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� Titanosilicates are highly stable and efficient sorption materials.
� Sorption ability of Titanosilicates rises with decreasing the structural perfection.
� Crystalline Titanosilicates are the most selective and effective for Cs+ and Sr2+.
� Fundamental investigations and pilot-scale approbations still need to be done.
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The present work summarizes the relevant literature about Titanosilicates and appraises their current
place among other inorganic sorption materials. A brief history of the sorbents of the TiSi family with
their structural features is canvassed, typical synthesis approaches are addressed and TiSi cation adsorp-
tion and exchange applications are discussed. Suggestions for the directions and perspectives of further
investigations are discussed in the reviews’ conclusions.
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1. Introduction

A large variety of inorganic sorption materials (ISM) have been
synthesized, developed and described until today. Initially, there
were clays and zeolites, thereafter phosphates, silicates, titanates,
Titanosilicates (TiSi), heteropolyacid salts, oxides and hydroxides
[1–12]. These inorganic adsorbents and ion-exchangers are widely
utilized for water softening, water remediation, catalysis, molecu-
lar sieving and selective adsorption purposes [13–19]. Utilization
of ISMs provides many benefits over the use of organic ion
exchangers due to a much higher resistance of inorganics to chem-
ical, thermal and radiation degradation. The crucial characteristic
of ISMs is their very high selectivity for target ions and, as a result,
higher separation factors of inorganics than those exhibited by
organic exchangers. Consequently, ISMs are used in these
instances, where organic materials are not selective enough or
are unstable in the medium used, such as cation removal from
hot organic solutions [20,21].

Adsorption, ion-exchange and membrane filtration are highly
promising techniques for metal ions retention from aqueous solu-
tions and thus one of the most frequently studied [6,22,33]. All cur-
rent physical separation techniques entail strict requirements
concerning the materials applied: thermal, chemical and mechan-
ical stability, ionization radiation resistance, high kinetic rates and
high sorption capacities [11]. Titanosilicates represent an excep-
tional good example of sorption materials that meet all of the
above mentioned requirements and were tested as adsorbents,
ion-exchangers or membranes [6,11,20,34–36]. TiSis have addi-
tional benefits of high kinetics, a high sorption capacity and selec-
tivity at a broad pH range in addition to remaining
‘‘uncontaminated” by other cations [11,39,129]. These benefits
strikingly distinguish TiSis from other ISMs and justify the rising
attention to this group of materials.

This review is devoted to a relatively new class of ISMs:
Titanosilicates. It is intend to examine the literature in order to
appraise the current place of TiSi among the other inorganic sorp-
tion materials. A brief history of the TiSi family including their
structural features is opening this discussion. Thereafter, typical
synthesis approaches and TiSi properties including the latest
results of our own research will be addressed. Suggestions and
history, and structural aspects of TiSi sorption materials.

e Ideal formula Mineral analogue

1 n.r.
(Na,K)2O:2TiO2:2SiO2�4H2O**

2 n.r.
Na2O:2TiO2:2SiO2�4H2O**

4 Na9Si12Ti5O38(OH)�12H2O Zorite
10 Na1.5K0.5TiSi5O13�nH2O
(TAM-5, STS, CST) Na2Ti2O3SiO4�2H2O Sitinakite
1 HNa3Ti4O4(SiO4)3�4H2O Pharmacosiderite
2 (STS) K2TiSi3O9�H2O Ti substituted umbite
3 (penkvilksite-2O) Na2TiSi4O11�2H2O Penkvilksite
4 Na3(Na,H)Ti2O2[Si2O6]2�2H2O
14 n,r,

Na2O�TiO2�(SiO2)3-7�nH2O**
Penkvilksite

ed structure.
roporous framework.
roximated chemical formula, suggested based on the reported chemical analysis
expectations as well as perspectives of further investigations into
the use and properties of TiSi will conclude this review.

2. A brief history of Titanosilicates and their structural
investigations

2.1. General remarks

Titanosilicates belong to the relatively new class of silicate
materials that combine natural minerals and synthesized materi-
als. 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 [37,38]. Later, other TiSis were synthesized and have
found extensive application in catalysis, adsorption, separation
and ion exchange [39–45].

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

2.2. Engelhard Titanosilicates

The first members of the TiSi sorption family were Engelhard
Titanosilicates (Engelhard Corporation) reported by S.M. Kuznicki
(US Patent 4 853 202, US Patent 4 938 989 and US Patent 5 011
591) [46–48] and were named ETS.

In 1989, this new family of crystalline titanosilicate molecular
sieve zeolite materials with a pore size of about 3–8 Å were dis-
closed (Table 1). Eleven examples for preparing the Engelhard
Titanosilicates (ETS) including their characterisation and suggested
usage were described. Within this group, the first three examples
illustrated the criticality of pH, putting these materials outside of
the scope of the invention. Therefore, small attention was paid to
structural investigations and the features of the ETS-1–3 samples.
Kuznicki suggested that ETS-1 and ETS-2 have a layered structure
Ti/Si Ti coordination Structure rpore, Å Reported in References

1.3 6 L 8 1989 [46,48–50]

1.6 6 L 8 1989 [46,48–50]

0.42 6, 5 M 1.85 1989 [46,48,66]
0.2 6 M 4 1989 [46,48,75,76].
2 6 M 1.75 1993 [84,87,91,92]
1.33 6 M 5 1996 [85,93,94]
0.33 6 M 6.8 1997 [100,103,104]
0.25 6 M 3–5 1997 [83,106,109]
0.5 6 L 1997 [97,108,110]
0.21 6 M 3–5 1999 [81]

.



 

 noitcerid )100( 4-STE noitcerid )010( 4-STE

Fig. 1. Schematic representation of the titanosilicate structures of ETS-4 material. The black octahedra and pentahedra have Ti as a central atom and grey tetrahedra are SiO4,
respectively. Figures were produced using Diamond 3.2 software according to the data reported in [66,69].
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and mentioned their low thermal stability, exchange activity and
lack of molecular sieving properties [47,48]. Nevertheless, Liu
et al. [49,50] repeated the synthesis of ETS-1 and ETS-2, supposing
they deserve a closer researchers’ attention. They confirmed the
ETS-1 and ETS-2 layered structure, estimated the parameters of
the pore structure and provided the elemental analysis. Unfortu-
nately, no single crystal studies were done, thus no unit cell
parameters were provided and therefore no figure presented. The
approximate formulas may be estimated based on elemental anal-
ysis: the molar ratio for ETS-1 is n(TiO2):n(SiO2):n(Na2O):n(K2O):n
(H2O) with 1.3:1:0.65:0.23:2.2 and for ETS-2 n(TiO2):n(SiO2):n
(Na2O):n(H2O) with 1.6:1:1.3:2.3 The ideal formulas of ETS-1 and
ETS-2 were not reported yet.

