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Abstract  12 

Calcium silicate hydrate (C-S-H) and magnesium silicate hydrate (M-S-H) have been described as two 13 

separate phases. This work investigates their stability domains and the possible uptake of small amounts 14 

of magnesium by C-S-H or, reversely, the uptake of small amounts of calcium by M-S-H. The phases, 15 

synthesized by co-precipitation, are characterized using a large panel of techniques (thermogravimetry 16 

analysis, X-ray diffraction, X-ray pair distribution function analysis, 29Si MAS-NMR spectroscopy, 17 

measurement of zeta potential and cation exchange capacity) while the compositions of the solutions at 18 

equilibrium are determined by ion chromatography and pH measurements. Syntheses of C-S-H samples 19 

in the presence of magnesium ((Ca+Mg)/Si = 0.8 and Mg/Si = 0.05 or 0.10) yield two separate phases: 20 

C-S-H and M-S-H. There is no experimental evidence of any uptake of magnesium by C-S-H. On the 21 

contrary, when M-S-H samples are synthesized in the presence of calcium ((Ca+Mg)/Si = 0.8 and Ca/Si 22 
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= 0.05 or 0.10), the low pH of the suspension (9-10) prevents the formation of C-S-H but favors the 23 

precipitation of M-S-H with small amounts of calcium. This latter may be sorbed onto the surface of M-24 

S-H to outbalance its negative charges and/or incorporated into the interlayer, as suggested by small 25 

structural changes.  26 

Keywords 27 

Low-pH cement, calcium silicate hydrate (C-S-H), magnesium silicate hydrate (M-S-H), surface 28 

properties, thermodynamic modelling 29 

1. Introduction 30 

The formation of magnesium silicates hydrate (M-S-H), has been observed at the interfacial zone of 31 

cement-based materials in contact with clays (Dauzères et al., 2016; Garcia Calvo et al., 2010; Jenni et 32 

al., 2014; Lerouge et al., 2017; Mäder et al., 2017) and/or as secondary products from the degradation of 33 

cementitious materials by groundwater or seawater (Bonen and Cohen, 1992; Jakobsen et al., 2016; 34 

Santhanam et al., 2002). The combination of leaching and carbonation induces a pH decrease at the 35 

surface of the cement sample, resulting in the decalcification of calcium silicate hydrate (C-S-H) and the 36 

formation of amorphous silica which then reacts with magnesium to yield a Mg-enriched phase referred 37 

as magnesium silicate hydrate (M-S-H) (Bonen and Cohen, 1992; Dauzères et al., 2016; De Weerdt and 38 

Justnes, 2015; Jakobsen et al., 2016; Jenni et al., 2014; Lerouge et al., 2017; Mäder et al., 2017; 39 

Santhanam et al., 2002). 40 

M-S-H phases have been synthesized in the laboratory (Brew and Glasser, 2005; d'Espinose de 41 

Lacaillerie et al., 1995; Nied et al., 2016; Roosz et al., 2015; Walling et al., 2015); its structure has also 42 

been investigated by molecular modelling (Pedone et al., 2017). Both C-S-H and M-S-H phases exhibit 43 

a rather high water content, water being both present in the interlayer or sorbed at the surface, and 44 
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integrated in the structure (as H2O and hydroxyl group (Jin and Al-Tabbaa, 2013; L'Hôpital et al., 45 

2016a; Lothenbach et al., 2016; Nied et al., 2016)). C-S-H consists of calcium oxide layers sandwiched 46 

on both side by silicate chains with the typical dreierketten structure (Richardson, 2008). At low Ca/Si 47 

ratio, the tetrahedral silicate sites in C-S-H are usually bound to two neighbors (= Q2, leading to almost 48 

infinite chains). In contrast, M-S-H has a layered structure (Brew and Glasser, 2005; Nied et al., 2016; 49 

Roosz et al., 2015; Walling et al., 2015) similar to clay minerals and the tetrahedral silicate sites are 50 

mainly bound to two or three neighbors (Q2 and Q3). As for clays, M-S-H is stable at lower pH values 51 

than C-S-H, i.e. at pH between 7.5 (Bernard et al., 2017a) and 10.5 (Bernard et al., 2017b; Nied et al., 52 

2016; Zhang et al., 2011) or even up to 11.5 (Bernard et al., 2017a). Given the different structures and 53 

stability domains, most studies (Bernard et al., 2017a; Brew and Glasser, 2005; Chiang et al., 2014; 54 

Lothenbach et al., 2015) have reported the precipitation of two distinct phases and not of a mixed 55 

magnesium calcium silicate hydrate phase.  56 

The structure of synthetic M-S-H has been related to very poorly crystalline tri-octahedral 2:1 (or 1:1) 57 

phyllosilicate. It has also been observed that M-S-H has variable basal spacing (Roosz et al., 2015) 58 

similar to clay minerals. In addition, TEM observations indicate the possible uptake of aluminum, iron 59 

and calcium in its structure (Lerouge et al., 2017).   60 

This paper is the first part of a study on the stability and the uptake of the magnesium and calcium 61 

silicate hydrates and focuses on the possible incorporation of magnesium in C-S-H and of calcium in M-62 

S-H. 63 

Replacement of magnesium oxide by calcium oxide in octahedral sheets of magnesium silicate minerals 64 

is not reported in the literature. Mixed magnesium calcium minerals exist as dolomite (CaMg(CO3)2), 65 

which has an alternating structural arrangement of calcium and magnesium ions. In this case, calcium or 66 
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magnesium oxides are not mixed in octahedral layers, but in alternate octahedral sites of calcium or 67 

magnesium as the crystallographic radius of calcium (0.99Å (Conway, 1981)) in the octahedral layer is 68 

significantly higher than that of magnesium (0.65Å (Conway, 1981)). The uptake of calcium in 69 

magnesium silicate clay as e.g. saponite occurs at the negatively charged surface and in its interlayer to 70 

compensate the charge. Similarly, in the amphibole group, the uptake of calcium can occur as charge 71 

balancing Ca2+ in the M4 sites (i.e. in sites with 6 to 8-fold coordination between two T:O:T1 blocks).  72 

Even if the formation of a magnesium calcium silicate hydrate phase does not seem very likely, the 73 

possible uptake of small amounts of magnesium by C-S-H (Bernard et al., 2017a; Lothenbach et al., 74 

2015) may be envisaged. The uptake of alkalis, sulfate, or aluminum in C-S-H has indeed already been 75 

observed (Bach et al., 2013; L'Hôpital et al., 2016b; L’Hôpital et al., 2015; Lothenbach and Nonat, 76 

2015; Plusquellec and Nonat, 2016; Renaudin et al., 2009; Richardson, 2008; Richardson et al., 1993; 77 

Skibsted et al., 1993). Alkali and sulfate uptakes occur mainly by sorption onto the surface or in the 78 

interlayer, while aluminum is taken up both in the interlayer and in the silicate chains. A high calcium 79 

concentration and/or a low pH decrease the alkali uptake (L'Hôpital et al., 2016b). The uptake of ions by 80 

C-S-H also decreases with the ions concentration in solution. Magnesium is, as calcium, a double 81 

charged cation, with a similar ionic radius in its hydrated state (4.3 Å for Mg2+, 4.1 Å for Ca2+) 82 

(Conway, 1981). However in the presence of M-S-H and C-S-H at pH 10-11 (Bernard et al., 2017a; 83 

Lothenbach et al., 2015), the aqueous magnesium concentrations are much lower (0.0001-0.1 mmol/L) 84 

than those of calcium (0.1-1.5 mmol/L). Hence, the uptake of magnesium(II) by C-S-H is expected to be 85 

smaller than the uptake of calcium(II).  86 

This paper investigates the possible uptake of calcium by M-S-H and of magnesium by C-S-H. M-S-H is 87 

synthesized in batch experiments in the presence of calcium. Similarly, C-S-H is synthesized in the 88 

