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%9Sr ADSORPTION FROM THE AQUATIC ENVIRONMENT
OF CHORNOBYL EXCLUSION ZONE BY CHEMICALLY ENHANCED TiO;

This paper describes the testing of titanium dioxide, chemically modified by arsenate groups, as an adsorbent of *°Sr
from the component of aquatic ecosystems of the Chornobyl exclusion zone. It is shown, that the chemical composition
of the aquatic environment impacts *°Sr adsorption. The 4As-TiO, adsorbent reduces the activity of some samples by
almost 100 %, which indicates selectivity and high adsorption capacity of the adsorbent in relation to *°Sr. In some
experiments, this value reached 100 %, and the activity was reduced to the level of the maximum permissible %°Sr

concentration.
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1. Introduction

%3y is an anthropogenic radionuclide, progeny of
uranium nuclear fission. It may enter the environment
as the result of a nuclear weapons test, with nuclear
power plant emissions, or as a result of nuclear
accidents. This radionuclide has a half-life of
28.8 + 0.07 years. If *Sr gets into the environment or
a living organism, its harmful effect will continue for
a long time. Therefore, monitoring **Sr content in the
environment is extremely important.

Modification of TiO; surface by phosphate, car-
bonate, or arsenate groups for enhancing adsorption
capacity toward strontium cations was described in
our previous works [1 - 3]. Surface characteristics of
adsorbents, their adsorption capacity, and determina-
tion of a mechanism of interaction of strontium cati-
ons with chemically modified TiO, samples were in-
vestigated in detail. The studies described in [1 - 3]
were conducted with stable isotopes dissolved in dis-
tilled water, i.e. under conditions close to ideal. It is
known that the chemical properties of all isotopes of
the same element are identical, but high effects of ra-
dioactive decay and different chemical compositions
of natural aquatic ecosystems can significantly affect
the *Sr adsorption.

This paper describes the testing of titanium dio-
xide, chemically modified by arsenate groups, as an
adsorbent of **Sr from the aquatic ecosystems of the
Chornobyl NPP exclusion zone.

%Sy, once in an aquatic environment, gets
involved in biogeochemical cycles and migrates
through the food chain, effectively accumulating in
the upper trophic levels, mostly occupied by fish.
These processes are particularly relevant in the Chor-
nobyl exclusion zone (ChEZ). Crucian carp

(Carassius gibelio Bloch) was selected as the object
of the experiment. The characteristics of the crucian
carp from the Vershina Lake, including the content of
%Sy in the crucian carp, are described in publications
[4 - 6]. It should be noted that the crucian carp from
Vershina Lake is the most radioactive fish among all
species in the reservoirs of the NPP Exclusion zone.
Its radioactivity is 1960 - 4970 times above permissi-
ble levels of *Sr in fishery products in Ukraine
(35 Bq'kg™) [5 - 7]. For reference, the fish from the
Chornobyl NPP cooling pond is only 6 - 41 times
more radioactive than the permissible radiation level.
%Sy is a chemical analog of calcium, so it accumulates
mainly in scale and bones. Our experiments were con-
ducted to investigate the possibility of adsorption of
strontium (*°Sr), extracted from organs and tissues of
fish from highly contaminated reservaoirs.

2. Experimental technique
2.1. Characteristics of the adsorbent

Anatase TiO, chemically modified by arsenate
groups was selected as the adsorbent. In the publication
by Mironyuk et al. [1], it has been shown that surface
modification of anatase TiO> increases both its surface
area and the volume of meso-pores (Table 1), which is
important for the adsorption of cations with a large
ionic radius. The surface modification also shifts the
point of zero charges, which causes a greater adsorption
activity of the material toward cations. In this case, the
adsorbent with 4 wt % of arsenate groups in the struc-
ture (4As-TiOz) has the best adsorption properties
for strontium cations. The high adsorption ability
of 4As-TiO; is caused by the highest parameter of
Meso-pore area (Smeso, M’y ™), meso-pore volume (Vimeso,
cm®g™?), and maximum amount of = TiOH®" adsorption
centers on the surface [1].
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Table 1. Textural characteristics, such as pore volume, pore area, and surface area of unmodified

and modified TiOz, according to [1]

