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a b s t r a c t

The adsorption of strontium and calcium ions by strontium ion-imprinted hybrid gel derived from
bis(trimethoxysilylpropyl)amine (TSPA) was comparatively studied. The effects of initial solution pH,
ionic strength, initial metal ion concentration, and temperature on the equilibrium adsorption amount
and the separation factor between strontium and calcium ions were comprehensively investigated. In
ccepted 23 November 2009
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description of the adsorption kinetics, the pseudo second-order model was found to be more suitable
than the pseudo first-order model. In general, the equilibrium adsorption amount of both Sr2+ and Ca2+

ions was found to increase with the increase in both the initial metal ion concentration and pH, but not
to be so sensitive to ionic strength and temperature. The separation of Sr2+ and Ca2+ ions could rely on
the difference in adsorption kinetics, because Sr2+ ions were found to adsorb more rapidly than Ca2+ ions

age.
ybrid gel
olecular imprinting

at the early adsorption st

. Introduction

Strontium-90 is one of the most abundant radionuclides in
uclear fission products that are routinely or accidentally released.

t has relatively long half-life of about 28.8 years and is a haz-
rdous element for the environment [1]. Separation of strontium
rom alkaline and alkaline-earth elements is particularly impor-
ant in the determination of the radioactive isotopes of strontium
9,90Sr in natural samples. Isotopes 89,90Sr are pure �-emitters and
re difficult to be determined without separating strontium from
atural and artificial radioactive isotopes [2].

Common strontium compounds in natural environments are
mportant resources for the preparation of various kinds of stron-
ium products. During the preparation process, the separation of
trontium from co-existing elements, such as magnesium, calcium,
odium, and potassium is very important.

Several techniques have been developed for the separation of
trontium to date. Originally, strontium was efficiently separated
rom large quantities of calcium and sodium as well as from a

umber of other elements by sedimentation with fuming nitric
cid [2]. To avoid the use of fuming nitric acid due to its toxicity
nd aggressiveness, other techniques have been developed such
s the isolation with ion exchangers and extraction agents [3–6].

∗ Corresponding author at: Key Laboratory of Salt Lake Resources and Chemistry,
inghai Institute of Salt Lakes, Chinese Academy of Sciences, 18 Xinning Rd., Xining,
inghai 810008, China. Tel.: +86 971 6307871; fax: +86 971 6307871.
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However, in the development of these techniques a problem arises
regarding the separation of strontium from calcium due to their
similar chemical behavior. Furthermore, the simultaneous sepa-
ration of a number of interfering elements such as sodium, iron,
natural and artificial isotopes (137Cs, 40K) and many other elements
is also a problem [2].

Adsorption has become one of the most commonly used sepa-
ration methods due to its simplicity, selectivity, and efficiency [7].
Although there have been some reports on the adsorption of cal-
cium [8–10] or strontium ions [2,11–29], a comprehensive study
on the adsorptive separation of strontium from calcium ions is still
required.

In adsorptive separation, good adsorbents are crucial for the
separation. Efficient adsorbents should possess stable and insolu-
ble porous matrices and suitable active groups (typically organic
groups) that interact with the adsorbates, such as metal ions.
Silica-based hybrid gels or modified silica gels are promising adsor-
bent candidates because of their good chemical, mechanical, and
thermal stability [30]. Immobilization and cross-linking of organic
compounds onto the surfaces of silica gels have gained impor-
tant applications in different research and industrial fields [31–35].
The effectiveness of such materials in binding metal ions has been
attributed to the complexation between the ligands and the metal
ions. Although such materials have been used as metal ion adsor-

bents, their selectivity is not so good [36].

