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The surfactant ion and counterion activities of aqueous 1-dodecylpyridinium chloride with and without
KCI were determined by using ion-selective electrodes. In the concentration range above the critical micelle
concentration (cmc), the surfactant ion activity (a4) was found to decrease gradually with increasing surfactant
concentrations, while the reverse change was found for the counterion activity (a_). As aresult, the mean activ-
ity increased slightly but regularly with increasing concentrations. The concentration dependences of a4+ and
a_- became progressively smaller as the salt concentration increased. An application of the charged phase
separation model led to an apparent degree of counterion association to the micelle (8) of 0.70 regardless of the
salt concentration. On the basis of these observations, the estimations were made for the concentration of
monomeric surfactant ion (C4) and the activity coefficients of counterion (y-) and surfactant ion (y4) above
the cmc. The values of C4 and y4+ decreased appreciably, while that of y_ increased with increasing concentra-

tions.
method was discussed.

The ion-selective electrodes have widely been ap-
plied for the determination of counterion and surfac-
tant ion activities in ionic surfactant solutions.!-19 In
most studies were used the sodium ion-sensitive glass
electrodes,?=5:7 as well as the anion-1.6-%19 and cat-
ion-1.8-10,12,1 exchange membrane electrodes. In the
presence of added salts, however, the liquid!? and plas-
tic19:1® membrane electrodes have proved very useful
because of their high selectivity for a surfactantion over
inorganic ions. It has been found that the counterion
activity (a+) in anionic surfactant solutions increases
gradually with increasing surfactant concentrations
through the break point at the critical micelle concen-
tration (cmc).1=5:7-10,12,149 According to the method
advanced by Botré et al.,Y an apparent degree (8) of
counterion association to the micelle has been evalu-
ated from the concentration dependence of a4+ above
the cmc.!-3.5:10 On the other hand, the surfactant ion
activity (a-) has been found to decrease monotonously
with increasing surfactant concentrations above the
Sasaki et al.”® and Koshinuma?-1¥ have
confirmed the validity of the charged phase separa-
tion model by demonstrating the constancy of a_a45.
By ignoring the effect of micelles on the activity co-
efficients of monomeric ions, Sasaki et al.” and Cutler
et al.'9 have calculated the intermicellar concentra-
tions of counterion and surfactant ion above the cmc.

The ion-selective electrodes can also be applicable to
cationic surfactant solutions, though their applications
so far reported are confined mostly to anionic ones. In
a previous paper,!'® we have reported that poly(vinyl
chloride) membrane plasticized with bis (2-ethylhexyl)
phthalate responds selectively to cationic surfactant
ions, especially to 1-alkylpyridinium ion even in the
presence of excess salts. The present paper is concerned
with the potentiometric determination of counterion
and surfactant ion activities in solution of 1-dodecyl-
pyridinium chloride with and without added KCI.

cmec.6-12.14)

Experimental

Materials. 1-Dodecylpyridinium chloride (DPC,

The value of B was also estimated from the concentration dependence of a— and the validity of this

Wako Pure Chemical Industry Co. Ltd.) was dissolved in hot
ethanol and refluxed overnight with active carbon. After
cooling the filtrate, the precipitate was purified further by
repeated recrystallization from ethanol and by extraction with
ether for 48 h. Potassium chloride of guaranteed grade and
other chemicals of reagent grade were used without further
purification.

Electromotive Force Measurements. The counterion
and surfactant ion activities in DPC solutions were measured
by using a chloride ion selective ceramic electrode, National
1IE-510103, and a poly (vinyl chloride) (PVC) membrane elec-
trode, respectively. The following cells were constructed.

