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lon-Exchange Equilibrium of Ca?*, Mg?*, K*, Na*, and
H* lons 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 INGENIERIA QUIMICA

FACULTAD DE CIENCIAS QUIMICAS

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: lon 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

*To whom correspondence should be addressed.
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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 (I-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’*,
Mg?*, K*, Na*, and H* ions and a quaternary system constituted by
Ca?*, 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 Na*
Shape Spherical particles
Matrix type Styrene-DVB
Functional structure —S0Oy
Density 0.717 g/cm® (wet)
Effective size 0.47-0.62 mm
Moisture content 44-48%
Operating pH range 0-14
Maximum operating temperature 120°C
Uniformity coefficient 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 (Ca®*, Mg?*), 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 CaCl,,2H,0 (>99.5%), MgCl,-6H,0
(>99.0%), KCI (>99.5%), NaCl (>99.5%), and HCl,, (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:

[(Xe¥e]*[(1 — x) Crvid PP
(- YB)‘VA]B[XB'CT"Y?CT;) *

Kap(T)=
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X ¥ [(1 — xc) Cryie WP

Kac(T) = [(Q = X)Fa)[xc Cr ‘Yca,,”]

o)

§A+YB+YC=1

where Kxp(T) and Ka(T) are the thermodynamic equilibrium constants
for two independent binary reactions at temperature 7.

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:

a1 (Yo + X Xy X, T

log Yac, = T (C'a—_lA) log yac, + — B1 log YBCIB 8-; log vea,
[ X Yo + X . X, o |

log ygei, = BT a_-,; log Yac, + '(CIB_—IB) log yaci, + 8_({ log vea,
>1[ X Yo + X T

log yea, = 5 (x_fi log vaa, + 5 B 1 108 Yeci, + % log vec,

2

where A, B, and C are the three cations of the ternary system and a, $3,
and § are their respective valences.
The ionic strength fraction (X) of each cation can be expressed as follows:

mAaz

mA(lz + maﬁz + mCBZ

XA=
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TABLE 2
Model Equations for Characterization of Binary Systems

ﬁ(R«.A) + aBP* 2 a(RB) + BA“* I

Equilibrium constant:

[EB.ﬁﬂln[(l - XB)'CT"YSI\ILYI(:’]B

Kao(T) =
(M) [a- X) YA l*xe Crvifcsy)]°

Activity coefficients in the solution phase:

a-1 [log vaq,
log yaci, = e

XB °
7 ol 1+ X, + ﬁ log 'YB("B]

-1 IOg Yho X .
log Yooy = BT I:_B%E 1+ Xg) + ;—'Al log 'Y/mu]

B Ma-o? ) _ my- B’
Xa = maod + myp? s maol + mgP?
log Yac, = —Ara-pn®/(1 + d-B-p*%) — (1/2.303-v)k-h*(a, — 1.0)

= log [1 + 0.018(v — k-h’-a,)mac]

it

10g Y3, = —A-B-p"*/(1 + d-B-p’Y) ~ (1/2.303-v)k-h(a, — 1.0)

—log [1 + 0.018-(v — k-h}-a,)-myc,)

Activity coefficients in the resin phase:

- - - Xa XsAga
In =1 —In(X, + XA -z = - = p
Ya (Xa s an) T + XoAro Tn + Tahpn

- —_ - EB E/\AAB
In =1-In(xg + XsA - = = - = —
e (% Ahun) Xg + XaAga  Xa + XgApns

T(1 — In Axs — Aga) = Clg
T(1 — In Aga — Aag) = C8g

Standard thermodynamic properties:

R T
AGR = — —— In Ky
aB
_ R-T*d(in K,p)
M =g~ ar
AHRs - AGS
AS‘AB — AB T AB
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TABLE 3
Equilibrum Constants and Wilson Parameters Determined from Binary Experimental Data
A/B Kas (N) Asa A T (K) € (%)
1.760 1 1 283
H*/Na* 1.674 1 1 303 7.3
1.510 1 1 323
2.810 2.274 0.542 283
H*/K* 2.360 2.301 0.489 303 4.2
2.060 2.439 0.411 323
1.553 1.947 0.578 283
Na*/K* 1.394 1.972 0.549 303 5.9
1.154 2.078 0.483 323
2.537 0.742 1.104 283
Mg?* /Ca®* 2.643 0.747 1.108 303 4.1
2.740 0.752 1.115 323
8.757 0.486 1.811 283
H*+/Mg?* 10.188 0.502 1.773 303 7.5
11.634 0.516 1.741 323
25.70 0.785 0.728 283
H*/Ca?* 29.04 0.800 0.742 303 6.2
31.32 0.813 0.756 323
3.468 0.120 1.900 283
Na*/Mg?* 4.022 0.128 1.912 303 6.5
4.583 0.136 1.922 323
9.121 1.070 0.796 283
Na*/Ca’* 10.866 1.075 0.800 303 2.6
12.200 1.079 0.805 323
1.250 0.743 1.751 283
K*/Mg?* 2.256 0.730 1.738 303 5.1
2.530 0.718 1.728 323
3.860 0.192 1.900 283
K*/Ca®* 5.810 0.200 1.906 303 7.9
8.310 0.209 1.906 323
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TABLE 4
Triangle Rule for Equilibrium Constants

System 283 K 303 K 323K
Ko Kina Kean = 1 1.10 1.05 0.89
KK(;.'Kim'KQ.H =] 1.19 1.11 1.12
K Kina Ky = 1 0.97 0.99 0.85
Ko Kok K = 1 1.02 1.04 0.91
Kuve Kngew Kean = 1 0.88 0.93 1.02

Xo = mg’

B mA(I2 + ’7’1382 + mCSZ
mcaz
Xc = (3)

"’IA(X.2 + mBBZ + mcaz

where m,, mg, and m¢ are the molalities of each cation in the ternary
system.

The activity coefficients of each pure salt in the solution, vyj, 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).

Xa
.YA + EBAAB + ’—Y.CAAC

ln VA 1 - ln (YA + fBAAB + ECAAC) - |:

EBABA + ECACA
EAABA + EB + fCABC EAACA + '-x-BACB + YC

EAAAB
X‘A + EBAAB + ECAAC

ln VB = 1 - ln (EAABA + EB + ECABC) - l:

Xp n XcAce
XaApa + X + XcApc  Xalca + XsgAcs + Xc
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EAAAC
EA + EBAAB + ECAAC

In —'Y-C = 1 - ln (EAACA + EBACB + fc) - [

XsAgc + Xc (4)

where A; and A; 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

1.0

calc

05

00 05 i.xp 10

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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1.0
0.3N «10% /
+4
_ Ce ® (]
calc Na o
H* A -10%
(]
05 ¢
)
0.0 o
0.0 05 x.,(p 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 Nand 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 xc,/
Xy, 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:

[xs-¥s]°[(1 — xs)'Cr'vﬂi’&:)]B
[(a- YB)'VA]B[XB'CT"YEBCT;)]G

Kap(T) =
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10

!

calc

0.5

0.0

0.0 05 X oxp 1.0

Fig. 3. Comparison of predicted and experimental compositions in the resin phase for the
ternary system Ca’*-K'-H* at C; = 0.3 Nand T = 303 K.

[Fe N (1 = x0) Cry RSP

Kic(T) = —
2T = = R AaPlec Cryel T
Koo(T) = [Xo Yol [(1 — xp)- CryRd Ll
AP (1 = Fp)Fal{xo Cry5a ]
YA+-X_B+Y(:+ED=1 (5)

where Kap(T), Kac(T), and Kap(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
0.3N
) o +10%
Xcaic Kt ©
+
Na 4 ® ~10%
05¢%
o
A
o A
0.0
0.0 0.5 X 10
exp

FiG. 4. Comparison of predicted and experimental compositions in the resin phase for the
ternary system Ca?*-K*-Na* at C; = 0.3 Nand T = 303 K.

total normality in the liquid phase, temperature, and pressure of the system:

al

log Yac, = =
% (Yo + X4) Xp
a-l g1

_B1

log Yeai, = B

X Yo + X

NEA A

X X
log Yac, + 5 10g ¥8a, + 8_i log y¢a, + ﬁ log ‘YECI‘]

X X,
log Vgaa + S_i log yea, + :11) log 'YODCI(:I
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1.0

calc

05

00

0.0 0.5 Rorp O

Fic. 5. Comparison of predicted and experimental compositions in the resin phase for the
ternary system Ca’*-Mg**-H* at C; = 0.3 Nand T = 303 K.

