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Abstract12

Magnesium Potassium Phosphate Cements (MKPCs) show promise as immo-13

bilisation matrices for Depleted, Natural and Low Enriched Uranium (DNLEU)14

disposal. To this end, their development in contact with and their influence on15

intruding groundwater is a key area of interest. Finely ground MKPCs blended16

with either pulverised fly ash (PFA), blast furnace slag (BFS) or with no filler17

(NF) were leached in deionized water and a disposal relevant synthetic ground-18

water for up to one year to assess the impact of leaching on cement mineralogy19

and groundwater evolution. Solid and liquid phases are analysed at seven time20

points over a month, plus an additional point after a year in select samples by21

XRD, BET surface area analysis, pH measurements, and ICP-AES. Thermody-22

namic models where also setup to evaluate the influence of different conditions.23

While the addition of PFA to MKPC does not significantly affect their phase24

composition and leaching behaviour compared to the no filler system, systems25

containing BFS differ strongly from filler free systems. It is shown that in all26

systems, initial equilibration is completed within 28 days. Leaching in DI has27

limited effects on the phase composition of the cements, while interaction with28

synthetic groundwater leads to a large-scale transformation of the main struvite-29

K binder phase to a mix of hazenite and hydroxyapatite. Leachate pH is strongly30

affected by the chosen filler and generally higher than previously reported for31
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MKPC systems (10-13 vs 8-10). Both phosphates and silicates are released into32

the leachate at low levels.33

Keywords: chemically-bonded ceramics, magnesium potassium phosphate cement,34

radioactive waste disposal, mineralogy, struvite-K35

1 Introduction36

The internationally favoured approach to the disposal of intermediate and high-37

level radioactive wastes is deep geological disposal in a Geological Disposal Facility38

(GDF)[1]. This approach applies a ’multi-barrier system’ of engineered barriers in a39

bespoke, sub-surface facility emplaced at depths of 200-1000 m. The multi-barrier40

system includes the wasteform (including its conditioning matrix), its container, the41

backfill used to fill void spaces during closure of the facility, and the host rock, all of42

which are intended to limit migration of radionuclides for extended periods (tens to43

hundreds of thousands of years) to ensure no harmful quantities of radioactivity ever44

reach the biosphere [2]. An intrinsic part of the multi-barrier system is the local back-45

fill/buffer which is intended to both physically and chemically stabilize the wasteform;46

the latter by ’conditioning’ the disposal region to a predictable local pH and solu-47

tion chemistry and restricting microbial activity [2]. In the UK, the development of48

suitable backfill materials is part of ongoing work to create a ’toolbox’ of functional49

materials tailored to different radioactive waste disposal scenarios [3–5].50

A promising candidate backfill material is Magnesium Potassium Phosphate51

Cement (MKPC), an acid-base cement originally applied in dentistry before appli-52

cations expanded into civil engineering and radioactive waste disposal [6–8]. For53

radioactive waste disposal, MKPC may be relevant as an encapsulant for (reac-54

tive) metals in intermediate level waste [9–14] and as a backfill/immobilisation55

matrix for select wastes, potentially including depleted, natural, and low-enriched56
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uranium (DNLEU). Here, MKPCs may have beneficial properties compared to Port-57

land Cement (PC) formulations including a reduced CO2 footprint [15, 16], their58

corrosion-limiting properties [17, 18] and an increased resistance to certain environ-59

mental perturbations including sulphates, radiation and temperature compared to60

some PC formulations [19, 20].61

Intrinsic to MKPC, typically a blend of MgO, KH2PO4 and H2O, is an elevated62

phosphate concentration in the cement and associated leachates where dissolution63

of the cement binder phases controls the porewater composition [13]. This makes64

the material particularly relevant to wastes containing uranium, and potentially65

transuranics, due to the anticipated formation of poorly soluble phosphates, which66

may act to retard radionuclide mobility under disposal conditions [21–24]. Determin-67

ing the equilibrium solution composition and phase transformations of MKPC under a68

range of leaching conditions is therefore important to explore the potential application69

of MKPCs in radioactive waste disposal, including deep geological disposal.70

Given sufficiently slow reaction rates, MKPC forms through the reaction of71

MgO and KH2PO4 in H2O as a coherent cementitious network of struvite-K72

[MgKPO4 ·6 H2O](Eq. 1). MKPC forms through intermediate phases (MgHPO4 ·73

7H2O, Mg2KH(PO4)2 ·15H2O) and associated changes in pH and solution composition74

with an equilibrium porewater pH of 8-10.5 [5, 10, 25–29].75

MgO(s) + KH2PO4(s) + 5H2O(l) MgKPO4 ·6H2O(s) (1)

Commonly used cement formulations utilize excess calcined MgO to reduce reaction76

rates and ensure full reaction of KH2PO4 to struvite-K [9, 30–32]. They also add a77

retarding agent (commonly boric acid [B(OH)3] [33]) to reduce heat production and78
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ensure cementation, as well as an inert filler material (e.g. Pulverised Fly Ash (PFA)),79

to both reduce cost and optimize cement properties [34, 35].80

While a variety of studies on the leaching behaviour of Portland-based materials81

exists (e.g. [36–41]), parallel studies are sparse for MKPC. Of particular note are82

studies by Torras et al. [13], Lahalle et al. [42], Xu et al. [43], Caselles et al. [44] and83

modelling work by Lothenbach et al. [26, 45]. All these studies suggest a potential84

transformation of struvite-K during solution leaching to an amorphous phase with85

partial substitution of K with Na [42], and bobierrite, Mg3(PO4)2 ·8H2O [13], as well86

as the release of K, Mg and P into solution.87

The aim of this study is to investigate phase changes and variation in leachate com-88

positions in MKPCs as a function of filler and solution composition. To this end, the89

present work focuses on an experimental matrix comparing the influence of different90

fillers (without filler (NF), with Pulverised Fly Ash (PFA), and with Blast Furnace91

