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ARTICLE INFO ABSTRACT

Editor: Kaimin Shih Hydroxyapatite Ca;o(OH)2(PO4)e is a well-known efficient adsorbent of dyes, heavy metal ions, and radionu-
clides. Its adsorption efficacy strongly depends on crystalline/amorphous structure, defectiveness, texture
characteristics, and morphology. Herein, we synthesized Mg?*-, Sr?*-, and Fe3*-substituted (5 mol%) amorphous
calcium phosphates as an effective 8Sr and %°Co radionuclides adsorbents. The introduction of Mg?*-, Sr**-, and
Fe3* ions led to the formation of amorphous calcium phosphates with particles size in the nanoscale range of
approximately 10-50 nm. The features of the adsorption behavior of amorphous calcium phosphates were
determined depending on the variation of the pH of aqueous, NaCl and CaCl, solutions. Fe**-substituted samples
demonstrated the superior adsorption efficiency to Sr (K4 7.77 x10% cm®/g) and %°Co (K4 6.84 x10* cm®/g)
radionuclides at pH of 10.0 and 4.0, respectively. The adsorption performance of obtained adsorbents slowly
decreased at 0.1 M NaCl backgrounds and Kq 8Sr and °°Co reached 1.67 x 10° and 2.78 x 10* cm®/g for non-
substituted calcium phosphate. The dramatic decrease of calcium phosphates adsorbents efficiency to 8°Sr (Kg
<150 em®/g) and %°Co (K4 <1.34 x10° em®/g) for 0.05 M CaCl, model solution was established. The adsorption
mechanism of dissolution-precipitation (for 8sr) and chemisorption (for ®°Co) was proposed. Fe>*-substituted
calcium phosphate showed the competitive affinity and selectivity to 3°Sr and %°Co comparing with described
inorganic adsorbents and to be considered as prospective adsorbent for wastewater treatment in nuclear
industry.
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1. Introduction the morphology of particles, etc. [10,11]. These characteristics can be

purposefully varied at the synthesis stage. At the same time, the syn-

Hydroxyapatite (HAp), due to its low solubility, good ion-exchange
characteristics and developed porous structure, is widely used in
biomedical applications [1-3], for targeted drug delivery [4,5], as well
as an adsorbent for a wide range of toxic pollutants (dyes, heavy metal
ions, radionuclides) [6-9]. The adsorption properties of calcium phos-
phates significantly depend on various factors, including the crystalline
and porous structure, the presence of defects and amorphous inclusions,
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thesis method, the reagents concentration, the medium pH, the synthesis
duration, as well as hydrothermal treatment, exposure to ultrasonic or
microwave radiation were widely studied for the production of calcium
phosphates with specified physical-chemical properties [12-15].

One of the effective approaches to the directed regulation of the
structure and adsorption properties of HAp is the introduction of dopant
ions into its composition [16]. It is known that MgZJr ions, due to their
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ability to be adsorbed on the surface of calcium phosphate nuclei, are
effective crystallization inhibitors, which lead to the formation of
amorphous compounds with a high specific surface [17,18]. The influ-
ence of the peculiarities of HAp crystallization in the presence of mag-
nesium ions is especially important to take into account when forming it
for bone engineering and using it for modifying the implant surface [19].
In addition, a number of authors have studied the effect of the intro-
duction of magnesium ions into the structure of calcium phosphates on
the efficiency of adsorption of heavy metal ions. It was shown that
Mg-substituted samples had a higher capacity of lead, cadmium, copper,
ete. [20,21].

