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Electrostatic a nd Electroki netic

Propert ies of Micel les

Toyoko lmae
Nagoya Uniuersity, Nagoya, Japan

I .  INTRODUCTION

The investigation of electrostatic and electrokinetic properties is important to evalu-
ate the stabilization of dispersed colloidal particles, including surfactant micelles,
in aqueous media [1]. The electrical surface structure of micelles is characterized
by electrostatic potentials at the micellar surface and the Stern layer surface. Such
surfaces are related to the degree of ionization and the electrical double layer of
micelles, which are changed by the adsorption andfor binding of small ions. The
electrostatic properties were examined by potentiometric titration and electrical
conductivity, and the degree of ionization of micelles and their fractional counterion
binding were calculated l2-4f.

The zeta potential at the sliding plane or the immobilelayer surface of micelles
is concerned with electrophoresis, an electrokinetic phenomenon. The zeta potential
is sometimes approximated to be the potential at the Stern layer surface, although
Stigter [5] evaluated the Stern potential as being higher than the zeta potential on
the basis of a structural model of the micellar surface. The electrophoretic mobility
of micelles was measured by a micelle tagging method [6-8], its modification [9],
and a Schlieren electrophoretic method l2,L}-t2f. The mobilities of ionic and weak
electrolyte micelles were evaluated and compared under various conditions with
respect to counterion species, added salt species, salt concentration, surfactant con-
centration, temperature, and pH. The measurement of the electrophoretic mobility
of small colloidal particles like spherical micelles was made easier by the develop-
ment of an electrophoretic light scattering instrument [13]. Some investigations
using such an instrument have been reported [14-18]. In the present work, the
electrokinetic properties of micelles are reviewed in relation to their electrostatic
properties.
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i l .  toNtc M|GELLES

A. lonic Micel les wi th Inorganic Counter ions

Ionic surfactants like sodium alkyl sulfates, alkylamine hydrohalides, and alkyl-
trimethylammonium halides form spherical micelles. Spherical micelles sometimes
change in structure to become rodlike in certain conditions such as high surfactant
and salt concentrations. Then the association structure of the ionic micelles is
related to their electrostatic and electrokinetic properties [19].

A micelle tagging technique based on the preferential solubility of water-
insoluble dyes in the micelles was applied by Hoyer and coworkers [6,7] to deter-
mine the electrophoretic mobilities of sodium dodecyl sulfate (SDS) micelles. The
charge on the SDS micelles was obtained at its critical micelle concentration (cmc).

Hoyer and Greenfield [8] investigated the electrophoretic mobilities of aliphatic
amine hydrochloride micelles by the same method. The mobilities decreased with
increasing surfactant concentration and with decreasing temperature. Moreover, the
mobilities at the cmc were more dependent on the ionic strength of the solution
than on the alkyl chain length of the monomer ions.

The charge on micelles was evaluated by Wasik and Hubbard [20] by applying
the equations of Prins and Hermans and Princen and Mysels to static light scat-
tering data. It was indicated that the nature and concentration of the gegenions
(counterions) determined the charge of alkyltrimethylammonium micelles, whereas
the nature and concentration of simple cations (co-ions) of the added salts had little
or no effect.

The Stern layer potentials were estimated by Emerson and Holtzer [21] from
numerical solutions to the nonlinearized Poisson-Boltzmann equation, assuming a
sphere with smeared charge and using available data of the micellar radius and
aggregation number. The Stern layer potentials, which were computed for SDS and
dodecyltrimethylammonium halide micelles, decreased with concentration of added
salt, consistent with results on mobilities obtained by Hoyer and Greenfield [8]. The
nature of the counterions affected the electrostatic potential as well as the mobility
reported by Wasik and Hubbard [20].

Mobilities of SDS micelles were obtained from moving boundary examination
in a Tiselius-type Schlieren electrophoretic apparatus [12]. The measurement was
also carried out with an electrophoretic light scattering spectrometer [15]. The
mobilities were in good agreement between the two examinations.

