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a b s t r a c t

This paper evaluates the efficacy of magnesium potassium phosphate cements (MKPCs) as waste forms
for the solidification of radioactive concrete powder wastes produced by the decommissioning of nuclear
power plants. MKPC specimens that contained up to 50 wt% of simulated concrete powder wastes
(SCPWs) were evaluated. We measured the porosity and compressive strength of the MKPC specimens,
observing them using scanning electron microscopy and X-ray diffraction. The addition of SCPWs
reduced the porosity and increased the compressive strength of the MKPC specimens. Struvite-K crystals
were well-synthesized, and no additional crystal phase was formed. After thermal cycling and after
immersion, MKPC specimens with 50 wt% SCPWs satisfied the waste-acceptance criteria (WAC) for
compressive strength. Semi-dynamic leaching tests were performed using the ANS 16.1 method; the
leachability indices of Cs, Co, and Sr were 11.45, 17.63, and 15.66, respectively, which also satisfy the WAC.
Thus, MKPCs can provide stable matrices to immobilize radioactive concrete wastes generated by the
decommissioning of nuclear power plants.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Managing the waste that results from dismantling nuclear fa-
cilities is a serious challenge. By the end of 2018, approximately 170
nuclear power reactors had been permanently shut down,
including Kori unit 1 in South Korea in 2017 [1]. The dismantling of
gas-cooled and pressurized water reactors is expected to generate
750 and 900 tonnes of radioactive concrete waste, respectively [2].
Activation and contamination events are the primary sources of
radioactive concretes in nuclear power plants. Activated concretes
are generated when radionuclides accumulate in the concretes
surrounding the reactor during operation [3]. Due to their large
neutron-capture cross-sections, 60Co, 152Eu, and 154Eu are respon-
sible for most of the total accumulated radioactivity [4]. The
radioactivity of the concretes adjacent to the reactor is high at the
surface and gradually decreases with depth. Contaminated con-
cretes are generated through exposure to radioactive liquids and
aerosols during operation and decommissioning processes [3]. The
typical radionuclides in contaminated concretes are 137Cs, 90Sr, and
by Elsevier Korea LLC. This is an
60Co, along with several fission products [5]. The adsorption of Cs
on the mineral phases of concrete is well documented [6].

Contaminated concrete surfaces can be mechanically or chem-
ically separated from the bulk. Mechanical methods include scab-
bling, shaving, and abrasive blasting [3,7,8]. Chemical
decontamination techniques employ various acids, chelating
agents, and electro-kinetic methods, with the advantages of being
nondestructive and producing minimal secondary products [9e11].
However, it is difficult to achieve a clearance level when removing
deeply-penetrated radionuclides using chemical approaches [12],
so heating and grinding processes are used to decontaminate such
concretes. During the dismantling of the Korea research reactor-2
(KRR-2), 260 tonnes of radioactive concrete were generated [13].
Most of the radionuclides were adsorbed on the porous cement
pastes, not on aggregates [11], so the volume could be reduced by
removing the aggregates. This process involves heating at
300e700 �C, pulverization, then sieving to obtain cement paste
powders with particles of <1 mm diameter, which contains most of
the 60Co nuclide. The aggregates with diameters >1 mm can be
treated as exemptwastes, reducing thewaste volume by> 80% [13].
The remaining radioactive cement powders must be immobilized
for disposal using solidification processes.
open access article under the CC BY-NC-ND license (http://creativecommons.org/

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jheo@postech.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2021.01.005&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2021.01.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2021.01.005
https://doi.org/10.1016/j.net.2021.01.005


Table 2
Chemical compositions of fly ash, type I Portland cement, and calcined magnesia
analyzed using X-ray fluorescence [wt%].

Compound Source

Fly ash Cement Magnesia

SiO2 61.17 19.9 4.16
Al2O3 20.1 4.9 0.9
Fe2O3 8.25 3.51 1.46
CaO 3.6 63.36 2.86
MgO 1.25 2.16 89.33
K2O 1.25 1.06 e

TiO2 0.86 0.27 e

Na2O 0.85 0.17 e

SO3 0.25 2.41 e

LOI 2.42 2.26 1.29
Total 100 100 100
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The objective of this work was to evaluate the potential of
magnesium potassium phosphate cements (MKPCs) to solidify
cement paste powders generated from heating and grinding
radioactive concrete wastes. MKPCs consist of the struvite-K
(MgKPO4$6H2O) phase formed by the acid-base reaction of
calcined magnesia and potassium dihydrogen phosphate in
aqueous solution according to Eq (1) [14]:

