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Results of the studies carried out in NSC KIPT on application of magnesium-potassium phosphate ceramic
matrices for immobilization of cesium, clinoptilolite with a cesium and solidified simulators of highly-active waste
with high salt content are presented. The high radiation stability and corrosion resistance of the magnesium-
potassium phosphate ceramic matrices to leaching of radionuclide simulators, as well as basic components of
solidified ceramic compounds were determined. It was shown that magnesium-potassium phosphate matrices for the
solidification of liquid radioactive wastes of low and middle activity level, including waste with increased salt

content, can be used in Ukrainian NPPs.

INTRODUCTION

Activities of nuclear fuel cycle industry, nuclear
power plants (NPPs), production and application of
radioisotope products, etc. resulted in the accumulation
of a large amount of radioactive waste. The main
purpose of radioactive waste management is to prevent
the harmful effects on humans and the environment
during the whole period of potential activity of the
hazardous waste. The process of the radioactive waste
immobilization into a chemically stable form, which
retains the stability during the period required to reduce
radioactivity to the level of the natural background
[1, 2], is an effective way to realize such strategy.

Traditional methods of radioactive waste isolation
are vitrification, cementation, and application of
thermosolid polymers or mineral matrices. Each of the
methods has some advantages and disadvantages. Thus,
along with acceptable physical and mechanical
properties such as mechanical strength, thermophysical
characteristics and radiation resistance, glass matrix
materials demonstrate a number of disadvantages
(thermodynamic instability, spontaneous
crystallization), which are devoid of crystalline matrix
materials. However, both crystalline and glass matrices
producing requires high temperatures treatment process.
The long-term high-temperature waste treatment is an
energy-intensive  and  expensive  process  when
implemented in large scale. Therefore, there is a need
for low-temperature technology in the field of
radioactive waste processing.

One of the existing low-temperature approaches for
radioactive waste stabilization is the use of inorganic
binders, such as clay materials, cement, etc. The main
disadvantages of the cementing process are the low
strength of cement matrices, low filling of salts, low
speed of solidification, incomplete solidification of the
liguid phase at high water-cement ratio [3]. The
presence of a significant concentration of salts in liquid
radioactive waste (LRW) has a negative effect on the
course of the cement hydration reaction, which can
resulted in the destruction of waste forms over time.
Reducing the salt content of the cement matrix allows to

avoid this restriction. However, such reducing, in turn,
can lead to an increase in the volume of final forms of
waste.

Alternatively, chemical bonded phosphate ceramics
(CBPCs) are proposed. CBPCs were formed as a result
of an acid-base reaction between acidic phosphate (such
as potassium, ammonium or aluminum) and metal oxide
(eg, magnesium, calcium or zinc). The reactions of
various inorganic oxides with a solution of phosphoric
acid were previously investigated. At the study
W. Kingery [4] the cure time and increase of the
mixture temperature as a result of the reactions were
determined. This study showed that the products of the
reactions are a set of hydrophosphates. Since then, this
approach, based on acid-base reactions, has been used to
synthesize a number of chemically bound phosphate
materials. Zinc phosphates were used as dental cements
during the first half of the twentieth century.
Subsequently, a struvite (ammonium magnesium
phosphate cement) and calcium aluminate were
developed at Brookhaven National Laboratory (USA)
on the basis of CBPCs [5]. The applications of
phosphate materials for further immobilization of the
radioactive and hazardous waste were proposed by
researchers of the Argonne National Laboratory (ANL,
USA). In particular, ANL scientists have developed
magnesium-potassium phosphate ceramics
KMgPO,-6H,0 (MPP) by reacting MgO with a KH,PO,
solution that can be used to immobilize solid, LRW and
sludge. In addition, among many other studies, the
possibility of isolating low-activity mixed wastes and
wastes containing technetium has been explored [6, 7].

Magnesium-potassium phosphate KMgPQO,4-6H,0 is
related to CBPCs materials and possesses a unique
properties. MPP is classified as ceramic cement, which
has characteristic properties of both ceramic and
hydraulic materials. The microstructure of MPP is
similar to the ceramics, with a strongly expressed
crystalline structure. However, in the contrast to
ceramics, MPP is formed at room temperature and uses
water at the beginning of chemical reactions with
subsequent solidification of a material similar to the
manufacture of hydraulic cement compounds [8]. The
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main characteristics CBPCs materials, Portland cement
and traditional ceramics are compared in Table 1.
CBPCs are characterized by a strong crystalline
structure and, as a rule, have better mechanical

properties compared to Portland cement. Unlike
Portland cement with pH value about 12, the final pH of
CBPCs is neutral, which makes it inert to the additives
used to produce the various composites.

