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SUMMARY 

The development of a model for the prediction of  ion-exchange selectivity has 
been described in some detail. Limitation of  this model to moderately concentrated 
gels ( >  0.5 m on a monomer basis) and/or simple salt-containing polyelectrolytes is 
specified to define the range of  its utility. Its successful application in the defined 
operational range has been fully demonstrated. In addition the method has been 
successfully employed to facilitate the ultimate objective of  this manuscript, the 
interpretation of  data comparing the uptake by complexation of  an ion such as Ni 2+ 
with the uptake of the uncomplexed Na + ion. The great quantity of  such data that are 
reported in the literature has not been amenable to correct assessment. With the 
predictive quality of  selectivity computations with the model presented it is now 
possible to resolve the complexation equilibria encountered in these studies f rom such 
data. 

INTRODUCTION 

Many investigators have resorted to an ion-exchange model for the assessment 
of  ion-binding phenomena in natural systems 1-3. For  evaluation of the selec- 
tivity of  metal-ion interaction in these systems, the exchange of  a metal ion for a 
reference ion, e.g. Na +, has usually been examined 1. Unfortunately, the interpretation 
of  such data can be extremely complicated. As a consequence the investigator has 
usually oversimplified his analysis and little useful information has been forthcoming 
from these studies. 

For  example, in natural systems such as organic acid soils (humic substances) 
which consist of  a three-dimensional array of  aromatic rings with numerous functional 
groups and side chains 4 at least two types of  metal ion-humic reactions have been 
identifiedS'6: electrostatic binding due to polyelectrolyte effects 7 (charged polymer 
surfaces) and complex formation s-ll including chelation 8,9. Such interaction with 
metal ions must therefore be accounted for in any examination of these kind of 
systems with an ion-exchange model. Indeed if the exchange of  Na + and an M z+ ion 
is compared the quantity of M 2+ complexed by the organic acid functional units will 
lead to an ion-exchange selectivity pattern that is a strong function of the pH and 
ionic strength employed in the study. Unless an attempt is made to understand the 

0021-9673/80/0000-0000/$02.25 © 1980 Elsevier Scientific Publishing Company 



6 J.A. MARINSKY 

observed variability in a quantitative way no unified physiochemical description of 
the system is possible. Indeed such compilation of gross selectivity data has con- 
tributed significantly to the lack of uniformity in data presentation for these 
systems 12-15. As a consequence a comparison and/or correlation of the metal ion 
binding properties of these systems has not been possible. 

It is the objective of this presentation to show in a fundamental way the 
remedy to this problem. A basis for the uniform description of metal-ion binding 
reactions in systems of this kind that is sought has been developed to facilitate this 
objective. 

THEORETICAL BASIS 

Background information 
In order to provide a meaningful interpretation of ion-exchange selectivity 

patterns it is essential to know the factors that control selectivity in the ion-exchange 
process. Indeed, numerous investigators have sought to identify these factors ~6-27. 
A rather complete review of these efforts has been presented by Helfferich 28. 

We believe the Gibbs-Donnan model 29,a° has been most useful for facilitating 
an analysis of the ion-exchange phenomenon. In this model, KNExM, the selectivity 
coefficient, i.e., the molality product ratio at equilibrium for the ZM-, ZN- valent 
cation-exchange reaction, is expressed by 

. " I - (ZN"} 'ZNZM/Zx )  

KNExM = __~Z" YU exp.[--~[ZNVM -- ZMVNI/RT] (1) 
- -ZN ~, -[- ( Z M  + Z N Z M / Z x )  
~'  M f N  

where z~ is the swelling pressure of the exchanger 16'17'21, VM and VN are the partial 
molal volumes of the exchanging ions in the gel phase and ~ and 7+ are the mean 
molal activity coefficients of salts MzxXzM and NzxXzN. Barred symbols denote the 
resin phase, ~Ti and ~TN corresponding to the mean molal activity coefficients of the 
exchanging pairs of ions in the gel. The charge of the co-ion of salts MzxXzM and 
NzxXzN is designated by Zx. 

The validity of this model has been fully demonstrated by us in earlier studies 
with zeolites a~ by facilitating the precise prediction of KNExM. The special properties 
of the zeolite, rigidity and high resistance to electrolyte invasion affected by the large 
negative charge of the ring of oxygen atoms in the faces and corners of its cubic 
unit cell and the small openings available to the exchanging ions 32, make it possible 
to evaluate the terms on the right hand side of eqn. 1 for this purpose. The values of 
97M/~TN and z~ are calculable because of the zeolite properties while 7~, 7~, VM and 
VN are accessible in the literature 3a'34. 

This success led to our further application of the model to the examination 
of the cation-exchange phenomenon in an organic ion-exchange resin, the polystyrene 
sulfonate (PSS) exchanger cross-linked with varying quantities of divinyl benzene. 
These materials are flexible and easily invaded by simple electrolyte making the 
evaluation of 97u/~TN and ze more difficult in these cation-exchange resins. 

