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Abstract—Using a model solution, we have demonstrated the feasibility of using titanium(IV) oxyhydroxyphos-
phate-based ion-exchange materials for extraction of Cs+ and Sr2+ cations from multicomponent high-salt bot-
tom residues. Conditions for the use of the ion exchangers have been optimized experimentally: liquid : solid = 50,
t = 25°C. It has been shown that Cs+ is effectively extracted at pH 2, whereas Sr2+, at pH 8. The zirconium-
modified sorbent has been shown to have a higher affinity for metal cations. The modified sorbent is espe-
cially selective for cesium in the acid pH region owing to the higher mobility of the protons of its hydrogen
phosphate groups in comparison with the unmodified sorbent composition.
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INTRODUCTION

The operation of power reactors in nuclear power
plants is accompanied by the formation of multicom-
ponent liquid radioactive waste (LRW) [1, 2], which
should be processed without delay. The most serious
problem in handling LRW is posed by the bottom res-
idue (BR), in which the total salt content can be as
high as several hundred grams per liter. The prevalent
salts are sodium and potassium nitrates. There are
smaller amounts of chlorides and sulfates of these
alkali metals [1]. A major contribution to the total spe-
cific activity of the LRW in question is made by radio-
nuclides, such as 134,137Cs and 90Sr, whose half-lives are
2.06, 30, and 29.1 years, respectively [1–3]. For
removing 134,137Cs and 90Sr radionuclides from high-
salt multicomponent LRW, ion-exchange approaches
are of interest [4]. To date, for extracting these radio-
nuclides, researchers have proposed ion-exchange
materials based on transition metal ferrocyanides,
which are only selective to cesium, and those based on
manganese dioxide [5], which are only selective to
strontium and cannot ensure reliable radionuclide
immobilization during storage. For resolving this
technological issue, ion exchangers based on tita-
nium(IV) phosphate compounds of various composi-
tions can be of interest [6–8], in particular, amor-
phous hydrated titanium(IV) oxyhydroxyphosphates,
which offer excellent sorption characteristics and
ensure reliable radionuclide immobilization during

prolonged storage [9, 10]. However, the feasibility of
utilizing these ion-exchange materials in high-salt
solutions has not yet been studied.

The objectives of this work were to test tita-
nium(IV) oxyhydroxyphosphate-based ion exchang-
ers for removing cesium and strontium cations from
solutions modeling the composition of bottom residue
solutions and optimize conditions for effective appli-
cation of them.

EXPERIMENTAL
As shown earlier, the addition of dopants differing

in acid–base properties from Ti(IV), in particular, the
addition of Zr(IV), leads to polarization of functional
hydrogen phosphate groups, considerably increasing
the mobility of hydrogen ions.

Unmodified and Zr(IV)-modified ion-exchange
materials were prepared stepwise, using a procedure
proposed by Ivanenko et al. [10]. In the first step,
hydrous titanium(IV) oxyhydroxide and mixed tita-
nium(IV) zirconium(IV) oxyhydroxide precursors
were prepared via precipitation from Ti-containing
and Zr/Ti-containing reagents, followed by separation
from the mother liquor and washing. In the second
step, OH– groups were replaced by functional 
groups via treatment with orthophosphoric acid, sep-
aration, and drying at room temperature. Titanium
was determined by atomic absorption and photocolo-
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Table 1. Composition and physical parameters of the synthesized materials

