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The ThermoChimie database was first developed in 1995 by Andra, the French national radioactive
waste management agency. They have since been joined by Radioactive Waste Management
(RWM) from the UK, and ONDRAF/NIRAS from Belgium.

ThermoChimie provides an accurate and consistent set of data specifically chosen for use in
modelling the behaviour of radionuclides in waste packages, engineered barriers, and both the near
surface and deep geosphere. The database can be used to model the speciation and solubility of a
wide range of stable and radioactive elements, organics, and solid phases including cements, clay
minerals and degradation products (such as zeolites). The database is suitable for use within the
range of conditions expected in both near-surface and geological disposal facilities: pH 6-14, ionic
strength up to SIT, Eh within the stability fields of water, and temperatures from 15 to 80°C.

ThermoChimie is intended for use across the radioactive waste management community, to
support repository performance assessment, research and development activities and decision
making. To maximise their utility the data are therefore provided in formats suitable for use
with common geochemical modelling codes. The database can be viewed and downloaded
from the project website: hitps://www.thermochimie-tdb.com/, where additional information
and supporting documents are also available.

In the context of waste confinement and, more specifically, waste from the nuclear industry,
concrete is used both as a confinement and a building material. High-level long lived radwaste and
some of the intermediate level wastes are exothermic (e.g. compacted hulls and endspecies) and
then, temperature exposure of concrete backfill and packages must be considered. The present
work aims at presenting the solubility constants of the minerals that compose cement pastes,
based on the selection published by Blanc et al. (2010a) and Blanc et al. (2010b), consistently with
the selection of aqueous species realized for the Thermochimie data base (Giffaut et al., 2014).
Data selection takes into consideration a range of temperatures from 10 to 100°C. This implies to
focus the selection not only on the equilibrium constants at 25°C but also on the enthalpy of
formation and the heat capacity of each mineral. The chemical system investigated is a complex
one, CaO-Si02-Al203-Mg0O-Fe203-C0O2-S0O3-CI-H20. The selection includes crystalline and
nanocrystalline gel-phases C-S-H phases (CaO-Si02-H20 system, Blanc et al. (2010a)) and
accessory minerals such as AFm (alumina, ferric oxide, monosulfate) Aft (alumina, ferric oxide, tri-
sulfate) phases, for example, from the CaO-Al203-MgO-Fe203-C0O2-SO3-CI-H20 system (Blanc
et al., 2010b).
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1. Selection guidelines

The selection for thermodynamic properties of cementitious minerals is carried out according
to the following guidelines :

to avoid fitting LogK(T) functions, as well as averaging equilibrium constants. The aim
is to avoid producing some new and perhaps confusing data ;

when available, to favor calorimetric measurements and to compare the resulting
LogK(T) functions with experimental solubilities in order to get an assessment involving
different experimental technics ;

to select solution equilibria experiments based on the assessment of the
electroneutrality balance, the duration of the experiment and the experimental protocol
used by the authors ;

to extract equilibrium constants from solution equilibria using the Thermochimie
database aqueous species ;

to verify systematically the selection by drawing activity diagrams involving the minerals
of interest in the chemical sub systems of concern.

The primary species for expressing equilibria in aqueous solutions are Al*™**, Ca*™*, HsSiOs,
Ca**, Mg**, Fe***, COs™, CI, SO4~, H.O and H*. The convention used to define the standard
state of the compounds in the present work, is that proposed by Helgeson et al. (1981).
Mineral/solution equilibria are calculated using the PHREEQC (Parkhurst and Appelo, 1999)
and the GWB software (Bethke, 2004). The activity coefficient model used is extended Debye-
Huckel (Helgeson, 1969).

In addition, we have adopted a convention for chemical notation specific to the cementitious
materials (Taylor, 1997), to designate chemical compositions of minerals:

C= CaO; S= SiOz; A= A|203, M= MgO, F= Fe203 and H = Hzo.



2. The Ca0-SiO02-H20 system

C-S-H are the mineral phases that provide to the cement the main part of its hydraulic binder
properties. They are formed by hydration of the C3S and C2S phases or during pozzolanic
reactions. Crystalline C-S-H appear with high temperatures, enhancing crystallization (Atkins
et al., 1994). At lower, room temperature, the polymerization of tetrahedral SiO; is less efficient
and C-S-H with a poorer polymerization precipitate, initially as dimers then pentamers (Chen
et al., 2004; Thomas et al., 2003), and silicate chain with higher lengths as polymerization goes
on.

2.1. CRYSTALLINE PHASES

From Richardson (2008) review, the crystalline C-S-H belong to various mineralogical groups
like the tobermorite, jennite or gyrolite groups. The interest lies in the possible transition
between amorphous to crystalline C-S-H, especially with increasing the temperature and/or
the reaction time, which could induce modifications, especially in the Ca and Si dissolved
concentrations.

2.1.1. Field observations

Field observations can be of use in order to precise phase relations among crystalline C-S-H
phases. In that case, the equilibration time may correspond to hundreds of thousands of years
while, in most cases, equilibration experiments may last for weeks or months, at best. It may
consequently be assumed that the minerals observed in natural contexts have reached the
most stable thermodynamic equilibrium state.

