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1. Introduction 1 

Magnesium potassium phosphate (MKP) cements, which harden through an acid-base reaction 2 

between calcined magnesia (MgO) and potassium dihydrogen phosphate (KH2PO4), is an 3 

alternative to Portland cement (PC). Compared to PC, MKP cements have the advantage of fast 4 

setting [1, 2], high early strength [3], low shrinkage [2], strong bonding with PC substrates [2], low 5 

pH [4-6], strong encapsulation capacity on heavy metals [7, 8], and good biocompatibility [9, 10]. 6 

They are used for various applications, such as rapid repair materials for damaged infrastructure 7 

[2, 11, 12], as solidification/stabilization agents for wastes containing heavy metals [1, 7, 8], and 8 

as potential binders for immobilizing low-level nuclear wastes [13-15]. Recent research involved 9 

also their use in medical technology due to their good biocompatibility and antibacterial properties 10 

[9, 10].  11 

The hydration reaction of MKP cements can be changed by using different magnesium-to-12 

phosphate (Mg/PO4) molar ratios [6, 16], water-to-cement (w/c) ratios [4-6, 16], retarders [4], and 13 

mineral additions [14, 17, 18]. The dominant hardening reaction of MKP cements is described as 14 

MgO + KH2PO4 + 5H2O  MgKPO46H2O (K-struvite) + QHeat                                                 (1) 15 

As shown in Eq. 1, magnesium potassium phosphate hexahydrate (MgKPO46H2O, K-struvite) is 16 

the stoichiometric reaction product of hydrated MKP cements providing strength. Furthermore, 17 

hydration of MKP cements is exothermic with strong heat release (QHeat), which not only 18 

accelerates cement hardening, but also makes cement applications in large scales difficult [1, 19]. 19 

To slow down cement hydration kinetics and to control heat release, different methods have been 20 

used, such as i) use of retarders like borax [2] and boric acid [4, 14], ii) decrease of magnesia 21 

reactivity [20], iii) increase of initial pH by partially replacing KH2PO4 with K2HPO4 or 22 
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Na2HPO412H2O [21, 22], and iv) cement dilution using mineral additions, such as fly ash [3, 14, 23 

15, 17], silica fume [23, 24], metakaolin [18], and wollastonite [1, 25, 26].  24 

Wollastonite (CaSiO3) is an inosilicate mineral and has been used in cementitious materials for 25 

decades [27-30]. It has microfiber-like particles, which effectively increased flexural strength and 26 

fracture toughness of PC-based materials due to an enhanced crack resistance [27, 28]. However, 27 

wollastonite shows no or only little reaction in PC matrices [27, 28], which is probably due to the 28 

high pH of pore solution of around 13 – 14 [31], where wollastonite is more stable than C-S-H and 29 

thus not reactive. At low pH wollastonite is better soluble and can release calcium and silicate ions. 30 

Therefore, wollastonite has been used as raw material for producing low pH cements, such as 31 

inorganic phosphate cements (ceramics) [32-35], carbonated wollastonite-based materials [30, 36], 32 

and MKP cements [1, 25, 26]. The blend of wollastonite with MKP cements was reported to reduce 33 

heat generation [1], to increase mechanical strength [1], and to improve heat resistance under high 34 

temperatures [25]. Moreover, it has been assumed that wollastonite reacts with potassium and 35 

phosphate from the MKP cements and leads to formation of brushite (CaHPO42H2O) and 36 

potassium metasilicate (K2SiO3) [1, 26]; however, experimental evidence is missing.  37 

As only limited information regarding the reactivity of wollastonite and the resultant additional 38 

hydrates are available, this study investigates the effect of wollastonite (i) on the strength of MKP 39 

cements at low water-to-binder (w/b) ratios of 0.25 and 0.5, and (ii) on the hydration at w/b ratios 40 

of 0.5 and 5, which were characterized by isothermal calorimetry and determination of cement 41 

hydrate assemblage and pore solution chemistry.  42 

 43 

 44 

 45 
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2. Materials and methods 46 

2.1 Materials and mix designs 47 

The starting materials included dead-burnt magnesia (MgO), wollastonite (CaSiO3), quartz 48 

powder, and KH2PO4 in technical grades, and magnesium chloride (MgCl2) in chemical grade. 49 

Chemical compositions of magnesia, wollastonite and KH2PO4 determined by X-ray florescence 50 

(XRF) analysis are given in Table 1. Mineralogical composition of magnesia and wollastonite was 51 

determined by X-ray diffraction method (XRD, CoK, Panalytical X’Pert Pro). Magnesia contains 52 

a main phase of periclase (MgO) and minor impurities of forsterite (Mg2SiO4) and monticellite 53 

(CaMgSiO4). Wollastonite contains a main phase of ‘wollastonite-2M’ (CaSiO3) and traces of 54 

quartz (SiO2) and calcite (CaCO3). The characterization using secondary electron microscopy 55 

(SEM, ESEM Quanta FEG 650) shows a microfiber-like shape of most wollastonite particles. The 56 

median particle diameters (d50) of magnesia, wollastonite and KH2PO4 measured by a laser particle 57 

size analyzer (Malvern Mastersizer X) are 19.0 ± 0.3, 3.7 ± 0.5, and 34.4 ± 4.8 m, respectively. 58 

 59 

Table 1: Chemical composition of raw materials wt.% 60 

Materials         MgO   SiO2    Al2O3   Fe2O3   CaO      K2O     Na2O    TiO2       SO3       P2O5    CO2a   L.O.Ib 61 
Magnesia       93.54   4.37    0.04     0.15     1.62      <0.02   <0.04   <0.007   <0.04    0.008   0.18    0.18 62 
Wollastonite    0.41   51.86   0.86     0.19     44.15     0.12      0.31     0.019      0.05     0.009   0.50   1.99 63 
 KH2PO4          0.45   2.01     <0.3     0.007   <0.06    36.63    0.28     0.02      <0.024   40.44   n.d.c   20.94 64 

a: CO2 content was calculated based on the total carbon content determined by combustion analyses. 65 
b: Loss on ignition. c: not detected.  66 
 67 

 68 

Mix proportions used in this study are present in Table 2. Three systems were studied: A) 69 

cement pastes with a Mg/PO4 molar ratio of 2.7 and w/b ratios in a range of 0.25 – 0.83; B) cement 70 

suspension with the same Mg/PO4 molar ratio of 2.7 and w/b ratio of 5, and C) suspensions of 71 

wollastonite blended with KH2PO4, magnesia or MgCl2, which have w/b ratios of 5.2 and 6.8. All 72 
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the samples were cured at 20 C, except the suspensions of wollastonite mixed with magnesia (W-73 

MgO-S) or MgCl2 (W-MgCl-S) at 50 C.  74 

 75 

Table 2: Mix proportions of wollastonite-magnesium-phosphate systems referred to 1 g KH2PO4 76 

Sample Mg/PO4 
ratioa 

w/bb 
ratio 

w/cb 
ratio 

Wollastonite KH2PO4 Magnesia MgCl2 Quartz 

 
powder 

Water tFS
 

[min] 

A): MKP cement pastes  

2.7-C-P025c 2.7 0.25 0.25 - 1.0 0.8 - - 0.45 11  2 

2.7-W-P025c 2.7 0.25 0.42 1.2 1.0 0.8 - - 0.75 36  5 

2.7-C-P05d 2.7 0.5 0.5 - 1.0 0.8 - - 0.9 - 

2.7-W-P05d 2.7 0.5 0.83 1.2 1.0 0.8 - - 1.5 - 

2.7-Q-P05e 2.7 0.5 0.83 - 1.0 0.8 - 1.2 1.5 - 

2.7-C-P08e 2.7 0.83 0.83 - 1.0 0.8 -      - 1.5 - 

 

B): MKP cement suspensions 

2.7-C-S5f 2.7 5.0 5.0 - 1.0 0.8 - - 9.0 - 

2.7-W-S5f 2.7 5.0 8.3 1.2 1.0 0.8 - - 15.0 - 

 

