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Abstract. This article summarizes the results of our research on the possibility of using a magnesium potassium 
phosphate (MPP) matrix to solve the problem of immobilization of radioactive waste (RW) generated during 
reprocessing of mixed uranium plutonium nitride spent nuclear fuel. We used CaCO3 as a surrogate of waste 
containing 14C, as well as an aqueous solution of 41.6% LiCl-52.9% KCl-5.5% CsCl as a surrogate of the spent 
electrolyte formed during the pyrochemical fuel reprocessing. The mechanical, radiation and hydrolytic stability of 
the obtained compounds were investigated. It was found that the compounds have a high compressive strength of 17–
26 MPa. The minimum carryover of carbon dioxide into the atmosphere during the synthesis and keeping of the 
samples for 14 days was noted - no more than 3 wt%. It was found that the change of the matrix phase occurs during 
the irradiation by accelerated electrons during the accumulation of the absorbed dose of 108 Gy. In this case, the 
leaching rate of components of the compound including irradiated one corresponds to the current regulatory 
requirements for materials for RW immobilization. The differential leaching rate of Cs at 25 °C from monolithic 
samples containing LiCl-KCl-CsCl on the 91st day of samples contact with water was (5–11) × 10-5 g/(cm2·day) 
(according to GOST R 52126-2003 test), and was (4–29) × 10−7 g/(cm2∙day) on the 7th day at 90 °C from crushed 
samples (in accordance with PCT standard). The thermal stability of the compound containing LiCl-KCl-CsCl up to 
450 °C was shown. 
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1. INTRODUCTION 

Nowadays, Russia is focused on the closure of the 
nuclear fuel cycle. New types of fast neutron reactors 
and new types of nuclear fuel, including reprocessing 
methods of spent nuclear fuel (SNF), are being 
developed [1]. Combined pyrochemical and 
hydrometallurgical technology (so-called “PH-
process”) was proposed for the reprocessing of mixed 
nitride uranium plutonium (MNUP) SNF of lead-
cooled BREST-OD-300 reactor [2]. 

In the hydrometallurgical reprocessing of MNUP 
SNF from the BREST-OD-300 reactor, almost all  
14C formed as a result of the neutron capture reaction is 
released into the gas phase in the form of carbon 
dioxide during the operation of fuel oxidation (volume 
oxidation) and its separation from the cladding of fuel 
elements. The resulting carbon dioxide containing  
14C is sent to the absorption column, which is irrigated 
with an aqueous solution of sodium hydroxide in a 
circulation mode [3]. Calcium hydroxide, which 
concentrates 14C in the form of calcium carbonate, is 
used to regenerate the sodium hydroxide solution [4,5]. 

In the pyrochemical reprocessing of MNUP SNF, its 
anodic dissolution in the melt of alkali metal chlorides 
and the cathodic deposition of fissile materials are 
carried out using a liquid cadmium cathode [2]. 

Various systems are proposed as electrolytes, including 
LiCl-KCl-CsCl, as well as NaCl–2CsCl, NaCl–KCl,  
LiCl–4.53NaCl–4.88KCl–0.66CsCl, 3LiCl–2KCl and 
others [6]. 

Waste containing 14C and spent electrolyte are 
radioactive waste (RW), so they need to be converted 
into stable form. Glass is the only matrix for 
solidification of high level RW (HLW) used in Russia, 
Great Britain, Germany, France, USA, China and other 
countries [1]. However, vitrification technology is not 
suitable for immobilization of volatile radionuclides, 
since the process proceeds at a high temperature (for 
phosphate glass at 900–1050 °C [7], and borosilicate 
glass at about 1150 °C [8]), which may lead to 
volatilization both radiocarbon (during the 
decomposition of CaCO3) and cesium isotopes at 
temperatures above 750 °C [9,10]. 

For this reason, a magnesium potassium phosphate 
(MPP) matrix based on MgKPO4 × 6H2O [11] obtained 
at room temperature according to the reaction (1) is of 
special interest for the immobilization of such RW. 

MgO + KH2PO4 + 5H2O → MgKPO4 × 6H2O      (1) 

The MPP matrix is an effective mineral-like 
material that minimizes the yield of highly toxic 
radionuclides, which makes it suitable for RW 
immobilization of different activity levels [12–19]. 
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The purpose of our research was approbation the 
MPP matrix for immobilization of RW surrogates 
containing radiocarbon 14C in the form of calcium 
carbonate and spent electrolyte in the LiCl-KCl-CsCl 
system, including the determination of the physical 
and chemical characteristics and hydrolytic stability of 
the resulting compounds. 

