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Abstract
In this paper, we studied the features of stable and radioactive Cs(I), Sr(II) and Co(II) ions sorption on Ti–Ca–Mg phosphates. 
The significant differences in the sorption of macro quantities of stable  Cs+,  Sr2+ and  Co2+ ions and trace concentrations of 
137Cs, 90Sr and 60Co radionuclides were found. It has to be taken into account for evaluation the effectiveness of sorbents for 
the treatment of real liquid radioactive waste. Comparative studies with industrial sorbents have shown that the synthesized 
in this study mixed Ti–Ca–Mg phosphates are promising materials for one-stage treatment of liquid radioactive waste with 
complex chemical and radionuclide composition.
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Introduction

The progress in use of nuclear power, sources of ionizing 
radiation is inextricably linked to the generation and accu-
mulation of liquid radioactive waste (LRW), which demands 
the development of new effective technologies and materials 
for their safe management. One of the most important prob-
lems of LRW treatment is selective extraction of long-lived 
radionuclides 137Cs, 90Sr, and 60Co [1–3]. Precipitation and 
coagulation methods are widely used for removing of easily 
hydrolyzed radionuclides or formation of poorly soluble car-
bonate compounds [4, 5]. Ion exchange is effective in remov-
ing radionuclides that are not prone to complexation and 
are present in solution as hydrated ions [6, 7]. Membrane 
methods can be applied at various stages of LRW processing 
alone or in combination with other methods. For example, 

micro- and ultrafiltration demonstrate high efficiency when 
combined with precipitation/coagulation [8]. Nanofiltration 
and reverse osmosis make it possible to remove a wide range 
of radionuclides in a soluble form, which leads to a wider 
application of these methods [9].

A special place among the above methods is occupied 
by sorption, due to the possibility of selective removal of 
individual radionuclides from LRW with complex chemical 
and radionuclide composition. The choice of the treatment 
method depends on many factors: the composition of the 
LRW, pH, the presence of competing ions, complexing rea-
gents, surfactants etc. Therefore, many publications devoted 
to sorption treatment of LRW are focused on the influence 
of the above listed factors on the efficiency of radionuclides 
removal [10–13].

The state and radionuclide species in solution is one 
of the most important characteristics that should be taken 
into account when planning the experiment and interpret-
ing the results [14]. Given the complexity of handling 
radionuclides in the laboratory, stable isotopes are often 
chosen for the preparation of model solutions. At the same 
time, the concentration of stable ions in model solutions 
significantly exceeds the content of radionuclides in real 
medium- and low-level activity LRW. In case of stable 
ions, the sorption capacity and removal degree values are 
used as criteria for evaluating the effectiveness of the stud-
ied materials [15–18]. In the case of radionuclides, the 
values of the distribution coefficient and the separation 
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coefficient are calculated [19–22]. In terms of chemical 
behavior under the same conditions, stable and radioactive 
elements behave the same way. However, it is important 
to take into account that the behavior of various chemi-
cal compounds in sorption processes, in particular metal 
ions Cs(I), Sr(II) and Co(II), can significantly depend on 
their concentration in solution. For low-and medium-level 
liquid radioactive waste, the content of radionuclides is 
located in the area of micro-concentrations, and we are 
dealing with “trace” amounts of radionuclides. In this 
case, the sorption of metals occurs at the initial site of 
the isotherm (the area in which Henry’s law is fulfilled). 
For this reason, it is not the total number of ionogenic 
groups that is crucial, as in the case of sorption of macro-
quantities, but the state of the surface ionogenic centers 
that determine the specificity and affinity for the extracted 
radionuclide ion.

Other specific feature of radionuclide behavior in trace 
concentrations in solution is the formation of pseudo-col-
loids. These species are formed either from a phase that does 
not include the element of interest, but which have seques-
tered the element, incorporated or on the surface. Condi-
tions for pseudo-colloids existence may vary significantly 
depending on solution composition and the transition of 
radionuclides from ionic to non-ionic species influences 
their sorption properties [23, 24].

