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A mesoporous adsorbent based on calcium silicate CaSiO3 for the removal and immobilization of cobalt ®°CGo
radionuclides in durable ceramic CaCoSi2Op matrices was synthesized by hydrothermal conversion of boric acid
production waste. The obtained material had a high Co®* ions adsorption capacity of 220.8 mg/g. Cobalt
adsorption was carried out mainly by ion exchange, which led to the formation of CaCoSi2O¢ precursor ceramic
matrices. The use of spark plasma sintering (SPS) technology at an optimal temperature of 1000 °C allowed the
safe immobilization of Co®' ions in CaCoSi0¢ ceramic matrices characterized by density (3.33 g/cm3),

compressive strength (481 MPa) and microhardness (~9.81 GPa). Sintered CaCoSizO¢ ceramic samples were
characterized by high hydrolytic stability (cobalt leaching rate R¢, ~10~7 g/(cm? x day)) and complied with the
requirements for cured highly active waste GOST R 50926 96/ANSI/ANS 16.1.

1. Introduction

59Co a radioactive isotope of cobalt that is formed in nuclear reactors
as a byproduct of the neutron activation of the corrosion products of
structural materials containing significant amounts of iron (stainless
steel or other iron-based alloys). The formation of 60Co occurs through a
sequence of neutron capture reactions, each followed by radioactive
decay [1-3]. The presence of %0Co in liquid nuclear waste (LRW), poses a
challenge for waste management and long-term storage. Ensuring the
safe containment and sequestration of %°Co is of paramount concern, as
improper disposal can lead to the spread of radioactive contamination,
posing severe risks to ecosystems and human populations. Conse-
quently, the development of effective strategies for the extraction and
subsequent immobilization of radioactive cobalt has become a vital area
of research. In addition, the development of materials for the removal of
stable isotopes of cobalt from liquid media is an extremely important
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scientific task, due to the high toxicity of this heavy metal [4-7].

The functional materials belonging to the organic and inorganic
adsorbents are widely used for the selective removal of Co?* ions, both
in macroconcentration (for wastewater treatment from heavy metals)
and in trace concentration (for LRW purification from %0Co radionu-
clides) [8-13]. Thus, multifunctional adsorbents based on sodium tita-
nate had an adsorption capacity of 50.2 mg/g [11]. Chitosan-based
organic polymer adsorbents were prepared for the selective removal of
Co>* ions and had adsorption capacity of 0.265 mmol/g [10]. A carbon
dot/chitin nanocrystal hybrid adsorbent could remove Co?* up to 152
mg/g [12]. Radiation-grafted chitosan adsorbent could capture of an
extremely high amount Co?>" of 421 mg/g [13]. The functionalized
polymeric thiocarbamate adsorbent had an adsorption capacity of 0.47
mmol/g [8]. Composite Ti-Ca-Mg phosphates had an adsorption ca-
pacity of 86 mg/g and high distribution coefficients K4(®°Co) = 38.30 x
10° ml/g during %°Co radionuclides adsorption from multicomponent
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LRW [9].

Inorganic adsorption materials (especially silicate and aluminosili-
cate adsorbents) have a number of advantages in removing heavy metal
cations (including Co?*, Pb?*, Zn?") and radionuclides (**’Cs, *sr,
60Co) from liquid media. Such advantages include high adsorption ca-
pacity, high selectivity, possibility of regeneration, radiation and
chemical resistance, low cost of production, and high adsorption kinetics
[14-20]. Mesoporous layered calcium silicate CaSiOs, obtained from
coal fly ash, had a high adsorption capacity to Co>" of 154.8 mg/g and
was capable of removing up to 99.9 % of ®°Co radionuclide under real
LRW purification conditions with an initial activity of °°Co Ag = 5.14
kBq/1. Granular porous zirconium silicate synthesized in the framework
of the study had an adsorption capacity of 0.84 mmol/g [21]. Zirconium
molybdenum silicate adsorbent had an adsorption capacity of q(C02+)
= 47.4 mg/g and selectivity to Co>" ions in a tertial system of Cs-Sr-Co
[22].

The adsorption of Co?* ions from liquid media on silicate sorption
materials of various phase compositions proceeded mainly through
mechanisms of ion exchange and surface complexation of an intra- and
innerspheric interaction [23-26]. The mechanism of Co*" ions adsorp-
tion on mesoporous calcium silicate includes the following steps: (1)
hydration of Co?* ions to form Co(H,0)2" (up to 99.79-100 %), (2)
diffusion of hydrated cobalt ions through the boundary layer, (3)
complexation with active groups on the surface of calcium silicate
>SiOH and >CaOH and ion exchange with Ca®" ions adsorbed on the
surface and edges of the particles, (4) diffusion into the inner layer of the
material and ion exchange with Ca2* ions (up to 76.7 % of cobalt ions
are adsorbed by ion exchange) [26].

Due to the course of cobalt adsorption by ion exchange mechanism
and surface complexation, silicate and aluminosilicate adsorbents of
various types can be regenerated after adsorption saturation with heavy
metal ions (Co**, Ni2t), which opens up prospects for their industrial
application in multiple adsorption-desorption cycles [22,27-30]. Thus,
the effective desorption of Co?" ions (92.05 %) by adsorption material
based on mixed metal silicate using 0.1 M HCI solution was showed
[22]. The possibility of using clinoptilolite based zeolite-geopolymer
foams and metaceolite obtained from natural raw materials to remove
Ni2* ions followed by regeneration with 0.1 M HNOs solution was
studied [29]. The use of natural clinoptilolite as adsorbent for Ni%" ions
removal was discussed [28]. It was shown that the modified natural
material had adsorption capacity in the range of 24-28 mg(Ni")/g and
can be efficiently regenerated using NH4Cl (desorption degree of Ni%*
reached 98 %), NaEDTA (~84 %), HNO3 (~66 %), HCI (~59 %).
Nanostructured adsorption material based on natural zeolite immobi-
lized in a chitosan matrices retained the adsorption capacity to nickel of
40 mg/g after 5 cycles of adsorption-desorption regeneration at an
initial adsorption capacity of 43 mg/g [27].