Chloride ion electrode | Sample solution (DPC, C; KCl, C,)|

I moldm=®2 NH(NO; agar bridge|Reference electrode

(Ag-AgCl)

Reference electrode (Ag-AgCl) |1 mol dm~3 NH4NOs agar

bridge | Reference solution (DPC, X104 mol dm—3)|PVC

membrane |Sample solution (DPC, C; KCl, C;)|1 moldm—3

NH4NOj agar bridge |Reference electrode (Ag-AgCl)

The preparation of the PVC membrane electrode is described
elsewhere.!® The electromotive forces (EMF) of these cells
were measured with an accuracy of 0.1 mV by using a
Yokogawa Universal Digital Meter Model 2502 connected to
a voltage follower amplifier (input impedance=10!3Q}). Pri-
or to the measurements with DPC solutions, the chloride
ion electrode was calibrated with a sodium chloride solu-
tion of known activity.® This electrode was found to re-
spond to the chloride ion down to 5X10~¢ mol dm—3 with an
ideal slope of 59.2mV per decade change in chloride ion
activity. In the case of PVC membrane electrode, the
semilogarithmic plots of EMF wvs. surfactant concentration
gave a straight line with a slope of 59.1 mV in dilute con-
centration range below ca. 1X10~4moldm=3. This fact
suggests the Nernstian response of the PVC membrane elec-
trode to the DPC ion.

All measurements were conducted at 25 °C. The PVC mem-
brane was renewed after a series of experiments for a given salt
concentration.

Results and Discussion

The electromotive forces (E) of the foregoing cells can
be described as

E, = E} — Slog(a,/a}), (1
E_=E® 4 Sloga., @)
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Fig. 1. The semilogarithmic plots of E, vs. C at 25 °C.
1; C;=0, 2; C;=0.01, 3; Cs=0.02 moldm-3. The
curves 2 and 3 are displaced downward by 10 and 20
mV, respectively.
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Fig. 2. The semilogarithmic plots of E_ vs. C at 25
°C. 1; C4=0, 2; G,=0.01, 3; C;=0.02 mol dm-3.

where E? refers to the asymmetric potential of overall
cell system, E2 to the standard electrode potential, S to
the Nernst slope (59.2 mV at 25 °C), and superscriptr to
the reference solution, respectively. In Figs. 1 and 2 are
plotted E; and E_ against the logarithm of DPC con-
centration (C) in the presence and absence of KCI. The
break point in these figures corresponds to the cmc (C.,)
at a given salt concentration (C;). In the concentration
range above the cmc, the DPC ion activity (a4) is seen to
decrease monotonously with increasing surfactant con-
centrations, while the reverse is found for the chloride
ion activity (a-). As would be expected, these behaviors
are similar to those of surfactant ioné-12:1 and count-
er-ion1-5.7-10,12,149) activities in anionic surfactant solu-
tions. As can be seen from Figs. 1 and 2, the addition of
KCl results in a succesive decrease in the slope of E; or
E_ vus. log C plots above the cmc. Figure 3 shows the
concentration dependence of E_—E4 which is a meas-
ure of the mean activity (a4). It should be noted that
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The semilogarithmic plots of E.—E; vs. C at
1; C;=0, 2; C;=0.01, 3; C;=0.02 mol dm~3.
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Fig. 3.
25 °C.

the plot of E_—E, vs. log C at higher surfactant con-
centrations than the cmc gives a straight line with a
small but definite slope. Thus, we may write

log(a,a_ja%a?) = [(E_.—E2) — (E,—E2)]/S
= Kllog(C/Co), (3)

where the superscript ° refers to the cmc. The values of
K and the cmc determined from the break pointsin Fig.
3 are summarized in Table 1. It can immediately be seen
that an increase in salt concentration leads to a rapid
decrease in Ki. In accord with the results obtained for
anionic surfactant solutions,’-10.12.19 these observa-
tions reveal that the mean activity of DPCabove the cmc
increases progressively with increasing surfactant con-
centrations unless an excess salt is added. For example
in a salt free solution, the value of a4 at 0.1 mol dm=3 is
larger by a factor of 1.19 than that at the cmc.