Adsorbent Sget, m?g?t Sricro, M2gt Seso, M2 Vp, cmig?t Vimicro, cM3g™? Vineso, CM3g?
TiO, 349 129 230 0.191 0.061 0.130
2As-TiO, 395 232 163 0.223 0.106 0.115
4As-TiO, 396 139 257 0.256 0.071 0.184
8As-TiO; 405 221 183 0.236 0.101 0.133

N o te. Sger— is surface area calculated using Brunauer - Emmet - Teller equation, mg*; V, — is pore volume measured
by the method of the low temperature of nitrogen adsorption/desorption, cm3g.

2.2. gy adsorption study and analysis

Crucian carp (age 2+ — 4+, from Vershina Lake,
for August 2019) was selected as the object of the
experiment. *°Sr contained in the crucian carp
(Carassius gibelio Bloch), and separately in its scale,
was extracted, by the oxalate technique, using hydro-
chloric acid. This procedure is described in detail in
publications [7 - 9]. In brief, the concept of the tech-
nique is based on precipitation of rare earth elements
and strontium oxalates at pH = 4 to separate “°Sr from
137Cs and “°K; conversion of oxalates to dissolved
state and subsequent separation of *Sr from *°Y in an
alkaline medium. The determination of “Sr content
was performed by radiochemical methods involving
the measurement of the daughter *°Y using radiome-
ter UMF-2000 (“Dose”) [9]. 0.1, 0.3, and 1.0 g of acid
extracts from scale, and 0.5, 1.0, and 5.0 g of residue
fish flesh (without scale) were taken for analysis.
Adsorption studies were carried out in an alkaline me-
dium (pH = 9) for 2 h in a batch mode. Activity con-
centrations of the samples (*°Sr activity) were mea-
sured before and after the adsorption. The arithmetic
average error was ~ 10 %.

Fish material for research was sampled within the
framework of the radioecological monitoring of
aquatic communities by the State Specialized Enter-
prise “Ecocentre” of the State Agency of Ukraine on
Exclusion Zone Management.

Energy-dispersive (EDS) analysis of adsorbent
samples with adsorbed strontium on the surface was
performed. Test studies of adsorption of calcium cat-
ions by 4As-TiO, were conducted to determine the
possibility of calcium adsorption by investigated
samples. The magnitude of adsorption of strontium
ions by 4As-TiO; at pH = 9 from distilled water, with
solid-to-liquid phase ratio (L: S) = 200, was deter-
mined as the highest possible percentage of extraction
of strontium cations in an alkaline medium. The high
adsorption of strontium by the investigated adsorbent
was confirmed by XRF analysis (Bruker AXS, Karls-
ruhe, Germany). The initial and residual concentra-
tions of Ca** and Sr** were determined using direct

complexonometric titration with Eriochrom Black T
as an indicator, as described in publications [1 - 3,
10]. Adsorption value, as well as removed strontium
percentage, which was removed (stable isotopes and
%5y radionuclides), were calculated according to [10,
11] using equations (1) - (4) as shown below:

C,—-C.)-100
% removal :—( 0 Ce) , 2)
0

where ge — is adsorption value, mg'g™; Coand C, —are
initial and residual concentrations of strontium in so-
lution, respectively, mg-L™?; V — is solution volume,
L; m — is dried mass of used adsorbent, g.
%Sr = A=A
A

100, 3)

Ads A = Ai — Af, (4)

where A — is initial samples activity, Bq; As — is final
sample activity, Bq; Ads A — is the activity, adsorbed
by 4As-TiO2; Res A = Ar; %Sr — is the percent of *Sr
uptaken.