Previously, we were the first to synthesize composite 
materials based on mixed Ti–Ca–Mg phosphates from dolo-
mite as a natural raw material and titanyl-diammonium sul-
fate synthesized from waste products of apatit-nefelin ores. 
The high efficiency of the obtained sorbents was shown in 
model LRW treatment containing a mixture of 137Cs, 90Sr 
and 60Co radionuclides [25]. Vary the ratio of Ti/(Ca–Mg) 
in phosphate sorbents allows to change selectivity to each 
of the radionuclides. The use of broad-spectrum sorbents 
allows for one-stage removal of the above-mentioned radio-
nuclides, which greatly simplifies the technology of LRW 
processing. It has been shown that the prevailing mechanism 
of the  Cs+ is ion-exchange due to the presence of the tita-
nium hydrophosphate phase during the study of the sorption 
properties of the obtained novel sorbent towards  Cs+,  Sr2+ 
and  Co2+ cations. A synergistic effect of individual phos-
phates has been observed for the  Sr2+ and  Co2+ removal. The 
sorption proceeds according to the precipitation mechanism 
of low soluble phosphates of cobalt and strontium, surface 
complexation, and the ion-exchange mechanism. It should 
be noted that the sorption capacity of a composite sorbent is 
due to the chemical composition of the final solid phase [26]. 
It is obvious that established differences in sorption mecha-
nism of  Cs+,  Sr2+ and  Co2+ ions determine the importance 
of conducting research on sorption for stable ions and radio-
nuclides for evaluating the effectiveness of various sorbents 
for real LRW treatment.

The objective of this work is to study the features of 
stable  Cs+,  Sr2+ and  Co2+ ions and radioactive 137Cs, 90Sr 
and 60Co isotopes sorption on Ti–Ca–Mg phosphates with 
different chemical composition from aqueous solutions.

Experimental

Sorbents preparation

Phosphated dolomite  Ca0.7Mg0.3HPO4∙2H2O (PD-1) 
[27] and  Ca2.65Mg3(NH4)1.3(PO4)4(CO3)0.3·6H2O (PD-
2) [28] were used as starting materials for the prepara-
tion of Ti–Ca–Mg composite phosphates. Further, PD-1 
or PD-2 samples was suspended in aqueous solution of 
titanyl-diammonium sulfate  (NH4)2TiO(SO4)2·H2O with 
3.85 wt% concentration without pH correction [29, 30] at 
various V/m ratios under constant stirring at a temperature 
of 25 °C for 24 h. Samples of Ti–Ca–Mg phosphates were 
obtained with a ratio of Ti/(Ca + Mg) in a reaction mixture 
of 10.0, 20.0, 33.0 and 60.0 wt% and marked as PD-1-1 
(PD-2-1), PD-1-2 (PD-2-2), PD-1-3 (PD-2-3), PD-1-4 
(PD-2-4), respectively [25].

Analytical methods

X-ray phase analysis of sorbents was performed at the 
ADVANCED8 facility (Brucker, Germany) using  CuKα 
radiation. Phase identification was performed using the 
base of radiographic powder standards “JCPDS PDF2”. 
The adsorption and texture properties were evaluated from 
low-temperature (− 196 °C) physical adsorption–desorp-
tion of nitrogen isotherms performed on the surface area 
and porosity analyzer ASAP 2020 MP (Micromeritics, 
USA). The specific surface area was calculated by BET 
method (ABET), sorption volume (Vsp.des.) and average pore 
diameter (Dsp.des.) was calculated by a single-point method 
on the desorption branch of isotherm. The relative error 
of determination was estimated at ± 1% for pore volume 
and ± 15% for the pore size and surface area.

Determination of the Ca, Mg, Ti and P content in the 
samples was performed by atomic emission spectroscopy 
with inductively coupled plasma on the Shimadzu ICPS-
9000 mass spectrometer after conversion of the sorbents 
into solution using a mixture of concentrated nitric and 
hydrochloric acids. The content of  NH4

+ ions was deter-
mined by reverse titration with Nessler reagent. The con-
tent of S was determined by gravimetric method by pre-
cipitation of  BaSO4.