Thereafter, the small pored (3–5 Å) Engelhard Titanosilicate
Number 4 (ETS-4) with the chemical formula Na9Si12Ti5O38(OH)�
12H2O was described (Fig. 1) (Table 1) [47,48]. Kuznicki suggested
for ETS-4, which has a microporous framework structure, usage in
noitcerid)011(01-STEnoitcerid)001(01-STE

Fig. 2. Schematic representation of the titanosilicate structures of ETS-10 material.
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. Figures were produced using Diamond 3.2 software according to the data
reported in [75,76].
adsorption, catalysis (for the small molecule conversion) and water
treatment (for mercury or lead uptake). Subsequently, such a
potential attracted enormous interest to this material [44,51–68].
It was commonly considered that ETS-4 is a synthetic analogue
of zorite until 2001, when the single-crystal study was published
by Nair [66].

There are two types of Ti4+ coordination in ETS-4: one is coordi-
nated into octahedra and linked into chains and the other is coor-
dinated in pentahedra (semioctahedra with titanyl Ti@O bond)
that are isolated by SiO4 tetrahedra from the chains of TiO6. In con-
trast, 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 con-
nected 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 lim-
ited temperature range [66]. Moreover, the calculations of stan-
dard enthalpies of ETS-4 and ETS-l0 formation provided by Xu
et al. [67] using high-temperature drop solution calorimetry with
lead borate as a solvent (at 974 K) demonstrated that at 298 K
and 1013 hPa, ETS-4 is thermodynamically more stable than ETS-
l0. In 2001, a unique property of the ETS-4 to temperature-
induced contraction of certain cation-exchanged forms was discov-
ered by Kuznicki et al. [70] Usually, zeolites have a rigid pore struc-
ture, while the neutron diffraction and in-situ X-ray diffraction
data of ETS-4 demonstrated the reproducible and systematical
diminishing of the lattice parameters as a function of rising the cal-
cination temperature. Such a phenomenon, identified as the
Molecular Gate� effect, allows adjusting the ETS-4 pore structure
according to the required size-based process [45,70–73]. The pos-
sibility to direct the pore size by the amount and type of anions
exserted into the channels was described by Lin et al. [74].

In the same patent, the stable microporous crystalline wide-
pore (8 Å) TiSi material named Engelhard Titanosilicate Number
10 (ETS-10) was disclosed (Table 1) [46,48]. The ETS-10 structure
was determined only a few years later by Anderson et al. [75]
and the chemical formula proposed was Na1.5K0.5TiSi5O13�nH2O
(Fig. 2). A detailed description of the ETS-10 structure was given
by the same group a year later [76]. ETS-10 is a crystalline and,
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at the same time, highly disordered wide-pored microporous
framework material. Using scanning electron microscopy, high res-
olution electron micrograph and electron diffraction, it was identi-
fied that ETS-10 has: (i) structural faulting; (ii) stacking disorder of
ellipsoidal wide pores (12 Si atom rings); (iii) wide 12 member
rings stacked in diagonal or zig-zag arrangement; (iv) straight rows
of smaller 3–7 member channels and (v) two identical orthogonal
axes in both A and B polymorphs. The layers are connected in such
a way that each layer is laterally shifted by one quarter of the unit
cell with respect to the previous and the next one. This resulted in
disorder and faulting of the material’s structure. It must be high-
lighted that the presence of these defects in the ETS-10 structure
is not blocking the channel system, but provides better access for
larger molecules and increases the kinetics of the sorption process
[76,77].

The other interesting aspect of the ETS-10 structure is the alter-
ation of long and short bonds along O-Ti-O-Ti-O chains. These
chains are surrounded by SiO4 tetrahedra linked to the octahe-
drally coordinated Ti4+ through corner-shared oxygen atoms. The
pore system consists of an interconnected 12 Si atom channel net-
work (12-MR) with curvaceous pores in the (001) direction and
straight pores 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+. The
location of balance Na+ and K+ and exchanged cations (e.g. Eu3+,
Gd3+, Tb3+) in the 7-MR space was recently presented using aberra-
tion corrected scanning transmission electron microscopy [78].
Taking into account the Ti:Si ratio of 0.2 in the ETS-10 structure,
the ion exchange capacity was calculated to be 4.5 meq/g (in dehy-
drated 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 sorp-
tion material for high-volume metal cation sorption from aqueous
solution [76,78–80].

Later, in 1999, Engelhard Titanosilicate Number 14 (ETS-14)
was added to the ETS family and the novel crystalline molecular
sieve zeolite and its methods of production were described
(Table 1) [81]. Based on the similarities in XRD patterns of ETS-
14 and the mineral penkvilksite (Na4Ti4+1.5Zr0.5[Si8O22]�4H2O), it
was suggested that ETS-14 has a microporous framework structure
with regular porosity and capability to ion-exchange and small gas
molecules adsorption. ETS-14 was characterized by X-ray powder
diffraction and the lines and relative intensities of the XRD pattern
were compared with that of penkvilksite. Based on the results,
ETS-14 appears to be closer related to the 2O polytype than to the
1M polytype of penkvilksite, though their X-ray patterns do not
CTS, (001) direction CTS, (010) 

Fig. 3. Schematic representation of the titanosilicate structures of microporous TiSi mate
the grey tetrahedra illustrate the SiO4 groups. The group of four tetrahedra in the very cen
oxygens. Figures were produced using Diamond 3.2 software according to the data repo
exactly match [82]. Morphologically, penkvilksite and ETS-14 can
be distinguished on SEM pictures, because ETS-14 has larger platy
crystals appearing as well-defined clusters with a ‘‘rose” shape,
while penkvilksite appears as poorly defined crystal aggregates
[81]. Interestingly, unlike the classical (Al-Si) zeolites, ETS materials
and other penkvilksite-like phases show basically invariant atomic
ratios and composition. Detailed descriptions of the new penkvilk-
site mineral structures were given by Merlino et al. [82], who
reported that the penkvilksite-like structure shows up in spirals of
six vertex-sharing SiO4 tetrahedra in an alternating clockwise and
counter clockwise fashion along the (010) direction. They identified
two types of connections between the TiO6 octahedra and the SiO4

tetrahedra spirals: (i) one of the tetrahedrons shares two vertices
with TiO6 octahedra and two other vertices with other tetrahedra
and (ii) a tetrahedron shares one vertex with a TiO6 octahedron
and three other vertices with tetrahedra. Another interesting aspect
of the penkvilksite-type structure is the small Ti-O distance in the
TiO6 octahedra. In addition, the O atoms of the TiO6 octahedron exhi-
bit very similar environments within the same penkvilksite polytype
and in comparison to the other penkvilksite polytypes [82,83]. More-
over, there are no Ti-O-Ti bonds in penkvilksite-like phases, which
makes ETS-14 closer related to the AM titanosilicate family
(Fig. 4). Unfortunately, no single crystal studies and unit cell param-
eters were provided, therefore no figure is presented.

