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a b s t r a c t

In this work, the removal of Cd2+ ions from aqueous solution using microporous titanosilicate ETS-
10 was investigated in order to assess its potential as decontaminating agent in tertiary treatments.
Accordingly, batch stirred tank experiments were carried out to study the ion exchange kinetics and
equilibrium. Results show that pH affects considerably the ion exchange capability of ETS-10: at pH 4
eywords:
admium
TS-10

on exchange
inetic

it is 1.567 × 102 eq m−3, at pH 6 it is 3.629 × 103, and no further increment was observed at pH 8. This
is an extremely important observation since pH of industrial effluents and other wastewaters rounds 6.
Both Langmuir and Langmuir–Freundlich isotherms were fitted to the experimental data measured. The
second model performs slightly better as the calculated absolute average deviations show: AADL = 2.94%
and AADLF = 2.40%. Concerning the kinetic behavior, the ion exchange was successfully represented by a

el (A
sotherm
ernst–Planck

Nernst–Planck based mod

. Introduction

Heavy metals are well known by their toxicity and tendency to
ccumulate in the living organisms, causing serious diseases and
isorders. Such hazardous effects make their presence in the envi-
onment of great concern. Toxic heavy metals are mainly discharged
nto the aquatic system as industrial wastewaters, endangering soil
nd water quality. Cadmium is one of most toxic non-essential
etals, which affects the action of enzymes and hinders res-

iration, photosynthesis, transpiration and chlorosis [1]. A wide
ariety of industries are responsible for cadmium pollution includ-
ng metal plating, cadmium–nickel batteries, petroleum refining,

ining, pigments, stabilizers, alloys, agriculture, and electronics
2,3].

The heavy metal levels in wastewater and drinking water must
e reduced to a maximum permissible concentration [4,5]. The
emoval of toxic metals can be achieved by a variety of processes,
uch as reverse osmosis, chemical precipitation, ion exchange, sol-
ent extraction, adsorption, chemical oxidation and reduction, and

lectrodialysis [6,7]. Nonetheless, many of those processes involve
igh operation costs, are non-effective when treating water with

ow heavy metal levels and exhibit a difficult sludge disposal [8,9].
n the other hand, ion exchange is generally recognized as the most
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attractive method for removing contaminants from water due to its
relative simplicity of application, cost effectiveness and high effi-
ciency, particularly when treating water with low concentration of
heavy metals. However, the cost and the regeneration of adsorbents
are limiting factors for its application [6].

Microporous titanosilicates are a family of zeolite-type mate-
rials containing titanium atoms incorporated as octahedral units
within a tetrahedral siliceous matrix, forming a three-dimensional
network of interconnected channels [10]. Each titanium ion present
in the framework has an associated charge of −2, which is compen-
sated by extra-framework exchangeable cations, usually Na+ and K+.
These charge-balancing species, as well as water molecules or other
adsorbed molecules, reside in the channels of the structure and may
be replaced by other ions. These materials have great potential as
catalysts, molecular sieves or ion-exchangers [10]. ETS-10 (Engel-
hard Corporation titanosilicate number 10) is a synthetic wide pore
microporous titanosilicate. Its structure comprises corner-sharing
SiO4 tetrahedra and TiO6 octahedra linked through bridging oxy-
gen atoms [10,11]. This material exhibits high thermal stability
and a disordered structure with excellent diffusion characteristics.
A detailed structural characterization of ETS-10 was reported by
Anderson et al. [11,12].
A number of titanosilicates have recently been used as ion
exchangers for heavy metals removal. For instance, ETS-10 has been
shown to have high selectivity for several heavy metals such as
Pb2+, Cu2+, Cd2+, Co2+, Mn2+, Zn2+ and some radiocations [13–19].
Moreover, Bortun et al. [20] evaluated framework and layered

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:carlos.manuel@ua.pt
dx.doi.org/10.1016/j.cej.2009.07.015
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Nomenclature

AAD average absolute deviation
CA concentration of A in bulk solution [mol m−3]
d particle diameter [m]
DAW diffusivity of the solute in solution [m2 s−1]
DA,DB self-diffusion coefficient of species A and B [m2 s−1]
DAB interdiffusion coefficient of the pair A–B [m2 s−1]
F Faraday constant [C mol−1]
kf convective mass transfer coefficient [m s−1]
KL Langmuir parameter
KLF Langmuir–Freundlich parameter
m mass of ETS-10 [kg]
n Langmuir–Freundlich parameter
NA,NB intraparticle molar flux of species A and B