It is also important to understand the regularities of HAp interaction
with Sr?* ions, as well as the processes occurring during the formation of
Sr-substituted HAp. This is due to the similarity of the chemical prop-
erties of calcium and strontium ions, which can lead to the substitution
of Ca* for Sr** ions by an ion-exchange mechanism [22]. The course of
this reaction when strontium radionuclides enter a living organism leads
to negative consequences, rapid development of osteochondrosis, as
well as irreversible destruction of bones. In addition to reducing the
mechanical strength of bone tissue, the replacement of calcium with
radiostrontium leads to constant irradiation of nearby organs with ra-
diation [23]. In a number of works, an attempt was made to immobilize
the radionuclide *°Sr during the deposition of HAp in solutions of liquid
radioactive waste. The effectiveness of this approach is shown, and it is
also proposed to carry out the subsequent immobilization of **Sr by heat
treatment of the deposited Sr-substituted HAp [24,25].

Of particular interest to researchers is the production of HAp com-
posites with iron oxides [26,27]. This is due to the fact that these ma-
terials have excellent magnetic characteristics, which is used in
magnetic resonance therapy [28], targeted drug delivery [29], as well as
for magnetic separation of spent adsorbents [30-32]. In addition to
giving new functional properties, it is believed that calcium ions can be
replaced by iron ions in the interparticle contacts of the composite,
which affects the solubility of HAp, and as a result, the adsorption
properties [33]. At the same time, the reviews widely describe the most
diverse composition of HAp composites with iron oxides. However, the
regularities of obtaining Fe-substituted calcium phosphates have been
studied in fragments and require systematic research.

In this work, we synthesized Mg?*-, Sr>*-, and Fe>'-substituted
amorphous calcium phosphates (ACPs). The work aimed to study the
effect of the introduced dopant ions on the structure and adsorption
properties of calcium phosphates to 8°Sr and °Co radionuclides. As the
above literature review showed, there have been no systematic studies
on the effect of Mg?*-, Sr?*-, and Fe>* dopants on the radionuclides
adsorption on calcium phosphates. Thus, firstly the following were
studied: (i) physical-chemical properties and structure of metal-
substituted calcium phosphates; (ii) the effect of pH, NaCl and CaCl,
salt background on the adsorption and selective properties of the ob-
tained adsorbents; (iii) a mechanism for the 855 and ®°Co radionuclides
removal from solutions was proposed.

2. Experimental
2.1. Synthesis of M-substituted calcium phosphates

Calcium nitrate tetrahydrate (Ca(NOs3)2¢4H20, > 99%, Roth), mag-
nesium nitrate hexahydrate (Mg(NO3)2+6H20, 99%, Chempur), stron-
tium nitrate (Sr(NO3)2, > 99%, Roth), iron(III) nitrate nonahydrate (Fe
(NO3)3+9H20, > 98%, Sigma-Aldrich) and diammonium hydrogen
phosphate ((NH4)2HPOy4, > 98%, Roth) were used as starting materials.
Synthesis of pristine and metal-substituted ACPs with substitution level
of 5 mol% was performed by previously reported procedure [34,35].
Substitution level by foreign ions is given here with respect to Ca>* ions.
Firstly, an appropriate amount of (NH4),HPO4 was dissolved in deion-
ized water to obtain a 0.5 M solution, to which concentrated ammonia

solution (NH4OH, 25%, Roth) was added under constant mixing in order
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to adjust the pH value to 10. Next, an aqueous solution containing
appropriate metal nitrates (total metal ions concentration was 0.75 M)
was rapidly added to the above mixture. The instant formation of pre-
cipitates was observed, which were aged in the reaction mixture for 10
min, afterwards filtered, washed with 100 mL of each deionized water
and ethanol, and dried at 50 °C overnight in the oven.