Slag (BFS)) and leachates (deionized water and a representative GDF groundwater92

analogue from the Swiss Mont Terri project [46]) on the present solid phases and solu-93

tion composition in a setup optimized for rapid equilibration by using finely ground94

(i.e. high surface area) rather than monolithic cement samples. The cements were95

leached for up to 28 days with frequent sampling with an additional sampling point96

after 371 days for both NF systems. Throughout, investigation of phase changes in97

the leached cements, analysis of the leachates, and comparison with thermodynamic98

models was used to define the development of the mineral and groundwater chemistry99

during leaching. This enabled a baseline understanding of MKPC backfill for further100

investigations into MKPC-radionuclide interactions as potential immobilisation routes101

in radioactive waste disposal.102
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2 Results & Discussion103

2.1 Cement alteration104

The mineralogical development of the cement was investigated through powder XRD105

analysis. XRD patterns of the individual ground cements with no filler (NF), PFA106

filler, and BFS filler before and after 28 days leaching in both DI and GW are shown107

in figure 1, with a complete overview of the patterns at every time point provided in108

figures C2, C3, and C4 of the extended data.109

All XRD patterns for cements prior to leaching showed a MgO reflection at 43◦110

of varying intensity in accordance with the excess MgO in the cement formulation.111

Cements with PFA filler showed a SiO2 reflection at 26.5◦ with a broad amorphous112

SiO2 background, consistent with PFA mineralogy, which largely consists of small113

quartz spheres [47]. Remaining peaks in the PFA and NF systems before leaching,114

were associated with struvite-K (MgKPO4 ·6H2O) consistent with past work, which115

determines struvite-K as the stable MKPC phase at pH 8-12 [26, 33, 48]. The116

pattern from the BFS containing system before leaching was dominated by a mix117

of calcium silicates in the 30-35◦ range (larnite [Ca2SiO4], hatrurite [Ca3(SiO4)O])118

already present in the BFS filler (see figure B1), and trimagnesium phosphates119

(e.g.Mg3(PO4)2 ·5H2O) at approximately 18.5◦, 21◦, and 22◦. It is noteworthy that120

struvite-K reflections in the BFS system are of comparatively low intensity, despite121

being expected to be the main binder phase in MKPC.122

123

For the 28-day samples, leaching in DI did not significantly impact the crystalline124

phases present in all three cement systems (NF, BFS, PFA) except for a decrease125

in the MgO peak intensity across all systems, indicating dissolution of MgO over126

the leaching period. By contrast, leaching in the saline GW (I=0.39M) had a strong127

influence on the mineral phases observed in the XRD at 28 days. In the no filler and128

PFA systems, the disappearance of struvite-K and notable emergence of hazenite129
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Fig. 1 XRD patterns of MKPCs with different fillers compared to patterns after 28 days leach-
ing in either deionized water (DI) or a disposal relevant groundwater analogue (GW). Patterns are
normalized to the highest intensity in the respective XRD patterns.
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[KNaMg2(PO4)2 ·14H2O] reflections were observed, indicating a partial substitution130

of potassium with sodium and water in the struvite-K structure. The stability of131

struvite-K in DI water and the transformation to hazenite in GW were also observed132

in the NF systems leached with DI and GW for 371 days (see extended data (ED)133

figure C2). Additionally, in the DI-NF system, struvite-K XRD peaks decreased in134

width over 28 d aging, suggesting crystallization of the binding phase. In the GW-NF135

system additional peaks for brucite [Mg(OH)2] appeared in the 371 days sample,136

suggesting slow formation of crystalline brucite in this system. After 28 days, the137

diffraction pattern of the GW-BFS system showed a broad reflection at approx. 32◦138

sloping towards a smaller signal at approx. 34◦. This is indicative of nanoparticulate139

hydroxyapatite formation [Ca5(PO4)3OH] [49]. A similar, but lower intensity hydrox-140

yapatite feature can be seen in the GW-NF and GW-PFA systems after 28 days.141

The appearance of the highly soluble sylvite [KCl] in select GW samples may be142

an artefact of sample preparation where isopropanol washing was not extensive143

enough to eliminate excess KCl. It is noteworthy that no indication of bobierrite144

[Mg3(PO4)2 ·8H2O] formation is apparent in the XRD patterns, despite it being pre-145

viously reported [13, 42]. [43] found a similar discrepancy between model-predicted146

yet experimentally absent bobierrite formation in some systems, and hypothesised147

that the pH of the leaching solution was a factor wherein lower pH favours bobierrite148

formation. This agrees with the presented results, where higher pH leachates may149

have resulted in no bobierrite formation.150

151

In addition to the observed changes in mineralogy, surface area analysis of the152

cements before and after leaching (see table E1) showed a significant surface area153

increase in the GW-PFA (2 m2/g to 55 m2/g) and GW-NF (2 m2/g to 76 m2/g)154

systems, suggesting significant mineralogical evolution. Interestingly, the magnitude155

of surface area increase in the GW-PFA system was significantly higher than in the156
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PFA (filler only) control, suggesting morphological changes in the GW-PFA and GW-157

