
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

Ion-Exchange Equilibrium of Ca2 , Mg2 , K , Na , and H  Ions on Amberlite
IR-120: Experimental Determination and Theoretical Prediction of the
Ternary and Quaternary Equilibrium Data
Antonio De Lucasa; Jacinto Zarcaa; Pablo Caizaresa

a DEPARTAMENTO INGENIERÍA QUÍMICA FACULTAD DE CIENCIAS QUÍMICAS,
UNIVERSIDAD COMPLUTENSE, MADRID, SPAIN

To cite this Article De Lucas, Antonio , Zarca, Jacinto and Caizares, Pablo(1992) 'Ion-Exchange Equilibrium of Ca2 , Mg2 , K
, Na , and H  Ions on Amberlite IR-120: Experimental Determination and Theoretical Prediction of the Ternary and
Quaternary Equilibrium Data', Separation Science and Technology, 27: 6, 823 — 841
To link to this Article: DOI: 10.1080/01496399208019727
URL: http://dx.doi.org/10.1080/01496399208019727

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496399208019727
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SEPARATION SCIENCE AND TECHNOLOGY, 27(6), pp. 823-841, 1992 

Ion-Exchange Equilibrium of Ca2+, Mg2+, K+, Na+, and 
H+ Ions on Amberlite IR-120: Experimental 
Determination and Theoretical Prediction of the Ternary 
and Quaternary Equilibrium Data 

ANTONIO DE LUCAS,' JACINTO ZARCA, 
and PABLO CANIZARES 
DEPARTAMENTO I N G E N I E R ~ A  Q U ~ M I C A  
FACULTAD DE CIENCIAS QU~MICAS 
UNIVERSIDAD COMPLUTENSE 
28040. MADRID. SPAIN 

Abstract 
A study of the cation-exchange equilibria between Amberlite IR-120 resin and 

aqueous solutions of calcium, magnesium, potassium, and sodium chlorides and 
hydrochloric acid has been made. Experiments were carried out at 283, 303, and 
323 K with solutions having total cation concentrations of approximately 0.1, 0.3, 
and 0.5 N. Experimental data for the ion-exchange equilibria of the ternary and 
quaternary systems are reported. These systems exhibit nonideal characteristics in 
both phases. The predictions have been based on the reaction equilibrium constants 
and correlations for the activity coefficients in both phases. A model which allows 
the prediction of multicomponent ion-exchange equilibria from binary data has 
been developed. Predictions of ternary and quaternary systems based solely on the 
binary data are in good agreement with the experimental results. 

Key Words: Ion exchange; Equilibrium; Multicomponent systems 

INTRODUCTION 
One of the controlling factors governing the use of ion-exchange sepa- 

rations is the equilibrium distribution of ions between the resin and solution 
phases which can be achieved in any given system. For this reason, ion- 
exchange equilibria have been widely studied. 

Nearly all practical and important ion-exchange processes deal with more 
than two exchangeable ions. However, most of our knowledge of the be- 
havior of ion exchange comes from investigations of binary systems. Few 
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824 DE LUCAS, ZARCA, AND CANIZARES 

systematic studies have been done on multicomponent ion exchange be- 
cause of the complexity of both experimental and theoretical multi-ionic 
systems. 

Prediction of multicomponent ion-exchange equilibrium is needed for 
the design of exchangers which operate over a wide range of conditions. 
A theoretical model that allows the equilibrium behavior of multicompo- 
nent systems to be predicted would therefore be extremely useful. This 
was the main goal of many works published about these separation pro- 
cesses. Little attention has been paid to the problem of the influence of 
resin composition on the affinity of ions in a multi-ionic resin. 

Methods for the prediction of multicomponent ion-exchange equilibria 
can be classified in four main groups. 

1) Models (1-4) based on the assumption of ideality of the exchange 
equilibria with a constant separation factor and activity coefficients of 
all components in the solid phase equal to unity. 

(2) Models (2, 5-8) based on the assumption of regular systems with a 
linear transformation between the separation factor and the compo- 
sition in the solid phase. 

(3) In the third group (9, 10), the ion exchange is treated as a phase 
equilibrium using standard procedures developed for solution ther- 
modynamics. Surface effects are taken into account by introducing 
surface excess variables similar to those used to study adsorption from 
liquid mixtures on solids. 

(4) The fourth group (11-21) includes models which consider nonideal or  
real systems, so they should be more accurate in predicting equilibrium 
behavior. 

Among the different models available in the literature for the prediction 
of the ion-exchange equilibria, a model based on the mass action law, 
chosen in a previous paper (20), has been applied in this study. 