Table 1
The main characteristics of CBPCs materials, Portland cement and traditional ceramics
Properties CBPCs Portland cement Trad|t|<_)nal
ceramics
Manufacturing Acid-base reaction, Hydration, N
hydration, S . Sintering
process e solidification
solidification

Temperature of Room temperature

Room temperature High temperature

solidification
Acidity and
alkalinity of final Neutral Strongly alkaline Neutral
product
Crystallinity High Low High
CBPCs are used as a material for building panels, materials that require high temperatures during

dental material, for the quick repair of damaged roads,
bridges and runways. Furthermore, the possibility of
material applications for protection against neutron,
y-radiation and the safe isolation of radioactive waste is
now under consideration.

At present, there is an urgent problem for the
Ukrainian NPPs with the conditioning of LRW to a
condition acceptable for disposal. It is known that the
annual generation of LRW per unit of installed capacity
ranges from 70 m* GW (Khmelnitsky NPP) to
320 m¥GW (Rivne NPP). Such values are significantly
higher than the corresponding values for WWER
reactors operating in Bulgaria, Slovakia and the Czech
Republic. Capacities for the bottom residue are filled by
70...80% (Zaporizhska and South-Ukrainian NPPs),
and the resource for the placement of salt melt is close
to exhaustion (Zaporizhska and Rivne NPPs) [9].

To solve the problem of LRW solidification, the
magnesium-potassium phosphate ceramics application
is proposed. MPP ceramics have room temperature of
synthesis and demonstrate better corrosion and radiation
properties than the cement compounds. The technology
of MPP ceramics manufacturing is cost-effective due to
the fact that the process does not require heat treatment.
In addition, the solidification of magnesium-potassium
phosphate occurs in a short time. The short
solidification time is of special interest because of the
minimization the impact of radiation on workers in the
processing of radioactive waste. The starting materials
for the manufacture of MPP matrices are readily
available at relatively low cost. The MPP manufacturing
technology is very similar to the cementing technology,
which means that the same equipment can be used for
the LRW cementing process [10].

PRODUCTION AND RESEARCH OF
MAGNESIUM-POTASSIUM PHOSPHATES
WITH CESIUM

As well known, the activity of the NPP LRW is
determined by the radionuclides ****’Cs and ®Co [11].
Cs is mainly present in the LRW as chloride, nitrate and
sulfate and therefore well soluble in water. In addition,
cesium compounds are highly volatile. Thus, many

manufacturing process are unsuitable for use. Therefore,
the study of the possibility of immobilization of cesium
in a chemically stable matrix, based on magnesium-
potassium phosphate, is quite relevant.

The following reagents were used for the synthesis
of magnesium-potassium phosphate:

— magnesium oxide MgO;

— potassium dihydrophosphate KH,POy;

— distilled water (pH = 5.5).

Magnesium-potassium phosphates were produced at
room temperature as a result of the acid-base reaction
between magnesium oxide MgO and potassium
dihydrophosphate KH,PO, in water:

Mgo + KH2PO4 + 5H20 = KMgPO46H20 (1)

In the case of synthesis of cesium-containing MPP
samples, cesium chloride CsCl was used as the starting
reagent.

To slow down the rate of reaction of magnesium
oxide with potassium dihydrophosphate, heat treatment
of magnesium oxide powder was carried out at 1300 °C
for 1 h in air. The magnesium oxide produced after heat
treatment is characterized by the structure of periclase.

The dry mixture of MgO and KH,PO, was
thoroughly mixed, and then the required amount of
water was added to the mixture. The resulting mass was
then stirred for 20...30 min until pasty. The paste was
placed in a plastic form. The paste temperature was
raised up to 45°C during 10 min. To increase the
reaction time, 1...2 wt.% boric acid (H;BOj3) was added
to the mixture. After removal from the plastic form, the
MPP samples were kept at 20 °C for 28 days. As a
result, samples of compositions (KMgPO,-6H,0) and
(KMgPQO4-6H,0 + (10...15) wt.% CsCl) were obtained
in the form of a cube with dimensions 20x20x20 mm
and cylindrical samples with a diameter of 19 mm and a
height of 35 mm (Fig. 1,a). Using X-ray phase analysis
(DRON-4-07, Cu Ka) of the obtained MPP samples, it
was found that the X-ray lines correspond to the
crystalline hexahydrate of double magnesium and
potassium orthophosphate KMgPO,4-6H,0 (JCPDS 35-
0812) (see Fig. 1,b). The density of the obtained MPP
samples was about 1.7...1.8 g/cm® [12, 13].
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Fig. 1. MPP samples: a — view, b — XRD pattern
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The MPP samples behavior during the heating
process was determined by differential thermal and
thermogravimetric analysis (DTA/TG) (Fig. 2,3).
DTA/TG analysis was performed on a Simultaneous
DSC-TGA SDT Q600 thermal analyzer. It was found
that the endothermic peak at a temperature of 120 °C
corresponds to the dehydration of magnesium potassium
phosphate according to the following reaction [14]:

This fact was confirmed by weight loss (~ 40%) on
the TG curve, which corresponds to the loss of
stoichiometric amount of bound water. The small
exothermic peak near the temperature of 400 °C,
apparently, corresponds to the reversed phase transition
a-KMgPO4 — B-KMgPO, previously found by the
authors [15] during the thermal treatment of K-struvite
single crystals MgKPO,6H,O at a temperature of
362 °C. After heat treatment of MPP samples at
1300 °C for 45 min, lines of dehydrogenated potassium-
magnesium monophospate phase o-KMgPO, were
observed (see Fig. 2,b). These data are in good
agreement with previously reported results of the X-ray
phase analysis of synthesized anhydrous phosphate
KMgPO, with the addition of Eu [16].

As it can be seen from the above-mentioned XRD
phase analysis, the obtained material in the case of MPP
samples with cesium is identified as magnesium-
potassium orthophosphate, which can be generally
represented as K;.,Cs,MgPO,-6H,0 (Fig. 3,a).
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Fig. 2. MPP samples: a — DTA/TG analysis, b — XRD
pattern after heat treatment at 1300 °C for 45 min

In addition, the lines of chlorine-magnesium
phosphate Mg,PO,Cl were observed on the diffraction
patterns. A slight shift of the main X-ray lines
KMgPO,-6H,0 towards smaller angles was detected
comparing to the diffraction patterns of MPP and
MPP + 10 wt.% CsCI (see Fig. 3,b). This fact is typical
for the structural substitution of atoms by other atoms
with larger ionic radii. At present study, potassium
atoms were replaced by cesium atoms and lattice
parameters were correspondingly increased [12].

Analysis of infrared (IR) absorption spectrum (IR
spectrophotometer IRS-29 (LOMO)) of the MPP sample
shows that the main bands in the IR spectrum
correspond to the magnesium-potassium phosphate
KMgPO,-6H,0: 570, 630, 760, and 1050 cm™ [17]
(Fig. 4,a). This fact is in a good agreement with the
XRD data (see Fig. 1,b). According to the view of the
IR spectrum of the MPP + 10 wt.% CsCl sample, the
phase composition is similar to the MPP sample without
CsCl addition, since all the bands in the spectrum
coincide (see Fig. 4,a,b). The difference is that the
intensity of all bands corresponding to the phosphate
phases has significantly increased, and the highs have
become narrower and clearer. Such changes in the
spectrum are associated with a higher degree of
crystallinity of the sample. In addition, the increase in
crystallinity is evidenced by the XRD phase analysis of
the MPP samples with and without CsCI addition (see
Figs. 1,b, 3,3).

The general view of the IR spectrum of the sample
MPP + 15 wt.% CsCl similar to the spectrum of the
sample with the addition of 10 wt.% CsCl (see Fig. 4,c).
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Fig. 3. XRD patterns: a — MPP +10 wt.% CsCl,
b — MPP and MPP + 10 wt.% CsClI [12]

However, the difference was that the main bands
corresponding to the KMgPO,4-6H,0O phase (565, 620,
760, and 1040 cm™) shift to the low-frequency region of
the spectrum by 5...10 cm™, and the intensity of bands
is slightly reduced. Such shifting of the absorption
bands into the low-frequency region can be caused by

an increase in the mass of the atoms when part of the K
atoms was isomorphically substituted by Cs [18].

To determine the behavior of cesium containing
magnesium-potassium  phosphates during heating
process, a heat treatment of MPP + 10 wt.% CsClI and
MPP + 15 wt.% CsCl samples was carried out in air at
700, 1050, and 1176 °C with different holding times: 1,
2.5, and 3 h, respectively. The experiments have shown
that the heat treatment at 700 °C results in a weight loss
of 27...28 %. Further increasing of the temperature up
to 1150 °C leads to the weight loss of the samples about
1%. The sample material melts near this temperature.
Elemental analysis of MPP samples with the addition of
10 wt.% CsCl was performed on an EMAL-2 laser mass
spectrometer. The results of elemental analysis of MPP
+ 10 wt.% are presented in Table 2. From the above
data it can be concluded that the amount of cesium in
MPP sample does not practically change with increasing
processing temperature. It should be noted that the
content of cesium in the MPP sample also remains the
same after heat treatment at 1176 °C and a holding time
of 3 h, i.e. at the sample melting conditions.

