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Mean activity coefficients of NaCl, NaNCS, or Na;SO4 were evaluated on the basis of the Donnan salt distribution
in sodium polyacrylate (a =0.3, 0.5, 0.8, and 1.0), sodium polystyrenesulfonate, poly(2-methacryloxyethyltrimethylam-
monium) chloride or polyallylamine hydrochloride solutions. Observed mean activity coefficients were close to those
given by Manning’s limiting law (LL) at polyelectrolyte concentration m. =0.001 mol kg~ in all systems examined. The
observed activity coefficients showed large deviations from LL at high m. and for Na,SO, but they were in fair agreement
with the theoretical values when corrected for the contribution from the small ion—small ion interaction.

Interactions of polyions with small ions have been rea-
sonably understood on the basis of Manning’s limiting law
(LL)" or the Poisson—Boltzmann (P-B) approach.?'? Mean
activity coefficients of salts in polyelectrolyte solutions are
an important measure of the interactions of polyions with
small ions. We have determined the Donnan salt distribution
on several salt/polyelectrolyte pairs,'*!'¥ and in this study,
we evaluate the mean activity coefficients on the basis of
these Donnan salt distribution data. Observed mean activity
coefficients were compared with predicted values from LL.
While small ion—small ion interactions are not taken into ac-
count in the limiting law, or these contributions are assumed
to be approximately same in both the polyelectrolyte solu-
tion and the salt solution, their contribution is involved in
the observed values. The excess free energy arising from
the small ion—small ion interactions was added to that from
polyion—small ion interaction to evaluate the activity coeffi-
cient of small ions. According to the treatment by Wells,'>
we approximated the contribution from small ion—small ion
interaction with the mean activity coefficient in a pure salt so-
lution at the salt concentration m; found in the polyelectrolyte
solution. The validity of this procedure was examined.

Experimental

Materials. Poly(acrylic acid) (PA) and sodium poly(sty-
rene sulfonate) (NaPSS) were purchased from Toa Gosei Chemicals
Co. and Polyscience Inc. (Lot No. 413336), respectively. Poly(2-
methacryloxyethyltrimethylammonium) chloride (PMETAC) was
obtained in the usual way by polymerizing 2-methacryloxyeth-
yltrimethylammonium chloride, purchased from Polyscience, Inc.
Polyallylamine hydrochloride (PAAm) was purchased from Nitto
Boseki Co., Ltd. and purified by the method described.'®

Results and Discussion

1. The Estimation of Activity Coefficients of Salts.
Mean molal activity coefficients y4 of NaCl or NaNCS in the

polyelectrolyte solutions were calculated from the following
equation.
(¥ (ms + meym, = (yem)?, ©)

where m, denotes the polyelectrolyte concentration in mol
kg™!, and mq and m/ represent the salt concentrations in
mol kg~! of the solutions with and without polyelectrolyte,
respectively. Primed quantities refer to the external solution
without polyelectrolyte.

In the case of Na,SOy, Eq. 2 was used in place of Eq. 1.

(y£) @ms +me)Yms = 4(yml)’. )

For NaCl, mean rational activity coefficients f were calcu-
lated as follows.'”

log fi = —A@m)' /[1+ (m))'*] + bm. 3)
(A=0.5115 and =0.16)

Here, y| were calculated as f/(1+0.001 vWam), where v,
Wa, and m represent, respectively, the number of moles of
ions formed by the ionization of one mole of solute (NaCl),
the molecular weight of the solvent (water), and moles of
solute per kilogram of solvent.'”

For NaNCS'®
10g e = ~A(m))'? /(1 + Ba(m})'/*], @
log Wics = —A(mY)'"?/[1+Ba(m})'/*1, )

where A=0.5114, B=0.3291x 10%, a=4.5 and 3.5 for Na* and
NCS™, respectively.

¥e = (fathes)' (6)
For Na2$O4’9)

logy=—0.708(6m})" /> / {1+A(6m])"/* }+B(6m])—log(1+0.054m}),
0
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where A=0.719 and B=—0.0053.
The activity coefficient is related to the salt exclusion pa-
rameter I as follows in terms of x defined as m./m;.

(re/ve) =Tx+17/(x+1)

(ye/72) =4 x+1)° [ (x+2)?

Here I is defined as (m, — mg)/me..

Mean activity coefficients predicted from LL (y), are
given as follows.

