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ABSTRACT

Two types of titanosilicate (TiSi) materials were synthesized by the sol–gel method using
pure and technical precursors. All samples obtained were characterized using X-ray diffrac-
tion, FTIR in the mid-region and the low-temperature nitrogen adsorption/desorption tech-
nique. The synthesized xerogels were found to be amorphous with a developed porous
structure. Solution pH, sample mass, initial Cs+ concentration, competitive ions, contact time
and temperature were studied for their influence on TiSi sorption ability. Both samples dem-
onstrated a high capacity for caesium across a broad pH range of 2–12, and the adsorption
isotherms were fitted to the Langmuir, Freundlich, Sips, Toth and Redlich–Peterson models,
while the kinetic data were described using pseudo-first and pseudo-second models. All the
TiSi samples were characterized by X-ray photoelectron spectroscopy and scanning electron
microscopy with energy dispersive X-ray spectroscopy before and after the adsorption tests.
Activated adsorption was proposed as a stage in the adsorption mechanism.

Keywords: Titanosilicates; Synthesis precursor; Xerogel pore structure; Adsorption capacity;
Kinetic study

1. Introduction

Liquid radioactive waste (LRW) originates from
many sources, including nuclear power plants, the
mining industry, defence industry, nuclear medicine,
nuclear research reactors and isotope laboratories
[1,2]. The differences in the origins of LRW define the
variety of its composition, which increase the require-

ments on decontamination materials and processes.
There are many LRW treatment methods, including
ion exchange, thermal evaporation, chemical precipita-
tion, sedimentation and biological methods, and of
those, ion exchange is currently the most commonly
used method of LRW chemical processing [3–5]. Con-
sequently, the synthesis of effective and stable ion
exchange materials is a topical issue.

*Corresponding author.

1944-3994/1944-3986 � 2015 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 57 (2016) 5554–5566

Marchwww.deswater.com

doi: 10.1080/19443994.2014.1003103

mailto:ovalexis@gmail.com
mailto:Irina.Levchuk@lut.fi
mailto:Mika.Sillanpaa@lut.fi
mailto:melesh@ispe.kiev.ua
mailto:ispe@ispe.ldc.net
mailto:msitarz@agh.edu.pl
http://dx.doi.org/10.1080/19443994.2014.1003103


It is well known that of the ion exchangers, ferro-
cyanides are the most selective for caesium, but they
are efficient only in acidic medium [6–8]. In contrast,
crystalline and poorly crystalline porous titanosilicates
(TiSi) are effective and stable ion exchangers across a
broad pH range [9–13]. Yet, both of these materials
can be obtained in powder form only, which raises
challenges for practical industrial applications.
Recently, TiSi was synthesized by the sol–gel method
[14,15], allowing to control the porosity, crystallinity,
form and cost of the material. With the proposed
method, it is possible to choose the fraction of sorbent
particles (from 0.01 to 4 mm) after graining the xero-
gels. Sol–gel synthesis does not require cementation
agents, which usually decrease the efficiency of sorp-
tion material. Therefore, the preparation time and the
final cost of the product can also be reduced. Variation
of the synthesis precursors broadened the field of sor-
bent application. For example, using an inexpensive
(bulk grade) precursor yielded an ion exchanger for
LRW mine and sea water. A pure precursor could
achieve TiSi material for drinking water or blood
plasma purification. This study seeks to investigate
the influence of precursors on the sorption affinity
and selectivity to Cs+ of TiSi obtained by sol–gel syn-
thesis using a chemically pure and technical solution
of titanyl sulphate.

2. Experimental procedure

2.1. Chemicals

All chemicals used for the sorption tests (CsCl,
NaCl, NaHCO3, KCl, CaCl2, H2SO4, HNO3, HCl,
NaOH, D-glucose) were of analytical grade (Sigma-
Aldrich) and were used without further purification.
Laboratory glassware washed with concentrated HCl
or HNO3 Milli-Q water (resistance 18.2 MΩcm−1) was
used for all experiments. Analytical grade solution of
TiCl4, technical solution of TiOSO4 and technical solu-
tion of liquid glass (Na2O·2.5SiO2) were bought from
Ukrainian enterprises. Pure solution of TiOSO4 was
prepared by replacing Cl− with SO2�

4 in TiCl4.