3. Results and discussion

3.1. Adsorption of strontium cations by TiO2
in alkali medium

The results of determining strontium adsorption
values from agueous solutions (pH = 9) by 4As-TiO,
are shown in Fig. 1 and Table 2. As the duration of
the interaction of the 'SrCl, solution — 4As-TiO; sur-
face' system exceeds 2 h almost 100 % strontium is
adsorbed from distilled water. These results have
been confirmed by XRF analysis (Fig. 2). The solu-
bility of calcium phosphate phases in aqueous solu-
tion is an important property and mainly correlated
with the calcium (Ca)/phosphorous (P) ratio.
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Table 2. Sr?* adsorption by 4As-TiO>

in alkaline medium

t, m Sr?*, q, q. Sr,
: min mg mg/g mmol/g %
0 0 0 0
40 | 5.785 1157 +7 1315 | R
60 7.179 143.59+7.3 1.63 <
90 7.93 158.6 +8.5 1.8 =
120 8.75 175.5+8.7 1.98
N ot e m Sr¥* — mass of adsorbed strontium, mg;
g — adsorption value, mg/g or mmol/g; Sr — percent of

0

50 100 150
t, min

Fig. 1. Dependence of Sr2* adsorption by 4As-TiO on
agitation time in alkaline medium. Conditions of expe-
riment: solution of SrCl; in distilled water Vg, = 10 mL;
Nsr 0.005 mol/L, L : S = 200.
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Fig. 2. XRF spectrum of 4As-TiO, with adsorbed strontium from the alkali medium.

EDS analysis of adsorbent samples with adsorbed strontium on the surface was performed. EDS spectrum
and the outside of 4As-TiO- are shown in Fig. 3.

Fig. 3. Scanning electron microscope images of 4As-TiO2 surface (a);
EDS spectrum of 4As-TiO, with adsorbed strontium traces (b).
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3.2. Adsorption of radioactive *Sr by TiO2

%Sr accumulates in fish scale more than in other
organs. 2*’Cs, on the contrary, accumulates mainly in
the fish flesh [12]. The arithmetic mean of fish scale
radioactivity is 441-10° Bq-kg™, which corresponds to
0.87:107° g of *°Sr per 1 g of the investigated sample.

The arithmetic mean of residue fish (without scale)
activity is 68-10° Bq'kg®, which corresponds to
nearly 0.134-10%° g of Sr per 1 g of the investigated
sample. Changes in the activity of *°Sr in the sample
before adding the adsorbent and after the adsorption
process are shown in Table 3.

Table 3. The activity of ®°Sr in the sample before adding the adsorbent,
and after the adsorption process

Acid extracts m TiOy, A; %S, Ar S, Residual ®Sr, | AdsA, Uptaken %S,
of bio-samples B B % B %
of different masses g a a a
0.1 g of scale 5 44 17 4.5 42 95.5
0.3 g of scale 1 132 58 44 74 56.2
1.0 g of scale 15 441 222 51 219 49
0._5 g of residue fish 5 34 0.38 1 34 98.9
without scale
1 g of residue fish 5 68 19 3 66 97
without scale
5 g of residue fish 15 339 148 43.7 191 56.2
without scale

The results in Table 3 indicate the effectiveness of
4As-TiO, adsorbent toward “Sr. The activity of the
solution after using 4As-TiO, decreased at least twice
in all experiments. As mentioned above, the concen-
tration of ®Sr in the scale was 0.87-10" mg-g™ and in
residual fish without scale 0.134:107 mg-g™. The
probability of interaction of two elements (systems:

Ads A
250

+L
200{ —»—F

150

100 4

50 4

0 100 200 300 400

Ai, Bq
a

OSr — adsorption center = TION®*) is proportionate
to their concentrations. At low concentration
(0.87°107 mg-g?), the probability of interaction '*°Sr
— adsorption center = TiIOH®"" [1] began to decrease.
Therefore, the mass of adsorbent had to be increased
[1-3, 11].
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100

+L
ao —>»—F

80 -
70 4
60 -

50 -

0 100 200 300 400 500
Ai, Bq
b

Fig. 4. Dependence of adsorbed activity Ads A (a) and percent of uptaken *Sr (b) on initial activity A; of %Sr
in the scale samples of Carassius gibelio (L) and flesh, of Carassius gibelio without a scale (F).

The results in Table 3 and Fig. 4 illustrate an in-
crease of *°Sr adsorption, with the increase of initial
activity of the samples. The percentage of “Sr
adsorbed is greater from the extracts of residue fish
without a scale (see Fig. 3, b) than from the scale ex-
tract. In some experiments, this value reached 100 %,
and the activity was reduced to the level of the maxi-
mum permissible **Sr concentration.