The equilibrium experimental data of ternary systems combining Ca'+ , 
Mg2+, K f ,  N a f ,  and H' ions and a quaternary system constituted by 
Ca2', K + ,  Na+,  and H +  ions on the same resin at different total ionic 
concentrations (0.1-0.5 N )  and temperatures (283-323 K) are presented. 

These systems exhibit nonideal characteristics in both phases. The ex- 
perimental characterization has been based on the reaction equilibrium 
constants and correlations for the activity coefficients in both phases. The 
exchanger phase activity coefficients are obtained from the well-known 
Wilson model (22). 

EXPERIMENTAL 
The experimental set was constituted by seven 1-L Pyrex containers, 

hermetically sealed and mechanically agitated, submerged in a temperature- 
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TABLE 1 
Physical Properties of Amberlite IR-120 

Standard ionic form 
Shape 
Matrix type 
Functional structure 
Density 
Effective size 
Moisture content 
Operating pH range 
Maximum operating temperature 
Uniformity coefficient 

Na + 

Spherical particles 
St yrene-DVB 
-so; 
0.717 g/cm3 (wet) 
0.47-0.62 mm 
44-48% 
0-14 
120°C 
1.8 maximum 

Total exchange capacity 5.05 meq/g dry 

controlled thermostatic bath (20).  The temperature was kept constant with 
maximum deviations of 0.5 K. 

The analyses of the ionic solutions were done by titration (H+) ,  com- 
plexometry (CaZ+, MgZ+), and isotachophoresis (K’, Na’, Ca”, Mg”). 
The resin phase composition was determined by mass balance from the 
initial and equilibrium compositions of the aqueous phase. 

All cations in the solutions were simultaneously analyzed in every ex- 
periment. Taking into account that the variations of the total cation con- 
centration was always lower than 2%, electrolyte adsorption can be 
considered to be negligible. 

The ion exchanger used was a commercial resin, Amberlite IR-120, 
supplied by Rohm and Haas, previously used in other ion-exchange studies 
(20,23-25). The resin was conventionally treated (23,26) in order to obtain 
normalized conditions of capacity and ionic form. The physical properties 
of the resin are summarized in Table 1 .  

The electrolytes used were CaCl2.2H20 (>99.5%), MgCI2.6Hz0 
(>99.0%), KCI (>99.5%), NaCl (>99.5%), and HCI,,. (37%, impuri- 
ties < 0.009%), purchased from Merck. The water used was conventionally 
treated in our laboratories (conductivity less than 1 pS/cm). 

RESULTS AND DISCUSSION 

Predictions of Ternary Systems 
Calculation of the composition of one of the phases at a chosen com- 

position of the other phase for real ternary systems is achieved by solving 
the following system of equations: 
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where KAB( T) and KAC( T) are the thermodynamic equilibrium constants 
for two independent binary reactions at temperature T. 

Among the different models available in the literature for the charac- 
terization of the binary system equilibria, a model based on the mass action 
law, chosen in a previous paper (20), has been applied. The model is 
basically constituted by the equations summarized in Table 2. 

The equilibrium constants and the Wilson parameters were reported in 
a previous paper (27). These values are summarized in Table 3, along with 
the average deviations of the solid composition between the experimental 
and the calculated data. 

For the five ternary systems investigated, the three binary thermody- 
namic equilibrium constants are related as summarized in Table 4. It can 
be seen that the triangle rule for the equilibrium constants is obeyed to 
within less than 20% over the temperature range investigated. 

The activity coefficients in the liquid phase may be calculated easily be 
using the Meissner and Kusik method (28) for a chosen set of compositions, 
total normality in the liquid phase, and the temperature and pressure of 
the system: 

(2) 

where A, B, and C are the three cations of the ternary system and a, 6, 
and 6 are their respective valences. 

The ionic strength fraction ( X )  of each cation can be expressed as follows: 

XA = mAa2 + mBP2 + mc6' 
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TABLE 2 
Model Equations for Characterization of Binary Systems 

P(R,A) + aB'+ S a ( R 0 B )  + PA"' 

Equilibrium constant: 

Activity coefficients in the solution phase: 

- log [ I  + O . O 1 8 ~ ( U  - k.h: .Uh)~f f l" , . , , ]  

Activity coefficients in the resin phase: 

Standard thermodynamic properties: 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
3
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



828 DE LUCAS, ZARCA, AND CANIZARES 

TABLE 3 
Equilibrum Constants and Wilson Parameters Determined from Binary Experimental Data 

AIB KAB (N) ABA LB T (K) z (%) 

H'INa' 