The water sorption properties of PSS exchangers with different degrees of 
cross-linking have been observed to coincide in the lower water activity region where 
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the nVH2o term is negligibly small 2t. There is coincidence as well between osmotic 
coefficient data 35 for the linear PSS and those obtained by Soldano and Larson a6 for 
the ~ 0.5 % cross-linked PSS gel, only at the highest water activity where a :~ VH2o term 
is operative in the gel as a consequence of  solvent restraint is a lower amount of water 
taken up by the gel. These experimental results showed that the cross-linking agent, 
divinyl benzene, does not affect the physical chemical properties of the PSS and 
provided fundamental justification for their use in the computation of resin-phase 
swelling pressure (:0 with eqn. 2 

RTm~vm WH2o/1000 : --RT In a82o : z~ VH2O (2) 

where Wn2o is the molecular weight of  water and 9m is the osmotic coefficient of the 
polyelectrolyte analogue at m, the counter-ion molality in the resin. 

There is justification as well for utilization of the osmotic coefficient data for 
the linear polyelectrolyte analogue in the Gibbs-Duhem equation to compute resin- 
phase activity coefficients for the exchanging ions. However, since the trend, with 
dilution, of osmotic coefficient data for fully dissociated polyelectrolytes cannot be 
deduced beyond the lowest measurable concentration as it can with simple electro- 
lytes, where the Debye-Hfickel limiting law applies, the computation with this 
equation of mean molal activity coefficients meaningfully related to a value of unity 
for the polyeleetrolyte at infinite dilution was impossible. It was necessary to use the 
equation as shown below to compute mean molal activity coefficient values, 7+m, 
as a function of counter-ion concentration, m, relative to an indeterminate mean 
molal activity coefficient, 7+mr, at the low reference concentration mr 

m 

q~m--~mr-]- I ( ~ m - - 1 )  d l n m  (3) In Y±m/Y4-mr 
m r • 

By this approach the inherent deficiency of the earlier attempts to evaluate this term 
by assuming a particular osmotic behaviour in the dilute concentration range 21-z5,36,37 
was avoided. 

Only trends in ion-exchange selectivity were predicted by this~approach when 
it was used to examine the interpretive quality of the Gibbs-Donnan model for 
analysis of  the ion-exchange phenomenon in flexible, cross-linked ion-exchange 
resins 38'39. To circumvent the intrinsic deficiency of this test of  the Gibbs-Donnan 
model for the anticipation of  ion-exchange selectivity, the exchange of  pairs of  ions, 
one present in macroscopic quantity and the other in trace, between a cross-linked gel 
and its linear polyelectrolyte analogue was examined 4°. In these systems the activity 
coefficients of  the reference state cancel with eqn. 1 taking the form 

/ - -  + xZM ~ ~M(ZN + ZNZM/Zx) 

KNEx M __ I~/N )m e x p  [ - -7g ( Z  N VM - -  ZM V N ) ] / R T  (4)  
-- ± \ZN :t: (ZN + ZNZM/Zx) 
7 M J m  7 N  

In this presumably definitive test of the model the value of  + 7~/Tmr for the 
macroion in each phase was obtained from integration of  eqn. 3 to the experimental 
concentration of  the macro counter-ion component. Computation of  this term for 
the trace-ion component employed the hybrid function given by eqn. 5 

In ~'~m/Vm~ = In (7+el)m(Th)qgm/(7::i:)mr (5) 
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In eqn. 5, (),+_el)" and (),h)qsm refer to deviation from ideality attributed respectively 
to trace ion-polyion interaction based on the experimental concentration of the macro 
counter-ion component and to trace ion-solvent interaction presumed to be determined 
by the molality the trace-ion component would assume at the experimental water 
activity (q)rn) of the solvent when present as the macro component. This equation was 
justified in the following way: 

The characteristic shape of the curve obtained for the log ),±ml),mr versus  log m 
plot that is used to characterize these polyelectrolytes is similar to the shape of the 
curve that is obtained from a plot of log ),+m versus  m l/z for simple electrolytes. In 
simple electrolytes this property of log ),+" is attributed to the product of competing 
ion-ion and ion-solvent interactions 33. At low concentrations, ),+~ is the dominant 
factor and In ),~" is inversely proportional to ml/2; a s  the molality is raised 71 
becomes increasingly important and eventually In ),+" passes through a minimum 
and then increases exponentially with m ~/z. By presuming these factors to be similarly 
operative in the polyelectrolyte as well, In et ),+,,/),~,,~ is assumed, a priori, to be 
represented by the initial straight line portion of the curve at low values o fm (ref. 40). 
Extension of this line is believed to provide the value of In ),+~/),+-mr over the complete 

) ,±"1),±"~ concentration range. Division of ),+,,/),-+m, by the extrapolated values of "~ 
over this concentration range yields the corresponding value of ),I which in turn can 
be analyzed as a function of the water activity associated with the polyelectrolyte at 
these concentrations. Thus an appropriate estimate of the In ), +,,/), ~m, term for the 
trace ion in eqn. 4 was thought to be provided by the product of e~ ), +,,I), ~,,,, obtained 
by extrapolation of the linear portion of the In ),+,,/),+", versus  in m curve for the 
trace-ion form of the polyelectrolyte to the stoichiometrically equivalent concen- 
tration of the macro-ion component in the distribution study and ),he,,, obtained at 
the water activity of the equilibrium mixture from the ),n versus  q)m curve analyzed 
as described above, for the trace-ion system 4°. 

