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Abstract
Ion exchange has a great potential to remove heavy metals from industrial wastewaters or heavy metal-containing sludge. In order to design and

operate heavy metal removal processes, the equilibrium relationship between ions and resin must be known a prior. A series of ion-exchange

equilibrium tests of Cu2+/H+, Zn2+/H+, and Cd2+/H+ systems using Amberlite IR-120 were performed. The equilibrium data were analyzed by the

Langmuir isotherm, Freundlich isotherm, and selectivity coefficient approaches. The thermodynamic parameters such as Gibbs free energy

change, enthalpy change, and entropy change were calculated. By comparison of the selectivity coefficients, the affinity sequence to IR-120 is

Cu2+ > Zn2+ > Cd2+ > H+. Moreover, in order to understand the heavy metal extraction kinetics in the presence of Amberlite IR-120, the ion-

exchange kinetics was also studied. The ion-exchange kinetic data were regressed by the pseudo first-order, second-order models, and a reversible

reaction model. The activation energies calculated from the rate coefficients at different temperatures are 15.41, 7.04, and 17.01 kJ/mol for copper,

zinc, and cadmium, respectively. Although the pseudo first- and second-order models are easier to use for data analysis, the resultant model

parameters depend on operating conditions. The reversible reaction model is capable to predict the effects of resin to solution ratio, initial heavy

metal concentration, and temperature on the ion-exchange kinetic curves.
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1. Introduction

Nowadays, water plays an important role in human

beings, natural environment, and social development, but the

subsequences of water use are municipal wastewaters and

industrial wastewaters. Therefore, how to treat wastewaters

and make them reusable is not only an important task but

also an urgent problem to be solved. Industrial wastewaters

from many factories contain heavy metals such as copper,

zinc, cadmium, lead, nickel, and chromium that will damage

environment. The most popular method to treat heavy metal-

containing wastewaters is chemical precipitation that uses

alkaline to raise the solution pH to allow the formation of

heavy metal hydroxide precipitate followed by filtration or

other solid/liquid separation processes. Although the

chemical precipitation method is quite effective for heavy

metal removal, the resultant heavy metal sludge is classified
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as a hazardous solid waste and needs to be adequately

treated. Sometimes, treating heavy metal sludge is more

difficult than treating heavy metal-containing wastewaters.

Therefore, other methods such as electrodialysis (Moham-

madi et al., 2004, 2005; Schlichter et al., 2004), reverse

osmosis (Kryvoruchko et al., 2004; Ujang and Anderson,

1998), biosorption including some economic bio-adsorbent

(Aksu and Dönmez, 2001; Bhattacharyya and Sharma, 2004;

Evans et al., 2002; Kapoor and Viraraghavan, 1998; Sağ and

Kutsal, 1995; Tarley and Arruda, 2004), adsorption (Choi

et al., 2006; Lyubchik et al., 2004; Park and Kim, 2005; Suh

and Kim, 2000; Yu et al., 2000), and ion exchange process

are developed to remove heavy metals from industrial

wastewaters.

Among the heavy metal removal processes, ion exchange

process is very effective to remove various heavy metals and

can be easily recovered and reused by regeneration operation.

Ion-exchange resins are a variety of different types of exchange

materials, which are distinguished into natural or synthetic

resin. Furthermore, it can be as well categorized on the basis of

functional groups such as cationic exchange resins, anion

exchange resins, and chelating exchange resins (Dorfner,

1991). Depending on the functional groups, ion-exchange resin
Published by Elsevier B.V. All rights reserved.
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Nomenclature

C total metal concentration in the solution phase

C0 initial heavy metal concentration in solution

phase

Ce heavy metal concentration in solution phase at

equilibrium

CH hydrogen ion concentration in the solution phase

CM metal ion concentration in the solution phase

Fc dimensionless factor defined in Eq. (18)

H+ hydrogen ion in solution phase

K Langmuir isotherm parameter defined in Eq. (2)

KMH selectivity coefficient defined in Eq. (4)

K 0MH modified selectivity coefficient defined in Eq. (5)

k1 rate constant of pseudo first-order kinetic model

defined in Eq. (9)

k2 rate constant of pseudo second-order kinetic

model defined in Eq. (11)

ka forward rate constant of reversible reaction

model defined in Eq. (13)

kb backward rate constant of reversible reaction

model defined in Eq. (13)

kf Freundlich isotherm constants defined in Eq. (3)

M2+ divalent metal ions in the solution phase

N Langmuir isotherm parameter defined in Eq. (2)

n Freundlich isotherm parameter defined in Eq. (3)

qc metal concentration capacity in the resin phase

qe metal concentration in the resin phase at equili-

brium

qH hydrogen ion concentration in the resin phase

qM metal concentration in the resin phase at reaction

time t

R gas constant

R2 R-square value

RH ion-exchange resin in hydrogen form

R2M exchanged metal onto ion-exchange resin

T temperature

t reaction time

V volume of the solution

WR dry weight of the ion-exchange resin

xH hydrogen equivalence fraction in the solution

phase

xM metal equivalence fraction in the solution phase

yH hydrogen equivalence fraction in the resin phase

yM metal equivalence fraction in the resin phase

Greek symbols

DG Gibbs free energy change defined in Eq. (7)

