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A B S T R A C T

The encapsulation of Radioactive Reactive Metallic Waste (RRMW) in ordinary Portland cement poses significant 
challenges due to its incompatibility with the alkaline environment of the matrix. To address this issue, mag
nesium phosphate cements (MPC) emerge as potential solutions for the safe and effective immobilisation of 
RRMWs. The radiation stability and durability of an optimised formulation have been examined for samples 
irradiated up to 1000 kGy, in particular concerning the leaching behaviour of the three main constituents of the 
cement hydration products, and on four artificially added elements used to simulate radionuclides commonly 
found in radioactive waste (caesium, strontium, europium, and cobalt). The mortars exhibited excellent leaching 
behaviour and a high mechanical resistance, even after irradiation, freeze-thaw cycles, and water immersion. No 
significant radiation-induced effects were observed in the mineralogical and microstructural properties of the 
mortars, thus supporting their stability at the examined doses. Having verified the compliance with the main 
Italian waste acceptance criteria, the results of this research represent an encouraging step for the future 
implementation of MPCs for RRMWs conditioning.

1. Introduction

Nuclear-related facilities are widely spread and serve various pur
poses, including energy production, research, medicine, and industrial 
applications, bringing significant benefits to humankind. For instance, 
Nuclear Power Plants (NPPs) are recognised as a reliable and effective 
source of clean energy due to their low emissions of CO2 and other 
greenhouse gases (European Commission Joint Research Centre, 2021), 
(Nuclear Energy Agency, 2015). However, while nuclear technologies 
present several advantages, it is imperative to recognise and consider 
their associated critical aspects, particularly the safe management and 
disposal of Radioactive Waste (RW). Indeed, poor management practices 
in this regard can have detrimental effects not only in terms of human 
and environmental safety, but on the public acceptance of nuclear en
ergy as well (Macfarlane, 2011), (Takada, 2022), (Choi, 2005). Nuclear 
waste management is a highly intricate process due to the wide range of 

forms, activities, and quantities in which the waste is generated, and it 
needs the implementation of multiple steps to effectively address such 
diverse waste characteristics (IAEA, 2022a), (IAEA, 2022b), (IAEA, 
2017).

Any RW is referred to as challenging whenever further criticalities 
emerge in its management, such as high activity, difficult radiological 
characterisation, scarce knowledge—or even absence—of approved 
disposal routes, instability, or incompatibility with conditioning 
matrices due to intrinsic physico-chemical properties (INTERNATIONAL 
ATOMIC ENERGY AGENCY, 2007), (Electric Power Research Institute, 
2006). A particularly important type of challenging RW is Radioactive 
Reactive Metallic Waste (RRMW), rich in neutron activation products 
hindering an effective characterisation (Bornhöft et al., 2023), 
(Robertson et al., 1990). In addition, encapsulation of RRMW poses 
safety concerns due to corrosion phenomena induced by waste-matrix 
interaction (Marsal, 2023). Indeed, conventional materials used for 
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the heterogeneous encapsulation of up to Intermediate Level Waste, 
namely formulations based on ordinary Portland cement (OPC), are 
unsuitable for RRMWs such as aluminium-, beryllium-, and 
tungsten-based alloys (Bart et al., 2013), (Covill et al., 2011). This is due 
to the alkaline nature of OPCs’ pore water solution, which does not 
promote passivation of these metals as indicated by their Pourbaix di
agrams (Deltombe and Pourbaix, 1958). Consequently, the absence of a 
stable outermost passivated layer results in continuous corrosion of the 
metal through interaction with free water, leading to the release of 
significant amounts of H2 gas (Mendibide et al., 2021), (Caes et al., 
2023). This phenomenon gives rise to detrimental long-term effects, 
including swelling, embrittlement, and premature cracking of the waste 
forms (Covill et al., 2011), (Mendibide et al., 2021), (Setiadi et al., 
2006). Conversely, OPC-based formulations are instead fully compatible 
with stainless steels, since these alloys form a protective passive layer 
which is particularly dense and stable in alkaline environments (During, 
2018).