Tokiwa and Ohki [2,11] reported Schlieren electrophoretic results of sodium
dodecylpolyoxyethylene sulfate micelles in the presence of inorganic electrolytes and
of organic electrolytes such as alkylammonium chlorides and sodium alkyl-
carboxylates with short alkyl chains with fewer than six carbons. The surface charge
density and the effective charge numbers were obtained from the zeta potential.
They elucidated that the electrophoretic mobilities and zela potentials were influ-
enced by the number of oxyethylene units and considerably by the valence of
cations (counterions) but only slightly by the valence of anions (co-ions), as
expected. The effect of the type of inorganic electrolytes on the zeta potential is
similar in tendency to the effect to be expected from the Gouy-Chapman equation
for spherical colloidal particles.

Recently, electrophoretic mobilities U of hexadecyltrimethylammonium
bromide (C16TABr) micelles were measured by Imae and Kakitani l22f at various
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surfactant concentrations. The surface charge density o and the fractional binding of
small ions B per surfactant were calculated by using Henry's equation

X t(rcR)
1+rc(R+Ri)

for the electrophoretic mobility of rigid spherical macro-ions [23] and a relation of

o: e(r - illA (2)

where ,4 is the surface atea per surfactant, m is the micellar aggregation number,
and f is the frictional coefficient. rc is the Debye*Hi.ickel parameter, R is the radius
of the rigid spherical particle, and R, is the effective radius of the bound ion. Xr(rcR)
is a Henry's function, and e is the elementary electric charge. Parameter values of
m:137, R:2.98 nm, and R",- :0.21 nm were used. The electrophoretic mobi-
lities increase slightly with increasing CruTABr concentration C in aqueous 0.1 M
NaBr solutions at 35"C, as seen in Table 1, resulting from a slight increase in the
surface charge density and a slight decrease in the fractional binding of Br-. The
electrical shielding effect of 0.1 M NaBr is less for solutions of high CruTABr con-
centrations. This results in less counterion binding and higher surface charge
density. Although opposite results were reported by Hoyer and Greenfield [8], as
described above, the reason for the opposite effect cannot yet be stated.

The ionization degree of C,TABT micelles was evaluated by Zana [3] using a
specific ion electrode and electrical conductivity. A decrease in the degree of ioniza-
tion upon increasing alkyl chain length was shown. The degree of ionization (0.14 in
water at 25'C) of CruTABr micelles reported by him is close to the value (0.1*0.16
in water at 35'C) calculated from the fractional binding of Br- in Table I l22f . The
electrophoretic mobility measurement of CruTABr micelles in an aqueous NaBr
solution was carried out by Cuccovia et al. 124] according to the procedure
described by Hoyer et al. [6]. The ionization degree (0.20 in 25 mM NaBr at 30"C)
calculated is slightly higher than the values in water given above.

B. lonic Micel les wi th Organic Gounter ions

When certain kinds of aromatic counterions are replaced with simple inorganic
counterions as described in the previous section, the behavior of cationic micelles in
solution changes remarkably 125-311. The characteristic spinnability phenomenon

Table 1 Electrophoretic Mobility, Surface Charge Density,
and Fractional Binding of Small Ions per Unit Surfactant for
CruTABr Micelles in 0.1 M NaBr Solutions at 35"Cu

C (mM) U (  x 10-a cm2 V-1 s-1) o (cm-z) p

t:ry(1 + rcR; (1)

20
40
60
80

100

t.39
1.73
2.09
2.13
2.27

0.017 0.90
0.021 0.88
0.026 0.85
0.026 0.85
0.028 0.84

u cmc: 0.2mglcm3.
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and the viscoelasticity in strong correlation with it were reported for aqueous
solutions of alkyltrimethylammonium and alkyltrimethylpyridinium salicylates
125,26,28,29,311. The solution behavior results from the formation of rodlike micel-
les that build the three-dimensional pseudo network by entangling and contacting
each other [30,31]. The characteristic rheological behavior is not observed in
aqueous solutions of entangled rodlike micelles of cationic surfactants with halide
counterions [31]. Then salicylate counterions play an important role in solution
behavior as well as in micellar size. Salicylate ions must be located near the micellar
surface, because they exhibit specific adsorption and penetration ability [27]. Thus
it is necessary to elucidate the electrical structure of micelles and the interaction
forces between micelles.