In addition, adsorbents based on silicates and aluminosilicates can be
not only regenerated, but also directly used as matrices for the immo-
bilization of dangerous 137Cs, 90Sr, 60Co radionuclides and toxic Pb2+,
Co** heavy metal ions [31-36]. During the heat treatment of saturated
adsorbents, stable ceramic matrices was crystallized, which reliably
keep radionuclide and heavy metal cations from being released into the
environment [37-40].

Previously, we studied synthetic calcium silicate, a very potent
adsorbent with a adsorption capacity of 195.7 mg/g to Co(II) [41]. Using
the spark plasma sintering (SPS) consolidation method, we were able to
immobilize adsorbed cobalt ions quickly and efficiently into a strong
ceramic wollastonite matrix. SPS is carried out by applying a pulsed
direct current through the powder mass simultaneously with mechanical
action, generating localized joule heating and spark discharges at the
interface between particles [42,43]. This process leads to rapid heating
and enables sintering to occur at lower temperatures and for shorter
periods of time than conventional methods. Combining this with uni-
axial pressure ensures high densification and improved grain boundaries
[44,45]. The obtained matrices met the requirements for solid
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radioactive waste.

In this work, we propose a new method for obtaining calcium silicate
matrices for cobalt immobilization, involving the hydrothermal con-
version of boric acid production waste and subsequent consolidation of
cobalt-calcium silicate by SPS. Previously, we optimized the conditions
for calcium silicate formation from boric acid waste and studied the
kinetics of heavy metals adsorption on calcium silicate from boric acid
waste [46-48].

Boric acid (HsBO3) has a variety of applications due to its unique
chemical properties, including glass and ceramics manufacturing, flame
retardants, metalworking, insecticides and pest control, antiseptics, and
the nuclear industry [49]. In Russia, limited liability company (LLC)
«DHK Bor» is the leading national producer of boric acid with an output
of 89,600 tons of products per year. The technological process of
obtaining boric acid, implemented on LLC «DHK Bor», involves the re-
action of the datolite mineral CaBSiO4(OH)) with sulfuric acid. As a
result of this technological process, boric acid is obtained, and insoluble
waste, known as borogypsum, is precipitated. The main components of
borogypsum, obtained from datolite reprocessing are hydrate calcium
sulfate (CaSO4 2H50) and amorphous silica (SiO3). Reprocessing bor-
ogypsum is necessary to mitigate waste disposal issues and recover
valuable resources. Most of the scientific studies involving borogypsum
reprocessing originate from Turkey, which is one of the leaders in boron
acid production. It is proposed to use borogypsum as a building material
and as a protection against ionizing radiation [50-53]. However, the
Turkish process for obtaining boric acid involves the usage of the cole-
manite mineral CaB304(OH)3-H20, which has a low content of silicon
[54]. In this regard, we have developed an original method for the
processing of borogypsum, obtained from minerals with a high silicon
content.

The work aimed to evaluate the possibility of using silicate matrices
obtained by hydrothermal conversion of boric acid production waste for
cobalt immobilization. For this, calcium silicate was synthesized from
the waste products of boric acid production. Cobalt-saturated calcium
silicate samples were consolidated using the SPS method. The most
important properties of ceramic matrices, such as the surface
morphology, strength, hardness, phase and elemental composition, and
cobalt leachability, were carefully studied.

The scientific novelty of the work is as follows: (i) an original method
for the immobilization of cobalt ions into a durable ceramic matrices and
the simultaneous reprocessing of boric acid waste is proposed; (ii) for
calcium silicate obtained from boric acid production wastes, the surface
area and its morphology, pore sizes and shapes, particle sizes, as well as
adsorption properties to Co(II) are determined; (iii) for ceramic matrices
of Co-saturated calcium silicate, consolidated by the SPS method at
different temperatures (800, 900 and 1000 °C), their strength, hardness,
density, chemical composition, phase composition, and resistance to
cobalt leaching were determined; (iv) the efficient waste-to-waste
technology is proposed.

2. Experimental
2.1. Materials and reagents

Samples of solid waste from the production of boric acid were taken
from the sludge storage facility of DHK Bor LLC (Dalnegorsk, Russian
Federation).

The following reagents were used: potassium hydroxide KOH, hy-
drochloric acid HCI, cobalt (II) chloride hexahydrate CoCly-6H20. All
chemicals were purchased from Nevareaktiv LLC (Saint-Petersburg,
Russian Federation) at 99.9 % purity without additional purification.

2.2. Synthesis of CaSiO3 from boric acid waste

The process of obtaining calcium silicate adsorbent from boric acid
production waste in the presence of an alkaline agent (potassium hy-
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droxide) is described by the following eq. [47]:

n(CaS04-2H,0) + m(Si0,-qH,0) + 2nKOH + (k — 3n — mq)H, O
= nCa0O-mSiO,-kH,0 + nK,SO, (@D)]

Carrying out the reaction in the presence of atmospheric air leads to the
occurrence of a side reaction with carbon dioxide and the partial for-
mation of calcium carbonate in the synthesis product [46]:

Ca(OH), + CO,—~CaCO; + H,0 2

An accurate weight of solid powdery waste from the production of boric
acid was placed in a KOH solution in distilled water. The reagents were
taken in a stoichiometric ratio. The resulting suspension was thoroughly
mixed and transferred into a Teflon beaker, which was placed in a steel
vessel for hydrothermal synthesis. The synthesis was carried out at a
pressure of 1.7 atm for 2 h. The precipitate was separated from the so-
lution by vacuum filtration using a blue-ribbon filter, thoroughly
washed with distilled water, and dried to constant weight at a temper-
ature of 105 °C.

To determine the degree of reaction progress, the residual concen-
tration of KOH in the solution was determined by acid-base titration
with 0.01 M HCl and a methyl orange indicator. The extent of the re-
action under the specified conditions is 81.2 %.

