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bstract

Synthetic magneso-silicate and magnesium alumino-silicate as inorganic ion exchange materials with the formula MgSi5.59O12.18·5.93H2O and
gAl2.32Si5.2O14.88·18.23H2O, respectively, have been found to be suitable for the removal of Cs+, Co2+ and Eu3+ ions with the selectivity sequence

u3+ > Co2+ > Cs+. Samples of Cs-, Co- and Eu-loaded were prepared and thermally treated at 850 ◦C in a furnace for the creation of specific cavity.
urface area, IR and X-ray diffraction patterns of the products were conducted. Surface area values of OMS, OMAS, TMS, TMAS, ETMS and
TMAS were measured and indicated an increasing in the surface area values for the TMS and TMAS samples and decreasing in the ETMS
nd ETMAS samples. Desorption studies in nitric acid medium were carried out and reloading of the eluted solids with the studied cations were

onduced and the data show an ion memory behaviour for the eluted solids. Finally, the rate of Cs+ ion sorption on OMS, OMAS, ETMS and
TMAS was studied. The diffusion coefficients calculated indicated that the diffusion of Cs+ ion is high for the ETMS and ETMAS samples
ompared to the OMS and OMAS samples.

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

Understanding the origin of selectivity in inorganic ion
xchangers is still somewhat limited. However, it is of great
mportance to increase this understanding in order to be able
o design selective materials for the effective separations of
adioactive nuclides in variable conditions. By slightly alter-
ng the composition or dimensions of the three-dimensional

ramework structure of an ion exchange material through cation
ubstitution, exchangers with more desirable properties may be
eveloped. Several factors typically simultaneously affect the

Abbreviations: MS, magneso-silicate; MAS, magnesium alumino-silicate;
MS, original magneso-silicate; OMAS, original magnesium alumino-silicate;
MS, treated magneso-silicate at 850 ± 2 ◦C; TMAS, treated magnesium
lumino-silicate at 850 ± 2 ◦C; ETMS, exchange treated magneso-silicate;
TMAS, exchange treated magnesium alumino-silicate; Cs-TMS, Cs-treated
agneso-silicate; Co-TMS, Co-treated magneso-silicate; Eu-TMS, Eu-

reated magneso-silicate; Cs-TMAS, Cs-treated magnesium alumino-silicate;
o-TMAS, Co-treated magnesium alumino-silicate; Eu-TMAS, Eu-treated
agnesium alumino-silicate.
∗ Corresponding author.

E-mail address: mabumesalam@yahoo.com (M.M. Abou-Mesalam).

w
e

t
i
e
t
c
i
b
o
s
e
t

304-3894/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2007.10.007
Inorganic sorbent

on exchange properties of inorganic ion exchangers (elemental
omposition, acidity, water content and hydration of exchanging
ons) must be conducted in order to be able to make definite con-
lusions on the origin of selectivity. High selectivity for sodium
ons was observed using niobium oxide [1] and tantalic acid
how high selectivity for lithium ion [2].Gupta et al. reported the
emoval of some heavy metals from aqueous solutions using dif-
erent adsorbents [3–10]. Kinetics of mercury adsorption from
aste water using activated carbon has been reported by Mohan

t al. [11].
In our laboratories [12,13] and literature [14–27] the evalua-

ion of the ion exchange properties of various synthetic inorganic
on exchange materials indicated that, most of inorganic ion
xchanger loss its capacities or great extent of its capacities when
reated at high temperature. So in this work we attempt to over-
ome of these problems by thermal treatment of the exchangers
n the loaded form at high temperature to construct the material
y keeping ionic bonding for exchangeable ions in framework

f coordination bonding. If this is done, then the product will
how high selectivity just as to be retained in ion memory after
xchanging particular ion with other ion to maintain fundamen-
ally original structures.