It has been shown that Cs can be incorporated into
the crystalline structure of struvite-K using acid-alkali
reaction of the MPP synthesis at room temperature.
Addition of cesium chloride during the reaction leads to
changes in the size of the unit cell of the obtained
phosphates. This fact confirms the partial replacement
of potassium by cesium. Thus, the obtained MPP matrix
retains the rhombohedral crystalline structure and
demonstrates high heat-resistance. Moreover, even
heated to high temperatures Cs remains incorporated to
the MPP matrix and does not enter to environment.
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Fig. 4. IR absorption spectra of the samples: a — MPP; b — MPP + 10 wt.% CsCl
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Fig. 4. IR absorption spectra of the samples: ¢ — MPP + 15 wt.% CsCl

Table 2

Elemental composition of MPP+10 wt.% CsCl sample after heat treatment

Temperature Elemental composition, wt.%
and holding
time K Mg P 0} Cs Cl Na Si S
700°C,1h 99 (241 146 |30.8| 10.3 59 [ 35 ] 02 | 0.7
1050 °C,2.5h 7.2 | 2552148 | 323 | 103 | 0.03 | 243 |0.16 | 0.6
1176 °C, 3 h 170|234 | 147 | 304 | 10.75 | 0.03 332 0.2 | 0.2

INCREASING OF THE MECHANICAL
STRENGTH OF MPP SAMPLES

An increase in the mechanical strength of
magnesium-potassium phosphate samples was achieved
by the addition of reinforcing additives of wollastonite
CaSiO; and slag from the metallurgical plants. It is well
known that slags, sludges and other metallurgical waste
are good sorbents for both heavy metals and
radionuclides [19]. In addition, the inclusion of slag can
increase the mechanical strength of the MPP materials,
as well as increase the sorption capacity, which is very
important for the immobilization of radioactive waste.

In the case of the wollastonite addition, it was
established by XRD phase analysis that the composition
of MPP + wollastonite composite material consists
mainly of magnesium-potassium phosphate
KMgPO,-6H,0, wollastonite CaSiO; (JCPDS 45-0156),
and magnesium oxide MgO (JCPDS 45-0946)
(Fig. 5,a).

Fig. 5,b shows a SEM image of the microstructure
(scanning electron microscope JSM-7001F (JEOL,
Japan)) sample of the composition of MPP + 10 wt.%
wollastonite. The microstructure of the sample is a
magnesium-potassium-phosphate  matrix ~ with  the
additions of well-visible crystals of wollastonite. The
crystals of wollastonite act as the second phase, which
enhances the magnesium-potassium phosphate matrix.
There is a tendency to increase the tensile strength of
the MPP samples with the increasing in the amount of
added wollastonite. Thus, the tensile strength without
additives of wollastonite is about 8.6 MPa, with the
addition of 10 wt.% wollastonite — 14.7 MPa, with the
addition of 15wt.% —17.5MPa, and 20 wt.%.—
23.2 MPa.

The composition of blast furnace slag, the properties
and amount depend on the chemical and mineralogical
composition of the iron ore rock, coke ash, sulfur
content in the charge, the nature of the recovery process
and the thermal state of the furnace, as well as the brand

of smelted iron. The blast furnace slag is based on CaO,
Si0,, A1,03, MgO, and FeO oxides. For most slags, the
mass fraction of the first four oxides is about 90% [20].
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Fig. 5. The sample of MPP+10 wt.% CaSiO3
composition: a — XRD patterns, b — SEM image

Using XRD phase analysis, it was established that
the main phase of the MPP + 15 wt.% slag from the
Mariupol Metallurgical Plant, the Zaporizhstal Steel

Plant and the Dnieper Metallurgical Plant is
KMgPO,6H,0  magnesium-potassium  phosphate,
which provides a K-struvite structure. K-struvite

structure is a base of matrix and saves integrity of the
material (Fig. 6,a). In addition to the main phase, the



oxermanite Ca,MgSi,O;, gelenite Ca,Al,Si0;, two
calcium silicate Ca,SiO,4 and residues MgO, which did
not react [21], were identified in the sample
MPP + 15 wt.% slag from the Mariupol Metallurgical
Plant.

The compressive strength tests of magnesium-
potassium phosphate samples with the addition of 10,
15 and 20 wt.% slag from metallurgical plants showed
that sample of MPP + 20 wt.% slag from the Mariupol
Metallurgical Plant has a maximum compressive
strength 31.6 MPa compared to samples of other
compositions. The presence of a large number of
magnesium-containing phases and stable triple oxides in
the composition of the slag from the Mariupol
Metallurgical Plant probably leads to the formation of a
sufficient number of reinforcing particles in the MPP
matrix, which provides the maximum value of strength.