A schematic diagram of the process of obtaining the material, indi-
cating side reactions leading to the presence of impurities of calcite and
vaterite in the samples of synthesized calcium silicate, is presented in
Fig. 1.
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2.3. Adsorption characteristics of CaSiO3 material

The adsorption characteristics of the CaSiO3 material for Co>" ions
were studied using batch adsorption experiments. The ratio of liquid
phase to solid phase was V/m = 40 ml/g (the volume of the CoCl; so-
lution was 20 ml, and the mass of the adsorbent was 0.5 g). The tem-
perature of water solutions was 20 °C and the pH was 6.2. As a source of
cobalt ions, cobalt chloride CoCl, was used without a background
electrolyte. The initial concentrations of Co®' ions were 4.27-28.0
mmol/]. For a typical experiment, the suspension of an adsorbent in a
cobalt solution was put on a magnetic stirrer RT 15 power (IKA, Ger-
many) for 3 h. After adsorption, the phases were separated by filtration
through a paper filter (pore size 2-3 pm). The content of Co>" ions in the
initial solutions and filtrates after adsorption was determined by atomic
absorption spectrometry (AAS) on an AA-6800 spectrometer (Shimadzu,
Japan) with a wavelength of 240.7 nm. The detection limit for cobalt in
aqueous solutions is 0.1 pg/ml.

The adsorption capacity q (mmol/g) was determined using Eq. (3):

4= (Co—C) ®

where geq — static exchange capacity, mg/g; Co — initial adsorbate con-
centration, mg/l; C; — adsorbate concentration after adsorption, mg/1; V
- liquid phase volume, 1; m — mass of the solid phase, g.

For mathematical processing of the experimental data of adsorption
isotherms, the well-known models of adsorption at the solid/liquid
interface were used: Freundlich isotherm, Langmuir isotherm and
Langmuir-Freundlich isotherm.

The Freundlich isotherm model is expressed by the Eq. (4):

1. Boric acid production process

datolite

2Ca0-B,0,:2Si0,-H,0

borogypsum

+Si0,
amorphous
silica

CaS0,2H,0

2. Hydrothermal conversion

+Si0, W)

amorphous
silica

borogypsum

+KOH

1.7 atm.
3 hours

"N

+K,SO,
water-soluble
byproduct

mesoporous
layered CaSiO,

3. Side reactions

I. CaSO,-2H,0+2KOH— K,SO,+Ca(OH),+2H,0
1. Ca(OH)2+C02 S CaC03+H20

Fig. 1. Schematic diagram of the synthesis processes of calcium silicate adsorbent.
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qeq = Kf nga (4)

where qeq — static exchange capacity, mg/g; K; — Freundlich constant;
Ceq — equilibrium concentration of the adsorbate, mg/1; n — Freundlich
power factor.

The Langmuir isotherm model is expressed by the Eq. (5):

K/C,
00 = QT ¢ ()

+ I(lceq7

where geq - static exchange capacity, mg/g; g, — theoretical maximum
adsorption capacity, mg/g; K| — Langmuir constant, Ceq — equilibrium
concentration of the adsorbate, mg/1.

To approximate the results of the experiment by the Langmuir-
Freundlich model, the following equation was used:

If Kir C:;

qeq = Qpuux m ) 6)
where geq - static exchange capacity, mg/g; q'f . — theoretical maximum
adsorption capacity, mg/g, Kif — Langmuir-Freundlich constant, Ceq —
equilibrium concentration of the adsorbate, mg/l; m - Langmuir-
Freundlich power factor.

Approximation of the experimental data by the indicated equations
in a non-linear form was carried out using the OriginLab program.

To assess the accuracy of the description of experimental data by
adsorption isotherm models, four different error functions were used:
Pearson fitting criterion Xz’ mean square error (MSE), sum of square
errors (SSE), hybrid fractional errors (HYBRID) [55-57]. These func-
tions are expressed by the following equations:

n exp _ qcal 2
/YZ — Z( e 9. ) , (7)

= q

|
MSE =3 (a7 — 4" ®)

i=1

100 n qexp _ qcul
HYBRID = —— Y Ze_de 9
- ; s ©)
SSE =" (q57 — )’ 10)
i=1

where n — number of the experiments, p — number of the model pa-
rameters, qS*P — experimental equilibrium adsorption capacity, mmol/g;

cal  calculated adsorption capacity, mmol/g.

2.4. Adsorption saturation of CaSiO3 material

Adsorption saturation of CaSiO3 adsorbent with Go?* ions was per-
formed via batch adsorption. The ratio of liquid phase to solid phase was
V/m = 40 ml/g (the volume of the CoCl, solution was 400 ml, and the
mass of the adsorbent of 10.0 g) at pH of 6.2 and aqueous solution
temperature of 20 °C. As a source of cobalt ions, cobalt chloride CoCl,
with the initial concentration of 280 mmol/]1 was used without a back-
ground electrolyte. The suspension of a adsorbent in a cobalt solution
was put on a magnetic stirrer RT 15 power (IKA, Germany) for 3 h. Then
the precipitate was separated from the solution by vacuum filtration
using a paper filter (pore size of 2-3 pm), thoroughly washed with
distilled water, and dried to a constant weight at a temperature of
105 °C. The CaCoSiyOg material saturated with cobalt ions Co®" was
used to obtain ceramic solid-state matrices.

2.5. Spark plasma sintering of CaCoSizOg¢ solid-state matrices

The synthesis of the ceramic matrices was carried out by the SPS
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method by consolidating the resulting powder on an SPS-515S device,
(Dr.Sinter LABTM, Japan). 1 g of the powder was placed in a graphite
mold (working diameter 10.5 mm), then the workpiece was transferred
to a vacuum chamber (10-5 atm.) and sintered. A series of samples was
obtained at consolidation temperatures of 800, 900, and 1000 °C, a
heating rate of 170 °C/min, a constant load of 24.5 MPa, and a retention
time of 5 min. The geometric dimensions of the obtained samples of
cylindrical matrices are: diameter 10.3 mm, height 4-5 mm (depending
on the type of mold and sintering modes).

