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This work investigated the leaching characteristics of magnesium potassium phosphate cement (MKPC) in
alkaline solution. Alkaline leaching tests were conducted on MKPC specimens according to the ANSI/ANS 16.1
test. Leachate compositions were determined using ICP-AES and cumulative concentrations, effective diffusion
coefficients and leachability indices for Mg, K, P, and B were calculated from the data. X-ray diffraction/Rietveld
(XRD) was used to analyze the phase composition changes of the MKPC surface layer after leaching. For all tested
materials, the major elements Mg, K, P, and B showed limited leachability (leachability index >9) in an alkaline
solution mimicking the internal waters of radioactive waste storage facilities.

INTRODUCTION

Magnesium potassium phosphate cement is a new
cement material. It has wide application prospects in
rapid road repair and solidification of hazardous
materials due to its excellent characteristics such as fast
hard and early strength, low shrinkage and high bonding
strength [1-3].

Magnesium potassium phosphate cements (MKPCs)
are also described as “chemically bonded phosphate
ceramics (CBPCs)” [4] or by the trade name
“Ceramicrete” and have been used to stabilize and
solidify various low-level radioactive mixed wastes, Pu-
contaminated ashes, and technetium-containing waste
solutions at the Argonne National Laboratory, USA [1,
5, 6]. Studies have been conducted on the
immobilization of simulated liquid high-level waste
containing actinides, fission products, and corrosion
products in MKPC matrices [7, 8].

Recently, MKPCs have been proposed for the
stabilization of high-sodium waste streams [9],
denitrated high-level liquid wastes [10], solidified
ceramic forms [11], and radioactive concrete wastes
generated by decommissioning of nuclear power plants
[12].

MKPCs are also being considered as lower-pH
binders for reactive metal wastes such as aluminium and
beryllium from the nuclear industry. Reactive metals
corrode in alkaline environments such as conventional
Portland cement mixtures, releasing flammable
hydrogen gas, which causes cracking of the cement
mold. This means that the lower pH of MKPCs may be
useful in reducing the corrosion of aluminium and
beryllium [13, 14].

MKPCs are produced by the reaction between
magnesia (MgO) and soluble potassium dihydrogen
phosphate (KH,PO,) to form K-struvite
(MgKPO,4-6H,0), a mineral with low solubility. The
hardening (setting) of these cements is very rapid and
the MgO must be calcined at high temperatures to
minimize its high reactivity. Considering the high cost
of hard-burned MgO, the use of inexpensive fillers
becomes preferable. In addition, the addition of fillers

can help optimize the hydration process and improve the
mechanical properties of the resulting product.
Traditionally, fly ash [5], granulated blast furnace slag
[15], and wollastonite (CaSiOs) [16] are used as fillers
in MKPC composites for nuclear applications.

Despite the potential advantages of MKPCs for
radioactive waste stabilization, information on their
long-term durability is still limited. A previous study on
the microstructure and phase composition of MKPC
specimens (fly ash as filler and a Mg/P molar ratio = 1)
immersed in  deionized water (pH=6.8) and
cementitious base mortars (pH =13.3) for 6 months
showed amorphization of MKPCs over time, which may
be related to structural changes for the K-struvite phase
[17]. Recently, Diaz Caselles et al. investigated the
long-term durability of MKPCs by examining their
leaching behavior [18, 19]. Semi-dynamic leaching tests
were carried out on MKPC specimens (with fly ash as a
filler) using demineralized water with pH adjusted to 7
and an alkaline solution (pH = 13.2). After leaching in
demineralized water, three main zones were observed
on the surface of the specimens: (i) a poorly cohesive
residual layer where K-struvite was fully depleted, (ii)
an intermediate zone where K-struvite coexisted with
cattiite (Mgs(POg),-22H,0), and (iii) a third zone
without any cattiite. Leaching by the alkaline solution
induced a decrease in the content of crystalline K-
struvite, as well as the precipitation of calcium-deficient
hydroxyapatite, brucite (Mg(OH),) and possibly
magnesium silicate hydrates, hydrotalcite-like phase
(possibly meixnerite (MgeAl,(OH).5-4H,0)) or PO,
LDH [20].

The main objective of this work was to study the
leaching behaviour of MKPC prepared with different
fillers (blast furnace slag (BFS), fly ash (FA), or a mix
of the two components) following ASTM ANS 16.1
procedure (American Nuclear Society Standard
“Measurement of Leachability in Solidified Low-Level
Radioactive Waste by the Short-Term Procedure”) [21].
An alkaline solution representative of the pore solution
of conventional concrete placed in the near field of the
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cemented waste packages was used as a leaching
medium.

the Mariupol metallurgical plant (Mariupol, Ukraine) is
shown in Table 2.