NF system were caused by the precipitation of hazenite observed in XRD. Increases in158

surface area were also seen in the DI-PFA and DI-NF systems presumably due to the159

pH change from approx. 8 to >10 associated with a potential partial dissolution and160

following reprecipitation of struvite-K. There were no notable changes in the surface161

area in the BFS systems despite some evidence for significant calcium hydroxyapatite162

formation observed in the GW-BFS XRD analysis.163

2.2 Leachate development164

pH development in all six systems followed simple equilibration curves (see figure 2)165

over 28 days. Here, both the solution and filler significantly impacted the pH devel-166

opment, with GW experiments showing a lower equilibrium pH than corresponding167

DI systems, potentially due to buffering associated with the GW solution. BFS filler168

samples show the highest pH across all time points presumably due to portlandite169

[Ca(OH)2] dissolution [50], which is formed during hydration of BFS and was observed170

in the BFS XRD pattern (see ED figure B1) but not in the cement systems. The171

BFS samples also show the smallest pH change between the 1 h and the 28 d values,172

demonstrating a rapid initial equilibration rate. The 28 d pH of the BFS and PFA sys-173

tems seems to be largely determined by the filler material, with the 28 d pH for PFA174

cement (DI/GW: pH 11.9/10.5) and BFS cement (DI/GW: pH 12.6/12.8) very close175

to the 28 d pH of filler-only leaching experiments in DI and GW respectively (pure176

BFS in DI/GW: pH 12.8/12.9, pure PFA in DI/GW: pH 11.6/9.7) (see ED section B).177

The measured pH values in the current work are higher than the commonly reported178

equilibrium pH of 8-10 for MKPCs [33], even for the filler free systems. For MKPCs,179

the equilibrium pH is typically attributed to the buffering effect of MgO/Mg(OH)2.180

In the current work, it is likely that due to the slow dissolution of calcined MgO,181

due to calcination and the common ion effect, and the continuous reaction of Mg +
2 to182
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solid phases other than Mg(OH)2 the pH equilibrium for Mg(OH)2 was not reached183

at 28 days. A pH of approximately 10 is expected over extended time in the NF sys-184

tems consistent with Mg(OH)2 equilibration and supported by the lower pH values185

observed after 371 days (DI-NF: pH 11.5, GW-NF: pH 10.6).186

Fig. 2 pH development of leachates of MKPCs with no filler [blue], PFA [red] and BFS [black] filler
materials from 1 h to 28 d in deionized water [solid line] or Pearson groundwater [dashed line]. Error
bars represent the standard deviation from triplicate experiments. 3 h and 7 h data points omitted
for readability.

ICP-AES analysis was performed to determine the concentration of key elements187

in the solution over the experimental duration (see figure 3 and ED D). The phos-188

phorous concentration is of particular interest in the context of radioactive waste189

disposal, due to the predicted low solubility of uranium phosphates [21, 23]. Both the190

NF and the PFA cement systems demonstrate a clear trend of an early phosphorous191

release at first contact with both DI and GW (up to 25-30 mM in DI and 5-10 mM192

in GW), followed by a subsequent reduction in soluble phosphorous to concentrations193
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<1 mM in the first week of leaching. For both cements the initial phosphorous release194

was higher in the respective DI system than the GW system ([P](DI-PFA): 32 mM195

vs [P](GW-PFA): 2.6 mM, and [P](DI-NF):25.4 mM vs [P](DI-NF): 9.3 mM; see 3).196

The observed trend in phosphate concentration correlates with the pH increase dis-197

cussed above and suggests fast dissolution of more amorphous struvite-K like phases198

or unreacted KH2PO4 under initial circumneutral and slightly alkaline conditions, fol-199

lowed by reprecipitation of struvite-K as the pH rises above 10 over the first week.200

An indicator for this is the decrease in peak width in struvite-K XRD reflections up201

until day 3 suggesting ingrowth of this more crystalline phase (see ED figures C2 and202

C3). It is also noteworthy that the BFS systems, which reached their equilibrium pH203

within an hour, did not show a similar initial phosphorous release. This is consistent204

with previous work by [13] where the cumulative P release across systems with a daily205

refresh of DI solution, i.e. cement kept in persistently circumneutral leaching solution,206

is much higher than in systems with an identical number of refreshes but multiple207

days of contact time between them, i.e. where the leaching solution had time to equi-208

librate to a more alkaline pH. The lower overall phosphorous release to solution in the209

GW systems is explained by the lower solubility of P due to formation of hazenite210

[KNaMg2(PO4)2 ·14H2O] under conditions where struvite-K is unstable. Once again,211

the BFS containing systems showed different behaviour to the PFA and no filler sys-212

tems with clear differences between the respective DI and GW systems. While the213

DI-BFS system seems to show a saturation of phosphorous in the solution phase at214

approximately 15 mM after 3 days, the phosphorus concentration in the GW-BFS was215

low at approximately 1 mM up until day 7 and then increased to 8 mM at day 28,216

coinciding with the formation of new mineral phases observed in the XRD patterns217