                                                 
1T= tetrahedral layer; O= octahedral layer 
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presence of magnesium. The surface charge of the particles in suspension is investigated by zeta 89 

potential measurements and their cation exchange capacity (CEC) is determined. The composition of the 90 

solutions at equilibrium is analysed by pH measurements and ion chromatography. The solid phases are 91 

characterized by thermogravimetry analysis (TGA), powder X-ray diffraction (XRD), and 29Si solid-92 

state MAS NMR.  93 

2. Materials and methods 94 

2.1. Synthesis  95 

All the syntheses were performed in a glovebox under nitrogen atmosphere to minimize CO2 96 

contamination. MgO (Merck, pro analysis, containing 0.18 ± 0.02 wt% Na2O), CaO (obtained by 97 

burning calcium carbonate (CaCO3, Merck, pro analysis) for 12 h at 1000 °C) and SiO2 (SiO2, Aerosil 98 

200, 0.9 wt% HCl) were directly mixed with ultrapure water as detailed in (Lothenbach et al., 2015) to 99 

obtain M-S-H or C-S-H with small amounts of calcium or magnesium. The synthesized products are 100 

summarized in Table 1. The syntheses were carried out to obtain ~ 5 g of solid and the water-to-solid 101 

(W/S) ratio was set to 45.  102 

Table 1: Labelling and initial composition of mixes of the plain M-S-H and C-S-H samples and of the co-precipitated 103 
samples. Bold co-precipitated samples correspond to the fully analyzed samples while the Co-0.40 and the Co-0.50 104 
samples are presented in the paper to supplement the analytical data of the aqueous phase. 105 

Samples M-S-H 0.8 Co-0.05 Co-0.10 Co-0.40 Co-0.50 Co-0.70 Co-0.75 C-S-H 0.8 
 

Total Mg/Si 0.8 0.75 0.70 0.40 0.30 0.10 0.05 
 

Total Ca/Si 
 

0.05 0.10 0.40 0.50 0.70 0.75 0.80 

Total (Mg+Ca)/Si 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 

 106 
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These suspensions were equilibrated at different temperatures (20°C and 50°C) and for different times 107 

(from 6 months up to 2 years) to determine the solubility; these long equilibration times and the 108 

increased temperature aimed to provide samples at/or very close to equilibrium (Bernard et al., 2017b). 109 

The solid and liquid phases were separated by filtration under pressure (4-5 bars N2) using nylon filters 110 

(0.45 µm).  111 

Following the filtration, the solids were washed with a 50/50 (volume) water-ethanol mix and then with 112 

ethanol (94 wt% alcohol) to remove dissolved ions and to prevent the precipitation of salts during drying 113 

(L’Hôpital et al., 2015). The samples were freeze-dried with liquid nitrogen (for approximatively 20 min 114 

at -195°C) and kept at -40°C under vacuum (pressure of 0.28 mbar) for 7 days. The solid phases were 115 

analyzed after further equilibration in N2-filled desiccators at a relative humidity of ~30% (saturated 116 

CaCl2 solution) for a period of 14 days or longer. After drying, the samples were gently ground by hand. 117 

Pure C-S-H (Bernard et al., 2017a) and pure M-S-H (Bernard et al., 2017b) were analyzed for 118 

comparison. In addition, powdered reference mixtures labelled Mix-0.05, Mix-0.10, Mix-0.70 and Mix-119 

0.75 were prepared by mechanical mixing in a grinder, pure C-S-H and pure M-S-H (prepared 120 

separately) to obtain the same molar ratios as the co-precipitated samples. In those mixes, the formation 121 

of any magnesium calcium silicate hydrate phase (M-C-S-H) could be excluded due to the absence of 122 

water. 123 

 124 

2.2. Analytical techniques 125 

The composition of the liquid phase was analysed by ion chromatography (IC) immediately after 126 

filtration. The dissolved concentrations of Mg, Ca, Si, Na, Cl, K, SO4 in undiluted solutions or in 127 

solutions diluted by a factor 10, 100 or 1000 were quantified using a Dionex DP series ICS-3000 ion 128 
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chromatography system with a measurement error ≤ 10%. All concentrations were determined as 129 

duplicates and the mean value is given in this paper. Na, Cl, K, SO4 concentrations were also measured 130 

as traces were present in the starting materials. The composition of the aqueous phase of M-S-H did not 131 

change significantly during the 30 minutes necessary to cool down the solutions from 50°C to ambient 132 

temperature (Bernard et al., 2017b). The pH values (±0.1) were measured at ambient temperature 133 

(23±2°C) in an aliquot of the unfiltered suspension and the results were corrected to 20 or 50°C as 134 

described in (Bernard et al., 2017b). 135 

Thermogravimetric analyses (TGA) were carried out on ground powder (~30 mg) with a Mettler Toledo 136 

TGA/SDTA 8513 instrument using a heating rate of 20°C/min from 30 to 980 °C. The amount of  137 

Mg(OH)2 (brucite) was quantified from the water weight loss at around 400-420°C using the tangential 138 

method (Lothenbach et al., 2016) and calculated according to the equation (1): 139 

 140 

��.%	���	
���
� =
����
	����	(�
�����)	

��������
	����( !"##!°%)
×
'()*+,-.

'/01
× 100  (1) 141 

where wt. % brucite dry corresponds to the wt.% of brucite for 100g of dry mass, the water loss is 142 

expressed in wt. %, the M brucite is taken equal to 58.32 g/mol, while the MH2O is taken equal to 18.02 143 

g/mol. The relative error on the brucite content is  ± 5-10% (Deschner et al., 2012; Lothenbach et al., 144 

2016). 145 

XRD data were collected using a PANalytical X’Pert Pro MPD diffractometer equipped with a rotating 146 

sample stage in a Ɵ-2Ɵ configuration applying CuKα radiation (λ=1.54 Å) at 45mV voltage and 40mA 147 

intensity with a fixed divergence slit size and an anti-scattering slit on the incident beam of 0.5° and 1°. 148 

The samples were scanned between 5° and 75° 2Ɵ with a X’Celerator detector.  149 
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In addition to typical XRD measurements, X-ray Pair Distribution Function (PDF) analyses were 150 

performed. This analysis focusses on the entire signals including Bragg peaks and diffuse scattering. 151 

PDF represents the distribution of interatomic distances in a compound, regardless of its crystalline 152 

state, determined experimentally by a Fourier transform of the powder pattern. PDF is thus an efficient 153 

technique for studying of short coherence lengths materials such as cement (Meral et al., 2011) or 154 

geopolymers (White et al., 2013). The reduced PDF, G(r), was obtained by taking a sine Fourier 155 

transform of the measured total scattering function S(Q), as shown in equation (2), where Q is the 156 

momentum transfer given in equation (3) with θ as the scattering angle and λ as the wavelength of the 157 

incident radiation (Egami and Billinge, 2003; White et al., 2013). 158 

4(�) =
5

6
7 89:(8) − 1< sin(8
) @8
ABCD

AB,E
    (2) 159 

8 =
F6��GH

I
                                                                                           (3) 160 

It is important to obtain diffraction data with a high momentum transfer (Q) in order to maximize the 161 

resolution after the Fourier transform. We, therefore, used an X’Celerator Panalytical diffractometer 162 

equipped with a Mo source (λkα = 0.70926Å). The powder diffraction pattern was scanned over the 163 

6.004-153.932° angular range with a step size of 0.0083°. The total acquisition was the average of 2 runs 164 

recorded over 24 hours. The PDF and standard corrections (Egami and Billinge, 2003) were calculated 165 

with PDFGetX2 (Qiu et al., 2004). The density number of atoms ρ0 used to calculate the PDF was 0.10 166 

atoms Å-3. The use of a finite value of Q (17Å) for the PDF analysis led to the addition of spurious 167 

oscillations to G(r) depending on the distance r. These oscillations were smoothed by the use of a Lorch 168 

(1969) function.  169 
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The 29Si MAS NMR experiments were recorded on a Bruker Avance III NMR spectrometer using a 7 170 

mm CP/MAS probe at 79.5 MHz applying the following parameters: 4500 Hz sample rotation rate, 171 

minimum of 3072 scans or more, 90° 1H pulse of 7.5 µs, 20 s relaxation delays, RF field strength of 172 

