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bstract

The Na form of two chelating ion exchange resins Chelex 100 (Bio-Rad) and Amberlite IRC 748, both of which have iminodiacetic acid function
roup, was used to exchange Cu2+ and Zn2+ from aqueous solutions. Kinetic experiments were performed at 298 K in a batch mode by varying
he initial concentration of metal ions (3–9 mol/m3) and initial aqueous pH value (2.0–6.5). The kinetic data were first treated by conventional
nreacted-core model and by the Fick’s first law that takes into account diffusion of metal ions within resin pores. The effective diffusion coefficients

f metal ions were evaluated. The kinetic data were also treated and compared by a second-order reversible reaction model based on exchange
eaction equilibrium. It was shown that the rate constants for Cu2+ and Zn2+ exchange with Amberlite IRC 748 resin were larger than with Chelex
00 resin under comparable conditions.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In many industries such as mining, metal plating, tanning,
nd nuclear power plant operations, there are always serious
eavy metal contaminations existing in the discharged wastew-
ters [1]. There is a risk that the surrounding soils as well as the
round and surface waters are contaminated by metal-containing
ffluents. Thus, to remove the hazardous heavy metals from
ndustrial wastewaters is the major course that cannot be ignored.
or years, many methods have been developed to remove heavy
etals from the effluents including chemical precipitation, ion

xchange, reverse osmosis, electrodialysis, and adsorption on
everal low-cost adsorbents such as activated carbons [1–6].
hemical precipitation is the most conventional method; how-
ver, it is hard to handle a large volume of the wastewater
ontaining relatively low concentration of heavy metals. Alter-
atively, ion exchange is the effective and common one for this
urpose because the resins can be easily recovered and reused

y regeneration operation [4,5].

On the other hand, ion exchange resins with specific func-
ional groups like iminodiacetic acid (IDA), aminophosphonic
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cid, and amidoxime, as commonly referred to the chelating
esins, have been widely used to recover heavy metals from
astewaters [4,6,7]. They are very powerful because the func-

ional groups can form coordination bonds with many heavy
etals. It is often that just one kind of heavy metals, particu-

arly transition metals, is selectively removed from wastewater
8–10]. A most common type of chelating resins like Chelex
00, Ambelite IRC 748, Purolite S930, and Lewatit TP 207, all
hich contains IDA group, has been extensively applied for the

ecovery of heavy metal ions including Ni2+, Cd2+, Cu2+, Co2+,
n2+, Pb2+, and Cr3+ from aqueous solutions [4,5,7–20]. This

s because IDA group could provide electron pairs so that the
inding forces for alkaline earth metals is 5000 times than those
or alkali metals like Na+, which react with divalent metals to
orm a stable coordination covalent bond. For example, Chelex
00 and IRC 718 resins have been employed to treat the efflu-
nts discharged from printed circuit board manufacturing, which
ontain Cu2+, Ni2+, Na+, and some complexing ligands such as
DTA and citrate [14,15]. Korngold et al. [16] also removed
u2+, Ni2+, Co2+, and Cd2+ from tap water containing small
mounts of salts of carboxylic acid using Purolite S930 resin.

hey found that the presence of one carboxylic group salts like
cetate has little effect on exchange performance. The presence
f salts with two or four carboxylic groups such as tartrate and
DTA dramatically decreases the exchange efficiency.

mailto:rsjuang@ce.yzu.edu.tw
dx.doi.org/10.1016/j.cej.2006.12.019
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Nomenclature

DM effective diffusion coefficient of metal ions within
the resin particle (m2/s)

f exchange conversion of the resin defined in Eq.
(2)

k rate constant defined in Eq. (15) (s−1)
kb backward reaction rate constant defined in Eq.

(10) (m6/mol2 s)
kf forward reaction rate constant defined in Eq. (10)

(m3/mol s)
KM–Na exchange equilibrium constant defined in Eq. (12)

(mol/m3)
mi amount of species i present in the resin (mol/m3

of resin)
qe equilibrium amount of metal exchanged at a given

pH and metal concentration (mol/m3 of resin)
qt amount of metal exchanged at any time at a given

pH and metal concentration (mol/m3 of resin)
qsat exchange capacity of the resin at a given pH

(mol/m3 of resin)
rc radius of the interface of unreacted core (m)
r0 radius of the resin (m)
R2 correlation coefficient
t time (s)
V volume of the solution (m3)
W weight of dry resins (kg)

