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It has been shown that the apparent enhancement of divalent metal ion binding to polyions such as polystyrenesulfonate
(PSS) and dextran sulfate (DS) by decreasing the ionic strength of these mixed counterion systems (M¥*, M*, X", polyion)
can be anticipated with the Donnan-based model developed by one of us (J.A.M.). [on-exchange distribution methods have

been employed to measure the removal by the polyion
mixtures. These data and polyion interaction data pu

of trace divalent metal ion from simple salt (NaClO,)-polyion (NaPSS)
blished earlier by Mattai and Kwak for the mixed counterion systems

MgCl,~LiCl-DS and MgCl,—CsCl-DS have been shown to be amenable to rather precise analysis by this model.

Introduction

In a recent publication of Mattai and Kwak' interpretation of
a detailed investigation of polyion—counterion interactions in the
mixed counterion systems M2*/M*/X"/polyion (where M =
Mg?*, Ca?*; M* = Li*, (CH;),N*, Na*, K*, or Cs*; X~ = CI"}
polyion = dextran suifate) at various ionic strengths and polymer
concentrations was sought with the “two-variabie theory” de-
veloped by Manning.? This approach, a direct outgrowth of
Manning’s counterion “condensation modet”,’ while qualitatively
predicting the observed properties of these systems, could not
anticipate the differences in behavior that were determined to be
a function of the particular metal ion employed. This result, of
course, was not unexpected since the theoretical estimates which
are solely determined by the structural charge density parameter
of the polymer, £, yield one kind of behavior for all systems and
must necessarily be completely insensitive to the effect of the
nature of the univalent counterion present in excess. The qual-
itative aspects of this application do not, however, detract from
the vaiue of the “counterion condensation” concept. Instead they
confirm the validity of the model and lead to the following reasoned
observation. If a-“condensed” volume is indeed encountered in
charged polyelectrolyte systems it must be permeable to the
diffusible components, excess salt and water of the system. The
higher counterion density of the “condensed™ volume must, as a
consequence, lead to a Donnan patential resistant to salt entry.
The Donnan model deduced from this kind of reasoning is believed
to provide additional insight with respect to the properties of
polyelectrolyte—excess neutral salt mixtures.

In an eariier publication by one of us (J A.M.)* it was shown
that the distribution of counterions in polyelectrolyte-salt mixtures
is indeed controlled by a Donnan potential. Use of this concept
facilitated quantitative interpretation of polyelectrolyte equilibria
to document fully this conclusion. Further confirmation of the
applicability of a Donnan model to polyelectrolyte—sait mixtures
has been sought in this paper by examining the use of this approach
to anticipate counterion patterns of partition between a polyion
domain, assumed to be identical with the “condensed” volume
available from Manning’s two-variable theory, and the solution
in equilibrium with it.

We have analyzed by our approach* the data obtained by us
in a study of the interaction of several trace metal ions (Cal*, Zn¥*,
and Co?*) with sodium polystyrenesulfonate as a function of
polyelectrolyte concentration and the concentration of excess salt.
We have also examined by our approach additional data obtained

by Mattai and Kwak for two systems (MgCl-LiCl-dextran |

T Chemistry Department, State University of New York at Buffalo, Buffalo,
NY 14214, .

INASA, Lewis Research Center, Cleveland, OH 44135,

VYU.S. Geological Survey, Water Resources Division, Denver Federal
Center, Denver, CO 80225,

sulfate and MgCl,~CsCl-dextran sulfate). The behavior of the
first of these two systems was well anticipated by the Manning
theoretical treatment while the propertics of the other were not.

In this model, the electrochemical potential of the diffusible
components, MX, and MX, in the presence of a fully dissociated
polyelectrolyte, M3*, M* polystyrenesuifonate ((PSS-),), is at
equilibrium at every point in the system. By dividing the system
into regions large enough to buffer disturbance by ion fluctuations
in the system but small enough to be representative of differential
volume elements of the system, one can equate the electrochemical
potential of the diffusible components in the volume element at
the surface of the polymer which is representative of the polymer
domain with any other differential volume element throughout
the solution which in turn can be equated with the average ma-
croscopic electrochemical potential measured for these compo-
nents.** With this approach

Gyv/ (@)t = awtr/ (@n)? ()]

where the symbol — and the bar placed over the activity, a,
assigned to each of the two counterions represent the polyion
surface (domain) and the solution itseif.

