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Abstract: The key task in the solidification of high-level waste (HLW) into a magnesium potassium
phosphate (MPP) compound is the immobilization of mobile cesium isotopes, the activity of which
provides the main contribution to the total HLW activity. In addition, the obtained compound
containing heat-generating radionuclides can be significantly heated, which increases the necessity of
its thermal stability. The current work is aimed at assessing the impact of various methodological
approaches to HLW solidification on the thermal stability of the MPP compound, which is evaluated
by the mechanical strength of the compound and its resistance to cesium leaching. High-salt surrogate
HLW solution (S-HLW) used in the investigation was prepared for solidification by adding sorbents of
various types binding at least 93% of 137Cs: ferrocyanide K-Ni (FKN), natural zeolite (NZ), synthetic
zeolite Na-mordenite (MOR), and silicotungstic acid (STA). Prepared S-HLW was solidified into
the MPP compound. Wollastonite (W) and NZ as fillers were added to the compound composition
in the case of using FKN and STA, respectively. It was found that heat treatment up to 450 ◦C
of the compound containing FKN and W (MPP-FKN-W) almost did not affect its compressive
strength (about 12–19 МPa), and it led to a decrease of high compressive strength (40–50 MPa) of the
compounds containing NZ, MOR, and STA (MPP-NZ, MPP-MOR, and MPP-STA-NZ, respectively)
by an average of 2–3 times. It was shown that the differential leaching rate of 137Cs on the 28th
day from MPP-FKN-W after heating to 250 ◦C was 5.3 × 10−6 g/(cm2

·day), however, at a higher
temperature, it increased by 20 and more times. The differential leaching rate of 137Cs from MPP-NZ,
MPP-MOR, and MPP-STA-NZ had values of (2.9–11) × 10−5 g/(cm2

·day), while the dependence on
the heat treatment temperature of the compound was negligible.

Keywords: magnesium potassium phosphate compound; radioactive waste; cesium; sorption;
ferrocyanide K-Ni; zeolite; mordenite; silicotungstic acid; immobilization; thermal stability

1. Introduction

Liquid radioactive waste (LRW) of various activity levels are generated during spent nuclear
fuel (SNF) reprocessing. Special attention in LRW management is paid to high-level waste (HLW)
because of its high radiation hazard and biological toxicity of radionuclides. For temporary controlled
storage and following final disposal, HLW must be immobilized into a solid compound that will
contribute to radioecological safety for the environment. This compound should possess physical
and chemical stability, including thermal stability due to its possible significant heating based on the
intense heat-generating of HLW radionuclides, which is largely due to the radioactive decay of fission
products, cesium isotopes (134Cs, 137Cs), the activity of which provides the main contribution to the

Energies 2020, 13, 3789; doi:10.3390/en13153789 www.mdpi.com/journal/energies



Energies 2020, 13, 3789 2 of 15

total HLW radioactivity. The thermal stability of the compound is evaluated by its mechanical strength
and resistance to leaching of radionuclides [1], mainly cesium, which is an alkali metal and, therefore,
the most leached from the compound.

Previously, in a number of literary sources [2–13], it was shown that the compound based on
the magnesium potassium phosphate (MPP) matrix MgKPO4 × 6H2O, which is formed at room
temperature and is an analogue of the natural mineral K-struvite [14], is a promising material for
immobilization of various LRW types, including HLW. A key task during HLW immobilization is to
ensure binding of mobile cesium isotopes in the MPP compound. To increase the hydrolytic stability
of the compound, cesium isotopes should be converted to insoluble form. It is known that various
sorbents are used to remove and concentrate cesium from natural and technogenic solutions.

Natural zeolites (NZ) contain clinoptilolite with a unique structure, which provides a high cation
exchange ability of these sorbents and selectivity for cesium release [15–18]. Synthetic zeolite–mordenite
Na8Al8Si40O96 × 24H2O (MOR) has 12-ring cavities with a diameter of 6.5 Å or more in its structure,
thus it is easy to place Cs+ ions with a radius of 3.40 Å in these cavities [19–21].