[mol (m2 s)−1]
q̄A average concentration of counter ion A in the parti-

cle [mol m−3]
qA,qB molar concentration of counter ions A and B in the

particle [mol m−3 or eq m−3]
qmax maximum ion exchanger capacity [mol m−3 or

eq m−3]
Q ion exchanger capacity [eq m−3]
r radial position in the particle [m]
R particle radius, m; % of ion removed relative to equi-

librium limit concentrations
� gas constant [J mol−1 K−1]
Re =ε1/3d4/3/�, Reynolds number
Sc =�/D, Schmidt number
Sh =kfd/D, Sherwood number
t time [s (and h in figures)]
T temperature [K]
VL volume of solution [m3]
VETS-10 volume of ETS-10 [m3]
yA,yB equivalent fraction of components A and B in the

particle
zA,zB charges of components A and B

Greek letters
ı ratio between diffusivities of B and A
ε mixer power input per unit of fluid mass [m2 s−3]
� electric potential [V]
� kinematic viscosity [m2 s−1]
�ETS-10 density of ETS-10
� dimensionless radial position

Subscripts
0 initial condition
A counter ion initially present in solution (Cd2+)
B counter ion initially present in particle (Na+)
eq equilibrium
L Langmuir

t
g
e
t
o
a
o
f
l

dried at 60 ◦C overnight.
LF Langmuir–Freundlich
R solid–liquid interface

itanosilicates for cesium and strontium uptake from contaminated
roundwater and wastewater; Decaillon et al. [21] studied the ion
xchange selectivity of layered titanosilicate AM-4 toward stron-
ium; Koudsi and Dyer [22] studied a synthetic titanosilicate analog

f the mineral penkvilsite-2O, i.e., AM-3, for removal of Cobalt-60;
nd Lopes et al. [23–25] evaluated the potential of synthetic microp-
rous (ETS-4, ETS-10, and AM-2) and layered (AM-4) titanosilicates
or decontamination of natural waters polluted with low mercury
evels and Ferreira et al. [26] investigated the ability of ETS-4 to
ring Journal 155 (2009) 108–114 109

uptake cadmium(II) from aqueous solution. The results obtained
have revealed the potential of titanosilicates as decontaminant
agents. In this work, the ability of ETS-10 to remove cadmium from
aqueous solution is assessed.

The mass transfer description of an adsorptive process is gener-
ally of great importance for its design, optimization, and scale-up
since in many of these applications the process performance is
mass-transfer-limited [27]. The kinetics of ion exchange is fre-
quently described in literature by semiempirical pseudo first-
and second-order equations [23,28–36]. However, such models
have no theoretical background, which limits their application and
extrapolation. Mass transport in dilute ionic systems can be effec-
tively described by the Nernst–Planck equations, which takes into
account both the concentration and the electric potential gradi-
ents; the last one is induced by the different counter ions mobility
[37–40]. An alternative approach concerns the application of the
Maxwell–Stefan equations, due to their well-documented advan-
tages in mass transport [41]. Such formalism has been recently
adopted to describe Hg2+ and Cd2+ removal by titanosilicate ETS-4
[42,43]. Under the specific conditions studied, the results revealed
that both models describe accurately well the ion exchange
process.

In a previous work we studied the applicability of titanosilicate
ETS-4 to uptake Cd2+ from aqueous solution [26]. In the present
work, we explore the ability of microporous titanosilicate ETS-10
to remove Cd2+ ions, assessing its potential as a decontaminating
agent. pH is an important variable in ion-exchange processes, hence
its effect has been studied also. The results of batch experiments
performed are modelled using Nernst–Planck equations.

2. Experimental

2.1. Materials and solutions

All chemicals used were of analytical reagent grade and obtained
from commercial suppliers without further purification. The cer-
tified standard stock solution of cadmium (1001 ± 2 mg L−1) was
purchased from Merck.

All glassware to be used with the cadmium solutions were acid-
washed prior to use (HNO3 25%, 12 h followed by HCl 25% another
12 h).