2.2. Synthesis

TiSi samples were synthesized using the sol–gel
method [14,15]. TiSi gels were obtained after a few
minutes of intensive magnetic stirring of pure or tech-
nical TiOSO4 solution (0.1 mmol), liquid glass
(0.1 mmol) and NaOH (0.4 mmol) at room tempera-
ture. Thereafter, the prepared gels were hydrother-
mally treated (HTT) in steel autoclaves with Teflon
beakers under autogenous pressure, and the

synthesized TiSi gels were rinsed with water after
HTT and dried at 80˚C. Finally, the obtained xerogels
were ground and sieved, and the fraction of
0.25–0.5 mm was used for the sorption tests.

2.3. Instrumentation

Specific surface area, pore size distribution and
pore volume of TiSi xerogels were measured using a
Quantachrome NOVA 2,200 surface area analyser.
X-ray diffraction (XRD) patterns were obtained using
DRON-4–07 (CuKα; 2h = 5–80˚ step Δ2h = 0.02˚). FTIR
spectra were recorded with a Bruker Vertex 70v spec-
trometer and collected in the mid (MIR)-region
(4,000–100 cm−1) after 128 scans at 4 cm−1 resolution.
All samples were prepared by the standard KBr pellet
method, and the microstructure of the produced mate-
rials was determined by scanning electron microscopy
(SEM, Nova Nano SEM 200, FEI Company) with an
attachment for the chemical analysis of specimens in
micro-areas with energy dispersive X-ray spectros-
copy. The experiment was carried out under low vac-
uum conditions in secondary electron mode. X-ray
photoelectron spectroscopy (XPS) data were collected
using a Thermo Fisher Scientific ESCALAB 250Xi Pho-
toelectron Spectrometer. Measurements of pH were
taken with a calibrated WTW 340i pH meter (WTW,
Weilheim, Germany). A ST15 rotary shaker (CAT,
M. Zipperer GmbH, Staufen, Germany) and IKA KS
4000i control shaker–incubator were used for sorption
tests. To determine cation concentrations during the
adsorption tests, an Agilent 7500ce inductively
coupled plasma with mass detector was used.

2.4. Adsorption Experiments

Adsorption tests were conducted in batch tech-
nique using a shaker–incubator and rotary shaker with
initial solutions prepared from solids. Aqueous solu-
tions of caesium were used with different media:
water, NaCl and Ringer–Locke’s (RL) solution. All
batch tests were performed in polypropylene tubes.
Polypropylene syringe filters (size 0.45 μm) were used
for sorbent separation. Adsorption capacity was stud-
ied as a function of pH, adsorbent mass, initial con-
centration, contact time, temperature, composition and
concentration of background solution.

The influence of pH on the TiSi adsorption capac-
ity (q) in Cs+ solutions with water and 0.1 M NaCl
media was evaluated, and experiments were
conducted at a pH range of 2–12, with an initial Cs+

concentration of 3.76 mmol L−1. The solution volume
to sorbent mass ratio (V:m) was 100, and the contact
time was 24 h at ambient temperature (25 ± 2˚C).
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Effects of V:m ratio on the sorption capacity of TiSi
were studied at V:m ratios ranging from 100 to 2,000
with an initial Cs+ concentration of 3.76 mmol L−1,
water and 0.1 M NaCl as the solution media. pH was
kept at 6.1 ± 0.2 and the contact time was 24 h at ambi-
ent temperature.