There was satisfactory agreement between observation and prediction when 
computation was based on this presumption that the stoichiometry determines 

e l  ),~"/),e,,. and the water activity defines (),~)~0". The accurate prediction of ion- 
exchange selectivity by this application of the Gibbs-Donnan model would appear 
to provide strong evidence for its validity. 

Recently these studies were extended to the examination of the exchange of 
two counter-ions over their complete composition range 4~. The distribution of Na + 
and Zn z+, between polystyrene sulfonate resin cross-linked with divinylbenzene 
(1, 2, 4, 8, 12 and 16~,  w/w) and the linear PSS analogue of the resin at three 
different concentration levels (0.02, 0.06 and 0.12 N ) w a s  measured. The equiv- 
alent fraction of Zn and Na was varied from 0 to 1 and 1 to 0 to examine the 
distribution pattern of these exchanging counter-ions over the complete composition 
range. The polyelectrolyte analogue was used in these studies to permit direct 
assessment of selectivity with eqn. 4, the reference state mean molal activity coefficient 
ratio of the sodium and zinc being expected to cancel as before. 

Over most of the composition range examined there was good agreement 
between the computed and measured selectivity values. Only when the fraction of 
Zn z+ approached unity was there sizeable discrepancy between the two values, the 
predicted value deviating by as much as a factor of five or six. Explanation of the 
discrepancy between prediction and experiment in the Zn-rich range was sought in 
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the theoretical treatment of Manning 42. These results were rationalized 41 with the 
"condensation of counter-ions" concept developed by Manning. 

The complication introduced by counter-ion "condensation" in the prediction 
of ion-distribution patterns is, however, sizeably diminished at the concentration 
levels encountered with gels 4°,41, even at their lowest degree of cross-linking; for 
example, the distribution ratio of ions in the gel in contact with a simple mixed 
electrolyte is rather accurately predicted with the hybrid activity coefficient function 
once the reference activity coefficient ratios have been evaluated with one selectivity 
measurement 4°. 

An alternative explanation for the discrepancy between the predicted and 
observed distribution of Na and Zn, when the concentration ratio of Zn to Na is high 
was suggested by the interpretation given by Boyd and Bunz143 to volume changes 
observed to accompany the selective binding of ions by PSS gels. They concluded on 
the basis of the volume changes observed, that eomplexation of multiply-charged 
cations was extensive in this ion exchanger. Examination of the complexation of 
Zn(I1), Ca(II) and Co(II) by the linear analogue of the polystyrene sulfonate gels 
showed, however, that such complexation by the polystyrene sulfonate polyion is 
very small indeed. The formation constant of 0.1 measured is much too small to 
account for the discrepancy between prediction and observation 44. 

Recent simplifications 45 
The effective concentration of mobile counter-ions in charged polymers. The first 

fundamental insight to the analysis of non-ideality in charged polymeric systems 
such as proteins was due to Linderstrom-Lang 46. His complicated treatment was 
restated much later in a more convenient form by Scatchard 47 to facilitate the study 
of ion binding in complicated protein systems. The more rigorous derivations of 
Scatchard have been essentially duplicated by Tanford 4s with a simplified version of 
the Linderstrom-Lang treatment. With this treatment the pK of ionizable groups 
of a protein, assumed to be completely independent of one another, is a function of 
the charge, Z, as shown 

2Zw 
pK = pK0 2.303 (kT) (6) 

where w is a measure of the electrostatic free energy required to increase the charge 
of the polyion from 0 to Z. From the well-known Hasselbach-Henderson equation 

a 

p K = p H - - l o g  1 - - a  (7) 

where a represents the degree of dissociation; thus 

a 2Zw 
= pK0 (8) pH -- log 1 -- a 2.303 (kT) 

The potential difference between the surface of a polyion and the region in 
which the potential is measured during pH measurements in the course of neutral- 
ization of  a weak polyacid with standard base provides an experimental evaluation of 
this deviation term (0.8686 Zw) in such polymeric systems. The deviation from 
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ideality of mobile H + ions at the site of the neutralization reaction is obtained from 
the well-known equation given below: 

[A-] 
pH -- log [HA] p K r I A  = pKHAapp - -  p K H A  = --0.4343 e~o(a) __ - - 0 . 8 8 6 Z w / k T  

kT (9) 

In this equation e is the unit charge of the proton, ~o) corresponds to the potential 
at the surface of the polyion, KHA is the intrinsic dissociation constant of  the acid, 
KnA~oo is its apparent dissociation constant, and [A-] and [HA] are molar concen- 
trations of the dissociated and undissociated polyacid expressed on a monomer basis. 