Cadmium solutions were prepared daily by diluting the stock
solution to the desired concentrations in high purity water
(18 M � cm). The stock solution of cadmium(II) is extremely acidic
and when it is diluted in 2 L of water, solutions with pH values
around 4 are obtained. NaOH was added to these solutions in
order to fix them in different pH. The pH remains approximately
constant during the experiments even with no buffer solution
added.

ETS-10 was synthesized as follow: 2.50 g of KCl, 1.24 g of KOH
(85 wt%, Merck), 6.99 g of KF and 11.51 g of NaOH were dissolved in
34.6 g of H2O. Then, 66.50 g of TiCl3 (15 wt% TiCl3 and 10 wt% HCl,
Merck) were added to this solution with vigorously stirring, fol-
lowed by 79.09 g of sodium silicate solution (25.5–28.5 wt% SiO2,
7.5–8.5 wt% Na2O, Merck). Finally, 0.80 g of ETS-10 seeds were
added and the mixture was further agitated for 30 min. The mixture
was transferred into Teflon-lined autoclave and treated statically at
230 ◦C for 30 h under autogenous pressure. After fast cooling with
flowing water product was filtered, washed with distilled water and
Powder X-ray patterns were recorded on a Philips X’Pert MPD
diffractometer with CuK� X-radiation. The morphology and crys-
tal size of the samples were examined using scanning electron
microscope (SEM) on a Hitachi S-4100 microscope. In Table 1, most
important properties of ETS-10 are shown.
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Table 1
Properties of the ETS-10 particles used.

Formula [(Na,K)2TiSi5O13·4H2O]

Density (kg m−3) 1800
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The average loading per unit particle volume is calculated by:

T
E

N

N

on exchanger capacity (eq kg−1) 4.52
article diameter (10−6 m) 5
ore diameter (10−10 m) 4.9 × 7.6

.2. Batch experiments

All experiments were carried out in batch isothermal (295 ± 1 K)
onditions in a closed volumetric flask (2 × 10−3 m3) to avoid evap-
ration. Known masses of ETS-10 were added to solutions with
xed initial concentration (0.85 × 10−3 kg m−3), and this time was
onsidered the starting point of the experiment. The experimental
onditions may be found in Table 2. An initial solution concentration
f 0.85 × 10−3 kg m−3 was used since it is in the order of magnitude
f industrial effluents discharge limits [44].

ETS-10 powders and aqueous solutions were maintained in con-
act under constant stirring, using a magnetic mixer at 500 rpm
ith an impeller of 2 cm, until Cd2+ concentration remained con-

tant. Several aliquots (10 mL) filtered through a 0.45 �m Acetate
lus Osmonics filter were taken from the vessel along time. The fil-
rate was adjusted to pH <2 with HCl, stored at 277.15 K, and then
nalysed by Inductively Coupled Plasma Mass Spectrometry on a
hermo ICP-MS X Series equipped with a Burgener nebuliser. A
lank experiment (without ETS-10) was always run as a control,
o check that the removal of cadmium occurred by ion-exchange
nto ETS-10 and not by adsorption on the vessel walls, for instance.

At pH 6 nine experiments were performed: Exps. 1–8 gave rise
o kinetic curves, whereas Exp. 9 was only carried out to mea-
ure an additional equilibrium point for the isotherm. At pH 4 nine
ssays were also accomplished, from which it was only possible to
etermine the equilibrium, since it was always reached very fast.

The average concentration of sorbed metal at time t, q̄A, was
alculated by material balance:

¯ A = (CA,0 − CA)VL

VETS-10
(1)

here subscript ‘A’ denotes Cd2+, CA,0 is the initial solution concen-
ration, CA is the solution concentration at time t, VL is the solution
olume, VETS-10 = m/�ETS-10 is the volume of titanosilicate, m is the
ass of ETS-10, and �ETS-10 is its density.