1117Journal of Radioanalytical and Nuclear Chemistry (2020) 324:1115–1123 

1 3

Adsorption experiment with stable  Cs+,  Sr2+ 
and  Co2+ ions

The sorption capacity towards  Cs+,  Sr2+ and  Co2+ ions was 
determined under static conditions. The suspension of the 
sorbent 0.20 g was mixed with 50.0 mL of the model solu-
tion (pH 6.0) for 24 h until equilibrium was established. 
The optimal conditions for sorption experiment were chosen 
based on preliminary study [31]. Then sorbent was separated 
from the solution and the residual concentration of  Cs+,  Sr2+ 
and  Co2+ was determined by atomic absorption spectrometry 
(Contr AA 300, Analytik Jena). The relative errors of the 
data were about 3%. Sorption capacity (qe, mg g−1) of  Cs+, 
 Sr2+ and  Co2+ ions were calculated by following equation:

where C0, Ce—initial and equilibrium concentration, 
mg·dm−3; V—volume of solution,  dm3; m—mass of sorb-
ent, g.

Model solutions of 0.05  M Sr(NO3)2 and 0.05  M 
Co(NO3)2 were used for the determination of sorption capac-
ity towards stable  Sr2+ and  Co2+. Aqueous solutions of CsCl 
with a concentration of 100 and 1000 mg·dm−3 were used 
for  Cs+ sorption on PD-1 and PD-2 sample series, respec-
tively. The reagents CsCl, Sr(NO3)2 and Co(NO3)2  6H2O 
(Five Oceans Ltd., Belarus) without additional purification 
were used for solution preparation. The selection of concen-
trations of model solutions was carried out based on prelimi-
nary experiments.

Adsorption experiment with 137Cs, 90Sr and 60Co 
radionuclides

To determine the sorption characteristics of samples in rela-
tion to 137Cs, 90Sr and 60Co radionuclides, experiments were 
performed under static conditions by continuous mixing of 
a suspension of air-dry sorbent weighing about 0.050 or 
0.100 g, weighted to an accuracy of 0.0001 g with 20.0 cm3 
solution until equilibrium was established. Then the mixture 
was filtered through a paper filter “white tape” and specific 
activity of 137Cs, 90Sr and 60Co radionuclides was deter-
mined in the filtrate. Based on the analysis results, the values 
of the distribution coefficient (Kd,  cm3 g−1) were calculated 
using Eq. (2):

where A0, Ap—initial and equilibrium specific activity, 
Bq dm−3; V—volume of solution,  dm3; m—mass of sorb-
ent, g.

The specific activity of 137Cs, 90Sr and 60Co in solutions was 
determined by direct radiometric method using the SCS-50 M 

(1)qe = (C0 − Ce) × V∕m

(2)Kd =
A0 − Ap

Ap

×
Vp

mc

spectrometric complex (Green Star Technologies, Russia), 
intrinsic relative error of 20%. Samples containing 90Sr were 
kept for at least 14 days (5 half-lives of 90Y) before measure-
ment to establish the radioactive equilibrium of the 90Sr-90Y 
pair. During sorption of 137Cs, model solutions containing 0.10 
and 1.0 M  NaNO3, pH = 6.0, were used as the liquid phase. 
Before starting the experiments, 137Cs radionuclide label was 
added to the solutions in an amount of about  105 Bq dm−3. 
During sorption of 90Sr, a model solution of 0.01 M  CaCl2 
with pH = 6.0 was used as the liquid phase, in which indica-
tor amounts of 90Sr radionuclide for  105 Bq dm−3 were intro-
duced before the experiments. For 60Co sorption tap water 
composition (in mg dm−3:  Na+-6–8;  K+-4–5;  Mg2+-15–17; 
 Ca2+-52–56;  Cl−-6–8;  SO4

2−-36–38;  HCO3
−-200–205; 

total salinity-310–330; total hardness-3.6–3.8 mmol dm−3; 
pH = 7.5 ± 0.2) was used as liquid phase. Before the beginning 
of the experiments, indicator amounts of 60Co radionuclide of 
about  104 Bq dm−3 were introduced into the water and kept 
for 3 days to establish an equilibrium between the radioactive 
and inactive components of the solution.