DH enthalpy change defined in Eq. (7)

DS entropy change defined in Eq. (7)
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can deal properly with several heavy metals such as copper,

nickel, cobalt, cadmium, zinc, and aluminum (Ersoz et al.,

1995; Fernández et al., 2005; Kiefer and Höll, 2001; Kilislioglu

and Bilgin, 2003).
In addition to removing heavy metals from industrial

wastewater, ion-exchange resin can facilitate heavy metal

extraction from sludge by shifting the thermodynamic

equilibrium of M(OH)2(s) ? M2+ + 2OH�. The sludge solid

and the slightly dissolved metal ions in the solution can be

disturbed in the presence of cationic ion-exchange resin

according to the Le Chatelier principle. The hydrogen ions

released from the cationic ion-exchange resin will neutralize

the hydroxide ions so that the equilibrium will shift until all the

metal ions are leached into solution and adsorbed onto the ion-

exchange resin. An experimental study of heavy metal sludge

extraction was conducted by the authors (Lee et al., 2006),

using both Amberlite IRC-718 and Amberlite IR-120. The

stronger cationic exchange resin, Amberlite IR-120, was found

to favor a lower heavy metal residue in the sludge. Therefore,

another study aimed at understanding the heavy metal

extraction kinetics in the presence of Amberlite IR-120 is

being conducted.

Similar to adsorption process, equilibrium and kinetics for

a chosen ion exchange resin under various experimental

conditions are quite important and always studied at the

beginning of the research. There are many approaches that

can be used to describe the ion-exchange equilibrium at

present. However, the ion-exchange kinetics based on the

Nernst–Planck equation with true diffusion limitation is

rather complex; some empirical or simplified rate equations,

therefore, are used (Chiron et al., 2003; Juang et al., 2006;

Lin and Juang, 2005; Ribeiro and Ribeiro, 2005; Sekar et al.,

2004). Although these simplified rate equations are not

accurate and can be accommodated to every experimental

conditions, they are still readily and indispensable for the

theoretical analysis of complex phenomena such as ion

exchange in columns and system with more than two

counter-ion species (Dranoff and Lapidus, 1958, 1961;

Helfferich, 1962). This study therefore aims at determining

suitable ion-exchange equilibrium and kinetic models of

Cu2+/H+, Zn2+/H+, and Cd2+/H+ systems for Amberlite IR-

120. Such ion-exchange equilibrium and kinetic models

will be incorporated in the future kinetic model for heavy

metal extraction from sludge in the presence of Amberlite

IR-120.

2. Materials and methods

2.1. Cationic exchange resin and reagents

Amberlite IR-120 (Rohm Haas Corp., USA), a strong

cationic ion-exchange resin with effective particle size from

0.43 to 0.55 mm and 44 to 48% moisture content, was used in

this study. Before experiments the resin was acid-conditioned

with 1N HCl (Yakuri Pure Chemicals Corp., Japan) several

times to remove impurity from the resin and to convert the

exchange sites to the desired H+ form. Then part of the

conditioned ion-exchange resin was dried at 333 K for physical

properties determination. The heavy metal solutions were

prepared by copper nitrate, zinc nitrate, and cadmium nitrate

with purity greater than 95.0% (Wako Pure Chemicals Corp.,



Table 1

Experimental conditions of ion-exchange kinetic tests

Run no. Metal Initial metal

concentration

(meq/L)

Reaction

temperature

(K)

Ion-exchange

resin weight

(g)

1 Cu2+ 4.7 298 2.0

2 Cu2+ 4.7 298 3.0

3 Cu2+ 4.7 298 4.0

4 Cu2+ 4.7 298 5.0

5 Cu2+ 2.6 298 2.0

6 Cu2+ 1.4 298 2.0

7 Cu2+ 0.4 298 2.0

8 Zn2+ 4.7 298 2.0

9 Zn2+ 3.3 298 2.0

10 Zn2+ 1.8 298 2.0

11 Zn2+ 0.6 298 2.0

12 Cd2+ 3.1 298 2.0

13 Cd2+ 2.3 298 2.0

14 Cd2+ 1.5 298 2.0

15 Cd2+ 0.6 298 2.0

16 Cu2+ 4.7 318 2.0

17 Cu2+ 4.7 338 2.0

18 Cu2+ 4.7 358 2.0

19 Zn2+ 4.5 318 2.0

20 Zn2+ 4.4 338 2.0

21 Zn2+ 4.4 358 2.0

22 Cd2+ 3.1 318 2.0

23 Cd2+ 3.1 338 2.0

24 Cd2+ 3.1 358 2.0
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Japan) and deionized water. About 3 g of the conditioned resin

was placed in a glass column and a known amount of standard

0.1N sodium hydroxide solution was fed to the column at a low

flow rate in order to determine the ion-exchange capacity of the

resin.