2.3. TiSis with the ‘‘cubane-like” structure

The next group of TiSi materials was synthesized by Clearfield
and his team [84–87]. 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
(Fig. 3).

A 1993 report on the synthesis of crystalline titanosilicate
material (CTS) with the chemical structure Na2Ti2O3SiO4�2H2O ini-
tially called this material TAM-5 (Fig. 3) (Table 1) [84,87]. It has an
analogue structure to the mineral sitinakite (Na2KTi3NbO4.75

(SiO4)2(OH)0.25�4H2O) and therefore, the literature reported syn-
thesis of sitinakite [88]. 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 octahe-
drons [87,89]. Half of the Na+ are ‘‘sandwiched” between the SiO4

tetrahedra and called framework cations. This Na+ can be
exchanged only by protons due to space restrictions. The remain-
ing compensation cations are located near the channel centre,
direction GTS-1, (100) direction 

rials reported by Clearfield’s group. The black octahedra represent TiO6 groups and
tre of every structure represent the ‘‘cubane-cluster” and dark grey small circles are
rted in [92,93].



AM-1 (010) direction AM-2 (100) direction

AM-3 (001) direction AM-4 (001) direction

Fig. 4. 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 big white circles are the extra framework cations (K for the AM-2 and Na for the rest of the family), the medium grey circles are the oxygen atoms
and the smallest dark circles are protons. Figures were produced using Diamond 3.2 software according to the data reported in [103,106–108].
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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 pres-
ence of competitive ions in solutions decreases the affinity of CTS
to Cs+ [11,87,90,91].

The titanosilicate analogue of the mineral pharmacosiderite
(KFe4(AsO4)(OH)4�7H2O) was synthesized in 1990 by Chapman
and Roe [94] and was named Grace Titanium Silicate-1 (GTS-1)
(Table 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. [85]. Thorough studies of
the alkali GTS-1 structural and sorption properties have been con-
ducted (Fig. 3) [11,85–87,95]. The main difference to the CTS mate-
rial is a connection of the cubic Ti4O24 cluster by SiO4 tetrahedrons
in a three-dimensional framework that gives an extra exchange-
able 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-1 [87,96].

2.4. AM titanosilicate family

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 uni-
versities in 1995 (Table 1). In contrast to other TiSis (except, ETS-
14), AM materials contain no Ti-O-Ti bonds (Fig. 4) [97].

The first member of the AM group was AM-1, which was
described as JDF-L1 in 1996 [98] and as NTS TiSi [99] (Table 1)
(Fig. 4). The chemical formula of AM-1 was found to be Na4Ti2Si8-
O22�4H2O. It contains five-coordinated Ti4+ ions in the form of TiO5

square pyramids connected to SiO4 tetrahedrons through the oxy-
gen at the pyramid base. Clusters of TiO�O4(SiO3)4 form a continu-
ous layer, which is counterbalanced by Na+ in the interlamellar
space and can be exchanged – but this material is mainly used
for catalysis.
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The titanium substituted synthetic analogue of the mineral
umbite has the identical chemical formula K2TiSi3O9�H2O and
was named AM-2 (STS) (Table 1) [100–102]. Zou & Dadachov
[103] conducted single-crystal X-ray investigations and deter-
mined the AM-2 crystal structure (Fig. 4). Si4+ atoms, gathered in
the Si3O9

6- trisilicate groups, develop the linear chains along the c
axis. Octahedrally coordinated Ti4+ atoms tie these silicate chains
together into the three-dimensional framework with 6.8 Å pore
widths along the c axis. Each of these large tunnels consist of 16-
member openings which are formed by four Ti, four Si, and eight
O atoms and the tunnels are surrounded by four smaller ones.
Smaller openings consist of 12 atoms and are enclosed by four lar-
ger ones.

These two types of cavities run along the c axis. In addition,
there are 14-atom openings that link the larger and smaller tunnels
with each other and lie scarcely parallel to the ab diagonal. To bal-
ance the charge of the TiO6 octahedrons, two exchangeable K+

cations are in the tunnel space. During mild acid treatment, 80%
of the cations in the larger tunnel are exchanged by protons. Based
on the 29Si NMR of partially converted H-form samples, it was sug-
gested that the OH� functional groups in the exchanger belong
rather to Si than to the Ti atoms [92,104].

AM-3 is a microporous synthetic analogue of the orthorhombic
mineral penkvilksite (penkvilksite 2O) with the chemical formula
Na2TiSi4O11�2H2O (Fig. 4), of which the phase features were dis-
cussed above. A substantial difference of AM-3 and the
penkvilksite-1M is that AM-3 is disordered in a rigid O–H direction.
Only one of the two protons could be observed in the Raman spec-
trum. One of the main structural differences between AM-2 and
AM-3 is that AM-3 has SiO4 tetrahedra linked with isolated TiO6

octahedra in three-dimensional directions forming a developed
open pore structure with a pore diameter of 3–5 Å
[36,41,82,83,97,105,106].

Lin et al. [97] reported the synthesis of a layered TiSi material
called AM-4 of which the crystal structure was resolved by Dada-
chov et al. (1997) [108] with the chemical formula found to be
Na3(Na,H)Ti2O2[Si2O6]2�2H2O (Table 1). All the Ti atoms in AM-4
are octahedrally coordinated and TiO6 is connected to the SiO4
Table 2
Typical synthesis of titanosilicate sorption materials.

TiSi Precursors Additi

Ti Si

AM-2 TiCl3 SiO2/Na2SiO3

colloidal SiO2

KCl
KF

TiCl4 SiO2 H2O2

TiO2 anatase Na2SiO3 –
AM-3 TiCl3 Na2SiO3 KCl, A
AM-4 TiCl3 Na2SiO3 –

TiO2 Na2SiO3 AM-4
CTS TiCl4 [SiOx(OH)4-2x]n H2O2

Ti(OC3H7)4 Si(OC2H5)4 –
TiCl4
TiOSO4

Na2O�SiO2 Ligand

ETS-1 T12O3 Na2SiO3 KF
ETS-2 TiCl3 Na2SiO3 NaF
ETS-4 TiCl3 Na2SiO3 KF

Ti{OCH(CH3)2}4 (C2H5O)4Si (CH3)4
ETS-10 TiCl3 Na2SiO3 ETS-4

TiCl4 Na2SiO3 (CH3)4
TiCl4
Ti(SO4)2

Na2SiO3 KF

ETS-14 ETS-10, TiOCl2 Na2SiO3 –
GTS-1 Ti(OC2H5)4 Colloidal SiO2 –

TiCl4
Ti(i-C3H7O)4

Silicasol H2O2

TiCl4 SiO2 –
through the oxygens at the edges, forming layers perpendicular
to (001). A characteristic aspect of the AM-4 material is a
five-level structure of SiO4-TiO6-SiO4-TiO6-SiO4 (Fig. 4). Another
characteristic of the AM-4 structure is the ‘‘zigzag” fashion of
edge-sharing TiO6 octahedra developing the chains along (100)
which are connected with each other via corner-sharing with
pyroxene type SiO4 tetrahedra. The Ti. . .Ti cations repulsion within
the titanate chains resulted in a shifting of the Ti from the centre of
the octahedron and, therefore, distortions of the Ti–O distances,
shared edges lengths and angle sizes. Na+ and K+ cations which
are located in the interlamellar space (exchangeable) and in the
space within the layer (structural cations) balance the two charges
of Ti4+ [108].
3. Synthesis of titanosilicate sorbents