Imae and Kohsaka U6,I7l investigated the size and electrophoretic mobility of
tetradecyl- and hexadecyltrimethylammonium salicylate (CrnTASal; Cl6TASal)
micelles in aqueous media by using light scattering. Whereas short rodlike micelles
were formed in aqueous solutions without sodium salicylate (NaSal), the length of
the rodlike micelles increased with an increase in NaSal concentration and reached
a maximum in 0.1 M NaSal. Further addition of NaSal diminished the micellar size.
as confirmed from the result that micelles in I M NaSal were spherical. The ionic
strength dependence of micellar size and shape was consistent with the change in
spinnability and viscoelastic behavior 128,291. The examination of electrophoretic
mobility indicated the conversion of sign from positive to negative through neutral
at about 0.1 M NaSal, as seen in Fig. 1, indicating the reversal of the net surface
charge of the micelles. This shows that specific adsorption and penetration of sali-
cylate ions dominate the micellar size and solution behavior. Then the role of sali-
cylate ions must be focused on. Schematic models of surface potentials for micelles

log (Co*Cs ,  M)

Figure 1 Electrophoretic mobilities of C,TASal micelles in aqueous NaSal solutions as a
function of ionic strength at 25"C. (O) CroTASal (8 mg/cm3); (!) CruTASal (0.55 mg/cm3).
Co and C, are critical micelle concentration and NaSal concentration, respectively. (From
Ref. 17.)
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within different NaSal concentration regions were proposed along with models of
the molecular arrangement on the micellar surface, as drawn in Fig. 2.

The formation of a 1 : 1 complex between alkyltrimethylammonium ion and sali-
cylate ion was postulated by Shikata et al. l32l and supported by Bachofer and
Turbitt [33] and Nemoto and Kuwahara 1341. However, Cassidy and Warr [35]
cast some doubt on this idea. They determined surface potentials of mixtures
of CrnTABr and NaSal in water by the titration of a micelle-bound indicator,
4-heptadecyl-7-hydroxycoumarin. They found a strong binding of salicylate ion that
is effective at lowering the surface potential of the micelles. However, even at a
100-fold excess of salicylate over CraTABr, no reversal in the sign of the electro-
static potentials at the micellar surface was observed, as seen in Fig. 3. On the other
hand, the zeta potentials calculated from electrophoretic mobility by using the
Smoluchowski equation [1] were lower than the electrostatic potentials at the
micellar surface. Therefore, their results do not support the existence of a stoichio-
metric 1:1 complex proposed by Shikata et at. 1321. The model proposed by
Cassidy and Warr [35] corresponds to a continuous variability in the adsorption
sites, which are the exterior surface of the micelle to bind salicylate and the hydro-
phobic core of the micelle to intercalate salicylate.

A new instrument for measurement and analysis of surface interactions and
forces (MASIF) was developed by Parker [36]. The instrument was used by Kato et
al. l37l for the force measurement of CruTASal films adsorbed on glass beads from
aqueous NaSal solutions. The force F normalized by the beads' radius R is plotted
in Fig. 4 as a function of separation for aqueous solutions of various NaSal concen-

Figure 2 Schematic representation of the molecular arrangement and electrostatic poten-
tial r! on C,TABT micellar surface at NaSal concentrations of (1) -0 M; (2) -0.1 M; (3)