Table 1
1. MATERIALS AND METHODS The MKPC compositions
1.1. MATERIALS Component WL%
The MKPC compositions investigated in this study MgO 6.47
are summarized in Table 1. KH,PO, 21.85
Considering that BFS, along with FA, is a widely Sand 28.33
available and inexpensive material at metallurgical 3 options: FA, BFS
plants in Ukraine, the use of BFS as mineral additives in and (s FA+Y: BFS) 28.33
the production of MKPC compounds is very promising. Boric acid 057
The chemical composition of FA from the Burshtyn Water 14.45
thermal power plant (Burshtyn, Ukraine) and BFS from :
Table 2
Chemical composition of the fly ash and blast furnace slag
Industrial Weight content, wt.%
waste Si0, | AlL,Os; | Fe,0; | CaO MgO SO; C MnO | TiO, | (K,Na),0 | Other
FA 46.12 | 18.00 | 22.17 | 4.09 1.46 0.21 2.50 0.14 1.78 2.10 1.43
BFS 38.20 | 4.60 1.65 48.5 4.3 - - 0.81 - 0.82 1.12

The raw materials used to prepare the MKPC
specimens had the following characteristics: calcined
magnesium  oxide (MgO >97 %, particle size
< 200 pum); potassium dihydrogen phosphate (KH,PO,
> 98 %, size <630 um); Sand (SiO, >99.3 %, size
< 400 pum); FA (size < 400 um); BFS (size < 630 um).

1.2. PREPARING SPECIMENS

The production of solid MKPC specimens is based
on the formation reaction of magnesium potassium
phosphate hexahydrate MgKPO,-6H,0 (K-struvite):

MgO + KH,PO, + 5 H,0 — MgKPO,-6H,0 + Qpear. (1)

The specimens were prepared as described in
Sayenko, S. et al. [22], meaning that a MgO/KH,PO,
molar ratio equal to 1 and a water-to-cement (w/c)
weight ratio of 0.51 were used. The MKPC specimens
were prepared with different fillers: MKPC with FA
filler (further referred as MKPC-FA), MKPC with BFS
filler (MKPC-BFS) and MKPC with ¥ FA+Y BFS filler
(MKPC-FA-BFS). To manufacture these specimens, the
dry mixtures were first prepared by mixing MgO,
KH,PO,, sand and filler in a lab grinding mill machine
(Fritch, single pulverising porcelain bowl of 200 g
capacity, ¥2.0 cm aluminum oxide balls, speed 150 rpm,
mixing time 10 min). Then, boric acid H;BO3, used as a
reaction retarder, was dissolved in distilled water, and
the mixture of dry components was added to this
solution and mixed with a mechanical stirrer in a 250 ml
polypropylene can for 5 min until a homogeneous paste
was obtained. Finally, the mortar was poured into
polypropylene moulds and covered with polyethylene
film to prevent rapid drying. Cubic specimens with
dimensions of 3x3x3 cm were demoulded after 1 day
and kept for at least 28 days to cure in indoor ambient
conditions.

1.3. LEACHING PROCEDURE

Leaching tests were performed according to ANS
16.1 by immersing the specimen for 90 days in distilled
water contained in a 1-liter HDPE (High Density
Polyethylene) vessel, ensuring that all sides of the
specimen are in contact with the leachant.

Leaching tests were carried out at a temperature of
25 °C. The leachate was sampled, and the fresh leachant
was replaced after increasing leaching periods, i.e., 1, 4,
14, 28, and 43 days. The test thus lasted 90 days
(1+4+14+28+43 days). From the results of the leaching
tests, the leaching characteristics of the different
elements from the solidified MKPC specimens were
evaluated based on their cumulative concentrations
(CC) in the leachates. The effective diffusion coefficient
(De) and leachability index (LI) were also calculated to
quantitatively evaluate whether the MKPC matrix can
be used for waste conditioning.

The concentrations (mg/l) of the major elements
(Mg, K, P) and B leached from the MKPC specimens
were analysed using an inductively coupled plasma
atomic emission spectroscope (ICP-AES, iCAP 6300
Duo, Thermo Scientific Corporation). Also, the
mineralogical and structural characteristics of the
specimens before and after leaching were studied.

The measured element concentrations were used to
plot cumulative concentrations versus time and calculate
leachability indices. Leachability index for each element
was determined based on the following expressions
according to ANS-16.1:

LI= =35 [log(B/De)ln, )
where P is a defined constant (1.0 cm?/s).