2.2. Physical-chemical methods

Powder X-ray diffraction data were collected using Ni-filtered Cu Ko
radiation on Rigaku MiniFlex II diffractometer working in Bragg-
Brentano (0/20) geometry. The data were collected within 20 angle
range from 10° to 60° at a step width of 0.02° and speed of 1°/min.
Infrared (FTIR) spectra were obtained in the range of 4000-400 em !
employing Bruker ALPHA ATR spectrometer. Morphological features
and elemental composition of powders were studied by scanning elec-
tron microscopy performed with a Hitachi SU-70 field-emission scan-
ning electron microscope (FE-SEM) and energy dispersive X-ray
spectroscopy (EDX). Elemental analysis of ACPs was performed by
means of inductively coupled plasma optical emission spectrometry
(ICP-OES) using Perkin Elmer Optima 7000DV spectrometer. The sam-
ples prior to analysis were dissolved in 5% nitric acid (HNOs, Roti-
puran® Supra 69%, Roth) and diluted to an appropriate volume with
deionized water. Calibration solutions were prepared by dilution of the
stock standard solutions (single-element ICP standards 1000 mg/L,
Roth). The pH drift method was applied for the estimation of the zero
point charge (pHzpc) of ACPs. The pHy,. was determined by the point of
interaction of lines pHing) and pHinitia) as function of pHipitial-

2.3. Batch 8°Sr and %°Co adsorption experiment

The hydrolytic stability of calcium phosphates in aqueous solutions
was studied in a wide pH range and in the presence of NaCl and CaCl,
electrolytes was in depth studied previously [36]. It was shown that
tricalcium phosphate is stable at pH 4.5-10.0, and hydroxyapatite, at pH
3.0-12.0. An increase in the ratio of the solution volume to the weight of
phosphates from 250 to 500 mL/g leads to an increase in the degree of
hydrolysis by a factor of 1.4-1.9. In the presence of 0.01 M NaCl and
0.001 M CaCly, all samples exhibit high hydrolytic stability. The ob-
tained results were considered for choice the adsorption experiment
conditions.

The model solutions of liquid radioactive waste were prepared using
distilled water, as well as background electrolytes (0.1 M NaCl and 0.01
M CacCly), followed by adjustment of solutions pH on the pH-meter I-160
(ZIP, Belarus). The initial activity of 85sr and ®°Co radionuclides for
adsorption experiments was 100 + 30 kBq/L of each radionuclide. The
effect of pH was studied in the range of 4.0, 7.0, 10.0. The required pH
value was adjusted by adding of HCl or NaOH solutions. The adsorbent
samples at V (solution)/m (adsorbent) ratio of 500 mL/g was used for all
experiments. The adsorbent was cautiously stirring with model solutions
by shaker at 250 rpm during 24 h.

The radionuclides activity in the solution before (4, kBq/L) and
after adsorption in analyzed aliquot (4, kBq/L) was measured by
MKSAT1315 v, B-spectrometer (Atomtex, Belarus). The removal effi-
ciency (@) and distribution coefficient (K4q) were calculated using the
Egs. (1) and (2). Samples were taken every 10-20 mL, followed by
measuring their activity

o= (A)—Agq) /Ao 1
Ay—Ay V

Ky = 20 7 fReq ¥ )
Ay m

where Ay, Aeq — initial and equilibrium specific activity, kBq/L; V —
volume of solution, cm®; m — mass of sorbent, g.
All adsorption study was performed in triple parallel experiments
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and the average values were used. The standard deviation for the ra-
dionuclides activity measuring and Kq4 values calculations did not exceed
5%.

3. Results and discussion
3.1. Adsorbents characterization

The XRD patterns of as-prepared pristine and ion-substituted ACPs
are demonstrated in Fig. 1(a). It is obvious, that all powders possessed
amorphous nature reflected in a very broad signal centered at the same
position at around 30 degrees regardless of ionic substitution, which is
characteristic of ACP [37]. There were no sharp diffraction peaks, which
could be ascribed to crystalline phases. The obtained results clearly
indicated that ion-substitution did not affect crystallinity of the samples.