-1 M. @-, surfactant ion; O-O, salicylate ion adsorbed on micellar surface; O-O,
salicylate ion that has penetrated into a micelle. rlto and ry', are the electrostatic potentials at
the micellar surface and the Stern layer surface, respectively. X denotes the distance from the
micellar surface. (From Ref. 17.)
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Fisure 3 The J;#: potential at the micellar surface (l) and the zetapotential (O)
as a function of total ionic strength for aqueous NaSal solutions of CroTABr at a surfactant
concentration of 25 mM. (L) Zeta potential calculated from electrophoretic mobilites for
NaSal solutions of CroTASal at a surfactant concentration of 25 mM. (From Ref. 35.)
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Figure 4 Force vs. separation curves for aqueous NaSal solutions of CtuTASal at a sur-
factant concentration of 0.15 mM. Left: The inward process with NaSal concentrations of (a)
0 M; (b) 0.1 M; (c) 1 M. Right: The outward process for an aqueous solution of Ct6TASal
without NaSal. A force vs. separation curve for water is also included. (From Ref' 37')
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trations at a surfactant concentration of 0.15 mM. While the electrostatic repulsive
interaction occurs at longer separation for a solution without NaSal, it decreases
with the addition of NaSal. This is consistent with the diminution of the electro-
static potential and zeta potential described above.

The characteristic profile common for all solutions is the step-in phenomenon.
The step-in distance is 3-5 nm. The distance corresponds to separations of about
two layers. The step-in occurs at 20-40 mN/m, depending on NaSal concentration.
Interesting results were obtained on the outward process where two surfaces in
contact are pulled apart. As shown in Fig. 4, strong adhesion occurred for all solu-
tions examined. The interlocking decreases with increasing NaSal concentration.
This tendency agrees with that of the electrostatic potential and the zeta potential.
The interlocking is stronger than that of hexadecyltrimethylammonium chloride
[38]. This implies a strong interaction between salicylates in the adsorbed state or
between adsorbed salicylate and micelle.

The interaction between cationic surfactant and NaSal was investigated on sur-
faces of silica particles. Favoriti et al. [39] reported that below the cmc hexa-
decylpyridinium chlorides adsorbed at a silica/water interface and formed a double
layer structure. Salicylate ions coadsorb owing to strong interaction between the
surfactant head group and the aromatic anion. Above the cmc, the salicylate ions
are distributed among adsorbed surfactant aggregates, free micelles, and water. It
was also suggested that the ion partition coelficient expressed as the ratio of bound-
to-free salicylate concentrations depended on the solution pH above the silica iso-
electric point. At low pH values, salicylate ions form complexes with the cationic
head groups of surfactant in the inner layer facing the silica surface. At high pH
values, salicylate ions are repelled from the inner layer by the high negative surface
charge density on the silica particles. On the other hand, the surfactant in the outer
layer facing the bulk of the solution complexes the aromatic anions at any pH. This
configuration is closer to that of free micelles.

I I I .  WEAK ELECTROLYTE MICELLES

Since the weak electrolyte surfactants alkyldimethylamine oxide (C,DAO) and
oleyldimethylamine oxide (ODAO) are protonated at acid pH to convert into
N-hydroxyammonium ions [11,40], the solution behavior depends on pH [40*45].
The lower critical solution temperature of the consolute boundary in the liquid-
liquid phase separation is lowest at medium protonation [40]. Micellar growth and
the micellar structural transition from sphere to rod are remarkable at medium
protonation [41]. The micellar contour length between pseudo-network meshes,
which are formed by entangled rodlike micelles in the semidilute regions, is greater
at degrees of protonation of 0.2-0.5 [44]. Simultaneously, the rheological behavior
increases. The more marked characteristics are the strong effect of external inter-
ference in light scattering originating from the intermicellar interaction l42f and the
iridescent phenomenon explained by the interference of light arising from the Bragg
reflection between multilamellar layers [45]. These characteristics appear in
aqueous solutions of C,DAO and ODAO without salt at neutral pH and disappear
with addition of salt or acid. It was suggested that the nonideal characteristics
depending on pH of aqueous solutions of C,DAO and ODAO were related to