D. can be calculated using the mass transport

equation (i.e., Fick’s second law) as follows:
"/ pe ? vy 3
T Ay [E] T ®)
where D, is the effective diffusion coefficient, cm?/s; V
is the volume of the specimen, cm®; S is the geometric
surface area of the solid specimen, cm?; a, is the amount
of element released from the specimen for the n-th
leaching interval; A, is the initial amount of the element
in the specimen prior to leaching, At, = t, — t,; is the
duration of the n-th leaching interval, and T is the
leaching time representing the mean time (s) of the n-th

leaching interval for a semi-infinite medium:

T =L/ +vED)| - @)

D, =
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2. RESULTS AND DISCUSSION
2.1. LEACHING RESULTS

The purpose of the test is to assess the behaviour of
MKPC matrix when leached by alkaline solution:
“CEM I + silica fume” (without silica) synthetic water
to mimic LILW repository. Leaching tests of MKPC
specimens were carried out in “CEM 1 + silica fume”
(without silica) synthetic water, prepared using the
following recipe: for 1 I solution, add 0.9798 g Na,SO,,
0.2666 g CaCl,, 15.2 ml IM NaOH, 16.6 ml IM KOH.
Such solution had a pH of 12.6.

Leaching tests in alkaline solution were carried out
according to the conditions of standard ANS 16.1.
Concentration values for leached potassium were
determined by subtracting the concentration in the
original  alkaline solution from the resulting
concentrations in the leachates. Note that the solution
initially contained K™ at a concentration of 571.2, Na" —
665.0 and Ca** — 290.6 mg/Il, measured by ICP-AES.

After leaching in an alkaline solution for 90 days,
the specimens retained their integrity and shape (Fig. 1),
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but limited precipitation of white salts was noticed on
the surface of the specimens.
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Fig. 1. MKPC-FA, MKPC-BFS and MKPC-FA-BFS
specimens (from left to right) after leaching
in an alkaline solution for 90 days

The concentrations of matrix elements released in
the leachates for all specimens checked the following
relationship: K > P > B > Mg (Fig. 2).
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Fig. 2. Cumulative concentrations of leached elements in alkaline solution:
a—Mg;b-K;c-P,andd-B

In contrast to distilled water (Fig. 3), the CC of Mg
in the alkaline solution decreases significantly and
becomes smaller than that of B (see Fig. 2,a,d). The
highest release of K from MKPC matrix is observed
with MKPC-FA-BFS specimen, whatever the leaching
solution (alkaline solution or distilled water (see
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Fig. 2,b; Fig. 3,b). However, the smallest release of K in
the alkaline solution is observed with MKPC-FA
specimen, instead of MKPC-BFS specimen in distilled
water. Releases of P from MKPC matrices leached by
distilled water or by the alkaline solution are almost of
the same magnitude order (see Fig. 2,c; Fig. 3,c).
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Fig. 3. Cumulative concentrations of leached elements in distilled water:
a-Mg;b-K;c—-P,andd-B

Based on the measured element concentrations,
effective diffusion coefficients and leachability indices
were calculated (Table 3). These data are necessary to
assess the behaviour of waste forms under conditions of
constant water saturation, which simulate disposal
conditions under the most conservative scenario.

Comparing the leachability indices for Mg, K, P, and
B during leaching in an alkaline solution and in distilled

water, we can see that the LI values for Mg differ
significantly. LI for Mg in the case of an alkaline
solution increased by 25.0% (MKPC-BFS), 29.7%
(MKPC-FA-BFS), and 33.7% (MKPC-FA). The highest
leachability index values for K (LI=9.74) are
characteristic of MKPC-FA, for Mg (LI=15.49),
P (LI=10.61) and B (L1=9.29) — MKPC-BFS (Table 4).

Table 3

Leachability indices LI and effective diffusion coefficients D, for elements released in alkaline solution
and distilled water

LI/D,, cm?s?
Element MKPC-BFS MKPC-FA-BFS MKPC-FA
alkaline solution | distilled water alkaline solution | distilled water alkaline solution | distilled water
Mg 15.49/7.98-10™%¢ | 12.39/8.29-10™% | 15.45/1.56-10"° | 11.91/3.41-10™2 | 15.19/1.27-10 | 11.36/8.26:10°2
K 9.17/1.59-10°° 9.61/5.31-10° | 9.06/3.29:10°° 9.15/1.47-10° | 9.74/9.49-101° 9.50/6.78-1071°
P 10.15/1.19-10° | 10.61/3.86:10™* | 10.00/1.90-10%° | 10.29/8.91-10°* | 9.8/3.51-10°° 9.97/1.65-10%°
B 9.29/1.34:10°° 9.60/5.21:101° | 9.27/2.28:10°° 8.99/1.76:10° | 9.24/2.70-10°° 9.06/1.42:10°°