2. MATERIALS AND METHODS 

The experiments were carried out in a glove box 
(Pererabotka, Dzerzhinsk, Nizhny Novgorod region, 
Russia) at ambient atmospheric conditions. All 
chemicals were no less than chemically pure grade. 

2.1. Preparation of the MPP compound samples 

Synthesis of the MPP matrix was carried out in 
accordance with the procedure described earlier in our 
article [14] at the MgO: H2O: KH2PO4 weight ratio of  
1: 2 : 3 (molar ratio of 1.1: 5: 1). We used MgO (Rushim 
LLC, Moscow, Russia) precalcined at 1300 °С for 3 h 
(specific surface area was 6.6 m2/g) and KH2PO4 
(Chimmed LLC, Moscow, Russia) crushed to a particle 
size of 0.15–0.25 mm. 

Compounds containing up to 50 wt% CaCO3 were 
prepared by consistent mixing of the matrix 
components (H2O, KH2PO4, MgO) and adding  
CaCO3 at the final stage to minimize the carryover of 
carbon dioxide into the atmosphere during the 
synthesis of the MPP compound. Determination of gas 
evolution during the addition of reagents, stirring, 
setting and subsequent solidification of MPP 
compounds containing CaCO3 was carried out using a 
sealed installation, the scheme of which is given in [4]. 
The content of carbon dioxide within the installation 
volume was determined with a Master KIT MT 8057S 
detector. 

In addition, samples were prepared by 
solidification of aqueous solution of LiCl-KCl-CsCl with 
a ratio of 41.6%–52.9%–5.5% (as a surrogate of spent 
electrolyte, according to [20]). Compounds containing 
up to 20 wt% LiCl-KCl-CsCl, including those containing 
28.6 wt% zeolite (hereinafter the samples are named 
MPPZ) were also prepared [1]. The natural zeolite of 
the Sokyrnytsya deposit, Transcarpathian region  
(ZEO-MAX LLC, Ramenskoye, Moscow region, Russia) 
with a particle size of 0.07–0.16 mm and a specific 
surface area of 17.5 m2/g was used for preliminary 
cesium binding and for increasing the mechanical 
strength of the MPP compound [21]. 

To study the hydrolytic stability of the compound, 
samples were also prepared by solidification of  
LiCl-KCl-CsCl solution containing 137Cs with a specific 
activity of 1.0 × 107 Bq/L [1]. 

Cubic samples of the MPP compound with 
dimensions of 2 × 2 × 2 cm were prepared. The 
samples were kept in air for 15 days to cure. 

2.2. Investigation of the obtained MPP compound 
samples 

The phase composition of the obtained MPP 
compound samples was identified by the X-ray 
diffraction (XRD) method (Ultima-IV, Rigaku, Tokyo, 

Japan). The XRD data were interpreted using the Jade 
6.5 program package (MDI, Livermore, CA, USA) with 
PDF-2 powder database. 

The compressive strength of the MPP compounds 
was determined using a test machine Cybertronic 
500/50 kN (Testing Bluhm & Feuerherdt GmbH, 
Germany) and a laboratory test press PRG-1-50 (VNIR, 
Moscow, Russia). 

The MPP compounds containing CaCO3 were 
irradiated using an ILU-6 pulsed linear electron 
accelerator with energies up to 2.5 MeV. The exposure 
time to achieve the set doses was determined by 
calibrating of film dosimeters SO PD(F)R-5/50  
(GSO 7865-2000) located at different distances from 
the center of the beam. The absorbed dose rate was 
(1.1–2.5) × 103 Gy/s, depending on the location of the 
sample on the accelerator from the center of the 
electron beam. The absorbed dose was calculated from 
the absorption spectra at a wavelength of 513 nm of the 
irradiated dosimeter film obtained using an  
SF-56 scanning spectrophotometer. Unirradiated film 
samples were used as a reference sample. 

Thermal stability of the MPP compounds obtained 
after solidification the LiCl-KCl-CsCl solution up to 
temperature 450 °C was investigated in accordance 
with the current requirements for solidified HLW [22]. 
For this purpose, the samples were kept at 180 °C for 
10 h (to remove bound water) and at 450 °C for 4 h 
(hereinafter named MPPZ_180 and MPPZ_450, 
respectively) in a muffle furnace (SNOL 30/1300,  
AB UMEGA GROUP, Utena, Lithuania). 

