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Abstract

The formation of magnesium silicate hydrates (M-S-H) with MgO to SiO; ratios from 0.7 to 1.6
has been studied at 20, 50 and 70°C. TGA and XRD data reveal that initially brucite and M-S-H
are formed while amorphous silica is still present as indicated by FT-IR and *Si MAS NMR
experiments. In this first step M-S-H with Mg/Si ~ 1 with pH values ~ 9.4 is formed
independently of the total Mg/Si. Investigations by FT-IR and »Si MAS NMR detail that the
structure of that initial M-S-H evolved with time and M-S-H formed with Mg/Si ranging from ~
0.8 to ~ 1.3 after 2 years at 20°C and after 1 year at 50 and 70°C. This implies that the composition of
synthetic M-S-H depends strongly on temperature and equilibration time. At 50 and 70°C the M-S-H
formation occurs faster although it is thermodynamically slightly less stable. The solubility of M-

S-H, talc and antigorite after 1 year or longer shows comparable trends.

1. Introduction

An accumulation of magnesium has been observed at the interface of cement with natural rocks

(clayey or granitic rocks), which contain magnesium (Dauzeres et al., 2014; Garcia Calvo et al.,
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2010; Jenni et al., 2014). Recent investigations suggest that these Mg-enrichment are based on
the formation of magnesium silicate hydrate phases (M-S-H; short for M,-S,-H,: (MgO),-
(Si0)y-(H20), gel with variable composition) (Dauzeres et al., 2016), possibly accompanied by

the formation of hydrotalcite (Jenni et al., 2014).

Such M-S-H phases have also been synthesized in the laboratory in order to be able to study their
properties and solubility (Brew and Glasser, 2005b; d'Espinose de Lacaillerie et al., 1995; Nied et
al., 2016; Roosz et al., 2015; Walling et al., 2015). M-S-H is a semi-amorphous phase with
characteristic broad peaks observed by XRD at 19.7 (110), 26.7, 35.0 (201) and 59.9 (060)
°2theta (X=1.54A) (Roosz et al., 2015). Investigations of the structure of M-S-H gels (Brew and
Glasser, 2005b; d'Espinose de Lacaillerie et al., 1995; Nied et al., 2016; Roosz et al., 2015;
Walling et al., 2015) by FT-IR and/or »Si MAS NMR show a high polymerization degree of the
Si-network in M-S-H. Mainly Q’ silicate sites have been observed in M-S-H indicating a layered
silica structure as found in clay minerals. The structure of M-S-H is unclear and has been related
to sepiolite (Brew and Glasser, 2005b) hydrated nanoparticles of talc (Roosz et al., 2015),
hydrated talc or hydrated antigorite (Nied et al., 2016), or compared to lizardite (Walling et al.,
2015). All these minerals belong either to the serpentine group mineral with T:O structure (=
Tetrahedral silica : Octahedral magnesium sheet) (antigorite, lizardite) or to the mineral group

with a T:O:T structure (talc, sepiolite), depending on the content of magnesium in the structure.

Under laboratory conditions M-S-H formation has been observed to be very slow (Li et al., 2014;
Szczerba et al., 2013; Zhang et al., 2011). Studies on the formation of synthetic M-S-H from
MgO and silica fume (Li et al., 2014; Szczerba et al., 2013; Zhang et al., 2011) indicate that
initially magnesium hydroxide, i.e. brucite, is formed, which subsequently reacts to form M-S-H

phases. The magnesium hydroxide dissolves slowly in the presence of M-S-H; it takes up to 6
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months for initially precipitated magnesium hydroxide to completely react to M-S-H with

Mg/Si=1 (Szczerba et al., 2013).

A number of factors seem to influence the kinetics: i) a higher temperature leads to faster
formation of M-S-H and the destabilization of brucite (Brew and Glasser, 2005b; Golubeva et al.,
2005; Kalousek and Mui, 1954; Szczerba et al., 2013), ii) the magnesium to silica ratio of the
magnesium silicate phases is increased at higher temperature (Kalousek and Mui, 1954), iii) the
properties of the starting materials have a strong impact on the kinetics. Magnesium oxide reacts
faster than brucite (Yang, 1960) and MgO calcined at lower temperature or with a higher specific
surface area reacts even faster (Jin and Al-Tabbaa, 2013; Yang, 1960). Not only the temperature
or the initial raw materials but also the water to solid ratio (W/S) and the Mg/Si ratio seem to
influence the kinetics of M-S-H formation (Brew and Glasser, 2005b; d'Espinose de Lacaillerie et
al., 1995; Jin and Al-Tabbaa, 2013; Kalousek and Mui, 1954; Nied et al., 2016; Wei et al., 2011;
Zhang et al., 2011). In addition it can be expected that also the pH value could have an influence,
as higher pH values increase dissolution kinetics of silica (Brantley et al., 2008) but slow down
brucite dissolution (Pokrovsky and Schott, 2004). Most studies on M-S-H were carried out on
samples equilibrated up to 1 year (Nied et al., 2016; Roosz et al., 2015) or even less (Brew and
Glasser, 2005a; Brew and Glasser, 2005b; d'Espinose de Lacaillerie et al., 1995; Li et al., 2014;
Szczerba et al., 2013; Zhang et al., 2011) under ambient conditions, i.e. under conditions where
M-S-H has not yet reached equilibrium. Longer equilibration times and/or higher temperatures
are needed to investigate the effect of Mg/Si on the M-S-H formation. Thus, the present paper
studies the effect of the initial Mg/Si on the formation of M-S-H and on its structure and
solubility up to 2 years at 20°C and up to 1 year at 50 and 70°C. Solubility products of two end

members were calculated based on the measured concentrations and pH values.



2. Materials and methods

2.1. Materials and synthesis

Magnesium oxide (Merck, pro analysis, 0.184+0.02wt.% Na,O) and silica fume (Si0O,, Aerosil
200, 0.9wt.% HCl) were chosen as starting materials. The total Mg/Si varied between 0.7 and 1.6
and synthesis were optimized to obtain ~ 5 g of M-S-H (Table 1). The impurities in the starting
Si0; and MgO resulted in approximately 0.03 mM [Cl] and 0.7 mM [Na] in the solution of the
Mg/Si=0.8 sample. The specific surface area (BET) of the magnesium oxide equals to 24 m?*/g
which corresponds to a good MgO reactivity (Jin and Al-Tabbaa, 2013). M-S-H samples were
prepared in PE-HD containers using milli-Q water and a water/solid (W/S) ratio of 45 to ensure a
homogeneous suspension and sufficient solution for analysis. All sample handling was done in a
glove box under N; to avoid CO, contamination. The samples equilibrated at 20°C were placed

on a horizontal shaker, the samples at 50°C and 70°C were manually shaken once a week.

In addition two M-S-H (Mg/Si = 0.8 and 1.2) samples previously equilibrated at 50°C during 1
year were mixed with milliQ-water and kept at 7°C for 18 months to equilibrate again at 7°C and
analysed. Solubility data at 7°C were calculated to extend the solubility data to lower

temperatures as well.

Table 1: Starting materials for the different Mg/Si of M-S-H samples (g=grams; Mg/Si = molar magnesium to
silica ratio)

Mg/Si 0.7 0.8 0.9 1 11 1.2 1.3 14 15 1.6

MgO [g] 1.60 1.75 1.88 201 212 2.23 2.33 242 251 2.59
SiOy[g] 340 3.25 3.12 2.99 2.88 2.77 2.67 2.58 249 241

After 1, 3, 6, 12 and 24 months, the suspensions were separated by filtration using pressure (4-5

bars N;) filtration and nylon filters (0.45um). The solids were washed with a 50/50 (volume)
4



water-ethanol mix and a second time with ethanol (94wt% alcohol) to eliminate dissolved ions
and to prevent the precipitation of salts during drying which could perturb the analyses. The
samples were dried by freezing with liquid nitrogen (around 20 min at -195°C) and kept at -40°C
under 0.280 mbar pressure (vacuum) for further 7 days in a freeze dryer. The freeze drying
minimizes carbonation as it removes free water efficiently. The solid characterizations were
performed after further equilibration in N filled desiccators over saturated CaCl, solution for a
period of 14 days or longer to ensure ~30% RH in all the samples. After drying the samples were

gently ground by hand.