2.2. Ion-exchange equilibrium experiments

In order to obtain the ion-exchange equilibria of Cu2+/H+,

Zn2+/H+, and Cd2+/H+ systems at desired temperatures 298,

328, and 358 K, different amounts of the conditioned resin in

H-form were put into several PE bottles, each of them filled

with 500 mL heavy metal solution with desired concentra-

tions. The bottles were shaken for 24 h in a temperature-

controlled shaker (Hotech Inc., Corp., Model 706) to reach

ion-exchange equilibrium. At the end of equilibrium, the

resin was separated from the solution by filtration and the

equilibrium metal concentration in the solution was

determined by the Atomic Absorption Spectrophotometer

(Varian, Model 3000). The metal concentration exchanged

onto the resin was calculated by mass balance relation as

following equation:

q ¼ ðC0 � CÞV
WR

; (1)

where C0 and C are the initial and final metal concentrations in

the solution phase, respectively; q is the metal concentration in

the resin phase; V is the solution volume; and WR is the dry

weight of the resin used in the test. In order to measure the

metal concentration in the solution phase, the calibration

relationship between AAS and each heavy metal concentration

was determined before experiment. All R-square values of

calibration data fitted by linear regression method are greater

than 0.999 for copper, zinc, and cadmium system. The errors of

measurement for experimental samples are very small and

acceptable.

2.3. Ion-exchange kinetic experiments

The ion-exchange kinetic experiments were carried out in a

2-L jacketed batch reactor in order to control the reaction

temperature at desired level. Our preliminary tests using

varying agitation speeds showed that the 350 rpm was high

enough to well suspend the ion exchange resin, to eliminate the

external mass-transfer resistance. Therefore, 350 rpm was used

for all the experimental test runs. During the kinetic

experiments, solution samples were taken from the reactor at

desired time intervals to determine the heavy metal concentra-

tions by atomic absorption spectrophotometer. The metal

concentration exchanged onto the resin was also calculated by

mass balance relation shown in Eq. (1). The ion-exchange

kinetics of copper, zinc, and cadmium was measured at varying

resin amounts, initial metal concentrations, and temperatures.

In this study, the solution volume for each test was 1 L. Other

experimental conditions of all ion-exchange kinetic runs were

listed in Table 1.
3. Results and discussion

3.1. Ion-exchange equilibria

Ion-exchange equilibria of copper, zinc, and cadmium were

first measured at 298 K, and the experimental data were

analyzed by the Langmuir and Freundlich isotherms:

qe ¼
KNCe

1þ KCe

; (2)

qe ¼ kfC
n
e (3)

where qe is the metal concentration in the resin phase at

equilibrium and Ce is the metal concentration in the solution

phase at equilibrium; K, N, kf, and n represent the Langmuir and

Freundlich isotherm constants, respectively. Both of these two

equations can be rearranged to a linear relationship; the plots of

Ce/qe versus Ce and log(qe) versus log(Ce) should be straight

lines from which the coefficients can be determined by the

slopes and intercepts.

The adsorption isotherm coefficients obtained from the

slopes and intercepts of the linear plots are listed in Table 2. As

shown by the R2 in Table 2, the Langmuir adsorption isotherm

provides a better fit to the experimental data of copper, zinc, and

cadmium isotherm than the Freundlich approach. There are no

significant relations for the parameters and the temperature.

Comparing these parameters, the resin affinity sequence seems

to be Cu2+ > Zn2+ � Cd2+.

Although the Freundlich isotherm approach is widely used

to interpret adsorption and ion-exchange equilibrium data, the



Table 2

Ion-exchange equilibrium parameters of Langmuir and Freundlich isotherms at

different temperatures

Metal T (K) K (L/meq) N (meq/g) R2

Langmuir isotherm

Cu2+ 298 21.147 1.652 0.9971

328 63.429 1.504 0.9840

358 122.964 1.559 0.9877

Zn2+ 298 23.803 1.341 0.9929

328 61.813 1.117 0.9039

358 147.914 1.185 0.9795

Cd2+ 298 34.081 1.350 0.9617

328 16.331 1.135 0.9756

358 237.573 1.169 0.9367

Metal T (K) kf n R2

Freundlich isotherm

Cu2+ 298 1.627 0.206 0.9513

328 1.450 0.116 0.9692

358 1.533 0.108 0.9623

Zn2+ 298 1.293 0.169 0.9585

328 1.128 0.129 0.9252

358 1.214 0.117 0.9658

Cd2+ 298 1.366 0.172 0.9037

328 1.206 0.128 0.9384

358 1.207 0.101 0.8925
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equation is empirical in nature. For ions with the same valence,

ion-exchange equilibrium described by the constant separation

factor is of the same form of the Langmuir isotherm. But for

ions with different valences, such as heavy metal and hydrogen

ions, the ion-exchange equilibrium should be better described

by the selectivity coefficient defined as (Helfferich, 1962):

KMH ¼
�

qM

CM

��
CH

qH

�2

; (4)

where KMH is the selectivity coefficient based on concentration

for heavy metal M and hydrogen H; qi and Ci are the species

concentrations in the resin and solution phases, respectively.