Currently, methods for binding of cesium isotopes to insoluble ferrocyanide compounds are
widely used [22]. Metal hexacyanoferrates are effective sorbents for Cs+ cations as typical coordination
polymers due to the comparable sizes between their structural lattices and hydrated Cs+ cations,
therefore, they can selectively sorb Cs+ against other coexisting cations by ion exchange mechanism.
In radiochemical technology, one of the most promising hexacyanoferrates for the selective removal of
cesium is a potassium–nickel ferrocyanide with approximate composition K2Ni[Fe(CN)6] (FKN) [23–28].

Another effective compound for the cesium isotopes binding is silicotungstic acid
H8[Si(W2O7)6]×nH2O (STA), because Cs+ cations can enter the STA structure due to ion exchange with
hydrogen, forming a water-insoluble phase [29,30]. It is known that a series of solid catalysts with STA
modified with alkali metals (Li, K, Rb, and Cs) with high thermal stability and catalytic activity are
synthesized [31–34].

Earlier, in some articles, the effectiveness of using NZ as a reinforcing mineral filler of the MPP
compound [35,36], as well as using FKN for sorption of cesium isotopes [5,37,38] during solidification
of certain LRW types, was demonstrated.

This work is aimed at studying the influence of the NZ, MOR, FKN, and STA sorbents on the
efficiency of preliminary binding of Cs+ cations in the high-salt HLW solution after SNF reprocessing,
as well as determination of thermal stability of the obtained MPP compounds, which is estimated from
its compressive strength and stability to 137Cs leaching.

2. Materials and Methods

2.1. Preparation of Surrogate HLW Solution

All chemical reagents used in this study were of “analytical grade” purity.
Surrogate HLW solution (S-HLW), generated during SNF reprocessing of 1000 MW water–water

energetic reactor (WWER-1000), was prepared by dissolving nitrates of the main waste components in
an aqueous solution of nitric acid with a concentration of 3.0 mol/L. The metal content in the prepared
S-HLW, g/L, was: La–38.1; Sr–15.0; Na–12.2; Cs–8.0; U–3.1; Mo–1.3; Zr–3.9; Cr–2.9; Ni–0.5; Fe–0.9.
The content of elements in S-HLW was controlled using inductively coupled plasma atomic emission
and mass spectrometry (ICP-AES and ICP-MS) (iCAP-6500 Duo and X Series2, respectively, Thermo
Scientific, Waltham, MA, USA).

An aliquot of 137Cs nitrate solution was added to the prepared S-HLW; the specific activity of
137Cs in S-HLW was 2.3 × 107 Bq/L. 137Cs content in all solutions, used in research, was determined
by gamma-ray spectrometry on a spectrometer with a high-purity germanium detector GC 1020
(Canberra Ind, Meriden, CT, USA).

Preparation of S-HLW for preliminary binding of cesium isotopes and its following solidification
was carried out by neutralizing it to pH 7.5 ± 0.5 by sodium hydroxide solution with a concentration
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of 12.0 mol/L. Density and salt content of the prepared high-salt S-HLW were 1.25 ± 0.02 g/mL and
478 g/L, respectively.

Two types of zeolites were used for preliminary binding of cesium isotopes in the prepared
S-HLW: NZ of the Sokyrnytsya deposit, Transcarpathian region (“ZEO-MAX” LLC, Ramenskoye,
Moscow region, Russia) and synthetic zeolite MOR (CBV 10A Na-mordenite, Zeolyst International,
Conshohocken, PA, USA). Surface areas of the sorbents were 17.5 and 464.0 m2/g, respectively; particle
size was not higher than 0.16 mm.