Among the three mentioned metals, aluminium receives significant 
attention due to its widespread use in NPPs owing to its advantageous 
properties, including low thermal neutron capture cross-section and 
excellent mechanical and oxidation resistance (Kim et al., 2020). 
Beryllium is also employed in NPPs due to its high thermal conductivity 
and exceptional capability as neutron moderator and reflector (Hausner, 
1963), (Beeston, 1971). In the forthcoming decades, with the advent of 
fusion power plants, it is predicted that substantial quantities of 
neutron-activated beryllium, along with tungsten, will be produced 
(Gonzalez de Vicente et al., 2022), (van der Laan et al., 2012). The 
proper encapsulation of these RRMWs is a crucial safety aspect to pre
vent radionuclide migration and ensure a durable waste form (Luhar, 
2023). While surface-contaminated metals can undergo decontamina
tion processes to reduce the volume of the waste, when dealing with 
bulk-activated metals it is generally more practical to directly condition 
the metal without specific treatments (Galluccio et al., 2021), (Rivonkar, 
2022). In this latter case however, ensuring the compatibility between 
matrix and reactive metal becomes paramount.

To mitigate the corrosion of RRMWs and subsequent deterioration of 
the waste forms, one possible approach is to adopt other cementitious 
matrices which provide less alkaline pore solutions, creating an envi
ronment which falls within the passivation region of these metals. This 
would allow for the formation of a stable metal oxide protective layer, 
preventing further reactions. Magnesium Phosphate Cement (MPC) 
formulations are promising solutions to this problem. MPCs are pro
duced through an acid-base reaction involving an acid water-soluble 
phosphate salt, low-reactivity—either hardburnt or dead
burnt—magnesium oxide (MgO), and water (Haque and Chen, 2019). 
Common phosphate salts employed in MPCs are potassium dihydrogen 
phosphate (KDP) and, in the past, ammonium dihydrogen phosphate 
(ADP) (Fan and Chen, 2014). When using KDP, the main resulting hy
dration product, known as K-struvite (MgKPO4•6H2O), effectively 
bonds the unreacted MgO grains together, developing strength in the 
paste (Ojovan and Lee, 2014), (Lahalle et al., 2016), (Le Rouzic et al., 
2017).

In other applications, such as concrete restoring or construction, the 
very short setting time of MPCs is undoubtedly a desirable feature 
(Haque and Chen, 2019), (Li and Chen, 2013). However, when it comes 
to radioactive waste management, it is vital to delay the setting to ensure 
proper mortar homogenisation and waste encapsulation. To achieve 
this, set retarders such as borax [Na2(B4O5)(OH)4⋅8H2O], boric acid 
(H3BO3), or less commonly sodium triphosphate (Na5P3O10) have been 
evaluated. Currently, the use of borate-based compounds has become a 
standard choice due to their effectiveness (Fan and Chen, 2014), (Hall 
et al., 2001), (Walling and Provis, 2016). Furthermore, over the past 
years, the investigation of sustainable matrices for RW conditioning has 
been particularly investigated, and there is a strong desire to continue 
focusing on this approach (Saleh et al., 2022), (Eskander et al., 2012), 
(Saleh and Eskander, 2013), (Santi et al., 2022). Also for this reason, 

environmentally friendly inert filler materials like sand, blast furnace 
slag, volcanic ash, or metakaolin are often incorporated to improve 
mechanical properties and reduce costs, while the addition of fly ash, an 
industrial by-product, further enhances the workability of the mortar 
(Qin et al., 2020), (Gardner et al., 2015), (Akroyd and AKROYD, 1962), 
(Saha, 2018). Numerous studies have already demonstrated the suit
ability of this matrix for the encapsulation of RRMWs, alongside its 
favourable properties, such as elevated mechanical resistance, rapid 
strength development, low permeability, and reduced water consump
tion (Covill et al., 2011), (Bykov et al., 2022), (Pyo et al., 2021), 
(Chartier et al., 2020), (Bykov et al., 2020), (Moschetti et al., 2023), 
(Fang, 2023).

In this study, conducted within EU’s H2020-PREDIS (PRE-DISposal 
management of radioactive waste) project, a meticulous investigation 
was undertaken to evaluate the radiation stability and durability of the 
formulation proposed by Chartier et al. (2020). A comprehensive ex
amination of samples exposed to radiation doses up to 1000 kGy was 
carried out to test the performance of the formulation, in particular in 
terms of leaching resistance. Moreover, the leaching behaviour of four 
noteworthy contaminants was investigated by adding them to the fresh 
mortar. Caesium and strontium, representatives of common fission 
products Cs-137 and Sr-90, were included to understand the behaviour 
of 1st and 2nd group elements. Europium, a lanthanide representative, 
was included since some of its isotopes, such as Eu-152 and Eu-154, are 
fission and activation products. Lastly, cobalt acts as transition metal 
representative, also mimicking the activation product Co-60 commonly 
found in irradiated metallic alloys. The obtained results were juxtaposed 
with those derived from non-irradiated reference samples for a 
comparative analysis. Furthermore, to enhance comprehension and 
validate the experimental evidence, supplementary characterisation 
tests were conducted via powder X-Ray Diffraction (XRD), 
micro-Computed Tomography (micro-CT), and Scanning Electron Mi
croscopy (SEM). Ultimately, compression tests were carried out on 
samples which underwent different ageing procedures, including 
gamma irradiation, water immersion, and freeze-thaw cycles, to ascer
tain compliance with the Waste Acceptance Criteria (WAC) set by the 
Italian regulatory body.