The US Nuclear Regulatory Commission has
defined a minimum value of six (6.0) for the
leachability index as an acceptance criteria for
radioactive waste forms to be disposed of at controlled
sites [23], i.e., the leachability index, as calculated in
accordance with ANS 16.1, should be greater than 6.
The leaching tests carried out in this work according to
the ANSI/ANS 16.1 standard show that this requirement
is checked for the main elements (Mg, K, P) and B of
the MKPC matrices, regardless of the leaching solution
(distilled water or alkaline solution). Indeed, the
leachability indices are > 9 (see Table 3). This means
that it seems possible to use blast furnace slag, in
addition or substitution to fly ash, as a filler in MKPC
materials, which is extremely important for Ukrainian
needs [22].
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2.2. X-RAY ANALYSIS

The crystalline phase composition of all obtained
MKPC based specimens cured for 28 days was studied
by X-ray diffraction analysis (XRD) (DRON-4-07
device using copper Cu-K, radiation and a Ni selective
absorbing filter). Crystalline phase quantification was
performed using MAUD (Materials Analysis Using
Diffraction) software to analyse diffraction data using
the combined Rietveld method.

Rietveld quantification of MKPC-FA, MKPC-BFS,
and MKPC-FA-BFS specimens shows that the content
of K-struvite in the crystalline fraction of the three
materials is almost the same and is equal to 58...60%
(see Table 4).
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Table 4

Quantitative phase composition of the initial MKPC specimen

Composition Phase % Lattice parameters, A
Quartz 38 a=4.912, ¢=5.398

MKPC-FA K-struvite 58 a=6.875, b=6.160, c=11.083

Mullite 4 a=7.583, b=7.650, c=2.886

Quartz 31 a=4.913, c=5.414

MKPC-BFS K-struvite 60 a=6.897, b=6.188, c=11.109
Akermanite 9 a=7.783, ¢=5.028
Quartz 34 a=4.913, ¢=5.402

MKPC-FA-BFS K-struvite 59 a=6.874, b=6.158, c=11.091
Akermanite 7 a=7.773, ¢=5.020

MKPC-BFS specimen is characterized by the
presence of K-struvite with higher crystal lattice
parameters, as comparison to both MKPC-FA and
MKPC-FA-BFS specimens. This indicates that, during
the preparation of MKPC-BFS specimen, a more
significant dissolution of the BFS particles occurs,
releasing various elements that are included in the K-
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struvite crystal structure with an increase in its crystal
lattice parameters. The observation of the mullite
(AlgSi,043) in MKPC-FA specimen (Fig. 4.a) is
explained by its presence in initial FA powder.
Similarly, akermanite (Ca,MgSi,O;) observed in both
MKPC-BFS (Fig. 4,b) and MKPC-FA-BFS (Fig. 4,c)
specimens is a component of the BFS powder [22].
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Fig. 4. Diffraction patterns of the initial specimens:
a— MKPC-FA; b — MKPC-BFS; ¢ — MKPC-FA-BFS

After leaching for 90 days, X-ray analysis of the
MKPC specimen surface was performed. The analysis
was made on powder specimens, which were obtained
by scratching the surface layer of the specimens. The
thickness of the studied layer was 1...2 mm. Fig. 5
shows the XRD patterns of the surface of MKPC-FA,
MKPC-BFS and MKPC-FA-BFS specimens. As can be
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seen, K-struvite is absent from the surface layer of all
specimens after leaching for 90 days. On the contrary,
the presence of the hasenite (KNaMg,(PO,), 14H,0)
phase is observed, which was deposited on the surface
of the specimens as a result of K-struvite dissolution
and the presence of Na® in alkaline solution.
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Fig. 5. Diffraction patterns of the specimens surface after leaching in alkaline solution:
a— MKPC-FA; b — MKPC-BFS; ¢ — MKPC-FA-BFS

There is also a small amount of unreacted MgO
(1.7...2.3%) and a significantly larger amount of quartz
(58.3...60.7%) as a result of the addition of sand as a
filler (Table 5). In addition to hazenite, MgO and quartz,
mullite (7.5%) resulting from the fly ash addition was
identified in the surface layer of the MKPC-FA
specimen. The MKPC-BFS and MKPC-FA-BFS
specimens are characterized by the presence of
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akermanite (14.5 and 7.5%, respectively) coming from
blast furnace slag.