33.3 kHz during SPINAL64 proton decoupling. The 29Si chemical shifts NMR spectra were referenced 173 

to the Aldrich external sample of tetramethylsilane (TMS) with a 29Si chemical shift at -2.3 ppm. The 174 

observed 29Si resonances were analysed using the Qn classification, where a Si tetrahedron is connected 175 

to n Si tetrahedra with n varying from 0 to 4. The quantification was performed by non-linear least-176 

square fits using the ‘‘DMFIT’’ software developed by Massiot et al. (Massiot et al., 2002). Amorphous 177 

silica was quantified taking into account the shift at -100.9 ppm (Q3 from the surface of the amorphous 178 

silica (d'Espinose de Lacaillerie et al., 1995; Nied et al., 2016)) and the Q4 shift at -110 ppm. However, 179 

the T1 relaxation time of amorphous silica can be very long and the amount of amorphous silica might 180 

be underestimated. 181 

The deconvolutions of the C-S-H signals were performed following the procedure outlined in literature 182 

(Myers et al., 2015), with a constant Lorentzian/Gaussian ratio equal to 0.5 and by keeping the ratio 183 

between bridging and pairing silicate tetrahedra constant according to equation (3): 184 

A0(RA
0
*

A0S
= 0.5             (3) 185 

where Q2
b is the bridging silicate tetrahedron with one calcium neighbor in the interlayer, Q2

u is the 186 

bridging tetrahedron with one H+ neighbor in the interlayer and finally Q2
p is the pairing tetrahedron. 187 

The mean chain length (MCL) of the silicate chains in C-S-H was calculated following equation (4): 188 

UVW =
5(AXRA0(RA

0
*RA

0
S)

AX
          (4) 189 
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The Q1 and Q2 environments in M-S-H were deconvoluted using mainly Lorentzian functions while the 190 

Q3 environment was deconvoluted with Gaussian functions following the procedure outlined by 191 

(Bernard et al., 2017b). Based on the available M-S-H deconvolutions in literature (Bernard et al., 192 

2017b; Nied et al., 2016; Roosz et al., 2015; Walling et al., 2015), the Q2/Q3 ratio was kept between 0.4 193 

and 1. 194 

The TEM characterizations were carried out on a JEOL JEM 2100F microscope operating at 200 kV and 195 

fitted out with a Bruker XFlash 5030 for EDS analysis. A few milligrams of powder was vigorously 196 

mixed with a few milliliters of pure ethanol in a mortar with a pestle for less than one minute. A TEM 197 

carbon-covered cupper grid held with tweezers was then dipped just below the ethanol surface to collect 198 

suspended particles on it. The grid was then inserted in the TEM chamber and the vacuum was 199 

recovered after about 15 min. 200 

The zeta potential measurements were carried out directly in suspension before filtration with 5 g of 201 

solid per 225 mL. The samples were stirred in a beaker at 500 rpm during 10 minutes to reach a stable 202 

value before the measurement. During the measurements, they were stirred at 400 rpm and each 203 

measurement was repeated 10 times. Zeta potential data were recorded with a ZetaProbe from Colloidal 204 

Dynamics Inc., which is based on the frequency-dependent electroacoustic effect. Shortly, an alternating 205 

voltage is applied to the suspension which causes charged particles to move back and forth at a mobility 206 

that depends on their zeta potential. The software calculates the zeta potential from the frequency-207 

dependent mobility using the O’Brien equation (James et al., 1992). Finally the values obtained were 208 

background corrected with a measurement of the filtrated aqueous phase. The zeta potential (-8.1 mV ± 209 

0.9 mV) measured for the C-S-H reference (Ca/Si = 0.8) is consistent with data from the literature (Haas 210 

and Nonat, 2015; Labbez et al., 2007; Viallis-Terrisse et al., 2001).  211 
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Cation exchange capacity (CEC) in the samples was measured on 100 mg of powder. The cations on the 212 

surface and/or from the interlayer were exchanged with cobalt hexamine trichloride during 30 min at 213 

room temperature (Jenni et al., 2014) using a solution/solid mass ratio of 30. The suspensions were 214 

filtered and the concentrations of Na+, K+, Ca2+, Mg2+ in solution were determined by ion 215 

chromatography (IC) as detailed above. The sum of measured cations was compared to the total CEC 216 

which was obtained from the difference in the cobalt hexamine concentration from the original solution 217 

and from the leachate. Such concentrations were determined by colorimetry (absorption band at 473 nm) 218 

using a UNI-CAM UV visible spectrometer. The good agreement between the total CEC measured by 219 

colorimetry and the CEC calculated from the measured cations showed that dissolution of M-S-H and C-220 

S-H was negligible. The Mgexch/Si and the Caexch/Si (Catexch/Si) were calculated from the CEC 221 

measurement following the equation (5): 222 

Y��.D+Z
[�

=
\]^_`a	(\b\)

�.�
'c

                                                (5) 223 

where Cation (CEC) is the mol of cations (magnesium or calcium) obtain by the CEC (IC), the 0.1 224 

corresponds to the 0.1 g of solid used in the CEC measurement and M is the molar mass in g/mol of the 225 

phase corresponding (M0.8SH1.5 or M0.75C0.05SH1.5 for example). 226 

The solids were washed after the CEC and dissolved in 0.1 mol/L HCl to investigate whether any 227 

calcium remained in the M-S-H after the exchange with the cobalt hexamine. The solutions were 228 

analyzed by ICP-MS with Agilent triplequad MS (Agilent 8900 QQQ ICP-MS). Sodium and magnesium 229 

concentrations have been measured in the “NoGas” mode while the calcium concentration has been 230 

measured in the “Helium” mode. It might be that calcium was slightly overestimated due the presence of 231 

residual calcium from the exchange.  ICP-MS had been used as in IC it was not possible to detect small 232 

calcium concentrations in the presence of high magnesium concentrations.  233 
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2.3. Thermodynamic modelling 234 

Thermodynamic modelling of the experiments was carried out using the Gibbs free energy minimization 235 

program GEMS (Kulik et al., 2013). GEMS is a broad-purpose geochemical modelling code which 236 

computes equilibrium phase assemblage and speciation in a complex chemical system from its total bulk 237 

elemental composition. The thermodynamic data for aqueous species as well as for brucite and 238 

portlandite were taken from the PSI-GEMS thermodynamic database (Thoenen et al., 2014). The 239 

amorphous SiO2 data were from Bernard et al. (2017b).  240 

The ion activity products (IAP) were calculated from the measured composition of the solutions for all 241 

the samples with respect to M0.78SH1.48 and C0.80SH1.94 to observe whether any change occurred upon 242 

variation of the pH and/or the concentration of other species.  243 

The solubility of low-crystalline phases with variable composition such as C-S-H and M-S-H can be 244 

described either by solid solutions, which allow a continuous change of composition of the solid, or by 245 

defining solubility products for a range of possible compositions leading to a large number of different 246 

solubility products (as has been done e.g. by Dauzères et al., 2016; Gaucher et al., 2004; Trapote-247 

Barreira et al., 2014). If single solubility products are used the resulting aqueous concentrations or solid 248 

compositions are described by steps as shown in e.g. (Nied et al., 2016), while a solid solution approach, 249 

which defines only the solubility products of end-members solids, allows describing gradual changes in 250 

the C-S-H or the M-S-H composition and in the aqueous phases (for more detailed see (Bernard et al., 251 

2017b; Kulik, 2011; Nied et al., 2016)). The solid solution models used have been developed for C-S-H 252 

with 0.67 < Ca/Si < 1.5 by Kulik (2011) and M-S-H with 0.78 < Mg/Si < 1.3 (Bernard et al., 2017b).  253 
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The thermodynamic data used of the solid solutions of M-S-H (defined by two end-members) and of C-254 