mailto:mabumesalam@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2007.10.007
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lated and tabulated in Table 1. The data in Table 1 showed that
MS has a higher capacity for Co2+ and Eu3+ ions and lower
capacity for Cs+ ion compared to MAS and the overall capacity
sequence is Eu3+ > Co2+ > Cs+. This sequence may be attributed

Table 1
Capacity of OMS, OMAS, TMS and TMAS for Cs+, Co2+ and Eu3+ ions at
25 ± 1 ◦C

Ion exchanger Form of ion
exchanger

Capacity (meq./g)

+ 2+ 3+
M.M. Abou-Mesalam, I.M. El-Naggar / Jour

. Experimental

All chemicals used were of analytical reagent purity grade
nd used without further purification.

.1. Synthesis of ion exchangers

Magneso- and magnesium alumino-silicate ion exchangers
ere prepared as reported earlier [28] by drop wise addition of

quimolar solutions (0.25 M) of magnesium chloride or mix-
ure of magnesium chloride and aluminum chloride to sodium

etasilicate with volumetric ratio equal to unity. The mixed solu-
ions were immediately hydrolyzed in deionized water and the
recipitates formed were kept in the mother solution overnight.
hen filtered and washed with 0.1 M HNO3 to remove reagents
dherent with the precipitates. The precipitates were rewashed
or several times by distilled water to remove NO3

− ion and the
nal products were dried at 50 ◦C, cracked into fine particles by

mmersed in near boiling water, dry, ground, sieved and store at
oom temperature.

.2. Loading of the ion exchange materials

Loading of MS and MAS ion exchange materials was carried
ut by contact 0.l g of the solid with 200 ml of 0.1 M CsNO3 or
o(NO3)2 and 0.01 M Eu(NO3)3 solutions, under through stir-

ing for 4 h. In another set of identical experiments, the Cs-, Co-
nd Eu-nitrate solutions were also spiked with corresponding
adioactive isotopes, 134Cs, 60Co and 152>154Eu, respectively,
or convenience in analysis. At equilibrium the solid was sepa-
ated and the metal ion concentrations in the solids and solutions
ere measured by counting the solids and solutions radiomet-

ically using Nal(Tl) Scintillation counter of the type Sealer
atemeter SR7, England.

.3. Thermal treatment

MS and MAS ion exchange materials before and after load-
ng were thermally treated at 850 ± 2 ◦C. The solids produced
ere characterized using IR, surface area and XRD measure-
ents.

.4. Surface area measurements

Surface area values of the QMS, OMAS, TMS, TMAS,
TMS and ETMAS ion exchange materials were measured
sing BET-technique as an adsorption phenomenon of nitrogen
as of NOVA A 3200, Quantachrome Corp., USA.
.5. X-ray diffraction studies

The XRD patterns of the powdered QMS, OMAS, TMS,
MAS, ETMS and ETMAS ion exchange materials were
btained using A Shimadzu X-ray diffractometer model XD-D1,
u K� radiation tube source (λ = 1.5406 Å).

M

M
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.6. Infrared studies

The IR spectra of OMS, OMAS, TMS, TMAS, ETMS and
TMAS ion exchange materials were obtained using BOMEM-
TIR spectrometer and KBr disk method.

.7. Desorption studies

The ETMS and ETMAS ion exchange materials were
ubjected to desorption process using different nitric acid con-
entrations. 0.5 g of the ETMS and ETMAS solids were packed
n a glass column of 5 mm internal diameter and 30 mm height.
he effluent was allowed to percolate through the solid at flow

ate of 1 ml/min. and the effluent samples were collected and
he activity of 134Cs, 60Co and 152>154Eu were continuously

easured using Nal(Tl) scintillation counter.