(e.g. hydroxyapatite).218

Magnesium concentrations in the PFA and NF leachates showed similar trends219

over time. In the DI systems, there was an initial increase in Mg concentration to220
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4 mM over the first hour, followed by a rapid drop to <0.1 mM by day 1. In the GW221

systems there was an initial increase to 22 mM over the first hour followed by a grad-222

ual downward trend to 5 mM at 28 days. The behaviour in the DI systems mirrored223

the phosphorous concentrations where initial dissolution of amorphous struvite-K like224

phases in the first hours was followed by formation of MgO/Mg(OH)2 and more crys-225

talline struvite-K. In contrast to the P concentrations, the initial Mg concentrations226

in the GW systems (approximately 23 mM) were much higher than in the parallel DI227

experiments (approximately 5 mM). This is explained by the elevated Mg concentra-228

tion in the simulated groundwater (approximately 17 mM). In the GW systems, the229

gradual decrease in Mg solution concentration over 28 days suggests slow formation230

of a magnesium-rich phase such as brucite, which is observed in select XRD patterns231

of this system, or amorphous bobierrite-like phases [Mg3(PO4)2 ·8H2O] as observed232

by [13]. Both BFS systems showed low Mg concentrations at all time points suggest-233

ing active scavenging of aqueous Mg to Mg bearing phases (e.g. magnesite [MgCO3],234

brucite, bobierrite, and magnesium silicates) was occurring.235

The potassium concentrations in solution of the PFA and NF systems were similar236

throughout leaching. After an initial elevated K release in the first hours of leaching,237

the K concentration in both DI systems stabilized at approx. 40 mM after a day.238

The initial peak is explained by dissolution of amorphous struvite-K like phases at239

circumneutral pH whilst the elevated K concentration throughout leaching suggests240

an additional source of K in the original cement that is independent from the filler.241

Here, dissolution of previously unreacted KH2PO4 is a likely source of K, although a242

corresponding increase in solution phosphate concentration is not observed, suggesting243

additional precipitation of phosphates was occurring in these systems. In both GW244

systems, there was a continuous potassium release. This correlates well with continual245

transformation of struvite-K [MgKPO4 ·6H2O] to hazenite [KNaMg2(PO4)2 ·14H2O]246

observed in the XRD analysis during which K is released and substituted with Na247
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in the solid. Both BFS systems follow a broadly similar trend in K solution profiles248

as the NF and PFA systems, albeit with a slightly longer equilibration time and249

the final K concentration about twice as high. The broadly similar trends between250

the GW systems could suggest similar interpretations of a struvite-K to hazenite251

transformation, although this is not obvious in the XRD patterns potentially due to252

expected XRD detection limits.253

The trend in calcium concentration across all filler types was consistent with rapid254

equilibration with a low solubility Ca phase, stabilizing at <0.1 mM in DI systems and255

<1 mM in GW from the first data point, and clearly suggesting the rapid precipitation256

of a solubility controlling calcium-rich phases. This is in accordance with the rapid257

formation of hydroxyapatite [Ca5(PO4)3OH] clearly observed in the GW-BFS systems258

and in the GW systems of NF and PFA cement (figure 1). The formation of hydroxya-259

patite under GW leaching conditions is supported by thermodynamic modelling (see260

section 2.3).261

2.3 Thermodynamic Modelling262

The model phase assemblage, i.e. mineral phases allowed to precipitate when over-263

saturated, was chosen to reflect experimental findings. A noticeable exclusion from264

the phase assemblage is quartz (SiO2) which is not included in the model due to the265

high predicted thermodynamic stability of the MgSiO3(aq) solution species. Including266

quartz in the model leads to predictions of the near complete dissolution of both quartz267

and periclase to form MgSiO3(aq), which contradicts the experimental XRD patterns.268

Also not included in the model is bobierrite (Mg3(PO4)2 ·8H2O) which is oversaturated269

in all modelled experimental systems. Indeed, bobierrite is the thermodynamically sta-270

ble magnesium phosphate phase predicted in all systems. However, its inclusion in the271

model leads to prediction of the complete dissolution of struvite-K (MgKPO4 ·6H2O)272

and hazenite (KNaMg2(PO4)2 ·14H2O) phases counter to experimental observations.273
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Fig. 3 Development of the elemental concentrations of phosphorous (P), magnesium (Mg), potas-
sium (K), and calcium (Ca) in the leachates of MKPC prepared with different filler materials and
leached in either deionized water (DI) or a groundwater analogue from the Swiss Mont Terri project
(GW). Data points at t= -1 represent concentrations in DI or GW, respectively. Dashed orange
line shows elemental concentrations in GW. Error bars are the standard deviation of triplicates.
Concentrations for silicon (Si) and sodium (Na) in ED D.