C): Wollastonite - KH2PO4 (MgO / MgCl2) suspensions 

W-K-Sg - 6.8 - 1.2 1.0 - - - 15.0 - 

W-MgO-Sg - 6.8 - 1.2 - 2.4 - - 24.5 - 

W-MgCl-Sg - 5.2 - 1.2 - - 1.4 - 13.6 - 

a: molar ratio. b: w/b denotes water-to binder mass ratio. For MKP cement systems, binder refers to sum of 77 
magnesia, KH2PO4, and wollastonite (quartz). w/c denotes water-to-cement ratio, and cement refers to sum 78 
of magnesia and KH2PO4. For wollastonite- KH2PO4 (MgO/MgCl2) suspension, binder refers to sum of 79 
wollastonite and KH2PO4 (magnesia or MgCl2). c: analyses of final setting time (tFS), compressive and 80 
flexural strength. Final setting time was measured by Vicat needle test using fresh paste around 200 g. d: 81 
analyses of calorimetry and determination of hydrate assemblage and pore solution chemistry. Also, 82 
compressive and flexural strength of 2.7-W-P05 was determined. e: calorimetry only. f: analyses of 83 
calorimetry, pH/electrical conductivity, and determinations of hydrate assemblages and pore solution 84 
chemistry. g: determination of hydrate assemblages. Mass ratio between wollastonite and KH2PO4 of W-K-85 
S was kept consistent with that of 2.7-W-S5. W-K-S was cured at 20 C up to 340 days. Ratios between 86 
KH2PO4 and magnesia (W-MgO-S) or MgCl2 (W-MgCl-S) were used to guarantee sufficient magnesium 87 
source in water. To accelerate potential chemical reactions, they were cured at 50 C for 110 and 180 days, 88 
respectively.  89 
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2.2  Methods 90 

2.2.1 Compressive and flexural strength 91 

According to the mix proportions given in Table 2, the powder components of the samples (2.7-92 

C-P025, 2.7-W-P025, and 2.7-W-P05) were weighted and well dry-mixed for 1 min. After that, 93 

deionized water was added and wet-mixing using a vacuum mixer was carried out at a speed of 94 

250 rpm for 2 min. Fresh mixtures were cast in molds with dimensions of 20  20  100 mm3. All 95 

the samples were cured in air at 20 C and relative humidity (RH) of 70% until strength test after 96 

3, 7, 28, 72, 200, 690, and 850 days. A three-point bending test was carried out first using a span 97 

of 60 mm at a loading rate of 20 N/s. Two prisms were measured for each paste after each specific 98 

curing age. After that, the obtained four prism halves were used for compressive strength 99 

measurement at a loading rate of 1 MPa/s using a contact surface area of 20  20 mm2. 100 

 101 

2.2.2 Isothermal calorimetry  102 

As specified in Table 2, heat flow of the cement pastes with w/b ratios of 0.5 and 0.83 were 103 

measured using isothermal conduction calorimetry (TA instrument, TAM Air) at 20 C. Powder 104 

components were weighted into Admix ampoule and well dry-mixed for 1 min. After thermal 105 

equilibration, deionized water was injected into Admix ampoule, and the mixture was wet-mixed 106 

for 2 min. Note that segregation could occur in samples at high w/b ratio.   107 

 108 

2.2.3 X-ray diffraction and thermogravimetric analyses 109 

To analyze hydrate assemblage, cement hydration was stopped after specific curing ages. 110 

Suspension samples were filtered using a Büchner funnel under vacuum. The remaining solids 111 

were soaked in isopropanol for around 15 min. Afterwards isopropanol was removed by filtration, 112 
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and diethyl ether was used to rinse the solids and removed by filtration as well. The solids were 113 

then dried at 40 C for around 10 min to remove any remaining organic solvents, and stored in 114 

sealed bottles. Paste samples were gently crushed into small pieces first, and the same hydration 115 

stoppage protocol was then applied. The stopped samples were further ground by hand to a grain 116 

size less than 63 m before XRD and thermogravimetric analysis (TGA). XRD analyses were 117 

performed with a Panalytical X’pert Pro in a - configuration using CoK radiation and the 118 

X’Celerator detector. The samples were scanned between 5° and 90° 2 for 45 min. Wollastonite 119 

and magnesia consumptions in hydrated samples were assessed semi-quantitatively by fitting peak 120 

areas in X’Pert Highscore Plus software using CaF2 as an external standard for the intensity 121 

correction. Reaction degrees of magnesia (2.7-C-P05 and 2.7-W-P05 after 28 days) and 122 

wollastonite (2.7-W-P05 from 5 h to 420 days) were estimated by comparing the corrected peak 123 

intensities between unhydrated and hydrated samples. In consideration of fast dissolution of 124 

KH2PO4 at high w/b ratio of 5, reaction degree of wollastonite in 2.7-W-S5 from 22 min to 150 125 

days were estimated by comparing the corrected peak intensities between the sample after 5 min 126 

of hydration and the rest hydrated samples. After quantification, all the results were further 127 

corrected  according to [37] for bound water based on TGA result at 600 C. TGA was carried out 128 

using Mettler Toledo TGA/SDTA 815e device from 30 to 1000 C at heating rate of 20 C/min 129 

under nitrogen atmosphere.  130 

 131 

2.2.4 Nuclear magnetic resonance (NMR) analysis 132 

Solid-state nuclear magnetic resonance (NMR) spectra of K-struvite [16], potassium calcium 133 

hydrogen phosphate (CaK3H(PO4)2) [6], unhydrated cement with wollastonite (2.7-W-P05), and 134 

hydrated cements (2.7-C-P05, 2.7-W-P05, and 2.7-W-S5) were collected on a Bruker AV III HD 135 
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400 MHz widebore spectrometer. 29Si MAS NMR spectra were collected using a probe of 7 mm, 136 

at 79.505 MHz at a spinning speed of 4.5 KHz with a plus duration of 2.5 s. 31P MAS NMR 137 

spectra were collected using a probe of 2.5 mm, at 161.995 MHz at a spinning speed of 20 KHz 138 

with a plus duration of 2.5 s. 29Si and 31P chemical shifts are referenced to external samples of 139 

tetramethylsilane (Si(CH3)4) and ammonium dihydrogen phosphate (NH4H2PO4), respectively.  140 

 141 

2.2.5 Scanning electron microscopy (SEM) 142 

Backscattered electron (BSE) imaging coupled with energy dispersive X-ray spectroscopy 143 

(EDS) analysis was carried out on cement polished sections. Hydration stoppage protocol for 144 

cement suspension as described above was applied to 2.7-W-S5 after 150 days. The stopped 145 

powder sample was first mixed with a low-viscosity epoxy resin; after that, the hardened resin was 146 

cut, polished, coated with 10 nm carbon. For 2.7-W-P05, paste sample with a diameter of 20 mm 147 

and a height of 15 mm after 420 days was cut from center of a cylinder, and soaked in isopropanol 148 

for one week first and dried in oven at 40 C for two weeks. After that, it was impregnated with 149 

the same low-viscosity epoxy resin and applied with the same procedures for cutting, polishing and 150 

carbon coating. The conduction of SEM was under high vacuum mode (3 - 4 10-6 Pa) with an 151 

accelerating voltage of 10 – 15 kV.  152 

 153 

2.2.6 Electrical conductivity and pH 154 

The changes of electrical conductivity and pH in hydrated cement suspensions (2.7-C-S5 and 155 

2.7-W-S5) were monitored in real time using the setup detailed in [16]. The pH electrode (Mettler 156 