The species concentrations can be expressed in terms of the

equivalence fraction. Therefore, Eq. (4) can be rewritten as:

K 0MH ¼ KMH

qc

C
¼
�

yM

xM

��
xH

yH

�2

; (5)
Table 3

Selectivity coefficients of heavy metal ion exchange at different temperatures

Metal Total cation concentration (meq/L) Parameter S

T

2

Cu2+ 1.29 � 0.25 KMH 4

R2

Zn2+ 1.04 � 0.08 KMH 3

R2

Cd2+ 0.83 � 0.06 KMH 3

R2
where K 0MH is the selectivity coefficient based on equivalence

fraction; C and qc are the total cation concentrations in the

solution and resin phases, respectively. Since the summations of

the equivalence fractions of the heavy metal and hydrogen in

the solution and resin phases both equal unity, the heavy metal

equivalence fraction in the resin phase can be expressed in

terms of that in the solution phase:

yM ¼ 1�
�1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðð4K 0MHxMÞ=ð1� xMÞ2Þ

q
ðð2K 0MHxMÞ=ð1� xMÞ2Þ

: (6)

The selectivity coefficient based on equivalence fraction

can be obtained from fitting the experimental ion-exchange

isotherm data to Eq. (6) and then it can be used to calculate

the selectivity coefficient based on concentration. It is

important to note that selectivity coefficient based on

concentration KMH is a true constant, but the selectivity

coefficient based on equivalence fraction K 0MH depends on

the total solution concentration and the resin exchange

capacity.

Table 3 summarizes the selectivity coefficients from a series

of batch experiments at different reaction temperatures for

copper, zinc, and cadmium. Compared with the Langmuir

approach that has two adjustable parameters, there is only one

parameter used in the selectivity coefficient approach. The

correlation coefficients R2 values shown in Table 3 are not as

high as those of the Langmuir approach. However, the R2 values

listed in Table 3 suggest the single-parameter model provides a

close enough fit to the experimental data as also shown by

Fig. 1. The fitted isotherms at different temperatures using

selectivity coefficients were plotted in Fig. 1 in order to

compare the effect of temperature. All the figures show that the

equilibrium isotherms are of favorable types. This suggests that

all the heavy metals have affinity greater than the hydrogen ion.

Therefore, IR-120 in H-form should be effective to remove the

three heavy metals from wastewaters. As shown by the

selectivity coefficients in Table 3, the affinity sequence in this

system is: Cu2+ > Zn2+ � Cd2+ > H+.

The same heavy metal/hydrogen ion exchange systems

using IR-120 at different temperatures were also studied by

Valverde et al. (2002). Unlike this study, Valverde et al. used

the Wilson and Pitzer equations to calculate the activity

coefficients in the resin and liquid phases, respectively. Their
electivity coefficient (KMH) at varying temperatures

his study Valverde (2002)

98 K 328 K 358 K 283 K 303 K

0.43 97.32 174.82 50.41 67.79

0.9794 0.9731 0.9472 NA NA

7.48 61.69 109.66 46.93 76.74

0.9777 0.9186 0.9838 NA NA

7.44 68.77 100.07 31.02 38.01

0.9332 0.9731 0.9472 NA NA



Fig. 1. Experimental and predicted ion-exchange equilibria of (a) Cu2+/H+, (b)

Zn2+/H+, and (c) Cd2+/H+ systems at different temperatures.

Fig. 2. The Van’t Hoff plots for copper, zinc, and cadmium ion exchange on

IR-120.
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equilibrium constants based on activity at 283 K and 303 K are

also listed in Table 3. The true equilibrium constants calculated

by Valverde et al. are greater than those obtained in this study.

According to the equilibrium constants of Valverde et al., the
ion-exchange resin exhibits different orders of selectivity at

283 K and 303 K, being Cu2+ > Zn2+ > Cd2+ at 283 K and

Zn2+ > Cu2+ > Cd2+ at 303 K.

