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a b s t r a c t

Titanosilicates (TiSis) were synthesized from pure and technical precursors by the sol–gel method. X-ray
diffraction (XRD) studies of TiSi identified amorphous phases. The Brunauer, Emmett and Teller (BET) sur-
face area of TiSis obtained from pure and technical precursors measured using the low-temperature
nitrogen adsorption/desorption technique were 270.3 and 158.7 m2 g�1, respectively. Micro-mesopore
and micro- meso- macropore structures were attributed to TiSi prepared from pure and technical precur-
sors, correspondingly. TiSis mass, solution pH, contact time, initial Sr2+ concentration, temperature and
background solution were investigated for their effect on sorption properties. TiSis were observed to have
a high affinity for strontium in the pH range of 4–12. Strontium adsorption isotherms were established
and fitted to the Langmuir, Freundlich, Redlich–Peterson, Sips and Toth models. Pseudo-first and
pseudo-second models were used to describe experimental kinetic data. X-ray photoelectron spectros-
copy (XPS) and scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM–EDX) data
for TiSis were collected before and after adsorption. Heterophase was observed on the surfaces of both
types of TiSi material after Sr2+ uptake. The mechanism of Sr2+ sorption on titanosilicates was suggested.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Nuclear disasters such as Chernobyl and Fukushima lead to the
release of radionuclides into the environment, which in turn has a
harmful effect on all living organisms. This makes the removal of
radionuclides from water and wastewater a key issue for today
[1,2]. The development of new materials for contaminated waste-
water treatment is thus attracting significant attention [3–7]. Tita-
nosilicates are known as the most promising inorganic adsorbents
for the decontamination of liquid radioactive wastes from long-
lived radionuclides such as caesium and strontium. This can be
explained by their high selectivity and stability over a wide pH
range, high immutability with temperature variations and resis-
tance to ionizing radiation [8,9]. Numerous studies of framework
TiSis have reported on their various synthesis methods, structural
and sorption properties [10,11]. Yet all known synthesis methods
lead to titanosilicates in powder form only, which raises difficulties
for their practical application. Granulated and particulate materials
could be used in order to achieve a measure of success. One way of
applying these kinds of material without any binders is by sol–gel
method. Sol–gel synthesis has a number of benefits in comparison
with conventional methods, such as synthesis at relatively low
temperatures and the possibility synthesizing composite materials.
These are difficult to achieve by traditional means due to the prob-
lems associated with volatilization, high melting temperatures or
crystallization. Other important advantages of the sol–gel method
are high purity and excellent homogeneity. This method can also
be used to prepare a wide range of materials such as thin and thick
films, fibres and bulk materials. Finally, sol–gel synthesis can
obtain materials with the desired properties [12]. A novel approach
to the sol–gel synthesis of titanosilicates was developed recently
[13,14]. This method leads to the preparation of a stable gel with
reproducible properties using simple inorganic salts, acids and
alkali or alkaline earth hydroxides, and particles are then obtained
by gel crushing. The influence of synthesis parameters on the crys-
tal-chemical structure and adsorption capacity of the abovemen-
tioned materials have also been investigated [5,15,16]. The
possibility to conduct a synthesis with technical precursors instead
of pure chemicals was reported in [13,14]. It was found that a com-
plexing cations (contained in technical precursor as a pollutants)
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affected the sol–gel processing. The present work seeks to investi-
gate the influence of precursor substitution on the TiSi materials
properties. Since obtained materials supposed to be used as adsor-
bents, the main attention of current study was paid to difference in
sorption abilities and understanding the sorption mechanism on
titanosilicates synthesized by sol–gel method with pure and tech-
nical precursors.

2. Experimental procedure

2.1. Chemicals

All chemicals used for analysis (SrCl2�6H2O; NaCl, NaHCO3, KCl,
CaCl2, D-glucose, H2SO4, HNO3, HCl, NaOH) were of analytical grade
(Sigma–Aldrich) and used without further purification. Technical
liquid glass solution (Na2O�2.5 SiO2) and technical solution of TiOS-
O4 were purchased from Ukrainian enterprises. Laboratory glass-
ware was washed with concentrated HCl or HNO3. Milli-Q water
(resistance 18.2 M X cm) was used for all experiments.