Influences of initial Cs+ concentrations on qTiSi
were investigated in solutions with different media:
water (pH = 6.1 ± 0.2); NaCl at concentrations of 0.05,
0.1 and 0.2 (pH = 6.1 ± 0.2); and RL solution
(153.85 mmol L−1 of NaCl; 2.38 mmol L−1 of NaHCO3;
2.68 mmol L−1 of KCl; 1.8 mmol L−1 of CaCl2 and
5.55 mmol L−1 of D-glucose; pH = 8.07). Initial Cs+ con-
centrations varied from 0.075 to 37.62 mmol L−1, the
V:m ratio was 100, and the contact time was 24 h at
ambient temperature.

Effect of contact time (t) on qTiSi was estimated
using Cs+ solutions with water, 0.1 M NaCl and RL
media. Investigations were performed in a time range
of 3–2,880 min at ambient temperature using an initial
Cs+ concentration of 3.76 mmol L−1 and a V:m ratio of
100.

Temperature effects on the Cs+ solutions with
0.1 M NaCl and RL matrices were also investigated.
Sorption tests were conducted at temperatures of 25,
40 and 60˚C. The contact time was 3–180 min, the ini-
tial Cs+ concentration was 3.76 mmol L−1, and the V:m
ratio was 100.

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

Adsorption capacity: q ¼ DC � V
m

(1)

where ΔC =Co −Ct, and Co and Ct are the initial con-
centration and the concentration at time t of caesium
in solution (mg L−1 or mmol L−1), V is the aliquot vol-
ume (mL), and m is the mass of the adsorbent (g).

Distribution coefficient: Kd ¼ DC
Ct

� V
m

(2)

Decontamination factor: DF ¼ ðDC � 100%Þ=C0 (3)

Experimental data were fitted to the Langmuir,
Freundlich, Sips, Redlich–Peterson and Toth models,
which are commonly used to describe liquid–solid
systems [16] by the following equations:

Langmuir: qe ¼ qmKLCe

1þ KLCe
(4)

where qe is the adsorption capacity (mmol g−1), Ce is
the equilibrium concentration of the adsorbate (mmol
L−1), qm is the maximum adsorption capacity of the
adsorbent (mmol g−1), and KL is the Langmuir sorp-
tion equilibrium constant (L mmol−1).

Freundlich: qe ¼ KFC
1=nF
e (5)

where KF ((mmol g−1)/(L mmol−1)nF) and nF are the
Freundlich adsorption constants.

Sips: qe ¼ qmðKSCeÞnS
1þ ðKSCeÞnS (6)

where KS is the affinity constant (L mmol−1), and nS is
the Sips parameter for surface heterogeneity
description.

Redlich–Peterson: qe ¼ qmKRPCe

1þ ðKRPCeÞnRP (7)

where KRP and nRP are the Redlich–Peterson constants.

Toth: qe ¼ qmCe

ðaT þ Ce
mTÞ 1

mT

(8)

where 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
following models:

nonlinear pseudo-first-order model: qt ¼ q�k1t
e (9)

linear pseudo-second-order model:
t

qt
¼ 1

k2q2e
þ t

qe
(10)

and nonlinear pseudo-second-order model: qt

¼ k2q
2
et

1þ k2qet
(11)

where qt and qe are the adsorption capacity (mmol g−1)
at time t and at equilibrium, respectively, while k1 is
the pseudo-first rate constant (L min−1), k2 is the
pseudo-second rate constant (g mmol−1 min−1), and
k2qe

2 is the initial sorption rate.
To evaluate the correlation between the experimen-

tal data and the theoretical models, the coefficient of
determination (R2) was maximized with the MS Excel
2007 Solver Add-in:
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R2 ¼
Pðqe;exp � �qe;expÞ2 �

Pðqe;exp � qe;calcÞ2
Pðqe;exp � �qe;expÞ2

(12)

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

3. Results and discussion

3.1. Material characterization

The influence of the precursor on the adsorption
affinity to Cs+ was investigated for two types of TiSi
xerogels: pure TiSi [TiSi(p)] obtained using a chemi-
cally pure solution of titanyl sulphate (TiOSO4) and
TiSi [TiSi(t)] synthesized using a technical solution of
TiOSO4. Both ion exchange materials were achieved in
the amorphous phase, and therefore, no XRD patterns
are shown here. FTIR studies were conducted in the
mid-region (Fig. 1, with the analysed band positions
and the suggested functional groups superimposed).
As this figure shows, the bands most characteristic of
bridged Si–O–Ti are present on both spectra at
971–956 cm−1.