Greek letters
ρs density of dried resin particle (kg/m3)
τ time required for reaching reaction equilibrium

(s)
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Ion exchange processes are generally operated in fixed beds
columns) in practical applications [21,22]. If we want to know

hat kind or concentration of metal ions exits a resin column

t what time period in the future, we need to understand the
ynamic phenomena of the columns. That is, batch ion exchange
inetics should be investigated. Some kinetic models such as

p
i
e
p

able 1
hysical and chemical properties of the chelating resins used

roperties Chelex 100

rade Laboratory
hysical form Small, whit
unctional group Iminodiace
atrix Styrene–div

tructure Macroporou
article size (mm, dry) 0.15–0.30 (
apacity (equiv./m3 of resin) 700
ulk density ρs (kg/m3) 968
H range 0–14
aximum operating temperature 75 ◦C (Na+
ering Journal 132 (2007) 205–213

he Nernst–Planck equation have been satisfactorily applied to
escribe the exchange process [23]; however, the mathematical
omplexity of such models makes them inconvenient to follow in
ractice. Therefore, a simplified but reasonably adequate kinetic
odel was proposed and screened in this work.
A resin particle can be regarded as an ensemble of micro-

pheres with pores inside them; pore diffusion model (PDM)
s satisfactory for describing intraparticle mass transfer within
uch porous structures [4,23,24]. There are two classes of kinetic
odels can be utilized, the first includes the PDM and isotopic

xchanged model, and the other includes the shrinking-core,
hell-progressive or unreacted-core model (UCM), and the “pro-
ressive conversion” model [4]. Here, the ion exchange kinetics
f Cu2+ and Zn2+ with Na-form Chelex 100 and Amberlite
RC 748 resins in a batch mode was systematically studied.
xperiments were performed at 298 K and different initial metal
oncentrations (3–9 mol/m3) and aqueous pH values (2.0–6.5).
he evolution of intraparticle profiles was measured by micro-
copic techniques to make discrimination between the PDM and
CM, and the effective diffusion coefficients were evaluated.

. Materials and methods

.1. Resins and solutions

Two chelating resins Chelex 100 (Sigma Co.) and Amberlite
RC 748 (Rohm Haas Co.) were used and compared because
hey both contain IDA functional groups. The physical properties
nd specification as reported by the manufacturers are listed in
able 1. These resins were washed with NaOH (1 mol/dm3),
Cl (1 mol/dm3), and n-hexane to remove possible organic and

norganic impurities. They were then washed with deionized
ater (Millipore Milli-Q) three times, and were converted to
a+ form by column flushing with 1 mol/dm3 NaCl for 12 h

11]. These resins were finally washed with deionized water and
ried in vacuum oven at 333 K.

Analytical-reagent grade of Cu(NO3)2, Zn(NO3)2, and other
norganic chemicals including NaCl, HCl, NaOH, and HNO3
ere purchased from Merck Co. The aqueous solution was pre-

ared by dissolving metal nitrate in deionized water, and the
nitial concentrations were in the range 3–9 mol/m3. When the
ffect of aqueous pH on the exchange was studied, the initial
H values of Cu2+ and Zn2+ solutions were adjusted to be in

Amberlite IRC 748

grade Industrial grade
e beads Opaque, beige beads
tic acid Iminodiacetic acid
inylbenzene Styrene–divinylbenzene
s Macroporous

50–100 mesh) 0.50–0.65
1250
687
1.5–14

form) 90 ◦C (Na+ form)
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Fig. 1. Time profiles for the exchange of 6 mol/m3 Cu2+ with Na-form Chelex
100 and IRC 748 resins at 298 K.
L.-C. Lin, R.-S. Juang / Chemical E

he ranges 2.0–4.5 and 2.5–6.5, respectively (Mettler digital
H meter MP 220) by adding a small amount of 0.1 mol/dm3

NO3 or NaOH. Under those pH ranges tested, the precipita-
ion of Cu2+ and Zn2+ hydroxides in aqueous solutions could be
voided.

.2. Experimental procedures

The exchange kinetic experiments were carried out in a Pyrex
lass vessel of 100 mm i.d. and 130 mm height, fitted with four
lass baffles, 10 mm width. An aqueous solution (0.6 dm3) was
oured and agitated using a Cole-Parmer Servodyne agitator wit
ix blades, flat-bladed impeller (12 mm height, 40 mm width).
he stirring speed was 500 rpm since above that the agitation
as little effect on ion exchange. In addition, the resins could be
ell suspended in the solution at this stirring speed. An amount
f dry resin (1.8 g) was then added into the vessel and the timing
as started. The whole vessel was immersed in a water bath at
98 K (Haake K-F3, Germany).