2.2. Synthesis

Titanosilicates were prepared by sol–gel synthesis according to
the scheme and procedure given in [13,14].

inorganic salt Tiþ Na2O � SiO2 þMOH!HTT
MxTiySizOm

gel
�nH2O ð1Þ

where HTT is hydrothermal treatment and MOH is alkali or alkaline
earth hydroxides.

Pure and technical solutions of TiOSO4 were used as an inor-
ganic titanium salt and NaOH as MOH. Technical liquid glass solu-
tion was used as a source of silicon for titanosilicate synthesis.

Pure solution of TiOSO4 was achieved by replacing Cl� with
SO4

2� in TiCl4. All chemicals used in this reaction were of analytical
grade. A technical solution of TiOSO4 was taken for synthesis after
filtering through a polypropylene filter (0.5–1.0 mm). Pure or tech-
nical solutions of TiOSO4, liquid glass and NaOH with the molar
ratio Ti:Si:NaOH = 1:1:4 were used. TiSi gels were obtained at
room temperature after magnetic stirring. The gels were then
hydrothermally treated (HTT) in Teflon-lined steel autoclaves
under autogenous pressure. The HTT gels were then rinsed with
water and dried at 80 �C. Particles of prepared xerogel were
ground, sieved and fractions with a size of 0.25–0.5 mm were used
in the sorption studies.

2.3. Instrumentation

Measurements of pH were taken using a 340i pH-metre. The
BET specific surface area, Barrett–Joyner–Halenda (BJH) and den-
sity functional theory (DFT) pore size distribution, DFT and Dubi-
nin–Radushkevich (DR) micropore volume of TiSi were measured
using a Quantachrome NOVA 2200 surface area analyser. The X-
ray diffraction (XRD) patterns were recorded using DRON-4-07
(Cu Ka; 2h = 5–80� step D2h = 0.02�). An IKA KS 4000i control sha-
ker–incubator was used for sorption tests at 200 rtp. The cation
concentrations in solutions during sorption tests were investigated
with an inductively coupled plasma optical atomic emission spec-
trometer (ICP–OES) model iCAP 6300 (Thermo Electron Corpora-
tion, USA). X-ray photoelectron spectroscopy (XPS) data were
collected using a Thermo Fisher Scientific ESCALAB 250Xi. FTIR
spectra were recorded with a Bruker Vertex 70v spectrometer.
Spectra were collected in the mid (MIR) regions (4000–100 cm�1)
after 128 scans at 4 cm�1 resolution. Samples were prepared by
the standard KBr pellets methods. Microstructure of the produced
materials was examined by means of scanning electron microscope
(SEM, Nova Nano SEM 200, FEI Company) with an attachment for
chemical analysis of specimen in microareas with energy disper-
sive X-ray spectroscopy (EDX, EDAX). The experiment was carried
out in low vacuum condition in secondary electron mode.

2.4. Adsorption experiments

Initial strontium solutions for the sorption experiments were
prepared from solids of strontium chloride hexahydrate. Experi-
ments were performed in batch tests using a shaker–incubator,
and aqueous solutions of Sr2+ with different media such as water,
NaCl and Ringer–Locke’s (RL) solution. All batch tests were per-
formed in polypropylene tubes. Polypropylene syringe membranes
(0.45 lm) were used for sorbent separation. Adsorption capacity
was investigated as a function of adsorbent mass, initial concentra-
tion, time, pH, temperature, composition and concentration of
background solution. Control experiments (without sorbent mate-
rial) were conducted at the same time with sorption experiment in
order to illustrate, that sorption take place on the sorbent surface
and not on the dish’s surface.