Arnold and Overbeek 49 in their pioneer demonstration of this plotted 
potentiometric titration data obtained with polymethacrylic acid as p H - -  log a/1 - -  a 
versus a. Ideally pH -- log a/1 - -  a -~ pKnA and any deviation from a straight line of  
zero slope in such a plot is presumed to be a quantitative measure of  the deviation 
from ideal behavior of  the system as the polyacid is progressively dissociated. The 
KaA of  1.48" 10 -5 that is determined from extrapolation of  the potentiometric data 
to intercept the ordinate axis at a ~ 0 is in good agreement with the dissociation 
constant reported for isobutyric acid, the repeating monomer unit in this polymer. 
Since there is no ionization of the polymer at a ---- 0 this number should correspond 
to the negative logarithm of  the intrinsic dissociation constant of  the repeating acid 
group of  PMA, as it does, if the source of  deviation is exclusively electrostatic in 
nature. Thus the change in the value o f p K  (ApK) with a, is attributed to the change in 
the electrostatic free energy of  the molecule as a consequence of  group-group 
interactions accompanying the ionization process. 

Equivalence in the deviation f r o m  ideality o f  counterions. We have shown that 
in the presence of  neutral electrolyte, the fundamental deviation term, exp --  e ~ ) / k T ,  
derived from the study of  H + ion in weak polyacid systems, also provides an accurate 
basis for estimate of  the deviation from ideality of  other mobile M z+ counterions 
present concurrently in these complicated systems: The deviation term then is 
exp -- ZeT~(~)/kT where Z is the charge of  the metal, M z+, counterion. In a study of  
complexation of  Ca 2+, Co z+ and Zn 2+ by polymethacrylic and polyacrylic acid as a 
function of  A made in our laboratory 5° the distribution of trace-level concentrations of  
these respective metal ions between a cation-exchange resin (Na-ion form) and solu- 
tion (M NaC104) in the absence and presence of  various concentrations of the 
respective polyacids was measured at different degrees of  neutralization to demonstrate 
this. The partition coefficient Do (absence of  lrolyacid) and D (presence of  ligand) 
bear the following relationship to/3 and A for MZ+-polyligand systems: 

Do - -  D 
DA -- fll(exp -- 2e~fl~)/kT) + flzA(exp - -  2e~f~a)/kT ) (10) 

Analysis of  the distribution results, with exp -- e~(a)/kTand A values directly available 
from pH measurements (binding of  trace metal ion does not affect the stoichiometry 
of  the system) made concurrently with the distribution measurements provided 
unambiguous verification of  the general applicability of the nonideality term so 
obtained in these systems. The experimental value of  (Do -- D) /DA were plotted versus 
A. The data were extrapolated and the intercept of  the ordinate defined the values of  
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ill. A plot of log (Do -- D)/DAfil versus pH -- log a/(l -- a) - -pKt t  A then yielded a line 
with a slope of  2 which intersected the origin. The ordinate, log (Do -- D)/DAfi~ is 
equal to --2ey(~)/2.3kT + log (1 + flzA/fl 0 while the abscissa pH -- log a/(1 -- a) 
--pKnA is equal to e~p(,)/2.3kT; the observed result demonstrates that (1) essentially 
only the MA + species exists in these systems and (2) that the non-ideality of  the 
divalent ions is defined by Ze~p(~)/kT). 

Evaluation of  the molal activity coefficient ratio of  pairs o f  mobile counter ions in 
the charged polymer phase. As has been pointed out earlier the linear portion of  a plot 
of log y~/y+, versus log m, defined by (q~* -- 1) log re~mr, is presumed to identify 
the electrostatic contribution to the mean molal activity coefficient (y+~/y+-,,) over 
the complete concentration range. Subtraction of (~p, -  1) log re~mr from log 
(y±,,/y±~r) starting at values of log m near zero then lead to evaluation of log 
y~ h/y+h as a function of  the charged polymer concentration at the water activity 
of  the equilibrated system. The log ~TM/~TN term in eqn. 1 is composed of  electrostatic 
and hydration terms as shown below: 

/ + e l . ,  ± h  i + e l ' ,  / + h .  

: (Ym.)N~Y~,)N (11) log Y M  log tYm )ra (y~0m)M 

(~.)~ (~'~3)~(rz,)~ 

In the polymer the electrostatic terms cancel in the presence of  simple electrolyte; 
also 

y± = (y+) v+l (y - )  v+l (12) 

where v is the degree of  polymerization. I f  ~ > 200 

y ~  = ( 7 + )  2 ( r - )  o = r +  

and 
h 

- (7+~ , . )M (y~+. , , )N 
log YM ~ log h h 

~'~ (Y+~m)N (~+~r)M 

(13) 

(14) 

At the reference concentration (0.01 for divalent and 0.02 for univalent ions), aw, the 
h h activity of  water, is very nearly unity and Y±mr has to be unity as well so that Y~o,./Y.,r 

= y~,. and 

- (Y+~m),.  
log 7ra = log (15) 

rN (r~+~m)N 

at the experimental water activity; the value of  Yra/YN is thus directly calculable in the 
ion-exchange resin at every experimental condition with the h (7 +~0,,) values so resolved 
from such analysis of  osmotic coefficient data. 