To investigate the pore structure of the xerogels, a
low-temperature nitrogen adsorption/desorption tech-
nique was applied obtaining the following structural
characteristics: TiSi(p) xerogel: Micro–mesopore struc-
ture, specific surface area (SBET)—270.3 m2g−1, total
pore volume (Vtotal)—0.42 cm3g−1, Dubinin–Radushke-
vich’s micropore volume (VDR micro)—0.1 cm3g−1 and
pore radius (Rpore)—3.52 nm, Rmicropore—2.5 nm; TiSi
(t) xerogel: Micro–meso–macropore structure, SBET—

158.7 m2g−1, Vtotal—0.47 cm3g−1, VDR micro—0.05 cm3

g−1, Rpore—8.4 nm, Rmicropore—1.6 nm [17].

3.2. Sorption experiments

Adsorption studies were carried out with different
background solutions in order to investigate the influ-
ence of competitive ions on the sorption capacity and
selectivity of the obtained TiSi materials. Water was
used as a medium for collecting the reference data. Of
particular interest was the competition between Cs+

and Na+, since Na+ is present at the highest concentra-
tion among the competing ions in real wastewaters
and it is also present in drinking, sea and mine water
[18–22]. To investigate this influence of the Cs+/Na+

competition and concentrations of competitive ions on
the TiSi sorption capability, the NaCl background
solution was used. With the RL solution, the ability of
TiSi xerogels to remove Cs+ in the presence of three
competitive ions was examined: Na+, K+, Ca2+ [23,24].
Using the obtained data, the sorption ability and sorp-
tion mechanism of the synthesized materials in blood
plasma, sea and drinking water can be predicted. As
concentrations of these cations are substantially lower
in drinking water than in sea water, it can be assumed
that the TiSi sorption capability in drinking water
ranges between the sorption capabilities for pure
water and for the RL solution.

The first step of the current investigation was to
determine the ability of the sol–gel synthesized TiSis
to remove caesium from 3.76 mmol L−1 Cs+ solution
in water and 0.1 M NaCl background solution within
a pH range from 2 to 12 (Fig. 2). It was found that in
contrast to ferrocyanide powders, the obtained TiSi xe-
rogels were able to remove Cs+ across a broad pH
range (2–12) with a high DF (DF ≥ 91% in water med-
ium). It was shown that an increasing pH slightly
reduces the DF for both materials in water: in 0.1 M
NaCl, the reduction in DF for TiSi(p) was 14% and for
TiSi(t) 10%. As has been shown by previous investiga-
tors, the cation adsorption, and cation exchange in
particular, usually increases with pH [9,19,25–28]. Yet,
the observed reverse effect could indicate a more com-
plex Cs+ removal mechanism than physisorption or
ion exchange.

The selectivity of a sorption material is defined as
a combination of physicochemical and stereochemical
factors, such as ionic and hydrated radius, valency
and electrostatic interaction, complexing ability and
hydration energy, cation mobility and space require-
ment [25,26,29–31]. Consequently, sorption suppres-
sion could be attributed to an increased concentration
of Na+, since Na+ has a higher complexing ability,Fig. 1. FTIR spectrum of TiSi samples. Fraction size was

0.25–0.5 mm.
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smaller hydrated and ionic radii and higher cation
mobility than Cs+. A similar suppression of H+ to Cs+

exchange was observed in the acidic pH region for the
H-form of the powder TiSi [9,18]. Yet, such a low sup-
pression at the evaluating concentration of competitive
ions could also be related to the fact that Cs+ has a
lower (−263 kJ mol−1) hydration energy than Na+

(−405 kJ mol−1), which may testify to the greater
energy benefit of Cs uptake by TiSi xerogels [26,31,32].
The high DF and low influence of pH indicate the
selectivity, chemical stability and capability of the syn-
thesized materials for the effective removal of Cs cat-
ions from water and Na+-containing solutions with a
substantial initial Cs+ concentration.