MgO þ KH2PO4 þ 5H2O ¼ MgKPO4$6H2O. (1)

The advantages of MKPCs include high early strength, high
bonding strength, little drying shrinkage, low permeability, and
high sulfate resistance [15e17]. Several studies have been investi-
gated the use of MKPCs for the solidification and stabilization of
radioactive or heavy metal wastes [18e20]. The compressive
strengths of MKPCwaste forms are approximately two times higher
than those of the ordinary Portland cement grouts, and the po-
rosities are reduced by half [21]. In addition, MKPCs exhibit higher
resistance against radioactivity compared to Portland cement
[22,23], confirming the potential of MKPCs for radioactive waste
solidification. In addition, unlike vitrification or ceramic solidifi-
cation processes, MKPCs are cost- and energy-efficient and use
simple equipment, especially there is no volatilization of nuclides.
In this study, we added up to 50 wt% cement paste powder waste to
MKPCs. The effect of the waste on MKPC microstructure was
investigated using mercury intrusion porosimetry (MIP), scanning
electron microscopy (SEM), and X-ray diffraction (XRD) methods.
We also determined whether MKPC monoliths meet the waste-
acceptance criteria (WAC) for disposal in repositories [24].

2. Materials and methods

2.1. Preparation of simulated concrete powder wastes (SCPWs)

Simulated concretes were prepared according to the concrete
composition (Table 1) used in the construction of nuclear power
plants in South Korea [25]. The concretes were composed of type-I
Portland cement (Ssangyong Cement Industrial Co., Ltd., Korea),
class-F fly ash, standard sand (ISO 679), coarse aggregates
(4e16 mm), and a water-reducing agent (polycarboxylate ether
superplasticizer). The chemical composition of type-I Portland
cement and class-F fly ash (Table 2) were determined using X-ray
fluorescence (XRF). Cylindrical concrete specimens (10 cm diam-
eter, 20 cm height) were cast and cured at room temperature
(20e25 �C) and relative humidity (RH) > 80% for 30 d. The concrete
specimens were then heated at 550 �C for 1 h, crushed, and sieved
through 1-mm mesh. The resulting powders were pulverized with
a ball mill for 1 h to prepare simulated concrete powder wastes
(SCPWs). These SCPWs were classified into size classes of <75 mm,
75e150 mm,150e500 mm, and >500 mm. The chemical composition
of each group was analyzed using XRF. Finally, the SCPW particle-
Table 1
Relative proportions of the simulated concrete
ingredients.

Ingredient wt%

Water 7.20
Cement 14.40
Fly ash 3.60
Sand 33.14
Gravel 41.54
Superplasticizer 0.12
Total 100.00
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size distribution was quantified using a laser particle-size
analyzer (Mastersizer2000, Marvin, UK).
2.2. Preparation of magnesium potassium phosphate cements
(MKPCs)

MKPCs were synthesized from magnesia and potassium dihy-
drogen phosphate (KH2PO4) as shown in Eq (1) [14]. Dead burnt
magnesia (DBM) was prepared by calcining MgO at > 1400 �C
(Refractory Engineering Company Co., Ltd., Korea) [16]. DBM
powder particle-size distribution was analyzed using the laser
particle-size analyzer; the volumetric diameters were
D10 ¼ 7.32 mm, D50 ¼ 24.9 mm, and D90 ¼ 56.9 mm (Fig. 1). The
concentration of MgO in the DBM powder was 89%, as determined
using XRF (Table 2). Boric acid (H3BO3; Samchun, 99.5% purity) was
used as a retarder to control the MKPC reaction rate [14]. Non-
radioactive Co(NO3)2$6H2O (Sigma-Aldrich, > 98% purity), CsNO3
(Wako, > 99% purity), and Sr(NO3)2 (Alfa Aesar, > 99% purity) were
used as surrogates for 60Co, 137Cs, and 90Sr, respectively.