Marinsky and H/Sgfeldt sl have shown that at the higher concentrations of 
polystyrene sulfonate the polyanion is essentially unhydrated so that yh_+ ~ yn+. 
There may be a finite but small contribution to 7 h from the polyanion, however, at the 

* q0~ is the limiting value of the osmotic coefficient at low solution concentrations. 
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lower concentrations and the prediction of  ion distribution patterns in the lower 
polymer concentrations with the less cross-linked resins may be affected by neglect of  
such a contribution. 

Tests  o f  simplified approach to ion-exchange selectivity predictions 
The utility of  eqn. 15 for predicting ion-exchange selectivity has been fully 

tested 45 by demonstrating the anticipation of  KNExM without resort to a calibration 
step. For  example, Boyd et aL 5z recently conducted an extensive study program 
designed to provide a rigorous thermodynamic basis for the prediction of the 
selectivity pattern of  Zn z+ and Na + during equilibration in Zn(NO3)2, NaNO3 
mixtures (0.1 N) of  polystyrene sulfonate exchanger cross-linked to various degrees 
(0.5 to 24 ~ )  with divinylbenzene. The complete composition range of the resin (Xzn 
from zero to 1) was covered in these studies. In order to facilitate the prediction of 
ion-exchange selectivity in this dilute electrolyte mixture they measured the water 
content of  the pure ion forms and the mixed ion forms of  the resins as a function of 
degree of cross-linking. These data were used in the Gibbs-Duhem equation for 
ternary mixtures through application of  the cross differential identities which apply 
for exact differentials. In this way, they computed the activity coefficient ratio and the 
partial molar volume difference in the resin of  the exchanging ions to predict ion- 
exchange selectivity coefficients for comparison with the experimental coefficients. 
In order to employ these data, however, it was necessary to calibrate first the activity 
estimates through experimental observations made over the complete composition 
range of  the exchanger at one fixed cross-linking value (0.5 ~ divinylbenzene). 

We have compared in Table I the selectivity measurements made by Boyd 
et al. 5z of  the NaPSS, Zn(PSS)2, Zn(NO3)2, NaNO3 system with predictions based 
upon (1) their rigorous thermodynamic analysis of  the system and (2) our direct 
assessment of  the ratio of  (V~N,)z/(Vhzn) (as described earlier in this section) where 
10gKNaExZ n h Z 3 t, ~(1og(~'Na) (~'+Zn(NO3)2)/(yZn) (~+NaNO3) 4, neglecting the z~AV/2.3 R T  
term which is relatively unimportant. 

We see at once from Table I that the predictive quality of the procedure that 
we have developed here is fully as good as that provided by the Boyd et al. 5z approach. 
Their predictions are based upon calibration of the system through measurements of 
selectivity made with the 0 .5~  cross-linked resin, whereas our predictions depend 

TABLE I (ref. 53) 

COMPARISON OF LOG KEx PREDICTIONS WITH EXPERIMENTAL MEASUREMENTS 

Diviny[- logK~n~zn 
benzene 
(%) x N a  = 1 X z .  = 1 

Exp. Predicted Exp. Predicted 

Boyd et al. 52 This lab Boyd et al) z This lab 

2 0.096 0.153 0.04 0.10 0.19 --0.01 
4 0.00 0.057 0.00 0.09 0.19 0.00 
8 --0.22 --0.18 --0.13 --0.11 0.01 --0.20 

12 --0.30 --0.33 --0.23 --0.21 --0.11 --0.36 
16 --0.35 --0.47 --0.34 --0.42 --0.18 --0.52 
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o n l y  u p o n  r e s o l u t i o n  o f  ~h f r o m  t he  l o g  Y+mlgZ+_mr v e r s u s  l og  m c u r v e s  d e r i v e d  f r o m  

o u r  a n a l y s i s  o f  o s m o t i c  coef f ic ien t  d a t a  o b t a i n e d  fo r  t h e  p o l y m e r  a n a l o g u e s  o f  t he  

c r o s s - l i n k e d  res ins .  T h e  i n d i c a t i o n  is t h a t  t he  PSS  r e s in s  a r e  e s s en t i a l l y  ful ly  

d i s s o c i a t e d  in  t h e i r  d i v a l e n t  f o r m s  as  w e  h a v e  s h o w n  44. 

I n  T a b l e  I I  we h a v e  p r e s e n t e d  se lec t iv i ty  p r e d i c t i o n s  as  wel t  f o r  seve ra l  p a i r s  

TABLE lI  (ref. 53) 

SELECTIVITY PREDICTIONS FOR PAIRS OF IONS IN DILUTE ELECTROLYTE 38'39'4° 

Divinyl- 0.168 M HCI04  0.1 M Ca(Cl04)2 0.1 M Zn(CIO4)z  0.1 M Cd(CI04)2  0.1 M Sr  (C104)2 

benzene 
K~ExMr KNnxMr K~uxMr KNExMr KNE~M'r Ks~xMr KNExMr KNnxMT K N E ~  r KNExMr 

(%) (Pred.)  (Exp . )  (Pred.)  (Exp. )  (Pred.)  (Exp . )  (Pred.)  (Exp . )  (Pred.) (Exp . )  

Trace ion : Sr  2+ 
1 1.41 3.21 0.90 
2 1.81 3.51 0.94 
4 3.06 4.30 1.05 
8 5.81 6.52 1.13 