Generally, the process of TiSi synthesis can be divided into the
following four stages: mixing the precursors, hydrothermal treat-
ment (HTT), rinsing the obtained materials and, finally, drying.
Practically, TiSi synthesis is carried out under hydrothermal condi-
tions 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 synthe-
sis conditions were reported by Harrison et al. [96] 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 MPa in a sealed
gold tube. Optional stages can include adding the seeds of desirable
phases to the mixture of precursors or template substances [111].
Recently, the possibility of replacing the HTT stage by microwave
treatment was proposed [63,112–114]. 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. Selected exam-
ples of typical TiSi synthesis are summarised in Table 2.

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
ves Synthesis condition References

T, �C s, h

230
200

4 h
10 h

[125]
[126]

180 7 h [104]
230 48 h [127]

M-3 seeds 230 4 h [125]
230 4 h [125]

seeds 230 96 h [128]
200 10 h [119]
170 3.5 h [118]
150 6 h [129]

125 7 d [48]
125 1 d [48]
150 7 d [48]

N+Cl� 175 15 d [130]
seeds 175

150
6–9 d
7 d

[48]

N+Cl� 160–200 1–20 d [111]
200 14–16 h

4–10 d
[115]
[117]

200 3–7 d [81]
200 48 h [94]
160 100 h [93]

90 18 h [131]
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groups to form the crystal phase together. Most of the abovemen-
tioned TiSi structures can be synthesized as coprecipitated pow-
ders (Table 2).

It is also possible to prepare the same structure using other
types of precursors. For example, Kuznicki used TiCl3 as a Ti-
containing precursor for the synthesis of ETS-10 [48]. 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 expen-
sive and has a low stability in air. Das et al. [115] 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 aggres-
siveness and release of HCl into the atmosphere. The 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 [116,117]. Adjusting the
Na:K ratio and the reaction water content, without using organic
precursors, templates or 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.
[88,102], varying only the Na2O(K2O):TiO2 ratio using different Ti
precursors. Thomas [68] 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 [111] 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 [94] is an example
of an 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 iso-
propoxide Ti(OC3H7)4 with tetraethyl orthosilicate Si(OC2H5)4
was used to synthesize CTS by Medvedev et al. [118] and TiCl4 with
H2O2 was used for CTS synthesis by Clearfield et al. [119].

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 mois-
ture 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 syn-
thesis due to their ease of handling, stability and lower cost [41].
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 because the autogenous pressure in an
autoclave raises up to 7 MPa during HTT due to H2O2 thermal
decomposition and oxygen release [119]. That disadvantage was
overcome by our group: the pre-treatment stage was introduced
and CTS precipitates were prepared under HTT with autogenous
pressure of water vapours [120,121].

Synthesis of TiSi using organic precursors can be described as in
Eq. (1), and an example of an inorganic synthesis is presented in Eq.
(2):

TiðORÞ4 þ SiðORÞ4 þMeOH !HTT
MexTiySizOm � nH2O ð1Þ

TiCi4 þ Na2O � SiO2 þMeOH !HTT
MexTiySizOm � nH2O ð2Þ
where R is the organic group (the organic part of the elementor-
ganic molecule).

Kuznicki [46,48] proposed the method of TiSis preparation
yielding the materials in the form of a powder, a granule or a
molded product with a possibility of a particle sizes variation
(extrudate 4–400 mesh (Tyler) screen). Nonetheless, the most of
the reported methods yielded powdered materials, which can
cause many difficulties in practical applications, since agglomera-
tion decreases their working surface and active centres’ accessibil-
ity. Other difficulties with powdered materials include stoppages, a
high hydrostatic resistance, bulk compression and poor wettability
[122,123]. 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 [124]:

� excellent homogenization of the precursors during the sol
preparation stage,

� the possibility of obtaining high purity materials with an antic-
ipated structure and properties under comparably mild synthe-
sis 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 experi-
ment [121]. This investigation was based on earlier reported
approaches [84,120]. 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 and very promising results
for large-scale application was reported recently [120,129,132].
This method results in stable materials with reproducible proper-
ties. 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 problem: 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 [129]; secondly, the
autogenous pressure in the autoclaves decreases by at least an
order of magnitude; and, thirdly, the substitution of the H2O2

ligand makes it possible to increase the amount and quantity of
the precursor, which can reduce the costs of the target material.
The TiCl4 precursor may also be replaced by a pure and technical
TiOSO4 solution. In addition, the pure silica sources Na2SiO3 and
K2SiO3 were replaced with inexpensive bulk liquid glass, and stable
porous gels with high sorption characteristics were obtained after
such precursor substitutions. Using inexpensive precursors (tech-
nical TiOSO4, containing iron) would not be possible with H2O2,
due to the catalytic effect of the Fe3+ on the hydrogen peroxide
decomposition reaction [120,129,132].
4. Sorption properties of titanosilicate materials

As for other inorganic materials, the chemical, thermal and radi-
ation resistance are typical for TiSis, while their high sorption effi-
ciency, great selectivity in a broad pH range (2–12), fast kinetic and
vast sorption capacity strikingly distinguish TiSis from the other
ISMs [20,21,39]. Titanosilicate sorbents are proved to be one of
the most perspective ISM for decontamination of liquid radioactive



Table 3
Sorption studies using TiSi materials. Alternative names found in the literature are given in brackets.

