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Abstract. The radiation resistance of natural zeolite, cation exchange resin, carbon sorbent, and titanium phosphate 
were investigated, as well as the ability to adsorb strontium ions after internal adsorbents irradiation. It is shown, that 
upon irradiation the adsorption properties of all these materials are slightly reduced. The only exception is titanium 
phosphate with a surface modified with NH4OH. Initial and residual concentration of stable strontium isotopes was 
measured by direct complexometric titration. Some experiments were performed with radioactive 90Sr as well. The 
amount of 90Sr was controlled by liquid scintillation techniques. The values of adsorption of strontium ions by irradiated 
and non-irradiated samples of amorphous titanium phosphate were determined. The analysis of changes of titanium 
phosphate surface under the action of external irradiation was conducted by the method of low-temperature nitrogen 
adsorption-desorption isotherms. The proportion of micro and mesopores, as well as the total surface area of the 
investigated adsorbent, were estimated. The pore volume and pore radius were calculated by the DFT and BJH methods. 
A brief comparison of these methods was made. 
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1. INTRODUCTION 

Purification of aqueous solutions from radionuclide 
contamination is an extremely problematic topic, which 
is the subject of many scientific papers. This scientific 
topic is very relevant for Ukraine. The aim of this work 
is a detailed study of the main classes of organic and 
inorganic adsorbents. In general, adsorbents can be 
natural (zeolites, kaolin, activated carbon [1, 2]) and 
synthetic (titanium dioxide [3-6], silicon dioxide and 
composite materials [7], fumed silica [8, 9], graphene, 
salts of polyvalent metals [10, 11], etc.). A special place 
among adsorbents is occupied by ion exchange resins, 
which, as a rule, have an organic matrix, for example, 
styrene-vinylbenzene with functional groups fixed on it. 
Ion-exchange resins, along with titanium dioxide and 
activated carbon, are most widely used in industry to 
purify aqueous solutions from heavy metal cation and 
radionuclides [12-15]. Since radioactive elements, for 
example, 90Sr, are sources of ionizing radiation, it is 
important to study the radiation resistance of 
adsorbents, which are offered for its extraction and 
storage [16-19]. For example, in publications [7] authors 
evaluate the radiation resistance of the cellulose - 
HO7Sb3 adsorbent by measuring the adsorption 
coefficient of lanthanum isotopes before and after 
irradiation. It has been shown that a radiation dose of 
50 kGy reduces the adsorption capacity of cellulose - 
HO7Sb3 by 20% from the initial. A dose of 150 kGy 
reduces the adsorption capacity toward lanthanum by 
96% percent which leads to complete degradation of 
sorbent material. 
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In this work, we focused on the study of the radiation 
stability of adsorbents. Natural clinoptilolite, ion 
exchange resin with sulfonic acid centers as well as 
synthetic adsorbent titanium phosphate were 
investigated. Changes in the surface of adsorbents and 
their ability to adsorb strontium ions before and after 
irradiation were studied as well. 

2. EXPERIMENTAL TECHNIQUES 

2.1. Materials and Methods used for experimental 
work  

Chemicals such as SrCl2 (99.9% Merck), HNO3, 
Eriochrom Black T, NH4OH and ethylene diamine tetra-
acetic acid (EDTA) were used as analytical-grade 
reagents with three step de-ionized water. Liquid 
scintillation counting of 90Sr and other pure β- -emitters 
was performed using spectrometer-radiometer 
Quantulus-1220 loaded in KINR NAS of Ukraine. 
Radiation resistance of the adsorbents was investigated 
using resonant linear electron accelerator “Argus” 
loaded in Laboratory of Radiation Technology, Institute 
of Physics, NAS of Ukraine. Surface characteristics of 
the adsorbent before and after irradiation was 
investigated by low temperature adsorption-desorption 
isotherms, which were obtained using equipment 
Autosorb “Quantachrom Nova” ISPE, NAS of Ukraine. 
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2.2. Natural and Synthetic Materials with 
Adsorption Properties 

Natural zeolite was extracted from the Sokyrnytskyi 
deposit of the Transcarpathian region (Ukraine). Cation 
exchange resin based on styrene-divinylbenzene with an 
active sulfonic acid functional group also was used in 
the present work.  This ion exchange resin has a cross-
linkage of 2%, heating stable up to 100℃; ~80% loss on 
drying, 110 °C. It is commercially available, for example, 
as strong acid cation exchange resin Dowex HCR s/s 
(Dow Chemical USA) [14].  