Molecular imprinting, a technique of tailor-making network
materials for the recognition of specific analyte molecules, has
attracted increasing interest in recent years [37,38]. For metal ions,
molecular imprinting can be described more precisely as ionic

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:zjw6512@hotmail.com
dx.doi.org/10.1016/j.cej.2009.11.029
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mprinting. This technique may improve the adsorbent selectivity
ignificantly. Some metal ion-imprinted polymers have been used
or metal ion adsorption, such as Cr(III) [39], Ni(II) [40–42], Cu(II)
43], Cd(II) [44,45], Zn(II) [46], Pd (II) [47], Dy(III) [48], UO2(II) [49],

g(II) [50], Ca(II) [51], and Fe(III) [52] imprinted polymers. How-
ver, no imprinted adsorbents were reported for the adsorption
f strontium ions. In this study, strontium ion-imprinted hybrid
el was prepared by the sol–gel technique. The obtained gel was
sed to adsorb strontium and calcium ions from aqueous solutions.
he effects of initial solution pH, ionic strength, metal ion concen-
ration, and temperature on the adsorption were comprehensively
nvestigated.

. Materials and methods

.1. Gel preparation

The strontium ion-imprinted hybrid gel was prepared through
one-step sol–gel process. Bis(trimethoxysilylpropyl)amine (TSPA,
elest) was used as the gel precursor. 600 mL of 1.2 mol L−1 SrCl2
queous solution was mixed with 120 mL TSPA under stirring. After
elation, the gel was aged for one day. The aged gel was dried at
0 ◦C for two days, and the dried gel was ground and sieved. The
el with a particle size between 830 and 350 �m was selected for
he removal of the imprinting strontium ions and then used for the
dsorption. The imprinting strontium ions in the gel were removed
y treating the gel with 0.1 mol L−1 EDTA solution for three times.
hen the gel was treated with 2 mol L−1 ammonia for three times,
ollowed by washing several times with pure water until the pH of
he water became ∼7. The wet gel particles were stored and used
or the adsorption experiments.

.2. Adsorption experiments

In the adsorption kinetic experiments, 4 g of the wet gel particles
ere dispersed in 200 mL solution at the desired initial SrCl2 or
aCl2 concentration (4, 8, and 12 mmol L−1). No HCl, NaOH, or NaCl
as added to adjust the solution pH or ionic strength.

In the adsorption thermodynamic experiments, 0.2 g of the wet
el particles were dispersed in 10 mL solution at the desired initial
rCl2 or CaCl2 concentration, pH, and ionic strength. Solution pH
as adjusted with dilute HCl or NaOH solutions and ionic strength
as controlled with NaCl solution. The adsorption time was fixed

t two days. Except for the experiments on adsorption isotherms,
he adsorption temperature was 20 ◦C. In the experiments about
he effect of initial solution pH on the adsorption, no NaCl solution
as added to adjust the solution ionic strength. In the experiments

bout the effect of ionic strength on the adsorption, no HCl or NaOH
olution was added to adjust the solution pH.

All the adsorption experiments were carried out using a SHA-C
haking water bath (Changzhou Guohua Co., Ltd., P.R. China) with a
haking speed of 80 rpm at the desired temperature. After adsorp-
ion, the supernatant was used to determine the concentration of
r2+ or Ca2+ ions with the complex titration method using eri-
chrome black T or calcium indicator as an indicator. The solution
H was adjusted with NH4Cl–NH3·H2O buffer solution or NaOH
olution. The amount of Sr2+ or Ca2+ adsorbed onto the particles (q,
n millimoles per gram of the dried particles) was calculated by a

ass balance relationship:

= V(C0 − C)
(1)
W

here C0 and C are Sr2+ or Ca2+ concentration in solution before
nd after adsorption (mmol L−1). V is the volume of the solutions
L). W is the dry weight of the gel particles used (g). When Ce is used
nstead of C in Eq. (1), qe can be obtained.
ournal 157 (2010) 401–407

The adsorption amount was calculated based on the dry weight
of the gel particles. The dry weight of the gel particles was cal-
culated by considering the water content of the wet gel particles.
The water content of the wet gel particles was determined by the
weight change before and after drying of the gel particles at 30 ◦C,
which was found to be 54.5%.

The distribution coefficient (D) and the separation factor (ˇSr
Ca)

between Sr2+ and Ca2+ ions were calculated according to the fol-
lowing two equations:

D = qe

Ce
(2)

ˇSr
Ca = DSr

DCa
(3)

where DSr and DCa are the distribution coefficients of Sr2+ and Ca2+

ions, respectively.