Name IEC,
meq/g

qeq,
mmol/g

Kd, mL/g Target cation References

AM-2 (STS, umbite) 5.6 Na+, Cs+, Rb+,NH4
+, Mn2+,Mg2+,

Ca2+, Sr2+,
[97,100,126,156,157]

3.5�10�7 Co2+,
UO2

2+,
Hg2+

AM-3 (penkvilksite-2O) n.r. 0.72 K+, [106,109,158]
60Co2+,Li+

AM-4 7.63 0.6–4.8�103 134,137Cs+, [88,102,136,138]
0.2–1.5�103 57,60Co2+,

Cs+, Sr2+, Mn2+
,

2693 110Ag+,
10–25 125Sb3+,

238UO2
2+,

6.7�104 Hg2+,
1.2�105 236Pu3+

9�106 241Am3+

ETS-1 6.70 3.45 Ag+, [49,50]
1.41–1.52 Cu2+,
0.78–0.84 Y3+, La3+, Cr3+, Fe3+, Zr4+,
1.65–1.83 Cs+,
0.38–0.61 Sr2+,

ETS-2 8.12 3.64 Ag+, [49,50]
1.82 Cu2+,
1.16–1.20 Y3+, La3+, Cr3+, Fe3+, Zr4+,
0.36–0.60 Cs+,
1.18–1.29 Sr2+,

ETS-4 (Zorite-type) 6.40 1.22 Hg2+, [52–56,58,60–66,88,102,136,138,139,153,155,159–163]
Cs+, Sr2+,

2000 UO2
2+,

732 110Ag+,
0 125Sb3+,
644 204Hg2+,
0.1–3.2�104 60Co2+,
583 115mCd2+,
>106 241Am3+,
<104 236Pu3+,
2.8–4.5�104 134Cs+,
3.3–2.1�104 137Cs+

Y3+

ETS–10 4.5 >106 UO2
2+, [57,75,78–80,112,135,136,138,139,143,145–

147,149,150,153,155,161,164–168]5000 Th4+,
4.43 800 115Cd2+,
3.85 627 204Hg2+,
4.23 0.35–4.5�104 60Co2+,

3.02�103 204Tl+,
4.5 1636 137Cs+,

284 110Ag+,
5.5 Cs+,
4.8 Sr2+,
0.7–2.1 Zn2+, Pb2+,
0.7–1.1 3–13 Cd2+,
2.1 125Sb3+,

2.1�105 Hg2+,
0.04 700 241Am3+,

236Pu3+, Eu3+

2.6 Cu2+

ETS-14 (penkvilksite) n.r. Li+, Mg2+, Sr2+, Ca2+, H+, NH4
+ [81]

CTS (TAM–5, sitinakite,
CST)

7.5 4.4 0.2–7.2�105 137Cs+, [86,88,89,102,119,120,129,132,133,136,138–140,142,169–190]
0.8–7.8�105 134Cs+,

7.3 82,90Sr2+,
90Y3+, 60Co2+,

3.2�106 241Am3+,
152,154Eu3+,

1.5�104 236,239,240Pu3+,
Li+,

11300 Na+,
22977 K+,

Cs+.
1.9 Rb+,

Ca2+, Sr2+, Eu3+

(continued on next page)
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Table 3 (continued)

Name IEC,
meq/g

qeq,
mmol/g

Kd, mL/g Target cation References

GTS-1 (pharmacosi
derite)

3.87 137Cs+, [11,86,88,102,140,148,191]
90Sr2+,

630 Li+, (Na-form)
260 Na+, (K-form)
2580 K+, (Na-form)
6190 Rb+, (Na-form)
15360 Cs+, (Na-form)
4530 Ca2+, (Na-form)
6050 Mg2+ (Na-form)
6487 Sr2+, (Na-form)
8800 Ba2+ (Na-form)

3.55�10�7 Hg2+,

qeq – sorption capacity at equilibrium.
*n.r. – not reported.

578 O. Oleksiienko et al. / Chemical Engineering Journal 317 (2017) 570–585
wastes (LRW) from longlived radionuclides such as 90Sr, 134,137Cs,
233–235,238U, 241Am, 239,240Pu, and 154Eu [39,64,90,95,133–142].
Their high sorption ability towards the other cations and small
molecules had been reported by [39,44,50,56,58,60,90,138,143,14
3–147]. Since TiSi is a relatively new material class which is cur-
rently being very actively explored, many researchers report prop-
erties of the same material using different names and
abbreviations, such as [36,106,109] or [85,94,131,148].

As can be seen, most of the sorption studies were conducted
with stable nuclides (Table 3). 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 the-
oretical 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+.
5. Description of selected Titanosilicates

5.1. ETS-10

The sorption of the U cation from water on ETS-10 was studied
by Al-Attar’s group in 2000, and the process was analysed again by
Pavel et al. [112,138,143,149,150]. The first study reported the
influence of the Ti precursor, contact time, initial sorbate and sor-
bent concentration on the ability of ETS-10 to retain U. A high
decontamination factor (DF) of 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 of
�1900 mL/g and doubted the mechanisms proposed by the previ-
ous study. Based on XRD investigations, the precipitation mecha-
nism 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 absorp-
tion fine structure (EXAFS) studies of molecular level interactions
between the ETS-10 and the U cation [112,150].

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 [149]. The role of surface acidity and poros-
ity in the sorption of both the U and Th cations was illustrated.

The role of media composition and competitive ions in the sorp-
tion 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. [136,139]. 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
[35,79,136,139,145,146]. 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 [145]. It was
found that chemical surface modifications decrease the kinetic
and thermodynamic parameters of the sorption process.

The uptake of 115Cd2+, 204Hg2+, 60Co2+, 137Cs+ radiocations by
ETS-10 from monosolutions was investigated using the isotope
dilution method by Pavel et al. [79]. 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 of 4.5 meq/g (Table 3) and
reported values decreased in the following order 137Cs+ >
115Cd2+ > 60Co2+ > 204Hg2+ [79]. 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 [35,146] (Table 3). The pH and batch
factor dependencies of Cd2+ sorption on ETS-10 were described by
Chamarinha et al. [151]. They observed that Cd2+ sorption
increased with a raise in both studied factors. The unusually high
sorption capacity of ETS-10 for zeolite type material was empha-
sized by Zhao et al. [152] using Pb2+. They attributed the extremely
high sorption rate and remarkable capacity to the low hydration
energy of the sorbate. Sorption of Cs+, Cd2+, Pb2+ and Hg2+ by
ETS-4 and ETS-10 materials as a function of the dehydration of tar-
get cations was reported by De Raffele et al. [153]. The effects of
the tetralkylammonium ions as structure directing agents during
the TiSi synthesis were studied and the pore structure modification
by tetralkylammonium was efficient for the ETS-10 and samples
with microporous volume of 0.11–0.13 cm3 g�1 were obtained.
The high dependence of ion exchange on the dehydration extent
of the studied cations’ was reported for ETS- 10.

In the comparative study of Hg2+ sorption by TiSis, ETS-10
demonstrated the best DF of Hg2+ from a single solution. Among
the investigated materials, 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
[154]. 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. [135] (Table 3). 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 solidifi-
cation was reported in all studied cases. The stable Cs+ and Sr2+

retention mechanisms on ETS-10 and ETS-4 was recently investi-
gated by the same researchers [155]. The sorption capacity and
cation selectivity toward the target cations were studied as a func-
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tion of temperature and concentration and the results assessed
using ion exchange isotherms as well as Kielland and Langmuir
plots. Based on the results, ion exchange was suggested for the
retention process for both examined materials and target cations.
ETS-10 was found to be unselective to Sr2+, while high retention
values were obtained for both target cations and little effects of
temperature was observed. For both studied TiSi materials, the
sorption is highly dependent on the concentration of the target
cations [155] (Table 3).