To facilitate assignments of activities to the pairs of ions
(univalent and divalent) examined in our studies the ratio of
dp*/(3u*)? has been obtained from the literature-based mean
molal activity coefficients at the experimental ionic strength by
expressing their ratio as

(3w - mel('y*"(MXz))’
(@u")?  (mux) (ra2(MX))*

@

. In those situations where the ionic strength of the system was 0.10

or less the single ion activity coefficients employed were based
on their computation by Kielland.® To obtain a similar evaluation
of @y*/(@u")? ion-exchange selectivity data available for the
various pairs of ions’ were used to assign values of 7/ (Fu*)?
in the PSS systems studied. In our examination of the trace
divalent metal-NaPSS-NaClO, systems in this article, Fy*/
(Fm*)? was obtained directly by simply extrapolating such ion-
selectivity data, plotted as a function of resin molality, to the
molality value deduced for the polymer domain. With the dextran
sulfate system the same procedure was used for assignment of
I3t/ (Fm*)? values. However, because of the absence of ion-
selectivity data for resin analogues of dextran sulfate the ion-
exchange data available for the poly(styrenesuifonate) system were

(1) Matai, J.; Kwak, J.C. T. J. Am. Chem. Soc. 1982, 86, 1026.
(2) Manning, G. S. Q. Rev. Biophys. 1978, 2, 179.

(3) Manning. G. S. J. Chem. Phys. 1969, 51, 924,

(4) Marinsky, J. A. J. Phys. Chem., preceding paper in this issue.
(5) Michaeli, 1.: Katchalsky, A. J. Polym. Sci. 1957, 23, 683.

(6) Kielland, J. J. Am. Chem, Soc. 1937, 59, 1675.
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substituted for estimate of this parameter. The presumption that
dextran sulfate parallels the polystyrenesulfonate in its interaction
with metal ions is not unreasonable but can be expected to detract
somewhat from the unambiguous model substantiation sought in
this article.

In this approach the effect of ion—ion interaction on the activity
coefficient ratios in the polyion domain and in the overall solution
as the relative content of M2* and M* varied in both phases has
been neglected. _

To evaluate T M*/3_SV,, the fraction of univalent metal ion
apparently associated with the polymer domain volume, ¥, in the
presence of trace metal ion, a correjation for site vacancy was made
by muitiplying the above term by (1 - ¢p,,+), where ¢p, .. is the
measured™® (or computed)? practical osmotic coefficient of the
M ion form of the polyelectrolyte. In transposing the data of
Mattai and Kwak site vacancy associated with the uptake of M?*
ion by the dextran sulfate also had to be taken into account as
shown in eq 3 by multiplying its experimental fractional uptake,
TM*/3S, by 2(1 + ¢p,24+) Where dp,z4 is the measured’® (or
calculated)’ practical osmotic coefficient of its M?* ion form. Use
of the ¢p parameter in the above manner for site vacancy estimates
is justified, both experimentally and theoretically, by the fact that
the fraction of polymer matrix surface charge neutralized by
counterion condensation can be equated with (1 - ¢p).

2TM -
- TS (1 + ¢5,) JU-¢p) =2MY/2Z5V,
Ve
(3)
With eq | rearranged as shown:
auw* (a «)2
e (12)

(Gy*)? (dm**) =

Substitution of the concentration and activity coefficient terms
expressed as described above yiclds

(ZMH* /) (Vo) (Tm*) (i) (72 5(MX))*/

M2+
[{[(1 -ZZZS )(1 + ¢,,Mz+)] X
2

(1 = dpye) { (Tm*) (i, )(YHMX))?

=1 (4

It was possible to determine the validity of the approach by
comparing the value of the activity ratios so obtained with the
sought-for vaiue of unity. The theoretically based equation due
to Manning? was used to provide an estimate of V.

The fact that Manning's free energy minimization based es-
timate of ¥, provides a reasonable estimate of this parameter!®
was believed to justify its use to reach the above goal. Even though
Manning does not consider a Donnan potential mode it is difficuit
for this author to disregard this. aspect of Manning's
“condensation” model. :

Experimental Section

The ion-exchange distribution method, first employed by
Schubert,’ was used in the_research program to facilitate the
accurate assessment of (3 M?* /3 S)/rty* in our examination
of trace metal ion interaction with NaPSS.