2.6. Characterization of powder materials and ceramics matrices

The phase composition of the obtained samples were identified using
X-ray diffraction analysis (XRD) on an X-ray diffractometer D8 Advance
Bruker-AXS (Bruker, Germany), CuKa radiation, Ni filter, average
wavelength (1) of 1.5418 A, shooting angle range of 10-80°, scanning
step of 0.02°. The beam was detected by the Vantec-1 linear detector
with step of 0.00622127° (0.0031°) (unchanged parameter).

The particle sizes were determined using a NanoTec/MicroTec/XT
Analysette-22 (FRITSH, Germany).

Determination of the specific surface area, pore volume and pore
diameter distribution of sodium aluminosilicate samples was carried out
using an Autosorb-IQ specific surface analyzer (Quantachrome, USA).

The thermogravimetric curves were recorded on the DTG-60H Shi-
madzu device in platinum crucibles with a pierced lid in a dry argon
stream (20 ml/min) in the temperature range of 35-1300 °C at the
heating rate of 10 °C/min (Shimadzu, Japan).

Scanning electron microscopy (SEM) on a Carl Zeiss ULTRA 55 Plus
instrument (Germany) was used to obtain images of the surface of the
material under study. To determine the elemental composition of the
samples, we used energy dispersive X-ray spectroscopy (EDX) using an
attachment to an Oxford X Max 80 electron microscope (United
Kingdom) and X-ray fluorescence analysis (XRF) on a Shimadzu EDX-
7000P energy dispersive X-ray fluorescence spectrometer (Japan).

Fourier transform infrared (FTIR) absorption spectra were recorded
on a Fourier transform spectrophotometer “Iraffinity-1S” (“Shimadzu”,
Japan).

Vickers microhardness (HV) was determined with a load of 0.2 N on
an instrument HMV-G-FA-D (Shimadzu, Japan). The experimental
density was determined by hydrostatic weighing using an Adventurer
instrument (OHAUS Corporation, USA). The compressive strength was
determined using an Autograph AG-X plus 100 kN tensile testing ma-
chine (Shimadzu, Japan).

2.7. Evaluation of metal ions leaching from CaCoSizOs silicate matrices

The leaching rate of cobalt ions was measured under static condi-
tions for 30 days in distilled water (at pH 6.8) at room temperature
(25 °C) in accordance with the Russian State Standard (GOST R
52126-2003), compiled according to the requirements of the American
National Standards Institute/American Nuclear Society 2019 (ANSI/
ANS 16.1) and an earlier IAEA recommended document (ISO
6961:1982). The content of Co>" ions in the initial solutions and filtrates
after adsorption was determined by AAS on an AA-6800 spectrometer
(Shimadzu, Japan) with a wavelength of 240.7 nm. The detection limit
for cobalt in aqueous solutions is 0.1 pg/ml.

The effective diffusion coefficient D, was calculated according to
Fick’s second law in accordance with the method described in [58]:

Lm_ o (D) (S
m72(ﬂ> (V)t—"_a‘ (ll)

where m — mass of cobalt leached from the sample, mg; t — leaching time,
s; Mo — initial mass of cobalt in the sample, mg; D, — effective diffusion
coefficient, cm®/s, S — sample surface area, cm?, V - sample volume,

em®, o - initial leaching constant.
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To calculate the diffusion coefficient, the above equation was pre-
sented in a linear form by introducing the coefficient K, which is the
tangent of the slope of the dependence of the leached fraction of cobalt
on the square root of the contact time of the material with the leaching
agent:

0.5
(2 ()

According to the linear form of the equation, the effective diffusion
coefficient was calculated using the following Eq. (13):

2 2
o K2

The dominant leaching mechanism was determined based on the
dependence of the decimal logarithm of the accumulated fraction of the
leached radionuclide (Bt, mg/mz) on the decimal logarithm of the
leaching time (t, s):

Umax'd'\/g:| ] (14)
iy

where Upax — maximum amount of leached cobalt, mg/kg; d — matrix
density, kg/m°.

The leaching depth was calculated according to the following
equation:

1
Ig(B,) = 3 lgt+1g

n

L= (W; %) , (15)

1

where Li — leaching depth during time interval t,, cm; d — sample den-
sity, g/cm3.
The leaching index (L) was calculated as the decimal logarithm of the
reciprocal of the effective diffusion coefficient:
1

L=lg—

Dy (16)

3. Results and discussion
3.1. Characterization of powder materials

3.1.1. Elemental composition and surface morphology by XRF and SEM-
EDX

Solid waste from the production of boric acid (borogypsum) is a
sludge with a high content of calcium Ca, silicon Si and, sulfur S
(Table 1), which makes it expedient to use them as a raw material for
obtaining solid calcium silicate matrices for the immobilization of cobalt
radionuclides. During hydrothermal treatment, sulfur S is separated
because of the formation of soluble sulfates, so its content in the
resulting product is significantly reduced. The main components of the
resulting product are Ca and Si, with the molar ratio Ca/Si = 1.1. The
adsorbent samples contain an admixture of Fe at a low concentration of
wt% = 5.75-6.41 % (Table 1).

Table 1
XRF elemental composition of boric acid waste, CaSiO3 obtained from waste by
hydrothermal method, and Co-saturated CaCoSi»Oe.

Element  XRF composition of powder materials, wt%
Boric acid CaSiO3, obtained CaCoSi,0¢, saturated
production waste from waste with Co?*

Si 30.24 34.81 34.89

Ca 40.78 54.79 26.45

S 25.18 3.98 0.81

Fe 3.79 6.41 5.75

Co 0.00 0.00 32.10
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SEM images of the surface of the initial calcium silicate, as well as the
cobalt-saturated material, are presented in Fig. 2. The initial CaSiO3
obtained by hydrothermal conversion of boric acid production waste has
a pronounced layered structure, which is formed by elongated flat
particles. The clearly distinguishable mesoporous structure of the sam-
ple, with a predominance of slit-like pores between long secondary
particles, correlates with the shape of low-temperature nitrogen
adsorption isotherms and density function theory (DFT) and Barrett-
Joyner-Halend (BJH) pore size distributions (Fig. 5). Isotherms of low-
temperature nitrogen adsorption on the initial adsorbent belong to
type IV with an H3 hysteresis loop, which is typical for layered meso-
porous solids. EDX mapping of CaSiO3 obtained from boric acid pro-
duction waste indicates a homogeneous phase composition due to the
uniform distribution of the structural elements Si, Ca, and O over the
surface of the material. The sample contains local inclusions of Fe with a
relatively low mass concentration (up to 1.95 wt%).