In contrast to leaching of MKPC in alkaline solution,
leaching in distilled water (pH ~6.5) results in the
formation of bobierrite (Mgs(PO,),-8H,0) and dolomite
(CaMg(CO3),) in the near-surface layer of the
specimens. Thus, after leaching tests in distilled water
for 90 days according to the ANS 16.1 test, K-struvite,
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quartz, akermanite, dolomite and bobierrite were found
in the near-surface layer (thickness ~1 mm) of the
MKPC-BFS and MKPC-FA-BFS specimens [24].
Formation of bobierrite and dolomite was previously
noted in the layer on the surface of the MKPC specimen
after leaching (ANS 16.1 test) in deionized water for
387 days [25].

Lahalle et al. studied the evolution of MKPC
specimens (Mg/P molar ratio =1) immersed in an
alkaline solution simulating the pore solution of
concrete prepared using Portland cement mixed with fly

ash and blast furnace slag over time [17]. The leaching
solution had a pH close to 13.2 and contained K
(133 mmol/l), Na (66 to 107 mmol/l) and Ca (1 mmol/l)
ions, and in some cases chlorides (40 mmol/l). The
authors suggested a possible replacement of K* by Na*
in the K-struvite structure, leading to the formation of
hazenite. Xu et al. showed that the main phase of K-
struvite in MKPC is destabilized to bobierrite
(Mg3(POy4),-8H,0) when exposed to solutions with
pH <7 and to brucite (Mg(OH),) and hazenite at pH > 7
[26].

Table 5
Quantitative phase composition of the specimens surface after leaching
Composition Phase % Lattice parameters, A
Quartz 58.7 | a=4.921, c=5.411
Hazenite 32.1 | a=6.935, b=25.272, c=11.244
MKPC-FA MgO 1.7 | a=4.213
Mullite 75 a=7.57, b=7.69, c=2.89
Quartz 60.7 a=4.916, c=5.412
Hazenite 23.4 a=6.952, b=25.237, c=11.254
MKPC-BFS MgO 1.7 | a=4.214
Akermanite 14.2 a=7.775, ¢=5.035
Quartz 58.3 | a=4.919, c=5.412
Hazenite 31.9 a=6.956, b=25.245, c=11.254
MKPC-FA-BFS MgO 23 | a=4.215
Akermanite 7.5 a=7.781, ¢=5.035

Comparison of these results with the sufficiently
high values of leachability indices for Mg, K, P, and B
suggests the formation of a protective layer on the
surface of MKPC specimens, slowing down their
release into distilled water or alkaline solution. In
distilled water, the protective layer consists of
bobierrite, dolomite, quartz and akermanite for MKPC
specimens with the addition of blast-furnace slag. In the
case of leaching in an alkaline solution, the protective
layer is formed on the surface of MKPC specimens with
the addition of fly ash and blast-furnace slag from
hazenite, quartz and mullite and from hazenite, quartz
and akermanite, respectively.

The leaching test conducting allows to evaluate the
efficiency of using a specific matrix for radioactive
waste stabilization. In this case, monolithic MKPC
specimens were leached (ANS 16.1 test) in a
periodically replaced alkaline solution. If we consider
the results of leaching tests of magnesium-potassium-
phosphate cement with various fillers, we can conclude
that potassium is the most leached of the studied
elements. Potassium is leached to the greatest extent
from MKPC with blast furnace slag additives.
Phosphorus is in second place in terms of leaching.
Boron follows phosphorus. Magnesium is leached to the
least extent. The highest leaching of P, B, and Mg is
characteristic of MKPC with fly ash additives. At the
same time, for all the main elements of the MKPC
matrix both with blast furnace slag and fly ash additives,
the obtained leaching index values are LI > 9. This fact
indicates that MKPC matrices can function as highly
effective  waste forms for radioactive waste
immobilization.

CONCLUSIONS

This study was aimed at understanding the behavior
of MKPC over time when exposed to alkaline solution,
which MKPC may encounter when used as a matrix
material for immobilization of radioactive waste. Tests
for leaching of MKPC specimens in alkaline solution
were carried out in accordance with ANS 16.1.

XRD analysis showed the formation of hazenite
(KNaMg,(PO,), 14H,0) and the disappearance of K-
struvite in the surface layer of MKPC specimens with
both fly ash and blast furnace slag additives after
leaching in alkaline solution.

