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" Amberlite IR 120 resin was used for the removal of zinc and nickel ions.
" The model used to describe equilibrium data was the mass action law.
" The non-ideal model was used to predict the equilibrium of the ternary system.
" The intraparticle diffusion described the ion exchange kinetics of binary systems.
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In the present work, experimental data was obtained on ion exchange equilibrium for the binary systems
Ni2+/Na+ and Zn2+/Na+ and the ternary system Ni2+/Zn2+/Na+, as well as on the kinetics of ion exchange for
the binary systems Ni2+/Na+ and Zn2+/Na+, using Amberlite IR 120 resin in closed batch system at 25 �C
and starting pH of 4.5. The model used to describe equilibrium data was the law of mass action, consid-
ering both ideal and non-ideal behaviors to represent the experimental data. Bromley’s and Wilson’s
models were used to describe non-ideality in the liquid phase and in the resin, respectively. The thermo-
dynamic equilibrium constant and Wilson’s parameters were obtained by fitting the model to experi-
mental equilibrium data of each binary system. The non-ideal law of mass action best described the
equilibrium for the binary systems. Based on these results, only the non-ideal law of mass action was
used to predict the equilibrium for the ternary system, with the parameters of the binary systems being
used. There was good agreement between the predicted and experimental values of the resin phase com-
position. Two models were used to describe the experimental data on ion exchange kinetics. The first one
considered that ion exchange reaction was the limiting step of the overall mass transfer process, while
the second one considered intraparticle diffusion as the limiting step. The latter was found to best
describe the experimental data on ion exchange kinetics for binary systems.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Industrial activity has contributed notably to water contamina-
tion by various heavy metals. When released into the environment,
these toxic, non-biodegradable metals can be hazardous to aquatic
life and human health, for they can move up the food chain, accu-
mulating along the way. Therefore, the removal of these pollutants
is necessary, making it an object of constant scientific study.

For the removal of heavy metals from industrial effluents, liter-
ature presents processes such as chemical precipitation, electro-
flocculation, reverse osmosis, adsorption [1,2], and ion exchange
[3–6]. Ion exchange processes using natural substances or syn-
thetic resins exhibit satisfactory results for the removal of low con-
centrations of different heavy metals from effluents [5]. In these
cases, chemical precipitation cannot achieve the required concen-
tration for effluent discharge. Moreover, the resins can be easily
regenerated and reused [7].
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The design and efficient operation of an ion exchange process
require equilibrium data for use in kinetic and mass transfer mod-
els, making the obtainment of equilibrium data a primary step for
the development of the ion exchange process [8]. The isotherms
fitted in the ion exchange process should be derived from the
law of mass action (LMA), for this model takes into account the
stoichiometry, the non-ideality of liquid and solid phases, and
the ion–solid and ion–ion interactions. Many researchers
[9,4,5,10–12], however, evaluated ion exchange equilibrium based
on adsorption isotherm models.

Other studies show the use of the law of mass action to describe
ion exchange equilibrium. Valverde et al. [13] obtained equilibrium
data for the binary systems Cu2+/Na+, Cd2+/Na+, and Zn2+/Na+ using
Amberlite IR-120 resin as ion exchanger. The activity coefficients
for the solution and for the resin were calculated using Pitzer’s
and Wilson’s models, respectively.

Equilibrium data was obtained by LIN and JUANG [14] for the bin-
ary systems Cu2+/Na+ and Zn2+/Na+ using Chelex 100 and Amberlite
IRC 748 resins as ion exchangers. The authors used adsorption
(Langmuir model) and ion exchange (LMA) isotherms to represent
equilibrium data. The activity coefficient for the solution was calcu-
lated according to Debye-Huckel, Davies, and Pitzer models.

Borba et al. [6] used the law of mass action to predict ion ex-
change equilibrium for the ternary system Ni2+/Zn2+/Na+ based on
the binary systems Cu2+/Na+ and Zn2+/Na+. Bromley’s and Wilson’s
models were used to calculate the activity coefficient for the solu-
tion and for the Amberlite IR-120 resin, respectively. Valverde
et al. [15] and Petrus and Warchol [16] also used the law of mass
action for Amberlite IR-120 resin and for clinoptilolite, respectively.

Determination of ion exchange kinetic parameters involves
mathematical modeling and simulation. Alguacil et al. [17] ob-
tained kinetic data for the binary system Cu2+/H+ using Amberlite
IR-120 resin. The results pointed film diffusion as the limiting step
of the process.

LIN and JUANG [18] used three models to represent ion ex-
change kinetic data for the binary systems Zn2+/Na+ and Cu2+/Na+

using Chelex-100 and Amberlite IRC 748 resins. Diffusion in the re-
sin was assumed as the limiting step of the process both for the
unreacted-core model and for the second model, which was de-
scribed by Fick’s first law. The ion exchange reaction was assumed
as the limiting step of the process in the third model.