2. Materials and methods

2.1. Raw materials

The specimens of MPC were prepared using hardburnt MgO (MAG
CHEM 10CR, Martin Marietta Magnesia Specialties) and low cost KDP 
(YARA). Boric acid (VWR Chemicals BDH) was chosen as set retarder. 
All the employed reagents had a high grade of purity, at least 98%.

The quartz-rich sand, with high content of silicon dioxide (SiO2 >

99%), was supplied by Sibelco corporate (particle size distribution 
0.1–1.2 mm, d50 = 483 μm). The class F fly ash came from the Électricité 
de France coal power plant of Cordemais, France; its characterisation by 
means of Energy Dispersive X-ray Fluorescence (ED-XRF) reported as 
main constituents SiO2 (53% wt.), Al2O3 (20% wt.), Fe2O3 (11% wt.), 
and CaO (6% wt.).

2.2. Samples preparation and curing

For the preparation of the MPC-based mortar, a planetary mixer was 
employed in accordance with the European standard EN 196–1:2016 
(Ente italiano di normazione, 2016). Following a vigorous pre-mixing, 
weighed amounts of the dry powders (sand, fly ash, magnesia, and 
KDP) were gradually added to the water and boric acid solution. The 
formulation, reported in Table 1, imposed a Mg/P theoretical molar 
ratio of 1 mol/mol and a water-to-cement ratio of 0.51 g/g. A mixing 
time of approximately 5 min is required to achieve a homogeneous 
grout. The resulting mortar had good workability and an initial setting 
time of approximately 20 min, as expected (Chartier et al., 2020). 
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Mortars were cast in equilateral cylinders of 5 cm; to grant compara
bility, all the samples employed in this study were cast from the same 
mortar batch. All samples were demoulded after 24 h and subsequently 
cured in a climatic chamber for 28 days in water-saturated environment 
(relative humidity greater than 90%) under controlled temperature (22 
± 1 ◦C).

The water and boric acid solution was prepared by mixing the 
quantities reported in Table 1. Stable isotopes of the contaminants were 
added to the same solution as analytical-grade salts: CsNO3 (Sigma- 
Aldrich), Co(NO3)2 ⋅ 6 H2O (Sigma-Aldrich), Eu(NO3)3 ⋅ 6 H2O (Fluka), 
and Sr(NO3)2 (Sigma-Aldrich). No precipitates were observed due to the 
high solubility of the species. The concentration of the cations was 
analysed via ICP-MS, and the resulting concentration in the fresh mortar 
is reported in Table 2.

2.3. Gamma irradiation

In order to mimic the long-term radiation damage experienced by 
real waste forms due to the presence of radioactive material, some 
samples were irradiated with an industrial Co-60 irradiator selecting 
cumulative absorbed doses of 200, 500, and 1000 kGy delivered at a 
constant dose rate of 2.5 kGy/h. For reference, some samples were kept 
unirradiated and tested after the same ageing period of the irradiated 
ones.

2.4. Leaching tests

The three-dimensional leaching tests were conducted based on the 
ANSI/ANS-16.1-2019 protocol (American National Standards Institute, 
2019). The leaching process involved samples irradiated at 200, 500, 
and 1000 kGy, plus a non-irradiated blank sample, for a total time of 
three months in osmotic water at constant temperature (22 ± 1 ◦C) 
divided into twelve different intervals. The purpose of a semi-dynamic 
leaching test is to study the behaviour of certain elements in 
controlled and accelerated conditions, to simulate their release over a 
timeframe of approximately one hundred years. The analytes of interest 
are the main constitutive elements of the matrix, namely magnesium, 
phosphorus, and potassium, as well as the four contaminants. The 
leachability index L is globally used by regulatory bodies to assess the 
leaching behaviour of the conditioned waste forms and establish 
appropriate WAC. According to the standard, the leachability index for a 
given element i is defined as: 