5.2. ETS-4

Despite its smaller pore radius of 3–5 Å, the ability of ETS-4 to
sorb large cations like UO2

2+, 241Am3+ and 236,239,240Pu3+ was esti-
mated by Al-Attar et al. from 2000–2003 [136,138,139,143]. 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 [138]. A much lower Kd for ETS-4
than for ETS-10 was reported in the first study by Al-Attar [143]
(Table 3). For sorption of U on TiSi materials, both surface precip-
itation and ion exchange mechanisms were suggested. The sorp-
tion of trans uranium 241Am3+ and 236Pu3+ isotopes on the same
type of materials was studied under batch conditions. The Kd value
was found to be a function of the sorption media composition, con-
centration and pH. The effects of structural and surface aspects on
the 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 [139].
The same group of materials was tested for the sorption of
110mAg+, 57,60Co2+, 134,137Cs+, 125Sb3+ from real nuclear power plant
(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 [136] (Table 3). 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. [64]. 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+ > 60-

Co2+, which is the reverse of the results obtained in the ETS-10
study [79]. No pH or competitive cation studies were conducted.

The process of Cd2+ sorption on ETS-4 under batch experimental
conditions was reported by Ferreira et al. [59]. Sorption capacity as
a function of contact time, sorbent and sorbate concentration was
compared with literature data on zeolite A, clinoptilolite and dolo-
mite 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. [57], 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 [56,60–62,154,160] and 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, while the column study demonstrated that ETS-4 had a sorp-
tion capacity of 0.17 mmol/g during the first two cycles. A compar-
ison by Noh and Komarneni [159] found that of the materials
studied, ETS-4 has the highest selectivity to Hg2+.
In 2009–2013, Lopes et al. compared the sorption ability of ETS-
4 to Hg2+ and Cd2+ [51,61]. The Kd was evaluated as a function of
the sorbent concentration from single solutions and equivalent
mixtures and 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+.

Recently, De Raffele et al. compared the ability of ETS-4 and
ETS- 10 to sorb Cs+, Cd2+, Pb2+ and Hg2+ [153] and studied the
kinetics for both materials. They also reported that the dehydration
extent of the target cations affects the sorption process of ETS-4
much less than for ETS-10. Figueiredo et al. [162] assessed ETS-4
in relation to Cs+ removal from aqueous solutions in both batch
and fixed-bed operations. They also studied the regeneration abil-
ity and after 75 h, 20% regeneration was achieved. Nonetheless,
they consider ETS-4 promising for future cyclic industrial use.

Fundamental sorption properties of ETS-4 for Sr2+ and Ba2+ were
compared with CTS sorption abilities by Noh et al. [54], who stud-
ied the selectivity of the sorption process under batch conditions as
a function of the Sr2+/Na+ or Ba2+/Na+ ratio. Their results showed
that ETS-4 had a higher selectivity to Ba2+ than CTS, but this order
was reversed for the Sr2+ selectivity. This research highlighted the
selective sorption ability of ETS-4 to remove both Sr2+ and Ba2+

from LRW.
Temperature influences on the retention of stable Cs+ and Sr2+

on ETS-10 and ETS-4 were studied by Pavel et al. [155]. Results
of ion exchange isotherms, as well as Kielland and Langmuir plots
demonstrated that for both ions, ETS-4 has higher ion exchange
capacities than ETS-10, reaching 6 meq of Cs+ per gram of ETS-4.
Contrary to the unselective ETS-10, ETS-4 becomes selective to
Sr2+ already at ambient temperature and the concentration of the
target cations highly influences the ion exchange capacity of both
TiSis. Consequently, the study promotes ETS-10 and ETS-4 as very
good candidates for the uptake of Cs+ and Sr2+ from nuclear waste
solutions [155] (Table 3).

5.3. ETS-1 and ETS-2

Liu et al. [49] compared the sorption ability of ETS-1 and ETS-2
for Cs and Sr removal under batch conditions with ETS-4, Na-Y and
Na-ZSM-5 in the study of Liu et al. at ambient temperature and
various contact times. ETS-1 demonstrated the highest Cs+ removal
capacity among the studied ISMs, while ETS-2 was better in Sr
removal. On the other hand, ETS-1 showed a high sorption capac-
ity, but not selectivity to Cs+ [49]. They also examined the uptake
ability of ETS-1 and ETS-2 to Ag+, Cu2+, Y3+, La3+, Fe3+, Cr3+ and
Zr4+ cations [50] and reported a high uptake of Ag+, Cu2+, Y3+ and
La3+ for both ETS-1 and ETS-2, while neither of the TiSis illustrated
a priority in Cr3+ and Zr4+ retention. Sorption abilities of ETS-1 and
ETS-2 were compared with mesoporous manganese oxide (MnO2)
which exhibited a higher uptake ability only to Fe3+ due to its
incorporation into the oxides’ matrix structure. None of these ISMs
were effective for the sorption of Cr3+ and Zr4+ and a special affinity
of ETS-1 to Ag+ was highlighted [50].

5.4. ETS-14

ETS-14’s ion-exchange behaviour is different from other ETS
materials or classical zeolites: H+, NH4

+., Ca2+, Mg2+and Sr2+, can
exchange Na+ only partially, while Li+ can displace sodium com-
pletely in one exchange step. Unexchanged sodium was detected
using NMR in synthesized ETS-14 (Na-form) after exchange with
lithium cations. Usually, classical zeolites (including ETS materials)
prefer heavier and more polarisable cations, converting into the Li-
form reluctantly and only partially. Consequently, the authors sug-
gested to use ETS-14 as an electrode in advanced lithium batteries



580 O. Oleksiienko et al. / Chemical Engineering Journal 317 (2017) 570–585
as a desiccant for conventional lithium batteries or as a reversible
sorbent for lithium [81].

5.5. AM-2

Microporous titanosilicate of the composition 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 completely exchanged by NH4

+ and to different extents with
the alkaline cations: NH4

+ > Rb+ = Na+ > Li+ > Cs+ [100]. Li+, Na+, K+,
Cs+, Ca2+, Sr2+, Ba2+, Co2+, Ni2+, Cu2+ and Cr3+ ion exchange as a func-
tion of pH was studied with AM-2 [104]. 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 scan-
ning calorimetry study was done on Na+-, Cs+-, Mn2+-, Ca2+-, Sr2+-
and Rb+-exchanged forms of AM-2. [126,156] found that the ion-
exchange rate followed the sequence Mn2+ > Ca2+ > Sr2+ > Cs+.
Adsorption behaviours of AM-2 and AM-4 were compared with
ETS-10, ETS-4 and GTS-1 for mercury removal from natural waters.
AM-2 was found to be the most efficient in the presence of compet-
itive cations such as Mg2+, with a DF of over 97.0% [154,192]

5.6. AM-3

AM-3 and its ability to sorb the radioactive 60Co2+ was studied
as a function of contact time, target cation and sorbent concentra-
tions using a batch method [154,192]. These authors linked the
substantial 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 [158]. 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 [144].
Dynamic calorimetry was used to investigate K+, Cs+, Sr2+ and
Cu2+ exchange by Chukanov et al. [97] and Frost et al. proposed
that AM-3 could be used to incorporate actinides and lanthanides
from radioactive waste [193].