The highest leachability index LI values were
obtained for MKPC specimens containing blast furnace
slag (MKPC-BFS and MKPC-FA-BFS) for all
investigated elements (Mg, K, P, B), except K. In this
latter case, using fly ash as a filler seemed more
advantageous.

For all tested materials, the major elements Mg, K,
P, and B showed limited leachability (LI >9) in both
distilled water and an alkaline solution mimicking the
internal waters of radioactive waste storage facilities.

The use of blast furnace slag as a filler makes it
possible to design a MKPC-based material with a
chemical resistance at least as good as that obtained
with fly ash.

REFERENCES

1. A'S. Wagh, R. Strain, S.Y. Jeong, D. Reed,
T. Krause, D. Singh. Stabilization of Rocky Flats Pu-
contaminated ash within chemically bonded phosphate
ceramics // Journal of Nuclear Materials. 1999, v. 265,
p. 295-307;
https://doi.org/10.1016/S0022-3115(98)00650-3

76 ISSN 1562-6016. Problems of Atomic Science and Technology. 2025. N22(156)


https://doi.org/10.1016/S0022-3115(98)00650-3

2. F. Bodong, H. Zhuojun, S. Tao, Y. Liu, X. Wang,
D. Yang, K. Zhu, X. Zhao, Z. Zhao. Research progress
on the properties and applications of magnesium phosphate
cement // Ceramics International. 2023, v. 49, p. 4001-
4016;
https://doi.org/10.1016/j.ceramint.2022.11.078

3.S. Marusiak, A. Kapicova, A. Pivak, M. Pa-
vlikova, Zb. Pavlik. Magnesium Potassium Phosphate
Cement-Based Derivatives for Construction Use:
Experimental Assessment // Materials. 2022, v. 15(5),
p. 1896; https://doi.org/10.3390/mal15051896

4. A.S. Wagh. Recent progress in chemically bonded
phosphate ceramics // ISRN Ceramics. 2013, p. 1-20;
https://doi.org/10.1155/2013/983731

5. D. Singh, A. Wagh, J. Cunnane, J. Mayberry.
Chemically bonded phosphate ceramics for low-level
mixed waste stabilization // J. Environ. Health Sci. 1997,
A32(2), p. 527-541,;
https://doi.org/10.1080/10934529709376559

6. D. Singh, V.R. Mandalika, S.J. Parulekar,
A.S. Wagh. Magnesium potassium phosphate ceramic
for ®*Tc immobilization // Journal of Nuclear Materials.
2006, v. 348, p. 272-282;
https://doi.org/10.1016/j.jnucmat.2005.09.026

7. Z. Lai, H. Wang, Y. Hu, T. Yan, Z. Lu, S. Lv,
H. Zhang. Rapid solidification of Highly Loaded High-
Level Liquid Wastes with magnesium phosphate cement
/I Ceramics International. 2019, v. 45, p. 5050-5057;
https://doi.org/10.1016/j.ceramint.2018.11.206

8. S.Yu. Sayenko, V.A. Shkuropatenko, O.V. Py-
lypenko, S.O. Karsim, A.V. Zykova, D.V. Kutnii,
A.S. Wagh. Radioactive waste immobilization of
Hanford sludge in magnesium potassium phosphate
ceramic forms // Progress in Nuclear Energy. 2022,
v. 152, p. 104315;
https://doi.org/10.1016/j.pnucene.2022.104315

9. H.A. Colorado, D. Singh. High-sodium waste
streams stabilized with inorganic acidbase phosphate
ceramics fabricated at room temperature // Ceramics
International. 2014, v. 40(7), p. 10621-10631;
https://doi.org/10.1016/j.ceramint.2014.03.045

10. Z. Lai, H. Wang, Y. Hu, T. Yan, Z. Lu, S. Lv,
H. Zhang. Rapid solidification of Highly Loaded High-
Level Liquid Wastes with magnesium phosphate cement
I/l Ceramics International. 2019, v. 45, p. 5050-5057;
https://doi.org/10.1016/j.ceramint.2018.11.206

11. Z. Lai, Y. Hu, T. Yan, X. He, Z. Lu, S. Ly,
H. Zhang. Immobilization of solidified ceramic forms
with magnesium phosphate cement // Ceramics
International. 2019, v. 45, p. 13164-13170;
https://doi.org/10.1016/j.ceramint.2019.03.252

12.J.-Y.Pyo, W. Um, J. Heo. Magnesium potas-
sium phosphate cements to immobilize radioactive
concrete wastes generated by decommissioning of
nuclear power plants // Nuclear Engineering and
Technology. 2021, v. 53, p. 2261-2267;
https://doi.org/10.1016/j.net.2021.01.005