The effect of ratio between adsorbent mass (m) and solution
volume (V) on the adsorption capacity of TiSi was studied at V/m
ratios from 50 to 2000. The initial concentration of Sr2+ was
0.5 g L�1, the solution medium was 0.1 M NaCl and the pH was
7.08.

The influence of initial Sr2+ concentration on the sorption prop-
erties of TiSi was investigated in solutions with different media,
such as water (pH = 6.78); NaCl at concentrations 0.01 M, 0.05 M,
0.1 M and 0.2 M (pH = 7.08) and Ringer–Locke’s solution (9 g L�1

of NaCl, 0.2 g L�1 of NaHCO3, 0.2 g L�1 of KCl, 0.2 g L�1 of CaCl2

and 1 g L�1 of D–glucose; pH = 8.07). Initial strontium concentra-
tions were varied from 10 to 5000 mg L�1, the solution volume
was 5 mL and the contact time was 24 h.

The effect of pH on the sorption properties of TiSi was evaluated
from strontium solutions in water medium. Experiments were con-
ducted at pH ranging from 1 to 12, with an initial Sr2+ concentra-
tion of 0.5 g L�1, 5 mL solution volume and 24 h contact time.

The impact of contact time (t) on the adsorption capacity of TiSi
was estimated using strontium solutions with water (pH = 6.78)
and 0.1 M NaCl (pH = 7.08) media. The contact time ranged from
3 to 2880 min at ambient temperature (24 �C ± 2) and from 3 to
360 min at elevated temperatures. The initial Sr2+ concentration
was 0.5 g L�1 and the solution volume was 5 mL.

The effect of temperature was studied with strontium solutions
with 0.1 M NaCl (pH = 7.08 ± 0.02) as a medium. Sorption tests
were conducted at temperatures of 40, 60 and 70 �C, at a contact
time of 3–360 min, an initial Sr2+ concentration of 0.5 g L�1 and a
solution volume of 10 mL.

Adsorption capacity (q), distribution coefficient (Kd) and decon-
tamination factor (DF) were calculated using the following
equations:

q ¼ ðCo � CtÞ �
V
m

ð2Þ

Kd ¼
ðCo � CtÞ

Ct
� V
m

ð3Þ

DF ¼ ðDC � 100%Þ=C0 ð4Þ

DC ¼ Co � Ct

where Co and Ct are initial concentration and concentration of stron-
tium in solution (mmol L�1) for time t, V is the aliquot volume (mL)
and m is the mass of adsorbent (g).

Experimental data were fitted to the Langmuir, Freundlich, Sips
(Langmuir–Freundlich), Redlich–Peterson and Toth models, which
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are commonly used to describe liquid–solid systems [17–20]. The
equations for these models are presented below:

qe ¼
qmKLCe

1þ KLCe
ð5Þ

qe ¼ KF C1=nF
e ð6Þ

qe ¼
qmðKSCeÞnS

1þ ðKSCeÞnS
ð7Þ

qe ¼
qmKRPCe

1þ ðKRPCeÞnRP
ð8Þ

qe ¼
qmCe

ðaT þ CmT
e Þ

1
mT

ð9Þ

where
qe is the adsorption capacity (mg g�1 or mmol g�1),
Ce is the equilibrium concentration,
KL is the Langmuir sorption equilibrium constant (L mg�1 or
L mmol�1),
qm is the maximum capacity (mg g�1 or mmol g�1),
KF is the Freundlich parameter in mg1�1/n L1/n g�1 ((mmol g�1)/
(L mmol�1)nF),
nF is the Freundlich parameter,
KS is the affinity constant in (L mmol�1),
nS is the Sips parameter for surface heterogeneity description,
KRP and nRP are the Redlich–Peterson constants,
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Fig. 1. MIR spectra of prepared TiSi materials.

Fig. 2. SEM pictures of synthesized sa
aT is the adsorptive potential constant (mmol L�1) and,
mT is the Toth’s heterogeneity factor.