Toledo) was calibrated against pH buffers at pH 4, 7, 9, and 12 before each measurement. As 157 

detailed in [16], cement suspension was filled in a vessel with a lid tightly locked to avoid possible 158 
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carbonation and water evaporation. A water bath at 20 °C was used to ensure a stable thermal 159 

condition during test. Cement suspension was continuously stirred by an overhead stirrer. The 160 

measured data was automatically recorded at time steps of 1 min.  161 

2.2.7 Ion activities and elemental concentrations  162 

K+- and Mg2+- selective electrodes and the setup presented above for the electrical conductivity 163 

and pH measurement were used to measure K+ and Mg2+ activities in hydrated cement suspensions 164 

(2.7-C-S5 and 2.7-W-S5). The K+-selective electrode (perfectIONTM comb K Lemo) was calibrated 165 

against KH2PO4 standard solutions at 0.0044, 0.04, 0.22, 0.43, 0.48, and 0.77 M. Hydrate 166 

precipitations on the surface of the Mg2+-selective electrode (DX244-Mg) could affect the 167 

measured value, therefore, measured raw data in mV instead of absolute concentrations are given 168 

in this study.  169 

Ion chromatography (IC, Dionex, DP series ICS-3000) was used to measure the total ion 170 

concentrations in liquid phase of cements. Solution of the cement suspensions (2.7-C-S5 and 2.7-171 

W-S5) were obtained using a nylon filter with a mesh size of 0.45 m. Pore solution of the hardened 172 

cement pastes (2.7-C-P05 and 2.7-W-P05) were extracted from samples cast in 500 mL 173 

polyethylene bottles (sealed curing at 20 C) by the steel die method [31, 38], and filtered using 174 

the same type of nylon filter. One part of the solution was diluted using Milli-Q water (ultra-pure 175 

water) for IC measurement, and the other part was used undiluted for pH measurement (Meter 766). 176 

The pH meter was calibrated against pH buffers at pH 4, 7, 9, and 12.  177 

 178 

2.2.8 Thermodynamic modelling  179 

The calculation of saturation indices from measured aqueous concentrations allows to assess 180 

whether the pore solution is saturated with respect to different hydrates, which thus may precipitate 181 
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as discussed in detail e.g. in [39]. If the pore solution is oversaturated with respect to a certain solid, 182 

the solid is likely to precipitate; while undersaturation indicates that a solid is unlikely to precipitate 183 

or that it dissolves. The saturation index (SI) of a solid corresponds to SI = log IAP/Kso. The ion 184 

activity product (IAP) is calculated based on the measured concentrations in solution and Kso 185 

represents the theoretical solubility product of the solid. As the use of saturation indices can be 186 

misleading when comparing phases which dissociate into a different number of ions, ‘‘effective’’ 187 

saturation indices were calculated where the saturation indices was divided by the number of ions 188 

participating in the reactions to form the solids [31, 39], i.e., the saturation indices for brucite, 189 

newberyite, phosphorrösslerite, K-struvite, Mg2KH(PO4)2ꞏ15H2O, Mg3(PO4)2ꞏ4H2O, bobierrite, 190 

cattiite, brushite, octacalcium phosphate, hydroxyapatite, and CaK3H(PO4)2 are divided by 3, 3, 3, 191 

3, 6, 5, 5, 5, 3, 16, 9, and 7. The formation from the ions Mg2+, Ca2+, PO4
3-, SiO3

2-, K+, and H+ was 192 

considered but not the influence of H2O. 193 

The geochemical GEMS-PSI software [40] together with the PSI thermodynamic database [41], 194 

the cement-specific Cemdata18 [42] and the recently complied database of magnesium (potassium) 195 

phosphates [43], extended with data for calcium phosphates and M-C-S-H [44], were used for the 196 

calculation as summarized in Table 3. The lower solubility of the calcium phosphate solids in Table 197 

3 indicate an even higher stability of calcium phosphate than of Mg-phosphates solids and thus a 198 

tendency for the formation of calcium phosphates in the presence of calcium.   199 

 200 

Table 3: Solubility products (log Kso°) of calcium, magnesium, phosphate and potassium containing solids 201 
at standard conditions 25 C and 1 bar.  202 

Species     log Kso°a Refb 203 
  204 

Brucite: Mg(OH)2  Mg2+ - 2H+                                                                               16.84      [41] 205 

Newberyite: MgHPO43H2O  Mg2+ + H+ + PO4
3- + 3H2O                                     -17.93 [43] 206 

Phosphorrösslerite: MgHPO47H2O  Mg2+ + H+ + PO4
3- + 7H2O                         -17.01 [43] 207 
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K-struvite: MgKPO46H2O  Mg2+ + K+ + PO4
3- + 6H2O                                        -10.96 [43] 208 

Mg2KH(PO4)2ꞏ15H2O  2Mg2+ + K+ + H+ + 2PO4
3- + 15H2O                                 -28.67 [43] 209 

Mg3(PO4)2ꞏ4H2O  3Mg2+ + 2PO4
3- + 4H2O                                                          -23.50 [43] 210 

Bobierrite: Mg3(PO4)2ꞏ8H2O  3Mg2+ + 2PO4
3- + 8H2O                                         -25.30 [43] 211 

Cattiite: Mg3(PO4)2ꞏ22H2O  3Mg2+ + 2PO4
3- + 22H2O                                         -23.03 [43] 212 

Brushite: CaHPO4ꞏ2H2O  Ca2+ + H+ + PO4
3- + 2H2O                                          -18.95 [45] 213 

Octacalcium phosphate: Ca8H2(PO4)6ꞏ5H2O  8Ca2+ + 2H+ + 6PO4
3- + 5H2O      -96.80 [46] 214 

Hydroxyapatite: Ca5(PO4)3(OH)  5Ca2+ + 3PO4
3- + OH-                                      -58.0   [45, 47] 215 

CaK3H(PO4)2  Ca2+ + 3K+ + H+ + 2PO4
3-                                                             -22.4   ts 216 

 217 
C-S-H (CSHQ solid solution): 218 

(CaO)0.67SiO2(H2O)1.5: 2/3Ca2+ + SiO(OH)3
- + 1/3OH- - 1/6H2O                                  -6.19     [40, 42] 219 

(CaO)0.83(SiO2)0.67(H2O)1.83: 5/6Ca2+ + 2/3SiO(OH)3
- + OH- + 1/3H2O                         -6.90     [40, 42] 220 

(CaO)1.33SiO2(H2O)2.17: 4/3Ca2+ + SiO(OH)3
- + 5/3OH- - 1/6H2O                                 -10.96   [40, 42]  221 

(CaO)1.5(SiO2)0.67(H2O)2.5: 3/2Ca2+ + 2/3SiO(OH)3
- + 7/3OH- + 1/3H2O                        -10.47   [40, 42]  222 

 223 
M-S-H (M-C-S-H solid solution): 224 

(MgO)0.78SiO2(H2O)1.48  0.78Mg2+ + SiO2
0 + 1.56OH- + 0.7H2O                          -14.59    [40, 42] 225 

(MgO)0.68(CaO)0.1SiO2(H2O)1.48  0.68Mg2+ + 0.1Ca2+ + SiO2
0 + 1.56OH- + 0.7H2O  226 

                                                                                                                               -14.42    [40, 42] 227 

(MgO)1.3SiO2(H2O)1.8   1.3Mg2+ + SiO2
0 + 2.6OH- + 0.5H2O                               -21.44          [44]  228 

(MgO)1.2(CaO)0.1SiO2(H2O)1.8   1.2Mg2+ + 0.1Ca2+ + SiO2
0 + 2.6OH- + 0.5H2O  -21.57     [44]  229 

a The presence of aqueous phosphate complexes were considered using the data compiled in  230 
[43] completed with data for calcium phosphate complexes from [46]. b ts: calculated in this study, 231 
see appendix A. 232 

 233 

 234 

3 Results and discussion 235 

3.1 Cement pastes 236 

3.1.1 Segregation and strength development 237 
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The appearances of the MKP cement paste samples with/without wollastonite at w/b ratios of 238 

0.25 and 0.5 are displayed in Figure 1. The reference paste samples without wollastonite (2.7-C-239 