For comparison, also crystalline magnesium silicate hydrates such as synthetic talc (Mg/Si=0.75)
(Alfa Aesar), natural antigorite (Mg/Si=1.5) (from the location Geisspfad, Binntal) and natural
sepiolite (Mg/Si=0.67) (from the location Kaffa, Crimea) were studied. Small amounts of the
synthetic talc and natural antigorite samples were ground, mixed with milliQ-water at a W/S of
20 and after an equilibration time of ~1 year, their solution composition was analysed to

determine their solubility at 20°C.

2.2. Analytical techniques

The composition of the liquid phase was analysed by ion chromatography (IC) immediately after
filtration. The dissolved concentrations of Mg, Si, Na, and CI in undiluted solutions or in
solutions diluted by factors 10 were quantified using a Dionex DP serie ICS-3000 ion
chromatography system. Independent measurements of solutions with known compositions
indicated a measurement error < 8%. All concentrations were determined in duplicates and hence,
the mean values are given. The pH value measured in filtrated solution can be lower than the pH
values measured directly in the suspension as charge balancing anions, such as hydroxides, can

be removed during the filtration (Nied et al., 2016; Plusquellec, 2014). Therefore, the pH (+0.1)
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was measured in the supernatant at ambient temperature (23+2°C) in an aliquot of the unfiltered
suspension where the solid particles had been allowed to settle. The measured pH values were
corrected to 20, 50 or 70°C. No significant changes in the aqueous phase composition is expected
within the 30 minutes used to cool down the solutions from 50 and 70°C to ambient temperature,
as M-S-H precipitation occurs only very slowly and as no significant differences in the measured

concentrations between diluted and not-diluted solutions were observed.

Thermogravimetric analyses (TGA) were carried out on ground powder (~30 mg) with a Mettler
Toledo TGA/SDTA 8513 instrument using a heating rate of 20°C/min from 30 to 980 °C. The
amount of Mg(OH), (brucite) was quantified from the water weight loss at around 400-420°C

using the tangential method (Lothenbach et al., 2016) and calculated according to the equation
(D:

water loss (brucite)

X Mprucite X 100 (1)

wt. % bruciteg,, =
% dry 100—-water losS(30-550°C) Myo0

wt. % brucite 4, corresponds to the wt.% of brucite for 100g of dry mass
water loss in wt. %

M peie = 58.32 g/mol

Mo = 18.02 g/mol

The relative error on the brucite content is + 5-10% (Deschner et al., 2012; Lothenbach et al.,
2016). The total water bound in M-S-H was quantified from the total water loss between 30 and
980°C and the water associated to hydroxyl groups in M-S-H was quantified from the water loss
between 270 and 800°C. Both results were normalized to the dry weight and corrected for the

amount of brucite; the results are given per silicon.



X-ray diffraction (XRD) data were collected using a PANalytical X Pert Pro MPD diffractometer
equipped with a rotating sample stage in a theta-2 theta configuration applying CuKa radiation
(A=1.54 A) at 45 mV voltage and 40 mA intensity with a fixed divergence slit size and an anti-
scattering slit on the incident beam of 0.5° and 1°. The samples were scanned between 5° and 75°

2 theta with a X’Celerator detector.

Attenuated total reflectance (ATR) Fourier Transformation-Infrared (FT-IR) spectra were
recorded in the mid-region on a Bruker Tensor 27 FT-IR spectrometer between 600 and 4000 cm’
! with a resolution of 4 cm' by transmittance on small amounts of powder. Spectra were
background corrected and scaled to the maximum of Si-O bounds to ease comparison. To
separate the wavenumbers corresponding to the different Si bounds from 600 to 1200 cm™, the
second derivative of FT-IR spectra was used to identify the different bands as previously reported
by Gionis et al. (2006). “Hydrated” silica fume (silica fume stored in water and freeze dried
under the same conditions as M-S-H), synthetic talc, natural antigorite and sepiolite as detailed

above were used as references.

In addition to FT-IR, *’Si MAS NMR measurements were performed on few selected samples.
The *°Si MAS NMR experiments were carried out on a Bruker Avance III NMR spectrometer
using a 7 mm CP/MAS probe at 79.5 MHz and applying the following parameters: 4500 Hz
sample rotation rate, min of 3072 scans or more, 90° 1H pulse of 7.5 us, 20 s relaxation delays,
RF field strength of 33.3 kHz during SPINAL64 proton decoupling. The *Si chemical shifts
NMR spectra were referenced to the Aldrich external sample of tetramethylsilane (TMS) with a
»Si chemical shift at -2.3 ppm. The observed *’Si resonances were analysed using the Q"
classification, where a Si tetrahedron is connected to n Si tetrahedra with n varying from 0 to 4.

The quantification was performed by non-linear least-square fits using the software ‘‘DMFIT”’



developed by Massiot et al. (2002) with a linear combination of Gaussian and Lorentzian
functions where n was fixed MG + (1 — )L with G=Gaussian, L=Lorentzian). The Q' and Q°
environments were deconvoluted using mainly Lorentzian (= 0 — 0.1) while the Q’

environment was deconvoluted with Gaussian (n = 0.8 — 1.0).

Silica fume was quantified taking into account the shift at -100.9 ppm ((SiO);Si-OH from the
surface of the amorphous silica (d'Espinose de Lacaillerie et al., 1995; Nied et al., 2016)) and the
Q* shift at -110 ppm. However, the relaxation time T, of silica fume can be very long and it could

be that the amount of silica fume was underestimated.

After quantification of brucite by TGA, and amorphous silica by *°Si MAS NMR, the
experimental molar Mg/Si ratios in M-S-H were calculated by mass balance including the IC

results following the equation (2):

Mg _  Minie(Mg0)-nyga(brucite)=n;c([Mg))
Si Ninit(Si02)—Nnymr(unreact. silica)—njc([Si])

2

Ninie (MgO)= mole of magnesium oxide initially added

Ngq (brucite)= mole of magnesium hydroxide in the sample quantified by thermogravimetric analysis
nyc ([Mg])= mole of dissolved magnesium in solution quantified by ion chromatography

Ninie (Si05)= mole of silica fume initially added

e (unreact. silica)= mole of amorphous silica in the sample quantified by *°Si MAS NMR

nic ([Si])= mole of dissolved silicon in solution quantified by ion chromatography

For those samples not analyzed by 2Si MAS NMR, the absence of unreacted silica in the samples
was assessed by the nonexistence of FT-IR bands at 1090 and 1035 cm™ characteristic for

amorphous silica and based on the low silicon concentration (<0.3 mM) in the aqueous solution.



2.3. Saturation indices and thermodynamic data

From the measured concentrations in solution and the pH values, the activities of dissolved
species were calculated using the geochemical software GEMS v3.3 (Kulik et al., 2013) together
with the PSI database (Thoenen et al., 2014). The activity of a species i, {i}, is calculated from
the measured concentrations considering the formation of different aqueous complexes; {i} =
vi-m;, where 7; is the activity coefficient and m; is the concentration in mol/kg H,O. The activity
coefficients of the aqueous species y; were computed with the built-in extended Debye-Hiickel
equation with common ion-size parameter a; = 3.67 A for KOH solutions and common third
parameter b, according to the equation (3):

— Ayzl.2 \/7

logy =—2—+b 1 3
&7 1+Byai\/7 g ©)

where z; denotes the charge of species i, I the effective molal ionic strength, b, is a semi-empirical
parameter (~0.123 for KOH electrolyte at 25°C), and A, and B, are P,T-dependent coefficients.