The experimental kinetic data were fitted to the non-linear
pseudo-first order model (PS1) and non-linear pseudo-second
order model (PS2).

qt ¼ q�k1t
e ð10Þ

qt ¼
k2q2

e t
1þ k2qet

ð11Þ

where qt and qe are the adsorption capacity (mmol g�1) at time t
and at equilibrium respectively, while k1 represents the PS1 rate
constant (L min�1), k2 is the PS2 rate constant (g mmol�1 min�1)
and k2qe

2 represents the initial sorption rate.
The correlation between the experimental data and theoretical

models was evaluated using the coefficient of determination (R2).
Calculations were carried out in Microsoft Excel.

R2 ¼
P
ðqe;exp � �qe;expÞ2 �

P
ðqe;exp � qe;calcÞ

2

P
ðqe;exp � �qe;expÞ2

ð12Þ

where qe,calc is equilibrium capacity, calculated from the isotherm
equation, qe,exp is equilibrium capacity obtained experimentally
and �qe;exp is mean value of qe,exp.
3. Results and discussion

3.1. Characterization of the adsorbent materials

The titanosilicate materials prepared using chemically pure and
technical solutions of titanyl sulphate (TiOSO4) were characterized
by XRD and FTIR. The X-ray patterns of the obtained materials
were found to be amorphous (not shown). Fig. 1 presents a sum-
mary of the MIR spectra of output xerogels. On both spectra, two
intense bands are shown at about 1640 and 3407–3327 cm�1

respectively. These bands are associated with stretching and bend-
ing vibrations of O–H bonds in the molecules of H2O. An intense
large band half-width is also shown at about 1110–800 cm�1 and
450 cm�1. These bands are related to the presence of Si–O and
Ti–O bonds. On TiSi xerogel spectra, the most characteristic feature
is the presence of a band at 971–956 cm�1, which is related to the
presence of oxygen bridged Si–O–Ti bonds. In addition, however, a
shoulder is also visible at about 1068 cm�1 which indicates the
presence of Si–O–Si bonds. A very broad band with a maximum
at about 450 cm�1 is related to the bending vibrations of O–Si–O
and O–Ti–O bonds [21,22]. The morphology of the chosen samples
was estimated by SEM (Fig. 2). As the images indicate the surfaces
of both the technical and the pure samples are uneven and porous.
mples: (a) TiSi(p), and (b) TiSi(t).
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The pore structure of the selected sorbents was defined by a low-
temperature nitrogen adsorption/desorption technique. The iso-
therms and pore size distribution (DFT) are presented in Fig. 3.
The titanosilicates produced are shown to have developed a porous
structure. Type IV nitrogen adsorption isotherms with H2 hystere-
sis loops were derived from TiSi(p) IUPAC [23]. Isotherm and loop
shape indicate the micro-mesopore structure of TiSi synthesized
from a pure precursor. The H2 type of hysteresis loop suggests that
the mesopores are ink-bottle shaped, with narrow necks and wide
bodies. Type IV nitrogen adsorption isotherms with H1 hysteresis
loops were derived from TiSi(t). The loops were narrow and not
fully vertical over an appreciable range of N2 uptake, suggesting
a micro- meso- macropore structure for TiSi(t). It is probable that
iron cations in the technical precursor promote the formation of
a gel structure with minor differences between the mesopore
necks and bodies. The pore size distribution verified the micro-
mesopore structure of TiSi(p) and micro- meso- macropore
structure of TiSi obtained from a technical precursor. The porous
parameters were calculated using NOVAWin Surface Area Analyzer
Quantachrome NOVA 2200 software. The results are presented in
Table 1.
3.2. Adsorption experiments

In order to illustrate the effect of adsorbent mass on adsorption
capacity, the ratio of adsorbent mass to aliquot volume is pre-
sented as a function of decontamination factor (DF). Decontamina-
tion factor was studied for ratios 50, 100, 200, 500, 1000, 2000 and
4000. Fig. 4 indicates that the maximum DF was observed at mass–
volume ratio 100. Hence this value was used in subsequent adsorp-
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Table 1
Structural properties of synthesized titanosilicates.

