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A thermodynamics-based equilibrium model was developed to describe ion exchange 
equilibria of strong and weak electrolytes. It is applicable to binary and multicomponent 
systems, using selectivity coeficients for all ion pairs and distribution coeficients for all 
neutral species as parameters. The model was successfully tested for a strong-base anion 
exchange resin with the strong electrolyte NaCl and the weak electrolytes acetic acid and 
N-acetylmethionine in a wide concentration range. Compared to conventional models, 
this model is more advantageous because it takes into account the uptake of all species, 
counterions as well coions and neutral species, thus making it possible to calculate the 
intraparticle pH. Especially when weak electrolytes are involved and when electrolyte 
concentrations strongly exceed the resin capacity, it is superior to conventional ones, 
whereas for dilute systems it converges to the conventional stoichiometric displacement 
model. 

Introduction 
Conventional models for ion-exchange processes are based 

on a number of simplifying and therefore limiting assump- 
tions (Helfferich, 1962; Vermeulen et al., 1984). A common 
assumption is that the maximum uptake of ions by an ion- 
exchange resin is constant and determined by the number of 
functional groups on the resin matrix. The usual second as- 
sumption is a strict stoichiometric coupling among different 
components involved in the ion-exchange process. This im- 
plies that each ion released from the resin phase has to be 
replaced by another component from the liquid phase with 
an equivalent charge. Furthermore, it is assumed that only 
counterions, with a charge opposite to that of the functional 
groups, can enter the resin phase. Coions are assumed to be 
excluded from the resin phase due to the strong repulsive 
forces between like charges. Thus, a cation is supposed not to 
enter an anion-exchange resin, and a cation-exchange resin is 
supposed to repel anions effectively (Saunders et al., 1989). 
The electroneutrality condition determines the quantity of 
counterions that will enter the resin; in any case, their total 
number of charge equivalents must equal the resin capacity. 
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These conventional models may be useful for the predic- 
tion of the ion-exchange behavior of simple, dilute strong 
electrolyte solutions. They, however exhibit a number of 
shortcomings when dealing with more complex systems, such 
as weak electrolyte solutions or solutions with high solute 
concentrations, exceeding the resin capacity: 

Despite the repulsive forces between functional groups 
of the resin and coions in the solution, the latter may enter 
the resin if the concentration in the bulk is sufficiently high 
(Kawakita and Matsuishi, 1991). 

The uptake of counterions may exceed the total capacity 
of the resin in case of high concentrations (Vermeulen et al., 
1984). 

The uptake of neutral and zwitter-ionic species is often 
not taken into account (Jones and Carta, 1993), although it 
does occur (Peterson and Jeffers, 1952; Peterson and Gowen, 
1953; Reichenberg and Wall, 1956). 

Because of the assumed exclusion of coions, conven- 
tional models are unable to give information on the intra- 
particle pH, which is a key variable when dealing with weak 
electrolytes, the stability of proteins in ion exchange chro- 
matography, or the activity of enzymes immobilized on ion- 
exchange resins (Goldstein, 1976). 

The objective of this study is to develop a more rigorous, 
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comprehensive and predictive equilibrium model for ion- 
exchange processes, based on equilibrium thermodynamics 
and including the Donnan equilibrium (Donnan, 1925) and in 
which the above-mentioned assumptions are abandoned in 
order to circumvent the shortcomings of conventional mod- 
els. In this article the model is developed and tested on the 
basis of ion-exchange experiments with single strong and weak 
electrolytes. 

fore does not predict uptake of ions beyond the resin capac- 
ity. 

To explain higher uptake values, ion exchangers are often 
presented as heterogeneous particles consisting of a solid 
matrix and liquid-filled pores. The liquid in the pores of the 
resin is considered as being part of the mobile phase (Bellot 
and Condoret, 1991), and is hence supposed to have the same 
composition as the surrounding liquid. The total concentra- 
tion of a component in the resin particle is then given by the 

Theory 
Conventional ion-exchange models 

Before introducing the new Donnan ion-exchange (DIX) 
model the conventional ion-exchange model will be treated 
briefly. The selectivity of the exchange of two ions, i and j ,  is 
described quantitatively with a selectivity constant, S i , i ,  which 

sum of the ion-exchange contribution according to Eq. 5 and 
the quantity present in the liquid fraction, q, of the resin: 

i =  I 

(6) 

is usually expressed in terms of the ionic concentrations or 
fractions. The selectivity constant for a 1:1 electrolyte is de- 
fined as 

According to this definition, the resin capacity, Q, is based 
on the total (hydrated) resin volume and not on the solid 
fraction only. The latter contribution in this nonstoichiomet- 
ric sorption (NS) model only gives an apparent rise of the 
uptake capacity in equilibrium experiments, but since the liq- 
uid fraction is considered to be part of the mobile phase, the 

Yi X j  
(') s. . = - .-. 

' . I  y j  xi 

apparent rise of the capacity does not affect the chromato- 
graphic behavior. Here xi is the ionic fraction of ion i in the liquid phase and 

y ;  is the ionic fraction of i in the resin phase. The sum of the - .  
counterion concentrations in the resin phase equals the resin 
capacity, Q, so yi  is defined as follows: Rigorous ion-exchange model 

C; 
Y .  = - ' Q  

Ion-exchange resins are composed of flexible polymer 
chains with fixed functional groups that are to a certain ex- 
tent free to move within the space occupied by the resin. The 
electrostatic interactions between fixed charges (functional 

(2) 
., 

groups) and mobile charges (ions) in the resin are long-range 

radii. Therefore in this study the resin phase is considered as 

solvent and solutes, if not size-excluded, distribute freely over 

Index denotes the resin phase and is the concentration. interactions covering distances much larger than molecular 
The sum of the ionic fractions of i and j in either phase 

can then be written as 
unity for a binary ion-exchange process. Equation a homogeneous phase instead of a heterogeneous phase. The 

This is rearranged to 

X i S i , j  y .  = 
xisi , j  + 1 - xi . 

the two phases, but the functional groups are covalently linked 
to the matrix and cannot leave the resin phase. The phase 
boundary is visualized as a semipermeable membrane, per- 
meable to all species except the functional groups. With this 
concept in mind, the theory for ion-exchange equilibria pre- 
sented here is based on the Donnan membrane equilibrium 
theory (Donnan, 1925). The presence of small pores may 
cause steric hindrance and create energetic inhomogeneities 
(Myers and Byington, 19861, but this is not expected for the 

(3) 

(4) 

small-sized solutes used in this study. Physical inhomo- 
geneities may be caused by very large pores, of which the 
liquid should be regarded as being part of the liquid phase 
(Jansen et al., 1996). 