To obtain comparative characteristics of the studied sam-
ples under similar conditions, sorption of 137Cs 90Sr, 60Co 
was carried out on the following industrial sorbents:

TiP: titanium phosphate [32] (Apatite, Russia);
TiSi: sodium–potassium titanosilicate [33] (Apatite, Rus-
sia);
KNiFeCN: nickel-potassium ferrocyanide supported on 
silica gel, TU 2641-003-51255813 -2007 (Moscow, Rus-
sia);
ZrNiFeCN: nickel ferrocyanide and zirconium hydroxide 
brand Thermoxide-35, TU 6200-305-12342266-98 (Sver-
dlovsk, Russia);
AlSi: the clinoptilolite of “Sokyrnytsia” deposition, TU U 
14.5-00292540.001-2001 (Sokirnitsa, Ukraine).
MnO2: manganese dioxide brand MDM, TU 2641-001-
51255813-2007, (Moscow, Russia);
ZrO2·TiO2: titanium and zirconium hydrated dioxides 
brand Thermoxide-3К, TU 2641-014-12342266-04, 
(Sverdlovsk, Russia);
AC: activated wood crushed coal brand BAU GOST 
6217-74 with specific surface area of 800 m2 g−1 and 
pore volume of 1.6 cm3 g−1.
R-SO3H: strongly acidic sulphocationite brand Tokem-
140, (Kemerovo, Russia).

Results and discussion

Sorbent characterization

XRD data (Table  1) shows that the initial PD-1 sam-
ple is a mixture of well-crystallized calcium hydro 
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phosphates  CaHPO4·2H2O and magnesium hydro phos-
phates  MgHPO4·3H2O with a small content of dolomite 
CaMg(CO3)2. When interacting with titanyl ions, a small 
amount of calcium titanate  CaTiO3 and titanium oxyhy-
drate  Ti0.857O2H0.571 is detected. The formation of titanium 
phosphates is not detected by the XRD method, probably 
due to their amorphous nature. With an increase in the 
concentration of titanyl ions introduced into the reaction 
mixture in the preparation of mixed Ti–Ca–Mg phosphates, 
there is a decrease in the intensity of reflexes of the initial 
compounds, up to the formation of an amorphous product 
PD-1-4. According to the results of chemical analysis of 
mixed Ti–Ca–Mg phosphates, an increase in the concentra-
tion of titanyl ions in the reaction mixture is accompanied 
by an increase in the Ti content in the final products up to 
16.8 wt%, and a simultaneous reduction of Mg from 4.31 to 
0.35 wt%. This indicates the substitution of Mg atoms by 
Ti during the interaction of initial PD-1 sample with titanyl 
ions. The sulfur content in final products is due to the for-
mation of slightly soluble calcium sulfate  CaSO4, as a result 
of  SO4

2− ions interaction in the composition of titanium 
salt  (NH4)2TiO(SO4)2·H2O and calcium hydrophosphate 
 CaHPO4·2H2O. The content of small amounts of  NH4

+ ions 
in mixed Ti–Ca–Mg phosphates, also due to their presence 
in the composition of titanyl-diammonium sulfate.

Only characteristic peaks of magnesium-ammonium 
phosphate  MgNH4PO4·6H2O are detected on the XRD 

spectra of PD-2 sample, which together with the chemical 
analysis data indicates an amorphous state of the tertiary 
calcium  Ca3(PO4)2 and magnesium  Mg3(PO4)2 phos-
phates. An increase in the number of introduced titanyl 
ions is accompanied by a decrease in the intensity peaks of 
 MgNH4PO4·6H2O for PD-2-1 and PD-2-3 samples and the 
formation of an amorphous PD-2-4 sample. At the same 
time, there is decrease in the content of Mg atoms from 
10.2 to 0.80 wt% and an increase in the content of Ti atoms 
to 17.1 wt%. This is in good agreement with the estab-
lished fact of substitution of Mg atoms for Ti for samples 
of the PD-1 series. Attention is drawn to the almost con-
stant content of  NH4

+ ions in all samples of PD-2 series, 
which is in the range of 3.0–4.0 wt%.

According to the data of low-temperature nitrogen 
adsorption–desorption (Table 2), Ti–Ca–Mg phosphates 
are mesoporous sorbents with IV type isotherms char-
acteristic of this class of porous materials according to 
the IUPAC classification. As a result of the interaction of 
PD-1 sample with a titanyl-containing precursor, there is 
a significant increase in the specific surface characteristics 
from 11 to 232 m2 g−1 and the sorption pore volume from 
0.025 to 0.370 cm3 g−1, as well as a decrease in the aver-
age pore size from 10.8 to 6.7 nm. At the same time, for 
all samples, the form of capillary-condensation hysteresis 
belongs to the H1 type, which is typical for adsorbents 
with cylindrical pores.