S-H (defined by three end-members), and of brucite, portlandite, and amorphous silica are summarized 255 

in Table 2. 256 

Based on the experimental observations (as presented below in Results and discussions), M-S-H phases 257 

containing small amounts of calcium were defined. The solubility products of two possible end-258 

members, M0.68C0.1SH1.48 and M1.2C0.1SH1.80, were fitted using the measured concentrations and 259 

implemented in the solid solution model of M-S-H as detailed in Table 2. The formation of an ideal 260 

solid solution between the 4 endmembers (M0.78SH1.48, M1.3CSH1.80, M0.68C0.1SH1.48 and M1.2C0.1SH1.80) 261 

was assumed.  262 

 263 

Table 2: Standard thermodynamic properties at 25 °C and P = 1 atm. 264 

  * LogKS0
a ∆fG° V° density 

Ref. 
      [kJ/mol] [cm3/mol] [g/cm3] 

Brucite  MH -11.16 −832.23 24.6 2.37 (Thoenen et al., 2014) 
Portlandite CH -5.2 −897.01 33.1 2.24 (Thoenen et al., 2014) 

SiO2,am S -2.9 -849.9 29 2.07 (Bernard et al., 2017b) 

 M-S-H 
      

Mg/Si = 0.78 M0.78SH1.48 -14.59 -1682.2 56 2 b (Bernard et al., 2017b) 
Mg/Si=1.30 M1.30SH1.80 -21.44 -2073.5 72 2 b (Bernard et al., 2017b) 

Mg/Si = 0.68 Ca/Si = 0.10 M0.68C0.1SH1.48 -14.42c -1689.7 57 2 b this 
Mg/Si = 1.20 Ca/Si = 0.10 M1.20C0.1SH1.80 -21.57c -2082.0 73 2 b study 

 C-S-H  
      

Ca/Si = 0.67 C0.67SH1.67 -10.24 -1707.3 56.6 2.25 (Kulik, 2011) 
Ca/Si = 1.0 C1.00SH2.00 -13.41 -2014.5 63.4 2.4 (Kulik, 2011) 
Ca/Si = 1.5 C1.5SH2.50 -16.61 -2466 80.6 2.35  (Kulik, 2011) 

*cement shorthand notations: C= CaO; H =H2O; M = MgO; S = SiO2 265 
a all solubility products refer to the solubility with respect to the species Mg2+, Ca2+, SiO2

0, OH-, or H2O 266 
b estimated from M-S-H volumes 267 
c values at 20°C. 268 
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3. Results and discussions 269 

3.1.  Co-0.05 and Co-0.10 samples 270 

This section focusses on M-S-H syntheses labelled Co-0.05 and Co-0.10. The (Mg+Ca)/Si ratio was set 271 

to 0.8 and a small fraction of MgO was substituted by CaO (Ca/Si=0.05 and 0.10). 272 

3.1.1. Aqueous phase composition 273 

The pH values and measured concentrations of the solutions equilibrated with the co-precipitated 274 

samples are plotted in Figure 1 and compared to the data obtained for pure M-S-H and C-S-H. 275 

In the solution at equilibrium with the pure M-S-H sample, a pH of 8.3 was measured, together with 276 

magnesium and silicon concentrations of 0.38 mmol/L and 1.44 mmol/L respectively. The substitution 277 

of magnesium by calcium at constant (Mg+Ca)/Si ratio of 0.8 increased the pH (Figure 1, Appendix A) 278 

from 8.3 to 8.9 (sample Co-0.05) or 9.3 (sample Co-0.10). At the same time, the magnesium 279 

concentration was lowered. A comparable decrease of magnesium has been observed for pure M-S-H at 280 

higher pH values (Bernard et al., 2017b; Nied et al., 2016) and for M-S-H in the presence of some 281 

calcium (Lothenbach et al., 2015). Little difference was observed in the concentrations and pH values 282 

between 1 and 2 years confirming that the samples were very close to equilibrium.   283 
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 284 
Figure 1: Measured silicon (triangles), magnesium (circles), and calcium (diamonds) concentrations at 20°C at 1 year 285 
(lighter symbols) and 2 years (full symbols) as a function of pH. Empty symbols are from Lothenbach et al. (Lothenbach et 286 
al., 2015). The solubility of M-S-H, C-S-H (dashed lines), brucite and amorphous silica (dotted lines) were calculated from 287 
the thermodynamic data (solid solutions for M-S-H and C-S-H) detailed in Table 2 without considering the formation of 288 
mixed M-(C)-S-H phase.  289 

 290 

C-S-H phases are not stable at this range of pH (<9.5) (Bernard et al., 2017a; Leisinger et al., 2014; 291 

Peyronnard et al., 2009; Shi and Stegemann, 2000; Swanton et al., 2016). It can be noted however that 292 

the calcium concentrations were much lower (0.15 to 0.46 mmol/L, depending on the initial calcium 293 

content, temperature and time) than the total amount of calcium that could theoretically be present in 294 

solution (11.93 ± 1.50 and 23.66 ± 2.60 mmol/L), which suggests the uptake of calcium by the solid 295 

phases.  296 
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3.1.2. Solid phase analysis  297 

The solid analysis focused on the samples equilibrated for 1 year at 50°C. However, similar results were 298 

obtained for the samples equilibrated for 2 years at 20°C indicating that the equilibrium was reached in 299 

both conditions (see Appendix A). 300 

The XRD patterns of the two co-precipitated (Co-0.05 and Co-0.10) samples are compared to those of 301 

M-S-H and C-S-H in Figure 2. The broad peaks at 19.7, 26.7, 35.0, 60.3° 2Ɵ (Nied et al., 2016) were 302 

attributed to M-S-H, the main phase observed in the samples. In addition, traces of calcite (CaCO3, PDF-303 

00-005-0586) and brucite (Mg(OH)2, PDF-01-083-0114) were present. Their amount was less than 1%, 304 

as assessed from TGA (Figure 3). 305 
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 306 

Figure 2: XRD patterns of samples Co-0.05 and Co-0.10 after 1  year of curing at 50°C compared to XRD patterns of M-S-H 307 
0.8 (1 year at 50°C), C-S-H 0.8 (1 year at 50°C) , mixed samples (0.10mix and 0.05mix), calculated reference patterns (Cal-308 
0.05 and Cal-0.10) B=Mg(OH)2 (brucite); C= CaCO3 (calcite).  309 
 310 
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 311 
Figure 3: Thermogravimetric analysis of co-precipitated samples after 1 year of curing at 50°C compared to TGA of C-S-H 312 
0.8 and M-S-H 0.8 (1 year, 50°C), * indicates the formation of wollastonite from C-S-H (Martin et al., 2017) and enstatite 313 
from M-S-H (as observed from talc (MacKenzie and Meinhold, 1994)). 314 

 315 

Complementary XRD patterns were measured and calculated for mixes of separately synthesized M-S-H 316 

and C-S-H phases. These mixes (Mix-0.05 and Mix-0.10) contained the same Mg/Si and Ca/Si ratios 317 

than samples Co-0.05 and Co-0.10, but the presence of any magnesium calcium silicate hydrate (M-C-S-318 

H) could be excluded. The calculated XRD patterns (Cal-0.05, Cal-0.10) resulted from linear 319 

combinations of the patterns of plain M-S-H and C-S-H respecting the Mg/Si and Ca/Si ratios.  Mix-320 

0.05 and Mix-0.10 samples exhibited the same XRD patterns as the calculated ones (Figure 2), but slight 321 

differences were noticed for the co-precipitated samples. C-S-H, characterized by a main reflection peak 322 
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at ~ 29.2° 2Ɵ, was present in the separately mixed samples but not in the co-precipitated ones. The sole 323 

observation of M-S-H by XRD was in good agreement with the low pH of the solution which should 324 

prevent the precipitation of C-S-H. The main part of the calcium initially added was thus neither present 325 

in the solution nor in C-S-H (or only in very small quantities not observable by XRD).  326 

The reflection at approx. 60.3° 2Ɵ in pure M-S-H is shifted to 60.4 and 60.5° 2Ɵ in the Co-0.05 and Co-327 

0.10 samples, respectively. The reflection at higher angles is usually rather characteristic for talc 328 

structure, i.e. for a low Mg/Si (0.75) phyllosilicate.  329 

29Si MAS NMR spectra of the co-precipitated samples are presented together with the calculated spectra 330 

of the linear combination of pure M-S-H and C-S-H in Figure 4. Pure M-S-H 0.8 usually contains a 331 

small amount of amorphous silica (3-5% of SiO2) (Bernard et al., 2017b; Nied et al., 2016) with a 332 

resonance at -110 ppm (Q4) and a resonance at -100.9 ppm Q3(-OH) (d'Espinose de Lacaillerie et al., 333 