.8. Kinetic studies

The radius of the particle of the sieved fractions was deter-
ined by measuring the diameter of 100 particles with an optical
icroscope. The particles were assumed to be spherical and a
ean equivalent radius was calculated.
The rate of adsorption of Cs+ ion in OMS, OMAS, ETMS

nd ETMAS ion exchange materials was studied by batch exper-
ment techniques. 0.05 g of the solid was added to 5 ml of 0.1 M
sNO3 in a shaker thermostat adjusted at 25 ± 1 ◦C. After the
djusted interval time, the solid was separated immediately from
he solution and the extent of the sorption was determined.

. Results and discussion

The prepared MS and MAS ion exchange materials were pre-
ared as reported earlier [28] and the skeletal structure of both
aterials were elucidated using different tools, IR, XRD, XRF,
TA and TGA analyses. The formula of synthesized materi-

ls MS and MAS were found to MgSi5.59O12.18·5.93 H2O and
gAl2.32Si5.2O14.88·18.23H2O, respectively.
The loading of MS and MAS ion exchange materials by Cs+,

o2+ and Eu3+ ions were carried out at 0.1 M for CsNO3 and
o(NO3)2 and 0.01 M Eu(NO3)3 and V/m ratio 200 ml/g. The
apacity of these solids for the corresponding ions were calcu-
Cs Co Eu

agneso-silicate (MS) OMS 0.55 1.14 1.39
TMS 0.029 0.041 0.048

agnesium alumino-
silicate (MAS)

OMAS 0.77 1.06 1.09

TMAS 0.03 0.04 0.045
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Table 2
Surface area values of OMS, OMAS, TMS, TMAS, ETMS and ETMAS ion
exchangers

Form of ion exchanger Surface area (m2/g)

OMS 178.47
TMS 225.51
Cs-TMS 68.59
Co-TMS 88.22
Eu-TMS 52.02
OMAS 83.46
TMAS 160.58
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s-TMAS 31.51
o-TMAS 42.0
u-TMAS 22.71

o the increase of electrostatic interaction of multivalent cation
ompared to the monovalent ones [29]. When the solids ther-
ally treated at 850 ◦C the capacity are decreased from 0.55 to

.029 meq./g for Cs+ ion, 1.14–0.041 meq./g for Co2+ ion and

.39–0.048 meq./g for Eu3+ ion on MS. Similar behaviour was
bserved for the capacity of TMAS ion exchanger. This decrease
n capacity may be related to the loss of water molecules that
ct as exchangeable active site and/or an increase in crystallinity
uring thermal treatment at 850 ◦C.

The loaded samples of MS and MAS were thermal treated at
50 ◦C in furnace and the products were characterized by surface
rea, IR, XRD studies.

Surface area values of OMS, OMAS, TMS, TMAS, ETMS
nd ETMAS solids were measured using the standard volumetric
ethod by nitrogen gas adsorption at 77 K and application of

he BET-equation. The values of the surface area obtained were
epresented in Table 2 and showed a higher surface area value
or MS compared to MAS. This may be related to the presence
f aluminum in MAS leads to decrease of some pores present in
S and perhaps cancel of these pores.
Thermal treatment of OMS, OMAS, EMS and EMAS ion

xchangers heated at 850 ± 2 ◦C indicated that the treatment of
MS and OMAS solids leads to increase of the surface area
alues to high extent. This increase may be attributed to the
oss of water molecules that occupy most of the reactive pores
resent in the exchangers. Also, at high temperature (850 ± 2 ◦C)
on exchanger may be undergo to some shrinkage in the lattice
tructure and create a new channel with a new surface area that
eads to an increase in the total surface area values. During the
xchange of Cs+, Co2+ and Eu3+ ions on MS and MAS solids
ne would expect the replacement of exchangeable ions (H+ of
–O–H) with Cs+, Co2+ and Eu3+ ions. The surface area values
f the ETMS and ETMAS ion exchangers are decreased com-
ared to OMS, OMAS, TMS and TMAS ion exchange materials
Table 2) and the order has the following sequence;

TMS (225.51 m2/g) > Co-TMS (88.22 m2/g)

> Cs-TMS (68.59 m2/g)
> Eu-TMS (52.02 m2/g) and TMAS (160.58 m2/g)

> Co-TMAS (42.0 m2/g) > Cs-TMAS (31.51 m2/g)

> Eu-TMAS (22.71 m2/g).