Li = log
(

β
De,i

)

(1) 

where β is a defined constant (1.0 cm2/s), and De,i (cm2/s) is the effective 
diffusivity of the element i. The latter is calculated under the hypothesis 
of a semi-infinite solid model as: 

De,i =
π
4
m2

i (2) 

mi being the slope of the linear regression equation of the quantity yi,k for 
an element i up to the k-th time interval, as a function of the square root 
of the cumulative time. yi,k is calculated as follows: 

yi,k = CFi,k⋅
V
SA

(3) 

where CFi,k is the cumulative released fraction of the element i up to the 
k-th time interval, while V and SA are the volume (cm3) and surface area 
(cm2) of the specimen, respectively. In agreement with the ANSI/ANS- 
16.1-2019 protocol (American National Standards Institute, 2019), 
data from the first four days of leaching were employed to derive the 
leachability indices according to Equation (1).

The normalised leaching rate (NLR) can also be calculated as: 

NLRi,n =
an,i

SA⋅tn
(4) 

where an,i represents the leached quantity of a given element i in the n-th 
interval in terms of mass, and tn is the leaching time at the interval n.

Leaching tests were carried out over a time of 90 days to simulate the 
release over long time intervals, and the corresponding cumulative 
released fractions for each element were derived. Considering all the 
aforementioned pieces of information, a thorough and accurate break
down of the samples’ leaching behaviour can be achieved.

2.4.1. Analyses of the leachates
Elemental analysis techniques were adopted to determine the 

leached fractions of the abovementioned matrix constituents and con
taminants. Inductively Coupled Plasma-Optical Emission Spectroscopy 
(ICP-OES, Avio 500, PerkinElmer) was utilised to measure the concen
tration of constitutive matrix elements within each leachant sample. 
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS, NexION, 
2000; PerkinElmer) was instead employed for the identification of 
leached contaminants thanks to its lower detection limit. At the end of 
the respective test interval, all leachate samples were acidified using a 
67% wt. ultrapure HNO3 solution and duly diluted afterwards for 
analysis using a 1% wt. ultrapure HNO3 solution, consistently with 
previous works (Santi et al., 2022), (Mossini, 2023). ICP-OES and 
ICP-MS were calibrated employing properly diluted Inorganic Ventures 
CMS-x standard solutions.

2.5. Compressive strength tests

The compressive tests were conducted following the EN 
12390–3:2019 procedure (Ente italiano di normazione, 2016). The re
sults are expressed as the ratio between the maximum sustained load 
and the upper surface area of the sample and reported in MPa.

In order to mimic the damage caused to the waste forms by acci
dental flooding of the repository, both irradiated and non-irradiated 
samples were tested for compressive strength after the 90-day leach
ing period. The results were then compared to non-leached specimens to 
further evaluate possible effects on the matrices in terms of durability. 
The Italian WAC require a minimum value for the compressive strength 
at 28 days of curing and after 90 days of immersion of 10 MPa 
(Ispettorato Nazionale per la Sicurezza Nucleare e la Radioprotezione, 
2023).

Table 1 
MPC formulation for 1 L of mortar (Chartier 
et al., 2020).

Material Mass (g)

MgO 131.39
KH2PO4 443.58
Sand 574.97
Fly ash 574.97
H3BO3 11.50
Water 293.24

Table 2 
Concentration of the four contaminants present in the 
cement paste.

Element Concentration [ppma]

Cobalt 56.8 ± 0.3
Strontium 671.3 ± 9.1
Caesium 474.3 ± 7.8
Europium 402.7 ± 4.3

a ppm: parts per million, to be intended as a mass fraction.
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2.6. Freeze-thaw cycles

The freeze-thaw cycles were conducted following the UNI 11193- 
2006 protocol (Ente italiano di normazione, 2006), after which a 
compression test was carried out. These tests were performed to simu
late the possible detrimental effects caused by seasonal and daily ther
mal excursions, including freezing which may impact on the pore water 
solution. In accordance with the Italian requirements, a minimum 
compressive strength of 10 MPa is required after 30 cycles on 
non-irradiated samples. Each cycle involves temperature variations 
from − 40 ◦C to +40 ◦C, over a 24-h period, with minimum ramps of 
10 ◦C/h between the extremes (Saha, 2018).