3. Results and discussion

3.1. Time for the adsorption equilibrium

Figs. 1 and 2 show the amount of adsorbed Sr2+ and Ca2+ ions
as a function of time, respectively. As shown in Figs. 1 and 2,
adsorption occurs rapidly in the first 2 h, after which the adsorbed
amount changes slowly. According to these results, the time for the
adsorption experiments was fixed at two days to make sure that
equilibrium was reached. For the adsorption of Sr2+ ions by zeo-
lite A, previous studies indicated that 80–90% of the equilibrium
amount was adsorbed within 30 min. The initial rapid adsorption
was followed by the slow approach to equilibrium, and equilibrium
was reached in 90–120 min [16].

The high adsorption rate in the beginning may be due to the fact
that initially all sites on the surfaces of the gel particles are vacant
and the metal ion concentration gradient is high. As the adsorp-
tion continues, the number of vacant sites and the concentration
gradient decrease, resulting in the decrease in the adsorption rate
[16].

Figs. 1 and 2 also show that the adsorption reaches equilib-
rium more rapidly at a higher temperature. The initial metal ion
concentration does not have a significant effect on the adsorption
equilibrium time.

To show the differences in the adsorption kinetics between
Sr2+ and Ca2+ more clearly, the relationship between the separa-
tion factor ˇSr

Ca and the adsorption time was shown in Fig. 3. In
general, the separation factor is based on the adsorption equilib-
rium data, here it is calculated based on the data before adsorption
equilibrium only to show the adsorption differences between
Sr2+ and Ca2+ ions more clearly. Fig. 3 shows that Sr2+ ions are
adsorbed more rapidly than Ca2+ ions at the initial adsorption stage.
Such a difference in adsorption kinetics may be used for practical
separation.

3.2. Pseudo first- and second-order kinetic analyses

Both the pseudo first- and second-order adsorption models
were tested against the adsorption kinetic data [53–55]. In both
models, all the steps of adsorption including external diffusion,
internal diffusion, and adsorption were lumped together. It was
also assumed that the driving force for the adsorption was the dif-

ference between the average solid phase concentration and the
equilibrium concentration, and that the overall adsorption rate was
proportional to either the driving force (as in the pseudo first-
order equation) or the square of the driving force (as in the pseudo
second-order equation).
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ig. 1. Adsorption kinetic curves for Sr2+ ions under different initial Sr2+ concentra-
ions (mmol L−1).

Linear form equations:
First-order model : ln(qe − qt) = ln qe − k1t (4)

Second-order model :
t

qt
= 1

k2q2
e

+ t

qe
(5)

able 1
dsorption kinetic parameters for Sr2+ ions.

C0 (mmol L−1) T (◦C) qe,exp (mmol g−1) First-order

qe,cal (mmol g−1) k (h−1

4.0 20 0.086 0.081 ± 0.002 1.28
40 0.079 0.070 ± 0.040 0.39
60 0.074 0.071 ± 0.003 0.22

8.0 20 0.122 0.099 ± 0.006 0.72
40 0.095 0.087 ± 0.002 1.37
60 0.141 0.127 ± 0.007 0.31

12.0 20 0.173 0.154 ± 0.011 0.25
40 0.123 0.115 ± 0.003 1.40
60 0.159 0.151 ± 0.003 0.93
Fig. 2. Adsorption kinetic curves for Ca2+ ions under different initial Ca2+ concen-
trations (mmol L−1).

