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Abstract: Magnesium silicate hydrate (M–S–H) cement, formed by reacting MgO, SiO2, and H2O,
was used to encapsulate strontium (Sr) radionuclide. Samples were prepared using light-burned
magnesium oxide and silica fume, with sodium hexametaphosphate added to the mix water
as a dispersant. The performance of the materials formed was evaluated by leach testing and
the microstructure of the samples was also characterized. The stabilizing/solidifying effect on
Sr radionuclide in the MgO–SiO2–H2O system with low alkalinity is demonstrated in the study.
The leaching rate in a standard 42-day test was 2.53 × 10−4 cm/d, and the cumulative 42-day leaching
fraction was 0.06 cm. This meets the relevant national standard performance for leaching requirements.
Sr2+ was effectively incorporated into the M–S–H hydration products and new phase formation
resulted in low Sr leaching being observed.
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1. Introduction

The volume of low level radioactive waste (LLW) and intermediate level radioactive waste
(ILW) accounts for ~95% of the total volume of nuclear waste. Strontium and cesium are important
contaminants in LLW and ILW, because these radionuclides are most often present in the cooling water
of nuclear reactors. These nuclides have long half-lives (90Sr has a half-life of 28.8 years and 137Cs has
a half-life of 30.5 years), can readily migrate, and are known to cause carcinogenesis in contaminated
living organisms [1–6]. Therefore, the management of low- and intermediate-level radioactive wastes
containing Cs and Sr remains a major challenge to the nuclear energy industry.

Stabilization/solidification (S/S) includes a broad range of waste treatment technologies, which use
asphalt or cementitious materials to convert wastes into a solid form that is more suitable for
transportation and long-term storage [7]. Effective solidification transforms a radioactive waste liquid
into a solidified material, reducing the potential for radionuclides to migrate into the biosphere and
reducing the volume of material requiring storage/disposal. For low- and intermediate-level wastes,
solidification in cementitious materials is the preferred option. This uses the hydration and hardening
characteristics of Portland cement to achieve physical encapsulation, adsorption, and chemical bonding
of the radionuclides. The processing is relatively simple and low cost [8]. However, there are issues
with conventional cement stabilization/solidification. These include expansion of the solidified body
and the potential for heavy metal salts to retard cement hydration reactions. Therefore, research on
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new types of solidification systems, such as alkali-activated cementitious materials, alkali–slag–clay
mineral composite cementitious materials, phosphate cement, and phosphate cement–clay mineral
composite systems, is ongoing [9–15].

Alkaline slag cement systems based on metakaolin have been used for the solidification of
simulated radioactive wastes and produced low Cs+ and Sr2+ leaching rates [11]. However, the pH
of these systems is higher than 12, which is not conducive to long-term solidification because of the
formation of mobile metal complexes. Phosphate cements are also being investigated for solidifying
nuclear wastes. These are rapid-setting and hardening and the solidified wastes formed are reported
to be resistant to leaching and damage from freeze–thaw cycling [16–18]. However, the setting of
phosphate cements is difficult to control and a highly exothermic reaction limits the ability to solidify
some types of nuclear waste [19].

Cements that hydrate to form magnesium silicate hydrate (M–S–H gel) are formed from reactions
between MgO, SiO2, and H2O, and these can have a low porosity, large specific surface area, high
strength, low heat of hydration, and low pH [20–25]. M–S–H gel was first discovered in sulfate-eroded
marine concrete [26]. Natural magnesium-rich silicate minerals are reported to adsorb heavy metal
ions and hazardous organic compounds [27,28]. Synthetic magnesium silicate has excellent adsorption
of radioactive U and methylene blue [29,30]. Magnesium silicate systems have also been used to
encapsulate nuclear wastes containing active metals such as Mg and Al. The low pH and pore solution
composition resulted in effective Al encapsulation with minimal H generation [25,31–33]. Some nuclear
wastes contain significant quantities of mixed wastes including the main nuclides Sr and Cs, and Mg
and Al alloys. While the high pH in Portland cement-based binders passivates the corrosion of Mg
alloys, Al alloys corrode under high pH conditions with the evolution of H2 gas [26]. The pH of water
in equilibrium with the M–S–H system is in the range from 9.5 to 10.5 and, therefore, the M–S–H
system may be suitable for stabilizing this type of nuclear waste [34].