IMMOBILIZATION OF CS IMPREGNATED
CLINOPTILOLITE INTO MPP MATRIX

One of the main methods for the extraction of
radionuclides from LRW generated by the operation of
a NPP is the sorption method. Natural and synthetic
zeolites, among others, are used as inorganic sorbents.
Natural zeolites are much cheaper than synthetic
zeolites and have a high ion-exchange capacity and
mechanical strength. The reversibility of the ion
exchange reaction leads to the creation of conditions for
leaching of radionuclides during storage of spent
sorbents [22]. Therefore, for reliable isolation of waste
sorbents, it is necessary to ensure radionuclides
inclusion in the matrix material and further guarantee of
the localization of radionuclides during storage and
subsequent disposal.
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Fig. 6. The sample of MPP+15 wt.% slag from the
Mariupol Metallurgical Plant composition:
a— XRD patterns; b — SEM image

A natural clinoptilolite from Sokirnytsky deposit of
Transcarpathian region, impregnated with cesium was
used as a simulator of the spent sorbent. XRD phase
analysis of the natural clinoptilolite sample showed that
it consists of two main phases: clinoptilolite
(Na,K),CaAlgSiz07,24H,0 (JCPDS 24-0319) and
mordenite  (Na,Ca,Ky),AlgSiy0028H,0  (RRUFF
R070524). In addition, the impurities of SiO,, Fe,0s,
and TiO, phases were observed.

The solution of cesium chloride 0.5 M was used to
impregnate the clinoptilolite with cesium. Prior to the
adding of cesium-clonoptilolite in MPP matrix, the
matrix was ground in a planetary mill (Pulverisette 6,
Germany) for 4 h at 300 rpm. XRD phase analysis of
crushed clinoptilolite with cesium showed a tendency to
decrease the amount of mordenite. The mordenite
material undergoes more significant destruction during
grinding process due to the fact that the strength of
mordenite is lower compared to clinoptilolite (Fig. 7,a).
To obtain the magnesium-potassium phosphate matrix
of 25wt.% impregnated with cesium, potassium
dihydrophosphate solution was added to a stirred
mixture of starting reagents (MgO, clinoptilolite +
CsCl) according to a stoichiometric ratio. The obtained
material is identified as the magnesium-potassium
phosphate matrix with the presence of unreacted
clinoptilolite, mordenite, TiO,, and MgO phases (see
Fig. 7,b) [23].
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Fig. 7. XRD phase analysis of samples:
a — clinoptilolite + CsClI (grinding for 4 h at 300 rpm),
b — KMgPQO,-6H,0 + 25 wt.% clinoptilolite + CsCl

The study of the microstructure of the samples of
magnesium-potassium  phosphate  matrix + 25 wt.%
clinoptilolite with cesium shows that the heterogeneity



of the structure from fibrous formations to grains of
irregular shape was observed in different parts of the
sample (Fig. 8). The elemental analysis of the sample’s
composition by the energy dispersive X-ray
microanalysis method (INCA Penta FETx3 analyzer,
Oxford Instruments, United Kingdom) revealed that the
fibrous structure is mainly represented by the
magnesium-potassium-phosphate matrix with a small
amount of clinoptilolite and cesium (~ 3.5 wt.%)

elements. In turn, the grain structure consists of
elements of both magnesium-potassium phosphate and
clinoptilolite and contains a greater amount of cesium
~13wt.% (Table 3). This means that probably some
part of the cesium is incorporated into the magnesium-
potassium phosphate structure and the other part was
remained into the clinoptilolite encapsulated into the
phosphate matrix.

Table 3
Elemental composition of the grains structure of MPP + 25 wt.% clinoptilolite with cesium
Element ) Mg Al Si P K Cs Total
Wt.% 45,91 8.80 0.96 6.58 14.46 10.67 12.62 100.00

SiKa1

Fig. 8 presents the distribution maps of the main
elements of the obtained material. Comparison of
distribution maps of the cesium with the components of
the MPP and the clinoptilolite further confirms the
conclusion that most of the cesium is contained in the
channels of the clinoptilolite encapsulated in the MPP
matrix.

Corrosion tests were carried out by leaching of
sample’s materials of MPP  matrix + 25 wt.%
clinoptilolite with cesium. Results demonstrate that
normalized leaching rate of cesium after 7 days of
testing was about 2.58-10 g/(cm?-day), and in order to
magnitude less than leaching rate of cesium from
cemented forms of waste.