H + / K +  

Na+lK+ 

Mg2+ /Cali 

I-!+IMg*+ 

H+ICa2+ 

Na + I Mg*+ 

Na + /Ca* + 

K+IMg*+ 

K+ICa*+ 

1.760 
1.674 
1.510 

2.810 
2.360 
2.060 

1.553 
1.394 
1.154 

2.537 
2.643 
2.740 

8.757 
10.188 
11.634 

25.70 
29.04 
31.32 

3.468 
4.022 
4.583 

9.121 
10.866 
12.200 

1.250 
2.256 
2.530 

3.860 
5.810 
8.310 

1 
1 
1 

2.274 
2.301 
2.439 

1.947 
1.972 
2.078 

0.742 
0.747 
0.752 

0.486 
0.502 
0.516 

0.785 
0.800 
0.813 

0.120 
0.128 
0.136 

1.070 
1.075 
1.079 

0.743 
0.730 
0.718 

0.192 
0.200 
0.209 

1 
1 
1 

0.542 
0.489 
0.411 

0.578 
0.549 
0.483 

1.104 
1.108 
1.115 

1.81 1 
1.773 
1.741 

0.728 
0.742 
0.756 

1.900 
1.912 
1.922 

0.796 
0.800 
0.805 

1.751 
1.738 
1.728 

1.900 
1.906 
1.906 

283 
303 7.3 
323 

283 
303 4.2 
323 

283 
303 5.9 
323 

283 
303 4.1 
323 

283 
303 7.5 
323 

283 
303 6.2 
323 

283 
303 6.5 
323 

283 
303 2.6 
323 

283 
303 5.1 
323 

283 
303 7.9 
323 
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TABLE 4 
Triangle Rule for Equilibrium Constants 

System 283 K 303 K 323 K 

m,P2 
mAa? + mBP? + mcS2 xs = 

mcS’ 
m,a? + mBP’ + mc6’ 

xc = (3) 

where mA. m,, and mc are the molalities of each cation in the ternary 
system. 

The activity coefficients of each pure salt in the solution, -$, at the same 
total ionic strength as the mixture are estimated by the Nesbitt correlation 
in the same way as for binary systems (27, 29). 

The activity coefficients in the solid phase are estimated by using the 
Wilson equation with two adjustable parameters obtained by character- 
ization of binary systems (Table 3). 
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where Ajj and Ajj are the Wilson parameters at each temperature. 
Since the three equilibrium constants and all the required activity coef- 

ficients in both phases are known, the model equations may be solved to 
yield the unknown phase composition at each temperature, pressure, and 
total normality of the liquid phase. 

Figures 1 to 7 show predicted and experimental compositions (equivalent 
ionic fraction) in the resin phase for several ternary systems studied. These 
figures show good agreement between the model predictions and the ex- 
perimental data over the entire range of liquid phase normalities and tem- 
peratures. Deviations higher than 10% are related to equivalent ionic 

1. 

%ale 

0. 

0.C 
1 .o 

L p  
0.0 0.5 

FIG. 1. Comparison of predicted and experimental compositions in the resin phase for the 
ternary system K'-Na'-H' at C, = 0.1 Nand  T = 323 K. 
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- &. 
Xcalc N.4 0 

H* A 

0.0 0.5 1.0 

FIG. 2. Comparison of predicted and experimental compositions in the resin phase for the 
ternary system Ca?+-Na+-H' at C, = 0.3 N a n d  T = 303 K .  

fractions lower than 0.1. Since the experimental resin composition is de- 
termined by material balance, higher deviations can be expected at low 
concentrations due to experimental data scatter. 

As an example, Fig. 8 shows the agreement between the experimental 
data and the predicted contour lines for the ternary system constituted by 
calcium and magnesium chlorides and hydrochloric acid at constant xca/ 
xMg ratios and 0.5 N total ionic concentration. 

Prediction of a Quaternary System 
Similarly to ternary systems, calculation for one of the phases at a chosen 

composition of the other phase for real systems is achieved by solving the 
following system of equations: 
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1.0 

jZcalc 

0.5 

0.0 0.5 1.0 
%x, 

FIG. 3 .  Comparison of predicted and experimental compositions in the resin phase for the 
ternary system Ca"-K'-H' at C ,  = 0.3 N a n d  T = 303 K. 

where KAB( T ) ,  KAC( T), and KAD( T) are the thermodynamic equilibrium 
constants for three independent binary reactions at temperture T. The 
fourth ionic exchange reaction is related to the others, and its equilibrium 
constant may be obtained by the triangle rule. 