2.7. Sample characterisation

Powder X-ray diffraction (XRD) was carried out at the Earth Sciences 
Department A. Desio, University of Milan, with an automated Pan
alytical X’Pert Pro modular diffractometer, equipped with a X’Celerator 
detector and with the following operating conditions: 2ϑ range from 4◦

to 80◦ and step size of 0.017◦, monochromatized Cu-Kα radiation, 40 kV, 
40 mA, counting time of 240 s per step, top-loaded samples. Phase 
identification was performed using the X’Pert HighScore suite and 
database. Obtained patterns were processed and plotted using MATLAB 
software suite.

The micro-computed tomography (micro-CT) was performed with an 
Easy Tom XL/RX Solutions instrument, using a tungsten X-ray source 
with 100 kV and 100 μA settings, a 1 mm aluminum high-pass filter, and 
a Charge-Coupled Device camera with a resolution of 1516x1920 pixels. 
Micro-CT imaging produced a 3D distribution of attenuation coefficients 
(μ) that are related to mass density (ρ) of the analysed material. After 
using the Xact program to reconstruct the 3D attenuation dataset, the 
resulting volume was presented in three dimensions and post-processed 
with the Dragonfly 2020.2 software (Object Research System Inc. 
Montreal, Canada, 2020) enabling a multi-directional study of the 
specimens. Once the volumes of interest were selected, it was possible to 
isolate the pores from the rest of the MPC matrix by selecting only 
specific density values. Information about the pores was obtained, such 
as:

- the volume of each pore, through which the porosity of the samples 
was calculated as the ratio between the total pores volume and the 
volume of interest;

- the pore characteristic dimensions, allowing to assess the pore size 
distribution and the cumulative porosity curve.

Scanning Electron Microscopy (SEM) was performed using a JEOL 
JSM-5800LV microscope operating at 15 kV. Quantitative elemental 
mappings with Energy-Dispersive X-ray spectroscopy (EDX) were per
formed with a SAMx (NumeriX+) energy-dispersive spectrometer 
mounted on the SEM. The samples were firstly impregnated with epoxy 
resin and then polished. Prior to analysis, a 40 nm layer of carbon was 
deposited on the surface of the samples to ensure good conductivity. For 
each sample, two areas of 120 × 150 μm2 were investigated.

3. Results and discussion

3.1. Macroscopic examination of irradiated and leached samples

All the irradiated specimens underwent a preliminary visual in
spection revealing no evidence of degradation, such as fractures, cracks, 
or chips. This observation holds true for cumulative absorbed doses of 
up to the maximum considered value, i.e. 1000 kGy, as illustrated in 
Fig. 1. Additionally, no macroscopic signs of swelling or shrinkage were 
detected. Visual inspection of the leached samples also confirmed the 
absence of macroscopic alterations or damage during the leaching 
period.

3.2. Leaching behaviour of irradiated samples

3.2.1. Main constituents
The cumulative release curve of K after 4 days of leaching is shown in 

Fig. 2. The high released fraction of potassium is to be expected due to its 
high concentration in the pore solution in comparison to the other ele
ments (Lahalle et al., 2019). Following an initial transient, a 
diffusion-driven mechanism is prevalent in which ions migrate by longer 
pathways from the bulk of the MPC samples, resulting in a reduced 
release rate (Elkamash et al., 2006). Overall, the theoretical 
diffusion-driven behaviour is respected, although it is important to 
remark that these results must be taken cautiously since mass transfer 
inside cementitious materials is complicated by a plethora of processes 
occurring simultaneously, thus diffusion is still extremely difficult to 
predict inside these matrices (Hinsenveld, 1991), (Godbee and Joy, 
1974). Similar reasonings can be made regarding magnesium and 
phosphorus. All samples exhibited comparable cumulative releases after 
90 days of test, irrespectively of the absorbed dose; values in the order of 
16 ± 1%, 7 ± 0.5%, and 2 ± 0.5% were measured for potassium, 
phosphorus, and magnesium, respectively.

The calculated leachability indices are reported in Table 3. No sig
nificant radiation-induced changes can be inferred since all the samples 

Fig. 1. MPC samples (a) not irradiated (b) irradiated, cumulative dose of 1000 kGy.
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exhibited comparable values when related to the non-irradiated blank 
sample, irrespectively of the absorbed dose. Stability of the MPC matrix 
in terms of leaching resistance for absorbed doses up to 1000 kGy is 
therefore suggested, further confirming literature outcomes (Chartier 
et al., 2020), (Bykov et al., 2020).