P05 and 2.7-C-P025) show clear segregations, especially at w/b of 0.5. At high w/b ratio magnesia 240 

particles preferably segregate due to the higher density compared to KH2PO4, which leads to a 241 

higher w/b ratio and a lower Mg/PO4 molar ratio at the upper part of the sample causing the 242 

formation of efflorescence [6]. The partial replacement of cement with wollastonite prevents the 243 

segregation as well as the efflorescence, which is attributed to the smaller particle size of 244 

wollastonite and/or potential chemical reactions occurring during setting and hardening. As 245 

indicated in Table 2, the paste with wollastonite at w/b ratio of 0.25 (2.7-W-P025) has longer final 246 

setting time than the reference paste without wollastonite (2.7-C-P025), which is probably due to 247 

the dilution of the cement by wollastonite.  248 

 249 

 250 

Figure 1: Appearances of the samples with/without wollastonite at w/b ratios of 0.25 and 0.5  251 

 252 
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Figure 2 shows the strength developments of the pastes at w/b ratios of 0.25 and 0.5. Strengths 253 

of the reference paste without wollastonite at w/b ratio of 0.5 (2.7-C-P05) were not measured due 254 

to the strong segregation as shown in Figure 1. As detailed in [6], strengths of 2.7-C-P025 increase 255 

first up to 7 days and decrease thereafter due to volume expansion and resulting crack formations. 256 

For the pastes with wollastonite, the decrease of w/b ratio from 0.5 to 0.25 strongly increases 257 

compressive and flexural strengths. The strengths of the sample with wollastonite, 2.7-W-P025, 258 

are up to 7 days lower than that of 2.7-C-P025, but much higher after 28 days and later. The 259 

continuous strength increase of 2.7-W-P025 with time indicates a continuing condensed 260 

microstructure.  261 

 262 
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 264 

Figure 2: A) Compressive and B) flexural strengths of pastes with (2.7-W-P025, 2.7-W-P05) /without 265 

(2.7-C-P025) wollastonite at w/b ratios of 0.25 and 0.5. Strengths of the reference paste without 266 

wollastonite (2.7-C-P025) at w/b ratio of 0.25 were taken from [6]. 267 

 268 
3.1.2 Isothermal calorimetry 269 

The results of isothermal calorimetry are shown in Figure 3. Quartz powder was used as a 270 

reference to distinguish between the effect of additional water and surface on cement hydration 271 

(filler effect) and the contribution of the reaction of wollastonite. As displayed in Figure 3A and B, 272 

the release of hydration heat is almost finished after 48 hours, and the main hydration reactions 273 

occur during the first 8 hours. During the first minutes endothermic heat events are observed for 274 

all pastes due to the dissolution of KH2PO4 in water, and the higher endothermic heat events of the 275 

pastes with wollastonite or quartz powder (2.7-W-P05 and 2.7-Q-P05) are due to their higher w/c 276 

ratio of 0.83 as given in Table 2. The first exothermic peak is comparable for all the pastes. The 277 

second exothermic peaks of 2.7-W-P05 and 2.7-Q-P05 show higher intensity and are shifted to 278 
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earlier hydration time as compared to the corresponding 2.7-C-P05. Moreover, 2.7-W-P05 shows 279 

the highest cumulative heat up to 48 hours, which can be partially attributed to the filler effect of 280 

wollastonite, similar to the filler effect of quartz powder in PC [48]. In fact, the higher cumulative 281 

heat per g cement of the reference paste with quartz (2.7-Q-P05) shows that the additional water 282 

and /or nucleation sites on the quartz surface enhance MKP reaction. The cumulative heat after 48 283 

h of the sample (2.7-C-P08), which has the same w/c of 0.83 as the samples with quartz or 284 

wollastonite at w/b = 0.5, is somewhat lower (Figure 3B) as a higher fraction of potassium and 285 

phosphate remain in solution, indicating that the presence of additional nucleation sites on the 286 

quartz (and wollastonite) surface play an important role for the cement reaction. The higher total 287 

heat of the wollastonite containing sample (2.7-W-P05) indicates that wollastonite contributes to 288 

heat of hydration due to participation in the chemical reactions.  289 

 290 
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 292 

Figure 3: A) Heat flow, B) cumulative heat of the hydrated pastes (2.7-C-P05, 2.7-C-P08, 2.7-W-P05, and 293 

2.7-Q-P05) after 48 hours. Results of the heat flow and cumulative heat are normalized to the weight of 294 

magnesia plus KH2PO4, which is referred to as ‘cement’ in the unit of the Y-axis. 295 

 296 
3.1.3 Expected hydrate assemblage 297 

Thermodynamic modelling using the thermodynamic data compiled in Table 3 was used to 298 

predict the effect of wollastonite reaction on a well-hydrated MKP cement with a Mg/PO4 = 2.7. 299 

Figure 4 shows that in the absence of wollastonite, the MKP cement is calculated to obtain in 300 

addition unreacted MgO mainly K-struvite plus some Mg2KH(PO4)2ꞏ15H2O in agreement with 301 

experimental results presented in [6] and shown below. The reaction of wollastonite is calculated 302 

to destabilize initially Mg2KH(PO4)2ꞏ15H2O and then K-struvite to hydroxyapatite and M-(-C)-S-303 

H (using a simplified M-S-H composition of (MgO)0.6SiO2(H2O)1.2) according to: 304 

3MgKPO46H2O + 5CaSiO3  Ca5(PO4)3(OH) + 5M-S-H + 3K+ +3OH- + 10H2O                                (2) 305 

0 6 12 18 24 30 36 42 48
-50

0

50

100

150

200

250

300

350

400
8 h

Contribution of wollastonite

Exothermic

Endothermic

C
u

m
u

la
ti

ve
 h

ea
t 

[J
/g

 c
em

en
t]

Reaction time [h]

B)

2.7-C-P05

2.7-C-P08

2.7-W-P05

2.7-Q-P05
Filler effect



17 
 

In addition, at very high wollastonite reaction degree of > 66%, a minor amount of 306 

CaK3H(PO4)2 and some C-S-H are predicted; further CaK3H(PO4)2 is fully destabilized to 307 

hydroxapatite at high reaction degree of around 85%. 308 

 309 

 310 

Figure 4: Calculated hydrate assemblage in 2.7-W-P05 as a function of wollastonite reaction degree (αW). 311 

The thermodynamic data compiled in Table 3 were used and a reaction degree of 36% for MgO was used 312 

according to the experimentally observed reaction degree of MgO (see below).  313 

 314 

3.1.4 Experimentally observed hydrate assemblages 315 

For the reference paste without wollastonite (2.7-C-P05), most KH2PO4 is consumed within the 316 

first day, leading to the formation of mainly K-struvite (see Figure 5A). Also, 317 

Mg2KH(PO4)215H2O and an unidentified phase with reflections at 11.9, 16.2, 26.3, 26.7, and 40.9 318 
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2 CoK (d-spacing values: 8.6, 6.3, 3.9, 3.9, and 2.6 Å) are observed after 1 day and still present 319 

after 28 days. Mg2KH(PO4)215H2O is destabilized to K-struvite at high w/b ratios, e.g. 5 or above 320 

[4-6, 16], but persists at low w/b ratios, e.g. 0.25 or 0.5, and causes efflorescence [6] as also 321 

observed for the reference samples in Figure 1. The observed hydrates agree well with calculations 322 

in the absence of any wollastonite reaction shown in Figure 4. 323 

For the paste with wollastonite (2.7-W-P05), a different hydration path is observed as shown in 324 

Figure 5B. Compared to 2.7-C-P05, KH2PO4 is consumed faster and cannot be detected by XRD 325 

after only 1 hour of hydration. Based on the results of XRD (Figure 5B) and TGA (Figure 6B), the 326 

reaction degrees of wollastonite with time are estimated and shown in Figure 5C. After 5 hours of 327 

hydration, the reaction degree of wollastonite is around 42%. The high early reaction degree of 328 

wollastonite is related to the low pH values at early times, which accelerate the wollastonite 329 

reaction; while at pH values above 8, little further wollastonite reaction is expected [49, 50]. This 330 

fast reaction is consistent with the rapid heat release as shown in Figure 3. However, the reaction 331 

degree shows little changes between 5 hours and 28 days. The dissolution of wollastonite further 332 

slows down between 28 and 420 days, leading to a reaction degree of around 62% after 420 days.  333 