Sample name S
(m2/g)

Vtotal

(cm3/g)
VDR micro

(cm3/g)
Rpore

(nm)
Rmicropore

(nm)

TiSi(t) 158.7 0.47 0.05 8.4 1.6
TiSi(p) 270.3 0.42 0.1 3.52 2.5
tion investigations. It was worth to note that even at concentration
of adsorbent 0.25 g L�1 (volume to mass ratio 4000) TiSis demon-
strated high adsorption capacity to Sr2+ DF P 90%.

The influence of initial strontium concentration on sorption
properties was studied using solutions with different media in
order to assess the impact of composition and concentration of
background solution on titanosilicate ability to absorb Sr2+. Data
obtained with a water medium were used as a reference. High con-
centrations of sodium compounds in liquid radioactive wastes
have been reported elsewhere [3,24], so the behavior of the mate-
rial in the presence of these competitive ions was investigated. The
simplest model solution, NaCl solution, was used to determine the
competition effect of Na+ and Sr2+ on the adsorption affinity of TiSi
to Sr2+. Ringer–Locke’s solution was used to model both warm-
blooded animal plasma [25] and seawater. A study of adsorbent
affinity to Sr2+ in the presence of three competitive ions (Na+, K+,
Ca2+) was particularly interesting due to availability of these cat-
ions in seawater, blood plasma and drinking water. Concentrations
of these cations are clearly lower in drinking water than in seawa-
ter, but it is possible to use the obtained data for predicting the
sorption behavior of TiSi. As Fig. 5 shows, adsorption isotherms
for different media have the H2 shape according to the Giles clas-
sification [26], which indicates the high affinity and selectivity to
the adsorbate. It should be noted that background solution compo-
sition or concentration of competitive ions did not have any detect-
able effect on sorption capacity and the DF for both types of
material was higher than 91% with initial strontium concentrations
of up to 500 mg L�1. Suppression of TiSi sorption capacity was
observed in the presence of competitive ions at high initial stron-
tium concentrations (1–5 g L�1). Various reports indicate that sorp-
tion capacity of powder titanosilicate analogues (synthesised by
precipitation method) decreases in the presence of high concentra-
tions of competitive ions with much lower initial pollutant concen-
trations (10�9 = 10�3 M) [24,27,28].

A combination of stereochemical and physicochemical factors
affect the selectivity of the adsorbent, including hydrated and ionic
radius, hydration energy and complexing ability, valency and elec-
trostatic interaction, cation mobility and space requirement. On
the one hand Na+ has smaller ionic radii and higher mobility com-
pared to K+, Ca2+ and Sr2+ and lower hydration energy than Ca2+

and Sr2+. On the other hand, Sr2+ has higher valency and complex-
ing ability than Na+, but also higher hydration energy [29–33].
Since the adsorption isotherms had the same shape in different
background solutions, the Sr2+ sorption process was of greater
energy benefit than that of Na+, K+ or Ca2+.
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The maximum adsorption capacity of TiSi synthesized from
pure precursors proved to be higher than that of TiSi obtained from
technical precursors (Table 2). This could be ascribed to the lower
specific surface of TiSi(t), resulting in a lower number of sorption
active centres. Previous investigations with analogous materials
synthesized by precipitation method with followed HTT [16] dem-
onstrated that mesopores play a role in transporting small cations
and that the sorption process mainly occurs in micropores. The
micropore volume of TiSi samples declined steeply or was not
available for N2 and H2O detecting molecules at all after adsorption
tests [16]. Micropores and tunnels have been proposed as a sorp-
tion location for other crystalline TiSi ion-exchangers [10,34,35].
Thus reduction sorption also could be attributed to the lower
micropore volume of TiSi synthesised from a technical precursor.
Table 2
The maximum adsorption capacities of titanosilicate materials to Sr2+ at different backgro

qeq (mmol/g)