All chemicals used in the experimental program were reagent
grade. Deionized, triply distilled water was used in the preparation
of all solutions. Sodium polystyrenesulfonate (NaPSS) of average

{7) Reddy, M. M.; Marinsky, J. A. J. Macromol. Sci., Phys. 19718 85(1),
135.

(8) Reddy, M. M.; Marinsky, J. A, J. Phys. Chem. 1970, 74, 3884. Reddy,
M. M.: Marinsky, J. A.: Sarkar, A, /bid. 1970 74, 3891,

(9) Schubert, J.; Russetl, E. R.; Meyers, L. S. J. Biol. Chem. 1950, /85,
387.

(10) Manning, G. S. J. Phys. Chem. 1981, 85, 870.
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molecular weight 500000 was supplied by the National Starch
and Chemical Corporation, Bridgewater, NJ.

Stock solutions of the NaPSS, prepared for use as described
in earlier research with this polyelectrolyte,’® were standardized
by titrating the total H* ion form with standard 0.100 N NaOH.
Their density was measured to permit conversion from molarity
to molality units.

Sodium perchlorate, prepared by the controlled neutralization
of perchloric acid with sodium carbonate prior to its crystailization,
was dried to constant weight at 110 °C. Stock solutions of the
desired molality were then prepared.

Analytical grade AGSOW-X8 cation-exchange resin, 50-100
mesh, obtained in the hydrogen form from Bio-Rad Laboratories,
Richmond, CA, was converted to the sodium form with NaOH.
The resin, washed free of hydroxide ion, was then equilibrated
isopiestically with saturated ammonium chloride solution to controi
the resin water content.

The water content of the resin, following equilibration with
0.100 m and 0.300 m NaClO,, was determined to be 0.9189 and
0.8984 per gram of dry resin by using the procedures described
by Gregor, Held, and Bellin!! and Scatchard and Anderson.'? Salt -
invasion by the resin was not measured; it has been shown to be
negligible even in 0.3 m solution.

The resin capacity (mequiv of Na*/g of dry resin) measured
for each prepared batch of sodium-form resin was 4.68 = 0.08
by using two procedures: weighed samples were converted to the
hydrogen form prior to titrating the resin in the presence of NaCl
with standard base in the first, and an isotope dilution technique
using sodium-22 was employed in .the second.

The radioisotopes calcium-45, cobalt-60, and zinc-65, which
were employed as trace metal ions in the jon-exchange distribution
studies, were purchased from either the ICN Chemical and Ra-
dioisotope Division or the New England Nuclear Corporation.

The distribution studies were carried out in solutions either 0.10
m or 0.30 m in NaClQ,; they contained NaPSS at concentrations
ranging from 5.0 X 10~ to approximately 2.0 X 102 mon a
monomer basis. Approximately 24 uCi of the radioactive trace
metal ion were added to the sample solution.

In a typical experiment two weighed aliquot portions of the
sample solution were added to approximately 1.2-g samples of
the solvated sodium-form resin previously weighed into poly-
ethylene bottles. The samples were agitated at 25 % 0.5 °C for
a period of at least 24 h. The residual activity level of duplicate
aliquot portions of the solution phase were measured for com-
parison with the activity level of the solution prior to contact with
the resin.

In each distribution study, parailel experiments were carried
out with the polyelectrolyte-free but otherwise equivalent solution.
In addition, distribution measurements were performed over an
extended concentration range of the buik electrolyte in order to.
define the distribution pattern of the metai ion between the resin
and solution phases. To assure the validity of the experimental
program it was important to demonstrate that the distribution

_pattern agreed with theoretical predictions.

Radioactivity measurements were performed with a Packard
Tri-Carb Spectrometer which was equipped with an Auto-Gamma
Analyzer. Solutions containing the v emitters, %°Co and *Zn,
were measured with the Auto-Gamma Analyzer which consisted
of a well-type Nal(T1) scintillation detector and a single-channel
analyzer. The liquid scintillation detector was used to measure
the S-emitting *°Ca radionuclide; an emuision counting technique
using a toluene, Triton X-100 scintillant'? was employed.

In most cases at least 5 X 10* disintegrations were collected
to assure high statistical precision in the measurements.