After adsorption saturation of calcium silicate with cobalt ions, a
significant change in the morphology of the material occurs, manifested
in the formation of a microporous structure with an irregular pore shape.
These changes are caused by the adsorption of Co?" through the
dissolution-precipitation mechanism in the slit-like pores of the original
CaSiO3 [45]. The powdery precursor of the ceramic matrix formed
because of adsorption saturation for the immobilization of high-energy
cobalt radionuclides has a 6-fold greater specific surface area (Fig. 5),
which also coincides with the formation of many small CaCoSi»O¢ ag-
glomerates on the surface of the adsorbent (Fig. 2). According to the EDX
mapping of the elemental distribution of Co over the surface of a satu-
rated sample, the adsorption of Co®! ions proceed uniformly, which
indicates a uniform distribution of adsorption-active centers of calcium
silicate.

3.1.2. Structural characterization by XRD and FTIR

XRD patterns of calcium silicate CaSiO3 obtained from boric acid
production wastes as well as cobalt-calcium silicate CaCoSi3Og¢ satu-
rated with cobalt ions Co?" are presented in (Fig. 3a). Both the original
and cobalt-saturated samples have the most intense X-ray peak with a
diffraction angle 20 = 26.6°. Moreover, this diffraction maximum is
retained after sintering of the ceramic matrices (Fig. 11b). In this regard,
the samples are assumed to contain an impurity phase of quartz, SiO»
(PDF #00-046-1045), that is also present in the borogypsum before
hydrothermal treatment [47,48]. CaSiO3 contains two crystalline mod-
ifications of calcium carbonate as side reaction products with atmo-
spheric air: vaterite (PDF #00-033-0268) and calcite (PDF #00-005-
0586). After the adsorption of cobalt, vaterite, which is unstable in an
aqueous medium, turns into calcite [59]. The calcium silicate (wollas-
tonite, CaSiO3) and cobalt calcium silicate (CaCoSizOg) phases crystal-
lize only after sintering (Fig. 11b). Therefore, in powdered precursors of
ceramic matrices, they are present in an amorphous form.

FTIR spectra of the initial calcium silicate obtained by hydrothermal
conversion of boric acid production waste, as well as calcium silicate
after saturation with cobalt ions Co?*, are presented in Fig. 4. An intense
absorption band with a wavenumber of 850-1100 cm ™! is associated
with asymmetric vibrations of Si-O-Si cross-linking bonds, as well as
with asymmetric and symmetric vibrations of Si—O terminal bonds
[60-62]. The group of absorption bands in the region of 550-750 em !
is attributed to symmetrical vibrations of Si—-O-Si cross-linking bonds in
[SiO4] tetrahedra. Absorption bands in the low-frequency region of
400-550 cm ™! are associated with deformation vibrations of terminal
0-Si-O bonds and vibrations of calcium-oxygen bonds in [CaOg] octa-
hedra [63-65]. Absorption bands with wavenumbers of 1430 and 880
cm ! are attributed to the calcium carbonate CaCO3 [66-68]. The ab-
sorption bands in the regions of 1600 and 3400 cm™! are caused by
bending and stretching vibrations of crystallization water [60,65]. In-
direct confirmation of a change in the structure of the samples because
of adsorption saturation is the shift of the absorption band with a wave
number of 972 cm™! to the region of higher frequencies up to 1022
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3.1.3. Porous characteristics and specific surface area study by low
temperature gas (N, Ar) adsorption

The isotherm of low-temperature adsorption-desorption of nitrogen
for the initial material CaSiO3 obtained from waste products of boric
acid production (Fig. 5) belongs to type IV according to the IUPAC
classification, typical for mesoporous materials. The hysteresis loop for
the initial material, CaSiOs, belongs to the H3 type, which indicates the
layered structure of the material and the slit-like shape of the pores. The
pore size distribution obtained by the DFT method indicates the pres-
ence of meso- and macropores of various diameters from dp ~ 5 nm to
dp ~ 75 nm without a clearly defined main pore diameter. The peaks of
the pore size distribution curve obtained by the BJH method have a wide
shape, which indicates the presence of a large range of pore diameters.

The specific surface area of the Co-saturated CaCoSi»Og increases in
6 times (Sggr = 55.03 m%/g for CaSiOs, Sggr = 331.5 m%/g for

CaCoSiz0¢). In this case, a significant change in the porous structure
occurs, expressed in the disappearance of macropores, a decrease in the
size of mesopores, and the appearance of many micropores. The main
reason for the changes in pores structure is the adsorption of cobalt ions
by the mechanism of dissolution-precipitation in the slit-like pores of the
initial CaSiO3 material [69]. As a result of cobalt adsorption, a network
of channels is formed between CaCoSi»Og particles, consisting of pores
of smaller diameter. According to the DFT data, the porous structure of
CaCoSiy0g is represented by micropores with a diameter of dp =~ 1 nm
and mesopores with a size of dp ~ 5 nm. According to the BJH data, the
porous structure of saturated CaCoSizOg is represented by mesopores
with a diameter of dp ~ 2-5 nm. The shape of porous channels in
CaCoSiz0¢ is much more diverse than in CaSiOs. That is confirmed by
the change in the shape of the hysteresis loops to the hybrid type H2 +
H3. Adsorption isotherms after adsorption saturation correspond to type
1V, typical for mesoporous adsorbents, but with a much more significant
contribution of micropores due to the appearance of a clearly defined
initial vertical section.