3.3. Influence of chemical composition of scale
on Sr adsorption

Concentrations of the order of 10 g-L* are mi-
cro-concentrations and any chemical components of
the aqueous medium compared to *Sr will be in ex-
cess. It is known that scale is modified bones [12, 13]
and that their chemical composition partially depends
on fish life conditions (climate, food, water). Bone
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contains protein molecules, collagen, but the major
mineral components of the scale are Ca®*, POs* or
calcium salts with phosphate anions, for example,
salts of hydro-oxy-apatite, Caio(PO4)s(OH). [14].
Calcium phosphates include various salts of tribasic
phosphoric acid (HsPO,). H.PO,~, HPO,*, or PO,*
ions, which can all be formed under different pH va-

lues [15]. The main calcium phosphate compounds
and their solubility according to literature data [15,
16] are provided in Table 4. This compound can
assume a colloidal state when dissolved. For example,
in milk, calcium salts with phosphate anions exist in
the colloidal form and can bind Zn?*, Mg?*, Sr*".

Table 4. Chemical composition and abbreviation
of calcium phosphate compounds with the different calcium (Ca)/phosphorous (P) ratio

Name Abbreviation Formula Ca/P ratio
Monocalcium phosphate monohydrate MCPM Ca(H2P0O4)2.H,0O 0.5
Dicalcium phosphate anhydrate (monetite) DCPA CaHPO, 1.0
Dicalcium phosphate dihydrate (brushite) DCPD CaHPQ,4.2H,0 1.0
Octacalcium phosphate OCP CagH2(PO4)s.5H,0 1.33
B-Tricalcium phosphate B-TCP Caz(PO4), 1.5
Amorphous calcium phosphate ACP Cas(PO4)2.nH,0 1.5
a-Tricalcium phosphate a-TCP 0-Caz(PO4)2 1.5
Hydroxyapatite HA Cai(PO4)s(OH); 1.67
Tetracalcium phosphate TetCP Cas(PO4)0 2.0

The oxalate technique widely used in the analysis
of ®Sr (also used in this work), is intended to separate
Sr from other B-emitters, such as **¥'Cs and “°K,
from the daughter *°Y (also the B -emitter) and heavy
polyvalent radionuclides of lead, uranium, etc.

Stable calcium does not interfere with the determi-
nation of ®Sr, and therefore it is not necessary to
separate Ca* from %°Sr. At the same time, the redox
potential of calcium ions, the sum of the first two
ionization potentials, and the ionic radius of calcium
are very close to the corresponding characteristics of
strontium ions [17]. This determines the similarity of

their chemical properties. For example, in the proce-
dure for determining strontium in milk [9, 18], cal-
cium oxalate is used as a carrier for *Sr. Therefore,
bivalent calcium influences the °°Sr adsorption by
TiO, from aquatic ecosystems. Adsorbents based on
titanium dioxide can adsorb various divalent cations
[10, 19]. Since the adsorption of calcium ions by this
adsorbent has not been investigated yet, test studies
of the adsorption of Ca®* cations by 4As-TiO,
(Table 5) were conducted. Shown, that 4As-TiO; also
adsorbed calcium cations, but adsorption values of
Ca?* are lower than adsorption values of strontium in
the same conditions.

Table 5. Adsorption of strontium and calcium ions from their 0.01M chloride solutions
by adsorbents based on titanium dioxide in neutral medium

Element/adsorbent 2As-TiO; 4As-TiO; 8As-TiO;
Adsorption characteristics | g, mg/g | g, mmol/g | q, mg/g | q, mmol/g | g, mg/g | g, mmol/g
Sr* 53.8 0.6114 66.54 0.7562 47.97 0.5452
Ca? 20 0.50 23.2 0.58 23.2 0.58

On the other hand, salts of calcium with phosphate
anions reduce the adsorption of Sr and ?*Ra accor-
ding to [20, 21]. Colloidal compounds of calcium
with phosphate anions are capable of adsorption of
strontium, uranium, and some other heavy and transi-
tion metals on their surface [21].