K-struvite is the only crystalline hydrate throughout the entire investigated period. No 334 

additional crystalline hydrates are observed although the reflection intensities of wollastonite are 335 

reduced with time. This contradicts the findings reported by Wagh et al. [1, 26], who suggested the 336 

formation of brushite (CaHPO42H2O) and potassium metasilicate (K2SiO3) together with K-337 

struvite in MKP cements with wollastonite. The absence of additional hydrates from dissolution of 338 

wollastonite indicates they could be either amorphous, in small amounts, or intermixed with K-339 

struvite, which is explored further in the following sections.  340 
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 344 

Figure 5: XRD patterns of the hydrated pastes: A) reference paste without wollastonite at w/b ratio of 0.5 345 

(2.7-C-P05), B) paste with wollastonite at w/b ratio of 0.5 (2.7-W-P05), and C) estimated reaction degree 346 

of wollastonite corrected for bound water based on TGA results at 600 °C. P = periclase, K = KH2PO4, Q 347 

= quartz, S = K-struvite, W = wollastonite-2M, 15 = Mg2KH(PO4)215H2O, * = unidentified phase.  348 

 349 

The XRD results as presented above are confirmed by the TGA data shown in Figure 6. 350 

Compared to 2.7-C-P05 (see Figure 6A), 2.7-W-P05 (see Figure 6B) has K-struvite as the main 351 

phase, without the precipitation of Mg2KH(PO4)215H2O. No weight losses are observed for 2.7-352 

C-P05 after 600 C, but for 2.7-W-P05 small weight losses are observed at around 700 C. 353 

Moreover, as compared to 28 days, a weight loss increase for 2.7-W-P05 after 420 days was 354 

observed in the range of around 550 to 710 C. The weight loss (marked by * in Figure 6B) could 355 

be attributed to calcium carbonate (CaCO3), the minor impurity in wollastonite, and / or to the 356 
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possible carbonation of wollastonite [30, 51] in air over time. Also, this may be assigned to 357 

formation of CaK3H(PO4)2 that decomposes at a similar temperature range (see Appendix A). 358 

Traces of CaK3H(PO4)2 was found in an MKP cement paste with the same Mg/PO4 molar ratio of 359 

2.7 and a w/b ratio of 0.25 after 170 days [6]. The formation is through reaction between 360 

monticellite (CaMgSiO4), the minor impurity in magnesia, and ions of K+ and HPO4
2- in pore 361 

solution. In this study, CaK3H(PO4)2 was also found as an intermediate product in the wollastonite 362 

– KH2PO4 suspension (W-K-S), which is destabilized to hydroxyapatite after 150 days.  363 

The magnesia reaction degree estimated based on the results of XRD (Figure 5) and TGA 364 

(Figure 6) were 29% for 2.7-W-P05 after 28 days and 36% for 2.7-C-P05. 365 

 366 

  367 
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 368 

Figure 6: TGA/DTG of hydrated MKP cements with time: A) without wollastonite (2.7-C-P05) and B) 369 

with wollastonite (2.7-W-P05). 15 = Mg2KH(PO4)215H2O, * = unidentified phase.  370 

 371 

Figure 7A shows the 31P NMR spectra of K-struvite, CaK3H(PO4)2, and hydrated cements. K-372 

struvite has a sharp resonance at around 5.6 ppm, somewhat lower than the reported values of 6.0 373 

ppm [52], 6.2 [14], and 6.4 ppm [5]. Also a small hump centered at around 1 ppm is observed, 374 

suggesting traces of cattiite (Mg3(PO4)2 22H2O, 1.1 ppm [53]) in agreement with the fact that K-375 

struvite can be partially destabilized to cattiite in the long-term [3, 7, 43]. The comparison with the 376 

resonance of K-struvite suggests the clear present of K-struvite in 2.7-C-P05 and 2.7-W-P05. 377 

Further 2.7-C-P05 shows a small shoulder centered at around 3.8 ppm corresponding possibly to 378 

KH2PO4 (3.9 ppm [5] and 3.6 [14]) and/or Mg2KH(PO4)215H2O (2.6 to 3.7 ppm [5]) in agreement 379 

with the XRD data in Figure 5A, and a hump centered at around 1.6 ppm corresponding to 380 

phosphorröslerrite (MgHPO47H2O, 1.7 ppm [5]). In addition to Mg2KH(PO4)215H2O, 381 
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phosphorröslerrite is the other phase contained in efflorescence of MKP cements [6]. In the 382 

presence of wollastonite, additional humps ranging from around 4 to -3 ppm are observed for 2.7-383 

W-P05 and clearer for 2.7-W-S5, indicating presence of several relatively poorly ordered 384 

phosphate environments. Resonances for brushite (1.3 ppm [54, 55]), hydroxyapatite (3.0 ppm [54, 385 

55]), octacalcium phosphate (2.2 and 3.3 ppm [54, 55]) and CaK3H(PO4)2 (0 ppm, this study) point 386 

tentatively towards the possible formation of calcium phosphates. However, these broad humps are 387 

also in the region where bands of magnesium phosphates are observed, making a clear assignment 388 

of those bands impossible.  389 

The 29Si NMR spectrum of the unhydrated cement with wollastonite (2.7-W: unhydrated) in 390 

Figure 7B shows the main resonances at around -87 and -89 ppm corresponding to the Q2 site of 391 

CaSiO3 [56], and small ones at around -62, -66 and -110 ppm corresponding to the Q0 site of 392 

Mg2SiO4 [57] and CaMgSiO4 [58], the minor impurities in magnesia, and to the Q4 site of SiO2, 393 

the minor impurity in wollastonite. Compared to the unhydrated sample (2.7-W: unhydrated), the 394 

hydrated cement with wollastonite (2.7-W-P05) after 420 days shows a peak broadening between 395 

-80 to -100 ppm. The signals of the Q0 (Mg2SiO4 and MgCaSiO4) and Q4 sites (SiO2) disappear, 396 

suggesting reaction of these minor phases. The broadening of the bands between -80 to -100 ppm 397 

points towards some reaction of wollastonite and possibly to the formation of some M-S-H, which 398 

has several broad bands between -80 and -100 ppm [59]. In addition the formation of some C-S-H, 399 

with typical bands in the range of -78 to -86 ppm [60], cannot be excluded. These 31P and 29Si 400 

NMR investigations tentatively indicate that the reaction of wollastonite leads to the formation of 401 

calcium phosphates and M-S-H, which would be consistent with the thermodynamic predictions 402 

presented in Figure 4.  403 

 404 
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 405 

 406 

Figure 7: A) 31P NMR spectra of K-struvite, CaK3H(PO4)2 and hydrated cements, B) 29Si NMR spectra of 407 

unhydrated (2.7-W: unhydrated) and hydrated (2.7-W-P05) cements with wollastonite.  S = K-struvite, K 408 
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= KH2PO4, Cat = cattiite, CK = CaK3H(PO4)2, P7 = phosphorröslerrite, 15 = Mg2KH(PO4)215H2O.  = 409 

unidentified phase. The equilibrium times for K-struvite, CaK3H(PO4)2, 2.7-C-P05, 2.7-W-P05, and 2.7-410 