3.2.2. Contaminants
The leachability indices of the four contaminants investigated are 

displayed in Fig. 3.
The leachability indices of europium are consistent with the non- 

irradiated sample, taken as reference, but lower than those reported 
for OPCs in similar experimental configurations (Goo et al., 2021). This 
lower performance is attributed to the low solubility of lanthanides in 
alkaline environments, meaning that Eu may be more easily released 
from MPCs than from OPCs (Abdelrahman et al., 2007). However, 
considering the very high leachability indices, this difference may be of 
limited significance. Despite belonging to different chemical groups, 
cobalt and strontium exhibited similar leaching behaviours. Further
more, the leachability indices of both contaminants remained compa
rable across different absorbed doses, supporting the hypothesis that 
irradiation had minimal influence. The results obtained for cobalt are 
slightly worse than those typically reported for OPC matrices (Goo et al., 
2021), (Shon et al., 2019), (Shon et al., 2022). Also in this case, this can 
be explained due to the higher pH of the OPC pore solution compared to 
that of MPC since highly alkaline environments favour metal precipi
tation and consequently hinder diffusion and dissolution in the leachant 
(INTERNATIONAL ATOMIC ENERGY AGENCY, 1992). Regarding 
strontium, the leachability indices of the irradiated samples are instead 
consistent with those reported in the literature for OPC and other MPC 
formulations (Pyo et al., 2021), (Goo et al., 2021), (Shon et al., 2019), 
(Shon et al., 2022), (Vinokurov et al., 2009).

Caesium exhibited the poorest leaching behaviour, which is expected 
considering its high mobility and solubility. Its release is nevertheless in 
accordance with the theoretical model trend already discussed for the 
matrix constituents. Fig. 4 shows the caesium cumulative release curve 
after 4 days of leaching and might suggests a radiation-induced effect in 
the leaching behaviour, as the non-irradiated reference sample has a 
lower release compared to the other samples, in the order of some 
percentage points. Nevertheless, this worsening is negligible when 
considering the leachability indices and associated uncertainties. As 
depicted in Fig. 3, comparable leachability indices are in fact obtained 
across all samples regardless of the absorbed dose. The normalised 
leaching rates of caesium, shown in Fig. 5, exhibit a consistent decrease 
over time for all specimens. This trend suggests that during the instan
taneous surface dissolution phase the predominant release of caesium 
can be attributed to non-immobilised atoms (Ojovan and Lee, 2014). 
After approximately 7 days, it is already possible to infer that a signif
icant portion of the residual caesium has been immobilised. Further
more, the values are similar to those reported for OPC matrices (Ojovan 
et al., 2011). The successful encapsulation of caesium may be attributed 
to its incorporation within the MPC paste, possibly resulting in the 
formation of a struvite-(K,Cs), as reported by Wagh et al., which is not 

Fig. 2. Potassium cumulative release curve for the first four days of leaching; 
uncertainty bars are within marker size.

Table 3 
Leachability indices of the main matrix constituents.

Dose Element

Mg K P

Not irradiated 9.6 ± 0.2 8.4 ± 0.1 8.9 ± 0.1
200 kGy 9.4 ± 0.2 8.5 ± 0.1 8.9 ± 0.1
500 kGy 9.4 ± 0.1 8.6 ± 0.1 9.0 ± 0.1
1000 kGy 10.1 ± 0.1 8.5 ± 0.1 9.2 ± 0.1

Fig. 3. Variation in leachability indices of the contaminants with absor
bed dose.

Fig. 4. Caesium cumulative leaching curves for the first four days of leaching; 
uncertainty bars are within marker size.
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water-leachable and effectively hinders its dispersion (Wagh, 2016). 
However, no experimental evidence of struvite-(K,Cs) was observed in 
this work, probably due to the low concentrations of caesium in the fresh 
mortars.

Additional insight into the leaching behaviour of the contaminants 
can be obtained by reporting their cumulative releases after a 90-day 
leaching period. Similar long-term release values were obtained, in the 
order of 5 ± 1% for caesium, 1 ± 0.5% for cobalt, 0.8 ± 0.6% for 
strontium, and 0.1 ± 0.05% for europium. It is worth mentioning that 
such a cumulative release of caesium over a three-month leaching period 
is a favourable outcome. In fact, these results are comparable to, or even 
lower than, those observed in other OPC-based matrices (Goo et al., 
2021), (Abdelrahman et al., 2007), (Shon et al., 2019), (Shon et al., 
2022), further supporting the hypothesised formation of a poorly soluble 
struvite-(K,Cs) phase.