At equilibrium the chemical potential (electrochemical po- 
tential in the case of electrolytes) of each component i, pi, is 
equal in both phases (Smith and Van Ness, 1975): 

A similar relation can be derived for multicomponent systems 
with n ions (Appendix A). Multiplication of the resin-phase 
ionic fraction by the capacity and of the liquid-phase ionic 
fraction by the total counterion concentration gives a general 
relation for the resin-phase concentration of component i: 

pf = p;. (7) 

i = l  Considering also osmotic effects, the electrochemical poten- 
tial of a charged component i in the liquid phase is given by 
the following expression: Index L denotes the liquid phase. Obviously si,j is equal to 1 

for i = j .  The electroneutrality condition imposes that the sum 
of the resin-phase counterion concentrations equals the resin 
capacity. This stoichiometric displacement (SD) model there- p f ( p ,  T ,  a ,  (PI = pp,L + RT In u f  + /p:LBidp + ziF#+. (8) 
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Here index 0 denotes the standard state, R the gas constant, 
T the temperature, a the activity, p the pressure, 5 the par- 
tial molar volume assumed to be constant, z the valence, F 
the Faraday constant, and 4 the electrical potential. A simi- 
lar expression is set up for the resin phase ( R ) .  Substituting 
Eq. 8 into Eq. 7 leads to the following expression: 

a: 

a, 
A p ?  + RT In 7 + Eirr + z ,FA+ = 0, (9) 

where A 4  is the electrical potential difference between the 
resin and liquid phase (Donnan potential) and rr is the pres- 
sure difference or osmotic pressure. The electrical potential 
term can be omitted for components with no net charge, like 
water and undissociated acetic acid. This equation is the ba- 
sis for calculating the resin-phase composition from known 
liquid phase concentrations. It was set up for phase equilibria 
in general without limiting assumptions concerning partition- 
ing of neutral species and exclusion of coions and therefore *it 
applies to counter-ions as well as co-ions and neutrai species. 

For both phases the concentration of component i is re- 
lated to its activity via the activity coefficient, yi: 

The liquid-phase activity coefficients are defined using the 
conventional standard state of infinite dilution; for concen- 
trations approaching zero, the activity coefficients approach 
unity. The standard state of the resin phase is defined as the 
resin in equilibrium with an infinitely dilute aqueous solution 
of ions, such that the activity coefficient approaches unity as 
the resin phase molar fraction of a component approaches 
unity. Because of the asymmetric convention, the values of 
the standard electrochemical potential of a component are 
not necessarily equal in both phases, so the values of ApY 
will in general differ from zero. Electrostatic interactions and 
pressure effects, which usually contribute to nonideal behav- 
ior, are incorporated explicitly in Eq. 9. Other relevant ener- 
getic effects concern solute-matrix interactions (Van der 
Waals forces), ion-dipole interactions (polarization), and 
ion-solvent interactions (hydration) (Harland, 1994). Since 
these are much weaker than coulombic interactions between 
resin and ions, their contribution to nonideal behavior will be 
of minor importance and they are not taken into account here. 
Moreover, the definition of the standard states implies infi- 
nite dilution of solutes, so for low concentrations the devia- 
tion from ideal behavior will be small. The activity coeffi- 
cients will thus be close to unity, and activities are replaced 
by concentrations. 

Writing the terms for the electrical potential and osmotic 
pressure explicitly hence justifies the use of this model at 
higher concentrations than would be allowed with conven- 
tional models. At increasing solute concentration the depar- 
ture from thermodynamically near-ideal behavior should be 
taken into account. Suitable models for activity coefficients 
are given by Zemaitis et al. (1986) for the liquid phase and by 
Vamos and Haas (1994) and Mehablia et al. (1994) for the 
resin phase. 

Minimum Requirements for Determination of the Resin-Phase 
Composition. An ion-exchange process in which N ionic as 

well as molecular species are involved is characterized by N 
liquid-phase concentrations and N resin-phase concentra- 
tions. Supposing that the concentrations of all species in the 
liquid phase are known and that the equilibrium concentra- 
tions in the resin phase are to be determined, N independent 
relations between liquid phase and resin phase concentra- 
tions are required. The components in an aqueous electrolyte 
solution are water and its ionization products H +  and OH-, 
strong electrolyte cations ( K ), strong electrolyte anions ( a ) ,  
weak amphoteric species ( 5 1, and other weak electrolytes (0). 
Because the amphoteric components appear in three forms 
(neutral or zwitter-ionic, conjugate acid, and conjugate base) 
and monovalent weak acids or bases appear in two forms 
(neutral and conjugate acid or base) the general expression 
for N is 

A similar relation can be set up if multivalent weak elec- 
trolytes are present. 

The number of unknown variables in the system is N + 2, 
the concentrations of N species plus the osmotic pressure 
and the Donnan potential. For each of these species an equi- 
librium relation is given by Eq. 9. These N equations contain 
N parameters, A@:. If the parameter values are known, two 
additional independent relations would be sufficient to deter- 
mine all resin phase concentrations plus rr and A+. How- 
ever, the individual values of ApY cannot readily be deter- 
mined. By proper substitutions the set of equations must be 
rearranged to come to more useful parameters. And since we 
are interested especially in the resin phase concentrations, 
the set of equations can be reduced by elimination of rr and 
A 4 .  This is detailed in Appendix B. Then N unknowns still 
need to be determined, requiring a total of N independent 
relations, parameters, and/or measurements. 

Two valid relations are the electroneutrality condition and 
the water dissociation equilibrium relation. Furthermore, the 
water concentration in the resin phase can be measured quite 
easily. By elimination of rr from Eq. 9 for neutral species, 
(o + C) relations between water and other neutral species 
are obtained. Through combination of Eq. 9 for all ions with 
the same equation for a reference ion, A 4  can be eliminated 
and ( K + a + o + 25  ) additional equations are obtained. The 
latter two sets of equations require distribution coefficients 
for the neutral species and selectivity coefficients between ion 
pairs, respectively. These parameters, if yet unknown, can be 
fitted from experimental results. 

