
and T the absolute temperature. Theoretically, f is
independent of both temperature and the composition
of the micelle; however, in practice f§ is temperature-
dependent [36] and often depends on the micelle
composition [37], so an average value is commonly used
[34].

The nature and the strength of the interaction
between two surfactants are measured by the value of
the f parameter, which is a measure of the degree of
nonideality of the interaction in a mixed micelle. The
larger the negative value of f3, the stronger the attractive
interaction between the two different surfactant mole-
cules, and the greater the synergism between them [38].
Repulsive interactions yield a positive § value and the
possibility of antagonism, whereas = 0 indicates an
ideal mixture. Positive f values occur in mixtures of
fluorocarbon—hydrocarbon surfactants [39, 40].

Typical values of f are +2.2 for lithium dodecyl
sulfate—lithium perfluorooctanesulfonate [41], —2.6 for
SDS—poly(oxyethylene)(23)dodecyl ether [42], —3.9 for
SDS—poly(oxyethylene)(4)dodecyl ether [31] and —13.2
for sodium decyl sulfate—decyl trimethylammonium
bromide [29].

The parameter f is related to the molecular interac-
tions in the mixed micelle by [31]

B =Na(Wi1 + Wry —2W15) (7)

where W), and W), are the energies of interaction
between molecules in the pure micelle and W}, is the
interaction between the two species in the mixed micelle.
Na is Avogadros’s number.

The parameter f reflects the two main contributions
to the Gibbs free energy of mixed micellization. These
are a free-energy contribution associated with interac-
tions between the hydrophobic groups of surfactants 1
and 2 in the micelle core, .., and an electrostatic
contribution, f.., associated with electrostatic interac-
tions between the charged hydrophilic groups of sur-
factants 1 and 2 [43]:

,B = ﬁcore + ﬁelec : (8>

It is noteworthy that f.,. 1s typically zero for
mixtures of two hydrocarbon—based (or fluorocarbon-
based) surfactants [44], but is larger than zero for a
binary mixture of hydrocarbon and fluorocarbon sur-
factants due to the repulsive interactions in the micellar
core [45].

It can be demonstrated within regular solution theory
that the free energy of mixing is given by

A'uexcess _ ﬁRTX]XQ )

'mix (9)
Negative values of ApZX™S indicate attraction be-
tween the two components in the micelles, most of which

may result from a decrease in the electrostatic energy of

the micelles. AuSi®* 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
the micelles [28]. The AuT$* value does not take into
account the change in the degree of association of the
counterion upon surfactant mixing [36].

The value of the parameter f for interactions in a
mixed micelle was calculated from the equations [31]

(X1)2 In(oy cmen /X cmey)
F = 5 -1=0
(I = X7)"In[(1 — o) emepn /(1 — X7) emes)]
(10)

n(a; cmey /X cmey)
(1-Xx)

Equation (10) is solved for Xj, which is then used in Eq.
(11) to obtain f. Hoffmann and Pdssnecker [40] have
demonstrated by error expansion of Eq. (11) that the
minimum error for f§ in a single determination is nearly
0.1%T. The error increases greatly which one component
in the micelle dominates.

Fluorescence measurements and interpretation were
performed according to the method of Turro [46]. A
detailed explanation is given in Ref. [12]. Briefly, for
static quenching with a fully micellized quencher, the
following equation holds [47]:

/Iy = exp{—0On/([S] — cmc)} , (12)

where I and I, denote the fluorescence intensity in the
presence and absence of quencher, respectively, QO is
the total concentration of quencher, ng is the micellar
aggregation number of surfactant, and [S] is the total
concentration of surfactant.

With the value of ng and the surfactant mole fraction
in the micelles, Xsps, the aggregation number of octanol
noet can be computed.

Conductivity plots were used to determine the
degree of counterion association, «, by the Evans [48]
method.

/3:1 (11)

Results

A typical specific conductivity (k) versus total concen-
tration (c) plot, showing two breaks which correspond
to two different aggregation steps, is shown in Fig. 1.
Two typical surface tension versus log ¢ plots are shown
in Fig. 2. At high total composition Ysps, these plots
show a minimum. (Ysps is the total mole fraction of SDS
in the mixture, on a surfactant-only basis, including the
monomeric and micellized molecules). This was due
to the octanol which acted as a highly surface active
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Fig. 1 Specific conductivity versus sodium dodecyl sulfate (SDS)
concentration. The total mole fraction of SDS in the surfactant
mixture (Ysps) was 0.936. Arrows indicate the two transitions
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Fig. 2 Typical surface tension-log SDS concentration plots. @:
Ysps = 0.881; M: Ysps = 0.541. Arrows indicate the two transitions

impurity in SDS. At Ysps values lower than about 0.54,
this minimum disappeared. Using neutron reflection
techniques on aqueous dodecanol-SDS systems, Lu
et al. [10] found that the amount of dodecanol adsorbed
at the air—solution interface dropped sharply at the cmc,
although not to zero. This alcohol was solubilized by
SDS even below the cmc, and the concentration may be
up to 4 times the pure water solubility of the alcohol.
Dodecanol formed a 1:1 complex with SDS, which was
adsorbed at the surface as a single compound. It may be
thought that once Ysps became less than 0.5, all SDS
molecules were in the complex form, which acted as an
impurity which is less surface-active than the main
surfactant, octanol. Two transitions might also be seen
in the surface-tension plots.