3.3. Mechanical strength

All MPC specimens subjected to 90 days of leaching in osmotic water 
underwent monoaxial compression and the results were compared to the 
corresponding non-leached reference samples across all investigated 
doses. The results are presented in Table 4, in compliance with the 
Italian WAC requirement (10 MPa) with encouraging safety margin, 
indicating a promising mechanical performance of this MPC matrix 
against leaching and irradiation up to 1000 kGy. These findings align 
with previous studies on other MPC formulations (Li and Chen, 2013), 
(Park et al., 2016), (Wang et al., 2022), (Yu et al., 2021). All irradiated 
samples showed compression strengths comparable to the 
non-irradiated references, as already reported in literature (Chartier 
et al., 2020). Moreover, it is worth emphasising that at least 70% of the 
initial strength was retained after a 90-day leaching, a result comparable 
to that observed in OPCs (Shon et al., 2019), (Shon et al., 2022), (Cheng 
et al., 2013).

3.4. Freeze-thaw cycles

Following freeze-thaw cycles, non-irradiated MPC samples under
went monoaxial compression and were compared to reference samples 
having the same age. The compression test outcomes were 36.3 ± 5.4 
MPa for the control sample and 31.7 ± 4.8 MPa for the specimen sub
jected to thermal cycles, with an overall loss of about 12%. This slight 
worsening can be explained by the expansion of the pore solution upon 
freezing, giving rise to higher internal hydraulic pressure which can 
cause deterioration of the matrix (Cai and Liu, 1998). Additionally, 
thermal stresses arising from these cycles could build up, causing 
changes in the structure and further deterioration (Penttala and 
Al-Neshawy, 2002), (Guo et al., 2022). These results are to be consid
ered positive and comparable to those obtained for typical OPC for
mulations (Arasteh-Khoshbin et al., 2023). Furthermore, the Italian 
WAC of at least 10 MPa is respected with a reasonable safety margin.

3.5. Characterisation of samples

3.5.1. Mineralogical and phase analysis
The powder XRD patterns of the different samples were acquired to 

investigate the phase compositions. The spotlight was put on irradiated, 
both leached and non-leached, specimens in comparison with the non- 
irradiated ones.

Fig. 6 compares the four extreme scenarios regarding leaching and 
irradiation, i.e. 1000 kGy. Aside for small intensity differences, most 
likely ascribable to the effect of modest preferred-orientation of the 
crystallites, the resulting patterns are virtually identical, with K-struvite 
and quartz as dominant crystalline phases. The detection of mullite and 
sillimanite, as subordinate phases, is likely due to the presence of fly ash 
inside the matrix. As the periclase principal Bragg peaks are almost 
overlapped with those of mullite (at ca. 36.9◦ and 42.9◦ 2θ, with Cu-Kα 
radiation), the presence of a minor fraction of unreacted MgO cannot be 
ascertained. Overall, no significant differences are noticeable among 
samples, thus the stability of the mineralogical phases under leaching 
and irradiation can be inferred.

3.5.2. Micro-CT analyses
The micro-CT was carried out to investigate the morphology of the 

samples through a non-destructive technique. The choice of the speci
mens to be analysed was the same as reported in section 3.5.1. Fig. 7
shows a slice representation of the four samples. Considering the grey 
scale representation, it is possible to associate the black areas to pores, 

Fig. 5. Caesium normalised leaching rates for the first seven days of leaching; 
uncertainty bars are within marker size.

Table 4 
Compression strength before and after leaching of different samples.

Dose Not leached [MPa] Leached [MPa]

Not irradiated 39.7 ± 4.0 30.7 ± 3.1
200 kGy 40.1 ± 4.0 28.1 ± 2.8
500 kGy 37.1 ± 3.7 28.9 ± 3.0
1000 kGy 35.8 ± 3.6 30.3 ± 3.0 Fig. 6. Powder XRD patterns of different samples.
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cracks, and voids. No significant differences can be inferred to either 
leaching or irradiation on a macroscopic level.

The samples were further analysed to determine variations on a 
microscopic level, namely in terms of porosity. The results, reported in 
Table 5, are comparable to those found in other MPC literature works for 
similar pore diameter ranges, i.e. above few micrometres (Lahalle et al., 
2019), (Xu et al., 2017). Both irradiation and leaching seemed to have a 
positive influence in terms of porosity of the samples. However, this 
outcome disagrees with findings from other leaching and irradiation 
studies on cementitious matrices, in which a porosity increase was 
observed (Khmurovska et al., 2021), (Ekström, 2001).