This would be the case for jennite (CasSisO16(OH)10:6(H20) and tobermorite
(CasSisO16.5(0OH):5H20) (Smellie, 2000), observed as fracture infilling on several samples from
the Maqarin site (Jordan). This would also be the case for jennite and afwillite (CazSi2O4(OH)s),
which appear as fracture infilling in the Fuka skarn zone (Okayama prefecture, Japan, Kusachi
et al. 1989). In this latter case, jennite seems to have precipitated at lower temperature,
probably from the alteration of afwillite. Moreover, gyrolite (Ca.SizO75(OH):2H.0) and okenite
(CaSi20s5.2H20) are usually found associated with low temperature zeolites like apophyllite
(Sukheswala et al., 1974), itself related to chabazite (Keith and Staples, 1985). Chabazite
precipitates at temperatures ranging between 0 and 135°C, according to Rangon (1985).
These observations would restrain gyrolite and okenite to low temperature domains. Xonotlite
(CasSisO17(OH),) is observed associated with natrolite (Rogers et al., 2006). According to
Rancon (1985), this would imply a temperature of formation ranging between 100 to 250°C.
Similarly, Bargar et al. (1987) have identified truscottite (CarSii2029(OH)4.H20) related to
laumontite, which requires a higher formation temperature between 180 and 300°C (Rangon,
1985). Concerning Hillebrandite (CazSiO3(0OH)2:0.17H20) and foshagite
(CasSiz0g(OH)2:0.5H,0), these minerals have been observed in natural samples of the
Bushveld skarn formation by Buick et al. (2000). Jaffeite (Cas(Si-O7)(OH)e) has finally been
determined in some Namibian samples by Sarp and Peacor (1989). In conclusion, we can
consider as thermodynamically stable the following minerals: jaffeite, hillebrandite, afwillite,
jennite, xonotlite, foshagite, tobermorite, gyrolite and okenite. Among these, afwillite, jennite,
gyrolite and okenite should be restricted to low temperature domains.



2.1.2. Available thermodynamic data

Among the few calorimetric data available for crystalline C-S-H, Newman (1956) have
measured the enthalpies of formation of hillebrandite, xonotlite and foshagite (34.7, 94.6 and
92.6 kcal/mol, respectively), from the constituent oxides. For tobermorite 11A, Savage et al.
(2007) collected the enthalpies of formation available throughout the literature. These authors
report 3 measured values from Taylor (1968) with a mean discrepancy of 70 kJ/mol with
respect to Babushkin et al. (1985) estimates. On the other hand, with respect to the
measurements carried out by Zuern and Fehr (2000), the discrepancy was 3.5 kJ/mol only.
We have selected the value provided by Zuern and Fehr (2000).

2.1.3. Refinement of the phase diagram for crystalline C-S-H

Phase transitions have been refined by using constraints issued from a bibliographic review
that provides transition temperatures for several mineral assemblages (Blanc et al., 2010a). In
addition, we have calculated a linear relation between Babushkin et al. (1985) estimates for
S°er7r and Cp(298 K): Cp(298 K) = 1.15 * S°:1r - 28.39, where R? = 0.993. Finally, we have
completed the thermodynamic datasets with the enthalpies of formation previously selected
for tobermorite-11A, hillebrandite, xonotlite and foshagite.

The thermodynamic properties calculated for crystalline C-S-H are given in Table 1, and the
resulting phase relations are displayed on Figure 1. The latter indicates that the stable phases
at 25°C are jennite, tobermorite-14A, hillebrandite and gyrolite. As temperature increases,
gyrolite and hillebrandite remain stable and afwillite, tobermorite-11A then xonotlite appear
successively. It is interesting to verify that jennite can actually be among the
thermodynamically stable phases in the low temperature part of the CaO-SiO,-H,O system.
This point was not obvious before this calculation since our only temperature constraint for
jennite consists in an inequality. On the other hand, foshagite disappears from the stable
minerals. It is possible that 170°C for the afwillite-hillebrandite-foshagite assemblage is a
somewhat low temperature; Speakman (1968), for example, have synthetized foshagite only
for temperatures higher then 259°C. A part from this case, the refinement comes to a close
agreement with constraints extracted from the literature (Blanc et al., 2010a).



T T

200

150 -

100 -

Temperature (°C)

Xonotlite

N

T \ T

Gyrolite

Hillebrandite

\ AfW||||te

Tobermorite-11A

Tobermorite-14A

AN
\ N

Portlandite

Log(aca++)-2log(an+)

Figure 1 - Phase diagram in the CaO-SiO,-H20 system, thermodynamic properties refined in
this work

Table 1 - Thermodynamic properties of C-S-H phases, selected or calculated in this work