. Modelling

The model adopted in this work to describe the batch ion
xchange has been already presented in detail in a previous publi-
ation [24] dealing with Hg2+ removal from aqueous solution using

TS-4. It embodies the following hypothesis: (i) film and intra-
article mass transfer resistances; (ii) spherical solid particles; (iii)
erfectly stirred tank; (iv) isothermal operation; (v) liquid and solid
olume changes are neglected; (vi) co-ions are excluded from the
eolite particles (Donnan exclusion); (vii) ideal solution behavior.

able 2
xperimental conditions studied: Temperature = 295 ± 1 K; Solution volume = 2 × 10−3 m3

umber of experiment at pH 6 1 2 3 4

Mass of ETS-10, (10−6 kg) 5 7.5 10 15.2
Type of data measured Kineti

umber of experiment at pH 4 10 11 12 1

Mass of ETS-10, (10−6 kg) 50 75 105 1
Type of data measured
ring Journal 155 (2009) 108–114

Ion-exchange may be represented by conventional chemical
equilibrium [37]. For the case where the titanosilicate is initially
in B (Na+) form and the counter ion in solution is A (Cd2+), the
equilibrium may be represented by:

zABzB + zBAzA ⇔ zBAzA + zABzB (2)

where zA and zB are the electrochemical valences.
In dilute ionic solutions, intraparticle flux of each counter ion

can be accurately described by the Nernst–Planck equations [37]:

NA = −DA∇qA − DAzAqA
F

�T
∇� (3)

NB = −DB∇qB − DBzBqB
F

�T
∇� (4)

where DA and DB are the self-diffusion coefficients of A and B,
respectively, qA and qB are the molar concentrations of A and B
in the particle, F is Faraday constant, � is gas constant, T is abso-
lute temperature, � is the electric potential, and � is the gradient
operator.

In the development of the model equations, conditions of elec-
troneutrality and nonexistent electric current were assumed:

qAzA + qBzB = Q (5)

zANA + zBNB = 0, (6)

where Q is the ion exchanger capacity. The resulting Nernst–Planck
equations are presented here as a special form of Fick’s first law, in
nondimensional form, where a coupled interdiffusion coefficient,
D∗

AB, appears:

N∗
A = −D∗

AB

(
∂yA

∂�

)
, (7)

with

D∗
AB = ı(zAyA + zByB)

zAyA + ızByB
(8)

Nondimensional variables are defined as follows:

ı = DB

DA
, yA = zAqA

Q
, � = r

R
, N∗

A = zAR

QDA
NA (9)

where R is the particle radius and r is the radial coordinate.
The material balances in the particle and in the vessel are,

respectively:(
∂qA

∂t

)
= − 1

r2

∂

∂r
(r2NA) (10)

and

dCA

dt
= −VETS-10

VL

d q̄A

dt
(11)
q̄A = 3
R3

R∫
0

r2qAdr (12)

; Initial Cd2+concentration = 0.85 × 10−3 kg m−3.

5 6 7 8 9

17.5 20 40 160 6
c and equilibrium Equilibrium

3 14 15 16 17 18

30 160 175 200 230 250
Equilibrium
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he above differential equations are subjected to the following ini-
ial and boundary conditions:

= 0,

{
qA = q̄A = 0

CA = CA,0
(13)

= R, qA = qA,R (14)

= 0,

(
∂qA

∂r

)
= 0 (15)

he concentration at the interface is determined by the equality of
nternal and external fluxes, i.e.,

NA

∣∣
r=R

= kf(CA − CA,R) (16)

here kf is the convective mass transfer coefficient. For well estab-
ished agitated systems, kf may be predicted using correlations

hich involve generally the Sherwood, Reynolds, Schmidt and
ower numbers, and geometrical parameters such as the ratio of

mpeller to tank diameters, the specific geometry of the impeller,
nd the geometry of baffling, if any, used to inhibit vortex formation
n the vessel. For the particular geometry of our sorption set-up no
orrelation is available in the literature. Nonetheless, the correla-
ion of Armenate and Kirwan [45] has been adopted to estimate the
onvective mass transfer coefficient, at least to predict its order of
agnitude:

h = 2 + 0.52Re0.52Sc1/3 (17)

here Sh = kfd/DAW is the Sherwood number, d = 2R is the particle
iameter, DAW is the solute diffusivity in solution, Re = ε1/3d4/3/� is
he Reynolds number, ε is the mixing power input per unit of fluid

ass, � is the kinematic viscosity, and Sc = �/DAw is the Schmidt
umber. This equation is frequently applied to calculate kf in order
o reduce the number of model parameters. Alternatively, it may be
sed to estimate kf and compare it with the optimized values from
xperimental data [46,47]. The equation of Armenate and Kirwan
as been chosen due to its simplicity and because it was specifically
erived for microparticles in agitated systems. The mixing power
as estimated using the correlation of Rushton et al. [48,49] for

imilar geometries.
To model the ion-exchange behavior, both kinetic and equilib-

ium have to be simultaneously taken into account. The equilibrium
etween bulk solution and exchanger are evaluated in this work
sing Langmuir (L) and Langmuir–Freundlich (LF) isotherms. The
angmuir isotherm can be represented by:

A,eq = qmaxKLCA,eq

1 + KLCA,eq
(18)

here KL and qmax are its parameters. Langmuir equation has been
he most widely used model for heavy metals sorption onto sev-
ral materials. Langmuir–Freundlich isotherm combines features
f both Langmuir and Freundlich models. It is written as:

A,eq =
qmaxKLFC1/n

A,eq

1 + KLFC1/n
A,eq

(19)

here qmax, 1/n and KLF are the parameters involved.
The simultaneous solution model equations gives the concentra-

ion of counter ions in the fluid, and their concentration profiles in
he solid phase as function of position and time. The model has been
olved numerically using the Method of Lines [50] and integrated
y the Finite-Difference approach. For that purpose, a program in

atlab has been written to solve the resulting Ordinary Differential

quations (ODEs) with finite-difference approach. Ode15s has been
sed to integrate these set of ODEs of the initial-value type.

The self-diffusion coefficients and the convective mass trans-
er coefficient are the model parameters to fit to the experimental
Fig. 1. Powder XRD, SEM image (left) and structure (right) of ETS-10 (polymorph A):
black TiO6 octahedra, grey SiO4 tetrahedra, water molecules and extra-framework
cations not shown, for clarity.

data. Accordingly, a first optimization step was performed based
on the ‘elimination of linear parameters in nonlinear regression’
technique due to Lawton and Sylvestre [51]. With this procedure,
a reduction of the number of parameters that must be estimated
by the iterative procedure is achieved, as well as faster conver-
gence attained. Thus, only two initial guesses have to be provided
instead of three: specifically the diffusivities ratio DA/DB, and kf.
Finally, an enhancing optimization involving all parameters simul-
taneously was performed, where the results previously obtained
from the above mentioned technique were taken as reliable initial
guesses. This optimization technique has been successfully applied
elsewhere [51].

4. Results and discussion

The powder XRD pattern (see Fig. 1) confirms that the ETS-10
sample studied here is of high purity and crystallinity [11,12]. SEM
(in Fig. 1) reveals the typical habit of ETS-10 crystals, with a size
of ca. 5 �m. The right inset in Fig. 1 depicts the structure of ETS-10
(polymorph A), showing the 12-membered ring channel.

Fig. 2 shows the evolution of normalized Cd2+ concentration in
the fluid along time, measured for different titanosilicate masses at
pH 6 (Exps. 1–8 in Table 2). Results follow expected trends, i.e., cad-
mium removal increases with increasing titanosilicate mass since
the extensive ion-exchange capacity is proportional to solid mass. It
is evident from Fig. 2 that a fast metal uptake occurs in the first few
hours of the process, followed by the characteristic slower removal
towards the equilibrium. Such fact is due to the large mass transport
driving forces observed at the beginning, since ETS-10 particles are
initially free of cadmium.

The equilibrium data at pH 4 (Exps. 10–18 in Table 2) and pH 6
(Exps. 1–9 in Table 2) are presented in Fig. 3. In the case of Exps.
1–8, the isotherm points were calculated averaging the horizon-
tal branch of the curves in Fig. 2, whereas all data measured in
Exps. 9–18 correspond directly to equilibrium. As can be noted from
Fig. 3, the amount of sorbed Cd2+ increases significantly when pH
increase from 4 to 6, which is an extremely important result since
this is the pH of industrial effluents and other wastewaters. Such
behavior can be attributed to the competition between H+ and Cd2+

ions towards the solid sorption sites, which is more pronounced at
lower pH values where H+ concentration is higher. The effect of

pH on the removal of metal ions by several exchangers has been
investigated. For instance, Lv et al. [15] have observed such a sharp
increase for Cd2+ and Cu2+ on ETS-10, increasing pH from 2.5 to
6. Mishra et al. [52] carried out the uptake of Cd2+ on alkali metal
titanates, and observed a significant reduction of the sorbed metal
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Table 3
Langmuir and Langmuir–Freundlich isotherm parameters for pH 6 and average abso-
lute deviations (T = 295 K).