M
w
i
a

Fig. 1. IR spectra of OMS, TMS, Cs-TMS, Co-TMS and Eu-TMS.

This sequence can be explained on the basis of replacement
f exchangeable ions by cation, during the exchange process
he smaller ions (H+, H–O–H) are replaced by ions of differ-
nt radius (Eu3+ > Cs+ > Co2+) and the surface area are reduced
rom 225.51 m2/g to 52.02, 68.59 and 88.22 m2/g for Eu-TMS,
s-TMS and Co-TMS, respectively. In case of ETMAS the sur-

ace area values are decreased from 160.58 to 22.71, 31.51 and
2 m2/g for Eu-TMAS, Cs-TMAS and Co-TMAS, respectively.

IR studies of OMS, TMS, ETMS and OMAS, TMAS,
TMAS were carried out and the spectra obtained were repre-
ented in Figs. 1 and 2, respectively. The spectra in Figs. 1 and 2
epresent the decrease of the strong and broad peaks in the range
600–2800 and 1643 cm−1 that assigned to free water and H-
H bending and interstitial water molecules [30,31] when the
MS, OMAS, EMS and EMAS thermally treated at 850 ± 2 ◦C.
lso, the degree of intensity decreasing is parallel to the capacity
easurements, where the peak intensity related to H2O becomes

ery low in case of exchange Eu-ion exchanger and lower than
xchanged Co- and Cs-ion exchangers. The peaks at 860–1175
nd 550–450 cm−1 that related to silicate (Si–O) groups [30,31]
ecomes more sharp and have high intensity by thermal treat-
ent of the ion exchanger. The spectra of the treated exchange
o-ion exchangers show two small peaks at 673 and 570 cm−1

hat may be related to the adsorption of Co2+ ion on MS and

AS. These peaks were appeared but shifted to lower frequency
here the adsorption of atom or molecules on the surface of the

on exchanger perturbs the motion of atom or a group, causing
shift in some group vibration frequency [30], such a shift is
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Fig. 4. XRD patterns of OMAS, TMAS, Cs-TMAS, Co-TMAS and Eu-TMAS.

Table 3
Desorption of Cs+, Co2+ and Eu3+ ions from ETMS ion exchanger by different
concentrations of HNO3 at 25 ± 1 ◦C

Form of ion
exchanger

Effluent Volume of
effluent (ml)

%Recovery %Overall
recovery

Cs-TMS 0.01 M HNO3 40 46.94 54.08
0.1 M HNO3 25 7.14

Co-TMS 0.01 M HNO3 40 15.3 23.29
0.1 M HNO3 25 7.99
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e
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ig. 2. IR spectra of OMAS, TMAS, Cs-TMAS, Co-TMAS and Eu-TMAS.

vidence that the deformation frequency at 2800 cm−1 on the
ydrogen ion form is affected by chemically adsorbed ions. A
mall peaks at 944 cm−1 in spectra of treated exchange Co- and
u-ion exchangers are appeared (Figs. 1 and 2) that may be due

o M–M bond formation [30,31].
XRD patterns of OMS, TMS, ETMS and OMAS, TMAS,

TMAS are represented in Figs. 3 and 4, respectively. The
atterns of all treated and all treated exchange ion exchangers
evealed exactly the same diffraction as the OMS and OMAS.

herefore, no possible structure change caused in the treated
nd treated exchange of some cations with the exchangers and
e failed to arrive to any defined conclusion except that both

xchangers still exhibit amorphous character after treatment for

Fig. 3. XRD patterns of OMS, TMS, Cs-TMS, Co-TMS and Eu-TMS.
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u-TMS 0.01 M HNO3 40 29.86 69.12
0.1 M HNO3 30 39.26

he original and exchanged magneso- and magnesium alumino-
ilicates. Also, this result indicated the high stability of both
xchangers to high temperature.