13. C. Cau Dit Coumes, D. Lambertin, H. Lahalle,
P. Antonucci, C. Cannes. Selection of a mineral binder
with potentialities for the stabilization/solidification of
aluminum metal // Journal of Nuclear Materials. 2014,
v. 453, p. 31-40;
https://doi.org/10.1016/j.jnucmat.2014.06.032

14. P. Bouhier, C. Cannes, D. Lambertin, Ch. Gri-
solia, D. Rodrigues, S. Delpech. Evaluation of several
conditioning matrices for the management of
radioactive metal beryllium wastes // Journal of Nuclear
Materials. 2022, v. 559, p. 153464;
https://doi.org/10.1016/j.jnucmat.2021.153464

15.LJ. Gardner, S.A. Bernal, S.A. Walling,
C.L. Corkhill, J.L. Provis, N.C. Hyatt. Characterisation
of magnesium potassium phosphate cements blended
with fly ash and ground granulated blast furnace slag //
Cement and Concrete Research. 2015, v. 74, p. 78-87;
http://dx.doi.org/10.1016/j.cemconres.2015.01.015

16. H.A. Colorado, J. Pleitt, C. Hiel, J.M. Yang,
H.T.Hahn, C.H. Castano. = Wollastonite  based-
Chemically Bonded Phosphate Ceramics with lead
oxide contents under gamma irradiation // Journal of
Nuclear Materials. 2012, v. 425, 1-3, p. 197-204;
https://doi.org/10.1016/j.jnucmat.2011.08.043

17. H. Lahalle, C. Patapy, M. Glid, G. Renaudin,
M. Cyr.  Microstructural  evolution/durability — of
magnesium phosphate cement paste over time in neutral
and basic environments // Cement and Concrete
Research. 2019, v. 122, p. 42-58;
https://doi.org/10.1016/j.cemconres.2019.04.011

18. L. D. Caselles, C. Cau Dit Coumes, P. Antonucci,
A. Rousselet, A. Mesbah, V. Montouillout. Chemical
degradation of magnesium potassium phosphate cement
pastes during leaching by demineralized water:
Experimental investigation and modeling // Cement and
Concrete Research. 2024, v. 178, p. 107456;
https://doi.org/10.1016/j.cemconres.2024.107456

19. L. D. Caselles, C. Cau Dit Coumes, P. Antonucci,
A. Rousselet, A. Mesbah, V. Montouillout. Leaching of
magnesium potassium phosphate cement pastes under
alkaline conditions // Applied Geochemistry. 2024,
v. 170, p. 106067;
https://doi.org/10.1016/j.apgeochem.2024.106067

20. B. Xu, F.Winnefeld, B.Ma, D. Rentsch,
B. Lothenbach. Influence of aluminum sulfate on
properties and hydration of magnesium potassium
phosphate cements // Cement and Concrete Research.
2022, v. 156, p. 106788;
https://doi.org/10.1016/j.cemconres.2022.106788

21. ANSI/ANS-16.1. Measurement of Leachability
in Solidified Low-Level Radioactive Waste by the
Short-Term Procedure — an American National Standard.
American Nuclear Society, 2019;
https://doi.org/webstore.ansi.org/preview-
pages/ANSI/preview_ANSI+ANS-16.1-2019.pdf

22. S. Sayenko, V. Shkuropatenko, O. Pylypenko,
H. Kholomieiev, S. Karsim, A. Zykova. Production and
properties of magnesium potassium phosphate cements
containing ash and metallurgical slag additives for
radioactive waste immobilization // Nuclear and
Radiation Safety. 2023, v. 2(98), p. 30-43;
https://doi.org/10.32918/nrs.2023.2(98).03

23. US Nuclear Regulatory Commission. Technical
Position on Waste Form. WASHINGTON, D. C., 20555,
Revision 1, Appendix A-7, 1991;
https://www.nrc.gov/docs/ML0037/ML003752851.pdf

24. S.Yu. Sayenko, V.A. Shkuropatenko, Y.O. Svit-
lychnyi, S.O. Karsim, D.V. Kutnii, A.V. Zykova,
K.V. Lobach. Behaviour of Magnesium Potassium