The third type of adsorbents belongs to the 
prototypes of adsorbents was titanium phosphate – 
salts of polyvalent metals of amorphous modification. 
Titanium phosphate was synthesized at the Institute of 
Sorption and Endoecology Problems (ISPE) of the 
National Academy of Sciences of Ukraine. Titanium 
phosphate is a synthetic inorganic sorbent, amorphous 
modification with a fairly large surface area (150-200 
m2/g), which effectively absorbs 235U fission products 
from aqueous solutions [10, 11]. The uniqueness of this 
sorption material lies in the possibility of its synthesis 
both in crystalline and amorphous modifications, as 
well as with different ratios of phosphorus: titanium 
(P/Ti) in the sample. These studies were carried out 
with titanium phosphate with a ratio of (P/Ti) = 1.25. 
The study of surface characteristics was carried out in 
ISPE NAS of Ukraine using low-temperature nitrogen 
adsorption-desorption isotherms and BET theory of 
adsorption. Pore size distribution from nitrogen 
adsorption-desorption isotherms using the non-local 
density functional theory (DFT) with an equilibrium 
model based on cylindrical pores in silica, and BJH-
method, based on Kelvin equation were conducted as 
well.  

2.3. Investigation of Adsorbent Radiation 
Resistance 

Radiation resistance of adsorbent samples was 
investigated on a resonant linear electron accelerator 
“Argus” loaded in Laboratory of Radiation Technology, 
Institute of Physics, NAS of Ukraine. The average 
energy of the electrons generated in the pulse mode was 
1 MeV. The electron flux was 1,25·1015 – 1,25·1016 
electron / cm2·s. The irradiation dose was 2·103 Sv. The 
investigations were performed in two series. The 
irradiation of adsorbents was performed in the first 
series without any additional chemical modified 
surface. In the second series, the surface of titanium 
phosphate interacts with 10% NH4OH and then was 
irradiated. The adsorption capacity of the adsorbent 
toward strontium cations was chosen as an indicator of 
its radiation resistance, according to [7]. However, in 
present investigations, the changes of adsorbents 
surface characteristics were conducted as well.  

2.4. Batch adsorption studies  

Adsorption investigations were performed in a batch 
mode with the liquid: solid (L:S) phase ratio equal to 50 
(mads = 0.1 g, Vsol = 5 ml). Initial and residual 
concentrations of strontium ions were conducted using 
direct complexometric titration with Eriochrom Black 
T. In some experiments, the radioactive 90Sr and Liquid 
scintillation counting were performed. All experiments 
were repeated at least two times. Adsorption values 
were calculated by the formula (1): 

𝑞𝑒  =
[(𝐶𝑜−𝐶𝑒)𝑉]

𝑚
      (1) 

where qe – is the amount of adsorbate uptake, mg/g; Co 
and Ce – are initial and residual concentrations of 
adsorbate, mg/L; V- is volume of solution, L; m- is mass 
of adsorbent, g [6, 9]. 

The test experiments were performed with an initial 
concentration of Sr2+ cations in the form of SrCl2 for 
evaluated the radiation resistance of the investigated 
adsorbents. As noted, some experiments were 
conducted with active 90Sr (without carrier) with some 
contaminations of 90Y and 137Cs. Initial and residual 
activity was controlled using Liquid Scintillation 
Counting.  

2.5. Liquid Scintillation Counting of 90Sr 

The quantity of 90Sr from soil extract (from 
Chornobyl Exclusion Zone) was controlled by Liquid 
scintillation counting using a low-background liquid 
scintillation spectrometer-radiometer Quantulus-1220 
loaded in KINR NAS of Ukraine. Each of the measured 
samples was diluted with an organic scintillator 
Optiphase “Hisafe” 3 up to a volume of 20 ml and 
elements spectra were obtained.  (During 10 min). The 
simulations of spectra 14C, 90Sr, 137Cs, and 90Y were 
conducted, using the IAEA Library database and Geant 
4 to determine the detection conditions of β- - spectra of 
the Quantulus-1220 installed in KINR Kyiv.  

3. RESULTS AND DISCUSSION 

3.1. Changes of Textural Characteristics of 
Titanium Phosphate Before and After Irradiation 

The changing in textural characteristics of the 
samples of titanium phosphate was the most detailed 
studied. The results are shown in Table 1 and 1(a). Ion-
exchange resin retained its adsorption ability 
concerning strontium cation, however, after irradiation 
it became gel-shaped. We must note that very often ion 
exchange resins are used in the gel-shaped form, 
conducting the so-called extraction of radionuclides 
with these adsorbents. However, we could not 
investigate the change in its textural characteristics. The 
zeolite’s ability to adsorb strontium cations significantly 
decreased after irradiation (Table 2) and therefore we 
paid the greatest attention to titanium phosphate. 