Name Formuia Logkise) | (G | A | Fue | e | amtmo
Crystalline C-S-H
gyrolite Ca,Si:07.5(0H):2H,0 22.34° 455006 | -4917.99° | 30932 | 32504° | 137.34°
xonotlite CaSis0:7(OH), 91.340 046512 | -10022.15° | 57374 | 628.64° | 256.90°
tobermorite-14A | CasSieO1s5(OH):10H,0 62.94° 1109012 | -12175.15° | 87457 | 97353 | 351.30°
tobermorite-11A | CasSisO1s5(OH):5H,0 65.580 088925 | -10680.92° | 69255 | 764.91° | 286.19°
foshagite Ca4Sis0s(OH),:0.5H,0 65.96° 564383 | -603243° | 29507 | 309.38° | 160.66°
jennite Ca,Sic015(OH)10:6(H20) 147.330 1388677 | -15180.04° | 83925 | 933.21> | 456.40°
afwillte CaSiz04(OH)s 49.420 446006 | -485382° | 289.70 | 30355° | 129.53¢
hillebrandite Ca,Si05(OH)5:0.17H,0 36.95° 248195 | -2662.48> | 17971 | 177.46° | 72.58°
truscottite CaSi1y026(0OH)e.H,0 77.08 15280.40° | -16854.62¢ | 927.68 | 1034.10° | 478.73¢
okenite CaSi,0s2H,0 9.18 288172¢ | -3135.70¢ | 20852 | 21007 | 94.77°
CoSH, Ca(HSi04)(OH) 35.54 2449129 | 2634920 | 12238 | 111.88 | 71.12°
jaffeite Ca(Si,07)(OH)s 114.06 .6460.049 | 6972779 | 32619 | 344900 | 174.38°
Nanocrystalline C-S-H
C-S-H1.6 Car6Si0s6:2.58H;0 (12.%72&) 28.00° | -2550.86 | -2819.79° | 15442 | 190.10° | 84.68°
C-S-H1.2 Ca15Si05:2.06H;0 19300 | -2161.23 | -2384.34¢ | 129.14 | 16243 | 71.95°
C-S-HO.8 CaosSiOss:1.54H,0 (01_;'328;) 11.05° | -1769.03 | -194513, | 107.85 | 138.38 | 59.20¢

(a) Lothenbach et al. (2008); (b) Crystalline C-S-H phase diagram refinement; (c) nanocrystalline C-S-H solubility refinement; (d)
calculated with the polyhedral model; (e) literature review detailed in Blanc et al (2010a).

When no letter is associated, the numbers are internally calculated (e.g. gyrolite entropy is obtained by using its LogKzges and its

AH% 565).



2.2. NANOCRYSTALLINE C-S-H PHASES

Nanocrystalline C-S-H (CaO-SiO.-H,0) hydrates represent about or more than 50% in weight
of a cement paste, hydrated at ambient temperature. C-S-H is responsible for most of the
hydraulic binding capacity of the material. It is formed after hydration of C3S and C.S primary
phases or during pozzolanic reactions with free lime (Taylor, 1997). Macroscopically, it
consists in a gel-like material, infilling the pore structure of the cement paste. The particles are
sub-micron sized and their morphology may depend on the space available in the pore
structure and on the initial composition of the paste (Richardson, 1999). C-S-H degree of
polymerization depends on the chemical media, ageing time and temperature (Taylor, 1997).
Structural models have been developed in order to account, in the structural formula, for the
degree of polymerization, the degree of hydration and the composition variation.

Calcium silicate hydrates are composed by SiO4* tetrahedra, organized in polymerized chains,
which are connected by a layer built up by sevenfold coordinated calcium cations (Merlino et
al., 2001) and Ca?* cations and H>O molecules in interlayer sites (Cong and Kirkpatrick, 1996).
The structure is closely related to that of tobermorite 14A (Richardson, 2014), although
undergoing structural defects, e.g. variable degree of polymerization for the silicate chains.

2.2.1. Solubility

Since the early attempts by Glasser et al. (1987), Berner (1988), Atkinson et al. (1989), various
models have been proposed to describe C-S-H solubility. Some of them have been the subject
of extended reviews by (Benbow et al., 2007; Clodic and Meike, 1997; Soler, 2007). Among
the models, some authors have considered a continuous variation of the equilibrium constant
while composition is modified (Berner, 1988). This is especially the case for solid solution
models (Kulik, 2011; Myers et al., 2015; Walker et al., 2007), including the recent development
by Walker et al. (2016). Other models prefer to rely on fixed compositions (Blanc et al., 2010a;
Nonat, 2004; Stronach and Glasser, 1997) especially since those are easy to integrate into
geochemical codes. The drawback is that it will display a scaled evolution of the total dissolved
Ca or Si (Blanc et al., 2010a) vs solid composition.