In this context, the present study was performed under experi-
mental conditions that were similar to those from the galvanic
industry effluents and evaluated different metallic ions which
could be compared with results from the literature. This study
aimed at investigating the kinetics of ion exchange for the binary
systems Ni2+/Na+ and Zn2+/Na+ and, based on the non-ideal law
of mass action, predicting the ion exchange equilibrium for the ter-
nary system Ni2+/Zn2+/Na+ from the results obtained with the bin-
ary systems, employing Amberlite IR-120 in the Na+ form.
Table 1
Characteristics of Amberlite IR-120 resin. Source: Alguacil et al. [17], with
modifications.

Characteristic Cationic resin

Active group Sulfonic ðR-SO�3 Þ
Matrix Polystyrene–divinylbenzene copolymer

+

2. Materials and methods

2.1. Chemicals

High purity (>99%) chemicals were employed. Solutions were
prepared with distilled/deionized water. The following chemicals
were employed: nickel(II) chloride (NiCl2.6H2O); zinc(II) chloride
(ZnCl2); sodium chloride; hydrochloric acid; sodium hydroxide,
and hexane.
Ionic form Na
Average particle size (mm) 0.5 (spherical particles)
Working pH range 0–14
Cation Exchange Capacity (CEC) 5 meq g�1 (dry basis)
Maximum operating temperature 120 �C
Manufacturer Rhom & Haas
2.2. Ion exchanger

Amberlite IR-120 resin was used as the ion exchanger. Some
properties of this resin are presented in Table 1. The resin was
washed with HCl (1 M), NaOH (1 M), and hexane in order to re-
move organic and inorganic impurities [19]. The column technique
was then used to convert the resin to the Na+ form. The resin was
packed in a glass column with inner diameter of 0.9 cm and height
of 30 cm. An ionic aqueous solution (6% NaCl, pH 6.5–6.8, prepared
with distilled/deionized water) was fed to the bottom of the col-
umn by means of a peristaltic pump (Cole Parmer) at a constant
flow rate (6 mL min�1). The process was carried out until the equi-
librium condition was met (effluent sodium concentration = feed
sodium concentration). Distilled/deionized water was then fed to
the column to remove excess sodium. The resin was subsequently
oven-dried at 105 �C and stored in a desiccator.

2.3. Speciation diagram

To determine the ionic forms of nickel, zinc, and sodium in solu-
tion, speciation diagrams were simulated using the software HY-
DRA (Hydrochemical Equilibrium-Constant Database) [20].
Diagrams were simulated for the systems NiCl2/NaCl/H2O, ZnCl2/
NaCl/H2O, and NiCl2/ZnCl2/NaCl/H2O considering a concentration
of 10 meq L�1 (approximately 5 mM), which corresponds to the
maximum concentration of each species in solution.

2.4. Ion exchange kinetics

Experimental data on ion exchange kinetics for the binary sys-
tems (Ni2+/Na+, Zn2+/Na+) was obtained in a closed batch system
with total initial concentrations of 0.5 and 7.0 meq L�1. The equip-
ment was a refrigerated orbital shaking incubator (Tecnal TE-424).
Tests were performed at constant temperature (25 ± 0.1 �C). 0.1 L
aliquots of an ionic solution with known composition and pH 4.5
(adjusted with HCl 1 M) were added to Erlenmeyer flasks containing
different amounts of resin in the Na+ form. The accuracy in weighing
the masses of resin was 0.0001 g. The suspension was kept under
agitation (150 rpm). Samples were taken at predetermined time
intervals and the contents of the flasks, filtered (45 lm Millipore
membrane). The concentrations of nickel and zinc in the filtrate
were determined by atomic absorption spectrophotometry (Varian
SpectrAA-10 Plus) and that of sodium by flame photometry (DIGI-
MED DM-61). The pH of the samples was also measured (DIGIMED
DM-22). All experiments were carried out in duplicate.

The heavy metal concentration (Ni2+ or Zn2+) in the resin was
obtained from a mass balance, represented in Eq. (1). The concen-
tration of Na+ in the resin was then obtained from Eq. (2).

qjðtÞ ¼
ðC0

j � CjðtÞÞV
m

ð1Þ

qNaðtÞ ¼ CEC � qjðtÞ ð2Þ

In these equations, qj(t) and qNa(t) are the concentrations of spe-
cies j (Ni2+ or Zn2+) and sodium in the resin at time t (meq g�1),
C0

j ðtÞ is the initial concentration of species j in the solution
(meq L�1), Cj(t) is the concentration of species j in the solution at
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time t (meq L�1), m is the mass of resin (dry basis) (g), V is the vol-
ume of solution (L) and CEC is the total cation exchange capacity of
the resin (meq g�1). The value of the CEC for Amberlite IR-120 in
the sodium form was determined by Borba et al. [6] as
5.13 meq g�1.