The salts of potassium hexacyanoferrate(II) trihydrate K4[Fe(CN)6] × 3H2O (“Chimmed” LLC,
Moscow, Russia) and nickel(II) nitrate hexahydrate Ni(NO3)2 × 6H2O (“JSC Reahim” LLC, Moscow,
Russia) were added to S-HLW in stoichiometric amount according to the reaction (1) for the binding of
cesium cations in FKN.

хCsNO3 + K4[Fe(CN)6] × 3H2O + Ni(NO3)2 × 6H2O→ K2-хCsхNi[Fe(CN)6] + (2 + х)KNO3 + 9H2O (1)

A combination method for cesium isotopes binding was also used, which included the precipitation
of cesium in S-HLW according to the reaction (2) using STA (“JSC Reahim” LLC, Moscow, Russia)
followed by sorption of cesium remaining in the solution by NZ, which also was a reinforcing additive
to increase the mechanical strength of the compound, as we showed earlier [36].

хCsNO3 + H8[Si(W2O7)6] × nH2O→ H8−хCsх[Si(W2O7)6] + хHNO3 + nH2O (2)

The obtained mixtures of S-HLW with sorbents were stirred at room temperature (23 ± 2 ◦C) for
30 min, which ensured the achievement of sorption equilibrium. The sorption degree S (%) of cesium
was determined by the content of 137Cs according to Equation (3), where A0 and A are the initial and
equilibrium activities of the radionuclide, respectively, Bq/mL.

S =
A0 −A

A0
·100 (3)

2.2. Synthesis and Study of the MPP Compounds

The synthesis of the MPP compounds was carried out according to the acid–base reaction (4).
For this, a dry mixture of binder MgO and KH2PO4 components was added to a prepared S-HLW
containing NZ or MOR zeolites, or a combined STA with NZ sorbent with preliminary bound
cesium isotopes (hereinafter, the samples were designated as MPP-NZ, MPP-MOR, and MPP-STA-NZ
compounds, respectively). For this, MgO precalcined at 1300 ◦C for 3 h (specific surface area was
6.6 m2/g) prepared according to the data in our article [39], and KH2PO4 crushed to a particle size
of 0.15–0.25 mm (“Rushim” LLC, Moscow, Russia) were used. The samples were prepared at the
MgO:H2O (in prepared S-HLW):KH2PO4 weight ratio of 1:2:3. A feature in the synthesis of the MPP
compound with FKN was the use of wollastonite (W) (FW-200, Nordkalk, Pargas, Finland) in an
amount of 23.3 wt % as a reinforcing additive to increase the mechanical strength of the compound
(hereinafter, the sample was designated as MPP-FKN-W compound), as we showed earlier in [7,8,38].

MgO + KH2PO4 + 5H2O→MgKPO4 × 6H2O (4)

The obtained mixtures before their setting were placed in fluoroplastic forms with cell sizes of
3 cm × 1 cm × 1 cm and stayed for at least 7 days at room temperature and atmospheric pressure for
development of the compound’s strength. The composition data of the synthesized MPP compounds
are shown in Table 1.

The thermal stability of the obtained MPP compounds was characterized according to the
mechanical strength and hydrolytic stability of the initial samples and samples after heat treatment
up to 450 ◦C in accordance with the current requirements for solidified HLW [1]. The preliminary
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removal of bound water from MgKPO4 × 6H2O-based compounds was carried out at 180 ◦C for
6 h in a muffle furnace (SNOL 30/1300, AB UMEGA GROUP, Utena, Lithuania), as we previously
showed in [38]. Then, samples of MPP-NZ, MPP-MOR, and MPP-STA-NZ compounds were kept at
a maximum temperature of 450 ◦C according to [1], and samples of MPP-FKN-W compounds were
subjected to heat treatment at various temperatures in the range of 250–450 ◦C for 4 h. At least three
compound samples of the same composition were used in each experiment. No external changes in
the compounds as a result of heat treatment were found, as is seen in the samples studied photographs
(Figure 1).

Table 1. Composition of synthesized MPP compounds.

