
Olga Oleksiienko

PHYSICO-CHEMICAL PROPERTIES OF SOL-GEL 
SYNTHESIZED TITANOSILICATES FOR 
THE UPTAKE OF RADIONUCLIDES FROM
AQUEOUS SOLUTIONS

Acta Universitatis 
Lappeenrantaensis 709

Thesis for the degree of Doctor of Science (Technology) to be presented with 
due permission for public examination and criticism in the Mikkeli University 
Consortium (MUC) auditorium, Mikkeli, Finland on the 16th of August, 2016, 
at noon.



Supervisor Professor Mika Sillanpää 
LUT School of Engineering Science 
Lappeenranta University of Technology 
Finland 

Reviewers Professor Shaobin Wang 
Curtin University of Technology 
Australia 

Professor Ulla Lassi 
University of Oulu 
Finland 

Opponent Assistant Professor Amit Bhatnagar 
Department of Environmental and Biological Sciences 
University of Eastern Finland 
Finland 

ISBN 978-952-265-987-3 
ISBN 978-952-265-988-0 (PDF) 

ISSN-L 1456-4491 
ISSN 1456-4491 

Lappeenrannan teknillinen yliopisto 
Yliopistopaino 2016 



Abstract 
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Diss. Lappeenranta University of Technology 
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Harnessing the power of nuclear reactions has brought huge benefits in terms of nuclear energy, 
medicine and defence as well as risks including the management of nuclear wastes. One of the 
main issues for radioactive waste management is liquid radioactive waste (LRW). Different 
methods have been applied to remediate LRW, thereunder ion exchange and adsorption. 
Comparative studies have demonstrated that Na2Ti2O3SiO4·2H2O titanosilicate sorption 
materials are the most promising in terms of Cs+ and Sr2+ retention from LRW. Therefore these 
TiSi materials became the object of this study. The recently developed in Ukraine sol-gel 
method of synthesizing these materials was chosen among the other reported approaches since it 
allows obtaining the TiSi materials in the form of particles with size ≥ 4mm. utilizing 
inexpensive and bulk stable inorganic precursors and yielded the materials with desirable 
properties by alteration of the comparatively mild synthesis conditions. 

The main aim of this study was to investigate the physico-chemical properties of sol-gel 
synthesized titanosilicates for radionuclide uptake from aqueous solutions. The effect of 
synthesis conditions on the structural and sorption parameters of TiSi xerogels was planned to 
determine in order to obtain a highly efficient sorption material. The ability of the obtained 
TiSis to retain Cs+, Sr2+ and other potentially toxic metal cations from the synthetic and real 
aqueous solutions was intended to assess. To our expectations, abovementioned studies will 
illustrate the efficiency and profitability of the chosen synthesis approach, synthesis conditions 
and the obtained materials. 

X-ray diffraction, low temperature adsorption/desorption surface area analysis, X-ray 
photoelectron spectroscopy, infrared spectroscopy and scanning electron microscopy with 
energy dispersive X-ray spectroscopy was used for xerogels characterization. The sorption 
capability of the synthesized TiSi gels was studied as a function of pH, adsorbent mass, initial 
concentration of target ion, contact time, temperature, composition and concentration of the 
background solution. 

It was found that the applied sol-gel approach yielded materials with a poorly crystalline sodium 
titanosilicate structure under relatively mild synthesis conditions. The temperature of HTT has 
the strongest influence on the structure of the materials and consequently was concluded to be 
the control factor for the preparation of gels with the desired properties. The obtained materials 
proved to be effective and selective for both Sr2+ and Cs+ decontamination from synthetic and 
real aqueous solutions like drinking, ground, sea and mine waters, blood plasma and liquid 
radioactive wastes. 

Keywords: titanosilicates, sol-gel method, kinetic studies, sorption mechanism, separation 
factor, selectivity coefficient, caesium, strontium, toxic metal cations, radionuclides 
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Nomenclature 

Latin alphabet 
m mass g 
p pressure Pa 
r radius m 
T temperature K 
t time s 
t½ half life a 
q adsorption capacity mmol/L 
qm maximum adsorption capacity mmol/L 
V volume m3 

Greek alphabet 
α radiation 
Δ change 
ε Polanyi potential 
θ angle 

Subscripts 
p particle 
g gas 
s solid 
l liquid 
max maximum 
min minimum 
tot total 

Abbreviations 
2D two dimensional 
3D three dimensional 
[Cs+] concentration of Cs+ in solution 
AM Aveiro and Manchester universities 
BET Brunauer-Emmett-Teller theory 
BJH Barrett-Joyner-Halenda theory 
C0 initial concentration 
Ceq concentration at equilibrium 
CTS crystalline titanosilicate material 
DF decontamination factor 
DFT Density functional theory 
DR Dubinin-Radushkevich equation 
ETS-10  Engelhard Titanosilicate Number 10 
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Kd distribution coefficient 
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KL Langmuir Constant 
Klm  selectivity coefficient according to the law of mass action 
LLW low-level waste 
LRW liquid radioactive wastes 
N Avogadro constant 
NPP nuclear power plants 
PD phosphated dolomite 
q sorption capacity 
R2 correlation coefficient 
RL Ringer‒Locke’s solution 
RW radioactive wastes 
SBET specific surface area cumulated using BET theory 
SEM scanning electron microscopy 
SEM-EDX energy dispersive X-ray spectroscopy 
Stot total surface area 
t½ half-life time of radionuclide 
TiSi titanosilicate 
TiSis titanosilicates (plural of TiSi to simplify reading and writing) 
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TiSi(t) titanosilicates synthesized from a technical precursor 
VLLW very low-level wastes 
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XRD X-ray diffractometry 



13 

1 Introduction 

1.1 Radioactive pollution and potential problems 

Radioactivity, the result of nuclear reactions, was discovered by Henri Becquerel in 
1896. It has been used ever since in an increasingly wide range of applications, 
including nuclear research reactors and isotope laboratories, nuclear medicine, nuclear 
power plants (NPP) and the defence industry [1-3]. Unfortunately, this great discovery 
is not only a source of knowledge and progress, but also of radioactive pollution [4-7]. 
In addition, almost all stages in the nuclear cycle produce radioactive wastes (RW). 

Both, the Chernobyl and Fukushima catastrophes evidenced the incapability of the 
nuclear industry to protect the environment from radionuclide pollution in all 
circumstances [8-14]. Nevertheless, many countries are continuing to build new nuclear 
power plants (NPPs). The medical interest in radioactive processes is very high, and 
energy consumption is growing exponentially. Unfortunately, the renewable energy 
industry is not yet able to fully replace nuclear energy [15, 16]. 

Anthropogenic radionuclides increase levels of radioactivity over the natural 
background where living organisms’ mechanisms of self protection are no longer 
effective. There are numerous studies devoted to the noxious effects of radioactive 
pollutants on human health including nephrotoxicity [17-19], brain toxicity [20, 21], 
infant mortality [22-24], skeleton deformation [25, 26] and negative effects on other 
living organisms [27-36]. Such pernicious effects force people to leave formerly fertile 
lands, forests and water resources until reliable methods of purifying the polluted sites 
will be found [37-39].  

In order to protect the environment, animals and human settlements from sources of 
radionuclides, efficient decontaminating processes, techniques and materials must be 
developed. This thesis focuses on developing such materials. 

1.2 Mitigation of radioactive pollution 

Radioactive wastes (RW) can be classified by their aggregate state as solid RW, liquid 
RW (LRW) and gaseous RW, and by the level of radioactivity as low-level waste 
(LLW), intermediate-level waste (ILW) and high-level waste (HLW). Mitigation 
activities vary according to the state and radioactivity level of the waste concerned. For 
example, the depth at which solid RW is buried depends on the radioactivity level. 
While solid LLW is not considered dangerous to handle, disposal with more care than 
normal garbage is required. It can be compacted or burned in a closed container and 
disposed of in a shallow landfill. In contrast, solid ILW and HLW must be stored deep 
underground [4, 40-45]. 
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Some liquid LLW is disposed off into the sea and can be traced by 99Tc hundreds of 
kilometres away from its original disposal site. Such discharges are supposed to be 
strictly regulated so that the maximum dose of radiation released into the environment 
does not exceed a small fraction of the natural background radiation [42, 46]. Yet the 
Fukushima disaster made it evident that such a practice must be reconsidered. The 
French way of storing even very low-level wastes (VLLW) in specifically designed 
VLLW disposal facilities should be more widely adopted [11, 12]. Liquid ILW and 
HLW must be treated prior to utilization. This is one of the main issues for radioactive 
waste management [47-49]. 

A wide range of methods have been proposed and applied to remediate radioactive 
pollution in aqueous solutions, such as drinking, sea, mine waters and LRW [2, 4, 36, 
37, 49-51]. These include bioremediation, solvent extraction, precipitation, evaporation, 
adsorption, ion exchange and membrane techniques and combinations thereof [52-56]. 

Chemical precipitation is suitable for waste in large volumes and with a high salt 
content; it is easy and inexpensive to operate, but has a low decontamination factor (DF) 
and its efficiency depends on the solid-liquid separation stage [41, 57, 58]. The thermal 
evaporation method of concentrating LRW is still in use for large volumes of waste, for 
example at Chernobyl’s Shelter Object, despite its high energy consumption, foaming, 
corrosion and the volatility of some radionuclides such as 137Cs, 106Ru or 3H [41, 59, 
60]. Solvent extraction is selective and makes it possible to recover or recycle actinides, 
but it generates aqueous and organic secondary wastes [61-64]. 

Ultrafiltration separates dissolved salts from particulate and colloidal materials. It has 
good chemical and radiation stability with inorganic membranes, but membrane fouling 
is a challenge and organic membranes are not always radiation resistant [58, 65, 66]. 
Microfiltration yields high recovery (99%), but is sensitive to impurities in the waste 
stream [52, 53, 57, 67, 68]. Reverse osmosis removes dissolved salts, has a medium DF, 
is economically feasible and established for large scale operations, but it is limited by 
osmotic pressure and membrane fouling [10, 58, 69, 70]. Membrane distillation carried 
out at low temperatures decreases the volatility of radionuclides like 3H, some forms of 
iodine and ruthenium. It is important to note that membrane distillation allows the 
complete RW purification in one stage. Unfortunately, membranes are liable to fouling, 
so the module productivity gradually decreases. The need for regular cleaning leads to 
the interruption of the purification process and production of secondary wastes [41, 52, 
53, 57, 58, 68]. 

Ion exchange and adsorption are the most commonly used methods for LRW chemical 
processing [71-75]. Obviously, these methods do not have an ideal removal selectivity. 
Sorption materials sensitive enough to separate individual nuclide ions have not yet 
been invented. Nevertheless, sorption materials make it possible to decrease LRW 
levels by retaining the radionuclides in a solid form, while the deactivated water can be 
reused or safely released to the environment. 
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Combinations of the abovementioned methods were also tested for treating LRW. 
Electrically switched ion exchange is an example of a promising combination method. It 
combines the advantages of selective electrodes and selective ion exchange. 
Nevertheless, it needs furte her optimization so that a regenerative material can be used 
and secondary waste minimized [51, 76, 77]. 

The different origins of LWR define the variety of its composition, which increase the 
requirements on decontamination processes and materials. This variety makes combined 
methods and techniques more promising. The most commonly proposed combined 
processes include sorption materials, which must be ionization radiation resistant, 
chemically stable in a broad pH range, unaffected by temperature, possess a high kinetic 
rate, have a high sorption capacity and selectivity to target nuclides and an ability to 
remain “uncontaminated” by the presence of the other cations in solution. Among all 
the sorption materials, the inorganic ones meet these requirements best. Metal oxides, 
phosphates, titanates, ferrocyanides, silica gels, clays, alumosilicates (zeolites), 
antimony silicates, niobium silicates and titanosilicates have been used for radioactive 
and stable cation removal from aqueous solutions [49, 74, 78-86]. 

A comparative study of 28 inorganic sorption materials to Cs+ showed that the sodium 
zirconium trisilicate (Na2ZrSi3O9·H2O) has the highest ion exchange capacity for Cs+, 
whereas the highest selectivity was demonstrated by framework titanium silicate (TiSi; 
Na2Ti2SiO7·2H2O), layered titanium silicate (Na2TiSi2O7∙2H2O) and sodium phlogopite 
(NaMg3[AlSi3O10](OH)2). These exchangers exhibit a high resistance to calcium and 
sodium competition and retain their selectivity even in the presence of 100–1000 times 
excess of these ions. Yet only framework titanosilicate, framework niobium silicate 
(Na2Nb8Si4O29∙18H2O), and layered titanium silicate were suitable for selective 
strontium uptake in the presence of an excess of calcium. To summarize, two 
framework silicates (titanosilicate and niobium silicate) and layered titanium silicates 
showed the best selectivity for Sr2+ in calcium neutral media. These exchangers are also 
selective for Cs+, suggesting their ability to simultaneously sorb Cs+ and Sr2+ ions from 
contaminated groundwater and process water. An important observation was that 
framework TiSi traps the Cs+ permanently and exhibits irreversible Sr2+ ion exchange 
[86].
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2 Sorption theory 

2.1 Basic concepts 

Sorption is a surface phenomenon of a change in chemical substance concentration 
(depletion/accumulation) at the common boundary of two neighbouring phases which 
can be divided into absorption, adsorption and ion exchange. Absorption is the 
penetration of one phase into another (at least for a few nanometres), while adsorption is 
the accumulation of a substance on the surface of another phase (in the case of positive 
adsorption). Ion exchange is an exchange of ions from the boundary surface by ions 
from the neighbouring, mainly liquid phase. The accumulating substance is called 
sorbate and the material which causes the concentration change in a system of two 
phases is the sorbent. Adsorption can be categorized into physisorption and 
chemisorption depending on the nature of the bonds between the adsorbent and 
adsorbate: van der Waals forces, hydrogen bonding, hydrophobic and weak electrostatic 
interactions cause physisorption and covalent or ionic bonds are formed during 
chemisorption. There are some opinions that ion exchange is an adsorption process with 
forces of an electrostatic nature [73, 87-91]. 

Physisorption has low bond energy and heat of adsorption (1–10 kcal/mol). It is a 
reversible, nonspecific, and spontaneous process, which can occur as a monolayer or 
multilayer at a temperature close to the critical one. Physical adsorption is an 
exothermic process that leads to decreasing free energy and entropy of the adsorption 
system. Chemical sorption is characterized by high bond energy and heat of adsorption 
(10–100 kcal/mol) and occurs only as a monolayer, usually at temperatures much higher 
than the critical temperature. It is an irreversible, non-spontaneous, specific process 
which takes place only on some solid surfaces for a certain substance [89, 92, 93]. The 
main factors affecting the sorption process in a solid/liquid system are solute 
concentration, sorbent surface area, sorbent selectivity, solvent effect and pH. 

The main characteristics of the ion exchange process are its high rate, stoichiometry, 
reversibility and selectivity to ions of differing charge and size. The ion selectivity of 
the exchanger is a function of ionic charge and hydrated radius and functional group-ion 
chemical interactions. In most cases, the higher the ionic charge, the higher the affinity 
for a site. The smaller the hydrated radius of the ion, the greater the exchanger affinity 
to it, which is due to limited pore spaces. In general, cations with a higher valence are 
sorbed more preferably. Ion exchangers are more selective to a cation with a larger 
atomic mass if the valence of the cations is equal. With increasing ion concentrations, 
the general selectivity difference trends are reduced or may reverse. The selectivity 
coefficient is only applicable over a narrow range of concentrations because the activity 
coefficients vary with concentration. Selectivity is one of the main exchanger 
characteristics [94, 95]. 

Sometimes, absorption–adsorption or adsorption–ion exchange can take place 
simultaneously, and clear identification of the mechanism is not really possible. In these 
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cases the term ‘sorption’ is used [73]. Other terms such as retention, adsorption and 
uptake may be used as alternatives to sorption. In this work the term sorption will be 
used to describe adsorption or ion exchange processes, or cases where such a clear 
differentiation is not possible or the mechanism is not defined yet. 

Sorption processes can be divided into the following steps (stages): firstly, transport of 
solute (dissolved component of solution to be sorbed) close to the sorbent surface; 
secondly, the film diffusion step in which solute passes the diffusion and boundary 
layers of the counterions (external diffusion) and diffusion of the solute inside the pore 
space (internal diffusion, if the sorbent has a porous structure); and finally, the surface 
reaction or binding of the sorbate to the sorbent itself [73, 96]. The contribution of every 
step and interaction must be investigated and taken into account. The external diffusion 
step can be neglected and compensated by vigorous shaking or by a flow of liquid, but 
internal diffusion greatly affects the sorption parameters of sorbents with a porous 
structure. 

Sorption processes can be characterized by their parameters such as capacity, rate, 
mechanism and selectivity. The maximum amount of substance/ions that can be 
adsorbed/exchanged by a certain material is called theoretical specific capacity Q 
(meq/g). Usually, the experimental specific capacity q (mmol/g) that can be calculated 
using Eq. (2.1) is lower due to the different accessibility of the active sites and steric 
restrictions in the case of porous materials. 

  al
0 t

Vq C C
m

  (2.1) 

where Со and Ceq are the initial pollutant concentration and the concentration at the time 
t in the solution (mmol/L); q is an experimental capacity, the amount of 
exchanged/sorbed cation on the material surface (mmol/g); Val is an aliquot volume 
(mL); m is the mass of the adsorbent (g). 

Changes in sorption capacity with time define the kinetic parameters of the sorption 
process. The system reaches equilibrium and can be characterized by its equilibrium 
capacity qeq (mmol/g) if the sorption capacity remains unchanged with time. The 
analysis of kinetic and equilibrium parameters of a system can give a suggestion about 
the mechanism of the sorption process [73, 90, 97, 98]. Sorption theories were 
developed to describe (model) sorption systems in a state of equilibrium (equilibrium 
sorption isotherms) and their kinetic parameters (kinetic models), taking into account 
the contribution of solid/liquid interactions. 
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2.2  Adsorption isotherms 

2.2.1 Classification of isotherms 

An adsorption isotherm describes the amount of component adsorbed by the adsorbent 
surface from the solution with a certain adsorbate concentration at equilibrium and at a 
constant temperature. Giles (1960) provided the classification of the solution isotherms 
(Figure 2.1) and directions for diagnosing the sorption mechanism using the isotherm 
shape [99]. 

 
Figure 2.1: The types of solution adsorption isotherm, modified from [99]. The letters S, L, H, 
and C are the names of the isotherm types. 

There are four general types of isotherm (Figure 2.1). The S type isotherm signifies 
cooperative adsorption and vertical orientation of adsorbate molecules at the sorbent 
surface. The L type, the normal or “Langmuir” isotherm, is the most common isotherm 
in the majority of sorptions from dilute solution. It usually indicates preferential 
adsorption, horizontal adsorbed molecule orientation or vertical orientation of sorbed 
ions from a particularly strong intermolecular attraction. The H type isotherm curves 
(“high affinity”), often demonstrated by adsorbed ionic micelles and high-affinity ion 
exchanging, may suggest chemisorption. The C shape is characteristic of “constant 
partition” and ion exchange; the linear part is given by solutes which permeate the 
sorbent better than the solvent does. This can imply that the number of active sites 
available for the sorption material does not change with concentration up to saturation 
[99-103]. 

2.2.2 Equilibrium isotherm models 

Sorption isotherm parameters express the sorbent surface properties and affinity. 
Empirical sorption models were developed to describe experimental data without a 
theoretical basis, while chemical sorption models describe the sorption process based on 
the equilibrium approach. Exchange isotherms are an alternative to describe equilibrium 
by selectivity coefficients and have the same format as adsorption isotherms [73, 87-

Ceq

qeq
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91]. The models for the liquid/solid system most frequently used in the literature will be 
briefly described in this chapter. 

Freundlich isotherm 

The Freundlich isotherm is one of the earliest empirical non-linear isotherms used for 
describing adsorption equilibria [98]. It contains only two parameters, allows for 
multilayer adsorption and represents properly the adsorption data at low and 
intermediate concentrations on heterogeneous surfaces: 

 F1/
eqFeq

nCKq   (2.2) 

where qeq and Ceq are the equilibrium adsorption capacity (mmol/g) and the equilibrium 
concentration of the adsorbate (mmol/L), respectively, while KF ((mmol/g)/(L/mmol)nF) 
is the Freundlich constant indicating the adsorption capacity and 1/nF is a function of the 
strength and intensity of adsorption in the adsorption process. The smaller the 1/nF 
value, the greater the expected heterogeneity. If nF is equal to one, the partition between 
the two phases is independent of the concentration. If the value of 1/nF is below 1, it 
signifies normal adsorption and where 1/nF is above 1, this indicates cooperative 
adsorption. Favourable sorption is suggested by 1< nF <10 [104]. 

Langmuir isotherm 

The Langmuir model quantitatively represents the formation of an adsorbate monolayer 
on the adsorbent surface, after which no additional adsorption takes place. The 
Langmuir isotherm is applicable for monolayer sorption onto a surface with a 
predetermined number of sites with uniform energies of adsorption. It assumes that 
adsorption takes place at specific homogeneous sites without any interaction or 
transmigration within the adsorbate [105]. The non-linear form of the Langmuir 
isotherm can be expressed as follows: 
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eqLm
eq 1 CK
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q




 
(2.3) 

where qm is the maximum adsorption capacity of the adsorbent (mmol/g) and KL is a 
constant related to the energy of the adsorption called Langmuir constant (L/mmol). KL 
indicates the adsorption nature to be unfavourable if KL > 1, linear if KL is equal to one, 
favourable if 0 < KL < 1 and irreversible if KL is close to zero. 

Bi-Langmuir isotherm (Two-site Langmuir) 

The Bi-Langmuir model (two-site Langmuir model) is the simplest four-parameter 
isotherm that takes into account heterogeneity of the adsorption system by a 
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combination of two Langmuir equations. The suggested two different surface active 
sites follow the abovementioned Langmuir assumptions: 
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(2.4) 

where qm1 (mmol/g) is the maximum adsorption capacity of the first active site and 
KBiL1 (L/mmol) the adsorption energy related to the first active site. Equally, qm2 and 
KBiL2 are the analogous parameters related to the second adsorption site. 

Sips isotherm 

Sips [106] proposed an equation which is similar to the Freundlich one, but it has a 
finite limit when the concentration is sufficiently high: 

 
S

S

)(1
)(

eqS

eqSm
eq n

n

CK
CKq

q



 

(2.5) 

where KS (L/mmol) is the Sips affinity constant and nS the surface heterogeneity. If nS 
equals one, the Sips isotherm reduces to the Langmuir isotherm and predicts 
homogeneous adsorption. qm is the Sips maximum adsorption capacity (mg of sorbate 
per g of sorbent). 