541
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the hydration and protonation of surfactants in micelles at neutral and acid pH,
respectively, and the hydrogen bonding between amine oxide residue and
N-hydroxyammonium ion in micelles at medium degrees of protonation 142].
Moreover. the intermolecular and intermicellar interactions such as electrostatic
repulsion, hydrogen bonding, and hydration that occurs in concert with the stabili-
zation of C,DAO and ODAO micelles were affected by the addition of salt.

The electrophoretic mobilities of protonated C12DAO micelles were measured
with the moving boundary method by Tokiwa and Ohki [11]. The mobilities in 0.1
M NaCl depended on pH. The zeta potentials of the electrical double layer were
calculated from the electrophoretic mobilities and compared with the electrostatic
potentials of micellar surfaces that were evaluated by means of potentiometric titra-
tion. The electrostatic potentials and zeta potentials decreased with decreasing
degree of protonation, as expected. Furthermore, Ihe zeta potential was always
lower than the electrostatic potential, suggesting the specific adsorption of Cl- on
protonated micellar surfaces.

Imae and coworkers [18,46] performed electrophoretic light scattering measure-
ments for aqueous NaCl solutions of C,DAO (n : 12,L4) and ODAO. As seen in
Fig. 5, the electrophoretic mobilities for 0.1 and 0.2 M NaCl solutions of C,DAO
changed from negative to positive as the degree of protonation a increased. The
observed values are slightly lower than those obtained by Tokiwa and Ohki [11].
Moreover, Tokiwa and Ohki do not report negative mobility at zero degree of
protonation. It can be assumed that they did not notice the opposite movement of
the boundary at that condition. On the other hand, three kinds of electrophoretic
mobilities were observed for 0.05 M NaCl solutions of C,DAO, depending on the
degree of protonation, as seen in Figs. 5 and 6, although for 0.03 M NaCl solutions
of ODAO the positive mobilities increased continuously with degree of protonation

o.2 o.4 0.6

a

Figure 5 Electrophoretic mobilities at 25"C as a function of degree of protonation for
aqueous NaCl solutions of CTTDAO at a surfactant concentration of 10 mg/cm3. NaCl con-
centrations: (O) 0.05 M; (O) 0.1 M; (A) 0.2 M. (From Ref. 46.)
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U (10' '  cm" V' '  s ' '  )

Figure 6 Electrophoretic light scattering power spectra at25"C for 50 mM NaCl solutions
of CT.DAO at a surfactant concentration of 5 mg/cm3. (From Ref. 18.).

[18]. The fractional binding of small ions and Cl-, that is, p and pg1-, were evalu-
ated from the electrophoretic mobility on the basis of the equation

o : e(a - p)lA (3)

and potentiometric titration conducted with a specific ion electrode [46]. Both
values were consistent at all degrees of protonation for 0.1 M NaCl solutions of
C'2DAO, as illustrated in Fig. 7. However, such consistency was obtained only at
higher degrees of protonation for 0.05 M NaCl solutions of CrrDAO.

Electrophoretic mobilities are related to the electrostatic potentials of micelles,
which are affected by the protonation of a micelle and the counterion binding. Then
the experimental results are explained in relation to the variation of the electrostatic
potentials. The negative electrophoretic mobility at a:0 can be explained by the
adsorption of chloride ions on micellar surfaces. The adsorption is maintained by
the interaction between the polarized amine oxide and the hydrated water on chlo-
ride ions. The hydration adsorption of chloride ions disappears with the proto-
nation of surfactant.Instead, in 0.1 M NaCl solutions of C,DAO, chloride ions bind
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Figure 7 Fractional bindings of small ions and Cl- on CT2DAO micelles at a surfactant
concentration of 10 mg/cm3 in aqueous NaCl solutions at 25oc. Upper: In 0.05 M Nacl. (f )
f ;(O) |cr-. Lower: In 0.1 M NaCl. (A) f :(A) f.r_. (From Ref.46.)