The aim of this research was to assess, for the first time, the effectiveness of M–S–H forming
cement systems for the stabilization/solidification of simulated radioactive Sr. The samples formed
were leached tested and the compressive strength and impact resistance were determined. In addition,
the microstructure was characterized to understand the effect of Sr addition on hydration reactions
and the phases formed.

2. Experimental

2.1. Materials

Light-burned MgO (Mag Chem 30, M.A.F. Magnesite B.V. Den Haag, The Netherlands) with
an MgO content >98% and an activity of 82.16% was used (Table 1). The composition of the silica
fume used had a SiO2 content >97% (SiO2, model 920U, Shanghai Elkem, Shanghai, China), as shown
in Table 1. Sodium hexametaphosphate (Na–HMP) with a purity >95% was also used (Sinopharm
Group, Shanghai, China). The radionuclide 90Sr was replaced with the stable isotope 88Sr and added
to samples as strontium nitrate (Sr(NO3)2) with purity >95%.

Table 1. Chemical composition of light-burned magnesia and silica fume (wt.%).

Chemical Composition (wt.%) MgO CaO SiO2 Fe2O3 Al2O3 K2O MnO SO3

light-burned magnesia 98.45 0.62 0.49 0.18 0.04 − 0.04 −

silica fume 0.45 0.43 97.34 0.05 0.12 0.97 0.04 0.35

2.2. Methods

The mass ratio of the light-burned MgO to silica fume was 2:3. The amount of sodium
hexametaphosphate added was 2 wt.% of the total mass of the MgO and silica fume [34].
The water-to-binder mass ratio varied in different samples between 0.6 and 0.8 and deionized water
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was used in all mixes. The mass fraction of Sr2+ added as Sr(NO3)2 varied from 0.8 wt.% to 3.2 wt.% of
the total mass of the MgO and silica fume.

The raw materials including the required amount of Sr(NO3)2 were blended together, and then
deionized water containing the Na–HMP was added and mixed to form cement paste samples. This was
then poured into 20 × 20 × 20 mm steel moulds to form cubic samples or ø50 × 50 mm moulds to form
cylindrical samples. The samples were removed from the moulds when the samples were sufficiently
hard, and then they were stored under standard curing conditions of 20 ± 2 ◦C at a humidity of >95%.

Samples were tested in compression after curing for 3, 7, and 28 days in accordance with
the relevant standard (GB/T 17671-1999) [35]. The leaching tests were completed in accordance
with GB/T 7023-2011 [36], the standard test method for leachability of low and intermediate level
solidified radioactive waste forms, and GB 14569.1-2011 [37] performance requirements for low- and
intermediate-level radioactive waste form-cemented waste form.

The leaching tests used the ø50 × 50 mm cylindrical samples cured for 28 days. The end faces
were polished with sandpaper and the samples were suspended in a polyethylene container using
nylon filament. Deionized water and simulated seawater were used as the leachants. The composition
of simulated seawater is shown in Table 2. The leachates were replaced after 1, 3, 7, 10, 14, 21, 28,
35, and 42 days, and the concentration of Sr2+ in the leachate was measured by inductively coupled
plasma optical emission spectrometry (ICP-OES). The leaching rate and cumulative amount of Sr
leached were calculated using the following formulas [36]:

Rn =
mn/m0

(F/V)tn
(1)

Pt =
Σmn/m0

F/V
(2)

where Rn is the leaching rate of Sr2+ in the n-th leaching cycle (cm/d); mn is the mass of Sr2+ leached
in the n-th leaching cycle (g); m0 is the initial mass of Sr2+ in the leaching test sample (g); F is the
geometric surface area of the sample in contact with the leachate (cm2); V is the volume of sample
(cm3); tn is the number of days in the n-th leaching cycle; and Pt is the cumulative leaching fraction of
Sr2+ at time t (cm).