Langmuir-Freundlich model 

The Langmuir-Freundlich equation is given by [106]: 

 
LF

LF

LF

)(1
)(

eqFL

eqLFm
eq m

m

CK
CKq

q



 

(2.6) 

where qmLF
 is the Langmuir-Freundlich maximum adsorption capacity (mg/g), KLF is an 

equilibrium constant for a heterogeneous solid and mLF is a heterogeneity factor, which 
ranges between 0 and 1. 

Redlich-Peterson isotherm 

The Redlich-Peterson isotherm [107] is an empirical model containing three parameters. 
It combines the basics from both the Langmuir and Freundlich equations. The sorption 
mechanism is hybrid and sorption does not follow the ideal monolayer model: 



22 Sorption theory 

 
RP)(1 eqRP

eqRPm
eq nCK

CKq
q




 
(2.7) 

where KRP is the Redlich-Peterson constant and nRP is a Redlich-Peterson constant that 
ranges between 0 and 1 (L/mg). If the adsorbate concentration is high, the Redlich-
Peterson model reduces to the Freundlich equation; when nRP = 1, the Redlich-Peterson 
isotherm returns into the Langmuir equation. If nRP = 0, Eq. (2.7) reduces to the Henry 
equation. 

Toth isotherm 

The Toth isotherm is an empirical modification of the Langmuir equation which fits at 
low and high concentrations. Toth reduced the error between experimental data and 
predicted values of equilibrium adsorption data. The Toth model supposes an 
asymmetrical quasi-Gaussian energy distribution and is useful in cases of heterogeneous 
multilayer adsorption [108]: 
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(2.8) 

where aT is Toth’s adsorptive potential constant (mmol/L) and mT Toth’s heterogeneity 
factor. If the surface is homogeneous, mT is equal to one, and the Toth model reduces to 
the Langmuir model. 

Temkin isotherm 

The Temkin model is based on uniformly distributed binding energies and takes into 
account the adsorbate–adsorbent interactions. The model presupposes that the heat of 
adsorption of the adsorbate molecules decrease linearly rather than logarithmically, 
excluding extremely low and high concentrations [109]: 

  eqT
T

g
eq ln CK

b
TR

q 
 

(2.9) 

where RgT/bT = BT (J/mol) correlates to the heat of the adsorption; Rg is the universal 
gas constant (kJ/(mol K)), T the temperature (K) and KT (L/mmol) is the Temkin 
equilibrium binding constant describing the maximum binding energy. If the adsorption 
obeys the Temkin equation, the variation of the adsorption energy (bT) and the Temkin 
equilibrium constant (KT) can be calculated from the slope and the intercept of the plot 
in a coordinate system of qeq versus ln Ceq. 
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Fritz-Schlunder isotherm 

The Fritz-Schlunder model proposes the most generalized correlative equation for 
calculating the adsorption in multisolute systems [83, 110]. It includes four estimated 
parameters that result in better fitting of the data: 
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(2.10) 

where KFS (L/mmol) corresponds to the Langmuir affinity constant and nFS and mFS

characterize the surface heterogeneity. 

Dubinin-Radushkevich isotherm 

The Dubinin-Radushkevich isotherm is generally applied to express an adsorption 
mechanism with a Gaussian energy distribution onto a heterogeneous surface [111, 
112]. The model is usually applied to differentiate the physical and chemical adsorption 
of metal ions with its mean free energy. It can be applied in cases of a high and 
intermediate range of concentrations: 

 2
meq exp εDRKqq  (2.11) 

where KDR (mmol2/J2) is a constant connected to the mean free energy of adsorption 
(Eads) per molecule and ε is the Polanyi potential, given as:  
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The energy of removing a molecule from a sorbent to infinity can be calculated from 
[83]: 

DRK
E

2
1

ads  (2.13) 

The Dubinin-Radushkevich model is based on the temperature dependence of 
adsorption and the characteristic curve can be plotted in coordinates of ln qeq versus ε2 
[110]. This model is used to calculate the micropore volume of sorption materials, since 
it characterizes the microporous adsorbents most precisely and with fewer limitations 
than the Brunauer, Emmett and Teller theory. 
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2.2.3 Kinetic models 

Kinetic models are usually used to distinguish the sorption rate and the rate limiting step 
of the sorption mechanism. The most used models in the literature are briefly discussed 
below. 

Pseudo-first order kinetic model (Lagergren’s equation) 

The pseudo-first order kinetic model (PSO1) was proposed by Lagergren at the end of 
the 19th century based on the experimental sorption capacities of solids in liquid/solid 
systems [113, 114]. The model associates the kinetics of sorption at one active site and 
the equation can be presented as: 

  tkeqq 11eqt
  (2.14) 

where qeq and qt are the sorbate concentrations on the sorbent surface at equilibrium and 
at a time t, respectively (mmol/g), and k1 is the pseudo-first order rate constant (1/h). 

Pseudo-second order model 

The pseudo-second order (PSO2) model is a modification of the PSO1 for two active 
adsorption sites. It was proposed by Blanchard to describe the kinetics of metal cation 
sorption by natural zeolites [115, 116]: 
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(2.15) 

where k2 is the PSO2 rate constant (g/(mmol min)) and k2qeq
2 is the initial sorption rate. 

Elovich model 

The Elovich model was proposed by Roginsky and Zeldovich in 1934. It is a semi-
empirical model and takes into account the heterogeneity of the sorbent surfaces. The 
model does not suggest any definite sorption mechanism, but it has been widely applied 
to describe the chemisorption process [117]: 

  tBA
B

q EE
E

t 1ln1


 
(2.16) 

where AE (mmol/(min g)) is the Elovich constant related to the rate of the chemisorption 
and BE (g/mmol) is the Elovich constant representing the surface coverage. 
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Intraparticle diffusion model 

The intraparticle diffusion model was proposed by Weber and Morris with the main 
assumption that the pore diffusion is the rate-limiting step of the sorption process for 
systems that give a straight line in coordinates of qt versus t½ [90, 118]: 

½
t d ifq k t C  (2.17) 

where kdif is the rate constant of intraparticle diffusion (mmol/(g min½)) and C is the 
boundary layer diffusion (mmol/g). If the sorption obeys the intraparticle diffusion 
model, the kdif value can be calculated from the slope and C can be calculated from the 
intercepts of the plot qt versus t½. 

2.2.4 Brunauer, Emmett and Teller theory (BET) 

The Brunauer, Emmett and Teller (BET) theory was formulated in 1938 [119]. The 
main assumption of the BET model is that the physisorption of gas molecules by a solid 
can be multilayer, but there is no interaction between the adsorption layers, and the 
Langmuir theory can be applied to each and every layer: 

 m
total

v Ns
S
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 (2.18) 

total
BET

SS
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 (2.19) 

where Stotal is the total surface area and SBET the specific surface area (mL/g), vm the 
volume of gas adsorbed at standard temperature and pressure in a monolayer on the 
sorbent surface (mL); N is the Avogadro constant (6.022 · 1023 mol−1); s is an effective 
cross-sectional area of one adsorbate molecule (m2); V is the molar volume of the 
adsorbate (cm3/mol) and m is the mass of the adsorbent (g). 

Despite its many restrictions, the BET theory was the first attempt to create a universal 
theory of physical adsorption and still is one of the most widely used for specific 
surface area characterization of porous materials [73, 119]. The IUPAC classification 
scheme of pore type depending on the isotherm shape was created on the basis of the 
BET theory [73, 120-122]. 

2.2.5 Density functional theory (DFT) 

Density functional theory (DFT) is currently the most promising method of evaluating 
the electronic structure of matter [123-126]. It can be applied in a wide range of cases, 
from atoms and molecules to quantum and classical fluids. The original DFT ascribed a 
key role to electron density and was then generalized to deal with, for example, time-
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dependent phenomena and excited states, bosons, molecular dynamics, relativistic 
electrons, multicomponent systems such as nuclei and electron-hole droplets, spin-
polarized systems, superconductors with electronic pairing mechanisms, or free energy 
at finite temperatures. The equation is as follows: 

      dE r n r r F n rV      (2.20) 

And the total energy functional can be presented as:  

             3dH XCE n T n E n E n V r n r r    
 

 (2.21) 

where F[n(r)] is the functional of the density; T[n] is kinetic energy; EH[n] electron-
electron repulsion (Hartree energy); EXC[n] is exchange and correlation energies; V(푟⃗) 
is an external potential. 

2.3 Sorption selectivity 

Sorbent selectivity can be calculated in a few ways: using the thermodynamic approach 
based on the law of mass action (Klm), with the empirical equation proposed by Gapon 
(KG) and via the separation factor (F) [86, 127-131]: 
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where СA and CB are the equilibrium concentrations of the cations A and B in solution, 
respectively (mmol/L); qA and qB are the amounts of exchanged cations A or B on a 
sorbent surface in meq per 100 g of material; Klm is the selectivity coefficient according 
to the law of mass action; KG is the Gaponʼs selectivity coefficient; Kd is a distribution 
coefficient; Val is the aliquot volume (mL); m is the mass of adsorbent (g) and Ceq is the 
equilibrium concentration of the target cation (mmol/L). 
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3 Titanosilicates for radionuclide uptake 

3.1 Structural aspects of TiSi sorption materials 

Titanosilicates belong to the relatively new class of silicate materials that combine 
natural minerals and synthesized materials. The history of this class begins with the 
molecular sieves TS-1 and TS-2 obtained at the end of the 20th century for catalytic 
purposes. Later, other TiSis were synthesized and have found extensive application in 
catalysis, optic, ion exchange, adsorption, separation and energy storage as capacitors 
[132]. The structure of the most promising TiSi sorption materials will be discussed in 
this chapter (Table 3.1). 

In general, TiSi sorption materials are constructed from interconnected polyhedra: 
octahedra or pentahedra with Ti as the centre atom and tetrahedra of SiO4. Variations in 
the incorporation of these structural components lead to the formation of framework, 
layered and dense structures. The negative charge on the Ti-O groups is compensated by 
cations that can be exchanged. The TiSi materials with framework and layered 
structures have the highest ion exchange and sorption potential and will be discussed 
below.  

ETS-10 ETS-4 

Figure 3.1: Schematic representation of the titanosilicate structures of ETS TiSi materials. The 
black octahedra and pentahedra have Ti as a central atom and grey tetrahedra are SiO4, 
respectively. Extra-framework cations and water molecules were omitted for clarity [133, 134]. 

The first members of the TiSi sorption family were Engelhard Titanosilicates 
(Engelhard Corporation) reported by S.M. Kuznicki (US Patent 4 853 202, 1989 and US 
Patent 4 938 989, 1990). In 1989, the stable microporous crystalline wide-pore (8 Å) 
TiSi material named Engelhard Titanosilicate Number 10 (ETS-10) was patented. 
Quasi-cubic ETS-10 crystals with a tendency to agglomeration were observed on SEM 
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images [135]. This ETS-10 structure was determined only a few years later by 
Anderson et al. [136] and the chemical formula proposed was Na1.5K0.5TiSi5O13·nH2O 
(Figure 3.1). One of the most interesting aspects of the ETS-10 structure is the alteration 
of long and short bonds along O-Ti-O-Ti-O chains. These chains are surrounded by 
SiO4 tetrahedra linked to the octahedrally coordinated Ti4+ through corner-shared 
oxygen atoms. The pore system consists of an interconnected 12 Si atom channel 
network (12 member rings) with curvaceous pores in the [001] direction and straight 
pore in the other directions. The presence of Ti4+ in an octahedral coordination 
generates two negative charges [TiO6]2− which are balanced by the exchangeable 
cations Na+ and K+. Taking into account the Ti:Si ratio (Ti:Si = 0.2) in the ETS-10 
structure, the ion exchange capacity was calculated to be 4.5 meq/g (in dehydrated 
form). The combination of structural aspects such as a wide pore diameter and 
developed three-dimensional pore structure with a high ion exchange capacity makes 
ETS-10 a promising ion-exchanger for high-volume metal cation sorption from aqueous 
solution. 

In 1990, Engelhard Titanosilicate Number 4 (ETS-4) was described. It is a microporous 
TiSi (pore diameter 3.7 Å) with the following chemical formula: 
Na9Si12Ti5O38(OH)·12H2O (Figure 3.1). It was commonly considered that ETS-4 is a 
synthetic analogue of the zorite mineral until 2001, when a single-crystal study was 
published by Nair et al. [137]. There are two types of Ti4+ coordination in ETS-4: one is 
coordinated into octahedra and linked into chains and the other is coordinated in 
pentahedra (semioctahedra with titanyl Ti=O bond) that are isolated by SiO4 tetrahedra 
from the chains of TiO6. In contrast, zorite has a rotating square pyramid form of five 
coordinated Ti4+ and charge balancing protons. The pore structure of ETS-4 can be 
presented as an intergrowth of 12MR and 8MR channels connected through the short 
6MR pores. The important role of water bonds in the channel network structure of ETS-
4 must be pointed out, as this makes it a non-thermostable material. At a temperature of 
about 200 °C water is removed and the framework structure of ETS-4 collapses. Yet the 
ion exchange capacity of ETS-4 is one of the highest among all reported TiSis 
(6.3 meq/g in dehydrated form) which makes it an appropriate ion-exchanger within a 
limited temperature range [137]. 

The next group of TiSi materials was found by Clearfield and his team [138-141]. The 
main structural characteristic of this group is the formation of “cubane-like” structures 
of Ti4O4 formed from TiO6 octahedra in such a way that every octahedron shares three 
oxygens with neighbouring TiO6 octahedra inside the cluster (Figure 3.2). 

A 1993 report on the synthesis of crystalline titanosilicate material (CTS) with the 
chemical structure Na2Ti2O3SiO4·2H2O first called this TAM-5 (Figure 3.2) [138, 141]. 
It has an analogue structure to the material sitinakite and therefore the literature reported 
synthesis of sitinakite [142]. In CTS, the characteristic “cubane-type” structures are 
linked to each other by SiO4 tetrahedrons in the directions of the a and b axes, while in 
the direction of the c axis, the Ti4O24 clusters are bridged through the top oxygens of 
octahedrons [80, 141]. Half of the Na+ are “sandwiched” between the SiO4 tetrahedra 
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and called framework cations. This Na+ can be exchanged only by protons due to space 
restrictions. The remaining compensation cations are located near the channel centre, 
and only one of the four of these is exchangeable for Cs+ due to the same space 
restrictions. It must be noted that the H form can exchange 2–4 times more Cs+ and that 
the size of the CTS tunnels is ideal for selective adsorption of Cs+. The affinity of CTS 
can be increased by decreasing the crystallinity. Nevertheless, the presence of 
competitive ions in solutions decreases the affinity of CTS to Cs+ [74, 130, 141]. 

  

CTS GTS-1 

 
Figure 3.2: Schematic representation of the titanosilicate structures of microporous TiSi 
materials reported by Clearfield’s group. The black octahedra represent TiO6 groups and the 
grey tetrahedra illustrate the SiO4 groups. The dark grey small circles are oxygens [133, 134]. 

The titanosilicate analogue of the mineral pharmacosiderite was synthesized in 1990 by 
Chapman and Roe [143]. The material was named Grace Titanium Silicate-1 (GTS-1). 
The alkali cation analogue of pharmacosiderite with the chemical formula 
HM3Ti4O4(SiO4)3·4H2O (M is an alkali metal cation) was reported by Behrens et al. in 
1996 [139]. Thorough studies of the alkali GTS-1 structural and sorption properties 
have been conducted (Figure 3.2) [74, 139-141, 144]. The main difference to the CTS 
material is a connection of the cubic Ti4O24 cluster by SiO4 tetrahedrons in a three-
dimensional framework that gives an extra exchangeable space and the tree of four 
channel cations can be exchanged by Cs+. X-ray single-crystal studies illustrate the 
stability of the non-centred position of the exchanged Cs+ ions in the tunnels of GTS 
materials [141, 145]. 

The newest and fundamentally different group of TiSi sorption materials was called the 
AM-n family because the first member was discovered by researchers from Aveiro and 
Manchester universities in 1995. In contrast to other TiSis, AM materials contain no Ti-
O-Ti bonds (Figure 3.3) [146]. 

The first member of the AM group was AM-1, which was later described as JDF-L1 in 
1996 [147] and as NTS TiSi [148] (Figure 3.3). The chemical formula of AM-1 was 
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found to be Na4Ti2Si8O22·4H2O. It contains five-coordinated Ti4+ ions in the form of 
TiO5 square pyramids connected to SiO4 tetrahedrons through the oxygen at the 
pyramid base. Clusters of TiO∙O4(SiO3)4 form a continuous layer, which is 
counterbalanced by Na+ in the interlamellar space and can be exchanged; but this 
material is mainly used for catalysis. 

AM-1 AM-2 

AM-3 AM-4 

Figure 3.3: Schematic representation of the titanosilicate structures of AM TiSi materials. The 
black polyhedra show the TiOn groups and the centres of the grey tetrahedra are occupied by Si 
atoms. The medium grey circles are the oxygen atoms on AM-3 and the extra framework 
cations on AM-1 and AM-4 [133, 134]. 

The titanium substituted synthetic analogue of the mineral umbite has the chemical 
formula K2TiSi3O9∙H2O and was named AM-2 (STS) [149-151]. The single-crystal X-
ray investigation by Zuo and Dadachov in 2000 [152] determined the AM-2 crystal 
structure (Figure 3.3). Its pore network builds up from TiO6 octahedrons linked to the 
six SiO4 tetrahedrons, forming the open 8MR channel (6.8 Å) along the c axis. The 
charge of TiO6 octahedrons is balanced by two exchangeable K+ in the tunnel space. 
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Table 3.1: Structural aspects of TiSi sorption materials. 
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The AM-3 is a microporous synthetic analogue of the orthorhombic penkvilksite 
mineral (penkvilksite 2O) with the chemical formula Na2TiSi4O11·2H2O (Figure 3.3). 
The main structural difference between the AM-2 and AM-3 materials is that SiO4 
tetrahedra linked with isolated TiO6 octahedra in three-dimensional directions form a 
developed open pore structure with a pore diameter of 3 Å [133, 146, 153]. 

The synthesis of a layered TiSi material called AM-4 was reported by Lin et al. in 1997 
[146]. The crystal structure was resolved by Dadachov et al. in 1997 [154] and the 
chemical formula was found to be Na3(Na,H)Ti2O2[Si2O6]2·2H2O. The Ti atoms in AM-
4 are octahedrally coordinated and TiO6 is connected to the SiO4 through the oxygens at 
the edges. The two charges per Ti4+ are balanced by Na+ and K+ which are located in the 
interlamellar space (exchangeable) and in the space within the layer (structural cations). 
The characteristic aspect of the AM-4 material is a five-level structure of layers: SiO4-
TiO6-SiO4-TiO6-SiO4 (Figure 3.3). 

3.2 Synthesis of TiSis 

The process of TiSi synthesis can be divided into the following stages: mixing the 
precursors, hydrothermal treatment (HTT), rinsing the obtained materials and, finally, 
drying. Practically, TiSi synthesis is carried out under hydrothermal conditions in 
Teflon-lined autoclaves at 120–230 °C from a few hours up to 30 days in the pH range 
of 9–13. Exceptionally extreme synthesis conditions were reported by Harrison et al. 
[145] for growing large crystals in order to conduct single-crystal structure studies of 
the Cs-phase of GTS-1: 40 h at 750 °C under 200 Pa in a sealed gold tube. Optional 
stages can include adding the seeds of desirable phases to the mixture of precursors or 
template substances [182]. Recently, the possibility of replacing the HTT stage by 
microwave treatment was proposed [166, 183-185]. Microwave synthesis makes it 
possible to reduce the TiSi synthesis duration by 2–48 times, but this occasionally 
requires increasing the temperature and produces materials with a smaller crystal size. 

Depending on the nature of the precursor, TiSi synthesis can be classified into alkoxide, 
inorganic or mixed precursor methods. Briefly, the controlled hydrolysis/alcolysis of 
precursors forces the simultaneous precipitation (coprecipitation) of Ti-O and Si-O 
groups to form the crystal phase together. All the above mentioned TiSi structures were 
synthesized as coprecipitated powders. 

It is also possible to prepare the same structure using other types of precursor. For 
example, Kuznicki used TiCl3 as a Ti-containing precursor for the synthesis of ETS-10 
[186]. Any reactive source of silicon was allowed in the proposed synthesis approach. 
The temperature range of 100–175 °C and the time range of 12–15 days were patented 
as preferred conditions for HTT. The main disadvantage of this method is the use of 
TiCl3 because it is expensive and has a low stability in air. Das et al. [187] used TiCl4 as 
a Ti source, sodium silicate as a Si precursor and KF for a faster HTT synthesis (14–
16 h) of ETS-10 at 200 °C and a 300 rpm stirrer speed. The drawbacks of using the 
TiCl4 precursor are its aggressiveness and release of HCl into the atmosphere. The 
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advantage is that TiCl4 is cheaper, more stable and easier to handle than TiCl3. Titanium 
sulphate Ti(SO4)2 was found to be a better Ti source than TiCl4 and TiCl3, yielding the 
largest ETS-10 crystals when the HTT was at 200 °C under static conditions [188, 189]. 
Adjusting the Na:K ratio and the reaction water content, without using organic 
precursors, templates, seeds or F-, made it possible to control the crystal size of ETS-10. 
Similar conclusions were reported for the synthesis of all the microporous TiSi by 
Kostov-Kytin et al. [142, 151] varying only the Na2O(K2O):TiO2 ratio using different Ti 
precursors. Thomas [190] demonstrated how the anatase and rutile phases may be used 
as a source for TiSi synthesis. The synthesis of ETS-10 reported by Valtchev and 
Mintova [182] is an example of using the TiCl4 precursor with organic template 
compounds (tetramethylammonium chloride). It is worth noting that even after HTT for 
4–10 days, the products contain the other phases. The approach reported by Chapman 
and Roe [143] is an example of organic precursors being used for microporous TiSi 
synthesis. Titanium (IV) ethoxide Ti(OC2H5)4 was the chosen precursor for the 
synthesis of zorite and GTS-1 at 200 °C during 48 h and other organic compounds were 
tested as templates. The titanium isopropoxide Ti(OC3H7)4 with tetraethyl orthosilicate 
Si(OC2H5)4, was used to synthesize CTS by Medvedev et al. [191] and TiCl4 with H2O2 
was used for CTS synthesis by Clearfield et al. [177]. 