Resuits and Discussion

A representative presentation of the equilibrium distribution
behavior of a trace metal ion between resin and polyelectrolyte-free
NaClQ, solution as the electrolyte concentration is varied is given

(11) Gregor, H. P.; Held. K. M.; Bellin, J. Anai. Chem. 1951, 23, 620.
(12) Scatchard, G.; Anderson, N. J. J. Phys. Chem. 1961, 65, 1536.
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Figure i. Distribution, Dy, of ®Co between PSS resin and NaClO,
solution.

in Figure {. In this figure the logarithm of D® (counts/s/g of
dry resin/counts/s/g of soin) is plotted vs. the logarithm of the
mean molal activity of NaClO,. Such examination of the dis-
tribution data provides a stringent assessment of the salt con-
centration range in which the ion-exchange distribution method
can be employed to measure quantitatively the extent of se-

. questering of trace metal ion by the polyelectrolyte under in-

vestigation in our systems. As long as (1) curvature is absent in
the resultant line and (2) the straight line has a slope of =2.00
for the trace divalent ions the fundamental assumption that is the
basis of the method can be assumed to be obeyed. As soon as
deviation from the straight line occurs this basic assessment of
the situation, i.e., the constancy of the macrocounterion compo-
sition of the resin phase, is no longer valid due to significant
imbibement of the resin by NaClO,. Such deviation from ideal
behavior is noticeable in Figure 1, curvature from the straight
line observed (slope = —2.10) occurring when the concentration
level of the NaClO, reaches 0.60 m. In the other trace activity
(43Zn, ¥Ca) NaClO, systems examined straight lines were also
obtained (a slope of -2.08 for ¥Co(II) and -2.04 for $5Zn(Il))
beyond the limited (<0.3 M) NaClO, concentration range ex-
amined. [n every case Dy is well-behaved in the concentration
range of our experimental program and use of the ion-exchange
distribution method to examine the removal of trace metal ion
from the solution phase by polyelectrolyte as described in the
Experimental Section of this manuscript is shown to be most
appropriate.

The distribution data obtained for the trace metal ion~
NaPSS~-NaClO, systems are summarized in column 2 of Table
[. Estimates of the apportionment of the trace element between
NaPSS and the NaClO, solution from these data are listed in the
last column of this table.

The (Do - D)/D parameters resolved from the distribution data
to define the ratio (“M2*)/*M?*) are listed in Table { and have
been employed in eq b to test whether the Donnan model provides
a meaningful description of the system under investigation.
Resolution, with this equation, of numbers close to unity would
provide substantial support for the validity of the premises put
forward in development of this equation.

To facilitate the computations a value of 879 mL/mol was
assigned to Vj; this estimate of Vp was obtamed with the following
theoretically based equation of Manning.?

Ve = 4.11(8 = 1)(6)° (5)

In this equation ¥} has the units of cm’/mol when b, the struc-
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TABLE k. Apportionment of Trace Metal lon (*M3*) between
NaPSS and NaClO, Solution As Deduced from lon-Exchange
Distribution Measurements

NaPSS. m D Do-D (D, - D)D"
System: ®Co**, NaPSS, 0.300 m NuClO,
0.00094 180.1 3.5 0.0194
0.00130 178.4 5.2 0.0291
0.0025 1759 7.1 0.0438
0.0052 171.5 16.1 0.0961
- 0.0080 161.0 22.0 0.137
0.0105 155.7 27.9 0.179
System: %“Co¥*, NaPSS, 0.100 m NaClO,
0.00084 1344.6 136.3 0.113
0.0017 1146.8 197.8 0.172
0.0026 11223 2223 0.198
0.0054 866.0 478.6 0.553
0.0092 6150 - 729.6 1.186
0.0123 ©498.4 846.2 1.698
System %Zn?*, NaPSS, 0.300 m NaClO,
0.00059 177.7 1.5 0.00851
0.000923 175.0 2.7 0.0154
0.0013 173.6 4.1 0.0236
0.0025 170.8 6.9 0.0404
0.0050 163.5 14.2 0.0869
0.0079 156.0 21.7 0.1391
0.0100 150.2 27,5 0.183
System: **Ca’*, NaPSS, 0.300 m NaClO,
0.0052 3222 378 0.117
0.0070 318.5 44.5 0.141
0.0099 290.0 70.0 0.241
0.0293 219.2 140.8 0.642
0.0513 167.2 192.8 1.153

¢(Dy - D)/ D = “*M**/g of soin/"M**/g of soln.

turally based distance between charged sites, is expressed in
dngstrom units.