IMMOBILIZATION OF SIMULATORS
OF LIQUID HIGH-SALT WASTE OF THE
HANFORD (USA) DISPOSAL INTO THE
MPP MATRICES

Study on the immobilization of bottom sediment
simulators of liquid high saline wastes from HWF
reservoirs at Hanford (USA) in MPP matrices was
carried out in ISSPMT NSC KIPT in cooperation with
the Argon National Laboratory (ANL, USA) in the
framework of STCU P-547 partnership project. The
radioactive waste has been generated during plutonium
production more than 45 years and contains a large

Cs La1
Fig. 8. SEM image of sample of MPP matrix + 25 wt.% clinoptilolite with cesium and distribution maps
of main elements

number of long-lived fission products and transuranium
elements. The bottom sediments contain 95% of the
total *°Sr and more than 90% of the transuranium
elements stored in the tank. The bottom sediments
contain quite high concentrations of elements such as
Fe, Al, Ca, Na, U, Cr, Pb, and others, and demonstrate
high activity due to the presence of the following
radionuclides: ?°Pu, 2*Pu, #'Pu, *¥Cs, *sr, *'Np,
2Am [24].

Compositions of high salt wastes of K-Basin bottom
sediments (K-East or KE and K-West or KW) were
investigated.  Non-radioactive  radioactive ~ waste
simulators were obtained by mixing radioactive isotope
simulators with other non-radioactive components in
water. The main components and simulators of actinides
were added in the form of oxides or carbonates. The Am
elements were simulated by Sm, Np using Pr, Pu — Ce,
and U — Nd. Non-radioactive Cs and Sr, representing by
isotopes (fission products), were also added as
carbonates. Dangerous elements were added as
chlorides, except for Cr, which was added as Cr,0Os.
After KE and KW Basin (Floor sludge) waste
simulators were prepared, elemental analysis was made
using EMAL-2 laser mass spectrometer to ensure that
solids content was consistent with the data presented in
the review [24]. The results of the analysis together with
the required KE and KW Basin waste simulator’s



compositions are presented in Table 4. Overall
consistency between the required and the prepared
composition was achieved. The slight deviations
between the required and the measured quantities are
probably related to the potential limitation of the
mathematical model used to calculate the corresponding
quantities of simulators.

Solidification of the waste simulators KW/KE Basin
sludge was performed by adding first KH,PO, with
continuous stirring and then MgO in the ratio MgO (g):
KW/KE Basin sludge (ml): KH,PO, (g) = 1: 2:3 (Fig. 9).

The results of the XRD phase analysis of the
obtained matrices showed that the crystalline phase in
the samples of KW/KE Basin sludge waste simulators
corresponds essentially to the magnesium potassium
phosphate KMgPO,:6H,0. In this case, a small number
of lines of other phases and a slight shift of the basic
lines of magnesium-potassium phosphate on the
diffraction patterns of the KW/KE Basin sludge waste
simulators were observed. This fact may be related to
the formation of the variable KMgPO,6H,0 phase
composition due to partial replacement of potassium by
sodium and magnesium by iron.

The effect of the content of KW/KE Basin sludge
waste simulators on the strength characteristics of the
solidified product was investigated. It was shown, that
the increase of the amount of added waste simulators in
MPP matrix from 33.3 to 39.4 wt.% leads to a tendency
of the compressive strength increasing of the samples of
the solidified simulators KW/KE Basin sludge waste.
The compressive strength of the obtained samples was
more than 9 MPa, which complies with the
requirements of GOST R 50926-96 [25].

In order to investigate the radiation resistance, the
magnesium-potassium phosphates and the solidified
simulators of the KW/KE Basin sludge waste were
irradiated by electron irradiation to dose of 10% rad
(10° Gy) and by bremsstrahlung y-excitation to dose of
10% rad (10° Gy) using the KUT-1 electron accelerator
(electron energy up to 10 MeV).

Fig. 9. Solidified simulators of the KW and KE Basin
sludge waste

The density, the compressive strength and the phase
composition of the samples before and after irradiation
were also determined. It was found that the density and
compressive strength of the solidified simulators
KW/KE Basin sludge waste did not significantly
change. In appearance, the irradiated y-radiation and
electron samples did not differ from the non-irradiated
samples. No changes in the volume and apparent
damage of the samples were observed.

Table 4

Required and obtained KE and KW Basin waste simulator’s compositions

K-Basin sludge, g/l
Element - KE - - KW -
Required Obtained Required Obtained
composition | composition | composition composition
1 2 3 4 5
B 0.127 0.177 - 0.0022
C - 0.148 - 0.372
N - 16.598 - 27.54
@] - 3535 - 248.5
Na 2.055 8.78 - 3.66
Mg 1.098 4.65 - 0.216
Al 45.05 90.0 45.05 62.16
Si - 0.66 - 0.252
P - 0.0295 - 0.00588
S - 69.344 - 96.78
Cl - 0.0347 - 0.228
K 1.52 2.065 - 0.222
Ca 3.607 251 3.607 6.9
Cr 0.352 2.066 0.352 2.82
Mn 0.3315 0.738 - 0.186
Fe 144.1 147.466 144.1 126.72
Ni 0.056 0.032 - 0.0144
Co - 0.0036 - -
Cu 0.3584 0.332 0.0216 0.078
Sr 0.0025 0.148 0.0013 -
Zr 0.214 0.063 0.0013 -
Ba 0.148 0.14 0.148 —