Fig. 1(b) shows the FTIR spectra of pristine and ion-substituted ACP
in the representative spectral rage of 1800-400 cm . In all cases, the
most dominant resonance of the analyzed samples are the phosphate v3
mode and the phosphate v4 domain, centered at 1020 and 550 cm ™},
respectively [4]. A shoulder of the absorption band at 1020 cm ™ can be
seen at around 950 cm’l, which is attributed to v, (PO43’) vibrational
mode. The absorption band at 870 cm™! is assigned to the stretching
mode of HPO,> groups [38,39]. There was no difference in the positions
of absorption bands depending on chemical composition of materials. It
can be concluded, that the FTIR spectra confirmed the presence of
phosphate ions in the as-prepared samples. All mentioned bands are
characteristic of ACP and the broadening demonstrates the absence or
very poor crystalline ordering [38], which is in a good agreement with
the results obtained by XRD. Moreover, the obtained FTIR spectra did
not demonstrate any difference depending on the presence and the na-
ture of incorporated foreign ions. It is also known, that ACP prepared by
wet chemical methods can contain trapped carbonate ions [40], which
can be identified by the absorption in FTIR spectra at 1490, 1425 and
875 cm™! [41]. In our case, the absorption in these spectral regions is
negligible compared to the absorption of phosphate groups, which
suggest the presence of a very small amount of carbonates.

The successful introduction of metal ions into ACP matrix was
confirmed by means of ICP-OES analysis (Table 1). As seen, the ratios of
foreign metal ions and Ca are in good agreement with nominal substi-
tution values for all synthesized samples. In all cases the discrepancies
between target and actual molar ratio do not exceed 10%. The ratio of
metal ions and phosphorus is slightly lower than target (1.5:1), however
the difference is insignificant. To avoid any confusion, all ACP samples
will be indicated in the text by a nominal substitution level.

Journal of Environmental Chemical Engineering 10 (2022) 107425

Table 1
Results of elemental analysis of the samples performed by ICP-OES.
ACP samples n(M)+100% n(Ca+M)
n(Ca + M) n(P)
Pristine B 1.42
5 mol% Mg 4.65 1.42
5 mol% Sr 4.73 1.42
5 mol% Fe 5.20 1.43

The SEM images of pristine and substituted ACPs are given in Fig. 2.
It is seen that in all cases powders consist of highly agglomerated par-
ticles of nearly spherical shape. Due to the high degree of agglomeration,
it is hard to determine the size of the particles precisely. Nevertheless, it
is obvious that the size of the most particles lies in the nanoscale range of
approximately < 100 nm. At the same time, some larger particles of
200-500 nm also can be seen. There is no visible difference between the
powders of different composition, the morphology of all samples is very
similar.

Overall, based on the results of XRD, FTIR and SEM analysis it can be
concluded that regardless of the partial ion-substitution, the initial
powders possess same amorphous structure with the same morpholog-
ical features. These observations allow to suggest that potential differ-
ence in the sorption of radionuclides will be defined by the adsorbents
chemical composition.

3.2. 85sr and 5°Co radionuclides adsorption

The adsorption behavior of adsorbents significantly depends on
many factors, it is especially important to take into account the pH,
nature and concentration of the salt background when adsorbing ra-
dionuclides. This is due to the fact that, depending on the pH of the
model solutions, the charge of the adsorbent surface (pH,pc) and the
state of the metal ions determine the possibility of electrostatic inter-
action, as well as the course of the dissolution-precipitation processes of
calcium phosphates and removed cations. For a comprehensive study of
the adsorption characteristics of the obtained adsorbents on the base and
metal-substituted calcium phosphates, the influence of the above pa-
rameters on the adsorption efficiency of ®°Sr and ®°Co radionuclides was
studied.