The concentration at which the two changes in
aggregation occurred are plotted versus Ysps in Fig. 3.
At the lower-concentration transition aggregates dis-
solved Sudan III and changed the color and fluorescence
of Rhodamine 6G. At the higher-concentration transi-
tion, Na™ counterions joined the micellar surface, and
the solution viscosity increased, denoting the formation
of anisometric micelles.

Figure 4 shows the association number of SDS in
micelles at the lower-concentration transition, nsps,
together with the octanol association number 7, and
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Fig. 3 The two transition concentrations as functions of Ysps. H:
isometric to anisometric micelle transition; 4: critical micelle
concentration (cmc)
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Fig. 4 Micellar aggregation numbers as functions of Ysps. €: nsps;
A: Rocts o: Riot

the total aggregation number ny. The aggregation
number of SDS micelles was 62, in agreement with
values in the literature [49]. At Ysps < 0.54, micelles are
accompanied by emulsified octanol.

Discussion

The true cmc value is that of the lower-concentration
transition, because the aggregates dissolved the hydro-
phobic dye and changed the optical properties of
Rhodamine 6G. At this transition the micelles are
spherical, in accordance with viscosity measurements,
and the ny values are compatible with a spherical
micelle shape [24]. Moreover, micelles are fully (or
almost fully) ionized, because the aggregation of count-
erions was only noticeable at the higher-concentration
transition, as demonstrated by the Na'-ion-selective
electrode. This higher-concentration transition is related
to a shape change from spherical to anisometric
(probably rodlike) micelles. This transition from small
spherical micelles to large rodlike ones has also been
observed in SDS—-alcohol systems, in which the alcohol
was hexanol or heptanol [50], and pentanol or hexanol
[51]. It is known that polar solubilizates may induce
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changes from small spherical to large rodlike micelles
[52].

The micelle composition at the cmc was computed
with Egs. (10) and (11) and is plotted in Fig. 5 versus
Ysps. It may be seen that the micelles were always richer
in octanol, i.e., Xsps < Ysps at compositions in which no
emulsion occurred; however, when emulsion appeared,
Xsps — Ysps as Ysps decreased, and Xsps = Ysps at
Ysps < 0.4. It is known that addition of medium-to-
long-chain alcohols increases the aggregation number,
thus producing larger alcohol-surfactant mixed micelles
[53-55].

The behavior of the aggregation numbers of SDS and
octanol in micelles as a function of the alcohol content is
in agreement with that found by Suarez Varela et al. [12]
in SDS-butanol, SDS—pentanol and SDS-hexanol sys-
tems, and that found by Almgen and Swarup [13] in the
SDS—octanol system using the steady-state fluorescence-
quenching method.

The f parameter was negative but was not constant:
its value increased as Yspg decreased, becoming zero at
Ysps = 0.54 (noctanol/nsps = 0.85), the composition at
which emulsified octanol appeared. (Fig. 6). This can be
compared SDS-dodecanol systems, in which turbidity
appeared at Ysps = 0.95 (ndodecanol/7sps = 0.053) [56],
owing to the lower solubility of dodecanol than octanol.
Since f is essentially f.., this situation may be

Xsps
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Fig. 5 Micellar composition (Xsps) at the cmc versus Ysps
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Fig. 6 The interaction parameter f§ as a function of Yspg

interpreted as the gradual separation of the sulfate
headgroups at the micelle surface, thus reducing their
mutual interaction. At lower Ysps values f became
negative again, and its (negative) value increased as Yspg
decreased; however, it is doubtful whether regular
solution theory can be used properly to describe
situations when an emulsion is present. The value
f = 0 corresponds to ideal mixing. It may be interpreted
as the appearance of octanol micelles, with some very
dilute solubilized SDS molecules. Since octanol micelles
do not exist, this situation corresponds to the separation
of octanol as a macroscopic phase, which was emulsified
by the SDS molecules. Accordingly to Hgiland and
Blokhus [50] the separating phase is almost pure alcohol.

At high alcohol contents it has been proposed that
the medium-chain-length alcohols are solubilized in the
micellar interior as well as in the palisade layer, thus
producing large swollen alcohol aggregates [13, 53, 54,
57].