Phase analysis of solidified M–S–H cement samples used X-ray diffraction (XRD; D8 Advance
AXS, Brooklyn, Germany) with a Cu target, a working voltage of 40 kV, a working current of 40 mA,
a scanning range of 5~80◦, and a scanning speed of 0.02◦ 2θ/min. Scanning electron microscopy (SEM;
Nova Nano SEM 450; FEI, Hillsboro, OR, USA) was used to examine the microstructure of the solidified
samples at a resolution of 3.5 nm at 30 kV. The test samples examined were taken from a central thin
section taken out after crushing the solidified body to a particle size of 3–5 mm. Energy dispersive
spectrometry (EDS) was used to perform an elemental analysis of samples.

Table 2. Synthetic components of simulated seawater.

NaCl MgCl2 Na2SO4 CaCl2 KCl NaHCO3 KBr

Quality/g 23.50 4.98 3.92 1.10 0.66 0.19 0.09

Note: Dilute to 1000 g with water; the ionic strength should be 0.71 mol/kg.

3. Results

3.1. Compressive Strength

Figure 1 shows the effect of Sr2+ and the water–cement ratio on the 28-day compressive strengths
of M–S–H cement-solidified Sr2+ samples. The compressive strength decreases with increasing
water–cement ratio and increasing Sr2+ content. For samples with a water–cement ratio of 0.6,
the compressive strength with a Sr2+ content of 3.2 wt.% decreased by 48.1% compared with the control
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samples. For samples with a water–cement ratio of 0.65–0.8, the corresponding reductions were 40.7%,
41.8%, 38.3%, and 49.8%, respectively. The presence of strontium significantly inhibits the development
of compressive strength. However, even at the highest water–cement ratio of 0.8 and Sr2+ content of
3.2 wt.%, the 28-day compressive strength was ~10 MPa, which exceeds the 7 MPa required in the
specification [36].
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Figure 2. X-ray diffraction spectra of different curing periods of the MgO–SiO2–H2O solidified 
bodies with or without added strontium. (a) No added strontium; (b) with 3.2 wt.% added 
strontium. 

3.3. Microstructural Analysis 

Figure 1. Influence of Sr content and water–cement ratio on 28-day compressive strength of the
MgO–SiO2–H2O solidified bodies.

3.2. Crystalline Phase Analysis

Figure 2 shows XRD data for M–S–H cements with 0 wt.% and 3.2 wt.% Sr2+ added. Figure 2a
shows sharp Mg(OH)2 peaks at 18.6◦, 38.0◦, 50.8◦, and 58.6◦. The two peaks at 42.9◦ and 62.3◦

correspond to MgO. The diffuse background appearing at 2θ between 32 and 38◦ and between 58 and
62◦ corresponds to M–S–H gel [34]. This shows that Mg(OH)2 is a reaction product in the initial stages
of hydration, accompanied by the formation of some M–S–H gel. The content of Mg(OH)2 decreases as
hydration proceeds.

Figure 2b shows that the addition of Sr retards hydration. Some SrCO3 identified by the peak
at 25◦ was present in the hydration products at all ages. Hydration was slower than the control
samples without added Sr2+. Some MgO had not hydrated after 28 days and peaks associated with
Mg(OH)2 remained strong and the amount of M–S–H gel was reduced. It is speculated that strontium
ions promote the hydrolysis of MgO to form Mg(OH)2 during the initial stage of hydration, but later
compete for hydroxyl ions to form strontium hydroxide, which slows down the rate of M–S–H gel
formation in the later stages and leads to the slow development of strength.
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Figure 2. X-ray diffraction spectra of different curing periods of the MgO–SiO2–H2O solidified 
bodies with or without added strontium. (a) No added strontium; (b) with 3.2 wt.% added 
strontium. 

