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The counter-ion activity coefficient of sodium alkyl sulfate with chain length from C8 to C14

was determined in aqueous solutions and in the presence of added magnesium ion. The degree of

association of sodium ion to the micelle (β) can be deduced from the concentration depelldence

of the counter-ion activity. The value of β so determined in the presence of magnesium ion was

confirmed to decrease rapidly as the relative concentration of magnesium ion increases. The

observed change of counter-ion activity with concentration was found to be interpreted in terms

of a lameller micelle model.

The counter-ion activity coefficient in detergent
solutions has recently been estimated by applying
the membrane electrodes inclusive of the cation
sensitive glass electrode. Botre et al.1) used the
membrane electrodes of both negative and positive
types, and evaluated the degree of dissociation
of micelles in aqueous solutions of sodium lauryl
sulfate, sodium laurate and laurylamine hydro-
chloride. Shedlovsky et al.2) used the sodium
sensitive glass electrode for estimating the counter-
ion activity in mixed solution of sodium alkyl sulfate
with chain length from C10 to C14. Feinstein and
Rosano,3) using the cationic glass electrode, de-
termined the degree of dissociation of potassium
and sodium carboxylate micelles at a constant
cation concentration. Further, Stenius and Ekwall4)
obtained the sodium ion activity in a sodium
caprylate solution by using the sodium responsive

glass electrode.
Although the single-ion activity coefficient is
a conventionally defined quantity in nature, the
interpretation of which is subject to the same
limitations as that of pH, it is of interest to estimate
the counter-ion activity coefficient in detergent
solutions in order to elucidate the degree of dissocia-
tion of the micelle and other related properties.
The present paper is concerned with the de-
termination of counter-ion activities of sodium
alkyl sulfates in aqueous solutions with and without
added magnesium ion which is almost insensitive
to the sodium glass electrode.

Experimental

In the present experiment, we used a Horiba pNa

meter model N-5 with the following cell:

Na glass electrode | Detergent solution | N NH4NO3|

3.33N KCl agar bridge | Caromel electrode.

The detergents used were sodium alkyl sulfate with

chain length from C8 to C19, prepared by the esterifi-

cation of purified long chain alcohols.

It was rather difficult to obtain the reliable e.m.f.

when the reference caromel electrode was directly im-

mersed into the detergent solution, on account of the

formation of potassium alkyl sulfate which is sparingly

soluble in water at the temperature of experiment.

The use of x NH4NO3 liquid junction, however, permits.

the precise determination of e.m.f. with an accuracy

of±0.005 pNa unit. The whole system was maintained

at constant temperature of 25℃ for C8 to C12 and 35℃

for C14 and C12 with added magnesium ion.

The measurement on the system of sodium dodecyl

sulfate (SDS) in salt solutions was performed at a

constant mole ratio (R) of MgSO4 to SDS throughout a

series of experiment.

The sodium sensitive glass electrode was calibrated

with a sodium chloride solution of known activity.5,6)

Results and Discussion

In Figs. 1-4, the observed values of log a+ are

plotted against the logarithm of total analytical

concentration (C) in mol/l of the detergent solu-

tions. In all cases, plots of log a+ vs. log C are

nearly linear over the concentration range below

the critical micelle concentration (CMC). In this

concentration range, the apparent counter-ion

activity coefficient (γ+) defined by a+/C might be

expected to be comparable with that of simple

1) C. Botre, V.L. Crescenzi and A. Mele, J. Phys.
Chem., 63, 650 (1959).
2) L. Shedlovsky, C.W. Jakob and M.B. Epstein,
ibid., 67, 2075 (1963),
3) M.E. Feinstein and H.L. Rosano, J. Colloid
and Interface Sci., 24, 73 (1967).
4) P. Stenius and P. Ekwall, Acta Chem. Scand., 21,
1643 (1967).

5) A.S. Brown and D.A. MacInnes, J. Am. Chem.
Soc., 57, 1356 (1935).
6) G.J. Janz and A.R. Gordon, ibid., 65, 218 (1943).



320 Iwao SATAKE, Takashi TAHARA and Ryohei MATUURA [Vol. 42, No. 2

Fig. 1. The plots of log a+ vs. log C for SOS and

SDeS at 25℃.