Composition, %
Formula S, m2/g PSD, μm

ZrО2 TiO2 P2O5 H2O

– 34.01 30.25 35.74 TiOНPO4·4.16Н2О 13.89 7–20
5.90 38.50 34.30 21.80 Zr0.1(TiO)(OH)0.4(HPO4)⋅1.76H2O 9.15 12–35
rimetrically (with hydrogen peroxide), zirconium was
determined volumetrically using Trilon B in the pres-
ence of Xylenol Orange as an indicator, and phospho-
rus was determined photocolorimetrically with
ammonium molybdate (Leki-1107 photoelectrocol-
orimeter). The amounts of water and hydrogen phos-
phate groups were inferred from chemical analysis,
differential thermal analysis (DTA), and thermogravi-
metry (TG) data. For DTA, we used an NTR-70 low-
frequency thermoanalytical recorder in combination
with a PRT-1000M programmed heater. Calcined
Al2O3 was used as a reference substance. Thermograv-
imetric analysis was carried out with a VT-1000 ten-
sion balance. The temperature was measured by plati-
num/platinum–rhodium thermocouples in combina-
tion with a PP-63 potentiometer. The heating rate was
10°C/min. The specific surface area (S) of the sor-
bents was determined using temperature-programmed
nitrogen desorption measurements with a Micromer-
itics TriStar II 3020 electronic surface area analyzer.
The particle size distribution (PSD) was found using
laser diffraction with a Shimadzu SALD-201 analyzer.
Cs+ and Sr2+ concentrations in solutions was deter-
mined using a PerkinElmer ELAN 9000 DRC-e
dynamic reaction cell inductively coupled plasma
mass spectrometry (ICP-MS) system. The uncer-
tainty in our measurements did not exceed 4%. The
protons of the  groups in our samples were ion-
exchanged with metal cations under static conditions
at a varied liquid : solid ratio, equilibrium pH value,
and temperature. The working temperature chosen
was maintained using an LOIP LB-140 thermostat.
The equilibrium pH was adjusted with concentrated
sodium hydroxide and nitric acid solutions. The solu-
tion pH was monitored with an Anion 7000 pH meter.
An ESL-63-07 proton-selective electrode was used as
an indicator electrode, and an EVL-1M3 Ag/AgCl sil-
ver/silver chloride electrode was used as an auxiliary
electrode. After the sorption process, the liquid and
solid phases were separated by filtration in a Buchner
funnel through blue ribbon filter paper using an NIRA
NVM 13 vacuum pump. The degree of metal cation
extraction from solutions (R, %) was calculated using
the relation R = (Vх/V0) × 100%, where Vx is the
amount of metal cations extracted by the sorbent and
V0 is the initial amount of metal cations in the aliquot.
Distribution coefficients (Kd, mL/g)) were calculated
using the relation Кd = Аα/(100 – А), where A is the per-
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centage of sorbed metal cations and α is the ratio of the
volume of the liquid phase to the weight of the sorbent.

RESULTS AND DISCUSSION
We have determined the chemical composition of

the synthesized materials in the form of oxide compo-
nents. Comparing chemical analysis, DTA, and TG
data, we inferred the formulas of the sorbents (Table 1).
Prior to characterization, the sorbents were ground
and size-classified by sieving to separate particles less
than 0.04 mm in size. Next, their surface properties
were studied (Table 1).

The physical parameters obtained can be favorable
for a high mass transfer rate in ion-exchange processes
owing to the accessibility of the functional groups for
metal cations. The Zr(IV) cations in the modified
material increase the rate of olation and oxolation of
titanium(IV) oxyhydroxy complexes during synthesis,
resulting in a partial increase in particle size and a
decrease in the specific surface area of the final prod-
uct [10] (Table 1).

Conditions for the effective use of the titanium
phosphate sorbents for extracting Cs+ and Sr2+ cations
from solution were optimized using a sample with the
composition TiOНPO4·4.16Н2О. The cations were
extracted from a high-salt multicomponent solution
modeling technological BRs forming during the oper-
ation of water–water power reactors, with the follow-
ing composition (g/L): Na+, 5.8; K+, 5; , 150; Cl–,
7; , 6.4; , 25.1; Cs+, 2.42 × 10—3; Sr2+,
21.2 × 10–3 (total salt concentration, 269.3 g/L; pH 7) [1].