3.2.1. Effect of pH

The study of the pH effect was carried out in the range of 4.0-10.0,
which allows to evaluate the effectiveness of adsorbents in acidic,
neutral and alkaline media (Fig. 3). The presented data show that
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Fig. 1. XRD patterns (a) and FTIR spectra (b) of pristine and ion-substituted ACPs.
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Fig. 3. Effect of pH on K4 (a) 85gr and (b) ®°Co radionuclides in aqueous solutions.

substitution of calcium phosphates with Mg and Sr** does not have a
significant effect on the adsorption of 8°Sr radionuclides. At the same
time, the distribution coefficient of ®5Sr with the introduction of Mg?*
and Sr** ions significantly decreases from 3.42 x 10° to (1.31-1.55) x
10% cm®/g, which confirms the negative effect of these cations on the
adsorption properties of ACP. The Fe3*-substituted sample showed the
highest affinity for 8°Sr radionuclides. It should be noted that in an
alkaline medium (pH 10.0), the Kq values reached 7.77 x 10° cm®/g,

which is approximately 3-times higher than for the other studied ACPs.
The favorable adsorption of 83Sr in an alkaline medium on a Fe3*-
substituted sample should be studied additionally. This is in good
agreement with the higher adsorption activity of this adsorbent in an
acidic medium pH 4.0 (Kq 4.89 x10% cm®/g) compared to a neutral pH
7.0 (Kq 2.97 x10% em®/g). This dependency trend of distribution coef-
ficient of ®°Sr removal on initial pH is attempted to explore by pHzpc of
ACPs (Fig. 4).
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Since the zero point charge (pHzpc) of an adsorbent is that pH of the
solution at which the adsorbent is electrically neutral (i.e., the surface of
the adsorbent has zero charge), then at pHsolution < PHzpc the surface of
the adsorbent will have an electropositive nature and vice versa —
electronegative at pHsolution > PHzpe- Thus, the positive Sr** and Co?"
ions should theoretically be well sorbed with an increase in pH > pHyp.
to the alkaline region, since the points of zero charge for the obtained
initial and metal-substituted ACPs were 6.9, 7.9, 7.5 and 7.2, respec-
tively (Fig. 4). However, according to the analysis of the data on the
sorption of 8Sr and %°Co (Fig. 3), such regularity was not observed,
which indicates a more complex sorption mechanism.

During the adsorption of %°Co radionuclides, there is a decrease in
the removal efficiency of these cations with an increase in pH. As with
the adsorption of ®°Sr radionuclides, Fe>*-substituted and pristine ACP
have the highest affinity to %°Co for which Kq4 reached 6.84 x 10* and
4.32 x 10* cm3/g in an acidic medium (pH 4.0) and 6.84 x 10* and
4.32 x 10* cm3/g in an alkaline medium (pH 10.0), respectively. It is
known that at low pH values < 4.0, Co?" ions predominate in the
aqueous solutions, and at pH 10.0, the formation of polynuclear
hydroxocomplexes and colloidal cobalt hydroxide occurs. These features
of the presence of Co?" ions in solution at different pH cause differences
in the adsorption behavior of ACP adsorbents to %°sr and ®°Co
radionuclides.

3.2.2. Selectivity in 0.1 M NaCl solutions

Interesting results were obtained when studying the selectivity of
ACPs with the background of 0.1 M NaCl solutions (Fig. 5). Thus,
regardless of the composition of the adsorbents, a decrease in Kq %°Sr
was observed compared to aqueous solutions. At the same time, for all
ion-substituted ACPs, the Kq values were significantly lower than for
pristine ACP. In contrast to aqueous solutions, an increase in pH from 4.0
to 10.0 is accompanied by an increase in Kq °Sr and for the most se-
lective adsorbent of the pristine ACP was (1.29-1.67)x 10° cm®/g.

The adsorption behavior of ACPs to °°Co radionuclides in 0.1 M NaCl
solutions (Fig. 5) has a similar character as in an aqueous solution
(Fig. 3). At the same time, all adsorbents showed superior K4 values
exceeding 10* cm®/g. Also, Fe3*-substituted and pristine ACP have
2-2.5 times higher affinity to ®°Co compared to Mg?*- and Sr**-
substituted samples. Therefore, the increase of pH negatively effects on
the adsorption efficiency of ®°Co radionuclides in 0.1 M NaCl solutions,
which is associated with changes in the state of Co®* ions at different pH.