.1. Desorption studies

For the desorption studied, samples of ETMS and ETMAS
ere used. The results obtained for the desorption of three sorbed

ations Cs+, Co2+ and Eu3+ from MS and MAS are represented
n Tables 3 and 4, respectively. Table 3 shows that the desorp-
ion extent of Cs+, Co2+ and Eu3+ ions from ETMS in 0.01 M
NO3 is higher than those obtained by 0.1 M HNO3. This indi-
ated that these sorbed ions are physically or weakly bonded
ith the exchanger and the other extent are trapped in pores and

hannel in the ETMS, so when higher concentration of HNO3
sed the small extent trapped are recovery. On the other hand,

able 4
esorption of Cs+, Co2+ and Eu3+ ions from ETMAS ion exchanger by different

oncentrations of HNO3 at 25 ± 1 ◦C

orm of ion
xchanger

Effluent Volume of
effluent (ml)

%Recovery %Overall
recovery

s-TMAS 0.01 M HNO3 40 29.0 88
0.1 M HNO3 40 59.0

o-TMAS 0.01 M HNO3 40 8.72 21.84
0.1 M HNO3 35 13.12

u-TMAS 0.01 M HNO3 40 25.52 94.16
0.1 M HNO3 60 68.64
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Table 5
Capacity of eluted ETMS and ETMAS ion exchangers for Cs+, Co2+ and Eu3+

ions at 25 ± 1 ◦C

Form of ion exchanger Capacity (meq./g)

Cs+ Co2+ Eu3+

Eluted Cs-TMS 0.33 0.31 0.087
Eluted Co-TMS 0.55 1.09 0.139
Eluted Eu-TMS 0.075 B.D.L. B.D.L.
Eluted Cs-TMAS 0.59 0.48 0.153
E
E
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luted Co-TMAS 0.23 0.75 0.066
luted Eu-TMAS 0.33 B.D.L. 0.07

.D.: below detection limit.

esorption of the above mentioned cations from magnesium
lumino-silicate show small desorption extent by 0.01 M HNO3
Table 4) and the major extent are recovery by 0.1 M HNO3.
his may be attributed to the strong adsorption of these cations
n MAS as represented from IR spectra (Fig. 2). Tables 3 and 4
lso indicated that the overall recovery percent of these cations
rom MAS is higher than those obtained from MS ion exchanger.

MS and MAS ion exchangers produced from the desorption
tudies were taken to study the ion memory of these exchang-
rs to the previous exchangeable ions (Cs+, Co2+ and Eu3+) in
ramework of MS and MAS.

.2. Selectivity modification and ion memory of the
xchangers

The capacity and selectivity of the eluted ETMS and ETMAS
or Cs+, Co2+ and Eu3+ ions were studied and the results tabu-
ated in Table 5. The data in Table 5 showed that the selectivity
f MS and MAS for Cs+, Co2+ and Eu3+ ions are modified in
he direction of the exchanged form of the ion exchangers and
he selectivity sequence seems to be

Cs+ (0.33 meq./g) > Co2+ (0.31 meq./g) > Eu3+ (0.087 meq.

Co2+ (1.09 meq./g) > Cs+ (0.55 meq./g) > Eu3+ (0.139 meq.

Cs+ (0.59 meq./g) > Co2+ (0.48 meq./g) > Eu3+ (0.153 meq.

Co2+ (0.75 meq./g) > Cs+ (0.23 meq./g) > Eu3+ (0.066 meq.