Background solution H2O NaCl

0.01 M 0.05 M

Sample name
TiSi(p) 1.95 1.81 1.40
TiSi(t) 1.42 1.37 1.13
The sorption capacity of TiSi as a function of pH is presented in
Fig. 6. The effect of pH ranging from 4 to 12 on the sorption prop-
erties of TiSi appears to be negligible. It is known that cation
adsorption (cation exchange) increases with pH [28,36]. The high
DF and low influence of pH illustrate the selectivity and chemical
stability of the obtained amorphous materials. Below pH 4 sorption
capacity suppression occurs, which can be explained by competi-
tion between Sr2+ and increased concentrations of anomalous
mobile H+ [28,36,37]. For example at pH 2 the DF for TiSi(p)
declined by 10% and the DF of TiSi(t) by 27% compared to data at
pH 4. An analogous effect has also been observed for powder tita-
nosilicates [3,24].

The effect of contact time on the DF of Sr2+ was studied in time
range 3–2880 min. The kinetic curves presented in Fig. 7 illustrate
und solutions.

Ringer–Locke‘s solution

0.1 M 0.2 M

1.38 1.32 1.21
1.02 0.92 1.08
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that both titanosilicate materials have the ability to remove Sr2+

from water at a relatively high rate. A DF of more than 70% was
observed already after the first 3 min. Equilibrium was reached
for TiSi(p) after a contact time of only 30 min while for TiSi(t) it
took 60 min. The shape of the kinetic curves suggests that the sorp-
tion process could be separated into at least two steps: a high rate
stage (the first 10–30 min) followed by a slow rate stage. The var-
iation in Sr2+ uptake for different materials can be attributed to the
microporous widths and micropore volume of these materials
(Table 1). Consequently, TiSi(t) has smaller diameter and volume
of micropores, which resulting in slower Sr2+ uptake.

A 0.1 M NaCl background illustrates the effect of Na+/Sr2+ com-
petition on the adsorption rate (Fig. 7). The medium impacted sig-
nificantly: the presence of Na+ decreases the uptake rate of TiSi(t)
dramatically in the first 5 min. The initial parts of the kinetics
curves became more vertical and the sorption capacity of both
materials was suppressed. Nevertheless, both samples had reached
equilibrium after the same length of time as in water. It was con-
cluded that Na+/Sr2+ competition affects titanosilicate sorption
kinetics only during the high rate stage, i.e. in the first 10–
30 min, while it does not have a significant impact on the slow rate
stage.

Decontamination factor as a function of time at different tem-
peratures is shown in Fig. 8. This figure indicates that sorption
capacity and rate increase with increasing temperature. For
instance, at 60 �C the DF was 91% after just 3 min of sorption.
The graph showing Kd(Sr2+) plotted against contact time illustrates
that at elevated temperatures the sorption rate is higher on TiSi(p)
than on TiSi(t), which could be attributed to the larger volume and
width of micropores available in pure materials. The higher Sr2+

sorption rate and capacity at elevated temperatures illustrate the
endothermic nature of sorption process on obtained TiSis and
may suggest an activated sorption [38–41] mechanism. It is known
that physisorption and ion exchange decrease with increasing tem-
perature [42,43].

3.3. Reaction mechanism

In order to understand the mechanism of sorption on synthe-
sized titanosilicates, the obtained experimental data were fitted
to theoretical models. The samples were collected after adsorption
tests and studied with SEM, XRD and XPS. The adsorption isotherm
ime 3–360 min, Sr2+ initial concentration 0.5 g/l; solution volume 10 ml; adsorption
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Fig. 9. Results of adsorption isotherm data modelling. Media: water and 0.1 M NaCl.

Table 3
Adsorption isotherm parameters obtained for synthesized TiSi.