Table 1  Chemical and phase composition of mixed Ti–Ca–Mg phosphates

Sample Content of elements (wt%) Phase composition

Mg Ca Ti P NH4
+ S

PD-1 4.31 16.75 0.00 18.54 0.00 0.00 Major:  CaHPO4·2H2O,  MgHPO4·3H2O, Traces: CaMg(CO3)2

PD-1-1 2.02 15.96 4.81 8.56 1.02 7.22 Major:  CaHPO4·2H2O,  MgHPO4·3H2O, Traces: 
CaMg(CO3)2,  CaSO4,  CaTiO3,  Ti0.857O2H0.571

PD-1-3 1.25 11.54 10.33 8.79 1.73 6.30 Minor:  CaTiO3,  Ti0.857O2H0.571

PD-1-4 0.35 6.36 16.80 9.06 2.56 5.23 Amorphous
PD-2 10.18 14.98 0.00 17.53 3.31 0.00 Major:  MgNH4PO4·6H2O
PD-2-1 5.30 9.49 3.99 12.47 3.95 0.00 Traces:  MgNH4PO4·6H2O
PD-2-3 3.23 7.70 10.01 11.02 3.32 1.42 Traces:  MgNH4PO4·6H2O
PD-2-4 0.80 5.56 17.10 9.30 2.55 3.58 Amorphous

Table 2  Adsorption and textural 
characteristics of Ti–Ca–Mg 
phosphates

Sample Type of isotherm Type of hys-
teresis loop

Specific surface area 
(ABET)  (m2 g−1)

Pore volume 
(Vsp.des)  (cm3 g−1)

Pore size 
(Ddes) (nm)

PD-1 IV H1 11 0.025 10.8
PD-1-1 H1 19 0.075 18.1
PD-1-4 H1 232 0.370 6.7
PD-2 H2 + H3 196 0.374 8.0
PD-2-1 H3 100 0.286 12.0
PD-2-4 H1 144 0.336 9.6
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The change in adsorption characteristics for Ti–Ca–Mg 
phosphate samples based on PD-2 is extreme with a min-
imum of 100 m2 g−1 specific surface area and a sorption 
pore volume of 0.286 cm3 g−1 and a maximum of 12.0 nm 
average pore size for the PD-2-1 sample. This dependence 
of adsorption characteristics from the content of the input 
titanyl ions due to the change of porous structure formed of 
phosphates and is confirmed by the textural characteristics. 
In nitrogen adsorption–desorption isotherm of the initial 
sample PD-2 has a loop of capillary-condensation hyster-
esis of a hybrid-type H2 + H3 (the form of pores slit-like 
and wedge-shaped), which transformation in type H3 (form 
of long wedge-shaped) for sample PD-2-1 and then to type 
H1 (form of long cylindrical) for sample PD-2-4 (Table 2).

Adsorption behavior towards stable Cs(I), Sr(II) 
and Co(II) ions

The results of the effect of Ti content on the sorption capac-
ity of mixed Ti–Ca–Mg phosphates towards stable  Cs+, 
 Sr2+ and  Co2+ ions in aqueous solutions are presented in 
Figs. 1, 2 and 3 depends on Ti content in reaction mixture. 
The initial PD-1 sample practically does not sorb  Cs+ ions 
(the sorption capacity of 0.7 mg g−1). The increase in the Ti 
content in the samples is accompanied by an increase in the 
sorption capacity to 12.6 mg g−1 for the PD-1-4 sample. The 
initial PD-2 sample on the contrary, is characterized by a 
high sorption capacity in relation to  Cs+ ions (176.3 mg g−1) 
and with an increase in the Ti content more than 25.0 wt% 
there is a sharp decrease in sorption capacity to 35 mg g−1. 
Thus, for a series of sorbents based on PD-2, the reverse 
dependence of the change in sorption capacity towards  Cs+ 
ions is observed in comparison with samples obtained from 
PD-1. Thus, the obtained data on the increase in sorption 
capacity with an increase in the content of titanium are due 

to the formation of a phase of titanium hydrophosphate, 
which is characterized by a high ion exchange capacity and 
selectivity towards  Cs+ ions [26, 29, 30].