3.3. Microstructural Analysis 

Figure 2. X-ray diffraction spectra of different curing periods of the MgO–SiO2–H2O solidified bodies
with or without added strontium. (a) No added strontium; (b) with 3.2 wt.% added strontium.
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3.3. Microstructural Analysis

Figure 3 shows SEM images of samples with 0 wt.% and 3.2 wt.% Sr2+ hydrated for 3, 7, and 28 days.
Figure 3a shows that the hydration products of magnesium silicate cement at the initial stage (three
days) of hydration were mainly short rod-like magnesium hydroxide crystals. After seven days,
the number of Mg(OH)2 crystals decreased, and floc M–S–H gel overlapped the surface of silica fume
particles. After hydration for 28 days, compact internal structures were formed, except for some
unreacted spherical silica fume particles.
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Figure 3b shows that solidified Sr in the magnesium silicate cement affected the MgO–SiO2–H2O
hydration environment. At the beginning of hydration, a large number of pine nut-shaped crystalline
Mg(OH)2 structures can be seen, while a small amount of flocculent M–S–H gel was dispersed therein.
There was also a small number of cubic pyramidal Mg(OH)2 crystals. As the hydration reaction
progressed, the number of Mg(OH)2 crystals decreased gradually. After seven days’ hydration,
the main hydration product was a flocculent M–S–H gel, although some Mg(OH)2 crystals were still
present. The crystals basically disappeared from the SEM images after 28 days, while the amount of
flocculent substances continued to increase. Specially, a petal-like substance appeared in the sample
when the hydration process lasted for 28 days.

EDS analysis of the MgO-SiO2-H2O solidified body with 3.2 wt.% Sr2+ after curing for 28 days
produced the elemental distribution is shown in Table 3. Strontium ions were mainly concentrated in
the petal-like features. The elements in the petals were mainly C, O, and Sr, and the atomic percentages
were 32.30%, 54.82%, and 9.20%, respectively. This is characteristic of one type of strontium carbonate
and is consistent with the XRD analysis. It can be seen that Sr2+ is chemically bound to the magnesium
silicate cement matrix, which is conducive to improving the long-term leaching resistance of the cured
body. In addition, the atomic molar ratios of Mg and Si in the regions A, B and C were 0.56, 0.86 and
0.76, respectively, indicative of M-S-H gel [38]. It also shows that the content of unreacted silica fume
in the system was high, which indicates that the presence of strontium ions significantly reduces the
rate of hydration in magnesium silicate cement.

Table 3. Energy dispersive spectrometry (EDS) analysis of the MgO–SiO2–H2O solidified body with
3.2 wt.% Sr2+, cured for 28 days.

Element
A B C

Weight/% Atom/% Weight/% Atom/% Weight/% Atom/%

C 5.61 10.50 17.85 32.30 14.25 26.32
O 32.52 45.72 40.36 54.82 38.52 53.43

Mg 15.25 14.11 1.39 1.24 4.63 4.23
Si 31.57 25.28 1.88 1.45 7.04 5.56
Sr 13.39 3.44 37.11 9.20 32.19 8.15

Note: The points A, B, and C are marked in Figure 3b.