In solutions of anionic surfactants such as sodium
dodecyl sulfate (SDS)”? and tetradecyl sulfate,® the
charged phase separation model has been confirmed to
hold over a wide concentration range above the cmc.
According to this model, a4+af should be constant at
higher surfactant concentrations. It follows imme-
diately from Egs. 1 and 2 that

E,|S = B(E_|S) + const. (4)

If B remains constant, therefore, the plot of E;/S vs.
E_/S is anticipated to give a straight line with the slope
of B. Asisshownin Fig. 4, E;/S depends in fact linearly
on E_/S in all cases studied, indicating that the charged
phase separation model is also valid for DPC solution.
It is worth noting that the value of 8 summarized in
Table 1 is virtually independent of the added salt
concentration.

In an attempt to estimate the intermicellar concentra-
tions of surfactant ion and counterion in SDS solutions,
Sasaki et al.” have assumed that the mean ionic molari-
ties of these ions in a micellar solution and in a hypo-
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TaBLE 1. THE POTENTIOMETRIC AND MICELLAR PARAMETERS OF DPC sorurioN AT 25°C
Cs/m mol dm-3 C,/m mol dm-3 K, K,/mV K,y/mol-! dm? B B
0 16.3 0.188 57.5 20.7 0.69 0.66
10 13.0 0.131 55.7 12.8 0.71 0.71
20 10.7 0.117 54.5 9.3 0.69 0.71
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Fig. 4. Plots of E/S vs. E_/S at 25°C. 1; Cs=0, 2; S
C;=0.01, 3; C;=0.02 mol dm-3. The curve 2 is dis- O
placed downward by 0.1.
0 oz 4 6 8
(€C—-C,)/10-2 mol dm~3
Fig. 6. The concentration dependences of C./Cy, 4/
p2, and y_/y° estimated from Egs. 6, 7, and 8. 1;
50 1 /23 C,=0, 2; C,=0.01, 3; C;=0.02 mol dm-3,
>
g change in E_—E; with logC% in the concentration
o range below the cmc, where C% denotes C(C+Cy).
) Regardless of the salt concentration, the plot is found
] 0k to give a straight line, i.e.,
E_ — E, = const. + K, logC}. (5)
The values of K2 are included in Table 1. Since C} in
the micellar solution is equal to C4[C4++C+(1—B){(C—
1502 . . C+)], Eq. 5 may be rewritten as

-6 -5 -4
log [C(C+ C;) /mol? dm~¢]

Fig. 5. Plots of E_—E, vs. log[C(C+G;)] in the con-
centration range below the cmc at 25°C. 1; C;=0,
2; €,=0.01, 3; C,=0.02 mol dm-3. The curves 2 and
3 are displaced downward by 10 and 20 mV, respec-
tively.

thetical solution composing only of monomeric ions
are identical with each other at a given mean activity.
The same assumption was also made by Cutler et al.19
in their potentiometric study of SDS solutions. Their
calculation suggests that the intermicellar concentra-
tion of dodecyl sulfate ion is not constant but decreases
regularly as the surfactant concentration increases.”-19
Under the same assumption, we made the tentative
estimations of the intermicellar concentration of 1-
dodecylpyridinium ion (C4) and ionic activity coeffi-
cients (74, y-) in a bulk phase. Figure 5 shows the

(E.—E°) — (E+—E2) =
K, 10g[C1{C1+ Cs+ (1 — B)(C—C4)}/Co(Co+Cs)].  (6)

Equation 6 allows us to estimate the change in C4
with the surfactant concentration above the cmc.
The knowledge of y+ and y- can then be obtained by
substituting the following relations into Egs. 1 and 2.