In order to estimate the composition and the solubility of three C-S-H phases, we have
collected a experimental datasets providing the composition of the solution equilibrated with
C-S-H. The collected data are displayed in Figure 2. From these data, Blanc et al. (2010a)
have calculated the Ca/Si ratio for three different C-S-H phases: C/S=1.6+0.10; 1.2+ 0.18
and 0.8 £ 0.16. The two latter values are close to the values retained by Stronach and Glasser
(1997) and Courault (2000). Then, solubilities are fitted through a least-squared process for
the 4 phases (3 C-S-H and portlandite), leading to the following LogK(298 K) values:

- C-S-H1.6: LogK(298 K) = 28.00

- C-S-H1.2: LogK(298 K) = 19.30

- C-S-H0.8: LogK(298 K) = 11.05

- Portlandite : LogK(298 K) = 22.81

The latter value is identical to the 22.81+0.4 value provided by Reardon (1990) and Glasser et
al. (2001). It is also close to the value of 22.80 found by Hummel et al. (2002) and Nordstrom
et al. (1990). Figure 2 compares the results obtained with respect to experimental data. In
addition, we could calculate that an ideal solid solution based on C-S-H0.8 and 1.6 end
members would provide an interesting alternative, avoiding the scaled pattern due to the fixed
compositions.
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Figure 2 - Relation between C/S in C-S-H and dissolved calcium concentration, according to
different authors

2.2.2. Polyhedral model

Direct measurements are lacking in the literature for the enthalpy of formation and the heat
capacities of nanocrystalline C-S-H. Values determined by (Roosz et al., 2018) can not be
used directly because their compositions are different from the compositions determined by
Blanc et al. (2010a). In addition, the thermodynamic properties of some important phases such
as okenite, jaffeite or truscottite remain unknown. It is possible to estimate these properties by
using different methods such as the polyhedral decomposition method developed by Robinson
and Haas (1983), Chermak and Rimstidt (1989) and La Iglesia and Félix (1994). This approach
can be applied to each thermodynamic property of the minerals, as shown by La Iglesia and
Felix (1994). Following La lIglesia and Felix (1994), we have developed a polyhedral
decomposition model in order to calculate the AG% 295, AH% 295, Cp°208 and V° of C-S-H. We
have considered a constant Cp°(T) function with temperature, for sake of precision and
simplicity. More details on this development are given in Blanc et al. (2010a).

2.2.3. Verification

The values estimated for AH%; 1. of nanocrystalline C-S-H may be evaluated by comparison
with experimental works. Glasser et al. (1999) and Glasser et al. (2001) have carried out a
large investigation of mineral solubilities in cementitious media. They have namely measured
the solubility of four nanocrystalline C-S-H (Ca/Si=1.8, 1.4, 1.1 and 0.85), at three different
temperatures (25, 55 and 85°C). We have calculated the solubility constants of these phases



and enthalpies of reaction could then be deduced from a 1/T plot and the Van't Hoff relation.
The values are reported on Figure 3, together with the reaction enthalpies derived by Courault
(2000), from equilibrium experiments carried out at 25 and 85°C, with two C-S-H (Ca/Si=0.8
and 1.1). The figure allows a positive comparison between these experimental values and the
estimates calculated using the polyhedral decomposition model.

Finally, it is possible to assess the proposed model by plotting a Ca0O-SiO»-H,O phase
diagram, as a function of temperature, including phases for which the entire set of
thermodynamic properties have been estimated with the polyhedral model (truscottite, jaffeite,
C2SH and okenite). The diagram is displayed on Figure 4, with similar features than Figure 1,
except for the additional phases. Their presence implies new phase relations which have been
successfully compared with field observations by Blanc et al. (2010a).

It is interesting to note that in Figure 4, nanocrystalline C-S-H1.6, 1.2 or 0.8 do not display a
stability domain;. this is consistent with phase relations between nanocrystalline and crystalline
polymorphs (Blanc et al., 2010a).
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C-S-H.

Figure 3 - Enthalpy of reaction of nanocrystalline and crystalline C—S—H, as a function of the
Ca/Si ratio



\ T \T IR T T T T ; ; , ‘ : ‘
Xonotlite ) '
200 + \ Hillebrandite |
Truscottite
Portlandite
B \ |
1907 \ Jaffeite 7
8 C2SH,q,
% \ Tobermorite-11A
q) 3\
% 100 ¢ Gyrolite —
|_
- Afwillite |
50 | \ |
j Jennite
B Quartz ' |
Okenite Tobermorite-14A
0 | | I I | | | \ ! | | | | )

10 12 14 16 18 20 22 24
Log(aca++)-2log(a)

Figure 4 - Phase diagram in the CaO-SiO»—H»0 system, adding phases whose
thermodynamic properties are estimated in this work (truscottite, jaffeite, C2SH and okenite)



3. Cement phases other than C-S-H

In order to complete the mineral set for cement minerals, it is necessary to define the solubility
constants of the mineral phases, other than C-S-H, that constitute cement pastes or which
could be produced during the degradation processes. Because the selection is not only
focused on solubility at room temperature, it had been extended to the enthalpy of formation
and to the heat capacity, for all the minerals of interest.

The present selection is based on the collection published by Blanc et al. (2010b), which is
consistent with the aqueous species selected for the Thermochimie database (Giffaut et al.,
2014).

3.1.1. Methods and concepts

Globally, the selection follows the guidelines previously reported. In addition, the selection of
the cement phases (other than C-S-H) is carried out following two different steps, following a
method similar for all of the different mineral types:

- Step 1: Thermodynamic properties are first selected or extracted for each single phase
- Step 2: Phase relations are investigating for different chemical systems through
predominance diagrams, in a way to assess the consistency of our selection.