ISSN 1562-6016. Problems of Atomic Science and Technology. 2025. Az2(156) 77


https://doi.org/10.1016/j.ceramint.2022.11.078
https://doi.org/10.3390/ma15051896
https://doi.org/10.1155/2013/983731
https://doi.org/10.1080/10934529709376559
https://doi.org/10.1016/j.jnucmat.2005.09.026
https://doi.org/10.1016/j.ceramint.2018.11.206
https://doi.org/10.1016/j.pnucene.2022.104315
https://doi.org/10.1016/j.ceramint.2014.03.045
https://doi.org/10.1016/j.ceramint.2018.11.206
https://doi.org/10.1016/j.ceramint.2019.03.252
https://doi.org/10.1016/j.net.2021.01.005
https://doi.org/10.1016/j.jnucmat.2014.06.032
https://doi.org/10.1016/j.jnucmat.2021.153464
http://dx.doi.org/10.1016/j.cemconres.2015.01.015
https://www.sciencedirect.com/journal/journal-of-nuclear-materials
https://www.sciencedirect.com/journal/journal-of-nuclear-materials
https://www.sciencedirect.com/journal/journal-of-nuclear-materials/vol/425/issue/1
https://doi.org/10.1016/j.jnucmat.2011.08.043
https://doi.org/10.1016/j.cemconres.2019.04.011
https://doi.org/10.1016/j.cemconres.2024.107456
https://doi.org/10.1016/j.apgeochem.2024.106067
https://doi.org/10.1016/j.cemconres.2022.106788
https://doi.org/webstore.ansi.org/preview-pages/ANSI/preview_ANSI+ANS-16.1-2019.pdf
https://doi.org/webstore.ansi.org/preview-pages/ANSI/preview_ANSI+ANS-16.1-2019.pdf
https://doi.org/10.32918/nrs.2023.2(98).03
https://www.nrc.gov/docs/ML0037/ML003752851.pdf

Phosphate Cement under Leaching // Problems of
Atomic Science and Technology. 2023, Ne5(147), p.68-
76; https://doi.org/10.46813/2023-147-068

25. J. Torras, I. Buj, M. Rovira, J. de Pablo. Semi-
dynamic leaching tests of nickel containing wastes
stabilized/solidified  with  magnesium  potassium
phosphate cements // Journal of Hazardous Materials.
2011, v. 186, p. 1954-1960;

https://doi:10.1016/j.jhazmat.2010.12.093

26. B. Xu, C. Cau Dit Coumes, D. Lambertin, B. Lo-
thenbach.  Compressive  strength and  hydrate
assemblages of wollastonite-blended  magnesium
potassium phosphate cements exposed to different pH
conditions // Cement and Concrete Composites. 2023,
v. 143, p. 105255;
https://doi.org/10.1016/j.cemconcomp.2023.105255

Article received 18.03.2025

XAPAKTEPUCTHUKHU BUJIYTOBYBAHHS MATHIN-KAJIA-®OCPATHOI'O IEMEHTY
B JIYKHOMY PO3YHMHI

C. Caenko, B. HIxkyponamenko, €. Céimauunuii, O. Illununenko, 1. Konooii, K. Jloéau, I'. 3uxoesa,
0. Cypkos, C. Kapcim

JocmimkyBand XapaKTepUCTUKHA BWIYTOBYBaHHS MarHiii-kamiit-gocdarnoro mementy (MKO®Il) y myxHOMY
po3unHi. IcnUTH Ha BWIYrOBYBaHHS B JIY)KHOMY pPO3YMHI IpoBoOwiM Ha 3paskax MKO®I] srimHo 3 Tectom
ANSI/ANS 16.1. Cknax po3unHIB Micis BIIYTrOBYBaHHS OyB BH3HaueHHWH 3a momomoroio ICP-AES, i Ha ocHOBI
OTPUMAHUX [aHUX pPO3paxoBaHI KyMYJISATHBHI KOHIEHTpamii, edekTuBHI KoedimieHTHn audysii Ta iHAECKCH
BuiyroByBanHs st Mg, K, P ta B. 3a noromoroto peHTreHiBebkoi nudpakiii/ananisy Putsesbia npoaHaitizoBaHo
3MiHy (a30Boro ckiaay mnoBepxHeBoro mapy MK®I] 3paskiB micias BuiIyroByBaHHS. I BCIX JOCIIKEHUX
MarepianiB ocHOBHI enemenT Mg, K, P Ta B nposemMoHcTpyBain oOMekeHy 31aTHICTh 10 BHIYTOBYBaHHS (1HIEKC
BWJIyTOBYBaHHs >9) y Iy)KHOMY PO34HHI, 1110 IMITy€e BHYTPIILIHI BOJY CXOBHIL Pai0aKTUBHHUX BiJXOIIB.
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