This activity correction is applicable up to ~ 1 M ionic strength (Merkel and Planer-Friedrich,

2008).

The saturation indices (SI) of the different solids were calculated from the ion activity product

(IAP) based on the measured concentrations in solution according to the equation (4):

IAP
SI =log-— “4)

1AP= ion activity product
Kso= theoretical solubility product of the solid



A saturation index (SI) < 0 indicates that the solution is undersaturated and the respective solid
should not form or will dissolve if present, SI > 0 means that the solution is oversatured and the
formation of the respective solid is possible. In our case, knowledge of the SI of the solution with
respect to brucite or amorphous silica was used to follow the kinetics of dissolution during the
formation of M-S-H. The solubility product of amorphous silica used equals to 10%% for the
reaction of SiO» slig to Si(OH)4,q corresponding to the measured silicon concentrations at 20°C.
Similarly, solubility products of 10*% and 10> were calculated for 50 and 70°C from the

experimental data.

The solubility products of M-S-H were calculated with respect to two end members with
COI’l’lpOSitiOl’lS of M0.7881H1.48 (M=MgO, S=Si02, H=H20) and M1.3()S]H1.g(). The composition
from 0.78 < Mg/Si < 1.30 were obtained by assuming an ideal solid solution between the two end

members with Mg/Si=0.78 and Mg/Si=1.30 as suggested by Nied et al. (2016).

From the solubility products calculated at different temperatures, the Gibbs free energy of
reaction, A,G° and the Gibbs free energy of formation, A¢G°®, at 25°C can be obtained according

to equations (5) and (6):

A.G° = —RTInK = Z vid Gy )
i

T (T C° T
8461 = A5 Gor, = 7, (T = To) = [, [, 52dTdT = ApGop, = 5°1,(T = To) —a (Tlni _T_

L a-T)? | @-T? 2(VT-JTy)
TO) b— 2T-Ty? d JTo (6)

where v, are the stoichiometric reaction coefficients, R = 8.31451 J/mol/K and T is the

temperature in K. The apparent Gibbs free energy of formation, A,G°, refers to the free energies
10



of the elements at 298 K. A more detailed description of the derivation of the dependence of the
Gibbs free energy on temperature is given in Anderson and Crerar (1993) and Kulik (2002). In
the present paper the empirical coefficients a, b, ¢, and d of the heat capacity, C°,
(Cop=a+bT+cT-2+dT-1/2) were calculated from the coefficients of talc, chrysotile and antigorite given
in Holland and Powell (1998) and adjusted for the water content of the M-S-H phases. The

entropy, S°, was calculated in the same way from talc, chrysotile and antigorite and water.

3. Results and Discussions

3.1. Kinetics of M-S-H formation at 20°C

3.1.1. Up to 3 months

To understand the M-S-H formation process, the reaction of samples with initial Mg/Si=0.8 and
1.2 ratio was followed from 1 day to 3 months. The MgO reacted completely within the first day
(absence of reflections at 36.9, 42.9, 62.3 2theta (Li et al., 2014)) to Mg(OH), (brucite) and M-S-

H, leaving some unreacted silica as shown in Figure 1.
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Figure 1: XRD patterns of M-S-H 0.8 and 1.2 after 1 day of curing at 20°C (*=M-S-H, S= silica fume).

The dissolved concentrations and pH values measured for the two samples are displayed in
Figure 2a and 2b. The magnesium concentrations decreased between 1 and 3 days to ~0.1 mM.
Saturation indices (SI) with respect to brucite (Figure 2d) showed values close to saturation (SI =
0) during the first day, consistent with the observed precipitation of brucite. However, after 3
days the solution became undersaturated with respect to brucite (Figure 2d) although brucite was
observed. The silicon concentrations increased slowly and reached ~1.3mM (Figure 2a and 2b),

1.e. saturation with respect to silica, within 3 days (Figure 2c).

From 3 to 91 days little change was observed in the solutions. At Mg/Si = 0.8 and 1.2,
representing low and high ratios, similar concentrations were measured: a relatively high
concentration of silicon in equilibrium with amorphous silica (Gunnarsson and Arndrsson, 2000)
(Figure 2a and 2b). Low concentrations of magnesium (Figure 2a and 2b) and pH values between

9.3-9.6 were observed (Figure 3) while M-S-H phases formed slowly. The magnesium

12



concentration increased slightly from 2 to 3 months. Up to day 91, the solutions were still

undersaturated with respect to brucite (as detailed in Figure 2d) although XRD and TGA data

indicate that brucite was present in the solid phase (as detailed further below in section 3.1.2.3).

This persistence of brucite indicates a kinetic hindrance of brucite dissolution which is discussed

in section 3.1.2.3. and probably limits the rate of M-S-H formation.
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Figure 2: Dissolved ions in aqueous phase at equilibrium with MgO and SiO; during the formation of M-S-H a)
Mg/Si=0.8 and b) Mg/Si=1.2. Calculated saturation indices (SI) of silica fume (c) and calculated SI of brucite (d)

for samples Mg/Si = 0.8 and 1.2.
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3.1.2. 3 months to 2 years

3.1.2.1. Aqueous phase

Only after 91 days, the pore solutions of the samples Mg/Si=0.8 and Mg/Si=1.2 started to
differentiate. The equilibrium for Mg/Si = 0.8 seems to be approximately reached within 91 days
and the silicon and magnesium concentrations remained stable thereafter (Figure 2a) while pH
decreased somewhat from 9.6 to 8.4 after 730 days (Figure 3). In contrast, in the sample with
Mg/Si = 1.2 the silicon concentration dropped as the silica initially present had reacted (see
section 3.1.2.2.) and the pH values increased from 9.4 to 10.3 (Figure 3). The solution became
undersaturated with respect to silica fume and saturated with respect to brucite (Figure 2¢ and

2d).

After the first 91 days (3 months), all pH values were within a narrow range of 9.3-9.6
independently of the total Mg/Si ratio which varied from 0.8 to 1.6 (Figure 3). Also the
concentrations of magnesium and silicon were similar as they were determined by the presence of
brucite and amorphous silica independently of the initial Mg/Si ratio (see Appendix). Only after
182 days (6 months) and longer, clear differences in the pH values were observed. The samples
with higher initial Mg/Si ratio (Mg/Si > 1) showed an increase of the pH values, while pH
decreased at lower Mg/Si ratio. After 365 days and longer, the pH increased with the initial
Mg/Si ratio ranging between 0.8 and 1.2 and was constant at Mg/Si ratio higher than 1.3 with pH
values from 10.3 to 10.5. The pH of the solution in equilibrium with sample M-S-H 1.0 was at all

times between ~9.5 to 9.2 indicating little change at Mg/Si=1.0.

14
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Figure 3: Evolution of pH values at 20°C over time as function of initial Mg/Si ratio (0.8-1.6).

3.1.2.2. Unreacted silica

The silicon concentrations are plotted versus pH in Figure 4. The dissolved silicon concentrations
measured after 3 months were close to the solubility of the amorphous silica which indicates that
unreacted silica could be present in the samples. The presence of unreacted silica fume is
confirmed by *’Si MAS NMR (Figure 5) and FT-IR (Figure 6). Silica was observed after 3

months in all samples, independently of the initial Mg/Si ratio.
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Figure 4: Changes of silicon concentrations with pH (pH at 20°C) and time. Dotted lines have been added as guide
line.