As an illustration, the following sections provide the details of the selection for the mineral
ettringite CasAl2(SO4)3(OH)12:26H.0. The properties gathered for the other phases are then
reported into a single table, with specific comments when required. Full details for the selection
of their thermodynamic properties are given in Blanc et al. (2010b).

3.2. EXAMPLE: THE CASE OF ETTRINGITE CAsAL2(S0O4)3(OH)12:26H20

The phases belonging to the sub-system Ca0O-Al,03-SO3-H,0 (ettringite, monosulfoaluminate,
C4AH13 and C3AH6) have been intensively studied namely because the precipitation of
secondary ettringite (CasAi2(S04)3(OH)12:26H20) can be responsible for swelling in concrete,
leading to fractures, degradation and finally to a loss in compressive strength.

The selection of the thermodynamic properties of ettringite is first based on the calorimetric
measurements available in the literature. We have also taken into account the results obtained
by equilibrating minerals phases with agueous solutions. In that regard, we have selected from
the literature only the aqueous solution compositions which displayed an ionic charge balance
discrepancy < 5%. According to Myneni et al. (1998), higher discrepancies may arise from
different issues in the experiments i.e.: (1) kinetic factors that delay the establishment of
equilibrium, (2) the compositions of the synthetic phases, which can deviate from theoretical
compositions or even include the presence of impurities (3) carbonation of the system. This
latter point corresponds to a particular case of “pollution” of the theoretical chemical system by
foreign elements. This situation is not surprising in cementitious systems in so far as aqueous
solutions are systematically alkaline and strongly basic. The other main criteria retained for
this selection are the duration and the reversibility of the experiments considered. The three
criteria, electroneutrality, duration and reversibility constitute our main selection criteria.



To date, a lot of papers had been published about the solubility of ettringite. The experimental
studies finally retained in accordance with the selection criteria are listed in Table 2. The
constants are calculated after the following reaction:

Ca,AL(SO,),(OH),, : 26H,0 +12H" = 6Ca** + 2AI""* + 380, +38H,0

Table 2 also shows the values of the equilibrium constants extracted from the experimental
works, by adjusting the pH value for sake of electroneutrality. The difference with the values
calculated from raw aqueous compositions gives an indication about the quality of both the
experimental process and the analyses performed. Based on Table 2, we have selected the
experimental constant calculated using Warren and Reardon (1994) experimental results, i.e.
LogK = 56.97 £ 0.50. In that case, LogK values obtained by adjusting or not pH are identical.
Furthermore, equilibrium is reached both from under-saturation and from over-saturation.

3.2.1. Calorimetric data

Globally, few calorimetric measurements have been acquired to date, for cement phases. For
ettringite, we could collect only the Cp°(T) function determined experimentally by Ederova and
Satava (1979). In addition, Berman and Newman (1963) have measured AH° 295 directly, from
room temperature, acid dissolution calorimetry. In the original paper, the value is obtained from
a thermodynamical cycle implying the hydrogarnet phase, C3AHG6. For the latter mineral,
AH’:298 selected in this work comes from a more recent work from Schoenitz and Navrotsky
(1999), its value is slightly different than the value determined by Berman and Newman (1963),
-5551.50, instead of -5548.00 kJ/mol. We have taken this modification into account in the
thermodynamical cycle used by Berman and Newman (1963), leading to -17544.53, instead
of -17547.70 kJd/mol, originally, for the ettringite enthalpy of formation.

3.2.2. LogK(T) function calculation and comparison with solubility data
extracted from previous works

In the following, the Log K(T) function is calculated the thermodynamic function selected
previously and the resulting function is compared with respect to the solubility measured by
various authors, as a function of temperature. The selected thermodynamic functions are:
- Log Kzgs from Warren and Reardon (1994), = 56.97
- Cp°(T) function from Ederova and Satava (1979)
- AH°i29s from Berman and Newman (1963), corrected for the formation enthalpy of
C3AHG.

In Figure 5 is displayed a comparison between the Log K(T) function, calculated with selected
thermodynamic constants and solubility data gathered throughout the literature. The results
obtained by Macphee and Barnett (2004) are not displayed there since the authors do not
report measured values for pH. For sake of simplicity, at 25°C, only the mean equilibrium
constants are reported, for each authors. No fitting procedure is implied. It appears that the
agreement with literature data is rather satisfactory. The matching is especially good with
respect to Perkins and Palmer (1999) dataset, which have been considered by Matschei et al.
(2007) as very accurate. In Perkins and Palmer (1999) experiments, equilibrium is reached
from both under and supersaturation and most of the solution composition display an
electroneutrality discrepancy < 5%.
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Table 2 - Selection of exp. data related to the solubility of ettringite at 25°C