Langmuir

KL (m3 eq−1) qmax (eq m−3) ADD (%)

2.322 × 103 3.681 × 103 2.94

Langmuir–Freundlich

KLF (m3/n eq−1/n) qmax (eq m−3) 1/n ADD (%)
4.130 × 103 3.629 × 103 1.056 2.40

Fig. 4. Comparison between equilibrium data measured in this work (ETS-10, pH 6
and T = 295 K; lozenges) and other isotherms available in literature for ETS-10 and
for different solid materials: dash-dot-dotted line: ETS-10 (pH 5 and T = 298 K) [15];
ig. 2. Normalized concentration of bulk solution versus time: experimental data
nd modelling (lines). Experimental conditions (see Table 2): (*) Exp. 1; (�), Exp. 2;
©), Exp. 3; (�), Exp. 4; (�), Exp. 5; (♦) Exp. 6; (	) Exp. 7; (�) Exp. 8.

mount by decreasing pH from 10.2 to 3.1. Kocaoba [53] showed
hat the Cd2+ and Pb2+ exchange on Amberlite IR 120 resin and
olomite increased when pH goes from 1 to 8. Similar results were
lso obtained by El-Kamash for Cs+ and Sr2+ removal on zeolite A
54].

Both Langmuir and Langmuir–Freundlich isotherms were used
o fit the experimental equilibrium data obtained at pH 6. In
able 3 the resulting model parameters are listed together with
he corresponding average absolute deviations (AAD) found. As

ay be observed, both isotherms fitted data accurately over
he entire range of experimental conditions studied, although
he Langmuir–Freundlich model gives slightly better results:
ADLF = 2.40% versus AADL = 2.94%. Choi et al. [18] studied the

emoval of Cu2+, Co2+, Mn2+, and Zn2+ ions on ETS-10 and on its vari-
nt ETAS-10, and showed that equilibrium were best represented
y Langmuir–Freundlich model as well.

Fig. 4 establishes a comparison between our equilibrium data
t pH 6 and those available in literature for Cd2+ removal for sev-
ral systems and conditions, namely: Lv et al. [15], ETS-10 at pH 5
nd T = 298 K; Ferreira et al. [26], ETS-4 at pH 4 and 295 K; Kocaoba
53], amberlite at pH 5 and 293 K; Sprynskyy et al. [55], clinop-
ilolite under pH 6.2, at room temperature; and Ok et al. [56], a

ixture of a zeolite by-product with Portland ciment (ZeoAds) and

ctivated carbon at pH 5 and T = 298 K. It may be observed that the
d2+ removal by ETS-10 under our experimental conditions signif-

cantly surmounts that achieved by the remaining materials. For
nstance, it is 4 and 14 times higher than that accomplished by

ig. 3. Equilibrium data at pH 4 and 6 along with Langmuir and Langmuir-Freundlich
sotherms fitted at pH 6 (T = 295 K).
dashed line: ETS-4 (pH 4 and 295 K) [26]; dotted line: amberlite (pH 5 and 293 K)
[53]; dash-dotted line: clinoptilolite (pH 6.2, at room temperature) [55]; solid thick
line: ZeoAds (pH 5 and T = 298 K) [56]; long dashed line: activated carbon (pH 5 and
T = 298 K) [56].

ETS-4 and Amberlite (both at pH 4), and it is notably more effec-
tive than clinoptilolite (pH 6.2). Besides, the influence of pH is also
emphasized in this figure, as the isotherms at pH 5 and 6 are clearly
different.

In Fig. 2 the results obtained with the Nernst–Planck based
model are plotted together with experimental data for pH 6 (Exps.
1–8 of Table 2). The calculated parameters (i.e., self-diffusion coef-
ficients and mass transfer coefficient) and the average absolute
deviation are listed in Table 4. This figure points out the reli-
able agreement between modelling and data, corresponding to
AAD = 11.9%, even in the transition from steep descent to the hor-
izontal branch, where kinetic curves are frequently difficult to fit.
In fact, this may be considered a remarkable result, attending to
the number of experimental curves fitted and to the discrepancy
in their experimental conditions, namely the mass of ETS-10 used
which varies from 5 to 160 mg. Furthermore, as illustrated in Fig. 5,
the percentage deviations calculated by Nernst–Planck model are
uniformly distributed along concentration.