Similar patterns are observed in the sorption of stable 
 Sr2+ ions. Thus, an increase in the Ti content in the sam-
ples of the PD-1 series leads to an increase in the sorp-
tion capacity of  Sr2+ ions from 68 to 275 mg g−1, and at 
the same time for sorbents obtained from PD-2, there is a 
decrease in the capacity from 275 to 150 mg g−1 (Fig. 2). 
This indicates a positive effect of the introduction of tita-
nyl ions in the composition of Ca–Mg hydrophosphates 
(PD-1) on their sorption properties towards stable  Cs+ 
and  Sr2+ ions. Contrary, a negative effect in the case of 
sorbents obtained from a mixture of tertiary Ca–Mg phos-
phates (PD-2). It has been shown that both magnesium 
phosphates and calcium phosphates are involved in the 
 Sr2+ ions sorption processes:  MgHPO4 is the most active 
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component in the PD-1 sample,  MgNH4PO4·6H2O along 
with  Ca3(PO4)2 makes a significant contribution to the 
sorption of Sr(II) by the PD-2 sample [17]. It could a main 
reason of different sorption activity of prepared Ti–Ca–Mg 
phosphate sorbents towards  Sr2+ ions.

The sorption efficiency of stable  Co2+ ions are the same 
for PD-1 and PD-2 series samples. The initial Ca–Mg phos-
phates without Ti are characterized by a higher sorption 
capacity towards  Co2+ ion, the capacity is reduced from 
400 and 160 mg g−1 to 60 and 150 mg g−1 for the PD-1 and 
PD-2 series, respectively (Fig. 3). This indicates a negative 
effect of the introduction of titanyl ions in the composition 
of the initial Ca–Mg phosphates PD-1 and PD-2 on their 
sorption properties towards  Co2+ ions. Ca–Mg phosphates 
with a different phase composition were studied as effective 
sorbents for 60Co removal from high salinity water. It was 
shown that the chemical reaction of Ca–Mg phosphates with 
 Co2+ ions leads to the effective removal of 60Co radionuclide 
[19]. Thus, the formation of titanium phosphate during sub-
stitution of calcium and magnesium ions of PD-1 and PD-2 
samples leads to decreasing of sorption capacity obtained 
Ti–Ca–Mg phosphate sorbents towards  Co2+ ions.

Thus, mixed Ti–Ca–Mg phosphates for the PD-1 and 
PD-2 series form the inverse series (3) and (4) for the sorp-
tion capacity towards stable  Cs+ and  Sr2+ ions:

At the same time, in the second sorption capacity for 
 Co2+ ion, the sorbents are arranged in a following row:

It can be concluded that the sorption capacity of mixed 
Ti–Ca–Mg towards stable  Cs+,  Sr2+ and  Co2+ ions is mainly 
determined by their chemical composition. At the same time, 
the adsorption and textural characteristics of the studied sor-
bents practically do not affect their sorption capacity towards 
stable ions from aqueous solutions. This is probably due to 
the ion exchange mechanism  Cs+ and  Sr2+ ions of adsorp-
tion and by chemisorption process for  Co2+ ions, which is 
consistent with established patterns.

(3)PD-1 < PD-1-1 < PD-1-2 < PD-1-3 < PD-1-4

(4)PD-2 < PD-2-1 < PD-2-2 < PD-2-3 < PD-2-4

(5)PD-1(PD-2) > PD-1(PD-2)−1 > PD-1(PD-2)−2 > PD-1(PD-2)-3 > PD-1(PD-2)-4

Adsorption characteristics toward 137Cs 90Sr 
and 60Co radionuclides

The results of the sorption activity of prepared phosphate 
sorbents towards 137Cs, 90Sr and 60Co radionuclides are 
presented in Table 3. To study the radionuclides sorption 
the initial samples of PD-1 and PD-2 and mixed Ti–Ca–Mg 
phosphates PD-1-3 and PD-1-4, as well as PD-2-2 and 
PD-2-4 were selected.