3.2. Thermodynamic parameters of ion exchange

The selectivity coefficients at 298, 328, and 358 K for

copper, zinc, and cadmium shown in Table 3 suggest that these

coefficients are related to the reaction temperature. For ion-

exchange process, the following thermodynamic relationship is

applicable:

DG ¼ DH � TDS; (7)

where T is the reaction temperature; DG is the Gibbs free energy

change; DS is the entropy change; and DH is the enthalpy of

ion-exchange process. In order to obtain the relation of the

selectivity and temperature, the Van’t Hoff equation can be

used to calculate the thermodynamic parameters:

ln KMH ¼
�

DS

R

�
�
�

DH

R

�
1

T
: (8)

According to Eq. (8), ln KMH versus 1/T plot should be

straight line from which the entropy change and the enthalpy

of ion-exchange process can be obtained. Fig. 2 shows such

linear plots for copper, zinc, and cadmium with the

thermodynamic parameters listed in Table 4. As shown by

Fig. 2, the Van’t Hoff equation well fits the selectivity

coefficients of metal/hydrogen systems at different tempera-

tures. The negative values of the Gibbs free energy change

(DG) indicate that the ion-exchange process is spontaneous;

the positive enthalpy (DH) reveals energy is absorbed as ion

exchange proceeds, and the reaction is said to be endothermic

resulted in the equilibrium extent of reaction increase

with increasing temperature (Sandler, 1999). The entropy

changes in this study are found to be positive; it means that

the increased randomness appeared on the resin–solution



Table 4

Thermodynamic parameters for heavy metal ion exchange

Metal DH (kJ/mol) DS (J/mol K) DG (kJ/mol)

298 K 328 K 358 K

Cu2+ 21.74 103.86 �9.23 �12.35 �15.46

Zn2+ 15.81 82.92 �8.92 �11.41 �13.89

Cd2+ 14.61 79.31 �9.03 �11.41 �13.79
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interface during the exchange of heavy metal (Mohan et al.,

2002; Sekar et al., 2004). The positive entropy change may be

due to the release of water molecule produced by ion-

exchange reaction (Jain et al., 2004; Li et al., 2005).
Fig. 3. Experimental and predicted copper ion-exchange curves calculated by

three kinetic approaches with different resin weights at 298 K. (a) Pseudo first-

order model, (b) pseudo second-order model, and (c) reversible reaction model.
3.3. Effect of resin to solution ratio on ion-exchange

kinetics

The first series of experiments were performed to study the

effect of the resin to solution ratio on the heavy metal ion

exchange kinetics. Different amounts of resin were added to

1 L heavy metal solutions with the same initial copper

concentration at 298 K. As shown by the experimental data in

Fig. 3, the amounts of copper exchanged onto the resin

increase rapidly at the early stage of experiment, then increase

slowly, and finally approach to constant values for long

experimental durations. Fig. 3 also shows that the final

equilibrium copper in the resin phase decreases with

increasing resin used. Because of the same amount of heavy

metal present in the solution phase initially, the more resin is

used to share the finite heavy metal ions, the less heavy metal

per resin will be exchanged.

The kinetic curves in Fig. 3 can be described by suitable

kinetic models. The first kinetic model used is the Lagergren

first-order model that was also used for the analysis of
Fig. 4. Linear plots of copper ion exchange kinetics for (a) pseudo first- and (b)

pseudo second-order models with different resin weights at 298 K.



Table 5

Model parameters of different ion-exchange kinetic models at 298 K

Parameter Pseudo first-order Pseudo second-order Reversible

C0 WR k1 qe R2 k2 qe R2

Copper

4.7 2.0 0.075 2.284 0.9971 0.010 3.529 0.8016 ka ¼ 1:235� 10�3

KMH ¼ 40:43

R2 ¼ 0:9930

4.7 3.0 0.105 2.319 0.9960 0.031 1.971 0.9119

4.7 4.0 0.125 1.621 0.9971 0.116 1.324 0.9951

4.7 5.0 0.139 1.084 0.9955 0.179 1.048 0.9959

2.6 2.0 0.076 1.183 0.9965 0.089 1.423 0.9926

1.4 2.0 0.079 0.607 0.9963 0.206 0.744 0.9937

0.5 2.0 0.095 0.237 0.9931 0.686 0.295 0.9951

Zinc

4.7 2.0 0.090 2.118 0.9936 0.029 2.877 0.8950 ka ¼ 1:919� 10�3

KMH ¼ 37:48

R2 ¼ 0:9842

3.3 2.0 0.094 1.442 0.9901 0.057 1.907 0.9689

1.8 2.0 0.094 0.789 0.9870 0.125 1.033 0.9910

0.6 2.0 0.105 0.266 0.9856 0.459 0.348 0.9932

Cadmium

3.1 2.0 0.070 1.546 0.9993 0.027 2.030 0.9805 ka ¼ 1:040� 10�3

KMH ¼ 37:44

R2 ¼ 0:9974

2.3 2.0 0.080 1.149 0.9980 0.044 1.469 0.9880

1.5 2.0 0.093 0.765 0.9949 0.054 1.014 0.9932

0.7 2.0 0.099 0.374 0.9973 0.232 0.442 0.9975

Fig. 5. Linear plots of copper ion-exchange kinetics for (a) pseudo first- and (b)

pseudo second-order models with different initial metal concentrations at 298 K.
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adsorption kinetics (Mohan et al., 2002):

dqM

dt
¼ k1ðqe � qMÞ; (9)

where k1 is the rate constant of the pseudo first-order kinetic

model; qe is the metal concentration in the resin phase at

equilibrium. Assuming k1 and qe are constant, Eq. (9) can then

be integrated into a linear form with which the rate constant k1

can be easily obtained from the slope and the intercept,

respectively:

logðqe � qMÞ ¼ logðqeÞ �
�

k1

2:303

�
t: (10)