In ¥Si MAS NMR spectra unreacted silica was observed by a main resonance at -110 ppm QY
(Figure 5), and by a minor resonance at -100.9 ppm related to hydrated silanol groups Q*(-OH)
(d'Espinose de Lacaillerie et al., 1995; Nied et al., 2016). The amount of unreacted silica was
quantified based on the intensity of the resonances Q* at -110 and Q*(-OH) at -100.9 ppm as
shown in Figure 5 following the procedure outlined by Nied et al. (2016). In the samples with

initial Mg/Si ratio of 0.8 and 1.4 approximately 16% and 6% of unreacted silica was detected
after 3 months. After 1 year =~ 4% of unreacted silica was observed in the sample with initial

Mg/Si = 0.8 and none for Mg/Si = 1.4 (Table 2 and Figure 8), indicating that most of amorphous

silica reacted within 12 months to form more M-S-H.
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Unreacted silica can also be identified by FT-IR based on the bands at ~ 1090 cm™, 1035 cm™
and 803 cm™ as shown in Figure 6. As already detailed by Nied et al. (2016), Q* and Q’ silica
species present in M-S-H show vibrations at 870-920 cm™ and 950-1150 cm™ as indicated in
Figure 6 by the grey shaded regions. The second derivative can be used to identify the
characteristic peak positions at 985-1095 cm™ more clearly. The FT-IR data confirm the presence
of unreacted silica by the shoulder at 1035 cm™ in all samples after 3 months and to a lower
extent also after 6 months. After 1 year the presence of residual silica was only observed for
Mg/Si < 0.8, in agreement with the ’Si MAS NMR data. Although FT-IR can indicate only
qualitatively the presence of amorphous silica, in combination with high silicon concentrations,
which signpost saturation with respect to amorphous silica (see values in Appendix), the presence
of amorphous silica can be shown for those samples where no ’Si MAS NMR data could be

measured.

@ @

Unreacted
silica

1.4 12 months

AN S AN AN~

di L 14 3 months
‘ \n\; ~\, \IA\.,’\.\\..\M

experimental
0.8 12 months

simulated

W e ...0.8 3 months
~-“.-~"', Qsh 'Q4“""‘»\,\,\ single sites
I T T ] (-OH) T 1 I T T T T 1
-70 -80 -90 -100 -110 -120 -70 -80 -90 -100 -110 -120
5 #Si (ppm) § 2%Si (ppm)

Figure 5: a) 2°Si MAS NMR spectra with assignments of single sites of M-S-H samples (Mg/Si=0.8 and 1.4) after 3
and 12 months, the shaded regions assign unreacted silica species, b) example of the deconvolution (sample
Mg/Si=1.0, after 12 months) of the indicated single sites listed in Table 2.
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Table 2 : Relative intensities of different silicon sites obtained from the deconvolution of the 2°Si MAS NMR
spectra (629Siinppm # 0.3 ppm).

& »Si (ppm) and relative intensities (%Si) :
M-S-H 5 Unreacted Silica L QYQ’

¥ Q@ Q@ Q@ Q! Q(oH Q' in
Mg/Si time 783  -854  -927  -947  -968 |  -100.9 -110 | M-S-H
08 o e 4 32 29 3 15 7 9 1 07
14 8 36 32 2 16 | 4 2 i 07
0.8 3 34 25 8 26 4 0 | 06
1 oo 6 42 17 11 23 | 0 o | o8
1.2 7 46 14 12 21 | 0 0 i 10
14 7 46 14 11 22 0 0 | 10

Error = + 2.5 of absolute amounts of (%Si)
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1.0
12
W\/‘/\ 14
- \/
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(7]
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14
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Ql
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Figure 6 : a) FT-IR spectra and b) second derivatives of the FT-IR spectra of M-S-H samples (20°C) with Mg/Si of
0.8, 1.0, 1.2, 1.4. Only the regions characteristic for silica are shown. The shaded areas show characteristic
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regions for Q1, Q2, @3 and Q* Measured spectra of silica fume, talc, antigorite and sepiolite are shown for
comparison.

3.1.2.3. Reaction of brucite

The thermogravimetric analyses of the solid phases confirm that brucite dissolution and M-S-H
formation occurred only slowly as shown in Figure 7a. After 3 months of equilibration
thermogravimetric analysis indicates that brucite was still present in all samples, as visible by a
well-defined weight loss in the shaded temperature range centered at 410°C. XRD measurements
(Figure 7b) confirm the presence of brucite (reflections peaks at 18.6, 32.7, 38.0, 50.9, 58.7, 62.0
2theta (Brew and Glasser, 2005b; Zhang et al., 2011) in the XRD patterns (Figure 7b)) together
with unreacted silica (broad hump at 21-24° 2theta) as previously observed by FT-IR and *’Si

MAS NMR.

The thermogravimetric data (Figure 7a) show already after 3 months the two water loss regions
typical for M-S-H (Mitsuda and Taguchi, 1977; Nied et al., 2016; Zhang et al., 2011). The first
weight loss between 30°C and 250°C is due to poorly bound water in the interlayer or on the
surface. The second weight loss between 250°C and 800°C, overlapping with the “brucite weight
loss”, is attributed to the dehydroxylation of magnesium or silanol hydroxyl groups (Nied et al.,

2016; Szczerba et al., 2013).

After 2 years the characteristic XRD humps of M-S-H are better defined than after 1 day (Figure
1) or 3 months (Figure 7b) of reaction, while much less (Mg/Si = 1.4) or no brucite (Mg/Si = 0.8)

was present.
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Figure 7: a) Derivative of thermogravimetric analyses of M-S-H samples synthetized at 20°C, Mg/Si = 0.8, 1.0, 1.2,
1.4 aged of 3 months (dotted lines) 6 months (grey dashed lines), 1 year (blue large dashed lines) and 2 years
(solid lines),grey shaded region= water loss of brucite. b)XRD patterns of M-S-H samples synthetized at 20°C,
Mg/Si = 0.8, 1.4 aged of 3 months (dotted lines) and 2 years (solid lines) (*=M-S-H, S= silica fume).
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Figure 8a summarizes the amount of brucite contained in the samples as a function of time. The
presence of brucite after 3 months in all samples is consistent with the similar magnesium
concentrations in all solutions. The amount of brucite increased with the initial MgO content.
While after 3 months brucite was observed in all samples, brucite was only present for Mg/Si>1
after 6 months and for Mg/Si > 1.2 after 2 years, indicating that all the magnesium is in M-S-H
phases after long reaction times and that a maximum Mg/Si of = 1.3 can be reached at room

temperature.

¢3months 35 35
A 6 months 30 a) M-S-H+ b) M-S-H+
| Mg(OR); e Mg(OH),
012 months VLS H M-S-H4+  M-S-H
024 months 25 {M>H+H 7 ¢ $ © 25 4 sio,
i‘:‘ SI02 é (_;)
Q 20 A % # T 20 -
> e $
> $ ©
2 15 1 @ Q15 -
S0l ¢ §03
10 % ® 210 -
> 7 % A d 54 O 4
0 —6—#i—i—i—$ ¢ ol e alg
06 08 10 12 14 16 06 08 10 12 14 16
Mg/Si Mg/Si

Figure 8 : Amount of a) brucite (from TGA) (wt% of brucite normalized to 100g dry mass) and b) unreacted silica
(from 29Si MAS NMR) per total of silica in samples cured at 20°C as a function of the initial Mg/Si and time.
Vertical lines separate the area where i) silica + M-S-H, ii) M-S-H only and iii) M-S-H + brucite are present after
long reaction times.