For a detailed study of the structure of micropores, adsorption-
desorption isotherms of Ar on the initial CaSiO3 and saturated mate-
rial CaCoSisOg (Fig. 6) were obtained. Since argon has a much smaller
molecular size, it is preferable for determining the structure of micro-
and mesopores. The adsorption-desorption isotherms of argon on the
initial CaSiO3 are of type I without a clearly defined hysteresis loop
(Fig. 6a). The pore size distributions obtained by the HK and SF methods
(Fig. 6¢, e) indicate the presence of pores with diameters of dp = 0.42
nm and dp = 0.7 nm, respectively. The adsorption-desorption isotherms
of argon on the saturated material CaCoSi2Og also belong to type I and
have a hysteresis loop of the hybrid type H2 + H3 (Fig. 6b), indicating a
developed network of micropores. The pore size distributions obtained
by the HK and SF methods (Fig. 6d, f) indicate the presence of pores with
diameters of 0.4-0.5 nm and 0.8 nm, respectively.

3.1.4. Characterization of thermal transformations by TG/DTA
According to the thermogravimetric dependences of the thermog-
ravimetric analysis (TG) and differential thermal analysis (DTA) (Fig. 7),
heating the initial CaSiO3 to 295 °C and the saturated CaCoSi;Og ma-
terial to 230 °C is accompanied by a decrease in mass with an endo effect
on the differential thermal analysis curve associated with the evapora-
tion of adsorbed water. When the temperature reaches 523 °C for the
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original CaSiOs and 570 °C for the saturated CaCoSiyOg, mass loss be-
gins with an endothermic effect caused by thermal decomposition of the
CaCOj3 contained in the initial calcium silicate. After a temperature mark
of 730-735 °C, the mass loss stops completely. The total mass loss for the
initial CaSiO3 is 20.5 %, and for the CaCoSizOg, it is 18.2 %. A slight
decrease in weight loss is associated with a smaller amount of adsorbed
water in a saturated CaCoSi;Og sample.

3.1.5. Granulometric composition

The granulometric composition of CaCoSi2Oe powder obtained from
boric acid production waste and saturated with cobalt cations Co®"
(Fig. 8a) is represented by many fractions with particle sizes in a range of
0.1-60 pm. Large particles are formed by agglomerates of smaller ones
with a spherical shape. The largest contribution to the granulometric
composition of the material is made by fractions of an average size of
5-20 pm (=47 %) and 1-5 pm (~13 %), as well as a large fraction of
20-40 pm (&32 %). The share of the finest fraction <1 pm accounts for
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~3 % of the total number of particles, and the largest fraction 40-60 pm
is &5 % of the particles. Thus, ~79 % of the CaCoSi2O¢ powder particles
are 5-40 pm in size, which is also confirmed by SEM images of the
material (Fig. 8b). The presence of a wide range of fractions with
different particle sizes has a positive effect on the key physical properties
of ceramics (strength, hardness, and hydrolytic stability) obtained from
powder materials and facilitates the sintering process.

3.2. Study of Co®" ions adsorption on CaSiO3

3.2.1. Equilibrium adsorption study

Adsorption isotherms of Co?" ions on calcium silicate synthesized
from boric acid production waste are shown in (Fig. 9a). The adsorption
isotherms refer to the H-type according to the Giles classification, which
indicates the ion-exchange nature of Co®>" adsorption. The presence of
an initial vertical section characterizes the high affinity of the adsorbate
for the adsorbent in the region of low concentrations. The dependence of
the solution purification efficiency on the initial concentration of cobalt
ions (Fig. 9b) shows that a high degree of purification (R > 99 %) is
retained if the initial concentration C(Co?") is lower than 35 mmol/1.

The values of the coefficients of the Freundlich, Langmuir, and
Langmuir-Freundlich isotherm models are presented in (Table 2). The
values of the coefficient of determination R? for the Langmuir isotherm

(R? = 0.931) are lower than for the Freundlich isotherms (R = 0.980)
and Langmuir-Freundlich isotherms (R2 = 0.990). An additional power
coefficient n in the Langmuir-Freundlich equation significantly in-
creases the determination coefficient (up to R? = 0.99). The Langmuir-
Freundlich equation is also characterized by the lowest value of the
Pearson criterion > = 0.037 and other error functions: SSE = 0.149,
MSE = 0.021, and HYBRID = 11.471. The combination of the values of
the compliance criteria R?, Xz’ SSE, MSE, and HYBRID indicates that the
Langmuir-Freundlich model most accurately describes the experimental
data. The Freundlich model is the second best in terms of the degree of
agreement between the predicted values and the experimental ones. The
Langmuir model has low values of the coefficient of determination R? =
0.931, as well as high values of other criteria: XZ =0.197, SSE = 0.983,
MSE = 0.140, and HYBRID = 23.957. The Langmuir model has low
values of the coefficient of determination R? = 0.931, as well as high
values of other criteria: Xz = 0.197, SSE = 0.983, MSE = 0.140, and
HYBRID = 23.957, therefore, this model does not accurately describe
the real data of Co?* adsorption from solution. However, to assess the
comparative evaluation of the adsorption capacity of the material, we
used the experimental value of the adsorption capacity Qmax = 3.742
mmol/g, because the adsorption capacity Qir = 5.657 + 1.826 mmol/g
predicted by the Langmuir-Freundlich equation was not achieved in the
studied concentration range.
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Table 2
Equilibrium parameters for the adsorption of Co®* on CaSiO3 obtained from
waste.