5.7. AM-4

The sorption properties of TiSi materials with different frame-
work structures and cation exchange capacities were compared
by Al-Attar et al. (2001–2003) [138,139]. 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 the batch
factor [138]. This study associated the high sorption capacity for U
with surface precipitation (Kd = 6.7�104 mL/g). The Kd of 241Am3+,
236Pu3+ and 110mAg+, 57,60Co2+, 134,137Cs+, 125Sb3+, 134Cs+/137Cs+ iso-
topes was estimated as a function of the retention media composi-
tion, concentration and pH and discussed the effects of structural
and surface aspects on ion-exchange capacity. It was established
that AM-4 was the most effective material for 241Am3+ sorption
at all sodium concentrations studied. Extraordinary suppression
of cesium sorption by competitive ions was also reported for
AM-4 [136,139].

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 exhib-
ited 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 [194].

Lopes et al. [154,192] demonstrated he influence of competitive
Na+, Ca2+, and Mg2+ ions on AM-4 uptake of Hg2+. 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 char-
acterized by XRD and TEM, a certain loss of crystallinity was
observed on the exchanged AM-4. The best antimicrobial activity
against the bacteria Staphylococcus aureus was shown by Ag–AM-
4 [195].

5.8. GTS-1

According to literature, the ion-exchange capacity and selectiv-
ity of GTS-1 decreases in the order Cs+ > K+ > Na+ > Li+

[87,94,142,191]. Great affinity for Cs+ was found by Clearfield’s
group [84,140]. Later, Cs+ and Sr2+ selectivity was investigated in
the presence of Na+, K+, Mg2+ and Ca2+ competitive cations [11,8
5–87,95,140–142,191,196]. Dyer et al. [148] also reported the
removal of 137Cs+ and 89Sr2+ by different cationic forms of synthetic
pharmacosiderite. In addition, the capacity of GTS-1 to adsorb Hg
from natural waters was compared with AM-2, AM-4, ETS-10 and
ETS-4, whereas GTS-1 with a DF of only 72.4% was found to be
the least efficient material of all [154].

5.9. CTS

Clearfield’s group studied the effect of solution pH on the selec-
tivity order and found that in an acidic medium, the CTS selectivity
had the following order: K+ > Cs+ � Na+ � Li+, while in an alkaline
medium it was Cs+ > Rb+ � K+ � Li+. Additionally, the ion-
exchange properties of CTS were analysed in terms of framework
structure as well as pore space and were compared with GTS-1
[87,119,140].

Sorption capacities of CTS for Cs+ and Sr2+ has interested several
researchers. Their studies determined the role of hydroxyl water,
framework structure and pore space in the ion-exchange process
by X-ray, synchrotron, IR and Raman investigations [11,84,87,118,
119,137,140,142,174,176,178,186,188,197–200]. 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
[197,198]. As mentioned earlier, high sodium concentrations have a
negative effect on the Cs+ uptake of precipitated CTS [11,87,90]. In
order to improve the Cs+ selectivity in highly alkaline solutions, Ti4+

was partially substituted by Nb5+ in the CST framework. A precipi-
tated CTS with about 15 mol% of Nb5+ was noted to be tolerant to
sodium concentrations and is manufactured by Union Oil Products
as the commercial sorption material IONSIV IE-910 (powder form)
and IONSIV IE-911 (beaded form) [119,174,198,201,202]. However,
for improving the Sr2+ retentivity, no such additions or substitu-
tions to the framework of precipitated CTS were found so far.

Changing the method of synthesis results in the desired effect:
the xerogel CTS particles are less sensitive to the Na+ concentra-
tions and have a higher selectivity to Sr2+ before any additions
and substitutions. [129,180,181] studied the sorption characteris-
tics of CTS in a special xerogel form for Cs+ and Sr2+ as function
of the sol-gel synthesis parameters. A substantial effect of the pre-
cursors’ chemical nature and the purity on the xerogels’ pore struc-
ture was observed, while the sorption capacity was affected to a
lesser degree. The Fe3+ impurities of the precursor promoted the
xerogel structure resulting in wider mesopores which increased
the kinetic rate for a cheaper (less pure, so-called ‘‘technical”)
material. Both, pure and ‘‘technical”, TiSi xerogels proved to be
highly efficient in a wide pH range (2–12), as the precipitated ana-
logues CTS materials. High sorption affinities for both target
cations, Kd(Cs+) = 6.9�104 mL/g and Kd(Sr2+) = 6.9�104 mL/g, were
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evaluated from the media with a complex composition (saline
background and sea water/blood plasma imitating solution). How-
ever, it must be highlighted that the Kd(Cs+) values were stronger
affected by the presence of competing K+, Na+ and Ca2+, while the
selectivity and capacity for Sr2+ remains in the same order
[129,180,181].

The uptake of 85Sr2+, 57Co2+ and 134Cs+ by CTS was investigated
as a function of titanosilicate crystallinity, solution composition
and pH [90]. High Kd values were reported for 134Cs+ (2.5�106 mL/
g) and 85Sr2+ (6.8�104 mL/g) and the strong interference of K+ and
Na+ competing cations at very high pH was highlighted. Affinity
was also found to increase with decreasing sample crystallinity
[186]. Similar observations of the higher sorption capacity for
amorphous xerogel CTS samples were also reported by [180].

Four Titanosilicates (CTS, ETS-10, ETS-4 and AM-4) as well as
layered manganese oxides and an antimony silicate were tested
for their ability to decontaminate the reprocessing spent fuel from
the trans uranium isotopes 241Am3+ and 236Pu3+ [139]. In batch
conditions, the most suitable materials were determined as a func-
tion of pH, Na+ and Ca2+ concentrations. 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
of magnitude was established with increasing background salt
concentration (1.6�104 mL/g). A comparative sorption investigation
with the long-lived radionuclides 134Cs+, 84,89,90Sr2+,
238,239,240,241,242Pu3+ and 243Am3+ was conducted by [133]. In this
study, the sorption ability of TiSis was compared with the one of
iron oxides and natural clay materials with 14% montmorillonite,
using natural groundwater, a 0.1 mol/L NaNO3 solution and spent
fuel pond water. It was found that TiSis have a higher sorption
capacity for all studied radionuclides compared to the other stud-
ied ISMs. Thus, 90% of 134Cs was retained in the first 10 min, while
for

P
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 inves-
tigations further demonstrated the high sorption capacity, kinetic
rate, selectivity and radioactive resistance of the xerogel TiSi mate-
rials [133].