For example, an ion-exchange resin in equilibrium with an 
aqueous sodium chloride solution contains five species: H,O, 
H+, OH-, Na+, and CI-. Hence five independent relations 
are necessary to determine the resin-phase concentrations. 
The number of unknowns, and thus required relations, is re- 
duced by one if the water concentration in the resin is mea- 
sured. Besides the water dissociation constant and the elec- 
troneutrality condition, two relations are required. These are 
the relations between C1- and OH- ions and between Na+ 
and H+ ions, with the corresponding selectivity coefficients 
as parameters. In case of a sodium acetate solution the total 
number of species is six, with undissociated acetic acid in ad- 
dition to the acetate anion. This is schematically depicted in 
Figure 1. The occurrence of undissociated acetic acid re- 
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Figure 1. Species involved in the distribution of a 
sodium acetate solution over the liquid-phase 
and an ion-exchange resin: A+-Donnan po- 
tential; n -osmotic pressure; Q -capacity. 

quires one extra parameter, which is the distribution coeffi- 
cient of the neutral species. 

Starting from 
Eq. 9, a general relation between resin- and liquid-phase ac- 
tivities of anions and cations is obtained, from which the os- 
motic pressure and Donnan potential are eliminated (see Ap- 
pendix B, Eq. B18). Assuming a thermodynamically ideal sys- 
tem gives: 

Calculation of Resin-Phase Concentrations. 

The indices c and a denote cations and anions, respectively. 
This equation was derived to circumvent the necessity of si- 
multaneously solving a set of equations relating resin-phase 
and liquid-phase concentrations, and to provide a basis for 
calculating the resin-phase composition analytically. Equa- 
tion 12 can be simplified further for monovalent ions: 

Obviously the values for Sa,oH- and S,,,+ are equal to 1 for 
a = OH- and c = H+. An equation similar to Eq. 13 was used 
by Kawakita and Matsuishi (1991), but these authors have 
neglected pressure effects and implicitly assumed equal stan- 
dard chemical potentials in both phases. Therefore their 
model is not thermodynamically consistent since the underly- 
ing assumptions imply that the selectivities for all ion pairs 
are equal to 1. 

For an anion exchange resin, the electroneutrality condi- 
tion demands that 

The plus sign should be replaced by a minus sign in case of a 
cation exchanger. Substitution into Eq. 13 gives for a system 
with only monovalent ions: 

Now this equation can be expressed solely in terms of the 
resin-phase OH- concentration, c& , and known liquid- 
phase concentrations using the selectivity of any anion, a, over 
OH-: 

The anion concentration is written explicitly as 

(17) 

Substitution of the anion concentration into Eq. 15 leads to 
the following expression: 

This is a quadratic relation of the OH- concentration in the 
resin phase. The solution of this equation is as follows: 

Q + \/Q2 +4AC 
R 

2A 
COH- = c& - (19) 

with 

All other anion concentrations in the resin phase can now be 
calculated from Eq. 17. This leads to the following expres- 
sion: 

Q + dQ2 +4AC 
2A 

c," = C,LSa,oH- * (21) 

The proton concentration is calculated using the water disso- 
ciation constant: 

(22) 
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The other cation concentrations are then calculated using the 
corresponding cation selectivities: 

Furthermore, if the pH is not extremely low or high, that is, 
the concentrations of H +  and OH- are small compared to 
the concentration of the other ions, and if we consider a sin- 
gle 1:l electrolyte solution, then it follows from the elec- 
troneutrality condition for the liquid phase that c," = c,". The 
preceding equation can now be simplified further, and it fol- 
lows that the resin-phase concentration approaches a direct 
proportionality to the liquid-phase concentration: 

2A 
(23) .p= ccsc,H-*Q+~-@-~ L 

+ 4AC 

For neutral compounds, like water, the electrical potential 
term cancels from Eq. 9 and the following equation is ob- 
tained for the osmotic pressure if nonidealities are neglected: c n " = c a L 4 G q F .  (28) 

A similar equation holds for any other neutral species i. The 
osmotic pressure can then be eliminated and the following 
relation is derived for the resin-phase concentration of i: 

with an overall distribution coefficient, K T :  

If the water concentration ratio and the partial molar vol- 
umes are constant, the overall distribution coefficient is con- 
stant. This is in agreement with a model by Helfferich (1990). 

Once the values of the distribution constants of the neutral 
species and of the selectivity constants of ion pairs are known, 
only the water content of the resin has to be measured and 
the complete composition of the resin phase can be calcu- 
lated from the liquid-phase concentrations. 

At 
very low solute concentrations, the auxiliary functions A and 
C,  defined by Eq. 20, are negligible compared to the resin 
capacity Q. Then Eq. 21 simplifies to that for the SD model, 
Eq. 5. For dilute systems the term in Eq. 6 representing the 
liquid fraction of the resin is also negligible and the equation 
for the NS model reduces to Eq. 5. So where the counterions 
are concerned the models converge for low concentrations, 
but for the coion concentrations, including H+ in the case of 
an anion-exchange resin, the models differ significantly. The 
SD model predicts total exclusion of H +  so the pH cannot be 
defined, whereas the NS model assumes a pH equal to that 
of the liquid. The DIX model, on the other hand, does not 
exercise restraints on the coion concentration in the resin 
phase and thus the pH may have any value. 

At very high solute concentrations A and C will become 
much larger than Q. The contribution of Q in Eq. 21 will be 
small and the uptake is no longer a function of the resin ca- 
pacity. Thus Eq. 21 can be simplified to 

Limiting Cases: Low and High Solute Concentrations. 

Materials and Methods 
Chemicals 

Acetic acid and sodium hydroxide (analytical grade) were 
obtained from Baker, Deventer, The Netherlands. N-acetyl- 
DL-methionine was obtained from Sigma, St. Louis, MO, 
USA. Hydrochloric acid (analytical grade), was obtained from 
Merck, Darmstadt, Germany. Macro-Prep Q ion exchange 
resin was obtained from Bio-Rad, Hercules, CA, USA. 
Macro-Prep Q is an acrylate-based, macroporous, hy- 
drophilic, strong-base anion exchanger with quaternary am- 
monium functional groups. 