1995; Nied et al., 2016). The comparison of the calculated spectra with those of samples Co-0.05 and 334 

Co-0.10 shows the absence of amorphous silica in the co-precipitated samples.  335 
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 336 

Figure 4: 29Si MAS NMR spectra of Co-0.05 and Co-0.10 samples (1 year at 50°C) compared to spectra of C-S-H 0.8, M-S-H 337 
0.8 and calculated reference samples Cal-0.05 and Cal-0.10. 338 

 339 

The 29Si MAS NMR spectra of Co-0.05 and Co-0.10 samples were similar to that of M-S-H 0.8 (Figure 340 

4) with the presence of Q2 tetrahedral silicate (chemical shifts at approx. -85.6 ppm) and Q3 tetrahedral 341 

silicate (chemical shift between -92 and -97 ppm (Brew and Glasser, 2005; d'Espinose de Lacaillerie et 342 

al., 1995; Nied et al., 2016; Roosz et al., 2015; Walling et al., 2015)). No C-S-H could be detected. The 343 

comparison with the calculated spectra in Figure 4 points out a lower intensity of the Q2 signal, but a 344 

higher content of Q3 species. The Q2 signal was broader and the Q3 signal was less symmetrical and 345 

shifted to slightly more negative chemical shifts. This would be consistent with the presence of calcium 346 
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in the vicinity of silicon since calcium shields silicon stronger than magnesium (Lothenbach et al., 2015; 347 

Mägi et al., 1984).  348 

The associated deconvolutions are detailed in Table 3. The spectra were deconvoluted based on the 349 

deconvolution of pure M-S-H (Bernard et al., 2017b; Brew and Glasser, 2005; Nied et al., 2016). The 350 

fraction of Q3 silicate sites in M-S-H 0.8 (61% ±7%) increased to 73% (±8%) in Co-0.05 and Co-0.10 351 

samples. The Q2/Q3 ratio calculated in the co-precipitated samples of ∼0.4 (Table 3) was lower than the 352 

0.6 usually found in pure M-S-H 0.8 (Bernard et al., 2017b). As the Q2/Q3 in M-S-H decreases with the 353 

decrease of Mg/Si (Bernard et al., 2017b), this low Q2/Q3 ratio suggests that the co-precipitated samples 354 

might have a Mg/Si lower than 0.8 (approx. to 0.7-0.75). The higher polymerization of the silicate 355 

network in the co-precipitated sample, together with the shift observed by XRD at high angles, seems to 356 

indicate a lower content of magnesium rather than the presence of calcium in the octahedral layers and 357 

thus that calcium might rather be adsorbed than incorporated in the octahedral layers. This is further 358 

investigated by complementary analyses.  359 

Table 3: Relative peak area of the different silicon chemical shifts obtained from the deconvolution of the 29Si MAS NMR 360 
spectra for the co-precipitated samples after 1 year of curing at 50°C (C-S-H (1 year at 20°C) and M-S-H (1 year at 50°C) 361 
shown as references). 362 

  C-S-H 
  

    MCL   M-S-H 
  

        % of Si in 

Q1 Q2
b Q2

p Q2
u  Q3(?) Q1 Q2 Q3

a Q3
b Q3

c 
App. 
Q2/Q3 Q3(SiO2) C-S-H M-S-H 

  -79.6 -82.8 -85.8 -88.2   -93.5 -78.3 -85.5 -92.7 -94.7 -96.7   -100.9     
M-S-H 0.8 - - - - - - 1 35 24 10 28 0.6 3 - 97  

Co-0.05 - - - - - - 1 27 18 25 29 0.4 - - 100 

Co-0.10 - - - - - - 1 27 17 28 28 0.4 - - 100 

Co-0.70 6 17 42 3 23 3 0 9 8 5 7 0.4 0 69 28 

Co-0.75 7 19 47 5 22 3 0 5 5 3 5 0.4 1 78 18 

C-S-H 0.8 8 22 59 7 25 4 - - - - - - - 96 - 

Error = ± 8% of absolute amounts of (%Si) + 2.5%. 363 

  364 

The decrease in the fraction of Q2 sites (resonance at -85.6 ppm) from 35±5% in M-S-H 0.8 to 27±4% 365 

for the co-precipitated samples (Co-0.05 and Co-0.10) also confirmed the absence of any significant 366 
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amount of C-S-H (comparison between Co-0.05 and Co-0.10 and the calculated spectra in Figure 4), 367 

which was consistent with their characterization by XRD and with the low pH of their solution, outside 368 

the stability domain of C-S-H. 29Si MAS NMR thus confirmed that the fraction of calcium in the solid 369 

phase was not precipitated as C-S-H.  370 

Additional characterizations of M-S-H 0.8, C-S-H 0.8, Co-0.05 and Co-0.10 solid fractions were 371 

performed using X-ray pair distribution function (PDF) analysis (Figure 5a). The X-ray PDF analysis of 372 

pure M-S-H 0.8 indicated a structure where magnesium was bound to silicon and hydroxide.  373 

The X-ray PDF analysis of M-S-H 0.8, Co-0.05 and Co-0.10 samples were very similar, and 374 

significantly different from that of C-S-H (Figure 5a), which confirmed again that the products formed 375 

using the co-precipitation method had a M-S-H structure. The structural correlation peaks could be 376 

tentatively assigned using the structure of talc as a reference (Gruner, 1934): they mainly corresponded 377 

to Mg-Mg distances (r = 3.13 Å, 5.36 Å, 8.21 Å, 9.42 Å, 11.06 Å) and Mg-O (2.03 Å) within a same 378 

layer as well as Si-Si (3.20 Å) and Si-O distances in silicate tetrahedra (r =1.61 Å). Two additional 379 

peaks at r = 2.41 Å and 7.06 Å might be observed in the presence of calcium. The first distance is related 380 

Ca-O distances in the solid (detailed below). The peak at 2.4 Å would indicate the presence of CaO7 381 

polyhedra (Skinner et al., 2010) as also present in C-S-H or in other octahedral layer minerals such as 382 

e.g. dolomite or tobermorite, indicating either the presence of small quantities of C-S-H or the  383 

incorporation of some calcium in the octahedral layers of M-S-H. 384 
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 385 

 386 
Figure 5: Reduced pair distribution function of M-S-H, C-S-H compared to a) co-precipitated Co-0.05 and Co-0.10 samples 387 
and to b) co-precipitated Co-0.70 and Co-0.75 samples. 388 
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3.1.3. Surface properties 389 

The zeta potential of M-S-H 0.8, M-S-H 1.0 and of the co-precipitated samples (cured during 2 years at 390 

20°C) are plotted versus the calcium concentrations in solution in Figure 6a and versus the magnesium 391 

concentrations in solution in Figure 6b. After 2 years, the less than 2 wt. % of brucite is present (see 392 

Appendix AError! Reference source not found.); such a low amount would not affect the zeta 393 

potential measured. The effective surface charge of M-S-H was negative with zeta potential values 394 

between -19 ± 3 mV and -25 ± 3 mV depending on the pH of the solution (within the pH range 8.3 - 395 

9.2).  396 

The substitution of MgO by CaO increased the pH from 8.3 to 8.9 and 9.3 for Co-0.05 and Co-0.10 397 

samples respectively. This pH increase will thus lead to more negatively charge silanol groups of the Q1 398 