The second step of the present investigation was to
determine the sufficient dose of the studied materials.
In both studied background solutions, the adsorption
ability decreased by less than 8% at a V:m ratio range

from 100 to 2,000 for TiSi(t) and for both TiSi in water
only (Fig. 3). It was found that the DF for both
TiSis was around 90% at a sorbent concentration of
0.5 g L−1 and an initial Cs+ concentration in water of
0.5 g L−1 (3.76 mmol L−1). In a 0.1 M NaCl medium,
the materials behaved differently: the DF of TiSi(p)
decreased by 22% at a V:m ratio range from 100 to
2,000, which is 30% less than in water. This observa-
tion could be explained by the different porous struc-
tures of the obtained materials. Previous studies
showed that sorption of Cs+ and other alkali and alka-
line earth cations occurs in micropores [10,11,33–35],
and for TiSi with a rigid crystalline structure, less than
55% of ion exchange sites could be occupied by Cs+

[19,33,36]. Poorly crystalline- or amorphous-structured
TiSi with a developed porosity have better accessibil-
ity of Cs+ ion-exchangeable sites [11,19]. An analogous
situation was expected to occur with amorphous TiSi
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xerogels. Therefore, it was suggested that the lower
TiSi(t) micropore volume was compensated by a larger
pore size, whereas large Cs+ cations had fewer steric
restrictions. Based on that assumption, it was decided
to use a 10 g·L−1 dose of sorbent materials (V:m ratio
100) for further investigations, since at that dose a
higher DF was observed.

The influence of the initial Cs+ concentration on
the TiSi adsorption ability was tested in water; 0.05,
0.1, 0.2 M NaCl; and RL solution at ambient tempera-
ture (Fig. 4). It was found that the adsorption iso-
therms for both xerogels synthesized from all studied
media belong to the H2 shape according to the Giles
classification [37,38]. This indicates the high affinity
and selectivity to the adsorbate of the TiSi xerogels,
and consequently, since the sorption isotherms were
the same shape in different media, supposingly, there
was a greater energy benefit in sorption with Cs+ than
with other competitive ions. It is important to note
that the medium composition or concentration of com-
petitive ions did not have any detectable influence up
to an initial Cs+ concentration of 3.76 mmol L−1. An
essential decrease in the TiSi capacity was observed at
high initial Cs+ concentrations (7.52–37.62 mmol L−1).
The results of the equilibrium adsorption capacity
(qeq) of the xerogels in different media show that qeq
was slightly lower at 0.05 M NaCl than in water
(Table 1). In more complex and concentrated media,
however, the adsorption capacity was 20–30% lower
than in water, an effect that was similarly observed
for powder TiSi [9,39]. It was found that TiSi(p) dem-
onstrated Kd(Cs

+) from 1 × 106 to 3 × 106 in all studied
background solutions with a 0.075 mmol L−1 initial
Cs+ concentration, while TiSi(t) demonstrated Kd(Cs

+)
8 × 106 in water with a 0.75 mmol L−1 initial Cs+ con-
centration. The same order of Kd values was reported
for crystalline powder TiSi analogues and ferrocya-
nides [7,19,28,36,40–42]. Thus, it can be concluded that
(I) the TiSi(p) xerogel can be an efficient sorption
material for drinking water and blood plasma and (II)
the TiSi(t) xerogel can be used as an efficient sorbent

for LRW, sea and mining water due to its higher qeq
in all tested media as well as wider pores, allowing
the adsorption of cation pollutants both smaller and
larger than Cs+.