Model H2O 0.01 M NaCl

TiSi(p) TiSi(t) TiSi(p) TiSi(t)

qexp (mmol/g) qcalc. (mmol/g) R2 qexp (mmol/g) qcalc. (mmol/g) R2 qexp (mmol/g) qcalc. (mmol/g) R2 qexp (mmol/g) qcalc. (mmol/g) R2

Langmuir 1.95 1.81 0.981 1.42 1.23 0.938 1.38 1.35 0.917 1.02 0.85 0.943
Freundlich 1.95 2.24 0.837 1.42 1.69 0.709 1.38 1.48 0.971 1.02 1.03 0.987
Sips 1.95 1.86 0.982 1.42 1.46 0.978 1.38 1.36 0.987 1.02 0.99 0.990
Redlich–Peterson 1.95 1.98 0.990 1.42 1.47 0.967 1.38 1.40 0.998 1.02 1.0 0.996
Toth 1.95 1.89 0.985 1.42 1.46 0.979 1.38 1.37 0.992 1.02 0.99 0.993
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data were fitted to the Langmuir, Freundlich, Sips, Redlich–Peter-
son and Toth models as shown in Fig. 9. This figure and Table 3
indicate that the Sips, Toth and Redlich–Peterson models, which
consider surface heterogeneity assumptions and the possibility of
interaction between the adsorbed substances, describe the experi-
mental data better than the Langmuir and Freundlich models. The
determination coefficient values were in the range of 0.967–0.996.
The kinetic data were described using nonlinear pseudo-first order
and pseudo-second order equations; the latter clearly described
the data better (R2 P 0.993; see Fig. 10 and Table 4). The pseudo-
second order model assumes that the rate-limiting step is likely
to be activated sorption or chemisorption involving valence forces,
due to the exchange or sharing of electrons between the sorbent
and sorbate [31,38,39,43].

The SEM images illustrate heterophase on the surfaces of both
TiSi samples after sorption tests (Fig. 11). Acicular crystals in
spherical aggregates measuring 2–5.5 lm were observed on both
Fig. 10. Results of kinetic data modelling. Bac
TiSi(p) and TiSi(t). Hexagonal crystals were 1–7 lm in size on
TiSi(p) and 5–15 lm on TiSi(t). SEM–EDX mapping data showed
the localization of more strontium at crystal regions than in any
other area (Fig. 11). XPS data confirm the presence of strontium
and carbon on both TiSi spectra after sorption tests (Fig. 12). Both
crystal morphologies are typical for strontium carbonate [44–46].
The XRD pattern confirms the presence of the same strontianite
mineral phase for both types of heterophase on the TiSi(p) sample
after Sr2+ adsorption. At first this was attributed to epitaxial
growth of Srx(OH)y(CO3)z on the alkalic sorbent surface during dry-
ing in air. Since no precipitation or changes in the Sr2+ concentra-
tion were detected during the control experiments and for initial
tested solutions, it was concluded that strontium carbonate forma-
tion was possible only in the presence of TiSis for the studied Sr2+

concentrations and during the studied time. After the same tests
for adsorption Cs+ with Ca2+ cations and drying in air, however,
no heterophase was detected. Therefore it was suggested that
kground solutions: water and 0.1 M NaCl.



Table 4
Kinetic parameters for strontium sorption on TiSi from 0.1 M NaCl.

Model t. (�C) TiSi(p) TiSi(t)

qexp. (mmol/g) qcalc. (mmol/g) R2 qexp. (mmol/g) qcalc. (mmol/g) R2

Non-linear pseudo-first-order expression 25 a 0.941 0.907 0.784 0.835 0.775 0.575
25 0.524 0.442 0.747 0.523 0.416 0.775
40 0.950 0.956 0.862 0.864 0.852 0.932
60 3.304 3.237 0.999 3.241 2.698 0.994

Non-linear pseudo-second-order expression 25 a 0.941 0.946 0.975 0.835 0.812 0.885
25 0.524 0.452 0.802 0.523 0.436 0.919
40 0.950 1.006 0.740 0.864 0.912 0.884
60 3.304 3.291 1.0 3.241 2.698 0.993

a Adsorption from H2O.