The ratio of (¥n)%/(9*) in 0.30 7 NaClO, was calculated
as described earlier by using the published mean molal activity
coefficients for NaClO, and M(ClOy,), at this ionic strength.
When an ionic strength of 0.10 was employed in the experimental
program the single ion activity coefficients available from Kiel-
land’s computanons of this parameter® were employed directly.

A MK, parameter has been defined as the product of the
molahty-based ion-exchange selectivity coefficient measured for
the exchange of macro-levei concentrations of H* ion with M3+
ion, present at tracer level concentrations, “M?*, and the mean
molal activity coefficient ratio of HX and MX,, ( Q’(HX))‘/
(*v.°(MX,))?, in the solution phase.” On this basis " K is equal
to the activity ratio, (vy*)?/(“ym*), of hydrogen and trace divalent
metal ion in the resin phase and the activity coefficient ratio
Tt/ (—yN,')" in our polyelectrolyte—salt systems could be deduced
from plots of MK 'ac V8. resin-phase molahty obtained in an earlier
investigation of ion-exchange selectivity.” Assignment of the
reciprocal of this term from extrapolation of the resuitant line
to the polymer domain concentration value of 0.91 (M*(1 -
®p,)/ Ve = 1(0.8)/0.879 = 0.91) as shown in Figure 2 could be
made to yield Fp*/(Fna*)? directly since Fn,/Fy =~ 1 at the
Bolymer domain molality. This can be seen from the plot of

13.14 that is included in Figure 2.

There are in Figure 2 two plots of 9K, for the Zn-
HCIO ~resin (HPSS) system, one set of numbers having been
derived from selectivity studies in 0.016 m HCIO, while the other
set was obtained from measurements in 0.168 m HCIO‘ Becausc
some error has to be introduced into the assessment of K. by
assigning the mean molal actlvuy coefficient of the pure dlvalcn(
metal perchlorate at the ionic strength of the system to the trace
metal ion, the deduced value of [K,. must be less affected by

(13) Patterson, M. S.; Greene, R. C. 4nal. Chem. 1968, 37, 854.

(14) Meyers, G. E.; Boyd, G. E. J. Phys. Chem. 1956, 60, 521.

(15) Helfferich, F. “lon Exchange™; McGraw-Hill: New York, 1962;
Chapter §, Tables 5-9, p 169.
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Figure 2. Plots of ¥X,..vs. resin-phase molality,™!+15 A: ‘LC!‘”K“ =
(F1)?/Fcy: Q.168 m HCIO,. B: "W Koo = (74*)/(Feo*); 0,168 m
HCIO, C:- 7" Ky = (Fu3)HfTcot*): 0.168 m HCIO,. D: Tik,, =
Fui)/(Fey 1= 001, B J# Kao = (F4*)*/(72*): 0.016 m HCIO,.
Fo W Kae = () ()i T = 0.1,

neglect of ion—ion interaction at the lower ionic strength. We have
as a consequence used the 55Z1 selectivity data obtained in 0.0160
m HCIO, to assign a value of 2.8 to both "J¢,/(¥n.)? and
Y2/ (Fna)? for use in eq 1a. Selectivity data at this lower ionic
strength are unavailable for the *Ca-NaClO,-resin (HPSS)
system and we have used the value of 3.8 extrapolated from the
1K ac VS. mypss plot presented for the higher ionic strength
system to test the Donnan model applicability in this instance.

The results of the above treatment of the ion-distribution data
compiled to test the Donnan model are summarized in Table II
which follows. It can be observed that even when polyelectrolyte
concentration is varied more than tenfold and salt concentration
a factor of 3 there is no real deviation from the Donnan-predicted
behavior. Deviation from the expected value of unity is about
20%. In those experiments where Dy ~ D is small, error of this
order of magnitude was possible.