Kinetic tests were performed in water, 0.1 M NaCl
and RL solution with an initial Cs+ concentration of
3.76 mmol L−1, the concentration at which the vertical
part of the isotherms finished. Obviously, such a high
initial concentration is not typical for real wastewaters,
but in the vertical isotherm region at concentrations of
0.75 mmol L−1 and lower, kinetics is so fast that no
substantial influence is observed [11,13]. For all experi-
ments, the contact time ranged from 3 to 2,880 min at

Table 1
The maximum adsorption capacity of Cs+ by TiSi materials for different background solutions

Background solution

Sample type

qeq, mmol/g

H2O

NaCl

RL solution0.05 M 0.1 M 0.2 M

TiSi(p) 1.13 1.091 0.83 0.75 0.92
TiSi(t) 1.21 1.203 1.13 0.98 1.16
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Fig. 5. Kinetics of Cs+ sorption by TiSis. Experimental con-
ditions: time range 3–2,880 min; initial Cs+ concentration
3.76 mmol L−1; V:m ratio 100; water and 0.1 M NaCl and
RL background solutions, ambient temperature.
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Table 2
Adsorption isotherm parameters obtained for studied TiSi

Model

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

qexp
mmol
g−1

qcalc
mmol
g−1 R2

qexp
mmol
g−1

qcalc
mmol
g−1 R2

qexp
mmol
g−1

qcalc
mmol
g−1 R2

qexp
mmol
g−1

qcalc
mmol
g−1 R2

Medium H2O 0.05 M NaCl
Langmuir 1.131 1.102 0.985 1.211 1.161 0.979 1.091 1.096 0.987 1.203 1.193 0.996
Freundlich 1.131 1.228 0.958 1.211 1.313 0.943 1.091 1.170 0.965 1.203 1.324 0.929
Sips 1.131 1.144 0.998 1.211 1.218 0.991 1.091 1.114 0.990 1.203 1.213 0.998
Redlich–Peterson 1.131 1.151 0.993 1.211 1.223 0.988 1.091 1.098 0.987 1.203 1.213 0.997
Toth 1.131 1.148 0.996 1.211 1.22 0.990 1.091 1.107 0.988 1.203 1.215 0.998

Medium 0.1 M NaCl 0.2 M NaCl
Langmuir 0.828 0.789 0.987 1.127 1.040 0.966 0.753 0.738 0.986 0.977 0.974 0.984
Freundlich 0.828 0.889 0.973 1.127 1.238 0.934 0.753 0.801 0.974 0.977 1.080 0.887
Sips 0.828 0.830 0.999 1.127 1.130 0.990 0.753 0.760 0.993 0.977 0.934 0.990
Redlich–Peterson 0.828 0.836 0.997 1.127 1.142 0.991 0.753 0.758 0.989 0.977 0.985 0.985
Toth 0.828 0.833 0.998 1.127 1.133 0.991 0.753 0.761 0.991 0.977 0.945 0.987

Medium Ringer–Locke’s solution
Langmuir 0.917 0.918 0.985 1.162 0.912 0.979
Freundlich 0.917 0.992 0.964 1.162 0.964 0.970
Sips 0.917 0.940 0.990 1.162 0.929 0.978
Redlich–Peterson 0.917 0.932 0.985 1.162 0.921 0.979
Toth 0.917 0.938 0.988 1.162 0.927 0.979
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ambient temperature (Fig. 5), where both TiSi samples
were able to remove Cs+ rapidly and effectively. The
difference in the kinetic rates for the obtained
materials was attributed to their different porous
structure. Fig. 5 illustrates that the TiSi(t) DF reached
91% after only 10 min of contact time, which is attrib-
uted to the wider pore distribution and larger average
transport pore radius of the technical sample. Yet,
pure TiSi showed a slower sorption kinetic and
reached a DF of over 91% only after 1 h. In addition,
the sorption rate of TiSi(p) was three times slower in a
0.1 M NaCl medium than in water and the sorption
capacity of TiSi(t) was decreased in a 0.1 M NaCl
medium with the kinetic curve having the same shape

as for kinetic tests in water. It is noteworthy that the
RL solution reduced the sorption rate and capacity of
TiSi(t) only in the first 3 h, after which the DF was
higher than that found in a NaCl background solution.
In the RL medium, two additional competitive ions
decreased the rate of TiSi(p) by two orders in the
studied time period. As the TiSi(p) xerogel has wider
micropores than TiSi(t), it was concluded that the
transport pore radius is a rate-limiting parameter for
TiSi xerogels, and presumably, the micropore volume
will also play an essential role with increasing contact
time.