The ionic fractions of the species in solution and in the resin
were determined from Eqs. (3) and (4), respectively, where xj(t)
is the ionic fraction of species j in the solution at time t, yj(t) is
the ionic fraction of species j in the resin at time t, and C0 is the to-
tal initial concentration of the solution (meq L�1).

xjðtÞ ¼
CjðtÞ
C0

ð3Þ

yjðtÞ ¼
qjðtÞ
CEC

ð4Þ
2.5. Ion exchange equilibrium

Experimental ion exchange equilibrium data for the binary sys-
tems (Ni2+/Na+ and Zn2+/Na+) and for the ternary system (Ni2+/
Zn2+/Na+) was obtained in a closed batch system with total concen-
trations of 5 and 10 meq L�1 following the methods presented in
Section 2.4. All experiments were conducted under the same con-
ditions of temperature, agitation, initial pH, and initial volume of
solution. After the equilibrium time (determined by the kinetic
experiments), samples were withdrawn and filtered (45 lm Milli-
pore membrane). The pH of the samples and the concentration of
nickel, zinc, and sodium in the filtrate were determined. All exper-
iments were carried out in duplicate.

The heavy metal concentration (Ni2+ or Zn2+) in the resin at
equilibrium was obtained from a mass balance, represented in
Eq. (5). The concentration of Na+ in the resin at equilibrium was
then obtained from Eq. (6).

q�j ¼
ðC0

j � C�j ÞV
m

ð5Þ

q�Na ¼ CEC� q�j ð6Þ

In these equations, C�j is the concentration of species j in the
solution at equilibrium (meq L�1) and q�j and q�Na are the concentra-
tions of species j and sodium, respectively, in the resin at equilib-
rium (meq g�1).

The ionic fractions of the species, both in solution and in the re-
sin, at equilibrium were determined from Eqs. (7) and (8), respec-
tively, where x�j is the ionic fraction of species j in solution at
equilibrium, y�j is the ionic fraction of species j in the resin at equi-
librium, and CT is the total concentration of the solution (meq L�1).

x�j ¼
C�j
CT

ð7Þ

y�j ¼
q�j

CEC
ð8Þ
3. Mathematical modeling

3.1. Modeling ion exchange equilibria – binary system

Ion exchange between cations AzA and BzB can be represented by
the reversible stoichiometric reaction presented as Eq. (9), where zj

is the charge of species j and subscripts R and S represent resin and
solution, respectively.

zBAzA
S þ zABzB

R $ zBAzA
R þ zABzB

S ð9Þ

The thermodynamic equilibrium constant (KAB) for ion ex-
change between species A and B is defined by Eq. (10), where C�j
is the ionic concentration of species j in solution at equilibrium,
y�j is the ionic fraction of species j in the resin at equilibrium, cSj

is the activity coefficient of species j in solution, and cRj is the activ-
ity coefficient of species j in the resin.

KAB ¼
y�AcRA

C�A cSA

 !zB C�BcSB

y�BcRB

 !zA

ð10Þ

Considering ideal behavior in both phases, the activity coefficients
are equal to 1, and Eq. (10) becomes Eq. (11).

KAB ¼
y�A
C�A

� �zB C�B
y�B

� �zA

ð11Þ

When non-ideal behavior is considered, it is necessary to deter-
mine the activity coefficient for both phases. Bromley’s model [21],
given by Eq. (12), was used to calculate the activity coefficient of
species j in solution.

ln cSj
¼
�Az2

j

ffiffi
I
p

1þ
ffiffi
I
p þ Fj ð12Þ

The ionic strength (I) was calculated using Eq. (13), where n is the
number of species in solution and mj is the molality of species j in
the solution. The term Fj is the sum of the interaction parameters.
For each species j in a multicomponent solution, this term is given
by Eq. (14).

I ¼ 1
2

Xn

j¼1

z2
j mj ð13Þ

Fj ¼
X

i

_BjiZ
2
jimi ð14Þ

where

Zji ¼
zi þ zj

2
ð15Þ

_Bji ¼
ð0:06þ 0:6BjiÞjzizjj

1þ 1;5
jzizj j

I
� �2 þ Bji ð16Þ

Subscripts i and j refer to anions and cations in solution, respec-
tively. Parameters A and Bji are temperature dependent. Zemaitis
et al. [22] reported values for these parameters.