The optimal formulation of MKPC depends on its intended
application [26]. The stoichiometric molar ratio of MgO
(M):KH2PO4 (P):H2O (W) for the synthesis of struvite-K is 1:1:5;
however, severalmodifications have been attempted. MKPCswith a
stoichiometric molar ratio prepared to solidify the liquid secondary
wastes at a Hanford (USA) site resulted in the expansion of MKPC
[27]. Additionally, MKPC swelling occurred when the molar ratio of
Fig. 1. Cumulative particle-size distributions in simulated concrete powder wastes
(SCPWs) and calcined magnesia.
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MgO and KH2PO4 (M/P) was fixed to one. The swelling diminishes
as the M/P ratio increases [28]; however, the addition of excess
MgO also accelerates the MKPC reaction rate, limiting the amount
of waste loading [26]. Therefore, we fixed the M/P ratio to 1.5 to
minimize MKPC swelling and maintain the appropriate reaction
rate. When the molar ratio (W/P) of H2O and KH2PO4 was <5, a
portion of the KH2PO4 remained unreacted [29]. Residual KH2PO4
will degrade the water-resistance of MKPCs because KH2PO4 is
highly soluble in water [30]. Therefore, we also fixed the W/P ratio
to 5 to minimize the amount of unreacted KH2PO4.
2.3. SCPW and MKPC mixtures

SCPWs less than 1 mm in size generated by the heating and
grinding processes were added to MKPC at 0 wt% (specimen W0),
25 wt% (W25), or 50 wt% (W50) (Table 3); 0.5 wt% of boric acid
(H3BO3, Sigma-Aldrich) was added as a retarder [14]. No more than
50 wt% SCPWs could be added toMKPCs because of the difficulty of
mixing the ingredient powders with a low water-to-solid ratio.
CsNO3, Co(NO3)2$6H2O, and Sr(NO3)2 powders (0.2 mol each) were
mixed in deionized water (DIW).

It is preferable to add contaminants such as Cs, Co, and Sr ions
directly to the SCPWs. Unfortunately, it was difficult to maintain a
homogeneous distribution of Cs, Co, and Sr ion concentrations in
the SCPWs; thus, we added them in the form of nitrates during
MKPC synthesis. The MKPC raw materials and SCPWs were initially
mixed at 200 rpm for 1 min using an overhead stirrer. DIW con-
taining Cs, Co, and Sr nitrates was then added and mixed at
500 rpm for 10 min. The mixed pastes were cast into a polymethyl
methacrylate mold to form 2 � 2 � 4 cm rectangular prisms. MKPC
monoliths were removed from the mold after 24 h and cured at
room temperature for 7, 14, or 28 d at RH > 80%.
2.4. Characterization

The compressive strength of cured specimens W0, W25, and
W50 were measured using a universal testing machine at a loading
rate of 0.25 MPa/s. The pore-size distribution in specimens that had
been cured for 28 d was measured by mercury intrusion poros-
imetry (MIP) using a porosimeter (Autopore IV 9500, Micro-
meritics, USA). X-ray diffraction (XRD) patterns were recorded at
10� � 2q � 50� using a diffractometer (D/max-2500/PC, Rigaku,
Japan) with Cu-Ka radiation at 40 kV tube voltage and 100 mA
current. The morphology and chemical composition of the polished
specimens were examined using an energy-dispersive X-ray spec-
troscope (EDS, Aztec EDS, Oxford Instruments, UK) attached to a
scanning electron microscope (SEM, JSM-7100F, JEOL, Japan) at an
accelerating voltage of 15 kV and a working distance of 10 mm.

We compared the characteristics of W50 specimens to the WAC
Table 3
Formation [wt%] of magnesium potassium phosphate cement specimens containing
0 (W0), 25 (W25), and 50 wt% (W50) simulated concrete powder wastes (SCPWs).

Component Specimen

W0 W25 W50

SCPW 0 25.00 50.00
MgO 20.24 15.15 10.07
KH2PO4 45.55 34.11 22.66
H2O 29.50 22.09 14.68
H3BO3 0.50 0.50 0.50
CsNO3 1.18 0.88 0.58
Co(NO3)2$6H2O 1.76 1.31 0.87
Sr(NO3)2 1.28 0.96 0.63
Total 100.00 100.00 100.00
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after thermal-cycling and water-immersion tests. The thermal-
cycling tests were conducted according to ASTM B 553e71 pro-
cedures for specimens that were cured for 28 d [31]. The specimens
were exposed to 30 thermal cycles of heating to 60 �C and freezing
to �40 �C. The heating and cooling rates were ±10 �C/h, and the
specimens were held at the target temperature of 60 �C or �40 �C
for 1 h each time. After the thermal cycles, we visually examined
the surfaces of the specimens for cracks before measuring the
compressive strength. Water immersion tests were performed
following ANS 16.1 procedures to quantify the degradation of me-
chanical strength and the leaching characteristics of the specimens
[32]. The compressive strength of the bulk specimens and the
leached element concentrations in the water were analyzed after
90 d of immersion. The leachant was DIW with a conductivity
<1 mS/cm. Specimens were immersed in DIW with a ratio of
leachant volume [cm3] to specimen surface area [cm2] of 10 cm; the
leaching agent was collected and replaced with fresh DIWafter 2, 7,
24, 48, 72, 96, 120, 456, 1128, and 2160 h. The ion concentrations in
the collected leachates were analyzed using inductively-coupled
plasma mass spectrometry (ICP-MS, NexION 2000, PerkinElmer,
USA) at RF power of 1600 W. The effective diffusivity D [cm2/s] of
each element was derived as