For 1-1 electrolyte,” such as NaCl and NaNCS,

for NaCl and NaNCS§, (8)

for Na;SOq. )

In(y+)ie = —&x/{2(x+2)}
and
(e ={(E ™ %+ 1)/Gc+ D} Pexp [~ &' x/{2E " x+ )}
(E>1) (10)

&<

For 1-2 electrolyte, such as Na;SQy,

In(ye)e = —E&x/(x+6)
and
(re)e = {(E 7 'x+2)/x+ 2} Pexp {~E'x/(E"'x+6)}
(E>1 an

(&<D

Here & is defined in terms of the Bjerrum length /5 and the
separation of charged b along the polymer chain as £=Ig /b.
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Fig. 1.

Polyelectrolyte-Salt Interaction

The charge density parameter £ is estimated to be 2.85 for
NaPA, NaPSS, PAAm, and PMETAC. For partially neutral-
ized PA, £ is taken as @ x2.85 in terms of a, the degree of
ionization. The mean activity coefficients predicted from LL
(74 )L are shown with dotted lines in all figures.
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Fig. 2. Mean activity coefficients of Na;SO4 as a function
of x in NaPA solutions. A: me=0.001 mol kg“'; O: me=
0.01 mol kg_'; : m.=0.10 mol kg“'. The dotted curve,
(Y+)LL, is predicted from Eq. 11. Solid curves represent
(Y4£)LL Y (ms) for me=0.001,0.01, and 0.10 mol kg !, from
top to bottom, respectively.
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Mean activity coefficients of NaCl as a function of x in NaPA solutions. (a) m. =0.001 mol kg_'. (b) me =0.01 mol

kg™, (¢) m.=0.10 mol kg"l. (d) ms=0.01 mol kg‘]. Dotted curves, (y+)LL, are predicted from Eq. 10. Solid curves represent

(7))L Y (ms).
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2. Comparison of Experimental Activity Coefficients
with Theoretical Values. The activity coefficients of
NaCl and Na;SO4 for NaPA are shown in Figs. 1 and 2,
respectively. Activity coefficients decreased as m. or m;
increased. At m,=0.001, the observed values agree with
(Y+)L- When m, is large, however, the observed values
are smaller than ()L in the small x region, that is, the
large m region. In particular, they are considerably smaller
than (4 )LL in the case of Na,SO4 over the entire range of
x examined. While small ion—small ion interactions are not
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taken into account in the limiting law, or their contributions
are assumed to be approximately same to both Yy and ¥},
their contribution y7’ is involved in the observed y4 values.
The difference between observed values and (y4 ) will be
reduced if the contribution ¥ is taken into account.

When the electrostatic free energy is assumed to be the sum
of two interactions, polyion—small ion and small ion—small
ion, we have, yy =% y$, where Y% represents the contribu-
tion from the polyion—small ion interaction. When accounts
were taken of interactions between small ions, LL. would be-
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Fig. 3.

Plots of y+/y’(ms) of NaCl against x for NaPA, NaPSS, PMETAC, and PAAm. O: NaPA at constant m.; @: NaPA at

constant ms; A\: NaPSS at constant m.; A; NaPSS at constant m,; [J: PMETAC at constant m.; &: PAAm at constant m.. The

dotted curve, (¥4)LL, is predicted from Eq. 10.
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Fig. 4. Plots of y4/y’ (ms) of Na;SOy against x for NaPA and NaPSS. O: NaPA at constant m,; A: NaPSS$ at constant m.. The

dotted curve, (4 )L, is predicted from Eq. 11.



3078 Bull. Chem. Soc. Jpn., 69, No. 11 (1996)

come applicable to finite concentrations of simple salt under
low polyelectrolyte concentrations. Observed activity co-
efficients should be compared with (y3¥)(y4+)1 rather than
(7£)LL-

Wells approximated y§ with ¥, (m;), the mean activity
coefficient in a salt solution at the salt concentration m;. It is
to be noted that the external salt concentration in the Donnan
equilibrium is m{. The values (y+)u1, ¥4 (ms) are shown in
Figs. 1 and 2 with solid lines. The two curves (y4) 1 and
(y+)1L Y4 (ms) tend to merge as x increases (as mg decreases).
However, when x varies at a constant m, Fig. 1(d), the two
curves are parallel. Observed y. values show weaker x-
dependence than those two curves. It is to be noted that
the agreement between the observed y4 and (¥$)(y4)iL is
greatly improved in the case of Na;SOy.