The results of 137Cs radionuclide sorption correspond 
to the previously obtained data on stable  Cs+ ions—the 
introduction of Ti in the composition of PD-1 causes an 
increase in Kd 137Cs on the background of 0.1 M  NaNO3 
from 0.48 × 103 to (1.63–1.36) × 103 cm3 g−1. It indicates 
an increase in the affinity of mixed Ti–Ca–Mg phosphates 
based on PD-1 to 137Cs radionuclide. A similar relation-
ship is observed for samples of the PD-2 series: with an 
increase in the Ti content in the sorbents, an increase in 
Kd 137Cs is accompanied by an increase from 0.08 × 103 to 
(0.82–0.89) × 103 cm3 g−1. It is important to note that the 
initial PD-2 sample shows low affinity towards 137Cs radio-
nuclide. It is fully inconsistent with the sorption capacity 
data obtained for stable  Cs+ ions. At the same time, the high-
est selective sorption properties are characterized by PD-1-3 
and PD-1-4 samples obtained based on PD-1. It does not 
correlate with data on the sorption capacity of stable  Cs+ 
ions (Fig. 1). The possible explanation of such contradic-
tory results of stable and radioactive cesium sorption is the 
following. Uptake of stable  Cs+ in solution without compet-
ing ions corresponds to the measured textural characteris-
tics of both sorbents (Table 2). High selectivity of titanium 

hydrophosphate phase plays the minor role as the number of 
binding sites of this phase is rather small comparing to total 
number of binding sites that limits the adsorption capacity. 
For 137Cs with  Na+ background the estimated Na:Cs atoms 
ratio in solution is more than  108 so almost all binding sites 
of starting sorbents of PD-1 and PD-2 series are occupied 
by  Na+, resulting in low Kd values of 137Cs. In this case the 
introduction of highly selective towards cesium ions tita-
nium hydrophosphate phase significantly increases 137Cs Kd 

Table 3  Adsorption 
characteristics of Ti–Ca–Mg 
phosphates towards 137Cs, 
90Sr and 60Co radionuclides 
(Kd × 103,  cm3 g−1)

Radionuclide Competition ions Sample

PD-1 PD-1-3 PD-1-4 PD-2 PD-2-2 PD-2-4

137Cs 0.1 M  NaNO3 0.48 1.63 1.36 0.08 0.82 0.89
1.0 M  NaNO3 0 0.08 0.43 0 0.14 0.18

90Sr 0.01 M  CaCl2 0.28 0.57 0.18 1.50 4.20 0.67
60Co Tap water 3.60 0.05 0.06 2.30 1.40 0.10
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for all Ca–Mg–Ti sorbents PD-1-3, PD-1-1, PD-2-2, PD-2-4. 
The dependence of 137Cs on background  Na+ concentration 
is the additional evidence for selectivity being the driven 
factor of 137Cs sorption.

The change in the affinity of the Ti–Ca–Mg phosphates 
towards 90Sr radionuclide against a background of 0.01 M 
 CaCl2 has an extreme dependence on the composition of sor-
bents with a maximum Kd for PD-1-1 of (0.57 × 103 cm3 g−1) 
and PD-2-2 (4.20 × 103 cm3 g−1) samples with a Ti con-
tent of 7.0 and 15.0 wt%, respectively. This extreme change 
in Kd 90Sr depends on Ti content is not correlated with a 
monotonous increase or decrease in the sorption capacity of 
 Sr2+ ions for samples of PD-1 and PD-2 series, respectively 
(Fig. 2). At the same time, the relative affinity of similar 
sorbents of PD-1 and PD-2 series towards 90Sr radionuclide 
is in good agreement with the data on sorption capacity of 
stable  Sr2+ ions.

The presented results of 60Co radionuclide sorption show 
that the highest affinity has samples that do not contain or 
contain minimal amounts of Ti (PD-1, PD-2 and PD-2-2), 
which is quite correlated with a monotonous decrease in 
sorption capacity for stable  Co2+ ions (Fig. 3). The highest 
values of Kd for 60Co reach 3.60 × 103 and 2.30 × 103 cm3 g−1 
for the initial Ca–Mg phosphates PD-1 and PD-2, respec-
tively (Table 3).

Different trends in sorption activity in relation to radio-
nuclides and stable ions depending on the composition of 
sorbents clearly indicates significant differences in the mech-
anisms of adsorption of macro and micro quantities of ions. 
Moreover, these processes depend not only on the composi-
tion of the sorbent, but also on the nature of the radionuclide 
and are not predictable enough based on stable ions sorption 
results. It requires mandatory studies of the effectiveness of 
sorbents using model solutions of radionuclides.