Fig. 2. The plots of log a+ vs. log C for SDS at 25℃

and STS at 35℃.

Fig. 3. The plots of log a+ vs. log C for SDS at 35℃.

○: R=0, ●:R=0.0467

electrolyte, e.g. NaCl. The experimental fact is,

however, not the case. The typical plot of log γ+

vs. C1/2 for sodium octyl sulfate (SOS) is given in

Fig. 5 together with the value of  γ± obtained for

NaCl by Brown and MacInnes.5) It will be noted

that the value of γ+ for SOS is considerably small

relative to the mean activity coefficient of NaCl in

an equivalent solution.

Fig. 4. The plots of log a+ vs. log C for SDS at 35℃.

○: R=0.0957, ●: R=0.299

Fig. 5. The plots of-log γ+ vs. C1/2 for SOS at

25℃.

○: SOS, ●: NaCl (γ±)5)

If the Debye.Huckel theory may also be ap-

plicable to detergent solutions, the observed devia-

tion must be ascribed either to the increased ional

concentration due to the formation of polyvalent

aggregates or to the existence of undissociated

detergent molecules, i.e., neutral ion pairs. The

critical interionic distance for ion pair formation

of 1-1 electrolyte is 3.57Å in water at 25℃. It

is, therefore, rather doubtful to assume the forma-

tion of neutral ion pairs with such bulky ions as

octyl sulfate.

Mukerjee et al.7) suggested the existence of

detergent dimer on the basis ofconductivity measure-

ment for SDS. In the present case, it is difficult

to account for the observed reduction of γ+ without

assuming even higher order association of detergent

anions than dimer, e.g., the existence of detergent

pentamer. It will be, however, reasonable to

assume the existence of small aggregates in the

dilute concentration range below CMC, though no

conclusive evidence has yet been obtained for such

7) P. Mukerjee, K.J. Mysels and C.I. Dulin, J.
Phys. Chem., 62, 1390 (1958); P. Mukerjee, ibid., 62,
1397 (1958).
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a higher aggregate as pentamer.
The deviation from linearity appearing above
the CMC suggests the low degree of dissociation
of the micelle. In the presence of the added
magnesium ion, a break at the CMC became more
obscure as the value of R, the mole ratio of MgSO4
to SDS, increased and no break could be detectable
above R=0.5. This result indicates that the
fraction of sodium ion bound at the micellar surface
decreases rapidly as the relative concentration of
magneSiUm LOn increases.

In general, the equilibrium distribution of

counter-ion is determined by the equality of the

electrochemical potential of sodium ion in buik

phase and in the micellar surface region, so that

μb=μs (1)

where

μb=μ0b+kTlna++ε ψb (2)

for sodium ion in bulk phase and

μs=μ0s+kTlnCs+μes (3)

for sodium ion bound at the micellar surface.

Here, ψb is the electrical potential of the bulk

phase and ε is the electronic charge. μes is the

electricai part of free energy and Cs is the con-

centration of bOund sodium ion, both at the micellar

surface region. We put ψb=0 according to the

common practice. It follows from Eqs. (1), (2)

and (3) that

ln a+=(μ0s-μ0b)/kT+ln Cs+μes/kT. (4)

Suppose that the micelle is lamellar and consists

of m alkyl sulfate ions and mβ sodium ions bound

at the micellar surface region V, giving the net

charge -m(1-β)ε. Then we have

Cs=1000mβ/NV (5)

and

ψs=-(kT/ε)ln(2000π σ2/1)NkTCb) (6)

for the electrical potential at the outer part of

Stern layer, where N is the Avogadro number,

D the dielectric constant of the medium, σ the

surface charge density of the micelle, and Cb the

concentration of free sodium ion in the bulk solu-

tion, i.e.,

Cb=C0+(1-β)(C-C0). (7)

Here, C0 is the CMC and C is the total analytical

concentration of the detergent in mol/l. The

expression for the electrical free energy term,μes,

may be obtained by the charging process with

respect to the sodium ion charge, q, at the micellar

surface.