To test the Donnan model further the data obtained by Mattai

and Kwak with the LiCl-MgCl,~dextran suifate and the CsCl- -

MgCl,—dextran sulfate systems have been interpolated from the
Scatchard curves presented in Figures 1, 5, and 6 of their pub-
lication for use in eg la. The parameter 3" M3**/3 S(ry*) of
eq la was obtained directly from their plots of K, vs..4;
(ZM* /T S(ritgae) vs. TM?* /TS in our notation). The quantity
(ZM*/3S) was then assessed as shown: T M*/3S = (1 -
2ATMZ /TS + ¢p,))(1 = dp,+). A careful stoichiometric
balance of counterions led to the precise estimate of riny*.
Kielland’s table of single ion activity coefficient projections® was
used to evaluate (Fp+)?/(7pe+). Equation 5 from Manning? was
employed to evaluate a ¥p of 1300 mL/mol of polyelectrolyte.
A charge density parameter, £, of 2.8 and a mean interchange
distance of 2.6 A for the fully extended polyelectrolyte chain was
used in this equation. These parameters were employed earlier
by Mattai and Kwak! in their application of the two-variable
theory of Manning for the examination of theif data. Finaily the
values of (Fp+)/(Fu+)* were deduced by using Figure 2. By
refercnc.c, to the literature’* it is determined that M8K, . is about
equal to *"K . accessible from Figure 2 so that Fme®/ (Fuit)? was
taken to be about equal to 1/2.8 or 0.36. From Figure 2 we also
were able to determine that at a resin molality of 0.6, the con-
centration presumed to prevail in the dextran sulfate polymer
domain (n1, = Z5(1 - ¢p,,+/ LSV = 0.8/1.3 = 0.62 M), ;/¥cs
=~ 2.4 50 that Fue/(Fe') = Fug™(Fu*)?/ (L) (Fes*)? =
(0.36)(2.4)2 = 2.1.

The values resolved for the activity quotient defined by eq la

Marinsky et al.

TABLE II: Test of Donnan Model Using Ion-Exchange Distribution
Data

LNa*/g HiO  [(Guwas)(@ne*)?]/
NaPSS(m,) (Dy=D)/D  (my(1 = ¢p))  [(Fne*)(dipa+)]

System: %Co?*, NaPSS, 0.30 m NaClO,; V» = 0.879 mL/0.0010
mol; Jsacer+/(Fnet)? = 2.8
(¥2%(NaCl0,))*/(7:%(Co(CIO,);)* = 1.318
94 0.0194 .000752

0.000 0 1.202
0.00130 0.0291 0.00104 1.302
0.00250 0.0438 0.00200 1.019
0.0052 0.0961 0.004 16 1.075
0.0080 0.137 0.006 40 0.996
0.0105 0.179 0.008 40 0.991

System: %Co?*, NaPSS, 0.10 » NaClO,; ¥, = 0.879 mL/0.0010
mol; Feacys/ (Fnat)? = 2.8; (Yne*)?/ (veo+) = 1.229

0.00084 0.143 0.000672 0.991
0.0017 0.172 0.001 36 0.743
0.0026 0.198 0.00208 0.561
0.0054 0.553 0.004 32 0.754
0.0092 ~  1.186 0.00736 0.950
0.0123 1.698 0.00984 . 1.017

System: %5Zn?*, NaPSS, 0.30 m NaClO,; ¥ = 0.879 mL/0.0010
mols Feszaz+/(Fng+)? = 2.8;
(74" (NaClO))*/ (742(Zn(Cl0O,),)* = 1.318
9 851

0.0005 0.00: 0.000472 0.839
0.00093 0.0154 0.000744 0.963
0.0013 0.0236 0.00104 1.056
0.0025 0.0404 0.0020 0.941
0.0050 0.0869 0.0040 1.011
0.0079 0.139 0.00632 1.024
0.010 0.183 0.0080 1.064

System: *Ca?*, NaPSS, 0.30 m NaClO,; V; = 0.879 mL/0.0010
mol; Fese,20/(Fnet)? = 3.8;
(¥4*(NaClO4))*/(74%(Ca(CI0,)y))* = 1.307
2 0.117 0.004 16

0.005 1.023
0.0070 0.141 0.00560 0.916
0.0099 0.241 0.0079 1107
0.0213 0.642 0.0234 0.996
0.0513 1.153 0.0410 1.022

using these assignments of the various parameters are listed in
the last column of Table III. The terms pertinent to their com-
putation are listed in the first three columns of this table; other
pertinent parameters are presented in the table subheadings de-
scribing each system under analysis.

Examination of the values obtained for the activity quotients
based on the Donnan model shows that they are less than unity
in most instances. For the MgCl,-LiCl-dextran sulfate system
the value of the activity quotient resolved is fairly constant at each
jonic strength studied over the complete range of univalent metal
ion replacement by divalent metal ion in the polyelectroiyte do-
main. In this system the activity quotient increases in value with
increase in ionic strength very closely approaching the theoreticaily
predicted value of unity at / = 0.02 and 0.04, the highest ionic
strengths examined. This result could very well be a reflection
of the fact that Vp is a function of water activity increasing
somewhat with decreasing ionic strength; such a response to a
change in water activity is in fact a quite reasonable expectation.