Non-linear form equations:

q

First-order model : qt = qe −

ek1t
(6)

Second-order model : qt = k2q2
e t

1 + k2qet
(7)

Second-order

) r2 qe,cal (mmol g−1) k (g mmol−1 h−1) r2

± 0.13 0.963 0.086 ± 0.001 24.0 ± 1.17 0.995
± 0.08 0.843 0.077 ± 0.003 6.85 ± 1.30 0.933
± 0.03 0.960 0.080 ± 0.002 3.46 ± 0.29 0.989

± 0.20 0.745 0.109 ± 0.006 8.24 ± 2.25 0.860
± 0.21 0.923 0.092 ± 0.002 25.6 ± 3.64 0.972
± 0.06 0.890 0.141 ± 0.006 2.89 ± 0.46 0.957

± 0.06 0.780 0.169 ± 0.011 2.24 ± 0.58 0.875
± 0.18 0.942 0.122 ± 0.001 17.8 ± 1.22 0.991
± 0.09 0.964 0.162 ± 0.001 8.48 ± 0.44 0.995
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Fig. 4. Effect of initial solution pH on the equilibrium adsorption amount.

T
A

ig. 3. The relationship between separation factor ˇSr
Ca and adsorption time under

ifferent initial metal ion concentrations (mmol L−1).

In the above equations, qt and qe are the adsorption amount at

ime t and at equilibrium, and k1 and k2 are the adsorption rate con-
tant for pseudo first- and second-order models, respectively. For
he linear form of the first-order model, an experimentally deter-

ined equilibrium adsorption amount (qe,exp) is required for the

able 2
dsorption kinetic parameters for Ca2+ ions.

C0 (mmol L−1) T (◦C) qe,exp (mmol g−1) First-order

qe,cal (mmol g−1) k (h−1

4.0 20 0.061 0.052 ± 0.003 0.26
40 0.046 0.044 ± 0.002 0.22
60 0.045 0.043 ± 0.002 0.17

8.0 20 0.092 0.087 ± 0.004 0.18
40 0.093 0.084 ± 0.003 0.43
60 0.102 0.094 ± 0.003 0.43

12.0 20 0.108 0.106 ± 0.004 0.11
40 0.110 0.103 ± 0.003 0.85
60 0.135 0.131 ± 0.003 0.91
Fig. 5. Effect of initial solution pH on the separation factor.

fitting, but qe,exp is often difficult to determine due to the slow
adsorption processes. In this work, the non-linear equations of both
first- and second-order were applied to test the experimental data.

The fitting results are given in Tables 1 and 2. According to the
correlation coefficients, the second-order model is more suitable
to describe the adsorption kinetic data than the first-order model.
This is consistent with the previous works on the adsorption of
Ca2+ ions onto kraft pulps [8] and Sr2+ onto zeolite A [16], where
the adsorption was also found to follow a second-order kinetics.

3.3. Effect of initial solution pH on the equilibrium adsorption

amount

The effects of initial solution pH on the equilibrium adsorp-
tion amount and the separation factor are shown in Figs. 4 and 5,

Second-order

) r2 qe,cal (mmol g−1) k (g mmol−1 h−1) r2

± 0.05 0.857 0.058 ± 0.003 6.08 ± 1.16 0.934
± 0.03 0.942 0.049 ± 0.002 5.67 ± 0.77 0.969
± 0.02 0.935 0.049 ± 0.002 4.29 ± 0.64 0.965

± 0.03 0.918 0.097 ± 0.004 2.52 ± 0.45 0.956
± 0.07 0.920 0.092 ± 0.002 6.32 ± 0.73 0.975
± 0.05 0.950 0.103 ± 0.002 5.67 ± 0.39 0.991

± 0.01 0.973 0.127 ± 0.004 0.91 ± 0.11 0.986
± 0.12 0.925 0.110 ± 0.002 11.7 ± 1.10 0.983
± 0.10 0.957 0.139 ± 0.002 10.5 ± 0.75 0.990
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ions and the gel particles [16] and higher concentration gradient
which increases mass transfer rate.