At preset time intervals, the samples (1 cm3) were withdrawn
fter 0.45 �m Whatman membrane filters, and the concentra-
ions of metals were analyzed with a Perkin-Elmer atomic
bsorption spectrophotometer (AA-100). The amount of metal
xchanged at any time t, qt (mol/m3 of resin), was thus calculated
y:

t = (CM,0 − CM)V

W/ρs
(1)

here CM,0 and CM are the aqueous-phase concentrations of
etals at the initial and any time t, respectively (mol/m3), V the

olume of aqueous solution (0.6 dm3), W the weight of dry resin
sed (1.8 g), and ρs is the density of dried resin (kg/m3). Each
xperiment was at least duplicated under identical conditions.
he reproducibility of the measurements was within 4%.

. Results and discussion

.1. Effect of initial pH on exchange kinetics

Figs. 1 and 2 show the typical time profiles during the
xchange of Cu2+ and Zn2+ with two Na-form chelating resins.
nder those pH values, the amounts of Cu2+ and Zn2+ exchanged

ncrease with increasing pH values. That is, the optimal pH will
e around 4.5 and 6.5 for Cu2+ and Zn2+, respectively.

It is found that the concentrations of Cu2+ and Zn2+ in
queous solutions decrease more rapidly in the early stage of
peration (50–100 min), and the exchange is virtually completed
ithin 150–200 min. That is, the decrease of the concentra-

ions of Cu2+ and Zn2+ in the solution demonstrates that higher

xchange rates (dCM/dt) of Cu2+ and Zn2+ with Na-form chelat-
ng resins are obtained at the onset; and the plateau is reached
radually within 50 min. Regardless of the use of IRC 748 or
helex 100 resin, it is observed from kinetic experiments that the
mount of Cu2+ exchanged is larger than that of Zn2+ exchanged,
s reported from our previous equilibrium results [12].

Fig. 2. Time profiles for the exchange of 6 mol/m3 Zn2+ with Na-form Chelex
100 and IRC 748 resins at 298 K.
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.2. Unreacted-core model

In formulating the unreacted-core model, we proceed from
he following assumptions. Let us consider a spherical particle
urrounded by an external solution of constant concentration.
esin particles are composed of two phases: a solid porous
atrix where ion exchange occurs and pores filled with an inner

olution. When metal ions are exchanged with the resins, ini-
ially, the exchange reaction is only carried out on the surface of
he resin, and as the time passed the reaction sites are gradually

oved to the interior of resin particles. This type of hetero-
eneous diffusion process can be described by UCM [23,25].
he UCM, when diffusion through the reacted shell, is the rate-
ontrolling step (i.e., the reaction rate is fast compared with the
iffusion rate).

Assuming a quasi-steady state the exchange conversion (f),
hich is defined as the ratio of the amount of metal exchanged at

ny time to that at equilibrium, can be described by the following
quation:

− f = volume of unreacted particle

total volume of particle
= (4/3)πr3

c

(4/3)πr3
0

=
(

rc

r0

)3

(2)
here r0 is the initial radius of resin particle and rc is the radius
f the interface of unreacted core. Here, rc is difficult to deter-
ine from experiments, so we alternatively use the exchange

onversion (f) to represent this quantity.

ig. 3. The unreacted-core model for the exchange of 6 mol/m3 Cu2+ with Na-
orm Chelex 100 and IRC 748 resins at 298 K.
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ig. 4. The unreacted-core model for the exchange of 6 mol/m3 Zn2+ with Na-
orm Chelex 100 and IRC 748 resins at 298 K.