The hydrolytic stability of the MPP compounds was 
determined in accordance with the semi-dynamic 
standard GOST R 52126-2003 at 25 ± 3 °C [23] and the 
static standard PCT (Method A) at 90 ± 2 °С [24]. In 
accordance with GOST R 52126-2003, before leaching 
monolithic cubic samples (open geometric surface area 
about 24 cm2) of the compound were immersed in 
ethanol for 5–7 s to clean them from mechanical 
impurities, then the samples were dried in air for 30 
min. Bidistilled water (pH 6.6 ± 0.1, volume 200 mL) 
was used as a leaching agent with its periodic 
replacement after 1, 3, 7, 10, 14, 21 days, the total test 
duration was 28 days, and in the case of the compound 
containing LiCl-KCl-CsCl was 90–91 days. PCT 
leaching test was carried out on 0.07–0.16 mm 
powders that were obtained by crushing and sieving 
the samples (surface of the crushed samples 
determined by the BET method was 15.9; 9.5 and  
6.4 for MPPZ; MPPZ_180 and MPPZ_450 compound 
samples respectively [1]). Compound powders were 
washed by bidistilled water and ethanol. Conditions 
PCT: test duration - 7 days ± 2%, leaching agent - 
bidistilled water (pH 6.6 ± 0.1), leachate 
volume/sample weight - 10 ± 0.5 mL/g. Fluoroplastic 
containers with tightly closed lids, as well as an electric 
drying oven 2V-151 (Medlabortekhnika, Odessa, 
Ukraine) to maintain the temperature were used in the 
experiments. The solutions after leaching were 
decanted and the content of compound components in 
them was determined by ICP–AES and ICP–MS (iCAP-
6500 Duo and X Series2 respectively, Thermo 
Scientific, Waltham, MA, USA). The 137Cs content in 
the solutions was determined by gamma-ray 
spectrometry on a spectrometer Alpha Analyst with a 
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high-purity germanium detector GC 1020 (Canberra 
Ind, Meriden, CT, USA). The content of potassium, 
magnesium, calcium and phosphorus (in terms of 
phosphate ion) in solutions was determined by atomic 
emission spectrometry using an equipment including 
STE-1 spectrometers with a photodiode array MAES 
no. М10052 and PGS-2 with a photodiode array MAES 
no. M08077 with Atom-3.3 software and a Vesuvius-3 
generator. The content of carbonate ion in solutions 
after leaching was determined using a carbonate 
selective electrode XC-CO3-001. 

3. RESULTS AND DISCUSSION 

3.1. Immobilization of calcium carbonate as 14C 
waste surrogate 

During the studying of the phase composition of 
samples containing CaCO3, it was shown that all the 
obtained compounds consist of the phases  
MgKPO4 × 6H2O, MgO, and CaCO3, including after 
irradiation to a dose of 106 Gy (the requirement for 
cement compound for the RW immobilization in 
Russia [22]) and even up to 107 Gy. An example of a 
diffractogram is shown in Figure 1. At the same time, 
with an increase in the irradiation dose of compounds 
containing 40 wt% CaCO3 to a dose of 108 Gy, the 
diffraction reflections of the MgKPO4 × 6H2O phase 
were not identified. It was found that the irradiated 
samples are composed of the phases of trigonal CaCO3, 
cubic MgO, monoclinic magnesium pyrophosphate 
Mg2P2O7, and the minor phase K6P6O18 × 3H2O. Such a 
change in the phase composition is probably associated 
with the destruction of the target phase during 
radiation and thermal exposure under the action of 
accelerated electrons. Obviously, as a result of this 
effect, the decomposition of crystalline hydrate 
MgKPO4 × 6H2O occurred with the removal of bound 
water, and, probably, the decomposition of this phase 
into simpler and thermodynamically more stable 
crystalline phosphate structures due to crystallization 
of new phases could occur [5]. 

 
1 – MgKPO4 × 6H2O (K-struvite);  

2 – CaCO3 (calcite); 3 – MgO (periclase) 

Figure 1. X-ray diffraction pattern of 
MPP compound containing 10 wt % CaCO3 

During the study of the mechanical strength of the 
samples obtained, it was found that their compressive 
strength is 22 ± 5 MPa (Figure 2) [4], which meets the 
requirements for a cement compound (not less than 

4.9 MPa) [22]. It should be noted that the strength of 
the compounds during immobilization of calcium 
carbonate does not decrease relative to the strength of 
the blank sample of the MPP matrix [13]. 

 
Figure 2. Compressive strength of the 

MPP compounds containing CaCO3 [4] 

The CO2 content released from the MPP 
compounds containing CaCO3 during synthesis and 
curing of samples was periodically determined in the 
air atmosphere of the sealed box. Figure 3 shows a 
dependence of the amount of evolved gas for the 
sample of MPP compound containing 20 wt% CaCO3. 
As a result, it was found that in all experiments already 
after 7–8 days of keeping the compound, the level of 
released CO2 became constant and did not change until 
the end of keeping (14 days), and its percentage did not 
exceed 2-3 % of initial carbonate added in the 
compound [4]. 