Wilson’s model [23], given by Eq. (17), where K are its interac-
tion parameters, was used to determine the activity coefficient of
species i in the resin.

ln cRi
¼ 1� ln

Xn

j¼1

y�j Kij

 !
�
Xn

k¼1

y�kKkiPL
j¼1y�j Kkj

" #
ð17Þ
3.1.1. Method of parameters identification
The modeling of experimental data on ion exchange equilibrium

for binary systems using Eq. (10) requires knowledge of the interac-
tion parameters of Wilson’s model and of the thermodynamic equi-
librium constant. In contrast, modeling from Eq. (11) only requires
that the thermodynamic equilibrium constant is known.

In the present work, the model parameters (KAB, KAB, KBA) were
estimated with the nonlinear identification procedure using the
experimental data and the least squares statistical method to form
the objective function. The parameter values were obtained by
minimizing the objective function (Eq. (18)), where M is the num-
ber of equilibrium data points and N, the number of cationic
species.

FOBJ ¼
XN

i¼1

XM

j¼1

ðyexp
ji � ymod

ji Þ
2

" #
ð18Þ

The optimization method of Nelder and Mead [24], coded in
Fortran, was used. The procedure was carried out for the binary



Fig. 1. Speciation in the system NiCl2/NaCl/H2O as a function of pH. (c) = complex.
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systems Ni2+/Na+ and Zn2+/Na+. The Newton method, written in For-
tran, was used to solve equilibrium models.

3.2. Modeling ion exchange equilibria – ternary system

The ion exchange reactions occurring in the ternary system
Ni2+/Zn2+/Na+ can be represented by the following stoichiometric
equations:

Ni2þ
S þ 2NaþR $ Ni2þ

R þ 2NaþS ð19Þ
Zn2þ

S þ 2NaþR $ Zn2þ
R þ 2NaþS ð20Þ

Ni2þ
S þ ZnþR $ Ni2þ

R þ ZnþS ð21Þ

The thermodynamic equilibrium constants are given by:

KNiNa ¼
cSNa

C�Na

cRNa
yNa

 !2
cRNi

yNi

cSNi
C�Ni

 !
ð22Þ

KZnNa ¼
cSNa

C�Na

cRNa
yNa

 !2
cRZn

yZn

cSZn
C�Zn

 !
ð23Þ

KZnNi ¼
cSNi

C�Ni

cRNi
yNi

 !
cRZn

yZn

cSZn
C�Zn

 !
ð24Þ

In addition to the equations that define the equilibrium con-
stant, it is necessary to consider the constraint involving the ionic
fraction for the resin, given by the following equation:

yNi þ yZn þ yNa ¼ 1 ð25Þ

For a given solution composition (C�Ni;C
�
Zn;C

�
Na), the respective

ionic composition of the resin (y�Ni; y
�
Zn; y

�
Na) in equilibrium with

the solution can be determined if the equilibrium constants are
known and the activity coefficients of both phases can be predicted
[25]. The calculation of the resin composition from a solution com-
position can be performed by solving a nonlinear system, which
may be composed of any three of the four Eqs. (22)–(25). In the
present work, Eqs. 22, 23, and 25 were used.

The values of the thermodynamic equilibrium constants
(KNiNa, KZnNa) and Wilson’s interaction parameters (KNiNa;KNaNi;

KZnNa;KNaZn) obtained for the binary systems Ni2+/Na+ and Zn+2/
Na+ were used for the prediction of the ternary ion exchange equi-
librium. Wilson’s interaction parameters of the binary system
Ni2+/Zn2+ were obtained from the following equations [26]:

KNiNaKNaZnKZnNi ¼ KNaNiKZnNaKNiZn ð26Þ

KZnNiKNiZn ¼ 1 ð27Þ
3.3. Modeling ion exchange kinetics

To describe the ion exchange kinetics for the binary systems
Ni2+/Na+ and Zn2+/Na+, two models were used. For the first one,
the ion exchange reaction was considered to be the limiting step
of the overall mass transfer process. For the second one, intrapar-
Table 2
pH values obtained during ion exchange kinetics and equilibrium experiments.

System Ni2+/Na+ 0.5 meq L�1 Ni2+/Na+ 7.0 meq L

pH values – ion exchange kinetics
Minimum 4.5 4.5
Maximum 4.8 5.4

System Ni2+/Na+ 5 meq L�1 Ni2+/Na+ 10 meq L�1 Zn2+/Na+ 5 meq L�1

pH values – ion exchange equilibrium
Minimum 4.5 4.5 4.5
Maximum 5.6 5.9 5.5
ticle diffusion was considered to be the limiting step. Both models
are composed of equations that describe the mass transfer rate and
the mass balance equations.