The thermodynamic models of struvite-K in pure water and GW leaching systems274

predicts the mineral to be largely stable in pure water (albeit less pronounced in the275

DI-BFS system) and unstable in GW (see E3). In all GW leaching systems hazenite276

is predicted to precipitate, albeit only to a limited extent in the BFS system. In the277

BFS systems, modelling predicts hydroxyapatite as the dominant phosphate phase,278

which is also predicted to a minor extent in all Ca containing systems. Overall, ther-279

modynamic modelling results predicting hazenite and hydroxyapatite formation are280

in good agreement with the XRD results (see 1).281
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Delayed brucite formation is posited as an explanation for the higher-than-expected282

pH in the experimental systems over the initial 28-day experiment. Indeed, adding283

brucite as an equilibrium phase into the model (i.e. allowing it to precipitate in the284

model) leads to a stark drop in the solution pH (see table E4). This reflects the285

1-year experimental observation where the appearance of brucite reflections in the286

XRD correlates with a drop in solution pH, which is consistent with slower (over287

several months) formation of brucite in these experiments, potentially explained by288

the common ion effect favouring formation of other Mg-phases over brucite formation.289

The elemental concentrations predicted by the model (see table E5) are only an290

estimation and are not likely to precisely match those of the experimentally determined291

ones (see table E9). Likely reasons for this are either impurities in the regents that292

have not been considered in the model, amorphous solid phases not observed in the293

XRD and therefore not included in the model, and the experimental systems not294

reaching thermodynamic equilibrium after 28 days. Overall, the model replicates the295

differences between the DI-NF/PFA and DI-BFS system but is less reliable in the296

more complex GW leaching experiments where experimental differences between the297

NF and PFA system are more pronounced. The model overestimates [Mg], particularly298

for the NF and PFA systems. This is likely explained by precipitation of magnesium299

phases not included in the model, such as brucite or various magnesium silicates,300

which become oversaturated when quartz is included in the model phase assemblage. It301

significantly underestimates [K] and [Na], and slightly [Si], pointing to impurities in the302

reactants, particularly MgO. The model overestimates [P] in the DI systems and GW-303

NF, pointing to the formation of additional P phases not found in the XRD, e.g. minor304

amorphous bobierrite-like phases. Interestingly, the model significantly underestimates305

[P] in the GW-BFS case which suggests that this increase in P is either a kinetic306

effect or a general indicator that the model is only able to resolve some aspects of the307

experimental data.308
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3 Conclusions309

Through a matrix of sacrificial leaching experiments, the alteration of MKPC with310

different filler materials and the respective leachate evolution in deionized water and a311

Mont Terri groundwater analogue has been investigated. A system without filler was312

chosen as a baseline and compared to systems with either 50 mass-% PFA, largely313

consisting of SiO2 particles, or 50 mass-% BFS, qualitatively similar in composition314

to some Portland cement clinkers.315

It was demonstrated that both the choice of filler and leaching solution have a316

pronounced influence on cement and leachate alteration. While deionized water has a317

limited effect on the mineralogical composition of the cement over 28 days of leaching,318

with cement before and after leaching consisting mostly of struvite-K and periclase319

for no filler and PFA systems and calcium silicates and magnesium phosphates in320

BFS system, leaching with a groundwater analogue leads to the transformation of the321

main binder phases to a mix of hazenite and hydroxyapatite over 28 days. Hazenite322

dominated in systems without filler or with PFA filler and hydroxyapatite dominated323

where BFS was used as the filler, presumably due to the elevated Ca concentration324

and higher pH of this system. The thermodynamically predicted formation of bobier-325

rite seems to be hindered by kinetic effects and/or influence of pH in the presented326

experiments consistent with relevant literature [43]. Where bobierrite formation has327

been reported in literature, the pH equilibration of MKPC with its environment has328

been artificially prevented by various means keeping the systems circumneutral (e.g.329

frequent refresh of the eluant). The presence of hydroxyapatite particularly in the330

GW-BFS system is of note as it is investigated as a barrier for radionuclide migration331

in remediation efforts of contaminated land [21, 24]. The transformation of struvite-332

K to hazenite in the GW-NF and GW-PFA systems is accompanied by a significant333

increase in surface area, potentially increasing the number of potential sorption sites334

for radionuclides in a disposal scenario.335
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Leachate pH was observed to be significantly higher than previously reported for336

MKPCs with pH values ranging from 10-13 depending on the investigated systems.337

It was demonstrated that the choice of filler strongly influences the expected pH,338

potentially offering a pathway to adjust the local chemical environment, at least over339

the short term, by selecting different filler materials. This observed high pH in filler-340

containing systems is attributed to the slow kinetics of the MgO/MgOH2 buffering341

system (i.e. slow brucite formation).342

The equilibrated leachates show phosphate and silicate concentration in the higher343

µM range which should be favourable to maintaining low U mobility by precipitating344

uranium as oversaturated silicate and phosphate phases and low enough to maintain345

a constant concentration of reactants in the near-field for extended periods.346

4 Methods347

4.1 Materials348

Cements349

The MKPC formulation was adapted from [14]. All cements were prepared from350

magnesium oxide light, MgO (VWR, assay ≥97.0 % [max. 1.5 % silica]), potassium351

phosphate monobasic, KH2PO4 (Sigma-Aldrich, ACS reagent ≥99.0 %), boric acid,352

B(OH)3 (VWR, AnalaR), and 18.2 MΩ·cm ultrapure water used in ratios shown in353

table E6. Before use, the MgO was calcined for 6 h at 1300 °C (Carbolite CWF 1300354

furnace). The calcined material was milled and the grain size fraction of 53-500 µm,355

with a resultant surface area of approximately 1.2 m2/g, was used for the subsequent356

MKPC formulation (discussion of the influence of calcination and grinding on MgO357

surface area in ED section A). Three systems were studied: I) MKPC no filler (NF),358

II) MKPC with PFA filler (PFA; ScotAsh, EN450), and III) MKPC with BFS filler359

(BFS; Ketton, BN7). Characterization of the filler materials (PFA and BFS) by XRD360
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is provided in figure B1 of the SI.361