 
Figure 3. Dependence of the amount of evolved CO2 during 

curing of MPP compound containing 20 wt% CaCO3 [4] 

During study of hydrolytic stability of the MPP 
compound samples in accordance with GOST R 52126-
2003 test, it was established that the kinetic curves of 
the leaching rate of compound components have a 
similar nature for the samples studied containing 20 or 
40 wt% CaCO3, including ones after the accumulation 
of a dose of 108 Gy. The data оn leaching rate in the 
case of the sample containing 40 wt% CaCO3 is 
presented in Figure 4, as well as in the Table 1 [5]. 

Data in Figure 4 shows that during the test the 
leaching rate of components decreases, that is 
explained by the main kinetic stage of matrix corrosion 
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- the initial leaching rate. The relatively high values of 
the leaching rates are explained by the mechanism of 
ion exchange and diffusion of the contact solution due 
to the compensation of the matrix surface charge by 
water molecules, and, further, by hydrolysis of the 
matrix components. In general, it can be noted that the 
leaching rates are at an acceptable level and slightly 
exceed it for single components of the compound. It 
should be noted that the leaching rate of the 
components does not significantly depend on the 
absorbed dose (Table 1) [5]. 

 
Figure 4. Hydrolytic stability of 

MPP compound containing 40 wt% CaCO3 [5] 

Table 1. Hydrolytic stability of MPP compound samples 
containing 40 wt% CaCO3, irradiated by accelerated electrons, 

on the 28th day of contact with water [5] 

Leaching rate of the compound 
components, g/(cm2∙day) 

K Mg Ca (PO4)3

- 
(CO3)2- Absorbed 

dose, Gy 

103 104 105 103 103 
0 3.3 5.7 1.0 1.4 2.8 

108 3.3 5.9 1.9 0.5 4.3 
 

The obtained research results make it possible to 
estimate the storage time of the MPP compound 
containing waste with 14C. As an example, take the 
sample with a loading of 20 wt% CaCO3. During SNF 
reprocessing, according to the calculation data, 1.28 kg 
of 14C per year with a total activity of 6.9 × 1014 Bq is 
formed during volume oxidation operations of MNUP 
SNF. After 14C capturing and its curing, about 682 kg of 
CaCO3 are formed from the absorption column and, 
accordingly, MPP compound weighing 3410 kg with a 
CaCO3 content of 20 wt%. The specific activity of the 
compound will be 2.02 × 1011 Bq/kg. It was shown that 
at a dose of 108 Gy, the material will undergo 
destruction, i.e. will get an energy of 108 J/kg. Since 
T1/2 for 14C is 5730 years, and the energy of one  
β−-decay of 14C is 156.47 keV, then for the compound 
with 20 wt% CaCO3 content will accumulate a dose of 
108 Gy for 2300 years. It should be emphasized that 
this can be true only during the condition that all the 
energy released at the β−-decay of 14C will be absorbed 
by the matrix [5]. It is also important to take into 
account that in practice, the filling of the compound by 
waste will be much lower. So, when filling by waste of 
the compound is about 5 wt%, it is possible to rely on 

the stability of the matrix for at least about nine 
thousand years during which the activity of waste will 
significantly decrease. 

3.2. Immobilization of LiCl-KCl-CsCl as surrogate 
spent electrolyte 

It was established that MPP compound successfully 
form in surrogate solution of spent electrolyte  
LiCl-KCl-CsCl; the obtained X-ray diffraction pattern is 
shown in Figure 5 [1]. It was confirmed that  
MgKPO4 × 6H2O an analog of K-struvite [25], which is 
the main crystalline phase of the studied compound. 
The salts of KCl and LiCl were detected in the 
compound obtained in the case of solidification of the 
electrolyte surrogate (Figure 5), and the salt of  
CsCl was not found due to its low content in the 
compound (less than 1 wt%) [1]. 

 
1 – MgKPO4 × 6H2O (K-struvite);  

2 – KCl (sylvite); 3 – LiCl; 4 – MgO (periclase) 

Figure 5. X-ray diffraction pattern of 
the MPP compound containing LiCl-KCl-CsCl [1] 

It was found that the compressive strength of 
compounds containing LiCl-KCl-CsCl solution was  
9.1 ± 0.4 МPa, which corresponded to the 
requirements [22]. At the same time, it was noted that 
at heating to 450 °C of the compound, the samples 
practically lost their compressive strength. Earlier in 
our article [21] it was established that the addition of 
about 29 wt% zeolite to the composition of the MPP 
compound led to a significant increase in both 
mechanical strength and thermal stability of samples. 
To study the influence of zeolite on the efficiency of 
immobilization of spent electrolyte, compound samples 
obtained during solidification of LiCl-KCl-CsCl solution 
and contained 28.6 wt% zeolite were used. 