3.2.3. Selectivity in 0.01 M CaCly solutions

The dramatic decrease of Kq 8°Sr in 0.01 M CaCl, solutions was
observed for ACP adsorbents (Fig. 6a). In addition, the most effective
Fe®'-substituted sample practically lost its adsorption activity in the
entire studied pH range (Kq < 140 cm®/g). This indicates a high
competitive adsorption of Ca" ions, which are characterized by similar
chemical properties with Sr?* ions. It should be taken into account that
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adsorbents. However, it was previously shown that during adsorption
from aqueous and 0.1 M NaCl solutions, there was a pronounced
decrease in Kg.

3.3. Adsorption mechanism

For the understanding of adsorption mechanism of radionuclides, for
safety reason ACP adsorbents were saturated by stable Sr?* and Co®*
ions from 2.0 g/L Sr(NO3)s and Co(NOs3), solutions for further XRD,
FTIR, SEM, and EDX analysis. The XRD patterns of the ACPs after the
adsorption experiment are represented in Fig. 7. It is seen that during the
adsorption process the phase transformation of ACP occurred, which
obviously depends both on the nature of substituent ion and radionu-
clide. In the case of Sr?* adsorption (Fig. 7a) the phase conversion from
ACP to calcium HAp was confirmed for all adsorbents except of Mg?*-
substituted ACP. The positions of the reflection peaks are in good
agreement with the standard XRD data for hexagonal calcium HAp (PDF
#00-072-1243). Broadening of the diffraction peaks indicates that ob-
tained powders possess low degree of crystallinity. It is well known, that
in aqueous medium ACP crystallizes to HAp, however, the presence of
foreign ions can retard the crystallization process [42].

Smaller divalent cations, particularly Mg?", inhibit the formation of
crystalline HAp and may lead to the formation of low-crystalline ma-
terial or completely prevent phase transformation to HAp [42-44].
These phenomena explain the amorphous nature of Mg?*-substituted
ACP after the adsorption procedure, as ionic radius of Mg?" ions are
significantly lower than that of Ca" [45]. It can be concluded that the
dissolution-precipitation adsorption mechanism is predominate for Sr2t
ions. In that case, the regularities of 8°Sr radionuclides adsorption in
CaClj solution could be clarify, due to suppresses the solubility of ACP.

Definitely different pattern was observed after Co?" ions adsorption
(Fig. 7b). Small amount of HAp as a secondary crystal phase was
observed only in the adsorbent consisted of pristine ACP. Regardless of
the chemical composition of initial powders, all XRD patterns are
dominated by the reflections raised from monoclinic Co3(PO4)2+8H20
(PDF #00-033-0432). Possible explanation is also related to the ionic
radius of Co?" ions and its inhibitory effect on the formation of HAp.
Co?" ions are significantly smaller compared to Ca?" [45], therefore,
high Co?* concentration in the model solution prevents the crystalli-
zation of HAp. At the same time, relatively soluble ACP released the
phosphate ions into solution, which further precipitated in the form of
more stable Co3(PO4)2¢8H0. So, the chemisorption mechanism is clear
supported by XRD analysis of spent adsorbents. The presented results are
in a good agreement with the data of ®°Co radionuclide adsorption
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(Section 3.2).

The FTIR spectra of the ACPs after the adsorption experiment are
depicted in Fig. 8. It is obvious that after the contact with Sr>* model
solution (Fig. 8a) the shape of the spectra changed considerably,
compared to that of initial ACPs (Fig. 2) with an exception for the
spectrum of Mg-substituted ACP, which does not differ from the spec-
trum of initial powders. For the other spectra the sharper and well split
absorption bands go hand in hand with the transformation of amorphous
materials to crystalline. The obtained spectra are typical of calcium HAp
and confirm the XRD data [43]. The absorption bands centered at 1090,
1025 (v3) and 960 em™! (v1) correspond to the P-O stretching vibration
mode and the bands located at 600 and 560 cm ™! (v4) are assigned to
O-P-O bending mode of the phosphate group. The weak band at
471 ecm™! (vy) is attributed to phosphate bending mode [46]. Finally,
the absorption band located at around 868 cm ! is attributed to P—-O(H)
stretching mode of the HPO42 group, which can be assumed as an evi-
dence of the formation of -calcium-deficient HAp (CDHA,
Cay0-x(PO4)s_x(HPO4)x(OH)>_x). Contrary to the stoichiometric cal-
cium HAp, which does not contain HPO4%" group, it can been found in
the crystal structure of CDHA.