Resin preparation 
The resin, 1 L of approximately 50% v/v suspension in 20% 

ethanol in water, was filtered to remove the storage solution, 
equilibrated with 8 times 500-mL 1-M solution of sodium hy- 
droxide, and subsequently washed with 8 times 500-mL dem- 
ineralized water. The water was degassed under vacuum prior 
to use in order to remove dissolved CO,. Thus, 506 g of hy- 
drated resin in the hydroxide form was obtained. The resin 
was stored at 4°C in a closed container to prevent dehydra- 
tion. 

Resin characterization 
The water content was calculated from the 

change of the mass when hydrated resin was dried to a con- 
stant mass in a microwave oven. 

Resin Density. The hydrated resin density was determined 
from the slope of the cumulative mass against the volume 
when aliquots of hydrated resin were added repeatedly to a 
measuring cylinder with water while the volume and mass in- 
crease were registered. 

Resin Capacity. A column packed with hydrated resin was 
equilibrated with a sodium hydroxide solution to bring the 
resin in the OH- form and washed with demineralized water 
to remove excess OH-. The column was then equilibrated 
with an HCl solution and washed. The resin capacity was de- 
termined by back-titration of the excess HCl in the effluent 
with a solution of NaOH. 

Water Content. 

Ion exchange experiments 
Chloride/Hydroxide Exchange. Quantities of 1 to 2 g of hy- 

drated resin were placed into 10-mL vials. To each vial 5 mL 
of a HCI or NaCl solution ranging from pH 2 to pH 12 was 
added. Initial chloride concentrations varied from 1.07 to 536 
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mmol/L. The suspensions were equilibrated for 24 h at 25 f 
2°C under repeated shaking. After equilibration the particles 
were allowed to settle and the supernatant was decanted. The 
pH and chloride concentration of the supernatant were de- 
termined. Experiments with chloride concentrations of 0.1 
mol/L and higher were done with a resin containing 30.4% 
water instead of 27.5%; the resin capacity was corrected cor- 
respondingly in the calculations. 

Acetate/Hydroxide and N-Acetylmethionine/Hydroxide Ex- 
change. Quantities of about 1 g of hydrated resin were 
placed into 10-mL vials. To each of the vials 5 mL of an 
N-acetyl-DL-methionine solution or an acetic acid solution 
with concentrations between 1 and 500 mmol/L were added. 
Then the pH was adjusted by the addition of a known volume 
of a 0.1-M or 1.0-M NaOH solution. The suspensions were 
equilibrated under repeated shaking for 24 h at 25+2"C. 
Then the particles were allowed to settle and the supernatant 
was decanted. The pH and total N-acetylmethionine or acetic 
acid concentration of the supernatant were determined. 

A second series of experiments was done with acetate at 
initial concentrations between 1 and 1,000 mmol/L. Resin 
quantities were about 1 g and the liquid volumes were 5 mL; 
the initial pH was preset before the solution and resin were 
put together; no extra sodium hydroxide was added to adjust 
this value prior to equilibration. 

Analyses 
Acetic Acid and N-Acetylmethionine. Determination of 

acetic acid and N-acetylmethionine was done by HPLC on a 
Bio-Rad HPX-87H column of 30-cm X 7.8-mm internal diam- 
eter, operating at 60°C. The eluent was a 10-mM phosphoric 
acid solution of pH 2 at a flow rate of 0.6 mL/min. Acetic 
acid and N-acetylmethionine were detected by UV absorp- 
tion at 210 nm. 

Chloride was determined by ion chromatogra- 
phy on a Waters IC-PAK A column of 5-cmX4.6-mm inter- 
nal diameter with a capacity of 30+3 meq/mL, operating at 
30°C. The buffer used was 1-mM potassium benzoate of pH 6 
at a flow rate of 1 mL/min. A conductivity electrode was 
used for detection of chloride. 

Chloride. 

Parameter estimation and statistical analysis 
Parameter estimates were obtained according to the fol- 

lowing procedure. The resin-phase concentration of a compo- 
nent i was calculated from the measured liquid-phase com- 
position using the model presented earlier with estimated 
values of the parameters. The total quantity of the compo- 
nent in the resin phase and in the liquid phase were added 
and compared to the quantity that was initially present in the 
liquid, prior to equilibration. The errors were squared and 
added for the total number of measurements, N,: 

where SS,,, is the sum of squares of the residuals, V is the 
volume, and co is the initial liquid phase concentration of the 
component. In the case of the chloride experiments the sum 
of squares of the relative errors compared to the initial 

amount was calculated. Subsequently, the sum of squares was 
minimized by adjusting the parameter estimates. In this study 
the nonlinear conjugate parameter optimization procedure of 
Borland's Quattro Pro (version 5.0) was used. The standard 
deviations of the estimated parameters were determined by 
analysis of the variance/covariance matrix (Himmelblau, 
1970), using the value of SS,,, to determine the variance. 

Results and Discussion 
Resin characterization 

after removal of adhering water, gave the following results: 
Characterization of the hydrated resin in the OH- form, 

Resin density 

Water fraction 

Resin capacity 

1.0575 f 0.0023 g/mL 

0.7253f0.0009 g/g A 0.767 mL/mL 

0.2055f0.0005 mmol/g A 0.217 mol/L 

Chloride/hydroxide ion exchange 
The liquid-phase composition was determined by measur- 

ing the chloride concentration and the pH. The H +  concen- 
tration follows from the pH, and the OH- concentration was 
calculated using the water dissociation constant of 1 . 0 ~  
mo12/L2 at 25°C. The electroneutrality condition was used to 
calculate the Na+ concentration. The water concentration 
was assumed to be constant, 55.56 mol/L. 

The chloride concentration in the resin phase, c&, was 
calculated from the mass balance over the resin and liquid 
phase: 

(30) 

Here mR is the amount of resin, pR is the density of the 
resin, index 0 denotes the initial concentration prior to equi- 
libration, and Vr is the volume of the chloride solution. This 
volume and the volume of the resin were assumed to remain 
constant because swelling or shrinking is of minor impor- 
tance over a broad pH and concentration range for this spe- 
cific resin (Bio-Rad, 1990). 