This adsorption material showed significant 
radiation resistance, as well as with the use of a 
combination of irradiation and chemical modification of 
the surface, its ability to adsorb Sr2+ cation was 
increased. 

If we compare methods for assessing surface 
changes, then according to Table 1 and 1(a), and Fig. 2 
(a) and (b), it is clear that the DFT method is more 
sensitive to changes in adsorption porosity. BJH 
(Barrett-Joyner-Halenda) method is a classical 
macroscopic method, which is based on the assumption 
of a certain pore-filling mechanism. The method based 
on the Kelvin equation is linked to the pore 
condensation phenomena. It is applicable for mesopore 
size analysis. This method was chosen since titanium 
phosphate is mesoporous material. In contrast to these 
macroscopic approaches, the Density Functional 
Theory (DFT) method provides not only a microscopic 
model of adsorption. This theory, which is based on 
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statistical mechanics, connects macroscopic properties 
to molecular behavior. Therefore, to achieve a more 
realistic description of adsorption phenomena and an 
accurate and comprehensive pore size analysis, 
methods such as the DFT of inhomogeneous fluids and 
Monte Carlo simulations, which bridge the gap between 
the molecular level and macroscopic approaches are 
preferable. It records an increase in the radius of pores 
(and a decrease in their volume) during immediate. 
Therefore, in the study of changes in the texture 
characteristics of mesoporous materials, the DFT 
method of surface analysis can be recommended. 

Table 1. Changes in textural characteristics of  
titanium phosphate before and after irradiation 

Sample 

Surface 
area, m2/g 

BET 

Surface area, 
m2/g (ads) 

BJH 

Surface 
area, m2/g 

DFT 

1 182 150.8 173 

2* 179 149 168 

Surface area after irradiation 

3 155.3 138 150.9 

4* 152.5 133.7 147.2 

5 147.1 119.8 137.2 

Table 1(a). Changes in textural characteristics of  
titanium phosphate before and after irradiation 

Sample 

Pore 
volume 

m3/g 

BJH 

Pore 
volume, 

m3/g 

DFT 

Pore 
radius 

BJH 

Pore 
radius 

DFT 

1 0.604 0.6159 58.11 69.2 

2* 0.59 0.606 58.59 67.33 

Pore size distribution after irradiation 

3 0.5268 0.528 57.84 56.42 

4* 0.521 0.524 57.8 56.42 

5 0.4884 0.494 57.89 67.33 

* Samples 2 and 4 were treated with ammonia 

 

Figure 1. Typical nitrogen adsorption-desorption isotherm for 
titanium phosphate. Samples 3 and 4 were irradiated; sample 

4* - was treat by NH4OH with further irradiation. 

 

 

Figure 2. Pore size distribution from nitrogen  
adsorption-desorption isotherms using the non-local  
density functional theory (DFT) with an equilibrium  

model based on cylindrical pores in silica (a) and  
BJH-method, based on Kelvin equation (b). 

3.2. Adsorption of Strontium Ions by Irradiated 
and Non-Irradiated Adsorbents 

Table 2. Adsorption of strontium ions by 
irradiated and non-irradiated adsorbents 

Adsorbent 

Adsorption 
values by 

non-irradiated 
adsorbents 
q, mmol/g 

Adsorption 
values 

by irradiated 
adsorbents 
q, mmol/g 

Natural 
clinoptilolite 

0.0125±0.002 0.00 

Ion exchange 
resin with 

sulfonic acid 
centers 

0.185±0.009 0.139±0.011 

Titanium 
phosphate 

0.0623±0.055 0.0153±0.004 

Titanium 
phosphate 

with modified 
surface by 
NH4OH 

0.1573±0.012 0.2373±0.025 
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As it can be seen from Table 2, the adsorption ability 
of all adsorbents decreases after irradiation. Natural 
unmodified zeolite completely loses the ability to adsorb 
Sr2+ cations. A slight decrease in the adsorption capacity 
of the cation-exchange resin is associated with the 
rupture of the styrene-divinylbenzene matrix under the 
action of electrons with an energy of 1 MeV. However, 
since adsorption by resin occurs onto sulfonic acid 
groups, the adsorption ability of the resin only slightly 
decreases under irradiation. The decrease in the 
adsorption capacity of titanium phosphate is associated 
with a decrease in the surface area of the adsorbent. 
Since the adsorption of metal cations by titanium 
phosphate does not occur strictly according to the ion-
exchange mechanism, and in this process, the entire 
surface of the adsorbent is involved, the effect of 
ionizing radiation on the adsorption properties of 
titanium phosphate is stronger than on the adsorbing 
properties of the ion-exchange resin. However, titanium 
phosphate does not lose its granular form. 