Reaction = Number of solutions Standard
References Method . Log Kogs I
time (days) selected deviation
Perkins and Palmer Dissolution 57.29 (%) 0.16
(1999) and 14 - 22 4
precipitation 56.96 (**) 0.28
Dissolution 60.28 (*)
Ghorab et al. (1998b) only 14 1 (30°C)
. . 56.88 (*)
Glasser et al. (1998) Dlss(;?]llutlon 151 1
Y 57.68 (**)
Atkins et al. (1992) D'Sz‘;'l‘;t'on 14 3 57.08 () 0.70
Warren and Reardon Dlssolgtlon o 56.97 (*) 0.50
(1994) and
precipitation 56.97 (*) 0.48
Damidot et al. (1994) D'Sz‘;'l‘;t'on 56 8 56.79 () 0.22
Dissolution 19 57.30 (%) 0.34
Myeni et al. (1998) and 2
precipitation 21 56.60 (**) 0.11

(*) Log Kaes calculated from experimental solutions, pH adjusted for sake of electroneutrality ; (**)
without adjusting pH.
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Figure 5 - Solubility of ettringite as a function of temperature



3.2.3. Phase relations investigated through the drawing of predominance
diagrams

The selection of thermodynamic constants allows drawing predominance diagrams in different
chemical systems, as a function of temperature. Such diagrams are first drawn in order to
verify the predicted phase relations and stability domains. They also provide a clear illustration
of the temperature and composition effects on mineral stability ranges.

Predominance diagrams for the system CaO-Al;03-SOs-H20, including the temperature
dependency, are displayed in Figure 6 and Figure 7. Figure 6 indicates that, in the presence
of portlandite and C3AH6, monosulfoaluminate is stable between 65 and 121°C. It is then
transformed into ettringite + C3AH6 when T < 65°C and into anhydrite + C3AH6 when T >
121°C. For aluminate phases, the diagram presented in Figure 7 shows that the transition
temperature between C4AH13 and C3AH6 varies as a function of the Al***/(H*)? activity ratio,
the highest temperature being reached when the solution becomes saturated with respect to
portlandite. Both series of observations are consistent with the evolution of phase relations
with temperature as described by Taylor (1997) or (Ghorab et al., 1998a, b).
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Figure 6 - Phase relations in the system Ca0O-Al>03-SO3-H,0, as a function of temperature.
The solution is saturated with respect to gibbsite and [SO4Jr = 1 mmol/l
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3.3. OTHER CEMENT PHASES

The thermodynamic constants finally selected for the CaO-Al,O3-MgO-Fe203-CO»-SO;-Cl-H.0
chemical system are reported in Table 3, together with the equilibration reactions considered.
The selection from literature data operates as described for ettringite:
- LogKags is first selected, according to the criteria explained above
- ltis completed with AH®;29s and Cp°(T) functions measured by calorimetry. When
either or both are not available, we use Helgeson et al. (1978) fictive solid-solid
reaction approximation to estimate S°298 and Cp°29s
- Log K(T) function is calculated from the thermodynamic function previously
selected. It is then compared with solubility data found in previous experiments from
the literature
- An additional verification is conducted by drawing the predominance diagram in the
chemical sub system of interest for the mineral considered.

The selection results are summarized into Table 3. For each phase, the whole selection
process is described into Blanc et al. (2010b). The entire process is not fully described into the
present document. However, specific comments are provided, in addition to the values
reported in Table 3:
Katoite : for Si substituted hydrogarnets, the selection of LogKaes is rather uncertain
because of a lack of reliable experimental data;

Monosulfoaluminate : Some uncertainties in literature seem to arise from the fact that
the phase may possibly not be stable at room temperature. The problem arises from
both the solution experiments and the calorimetric measurements, especially when
long reaction times are considered. More details are given in Blanc et al. (2010b);

Hydrotalcite : The lack of data at different temperatures forbids to verify the reliability
of the calculated LogK(T) function.



Table 3 - Thermodynamic properties of cementitious phases, selected or estimated in this work