The resin-phase chloride concentration was also calculated 
with the conventional models (Eqs. 5 and 6) and the DIX 
model (Eq. 21) using estimated values for the selectivity con- 
stants for CI-/OH- and Nat/Ht. The best estimates for the 
parameters were obtained with the least squares optimization 
procedure outlined in the Materials and Methods section. 
Data with (1 - m,-l/m&)2 2 0.2 were considered to be out- 
liers and were not used. 

The results of the parameter optimization procedure are 
presented in Table 1. The value of 0.241 for the selectivity of 
C1- over OH- is not in agreement with common values for 
the selectivity of anions over OH- that are greater than 1 
(Harland, 1994). The value neither corresponds to the value 
of 22, that is given for a polystyrene-based strong anion-ex- 
change resin by the manufacturer (Bio-Rad, 1994). Fitting the 
data with Eq. 6 for the NS model yields a value of 0.224, 
which is in good agreement with the value of 0.241. The slight 
difference may be the consequence of the conceptual differ- 
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Table 1. Estimated Parameter Values from Binary Ion- 
Exchange Equilibrium Experiments with the Ion Pairs 

Chlorideflydroxide, Acetateflydroxide, and N -  
Acetylmethionine/Hydroxide 

Donnan Ion Nonstoichiornetric 
Parameter Exchange Model Sorption Model 

0.241 +_ 0.0049* 
0.0245 0.0053** 
0.0253 f 0.0004+ 
0.0330+0.0058* 

3.41 +0.769* 
64.0 f 18.3** 
28.7 +_ 4.40‘ 
15.2+3.78* 

0.743 0.063% * 
0.876 f 0.071t 
0.850f0.318* 

0.565 f 291 

0.224* 
0.0251** 
0.0280f 
0.0516’ 
- 
- 

- 

- 

*Chloride experiments. 
**Acetate (Ac) experimental series 2. 

‘Acetate (Ac) experimental series 1. 
*N-acetylmethionine (AcM) experiments 

ence between an ion-exchange resin as a homogeneous phase, 
the approach chosen in this study, or as a heterogeneous par- 
ticle with a distinct solid matrix and water-filled pores. 

According to the NS model, the liquid in the pores is the 
same as the surrounding liquid from which the ions, includ- 
ing OH-, really bind to the functional groups. Then the pH 
“observed” in the resin is the same as the external pH. How- 
ever, considering the resin as a homogeneous phase implies 
that the ions are more or less free to move within the resin 
and the observed concentration and hence the pH may differ 
from that in the surrounding liquid phase. According to Eq. 
16 the value of the selectivity of an anion over OH- is also 
determined by the concentration ratio of OH- between resin 
and liquid phase. The excess of positive charges from the 
functional groups causes a partial exclusion of cations, in- 
cluding protons, leading to a higher pH inside than outside 
the resin phase. This pH difference may be as large as two 
pH units (Helfferich, 1962; Kierstan and Coughlan, 1991). 
Figure 2 shows the predicted pH difference between resin 
and liquid phase. This difference is not constant, but in- 
creases with decreasing solute concentration due to a more 
efficient ion exclusion at low solute concentrations. In gen- 
eral the data with the largest pH difference in the high pH 
region of Figure 2 refer to lower solute concentrations. 

In Figure 3 the chloride uptake predicted by the model is 
plotted against the value that follows from the mass balance 
for chloride. For comparison, the predictions by the SD model 
and the NS model are shown as well. It appears that there is 
a good agreement between the measured chloride uptake the 
and the calculations with the DIX model except at resin-phase 
concentrations higher than 0.55 mol/L, which may be due to 
experimental or analytical errors. It is clearly demonstrated 
that for resin-phase concentrations exceeding the resin ca- 
pacity the model gives a much better prediction than the SD 
model. The difference with the NS model is apparently small, 
but careful analysis of all data demonstrates that the predic- 
tion by the NS model is on average 10% higher than that of 
the DIX model. The variance of the deviations between model 
predictions and measurements is 17% higher and the 
Cl-/OH- selectivity constant is about 8% lower. As ex- 

14 I il 

External pH 

Figure 2. Calculated resin-phase pH vs. liquid-phase pH 
for the binary ion-exchange equilibrium of 
chloride and hydroxide. 

pected there is not a significant difference in the anion up- 
take predicted by the three models at low solute concentra- 
tions. For this strong electrolyte the major distinction is in 
the prediction of the intraparticle pH, as can be seen from 
Figure 2, and in the sodium concentration (not shown). 

The measured chloride uptake is plotted against the 
liquid-phase concentration in Figure 4. Even for this simple 
binary exchange process of two strong electrolyte anions the 
experimental results show a considerable scatter instead of a 
smooth equilibrium isotherm. This is only partly the conse- 
quence of analytical errors. First, the scatter is a result of the 
large variation in the pH within a series of experiments with 
similar liquid-phase chloride concentration (Figure 2). At a 
constant chloride concentration the OH- concentration 
varies over two decades. Especially in the high pH region this 
has a pronounced effect on the competition between OH- 
and C1-, and thus on the uptake of CI- by the resin. 
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Figure 3. Parity of calculated and measured chloride 
uptake by the resin. 
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Figure 4. Measured equilibrium uptake of chloride as 
function of the chloride concentration in solu- 
tion. 

Acetate/hydroxide ion exchange 
The concentrations of undissociated acetic acid and of the 

acetate anion in the solution were calculated from the total 
acetate concentration using a pK value of 4.75 at 25°C. For 
the partial molar volume of acetic acid a value of 5 1 . 8 ~  lop3  
L/mol was used (Weast, 1986). The water concentration was 
assumed to be 55.56 mol/L, the OH- concentration was cal- 
culated using the water dissociation constant, and the Na+ 
concentration was determined from the electroneutrality 
equation. 

The total acetate uptake by the resin (anion and neutral 
molecule) was determined via the mass balance for acetate. 
The acetate uptake was also calculated with the DIX model, 
using estimated values for the model parameters, and with 
the conventional models. The least squares estimates of the 
model parameters were obtained as described earlier. The 
best estimates are given in Table 1 for both series of experi- 
ments. The values obtained with the NS model are 0.0251 
and 0.0280 the values obtained with the DIX model are 
0.0245 and 0.0253, with an average standard deviation of 
about 12% of the parameter value. Again the value for the 
anion selectivity is two orders of magnitude lower than the 
value of 3.2, given by the resin manufacturer for a 
polystyrene-based resin (Bio-Rad, 1994). Using these binary 
data, a selectivity constant for C1- over Ac- of 11.5 is calcu- 
lated, whereas a value of 6.9 can be calculated from the data 
from Bio-Rad for a comparable anion exchange resin. 