3.3.1. Limiting step: ion exchange reaction
In this model the resistance to mass transfer in the outer film

and inside the particle was considered negligible. Thus, the kinetics
of ion exchange between species A and B is described by Eqs. (28)
and (29), where kD and kR are respectively the direct and reverse
kinetic constants of the ion exchange reaction.

dyAðtÞ
dt

¼ kDðCAðtÞcSA
ÞzB ðyBðtÞcRB

ÞzA � kRðyAðtÞcRA
ÞzB ðCBðtÞcSB

ÞzA ð28Þ

dyBðtÞ
dt

¼ � dyAðtÞ
dt

ð29Þ
�1 Zn2+/Na+ 0.5 meq L�1 Zn2+/Na+ 7.0 meq L�1

4.5 4.5
4.7 5.3

Zn2+/Na+ 10 meq L�1 Ni2+/Zn2+/Na+ 5 meq L�1 Ni2+/Zn2+/Na+ 10 meq L�1

4.5 4.5 4.5
5.8 5.9 6.2



Fig. 2. Speciation in the system ZnCl2/NaCl/H2O as a function of pH. (cr) = crystal.
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The mass balance in a closed system for components A and B
(A = Ni2+ or Zn2+; B = Na+) is given by Eqs. (30) and (31), and the ap-
plied initial conditions are described by Eqs. (32)–(35).

yAðtÞ ¼
1

CEC
V
m
ðC0

A � CAðtÞÞ ð30Þ

yAðtÞ þ yBðtÞ ¼ 1 ð31Þ
CAð0Þ ¼ C0

A ð32Þ
CBð0Þ ¼ 0 ð33Þ
yAð0Þ ¼ 0 ð34Þ
yBð0Þ ¼ CEC ð35Þ
Fig. 3. Speciation in the system NiCl2/ZnCl2/NaCl/H2O as a function of pH.
(c) = complex, (cr) = crystal.
3.3.2. Limiting step: intraparticle diffusion
Instantaneous equilibrium at the solution/resin interface and

negligible resistance to mass transfer in the outer film were as-
sumed in this model. This way, the ion exchange kinetics between
species A and B is described by Eqs. (36) and (37), where KSA is the
volumetric coefficient of intraparticle mass transfer and y�A is the
ionic fraction of species A in the resin in equilibrium with species
A in solution.

dyAðtÞ
dt

¼ KSA ðy�AðtÞ � yAðtÞÞ ð36Þ

dyBðtÞ
dt

¼ �dyAðtÞ
dt

ð37Þ
Eq. (36), called Linear Driving Force (LDF) model, is an approxima-
tion of Fick’s second law that was originally proposed by Glueckauf
and Coates [27]. The volumetric coefficient of intraparticle mass
transfer can be related to the intraparticle diffusion coefficient by
Eq. (38) [27], where rp is the particle radius of the ion exchange
resin.



j

¼ 15

�
Defj

r2
p

ð38

Table 3
Fitted parameters of the law of mass action (LMA), objective function, and coefficients
of determination – binary systems.

System Non-ideal LMA Ideal LMA

Ni2+/Na+ KNiNa = 1.59
KNiNa = 3.69 KNiNa = 0.29
KNaNi = 1.17 Fobj = 0.37
Fobj = 0.03 r2 = 0.75
r2 = 0.97

Zn2+/Na+ KZnNa = 1.58
KZnNa = 1.73 KZnNa = 0.20
KNaZn = 4.01 Fobj = 0.20
Fobj = 0.05 r2 = 0.89
r2 = 0.93

Fig. 4. Isotherm for the system Ni2+/Na+ (CT = 5 meq L�1, T = 298 K, pHinitial = 4.5). j

Experimental Ni2+, d Experimental Na+, — Non-ideal law of mass action, - -- - Ideal
law of mass action.

Fig. 5. Isotherm for the system Ni2+/Na+ (CT = 10meq L�1, T = 298K, pHinitial = 4.5).
Experimental Ni2+, d Experimental Na+, — Non-ideal law of mass action, - -- - Ide
law of mass action.

Fig. 6. Isotherm for the system Zn2+/Na+ (CT = 5 meq L-1, T = 298 K, pHinitial = 4.5). j

Experimental Zn2+, d Experimental Na+, — Non-ideal law of mass action, - -- - Ideal
law of mass action.
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KS

Þ

j

al

Fig. 7. Isotherm for the system Zn2+/Na+ (CT = 10 meq L�1, T = 298 K, pHinitial = 4.5).
j Experimental Zn2+, d Experimental Na+, — Non-ideal law of mass action, -- --
Ideal law of mass action.
The mass balance in a closed system for components A and B is
given by Eqs. (30) and (31), and the initial conditions are described
by Eqs. (32)–(35). The ionic fraction in the resin at equilibrium was
calculated by Eq. (10), assuming C�A ¼ CA, for the diffusion resis-
tance in the outer film was neglected.
3.3.3. Methods of solution and parameters identification
The modeling of experimental data on ion exchange kinetics for

binary systems using the models presented in Sections 3.3.1 and
3.3.2 requires the values of kD and KSj. In the present work, these
model parameters were estimated via nonlinear identification pro-
cedure using the experimental data and the least squares statistical
method to form the objective function. The parameter values were
obtained by minimizing the objective function given by Eq. (18)
through the optimization method of NELDER and MEAD [24], writ-
ten in Fortran. The procedure was carried out for the binary sys-
tems Ni2+/Na+ and Zn2+/Na+. The Gear method, coded in Fortran,
was used to solve kinetic models.
4. Results and discussion