We examined the effect of sorbent consumption
(liquid : solid ratio) on Cs+ and Sr2+ extraction from
solution (Table 2). The addition of one of the sorbents
to a solution reduced its pH from 7 to 5, an equilibrium
value, as a consequence of the substitution of metal
cations for protons of  groups.

An increase in liquid : solid ratio was found to con-
siderably reduce the R of metal cations at a given pH
value. This was probably caused by the decrease in the
number of functional groups per unit volume of the
suspension formed. The optimal phase ratio was liquid :
solid = 50, which ensured maximum extraction of Cs+

and Sr2+ cations (Table 2).
We examined the effect of the equilibrium pH

value of the sorption process on Cs+ and Sr2+
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Table 2. Extraction of Cs+ and Sr2+ cations from solution by the sorbent with the composition TiOНPO4·4.16Н2О as a
function of liquid : solid ratio at pH 5 and t = 25°C

Liquid : solid
Residual concentration, mg/L R, %

Cs+ Sr2+ Cs+ Sr2+

50 0.92 8.90 62 58
100 1.31 10.62 46 50
150 1.62 12.51 33 41

Table 3. Extraction of Cs+ and Sr2+ cations from solution by the sorbent with the composition TiOНPO4·4.16Н2О as a
function of equilibrium pH value (liquid : solid = 50, t = 25°C)

рН
Residual concentration, mg/L R, % Кd, mL/g

Cs+ Sr2+ Cs+ Sr2+ Cs+ Sr2+

2 0.44 20.83 82 – 225 –
3 0.58 15.84 76 25 159 17
5 0.92 8.90 62 58 82 69
7 1.36 1.74 44 92 39 559
8 1.65 1.06 32 95 23 950
extraction. For this purpose, a required amount of an
acid or alkali was first added to a model solution. Next,
one of the sorbents was added at a constant liquid :
solid ratio and temperature and the solution was
stirred for 1 h (Table 3).

It was found that pH 2 ensured extraction of Cs+

cations (over 80%), whereas Sr2+ cations were not
sorbed. In this pH range, the ion-exchange process
involved strong competition between hydrogen ions
and metal cations, which appreciably suppressed sorp-
tion of cations with a large effective radius, that is, of
Sr2+ [9]. Raising the equilibrium pH value reduced
Cs+ extraction and increased Sr2+ extraction, which
reached a maximum value at pH 8, as evidenced by the
R and Kd values in Table 3. This is probably due to the
reduction in the competition of hydrogen ions with
Sr2+ and the increase in the mobility of the protons in
the  groups of the sorbent. As a result, the
selectivity of the sorption for cesium cations, which
have a considerably smaller effective radius than do
other metal cations [11], considerably decreases. This
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Table 4. Extraction of metal cations by TiOНPO4·4.16Н2О as
and pH 8 for strontium)

t, °С
Residual concentration, mg/L

Cs+ Sr2+ C

25 0.44 1.06 8
45 0.34 0.89 8
60 0.26 0.79 8
is accompanied by an increase in the extraction of
metal cations with larger effective radii, in agreement
with previously reported data [11]. Moreover, the
material undergoes hydrolytic destruction, accompa-
nied by the formation of TiO(OH)2, which is capable
of sorbing strontium cations to form titanates [12, 13].

We studied the effect of temperature on Cs+ and
Sr2+ extraction from a solution under optimal condi-
tions (liquid : solid ratio and pH). For this purpose,
the solution was heated to a required temperature, its
pH was adjusted, and one of the sorbents was
immersed in the solution, following which it was
reprecipitated over a period of 1 h (Table 4). Raising
the sorption extraction temperature from 25 to 60°C
was found to have a negligible effect on the R for Cs+

and Sr2+, and Kd increased by less than twofold. This
was possibly due to the insignificant change in the
effective radius of the metal cations as a consequence
of their dehydration in such complex multicomponent
systems.