Comparison study with other materials

Table  4 compares the adsorption characteristics of the 
obtained mixed phosphates with the known most effective 

sorbents for individual radionuclides. Mixed Ti–Ca–Mg 
phosphates are inferior in efficiency of adsorption of 137Cs 
radionuclide by KNiFeCN ferrocyanide (84.0 × 103 cm3 g−1) 
and ZrNiFeCN (120 × 103 cm3 g−1) and titanosilicate TiSi 
(46.0 × 103 cm3 g−1) sorbents, which are the most effective 
of the currently known in relation to these radionuclides. 
At the same time, they are characterized by comparable Kd 
values in the range of (1.36-2.20) × 103 cm3 g−1 in compari-
son with titanium phosphate TiP and aluminosilicate AlSi. 
The AlSi, TiSi and KNiFeCN sorbents showed the high-
est sorption efficiency towards 90Sr radionuclide with Kd in 
the range of (35.0–86.0) × 103 cm3 g−1. At the same time, 
PD-2 and PD-2-2 samples are also characterized by high 
affinity for radionuclide 90Sr for which Kd is 1.50 × 103 and 
4.20 × 103 cm3 g−1, respectively. All studied samples have 
a close affinity for the radionuclide 60Co—Kd varies from 
1.40 × 103 to 4.30 × 103 cm3 g−1.

The obtained phosphate sorbents are characterized by 
lower Kd values compared to the materials used for the 
removal of individual radionuclides, both studied in this 
work and described in the literature [34–38]. However, 
depending on the composition of mixed Ti–Ca–Mg phos-
phates, it is possible to obtain sorbents characterized by 
high affinity for all three radionuclides 137Cs, 90Sr and 60Co. 
This allows them to be considered as promising materials 
for one-stage purification of LRW complex chemical and 
radionuclide composition.

Conclusions

Sorption characteristics of mixed Ti–Ca–Mg phosphates 
were studied on model solutions of stable and radioac-
tive Cs(I), Sr(II) and Co(II) ions. It was found that double 
Ca–Mg phosphates PD-1 (q  Cs+ 175 mg g−1) and PD-2 (q 
 Sr2+ 275 mg g−1 and q  Co2+ 380 mg g−1) are characterized 
by the highest sorption capacity in relation to stable ions. 
Sorbents based on mixed Ti–Ca–Mg phosphates PD-1-3, 
PD-2-2 and PD-1 are characterized by the highest values of 

Table 4  Comparison adsorption characteristics of Ti–Ca–Mg phosphates with other materials

Sample Kd × 103  (cm3 g−1)

PD-1-4 TiP TiSi KNiFeCN ZrNiFeCN AlSi

137Cs 0.1 M  NaNO3 1.36 2.20 46.0 84.0 120 2.10
1.0 M  NaNO3 0.43 0.15 41.0 73.0 81.0 0.12

Sample PD-2 PD-2-2 TiP TiSi ZrO2·TiO2 MnO2

90Sr 0.01 M  CaCl2 1.50 4.20 46.0 35.0 0.22 86.0

Sample PD-1 PD-2 PD-2-2 AC R-SO3H

60Co Tap water 3.60 2.30 1.40 4.90 4.30
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distribution coefficients in relation to radionuclides 137Cs 
(1.63 × 103 cm3 g−1), 90Sr (4.20 × 103 cm3 g−1) and 60Co 
(3.60 × 103 cm3 g−1), respectively. The established differ-
ences in the sorption of macro quantities of stable  Cs+,  Sr2+ 
and  Co2+ ions and micro concentrations of 137Cs, 90Sr and 
60Co radionuclides have to be taken into account for evalua-
tion of the effectiveness of sorbents for the real liquid radio-
active waste treatment. Depending on the composition of 
the mixed Ti–Ca–Mg phosphates, it is possible to obtain 
materials with high affinity for all three radionuclides 137Cs, 
90Sr and 60Co and comparable characteristics with industrial 
sorbents.

Funding This study was supported by Belarusian state program of 
scientific research (Grant No. 1.05).
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