Looking at the pore size distribution in Fig. 8, which includes char
acteristic dimensions in the range 10–100 μm, the distributions are 
almost identical. Furthermore, considering the cumulative porosity 
curves in Fig. 9, it can be confirmed that the total porosity is not 
significantly affected by leaching or irradiation conditions in the 
considered pore size range. Greater differences emerge when consid
ering pore sizes larger than 100 μm which fall in the typical range of 
coarse pores, such as air voids linked to mixing or specimen preparation 
(Thomson et al., 2007), (Hover, 2011). However, alteration of smaller 
sized pores, down to few nanometres, may be caused by leaching or 
irradiation.

3.5.3. SEM-EDX analyses
SEM-EDX characterisation was performed to investigate the 

composition of the samples. The choice of the specimens to be analysed 
was the same as reported in section 3.5.1. In each analysed sample, a 
scan was performed according to the characteristic elements (Al, K, Mg, 
P, and Si) to find remarkable spots for further investigation. Several 
crystallites were scanned with EDX to highlight possible differences in 
the elemental composition of K-Struvite. Fig. 10 shows the obtained SEM 
images, in which zones of interest indicating the presence K-struvite, fly 
ash, and silica were highlighted.

The areas rich in K-struvite were further analysed by EDX to estimate 

Fig. 7. Micro-CT slice images of the four samples: a) not irradiated; not leached b); not irradiated, leached; c) 1000 kGy, not leached; d) 1000 kGy, leached.

Table 5 
Porosity evaluation of different samples.

Dose Volume of 
interest 
(mm3)

Total pores 
volume 
(mm3)

Maximum pore 
volume (mm3)

Porosity 
(%)

Not irradiated, 
not leached

118.02 8.88 1.45 7.52

Not irradiated, 
leached

85.17 6.01 1.17 7.06

1000 kGy, not 
leached

239.46 13.07 0.87 5.46

1000 kGy, 
leached

313.02 15.10 1.33 4.82

Fig. 8. Pore size distributions of the four samples in the range 10–100 μm.

Fig. 9. Cumulative porosity curves of the four samples in the range 
10–1000 μm.
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molar ratios of the three main components of K-struvite, namely Mg, K, 
and P. The results, reported in Table 6, are mostly lower than the 
theoretical stoichiometric value of 1 mol/mol expected for this MPC 
formulation. The ratio with the highest standard deviation is for Mg/K. 
Similar results were found in a work by Lahalle et al. (2019), in which 
the high uncertainty was associated to a difference in the morphology of 
the K-struvite (needle or continuous matrix). As shown in Fig. 10, there 
is no change in morphology at the various points considered. The dif
ference may therefore be due to some precipitation of a different phase 
or the incomplete dissolution of KH2PO4. However, no significant dif
ferences can be observed following immersion and/or irradiation, once 
again suggesting the stability of the mineralogical phases and the 
durability of this MPC formulation.

4. Conclusions

MPC mortars exhibit promising resistance towards high doses of 
gamma radiation—up to at least 1000 kGy—with no quantifiable 
worsening in the compressive strength and leaching behaviour, nor 
changes in mineralogy or morphology when compared to non-irradiated 
reference specimens. Additionally, the corresponding Italian WAC are 
respected for each sample with a reliable margin above the lower limit, 
also when considering the resistance to freeze-thaw cycles. The immo
bilisation of caesium and cobalt, both strong beta/gamma emitters, is 
particularly important. The mobility of Cs-137 and the abundance of Co- 

60 in metal alloys make their successful containment significant ac
complishments in terms of radioactive waste management. Further
more, the successful encapsulation of strontium and europium 
radionuclides is also noteworthy, as they are common fission and acti
vation products from different chemical groups. Their proper confine
ment contributes to the overall effectiveness of the waste immobilisation 
process.

As a consequence of the mentioned evidence, the investigated MPC 
formulation is a potential candidate for the conditioning of RRMW. 
Nevertheless, further studies are necessary to confirm the preliminary 
results obtained in this work. Additional efforts will be made to evaluate 
the leaching behaviour of different contaminants, in particular acti
nides, and new tests will be performed to assess full compliance with 
WACs. The durability of the matrix will undergo additional evaluation 
through freeze-thaw cycles applied to specimens irradiated up to 1000 
kGy. Moreover, forms should be synthesized with surrogate and real 
waste for the representativeness of the analysis.
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