The FTIR spectra of ACPs, contacted with Co?* model solution, are
depicted in Fig. 8b. It is seen, that spectra remained very similar to those
of initial powders. Despite the formation of crystalline Co3(PO4)2+8H50,
there were no additional absorption bands in the FTIR spectra. These
data suggest that ACP is still present in these samples in significant
amount, which cannot be detected by XRD. On the other hand, the
overlapping of the absorption bands in FTIR spectra does not allow to
observe Co3(PO4)2¢8H,0 by vibrational spectroscopy.

SEM microscopy was further employed to investigate the morpho-
logical changes in ACPs after the adsorption and to check the co-
existence of two phases in ACPs contacted with Co%* model solution.
The SEM images of powders after Sr*>* ions adsorption are shown in
Fig. 9. A very clear correlation can be seen, the morphology of all
samples converted to CDHA (ACP, Sr**-substituted ACP and Fe3'-
substituted ACPs) changed considerably compared to that of initial
materials. It is known that HAp formed in the result of hydrolysis re-
action tends to form flake-like particles [9]. In our case we observed very
fine flakes stacked to each other. On the other hand, Mg?*-substituted
ACP did not change its morphology, which agrees with the absence of
structural transformations in this material.

Fig. 10 demonstrates the SEM images of ACPs after the sorption of
Co%* ions. These images confirm very well the biphasic nature of pow-
ders, which was predicted based on XRD and FTIR analysis. The pres-
ence of particles of a very different morphology is evident. While the
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Fig. 8. FTIR spectra of ACPs after (a) sr?* and (b) Co®" ions adsorption.
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Fig. 9. SEM micrographs of ACPs after Sr?* ions adsorption (x100 000).

large particles with layered structure can be assigned to
Co3(P0O4)2+8H50, the small spherical particles correspond to ACP. There
was no visible difference between the powder morphology depending on
the chemical composition of initial ACPs. Overall, it can be summarized,
that the results of SEM analysis are in good agreement with the results
obtained by XRD and FTIR and the chemisorption mechanism is sup-
ported for ®°Co radionuclide adsorption.

The elemental composition of adsorbents saturated with Sr® and
Co?" ions is shown in Table 2. In the adsorption process, the content of
Mg, Sr, Fe atoms in metal-substituted ACPs was practically not changed.
This confirms the stability of adsorbents structure in the process of
model aqueous solutions purification. The content of Sr atoms in the
samples was in good agreement with the data on the distribution co-
efficients Kq of ®5Sr and ®°Co radionuclides. ACP samples after adsorp-
tion of Co®" ions had 2-times higher content of Co atoms than in the case
of samples after Sr>" ions adsorption. This is due to the different
mechanism of adsorption of the studied ions, and as a consequence,
different affinity. At the same time, the Fe-substituted sample was
characterized by the highest content of Co and Sr atoms among all
studied adsorbents. Thus, the EDX analysis data is in good agreement
with the results of XRD, FT-IR and the adsorption of &°Sr and %°Co
radionuclides.