In this study, the adsorption amount of both Sr2+ and Ca2+ ions
at equilibrium is not sensitive to temperature. However, for the
adsorption of strontium by hydrous aluminum, iron, and man-
Fig. 6. Effect of ionic strength on the equilibrium adsorption amount.

espectively. In general, the equilibrium adsorption amount of both
r2+ and Ca2+ increases with pH in the pH range from 2 to 12.
he separation factor shows a peak at pH about 7.0. The prepared
el adsorbents are hybrid gels with silica as the matrix and –NH–
roups as the functional groups. According to the chemical compo-
ition of the gels, the gels are sensitive to solution pH. At low pH
alues, the metal ion uptake is inhibited in the acidic solutions and
his can be attributed to the presence of H+ ions competing with
he metal ions for the adsorption sites. Another possibility is that
t low pH the –NH– groups on the surface of the gels are fully proto-
ated to form –NH2Cl– groups, unable to complex with Sr2+ or Ca2+

ons. At low pH values, the adsorption of both Sr2+ and Ca2+ ions are
uppressed, and their adsorption behavior difference is weakened.

In this study, the uptake generally increases continuously with
he increase in pH. Strontium and calcium could form mono-valent
onic pairs such as SrCl+, SrOH+ CaCl+, CaOH+ before being adsorbed
8]. At pH above ∼11.0, the obvious increase in adsorption was
aused by the precipitation of Sr(OH)2 and Ca(OH)2, not by the real
dsorption. At high pH, the adsorption behavior difference is also
eakened due to hydroxide precipitate formation. Therefore, the

dsorption behavior difference is more likely to appear at pH about
.0.

The adsorption amount was also found to increase with pH
alues in the previous works: the adsorption of strontium ions
y hydrous metal oxides [1], carbon materials [13], and zeolite A
16], and the adsorption of calcium ions by oxidized carboxymethyl
tarch and cross-linked carboxymethyl starch [10].

.4. Effect of ionic strength on the equilibrium adsorption amount

The effect of ionic strength on the equilibrium adsorption
mount is shown in Fig. 6. The adsorption of both Sr2+ and Ca2+

s not sensitive to ionic strength as NaCl concentration changes
rom 0.5 to 4 mol L−1, suggesting that inner-sphere complexation
eactions account for the adsorption and that there is a covalent
onding between the metal ions and the gel particles. For the
dsorption of Sr2+ to hydrous ferric oxide (HFO), adsorption was
lso found to be insensitive to ionic strength [17]. In contrast, for
trontium adsorption to hydrous aluminum and manganese oxides
1], cellulose/alginic acid ion-exchange membrane [11], and bacte-
ia Shewanella alga [17], adsorption was found to decrease with

ncreasing ionic strength, suggesting physical adsorption where
ydrating waters were not lost upon adsorption and the outer-
phere complexation reactions accounted for the adsorption [17].

The effect of ionic strength on the separation factor is shown in
ig. 7. It is found that the separation factor is not sensitive to ionic
trength.
Fig. 7. Effect of ionic strength on the separation factor.

3.5. Effect of initial metal ion concentration and temperature on
the equilibrium adsorption amount—adsorption isotherms

The adsorption isotherms for the adsorption of Sr2+ and Ca2+

ions from aqueous solutions onto the gel particles were deter-
mined. The adsorption isotherms are shown in Fig. 8. It is clear
that the adsorption amount of both ions generally increases with
the increase in initial metal ion concentration. The increase in the
uptake capacity of the gel particles with increasing initial ion con-
centration may be due to higher probability of collision between
Fig. 8. Adsorption isotherms.
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Table 3
Langmuir and Freundlich isotherm constants at different temperatures.

T (◦C) Langmuir Freundlich

qm (mmol g−1) KL (L mmol−1) r2 KF 1/n r2

Sr2+ 20 0.88 ± 0.12 0.027 ± 0.005 0.984 0.034 ± 0.004 0.73 ± 0.04 0.974
40 0.91 ± 0.08 0.031 ± 0.004 0.995 0.042 ± 0.005 0.69 ± 0.04 0.985
60 0.96 ± 0.13 0.031 ± 0.007 0.986 0.043 ± 0.008 0.70 ± 0.06 0.970
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Ca2+ 20 0.88 ± 0.11 0.024 ± 0.004
40 0.92 ± 0.16 0.029 ± 0.007
60 0.71 ± 0.16 0.038 ± 0.013

anese oxides, strontium adsorption was found to increase with
ncreasing adsorption temperature [1]. For the adsorption of Ca2+

ons by unbleached kraft fibres [8], oxidized carboxymethyl starch
nd cross-linked carboxymethyl starch [10], the adsorption was
ound to decrease with the increase in temperature.