Compound Sorbent
(wt %)

Filler
(wt %)

Solidified S-HLW
(wt %)

Binders (wt %)

MgO KH2PO4

MPP-FKN-W 1.5 * 23.3 34.0 10.3 30.9
MPP-NZ 25.1 - 32.1 10.7 32.1

MPP-MOR 25.1 - 32.1 10.7 32.1
MPP-STA-NZ 5.0 25.0 30.0 10.0 30.0

* including 0.89 wt % K4[Fe(CN)6] × 3H2O and 0.61 wt % Ni(NO3)2 × 6H2O.
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Figure 1. Photos of initial MPP compounds (a,c) and their photos after heat treatment (b,d).

The compressive strength of the samples was determined in accordance with GOST 310.4-81 [40]
when using a tensile strength-testing machine IR 5047-50 (OJSC “Tochpribor”, Moscow, Russia).
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The 137Cs leaching rate from the initial and heat-treated monolithic MPP compounds
(open geometric surface area was about 14 cm2) was determined in accordance with GOST R
52126-2003 [41]. Before leaching, samples of the compound were immersed in ethanol for 5–7 s,
then the samples were dried in air for 30 min. Next, the samples were placed in a PTFE container
and double-distilled water was poured in as a leaching agent (pH 6.6 ± 0.1, volume 100 mL), which
was replaced at regular time intervals. At the set time, the samples were removed from the container,
washed with double-distilled water (volume 100 mL), and combined with the leachate, and the content
of 137Cs in the combined solution was analyzed. The calculations of the differential leaching rate LRdif

(g/(cm2
·day)) and cumulative fraction leached F (%) of 137Cs from compounds were made according to

Equations (5) and (6).
From the data obtained, we calculated the effective diffusivity D (cm2/s), leachability index L for

each leach interval, and average leachability index (L)av of 137Cs in the MPP compounds in accordance
with standard test ANSI/ANS-16.1 [42] by the Equations (7)–(9).

Leaching mechanisms of 137Cs from the MPP compound samples were assessed according to a
de Groot and van der Sloot model [43], which can be represented as Equation (10), where values of
the coefficient A (slope of the line) correspond to the following mechanisms: <0.35—surface wash-off

(or a depletion if it is found in the middle or at the end of the test); 0.35–0.65—diffusion transport;
>0.65—surface dissolution [44]. The calculation of Bi was carried out according to Equation (11).

LRdif =
An

A0·S·∆tn
(5)

F =
ΣAn

A0
·100 (6)

D = π (
A0/An

(∆t)n
)

2
·(

Vc

S
)

2
(7)

L = − log(D) (8)

(L)av =
1
n

n∑
1

(L)n (9)

log(Bi) = A log(tn) + const (10)

Bi = An·
V
S
·

√
tn(√

tn −
√

tn−1
) (11)

where An—activity of 137Cs leached for a given time interval, Bq; A0—specific activity of 137Cs in the
initial sample, Bq/g; S—the area of the open geometric surface of the sample, contacting with water,
cm2; ∆tn— duration of the n-th leaching period between shifts of contact solution, day; Bi—the total
release of 137Cs from the sample during the time contact with water, mg/m2; V—the volume of the
contact solution, L; Vc—volume of compound, cm3; tn and tn−1—the total contact time for the period n
and before the beginning of the period n, respectively, days.

3. Results and Discussion

The maximum experimental sorption degree of 37Cs by various sorbents in the prepared S-HLW
was determined (Table 2). It was established that 137Cs was quantitatively sorbed in the case of
MPP-FKN-W and MPP-STA-NZ: 99.5 and 99.1%, respectively (and 97% of 137Cs was associated with
the introduction of STA in the case of MPP-STA-NZ). The sorption degree of 37Cs by zeolites for
MPP-NZ and MPP-MOR samples achieved 93.0 and 98.5%, respectively. The results of studying the
thermal stability of the prepared samples of the MPP compounds, namely, the determination of the
compressive strength and resistance to 137Cs leaching, are given below.
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Table 2. The results of 137Cs sorption by various sorbents in the prepared S-HLW.