51
log vea, = =
X X, Yo + X, X
x [a—f; log ¥3a,, + 5 08 ¥ia, + (_W) log y2a, + 7 log v%c.,]
el
log Ype, = >
X X X
X I:a_f; log vaa, + B_'Ei log veay, + 8_i log v¢a,

Yo + X
+ gaeTD) log 'Yc[))CI‘jI

(6)

where A, B, C, and D are the four cations of the quaternary system and
a, B, 8, and € are their respective valences.
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1.0

calc

05

00

00 0.5 Zoxp 1.0

FiG. 6. Comparison of predicted and experimental compositions in the resin phase for the
ternary system Ca>*-Mg?*-H"* at C; = 0.5 Nand T = 283 K.

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

2

X. = mao
AT mao? + mgB? + med? + mpe?
Xo = mgfP’
B mA(lz + "'ll;['.’t2 + mcaz + mD€2
X = mC82
7 mao? + mgP? + med? + mpe?
mD€2
XD = (7)

mA(XZ + mBBZ + mC82 + mD€2

where m,, mg, mc, and my, are the molalities of each cation in the qua-
ternary system.
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1.0

calc

0.5

0.0

0.0 0.5 X 1.0
oxp

FiG. 7. Comparison of predicted and experimental compositions in the resin phase for the
ternary system Ca’*-Mg?*-H* at C; = 0.1 Nand T = 323 K.

The activity coefficients of each pure salt in the solution, vj, 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).

In ﬁA =1-1In (EA + 'YBAAB + ECAAC + EDAAD)

_ Xa + XsAga
Xa + XpAap + XcAac + ¥pAap  XaApa + Xp + XcAsc + XpAmp

+ XcAca XpApa ]

= = p + = - = =
EAACA + xBACB + Xc¢ + xDACD xAADA + xBADB + xCADC + Xp
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F1G. 8. Experimental data and predicted contour lines for the ternary system Ca’*-Mg?*—
H* at C; = 0.5 Nand T = 283 K with constant x.,/xy, ratios. The symbols identify exper-
imental data.

ln ﬁB =1- ln (EAABA + fB + ECABC + EDABD)

_ XalAan + Xg
Xa + XsAap + XcAac + XpAap  XaApa T X + XcApc + XpAgp

XcAcy n YpApg
XaAca + XsAcy + Xc + XpAcp  X¥aApa + XpApp + XcApc + Xp

In VC =1-1In (EAACA + EBACB + EC + YDACD)

_ }AAAC + EBABC
fA + EBAAB + YCAAC + EDAAD -YAABA + EB + ECABC + -YDABD

Xc n XpApc
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In qD =1-1In (EAADA + EBADB + ECADC + ED)

_ EAAAD + EBABD
EA + EBAAB + ECAAC + XDAAD EAABA + EB + ECABC + YDABD

+ ECACB + XD
XaAca + XpAcp + Xc + XpAcp  XaApa + XpAps + XcApc + Xp

(8)

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 Ca’*-K*-Na*—H* exchange in a chloride
solution on Amberlite IR-120 at C; = 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.

GLOSSARY
A ionic species in solution
A Debye-Hiickel parameter
a, activity of water
B ionic species in solution
B Debye-Hiickel parameter
C ionic species in solution

Cr total concentration in the liquid phase

Cin constants of Gilliland’s relation

D ionic species in solution

d equivalent diameter of ions contained in a salt

AGhs standard Gibbs free-enthalpy change

AH3%g standard enthalpy change

k-h} number of coordination ions contained in a salt
m, molality of ion i
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molality of salt ij
resinate

AB standard entropy change

absolute temperature

number of ions formed by dissociation of an electrolyte

ionic strength fraction of cation / referred to the total ionic
strength of cationic species

equivalent ionic fraction of ion i/ in the liquid phase

equivalent ionic fraction of ion / in the solid phase

ionic strength fraction of anion j referred to the total ionic
strength of anionic species

Greek Letters

11.

valence of jon A

stoichiometric coefficient of salt ij in the liquid phase
stoichiometric 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

tonic strength
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