Another empirical equation, the pseudo second-order kinetic

model that was also used to describe the adsorption phenomena

(Lee et al., 2005; Sharma and Bhattacharyya, 2005), is:

dqM

dt
¼ k2ðqe � qMÞ2; (11)

where k2 is the rate constant of the pseudo second-order kinetic

model. It can also be rewritten as the following linear form:

t

qM

¼ 1

k2q2
e

þ
�

1

qe

�
t: (12)

Similarly, the model parameters qe and k2 values can be

calculated from the slope and intercept.

In addition to the above empirical models, we developed a

reversible reaction model to describe the heavy metal ion-

exchange kinetics. Although the ion-exchange kinetics is

truly governed by diffusion phenomenon, the rate laws of ion-

exchange reaction are quite complex and difficult to be

solved. We choose a simplified but adequately acceptable

approach to describe the ion-exchange kinetics. We treat the

ion-exchange process as a reversible chemical reaction shown



Fig. 6. Experimental and predicted copper ion-exchange curves calculated by

three kinetic models with different initial metal concentrations at 298 K. (a)

Pseudo first-order model, (b) pseudo second-order model, and (c) reversible

reaction model.

Fig. 7. Linear plots of zinc ion-exchange kinetics for (a) pseudo first- and (b)

pseudo second-order models with different initial metal concentrations at

298 K.
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by Eq. (13):

(13)

where ka and kb are the forward and reverse rate constants,

respectively; M2+ is the divalent metal ions in the solution

phase; RH is the ion-exchange resin in hydrogen form; R2M is

the exchanged metal onto the resin; and H+ is the released

hydrogen ion from the ion-exchange resin. The rate heavy

metal removal in the solution phase can be expressed in terms

of the forward and reverse rate:

�V � dCM

dt
¼ WRðkaCMq2

H � kbC2
HqMÞ; (14)
where CM and CH are the heavy metal and hydrogen concen-

trations in the solution phase, respectively; qM and qH are the

heavy metal and hydrogen concentrations in the resin phase,

respectively.

Substituting Eq. (1) into Eq. (14) leads to the following

differential equation

� dCM

dt
¼
�

kaWR

V

��
CM

�
qc �

V

WR

ðC0 � CMÞ
�2

�
�

1

KMH

�
ðC � CMÞ2

V

WR

ðC0 � CMÞ
�
; (15)

where C0 and C are the initial heavy metal and total cation

concentrations in the solution, respectively; qc is the total cation

concentration in the resin; KMH is the equilibrium constant

equal to ka/kb. For binary ion-exchange systems, i.e., systems

with two exchangeable species H+ and M2+ in this study, the



Fig. 8. Linear plots of cadmium ion exchange kinetics for (a) pseudo first- and

(b) pseudo second-order models with different initial metal concentrations at

298 K.

Fig. 9. Experimental and predicted zinc ion-exchange curves calculated by

three kinetic models with different initial metal concentrations at 298 K. (a)

Pseudo first-order model, (b) pseudo second-order model, and (c) reversible

reaction model.
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concentration terms can be expressed as fractions instead.

xM þ xH ¼ 1

yM þ yH ¼ 1

�
(16)

Substituting Eq. (15) into Eq. (16) leads to a new

dimensionless differential equation as shown in Eq. (17).

� dxM

dt
¼
�

ka

Fc

���
qc

C

�
xMð1� yMÞ2 �

yM

KMH

ð1� xMÞ2
�
;

(17)

where Fc defined in Eq. (18) is a dimensionless factor of resin

capacity, resin weight, solution volume, and total solution

concentration. The metal concentration in the solution phase

can be calculated by multiplying metal fraction and total

solution concentration qt = CxM.

Fc ¼
VC

WRqc

: (18)
The parameters were obtained from numerical methods by

using DIVPAG subroutine of Compaq Visual Fortran IMSL to

solve the differential equation and DBCPOL subroutine to

minimize the sum of squares of the errors between the

experimental and predicted copper concentrations. Once the

heavy metal concentrations in the solution phase are calculated,

Eq. (1) is used to calculate the heavy metal concentrations in the

resin phase.

Since the pseudo first-order and second-order models are

widely used in adsorption and ion-exchange processes, we use

these empirical models first to fit our experimental data. Fig. 4(a)

and (b) shows the linear plots of the pseudo first-order and pseudo

second-order models for copper, respectively. The parameters of

the pseudo first-order and pseudo second-order models are



Fig. 10. Experimental and predicted cadmium ion-exchange curves calculated

by three kinetic models with different initial metal concentrations at 298 K. (a)

Pseudo first-order model, (b) pseudo second-order model, and (c) reversible

reaction model.