Adsorption of °°Sr by 4As-TiO, occurs in the pre-
sence of excess calcium cations (extracted from scale)
under the investigated conditions, simultaneously
with the adsorption of ®Sr by calcium phosphate
micro-colloids. All the above notwithstanding,
4As-TiO; adsorbent reduces the activity of some sam-
ples by almost 100 % (Table 6), which indicates se-
lectivity and high adsorption capacity of investigated
adsorbent toward *°Sr.

ISSN 1818-331X SAJAEPHA ®I3UKA TA EHEPTETHUKA 2020 T.21 Ned

Table 6. Dependence of the percentage
of adsorbed %Sr on the mass of the adsorbent

Adsor- A "
bent’s | Bio-object A, | A, | AdsA, | %sr,
Bq Bq Bq %
mass, g
1 059 34 | 14 | 20 | 59
of residue
5 fishwith- | 34 | 038 34 99
out scale

4, Conclusions

The possibility of adsorption of *Sr extracted
from Carassius gibelio by TiO; based adsorbent was
investigated. The adsorption of ®Sr onto TiO, reaches
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99 % with activities of ®Sr in the range of 34 - 68 Bq
per sample, from the extracts of residue fish without
scale. By changing some of the external conditions of
the experiment, such as increasing the duration of the
interaction, we were able to achieve 100 % removal
of ®Sr from acidic extracts of natural organic objects
of the aquatic environment, and the *Sr activity will
reduce to the level of the maximum permissible *°Sr

concentration in the fishery products [22]. TiO; is
promising in developing new methods of concentrat-
ing long-lived radionuclides, one of which is ®Sr. Us-
ing the TiO2 with surface chemically modified by ar-
senate groups can increase the efficiency of methods
of analysis of ®Sr in the aquatic environment.

The authors are thankful to O. Gaidar for
assistance with XRF and EDS analysis.
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%Sr ADSORPTION FROM THE AQUATIC ENVIRONMENT

I. ®. Muponiok?’, I. M. Muxurunl, O. €. Karasu?, /I, . Tyaxos?, I'. B. Bacuibepa®*

! Kagheopa ximii, IIpuxapnamcoxuii nayionansuuil ynisepcumem iveni Bacuns Cmeganuxa,
leano-®panxiecvk, Yrpaina
2 [ncmumym 2iopobionozii HAH Ypainu, Kuis, Yxpaina
3 Kagheopa meopemuunoi izuxu, Yorczopoocvruii Hayionanynuii ynisepcumem, Yoczopoo, Yipaina

*Biamosigansauii aBTop: h.v.vasylyeva@hotmail.com

AJICOPBUIA *Sr 3 OB’€EKTIB BOJJHUX EKOCUCTEM
YOPHOBWJIbCHKOI 30HU BITYYKEHHA XIMIYHO MOJUPIKOBAHUM TiO:

OnmcaHo BUKOPUCTAHHS AIOKCUAY THTAHY 3 XIMIYHO NPUIICIUICHUMH apCeHATHUMH YTPYITyBaHHSAMH IS aacopOmii
90Sr, BusyueHOro 3 6006’ €KTIB BOJAHHUX EKOCHUCTEM YOPHOOMJILCHKOI 30HM BimdyeHHs. I10Ka3zaHo, 10 Ha aacopOLio
9Sr BmMBae ximivHmii cknan 61006 exTiB. AncopOenT 4As-TiO, 3MeHIIye aKTHBHICTh JESKMX MPOO MPaKTHYHO Ha
100 %. Tpu 11bOMy aKTHBHICTh JOCIIKEHUX 3pa3KiB 3MEHITYETHCS 10 PiBHS IPAHUYHO JOMYCTUMOI KOHIeHTpaii ST,
e cBiAYNTH PO CENEKTUBHICTH JOCTIIKEHOTO aACOPOCHTY 1 BUCOKY aICOPOLIHY 30aTHICTH MO0 903y,

Kntouoei cnoea: 4opHOOMIIBCHKA 30Ha Bi[UyKeHHs, pubH, TuToMa akTHBHIiCTh *Sr, TiO,.
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