An advantage of using alkoxide precursors is the high purity of the obtained materials. 
There are, however, severe drawbacks: these precursors are unstable, toxic, expensive, 
sensitive to moisture and difficult to handle, requiring special synthesis equipment, 
ecotoxic solvents, and the results are not readily reproducible. Therefore, inorganic 
precursors are more commonly used for synthesis due to their ease of handling, stability 
and lower cost [133]. Usually, H2O2 is used as a ligand for slowing down the hydrolysis 
rate of inorganic Ti-containing salts to the Si-containing sources, which increases the 
amount of Ti-O-Si bonds in the resulting TiSi materials. There are some benefits of 
using H2O2 as a ligand, such as its non-toxicity and the eco-friendliness of the products 
(H2O and O2). Nonetheless, the main disadvantage is the need for special high-pressure 
equipment. The autogenous pressure in an autoclave is raised up to 7 Pa 

Synthesis of TiSi using organic precursors can be described as in scheme (3.1) and an 
example of an inorganic synthesis is presented as scheme (3.2): 

 OnHOSiTiMeMeOH)OR(Si)OR(Ti 2mzyx
HTT

44   (3.1) 

 NaClOnHOSiTiMeMeOHSiOONaTiСi 2mzyx
HTT

224   (3.2) 

where R is the organic group (the organic part of the elementorganic molecule). 

As already mentioned, all reported methods yielded only powdered materials, which can 
cause many difficulties in practical applications, since agglomeration decreases their 
working surface and active centre accessibility. Other difficulties with powdered 
materials include stoppages, a high hydrostatic resistance, bulk compression and poor 
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wettability [192, 193]. Granulated or particulate materials do not have the same 
complications. These types of TiSi can be achieved by the sol-gel method, which can be 
done without binder substances that would decrease the efficiency of the sorbents. 

The main advantages of the sol-gel method are [194]: 

 excellent homogenization of the precursors during the sol preparation stage,

 the possibility of obtaining high purity materials with an anticipated structure

and properties under comparably mild synthesis conditions and

 the ability to choose the form of the materials (powders, fibres, films or

particles).

Traditional inorganic synthesis and the sol-gel method of TiSi preparation using H2O2 
as a ligand were combined in an experiment (Paper I). This investigation was based on 
earlier reported approaches [138, 179]. Unfortunately, H2O2 thermal decomposition 
releases oxygen and damages the gel structure and, consequently, TiSi could only be 
obtained as a powder. 

A new sol-gel synthesis of TiSi from inorganic precursors based on gel preparation at 
room temperature was developed recently. This method produces stable materials with 
reproducible properties. The crucial feature of this approach is the use of chemicals at 
essential concentrations (2–5 M), which greatly increases the material yield. This 
synthesis can be accomplished using a range of eco-friendly ligands, such as 
polyalcohols, organic hydroxy-, ceto-, di- and tricarboxylic acids and mixtures of these. 
Using these ligands solved a few problems. Firstly, the proposed ligands do not ruin the 
gel structure as traditional H2O2 does, and TiSi xerogels with a particle size of ≤ 4 mm 
are obtained. The second advantage is the decrease in autogenous pressure in the 
autoclaves by at least an order of magnitude. Finally, substitution of the H2O2 ligand 
makes it possible to increase the amount and quantity of the precursor, which can 
decrease the costs of the target material. The TiCl4 precursor may also be replaced by a 
pure and technical TiOSO4 solution [178, 179]. In addition, the pure silica sources 
Na2SiO3 and K2SiO3 were replaced with inexpensive bulk liquid glass, and stable 
porous gels with a high sorption ability were obtained after such precursor substitutions. 
Using inexpensive precursors (technical TiOSO4, containing iron) would not be possible 
with H2O2, due to the catalytic effect of the Fe3+ on the hydrogen peroxide 
decomposition reaction. In summary, the approach studied and discussed in this thesis is 
very promising for the large-scale application of TiSi materials. 

3.3 Sorption properties of TiSi materials 

Due to their thermal and chemical stability, radiation resistance, high ion 
exchange rate and remarkable capacity, TiSis can effectively decontaminate LRW by 
retaining long-live nuclides, such as 90Sr (t½ = 28.5 a), 134,137Cs (t½ = 2.065 and 30.1 a) 
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233-235,238U (t½ = 68.9 – 4.471 × 109 a), 241Am (t½ = 432.2 a), 239,240Pu (t½ = 24110 and 
6560 a) and 154Eu (t½ = 8.60 a) (Paper IV) [130, 167, 174, 195-198]. Since TiSi is a 
relatively new material class which is currently being very actively explored, many 
researchers report properties of the same material using different names and 
abbreviations, as in [153, 158, 159] or [139, 143, 180, 199]. 

As can be seen, most of the sorption studies were conducted with stable nuclides (Table 
3.1). The chemical behaviour of the nuclides of the same element is similar, and 
therefore this data can be used in a similar way. CTS and ETS-4 have the highest 
theoretical ion exchange capacity among the reported framework TiSis, while ETS-10 
has the largest pore diameter (8 Å), suggesting that it has larger target cations, such as 
UO2

2+, 234Th4+, 241Am3+ or 236,239,240Pu3+. 

ETS-10 

The sorption of the U cation from water on ETS-10 was studied by Al-Attar’s group in 
2000 [198, 209], and the process was analysed again by Pavel et al. [170, 183, 208]. 
The first study reported the influence of the Ti precursor, contact time, initial sorbate 
and sorbent concentration on the ability of ETS-10 to retain U. A high DF (about 100%) 
and Kd (> 106 mL/g) were found, and ion exchange, surface precipitation and adsorption 
of dehydrated uranyl UO2

2+ ions were suggested as the predominant mechanisms. In 
contrast, the second group got a lower Kd (≈ 1900 mL/g) and doubted the mechanisms 
proposed by the previous study. Based on XRD investigations, the precipitation 
mechanism was excluded. Sorption of partially dehydrated [UO2(H2O)5)]2+, which is 
connected through sharing oxygen atoms with SiO4 tetrahedrons, were found during 
extended X-Ray absorption fine structure (EXAFS) studies of molecular level 
interactions between the ETS-10 and the U cation [170, 183]. 

The ability of the ETS-10 to sorb twice as much Th(IV) as U(VI) was explained by the 
slightly smaller ionic and hydrated Th(IV) radii and associated with a similar role of the 
silanol group in the Th(IV) sorption process [208]. The role of surface acidity and 
porosity in the sorption of both the U and Th cations was illustrated. 

The role of media composition and competitive ions in the sorption of 241Am3+ and 
236,239,240Pu3+ by ETS-10, ETS-4, AM-4 and CTS TiSi materials was analysed in 
comparative studies by Al-Attar et al. [174, 207]. An ion exchange mechanism was 
suggested for the Am uptake, but no mechanism for Pu was found. 

The sorption of smaller cations by ETS-10 has also been studied [135, 174, 207, 211, 
212, 230]. The isotope dilution technique was used to study the effects of temperature, 
surface acidity and porosity modification on the 204Tl+ sorption ability of ETS-10 [212]. 
It was found that chemical surface modifications decrease the kinetic and 
thermodynamic parameters of the sorption process. 

The sorption of 115Cd2+, 204Hg2+, 60Co2+, 137Cs+ radiocations on ETS-10 from 
monosolutions was investigated using the isotope dilution method by Pavel et al. in 
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2002 [135]. Sorption was investigated as a function of contact time and temperature 
under constant batch factors in the absence of competitive ions. The ETS-10 sorption 
capacity of the studied cations at 20 °C was found to be close to the theoretical 
exchange capacity (4.5 meq/g) (Table 3.2) and reported values decreased in the 
following order 137Cs+ > 115Cd2+ > 60Co2+ > 204Hg2+ [135]. For stable cations, the 
selectivity of the cation sorption at 20–25 °C was found to be as follows: Cu2+ > Zn2+ > 
Mn2+ > Co2+ and Pb2+ > Cd2+ > Cu2+ from single components and mixed media [211, 
230] (Table 3.2). The pH and batch factor dependencies of Cd2+ sorption on ETS-10 
were described by Chamarinha et al. [231]. They observed that Cd2+ sorption increased 
with an increase in both studied factors. The unusually high sorption capacity of ETS-
10 for zeolite type material was emphasized by Zhao et al. using Pb2+ [232]. They 
attributed the extremely high rate and remarkable capacity to the low hydration energy 
of the sorbate. 

Among the investigated TiSis, AM-2 was found to be the best for removing Hg2+ in the 
presence of competitive cations like Mg2+ (97.0%), while GTS-1 was the least efficient 
(72.4%) material of all [134]. ETS-10 demonstrated the best DF of Hg2+ from a single 
solution. 

A remarkably high sorption capacity and affinity of ETS-10 to Cs+ and Sr2+ from single 
and equivalent mixed cation solutions were reported by Pavel et al. in 2011 (Table 3.2) 
[196]. They examined the effect of the melting temperature on the retained cation 
amount in order to test how well ETS-10 solidified for final disposal after retention of 
Cs+ and/or Sr2+ radionuclides from LRW. Easy solidification was reported in all studied 
cases. 

ETS-4 

Despite its smaller pore radius of 3.7 Å, the ability of ETS-4 to sorb large cations like 
UO2

2+, 241Am3+ and 236,239,240Pu3+ was estimated by Al-Attar et al. from 2000–2003 
[174, 198, 207, 209]. The selectivity of ETS-4 to UO2

2+ was compared with CTS, AM-4 
and ETS-10 titanosilicate materials using the batch Kd. The influence of batch factor, 
contact time, sorbate concentration and structural aspects on the ion exchange capacity 
of the studied materials was discussed by Al-Attar and Dyer [198]. A much lower Kd 
was reported for ETS-4 than for ETS-10 in the first study by Al-Attar (Table 3.2) [209]. 
For sorption of U on TiSi materials, both surface precipitation and ion exchange 
mechanisms were suggested. The sorption of trans uranium 241Am3+ and 236Pu3+ 
isotopes on the same type of materials was studied under batch conditions. The Kd was 
found to be a function of the sorption media composition, concentration and pH, and the 
effect of structural and surface aspects on ion exchange capacity were also discussed. It 
was also found that ETS-4 Kd(241Am3+) > 106, but the AM-4 material was more 
effective than ETS-4 under the experimental conditions [207].  
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Table 3.2: Sorption studies using TiSi materials. Alternative names found in the 
literature are given in brackets. 

Name IECt, 
meq/g 

qeq, mmol/g Kd, mL/g Target cation Reference 

AM-2 (STS, 
umbite) 

5.6  
 
 
3.5·10-7 

 Na+, Cs+, Rb+, NH4
+, 

Mn2+, Mg2+, Ca2+, Sr2+, 
Co2+, 
UO2

2+ 
Hg2+ 

[146, 155] 
[149, 156] 

AM-3 (penk-
vilksite-2O) 

n.r. 0.72  K+ 
60Co2+, Li+ 

[158, 159, 
200] 

AM-4 7.63  0.6–4.8·103 
0.2–1.5·103 
2693 
10–25 
 
6.7·104 
1.2·105 
9·106 

134,137Cs+, 
57,60Co2+, 
Cs+, Sr2+, Mn2+

, 
110Ag+ 

125Sb3+, 
238UO2

2+ 
 Hg2+, 
236Pu3+ 

241Am3+ 

[142, 151, 
174, 198] 

ETS-4 
(zorite-type) 

6.4  1.22 
 

 
 
 
2000 
732 
0 
644 
0.1–3.2·104 
583 
>106 
<104 
2.8–4.5·104 

3.3–2.1·104 

Hg2+, 
Cs+, 
Sr2+, 
UO2

2+, 
110Ag+, 
125Sb3+, 
204Hg2+, 
60Co2+, 
115mCd2+, 
241Am3+ 

236Pu3+ 

134Cs+, 
137Cs+ 

[137, 142, 
151, 161-
169, 174, 
198, 201-
207] 

ETS-10 4.5   
 
4.43 
3.85 
4.23 
 
4.5 
 
5.5 
4.80.7–2.1 
0.7–1.1 
2.1 
 
0.04 
 
 
2.6 

>106 
5000 800 
627 
0.35–4.5·104 
3,02·103 
1636 
284 
 
 
 
3–13 
 
2.1·105 
700 
 

UO2
2+, 

Th4+, 
115Cd2+, 
204Hg2+, 
60Co2+, 
204Tl+, 
137Cs+, 
110Ag+, 
Cs+, 
Sr2+, 
Zn2+, Pb2+, 
Cd2+, 
125Sb3+ 
Hg2+ 

241Am3+ 

236Pu3+ 

Cu2+ 

[135, 136, 
169-171, 
174, 183, 
196, 198, 
207-215] 
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Table 3.2 (continued): Sorption studies using TiSi materials. Alternative names found in 
the literature are given in brackets. 

Name IECt, 
meq/g 

qeq, mmol/g Kd, mL/g Target cation Reference 

CTS (TAM-5, 
sitinakite) 

7.5   
 
 
 
 
 
 
 
 
 
 
 
 
1.9 

0.2–7.2·105 
0.8–7.8·105 
 
 
 
3.2·106 
 
1.5·104 
 
 
 
11300 
22977 
 
 
 
 

137Cs+, 
134,7Cs+, 
82,90Sr2+ 
90Y3+, 
60Co2+, 
241Am3+, 
152+154Eu3+, 
236,239,240Pu3+, 
 

Li+, 
Na+, 
K+, 
Cs+. 
Rb+, 
Ca2+, 
Sr2+, 
Eu3+, 

(Paper IV) 
[79, 80, 82, 
86, 140, 142, 
151, 172-
179, 198, 
207, 216-
228] (Papers 
I–III) 

GTS-1 
(pharmacosider
ite) 

3.87   
 
 
 
 
 
 
 
 
 
 
3.55·10-7 

 
 
630 
260 
2580 
6190 
15360 
4530 
6050 
6487 
8800 
 

137Cs+, 
90Sr2+, 
Li+, (Na-form) 
Na+, (K-form) 
K+, (Na-form) 
Rb+, (Na-form) 
Cs+, (Na-form) 
Ca2+, (Na-form) 
Mg2+ (Na-form) 
Sr2+,(Na- form) 
Ba2+ (Na- form) 
Hg2+,  

[74, 86, 140, 
142, 151, 
180, 229] 

*n.r.: not reported 

The same group of materials was tested for the sorption of 110mAg+, 57,60Co2+, 134,137Cs+, 
125Sb3+ from real NPP waste waters supplied from the Ginna and Diablo Canyon NPP 
(USA). The selectivity of the materials was evaluated using Kd as a function of NPP 
solution composition (Table 3.2) [174]. Based on this study, CTS was the most effective 
TiSi material tested for radiocesium sorption. 

The sorption of 115mCd2+, 60Co2+ and 203Hg2+ radionuclides by ETS-4 from analogues of 
a radioactive waste water solution was investigated using batch techniques by Popa et 
al. in 2006 [167]. Using Kd, the selectivity order was estimated as a function of 
temperature and contact time and the sorption capacity of ETS-4 was found to decrease 
in the order 203Hg2+ > 115mCd2+ > 60Co2+, which is the reverse of the results obtained in 
the ETS-10 study [135]. No pH or competitive cation studies were conducted. 
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The process of Cd2+ sorption on ETS-4 under batch experimental conditions was 
reported by the same group in 2009 [233]. Sorption capacity as a function of contact 
time, sorbent and sorbate concentration was compared with literature data on zeolite A, 
clinoptilolite and dolomite sorption ability. The experimental data illustrated that ETS-4 
was efficient for Cd2+ removal from aqueous solution. The pH effect was described by 
Barreira et al. [215], who reported a high DF of 99.6 % at solution pH 6. 

The sorption ability to Hg2+ was thoroughly examined by Lopes et al. from 2007–2013 
[134, 165, 168, 203, 204, 206]. They studied the sorption ability of ETS-4 materials as a 
function of batch factor, pH, temperature, contact time, and pollutant concentration in 
batch mode. They found that the retention of Hg2+ by ETS-4 is an exothermic and 
thermodynamically favourable process strongly affected by solution pH and the 
presence of chlorine ions. At the same time, the temperature and presence of 
competitive ions like Na+, Ca2+ or Mg2+ did not substantially affect the ability of ETS-4 
to sorb Hg2+. The optimal conditions were determined to be pH 4–6 at 21 °C. The 
column study demonstrated that ETS-4 had a sorption capacity of 0.17 mmol/g during 
the first two cycles. A comparison by Noh in 2011 found that ETS-4 has the highest 
selectivity to Hg2+ of the materials studied [201]. 

In 2009–2013, Lopes et al. [206, 234] compared the sorption ability of ETS-4 to Hg2+ 
and Cd2+. The Kd was evaluated as a function of the sorbent concentration from single 
solutions and equivalent mixtures. The selectivity coefficient was calculated as a ratio 
between the obtained Kd. It was found that ETS-4 has higher kinetic parameters and 
selectivity for Cd2+, but slower kinetics and higher sorption capacity for Hg2+. 

The fundamental sorption properties of ETS-4 for Sr2+ and Ba2+ was compared with 
CTS sorption abilities in 2012 by Noh et al. [202]. The selectivity of the sorption 
process was studied under batch conditions as a function of the Sr2+/Na+ or Ba2+/Na+ 
ratio. The ETS-4 had a higher selectivity to Ba2+ than CTS, but this order was reversed 
for Sr2+ selectivity. This research highlighted the selective sorption ability of ETS-4 to 
remove both Sr2+ and Ba2+ from LRW. 

AM-2 

The microporous titanosilicate K2TiSi3O9·H2O was subjected to ion exchange with H+, 
NH4

+, Li+, Na+, Rb+ and Cs+ under batch conditions. It was demonstrated that the 
material can be totally exchanged by NH4

+ and to different extents with the alkaline 
cations: NH4

+> Rb+ = Na+ > Li+ > Cs+ [149]. Li+, Na+, K+, Cs+, Ca2+, Sr2+, Ba2+, Co2+, 
Ni2+, Cu2+, and Cr3+ ion exchange as a function of pH was studied with AM-2 [157]. 
Potassium was found to be the most favoured ion in the pH range 3–12 with an ion 
exchange capacity (IEC) of 5.3 meq/g. An XRD and differential scanning calorimetry 
studies were done on Na+-, Cs+-, Mn2+-, Ca2+-, Sr2+-, and Rb+-exchanged forms of AM-
2. The ion exchange rate followed the sequence Mn2+ > Ca2+ > Sr2+ > Cs+ [155, 156]. 
Adsorption behaviours of AM-2 and AM-4 were compared with ETS-10, ETS-4, GTS-1 
for mercury removal from natural wat 



40 Titanosilicates for radionuclide uptake 

ers. AM-2 was found to be the most efficient in the presence of competitive cations 
such as Mg2+, with a DF of over 97.0% [134, 235]. 

AM-3 

The ability of AM-3 to sorb the radioactive 60Co2+ was studied as a function of contact 
time, target cation and sorbent concentrations using a batch method [159]. The authors 
linked the significant influence of the batch factor and 60Co2+ concentration to the 
equilibrium pH. 

The ion exchange capacity of penkvilksite to K+ was found to be 0.72 meq/g in 
1 M KNO3 at 80 °C after stirring for 24 h [200]. This low result was attributed to the 
short reaction time. Li+, Na+, K+, Cs+, Ca2+, Sr2+, Ba2+, Cd2+, Co2+, Hg2+, Pb2+, Cu2+, and 
Cr3+ exchange on AM-3 were recently studied under batch conditions [236]. The 
dynamic calorimetry method was use to investigate K+, Cs+, Sr2+ and Cu2+ exchange by 
Chukanov et al. [237]. Frost et al. [238] proposed that AM-3 could be used to 
incorporate actinides and lanthanides from radioactive waste. 

AM-4 

The sorption properties of TiSi materials with different framework structures and cation 
exchange capacities were compared by Al-Attar et al. [198, 207]. Uranium uptake from 
aqueous solutions by AM-4, ETS-4, ETS-10 and CTS was studied as a function of 
contact time, uranium concentration and batch factor [198]. The high sorption capacity 
for U was associated with surface precipitation (Kd = 6.7·104 mL/g). The Kd of 241Am3+, 
236Pu3+ and 110mAg+, 57,60Co2+, 134,137Cs+, 125Sb3+, 134Cs+/137Cs+ isotopes was estimated as 
a function of the retention media composition, concentration and pH. The effects of 
structural and surface aspects on ion exchange capacity were also discussed. It was 
established that AM-4 was the most effective for 241Am3+ sorption at all sodium 
concentrations studied. Extraordinary suppression of cesium sorption by competitive 
ions was also reported for AM-4 [174, 207]. 

In a study of Sr2+ uptake as a function of pH and competitive Na+, K+, Ca2+ and Mg2+ 
concentration from binary solutions, Ca2+ was found to be the major competitor. 
Additionally, AM-4 exhibited a low affinity (Kd < 640 mL/g) for the alkali cations and a 
high affinity for alkaline earths (Kd Sr2+ = 66000 mL/g) in neutral and alkaline media 
[239]. 

The influence of competitive Na+, Ca2+, and Mg2+ ions on AM-4 uptake of Hg2+ was 
demonstrated by Lopes et al. [134, 235]. In a comparison with ETS-10, ETS-4, AM-2 
and AM-4, the last one was found to be the least effective in retaining Hg2+ from natural 
water. 

When AM-4 was exchanged with Ag+, Zn2+ and Cu2+ and characterized by XRD and 
TEM, a certain loss of crystallinity was observed on the exchanged AM-4. The best 
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antimicrobial activity against the bacteria Staphylococcus aureus was shown by Ag–
AM-4 [240]. 

CTS 

The effect of solution pH on the selectivity order was studied by Clearfield’s group. In 
an acidic medium, CTS selectivity had the following order: K+ > Cs+ >> Na+ >> Li+, 
while in an alkaline medium it was Cs+ > Rb+ >> K+ >> Li+ The ion exchange 
properties of CTS was analysed in terms of framework structure and pore space and 
compared with GTS-1 [86, 141, 177]. 

The sorption capacity of CTS for Cs+ and Sr2+ has interested several researchers. The 
role of hydroxyl water, framework structure and pore space in the ion exchange process 
were determined by X-ray, synchrotron, IR and Raman investigations [74, 82, 86, 138, 
141, 173, 175-177, 191, 197, 220, 223, 241-244]. 

CTS selectivity for radioactive 137Cs+ and 89Sr2+ was studied as a function of contact 
time, temperature, NaNO3 concentration and Nb5+ substitution for Ti4+ in the structure. 
A higher selectivity to Cs+ than to Sr2+ was reported, which increased in Nb-substituted 
CTS samples. XRD studies identified the position and coordination of the exchanged 
cations to demonstrate that higher selectivity of the retained cation is correlated with 
higher coordination in the channel of that cation [241, 242]. 