The activity coefficients in the liquid phase can be calculated by using 
the Meissner and Kusik method (28) for a chosen set of composition and 
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1.0 
0.5 gem 

0.0 

FIG. 4. Comparison of predicted and experimental compositions in the resin phase for the 
ternary system Caz+-K'-Na+ at Cr = 0.3 N a n d  T = 303 K. 
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1.0 
xexp 

0.0 0.5 

FIG. 5. Comparison of predicted and experimental compositions in the resin phase for the 
ternary system Ca2+-Mg2+-H+ at C,  = 0.3 N a n d  T = 303 K .  

where A, B, C, and D are the four cations of the quaternary system and 
a, P, 6, and z are their respective valences. 
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1.0 
gexp 0.0 0.5 

FIG. 6. Comparison of predicted and experimental compositions in the resin phase for the 
ternary system Ca*+-Mg?+-H+ at C, = 0.5 N and T = 283 K. 

The ionic strength fraction (X )  of each cation can be expressed as follows: 

x A  = 
mAa2 + mBp2 + mcS2 + mDE2 

xB = 
mAa2 + mBp2 + mcS2 + mDE2 

mcS2 
mAa2 + mBP2 + mcS2 + ~ D E ’  

x, = 

mDE2 
x, = mAa2 + map2 + mcS2 + mDE2 (7) 

where mA, mB, m,, and m, are the molalities of each cation in the qua- 
ternary system. 
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1.0 

0.0 - 
0.5 1.0 

x.xp 
ao 

FIG. 7.  Comparison of predicted and experimental compositions in the resin phase for the 
ternary system Ca2+-Mgz+-H+ at C, = 0.1 Nand T = 323 K. 

The activity coefficients of each pure salt in the solution, y&, at the same 
total ionic strength as the mixture are estimated by the Nesbitt correlation 
in the same way as for binary systems (27, 29). 

The activity coefficients in the solid phase may be estimated by using 
the Wilson equation with two adjustable parameters obtained by nonlinear 
regression of experimental binary data (Table 3). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
3
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ION-EXCHANGE EQUILIBRIUM ON AMBERLITE IR-120 837 

1 

xH 
0 

0 0.5 1 

FIG. 8. Experimental data and predicted contour lines for the ternary system CaL+-Mg?+- 
H' at C, = 0.5 Nand T = 283 K with constant x,,/xM, ratios. The symbols identify exper- 

imental data. 
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Since the four equilibrium constants and all the required activity coef- 
ficients in both phases are known, the model equations may be solved to 
yield the unknown phase composition at each temperature, pressure, and 
total normality of the liquid phase. 

Table 5 presents the calculated and experimental compositions of each 
cation in the resin phase for the Ca2'-K'-Na+-H+ exchange in a chloride 
solution on Arnberlite IR-120 at CT = 0.3 Nand T = 303 K. The predicted 
and experimental compositions (equivalent ionic fraction) in the resin phase 
are in good agreement for the investigated quaternary system. Deviations 
higher than 10% are related to equivalent ionic fractions lower than 0.1, 
where higher experimental errors are expected. 

The above results confirm the validity of binary Wilson parameters and 
equilibrium constants deduced from binary systems, and the method pro- 
posed to predict the equilibrium behavior of multicomponent ion-exchange 
systems. 

A 
A 

B 
B 
C 
CT 
C14B 
D 
d 
A GOAB 
A ~ A B  
k*h: 
m, 

ab 

GLOSSARY 
ionic species in solution 
Debye-Huckel parameter 
activity of water 
ionic species in solution 
Debye-Huckel parameter 
ionic species in solution 
total concentration in the liquid phase 
constants of Gilliland's relation 
ionic species in solution 
equivalent diameter of ions contained in a salt 
standard Gibbs free-enthalpy change 
standard enthalpy change 
number of coordination ions contained in a salt 
molality of ion i 
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molality of salt ij 
resinate 
standard entropy change 
absolute temperature 
number of ions formed by dissociation of an electrolyte 
ionic strength fraction of cation i referred to the total ionic 
strength of cationic species 
equivalent ionic fraction of ion i in the liquid phase 
equivalent ionic fraction of ion i in the solid phase 
ionic strength fraction of anion j referred to the total ionic 
strength of anionic species 

Greek Letters 

YI,  

6 

valence of ion A 
stoichiornetric coefficient of salt ij in the liquid phase 
stoichiornetric coefficient of salt ij in the solid phase 
valence of ion B 
liquid phase activity coefficient of ion i 
solid phase activity coefficient of ion i 
pure salt activity coefficient in the liquid phase for the same total 
ionic strength as the binary mixture 
salt activity coefficient in the liquid phase 
valence of ion C 
valence of ion D 
Wilson binary interaction parameters 
ionic strength 
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