The determination of the value of the selectivity constant 
for Na+ over H+  is not very reproducible and the value also 
deviates strongly from the one obtained from the chloride 
experiments. For a more accurate estimation of this parame- 
ter, sufficient data must be available with H +  concentrations 
high enough to “compete” efficiently with Na+, which means 
that more experiments must be done at a pH below 3. The 
accuracy of the estimation of the distribution coefficient of 
acetic acid is good, but for an even better estimation dynamic 
column experiments can be used (Jansen et al., 19961, or more 
equilibrium experiments would be needed in a pH region 
where the undissociated form of acetic acid is dominant. 
These conditions are, however, not relevant for our applica- 
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Figure 5. Calculated resin-phase pH vs. liquid-phase pH 
for the binary ion-exchange equilibrium of 
acetic acidlacetate and hydroxide. 

tion of this resin for the chromatographic separation of acetic 
acid and other weak electrolytes (Jansen et al., in prepara- 
tion). 

The low selectivity for Ac- over OH-, in combination with 
the exclusion of cations from the resin, favors the uptake of 
OH-. Therefore the calculated difference between internal 
and external pH is even higher than in the case of C1- and 
OH-, as can be seen from Figure 5. The data in the high pH 
region refer without exception to low acetate concentrations 
because the buffer capacity of these solutions is insufficient 
to capture the OH- ions released by the resin during the 
equilibration. The data in the lower pH region refer to the 
higher acetate concentrations. Of those data those nearest to 
the parity line, representing the external pH, in general cor- 
respond to the highest concentrations, and the lower the con- 
centration, the larger the pH difference. In the low pH-range, 
the calculated internal pH asymptotically approaches the 
value of 6.2, independent of the acetate concentration. A 
similar result was predicted for the calculated pH in a 
cation-exchange resin exchanging lysine and ammonium 
(Kawakita and Matsuishi, 1991). 

The calculated acetate uptake is plotted in Figure 6 against 
the measured uptake for both conventional models and the 
DIX model. The latter model appears to give a good descrip- 
tion except in the intermediate concentration range of 
0.10-0.25 mol/L, were the model predicts too high values for 
the acetate uptake. This is possibly due to analytical errors, 
because similar deviations exist when using the SD model and 
the NS model, while they were absent in the other series of 
experiments that were done (results not shown). Apart from 
that, both series exhibited the same typical phenomena. The 
DIX model is much better in describing the ion-exchange 
process at higher Concentrations than the SD model. The NS 
model gives a reasonable description, but seems to overesti- 
mate the acetate uptake in the entire concentration region 
studied. On average the predicted uptake is about 15% higher 
than that of the DIX model, while the variance of the devia- 
tions between model predictions and measurements is also 
higher for the NS model than for the DIX model, 20% for 
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Figure 6. Parity of calculated and measured acetate up- 
take by the resin. 

the first series of experiments, and more than 100% for the 
other set. 

For a weak electrolyte, like acetic acid, the pH plays a much 
more important role than for strong electrolytes because, de- 
pending on the pH, acetic acid is present as the neutral acid 
or as the acetate anion. The uptake of the acetate anion is 
governed by electrostatic interactions, whereas the uptake of 
the neutral molecule is less specific. At low pH competition 
by OH- is virtually absent and the resin is entirely in the 
acetate form. Raising the pH increases the concentrations of 
sodium and the acetate anion at the expense of neutral acetic 
acid. The effect of the increase of the term 4AC in Eq. 21 is 
somewhat smaller than the influence of neutral acetic acid, 
which results in a net decrease of the total acetate concentra- 
tion in the resin phase and in an apparent decrease of the 
capacity. This is illustrated in Figure 7, where the measured 
acetate uptake is plotted against the total acetate concentra- 
tion in the liquid. 

One smooth isotherm for all data is not found here. The 
pH in the different experiments varied between 3.1 and 11.6, 
so acetic acid may occur solely as the neutral molecule, as the 
acetate anion, or as a mixture of both. Therefore the experi- 
mental data are subdivided into four groups with different 
pH ranges: 3-4.76, 4.76-7, 7-10, and 10-11.6. In the first 
group acetate occurs predominantly in the neutral form, and 
in the second, in neutral as well as anionic form. In the third 
group, only the anion is present as in the fourth group; but, 
in the latter considerable differences in Na+ concentrations 
occur, more importantly, competition with OH- becomes 
significant. Using the estimated parameters from Table 1, the 
isotherms at these pH values were computed and compared 
to the experimental results. The experimental data with pH 
values between 10 and 11.6 lie almost without exception 
within the area enclosed by the corresponding isotherms. 
From these experiments and calculations the competition of 
OH- is obvious: at low acetate concentrations only a limited 
part of the available capacity is occupied by acetate. For the 
other ranges the experimental uptake is generally in reason- 
able to good agreement with the calculated values, except in 
the low concentration region, at concentrations below 0.06 
mol/L, where the model seems to overestimate the measured 
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Figure 7. Measured equilibrium distribution and calcu- 
lated equilibrium isotherms for acetate/ 
hydroxide ion exchange at varying pH and 
concentration. 
Lines represent model calculations; markers represent mea- 
surements. 

uptake. The reason for this is unclear since the functional 
groups should all be occupied by acetate. Most deviating 
points are, however, within the model's confidence region. 
Nevertheless, both model and experiments show the impor- 
tant role of the pH in the ion-exchange process of weak elec- 
trolytes, like acetic acid. 