W-S05 were 740, 50, 28, 420, and 150 days, respectively. The synthesis of K-struvite is detailed in [6] and 411 

that of CaK3H(PO4)2 in Appendix A.  412 

 413 

SEM image of the cement paste with wollastonite (2.7-W-P05) after 420 days suggested the 414 

presence of mainly K-struvite with different morphologies, i.e. small platelets with well-defined 415 

edges and bigger prism-like ones. Some hydrates are seen growing on wollastonite particles, 416 

suggesting that wollastonite acts as nucleation site and / or as reactant. EDS analysis result on the 417 

polished section of 2.7-W-P05 after 420 days are shown in Figure 8. The measured K/P and Mg/P 418 

atomic ratios fall in the range of 0.5 – 1.0 and 0.6 – 1.3, of which the corresponding average values 419 

are calculated as 0.8  0.12 and 0.9  0.20. This indicates a possible mix of K-struvite with 420 

Mg2KH(PO4)215H2O although no clear evidences of the presence of Mg2KH(PO4)215H2O was 421 

obtained by XRD, TGA and 31P NMR analyses, or alternatively the presence of K-struvite with 422 

more P (or less K) in its structure. Most the measured Si/Ca atomic ratios are around 1 423 

corresponding to the presence of wollastonite in the interaction volume of the electron beam. Most 424 

measured P/Ca atomic ratios are less than 2.0, the stoichiometric value of CaK3H(PO4)2, indicating 425 

a possible mix of wollastonite and calcium phosphate hydrates, such as hydroxyapatite, 426 

octacalcium phosphate, brushite and CaK3H(PO4)2. 427 
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 428 

 429 

Figure 8: Results of EDS analysis on a polished section of the hydrated cement paste (2.7-W-P05) after 430 

420 days of hydration. HAP = hydroxyapatite; OCP = octacalcium phosphate. 431 

 432 
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3.1.5 Pore solution chemistry 434 

Compositions of the pore solution of the hydrated cement pastes (2.7-C-P05 and 2.7-W-P05) 435 

are summarized in Table 4, and shown in Figure 9A. Large changes in the pore solution 436 

compositions are observed, especially during the first day. In the absence of wollastonite, the total 437 

concentrations of K and phosphate of 2.7-C-P05 after 5 hours are strongly reduced and the Mg 438 

concentration drops below the detection limit of 0.04 mM. The formation of K-struvite from 439 

magnesia and KH2PO4 during the first 5 hours (see Figure 5A and Figure 6A) leads to a fast pH 440 

increase to around 12. The concentrations of K and phosphate decrease at slower rates after 5 hours 441 

and reach stable values after 1 day and longer as well as the pH values. This suggests that the 442 

hydration kinetics is slowed down after 5 hours in agreement with the calorimetric results in Figure 443 

3. Even in the absence of wollastonite, low concentrations of Ca and Si are measured due to the 444 

presence of minor Mg2SiO4 and CaMgSiO4 in the magnesia used. Compared to the limited change 445 

of the Ca concentrations, the Si concentrations strongly decrease during the first 5 hours.  446 

The trends of the pore solution compositions of the sample with wollastonite (2.7-W-P05) are 447 

similar to those of 2.7-C-P05; however, the total concentrations of K, Mg and phosphate of 2.7-W-448 

P05 after 10 min are around half the values of 2.7-C-P05 due to the dilution of cement by 449 

wollastonite. The K, Mg and phosphate concentrations decrease slower in the presence of 450 

wollastonite so that the K and phosphate concentrations after 28 days are around 7 times higher 451 

compared to 2.7-C-P05. The initial Ca and Si concentrations are similar as for 2.7-C-P05; however, 452 

the Si concentration increases with time, which is consistent with the observed reaction of 453 

wollastonite. The presence of wollastonite leads to lower pH values, i.e. around 10.8 after 28 days, 454 

which is attributed to the dilution effect of wollastonite and the changed hydration path.  455 

Effective saturation indices with respect to possible hydrates are calculated using the analytical 456 

data of the pore solutions given in Table 4 and the thermodynamic data in Table 3. Figure 9B and 457 
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C show the data for the selected hydrates such as K-struvite, phosphorrösslerite, newberyite, 458 

Mg2KH(PO4)215H2O, brushite, hydroxyapatite, octacalcium phosphate, CaK3H(PO4)2, M-S-H 459 

and C-S-H. For 2.7-C-P05, phosphorröslerrite, newberyite, and Mg2KH(PO4)215H2O are 460 

oversaturated after 10 min, and become undersaturated afterwards. Hydroxyapatite and 461 

octacalcium phosphate, in contrast, are undersaturated initially and oversaturated afterwards. K-462 

struvite and M-S-H are potentially slightly oversaturated after 10 min and longer. And brushite, 463 

CaK3H(PO4)2, and C-S-H are always undersaturated, informing their formation is not probable. 464 

Note that the precipitation is expected to be slower than that of brushite or octacalcium phosphate 465 

[61]; and not every oversaturated hydrate necessarily precipitated as the formation might be 466 

kinetically hinder [38].  467 

Similar to 2.7-C-P05, K-struvite in 2.7-W-P05 is always oversaturated with time, but the 468 

oversaturation degree is slightly higher. Phosphorröslerrite is oversaturated only after 10 min, while 469 

newberyite and Mg2KH(PO4)215H2O are still oversaturated after 5 hours, which agrees with the 470 

lower pore solution pH as given in Table 4. Brushite is oversaturated only after 5 hours, indicating 471 

its possible presence as an intermediate hydrate; while hydroxyapatite, octacalcium phosphate and 472 

M-S-H are oversaturated after 5 hours and longer. Compared to 2.7-C-P05, the oversaturation 473 

degree of M-S-H is slightly higher, indicating a more likely precipitation in 2.7-W-P05. The 474 

undersaturation of CaK3H(PO4)2 and C-S-H with time also suggest their formation is not probable.  475 

 476 

 477 

 478 

 479 

 480 

 481 
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Table 4: Measured total concentrations and pH values in the pore solution of the hydrated cements 482 

Time  Na 
[mM] 

K 
[mM] 

Mg 
[mM] 

Ca 
[mM] 

Si 
[mM] 

PO4 
[mM] 

Cl 
[mM] 

pHa 

2.7-C-P05 (MKP cement paste) 

10 [min] 34 7450 1691 <0.001 36 7639 n.a. 6.0 

5 [h] 7.5 807 <0.04 1.8 2.2 307 n.a. 12.1 

1 [d] 15 135 <0.04 0.81 2.7 46 n.a. 12.1 

7 [d] 38 126 <0.04 0.84 0.09 27 n.a. 12.4 

28 [d] 55 125 <0.04 0.78 0.05 41 n.a. 12.4 

         

2.7-W-P05 (MKP cement paste with wollastonite) 

10 [min] 19 3173 875 <0.001 21 3699 0.59 5.9 

5 [h] 24 2202 12 0.72 12 1295 0.82 8.1 

1 [d] 36 1214 <0.04 0.62 36 540 0.96 10.8 

7 [d] 21 975 <0.04 0.49 28 399 1.1 10.6 

28 [d] 20 837 <0.04 0.39 45 280 1.2 10.8 

         

2.7-C-S5 (MKP cement suspension) 

22 [min], P1 4.5 798 56 3.6 4.7 748 n.a. 6.5 

50 [min] 6.0 269 6.0 0.80 5.1 175 n.a. 7.6 

66 [min], P2 5.9 138 3.9 0.52 4.9 93 n.a. 7.8 

185 [min] 5.9 97 <0.04 0.26 4.5 51 n.a. 11.1 

7 [d] n.a. 48 <0.04 0.01 3.3 5.7 n.a. 11.7 

         

2.7-W-S5 (MKP cement suspension with wollastonite) 

22 [min], P1 3.0 458 31 2.5 4.1 419 n.a. 6.9 

50 [min] 2.9 400 11 1.3 5.2 119 n.a. 7.7 

89 [min], P2 3.6 156 3.3 0.64 3.6 114 n.a. 7.9 

140 [min] 3.5 282 4.8 0.35 4.2 191 n.a. 7.8 

5 [h] 3.5 233 4.2 0.32 3.8 154 n.a. 7.8 

120 [d] <0.001 183 <0.04 0.01 8.2 91 n.a. 10.2 

         