The uptake of 85Sr2+, 57Co2+ and 134Cs+ by CTS was investigated as a function of 
titanosilicate crystallinity, solution composition and pH [130]. High Kd values were 
reported for 134Cs+ (2.5 · 106 mL/g) and 85Sr2+ (6.8 · 104 mL/g) and the heavy 
interference of K+ and Na+ competing cations at very high pH was highlighted. Affinity 
was also found to increase with decreasing sample crystallinity [175]. 

The titanosilicates CTS, ETS-10, ETS-4 and AM-4, layered manganese oxides and an 
antimony silicate were tested for their ability to decontaminate the reprocessing spent 
fuel from trans uranium isotopes 241Am3+ and 236Pu3+ [207]. The most suitable materials 
were determined in batch conditions as a function of pH, Na+ and Ca2+ concentration. A 
negligible variation of CTS Kd 241Am3+ (2.6–3.3 · 106 mL/g) was observed at all studied 
NaNO3 concentrations. For 236Pu3+ an increase in Kd of one order was established with 
increasing background salt concentration (1.6 · 104 mL/g). 

The same group of materials was tested for the sorption of 110mAg+, 57,60Co2+, 134,137Cs+, 
125Sb3+ from real NPP waste waters supplied from the Ginna and Diablo Canyon NPP 
(USA). The selectivity of the materials was evaluated using Kd as a function of NPP 
solution composition and pH (Table 3.2) [174]. Among the studied materials the CTS 
was found to be the most effective in radiocesium sorption (Kd

 134Cs+/137Cs+ = 7.1–
7.8 · 105). 

Sorption of 22Na+, 134Cs+ and 60Co2+ radionuclides were studied under batch conditions 
as a function of contact time, temperature and radionuclide concentration, and a high 
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sorption rate (3–5 min) was reported [172]. The sorption capacity was found to be 
higher in Na-CTS form and decreased in the order of Cs+ > Co2+ > Na+. It is noteworthy 
that the sorption capacity was observed to increase with rising temperature for Cs+, 
while the opposite was the case for Co2+ and Na+ uptake. 

GTS-1 

The ion exchange capacity and selectivity of GTS-1 decreases in the order Cs+ > K+ > 
Na+ > Li+ according to Behrens et al. [82, 141, 143, 229]. Great affinity for Cs+ was 
found by Clearfield’s group [86, 138]. Later, Cs+ and Sr2+ selectivity was investigated in 
the presence of Na+, K+, Mg2+ and Ca2+ competitive cations [74, 82, 85, 86, 139-141, 
144, 229, 245]. The removal of 137Cs+ and 89Sr2+ by different cationic forms of synthetic 
pharmacosiderite was also reported by Dyer et al. [180]. 

The capacity of GTS-1 to adsorb Hg from natural waters was compared with AM-2, 
AM-4, ETS-10 and ETS-4. GTS-1 was found to be the least efficient material of all, 
with a DF of 72.4% [134]. 

In general, all this research demonstrated that TiSi are efficient sorption materials. 
Temperature dependence and thermodynamic parameters were evaluated, but few 
column studies have been conducted. At the same time, the most informative 
investigations are the comparative studies from solutions that contain sorbates and 
competitive ions simultaneously or tests from real radionuclide polluted water. For 
example, in a comparative study of 28 sorption materials including TiSis using LRW 
(Cs+ and Sr2+) as the main pollutant, Bortun et al. [86] demonstrated that CTS had the 
highest capacity, selectivity and retentivity of Cs+ and Sr2+ among the framework and 
layered TiSis. A comparative study of 60 sorption materials carried out at the Los 
Alamos National Laboratory and Pacific Northwest Laboratory demonstrated that CTS 
materials are the most promising for Cs+ retention from an acid-dissolved sludge 
simulant and slightly neutralized acidic and basic simulants of Hanford tank wastes 
[216]. Based on these positive results, CTS materials became the object of this study 
and are discussed hereafter. 
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4  Objectives and structure of the work 
The main aim of this study was to investigate the physico-chemical properties of sol-gel 
synthesized titanosilicates for radionuclide uptake from aqueous solutions. Four key 
investigations were conducted and published in Papers I to IV (see page 49). 

The first objective of the present study was to determine the effect of synthesis 
conditions on the structural and sorption parameters of TiSis obtained by the sol-gel 
method in order to obtain a highly efficient sorption material (Paper I). The effect of 
precursor substitution on structural and sorption properties was studied in order to 
increase the amount of precursor used and reduce the cost of the final product 
(Papers II–IV). 

The second stage of the work was to assess the ability of the obtained TiSis to retain 
stable Cs+ and Sr2+ nuclides (Papers I–IV) and potentially toxic metal cations 
(presented in the experimental section) from the aqueous solutions. A comparison of the 
sorption ability of TiSi and cheap dolomite materials was conducted and is presented in 
the experimental section and Paper V. 

The third aim of this research was to investigate the sorption behaviour and sorption 
mechanisms using theoretical models and material characterization techniques, since 
knowledge of the sorption mechanism is crucial for real application of the TiSi 
materials (Papers II and III). 

The fourth and final part of the study was devoted to real application: the TiSi materials 
were tested in real mine water (presented in the experimental section). Specifically, the 
sorption properties of TiSis were tested with radionuclides (presented in the 
experimental section and Paper IV). 
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5 Experimental section 

5.1 Sol-gel synthesis of TiSis 

Titanosilicates were prepared by sol-gel synthesis according to the scheme and 
procedure given in Paper I and [178, 179]: 

 HTT
2 2 x y z m 2ligand

gel

inorganic salt Ti + Na O×SiO  + MOH M Ti Si O ×nH O  (5.1) 

where TiCl4 and a pure or technical solution of TiOSO4 can be used as an inorganic salt 
of Ti, HTT is hydrothermal treatment and MOH are alkali or alkaline earth hydroxides. 

The TiSi hydrogels were obtained by magnetic stirring at room temperature. Next, the 
hydrogels were agitated at room temperature and then hydrothermally (HT) treated in 
Teflon-lined steel autoclaves under autogenous pressure. Finally, the HT treated gels 
were rinsed with water, dried, ground and sieved. Thereafter, the fraction with a size of 
0.25–0.5 mm was used in the sorption studies. 

5.2 Material characterization 

X-ray diffraction (XRD) was used for sample phase identification; patterns were 
collected using a DRON 407 (CuKα; 2θ = 5 – 80° step Δ2θ = 0.02°). A Quantachrome 
NOVA 2200 surface area analyser with NOVAWin software was used to evaluate the 
gel pore structure and BET specific surface area. To estimate the pore volume and pore 
size distribution of the TiSi xerogels, the DR equations (2.11-2.13) and Density 
functional theory were used (2.20-2.21). A Thermo Fisher Scientific ESCALAB 250Xi 
was used for collecting the X-ray photoelectron spectroscopy (XPS) data. A Bruker 
Vertex 70v spectrometer was used for recording the FTIR spectra. A Nova Nano SEM 
200 FEI with an attachment for chemical analysis of a specimen in micro areas with 
energy dispersive X-ray spectroscopy (EDX, EDAX) was used to determine the 
microstructure of the obtained materials by scanning electron microscopy (SEM) 
(Papers I–V). Exsiccator porosimetry was applied as an express test method (Paper I). 

5.3 Sorption experiments 

The sorption capability of the synthesized TiSi gels was studied as a function of pH, 
adsorbent mass, initial concentration of target ion, contact time, temperature and the 
composition and concentration of the background solution. All sorption experiments are 
described in detail in Papers I–V. Briefly, the chosen amount of the obtained material 
was mixed with the sorbate containing solution. Solids were separated from liquids 
using polypropylene syringe filters. Filtrates were analysed for pH and cation content, 
while solids were dried and investigated with XRD, FTIR, SEM-EDX and XPS in order 
to understand the sorption mechanism. 
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The cation concentrations (except Cs+) in the solutions of the sorption tests were 
estimated with an inductively coupled plasma optical atomic emission spectrometer 
(ICP-OES) model iCAP 6300 (Thermo Electron Corporation, USA), and the Cs+ 
concentrations were determined by inductively coupled plasma with mass detector 
(ICP-MS) model Agilent 7500ce. The sorption capacity (q) was estimated by Eq. (2.1), 
the separation factor (F), distribution coefficient (Kd), thermodynamic and Gapon’s 
selectivity coefficients were evaluated with Eq. (2.22–2.25) and the decontamination 
factor (DF) was calculated using the following equation (Papers I–V) [86, 127-131]: 

  
0

100%
DF

C
C

 


 
(5.2) 

In order to identify the source of the heterophase on the sample surface, four series of 
sorption tests were conducted in an inert atmosphere (N2/Ar) (Table 5.1). The first 
series of samples had all the same sorption experiment conditions and only drying was 
done under an inert atmosphere. For the second series, the Milli-Q water was 
decarbonized before the Sr2+ solution preparation; drying was also in an inert 
atmosphere. In the third series, the surface of the xerogels was degassed by boiling in 
decarbonized Milli-Q water with following ultrasonication; the Sr2+ solution was 
prepared with non-decarbonized Milli-Q water; and drying followed in an inert 
atmosphere. The fourth test was carried out with degassed materials and decarbonized 
Milli-Q water before the Sr2+ solution was prepared, again with drying in an inert 
atmosphere. 

Table 5.1: Test conditions for the 4 sorption tests in inert atmosphere. -: condition not 
applied, +: condition applied in the test. 

Conditions  Series N1 Series N2 Series N3 Series N4 
Decarbonized Milli-Q water - + - + 
Degassed xerogels - - + + 
Drying in an inert atmosphere + + + + 
 

5.4 Theoretical modelling and mechanism investigation 

In order to gain an insight into the mechanism of cation sorption on the TiSi xerogel 
surface, the sorption theories discussed in Chapter 2 were applied. One of the most 
popular and reliable criteria for fitting a theoretical model to experimental data is the 
correlation coefficient (R2). This was calculated using the following equation:  

 2 2
eq, exp eq, exp eq, exp eq, calc2

2
eq, exp eq, exp

( - ) ( - )
( - )

q q q q
R

q q


 
  

(5.3) 
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where, qeq,exp is equilibrium capacity obtained experimentally and q eq.exp is mean value 
of experimental capacity; qeq,calc is equilibrium capacity, calculated from the isotherm 
equation 

The models which best fit to the experimental data (R2≥0.9) were reported in 
Papers II–III and will be discussed briefly in Chapter 6. 
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6 Results and discussion 

6.1 Material characterization before sorption studies 

The effect of synthesis conditions on the structural and sorption properties of TiSi is 
described in detail in Papers I–IV and the corresponding patents [178, 179]. Based on 
these investigations, the most efficient synthesis conditions that yielded material 
selective to Sr2+ were identified. The most effective was found to be the TiSi xerogel 
prepared under HTT at 150 °C for 6 h. The sorption ability to other potential pollutants 
of these chosen TiSi xerogels was tested and the materials were characterized before 
and after the sorption tests in order to understand the nature of the material and sorption 
process. 

All TiSi materials prepared using chemically pure and technical solutions of titanyl 
sulphate (TiOSO4) were characterized by XRD, FTIR and XPS, but the focus here is on 
the chosen TiSi samples. It could be demonstrated that the described synthetic approach 
yields titanosilicate with the same peak positions and broadness as poorly crystalline 
sodium titanosilicate (Figure 3.2, Table 3.1) [175]. According to the findings, the size of 
the crystallites becomes detectable after HTT at 200 °C for 12 h (Figure 6.1). 

 
Figure 6.1: Influence of hydrothermal treatment temperature and duration on the phase 
composition of TiSi xerogels. 

The FTIR spectra of the studied xerogels with the suggested functional groups 
superimposed is presented Figure 6.2. A detailed analysis of the main band positions 
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was presented in Papers II–III. The summary of FTIR spectroscopy is given in Table 
6.1. It is important to emphasize that amorphous samples contain bridged Si-O-Ti 
functional groups as well, confirming that the obtained gels are titanosilicates. 

 
Figure 6.2: FTIR spectra of the synthesized TiSi materials. 

Table 6.1: Major functional groups of the TiSi xerogels. 
Band position, cm–1 Functional group 

3433–3417  O-H 
1640 H-O-H 
1110–800 Si-O 
1068 Si-O-Si 
971–956 Bridged Si-O-Ti 
450 Ti-O, O-Si-O and O-Ti-O 
654 and 546 Ti in octacoordination 

 

The surface chemistry of the TiSi samples was determined by XPS (Figure 6.3), SEM-
EDX and mapping (Figure 6.4). The presence of the main elements Ti, Si, O and Na 
was confirmed (Table 6.2; Paper II). As can be seen, C is present on the surface of both 
materials, which is important for understanding the Sr sorption mechanism. K, Fe and 
Mg were observed in the data for TiSi(t) (TiSi synthesized from a technical precursor), 
which can be attributed to the composition of the technical precursor. Interestingly, K+ 
is preferred over Na+ during the gel structure formation of TiSi(t). 
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Table 6.2: Element content of the TiSi xerogel surface. 

Element Atomic % 
TiSi(t) TiSi(p) 

Si 2p 15.21 13.76 
Ti 2p 6.75 6.71 
O 1s 52.28 48.80 
K 2p 5.86 n.d. 
Mg 1s 0.24 n.d. 
Fe 2p 0.51 n.d. 
C 1s 16.19 22.53 
Na 1s 2.95 8.20 

n.d. – not detected 
 

 
Figure 6.3: XPS spectra of the TiSi xerogels. 

The morphology and microstructure of the chosen samples were estimated by SEM and 
the uniformity of the chemical element distribution was determined by SEM-EDX 
technique (Figure 6.4, Paper II). The isotherm data indicates that the surfaces of both 
materials are uneven, have pore openings and that elements like Ti, K and Fe are 
distributed homogeneously on the sample surfaces (Figure 6.4). Based on the FTIR, 
SEM-EDX and mapping data, the most active ion-exchangeable groups of the obtained 
TiSi materials were suggested: ≡Ti-O-Si-ONa, ≡Si-O-Ti-ONa and NaO-Si-O-Ti-ONa. 
Based on the literature, the role of surface ion exchange centres like ≡Si-O-Si-ONa and 
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≡Ti-O-Ti-ONa are supposed to be less relevant for estimating the TiSi sorption ability 
and selectivity [138, 139, 162, 241, 242]. 

 
Figure 6.4: SEM images, SEM-EDX and mapping data of TiSi(p) (left) and TiSi(t) (right). 

The pore structure of the TiSi xerogels was defined by a low-temperature nitrogen 
sorption/desorption technique (Figure 6.5, Table 6.3). Isotherms and the pore size 
distribution (DFT) demonstrate the developed porous structure of the produced TiSi. 
According to the IUPAC, the obtained isotherm shapes can be classified as type IV with 
H2 hysteresis loops, designating the micro-mesopore structure of the TiSi materials 
[120]. It is interesting to note that the TiSi(t) hysteresis loop is closer in shape to the H1 
loop type, which suggests a micro-meso-macropore structure of the TiSi(t) sample. The 
pore size distribution confirmed the abovementioned assumptions: the micro-mesopore 
structure is characteristic for TiSi(p) (TiSi synthesized from a pure precursor), while the 
micro-meso-macropore structure is typical for TiSi(t). 

Table 6.3: Textural properties of selected TiSis. 
Sample 
name 

S,  
m2/g 

Vtotal, 
сm3/g 

VDR micro, 
сm3/g 

Rpore, 
nm 

Rmicropore, 
nm 

TiSi(t) 158.7 0.47 0.05 8.40 1.6 
TiSi(p) 270.3 0.42 0.10 3.52 2.5 
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Figure 6.5: Isotherms of nitrogen low-temperature sorption/desorption and DFT pore size 
distribution of prepared TiSis. 

6.2 Sorption capabilities of TiSis 

6.2.1 Affinity of TiSis to Sr2+ and Cs+ stable nuclides 

Influence of adsorbent dose 

Details of the efficient dose estimation process are described in Papers II–III. Both 
technical and pure TiSi were found to be efficient sorption materials for Sr2+ (DF ≥ 
90%) in all the studied ranges of 20–0.25 mg/L (the volume to the solid mass ratio, V:m, 
ranges from 50 to 4000). Variations of DF were less than 9%, which is within the batch 
method error range. The TiSi(t) demonstrated the same high affinity to Cs+ (DF over 
90%). Hence, the TiSi(p) sorption capacity for Cs+ was suppressed by the presence of 
the competitive Na+ background and a TiSi(p) dose of 10 mg/L (V:m = 100) was found 
to be efficient. Such a difference in Cs+ sorption ability is attributed to the alterations in 
pore structure of the technical and pure TiSi (Table 6.3). The sorbent dose of 10 mg/L 
(V:m = 100) was therefore used for further investigations for all materials and solutions. 

Effect of pH 

The literature indicates [197, 243] that cation exchange increases with pH. The 
observation of a negligible (in the case of Sr2+ at pH ≥ 4) and reverse (in the case of 
Cs+) dependency suggests a sorption mechanism which is different from both the typical 
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cation exchange and from each other retention mechanism for these two sorbates 
(Figure 6.7). 

 
Figure 6.6: Effect of volume to sorbent mass ratio on the decontamination factor of Sr2+ (left) 
and Cs+ (right) from a 0.1N NaCl background. 

 
Figure 6.7: Effect of pH on TiSi sorption of Sr2+ (left) and Cs+ (right) from water. 

Influence of the initial cation concentration 

A detailed description of the influence of the initial concentration of the target cation 
and background solution and the composition of the latter on the sorption parameters of 
TiSi xerogels is presented in Papers I–III. Briefly, a water medium was selected for 
collecting the reference data, a NaCl background solution was used to evaluate the Na+ 
competition effect on the Sr2+ or Cs+ uptake and Ringer‒Locke’s solution was used to 
assess the effect of the Na+, K+ and Ca2+ competitive ions on the sorption capacity and 
selectivity of the synthesized xerogels. The obtained data is intended for use to envisage 
the TiSi behaviour in aqueous media containing Sr2+, Ca2+, Cs+, K+ and Na+ such as 
drinking, ground, sea and mine water, blood plasma and LRW. 
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It was expected that the TiSi xerogels would demonstrate a higher capacity and 
selectivity to Sr2+ than to Na+, K+, Cs+ and Ca2+, based on the well-known general trend 
that cations with a higher valence and a bigger atomic mass are preferentially sorbed 
[94, 95]. 

 
Figure 6.8: Sorption isotherms of Sr2+ (left column) and Cs+ (right column) from solutions with 
only one potential pollutant. Experimental conditions: initial Sr2+ or Cs+ concentration range 
10–5000 mg/L; V:m ratio 100; contact time 24 h, media: water (pH = 6.78); 0.05 M, 0.1 M, 
0.2 M NaCl and Ringer‒Lockʼs solution (RL, 153.85 mmol/L of NaCl; 2.38 mmol/L of 
NaHCO3; 2.68 mmol/L of KCl; 1.8 mmol/L of CaCl2 and 5.55 mmol/L of D-glucose; pH = 
8.07); ambient temperature. 

Comparing the sorption capacities of the TiSi xerogels, they do indeed seem to fit this 
general trend, since q(Sr2+) > q(Cs+) in all studied media (Table 6.4). Yet some 
interesting facts need to be discussed. First of all, according to the Giles classification, 
the sorption isotherms can be classified as H2 shape, which indicates the high affinity 
and selectivity to both target cations even in the presence of competitive ions (Figure 
6.8) [99-102]. Secondly, no effect of the medium composition and concentration of 
competitive ions was detectable for the Sr2+ retention ability of both TiSi xerogels up to 
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Sr2+ and Cs+ initial concentrations of 500 mg/L. In contrast, a decrease in the 
precipitated CTS sorption ability was reported with much lower initial Sr2+ and Cs+ 
concentrations (10-9 – 10-3 M) in the same media concentrations [86, 130, 138, 177, 
195]. Thirdly, the adsorption isotherms had the same shape in different background 
solutions for both the Sr2+ and Cs+ sorbates. On the one hand, it is evident that sorption 
of the target cations by TiSi xerogels had a greater energy benefit than that of Ca2+, K+ 
or Na+. On the other hand, however, a mechanism of uptake other than ion exchange 
may be involved. 

Table 6.4: Maximum sorption capacity of TiSi materials to Sr2+ and Cs+ from different 
background solutions. 

Background solution 
 

Sample name 
qeq (Sr2+ ), mmol/g 

H2O 
NaCl Ringer‒Locke’s 

solution 0.05 M 0.1 M 0.2 M 
TiSi(p) 1.95 1.40 1.38 1.32 1.21 
TiSi(t) 1.42 1.13 1.02 0.92 1.08 

 qeq (Cs+), mmol/g 
TiSi(p) 1.13 1.091 0.83 0.75 0.92 
TiSi(t) 1.21 1.203 1.13 0.98 1.16 
 

Interestingly, TiSi(p) has a higher maximum sorption capacity for Sr2+ than TiSi(t), 
while for Cs+ the opposite situation was observed in all studied media. The first 
observation was attributed to a less specific surface area, which results in fewer 
accessible active centres and half the micropore volume, while the second observation is 
ascribed to the less steric restrictions for the big Cs+ cation in pores with a wider radius 
(Table 6.4 and Table 6.3). 