(8)

It follows from Eqs. (6) and (8), with substitution

σ=-(ε-βq)/A, (9)

that

μe=kT〔-ln{2000π ε2(1-β)2/DNkTA2Cb}

+2{1+(1/β)ln(1-β)}〕. (10)

Here, A denotes the area occupied by an alkyl

sulfate ion at the micellar surface. Substitution of

Eqs. (5) and (10) into Eq. (4) gives

lna+=(μ0s-μ0b)/kT+ln{DkTA2mβ/2πVε2(1-β)2}

+2{1+(1/β)ln(1-β)}

+Ⅰn{C0+(1-β)(C-C0)}. (11)

If it is assumed that the micellar parameters

A, m, V and β are constant throughout the whole

concentration range studied, we have

a+=Const.{C0+(1-β)(C-C0)}. (12)

From the boundary condition that a+→a0+(=γ+C0)

when C→C0, we obtain

γ+=a+/C=γ0+{(1-β)+βC0/C} (13)

and

lnγ0+=(μ0s-μ0b)/kT+ln{DkT42mβ/2πVε2(1-β)2}

+2{1+(1/β)ln(1-β)}, (14)

where, γ0+ is the apparent activity coefficient of

sodium ion at C=C0. Using Eq. (13), we can

estimate the value of β from the slope of γ+ vs.

C0/C plot. It is to be noted that the equation

assumed by Botre et al.1) for estimating the degree

of dissociation of the micelle can be derived from

the lamellar micelle model.

In the presence of added magnesium ion
, we

assumed that Eq. (13) may also be applicable if

the relative concentration of MgSO4 to SDS is

small, which is the case for the present experimental

condition. Under this condition, the potential

determining ion of the diffuse double layer will be

assumed to be the sodium ion, since the majority

of the added magnesium ion will be bound at

the micellar surface on account of the strong
coulombic interaction with the micelle. In Fig. 6,

the typical plot of γ+ vs. C0/C is given for sodium

tetradecyl sulfate in water at 35℃. The linearity

Fig. 6. The polts of γ+ vs. C0/C for STS at 35℃.

of the line is satisfactory over the whole concen-

tration range studied. In the presence of added

magnesium ion, however, the deviation from
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linearity is found to appear in higher concentration

range above CMC. In these cases, therefore, we

used the limiting slope at the CMC in the plot,

γ+ vs. C0/C. The values of β are summarized in

Table 1, together with those evaluated by several

authors.

TABLE 1. THE VALUES OF β DETERMINED FROM

pNa DATA

As is clearly shown in Table 1, the value of
increases with increasing chain length and for
the same chain length it decreases with increasing

temperature. Further, it is confirmed that the

addition of magnesium ion to SDS gives rise to

the rapid reduction of β.

Once the value of β is determined, we can

estimate the specific adsorption energy Δ μ0(=μ0s-

μ0b) with the additional assumptions for V and A.

If it is assumed here that the thickness of the Stern

layer is in the order of the diameter (l) of hydrated

sodium ion, the available volume for Na+ ion in

the Stern layer may be written as

V=mAl. (15)

From Eqs. (14) and (15) we have

Δμ0/kT=ln{2πlε2(1-β)2γ0+/DkTAβ}

-2{1+(1/β)ln(1-β)} . (16)

Introducing A=33Å2 which was determined from

the surface adsorption study of tritiated SDS in

water,10) l=4.6Å and γ0+=0.815 into Eq. (16),

we obtain Δ μ0=0.85kT for SDS at 25℃. By

using the spherical micelle model, Stigter11) ob-

tained  Δ μ0=0.5kT for the same detergent. The

value of Δu0 estimated above, however, depends

on the selected values of A and l, and in fact it

tends to zero as the value of A increases. Hence

it will be reasonable to assume that the area

obtainable by substituting Δμ0=0 into Eq. (16)

gives the upper limit of the area per polar head of

a detergent anion at the micellar surface. The

values of A so determined are 77 Å2 for SDS,

112Å2 for SDeS and 126Å2 for SOS at 25℃,

respectively. These figures reflect the expanding

nature of the micelle with increasing degree of

dissociation of the micelle. The true areas will

be smaller than these values owing to the definite

positive values of Δμ0.8) D. Stigter and K.J. Mysels, J. Phys. Chem., 59,
45 (1955).
9) J.N. Philips and K.J. Mysels, ibid., 59, 325

(1955).

10) G.J. Nilsson, ibid., 61, 1135 (1957).
11) D. Stigter, ibid., 68, 3603 (1964).