4.1. pH results and speciation diagram

Some pH values do not allow the complete speciation of the
ions of interest or can promote the precipitation of compounds
[9]. The fraction of free ions in solution is, therefore, strongly
dependent on pH and concentration of the elements in the
medium.



Table 4
Predicted and experimentally determined equilibrium resin composition for the ternary system.

Experimental solution equivalent fraction Experimental resin equivalent fraction Predicted resin equivalent fraction

x�Ni x�Zn x�Na y�Ni y�Zn y�Na y�Ni y�Zn y�Na

5 meq L�1

0.0837 0.0646 0.8517 0.5001 0.1169 0.3829 0.3268 0.3634 0.3098
0.4412 0.1563 0.4025 0.7068 0.1473 0.1458 0.5511 0.2994 0.1494
0.0108 0.0177 0.9715 0.2746 0.2368 0.4886 0.1542 0.3833 0.4625
0.0671 0.0397 0.8931 0.3249 0.2991 0.3760 0.3479 0.3166 0.3355
0.1857 0.1115 0.7029 0.3492 0.3601 0.2907 0.4090 0.3524 0.2386
0.3387 0.2430 0.4183 0.3706 0.4351 0.1942 0.4307 0.4169 0.1525
0.0341 0.0679 0.8980 0.1637 0.4467 0.3896 0.1803 0.4707 0.3490
0.1098 0.1957 0.6945 0.1622 0.5222 0.3155 0.2385 0.5218 0.2397
0.1966 0.3871 0.4164 0.1531 0.6751 0.1719 0.2566 0.5916 0.1518

10 meq L�1

0.1318 0.1201 0.7482 0.1201 0.2980 0.3229 0.2814 0.3690 0.3496
0.2084 0.1829 0.6087 0.1829 0.3012 0.3120 0.3210 0.3889 0.2901
0.2449 0.2318 0.5233 0.2318 0.2922 0.2963 0.3271 0.4140 0.2589
0.3235 0.2621 0.4145 0.2621 0.3339 0.2617 0.3744 0.4069 0.2187
0.3534 0.2862 0.3605 0.2862 0.3564 0.2136 0.3856 0.4154 0.1990
0.3776 0.2946 0.3277 0.2946 0.3922 0.1713 0.3988 0.4146 0.1866
0.4262 0.3277 0.2462 0.3277 0.3927 0.2096 0.4192 0.4266 0.1542

Fig. 8. Error diagram for the ternary system (j Ni2+, d Zn2+, N Na+).

Table 5
Fitted parameters of the kinetic models and coefficients of determination.

System C0 (meq L�1) Limiting step

Ion exchange reaction Intraparticle diffusion

Ni2+/Na+ 0.5 kD = 0.05 KS = 0.004
r2 = 0.81 r2 = 0.99

Ni2+/Na+ 7 kD = 0.22 KS = 0.042
r2 = 0.50 r2 = 0.97

Zn2+/Na+ 0.5 kD = 0.06 KS = 0.003
r2 = 0.77 r2 = 0.98

Zn2+/Na+ 7 kD = 0.32 KS = 0.033
r2 = 0.47 r2 = 0.95
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The pH of the solution was adjusted to 4.5 at the beginning of
each experiment, and measured at the end of each one, when equi-
librium was reached in the system. Table 2 shows the highest and
lowest pH values obtained for the experiments of ion exchange
kinetics and equilibrium.

Figs. 1–3 present the speciation diagrams simulated for each
system (binary and ternary) with concentration of 10 meq L�1

(5.0 mM for Ni2+, Zn2+, and Na+). This concentration corresponds
to the highest concentration of species in solution used in the ion
exchange kinetics and equilibrium experiments.

Based on the speciation diagrams (Figs. 1 and 2) and measured
pH variations (Table 2) for the binary systems (Ni2+/Na+ and Zn2+/
Na+), it can be observed that species Ni2+, Zn2+, and Na+ are pre-
dominant (approximately 100%) in the solution used in the exper-
iments. Equilibrium experiments with the ternary system Ni2+/
Zn2+/Na+ (Fig. 3, Table 2) are an exception, as the concentration
of Zn2+ ions is between 90% and 95% for the measured pH range.