If brucite was present, its amount increased nearly linearly with the total Mg/Si (Figure 8a). Even
though some brucite was still present, the amount was very low compared to the initial amount of
magnesium as indicated in Table 3 confirming the dissolution of brucite and the presence of

mainly M-S-H after 1 year and longer.
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Table 3: Theoretical and experimental measured brucite content in wt%.

total Mg/Si 0.8 1 1.2 14
theoretical maximum brucite content’ 51 58 65 70
experimental brucite
1 year at 20°C <0.1 <0.1 15+1 1061
2 years at 20°C <0.1 <0.1 <0.1 6.8+1
1 year at 50°C <0.1 <0.1 02+0.2 72+1
1 year at 70°C <0.1 <0.1 <0.1 6.2+1

* Theoretical maximum brucite content: amount of brucite which could form from MgO considering the total
mass of the solids (brucite + amorphous silica)
<0.1: not detected by TGA

It has been reported that the reaction of MgO to brucite is strongly retarded by the presence of
dissolved silicon (Salomao and Pandolfelli, 2008). Based on that it may be tentatively concluded
that also the dissolution of brucite is retarded by the presence of silicon in solution. In the
absence of silica, the solutions equilibrated fast with brucite and measured magnesium
concentrations and pH values were in the range of the calculated brucite solubility as shown in
Figure 9a. In contrast, samples with 1 or 1.5 mM silicon in solution had lower pH values and
remained clearly under saturated with respect to brucite. A plot of saturation indices of brucite
versus the measured silica concentrations (Figure 9b) shows a strong undersaturation with respect
to brucite at silicon concentrations of 1 mM or higher. This dependence confirms a kinetic

hindrance of brucite dissolution at high silicon concentrations (>1mM).
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Figure 9: a) Concentration of magnesium measured for MgO only and for Mg0/SiO» with weight ratio = 1.75g/0g,
1.759/3.25g and 1.759/6.50g between 1 and 28 days plotted as a function of pH and compared to solubility of
brucite as calculated with GEMS. b) Calculated saturation indices of brucite as a function of the silicon
concentrations.

At later ages when the amorphous silica is dissolved, silicon concentrations are lowered, such

that the dissolution of brucite is no longer hindered and saturation with respect to brucite is



reached again as shown in Figure 2. However, even under these conditions, the dissolution of
brucite is expected to be slow due to the high pH values and low magnesium concentrations

which limits magnesium uptake in M-S-H.
3.2. Rearrangement of M-S-H structure with time

3.2.1 Structure of the transitional product

¥Si MAS NMR spectra in Figure 5 show the presence of a small quantity of Q', some Q* and
mainly Q silica sites indicating the predominance of sheets of silica in the M-S-H phases. The
deconvolution of the Q’ silica resonance exhibits 3 different *’Si chemical shifts indicating 3
slightly differing chemical environments, as previously discussed in Nied et al. (2016) and
Roosz et al. (2015). The 2Si NMR chemical shifts of the Q3a, Q3b, and Q3C signals at -93, -95, and
-97 ppm (Figure 5b and Table 2) correspond to the shifts observed for serpentine group minerals
(MacKenzie and Meinhold, 1994; Nied et al., 2016) and for talc (Chabrol et al., 2010; Dumas et
al., 2013; Nied et al., 2016; Rhouta et al., 2008; Roosz et al., 2015), respectively. Neglecting the
unreacted silica (Table 2), the distribution of silica species in M-S-H 0.8 and M-S-H 1.4 was
similar after 3 months, except that the sample with the higher Mg/Si ratio contained slightly more
Q' (Table 2). The samples have also a similar Q*/Q’ ratio of ~ 0.7 (details in Table 2 and Figure
10) as well as similar FT-IR spectra (Figure 6), independently of the Mg/Si ratio. Also the FT-IR
data indicate the presence of a small quantity of Q' sites, two different Q” and three different Q°
sites corresponding to the maxima of the second derivatives in Figure 6b between 950 and 1020
cm™. The position of the Q> peak at 1016 cm™ corresponds to the Q site of talc. In addition,
shoulders at 985 cm™ and at 957 cm™ are visible, which could correspond to the Q3 2 and Q3 b sites
observed by ’Si MAS NMR. This indicates the presence of a “transitional” M-S-H phase after 3
months with a structure independently of the total Mg/Si ratio as the transitional M-S-H was
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formed due to simultaneous presence of unreacted silica (Table 2) and brucite (Figure 8) and was
present as long as silica and/or brucite were fully consumed. The initial formation of such a
transitional M-S-H and its persistence up to 3 months is consistent with the constant composition

of the pore solution during this time shown in Figure 2a and 2b.

After ~ 6 months these “transitional” Q’a and Q°b peaks in the second derivative of FT-IR

spectra are replaced by better defined peaks at 1000 and 985 cm™ corresponding to the bands
observed for antigorite. More intense bands of these Q°, and Q°, are present at high Mg/Si, as

previously observed by Nied et al. (2016).

The position of the Si-O-Si bending band at ~660 cm™ is influenced by the Si-O-Si angles and by
the occupancy of neighboring sites. Well defined, narrow bands as in the case of talc indicate a
high degree of symmetry and ordering (Cong and Kirkpatrick, 1996; Yu et al., 1999). The
broadness of the M-S-H bands between 600 and 710 cm™ indicates a low symmetry of the
structure which became more ordered with time as narrower bands can be observed in Figure 6a
after 12 and 24 months. Similar observations by XRD with better defined humps indicate as well

a better crystallinity after 12 and 24 months.

In summary, after 3 months at 20°C, all samples contained brucite, unreacted silica fume and a
“transitional” M-S-H with a low degree of organization and a Mg/Si ratio in the range of 0.9 - 1.1
(Table 4). This transitional M-S-H is in equilibrium with ~0.2 mM magnesium and ~1.5 mM
silicon in all samples (Figure 2) as the presence of amorphous silica buffered the silicon

concentrations to ~1.5 mM and the pH values to ~ 9.4. This solution is in equilibrium with M-S-

H with Mg/Si = 1.0 (Figure 3).
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Only after 12 and 24 months M-S-H phases with different Mg/Si and thus different structures

were identified with Mg/Si ratios in the range between 0.8 and 1.3 at 20°C as detailed in Table 4.

Table 4: Experimentally determined composition of M-S-H phases synthesized at 20, 50 and 70°C by mass balance
following the equation (2) (corrected for the amount of brucite quantified by TGA and amorphous silica by 2°Si
MAS NMR). Total water determined from TGA.

initial Mg/Si 0.8 1.0 1.2 14

3 months - 20°C Mo.g9SH1 46 n.d. n.d. M107SH1 58
1 year - 20°C MogsSH1s2  MiooSHiss  M11gSHi75  Mi24SHy6;
2 years - 20°C Mo.g3SH163 M1.00SH170 M1.20SH1.89 M1.29SH164

1 month - 50°C Mo.g4sSH163 n.d. n.d. n.d.

1 year - 50°C MogsSH149  M1ooSH1i46  M120SH1se  Mi2sSHis
1 year - 70°C Mo.gsSH1.56 M1.00SH1.70 M1.20SH1.81 M1.30SH1.66

n.d.= not determined
Error +0.1

3.2.2 Effect of Mg/Si on M-S-H structure
For the samples aged for 1 year, clear differences were visible in the *’Si MAS NMR data as the

increase of the Q*/Q” ratio at higher Mg/Si in the M-S-H (Table 2).

The Q%/Q’ ratios (total Q® = Q*,+Q*,+Q>.) of different samples are shown in Figure 10a as a
function of the experimentally determined Mg/Si ratio in M-S-H as detailed in Table 4. A strong
increase of the relative fraction of Q* was observed at high Mg/Si (Table 2) indicating a change

in the arrangement of the silica in M-S-H.

The total amount of water calculated to be present in M-S-H equilibrated at 30% relative
humidity is detailed in Table 4. The amount of total water bound increased with the Mg/Si of the
M-S-H as reported previously (Nied et al., 2016). It can be expected that the amount of water
present in M-S-H depends on the drying conditions as previously observed for C-S-H gels
(Lothenbach and Nonat, 2015; Roosz et al., 2016). TGA analysis allows differentiating between
loosely bound water in several layers at the surface and in the interlayer (< 250 °C) and
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structurally bound water (monolayer on the surface) or hydroxyl groups (weight loss between 250
to 800 °C). Both, the total amount of surface, interlayer and structural water, and the structurally
bound water obtained by TGA analysis for the different samples are plotted in Figure 10b. The
amount of structurally bound water identified from the weight loss by TGA is higher than the
quantity of water in hydroxyl groups quantified by H-NMR (Nied et al., 2016) as the TGA results
include also the water present as a monolayer on the M-S-H surface (for a more detailed
discussion see e.g. Roosz et al. (2016). However, this increase of hydroxyl groups at higher
Mg/Si ratio could be related to the presence of more Q” sites as Nied et al. (2016) found that

hydroxyl groups are associated to Q' and Q? sites and possibly also to magnesium.