During the interaction between the surface of 
titanium phosphate and molecules of ammonia and 
subsequent irradiation, ammonia molecules are 
impregnated into the surface of titanium phosphate. 
This phenomenon increases the ability of titanium 
phosphate to absorb strontium cation. 

It is known that the adsorption of Sr2+ cations onto 
various surfaces is higher in the alkaline environment 
[3-5, 18]. The surface of the adsorbent can be partially 
alkaline, as was described in publication [18], which 
increases the adsorption of heavy metal cations. 

Our assumption of impregnation of ammonia 
molecules into the surface of titanium phosphate has 
been confirmed by IR spectra, which are shown in 
Figure 3. 

 

Figure 3. IR spectrum of amorphous titanium phosphate 
(ratio Phosphorus/Titanium=1.25) after chemical 

modification of the surface and irradiation. The line 1405 cm-1 
corresponds to deformed oscillations of ammonia 

(ammonium groups). 

At the same time, the textural characteristics of 
titanium phosphate have not changed after chemical 
modification. Therefore, this method can be considered 
a method of modifying the surface of titanium 
phosphate, which leads to an increase in the adsorption 
ability of this material concerning strontium cation 
almost twice. These results are in good agreement with 
the results describes in the publication [19]. 

3.3. Adsorption of 90Sr 

The adsorption ability of the examined adsorbents 
was confirmed using 90Sr radionuclide [5, 20-22]. The 
obtained results were tested using a radioactive isotope 
of 90Sr (with micro impurities of 137Cs and 90Y) the initial 
and residual concentration of which was investigated by 
liquid scintillation counting. The model of the sample 
with a scintillator is shown in Fig.4.  

 

Figure 4. Model of the sample with scintillator. 

The experimental LSC spectrum of the initial 
solution which contains 90Sr with 137Cs micro impurities 
is shown in Fig. 5. The processed spectrum of 90Sr, and 
90Sr with micro-impurities of 137Cs are shown in Fig.6 
and Fig.7 respectively. 

 

Figure 5. Experimental LSC spectrum of  
solution which contains 90Sr with 137Cs micro impurities. 
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Figure 6. Experimental β- - spectrum of 90Sr sample  
obtained with Quantulus-1220. 

 

Figure 7. Experimental β- - spectrum of a solution containing 
90Sr and a little contaminates of 137Cs, obtained using 

Quantulus-1220 

In spectra, which are shown in Fig.6 and Fig.7 the no 
sifting and questing of the experimental spectrum.  

The activity [A] of the solution containing strontium 
was 90Sr 64 ± 0.4 Bq. During the interaction of 
radioactive solution with the modified titanium 
phosphate, strontium activity decreased almost by 70%. 
That is, 70% of all activity was adsorbed. Residual 
activity is mainly due to impurities of 137Cs, 90Y, which 
were also presented in investigated solution according 
to the LS spectrum (Fig.4). Titanium phosphate turned 
slightly yellow, due to interaction of water radiolysis 
product with titanium atoms 0n its surface: 

Н2О ~→ е- 
[aq], Н, ОН∙, Н2О2, Н + [aq], ОН–

[aq],                   (2) 

Ті (IV) + Н2О2  → (рН‹7) → Ті(О-О) 2+ …–  

yellow color              (3) 

Ті (IV) + Н2О2 → (рН≈7)→ Ті(О-ОН)(ОН)..– 
(yellow color)              (4) 

Ті (IV) + Н2О2  → (рН›7) →Ті(О-О)4
4- …– 

orange color              (5) 

Interaction of natural zeolite with an aqueous 
solution containing 90Sr has shown, that almost all 
activity remained in the solution. 

CONCLUSION 

The investigations of radiation stability of 
adsorbents were performed. Changes in their structural 
characteristics, as well as adsorption ability toward 
Sr2+ cations, were controlled.  

It was shown, that the DFT method is more sensitive 
to changes in adsorption porosity, compared with the 
BJH method. DFT method can be preferable in the 
study of changes in the textural characteristics of 
mesoporous materials under irradiation.  

The adsorption ability of all adsorbents without 
modification decreases after irradiation.  

Phenomena of impregnation of molecules of 
ammonia into the titanium phosphate surface increases 
the ability of titanium phosphate to absorb strontium 
cation. Modified titanium phosphate, decreases 90Sr 
activity almost by 70%. 
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