1 2 3 4 5
Ce 0.0396 4.13 0.0216 0.078
Cd 0.083 - - -
Zn 0.559 0.68 - -
Pb - - 0.259 0.0588
Cs 0.005 - 0.0029 0.408
Pr 0.009 - - -
Zr 0.214 0.063 - -
Nd 53.83 27.22 53.83 15.6
After the MPP samples irradiation by The corrosion properties of MPP matrices were

bremsstrahlung y-irradiation to the set of absorbed doses
up to dose of 10° rad, no phase changes were observed.
Figs. 5,a and 10,a show the diffraction patterns of the
sample composition (KMgPO,4-6H,0 + 10 wt.%
CaSiO3) before and after y-irradiation. The diffraction
patterns comparison shows the complete coincidence of
the main X-ray lines of magnesium-potassium
phosphate before and after y-irradiation. In contrast to
y-irradiation, after electron irradiation to the set of
absorbed dose up to dose of 10 rad the diffraction
patterns of the sample composition (KMgPO,6H,0 +

10 wt.% CaSiOz) demonstrate  X-ray lines of the
magnesium-potassium phosphate monohydrate
KMgPO,H,0, magnesium-potassium phosphate

KMgPO,, wollastonite CaSiO; and magnesium oxide
MgO on the halo background at angles in the range 20°—
20-40° (see Fig. 10,b). This fact indicates that after
irradiation by  high-energy electrons (10 MeV)
dehydration and amorphization of MPP samples took
place [26].
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Fig. 10. Diffraction patterns of the sample composition
(KMgPO,4-6H,0 + 10 wt.% CaSiO3):
a — after y-irradiation process; b — after electron
irradiation process

determined by leaching in water samples of the
compositions  (KMgPO,4:6H,0 + (10...15) wt.% CsCl)
and solidified simulators KW/KE Basin sludge waste, in
accordance with the requirements of PCT and ANS 16.1
tests [27, 28]. The concentration of elements in solution
after leaching was determined by atomic emission
spectroscopy with inductively coupled plasma ICP-AES
(Trace Scan Advantage spectrometer manufactured by
Thermo Jarrell Ash, USA). The leaching rate values
were calculated from the PCT test and shown that the
basic elements of the MPP matrix, such as potassium,
magnesium, and phosphorus have very low leaching
rates of about 10°°...10° g/(m*day) [29].

Low values of leaching rates (10™...10" g/(cm?-day))
of Cs, Sr, Eu, Nd, Sm, Ce, and Pr after 90 days of
leaching at 25°C according to ANS 16.1 test,
demonstrated high corrosion resistance of the obtained
protective matrices on the basis of magnesium-potassium
phosphate against leaching of radionuclides simulators.

CONCLUSIONS

1. The method of Cs encapsulating into the
protective matrix based on magnesium-potassium
phosphate KMgPO4-6H,0 was developed by means of
synthesis at room temperature. X-ray phase analysis of
the synthesized materials after cesium incorporating
showed that the crystalline structure of K, ,CyMgPQy,
6H,O was not changed in comparison with
KMgPO,-6H,0 material. There was a slight increase in
the parameters of the crystalline lattice of magnesium-
potassium phosphate with cesium, which confirms the
isomorphic substitution of part of K atoms by Cs atoms.
The Cs incorporated in the MPP matrix has demonstrated
low leaching rates in water and did not enter the
environment even heated to high temperatures.

2. The increasing of mechanical strength of
magnesium-potassium phosphate samples by the adding
of reinforced additives of CaSiO; wollastonite and slag
of the metallurgical plants was detected. The maximum
value of the compressive strength was obtained on
samples of the composition MPP + 20 wt.% slag from
the Mariupol Metallurgical Plant.

3. The study was carried out to incorporate cesium-
impregnated clinoptilolite into the magnesium-
potassium phosphate matrix. The analysis of the
microstructure and elemental composition of the
samples (MPP matrix + 25 wt.% clinoptilolite with
cesium) showed that part of the cesium incorporated to
the structure of magnesium-potassium phosphate and
the other part was remained in the clinoptilolite
encapsulated in the MPP matrix. Corrosion tests were
performed by leaching of sample materials (MPP matrix



+25wt.% clinoptilolite with cesium). Results have
shown that the normalized rate of leaching of cesium
after 7 days of testing was 2.58-10 g/(cm*day).