Fig. 11. SEM images with EDX of TiSis after Sr2+ adsorption: (a) TiSi(p), and (b) TiSi(t).
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one possible reason for Sr2+ selective sorption by TiSis could be
participation of the CO3

2�, NaCO3
� and HCO3

� ions in the surface
sorption process. Thus a hypothetical sorption mechanism was
proposed.

Based on the FTIR results it was suggested that titanosilicate
materials have the following surface ion-exchangeable groups:
�Ti–O–Si–ONa, �Si–O–Ti–ONa and NaO–Si–O–Ti–ONa. It was
entertained a possibility of the presence of the surface ion-
exchange centres like �Si–O–Si–ONa and �Ti–O–Ti–ONa, but their
role in titanosilicate adsorption capacity and selectivity was sup-
posed negligibly. Based on literature data [9,35,47–49] it was
assumed that the most active ion-exchange centres are �Ti–O–
Si–ONa, �Si–O–Ti–ONa and NaO–Si–O–Ti–ONa.

The low dependence of TiSi sorption capacity on pH (pH P 4) and
medium composition and concentration (up to 500 mg L�1 initial
strontium concentration) suggests that Sr2+ sorption is dominated
by inner sphere complexation [50]. It was reported elsewhere
[29,30,33,40] that alkali and alkaline metals exchanged in dehy-
drated or partially dehydrated form. It follows from this assumption
that cations reach the dehydration stage before the exchange. Dehy-
dration is an endothermic process and its rate should increase with
increasing temperature. This suggestion is in good agreement with



Fig. 13. Scheme of hypothetical sorption mechanism of Sr2+ on sol–gel prepared Titanosilicates.
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the obtained kinetic data at elevated temperatures: sorption rates
increased at the initial ‘fast’ parts of the kinetic curves.

During adsorption experiments pH rose by 2 ± 0.5, this was
attributed to ion exchange between Sr2+ and Na+. It is therefore
proposed that the first step of the suggested mechanism is dehy-
dration of hydrated strontium cation (Sr2+

aq) near the exchange cen-
tre and ion exchange followed by inner sphere complexation. This
step could represent the first kinetic stage with a high sorption rate
while dehydration and/or inner sphere complexation could be the
rate-limiting stages.

An interaction between the complexed by surface strontium
and carbonate ions, which are usually present in aqueous solu-
tions, was ascribed to the second step, at which the formation of
strontium carbonate heterophase was observed. This step could
represent the second part of the kinetic curve, with slow sorption
rate and heterophase formation as a rate-limiting stage. This sug-
gestion is in good agreement with the obtained sorption data at
an elevated temperature: the rate and capacity of Sr2+ sorption
were increased with increasing temperature. Fig. 13 presents a
hypothetical scheme of the proposed mechanism. Additional stud-
ies of the sorption tests and sample drying in an inert atmosphere
are needed, however, in order to confirm the proposed mechanism.

4. Conclusions

It was found that grade of precursor affected the pore structure
of obtained titanosilicates, what reflected in different sorption
capacity and uptake rate. TiSi prepared from a pure precursor
had a higher adsorption capacity than material obtained from a
technical precursor, estimated to be 1.95 mmol g�1 and
1.42 mmol g�1, respectively. It was established that the Sr2+ uptake
process on studied materials is rapid at ambient temperature and
the rate increases at elevated temperatures. At room temperature
the sorption process for both pure and technical TiSi follows
pseudo-second order kinetic models. Scheme of possible Sr2+ sorp-
tion mechanism was proposed. The effect of competitive ions was
investigated and no detectable effect on sorption capacity was
observed for either type of material up to 500 mg L�1 initial stron-
tium concentrations. Titanosilicates synthesized by the sol–gel
method from pure and technical precursors proved to be highly
efficient for strontium removal from aqueous solutions across a
wide pH range. Obtained results lead to the conclusion that sol–
gel synthesized TiSi can be effectively used for liquid radioactive
wastewater decontamination instead of powder crystalline ana-
logues TiSi [51,52]. Furthermore, it was suggested that proposed
materials should be tested for blood plasma, mining, sea and drink-
ing water purification from strontium.
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