In order to compare the selectivity of the TiSi xerogels to the target ions, the selectivity 
coefficients and separation factors were evaluated for different media containing both 
Sr2+ and Cs+ simultaneously. It was found that the TiSi xerogels have a higher 
selectivity to Sr2+ and the separation factor has a smaller deviation from experimental 
observations than the calculated selectivity coefficients (Table 6.5). Nevertheless, the 
obtained TiSi xerogels demonstrated a high sorption ability, DF and selectivity to Cs+ 
even in the presence of competing cations such as Na+, K+, Sr2+ and Ca2+ (Figure 6.9, 
Table 6.5). A detailed description of the experiment can be found in Paper I. 
Interestingly, the synthesized TiSis from media containing both Sr2+ and Cs+ 
simultaneously demonstrated the similar high values of q(Sr2+) and q(Cs+) that were 
obtained in solutions with only one target cation (Table 6.4 and Papers II–III). This 
fact may also suggest that the sorption of Sr2+ and Cs+ takes place on different active 
centres, or that different sorption mechanisms are involved. 
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Figure 6.9: Effect of the initial concentration of Sr2+ and Cs+ present together in solution on 
decontamination factor of TiSi xerogels. Experimental conditions: water, 0.1 M NaCl and 
Ringer‒Locke’s solution media; V:m ratio 100; contact time 24 h; ambient temperature. 
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Table 6.5: Selectivity coefficient of TiSi xerogels from different media and different 
mass concentration ratios (* in column 1) of Cs+ and Sr2+. 
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Table 6.5 (continued): Selectivity coefficient of TiSi xerogels from different media and 
different mass concentration ratios (* in column 1) of Cs+ and Sr2+. 
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The contact time effect 

Kinetic studies of the material are important for understanding both its sorption 
mechanism and potential for real application. An analysis of the DF as a function of 
contact time is described in Papers II–III. In summary, the synthesized TiSi xerogels 
demonstrated the ability to uptake the target cations with a quite high speed, thus a DF 
of over 90% was achieved after the first 10–30 min of contact for both materials and 
both target cations (Figure 6.10). It is noteworthy that in the presence of competitive 
ions the Cs+ kinetics is more strongly suppressed than the Sr2+ sorption process. This 
observation may be explained by the different sizes of the cations or may suggest 
different uptake mechanisms for these two cations by the TiSi xerogels. 

The influence of temperature 

According to the literature, the kinetics of processes based on ion exchange usually 
slow down with increasing temperature [113, 114, 246]. Therefore, it was necessary to 
study the sorption characteristics of the TiSi gels as a function of temperature. The 
results can indicate the nature of the sorption process and be used to propose new future 
applications, with an awareness of their potential limitations. 

 
Figure 6.10: Kinetics of Sr2+ (left) and Cs+ (right) sorption on titanosilicates. Experimental 
conditions: time range 3–2880 min, initial cation concentration 0.5 g/L (Sr2+ 5.71 mmol/L; Cs+ 
3.76 mmol/L); V:m ratio 100, background solutions – water (pH = 6.78) and 0.1 M NaCl 
(pH = 7.08) and Ringer‒Locke’s (RL, for Cs+); ambient temperature. 
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Figure 6.11: Temperature effect on the kinetics of the Sr2+ (left) and Cs+ (right) sorption. 
Experimental conditions: contact time 3–360 min, Sr2+ initial concentration 0.5 g/L; V:m ratio 
100; sorption temperature 25, 40 and 60 °C, medium 0.1 M NaCl, pH = 7.08. 

The impact of temperature is presented in Papers II–III. In summary, raising the 
solution temperature increases the TiSi xerogel sorption speed (Figure 6.11), which 
indicates an endothermic process different from that of ion exchange [247-250]. Due to 
the endothermic nature of the process, there is no need to cool down polluted aqueous 
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material it was only a little different, with Ni < Mn < Co < Zn < Cd < Cu < Cr < Pb < 
Fe. 

 

 
Figure 6.12: Sorbent dose influence on the level of cation retention by TiSis. 

 
Figure 6.13: Influence of pH on the sorption ability of TiSis. 

In terms of solution pH, the broadest range of efficiency was observed for Pb (pH = 2–
7) with a DF of over 90% for both TiSi materials. The optimum pH with DF ≥ 90% for 
all the cations was found to be pH 7 for both TiSi materials. Of course, the cation state 
changes with pH, which shall be taken into account in explaining the difference in 
sorption preference and ability of TiSi materials. 
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common for the all cation isotherms except Fe. The figure illustrates this fact by the 
vertical initial part of the isotherms. According to the Giles classification this fact 
suggested high sorption capacity and affinity of the studied materials to the target 
cations. It is noticeable that Fe sorption starts to increase (vertical isotherm part) when 
the other cation is close to equilibrium. This may suggest that the competitive influence 
of other cations suppresses the sorption of Fe on TiSi. 

 
Figure 6.14: Isotherms of cation sorption on TiSi materials. 

 
Figure 6.15: Dependence of TiSi decontamination level from initial cation concentration. 

As presented in Figure 6.15, the decontamination level is dependent of the initial cation 
concentration. Both TiSis demonstrated efficient cation uptake across a wide range of 
concentrations. Concentration variation affected the level of Fe sorption the most, which 
can suggest a concurrent mechanism of Fe sorption onto TiSi materials. A high sorption 
efficiency (DF > 90%) was observed for Cd, Co, Cu and Zn throughout the studied 
concentration range for both TiSis. 
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The sorption capacity as a function of contact time is presented in Figure 6.16 and 
Figure 6.17. Interestingly, the highest rate of sorption for both TiSis was observed for 
Pb, while the highest capacity was observed for Cu. All studied cations achieved a high 
sorption rate and most reached a stable DF during the first 60 min. 

 
Figure 6.16: Sorption kinetics of cations on TiSi materials. 

 
Figure 6.17: TiSi decontamination factor dependence on contact time. 
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concentration range 0.05–5.0 mmol/L. 
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V. Briefly, the optimal conditions were found to be as follows: sorbent dose 10 g/L and 
pH range 2–6, which is very close to the optimum range for TiSi (Figure 6.18 – Figure 
6.21). 

It can be concluded that both TiSi and PD materials have relatively good abilities to 
retain the studied cations in synthetic solution. Sorption tests in real waters will provide 
more information. It would also be beneficial to compare the production costs of PD 
and TiSi to determine their commercial potential. 

6.3 Studies of the Sr2+ and Cs+ sorption mechanisms 

6.3.1 Theoretical modelling 

Studying the mechanism of a reaction is one of the most important stages in any 
laboratory investigation, as it contributes to understanding the nature of the materials 
and their potential for future applications. Based on the fitted model parameters in 
combination with the material characterization after the sorption process, the cation 
sorption mechanism can be proposed. Full details are reported in Papers II–III and are 
briefly described below. 

Different theoretical sorption models were discussed in Chapter 2. The chosen criterion 
for fitting a theoretical model to the experimental data was the correlation coefficient 
(R2). The Langmuir and Freundlich theories were used as the basic models, while the 
remaining theories were only selected when R2 ≥ 0.9 for at least one of the materials 
(Figure 6.22, Figure 6.23, Table 6.6 and Table 6.7). 

As can be seen, the sorption of both target sorbates fits the models better when surface 
heterogeneity is assumed. In addition, the R2 is above 0.98 for models which allow for 
interaction of the adsorbed cations, as implied by the Sips, Toth and Redlich-Peterson 
models. 

The kinetic data show a good correlation with the nonlinear pseudo-first order and 
pseudo-second order models. The latter of these showed a better correlation for both 
materials and target cations in most of the studied conditions (R2 = 0.74…1.00), while 
the Elovich and intraparticle diffusion theories were not fitted well enough.  
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Figure 6.18: Influence of sorbent dose on the 
decontamination factor of phosphated 
dolomite materials. 

 
Figure 6.19: The pH dependence of 
phosphated dolomite materials. 

 
Figure 6.20: Kinetics of cation sorption by 
phosphated dolomite. 

 
Figure 6.21: Sorption isotherms of 
phosphated dolomite. 
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Table 6.6: Adsorption isotherm parameters of synthesized TiSis. 
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Figure 6.22: Sorption isotherms of Sr2+ (left column) and Cs+ (right column): dots: experimental 
results; lines: results of modelling. Experimental conditions: initial strontium concentration 
range 10–5000 mg/L, V:m ratio 100, contact time 24 h, ambient temperature. 
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Figure 6.23: Kinetic data fitted to theoretical models of Sr2+ (left column) and Cs+ (right 
column): dots: experimental results; lines: results of modelling. Experimental conditions: 
contact time range 3–2880 min; V:m ratio 100; ambient temperature. 
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characterization was done after the sorption tests. 
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Table 6.7: Kinetic parameters for sorption of TiSi xerogels from water and 0.1 M NaCl 
media. 
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6.3.2 Post-sorption test material characterization 

After the sorption tests, the dry xerogel samples were subjected to SEM, XPS and XRD 
studies. A detailed analysis of the obtained data is provided in Papers I–III. In 
summary, the obtained SEM images show the presence of a heterophase on the sample 
surface only after sorption tests with Sr2+, while after Cs+ and Ca2+ uptake, the sample 
surface appeared unchanged (Figure 6.24). Based on the combination of the collected 
data from SEM-EDX, mapping, XPS (Figure 6.25) and XRD (Figure 6.26), the 
observed crystals are attributed to the mineral strontianite (Srx(OH)y(CO3)z). 

 
Figure 6.24: SEM images with EDX and mapping data of the TiSi surfaces: a: TiSi(p), b: TiSi(t) 
after Sr2+ sorption, c: TiSi(p), d: TiSi(t) after Cs+ sorption. 

In order to identify the source of the heterophase, four series of sorption tests in an inert 
atmosphere (N2/Ar) were performed (Table 5.1). The assumptions were as follows: i) 

a b c d
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the heterophase was formed as a result of the epitaxial growth of Srx(OH)y(CO3)z while 
the samples were drying in air; ii) the phases were formed during the sorption process. 
It was found that the crystals of the heterophase grow on the TiSi xerogel surface with 
varying intensity, and in the cases of HCO3

- or CO3
2- they are available in the solution 

or on the surface. Based on experimental observations i–iv and the suggested theoretical 
models, the following mechanism of the Sr2+ sorption process was proposed: The ion 
exchange step in the presence of HCO3

- or CO3
2- in the solution or on the TiSi surface is 

followed by the interaction of retained Sr2+ with the available HCO3
- or CO3

2-. In the 
scheme (Figure 6.27), this rapid ion exchange process is presented as the first kinetic 
step, and the heterophase growing process is proposed as the second kinetic step. For 
Cs+, an activated sorption mechanism is suggested. 

 
Figure 6.25: XPS spectra of TiSi before and after sorption tests with Sr2+ (left column) and Cs+ 
(right column) containing solution. 
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Figure 6.26: XRD pattern of TiSi(p) after Sr2+ adsorption. 

 
Figure 6.27: Scheme of the proposed sorption mechanism of Sr2+ on the TiSi xerogel. 
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6.4 Practical application 

6.4.1 Sorption tests with real Cu-Zn mine water 

Real mine water was used to compare the sorption capabilities of the synthesized TiSi 
xerogels and phosphated dolomite materials. The mine water was sampled at a Finnish 
underground Cu-Zn mine at the working levels +270 m, +500 m and +720 m and 
analysed with ICP-MS (Table 6.8). 

Table 6.8: Metal ion content in the mine water samples. All concentrations in mg/L. 
mine 

water and 
level 

Al3+ Cd2+ Co2+ Cr3+ Cu2+ Fe3+ Mn2+ Ni2+ Pb2+ Zn2+ 

1 +720 270 0.25 0.37 0.09 6.4 350 34 0.48 0.0030 310 

2 +500 1300 4.80 2.50 0.40 110 1300 120 3.80 0.0004 2800 

3 +270 1300 15 2.9 0.32 140 980 130 30 0.0004 610 

 

Phosphated dolomite materials were efficient only with water from the +720 m level. 
The obtained results are presented and discussed in detail in the related publication 
[251]. Briefly, cation uptake efficiency was evaluated as a function of the batch factor, 
temperature, contact time, nature of the sorbate and sorbent. The optimal sorption 
conditions were found to be as follows: a sorbent dose of 25 g/L, temperature above 
25 °C and contact time over 10 min. Tertiary phosphated material proved to be more 
efficient in mine water treatment than hydrogen phosphated dolomite. 

The efficiency of TiSi xerogels for cation uptake from real mine water is shown in 
Figure 6.28. The removal efficiency of Fe3+, Pb2+, Cs+ and Al3+ was quite high, while 
for other metals it was not of relevance (DF < 60%). It must be noted that TiSi(p) 
demonstrated higher DF for Cs+ in all studied waters and DF(Cs+) varied by around 
10% according to the nature of the precursor. Interestingly, TiSi xerogels provide 
almost full Cs+ decontamination even in such a complicated background and the 
presence of so many competitors. 

Basically, we can conclude that the tested TiSi sorbent is not efficient enough to fully 
purify the considered mine waters of all toxic cations. Therefore the use of cheaper 
phosphated dolomite materials appears more rational. At the same time, utilization of 
TiSi for Cs+ retention from mine water is proved to be efficient. 
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Figure 6.28: Cation sorption by TiSi materials from real mine water. 
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6.4.2 Radionuclide uptake by TiSi 

A comparative sorption investigation was conducted and is described in detail in 
Paper IV. This study included the long-lived radionuclides 134Cs+, 84,89,90Sr2+, 
238,239,240,241,242Pu3+ and 243Am3+ and sorption on titanosilicate, iron oxides and natural 
clay materials with 14% montmorillonite, using natural groundwater, 0.1 mol/L NaNO3 
solution and spent fuel pond water. Briefly, it was found that TiSi materials have a 
higher sorption capacity for all studied radionuclides than the other materials (Table 
6.9). Thus, 90% of 134Cs was retained in the first 10 min (Figure 6.29), while for ∑Pu 
full sorption takes around an hour. This difference in kinetic data is attributed to the 
steric limitation of big ions like Pu3+ and Am3+ in the pore structure of TiSi. 

Laboratory batch investigations demonstrated the high sorption capacity, kinetic rate, 
selectivity and radioactive resistance of the obtained TiSi materials. This, consequently, 
encouraged to perform further tests with real radioactive aqueous solutions. Preliminary 
sorption column studies with real LRW in the Shelter Object of Chernobyl NPP, natural 
ground and river water sampled near Chernobyl confirmed the high efficiency of the 
TiSi xerogels in real conditions (publication of the detailed experimental data was not 
permitted by the relevant state authorities). 

Table 6.9: The TiSi sorption capacity for long-lived radionuclides. 

c0, 
mol/L 

137Cs+ 90Sr2+ ∑Pu3+ 241Am3+ 

6.8·10-5 2.3·10-10 1.10·10-9 3.20·10-11 

Kd 4.1·104 1.6·105 2.6·105 1.6·104 
 

 
Figure 6.29: Kinetics of 134Cs sorption on TiSi xerogels from 0.1 mol L-1 NaNO3 solution. 
Experimental conditions: contact time range 5–1440 min; V:m ratio 1000; pH 5.6–6.2±0.1, 
ambient temperature. 
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7 Synopsis and Conclusions 
In this thesis, the recently developed and for industrial applications highly promising 
sol-gel method was used to prepare titanosilicate xerogel particles. The applied sol-gel 
approach of titanosilicates yielded materials with a poorly crystalline sodium 
titanosilicate structure under relatively mild synthesis conditions. All effects of the 
synthesis parameter were studied. The temperature of HTT has the strongest influence 
on the structure of the materials and consequently was concluded to be the control factor 
for the preparation of gels with the desired properties. Under the selected synthesis 
conditions, TiSi xerogels with a high affinity, selectivity and sorption rate for both Sr2+ 
and Cs+ pollutants was prepared and proved to be effective and selective for both Sr2+ 
and Cs+ decontamination from synthetic and real aqueous solutions of various 
compositions. In addition, a higher sorption capacity was observed for the amorphous 
xerogel samples, as reported by Möller et al. [130] for coprecipitated TiSi analogues. 

The sorption mechanisms for both target cations were found to be an activated sorption 
mechanism for Cs+ and a two step sorption mechanism for Sr2+. In the latter, the first 
step is an ion exchange and the second step an interaction between the retained Sr2+ 
with the available HCO3

- or CO3
2- and heterophase formation. No influence of the 

precursor on the sorption mechanism for Sr2+ and Cs+ could be observed. Yet, the 
precursor quality might be relevant for toxicology tests on titanosilicate materials before 
blood plasma testing. This is an important and highly interesting aspect to consider in 
future studies. 

The effect of precursors on the final sorption properties was tested and described. A 
decreasing precursor quality influenced the TiSi sorption abilities ambiguously. While 
xerogels with a technical precursor have a smaller micropore radius and volume, the 
main pore radius and the total volume increased causing an improved sorption rate, 
decreasing the steric restriction inside the pore space and increasing the number of 
possible target cations. The obtained TiSis have a slightly higher selectivity and 
sorption ability for Sr2+ than Cs+. A difference of over 10% DF for Cs+ between the 
technical and pure TiSi xerogel material was observed in the presence of competitive 
ions, while no alterations were noticed for the Sr2+ retention process. The cost-benefit 
analysis of Cs+ sorption by technical or pure material may be calculated for each case 
specifically, based on the pure precursor price and 10–20% DF of this pollutant. Since 
the sorption capacity of both TiSi xerogel materials increased with rising temperature, 
both materials can be used without a preceding cooling stage in normal treatment 
procedures and in cases of emergency.  

The efficiency of the obtained TiSi xerogels could be proved, but the techniques and 
approaches to synthesize it on a pilot and industrial scale still need to be developed. 
Thereafter, a further pilot scale or industrial scale sorption studies will be required. 

The main conclusion is that an effective titanosilicate sorption material for Sr2+ and Cs+ 
decontamination from aqueous solutions can be produced in highly promising for 
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industrial application particle form utilizing the chosen condition of sol-gel approach. It 
can be used in a broad range of applications to purify drinking, ground, sea and mine 
waters, blood plasma and liquid radioactive wastes. 

Based on the investigation conducted, it is easy to believe that utilizing described 
profitable sol-gel synthesis, which yielded more efficient and easy-to-use sorption 
materials will soon be applied in industrial scale that will result in better environmental 
and health protection from radioactive pollutions. 
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Pore structure and sorption characterization of
titanosilicates obtained from concentrated
precursors by the sol–gel method

O. Oleksiienko,*ab S. Meleshevych,a V. Strelko,a Ch. Wolkersdorfer,bc M. M. Tsyba,a

Yu. M. Kylivnyk,a I. Levchuk,b M. Sitarzd and M. Sillanpääb

A modified approach using the sol–gel synthesis of titanosilicate (TiSi) with a developed pore structure

under relatively mild synthesis conditions was developed. To identify the controlling factors for the

preparation of gels with the desired properties, the influences of the synthesis parameters on the

structure and sorption capacity of the materials were studied. The chosen synthesis conditions allowed

the preparation of TiSi xerogels with a high decontamination factor for both Sr2+ and Cs+. Effects of

competitive ions on the separation factors, distribution and selectivity coefficients were studied from

different background solutions containing Sr2+ and Cs+ simultaneously. It could be shown that it is

possible to produce TiSi gels with developed pore structures that are capable of removing Sr2+ and Cs+

from complex aqueous solutions.

Introduction

Titanosilicates (TiSi) are inorganic compounds widely applied
in sorption and ion-exchange processes.1–11 These chemically
and thermally stable and radiation resistant materials with a
high ion-exchange rate and remarkable capacity, are able to
effectively decontaminate liquid radioactive wastes (LRW) from
long-live nuclides, such as 90Sr, 134,137Cs, 233–235,238U, 241Am,
239,240Pu and 154Eu.1,3,12,13 In numerous works, different ways of
TiSi synthesis, such as hydrolysis of alkoxides and inorganic
salts via hydrothermal, microwave, mechanochemical and sol–
gel routes were proposed.14–29 Using alkoxides as precursors
leads to high purity materials. However, for the synthesis with
alkoxides the following drawbacks were observed: toxic,
expensive and unstable precursors, ecotoxic solvents and poor
reproducibility of results. Consequently, inorganic precursors
become nowmore commonly used for the synthesis due to their
stability, easy handling and lower costs.1,8,15 As a ligand,
hydrogen peroxide (H2O2) is traditionally used for slowing down
the hydrolysis rate of Ti-containing precursors to the silicon
precursor rate and increasing the amount of co-precipitated Ti–
O–Si bonds. Advantages of using such a ligand are its eco-

friendliness and non toxicity of the products H2O and O2. The
main disadvantage is that the released oxygen during the
hydrothermal treatment (HTT) raises the autogenous pressure
inside the autoclave to more than 70 bar. Due to this fact,
special equipment is required. In preceding works, microwave
andmechanochemical routes as well as other reported methods
yielded formation of powder titanosilicates.16–29 However, it is
well known that many effective powder materials are not suit-
able for wide practical applications due to agglomeration,
which decreases the working surface and active centre accessi-
bility, difficulties with handling and ltration (stoppages, high
hydrostatic resistance, bulk compression and poor
wettability).30,31

Sol–gel synthesis has numerous benets in comparison to
other methods, such as an excellent homogenization of the
precursors during the sol preparation stage, a possibility to
obtain high purity materials with the desired composition,
structure and properties under comparably mild conditions and
an opportunity to choose the form of materials (powders, bers,
lms or particles).32 Synthesis for titanosilicate preparation via
the sol–gel method using H2O2 was based on the approach
reported in ref. 33. Previously, decomposition of the peroxide
ligand released the oxygen that ruined the formed gel and the
titanosilicates could be obtained only in powder form.

Recently, the rst authors of this paper developed and
patented a new sol–gel synthesis of titanosilicates from inor-
ganic precursors based on gel preparation at room tempera-
ture,34,35 which overcomes several of the before mentioned
disadvantages. This synthesis method leads to stable materials
with reproducible properties. The crucial point for the proposed
approach is the possibility to use chemicals with essential
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concentrations (2–5 M) strongly increasing the material yield.
This synthesis route can be accomplished using a range of eco-
friendly compounds, such as polyalcohols and organic hydroxy-,
ceto-, di- and tricarboxylic acids and its mixtures. Utilization of
such ligands solved a few problems: at rst, the proposed
ligands did not ruin the gel structure as in the traditional H2O2

method, and the TiSi xerogels obtained had particle sizes of
4 mm and less, instead of being a ne powder. The second
advantage is the decrease of the autogenous pressure in the
autoclaves by at least an order of magnitude. Finally,
substituting the H2O2 ligand offers an opportunity to increase
the precursor number and decrease the resulting material costs.
The possibility to replace the TiCl4 precursor with pure and
technical TiOSO4 solution was shown earlier.34–37 In addition,
the pure silica sources Na2SiO3 and K2SiO3 have been replaced
with cheaper bulk liquid glasses and stable porous gels with a
high sorption ability to Sr2+ were obtained aer such precursor
substitutions. Using inexpensive precursors (technical TiOSO4,
containing iron cations) would not be possible with H2O2, due
to the catalytic effect of Fe3+ on the hydrogen peroxide decom-
position. The modied approach presented in this paper, thus,
is very promising for the large-scale application of TiSi
materials.

The rst part of this paper describes and exemplies the
newly developed approach in the synthesis of TiSi xerogels from
pure titanyl sulphate, sodium liquid glass and sodium
hydroxide. In the second part, the effect of the synthesis
parameters on structural and sorption characteristics is evalu-
ated in order to obtain a sorption material highly efficient for Sr
nuclides. The third part is devoted to assessing the ability to
uptake stable Cs+ and Sr2+ nuclides from aqueous solutions
containing both potential pollutants simultaneously.