Fig. 11. Experimental and predicted copper ion-exchange curves calculated by

three kinetic models at different reaction temperatures. (a) Pseudo first-order

model, (b) pseudo second-order model, and (c) reversible reaction model.
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summarized in Table 5. Using the model parameters the amount

of copper exchanged onto the resin can be calculated and the

calculated results are also shown in Fig. 3(a) and (b), respectively.

Although very good linearity is found for the pseudo first-order

and pseudo second-order models as shown in Fig. 4(a) and 4(b),

respectively, the calculated results do not agree with the

experimental data as shown by Fig. 3(a) and (b), respectively.

Furthermore, the parameters k1, k2, and qe vary with the amount

of resin used and the initial copper concentration as shown in

Table 5. Theoretically, these kinetic parameters should be

independent of the reactant concentrations such as resin weight

and initial heavy metal concentrations. The advantages of the

pseudo first-order and pseudo second-order models are their
easiness for use, but the disadvantages are the predicted results do

not satisfactorily agree with the experimental data and the

parameters usually depend on the operating conditions.

In order to better describe the heavy metal ion-exchange

kinetics, the reversible reaction model was used to analyze the

same data. In the reversible model, there is actually only one

parameter ka. All the other parameters in Eq. (17) are known a

priori. The total cation concentration in the resin or the ion-

exchange capacity of Amberlite IR-120 was determined by the

method described by Helfferich (1962). The equilibrium

constant KMH can be obtained from the equilibrium study that

was discussed already in the previous section. Using the model

parameters listed in Table 5, the copper ion-exchange kinetic
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curves can be predicted by the reversible reaction model and the

results are also shown in Fig. 3(c). Comparing Fig. 3(a–c), the

reversible reaction model provides a better fit to the experimental

data. More important of the reversible reaction model is that the

model parameters are independent of the operating conditions.

Unlike the empirical models, the effect of the resin-to-solution

ratio on the ion-exchange kinetics can be predicted by the

reversible reaction model as shown by Eq. (17).

3.4. Effect of initial metal concentration on ion-exchange

kinetics

The second series of kinetic tests were performed using

different initial copper concentrations but constant amount of
Fig. 12. Experimental and predicted zinc ion-exchange curves calculated by

three kinetic models at different reaction temperatures. (a) Pseudo first-order

model, (b) pseudo second-order model, and (c) reversible reaction model.
resin at 298 K. Similarly, very good linearity of the pseudo first-

order and pseudo second-order models is obtained as shown in

Fig. 5(a) and (b). But the actual fit to the experimental kinetic

curves of these two models is not as satisfactory as that of the

reversible reaction model, as shown in Fig. 6(a–c). The third

and fourth series of kinetic tests were carried out to study the

effect of initial heavy metal concentration on the zinc and

cadmium ion-exchange kinetics, respectively. The experimen-

tal data are also analyzed by the three kinetic models, and the

resultant model parameters are also listed in Table 5. Again,

very good linearity is obtained for the pseudo first-order and

pseudo second-order models, as shown in Figs. 7 and 8, for zinc

and cadmium, respectively. Compared with the reversible

reaction model, the two empirical models cannot give very
Fig. 13. Experimental and predicted cadmium ion-exchange curves calculated

by three kinetic models with different reaction temperatures. (a) Pseudo first-

order model, (b) pseudo second-order model, and (c) reversible reaction model.



Fig. 14. The Arrhenius plots for copper, zinc, and cadmium ion exchange on

IR-120.

Table 7

Arrhenius parameters for heavy metal ion exchange

Heavy metal Cu2+ Zn2+ Cd2+

Ea (kJ/mol) 15.412 7.044 17.014

A (L/mmol min) 0.595 0.034 1.010

R2 0.9853 0.9198 0.9971
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good fit to the experimental data as shown in Figs. 9 and 10 for

zinc and cadmium, respectively. Furthermore, Table 5 shows

that the parameters of the two empirical models vary with the

operating conditions while the parameter of the reversible

reaction model for given heavy metal is independent of the

operating conditions. Although not explicitly shown by

Eq. (17), the amount of heavy metal exchanged onto the resin

increases with increasing initial heavy metal concentration.

Nevertheless, the reversible reaction model can still provide a

closer fit in case of various initial metal concentrations than the

pseudo first- and second-order models.