362

Calcined MgO, deionized H2O, B(OH)3, and, where relevant, filler were manually363

stirred to a homogeneous mix. KH2PO4 was then mixed in using a mechanical stirrer364

at 270 rpm for 10 mins, then 330 rpm for 20 mins to initiate MKPC formation. The365

resultant slurry was poured into a cylindrical mould, demoulded after a day, and then366

cured for at least 28 days at ambient temperature prior to use in experiments. The367

cured cements were subsequently ground in a steel canister grinder and sieved to select368

a particle size of 53 µm - 125 µm for leaching experiments [51].369

Leaching solutions370

Two waters were used in the leaching experiments: I) 18.2 MΩ·cm ultrapure water (DI)371

and II) a representative, synthetic groundwater (GW) [46] (Table E7) of relevance to372

radioactive waste disposal. To minimise CO2 ingress into the experiments, DI water373

was boiled for 30 mins and then rapidly cooled in an ice bath under constant flow of374

N2 [51] with the relevant salt additions for the GW added in a low CO2 glovebox (box375

and airlock purged with air pumped through three consecutive 15M NaOH scrubbers,376

based on [52]).377

4.2 Leaching procedure378

Batch leaching experiments were performed on the three synthesised cements in a low379

CO2 glovebox. For each batch leaching experiment 3 g of ground cement (53 µm -380

125 µm) was mixed with 30 mL DI or GW respectively in a 30 mL HDPE Nalgene381

bottle (based on [53]) and constantly mixed at 120 rpm on an orbital shaker. Experi-382

ments were performed in triplicate. Samples were taken at 1 h, 3 h, 7 h, 1 d, 3 d, 7 d,383

and 28 d (and 371 d for DI-NF and GW-NF) to investigate the equilibration of the384

cement with different leaching solutions. Blank water samples (DI and GW) as well385

as filler only samples in water were run as experimental controls. Solids and solutions386
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were separated by settling for approximately 10 mins and sampling 10 mL of the resul-387

tant supernatant with a syringe and filtering through a 0.22 µm syringe filter (13 mm,388

PES membrane, Kinesis). The remaining solution was decanted and the solid washed389

once with isopropanol and dried overnight at 40 °C prior to further analysis.390

4.3 Analytical Techniques391

X-Ray powder Diffraction (XRD) was performed on samples after curing and at select392

leaching time points (Bruker D2 Phaser with Cu cathode (Kα = 1.54 Å) in a 5°-393

70°2θ range, 1 s measurement time per 0.02°increment, mounted on an XRD glass394

slide). The patterns were analysed by comparison with the ICDD PDF-4/Minerals395

2024 crystallographic database. Surface area was determined with three measurements396

per sample using the Brunauer-Emmett-Teller (BET) method (Micrometrics Gemini397

VII 2390a, N2 at 77 K) after vacuum sample preparation (Micrometrics VacPrep 061).398

pH was measured with a Mettler-Toledo InLab Micro Pro-ISM pH electrode with pH399

meter, routinely calibrated with pH 10.01, 7.01, and 4.01 standard buffer solutions. The400

pH is calculated from 9 individual measurements (3 each per sample in the triplicate401

setup), as the mean of the respective hydrogen ion concentrations converted to pH. The402

given standard deviation is the standard deviation of the individual pH measurements403

from this mean. The concentration of Na, Mg, Si, K, Ca, P, and S in the leachate was404

determined on triplicate samples after 1:100 dilution in 2 % HNO3 using Inductively405

Coupled Plasma Atomic Emission Spectrometry (ICP-AES, Agilent ICP-OES 5800)406

calibrated against a multi-element dilution standard.407

4.4 Thermodynamic modelling408

Experimental results were compared to thermodynamic model representations of the409

systems using the PHREEQC software package [54], employing the CEMDATA 18.1410

database with a phosphate cement extension [26, 45]. The model was supplemented411
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with periclase (MgO) (from the ThermoChimie11a database [55]), and hazenite412

(Mg2NaK(PO4)2 ·14H2O) with the solubility product logK=24±2 from an estimation413

by [43].414

To develop the thermodynamic modelling approach, it was necessary to select a phase415

assemblage that would provide realistic model outputs. The selection of this assem-416

blage (see table E2) is explained in 2.3. The phase assemblage was set to equilibrium417

with 10 moles of the respective waters (pure water and GW).418
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Appendix A Extended Data: Calcination444

After a variety of small-scale tests, 1300 °C for 6 h was selected as the most practi-445

cable calcination condition for MgO. With smaller grain sizes desirable for an even446

distribution of MgO throughout the sample, a series of tests were performed to deter-447

mine the influence of grinding, sieving, and grain size on the surface area of the MgO.448

This test series consisted of three MgO batches, one uncalcined, the other two cal-449

cined at 1300 °C for 6 h. The calcined samples were broken up after burning them in450

the furnace, ground and sieved, the uncalcined sample was only sieved. BET measure-451

ments were performed on every grain size fraction (<53 µm, 125-53 µm, 500-125 µm,452