Parameters Isotherm model Experimental
- - ) data
Freundlich Langmuir Langmuir-
Freundlich
Qmax - 3.413 + 5.657 + 1.826 3.742
mmol/g 0.260
K, L/mmol 1.596 + 3.658 + 0.467 + 0.273 -
0.133 2.051
n 0.173 + - 0.278 £ 0.063 -
0.018
R? 0.980 0.931 0.990 -
P 0.057 0.197 0.037 -
SSE 0.287 0.983 0.149 -
MSE 0.041 0.140 0.021 -
HYBRID 18.405 23.957 11.471 -

3.2.2. Proposed adsorption mechanism

After reaching the value of the adsorption capacity of 3 mmol(Co>")/
g, there was a noticeable deviation in the dependence of the specific loss
of calcium ions, mmol(Ca2")/g as a function of the adsorption capacity
for cobalt, mmol(Co?")/g from direct proportionality (Fig. 9b). Thus,
the adsorption of Co?t ions on calcium silicate obtained from waste
products of boric acid proceeded in two clearly distinguishable stages:
(1) adsorption to 3 mmol(C02+)/g is mainly due to ion exchange, (2)
further adsorption after 3 mmol(Co“)/g is due to other mechanisms
mainly by surface complexation of an intra- and innerspheric interaction
occurring between hydrated cobalt ions and active >Si-OH and >Ca-OH
groups [23-26]. A schematic representation of the proposed adsorption
mechanism and the stages of Co?" ions adsorption is shown in Fig. 10.

3.2.3. Adsorption capacity comparison
The adsorption capacity was compared with similar adsorption ma-
terials for the extraction of Co?* obtained from secondary resources

10

(Table 3). The adsorption capacity for Co®" ions of 220.7 mg/g for
calcium silicate obtained from boric acid production waste exceeds the
capacity values for most similar materials. It should be noted that the
value of the adsorption exchange capacity for CaSiO3 synthesized from
boric acid production wastes practically coincides with the value of
adsorption capacity of model CaSiOs of 195.7 mg/g [41].

3.3. Characterization of CaCoSi2Og solid-state matrices obtained by SPS

3.3.1. SPS consolidation kinetics and phase composition

According to the dilatometric shrinkage rate curves of the CaCoSi2Og¢
specimens obtained by the SPS method at different temperatures of
800 °C, 900 °C, and 1000 °C (Fig. 11a), material sintering occurs in two
stages. The course of stage I is observed in the first 2 min of the sintering
process, up to a temperature of 600-700 °C. As a result of mechanical
action during powder pressing and subsequent deformation, destruc-
tion, rearrangement, and compaction of CaCoSi»Og particles, the
shrinkage rate during stage I changes in the range of 9.7-10.6 mm/min.
Stage II, associated with thermal action on powder particles, is the main
stage of the sintering process, during which the final consolidation of the
material into solid ceramic matrices occurs due to the diffusion of plastic
deformation and viscous flow of the material. Consolidation of CaCo-
Siz0g is completed at a temperature of 900 °C, as can be seen from the
dilatometric shrinkage rate curves (Fig. 11a). Therefore, for the sample
obtained at a temperature of 800 °C, stage II was not observed, and the
sintering of the material was not completed. For the sample sintered at a
temperature of 900 °C, the shrinkage rate during stage II was 0.8 mm/
min, and for the sample obtained at a temperature of 1000 °C, it was 2.2
mm/min. Stage II proceeded for 2-3 min, after which further shrinkage
ceased.

XRD patterns of samples of CaCoSizOg ceramic matrices obtained by
the SPS method at various temperatures of 800 °C, 900 °C, 1000 °C
(Fig. 11b) and of the initial CaCoSizO¢ powder are shown in (Fig. 11b).
The phase composition of the materials is represented by the crystalline
phases of the initial calcium silicate CaSiO3 of wollastonite crystalline
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Table 3

Comparative characteristics of adsorbents for Co*>* obtained from industrial waste.

Adsorbent Adsorption capacity q, Specific surface, Experimental conditions
2
mg/8 m/g C(Co?" V/m,ml/ t°C  Timeh  pH
8
Biochar from mustard waste biomass [70] 24 354.07 12-240 mg/1 1:125 25 24 5.0
Zeolitic material from fly ash [71] 37.13 9.24 100-6000 1:400 22 6 6.0
pmol/1
Chitosan modified biochar from agricultural waste [72] 27.38 134 50-600 mg/1 1:200 - 20 5.0
Mesoporous calcium silicate from coal fly ash [73] 154.8 - 500 mg/1 1:500 25 4 2-7
11 A tobermorite from the remnants of the disposal of 10.47 - 100 mg/1 1:20 20 1-120 1.0
newsprints [74] min
Cancrinite-type zeolite from fly ash [75] 73.3 278.9 0.5-4 mmol/1 1:2000 25 72 6.0
Chemically modified waste almond green hull [76] 45.5 - 18-110 mg/1 3-8 mg/1 15-35 < 7 min -
Hydroxyapatite from eggshell waste [77] 457 - 50-500 mg/1 - 25 80 min -
Calcium silicate (model) [41] 195.7 55.8 4.27-280 1:40 20 24 -
mmol/1
Calcium silicate from boric acid production waste [this work] 220.8 55.03 4.27-280 1:40 20 3 -
mmol/1

modification with monoclinic syngony (PDF #00-029-0372) and the
calcium-cobalt silicate CaCoSi;Og (PDF #00-084-1288) formed because
of ion exchange. In addition, there is an impurity phase of quartz, SiOy
(PDF #00-046-1045). As a result of sintering, the complete decompo-
sition of the calcium carbonate contained in the original powder occurs.
The phase of monoclinic CaCoSizOg is extremely stable and does not
dissolve in water and organic solvents [78].

3.3.2. Ceramic matrices morphology and elemental composition by SEM-
EDX

The surface morphology of the CaCoSiOg sample obtained by SPS at
800 °C from boric acid waste (Fig. 12b, b*) confirms that sintering was
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not completed at this temperature. The surface of the material is not
monolithic and has clearly defined pores, as well as inclusions of ag-
glomerates of particles of the original powder. As the sintering tem-
perature rises to 900 °C, particles of the initial CaCoSipOg powder
consolidate into a dense ceramic matrix, and the sample surface be-
comes uniform (Fig. 12c). However, a small number of microdefects,
pores, and agglomerates of the initial particles are observed (Fig. 12c*).
With a further increase in the SPS temperature to 1000 °C, the surface of
the solid matrix is almost completely devoid of structural defects due to
the intensification of the sintering process (Fig. 12d, d*). The elemental
composition of the CaCoSiO¢ material obtained from boric acid pro-
duction waste is close to the composition of the model CaCoSi2O¢ [41],
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except for the presence of an iron impurity (w(Fe) < 2.3 wt%). In places materials for synthesis from iron impurities.