Sorbent 137Cs Sorption Degree (%)

FKN 99.5
NZ 93.0

MOR 98.5
STA/NZ 97.0/99.1

3.1. Thermal Stability of MPP-FKN-W Compound

The obtained data on the compressive strength of MPP-FKN-W compound samples depending
on the temperature of their heat treatment are presented in Figure 2. It was established that heating of
the compound in the range of 180 to 450 ◦C does not lead to a decrease in its compressive strength,
which is about 12–19 MPa, which corresponds to the strength of vitrified HLW [1] (not less than 9 MPa).
At the same time, a decrease of the compressive strength of the compound from 18 to 12 MPa after heat
treatment at 180 ◦C was established, which is obviously due to an increase of the compound porosity
because of removal of bound water from the MgKPO4 × 6H2O composition, whereas with a further
increase of the heat treatment temperature to 450 ◦C, the strength of the compound grows to values of
15–19 MPa, probably due to the beginning of the sintering process of single compound particles.
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Figure 2. Compressive strength of MPP-FKN-W compound samples in dependence on the temperature
of their heat treatment (green line is the lower limit of the compressive strength requirements for vitrified
HLW [1]).

The dependence of the differential leaching rate of 137Cs from MPP-FKN-W compound samples
is shown in Figure 3, and the 137Cs leaching data from the samples in contact with water are given
in Table 3. It was found that MPP-FKN-W compound retains high resistance to 137Cs leaching to
250 ◦C. So, the 137Cs leaching rate from MPP-FKN-W compound, heated to 250 ◦C on the 28th day,
is 5.3 × 10−6 g/(cm2

·day), which corresponds to the requirements for aluminophosphate glass (not more
than 1.0 × 10−5 g/(cm2

·day)) [1], which are usually achieved on days 14–21 of the standard test [41].
At the same time, as the temperature increases to ≥300 ◦C, the 137Cs leaching rate increases

to (1.2–3.3) × 10−4 g/(cm2
·day), and the cumulative fraction leached of 137Cs from MPP-FKN-W

compound after their heat treatment at ≥300 ◦C is about 5% (Table 3), which is an order of magnitude
higher than at 250 ◦C. Obviously, at the temperature of ≥300 ◦C, cesium immobilized in MPP-FKN-W
compound partially transforms into composition of much more soluble compounds than FKN. It is in
accordance with the conditions of thermal decomposition of FKN in [45], where it was shown that
thermal decomposition of CN groups occurs at temperature above 250 ◦C, the intermediate cyanides
K3Fe(CN)6 and/or K3Ni(CN)6 are formed in the temperature range from 280 to 330 ◦C, K2CO3, NiO,



Energies 2020, 13, 3789 7 of 15

and NiFe2O4 are formed from 250 to 400 ◦C, and with a further increase in temperature above 450 ◦C,
the intermediate cyanides will decompose.

The (L)av values of 137Cs from MPP-FKN-W compound are 10–14 (Table 3), which meet the
leachability requirements for the waste form to be accepted at the radioactive waste repository
(minimum (L)av is 6.0) according to the U.S. Nuclear Regulatory Commission [46], and approach the
(L)av value of cesium from borosilicate glass (L)av = 16.93) [47]. It was noted that heat treatment of the
compound above 250 ◦C decreased the (L)av of 137Cs from the compound ((L)av is about 10.0) as the F
increased (Table 3).

Figure 4 illustrates the effect of heat treatment on the 137Cs leaching mechanism on the example
of MPP-FKN-W compounds heated to 180 and 450 ◦C. So, for MPP-FKN-W compound heated to
180 ◦C, the 137Cs leaching occurs due to the release of weakly bound cesium at dissolution of the
surface compound layer (coefficient A = 1.12 in Equation (10)) in the first three days of contact
of the compound’s with water, and then due to the gradual depletion of the surface layer of the
compound (A = −0.19). Thus, the compound exhibits high hydrolytic stability, in which 137Cs remains
quantitatively immobilized in the compound.