The amount of Q, slightly decreased with aging time while Q’, and Q. both increased. These
changes could not be fully resolved, but the increase of Q. sites could be related to the better
ordering of the silica sheet of longer aged samples, as also observed in the XRD data given in
Figure 7b. Although the silica arrangement varies with the Mg/Si ratio in M-S-H, above Mg/Si
=1.2 no further increase of OH/Si was observed and a plateau seems to be reached with QY/Q’ =
1. The ?Si MAS NMR spectrum at Mg/Si= 1.4 is similar to the one at Mg/Si=1.2 consistent with
the comparable magnesium concentrations due to the presence of brucite which buffers pH values

and magnesium concentrations and limits the Mg/Si ratio in M-S-H at 1.2 to 1.3.

A Q%/Q’ equal to 1 would be characteristic for double chain silica (amphibole) (Welch et al.,
1992), such as anthophyllite (Mg,Fe);Sis02(OH), or hornblende
(K,Ca,Na,Fe,Mg),(Mg,Fe,Al)s(Al,S1)sO22(OH),, while phyllosilicates such as talc or antigorite
possess only Q° sites. Thus the presence of a significant fraction of Q? could be explained either
by very small coherent silica regions in M-S-H (Roosz et al., 2015) or alternatively by the

presence of double chain silica such as in anthophyllite or triple chain silica such as in
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jimthompsonite (Mg,Fe*")sSig014(OH), or chesterite (Mg,Fe);7Si200s4(OH)s (Nied et al., 2016;

Welch et al., 1992).
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Figure 10: a) Q2/Q3total from 2°Si MAS NMR as a function of the experimentally determined Mg/Si in M-S-H phases,
after 3 and 12 months at 20°C and after 12 months at 50°C compared to literature data (Nied et al, 2016; Roosz
et al, 2015), b) structurally bound water plus hydroxyl groups of M-S-H, determined from the weight loss
between 270-800°C by TGA, and total H;0, determined from the entire weight loss by TGA, per silica as a function
of the Mg/Si in M-S-H phases.

3.3. Effect of temperature

3.3.1. Solution

Temperature has a significant influence on the kinetics of M-S-H formation and its solubility.
The reaction was faster at higher temperature and the magnesium and silicon concentrations at 50
and 70°C were at equilibrium with M-S-H faster than at 20°C as visible from the silicon
concentrations at 20, 50 and 70°C shown in Figure 11 (and detailed in the Appendix). At low
Mg/Si ratios in M-S-H, where unreacted silica persists, the higher silicon concentrations (from
1.2 to 1.5, to 2.5 and to 3.8 mM at 7°C, 20°C, 50°C and 70°C, respectively) simply relate to the
increase of silica solubility with temperature (Gunnarsson and Arndrsson, 2000). In the presence
of M-S-H without amorphous silica, lower silicon concentrations were observed at higher

temperatures (Figure 11, Appendix).
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Figure 11: Magnesium (light green symbols) and silicon (dark blue, black or red symbols) concentrations as a
function of pH a) at 20°C after 1 year (circles) and 2 years (squares) b) at 50°C after 6 months (circles) and 1

year (squares) c) at 70°C after 3 months (circles) and 1 year (squares). Lines indicate calculated solubility of

amorphous Si0O;, M-S-H and brucite (details in the text in section 3.3). Vertical lines separate the area where i)
silica + M-S-H, ii) M-S-H only and iii) M-S-H + brucite are present.

At high Mg/Si ratio the magnesium concentrations at all temperatures are limited by brucite
solubility as shown in Figure 11. The magnesium concentrations in equilibrium with brucite are
similar at 20°C as at 50°C and 70°C although they are shifted on the pH scale. In the absence of
brucite, however, magnesium concentrations are lower at 70°C than at 50 and 20°C (Figure 11)

and highest at 7°C (Appendix).

A strong influence of temperature was also visible in the relative changes of the magnesium
concentrations as a function of pH and Mg/Si ratio. At 20°C, the magnesium concentrations
decreased with increasing Mg/Si ratio after 6 months and 1 year (Appendix), after 2 years no
trend in the magnesium concentrations was observed for the low Mg/Si samples (Mg/Si= 0.7-

1.0). At 50°C up to 3 months such a decrease was observed, while after 6 and 12 months at 50°C

31



(and after 3 and 12 months at 70°C) a clear increase of magnesium concentrations with Mg/Si
ratio was observed. In fact, one would expect, in the absence of brucite, an increase of the
magnesium concentration with increasing Mg/Si ratio as observed at higher temperature and
longer equilibration times (Figure 11b) and as reported for C-S-H gels (Haas and Nonat, 2015;
L’Hopital et al., 2015). The reason for such a strongly different behavior is not yet fully
understood, but it seems that the samples were near to equilibrium after 1 year at 70 °C. It can be
speculated that the higher measured magnesium concentrations at 20°C and at 50°C than the
calculated concentrations (see Figure 1la and b) indicate that equilibrium has not yet been

completely reached even after 1 year at 50°C or 2 years at 20°C.

3.3.2. Solid phases
Higher temperatures lead to a faster consumption of brucite and amorphous silica as visualized in
Figure 8 and Figure 12. After one month, the samples cured at 50°C still contained brucite, but

significantly less than the samples cured for 3 months at 20°C (Figure 8).

After 3 months at 50°C and 70°C, no brucite was observed at Mg/Si < 1.0 indicating a faster
formation of M-S-H at higher temperature. However, at Mg/Si > 1.2 at 50°C and 70°C some
brucite remained even after 1 year and no or very little decrease of the amount of brucite with
time was observed. The Mg/Si ratio of 1.2 to 1.3 seems to be the higher limit, due to the presence

of brucite.

Figure 12b and Figure 8 indicate that similar amounts of unreacted silica were observed by *’Si
MAS NMR at 20, 50 and 70°C for an initial Mg/Si ratio equal to 0.80 resulting at all

temperatures in a similar minimum Mg/Si ratio of 0.84 + 0.02 (Table 4).
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present after long reaction times.
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3.4. Solubility

3.4.1. Ion activity products of M-S-H as a function of time
Initially, a transitional M-S-H was formed with an experimentally determined Mg/Si ratio in the
range of 0.9 - 1.1 independently of the total Mg/Si ratio. lon activity products ( {Mg2+ }{SiOgO
V{OH™ }{H,0}"®) corresponding to MgSiO4¢Hs, were calculated with GEMS (Kulik et al.,
2013) for samples with Mg/Si= 0.9, 1.0, 1.1 (bold values in the Appendix) for all investigated
equilibration times. A decrease of ion activity products with time was clearly observed indicating
the formation of a more stable M-S-H. Between 6 months and 1 year at 50°C no further decrease
in the calculated solubility products with time was found. The values obtained at 50 and 70°C

after 1 year are slightly higher than the ion activity product obtained at 20°C after 2 years.

3.4.2. Solubility products of M-S-H
At later ages (2 years at 20°C, 1 year at 50 and 70°C) where better defined and distinct M-S-H
compositions were present, two separate solubility products for high and low Mg/Si in M-S-H
were calculated. Nied et al. (2016) developed a solid solution model for M-S-H using two end
members M3S4Hs and M3S;Hs representing Mg/Si ratios of 0.75 and 1.5. The present more
detailed investigations show a minimum Mg/Si ratio of ~ 0.8 and a maximum Mg/Si ratio of 1.3,
thus Mg/Si ratios of 0.78 and of 1.30 were selected as end-members. The solubility products of

these end-members are summarized in Table 5.