. LogK LogK AGOpr1r AHO%r ¢ SO%r1r Cp 25°C Y
Name Reaction (1) 2) kJ/mol kJmol  JmolK  JmolK  cm3¥mol
Ca0-Al203-SiO2-H20 system
Grossular CasAl;SisO1z + 12H" = 21 + 3Ca™ + 3H,SiO; 49.35  -6279.46 6640.00 ° 260.10 ° 326.50 @ 125.28 2
Katoite CasAlx(Si04)(OH)g + 12H* = 2AI* + 3Ca* + 8H;0 + H,SiO, (%?é‘é?) 7116C  -5433.82 -5907.82 364.00 € 415.07¢ 14151 ¢
Straetlingite CasALSIONOH)0:2.5H,0 + 10H* = 2A1%* + 2Ca* + 10.5H;0 + H,SiOx 4982  49.66C  -5506.58 -6216.78 545.88¢ 521.48¢ 215.63°
Ca0-Al203-S03-C0O2-Cl-H20 system
Ettringite CasAlo(SO4)s(OH)12:26H;0 + 12H* = 2A1** + 6Ca** + 38H,0 + 350," 56.80  56.97¢  -15210.23  -17544.53' 1883.59 2174.36° 71032
Monosulfoaluminate CauAly(SO.)(OH)2:6H;0 + 12H* = 2AI** + 4Ca™ + 18H,0 + SO~ 7244  7307C  -7781.90 -8763.68 © 786.94 942.42° 311.26'
Hydrogrossular CasAly(OH)rz + 12H* = 2AI* + 3Ca* + 12H,0 80.86  80.32C  -5020.87 -5551.50" 416.61 450.35 ¢ 149.52 2
C4AH13 CauAla(OH)1:6H,0 + 14H" = 2A1" + 4Ca™ + 20H,0 10430  103.65°  -7337.63 -8318.00 ¢ 685.13 798.90¢ 269.20'
Monocarboaluminate 3CaO-A'203~CaCOsi10-68Hz1% : 81 S:) = 2AI"* + HCOy + 4Ca™ + 80.56  80.55C  -7269.02 -8175.75! 601.89 730.82F 261.96
Hemicarboaluminate 6030'2A'2°3'CaCOS'Ca(OH)2:21:':72325 2THT=4A™ + HCOs +8Ca™+ 18347  18366C  -1468562  -16600.31  1269.09F 1531.53¢ 569.02
Friedel’s salt 2Ca,Al(OH)CI:2H;0 + 12H" = 2AI** + 4Ca* + 2CF + 16H,0 7493 -6815.44 -7670.04* 527.70 692.86 276.24
Mg bearing phases
Hydrotalcite MgaAL(OH)4:3H;0 + 14H" = 2A1"* + 4Mg** + 17H,0 7368 7374C  -6407.21 -7219.64 512.96 € 556.15 € 22736
CO3-hydrotalcite MgeAlo(OH)12(COs):2H,0 + 13H* = 2A1"** + HCOy + 4Mg™ + 14H,0 61.19"  -6295.37 -7078.83 552.07 604.15 € 23146
Brucite Mg(OH), + 2H" = Mg** + 2H,0 1684  17.10™  -832.05 -924.50™ 58.42 77.27! 24,63
Fe bearing phases
C4FH13 CauFes(OH):6H0 + 14H* = 2Fe™* + 4Ca™ + 20H,0 93.96  9512°  -6443.63 741740 705.35 € 787.08 € 27440
C3FH6 CasFes(OH), + 12H* = 2A1* + 3Ca™ + 12H,0 7063 72.37¢  -4123.57 464759F  436.84F 484.15¢ 154,50
Fe-ettringite CasFex(SOu)s(OH)12:26H;0 + 12H* = 2Fe*** + 6Ca™ + 38H,0 + 350, 5457  5455C  -14281.38  -16601.22  1930.11F  2214.54°F 711.80
Fe-monosulphate CauFes(SO.)(OH)2:6H;0 + 12H* = 2Fe* + 4Ca™* + 18H,0 + SO~ 6597  66.05°  -6879.31 -7846.68 833.30 982.61 316.06
Thaumasite
CaSi0;.CaS0,.CaC05:15H;0 + 3H" =
Thaumasite 3Ca™ + H,SiO, + SO, + HCO + 10.30¢ .7550.67  -8682.04  94150° 930.00 7 329.40

14H,0

C calculated from experiments, this work; E estimated using Helgeson et al. (1978) model; @ Robie and Hemingway (1995); ® According to the density obtained by Rinaldi
et al. (1990); 9 Warren and Reardon (1994); f Berman and Newman (1963); ¢ Ederova and Satava (1979); " Schoenitz and Navrotsky (1999); ' Moore and Taylor (1970); |
According to the density provided by Taylor (1997); K Houtepen and Stein (1976); ™ Altmaier et al. (2003), selection discussed by Blanc et al. (2006), " Johnson and Glasser

(2003). The values in italics have been recalculated using the values in normal characters.
(1) Matschei et al. (2007), except for Brucite (Lothenbach et al., 2008)
(2) This selection
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4. Comparison with previous selections

Lothenbach et al. (2008) have published a full solubility model for all cement phases,
especially based on the experiments of Matschei et al. (2007) and Moschner et al.
(2008). In Table 3, we provide a comparison with the LogK2es extracted by Lothenbach
et al. (2008) from the experiments.

The main differences with those authors arise from the following phases: C3AH6, katoite,
C4AH13 and Fe-ettringite:

- C3AH6 : LogK2gs value retained by Lothenbach et al. (2008), 80.86, is extracted from
under saturation experiments. In the present selection, we have preferred a constant
extracted from Glasser et al. (1998), 80.32, also based on dissolution experiments, with
a 173 days reaction duration, against 84 for Matschei et al. (2007).

- Katoite : the value found by Matschei et al. (2007) is suspected to undergo an
incomplete dissolution leading to small value of the equilibrium constant (Blanc et al.,
2010b)

- C4AH13: LogK2gs selected is based on an invariant point whose temperature is inferred
from phase relations. On the other hand, Matschei et al. (2007), after 430 days of reaction
time, observe that C4AH13 disappear almost completely. C3AH6 forms instead, which
could explain part of the discrepancy with our selection.