D¼p

�ðan=A0Þ
ðDtÞn

�2�V
S

�2

T (2)

where an [g] is the amount of an element released from the spec-
imen during the specific leaching interval n; A0 [g] is the initial
concentration in the specimen; (Dt)n [s] is the leaching interval; V
[cm3] is the volume of the specimen; S [cm2] is the geometric

surface area of the specimen; and T ¼
�
1
2 ð

ffiffiffiffiffi
tn

p þ ffiffiffiffiffiffiffiffiffi
tn�1

p Þ
�2
, where tn

[s] is the time to the nth leaching interval. The leachability index
(LI) is the sum of the negatives of the natural logarithms of the
effective diffusivities:

LI¼ 1
m

Xm
n¼1

½ � logðDÞ�n (3)

where n is the number of measurements andm is the total number
of leaching periods.
3. Results and discussion

3.1. Simulated concrete powder wastes

The X-ray diffraction patterns (Fig. 2a) of SCPWs before heating
show peaks from portlandite (Ca(OH)2), quartz (SiO2), K-feldspar
(KAlSi3O8), plagioclase (NaAlSi3O8eCaAl2Si2O8), and calcite
(CaCO3), as observed in previous studies [33,34]. Portlandites
appear to form during the hydration of Portland cement. Quartz, K-
feldspar, and plagioclase are present in the sand and crushed gravel.
Calcium silicate hydrates (CeSeH) were not identified in hydrated
Portland cement pastes due to their amorphous nature [35]. The
portlandite peaks disappeared after heating because the cement
was dehydrated at 450 �C [36]. After the heating process, SiO2 and
CaO are the main components of the final SCPWs (Table 4).

The particle size and composition of additives have a significant
influence on the reaction of cementitious materials [37,38].
Therefore, we analyzed the composition of SCPWs with different
particle sizes (Table 4). Particles with smaller diameters contained
high concentrations of CaO, which was likely due to the difference
in hardness between the cement pastes and aggregates. Cement
pastes are softer than aggregates [39], resulting in fine particles



Fig. 2. X-ray diffraction patterns of simulated concrete powder wastes (a) before
heating and (b) after heating.

Table 4
Compositions [wt%] of simulated concrete powder waste powders classified by
diameter intervals. (Oxides of less than 1 wt% are not included.).

Compound SCPW Particle size [mm]

<75 75e150 150e500 >500

SiO2 66.41 49.57 78.83 87.44 93.27
CaO 21.39 31.64 8.97 3.63 1.41
Al2O3 7.44 8.65 6.84 5.08 1.64
Fe2O3 2.65 3.39 1.51 1.41 1.21
Total 97.89 93.25 96.15 97.56 97.53

Fig. 3. Cumulative porosities of magnesium potassium phosphate cements containing
0, 25, or 50 wt% simulated concrete powder wastes.
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with diameters < 75 mm in the SCPWs; these fine powders are the
target for solidification in the present study. Furthermore, these
fine particles have large specific surface areas that bear radioactive
ions [13], which are to be immobilized into MKPCs.

3.2. Compressive strength and pore structure of MKPCs

The MKPC compressive strength increased as the curing time
and waste loading increased. The compressive strength of speci-
mens cured for 28 d was 41.44 MPa, 55.64 MPa, and 56.27 MPa for
W0,W25, andW50, respectively (Table 5). TheW/Pmolar ratio was
fixed at 5 in the starting mixture to satisfy the stoichiometry of
struvite-K; the water-to-solid mass ratio decreased from 0.455 in
W0 to 0.184 in W50. This result is consistent with previous reports
that the compressive strength of MKPC increases as the water-to-
solid ratio decreases with decreased porosity [40e42].