Fig. 6 shows the effect of temperature on
the kinetic of Cs+ sorption by TiSi. Raising the

Table 3
Kinetic parameters for caesium sorption by TiSi for 0.1 M NaCl

Model t ˚C

TiSi(p) TiSi(t)

qexp
mg g−1

qcalc
mg g−1 k R2

qexp
mg g−1

qcalc
mg g−1 k R2

Nonlinear pseudo-first-order expression 25* 0.39 0.38 0.51 0.999 0.39 0.38 0.51 0.968
25 0.37 0.34 0.48 0.794 0.35 0.33 0.29 0.793
40 0.40 0.36 0.29 0.000 0.35 0.31 0.53 0.575
60 0.48 0.45 0.46 0.883 0.39 0.39 0.40 0.930

Linear pseudo-second-order expression 25* 0.39 0.41 2.89 × 10−6 0.988 0.39 0.39 9.34 × 10−7 0.738
25 0.37 0.37 1.73 × 10−6 0.394 0.35 0.37 2.76 × 10−6 0.315
40 0.40 0.41 1.05 × 10−5 0.425 0.35 0.35 1.76 × 10−5 0.708
60 0.48 0.49 0.93 × 10−6 0.367 0.39 0.37 9.37 × 10−6 0.184

Nonlinear pseudo-second-order expression 25* 0.39 0.38 0.01 0.999 0.39 0.38 0.03 1.000
25 0.37 0.35 0.03 0.818 0.35 0.34 0.01 0.980
40 0.40 0.39 0.02 0.962 0.35 0.32 0.03 0.786
60 0.48 0.47 0.02 0.908 0.39 0.39 0.02 0.912

*Adsorption for H2O.
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Fig. 7. Kinetic data of Cs+ sorption fitted to theoretical models; experimental results: dots; results of modelling: lines.

5562 O. Oleksiienko et al. / Desalination and Water Treatment 57 (2016) 5554–5566



temperature had a substantial impact on the TiSi(p)
adsorption rate in the first 10 min. A temperature
increase from 25 to 40˚C raises the DF by 20% in the
first 3 min, whereas the DF after 10 min at 40˚C
reached the same level as after 60 min at 25˚C. It was
found that the Cs+ uptake increased by 10% every
15–20˚C in 0.1 M NaCl and in RL solution for both
tested materials. Following the literature, sorption

processes based on physical phenomena such as ion
exchange decrease with increasing temperature
[7,43,44]. The increasing sorption rate could be attrib-
uted to the enhanced mobility of caesium ions or sug-
gests that Cs+ is removed by an activated sorption
(when the elevated temperature raises the concentra-
tion of dehydrated Cs+), or chemisorption mechanism
[45–48].

(a)

(b)