The optimized self-diffusivities of Cd2+ and Na+ in ETS-10 were

1.082 × 10−16 2.319 × 10−15 m2 s−1 respectively. The orders of mag-
nitude of these coefficients are considerably higher than those
obtained in a previous work for the same metal ion in ETS-4 (10−19

and 10−18, respectively) [26]. This is an expectable result due to

Table 4
Calculated results for the models studied in this work.

Nernst–Planck based model ADD = 11.9%

DA (m2 s−1) DB (m2 s−1) kf (m s−1)

1.082 × 10−16 2.319 × 10−15 1.628 × 10−4



E.D. Camarinha et al. / Chemical Enginee

F
c
c

t
(
w
i

w
E
e
t
s
e
o
s
d
s
i
f
[
2

k
K
r
u
(
o
i
(

5

t
s
h

w
m
h
(
s
6

e

[

[

[

ig. 5. Plot of the average deviations versus corresponding normalized Cd2+ con-
entration in bulk solution calculated by Nernst–Planck model. Experimental
onditions: same as Fig. 2.

he difference between the pore dimensions of both titanosilicates
i.e., 0.49 × 7.6 and 0.3–0.4 nm, respectively). Since ETS-10 pores are
ider, cadmium and sodium cations are expected to diffuse through

t with higher mobility.
The orders of magnitude of the diffusivities found are consistent

ith both the small pore diameters of microporous titanosilicates
TS-10 and ETS-4 and the strong and long range nature of the
lectrostatic interactions. Similar and even smaller values (10−17

o 10−26 m2/s) are reported in literature for several ion-exchange
ystems involving other microporous materials. For instance, appar-
nt diffusion coefficients of 1.8 × 10−17 and 8.0 × 10−18 m2 s−1 were
btained by Coker and Rees [57] for Ca2+ and Mg2+, respectively, in
emi-crystalline zeolite Na-A; Brooke and Rees [58] reported inter-
iffusion diffusivities in the range of 10−18 to 10−19 m2 s−1 for the
ystem Na+/K+ in shabazite; and Coker and Rees [59] presented
nterdiffusion coefficients of 2.00 × 10−18 and 6.53 × 10−18 m2 s−1

or Na+/Ca2+ and Na+/Mg2+ in beryllophosphate-G. Ahmed et al.
60] published an estimated Cd2+ apparent diffusion coefficient of
.84 × 10−23 m2 s−1 in CaX zeolite.

The convective mass transfer coefficient fitted was
f = 1.63 × 10−4 m s−1, while that predicted by Armenante and
irwan’s correlation was 1.93 × 10−4 m s−1. Such interesting

esult validates our optimized value, even though some values
sed in the correlation were not entirely appropriate, namely:
i) the power was approximately calculated, and (ii) the size of
ur ETS-10 particles (d = 5 × 10−6 m) is slightly lower than the

nferior limit studied by Armenante and Kirwan (range of d:
6–420) × 10−6 m).

. Conclusions

In this work the removal of Cd2+ from aqueous solution using
itanosilicate ETS-10 has been investigated carrying out batch
tirred tank experiments. The effects of pH and titanosilicate mass
ave been studied.

Obtained results show that cadmium removal increases
ith both increasing pH and increasing titanosilicate
ass. The amount of sorbed metal by ETS-10 is much

igher at pH 6 (qA,max = 3.629 × 103 eq m−3) than at pH 4
q = 1.567 × 102 eq m−3), which is a very important result
A,max
ince the pH of industrial effluents and other wastewater is around
.

Langmuir and Langmuir–Freundlich isotherms were used to fit
xperimental equilibrium data. Both isotherms provide accurate

[

[

ring Journal 155 (2009) 108–114 113

representation over the range of experimental conditions stud-
ied, though Langmuir–Freundlich model performs slightly better:
AADLF = 2.40% versus AADL = 2.94%.

In terms of kinetic behavior, the ion exchange of Cd2+ uptake in
ETS-10 was successfully described by the proposed Nernst–Planck
based model (AAD = 11.9%).
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