3.5. Effect of temperature on ion-exchange kinetics

The last series of kinetic tests were performed to study the

effect of temperature on ion-exchange kinetics using the same

resin to solution ratio and initial heavy metal concentration. The
Table 6

Model parameters of ion-exchange kinetics at different reaction temperatures

Parameter Pseudo first-order Pseudo se

T C0 k1 qe R2 k2

Copper

298 4.7 0.075 2.284 0.9971 0.010

318 4.6 0.093 2.241 0.9945 0.035

338 4.6 0.136 2.154 0.9947 0.049

358 4.6 0.148 1.988 0.9932 0.055

Zinc

298 4.7 0.090 2.118 0.9936 0.029

318 4.5 0.115 2.019 0.9923 0.043

338 4.4 0.119 1.955 0.9911 0.053

358 4.5 0.153 2.005 0.9971 0.057

Cadmium

298 3.1 0.070 1.546 0.9993 0.027

318 3.1 0.118 1.623 0.9923 0.039

338 3.1 0.165 1.579 0.9986 0.057

358 3.1 0.201 1.523 0.9978 0.094

a KMH at 318 and 338 K are calculated from Eq. (8) using the thermodynamic p
above three different kinetic models were used to fit the kinetic

curves and the comparisons of the data fitting for copper, zinc,

and cadmium are shown in Figs. 11–13, respectively. Table 6

summarizes the kinetic parameters of the three models. It is

important to note that the selectivity coefficients KMH at 318 and

338 K are calculated from the Van’t Hoff equation using the

thermodynamic parameters listed in Table 4. Similarly, although

the high values of R2 shown in Table 6 suggest the pseudo first-

order and second-order models may be used to fit the ion-

exchange kinetic data, the goodness of fitting for both empirical

models is not as good as that for the reversible reaction model as

shown by the comparison in Figs. 11–13.

Since the reversible reaction model gives closer prediction to

the ion-exchange kinetic curves, the forward rate coefficients ka

at different temperatures are further analyzed. The Arrhenius

equation is used to correlate the forward rate coefficients at

different temperatures (Fogler, 1999):

ka ¼ Ae�Ea=RT; (19)

where Ea is the activation energy and A is a constant. Eq. (19)

can be rewritten to a linear form from which the activation

energy can be calculated from the slope:

ln ka ¼ ln A�
�

Ea

R

�
1

T
: (20)

Fig. 14 shows such linear plots for copper, zinc, and

cadmium with the Arrhenius equation parameters listed in

Table 7. As shown by the activation energy in Table 7, the
cond-order Reversible

qe R2 k1 � 1000 KMH
a R2

3.529 0.8016 1.235 40.43 0.9930

2.723 0.9846 1.618 71.89 0.9949

2.646 0.9711 2.548 116.88 0.9916

2.606 0.9508 3.389 174.82 0.9862

2.877 0.8950 1.919 37.48 0.9842

2.621 0.9112 2.510 54.50 0.9955

2.534 0.9729 2.982 77.60 0.9929

2.501 0.9340 3.048 109.66 0.9970

2.030 0.9805 1.040 37.44 0.9974

1.953 0.9758 1.638 55.42 0.9984

1.858 0.9572 2.459 76.83 0.9976

1.746 0.9755 3.245 100.07 0.9960

arameters in Table 4.
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energy barrier of zinc ion exchange is lower than those of

copper and cadmium.

Using parameters listed in Table 7 and Eq. (19), the forward

rate coefficient at a given temperature can be calculated.

Similarly, using the parameters listed in Table 4 and Eq. (8), the

selectivity coefficient at a given temperature can be calculated.

The effect of temperature on ion-exchange kinetics can

therefore be predicted by Eq. (17).

4. Conclusion

A series of ion-exchange equilibrium and kinetic tests were

performed in this study, and the experimental data were

interpreted by widely used approaches (Langmuir and

Freundlich isotherm for equilibrium), models (pseudo first-

and second-order models for kinetics), and new approach

(reversible reaction model with selectivity coefficient) devel-

oped in this study. According to the results, the following

conclusions can be made:
� T
he Langmuir isotherm fits the ion-exchange equilibrium

data better than the Freundlich approach.
� T
he mass action law of the reversible reaction model also fits

the ion-exchange equilibrium data well.
� T
he affinity sequence demonstrated from the selectivity

coefficient is Cu2+ > Zn2+ > Cd2+ > H+.
� T
he thermodynamic parameters of the ion-exchange process

were calculated. Ion exchange equilibrium at temperatures

298, 328, and 358 K of Cu2+/H+, Zn2+/H+, and Cd2+/H+ are

found to be endothermic processes. The negative values of the

Gibbs free energy change (DG) confirm that the ion-exchange

process is spontaneous.
� T
he pseudo first- and second-order models, using two

adjustable parameters, are easy to use to analyze the ion-

exchange kinetic data. However, the associated kinetic

parameters depend on the operating conditions.
� T
he activation energies of the ion-exchange process were

calculated from the reversible reaction model parameters at

different temperatures.
� D
ifferent experimental conditions of resin-to-solution ratio,

initial heavy metal concentration, and temperature on the ion-

exchange kinetics can be predicted more accurately by the

reversible reaction model than the pseudo first- and second-

order models. Only a single adjustable parameter for the

reversible reaction model was used to fit the ion-exchange

curves.
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