electrostatically on micelles with keeping certain fraction. In 0.05 M NaCl solutions.
although this kind of micellar species exists at a > 0.5, micellar species at d : 0.1-
0.7 are different (see Fig. 8). Excess chloride ions adsorb on micelles beside electro-
statically bound chloride ions. The adsorption forces may include the interaction
through the hydrated water as well as the adsorption of chloride ions at a : 0. The
ex@ss chloride ions may exist between the Stern layer surface and the sliding plane
and exchange easily with free ions. In the present situation, however, the reason that
the third micellar species coexists with the second species in 0.05 M NaCl solutions
is not yet clear.

Imae
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Figure 8 Schematic representation of counterion binding on C,DAO micelles and electro-

static potential at their surfaces in solutions at medium degrees of protonation. (From

Ref.46.)

IV.  MIXED MICELLES

When different kinds of surfactants are mixed, the solution properties behave ideally
or nonideally, depending on the combination. The nonideal behavior may result
from the intramicellar interaction between heterogeneous surfactants and the com-
petitive binding of small ions. These are related to the electrostatic and electro-
kinetic potentials of mixed micelles. Tokiwa [2] reported zeta potentials of mixed
micelles of sodium dodecylpolyoxyethylene sulfate (SDPS) and dodecylpolyoxyethy-
lene ether (DPOE). The zeta potentials decreased with increasing DPOE/SDPS
ratio. However, the decrease displayed an upward curvature, that is, a deviation
from ideal behavior.

Rathman and Scamehorn [4] reported potentiometric titration using specific
ion electrodes on micellar solutions composed of mixtures of anionic/nonionic,
cationic/nonionic, anionic/anionic, and cationic/cationic surfactants consisting of
nonionic surfactants such as alkylpolyethoxylates, alkylphosphine oxides, alkyl-
amine oxides, and alkylsulfoxides and ionic surfactants such as hexa-
decyltrimethylammonium chloride, alkylpyridinium chloride, SDS, and sodium
octylbenzenesulfonate. The fractional counterion bindings changed ideally for ionic/
ionic surfactants but nonideally for ionic/nonionic surfactants.

On the other hand, Kameyama and Takagi [15] reported the electrophoretic
mobilities of octaethylene glycol dodecyl ether micelles mixed with SDS by using
electrophoretic light scattering photometry. The mobilities increased with the addi-
tion of SDS for molar ratios less than 0.3. The linear increase in the mobility in this
condition indicates the stoichiometric increase of surface charge upon the addition
of SDS.

s45
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Figure 9 Zerc shear viscosities 4o, plateau moduli Go, and relaxation times r as a function
of mixing fraction for aqueous solutions of CT.DAO/SDS mixtures at 35'C. A total sur-
factant concentration is 50 mM. t, and r, (i : 1, 2,3 were obtained from rheological and
electrical birefringence measurements, respectively. (+) and (-) denote the sign of the relax-
ation time. (From Ref. 52.)

The surface charge density of c,DAo micelles can be altered by adding ionic
surfactants such as c,TABr and sDS, instead of HCl, to aqueous solutions of
c"DAo. Then the behavior of the mixed solutions depends on the type of ionic
surfactant. While the mixture of C,DAO and C,TABT behaves ideally, the effect of
SDS on c,DAo micelles is nonideal; the solution pH, the cmc, the micellar aggre-
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gation number, and the partial molar volume deviate from ideal behavior, but not
the heat capacity 147-501, although the rheological behavior is nonideal for both
C,DAO/C,TAB and C"DAO/SDS mixtures 147,5 1,521.