Experimental session
Chemicals

Titanium tetrachloride (TiCl4), metatitanic acid (H2TiO3) and
technical solutions of liquid glass (Na2O$2.5SiO2) were used as
precursors (Sumykhimprom and Kremnypolymer, Ukraine). A
bulk solution of Na2O$2.5SiO2 was taken for synthesis aer
ltering through a polypropylene lter (0.5–1.0 mm). D-Sorbitol
((2S,3R,4R,5R)-hexane-1,2,3,4,5,6-hexol (C6H14O6)), L-lactic acid
(2-hydroxypropanoic acid (C3H6O3)), benzene (C6H6), Trilon B
(disodium ethylenediaminetetraacetic acid (EDTA)) or (2-({2-
[bis(carboxymethyl)amino]ethyl}(carboxymethyl)amino)acetic
acid) and calcein (uorexon) indicator (2-[[70-[[bis(carboxy-
methyl)amino]methyl]-30,60-dihydroxy-3-oxospiro[2-benzofuran-
1,90-xanthene]-20-yl]methyl-(carboxymethyl)amino]acetic acid)
with an assay of 95–98% (Chimlaborreaktiv, Macrochem and
Synbias, Ukraine) were used without further purication. Pure
solutions of TiOSO4 were achieved by replacing Cl� with SO4

2�

in TiCl4 or by dissolving the metatitanic acid in H2SO4. All
chemicals used for the sorption tests (CsCl, SrCl2$6H2O; NaCl,
NaHCO3, KCl, CaCl2, D-glucose, H2SO4, NaOH) were of analyt-
ical grade (Sigma-Aldrich) and used without further purica-
tion. Laboratory glassware was rinsed with concentrated HCl or

HNO3, and Milli-Q water (resistance 18.2 MU) was used for all
studies.

Synthesis

Titanosilicate sols were obtained by mixing two initial solutions
at room temperature using a magnetic stirrer. The rst solution
was prepared by mixing pure (3.4 M) TiOSO4 and the ligand, a
mixture with D-sorbitol and L-lactic acid. The second initial
solution was obtained by mixing a technical liquid glass solu-
tion (3.81 M of Si) with 5 M NaOH. Gels for the present study
were achieved by mixing the precursor at the molar ratio of
Ti : Si : ligand : NaOH ¼ 1 : 1 : 0.5 : 4. The obtained colourless
transparent sols were transformed into milky homogeneous
gels aer 7 s to 15 min (depending on the pH). Fresh gels were
aged at room temperature under a polyethylene cover for 0–7 d
(days) in order to investigate the effects of aging time (Tag)
before hydrothermal treatment (HTT) on the gel properties.
Syneresis liquids were taken for pH measurements and gels
were then subject to HTT in Teon-lined steel autoclaves under
autogenous pressure. Inuences of the HTT parameters were
studied in the temperature range of 120–200 �C during
6–48 h.34,35 The proposed synthesis can be described as follows:

TiOSO4 þNa2O� 2:5SiO2 þNaOH ������!HTT

ligand
NaxTiySizOm

� nH2OðgelÞ (1)

The HTT gels were rinsed with water to remove salts and
ligands. Thereaer, the hydrogels were dried at 80 �C, ground,
sieved and fractionated.

Characterization

Sample phase identication was done using X-ray diffraction
(XRD), patterns collected using DRON-4-07 (CuKa; 2q ¼ 5–80�

step D2q¼ 0.02�). The Brunauer–Emmett–Teller's (BET) specic
surface area and pore structure were determined using a
Quantachrome NOVA 2200 surface area analyser and calculated
with the NOVAWin soware. The pore size distribution,
micropore and total pore volume of TiSi xerogels were evaluated
by density functional theory (DFT) and Dubinin–Radushkevich
(DR) equations.38,39 The following express-test methods were
used: exsiccator porosimetry and trilonometric titration of Sr2+.
TiSi xerogels were dried at 105 �C until constant weight was
achieved and thereaer saturated with distilled water and
benzene vapours in an exsiccator to constant weight at room
temperature. The maximum specic sorption pore volume Vp,
which is relevant for the characterization and sorption capacity
of the studied material, was calculated with eqn (2) (cm3 g�1). A
single point measurement of maximum sorption capacity q to
Sr2+ from 0.05 M SrCl2 solution was used as an express-test of
the sorption ability (eqn (3)). Experimental conditions of the
sorption test were: room temperature (25 � 2 �C), contact time
24 h, 0.1 M NaCl background solution. The concentration of
Sr2+ in solution was estimated by trilonometric titration with a
calcein (uorexon) indicator and calculated with eqn (4):
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Vp ¼ ðmst �m0Þ
m0r

(2)

q ¼ �
C0 � Ceq

�Val

m0

(3)

C
�
Sr2þ

� ¼
�
Vime

Sr2þCi

�

Val

(4)

where Vp is the maximum specic sorption pore volume
(cm3 g�1), which can be measured by water vapour (Vp(w)) or by
benzene vapour (Vp(b)); m0 and mst are the initial and stable
sample masses before and aer vapour sorption, respectively
(g); rwater or benzenemass density (g cm�3), Vi is the volume of
the Trilon B solution used for titration and Val is the aliquot
volume (mL); Ci is the concentration of Trilon B solution used
for titration; meSr2þ is the mass equivalent of Sr2+ (meq L�1); C0

and Ceq are the initial and equilibrium concentrations of Sr2+ in
solution (mg L�1, mmol L�1 or meq L�1).

The sorption ability in regards to Sr2+ and Cs+ present
simultaneously in aqueous solutions was evaluated by batch
experiments. Initial Sr2+ concentrations were varied from 4.45�
10�4 to 1.26 mmol L�1, while the initial Cs+ concentration was
kept constant at 0.752 mmol L�1. Furthermore, initial Cs+

concentrations varied from 6.85� 10�6 to 0.75 mmol L�1 with a
constant initial Sr2+ concentration of 1.26 mmol L�1. Milli-Q
water, 0.1 M NaCl and Ringer–Locke's solution (0.15 mol L�1

of NaCl, 2.38 mmol L�1 of NaHCO3, 2.68 mmol L�1 of KCl,
0.2 g L�1 of CaCl2 and 1.8 mmol L�1 of D-glucose; pH ¼ 8.07
(ref. 40 and 41)) were used as media for the sorption tests. An
IKA KS 4000i control shaker-incubator was used at 200 rpm
(rotations per minute) to overcome the slow diffusion rate; the
aliquot volume to sorbent material mass ratio (V : m) was 100;
contact time 24 h; ambient temperature. The Cs+ and Sr2+

concentrations during the sorption experiments were deter-
mined by inductively coupled plasma with mass detector (ICP-
MS) model Agilent 7500ce. Distribution coefficients (Kd) and
decontamination factors (DF) were calculated using the
following equations:

Kd ¼ DC

Ceq

Val

ms

(5)

DF ¼ DC � 100%

C0

(6)

DC ¼ C0 � Ceq (7)

Separation factor F and selectivity coefficients were calcu-
lated using the following equations:42–44

KlmðAþn=BþmÞ ¼ qA
1=nCB

1=m

qB1=mCA
1=n

(8)

KG

�
Aþ

�
B2þ� ¼ qACB

1=2

qBCA

(9)

F ¼ KdðAÞ
KdðBÞ (10)

where CA and CB are the equilibrium concentrations of the
potential cation pollutants in solution (mg L�1, mmol L�1 or
meq L�1); q is the amount of the exchanged cation on the
material in meq per 100 g of material; Klm is the selectivity
coefficient according to the law of mass action form; KG is the
Gapon's selectivity coefficient.

Results and discussion

To identify the crucial synthesis parameters for creating mate-
rials with the anticipated properties, the fresh homogenous TiSi
hydrogels were subjected to various post synthesis treatments.
Altering parameters such as pH or pressure of the HTT yielded
material with poor sorption characteristics of Sr2+ as well as
decomposed gel structures resulting in powder like materials.
Drying the fresh hydrogels before HTT produced materials with
DF(Sr2+) # 80%. Therefore, these synthesis factors were
excluded from the present study. Yet, variations of the aging
time Tag before HTT, the duration or temperature of HTT
resulted in TiSi materials with a high affinity to Sr2+. In order to
understand the inuence of the abovementioned factors on the
TiSi gels' structure, studies using the low temperature nitrogen
sorption/desorption technique and X-ray diffraction were con-
ducted subsequently.

Fig. 1 and Table 1 illustrate the inuence of aging time (Tag)
before HTT on the TiSi gel structural and sorption properties.
Pore structure parameters measured with the surface area
analyser were compared with data obtained by express-analysis
methods (sorption pore volume by water and benzene vapours
and sorption capacity to Sr2+). The results presented are for
xerogels HTT under 150 �C during 6 h.

It was found that the isotherms obtained from TiSi gels
belong to the IV type. According to the IUPAC classication45

such an isotherm form is typical for materials with a developed
pore structure. The shape of the hysteresis loops can be attrib-
uted to the H2 type that suggested the “ink-bottle” pore form.

A statistical test with SPSS (22.0) investigated if there are
statistically signicant differences in the TiSi gel properties or
sorption capacities of the HT treatments with different aging
times. The Shapiro–Wilk test for normality showed that for 7 of
the 8 parameters the zero-hypothesis for normality can't be
rejected and that the aging time has nomeasurable effect on the
TiSi properties. Yet, TiSi no. 2, relating to one day of aging, has a
Rpore value that is different from the other 4 aging steps. Based
on the statistical investigation that sample is an outlier and the
difference is very likely due to random processes during the
HTT.

Sorption tests with Sr2+ proved that the reported synthesis
approach led to TiSi gels with a high sorption capacity. The
sorption data for Sr2+ shows a gradual increase of the TiSi
sorption capacity (q) of 18% during the rst four days and
decreases thereaer. Yet, based on the statistical investigation it
cannot be excluded that this observation is due to random
behaviour. Since the statistical investigation shows that the
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sorption capacity does not depend on the aging period Tag, a
one day aging period was chosen for all further investigations to
simplify sample handling.

Effects of the HTT duration were studied at 150 �C using
hydrogels aged one day. It became clear that the studied vari-
ation has an essential effect on the pore structure and is
reected in the sorption pore volume evaluated by benzene

vapour (Fig. 2 and Table 2). Between 6 and 24 h HTT, the total
pore volume and pore radius increased, while the specic
surface area decreased. This observation indicates that the HTT
conditions catalyse the ripening processes while the syneresis
cannot compensate it since water vapour has less adhesive
properties than liquid water at normal conditions. As a result,
the mean pore radius rose while the micropore volume and

Fig. 1 Effects of the aging time before HTT on the TiSi xerogels' structural and sorption properties: isotherms of nitrogen sorption/desorption
(left) and DFT pore size distribution (right).

Table 1 The influence of the aging time before HTT on TiSi xerogels' properties and p-values for the Shapiro–Wilk test for normality (a ¼ 0.05)

No. Tag, d

HTT

SBET
a, m2 g�1 Vpore total

a, cm3 g�1 VDR micro
a, cm3 g�1 Rpore

a, nm Vw
b, cm3 g�1 Vb

b, cm3 g�1 q(Sr2+)b, mmol g�1t, �S s, h

1 0 150 6 229.2 0.48 0.09 4.71 0.34 0.48 0.86
2 1 150 6 270.3 0.41 0.10 3.52 0.31 0.40 0.91
3 2 150 6 244.1 0.50 0.06 4.71 0.37 0.45 0.98
4 4 150 6 233.6 0.48 0.06 4.71 0.33 0.41 1.04
5 7 150 6 257.0 0.51 0.07 4.39 0.31 0.40 0.85
p — — — 0.715 0.140 0.254 0.012 0.384 0.159 0.511

a The instrumental error was 1–3%. b The experimental error was up to 10%.

Fig. 2 The effect of the HTT duration on the TiSi xerogels' structural and sorption properties: isotherms of nitrogen sorption/desorption (left) and
DFT pore size distribution (right).
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sorption capability to Sr2+ did not change. These suggestions
are based on express-test data and were conrmed with low
temperature nitrogen studies.

The data shows that an increase of the HTT duration from 6
to 12 h is similar to 7 d of aging before HTT, as the samples for
1, 2 and 7 aging days with 6 and 12 h show almost identical
isotherms (Fig. 3). The pore size distributions of these gels
illustrate stiffness (less sensitivity to HTT inuence) of the
hydrogel structure aer one week of aging before HTT. The
sample with the highest specic surface area and the widest
hysteresis loop had been prepared during 48 h of HTT (Fig. 2).
The size and shape of the hysteresis loop indicates an essential
difference between the pores “necks” and “bodies”. The pore
size distribution curve of the sample with 48 h HTT conrms a
biporous structure. The biggest shi of the isotherm in a region
of lower relative pressure is an indication for a structure with

small mean pore sizes. Consequently, a hydrogel with an anal-
ogous structure would be obtained aer a few months of aging.
Interestingly, the maximal Sr2+ sorption capacity varies around
7% within the limits of the experimental error. It can therefore
be concluded that the effect of both studied factors on the
micropore volume and developed transport (mesopore) struc-
ture of all obtained gels is insignicant. This observation agrees
with earlier works11,14,33,46–48 stating that the ion-exchange of
small cations like Cs+ and Sr2+ takes place in micropores and
crystal channels with micropore size. Consequently, it was
decided to use 6 h of HTT for further studies as the least energy
consuming synthesis of the effective sorption materials inves-
tigated. Because of the small number of observations (4), a
statistical test with Shapiro–Wilk for normality did not provide
useful results.

Table 2 Effects of the HTT duration on the TiSi xerogels' properties

No. Tag, d

HTT

SBET, m
2 g�1 Vpore total, cm

3 g�1 VDR micro, cm
3 g�1 Rpore, nm Vw, cm

3 g�1 Vb, cm
3 g�1 q(Sr2+), mmol g�1t, �S s, h

2 1 150 6 270.3 0.42 0.10 3.52 0.31 0.40 0.91
6 1 150 12 256.2 0.50 0.07 4.81 0.31 0.47 0.93
7 1 150 24 209.4 0.58 0.08 5.64 0.31 0.94 0.89
8 1 150 48 326.0 0.33 0.08 2.64 0.32 0.31 0.96

Fig. 3 The influence of the HTT duration and the aging time before HTT on the TiSi xerogels' structural and sorption properties: isotherms of
nitrogen sorption/desorption (left) and DFT pore size distribution (right).

Table 3 Effects of temperature of HTT on TiSi xerogels' properties. n.d.: not detected

No. Tag, d

HTT

SBET, m
2 g�1 Vpore total, cm

3 g�1 VDR micro, cm
3 g�1 Rpore, nm Vw, cm

3 g�1 Vb, cm
3 g�1 q(Sr2+), mmol g�1t, �S s, h

9 1 120 6 186.9 0.007 0.0001 1.77 0.12 0.05 0.49
2 1 150 6 270.3 0.419 0.101 3.52 0.31 0.40 0.91
10 1 175 6 176.2 0.70 0.05 8.96 0.26 0.64 0.83
11 1 200 6 236.3 0.44 n.d. 4.10 0.30 0.42 0.47
12 7 200 6 292.7 0.53 0.07 4.07 0.28 0.46 0.65
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Fig. 4 The influence of the HTT temperature on the TiSi xerogels' properties: isotherms of nitrogen sorption/desorption (left) and DFT pore size
distribution (right).

Fig. 5 The influence of the HTT temperature and the aging before HTT on the TiSi xerogels' properties: isotherms of nitrogen sorption/
desorption (left) and DFT pore size distribution (right).

Fig. 6 Temperature influence on the phase structure of TiSi xerogels.
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Inuences of the HTT temperature on the hydrogels' struc-
ture aged one day are presented in Fig. 4 and Table 3. It could be
shown that HTT at 120 �C promoted the formation of a TiSi
hydrogel structure with an atypical isotherm attributed to the V
type. This type and the “open” shape of the hysteresis loop are
indicative of a microporous structure of the sample and
consequently a small pore volume. Using pore distribution
data, the micropore sample structure was evaluated. The sorp-
tion pore volume by water vapour and the sorption capacity to
Sr2+ of this xerogel are half as large as those of sample no. 2 at
150 �S. The HTT at 150–200 �S results in hydrogels with a type
IV isotherm. It should be noted that a hydrogel with an H1

hysteresis loop shape was formed at 175 �S HTT. This fact
testies the presence of a macropore or mesopore structure
with a big pore radius. The pore size distribution of this sample
is wide and the mean pore radius is about 9 nm. Samples with
150 and 200 �C have an H2 shape of the hysteresis loop (Fig. 4).

The inuence of temperature on the xerogels' pore structure
differs substantially from that of varying HTT durations and
aging times (Fig. 5). Temperature clearly predetermined the pore
structure and, as a result, the xerogels' sorption capacity. It was
found that rising the HTT temperature from 120 �C to 150 �S
almost doubled q(Sr2+) while in the temperature interval from
175 to 200 �S, q(Sr2+) decreased by 76%. This can be explained

Fig. 7 The influence of the initial concentration of Sr2+ and Cs+ on the decontamination factor by sorption on TiSi xerogels. Experimental
conditions: water, 0.1 M NaCl and Ringer–Locke's solution media; V : m ratio was 100; contact time 24 h; ambient temperature.
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with the fact that the 200 �C samples have only half of the
micropore volume. Consequently, 175 �C is the temperature
where polycondensation, hydrolysis and coarsening processes
have the highest rate and/or the basic pH of the syneresis liquid
has a catalytic effect on the abovementioned processes. Because
of the different modications in the treatment (aging and
temperature), a statistical test with the data did not provide
additional information (Table 3).

Unexpectedly low q(Sr2+) were obtained for the samples
treated at 200 �C HTT and aer one and seven days of aging
prior to HTT. The shape of the isotherms, hysteresis loops and
pore distributions suggests that the developed porosity with
micropore volume should be enough for a high sorption ability.
Yet, the decline of the sorption capacity might be ascribed to
changes in the surface chemistry of the hydrogels under higher
temperatures or a decreasing accessibility of the ion-exchange
centres due to an increasing order of the structure.

For justication of this assumption, an XRD investigation
was performed. The effect of the temperature on structural
changes is reected in the XRD patterns (Fig. 6). The spectrum
peaks have the same position and broadness as poorly crystal-
line sodium titanosilicate.49 Consequently, the described
synthetic approach lead to a TiSi which would have the ideal
formula Na2Ti2O3(SiO4)$2H2O were it a highly crystalline

sodium titanosilicate. According to the results, crystallites
become detectable aer HTT at 200 �C and the molar ratio of
the Ti : Si would be an important parameter in the sorption
study. Yet, in this study, even aer 48 h of HTT at 150 �C, no
detectable crystalline phase was found and the molar ratio is of
no known relevance. Thus, it can be concluded that the
temperature had the strongest effect on the TiSi hydrogel
structure. It was further assumed that the duration of the HTT
could be used instead of pre-HTT aging to reduce the synthesis
time for the nal product. Detailed structural and sorption
studies should be done around 175 �C HTT in order to obtain
sorption material for big cation pollutants. Following the
synthesis conditions: Tag $ 1 day and HTT at 150 �C for 6 h
make it possible to obtain materials with the highest sorption
capacity in regards to Sr2+, consuming a minimum of time and
energy. Samples prepared under the chosen regime were
synthesized for further sorption investigations.

Sorption study

The effects of the synthesis conditions on the studied materials'
sorption capacity in relation to Sr2+ were evaluated from 0.1 M
NaCl by trilonometric titration. For determining the sorption
capability and selectivity of the obtained xerogels, sorption tests

Table 4 The selectivity coefficient of titanosilicate xerogels' in different solutions and different mass concentration ratios of Cs+ and Sr2+

CinCsþ

CinSr2þ
a q(Cs+), mmol g�1 Kd(Cs

+)

Cs+/Sr2+

q(Sr2+), mmol g�1 Kd(Sr
2+)

Sr2+/Cs+

Klm KG F Klm KG F

H2O
103 0.07 12 417 1.89 30.23 0.29 4.45 � 10�5 43 294 0.53 0.03 3.49
4 0.07 6167 1.06 0.65 0.18 0.03 33 744 0.94 1.55 5.47
2 0.07 4251 0.66 0.27 0.10 0.07 41 362 1.51 3.64 9.73
1.33 0.07 2667 0.37 0.13 0.05 0.09 50 997 2.67 7.64 19.10
1 0.07 2330 0.32 0.10 0.04 0.12 52 073 3.10 10.24 22.35
0.75 0.06 2686 0.39 0.12 0.06 0.13 47 726 2.57 8.52 17.77
0.5 0.04 2589 0.38 0.12 0.06 0.13 45 816 2.61 8.67 17.70
0.25 0.02 1687 0.27 0.08 0.04 0.13 39 217 3.71 12.30 23.25
10�4 6.18 � 10�7 912 0.16 0.05 0.03 0.13 32 292 6.23 20.64 35.40

0.1 N NaCl
103 0.07 6148 6.44 711.50 6.75 9.35 � 10�7 911 0.16 0.001 0.15
4 0.07 4434 0.66 0.42 0.10 0.03 45 237 1.52 2.390 10.20
2 0.07 3745 0.67 0.30 0.12 0.06 31 138 1.49 3.330 8.32
1.33 0.07 3123 0.65 0.24 0.13 0.09 23 314 1.55 4.220 7.47
1 0.07 2677 0.59 0.19 0.13 0.11 20 725 1.70 5.360 7.74
0.75 0.06 6206 0.97 0.31 0.15 0.11 41 385 1.04 3.270 6.67
0.5 0.04 14 739 2.47 0.78 0.41 0.11 35 572 0.40 1.280 2.41
0.25 0.02 68 999 12.59 4.00 2.30 0.11 30 053 0.08 0.250 0.44
10�4 6.17 � 10�7 911 0.18 0.06 0.03 0.11 26 932 5.69 17.980 29.55

Ringer–Locke's solution
103 0.07 13 241 4.59 36.50 1.59 1.81 � 10�4 8326 0.22 0.03 0.63
4 0.07 6554 0.96 0.61 0.14 0.03 46 976 1.05 1.65 7.17
2 0.07 3728 0.72 0.31 0.14 0.06 26 766 1.39 3.21 7.18
1 0.07 2595 0.57 0.19 0.13 0.11 20 505 1.75 5.30 7.90
0.5 0.04 10 314 1.59 0.52 0.24 0.11 42 198 0.63 1.92 4.09
10�3 1.19 � 10�4 17 642 2.78 0.91 0.44 0.11 40 254 0.36 1.09 2.28

a Mass concentration ratio.
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were performed from solutions containing both Sr2+ and Cs+

simultaneously. The 0.1 M NaCl background solution was used
to assess the Na+ competition effect on the potential pollutants'
uptake. A Ringer–Locke's solution was used to evaluate the
effect of Na+, K+ and Ca2+ competitive ions on the sorption
capacity and the selectivity of the synthesized xerogels. There
were two reasons to expect a higher affinity and selectivity to
Sr2+ compared to the cations Na+, K+ and Ca2+. Firstly, it is well
known that in general, cations with a higher valence more
preferably sorb compared to those with lower ones. When the
valence is equal, the cation with a bigger atomic mass is sor-
bed.41,42 Secondly, studies of TiSi xerogel sorption capacities in
the same background solutions with only one cation (Sr2+ or
Cs+) indicate different sorption mechanisms for these cations
(chemisorption for Sr2+ and activated sorption for Cs+).36,37

Coefficients of selectivity and separation factors were calculated
in order to evaluate these assumptions. The collected data is
expected to be useful for predicting the TiSi behaviour in
aqueous media containing Sr2+, Cs+, Na+, K+ and Ca2+ such as
drinking, ground, sea and mine water, blood plasma and liquid
radioactive wastes.