Under the experimentally found optimal condi-
tions for the use of titanium phosphate ion exchangers
 a function of temperature (liquid : solid = 50, pH 2 for cesium

R, % Кd, mL/g

s+ Sr2+ Cs+ Sr2+

2 95 225 950
6 95.8 306 1141
9 96.3 415 1292
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Fig. 1. Time variation of cesium cation extraction from
solution by the sorbents with the compositions (1)
Zr0.1(TiO)(OH)0.4(HPO4)⋅1.76H2O and (2) TiOН-
PO4·4.16Н2О at liquid : solid = 50, pH 2, and t = 25°C.
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Fig. 2. Time variation of strontium cation extraction from
solution by the sorbents with the compositions (1)
Zr0.1(TiO)(OH)0.4(HPO4)⋅1.76H2O and (2) TiOН-
PO4·4.16Н2О at liquid : solid = 50, pH 8, and t = 25°C. 
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(as exemplified by TiOНPO4·4.16Н2О), we carried
out Cs+ and Sr2+ sorption from a model solution for
the modified sorbent composition. The process was
run at a temperature of 25°C, liquid : solid ratio of 50,
equilibrium pH of 2 for Cs+ and 8 for Sr2+, and repre-
cipitation time of 1 h. The residual Cs+ concentration
in solution was 0.18 mg/L, with R = 93% and Kd =
622 mL/g, and the residual Sr2+ concentration was
0.79 mg/L, with R = 96% and Kd = 1292 mL/g.
Because of the high mobility of the protons in the

 groups of the modified sorbent, Cs+ sorption
was more effective at pH 2: R increased by 10%, and
Kd, by more than a factor of 2.5. At equilibrium pH 8,
Sr2+ was sorbed essentially in the same manner as in
the case of the unmodified ion exchanger composi-
tion. Modified samples are more hydrolytically stable
[10], so the contribution of TiO(OH)2 to Sr2+

extraction was extremely small, unlike in the case of
the zirconium-free sample.

We examined the time variation of metal cation
extraction for both sorbent compositions under the
optimal conditions (Figs. 1, 2). For this purpose, we
adjusted the pH of a model solution, added one of the
sorbents, and then took an aliquot every 10 min for
determining the residual metal cation concentration in
the solution after separation of the sorbent. If neces-
sary, the solution pH was again adjusted. It was found
that, during the first 30 in of the ion-exchange pro-
cess, most of both types of metal cations were sorbed
by all of the sample compositions. In the acid region,
the modified sorbent ensured a higher cesium
extraction rate owing to the higher mobility of the pro-
tons of its functional groups, whereas in the alkaline
region the strontium cation extraction curves for the
two sorbent compositions were similar in shape. Run-
ning the ion-exchange process for ~40 min was shown
to ensure complete chemical equilibrium.

2
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Thus, we have tested titanium phosphate sorbents
and demonstrated the feasibility of using them for
extraction of cesium and strontium cations from solu-
tions with complex chemical compositions modeling
bottoms compositions.

CONCLUSIONS
We have studied the properties of titanium(IV)

oxyhydroxyphosphate-based sorption materials for
extraction of cesium and strontium cations from mul-
ticomponent high-salt solutions modeling the compo-
sition of the BR forming at nuclear power plants
during the operation of nuclear power reactors. The
conditions for the use of the sorption materials in such
solutions, namely, the liquid : solid ratio, solution pH,
and temperature, have been optimized. Experimental
data demonstrate that cesium cations are well
extracted in the acid region at pH 2, liquid : solid = 50,
and t = 25°C, whereas strontium cations are well
extracted at pH 8 and the same liquid : solid ratio and
temperature. The zirconium-modified material is
more effective in extracting cesium cations and
ensures slightly better extraction of strontium cations
in comparison with the unmodified sorbent. The par-
ticle size composition of the materials ensures a high
rate of substitution of metal cations for protons of the

 groups.
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