Detection limit 
        

 
0.001 0.001 0.04 0.001 0.002 0.001 0.001 

 

a: pH was measured at 23 C. n.a.: not analyzed. 483 

 484 
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  487 

Figure 9: A) Total ion concentrations of the pore solutions of the hydrated pastes (2.7-C-P05 and 2.7-W-488 

P05). Data for 2.7-C-P05 are represented by the empty symbols and connected by dashed lines, and data 489 

for 2.7-W-P05 are by filled symbols and connected by solid lines. B) and C) calculated effective 490 

saturation indices. *: upper limit of SI: the detection limit of Mg (0.04 mM) were used for the samples 491 

where the Mg concentrations were below the detection limit. C-S-H = calcium silicate hydrate, HAP = 492 

calcium hydroxyapatite, M-S-H = magnesium silicate hydrate, OCP = octacalcium phosphate, Phos = 493 

phosphorrösslerite, 15 = Mg2KH(PO4)215H2O. 494 

 495 

3.2 Suspensions 496 

The investigations on the pastes as presented above indicate a reaction of wollastonite in MKP 497 

cement, and point towards the formation of some calcium phosphate hydrates and M-S-H. However, 498 
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be expected although the hydration path could be changed as compared to those at low w/b ratios. 501 

In addition, the reaction of wollastonite with KH2PO4 only and of wollastonite with magnesium 502 

was investigated separately to determine composition of the hydrates from the dissolution of 503 

wollastonite.  504 

 505 

3.2.1 Wollastonite - KH2PO4 suspension 506 

The wollastonite - KH2PO4 suspension reacted fast initially, leading to a rapid pH increase to 507 

around 9 and a reaction degree of wollastonite of around 67 % after 7 days. Afterwards, the reaction 508 

slowed down, leading to a pH value of around 10.4 and a wollastonite reaction degree of around 509 

80 % after 340 days. The XRD results (see Appendix B-a) of the suspension with time suggests 510 

the formation of brushite (CaHPO4ꞏ2H2O) and CaK3H(PO4)2 during the first few hours and days 511 

and their later-on destabilization to a poorly crystalline hydroxyapatite (Ca5(PO4)3(OH)) after 7 512 

days and longer.  513 

 514 

3.2.2 Wollastonite - MgCl2 / MgO suspensions 515 

Reaction of wollastonite blended with magnesium (magnesia or MgCl2) was also investigated. 516 

In the presence of magnesia, the pH value of the suspension (W-MgO-S) after 110 days was around 517 

11; further non or very little wollastonite was reacted and the hydrolysis of magnesia leads to 518 

formation of brucite. However, the presence of MgCl2 leads to a much lower pH value of around 519 

7.2 after 180 days and an almost complete reaction of wollastonite, of which the reaction degree is 520 

estimated as 97 %. M-S-H is formed in W-MgCl-S, which is identified by two typical broad humps 521 

centered at 22.9 and 41.0  2 CoK (d-spacing values: 4.5 and 2.6 Å) [59, 62, 63] in XRD analysis 522 

(see Appendix B-b). This also confirmed by the EDS analysis presented in Figure 10. An average 523 
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Mg/Si atomic ratio of around 1 is observed for the M-S-H as well as the uptake of some Ca as 524 

suggested by average Ca/Si atomic ratio of 0.10  0.03, in good agreement with the findings of [44, 525 

64, 65] .  526 

 527 

 528 

Figure 10: EDS analysis on solids of W-MgCl-S after 180 days equilibration at 50 C.  529 

 530 
The data shown in this section confirm the reaction of wollastonite with KH2PO4 or magnesium, 531 

especially under low pH conditions, suggesting hydroxyapatite and M(-C)-S-H as potential 532 

hydrates for MKP cements containing wollastonite.  533 
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3.2.3 Cement suspensions  535 

3.2.3.1 Reaction kinetic 536 

Changes of the electrical conductivity and pH of the cement suspensions (2.7-C-S5 and 2.7-W-537 
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suspensions suggest fast reactions that are almost finished after the first 8 hours. Compared to the 539 

reference cement suspension (2.7-C-S5), the presence of wollastonite in 2.7-W-S5 leads to the 540 

second peak (P2) occurring later and to a less distinct decrease of conductivity, indicating a slowed 541 

down reaction kinetics and possibly a changed reaction path. Note that the lower initial 542 

conductivity of 2.7-W-S5 as compared to 2.7-C-S5 is due to the presence of less KH2PO4 in the 543 

binder.   544 

 545 
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 547 

Figure 11: Development of A) pH, and B) electrical conductivity in cement suspensions (2.7-C-S5 and 548 

2.7-W-S5) with time. P1 = 1st peak, P2 = 2nd peak. Data of 2.7-C-S5 were taken from [6]. 549 
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3.2.3.2 Hydrates 551 

As for the reference cement paste (2.7-C-S5) [6], 2.7-W-S5 (see Appendix C) both newberyite 552 
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and 36.2 ° (d-space values: 3.0, 2.9 and 2.9 Å) disappear, which could be due to the presence of 561 

wollastonite and the formation of additional hydrates. Again, no crystalline hydroxyapatite was 562 

observed to be formed, indicating rather the formation of an amorphous calcium phosphate. It has 563 

been observed that the Mg can partially be incorporated in hydroxyapatite, which leads to lower 564 

degree of ordering in hydroxyapatite and broad XRD signals [66, 67]. 565 

The estimated reaction degree of wollastonite in 2.7-W-S5 (see Figure 5C) shows a fast reaction 566 

during the first 1.5 hours when the pH of the suspension is below 8, and a slowed down reaction 567 

afterwards. The higher reaction degree of wollastonite in 2.7-W-S5 than of 2.7-C-P05 over long-568 

term could be attributed to the higher availability of water and the lower pH condition as presented 569 

in Table 4. 570 

 571 

 572 

Figure 12: XRD patterns of wollastonite and hydrated cements without (2.7-C-S5 after 7 days) and with 573 

(2.7-W-S5 after 150 days) wollastonite. S = K-struvite 574 
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Figure 13 schematically summarizes the solid phase changes in the cement suspensions; 575 

however, for the hydrates, only magnesium phosphate hydrates are considered. The comparison 576 

shows that the presence of wollastonite suppresses phosphorrösslerite formation, delays 577 

Mg2KH(PO4)215H2O and its destabilization to K-struvite, and slows down the pH increase.  578 

 579 
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 582 

Figure 13: Schematic cement hydration paths. A) reference cement suspension without wollastonite (2.7-583 

C-S5) [6], B) cement suspension with wollastonite (2.7-W-S5). Additional hydrates formed from the 584 

dissolution of wollastonite in the cement suspension are not included. The hydrates presented were from 585 

the results of XRD and TGA analyses.  586 
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Figure 14 shows the BSE image and EDS analysis on a polished section of the solids of 2.7-W-588 
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to stoichiometric value of hydroxyapatite. Thus, this suggests a most likely mix of wollastonite, K-596 

struvite and hydroxyapatite in the interaction volume of the electron beam.  597 

 598 
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 601 

Figure 14: A) BSE image, B) and C) results of EDS analyses on a polished section of the solids of cement 602 

suspension with wollastonite (2.7-W-S5) after 150 days. W= wollastonite, HAP = hydroxyapatite, OCP = 603 

octacalcium phosphate. 604 

 605 

3.2.3.4 Aqueous phase composition 606 

The aqueous phase compositions of the hydrated cement suspensions with time are shown in 607 

Figure 15, and are summarized in Table 4 as well. Similar to the paste system, the initial total K, 608 

Mg and phosphate concentration of 2.7-W-S5 are lower compared to the reference cement 609 

suspension (2.7-C-S5) due to the dilution effect of wollastonite. Further the total K, Mg and 610 

phosphate concentration of 2.7-W-S5 decrease in much slower rates, as a result, the total Mg 611 

concentration after 5 hours is still 4.2 mM and the total K and phosphate concentrations after 120 612 
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although their amounts are quite small. Also, the total Si concentration of the suspensions are small. 614 