Moreover, in the case of MPP-FKN-W compound heated to 450 ◦C, a significant amount of 137Cs
has already been leached at the first day of the compound’s contact with water when the obtained
readily soluble forms of 137Cs are dissolved, then depletion of the surface layer of the compound
occurs for up to seven days (A = −0.25), and after that, diffusion from the inner layers of the compound
becomes the main leaching mechanism of 137Cs (A = 0.49).
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Thus, the obtained data on the thermal stability of MPP-FKN-W compound allow the consideration
of this material as an effective alternative even to an industrial glass-like compound for solidification
of HLW, but only under the condition that the heating of the compound does not achieve temperatures
above 250 ◦C. At the same time, the HLW solidification technology using MPP-FKN-W compound looks
preferable to vitrification, since it does not require expensive high-temperature melting equipment
and gas cleaning systems, and also eliminates the huge radioecological problem of decommissioning
this equipment.
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Table 3. Leaching data of 137Cs from MPP-FKN-W compound.

Heat Treatment Temperature
(◦C)

Test Duration
(days)

F
(%)

D
(cm2/s) L (L)av

180

1 0.01 1.1 × 10−14 14.0

14.1

3 0.03 4.2 × 10−14 13.4
7 0.04 1.3 × 10−14 13.9
10 0.04 1.2 × 10−14 13.9
14 0.05 8.0 × 10−15 14.1
21 0.05 2.1 × 10−15 14.7
28 0.05 2.2 × 10−15 14.7

250

1 0.18 1.4 × 10−12 11.8

12.4
3 0.31 1.2 × 10−12 11.9
7 0.45 1.0 × 10−12 12.0
21 0.68 5.8 × 10−13 12.2
28 0.69 1.6 × 10−14 13.8

300

1 1.33 7.4 × 10−11 10.1

10.4
3 2.06 4.2 × 10−11 10.4
7 2.98 4.2 × 10−11 10.4
21 4.27 1.9 × 10−11 10.7
28 5.10 5.8 × 10−11 10.2

350

1 2.19 2.0 × 10−10 9.7

10.5
3 2.77 2.6 × 10−11 10.6
7 3.41 2.1 × 10−11 10.7

21 4.39 1.1 × 10−11 11.0
28 5.03 3.4 × 10−11 10.5

400

1 2.63 2.9 × 10−10 9.5

10.7
3 3.26 3.1 × 10−11 10.5
7 3.71 1.0 × 10−11 11.0

21 4.30 3.8 × 10−12 11.4
28 4.58 6.5 × 10−12 11.2

450

1 2.28 2.2 × 10−10 9.7

10.6
3 2.84 2.4 × 10−11 10.6
7 3.33 1.2 × 10−11 10.9

21 4.17 7.9 × 10−12 11.1
28 4.59 1.4 × 10−11 10.8
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3.2. Thermal Stability of MPP-NZ, MPP-MOR, and MPP-STA-NZ Compounds