The specimen porosity ranged from 6 to 12% and decreased
with the addition of SCPWs (Fig. 3). Cement-based materials
contain three types of pores: air voids, capillary pores, and gel
pores [43]. Air voids with characteristic dimensions of several
Table 5
Mean ± standard deviation (n ¼ 3) compressive strengths (MPa) of magnesium
potassium phosphate cement specimens with simulated concrete powder waste
contents of 0 (W0), 25 (W25), and 50 wt% (W50).

Curing period (d) W0 W25 W50

7 34.52 ± 2.33 48.94 ± 2.33 45.75 ± 4.44
14 38.49 ± 3.29 51.94 ± 3.26 50.80 ± 2.12
28 41.44 ± 3.39 55.64 ± 9.26 56.27 ± 4.86
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micrometers are formed by entrainment of air during cement
mixing. Capillary pores (50 nme10 mm) are spaces between hy-
dration products [44]. Gel pores (0.5e10 nm) exist inside hydra-
tion products [45]. Pores can also form in MKPCs as a consequence
of volume reduction during the formation of struvite-K [46]. The
molar volume of struvite-K is 143.03 cm3/mol and the sum of the
molar volumes of starting materials is 159.56 cm3/mol; therefore,
the formation of the struvite-K phase resulted in a volume
reduction of approximately 10%, which contributed to the gener-
ation of pores in MKPCs. The MKPC pores were mainly capillary
pores (Fig. 3), which are known to decrease as the water-to-
cement ratio decreases [47], i.e., SCPWs act as inert fillers, so the
addition of SCPWs decreased the porosity by decreasing the
relative amounts of the components that lead to pore formation.
We believe that the increase in compressive strength of the final
MKPC specimens can also be attributed to the decreased porosity
that resulted from SCPW addition.

3.3. Crystalline phases and chemical compositions of MKPCs
immobilizing SCPWs

The XRD patterns of W0 and W50 after curing for 28 d showed
peaks from both struvite-K and periclase (Fig. 4). W50 showed
additional bands from quartz (SiO2), K-feldspar (KAlSi3O8), plagio-
clase (NaAlSi3O8eCaAl2Si2O8), and calcite (CaCO3), all of which
originated from the SCPWs (Fig. 4). Periclase (MgO) patterns were
also present because MgO was added in excess of the stoichio-
metric molar ratio needed to form struvite-K. No other crystalline
secondary reaction products were observed after the addition of
SCPWs, although the formation of amorphous phases such as cal-
cium phosphate cannot be ruled out. In addition, no new phases
related to the addition of Cs, Co, and Sr were observed.

The scanning electron micrographs and compositional mapping
ofW50 revealedMgO, sands, cement paste particles, and struvite-K
(Fig. 5). MgO originated mainly from the starting materials, which
contained excess MgO over the stoichiometric composition of
struvite-K. Cracks formed because the polished surface became
dehydrated during vacuum drying and analysis [38]. Sand particles
composed mostly of SiO2 are the main ingredient of SCWPs, along
with cement paste particles composed of CaOeSiO2. No secondary
reaction products were detected. Struvite-K crystals composed of
Mg, K, and P formed homogeneously. Most of the sands and cement



Fig. 4. X-ray diffraction patterns of magnesium potassium phosphate cement speci-
mens with (a) 50 wt% and (b) 0 wt% simulated concrete powder wastes, after curing for
28 d.

Table 6
Compressive strength [MPa] of magnesium potassium phosphate cement specimens
after thermal cycling and water immersion tests. Specimens contained 50 wt%
simulated concrete powder wastes and were cured for 28 d.

Specimen No. Condition

Pristine Thermal cycling Water immersion

1 61.39 40.52 51.58
2 51.73 50.55 44.35
3 55.70 49.09 51.21
Average ± s.d. 56.27 ± 4.86 46.72 ± 5.42 49.05 ± 4.07

J.-Y. Pyo, W. Um and J. Heo Nuclear Engineering and Technology 53 (2021) 2261e2267
particles from SCPWs and the unreactedMgO particles appear to be
surrounded by the struvite-K phase.
3.4. Evaluation of waste acceptance criteria

3.4.1. Compressive strength of MKPCs after thermal cycling and
water immersion

W50 MKPCs that had been cured for 28 d were evaluated
(Table 6). The compressive strength of cementitious solids usually
decreases after thermal cycling tests because the alternating
freezing and thawing of the internal water impose stress [48]. Our
Fig. 5. Scanning electron micrograph of magnesium potassium phosphate cements with 50 w
K.
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specimens did not develop any visible cracks; however, an average
weight decrease of 3% was observed after 30 thermal cycles. The
compressive strength of the specimens after thermal cycling was
46.72MPa, which is 17% less than that of the pristine specimens but
still well above the WAC of 3.45 MPa.