>500 µm) as well as the whole batch (”As Is” and ”Ground”) without grain size453

selection. Results are shown in table E8.454

While calcination significantly alters the surface area of MgO, grinding and sieving455

show no noteworthy effect. This suggests that grains are rather porous agglomerations456

of even smaller particles with the respective surface area. Considering these results,457

the grain size fraction from 500-53 µm was selected for the cement preparation. The458

reasoning behind this selection was that larger grain sizes might negatively affect the459
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homogeneity of the cement paste, and that smaller grains might show unexpected460

behaviours due to the possibility of actually breaking up the agglomerating particles.461

Appendix B Extended Data: Filler462

Figure B1 show the XRD patterns of the pure PFA and BFS used in this experiment463

and their patterns after 28 days in the relevant waters. The PFA patterns show quartz,464

SiO2, as the main component with mullite, 2.15Al2O3 ·SiO2, as secondary phase and465

traces of magnesite, MgCO3. The pattern does not significantly change during leaching,466

except for a slight signal broadening in the DI water sample and the presence of halite,467

NaCl, in the GW sample, likely an artefact from sample preparation. BFS is a mix of468

calcium silicates (hatrurite Ca3SiO5, larnite, Ca2SiO4, and merwinite, Ca3MgISiO4)2)469

and calcite (CaCO3). It is noteworthy that hatrurite and larnite are also the main470

components in Portland cement clinker (as alite and belite). After leaching in both471

waters, portlandite (CaCO3) reflections dominate the pattern with the intensity ratios472

of 21° and 34° suggesting a preferred orientation in the 001 direction.473

Fig. B1 XRD patterns of blast furnace slag (top) and pulverised fly ash (bottom) before and after
storing it for 28d in DI water and a groundwater analogue (GW), respectively.
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Appendix C Extended Data: Leached MKPC XRD474

The gradual evolution of struvite-K to hazenite in both the GW-PFA and GW-NF475

system is particularly clear in the area from 20° to 22°. The two struvite-K signals476

at 21° and 21.5°, steadily loose intensity throughout the first 24 hours, with the two477

hazenite signals at 20.7° and 21.25° steadily gaining intensity.478

The phase transformations in the GW-BFS system happens relatively slow, with479

the most obvious changes appearing between the 7d and 28d sample.480
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Fig. C2 Development of XRD patterns of MKPC prepared without a filler material leached over a
28d period in DI water (black) and a groundwater analogue (GW) (red). Samples were taken after
1h, 3h, 7h, 1d, 3d, 7d, 28d and 371d in the respective medium. For better reflection comparison,
patterns are normalized to the highest intensity in the respective pattern.
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Fig. C3 Development of XRD patterns of MKPC prepared with a pulverised fly ash filler, leached
over a 28d period in DI water (black) and a groundwater analogue (red). Samples were taken after
1h, 3h, 7h, 1d, 3d, 7d and 28d in the respective medium. For better reflection comparison, patterns
are normalized to the highest intensity in the respective pattern.
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Fig. C4 Development of XRD patterns of MKPC prepared with a blast furnace slag filler, leached
over a 28d period in DI water (black) and a groundwater analogue (red). Samples were taken after
1h, 3h, 7h, 1d, 3d, 7d and 28d in the respective medium. For better reflection comparison, patterns
are normalized to the highest intensity in the respective pattern.
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Appendix D Extended Data: ICP-AES481

Fig. D5 Development of the elemental concentrations of silicone (SI), and sodium (Si) in the
leachates of immobilisation prepared with different filler materials and leached in either deionized
water (DI, black line) or a groundwater analogue from the Swiss Mont Terri project (GW, red line).
(Mind the x-axis break from 8 to 27 days and 30 to 370 days)
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Table E1 BET surface area in m2/g before and after leaching of cements with either pulverised fly ash (PFA), blast furnace
slag (BFS) or no filler (NF) in deionized water (DI) and a Mont Terri groundwater analogue (GW). Values with uncertainty
are means of triplicate, without uncertainty are single measurements.

Leaching Time PFA [Filler only] DI-PFA GW-PFA BFS [Filler only] DI-BFS GW-BFS DI-NF GW-NF
0 d 1.8 1.0(7) 2(2) 0.9 10(3) 10(6) 1.68(3) 1.68(3)
28 d 6.8 18 51(11) 17.5 10(3) 9.4(5) 29(2) 76(6)
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Table E2 Phase assemblage of the respective cement systems in the thermodynamic
model. All presented phases have a saturation index of 0.0.

Mineral name Mineral name
Moles of mineral in phase assemblage

NF-MKPC PFA-MKPC BFS-MKPC
Periclase MgO 0.7 0.7 0.9
Struvite-K MgKPO4 · 6 H2O 1 1 1
Hazenite KNaMg2(PO4)2 · 14 H2O 0 0 0
Hydroxyapatite Ca5(PO4)3OH 0 0 0
Lime CaO 0 0 1.3
Boric acid B(OH)3 0.09 0.09 0.09

Table E3 Thermodynamically modelled solid phase composition of a leaching system of 1 mol MKPC with
different fillers in 10 moles pure water and a groundwater analogue.