These results suggest that the materials can be constructed
y keeping cavity for exchangeable ions in the framework of
oordination bonding; the product will show high selectivity for
he exchangeable ions just as to be retained in ion memory after
xchanging particular ion with other ion to maintain fundamen-
ally original structures. For the eluted treated Eu-solids, the
apacity values for the studied cations is very low and have not
efinite selectivity that may be attributed to the higher cavity
reated by thermal treatment of the solid and this cavity may
ndergoes some shrinkage and divided into large number of
mall cavity that make satiric hindrance and leads to very low
apacity values for the studied cations.

By comparison the data in Tables 1 and 5 we found that MS

nd MAS ion exchangers are loss ∼94–96% from its original
apacities when thermally treated at 850 ± 2 ◦C (Table 1), on the
ther hands, the eluted EMS and EMAS thermally treated at the
ame high temperature have capacity values relatively smaller

t
c
p
e
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or eluted Cs-MS,

or eluted Co-MS,

or eluted Cs-MAS, and

or eluted Co-MAS.

han its original values. This means that we can overcome the
roblem of the loss of capacity of the ion exchangers at high
emperature by thermally treatment of the exchanged magneso-
nd magnesium alumino-silicates.

.3. Kinetic studies

As sake of brevity, the kinetic studies were performed for Cs+

on on MS, MAS and ETMS and ETMAS ion exchangers. The
inetic studies were performed at very vigorous stirring condi-
ion and hence the results may be interpreted as indicating that
lm diffusion was not controlling in the sorption process under

he operating conditions. The rate of attainment of equilibrium
s+ sorption was seemed to be nearly independent of metal ion
oncentration. This indicated the possibility of ordinary par-
icle diffusion control of the sorption process. Helfferich [32]
ntroduced a numerical technique to extend the Nernst–Plank

odel for intraparticle diffusion controlled ion exchange to multi
pecies systems with very fast reversible reactions at local equi-
ibrium. This method is applicable to most reactions which are
ery fast compared with diffusion in ion exchanger. Hence, an
pproximate and simple model based on Pick’s flux equations
as used to analysis the rate of metal sorption. An effective
iffusion coefficient for the sorption of Cs+ ion on the studied
on exchangers has been calculated by assuming particle control
overned by Pick’s second law. For practical use, applying Ver-
eulen’s equation, fraction attainment of equilibrium (F) can

e approximated to the following equation [33]:

(t) =
[
l − exp

(
−Di t π

2

r2
0

)]1/2

here r0 is the radius of the ion exchanger and Di is the
ffective diffusion coefficient. Thus, the fraction attainment of

quilibrium depends only on the magnitude of the dimensionless
ime parameter, (Di t/r2

0). The half time for adsorption is given
y substituting F(t) = 0.5, i.e.

0.5 = (0.03 r2
0)

Di

Figs. 5 and 6 show the plots of fraction attainment of equi-
ibrium (F) against time (t) for Cs+ ion on MS and MAS,
espectively. The calculated values of Di for Cs+ ion sorption in

S, MAS and eluted ETMS and ETMAS are given in Table 6.
he data in Table 6 indicated that the diffusion coefficient of
s+ ion is high for the exchanger ETMS and ETMAS compared
o MS and MAS samples. This may be attributed to the created
hannel and pores that preformed during the thermal treatment
rocess and the diffusion directly proportional to the size of the
luted cations.
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Fig. 5. Rate of Cs+ ion sorption on OMS, Cs-TMS, Co-TMS and Eu-TMS at
25 ± 1 ◦C.

Fig. 6. Rate of Cs+ ion sorption on OMAS, Cs-TMAS, Co-TMAS and Eu-
TMAS at 25 ± l ◦C.

Table 6
Diffusion coefficient of Cs+ ion in the particles of OMS, OMAS, ETMS and
ETMAS at 25 ± 1 ◦C

Form of ion exchanger Diffusion coefficient × 108 (cm2 s−1)

OMS 1.11
Cs-TMS 2.78
Co-TMS 1.46
Eu-TMS 8.73
OMAS 0.85
Cs-TMAS 1.11
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