12 9.49 10.88 1.27 
16 16.28 13.13 1.27 

Trace ion = Cd 2+ 
1 1.22 1.82 1.01 
2 1.39 1.89 0.99 
4 2.02 1.97 0.91 
8 2.81 2.19 0.80 

12 3.31 2.54 0.72 
16 3.72 2.65 0.71 

Trace ion = Co 2+ 
1 1.27 1.44 1.12 
2 1.50 1.87 1.04 
4 1.84 1.82 0.81 
8 2.56 1.78 0.67 

Trace ion = Ca 2+ 
1 1.26 2.09 1.03 * 
2 1.60 2.59 1.14" 
4 2.51 2.97 1.22" 
8 4.10 3.92 1.51 * 

12 5.48 6.01 1.61 * 
16 7.42 7.26 1.65" 
Trace ion = Z n  2+ 

1 1.17 1.71 0.96 
2 1.35 1.75 0.88 
4 1.84 1.68 1.03 
8 2.15 1.72 1.29 

12 2.35 1.66 2.22 
16 2.64 1.50 2.56 

Trace ion = Na  + 
1 1.01 
2 0.87 
4 0.66 
8 0.81 

12 0.85 
16 0.86 

1.56 0.88 2.83 1.30 2.14 
1.78 0.99 3.01 1.49 2.41 
1.72 1.34 3.59 1.80 2.91 
1.84 2.20 4.85 2.40 3.15 
1.87 3.30 7.13 2.88 3.99 
1.83 3.59 11.1 3.20 3.35 

0.76 1.04 1.03 
0.73 0.99 1.14 
0.62 1.12 1.16 
0.56 1.21 1.42 
0.56 1.50 1.80 
0.55 1.41 2.24 

0.75 1.00 1.20 
0.72 0.88 1.08 
0.63 1.00 1.11 
0.52 0.98 1.11 

1.18" 
1.26 * 
1.37" 
1.49 * 
1.88" 
1.40* 

Trace ion = Na  + 
0.81 0.98 0.49 
0.71 0.86 0.38 
0.68 0.91 0.51 
1.24 1.11 0.50 
1.81 1.35 0.65 
2.53 1.51 0.90 

0.49 
0.48 
0.42 
0.42 
0.48 
0.49 

1.03 
1.04 
1.18 
0.87 

0.93 
0.92 
0.89 
0.74 

0.99 
1.02 
0.90 
0.74 

0.89 
0.96 
0.75 
0.57 

0.93 
1.05 
1.01 
0.89 
0.79 
0.74 

0.96 
0.93 
0.79 
0.68 
0.71 
0.71 

0.60 
0.55 
0.53 
0.44 

0.57 
0.49 
0.47 
0.20 

0.70 
0.65 
0.69 
0.6l 
0.58 
0.60 

0.54 
0.50 
0.61 
0.57 
0.64 
0.71 

* In 0.1 M Co(C104)2. 
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of ions made by the method we have introduced here. In this table we also include 
the experimentally measured values. Upon comparison of prediction with experi- 
ment one observes that when the macro-ion component is univalent (H +) and the 
trace-ion component is divalent (Sr  2+, Cd  2+, C o  2+, Ca 2+ and Zn 2+) agreement is 
quite good at the higher degrees of cross-linking ( >  4~).  At the lower degrees of 
cross-linking (1 and 2%), the predicted value of KNExMT is tOO small. When the 
opposite experimental condition is tested, i.e. the macro-ion component is divalent 
(Zn 2+, Cd 2+, Sr z+ and C a  2+) and the trace-ion component is univalent (Na+), 
agreement is good for the Zn 2+, Na + system; with Cd 2+ and Ca 2+ the predicted 
KME~NaT, while a factor of two too large, parallels the trend in selectivity with cross- 
linking. The computed value of KSr~xNaT is tOO large by a factor of almost 2 at low 
degrees of cross-linking but converges with the experimentally determined value at 
the highest degree of cross-linking (>  8%). In the divalent-divalent systems the 
agreement between prediction and experiment is quite good for almost every pair of 
ions examined. Only for the Zn-Sr T pair is there considerable discrepancy between 
prediction and experiment. However, the trend in selectivity is predictable with a ratio 
of approximately three existing between computation and experiment over the com- 
plete cross-linking range (1 to 16%). 

We have found in many instances that the serious discrepancy between 
prediction and experiment for the various systems at the lower degrees of cross- 
linking can be removed by evaluation of ~,~ at the molality of the macro-ion 
component rather than at the molality that the macro-ion form of the trace element 
corresponds to at the water activity of the equilibrium system. This observation, 
summarized in Table III, may only indicate that the model we have employed 
becomes more fully applicable only after the concentration of PSS reaches a 
sufficiently large value. 

It must be pointed out that use of eqn. 15 really needs to be restricted to the 
sulfonate concentration levels encountered in ion-exchange resins (>~ 0.5 m); in the 
more dilute linear polyelectrolyte analogue systems the presence of simple electrolyte 

TABLE III (ref. 53). 