N-acetylmethionine/hydroxide ion exchange 
Since N-acetylmethionine is an amphoteric compound, it 

may be present in the solution as cation, in the neutral form, 
and as anion, depending on the pH. To calculate the concen- 
trations of different ionic forms the following values for the 
dissociation constants were used: K ,  = 1 x lo-' mol/L (Jan- 
sen et al., 19961, K ,  =3.02X1Op4 mol/L (Wandrey and 
Flaschel, 1979; Jansen et al., 1996). Since no data were avail- 
able, the partial molar volume of N-acetylmethionine in solu- 
tion was estimated at 0.11 L/mol from the specific density of 
crystalline methionine (Weast, 1986). The precise value of this 
parameter is not really relevant because it only appears in 
the overall distribution coefficient for the neutral species (Eq. 
251, which is estimated from the results. The water concen- 
tration in the liquid phase was assumed to be constant at 
55.56 mol/L, the OH- concentration was calculated from the 
pH, and the Naf concentration was calculated using the 
electroneutrality condition. 

The model parameters were estimated using the least 
squares procedure outlined earlier. The results are presented 
in Table 1. The selectivity of the N-acetylmethionine anion 
over OH- was found to be 0.033. This value substantially 
deviates from the value of 0.052, found by fitting the data 
with the NS model. The latter model furthermore predicts an 
uptake that is on average about 30% higher than that pre- 
dicted by the DIX model, and the variance of the deviations 
between model predictions and measurements is almost three 
times as high. The selectivity of the N-acetylmethionine cation 
over H+ could not be determined from these results. With 
the present set of experimental data the standard deviation is 
much larger than the parameter value itself due to the practi- 
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Figure 8. Parity of calculated and measured N-acetyl- 
methionine uptake by the resin. 

cally zero N-acetylmethionine cation concentrations in most 
experiments. In the pH range of interest for practical appli- 
cation (Jansen et al., 1996) the model is insensitive to this 
parameter. The value found for the selectivity of Na+ over 
H+ is somewhere in between the values found for the chlo- 
ride and acetate experiments. It can be concluded that this 
parameter cannot be determined sensitively from these re- 
sults with the current experimental setup. Only the order of 
magnitude can be determined in this way. Due to the limited 
number of data with a sufficiently high concentration of the 
neutral molecule, the distribution coefficient of this species 
could be estimatcd with only a moderate accuracy. A morc 
accurate estimation can be obtained from dynamic column 
experiments (Jansen et al., 1996). 

N-Acetylmethionine is a stronger acid than acetic acid. At 
a similar concentration, the solution pH as well as the inter- 
nal pH are lower, but the relation between the external and 
calculated internal pH appears to be very similar to that for 
acetate, which also has a difference of about two units (re- 
sults not shown). In Figure 8 the predicted N-acetyl- 
methionine uptake is plotted against the experimentally de- 
termined uptake. There is a good agreement between the 
measured resin-phase concentration and the prediction by the 
DIX model. As expected, the SD model fails at higher con- 
centrations, whereas the correction for the pore volume in 
the NS model is apparently too large. This indicates that the 
assumption that the concentration of N-acetylmethionine in 
the pores is equal to that in the liquid phase is not justified. 

The influence of the pH is made visible in Figure 9. The 
pH of the solutions varied between 2.3 and 11.7, so isotherms 
were computed for different values within this range: pH 3, 
4, 6, 10 and 11.7. Below pH 4 the anion fraction is still small, 
between 4 and 6 it goes to unity, and above pH 10 competi- 
tion with OH- becomes important. It appears that for all pH 
ranges most experimental data lie between the corresponding 
isotherms. Just as with acetate, the maximum uptake is 
reached at a pH of 3, but with N-acetylmethionine the up- 
take decreases again at lower pH due to the formation of the 
cationic form of N-acetylmethionine. At increasing pH the 
fraction and thereby the uptake of neutral N-acetyl- 
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Figure 9. Measured equilibrium distribution and calcu- 
lated equilibrium isotherms for N-acetyl- 
methionine/hydroxide ion exchange at vary- 
ing pH and concentration. 
Lines represent model calculations; markers represent mea- 
surements. 

methionine decreases. This is only partly compensated by an 
increase of the anion uptake resulting in a slightly decreasing 
overall uptake. 

Conclusions 
The Donnan ion-exchange model derived from basic ther- 

modynamic equations is well able to describe ion-exchange 
equilibria of both strong and weak electrolytes at a wide con- 
centration and p d  range. Because no assumptions concern- 
ing exclusion of certain species have been made, the model is 
more powerful since it takes more effects into account than 
conventional models. Taking the uptake of coions and neu- 
tral species into account brings about an increase in the re- 
quired number of model parameters, and the larger number 
of parameters results in a greater flexibility than that of con- 
ventional models. At least as important is the fact that the 
DIX model has a more fundamentally sound structure. For 
dilute systems the model converges to the stoichiometric dis- 
placement model and nonstoichiometric sorption model as far 
as counterions are concerned. But analysis of all data in Fig- 
ures 3, 6, and 8 demonstrates that the prediction by the NS 
model is up to 30% higher. Besides, the variance of the devi- 
ations between model predictions and measurements is al- 
ways lower for the DIX model than for the NS model. How- 
ever, the main difference is that the DIX model also de- 
scribes the uptake of neutral species and coions. The latter 
enables calculation of the intraparticle pH, which is a key 
variable in ion-exchange chromatography of proteins and 
weak electrolytes, and especially in the immobilization of en- 
zymes on ion-exchange resins. A survey of the most impor- 
tant characteristics of the three models discussed in this arti- 
cle is given in Table 2. 

Parameter sensitivity analysis revealed that the confidence 
interval of estimated selectivities of anions over OH- is usu- 
ally small. On the other hand, the selectivity of cations over 
H C  could not be determined with great accuracy. This is due 
to the fact that insufficient data were available in a pH and 
concentration range where these species could be found in 
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Table 2. Conventional Ion-Exchange Models vs. Donnan Ion-Exchange Model 

Nonstoichiometric Stoichiometric 
Donnan Ion-Exchange Sorption Model Displacement Model 

Resin structure treated as a 

No restrictive assumptions 

Model (Bellot and Condoret, 1991) (Helfferich, 1962) 
Biphastic structure of resin 

Uptake of coions and neutral 
s ecies only in pore liquid, 

Simple model, requiring only 

Single homogeneous phase, 

Complete exclusion of co- 
homogeneous phase matrix and accessible pores not including pores 

concerning uptake of coions ions and neutral species, 

Simple model, requiring only 
or neutral species cE = E C L  c R = O  

Relatively complex model, 
requiring parameters for counterion selectivities and counterion selectivities 
counterions, coions, and 
neutral species 