The CTS, ETS-10, ETS-4 and AM-4 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 selec-
tivity of the materials was evaluated using Kd as a function of NPP
solution composition and pH (Table 3) [136]. Among the studied
materials, CTS was found to be the most effective in radiocesium
uptake (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 sorption rate (3–5 min)
was reported [169]. 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
the Co2+ and Na+ uptake [169]. Similar results with rising Cs+ sorp-
tion capacities were reported by [181] and these observations were
used in suggesting the sorption mechanism. Currently, our group
further studies the sorption abilities of the CTS xerogel samples rel-
ative to Co2+ and other potentially toxic cations, such as Mn2+,
Ni2+, Zn2+, Cd2+, Cu2+, Cr3+, Pb2+ in order to estimate the benefit of
utilizing the CTS xerogels for decontaminating radioactive polluted
bypass and mine water.

In a comparative study of 28 sorption materials including
framework and layered TiSis and LRW containing elevated concen-
trations of Cs+ and Sr2+ Bortun et al. [140] demonstrated that
among the studied materials, CTS had the highest sorption capac-
ity, selectivity and retentivity for Cs+ and Sr2+. Another compara-
tive study of 60 sorption materials carried out at the Los Alamos
National Laboratory and Pacific Northwest Laboratory demon-
strated 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 [170].
6. Conclusions

All adsorption, ion exchange and membrane techniques
demand reliable and resistant materials in regards to thermal,
chemical, mechanical and ionization radiation effects. This review
shows that Titanosilicates fully satisfy the above mentioned
demands including high kinetics, sorption capacities and a selec-
tivity over a broad pH range. Over and above, TiSis remain mainly
‘‘uncontaminated” by other cations [11,39,129]. These additional
benefits strikingly distinguish TiSis from other ISMs and justify
the rising attention of researchers to these sorbents. Structural
investigations showed an interesting tendency: with decreasing
structural order (crystallinity of CTS or structural perfection of
ETS-10) the sorption ability of TiSi increases [76,90,129,186]. Suc-
cessful retention of a wide variety of cations using TiSis was
already reported in over 200 papers. Thus, ETS-10 was found to
be effective for sorbing large cations and species such as Hg2+,
Tl+, Pb2+, UO2

2+, Am3+ and Pu3+ [112,143,145,150,167]. Instead,
ETS-14 was reported as the most efficient sorbent in Li+ retention
[81]. Using the Molecular Gate� effect, the ETS-4 pore structure
can be adjusted and allows the solutions’ purification as well as
gas separation processes [45,70–73]. Comparative studies of sor-
bents with real LRW, radioactive polluted ground waters and
acid-dissolved sludge simulants demonstrated that among the
studied materials, CTS had the highest sorption capacity, selectivity
and retentivity for Cs+ and Sr2+ [140,170].

The mechanisms of ion exchange, surface precipitation,
chemisorption, activation and specific adsorption mechanisms
were considered in order to explain the retention processes on
TiSis. Most papers that used batch mode experiments and exam-
ined equilibria and kinetics, suggest ion exchange as sorption
mechanism. In conclusion, ion exchange can be assumed to be
the main, but not obligatory the last stage of the uptake process
by TiSi materials. In cases, where the cation uptake exceeded the
ion exchange capacity, the effects were attributed to adsorption
and precipitation phenomena [39,112,150,180,181].

Numerous authors studied chemical modifications of TiSis and
structural substitution in it by elements such as Nb, Ge, Al
[18,174,198,203–205]. Nb substituted CTS is an example of
increasing sorption capacity and even successful commercialisa-
tion as IONSIV� IE-911 [182,206,207]. Though the actual sorption
capacity of TiSi materials can be increased, the additional
treatments necessary drastically increase the final costs in most
cases. Taking into account that these modifications only result in
powdered TiSi material, the authors of this review see the sol-gel
synthesis for TiSi as a more perspective and cost effective option.
Sol-gel synthesis allows production of TiSi with predetermined
parameters, and xerogel particles need no binder substances that
negatively influence the materials’ efficiency. Another benefit of
this method is the possibility of bulk grade precursors usage that
lower the materials’ production costs without decreasing, in some
cases even with increasing, the sorption capacity [129,180,181].
Kwon et al., for example, reported an alternative way of separation
by using magnetized Fe3+-CTS powders in conjunction with super-
conducting high-gradient magnetic separation [190]. Magnetiza-
tion in this case is an additional treatment step, whilst with the
sol-gel synthesis the magnetization can simply be achieved by sub-
stituting the pure precursor by the iron bearing or iron ‘‘polluted”
one [129,180,181].
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This review of TiSi materials shows that this steadily growing
group of sorbents is continuously incorporating into the inorganic
sorption materials’ family. From the materials suggested for Cs+

and Hg2+ selective exchange, TiSi extensively enlarged their field
of application: i) in gas separation for size-selective sorption; ii)
in food storing as a component for antimicrobial packing materials;
iii) in energy storing as Li battery electrode materials and iv) in
water treatment for selective and effective decontamination of
Cs+, Sr2+ and other long-lived radionuclides, as well as Hg2+ and
other potentially toxic cations from different polluted liquids with
complex background, including drinking, sea and mine water, LRW
and blood plasma. The last position may be separated into two
interconnected fields: an exoecological – waste neutralisation
and purification the environment and an endoecological – decon-
tamination the human body from the inside (TiSi enterosorption
materials) and cleansing the body liquids, such as blood plasma
(TiSi sorbents for the haemodialysis or for the portative kidney).

Current methods of TiSi preparation yielded the materials able
to compete with ferrocyanides in Cs+ selective uptake, with anti-
mony silicates in Sr2+ selective retention and with zeolites in
usability. Temperature dependences, thermodynamic parameters,
structural aspects and laboratory tests are investigated in details.
At the same time, the most informative investigations such as com-
parative studies from solutions that contain sorbates and compet-
itive ions simultaneously or tests from real polluted aqueous
solutions, as well as column studies are numerous. Fundamental
investigations and pilot-scale approbations still need to be done.
For example, rheological studies for the sol-gel method, thorough
investigations of sorption mechamisms or toxicological studies
over medical applications of TiSi are still missing. Studies concern-
ing the economic feasibility are essential before a wide practical
application of the various TiSis. However, there is no doubt, that
in the nearest future, new efficient synthesis methods and remark-
able applications are expected for the titanosilicate sorption
family.
References

[1] C.B. Amphlett, Inorganic Ion Exchangers, Elsevier, 1964.
[2] J. Albertsson, Inorganic Ion Exchangers. IV. The sorption on Crystaline

Zirconium Phosphate and its dependence upon the crystalinity, Acta Chem.
Scand. 20 (1966) 1689–1702.
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