SELECTIVITY PREDICTIONS AT LOW DEGREES OF CROSS-LINKING 

System Divinyl- KNex~ r (Pred.) KuEx~ T (Exp.) 
benzene 
(%) 

Zn T, HC104 1 2.00 1.71 
Cd T, HC104 1 2.03 1.82 
Ca T, HC104 1 1.90 2.09 
Na T Cd(C104)2 1 0.49 0.49 
Na T, Ca(C104)2 1 0.48 0.49 
Na T, Sr(C104)2 1 0.39 0.54 
Na T, Sr(C104)2 2 0.42 0.50 
Sr T, Cd(C104)2 1 1.52 2.14 
Sr T, Cd(C104)2 2 1.89 2.41 
Sr T, Cd(C104)2 4 2.47 2.91 
Cd T, Sr(C104)2 1 0.67 0.60 
Cd T, Sr(C104)2 2 0.66 0,55 
Cd T, Sr(C104)2 4 0.52 0.53 
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is required for eqn. 15 to be applicable. Only the presence either of salt or high con- 
centrations of  the fully ionized repeating functional unit with its mobile counter-ion 
provides sufficient screening of  the highly charged polyion to reduce the remarkably 
selective "condensation" properties of the polyion. In fact the deviation of selectivity 
behavior from prediction in the lowest cross-linked resins is probably a consequence 
of  such a residual ion-condensation effect. 

The remarkable effect of  ion-condensation behavior on selectivity may be seen 
from a comparison of  the exchange with PSS resins at different degrees of  cross- 
linking of  Zn 2+ and Na + in 0.1 M NO3 and in 0.02, 0.05 and 0.12 M PSS 4a and 
of Co 2+ and H + in 0.16 M C10 4 and in dilute concentrations of PSS 39. 

A good deal of  additional research is required to examine more care- 
fully the concepts we have introduced. There can be no question however, that 
the predictive quality of  the new approach we have developed for the assessment of  
counterion distribution patterns in ion-exchange resins compares favorably with the 
less direct methods employed rather successfully in our earlier work. 

We believe that fundamental assessment of the factors important in defining 
counterion distribution in charged polymers (cross-linked and linear) has been 
resolved with our interpretation of osmotic coefficient data. By our analysis, ion- 
solvent interactions are believed to contribute most importantly in the PSS-based 
resins to their ion-exchange selectivity patterns. The agreement obtained between 
the prediction of  these patterns and their observed distribution without need to 
resort to a single measurement for calibration of  the activity coefficient terms in the 
polymer provides strong support for the validity of the interpretations made. 

Method for analysis of  ion-exchange selectivity measurements complicated by com- 
plexation reactions with the repeating gel functional unit 

With the complexation of  one (M) of the pair of  exchanging cations (M zM 
and N zN) by the repeating exchanger functional unit (R- )  the experimentally 
observed gross concentration of M in the exchanger corresponds to (M zM + ZMRZM -" 
so that n = t 

/~NEx M = 

Z - n  

Since X MR.  M 
n = l  

Z Z - n Z  Z Z 

(M ~ +  ~ MRnM ) N(N N) M 
n=J_ 

Z Z Z Z 
(M M) N (N N) M 

= Z fl,,(R-)n(MZM) 
/1=1 

where fl represents the overall formation constant of the nth complexed species 

(16) 

(17) 

KNexM ~--- 

Z Z Z Z 
(M M) N(N N) M 

Z Z Z 
(M M)(N N) M 

- - - -  (1 + Z ft, (R-)" exp (-- Z~a e~oc,)/kT)) zN 
n = l  

08) 

The quotient defined by eqn. 1 is contained in eqn. 18 as shown 

KNEXMcls) = KNExMo) (1 + Z ft,(R-)" exp (-- ZM e~o(a)/kT)) zN 
n = l  
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Z M (Z + Z  Z IZ  ) 
if 'N) (~' +~)  ~ N M I x  

and KNE xlVlc18) = (ZM+ZNZM/Zx) X 
(~)  0'%) 

Z N 

exp (--r~[ZN VM -- Zu  VN]/RT) (1 -4- Zfl.(R-)" exp(-- ZMe~(a)/kT)) (19) 

In most exchange systems the osmotic pressure term is small enough to neglect. 

Also, from eqn. 15 ( ~  can be substituted for ~ 

and 
Z + Z  Z IZ  Z 

Were)N" h ,ZM (~,~) r~ N M, x(1 _}_ S/5 ,  (R2)" exp(-- ZMe~p(,)/kT)) TM 

Z Z + Z  Z / Z  (~,~) M N MI X 
0 , ~ m )  N ( 2 0 )  

If the total concentration of M and N does not exceed ~ 1 m 

h h 
(~'~0.,)N 0'~m)M ~ 1 and 

Z +Z  Z 1Z Z 

0'~1 M N M/ X (1 + S fl,, (R-l" exp(-- ZMeT~,a,/kT)) N 
.=1 (21) 

Z + Z  Z I Z  KNE~M"s' ~ (Y~M) N N M, x 

TEST OF THE METHOD 

A number of years ago this author examined the complexation of Co(II), 
Ni(II) and Cu(I1) by the weakly acidic IRC-50 resin, a copolymer of polymethacrylic 
acid and divinyl benzene marketed by Rohm & Haas l°,u. In the examination of these 
systems 0.100 g of the resin (hydrogen form) was equilibrated in 100.0 ml of 0.05 M 
Na2SO4 solution containing MSO4 at a total millimol content respectively 1/2, 1/4 and 
1/6 that of the measured hydrogen capacity (0.1000 ± 0.0005) of the resin sample. 
In each set of solutions the system was allowed to come to equilibrium after the resin 
sample was brought to different degrees of neutralization (0.1 to 0.9) with standard 
sodium hydroxide. The concentration of M(II) was measured polarographically and 
the activity of H ÷ was measured potentiometrically in each equilibrated sample. 