The transient electrical birefringence for mixed solutions of CT.DAO and SDS
at a total surfactant concentration of 80 mM at 35'C displays different patterns with
changing mixing molar fraction X (: [SDS]/([C'rDAO] + [SDS]), indicating the
existence of three relaxation processes with relaxation time ?; e os Soor in Fig. 9 152].
The additional relaxation time t" is observed from the viscoelastic measurement and
plotted in Fig. 9, where other rheolo gical data are also included. The relaxation
times and the rheological data are maximized at X : 0.1-0.2. Similar results have
already been reported for mixed solutions of CT*DAO and SDS by Hofmann et al.
[51]. It was suggested that the nonideal behavior of C,DAO/SDS complex in solu-
tions was due to the ion pairing of the self-protonated amine oxide with sulfate [53].
The solution behavior mentioned above is related to the electrostatic interaction,
which is controlled by the mixing fraction of ionic surfactant in C,DAO micelles
and by the existence of small ions on micelles and in bulk solution. Thus, the inves-
tigation of the electrical surface structure of mixed micelles becomes important.

Electrokinetic properties of mixed solutions of CTTDAO and SDS were investi-
gated by electrophoretic light scattering and the potentiometric titration of Na *

[54]. The electrophoretic mobilities of the micelles and their surface charge den-
sities, calculated according to Eq. (1), were always negative at all mixing fractions, as
seen in Fig. 10. This indicates the specific adsorption of Cl - , as well as Na + , on the
micelles. The fractional binding of small ions, B, is calculated by inserting the known
value ofthe surface charge density on the relation

o: e(f - 1)lA (4)

On the other hand, the fractional binding of Na+, f*u*, is calculated from Na+
titration. Then the adsorption of Cl-, f.,-, is determined as the difference of p and

o-1

N
tr
o-2

0.8

X

Figure 1O Electrophoretic mobilities as a function
NaCl solutions of C, DAO/SDS mixture at 25'C.
80 mM.

of mixing molar fraction for 50 mM
The total surfactant concentration is

I
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Figure 11 Data, as a function of mixing molar fraction, evaluated from electrophoretic

-o=bltity, 
potentiometric titration, and SANS for 50 mM NaCl solutions of ctrDAo/SDS

mixture at25"C. The total surfactant concentration is 80 mM. Upper: (I) lN".; (D) fcr-'
Lower: (l) fr.r". - X; (D) f -X; (a) - | ZJem| (From Ref' 54')

Byu+ values or P - X and f""* - X values. Their values are plotted in Fig. 11 as a

iunction of mixing molar fraction. pyu* increases almost linearly with increasing

mixing fraction up to 1, while ps1- diminishes at X > 0.4.
The surface charge on micelles affects the intensity profile of small-angle

neutron scattering (SANS). Figure 12 gives the SANS intensities I(Q) fot 0 and 50

mM NaCl solutions of C12DAO/SDS mixtures at different mixing fractions [53]'
The interparticle interferenie effect resulting from interparticle interaction such as

electrostaiic repulsion was observed except for 50 mM NaCl solutions at medium
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o
Figure12 SANS data for 0 and 50 mM NaCl solutions of CTTDAO/SDS mixtures at
different mixing molar fractions. The total surfactant concentration is 80 mM. NaCl concen-
trations: (O) 0 M; (O) 50 mM. The solid lines are the calculated curves. Q is the magnitude
ofthe scattering vector. (From Ref. 53.)

mixing fractions. The SANS intensities werc analyzed by using a rescaled mean
spherical approximation for the interparticle structure factor [50]. In the analysis,
the electrostatic repulsive interaction was taken into account. The evaluated average
electric charge number per surfactant monomer, -lzJeml, is included in Fig. 11,
where z- is the electric charge of the macro-ion. This value must be equivalent to
P - X. However, the former is systematically lower than the latter. This can be
interpreted as the difference between the definition of Stern layer thickness detected
by the electrophoretic method and the SANS. The schematic models of electrical
surface structure for mixed micelles of CTTDAO and SDS in 50 mM NaCl are illus-
trated in Fig. 13 [54]. The surface structure atXx 0 was discussed in the foregoing
section. Amine oxide head groups attract chloride ions through hydrogen bonding
mediated by water. At X x 1, counterions diffuse partly into bulk solution as usual.
However, a different kind of electrical surface structure appears at a medium molar