In this model, the components surface or solid-phase dif-
usion is assumed to be negligible (infinite bath). In fact, the
xchange of ions by the resins from aqueous solution has been
horoughly treated [21,26]. Ion exchange process can be lim-
ted by (i) diffusion through a boundary film around the resin
article (film diffusion), (ii) diffusion within the resin particle
intraparticle diffusion), and (iii) exchange reaction. If diffusion
ithin the resin particle is limiting, the following relationship

an be obtained [23].

t

τ
= 1 − 3

(
rc

r0

)2

+ 2

(
rc

r0

)3

(3)

r

2(t) = t

τ
= 1 − 3(1 − f )2/3 + 2(1 − f ) (4)

here τ is the time required for complete conversion of the resin
article from Na form to the Cu or Zn form. In the cases where
lm diffusion or exchange reaction is the rate-controlling step,
q. (4) would be replaced by F1(t) = f and F3(t) = 1 − (1 − f)1/3,

espectively [23].
Figs. 3 and 4 show the results for the exchange of Cu2+ and

n2+ with two chelating resins. A good linearity is obtained
nly for the plots of F2(t) against t (correlation coefficient

2 > 0.9962, Table 2). This is all the case no matter what Cu2+ or
n2+ is exchanged with Chelex 100 or IRC 748 resin. Although

he UCM is applicable in these exchange systems, the parameter
strongly depends on aqueous pH value and metal concentra-
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Table 2
The unreacted-core model for the exchange of Cu2+ and Zn2+ with Na-form chelating resins at 298 K

System CM,0 (mol/m3) pH0 F1(t) F2(t) F3(t)

τ (s) R2 τ (s) R2 τ (s) R2

Cu-Chelex 100 6 2.0 208 0.8951 888 0.9976 507 0.9316
3.0 203 0.9110 802 0.9997 486 0.9474
4.5 202 0.9132 774 0.9995 480 0.9501

Cu-Chelex 100 9 2.0 145 0.8831 550 0.9992 346 0.9312
3.0 144 0.8891 533 0.9991 342 0.9371
4.5 143 0.8892 512 0.9985 337 0.9388

Cu-IRC 748 6 2.0 213 0.8856 969 0.9970 526 0.9224
3.0 213 0.8999 929 0.9988 522 0.9351
4.5 213 0.9014 917 0.9981 520 0.9365

Cu-IRC 748 9 2.0 147 0.8733 584 0.9992 354 0.9216
3.0 144 0.8826 543 0.9999 344 0.9317
4.5 143 0.8942 522 0.9993 337 0.9411

Zn-Chelex 100 3 2.0 176 0.8985 1293 0.9985 468 0.9222
4.0 159 0.9036 996 0.9978 415 0.9316
6.5 153 0.9000 903 0.9966 396 0.9305

Zn-Chelex 100 6 2.0 124 0.8921 588 0.9985 309 0.9291
4.0 112 0.8881 447 0.9986 270 0.9345
6.5 109 0.8901 411 0.9962 260 0.9387

Zn-IRC 748 3 2.0 171 0.8986 895 0.9992 434 0.9311
4.0 167 0.8933 837 0.9997 420 0.9287
6.5 165 0.8854 813 0.9994 415 0.9235

Zn-IRC 748 6 2.0 120 0.8952 396 0.9983 277 0.9445
4.0 117 0.8782 365 0.9978 265 0.9358
6.5 117 0.8826 357 0.9989 264 0.9417
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ion. This makes the UCM inconvenient to apply in modeling
xed-bed operations.

.3. Pore diffusion model

Model equations include a mass balance for species i in
volume element and of the particle, with the associated

oundary and initial conditions. The main assumptions made
re that (i) film diffusion around the resin particles is negligible
nd (ii) the effective diffusion coefficient for binary ion
xchange is constant [21,23]. The phenomenon is described by
he Fick’s first law of diffusion. By the relationship between the
ecreasing rate of ion exchange in the solution and the radius
c of interface of the unreacted core, we have:

dCM

dt
= 4πqsatr

2
c

dr

dt
= 4πDM

[
1

(1/r0) − (1/rc)

]
CM (5)

here DM is the effective diffusion coefficient of metal ion
ithin the resin (m2/s) and qsat is the exchange capacity of the

esin at a given pH (mol/m3 of resin). Eq. (5) can be rearranged

nto,

sat

∫ rc

r0

(
1

r0
− 1

rc

)
r2

c dr = DM

∫ t

0
CM dt (6)

c
c
i
n

ntegrating and combining with Eq. (4), we can obtain,

2(t) = 1 − 3(1 − f )2/3 + 2(1 − f )

= 6DMCM,0

qsatr
2
0

∫ t

0

(
CM

CM,0

)
dt =

(
6DMCM,0

qsatr
2
0

)
Y (t) (7)

nd

= CM,0V0 − (CM,nVn +∑n
i=1CM,iVi)