Analysis of the data was affected by comparing the exchange of H ÷, rather 
than Na ÷, with M(II). With this approach 

[1~] ~ Z ~ MR. and[Iq] ~ [HR] 
n = l  

since [MOO] << Z' MR.  and H + << [HR] 
11=1 

and the treatment of the data is straightforward. By describing the equilibrium as 
follows: 

KnExMO '' = Z" MR.  (H+) 2 (R-)/M(II) (HR) 2 (22) 
n = l  
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the presence of complex species can be resolved through a plot of  KHEXM(II). v e r s u s  

(~,) (refs. 10, 11, 54). Such a plot yields a line intercepting the ordinate at a value 
equal to fiMR+/(flHR) z. If  only the MR + species is present the line will be straight and 
its slope will be zero. If  a second species is present concurrently the slope of  the line 
will correspond to f iMRz/ (~nR)2(Vg)  where Vg is the volume of the exchanger phase. 

It was found that Co(lI) and Ni(ll) formed only one complexed species, the 
M(II)R + ion pair, whereas the M(II)Rz species was believed to be the predominant 
one with Cu(lI). We have tested the applicability of eqn. 21 by comparing the forma- 
tion constant in the Ni(II) system resolved earlier with the value derived from the 
same data expressed in eqn. 16 where the binding of  metal to resin is compared with 
the simultaneous incorporation of Na +. 

In expressing KNaEX Mere with eqn. 16 the concentration of Mb and Na ÷ is 
based on the volume of  the gel, Vg. To evaluate the total millimols of Na entering the 
gel the quantity of Na is presumed to be equal to R -  by preserving electroneutrality 
in the gel phase; any invasion of the gel by Na2SO4 is neglected. 

In the earlier studies ~°,11 Vg was not measured. However, in a recent exam- 
ination of  the potentiometric property of  IRC-50 volume measurements were made 
over its complete neutralization range 55. We have presumed that in this rather 
inflexible resin these volume measurements are applicable in the presence of  M(II) 
as well. 

TABLE IV 

THE FORMATION CONSTANT OF THE NiR + SPECIES FORMED IN A PMA GEL 

a flma+ (eqn. 23) flU,R+ (eqn. lO) 

4.86" 10 -3 M N i S 0 4  ( H R / N i  = 2) 
0.201 8.71 12.6 
0.300 7.85 8.64 
0.400 9.13 10.5 
0.500 9.14 10.0 
0.600 9.55 11.2 
0.700 5.07 9.54 
0.800 9.15 8.07 
0.900 9.02 13.1 

2.43" 10 -3 M NiS04  ( H R / N i  = 4) 
0.102 9.44 9.00 
0.201 14.3 11.6 
0.300 10.7 t0.8 
0.400 9.14 10.2 
0.500 14.7 11.1 
0.600 11.1 9.82 
0.700 10.6 9.23 
0.800 11.0 8.88 
0.900 10.6 10.3 

1.63" 10 -3 M N i S O 4 ( H R / N i  = 6) 
0.300 8.19 12.3 
0.400 9.80 13.0 
0.500 9.68 8.35 
0.600 10.7 12.7 
0.700 11.4 10.5 
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For  the analysis of  the data  expressed in  this manne r  eqn. 21 has been trans-  
formed as follows: The total  concentra t ion  of  MOO and  Na  + 

~-~ ~ ~ -j - -  1 = m flMR._,(R) "-~ exp(--  ey~,:)lkT ) 

,=1 (23) 

in the gel never exceeded ~ 1M and  this equat ion  is applicable since (7~,,)M/(Y~,,)N, 
is close to uni ty  and  cons tan t  at this concent ra t ion  level (Table 1). 

These computa t ions  are summarized in Table IV for the NiSO4, IRC-50, 
0.05 M Na2SO4 system investigated previously 1°. The earlier computa t ions  of/3NiR+ are 
also included in the table for comparison.  To assure an equivalent  basis for compar ison  
a correction of  the earlier format ion  cons tant  values resolved has been made by 
correcting for the deviat ion of NiSO4 from ideal behavior.  The values of /3NiR+ 
deduced with eqn. 23 are in excellent agreement  with the earlier computa t ion  of this 
parameter  that  employed a more direct approach.  The analysis we recommend for 
studies compar ing  the b ind ing  of metal ions with Na  + is thus essential for a proper  
in terpre ta t ion  of such data. Unfor tunate ly ,  most  invest igators are no t  aware of this. 
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