Titanosilicates synthesized via the sol–gel method have a
high sorption affinity to both Sr2+ and Cs+ (Fig. 7). Varying the
initial concentration of one potential pollutant cation has a
weak effect on the decontamination factor DF of both cations.
Generally, the synthesized material has a higher affinity and
sorption capacity to Sr2+: q(Sr2+) > q(Cs+) and Kd(Sr

2+) > Kd(Cs
+).

It is worth to note, that the same values of q(Sr2+) and q(Cs+)
were obtained during sorption studies in the same background
solutions with only one cation (Sr2+ or Cs+). It could be shown
that the separation factor has a lesser deviation from experi-
mental observations than the calculated selectivity coefficients
(Table 4). The selectivity to Sr2+ in water increased with
increasing initial Sr and decreasing Cs concentrations. The
presence of competitive ions in the background solutions
reduced both, the selectivity coefficients and separation factors.
For example, the Gapon's selectivity coefficient KG for the mass
concentration ratio of Sr2+ : Cs+ ¼ 1 in media with dissolved
salts was only half of that one in water. Nevertheless, the
synthesized TiSi xerogels demonstrated a high sorption ability,
DF and selectivity to Cs+ even in the presence of competing
cations such as Na+, K+, Sr2+ and Ca2+. These good character-
istics could be observed even from trace initial concentrations
of the potential pollutant (C0 # 10�3 mmol L�1).

Conclusions

In the presented study, a synthetic approach yielding in mate-
rials with a poorly crystalline sodium titanosilicate structure at
relatively mild conditions is described. The work showed that
the temperature of the HTT has the strongest inuence on the
structure of the materials and consequently, it can be used as
the controlling factor for the preparation of gels with the
desired properties. The chosen synthesis conditions allow for
the preparation of TiSi with a high decontamination factor for
both Sr2+ and Cs+, and competitive ions have a weak inuence
on the ability and sorption capacity of the obtained TiSi

xerogels. Based on the results, it could be shown that the
presence of competitive ions reduced the selectivity coefficients
and separation factors, but TiSi illustrates a higher affinity and
selectivity to Sr2+ than to Cs+ in all studied media and concen-
trations. Hence, it can be concluded that the prepared materials
could be used as an effective sorption material for Sr2+ and Cs+

decontamination from drinking, ground, sea and mine waters,
blood plasma and LRW. Further studies need to show that the
material can also be used in a pilot scale or industrial scale
application.
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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,

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;calcÞ2
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.
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Fig. 1. MIR spectra of prepared TiSi materials.

Fig. 2. SEM pictures of synthesized samples: (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-

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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Fig. 3. Isotherms of nitrogen adsorption/desorption and pore size distribution of
prepared titanosilicates.

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
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Fig. 4. Effect of volume to sorbent mass ratio on DF. Experimental conditions:
initial concentrations of Sr2+ 0.5 g/l, background solution 0.1 M NaCl (pH = 7.08),
ambient temperature.
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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.

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
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Table 2
The maximum adsorption capacities of titanosilicate materials to Sr2+ at different background solutions.

qeq (mmol/g)

Background solution H2O NaCl Ringer–Locke‘s solution

0.01 M 0.05 M 0.1 M 0.2 M

Sample name
TiSi(p) 1.95 1.81 1.40 1.38 1.32 1.21
TiSi(t) 1.42 1.37 1.13 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
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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

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
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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

Fig. 10. Results of kinetic data modelling. Background solutions: water and 0.1 M NaCl.
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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

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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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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bInstitute of Sorption and Problems of Endoecology NAS of Ukraine, 13 General Naumov str., Kyiv 03164, Ukraine,
emails: melesh@ispe.kiev.ua (S. Meleshevych), ispe@ispe.ldc.net (V. Strelko)
cFaculty of Materials Science and Ceramics, AGH University of Science and Technology, Al. Mickiewicza 30, Kraków 30059,
Poland, email: msitarz@agh.edu.pl

Received 12 September 2014; Accepted 21 December 2014

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.
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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�k1te (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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Fig. 2. Effect of pH on the DF of TiSi. Experimental conditions: pH from 2 to 12, initial Cs+ concentration 3.76 mmol L−1,
water and 0.1 M NaCl media, V:m ratio 100, contact time 24 h, ambient temperature.
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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.
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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+.
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Abstract A sorption ability of titanium silicates (TiSi)

and iron oxides towards Cs, Sr, Pu and Am was tested

using the laboratory batch method. The obtained results are

expressed as distribution coefficients (Kd). TiSi synthesised

using TiOSO4 revealed better sorption ability towards all

studied radionuclides in comparison with TiSi produced on

the basis of TiCl4. The Kd values ranged from 3.9 9 102 to

1.6 9 105 mL g-1 for Sr, from 6 to 4.1 9 104 mL g-1 for

Cs, from 2.2 9 102 to 2.6 9 105 mL g-1 for Pu and from

50 to 1.6 9 104 mL g-1 for Am. The highest Pu Kd values

(9 9 103–6.2 9 104 mL g-1) and better kinetics were

found for iron oxides.

Keywords Titanium silicates � Iron oxides � Cs �
Sr � Pu � Am � Distribution coefficients

Introduction

Anthropogenic radionuclides such as 137Cs, 90Sr, 239,240Pu

and 241Am which originated as global fallout, as discharges

from nuclear industry, as well as releases into the envi-

ronment after various accidents, have recently been studied

at ultra-low level concentrations [1–3]. From these studies

it is evident that one of the important needs nowadays is

development of effective and low-cost water treatment

methods, capable of reducing discharges to low-levels for

the purpose of protection of the environment from

anthropogenic radionuclides and their harmful ecological

effects.

The most commonly applied treatment technologies

involve precipitation, ion exchange, evaporation and

solvent extraction. Recently growing concern about con-

tamination of the environment by radioactive and non-

radioactive pollutants resulted in intensive studies related

to the development of new technologies for separation of

radionuclides from liquid waste. These new technologies

should be based on highly selective materials, which are

hard to decompose over a wide range of pH, which remain

stable at high temperatures, and which are resistant to

ionizing radiation. These materials have to be able to

operate in the presence of a great excess of competitive

ions, organic solvents and oxidants [4–6]. Crystalline TiSi

showed high selectivity towards low concentrations of Cs?

and Sr2? ions in high ionic strength solutions, typical for

high level waste cooling ponds, and it also showed a

capability of operating under chemically harsh conditions

[7].

Complicated technologies, high capital and regeneration

costs stimulated studies to develop low-cost and efficient

technologies based on naturally occurring minerals such as

zeolites and clay minerals [8, 9]. Another option could be

an application of amorphous porous mixed oxides—a

rapidly developing class of materials prepared by sol-gel

procedures, the main benefit of which are very simple

procedures conducted under mild reaction conditions in the

ambient atmosphere [10].

In addition, ferrites and a variety of iron-containing

minerals such as akaganeite, feroxyhyte, ferrihydrite,

goethite, hematite, lepidocrocite, maghemite and magnetite

have also been widely used as inorganic ion exchangers for
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the treatment of liquid wastes containing radioactive and

hazardous metals. These materials have certain advantages,

and they are also a promising class of materials for

radioactive waste treatment. Ferrites possess the property

of spontaneous magnetization, they are low-cost crystalline

materials soluble only in a strong acid and they can be used

for efficient separation by magnetic methods [11, 12].

The aim of this study was to prepare amorphous TiSi by

sol-gel procedures under mild conditions using cheap a

local technical titanyl sulfate, and organic complexions as

stock materials. Further, to carry out a comparative

assessment of possible application of these low-cost syn-

thetic inorganic sorbents with conventional and natural

sorptive materials in liquid waste treatment technologies to

remove long-lived radionuclides such as Cs, Sr, Pu and Am.

Experimental

Synthesis of titanium silicates and iron oxides

The co-precipitation and the sol-gel method followed by

the hydrothermal treatment was used for the synthesis of

TiSi from alkaline solution Me2O–TiO2–SiO2. The syn-

thesis of TiSi by the precipitation method was conducted

under mild conditions. TiSi’s were synthesised using cheap

raw materials available in the Ukraine—alkali silicate

(Na2SiO3), potassium/sodium methylsilicates CH3Si(O-

H)2ONa/K, titanium tetrachloride (TiCI4) and titanyl sul-

phate (TiOSO4) [13, 14]. The following prepared ion

exchangers were used in sorption experiments: TiSi

17(SO4), TiSi 20(Cl), TiSi 30(SO4), TiSi 32(SO4), TiSi

55(Cl), TiSi 57?58(Cl), TiSi 59(Cl).

The sol-gel method of the TiSi synthesis developed at

the Institute for Sorption and Problems of Endoecology of

the National Academy of Sciences of Ukraine is based on

the use of local technical titanyl sulfate and organic com-

plexions as stock-materials for the synthesis [13]. Ion

exchangers TiSi 82-1, TiSi 84-3, TiSi 40, TiSi 86-1, TiSi

84-4, TiSi 82’-1, TiSi 86-4, TiSi 82-3 were tested for their

sorption characteristics towards Cs, Sr, Pu and Am.

Iron oxide synthesis was performed using methods

described in publications with some modifications. Syn-

thesis details are given in the previously published paper

[15].

Physical and chemical analysis of prepared samples

The BET surface area and pore volume of studied sorbents

were determined using the nitrogen adsorption/desorption

method at a liquid nitrogen temperature by means of a

surface area analyzer NOVA 2200. The pore size distri-

bution was determined according to the BJH method using

the desorption branch of the isotherms. The X-ray dif-

fraction studies of the prepared Ti–Si sorbents were con-

ducted with an automated diffractometer (DRON -4-07)

using Ni-filtered Cu Ka radiation. Synthesised iron oxides

were characterised by using Mössbauer spectroscopy [15].

Synthesised sorbents, both titanium silicates and iron

oxides, as well as natural clay minerals with 14% of

montmorillonite were used in sorption experiments. The

laboratory batch method was applied to determine the

distribution coefficient values of Cs, Sr, Pu and Am

radionuclides (background electrolyte—0.1 mol L-1 Na?)

at the 1:100 and 1:1,000 g mL-1 liquid : solid.

The total concentrations of caesium in solutions were

2.30 9 10-10 mol L-1 and 6.80 9 10-5 mol L-1 (the

solutions were labelled by 134Cs). A mixture of Pu(IV)

isotopes (238,239, 240, 241Pu prepared from highly contami-

nated Chernobyl soil) [16] was used in sorption experi-

ments. Starting concentrations of Pu(IV) and 241Am were

1.10 9 10-9 and 3.20 9 10-11 mol L-1, respectively.

pH was measured before and after sorption experiments

under continuous Ar flow using WTW pH-electrode Sen-

Tix 41, calibrated with standard buffers DIN 19266 (pH

values 4.006, 6.865, 9.180) and a WTW inoLab Multi

Level 1 m. The solids were separated from the liquid-phase

by centrifugation for 20 min at 10,000–20,000 G. 134Cs

activities were measured with an intrinsic germanium

detector (resolution 1.9 keV @ 1.33 MeV, and efficiency

42%). Plutonium and americium in the solution and the

solid-phase were determined after radiochemical separa-

tion using UTEVA and TRU (Eichrom Industries) resins,

and their activities were measured by alpha spectrometry.
242Pu and 243Am were used as tracers in the separation

procedures. Precision of radionuclide measurements by

gamma–alphas spectrometry was for Cs B 2%, Pu B 5%,

Am B 7%. Sr concentrations in the liquid-phase were

measured with a Perkin Elmer Zeeman/3030 AAS-GF.

Details of this experiment and the characterization of sor-

bents are described in previous publications [17, 18].

Results and discussion

Identification and characterization

Typical adsorption isotherm of studied TiSi and distribu-

tion of effective pore radii for TiSi synthesised in the

presence of chloride and sulphate ions are presented in

Fig. 1. Nitrogen adsorption-desorption isotherms belong to

type IV in the IUPAC classification. S-shaped character

indicates the mesoporous structure of synthesised samples.

The specific surface area estimated using the BET method

varied from 120 to 726 m2 g-1, the total volume of pores

from 0.20 to 0.90 cm3 g-1, depending on the synthesis
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conditions, while volume of micropores ranged from 0.02

to 0.09 m3 g-1, and the effective pores radii from 2.5 to

15.5 nm. It can be seen that the average pores radii in the

presence of SO4-ion increased from 5.7 to 7.8 nm. X-ray

investigations of titanium silicates synthesised by different

techniques (precipitation and sol-gel methods) showed

their amorphous structure.

Preliminary studies were performed in order to deter-

mine the sorption ability of synthesised inorganic sorbents

towards Sr, Cs, Pu and Am from natural groundwater,

0.1 mol L-1 NaNO3 solutions, and fuel pond water. The

highest Kd values were found for the system groundwa-

ter—TiSi ion exchangers. The data obtained indicated that

Sr Kds varied from 2.9 9 102 to 2.2 9 105 mL g-1 for

inorganic sorbents and groundwater solutions. Cs Kd for

the same sorbents and 0.1 mol L-1 NaNO3 solutions varied

from 30 to 4.1 9 104 mL g-1 whereas Pu Kd varied from

2 9 102 to 4.6 9 103 mL g-1.

The obtained results indicate an effective use of TiSi

sorbents during removal of cesium, strontium and pluto-

nium from natural groundwater. It should be noted that a

better sorption ability towards studied radionuclides was

found for TiSi synthesised using titanilsulfate, whereas the

method itself—precipitation or sol-gel—was not important.

Comparably high Kd values found for TiSi-17(SO4) and

TiSi-55(Cl) are promising for particular separations, and it

is probably an indication that amorphous TiSi can act as

exchangers towards a wide range of cations with dissimilar

sizes and charge. On the other hand, the highest Pu Kd

value found for sorbent TiSi-17(SO4) in 0.1 mol L-1

NaNO3 solution can be explained by an effect of the

methyl groups introduced into the Ti silicate structure

using the potassium methyl silicon and the hydrogen per-

oxide as complexion during the synthesis procedure. The

presence of these groups provided formation of sorbent

with a mesoporous structure, appropriate for sorption of

large size ions.

Data on the Pu sorption kinetics have indicated that a

rather short time period is required to reach equilibrium

(Figs. 2, 3). Equilibrium was reached after about 2 h of

sorption. Kinetic data were fitted to the pseudo-first-order

kinetic model: qt = qe(1-e-kadt), where qt and qe are Pu

concentrations (mol/g) at time t and equilibrium, respec-

tively as well as kad (min-1) is the pseudo-first-order rate

constant. It can be seen from the obtained parameters that

the iron oxide kinetic data fit well the pseudo-first-order

equation, whereas the TiSi’s data require additional
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analyses. Pu Kd equilibrium ranged from 2.5 9 103 to

4.1 9 103 mL g-1 for studied sorbents TiSi-17(SO4), TiSi-

32(SO4), TiSi-55(Cl) and TiSi-59(Cl).

It should be noted that TiSis are porous materials with

pore size distribution from 0.8 to 1.5 nm and their sorption

ability towards studied radionuclides depends on their

structural parameters. In addition, modification of methods

used for preparation of TiSi gives opportunities to change

their microstructure and porosity. Despite the fact that TiSi

synthesised using the sol-gel methods showed a lower

sorption ability towards studied radionuclides, they have

great potential for tailoring of the chemical composition,

the porosity and the surface properties, as well as for the

synthesis of these materials in a granulated form, which is

important for practical purposes of natural groundwater

treatments.

Pu Kd values ranged from 4.8 9 103 to 1.6 9

104 mL g-1, while Am Kd varied from 9 9 103 to 2.6 9

105 mL g-1 for Pu in the system iron minerals—natural

groundwater. The obtained values were in a close range as

determined for natural clay [17, 18]. An increase in the Pu Kd

value by a factor of 6.8 was found for magnetite/hematite

composite in comparison with the value for pure magnetite,

and lower by a factor of 4 in comparison with the Kd value

obtained for pure hematite. Nevertheless, synthesised mag-

netite/hematite composites possess magnetic properties and

comparatively a high sorption ability towards Pu. Therefore,

they can be used for separations.

Sorption kinetics is an important parameter of sorbents

reflecting their efficiency and cost. Kinetics data for four

sorbents are presented in Fig. 4. Better sorption parameters

were found for sorbents TiSi-112 and TiSi-100a, when

90% of Cs was removed in the first 10 min. These better

sorption parameters can be explained by their structure. Cs

kinetics data of sample TiSi-55(Cl) indicated that there is a

limitation on Cs ion diffusion into the mesoporous sorbent

matrix. Studies of plutonium sorption kinetics indicated a

faster plutonium sorption to iron oxides in comparison to

TiSi.

Conclusions

The obtained results revealed that the highest sorption

ability towards studied radionuclides showed titanium sili-

cates synthesized using TiOSO4 without reference to the

chosen method (a co-precipitation or sol-gel). Magnetite

and clay minerals showed better sorption ability towards

americium. The highest Pu Kd values and better Pu sorption

kinetics were found for synthetic iron oxides. An increase in

the Pu Kd value by a factor of 6.8 found for magnetite/

hematite composite in comparison with the pure magnetite

suggests that this sorbent is efficient for plutonium removal

and it is promising for its separation from contaminated

solutions. Reported Kd values for uptakes of activated

corrosion nuclides, fission products and transuranium ele-

ments (including 241Am and 236Pu) from 0.1 mol L-1

NaNO3 for Am were 7.1 9 104 and 3.2 9 106 mL g-1 and

for plutonium varied from 1.5 9 104 to 6.7 9 104 mL g-1

under similar conditions [19]. The published Kd values

obtained using crystalline TiSi for Cs and Sr ranged from

8.9 9 105 to 9 9 105 mL g-1 and from 7.4 9 104 to

8.6 9 105 mL g-1, respectively [20, 21]. Thus, TiSi tested

in this study showed close sorbtion ability towards studied

radionuclides, whereas they were synthesised under mild

conditions using cheaper materials. It should be noted that

modification of methods used for preparation of TiSi gives

great opportunities to change their microstructure and

porosity. Thus, despite the lower sorption ability of TiSi

prepared by the sol-gel method, it has certain advantages in

comparison with the fine powder TsSi. This is because of a

huge potential for the tailoring of chemical composition,

porosity and surface properties, as well as for the production

in the granular form, which is especially important for

practical purposes.
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a b s t r a c t 

In the present work, modification of phosphate dolomite was conducted and applied for some bivalent metal

ions removal. Physico-chemical properties of sorbent were characterized by means of X-ray diffraction (XRD),

Fourier transform infrared spectroscopy (FTIR), differential-thermal analysis (DTA), thermogravimetric anal- 

ysis (TGA), scanning electron microscopy (SEM) and low temperature adsorption–desorption of nitrogen.

Sorption properties of modified dolomite for Zn 2 + , Fe 2 + , Cu 2 + , Pb 2 + , Cd 2 + , Ni 2 + and Co 2 + removal were stud- 

ied using model solutions. The highest removal efficiency was observed in pH range from 2 to 5. Among all

tested metals, highest adsorption capacity of phosphated dolomite was detected towards Co 2 + and Pb 2 + (15 

and 12 mmol g −1 , respectively) and the lowest towards Zn 2 + , Fe 2 + and Cu 2 + (about 8 mmol g −1 ). Adsorption 

isotherms were built for each tested metal ions and were fitted to Langmuir, Freundlich and Redlich–Peterson

models.
c © 2014 Elsevier Ltd. All rights reserved. 

Introduction 

It is well known that bivalent metal ions pollution has become 

one of the most serious environmental problems today and elevated 

concentrations have been observed even in the most remote regions 

[ 1 –3 ]. The number of methods such as ion exchange, membrane sep- 

aration, electrolysis, chemical precipitation, and adsorption are used 

for removal metal ions from aqueous solutions [ 4 –8 ]. Due to simplic- 

ity, effectiveness, and low cost adsorption is widely used technology 

for heavy metal ions removal [ 9 ]. As a rule it has been used as the 

main method for metal ions removal at low concentrations, or as a fi- 

nal polishing step. Some natural (dolomite, clay and related minerals, 

i.e., bentonites, montmorillonite, kaolinite [ 10 –14 ]) or synthetic prod- 

ucts (the nanosized metal oxides, metal phosphate, e.g., zirconium or 

hydroxyl apatite [ 15 –17 ]) are known to be good adsorbents for metal 

ions and some of them have excellent ion-exchange properties. How- 

ever, these materials have a low sorption capacity of 1–2 mmol g −1 , 

and they cannot always be used in acidic environments. Thus, there 

is a need for the search for novel highly effective sorbents for metal 

ions. 

It has been demonstrated that calcium and magnesium phos- 

phates of non-apatite structure synthesized from chemical reagents 

have a high sorption properties in processes of some metal ions re- 

moval from aqueous solutions [ 18 ]. As it was reported in [ 19 ], calcium 

and magnesium phosphates were obtained using natural dolomite –

common and low-cost mineral consisting of magnesium and calcium 

* Corresponding author.

E-mail address: Ivanets@igic.bas-net.by (A.I. Ivanets).

carbonates. However, the obtained Ca −Mg phosphate sorbents were 

examined only towards Pb 2 + ions and their sorption capacity was 

lower than that studied in [ 18 ]. 