However, with the CsCl-MgCl,~dextran suifate system there
is no such effect of ionic strength noticeable. Instead the vaiue
of the activity quotient is sensitive to the relative degree of re-
placement of the univalent Cs* ion by Mg?* ion, decreasing ap-
proximately a factor of 1.5-2 over the range of metal ion exchange
encountered. This resuit could be a consequence of neglect of
ion~ion interaction on the value of Fy*/(F))* which for con-
venience was considered to remain unchanged. It may very well
be that such perturbations, while small for the highly solvated
jons in the Mg?*-Li system, is sizeable in the Mg?*—Cs* system
where the degree of ion solvation is so different. The sparingly
solvated Cs* ion may be responsible as well for the higher in-
sensitivity of Vp to ionic strength in this system.

Finally it must be remembered that assignment of (Fug*)(Tw")?

. et aa
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TABLE III: Test of Donnan Meodel Using Data from Mattui and Kwak
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System: MgCl,, LiCl, Dextran Sulfate: Cp = 0.0010; ¥, = 1.3 mL; "yM.:o/ﬁ,_iv)z =0.36

Mg/

L (TLi*/ (G- )ari+)2)/ ZM_S”/ (L% [(EM;l*)(ﬁLi‘)zl/
ss(‘us{(#) (""u*)z ZS)Z [(Eu*)l(&“‘:&)] =S( MM;”) (""Li’)z ZS)I [(aLi’)z(dMl“)]
1 = 0.005: (Fu)*/ (Fmg+) = 1.143 1= 0.010: (74 (Tugr) = 1192
1.796 X 10* 2352 x 107  3.348 x 107 0.675 6.552 % 107 9.730 X 10" 4.489 X 10” 0.793
1155 X 10* 2271 X 107 2234 % 107 0.628 5.596 X 108 9.655 X 10" 3.613 x 107 0.833
6.859 X 10°  2.176 X 10 1.521 x 107 0.526 4025 X 107 9.448 X 10°%  2.669 % 10! 0.795
4.50 X 10° 2.066 x 107 1.021 x 107 0.487 3.00 X 108 9.216 X 107 2,007 X 107 0.769
3.105 X 10° 1938 X 10~  7.023 X 107 0.459 1751 X 10°  8.553 % 108 1.233 x 10 0.678
1.534 X 10 1.557 X 107 2979 X 1072 0.429 1.282 X 10°  8.096 X 10-: 7.398 x 1072 0.783
2 = -2
1 = 0.0075: (520} (Gaegse) = 1.159 6.14 X 10 6.464 X 10 4.576 x 10 0.484
9.585 X 10°  5.463 x 105  4.281 X {0° 0.663 I = 0.020; (Fu)/ (Tug+) = 1.219
8718 X 10°  5.423 % 107 3.393 x 107 0.756 1.986 x 10°  3.94 x 10 4.967 x 107 0.898
6.697 X 10° 5307 % 105  2.894 X 10™ 0.667 1.552 x 10°  3.862 X 10 3.502 x 107 0.976
482X 100 5155 % 10" 2055 x 107 0.656 1.083 X 10° 3759 x 10*°  2.664 x 107 0.872
3.069 X 100 4918 X 108 1.347 x 107 0.608 794 X 10 3.625X 10*  2.007 X 10° 0.818
1.859 X 10 4.500 X 107  7.113 x 1072 0.638 5.415 X 102 3.364 X 10* 1.246 x 107 0.833
9.75 X 10? 3.688 X 107 3.386 x 1072 . 0.576 4332 % 102 33112% 10*  7.590 X 107 1.014
6.14 % 102 2714 % 10°% 1.332x 107 0.678 :
I = 0.040; (F1:#)/(Tuge) = 1.312
4513 x 100 1.534x10°  373x107 1.139
System: MgCly, CsCl, Dextran Sulfate; Co = 0.001; Ve = 1.300 mL; (Fug+/(Fe®)® = 2.1
Mg/ (ZCs*/ ((@wg*)(dcs)')/ TMg/ (ZCs*/ ((@ug)csr)l/
TS(Mug+) (i) =5)? {(cs)(Bmg+)] TS (Mug*) (ritcy+) 53 [(Fes*)(Bmg)]