Lianos and Zana [58] have calculated that only about
2.5 alcohol molecules per surfactant molecule can be
accomodated in micelles with the polar group at the
surface. If the solubilization ratio for primary alcohols is
larger than 2.5, it seems necessary that the excess must
be located in the micelle core. Since the octanol-SDS
system did not surpass this limiting value, it seems that
all alcohol hydroxyl groups were at the micelle surface.

According to several authors [53, 59], the hydrocar-
bon chain of the alcohol should penetrate the micellar
interior, while the polar groups should remain at the
micelle surface. The alcohol polar groups, present at the
micelle surface, would lead to a reduction in the effect
due to repulsion of the surfactant head groups. This
seems to be the appropriate picture for the SDS—octanol
mixed micelles.

The logarithm of the activity coefficients of both
components in micelles, yspsy and 7o v, versus the
square root of the concentration of SDS in micelles,
Xsps, 1s shown in Fig. 7. It may be seen that at first
vsps.m decreased as Xsps decreased, as may be expected
from theory; however, it passed through a minimum at
VXsps =~ 0.82 (Xsps ~ 0.67) and through a maximum at
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Fig. 7 Activity coefficients in micelles versus the square root of the
mole fraction of SDS in micelles, Xsps. O: ygps; T Yout
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VXsps ~ 0.69 (Xsps ~ 0.476), with a subsequent de-
crease. The micellized octanol activity coefficient also
had a maximum at the same position, but the increase to
Yoctm = 1 at Xsps = 0 might not be reached because of
the formation of emulsified octanol and the subsequent
phase separation in two layers. The large negative
deviations from ideality in binary ionic—nonionic sur-
factant mixtures are mainly due to the reduced repulsion
between ionic head groups in the micelle upon addition
of nonionic molecules [27]. This situation also occurred
in this system.

The total aggregation number of micelles is compat-
ible with spherical or low-eccentricity elipsoidal shape
[24], and justifies the use of a spherical model to compute
the surface potential.

The volume of the micelle core was computed with

(13)

where Vegyiz and Vepogps are the volumes of the octyl
and dodecyl radicals. These volumes were computed
with [59, 60]

Vers(nm?) = 0.05108 4 0.000131¢

Veore = VegH17 * Mot + Vei2mH25 - BsDs

(14)

Vena(nm?®) = 0.02669 + 0.0000143¢ (15)

where ¢ is temperature is Celsius. Since the spherical
micelles were fully ionized (except that of pure SDS) the
surface potential y, was computed with the radius of a
micelle whose volume was V., and whose charge was
nsps- The y, value for a fully ionized (hypothetical) SDS
micelle was also computed, and the data were plotted
in Fig. 8. According to current theories on electrical
double-layer formation in colloids [21], the high value of
¥, at the pure SDS micelle surface causes the immediate
“condensation” of counterions giving rise to the forma-
tion of the Stern double layer; however, our results
indicated that the dilution of the sulfate groups by the
hydroxyl groups at the mixed-micelle surface reduced
to a value in which no counterion ‘“condensation”
occurred. This situation is enhanced by the reduced ionic
strength resulting from the reduction of the cmc in
mixed systems.

300— [
2 250— .
ETL
3 B .
200F—
5@ . | | J
7 .8 9 1
Ysps

Fig. 8 Potential at the spherical micelle surface versus Ysps
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Fig. 9 The ionization degree of anisometric micelles versus Ysps

When the concentrations was increased, the combi-
nation of increasing ionic strength and the change in
shape from spheres to rods (which approached the ionic
head groups among them and increased ) produced
the ion ‘“‘condensation” on the micelle surface, as the
Na™-ion-selective electrode measurements demonstrat-
ed; however, the surface dilution of the ionic head
groups was still high and produced a micelle ionization
degree (2) higher than that of the pure SDS micelles,
as can be seen in Fig. 9. The degree of counterion
association has been reported [61] to increase when
rodlike micelles are formed, confirming the conclusions
reached from viscosity measurements.

Conclusions

1. Regular solution theory for mixed ionic—nonionic
micelles can be applied to surfactant—long-chain-alco-
hol systems giving results which are in general agree-
ment with those obtained using other approaches.

2. The aqueous octanol-SDS system has two aggrega-
tion steps. The lower—concentration transition is the
cmc, giving isometric (spherical or elipsoidal), almost
fully ionized micelles. The higher—concentration tran-
sition corresponds to the transition to anisometric
(probably rodlike) micelles, accompanied by mice-
llization of counterions.

3. At low octanol content, this substance acts as a more
tensioactive impurity in SDS giving a minimum in the
surface tension versus concentration plot, whereas
once the octanol-SDS molar ratio is almost unity,
the minimum disappears. This may be due to the
formation of a 1:1 complex between alcohol and
surfactant, acting as a less tensioactive impurity in
octanol.
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