The data on the compressive strength of the MPP 
compound containing LiCl-KCl-CsCl solution and 
28.6 wt% zeolite is shown in Figure 6. It was found that 
the compressive strength of the compound increases 
1.9–2.7 times with the addition of 28.6 wt% zeolite, 
obviously due to the filling of pores in the compound 
volume, as it was shown previously for cement in [26]. 
The compressive strength of the samples was  
17–26 MPa, and after heat treatment at 180 and 450 °С 
it was 16–20 and 9–13 MPa respectively. It was 
pointed that an increase of the content of  
LiCl-KCl-CsCl from 10 to 20 wt% in the compound not 
only did not reduce the compressive strength of the 
compound, but on the other hand, there was a 
tendency to increase it (Figure 6) [1]. 

During study of hydrolytic stability of the MPPZ 
compound samples in accordance with GOST R 52126-
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2003 test, it was established that the kinetic curves of 
the 137Cs leaching rate have a similar nature for the 
studied samples containing 10 or 20 wt%  
LiCl-KCl-CsCl, and after their heat treatment. The data 
on differential leaching rate in the case of the sample 
with 20 wt% LiCl-KCl-CsCl is presented in Figure 7. 
The differential leaching rate of 137Cs from all samples 
on the 91st day of contact of the samples with water was 
(5–11) × 10−5 g/(cm2·day). The heat treatment of the 
compounds at 450 °С did not lead to a significant 
change in rate, which was (7–11) × 10−5 g/(cm2·day) [1]. 

 
Figure 6. Compressive strength of the MPP compound 

containing LiCl-KCl-CsCl and 28.6 wt% zeolite [1] 

 
Figure 7. Kinetic curve of the leaching rate of 

137Cs from MPPZ compound containing 
20 wt% LiCl-KCl-CsCl and 28.6 wt% zeolite in accordance 

with GOST R 52126-2003 test [1] 

The data on leaching rate of compound components 
in accordance with PCT standard are presented in 
Table 2 [1]. It was shown that the MPP compounds 
have high hydrolytic stability also at 90 ± 2 °С. 
Leaching rate of Cs was less than 1.9 × 10−6 
g/(cm2∙day), which corresponded to the leaching rate 
of Cs from high-temperature matrices with almost the 
same load of waste. For example, it was shown in [27], 
that normalized release of Cs (g/m2) after 7 days 
leaching test at 90 ± 2 °C from samples in the system 
SiO2-Al2O3-P2O5, mixed with glass frit or borosilicate 
glass and containing 23.33 wt% surrogate of spent 
electrolyte from pyrochemical reprocessing of SNF, 
was 0.0395 or 0.811–1.36, that corresponded to a 

normalized release rate of Cs - 5.6 × 10−7 or  
(1.2 – 1.9) × 10−5 g/(cm2∙day) respectively [1]. 

Table 2. Hydrolytic stability of MPP compound samples 
containing 20 wt% LiCl-KCl-CsCl and 28.6 wt% zeolite in 

accordance with PCT standard [1] 

Leaching rate of the compound 
components, g/(cm2∙day) 

Mg P K Cs Li 
Compound 

109 107 106 106 107 
MPPZ 0.8 1.6 1.6 1.9 0.3 

MPPZ_180 1.3 2.6 2.6 2.9 3.3 
MPPZ_450 2.8 4.1 3.7 2.1 4.0 

4. CONCLUSION 

The efficiency of applying of the MPP matrix for the 
immobilization of RW generated during the 
reprocessing of MNUP SNF were shown. The 
possibility of immobilization of CaCO3 up to 50 wt% (as 
surrogate of RW containing 14С), as well as of surrogate 
of spent electrolyte LiCl-KCl-CsCl up to 20 wt% was 
shown. The characteristics - compressive strength, 
thermal stability, hydrolytic stability - of the obtained 
MPP compound correspond to the current regulatory 
requirements for materials for the RW immobilization 
in Russia. It was also established that the absorbed 
dose up to 108 Gy does not lead to a significant change 
in the hydrolytic stability of the matrix, but the 
structure of the matrix changes. It is calculated that the 
compound containing 5 wt% CaCO3 will retain its 
structure for at least nine thousand years. The study of 
the behavior of the compound during radiation 
exposure requires additional research. 
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