For low Mg/Si ratio (0.7-1.0) the solubility products of M-S-H phases (Mgy.78S110426H2.96 <
0.78Mg”" + Si0,’ + 1.560H" + 0.7H,0) were calculated based only on samples where both M-S-
H and silica were present. The averages of these solubility products are listed in Table 5, and the
resulting solubility products show a clear decrease with time and slight increase with temperature

as shown in Figure 13. Similarly, for samples where M-S-H and brucite were both present (see
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the Appendix), the solubility products for M-S-H phases with Mg/Si=1.30 were calculated
accordingly: Mg, 381,05 1Hz < 1.3Mg>" + Si0,” + 2.60H" + 0.5H,0 and their average values
are given in Table 5. As at lower Mg/Si, the solubility products decrease with time and increase
slightly with temperature. The calculated ion activities for the dissolution of crystalline talc and

antigorite (Table 5) are lower than the calculated solubility products of M-S-H samples.

Finally, the heat capacity of the two end-members presented in Table 6 was estimated from the
heat capacities of talc, antigorite and chrysotile as given in (Holland and Powell, 1998) and water

content, assuming A,.C, =~ 0. The entropy given in Table 6 was adapted to fit the increase of the

solubility with the temperature as shown in Figure 13.

Table 5: Calculated solubility products of My zsSHi4s ({Mg” )" "*{SiO."}fOH }'*°{H,0}") and of Mgi.30SiH1s0
(ItMg*" ) {8i0," ) OH }*°{H,0}"), data averaged from bold values in Appendix.

Log Ksg £ 0.5
IVIO.78SH1.48
1 month 3 months 6 months 1 year 2 years
7C -14.8*
20C -13.0 -14.1 -14.5 -14.8
50C -13.4 -13.5 -13.9 -13.9
70C -13.4 -13.6
Log Kso £ 0.5
M‘I.3OSH1.60
1 month 3 months 6 months 1 year 2 years
7C -22.6*
20T -18.2 -18.3 -21.2 -21.6
50C -19.6 -19.1 -20.4 -20.6
70C -19.8 -20.2

* Approximate value after 18 months from undersaturation, equilibrium might not yet have been reached

Table 6: Tentative thermodynamic properties of the end-members My.7sSH1.4s and M1.30SH1.60 at the standard
conditions (25°C and 1atm). Log Ko designates the solubility product with respect to Mg?+, SiO;, OH- and H0, AfGY
Gibbs free energy of formation, AH? enthalpy of formation; S° entropy; C°, heat capacity (COp=a+bT+cT-2+dT-1/?).
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Log Kq AG® AH° S°? (o
KJ/mol J/K/mol J/K/mol
Mo78SH1.48 -14.59 + 0.50 -1682.2 £ 29 -1846.7 £ 124 123%+ 30 176 + 30
M1.30SH180 -21.44 + 0.50 -2073.5 £ 29 -22704 + 11.8 119%+ 30 218 + 30

a entropy values fitted to describe the solubility as a function of the temperature. For A,S° = 0, 153 and 189
J/K/mol would be obtained from the thermodynamic data of talc, chrysotile and antigorite (Holland and Powell,

1998).

bC°p(Mo.78SH1.48) calculated from 96% talc, 2% chrysotile and 2% antigorite given in Holland and Powell (1998)
and adjusted for the water content; C°p(M1.30SH1.60) calculated from 40% talc, 30% chrysotile and 30% antigorite
given in Holland and Powell (1998) and adjusted for the water content
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Figure 13: Changes of the solubility product as a function of temperature. Triangle and diamonds indicate the
average of the experimental data given in Table 5, squares and circles the data from Nied et al. (2016) after 1
year and from Nied et al. (2011) after 3 months. The lines indicate the solubility calculated from the

thermodynamic data in Table 6.
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4. Conclusions

The formation of M-S-H from MgO and SiO, is a slow process which continues at least up to 2
years at 20°C and possibly longer. During the first day, the fast dissolution of MgO and the
precipitation of brucite and of a small amount of M-S-H was observed. Silica fume dissolved
more slowly. However, after one week and longer the solutions were equilibrated with respect to
amorphous silica. Although brucite presence persisted at all Mg/Si ratio up to 3 months, the
solutions were undersaturated with respect to brucite after 2 days indicating that the dissolution
of brucite is the rate limiting step for the formation of M-S-H. It can be speculated that the

presence of silicon in solution is responsible for the observed slow brucite dissolution.

In presence of both, silica and brucite, initially a transitional M-S-H phases with a Mg/Si ratio of
0.9-1.1 is formed, independently of the total Mg/Si ratio in the sample. The formation of such an
initial M-S-H with Mg/Si =1 in presence of amorphous silica and brucite is consistent with
literature data on the properties of M-S-H after short equilibration times where generally only the
formation of M-S-H with a Mg/Si ratio of approximately 1 is reported (Brew and Glasser, 2005a;
Brew and Glasser, 2005b; d'Espinose de Lacaillerie et al., 1995; Li et al., 2014; Szczerba et al.,
2013; Zhang et al., 2011). Only in a few studies where longer equilibration times had been
monitored, a wider range of Mg/Si ratio was observed (Kalousek and Mui, 1954; Nied et al.,
2016; Roosz et al., 2015), consistent with the present study where a broader range of Mg/Si ratio
from 0.8 to 1.3 in the solid was observed after longer storage and slightly different structures

started to evolve depending on the initial Mg/Si ratio.

The M-S-H phases formed undergo a slow ripening process resulting in less soluble M-S-H after
longer equilibration times. At 50 and 70°C the M-S-H formation occurred faster, but a similar

gel-like structure of M-S-H and a comparable range of Mg/Si ratio were observed at 20°C. The
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calculated solubilities of M-S-H are similar range to those reported in a previous study (Nied et
al., 2016) and comparable to the solubility of crystalline magnesium silicate hydrates such as talc
or antigorite investigated in this study or to talc and antigorite/chrysotile as reported in the
literature (Helgeson, 1978; Holland and Powell, 1998; Melekhova et al., 2006; Tardy and

Duplay, 1992) and as shown in Figure 14.
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Figure 14: Evolution of the solubility product at 25°C as a function of the initial Mg/Si (with Si = 1), triangles and
diamonds correspond to the experimental data presented in the Appendix and the Table 6, while others are
adapted from literature (Helgeson, 1978; Holland and Powell, 1998; Melekhova et al, 2006; Nied et al, 2016;
Tardy and Duplay, 1992) for comparison.
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Appendix

Appendix: Summary of the experimentally determined Mg/Si molar ratios, presence of brucite and/or silica fume,
pH values, measured dissolved concentrations in the solutions in equilibrium with the synthesized M-S-H samples
and calculated ion activity products of M-S-H with Mg/Si=0.78, 1.00 and 1.30.