Wqsat/ρs
(8)

here CM,0, V0, CM,n, and Vn are the metal concentrations and
olumes of the solution at the initial and any time t, respectively;
M,i and Vi are the metal concentration and volume of the

olution taken at the ith sampling.
While F2(t) is plotted versus Y(t) (using the Simpson’s

ethod, R2 > 0.9932), as shown in Figs. 5 and 6, we can calcu-
ate the effective diffusion coefficients DM (Table 3). At 298 K,
he DM values for Cu(II) with Chelex 100 and IRC 748 resins
re obtained to be 2.5 × 10−11 and 1.5 × 10−10 m2/s, respec-
ively, whereas those of Zn(II) with Chelex 100 and IRC 748
esins are 2.0 × 10−11 and 1.2 × 10−10 m2/s, respectively. Those

oefficients in the order 10−10 to 10−11 m2/s are essentially
omparable to the literature results [21–23]. Interestingly, the
ndustrial-grade IRC 748 resins provide about one order of mag-
itude larger DM than the laboratory-grade Chelex 100 resins.
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Fig. 5. The pore diffusion model for the exchange of 6 mol/m3 Cu2+ with Na-
form Chelex 100 and IRC 748 resins at 298 K.

Fig. 6. The pore diffusion model for the exchange of 6 mol/m3 Zn2+ with Na-
form Chelex 100 and IRC 748 resins at 298 K.

Table 3
The effective diffusion coefficients for the exchange of Cu2+ and Zn2+ with Na-form chelating resins at 298 K

System CM,0 (mol/m3) pH0 (6DM CM,0)/(qsat r
2
0) (s−1) qsat (mol/m3) DM (m2/s)

Cu-Chelex 100 6 4.5 0.00148 794 2.66 × 10−11

3.0 0.00142 784 2.52 × 10−11

2.0 0.00133 743 2.23 × 10−11

Cu-Chelex 100 9 4.5 0.00220 800 2.70 × 10−11

3.0 0.00209 792 2.54 × 10−11

2.0 0.00201 751 2.30 × 10−11

Cu-IRC 748 6 4.5 0.00135 763 1.58 × 10−10

3.0 0.00132 746 1.50 × 10−10

2.0 0.00126 692 1.31 × 10−10

Cu-IRC 748 9 4.5 0.00221 724 1.64 × 10−10

3.0 0.00211 706 1.52 × 10−10

2.0 0.00194 678 1.34 × 10−10

Zn-Chelex 100 3 6.5 0.00115 392 2.05 × 10−11

5.0 0.00105 396 1.90 × 10−11

4.0 0.00101 385 1.75 × 10−11

Zn-Chelex 100 6 6.5 0.00244 391 2.16 × 10−11

5.0 0.00231 390 2.04 × 10−11

4.0 0.00234 379 2.00 × 10−11

Zn-IRC 748 3 6.5 0.00138 304 1.28 × 10−10

5.0 0.00135 298 1.23 × 10−10

4.0 0.00133 288 1.17 × 10−10

Zn-IRC 748 6 6.5 0.00298 291 1.32 × 10−10

5.0 0.00297 277 1.26 × 10−10

4.0 0.00292 270 1.20 × 10−10
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Fig. 7. The second-order reversible reaction model for the exchange of 6 mol/m3

Cu2+ with Na-form Chelex 100 and IRC 748 resins at 298 K.
L.-C. Lin, R.-S. Juang / Chemical E

owever, the same concern as UCM is present in PDM because
he parameters qsat and DM depend on aqueous pH value and/or

etal concentration.

.4. Second-order reversible reaction model

If an ion exchange resin is considered as a charged adsorbent,
t is possible that the monolayer coverage of metal ions on the
urface of the adsorbent is formed because the exchange reac-
ion is essentially a kind of chemical reaction [18,27,28]. The
xchange reaction of divalent metals (M2+) with the Na-form
helex 100 and IRC 748 resins (RNa2) can be represented as

11–13,19]:

Na2(s) + M2+(aq) ⇔ RM(s) + 2Na+(aq), kf/kb (9)

here R refers to the resin matrix.
It is established that the exchange of metal ions on heteroge-

eous surface is a second-order reversible kinetics. There are two
mportant physicochemical aspects for parameter evaluation in
he exchange process, i.e., kinetics and equilibrium. Therefore,
he rate of exchange can be given by:

dqt

dt
= kfmRNa2CM − kbC

2
Naqt (10)

here mRNa2 is the amount of Na present in the resin (mol/m3 of
esin), kf the forward reaction rate constant (m3/mol s), and kb is
he backward reaction rate constant (m6/mol2 s). For simplicity,
hen the reaction rate becomes [7,29]

dqt

dt
= kfmRNa2 (CM,0 − qt) − kbC

2
Naqt = k′

f(CM,0 − qt) − k′
bqt

(11)

The rate constants of kf and kb can be related to the equilib-
ium constant of Eq. (9) KM–Na as follows [12,19,29].