The compressive strength of MPP-NZ, MPP-MOR, and MPP-STA-NZ compound samples after
seven days after preparation is shown in Figure 5. Also for comparison, Figure 5 shows the strength
of the blank MPP compound obtained after solidification of S-HLW and not containing sorbents.
From these data, it can be seen that the strength of the blank MPP compound after heat treatment at
450 ◦C decreases by 3 times, from 12–14 to 3–5 MPa, which does not satisfy the requirements (at least
9 MPa) [1]. At the same time, it was shown that the addition of sorbents and mineral fillers increases
the compressive strength of the initial compounds up to 40–50 MPa, regardless of the sorbent used
(Figure 5). There was a tendency toward a decrease in the compressive strength of the samples after
heat treatment at 180 and 450 ◦C (Figure 5), however, the required compressive strength remains and is
about 10–25 MPa.
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The results of studying the hydrolytic stability of MPP-NZ, MPP-MOR, and MPP-STA-NZ
compounds after heat treatment to 180 and 450 ◦C are presented in Figure 6a,b, respectively;
for comparison, Figure 6 is also supplemented with relevant data for MPP-FKN-W compound. It was
shown that the 137Cs leaching kinetics from MPP-NZ, MPP-MOR, and MPP-STA-NZ compounds,
containing various sorbents, have a generally similar character, with small dependency on the heat
treatment temperature. At the same time, the 137Cs leaching rate from these compounds after heat
treatment up to 180 ◦C is 20–100 times higher than that in the case of MPP-FKN-W compound
(Figure 6a). On the other hand, increasing the heat treatment temperature from 180 to 450 ◦C
(Figure 6a,b, respectively) does not affect the 137Cs leaching rate from MPP-NZ, MPP-MOR, and
MPP-STA-NZ compounds so critically as for MPP-FKN-W compound (Figure 3). In this case, the 137Cs
leaching rate from all compounds under study after heat treatment up to 450 ◦C is almost equalized
(Figure 6b), being approximately (1–3) × 10−4 g/(cm2

·day) after a month of testing [41].
The data of long-term (up to 91 days) 137Cs leaching from MPP-NZ, MPP-MOR, and MPP-STA-NZ

compounds are summarized in Table 4. The differential leaching rate of cesium from compounds
with long-term leaching stabilizes in the range (2.9–11) × 10−5 g/(cm2

·day) with a corresponding (L)av

of about 10–11 (Table 4). The cumulative fractions leached of 137Cs from MPP-NZ and MPP-MOR
compounds after heat treatment at 450 ◦C (Table 4) are 19.40 and 10.00%, respectively, which is 1.7 times
higher than the values for these samples heat-treated at 180 ◦C (Table 4). If we take into account that
the amount of free (unsorbed) cesium in S-HLW is 7.0 and 1.5% (from data of Table 2) during the
synthesis of these compounds, then we can recognize that these compounds show almost the same
resistance to 137Cs leaching.



Energies 2020, 13, 3789 10 of 15
Energies 2020, 13, x FOR PEER REVIEW 10 of 15 

 

 

(a) 

 

(b) 

Figure 6. Kinetic curves of the 137Cs leaching rate from the compounds after heat treatment at 180 (a) 
and 450 °C (b). 

The leaching mechanisms of 137Cs from MPP-NZ and MPP-MOR (Figure 7a and Figure 7c, 
respectively) during long-term contact with water in general are similar with each other except for 
the initial experiment stage, which obviously provides the main contribution to increasing the 
cumulative fraction leached of 137Cs after heat treatment of these compounds at 450 °C. In this case, 
the thermal stability up to 450 °C of MPP-STA-NZ compound is not getting worse: the cumulative 
fraction leached of 137Cs even decreases from 9.35 to 7.03% (Table 4), which is also associated with a 
difference in the leaching mechanism of 137Cs at the first day of the compound contact with water. In 
general, when comparing the data in Tables 3 and 4, it should be concluded that MPP-FKN-W 
compound has a higher thermal stability among all the compounds under study. 
  

Figure 6. Kinetic curves of the 137Cs leaching rate from the compounds after heat treatment at 180 (a)
and 450 ◦C (b).

The leaching mechanisms of 137Cs from MPP-NZ and MPP-MOR (Figure 7a,c, respectively) during
long-term contact with water in general are similar with each other except for the initial experiment
stage, which obviously provides the main contribution to increasing the cumulative fraction leached
of 137Cs after heat treatment of these compounds at 450 ◦C. In this case, the thermal stability up to
450 ◦C of MPP-STA-NZ compound is not getting worse: the cumulative fraction leached of 137Cs
even decreases from 9.35 to 7.03% (Table 4), which is also associated with a difference in the leaching
mechanism of 137Cs at the first day of the compound contact with water. In general, when comparing
the data in Tables 3 and 4, it should be concluded that MPP-FKN-W compound has a higher thermal
stability among all the compounds under study.
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Table 4. Leaching data of 137Cs from the MPP compounds.