4. The studies on the immobilization of simulators of
liquid high-salt radioactive waste from reservoirs at
Hanford were carried out. The results of the XRD phase
analysis of the obtained matrices showed that the X-ray
lines mainly correspond to crystalline magnesium-
potassium  phosphate  KMgPO46H,0.  Electron
irradiation and y-irradiation did not lead to significant
changes in the appearance and size of the samples of the
solidified Hanford waste simulators, In addition, no
significant effect on the density and tensile strength of
the samples was detected. The obtained MPP protective
matrices demonstrated high corrosion resistance with
respect to leaching rates of stable Cs, Sr, Ce, Pr, Sm,
Co, Nd elements imitating radionuclides
(10™...10°° g/(cm*day)).

5. Comprehensive research was conducted to
substantiate the application of magnesium-potassium
phosphate materials for the immobilization of
radioactive waste. The obtained results of the MPP
matrices using for immobilization of cesium,
clinoptilolite with cesium, and the simulators of
Hanford high-salt waste give good grounds for
considering the application of MPP matrices for
solidification of LRW of Ukrainian NPPs.
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3KCIEPUMEHTAJIbHOE UCCJEJOBAHUE UMMOBWJIN3ALIMU PAJUOAKTUBHBIX
OTXOJI0B B HUBKOTEMITEPATYPHOM KAJIU-MATHUM-®OCPATHOM
KEPAMUWYECKOM MATPHIIE

C.1O. Caenxo, B.A. llIkyponamenko, A.B. Ilununenxo, A.B. 3vikosa, C.A. Kapcum,
B.B. Anopeesa, C.B. Mowima

[pencraBnens! pe3ynbrathl BbimosHeHHbIX HHI[ X®DTHU pabor no npuMeHeHWro Kajiuii-marauii-pochaTHbIX
KEepaMHYEeCKUX MaTpull JUIi UMMOOMIM3AaLUKM E3Hs, KIMHONTWIIONHUTA C IIe3MeM W OTBEPIKACHUS MMHTATOpPOB
BBICOKOCOJIEBBIX BBICOKOAKTHUBHBIX OTXOJIOB. YCTAaHOBJICHA BBICOKAas paJUallMOHHAS U KOPPO3UOHHAs CTOMKOCTH
IIOJIyYEHHBIX MAaTpULl K BbILICIAYMBAHUIO MMHUTATOPOB PAJMOHYKIUIOB U OCHOBHBIX KOMIIOHEHTOB TBEPIBIX
KepaMH4YeCKnX KoMmayHaoB. [loka3aHo, 4To Kanmii-MarHui-ocdarHas MaTpHLIa MOXKET OBITh MCHOJIB30BaHA IS
OTBEPXKICHUS KUAKHX PATUOAKTUBHBIX 0TX0J0B ADC YKpanHbI HU3KOTO U CPEJHETO YPOBHEH aKTUBHOCTH, B TOM
YHCIIE C YBEIMUYEHHBIM COJIECOAEPKAHUEM.

EKCHHEPUMEHTAJIBHE JOCJIAIZKEHHSI IMMQEIJIBA].[Ii PAJIOAKTUBHHX BIIXO/IB
Y HU3bKOTEMIIEPATYPHIU KAJIIU-MATHIM-@OCPATHIN KEPAMIYHIN MATPUII

C.1O. Caenko, B.A. IllIkyponamenxko, O.B. ITununenko, A.B. 3ukosa, C.0. Kapcim,
B.B. Anopcesa, C.B. Mowma

Ipencraneni pe3ympratn BukoHaHmx y HHI[ X®TI pobit mo 3acTocyBaHHIO Kamii-MarHiid-gochaTHHX
KepaMiuyHUX MAaTpHUIb Ui iMMOOUTI3amil 1e3il0, KIHONTIIONITY 3 Ie3ieM Ta OTBEP/UKCHHSA IMITaTopiB
BHCOKOCOJIFOBHUX BHCOKOAKTUBHUX BiIX0JiB. BcTaHOBIIEHa BHCOKa pajialliifHa Ta KOpO3iiHA CTIHKIiCTI OTPUMaHUX
MaTpHllb JO BHWJIYIOBYBaHHS IMITaTopiB paIiOHYKJIJIIiB Ta OCHOBHMX KOMIIOHEHTIB TBEPIMX KepaMidHUX
kommayHaiB. [TokaszaHo, mo kanii-martii-gocdarna marpuiis Moxke OyTH BUKOPHCTaHA Ul OTBEP/DKEHHS PIAKHX
pamioakTuBHUX BigxoniB AEC YkpaiHW HU3BKOIO Ta CEpeIHbOIO PIBHIB aKTMBHOCTI, Y TOMY YHCII 31 30UIbIIEHUM
COJIEBMiCTOM.
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