& Q2 silicon species at the surface and edge sites of M-S-H, and should result in an increase of the 399 

negative surface charge density. 400 

At the same time, the calcium concentration in solution increased from 0 to 0.15 and 0.29 mmol/L 401 

respectively and the magnesium concentration in solution dropped from 0.38 to 0.004 and below the 402 

detection limit of 0.001 mmol/L respectively. The Co-0.05 sample exhibited almost the same zeta 403 

potential as pure M-S-H with – 22 ± 3 mV at pH 8.9, which is an intermediate value between the two 404 

points of pure M-S-H (in zeta potential as well as in pH) whereas the zeta potential of the Co-0.10 405 

sample was significantly less negative (-10 ±1 mV). The surface charge of M-S-H thus depended on the 406 

calcium concentration as shown in Figure 6a. As in the case of C-S-H (Haas and Nonat, 2015; Labbez et 407 

al., 2007; Labbez et al., 2011; Plusquellec and Nonat, 2016; Viallis-Terrisse et al., 2001), the zeta 408 

potential became less negative at higher concentration of dissolved calcium, indicating a sorption of 409 

calcium at the surface. One may postulate that, in the case of Co-0.05 sample, calcium substituted a 410 

similar amount of magnesium at the surface, resulting in little change of the zeta potential. The strong 411 
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increase in the zeta potential of the second sample (Co-0.10) would indicate that calcium was more 412 

effectively adsorbed at the surface of M-S-H than magnesium, thus partially compensating the negative 413 

charge of the silicate sites.  414 

The magnesium concentration in solution did not seem to influence the zeta potential of M-S-H as 415 

strongly as the calcium concentration, as shown in Figure 6b. In this Figure, we can see no influence of 416 

the magnesium concentration on the effective negative surface of M-S-H. Calcium has been observed to 417 

sorb stronger than magnesium on quartz (Conway, 1981; Dove and Nix, 1997) probably due its slight 418 

smaller hydrated size. Such a preferential sorption of calcium could explain the strong increase in zeta 419 

potential when the calcium concentration increased.  420 

 421 
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 422 

Figure 6: Zeta potential of M-S-H, co-precipitated sample particles a) versus calcium concentration in suspension (range 423 
of values for C-S-H from Haas et al. (Haas and Nonat, 2015) added for comparison) and b) versus magnesium 424 
concentration; c) Concentrations of the cations sorbed on co-precipitated samples compared to M-S-H 0.8 and C-S-H 0.8 425 
measured by the cobalt hexamine method as a function of the initial Ca/Si. CEC measurements by colorimetry (black 426 
circles) have been added for comparison. 427 

 428 

The measurement of the cation exchange capacity of M-S-H showed a positive CEC of 35 meq/100g 429 

(Figure 6c), which indicated a negative surface charge of the M-S-H particle. This is in agreement with 430 

the effective negative surface charge obtained by zeta potential measurement. The exchangeable 431 

magnesium in pure M-S-H 0.8 was calculated following the equation (5) and was equal to 0.02 per 432 

silicon. The CEC of the Co-0.05 and Co-0.10 samples was slightly higher in the presence of calcium. It 433 

increased from 35 meq/100g to 47 meq/100g for Co-0.10 sample. This sample, thus, contained slightly 434 

more exchangeable calcium, about 0.03 per silicon. In the Co-0.05 sample, most of the magnesium at 435 

the surface was replaced by calcium (Figure 6c and Table 4) and all of it in the Co-0.10, in agreement 436 
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with the much higher calcium concentration than magnesium one in solution. The general CEC increase 437 

from the pure M-S-H to the Co-0.05 and Co-0.10 indicates a more negative surface charge.  438 

Table 4: Exchangeable magnesium and calcium per silicon in co-precipitated samples compared to M-S-H 0.8 and C-S-H 439 
0.8 calculated from CEC 440 

sample exchangeable Mg2+ per Si exchangeable Ca2+ per Si total 

M-S-H 0.021 -- 0.021 
Co-0.05 0.002 0.022 0.024 
Co-0.10 <0.001 0.028 0.028 
Co-0.70 <0.001 0.032 0.032 
Co-0.75 <0.001 0.040 0.040 
C-S-H <0.001 0.048 0.048 

 441 

The uptake of 0.022 and 0.028 Caexch/Si (CEC in Table 4) at exchangeable sites compared to the total 442 

calcium uptake of 0.05 and 0.10 Ca/Si (if all the initially added calcium would be on CEC sites in the 443 

solid) showed that only a part of calcium was found adsorbed at the surface of M-S-H.  444 

To confirm that, CEC was also measured at room temperature on the samples synthesized at 50°C. 445 

Similar results were obtained with Caexch/Si ratios of 0.03 and 0.04 at CEC sites in the Co-0.05 and Co-446 

0.10 samples (Error! Reference source not found. & Error! Reference source not found.). 447 

The remaining calcium may substitute some magnesium in the octahedral layer. Although substitution of 448 

magnesium by calcium (with a bigger size) is unusual, it might occur during co-precipitation within the 449 

poorly ordered M-S-H.  450 

Alternatively, a part of calcium might have been washed during the filtration process. To check whether 451 

calcium was still present in the solid phase (i.e. in the octahedral layers) after the CEC and to account 452 

for the missing calcium, the co-precipitated samples after cation exchange by cobalt hexamine 453 

trichloride were dissolved in 0.1 mol/L HCl, to differentiate between surface-sorbed calcium 454 

(determined by CEC measurement) and calcium in the structure. As the CEC measurement should 455 
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remove the surface-sorbed calcium, any calcium still found is present as non-exchangeable. Canot exch/Si 456 

ratios of 0.02 and 0.05 were measured in the solids after dissolution (Table 5), confirming the presence 457 

of calcium in the solid part and the total Ca/Si found by the addition of the Caexch/Si and Canot exch/Si was 458 

approximatively equal to the initial Ca/Si added to the suspensions.  459 

Table 5: Ca/Si and Mg/Si in the solids synthesized at 50°C from mass balance and dissolution, before and after the CEC. 460 
  

Mass balance 
Dissolution   

 
Before CEC After CEC Not exchangeable cation* 

  Ca/Mg Mg/Si Ca/Mg Ca/Mg Ca/Si* 

Co-0.05 0.06±0.02 0.76±0.02 0.07±0.02 0.03±0.01 0.02±0.02 

Co-0.10 0.14±0.02 0.71±0.02 0.13±0.02 0.08±0.02 0.05±0.02 

*Ca/Si=Ca/Mg (after CEC) x Mg/Si (Mass balance). 461 

In summary, the different analyses indicated an adsorption of calcium on the surface of M-S-H; a small 462 

calcium uptake in the M-S-H main layers might occured; alternatively a small amount of C-S-H could 463 

be present although this seemed unlikely due to the low pH value and based on different solid analyses. 464 

Thus, M-(C)-S-H corresponds to a M-S-H phase containing small quantities of adsorbed and/or 465 

incorporated calcium. The exact nature of calcium incorporation, however, still remains unclear. 466 

3.2. Co-0.75 and Co-0.70 samples 467 

This second section investigates the effect of small amounts of MgO (Mg/Si=0.05 and 0.10) added 468 

during the synthesis of C-S-H. The (Ca+Mg)/Si ratio was set to 0.8, and the resulting samples were 469 

labelled Co-0.75 and Co-0.70.  470 

3.2.1. Aqueous phase composition 471 

The aqueous phase equilibrated with pure C-S-H (Ca/Si ratio of 0.8) exhibited a pH of 10.5 and 472 

dissolved calcium and silicon concentrations of 0.86 mmol/L and 1.62 mmol/L respectively (Figure 1, 473 

Appendix A). These results are in good agreement with previously reported data (Lothenbach and 474 

Nonat, 2015). At the later age (2 years at 20°C where only traces of brucite were present, see Appendix 475 
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A), the partial replacement of CaO by MgO in Co-0.75 and Co-0.70 samples caused a decrease in pH to 476 

10.2 and 10.1 respectively, and an increase in the calcium and silicon concentrations.  477 

The higher pH values resulted in very low concentrations of magnesium in solution (Figure 1, Appendix 478 

A), as also observed when only M-S-H is formed at pH 10 (Bernard et al., 2017b; Zhang et al., 2011). 479 

The high pH and the very low concentration of magnesium tentatively indicated the presence of both M-480 

S-H and C-S-H.  481 

3.2.2. Solid analysis 482 

The solid analysis focused on the samples synthesized 1 year at 50°C; similar analyses were done on the 483 

samples synthesized 2 years at 20°C and only traces of brucite were present in both cases.  484 