There are several isotherm models, which can be used to
escribe the equilibrium nature of adsorption [56]. However,
dsorption mechanisms in solution are so complicated that no sim-
le theory can adequately represent all experimental data. Most of
he isotherm models used to describe adsorption in solution are
ased on semiempirical equations. In this study, the most widely
sed Langmuir and Freundlich equations in the following were
ested against the experimental data:

angmuir model : qe = KLqmCe

1 + KLCe
(8)

reundlich model : qe = KF C1/n
e (9)

In the above equations, qm is the adsorption capacity and KL is
he adsorption intensity or Langmuir coefficient. 1/n is the hetero-
eneity factor of the adsorbent and KF is the Freundlich equation
onstant. The above non-linear Langmuir and Freundlich equations
re used to fit the experimental data. The corresponding isotherm
onstants are listed in Table 3. The Langmuir isotherm was found
o be more suitable to describe the adsorption isotherms. For the
dsorption of Ca2+ ions onto kraft pulps [8], and the adsorption of
r2+ onto zeolite A [16], the adsorption isotherms were also found
o follow the Langmuir equation.

The effect of initial metal ion concentration and temperature
n the separation factor is shown in Fig. 9. The separation fac-
or is not sensitive to adsorption temperature. The initial metal

on concentration does not have any significant effect on the sep-
ration factor at initial metal ion concentration between 6 and
0 mmol L−1, even though it is higher at low initial metal ion con-
entration (4 mmol L−1).

ig. 9. Effect of initial metal ion concentration and temperature on the separation
actor.
0.990 0.028 ± 0.003 0.78 ± 0.03 0.986
0.986 0.034 ± 0.006 0.76 ± 0.07 0.970
0.964 0.036 ± 0.009 0.72 ± 0.09 0.934

According to the experimental data, the adsorption of Sr2+ and
Ca2+ ions onto the strontium ion-imprinted hybrid gel shows a
similar behavior, meaning that the separation between Sr2+ and
Ca2+ ions is not so satisfactory. Thus, the simple ion-imprinting
technique is not so effective to achieve the selective adsorption
of Sr2+ ions. However, the separation may be achieved or improved
through (1) utilizing the difference in initial adsorption rate; (2)
preparing better adsorbents using a composite imprinting tech-
nique; (3) designing the preferential desorption process.

4. Conclusions

The use of strontium ion-imprinted hybrid gel for the adsorp-
tion of both Sr2+ and Ca2+ ions from aqueous solutions has been
investigated. The results are summarized as follows:

(1) The adsorption of both Sr2+ and Ca2+ ions occurs rapidly in the
first 2 h, after which the adsorption amount changes slowly.
The adsorption reaches equilibrium more rapidly at a higher
temperature. The initial metal ion concentration does not have
any significant effect on the adsorption equilibrium time. The
pseudo second-order model is more suitable to describe the
adsorption kinetic data than the pseudo first-order model. Sr2+

ions are adsorbed more rapidly than Ca2+ ions at the initial
adsorption stage, which may be used for the separation of Sr2+

and Ca2+ ions.
(2) The equilibrium adsorption amount of both Sr2+ and Ca2+ ions

increases with the increase in both the initial metal ion con-
centration and pH, but is not so sensitive to ionic strength
and temperature. The Langmuir equation is more suitable to
describe the adsorption isotherms than the Freundlich equa-
tion.

(3) In general, the separation factor between Sr2+ and Ca2+ ions
is not so sensitive to initial solution pH, ionic strength, and
adsorption temperature. Thus, the separation of Sr2+ and Ca2+

ions cannot easily be enhanced using the equilibrium pro-
cess. A composite imprinting technique should be employed
to improve the preparation of the adsorbent.
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