The goal of present paper is to improve the method of synthesis 

of Ca −Mg phosphate sorbent using natural dolomite and to study its 

sorption properties towards Zn 

2 + , Fe 2 + , Cu 

2 + , Pb 2 + , Cd 

2 + , Ni 2 + 

and Co 2 + ions. The above mentioned metals were chosen based on 

content of real wastewaters from Zn −Cu mines. 

Experimental 

Preparation of sorbent 

Dolomite from the Ruba deposit (Vitebsk region, Belarus) with the 

following chemical composition (wt.%): SiO 2 1.1, Fe 2 O 3 0.4, Al 2 O 3 0.5, 

CaO 30.3, MgO 20.0, SO 3 0.4, calcinations loss 47.0, K 2 O 0.2, and Na 2 O 

0.1 was used as starting material for sorbent preparation. Ca −Mg 

phosphate was prepared by precipitation from aqueous solution as 

described in detail elsewhere [ 15 ] with several changes. For the syn- 

thesis of sorbent with a high content of calcium and magnesium phos- 

phates and high sorption properties at the level of materials obtained 

in [ 18 ] it was previously suggested to activate the natural dolomite 

by its calcination at 800 ◦C. This will allow to remove organic impu- 

rities contained in the natural dolomite, and also to decompose the 

dolomites to the magnesium oxide and calcium carbonate [ 20 ], which 

will significantly improve its activity in interaction with nitric acid. 

In contrast to previous work, the synthesis was realized by a slow 

controlled titration (5 mL s −1 ), and after total addition of the am- 

monium phosphate solution the suspension was mated during 24 h. 

2213-3437/ $ - see front matter c © 2014 Elsevier Ltd. All rights reserved. 
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Table 1 

Initial concentrations of metals in model solutions. 

Metal Cd 2 + Co 2 + Cu 2 + Fe 2 + Ni 2 + Pb 2 + Zn 2 + 

C (mg L −1 ) 133.7 93.7 94.4 89.5 96.8 2.7 123.1 

Fig. 1. X-ray diffraction patterns of Ca −Mg-phosphate after heating at 65 ◦C (1) 

and after calcination at 1000 ◦C (2). A – Ca 4 Mg 5 (PO 4 ) 6 (PDF No. 11-0231); B –

Ca 2.81 Mg 0.19 (PO 4 ) 2 (PDF No. 70-682); C – Mg 2 P 2 O 7 (PDF No. 72-2042). 

After the aging and washing with distilled water the precipitate of 

Ca −Mg phosphate was rinsed with ethanol. Replacement of intermi- 

cellar liquid (water–ethanol) allows to obtain the sorbent with a more 

developed mesoporous structure, because ethanol has a lower value 

of the surface tension than water. 

Analytical methods 

For elemental composition analysis, sorbent was dissolved in 6 M 

nitric acid. Total calcium and magnesium concentration was de- 

termined using complexometric EDTA-titration ( ± 2%), magnesium 

concentration – by means of atomic-adsorption spectrometer (AAS) 

ontr AA 300 (Germany) ( ± 3%). The concentration of PO 4 
3 − was de- 

fined spectrophotometrically as phosphovanadomolybdate complex 

at λ = 440 nm ( ± 0.4%). Determination of nitrogen and carbon con- 

tent was performed with the elemental analyzer Vario Micro. CHNS 

Mode (Elemetar Analysensysteme GmbH). 

X-ray diffractometer (XRD) DRON-3 using Cu K α radiation (2 Θ
5 −70 ◦) was used for sorbent phase composition measurements. The 

morphology and the particle size of the sorbent were examined us- 

ing a scanning electron microscope (SEM) JEOL-5610 LS (Japan). The 

Fourier transform infrared spectrum (FTIR) of the sample in KBr pellet 

was recorded on Midac Fourier transform infrared field spectrometer 

at room temperature in the range of 400–4000 m 

−1 . 

DTA and TGA were performed by means of derivatograph system 

NETZSCH STA 409 PC / PG, when heated with a speed of 10 ◦/ min from 

20 to 1000 ◦ in air atmosphere. 

The adsorption and texture properties of the sorbent were 

assessed by isotherms of low temperature ( −196 ◦C) physical 

adsorption–desorption of nitrogen, measured by the volumetric 

method on an ASAP 2020 MP surface area and porosity analyzer 

(Micromeritics, US). The surface area of pores per unit mass of the 

solid or the specific surface area was determined by the methods of 

a single point ( A sp ), BET ( A BET ), and Langmuir ( A L ). The single point 

method was used to calculate not only the specific surface area A sp , 

but also the adsorption and desorption volumes ( V sp.ads and V sp.des ) 

of pores and their average adsorption and desorption diameters D ads 

and D des . The cumulative adsorption and desorption volumes V BJHads 

and V BJHdes of pores with diameters in the range 1.7–300 nm, and 

the average adsorption and desorption pore diameters D BJHads and 

D BJHdes were calculated by the Barrett–Joyner–Halenda (BJH) method. 

The differential distribution of the mesopore volume over diameters, 

d V / d log D , was calculated by the Barrett–Joyner–Halenda method. 

The relative error in determining the pore volume was ± 1% for the 

surface area and ± 15% for the pore size. 

Concentrations of metals in samples received during adsorption 

tests were determined by means of inductively coupled plasma opti- 

cal emission spectrometer (ICP-OES) model iCAP 6300 (Thermo Elec- 

tron Corporation, USA). Measurements of pH were carried out by 

means of pH meter 340i ( ± 0.02). 

Adsorption studies and modeling 

Chemicals 

Chemicals used for preparation of model solutions were 

ZnSO 4 ·6H 2 O, FeSO 4 ·7H 2 O, CuSO 4 ·5H 2 O, Pb(NO 3 ) 2 , CdSO 4 , 

NiSO 4 ·6H 2 O, CoSO 4 ·7H 2 O and H 2 SO 4 , which were of analytical 

grade and utilized as purchased from Sigma–Aldrich without further 

purification. HNO 3 (Suprapur, 65%) was purchased from Merck 

Millipore International. Laboratory glassware was washed with 

strong HCl or HNO 3 . For all experiments, Milli-Q water (resistance 

18.2 M � cm 

−1 ) was used. 

Dose of sorbent 

Purpose of this part of study was to determine the optimum dose of 

prepared sorbent for maximum removal of Zn 

2 + , Fe 2 + , Cu 

2 + , Pb 2 + , 
Cd 

2 + , Ni 2 + and Co 2 + from model solutions, initial concentrations 

of model solutions are presented in Table 1 . Therefore, sorbent with 

concentrations in range from 0.5 g L −1 to 10 g L −1 were agitated with 

20 mL of model solution (pH = 2.6) for 24 h using rotary shaker ST15 

(CAT, M.Zipperer GmbH, Staufen, Germany). After that sorbent was 

filtered using 0.45 μm polypropylene syringe filter, concentration of 

metals in solutions was measured with ICP-OES. 

Effect of pH on adsorption of metals 

Influence of pH on the removal of metals using synthesized sorbent 

was studied in pH varying from 1 to 6. For pH adjustment H 2 SO 4 (98%) 

and NaOH (5 M) solutions were used. Concentration of sorbent used in 

these tests was 10 g L −1 , volume of model solution, containing Zn 

2 + , 
Fe 2 + , Cu 

2 + , Pb 2 + , Cd 

2 + , Ni 2 + and Co 2 + was 10 mL and contact time 

was 24 h. 

Study of metal ions sorption in time 

In this study, during which 0.2 g of sorbent was mixed with 20 mL 

of model solution with pH 2.6 was conducted at ambient temperature. 

Concentration of metals was measured in samples taken at desired 

time. 

Adsorption isotherms for one-component systems 

Experiments were conducted at room temperature for 24 h and 

volume of 10 mL of model solution was mixed with 0.1 g of sor- 

bent material. Single component model solutions of Zn 

2 + , Fe 2 + , 
Cu 

2 + , Pb 2 + , Cd 

2 + , Ni 2 + and Co 2 + with initial concentrations ranging 

from 0.1 to 2.0 g L −1 were tested. Data obtained from these exper- 

iments were used for building adsorption equilibrium isotherms in 

accordance with Langmuir, Freundlich and Redlich–Peterson models, 
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Fig. 2. SEM micrographs of Ca −Mg phosphate after heating at 65 ◦C, magnified 1000 × (a) and 2000 × (b). 

Table 2

Adsorption properties (specific surface area, pore volume and pore diameter) of the sorbent.

Specific surface area (m 

2 g −1 ) Pore volume (cm 

3 g −1 ) Pore diameter (nm)

A sp A BET A L V sp ads V sp des V BJH ads V BJH des D sp ads D sp des D BJH ads D BJH des

49 54 78 0.182 0.238 0.270 0.272 15 19 23 16

Table 3

Parameters of isotherms.

Metal Langmuir Freundlich

q exp.

(mmol g −1 ) 

q calc.

(mmol g −1 ) K L R 2
q calc.

(mmol g −1 ) K F n R 2

Cd 2 + 10.88 6.78 4.23 0.778 9.62 2.30 3.25 0.945

Co 2 + 15.12 14.19 0.06 0.950 16.68 2.71 3.68 0.961

Cu 2 + 8.68 7.81 10.07 0.983 9.08 3.30 4.49 0.962

Fe 2 + 8.37 8.38 2038.14 0.880 8.97 5.49 9.57 0.742

Ni 2 + 9.35 8.76 0.27 0.944 9.86 2.38 3.47 0.983

Pb 2 + 12.42 11.49 832.98 0.911 13.13 6.34 8.29 0.704

Zn 2 + 7.84 7.58 45.48 0.987 8.92 4.08 5.73 0.890

Metal Redlich–Peterson

q exp. (mmol g −1 ) q calc. (mmol g −1 ) 

K RP n RP R 2

Cd 2 + 10.88 9.60 9928.0 0.70 0.944

Co 2 + 15.12 15.70 1.33 0.81 0.992

Cu 2 + 8.68 8.49 26.73 0.90 0.998

Fe 2 + 8.37 7.76 768.24 1.07 0.896

Ni 2 + 9.35 9.59 6.87 0.77 0.992

Pb 2 + 12.42 11.81 600.20 1.02 0.915

Zn 2 + 7.84 7.65 49.22 0.99 0.987

which are basically used for the description of adsorption of single 

component. All isotherms used in this study are presented below 

[ 21 ]: 

Langmuir: 

q e = 

q m 

K L C e

1 + K L C e 
(1) 

where q e and C e are the adsorption capacity (mmol g −1 ) and the 

equilibrium concentration of the adsorbate (mmol L −1 ) respectively, 

while q m 

and K L represent the maximum adsorption capacity of ad- 

sorbents (mmol g −1 ) and the energy of the adsorption (L mmol −1 ) 

respectively. 

Freundlich: 

q e = K F C 

1 /n F
e (2) 

where K F ((mmol g −1 ) / (L mmol −1 ) n F ) and n F are the Freundlich ad- 

sorption constants. 

Redlich–Peterson: 

q e = 

q m 

K RP C e 

1 + ( K RP C e ) 
n RP 

(3) 

where K RP and n RP are the Redlich–Peterson constants. 

Fitting of experimental data with mentioned models were carried 

out using the solver add-in with Microsoft ’ s spreadsheet, Microsoft 

Excel. In order to check accuracy of the experimental data fitting by 

isotherms the coefficient of determination ( R 2 ) presented below was 
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Fig. 3. FTIR spectrum of initial dolomite (a) and Ca −Mg-phosphate after heating at 

65 ◦C (b). 

Fig. 4. DTG (1), DTA (2) and TG (3) curves for initial dolomite (a) and Ca −Mg-phosphate 

sample (b).

Fig. 5. Isotherms of low-temperature adsorption–desorption of nitrogen in the linear

form (a) and pore diameter distribution curves d V / d D –D plotted using BJH method (b)

for the sorbent synthesized.

Fig. 6. Dependence of metal removal efficiency on concentration of sorbent.

Fig. 7. Elimination of Zn 2 + , Fe 2 + , Cu 2 + , Pb 2 + , Cd 2 + , Ni 2 + and Co 2 + at various initial 

pH. Contact time 24 h, dose of sorbent 10 g L −1 . 

applied. 

R 

2 = 

Σ( q e ,e xp − q e, exp ) 
2 − Σ( q e ,e xp − q e, calc ) 

2 

Σ( q e ,e xp − q e, exp ) 
2 

(4) 

where q e ,c alc is equilibrium capacity, calculated from isotherm equa- 

tion, q e ,e xp is equilibrium capacity obtained experimentally and q e ,e xp 

is mean value of q e ,e xp . 
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Fig. 8. Dependence of metal removal efficiency on contact time, dose of sorbent 

10 g L −1 , pH of solution was 2.6. 

Results and discussion 

Characterization of material 

Summing up data of elemental analysis, the composi- 

tion of prepared sorbent can be described with formula 

3 Mg 2 (NH 4 ) 1.3 (PO 4 ) 4 (CO 3 ) 0.3 ·6H 2 O. The presence of ammonia groups 

could explain the fact of calcium and magnesium phosphates precip- 

itation performed by ammonia solution. As a result, the obtained sor- 

bent includes the impurities of phase MgNH 4 PO 4 ·6H 2 O (struvite). The 

low content of CO 3 
2 − ions in sorbent confirms the almost complete 

transformation of dolomite to calcium and magnesium phosphates. 

The chemical composition is confirmed by the data of the physico- 

chemical analytical methods. From XRD data it can be seen that sor- 

bent is at amorphous state ( Fig. 1 , curve 1). 

As result of heat treatment of sorbent with formula 

3 Mg 2 (NH 4 ) 1.3 (PO 4 ) 4 (CO 3 ) 0.3 ·6H 2 O at 1000 ◦, phases , and were crys- 

tallized, where and are binary Ca −Mg phosphate with Ca:Mg = 4:5 

and Ca:Mg = 2,81:0.19, respectively, is magnesium pyrophosphate 

– the main product of polymerization of HPO 4 
2 − anion forming after 

the NH 3 removal from struvite ( Fig. 1 , curve 2). 

MgNH 4 PO 4 · 6H 2 O → MgHPO 4 · n H 2 O + NH 3 ↑→ Mg 2 P 2 O 7 + H 2 O (5) 

The low crystallinity and the heterogeneity of composition were 

confirmed using SEM ( Fig. 2 ). The electron micrographs show that 

sorbent consisted of both, little oval particles with average dimen- 

sions around 2–4 μm and their aggregates and small crystals with 

a length of 10–16 μm and diameter of 6 μm. Such crystal form is 

typical for struvite. [ 22 , 23 ] 

Fig. 3 shows FTIR spectrums of initial dolomite and after phos- 

phate. The spectrum of Ca −Mg phosphate sample (3b) contains not 

only the phosphate bands at 570 and 1000 cm 

−1 , but also the bands 

of NH 4 
+ group at 1380, 1435 and 1470 cm 

−1 . The rest bands are 

attributed to hydrogen bonds of water–phosphate or water–NH 4 
+ 

group [ 24 ]. The form of spectrum suggests the amorphous state of 

the sorbent. The phosphate groups have the unresolved bands that 

are typical for a poorly crystalline phosphate phase. The O 3 
2 − group 

has several bands in the same range as NH 4 
+ group but carbonate 

content is very low, therefore, it cannot be observed at FTIR spec- 

trum. 

The DTA, DTG and TG curves for the initial dolomite and obtained 

sample are presented in Fig. 4 . The DTA curve ( Fig. 4 b) shows two 

endothermic peaks at 136 and 145 ◦C and exothermic peaks around 

630 and at 708 ◦C. The DTG curve has additional small peak at 215 ◦C. 

The peaks at 145, 215 and 630 ◦C are attributed to the removal of wa- 

ter, then the removal of the ammonia and the formation of Mg 2 P 2 O 7 , 

respectively [ 24 –26 ]. The peaks at 136 and 708 ◦C correspond to the 

removal of crystal hydrate water and the crystallization of Ca- and 

Mg phosphates [ 27 ]. The phases observed by XRD after heating of the 

sample correspond to thermal analysis data ( Fig. 1 , curve 2). Thus, it 

was established that after thermal treatment sorbent consists of mix- 

ture of Mg 2 P 2 O 7 and two phosphatic phases, such as Ca 4 Mg 5 (PO 4 ) 6 
and Ca 2.81 Mg 0.19 (PO 4 ) 2 . 

The sorption isotherm in Fig. 5 a is mostly type IV and demonstrate 

that the sample belongs to mesoporous structures. The hysteresis 

loop in the isotherms is type N3 according to the IUPAC classification. 

Analysis of the differential curves of the pore diameter distributions 

by the BJH method ( Fig. 5 b) makes it possible to identify a mesoporous 

structure with a predominant pore diameter of 15–20 nm and 2–

4 nm. 

According to the data from Table 2 the mesopore volumes by sin- 

gle point (ads / des) and BJH (ads / des) are 0.182 / 0.238 and 0.270 / 
0.272 cm 

3 g −1 and the specific surface areas by single point, BET and 

Langmuir are 49, 54 and 78 m 

2 g −1 , respectively. The average pore 

diameter calculated by single point and BJH methods are in the range 

15–23 nm. 

Adsorption studies 

Dose of sorbent 

According to Fig. 6 , removal efficiency of Fe 2 + , Pb 2 + and Cu 

2 + is 

higher than 90% at sorbent concentration around 2 g L −1 . The efficient 

removal of Zn 

2 + and Cd 

2 + is reached at sorbent dose 5 g L −1 . The 

removal efficiency of Co 2 + and Ni 2 + is the lowest from all tested 

metals – less than 85%. Taking into account that at concentration of 

sorbent equal to 10 g L −1 removal efficiency of all tested metals was 

the highest, this sorbent dose was chosen as optimum for further 

studies. 

Effect of pH 

Aim of this part of study was to determine optimum pH conditions 

for efficient elimination of all metals presented in model solution. In 

previous paper [ 18 ] it was shown that the removal of bivalent metal 

ions follows complex mechanism which included physical adsorption, 

ion exchange and chemisorption. The polyvalent ions interact with 

Ca −Mg phosphate and obtain compounds with low solubility. It is 

also clear that different pH of initial solutions determines a different 

state of metal ions in solution. 

Results, which are shown in Fig. 7 , suggest that highest removal ef- 

ficiency for all considered metals was observed within pH range from 

2 to 5, which is relatively wide and can be beneficial for the treat- 

ment of different types of wastewaters. Fe 2 + and Pb 2 + adsorption 

had the widest pH range – from 1 to 6 and 1–5.2, respectively. The 

optimal pH value provides the condition for the maximum extraction 

of polyvalent metal ions from solution. The low efficiency of metal 

ions removal at pH < 2 was connected with the increased solubility 

as phosphate-sorbent, and the product of its interaction. 

Study of metal ions sorption in time 

In order to find out required time for achieving equilibrium, this 

study was carried out. Model solution was used for this purpose. 

Samples were taken after 5, 15, 30, 60, 720, 1440 and 2880 min. In 

Fig. 8 removal efficiency of metals depending on sampling time was 

shown. As it can be noticed from this plot, already after 5 min of 

experiment such metals as Cd 

2 + , Cu 

2 + , Fe 2 + , Pb 2 + and Zn 

2 + were 

removed completely. Whereas, sorption of Co 2 + and Ni 2 + was not 

so fast, achieving highest elimination of abovementioned metals after 

2880 min. This fact probably related to ionic radii: the kinetics of metal 

cations slowed with decreases of the ionic radii. 
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Fig. 9. Adsorption isotherms of cations from aqueous solution. Contact time 24 h, dose of sorbent 10 g L −1 , pH of solution 2.6. 
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Adsorption isotherms 

Adsorption isotherms were obtained for each of the following 

metals: Zn 

2 + , Fe 2 + , Cu 

2 + , Pb 2 + , Cd 

2 + , Ni 2 + and Co 2 + at differ- 

ent initial concentrations ( Fig. 9 , curves a, c, and e). All isotherms 

belong to H type according to Giles classification of adsorption on 

solids from liquids. This is a case in which the solute has such high 

affinity that in dilute solutions it is adsorbed completely or till trace 

amount, which are difficult to detect. It was found that adsorption 

affinity towards metal cations increases with the rise of the ionic 

radius. The effect of ionic radii was observed in [ 28 ]. The selectiv- 

ity range of metals for synthesized material can be presented as 

Ni < Co < Zn ̃  Fe ̃  Cu ̃  Cd ̃  Pb at low concentration (100 mg L −1 ) 

from both model aqueous solutions ( Figs. 7 and 8 ). At higher metal 

concentrations, the selectivity range changes and can be shown in 

following form Zn < Fe < Cu < Ni < Cd < Pb < Co. The increasing 

of maximum adsorption of Ni 2 + and Co 2 + could be arised as a sum- 

ming result of the following factors: 1 – the complex composition of 

adsorbent (consisting of three cations and two anions), 2 – different 

forms of finding the ions of these metals in solution; 3 – features of 

the mechanism of interaction of various metal ions with a sorbent; 4 

– different solubility of compound formed as a results of interactions. 

For example, in works [ 29 –31 ] observed hiding of adsorption range 

from directly-proportional of radii either. 

Equilibrium data were fit to Langmuir, Freundlich and Redlich–

Peterson models ( Fig. 9 , curves b, d, and f). As it can be seen from 

Table 3 , experimental data can be described more precisely with 

Redlich–Peterson model for Zn 

2 + , Cu 

2 + , Ni 2 + and Co 2 + . The com- 

plexity of choosing models for cadmium Cd 

2 + , Fe 2 + and Pb 2 + sorp- 

tion by synthesized sorbent arises due to the complex mechanism of 

sorption. 

Conclusion 

The sorption material with high content of calcium and magne- 

sium was synthesized from natural dolomite using the improved 

method. According to results of physico-chemical analysis established 

that composition of prepared sorbent can be described with formula 

3 Mg 2 (NH 4 ) 1.3 (PO 4 ) 4 (CO 3 ) 0.3 ·6H 2 O, sorbent has a low crystallinity and 

developed mesopore structure. 

The adsorption studies showed the high sorption properties to- 

wards Zn 

2 + , Fe 2 + , Cu 

2 + , Pb 2 + , Cd 

2 + , Ni 2 + and Co 2 + ions. The high- 

est removal efficiency of chosen metal ions was observed in pH range 

from 2 to 5 with adsorbent concentration in model solution equal to 

10 mg L −1 . It was established that obtained material has maximum 

adsorption capacity (up to 12–15 mmol g −1 ) towards Co 2 + and Pb 2 + , 
while the adsorption of Co 2 + and Ni 2 + were the slowest among the 

rest cations. Collected data allows to conclude that prepared material 

can be used as an effective adsorbent for divalent metal cations from 

acidic water aqueous solutions. 
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