Since the formation of M-S-H is very slow at 20°C, especially at high pH (Lothenbach et al., 2015), the 485 

presence of brucite (Mg(OH)2) was observed up to 1 year (Appendix A). After 2 years however, only 486 

traces of brucite were detected. The samples cured at 50°C reacted faster and equilibrium was reached 487 

after 1 year.  488 

The XRD patterns of Co-0.75 and Co-0.70 samples are compared to pure C-S-H pattern in Figure 7. C-489 

S-H was the main phase present in these samples. However, a small amount of M-S-H (10-20wt.%) is 490 

difficult to detect by XRD in the presence of C-S-H (Bernard et al., 2017a). As for the magnesium co-491 

precipitated samples (see 3.1.), complementary XRD patterns were measured and calculated to make the 492 

comparison easier. Some reference samples (Mix-0.75 and Mix-0.70) were prepared by mixing pure M-493 

S-H and C-S-H phases with total (Mg+Ca)/Si ratios corresponding to those of experiments Co-0.75 and 494 

Co-0.70. Their diffraction patterns were recorded and calculated by linear combination of the patterns of 495 

plain M-S-H and C-S-H (Cal-0.75 and Cal-0.70). The calculated and separately mixed samples showed 496 

the same reflections. Similarly, all the patterns exhibited almost the same diffraction patterns and M-S-H 497 
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phases were very difficult to observe. The co-precipitated samples could thus contained small amounts 498 

of M-S-H, but other characterizations were needed to ascertain the presence of this phase.  499 

 500 

Figure 7: XRD patterns of Co-0.70 and Co-0.75 samples (1 year at 50°C) compared to XRD patterns of C-S-H 0.8, M-S-H 0.8 501 
and calculated and mechanically mixed samples. C=calcite, *=M-S-H. 502 

 503 

The X-ray PDF of Co-0.70 and Co-0.75 and C-S-H (Figure 5b) bore strong resemblance. According to 504 

the literature (Grangeon et al., 2013; Lequeux et al., 1999; Meral et al., 2011; Skinner et al., 2010; 505 

White, 2016; White et al., 2015), the correlations peaks might correspond to Si-O distances (r = 1.61 Å 506 

and 3.63 Å), Ca-O distances (r = 2.44 Å), Ca-Ca distances (r = 3.80 Å and 6.63 Å) Si-Ca distances (r = 507 

3.20 Å and 3.63 Å) and possibly Si-Si distances (r = 3.20 Å). Small differences were however noticed 508 

between the pure C-S-H and the co-precipitated samples: the correlation peaks observed at r = 3.14 Å 509 
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and 5.38 Å in the co-precipitated samples were characteristic of Mg-Mg distances observed in M-S-H. 510 

The intensity of the correlation peaks assigned to Ca-Ca distances was also lower. These results might 511 

suggest the presence of small amounts of M-S-H in the co-precipitated samples, but this again needed to 512 

be confirmed by other techniques.  513 

The 29Si MAS NMR spectra of the co-precipitated samples (Co-0.75 and Co-0.70) are shown in Figure 514 

8. 29Si MAS NMR data confirmed the presence of C-S-H with typical chemical shifts (Andersen et al., 515 

2003; Bell et al., 1990; Chen et al., 2004; Klur et al., 1998; L’Hôpital et al., 2015; Richardson et al., 516 

2010) at approx. -79.7, -82.9, -85.8 and -88.4 ppm corresponding to Q1 (end of chains), Q2
b (bridging 517 

position), Q2
p (pairing position) and Q2

u (bridging position with binding to H+ (L’Hôpital et al., 2015; Le 518 

Saout et al., 2006; Sato and Grutzeck, 1991)) of the silicate tetrahedra in C-S-H, as shown in Figure 8. 519 

The pure C-S-H sample with a Ca/Si ratio of 0.8 contained mainly Q2 species, and only very small 520 

amounts of Q3 species (broad signal at -93.5 ppm which accounted for ≃ 4% of the total silicate), in 521 

agreement with previous studies of C-S-H with low Ca/Si ratio (Le Saout et al., 2006; Myers et al., 522 

2015). The presence of M-S-H in the samples was evidenced by the presence of the resonance peaks 523 

between -92 and -97 ppm corresponding to Q3 tetrahedral sites of M-S-H (Brew and Glasser, 2005; 524 

d'Espinose de Lacaillerie et al., 1995; Nied et al., 2016; Roosz et al., 2015; Walling et al., 2015).  525 

 526 
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  527 

Figure 8: 29Si MAS NMR spectra of Co-0.70 and Co-0.75 samples (1 year at 50°C) compared to spectra of C-S-H 0.8, M-S-H 528 
0.8 and the calculated reference samples with M-S-H 0.8 (Cal-0.70M, Cal-0.75M) and with Co-0.05 (Cal-0.70MC, Cal-529 
0.75MC). 530 

Deconvolution of the 29Si MAS NMR spectra was carried out following the procedure outlined in 531 

literature (Bernard et al., 2017a; Bernard et al., 2017b; L'Hôpital et al., 2016a; Nied et al., 2016) and the 532 

results are detailed in Table 3. Because of the formation of M-S-H, the content of silicate in C-S-H 533 

decreased from 96 (±5%) in pure C-S-H to 69 (±8%) in the Co-0.70 sample. The content of Q1 and Q2 534 

sites attributed to C-S-H decreased with the replacement by magnesium. The calculated MCL remained 535 

above 20, which is typical for C-S-H with a low Ca/Si ratio.  536 
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The content of Q3 tetrahedral sites between -92 and -97 ppm increased from 0 to 28% (±5%) (see Table 537 

3) with the magnesium addition, confirming the presence of M-S-H. The amount of silicate attributed to 538 

M-S-H was higher than expected in Co-0.75 and Co-0.70 samples. The Mg/Si=0.8 in M-S-H and 539 

Ca/Si=0.8 in C-S-H should distribute the tetrahedral silicate to 6% in M-S-H and 94% in C-S-H and in 540 

13% in M-S-H and 87% in C-S-H, respectively, for the two co-precipitated samples. 29Si MAS NMR 541 

indicated the presence of significantly more tetrahedral silicate attributed to M-S-H (18% instead of 6% 542 

and 28% instead of 13%), indicating that the content of M-S-H is higher than expected (as detailed in 543 

Table 3).  544 

The recorded 29Si MAS NMR data were compared to calculated reference spectra (Cal-0.70MC and Cal-545 

0.75MC) using a linear combination of the spectra of C-S-H 0.8 and Co-0.05 samples. This latter was 546 

preferred to pure M-S-H (Cal-0.70M and Cal-0.75M) since it provided a better fit of the experimental 547 

spectra, as shown in Figure 8.  548 

This better agreement together with the high fraction of silicate attributed to pure M-S-H could be 549 

explained by some uptake of calcium in M-S-H also at higher pH. However, it remained unclear whether 550 

calcium was sorbed on the surface and edge sites of M-S-H only or whether it could be present in the 551 

octahedral layer as well.  552 

Given the large amount of silicate associated with the M-(C)-S-H phase (28 and 18 % respectively, 553 

Table 3), all the magnesium in the solid fraction of the samples Co-0.70 and Co-0.75 seemed to be in M-554 

(C)-S-H. This, together with the low magnesium concentration in solution, suggested no or very little 555 

incorporation of magnesium in C-S-H. The uptake of magnesium at the exchangeable sites of C-S-H 556 

could also be excluded as the CEC measurements showed the presence of mainly calcium (Table 4).  557 
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The TEM observations of Co-0.70 sample (Error! Reference source not found.) and the corresponding 558 

EDS measurements (Error! Reference source not found.) showed two different types of products in 559 

the sample. The first one contained mainly calcium and silicon and thus corresponded to C-S-H. The 560 

second one, in smaller amount, contained significant amounts of magnesium and silicon, which 561 

confirmed the presence of M-S-H. The M-S-H particles exhibited a layered texture which agreed well 562 

with the sheet-like morphology already observed for pure M-S-H or mixed samples containing calcium 563 