Log Ko
equilibration initial ) . a unreacted pH [Mg] [Si]
temp time Mg/Si Mg/Si brucite silica® (20°C) mM mM Mo7sSH14s8  MSH160 Mi.30SH1.0
Undersaturation
7°C 1.5 Years 0.8 n.d. X 8.6 114 1.19 -14.8 -13.9 -22.7
1.2 n.d. X 9.7 135 0.003 -15.8 -144 -22.6

Oversaturation

20°C 3 months 0.8 0.81 X X 9.6 0.28 1.54 -13.6 -16.6 -20.7
0.9 n.d. X X 9.3 0.26 153 -13.1 -15.9 -19.8

1.0 n.d. X X 9.5 0.20 1.51 -12.7 -15.4 -19.0

11 n.d. X X 9.5 0.18 1.52 -12.5 -15.0 -18.4

1.2 n.d. X X 9.4 0.13 1.52 -12.5 -15.1 -18.5

13 n.d. X X 9.5 0.26 1.29 -12.3 -14.7 -18.0

14 1.09 X X 9.3 0.21 114 -12.5 -14.9 -18.1

6 months 0.8 n.d. X 9.1 0.32 1.24 -14.5 -17.6 -22.1
0.9 n.d. X 9.5 0.34 0.20 -13.7 -16.4 -20.4

1.0 1.00°¢ X 10.0 0.26 0.06 -13.6 -16.0 -19.5

11 1.03¢ X 10.5 0.29 0.05 -13.0 -15.0 -18.1

1.2 1.14°¢ X 10.6 0.21 0.011 -13.5 -15.5 -18.7

13 117°¢ X 10.7 0.17 0.013 -134 -15.5 -18.6

14 1.20°¢ X 10.7 0.03 0.42 -12.3 -14.4 -17.6

1 Year 0.8 0.84 X 8.5 0.33 1.36 -14.5 -17.8 -22.3
0.9 n.d. X 8.7 0.32 0.66 -14.6 -17.8 -22.2

1.0 1.00 9.3 0.26 0.07 -14.6 -17.6 -21.5

11 1.10°¢ 9.9 0.13 0.02 -14.8 -17.5 -21.2
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12 119 X 103 0.10 0.004 -15.2 -17.8 -21.3

13 1.17°¢ X 104 0.10 0.003 -15.2 -17.8 -21.2

14 1.25 X 104 0.13 0.004 -15.0 -17.6 -21.0

2 Years 0.7 n.d. X 8.2 0.37 147 -14.9 -18.2 -229
0.8 0.83 X 8.3 0.38 144 -14.7 -18 -22.5

0.9 n.d. X 8.6 0.40 0.34 -14.9 -18.1 -22.5

1.0 1.00 9.2 0.35 0.06 -14.9 -17.9 -219

11 1.10°¢ 9.8 0.15 0.008 -15.2 -18.0 -21.8

12 1.20 10.0 0.13 0.008 -15.0 -17.7 -214

13 1.28°¢ X 103 0.09 0.003 -15.3 -17.9 -21.4

14 1.29°¢ X 103 0.12 0.001 -15.7 -18.3 -21.8

50°C 1 month 0.7 n.d. X X 8.6 0.21 2.03 -13.5 -16.5 -20.7
0.8 n.d. X X 8.6 0.22 2.03 -13.4 -16.4 -20.5

0.9 n.d. X X 8.7 0.21 2.15 -133 -16.3 -20.4

1.0 n.d. X X 8.8 0.25 1.89 -13.2 -16.2 -20.2

11 n.d. X X 8.9 0.22 177 -13.2 -16.1 -20.1

12 1.05¢ X 101 0.20 0.03 -13.7 -16.2 -19.7

13 1.18°¢ X 9.6 0.23 0.34 -131 -15.8 -19.5

14 1.18°¢ X 10.0 0.26 0.18 -13.0 -15.5 -19.0

3 months 0.7 n.d. X 85 0.21 2.93 -13.5 -16.6 -19.5
0.8 n.d. X 8.6 0.22 2.81 -13.4 -16.4 -19.3

0.9 n.d. X 8.6 0.25 157 -13.6 -16.6 -19.5

1.0 n.d. X X 9.1 0.22 0.48 -13.5 -16.4 -19.0

11 1.08°¢ X 9.7 0.26 0.03 -14.0 -16.6 -18.9

12 1.15°¢ X 9.7 0.21 0.03 -14.1 -16.8 -19.1

13 1.20°¢ X 9.8 0.19 0.01 -14.4 -17.0 -19.2

14 1.26¢ X 9.9 0.19 0.02 -14.1 -16.7 -18.9

6 months 0.7 n.d. X 8.0 0.12 2.57 -13.9 -17.1 -214
0.8 n.d. X 83 0.09 2.50 -13.9 -17.1 -214

0.9 n.d. X 8.3 0.16 181 -13.8 -16.9 -21.2

1.0 n.d. X 8.6 0.29 0.51 -13.9 -16.9 -20.9

11 1.09° X 9.5 0.31 0.02 -14.2 -16.8 -20.4

12 1.17¢ X 9.6 0.33 0.01 -14.4 -17.0 -20.5

13 1.24°¢ X 9.8 0.32 0.01 -14.4 -16.9 -20.4

14 1.30°¢ X 9.9 0.35 0.004 -14.5 -17.0 -20.4

1 Year 0.7 n.d. X 8.3 0.1 2.51 -13.9 -17.1 -214
0.8 0.85 X 83 0.1 2.57 -13.9 -17.1 -214

0.9 n.d. X 8.5 0.14 138 -13.9 -17.0 -21.2

1.0 1.00 8.7 0.35 0.27 -13.9 -16.8 -20.8

11 1.10°¢ 9.3 0.43 0.04 -14.1 -16.9 -20.6

12 1.20 X 9.9 0.19 0.006 -14.5 -17.1 -20.5

13 1.25°¢ X 101 0.17 0.002 -14.8 -17.3 -20.7

14 1.28 X 10.2 0.15 0.002 -14.8 -17.3 -20.7
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70°C 3 months 0.7 n.d. X 85 0.05 3.76 -13.3 -16.4 -20.5
0.8 n.d. X 8.7 0.03 3.70 -13.4 -16.4 -20.6
0.9 n.d. X 84 0.04 377 -13.6 -16.8 211
1.0 n.d. X X 9.0 0.03 1.62 -13.3 -16.3 -20.3
11 1.14¢ X 95 0.04 033 -12.9 -15.7 -19.6
12 117°¢ X 9.6 0.06 0.227 -133 -16.1 -19.7
13 1.20¢ X 10.0 0.07 0.047 -137 -16.2 -19.8
14 1.24° X 103 0.09 0.011 -14.0 -16.5 -19.9
1 Year 0.7 n.d. X 83 0.05 311 -13.6 -16.7 -21.0
0.8 0.86 X 83 0.05 3.12 -13.5 -16.6 -20.8
0.9 n.d. X 84 0.07 2.28 -13.5 -16.5 -20.7
1.0 1.00 X 8.9 0.06 0.51 -13.7 -16.6 -20.6
11 110°¢ 9.2 0.29 0.05 -13.8 -16.5 -20.1
12 1.20 9.8 0.28 0.014 -13.9 -16.4 -19.8
13 125°¢ 10.0 0.24 0.004 -143 -16.8 -20.1
14 1.30 X 10.1 0.25 0.003 -14.4 -16.8 -20.2
Undersaturation
20°C 1 Year 0.75 talc 8.6 0.16 035 -15¢ - -
15 antigorite 8.2 0.18 0.13 - -23¢

aX= observed by TGA and XRD, "X= observed by FT-IR and/or 2°Si MAS NMR (amount quantified is detailed in
Figure 8 and Figure 12)

¢ = unreacted silica negligible as [Si] < 0.3mM, n.d.= unreacted silica not determined

Mg/Si in bold correspond to experimentally determined ratios (amorphous silica has been quantified by
298i MAS NMR)

Calculated ion activity products in bold correspond to the values used for the averaged values in Table 5,
values in grey correspond to samples dominated by transitional M-S-H and are given for comparison only

n.d.= not determined

dSynthetic talc (Alfa Aesar) log Kso(M3S.Hz)=-58.0; natural antigorite (from Binntal) log Kso(M3S:H2)=-51.8
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Highlights:

M-S-H forms very slowly from SiO, and MgO

A “transitional” M-S-H with a Mg/Si ratio of ~ 1 is formed at early age
Mg/Si ratio in M-S-H is between 0.8 and 1.3

Solubility of M-S-H can be described with a solid-solution model
Similar solubility of M-S-H, talc and antigorite