Damidot et al. (2011) have compared the Cem07 database (Lothenbach et al., 2008)
with the present work. They concluded that differences in equilibrium constants lie within
the uncertainty range. The stability of monosulfoaluminate extracted by Blanc et al.
(2010Db) is partially based on a temperature limit of 65°C. In a previous work, Damidot
and Glasser (1992) predicted a rather similar temperature of 50°C for the appearance of
monosulfoaluminate.
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5. M-S-H (Magnesium silicate hydrates)

Since (Cole, 1953), magnesium-silicate-hydrate (M-S-H) gels have been reported as
resulting from the sulphate attack of concrete in the presence of magnesium ions. More
recently, magnesium silicate hydrates (M-S-H) have been observed in slag cement, then
synthetized by (Brew and Glasser, 2005) as single phases at the interfaces of
cement/rock, which contain soluble magnesium.

M-S-H gels have a variable molar Mg/Si (M/S) ratio = 0.75-1.5. At lower M/S ratios M-S-
H gel co-exists with amorphous silica and at higher M/S ratios, M-S-H gel rather co-exists
with brucite (Bernard et al., 2017; Nied et al., 2016; Roosz et al., 2015; Tonelli et al.,
2016). Structural characterization of M-S-H gel by 2°Si NMR shows that silicate
tetrahedra are dominantly in a layered Qs arrangement for all M/S ratios, a structure
similar to 7 or 10 A clay minerals like sepiolite (7 A) and talc (10 A).

The difference with natural clay mineral would arise from M-S-H low crystallinity, small
particle size and high amount of structural defects (Roosz et al., 2015). Eventually, M-S-
H could correspond to proto forms of magnesian 1:1 and 2:1 phyllosilicates like sepiolite,
talc or stevensite, structurally different from C-S-H. M-S-H stoichiometry is usually
normalised to contain 1 mole of Si.

5.1. CALORIMETRIC MEASUREMENTS ON M-S-H MINERALS

The only available data for M-S-H heat capacity have been measured by Roosz et al.
(2018), using a PPMS calorimeter on two synthetic, lyophilized M-S-H gels of measured
composition:

C% (Mgo.82Si02.385(0OH)o.s7) = 83.13 £ 5.32 J/K-mol

Cop (Mg1_o7Si02_075(OH)1_99) =92.16 £ 5.90 J/K-mol
In Roosz et al. (2018), entropy, S% (J-K™'-mol™') of each M-S-H gel was then obtained
by integration of the C%  data for t = 0-298.15K. It provides directly the entropy of each
sample since the authors considered the adsorbed water as not structurally related to
the solids:

S° (Mg0.82Si02.385(OH)o.67) = 99.76 + 2.12 J/K-mol

S° (Mg1.07Si02.075(0OH)1.99) = 95.94 + 2.00 J/K-mol

5.2. M-S-H SOLUBILITY

Until recently, solubility datasets were rather scarce for M-S-H hydrates. A first tentative
for an equilibrium constant was provided by Dauzéres (2010). More recently, Bernard et
al. (2017), Lothenbach et al. (2014), Nied et al. (2016) and Roosz et al. (2015) have



performed solution equilibria experiment on synthetic samples with reaction times up to
one year and above, and reporting complete solution analyses.

The collection of the solubility data is reported on Figure 8A. Solutions supersaturated
with brucite were discarded from the experimental data sets. Temperature seems to
influence essentially the dissolved Mg concentrations, with a strong decrease as
temperature rises.
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Lothenbach et al., 2014

Roosz et al., 2015

Nied et al., 2016 Figure 8 - Composition of solutions at

equilibrium with M-S-H hydrates, Mg vs.

Si concentrations: A - experimental data;
B — modelling.
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Bernard et al., 2017: 25°C
Bernard et al., 2017: 50°C
@ Bernard etal., 2017: 70°C
Model: Nied et al., 2016
- Model: Bernard et al., 2017

5 - Model: Roosz et al., 2018

Models describing the solubility of magnesium bearing silicates have so far only been
developed by Bernard et al. (2017), Nied et al. (2016) and Roosz et al. (2015). Roosz et
al. (2015) have proposed a two phases model and Nied et al. (2016) and Bernard et al.
(2017) rather developed a solid solution model. The comparison between models
predictions and selected experiments is reported in Figure 8B.

From Figure 8B, Bernard et al. (2017) and Nied et al. (2016) models better reproduced

the T > 25°C solubility data, while the calculation is carried out at 25°C, which is
surprising and the two phase model from Roosz et al. (2018) is rather selected.
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Table 4 - Thermodynamic properties of selected M-S-H end members

Formula LogK(298 K) kﬁ/ﬁ(;l kﬁ/fm; J/mS;-K C?J?r(r?gngK) cm\3//(r)nol
Roosz et al. 2018, discrete 2 solid phases model
M9°-823i02-:388(22",:ﬂ)°-i1+ 0.745H20 + 1.64H" g 154020 —145425+164 -155460+1.76 9976+212  8313+532 3580
82Mg** + H4SiOs
Mg107Si02075(OH)100 + 214H" =1.07TMg™ 45 734 059 _173068+1.71 -1890.20+1.81 9594+2.00  9216+590  43.00

+ 0.065H20 + H4SiO4

() Recalculated consistently with the chemical formula provided by the authors.
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