(Lothenbach et al., 2015; Roosz et al., 2015). The (Mg+Ca)/Si ratio remained lower than 0.8 regardless 564 

the type of product. The mean Ca/Si and Mg/Si ratios were 0.65 ± 0.15 and 0.05 ± 0.05 respectively for 565 

the C-S-H particles, and 0.15 ± 0.05 and 0.65 ± 0.15 for the M-S-H particles (Error! Reference source 566 

not found.). This confirms the uptake of no or only very small amounts of magnesium in C-S-H, in 567 

agreement with the 29Si MAS NMR and PDF observations and indicates the possibility of a more 568 

substantial uptake of calcium by M-S-H. However, as the EDS measurements were performed on areas 569 

with a typical diameter of 100-150 nm, some intermixing of C-S-H and M-S-H phases can be expected, 570 

such as for the data at Ca/Si ratios of 0.5 and 0.6 and Mg/Si ratios 0.3 to 0.6 which are based on 571 

intermixing of C-S-H and M-S-H. 572 

 573 
In summary, separate M-S-H (henceforward, M-(C)-S-H) and C-S-H phases were observed in the Co-574 

0.70 and Co-0.75 samples by TEM/EDS observations, 29Si MAS NMR spectra, XRD and X-ray PDF 575 

analysis. Traces of brucite were observed at 20°C after 2 years, due to the slow kinetic of brucite 576 

dissolution in batch experiments (Bernard et al., 2017b; Szczerba et al., 2013). The data seemed to 577 

indicate that a significant uptake of calcium in M-S-H occurred also at high pH. In C-S-H, however, no 578 

or very limited uptake of magnesium seemed to occur. This result could be explained by the very low 579 

magnesium concentrations in solution which resulted in a negligible fraction of charge balancing 580 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

35 
 

magnesium at the C-S-H surface. The very low concentration of magnesium could also prevent its 581 

incorporation in C-S-H during the precipitation process.  582 

3.3. Effect on solubility 583 

The solubility products of C0.80SH1.94 and M0.78SH1.48 were calculated using the measured concentrations 584 

in solution at equilibrium (Figure 9 and Appendix A). The solubility product of C0.80SH1.94 remained 585 

approximatively constant at ≃ -12 regardless of the presence or absence of magnesium. This indicates 586 

that the uptake of magnesium by C-S-H and the formation of a solid-solution are rather unlikely. In 587 

contrast, the decrease in the calculated solubility product of pure M0.78SH1.48 in the presence of calcium 588 

by up to 1 log unit at the maximum showed a stabilization of M-S-H in the presence of calcium (Figure 589 

9). This supported the formation of a solid-solution with an incorporation of calcium in M-S-H, in 590 

agreement with the experimental observations. 591 

The expected concentrations of calcium, magnesium and silicon were calculated using separate C-S-H 592 

(Kulik, 2011) and M-S-H (Bernard et al., 2017b) phases, i.e. M-S-H without calcium and compared with 593 

the measured data in Figure 1. The thermodynamic modelling pointed out that C-S-H was stable only at 594 

pH higher than 10, in agreement with the experimental results. However, the calculated pH (10.4) in the 595 

presence of magnesium (Co-0.05 and Co-0.10) was notably higher than the pH experimentally observed 596 

(8.9 and 9.3 respectively) while the calculated silicon concentrations were lower than the experimental 597 

ones (Appendix A). Such deviations between experiments and calculations may have resulted from the 598 

occurrence of calcium in M-S-H which was neglected in this calculation. The uptake of calcium by M-599 

S-H would, indeed, reduce the pH values.  600 
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 601 

Figure 9: Solubility products of M0.78SH1.48 (squares) and solubility products of C0.80SH1.94 (diamonds) calculated for the 602 
co-precipitated samples at 20°C after 2 years. The M-S-H calculation is based on the end-members from Bernard et al. 603 
(Bernard et al., 2017b), the C-S-H calculation is derivated from (Kulik, 2011). 604 

 605 

To check this assumption, two additional end-members with a Ca/Si ratio of 0.1 were introduced in the 606 

M-S-H solid solution model developed previously (Bernard et al., 2017b). The total of cation to silica 607 

ratios of 0.78 and 1.30 were kept constant, leading to the following stoichiometries: M0.68C0.1SH1.48 and 608 

M1.2C0.1SH1.80 as detailed in Table 2.  609 

The calculated concentrations and atomic ratios in C-S-H and M-S-H (solid lines) are compared to the 610 

results obtained by the model containing only M-S-H and C-S-H (dashed lines) and with the 611 

experimental data (dots) in Figure 10. The experimentally observed calcium and silicon concentrations 612 

and pH measured experimentally were better described by the model taking into account the possible 613 

incorporation of calcium in M-S-H. The model was also able to predict the presence of calcium (Ca/Si 614 

up to 0.07) in M-S-H, in agreement with the experimental observations.  615 
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 618 

Figure 10: a) Calculated solubility curves (solid lines) associated to the co-precipitated samples using the M-(C)-S-H 619 
solution and C-S-H solid-solution models compared to the calculated solubility curves (dashed lines) using the M-S-H 620 
(Bernard et al., 2017b) and C-S-H solid-solution models. Solubilities of brucite and amorphous SiO2 are shown in dotted 621 
lines. Empty symbols are from Lothenbach et al. (Lothenbach et al., 2015). b) Evolution of atomic ratios calculated by 622 
GEMS using the M-(C)-S-H solution and C-S-H solid-solution models compared to the M-S-H (Bernard et al., 2017b) and C-623 
S-H solid-solution models and compared to the experimental results from mass balance. 624 

 625 

4. Conclusions 626 
 627 

This work aimed at investigating the relative stabilities of M-S-H and C-S-H and the possibility to 628 

incorporate small amounts of calcium into M-S-H, or small amounts of magnesium into C-S-H. The 629 

main conclusions can be summarized as follows. 630 
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1. C-S-H is unstable at pH values below 10.  631 

2. When small amounts of calcium were added during the synthesis of M-S-H ((Mg+Ca)/Si = 0.8, Ca/Si 632 

= 0.05 or 0.10), the uptake of calcium by M-S-H is evidenced. CEC measurements showed that calcium 633 

is present as an exchangeable cation on the surface of M-S-H and is responsible for the less negative 634 

surface charge density of M-S-H particles measured by zeta potential. Nevertheless, a small fraction of 635 

the calcium incorporated into M-S-H may be non-exchangeable. Thermodynamic calculations confirm 636 

that an incorporation of calcium into M-S-H is likely since the presence of calcium stabilizes the M-S-H 637 

formed. A solid solution may thus occur between pure M-S-H and a M-C-S-H phase containing small 638 

amounts of calcium. The site of incorporation is not yet fully elucidated, nor the maximal uptake. 639 

However, the two additional end-members (M0.68C0.1SH1.48 and M1.2C0.1SH1.80) make it possible to 640 

describe the aqueous concentrations and solid compositions observed experimentally. 641 

3. At pH values above 10, both M-S-H and C-S-H phases are stable and coexist. A similar uptake of 642 

calcium by M-S-H as at lower pH values is suggested. The simultaneous presence of C-S-H and M-S-H 643 

makes it difficult to evidence a possible uptake of magnesium by C-S-H. However, if such uptake 644 

occurs, it is not in the cation exchangeable sites and the incorporation of magnesium in the structure 645 

should be strongly limited by the very low concentration of magnesium in solution controlled by M-S-H. 646 

 647 

The new solid solution model developed in this study to describe the uptake of calcium by M-S-H may 648 

offer new prospects to simulate the deterioration of calcium silicate cement-based materials in the 649 

presence of magnesium (provided by clayey minerals, ground- or seawater) or to optimize the design of 650 

novel binders containing calcium, magnesium and silicates.  651 
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Highlights: 

• C-S-H is unstable at pH values below 10  

• At pH values between 10 and 10.5, M-S-H and C-S-H phases 

are stable and coexist 

• A calcium uptake occurs in M-S-H, at the cation exchange sites, 

potentially at other sites 

• A solid solution model can be used to describe the calcium up-

take in  M-S-H:  M-(C)-S-H  

 