Based on the pH results and speciation diagrams, species H+,
Na+, Ni2+, and Zn2+ can participate in the ion exchange process.
However, the electroneutrality of the solution for the binary and
ternary systems, which was evaluated taking into account the
presence of only Na+, Ni2+, and Zn2+ species, was maintained within
an error of less than 6%. Therefore, the uptake of H+ ions could be
assumed as negligible.
4.2. Ion exchange equilibrium

Experimental data on ion exchange equilibrium was obtained
for the binary systems Ni2+/Na+ and Zn2+/Na+ with total concentra-
tions of 5 and 10 meq L�1. The non-ideal (Eq. (10)) and ideal (Eq.
(11)) law of mass action were used as models to describe the equi-
librium of these systems. In the non-ideal case, Bromley’s model
[21] was used to calculate the activity coefficient of the species
in liquid phase. The parameters of Bromley’s model were:
A = 0.5162, BNiCl = 0.1039, BZnCl = 0.0364, and BNaCl = 0.0574 [22].
These parameters are valid for ionic strength of less than 6 molal
and temperature of 25 �C. In the present study, the maximum cal-
culated value of the ionic strength was 0.011 molal, which corre-
sponds to a total concentration of 10 meq L�1. Wilson’s model
[23] was used to calculate the activity coefficient for the resin.
The parameters obtained from a nonlinear fitting of the ideal and
non-ideal models to experimental equilibrium data are presented
in Table 3.

Valverde et al. [13] obtained experimental data on ion exchange
equilibrium for the binary systems Cu2+/Na+, Zn2+/Na+, and Cd2+/
Na+ using Amberlite IR 120 resin in the concentration range 50–
100 meq L�1. These values are high, as the ion exchange process
is preferably applied to diluted systems and, therefore, equilibrium
data obtained for concentrated systems has little practical utility.
Borba et al. [6] obtained experimental equilibrium data using
Amberlite IR 120 resin for the systems Cu2+/Na+, Zn2+/Na+, and



Fig. 9. Kinetics for the Ni2+/Na+ system. Limiting step: ion exchange reaction (a) or
intraparticle diffusion (b). C0 = 0.5 meq L�1; T = 298 K; pHinitial = 4.5. j Experimental
Ni2+, d Experimental Na+, — Model Ni2+, --- - Model Na+.

Fig. 10. Kinetics for the Ni2+/Na+ system. Limiting step: ion exchange reaction (a) or
intraparticle diffusion (b). C0 = 7.0 meq L�1; T = 298 K; pHinitial = 4.5. j Experimental
Ni2+, d Experimental Na+, — Model Ni2+, - --- Model Na+.
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Zn2+/Cu2+ in the concentration range 1–5 meq L�1, with pHinitial = 4
at 25 �C. The non-ideal law of mass action was used to describe
equilibrium data. For the binary system Zn2+/Na+ the following val-
ues were obtained for the model parameters: KZnNa = 0.38,
KZnNa = 2.07, and KNaZn = 1.05. The values of these parameters dif-
fer from those presented in Table 3, probably due to the experi-
mental conditions adopted in each study (concentration range
and initial pH).

The experimental ion exchange isotherms and those simulated
by the models (ideal and non-ideal law of mass action) are shown
in Figs. 4–7 for each binary system and for each total concentra-
tion. In Figs. 4 and 5, which correspond to the system Ni2+/Na+,
the shape of the curves indicates higher affinity of Ni2+ species
with the resin. In Figs. 6 and 7, which correspond to the system
Zn2+/Na+, the shape of the curves indicates higher affinity of Zn2+

species with the resin. Additionally, the values of the thermody-
namic equilibrium constants (Table 3) for each system suggest
the following order of affinity of Amberlite IR 120 resin with the
studied species: Ni2+ � Zn2+ > Na+.

The shape of the experimental isotherms was well described by
both models. However, based on the values of the objective func-
tion and the coefficients of determination, shown in Table 3, the
non-ideal law of mass action was found to best describe the exper-
imental data, showing the non-ideal behavior of the investigated
systems. According to Sandler [28], electrolytic systems exhibit
deviation from ideality due to ion-ion and ion-solvent short-range
electrostatic interactions (van der Waals force) and long-range
interactions (coulombic force). At low concentrations, the average
distance between ions is large and, therefore, only the long-range
interactions remain important. At high concentrations, ions also
interact through short-range forces. Consequently, even at low
concentrations, these solutions have a strong non-ideal behavior
and the activity coefficient can deviate significantly from one.