3.4. Comparison with others adsorbents

A comparative study of distribution coefficient (Kq) of ACPs and
other widely used world analogs of adsorbents was shown in Table 3. Fe-
substituted ACPs demonstrated the superior adsorption efficiency to-
wards 8°Sr (Log (Kg) 3.89) and %0co (Log (Kq) 4.84) radionuclides from
aqueous solutions and can be efficiently used for the waste water

treatment in nuclear industry. It should be noted that obtained adsor-
bents had a high affinity for strontium and cobalt radionuclides, which is
especially important for single-stage purification of liquid radioactive
waste of complex radionuclide composition. The real LRW has complex
composition and besides Na™ and Ca?" metal ions contains complex-
onate agents (EDTA, HEPD), surfactants, and other chemicals. It could
be affected on the adsorbents efficiency. The influencing of LRW
chemical composition on ACP adsorbents efficiency will be performed in
further studies.

The further disposal of high activity radioactive waste is an urgent
task. This study did not aim to develop the technology of radionuclides
immobilization. Meanwhile, the common way for spent adsorbents
management it is their cementation or formation of ceramic matrices.
Especially, it is well-known that phosphates with the apatite (britholite)
structure is prospect materials for various radionuclides immobilization
[54]. It should be studied additionally.

4. Conclusions

Mg?*-, sr®*-, and Fe®'-substituted amorphous calcium phosphates
as a high efficient ®Sr and ®°Co radionuclides adsorbents were prepared
by a simple precipitation method. The effect of synthesis conditions on
phase and chemical composition, morphology, and adsorption charac-
teristics was studied. The obtained materials were amorphous calcium
phosphates that is supported by XRD and FTIR analysis. Effect of pH,
NacCl, CaClj; salt backgrounds on Ky (8SSr, %0Co) were studied. The most
efficient Fe3*-substituted calcium phosphate adsorbent had a superior
distribution coefficient to 8°Sr Kq 7.77 x10° cmg/g) and °Co (Kq
6.84 x10* cm®/g) radionuclides at pH of 10.0 and 4.0, respectively. The
high selectivity of obtained adsorbents to ®°Sr and ®°Co radionuclides
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Fig. 10. SEM micrographs (x50 000) of ACPs after Co>* ions adsorption.

Table 2
Composition of ACPs after Sr** and Co®>" ions adsorption according to EDX
analysis.

ACP samples Content of element, at%a
o P Ca Mg Sr Fe Co
Sr?* jons adsorption

Pristine 59.94 9.74 12.17 - 0.86 - -

5 mol% Mg 64.47 9.50 10.75 0.573 0.77 - -

5 mol% Sr 60.33 10.05 11.65 - 1.75 - -

5 mol% Fe 54.57 9.92 11.77 - 2.10 0.89 -
Co*" ions adsorption

Pristine 64.38 9.27 9.65 - - - 1.51

5 mol% Mg 64.17 8.21 8.78 0.42 - - 1.31

5 mol% Sr 61.93 9.34 10.18 - 0.72 - 1.35

5 mol% Fe 60.18 9.66 13.51 - - 0.94 1.98

@ The signals of holder (carbon, aluminum) were not presented.

Table 3

Comparison obtained ACP samples with various adsorbents (Kq in cm®/g).
Adsorbent Log (Kg) cm®/g Reference

85, 90g. 60G,

Nanotube titanates 6.00 - [47]
Hexagonal Tungsten Bronzes 3.36-4.00 - [48]
KMS-2 5.17 - [49]
Graphene oxide@HAp 3.90 - [50]
AMP-PAN 2.61 - [51]
Nanotubes TiO, - 3.49 [52]
Ti-Ca-Mg phosphates 4.49 4.91 [53]
ACP (5 mol% Fe) 3.89 4.84 This work

showed at 0.1 M NaCl background, when Kq4 sharply decreased in
presence of 0.01 M CaCl, solution. The dissolution-precipitation and
chemisorption mechanism for 8Sr and ®°Co radionuclides adsorption
was defined. Fe®'-substituted calcium phosphate showed the compa-
rable adsorption efficiency to Sr and °°Co radionuclides with widely
used adsorbents, which is suitable for single-stage purification of liquid
radioactive waste.
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