Polyelectrolyte-Salt Interaction

In Fig. 3, values of y./y4 (ms) of NaCl are shown for sev-
eral polyelectrolytes. In this section, we discuss the results
on polymers other than PSS, since PSS showed different be-
havior from other polymers. The data points correspond to
NaPA, PMETAC, and PAAm at different m, and mg. Al-
though scattered, these data have nearly identical results.
Different values of y4. obtained at different m. converge to
values within a narrow width after corrected for y§*. The
value y4/y} (ms) is regarded as a good approximation to Y5
and hence compared with (y4)1L given by a dotted curve.
The values y4/y) (ms) show systematic upward deviation
from (y4 )L by about 0.02 at small x, and the upward devi-
ation is more significant at x greater than 5. Large x values
correspond to small mg except for the data represented with
filled symbols. (The latter was obtained at constant mg.) The
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Fig. 5.

Plots of y4/yy (m,) of NaCl against x for partially neutralized PA at m.=0.01 mol kg™'. O: @=0.3, O: @=0.5; A: @=0.8;

[: @=1.0. Dotted curves represent (y+ )L predicted from Eq. 10 for @=0.3, 0.5, 0.8 and 1.0, from top to bottom, respectively.
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Fig. 6.
curve, (Y+)LL, is predicted from Eq. 10.
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Plots of y./9y(ms) of NaCl and NaNCS against x for NaPSS at m.=0.01 mol kg='. A: NaCl; 7: NaNCS. The dotted
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upward deviation indicates y§f >y} . It is reasonable that at
small m;, ¥ is closer to unity and hence greater than y (m;)
because of the strong influence of the polyion electric field.
In other words, the superposition approximation is not good
at small ms. In the case of Na;SO4 shown in Fig. 4, the
agreement is fair over the entire range of x for both NaPA
and NaPSS, suggesting ¥ are still smaller than unity for this
salt.

This general trend prevails for other charge densities when
examined on NaPA as shown in Fig. 5. Both observed and
theoretical activity coefficients show weaker x-dependence
as charge density decreases.

We conclude that the approximation y§* with v} (m;) works
at small x, smaller than about 4 or 5, and that ¥ is better
approximated to be unity at large x. The conclusions differ
from that of Wells on NaBr—Na polymethacrylate where the
approximation was shown to be valid over the entire x value
up to 60.

3. Results on NaPSS. In this study, NaPSS showed dif-
ferent behavior from the others. Mean activity coefficients of
NaCl in NaPSS solution are greater than those of other poly-
electrolytes examined as judged from Fig. 3. Similar results
were obtained for both NaNCS and NaCl as shown in Fig. 6.
Activity coefficients of Na, SOy are also slightly greater than
those of NaPA (Fig. 4). The peculiar behavior of PSS is
thus commonly seen with different co-ions extending over a
wide range of the Hofmeister series. This behavior of y. is
a consequence of the previous results that the salt exclusion
in NaPSS solution is significantly greater than those of other
polyelectrolytes examined.'® Also, osmotic coefficients for
NaPSS in salt-free polyelectrolyte solution have been known
to be greater than those for other polyelectrolytes. These
imply that the interaction between PSS~ ion with counter-
ions is weaker than those of other polymers examined. A
possibility that our PSS sample has lower charge densities
was found to be not the case. The amounts of ionized groups
in the samples of known dry weights determined with H* ion
titration allowed us to conclude the degree of sulfonation to
be greater than 0.94. The data on the effect of the charge
density shown in Fig. 5 clearly indicate that this small differ-
ence in the degree of ionization &, 0.06 or less, cannot cause
the observed difference between PSS and the others shown
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in Fig. 3. It is not easy to interpret the difference in terms of
the bulkiness of the side chains, since PMETAC, consisting
of a comparably bulky side chain, behave similarly to PA
and PAAm.

In Fig. 3 the results on PSS not only deviate from those of
other polyelectrolytes, but also scatter within a much wider
range than for other polymers. This will be closely related
to the m.-dependence of both k and ¢,: the dependence is
stronger in the case of PSS than other polymers.

The author thanks Professor H. Maeda for helpful discus-
sions. This research is partially supported by the Sasakawa
Scientific Research Grant from The Japan Science Society.
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