1 = 0.005; (Ya)2/ (Fug*) = 1131 1= 0.010: (F¢s*)?/ (mgt) = 1.169
5.538 X 10°  2.403 x 10 4175 % 107 0.986 L72%x 100 9841 x 107 561 x 107 0.963
4.54 % 10° 1.337 X 10 3.839 x 107 0.840 1.075 X 100 9.444 x 10~  4.481 x 107 0.724
3.00 X 10 2215x 10 293 x 107 0.700 8.065 X 100 9.011 x 107 3731 x 107 0.62!
2.14 x 10° 2,060 X 107 213 x 107 0.638 6.129 X 10  8.203 X 107  2.687 x 10" 0.594
1.29 X :o; 1.648 X 10-: 1.271 X 10-'1 0.516 4194 X 10* 6331 X 107 1.290 x 107 0.656
9.68 X 10 1.388 X 107" 6.564 X 107 0.633 :
710X 102 9.989 X 10  3.258 X 107 0.673 [=0.020; (¥eu)/(uge) = 1178
290 X 102 1844 % 107  6.050 x 107 0.593
1= 0075 (¥eur)?/ imgit) = 1.160 247 X 102 3.706 X 10 4.90 X 10° 0.600
3.108 X 100 5.364 X 10~ 5.439 X 10° 0.972 245 X 102 3.424 X 10~ 3.894 x 107 0.609
1.892 X 10°  5.268 X 107  3.531 x 107 0.894 1.667 X 102 2941 x 10 2862 x 10 0.551
1151 X 10°  4.840 X 107 2.863 x 107 0.616 :
8.28 x 10? 4382 % 107 2159 x 107 . 0.532
5.59 % 10? 3.468 x 107 1.258 x 10° 0.488
5.05 X 100 2927 %10  7.301 X 1072 0.640
System: MgCl;, CsCl, Dextran Sulfate; Cp = 0.002; Vp = 2.600 mL: (Fugr/ (Fer)? = 2.1
Mg/ (ZCo?/ {(@wg+)(@e))/ Mg/ (ZCo*/ [(@ug)de)?l/
LS (Mugr) (rAeye)? 35)? [(@e ) augn)]  ES(Mug) (rce)? 5 {{(@c,s){aug?)]
I = 0.0050; (¥cu)*/(Fug?) = 1.138 1= 0.010; (Yc)?/(ug*) = 1.169
4806 X 10 2319 X 107 5.70 X 107 0.607 L107 X 10°  9372xX 10°%  4.237 X 107 0.781
4.398 X 10° 2222 x 107 3752% 107 0.808 7.85 x 10 3.834 X 10~ 3.824 x 107! 0.579
3538 X 10 2137 x 107 3.207 X 107 0.732 6.129 x 102  8.422 X 10  2.963 x 10 0.568
2892 % 100 2043 x 10 2722 % 107 0.675 4,95 X 10% 7078 X 107 2.058 x 107 0.543
2.355 X 10° 1,906 X 10~ 2.109 X 10” 0.660 1.548 X 10?5497 x 10 1330 x 107 0.468
1.667 X 100 1.682% 107 1471 X 107 0.592 3.065 % 108 4.443 X 10 9.139 x 107 0.475
1108 X 10°  1.356 X 10"  9.437 X [0 0.494
1 = 0.0075; (%c)?/(Ymg+) = 1.150
2.57 X 10° 5.358 X 107 4.896 X 107 0.882 -
2048 X 10°° 5203 x 107  4.281 X 107 0.781
1.355 x 10°  4.858 X 107  3.348 x 107! 0.618
1.043 X 10°  4.493 X 107 2.626 X 107 0.560
7489 x (02 3959 % 107  1.891 x 10° 0.492
5.054 X 102 2954 X 10  1.170 X 10 0.401
4.30 X 102 2276 % 107 7.022 X 1072 0.438
3.548 X 102 1.567 X 1075  4.157 x 1072 0.420

in the dextran sulfate containing mixtures was based on the as-
sumption that its properties exactly paraileled those of the poly-
styrenesuifonate used to quantify this parameter.

In spite of these uncertainties that are inadvertently introduced
in the analytical procedures employed to examine the validity of
the Donnan-based model developed by one of us (J.A.M.) the
agreement between prediction and computation is we believe quite
striking. [t is our conclusion that the Donnan model employed

to interpret ion interactions in polyelectrolyte—salt mixtures is
correct and merits in-depth examination.
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