3.4. Leach Test Results

Figure 4 shows the leaching rate and cumulative fraction leached from solidified bodies with
different water–cement ratios doped with 1.6 wt.% Sr2+ at 25 ◦C under deionized water leaching
conditions. This indicates that the leaching rate of different water–cement ratios of the magnesium
silicate cement solidified body samples initially increased, but then decreased. At the beginning of the
leaching test (before seven days), the Sr2+ leaching rate decreased rapidly, but this slowed after seven
days. After 28 days, the leaching rate tended to be consistent and gradually reached a steady state.
However, the difference in leaching results between the water–cement ratios was small. The effect
of the water–cement ratio on leaching from the solidified body of magnesium silicate cement was
not obvious. After 42 days of leaching, the maximum leaching rate of each solidified sample was
4.64 × 10−4 cm/d, and the minimum was 2.53 × 10−4 cm/d. This was one order of magnitude lower
than the limit (1 × 10−3 cm/d) required by the National Standards. Cumulative leaching from the
cumulative fraction leached score curves results during the first 10 days increased rapidly, and the
growth rate gradually stabilized after 28 days, which was consistent with the trend in the leaching
rate. The 42-day cumulative fraction that leached from all samples was 0.06~0.07 cm, which only
accounted for about 35% of the specification limit in GB 14569.1-2011 [37], which stipulates that the
42-day cumulative fraction leached from the cement solidified body to Sr2+ is 0.17 cm.
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Figure 5 shows the leaching rate and cumulative fraction leached of magnesium silicate cement
solidified samples with 1.6 wt.% strontium using a water–cement ratio of 0.65 under different leaching
conditions. In the case of changes in temperature and leachant, the leaching rate and cumulative
fraction leached of the solidified body during each leaching period were consistent with those tested at
25 ◦C using deionized water as leachant. In contrast, the effect of the leachant on the solidification of
Sr2+ by the magnesium silicate cement was more significant than the ambient leaching temperature.
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Figure 5. Leaching rate and cumulative fraction leached curves of the MgO–SiO2–H2O solidified bodies
(water–cement ratio, 0.65; Sr2+ content, 1.6 wt.%) under different leaching conditions. (a) Leaching rate
curves (b) Cumulative fraction leached curves

The leaching rate of the solidified body under simulated seawater conditions improved
significantly compared with the results in deionized water. When the ambient leaching temperature
was 25 ◦C, the 42-day leaching rates of the leachant for deionized water and simulated seawater were
4.64 × 10−4 cm/d and 1.89 × 10−3 cm/d, respectively; the corresponding values were 5.11 × 10−4 cm/d
and 2.08 × 10−3 cm/d, respectively, when the temperature was increased to 40 ◦C. From the cumulative
fraction leached curve, when the leaching temperature was 25 ◦C, the cumulative fraction leached
after 42 days under simulated seawater conditions was 0.20 cm, which was 2.9 times that at the same
temperature using deionized water (0.07 cm). When the leaching temperature was 40 ◦C, the 42-day
cumulative fraction leached under simulated seawater was 0.17 cm, which was about twice that
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with deionized water (0.06 cm). These results show that the magnesium silicate cement reduces
leaching of the radionuclide, particularly in the standard leaching environment (25 ◦C, deionized
water). The 42-day leaching rate was <50% of the standard limit.

Mercury intrusion porosimetry (MIP) test results (Figure 6 and Table 4) show that most pores in
the M–S–H solidified body are less than 10 nm and the total porosity is ~30.5%. This shows that the
resistance of nuclide ion diffusion through the pore solution in the material is large, which reduces the
leaching rate of the solidified body.
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Table 4. Mercury intrusion porosimetry (MIP) results of the MgO–SiO2–H2O solidified body with
1.6 wt.% Sr2+.

Average Pore Diameter/nm Median Pore Diameter/nm Total Pore Area/m2/g Porosity/%

15.30 8.0 68.34 30.53

4. Discussion

Solidified bodies formed using cement as a substrate material for solidifying waste are a
heterogeneous multiphase system composed of various solid products, including hydration products,
residual clinkers, radioactive waste, and a small amount of liquid and air existing in the pores.
The system solidifies radionuclide ions mainly by physical encapsulation, adsorption, and by forming
a solid solution. Encapsulation relies on the density of the cement to retain the nuclide ions and
spatially inhibits outward diffusion. Adsorption refers to the adsorption of a nuclide on the surface of
the solidified body or hydration products. Forming a solid solution causes improved retention of the
nuclide ion compared with the former methods. This is a chemical action that participates nuclides in
the internal hydration products of the cement solidified body. According to the experimental results,
the solidifying effect of MgO–SiO2–H2O on the radionuclide included the above ways, indicating that
the system has good potential for encapsulating nuclear waste.