Mineral name Mineral formula
DI-NF DI-PFA DI-BFS GW-NF GW-PFA GW-BFS

Moles of mineral in phase assemblage
Periclase MgO 0.52 0.52 1.65 0.44 0.44 1.83
Struvite-K MgKPO4 · 6 H2O 0.99 0.99 0.22 0.00 0.00 0.00
Hazenite KNaMg2(PO4)2 · 14 H2O 0.00 0.00 0.00 0.42 0.42 0.03
Hydroxyapatite Ca5(PO4)3OH 0.00 0.00 0.26 0.05 0.05 0.31
Lime CaO 0.00 0.00 0.00 0.00 0.00 0.00
Boric acid B(OH)3 0.00 0.00 0.00 0.00 0.00 0.00

Table E4 Comparison of the modelled pH for relevant
leaching systems with and without brucite (Mg(OH)2)
precipitation and the experimentally determined pH
after 28 days.

pH
system w/ brucite w/o brucite experimental
DI-NF 9.8 12.1 12.2
DI-PFA 9.8 11.1 11.9
DI-BFS 12.4 12.8 12.8
GW-NF 9.4 11.9 10.7
GW-PFA 9.4 11.9 10.5
GW-BFS 10.3 12.2 12.6
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Table E5 Thermodynamically modelled solution composition of a leaching system of
1 mol MKPC with different fillers in 10 moles deionized water and a groundwater
analogue. Values in square brackets are the elemental concentrations in the
experimental systems determined through ICP-MS.

Element
DI-NF DI-PFA DI-BFS GW-NF GW-PFA GW-BFS

Element concentration [mM]
Ca 0.0 [0.1] 0.0 [0] 0.0 [0] 0.0 [0.7] 0.0 [1] 0.0 [0.1]
K 2.6 [41.3] 2.6 [44] 99.3 [110] 59.4 [250] 59.4 [145] 97.8 [227]
Mg 5.2 [0.1] 5.2 [0.1] 0.0 [0] 38.8 [4] 38.8 [6.7] 0.7 [0.01]
Na 0.0 [0.5] 0.0 [0.3] 0.0 [0.2] 198.5 [74] 198.5 [173] 235.8 [162]
P 2.6 [0.4] 2.6 [1.1] 21.9 [16] 0.0 [0.03] 0.0 [0.01] 0.1 [8.3]
Si 0.0 [0.1] 0.0 [0.2] 0.0 [0.1] 0.1 [0.1] 0.1 [0.2] 0.1 [0.6]

Table E6 Magnesium potassium phosphate cement formulation optimized for the use in a geological
disposal context. F: Filler, S: all solids combined, m: molar ratio, w: weight ratio

m MgO
KH2PO4

m H2O
KH2PO4

w H2O
MgO+KH2PO4

w B(OH)3
MgO

w F

MgO+KH2PO4+H2O
w H2O

S

with filler 1.7 5.1 0.45 0.08 0.5 0.26
no filler 1.7 5.1 0.45 0.08 - 0.44

Table E7 Composition of the groundwater simulant used in this research.
Given as the elemental molar concentration and the respective compound
mass concentrations taken from [46].

Mass [g/L] Concentrations [mmol/L]
NaCl 12.4 Na 240
KCl 0.12 K 1.6

MgCl2 · 6H2O 3.46 Mg 17.0
CaCl2 · 2H2O 3.79 Ca 25.8
SrCl2 · 6H2O 0.14 Sr 0.9

Na2SO4 2.00 CO3/HCO3 0.5
NaHCO3 0.04 SO4 14.1

Cl 301
ionic strength I 0.39M
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Table E8 BET surface area of different grain sizes of calcined and uncalcined MgO. Calcined
1 and 2 were calcined for 6 h at 1300 °C. For Calcined 2 grains with a size >500 µm were
ground until they passed the respective sieve. ”As Is”: MgO as delivered or roughly broken up
after calcination; ”Ground”: Calcined MgO after single rigorous grinding with pestle and
mortar without sieving. Remaining: Upper/lower sieve mesh sizes for this grain size fraction.

Uncalcined Calcined 1 Calcined 2

mass
ratios

BET surface
area [m2/g]

mass
ratios

BET surface
area [m2/g]

mass
ratios

BET surface
area [m2/g]

As Is n/a 38.7 ± 0.3 n/a 1.250 ± 0.006 n/a n/a
Ground n/a n/a n/a 1.218 ± 0.006 n/a n/a
>500 µm 0.03 39.7 ± 0.3 0.50 1.189 ± 0.005 n/a n/a
500 - 125 µm 0.60 39.3 ± 0.3 0.35 1.248 ± 0.007 0.61 1.200 ± 0.005
125 - 53 µm 0.31 39.7 ± 0.3 0.09 1.251 ± 0.004 0.25 1.188 ± 0.008
<53 µm 0.06 40.6 ± 0.3 0.06 1.185 ± 0.005 0.14 1.185 ± 0.009

Table E9 Overview of the leachate composition after 28 days of leaching of an
MKPC prepared with BFS-, PFA- or no filler in either deionized water (DI) or a
groundwater analogue (GW).

DI-NF DI-PFA DI-BFS GW-NF GW-PFA GW-BFS
pH 12.2 11.9 12.8 11.1 10.5 12.6

B [mM] 9.2 23 7 4.6 6.7 10.8
Ca [mM] 0.14 0 0 0.67 1 0.07
K [mM] 41.3 44 110 250 145 227

Mg [mM] 0.09 0.08 0 4 6.7 0.01
Na [mM] 0.54 0.29 0.2 74 173 162
P [mM] 0.44 1.1 16 0.03 0.01 8.3
S [mM] 0.2 4.1 12 15 21.7 33
Si [mM] 0.11 0.2 0.13 0.09 0.2 0.56
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