0 0.1

o

9ttt
C12H25N -O

cHs

C1 2H25SOa- Na+

9ttt
C12H25N+-OH OH-

CHs

C1 2H25SOa-

-  X:  0.5

Cr zHzsSO.a- Na+

C1 2H255Oa-

Cr zHzsSO+- Na*

C1 2H25SOa- Na+

Figure 13 Schematic representation of molecular species
mixing molar fractions. (From Ref. 54.)

-  X= 1

in mixed micelles at different
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fraction. C12DAO molecules are partly protonated, and the protonated molecules
form ion pairs with dodecyl sulfate ions. Following that, Na* is adsorbed on
dodecyl sulfate ions, and OH* is adsorbed on the protonated amine oxide head
group. This model describes very well the nonideal solution behaviors at medium
mixing fractions reported previously.

v. coNcLUstoNs
The electrostatic and electrokinetic properties of micelles have been investigated in
order to understand their solution behavior in relation to the properties of micellar
surfaces. Although the electrostatic potential and ion binding at the micellar surface
could be evaluated from the potentiometric titration, it was previously diflicult to
examine the Stern layer potential and the zeta potential. The development of the
electrophoretic light scattering technique opened the way to study the electrokinetic
properties of colloidal particles, especially surfactant micellar systems. However, the
reports for micelles are very few, even now. One reason is the small size of micelles
and the weak light scattering intensities of micellar solutions. These problems will
be solved with improved measurement techniques and a powerful light source.

The second problem is to determine a plausible model of the micellar surface
structure and develop an adequate expression of the corresponding theory. Stigter
and Mysels [5,7] suggested that the surface of charged micelles was not smooth but
rough. On the other hand, Rathman and Scamehorn [4] developed a localized
adsorption model and a mobile adsorption model to describe the binding of small
ions on micelles. Both models, which are based on electrostatic considerations,
reproduce the binding data very well, although Rathman and Scamehorn stated that
the localized adsorption model was preferred on physical grounds. They also
showed that an electrostatic model could be used to predict accurately the fractional
counterion binding on ionic/nonionic micelles. Their results are consistent with the
concept that ionic/nonionic surfactant interactions and non-ideal properties in
mixed micelles are primarily of electrostatic origin and the specific chemical inter-
actions are of secondary importance. However, the location and the localization of
counterions on micellar surfaces are difficult to determine or define. Moreover, the
surface of spherical micelles is too soft to use Henry equation, Eq. (1) as assumed
from the descriptions by Stigter and Mysels and Rathman and Scamehorn.

The theoretical consideration of ion binding on ionic micelles was carried out
by Evans et al. [55,56]. Analytic expressions for electrostatic free energy derived
from the non-linearized Poisson-Boltzmann equation were used to construct a
theory of ionic micelles. The thermodynamics implicit in the ion binding model was
shown to emerge naturally without resort to Stern layers. They insisted that the
reconciliation of theories allowed one to discriminate between real "ion binding"
due to specific ion interactions and that due to adsorption excesses.

Micelles sometimes grow to rodlike micelles, which are rigid or wormlike. The
analysis of electrokinetic properties described in the present work is based on the
theory for flat surfaces like Smoluchowski's equation. Such a procedure is not valid
for rodlike micelles. Therefore, a theory applicable to rodlike micelles must be devel-
oped. Then the electrostatics and electrokinetics of rodlike micelles will be exactly
interpreted and the electrical surface properties of charged rodlike micelles will be
elucidated.
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