where iron atoms are concentrated on the maps of the distribution of

elements (Fig. 12), defects in the structure of the matrix surface (pores 3.3.3. Microhardness characterization

and violations of the monolithic structure) are visible, therefore, to Diagrams of microhardness of CaCoSi»Og samples obtained by SPS at
improve the quality of ceramics, it is necessary to further clean the raw different temperatures (Fig. 13) demonstrate the non-linear nature of

12
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the change in this parameter with increasing sintering temperature. For
a sample sintered at 900 °C, the microhardness varies in the range of
744-985 HV, and the average microhardness is 894 HV, which is the
highest value of this indicator in the range of the studied sintering
temperatures. However, the measurement results for this sample have
the highest dispersion and statistical asymmetry, which indicates the
structural inhomogeneity of the ceramic matrix. The presence of mea-
surement results with values >1300 HV indicates the local formation of
extremely hard grains and grain agglomerates in the ceramic matrix.
During sintering at a temperature of 1000 °C, the microhardness
changes in the range of 697-805 HV, and the average value of the
microhardness is 760 HV. The set of measurement results has less sta-
tistical heterogeneity. The absence of microhardness values well above
1000 HV indicates more uniform compaction than at 900 °C.

3.3.4. Hydrolytic stability

The CaCoSi;Og ceramic matrices obtained by SPS at 1000 °C has the
lowest Co?" ion leaching rate (Fig. 14a). The leaching rate on the 30th
day for this sample (1000 °C) was 2.04 x 107 g/cm?/day’, which meets
the requirements established by GOST R 52126-2003 (ISO 6961:1982)
for highly active waste. The slope of the straight line Lg(Bt) vs Ig t for all
obtained samples lies in the range from 0.5 to 1 (Fig. 14b), which, ac-
cording to the de Groot and der Slot model, indicates a complex leaching
mechanism due to diffusion and dissolution of the matrix surface, while
the dissolution of the matrix surface occurs earlier than diffusion
through its dense structure. The leaching depth for the CaCoSi2Og
sample produced by the SPS method at 800 °C is significantly higher
than for the CaCoSi;O¢ samples obtained at 900 °C and 1000 °C
(Fig. 14c), indicating that no final formation occurs at this sintering
temperature. Solid ceramic matrix and is in good agreement with SEM
data and matrix consolidation kinetics at SPS. The sample obtained by
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Fig. 14. Leaching rate of Co®" ions (a), plots of Ig(Bt) vs lgt (b) and leaching depth vs t (c) for matrices obtained by SPS at 800 °C, 900 °C and 1000 °C.
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the SPS method at a temperature of 1000 °C also has the lowest diffusion
coefficient 0f 1.07 x 10~'2 and the highest value of the leaching index of
11.81 (Table 4).

3.3.5. Physical and mechanical properties

The compressive strength values (Table 5) for all obtained samples
exceed the standard set by GOST R 52126-2003 of 9 MPa. With an in-
crease in the sintering temperature, the physical and mechanical char-
acteristics of ceramic matrices increase significantly (Table 5) due to
their final consolidation, the disappearance of pores, and structural
defects. The compressive strength increases by 2.5 times with an in-
crease in the SPS temperature from 800 °C to 1000 °C.

The density of ceramic matrices increases by 15 % with an increase in
the sintering temperature to 1000 °C (Table 5). Due to uneven
compaction, the value of microhardness for a sample sintered at 900 °C
is 8.34 GPa, which is 10 % higher than for a sample obtained at 1000 °C.
At the same time, the remaining physical and mechanical characteristics
(Table 5), leaching parameters (Table 4) and uniformity of surface
morphology (Fig. 12), allow us to conclude that sintering at a temper-
ature of 1000° is optimal.

4. Conclusions

Mesoporous calcium silicate was obtained by hydrothermal synthesis
in an alkaline environment of waste products of boric acid (bor-
ogypsum). Using FTIR, XRF and EDX, Ny adsorption-desorption
methods, it was shown that the obtained material consisted of amor-
phous calcium silicate with an admixture of calcium carbonate, had a
specific surface area of 55.0 m2/g with a predominant pore size in the
range of 5-75 nm. The adsorbent obtained from borogypsum waste was
characterized by a higher cobalt adsorption capacity of 220.8 mg/g in
comparison with analogues. Cobalt adsorption proceeded mainly due to
ion exchange and led to the formation of a phase of mixed calcium sil-
icate-cobalt CaCoSizOg. Sintering of Co-saturated adsorbents in CaCo-
Si;Og ceramic matrices was performed by the SPS method at a
temperature of 800-1000 °C. The samples obtained at 1000 °C had a
defect-free structure and the highest physico-chemical characteristics
(compressive strength up to 481 MPa, microhardness up to 7.54 GPa,
cobalt leaching rate < 2.04 x 107 g/(cm? x day), the leaching index of
11.81, and the leaching depth < 5.04 x 10° cm) that complied with the
requirements for solid radioactive waste in GOST R 52126-2003, ANSI/
ANS 16, and ISO 6961:1982. CaSiOs material has the prospects for
further industrial applications, as well as reduces anthropogenic pollu-
tion through the use of dump borogypsum.
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Table 4
Parameters of Co?" leaching from CaCoSi,Og matrices in 30 days.
Sintering Diffusion Leaching rate Leaching Leaching
temperature, °C  coefficient, for Co**, g/ index depth, cm
cm?/s (em? x day)
1000 1.07 x 10712 2.04 x 1077 11.81 5.04 x
107
900 4.85 x 1071 8.19 x 1077 10.31 5.63 x
107
800 2.50 x 1071° 1.08 x 10°° 9.60 1.48 x
10°°

Table 5
Physical and mechanical properties of CaCoSi»Og matrices obtained by SPS.
Sintering Density, g/ Compressive Microhardness,
temperature, °C em® strength, MPa GPa
800 2.89 193 3.29
900 3.25 429 8.34
1000 3.33 481 7.54
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