Compound Heat Treatment
Temperature (◦C)

Test Duration
(Days)

F
(%)

D
(cm2/s) L (L)av

MPP-NZ

180

1 3.48 5.1 × 10−10 9.3

10.3

3 5.77 4.1 × 10−10 9.4
7 7.37 1.3 × 10−10 9.9
10 8.13 8.9 × 10−11 10.1
16 8.94 3.9 × 10−11 10.4
20 9.32 2.8 × 10−11 10.6
31 10.06 1.9 × 10−11 10.7
59 10.75 4.5 × 10−12 11.3
91 11.34 4.2 × 10−12 11.4

450

1 9.88 4.1 × 10−9 8.4

10.0

3 11.83 3.0 × 10−10 9.5
7 13.50 1.4 × 10−10 9.9
10 14.27 9.2 × 10−11 10.0
16 15.22 5.4 × 10−11 10.3
20 15.78 6.0 × 10−11 10.2
31 16.82 3.7 × 10−11 10.4
59 18.17 1.7 × 10−11 10.8
91 19.40 1.8 × 10−11 10.7

MPP-STA-NZ

180

1 4.23 7.5 × 10−10 9.1

10.7

3 6.22 3.1 × 10−10 9.5
7 7.17 4.5 × 10−11 10.3
10 7.56 2.5 × 10−11 10.6
15 8.02 1.8 × 10−11 10.8
28 8.71 9.8 × 10−12 11.0
59 9.08 9.8 × 10−13 12.0
91 9.35 9.0 × 10−13 12.0

450

1 0.78 2.5 × 10−11 10.6

10.6

3 1.88 9.5 × 10−11 10.0
7 3.13 7.7 × 10−11 10.1
10 3.72 5.6 × 10−11 10.3
15 4.49 4.8 × 10−11 10.3
28 5.49 2.1 × 10−11 10.7
59 6.35 5.3 × 10−12 11.3
91 7.03 5.6 × 10−12 11.3

MPP-MOR

180

1 2.83 3.3 × 10−10 9.5

11.0

3 4.06 1.2 × 10−10 9.9
7 4.75 2.4 × 10−11 10.6
10 5.08 1.7 × 10−11 10.8
16 5.37 5.0 × 10−12 11.3
20 5.46 1.3 × 10−12 11.9
31 5.68 1.7 × 10−12 11.8
59 6.18 2.3 × 10−12 11.6
91 6.79 4.5 × 10−12 11.3

450

1 6.25 1.6 × 10−9 8.8

10.8

3 7.34 9.3 × 10−11 10.0
7 7.95 1.8 × 10−11 10.7
10 8.26 1.6 × 10−11 10.8
16 8.54 4.5 × 10−12 11.3
20 8.75 8.3 × 10−12 11.1
31 9.08 3.8 × 10−12 11.4
59 9.58 2.3 × 10−12 11.6
91 10.00 2.1 × 10−12 11.7
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4. Conclusions

As a result of the studies, the thermal stability of the MPP compounds containing sorbents of
various nature was determined. It has been established that MPP-FKN-W compound is an effective
alternative to an industrial glass-like compound for HLW solidification if the compound heating due
to the heat-generating of HLW radionuclides does not achieve temperatures above 250 ◦C, since below
this temperature, the compound retains high hydrolytic stability to 137Cs leaching. At the same time,
it was shown that the thermal stability of MPP-NZ, MPP-MOR, and MPP-STA-NZ compounds does
not decrease even at higher heating temperatures (up to 450 ◦C), however, their resistance to 137Cs
leaching is lower in comparison with glass, therefore, these compounds can be considered for the HLW
solidification after removal of the cesium-containing fraction from HLW.
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