ar = y+Cy, (7)
a- = y-[Ci+Cs+ (1-B)(C—C1)]- 8

The values of C4+/C%, y4+/7%, and p—/y2 thus calcu-
lated are plotted in Fig. 6 as a function of C—C..
An important feature of Fig. 6 is a gradual decrease in
C; with the surfactant concentration though the
deviation from C, becomes progressively smaller as the
salt concentration increases. A similar behavior has
also been noted for SDS solution without added salt.”-10
Another interesting feature of Fig. 6 is a marked de-
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pendence of y4 and y- on the salt concentration. In
the absence of added salt, an increase in surfactant
concentration is accompanied by a decrease in the for-
mer while an anomalous increase in the latter. How-
ever, they tend eventually to level off. In the pres-
ence of 0.02 mol dm—3 KCl, neither y4 nor y_ depends
appreciably on the surfactant concentration. It isim-
portant to remember here that in the concentration
range above the cmc, the total concentration of counter-
ion in bulk phase, C++C+(1—B)(C—Cy), is always
larger than that of coion, C++C;. Thus an increase in
y-/7y2 estimated above will be ascribed to an increase in
the repulsive interaction between counterions in
bulk phase compared to that at the cmc where the
concentrations of counterion and coion are identical
with each other.

An information about the degree of counterion asso-
ciation to the micelle can otherwise be obtained from
the concentration dependence of counterion activity
alone according to the method advanced by Botré et al.?
In this treatment, itis usually assumed that the counter-
ion activity coefficient and the concentration of mono-
meric surfactant ion remain constant even above the
cmc.1-3:5.10 On converting y- and C4 in Eq. 8 to »2
and C, respectively and denoting B in this case by
B’, we have

a_ja® = exp[2.303(E-— E°)/S]
L4+ (1-p)(C~G,)[(Co+Cy)
1 + Ky(C—C,). 9

Il

Il

In all cases studied, the plot of a_/a2 vs. C—C, gives a
straight line with a slope of K3. The values of Ksand g’
are summarized in Table 1. It can immediately be seen
that the difference between B’ thus estimated and B is
negligibly small. We must keep in mind, however, that
this agreement does not necessarily support the validity
of the underlying assumption of Eq. 9, since the forego-
ing calculations show that both C4 and y- depend
appreciably on the surfactant concentration. In this
connection, it is important to note that a similar rela-
tion to Eq. 9 can be derived under certain conditions
even if C; and y- are dependent on the surfactant con-
centration. An expression of the counterion activity,
Eq. 8, can formally be divided into two terms;
y-(C++C;) and y_(1—B)(C—C4). If each term is linearly
dependent on the surfactant concentration, i.e.,

7-(C++Gy) = y2(Co+GCy) + Ay2(C—C,)

and

y-(1-B)(C—Cy) = y2B(C-C,),
we immediately have,

a_fat =1+ (A+B)(C—GC,)/(Co+Cs). (12)
This is exactly identical with Eq. 9 provided that the
numerical value of 4+B is equal to 1—f’. Asis clearly
shown in Fig. 7, indeed, the plots of the left hand sides
of Egs. 10 and 11 against the surfactant concentration
give a straight line, respectively. In addition, the values
of A+B determined from Fig. 7 are in fair agreement
with those of 1—8’. Thus,the utility of Eq. 9 in deter-
mining the degree of counterion association to the
micelle appears to rest on the fact that in micellar

(10)

(11)
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(C+G)
P

o

(Co+Gy) or y-(1-B)(C-Cy)/y

o

y-(C++Cs) [y

(C=GC,)/(C,+GCy)

Fig. 7. The concentration dependences of the left hand
sides of Egs. 10 and 11. 1; Cs=0, 2; C,=0.01, 3;
C;=0.02 moldm=3. Q; y-(C++Gs)/y2(C.+Cs), @;
7-(1=B)(C—C1)[y2(Co+Cy)-

solution the counterion activity coefficient and the
intermicellar concentration of the surfactant ion vary
with the surfactant concentration so as to satisfy Egs. 10
and 11.
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