After immersion in water for 90 d, no visible external deterio-
rationwas observed. However, the weight decreased by 5%, and the
compressive strength decreased by 13% to 49.05 MPa, which is still
higher than 3.45 MPa. The observed weight loss during immersion
is mainly due to the washing out of residual unreacted binder and
leaching of the MKPC components [49]. Our results demonstrate
that these MKPC specimens, that bore 50 wt% SCPWs and were
cured for 28 d, satisfied the WACs for thermal cycling and water
immersion.

3.4.2. Leachability index

The leachability indices (LIs) of three representative radionu-
clides (Cs, Co, Sr) in contaminated concrete were evaluated using
the ANS 16.1 method (Table 7). The LIs of Cs, Co, and Sr were 11.45,
17.63, and 15.66, respectively, satisfying the WAC of >6. When
radioactive CsCl solidifies inside MKPCs, Csþ is immobilized in the
form of MgCsxK1-xPO4.6H2O, which has 11.5 � LI � 11.7 [50].
t% simulated concrete powder wastes and compositional mapping of Ca, Si, Mg, P, and



Table 7
Diffusivity (D) [cm2/s] and leachability indices (LI) of Cs, Co, and Sr evaluated using
the ANS 16.1 method.

Sample day Element

Cs Co Sr

D LI D LI D LI

0.083 1.62 � 10�13 12.79 8.92 � 10�18 17.05 7.37 � 10�17 16.13
0.292 1.35 � 10�11 10.87 1.65 � 10�16 15.78 8.54 � 10�16 15.07
1 9.97 � 10�12 11.00 6.63 � 10�17 16.18 6.59 � 10�16 15.18
2 1.75 � 10�11 10.76 3.13 � 10�17 16.50 3.83 � 10�16 15.42
3 1.48 � 10�11 10.83 1.41 � 10�17 16.85 7.54 � 10�16 15.12
4 9.39 � 10�12 11.03 4.15 � 10�18 17.38 8.88 � 10�15 14.05
5 1.73 � 10�13 12.76 1.37 � 10�18 17.86 1.44 � 10�15 14.84
19 4.17 � 10�12 11.38 9.67 � 10�20 19.01 3.11 � 10�18 17.51
47 3.15 � 10�12 11.50 2.36 � 10�20 19.63 1.86 � 10�17 16.73
90 2.38 � 10�12 11.62 9.97 � 10�21 20.00 2.80 � 10�17 16.55
Average LI 11.45 17.63 15.66
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Previous use of MPKCs to immobilize alkaline supernatant liquid
wastes from Hanford (USA) and Mayak (Russia) showed
11.4 � LI � 11.5 for Cs and 10.9 � LI � 13.2 for Sr, respectively [51].
The MKPC waste forms developed in the current study exhibit LIs
comparable to those reported previously. Furthermore, the addi-
tion of SCPWs did not degrade the resistance of MKPCs to leaching.
The MKPCs achieved high enough resistance to elemental leaching
to be used for immobilization of the radioactive concrete powder
wastes that are generated during decommissioning of nuclear
facilities.

4. Conclusions

To determine the efficacy of magnesium potassium phosphate
cements (MKPCs) for immobilizing radioactive concrete wastes,
MKPCs were mixed with up to 50 wt% of simulated concrete
powder wastes (SCPWs). Struvite-K phases formed in the waste
forms and surrounded the SCPW sand and cement particles. The
compressive strength of MKPC specimens increased from 41 to
56 MPa with the addition of 50 wt% SCPWs. The MKPC specimens
that contained 50 wt% SCPWs were subjected to thermal-cycling
and water-immersion tests. After the tests, the compressive
strength of the specimens remained >45 MPa, which satisfies the
waste acceptance criterion. The leaching indices of Cs, Co, and Sr,
analyzed following the ANS 16.1 procedure, were 11.45, 17.63, and
15.66, respectively; these also satisfy the waste acceptance crite-
rion. Our findings demonstrate that MKPCs can be used to immo-
bilize radioactive concrete wastes generated during the
decommissioning of nuclear power plants.
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