Fig. 9. SEM images of a-TiSi(p) and b-TiSi(t) xerogels before and after Cs+ adsorption with mapping data for samples
after the sorption tests.
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Fig. 8. XPS spectra of TiSi xerogels before and after the adsorption tests: (a) TiSi(p); (b) TiSi(t).
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In order to understand the character of the sorp-
tion process, the obtained isotherm adsorption data
were fitted to theoretical models: the Langmuir, Fre-
undlich, Sips, Redlich–Peterson and Toth models.
Table 2 and Fig. 4 demonstrate that the adsorption iso-
therms of TiSi are better described by models that con-
sider surface heterogeneity. While the Sips model
describes TiSi(p) experimental data better than the
other models in all matrices (R2≥ 0.99), the isotherms
of TiSi(t) fits best to the Sips, Redlich–Peterson and
Toth models (R2≥ 0.98). Fitting the adsorption kinetic
experimental data to nonlinear pseudo-first-order, lin-
ear and nonlinear pseudo-second order-theoretical
models showed that the nonlinear pseudosecond
order model proved to be the most suitable model
(R2≥ 0.98, Table 3 and Fig. 7). This pseudo-second-
order model suggests chemisorption involving
exchanging or sharing of electrons as a rate-limiting
step [45–49]. Since the pH dependence for both TiSi
was atypical for a physisorption process and the sorp-
tion rate rose with elevated temperature and kinetic
data followed pseudo-second-order models, activated
sorption or chemisorption mechanisms were
considered.

XRD, XPS and SEM data were collected for both
TiSi materials before and after the adsorption tests,
and the XPS spectra show the presence of caesium on
both studied materials (Fig. 8). An XRD is not shown
since the samples stayed amorphous and no crystal-
line heterophase appeared. Fig. 9 illustrates that the
sample microstructure did not change during the
sorption test and no heterophase was observed. Map-
ping data demonstrated the homogeneous distribution
of Cs across the studied surfaces.

Activated sorption was thus considered as the
mechanism of the Cs+ uptake. Activated adsorption
allows to ascribe the obtained temperature depen-
dence to the endothermic nature of the cation dehy-
drating process. Earlier investigations showed that
cations exchanged in dehydrated form for TiSis and
for sodium titanate [30,31]. An activated adsorption
mechanism implies the presence in the TiSi xerogel
structure of micropores whose radius is very similar
to that of dehydrated Cs+ ions. Fine fixation of Cs+ in
channels with an inner radius of similar size to Cs+

ionic radii was reported for crystalline TiSis with a
developed framework structure [11,19].

4. Conclusions

As could been shown, substituting a pure precur-
sor with a technical one not only reduces the final cost
of the material but promotes the formation of xerogels

with a more developed mesoporous structure. TiSis
obtained by sol–gel synthesis from pure and technical
precursors proved highly efficient sorbent materials
for caesium uptake from aqueous solutions across a
broad pH range. The adsorption affinity of TiSi(t) was
not substantially higher than that of the material
obtained from a pure precursor. Studies of the influ-
ence of background solution showed that neither med-
ium composition nor competitive ion concentration
had a detectable impact on sorption ability. Selectivity
was observed up to an initial Cs+ concentration of
3.76 mmol L−1. At ambient temperature, the process
rate is relatively rapid with slight increases at higher
temperatures, and the sorption process for pure and
technical TiSi with water and 0.1 M NaCl media fol-
lows the pseudo-second-order kinetic model. It is pro-
posed that the Cs+ uptake occurs via an activated
sorption mechanism. Furthermore, it is assumed that
the TiSi xerogel structure contained micropores with
radii very similar in size to Cs+ ion radii. In addition,
the obtained data proved that synthesized TiSi(p)
xerogels can be effective sorption materials for drink-
ing water as well as blood plasma, whereas the TiSi(t)
xerogel could be an efficient sorbent for LRW, sea and
mine water, due to its high adsorption capacity in all
tested media and wide pore size distribution for the
adsorption of cationic pollutants both smaller and
larger than Cs+.

Acknowledgements

The authors thank Elisa Alasuvanto for her assis-
tance with the sorption experiments. We are also
grateful to Yurij M. Kylivnyk and Valerij I. Yakovlev
for assisting with the precursor preparation and for
our fruitful discussions. Furthermore, we thank
Mukola M. Tsyba for supporting the porous
investigations and Kate Sotejeff–Wilson for our fruitful
discussions and language support. We greatly
acknowledge Prof. Christian Wolkersdorfer for fruitful
discussions, language and technical support.

References

[1] R.D. Ambashta, M.E.T. Sillanpää, Membrane purifica-
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