M–Na = kf

kb
= qeC

2
Na

mRNa2CM
= k′

f

k′
b

(
C2

Na

mRNa2

)
(12)

here qe represents the equilibrium amount of metal exchanged
t a given initial aqueous pH and metal concentration (mol/m3

f resin). It was found that the KM–Na value decreases with
ncreasing ionic strength of aqueous solution [12]. Under the
estricted ranges of metal concentration tested (3–9 mol/m3),
owever, KM–Na can be treated to be nearly constant.

When the exchange process approaches equilibrium, Eq. (13)
an be obtained from Eq. (11).

dqt

dt
= k′

f(CM,0 − qe) − k′
bqe = 0 (13)

ombining Eqs. (11) and (13), we have [7]

n

(
1 − qt

)
= ln(1 − f ) = −(k′

f + k′
b)t = −kt (14)
qe

here f is the exchange conversion of the resin (=qt/qe), and

= k′
f + k′

b = kfmRNa2 + kbC
2
Na (15)

Fig. 8. The second-order reversible reaction model for the exchange of 6 mol/m3

Zn2+ with Na-form Chelex 100 and IRC 748 resins at 298 K.
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Table 4
Parameters of second-order reversible reaction model for the exchange of Cu2+ and Zn2+ with Na-form chelating resins at 298 K

System CM,0 (mol/m3) KM–Na (mol/m3) k (s−1) kf (m3/mol s) kb (m6/mol2 s)

Cu-Chelex 100 6 6.47 0.0135 7.74 × 10−3 1.20 × 10−3

9 6.46 0.0164 7.74 × 10−3 1.20 × 10−3

Cu-IRC 748 6 8.54 0.0175 8.20 × 10−3 0.96 × 10−3

9 8.53 0.0235 8.30 × 10−3 0.97 × 10−3

Zn-Chelex 100 3 0.25 0.0108 2.65 × 10−3 1.07 × 10−2

6 0.25 0.0167 2.59 × 10−3 1.04 × 10−2
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n-IRC 748 3 0.42
6 0.42

Figs. 7 and 8 show the good linearity in the plots of ln(1 − f)
gainst t for the exchange of Cu2+ and Zn2+ with two chelat-
ng resins (R2 > 0.9956). The calculated values of k, kf, and kb
re listed in Table 4. It is found that the rate constant, par-
icularly for kf, remains nearly unchanged although the initial

etal concentration varies. This likely verifies the validity of
his second-order reversible reaction model. Moreover, the for-
ard rate constant of Cu2+ is about three times larger than that
f Zn2+ no matter what Chelex 100 or IRC 748 is used; but the
ackward rate constant of Zn2+ is much larger than that of Cu2+.
hus, the exchange capacity of Zn2+ with both chelating resins

s less than that of Cu2+, as shown in Figs. 1 and 2. Evidently,
his reversible reaction model gives satisfactory but more unified
esults because its parameters such as kf and kb do not essentially
epend on the aqueous pH and metal concentration.

. Conclusions

Three simplified kinetic models (the unreacted-core model,
ore diffusion model, and second-order reversible reaction
odel) have been tried in this work to follow the exchange

inetics of Cu2+ and Zn2+ with the Na-form Chelex 100 and
mberlite IRC 748 resins at 298 K. Although the easy-to-

ollow unreacted-core model and pore diffusion model (both
ith the characteristics of intraparticle diffusion) revealed excel-

ent description of kinetic data, the model parameters always
epended of solution environments (e.g., aqueous pH and metal
oncentration in this case). This makes them rather inconve-
ient to apply in an extended range of operation conditions. The
econd-order reversible reaction model, which is based on mass-
ction law and reaction equilibrium relationship, also yielded a
ood fit for the kinetic data; however, this model was suggested
or the subsequent modeling of column operation because its
arameters such as the forward and backward rate constants (kf
nd kb) did not change with aqueous pH and metal concentration,
t least under the ranges studied.
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