Different from the minor changes in 2.7-C-S5, the total Si concentration in 2.7-W-S5 tends to 615 

increase after 5 hours and later, similar to the finding in 2.7-W-P05. Figure 15B and C compares 616 

the changes of K+ and Mg2+ activities in the suspensions determined by ion selective electrodes 617 

with the total concentration measured by IC. Generally, the K+ activities over time agree with the 618 

total K concentration by IC, especially for 2.7-W-S5. The K+ activities in the suspensions are close 619 

up to 89 min; afterwards, 2.7-W-S5 demonstrates higher K+ activities over time, in agreement with 620 

the IC results. Comparable Mg2+ activities are observed for the suspensions as well at the earlier 621 

stage before 50 min; afterwards, 2.7-W-S5 shows higher Mg2+ activities.  622 
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 625 

 626 

Figure 15: Hydrated cement suspensions without (2.7-C-S5) / with (2.7-W-S5) wollastonite with time. A) 627 

total concentrations of Si, Ca, Mg, K and phosphate measured by IC, B) K+ and C) Mg2+ activities 628 

measured by selective electrodes and compared with the total concentrations by IC. The data of 2.7-C-S5 629 

were taken from [6]. The empty symbols connected by dashed lines represent 2.7-C-S5, and the filled 630 
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symbols connected by solid lines are for 2.7-W-S5. The initial total concentrations of K and phosphate of 631 

2.7-C-S5 are 817 mM; and their initial total concentrations of 2.7-W-S5 are 490 mM.  632 

 633 
Figure 16 shows the calculated effective saturation indices of the selected hydrates using the 634 

analytical data of the solutions given in Table 4 and the thermodynamic data in Table 3. At high 635 

w/b ratio, K-struvite and hydroxyapatite are oversaturated with time in the suspensions; further the 636 

oversaturation degree of hydroxyapatite tends to decrease with time. In contrast, C-S-H and 637 

CaK3H(PO4)2 are undersaturated with time, indicating their absence. Phosphorrösslerite, 638 

newberyite, Mg2KH(PO4)215H2O, brushite and octacalcium phosphate in the suspensions are 639 

oversaturated at early stage and become undersaturated later due to the destabilization at high pH 640 

conditions [4-6, 16, 61]. Compared to 2.7-C-P5, their precipitations in 2.7-W-S5 would persist 641 

longer due to the lower pH condition. M-S-H is undersaturated at early stage and becomes 642 

oversaturated later; moreover, the precipitation of M-S-H in 2.7-W-S5 would takes much longer 643 

time as compared to 2.7-C-S5. 644 

 645 
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 646 

 647 
Figure 16: Calculated effective saturation indices with respect to possible hydrate precipitations in: A) 648 

cement suspension without wollastonite (2.7-C-S5), and B) cement suspension with wollastonite (2.7-W-649 

S5). *: upper limit of SI: the detection limit of Mg (0.04 mM) were used for the samples where the Mg 650 

concentrations were below the detection limit. C-S-H = calcium silicate hydrate, HAP = calcium 651 
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hydroxyapatite, M-S-H = magnesium silicate hydrate, OCP = octacalcium phosphate, Phos = 652 

phosphorrösslerite, 15 = Mg2KH(PO4)215H2O. 653 

 654 
The detailed studies in diluted suspensions indicated a higher reaction degree of wollastonite 655 

and the formation of the same hydrates as in the paste samples, i.e. the formation of K-struvite and 656 

probably M-S-H and amorphous hydroxyapatite. 657 

 658 

4 Conclusions 659 

This study investigated the effect of wollastonite on the hydration and properties of MKP 660 

cements. Based on the presented findings, the following conclusions can be drawn.  661 

The presence of wollastonite can prevent cement segregation at high w/b ratio and suppress 662 

efflorescence. Wollastonite also increased compressive and flexural strength, in particular after 28 663 

days and longer, due to the reaction of wollastonite with the magnesium and phosphate.  664 

Thermodynamic calculations indicated that the reaction of wollastonite in an MKP cement is 665 

expected to lead to the partial destabilization of K-struvite and to the formation of M(-C)-S-H and 666 

hydroxyapatite. Experimental evidences of cement hydrate assemblages from 31P, 29Si NMR and 667 

SEM/EDS analyses confirm the reaction of wollastonite in cement and suggest hydroxyapatite 668 

(amorphous) and M-S-H to be the main hydrates in addition to K-struvite. Also the calculation of 669 

saturation indices based on the measured composition of the aqueous phase point towards the 670 

precipitation of hydroxyapatite and M-S-H in MKP cement with wollastonite present.  671 

The formation of hydroxyapatite and M-S-H was also observed in additional experiments, 672 

where wollastonite reacted with only KH2PO4 or with only MgCl2. With only KH2PO4 wollastonite 673 

reacted to hydroxyapatite and Mg Cl2 to M-(-C)-S-H. 674 

 675 
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Appendices 

A: calcium potassium hydrogen phosphate: CaK3H(PO4)2 
 

Pure CaK3H(PO4)2 was prepared in duplicate from mixing 28.75 g KH2PO4 with 14.05 (or 

14.96) g KOH and 1.31 g calcium acetate hydrate in 87 mL of water. The samples were equilibrated 

in closed PE containers for 7 weeks before the suspensions were filtrated and both the aqueous and 

solid phase were investigated. The results are summarized in Figure A and Table A. The solubility 

of CaK3H(PO4)2 was calculated based on the measured concentrations of Ca, K, phosphate and the 

pH values using the thermodynamic software GEMS as discussed in 2.2.8 thermodynamic 

modelling and further detailed in [43]. 
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Figure A: a) XRD pattern (ICSD code 761248), b) TGA/DTG of CaK3H(PO4)2.  
 

 
Table A: Measured concentrations, pH values and calculated solubility product for CaHK3(PO4)2  Ca2+ 

+ 3K+ + H+ + 2PO4
3- precipitated from oversaturation at 20°C. 

 
                                    K         Ca        PO4         pH*     Solubility product** 
CaK3H(PO4)2 (14.05 g KOH)     3650     0.141       1933        10.0              -22.6 
CaK3H(PO4)2 (14.96 g KOH)     3640     0.197       1862        10.6              -22.3 
Mean                               -22.4±0.8 
* pH measured at room temperature and corrected to 20°C. **: log KSO = log (Ca2+K+3H+PO4

3-2), where i 
indicates the activity of the species i.  
 

The obtained solubility product for CaHK3(PO4)2  Ca2+ + H+ + 3K+ + 2PO4
3- equals to Kso = 

-22.4±0.8. This value is somewhat lower than the sum of the solubility of brushite (CaHPO4ꞏ2H2O, 

Kso = -18.95 [45]) and of K3PO4ꞏ7H2O (Kso = 0.28 [68]), indicating in fact that CaHK3(PO4)2 is 

slightly more stable than brushite and K3PO4ꞏ7H2O together.  
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B: Hydrate assemblages of wollastonite-KH2PO4 (MgO / MgCl2) suspensions with time 

 

 

Figure B: XRD patterns of a) wollastonite-KH2PO4 suspension with time, b) wollastonite – magnesium 

suspensions (W-MgO-S and W-MgCl-S) with time. CK = CaK3H(PO4)2, B = brushite, H = hydroxyapatite, 

Q = quartz, W = wollastonite-2M, B = brushite, C = calcite, Q = quartz, W = wollastonite-2M, * = M-S-H. 
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C: Hydrate assemblages of the cement suspension with time (2.7-W-S5) with time 

 

Figure C: XRD patterns of the hydrated cement suspension with wollastonite (2.7-W-S5) with time. N= 

newberyite, P = periclase, Q = quartz, S = K-struvite, W = wollastonite-2M, 15 = Mg2KH(PO4)215H2O 
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