The encapsulation effect is mainly related to the pore size distribution of the solidified body,
and the pore size distribution of the cement is mainly affected by the water–cement ratio, the admixture,
and the curing age. These factors further affect physical properties of the solidified body, such as
compressive strength and leaching rate. The presence of strontium changed the hydration environment
of the magnesium silicate cement and the fluidity of the system decreased with increases in strontium
content. The molding process becomes more difficult resulted in a decrease in the density of the
solidified body, so the system does not have obvious advantages for physical inclusion of the nuclide.
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This is the reason that the compressive strength of the solidified body shown in Figure 1 decreased
as the water–cement ratio increased. According to the XRD and SEM results, MgO and SiO2 reacted
slowly during the initial stage of hydration and the reaction product was prismatic crystalline Mg(OH)2.
As the reaction progresses, Mg(OH)2 hydrates to form M–S–H gel. Previous work has shown that the
M–S–H gel is the main strength source in MgO–SiO2–H2O cements [38] and the compressive strengths
of magnesium silicate cement increase at later stages.

Adsorption involves chemical adsorption, which is caused by chemical bonds, mainly through
the exchange of specific ions, and physical adsorption, which is generated by intermolecular forces,
mainly through surface energy [39]. In addition, the molecular structure of M–S–H gel is close to the
molecular structure of sepiolite with a specific surface area of ~200 m2/g, which has advantages for
adsorbing heavy metal ions [40]. The leaching results in Figures 4 and 5 are a good indication of the
effect of MgO–SiO2–H2O cements on limiting the leaching of radionuclide ions.

At the beginning of the leaching tests, part of the Sr2+ adhering to the surface of the solidified
body contacting the leachant is dissolved. The Sr2+ present in the connected pore solution also enters
the leachate by liquid–liquid diffusion. The solution in closed pores is in equilibrium with the solid
phase. As the leaching period extends, part of the Sr2+ encapsulated inside the solidified body was
released gradually to the outer surface of the solidified body by solid phase diffusion, and this can also
enter the leaching solution. In addition, the solidified body continues to hydrate during the leaching
process, and more hydration products are formed to fill the pores, which reduces the diffusion rate
of Sr2+. Therefore, the leaching rate of the magnesium silicate cement solidified body tends to be
high during the early stage and low during the later stages. In addition, the SEM image in Figure 3
shows that Sr participates in the hydration process of the magnesium silicate cement, changing the
final hydration product type, and existing in the solidified body in the form of strontium carbonate.
Although this reduced the strength of the solidified body, the leaching resistance of the magnesium
silicate cement solidified body was improved.

5. Conclusions

The effect of Sr2+ on the hydration process of MgO–SiO2–H2O cement was evaluated by assessing
the mechanical properties, the phases, and by microstructural analysis. From results of strength,
leaching tests and pore diameter distribution analysis, the stabilization performance of the M–S–H
cement on Sr2+ was revealed and the following conclusions were drawn:

(1) Incorporating the Sr nuclide reduced the working performance of the magnesium silicate
cement and inhibited the development of compressive strength owing to the inhibition of
hydration process.

(2) The leaching rate and cumulative leaching fraction of the solidified body after immersion
for 42 days in the standard environment (4.64 × 10−4 cm/d) and high temperature seawater
(1.89× 10−3 cm/d) were one order of magnitude lower than the limit value in the National Standard.

(3) The presence of Sr affected the hydration reactions of the magnesium silicate cement and was
encapsulated the interior of the matrix in the form of a strontium carbonate precipitate. This was
beneficial to ensure low long-term leaching performance of the solidified body.
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