Suited for dilute as well as 
concentrated solutions concentrated solutions solutions 

Applicable to both strong and 
weak electrolytes electrolytes electrolytes 

Intraparticle pH well-defined, 
in general different from equal to liquid-phase pH defined 
liquid-phase pH 

determine, but greater to determine to determine 
flexibility because of more 
parameters 

resin pore fraction 

Applicable up to moderately 

Mainly applicable to strong 

Intraparticle pH by definition 

Only useful for dilute 

Only applicable to strong 

Intraparticle pH cannot be 

Not all parameters easy to Parameters relatively simple Parameters relatively simple 

appropriate concentrations to affect the total uptake. For a 
more accurate estimation of the cation selectivity more ex- 
periments are necessary at conditions where the variable C 
and the term 4AC contribute significantly to the total up- 
take. The overall distribution coefficients could be estimated 
with moderate to good accuracy, but they can be estimated 
more accurately if more data are available at pH values where 
the neutral species dominates. The distribution coefficient of 
the neutral species can also be determined from dynamic col- 
umn experiments (Jansen et a]., 1996). Despite the some- 
times moderate accuracy of the model parameters concern- 
ing coions and neutral species, incorporation of their contri- 
bution into the model already significantly improves the de- 
scription of an ion-exchange process involving these species. 

Values for the anion selectivities relative to OH- are not 
in agreement with values generally found in literature, but 
the mutual selectivities between the anions used in this study 
are in better agreement. The conceptual difference between 
this model and conventional models also leads to the predic- 
tion of internal pH values that deviate from the external pH. 
This is most likely the cause of the discrepancy between pub- 
lished selectivities of counterions relative to OH- and those 
found in this study. The difference of two orders of magni- 
tude corresponds very well with the predicted pH difference 
of approximately two units. 

A drawback of the model, as it is presented here, is that 

present, a numerical solution of the set of equations is in- 
evitable. These disadvantages, however, also apply to conven- 
tional ion-exchange models. 
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Appendix A: Conventional Ion-Exchange Model for 
Multicomponent Systems 

For a ternary system of components, i, j ,  and k ,  the selec- 
tivity between k and j is defined according to Eq. 1, replac- 
ing index i by k .  This equation is modified by elimination of 
the resin phase ionic fraction of k ,  yk:  

After some manipulations yi can be written explicitly: 

1 1  - x k  sk,j - + 1 . ---( xi ) Yj 1 - y i  

Substitution of this equation into the selectivity equation for 
couple i ,j ,  Eq. I, results in the following expression: 

s. == Y, ( Sk,/-+1 1; ) -. 
1 - y, XI  

After some rearrangements this gives an expression for the 
resin phase ionic fraction of component i: 

Realizing that Si,i = 1, this equation can be generalized as 
follows for a multicomponent system with n monovalent ions: 

Appendix B: Derivation of a General Relation: 
Resin- and Liquid-Phase Composition 

since the electrical potential term is absent. For water (w): 
The osmotic pressure follows from Eq. 9 for neutral species 

Starting from Eq. 9, the electrostatic potential difference be- 
tween the phases, the Donnan potential A+, can be written 
explicitly: 

The osmotic pressure, which is a system property and thus 
equal for all species, can be eliminated by substitution of Eq. 
B1 into this equation, resulting in the following expression 
for Ad: 

The potential difference is also a system property and can be 
eliminated by combining Eq. B3 for two different ions, z and 
j :  

I - \  

- - z j F  +-In($)($) ZjF . (B4) 

The following auxiliary function is defined for convenience: 
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Eq. B4 can then be rearranged to 

Let us now consider the exchange equilibrium as a chemi- 
cal equilibrium reaction according to the mass action law, with 
the absolute values of the valences (in order to make the 
equation applicable to cations as well as anions) as stoichio- 
metric coefficients: 

The corresponding thermodynamic equilibrium constant, K I J ,  
is given by the following relation: 

The separation factor or selectivity of the ion-exchange 
process, Si, j ,  is defined as follows: 

(B9) 

Substitution of the latter two equations into Eq. B6 leads af- 
ter some manipulation to the following equation: 

The selectivity proves to be directly proportional to the ther- 
modynamic equilibrium constant and for those conditions 
where the ratio of water activity in the resin and in the liquid 
is approximately constant, that is, dilute systems, the selectiv- 
ity is indeed constant. 

For calculation of the resin-phase composition the resin- 
phase and liquid-phase activities in Eq. B6 are separated: 

This equation is valid for any pair of ions i and j ,  so it is also 
valid for an anion/cation pair. The equation may be summed 
up over all anions (index a) and cations (index c), and then 
the following result is obtained: 

The fact that the selectivity is constant is exploited to simplify 
the equation. For that purpose the selectivities between the 
cations and H+ and the selectivities between the anions and 
OH- are introduced. First the term concerning the cations 
in the right member of B12 is considered. Division of the 
term after the summation sign by a similar term for Hf  and 
subsequent multiplication by the same term leads to 

Combination of the selectivity for a cation over HC, Sc,H+ as 
defined by Eq. B9, with Eq. B6 and subsequent substitution 
into the preceding equation leads to 

In an analogous manner the term in the right member of Eq. 
B12 concerning the anions can be modified by the introduc- 
tion of the selectivity of the anions over OH-. This results in 
the following equation: 

Multiplication of the terms outside the summation brackets 
in the right members of Eqs. B14 and B15 gives 
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Finally, substitution of Eqs. B14 to B17 into Eq. B12 leads to 
a simple relation between resin-phase and liquid-phase activ- 
ities that contains only selectivity constants: 

' f O H -  

~ [ (a,L)~zcs~~~;'H+)] [ ( a , L > - l / z a  S",OH- l / ( z n z O H - ) ] .  ( ~ 1 8 )  
Since zH+ = 1 and zOH- = - 1, it is clear that the right mem- 
ber of the preceding equation represents the ratio between 
the water dissociation constant in the resin phase and that in 
the liquid phase: 

C a 

This equation forms the basis for calculation of the resin- 
phase composition from known liquid-phase concentrations. 

(B17) 
Manuscript received June 12, 1995, and revision receiued Sept. 26, 1995. 
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