For the ternary system Ni2+/Zn2+/Na+, experimental data on ion
exchange equilibrium was obtained for the total concentrations of
5 and 10 meq L�1. Considering the results observed for the binary
systems, only the non-ideal law of mass action was used to de-
scribe the ion exchange equilibrium for the ternary system. In this
procedure, the parameters obtained for the binary systems (ther-
modynamic equilibrium constant and Wilson’s interaction param-
eters) were used. Wilson’s interaction parameters KNiZn and KZnNi

were determined as 2.77 and 0.36 from Eqs. (26) and (27), respec-
tively. Table 4 shows experimental equilibrium data and the values
predicted by the model. Fig. 8 presents the error diagram for the
resin composition estimation for the ternary system. The diagram
indicates that the residue is between 0.17 and �0.15 for Ni2+, be-
tween 0.07 and �0.17 for Zn2+, and between 0.07 and �0.03 for
Na+. It is important to note that the distribution of residues was
random. To assess the quality of prediction of the ion exchange
equilibrium for the ternary system by the non-ideal law of mass
action, coefficients of determination and variance were calculated.
The average values for these parameters were 0.88 and 0.04,
respectively.
4.3. Ion exchange kinetics

Experimental data on ion exchange kinetics was obtained for
the binary systems Ni2+/Na+ and Zn2+/Na+ with initial concentra-
tions of 0.5 and 7.0 meq L�1. For both binary systems, equilibration
time was approximately 600 min with initial concentration of
0.5 meq L�1 and 75 min with 7.0 meq L�1. Two mathematical mod-
els were used to describe the kinetic data. For the first model, the



Fig. 11. Kinetics for the Zn2+/Na+ system. Limiting step: ion exchange reaction (a) or
intraparticle diffusion (b). C0 = 0.5 meq L�1; T = 298 K; pHinitial = 4.5. j Experimental
Zn2+, d Experimental Na+, — Model Zn2+, - -- - Model Na+.

Fig. 12. Kinetics for the Zn2+/Na+ system. Limiting step: ion exchange reaction (a) or
intraparticle diffusion (b). C0 = 7.0 meq L�1; T = 298 K; pHinitial = 4.5. j Experimental
Zn2+, d Experimental Na+, — Model Zn2+, - -- - Model Na+.
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ion exchange reaction was considered to be the limiting step of the
overall mass transfer process. As for the second model, intraparti-
cle diffusion was considered to be the limiting step. Table 5 lists
the parameters of the mathematical models that were obtained
from a nonlinear fit of the experimental kinetic data to the models.
Figs. 9–12 present experimental data on ion exchange kinetics and
the results generated by the mathematical models. Based on the
coefficients of determination shown in Table 5, the model that con-
sidered intraparticle diffusion as the limiting step of the overall
mass transfer process best described the experimental data on
ion exchange kinetics for the ‘investigated systems (Ni2+/Na+ and
Zn2+/Na+), once for Figure 12 also observed that the model (b) that
considered intraparticle diffusion as the limiting step of the overall
mass transfer process best described the experimental data on ion
exchange kinetics.

Valverde et al. [29] determined intraparticle diffusion coeffi-
cients for Cu2+, Cd2+, Zn2+, and H+ ions in Amberlite IR 120 resin.
The value obtained for Zn2+ was 1.49 � 10�11 m2 s�1. In the present
work, using Eq. (38) and the values of KS from Table 5, the follow-
ing values of the intraparticle diffusion coefficient were obtained
for Zn2+ ion: 1.10 � 10�12 m2 s�1 for C0 = 0.5 meq L�1 and
1.20 � 10�11 m2 s�1 for C0 = 7.0 meq L�1. These values agree fairly
well with that reported by Valverde et al. [29]. Thus, in the ion ex-
change process where Amberlite IR 120 resin is used as ion exchan-
ger, the application of the LDF model appears to be a good
alternative for process modeling. This approximation is valid for
parabolic concentration profiles. A detailed description of the LDF
model derivation is presented by CRUZ et al. [30].
5. Conclusion

Experimental data on ion exchange equilibrium was obtained
for the binary (Ni2+/Na+ and Zn2+/Na+) and ternary (Ni2+/Zn2+/
Na+) systems using Amberlite IR 120 resin. Kinetic data on ion ex-
change for the binary system was also obtained. For the pH value
obtained in the kinetics and equilibrium experiments for the bin-
ary systems, the predominant ionic forms in solution were Ni2+

and Zn2+ (near 100%). The model that considered intraparticle dif-
fusion as the limiting step of the overall mass transfer process sat-
isfactorily described the ion exchange kinetics. Equilibrium data
was modeled using the ideal and non-ideal law of mass action,
the latter best describing the equilibrium of binary systems. The
non-ideal law of mass action model was capable of predicting
the experimental data of equilibrium for the ternary system based
on the parameters obtained for the binary systems (interaction
parameters of Wilson’s model and thermodynamic equilibrium
constants).
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